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EXTRACT[ON KINETICS MND ITS CHEMICAL :ENGINEERING APPLICATION 3-1

Vladimir Red, /Institute of Chemical Process Fundamentals, Czechoslovak Academy of
Sciences, ‘Prague, CSSR

Many papers on'kinetics Uf metal textradgtions are contraversial and do not present
the rate equations that could ‘tre «apptted in chemical engineerina practice. Some
authors try to derive the description-df {the extraction mechanism on the basis of
chemical reactievis from .the data obtained far from equilibrium, neglecting the effect
of diffusion resi$tawce ontthe extraction rate. From the stand-point of a chemical
engineer, potential user of the 'rdte :equation for equipment design; the mechanistic
explanation .of tthe extractioniphays a‘minor role, while the following points are of
orimary importance:

a) Kinetfcwodd)imust intrinsically comprise a very precise description of the
equilibrium arid'redece ‘to iit at zero extradtion rate

b) The parameters of the moddl tthat depend on the geometrical arrangement and on
hydrodynamic conditions (mass transfer coefficients) must be distinguished from the
parameters specific .to'the given extraction system.

The former requfvement .is .vegy :important, since mass transfer in industrial coun-
ter-current processes occuws-general}y close ‘to equilibrium, which affects extraction
rate and final separation in:the system in a decisive way. Consequentelly, the accu-
rate descrigtion of the equilibrium.in .the kinetic equation is more important than a
perfect fit to‘the extractionmate iinnregions far from equilibrium. It is desirable

that both extraction #ad reextractionmate may be described by the same kinetic model.

The latter requiremedtrfidilows from the fact that diffusion resistances that mani-
fest themselves in laboratory conditions (e.g. in a mass transfer cell) may be quite
different from'those relevant in industrial equipment (in small drops of 1.-1.disper-
sion).

Modelling of extraction:kinétics is very difficult because of the complex charac-
ter of theitnterfacial transfer accompanied by reversible reactions and complicated
by interfacial phenomena (interfacial resistance or interfacial turbulence). Some
approaches "to a simplified formd] ‘deseription of the extraction kinetics suitable to
chemical engineering purposes-are discussed iin the lecture.

We restrict our attention to the extnaction:system, where extractant A reacts with
the extracted component:B.to. form one -extractable complex E which is transferred into
the onganic phase andsazcompoment:H which is transferred into the aqueous phase. The
overall stoichiometriceequatton

yA +B —> E+ v (1)
with proper.stoichiometric coeffictents yA.xy“.zisuits to the majority of important
extractionssgstems.

Due to the-practical:requiremeats on itmdsstrtal extractants, namely high extractior
rate at vepy low solubitigy, practiecally allvettractions of industrial interest occur

in the so called-fast reaction regime, amoent ettracted being directly proportional
to the interfacial area. The film“theory of-mass transfer offers a simplified but
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very useful background for the formulation of the model for the extraction rate, de-
fined as the interfacial flux of the extracted component, J(kmole m'zs-]).
£ Fig.1l.Concentration profiles at the
A interface
a) Fast reaction in the film

b) Equilibrium reaction at the
interface

c) Equilibrium reaction at the
4,4:0 interface with interfacial
resistance

Fast reaction in the diffusional film. In this case the relationships for the extrac-
tion rate are obtained by integration of the diffusion equations with corresponding
reaction terms over the thickness of the film. Physical equilibrium at the interface
and chemical equilibrium in the bulk of the phase is usually assumed. The integration
can be performed analytically only for simpliest cases of reaction kinetics and only
under restrictive assumptions. Shall the model respect the formation of the extrac-
table complex in the aqueous film and its simultaneous transfer into the organic pha-
se, the resulting implicite relations for the extraction rate are very complicated,
difficult to be solved and their validity restricted by the necessary simplifying as-
sumptions. The concentration profiles for the reaction components in the diffusional
films are shown in Fig.la. If the solubility of the extractant is very low, the reac-
tion occurs in a very thin reaction zone at the interface whose thickness 6R decrea-
ses with increasing values of the reaction constant kR and of the partition coeffi-
cient Pa- In the limiting case (kR e Pyt kR/pi # 0) the reaction zone thickness
S approaches zero, the concentrations at the interface fulfill the condition of
equilibrium expressed by the extraction equilibrium constant

- Vi — VA
K = Cgichi /(cgiCai ) )
and a correctly set-up model reduces to
v - v
K = (g + I/Kg)(cy + M vgky)) M 1 [lcg - Ikg)(Tp = I/ (vgka)) 1. (@)

Eq.(2) represent the rate equation for extraction accompanied by the equilibrium re-
action (I) at the interface.

Many models of extraction kinetics have been propbsed on the basis of the data on
the so called initial extraction rate (with Ek = 0). In an erroneous analogy to homo-
genous kinetics, the effect of the reverse reaction on the extraction rate has been
often neglected. However, zero concentrations of the products do not eliminate this
effect, which depends on the concentrations at the interface (mainly EEi)' The con-
centration of the extracted complex at the interface may be significant even at its
zero concentration in the bulk of the organic phase, especially in case of high dif-
fusion resistance in this phase. The comparison of the similar graphs in Figs 2 and
3, which show the dependences of the initial extraction rate on the concentration of
the extracted component in the aqueous phase, indicate that system with instantaneous
reaction (Fig.3) can be easily incorrectly identified, if the reverse reaction is
neglected, as system controlled by reaction kinetics (Fig.2).
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Fig.2,Fast irreversible reaction in the  Fig.3.Instantaneous reversible reaction at

film. Dependence of the extrac- the interface. Dependence of the
tion rate on concentrations and extraction rate on concentrations
reaction rate constant kR (Ke) and extraction constant K (kps=)

Models with fast reversible reaction in the aqueous film proved to be appropriate
in cases of metal extraction by chelate formation, e.g. for copper extraction by hy-

droxyoximes], as well as for modelling catalysed extractionz.

Equilibrium reaction at the interface with interfacial resistance
A number of extractants (DEHPA, amines, hydroxyoximes and others) are due to their
hydro-1ipophylic character surface active, can adsorb at the interface and lower the

interfacial tension. The surface active compounds generally increase the rigidity of
the interface, increase viscosity and decrease diffusivity in the vicinity of the
phase boundary and also decrease considerably mass transfer rate. The interfacial re-
sistance caused by the extractant should be included into the models of extraction
rate. Two mechanisms of the interfacial resistance have been proposed. The barrier
rnodel3 expresses the resistance by a set of adsorption and desorption constants with
the assumpfion of non-equilibrium at the interface. The hydrodynamic model4 is based
on the assumption that the interface is of finite thickness with a capacity to accu-
mulate the solute and that equilibria exist at its boundaries. When first order ab-
sorption-desorption kinetics is considered in the barrier model, both models imply
resistance additivities and an effective mass transfer coefficient k' may be defined

VK = 1k kg, (3)
where II characterizes the interfacial resistance.

When extraction is accompanied by a reaction involving ions, the reaction takes
place at the aqueous side of the interface and the transfer of the components cros-
sing the interface is hindered by the interfacial resistance (Fig.1c). In this case
the kinetic model for extraction can be formulated as

\Y v
.1 H T H

(kEcE + J)(kaHcH +J) - ké(“HkH) .

. K'E. - J) A A )

(chB J)(vAkAcA J) kB(vAFA)

(4)



where
kg = 1/(1/Ek + 1/kgp)y ' ky = W /kp + k) o (5a,b)
If the extractant is in excess and component H is hydrogen ion, it is likely that
|J/(vA cA)| <«< 1, |J/(kaHcH)| << 1 and Eq.(4) can then be réduced to
1 ; _ Y4 va "
J = o “A (cB - CgeCy /(Kep 7)), (6)
llkB +cy /(Y'KEA )
In case of an interfacial resistance ké << k diffusion resistances in the aque-

ous phase can become negligible (chH /(k K‘A >> 1) and Eq.(6) further simplifies,
for the initial extraction rate (cE = 0) to

J = EEKEAvACB/ch" ‘ )
for the initial rate of reextraction (cB = 0) to

J = ~kfcg, (8)

Extraction then mimic rate control by chemical reaction with power kinetics (7)
and with an apparent reaction rate constant FEK. the rate of reextraction being de~
pendent only on the concentration of the extracted complex in the organic phase.

The dependences of the initial extraction and reextraction rates on the concentra-
tions of the reaction components are illustrated in Fig. 4 for the case vp =Yy = 2,
which represents extraction of a divalent metal ion by a monovalent organic acid.

Fig.4a characterizes the dependence of the extraction rate on the concentrations
of the metal and of the hydrogen ions in the aqueous phase, Fig.4b similar dependen-
ce of the reextraction rate on metal and extractant concentrations in the organic
phase. Fig.4c and 5d illustrate the dependence of the extraction rate on extractant
concentration and of the reextraction rate on the hydrogen ion concentration. The ap-
parent order of the extraction rate varies from 0 3 va for the extractant, 0 : 1 for
the metal,and 0 % “VH for the hydrogen ion, in dependence on the concentration ratios.
Similar changes of the apparent order can be observed for the reextraction. This ef-
fect of diffusional resistances on the apparent reaction order can explain different
results obtained in interpreting rate data by chemically controlled mechanism.

Measurement of extraction rate. Mass transfer cells with defined interfacial area re-
present the most reliable technique for measurement of extraction rate. The cell with
vibrational m'lx‘ings’6 offers advantage over the cell of Lewis' type, as the vibratio-
nal mixing provides high bulk mixing with uniform distribution of turbulence over the
interfacial area. Kinetic experiments should be performed in a wide range of concen-
trations in order to increase observability of the parameters. It should be noted
that in a counter-current extraction process there is low metal extractant concentra-
tion ratio at the raffinate end and highly loaded extractant and high metal concen-
tration at the extract end. Hence, it is hardly possible to accept the simplifica-
tion of the model such as Eq.(6), which may be justified for batch experiments but
not for counter-current extraction, where in the region of highly loaded extractant
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Fig.4.Equilibrium reaction at the interface with interfacial resistance. Dependence
of the initial extraction and reextraction rate on the concentrations of the
reaction components (v, = v, = 2)

and high metal concentration in aqueous phase the assumption of negligible resistance
for component A won't be fulfilled. The method of fitting integral kinetic data, pre-

ferably measured up to practical equilibrium, by calculated curves obtained by inte-
gration of the rate equation, is generally more reliable than the method of initial
rates. It is important to carry out a series of experiments at different levels of
mixing intensity, in order that diffusional and kinetic (interfacial) resistances
might be separated.

If exponent r in the dependence of mass transfer coefficient on miximg intensity
(mixing speed n, amplitude of vibration A) is known
kK~ " (9)
the interfacial resistance can be estimated from the slope of log J vs. log n plet by
means of the relation’

k' 1dlogd
= W ) i (10)
kI rdlogn



This procedure is considered to be more reliable than the determination of the inter-
facial resistance from Eq.(3), using k value calculated from a general correlation,
which is subject to errors in the correlation itself and in the determination of the
diffusivity as well.

Application of the model with interfacial resistance

As an example of the above mentioned approach to extraction kinetics, integral ki-
netic data on extraction and reextraction of CeIXI by DEHPA in nitrate media7 are
presented in the lecture and interpreted by the model with interfacial resistance.
The values of the parameters, estimated by maximum likelihood method, are compared
with the values obtained from published data on similar systems. It is demonstrated
that the model produces a very good fit of kinetic data from a number of different
systems, e.g. Zn extraction by DEHPA 8 or HCl1 extraction by TLA 9.

Though the model of equilibrium interfacial reaction with interfacial resistance
may not in all cases provide a complete and true description of the complex extrac-
tion mechanism, nevertheless, it represents a sound and useful approximation for the
rate equation, suitable for chemical engineering applications. As an example of this
application, prediction of the separation efficiency of a vibrating plate column for
(:e”I extraction based on this model is described.

Symbols Subscripts:

c - concentration. A,B,E,H - refers to components.

J - extraction rate, i - value at the interface.

k - mass tramsfer coefficient, Barred symbols refer to organic phase.

k' - apparent mass transfer coefficient,
including interfacial resistance.

El - coefficient of interfacial resistance.

kR - reaction rate constant,

n - frequency of mixing.

v - stoichiometric coefficient.
- constant def. by Eq.(4).
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CATALYTIC PROPERTIES OF LIQUID/LIQUID-INTERFPACES

W. Nitsch and A. von Imhof, Technical University of Munich, Garching,
FRG

INTRODUCTION

The numerous chemical extractions of ions in water/solvent-systems exhi-
bit one common feature: Ions aggregate to uncharged species which be-
come soluble in an apolar medium. There are symptoms which indicate, that
these typical ion-exchange steps are localized at the interface between
water and solvent. Catalytic actions of amphiphilic layers on the rate

of chemical extractions (1) and the strong change of the rate constants
with the nature of the water/solvent-interface (H20/CC14 resp. HZO/CHC13)
(2) are relevant examples.

From such effects the general question arises for additional parameters
acting in the interface or the "interphase"” between water and solvent. Be-
cause physical properties of such fluid "angstrdm regions" are not acces-
sible from methodical reasons until now, a comparison of the same chemical
reaction occuring in the homogeneous phase and in the "interphase" should
be an interesting subject for the study of the effect of interfacial para-
meters for the course of chemical reactions.

The contribution demonstrates that the complexation of cobalt-ions in a
water/CC14-system with dithizone (HX) yield relevant and surprising re-
sults.

Experiments

Experiments were performed in a column (18,5 cm) filled with aqueous
CoClz-solution. Using a plate, equipped with 295 capillaries swarms of
nearly monodisperse drops of CC14 loaded with the HX, were produced at the
top of the column. Changing the volumetric throughput of the dispersed
phase , well defined interfacial areas between 200 and 2500 cm2 are to
realize., After coalescence at PTFE-spheres the solvent phase was pumped in-
to a stirred vessel and redistributed at the capillary-plate (3). With
on-line measurements of the concentration in the vessel using the material
balance, the cobalt-fluxes N into the drops are to calculate.

Results

For CoClz-concentrations between ‘IO_4 and 10-2 mol/1 the calculated
fluxes are always proportional to the exposed area, with a first order
for the HX and the cobalt-ion concentration.In constrast to this behavior



in the region of low cobalt concentration (Co &€ 2 . 10.5 mol/1) the

fluxes are becoming independent on the area, again with a first order
for cobalt ions and HX and a reciprocal dependency for B,

The controlling step

The kinetic case of N being independent on the area is easy to assign:
the homogeneous complexation inside the aqueous phase must be rate con-

trolling. This means, that the equation

2+
N=V, .k, [c° '.1*[HXJW
(1)

holds for the rate law.

For the region ﬁva special calculations enable the exclusion of two
kinds of limitations: the measured fluxes are to fast for a homogeneous
reaction in the regime of transport and to slow for an interfacial reac-
tion being transport controlled. Therefore the conclusion is justified,
that the region N~F is controlled by interfacial reactions in a state
of a pronounced nonequilibrium. The known independency of flux from con-
vection (stirred cell-experiments) (2) supports the above conclusion.

With regard to the measurements the equation

+J*
[“J (2)

describes the rate law for the interfacial reaction.

Comparison of the homogeneous and the heterogeneous conversion

1) are not comparable

The values for the constants kv (5_1) and k (cm s
for dimensional reasons, but the interfacial reaction can be converted
into the usual "homogeneous scale" if one assign the interface a certain

thickness d. This means that instead of equation (2) the relation

g

|2
"
=" o

(3)
should be used.
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Assuming for d the value of 10 Z as an approximate thickness for the
region of transition from aqueous-to solvent bulk properties, the rele-
vant rate constants are

k. = 0,18 [s"]

v )

k/d = 43 [;1_]_

This comparison demonstrates a strong catalytic effect of the liquid/
liquid-interface. This effect together with the higher concentration of
dithizone in the interphase (HX) related to the value of the agueous
phase HX (see eq. 1) favours the interfacial path of the complexation.

The catalytic effect of the interface can be made plausible with regard
to the known strong influence of the dielectric constant (DK) on the race
constant of ionic reactions (4): because of the continucus transition

of all bulk properties at the surrounding of the interface, one have to
account, that the DK of the aqueous phase decrease into the value of the
solvent phase inside the small thickness of such a transition layer. This
means for an ionic reaction inside this transition layer, that the effec-
tive value of the DK,beeing essential for the reaction plane,is between
the aqueous-and the solvent bulk value. Because of the known relationship
1lnk ~ 1/DK for ionic reactions, the interfacial process must run accele-
rated in relation to the homogeneous path inside the aqueous phase.

It is possible, that the reported behavior of the cobalt-system reflects
a general property of liquid/liquid-interfaces, explaining the meanwhile
conventional concept of ion extraction, running as an interfacial process.
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INTERFACIAL PHENOMENA IN THE ION-ASSQGIATION' EXTRACTION ) 5ol ‘
OF IRON(II) WITH 1,10-PHENANTHROLINES

H.watarai, Department of Chemistry, Faculty, off Education, Akita
University, Akita 010, Japan

Interfacial phenomena in solvent extraction process is: currently an
attractive subject in solvent extraction chemistry. Recently, it has
been elucidated that the chelate extraction. rates of Zn(II) and Ni(II)
with n-alkyl substituted dithizones [1l] andi Ni(II) with: 2-Hydroxy-5-
nonylacetophenone oxime (2] in highly agitated systems are governed by
the formation rate of 1:1 complex at the liquid-liquid interface, by
means of the high-speed stirring apparatus which allows both measure-
ments of the interfacial amount of extractant [3] and the extraction
rate under the same conditions [4). Thus, the primary rolle of interface
in the chelate extraction kinetics was shown to be the interfacial ad-
sorption of the extractant. On the other hand, the role off intarface in
ion-association extraction process is less understood than that in chel-
ate extraction. 1In the present study, the intenfiacial phenomena in the
extraction of Fe(II) with 1,10-phenanthrolines, known as a representa-
tive ion-association extraction system in analytical chemistry, were in-
vestigated.

Experimental. 1,10-Phenanthroline(phen), 4,7-diphenyl-1,10-phenan-
throline(DPP) and other reagents used were of all reagent grxade. Chlo-
roform was used as an organic phase solvent in almost experiments. Ion-
ic strength of agueous solutions was adjusted to 0.1 by sodium salt and
pH was controlled by sodium acetate(0.002M), sodium hydraqxide and hydro-
chloric acid or perchloric acid. Interfacial adsorptivity of Fe(II)
complexes in static systems was investigated through the measurements of
interfacial tension by means of the drop-volume method. For the Fe(II)-
DPP systems, the interfacial adsorption under stirred conditionrs was in-
vestigated by means of the high-speed stirring apparatus. 1In this meth-
od, the interfacial adsorption of [Fe(DEEMyTZ’ was observed as a de-
crease in organic phase absorbance, which was reversibly caused by stir-
ring. The presence of [Fe(DPP)3]2* at interface was confirmed from the
measurement of the spectrum characteristic of the complex ion in the dis
persed system composed of DPP in chloroform and Fe(II) in Na;S0O4 solu-
tion, in which no-ion-association extraction occured.

Kinetic experiments of the extraction of Fe(II) with DPP were carried
out by means of the high-speed stirring apparatus [(2). Fifty ml of DPP
in chloroform and 45ml of agueous salt solution were agitated at the
stirring rate of 4700rpm in an extraction vessel thermostated at 25:0.1°
C, and the extraction was started by injecting 5ml of Fe(II) solution
into the mixture. Extraction rate was observed as an absorbance in-
Ccrease in the organic phase which was continuously separated from the

two-phase mixture by the aid of Teflon phase separater and circulated
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through the flow cell at the rate of 12.9 ml/min. The absorbance data
were acquired by a micro-computer as a function of time, and then ana-
lyzed to obtain an observed initial extraction rate rgbs(Abs./sec).
Interfacial adsorption of [Fe(phen)3]2* and [Fe(DPP)3]2* Interfa-
cial tension observed in the liquid-liquid systems of chloroform or car-
bon tetrachloride/[Fe(phen)3]2+ in 0.1M sodium chloride solution is
shown in Fig. 1. According to the equation derived by combining the
Gibbs equation and the Langmuir isotherm, the adsorption constants K',
which were defined as the ratio of the interfacial concentration to the
aqueous phase concentration of [Fe(phen);]z’ at infinit dilution, were
obtained; 9.23x10°5 1/cm? and 1.07x10"® 1/cm? for chloroform and carbon
tetrachloride systems, respectively. Although it has been reported that
[Fe(phen)3]2* does not adsorb at air/water interface (5], a significant

adsorptivity of the complex ion was found out in the oil-water interface.
The stronger adsorptivity observed in chloroform system than carbon tet-
rachloride system corresponds to the larger distribution constant in the
former system; Kp=723(CHCl3) > Kp=1.14(CCl,). This suggests that the ab-
sorption of [Fe(phen)3]2’ from aqueous phase to interface is governed by
the lipophilic interaction between phen coordinated to Fe(II) ion and
the organic phase solvent at the interface.

In the case of [Fe(DPP)3]2*, which is insoluble in water but soluble
in chloroform forming an ion-pair, the adsorption from organic phase to
interface was shown from the interfacial tension lowering (Fig. 2).

35— v v v v v
CCl, /0.0MNaCl T3
ji30~ Fig.l. Interfacial adsorption
§ “05‘ of [Fe(phen)3]2* in the two
se 25} . organic solvent systems
435
20r
30

E Fig.2. Interfacial tension in
§ CHC13/0.1M sodium salt solu-
i tions; L=DPP, X=zanion
k]
]
£
2s n - —
-6 -5 -4 -3
log(FelyX3),
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The adsorptivity of [Fe(DPP)3]2+ depended on the nature of counter anion
and increased in the order of Cl03 < Br~ {CCl13C007< Cl”, corresponding to
the order of decreasing extractability of the ion-pairs.

The interfacial adsorption of [Fe(DPP)3]2+ was also observed in vigor
ously stirred liquid-liquid system as a decrease in the organic phase
concentration of the ion-pair caused by stirring (Fig. 3). Figure 4
shows saturation curves in the plots of the absorbance decrease AA
caused by stirring against A', the organic phase absorbance under stir-
ring. These results were analyzed by the next egquation based on the
Langmuir isotherm,

ak'a’' €Ay
AA = y (1)
ae + K'A' Vo

where a refers to the saturated interfacial concentration (mol/cmz), K'
to the adsorption constant (1/cm2), € to the molar absorptivity of the
ion-pair, Aj to the total interfacial area (cm?) under stirring and Vo
to the volume of organic phase (1) (Vo=V in the present study). The
values of K'Aj were estimated as 0.473(Cl17), 0.207(Br~), 0.203(CC13C00~)
and 0.00452(C107). Thus, the interfacial adsorptivity of [Fe(DPP)3]2+
was largely affected by the hydration energy of the anions.

Extraction kinetics of [Fe(DPP)3]2+ The rate of extraction of the

complex ion into chloroform was measured in the four anion systems by
means of the high-speed stirring method. The rate of increase in the

organic phase absorbance was strongly dependent on the counter anion,
i.e. the value of rSpg defined by (dA'/dt)y_, in Cl0j system was 69
times larger than that in Cl~ system. The rgbs depended linearly on
both initial concentrations of Fe2* and DPP. Effect of pH on rgbs was
not remarkable in the reagion of pH=4.0=7.0. Hence, the rate-determin-

ing reaction was suggested to be the chelate formation of FeDpPp2+, From
these results, the next rate equation was proposed taking into account

(OPPY = 14821074 M 5!
CHCly g’ -
(Fe*)21.0510"M "
_ o TNaC1) = 0.10 M 11 asa3 03 Fe(II)-DPP
§
E AeA - X 0.2
o sa09 $
1] X=0110
K k
[} 2min 0 [ 10 8 0

Recording time

Fig.3. Typical example of stirring Fig.4. Adsorption isotherm in
effect on the organic phase agitated CHCl;/O.lM salt
absorbance solutions
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the interfacial adsorption of &Ee(DPP)312’ through the extraction (see
Fig. 3),

el
1+ (K'Aa3/VQ)

= 2

r8bs = d kapp[Fe +linit[DPP]o, init (2)

where 1 and kapp refer to the gptical cell length and the apparent ex-

traction ;xate constant. If the rate-determining reaction takes place in

bulk aqueous phase, k
ky

P~ (3)
Xy |

app is given by,

Kapp =

where k) refers to the formation.rate constant in aqueous phase and Kp
to the distribution constant of DPP, 10713 [6]. The values of k) calcu-
lated by eq. '(3) showed the.omiler of 108M‘lsec'l, which is 103 times
larger than the formation rate -constant of [Fe(phen)3]2‘, and hence

other reaction pass may be responsible for the rate-determining step.

If the chelate formation reaction in interface has predominant role,

kapp is approximated by,

By

kapp = k1'Ky' ) (4)

Vo
where kl' and KL'xtefer to the faommation rate constant at interface and
the adsorption constant of DPP, :respectively. Although the interfacial
adsorption of DPP in the neutral tform was very slight, a contribution of
the interfacial reaction, eq. (4), was suggested from the estimaton of
;KL' Aﬂlvo‘ The back-extraction rate of iron from [Fe(DPP)3]2+ in chloro-
form with 0.401M sodium hydroxide was much faster in Cl~ system than that
4n Cl0y system, suggesfikng a signifiicant role of the interfacial oancen-
‘ration of [Fe(DPP)3]zf. Thus, the role of interface in the ion-associ-
ation extraction rate was discussefl in terms of the interfacial adsorp-
tion of the complex ion as well as DPP.
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NEW TOOLS FOR AN OLD PROBLEM: THE L-L INTERFACE 3-4

Henry Freiser, Strategic Metals Recovery Research Facility, University of
Arizona, Tucson, AZ 85721, USA

Most scientists interested in the chemistry wof solvent extraction
processes tended, until relatively recently, to overlook or minimize the
role of the liquid-liquid (L-L) interface. Particularly when extraction of
metal ions are concerned, involving substitution of hydrated water by a
number of (usually) anionic organic ligands to form a neutral, extractable
chelate, much of the chemistry of chelation is viewed as occurring in the
bulk aqueous phase [1]. The adequately organic soluble ligand or metal
chelate were not thought to be adsorbed at the L-L interface. Moreover,
even though procedures for phase mixing to meach equilibrium or in studying
extraction kinetics [2] were conducted under conditions of energetic mixing
or stirring, bound to create a substantial interfacial region, procedures
for the examination of the systems called for quiescent phases, so that the
interface was af little or no influence.

There is still 1lively controversy concerning the relative merits .and
validity of measuring extraction kinetics by means of either known fixed
interfacial area configured experiments, which run the danger of involving
diffusion terws, or by means of rapid stirring apparatus in which diffusion
is minimized, but interfacial area is large but not adequately described.
Work from this Laboratory {3-6]) demonstrated that, by use of an apparatus
incorporating a microporous teflon phase separator (MTPS), a quantitative
relationship between stirring speed and interfacial area in a solvent ex-
traction wmixture could be obtained; thus, making it possible to (a) measure
quantitatively the extent of interfacial adsorption of .extractants and metal
complexes, (b) determine the kinetics of extraction wnder high, controlled
knowvn interfacial area, and (c) elucidate the mechanism(s) of metal extrac-
tion, both with regard to the nature of the rate limiting reaction and its
location, either in bulk phase or interface.

Thus, employing the automated solvent extmarction apparatus which incor-
porates the MIPS, we were able to quantitatiwely measure the reaction rate
constants of three concugrent reaction paths involwed in the extraction of
Ni(II) with 8-quinolinol 17] in chloroferm and identify their loci. They
each involve the formation of the 1l:1 <omplex but differ as follows: (a) the
first involves the neutral ligand and occurs in the bulk aqueous phase; the
next two involve the ligand anion, one in (b) the bulk aqueous phase, and

the other, (c) occurs in the interface. Several related systems have been
studied so that such factors as the effect of increasing hydrophobicity of

ligand can be evaluated. Using this experimental approach, Watarai [8] has
observed that charged wmetal complexes, such as those with substituted
phenanthroline, can be adsorbed at the L-L interface. Recently, Dietz and

Freiser have found that certain, relatively simple neutral chelates are also

2. 3ax. 262 17



surface active [9]. The impact of such phenomena on the course of extrac-
tions will be discussed.

A second, and relatively recent approach to the examination of solvent
extraction processes involves investigating the Faradaic ion transfer across
the externally polarized L-L interface. Such studies have demonstrated their
ability to provide powerful insights into the mechanisms of mass transfer in
a wide variety of extraction systems. Our entry in this field resulted in
the elucidation of the phase distribution behavior of 1,10-phenanthroline
(phen) and related chelating agents between an aqueous and dichloroethane
(DCE) phase pair [10]. Through this study, we were able to detail the
sequence of events; namely, that (a) phen distributes between the two
phases, then (b) phen is protonated in the aqueous phase to give phenH+
which then (c) electrochemically transfers to DCE as indicated by the ob-
served polarographic wave, and finally, (d) there is ion pair formation in
DCE between phenH+ and tetraphenylborate, part of the supporting organic
phase electrolyte. This suggested to us that the polarographic behavior of
K'Y "facilitated® by valinomycin might be explained in the same manner, which
we confirmed by our study {11,12]). Polarographic examination of phen in the
presence of various metals in the aqueous phase, produced waves resulting
from the transfer of H(phen):* [13]). Analysis of these waves allowed us to
obtain quantitative evaluation of the kinetics of formation of the 1:1 phen
complexes of Co(II) and Zn(II) which both gave "kinetic" waves. At either
extreme, Cd(II) was found to give a "diffusion-controlled"” wave, indicating
that its kinetics of phen complex formation were faster than the
polarographic experiment, and Ni(II) which gave no wave at all, as a result
of its very slow rate of complex formation. We have studied a number of
metal chelate extraction systems by means of this technique, including those
of selected 8-quinolinols, acylpyrazolones, dithizone, and can obtain a much
clearer and detailed picture of the overall extraction scheme, including
various metal complex species not usually detected. Furthermore, by means of
a computer-controlled apparatus for the acquisition of electrochemical data
at the L-L developed in this Laboratory [14], we can now acquire both
polarographic data and electrocapillary curves rapidly and simultaneously
with a level of precision and accuracy significantly better than currently
available alternatives. This apparatus gives us the capability to examine
the composition of the interface, information readily obtained from the
electrocapillary curves. Examples of this approach will be discussed.

ATR has been employed principally for its advantages with opaque samples
and thin films, but also has been used quantitatively for analyses of homo-
geneous solutions. In the course of other work on adsorption of chelating
agents at interfaces, we needed to quantitatively determine surface excess
values (adsorption densities) of species adsorbed at liquid-solid interfaces
‘in the presence of solution. Inasmuch as ATR is particularly sensitive to

light-absorbing species near the internal reflection element (IRE)/solution
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interface, we decided to investigate its potential for quantitative deter-
mination of adsorbed species. The convenience of the "CIRCLE" cylindrical
internal reflection (CIR) cell [15, 16) has led to its increasing utiliza-
tion for analyses of homogeneous solutions, but it also has some advantages
over other ATR devices which simplify the determination of adsorbed species.

Unfortunately, the correct mathematics for separation of the IR band
intensities due to adsorbed and solution analytes have not been available in
the 1literature. We have developed the necessary equations for interpreta-
tion of CIR ATR spectra of surface-active analytes in the presence of
analyte solutions and presented an experimental verification of the method
with the use of cetylpyridinium chloride (CPC). By using a calibrated CIR
cell {[17], we were able to obtain quantitative values for Gibbs surface
excess values, T, of CPC absorbing from water and Cﬂzclz onto the zinc
selenide IRE of the CIR. The single-point (B-point) Brunauer-Emmett-Teller
liquid Nz adsorption method for surface area determination, along with a
batch  adsorption experiment with depletion determined by UV-vis
spectrophotometry, was used to independently confirm the IR values.

By coating the internal reflectance element with thin layers of suitable
materials, and examining the resulting spectra, we hope to be able to learn
not only what and how much is adsorbed in the L-L interface, but by examina-
tion of the precise position of absorption bands to learn more about the
nature of the chemical environment in the interface.

Acknowledgment. The research was supported by a grant from the NSF.
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HOW TO RELATE INTERFACIAL EPPECTS TO INTERFACIAL KINETICS 3-5 1
AND VICE VERSA

Th. Michel and W. Nitsch, Technical University of Munich,
Garching, FRG

Despite many efforts a detailed and isolated examination of reactive
processes at fluid interfaces is of a comparatively undeveloped state
till today. In particular the limited or even totally missing methodi-
cal investigations. Nevertheless it is possible via a suitable procee-
ding to get some significant effects and results related to interfacial
kinetics of metal ion extraction (1).

In the present contribution a few important aspects of methodical as
well as of interfacial chemical nature shall be presented.

1. One main problem thereby is, that for the kinetic investigation
of metal ion extraction a separation and independant measurement of the
two limiting cases - transport and reaction regime - must be possible.
For that purpose the stirred cell with its controllable and variable
fluid states offers a suitable experimental set up. However, by dcing
this it appears as necessary to "calibrate" the flow behaviour of the

stirred cell via pure tramsport limited processes (fig. 1).

I~

q (\’ Rate
D ; pure transport

- ~ PG
(T 1 .
— reaction
WU

stirring speed

The principle of a
stirred cell and its
characteristic depen-
dance of transfer rate
upon fluid state

20



This makes sure that flow independant plateau rates of mass transfer
are really caused by limiting chemical processes and not by undefined
flowstates of the stirred cell. This methodical aspect is of great im-
portance for the determination of the reaction kinetics ot the system
considered. By evaluating the obtained plateau rates for instance it
was possible to derive for the system Znaq_/oithizon a kinetic equa~
tion of the form (2)

org.

“zn “Hpz
0 = kot HOZ

c H,+

The additional proportionality of the mass transfer to the interfacial
area 1is a strong proof for an interfacial reaction. In this connection
it is also important to consider the influence of various buffer sys-
tems on the kinetics of the reaction. Different buffer substances and
also their different concentrations can 1lead to considerable altera—
tions of the reaction rate.

If at these kinetic investigations additional adsorption layers are
introduced at the interface, one proceeds to the supplementary area of
interfacial effects and their influence on mass transfer.

In the following three important aspects in this connection supplmen-
tary to the above considerations are presented.

2. A totally independant interfacial effect of adsorption layers is
their fluid dynamic effect, which means the interaction of the layer
with the fluid flow adjacent to the interface . Here the elastic proper-
ties of the layer are decisive and thereby it is only possible that ef-
fects are based on influences on transport proccesses (fig. 2). A plot
of mass transfer rate against stirring

speed for pure transport limited cases then
always results in the same phenomenological

appearance for different surfactant layers,
this means a more or less unspecific ef- \\\_//) \\\_’//
fect. For investigations of the specific

interaction of the adsorption layer and the Tti !!!t!“t!g ti‘i
interfacial reaction the fluid dynamic ef-
fect always represents more a disturbing ///—\\\ //’_\\\

superimposition and it should be repressed

as far as possible.

dowever, the fluid dynamic effect regard-

lessly is of great importance, if adsorp- Fig. 2, The fluid dy-
tion layers of special interfacial behav- namic picture of the
iour are used (e.q. lipides). In this case surfactant effect at a
bl is possible, that totally different 1iq./1iq. interface

states caused by the liquid flow simu.tane
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ously exist at the interface and that the distinct properties of these
states have a different effect on the limiting interfacial reaction. As
a result by this detour therefore a flow effect can change limiting

reactions.

3. Of totally different nature interfacial effects are in the case

of 1limiting interfacial reactions. Here one can speak unequivocally of
an electrostatic effect, if ionic surfactants are adsorbed. In the Zn/
Dithizon system anionic layers retard the reaction, on the other hand
cationic ones enhance it (3,6), both cases related to the same charge
density at the interface (see also fig. 3). The qualitative interpreta-
tion within the meaning of an enrichment of some ionic species at the
interphase (4,5) out of the water-phase does not succeed here. This
means, the known classical principles of colloid chemistry directed to-
wards the aqueous phase are not applicable in this case. Rather some
indications pointed into the direction, that the potential effect of
charged monolayers must be related to the interface itself and hence to
the interfacial reaction taking place there. Within this meaning the
influence of charged monolayers on the dissociation of the 1ligand ex-
plains qualitatively the direction of the effects.

a o
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w 'l
o
=]
\ °
~ gl
o i
B ./C12M33N B?
o” st ’ .
73 # Figq. 3. The effect of dif-
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4 ° ,,//”’L’;:e on the mass transfer rate
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3t r/49/// e AOT = Aeorosol=-OT = bis-
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L 012-80 Na -4
2 = 4 HDz: 1.25 10 'm;
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1t ,_*———-——"'———J all surfactants referr to the
AOT -6
— same surface excess 1.84-10
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4. Finally chemical and constitutional aspects of monolayers and
their effects at interfaces shall be presented. Whith the results shown
in fig.3 it 1is <clearly demonstrated that specific properties of the
layer can by far exceed the unspecific potential effect. The results
shown in the fiqure are all related to the same surface excess and
therefore to the same interfacial charge density. Especially in the
anionic case of AOT appears a drastic retardation of the interfacial
reaction. This influence is of such an extent, that reaction rates at
zinc concentrations hundred times higher (in surfactant free systems
then this reaction is much faster and the mass transfer is practically
pure transport governed) can be decreased down to a level which is even
lower than the reaction at clean interface at a zinc concentration of
10-4 m . Via interface-chemical investigations it was possible to demon-
strate some specific interaction between zinc and AOT compared with do-
decylsulfate. However, yet it has not been possible to establish dis-
tinct states of the layer caused by this interaction. But specific chem-
ical aspects of this effect of the layer are indicated by the fact,
that in the case of the Cd/dithizone system the difference between AOT
ahd dodecylsulfate is considerable smaller.

Until now it has not been possible to establish definite relations
of the observed effects. The main problems in this context are that it
is nearly impossible to measure directly such quantities like the exact
site of the reaction in the interfacial region, the thickness of the
interphase or interfacial concentrations of the involved species.

However, beyond this it would be thinkable to derive via analogous
conclusions from examinations in multiphase systems and microemulsions
particularly in the case of AOT a few insights into its outstanding
system behaviour at 1ligquid/liquid interfaces.
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THE INTERPACIAL ACTIVITY OF HYDROXYOXIMES AND THE REACTION
‘ORDER OF COPPER EXTRACTION IN THE OCTANE/WATER SYSTEM

J.Szymanoweki and K.Prochaska, Poznan Technical University,
Institute of Chemical Technology and Engineering, Poznan, Poland

The aim of this work is to discuss the kinetic relations predict-
ed for different versions of extraction mechanism, using the values
of the interfacial hydroxyoxime concentration determined from inter-
facial tension isotherms at the octane/water interface according to
various adsorption isotherms and to compare these predicted reaction
orders against hydroxyoximes with those determined experimentally.
The interfacial tension isotherm determined previously for 2-hydro-
xy=-5-t-octylbenzophenone E oxime /1/ was used for discussion. The
values of the appropriate conetants for differemt adsorption iso-
therms were also computed in our previous work /27,

If we consider the following reaction schemes and we neglect dif-
fusion:

Scheme I
24 +
Cu' + HB,, = CuB‘d + HO (1)
CuByy + HBy o = CuB, .. e Hy (2)
CnB2 d+2HB -CuBa04»}!13‘,4»?!3’_‘_1t 3)
Scheme II
Cn' = CuBY, + H} (4)
C“Bd**m.d'c“Bzaa*ﬂw (5)
CuB, 4 + 2HB, = CuB,  + 2HB_, (6)

where: HB stands for hydroxyoxime. subscripts w and o0 denote a wa-
ter phase and an organic phase, respectively; subscripts gd and ipt
denote the molecules in the interfacial monolayer and at thes border
of the sublayer from which the hydroxyoxime is transferred imto the
sonolayer without ditfusion, the tollowing kinetic equation- can be
obtainod: r1 ‘" kT, r2 = kf'[ﬂllo. 13 = kF/BB/g. Tg = trz, rg =

P /HB/ for reactions 1 and 4, 2,5 and 6 assumed as the limiting
steps, reapeotively (37, where " stands for the surface exceses.

The surface excess equals approximately to the hydroxyoxime in-
terfacial concentration and can be determined acoording to the dif-
ferent adsorption isotherms, e.g. the Gibbs isotherm, the Szysskow-
ski isotherm, the Temkin isotherm and the polynomial of the third
order used previously by us /2,3/.

The relations f?ﬁ;axvaﬁﬂﬂogiven for various isotherms in Pigs1-4.
are similar to those observed in the toluene/water system /37, al-
though esome differences are observed. They are partly caused by the
higher interfacial activity of hydroxyoximss at the octane/water in-
terface in comparison to the teluene/water system. Some appareat
differences are connected with different regioms of concentration
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considered. In octane the solubility of model pure compounds is low,
and the measurements must be restricted to relatively low hydroxyo-
xime concentrations. As a result functions re. [hB7 ve ZHBI and
QﬁB]3 ve[ﬂﬂ] cannot obtain such high values as 1n the toluene/wav
ter eyetem.

The most important differences are observed as the Gibbs isotherm
is coneidered. In the octane/water system computed relations exhibit
distinct maxima. This is interpreted as a quick saturation of the
interface which is achieved at the maximum, As a result, the regiom
of low oxime concentration, in which the surface excess increases up
to the maximum value characterizing the saturated interface as the
oxime concentration increases, has only a physico-chemical meaning.

Some apperent differences are caused by transformation of the pre-
dicted extraction rates to the relative reaction rates. ?;ax was ta-
ken from the graphs at oxime concentration of 0.015 mole - dm~3 for
all monotonous functions or at the maximum as such a maximum was ob-
served. Due to such transformation, it was possible to present all
curves on the same scale of the relative extraction rate changing
from O to 1.

Relations Mvs ZﬁB?o and r2 vs [ﬁﬂ]o are always convex what is in
an agreement with some experimental data demonstrating the decrea-
se of the extraction order against hydroxyoxime as its concentration
increases (Table). The relation F[HB]O vs [ﬁBfo is almost linear.
Thus, such behaviour is in agreement with those works in which the
constant order of the extraction rate was observed, or it changed
only in a limited range. Relations F[HBIO ve /HB/  and Pz/HB/2 vs
(KB , are very concave, and P[HB/ and f"Z[HB72 values sharply in-
crease as the hydroxyoxime concentration increasee. It means that
the extraction order against hydroxyoxime should sharply increase as
the concentration increases, what is in full contradiction with all
experimental data. Thus, equations 3 and 6 as the limiting steps can
be disregarded.

Experimentally determined extraction orders

1
Extractant Diluent Reaction order Ref
Cu2+ RH H+
OH ¥-OH octane - |1.3-0.8%| - =
c
";3"17
i R-OH heptane 1 2-0% -1-0 4
c-CH3
t-Cgllyq
Lix 65N heptane - 1-0% -1-0 5
ABP octane 1 1e5, -0.7 6
50 heptane 1-0 | 1-0 0 7
hthe orders decrease a8 the hydroxyoxime concentration increases .
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A polynomial y = a1x2 + 85X + a4 and an expontial function
¥ = bjexp byx were matched to the discussed relations ¥ vs /HB/ ,
and then used to calculate the reaction order against hydroxyoxime
(Fig.5). In this way problems connected with graphic and/or numeric-
al differentiation were avoided and quite precise values of the reac-
tion order were obtained. Sz, T, G and P, describing the curves, de-

note the reaction orders calcu-
lated according to the Szysz-

kowski, Temkin, Gibbs isotherms
and the polynomial, respective- _ *¢
ly. Numbers denote reactions

assumed as the slowest steps,

reaction order

For reactions 1, 4 and 5 assum-
ed as the slowest ones the re-
action orders calculated accor-
ding to the Temkin and Gibbs 08
isotherms are presented. The
character of relations obtained
for the two other adsorption 04
isotherms is quite similar. The
obtained data significantly su-
pport the scheme I with reac- -
tion 2 as the slowest step. On- 'o[HB] 15'“’-!_3
04 mole-dm
ly in this case the predicted ’
reaction orders are near 1 for Fig.5. Predicted reaction orders

° T2

-& \ 4 2 d

—2822
P2

G2

- - s TE
—e T44

each adsorption isotherm consi-
dered in a quite large range of hydroxyoxime concentration. The ef-
fect of hydroxyoxime concentration upon the reaction order is great
only for very low bulk concentrations, i.e. below 0,001 M, In this
region the reaction order significantly increases as ZﬁB7° decreas-
es, and the order near 2 can be obtained for very low concentrations.
Other reactions, i.e. 1,4 and 5 cannot be the slowest steps beca-
use the order decreases very sharply as [HB]O increases and achieves
very low and unrealistic values already in a region of very low/HB/d
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EXTRACTION KINETICS OF PALLADIUM WITH DIALKYLMONOTHIOPHOSPHORIC
ACIDS — EFFECT OF ALKYL-CHAIN LENGTH ON EXTRACTION BEHAVIOR

3-7

K. Kondo and F. Nakashio, Department of Organic Synthesis,
Kyushu University, Fukuoka, JAPAN

1. INTRODUCTION. Extensive studies on extraction of palladium have

been conducted, but most of the studies have been limited to those on
extraction equilibrium or their hydrometallurgical applications [1-3]j.
Few wamrks on extraction kinetics have been carried out so far [4,5].

Tn this study, the extraction of palladium with synthesized dialkyl-
monothiophosphoric acids is carried out in a highly stirred tank and in
‘a stirred transfer cell, along with the measurements of palladium-load-
ing capacity and of interfacial adsorption equilibrium of the extrac-
tant. An interfacial reaction model is proposed to interpret the experi-
mental results on the extraction rate.

2. EXPERIMENTAL. 2-1 Reagents. The extractants, didodecylmonothio-
phosphoric acid (abbreviated as DDTPA), dioctylmonothiophosphoric acid
(DOTPA) and dibutylmonothiophosphoric acid (DBTPA) were synthesized. The
organic solution was prepared by dissolving the extractant into toluene.

The aqueous solution was prepared by dissolving perchloric acid, lithium
chloride and palladium chloride into deionized water.
2-2 Interfacial tension . The interfacial tension between the organic

and aqueous solutions was measured at 303 K by the pendant drop method.
2-3 Loading capacity. The extractants extract completely palladium

over a wide range of the experimental conditions, so that it is diffi-
cult to determine experimentally the extraction equilibrium constant.
The loading test was carried out to estimate the extracted species of
palladium in the organic solution.

2-4 Extraction rate., A highly stirred tank was mainly used to meas-

ure the extraction rate of palladium. Equal volumes (about 180 cm3) of
the aqueous and organic solutions were poured into the tamk and immedi-
ately stirring was started. Stirring speed was adjusted at 1250 rpm by
stroboscope. Samples of the solution were taken out at imtervals. Palla-
dium concentration in the aqueous solution was determined by atomic ab-
sorption spectrophotometry.

A stirred transfer cell was also used under the experimental condi-
tions where low extraction r:tes were observed. The stirred transfer
cell has two flat-blade stirrers. The aqueous solution was first poured
into the lower cell and then the organic solution was carefully placed
on the aqueous solution. The aqueous and organic solutions were stirred
in opposite directions at 150 rpm. The interfacial area is about 14 cmz.
The organic solution was sampled at intervals after stirring was start-
ed. The organi¢ solution was stripped and then the palladium content was
determined.

3. RESULTS. 3-1 Interfacial tension_  The relation between the in-




terfacial tension, v, and the concentration of DDTPA, C is shown in

'
Fig.l. The following relation between the interfacial tgﬁsion and the
extractant concentration is derived from the Gibbs adsorption isotherm.
Y =Yy < (RT/SHR) In(1l + KypCupls (1)
where KHR and SHR are the adsorption equilibrium constant and the inter-
facial area occupied by unit mole :0of the extractant, respectively.
3-2 Loading capacity. From a plot of the ratio of the initial con-

centration of the extractant to the concentration of palladium extracted

into the organic solution versus the palladium concentration in the
aqueous one, it was found that the complex of palladium 1 to extractant
2 was formed under the experimental condition.

3-3 Extraction rate., Assuming that the extraction rate is expressed

by the relation of pseudo-first order with respect to the palladium con-
centration,~cpd,’the relation between the palladium concentration in the
aqueous solution and the extraction ‘time, t, is expressed by Eq.(2).
ln(deo/det) = A-kf-t (2)
where kf is the apparent extraction rate constant and A is the specific
interfacial area, respectively. The value of kf is evaluated from the
slope of the linear relationship plotted according to Eq.(2).
The effect of the DDTPA con-
centration onrkf is shown in ‘
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following interfacial reaction model for the extraction of palladium is
proposed.

HRopg = BRyg B /B (3)
Pdc142' + HR_4 —ik pdc13ﬂRad‘ + Cc1°, (4)
PAC1,H,07 + HR 4 —3k PAC1HR_ ,;~ + H,0, (5)
PACL,(H,0), + HR,, —3 PACL,HR-H,0_ 4 + H,0, (6)
PACL(H,0),* + HR g —3 PACL-HR(H,0), " + H,0, (7)

where subscripts org and ad denote organic phase and adsorption state,
respectively. kl to k4 are the reaction rate constants corresponding to
Egs.(4) to (7), respectively. Assuming that Egs.(4) to (7) are the rate-
determining steps, the reaction rate, r, can be expressed by Eq.(8).

_ 2= -
r = (k,[PdC1,°7] + k,[PdC1H,0 ]~

+ ky[PACL, (H,0),] + k,[PACL(H,0)," ])c o (8)
Using the stability constants, Bi(i=1—4), of palladium-chloride ion com-
plexes and assuming the Langmuir adsorption isotherm of the extractant,
the extraction rate, JM’ at the early stage of extraction under reaction
control is expressed by Eq.(9).
-t k8, lc11? « k,850c171° + kEBZ[Cl-]Z + k,8,[C17)
1 +z Bi[Cl ]

1

N Kgr  CHr®Pa , .
Spr 1 * KurCur

wnere f is a correction factor for the increase in the specific interfa-
cial area accompanied by the decrease in the interfacial tension and de-
fined as follows.

- xl 0.75
f = [YO/{VO (RT/Syp) 1n(l + KypCup(l + K_/Cl))dl (10)

where Yo is the interfacial tension between pure solvent and the aqueous
solution and Ka is the dissociation constant of the extractant.
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Fig.3, Effect of Cy.1q, on k¢ Fig.4. Effect of Coy on K¢
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From EQ.(9) and using the ex- Table 1. Values of constants

perimental results, the values of

=]
5,

m3/mol

10 mz/mol
-3 3

10 m~/mol-s

10-2 m3/mol°s

107t

3.6 m3/mol-s

the constants listed in Table 1 10

were obtained. The solid lines in

by using the' constants. The cal-

[
.
X X X X X

m3/mol-s

K
S
Figs.l-4 are the calculated ones k
k
culated results are found to a- k

k

gree with the experimental ones.
The effect of alkyl-chain

length of the extractants on the Cra = 1 mol-ni? (o)
extraction rate is shown in Fig.5. Ca-=1000 mot-m? o

The extractant with shorter alkyl Craa=1000 molmr3

chain, DBTPA, shows higher ex- -6

traction rate. In this case, the

extraction reaction is antici- C)DBTPA
fo) ([

-7 { J
©® poTPA

pated to take place in the aque-
ous phase close to the interface.
Further discussion on this point
is necessary to clarify the ex-
traction mechanism.

5. CONCLUSION. Using the high-
ly stirred tank and the stirred -8

log Ju (mol-m2.s1)

transfer cell, the extraction ®
rates of palladium with dialkyl-

monothiophosphoric acids were DDTPA( cald.line)

measured to examine the concentra- -9

tion dependencies of the chemical /l l |

species on the extraction rate. 0 1 2
The experimental results were log Cir (mol-m™3)
analyzed by the interfacial reac- Fig.5. Relation between 3y and C
tion model proposed to obtain the _ HR
rate constant of the reaction between palladium-chloride ion complex and
the extractant. The extraction rates of palladium were made a comparison
between the three kinds of the extractant having different alkyl-chain
length.
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SOLVENT EXTRACTION KINETICS OF DIVALENT METALS WITH
ORGANOPHOSPHORUS ACIDS USING THE ROTATING DIFFUSION CELL 3-8

TECHNIQUE

D.B. Dreisinger, University of B.C., 309-6350 Stores Rd., Vancouver, Canada and W.C. Cooper,
Queen’s University, Kingston, Ontario, Canada

The Rotating Diffusion Cell (RDC) technique:deveioped by Albery and his coworkers 1} has been an
imponant advance in the field of solvent extraction kinetics. Well defined rotating disk hydrodynamics
are established on either side of the rotating membrane separating the aqueous and organic solutions. The
RDC technique has therefore permitted the direct calculation of mass transfer contributions to metal
extraction rates. This has allowed the solvent extraction researcher to distinguish between mass transfer
and chemical kinetic contributions to the overall extraction rate.

The authors have previously used the RDC technique to investigate the extraction of cobalt and nickel
in sulphate solutions with the phosphonic acid extractant mono 2-ethyl hexyl phosphonic acid mono
2-cthyl hexyl ester (HEHEHP) [2,3]. The previous study showed that both cobalt and nickel extract via a
mass transfer with chemical reaction mechanism. Preliminary experiments with the phosphoric acid
extractant D2EHPA and the phosphinic acid extractant HDTMPP (Cyanex 272) indicated that these
reagents may also extract metal ions via the mass transfer with chemical reaction mechanism [3). The
present study has therefore been underaken to determine the extraction mechanism for various metal ions
using the extractants D2EHPA and HDTMPP. The only significant change from the previous study was
that metal perchlorate solutions were used instead of metal sulphate. This change was made to simplify
the analysis of the data.

Kinetic experiments were performed on the systems Zn - D2EHPA, Co - D2EHPA, Ni - D2EHPA, Zn -
HDTMPP and Co - HDTMPP. All extractants were:purified through the copper salt technique [4]. The
diluent employed was heptane. Aqueous solutions were prepared from reagent grade metal perchlorate
salts. No background electrolyte was introduced. The experimental procedure for making kinetic
measurements with the RDC has been doeumented elsewhere [2,3]. The pH-stat technique was used to
measure the metal ion flux by, titrating the acid released from the organic during metal extraction with a
dilute solution of NaOH.

Three series of experiments were parformed for each metal-extractant system studied. The three series
cowprisad the variation of 1) the metal ioni concentration, 2) the extractant dimer coacentration and 3) the
pH. The bulk metal ion concentration was typically varied over the range of 0.0005-0.1 kmol.m?, the
extractant dimer concentration. varied from (0005-0.1 kmol.m* and the pH from 3.25 to 6.00. Each of
the variables was examined sepmrasdy with all other conditions conssant. The temperanure was kept
constant at 25 °C. Metal fluxes were measured at rotation speeds of between 1.0 and 5.0 Hz,

The data from each experiment were treated via. a.series of computer programs to produce: a set of
rotating diffusion cell plots (1/Flux versus ©+). Féwreach plot an intercept and a slope were determined.
The plots, slopes and intercepts will be repareedtelsewbere [5). For each experiment a value of flux has
been calculated from the slope and intercept: values at a rowstion speed value(a) of 1.67 Hz. These
calculated fluxes have beea plotted in Figure 1 for the various metal-extractant systems.
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Figure 1. Results of the kinetic experiments showing the variation of measured flux (@ = 1.67 Hz) with
metal ion concentration, extractant concentration and pH for the metal - extractant systems studied.
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extraction: (a), (b), (c), Co extraction: (d), (¢), (f) and Ni extraction: (g), (h), (i)
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The previous studies [2,3] of Co and Ni extraction with HEHEHP in heptane were successfully
modelled using Hughes and Rod’s [5,6) generalized treatment of the mass transfer with chemical reaction
model for acid extractants. The steps in the model are shown below.

Stepl HR & HR,

Step2  HR & H'+R,
2 fa +
Step3 M**+R™ — MR*,

Stepd  MR*+R™ & MR,,

StepS MR, MR, .

The first step involves the partitioning of the extractant to the aqueous phase followed by dissociation
of the extractant (step 2). In the third and fourth steps the first and second ligands are added to the metal
ion. The metal complex partitions back to the organic solution in the fifth step.

The equation for the flux in terms of the various concentrations is shown below. This equation has been
developed for the case of the first-ligand addition being rate controlling.

9|Cuj Cl%.lallza =2 )
J= —_— A e O3 :~PLCE) *
—J Cos - K ZonCons (Chrs = PurCrir)

where 6= kpDyr
' P lleKHR

The concentration terms (C) are functions of the flux (J) and may be calculawed according to the
equations in references {2,3,5]. The bar notation indicates that the concentration refers to the species in
the organic solution.

The extractants and metal ions used for these experiments were chosen to perform a general test of the
model. Examination of the form of the model indicates that the value of J will depend on three
paramneters, 8,, K, (the extraction constant) and P,g (the partition coefficient). If we assume that

CiiiCuun,;

»————— and C3,,»P%C:
Kua'zmjc‘” HRJ HR“HR

then the model reduces to the form,

7= , 6,Cu,Cons
Chi

©, therefore becomes the key parameter. The value of ©, is dependent on k, (the ligand exchange rate
constant), D, (the diffusion coefficient of the extractant), P, (the partition coefficient) and K, (the acid
dissociation constant for the extractant). The ©, term may therefore be broken down into a metal ion
dependent component (k,), and an extractant dependent component (D, /P, K..).
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The value of the exchange rate constant (k,) for the various metal ions can be estimated from the
exchange rate constants for water as the ligand. For a certain metal ion the exchange rate constants for
ligands are usually considered to vary by less than one order of magnitude from the water exchange rate
constants. These constants have been reported by Cotton and Wilkinson [7]. The values of k, (water) in
sec! from reference [7] were approximately 2.5 x 10" (Zn) > 3.0 x 10* (Co) > 1.3 x 10* (Ni). We would
therefore expect that when using the same extractant zinc would extract more slowly than cobalt and that
nickel would be slower than either zinc or cobalt.

In the previous study [2,3] it was found that the rate at which the extractants partitioned to the aqueous
phase decreased in the series D2EHPA > HEHEHP > HDTMPP. The rate of cobalt and nickel extraction
from sulphate solutions also showed the same extractant dependency with D2EHPA extracting fastest and
HDTMPP the slowest. This probably indicates that the term (D,q/P3,K,g) is greatest for D2EHPA and
smallest for HDTMPP. We would therefore expect that for the present study, when extracting the same
metal ion, the extraction rate would decrease in the series D2EHPA > HEHEHP > HDTMPP.

Inspection of the curves in Figure 1 demonstrates that the results are consistent with the predictions of
the model. The extraction of metal ions with the phosphoric acid D2EHPA is always faster than that of
the phosphinic acid HDTMPP. The rate of metal extraction decreases for both extractants in the series Zn
> Co > Ni. The values of ©, and other parameters are being fitted to the data using non-linear least
squares parameter estimation. The modelling of the kinetic data will be reported elsewhere [8].

In conclusion, an extension of previous experiments using the RDC technique to the organophosphorus
extractants D2EHPA and HDTMPP has been carried out. The results of the kinetic experiments were
shown to be consistent with the predictions of the generalized mass transfer with chemical reaction
mechanism proposed by Hughes and Rod [5,6]. Further modelling and experimental studies will be
reported in full elsewhere (8].
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‘RESEARCH ON THE STRIPPING KINETICS OF COPPER FROM COPPER-LOADED
HS-LIX65N 3-9

Li Zhou, Tsinghua University, Beijing, China
Furst W., A.Ganuand, Renon H., Center of Reactors and Processes, Institute

of Mining Ind. of Paris, Paris, France

The main aim of this paper is to research the effects of various parameters
on the Cu-HS-LIX65N-NaCl-HCl system, determine the stripping kinetic regime and
develop related mathematical models.

Experiments and experimental results. The experiments were carried out in
an improved lewis cell [1]. The copper-loaded HS-LIX65N was prepared by conta-
cting the organic phace (unrefined HS-LIX65N-Escaid100) with the solution of

cucl2, all the other reagents used in the experiments are analytically pure.
The parameters researched in the experiments are as follows:
(1) [RH], concentration of unloaded HS-LIX65N in the organic phase.
(2) [E;iz]. concentration of copper complex in the organic phase.
(3) [NaCl], concentration of NaCl in the aqueous phase.
(4) [HC1], concentration of HCl in the aqueous phase.
(5) N or ii stirring speed in two phases.
(6) A, interfacial area between two phases.
(7) t, operating temperature.

The experimental results are tabulated in Table 1.

Models and stripping mechanism. From the experimental results mentioned

above it seems that the stripping rate of copper is independent of the stirring
speeds in two phases; nearly proportional to the interfacial area between two
b=31.83kj/mol=7.6keal/mol

is obtained from the experimental data under various operating temperatures.

phases and the apparent activation energy, E

All there results are characteristics of interfacial chemical reaction as the
controlling step for the stripping kineties of copper.

The experimental data were treated by LLSQ method with computer, and the
following correlation is obtained;

"cuso_a[éaizlg.SIZ[H+]g.713[c1—]g.905, (1)
vhere the concentration unit is mol/l, and the average computation deviation is
equal to 1.02%.

For determing the stripping kinetics regime with accuracy, some terms of con-
centration in bulk of phase in the model were substituted by the terms of con-
centration at interface or the terms of activity, but the computation deviations
arernot remarkable improvement.

In order to explore the mechanism of stripping process the theoretical
analysis is necessary.

F¥or the extraction mechanism of copper with LLX65N the interfacial chemical
reaction with adsorption and de-adsorption:was considered by some authors [1-3].

The stripping process is the reverse process of extraction process, according to
the similar mechanism there are following steps:



Table 1. The effects of various parameters on the stripping
rate of copper

variable experimental conditions N__ 5 —A.M
parame- — 3 3 Cu v zdt
ter [RH]1,M|[RH],M [Qsz],H,[NaCl],M][ll?l],NlN,mn N,r;ml A,cm—lv,cm lt,°c mole/cm”.S

0.365 0.165 0.1 2.0 0.0625 150 150 21.2 300 25 1.42 x 10
0.365 0.165 0.1 2.0 0.0625 150 150 21.2 300 25 1.42 x 10
0.365 0.165 0.1 2.0 0.0625 150 200 21.2 300 25 1.44 x 10
0.365 0.165 0.1 2.0 0.0625 150 200 21.2 300 25 1.53 x 10
0.365 0.165 0.1 2.0 0.0625 200 150 21.2 300 25 1.57 x 10
0.365 0.165 0.1 2.0 0.0625 250 150 21.2 300 25 1.56 x 10
0.365 0.165 0.1 2.0 0.0625 150 150 15.7 300 25 0.94 x 10
A/V 10.365 0.165 0.1 2.0 0.0625 150 150 15.7 300 25 1.06 x 10
0.365 0.165 0.1 2.0 0.0625 150 150 21.2 410 25 1.08 x 10

N or N

0.365 0.165 0.1 2.0 0.0625 150 150 21.2 300 35 2.46 x 10
t 0.365 0.165 0.1 2.0 0.0625 150 150 21.2 300 35 2.43 x 10
0.365 0.165 0.1 2.0 0.0625 150 150 21.2 300 45 3.14 x 10

0.365 0.165 0.1 2.0 0.2 150 150 2.2 300 25 &.17 x 10
0.365 0.165 0.1 2.0 0.3 150 150 21t.2 300 25 5.45 x 10
. 0.365 0.165 0.1 2.0 0.4 150 150 21.2 300 25 9.47 x 10
(W]

0.365 0.165 0.1 2.0 0.5 150 150 21.2 300 25 9.82 x 10
0.365 0.165 0.1 2.0 0.7 150 150 21.2 300 25 14.2x 10-9

0.185 0.165 0.01 2.0 0.0625 150 150 21.2 300 25 0.224x 10-9
0.205 0.165 0.02 2.0 0.0625 150 150 21.2 300 25 0.43 x 10-9
[CuR,] [0.265 0.165 0.05 2.0 0.0625 150 150 21.2 300 25 0.98 x 107>
|0.415 0.165 0:125 2.0 0.0625 150 150 21.2 300 25 1.62 x 10
0.489 0.165 0.162 2.0 0.0625 150 150 21.2 300 25 2.71 x 10°°
0.489 0.165 0.162 2.0 0.0625 150 150 21.2 300 25 2.83 x 10

0.365 0.165 0.1 0 0.0625 150 150 21.2 300 25 0.073x 10~
[¥aC1] 0.365 0.165 0.1 0.5 0.0625 150 150 21.2 300 25 0.67 x 10~
0.365 0.165 0.1 0.5 0.0625 150 150 21.2 300 25 0.56 x 10~
0.365 0.165 0.1 4.0 0.0625 150 150 21.2 300 25 4.50 x 107

[RH] 0.40 0.30 0.05 2.0 0.0625 150 150 21.2 300 25 0.98 x 10"~

(1) Copper complex C_u?(2 in organic phase diffuses towards to the interfacial

zone and is adsorbed at interface
K

CuR Cuk CuR
2b 24 2ad +
(2) 1Interfacial chemical reaction and the formation of CuR™ and CuClR
+ k +
Cu.lzad + lli -# kguﬂad + Rlli l(1
'
CuRy 4 + Hy + Cll x4 CuClR_, + RH, K}
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(3) Interfacial chemical reaction and the formation of Cu*' and cucl®
+ + k ++
CuRé(1 + Hi N % Cui ++ RHad K2
CuClRad + Hi ___J_g CuCl1 + RHad l(2

(4) De-adsorption of RH

RH_, &2 R—Hi,
(5) Diffusion of species towards to the bulk phase
+

culte . wCu”
CuClj.... wCucl”
RH,....oR0 .
The adsorption of CuR2 at interface has been proved by the determination of
interfacial tension in our experiment and the others [2,4].
In the experiments, RH and CuR2 are considered as the main adsorbed species,
so there is the following correlation according to Langmiur equation:
oK [CuR, ],
[CuRr,] .=C. (2)
2 ad e —
1+d1[CuR2]b +o(2[RH]b

Owing to the fact that the interface has been saturaled at very low con-
centration of RH (5 x 10-4 = 10—3 kmol/m3), so equation (2) is suitable
only for the condition of low RH bulk concentration. For the conditions of
relative high bulk concentration of RH and OKZJ’CXI, equation (2) may be sim-
plified into the following equation;

[cunz]ad=c-.[c—uiz]b (3)

At first, let it be supposed that the first step of interfacial chemical
reaction is the controlling step, so;

v ke v + -
Ney = 3 kl[CuRZ]ad[H ]1+ Kki[CuRz]ad[H ]i[Cl ]1

+ -
=[CuR2]ad[H ]1(k10 + kio[Cl ]1)- (&)
Substitute equation (3) into equation (4),
[ Cul i ' -
N =C [CuRz]b[H ]i(k10+k10[C1 ]1). (f)
It is known that [H+]§= [H‘]i, and let it be supposed that [Cl-]b==[C1 ]i’
= . ) B
NCu=c--[CuR2]b.[H ]b.(k20+k20[cl 1) (6)

the coefficients in equation (6) were obtained by treating the experimental
date with non-linear LSQ method, the following equation was deduced,

Ny =2-32 x 10‘9[63§2]b[u*]b(25.93 + 26.90[c17]), (N
where the concentration units are mol/l, and the computing deviation is equal
to 23.99%.

The second, let it be supposed that the second step of interfacial chemical

reaction is the controlling step, soj;

\Z + + Vi +
Noy= sz[CuR ]ad[H+]i+Kk2[cu":1R]ad[“ ]t
[cur,] .[H"]
\'A 2-ad i " -
= K (K2° + k20[01 ]i). (8)

(],

There are some contradiections between the expression and experimental results,
so this supposition is not valid for the stripping process regime of copper.

In addition, since the solubility of CuR2 in water is extremely low (only
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1.8 x 10-5

mol/1 [1]), so it seems that it is impossible to carry out the
chemical reaction in the aqueous layer near the interface.

According to the discussion mentioned above it would be conclued that the
interfacial chemical reaction with adsorption and de-adsorption reveals the
process regime of copper stripping in a good approximation, and the first step
of interfacial chemical reaction is the controlling step.

Conclusions

(1) various parameters affecting the stripping kinetics of copper are
investigated. The experimental results show that the stripping rate of copper
is independent of the stirring speeds in two phases, nearly proportional to
the interfacial area between two phases, in addition the relative high value of
activation energy was gotten, so the stripping kinetics of copper indicates the
characteristics of process controlled by the interfacial chemical reaction. The
analysis shows that the first step of interfacial reaction is the controlling
step.

(2) The following empirical model was developed, i.e.,

Ncu= o.a[éaﬁzlg.alz[u¢]g.713[c1~]g.90i
where the concentration units are mol/l, and the average computing deviation
is about 1%.
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INTERFACIAL PHENOMENA AND EXTRACTION KINETICS IN SYSTEMS

-10
WITH AMINES 3

V.V.Tarasov, A.A.Pichugin, A.P.Novikov, S.V.Goryachev, N.E.Krout-
chinina, Mendeleev Institute of Chemical Technology, kioscow, USSR

An analysis of the literature reveals that the kinetics of both ex-
traction and stripping of inorgenic acids in systems with amines has
been described under the following two mutually exclusive assumptions:
1.S81low chemicel reactions proceed in the system; 2.,0nly diffusion con-
trolled reactions occur. It has been shown that both assumptions led
to mathematical expressions for the rate of the extraction that are
similar in shape[1]. However, only second assumption is a phisically
adequate[1,2]° Despite the diffusion controlled chemical reactions we
can suggest, that only the fastest step of the overall reaction (1)
occur at the interface. The rest steps, which are slower, occur during

—_— K -
YRsN + \)H;*q+X3q fatt Rs(NH oX" €))

diffusion of reagents from interface, that results in varying of sur-
face layer properties. In this case, as it will be shown below, it is
possible to estimate equilibrium constants of fastest steps of the
reaction (1), using kinetic extraction data. It will be noted that
this problem cannot be solved using equilibrium extraction data only
[3).

Studies of extraction kinetics of HC1, HClO4, H2804 with tri-n-
octylamine (TOA), tri-n-laurylamine (TLA), tri-n-decylamine (TDA) con-
dacted by short-time phase contacting method (STCM) and by diffusion
cell method, showed that the value of interfacial flux (j ) is inde-
pendent of the concentration of anions of extracted acid. In strip-
ping the value of j is independent of pH of aqueous phase, The absen-
ce of a dependence of the extraction rate of the acids on the concen-
tration of their anions is evidence that extraction proceeds predomi-
nantly through a reversible amine protonation reaction at the inter-

faoe: K
RsN + H*(Hp0)p === RyNH(H0)} . )

Subcequently, formation of water-separated ion pairs and their trans-~
formation into contact pairs and molecular forms Ramnx taekes place as
diffusion occurs deep in the organic phase. The existence of a sur-
face layer of the organic phase saturated with water ions or ions
pairs, predicted by a such model, is supported by conductometric
measurement.

In stripping all the steps proceed in & reverse order. The ionic
dissociation is fastest step, for wich use can be made of principle
of local equilibrium proceeds first.

(ReNH)X B2 yp NH* + X (3
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This is followed by a somewhat slower step of proton detachment, which
apparently takes place in aqueous phase layers adjoining the interface.
Thus, the process of mass transfer ( either extraction and strip-
ping ) proceeds with the instantaneous reversible reaction occuring at

the interface;

K
A+B =2 0, (4)

where in case of extraction Keq-Kpmt S A denotes acid; B , the amine;
and C , trialkylammonium ion. In case of stripping Keq’de.nl ’ A deno-
tes anion; B , the trialkylammonium ion; C s, the salt. The surface
concentrations of A 9 B ’ C are related by the expression for the

Kex : i il
K9q= CC/(CBCA)' (5)

Kinetics of the extraction (stripping) process can be described using
the system of following equations:

jn=pa(Ca-Ch); dp=pa(Ce-Ch); jo=pelCeCP), (©

where CA, Ca, Cc are the bulk concentrations. The dnalytical solution
of the system of the equations (5) and (6) by the considering that
lJ'A |-l jo | = ic |=J. , give the following expression:

: , Ke A D
1}2%;—': * i1+ P;AKQQ Cp + Pepsj CA)"'_PC(KeqCACa‘Cc)-O.
This expression may be used to describe of the extraction kinetics of
acids (sign plus before second term) and the stripping (sign minus).
The values ofj, and f> can be obtained from kinetic study conducted by
STCM [3]., Thus, the values of Kprot ( Kdis ) can be computed by studying
the kinetics of the extraction (stripping)(see Table 1),

The values of Kprut and Kdis found were used for cheking the vali-
dity of hypothesis regarding the mechanism of extraction. This can be
done by assuming that Kpro‘l: /Kdis = qut s Where Kext is the effec-
tive constant of the extraction. A satisfactory agreements was obser-
ved between the computed values of Kext and those found from the our
equilibrium data (K‘qxt ) and from literature (K‘éxi ) (see Table 2).

Thus, it was shown that thermodinamics values could be determined
from the kinetic data., A division of the extraction process into defi-
nite stages together with a determination of their equilibrium cons-
tants enables to consider the effect of phase properties on every
stage of the formation extractable compound [2].

To conclude this paper we should be note that study shown that
transport of ions through the interface is faster than the formation
of ion perse. This conclusion is in good agreement with the data of[4]..
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Neorgan.Khimiya. Moscow: VINITI, 1984. V.11.

3.

42

V .16. P.215.

Table 1. The values of Kprotand Kdis in systems :TOA-toluen-HZO-acid
-4 -4
o " Kprot | Kdis - 107 Kprot | Kie
Co M |Kprot | Kais | Kprot | Kaig-1073
sulfate TOA bisulfate TOA
HC1 HClO4 HZSO4
0,001 | 60+4 | 5643 | 200+20 0:540.05 | 2042 | 1441.6 30+4 | 300+30
0,005 | 60+5 56+4 | 200420 | 2.040.2 20+2 | 1441,6 30+4 | 300+30
0,01 60+5 5€+4 | 200420 3604+0.3 20+2 | 1441.6 30+4 | 300+40
0,02 60+5 7045 200420 - 2042 | 14+1,6 30+4 | 300+£40
0. 05 60+5 | 130£10 | 200430 | 13.0+1.0 | 2043 | 2242.0 = =
0.10 60¢5 | 250430 | 200+40 | 19.0+¢2.0 | 20+4 | 814+8,0 - =
0. 25 = 500:60 - 400 016. 0 - 1 43i1 0. 0 - -
Table 2, The values of Koyt in systems with TOA
(] [1}
CA M fg, Kext zg Kext tg Kext[B]
HC1
0.01 3.6 3416 3.6
0,05 3.9 3.8 -
0,10 4,2 4,2 4.2
0,25 4.5 4.5 -
HClO4
0' 001 590 - -
0. 05 608 607 L
0,10 6.9 7.0 -
0. 25 791 70 4 e
H2804
0001 6075 e -
0.05 6.9 Te5 Te5
0,10 T4 7.8 8.0
0,15 706 80,0 -
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INTERFACE PHENOMENA IN LIQUID-LIQUID EXTRACTION

U. Bauer, M. Siebenhofer, R. Marr
Institute of Chemical Engineering, Technical University Graz.
Graz, Austria

Introduction

Apparatus design for extraction with chemical reaction, for.
example metal ion extraction, 1is still a problem when using
apparatus with continuous phase contact.As demonstrated by fig. 2
conventional mass transfer concepts do not describe the pro-
cess /1.27.

To get information on the mass transfer process a research
programme on acetic acid extraction by a tertiary amine con-
taining solvent has been worked out. The amine was diluted by an
undecane hydrocarbon mixture. Tributylphosphat was wused as
modifier. The results are based on the application of the
mechanism A + B = C to the experimental results of single dro-
plet experiments.

Experimental set up

As mentioned before mass transfer rate was evaluated from
concentration versus residence time curves of rising solvent
droplets in a single droplet column. The maximum residence time
in the column was about 20 seconds. The analytical detection of
the acid concentration in the solvent was done by acid-base-ti-
tration after addition of a certain ammount of solubilizer (iso-
propylalcohol) to the sample.

Evaluation of the rate mechanism

From the experimentally obtained data a concentration versus.
residence time fit was calculated by a second degree polynomial.
Then the mass transfer rate was evaluated from the fitted curve.
As shown in fig.l and fig.2 the mass transfer rate based on the
conventional mass transfer equation is not able to describe the
experimentally data.

But the data of fig.l give a constant rate coefficient when
evaluating the mass transfer as a function of the square root of
the difference of the pseudoequilibrium concentration ce and the
actual local concentration ce (Table 1 /3/).

To improve the currency of the model r = k' * (co - ce) /4/ a
complete set of experiments was worked out under consideration
of different initial acid concentrations of .the solvent and con-
stant acetic acid concentration in the aqueous phase. The ex-
perimental results are shown in fig.3.

The before mentioned transfer mechanism is able to describe
all this data with the result that the rate coefficient is a
strikt function of the initial active amine concentration of the
solvent (fig.4). Therefore the acetic acid extraction is strictly
controlled by the chemical reaction of the acid with the solvent
at the droplet surface. The rate equation is then

e 0.5 . .
ra=k (Caqu-'co) (C% -ct)o 5.

Conclusion -

Based on this results it is a failure to use apparatus of the
continuous phase contact type when such extraction problems have
to be worked out. The only possibility to solve this problem
satisfactory is to use apparatus of the mixer-settler type.
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SINGLE DROPLET EXPERIMENTS WITH PRELOADED SOLVENT
Co = INITIAL ACID CONCENIRATION OF THE SOLVENT
SOLVENT: 30 VOLX AMIME, 30 VOLX TBP,

40 YOLX C,, -HYDROCARBON
AQUEOUS ACIDCONTENT: 0.89 mot/L
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SINGLE CROPLET EXPERIMENTS WITH PRELOADED SOLVENT
Co = INITIAL ACID CONCENTRATION OF THE SOULVENT
SOLVENT: 30 vOLX AMINE. 30 vOLZ T8P,

40 VOLX C,, -HYDROCARBON
ADUEOUS ACIDCONTENT: 0.89 mol/L
OROPLET DIAMETER: 3.9 »a
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ACETIC ACIO CONCENTRATION C4OF THE OROPLET

8C + CyquCo

SOLVENT MIXTURE: 30 VOLZ AMINE. 30 vOLX TBP.
40 VOLX C,, “NTOROCARBON

ADUEOUS ACID CONIENT: 0.89 mol/L




Yo = 0.0621 mol/ls Cagqu = 1.35 mol/1
coe = 0.6399 mol/1 aqu,acid ~ 0.89 mol/1
€ Ce. r(ce) (c® - ce) B8 * 102 k'
[sec] [mol/1] (mol/ls] [mol/1] [(m/s] (mol®-3/1°-Sg]
2 0.2001 0.0515 0.4398 0.00601 0.0756
4 0.2970 0.0455 0.3429 0.00640 0.0756
6 0.3819 0.0346 0.2588 0.00686 0.0756
8 0.4547 0.0334 0.1852 0.00741 0.0756
10 Ok 51155 0.0274 0.1244 0.00811 0.0756
1.3 0.5841 0.0183 0.0558 0.00962 0.0756
15 0.6148 0.0123 0.0186 0.01125 0.0756
17 0.6334 0.0063 0.0065 0.01427 0.0756
Nomenclature
B =~ mass transfer coefficient [m/s],
c - acetic acid concentration [(mol/1]s
k - rate coefficient [1/3])s
k'’ - pseudo rate coefficient [mol®-3/1°-=2g],
t — residence time [s]e
Indices
0 - initial value,
equ- total equilibrium,
t - value at time t,
® — pseudo equilibrium,
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INTERFACIAL PHENOMENA AND KINETICS OF THE EXTRACTION OF SOME o
RARE EARTH AND NON-FERROUS METALS BY ORGANIC ACIDS -

N.Ph.Kizim, Yu.P.Davidov, A.P.Larkov, Mendeleev Institute
of Chemical Technology, Moscow , USSR

Introduction. The kinetics of the extraction metallic ions by organic
acids has been discussed many times in the special literature,however
in many cases it is based on the simple notions,which don't take into
consideration the interfacial phenomena.It is known,that the process
of the extraction of some lanthanides/41/,Co and Ni/2,37 by di-(2-ethyl
hexyl)phosphoric acid (HR) is accompanied by interfacial convection
(i.c.),by forming the condensed interfacial films (i.f.) /3,4,5/ in-
fluencing on the kinetics interfacial mass-transfer.In the present re-
port we would like to show the results of research of the interfacial
phenomena and kinetics of the extraction Co,Ni,REE(Ce,Pr,Nd,Eu,Gd) by
HR solution in toluene.

Experimental.The kinetics of the extraction has been investigated by
the method using constant interfacial area stirred cells (d.c.) and by
the short-time contacting method/1/.Rheological investigations have
been made by floating plate method/47,microscopy-by microscope,which
allows to make cinema and photograph at the same time.

Results and discussion.The kinetics of HR distribution between water
and toluene.The mathematical models of the process,expressions for HR
flow from organic phase into aqueous phase are shown in table 1.

The kinetics of the extraction.Semilogarithmic anamorphosises of the
kinetics curves (SAKC) during the extraction Co(II) and Ni(II) are
nonlinear (£ig.1),it shows formation of i.f.The increase of HR con-
centration makes the curving of SAKC earlier.The stirring speed of the
phases (1.75—5.085'1) doesn't effect the speed of the process.Decrea-
sing of acidity of aqueous phase (a.ph.) effects the time of develop-
ment curvature of SAKC,s0 the curvature becomes the earlier if the
initial value of pH of a.ph. is higher.In our opinion it shows the im-
portant role of the hydrolized forms Co(II) and Ni(II) in the forma-
tion of i.f.Equilibrium during the extraction REE in d.c. is slowly
established,SAKC are nonlinear (fig.2),and the position of the bending
point depends on HR concentration in organic phase (o.ph.) and metal-
lic salt concentration in a.ph.The kinetics of accumulation of the
main solute in the interfacial layer is shown on the fig.3.
Interfacial f£ilm.The formation of i.f. was established on the base of
the kinetics investigations and was proved by rheological measurements
of i.f. Shifting strength of i.f. during the extraction Co(II) and
Ni(II) increases if increased pH of a.ph.,and decreases if increased
the concentration of salt in a.ph. When HR concentration increases the
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on Co(II) (1,4) and = 3.33 s~ ~ ¢onst. by HR extraction.

NL(II) (2,3). ,kmol/md: 1- 0.05, C in a.ph.,
0.pa.: 0.3°(3,43 or B’0.10; 3 - 0.20 Ce(N03) 5
9 (1, kmol/ m3: 1- 0.01;
kmol/ m2 HR in 2- 0.019; 3- 0,05
tolueng.
A.ph. :1kmol/m M(N05)2,
O.OO’lkmol/m}HNOB

strength of i.f. increases and time for its forming decreases. I.f.
which is formed during the extraction of REE is different by the pro-
perties from i.f.,which is formed during the extraction of non-ferrous
metallic ions.Deforming speed by .the action of permanent load is dec~
reased in time and,when it becomes zero,deforming value reaches max.
qQuantity.Taking off the load,leads to floating plate back,but speed is
little (fig.4).Such dependence ) (t) corresponds to Kelvin-Foight model
of viscoelastic subject and shows the polimeric structure of i.f. The
increasing of Ln(IIT) concentration loads to the change of the modulus
of elasticity (G).Dependences G on a.ph. acidity,Co(II) and Ni(II)
concentration in a.ph. and HR concentration are shown in fig.4 and 5.
The dependences are very easy interpreted,if assume,that thickness of
i.f. and relative content of polymeric molecules depend on the compo-
sition of system and conditions of carring out of process.The mathema-
tical description of i.f. growth is based on the solution of a task
Stephan type.It's supposed that i.f. is formed with the help of inter-
mediate products in the simpliest case of LnR,,which appears and dis-
appears according to the chemical reactions Ln3*+3HR(i)=LnR3(i)+BH+;

5 = Posibi of this approach to the description
of the kinetics growth of i.f. is based on results of micrographic in-
vestigations,which confirm the formation solid particles in interfa-
cial layer, The formulation the problem and {ts decision, which
describes only the initial part of kinetics curve is showm in table 2.
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Interfacial convection and structure of interfacial layer.During con-
tact of phases on the interface we can see intensive movement -~ it is
Marangoni-Gibbs effect.The fields with less interfacial tension cause
the movement of nearest layers,which is transformed in the circulati-
on cell.As the result of rapid reaction in interfacial layer the nuc-
leus of new phase are formed,increasing the fluctuation of interfaci-~
al tension and forming solid particles after some period of time. In-
terfacial layer has a clear heterogenous structure.It consists of
emulsion,microemulsion,particles of solid phase and gel metal-organic
polymeric molecules.After some period of time i.f. becomes transpa-
rent elastic (REE).

Conclusion.Extraction of the examined elements is accompanied by for-
ming of i.f. which causes additional diffusion resistance,which is
higher than the phase resistances.Formation of i.f. during extraction
Co(II) and Ni(II) evidently,is due to basic metallic salt with HR on
the interface.Formation of i.f. during extractiom of REE is connected
with formation both of neutral salt and basic salts of REE with HR.
In case REE,i.f. has a polymeric structure.Extraction is accompanied
by interfacial convection,which causes the rising of the coefficient
of mass-transfer in the initial moment of time after the phases con-
tact.Formation of i.f. allows to remove the interfacial convection.
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Table 1.Mathematical Models of distribution process HR

Model Mathematical formulation Solution

The limiting ¢ . =D >
stage-reaction “it™ i 2, if xe(0,®) m=ajaC5F,(t),
resolvatation C,](x,0)=010, ca(x,0)=020,

c" . T 1, it xi(-m ,0] J=81AC F1(t).

2

(Hg)ii (R) | Cgt+2D4C (0, £)-D,CL_(0,1)=0, P (t)=e® Yerte aft
-2 C,(0,t)=2C, /m +(D /k,c)Ch (0,t), F.(t)=2(t/s)"/2

which takes 2 s -l Sl 2(4-3‘%%?/(1):)—13,

place on the cs=ccz(0,t). 4

interface 405=2C15-14Cop

The limiting  Cl 44 -D44C115x*.1C11=0:Cq4(X,0)=CS,, m= AT -
EEBEe EEEiol- 1L o V1 M A= Ay =agw

)
sition of 126721207250 71€11=0:C4 (x5 0)=C5, JF RN
mers Vo wo_ - -BJ e I, (x,t)dx
Chy=DaChy =0, C,(x,0)=Cop, o 1
(AR),; =~ 2HR  J;(~D;4C},(0,8))4D,C5,(0,4)=0, % = " e 2P,
(Uinssrized g =(20,,(0,5)+C,(0,))/Cx(0,t),  4,B~ Oconst expre-
3(am),,=0- ssed by €3+C50s0q+Dq34D5:

Two-film model Ja=Pa(C.r=C.s)y Jo=p-(Crs=Copn) 1n|a®/(aF,(x)-1F, (x)4
o R 171(Cq07Cq47» 327p2(C23-Co0 2 | o 1
into considera- j,‘=(1/2)32=j, Ky= I_—(HR)Z] 3/ [Hﬁ]i, +b)|+A1 lnlAB(Fz(x)-r
tion decomposi-~ [EE] /[H:R] a [(HH) ] c [HR] AR ;
tion of dimers K,= ) = = + x)-A,)| =
and resolvata- 1 = ' al»v2 ’ 1 2 1 |
tion a,a°,85,a4,d2,‘b,A1,AE,Aa-const =d,t; F,l(x):a +a,X,

expressed by pi’vi’s’c;.O’Kd’K’l Fz(x)=2a(a3+a4x)1/2

Table 2.Model of extraction process of metallic ions by HR

Mathematical formulation Solution(approximate)

1, if xefFh,,0 1 2
C}4(Xy8)-D;05. (x,6)=0, i= {2, if xel0}8(t) byln1+ach| +0,5% +
3, if xe[&(t),hal +b56 = t.
C,(x,0)=C,0, ©,(0,0)=0, C (x,03=0, 5(0)=0, 8047b4,b,,bz-const

iDiC:ix(Opt)ﬂ), 02(0:17)=m101(0,t), expressed by ci(x’o)’
_D20?x(8(t),t)-k1C?(S(t).t)=O,8?5(8(t),t)=cs. Dy sy shzyky s psCy-
_chax(s(t) ’t)+D3 BX(S(t),t)—f t=0
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KINETICS AND INTERFACE PHENOMENA DURING VANADIUM EXTRACTION 3 13l
BY TRI-n-OKTYLAMINE 1

V.A.Kozlov,L.H.Batrakova,B.A.Yusupov,A.G.Terechov,
Institute of Metallurgy and Ore Benefication of the Kazakh SSR
Academy of Sciences, Alma-Ata, USSR

Vanadium-containing solution received during processing of inter-
mediate products of metallurgical and chemical industry are charac-
terized by complexity of composition and by presence of vanadium in
different degrees of oxidation.One of the most effective extragents
for the vanadium(V) extraction from weak acid solutions is tri-n-ok-
tylamine(TOA).

Vanadium(V) extraction and reextraction kinetics with TOA was
studied by the methods of short-time phase contacting (STPC) and di-
ffusion cell with agitation together with the interface tension
measuring.

Kinetic curves appearence of vanadium(V) extraction by TOA soluti-
on in kerosene at the presence of solubilizer (isododecyl alkohol)
(Fig.1) indicates to the presence in the system of surface processes
limiting mass-transfer which was confirmed by the interface tension
measuring.

Extraction rate grows the increase of vanadium concentration in ini-
tial solution.Rectilinear dependancy of parameter hg(CO/qg from
phase contact time (Fig.2) indicates to the firast order according to
metal.Relatively small value of activation energy ( 12 kJ/mol) indi-
cates to the advantage of process in diffusion regime.Rate constantes
to the advantage of process in diffusion regime.Rate constant mean
value is rather big and is equal to 7,8:10"° sm/s.Most probable that
in the interface is going quick chemical reaction of extractable
complex formation not limiting mass transfer together with this is

30[ @-10%, mol 3
./
A /o"""'——_f_- %
Z

10 /o

0 * 30 : 50 ‘F,;-lln
Fig.1.EKinetic curves of vanadium
(V) extraction by TOA solution in
kerosene at Cys mol/l: 1-0.04;
2-0.06; 3-0.08

51



Fig.2.Dependancy of Lg(cy/c)
parameter from phase contacting
time, Cv-0,02(1); 0.04(2);
0.06(3); 0.08(4) and 0.10(5)mol/1

going films formation,transfer though which defines the general extra-
ction rate.

Vanadium(V) extraction process by TOA solution is accompanied by
the formation of structure-mechanical barrier about which evidences
lg(Co/q)a £( T) direct dependancy slope angle lowering together with
vanadium concentration increase in solution (Fig.2.).It is possibly
connected with the accumulation of by-products,forming during extrac-
tion and interaction of them among other with the formation on phase
of condenced polymeric films,blocking reaction zone in conmnection wi-
th with additional resistance to the mass transfer is taking place,
what sometimes exceeds diffusion resistance.

Vanadium(V) reextraction TOA solution by the Ca(OH), solution as
evidences characteristic appearence of kinetic curves (Fig.3) is also
connected with surface processes conditioned by formation of interfa-
ce film,angle coefficient of kinetic lines (A) attributed to unit
concentration of vanadium-organic complex (R NH)6V10028 arnd to value
of transitional time (T,) in the range of experimental mistake beco-
mes constant in the studied interval of metals concentration in orga-
nic phase.,

This fact indicates that found surface process is described by the
equation of irreversible chemical reaction of the fist order accord-
ing te diffusing aubatance[1].The value of activation energy which is
50,07 kJ/mol,indicated to the chemical nature of limiting stage.

2.4} .
/
3
13 1,6}
ung /
= 08} o Pig.3.Kinetic curves of vanadium(V)
'/ Teextraction from TOA with C_=0,98
_4!—° _ , 1073(1) and 2,03 1073(2) mol/1 by
8 6 V5,8  golution of 5,0 103mol/1 Ca(0R),
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Fig.4.Mean kinetic curves of 0.0
H2504 reextraction on the

background of different vana-
dium contents in aqueous phase

0.002 mol /1L

0.006 mol/L

0.010 mol/L
0.020 moL/L

460 ! 3‘00 ‘ Ts
Reextraction rate constants,mean value of which is equal (1.4410.08)
10-53m/s were calculated.

Interphase film formation hindering mass transfer is observed du-
ring vanadium extraction by extragents in particular by di-2-ethylhe-
xylphosphoric acid in present isododecyl alkohol.It is possible that
these phenomena are connected with the properties of polynuclear io-
nic forms of vanadium and with extragent nature.In connection with we
have studied vanadium(V) extraction by TOA solution ,processed by
sulphuric acid the transitional state in the absence solubilizing
additives,where all the effects connected the films formatiom must be
manifested especially clear.Extraction rate is observed together with
the increase of vanadium concentration in solution during this which
speaks about the formation of unusually dense on the phase interface.
For the study of their properties using STPC we investigated the
influence of vanadium(V) cocentration in aqueous phase to the process
of sulphuric acid transition organic phase.Sharp decrease of kinetic
curves is observed (Fig.4),which is possible, to explain by the vana-
dium sorption on phase interface resulting to the surface free energy
change.Separated energy is consumed to the associates growth and to
the appearence of the secomd organic phase in subsurface layers.This
is confirmed by comparative analysis of kinetic curves during organic
phase use in the presence of solubilizer and without it.Solubilizer
presence warns the appearence of the second organic phase and lowers
extragent association which is reflectscted on the curve by increase
of tangent angle increase at T—0.Kinetic curve form is interesting
at the vanadium content in aqueous phase>0,1 g/l (Fig.5) for which
the presence of some inflections, giving periodicity to the process
is characteristic.Frequences spectre of forming oscillations was
defined for the analysis of this phenomenon.As a rule it is seen on
the curve not more than 7 inflections; therefore for the receiving
of reliability was taken a set of curves in which the time of their
appearence is defined.From the mathematical models for the descripti-
on of observed picture is close the model described in [2] including
three-dimersional non-linear system of unusual differencial equation
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with some dynamic parametres suggested for the description of the
dynamic parametres suggested for the description of the dynamic chan-
ges of interaction rate of hydrogen with oxigen on the metalic cata-
lysts.,If we isolate the oscillation appearence time with certain or-
dered number then the curve of its probabilistic appearence in the
range of this model will have the appearence of Gaussian for random
processes.lt is possible to receive non-symmetric curve complicating
mathematical model introducting into it mathematical conditions ref-
lecting threshold phenomena.Probability curves of the second and
third inflections allow to suppose that threshold phenomena play an
important role in its appearence.lt is most probable that the cause
of their appearence is the presence in the surface layer of contrary
interconnected diffuse flows.At certain thickness of film the sto4
reextraction rate exceeds its supply from the organic phase receive
non-symmetric curve complicating mathe-
X matical model introducing into it mat-
hematical conditions reflecting thres-
hold phenomenea.Probability curves form
of appearence of the second and third
inflections allow to suppose that thre-
shold phenomena play an important role
in its appearence.It is most probable
that the cause of their appearence is
the presence in the surface layer of

190G 360 L3 contrary interconnected diffuse flows,
Fig.5.Kinetic curve of H2504 At certain thickness of film the H2304
reextraction with the vana- reextraction rate exceeds its supply
dium contents in aqueous pha- from the organic phase depth which to
se 7-10'3m01/1 leads to the change of phase interface

properties, accumulation of extragent
neutral form there.The direct consequence of this is film destabiliza-
tion,its rupture,Inflection is observed on the kinetic curve during
rupture,.
Thus,forming of interphase films induce aggravation during realiza-
tion of extraction in industrial conditions especially if the phase
residence time in the mixing zone is rather big.
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SOLVENT EXTRACTION OF COPPER WITH EHEHPA--EQUILIBRIUM
AND KINETICS

Tun Zhu, Changing Chen, Lixin Tian, Zhilan Zhu, Rui Zhang

Institute of Chemical Metallurgy, Academia Sinica, BEIJING, CHINA

Di-2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester(EHEHPA) has
been used in cobalt and nickel separation process and some other proces-
ses., Copper is an important coexisting element in Co-Ni ores, and on
which some research work has been reported in the literatures[l].

The equilibrium and kinetics of solvent extraction of copper with
EHEHPA in HAc-NaAc buffer solution are discussed in this papar. The
equilibrium is described by a multicomponent extract model and the ki-
netics is dealt with a reaction-diffusion model. The behaviors of ace-

tate in extraction reaction is also examined in detail.

EXPERIMENTS

EHEHPA was purified by the recystallization of the copper salt of
the acid. The refractive index of the purefied EHEHPA isn3® 1.448 which
is close to the value 1.4490 in the literature and the content is 99.4%
determinded by potential titration.

EQUILIBRIUM, Storage organic solution was prepared by dissolving
the weighted EHHEPA to n-hexane.The aqueous solution contained HAc-NaAc
buffer solution (the total concentration of Ac"was 0.2M) and 0.1M NaClQs
Experiments were conducted in separation funnels and were contacted

for 30 minutes in a shaker. Copper in both phases was analysed colori-

metrely in a Shimadzu UV-240 spectrophotometer.

Extracted Copper and Acetate

pH 4.12 3.60 3.70 3.48 3.60 3.80
[Qulo,g MM 1.04 1.46 2.62 5.93 9.20 10.70 £

[Qulag ~ 0.86 2.60 3.04 3.70 4.08 4.00 5 v

(AClorg = 0.447 0.492 0.542 0.669 0.647 0.510 Q0.2 \
(Acla * 0.054 0.099 0.149 0.276 0.254 0.117 =

0

Eilged »

{ﬁ-:tsn 19.3 15.1 17.6 21.5 36.2 91.5 o )
(Ac]y = [AcTorg - [AC)y) 0 » 0 2 4 6 8 10mM
(AClyypme = 0-393 mM. Fig.1.The Relationship of Ac™

and cuz* Extracted
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KINETICS . The experiments were conducted in an improved constant
interfacial reactor. The organic phase was pumped through a flow cell
in the Shimadzu photometer to which a microcomputer was interfaced for
continuous and simultaneous data collection([2].

RESULTS AND DISSCUTION

EQHIL{EEEEE: The diagram of logD-pH is a straight line with a slop
of 1.7 and it indicates that besides the following reaction

Cu?* + (n+2)HpR2 == CuR2-nH2R2 + 2H' )
some side reactions whith release lees than two moles of H* for extrac-
tion of one Cu should be taken into consideration.

Excessive amount of extractant was used in the experiments, so the
initial concentration of which could be used as equilibrium concentra-
tion approximately. The diagram of logD-log[H,R,] is a straight line
with a slop of 2.3.

Equilibrium was carried out at 296K to 329K and AH of 16.9KJ/Mole
was obtained by using the Van't Hoff’s equation and the average appa-
rent equilibrium constant.

THE BEHAVIOUR OF ACETATE. The amount of acetate extracted into the

organic phase was quantitatively amalysed by stripping it with a dilute
sulphuric acid solution and detacted with the ionchromatography. Table 1
lists the extracted amount of Cu and acetate from the acetate buffer
solution of constant total concentration of acetate but different pH
values. The "blank" is the acetate extracted from the same buffer solu-

tion without Cu. Figure 1 illustrats the relationship between acetate

1.2 156 8
R R R
0.9 1.24 7.6}
L]
0.6 0.8 7.2¢
0.3 0.4 6.8
0 a ) a2 0 A i 0 " A
1.52+ 3 4.5 5 1 1.5 4 4.4 4.8 5.2
[Cu®" ], gmol/1 [ER) mol/1 pH

Figs. 2,3,4. The Effect of Copper,EHEHPA,pH on the Initial Rate R (mot/min'cnz)
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and copper extracted in a serious experiment. The results show that the
amount of acetate extrtacted mainly depands on the pH but the extracted
copper. It means that the most of acetate was extracted in the form of
HAc and was not coextracted with copper.

KINETICS The effects of Cu and EHEHPA concentrations on the initial
extraction rate R are shown by the dots in Figs. 2.and 3. The shapes of
the two curves are similar, and whcih may be explained as that the rate
R is controlled by the reaction kinetics in the low concentration region
of the reactants and transfers to the diffusion regime as the concentra-
tions gose high. Between them there is the mixed regime. pH has mild

effect on R as shown in Fig.4.

MODELING

EQUILIBRIUM MODEL, Copper extraction with EHEHPA can be roughtly des-

cribed with the general equation 1 and since the slop of logD-log[H2R:]
is 2.3, a variety of extracts with different n exists. Comparing dif-
ferent n in the model we have found that the value of 0,1,2 can fit the
model quite well. It has been mentioned before that there are some side
reactions which release less H* than that expressed in equation 1. It

is easy to think that the coordination compound CuAc* is extracted but
the amount of acetate coextracted is much less than the copper extracted
and it can not satisfy the quantity required by slop of 1.7 in the logD
-pH diagram. In fact, even in some other aqueous solutions the slops of

logD-pH are also often less than that required by the general equations

0.5
§1.o
0.8 .l o.0f
§0 6 > "
s 5 & g i
1 & B
'20.4 5 -0.8
=1
0.2
. 4.6 s
0 0.2 0.4 0.6 0.8 1.0 -1.3 -0.8 -0.3
[M]oxg calculation 1og[H,R, ]

Figs.5,6. Cawpare of Model and Experiment Results
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as reported in the literatures. The side reactions should be complicated,
but for simplicity only one term was used in the model to describe them
and it did not try to reflact the linear relation of logD-pH. The coef-
ficient K3 is not a constant throughout the whole reaction, and it is

only a adjusting parameter in the model.

M, = KaMIERG) KpIMIHR, 12 | Ky [MIUHR,1 | K (MI[HpRy ) 2
(H*)? (" 1° Hh? (H*)

caalculation results: K; = 0.62 x10®, K2 =0.74x 10, K3=0.42 x 107>,

Kg= 0.5 X103,

The model can fit the results quite well as shown in the Figs.5
and 6.
KINETIC MODEL In a priveous paper a reaction-diffusion model was
proposed for the desciption of extraction of cobalt with EHEHPA([3] .The
surface-active extractant which absorbed at the interfase reacts with
copper ions in the aqueous layer. In the steady state this is equal to
the diffusion rate of the reactants and products in the organic and

aqueous layers. The model can be expressed by the equation,

A k2 ([M)-N/2Boy) x ([HA]-N/B )
TT'N = = , N =flux
[H*) + k; ([HA)-N/B )

k = ka/k-1 , k2 = ki ka2[HAlaa/k-1, B = D/§
ki, k, , k-1 are the forward and reverse reaction constants. D
are diffusivity of and 6§ is the thickness of the layer. A is the
interfacial area and V is the volume of organic phase. The subscript

"i" denotes the species in organic or aqueous layer and "ad" denotes

absorbed on the interface. The calculatlon resul%s as follows,
Bey = &1%166, Bua = 2.1310°° ki = 1.8%10 ky, = 11.01% 1078

Sag = 2.7 10°%m, Gorg= 4.5 10 *m.

The model fits the results fairly well as shown by the curves in
the Figs. 2 to 4.
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INTERPHASE TRANSFER OF URANIUM(VI) BETWEEN D2EHPA-TOPO 3
IN KEROSENE AND PHOSPHORIC ACID STRIP SOLUTIONS USING 15

THE LEWIS CELL TECHNIQUE
I. Bréié, I. Fatovié, S. MeleS, J. Romano,
INA-Research & Development, Zagreb,

Yugoslavia

Introduction. The study of rate extraction in a given system has as final objecti-
ve the development of an efficient extraction unit. v

We have recently studied the rate constants for the interphase transfer of uranium
(VI) from phosphoric acid solutions by D2EHPA-TOPO in kerosene (1).

The purpose of this investigations is to determine the uranium kinetics which show
the importance of efficiency reductive strip step in uranium recovery from wet-process

phosphoric acid.

Experimental. Comercial grades of di-2-ethyl-hexyl phosphoric acid (D2EHPA) and
tri-n-octyl phosphine oxide (TOPO) in nonaromatic kerosene provided by Mobil 0il,were
used to prepare organic phase. Pure crystalline uranyl nitrate was dissolved in orga-
nic phase. Stripping was performed by technical grade wet process phosphoric acid in
wich various concentrations of iron were dissolved. The technical phosphoric acid wich
was obtained from the industrial

Table 1. Analysis of 11,24M H3POu
plant "Kutina" contained various

Element Concentration Element Concentration ions impurities. Typical11,24M
mol - dm=3 mol - dm™3 H3PO, (green grade) are presen-

U 1’23_10.3 Pb 9,61-10'5 ted in Table 1.

Fe 7,&1'10‘2 cd 1,78'10'“ The experiments were carried

v 1’27_10_2 Mo 1’73_10_u out in a Lewis cell jackated for

Cr 6,5&'10‘3 Co 1,08'10‘“ temperature control, by contact-

Cu 1,19,10.3 B 7,21'10'“ ing equal volumes (V=50 ml) of

aqueous and organic phases. The

organic and aqueous phases were stirred by for flat-blade paddles of the speed of
125%5 min~'. A four teflon-baffle arrangement were added to improve mixing and to pre-
vent vortex formation.

All of the solutions vere sparged with CO2 and the system was purged with C02 to
remove oxygen in order to prevent oxidation of iron.

Results and discussion. The most important step of uranium extraction process from

phosphoric acid is reductive stripping which is performed by reduction of uranium in
aqueous phase

2Fe (II) + U(VI) = 2Fe (III) + U (IV)
In the process of reductive stripping a sufficient concentration of Fe(II) must be ma-
intained, so that the whole uranium quantity could be transferred into U (IV), since
otherwise uranium passes over into organic instead into the aqueous phase. For this
reason the oxidation of iron must be prevented. The oxidation of iron occurs mostly in

the mixer for solvent extraction.
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The rate of the chemical reaction of uranium transfer from the organic into the
aqueous phase has been investigated at the temperatures of 20°C, 30°C, 40°C, 50°C and
60° .By the application of equation for forward and backward chemical reactions (2)

—c/coD
kr = O ¢
alnt 1-cy/ed-D
s l-c¥c,S
k = L 1n ( N
AtDa 1= ¢ /e S
o O

the rate constants k’ and k (em/s) have
been obtained; where a (19,252 cm?) is the
interfacial area between two phases;t (s)
the time; ¢ and ¢’ the uranium concentra-
tion in organic and aqueous phase, after
time t (g/dm3); c, and el the uranium ini-

tial concentration in organic and aqueous phase at t = O (g/dm3); D distribution ratio
and S = 1/D.
-logk 50 The results are represented in
Fig.1. It is obvious that the
401 ' constant of reaction rate is be-
ing increased from 1,43'10'ucm/s
145 - for 20°C, to 8,22'10'ucm/s for
2 60°C. With the increase of the
351 temperature the coefficient of
uranium distribution is also be-
140 ing increased (Fig.2.). Using
3'0' . " " o van't Hoff's equation the heat
30 31 32 33 34 value of chemical reaction from
1/Tx 10° 26,53 kJ/mol has been obtained.
Fig.1. The effect of temperature on the trans- Activation energy for the forward
fer rate constants of uranium 1 (A to 0), rate of c¢hemical reaction is

2 (0 to A):

ek = 2,97-102mol-am=3; aq. 6,76M HaPO,

cFe=5,35'10‘1mol'dm'3, c,.1]=7,98'10'“mol‘dm'3

org. 0,5M B2EHPA + 0,125M TOPO

38,73 kJ/mol, while activation
energy for reverse reaction is
13,12 kd/mol. The heat of the

chemical reaction is equal to the

tog0d
20

15

10

difference of activation energies
and comes to 25,61 kJ/mol. The Hr
value is equal to the value that
has been obtained from distribu-
tion coefficients within the ex-
perimental error, meaning that

the chemical reaction of uranium
controls the transfer of uranium

from the organic into the aqueous

30 3 32

VT x 1P

Fig.2. Distribution ratios of U vs.temp

that the rate of transfer is considerably i
ric acid. Thus, the coefficient of rate tral
for 10,93M acid it is 8,53-10~% cm/s.

i‘ phase.

In Fig. 3. the dependence of’
rate transt‘e}‘ of uranium on the
erabie concentration of phosphoric acid
is represented. It is visible
nfluenced by the concentration of phospho-

nsfer for 4,9WM acid is 4,65-10~% cm/s and
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-log k logD

20

33

3.2
L1.5

31 |

30 . .
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HyPG,. mol dm”
Fig.3. Uranium rate constant and distribution ratio
vs phosphoric acid concentration:
org. 0,5M D2BHPA + 0,125M 1‘01;0,.:}J =2,97-10~2mol -dm™3;
aq. cf =5,35-10"Tmol-am=3, cu- 10™¥(mo1 -am~3)=5,88-11,10

By the application of Ryon's et al. equation (3)
ka=_E R 1
1-E v (3
(E - stage efficiency, R - volume of rafinate phase in mixer)
a large influence of the concentration of phosphoric acid on the decrease of retentior
time in mixer can be observed. It is, therefore,necessaryto perform reductive stripp-
ing with the increased concentration of phosphoric acid, in order to decrease volume

of the mixer.
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APPLICATION TO THE USE OF PULSED COLUMNS
B. Dinh - Commissariat & 1'Energie Atomique — IRDI, (FR)

ANALYSIS OF THE EXTRACTION KINETICS OF URANIUM BY TRIBUTYL PHOSPHA'I'E,B
3-16

1. INTRODUCTION

The experience gained in the operation of pilot plants for the extraction
of uranyl nitrate by tributyl phosphate in pulsed columns appears to indi-
cate that the knowledge of the type of mechanism limiting the transfer
kinetics (kinetics of the chemical mechanism or diffusion of the uranium in
the phases) is vitally important for the control of their transfer perfor-
mance.

While it is commonly acknowledged that the chemical mechanism of transfer
(complexation of uranyl nitrate by tributyl phosphate) is interfacial and of
the first order with respect to uranium <1,2>, opinions are divided as to
whether it is actually the limiting step in the transfer kinetics <3,4,5>.

By considering basically that these two steps in the transfer can play an
equivalent role, we employed the single drop technique, in a stationary
medium or one subjected to a pulsation, to determine the conditions in which
one or the other of these two steps was limiting.

2., EVIDENCE OF THE COMPOSITE NATURE OF TRANSFER

We first decided to operate in chemical conditions leading to a high par-
tition coefficient, so as to ignore the diffusional resistance in one of the
phases ([H*] = 3N in the aqueous phase, or D = 26 at 25°C).

In the continuous aqueous phase,the overall transfer coefficient relative
to the dispersed phase is written :

1 3l 1 1
et [ )
Kg kd ke kc
8 1 _ 1 1
or X = D( " + E___)
g e c

Figure 1 shows that the coefficient Kg

do not depend on drop size and is
unaffected by the pulsation of the
continuous phase. This highlights the

o chemical nature of the transfer and
= - 2 offers an idea of the reaction rate
o
§ x constant k_.
f . &

Fig.1. Overall transfer coeffi-
cient variation in the aqueous

' phase
o without pulsation; + £ = 1;
2 Z 3 4 xf =15 v £ =2 He

Overall transfer coefficient(10'4cm/s)
-3

Drop diameter (mm) - mean value of Ks (-ke/D)

In the continuous organic phase, the coefficient K is written :

e TR W
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Fig.2. Overall transfer co-
efficient variation in the
organic continuous phase

- - = measured Ke; o without
pulsation; + £ = 1; x £ = 2;
v f = 3 Hz

The substantial change observed in the

transfer coefficient with drop size
(see Figure 2) shows that diffusion in
the drops plays a signifiant role, and
The

intensification of convective motion in

is predominant for small drops.

the larger drops helps to diminish its

importance. For large drops, internal
agitation becomes very violent, and the
limitation of transfer becomes chemi-

cal.

Tests in a pulsed medium (Figure 2)
confirm this analysis, by revealing the
sensitivity of the transfer efficiency
to the pulsation conditions for drops
of intermediate size(accordingly sub-
jected to greater deformability).

3. ROLE OF THE INTERFACTAL MECHANISH

We took measurements in the continuous
organic phase at different aqueous ni-
tric acidities, selected so as to yield
decreasing reaction rate constants ke
according to <2>.

These results (see Figure 3) show that
the extent 6f diffusion in the drops is
reduced as the kinetics of the chemical
The sudden

observed

mechanism becomes slower.

rise in the coefficient K
above, which reveals the scale of dif-
fusionnal resistance, diminishes here
and eventually disappears at the lowest

value of ke.

4, APPLICATION TO PULSED COLUMNS
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Fig.3. Nitric acid concentra-
tion effect on overall trans-
fer coefficient K_ in the or-
ganic continuous phase

o [mo,) 3u; +[mmo,) 1.1

x (HNO,]0.5 M; v HNO,] 0.1

In experiments in pilot pulsed columns using the system investigated, the

following points were observed.
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e With respect to uranium extraction (transfer of the solute from the
aqueous phase to the organic phase) :

- The transfer efficiency is better in the aqueous continuous phase

(point 1) ;

- The sensitivity of. transfer performance to the wettability properties
of the packing with respect to the dispersed phase is greater in the
organic contimuous phase (point 2).

® With respect to uranium stripping (transfer of the solute from the or-
ganic phase to the aqueous phase) : the transfer performance is:less depen-
dent, both on the choice of the continuous phase and on the wettability of
the trays (point 3).

These observations, recorded in conditions in which)axial mixing was not
predominant, can only be interpreted by considering the transfer kinetics of
the solute.

It should be pointed out that the analysis presented in Section 2 serves
to suggest an interpretation of these observations. In fact, since the
transfer kinetics in the aqueous continuous phase is that of the chemical
mechanism, hence maximal, the transfer efficiency is higher in this mode
whereas, in the continuous organic phase, the predominant role of diffusion
in the dispersed phase makes the transfer efficiency sensitive to the wet-
tability of the packing, and the coalescence of drops at this level is the-
refore highly beneficial (point 2).

The less clear different between these two operating modes with respect
to stripping (point 3) can be explained by the less pronounced role of dif-
fusional resistance in the dispersed phase, due to a slower chemical kine-
tics (Section 3).

Note however that the Marangoni effect could also explain these three
observations, if one considers that, irrespective of the operating mode, the
diffusional resistance in the dispersed phase remains non-negligible. Points
1 and 2 are explained by the greater coalescence if transfer takes place
from the continuous phase to the dispersed phase (continuous aqueous phase),
while coalescence is inhibited in the reverse direction (continuous organic
phase). The last point could be related to the decrease in the scale of this

effect due to a lower intensity of transfer in stripping operation.
NOTATION

kd(kc) - Partial transfer coefficient relative to diffusion in the
dispersed (continuous) phase ;

K - Overall transfer coefficient relative to the dispersed

* phase ;

ke(knl - Reaction rate constant in the extraction (stripping)
direction ;

D - Partition.coefficient.
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KINETICS OF Co(II) EXTRACTION WITH BIS(2,4,4-TRIMETHYLPENTYL)-
PHOSPHINIC ACID 3-17

L. Hummelstedt, K. Westerholm and J. Alitalo
Abo Akademi, Abo, Finland

The present paper reports the results of a kinetic study of cobalt
extraction from nitrate media in the pH range 4.0 - 6.5 using chloro-
form solutions of bis(2,4,4-trimethylpentyl)phosphinic acid
((CgH17)2P(0)OH, abbreviated BTMPPA), which is the active component of
the commercial extractant Cyanex 272 (American Cyanamid Company). Be-
cause of its high selectivity for cobalt over nickel this reagent is of
considerable industrial importance.

Experimental. BTMPPA was isolated from Cyanex 272 using the method
of Paatero et al. (1). Kinetic experiments were performed at 25 ©C
using the technique described in (2) with the exception that a normal
pH electrode (Radiometer GK2401-C) was used in a background electrolyte
of constant ionic strength (1M NaN03). The absorbance of the extract
was continuously recorded at 633 nm and fed directly to a micro-
computer.

The 1interfacial tension was measured using a Du Nouy ring tensio-
meter equipped with a Cahn Electrobalance Model RM-2. Direct current
plasma atomic emission measurements were performed with a Spectra Span
I1IB apparatus (Spectrometrics, Inc.).

Properties of BTMPPA. Ke-an et al. (3) have recently studied the
distribution of BTMPPA between chloroform and water in the pH range

0.6 - 3.7 using atomic emission spectroscopy. The distribution data
yielded numerical values for the acid dissociation constant, the dis-
tribution constant, and the organic phase dimerization constant' of
BTMPPA, which was reported to exist in 98% purity in the commercial
reagent Cyanex 272. Higher pH values than 3.7 could not be studied
because of emulsion formation in the aqueous phase, which did not
contain a background electrolyte.

We attempted to extend the distribution study to pH values above 3.7
in the presence of 1 M NaNO3 using BTMPPA isolated from Cyanex 272 (1).
The background electrolyte eliminated the emulsion problem, but we
found the aqueous solubility of BTMPPA to be much lower than reported
by Ke-an et al. (3). While they performed their analyses on aqueous
solutions containing 4 - 50 ppm of phosphorus our corresponding equili-
brations. (15 hours of shaking) yielded P concentrations too low for
accurate determination (1 - 2 ppm). This was also true for experiments
at lower pH in the absence of NaNO3. On the other hand, equilibration
of unpurified Cyanex 272 with pure water at pH 1.9 yielded a P content
of 16 ppm in the aqueous phase. It thus appears that the unpurified
Cyanex 272 sample studied by Ke-an et al. (3) cannot have contained 98%
BTMPPA. There are also two errors (misprints?) in their equation for.
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Figure 1. The effect of pH on the Figure 2. The initial extraction
interfacial tension between an agq- rate as a function of Co2* con-
ueous solution of 1.0 M NaNO3 and centration at pH 5.0 and BTMPPA con-
chloroform solutions containing centrations 30(a), 60(o)., and 300(o)
O(*), 0.03(a), and 0.3(0) M BTMPPA mol/m3. Curves according to equation [2]

computation of the equilibrium constants. For these reasons the
constants must be considered unreliable.

In our work potentiometric titration of BTMPPA in 75% isopropanol-
25% water yielded a pKg of 6.2 while a titration of acetic acid in _the
same medium gave a pKg of 6.5 and a titration in water 4.6. Assuming
the same difference to be valid for BTMPPA we estimate an aqueous pKg
of 4.3 for that compound. This agrees with the pKgq value of 6 in 75%
ethanol-25% water reported by Danesi et al. (4) but differs from the
aqueous pKg of about 3.2 given by Ke-an et al. (3).

A pKg value of 4.3 also agrees with the interfacial tension data
presented in Figure 1. Below a pH of about 4.3 BTMPPA concentrations of
0.03 M and 0.3 M cause only a small and constant decrease relative to
the interfacial tension obtained with pure chloroform. The marked
decrease at pH > 4.3 must be caused by phosphinate anions adsorbed at
the interface while the behaviour at pH ¢ 4.3 indicates that the un-
dissociated acid has a low interfacial activity.

Osmometric studies of BTMPPA in chloroform (5) show a constant
aggregation number of two down to low concentrations, thus indicating a
very stable dimer which explains the low interfacial activity. This
finding agrees with the osmometric study of Danesi et &l. (4) 1in
toluene, where BTMPPA is reported to be dimeric even at concentrations
as low as 10-3 formula weights per liter.

Kinetic results. At low loading BTMPPA is reported (4,6) to extract
cobalt as a waterfree tetrahedral complex Co(HRp)p (HpRp denotes the
dimer of BTMPPA). Only this complex was assumed to be formed in our
studies of the initial extraction rate of cobalt with BTMPPA in chloro-
form. The experiments were performed at constant ionic strength (1 M

NaNO3) in the pH range 4 - 6.5, thus avoiding complications from micro-
emulsion formation (1,7).
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Figure 5. The effect of pH at 60 Figure 6. Plot of experimental ob-
mol/m3 BTMPPA and 15(*), 30(a), servations versus extraction rates
100(o), and 300(o) mol/m3 Co2*. obtained with equation [2]

Curves according to equation [2]

Figure 2 shows that the aqueous cobalt concentration has a very
small effect on the initial extraction rate at pH 5.0. Figures 3 and 4
illustrate the effect of the BTMPPA concentration, which tends toward a
square-root dependence at high pH. Figure 5 shows that the rate 1is
practically independent of the pH in the range 5-6.5.

The rates are quite low (well below 10-5 mol m-2s-1) and the diffu-
sion gradients at the interface may therefore be neglected (2). It
should be noted that the acidic extractant forms a buffer system which
reduces the pH differences between the interface and the bulk of the
aqueous phase. Hydroxo complexes of Co(II) are not expected to inter-
fere seriously in the pH range under study.

Extensive studies of different kinetic models by nonlinear regres-
sion analysis gave the best fit for a mechanism where the rate 1is
limited by a reaction between an adsorbed intermediate.CoHR3 and a
monomer HR coming from the organic phase:
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CoHR3g5qs + HR = Co(HRp)R + H* . (1]

Inithe reaction formula [1] components in the organic phase are marked
by "a bar over the symbol while the subscript "ads" indicates a species
adsorbed at the interface. Hydration water bound to the cobalt ion is
omitted for simplicity. The intermediate CoHR3 is assumed to exist in
equilibrium concentration at the interface, where it competes mainly
with HR3 according to the Langmuir adsorption isotherm (2). The inter-
facial activity of HpRp and HR appears to be so low that they do not
compete successfully with the charged species for space at the inter-
face.

Assuming that the further reaction of the wuncharged intermediate
«Co(HR2)R to the end product Co(KRp), (4) occurs in the organic phase
without affecting the kinetic expression the proposed mechanism yields
the following equation for the initial extraction rate Jggo:

ki[Co2+][MRz]1-5

JCo i e e TR y [2]
a(1l + Kp[Co2*][HzR2]/ay + K3[HAzRz]/ap)

Expressing the concentrations and the hydrogen ion activity ay 1in
mol m~3 the following lumped parameters kj, Kz, and K3 were obtained by

nonlinear regression analysis on 40 experimental rate observations:

k1 = (7.39 + 1.50)-10-12 mo1-1/2m5/2s-1
Kz = (1.77 *+ 0.37):10"5 mo1-1m3
‘K3 = (3.85 + 1.05)-10°4.

The dimer HpRp appears to be very stable and its concentration is
therefore taken as 0.5xCgTMppa- The monomer concentration [Rﬁ] is
proportional to fﬁ;ﬁ}]l/z.

Figure 6 and the curves in Figures 2-5 show that the proposed model
agrees reasonably well with the experimental results.
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INTERFACIAL KINETICS, PART I: MODELLING THE OVERALL RATES OF SLOW REACTIONS =
IN LIQUID-LIQUID SYSTEMS 3- ]

Morteza Sohrabi, Department of Chemical Engineering, Amir Kabir University of

Technology, Tehran 15, Iran

Liquid-liquid reactions are encountered extensively in various chemical industries.
As a typical example of such reactions, nitration of toluene may be mentioned.

The industrial mononitration of toluene is usually performed in a two liquid phase
system using aqueous mixtures of nitic and sulphuric acids (mixed acid) with a typical
composition of 15 mole% HN03, 30 moles H2504' 55 moles HZO'

While the fact that most reactions occur in the aqueous phase is not in dispute,
[1-4] nevertheless, no systmatic investigation into the nature and extent of reaction
in the aromatic phase has yet been undertaken. A few workers have noted the occurrence
in the organic phase [5,6], but their data are not directly applicable to traditional
two phase aromatic nitration.

The purpose of the present study was, therefore, to obtain some further information
on the nature of reaction in the organic phase and to develop a model for the rate of
such a reaction.

Experimental, (a) Reactor. The reactor was a CSTR, 1.06 dm3 in capacity (0.13 m
long and 0.102 m internal diameter) and was constructed of stainless steel type EN58J.
Cooling was provided by means of a coil supported in the tank baffles. The agitator,
was being driven by a 0.5 hp induction motor at the speed of 2000 s 200 rpm. Further
details of this reactor may be found in reference 7.

(b) Laminar jet. The equipment used was similar to that employed previously [8,9].

(c) Analytical procedure. To study the kinetics of nitration in the organic phase,
extensive data for the solubility of acid mixtures in the latter phase were required.
A complete experimental data and methods of measurement are available elsewhere [10].

Kinetics of nitration in the aromatic phase was studied by dissolving anhydrous
nitric acid (in quantities far less than the saturation concentrations) in toluene or
toluene-mononitrotoluene mixtures and followed the increase in concentration of nitro-
toluene using a gas-liquid chromatograph. In certain experiments, the aromatic mixtu-
res contained some sulphuric acid.

The reaction in the organic phase was slow and continued for several weeks before
a sudden increase in the rate was observed. This was related to the separation of an
aqueous phase from the reaction mixture and thus heterogenity of the system which
could be caused by the formation of water during nitration in the organic phase.

Some of the results are summarised in table 1.

Continuous two phase nitration was carried out in the CSTR. When steady state con-
ditions were established, samples were drawn through a sampling tube connected to the
main effluent pipe near exit from the reactor. The organic phase was analysed for to-
luene, the the various mononitrotoluene isomers (MNT), oxidation products and sulphu-
ric acid. Concentrations of toluene and MNT were dete-mined by glc. Nitrocresols were
detected by thin layer chromatography and i.r. spectroscopy [11]. Nitric acid was de-

termined by the method of Giles [4]. Nitrous acid was analysed by colorometric tech-
nique [12].
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Table l.Homogeneous batch nitration of toluene in the organic phase

Temperature | Acid concentration Organic phase composition Rate constant
o - -
L (mol.dm ) SRRy (s.”h
HNO3 sto4 MNT . toluene
0.253 0.0 _, 18 82 0.118x10::
0.255 1.0x10 18 82 0.158):10_6
40 0.256 0.0 _, 46 54 0.121x10"2
0.250 2.0x10_4 82 18 0.355)(10_6
0.301 3.4x10 46 54 0.533)(10_6
0.261 0.0 0 100 0.125x10
0.254 0.0 _,| 18 82 0.061x10_¢
0.256 1.1x10 18 82 0.0733(].0_6
35 0.252 0.0 _, 46 54 0.062x10_¢
0.250 2.3x10_, 82 18 0.187x10_,
0.303 3.6x10 46 54 0.253x10
30 0.297 0.0 1 99 0.029x107°

Results and discussion. Using both differential and integral methods of analysis,

confirmed by least square technique [13], the kinetic data were found to be correlated
by the following equation:

R, = k[HNO,] [CBHSCH3]0 = k(HNO,], )
3

where _RHNO , is the rate of disappearance of nitric acid; k, is the first order rate

constant; [06H CH3] and [HNO3], are molar concentrations of nitric acid and toluene.

An activatizn energy of ca 120000 kJ/kg mol was determined for this reaction.

It is clear that in heterogeneous nitration of toluene, reactions occur in both
phases. With a CSTR and under steady state conditions, the compositions and hence, the
rates of nitration in both phases remain constant. By considering the extent of reac-
tion in the organic phase and the fact that nitric acid is always present in the lat-
ter phase the occurrence of a slow reaction in the bulk aromatic phase, seems a rea-
sonable assumption. The following model was thus developed to describe the behaviour
of such a reaction.

By a material balance over a differential thickness (dx) in the organic phase [14,

15]:
Db—g+%=R(C), (2
dx

where D and C are diffusion coefficient and concentration of nitric acid in the org-
anic phase respectively and R(C), is the rate equation.
The following boundary conditions are applicable:
In the bulk organic phase: t =0 ; x>0 ; C=0
>0 3 x-—tn‘r ] C==CA
At the interface: t >0 xX=0; C= CA
Solution of the differential equation may be achieved by the standard technique
and is as follows:

* -
¢, = ac, /D/kl(kt + 0.5)erf Vxt + Jxt/m .e™¥%], (3)
where a, is interfacial area per unit volume of the organic phase, and t, is the

reaction time which may be taken as residence time.
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Table 2

Continuous two phase nitration of toluene in CSTR at 35°C by mixed acid

Residence time

Conversion of toluene

Concentration of Hm3in organic phase

Rates of toluene nitration

fmini) tn) (mol.dm ) (mol.am™> s71)
measured predicted in organic phase overall*
(mean) (from egn.4) (from eqn.5)
1.0 11 0.46 0.50 1.25x107 7 7.95x10">
1.5 17 0.53 0.58 2.90x10™ 7 8.17x10"3
2.4 23 0.59 0.66 6.61x10"" 6.95x10">
41 36 0.65 0.76 1.52x107° 6.52x10">
757 52 0.74 0.86 2.58x10"° 5.02x10"°
10.2 61 0.85 1.01 4.10x107° 4.14x10”3
21.3 74 0.92 1.12 6.27x107° 2.68x10"°

*)

: Based on the unit volume of emulsion.




If kt 1, which is applicable to the present conditions, equation (3) may be sim-

plified as:
. e
c, = 2ac, Jot/m (1 + kt/3) : (4)
and
.
R = 2ac, Iot/m 1+ kt/3), (5)

where, R, is the rate of reaction per unit volume of the organic phase.
Testing of the model, demands a knowledge of the values of the system parameters.
*
Interfacial area has been measured previously (8], C

A
lity measurements [10], and D, has been found by laminar jet technique.

, has been obtained from solubi-

In table 2, some of the results of continuous nitration have been summarised. Also
a comparison has been made between the actual and predicted values for concentration
of nitric acid in the organic phase.

It may be observed that in all cases, the measured values are 10-20% lower than
the predicted ones. This, could be related to the errors involved in the determination
of diffusivities and solubilities. Occurrence of oxidation in the organic phase may be
another source of error. Presence of nitrous acid and nitrocresols in the organic pha-
se could indicate that side reactions may be relatively important in the latter phase.

If it is accepted that the model is applicable to nitration in the organic phase,
then it is possible to estimate the contribution of such a reaction to the overall
rate of two phase nitration. In table 2, the rates of reaction in the organic phase
and also, the overall rate of two phase nitration is given for comparison.

Conclusion. It seems that both nitration and oxidation reactions occur in the org-
anic phase. While no more than a trace of sulphuric acid dissolves in the organic
phase, it presence appears to have a significant effect on rates of nitration.

A model, based on a slow reaction regime in the organic phase has been developed
and found to be consistent with the experimental results.
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MACROKINETICS OF BENZENE SULPHONATION IN LIQUID-LIQUID .
AND GAS-LIQUID SYSTEMS Eaii

Tahereh Kaghazchi, Department of Chemical Engineering, Amir Kabir University of
Technology, Tehran 15, IRAN

Aromatic sulphonation under two phase conditions is an example of simultaneous
mass transfer and chemical reaction. It is also one of the more important unit pro-
cesses of the modern organic chemical industry. Whilst previously, workers have clai-
med the elimination of mass transfer resistances in liquid-liquid systems by employ-
ing high rates of agitation, evidence in favour of kinetic control is quite inconclu-
sive [l). Certain studies on the continuous two phase aromatic sulphonation in vari-
ous gas-liquid reactors have been conducted with respect to the effect of mass trans-
fer characteristic of reactors on the selectivity of sulphonation products [2,3].

In the present study, some factors affecting the macroscopic rate determining step
of the continuous two phase sulphonation of benzene in liquid-liquid and gas-liquid

systems have been investigated.

Experimental. Continuous Stirred Tank Reactor, In this reactor the sulphonation of
benzene in liquid liquid system was studied. The reactor, 1.06 dm_3in capacity, 13 cm
length and 10.2 cm internal diameter, was constructed of stainless steel type EN58J.
Four vertical baffles, each one tenth the diameter of the tank, mounted against the
tank wall at right angles to it, were spaced at 90° intervals around the reactor.
Cooling was provided by means of a coil supported in the tank baffles. The agitator,
(four bladed straight paddle) was driven by a 1/2 hp induction motor through a con-
trolled variable speed drive and a set of pulleys for adjusting the stirring speed.
The temperature was measured by means of an iron-constantan thermocouple housed in a
water-filled sheath. Further details of this reactor may be found elsewhere [4].

Double Mixed Reactor - The reactor used in this study was similar to that employed
by Sohrabi [5]. It consisted of a cylindrical flask made of "Pyrex" glass 5 cm diame-
ter and 8 cm length. The vessel was divided into two sections with equal volumes by
means of a horizontal plate, 0.5 cm width. Flows of gas and liquid phases were throu-
gh the top and bottom sections respectively. To provide the necessary contact between
the phases, four openings, 1 cm in diameter each, were made around the plate at 90°
interval. Cooling was provided by circulating thermostated water through a jacket,
built around the reactor.

Analytical Procedure - To start the reaction in the CSTR, the reactor was initial-
ly filled with concentrated sulphuric acid. The agitator motor was switched on and
the reactants introduced at the appropriate rates. When steady state conditions were
established, samples of the products were taken. Samples were collected through a
sampling tube connected to the main effluent pipe near the exit from the reactor. Each
sampling tube was initially filled with ice-cold distilled water. The collected samp-
les were transfered to calibrated separating funnels and allowed to separate into two
distinct layers. The aqueous phase was diluted with distilled water and the absorbance

at 260 nm was measured.
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The gas-~liquid sulphonation was started by regulating the nitrogen flow and connec-

ting the sulphur trioxide inlet to a thermostated container filled with stabilised SO

The latter evaporated and flowed through a flow regulator to the reactor, wher it was
mixed with nitrogen and absorbed into the liquid.

Collection and analysis of products from double mixed reactor was similar to that
employed in CSTR.

Results and Discussion - (a), Liquid-Liquid System, In two phase sulphonation in

.liquid~liquid system, the maximum concentration of benzene in the acid phase may be
-
assumed equal to its respective concentration in that phase, [C6H6)a. Assuming that
at steady state conditions, the rate of transfer of benzene to the acid phase and
its rate of removal there by reaction are equal:
*
Rate = AKL([CGH()]a - [CBHG]a) = k2[H2504] [C6H6]a = kllc

6“6]a 1)

3

where, A, is the interfacial area per unit volume of the acid phase; l&‘, is the over-

all mass transfer coefficient; [C6H6]a and [sto4] , are the steady state concentra-
tions of benzene and sulphuric acid in the aqueous phase; kz, is the second order
rate constant; and kl' is the pseudo first order constant. Hence:
*
[C6H6]a = (AR [CcH.1 )/ (k, [H,SO,] + AK )
and the rate of reaction is given by:
*
Rate = (kz[st°4]“%[C6H6]a)/(k2[H2504] + m&‘) % (2)
If Al&‘ is very much greater than k2 [H2504], the rate will be kinetically contro-
lled and given by:
*
Rate = k2[H2504) (Ceﬂela o (3)
However, if k_[H_ SO

22774
rate is given by:

15> AKL, the reaction is mass transfer controlled and the

*
Rate = AK [C/H.]_ . (4)
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Figure 1. Rates of the two phase sulphonation of benzene as a functioun
? of sulphuric acid concentration at 20°C.
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In figure 1, a comparison has been made between the actual rates of the two phase

benzene sulphonation obtained from the CSTR, and those predicted from equation (3).

(b) , Gas-Liquid System - To determine the appropriate model for the rate of ben-
zene sulphonation by gaseous 803, it was noted that the aromatic compounds having

reactivities much less than that of benzene, sulphonates quite rapidly in such sys-

tems [6]. Two probable regimes were, therefore, considered for such a reaction:
first, a fast reaction in the liquid phase, and second, an instantaneous reaction
between the two reactants.

By considering a material balance over a differential thickness in the reaction
zone, coupled with the rate equation for sulphonation in homogeneous systems, the

following model has been obtained [7]:
Rate = A([SO ]")]"5 J (2/73)D... k[C.H.] (5)
3’ so3 66 2

-
where [50310, is the saturation concentration of SO3 in liquid phase; Dso » is the
3

diffusion coefficient of SO3 in the liquid phase; and k, is the rate constant.

In case of instantaneous reaction regime, a model may be derived by assuming that
the dissolved SO3 reacts instantaneously with benzene in the liquid phase. The reac-
tion zone is limited to a reaction plane beneath the interface and the overall rate
is largely governed by the speed of diffusion of the two reactants to the reaction

plane. The differential equations describing this situation are as follows:

2%, ac,
D. = p) X < A (6)
& ax2 2t
ate, ac,
D, S » X > A (7)
3y 2t

where subscripts 1 and 2 are referred to SO3 and benzene respectively, and A is the
distance of the reaction plane from the interface. The following boundary conditions
are applicable:

Att'o‘cl.’o'cz'lcsﬂslo .

At the interface : x = 0, C1 = [50310

In the bulk liquid phase : x — oo, C, = [CGHG]O

2¢C; 3C2 5
At the reaction plane : x = A , _Dla_x = Dz—éT v cl =0, C2
Solution of the above equations, involving a moving boundary, may be obtained by

the standard technique [8-10]), and is:

Rate = A ,/nsos/nt (s0,1 /ere(\fa /50 ®)

where a , is a constant and, t, is the absorption time (may be regarded as the liquid

phase residence time)
*
Assuming that [C6H6] >>[503]°, the enhancement factor may be written as follows:
*
1+ (D /D, ([CGHG)O/[SO31°)

1 C_H so
s 1 )

erf(Ja /D.. ) (D /D.. )
50, CeHe so3
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sulphonation rate by gaseous sulphur trioxide

Substitution gives:

*
Rate = A([C_H_] + (sO.] D__ /D ) J (D, me) (10)
6 60 3o SO3 C6H6 C6H6

At the lower temperatures, the results obtained from the double mixed reactor are
consistant with the fast reaction model(5). However by increasing the temperature,
the rate values started to deviate from the latter model. Finally, at about 40°C, the
results were found to be fairly well correlated by model (10).

The results are shown in figure 2.
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KINETICS OF THE MOLECULAR INTERACTIONS IN SOME EXTRACTION| 3=20 l
SYSTEMS

I.Kulawik, J.Kulawik, J.Mikulski, Institute of Nuclear Physics,
Cracow, Poland

Passing of extractant molecules across the interface in the ext-
raction process is accompanied by many physico-chemical phenomena
determined by the state of the system inside the phase and also by
the state of the interface. The state of the interface determined
by the work of the molecules passing across the interface, by the
orientation of molecules on the interface and by the formation and
gathering of the charged surface active complex on the interface
will influence the kinetics of the extraction process, the equilib-
rium in the system, and the value of the partition coefficient of
the extracting substance between the two phaaes. The molecular in-
teractions inside the phases (cohesion) and the interactions across
the interface (adhesion) are the measuring parameters connected
with the surface and interface tensions. Changes of those tensions
will reflect the surface state, as is the case with the entropy
cﬁanges, free surface energy of the system and the values of the ex-
traction coefficients. Therefore a measurement of above mentioned
values make possible to determine.of the state of investigated ex-
traction system.

The subject of our investigations were the extraction systems
with two different extractants as the organic phase. In the first
case it was the phosphorous extractant - tributyl phosphate, and in
the other the chelate extractant - acetylacetone. The aqueous phase
was the HCl-solution with different concentration acid and salts,
according to the type of extraction system. The following salts:
NaCl, CuClz, ZnClz, Fe013, InCl3, T:I.Cl4 and ThCl4 were studies.

After extraction when equilibrium was reached, the phases were
separated from each other, and the surface tension of each phase
and interfacial tension of investigated system with the drop weight
method were measured. From the values obtained the work of cohesion
and adhesion in the system were calculated. In some cases the valu-
es are measured as a function of temperature, which allows one to
determine the values of entropy and surface energy of the system,
Measuring the concentration of the specific salts in both phases
after extraction spectrophotometrically or with the aid of the com-
plexometric titration method, the extraction coefficient for the
separate salts was determined.

The Table presents the results of the measurements and of the cal-
culations of some physico-chemical magnitudes: the work of adhesion
(A), the work of cohesion in organic phase (K ) and in aqueous pha-
se (K') after extraction in mJ/ma, the value of entropy in phases
(eo and ew) in mJ/m", the value of surface energy in phases (EO.EW)
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Physico-chemical values obtained for the extraction
system with TBP and AA

System A, Ko, Kw, €, ews Eo, Fw, D
nJ/m2| 0J/n2| nJ/m2| ©d/n2K| nd/n2K| nd/n2| nd/m?
1 48+6 | 49-0 | 66+4 - - - - 0-195
2 57+4 | 57+4 | 68e2 | - - . = 0+15
3 575 | 57°5 | 71°0 | 0.06| 0.04 |46-4 |47-2 | 1-0a
4 594 | 59+4 | 72.0 | 0.05| 0-05 |44-4 [50.7 | 1-63
5 504 | 52+8 | 722 - - - - 3°00
6 566 | 56+6 | 69.4 | - - = = 0+0009
7 581 | 57.0| 66°9 | 0+10|-0.05 |57-8 |18.8 | 2-24
8 63°1 | 62°3 | 693 010 |=0-05 60°5 | 20-0 0°75
9 650 | 65°0 | 75°4 0+06 |=-0-04 501 | 24°0 0°015
10 657 | 65-7 | 75-9 | 0.09]-0-03 |59.2 |29-1 0-014
11 732 | T73°2 | 834 008 |-0°06 60°0 | 24°1 029
12 738 | 73°8 | 86°4 0°07 |=-0°05 57-4 | 28-5 0313

1. TBP-1M NaCl-1M HCl; 2.TBP-1M CuCl,-1M HCl; 3.TBP=-1M Zn012-1MHCl;
I_ TBP-1M ZnCl -3M HCl _j_TBP-1M Fng -1M HC1l;6. TBP-1M ThCl4-1MHCl-

+AA-0.01M CuCl -0.01M HCl; 8.AA-O. 1MFeCl -0.1MHC1; 9.AA-1M InClB-
«TMHC1; 10.0. 1ﬁ InCl3 0. 1M'§C1. 11, AA-O. gM TiCl -1M HC1l; 12.AA-
0.1M T1014-1M HC1

in mJ/_E_K and the analytical partition coefficient (D).

In the case of chelate systems otherwise than in TBP systems,
it is impossible to perform investigations in a wide range of con-
centrations of both the salt and the acid because of poor dissoluti-
on of chelates formed.

Conclusions

1. In the extraction system with acetylacetone both the work of ad-
hesion between phases and the work of cohesion in the separate
phases increase when the valency of ions decreases.

2. For a separate extraction systems the work of cohesion in the
aqueous phase is greater than the work of cohesion in the orga-
nic phase and increases when the valency of ions become higher.

3. In all the investigated systems the values of the cohesion work
in the organic phase and the work of adhesion are simular.

4. In the investigated systems the values of the surface energy are
considerably higher in the organic phase than in the aqueous pha-
se. This is connected with the greater values of entropy in the
organic phase for the individual salts compared to the entropy
in aqueous phase. The entropy in the aqueous phase reseives the
negative values because of ordering the inside structure of the
phase in the process of solvation of ions with the molecules of

the solvent.
5. When zinc salt is present in the TBP-system both value of entro-

py (in organic and in aqueous phases) are positive and therefore

the values of surface energies in both phases are similar.
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REFLEXIONS ON THE POSSIBILITY TO ENHANCE THE EXTRACTION ‘ 3-21 ‘
KINETICS OF METAL IONS BY USE OF CHEMICAL CATALYSTS e

D. BAUER and G. COTE
Laboratoire de Chimie Analytique, ESPCI, 10, rue Vauquelin,

75005 PARIS, FRANCE

Liquid-liquid extraction (LLE) allows economical separations and/or concentration opera-
tions on metal ions solutions. The search for an ideal solvent for a given application is of
major interest for most of us. The main qualities of a suitable extractant molecule for LLE
are : high solubility in the organic diluents, low aqueous solubility, high extraction capacity
for the metal of interest, low extraction capacity for the other metals, rapid phase transfer
for the metal of interest, no toxicity, good stability, low price, etc. So many conditions are
difficult to be gathered on the same molecule. If one appears to act satisfactorily from a
thermodynamic point of view, it is often possible to enhance (if necessary) the extraction
kinetics. At least two possibilities are offered : (i) use of additives that form transitory fast
extracted complexes; (ii) use of a microemulsion phase formed by addition of an alcohol and
a surfactant instead of the classical organic one (I). We deal here with the first point, a
example of which is the role of LIX 63 in the extraction of Cu by LIX 65N. In this paper,
the discussion will be based on the extraction of the precious metals by the dialkylsulfides.

Dialkylsulfides (RZS), here mainly dihexylsulfide (DHS), are almost selective extractants
for Pd(Il) (2,3). In HC! media, the extracted complex is a square planar one, Pd(RZS)ZC]Z' Un-
fortunately the extraction kinetics is stow; typically 1 to 3 hours are required to attain equi-
librium. Why is this extraction so slow ? RZS is is a poorly tensioactive molecule, its inter-
facial concentration is rather small. On .the other side, in the aqueous phase, the metal is
mainly under a complex form, PdClaz-, very symmetrical and poorly attracted by the organic
phase. So there is very few chance that these two species come close together and react.

In this paper we will see as an example how it is possible to act either on the organic
phase or on the aqueous phase to obtain faster kinetics.

I. ENHANCEMENT OF THE RATE OF TRANSFER WITH ORGANIC PHASE ADDITIVES

One can think it is possible to enhance the rate of phase transfer by use of a go-between

in the organic phase. It could be a species which is greatly adsorbed at the interface and
gives simple or mixed ligand complexes with Pd(ll), these complexes being less stable than
the complexes formed with R25. Long chain amines, i.e. triisooctylamine TIOA, seem to be
convenient (2) as it is shown in Fig. 1. In contact with an acidic aqueous phase, the N atom
is quaternarized, the amine exists in the organic phase as an ion pair TIOAH*CI”. This spe-
cies is highly tensioactive and the observed effect may be due either to an increase of the
interfacial area or to a catalytic effect. This dilemma can be solved by measuring the initial
rate of phase transfer at constant interfacial area. The results are given in Fig. 2. It is
clear that triisooctylamine enhances the rate of phase transfer. It acts, at least partially, as

a catalyst. The simplified mechanism is the following one : The triisooctylamine is protonated
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in<the bulk of the solvent and partially adsorbed at the interface as TIOAH+CI'int. The CI’

ion of this ion pair is then exchanged with a PdCl3 1on of the aqueous phase. The new ion

pair, TIAOH‘PdCla'im , diffuses froni the interface into the bulk and another TIAOH'CI™ ion

=
o
=

PERCENTAGE OF Pd EXTRACTED

50
<
& g ,,
10 = |
i i 1 1 1 | P § ! 1 1 : 1 1
5 15 25 -1.2 -0.8 -0.4
TIME (min) logw[TIOA]
(g/L)
Fig. |. Percentage of Pd(lI) extracted as a Fig. 2. Variation of the initial extraction
function of time for several TIOA concen- rate as a function of TIOA concentration.
trations. Interfacial area : I7cm2.
Ag. phase : HCl 2M; Pd(ll) 3.6g/L. Aq. phase : HCI 2M; Pd(Il) .5g/L
Org. phase : kerosene; DHS 20g/L; TIOA : Org. phase : kerosene; DHS 60g/L

(1) without;(2) .1g/L; (3) .2g/L; (4) .6g/L

pair takes its place at the interface. In the bulk, the TIAOH*PdCI,” ion pair reacts with RZS

3
to give the more stable complex Pd(RZS)ZClz. In such a mechanism, the TIOAH'CI™ ion pair

is regenerated and acts as a catalyst.

At this point of the discussion, the problem seems to be solved. In fact, it is not. In
most of the practical cases, Pd(Il) is not alone in the aqueous solution. Several precious or
common metal ions are present. What happens then ? Does the catalytic effect of TIOA still
remain ? We will discuss this point by taking in example the case of the presence of Pt(IV).
The quantity of Pd(ll) extracted versus time has been studied for various concentrationsof Pt
at constant interfacial area.The results are given in Fig. 3. The extraction rate decreases as
Pt(IV) concentration increases. The catalytic effect of TIOA desappears. The reason is that
TIOAH* is an anion exchanger which gives ion pairs with all the present anions, in particular
those of platinum, PtClsz' and PtCl 5'. Ion pairs such as TlOAH*PtClj- exist at the interface
as well as in the bulk of the solvent. Because the extractant RZS is selective of Pd(ll), it
does not give complexes with Pt(IV). The species TlAOH*PtClj' is stable in the solvent, there

is consumption of TIOA which is no more available for catalysis. Then if we increase the



TIOA concentration it is possible to obtain once more enhanced rate of transfer for Pd(II)
but in this case the extraction is no more selective, Pt{lV) being extracted by TIOAH".
Conclusion: it is possible to enhance the extraction rate by use of additives in the orga-
nic phase which give transitory complexes : if the transitory complex is not selectively
formed with the metal of interest, the catalytic effect may desappear in the presence of
other metals. In our case, any metal which give anionic chioride complexes will interfere.
So, the catalytic additive must be more or less selective of the metal to be extracted.

More precisely, the transitory complex formation must be selective.

N
o

~N

i,
wun

0.5

Pd EXTRACTED (mol./m2)x 102

0 50 100 150
TIME (min)

Fig.- 3. Influence of the Pt(IV) concentration on
the extraction rate of Pd(l).

Aq. phase HCI 2M; Pd(Il) 0.5g/L;Px(1V) (1) with-
out,(2) 0.05g/L;(3) 0.23g/L;(4) tg/L.

Org. phase : kerosene; DHS 60 g/L;TIOA 0.6 g/L

II. ENHANCEMENT OF THE RATE OF TRANSFER WITH AQUEOUS PHASE ADDITIVES
On a symmetrical way than in I, one can think to obtain enhanced transfer rate by desta-
2'. This is possible by addition of thiocyanate ion

bilisation of the aqueous species PdClU
SCN™ (4). In aqueous CI +SCN” solutions, Pd(ll) is at least partially under the dissymmetrical
form PdC13$CN2_. The SCN™ ion, alone or engaged in the complex , is less repulsed than
the CI” ion by the organic phase (5). So, the complex PdClBSCNz' approaches the interface
closer than the complex PdCll‘z_and then the species RZS’ even at jow concentration at the
interface, may react. The enhancement of the rate of phase transfer by addition of SCNTions
in the aqueous phase is illustrated inFig. 4. It is clear than SCN™ is efficient even at sub-
stoechiometric concentrations. This fact is a proof of its catalytic effect and not of the
extraction of a new species containing SCN™ ions at stoechiometric level. Even more, if the

concentration of SCN™ is to high, stable complexes such as PdClz(SCN)z2 already exist in
the aqueous solution and Pd(ll) is no more extracted.
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Fig. 4. Percentage of .Pd(ll) extracted as a
function of time for several SCN™ concen-
trations.

Ag. phase : HCI IM; Pd(il) 5 107M; SCN
(1) without,(2) 107*m,(3) 2 107m.
Org. phase : kerosene; DOS 5 107m.
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Fig. 5. Influence of the presence of P(IV)
on the extraction rate of Pd(lI).

Aq. phase : HCI 2M; Pd(Il) 5 10”*M; Pt(IV)
(1) without, (2) 5 107M SCN™ 5 107,

Org. phase : kerosene; DOS 5 107M

DOS = dioctylsulfide

With this kind of catalysis, interferences occur only with metal cations which give SCN”

complexes. They are mainly Au®, ng*, Cu

2 Ag+. In presence of them, the concentra-

tion of SCN™ must be carefully adjusted. The presence in the solution of Pt(1V)or other pre-

cious metals does not modify the rate of Pd(Il) extraction as it is shown on Fig. 5.
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EXTRACTION KINETICS OF PALLADIUM(II) BY DIALKYL SULPHIDES FROM

2
HYDROCHLORIC ACID SOLUTIONS 3-22

G. Cote, D. Bauer and S. Daamach

Laboratoire de Chimie Analytique (Unité associée au CNRS n° #37), E.S.P.C.I.,
10, rve Vauquelin, 75005 Paris, France

This study represents part of our ongoing examination of the application of solvent ex-
traction techniques to the recovery and purification of the platinum group metals. Indeed,
the platinum group metals are very important for the high-technology industries and it is
of great interest to develop techniques to recover these metals from spent catalysts or va-
rious kinds of scrap. The solvent extraction of palladium(ll) has been investigated by many
authors and various extractants have been proposed [1 - 6]. Presently, dialkyl sulphides are
used for the separation of palladium(ll) at the Acton precious metal refinery of INCO in
the United Kingdom ([7].

Dialkyl sulphides have good physical properties for solvent extraction, moreover their
capacity and their selectivity for palladium(ll) over the other platinum group metals and
base metals are very high. However, dialkyl sulphides have a serious drawback : the kine-
tics of palladium(ll) extraction is quite slow since typical mixing times for complete ex-

traction will be between ! and 3 hours [8, 9].

Recently, we have shown that the presence of small quantities of long chain amines
(e.g. triisooctylamine) in the organic phase significantly enhances the rate of palladium(Il)
extraction from hydrochloric acid solutions by dialkyl sulphides (e.g. di-n-hexyl sulphide)
[10). In the present paper, we further investigate this phenomenon and propose a mecha-

nism to explain the catalytic effect due to the presence of long chain amines.

I. KINETICS OF SOLVENT EXTRACTION OF PALLADIUM(II) BY DI-n-HEXYL SULPHIDE
IN_PRESENCE OF TRIISOOCTYLAMINE

The kinetics of solvent extraction of palladium(il) by di-n-hexyl sulphide (noted DHS)
[SNEA(P), France] has been studied at constant interfacial area with a stirred cell adapted
from those used by LEWIS. Kerosene (Fluka) was used as diluent and triisooctylamine (no-
ted TIOA) [Aldrich] as modifier. The influence of various parameters (concentration of pal-
ladium(ll), concentration of di-n-hexyl sulphide, concentration of triisooctylamine, concen-
tration of chloride ions, etc.) on the initial rate of palladium(ll) extraction, Vo (mol.m-z.
s"), has been investigated. The results are given in figures | to 4. Let us mention that in
all the experiments the acidity and the ionic strength of the aqueous phase were kept as
constant as possible, namely [H*] = 2 mol.L-l and I = 2. It should also be pointed out that
the quantity of palladium(ll) transferred from the aqueous phase into the organic one per
unit of time was independent on the volumes of the aqueous and organic phases, but was

roughly proportional to the area of the interface.
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Pd(I) in 2 mol.L”' HCl;. organic phase : 0.3 mol.L~ “"'DHS + 1.8 x 107> mot.L™' TIOA in
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Figure 2 . Variation. of. loglo(V ) as a function of loglo[TIOA] at 25°C. Aqueous phase :
w7 x 107 molL” Pd(I) in 2 mol.L™ = HCl; organic phase : [0.3 mol.L™ -1 DHS] + TIOA in

kerosene
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Figure 3 . Variation of IOSIO(V ) as a function of logIO[DHS] at 25°C. Aqueous phase :

4.7 x 10 2mol.L™" Pdf) in 2 mol.L™' HCI; organic phase : DHS + 1.7 x 10 mol.L™' TIOA
in kerosene

Figure 4 . Vanatlon of loglo(V) as a function of loglo[Cl] at constant acidity
(H*) = 2 mol.L ") and ionic strength (I = 2), at 25°C. Aqueous phase : 4.7 x 102 moi.L™!
in 2 mol.L” (HCl + HX) [X = HSO“ y NO3 or ClO“ “]; organic phase : 0.3 mol.L-l DHS +
4 x IO'a mol.L_' TIOA in kerosene. (1) X = HSOQ'; 2 X = NOB- and (3) X = CIOQ'
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Il. INTERFACIAL PROPERTIES OF DI-n-HEXYL SULPHIDE AND TRIISOOCTYLAMINE
IN ACIDIC MEDIA

The interfacial tension between organic and acidic aqueous phases has been measured for

several concentrations of di-n-hexyl sulphide (DHS) or triisooctylamine [TIOA] (figure 5).

In all these experiments, n-dodecane (Merck) was used as diluent.
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Figure 5 . Interfacial tension versus the global concentration of DHS or TIOA at 25°C,
after 24 hours equilibration. (1) DHS; (2) and (3) TIOA. Aqueous phase : (1) and (2)
2 mol.L_| HCl; (3) 2 moI.L_] HCIOQ. Organic phase : dodecane

Figure 6 . Variation of y and Vo as a function of the fraction of HCIOQ (XHCIO =
[HCIOA] / ([HCIOQ] + [HCl1)), at 25°C. Experimental conditions : (1) Aqueous phase : HA «
HCIOI‘] = 2 mol.L_I; organic phase : dodecane. (2) Aqueous phase : 4.7 x IO_3 mol.L”!
Pd(il) in 2 mol.L™' [HCI + HCIO,}; organic phase : 0.3 molL™' DHS + 4 x 107 molL"'

TIOA in kerosene

Examination of figure 5 shows that di-n-hexyl sulphide is poorly tensio-active since its

critical adsorption concentration (CCA) is close to 0.3 mol.L']

. The critical adsorption con-
centration is the lowest concentration in the bulk of the organic phase allowing the pre-
sence of tensio-active molecules at the interface. On the other hand, triisooctylamine which
exists as TIOAHCI or TlOAHClOt‘ when equilibrated with 2 mol.L_| HCI or HCIOQ appears
as very tensio-active (CCA < 10'6 mol.L-I). Moreover, by comparing curves 2 and 3 in
figure 5, we can notice that the interfacial properties of TIOAHCI and TIOAHCIO“ are si-
gnificantly different. Such an observation suggests that the anion (CI” or CIO,") is not
completely dissociated at the interface, but to some extent bound to the ammonium ca-
tion. Indeed, the same interfacial tension, due to the surface activity of the TIOAH" ca-
tion, would be expected if the anions were completely dissociated. By using the Gibbs
equation, one can calculate the interfacial concentration of TIOAHCI! and TIOAHCIOQ when
the interface is saturated : TIOAHCI] 1.2 x |0'6 mol.m-z; TIOAHCIO, 6.3 x 10_7 mol.m'z.
Instead of the interfacial concentration one can consider the area occupied by each ion
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8 2 18

pair at the interface : TIOAHCI 1.4 x IO'I m-; TlOAHClOl‘ 2.6 x 107
are in good agreement with those found for TLAHCI ant TL/‘\HNO3 where TLA denotes

mz. These values

the trilaurylamine [11].

lli. MECHANISM OF CATALYSIS
By taking into account the interfacial properties reported in part iI, one can propose
the following mechanism to explain the kinetics of solvent extraction of palladium(ll) from

HCI solutions by di-n-hexyl sulphide in presence of triisooctylamine :

(1] PdCll‘z' === PdCl;" + CI" equilibrium
Kk

1 g - 1 + - -
[2] Q,C! )ad + PdCl3 km «Q ,F“dCI3 )ad +€l
[31 (Q,PdcCl;) Q*,cn) —-IL* Q*,cr) (Q*,PdCl,)

PdCl3 )4 + Q' et Cl)yg + (Q,PdCLy )y

)
P —— pram—sy kg L e
41 @ »PdCly )int + (DHS) ——s Q ,PdCl3[DHS])
Ky

[5] Q% ,PACLDHST) + (DHS) ———=  (Q,CI) + (P4CL,[DHS])

where Q*, (" ), ( )ad and ( )int denote the ammonium cation TIOAH®, the species

present in the organic phase, the species adsorbed at the interface and the species reac-
ting in a zone in the organic phase adjacent to the interface, respectively. All the other

species are assumed to be present in the aqueous solution.

Let us point out that the unexpected shape of curves 2 and 3 in figure 4 is explainable
by the fact that in presence of HClOa or HNO3 the interface might be saturated by the
ion pairs TlOAHClOQ or TIOAHNO3 instead of TIOAHCI, and that the reactions (2) and (3)
of the preceding mechanism might become slower when Cl™ is replaced by CIOI" or NOB-'
Such an assumption is supported by the correlation which can be observed between the va-

riations of Vo and Y in figure 6.
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THE CATALYTIC EXTRACTION OF Ni(II) BY MIXED REAGENTS | 3-23 i
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** Department of Materials Science and Engineering, The Pennsylvania State Univer-
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* Current address: Eniricerche, San Donato Milanese, Milano, Italy
INTRODUCTION. Examples of rate enhancement and catalytic effects in hydrometallurgi-
cal liquid-liquid extraction abound in the literature. Mixtures of hydroxyoximes are faster
extractants than the reagents alone [1,2], the proprietary mixture LIX64N being the classical
example [3,4], mixtures of hydroxyoximes and carboxylic acids have similar properties [5],
and the addition of sulphonic acids to hydroxyoximes results in rate enhancements, too
[6,16). Explanations to these observations have been usually sought through the formation
of mixed complexes at the interface [7], a proton donor-acceptor interplay by adsorbed
reagents [2], the interfacial complexation by one extractant followed by the rapid ligand
exchange with the other [5,8], or fast complexation in the aqueous diffusion film followed
by redistribution of thé complex and ligand exchange in the organic phase [9]. The changes
in organic phase speciation caused by the addition of a second extractant provides another
way to explain these phenomena. In this work, the bulk speciation analysis in mixtures is
coupled to interfacial parameters to model the enhanced rate of Ni(Il) extraction by dinonyl
naphthalenesulphonic acid (DNNSA or D) mixed with the aliphatic hydroxyoxime LIX63
(L) in hexane.

EXPERIMENTAL RESULTS: INTERFACIAL METAL FLUXES. The flux of Ni(II)
extracted by DNNSA from 0.5M (HNO, + KNO,) at pH=2.5 (J,) in a Nitsch cell-type
contactor [10] was found to vary linearly with the extractant concentration (Em) as shown in
fig.1 [12]. LIX63 alone extracts more slowly, as shown by the J, vs E“ data in fig.1. When
mixtures were used as extractants, the fluxes (J,)) were of hlgher value than the sum J;, +J
(fig.1.). An enhancement ratio defined as E=J,, /], is plotted vs C at two values of C,, in
figure 2. Three regions can be observed in the graph, with boundaries in close correspon-
dence with the critical adsorption concentration (CAC) and the critical micellar concentra-
tion (CMC) of the mixtures [11,12].

ORGANIC PHASE SPECIATION ANALYSIS. DNNSA aggregates as reversed mi-
celles (RM) in hexane with an aggregation number (m) around 7 [13,14,15]. Omitting the
metallic counterion for clarity, a reagent balance about the organic phase (thus the bar
superscript) is:

ED,=mE,,,+Em-m—C-m m

where D7 is the RM. The approximation applies at Em >> CMC. When LIX63 was added to
DNNSA solutions, interfacial tension [11] and VPO work [15,17] suggested that the oxime
associated with the sulphonate resulting in demicellisation and in the formation of
submicellar aggregates (SMAs). The aggregation constants in the following speciation
model were evaluated from VPO measurements [17](all species in eqns. 2 through 8 are in
the organic phase but bar superscripts were omitted for simplicity):

D & D,; Ky =Cpy/Cp’ =647 x10% )]
D,+L &DiL; Ky = Cpi/CpoC, = 249 ©)
D,+2L <D, 2L ; Kyi= Cpp/Cpy.Cp = 1.58 @)
D,+3L & D,3L+5D Ky = Cp2y.CpICp,C,0 = 1.27 X107 )
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Most authors agree in respect of the dimenzation of hydroxyoximes [18,19]. It has been
recently confirmed {17] that L1X63 also trimerizes according to the following mechanism:

U L,; K,;=C/C, =2.03 ©)
L+L & Ly; K,3=C4/C.,C, =4.68 x10, )
The mixed binary species was also included in the analysis [17] and it was earlier proposed
in a simpler speciation model as the responsible for the shifts in values of CAC and CMC as
the ratio C,,,/C,, was altered [11]:

L+D <DL; K, =Cp,/C,C, =4.84x10" . (8)

The sulphonate and oxime balances were solved for both monomeric concentrations with the
above constants and the concentration of each species at a given composition was computed
by back-substitution. An speciation map at T,y = 1 x10"4mol m® is shown as fig.3. The ratio F
defined as follows:

F = (concn.of micelles plus SMA),,,/(concn. of micelles)pyysa

was calculated for each pair of values of C,, ,.C,, . F is also plotted in fig.2 versus C,,.
FLUX MODELS. The reaction between RMs and 1:1 adsorbed complexes is the
rate-determining step (RDS) in the extraction of Ni(II) by DNNSA under kinetic control
[12]. Such steps may be viewed as a renewal of the interfacial film following faster
conversion by complexation. In mixtures at C; s CAC (region I, where F >> 1), and
assuming similar interfacial dynamics for all types of SMAs, it follows that the film is
renewed much faster than by RMs with DNNSA alone. The adsorption density in mixtures (
Iy) and with DNNSA alone (T,) was estimated from interfacial tension data via the Gibbs
equation {20]. It was found that Iy < T, throughout the concentrations space chosen (fig. 4).
From the simultaneous consideration of E, the species concentration ratio F, and the
interfacial densities it follows that the RDS in region I was the film conversion. The
following model was derived assuming fractional interfacial coverages by both reagents in
the mixture (6, and 6,) as given by their (I'yT,),.. ratio, and adding the contributions of both
extractants to the total flux:

Ju=Jo+J, =ksCia G5~ +kCy C,7ICy ©)

where the subscript Ni stands for nickel, the superscript i means interfacial values obtained
from bulk concentrations by accounting for mass transfer resistances [21] and electrostatic
interactions due to the interfacial potential {22]. In view of the non-specificity of DNNSA
[23], the interfacial concentration of adsorbed sulphonate (C,“) was approximated by the
following balance: af

e—):c" A@
°T ST

(where e is the thickness of the adsorbed film, ¢ are the concentrations of adsorbed
sulphonate acid and K-salt and A is a function of local ionic (#*,K*) concentrations and the
respective dissociation constants) and the following definition: e, =ec,“r,.The interfacial
oxime concentration (C,*) was evaluated as I,6,/e. The result is eqn.10:

J,=(k,,e,/A +kL9,,IC,,i) G (10)
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Fig.1. Extraction fluxes of Ni(11) by DNNSA (Jd), LIX63 (JI) and
mixtures (Jm). Parameter is LIX63 concn. .
Lines are model predictions at LIX63 concn.=0,001 kmot/m3

Fig.2. Enhancement factors of nickel flux (E) and of interfacial
film renewal rate (F)

Fig.3. Speciation of DNNSA-LIX63 mixtures at [LIX63)=1,10"Jkmolm™

Fig.4. Interfacial adsorption demsity of DNNSA,LIX63 and mixtures.
X axis is (LIX) for LIX63 alone

where the kinetic constants include e. The model mimics well the results up to
Cor =4 x107%kmol m™, as shown by line I in fig.1. In region I1I it was I = constant and F fell to
around 1. It was concluded that in this region the renewal of the film was the RDS, the same
as with DNNSA alone. A model was also derived for this region assuming that all SMAs are
similarly able to interact with the interface. By so doing a SMA j hits an adsorbed complex |
and contributes the fraction J; to the total flux: J, =')'.;_.J,,-= ;t,,r,e,,t’,- . A rate equation
resulted from estimating the fractional coverages 6,, assuming the film at equilibrium with
the aqueous sublayer. The concentrations C; were estimated as explained above. Also this

model reproduced well the experiments as shown in fig. 1, line III.
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CONCLUSION. The simultaneous consideration of the bulk organic phase speciation of an
extractant mixture and interfacial phenomena allowed to explain the rate enhancements
observed in the extraction of Ni(II) as a shift in RDS from complexation at the interface at
low extractant concentrations to renewal of the adsorbed film assisted by micelles at higher
concentrations.
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THE PROBLEMS OF MASS TRANSFER INTENSIPICATION AND
MATHEMATICAL MODELS OF INTERPACIAL SELP-ORGANIZATION
AT LIQUID-LIQUID EXTRACTION

L.M.Rabinovitch, M.G.Slin'ko, Karpov Physico-Chemical
Institute, Moscow, USSR

3-24

Interfacial self-organization phenomena in extraction systems are
caused by interaction of hydrodynamic, diffusion, heat and chemical
processes taking place either on the interface or in bulks of con-
tacting phases. These systems posess all properties needed for self-
organization processes to develop. Such systems are thermodynamical-
ly opened i.e. they exchange matter and energy with the environment
and the processes running within them are far from equilibrium and
may be described by nonlinear dynamic equations; besides they have
rather strong feedbacs, unstable steady states, their subsystems
show cooperative behaviour and spontanious self-organization at mac-
romolecule level takes place.

In a number of extraction systems the concentration of a substance
on the interface changes while transfering from one phase to another
as well as new interfacial formations may occur. At that interfacial
tension local gradients arise which may lead to the hydrodynamic in-
stability of the interface, to the considerable change of hydrodyna-
mics in its vicinity as well as to sharp change of diffusion mass
transfer between phases [1-3]. As a result of such correlated proces-
ses there may occur a spontanious interfacial convection accompanied
for instance by the appearance of well regulated convective flows
such as the interfacial circulating cells or the intensive chaotic
motion leading to interface rupture and eruptions appearance. Such
phenomena can sharply increase the rate of mass transfer and inten-
sify both the elementary stage and the process on the whole. Experi-
mental works by A.A.Ermakov et.al.[4] present a large number of exam-
ples of such increase in extraction processes. It is note worthy that
the intensification in question is obtaned not by the increase of
driving force (that leads to the exergetic losses growth) but by more
intensive surface renewal at interfacial instability. Moreover the
above shown way of intensification is more economical than the phase
motion relative velocity increase requiring a considerable intake of
energy to get over the rising hydraulic resistance. Thus the use of
interfacial self-organization phenomena is one of the most universal
and promissing intensification methods which allows to reduce the
diffusion resistance near the interface i.e. in the very region which
under normal conditions (without SIC) determines mass transfer.

The paper offers various mathematical models of mass transfer pro-
cesses going under interfacial self-organization in two-phase liquid-
liquid systems with flat and spherical interface. We have considered
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nonstationary models obtaned on the basis of Navier-Stokes and con-
vective diffusion equations as well as the equations expressing the
balance of .aubstance and dynamic stresses on the interface:

G0t + GWIT, = ~rgyvp +vaT; + §, VT =0 )
0c/8t +(Gwic; = D;ac; +Q . ()
9r/at + Uz M= DgA M + Qg+ ; % (3
iz
§u= %iCi(1-T/1) - $i, g = DiVcs (%)
:r«i'\fs/dt + Z‘ti = (d6/d ) Vs r, ¢))
i=1

where index i=1,2 denotes phases 1&2, s and n indice are connected
with interface and denote tangential and normal components respec-
tively, ﬁ; fluid velocity, t-time, Q -density, p-pressure, E-mass
force acceleration, D-diffusion coefficient,}l, ¥ -dynamic and kine-
matic viscosities, C-transfering substance concentration,f--surface
concentration, Qi, Qs-mass sources caused by homo- and heterogenious
chemical reaction, q-adsorption flux, d ,Sb ~kinetic adsorption and de-
sorption coefficients,? -tangential componeént of viscous stress ten-
sor, 0" -surface tension.

Equations (1) describe viscous incompressible fluid motion, (2)-
convective diffusion of transfering substance in two phases. Bounda-
ry condition (3) describes surface active agent balance on the in-
terface, (4)-the balance of viscous stresses and those due to sur-
face tension gradient bringing about fluid motion on the interface
caused by the Marangony effect.

General interfacial instability conditions for various systems
are obtained. The system consisting of two inmiscible liquids with
a flat interface and another one which is a spherical drop submerged
into another inmiscible liquid are considered (Fig.1). Cases of tran-
sient substance flux between phases (1a,1c) and the cases of mass
transfer accompanied by surface second order chemical reaction A+B

C (1b,1d) are studied.

Al Al pvgsc

Bf Ic 2

a b c d

Figl. Models of two-phase systems with a flat and spherical inter-
face
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On the basis of linear stability analysis of steady state solu-
tions of equations (Z)-(5) describing the situations shown in Fig.1
there are obtained neutral stability states equations connecting
neutral perturbations wave number k with principal dimensionless
physico- chemical parameters of the system:

F( k, hy/hy, Dy/D,, fB1/py, Ma, T ) = 0O (6)

M = (d6/dF)(T,~T,)(1/uD), Ti = KI?/D .

Here hi—phase depth,&,[;-the initial and limit surface concentra-
tions, K-surface reaction rate constant,f;,D-viscousity and diffusi-
vity of the phase, limiting mass transfer, l-characteristic lengtn
scale, Ma-Marangoni number, Ti-Tile number, characterising the ratio
of the surface reaction rute and the rate of diffusion flux to the
interface.

Equation (6) allows to find the dependence of Marangoni number on
the perturbations wave number extremum of that dependence giving the
critical Marangoni number characterising the threshhold of system
stability.

The linear stability analysis of two component system with a flat
interface carried out by L.li.Rabinovitch and I.A.Belikova and of a
spherical drop [5] made it possible to generalise the known Sternling-
Scriven instability criteria. One of the main results of that analy-
sis is the fact that there are two critical values of diffusion coef-
ficients in phases I and 2 ratio which pick out the interval of
DE/DQ values outside which interfacial instability may occur only at
one direction of surface active agent mass transfer and inside which
the instability may arise at any of the two directions of mass trans-
fer. These critical values largely depend upon the ratio of depths of
the phases and the ratio of dynamic viscousities, as well as of the
Tile number if chemical reaction takes place. Corresponding to
Sterling-Scriven criterion is the case when the critical values men-
tioned above are equal to unity.

As a result of 'the linear stability analysis of the system with
heterogenious second order chemical reaction (Fig.Ib) it was establi-~
shed that interfacial instability occurence and following it dissipa-
tive structures formation may come to life even without transient mass
flux through the interface if a heterogenious chemical reaction takes
place [6] . In that -case nonequilibrium necessary for self-organiza-
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tion process to develop is provided for by nonlinear depth to the
interface. That fact is a paramount importance for finding the mecha-
nism of chemical and hydrodynamic processes interaction when nydro-
dynamical interfacial instability is provoked.

A nonlinear finite amplitude stability analysis method has been
worked out to study the characteristics of dissipative structures
formed as a result of interfacial instability [7] . The method has
been used to calculate reagents concentrations perturbations amplitu-
des and velocity of conwective fluid motion formed in two component
system with heterogenious reaction (Fig.Ib). In the case of nonlinear
analysis equation (6) contains the mentioned amplitudes as additional
variables. The approch used supposed the perturbations determining
the forming structures to have maximum increments. It has been found
from the nonlinear analysis that convective motion velocity amplitudes
in both phases monotone increase with the growing deviation Ma from
the instability threshald and concentration amplitudes may either mo-
notone rise with\qﬁ; or jump from zero to finite value in the case of
1imiting diffusion flux of one of reagents.

Dissipative structures formation dynamics has been also studied on
the basis of numerical experimentsusing the numerical methods elabo-
rated under A.A.Samarski for solving Navier-Stokes and convective
diffusion equationsgﬂmhere has been considered twodimenaional problem
of interfacial mass transfer through a flat interface when the subs-
tance transfered has surface active properties. The development of
steady state point perturbation on the interface is considered. Pre-
sented in Fig.2 are the numerical solution results characterising the
solute capillary convection development in one of the phases liquid
layer. Fig.2 demonstrates equidistant lines of stream function (a)
and concentration (b) at Ma=103, Sc=IO3 (S¢ - Schmidt number) in suc-
cessive moments of time up to velocity and concentration fields
stabilization,

To analise interfacial convection effect upon the substance trans-
fer rate through the interface there has been calculated the Sherwood
number Sh=(h/C,)(8C/9y) y=0 (y - normal coordinate, y=o on the inter-
face) and mass transfer intensification coefficient az=Sh/Sh°, Sh=
(I/ZL);?Sh dx (x - the coordinate along the surface, 2L - the layer
length)s The value of 2 characterises integral Sherwood number rela-
tive change while molecular- diffusion regime of mass transfer (in the
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absence of SIC Sh=Sh,) changes into convective diffusion one (in the
SIC presence).

Pig.3 demonstrates the examples of ee dependence on dimensionless
time § at different values of the Marangoni number Ma (@ ctD/hz, h -
liquid layer depth) by I.S.Kalachinskaya and L.M.Rabinovitch.

. (N (VPRDERERNE
Y O Covallt@) an (QHE,
| B 6l a0 (DA,

v 0.0 |

— o ova—d (Do) |
e,

a b
Fig.2, Solute capillary convection development in a 1liquid layer:
(a) - sream function lines, (b) - concentration lines

x
2.0

Ios 8

I.0

o] 2 4 6 8

Fig. 3. Coefficient of mass transfer intensification dependence on
time: I - Ma=IO>, 2 - Ma=I0%, 3 - Ma=10°

The analitical equation for the rate of mass transfer limited by
one of the two phases with cell hydrodynmamical structure of convective
motions has been obtained in [3] . In the diffusion boundary layer
approximation it has been shwn that by laminar flow of the layer of
liquid the Sherwood number is as follows:

95



Sho= 2 SR + Z a L4+ (Quontam BT MdB s

a
Sh = /¢y J(3°/33)3=o dx |
0

Ma= 46X/ Dy, Sc=v,/ Dy,

whereAG - interfacial tension change along the convective cell of
the length X »y & - numerical coefficient of the order of unity, Re -
Reinolds number, characterising the laminar flow of 1liquid layer.
Formula (7) contains empirical parameter and may only serve for
qualitative description of mass transfer at SIC.

The problem of the calculation of mass transfer through hydrodyna-
mically unstable interfaces is possible to find most intensive regi-
mes of extraction.
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INTERFACIAL CONVECTION AND MASS TRANSFER AT EXTRACTION
IN DROPS

A.A.Golovin, L.M.Rabinovitsch, Karpov Physico-Chemical
Institute, Moscow, USSR

It is known, that in some industrial liquid-~liquid systems ex=—
traction processes are accompanied by spontanious interfacial convec-
tion (SIC), which considerably intensifies mass transfer. At sub=-
stances transfer to the interface the local gradients of the inter-
facial tension appear which as a result of the Marangoni effect lead
to the hydrodynamical instability of the interface and SIC develop-
ment.

To study SIC development the mass transfer in two systems was
considered: (1) in the steady liquid drop, submerged into the infi-
nite unmiscible liquid, into which there goes the surface active
agent extraction from the drop, accompanied by its adsorption on the
interface; (2) in a similar drop at whose surface the interfacial
chemical reaction owing to the surface active agents dissolved in
the phases takes place. It is substantial that in both cases the fi-
nite rate of adsorption is considered. Surface viscosities and the
inertia of the adsorbed substances are also taken into account be-
cause of their essential importance in the kinetics of a number of
extraction processes [17 .

The study of conditions that bring about the interfacial instabi=
lity is carried out by the linear analysis of the Navier=Stockes
equations, the equations of continuity, convective diffusion, equa=-
tion presenting the balance of substances on the interface whith ad-
sorption and diffusion fluxes taken into account as well as the equa-
tion of the tangential stress balance on the interface:

1 —
Cavg/as =[N] 5 + g +aoval Y, I )
Here [ - surface concentration of the substance on the interface,
VS - surface veloc1ty,[r1 12 ~ viscouse stress shift,l\ - the

stresses connected with surface viscosities, dG/drvl"- the term which-
expresses the additional tangential stress through the Marangoni ef-
fect, O - interfacial tension. The following concentration profiles
were taken as statlonary surface active distributions in the phases:
C’Ft= (0] o(1-a1r 14y, C2 -020(1-a '2), a;, ny are constants, r - radial
coordlnate.

The linear stability analysis of the first system leads to the
dispersive equation from which the neutral stability condition [2]
follows:

- Dy(t1) - DL ,,Dsl(?'”)
do dCz e [(?*7)(221 (K.+€)UE+1)-2£] 4CLK 4D, akCaD, () * K, QKi+Dg o*
dr dr lyq: a aKz D, aky-fu _ fles) (2)
QK§+D E‘?u D cv.K,'D(lﬂ) Qdc"fdrjr 5
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\5711={(21+1)(21+n1+1)(21+n1-1)j]:1 L5’12=[(21+1)(21+n2+1)(21+n2+3)]f1

Here D and D, = the bulk and surface diffusion coefficients, 7 ,
k, &€ - the coefficients of the bulk and surface - dilatational and
shear - viscosities, a - drop radius, K'-;-'--aJL/Bl_ ; Ki: R_J./2C, - ef-
fective adsorption constants, Ji(Ci,r') - adsorption flux on the in-
terface, 1 = the harmonic perturbation number, i=1 denotes the con-
tinuous phase, i=2 - dispersive phase, index st denotes the steady
state. Equation (2) is the generelization of the neutral stability
equation obtained in( 3] .

It follows from (2) that the mass transfer direction in which the
interfacial instability may occur dependes upon the diffusion coef-
ficients in phases ratio, adsorption constants, harmonic perturba-
tion number, and the shapes of the stationary concentration profiles.
In the limit cases of the fast (a) and slow (b) adsorption the di-
rection of the "unstable" mass transfer is defined by the ratio of
diffusion coefficients in phases, there being two critical values of
that ratio D,= 2/D1: D,1 and D‘2’ dependent on the shapes of statio-
nary concentration profiles and adsorption constants, such that if
QﬁD.1or Q?D.Z then the instability is possible only in one direction
of mass transfer, and if D,1< D,& D,, the instability is possible in
any direction of mass transfer; for D4yq and D, ﬁezhave: Df%gmin Fa,b
Dfégmfx Fa,b + Fa=fla/f10r Fp= ((1+1)/1 Fak:/kz) /2

Fig.1 presents the plot of the neu-

ﬂf Ma °¢P° tral stability in dimentionless form
4] Soige® o® of the Marangoni number dependence on
10 -1 acst
1 : Ma=(do/dr)(aK;/K;)(7,D) adC;7/dr = Ma.(l)
“f in the case of the slow adsorption

ith D,,< D,<D,,.
l 2 5 0 2 so g0y ") #1585 Ce2

0 st The study of the interfacial insta-
_1§h bility conditions in the system with
SN interfacial reaction yields the dis-
_ﬂf %; persion equation which in the case of
6 O slow reaction, small drops and one re-
-10 acting component is transformed into
Fig.1. The plot of neutral a quadratic one. The analysis of its
stability Ma(l) solutions allows to point out the main

parameters which determine the inter-
facial instability conditions: the effective interfacial reaction
rate constant £=TOF/3"; the parameter, characterising the adsorp-
tion and diffusion A= k/(1+T,k,), and Marangoni number M=?6/oT7c’.
Here F(I') - the reaction kinetics function, T - characteristic time
of reaction, T,z al;/CD, k==3J/3[ , k, = k/(1l+ 84), 3 - the limit
surface concentration, Cq ~ the concentration in the drop centre
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(at the infinity) in the steady state, @L =1,1i=1, &L=0,1=2.
Presented in Fig.2 are the stability regions of the system with
interfacial reaction. The most significant conclusions about the cha-

racteristics of the stability are as

follows: (i) at any weak link with the 1 1M §/’ 2
hydrodynamics (M#£0) chemical instabili- unstable| stable ,@“ / ;39
ty gives rise to the instabllity of the i &,577}/ (,’5'7
interface; (ii) the final adsorption / 6’
rate makes the system less stable; \\ //

(1ii) although the Marangoni effect @] £
leads to the instability of the inter- -A °

Fig.2. The stability regions
of the system with interfa-
cial reaction

face, still under certain conditions
it supresses the chemical instability;
(iv) under the Marangoni effect

the viscouse dissipation effects may cause the destabilisation of

the system.

As is known the developed interfacial convection considerably in-
tensifies mass transfer. However there is no strict theory at pre-
sent, that makes it possible to calculate analitically the rate of
mass transfer accompanied by SIC. This is due to the serious mathe-
matical difficulties entailed by the analitical methods of solution
of essentially nonlinear nonstationary partial differential equations

We have proposed a qualitative semi-empirical model of mass tran-
sfer at SIC. The model is based upon the assumption that hydrodyna-
mical structure of SIC is a system of convective cells and the assum-
ption that the characteristic times of the liquid circulation in the
cell, diffusion of substance and momentum transfer are of the same
order. According to the model while the liquid element passes the
cell length 1 along the interface there takes place momentum trans-
fer into the liquid depth of 1 due to viscosity and substance diffu-
sion into the accepting phase from the diffusion boundary layer of
5 VDt ,T=T ~l/v ~Ty~1 /\J Vo= interfacial velocity of the
order of v ~(71+7z) ‘ac‘/aCA,,C’ ac -change of concentration along the
cell, V ~ kinematic viscosity. Besides it is assumed that the change
of concentration in the boundary layer is of the order of bAC,
where 4,C - is the driving force of mass transfer, b -~ empirical
coefficient, specific for every system, reflecting the interaction
of diffusion boundary layer with the nucleus of the cell and deeper
layers of the phase. The above assumptions prove that the change of
concentration along the cell on the interface is proportional to the
driving force, i.e.A,C~ bA4,C 1 AC, and diffusion flux j through
the interface is as follows:

J -DbALC/S = b (? 07 )dO'/dC Sc (A.LC), (3)
where Sc=V/D - Semidt number,



A%
1
8Qf
1
co} S
b=0.012 4of
201
éo {o 80 +min S 10 15 ™m
?
Fig.3. Kinetic curve C(t) for Fig.4. Dependence A(m). 1 - cal-
diffusion cell. 1 - theory, culated from (4); 2 - experiment
2 - experiment [4 ] of N.I.Polomarchuk & A.A.Ermakov

It follows from formular (3) that the mass transfer coefficient
at SIC 4§ =3/ AC proves proportional to driving force: K = b2(71¥72}
do/dC sc ?qﬁJ)EKQL&Q. This result is qualitatively in accord with
the experimental data [ 4],

Formula (3) served as the basis for the calculation of the mass
transfer kinetics in various systems: diffusional cell, steady drop
and growing drop. For the diffusional cell with mixing there has been
obtained the following dependence of the concentration C on time:
c(t)=c0(1+pcOK;"t)(1+fsco(1+K;")t)"', P =K,S., where C, is the initi-
al concentration, K, - phase equilibrium constant, S,~ specific sur-
face. Fig.3 shows the obtained formula and the results of the experi-
ment [4].

For the degree of extraction A from the steady drop it follows
that A=1-(3b2Masc™/2Fos1)™7, Ma=a((9,7,)D) "ao7acac, - Marengoni
number, Fo ~ Fourier number, ACo - the initial driving force,

The following expression for the degree of extraction from the

growing drop has been obtained:

A=1-3n"2 (mcthn-1) (4)
m=5\/5b((71+72)‘1do'/dc(Ac)o‘t./a.)"/ 23¢=1/% @ .- the drop formation
time, a,- the drop radius. Presented in Fig.4 is formula (4) and

the data of the experiments carried out by N.I.Polomarchuk and A.A.

Ermakov.
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HYDRODYNAMICAL INSTABILITY IN EXTRACTION OF METALS l 3-26 l
BY DI(2-ETHYLHEXYL)PHOSPHORIC ACID (D2EHPA)

A.A.Pichugin, V.V.Tarasov, Ve.A.Arutiunyan, S.V.Goryachev, llendeleev
Institute of Chemical Technology, Moscow, USSR

On many occasions, chemical reactions and mass transfer are belived
not to affect the motion pattern of fluids™in the interfacial region.
This enables the hydrodynamic end mass transfer equations to be solved
separatly, a fact that simplifies the discription of the extraction
kinetics. It should be noted that is possible only under a very limi-
ted range of conditions -- that is, when the density and viscosity of
medium are independent of the concentration of the substance being
transferred, and when capillary forces do not make a significant
contribution to the sum of the forces acting on the interface. W hen
these conditions are absent, mass transfer may cause the fluid to move
in the interfacial region. This phenomenon is known as spontaneous
interfacial convection (SIC). SIC is known to be initiated by the
different mechanisms, but only the & - C mechanism, appearing due to
the llarangoni instability, plays dominant role during extraction [1,@

At present, SIC attracts great interest because of two main rea-
sons:

1. From the point of view of the dissipative structures introduced
by Glausdorff and Prigogine, the SIC furnishes impressive examples of
such structures.

2, SIC gives the possibilities of intensifying extraction by means
of non-power-intensive methods.

The causes engendering SIC are closely assosiated with the charge
of an electic double layer and interfacial chemical reaction, adsorp-
tion processes, surface association and formation of interfacial
£films. As it has been shown, during extraction of metals, SIC takes
place on many occasions where extraction is accompanied by process of
condenced interfacial f£ilm (CIF) formation [2]. The extraction of the
lanthanides and some actinides by D2EHPA furnish impressiv examples
of such phenomena. The study of the extraction kinetics in systems
consisting of two fluid layers existing in the tubes (d=1-3mm) without
stirring shown, that vigorous SIC take place during long-term period
of time (~60 s ) after the instant of phase contacting. In this
cases the nitud of mass transfer coefficient reachs the value of
8-10"2 om.8” « The irregular process of CIF formation along the
interface is the cause of hydrodynamical instability. Occurence of
the gradients of interfacial tension gives rise to oscillatory motion
of interface, which gives rise to convection in interfacial region.
During extraction the convection die out and cease oompletly after
formation at the interface continuous CIF. If take off the part of the
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CIF, mass transfer through "fresh" interface gives rise to SIC. The
spontaneous break of continuous CIF and appearance SIC often take
place. Sometimes such unusual process is periodic in time during
extraction. In these cases we observe unusual kinetic curves (Fig.1) of
extraction.

q ; 1-regime of molecular
2 diffusion
2-SIC
1 3=-5IC
4-SIC
t

Fig.1. The view of the unusual kinetic curves in extraction accompa-
nied with SIC. Recieved by STCM

Occurence SIC depends on the values of concentration of extractant
and extractive substanses. We revealed the critical wvalues of concen-
trations of metals ( La, U, Th ) and D2EHPA. If the concentrations
values are greater than the critical values, mass transfer certairly
glves rise to break of hydrodynamical stability of interface. Ve have
determined, that concentrations renges of occurence of SIC were wide
and lay between 10'1g/L and 300 g/L for concentrations of metals, and
between 10"°M and 1-2 M for concentrations of extractant (Fig.2).

(¢} M
Me?
1073 5.1072 1072

T
A

0.4 f
U
Cp2gmpa M f
0.6

6 -

A | E

Fig.2. The concentration conditions of the SIC occurence in rare
metals extraction by D2EHPA

The study of extraction kinetics in these systems shown, that both
extraction rate and regime of SIC strongly depend on the ratio of
thicknesses of layers of contacting phases. The critical value of the
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Fig.3. The influence of the value of the ratio of phase thicknesses
on the rare metals extraction rate by D2EZHPA. Recieved by STCM

ratio occures every extraction system, wich was studied. If the value
of ratio is equal to the critical value, the extremum of extraction
rate occures (Fig.3).

Thus, the value of ratio of thicknesses is the factor of instabi-
lity. This conclusion are consistent with some results of theoretic
linear perturbation analysis of surface-tension-driven convection at
a plane interface [3],

Structure of hydrodynamical motions in interfacial range was indi-
cated by means of filming. If the value of ratio of thickness is not
equal to the critical value, SIC is the circular cells with diameter
as high as 1 cm. In this case the value of Reynolds number (Re) can be
as nigh as 150-200. If the value of ratio of thickness 1s equal to
critical value, the hydrodynamical motion is the vigorous arruptions.
The size of the such motion can be as high as 2=3 cm and the minimal
value of ke reaches 2000,

This study show that interfacial surface of the largesized drops
(with diameter 3-5 mm) furnish more hydrodynamical stability than
plane interface. By this cause mass transfer through plane interface
was more intense.

Small additions of the some SAS (dodecanol for example? can give
rise to break of hydrodynamical stability.
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INTERFACIAL INSTABILITIES IN EXTRACTIONS WITH CHEMICAL REACTION [h]
E.S. Perez de Ortiz and M.A. Mendes Tatsis, Imperial College, il
London, UK

Interfacial . convection of the Marangoni type in liquid-liquid systems
was first studied theoretically by Stermling and Scriven [1]. By
analysing the interfacial respanse to a perturbation of the interfacial
concentration of a single solute diffusing across the interface of two
immiscible phases they derived stability criteria that have been confirmed
experimentally.

The presence of the same phenarena in binary liquid-liquid systems,
where the phase rule precludes interfacial variations of concentration, if
the interface is assumed to be at equilibrium, led Ortiz and Sawistowski
[2) to propuse a model for temperature driven interfacial flows. Their
derived stability criteria for these systems have also been confirmed
experimentally [3]. The extension of this analysis to ternary systems
where mass transfer is accampanied by heat effects indicated that
thermally driven interfacial flows may change the stability criteria for
interfacial stability. Ruckenstein et al. [4] studied the interfacial
behaviour of a reacting system. They found that the stability criteria
for a system with a chemical reaction taking place in the bulk of one of
the phases were not the same as for pure mass transfer. The conditions
under which instability occurs change even with small values of the
reaction rate constant. Thompsan et al [5) dbserved strong Maragoni
stabilities during the extraction of uranium by tri-n-butylghosphate (TBP)
in both odourless kerosene and hexane. Application of Sternling and
Scriven stability criteria to these systems predicts interfacial
turbulence only in the system using kerosene as organic diluent. Ortiz et
al [6) studied theoretically the interfacial response to perturbations of
tamperature profiles due to the heats of reaction. They found that the
derived stability criteria explained the abserved behaviour. However,
their analysis does not include the dynamic effect of the chemical
reaction, which in this case is reported to be interfacial.

In this work a linearised stability analysis is applied to an
extractive system with an interfacial chemical reaction.

Physical Model. The system cansists of two immiscible semi-infinite
phases. A solute A, present in the aqueous phase, reacts with cawanent B
of the organic phase according to the following equation

A+B_P
species A and B are insoluble in the organic and agueous phases

respectively. Therefore the extraction of A can only take place through
chemical reaction. The locale of reaction is at the interface. It is
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assumed that the system is at steady state and extractant B is in excess.
Under these conditions the cancentration profiles are as shown in figure 1
Stability Analysis. The mathematical procedure follows the linearised
stability analysis as used by Sternling and Scriven. A perturbation, of
the form F(x, y. t} = fix)exp (lay) exp (Bt), is imposed on the
steady-state velocity and cancentration profiles and the dependence of the
growth constant, B, with the wave mmber, a, is obtained by simultanecus
solution of the Navier-Stokes and diffusion equations.

C\ Cs
| x=0
\ Fig. 1.
Cy Concentration
profiles

The following boundary canditions at the interface are specific to this
prablem:
(1} the interfacial tension, 4o, may vary with the cancentration of
both A and P:
doo doo oC doo adC,
—_— _A + — _P (2)
oy 0CA ay GCP ay
(ii) the interfacial rate of transfer is governed by the reaction
kinetics, i.e.

NA = kch CB - k; CP (3)
and
OCA
DAH +h(CP_MCA)=O' (4)

The rest of the required boundary conditions are the same as for
the pure diffusion case studied by Sternling and Scriven.
Characteristic equation | Simultaneous solution of the Navier-Stokes and
diffusion equations leads to the following characteristic equation:

[B1] - Z [(B2] = B (X4] [H4] (5)
where
" h
B===—— B Z =
% Lp VP&
HA g
M= (L+p) = (1+Dp) #—
P A"
2 qu
He=2-4d qP+zMr§

Bl = £ (r?, e?, 42, q, p, CA/CP)
B2 = £ (r?, e?, 42, q, p, TA/CP)
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Analysis of the characteristic equation.
Equation (5) was solved for three cases:

(1) r?2 ¢ e? (r? = 1.5, e? = 2)
(2) r? = e? (r? = 2, e? = 2)
(3) r2 » e? (rz = 2, e = 0.5)

n

and for each one the effect on the growth canstant of the forward reaction
canstant, k,, was investigated. Figure 2 shows that for the same wave
nunber (a) the growth constant (B real) decreases as k, increases.

These results seem to indicate that for the canditions of figure 2 the
reaction rate is a stabilising factor. This can be interpreted as a
dynamic effect.

Since the perturbation impased on the system produces a local change of
solute cuncentration at the interface, the faster the reaction rate the
sharter the time for the perturbation to dissipate. The variation of B
with a at constant k, is shown in figure 3, where a decrease in B with

20
Fig. 2.
For a = 1909 m-* and
o 10 L ra e?
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o 2 2
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108 1077 1078 107 T ’
kqy, m/s
24 )
1) Bigl-_ 8,
16 (1) k, =10°" /s
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- = -7
& g (3? k, = 10°7 m/s
@) (4) Sternling and
:ﬁ— Scriven's model
4] "
0 400 800 1200 1600 2000 2400
a m_l

increasing k, is also cdbserved. In this figure the points cbtained for
purely diffusional systems show a less stable trend than when the forward
reaction rate constant, k, is of the order of 10-sm/s.

Canclusions Marangani instabilities in a system with an interfacial
chamical reaction are not only influenced by the parameters (r? and e?)
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described by Sternling and Scriven, for termary systems, but also by the
forward reaction constant (k,). In the range of values investigated and
for the wave number (a) the growth constant (B) is always higher (systems
more unstable) for the "reacting system" than for the “"diffusing system".
However, when the reaction is very fast, equilibrium is reached at the
interface, and the values given by the two models are quite similar.

Under similar conditions, there may be cases when a system with an
interfacial chemical reaction is more stable than a system with pure
diffusion only.

Notatiaon

A =phase A ( X < 0) M=k, CgK,

B = dimensionless growth constant NA = flux of species A
C = cancentration P = phase P (x>0)

d = WVP P = rr'z—wav-\rp

D = diffusivity q = VTT'WET'U;

h = reverse reaction constant B = viscosity

k, = forward reaction constant W = camposite surface
k, = reverse reaction constant viscosity

L = undisturbed concentration gradient v = kinematic viscosity
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MASS EXCHANGE INTENSIFICATION IN INDUSTRIAL EXTRACTION

SYSTEMS BY SPONTANEOUS INTERPHASE CONVECTION 3-28

A.A.Ermakov, M.G.Slinko, N.I.Polomarchuk, V.I.Shatokhin, All-
Union Research Institute of Herbicides and Growth Regulators, Ufaj
Carpov Physico-Chemical Research Institute, Moscow, USSR

The concentration-capillary convection, conditioned by dependence
of interfacial tension on concentration of redistributed component
(spontaneous interphase convection - SIC) considerably increases the
rate of mass exchange. Realization of SIC intensive regimes in in-
dustrial conditions is one of the basic research tasks in this field,
But if the processes of elemental act of mass transfer both through
the flat interphase boundary and from individual drop in SIC regimes
are studied in details E1-3], the complex systems simulating real
conditions of mass exchange in industrial processes, for example in
dispersed liquid-liquid systems, are insufficiently studied and are
not described in literature.

In this connection the influence of SIC on extraction processes
effectiveness in counter current gravitational column apparatus was
studied. The analysis was carried out on laboratory, pilot and in-
dustrial scale column apparatus of different construction, using
both models and real extraction systems. Glass columns: an atomizing
one and with the sieve plate 0.05 m in diameter and 0.5 m in height
were used as the laboratory apparatus. Pilot scale column extractor
with "X"-like contact elements [4] had 2.1 m in height and 0.15 m in
diameter (operative part). An industrial extractor, equipped with
"X"-like contact elements, height of the operative part - 4.2; dia-
meter - 0.4 m is used today. All tested extractors were equipped
with the systems of samplers, allowing to determine the concentra-
tion change of transferred material in phases along the height of
column.

To identificate SIC regime and to value its influence scale on
the laboratory extractors effectiveness, a method of testing for
masstransfer regimes [5] was used. This method is based on the stu-
dy of simaltaneous one-way transfer of 2 materials, when one can
judge about the masstransfer of one material (a test one) by the
known kinetics of redistribution of the other (basic) material.

A test material in small doses does not affect SIC, conditioned by
masstransfer of the basic component. We used this method for stu-
dying the SIC method in column extractors, comparing individual
transfer kinetics from carbon tetrachloride drops to water solution
K1 (solid phase), when the process is in diffusion regime and its

combined transfer with acetic or propionmic acid, when the presence

of SIC is clearly pronounced.
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Fig.1 shows variation of dimen- e -Cp
sionless iodine concentration = E:TE;
value in disperse phase along
the height of the spraying
extractor. It is seen from
the figure, that SIC occuren-
ce during carboxylic acids
transfer considerably enhan-
ces iodine masstransfer.
Hence, in the process of mass
exchange SIC can essentially
influence the extraction ap-
paratus effectiveness and the
height of its operate parts
as well. So, for curves 1 and

3 (£ig.1) mean values of the PFig.1. Dimensionless iodine concen-
given iodine masstransfer co-

o4 o2 03 o4 o5H,m

tration value variation along the
fficients are: K,=3.3.10"d }

STIrl Clen: 3 ei 157 » height of the column, during iodine

Ky= 5.8:10 “m ', and the co-  {rangfer (C = 0,05 kg-n/m>): in the

lumn height, which is neces- spraying column - 1 - alone;
sary for the 90% iodine ex- 2 - combined with propionic acid
traction from disperse phase- (C,= 0.7 kg—m/mB); 3 - combined with
Hi= 0.98 m; H3= 0.53 m. acetic acid (Co= 0,4 kg-m/mB);

It is more effective to 4 - combined with acetic acid
use SIC regimes in sectioned (co= 0.4 kg-m/mB) in sectionized
columns (Fig.1, curve 4). column

This is conditioned by: first-

ly - frequent coalescence and redispergation of giving-up phase ensu-
res constant concentration levelling of the transferred meterial in
the whole drop volume, thus maintaining high SIC intensity; secondly,
sectionalizing of the column presumes a short-term contact between
phases in the range of one mixing zone, thus allowing functioning in
the maximum SIC development range and increased the masstransfer: co-
efficient.

Figure 2 shows the variation nature of the Nu-criterium mean value
for eaeh separate stage of the contact along the sectionalized column
apparatus height. It is seen from the figure that SIC occurence
allows more than sixfold increase of the extractor contact stage ef-
fectivity. After the 4-th stage of the contact SIC regime is not ob-
served, since acetic acid concentration at this point of the column
is below the critical one and the degree of iodine recovery is 90%
(See fig.1, curve 4). Por comparison-degree of iodine recovery during
individual transfer (See curve 2, fig.2) after the 4-th stage accounts

only 46%.
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The massexchange study on the pilot unit was carried out with the

aim of developing the industrial process technology of chlorophenols
impurities extraction from 2,4-dichlorophenoxyacetic acid dimethyl-
amine salt. Preliminary laboratory studies revealed the extragent
(perchloroethane) and technological regime parameters, securing ma-
ximal SIC development during masstransfer. At this point critical

-2
Nu10™ g

A, o

»

7

Section number

- 4
0
o
I
Be
.

Figure 2. Variation of the criterion Nu value for iodine on a sin-
gle plate along the column height during extraction: 2 - iodine
alone, 1 - iodine with acetic acid

qu‘fo.a
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oM ) 1,2 ' 2,0 ' 2.8 N 36 4,0
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Figure 3. Variation of the criterion Nu value for chlorophenols on
E_EIEEIg_plate along the column height during extraction with per-
chloroethylene. Concentration of chlorophenols in starting soluti-
on of 2,4-D dimethylamine salt (C ): 1 - 1.24% mass.,

2 - 2.55% mass., 3 - 4.48% mass. o - data from industrial unit,

C0 = 2.17% mass.
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concentration of chlorophenols in raw materials solution, when SIC
appears accounts 0,2% mass., what is below the given degree of water
solution cleaning. Thus, the recommended regime allows realization
of the whole extraction process in the SIC conditions..

While determining the criterion Nu value from kinetics data on
chlorophenols concentration variation in phases along the column
height for each single plate, it may be seen (see fig.3, curves 1-3)
that appearance of SIC increases the rate of masstransfer on the
first plates (along the disperse phase) almost 4 fold, as compared
with the final rate (at the end of the process), when SIC does not
appear any more. And, irrespective of initial chlorophenols concen-
tration in raw materials solution, SIC stops, when the critical chlo-
rophenols concentration in disperse phase is reached.

Studies on the industrial unit for 2,4-D dimethylamine salt water
solution extractional cleaning from chlorophenol impurities by per-
chloroethylene fully confirmed the results of laboratory analyses and
demonstrated the real potential of SIC use for massexchange intensi-
fication in industrial extraction processes.
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INTERFACIAL EFFECTS AND FORMATION OF THE DOUBLE ELECTRIC l 3-29
LAYER AT THE BOUNDARY SURFACE OF TWO IMMISSIBLE LIQUIDS =

N.Ph.Kizim, S.V.Dobrydnev, Mendeleev Institute of Chemical
Technology, Moscow, USSR

Introduction. The spreading phenomenon in the surface layer of two
immiscible liquids has not been the subject of numerous publications
/27. Data on the determination of the interfacial jump potential are
limited /2/. At the same time such information has a great importance
for interfacial effects at the extraction /37 and especidlly at the
membrane extraction when donor and acceptor phases are separated by
the thin layer of the immiscible liquid.

The aim of this work was to study the spreading phenomenon and
interfacial instability of phase interface 1,2-dichloroethane (DClE)-
-water (0,1 kmole/m3K01) in the absence and presence of tetraethyl-
amonia chlorides (TEACl) by the dynamic condenser method (DC). The ap-
plication of this method is due to the high sensitivity dealing with
the surface layer changes.

Experimental. The new structure of the experimental cell was sugges-
ted for studying of spreading phenomenon and interfacial instability
of phase interface liquid - liquid by DC method. A vebrating electro-
de was in the air and made some periodic oscillation to the auxiliary
electrode, connected with the other electrode by galvanization and
presented in organic interface. The experimental data have been re-
corded by the automatic potentiometer and oscillograph with memory.
The experiments were carried out according to the next technique.
Glass cell was filled up 1,2-DClE (chemically pure) and then 0,1 ECl
kmole/m3 aqueous solution. After that it was kept for 24-26 hours un-
til equilibrium set up at the interface liquid-liquid. The drop of
TEAC1 aqueous solution was formed on the end of glass capillary 6
(fig.1a) in DClE phase and was kept for 30-40 min in order to set up
the adsorption equilibrium at the interface drop-DClE. Then this drop
was pressed out into DClE. Having surfaced at the interface this drop
has changed the interfacial jump potential registered with the help of
the metering circuit of the experimental installation. If the plaoe of
the interface surface (where the drop is) was isolated from the rest
surface by the glass tube (fig.1) the change of electric potential
would not be shown. When studied the liquid contact processes 0,1
kmole/mBAKCl aqueous solution has been placed in the teflon tube 8
(fig.1c), then we recorded the electric jump potential changes after
its contact with DCl1E.

The dependence on time of the electric potential change at the in-
terface water (0,1kmole/m3KCl)-DClE ig shown in the fig.2 with TEACl
different concentrations in this drop. Figure 2 shows that the in-
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terface jump sharply changes according to the absolute value and

then slowly relaxes to some constant value. The first section of these
experimental curves is due to TEClA spreading, its speed being raised
according to the TEACl concentration increase in the drop on reaching
of some constant value (table).

Spreading time dependence on TEACl concentration in the drop

TEACl concentration, |
o)

knole/m 0,01 0.05 0.1 0.5 0.88

Spreading time, s 1.58 0.56 0.48 0.45 0.44

.

At the initial TEAC1l 0.05 kmole/m5 concentration and below it
the interfacial Jump of potential achieves its first value, at hig-
her concentrations the interfacial Jjump of potential decreased with
respect to its first value and the higher the concentration of the
TEACl solution, the greater is the deflection away from its fipst
value.

The change of the interfacial jump potential has a damped oscil-
lation mode at the contact of DClE with KCl (0.1 kmole/mB) aqueous
solution (Fig.3). The first oscillation period is 2 min and the
next - more less. After 8-10 minutes from the beginning of this
experiment the ¢scillations of interfacial Jjump potential values we-
re not observed.

Discussion. In the course of the experiment the equilibrium had been
observed when the drop was without any break from the capillary at
the interface liquid ~ liquid. When surfacing on the DClE - water
(0.1 kmole/m’ KCl) boundary the drop contacts with interfacial film.
If achieved the critical thickness it destructs, the region is for—
med at the interface. where TEACl concentration is higher than in the
surrounding solution. The local gradient of the concentration is due
to the presence of the interface tension gradient causing the sprea-
ding in the surface layer, the speed of this flow being proportio-
nal to the surface activity of the adsorbed substance (TEACl ) and
the concentration gradient, Hence the higher adsorbtion, the smaller
is the spreading time, However at the saturation of monolayer the
TEACl concentration increase must not result in the flow time change.
The decrease of the interfacial jump potential change in absolute
value after maximum point (Fig.2) is connected with the formation of
the double eleotrical layer (DEL) at the interface liquid - liguid.
The lowering of the interfacial jump of the potential in absolute
value at the flow is due to the participation of TEA* cations which
form the dense part of the double electrical layer. The Cl~ anions
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b)

c) .11

Pig.1. Experimental cells for interfacial potential
measurement

1 - glass cell; 2 - reference electrode; 3 - vibrating
electrode; 4 - 0.1 kmol/m3 KC1l aqueous solution; 5 -
1.2-dichloroethane organic phase; 6 - glass capillary
with tetraethylammonia chlorides aqueous solution; 7 -
glass tube; 8 -~ teflon tube

aX ,mV
30

20 \

4 T——
\\Q’::\\j\“_—‘
" \“\5\ .
10 éO 30 40

time, 8

Pig.2. Interfacial potential change at the junction of
TBAC1 aqueous solution and KC1l aqueous solution

TEAC1 concentration, kmol/me 1 - 0.0132 - 0.05; 3 -0.1;
4 - 0.5; 5 - 0.88
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Fig.3.Sporncaneous oscillation '%,mV

of interfacial potential
104
50
Y .
2 4 6
time, min

are the counter—ions in the diffusion part redistribution of these
anions and K' ions between near surface and surface layers of water
phases define the kinetics of the interfacial jump potential. There-
fore the change of the interfacial jump potential doesn't achieve
the first value. The oscillatory character of the interfacial jump
potential change at DClE and water (0.1 kmole/mBKCI) contact is

due to the hydrodynamic instability of the interfacial surface in
consequence of the presence of local gradients of interfacial temsion
and density in the mutual saturation process of liquids.

Conclusion. The use of the dynamic condenser method in the variant
developed by these authors for the investigation of the interfacial
phenomenon at the interface of two immisible liquids gives a possi-
bility to get useful information about spreading processes, hydrody-
nawic instability of the surface and the development of surface
convection, DEL formation kinetics. It was shown that the spreading
process during the bringing of the drop with TEAC1l aqueous solution
on the surface section 1,2-dichloroethane-water (0.1 kmole/m3 EKC1)
proceeds quickly, the spreading time depending on the TEACl concent-
ration. It was found that the spontaneous oscillations of the
interfacial jump potential, quickly damped according to time took
place at the DCIE ~ water (0.1 kmole/m> KCl) contact.
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METHODOLOGY FOR CRUD CHARACTERIZATION 3-30 |
G.M. Ritcey and E.W. Wong, Ottava, Canada

Introduction

Common to all or most solvent extraction operations in the
mining industry 1is the problem of stable emulsions and the
eventual formation of cruds. The «crud can constitute a major
solvent loss to a circuit and therefore adversely affect the
operating costs. Because there can be many causes of crud
formation, each plant may have a «crud problem wunique to that
operation. Factors such as ore type, solution compositiion,
solvent composition, presence of other organic constituents,
design and type of agitation, etc. can adversely affect the
chemical and physical operation of the solvent extraction
circuit, and result in crud formation.

Crud is defined as the material resulting from the agitation
of an organic phase, an aqueous phase, and fine solid particles,
that form a stable mixture. Crud wusually collects at the
interface between the organic and aqueous phases. Other names
that have been used for the phenomena are grungies, mung, gunk,
sludge, etc.

Previous papers by the authors on crud have detailed the
causes and treatment of crud in various circuits, which include
such factors as ore type, solution composition, presence of other
organic constituents, design and type of agitation, etc. (1,2).

However if the important problem of crud prevention is to be
solved, then an understanding of the «crud itself is necessary.
This paper 1is therefore the result of continuing investigations
at CANMET in characterization of crud. To demonstrate the
methodology being used, three separate examples of plant crud are

described.

Procedure

Samples of fresh crud from the circuits are examined
microscopically, visually and analysed for chemical and mineral
constituents. 1In addition, various leach tests are performed to
determine as much as possible of the history of the crud
formation. Based on the conclusions and subsequent verification
in the plant, and changes in the plant operation, the problem of
crud may be eliminated or minimized.

Results

The following are examples of three crud materials. Because
each crud is different, slightly different methodology may be
applied in the examination.
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1) Physical Appearance
a)  Crud No. 1
The crud has the appearance of a gelatinous, dark green,

slimy, material which contains a large amount of solvent together
with a smaller proportion of aqueous (50% organic, 15% agueous)
and 30-35% solids after centrifuging. The crud originated from a
solvent extraction circuit for «cobalt recovery and separation
from nickel.

2) Chemical Analyses

a) Samples of the crud were acetone washed, the residue
separated and analysed by XRF for semi-quantitative analyses.
This particular crud analysis indicated the major constituents to
be Si and Ni with the minor constituent being Fe.

b) Scanning Electron and Qualitative Energy Dispersive

Analysis

The analyses showed the crud to be amorphous, flaky to
gelatinous mixture of soluble nickel chloride and insoluble
silica.

Leaching Tests

As a means to determine the characteristics and history of
crud formation, certain leaching tests have been useful. 1In the
case of the Example No. 1, in which 2.0 samples of the crud were
slurried in 50-100 mL volume of various leachates, the results of
weighing the leached residues and XRF analyses indicated the
following:
- the lowest Ni in the residue occurred with H2504
- the lowest Si in the residue occurred with NaF and/or acetone

- the order for Ni solubility was H,50, > H,0 > NaCl > NH4C1 >
NH40H > HCOOH > NaF

The conclusions from those tests were:

a) the Ni present in the crud is easily solubilized and is not

bound intimately with the Si (because of the good solubility in

Hzo, HZSO4, salt solutions and NH4OH).

b} Si exists as a precipitate in that it is readily dissolved in

the presence of fluoride.

c) a high organic component of the crud was indicated by the

fact that varsol 140 and acetone were effective in breaking the

crud.

d) analyses of the leachate for phenol (often a cause of crud)

indicated none present except in the water leach, which could be

concluded that phenol was present in the circuit and may have

been a contributing factor towards the crud formation. The

results of these tests and subsequent crud generation tests

indicated the following:
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1) the crud is composed of mainly Si and Ni and is an amorphous,
flaky to gelatinous material.

2) treatment with various solutions can break-up the crud and
solubilize the Si and/or Ni.

3) fluoride ion or a suitable surfactant polymer can be added to
the aqueous phase prior to SX to prevent or minimize crud
formation.

4) organic continuous is preferred to minimize crud formation.
5) high shear in such a system is a major factor in crud

generation.

Case No. 2

In this example the problem consisted of a crud formation in
the strip circuit of a copper circuit from heap leaching. There
was interfacial <crud (thick, brown almost compact material) as
well as solids (slimes) in the agqueous layer which had the
appearance of ore fines. The plant solvent was almost black in
color - considerably darker than the normal deep amber of fresh
solvent. The crud was a thick, brown almost compact material.

Initial tests with fresh organic indicated that crud could
still be generated following emulsion formation, indicating
neither the diluent nor the extractant was responsible for the
crud. Contact of the plant feed solution with 10% H,S0, (to
remove copper) followed by a caustic wash resulted in the removal
of the dark color, although contact with fresh feed again
produced some crud. Infrared analyses on the plant organic
indicated no carboxylic or humic acids, but the caustic treatment
resulted in the removal of several IR peaks. This would indicate
the presence of some degradation products of the solvent system
or the presence of organic additives in the 1leaching or
electrowinning circuits.

XRF analyses of the slimes indicated Si (major) together
with Al, Ca. The crud contained Si (major) at about 0.1 the
concentration of the slimes. The slimes were identified as ore
fines.

Leaching Tests and XRF Analyses

Samples of the crud were leaching in various leachants and
certain of the residues (showing the greatest weight change) were
analysed by XRF. The results indicated:
1) the copper in the «crud is easily solubilized and does not
appear to be intimately bound to the silica.
2) the crud is apparently high in organic content as indicated
by the essentially white sand remaining after treatment with
acetone or methanol.
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3) H,0 leaching reduced the total mass but did not solubilize Si
and Al.

4) NacCl, NaF, stod, NaOH and acetone all solubilized the Si and
Al, indicating both are present as colloids or as amorphous
precipitates.

Case No. 3

A stripping crud from a wuranium circuit consisted of
yellowish, waxy material with a dough-like consistency. The
solids crud could be separated from the aqueous and organic

phases by stirring and centrifuging.

Leaching of 150 grams material in concentrated (28% NH ,OH)
resulted in the separation of the phases, with approximately 50%
light yellow organic, 30% dark blue organic (major Mo) and 20%
yellow aqueous containing 20 grams white precipitate. The
precipitate analysed 15% Sioz. Acetone 1leaching produced a
residue with the principle constituents being Mo, Si, Mg, Al.
Analyses of residues obtained after 1leaching in water, HZSO4,
NH40H, NH4C1, NacCl, NH4F showed Mo as the major constituent.

In addition to the characterization of the cruds, possible
solutions to the crud problems are also presented.
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SCALE-UP OF LIQUID-LIQUID DISPERSIONS: fre=
EFFECT OF NON-ISOTROPIC TURBULENCE ‘ 3-31 |
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Department of Chemical Engineering & Chemical Technology
Imperial College of Science & Technology, London SW7, UK

Introduction . Different scale-up criteria exist for liquid-liquid dispersions in stired tanks
of which constant power input per unit volume and equal tip speed are widely used.
The former is expected to apply in systems that follow Kolmogoroff’s theory of local
isotropic turbulence while the latter indicates the presence of non-isotropic turbu-
lence. A study of n-heptane - water and (DEHPA + n-heptane) - (Na,SO, + HSO, +
water) systems indicated that they follow the equal tip speed criteria for scale-up but

showed an a, =« N2 form of dependency of Sauter mean diameter (a,) on stirrer
speed (N) which is in accordance with equations derived from local isotropy
considerations(1,2). This discrepancy may be taken as evidence that turbulence in
these systems is not fully isotropic but the flow field inside the tank is composed of
different distributions of isotropic and non-isotropic regimes that result in an overall
performance resembling a local isotropic field within one tank size. The distributions of
these flow regimes may change with tank scale thus affecting the dependence of the
velocity fluctuations across the drop diameter on the geometric and hydrodynamic
properties of the system.

In this work a model is proposed that includes isotropic and non-isotropic drop
breakage and coalescence and simulated results are compared with experimental
determinations of drop size distributions in three geometrically similar tanks of different
sizes.

Experimental. Three geometrically similar tanks of standard configuration were used.
The tank diameter ratio was 1:2:4 the smallest tank being 11 cm in diameter. Two flow
regions were established, the impeller one with high non-isotropic turbulence compo-
nents and the circulation region with no significant variation in the dispersion
properties. Drop diameters were measured using flash microphotography at geometri-
cally similar positions in the three tanks. Both equal tip speed and equal specific power
input per unit volume scale-up criteria were investigated for different hold-up fractions.
The change of a,, with N was also investigated. Experimental results are shown in fig.(1)
and fig.(2).

Theoretical . The model proposed combines isotropic and anisotropic drop breakage
and coalescence by introducing the corresponding velocity fluctuation expressions in
the phenomenological equations derived by Curd et al. and Coulaloglou and
Taviarides(3.4.5).

The basic expression for the breakage frequency is

Ly (a)]m [
=k — —_— 1
8.(a)=k, o €X| _kzp‘am (¢}

and for coalescence frequency
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where uX(a) is the mean square of relative velocity fluctuations across the drop
diameter, g,(a) is the breakage frequency of a drop with size a, f(a.a’) is the
coalescence frequency between two drops of sizes a and a and the subscript x
indicates the turbulence type.

The structure of the flow field is infroduced in these equations through the expressions
for uX(a) . For isotropic fields the velocity fluctuations is given by &, (@)=e"a*(1 +¢)? (case
1). Two expressions were used for non-isotropic turbulence. In the first one the velocity
fluctuations were assumed to be proportional to the main stream flow i.e.
ul(@)<(ND/(1 + §))? (case 2) while in the second expression it was assumed to be solely
controlled by the spatial velocity distribution, i.e. uZ(@)<®Na/(1 + )y (case 3) (9).

When more than one criterion of turbulence coexist in the tank, the combined
breakage and coalescence frequencies are respectively given by :

gla)= ?8,(0) 3)
and
fa.a)= );f,(a d) @

Examining the three cases for the dependence of log(a,,) on log(N). case 1 (isotropic
turbulence) gives a slope of -1.2, case 2 gives a slope of -2. while case 3 results in a
slope equai to -.66. Data reported in the literature (4.6.7.8.9.10) shows a slope between
the limits -2. and -.66 with most of the data around -1.2. A proper combination of the
three expressions can give any value for the slope in the interval of -.66 to-2.0..
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Fig. 1, Scale Effect on Interfacial Area

Simulation Model . The combined expressions for breakage and coalescence were
used in conjunction with a Monte Carlo simulation madel! that utilizes the Interval of
Quiescence (1Q) time management method.

The algorithm starts by creating a uniformly distributed sampie (typically 400 drops)
and assigning the storage area required for drop attributes which are : size, breakage
and coalescence frequencies and age. The simulation run is divided into variable
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length simulation cycles the lengths of which are determined by the system activity
during the preceeding cycle .

The cycle starts by evaluating the system status (i.e. breakage and coalescence
frequencies) then event cycles start. An event cycle starts by calculating the 1Q then
determining the type of event to take place during the cycle as well as the drops
taking part in it. The possible events are binary breakage, coalescence and circula-
tion. All other events are considered to be of low probability. After the event execution
the system attributes are locally updated and another event cycle is executed until
the time assigned for the simulation cycle is elapsed.

At the end of each simulation cycle the system is tested for the attainment of steady
state which is defined as the Sauter mean diameter being constant over three
consecutive cycles. Simulation cycles are repeated until steady state is reached.
Results . The results obtained by simulation are in good agreement with the
experimental ones. This applies to the Sauter mean diameter as well as the drop size
distribution. Experimental and simulated results are shown in fig.(3) for a, and in fig.(4)
for drop size distribution.

Hg.(5) shows a comparison between the distribution obtained using only the
non-isotropic part of the combined model and the distribution given by the Isotropic
model. The two models give similar Sauter mean diameters but with totally different
drop size distributions. The one skewed to the left results from non-isotropic turbulence
while an ideal isotropic system gives a normal distribution. Both distributions are
different from the one obtained experimentally which agrees with the combined
model as shown in Fig.(4).

Conclusions. A model that combines isotropic and non-isotropic turbulence has been
used to simulate drop size distribution in three tanks of standard configuration and

different sizes. It is shown that the dependence : a,, =< N2, which is usually attributed to
a fully isotropic field, can also be obtained in a combined field. In the latter case the
drop size distribution is not nomal. For the system studied experimentally the observed
scale-up criterion of equal tip speed was also satisfied by the simulation model.
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Nomenclature

(ot drop diameter c surface tension

Q, Sauter mean diameter o dispersed phase fraction
D impeller diameter p density

K, ..... k, constants(eqns 1 & 2) subscripts

N stirrer rotational speed (S continuous phase

i viscosity d dispersed phase
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Introduction. The organophosphorus compound bis(2,4,4-trimethylpen-
tyl)phosphinic acid (BTMPPA, denoted by HR) is the active component in
the commercial extractant Cyanex 272 by American Cyanamid Company [1].
When CYANEX 272 is used in sodium or ammonium salt forms a third phase
may be formed. In order to throw light on the regularity of the third
phase formation we have determined the phase equilibria for the model
system water/n-hexane/Cyanex272 in the presence of varying amounts
of NaOH. 1In this system we could detect a macroscopically one-phase
region, which proved to be a microemulsion. The concept microemulsion
covers isotropic and thermodynamically stable solutions consisting of
oil, water and one or several surfactants [2]. In the present case the
sodium salt of the extractant acts as the surfactant. For review on
microemulsions see reference [3].

Experimental. Cyanex 272 was used either without purification or as
pure BTMPPA isolated from Cyanex 272 according to the previously
described method [4) utilizing the microemulsion formation in the
water(NaOH)/n-hexane/Cyanex272 system as in the three-phase region
BTMPPA is preferentially partitioned into the middle phase. The purity
was checked by gas chromatography. The phase equilibria and solubi-
lization capacities were determined by mixing the components in am-
poules. All samples were equilibrated at 25 ©C for at least one day;
the most viscous samples one week. Phase transitions were detected by
visual inspection, in some cases accentuating with a laser beam as the
light source. The 1liquid crystalline phases were identified by means
of polarization microscopy. The water contents in organic phase were
determined by Karl-Fischer titration following centrifugation at 3000
X g. Viscosity measurements were made with Ubbelohde type flow visco-
simeters and densities were measured with an Anton Paar Model DMA 46
densitometer. If not otherwise stated all measurements were made at
25°c.

Results and discussion. The pseudo-ternary phase diagram for the
system 2.4 M NaOH/n-hexane/Cyanex272 is shown in Fig. 1 in which the
number of liquid phases that coexist in equilibrium is indicated as
3L, 2L, and L. It should be emphasized that this is not a pure three
component system, since the number of components exceeds three; water
contains also NaOH and Cyanex 272 is a mixture of several compounds.
The batch used in the experiments contained 88 w-% BTMPPA, the rest
being mainly alkyl phosphine oxide and a small quantity of 2,4,4-
trimethylpentyl phosphonic acid. Within the three-phase region the oil
phase and the aqueous phase are in equilibrium with a middle phase
whose composition according to the Gibb's phase rule should be
constant and correspond to the composition at the Isothermal Invariant
Point (IIP); the analyzed H0 content in the middle phase in various
points within the three-phase region agreed well with the composition
at the IIP according to the phase diagram, i.e. about 26 w-%. The
solution phase L is formed spontaneously without agitation. It |is
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Fig. ). Pseudo-ternary phase diagram for the system
2.4 M NaOH/n-hexane/Cyanex272 at 25°9C. Concentrations are
given as percentage by weight. D includes also D+L

optically fully transparent and isotropic. The viscosity increases
strongly along the dilution line towards the binary H0/Cyanex272
axis; 0.59 cP for 84 % hexane and 12 cP for 40 % hexane at a fixed 2.4
M NaOH/Cyanex272 weight ratio of 51/49. The corresponding conductivi-
ties are 0.01 mS/cm and 1.6 mS/cm, respectively. Our preliminary re-
sults in collaboration with T.W&rnheim by means of FT Pulse Gradient
Spin Echo NMR diffusion measurements imply a bicontinuous structure in
the microemulsion.

Surrounded by the isotropic one-phase region, L, there is a small
anisotropic region denoted by D in Fig. 1. This viscous phase on the
binary H0/Cyanex 272 axis was identified to have a lamellar liquid
crystalline structure. X-ray diffraction measurement on a hexane-free
sample containing 42 w-% pure BTMPPA and 58 w-% 2.4 M NaOH gave a
repetition distance of 3.41 nm at 20°C. We were not able to detect
other anisotropic regions. Due to the branched double-chain structure
of the extractant a packing of this molecule into aggregates with
normal hexagonal geometry is most unlikely.

We compared the solubilization effects of Cyanex 272 and the puri-
fied BTMPPA by titrating binary mixtures of 2.4 M NaOH and hexane at a
fixed weight ratio of 52/48 with equal amounts of phosphinic acid
either as Cyanex 272 or as BTMPPA. In spite of small shifts basically
the same volume changes and phase transitions were observed in both
cases implying that alkyl phosphine oxide does not have a dominating
role either as a surfactant or as a cosurfactant in the present
system.

The effect of NaOH concentration on the phase equilibria is shown
in Fig. 2. With increasing NaOH concentration IIP is shifted towards
the hexane corner indicating a decrease in the water content of the
middle phase. Furthermore, it is seen from Fig. 2 that between the
hexane corner and IIP, the equivalence line for the phosphinic acid
neutralization is also the boundary of the three-phase region. Below
IIP the neutralization line is approximately the boundary of the one-
phase region. One can draw the conclusion that while the sodium salt
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ent NaOH concentrations. The equivalence lines for the phosphi-
nic acid neutralization are shown by arrows .
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of BTMPPA acts as the surfactant, some free acid is needed as a co-
surfactant to form the microemulsion. Generally the role of the co-
surfactant is to modify the electrostatics at the aggregate interface
and to create other swelling conditions. Maximal solubilization is
obtained in the present system at a sodium phosphinate/phosphinic acid
molar ratio of 2:1 (Fig. 3).

The dissolution of water into the hexane phase on the pH scale is
shown in Fig. 4. The volume ratio Vhexane+Cyanex272/Vaq Was constant
(= 3:2), pH was adjusted with 1 M NaOH and ionic strength. with NaNOj.
At [BTMPPA] = 0.75 M the water content increases to a maximum value of
35 w~% at pH 8.2 after which a third phase is formed and the water
content in the hexane phase drops abruptly. No one-phase region was
observable at this total composition and NaOH concentration (compare
with Fig. 2). It should further be pointed out that if the phases are
separated a new equilibrium is attained. The uptake of H70 by the
organic phase shown in Fig. 4 is in line with the results of Inoue et
al. [5] using NHI as counter ion and toluene as solvent.

Conclusions. The sodium salt of bis(2,4,4~-trimethylpentyl)phosphi-
nic acid can act as an anionic surfactant which can form microemul-
sions with water and n-hexane with the aid of the free phosphinic
acid. Maximal solubilization of n-hexane and water occurs at a given
ratio of sodium phosphinate and phosphinic acid (2:1). The aggregation
in systems containing the extractant and water(NaOH) gives also rise
to a liquid crystalline phase with lamellar structure.

Microemulsion formation is an important phenomenon in solvent
extraction systems. It may have dramatic effects on the kinetics,
reaction mechanism, and phase separation in normal extraction as well
as for the membrane stability in liquid membrane extraction. The phase
diagram on the actual system combined with the well established know-
ledge from microemulsion model systems offers a tool for understanding
these effects.
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DESIGN OF HORIZONTAL LIQUID-LIQUID GRAVITY SETTLERS _;:Bé;j

S.A.K.Jeelani and S.Hartland,Department of Chemical Engineering
and Industrial Chemistry,Swiss Federal Institute of Technology,

Universitidtsstrasse 6,8092 zlrich,Switzerland

INTRODUCTION.Mixer-settlers have been widely used in liquid extract-
ion due to their high mass transfer efficiency and operational simplic-
ity.Although some progress has been made in developing design methods
for vertical gravity settlers(1,2}only few attempts have been made for
wedge shaped dispersions{3,4}because of the more complex nature of the
problem.In the present paper,theoretical and semi-empirical equations
for the design of wedge shaped liquid-liquid dispersions in gravity se-
ttlers are proposed based on the concept of binary and interfacial coa-
lescence which are verified with our own and published measured data.

THEORY.Consider the wedge shaped dispersion band in a continuous ho-
rizontal settler shown in Fig.?1 of length L in which the coalescing in-
terface is inclined at an angle 6=tan_1(H0/L) to the horizontal.In a
differential element dl the decrease in flow rate of the dispersed pha-
se de must equal the volumetric interfacial coalescence rate
2¢1/3151cos8 {5} so that

—de/dl = 2@1/3Ti1COSO (1)

The initial dispersion height Hyp is determined by the turbulent zone
of length 1, at the entrance to the settler where the drop diameter is
L) and the feed flow rates of the dispersed and continuous phases are
Qg0 and QcO per unit width.The flow rates at a distance 1 from the beg-
inning of the band where the dispersion height is H are Qy and Q..Assu-
ming the interfacial coalescence time Til=Ti0®1/¢0 this equation can be
integrated with the boundary condition Q3=0 at 1= L to give

Q3 = Qgo(1-1/L) = (2Léy/3159c0s8)(1-1/L) (2)
Since the variation in dispersion height H with wedge length 1
H = (L-1)tan® = Hy(1-1/L) (3)
is linear,it follows that the drop velocity
v = Qd/Hc = Qdo/Hoe (4)

is constant for a given hold-up €.

Drop growth within the dispersion is independent of the interfacial
coalescence and given by dml/dt = ¢1/61bl {5} .Assuming the binary coal-
escence time Ty = Tpgd1/6g and writing v = d1/dt thus gives

doy/dl = ¢g/6T,0V (5)
which can be readily integrated to give
¢ = ¢0(1+1/61bov) (6)

indicating a linear increase in drop diameter with wedge length.

EXPERIMENTAL.The experimental investigation was carried out in a si-

ngle stage mechanically agitated box-type perspex mixer-settler unit.
The mixing chamber had dimensions of 10x10x22.5 cm with a baffled out-

let port of 1cm diameter located 10cm above the base.The horizontal
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settling chamber was 39.5cm long and 22.5cm high with two 1.3cm diamet-
er outlets for the heavy and light phases located 3.5 and 17cm from the
base.The six straight flat blade turbine was located 8cm from the base,
the variable speed motor drive system,the closed loop arrangement and
the cleaning procedure being described elsewhere{6}as are the properti-
es of the demineralized water and 50% by volume of n-heptane in paraff-
in oil at 200C,used as the continuous and dispersed phases.When the st-
eady-state was attained,the variation in dispersion height and volume/
surface mean drop diameter with wedge length were measured photographi-
cally{7,8} the experiments being repeated at different flow rates,disp-
ersed phase feed hold-ups ep and impeller speeds.

RESULTS AND DISCUSSION.The interfacial coalescence time Tio for dro-

ps of diameter ¢; determined from equation(2) at 1=0 with cos6=1 are li-

sted in Table 1 for different data sources and is correlated in terms
of the Bond number B=Apg®g/o by .
-0.21
T,0v9/0g = 66.5 B (7)

with an average absolute error of 14.8%,where g is the acceleration due
to gravity,o is the interfacial tension and Ap is the density differen-
ce between the phases.The values of the wedge length L predicted by eg-
uation(2) at 1=0 using T;, obtained from the above correlation are lis-
ted in Table 1.It can be seen that good agreement with the measured va-
lues is obtained inspite of the simplifying assumptions and limited da-
ta.In design,having predicted the wedge length L,the next step is to
predict the initial dispersion height HO as explained below.

Table 1 lists the values of the measured residence time of the disp-
ersed phase E=HOL€/2QdO with €=0.75.The dimensionless residence time T=
5/5735 is given in terms of the Bond number B by

T - 428 B 0:°8° (8)
with an average absolute error of 20%.The initial dispersion height Hj,
can be obtained using the predicted wedge length L yielding the drop
velocity v from equation(4) as shown in Table 1.

The variation in the reduced drop diameter ¢]/¢0 with wedge length 1
for three different dispersed phase hold-ups obtained in the present

work together with those of others{3,4}shown in Fig.2 can be seen to be

light phase
) *Cdo
9 coalescing
o Oco [Ho 8§g interface
8as Hl @ :
= v h—
o I
b i 1 dl theavy phase
| ! *Qc,
L L R

Fig.1. Notation for wedge shaped dispersion band
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Table 1. Measured and predicted parameters for wedge shaped dis persions using data from different sources

Jeffreys et al. [3] Vijayan and Ponter [4] Present
Parameter ¢, = 0.08 cm 0y = 0.09 cm % = 0.11 cm by = 0.13 cm by Cm
o, 5 . : 0.038 | 0.04 | 0.055
Qdo’ cm™/s Qdo’ cm™/ s Qdo’ cm/s Qdo’ cm™/s Qo cm2/s

0.83 1.00 L1 1.00 1.33 1.67 1.03 133 1.67 1.03 1.33 1.67 |0.42 0.56 0.83
[ Measured:
€ 0.67 0.67 0.67 0.67 0.67 0.67 0=5 0.5 0.5 0.5 0.5 0.5 0.25 0.33 0.5
1/B 29.6 29.6 29.6 23.4 23.4 23.4 15.0 15.0 15.0 10.8 10.8 10.8 |175.8 158.6] 83.9
Ls €0 14.2 17.2 18.5 19.3 22.2 33.7 25.8 275 324 17.5 22.1 23.1 ]23.0 20.2 27.4
Ho, cm 4.7 546 - 4.0 4.6 3.6 2.1 2.4 2.5 1.9 251 2.3 350 3.2 3.7
’Io, cm 6.8 9.8 12.5 0.7 1.8 0.3 4.2 %3 7.9 2.5 3.0 6.9 515 4.8 5.6
00 18.1 17.9 - 11.6 lda? 6.1 4.7 5:0 4.5 6.3 550 5.6 7.4 9.0 7.7
v, cm/s 0.24 0.24 ] 0.34 0.39 0.62 0.66 0.74 0.89 0.72 0.84 0.98 |0.19 0.23 0.30
Ti00 S 0.9 0.9 0.9 142 1.0 1.2 1.8 1,55 1.4 1.5 1.4 o2 1.4 1.1 1.2
Tho? S 6.4 8.9 - 5.2 5.7 6.1 4.6 3l 3.3 2 33 2.9 2.3 15.6 6.9 5.0
t, s 29.8 35)..9 - 28.6 28.8 27 2 19.7 18.7 18.0 12.2 13.2 11.8 |61.6 43.3 45.8
d1/d$, cm | 9.1 12.8 15:1 10.6 13.3 22:1 18.1 1655 17.5 10.0 14.5 13.6 |17.5 9.6 9.0
Predicted:
L, cm 18.9 22.8 26.7 20.5 27.2 34.2 17.4 22.5 28.2 14.9 19.3 24.2 [20.2 25.6 28.4
Ho’ cm 3.3 33 3.3 3.4 3.4 3.4 3.5 3,5 315 3 37 3.7 3.0 St.1 3:8
v, c/s 0.34 0.40 0.47 0.40 0.52 0.66 0.39 0.51 0.64 0.38 0.49 0.61 |0.18 0.24 0.33
6v-rb°, cm | 9.6 M3 1303 10.2 1352 16.8 8.0 10.5 13.2 6.7 8/ 10.8 |12.2 15.6 16.1
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Fig.2. Variation in reduced drop diameter ol/¢o with dispersion
length (1,+1) for different systems

linear as predicted by equation(6).?he binary coalescence time Tho for
drops of diameter 00 can be correlated by

150/a/6g = 48.2 B70+7 (9)
with an average absolute error of 34.3% thus enabling the drop growth
rate 1/6va0 to be calculated and compared with the measured slopes

a§/dl (where ¢=6,/¢,),expressed as reciprocals in Table 1.
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SEPARATION OF UNSTABLE EMULSIONS IN HIGHLY EFFICIENT 1
MIXER-SETTLER CONTACTOR ' 3-34

L.I.Sklokin, V.E.Leif, S.M.Masloboyeva, Institute of Chemistry
and Technology of Rare Elements and Minerals, Kola Branch of the USSR
Academy of Sciences, Apatity, USSR

The progress in expanding applications of mixer-settlers is prim-
arily associated with radical decrease in dimensions of settling cham-
bers with a high degree of mass exchange being preserved. A decrease
in the volume of settlers and the area occupied by them can be accomp-
lished both by changing emulsion properties (the physical-chemical
properties of liquids, discrete composition, dispersed phase concentr-
ation) and by using special devices to accelerate the emulsion separ-
ation. In both these cases the settler operation can be analyzed and
an advantageous design predicted if one has the equations that would
express, on the one hand, the relationship between the emulsion layer
height 4 h, unit load q, diameter of drops dk’ interfacial tension ¢ b
viscosity/ac,/dg and density/% ,.p; of both phases, and, on the other
hand, the dependence of the unit load of the new sellter on these same
values and the characteristics of the used apparatus.

The dependence of the emulsion layer height sh on the unit load q
is the most important characteristic of the settler. Among the most
attractive expressions we shall note the one given by Stonner et al.
{1], which was modernized in [2] to acquire the form g =Ql A%:z’ (1)
where Q3 is the limiting unit load at which nh»hi
and hx is the the characteristic height, i.e. the emulsion layer
height for which the unit load is equal to half of its limiting value.

It is not difficult to show that equation (1) retains its form for
the load recalculated in terms of the dispersed phase, with q in this
equation replaced by a4 and Q by 31~ the limiting load in terms of
the dispersed phase 24
94 =94t sh+%, (2)

The limiting lcad in terms of the dispersed phase 447> especially
for low sh values, depends, but slightly, on the dispersed phase con-
centration, -does not depend on the emulsion layer height, and can
serve as a stable characteristic of the emulsion separation process.

Based on extensive factual data with a wide range of the variation
of drop diameters and the physical-chemical properties of the working
fluids, the authors have obtained an analytical expression for Q47

in the following form: Q4 M, . A/?CZ’/: )/z ,
o (3
where /o
C=30+5310%102- —‘/’%—)29 (3)
1 =047 +48.2(02- %)} (5)
¢
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Equations (3), (4) and (5) make it possible to calculate the lim-
iting specific load 31 without having to perform an experiment on
separation of the layers. The other quantity, hx’ entering the design
equation (1) for the working unit load q , as shown by extensive in-
vestigations, varies but very slightly, within 0.05-0.10 m, most
frequently assuming a value ranging from 0.06 to 0.08 m.

Having the equations to calculate 31 and qq One can easily find
the dependences for the limiting unit load q; and the working load q
with respect to the sum of phases.

Sectionalization of the Settler. The emulsion layer height sh
increases non-uniformly with increasing unit load q. At small q
values ah grows slowly, and at gq=0.5 qQ) it reaches the value of
Ah=hx, equal to approximately 0.06-0.08 m. Subsequently, even a small
increase of the unit load brings about a rapid growth of the enulsion
layer. In its turn, the load per unit of the emulsion volume, equal
to q/ah, has its maximuwan value at the minimum emulsion layer height
after which it rapidly decreases with increasing sh.

. I (6)
oh 2h+h,
At ah -0, (q/ ‘h)max=q1/h§’ If we take hx=0.08 m then <q/Ah)max=
125 Q- With 4h successively equal to 0.02, 0.045, 0.080 m the
q/ sh value will decrease respectively to 10, 8, 6.25 q- The example
clearly shows that the unit load (load per unit of the emulsion
volume) will decrease two-fold when the emulsion layer height increas-
es only up to the value of hx' With a further increase in ah the
work of the emulsion layer becomes inefficient.

If, however, we confine ourselves, e.g. to a value of ahzzhx,
then q= 0.5 q- The volume of the settler with such a load is small,
since the g/ ah value remains high; its height is also small, if the
overall height of the clarified layers of the light and the heavy
phases is not raised beyond what is necessary. This kind of a thin-
layer settler occupying a large area can be subdivided, as shown in
Fig.1 into a number of
sections (settlers with a

smaller area) and arrange

them one over the other., If

the number of sections is
large and the unit load of a j

each one amounts, e.g. to

q=0.5 q;, the total unit ¥ig. 1. Sectionalization of the

load of the sectionalized settler. a) hollow settler; b) section-
settler can be equal to alized settler

several q; values.
Let us consider the operation of an ideal sectionalized settler
shown schematically in Fig.2. For an ideal settler the following
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assumptions are made. The settlers placed

: { " one over the other are absolutely identi-
'3 ? 1. They h th it loads, both
L 27 cal, ey have e same uni oads, bo
L:f 222 ¢’  the total q and the loads for each indivi-
/
s .Z.//// 3 dual phase (q', q''). They have equal
< E»E /_._ ;'t horizontal cross-section areas. In each
s =2 section the emulsion layer height, 4h, is
3 /) Y/
}f_; g //// 7 9# the same; also the same are the heights

of the clarified layers of the light, h°',
Fig. 2. Ideal sectional- and the heavy, h'', phases. The thickness
ized settler of the partition separating the sections
is negligibly small. The collectors of

clarified phases, all the channels, pipelines for the withdrawal of
phases are not included in the volume of an ideal sectionalized
settler. The overall height h of the sectionalized settler is equal
to the sum of the heights hs of all the settlers.

The unit load q of each section is defined by the equation (1).
The number of sections in the settler

Y T A
M= IRy 2 74 (n

The unit load of an"ideal sectionalized settler is equal to the
product qe<N

_ }iﬂ,:_i’i A -
94/ Sk, dh+R+A
With fixed h, h' and h'' values and a fixed value of the capacity
factor for each section equal to the ratio of the working unit load
q to the load at flooding, an increase in ah increases q and decrea-
ses N. Therefore, ay has an optimum for which the E’ﬁ* derivative

is equal to zero. After certain transformations, taking
I’ii/’_.—q_: P we shall arive at the following expressions for

é* A_h, h s a, N and aN under the optimum conditions:
1F = o by (9)
By =d (1 +d)fop (10)
Q__ :7{6(/(/*0(/, (11)

N = hfhed (7+4), (12)
0y = Qe /b (774)" (3

The coefficient o is equal also to the ratio of the total
height of clarified layers to the emulsion layer height, A_i'l, and
is a measure of the height utilization efficiency. The lower is o
the greater is ultimately the unit load of a sectionalized settler,
qye In the limit when «—=0, N-= o=
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Aél-l'”ﬂ? 9v “Pes, {18

The expression (13) shows that the higher is the sectionalized
settler the greater is its Qe Let us now consider the following
example. Let hx=0.08 m, h=4,0 m and « =1, i.e. Ah=h*. Then
qN=12.5 Q- Taking into account the fact that the unit load of a
simple settler cannot exceed q; we arrive at the conclusion that
sectionalization has made it possible to raise the unit load 12.5
times. The q values can be very high. For instance, with q;=
8 m /m °h, qN-100 m /m *h.

In the general case the coefficient Kd of the unit load increased
by sectionalization is equal to

- W
/’/a( T Tl (15)

The unit load qN of an ideal sectionalized gsettler does not const-
itute a universal characteristic of such a settler. It can be supple-
mented with the unit load aNV (in terms of the unit of settler volume)

7 4 16
?”‘/ T The W7+ )% g

qN allows one to calculate the area occupied by an ideal section-
alized settler ) whereas with the help of gy, it is possible to
(F=3=), NV

estimate its volumeN(V )e

In a real sectionalizgx settler a part of the area and volume is
occupied by the apparatus in which either no separation into layers
is performed at all (flow channels, holders and fasteners, etc.) or
the additional separation into layers is performed at the common
phase boundary in the settler. That is why the dimensions of a real
sectionalized settler are greater than those of an ideal one. The
task of the designers is to reduce this difference to a minimum.

Conclusions., Sectionalization of settlers in mix-and-settle extra-
ctors enables making these extractors compact and expands considerab-
ly their applications as compared with column apparatus. Decrease in
the volume of mixer settlers leads to economy of materials and
extractants, reduces the overall operating costs. The above calcul-
ations form the basis for designing efficient industrial mixer
settlers.,
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FUNDAMENTAL RESEARCHES ON DROP COALESCENCE -]
AT INCLINED PLATES 3-3

Dipl.-Ing. W. Meon, Univ.-Prof. Dr.-Ing. E. Blaf, Lehrstuhl A fiir Verfahrenstechnik der Technischen
Universitédt Miinchen, FRG

Introduction

Plate packages as mechanic settler aids are successfully used for the separation of liquid-liquid
dispersions in simple gravity settlers. They shorten the length of sedimentation of the drops and
enlarge the interfaces, where the drops can coalesce. Besides, the times of coalescence compared to
even liquid-liquid interfaces descrease. The drops which coalesced at the plate, form trickling films,
flowing off according to the hydrostatic pressure head towards the principle interface. The draining
of a thin layer out of continous liquid between the drop and the trickling film out of drop phase
determines drop coalescence. We are interested in this process of coalescence and want to create a
basis for the design of plate settlers. So far experimental and theoretical investigations show that
coalescence at inclined plates within a special range of operating conditions is stron-
gly influenced by hydrodynamic forces. These operating conditions in general offer good con~

ditions for coalescence and thus must be defined since they are interesting for the apparatus
design.

principal interface
/ L4

dispersed phase /

continuous phase

Inickling hilm
inclined plote

0, 009080 00 S
O 0.0 o OO 0° © Bo °CF
6 %5302 900709,0900 85530600
P9 0° 505°000,0 090q 600 50
2052 090 90959 oo * p
V 99 6% 06 o 0 (o}
dispersion © °

Fig.1. Settling of drops at a plate package in a liquid-liquid dispersion

Theoretical and experimental resul

For the apparatus design the
residence time of the drops
on the trickling films up to
their coalescence must be
given. For the calculation
of this "time of coales-
cence" a physical model was
developed. It was introduced
in /meo 86/ and Fig.2 and
the following passage gives
a short description of it.

A drop which reached the
trickling film at the plate,

3 deforms itself and the
Eig.2. Process of coalescence at a plate o
/ L trickling  film surface
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along the trickling film flow. Meanwhile the enclosed thin layer
between drop and trickling film flows over the contact edges (2:r°m)with a certain profile u(z),
while the drop approaches the trickling film surface with the velocity dS/dt. The model calculates the
approach of the drop towards the trickling film surface, while the drops move along the trickling film
flow. It provides the residence time of single drops on an inclined plate. In the following the model
equation are listed.

and moves with its own speed ve

Table 1. Model equations

« Equation for computing the coalescence time of single drops:
' 5,
2 4
1 ? ) Z-Clvh ?
. e . ¢, (3 cpeq-cy) T,
by ——-—72'(%.':3) {(c, €€y )-An (c,-ciéz‘qﬁ'c;t) 5 1 PR M LAR .
1
(6.6 upper and lower limil of integralien)
+ Summary faclors ¢, .¢; .Cy
cosa-8p0 & £ 3 PR
G g.q[-r: 4 3 n ] N, 61_ Ll
« Compuling of the parameter T, & = bgtycy -
it a =10 it A >0
o 1 [ ot »/T) - 2 el L0C 8-t
'y 2.0y 600 VB 0w R

Blal and Rautenberg /bla 84/ gave a detailed description of the
problem of investigations on coalescence at inclined plates.

experimental procedure and the
Fig. 3 demonstrates a comparison of
experimental and calculated times of coalescence for small drops in dependence on the drop diameter.

The throughput of dispersed phase (trickling film

is parameter, According to this
the calculated and measured times
of coalescence slightly increase
at an increasing drop diameter.
The model calculation can repro-
duce the measured times of coa-
lescence up to the drop sizes
with Bond-numbers Jjower than
0.116. Drops of a Bond-number
higher than 0.116 are no longer
spherical and the times of coa-
lescence marked with an arrow,
rise dramaticly. So far this fact
cannot be reproduced by the mo-
del.

However, it is possible to dedu-
ce an explanation for the coales-
cence behaviour of drops
for a Bond number hig-
her than 0.116. For

that purpose

volumetric flow rate) related to the plate width

n- Amylalcohol (dispersel/ Water

angle of inctinotion: 6° |
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C=3
PR T

1

coalescence time ty

computed by
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4

=
3 & tlow rate of the frickling film
" per unit breadih: Vg /b
. a=43 1/hm )
. o-gg = (2] ° 87 {/hm (3)
——
0 05 10 5 om 20

drop diometer dp

Fig.3. Coalescence of small drops at inclined interfaces

we discuss

the parameters

C‘.C, and Cy, listed in Table 1,

which are formed out of operation parameters and material properties. A closer look at these abstract
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summarized terms allows a physical interpretation of the hydrdynamic function of the model equation
for the description of the layer drainage between the drop and the trickling film surface. The
parameter Cl is proportional to the pressure Py of the drops towards the trickling film surface, which
can be calculated as follows:

Pp=0p-g-d, - cosa/(6 )
The product of the parameters C, and C, makes:
C;-Cy= 2'Vp"ﬂd /[r, 'n:'(an'LEn

This is proportional to the shearing stress L between the moved drop and the plate which can be
described by the equation:

Ty -V /(6g-Lg)

A mathematical simulation of the model equation for the coalescence time t, according to Tab.l shows
that short coalescence times appear exactly when the values of the individual parameters C,, C, and C,
or their products Cl'C, or C,'C, are as high as possible. The absolute value of the total product C;
C,*C, is a dimension instrument for the

# “‘Am¥|°|Q°m!(d5§WWV_VIU'9f;"wc #T evaluation of the present coalescence
angle of mclmohoq: 6 X conditions due to the present material and
k) ::::J:i'lebc:'eolgleh m‘d;lr}g',‘ :l:lm 04 operating datae. Since the physical values
o 1 shearing stress T 5 and pressure p, are
-~ = directly proportional to the abstract
3 » o Ty ‘0']: values C,, C, and Cg, the value of the
%: i g shearing stress g multiplied with the
. 02 % pessure p is a dimension instrument (or
8 5 the hydrodynamic influence on the coales-
g 10 0'15 cence process as well. Thus, if the value
| of the product TPl is high, the condi-

tions for short times of coalescence are

e } 2 good. If this product for a special opera-

H W T:'[ ting condition (\'/n, and a are constant) is
//O;"-/ @ plotted versus the drop diameter, the

3 I\/\' 1 a = function course shows a distinctive minimum

P l ] b g_ 9 (Fig.4). The comparison of measured times
g Bn“ of coalescence (empty circles) with the
"; 2 ;‘::;’:‘“'I 2 §§ function course (15° ) show? that the
< Bo<016 b= smaller the values of the function are the
g s i’ 5 coalescence time increases. At the
§ H ! é% beginning of the distinctive minimum of the
1 e EE function (Tp'pp) the coalescence times

. increase abruptly. Then the drops move on

0 1 2 G 3 the trickling film flowing off from the

drop diameter d, plate and leave it without having
coalesced. The transition drop diameter, at
which the time of coalescence could not

be determined, is marked by an arrow in

Fig.4. Comparison of measured coalescence times
and function course T,°Pp in relation 1o drop

diameter v ) iy
Fig.4. Hydrodynamicly, the worst conditi-

ons for coalescence are at the minimum.
Long times of coalescence are the result. In the range of the minimum of the funclion('rp-pp) other
interfacial physical properties which are not included in the model gain influence towards the low
pressure p_ and the shearing stress Tp, the result being that the process of coalescence is no longer
determined hydrodynamicly. Experimental results confirm this fact. Only when the drop diameters are
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high, at which the influence of the shearing stress increases rapidly, coalescence can be regarded as
a process which is determined mainly hydrodynamicly, as described in /meo 86/.

umm

The aim of the investigations on the coalescence of single drops at inclined plates is to provide a
basis for the design of gravity settlers with plate packages. So far experimental investigations
provided the result that the coalescence mechanisms of large and small drops are different and can be
interpreted hydrodynamicly. Thus the short coalescence times for small single drops (Bo<0.116) can be
traced back to the high contact pressure. Contrary to this the great shear field between the drop and
the plate determines the short coalescence times when the drops are large (see /meo 86/). This strong
influence of the plate always appears when the drops can press nearly through the trickling film on
the plate. Principally a physical calculation model can precalculate the behaviour of coalescence of
single drops at inclined plates. Thus hydrodynamicly it is possible to define favourable operating
conditions for coalescence.

Symbols

b plate width v, drop velocity /meo 87/

C,..C, summarized terms VR trickling film volumetric flowrate

dp drop diameter a angle of inclination of the plate

Lg Immersion depth of the drops in & layer thickness in the beginning (0.1mm)
the trickling film /pri 69/ . critical thickness of the layer

P, contact pressure below the drop 6R thickness of the trickling film

T radius of the contact surface of the n dynamic viscosity
drop with the trickling film Ap density difference

5 coalescence time a interfacial tension

Bo Bond-number:(Ap'g'dp’)/(‘i'c) T shearing stress tension between drop and

plate
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DROP COALESCENCE IN PULSED PERFORATED PLATE EXTRACTION COLUMNS 3-36

H. Schmidt, R. Mai*, E. Eggert, E.-M. Lessle
Kernforschungszentrum Karlsruhe GmbH, Institut fur Reaktorbauelemente, P.O. Box 3460,
7500 Karlsruhe 1, FRG; *Universitat Karlsruhe (T.H.), 7500 Karisruhe, P.O. Box 6980 FRG

Two phase liquid-liquid countercurrent column extractors are today of significant technical
importance and a number of apparatus variantsare common. Economic reasons recently gave
rise to favor the low energetic pulsed systems. In nuclear reprocessing of irradiated spent fuel
elements there is the additional issue of not mechanically moved construction parts which
favors the pulsed system.

On account of the absence of an unifying fundamental theory the literature provides a
number of global approaches to predict operating conditions and mass transfer performance
in dependence of influencing parameters. The prediction of the extraction height based on
the dispersion model e.g., accounts for a material balance taking into consideration overall
mean values of convective flows, transfer areas, material transfer coefficients, and
longitudinal mixing flows [1]. In this modeling approach the drop phase is considered to be a
second continuum disregarding drop coalescence and redispersion events which result in the
drop size distribution causing a spread in drop residence times and material transfer rates.

The first two figures are showing results obtained as a part of a detailed pulsed perforated
plate extraction column investigation program and are strongly suggesting the requirement
of a more realistic treatment of the problem.The influence of drop coalescence on column
behavior gets obvious in the column operating diagrams of figure 1. The overall volumetric
throughput is plotted versus the frequency of pulsation in the aqueous nitric acid/organic
tributyl phosphate material system. The diagram shows two flooding curves obtained
experimentally and theoretically, respectively, parameter is the mode of operation. The firm
solid upper line is the flooding curve of the aqueous phase continuous mode of operation.
Above the curve the column can no longeroperate. The firm dashed line is the result obtained
in the organic phase continuous mode of operation, and a significant decrease in throughput
values is observed. The viscosity of the organic phase is two times higher than in the aqueous
phase, and thus the drainage and rupture of the film between two coalescing drops takes
more time in the case of organic phase continous mode of operation than in the aqueous
continuous phase. As a consequence the coalescence events of aqueous drops in surrounding
organic phase are delayed and thus are more unlikely than such of organic drops in

\‘I(\;,:?; A=15mm
mode of operation:

= n
Y ——-organic phase
v ——aqueous phase
" continuous
)
>

calculation

N\
N
.

0 - __ frequency of pulsation
3 Fig. 1. PULSE COLUMN FLOODING CURVES
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surrounding aqueous phase, i.e: the maximum throughputs for aqueous - continuous mode of
operation are increased due to large drop transportation as a result of enhanced drop
coalescence. In contrary the maximum throughputs for organic - continuous mode of
operation are much lower since the breakage events dominate the coalescence events and
small.drop transportation takes place.

The results.obtained by calculation: taking into account the physical properties: interfacial
tension, densities and viscosities are in poor agreement with the measured reality (see the
weak lines.in Fig. 1), suggesting that drop coalescence and - breakage events have to be taken
into consideration (2].

The need for doing this is also indicated in figure 2, showing measured longitudinal mixing:
entities based on the dispersion model. The Péclet-number and the mixing coefficient of the
dispersed phase are plotted versus the holdup. In this figure the operating parameters: flow
rates as well as frequency and stroke of pulsation, and the geometric parameters: diameter
and height of column as well as the cartridge dimensions are kept constant. In spite of this
significant changes in the fluid dynamic entities: holdup ¢, drop size d33, Péclet-number Pe
and mixing coefficient E can occur as the result of shifting drop interactions . Such phenomena
can be observed in praxis causing a loss inseparation power or even leading to column failure,
and are easily to demonstrate experimentally by adding an interfacial active agent. The
almost four fold increase of longitudinal mixing in the dispersed phase (Eg goes from the x-
symbol value of 2.4 cm?/s to the V-symbol value of of 9 cm?/s) is due to a lack in drop
coalescence, e.g. the balance of drop-drop interactions is shifted to the dominance of drop
breakage.

Both figures indicate the importance of drop breakage and - coalescence on the operation
behavior and the separation power of column extractors and firmly suggest modeling efforts
taking into account drop interactions to provide a more reliable basis for selection and
calculation of suchequipment.

Only recently there are reported approaches in the literature, treating the dispersed phase
more realistically.
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Fig.4. DROPPOPULATION. Fig.5. COLORED DROP
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Fig. 3. EXPERIMENTAL SETUP Fig. 6. SETTLING COALESCENCE

A simulation model which accounts for breakage and coalescence interactions and
microscopic interphase mass transfer in turbulent flow fields is reported in {3]. In [4] the effect
of drop breakage in a rotating disk column is considered. Simulation models taking into
consideration drop interactions arereported in [5] for a vibrating plate extractor and in (6] for
a Kihni column. In [7] the simulation of the fluid dynamics in a pulsed sieve plate column is
described, and in (8] drop coalescence and breakage events are measured based on a
colorimetric method.

The coalescence studies reported here are carried out in a material system equalized in its
refraction behavior. By adding glycerol to the aqueous nitric acid phase and by use of heptane
instead of n-alcane in the organic 30 vol.% tributyl phosphate 70 vol.% n-alcane mixture the
equalization in the refraction indices is achieved. The experimental setup and the pulsed
perforated plate column of 1400 mm cylindrical height and 38 mm inner diameter are shown
in figure 3. The photograph (Fig. 4) shows a typical drop population of the original nitric acid-
tributyl phosphate system in the aqueous phase continuous mode of operation.

In the system with equalized refraction index the drop phase is no longer visible, and hence a
colored drop submitted via an imerged capillary is visible in presence of all the other drops
(Fig. 5). The use of high speed cinematography as well as of video tapes provides the
observation of drop-drop coalescing events and suggests the separation in two different types
of coalescence, i.e. the collision - and the settling coalescence. The figures 6 and 7 are small
sequenzes of cinematographic pictures taken with 100 frames per second. The first five
photographs are showing the event of a settling coalescence just below a perforated plate of
the cartridge during downstroke pulsation (Fig. 6). in figure 7 a collision coalescence event
during upstroke pulsation is to be observed in the lower part of the reaction zone of the 50
mm equidistantly spaced perforated plates.
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In figure 8 typical coalescence events in dependence of location and time are shown. The
settling coalescence takes place in the upper part of the reaction zone during downstroke
pulsation. This situation is characterized by the retardation and restacking of the drops in the
vicinity of the perforated plate. The collision coalescence is observed under the situation of a
forced convective flow in upstroke direction. There are two regimes of coalescence, i.e. during
the entrance and the exit of the drop phase into or out of the reaction zone, respectively.

The first results indicate that collision and settling coalescence are of equal frequency. Large
drops of 2 mm diameter are coalescing with a total frequency of 23 %. By doubling the
throughput holdup vatues of 37 % are reached and a coalescence frequency of 10 % is
observed for 2 mm diameter drops. The coalescence events are in the same order as the drop
size decreases to 1,5 mm diameter values. It seems to be that equal sized drop coalescence
takes place holding for relatively large drops of 2 mm and 1.5 mm diameter. Small drops of
about 0.5 mm diameter obviously coalesce only with large drops whereas the coalescing
events are relatively scarce. Further experiments and detailed parameter investigations are in
process to get more information about the inter-drop coalescence processes and to establish a
reliable coalescence rate correlation.
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REVIEW ON THE MODELS FOR THE CALCULATED DESIGN OF 3-37
GRAVITY SETTLERS FOR THE SEPARATION OF LIQUID-
LIQUID DISPERSIONS

Dipl.-Ing. W. Rommel, Univ.-Prof. Dr.-Ing. E. Blass
Lehrstuhl A fiir Verfahrenstechnik, Technische Universitit Munchen, FRG

1 nce in den
Liquid-liquid extraction shows up the problem of the separation of the two phases after mass transfer
took place. For doing this the drops of the dispersed phase must flow together to a homogenuous phase
("coalescence”). Usually in practice simple gravity settlers are used for this purpose.

The separation of liquid-liquid dispersions in gravity settlers is determined by the interaction of a
multitude of usually non-quantifyable factors. The ISEC 88 in Munich had for a result that a cal-
culated design of such gravity settlers was not possible so far. Still the settler lay-out must be
done with the aid of large-scale pre-experiments, since the interdrop-coalescence within a dense
dispersion and at a principle interface can not be predetermined for sure. The coalescence of drops is
interpreted as a mere interface reaction, which is mainly influenced by hyd}odynamics, interparticular
interactions, electrostatic and electrokinetic effects, effects of surfactants and mass transfer.
The complex interaction of all these influences makes the coalescence in a gravity settler seem 2
stochastic process, since we know hardly anything about the influences themselves and their inter-
actions among each other. The insufficient scientific informations in the field of interface physics
and chemistry and of the colloid science make it difficult to investigate the coalescence process by
engineering means. The hydrodynamic factors, which strongly influence the coalescence behaviour
especially in a simple gravity settler, are mathematically calculable due to fluid-mechanical
principles. The interparticular interactions, which are affected by van der Waals- and dispersion
forces, are summarized to global dimensionless groups (for example Hamaker-constant) and are made
accessible for engineering investigations on the coalescence process in this way. The information on
the electrostatic and kinetic influences, however, is restricted to the description of the formation
of repulsive double layers in the interface, but does not offer any fundamental correlations or models
on how these effects should be applied to the coalescence. Similar is valid for the influences of
interface active agents on drop coalescence. Some mechanisms of the effects of surfactants in a
liquid-liquid interface, as Marangoni effect, stabilzation of the interface, steric hindrance, are
known . However hardly mor can be said that they generally hinder the coalescence process in a way
that cannot be predicted. Mass transfer between the two phases strongly influences the process of
coalescence as well. So far, however, only a qualitative estimation is possible (e.g. Ford-Missen
criterion), whether coalescence is favoured or hindered.
In order to find a sensible way for the calculated design of gravity settlers extensive research work
investigates the coalescence behaviour of individual drops at principle interfaces. So far the results
provided information on the complicated drainage process of the thin liquid layer, with or without
tensid influence, between two drops or between a drop and a principle interface. Furthermore, it was
possible to explain the coalescence behaviour of dense dispersions principally out of these
fundamental investigations on individual drops, but so far it has not been possible to transfer the
results of single drop investigations directly to the droplet swarm coalescence in dense dispersions.
Another possibility are investigations of coalescence processes in dense dispersions directly in
horizontal and vertical continuously and discontinuously operated settlers. A number of describing
formulations for the settling process at the horizontal interface origins from that.

jon; i f i ispersi
In an extensive literature research we condensed the published investigations on the coalescence in
primary dispersions at horizontal interfaces in tabular form. The synoptical table collects authors,
bibliography, short characteristics of the individual mode! formulations, equations and - when known -
limitations of the models. Table 1 shows a shortened version of the original table. Only equations,
which can be used for vertical settlers, are listed, since they are dealt with in the following.
Genealogical tree of the coalescence models

We can distinguish the mere empirical and the theoretical droplet coalescence models with physical
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version of the syroptical table on the coalescence models at horizontal interfaces
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Ryon, Daley, Lowrie (59-63)

horizental settler with dispersion band, mixer
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horizental settler with dispersion band, mixer
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horizental settler with dispersion wedge, mixer
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Sleter, Ritcey, Pilgrim (74)

horizontal settler with dispucrsion band,

mixer
Barnea, Mizrahi, (75) horizontal settler with dispersion band, mixer
stonner, Wohler (75) horizontal settler with dispersion band, mixer
Vijayan, Ponter (76) horizontal settler with dispersion bard, mixer
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Gosez, Wil- | /gom 80/
kinson (80)

resulting equation, identical to those of
Ryon and others like Barnea, Mizrahi,
Godfroy, Golob, Modic

e
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Reissinger, Schrdter,

Bicker (81) horizontal settler with dispersion wedge

Austin, Jeffreys (81)

horizontal settler with dispersion wedye, mixer
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Stdnner, Wiesner (B81)

horizontal suttler with dispersion bund, mixer

Weil (62) /wei 82/ only for discontinuous suttler

empirical correlation of Batch results

Hossain, Sarkar, Mumford, Phillips (83)

horizontal settler with dispersion wudge, mixer

Jeelani, Hartland (85)

horizontal settlor with dispersion band, mixer

Siemons (8S)

horizontal settler with dispersion wudge
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Shen, Shen (86)

horizontal settler with dispersion band, mixer

Gourdon, Mugatet, Casamatta (86)

spray tower
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relevant (sieve tray)

vertical settler with dispersion band (sieve tray on thu principasl interface)

Jiang Yy, Sun, Zhao (86)
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| coalescence models for gravily selllers |
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Fig.l., Genealogical tree of the model formulations for the droplet swarm coalescence ai the

horizontal interface

basis. As shown in Fig.l the theoretical mode! formulations form the group of stochastic models and
the group of deterministic models. The group of deterministic models can be subdivided further into
balance models and into so-called layer drainage models. This subdivision is gradual, some models own
characteristic features of several groups. The models for vertical settlers of Allak, Jeffreys (No.6)
and Vieler, Glasser (No.13) listed in Tab.l can be ranked with the group of empiric, those of Hosozawa
etal. (No.5) and Doulah, Davies (No.7) with the group of stochastic and those of Smith et.al. (No.4),
Hartland et.al. (Nos. 16,17,21), Jeelani, Hartland (Nos. 29,33) and Misek (No.32) with the group of
deterministic formulations.

In order to test the productivity and limitations of the quoted models quantitative considerations are
necessary. We developed a computer programm which contains the most important models for settiers
listed in Tab.1 in the form of independent subroutines. One model subroutine contains the respective
limitations, all the calculation formulaes and numerical procedures, if necessary. The main program
provides the testing datae as type of apparatus, material system and properties, volumetric flow rates
of the dispersion and mean drop diameter of the initial dispersion at the settler inlet. The result is
the respective stationary height of the dispersion layer as a function of the input datae. As shown in
Fig.2 the direct comparison of all models is hardly possible, since we only used the datae given by
the individual authors, we did not extrapolate. Only parts of the models can be compared respectively.
Fig.3 shows the comparison of the models of Smith/Davies, Allak/Jeffreys and Hartland/Vohra as an
example when the~load of the dispersed phase is varied. Each of the models show an increase of the
stationary height of the dispersion layer at an increase of the dispersed phase load. However the
absolute values differ clearly. Fig.4 shows a comparison of the same models when varying the input
drop diameter. A decrease of the height of the stationary dispersion layer can be observed for each of
the models while the drop size increases. For low drop diameters the absolute values differ a lot, for
bigger drops the difference between the calculated values decreases.

All our comprising calculations show similar tendencies.

Last considerations
We found that a general, merely calculated design of gravity settlers is still not possible. Datae
which have to be determined empirically (“coalescence constants”) are always necessary. This is
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natural for stochastic models. For physical-deterministic models the reason being that not only
hydrodynamics but other effects which have not been defined by models, influence the coalescence
process. Mainly the effects of surfactants, electric effects and mass transfer should be mentioned, as
said before. These effects cannot be avoided in simple, technical gravity settlers. For the future for
these types of settlers the coalescence constants have to be determined as easily as possible and in
the end to be made possible for calculation.
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MASS TRANSFER DURING DISPERSION AND COALESCENCE ! 3-38
IN CENTRIFUGAL EXTRACTORS l

Dulatov Yu.A., Ponikharov I.I., Galeyev F.A., Alexandrovsky S.A.,
Kirov Institute of Chemical Technology, Kazan, USSR

The study of mass transfer processes in centrifugal extractors
shows that the main components of mass flow at an extractor stage are
represented by mass flows across the dispersed phase surface and ac-
ross the interface during dispersed flow coalescence. While conside-
ration of these components contributes to complicated description of
mass transfer in extractors, nevertheless, it allows to represent the
mass transfer mechanism in accordance with the reality.

For the study of mass transfer in a polydispersion flow it is ne-
cessary to define distribution law of dispersion particles, its para-
meters and drop velocity in the flow. These tasks have been solved
using transparent rotors and cells, with cylinder nozzles as disper-
sion elements having 1.5 to 3 mm diameter holes and a heavy liquid as
a dispersed phase.

The velocity and size of dispersed particles were determined with
stroboscoplc light photography by a "scanning" method (1] giving re-
sults equivalent to those obtained with high-speed moving picture
photography at frame frequency up to 530 sec-1

The processed data characterizing drop velocity, show that particle
motion in a polydispersed flow may be approximated by equation

[}
2/'=0,05w-(‘)%3) 'f,?’qfs:da,zs ’ -
where (W is rotation frequency;}g ~ continuous phase density;
% - current extractor radius; of - drop diameter.

To consider the empirical distributions, a law of distribution was
chosen according to K. Pirson., As alternative hypotheses,&’—,j3- and
lognormal distribution were considered. The proof of hypotheses by
Pirson fitting criterion shows that empirical data are best described
byé‘-dlstribut1on the density function of which is

— A :
fe=fo-d e,

where fTQ) is a gamma—function,lz and R. are distribution parameters
the estimates of which Q_and A were defined by empirical distribu-
tion moments: A = m/s?; ,‘i Am.

As a result, a correlation of parameters of *Ldiatribution against
phyaical properties of a liquid system and rotor rotation frequency
has been obtained.

The studies of mass transfer to a dispersed liquid were performed
in a transparent transfer cell, the arrangement drawing of which is
shown in Fig.1. A get of interchangable capillaries and funnels pro-
vided for phase sampling at any point within the cell and at any

152



cross section of the dispersed flow. To reduce the influence of mass
transfer across the interface within the funnel on the concentration
of dispersed phase samples, sampling was realized under conditions of
continuous washing~off of the surface layer.
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Fig.1. Transfer cell

Concentration profile along the pathway of the dispersed phase was
defined with a kerosene-benzoic acid-water system for the case when
the limiting resistance to mass transfer was concentrated in dispers-
ed phase due to ideal mixing of the medium in the contracting 2zone.
This was proved experimentally f2] by continuous phase sampling at
various points within the cell. Intensive mixing of continuous phase
is explained by the influence of a dispersed particle flow having ve-
locity of about 1 m/sec. The continuous phase is involved into circu-
lation and the velocity of it differs then only slightly from the ve-
locity of dispersed particles.

Mass flow, at limiting resistance to mass transfer within the dis-
persed phase irrespective of -volume concentration of particles in the
flow, may be approximately calculated by summing identical mass flows
introduced by individual particles; the calculations may be based on
solution of diffusion equations for a single drop. It should be noted
that while calculating efficiency of mass transfer to a dispersed
phase, one must not use a time coordinate because of different veloci-
ties of drops in the flow. Every drop holds up within the contracting
zone area (the height of which is represented by h) during a certain
residence time, and its saturation depends on its individual time of
contact. Thus, to describe a process of saturation of a dispersed par
ticle population, a space coordinate was used. Mass transfer efficien-
cy of a dispersed flow within the area having height'?, was calculated
by the expression
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Ymar .
cathp = oL I DL @)

S dfd)dd

where A(h,d) is the law of single drop saturation.

Experimental concentration profiles along the pathway of the dis-
persed phase (Fig.2) are indicative of non-stationsry mass transfer
to the dispersed phase.

Ah)

1. W =165 svt;  R=3.
A=11.1m"; q=2.63
2. W=115 5L f6.3;
A=11.72 ™y q=2.71

I 2 3 4 5 h,o
Fig.2. Experimental saturation curves

A comparison of the experimental saturation curves with a series
of the known models of non-stationary mass transfer into a drop shows
(2] that the obtained data have a good matching with Colderbank-Kor-

chinsky model 05
Athd)=[1- exp (12 a-Fo)] , =

where F0=4$I‘Q/U?d)dzis-a Fourier number and @ is an empirical coef-
ficient.

The value of coefficient @ =2.7 within the test range of rotation
frequency (W=110 to 230) was practically constant.

Mass transfer during interface coalescence of a dispersed phase
was studied with the same transparent cell. The amount of substance
transferred due to drop coalescence, was defined from concentration
differences within the layer of the coalescent phase and in the dis-
persed particle flow at the interface level in the cell (Fig.1). This
process may be represented [3] by the following empirical relation:

05
A =03 T[1-("A)], @)

where U is an average velocity of the dispersed phase, H and hc are
geometric parameters of the extractor stage.

However, it should be noted that the above equation (4) has been
obtained for a quantitative estimation of dispersed phase saturation
within the interface interreaction zone specified by the authors.
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Considering mass transfer during drop coalescence, it is necessary
to know coalescence duration., It was no success to exactly determine
the duration of coalescence process, but high-speed photography made
possible to estimate it as 10~3sec. Under test conditions, the resi-
dence time of the dispersed phase within the sampling funnel amounted
to 0.1 sec and within the liquid phase at the cell bottom was 1 sec.
Hence, the difference in the substance concentrations within the lay-
er and the sampling funnel is not caused by mass transfer into drops
during their interfacial coalescence, but arises due to mass transfer
across the interface disturbed by falling drops.

Experimental conditions ﬁrovided no opportunity to obtain an actu-
al value of mass transfer during drop coalescence, but it may be es-
timated with regard to the following: 1) minimum degree of dispersed
phase saturation at the sampling point adjacent to the nozzle end,
was 0,03; 2) under conditions when the sampling funnel was operated
without washing=off the surface layer, i.e. when the interface was
located within the funnel, the degree of saturation of the dispersed
phase sample grew about 0,015 higher. Hence, the degree of dispersed
phase saturaticn during interfacial coalescence is the value of order
of 0,01, while the degree of saturation within the layer amounts to
about 0.1, but mass transfer efficiency of extractor stage is 0.2 to
Oe 30

Thus, in the process of mass transfer in a centrifugal extractor
the interfacial coalescence affects mainly indirectly, by means of
liquid phase mixing under the influence of falling drops; these fac-
tors are taken into account in equation (4) by dispersed phase velo-
city and by height of heavy liquid layer.
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ON METHOD OF DETERMINATION OF EXTRACTION EMULSION

SEPARATION IN MIX- AND -SETTLE EXTRACTOR =0

S.M.Karpacheva, V.M.Muratov, Moscow, USSR

Extraction emulsion is a mixture of aqueous and organic phases,
one of which is continuous and the other is dispersed in the form
of drops.

Extraction emulsion belongs to the type of "unstable" emulsions,
i.e., its separation rate V_ is rather high.

The rate developing in a mixer is a very important factor in
choosing a unit design, as it is the rate that primarily determines
its technico-economic parameters such as a settler area, metal con-
tent, one-time extractant loading, floor area and construction work.
Therefore, in many countries researchers are engaged in developing
the method of determining Vp and its possible optimization [17.

The greatest hopes are placed on revealing the interrelation
between the physico-chemical properties of emulsion forming soluti-
ons and the rate of their separation Vp[27. Many publications attem-
ted to solve this problem and assumptions were given as to which of
the properties, viz., phase density (), difference in their den-
sities (8f), viscosity (M), interphase surface tension (5}’ de-
termines the separation rate V_.

A large amount of papers deal with the study of the rates of

2)’

single drop destruction at the interphase boundary in different sys-
tems of solutions. The results of the studies are contradictory.

To clarify the problems and define concretely the influence of
the physico-chemical parameters of solutions directly on V_ we me-
asured in statics the separation rates of light systems with two
extractant types, i.e., 100% TBP and 25% TBP., The aqueous solutions
of four types were used: acid - 8N HNOB, weak acid - 0.5N HNO, and
salt ones - 3.75 mole/1 NH4NO3 and 0.83 mole/1 NAl(N03)3+O.5N HNOB.
The separation of the esmulsions was studied using mutually saturat-
ed solutions. The aqueous solutions were prepared from distilled
water and chemically pure salts. The organic phase was prepared from
cnemically pure 1BP of two different batches that differed a little
from each other in 63‘2 and, hence, the content of SAA (surface ac-
tive agents).

The solutions prepared with the required ratio of m-volumes were
placed in a glass vessel and agitated until pure phases were obtain-
ed, The method provided +the dispersion of any phase at choice.
Then the agitator was removed, the height of the emulsion layer was
recorded and the rate of the layer reduction with time as well as
the average rate Vpcp=1%2, where Hy is the initial height of the
emulsion layer and ¥ is the time of a full separation of this layer
were determined, The experiments were thermostated.
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Vpcp of O/W and W/O emulsions was determined for each system.

In some cases V

(more often at m # 1). Therefore, the Vp

m=0.53 1.0;2.0.

of the same system could vary with the m-phase
volume ratio.The emulsion sometimes was not formed at a certain ratio

values were compared at

The Table summarizes the physico-chemical characteristics of the

systems studied and V

above.

p

of the O/W and W/O emulsions at m mentioned

¥, an/s|
| Phyvsico-chemical properties m=X§ Fmulsion N
System e [ 29 I Ve tvpe
e Ma Mo 0Bz U7WXHW7TT
100%TBP+8N HNO5 1.18 1.04 0.14 1.34 5.29 11.7] 0.5 |1.8 1.6
1.0 {1.9 [1.9 I
2.0 [1.7 [1.8
100%TBP+0,5N 1.01 0.98 0.03 1.06 5.41 8.89 | 0.5 [1.1 |0.6
HNO; NH,NO, 1.0 |2.18[1.2 II
2.0 (1.3 [1.0
100%TBP+3.75 1.12 0.98 0,14 1,00 4.80 8,54 | 0.5 [1.9 [0.2
mole/1 NH,NO4 1.0 /1.8 |0.3 LT,
2.0 [1.9 [1.0
100%TBP+0.83 1.23 0.84 0,39 1.02 1.9314.,52 | 0.5 3.0 [2.5
mole/1 Al(N03)3 1.0 [2.8 [2.3 v
+0.5 N HNO3 2.0 |2.4 |2.0
25%TBP+BN HNO, | 1.23 0.84 0.39 1.02 1.9314.52 | 0.5 |3.0 |2.5
' 1.0 |2.8 [2.3 v
2.0 |2.4 |2.0
25%TBP+0.5HNO5 | 1,01 0.81 0,20 1.02 1.9011.46 [ 0.5 |3.3 1.8
1.0 [2.7 [1.6 VI
2.0 |3.2 1.7
25%TBP+3.75 1.12 0.81 0.31 1.00 1.8512.88 [ 0.5 |3.6 [2.5
mole/1 NH,NO4 160 J2sT [1.9 VII
2.0 [ 3.1 |2.1
25%4TBP+0,83 1.14 0.82 0,33 1.97 2,012, 05 | 0.5 |2.1 [2.1
mole/1 AL(NO,), 1.0 |1.9 [1.8 | VIII
+0.5N HNO, 2.0 |2.5 |1.9

From the analysis of the tabulated data one canh draw conclusions
on the effect of some factors,
In particular, the m-phase volume ratio obviously affects Vp’
however, this influence has no distinet tendency.

The growth of 4€ through a decrease of § of the organic phase in-
creases the separation rgtes V_ of the emulsion of either type.

The growth of AS through an increase of § of the aqueous phase as

effected by the introduction of salts, rises V

of the W/O emulsions

to some extent (in this case the type of salt has also an effect)
and practically does not affect the separation rate of the O/W emul-

sions,

Hence, the logarithmic dependence of Vp on a€in (37 cannot be tak-
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en as credible, the more so, as neither in that paper nor in any sub-
sequent ones /37 there is a description of a method used to determi-
ne this dependence that would allow a variation of 84S of the system
without changing its other physico-chemical parameters.

At the same time it should be noted that the difference in V_ of
O/W and W/O emulsions is significant for systems II and III and the
ones similar to them, i.e., VI and VIII; in other systems this dif-
ference is relatively small. This fact does not agree with the gene-
rally accepted concepts of the relation between Vp and the type of
an emulsion /5/7.

It can be assumed that the difference in Vp of O/W and W/O emul-
sions could be determined by differences in densities and the pres-
sure loss of a medium through which a drop goes, as well as in the
interphase surface tension 6‘ ,2 of aqueous and organic phase dropsj
however, special measurementa of 5’ 2 failed to detect these diffe-
rences. T

Some effect of the phase ratio on Vp could be also hypothetically
explained by different pressure loss of a drop layer. However, all
these assumptions need to be experimentally checked.

The data presented show the number of factors that influence V
and how it is challenging to determine the actual contribution of
each factor. An attempt to find the dependence of Vp on the physico-
chemical parameters gives an impression that these parameters are
insufficient for the full characterization of the system and its
properties that are also dependent on the salt composition.

Our investigations showed that besides £, a§, 6'1 2,/u and
other factors such as phase ratio, m, emulsion type (O/W or W/0),
acidity, reagent chemical composition, V_ was also influenced by
the emulsion residence in a settler (the kinetic factor).

We have established that at the first separation stage the con-
tinuous phase leaves the emulsion more actively and then the sepa-
ration rate of both the phases levels off., Based on these data a
conclusion was drawn that the shape and volume of a settler are
rational if they provide for the emulsion residence time needed
for the full preliminary release of the continuous phase from that
emulsion.

It is quite obvious that further studies of the relation between
V_ and physico-chemical and kinetic parameters are of great theore-
tical interest.

However, due to the required instrumentation of the operating
extraction units it is necessary to develop reliable methods for
the determination of separation rates or specific loads on extrac-
tor settlers.

At present a considerable amount of data have been accumulated
to reveal Vp=f(H ) £1,2,57 both under static and dynamic conditions.
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For emulsions of all the extraction systems studied this depen-
dence was found to be extreme; at this dependence there is (V )H ,
corresponding to each height of an emulsion layer in a settler. The
experimental data available show that with an increase of the emul-
sion layer VR grows to the maximum and then drops.

Having in mind that V_=Q/T one can reconstruct the dependence
Vp=f(H,) to give T _=f(Hj).

For each system of solutions it is obvious that the optimized
height of the emulsion layer (Hj)opt will be in line with the sepa-
ration rate V_°P% ana time TR,

Then, the optimized settler area will be (P .) min=Q/Vgax. The
minimum emulsion volume will be Wmian-tmlnp, and the optimized
height of a liquid layer in the settler is assumed (Hor)opt=2(H3)°pt'

This reserve of the settler height is chosen taking account of
the possible change of the interphase position and Hy due to varia-
tions of solution density, accident changes of the capacity for
each phase and mixing intensity resulting from variations of voltage
and pressure in plant grids as well as other factors.

And on the contrary, if the calculation is performed based on
the specified height of a liquid layer in a settler HOT’ then the ,
allowable height of the emulsion layer is determined first HQQO.SWE.
Tp is found for it from the curve T =f(Hj;) the emulsion volume
w; ='EpQ'and the settler are Wy/Hy are determined, then assuming
several versions of the settler width and length one finds its op-
timum shape.
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SEPARATION OP MICRO-DISPERSIONS WITH THE AID
OF PIBRE-BEDS
i - F. Rebele o. Prof. Dr.-Ing. Eckart BlaB

LEHRSTUHL A FUR VERFAHRENSTECHNIK DER TU MUNCHEN , FRG

3-40

Liquid-liquid dispersions under any circumstances appear at many
processes in chemical engineering, like at liquid-liquid extraction,
at the condensation of hetero-azeotropes, at the reduction of
solubility caused by changes in temperature etc.. The separation of
the dispersion causes extreme technical difficulties. Thus the process
of separation is promoted by means of various aids. Using a fibre-bed
is a rather popular one. Fibre-beds are known to be sometimes very
successful in advancing the separation. However, the safe selection
and design of a fibre-bed is not possible, yet.

Experiments want to improve fibre-bed settlers for future designs.

Experiments

Experimental investigations aimed at the determination of the
separation performance of fibre-bed settlers. Thus dispersions of
water or 3m HNO; and TBP/n-alcane of a drop-shaped volumetric hold-up
of about 0.4% dispersed organic or about 1% dispersed aqueous phase
and drop sizes below 100 micrometers were produced in a stirred tank.
(Fig. 1 shows the used experimental apparatus schematically.) With the
aid of fibre-beds with glass-fibres, stainless-steel-fibres or PTFE-
fibres dispersions were separated. For the experiments we varied the
drop size, the volumetric flowrate of the dispersion, the width of the
fibres, the -depth of the fibre-bed and the hold-up of the dispersed
phase at the inlet of the fibre-bed. During the experiments the hold-
up of the dispersed phase remaining in the continous phase behind the
fibre-bed was measured. This was either determined by the Karl-Fi-
scher-method or by infrared photometry. In addition, the drop size in
the dispersion was determined by a diffraction spectrometer (reported
at ISEC 1986, /1/). The wetting abilities of the used fibre material
were quantified by contact angle measurements.

Results

The task of the fibre-bed settler is to reduce the hold-up of the
dispersed phase behind the settler as far as possible or necessary.
Ideally, this hold-up is totally separated and only the molecularly

- Pig.1.
1 = dropsize measure-
ment; 2 - stirred tank;
7 ) 3 - aqueous; 4 - or-
6 anic phase; 5 - pump;

- sampling; 7 - set-
tler; 8 - fibre bed
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dissolved quantum of the dispersed phase in the continous phase
remains. This hold-up cannot be split off by fibre-bed settlers, but
can only be removed by chemical or thermic separation processes. In
order to get"a relation between the smallest remaining quantum of the
dispersed phase (=molecularly dissolved hold-up) and the drop-shaped
hold-up of the dispersed phase which actually remains, the term-
"related dispersed phase", short RDP, was defined and used for the
demonstration of the experimental results:

hold-up of drop shaped dispersed phase, not split off

RDP =
hold-up of dispersed phase, molecularly solved

This term is dimensionless.

There are the most important results of the investigations:

- The separation performance depends on the wetting behaviour of the
fibre material. PTFE as a fibre material can be totally wetted by the:
used organic phase, however, PTFE cannot at all be wettet by the
aqueous phase. In experiments the PTFE-fibre, compared to other fibre
materials, provided the worst separation results. Glass fibre shows a
wetting behaviour which differs less, and it separated a bit better
than the PTFE-fibre. The stainless-steel-fibre is about equally well
wetted by the liquids. investigated and compared to glass and PTFE=-
fibre it works best (see Fig. 2 and 3).
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-~ The separation performance decreases for smaller drops for all fibre
materials, and it decreases at increasing superficial velocity for all
fibre materials, the degree of the dependence, however, differs. The
lowest dependence appears at the stainless-steel-fibre which, as
mentioned above, shows a balanced wetting behaviour.

- The separation performance increases if thinner fibres are used;
fibre widths, which lie in or below the range of the smallest drop
diameters worth to be mentioned, are best, see Fig. 4. Here we can see
that the RDP increases when the fibre width increases, which
corresponds to an increase of the hold-up of the dispersed phase
behind the settler.
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- The separative performance can hardly be influenced by the depth of
the fibre-bed; a minimum depth is necessary for the uniform flow
through the fibre bed and is enough to reach the best possible
stimulation of coalescence. Fig. 5 shows the result of an experiment
which varied the depth of the fibre-bed of a stainless-steel-fibre. It
makes obvious that fibre-bed depths of 5mm reach the same separation
performance as bed depths of 60mm.

~ The separation performance depends only little on the holdup of the
dispersed phase at the inlet of the fibre bed. During an experiment at
nearly constant conditions only the hold-up of the dispersed phase at
the inlet of the fibre bed varied strongly and we observed the
separation performance, see Fig. 6. According to this the hold-up of
the dispersed phase which has not been separated at the output of the
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fibre-bed remains below 4 times the quantum of molecularly dissolved
dispersed phase, even if the hold-up of the dispersed phase at the
inlet of the fibre-bed varies more than three orders of magnitude and
takes a holdup of more than 20 percent in the most extrem case.
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Supplement

Mutually solubilities of the used test materials:

TBP/n-alcane in water: 0.019 percent by volume;
Water in TBP/n-alcane: 0.76 percent by volume.

Symbols

de ( pm) — fibre diameter.

dp (pm) — characteristic drop diameter of a RRS~-
distribution.

L Cmm ) — fibre-bed depth.

RDP (=) — related,drop-shaped holdup of the disperse.
phase behind the settler,

w (cm/s) —superficial velocity,
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EFFECTS OF MEDIUM COMPOSITION AND ELECTRIC FIELD
PROPERTIES ON EMULSION SPLITTING 3-41 !

W. Degener, H. B. Hauertmann, K. Schigerl, Institut of
Technical Chemistry, University of Hanover, F R G

1, Introduction

Various industrial applications of liquid surfactant membran-
extraction processes require an effective and inexpensive
splitting of the employed W/0O emulsions.

Various reactors are used for different applications, e.g.
crude o0il desalting or splitting of 1liquid surfactant
emulsions containing a 1lot of water. Coalescence of the
encapsulated water droplets is induced by an AC or DC field.
In usual processes emulsion splitting is carried out by high
field strength in the range between 500 - 6000 V/cm .

The electrocoalescence mechanism is complex and only par-
ticularly investigated. Fig. 1 shows a simplified modell

2, Apparatus

Coalescence is induced by high alternating voltage up to 20
kV to avoid electrolysis in the encapsulated water phase of
the emulsion. The use of high voltage and a large content of
water in the emulsion (30 - 50 vol%) requires a reactor with
insulated electrodes (Fig. 2). A vcombined solid/liquid
insulation (glas/oil) of the reactor results in a high
disruptive strength. Emulsion splitting was investigated by
high voltages up to 20 kV and frequencies up to 2500 Hz.

£ P2 Pl
VB ”"'?3‘ """
HOIS) i
180 e e
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v
-
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¢ U: 1 - 28 kv
1 - 10PPBHz

Pig.1. Mechanism of electrostatic coalescence

1 -~ Drop on collision course; 2 - elongation, film-drainage;
3 - unstable drop formations breakdown of the critical film;
4 - coalescence; 5 -~ bigger droplet

Pig.2. Reactor
EB - Splitting cell; S settler; Pt1, .P2 Pumpe (emulsion
input); P3 Pump (organic output); M water output
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3, Influence of emulsion composition

Efficiency of emulsion splitting is strongly influenced by
the emulsion composition. The characteristics of the emulsion
depend on concentration and type of surfactant and extractant
on one hand and on the solvent on the other. However these
parameters are less investigated.

i Influence of surfactant concentration

In liguid surfactant membranes the surfactant is used in
excessiv concentration above the CMC. Nevertheless the
breaking speed is exponentially depending on surfactant
concentration (Fig. 3). An increase in surfactant
concentration causes a decrease in breaking speed.

ii Influence of extractant

°.
D 559
o |~ 25
4
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o
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[77]
3 SO v wom w55 @ v R w5 .
.
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8- 1 2 3 4 S 6

SPAN 80 (VolX)

Pig.3. Breakingspeed and yield (st) as function of the
surfactant concentration

ETARZ yield per volume and time

bsm breakingspeed

Breaking speed is also a function of type and concentration
of the extractant due to its surfactant behaviour (Fig. 4).
However increasing concentration of the extractant lead to de
creasing breaking speed in all investigated systems (Fig. 5).
iii Influence of the solvent

The separating membran layer between the encapsulated water
droplets containes pure solvent up to 95 vol%. The electro-
static coalescence seems to be influenced by the dielectric
character of the solvent, because the organic phase must be
removed in a first step, and the characteristics of the
adsorption layer at the interface, because the layer is
disrupted for final coalescence.

The investigations show that cycloaliphatic solvents lead to
higher breaking speeds than aliphatic solvents (Fig. 6).
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Breaking speed even seems to be a function of the
conformation of the molecules. This can be also correlated
with the dielectric constant and the polarization of the
solvent molecule in the electric field, because the
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P15.4. Breaking speed vs various extractants

Bnulsion: kerosene, 3 vol.% span 80, extractant.2 n HCl
without extractant

21 ....... .......
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-] 50 108 150 280
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Fig.5. Breaking speed as function of carrierconcentration
Bnulsion: keroabne, 3 vol.% span 80, d2ehpa
2 n HC1, 10 g/1 zn%*

ba (el/min)

Pig.6. Breakingspeed as a function of the solvent
HV: 20 kV/50 Hz, Fv 130 ml/min

1- kerosene; 2-heptane; 3 -isooctane; 4-cyclohexane;
S-metylcyclohexane; 6-ethylcyclohexnne-

BEmulsion: organic solvent, 2% span 80, 5% d2ehpa}
a~solvent with 20% xylene, b-pure solvent
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Pig 9. Breakingspeed and yield (st) as a function of the
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parameters: E 0.54 kV/cm, F, 130 ml/min

.dielectric properties influence both steps of coalescence. In

case of high electric field strength the correlation between
polarization and breaking speed is good (Fig. 7).

4, Electrical parameters

Fig. 8 and Fig. 9 show that the coalescence depends sharply
on the electric field strength and the frequency. Increasing
field strength and frequency cause increasing emulsion
splitting. It is useful to attain good recycling of the
organic phase of the emulsion by increasing both the
frequency and the field strength. On the other hand it is
also necessary to use the right solvent for an optimal

emulsion splitting, well known by its conformation behaviour
and dielectric natur.
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A NEW TECHNIQUE FOR THE MEASUREMENT OF KINETIC CONSTANTS OF

-42
TRANSFER BETWEEN LIQUIDS i
*
J.P. Simonin , C. Musikas , E. Soualhia & P. Turg
Laboratoire d'Electrochimie, UA430 Université P.& M. Curie
8, rue Cuvier, 75005 PARIS - FRANCE
* DGR , CEA de Fontenay-aux-Roses
Introduction

In the last ISEC'86 and in various publications [1,2] the need for a
better technique, in order to measure kinetic constants of transfer of
solute between phases, has been emphasized. Moreover there is a brisk
demand from chemical engineering industry in that sense. It might seem
amazing that since the first method proposed in 1954 [3] by Lewis and
known commonly as the Lewis cell, no really satisfying set-up has been
achieved. In all cases since that time, experimentalists have met with
the main problem of controlling reliably the diffusive part to the
transfer of solute. For example [4] at least three theories can be used
to describe the diffusive transport near an interface: the stagnant
film, the boundary layer and the penetration theories.

In order to palliate this uncertainty, Albery [5] has proposed in
1976 a nice alternative to the Lewis cell and other previous technigues
such as the moving drop. The main progress of his device is to much
better control the hydrodynamic conditions of the flow, since it is
adapted from the well known rotating electrode used in
Electrochemistry, for which the theory has been made by Levich [6].
Nevertheless some problems still seem to hold: essentially the presence
of a filter 1limiting the process and whose characteristics are
relatively poorly known, and above all one can ask [2] whether the flow
inside the rotating cylinder is the same as outside, ¢{.e. that
described by Levich.

In this paper we want to present a technique inspired by the
Rotating Cell of Albery together with brief contact methods (7], that
we are building up at the time, and for which we think we can expect an
interesting improvement.

Description of the method: The Rotating Capillary

The experimental set-up is fair simple: it consists of a capillary,
made for example of Teflon, in which a bore of about 5 mm was drilled
through the center of the cylinder. It is mounted on a rotating
electrode bearer and thus can be set to rotate.

At time t=0, the capillary, filled for instance with an agqueous
solution denoted by A of a radioactive isotope of the studied

168



species,is immersed in an organic solution of extractant B. This device
looks like the Rotating Cell with this difference that, here, the
solution inside the tube (part A of the system) is freed from
convection with the help of a "stabilizing medium" such as agarose or
sinter glass. Thus the diffusive part to the transfer of solute from A
to B is perfectly known and can be treated exactly: in A, a pure
diffusion occurs and in B, a convective flow of the rotating electrode
kind.

Theory

The observable of the experiment is the proportion P(t) of solute
that has been transfered to B at time ¢. The basic assumption to
calculate this quantity is to suppose, for the sake of simplicity, that
a quasi-stationnary state prevails in phase B, t.e. that the 1local
concentration is nearly independant of time in the diffusion 1layer.
This is the well known kind of assumption made in Electrochemistry,
using a rotating electrode, for example in the case of an EC mechanism
including a dimerisation step and in so-called "purely kinetic 1limit"
where the dimer formation is very fast compared to the diffusion in the
diffusion layer.

The transport of solute is at one dimension x [6]. We then write
down the equations in phases A & B, supposing that the solutions behave
ideally:

4 c a “c
—=D ﬂ ’ (1)
a t A 4 x
oc o %c
V, === = D, s, (2)
d x 4 x

where c¢(x,t> is the concentration, and DA and DB are the diffusion
coefficients in A and B. At the interface we assume a reaction with
kinetic constants kf and kr (forward and reverse)
A ¢
—_— N
ﬁmq M org (superscript ¢ means interfacial)
IEr
The boundary conditions are: a no flux condition at the bottom of

the .capillary, and at the interface, if we set C+=C(x=0+,t) and tidem
for C_ ., we have:

g cC acC

(x=0") = D
o x B o

D

A Cc

f "+

(x=0") =k, C_-k

Equations 1 and 2 together with the boundary conditions can be

solved analytically, performing a Laplace and a Fourier transform, to
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vield for times much smaller than the diffusion time 7 = Lz/DA (L 1is

D
the length of the bore):
P(t) = Pcap(t) - P'(t) (3)
with:
2
P (t) = Yt/
cap v7 D
(4)
& P'(t) = { 1 = -Kt erfc(V K t )}
D
al TD
with the definitions T = v K= where
x kf T 2
x
D, /6 + k
am 22 I where 6 = 1,62 (Dy)'? fo7w is the
Dalém

diffusion layer thickness [6]:; v is the kinematic viscosity of B and w
the rotation speed.

Expression 3 appears as the difference between the capillary term
Pcup (purely diffusive) which is the result for P when the kinetics is
infinitely rapid, and a "kinetic” term P' involving also the physical
parameters of the system and in particular the rotation speed w through

the term a.

Results

We have applied our device to the case of Cobalt ions transfered
from water towards HDEHP 0.2F diluted in dodecane (see ref.[7]) and we
have focused our attention on the two cases pH=3 and pH=5 corresponding
respectively to "slow” and "rapid" kinetic conditions. We have relied
on litterature {7] to get the partition coefficients at these two
values of pH.

First we have measured the effective diffusion coefficient of Cobalt
in agarose by taking B=A (buffer aqueous solution) and measuring
Pcap(t) for successive times. We have also measured DB with the
Anderson and Saddington open capillary method. Lastly we have extracted
Cobalt: at a time ¢t the capillary is removed and the remaining activity
of the gamma emitter 5700 is measured; knowing this quantity initially
gives straightforwardly P(t). Then one performs a least-square
non-linear fit on the experimental data with the use of equation 3. Let
us notice that in this fitting, only the forward rate constant Rf needs
to be determined. Table 1 gives the results for the decimal logarithm of
Rf at the two values of pH we have studied. After the fitting the
theoretical curves pass nicely through the experimental points,

yvielding a low standard deviation on kf.
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Experimental results for lbg(kf) compared to ref. [8]

Danesi et al. Rotating Capillary
pH 3 - 3.1 - 4.0
pH 5 - 2.5 = 254

Moreover we have performed the same kind of test made in
Electrochemistry, consisting in varying the rotation speed w and
looking at P for a given time to' One notices a satisfactory agreement
for high rotation speeds (from 300 rpm), but an appreciable discrepancy
for low w 's (about 50 rpm). This fact can be attributed to the
fall-down of the basic assumption made to calculate P(t), ¢t.e.
supposing a quasi-stationnary state in the diffusion layer: at 1low
rotation the time needed to establish the stable state is of the same

order as the observation time.
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SINGLE DROP APPARATUS WITH SMALL DROPLETS (d <3 mm) 3-43
FOR INTERPHASE MASS TRANSFER STUDIES

C. Mas, G. Franz, R. von Ammon, Institut fiir Heie Chemie,
Kernforschungszentrum Karlsruhe, Federal Republic of Germany

Interphase mass transfer between droplets and bulk phase in dispersed liquid-liquid extraction systems is
known to be enhanced compared to a stationary interface, e.g. in a stirred cell. Oscillations and internal fluc-
tuations (Marangoni instabilities) within fairly large droplets (diameter 2.5 - 3 mm) are usually made responsi-
ble for this phenomenon. If this is true, mass transfer to and from smaller droplets should be slowed down and
approach that of the stationary interface, because these droplets are more rigid and instabilities should even-
tually disappear. Experimental difficulties, however, have so far prohibited single drop experiments with drop
diameters < 2 mm. We have now designed an new single drop extraction system where drops with diameters <
1 mm can be produced and measured. This apparatus is described in the first section.

Apparatus

Its main component is a stopcock whose fine boring determines the volume of the droplet (e.g. 0.5 mmS
corresponding to a drop diameter of 1 mm) (fig. 1).

In the first step the boring is filled with the liquid going to form the dispersed phase, i.e. the drops. It is es-
sential that this liquid does not wet the material of the stopcock, because otherwise no reproducible drops are
formed. In our first tests we used a polyamide-imide plastic (trade name "torlon"), and }I;ZO or HNO; as di-
spersed phase in the falling drop mode. The stationary phase was 30% TBP in dodecane, either in pure form or
saturated with HNO,.

After the boring has been filled with water (or HNO,), the stopcock is turned into a vertical position and the
liquid is pressed out of the boring by pure dodecane. In a third step, the stopcock is turned again and the do-
decane filling is replaced by water (or HNO5). It is ready now for formation of the next drop. The size of the
droplets is exactly reproducible.

dodecane

|
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Fig. 1, Stop cock with fine boring for formation of small drops

electrodes

Fig. 2. Single drop apparatus (falling drop mode) equipped with stopcock for drop formation (top) and
conductivity measurcment for analysis (bottom)
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The whole procedure was automated by turning the stopcock with a controlled stepping motor. The rate of
drop formation can thus be varied within a wide range.

Analysis

In this section a method is described for collection of the drops, separating them from the solution in order tq
stop mass transfer, and analysing them.

The stopcock producing the droplets was placed on top of a glass tube of 40 mm diameter (fig. 2). Its boring
could be filled with H20, HNO3 or dodecane, as described above. The tube was filled with the stationary
phase (30% TBP/dodecane) through neck a. The air could be released from the tube via opening b. In
addition, residual gas bubbles left in the upper part of the tube could be sucked off with an injection needle
applied through a septum at neck c. Tube d serves to adjust the whole system so that the drops fall exactly -
vertically. Photographs of the drops falling down the tube could be taken through a window of planar glass-
mounted on the side of the tube (e).

Mass transfer is stopped when the drops fall through an orifice f (d = 5 mm) into the lower part of the tube
which has been filled via tube g with a liquid of higher density which is assumed to be inert against the medium
of the drops. In this case a mixture of cis- and trans-decalin was used with a density of 0.8699%0 - 0896520
ycm3. 30% TBP/dodecane has a density of 0.824 (2).

The length of the glass tube from the top to the orifice is 139 mm. Thus the residence time of the drops in the
stationary phase amounts to 3 seconds. A time of about 30 minutes is available before noticeable mixing of the
two organic phases sets in by diffusion. This time is more than sufficient to carry out an experiment.

The drops are collected in a glass cup (h) equipped with two microelectrodes made from platinum. When the
tips of the electrodes have been wetted (about six drops are necessary) the electrical conductivity of the liquid
in the cup can be measured. The method was calibrated with HNO; solutions of known molarity.

Results
The conditions of four experiments which were carried out so far, are listed in table 1. Each experiment was
carried out at least twice, the temperature was 20°C throughout. Since these experiments were the very first

ones with the new apparatus and served mainly to test the method, the results must be considered preliminary.

Table 1. Single drop experiments for reextraction of HNO from TBP/dodecane into water and for extraction
of HNO; into TBP/dodecane

Run Stationary Drops D HNO; concentration % of
Phase in drops (M/1) equilibrium

1 30% TBP/dode- H,0 0.135 032 86
cane, 0.42 M/l
HNO,

2 3% TBP/dode- H,0 0.02 0.027 88
cane, 0.031M/1
HNO4

3 30% TBP/dode- 0.42 0.085 0.167 43
cane M/ HNO,

4 3% TBP/dode- 0.043 0.018 0.02 47
cane M/ HNO,
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In runs | and 2, where HNO3 was reextracted from TBP/dodecane (30 and 3% by volume, respectively) into
water, a HNO3 concentration of O.32 and 0.027 M/l was found in the drops, respectively, after 3 seconds resi-
dence time (table 1). With the distribution coefficients (D) taken from (1) the equilibrium concentrations can
be estimated. It turns out that 86 - 88% of the distribution equilibrium had been already attained.

In extraction runs 3 and 4, where HNOj is extracted from the drops into the stationary organic phase (30 and
3% TBP in dodecane, respectively), the measured HNO; concentration in the drops after 3 seconds residence
time was 0.167 and 0.02 M/], respectively. This means that only 43 - 47% of the equilibrium have been reached.

The fact that the reextraction reaction is faster than the extraction reaction deserves attention, but has to be
verified.

If, for the moment, it is assumed that both reactions are of first order (this appears legitimate since there
seems to be no dependence on TBP concentration), the mass transfer coefficient 8 can be estimated according
to

m/V = By°"S/V'c

where S and V are drop surface and volume (S/V = 60 cm'l),  is the mass flow and c the HNOj4 concentra-
tion in the drops.
Integration gives

In(c/cy) = - B60t

and B = 4.5 107 cm/s (t is the residence time of 3 sec).

This rough estimate is smaller by a factor of 3 than the accepted value of Nitsch (3) obtained from stirred cell
experiments (4). Generally it is agreed upon that mass transfer in large drops is roughly twice as fast as at the
stationary interface of a stirred cell. So, if our preliminary results can be verified, they would confirm our as-
sumption that mass transfer at small drops is in fact slowed down. Work is in progress.
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EXTRACTION OF ZINC BY BIS(2-ETHYLHEXYL)PHOSPHORIC ACID 3-44

— INFLUENCE OF ACTIVITY AND HIGH LOADING
M.Koncar,H.J.Bart,R.Marr,Institute of Chemical Engineering,
Technical University Graz, Austria

Introduction: The background of this work was to develop a
new test system for studying the behavior of extraction equip-
ment under conditions of liquid-liquid mass transfer with chemi-
cal reaction. 2n?**-Bis(2-ethylhexyl)phosphoric acid (DEHPA)-
dodecane is a very suitable system for those experiments. The
system properties of such a test system must be well described
and so, besides other, a lot of equilibrium studies were carried
out. Based on the law of mass action the obtained data were used
for finding a way to calculate the equilibrium over large con-
centration ranges.

Experimental: A technical grade extractant containing 97%
DEHPA, about 0.7% MEHPA, and 2.3% neutral impurities dissolved
in 99% pure dodecane was used for the experiments. There was no
difference between results obtained with technical grade DEHPA
and a DEHPA purified by the method of Partridge et al [4]. Che-
micals in the aqueous phase were of analytical grade. The ionic
strength could be kept at a constant value of 0.1 by using
Na.SO,.

The two phases were contacted in shaking funnels for 30 mi-
nutes. A complexometric titration method led to the concentra-
tion of 2n** in the aqueous phase, the H*-concentration was
measured with a pH-electrode.

Theory: For the chemical reaction the following equation can
be assumed:

Zn** + n(HA), === ZnA,(HA),,._> + 2H* (1)

_ ZnA;(HA),, - 1*[H*]?
K-x = [Zn *]*[(HA = n (2)

(HA)., is the symbol for DEHPA, which exists in a dimeric form in
aliphatic diluents [1,3]. Using the logarithmic form of (2) a
plot of the experimental data should 1lead to a straight line
with a slope of n (Fig. 1). For the discussed system a value of
n = 2 was found by many authors [1,5]. However, for DEHPA con-
centrations above 1072 mol/l1 (monomer) the stoichiometry seems
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to change to a value of 1.5 [6]. Furthermore the values for n
and K., are only valid for low loading ratios ([2n..g]1/[(HA). o]
< 0.1) [3] where [(HA). o] is the DEHPA feed concentration. To
overcome those difficulties activities should be used instead of
concentrations in egn.(2).

-1.50

log D — 2%pH

—450 -

0 i i L
-5{250 -2 -150 =3 -0.50

log [(HA)2]
A exp. — theory

Fig. 1. Determination of DEHPA activity coefficient
PH = 2, I = 0.1, Z2Neae = 0.1 g/1

A way to calculate a kind of activity coefficient for DEHPA
was shown by Danesi et al [2]. The measured slope of 2 in the
logarithmic plot for 1low DEHPA concentrations is extrapolated
to higher concentrations. The deviations between extrapolated
and measured data are then used to calculate the activity coef-
ficient for DEHPA (Fig. 1). A somewhat similar way leads to a
kind of activity coefficient for the organic Zink complex. For
that purpose egn. (2) must be rearranged to:

D = Do * (1-2*[Znoxgl/{(HA)2 o1)2 (3)
with

D = [Znoxrgl/[2Zna,]
Do =] K.x*[(HA)z,o]z/[H’]z.

The term in parenthesis in eqgqn. (3) can be interpreted as the
free capacity of DEHPA and D, is the distribution coefficient at
zero loading. A logarithmic plot of the rearranged egn. (3) {as
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shown in Fig. 2) 1leads to a straight 1line through the origin
with a slope of two. For a free DEHPA capacity lower than 80%
the experimental data do not fit the predicted line when con-
centrations are used for Zn,.y and (HA).,, in the equations.
However, this fact is not only due to the difference between

o
-050 - i
o a
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o
9
I -ir
[a
o
kel
-150 |-
-2 i 1
-2 ~1.50 = =250 °
log (1—2%Znorg/(HA)2,0)
4 exp. — theory

Fig. 2. Determination of stoichiometric correction
factor. pH = 2.0 -~ 3.5, I = 0.1, 2neoe = 0.1 -
1- g/

concentration and activity but also to a change of the stoichio-
metry in this loading ranges. Again the deviation between expe-
rimental results and predicted conditions (Fig. 2) can be used
to calculate a kind of activity coefficient which will be called

'stoichiometric correction factor' in the further discussions.

Results and discussion: First the activity coefficient of
DEHPA was determined. Following the way used by Danesi [2]
experimental and theoretical data were plotted as shown in

Fig. 1. All experiments of this series were carried out at low
DEHPA loading conditions. For high DEHPA concentrations the
experimental data show a deviation from the straight line. The
activity coefficients obtained by correcting this deviation can
be calculated by using equation (4):

1/ = 149.07*((HA)2,0]*-*=2 (4)
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This equation 1leads to a better fit of the data than that pub-
lished in [2], especially for lower DEHPA concentrations.

The equation to calculate the stoichiometric correction fac-
tor f. was obtained by using Fig. 2. Here the experiments cover-
ed a large DEHPA loading range. Fitting the deviations leads to:

1/fa 1+0.616*B1->*7 (5)

with

B Z*[znorv]/a(nh)z.o
To calculate the eqiulibrium the concentrations in egn. (3)
have to be exchanged for activities a,:

a(HA)> =Y*[(HA) ], a(2norg) = fa*[2no.4]

This empirical approach on activity values allows a predic-
tion of the equilibrium concentrations over 1large concentration
and DEHPA loading ranges by simply using the law of mass action.
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DEVELOPMENT OF AN AUTOMAMATIC DEVICE FOR THE STUDY OF DROP-
INTERFACE COALESCENCE 3-45

M.J. K/ourio, C. Gourdon, G. Casamatta,
Ecole Nationale Supérieure d'Ingénieurs de Génie Chimique, U.A.192, C.N.R.S.,
Chemin de la Loge, 31078 Toulouse Cedex, FRANCE

Drop-interface or interdrop coalescence is one of the basic phenomena that undergoes the
dispersed phase in liquid-liquid extraction contactors. Particularly in columns, near flooding
conditions, coalescence may be the predominant mechanism that is controlling the behaviour of the
droplet bed.

Many aspects to which coalescence event is very sensitive have to be considered :
hydrodynamics, physico-chemical properties of the two-phase system involved, interfacial
dynamxcs mass transfer direction and intensity... Therefore, it seems up to now to be difficult to
gather in a global model the whole influences mvcsugatcd

During coalescence event, an elementary step corresponds to the drainage of the continuous
phase between the two drops or between the drop and its interface. This step is characterized by a
parameter called coalescence time.

The present paper is devoted to the description of an automatic device which is assigned to
achieve drop-interface collision, and to measure the respective coalescence time.

DESCRIPTION of the EXPERIMENTAL DEVICE

The principle of the device consists in achieving drop - interface collisions at determined
relative velocities . In solvent extraction contactors, these collisions occur at velocities which are
usually lower than the terminal single drop velocity . In order to cover this range ( order of
magnitude 1 cm s”! around ), the drop stays immovable at the tip of a nozzle and the interface
moves up and down relatively to the drop . The interface stroke 1s achieved by means of a plug
driven with a motor at variable speed .

The device is schematically described in Fig. 1.

The collision is recorded with a linear video camera connected with an on-line micro-computer

The experimental device consists of ( Fig. 2):
- a coalescence cell

- a plug chamber

- a drop formation system

- a measurement system

- amicro-computer APPLE ITE

The coalescence cell is a part of P.T.F.E. column, of which inner diameter is 40 mm .
Two opposite windows, made in mineral glass of 25 mm diameter , allow to observe the
drop-interface collision and to light conveniently the phenomenon .

At this place, a stainless steel nozzle is located perpendicularly through the column .

The second part of the device corresponds to the P.T.F.E. plug chamber.
The plug is driven by a piston jack (SKF), actuated by a variable speed motor .

The upstroke and downstroke movement of the plug may be automatically controlled with the
micro-computer that is used .
It is required to use a digital-analog converter for actuating the variable speed motor .
By this way, the device may be entirely automatic .

The choice of materials is determined by the requirement of cleaning very frequently the cell

with sulpho-chromic acid .

The principle of drop formation unit consists in pushing as accurately as possible the plug of a
micro-syringe containing the phase that will form a drop at the tip of a nozzle . This operation may be
pertormed either with a specific electronic unit [1,2] or with a micro-computer [3].

The measurement system consists of :
- a linear video camera

- a light source

- an interface card

- amicro-computer APPLE I E

- aclock card
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The video camera applies the CCD technique . It is composed of a row of photosensitive
silicium cells ( 1024 pixels) which provide the analog information that is stored in registers . These
signals are transmitted in series to the interfacecard .

The interface card into one of the slots of the micro-computer APPLE II performs the
conversion of the analog signal corresponding to an image into 6 bits words . On the other hand, it
allows also to control the exposure time of the pixels, that ,in fact ,is usually fixed to 10 ms in this
work .

Assembler language software allows to control the interface card and the real time image
acquisition .

DESCRIPTION of IMAGE ACQUISITION

One image, as already mentionned, is composed of 1024 informations (pixels) digitalized into
6bits words . It means implicitly that light intensity is represented by means of 64 different levels . O
corresponds to black colour, whereas 64 corresponds to white light .

The camera is located in front of the window perpendicularly to the nozzle .

Pixel 1 and pixel 1024 correspond respectively to the top and to the bottom of the exposure field .

In Fig. 3-a, a typical image is described . Grey colour intensity is plotted against the numbers of
pixels .The drop appears because of the difference of refractive index relative to the one of the
continuous phase .The top of the drop corresponds to the left peak,whereas the bottom corresponds
to the right one .

Drop-interface coalescence is illustrated in the next figures . In this case, the dispersed phase is
the light one, the interface being moved downward .

In Fig. 3-8, the interface appears in the field of camera vision . There are now 3 peaks detected
by the linear camera . The one relative to the interface is going down .
In Fig. 3-¢, the contact between the drop and the interface is achieved .

Ai;:oalescence occurs, there are no longer 3 peaks, but only one corresponding to the interface
(Fig. 3d) .

The time elapsed between the contact and the disappearance of the drop is measured by means
of the clock card and provides the properly speaking coalescence time .

As example, some results are exhibited in the figure 4. Mean colescence times are plotted versus
interface velocity.

This device is assigned to a routine working for taking into account the influences of
phsico-chemical properties of the liquid-liquid system investigated .

The results are needed in order to deduce the interface-drop coalescence time under specified
collision conditions .This parameter is useful for qualifying the efficiency of coalescence as soon as
the contact between two drops or between a drop and its respective.interface is achieved .

Both mechanisms occur in any kind of solvent extraction column or other liquid-liquid contactor .

This specific study has to be integrated into a global study [4,5] that is undertaken in the
laboratory in order to deduce correlations between coalescence frequency and hydrodynamics
involved for a given liquid-liquid system .
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ELECTROCHEMICAL TRANSFER OF IONS ACROSS THE WATER/
NITROBENZENE INTERPACE

3-46

A. Paulenovd, R. Kopunec, A. Svec, F. Macd3ek, Department of Nuc-
lear Chemistry, Faculty of Science, Comenius “University, Brati-
slava, Czechoslovakia

Koryta has pioneered /1/ the electrochemical approach to extraction
of simple salts into high-permitivity organic phase. The approach is
based on the Verwey-Niessen concept of the electrical double layer at
an ITIES (ITIES = Interface of Two Immiscible Electrolyte Solutions)
/2/, the Butler-Volmer-Frumkin description /3,4/ of charge transfer
across the ITIES and Parker’s TATB assumption for standartization of
potential differences at an ITIES /%/.

During extraction process no electrical current flows through sys-

tem:
I = F =10, ¢9)

where I, is the current corresponding to the cation and I_ to the
anion of simple salt BA. Condition (1) is analogous to the required
for a corrosion system, where a nonequilibrium potential /rest poten-
tial/ is established under the zero-net electrical current flows
through a metallic electrode. The general equation for the extraction
potential difference q’extr’ which is the potential difference formed
between water and organic phases during the salt extraction, was deri-
ved and solved numerically.

Far from equilibrium and far from potential of zero surface charge
this equation takes a simple form (2)

B oty = 8040t RT/2F)lw ey e cgy0)]-  (2)
~ (RT/2F) 4n (kg [12),

where &£ (w) and & (o) are the permitivities of the aqueous and of
organic phase, CBA (w and C A(O) are the non-equilibrium concentra-
tions of salt and k, and k° are the conditional rate constants of
cation and of anion, respectively.

The distribution potential c:qﬁist is given by eq (3)

&Py = A0+ B¢°) ]2, (3)

where AU@ and AD qP are the standard potential differences of
transfer of the cation and of the anion, respectively /&/.

The extraction rate can be characterized by extraction current
Iextr’ which under the same conditions as above is given by (1)
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=l =1_= FA cp kg, » ( 4)

where kextr= (L’+ l(_ ko’.)% and k°Y is the partition coefficients of
the salt.

Experiments were conducted according to the methodology elaborated
by Semec et al Z7,§7 , Heyrovsky Institute, Prag. The transfer poten-
tials for Cs and TMA were determined by means of cyclic voltametry
at 298 X using polarograph LP 7e /Laboratdrni pristroje, Prag/, adju-
sted at Department of Nuclear Chemistry Comenius University, Brati-

extr

slava.
The used galvanic cell is generaly described by

Agl AgX @ R* Xl §*Y7a | STX7C )Mng(s)IAg (5)

where+x were C1~ or Br anions, R were Li' or Na' cations, §'= TBA+,
TPhAs , ¥ = DCC", TPhB~ (Fig.1l).

Fig.l.Electrolytic cell. l-water, 2-nitrobenzene, 3-water) REl and
RE2 are reference electrodes, CEl and CE, are platinum counter
electrodes, area of the interface is cca 0.2 cm2

Under condition (B)A:q% is determined by the charge of the elec-
trical double layer rather then by activities of the ions /9/. The
potential difference Ao ¢ variations are represented by the varia-
tions of E /when activities of X~ are equel in both w and w’phases/:

E= 250~ 4, Pyt ~(RT/2 F)M(a‘f(d/@sffv)) 2 (6)

The standard potentials of TMA" and Cs' cations transfer across
the water-nitrobenzene interface were measured polarographically
using galvanic cells (5) at 298 K. The cyclic voltammograms of there
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Fig.3,Cyclic voltammograms of tetramethylammonium ion transfer (after
addition of 0.001 moldm—3 TMABr to the aqueous base electroly-
te(w)) at sweep rates 1-3.3; 2-6.6; 3-16,6;and 4-33.3 mvs~t

Fig.4.Cyclic voltammograms of caesium ion transfer across water/ni-
T trobenzene interface
A: base electrolytes : 0.0l moldm™3 LiCl (w}, 0.01 moldm'3crys-
talviolet dicarbollidcobaltate (DCC) (nb/, 0.01 moldm™> crys-
talviolet chlorid (w’)
B: after addition of 0.001 moldm_3 CsCl to the aqueous base
electrolyte
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systems at four different polarization speeds are depicted in figs.
2-4. The half-wawe potentials, diffusion coefficients im organic and
aqueous phases and standard potentials of ionic transfer across the
water/nitrobenzene ITIES were calculated from the plots according to
obvious relations. The values of ’I‘MA+ and Cs+ transfer potentials
(35 and 160 mV, respectively) coresponded to those found by Samec

et a1l /7,8/.

Conclusion

The study of the inter facial processes at ITIES gives us impor-
tant data for description of ionoc transport through liquid membra-
nes. Our interest in the region of electrochemical interface is now
focused on systematic research relations between & (o) , adsorption
phenomena end transfer rates and mechanism in two-phase systems wa-
ter/nitrobenzene and water/nitrobenzene mixture with other organic
solvents.
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ELEMENTS AND METHODS OF EXTRACTOR DESIGN
> 4-1
T.Misek, Research Institute of Chemical Equipment, Prague,

Czechoslovakia

For the realization of a liquid-liquid extraction process a number
of extraction apparatuses is used and even more extractors have been
invented, patented and proposed. Most of those really existing on the
market are proprietary ones, i.s. the principle of the extractor, the
process of its manufacturing and the process of its design and opera-
tion are owned by individuals or organizations and because of business
interests many important features are held secret. This fact is in
dramatic contrast to the scientific knowledge and to its inevitable
condition - the freedom of information. The proprietary and preposes-
sive standpoint penetrates also the technical information system to
an extent which is difficult to discern. As a result the opinion ari-
ses that the extractor design is not a science but only a form of some
know-how or of a risky, tedious and unreliable empirical scaling up.

The processes occuring in chemical apparatus and the apparatus de-
signed for realization of chemical and related process form the sub-
ject of chemical engineering science, This science in contary to natu-
ral science strives for improvement of the subject of science - the
apparatus and process - by gaining a deeper level of knowledge which
at the same time is the only possible basis for a reliable apparatus
design.

This type of knowledge exists mainly in form of a set of physical
and mathematical models of individual, more or less fundemental pro-
cesses and phenomena, occuring in extractors. In this lecture prevai-
lingly the physical side of modeling will be dealt with. It is hoped
that the physical picture of extractor behaviour will help to reveal:

- the connections and interactions between individual processes;

- strong and weak points of our contemporary picture;

- the research priorities
and will support the idea that the design of chemical apparatus is an
important branch of engineering science,

1) The hierarchy of apparatus, process and Phenomena.

A very important property of a process is the scale at which it
proceeds. The process operating on elementary level is influenced
and controlled by the process of nearest higher scale with all the
possible feedback mechanism, It is seldom possible that the process
of a low hierarchical level is directly controlled by a process of
high hierarchical level without any intermediates. The action proceeds
stepwise but without skipping the levels., Table introduces a list of
processes and phenomena occuring in extractors generally together
with the scale at which they act. The list does not strive at exact
completness;a use is made of simplications usual in liquid extrac-
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tion (e.g. constant temperature and pressure). Fig. 1 shows schemati-
cally the hierarchical position of individual processes and their se-
lected important results,

The design of an apparatus has the same hierarchical structure
because of the same physical reasoning. The fact of hierarchy is
usually lost in mathematical modeling.

It is very desirable to have the idea of hierarchy in mind also
when performing the research work, Usual scope of such a work is loo-
king for and finding the connection between causes and effects. Most
misunderstanding anddifficulties with more general application of
results arise if the causes and the effects belong to very different
scales.

2) Apparatus

At the top of the hierarchy there is the apparatus in broader sen-
se, It creates, delimitates and shapes the space where the process
occures., Through the apparatus and its details the process materials
and energy are introduced and distributed and conditions of the pro-
cess are predestined. All control actions are possible only per pro-
visions created by the apparatus which is the only connection between
the outer world and the process closed inside.

In a design procedure the apparatus also stands at the top position
because only here the input data enter,

Among the ways by means of which the determining role of the appa-
ratus is exerted belongs the preferential wetting of the materials of
construction., It is exerted by the liquid phase which has the contact
angle smaller than 90°, Preferential wetting is a qualitative factor,
With contact angles in vicinity of 90° the effect could be altered by
£i1ling the extractor first by the liquid which should wet the respec-
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tive material. Here following 4 types of wetting effects will be men-
tioned:

a) Wetting of a packing in packed columns by the dispersed phase. The
wetting effect completely alters the flow structure from countercur-
rent flow of dispersion clouds to countercurrent film flow on the
packing surface., In whole the effect is favourable, both the through-
put and the extraction effiency may be enhanced.

b) Wetting of extractor walls by the dispersed phase. It has been
found that this type of preferential wetting causes the wall flow of
the dispersed liquid the thickness of which may attain 1 mm, In co-
lumns, in which the in-build parts have not been fastened in a tight
way to the wall, the wall flow may significantly increase the overall
throughput and endanger the eventual scaling up because the ratio of
wall flow is in small columns much larger then in big ones. Also the
forward mixing effect is deformed and dissimilarity of pilot plant

is thus increased. In all agitated vessels or compartments the coales-
cence and the drop size increases. Also the phase inversion changes.
c) Wetting of impellers by the dispersed phase. Experimental results
with the RDC column support the idea that wetting intensifies the
drop splitting process decreasing the drop size., More research would
be necessary with other types of impellers. The wetting may explain
some difficulties with correlating the average drop size in agitated
vessels,

d) Wetting of perforated plates. The phase to be dispersed on the
plate must not wet its material. Generaly drops do not enter openings
in plates of the same or smaller size without enforcement.

In doing and publishing any research work in liquid extraction the
wettebility of all details should be taken to consideration and duly
described.

3) Flow structure processes

This class of processes is generally well known and calculation of
countercurrent extractors with some type of axial mixing hes become
widely accepted scheme, Unfortunately most designers, when performing
this procedure neglect the forward mixing effects in columns, some-
times also the backmixing in the dispersed phase and mostly do not
even know of the existence of pseudo-forward mixing effects in mixer-
-gsettlers. This phenomenon may have very significant influence in
extraction with chemical reaction.

Coefficients of backmixing have been extensively studied in the
past. The picture is however by far not complete nor accurate. The
back-mixing is to be related to the right scale of turbulence (to the
right hierarchical level) and all types of back-mixing, including
droplet entrainment and entreinment of the continuum in the wake of
droplets as well as the forward mixing effects should be taken in
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full consideration during the evaluation of experiments., Care is to
be taken in distingiushing the stationa®ry and the dynamic models,

The prevailing number of measurements has been performed in very
small apparatuses which are usually not reliable enough for the de-
8ign of full scale extractors. The intensity of splitting-coalescence
process is to be taken into consideration when thinking of the mass
transfer resistance in the dispersed phase.

4) Drop life processes

This class of process represents the very modern trend in extrac-
tion research, Most of the published work however is devoted to the
mathematical solution of the population balance in which for the sake
of the elegant or even only of possible solution very unrealistic
assumptions are being taken., This denotes namely the number of daugh-
ter drops in splitting, the frequencies of splitting and of coales-
cence and various types of resistence or enhancement in the drop-to-
~drop coalescence., Very few independent studies of splitting and of
coalescence have been performed., Very little is known on the very
last and most important stage of coalescence process, i.e. the coales-
cence itself, Both drop-to-drop and drop-tointerface coalescence
should be studied in mutual relation. Accurate description of the drop
life processes is the key to determination of the extractor size and
extractor efficiency; important intermediate quantities being the drop
size distribution, drop age distribution, velocity distribution and
the longitudinel profiles of the hold-up and of the aforementioned
quantities.

Very important and largely neglected is the character and velocity
of liquid flow in the vicinity of the drop surface from inside and
from outside, Usually the flow pattern of freely falling drops is
taken into consideration which never occures in actual extraction
equipment., Most realistic from the already published solutions of
movement inside of drops seems to be the Handlos-Baron and the Newman-
Vermeulen types. They have been applied however only to the simplified
case of physical extraction and of monodispersed system.

5) Mass transfer processes

At the elementary scale only mass transfer occures and the solution
is feasible only if the drop life processes have been adequately des-
cribed and if all necessary information on:

- equilibria of all compounds

- eventual reaction equilibria and velocities

- mass transfer coefficients in both phases

- relevant physical properties in dependence on composition stands
for disposition. Simultaneous solution of mass transfer processes and
of drop life processes on exact level seems to be mathematically very
intricate and hardly feasible., Because the back-feed of mass transfer
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Table

Processes Scale
A Apparatus and control Apparatus size
- Apparatus type, size, details and internal
geometry, materials of construction Size of details

- Wetting effect
- Energy input, type quantity, distribution
~ Throughput of both liquids,recycles and side feed
B Flow structure processes Compartment size
- Perfect mixer
~ Countercurrent flow
= Back mixing
- Forward mixing
~ Entrainment of droplets
- Entrainment in the wake of droplets
C Drop life processes Drop size
- Arising of drops
- Drop movement & international circulation
- Drop splitting
- Drop-to-drop coalescence

Drop-to-interface coalescence
D Mass transfer processes Elementary
- mess transfer in d-phase
- mass transfer in c-phase
- chemical reaction velocity
- physical equilibria
- chemical equilibria

to drop life processes is generally small and the opposite influence
is large, separated solution even if less accurate would be advanta-
geous,

Most of contemporary solutions are based on neglecting the fact
of nonstationary character of mass transfer inside of droplets and
the drop size, drop age and droop concentration distributions. Also
reasonable reaction mechanism and activities of reaction interme-
diates are missing,

The way of treating the modeling of extractors on hierarchical
principle both in the design and the research practice strives at
generalization of the model as a whole and of its elements. The way
from particular to common is typical for all branches of science and
should be typical also for the very practical problems of chemical
engineering. This lecture aspires at suggesting such a way and indi-
catesthe research priorities.

192



EFFECT OF THE GEOMETRY OF IMPELLERS, INTERSTAGE OPENING, ]
AND STAGE HEIGHT ON THE PERFORMANCE OF THE OLDSHUE/RUSHTON 4-2
EXTRACTION

J.Y. Oldshue, Phd, Vice president-Mixing Technology, Mixing Equipment Co.
Rochester, New York, USA

The performance of a commercial multi-stage mixing column is a careful bal-
ance between variables affecting capacity and efficiency. The mixing
impeller has a dispersion function as well as a blending function. But an
excess of either fluid shear rate or interstage mixing can adversely affect
the capacity of a column, The impeller has an effect on bubble size,
affects dispersion, and also affects the undesirable interstage mixing be-

tween compartments.

For a given column diameter, the combined through-put of the two liquid
phase is proportional to ratio ?{)che area of the opening of the area of
the column to the 0.8 exponent.

0.8
Capacity a (A /4)

However, the stage efficiengg)of a column is adversely affected when the

stage opening 1is increased.

-0.75
In (1-E) = (Ao/A) .

It is many times desirable in industrial columns to make the stage open-
ing as large as possible and it 1s possible to make thz ratio of the im-
peller diameter to the opening diameter something on the order of 0.8 to
0.95. This allows for removal of the impeller and shaft from the columm
for maintenance if necessary. A study was initiated to determine effect
of different impeller diameters upon the stage efficiency with a fixed

opening diameter between compartments.
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FIGURE 1. Geometries Used in Experimental Program
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Figure 1 illistrates the column geometry used. The stage height to the
colunn diameter ratio was 0.33. The stage opening diameter to column
was 0.61., Three different configurations were used:

a) A 5] mm diameter radial flow 6 flat blade turbine.

b) A 76 diameter 6 radial flow flat blade turbine.

c) A S! mm diameter disc placed in the opening in con-

juncton with the 51 mm diameter impeller in (a) above.

TABLE 1
EXPERIMENTAL CONDITIONS

Z,/T:=0.33 0,/T=0.61
D/7=0.33,0.5 Dd/T=0.33
TOTAL STAGES:=14

T=152 mm

PHASE RAT]O.Hzo/ORGANlC=|.7

Figure 2 illustrates the date obtained with the system MIBK - Acetic Acid
and water over a range of impeller speeds. It 1s shown in Figure 2 that it
is most desirable to have

the diameter of the im-
peller be very close to
50,
5 MIBK-ACETIC ACID-HZ0 D=76MM the diameter of the open-
. 40 /o.—-—-«g---r-..._._g 2 ing, approaching a 0.8 to
[~} o
g o o Pe) 0.9 ratio rather than be-
30 . D:sim
o o | ing 0.5 to 0.7. Visual
EZD o NO DISC ON SHAFT | studies of the flow
24 :Simm Tz 152mem
glo . Do G4mm pattern of these two im-
o FLOW= 10m/HR pellers indicated that the
o zéo e E‘so == 3Jool S .350 main reason for this en-
IWPELLER SPEED - APM hanced behavior with the
larger impeller is due to
the fact that its flow
FIGURE 2, Effect of Impeller Diameter pattern is contained more
on Efficiency with MIBK- completely by the station-
Acetic Acid Water System ary horizontal baffles and

there 1s considerably less
interstage mixing to disrupt the countercurrent concentration driving force
in the column.
Figure 3 throws the result of adding a 51 mm diameter disc at the inter-
stage opening to using the smaller 51 mm diameter impeller shown in Figure
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#1. The system here
was a water-benzene
system with a proprie-
tary solute in solution
and is indicative of
the relative perform-
ance obtained by reduc-
ing the degree of
interstage mixing be-
tween compartments.

The disc also has a
reducing effect on ulti-
mate capacity, so that
must also be taken into
consideration when com—
paring the system with
and without a disc.
Figure 4 shows the re-
lative performance of
the 76 mm and

51 mm diameter
impeller for a given
flow of the water-
benzene system used
in Figure 3. It
again confirms the
enhanced peformance
of the column with
the impeller more
closely related to
the opening size of
the horizontal com-

partments.
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FIGURE 4. Effect of Impeller Diameter on

Stage Efficiency, Water-Benzene

System

Inherent in the design of a countercurrent multi-stage contact of the

Oldshue/Rushton type, is the fact that the linear velocity of the two

phases is approximately constant on different scales.

When the stage

height is changed in a given diameter cclumu, for example, in the 152 mm

diameter column reported here from 51 mm stage height to a stage height

of 76 mm, 162 mm or 152 mm, the stage efficiency 1s given by the rela-

tionship:

-ln (1-E) = K
n (1-E) 1a°

This is true for Murphree efficiencies, and care must be taken to con-

vert all stage efficiencies from overall to Murphree for this particular

relationship to hold.
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Stage efficiency increases with stage height asymptotic to 100Z2. As a
general rule, the stage height should not be less than 0.33 times the tank
diameter. This means that for a 3 meter diameter column, the minimum stage
height is approximately one meter. The stage height of 1 meter in a full
scale column will give a much higher efficiency than a stage height of

51 mm or 76 mm in a small pilot column. Therefore, most large scale
columns of the Oldshue/Rushton type operate on a commercial scale with a
fewer number of much more efficient stages than used in a pilot scale

column.

NOMENCLATURE
- Impeller diameter.
- Tank diameter.

- Diameter of interstage opening.

o

Area of interstage opening.

o

- Area of open column,
- Column diameter.

- Stage height.

NWNHB”?’UHU
|

- Liquid mass transfer - co-efficient, normally units

-
]

of reciprocal hours,

=z
]

Number of active stages.

m
1

State Efficiency,
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DEVELOPMENT AND MASTERING OF H!GH-EFFICIENCY PULSED =3
EXTRACTION COLUMNS

S.M.Karpacheva, V,N.Koshkin, Moscow, USSR

Developments of extraction columns have objectives of generating
high turbulence that would provide for the needed mass-transfer co-
effioclient, organization of uniform cross-sectional reagent distribu-
tion through a radial diffusion and a possible minimization of longi-
tudinal mixing.

These problems are solved most effectively through a supply of ad-
ditional energy in the form of ¢scillatory motion of a liquid column
(pulsation) and use of plate packings with open high section nozzles
(of KPMM3 type) developed in the USSR /17 (Fig. 1).

The reagent flow leaves the numerous nozz-
less of a plate in the form of inclined jets
interaeting with the continuous phase. The
high turbulence zone is generated over the
whole plane of a plate; moving away from the
plate the jets mix, the rate drops and bet-
ween the plates a "damped" zone is produced.

The optimized design should provide for the
minimum height of such a zone in the inter-

plate space (not to become stagnant). The Fig. 1. KPIM3 plate
breaking of a phase to be dispersed takes

place directly in a jet which permits holes of a large size /2, 3.7.

The hydrodynamics of such extractors little varies with an incre-
ase of overal column dimensions, which is confirmed by our investiga-
tions of flow structure and mass transfer in pulsed columns of dia
0.05, 0.1, 0.2, 0.4, 0.6, 0.9, 1.3, 1.5, 1.8, 2.0, 2.4, 3.1 and
3.4 m. As a result of these investigations the needed hydrodynamic
coefficients were received and the method was developed for the cal-
culation of commercial units on the basis of laboratory data on the
kinetics and statics of the process and the physico-chemical proper-
ties of reagents.

The procedure of the calculation of KPJM3 packed pulsed columns
(EPC) is based on a drop size dk the predetermined value of which
depending on the column section is reached through variations of the
pulsation intensity J . The size dk determines the characteristic
velocity Vo, hold up S, the working wp and maximunm W3 loads, mass
exchange surface S and residence time in a column T /4, 57 .
dk-Vo-WBon- 2 -g-t,

Prom the tests of different systems /5, 67 in pilot columns 0.1
and 0,2 m dia and columns of different diameters the following ex-~
pressions were obtained:
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a,= 0.135 (679085 (1)

FsN a4 bl sin°(2+cosd)/.7_D i (2)
V= 2200,/ 1180 2p15,)0 %ay t2)
Wys 0.3 Von© Ll (4)
Vo is a characteristic velocity of a minimum size drop.
R - wa/va = W/ (v, W)Y (5)
G = 30t erag2 & HO-059 (e )04/, ), 6)
S e G.QIdk, (7
T 2R/Wa =52 (n+1)/S W n, (8)

¥ 48 a coefficient taking account of the hindrance of motion 0.6~
0.8,

Based on_the calculated or experimentally determined w3 find W
D = k1’13\F;EF' Wp is assumed 0,6-0.8 w3.

The calculation of the unit efficiency must take account of the
non-ideality of the hydrodynamics, i.e., HETS:hshm+H1°g (9). The lat-
ter grows with an increase of its dimensions and depends on the flow
structure, The coefficient of modelling K = hcom/hlabgrows correspon=
dingly /57.

HETS can be determined by the generally accepted method, by count-
ing the amount of a substance transferred on a theoretical stage or a
transfer unit using the mass transfer coefficient K , mass exchange
surface S and the average difference in concentrations ACg,

One can also make use of the kinetic characteristics and having de-
termined the required duration of interaction to attain equilibrium z
under laboratory conditions and reproduce it in a unit considering the
working time T to be the time of the residence of a disperse phase
Eﬁg in it which is usually less than that of a continuous one
T(-Lﬂ "1; HETS =7:/Td (4).

We have described the flow structure using the recirculation model
taking account of the fact that with the number of ideal mixing cells
N=8-10 the concentration profiles calculated by the recirculation and
diffusion models coincide /7/.

Taking account of the fact that the interplate distance (hT) in com-
mercial columns 0.2-0.4 m is comparable to the height of an ideal mix-~
ing cell (Hy) assume Hgy =hp. Thus, the number of cells is a fixed
quantity and longitudinal mixing is taken into account only by a frac-
tion of a back penetration f. The value of f is found through the coe-
fficients of longitudinal mixing E.

P

e W
Where h is a flow ratio c’ { 18 viscosity; § is densitys G 1is in-
terphase tension; W is flow ratey ZW is a total flow rate; c,d is
a specific flow rate of a continuous or disperse phase.
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The adequacy of the suggested method of calculation was checked in
the process of uranium extraction from the solution of 0.5 mole/l
HN03, 25-30% TBP in n-paraffins, in columns 0.2 and 1.5 m dia. Expe-
rimental conditions and hydrodynamic parameters are tabulated in table
7.

From the comparison between the experimental and calculated profil-
68 over the column height (Pig.2.) it can be seen that the agreement is
adequate only for the continuous phase while for the disperse one the
discrepancy in the concentration profiles is significant. At the same
time the initial and final uranium concentrations of both the phases
are practically in line.

The possibility of using the suggested method of calculation and
modelling pulsed extraction columns was checked by us in the design
and introduction of commercial units for the 100% TBP extraction of
rare earth elements and purification of uranium from impurities.

Total Working Load in all Experiments
W=15 m>/m°h, Plow Ratio n=1:1

N Emulision [Pulsation A x103 Longitudinal Inlet concent-
type intensity| k ) 52, mixing coeffi-|rations of solu-
7 %102 m % cienzs tions,3
a Ex10%, m?/s kg/m
aqueous lorganic aqueous| organic
phase phase phase phage
D = 200 mm
) 0il in
water 2.00 0.86 12 1.7 39.1 28.85 0.43
2 2.34 0.72 20 1.9 23.1 28.85 0.72
g 2.67 0.60 26 2.1 17.8 28.85 0.79
4 |Water in
oil 2.00 0.98 7 o 2.5 28.85 0.25
5 2.34 0.80 9 51.6 2.9 28.85 0.38
6 3.00 0.57 16 29.7 Be¥T 28.85 0.77
D = 150 mm
T 10il in
Water 2.00 0.8 9 T.5 25 31.65 1.0
3.00 0.4 19 1.0 10 30 1.37

The REE extraction unit (Pig.3) incorporates columns for extraction
[1-37, re-extraction /8,97, extract washing /4-7/ and extractant wash-
ing. The use is made of a pneumatic pulsation system with a slide val-
ve-distribution mechanism, The total air rate is 1000 nma/h. The stabi-
1lity of the column operation is ensured by an instrumentation and auto-
mation system.
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The process was pre-performed in a pilot plant comprising several
columns D-0.2 m, The parameters obtained in it, viz., the load of
10 m3/m2h and HETS=2 m were attained in as short as several months in
a commercial facility, and then with the mastering of the scheme they
were exceeded, i.e., the HETS was reduced to 1.5 m and the load in-
creased, Thus, with an order of magnitude increase of the section the
modelling coefficient turned out to be unity.

Uranium extraction from ore solutioms, its purification from impu-
rities are accomplished in a cascade comprising an extraction column

0 1 1 1 I 1 1
! 2 J A, aJ 7 2 3 H,

Fig.2, Comparison between experimental (1) and calculated (2) uranium
concentration profiles over the column height in continuous (a) and
disperse (b) phases /(&7
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Pig.3. Scheme of the unit for extraction purification of rare earth
elements

1 - Effluent, 2- Air, 3-Initial solution, 4~ Washing solution, 5- Ext-
ractant, 6— Regeneration solution, 7- Re-extract
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2 m dia with the height of the reaction zone H
lumn Dk=1.6 m, Hp-6 m,

The required number of theoretical plates is ~ 4 for extraction,
at the stage of high purification it is ~ 3, The process of separa-
tion from impurities requires a long time of contact, which is provi-
ded by the significant height of the column reaction zone. This pro-
cess was pre-checked in a pilot unit having columns 0.2 m dia in which
HETS was 1.5 m at the load of 25 m>/mh.

The operation resulted in the following major parameters: the spe-
cific working load W=25 m3/m2h and HETS=2,.7-3 m. The entrainment of
the disperse phase with the continuous one is 0.01-0.05%. The air
flow rate to produce pulsation in a single column is « 600-700 m3/h.

Thus, the modelling coefficient was equal to 2.

Since with an order of magnitude increase of the pulsed KPHM3 pack-
ed extraction column section the modelling coefficient is equal to
unity, and with a futher increase (by two orders) it grows only to 2,
the developed design can be considered to provide (in a practical sen-
ce) ideal hydrodynamics.

The reliable coefficient of modelling as obtained by us makes it
possible to perform calculations and design of commercial columns
using the hydrodynamic tests of pilot 0.1-0.2 m dia ones and exclude
the expensive check of the hydrodynamics of large-scale units,

p-11 m and a washing co-~
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URANIUM EXTRACTION ON PILOT SCALE DIFFERENTIAL 4-4
CONTACTORS

V.6rilc, Boris Kidrié Institute of Chemistry, L jubljana, YU
J.Golob, Edvard Kardelj University, Ljubljana, YU

INTRGDUCTION. In contrast to mixer-settler batteries the differential
types of contractors have found fairly small application in hydrometalurgical
processes. There are, however, certain advantages of these contactors as: low
solvent Iinventory, small floor area, modest power consumption etc, which
stimulate broader application in hydrometalurgy (1-4).

In this work, operating characteristics of a pilot plant Kihni column and
a sleve plate column of 15 cm diameter were measured in comparison to an
Industrial mixer - settler battery for extraction of uranium from acidic
leach liquour using kerosene solution of tertiary amine as the extractant.
The extraction as well as the phase separation efficiency of this system were
measured on the multistage columns of 15 cm diameter in broad range of
operating conditions (throughput, phase ratio, dispersion type, mixing
Intensity, composition of the leach liquor etc). The columns were operating
for several days in by-pass with an industrial mixer-settler battery. The
results are presented on efficiency and operation stability oerformance of
both types of contactors in extraction and stripping process.

EXPERIMMENTAL. The Kihni column was the standard 15 cm diameter glass
column, consisting of four cylindrical elements, each containing 6
mixing/separation compartments (5). Stationary horizontal perforated plates
had 20 ¥ of free cross-section area. The perforated plate glass column
consisted of 6 stages, each 40 cm height with steinless steel or PVC plates
with holes 2.5 mm in diameter (1.2 %X of free area). Experiments were
performed with industrial solvent extraction system, which composition is

presented in Table 1 (6).

Table 1. Composition of phases in the industrial mixer-settler battery (6)

Process Phase Composition

Extraction Aqueous 0.8—= 0.001 g U308/l’ 0.5 M/1 503—, pH 1-2

Organic 0.05—=2.5¢g UBUB/I' Alamine 336 3.5 %,
Isodecanol 3.5 %, Kerosene 93 %
Stripping Aqueous 0—=30g U308/l' 1 M/1 (NHa)z 504' pH = 4.1
(addn. of NHJ)
Organic 2.5—0.05¢g U30
process)

8’ (see also the extraction

RESWLTS. The effective extraction and stripping 1isotherms of the
studied industrial liquid-liquid systems, reported elsewhere (7,8), are shown
in Figures 1 and 2, respectively. The experimental results obtained under
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Table 2. Experimental results

gl

Column type Process N F 2. %rg A0 Caq, in Caq, out Cug, 50 bgy it & mCz:,t_ 100

(min ") 17m) 777 (ng U;0,717 %)
Kihni Extraction 100 140 70 2 809 16 98.0
Kihni Extraction 130 140 70 2 816 4 99.5
Kuhni Extraction 67 150 50 3 644 113 82.5
Kihni Extraction 100 150 50 3 644 73 88.7
Kihni Extraction 120 150 50 3 683 85 87.6
Kihni Extraction 80 200 67 3 769 185 76.0
Kuhni Extraction 100 200 67 3 769 155 79.8
Kihni Extraction 120 200 67 3 683 99 85.5
Kihni Extraction 100 250 83 3 723 125 82.7
Kdhni Extraction 100 300 100 3 723 143 80.2
Kihni Extraction 100 160 40 4 816 305 62k,1
Kihni Stripping 200 20 100 1/5 1266 246 80.6
Kihni Stripping 200 10 100 1/10 1266 360 71.6
Kihni Stripping 100 40 200 1/5 1369 532 61.1
Kihni Stripping 200 40 200 1/5 1369 352 74,3
Kihni Stripping 100 20 200 1/10 1792 812 54.7
Kihni Stripping 200 20 200 1/10 1369 573 58.1
Kihni Stripping 300 10 200 1/20 1251 808 35.4
Kihni Stripping 100 60 300 /S5, 1266 524 58.6
Kihni Stripping 200 60 300 ¥/5 1266 364 Zleer2)
Kihni Stripping 100 30 300 1/10 1369 575 58.0
Kdhni Stripping 200 30 300 1/10 1369 472 6555
Kuhni Stripping 300 20 400 1720 1390 820 41.0
Perforated Extraction - 150 150 1 606 59 0.3
plates
Perf.plates Extraction - 150 50 3 331 33 50.0
Perf.plates Extraction - 200 200 1 606 65 89.3
Perf.plates Extraction - 200 100 2 598 106 82.3
Perf.plates Extraction - 200 70 3 343 42 87.8
Perf.plates Extraction - 250 80 E) 341 38 80.9
Perf.plates Extraction - 240 60 4 521 75 85.6
Perf.plates Extraction - 250 50 5 500 20 82.3
Perf.plates Extraction - 300 ICT0) 2 606 %2, 88.1
Perf.plates Extraction - 300 75 3 349 45 87.1
Perf.plates - 30 300 1/10 1821 1137 37.6

Stripping




various conditions are presented in Table 2. They may be summarised: as
follows:

- Effect of the column type: Kihni extraction column showed virtually
better overall extraction and stripping efficiency than the perforated plate
column. If calculated in terms of stage efficiency the situation is reversed,
however this parameter is not quite appropriate for the Kihni column.
Comparison on the basis of column height seems more reliable and favours the
Kihni column. The only disadvantage of this contactor concerns phase
continuity, which is fixed with the ambivalent region. In contrast the
perforated plate column can operate stably at any dispersion type - and any
phase ratio.

- Relatively inefficient stripping is mainly due to difficulties in
establishing proper pH, which should be kept between 4.1 and 4.3 in every
stage. Ammonia solution was from practical reasons fed only onto three
locations (top, bottom, middle) of the columns. Differential contactors are
therefore less suitable to carry over the stripping process in which pH must
be kept constant on each stage by addition of ammonia.

- Effect of flow rate is relatively small and negative, e.i. the efficiency
slightly decreases with increasing flow rate, keeping other parameters
constant. Higher flux of both phases however, can be achieved on perforated

plate column.

CONCLUSIONS. Columns of the given types may be effectively used for
extraction of uranium from acidic leach liquor. Certain attention must be
given to the material of the column internals (perforated plates, mixers).
There are, however, less advantages in stripping part of the cycle due to the
need for electrolyte addition to every practical stage to provide constant pH
along the column height.
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COMPARISON OF HYDRODYNAMIC CHARACTERISTICS OF A SPRAY 4-5
AND KUHNI EXTRACTION COLUMN

A. Tolic* , Gy. Vatal and M. Sovilj, *Institute for Technology of
Nuclear and Other Raw Materials, Belgrade, Yugoslavia; Faculty
of Technology, University of Novi Sad, Novi Sad, Yugoslavia

The 1liquid-liquid spray column can not compete with efficient
extractors now uged in industry. However, when spray column operate
with dense packing of drops and high hold-up, it becames attractive
because -their simplicity and low operating cost. On the other hand,
the Kuhni extraction column with agitated turbine and multicompartment
is an advanced liquid-liquid contactor widespread 1in {industry. The
Kuhni column can be designed to obtain minimal axial mixing, constant
hold-up of dispersed phase, and maximum capacity.

In this paper the operation of 10 cm I.D. spray extraction column
and a Kuhni extraction column with same diameter has been studied. The
hydrodynamic parameters were measured experimentally for the 1liguid-
liquid system water-toluene in a pilot plant size spray and Kuhni
column. The obtained experimental data of dispersed phase hold-up,
axlal dispersion in continuous phase and characteristic velocities for
both column are compared.

EXPERIMENTAL

The experiments were carried out in a standard pilot scale Kuhni
extraction column 10 cm I.D. consists of 18 compartment each 6 c¢m
height. Free surface area of the perforated stator plates for an axial
flow was 20 % of the total surface area of the column section. Each
section was equipped with a turbine impeller whose diameter was 6.8
cm, with impeller rings 1interspace of 1 cm each. More detailed
description of experimental apparatus can be find 1in our previous
papers [1,2]. The spray column had also 10 cm I1.D., and was 274 cm in
height with perforated plate distributor (45 holes of 2 mm), described
with more details in erlier works /3,47.

In. both column water-toluene system was investigated. In all
experiments water was the continuous phase. The physical properties
for the mutually saturated system at temperature of 293 K are given in
Table.

The physical properties of investigated system

Physical property water toluene
Viscosity, mPas ' 1.021 0.615
Density, kg/m3 998 872
Interfacial tension, N/m 0.036

Evaluation of axial diffusion coefficient in continuous phase 1in
both column has been done on the base of one-dimensional diffusion
model. The degree of backmixing in the column was measured using the
dynamic injection technique. The tracer employed was agqueous solution
of potassium chromate.
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The average fractional hold-up of dispersed phase has been
determined by shut off method.

RESULTS AND DISCUSSION

A part of experimental resuslts is shown in Fig.1l and 2.
Comparing the £lip velocities in both column, calculated as [5]:

Us = Ud/X + Uc/(1 - X) (1)

from the Fig.l it can be smeen that at lower mixing velocities (up to 3
rps) the Kuhni column behave as the spray column, the characteristic
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velocity depends only on superficial velocity of dispersed phase. At
rotor speed of 4 rps the characteristic velocity is the same for both
superficial velocities of dispersed phase, and for the characteristic
velocity the mixing speed is dominant, what is in agreement with

literature data /6].
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Fig.2. Dispersed phase hold-up comparison
Dependence of dispersed phase hold-up on specific power consumption
in Fig.2., =shows that in spray column dispersed phase hold-up of 20 %

can be reached with about two times lower power consumption. The power
consumption in the Kuhni column was calculated as:

N = Nc + Nd + Nm ( 2
-and for spray column

N = Ne + Nd. { 39

The power need for transport of continuous and dispersed phase were
calculated on the basis of flowrates and head of pump. The power
consumption of turbine was calculated on the basis of equation used in
literature for the same type of column [77.

CONCLUSIONS

The comparison of the characteristic velocities shows that at lower
mixing velocities (up to 3 rps) Kuhni column bshave as the spray
column, the characteristic velocity depends only on superficial
velocity of the dispersed phase.
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Comparison also shows that at same power consumption the dispersed
phase hold-up is higher in spray column, especially at lower mixing
velocities in Kuhni column.

On -the basis of obtained experimental data it can be concluded that
the degree of backmixing in the continuous phase of spray column |is
much higher than in Kuhni column.

NOTATION

N - power consumption of the column, W

Nc - power for transport of continuous phase, W

Nd - power for transport of dispersed phaze, W

Nm - power consumption feor mixing, W

N* -== N/Vc - specific power consumption, W/m3

Uc - superficial velocity af continuous phase, mm/s
Ud - superficial velocity aof disparsed phase, .mm/s

Us - slip velocity, mm/s

Vc - the volume of the working part of the .column, 'm3
X - dispersed phase fractional hold-up.
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HYDRODYNAMIC AND MASS TRANSFER CHARACTERISTICS OF A SPRAY 4-6
COLUMN WITH AN ELECTRIC FIELD FOR LIQUID-LIQUID EXTRACTION =]

Manabu YAMAGUCHI, Hiroyuki SUGAYA and Takashi KATAYAMA
Department of Chemical Engineering, Faculty of Engineering Science,
OSAKA UNIVERSITY, Toyonaka 560 JAPAN

A spray column with vertical four-pole electrodes was designed for an
electrostatic liquid extractor. The population behavior of the
dispersed drops in a d.c. electric field was studied on dispersed phase
holdup, drop velocity, drop size distribution and axial mixing of
continuous phase by using the system of water drops in cyclohexane. Mass
transfer of iodine from dispersed phase of agqueous iodine solution into
continuous phase was also studied in a range of applied voltage up to 23
kV. Simulation of the column efficiency could be carried out by using

the fundamental data obtained.

= |° 1, EXPERIMENTAL
21k 0 1,3-distributor - X
) 1} 2-spray column Figure 1 shows a schematic
4,5- . J
=) s = G-in;:i :ln;c:::i:t of diagram of the experimental
o0 &

dispersed phase
J-inlet aud outlet of apparatus. The test column,

continuous phase
8-inlet and outlet of

90 mm inner dia. and 300 mm

tracer liquid high, was made of transparent
SectionB-8 9-burette
10-roller pump acrylic resin for observation
1l1-air damper
12,13,14-teservoir of the dispersed phase.
15-d.c. voltage unit
sectionc-c l6-electrometer Four-electrodes, copper rods
17-camera and T.V. " .
system 5 mm in dia. and 300 mm long,

Fiq. 1. Schematic diagram of experimental apparatus vEre =S8 Vertically alomg €the
inner wall of the column.
The rod electrodes()vmre connected to a high d.c. voltage generator GB.
The other electrodes() were grounded through an electrometer qg for the
measurement of the electric current between the electrodes. The upper
and lower parts of the column@ were equipped with a distributor@ to
provide a supply for the dispersed phaseand an outlet for the
continuous phase@, and with a distributor@to provide a supply for the
continuous phase@and the tracer liquid phase , and an outlet for the
dispersed phase() respectively. When the dispersed phase holdup was
measured, the lower part was exchanged for a collector.
1.1.Hydrodynamic. Deionized water as a dispersed phase was fed to the
column by a roller pump @D from the top through the distributor(:)and a

given voltage was applied. After a steady state flow was achieved

under an applied voltage, the feeding of the phase was stopped and
simultaneously the voltage was cut off. The holdup was determined by
measuring the volume of the dispersed phase settled in the collector.
The diameter and velocity of the drops in the electric field were

determined by using a camera and a T.V. system @).
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1.2,Axial mixing of continuous phase . Axial mixing of the continuous

phase was examined by the pulse injection technique of a tracer[1].

1.3.Mass transfer Extraction efficiency of iodine from a population of

charged drops of aqueous iodine solution into the continuous phase was
examined for various applied voltages. Iodine as a transfer material
was used to allow the evaluation of mass transfer rate in the dispersed
phase because the distribution coefficient of iodine between the
dispersed and continuous phases was 0.015.

2.RESULTS AND DISCUSSION

2.1.Drop motion, The water drops formed at the distributor were

attracted toward the electrodes by dielectrophoretic force and after
contacted with the electrodes they received electric charges. They
changed from a smooth falling motion to a violent zig-zag motion with
coalescence and redispersion when the voltage was increased. The
velocity of falling drops was estimated by a combination of Allen's law
or Newton's law with electric force acting on the drops[4]. 1In Fig.2,

the experimental drop velocities are plotted

20 T T T T
against the applied voltage for drop sizes of

de=2.5 and 4.0 mm in a population of charged 15 $ 5 Gar 0w

. . 03 dg=2.5 mm
drops. The velocity decreased markedly with
applied voltage. The solid line is values

calculated by a modified Allen's or a

Uy x10% Tmys)
S

modified Newton's equation for single charged

drops. :
2.2.Drop size distribution , The falling 0 5 10 15 20 25
Ep TkV3
drops were coalesced and redispersed by the
. . ) ) ) ) Fig. 2. Moving velocity of uncharged
electric force and their size distribution M%chr@ddmpsfﬂlMgtMowh
X . . cyclohexane in the electric field
was examined. The experimental drop size
distribution became wider as the voltage 40
J T T T T
was increased. 14=0.029 cn/s
2.3.Axial mixing of continuous phase. U=0.098 cm/s |

Axial dispersion coefficient of the
continuous phase(E.) was analyzed by a
diffusion model[l]. The Ec-values
calculated by the model are plotted
against the applied voltage in Fig.3.

The coefficients decreased significantly

with the voltage. It is considered that 0 5 10 15 20 25

this is because, with the increase in Ep [kV]

the voltage, axial mixing of the Fig. 3. Effect of applied voltage on axial
3 S ispersion coefficient of continuous phase

continuous phase was depressed and
radial mixing was promoted by the effective motion of the drops.

2.4.Mass transfer, Figure 4 shows experimental the extraction

efficiency(F=(Cd’i—Cdlo)/(Cd'i—C*)) of the iodine in the dispersed phase
as a function of the applied voltage at a constant flow rate of both
VAR



8 phases. Up to 10 kV, the effect of

T
Ug=0.029 cm/s
U=0.098 em/s

small. This is evident from the result
that the population of drops fell

-
L
=]

+4€; through the continuous phase with a
E mild motion and coalscence behavior.
2

On the other hand, when the voltage

exceeded about 10 kV, the effect became

1 1 L
0 5 10 15 20 25 more conspicuous. The efficiency at 23

Ep [kV]
Fig. 4. Effects of applied voltage on g
u%ncﬁonefﬁcnnw and overall volumetric that at 0 kV. This enhancement is due
mass transfer coefficient based on dispersed

kV increased about 50% compared with

to the increasing frequency of the

hase
d coalescence and redispersion of the
10 . ® 4 F T 7 _drops, that is, the producing a larger
T o8k \\\\\ | interfacial area for diffusion and a higher
i f\‘CEL degree of turbulence within and around drops
§§08— dispersed | 7>~3 for eddy diffusion. The overall volumetric
(%OA— phne - mass transfer coefficient was analyzed by a
goz continuous phase unidimensional dispersion model[2]. The
’ Kga-values calculated by the model are
0 plotted against the applied voltage in Fig.5.

! i i i 1 L
0 § 10 IS 20 25 30 j
L x10°Cm1 The enhancement of Kga-value with increased

ﬁi&ﬁé;Cﬂﬁm"efﬁC1“myb°“d°" voltage shows a similar tendency to the
modified dispersion model

extraction efficiency.

2.5, Simulation of column efficiency, To

simulate the column efficiency, the dispersion model mentioned above was
modified under the following assumptions. 1)Coalescence and
redispersion of the drops do not occur, 2)physical properties of both
phases are constant during the experiment, 3)drops are spherical, 4)mass
transfer resistance is controlled in the dispersed phase, 5)experimental
size distribution and residence time distribution of the drops and the
axial dispersion coefficient can be applied. Model equations are given
as follows,

for dispersed phase

dc dmax k, 4
Vagzs + 6f  —2+1%1(cq, y-cq*rade = 0 (1)

dmin e, j
for continuous phase

a2c dc dmax kg 4
(1‘¢)ECEE§S'+ Ucaig‘ * 6Id ) «_E:JSJ*Cd,j‘Cd*»dde =0 (2)
min ’

and for each drop

dCq,5 _ 1.3

= R - c-Cq*
az - Uf'j"drjde’j‘cdrl Ca’) . (3)

The kdlj—value in the equations were calculated by an empirical equation
for single drops in the literature(3)]. When experimental drop size
distribution was divided into 20 intervals, the 23-element simultaneous
ordinary differential equations of first order were obtained from Egs.
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(1)-(3).
Gill method.
profiles of the dispersed and continuous phases for Ep=23 kV are shown

These equations were solved numerically by the Runge-Kutta-
As an example of the results, calculated concentration
as dotted lines in Fig.5. Solid lines are the values calculated by
using experimental extraction efficiency. The solid lines show better
efficiency than the dotted lines. The present model took into account

but did

not consider the effect of the coalescence and redispersion of the

size distribution and residence time distribution of the drops,
drops. The difference between the lines may be caused by interfacial
renewal and mass transfer promotion due to the repetition of coalescence
and redispersion of the drops falling through the continuous phase.
3,CONCLUSION

1)The coalescence and redispersion behavior of the drops in the electric
field determines the extractor performance. The behavior can be easily
controlled by changing the applied voltage. 2)The dispersed phase
holdup significantly depends on both the flow rate of the dispersed
phase and the voltage applied. 3)Size distribution and residence time
distribution of the drops tend to be wider as the voltage is increased.
4)The axial mixing coefficient decreases with the applied voltage.
5S)Extraction efficiency and the overall volumetric mass transfer
coefficient increase effectively with the applied voltage.

NOMENCLATURE

C-concentration of iodine [mol/m3]. Ug-falling velocity of drop [m/s].
d-drop diameter [m], 2-distance from top of column [m].
de-equivalent drop diameter [m]. . ¢-holdup fraction of dispered
E.~axial dispersion coefficient of phase [-]-
continuous phase [m2/s]. <Subscripts>

Ep-applied voltage [v]. c-continuous phase.

F-total extraction efficiency [-].
kq-mass transfer coefficient in the
dispersed phase [m/s].
Kga-overall volumetric mass transfer
coefficient based on dispered
phase [1/s],
L-column height [m].
U-superficial velocity of liquid
(m/s],
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A NEW AIRLIFT-EXTRACTOR IN NUCLEAR INDUSTRY 47

¥V .Boessert* and S.Weiss**
*Central Institute of Nuclear Research, Rossendorf, GDR
*#*¥"Carl Schorlemmer" Technical University of Leuna-Merse-

burg, GDR

Solvent-extraction equipment for nuclear industry has been
described previously /1/. Four types of solvent-extraction ex-
tractors are in current use on a plant scale for reprocessing
uranium from irradiated fuels: packed columns, pulse columns,

mixer-settlers and centrifugal extractors.

The critically important considerations for the application of
a extractortype are the highest possible level of safety against
disturbing influence, least possible emission of radioactive
substances and a high level of available in service. The objec~-
tive of this contribution are investigations and results in
fluiddynamics and mass transfer for a new airlift extractor in

nuclear industry.

The experiments were carried out in a new mixer-settler unit
containing one, four and ten stages. This extractor works without
mechanical moving parts, and the liquids are transported and

mixed by air. Fig. 1 shows one stage of this extractor.

The mixer-settler unit consists of a mixing chamber (1)
(65 mm ¢ x 300 mm, capacity 900 mL) and the settling chamber (2)
(150 mm ¥ x 100 mm, capacity 600 mL). A special tree symmetric

airlift-mixer (3) is used for a good mixing.

The amount of activity entrained in the air is small and the
air circulates in a complete closed system in order to prevent a

contamination of the surrounding.

For the experiments a 20 per cent tributylphosphate-tetraclor-
ethene-solution as organic phase (dispersed phase) and a aqueous
3 20 g/L Al and O....

12 g/L uranium were used. The air flow rate was 120 L/h for every

phase (continous phase) solved 31 g/L HNO

mixing chamber. The total liquid flow rate was 20...40 L/h and

the ratio of organic to aqueous phase was 1/10...1/23.

The experiments included measurements for the drop size
distribution by a photographic method and the holdup-time beha-

viour for both phases.

The holdup-time results shows a very good mixing and the data
corresponds with the model of a ideal continuos stirred tank

reactor (CSTR).
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~ air for mixing

,L:) = organic phase

conveyance air
for promating
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D =~ aqueous phase
Pig.1. Mixer-settler stage
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Fig.2. Sauter diameter as a function of the energy dissipation (&)
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The modeling of Sauter diameter (d32) was possible by rela-
tively simple correlations introducing the energy dissipation (E).
The energy dissipation is deducted by

V. av
€. L= ™)
total
V; = air rate L/h-
m = mass of aqueous and organic phase}

ap = differential pressure,

Fig. 2 shows the Sauter diameter (d32) as a function of the
energy dissipation.

The results were expressed by

dg, = 3.244 -0.462 in mm, (2)

The results of drop size distribution were corresponded with the
theory of turbulence calibrated by Kolmogorow [2] et al. [y
Actual extraction efficiency is probably higher than 80 per
cent.
The airlift extractor (15 stages) is used on a plant scale

for reprocessing uranium from a solution of fission products [47.
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RECIPROCATING-PLATE EXTRACTION COLUMNS FOR NUCLEAR FUEL

REPROCESSING 48

B. Ya. Galkin, N. N. Yegorov, V. S. Itiligator, L. N. Lazarev,
R. I. Lyubtsev, E. N, Mishin, L. P. Prokhorov, L. B. Shpunt,

V. G. Khlopin Radium Institute, Leningrad, USSR

Jo. Prochazka, A. Heyberger, J. Chermek, Czechoslovak Academy of
Sciences, GssR

Extraction columns with reciprocating plates are widely used for
extraction operations in different branches of industry [1-5]. The
equipment of this type demonstrates a good performance and combines
the advantages of high flow rates and efficiency of mass transfer. The
following merits of the reciprocating-plate columns should also be not-
ed: possibility for operating under conditions of highly intensive vib-
rations with low amplitudes; easy and independent control for frequency
and amplitude of vibrations; smell volumes of contaminated air.

The use of reciprocating-plate extraction columns for spent nuclear
fuel reprocessing should enable to conduct the extraction processes at
higher specific flows, to minimize extractant radiolysis, to alleviate
the problems of nuclear safety and air decontamination. Taken together
these factors make the reciprocating-plate columns rather promising
for the use in nuclear fuel recovery processes.

The specialists from the USSR and CsSR have designed ‘and tested
pilot extraction columns as applied to the technology of nuclear fuel
reprocessing.

Below are presented the results obtained for two columns made of
glass tubes with inner diameters of 48 and 56 mm. The plate stack
heights of the columns were 4 and 3 m respectively. The design of the
plate stack allowed to mount the plates of various configuration on a
central shaft and to vary plate spacing.

The investigations were conducted with aqueous solutions of uranyl
nitrate and nitric acid. 30 % TBP in n-paraffins was used as extrac-
tant. The following parameters were determined: longitudinal profiles
and mean values of dispersed phase holdup in the packing section of
the columns; phase entrainment with leaving streams; profiles of ura-
nium concentration along the column and mass-transfer efficiency (num-
ber of thedretical contact stages) depending on the change of the
specific flows over a wide range up to flooding. Type and chracteris-
tics of the plates, plate spacing, vibration frequency and amplitude
varied with the aim to improve gfadually the conditions of phase mix-
ing. For the most designs of the plates three regimes were realized
passing from low vibration intensities to higher ones: mixer-settler
regime, transition and emulsion-type regimes. The operating conditions
are shown in Fig. 1 as a dependence of flooding load Qp/F on vibration
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Fig. 1. Dependence of flooding
load on vibration intensity
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5
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Fig. 2. Influence of vibration
intensity on hold-up of dispersed
phase. (1) S = 3 mm; (2) S = 4 mm;
(3) S=6m

intensity I for one of the plate
configurations. Experimental
points form a curve decomposing
into three portions - ascending,
horizontal and descending ones;
each portion corresponds approxi-
mately to one of the three regim-
es. In the transition regime the
flooding loads are maximal and
exceed 60 m3/m eh,

In Fig. 2 the experimental da-
ta on the effect of vibration in-
tensity on dispersed phase holdup
P, under conditions of fixed
flows for one of the plate confi-
gurations are presented.

It is seen from Fig. 2, that
the correlation between ), and I
is complicated by nonuniform in-
fluence of the frequency f and
the stroke S of reciprocation.
The change in frequency affects
the value qh to a greater degree
than the similar relative change
of stroke. The investigation of
the dependence between the dis-
persed phase holdup and specific
flow has shown that the columns
are steadily operated under loads
not exceeding 85-90 % of the flo-
oding loads. In this case the
bold~up does not exceed 20-25 %.
The further increase in flow ra-
tes leads to instability oflpd -
value; the local accumulation of
dispersed phase and emulsion in-
version is observed between some
plates. The investigation of lon-
gitudinal profile of dispersed
phase hold-up has reveeled that

the valueipd while extraction and stripping of uranium veries signi-
ficantly with column height according to variation of phase composi-
tion and properties, as well as to disteance from input point of dis-
persed phase. The representative profiles of dispersed phase hold-up
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and uranium concentration in the organic phase for uranium extraction

and stripping operations in the 3

and 4.

The curves depicted in Fig. 3 91

which demonstrate the change of
the qh—value with column height,
have clearly defined peaks; the
velue at a maximum is 5-10 times
more than minimal local values
of column hold-up. The comparis-
on of Fig. 3 end 4 indicates
that the hold-up grows rapidly
as the dispersed phase moves
from the input point; this re-
sults from successive increase
in degree of drop fragmentation.
After passage through the maxi-
mum, the holdup profiles follow
the uranium concentration ones,
what is explained by the incre-
ase in droplet coalescence rate
as the uranium content in solu-
tion decreases.

The main operational features
of the tested columns while ex-
traction and stripping of urani-
un are given in Table for some
‘versions of design and vibration
regimes of plate stack. The ta-
bulated results suggest that
while extraction and stripping
of uranium high loads are accom-
plished with high effeciency of
mass-transfer. In the case of ex-
traction, in particular, it is
possible to conduct the process
with specific flows higher than
50 m3/m2.h, keeping the HETS
within 0.5-1.0 m.

Entrainments of the organic
phase with raffinate and reext-
ract were in the reported tests
no more than 0.08 %, entrainment

of the agueous phase was within O.

m height column are shown in Fig. 3

hom )

10 50
Fig. 3. Hold-up profiles of
dispersed phase (1) emulsion W/0,
extraction (2) emulsion O/W,
stripping
M

3; 2

30 g%

()

W 8 80 ﬂﬁﬁdﬁ
Fig. 4. Profiles of uranium con-
centration in orgenic phase.

(1) emulsion W/0, extraction,

(2) emulsion O/W, stripping

1-0.3 %.
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Operating characteristics of reciprocating-plate columns
while uranium extraction and stripping

D, |E, Process, [ Q/F, | a5 [ [U], /1 (o], [, | HEDS, [Qf
mn|m | Emulsion| 3 — T o (I m —,
type =5 ) ag. |aq. orge. h’ F3
m- h ph. |ph. ph. aq;ug ¢ m
in. Jout. [out. 3 mz.h
563 |[Extrac-
tion, W/0 40 12,6 |300(0.1 112 2.3 17 10.8-1.0] 45
56|3 W 48 2.5 |260]0.07 9t 1.7 10 |0.7-0.8] 55
563 z 50-60[2.7 [290]1.0 107 2.4 H1520[0.9-1.6] 66
484 2 63 |2.2 |119]0.008 53 4.8 15 |1.0-1.3| 68
4814 " 57 |12.2 |119]0.012 60 4 8 15 [1.0-1.4| 68
48|4 [Stripp~
ing, O/W 23 |0.86] - | 38 30 0.05 |18 0.65 | 40
56(3 " 37 |0.65] - | 49 0.4 0.05 |33 0.5 41

The tabulated data can be improved by advanced characteristics of
the plates, better vertical distribution of them and appropriate vib-
ration regimes.

Notation

£ - frequency of vibrations;

S - stroke (double amplitude) of vibrations;

I = £+S ~ vibration intensity;

Q, Qp - summary and flooding flows;

qo/qw - ratio of organic and aqueous phase flows;

qh - dispersed phase holdup;

h - distance from the base of packing section;

D, H, F - diameter, height, cross-section area of packing section;
[v], [HNOJ - concentrations of uranium and nitric acid;
O/W, W/0 - emulsions "oil in water" and "water in oil";
HETS -~ height of equivalent theoretical stage.
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HYDRODYNAMIC BAHAVIOR AND THE EFFICIENCY OF MASS TRANSFER IN ARD COLUMN
Huai-Xuan Jin, He-Ping Deng

Department of Chem. Eng., Tianjin University, Tianjin, China

The asymmetric rotating disc (ARD) column is a new type of extractor, which
has been proposed by T. Misek and J. Marek [1,2,3]. The construction of ARD extractor
enables the light phase to move up in a helical path and the heavy phase to move
down in a helical path as well. The repeated dispersion and coalencence of the
dispersed phase leads to the continuous renewal of the interfacial contact area
of the two phases. The arrangement of horizontal baffles in column weaken the axial
mixing remarkably. Thus the hight efficiency of mass transfer is achieved.

In this study, the flooding rates, the holdup of dispersed phase and the efficien-
cy of mass transfer were measured for different systems in ARD column. The demensions
of ARD columns are: diameter of column: 71 and 91 mm., rotating disc dismeter:
34 and 44 mm., compartment height: 40 mm. The construction matials of internal

components of column are PTEF (polytetrafluoroethylene) or stainless steel.

THE MEASUREMENT OF FLOODING RATES

Experimental results obtained are shown in Fig.l for the liquid systems kerosene--
water and kerosene-35% glycerol aqueous solution. The 2-ethylhexanol-water system
is shown in Fig.2. The flooding curves in Fig.l and Fig.2 show that after the rotor
speed reaches a certain value (Ncr), a rapid change on the slopes of the curves
occures. For the three systems, the turning point of peripheral velocity of rotating
disc are about 1.93 m/s, 1.43 m/s, and 1.08 m/s respectively. The above results
indicate that a higher agitating speed is required for systems of higher interfacial
tension to enable them to enter the turbulent region, in which leads to greater
interfacial area for mass transfer.

When the dispersed phase adheres to the internal components of the column readily,
it occupies some space in the column, forming a dead region and resulting in a
decrease of the maximum total flux (Ug+U.)¢. The greater the amount of dispersed
phase adheres to the interior components surface, the more remarkable the above
effect is. In this work, when the rotating discs are made of PTFE., the total flux

is lower by 30% than those made of stainless steel.

U,Gc,qs , O-Kerosene-water 2- ethylhexanol-water
g o8t 4 ~Kerosene-35% ghoero) g0 ’ Us{ic=10, 25105°C
> Qof A\‘\A,:k\ > 04 |
Ei i 0..0_*3__0\\ }i : ~\\°
9 . o, 3 a2 ! \0
i ! ~ | ~o + |
2 ! Necr | /Ner 3 ! Ner
Q2 R ’ . e . -al h L Vo 1l ZI & %0
10 12 6 1 2 22 6 1 12 1
4 8 0 2 DrN,m& Q6 O 0 D-Nmsg
Fig.l. Flooding curves of different Fig. 2. Flooding curve without solute
systems without solut transfer transfer
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CRITICAL ROTOR PERIPHERAL VELOCITY

E.Y. Kung and R.B. Beckmann [4] were first to set forth the statement that there
exists a critical rotor speed (Ncr) in the operation of RDC. Later, G.S. Laddha
[5]) made a further study of the hydrodynamical chacteristics of the RDC and concluded
that the critical speed of rotor has a close relation to the physical properties
of a system and the geometric size of a column. They recommended the following

correlation: U - ? )n
— 2 = C(F" A .
(6-4}’2/‘@: )0.25

In Laddha's investegation the break point separating region I (laminar flow
region) from region II (turbulent flow region) corresponds to the critical rotor
speed by the value of (Fr)cr- ?2 ®180. For no solute transfer the values of constant.
C and exponent n in equation (1) are:

Region I: C1=1.08; n=0.08
Region II: C; = 0.01; n=1.0

In the operation region I Fr-?2>180, or N{Ncr, and in operation region II
Fr 2<180, or N>Ncr.

This experimental results show that there exists a critical rotor speed in the
operation of the ARD extractor as well as in the operation of the RDC. According
to the experimental data the regression analysis was made. The constant C and
exponent n in equation (1) were obtained as following:

Region I: C=2.4, n=0.13
Region II: C=0.104, n=1.0

On the break point of region I and region II the value of (Fr)cr"fz as below:
(Fr)er'®P, = 44

THE MEASUREMENT OF DISPERSED PHASE HOLDUP

This experiments were made with four systems: 1. kerosene-water, 2. kerosene-35%
glycerol, 3. 2-ethylhexanol-water, and 4. 2-ethylhexanol-ethanol-water. These
experimental results are plotted in Fig. 3, 4 and 5. From these holdup curves it
can be concluded that:

1. The variation of dispersed phase flow rate influenced the holdup remarkably.
The influence of variation of continuous phase flow rate to holdup is smaller than.
the vaiation of dispersed phase.

2. When the phase ratio was nearly equivalent (i.e. 30/30 and 44/40), the holdup
increased remarkably with the increasing of total amount of two phases.

3. Making a comparison between Fig.3 and Fig.4, it can be observed that when
there is no solute transfer, the values of holdup, are greater than there is with
solute transfer. The reason is that the viscosity and interfacial tension of system
varied when the solute transfer exists.

4. As shown in Fig.5. The break point of holdup curve appears at a higher rotation
speed (about 800 rpm) for kerosene-water system. This means that the system with
higher interfacial tension needs higher power input to the agigator for dispersing

the organic phase to enter the turbulent region.
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Fig. 5. Dispersed phase holdup of different systems

EFFICIENCY OF MASS TRANSFER IN ARD

The efficiency of mass transfer in ARD column is measured by the concentration
profiles of solute along the column. This experimental data has been obtained only
for the direction of solute transfer: d—=c, using 2-ethylhexanol-ethanol (as a
solute)-water system. The range of variables investigated are: The rotor speed,
50G-800 rpm; the ratio of two phases, Uyq/U, = 0.2~ 1.0; the superfacial flow rates
of dispersed phase, Uq =(0.48 —1.92)x103 m/s; and the superfacial flow rates of
continuous phase, Uo =(1.3—2.18)x 103 m/s.

Using the diffusion model containing the effect of axial mixing as Miyauchi
T.and Wilburn N.P. [6,7] suggested, the mass transfer of countercurrent extraction

in ARD column can be described by the following correlations:

4%X _ pe, X -N_, Pey (X-Y) = 0......(2)

dz2 dz

2
dY + Pey dY 4 Nox Pey (X-Y) = 0...... (3)
dz2? dz

Boundary conditions:

z=0, 9X = -pe,(1-x), dY =0

dz dz
z=1, X =90, 4Y a-peyy |
dz dz

The model parameters of diffusion were obtained, i.e. the number of true overall

transfer unit Nox, and Peclet number Pey, Pey.

The height of true and apparent overall transfer unit H,y and Hoxp were calculated
by:
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The following correlations were obtained by regression analysis of this experimen-

tal data.
Ux = 0.101 x(1-x) e“Fr'_o-735 ...... (6)
Hox
where n = (1.47 N - 4.1)x
B = 1,98 1¥ (1+x)422 pg0-812, ;. (1)

Using the above correlations to calculate Hyy and Hoyp, the error between the
computation and the experimental values are less than 30%.

CONCLUSIONS:

1. When solute transfer exists, the dispersed phase holdup will descrease, due
to the variation of physical properties of system.

2. There are critical rotor speeds in the operation of ARD extractor. The optimum
operation should be in region II, viz., in the turbulent flow region.

3. The capacity of ARD columns used in this work is about 20m®/m?h, the value
corresponding to the published data by K.H. Reissinger[S]. The amount of maximum
flux is closely related to the compartment height along with column geometry, and
physical properties of the liquid systems. In addition, the adhesion of dispersed
phase to the internal surface of column has a great influence upon the capacity.

4. In the range of investigation the efficiency of mass transfer of ARD column is
higher than with other agigated columns. According to the experimental data and
the corrolation obtained, The height of a true overall transfer unit Hgy, is:

0.2—0.5 m.
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MASS TRANSFER VIBRATING DISK EXTRACTION COLUMNS 4-10 ]

I.J. Gorodetsky, A.A.Vasin, V.M.Olevsky, A.E.Kostanjan, P.A,Lupanov,
State Research and Development Institute of Nitrogen Industry and
Organic Products Synthesis, Moscow, USSR

At present time the most attractive extraction columns for mass
adoption in industry are those providing phase mixing caused by vibra-
tion. Those are the columns equipped with a movable shaft to which the
packing discs or sometimes special partition devices are attached[1,2].
The driving mechanism forces the shaft with the packing to move recipro-
catingly with the preset amplitude and frequency; energy to be applied
from outside can be distributed along the cross section and height
uniformy or based on some specified law, establishing hydrodynamic con-
ditions which are optimal for the solution of a certain process task.

Various modified constructions of the perforated discs (vibrating
plates) can be divided into two groups: plates with out guiding vanes
(usually with rounded holes) and plates which have the holes (usually
rectangular) provided with the guiding vanes. The experimental studies
D, Q helped to establish that at non-changeable specific effective use
of energy the construction of vibrating plates does not affect noti-
ceably hydrodynamic and mass transfer characteristics of extraction
columns., However, one can expect that the plates with guiding vanes
which provide properly arranged transversal mixing of streams will be
more effective for the columns of larger diameter (over 1.5-2 m).
the conventional vibrated columns the packing consists of vhe plates
of two types which differ with opposite direction of the wvane fold
and are located alternatively along the column height. The transversal
movement of flow caused by vibration in such columns changes its
direction for the opposite one while moving from one compartment area
to another but remains constunt in time—course in the direction bet-
ween any neighbour plates.

GIAP has offerred a new "package" method of assembling plate pa-
ckings [5] s, When the plates of every type are assembled into packages
which are arranged alternatively along the column height. In Fig.1 one
can see the scheme of plate assembling amd the pattern of liquid
streams hetween the plate packages. Liquiw.stream direction when the
packing moves up is shown with solid arrows and vhat when the packing
moves down is shown with dotted ones. as one can see in Pig. 1 the
transversal movement of liquid within a plate package alternates its
airection every 1/2 stroke of the packing vibration, i.e. pulsating
transversal movement of vhe phases is originated in the vibrated
column. Such phenomenon is greatly in.ensirying the phase dispersion
andi vransversal mixing. The experimental data received from the
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vibrated column with the diameter of 300 mm have shown that in case
of plate "package™ one and the same efficiency is reached at vibration
rate by 1,5 times less than at conventional plate arrangement. This
is explained by the fact that some additional dissipation of energy
takes place in such vibrated/pulsated column thanks to the liquid
transversal pulsation.

Separation capacity of the vibrated extraction column (up to
about 10 stages) is restricted with the column height which
increase is resulted in the larger weight of the packing, This restric-
tion can be eliminated by dividing the packing into several self-balan-
ced packages and distributing its weight among the supports located
along the column height. Pige.2 shows the column which consisting of 2

Pig.1. Vibrating/pulsating Pig.2. Extraction column with
plate extraction column the balanced packages
of the vibrating plates

plate packages pivotly connected by means of the crank arms [2]. Such
design has that specific fiture that the neighbour plate packages are
moving in opposite diretions. Besides the possibility of appreciable
growth of separation capacity the design has some other advantages:
lower energy consumption and lower dynamic loadings on the botumn
what is especially important for the coulmn of large size. The column
of the above type has been successfully tested at the commersial scale.
The vibrated plate extraction columns have that specific fiture
that the partitions (plates) do not retard the flow of the dispersed
phase and do not reduce the column throughput [3]; they havec the ca-
pacity which is maximal for the compartmented columns, At the similar
droplet size the throughput of the viuvrating disk extraction columns
is twice higher than that of the rotating disk ones. The estimations
based on semi-empirical relationships which properly describe the
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available experimental data show, that at the equal droplet size the
coefficient of effective axial mixing in the continuous phase (Ec) is
in fact the same for the vibrating and rotating disk extraction columns.
However, while estimating the enflusnce of axial mixing on the column
performance rate one should operate with ratio Ec/WJwis a mean space
velocity) rather than with an absolute value of E.. As can be seen

from the ebove mentioned the value of Ec/wc' in the vibrated disk
column, has to be twice lower than that in the RDC, 'That is why the

Table 1. Results of commerciual application of vibrating disk columns
Process description dgiggger, gg?SEESOf
s adopted in
industry,
pCsS
1 Extraction of caprolactam trom lactam oil 800 1
with organic solvents (trichlorethylene, 900 3
penzene) 1000 2
1200 4
2 Re-extraction of caprolactam with water 900 3
from the solution in organic solvent 1000 2
1200 6
3 |Extraction of cyclohexanone and cyclohexanol | 900 1
with benzene from aqueous solutions of cyclo-
nexylamine sulphate
4 |Extraction of cyclohexanone and cyclohexanol | 800 1
with cycloheaene from aqueous solution of 900 |
mono—- and aicarboxylic acids 1200 1
5 |Water washing of sodium salts of mono- and 800 1
dicarboxylic acias rrom saponificated pro- 1200 1
ducts of cyclohexene oxydation
6 |Extraction of caprolactam with thrichlorethy-1200 3
lene from aqueous solution of ammonium 1600 1
sulphate
7 |Drying of cyclohexanonoxyme with concentra- 11200 1
ted solution of ammonium sulphate
8 |Extraction of cyclohexanone and cyclohexanol | 800 1
with cyclohexene from aqueou solution of
sodium salts of mono- and dicarboxylic acids
9 |Processing of residues from the plant 500 2
"Luwa" for caprolactam purification 850 2
10 Extraction of cyclohexanonoxyme with cyclo- [1200 2
hexene from aqueous solution of ammonium
sulphate
Total 42
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extraction columns under discussion, and especially the commercial
ones, provide not only higher capacity, but also higher mass transfer
capacity rate as compared'bo the RDC, rhe above considerations are
contirmed with the results of investigating the extraction columns of
the both types applied in the caprolactam production [ﬂ,?].

As a result of the investipgations of vibrating disk extraction
columns which were carried out. at the laboratory, pilot and commercial
scale, GIAP has developed the methodics of modelling and designing the
commercial extraction columns based on laboratory tests, the methodics
is based on the main principles of the scaling up theory [8].

High technical and economical values of the vibrating disk
extraction columns have permitted today to adopt them in eleven com-
mercialized processes. The data related to the adoption of mass
transfer vibrating disk extraction columns in industry are given in

Table 1., At present 42 such extraction columns with the diameters from
500 to 1500 mm have been commercialized.

The engineering projects have heen developed for the extraction
columns of the vibrating type which diameter can vary: 80, 150, 300,
500, 800, 850, 900, 1000, 1200, 1400, 1500, 1600, 1800 and 2000 mm.
All these erforts have prepared the conditions tor further wide use
of the viobrated extractiun columns for the egquipment of the various
processes,
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NOVEL EXTRACTION EQUIPMENT | 4-11

G.I.Ivanov, M.Z.Maksimenko, O.V.Ryskov, Branch of the 0il Insti-
tute, Salavat, Research Institute of Petrochemical
Production, Ufa, USSR

Superimposition of pulsation upon phase streams within column-typc
extractors is known to intensify mess exchange processes. However,
application of extra power is not always economical. Moreover, for
impulse-type systems with vertically oscillating medium scaling up
of plant proves impossible. Besides, the essential drawback of such
systems is the presence of considerable reciprocal dynamic loads
within the apparatus and its pipework.

- //JL
/ P A
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Fig.1. Different embodiments of mixing sections in extractors
with rotating stream:

a - when pulsation is superimposed tray 1 with slanting
openings produces swirling of phase streams in annular
spaces 2, 3 - sieve trays;

b = stream swirling is produced by sloping vanes 1 posi-
tioned between coaxial cylinders 2, 3 - annular shel-
ves welded to cylinder 2;

c - stream swirling in annular gaps is produced by vanes 1
in one direction, as shown by arrows; coaxial cylindri-
cal partitions can be artificially roughened 2, 3 -
radial-slit (or sieve) trays;

d - swirling of streams in the two neighbouring annular
gaps occurs in opposite directions bringing about full
stabilisation of swirling streams in the settling zones.
Rotation directions are shown by arrows
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Proceeding from /7,27 a novel extraction system is proposed whica
is operable in a broad range of physical-chemical values A= /37 of
the media to be separated. By obtaining hydrodynamic similarity in
the different sections of the apparatus the problem of scaling up
221 be solved, while the introduction of the dynamic damper into the
veavy phase drain subsystem minimizes any adverse dynamic effects.

The principal part of the extraction plant is the column compri-
sing vertically alternative mixing sections and settling zones, the
former being either ordered annular channels or flat ones (See Figs.

18&2).
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Fig.2._ Different embodiments of mixing sections with flat packings

a =

b,c -

e,f -

mixing section 1 is formed by a set of flat sheets 3
with upper edges bent up. The above sheets are positi-
oned at a certain distance from each other and are
placed on grid trays 4;

additionally roughened flat sheets: b - ribs shaped as
squares, ovals, triangles,etc. (or stretched-and-cut
sheets pressed to each other with a right-angle shift
along stretching); ¢ - bent stamped tongues;

angular plates positioned between parallel sheets 3,
the upper set of sheets being 20° shifted as regards
the lower one thus producing at contact points a meshed
tray 4;

sets of flat plates with end perforated corners: e =
end corners 3 possess angular overlaps 4; f - solid
blinds 4 are placed between end corners 3; 2 - settling
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The embodiment with annular (coaxial) division is recommended to
be employed only in combination with pulsation superimposed upon
phase streams. The use of flat packing permits both impulse and gra-
vitational regimes.

Investigations show that higher separation efficiency is achieved
with annular division, in which translational and rotational compo-
nents of phase streams are combined. Operation in gravitational re-

gime is recommended at LPe=\/Kc <5000,

vhere
4
3,
Pr=p-& éﬂ‘\lapy ] K = ——5%'%%,— ;
/Vl,ﬁ&z. we - respectively Kintner, Raynolds and Weber criteria;
€ - resistance coefficient;

JD“ﬁL - density and dynamic viscosity of the continuous phase;
Cf = liquid-liquid interfacial tension;

go - phase density difference;
9 - gravity constant.
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DEVELOPMENT OF EFFICIENT JET-DIRECTED REGULAR PACKING 4-12
FOR LARGE-TONNAGE PRODUCTION ON THE BASIS OF THE THEOR
OF MASS TRANSFER PROCESSES

.2 ,Macksimenko, R.b.Tukaeva, R.G.Naouschirvanov, 0il Institute,
Ufa, UZEER

The most characteristic features of the extractors applied in
petroleum and petroleum chemistry are a great specific power and the
uge of easily emulsirying liquids. Such liquid systems are charac-
terized by small values of interphase tension, insignificant diffe-
rence in the phase density and high viscosity of the reagents.

In application to the above mentioned conditions a series of re-
gular jet-directed packings has been developed (Fig.1). They are ba-
ged on the follewing principles taken from the theory of mass trans-
fer:

1, The development of a great specific surface of the phase con-
tact and an intensive splitting of droplets owing to the jet outflow
of the phases which are directed against each other and their com-
pact (Fig.2).

2, Providing a high value of the mase transfer coefficient caus-
ed by: a) the creation of conditions for a short-term phase contact,
i.e. the conducting of the mass transfer process in essentially un-
steady conditions;

b) the continuous renovation of the surface of the phase con-
tact and frequent repetition of redispersion and coalescene acts
along the height of the apparatus.

3. The improvement of hydrodynamic conditions in the apparatus
and the reproduction of the scale effect by means of longitudinal
and transversal sectionalization and also by a continuous redistri-
bution of the flows over the cross section.

Proceeding from the above mentioned theoretical stipulations se-
veral types of jet-directed packings have been developed (Fig.1), a
complex of design methods aimed at intensifying the mass transfer
process has been realized therein.

In industrial apparatuses packings are assembled into blocks, mo=-
unted along the height of %the column with spacings.

Fach block is subdivided into a number of parallel sections (3)
by means of vertical partitions (2).

Packing blocks are a set of meshes (4) with the continuous and di-
spersed phases outflowing to each other in the form of jets. The dis-
persed phase is intensively splitting into tiny droplets which are
there moving in the free volume of the mesh and due to its small
gize come into a short contact with the continuous phase. The drop-
lets in the mesh corner nodes coalesce thus forming a subpreassure
layer of the dispersed phase, which then again outflows into the
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next mesh, Thus the process reiterates along the height of the appa-
ratus.

Visual observations have shown that with packing location in the
form of blocks, free jets are formed from them at the inlet/outlet,
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Fig.1. Jet-directed
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Fig.2. The scheme of semiindustrial columns

233




which may considerably reduce the efficiency of the apparatus due to
the increase in the longitudinal mixing of the flows. A sharp drop in
the phenomenon has been achieved thanks to the turbulizing grills (5)
allocated above and under the blocks. When passing the grills a liquid
flow with a uniform velocity field is formed. In some cases the jet
break-down is achieved by installing flat impingement plates (6).(grid)
The results of the comparative researches of the first ever X-pack-
ing with the existing types of the mass transfer devices are given in
the Table (Pig.2). At present X-packing and its modification (Fig.1)

Compararive characteristics of semiindustrial columns

. Geometric Wy HETP
Sﬁge Column type characteristics Lp/m2h o 1/n
a Packing two-secti- 25x25x2; H=3,3m; 16 1,3 12,3
onal H=1,48m; m=2
b Packing four-sectio-| 25x25x5; Ha=3,6m; 14 0,6 23,4
nal+5 distribution H=0,4; h=0,2m
plates
c with perforated d=5; E=3%; h=70; 12 0,75 16
plates m=9; 1=0,4m; H=3,6m
d with double perfo- d=5; £ =2%; h=80; 12 0,75 16
ration 1=0,4m; H=2,4m; m=6
e with inclined plates d=5; €=3%; 1l=0,38 12 0,95 | 12,7
1=0,100
£ with X-packing S=0,08m; o =90°;£=9%; | 21,5 0,545 39
b=0,08m; m=18; 1=0,029
H=3,6m
g packing ‘two-sectio- | 25x25x2 ; H=3,3; 16 1,3 12,3
nal with an impulse He=1,48m;m=2
h arotating-disk D=0,42m; d=0,325m; 16 1,2 18,2
contactor 1=0,358m; 1=0,20m;
1=0,264m;m=15; H=3,6
i oscilating plates d=5; £=16%;m=6; 16 0,8 20
+ a packing h=1,5m; H=3,3m
J oscillating plates . 18 0,61 29,6
+ X-packing m=6; £=13
Symbols: h,1,H -~ linear dimention; €- free section; d - hole diameter
m - number of plates; S - width of slit; W - total output; HETP -
height, equivalent to theoretical plates

are introduced at the Novo-Ufimsky and Novo-Gorkovsky refineries in
the production of lubricating oil. The modernized column at the Novo-
Ufimsky refinery is a combination of X-packing sectionalized with the
grid and with the Rashing packing.

U-packing is widely used in the industrial complex "Chimprom" in
the production of herbicides.

234



ACTIVE AND REACTIVE RESISTANCE OF PULSED EXTRACTORS
V.1.Val'dman, L.S.Raginsky, D.Kh,Roizman, M.G,Timoshina,

Moscow, USSR

The design of energy-saving pulsed extractors requires the ability
of calculating the active resistance related to mechanical energy di-
ssipation in a column /" 1.7. To calculate the resonance conditions
and to match the apparatus with a pulse conductor for the purpose of
increasing the system efficiency one should know the reactive resis-
tance of the unit.

The reactive resistance is related to changes in the kinetic ener-
gy of a moving liquid during pulsations.

The extractor active resistance is primarily determined by the
packing preassure loss. The reactive resistance of the unit liquid
section is determined by the inertia of the feeding pipes and the
packing section.

The preassure drop due to the packing can be written down as

$/0/ v K Bie 1010+ 2k 03“.//(‘;’?0’, (1)
where the quasistationary value of the correction of the motion amount
is

B =) v v (2)

where KH - is a coefficient showing how much the dissipated energy
exceeds its quasistationary value, K " is a coefficient taking acco-
unt of the effect of the liquid profile on the liquid inertia, VZ is
a longitudinal velocity at a point.

The velocity pulse shape is close to a sinusoid U=U . cos t.

The similarity criteria are Reynolds number, corresponding to an
amplitude velocity and the Struhal-Euler number ratio:

O 2wl (3)
o Y
where %a = E st(Rea)'
In the packing section the liquid is moving in a spinned way and

the field of longitudinal velocity is non-uniform over the interplate
space volume,
The preassure drop over the column packing section is

AP jajf/ft?é‘fj\/ﬂ/ epf c{:
H=eHy » 2L caV>O . LAV g1,

where - is 1§quid density, ‘U = it an immediate value of longitu-

dinal velocity averaged over the section, 1 - is the packing section

length, ? is an immediate value iof the packing resistance factor,
At each moment of time the value differs from the quasistationary

b o

For the calculation of the preassuredrop the following model is

(4)

agsumed:
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bP=RY <H> +8 /(s +RegrGek ey A&
Loz $) ae / (5)
=5,
3 =S/5R,
where Reff and Leff are constant values independent of time.
From (5) one obtains formulae to determine the parameters Reff and

Lefr from the oscillogram recorded preassure fluctuations and the 1i-
quid level in a colum,

Qﬁﬁli'sé£§;> ) (6)
cap il < @8Y/ (LS
Aeff = (“aP 38> *og < 77 N
Teking account of (1) one obtains from (4)
,fof-sqzsxé,,e,,‘;a. % /5%, (8)

where K - is a mean integral coefficient taking account of the active
resistance increase due to the unstationarity.
The equivalent value of the packing section lenght is:

Ao =f0-C/S/ L7+ [Bst ~1)]-Kpe s 9
M= < /,, (8> <705

7 =;§f g 9% ?a-)’wﬁ}f AT Y85z kactO

;S

The comprehensive investigations were carried out to determine the
packing resistance coefficient on a stationary flow, the ¢B correc-
tion in the column packing section on steationary and pulsed flows,
the equivalent values of the resistance coefficient and the packing
section length.

The range of the investigations is 5000 < Bea < 20000,

0.2 £ < 2,

Within this range KH was found to be essentially equal to unity,
i.e., the active resistance can be calculated using the quasistatio-
nary method. At 92 £ 2 the excess of K as compared to unity is not
more than 10-15% / 2_.7.

The additive to the inertia is of the order of 30%10% of the iner-
tia of the packing section without the packing. Within the range in-
vestigated this additive does not depend on Reynolds number or the
unstationarity parameter G .

(10)
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PRINCIPAL CONCEPTS ON POWER SAVING PULSED MIXING SYSTEMS FOR[ , 4- 14
EXTRACTION UNITS

L.S.Raginsky , M.I.Rakovskaya s V.P. Serebryakov, M.G. Timoshina,
Moscow, USSR

The effectiveness of using pulsed apparatuses that are economically
more beneficial than extractors employing mechanical, vibrational or
other types of mixing depends in many respects on the rational usage
of externally supplied power that is transformed in extractors into an
oscillatory reagent motion of the required frequency, amplitude and
oscillation shape.

As is shown in [1] the rationality of using an externally supplied
energy is entirely determined by the coordination of the main subsys-
tems, making up the pulsation system of an extractor. The system com-
prises a hydraulic subsystem of the technological apparatus itself,
characterized by a certain pressure loss due:to a local resistance in
packings

R:é j:,é; ,g =085 Npack f ﬂmg/g col

where jLCOl ~ is an amplitude of a flow in a column;
n pagk ™ is the number of packings;
éﬁ - is a pressure loss of a packing;
.P reag = ?s a reagent density;
col "~ isa column area.
and sluggishness of reagents

i ;
XCol wL‘coe hwzj('uas g C‘iUOS /uu_y 96‘-';;‘*-:;)
i 4
‘4(9! =ifi¢ug ‘277:-;
where )(col is a reactance of a column induced by the lag L ol and
quasielastic forces due to changes in the liquid levels in a column
and a pulsation chamber Cquas'

Reagents taking part in the process can be aqueous or organic, a
liquid including solid particles (extraction from slurries) or a gas
phase (oxidation-reduction reactions on electrochemical extraction).

The second subsystem most responsible for the efficiency of the
whole system is a subsystem of pulse transmission from a pulser to a
technological apperatus. This system can be purely hydraulic with lum-
ped constants, pneumo-hydraulic and pneumatic with distributed con-
stants. Their usage is determined by the conditions of the process
( temperature, reagent volatility, possible contact with air, require-
ments for remote control of pulsation conditions) and production re-
quirements: the ralative positions of the technological apparatus and
the pulser, centralized power supply to some technological apparatus-
e8 or mixing devices from one pulser and some others. The match betwe-
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en the technological apparatus and the pulse transmission system is
characterized by the following conditions Zl=Z°; K 1 (1)=0 under the
so-called conditions of travelling waves.
Zl ~ is the wave drag of a pulseline
Zo - is the input resistance of the technological apparatus
Krefl ~ is the reflection factor

Krer1 (1) = |29-24/2142,

In this case the efficiency of the pulseline is maximum.

ref
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02 WM Iz epe= €xp(-20(1)

K res.
0 07 D04 06 08 10 T Pig.

Finally, the third subsystem is a pulse generator (pulser) that can
afford the required conditions of mixing if the parameters of its ope-
ration are matched to the parameters of the pulse transmission system.

The matching of all the three subsystems is based on the simultane-
ous solution of differential equations of liquid reagent motion in the
technological apparatus, transmitting member and pulser and made it
possible to establish the procedure of calculation of pulsed systems
with distributed constants; this procedure allows the energy optimi-
zation of the pulsed system in each particular case with due regard
for the character of the technological process and the design features
of the apparatuses employed.

The use of the developed method permitted a considerable reduction
of energy expenses to pulsed mixing which is no more than 5% of the
total operation expenses.

Thus, the optimization of power parameters of pulsed systems, in-
volving theoretical studies of design and condition in their inter-
relation makes it possible to considerably reduce the power intensi-
veness of pulsed extraction equipment and provides for its competiti-
veness relative to the best world specimens.
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NEW TRENDS IN APPROACH TO DEVELOPMENT OF PULSED
MIX-AND-SETTLE EXTRACTORS
S.M.Karpacheva, V.M,Muratov, V.K.Lyubimov, Moscow, USSR

Pulsed mix-and-settle extractors proved to be reliable and effi-
cient units. The possibility of making them fully air-tight, flexib-
le stepless variation of reagent mixing and transporting conditions,
ease of remote control are their favourable characteristics; these
qualities are especially attractive for the work with highly toxic,
particularly, radioactive wastes.

The hydrodynamic parameters (the separation rate, specific loads
in settlers etc) of the first pulsed mixer-settlers were not better
than those of units with mechanical mixing. This was explained by
the fact that the hydrodynamic conditions did not change as compared
to the traditional ones; the difference being only in the design of
a mixing device.

As distinct from the previous ones, the organization of the hyd-
rodynamics of the modern pulsed mix-and-settle extractors is based
on the experimentally confirmed assumption /17 of the dependence of
the separation rates of extraction emulsions and the phase entrain-
ment with outflows on the average size of drops in the mixing cham-
ber, as well as the ability of controlling their size. For pulsed
mix-and-settle extractors procedures have now been developed to in-
crease the specific load on a settler and decrease entrainments.

The drop sizes are varied in the ranges that retain the high effi-
ciency of mass transfer. In compliance with this concept we have de-
veloped different kinds of pulsed mix-and-settle extractors (PMSE)
that are now in commercial operation, in particular, a mix-and-set-
tle extractor conditionally called "CoTti ("Comb") /27. In this
unit the scheme of one section of which is shown in fig.1 the fun-
ctions of mixing and intersection transportation of solutions are
separated. Different devices provide for mixing and transportation.
In the mixing chamber the phases move in a vertical direction; the
emulsion moving in a piston regime in which effective radial mixing
is accomplished through the equipment of the mixing zone with pack-
ing widely used in pulsed columns,

fig.1, Scheme of section of "Comb" unit.
1 - mixer; 2 - settler; 3 - pulser;
4 - KRIMZ packing; 5 - jerk pump for
transporting light phase (l.p.);
6 - jerk pump for transporting heavy
phase (h.p.); 7 - pulse chamber in
mixing zone
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The hydraulic tests of "Comb" carried out using a mutually satu-
rated system 0.4-0.5 N HNO3 - 100% TBP or its 25% solution in kero-
sene showed that if the entrainment of either phase is limited
(0.1%) the extractor can operate up to the loads of 25 m3/m2h at
the flow ratio n=4 and more than 50 m3/m2h at n=1. It is important
that the difference in the specific weights of reactants was only
30 kg/m3. For standard solutions typical of mixer-settlers, the mi-
nimum entrainments were 0.02%. These loads are not only almost an
order of magnitude higher than those of conventional mixer-settlers
but they exceed those of counter current columns operating with the
same systems,

On uranyl nitrate extraction from its low and high content solu-
tions with 25% solution of TBP in kerosene the efficiency of the
unit was 90-98%.

The specified average drop size varied from 0.8 to 1.2 mm.

M}{¢ | ‘ Pig.2., Scheme of section of mix-
» 54£==1 __,, 8nd settle extractor with VMID.
i - - antechamber; 2 - mixer; 3 -
o ] settler; 4 - pulse chamber of
\L\-L—""We—‘% T _-» VMTD; 5 - valvej 6 - preassure
Yy oo% s pipe

= 1

In the other extractor (see fig.2) the intersection transporta-
tion and mixing of reactants are accomplished by a single device -
a single valve mix-and-transport device (VMTD) [37. In this case
reactants move in a piston regime similar to the "Comb" extractor.
When compressed air is supplied from a pulser to a pulse chamber
of VMID the liquid closes the valve and is forced out through a
preassure pipe.When compressed air is released from the pulse cham-
ber the valve opens and the liquid of the antechamber goes to the
pulse chamber.In the preassure pipe the liquid continues moving at
the expense of the accumulated (during the supply step) energy of
the compressed air.

Under these operation conditions VMTD provides for a wide range
of efficiency with little variations of pulsation pressure and for-
mation of drops of the specified size up to 0.43 mm and as a result
of this the separation rate is increased. The traditional horizon-
tal arrangement of the mixer-settler of this design makes it possib-
le to increase the extractor efficiency by a factor of 1.5-2.0
through the replacement of the mixing devices now in operation by
a new VMTD without a long-term outage of the production facility.

In this case the mutual entrainment of phases is 0,02-0.07%. The
effectiveness of mass transfer improves with pressure supplied to
the compressed air device from 10 to 20 kPa and is close to 100%,
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The third type of a unit £2,5,67 is distinguished by the usage of

a two-valve mix-and-transport device (TVMTD). It operates at the
drastically reduced frequency of pulsation; it has an essentially
reduced working preassure of pulsation.Similarly to the unit "Comb",
in this case the settler is located above the mixing chamber (see
fig.3). A two-valve pump in which compressed air acts as a piston

i

Fig.3. Scheme of section of mix-and-settle
extractor with TVMTD.

1 - antechamberj 2 - pulsechamber;
3 - mixer; 4 - settler; 5,6 - suc- -::::
tion and delivery valves L
=,
s

is the only consumer of power which is several times less than that
of the known types of transporting devices employed by extractors.
This fact makes it possible to control the mixing intensity in a
wide range and produce drops of the required size (up to 0.75 mm).

In the suggested here types of pulsed mixer-settlers it is pos-
sible to control the mixing process in a wide range of intensity
and to optimize it which provides for the specific loads several
times higher than those of traditional horizontal extractors and
the high effectiveness of mass transfer.
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DESIGN FOR MIXER-SETTLER WITH CONTACTING STEPS OF COLUMNS m
TYFE

B.N.Laskorin, A.V.Mironov, V.G.Fomenkov, L.I.Rusin, A.S.Khar'kov,
T.V.Petrova, All-Union Research Institute of Chemical Technology,
State Committee on Utilization of Atomic Energy, Moscow, USSR

As analysis has shown, practically all soviet and foreign hydrome-
tallurgical plants use mixer-settlers with mechanical mixing of pha-
ses as basic process equipment in the extraction schemes for recovery
of heavy, rare, dispersed, radioactive and non-ferrous metals from
solutions, as well as for purification and separation of metals (1).
Presently mixer-settlers of box-type with hydraulically independent
steps and impelled phase transportation have won widest application.

Several new designs for mixer-settlers with mechanical mixing of
phases have been developed and tested, they differ from the traditio-
nal apparatures of box-type mainly in each contacting step being a
direct flow column, all constuctions designed using the principle of
hydraulic independence of steps.

Fig.1 shows the principle scheme for a mixer-settler of column
type with impelled transpor-
tation of phases (2). Each
step of the construction is
presented by a column of direct
fiow and consists of a settling
chamber and a sectioned mixing
chamber beneath with a fore
chamber and mixing-transporting
device. The transportation of

phases from step to step and

their dispersion is done by a
b turbine agitator and additio-
nal mixing by disc agitators.

Vertical arrangement of the

Fig.1. Scheme of a mixer-settler mixing and settling chambers
with impelled transportation of phases creates a direct current moti-

1 - mixing chamber} on of phases in each step up-

2 - settling chamber; wards, as the phases move in

3 - mixing-transporting device} a direct flow column, at that

4 -~ disc agitators an wniform character of the

continuous phase in the mixing
chamber is ensured at practically any phases ratio in the feed due to
the interphase level being set above the level of the mixing chamber.
As compared to the conventional mixer-settler extractors of box-type

where the characteristics of the continuous phase considerably depends
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on the phases ratio in the feed, the mixer-settler of the given disign
has the heavy phase as the continuous onepractically at any phase ra-
tio, i.e. & previously determined emulsion type is created in the mi-
xing chamber,

Vertical arrangement of the mixing chambers, their sectioning and
regylated mounting of the disc agitators make it possible to create
a reciprocating regime in the mixing chambers, approximating the flow
structure in a plug-flow reactor. As a result the break-through of
unreacted reagents is eliminated, the volume of reactional zone decre-
ases with insignificant degree of droplets crushing, which intensify
the phases separation in the settling chamber.

The above mixer-settler desing is especially effective for extrac-
tion systems using organic extragent diluents with greater density than
that of the aqueons phase, since screening effect of the aqueous phase
eliminates the contact of the organic pfase and air, which brings
about sharp decrease of diluent losses on account of volatility (3).

Fig.2 presents principle scheme of a mixer-settler with independent
transportation and phase mix- £
ing (4).

The apparsatur design has
every contacting step made up .*:
as a column of direct flow with

F1-

interacting phases moving down- :-4
wards, the settling chamber be- -
ing placed under the mixing one. Zg;
The basic distinction of the

design is independence of tran-
sportation and intermixing of
phases, | Wi

The heavy phase is forced
from step to step, the light 2q

phase is transported by gravity Fig.2 Scheme of mixer-settler
flow., This arrangement of phases with independent transportation and
motion makes it possible to at- mixing of phases

tain an optimal mixing process 1 - mixing chambery

without regard of phases trans- 2 - settling chamber;

portation, and that rases pro- 3 - disc agitators;

ductivity due to effective phase 4 - transporting device for the
es separation, heavy phase

Arrangement of the interphase
level below the mixing chamber ensures a special emulsion type in the
mixing chambers, where the light phese is continuos one practically
by any phases ratio in the feed. The above construction can be effe-

ctively used for hard-to-be-separated extraction systems, where non-
intensive phase intermixing regime is necessary.
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A column type mixer-settler with stepped phase inversion (5) has be-
en developed, the principle scheme of it is given in Fig.3.

The contacting steps there
are presented by direct flow
columns,the mixing and settl-
2 . .

(/-— ing chambers are reciprocally
arranged along the conjugated
apparatus. steps and the in-
terphase level is placed over

/ or under the settling chamber

- //_— accordingly. The steps of the

apparatus are combinated in

such a way, that the dispersed

:u-— phase in the ending steps

-5

/ i i will be the one that exits the
.L/ 2/ ‘f apparatus after the step. The
Fig.3. Mixer-settler with stepped design makes it possible to
phase inversion do an alternate phases inver-
1 - mixing chamber; sion in the mixing chamber,
2 - settling chambers; and that raises effectiveness
3 - mixing-transporting devices of mass-exchange and increase
4 - disc agitators productivity. Dispersion in

the end steps of the phase
exicting the apparatus minimize the losses of expensive extragents,
cuts, the cost of the subsequent technological operations. Decreasing
the number of mixing-transporting devices twice cuts energy cosumption.-
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SEPARATION CAPACITY OF SINGLE-STAGE CENTRIFUGAL EXTRACTORS
G.I.Kuznetsov, A.V.Kosogorov, A.A.Pushkov, L.I.Shklyar,
State Committee for Atomic Energy,Moscow,USSR

4-17

The separation capacity of a single-stage centrifugal extractor is
determined by equality of the liquid’'s residence time in the separa-
tion chamber to the time required for the separation of a phase. If
the rate of drop deposition conforms to Stoke's Law for a continuous
light phase,it will be expressed as follows:

B e ap-di-Pr-h rZ-rd )
- 27p s ?

where h 1is the height of the liquid layer in the separation chamber;
s is the path traversed by a drop in the separation chamber in the
direction of the interface during the residence time. In a plateless
rotor S:r-r, ,whereas in a plate rotor (Fig.1) s-= 7148

The diameter of the drops in the dispersion phase dqy "and the ra-
dial distence of the interface in the separation chamber r; are the
indefinite values of Formula 1, The study of the influence of various
factors on dy and r; has been carried out by the use of the CE=125 (1)
centrifugal extractor with a rotor diameter of 125 mm and capacity of
up to 3 m3/h,using the system of solutions of 2 moles/l nitric acid
and the 30% tributyl phosphate in synthine.

In the absence of flows in the CE (/; is defined as r;, ) the
formula is as follows:

r2opri_ 29 p.h
oy = \/ Pr'h P,:t—'}‘ w7 Prln , o

where h, is the height of the heavy phase rise from the separation
chamber to the weir of this phase. This equation is widely used for
the calculation of centrifugal extractors,though it does not show the
true position of the interface.

The increasing of the liquid flow in the heavy phase channels re-
sults in the rising of the resistance to the flow and layers of li-
quid appearing at the weirs of heavy and 1light phases. The interface
in the separation chamber shifts from the position it occupied at
Q =0 ,Equation 2. Without emulsion in the separation chember (r; is
identified as r;,) the formula is as follows:

\/ o o ‘.Ph P (P,.;P,,-Pl) ’ <
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where p, =c,0,f¢c?_0,, are pressure losses owing to resistances occuring
in the flow of the heavy phase from the separation chamber through
the hydrolock to the weir; ph-csa,,s and p=¢, 0{ are pressures pro-
duced by the movement of the liquid layers over the weirs when the
heavy liquid flows from the hydrolock and when the light liquid flows
from the separation chamber., For the CE-125 the formula is:

\/ ré - (112 f +75Q, +328 Q7°- 243Q77) - (4)
The coefficients are calculated at @, , 0:/5 ,and Qf” ,the coefficient
at Qh is determined experimentally. As is seen from Fig.2,the inter-
face shifts from r;, at the total capacity of 2-3 m /h and attains the
value of r, ,when the heavy phase flows into the light one.

Qn"f/"

3 =

0 |
20 1y A0 Figp gy 1iymm

Fig.1,Functional aiagram of the Fig.2.Dependence of interface posi-
centrifugal extractor tion in the separation chamber
on capacity

But the continuous phase has in the separation chamber some quanti-
ty of drops of the dispersion phase,in this case [2] the interface
formula at the heavy dispersion phase is as shown below:

¥ 2 v (5)
hey = \/"zf*‘ﬁ (fic""f) ’

whereas at the light dispersion phase it is:

o= \/ p o (r2-r2) s (6)
-f

.where ¥, is a fraction of the heavy phase in the continuous light pha-
ge,and ¥, is a fraction of the light phase in the continuous heavy pha-
se. As follows from Equations 5 and 6 r;, increases with the increase

of the dispersion phase fraction in the layer of the continuous phase,

246



¥a @i , o {iy g
o6 F Fopt 9.2' 0=Q05%
4-4' e=85%
04 05 4
02
0 -l i i i 0 A I
15 rg 30 951, g’ Tiymm 05 10 q,,mn
Pig.3, Dependence of interface po- Fig.4,Dependence of capacity of
sition on the fraction of the centrifugal extractor
the'dispersion phase in the on the interface position

separation chamber

while the r;, decreases. With a certain quantity of the dispersion pha-
se in the continuous phase,the interface radial distance reaches that
of the heavy phase overflow radius into the hydrolock (nh =r ),Fig.3,
Curves 3 and 4,when the heavy phase is a dispersion phase;or to light
phase weir from the separation chamber (r; =ry),Curves 1 and 2,when
one is a dispersion phase. In both cases the continuous phase (emul-
sion) begins to escape from the rotor together with the dispersion
phase. The continuous phase entrainment into the dispersion phase de-
pends on the rate of the flow and has a steep rise from the gradual
increase of the separation entrainment of the dispersion phase into
the continuous one.

To attain the maximum capacity of the CE it is necessary to raise
the r;, to the maximum,if the light phase is a continuous one,or to re-
duce the r;, as much as possible,if the heavy phase is a continuous one,
The meximum permissible flow rate of the dispersion phase in the sepa-
ration chamber is calculated from Reynold's Criterion for a laminar
mode of liquid flow. The interface position is regarded as the opti-
mum one when the entrainments into light and heavy phase are equal.
This position for the light dispersion phase can be determined from
the ratio:

2, 4Q¢pé _ 7 (

2 _ 2
Fe 72 u? R’ R r; P{’") M

c
and for the heavy dispersion phase - from the ratio:

o 405‘,05 _ f {F _y 2) (8)
meut et~ A-%, VicT T/

Curves 2 and 4 in Fig.4 show the optimum capacity of the CE~125 at
equal entrainments into the both phases of 0,05 and 0.5% respectively.
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As seen from Fig.4 the optimum capacity of the CE-125 is two times as
high as the nominai one under certain operating conditions (Curves 1
and 3) and depends on the flow ratio « and mutual entrainments of pha-
ses, The radius of heavy phase weir r, at which the optimum interface
position is attained varies from 37 mm at«=8 to 31.5 mm at o =0.125,
The sharp bends in the curves indicate the phase inversion causing
abrupt changes in the extractor capacity.

Besides the variable interface radial distance the capacity of the
CE depends on the diameter of drops of the dispersion phase,Equation
1. But the laminar mode of drop motion of the dispersion phase in the
rotor of the CE {'ResZ, }'=5—j) ,described by Stoke's formula (Equation
1) can take place only at drop diameter equal to d, 24 pumif the ro-
tor diameter is d =0.4m,n =258~ and at dy<ifum,it d =0.04m,n 505" 15
Owing to the fact that the drops in the separation chamber may be
larger at maximum capacity of the centrifugal extractor,it is neces-
sary in such cases to apply Allen's formula (Re=2+500, f= %% ) or
Newton's formula (Re=500+150000, F= 0.4% ),when calculating the drop de-
position. For a selected system of solutions at =id and with
dd~n"2-ds;/’a [3] the extractor capaciéty will be as follows according

to: Stoke's equation 0~dj-n2'ds~ o; +m -d”; Allen's equation

13
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Fig.5.Dependence of separation capacity on the diameter of the stirrer
Fig.6.Dependence of separation capacity on the rate of stirrer and

rotor revolutions:Rotor with package of plates 0-«x=20;,0-X=2;

a-o=0.5; x-%=0.05 ;Rotor with spider Q-«=20;v-x=2;r-0=05;@-o(=0.05,
Fig.7. Dependence of CE capacity on their rotor diameters at the rota-
tion rate of 509'1:1-Rotor with package of plates;2-Rotor with
four-ridb spider
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Special experiments have been carried out with the CE=125 to con-
firm the above dependences. The obtained experimental dependences of
the separation capacity on the stirrer diameter (Fig.5),rates of ro-
tor revolutions (Fig.6) and the rotor diameter (Fig.7) prove that

0~d t-(as.—'f.s)_n-aﬁ o4 o 25 (9)
A >
All the above considerations and dependences are true for both pla-

teless and plate CE, but the capacity of the plate extractor is from
2 to 2.5 times higher than that of the plateless extractor.

Notation

{ - flow rate,separation capacity, p - density of the solution,ap-
difference in densities of liquids,d - diameter, # - dynamic visomsity,
r - radius, s - drop path,z - number of interplate gaps,f - angle of
plate cone,w - angular rate of revolutions,» - speed of rotor and
stirrer,p - pressure, o - light-to-heavy phase ratio,¥ - fraction of
the dispersion phase in emulsion,e - entrainment,Re - Reynold's number,
¢ - constant coefficient. Indices:d - drop,c - continuous phase,i -
interface,# - heavy phase, { - light phase,st - stirrer.
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MASS TRANSFER IN THE MIXER OF A CEWTRIFUGAL EXTRACTOR 4-18 |

H. Barz, R. Eichler, W. Rdtzsch, Central Institute of Nuclear
Research, Dresden, GDR

It is reported on investigations on the one-step centrifugal
extractor ZEN-100K (Fig. 1) built in USSR. The extractor is conside-
red to be employed in the field of recovery of spent nuclear fuel.

Its parameters are as follows:
diameter of bowl 100 mm

drive shaft

flow rate 500 dm>/h
volume of settler 600 cm’
wvolume of mixer 140 cm3
S| power of electro-
, '?\i motor 400 W
‘—;‘\\)\ff speed 2,800 r.p.m.

Mass transfer of HNO, and
U02(N03)2 was investigated
in the system 30% TBP/Kero-
sine - water.

weir section
Settler

cone
Results
Mass transfer equally takes
place as well in the mixer as
in the settler. This fact is
based on a second mixing zone
caused by acceleration of the

o |-

RS

mixer

Fig. 1. Soviet extractor ZEN-100K

phasgs flowing through the cone between mixer and settler.

Mixing efficienty depends on flow rate in such a degree that mass
transfer efficiency appears nearly constant. At nominal flow rate
phases are almost as well mixed as in an ideal mixing cell and hold-
up is uniform.

The specifical mixing power ¢ was evaluated by measuring the time
in which the number of rotations of the undriven extractor diminuates
in either case, when the mixer was empty or when it was filled with
liquid. The value for & is about 40 m</s>.

The mean diameter according to SAUTER d3,2 was determined within
three systems listed in table 1. For this purpose samples were taken
from the mixer and the distribution of drop size was found out by
the method of sedimentation analysis. The results are shown in fig.2.
In table 1 the values of the constants in equation (1) are given
which is generally used for calculation of mean drop diameter.

0.6 G- interfacial tension

dy , = Cp —Z—— (1-C, ps) (1)

3,2 1 0.6 _0.4 2 Ya Pc-density of oont. phase
c ‘€ ¢q-hold-up of disp. phase
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Table 1. Values of the constants in equation (1)

System C1 c2
(a) VWater - Kerosine org. drops 0.18 0.9
(b) Water - 25% TBP/Kerosine org. drops 0.17 1.0
(¢c) water - 25 TBP/Kerogine aqu. drops 0.39 1.0

60

Y | ]
4] (6) @) ()
40l 4
20} -

0 1
0 100

Fig. 2. SAUTER-diameter d3 5 as
o —— ’
function of hold-up of disperse
phase P4

100

D / HNs (Hx02)
[#] U0, (N0s),
90 (+HKOy ; H=10) U0y (Way}y

(H=04)

05 ¢~ %o 09
Fig. 3. Stage efficiency Ny

depending on phase ratio
%= org./aqu

Stage efficiency according to HAUSEN Nk (Fig. 3) was. determined
by measuring concentrations at inlet (ci), exit (ce) of extractor
and also after equilibration of samples (c.):

H 4 = Coo

By integration of mass-
transfer equation (here K
derived for aqueous drops): [emy/s]

dca

dt

10-1

(3)

a *
= v—a Ka (Oa°Ca) 10_3

e ()

R

H 10

and after inserting stage

efficiency follows for the

model of an ideally mixed

cell:

= v
1+

0-*
1

. (5)
a

—_—

Aa.Ka(1+ ﬁ_g)'r
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Fig. 4. Mass-transfer coefficients
- === calc. with eq. (5),(4)

comp. rigid drop model




In figure 4 the calculated mass-transfer coefficients are shovm.
In equation (5) the quotient Va/Aa was replaced by the SAUTER- dia-
meter d3'2/6 and the individual coefficientswere calculated with
equation (4).

Conclusions
- Mass transfer in one-step centrifugal extractors takes place
as well in the mixer as in the settler.
- Dispersion of drops in the mixer is influenced not only by para-
meters of equation (1) but also by wetting effects and by viscosity
of phases.
- As fig. 5 demonstrates mass transfer in the drops under consider-

ation is more rapid than in rigid spheres and can be calculated by
equation (6) [17:

0.63 .0.50 M4 4 -0.50
Shy = 0.32 Rey Scg (1+ - )

(6)

when Red is formed with the mean fluctuation velocity /2/:

1.38 (e a)1/3

N =
10 ' ' . In the text not
ky denoted symbols:
[em/s]
5 ¢ - concentrationg
\ ey
N °> exp. ZEN- 100K - equilibrium
Yy Y concentration
N\, N calc. with equ.(6) . - 8 0
. (cF = cy/H);
\\ H - distribution
1074 N rigid drops (Shy= 6.6) coefficient
X (Com’ Cass):
\\ 000 a0’y
% K - over-all mass-
103 L L N - transfer
1 10
0 L 0 dg bl coefficient;
. k - individual
Fig.S. Mass-transfer coe?f101ents nase—transfer
of HNO3 by resistance inside of the coefficient;
drops T - mean contact time.
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TECHNOLOGICAL AND CONSTRUCTIVE INVESTIGATIONS ON A SOVIET j
PROTOTYPE CENTRIFUGAL EXTRACTOR FOR REPROCESSING OF SPENT [ 4-19
FUELS

R. Eichler, H. Barz, W. Brandt, D. Nebel, W. Neumann, W. R#tzsch,
G. Schulze, Central Institute of Nuclear Research, Academy of
Sciences, Dresden, GDR

A one-stop centrifugal extractor from the Soviet institute Swerd-
NIIthimmasch /17 (flow rate 0,5 m3/h) was investigated in order to

estimate and improve its application especially for reprocessing of
spent fuels.

1 = membrane

2 -~ magnet of the magnet
coupling

3 - spherical upper

bearing, SS
4 - air nozzle

5 — bearing shell
special coal

6 — bearing body, SS

7,9 — air channel

8 -~ Ggaskets

12,13=1ower cylindrical
bearing, coal, SS

Fifgure 1.

Drive shaft with air

lubricated bearings
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Following parameters were experimentally determined:
~ the phase purity as function of the flow rate, of the density ratio

and of the interfacial tension
- the air carried over with the phases, leaving the device
- the aerosol content in the exit air
- the behaviour c¢f fine disperse solids in the inlet phases

In the system uranylnitrate, nitric acid, water /30 % TBP in n-alkane
(cg-c13) quality of mass transfer (efficiency more than 90 %) as well
as quality of phase separation (entrainment about 0,1 %) are sufficient.
The content of finely divided solids may not exceed 0.1 %.

Special measuring arrangements were elaborated in order to investigate
the fluid dynamics in the running centrifugal extractor. Phase separa-
tion in the separation chamber of the extractor was studied during
operation by means for a two-dimensional sliding anemometer.

The obtained results provide a better interpretation of the operating
characteristics in a single centrifugal extractor and an estimation
for series-connected centrifugal extractors (cascade) and of the cen-
tral processes.

The support and the gasket of the shaft were reconstructed with an
especially equipped aerostatic bearing, which is characterized by 1its
low maintenance and extreme long-1ife properties. Fig. 1 shows a prac-
tical example of an air-supported shaft. This extractor worked without

maintenance in a trial run lasting more than 30 000 hours.
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MASS TRANSFER.IN CENTRIFUGAL EXTRACTORS l:4_20

Dipl.-Ing. F. Otillinger, Prof. Dr.-Ing. E. Bla8
Lehrstuhl A fir Verfahrenstechnik, Technical University of Munich, Federal Republic of Germany

INTRODUCTJON

High intensity of centrifugal field is extremely useful for accelerating the mixing and separating
process during an extraction. This is of particular interest when one is dealing with liquid systems
of very small differences in density, or when short contact time ist necessary. Hydrodynamics and
mass transfer of the dispersed fluid-fluid systems in centrifugal extractors cannot yet be fully
calculated.

For the last few years Schilp and Blass /17 have clarified the flow through perforated sheets,
drop sizes and the radial settling motion of the dispersed heavy liquid. Otillinger and Blass /Z/
have described the radial ascending motion of the dispersed light liquid and the Residence Time
Distribution (RTD) of the two liquid phases in centrifugal extractors. The experimental and theore-
tical research is now concentrated on the mass transfer in centrifugal extractors.

METHODS OF RESEARCH

The experimental research was conducted with a model centrifuge with a thick glass disc front
(Fig. 1). Perforated sheets with different hole diameters and hole pitches can be inserted into the
centrifuge. There are various radii possible . In addition it is possible to fit nozzles of diffe-
rent length for the dispersed liquid and run without perforated sheets. This is of interest if we
want to vary the path length of the dispersed liquid. The centrifuge is surrounded by the required
measuring and supply equipment. The flow process is recorded and measured by a high speed camera and
a stroboscopic camera.

[ G

Pigl |
Cross section through
the Model Extractor

4

The measurements of the mass transfer were carried out in the system water / iodine / Shellsol TD
with iodine as transferring component. With the help of two spectral photometers the iodine concen-
tration in water and Shellsol TD at the inlet and outlet of the extractor was continuously measured
and plotted. Mass transfer in both directions - from disperse to continuous and continuous to
dispersed phase - was examined.

In a centrifugal extractor the heavy and the light fluid can be dispersed or continuous. With the
aid of the pressure difference at the outlet of the heavy and the light fluid the centrifugal
extractor can be filled with the heavy fluid (light liquid dispersed), or the light fluid (heavy
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liquid dispersed). In case of dual-flow sheets the stationary layers of the dispersed phase are very
low, while the stationary layer of the continuous phase fills up the space between the stationary
layer of the dispersed phase and the next perforated sheet.

RESULTS

). Mass Transfer Coefficients

The mass transfer coefficients were measured in the system water / iodine / Shellsol TD. In this
system main mass transfer resistance is in the water phase. Since in centrifugal extractors the
heavy and the light liquid can be dispersed or continuous, it is possible to calculate mass transfer
coefficients of the dispersed and the continuous phase using only one liquid system.

1.1 Mass transfer fficient of the disper h;

In this case the heavy liquid (water) is dispersed in the light liquid (Shellsol TD). Mass
transfer is measured integral for the motion of heavy liquid drops, coalescence and mass transfer at
the interface of the stationary layer in front of the perforated sheet. By varying the length of the
paths and measuring the mass transfer at the stationary layer in earlier experiments it was possible
to isolate mass transfer during motion.

Fig. 2 provides the experimental mass transfer coefficient of the dispersed phase. The mass
transfer coefficient depends on field intensity (B, ~ m but is constant over the length of the
settling path ( Ar™).

The comparison of the experimental data with the theoretical models shows good agreement with the
Pilhofer equation /3/ which is based on the Handlos/Baron model /47 for oscillating drops. The
Kronig/Brink model /97 for circulating drops cannot describe the relationship of the mass transfer
coefficient to field intensity and lists different mass transfer coefficients for settling paths of
different lengths. This does not agree with our experimental results. Empirical equations of Skel-
land/Wellek /10/ for circulating and oscillating droplets offer mass transfer coefficients depending
on the length of the settling paths, too.
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1.2_Mags transfer coefficient of the continuous phase

In this case the light liquid was dispersed in the heavy continuous liquid (water). Mass transfer
during the motion of the light liquid droplets was determined as shown above. Fig. 3 lists the
experimental mass transfer coefficients of the continuous phase. As in case of dispersed phase the
mass transfer coefficient of continuous phase depends on field intensity ( HI ]/rw ’) and is
constant over the length of the path ( A r™).

The experimental data are located between the Levich model /5] for creeping flow and the Higbie
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Penetration Model /§/ for short contact times. The theoretical model of Plucinsky/Pajak /[7/ for
circulating drops describes the mass transfer in the continuous phase in the centrifugal field as
well as the empirical equations reported by Skelland/Conger /87 for oscillating droplets.

¢
B ligud system 6(d)/odine/Lic)
g n
S
8 2
X g Penetration Theory (turbulent flow)
Pird . B , Plucnski/Pajok{circ drops)
e = Skelland/ Conger
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transll‘er theories £ > ,V\Sk g /tonw \orc drops)
(continuous phase) g " I - e Levich (lamwor fiow)
>
5 Z | Z
S A =z
g 2 =
(%23
g
b P L 0’ 2 4 0 7 misT | 0

field intensity rw?

2. Mass Transfer Models for Short Contact Times

Mass transfer of the dispersed and the continuous phase in centrifugal extractors are in good
agreement with the theoretical models derived for extraction columns in gravitational field. This
has not been evident up to now, because in centrifugal field we have unusual mass transfer condi-
tions. First of all we have very small droplets (dg, < 1,5 mm) and rather high drop velocities (wg,
> 0,5 m/s). Secondly, in centrifugal field mass transfer takes place at short contact!times (t <
1s). The validity of the theoretical models based on the Higbie theory /6/ in case of mass transfer
controlled by the continuous- phase and the models based on the Handlos/Baron theory /4] for mass
transfer controlled by the dispersed phase enlarges the range of applicability of these models on
short contact times.

Perforated sheets, .which divide the apparatus in several stages, increase the performance of the
apparatus by reducing backmixing to one stage. In each of these stages drop formation, drop motion
and coalescence at the interface of the stationary layer takes place.

In case of high stages (few perforated sheets) mass transfer in one stage is determined by droplet
motion (Fig. 4, high h).

If we fit many perforated sheew into an apparatus the heig'ht of the stages hg will diminish and
the length of the paths per stage Ar™ will be shortened superproportionally because of increasing
influence of the inactive height Ar' (Ar™ = hg - Ar'). The inactive height Ar' results from the
thickness of the perforated sheets, the height of the stationary layer of the dispersed phase and
the layer of coalescing droplets. Hence, the lower a stage is, the smaller mass transfer :becomes
during particle motion, whereas the mass transfer tsking place during:coalescence of droplets at the
interface of the stationary layer of the dispersed liquid is independent of the height'of a stage.
Thus in case of low stages (hg < 10 mm) coalescence provides the dominating mass transfer rate in
one stage (Fig. 4; low hyg).

Notation:
ng - number of constructive stages ('m)
n,, - number of theoretical stages (m)
hg - height of stages (m)
r - radius (m)
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Arl < radial distance without mass transfer (inactive) (m)

Ar™ - radial distance of drop motion (m'
B‘ - mass transfer coefficient of continuous phase (m/s)
B, = mass transfer coefficient of dispersed phase \m/s?
¢ = interfacial tension (N/m)
w = angular velocity ()
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DEVELOPMENT AND COMMERCIAL APPLICATION OF COUNTERCURRENT
CONTINUOUS CENTRIFUGAL EXTRACTORS

Yu,A.Dulatov , I.I. Ponikharov , Kirov Institute of Chemical
Technology, Kazan, USSR

Centrifugal extractors are a perspective equipment for liquid-
liquid extraction. The intensity of centrifugal field of force surpas-
sing that of gravitation field by order of 2 to 4, allows to ensure
high flow rates, an increased effectiveness of mass transfer and a
complete separation of extract and raffinate solutions. Consequently,
centrifugal extractors possess such advantages over gravitational ones
as compactness, reduction of volumes of directly handled 1liquids up to
1000 times lower, thus, sharply reducing fire and explosion risk; they
also allow to reduce solvent/feed ratio, to handle both labile systems
and liquids with small density differences, to reduce energy consump-
tion for recovery of extract and raffinate solutions, to shorten sig-
nificantly the start-up and shut-down periods, to save metal required
etc. The equipment of the described type for commercial spplication is
currently supplied by various manufacturers abroad such as "Baker Per-
kins Inc." (USA), "Hitachi" and "KCC" (Japan), "Alfa Laval" (Sweden)
etc. From a series of papers published abroad on commercial utiliza-
tion of this equipment it is obvious that its advantages have been
practically confirmed in chemical engineering, oil refining, petroche-
mical and medical industries etc. But it is also apparent that extrao-
tors need an extremely careful maintenance and expensive frequent re-
pairs and changes of mechanical seals, their usage is limited due to
complicated handling of solid and resinous foreign matters and depo-
sits and because of an insufficient knowledge of operating mechanism
of internal contacting elements which, consequently, impedes calcula~
tions and designing. 1n view of that, we have carried out a wide study
of internal fluid phenomena and mass transfer in countercurrent conti-
nuous contact centrifugal extractors with the aim to work out methods
of their performance prediction and designing as well as, basing on
the results of these investigations, to present recommendations on
intensificaticn of the process in the described extractors and to de-
velop new designs simplifying their operation.

The analysis of basic patents and manufacturers' literature made
possible to classify centrifugal extractors with reference to such
characteristic features as internal fluid phenomena, interface forma-
tion for mass transfer in contacting internals and so on.

Further studies of internal contacting elements by means of visual
observations of flow patterns in plexiglas prototype models using a
strobotac, have shown that the availability of a very wide range of
patent modifications (about -300) results in a rise of zones with se-
emingly various internal fluid phenomena affecting mass transfer.
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Identification of these phenomena permits to single out the following
typical zones: a) mass transfer occurs during dispersion of the out-
flow; b) mass transfer takes place in the course of succeeding passag
of the formed drops within the other liquid phase;c) mass transfer is
accomplished as a result of dispersion coalescence; d) mass transfer
is performed across cylinder interface of heavy and 1light liquids,
with due account of possible spontaneous convection. In the above va-
riety of modifications it is various combinations of these four zones
having their own mass transfer coefficients due to corresponding in-
ternal fluid phenomena where mass transfer actually takes place. Such
identification affords a basis for mathematical description of mass
transfer in any countercurrent continuous contact .centrifugal extrac-
tors using a backflow model. In general, each stage (see FPig.1) may
be represented as if consisting of all these four zones "a", "b", "c"
and "d", with reference to the earlier papers [1.2,5,4] which show the
absence of backflow mixing in dispersed phase and availability of

backflow mixing in continuous phase as well as ideal mixing in coalee-
cent phase.

I e e A T N
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Fig.1. Model of a countercurrent intermediate stage
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According to this model, concentration distribution across the
drum radius is calculated by consequential approximation method,lead-
ing off with the dispersed liquid inlet where the outlet concentra-
tion in continuous phase is adjusted. Equations to determine Aa, Ab,
A® and Ad are given in [5,6,7.8] allowing to calculate the extractor
drum diameter. To offer an opportunity of calculating the extractor
width (or height), ultimate capacity has been determined. The analysis
of patented internal designs leads to the conclusion that centrifugal
extractor capacity is basically defined by two types of flow patterns
a) countercurrent two-phase passage of liquids through various holes
and slots as, for instance, is the case in extractors provided with
waveform [9], helical internals; b) single-phase outflow through
rotating nozzles and holes into the other liquid phase like, for in-
stance, in extractors [10.11,12]. The ultimate capacity of extractors
with a two-phase countercurrent flow pattern is defined by phase re-
versal state. To define a velocity rule at the, phase reversal point,
a method was used proposed by Acad. Khafarov V.V. According to it,
for various shapes of holes and slots with this flow pattern, rela-
tions have been determined to estimate fictituous velocity Wc of con-
tinuous phase: a) for round and square holes and annular slots [9, 10
13.14]. b) for curved passageways [ 15 ]+ which serves as a basis to
calculate ultimate total load Qg. .., =W, S(14Q4/Q,) where S is section-
al area, Qd and Qc are flow rates of dispersed and continuous phases,
correspondingly. The operational load amounts to the value within 0.7
to 0.85 Qéotal'

Capacity of centrifugal extractors with the other flow pattern may
be defined if theoretical velocity Vt of ideal liquid flow through in-
ternal contacting elements and flow coefficient "Jﬂ" are known, using
the conventional relation Qd=jI4Vt S. The single phase flow pattern hss
been analysed for various shapes of holes, slots and nozzles [16, 17].
The relations obtained to estimate Vt, allow for the first time to
take into account the influence of Coriolis forces on outflow process
which is particularly significant if the effluent pressure drop up-
stream the outlet is decreased or the outlet diameter is enlarged.

The equivalence of the described mass transfer process to the cal-
culation relations used to define extractor capacity, has been proved
both by experimental studies of laboratory centrifugal extractor ope-
ration and by production tests of commercial prototypesa

The data of theoretical and experimental researches as well as the
resulting recommendations on the development of commercial extractors
have been used for design of centrifugal extractors varying in size
from 400 to 1200 mm in diameter which are currently introduced into
commercial utilization for:

1. Coke-oven liquid refining (throughput capacity 70 cu n/hr);
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2. Oxymethyl and erythromycin production;

3. Solvent lube o0il refining with furfural and phenol.

The developed designs utilize no mechanical seals which have been
replaced by liquid seals simplifying their operation.

Also, a variant of extractors has been developed providing for con-
tinuous discharge of solid deposits entrained by light or heavy 1li-
quids; the extractor of this type is mainly designed for antibiotic
extraction.
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FUNDAMENTAL APPROACH TO THE ANALYSIS AND SCALE-UP
OPF EXTRACTION APPARATUS

Lawrence L.Tavlarides, Chemical Engineering and Materials
Science Department, Syracuse University, USA

Liquid-liquid extraction is receiving a renewed prominence in
achieving chemical and biochemical separations due to energy effici-~
ency, advantages over other techniques for temperature sensitive
biochemical separations, importance in nuclear fuels reprocessing
and waste management, supercritical extractions and separations of
environmentally toxic substances in dilute solutions. Recently ad-
vances in laboratory reactors diagnostic methods for dispersed phase
monitoring, fundamental model frameworks and high speed computers
employing vector and parallel processing have opened the way to the
possibilities of design,control and scale-up of extractors from a
fundamental approach.

The purpose of this lecture and paper is to highlight these re-
cent advances, present model frameworks, 6 and suggest areas of rese-
arch which will permit these objectives to be attained., Topics con-
gidered for discussion will start with advances in laboratory reac-
tors to obtain proper kinetic rate laws for interfacial flux for
reactive liquid-liquid dispersions. Recently developed diagnostic
techniques to characterize liquid dispersions which should have
major impact on design and control that deserve mention include
laser optico-electronic devices to permit drop-size velocity measu-
rements, multivariate drop-size concentration distribution measure-
ments and in situ dispersed phase concentration measurement to
quantify dispersed phase exial dispersion and residence time distri-
butions. Also,or major importance is the use of ultrasonic sound
transmission to instantaneously measure local dispersed phase
fraction.

The framework to employ the above information will be presented
and includes noninteraction models and interaction models, The lat-
ter models include population balance equations or Monte Carlo simu-~
lation techniques. These are currently being employed for modelling
aingle and multistaged extractors and will permit determination of
optimal operation conditions for maximum throughput, improved extrac-
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tor efficiencies, definition of flooding conditions, prevention of
fine emulsions and evaluation of interdrop mixing effects on selec-
tivity and efficiencies. Also,hybrid models for extractor scale-up,
which employ kappa-epsilon turbulent flow equations for the continu-
ous phase to define regions in a vessel of near uniform energy dissi-
pation for use with Monte Carlo simulations of the dispersed phase
deserve mention.

Several examples will be discussed,and they include single stage
hydrometallurgical extraction and multistage column modelling of
hydrodqynamics. Rational control of extractor columns to maximize
throughput and efficience is now feasible due to the above mentioned
diagnostic techniques. An example of control instrumentation with
the use of noninteraction models will be considered for discussion.
Scale~up efforts of several groups will be summarized in the paper,
The diagnostic techniques described above provide the basic experi-
mental knowledge to probe the efficacy of fundamental models for
characterization of turbulent dispersions. Recent efforts whioh provi-
de constitutive equations that account for energy exchange between
the dispersed and continuous phase due to dropleteddy and droplet-
droplet interactions are considered for presentation. These equati-
ons, when coupled with conservation of momentum equations for two
phase flow and turbulence models such as kappa-epsilon equations
provide a fundamental framework for accurate description of reactive
two phase turbulent flows. Concluding remarks,based on the above
material,will include suggestions for new areas of research,
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SCALING UP-GENERAL THEORY AND ITS APPLICATION TO EXTRACTORS 5-2

A.M.Rozen, All-Union Research Institute of Inorganic Materials,
Moscow, USSR

It was long thought that all the problems of scaling up can be solv-
ed with the similarity theory. It is sufficient to perform experiments
in a laboratory column, to describe the results with equations in cri-
terion dimensionless form and one can design a commercial unit. Howe
ver, the practice showed it to be untrue. Although the requirements of
the similarity theory were met the effectiveness of packed extraction
(Fig.1) and rectifying columns was drastically reduced when going from
laboratory to commeroial units: the HETP often increased by 5-10

HETP, m times although Reynolds number defined by a packing
Or i : diameter remained constant. Therefore, to design
i =400 commercial units it was necessary to perform tests
3 on technological stands, actually, in plants,
2t 3 expending much time and efforts. A more
4 simple way became possible due to the new concept
1" }zx‘ of a scaling up [1-8]. The main proposition of the
r:d.=30 new theory is that the mass transfer coefficient
r (from drops, bubbles ) does not depend on the unit
‘“"J‘VA scale and the observed decrease of the unit effecti-

f;%;};ffgg ;giiiow'veness with its size 1increase unpredictable by the

distribitor; 4 - similarity theory and called the scale effect is
SeCElofing explained by hydrodynamic non-uniformities, incre-
ase of the turbulence scale. However, the unsoundness of the similari-
ty theory as the basis of the scaling up from laboratory models to
commercial units is due not to the disadvantages of this theory but
the properties of small models: they have no hydrodynamic non-unifor-
mities that lead to a scale effect. For this reason that it is not
possible to predict the flow structure in a commercial unit on the bas-
is of experiments in small columns; however, the similarity theory re-
tains its full importance for the description of local mass transfer
acts.

a = The author had the opportunity to become sure of
the scale effect hydrodynamic nature when in the
experiments with a pilot column 800 mm dia Kittel
plates (Fig.2) he obtained the efficiency = 30% and
in a commercial unit 4700 mm dia 100 m high only
12% [9]. The cause was in a disbalance of a radial
liquid transport an increased density of reflux in
the central portion of a column. The increase of

Fig.2.Kittel pla- HETP with da of a packed extraction column (fig.1)
tes a-flow sheme; . .
b - rotary plate; Wwas also of a hydrodynamic nature - a non-uniform

c - radial plate distribution of reflux and channelling (see below).

266



The hydrodynamic nature of the scale effect makes it possible to
eliminate it by the method of hydrodynamic modelling in stands without
technological tests in commercial units.

Theory of scale effect. (Columns). In case of moderate hydrodynemic
non-uniformities the scale effect can be considered to be an increase
of longitudinal mixing, i.e., the effective diffusion coefficient Deff
[2—5]. In this approximation

Dett =Dy +Dn = Du’waz :/DJ.' (1)
where Dy and D, are coefficients of longitudinal and transverse (ra-
dial) diffusion, Dn 1is a component of Deff’ discribing a transverse
(essentially chaotic) non-uniformity in the distribution of liquid ve-
locities W over the unit cross section, AW is a non-uniformity value,
da is a unit diameter, f is a coefficient. Measurements of longitudin-
al mixing in packings and plates of different designs showed [10,11]
that Dy = E.,[weff, D, = ¥, Ew,ﬁ‘, where Weff is the flow rate or the
velocity of intensifying motion (e.g., on pulsation or vibration with
the amplitude A and frequency 3 y Weff =A)-3), E is a characteristic
size, ¥y and ¥, are constants). The scale effect, i.e., the growth
of Deff when going from a laboratory column to a commercial one will
be

AD = Dcomm™ Deat = ¥, (Ecomm'eeas)weff*l'fbwzdi/DJ. = A+B. (2)
Since the effective height of a transfer unit HTUeff=HTUM+Qch/Wc+
+QdDd/Wd, where HTUM=W/Kd - & mass transfer HTU .. component, c and d
are continuous and disperse phase indices, the scale effect expressed
as a HTU growth will be:

AHTU = HTUcomm™ HTURat = Bc(aDc/We) + 84 (aDa/Wd), (3
where © is about a unity depending on the value of the mass-exchange
(extraction) factor F= oth/Wc' (6=1 at F=1). In eq.{2) A characterizes
the influence of the turbulence scale, B describes the chaotic trans-
verse non-uniformity. It is principal for packed columns when 1comn~f
llab=dpack and A=0 as well as for different units without energy sypp-
ly. A is decisive for rotary-disc extractors when the chaotic non-uni-
formity is suppressed by high transverce mixing and for columns with
pulsation and vibration with da= 1<1.5 m. Fig.3 shows that in agreement

with the theory D, =D, =%¥1AY grows with AV, Dc, cmtfsec
while Dcomm decreases due to the suppression of
transverse non-uniformity, i.e., a decrease of \

Dn =const/D,.

Hydrodynamic modelling. Optimization of ex- N 700mm
tractors. The task qf hydromodelling is by using \>
design measures to bring closer the flow struc- /_w/ ;
ture of commercial and laboratory units; the 0 0 10 %0 200
structure is controlled, e.g., by the response Wege = We+ 21 m/n

curves. The needed design measures foll<_>w i_‘rom Fig.3. Deff,c vs weff
the theory. To reduce the scale effect it is
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expedient: 1) to lower the non-uniformities of flow distribution

by installing multipoint distributors (in units without external pow-
er supply, Pig.1, curve 3) and using pulsation or vibration (Fig.4);
2) to intensify tranverse mixing which is also attained by energy
supply, since D= 81/314/3, where € is a specific energy dissipa-
tion and, particularly, by a circular motion of
a liquid on plates; 3) to limit the turbulence

é

¥ A / \ scale 1, i.e., the distance between discs in
¥ J 2 RDE and between plates H (1=H/(1+H/d_)sH);
. 000" ot ~ a

4) to operate under rather high flow rates W
% %5 i o o wo me Wwhen the diffusion addition to HTU and corres-
pondingly HTU decrease (eq.(3) and Fig.1);5) in
case of packed columns when channelling is pos-
sible (and a HTU=1l' 8 L [9], where 1 is the
Pia.4. Disperse phase length of a chennel, § L is a fraction of a
Hféi?ibution over the flow moving in a channel)to limit the height of

column section with-
ony (1) and with 13) packed sections, i.e., the possible length of

pulsation a channel, curve 4 in Fig.1. The effectiveness

WTU, e of the measures taken is checked by mesuring
Deff in a stand using a model extractor of natu-

00 \ ral size diameter but of a lower height. If

\ HTUlab’Dlab and Deff at the same flow rate and

specific energy dissipation are known one can
200 find HTU of a commercial extractor with an ade-
b 0 J mmpin quately high accuracy (Fig.5, the line is hyd-

%ﬁ%ﬁ'?ﬂéck of hydro- romodelling, the dots - technological experi-
ments). Thus, the method of hydrodynamic model-
Y ling permits the design of a commercial unit

5 28 and the prediction of its efficiency on the bas-

is of technological experiments with laboratory

‘ %\\ comm columns and purely hydrodynamic ones -~ with com-
mercial columns.

as

Pulse and vibration extractors equipped with
BT &7 41 Tamfuin R

Kittel plates [7,9] (with free section 20-30%,
Pi&-G; vEfficiency fac- =25.30°), KRIMZ, GIAP (see papers by Karpache-
s pulsation

intensity va and Gorodetsky),seem promising while in the-
.8e extractors the circular motion of liquid on
plates provides for the intensive transverse mix-

ing and suppresses the transverse non-uniformity; and due to the absen-

ce of devices arranged inside that would hinder the motion of drops the

maximum throughput is reached. The energy supply must be optimized ba-

sed on effectiveness factor[9] @ - ¢/HTU oo where W, is the flooding

flow rate (Pig.6).It should be noted,that Eopt and Jopt are ~1.5 less

then it would correspond to the aminimum HTU. The plate characteristica
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particularly the slot inclination angle & must be optimized (with its
decrease the transverse mixing grows, Dy~ ctgo,but Wf decreases).

The scale effect can be brought to a minimum and the scaling factor
SUF‘HTUcomm/HTUIab close to unity can be obtained. For RDE, vibro- and
pulse columns of a moderate dia (up to 1.5 m) when the chaotic non-uni-
formity is mostly suppressed, the Deff values can be predicted with
adequate accuracy [12] which permits the development of units of this
kind using only the data of laboratory model tests without hydromodell-
ing; an approximate calculation is possible on the basis of an element-
by~element approach [8] without any experiments (see the report by the
author and Kostanjan).

In units with a discrete contact of phases mixer-settlers (m/s),cen-
trifugal extractors (CFE) the modelling condition as in the case of co-
lumns is the equality of specific energy dissipation (in the first ap-.
proximation - the peripheral velocity of a mixer), the average time of
phase residence in a mixing section of laboratory and commercial units,
the proximaty of response curves. This provides for the equality of a
phase contact surface and efficiency. The efficiency of short-residen-
ce time CFE is described with a model of ideal mixing in both the
phases (Kuznetsov G.I.).

The rate of emulsion separation in the mixing chamber of m/s is non-
linearly dependent on the emulsion height and can be increased with
baffles that provides for the maximum rate corresponding to the initial
portion of the separation curve. As with columns it is important to op-
timize the power supply to eliminate drop over-breaking that does not
practically improve the efficiency but significantly increases the ne-
eded size of a settling~-chamber of m/s or a CFE.
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PROM A DROPLET TO A COMMERCIAL EXTRACTOR
(Modelling and Designing of Extraction Columns)

5=3

A.M.Rosen, A.B.Kostanyan, State Research and Development
Institute of Nitrogen Industry, Moscow, USSR

The objective of this work is to show the possibility of esti-
mating extraction columns with external energy supply without any
experiments or using results of laboratory tests on a process system.
Based on the elemental approach the following statements were formula-
ted [1-3]and experimentally proved [4-§.

1. Thanks to the external energy supply ( agitators, vibration,
pulsation) one of the phases is dispersed into rather fine spherical
droplets the velocity of which is nearly propotional to their diameter,.
2. Mass transfer intensification in the above columns is related to
an increase of interfacial area "a" rather than of overall mass
transfer coefficient "K%. 3. Mass transfer coefficientauﬁ do not
depend on the column size and design and in the first approximation
can be estimated from the phase physical and chemical properties.

4, Efficiency change (i.e. its decrease) in case of scaling up to
extraction columns is a result of intensifying the axial mixing.

The sequence of commercial extractor calculation is:

1. Uroplet size. As the experiments showed (7] the droplat size
in the emulsion of a liquid system at constant energy dissipation §
does not depend on the column design and size (Pig.1). For calcula-
tion of £ ,see [6] Average diameter of drops d”isz

dy=c-6%, &)
where Cx (0.4 — 0.26 )6‘0” a!,ﬁ - continuous phase density and
G -intverfacial tension. Some inaccuracy in (1) is related to the
fact that some droplets are dispersed in the boundary layer which
results in viscosity O, dependence of d” s 0'3: (f 9’7.,. J}N\—" )[6]('here
baconst). More accurate “c” and d92 can be obtained experimentally on
a process system (see below).

2._8ingle droplet velocity “U"., U ~d relation can be divided in
to 3 ranges [2]: fine (Stokes) Uw a , medium (spherical) U ~> d
and large ones U= const, (Pig.2). The second range is typical for
the intensified columns, d,,_(o 5-2)mm, where the drag coefficient

of a drop £=12.5/Re"* i ,og(ﬁéy) (A_ﬁ%ﬂ) Olgg [/77/5'?&] )

or in dimensionless form @ = 0.22RT"”’ , where @={ /;/6” -dimension-

less velocity, R = OS)/VG'/] -dimensionless drop diameter, T=

“J"G‘ %,@ physic-chemical criterion - Archimedes’ number, if a drop

diasmeter with a velocity close to the maximum one d,,,,,..JF, when
R=1, Pig.2, is taken as a linear size. 4%
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n 4 " L Ewim?

M3 T
Pig.1. dy~§ relation: RDE, vibrational Fig.2. Relationship
columns of various designs, columns with between U and R
turbine-type agitators [3]

D = 150400 mm, disperse phase =kerosene,
continuous -~ water

3¢ Hold-up (H) and maximum throughput (W). Steinour-Thornton~
Pratt?’s modified equation is recommended to calculate hold=-up[3]:

X= + H=y=au-1)" 3
where Wy and W, -rates of the disperse and continuous phases; for sprey,
pulsed plate and vibrational columns =1, for packea columns & equals
the packing porosity, for rotating disk (RDE) £, equals the relative
value of the narrowest cross section; ('1-Hf'is a hindering function.
Por the droplets with internal circulation m=1.5, for those without
it m=1. However, in both cases the results are close. Pig.3 compares
experimental "x" (left part of eq. (1) and'y" (right part of eq.3)
calculated from eqs. (1) and (2) using constauts "c" found by a
sedimentation method for trichlorethylene-water and trichlor-
ethylene—caprolactam-water systems. A good agreemént of the daua
indicates that one can estimate "c" in eq.(1) from experimental values
of holdup without the drop sizes measuring.

Maximum throughput is determined from

relation (3) and approximated by equation x-ID,QIﬂ/S A
Wy tWeg =l U fin) : n%wi/ve ; o L 4
ﬂn’ =0.99R*7 alUle’sl; fin*)=029 N> 1 2368
at [=n*£10, i o
4, Mass—exchange. Mass traster of the 1}
continuous phase is statiouary: for |
medium dropls it can be properly describec V-Io,’”//f
by the equation, wnich corresponds to a —
non-eddy flow (Bussenesx, Levich) and Fig 3. x-y relation[5]
fomally matches Higb'y's equation; with eq.(2)
= [ Xy y
=V B =1 9% ap/p) ’J(a,/f} )

A process inside a drop is more complicated. The theoretical
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analysis [BJgives two characteristic times: § = o/ 1is about one and
o, =9d% 2.,9-103 sec. § is sufficient for formation of an internal
diffusion boundary layer similar to an external one. During 0,<€‘<02

a dirfusional wake is formed inside a drop near its center, which
interacts with the boundary layer and its thickness increuases. Finally
at T?Q,maas—tranufer becomes unsteady (Cronig-8rink's solution, but
under dirferent initial conuitions), Fig.4[9]. at <6, mass-transfer
is practicually steady and the possivility of becoming unsteody is
defined by factor A ( theoretically specified only for Re <<1) ana
the column height. In accordance with the data of [10]mass-transfer

is stationary ic ) L7 -0
N2 <os3e () B ORDIGa) (wfe) (pe) sy
(more exactly Ay=0.32 B>“R (1+.49/%) % )
Fig. 5 compares mass~transter coefficients Kx found in wvibro-
ﬁ extractors of different designs with
ﬁ che calculated from (4-5).

[ For higher accuracy it is
advisable to estimate lg: experimen-
tally in a laboratory column.

13 S5« Account of flow structure

y Coluuns with external energy supply
\IO can be calculated from axial mixing
03 \ in a continuous phase (coefficient
\ Ec ). E is estimated from the
oslo [ formulae for agitated extraction
Pig,4. Mass transfer inside % colunns (EDE type):

%
- AT
a drop E;o.swfﬂ,«ro.oda(‘/f‘_)//,’, (6)

where dl is a free cross section of partition plates, #; is a compart-
ment height. For vibrated and pulsed plate columns:

E= EAVASEanvih) ,  E=otbfip)” (HB)* Q)
where D,~ column diameter,ﬂ.,‘v.,—amphtud.e and frequency of vibration
(puisavion). Mass-transfer on the diffusion model of the axial
mixing can ope calcuiated with a computer. Practically acceptable

L]
accuracy can be attained with a cell model (celi number ﬂ*ﬂ[y=%tﬁ&)

§ K,'laélﬂ/j“ec. a b
X X 2 _03 T T T Teat
°
3 ___‘_-___E_"____g o
3 a o a Ai o 04 X
to %0 w0 g w/m® 3100 X0 f00 xp . & wim’

Fig.5. Overall mass-transter coefficients for systems:
a) kerosene-benzoic acid-waterj b) trichlorethylene—caprulactam-water
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In fact, n found from the impuise response curves wos 7,6.6, 6.7,
12, 10.5, 9.5 while from the concentration profiles-3,5,7,15,11,8.
The experiments were run in vibrational columns of various designs
(Dy= 100 mm) on kerosene-benzoic acid — water system.

Fig.6 compares calcvulated and experimental (points) concentra-
tion profiies in a continuous phase in toluene extraction of capro-
lactaw (1) and its water re—extraction (2) in the asymmetric rotating
disc coluans 2.8 m. dia.

y

L,m

L,m ly

be Extraction column design
The droplet size is preset (usually L4

d”= 0.5=~/,$mm) . Throughput,holdup,
specific interfacial area and energy /0
comsunption are calculated from dn.
The K, and £ are estimated experimen-; |
taly or from eqgs. (4-5) and (6-~7).
The cell height is H=2F.(-H)/We
and the height of the column is
calculated by the cell model. o——s x— ymitol.

| O O

et

References

1. Rozen A.M./Nauchnye dokl. Vysshey Shkoly, ser. Energetica.l1958.
Vol.4.P. 173,

2. Rozen A.M. Extraotsiya. M.:Atomizdat, 1962, issue 2. P.300.

3. Rozen A.M,//Teor. Ocnovy EKhim. Tekn. 1981, Vol. 14. P. 342.

4, Kostanyan A.Ew1bid. 1980, Vol. 14. P. 342,

5. Rozen 4,M., Kostanyan A.E. et al./Ibid. 1986. Vol.20.P.410.

6. Hozen A.M.,EKostanyan A.E./Zhur. Prikl. EKhim. 1986. P.2083.

7. Kostanyan A.E./'feor. Ocnovy EKhim. Tekn. 1985. Vol.19. P.568.

8. Polanin A.D./int. J. Heat-transfer. 1984. Vol.2. P.1261.

9. Zhivotyagin A.A. Eand. diss, MGU, 1985,

10. Rozen A M., Bezubova A.I. Prots. // Zhidk., Ekstr. i Ehemosorpts.
Kchimiya, Ieningrad,1956, 9.99', Teor. Osnovy EKhim., Tekn. 1968.
Vol.2. P.850.

18. 3ax. 262 273



HOLD-UP AND BACKMIXING IR LIQUID-LIQUID SPRAY COLUMK

M.Sovilj, Paculty of Technology, University of Fovi Sad,
Novi Sad, Yugoslavia

Although of simple construction and low operational costs, spray
columns have not been used extensively in industry because of high
continuous-phase axial mixing. However, the operation of a spray col-
umn with a dense packing of drope and high hold-up could make the use
of spray column attractive for both liquid-liquid extraction and heat
transfer.

In this paper the operation of 10 cm I.D. spray extraction column
has been studied.

A pilot plant size spray column with dimensions given in Table
was used for complete measurement of the hold-up and backmixing. Wat-
er and toluene were used as continuous and dispersed phase, respecti-
vely which physical properties at 293 K are listed in Table. The
hold-up of dispersed phase was measured continuously by the hydrosta-
tic method, based on the definition of the mean density of a dispers-

on A\7.
Experimental details

Column:

Construction material QVF glass Conical part
Cilindrical part

Lenght of working 250 24

section, cm

Internal diameter, cm 10 30 (max)

Distributor, perforated plate: 1 IT
Hole diameter, cm 0.15 0.20
Number of holes 54 45
Distributor plate open 20 20
area, %

Operating conditions: Water Toluene
Range of flow rates, em/s 4.7 - 12 34.5 - 50.3
Superficial velocity, cm/s 0.06 - 0.15 0.44 - 0.64

Physical properties at 293 K: Water Toluene
Density, kg/m> 998 872.5
Viscosity, mPa s 1.002 0.615
Interfacial tension, N/m 0,036

The amount of backmixing in the continuous phase was expressed as
the axial dispersion coefficient related to the diffusion model. The
steady-state method was used for the measuring axial dispersion coe-
fficients [27. Tracer was prepared as a aqueous solution of potassium
chromate. The evalution of data for axial dispersion coefficients was
performed according to Mecklenburgh and Hartland method /37.

Studies of axial mixing in the continuous phase indicate that axi-
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al mixing is primarily caused by drop movement and by carry-over of
continuous phase fluid elements in the lager drop wakes [4/. The eff-
ect of hold-up of dispersed phase on axial dispersion coefficients

in the continuous phase is illustrated in Figure 1. As shown in Figure
1 the axial dispersion coefficient decreases with increase of hold-
up of dispersed phase, It means that spray columns with a dense pa-
cking of drops have a lower value of axial dispersion coefficients.

L0

Ec.x104 (m2/s)

Fig.1. Dependence of axial
dispersion coefficient on 10
hold=up of dispersed phase.
The line corresponds to
Egquation (1)

&64 068 052 €

The experimental data for axial dispersion coefficient were corre-
lated in the linear form on hold-up of dispersed phase (m2/s) N

E, = 4.017107> - 0,021 & (1)
The results showed an average deviation of + 16,7 % from this corre-
lation,

In this paper the following new equation based on physical proper-
ties of 1iquid-liquid system, hydrodynamic parameters and the distri-
butor geometry is proposed:

UcEd32 ) 3.068'10'2(U° do,rc)0.195( U, do'9c)°'842 € 0.58
c 6 Me

Volume/surface diameter of drop, d32, was calculated by the corra-
lation developed by Perrut and Loutaty /&7 for perforated plates with
multiple holes.,

Comparison of axial dispersion coefficients calculated from Eq.(2)
with experimental data shows that average deviation is 417.1 %. Rela-
tively enough for all data tested the experimental axial dispersion
coefficients agree with the predicted ones because the agreement with-
in 30% 48 sufficient for use with the backmixing models /17.

Figure 2 presents a comparison of axial dispersion coefficient in
continuous phase calculated from Eq. (2) with experimental data for

(2)
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Pig 2., Comparison of axial

dispersion coefficient in

continuous phase calculated

from Equation (2) with ex-
perimental data

(CALC.) E.x104 (m2/s)

1 1 1

1
10 20 30 40
{EXP) E¢ 104 (m2/s)

the system water-toluene, which was investigated in the present work.

In this paper the operation of 10 cm I.D. spray extraction column
has been studied. The hold-up and axial dispersion coefficients were
measured experimentally for the liquid-liquid system water-toluene in
a pilot plant size spray column. Por hold-up and axisl dispersion co-
efficient new correlations were found which gave results in a argee-
ment with experimental data.

Botation
d, - hole diemeter of dieiributor, mj;
632 - volume/surface diameter of drop, m;
E, - axial dispersion coefficient im continuous phase, mzla;
U, = superficial velocity of continuous phase, n/s;
3 - hold-up of dispersed phase;
/uc - viscoeity of continuous phase, Pu-s5
Sc. - demsity of continuous phase, kg/-%

6 - interfacial tension, K/m.
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EXPERIMENTAL STUDY OF DROP BREAK-UP 1IN PULSED
SIEVE-PLATE EXTRACTION COLUMNS B3

Dipl.-Ing. H. Haverland and Prof. Dr.-Ing. A. Vogelpohl
Institut fiir Thermische Verfahrenstechnik der TU Clausthal
Leibnizstr. 15, 3392 Clausthal-Zellerfeld, FRG

In liquid/liquid extraction columns all relevant parameters related
to fluid dynamics as well as mass transfer are strongly influenced by
the drop size which results from the actual operating conditions and
the physical properties of the liquids. In order to precalculate or to
simulate the behaviour of pulsed sieve-plate columns for new processes
many equations were developed in the past (summarized in /[17) for the
calculation of the drop size in this frequently used type of extrac-
tor. Unfortunately, most of these empirical equations are valid only
within a limited range of operating parameters and physical properties
of the liquids and, therefore, it is not possible to apply these
correlations in the design of columns.

In pulsed sieve-plate columns drops break up while passing through
the holes of the sieve-plates. Up to now, our knowledge of the real
mechanism of drop break-up in pulsed columns is very limited. For that
reason, single drop experiments were carried out in a small glass
column using the liquid/liquid system toluene (disp.) / water without
mass transfer (Fig. 1l). The toluene volume needed for the generation
of a given drop size was injected into the horizontally fixed glass
capillary tube and subsequently conveyed into the column by starting
a micropump. The drops formed at the mouth of the capillary tube had
to pass through a single sieve-

plate installed 1 m above the
capillary outlet. The passage of

. Glass Column
the drops through the sieve- " Nw 80 mm
plate was observed and filmed High - Speed
; ; Comtrot Uni
Ul
with a high speed camera. siava Pl
For the experiments three 9.U e~
different sieve-plate geometries
DO
were utilized: a) hole diameter oo
dh = 2 mm, pitcht =4 mm, free gg,':'m,;m
fractinal area ¥ = 22.7 %; b)
4 mm/ 6 mm / 40.3 8; c) 6.5 mm
/ 8 mm / 59.9 %. The pulsation
frequency f and the pulsation L,
stroke a were varied from 0.0 to
2.5 8! and from 6 to 18 mm,
respectively. The diameters of p
mother drops d_, ranged from 1.5 Pelsater
to 10.0 mm. fFag. l. Experimental set-up

m
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Fig. 2. Drop behaviour as a function of drop

Putsation Intensity a-f/cm-s™!

size, pulsation intensity and sieve-

plate geometry
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gimes. The analysis of the passage of the drops through the sieve-
plate by means of high-speed photographs has shown that the complex
behaviour in the intermediate regimes is mainly caused by the dif-
ferent point in time of the arrival of the drops at the sieve-plate
during the pulsation cycle. The boundary lines between the regimes are
affected only by the pulsation intensity. A separate influence of
stroke and freguency was not observed in the investigated range of
operating parameters.

The moat important range of operation of the pulsation intensity is
from 1.0 up to 2.5 cm/s. In order to describe the behaviour of the
drops in this area guantitatively, the definition of a probability of
break-up is necessary. The probability of break-up Pb is defined as
the ratio of the number of drops which are breaking up over the total
number of injected drops. In regime B all drops break up, that means
Py = 1. In regime AB the drop behaviour can be approximated by Pb =
(d-dstab) / (dloo-datab) for constant pulsation intensity. In regime A
the probability of break-up is zero.

Depending on the ratio of the mother drop size to the hole diameter
and the pulsation intensity different break-up mechanisms were ob-
served. The break-up of most of the drops is caused by shearing at the
edge of a sieve-plate hole or at the grid between two sieve-plate
holes during the upward stroke. Some of the drops with a diameter lar-
ger than the pitch of the sieve-plate break up at the grids between
three or more sieve-plate holes. At high pulsation intensities some of
the daughter drops generated during the first passage through the
sieve-plate are sucked back below the plate in the following down-
stroke and break up a second time during the next upward stroke.

Figure 3 demonstrates the influence of the pulsation intensity, the
mother drop size and the sieve-plate geometry on the generated
daughter drop size volume distribution a3 (DDSVD). The DDSVD is
displaced to smaller values of the normalized daughter drop diameter
x = ddd/dmd with increasing pulsation intensity, larger mother drop
size and decreasing hole diameter. For all three sieve-plate geome-
tries the mean diameter of the DDSVD can be approximated by Xy4 =
(l+dmd/dh)—n. The exponent n is a function of the pulsation inten-
sity (e.g. for a*f=2.0 cm/s —® n=0.32). The break-up always leads
to relatively wide daughter drop spectra. For all investigated con-

ditions the standard deviation of the DDSVD sx varies between 10 and

20 ¥ of the mother drop size. =

For a simpler manipulation of the results the DDSVD can be
approximated by a BETA function. The parameters p and q of this
function can easily be determined from the mean diamter X134 and the

standard deviation sx,.. The respective BETA distributions are plotted

13
in Fig. 3 as dotted lines and they show a satisfactory agreement with

the experimental histograms.
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Fig. 3. Influence of the pulsation intensity (a), the mother drop
size (b) and the sieve-plate geometry (c) on the generated

daughter drop size distributions

The hatched regions in Figure 2a and 2b show the Sauter mean
diameters d12 measured by Aufderheide /27 and Lorenz /37 in two pulsed
sieve-plate columns with an active height of 4.3 m and nominal dia-
meters of 80 and 225 mm using the toluene/water system and the same
sieve-plate geometries as used in our work. The comparison of the max-
imum stable drop diameters resulting from single drop experiments and
the mean drop sizes measured in those columns shows that the mean dia-
meter of drop swarms in pilot or industrial columns can be estimated
by means of single drop measurements. Furthermore, some of the results
of these single drop measurements were utilized for a more detailed
simulation of fluid dynamics in pulsed sieve-plate extraction columns
by means of a drop population model /4/. The model gives the drop size
distributions along the columns as well as the hold-up profiles. The
good agreement between theoretical and experimental results has con-
firmed that it is possible to describe the complex fluid dynamics in

pulsed sieve-plate columns on the basis of simple single drop experi-

ments.
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AXIAL MIXING IN A DISKS AND RINGS PULSED COLUMN

G. Srisuwan, C. Gourdon, G. Casamatta,
Ecole Nationale Supérieure d'Ingénieurs de Génie Chimique, U.A.192, C.N.R.S.,
Chemin de la Loge, 31078 Toulouse Cedex, FRANCE

The use of disks and rings pulsed columns, initially developed for liquid-liquid extraction
processes, is nowadays extended to other applications in Chemical Engineering, especially to
solid-liquid extractions because of its specific geometry that is particularly convenient to the solid
particles treatment.

Since a few years, some works have been devoted to hydrodynamical studies of such columns in
our laboratory | 1,2,3|. Recently, the drop population balance model described by Casamatta (4,5}
has been applied to the solid-liquid case [6]. This model deals with the description of the size
distributions of the dispersed phase all along any kind of counter-current column. The two-phase
flow is described by a dispersion- plug flow model, where the relative fluid-solid velocity and the
dispersion coefficients relative to both phases are introduced. In a first attempt, only the dispersion
coefficient relative to the continuous phase is required, the one relative to the dispersed phase being
assumed of the same order of magnitude.

The present work reports on the description of axial mixing evolution according to the positions of
the measurement probes, the pulsation intensity characterized by the product amplitude-frequency,
the distance between a disk and a ring. Moreover the influence of the dispersed phase on the axial
mixing coefficient has been put into evidence.

Experi .

For the determination of residence time distributions, a pulse tracer technique is used by injecting a
small quantity of HCl 1.ON into the continuous phase. The detection of the tracer has been
performed by means of conductivity probes. which are placed into the active part of the column at
differenl levels (Fig. 1). Real time data acquisition is achieved via a connection with a
micro-computer.

The software, developed earlier {7], allows to deduce from the recorded peaks of the signals the
first moments of the residence time distributions, principally the mean residence time T and the
Peclet number Pe. Data processing is achieved in the spectral space with the use of the "Fast Fourier
Transform™ algorithm {8]. Besides, the former parameters are identified by means of
Gauss-Newton algorithm.

o jJ
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Pig.1. Experimental pilot column
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The dispersion coefficient is deduced from both pirameters by the following relationship:
D =14/ T.Pe)
where | is representative of the distance between the measurement probes.

M .

From the experimental observations, it has been demonstrated that the results are sensitive to the
position of the first probe according to the pulse tracer injection level. In fact, it is suggested to
inject upstream the tracer. in this work below the first probe of which signal is considered as being
the input peak.

-
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Fig. 3. Comparison between D1-2,02-3,01-3 and Influence ot
pulsation Intensity

On the contrary, if the injection and the input signal detection are located at the same level, the input
signal depends crucially on how the tracer has been injected, therefore in this case the dispersion
coefficients are always larger than expected and the results are not so good.

However, the distance between the first probe and the injection level has to be not too large,
because it may lead to systematic errors due to the deformation of the input peak which can no
longer be considered as a pulse signal. For instance, in the present work the signals delivered by the
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three ditferent probes have been respectively considered according to their positions as input and
output signals, therefore it is possible to calculate three dispersion coefficients : Dy _3, relative to the

section comprised between the level | and the level 3, and so on Dj_3, Dy 5 . It has been
demonstrated that D;_3 is always larger than the other ones (Figs. 2 and 3).
Therefore, D} .3 only has been later taken into consideration.

of ¢ apitation inteosiry and heigh

On the figures 2 and 3, the variations of the dispersion coefficients are plotted versus pulsation
intensity A.F. As expected, it is clearly exhibited that axial mixing increases with increasing
agitation intensity.

By comparison of the values of dispersion coefficients between Figs. 2 and 3, it is also shown that
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axial mixing is enhanced by increasing the compartment height H (distance between a disk and a
ring).

Therefore, the followmg relationships are deduced:

H=12mm D; = 0.94 AF

H =24 mm Dl =276 AF

Influcnce of the dispersed phase
The dispersed phase consists of non active resin with a density of 1.15 and particle sizes in the
range of 0.7 up to 0.9 mm. In order to take into account the influence of the solid particles on axial
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mixing of the aqueous phase, the experiments have been performed at various flowrates and
pulsation intensities. The results have to be discussed according to the mean hold-ups measured
between the levels 1 and 3 for each operating condition.

It is exhibited that axial mixing is decreasing either as A.F is increasing or as solid flowrate, at
constant A.F, is increasing. It means that axial mixing is lowered by the presence of solid particles.

The whole results have been plotted on the figures 4 and 5.

A linear dependency on hold-up has been proposed, according to the following relationships:

H=12mm DyA.F =094 (1-9Q)
H =24 mm Dy/AF =2.76 (1-Q)
Symbols used
A, m pulsation amplitude.
D.D, m2s7! — axial mixing coefficients ,
F, R pulsation frequency.
H , m — compartment height (distance between a disk and a ring).
I, m — distance of the measurement section .
Pe, - =~ Peclet number.
Qd, m3s1- dispersed phase flowrate
T, % — mean residence time ,
] - ~ hold-up.
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THE INFLUENCE OF CHEMICAL REACTION ON CALCULATION CONCEPTS
IN SOLVENT EXTRACTION

H.J. Bart, A. Bauer, R. Marr, Abteilung Thermische Verfahrens-
technik, Technical University Graz, Austria

Introduction. Solvent extraction processes are performed either
in mixer settlers or in columns. The application of columns in the
fields of solvent extraction is hampered by the fact that often
kinetically controlled systems are applied which require suitable
residence times. The technically important copper extraction is an
example. It is effected with very selective complexing agents and
the chemical reactions involved are very slow. In this case the
chemical reaction has to be accounted for, whereas usually attain-
ment of equilibrium is assumed. The subject of this paper is to
present the combination of an experimentally verified kinetical
model with a hydrodynamic column model and the comparison of column
calculations and experiments.

Kinetical model. A first order reversible reaction model, which
accounts for the influence of pH, was adopted from literature
[1,2]. It is based on the following overall reaction equation (1):

Me?t + 2 RH <¢mmmmmeee > MeR, + 2 at (1)

Eg. 2 gives the chemical reaction rate per unit area:

+
2+ k [MeR, 1*[H" ]
kg * [Me“"1*[RH] " 2 &)

nR =
tu*]

5 e
Kex (rH]

The parameters k, and K., were be experimentally determined in a
stirring cell [3,4]:

k. =2 * 1076

F [m/s] K.. =12.8 [-]

ex

Since aqueous phase species are nearly insoluble in the organic
phase and vice versa, the chemical reaction is assumed to take
place at the interface. The mass transfer rate n,, therefore, is a
function of the unmeasurable interfacial concentrations (Eq. 2).
They can be calculated by the Two-Film-Model (5], which describes
diffusional resistances at an interface by partial mass transfer
coefficients, which were calculated from dimensionless numbers.
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Hydrodynamic column model. In the simplest case only convection

(i.e. residence time) of the phases through the column has to be
considered. In real columns additional effects such as drop size
distribution and axial mixing have to be regarded. A suitable model
for axial mixing is the dispersion model (Eg. 3), where the total
mass transfer rate across the interface n, represents diffusion
from and to the interface as well as chemical reaction at the
interface. Solution of this equation results in concentration
profiles along the column and column performance.

d“c dc v
* = S * =
Dax — v np aspec/ X4 0 (3)

Sensitivity of model parameters. To have an idea of the

30. T T T influence of the
‘model parameters a

sensitivity analysis

N
o

was carried out. Fig.
1 shows the influence

of the three main

-
o

parameters, total
phase throughput
Veoe, axial disper-
sion coefficient D,,
and chemical reaction
rate constant Kk,, on

i
-
o

separation perfor-
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Fig. 1. Influence of model parameters: Ex-
periment shown in the right column of Tab{z1l

Experimental. Mass transfer experiments were carried out on the
system copper/sulfuric acid (aqueous phase) and Acorga PT 5050/Ke-
rosene (organic phase). A column of the SHE type (selfstabilizing
high performance extractor) was applied which consists of a
sequence of mixing and settling compartments. Mixer settler behavi-
our is thus approximated by the column.

Results. Although the column showed a high axial mixing, its
influence remained almost negligible. Tab. 1 presents the results
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of two significant experiments. Fig. 2 shows the experimental and
calculated profiles for the experiment shown in the right column of
Tab. 1. The calculation on basis of the dispersion model fits the
experimental data best. In regard to the aqueous outlet concentra-
tion the plug-flow calculation shows less deviation than the cal-
culation on basis of equilibrium (kinetics neglected). However, the
plug-flow calculation is unable to describe the concentration step
at the phase inlet and the profile in the upper part of the column.

Table 1. Results of Column Experiments

Total Throughput [m?/m* h] 9.0 42.0

Oorganic Phase Holdup (%] 20.3 30.2

Mean Residence Time [min) 5.4 1.8

Bodenstein Number (-] 2.0 4.0

Dispersion Coefficient [m?/s] 0.0008 0.002

Separation [$%] 96.4 61.8
Conclusions. Column calculations based on a hydrodynamic model

extended by a kinetical model were compared with experimental
results. The influence of axial mixing turned out to be of minor
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Fig. 2. Experimental and Calculated Concentration Profiles
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importance compared to that of the chemical kinetics. Consideration
of reaction kinetics proved to be essential since equilibrium has
not been attained by far.

S ols
. . : R g

aspec - interfacial area per unit volume (m“/m~)
Dax - axial dispersion coefficient (mz/s)
[H+] - hydrogen ion concentration (ag. phase) (kmol/m3)
kF - reaction rate constant (m/s)
Kex = equilibrium constant (=)
[Me2+] - metal ion concentration (ag. phase) (kmol/m3)
[MeRZ] .. complex concentration (org. phase) (kmol/m3)
np - mass transfer rate, reaction rate (kmol/mzs)
[RH] - extractant concentration (org. phase) (kmol/m3)
v = effective convection velocity (m/s)
X4 = hold-up (=)
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STUDIES ON THE CHARACTERISTICS OF MIXING AND RESIDENCE TIME | 5_8
DISTRIBUTION IN A NEW MIXER~SETTLER 2

Quan Xuejun, Su Limin, Institute of Chemical Metallurgy,
Academia Sinica, Beijing, China

The characteristics of residence time distribution (RTD) and flow
patterns of the continuous phase in a mixer-settler with double mixers
in each stage (DMMS) have been investigated, using a kerosene/water
system with water as the continuous phase under three different agita-
ting velocities and three different flow rates for the continuous
phase and dispersed phase and four different interficial heoghts bet-
ween the two liquid phases in the settler.

RTD of the continuous phase in the serial double mixers and settler
were studied by use of the pulse-tracing technique and mathematical
modelling method. Investigations on the flow patterns of the continu-
ous phase in the settler were carried out by means of photography and
through measurement of entrainment of the dispersed phase. Experimen-
tal results show that: (1) RTD of the continuous phase is more closer
to piston frow in the 2nd mixer than in the 1st one, under lower agi-
tating velocity and lower flow rate of the continuous phase; (2) The
effects of agitating velocity and flow rate of the continuous phase
on RTD of the continuous phase in the 1st mixer are obvious and in
contradiction to that in the 2nd; (3) The effects of flow rate of
the dispersed phase on RTD of the continuous phase in the two mixers
are equally inconspicuous; and (4) The continuous phase in the settler
appears to be in the form of circulating flow instead of piston flow.
When the agitating velocity, flow rates of the two phases and inter-
ficial height between the two liquid phases in the settler are incre-
ased, the circulating flow of the continuous phase also increases lar-
gely, and therefore the entrainment of the dispersed phase is raised
rapidly.
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DROP VELOCITY DISTRIBUTION IN A KARR RECIPROCATING -
PLATE COLUMN 5~9

J.Vohradsky and H.Sovovd, Institute of Chemical Process Fundamentals,
Czechoslovak Academy of Sciences, Czechoslovakia

In the liquid-liquid column extractors, two liquids flow counter-
currently under the action of gravity due to their different densiti-
es. Maximum throughput depends on relative velocity of drops and con-
tinuous phase. The relative velocity in a vertical tube is equal to
the terminal velocity of single drop, Ugs corrected to the influence
of surrounding drops. How do the plates of the reciprocating-plate
extractor (or of a pulsed sieve-plate column) affect the relative
velocity?

Little attention has been paid to this question. The terminal
velocity of drop is usually replaced by characteristic velocity u,
which has to be evaluated from the holdup of dispersed phase X mea-
sured in the particular extractor:

uy = [Uy/X + U/(A-D1/0(X) (1)

xl_i.mo(p(x) =1, (2)
Relation of u, to u, is not well understood. It is usually assumed
that “o/“t<1 due to the constriction of flow in the openings of pla-
tes, but in some cases u > u, was evaluated from experiments [1,2].

Only Hussain et al. [ 3] measured the time which needs a drop to
pass several stages of a pulsed sieve-plate column. They developed
a correlation of drop retardment with the plate geometry, size of
drop and with the intensity of pulsation.

To investigate the influence of plates in detail, we measured the
local velocities of single drops in a stage of Karr reciprocating-
plate extractor (Fig.1).

Drops of 1,2-dichloroethane were photographed as they passed one
stage of extractor filled with water. Black background, side light
and a rotating slit in front of the camera were used to obtain multi-

coordinate
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Fig.1, Stage of the extractor
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ple photograph of each droplet. Distances between successive images
of drop were evaluated from negative on an image analyser, and local
velocities of drop were calculated.

Stage was divided vertically into 15 sections. Experiments were
repeated and the avarage residence time of drop in each section rela-
ted to the residence time in absence of plates, Trelr Was evaluated.
Profile of 77, 1(y) along the height of stage was obtained (Fig.?}

Influence of amplitude a and
frequency f of plate recipro- Y
cation, of the velocity of con- 3

tinuous phase U, and of the si- 2r g i
ze of drop d on the drop resi-
dence time was studied, chan- ]
ging the variables in the range
a € {0.,002; 0.006> m, £ € {2; :

6»Hz, Uc € {030.01” m/s, d € Yl m— ik 1 L
{0.001; 0.0032> m. -40 0 oy 40
Drop is retarded in the vicini-
ty of plate. Far of the plate,
its relative velocity approa-
ches terminal velocitye.

T T T

Fig.2., Relative drop residence time
a = 0,003 my, £ = &4 Hz,
U,= 0.005 m/8, d = 0,00221 m

Flow of the continuous phase was visualized by small polystyrene
spheres of density 1009 kg/m3 and photographed with long exposure.
Continuous phase moves periodicly in a zone around the plate (Fig.
5). Vertical component of its velocity at UE' O can be described by

equations, different for flow

through the openings (1) and : |
for the flow above and below ‘ : ' "
the solid part of plate (2): [["\Mﬂ:\\‘r\_ﬁ{ )T 4»-|\\\ "
Uy = Uy Visgrm® s (3) ) At A}fl s LA T
VOO v (Y

v z UL \g
Ug' 2p° 1'(7/"1) ’ (“’) __W s L L +m
Upp = 2af cos(2xft) , (5) ’ 2 4\] 2112 l 112
Upp = =Uzp (1-e)€ . (8) !

Fige3,Reciprocation of the
continuous phase

Width of the zone grows with
the intensity of plate reci-
procation,

m = O.4h [1-exp (-2af/0-054)] . (7)

With a non-zero flow of continuous phase, the zone shifts in the
direction of flow and the velocities U,, 02 become
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- =Wy U [(1-6)/e] Visem)® - v, , (8)
u2 =(Upp+U, )V‘!-(y/q)z - U » (9)

Outside the zome, the velocity of continuous phase is 'Uc'
To simulate the vertical motion of drop in the stage, we develo=-
ped the following algorithm ( Fig.4). Velocity of drop u is calcula-
ted by superposition of terminal velo-
Y city ue and of the local velocity of
continuous phase. Random generator RG
RG: ¢, is used to choose the time t_  when the
drop enters the stage at fixed position
Yor New value of drop coordinate y af-
ter a time increment At is calculated
by a subroutine STEP(u):
SUBROUTINE STEP(u)

5 tst+at
(
y=y3+uAt
@-5 (2;) 2) 1 y = a.sin(axft)
RETURN

call smmta,uz)

Position of the plate yp is calculated
simultaneously. At the point y = -4,

y>3, ? drop enters the zone. One of the flows
- (1),(2) is chosen, probability of flow

RG: N (1) beeing equal to the relative free

t, =t /| area of the plate £. In the flow (1),
—————-1 drop proceeds with velocity 1‘11;4»U.1 until

call STEP(U _) it leaves the zone at y = %. In the
flow (2), drop moves with a velocity
ut+U2 and finally touches the plate at

2 y = Jp° Then it moves together with pla-
f‘f te for a time N. Number N is chosen
all STEP (u,+U,). I from a normal distribution with a mean

M = 5.107(af)? , (10)
ranging from 0.2 to 1.3 s. Then the
drop falls to flow (1). It leaves the
solid part of plate with a velocity
equal to that of plate, and gradually

Fig.4. Vertical motion
of drop in stage

acquires terminal velocity L
The curve of relative residence times
Tbel(y) obtained from this model by repeated simulations of drop

passage agrees with the curve obtained from experiments for the
whole range of experimental conditions.

We can conclude that there are two mechanisms of drop retardment
for drops much smaller than the openings in plates. First, drops
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falling on the solid part of plate are delayed. They usually stay

for some time in contact with the plate and acquire its velocity.
Second, drops falling through the openings of plate have to overcome
the increased velocity of continuous phase Uc/E instead of Uc. Outsi-~
de the zone surrounding the plate the velocity of drop is practically
equal to that in a column without plates. Therefore, the residence
time of drops in the reciprocating-plate extractor or in a pulsed
sieve-plate column grows with decreasing relative free area of plates
and with decrease of plate spacing.

Notation

- amplitude of plate reciprocation, m,

- drop diameter, m.

- frequency of drop reciprocation, Hz.

- plate spacing, m,

- interval of contact of drop with plate, s,

- time, s.

- time of contact of drop with plate, s.

- local velocity of drop, m/s.

- characteristic velocity, m/s.

- terminal velocity, m/s.

- superficial velocity of continuous phase, m/s,

- superficial velocity of dispersed phase, m/s.

velocity of continuous phase in flow (1), m/s.

- velocity of continuous phase in flow (2), m/s,

- velocity of continuous phase in plate openings, m/s,

- velocity of plate, m/s.

= volume holdup of dispersed phase,

- vertical coordinate of drop, a.

- vertical coordinate of plate, m.

- relative free area of plate,

- border of zone, m,

?}el' local relative drop residence time, related to drop residence
time in column without plates,

¢(I)-holdup correction factor,

™ o+ o
3 #«ﬁf;&fff:f:v =D AR
0
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STUDY ON DROPLET BREAKAGE AND COALESCENCE IN 5-10
A RECIPROCATING PLATE EXTRACTION COLUMN

Zhang Yue-bo and Fan Zheng, Institute of Chemical Metallurgy,
Academia Sinica, Beijing, CHINA

Knowledge of interfacial areas, drop size distributions, and dis-
persed phase breakage and coalescence rates is essential for accurate
description and prediction of mass transfer and chemical reaction
rates in liquid-liquid dispersion,

In the previous work, studies on the behaviors of the dispersion
in the agitated vessel were reported by many researchers /i-31/. Re-
cently, Jares J., et al, /A/ developed the mathematical models of
the frequency of droplet breakage in the terms of the balance of tur-
bulent pressure to the interfacial tension in a reciprocating plate
extraction column (RPC). Chao /5/ also investigated the drop breakage
and coalescence in a reciprocating plate extraction tank (RPT) by
means of the kinetic energy of collision. However, they do not give
us any information about the effects of geometric factors on the
breakage and coalescence of droplets.

In this paper, the effects of hydrodynamics and geometric factors
on the characteristics of dispersion were considered, and the models
on the rates of drop breakage and coalescence in a RPC were developed.
Favorable agreement was obtained between experimental and simulating
results,

In RPG, the drops are subject to shear stresses at the margins of
holes of plate and to turbulent velocity and pressure variations along
their surfaces. These processes cause the drops to deform, and if the
deformation exceeds a certain minimum value, the drops break into
smaller parts. At the same time, drops also collide with each other,
and if they remain together for a long enough time, the drops coales-
ce. In addition, drop coalescence may also occur due to drop colli-
ding with plates on which there is a thin film of dispersed phase.

1. Breakage of droplet
The basic expression describing drop breakage rate is

Ry = K EG(4,), (1)

where E is the breakage efficiency, G(d4) is collision frequency bet-
ween two drops or fluctuation frequency of eddies smaller than Kol-
mogoroff's linear scale 1, Kb is constant related to the properties
of the system.

For the breakage caused by the turbulent fluctu..tion, the breakage
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efficiency was assumed to be proportional to Weber number, and colli-
sion frequency can be expressed by the fluctuation frequency of eddi-
es,

For the breakage caused by the shear stresses at the margins of
the holes of a plate, the form of a drop breakage was assumed that
the two parts of a drop colliding with the margin of hole of plate
slipped parallelly each other in the opposite direction. The breakage
efficiency was assumed to be proportional to the ratio of the shear
stress to the viscous frictional force caused by the slip of two parts
of a drop and the interfacial tension of the drop. In this case, G(dj)
is the probability or frequency of droplets colliding with the margin
of the holes of a plate.

Thus, the rates of breakage caused by turbulent fluctuation and
shear stresses at the margins of the holes were obtained

K (62/3 5/3/6)nL81/3AN(d )/H d 2735 (2)
Rbh=Kh91> AP diN(d VM qdpHy (3

Combining Eqs.(2) and (3), the total breakage rate of drops of size
djy in a given volume was obtained

Ry(dy) = Ry (@) 4Ry, (44). €))

2. Coalescence of droplets

Droplet coalescence in RPC not only occurs between drops, but also
occurs on the plates. The basic expression describing the rate of co-
alescence between two drops is:

Ro(dy,dy)=K h(dy,d )a(dy,d)N(d,)N(dy), (5)

where h(di’dj) is the collision frequency between drops of size d; and
d'1 for a binary collision process; a(di,d ) is the coalescence effici-
ency or the fraction of collisions between drops of diameter d; and dJ
that results in coalescence. N(dy) and N(dd) are the total numbers of
droplets of diameter di and diameter dJ.

For the coalescence between two drops, the collisions were also
assumed to be similar to gas molecular collisions, Thus, the rate of
coalescence between two drops was obtained

Roq(dy0dy)=Kifq €, (d,+d)2N(d,)N(a,)/6. (6)

For the coalescence of droplets due to the collisions of droplets
with the plates, the coalescence rate can also be expressed by
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R!,(a;)=K!n' (d;)a’(a;)N(dy), (M

where h'(di) is the collision frequency of droplets of diameter di
with a plate, and a'(di) is the coalescence efficiency for the coales-
cence of droplets on the plate.

In this case, the contact time t was defined as the time that a
drop would stay together with the plate, until either a coalescence
or a reseparation occurs, and the critical time tcr that once a drop
stay together with plate exceed it, the coalescence will occur, was
assumed. Therefore, the coalescence efficiency is proportional to the
ratio of the contact time to the critical time,

According to the collision frequency or probability between drops
and plate, the following expression for the coalescence rate between
drops of size d and the plate is obtained

a.
e _iy2
ch(di)-xp/1-¥11 d:) /AN(dy) /H Y (8)

Thus, Combining Eqs. (6) and (8), the total coalescence rate of
drops of size di in a given volume

Ro=Roq (85,448, (4,) 0, (9

The experiments were performed in a square reciprocating plate ex-
traction column with an over all height of 1.7Tm. The cross-sectional
area of the column is 0.02X0.01m2. The stainless plates were spaced
at 0,03-0.05 m intervals and occupied 1.2 m of column height. The
amplitude of reciprocation can be varied in the range of 0.003 m to
0.012 m, and the fraquency of reciprocation could readily be adjusted
from a minimum of 2.5 sec"1 to a maximum of about 12 aec'1 by varying
the speed of the motor.

Only one 1liquid-liquid(water-kerosene) system was used. Dispersed
phase holdup was measured with a special electric conductive method,
and drop sisze was measured with laser light transmittance technique.
Disperses phase volume fraction X was always taken below 154 in order
to satisfy sufficiently accuracy for the measurement of drop size, and
a small amount of sodium phosphate was added to the continuous phase
in order to prevent adhesion of drops to the wall of the column.

The respective effects of the geometric factors of plates and am-
plitude of reciprocation on drop size were examined with sudden change
in vibration intensity or vibration frequency, where the change of
d32 versus time was followed by light transmitance. The experimental
temperature was with +1.5°C of 25°.

In terms of drop population balance equation, Monte Carlo simulati-
on method was used to simulate the processes with breakage and coales-

296



cence [5/. The effects of flow on the number of drops d; can be given

by AN,=6VaX(t)F (4,)/% 43, (10)

where V is a given volume; & X(t) is the change of holdup with time
after a step change of vibration intensity, which can be measured by
holdup-meter, Fv(di) 1s a instant volume distribution of drop eize
determined by simulation, and the initial drop size distributions
were measured by photographic method. The change of D32 with time
after a step change of vibration intensity and the results of simula-
tion are shown in Fig. 1, but the experimental data from a step change
of reduction in the vibration intensity were not simulated.

The breakage and coalescence coefficients were determined by simula-
tion, The results showedthat the coalescence coefficient at the higher
frequency and lower amplitude was larger than that at the others, which
can be considered that the coalescence near by the holes was enhanced
due to the weak shear stress, In this case, the drops rising up were

partially blocked by the vibating plates and dispersed phase on the

Plates, and maybe a settler layer of dispersed phase formed near the
plate,

D32 (mm)

Comparison of drop size from Monte
Carlo simulation with data from un-
stable state experiments

_’dd-1.734 cp; ﬂc=0.995 cps

G « 25.05 dyn/cm; Hp= 4 em; U e
0.26 cm/s; Uq=0.35 cm/s; ?d=0.798 | L " ¥ "
g/cm; Pc=1'000 g/om; 11 & 3.0 [ 20 40 60 80 100 120 140 t(S)
Step change: o 120 to 240 rpm, A=

6

4 4 6
. Kh-10" Kt.10" Kcd.10~ Kcpe10
12 m, ¥ 42.7%; 4130 to 375 rpm, 359 332 o S
A=9 mm, dhe8 mmy, Y= 53.5%; ® 225 4 5.59 5.44 2.04 g.oi
to 445; Ae 6 mm, dh=8 mm. ¥ =32,2% ® (<03  7.10  2.04 -0

The present models for the rates of breakage and coalescence have
accounted for the effects of the hydrodynamics and geometric factors
on the droplets breakage and coalescence in RPC. This is, droplets
coalescence occured not only between drops but also on the plates. Dro-
plet breakage were attributed to both the shear stresses near holes
and the turbulent fluctuation pressure. Although the results of simula-
tion were only for the local breakage and coalescence of droplets wi-
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thout mass transfer, the models were also applicable for any positions
of the RPC, So that the models have a certain significance for the in-
vestigation of dispersion in RPC,

Symbols

A - amplitude of reciprotation, m.
dy - drop diameter, m,

dp = hole diemeter of plate, m,

D32 ~ Sauter mean diameter, m.

£ - frequency of reciprocation, 1/s,
g - gravitational acoeleration, m/s.
Hp - spacing between plates, m,

K,,K, - breakage coefficient, Eqe. (2),(3).
Kd'Kp - coalescence coefficient, eqs.(6),(8).

vt - drop terminal velocity, m/s.

& - mechanical power dissipation per unit volume, m%e-B.
Y - free area at plates.

6 - interfacial tension, m-s"%
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SEARCH FOR PHYSICO-CHEMICAL MODELS OP COMPLEXING AND EI
EXTRACTION EQUILIBRIA PROM DATA ON COMPONENT
DISTRIBUTION BETWBEN PHASES

A.A.Bugaevsky, Yu.V.Kholin,
Kharkov State University, uyssr

The majority of extraction processes whicp are of practical in-
terest involve a variety of species both introduced into the system
and resultant from reactions. Based on the dependence of the distri-
bution coefficient of one of the components upon the initial compo-
sition of the system, the equilibrium state simulation permits find-
ing the stoichiometric indices in the reagent formulas and equilib-
rium constants for complexing and extraction. The wide-scale compu-
tarization has not changed the methodological approach to solving
these problems - the transfer of conventional data handling ir tri-
al-and-error methods into machine computation often leads to doubt-
ful models.

The authors propose an approach permitting an adequate systema-
tic simulation of complex systems, involving estimation of equilib-
rium constants for tentative models of an assigned stoichiometric
composition, tests of the model sufficiency, a purposeful supple-
ment of inadequate models with species providing better agreement
with experiment, and the rejection of species not appearing in the
system. The model is thought to be adequate if its approximation
of the composition - property dependence is within the experimental
error. The model adequacy is shown by the deviations

comp _ ckexper (1)

8¢ = Cp

(ck is the total concentration of the component in one of the pha-
ses, k the number of measurement runs) and by the criterion func-
tion

n

2 1 > 2
So =av— ka1 Wk (Acy)” (2)

where n 1is the number of measurement runs, v - the number of‘cons-
tants to be estimated, wk‘the statistical weight inversely propor-
tiona¥ to the measurement variance ac . The formulas below assume
equal phase volumes. With unequal volumes the generalization is no
problem. The concentration of the extracted component in thé other
phase ci is then found as

°i.tk'°k! (3
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where ty is the assigned total concentration of the extracted
component. To provide a good accuracy of Eqe.(3), the Cx quantities
must be commensurate or the smaller quantity is to bound experi-
mentally.

Simulation Algorithm. 1. Assign a tentative (simple) model.
2. For the model tested, unimown equilibrium constants
Kl(l = 1, 2, eee, V) are found minimizing the criterion function
(2). At this step the equilibrium composition of the system is
calculated and the model exceBsiveness estimated. 3. If the model
is inconsistent with experiment, new species are to be introduced,
which will certainly improve the experiment description at the
points of high ,A ckl' Then we proceed to step 2.

Choice of new complex composition. The reaction in the system
can be written as

-

5= Vg3 Byz= Ay, (4)

=1
where V 44 are the stoichiometric coefficients, B:j the indepen-
dent components [ 1], Ai the chemical forms. Since the choice
of B.‘l is ambiguous, Eqe(4) can be rewritten in terms of predo-
minating components (PC)s A PC set contains m species with the
highest equilibrium concentrations. PC sets are found at the
points of high M ck| deteriorating the model adequacy. Let us
consider ck or Ci containing no PC concentrations (it is this
magnitude that is the most sensitive to the model supplement with
the new species A Let AL be the species whose concentration
contribution to Cg or Ci is the largest. Then ) hi 8re chosen
such that the supplement induced concentration change

¢ WAEY /Yo [n]

could have the desired sign dictated by the sign of the expres-
sion in braces. The substantiation and more complicated cases are
considered elsewhere [1 :l-

Elimination of model redundancy. The mirnimum of the criterion
function (2) is found for the model of teated stoichiometric com-
position using the Geause-Newton method and the auxiliary least-
square procedure with a ailngular expamsion of the comventional
equation matrix [2]. Low singular numbera indicate the presence




of excessive complexes producing no effect on the approximation
quality. The studies of the singular expansion diagnostics and
equilibrium composition permit an accurate appraisal and discard
of excessive complexes., The singular expansion provides extremely
high numericel stability of the computational algoritmmf 451.

Bxample. The model of uranium (VI) extraction into carbon tet-
rachloride with the dibutyl phosphate (HA) = tributyl phosphate
(B) mixture from an aqueous solution of 0.1 mole/l H,‘,SO‘ [3].

The starting hypothesis of reactions involves the earlier studied
divutyl phosphate and tributyl phosphate reactions:as well as the
reactions UOZAZ(HA)g and 00212 HAB® formation (the superscript
refers to the species in the organic phase). The model appears

to be inadequate and may be supplemented using three regions of
the experiment design. In the first region the deviations Ack > 0,
the predominating components are UO§+, HABO, B°, ck = [UOzAz(HA)g]-o
[00252m°] 5 [ UozAz(m)g < [uozAzm°]. We examine the reaction
responsible for the system buffer properties with respect to
U0, A HAB® :

2+

vozt + 3HAB® - 28° - 2H" == U0,A,HAB" (6)

According to Eq.(5), the new Ay species compoeition should be
such that

d [U0,A,HAB®] < ©

i.e0
vh,uog". 1 Ve 3 V. )
+ * >°.
[v03*] [ ra5°] [5°]
The reaction
U03* + HAB == UO,HAB®* (1)

fits the above requirement. The other regions dictate a require-~
ment of supplementing the model with the following speciee:
U0,BAB?*, RoA,B°, UO,A,(HA),E°. The repeated computation sttests
to the model adequasy, the criterion functions being 5.5 times
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lower. Pound are

]
o
o
&>

logE (U03* + HpAd + 247 == UO,A,(HA)] ) = 8,86 *

+
o
-
w

logk (03" + HAE® = vo,HAE’*) =2,77 %

I+

logk (UOyA,(HA)] + B® = UO,A, (HA),B®) = 2,15 £ 0,14

logK (UO,A,(HA)S + HAB® = UO,AHAB® + HyA3 )= 0,44 % 0,15,

The species H2A280 is surplus and hence rejected. Special compu-
tation proves that no other model of four or less complexes is in
satisfactory agreement with experiment. Thus, the singular expan-
sion analysis of the problem argues against any hypothetical pre-
sence of complexes U02AeBg. UOZAz(HAB)g, U02A+ in the system. Mo~
dels with five types of complexes were reduced to the above four-
complex model.
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THR EXPERIMENTAL AND THEORETICAL INVESTIGATION OF
RADIONUCLIDES DISTRIBUTION IN THE PROCESS OP EXTRACTION
CHROMATOGRAPHY

5=-12

E.S.Gureev, L.B.Rushtaeva, L.M.Gulamova, Nuclear Physics Institute,
Academy of Sciences, Tashkent, USSR

Using of chromatography method for extraction and substraction of
microelements from complex solutions allows to extend and to intensify
considerably the developments of optimal systems for realisation of
practical tasks for modern radiochmistry and analytical chemistry. In
accordance with the well-known conception of plate equilibrium, some
functional models aseuming the formation of column and eluate in the
process of extraction chronatography, providing persistent passing of
elementary volumes of mobile phase through the columm "n", are discus-
sed in the present paper., Proceeding from general notion of substance
distribution in the process of persistent semicountercurrent flow ext-
raction, it is possible to show /37 that in case of starting £illing
of the columns "m" first stage, the total shares of "nﬁ, " gseparate
stages, are described by binomial distribution (p+q)Z, where "p" and
"q" are the shares of substance in the phase of extragent and in the
mobile aqueous solution, respectively:

- n! Ne=r4q r-1_
"r,n (n-r+1) 1 (x=1)! 2 L1

The numerical solution of Eq.1 and it}s subsequent transformations
into volumetrical values allow to determine the number of conventional
theoretical column stages:

\'/

rs= L D (2)
A )
Wy

where Vm - 18 a volume of mobile phase; Vn - is8 a volume of solution
passed through the column; w T is a width of chromatographic zone
meesured at the exp (-1/8pq)-level from it's meximum value. Theoretical
calculations using ES-1033 com-
puter and analysed experimental-
ly with radionuclide 14'1Ce have
been carried out to determine
the regularities of dynamics of
\ substance concentration profile
2'5 50 R,mm formation according to column
Pig.1. Experimental (x) and theore~ height, depending on the theore-
tical distribution of 14100; in co= tical stage number, the number
lumn, at washing of 0,2M HC1l solu- of transfers and the degree of
tions by 1,2,3,4-f0ld Vm-volumes, distribution. The experimentel
respectively distribution of 141Ce by column
height, in chromatography process of the HDEHP-0,2M HC1l system, adequ-
ate to the theoretical one, which is characterized by consequent dec-
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rease of maximum magnitude and by washing away of concentration pro-
file, is given in Fig.1. For values of number of theoretical stages
calculated by Eq.2 with distribution curves, mean deviation does not
exceed £ 5%, which allows to confirm the possibility of using the mo-
del for the correct description by column height and the simplified
analysis of width dependence of substance discription curve on the vo-
lume of mobile phase.

When extraction-chromatographic concentrating of microelements pro-
ceeds, the substance summary accumulation in column steges, providing
that "n" "r", is described by interpolated formula:

n=1 r-1
2r,n™ To ¢! (r115! 5;0 P ' (3)
which solution leads to common expression, convenient for mathematic
calculations and spelling of computing programms:
mr,n’mo qr-1 tféTT! b k+r=1)! pk . (4)

We demonstrate in /17, that the numerical solution of exprassion(4)
using electronic computer ES=1033 with varying n,r and p over wide ra-
nge of their values leads to the following dependence of column eleme-
ntary stages number on the degree of equilibrium distribution and thke
number of elementary volumes:

. Vo.g_volqggj 5) or T =P Yo.841 Yo.5 . 6)
0.5770.159 (Yo, 841V, 5
where V0_159; Vo.s‘ Vo.e41 = are volumes of solution, running out co=
lumn with relative concentration of substance up to 0.159; 0.5; 0.841
from original one, allowing to estimate the quality of extraction-
chromatographic systems the degree of the concentration profile broa-
dening.

ey Fig.2 presents the experimental curves

of 141Ce-distribution in the process
of it*s concentrating in the HDEHP-0,2
M HCl under consequent passing of mul-
tiple volumes of the mobile phase.The
mathematical treatment of experimental
and theoretical distribution curves
shows, that the results are almost
identical and are also close to those
obtained in case of binomial distribu-
tion, independently from distribution
curves selection.

The theoretical analysis of subs-
tance formation ooncentration profile im eluate, &8s the elution chro-
matogreph, providing that the system is in equilibrium state, contains

25 50 R,mm

1.10%,arb.uni

Fig.2.Theoretical(x) and expe-
rimental(.) distribution of
141Ce in the process of it's
concentrating in 0,2M HCl solu-
tions 1,2,3,4=fold tholumes,
respectively

304



all necessary information about the efficiency of the extraction and
substraction processes of microelemenvs, and also the simplicity and
availability of the method from experimental point of view, are of de=-
finite interest. In /27 we analyse the numerical solution of dymamics
model of substance distribution in eluate, based on the following ex-
pression: (n-1)!
=

s Py
The solution of Bq.7 relative to "r" leads to the dependence of the
column conventional theoretical stages number on degree of distributi-
on and total quantity of substance in eluate:

r=2p (Vpoe/v m, /a2, (8)

where Voaz ™ is a maximum retained volume of eluate; v - is a volume

of eluate fractiong mr.n - is a quantity of substance in elementary

eluate portion, corresponding to maximum; m, - is a total quantity of
substance in eluate. All the parameters of the Eq.B8 can be determined
experimentally, that allows to estimate correctly conventionel theore-
tical stages number of chromatographic system. The precision of deter-
mination depends mainly on the precision of measurement of the select-
ed eluate fraction volumes. A number of experimentel researches on the
study of the regularities of conocentration profile formation of wesh-
away curves in the processes of extraction chromatogrephy of lanthani-
des hana been carried out to analyse theoretical parameters of substan-
ce distribution in eluate on the basis of mathematical model (7). In

Fig.3 and 4 the experimental and theoreticel elution curves, obtainsd
in the processes of substraction of 140La - 14109 and141Ce-152’154Eu

in HDEHP-HC1l system, from the results of computer treatment of mathe-

matical model (7) are demonstrated.
141Ce
152, 1545,

20 40 60 V,ml 10 20 30 40 V.m
Fig.3., Theoretical(x) and experi- Fig.4., Theoretical(x) and experimen

mental substraotion of 14%1a-147ce tal (. )substraction oz 1410e-152154g,
in HDERP-0,2M HCl system in HDEHP-0,4M HCl system

Al (7)

The practical identity of experimental and theoretical eluated chrama-
tographs confirms reliability and correctness of the proposed model.
In case of high coefficient values of substance phase distribution
or of high initial concentration, it is preferrable to carry out the
definition of columns system parameters by analysis of substance dist-
ribution on frontel yield curve, the g‘mthmtica.l model of which is

described by expression: m, =@ q P 9)

(k=1 (r-1)] *
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The numerical solution of this expression using electronic computer
ES=1033 leads to the dependence of column elementary theoretical ste~
ges number on the degree of substanoce equilibrium distribution:

v Vv Vv v
r ( 005 0'159 2 . (10) = p 0,211 O-Lr
distribution in HDEHP-HCl system

¢ 3 p .
¥0.5 = Vo.159 (Vo.841 = Vo.5)
1 2
are demonstrated. Experimental and
(0]

)
3
2 20 60 v.ml theoretical analyses of these cur=
?

Fig.5. Frontal yleld curves of ves show that the results do not
HC1 solution in HDEHP-HC1 system: ¢°TTespond to logic of mltistage

1-1,0M HC1; 2-0,5HC1l; 3=-0,3M HC1 extraction process when the degree

of substance distribution has not
been taken into account. The carried out theoretical and experimental
researches of substance distribution in the process of extractiom
chromatography and the obtained general mathematical description of
these processes made it possible to determine some principal regula~-
rities of change of the height equivalent to theoretical stage (H) of
column on separate stege of the process, and also the influence of
HDEHP concentration in stationary phase (Fig.6), the rate of passing
of mobile phase through the column with different hydrogen ions con-
centration (Pig.7), which strongly differ from those obtained previ-
ously by more complete and reliable description of processes occuring
in chromatogrephy column,

(11)

In Pig.5 frontal curves of 141Ce

1°10%, arb.unite

H,mm,
H,mn 720
6 10
4
Y ml
50 100% HDEHP 0,4 0,8 Lav,mroame

Fig.6.Dependence of high,equivalent Fig.7.Dependence of high,equiva-

theoretical stage on HDEHP concent- 1lent theoretical stage on rate

ration o2741ce elution with 0,3M HC1(o);
0,2M HC1l(x)3;0,15M HCl(e)solution

Thus, The proposed correct mathematical description of extraction
chromatographic processes gives possibility to predict conditions for
substraction and extraction of microelements from complex solutions.
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THE LINEAR RULE OF METAL EXTRACTION * | 5-13

Han Li, Yushuang Wang, Zhichun Chen, Shulan Meng, Changchun
Institute of Applied Chemistry, Academia Sinica, Changchun, China

Since mono(2-ethyl-~hexyl)2-ethyl-hexyl phosphonate (HEH(EHP)),Di(2-
ethyl-hexyl) phosphonic acid (D2EHPA) and naphthenic acid (HA) have
been effective extractants and applied in industpy for the separation
of rare earths and non-rare earths,it is of more significance to study
the character of extraction of these elements systematically and to
search the rule of them.

We have done experiments for the extraction of fifteen individual
rare earths La-Lu (except Pm) and Y with HEH(EHP)~Kerosene-HCl(1]),with
HEH(EHP)-kerosene-HNOB[2],and for the extraction of Nd,Sm individual
rare earths with Naphthenic acid-n-Heptane -HC1(3]. A linear rule for
the metal extraction over a definite range of acidity and metal ion co-
ncentration is found. That is the relations between the inverse distri-
bution ratio (1/D) and equilibrium metal ion concentration (Ca) in the
aqueous phase form a group of excellent straight lines at various ini-
tial acidity as

1/D = a + bCa
coefficients a and b are functions of initial acidity (H) and their va-
lues were calculated by least square method, as a=a(H),b=b(H), Thus,
over a definite range of acidity and metal ion concentration,the equi-
librium parameters can be calculated easily for the given H and initi-
al metal ion concentration,without doing experiments. As an example,
we studid non-rare earths Cu',co®’,Ni%* of HEH(EHP)-NH.H 0-Kerosene-
HCL~-(Cu,Co,Ni) system. Experimental results show that the linear rule
is also satisfied in a definite range of acidity and metal ion concen-
tration. It is considered that the linear rule is generally suited for
individual rare earths and non~ rare earths.

1. The linear rule of the extraction of non-rare earths Cu2+, CoZ+lN12:
HEH(EHP)-NHB.HZO-Kerosene-HCl-(Cu,Co,Ni)
Condition of extraction:
(HEH(EHP) )=1.0M, ammoniaty=35.5%, phase ratio=1:1, temperature=25%1T

The coefficients a,b and mean relative error(re%) are as follows

(N cust cost NiZt

a b re(%) a b re(%®) a b re(%)
0.01 [ 0.0375(4.6025]1.34
0.05 0.,0546]5.5848 [0.82 |0.0895 [6.603213,25

0.10 |0.0493(6.0151 156 |0.0910]|6.4897 |2.90 |0.1326 |7.7678]|2.90
0.15 10.05396.9417 2,18 ]0,0830|7.9719 |0.82 |0,1997 |9,4803(0.87
0.20 [0.08278.756210.93 |041453]9.6362 |2.61
0.24 |0.1216|11,067|3.56 |0.2238]13.450 |3.53 [0.3577/172.019[1.87
0.29 0.3403|22.768 |6.08
* The Project Supported by National Natural Science Foundation of China,
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(cu2*): 0.05 - 0.25M, [co?*]:0.05 -0.25M, [Niz’]= 0.05 - 0.25M
2. Relations between the coefficients of the linear rule and initial

acidity (H).
HEH(EHP)-Nﬂsmﬂzo-xnnoaene-ﬂcl-(CnyCO,Ni) systenm
1/D a(H) b(H)
Cu 0.0318e4-8999H bo2456e>° 7 183H
Co 0.032007+8619H 2521 6l4+ 4503H
N1 0.0634+2.41120 129210 | 035045.0326H
Hpy:0+01 = 0.24N, o :0.05 = 0.25M; Hp :0.05 = 029N, Cp, 10405 - 0.25M;

Hig;:0405 = 0s2U4N, Cgy:0.05 - 0.25M
HEH(EHP)-Keroaene-nno:,,-RE(Noj)5 system RE:La-Lu and Y

1/D a(H) b(H)

La -140.679¢l! - 6643H (0.01469-0.1098H) !
ce -0.3+0.5578¢ '3+68H 28.0+2,880e24+971H
Pr 3.074950° 4169 20.015¢5+1385H

Nd 0.1761+153.852°04 21.63+56.950-248.. 6H°
sa 0.1248¢ '2-6968H 141426+ 55, 2985H

Eu 0.1161e9-1117H 12.2163+26.9235H

Gd 0.117¢7+396H 11.8e! 7718

™ 0.05657¢7 778 9.541¢0+8594H

Dy 0.3333e "+ 4387H (0.00915+0.07075H)~ 'H
Ho 1.132987 2464 2.1955¢0+ 4621H

Er 0. 5030823097 7.5228+4.6297H

™ O.219te2'5703ﬂ 9.79“990.2377H

i 0.0287e - 518 730860+ 1 148

Lu 0.03035¢ '+ 12098 (0.04462+0.09728H" ' )H
Y (0.07475¢2+3°'28_0,07118) 8.2212+4.0102H

H:0.10 -l-Ol, 01:0005 - 0030 M
Ci:initial metal ion corcentration

HEH(EHP)-Keroseme- HCl- 32013 system RE:La- Lu and Y

1/D “alH) b(H)
La o.69b9n‘""6B 0.01757 -0.1581H
Ce (1.1717-10.7138)" (0.03735-0,2213H)""



Nd -7.3556+99. 22H+102.04H° -52.71+1061.3H-971. 8412

d 0.1377¢9+ 7538 15. 5562+ 955H

Eu 0.0718¢'0-942H 13.641+42.793H

6d 0.07187-1.7061H+20. 11H2 12.308¢ ' -8669H

™ 0.057165+ 5708H 9.4776¢ " +6618H

Dy 0.284-2. 3066H+5. 556302 8.98460 83520

Ho 0.2925-1.99%0H+3.914702  6.7244+13.799H

Er 115710+ 4926 (0.1301-0.05465H)""

Ta -0.1176+0.1336H+0.6954H°  (0.1352-0.0289H) "

() 0.30658" + 905 (0.157-0.03238)""

Lu 0.195782+0053 (0.1534-0.0282H)""

Y 0.1184-0,421H+1.78468> (0.1349-0.0535H) "
Hy, 1074 0.08N, Hg,:0.01 - 0.07N, Hy :0.01 - 0.10N, Hy,:0.10 - O.5ON,

HS-:O.IO - 0.30N, Hp,:0.01 ~ 0.30N, HGd:O.IO - 0.70N, HTb:O.lo - 0.70N,

H, :0,10 - 1.00N, HHO:O.IO - 1.25N, HEr:O{IO - 2.00N, HTB:O'50 - 2.50N,

Dy
HYb:O.EO - 3.00N, HLu:O.SO - 3.00N, HY

D2EHPA-n-Heptane-HCl-(Sm,Eu, Gd)c13_systen(3]

:0.10 -2.00N

1/D a(H) (H)
Sm 0.02089e'++0836H 3.9021¢ +6087H
Eu 0.0257¢3+0263H 3.9499¢ 1+ 14178
6d 0.0006402¢"4* 1528 1y, 792260+ 6950H

HS.:O.h - 1,0N, CS.:O.OS - 1.0M; HEu:O.S - 1.0N, CEu:0.05 - 1.0M;
HGd:O.5 - 1.1N, CGd:O.05 - 1.0M
HEH(EHP)-n-Heptane-HCl-(Nd,s.)Cl3 system

1/D a(H) b(H)
Nd 0.1740e '8+ 1558 25. 3818+ 64998
Sm O.11 13810'62“3 ”..2539309‘0705

Hyq:0401 - 0.25N, Cyy:0.02 - 0.30M; Hg :0.01 - 0.25N, Cg :0.02 - 0.30M

S
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THE STUDY OF EFFECTIVE SEPARATION COEFFICIENTS IN THE
EXTRACTION SEPARATION PROCESSES FOR THREE RARE EARTH SYSTEMS®

Weixing Zhang, Han Li, Changchun Institute of Applied Chemistry,
Academia Sinica, Changchun, China

Owing to the similar chemical properties of rare earths, they are
often found together in natural ores. This results that most separation
processes of rare earths are multi-component systems. In order to
design the separation process properly or to realize optimization of
the process, the thorough study on effective separation coefficients
of rare earths is very important. Literature ([1,2] reported that, in
multi-component systems of rare earths, the effective separation coef-
ficients vary with rare earth compositions. In our work, the effective
separation coefficients for three component systems of rare earths in
stages have been studied. And the methods which involve the use of
effective separation coefficients to determine the extreme values of
parameters for a separation process have been proposed.

1. Relations of the effective separation coefficients with rare earth
compositions
For a three component system of rare earths, such as A, B, C (A is
hard extractable component, C is easily extractable component and B is
the middle component), according to the adjacent separation coeffi-
cients ef and é , the relations of effective separation coefficients
@is and P:“ with rare earth compositions have been derived.

8
YC/XC 8 ¢ XA/XB+1 . B.YA/YB+1

C
brs™ (Yae1B)/ (xaexD) [ b XA/XB+ps e YA/YB+1 ()

pre  (YB+YC)/(XB+XC) _s.c YC/YB+1 o €5XC/XB+1
2 ;

A YA/XY =6 Yo/veeg ~ & Txo/xmer (2)

Xi,Yi ~ concentrations of component i in aqueous and organic phases.

2. Relations of Brve in stages with composition of feed, reextraction

ratio and purity of aqueous product

For the separation process of (A,B) and C (Fig.1) in which the
extraction ratio of total rare earths is constant, the effective sepa-
ration coefficient fs,ein stages has been calculated with the change of
feed composition, reextraction ratio and purity of aqueous product
(Fig.2-4). During calculation, the values of ﬁf and 6§ are designated
as 3 and 5 respectively.

3. The minimum value of Q;@

From Fig.2-4, it is observed that @igreaches a minimum value (rep-
resented by FF) in all of the conditions discussed. By the use of
linear regression method, we found that, when C1 is very small, i.e.
(A,B) and C are well separated, P‘ is in good linear relation with
BM (=J8/(Js+1)) and 1n(fA/£B).
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| Fa(#A,18,10)

Extractant C (AN, BNCN)
A,B q' ] JNFL lN Scrubbing
(A1,81,€1) Exvraction Serubbing solution

Fig.1. Counter current extraction separation process of (A,B) and C
N,NF - total stage number and feeding stage number

fA,fB,fC - molar fractions of A, B, C in aqueous feed Fa

A1,B1,C1 - molar percentages of A, B, C in aqueous product
AN,BN,CN - molar percentages of A, B, C in organic product

15
<

Pue
13

9
7 -
a <+
S ; A 4. A é & ’n A s'-:J SN
Fig.3. The influence of Js on Bl,:
Fig.2. The influence of fA/fB fA/£B=7/3; C1=0.0001%;
on ﬁA‘,,: SN - stage number; 1 - Js=0,3, 2 - J8=0.5, 3 - Js=1.0,
Js (reextraction ratio)=1.0; 4 - J8=2.0 (N=14, NF=8, £C=0.5)
C1=0.0001%; 1 - fA/fB=7/3,
2 - £A/fB=9/1, 3 - fA/fB=19/1, tof
4 - £A/£B=99/1 Bl

9
”»
B,1=k1+kpEM+k31n(fA/fB) (3)
EM - extraction ratio of total
rare earths in extraction

gsection

kqi,k2,kz - model parameters )
For example, when the 2 * G 9 12 2 8N
values of @ and € are 3 and

Fig.4. The influence of Ct on gf .

5 respectively, the result is Je=1.0; fA/£B=7/3; 1 - C1=0,00001%,
as follows 2 - C1=0.01%, 3 - C1=1%
(i1 =8.54635-4 .85652EM+1.286691n( £A/£B). (4)

The relative errors of E;'to @" are less than 1% in the ranges of
EM=0.23-0.66, fA/fB=7/3-99/1, C1=0.00001%-0.01%.
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4. The minimum value of @:ﬁin the separation process of A and (B,C)
By the use of similar method given above, it has been found that
?:«reaches a minimum value (represented by @) in stages of scrubbing
section for the separation process of A and (B,C), and @"13 in good

linear relation with EM' and 1n(fC/fB).

7
1 =kq '+k2 "EM'+k3'1n(£C/£B) (5)
EM' - extraction ratio of total rare earths in scrubbing section

k1',k2',k3' - model parameters
8
For instance, when the values of fa and @§ are 2.2 and 1.6 respec-
tively, we obtained

Q:;=1.76112+o.531203EM'+0.2374351n(fc/fB) (6)

5. Determination of the extreme values of EM and EM' for the separation

processes of three component systems of rare earths

For the separation process of two component systems of rare earths,
the extreme values of EM and EM' were reported in literature (3],
Similarily, for the separation process of (A,B) and C, EM must have
the extreme value discribed in formula (7)

1> EM > (EM)min=£C+(£A+£B) /0en &)
By combining (3) and (7), formula (8) is obtained.

ELIEM=(EM)min =(a+ J a*+p)/2 (8)

a=kq+kpfC+k31n(fA/fB), b=4ky(fA+LB)

with formulas (7) and (8), (EM)pin can be easily determined.
For the separation process of A and (B,C), similar result was
obtained.

6. Conclutions

1. @&breaches a minimum value ?‘ in the separation process of (A,B)
and C. gh*
and (B,C).

2k @*is inversely proportional to EM, Fﬁj directly proportional
to EM',

3. The minimum values of the effective separation coefficients can
be used to determine the extreme values of total extraction ratio for

reaches a minimum value P"in the separation process of A

the separation processes of three component systems of rare earths.
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MATHEMATICAL MODELLING OF LIQUID-LIQUID EQUILIBRIA FOR 5-15
PRACTICAL PURPOSES IN HYDROMETALLURGY

I.0rtiz and A.Irabien, Departamento de Quimica Técnica. Facultad de
Ciencias, Universidad del Pais Vasco. Apdo 644, 48080 Bilbao,

Spain

A great deal of effort has been directed to the experimental evalu-
ation of equilibrium constants for liquid-liquid extraction of metals
but the complex nature of hydrometallurgical solutions makes very dif-
ficult the application of previous results to the industrial processes,

Three main kinds of molecules play an important role in liquid-1li-
quid extraction,

1. Water, due to the dissociation properties of electrolytes relat-
ed to the pH value.

2, Electrolytes because usually hydrometallurgical solutions con-
tain a complex mixture of salts.

3., Organic molecules which are the second liquid phase containing
in some cases complexing agents,

Equilibrium constants are usually based on the species concentra-
tion in the system and results depend obviously of the medium compo-
sition because activities are not usualy taken into account in the eva-
luation of equilibrium constants.

A general procedure has been developed for the evaluation of acti-
vities in complex systems containing D2EHPA as complexing agent. The
influence of pH, electrolytes and the organic solvent can be taken
into account in the general method.

Computer techniques for the solution of non-linear algebraic equa-
tions allow a numerical solution of the evaluation procedure using ac-
tivities instead concentrations.

A detailed description of the system zinc-D2EHPA will be given,
where the influence of pH, electrolytes and organic compounds can be
taken into account,

These results allow a better understanding and evaluation of the
complex chemistry involved in liquid-liquid extraction of metals for
useful purposes, where the main factors affecting the result of the
separation can be introduced in the equipment performance.
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ONE PILM THEORY - A NEW APPROACH TO LIQUID-LIQUID
EXTRACTION
Rong-Jiang Cao, General Research Institute for Non-Perrous

Metals, Beijing, China

Many 1iquid-liquid extraction reagents used in hydrometallurgy
have been considered as surface active ones. Their operations in in-
dustry have.usually been controlled under the hydraulic conditions
which minimize the diffusion resistance of reactants and products in
the bulk phases, and yield sufficient transfer of the value compo-
nents from aqueous to organic phase. Based on these two facts, very
recently, there seems to be a trend of considerations that the reac-
tions of liquid-liquid extraction occur at their interface or near
the interface in aqueous bulk and function as the rate controlling
step /1-47, even though the complication of interfacial reaction and
the limitation of physicochemical information from the interface as
well as the difficulty in relating interfacial information to bulk
concentrations and bulk reaction rates have made a few other kinds of
considerations exist.

At present, almost all of the rates of liquid-liquid extractions,
if, superficially, from interfaciasl concentrations, were deduced with
the arbitrary assumption of Ci i= Ci p» for example, CH+ 1= Cy+,8,b;
CZn2+ {’Czn *,a,b) Chpzei = cHDZ’ o,b ‘atc L27 » where C; means the
concontration of component i; subscript i means interface; o, organic;
a, aqueous; and b, bulk; since we still can not determine the inter-
facial concentrations directly now, Therefore, although all of the
models developed previously by Hughes (57, two layer diffusion and
aqueous reaction layer modely by Yu /&7, two layer adsorption model;
and by Danesi /37, diffusion layer and reaction zone model, could ex-
plain some results of liquid-liquid extraction, none could deal with
the real processes similarly.

Chemical kinetics of solvent extraction is a kind of phenomenal
kinetics. Two layer diffusion model is a work hypothesis. And the
theoritical treatment of the surface tension is a thermodynamic treat-
ment. Therefore, before direct information can be taken from the in-
terfacial reaction zone, there is no need of us to get into the diffi-
culty of considering the characters of interface in detail.

If we follow Guggenheim's definition that the interface is a thin
layer of the order of 1076-10"Tcm 1n thickness, and its physical pro-
perties vary continueously from those of one bulk to those of the
other /17, and enlarge the thickness of interface to 10'4cm then the
hydraulic film will be tenable, we can assume further that the extrac-
tion reactions take place within this film as a whole and there is no
need of dividing the interface into organic and aqueous films. These
are the basic considerations and tlsfeatures of one film theory.

The reasons of the proposition of one film theory and its advanta-
ges are as follows: 314



1. According to Yu /&7, for the concentration of H+, especially of
metal ions, has a strong effect on the surface tension, therefore,

the surface tension is a property of the interfacial zone.

2. The phase transfer catalysis of TRPO or primary amine in stripping
Pe3* occurs in organic phase near the interface or near the bulk of
organic phase &J.

3. Because of no restriction on the dissociation of the extractant
from the solvent, there is no need of explaining the different effects
of diluent on the kinetics.

4., There is no need of paying attention to the ligand substitution of
H20 inside the coordination sphere of metal ions /97.

5. The bulk concentrations of reactants and products can be used for
kinetic treatments directly.

6. The film adjacent to aqueous bulk is extensible from 107 to 107%m
to accommodate the location of the extraction reaction by adjusting
the concentrating of A+ and metal ions.

Experimentally, a ZnSO4-H2504-EHEHPA-C12H26 system was selected.
The surface tensions with different oontents of Zn2+, HZAZ and HY in
aqueous and organic phases were measured. The extraction of an* was
studied in an improved Louis cell with strong agitations from 600-
800 r.p.m., and it has been proved that the hydraulic film can not be
thinned any more by enhancing the agitation further. By decreasing
the mixing of organic and aqueous bulk separately, it has been found
that the diffusions in aqueous phase had much stronger influences on
the extraction rates than that in organic phase. Under sufficient mi-
xing of the two phases, the rate of the extraction could be expressed
as: T = k[Zn2+]-[HA] / EH*1,
which had the same form as that by Preisers /10/. When the agitation
of the aqueous phase was under 500 r.p.m., a linear relationship has
been obtained between the rate of extraction and the speed of agitati-
on, the diffusion process in the film or in the bulks can be checked
by the thickness of the hydraulic film.

The further study on the proposed one film theory is underway in
our laboratory now.
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THE PREDICTION OF BULK LIQUID-LIQUID DISENGAGEMENT IN DEEP-BAND SBTTLBRSE

P.D. Martin, D.J. Steptoe and C.L. Stockwell
UKAEA, Harwell Laboratory, Oxfordshire, UK

The prediction of the performance of gravity liquid-liquid settlers (decanters),
in terms of the throughput available per unit area as a function of dispersion band
thickness, is _of continuing interest in the design of extraction equipment. Because
it is not possible in general to predict performance from system physical property
data alone, a number of workers have attempted to do so from batch coalescence data.
One rece?tnuethod of quantifying batch data has been described by Jeelani and
Hartland , and featured two physically significant coalescence parameters and
s. These parameters were used in a predictive model for continuous flow settler
performance which also included a further geometric constant B.

Here we report the completion of a comprehensive series of pilot-scale matched
batch and continuous flow coalescence experiments using liquid-liquid systems of
widely varying coalescence properties. A theoretical comparison of batch and
continuous coalescence uses the Jeelani/Hartland parameters in a realistic new model
for the sedimenting zone of a deep gravity settler.

Nature of Theoretical Model The
theoretical model is hased on an analysis
of drop sedimentation and coalescence in
Continuous the sedimenting zone of a vertical
phase out gravity settler. From a batch
/ \ (differential) coalescence test are
derived parameters Kg and 8: parameter
K‘ is a measure of the rate of drop
growth from the drop feed size by
interdrop coalescence, while 8 determines
g_g:gterflow the modifying effect on coalescence rate
of increasing drop size. The coalescence
parameters, once obtained, must be
incorporated in a physically realistic,
but not unnecessarily complicated, model
of the behaviour of a continuous settler.
The counterflow model used in the present
work 18 1illustrated in Figure 1, for
heavy phase dispersed. It 1s assumed
that mixed phase feed is introduced near
Dispersed the coalescing interface and that the
phase out deep band of dispersion 1is divided into
E—— two distinct zones. In the 'Entrained

Qd Flow Zone', dispersed phase drops are
sufficiently emall to be carried upward
by the flow of continuous phase, but grow

by coaleecence to reach a critical size
FIGURE 1. DEEP DISPERSION COUNTERFLOW above which counterflow. sets in; in the
T MODEL 'Counterflow Zone' growing drops sediment
downwards towards the coalescing

o

Bntrained|
flow zone

Peed in

Qc"nd

interface. Expressions can he obtained for the volume of the entrained flow zone
and the height of the counterflow zone, and the net height of the dispersion
described by an equation of the form:
H= — (K, H4+ K — 1
= 2 2 RA] (¢

which can be solved by iteration.

Experimental The experimental equipment was designed so as to permit the
measurement of batch or continuous flow coalescence for dispersion bands up to 1 m
deep in the same apparatus. The mixer-settler and its flow circuit is shown in
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Figure 2. The mixing vessel consisted of a tall pyrex glass cylinder of 0.15 m
internal diameter agitated by multiple ‘'Rushton' turbines on a common shaft. The
mixing vessel communicated with a tall glass settling vessel of 0.15 or 0.225 m 1.d.
via one of two mixed phase ports. Separated 1light phase was removed from the
settler via an upper weir and heavy phase via a lower port and adjustable weir, for
interface level control. Aqueous and organic phase feed pumps, flowmeters and
storage tanks completed the flow circuit. The mixer vessel could be fed either at
its upper or lower end, so by opening the lower or upper mixed phase ports, a
counterflow bed of aqueous-in-organic(A/0) or organic-in-aqueous(0/A) dispersion
could be studied.

_fm%z, EXPERIMENTAL EQUIPMENT. 1 - Organic feed tank; 2 = Aqueous
eed fank; 3 - Mixer/Bateh Settler Vessel; 4 - Continuous
SettlerVessel; 5 - Inteface control wo:l.r;é - Organic receiver
tank; 7 - Aqueous receiver tank

The experimental procedure involved the establishment of a series of steady-state
flow conditions for each of which the phase flow rates and dispersion band depth
were measured; from these measurements plots were made of the dispersion band depth
H as a function of the coalescing velocity Qd/A. Measurements of batch coalescence
were made by shutting off phase flows and stopping the agitator; the positions of
the upper and lover interfaces of the collapsing dispersion band in the mixer were
recorded as a function of time, and the data used to derive parameters Ks and 8.

Experiments were performed principally at a flow ratio R of unity, though with a
limited number of runs at a flow ratio of 1:2. The experimental tests involved
three different solvent/aqueous pairs, as indicated in the table, with both aqueous
and organic phases dispersed. These systems gave & very wide range of interfacial
tensions and viscosities, and hence very different coalescence properties.

LIQUID-LIQUID PAIRS USED IN EXPERIMENTS

Aqueous Interfacial Density Organic
Organic Phase Phase Tension Difference |Phase Viscosity
(N.m™ 1) (kg-m~3) (N.s.m™2)
Butan-l1-ol 0.01 M HNO,| 0.00159 142.1 3.10 E-3
10X v/v Acorga P5100j0.01 M HNO 5/  0.01950 183.6 1.99 -3
in Escaid 100
Cumene 0.01 M HNO,| 0.03812 140.7 7.50 E74
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Results Within the range of
solvent/aqueous dispersed systems studied,
at a constant mixer agitator speed, widely
varying values of the parameters K, and s
were found. Parameters also varied widely
for each individual system, but 1in a
predictable fashion, as Figure 3
indicates. The effects of the two
parameters being to some extent
compensatory, similar <coalescence
behaviour could be reasonably well fitted
by any combination of K, and s lying along
the appropriate curve.

| S

|

For each set of experiments, theoretical
- predictions from the batch data, of the
| 4 form of equation(l), were made. These were
plotted for comparison with the continuous
L 1 flow data, as shown in Figures 4 and 5. 1In
] Figure 4 it 1s seen that the results of
several sets of batch tests give similar,
R ST st g g sadil . but not 1identical, curves which taken
. oo ' y o " together give a reasonably good prediction
] of the experimental continuous flow data.

Curves 1 and 2 arise from higher values of
FIGURE 3, EXPERIMENTALLY DETERMINED Kg, and lower values of 8, than do curves 3

COALESCENCE PARAMETERS FOR VARIOUS and 4. Pigure 5 is a further example, in
SYSTEMS which excellent predictions are obtained in
experiments at flow ratio 1:2.

—TT
A 5
1.0} Experimental
data

| o.s | 4 Experimental
data

H(m}

0.4

° et i "

2
Qd/A (mm/4)

Qd/A (mm/e)

FIGURE 4, EXAMPLE OF PREDICTED AND FIGURE 5,EXAMPLE OF PREDICTED AND
EXPERIMENTAL CONTINUOUS FLOW DATA; A EXPERIMENTAL CONTINUOUS FLOW DATA; B
FLOW RATIO 1:1 FLOW RATIO 1:2

A similar degree of agreement was obtained for each of the solvent/aqueous
systems 1investigated 1in the 0.225 m diameter continuous flow settler. In the
narrower, 0.15 m settler, however, it was found that dispersion band heights were
overpredicted, to widely varying degrees. Because the degree of overprediction was
greater for aqueous-dispersed than for organic-dispersed systems, this was thought
to be due to the enhanced coalescence by wall wetting in the narrower settler.

Conclusions
(1) A body of comparative data larger and more consistent than reported

previously has been acquired for the batch and continuous performance of
the deep-band gravity settler. Liquid-liquid systems tested haved included
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both organic-dispersed and aqueous-dispersed with 1interfacial tensions
varying from 1.59 mN m~! to 38.1 nN m L.

(11) The coalescence parameters described by Jeelani and Hartland have been
measured in a deep batch mixer-settler and used in a new two-zone
theoretical model for counterflow-operated settlers correctly to predict
continuous flow data for a settler of 0.225 m diameter.

(i11) Continuous flow data in a narrower settler were not uniformly well
predicted using the measured parameters. This 18 thought to be due to
enhanced wall wetting and preferential coalescence in this case.

(iv) It was found that for flow ratios near to, or greater than unity it can be
assumed for predictive purposes that the dispersed phase fractional hold-up
in the continuous settler equals the mixer mean hold-up. For lower flow
ratios this assumption i8, at worse, conservative.

(v) The success of the predictive model indicates that it 1is not normally
necessary also to model the close-packed zone in a deep-band settler.

(vi) It has been shown that batch disengagement data obtained in a settler of
0.15 m diameter can be used to predict the performance of continuous flow
vertical settlers of 0.225 m and by inference larger diameters.

Nomenclature

- Horizontal area of settler.
-Depth of dispersion band.
-Coalescence parameter.

12K p-Constants.

Qd =Volume flowrate of dispersed phase,

R -Flow ratio, dispersed to continuous phase.

8 ~Coalescence parameter.

<] ~Geometric parameter of Jeelani and Hartland.
€ -Dispersed phase hold-up

Reference

1. JEELANI SAK, HARTLAND S.//Preprints ISEC '86, III, 453 (1986),

319



THE PERFORMANCE OF A PILOT-SCALE SIEVE W
PLATE COLUMN(SPC) 5-1

1.0. OLOIDI*, C.L.MUMFORD*, M.P.WILSON* AND L.XIAOJUN*

*Department of Chemical Engineering, Teesside Polytechnic,Middlesbrough, Cleveland TSI 3BA,U.K
* Department of Chemical Engineering, Aston University, Aston Triangle, Birmingham B4 7ET, UK
”Shanghai Chemical Industry, Design Institute, Shanghai, China

INTRODUCTION. The sieve plate column (SPC) is a gravity-operated extraction column which
contains a number of compartments formed by a series of equispaced horizontal sieve plates with
downcomers. It is strictly a hybrid extractor since, although contacting is stagewise ie involving
intermittent coalescence and redispersion, contacting within each stage is differential-continuous
with some crossflow of the continuous phase.

As with the majority of gravity operated columns, full-scale sieve plate columns do not
exhibit similar performance characteristics to laboratory-scale columns,<150mm, for which most
data are available. On the industrial scale the flow characteristics differ because of the greater
interplate distances, which may permit drops to recirculate, thus departing from the plug flow
characteristics observed in small columns, and because of the different magnitude of 'wall
effects’.

The SPC has attracted increased attention recently [1,2] due to its low energy consumption
and because when properly designed reasonably high efficiencies may be achieved. Two major
comparisions of the SPC with other extractors have been made, firstly with the RDC, using the
test system Clairsol-350 (d) - acetone(s) - water [3], and secondly with.a mixer-settler for
uranium extraction.[2] The SPC was shown to be at least as efficient in most cases. The SPC is
also simple and cheap to construct and requires a small solvent inventory.

DESIGN , The design of a SPC from basic principles requires knowledge ot at least the,
. Range of flooding velocities

. Mean drop size or drop size distribution

. Dispersed phase hold-up

. Flocculation/Coalescence height (static hold-up) beneath each plate

wn bW N~

. Dispersed phase film coefficient, k 4 based upon mean drop size or drop size distribution

6. Continuous phase film coefficient, k. based upon mean drop size or drop size distribution

Evidently 2 to 6 depend on the operating conditions.
Empirical correlations or models may be used for the estimation of 1to 6 above and to cross
check with pilot-scale data. However each of the above variables depends upon,
System physical properties
Design and arrangement of sieve plates
The directicn of solute transfer
The phase ratio, and
Which phase is dispersed
The following have been found to be desirable features in an SPC design [3-6];
a. Provision for reasonably-homogeneous, distribution of each phase across any
cross-section. This requires the maximum number of holes to be:functional in
the dispersed phase distributor and in each plate.

320



b. Generation of a large interfacial area per unit volume i.e 0.164m?/m>
The maximum height of the flocculation layer beneath each sieve plate must be less
than the downcomer length.

d. Operation should be within the jetting regime ie with a nozzle velocity above the
minimum jetting velocity [6], to ensure a minimum head of coalesced layer under
any plate and the majority of holes are functional.

€ Any number of plates can be used provided the continuous phase inlet is
opposite the downcomer on the next plate, and the outlet is preferably
positioned to allow cross-flow over the inlet distributor.

f. Avoidance of erratic operation, which restricts phase flowrates to 50-70%. of
those at flooding.

g. The plate material and column walls should be preferentially-wetted by the
continuous phase.

h. The sieve plates should be as flat as practicable when inserted into the column.
Any cross-stubs inserted into larger columns to achieve this should be of similar:
material to the plates, to avoid the creation of high and low surface energy
junctions which could promote coalescence [7] and lead to a distortion in the
flocculation zone height .

i Provision of man, or hand, holes between successive pairs of plates for cleaning and
maintenance.

j. Initial dispersion via a correctly-designed distributor [6] in which the holes may
be drilled and punched to provide sharp-edged orifices.

EXPERIMENTAL INVESTIGATION, The dimensions of the 2.3m high industrial glass SPC,
with variable stainless steel internals, used in this study were: column diameter 45cm, plate holg«
size 1.59, 3.18, 4.76 or 6.35mm, plate spacing 20 to 38cm, and 4 to 6 compartments depending
on the plate spacing. The two phase systems employed were Clairsol-350/deionised water and
xylene/deionised water. Acetone constituted the solute in mass transfer studies [S}. System
physical properties are given in Table 1.,

Table 1. System physical properties

Clairsol-350 Xylene Deionised water
Density; kg/fm3 783 867 998.2
Viscosity, kg/ms 0.0018 0.0061 0.0011
Interfacial tension, mN/m 35:5 26.1 =

Clairsol-350 or xylene always comprised the dispersed phase . This phase was introduced
via a bottom distributor and 'the flowrate set to a value below the flooding velocity. The
continuous phase was introdiced at the top, and the interface maintained at a constant level by
careful control of the outlet continuous phase flow.

Drop sizes were measured photographically [3-6). Average hold-ups were measured by the
rapid shut-off method [3-6]. Data for the system Clairsol-350 - acetone - water have been
reported elsewhere [5,6] Further results obtained with the system xylene/deionised water are
given in Table 2
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RESULTS. The correlations of design parameters obtained earlier [4] derived using literature

data and the results obtained with the system Clairsol-350/deionised water have been improved

upon [6]. These correlations were tested with the results obtained with xylene/deionised water.
The design correlations are;

Dispersed phase hold-up,x

Ap 015 y 4 -0.02 Unzpcdn 10.77 Un2‘-0.27

x=366x102 [——] (—1 I 1 =] (1)
Pc Ue 9 dng
Equation 1 correlates the results with an average error of £ 9%.
Flocculation/Coalescence height, hg
h U 2p 045 gy Zp 0.14 2p, dnz -0.83
P ssxios(nretn ) Yot T 8P
d, G c o
Ap 2.64 udz 028
— ] ©)
Pc Pcdns
ﬁutﬁon 2 correlates the results with an average error of £ 10%.
ean drop size (jetting regime)
d U 2 019 7.‘ 0.34 U 0.19
i DY -oo LP I e e LI R B ()
d, c o U
Equation 3 correlates the results with an unsually accurate average errar of $0.54%.
Mean drop size (non-jetting regime)
pd U 2 001 ppg g 044
e P e . ] 4)

c (]

Equation 4 correlates the results with an average error of £0.58%. The calculated data using
the above equations 1-4 for the system xylene/deionised water are given in Table 2.

Table 2, Experimental Resuls xylene(dispersed) - deionised water(continuous)

Run U, | Ugs | Upo| x%, [ x%, h.,J by | 4o, | oa,
No |cm/s| cmvs| cm/s| Exp | Cal | Exp| Cal | Exp | Cal
1 0.30| O.11| 1.55| 1.88| 2.44| 15| 1.30| 0.42| 0.92
2 0.30| 0.22| 3.10| 2.64]| 499| 15| 2.50| 0.54 | 1.05
3 0.30| 0.25| 3.50| 3.07| 5.64| 1.5| 2.80| 0.61 | 1.07
4 030 0.29| 408| 4.26| 6.57| 1.7]| 3.22| 0.64| 1.10
5 0.30|] 0.33| 464| 5.14]| 7.48| 2.0| 3.62| 0.69| 1.13
6 041) 0.11| 155| 2.24| 2.44| 1.8| 1.47| 044 | 0.97
7 041| 022 3.10| 3.69| 499| 18] 2.70| 0.59| 1.11
8 041) 0.25| 3.50| 4.26| 5.64| 20| 3.00| 060 | 1.14
9 041| 029 | 408| 5.17| 6.57| 25| 3.50| 0.65| 1.16
10 {041| 033]| 464| 629 7.48| 2.8| 3.90| 0.66| 1.20
11 1041] 041 ]| 577] 6.84] 9.29| 3.0| 480 064 ]| 125
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CONCLUSIONS  Calculated values using correlations for hold-up, mean drop size and
coalescence height, Equations 1-4 were somewhat greater than the experimental results for the
system xylene/deionised water. However the h, values would be acceptable for design purposes
and the higher d,; and x values would self-compensate in the prediction of A. The study is
continuing to include other systems and improve the correlations.

Operation just below the flooding point is the best operating condition and ensures operation
of the majority of the plate holes.

Dispersed phase recirculation was completely eliminated at a plate spacing of 20cm. This
contributed to an increase in mass transfer efficiency achicvable as the plate spacing was reduced
from 34 to 20cm. In using respective published single drop correlations to calculate the
thoeretical overall mass transfer coefficients, best agreement with those determined
experimentally was obiained with the combination of the dispersed phase film coefficient from
Kronig-Brink(circulating) and Angelo-Lightfoot(oscillating) and continuous phase film
coefficient from Garner-Foord-Tayeban (circulating) and Angelo-Lightfoot (oscillating) [$,6]

The data presented, together with a procedure given elsewhere [6], provide an improve basis
for SPC design within the limits of physical properties covered.ie p. 995.6 - 1582.6 kg/m3; Pd
781.4 -997.7 kg/m3; K 0.0008067 - 0.00136 kg/ms; pug 0.000657 - 0.0037 kg/ms; ¢ 4.90 -
35.5 mN/m; Ap 110 - 584.9 kg/m3.

NOMENCLATURE
d;; ~ Sauter mean drop diameter,cm,
d, - Plae hole diameter,cm.
8 - Acceleration due to gravity,cm/m?,
h, - Coalescence/flocculation height, cm,
U - Phase supcerficial velocity,cms.
x - Dispersed phase hold-up ,
p - Density,gm/cm®:
U - Viscosity,gm/cms,
G - Interfacial tension,mn/m.

Subscripts
¢ - Continuous phase

d - Dispersed phase
n - nozzie
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A COMPARISION BETWEEN THE PERFORMANCE OF
PILOT SCALE UNAGITATED (SPC) AND ROTARY
AGITATED (RDC) EXTRACTION COLUMNS

1.0. OLOIDI*, C.JMUMFORD* AND M.P.WILSON*

“¥Depaument of Chemical Engineering, Tessside Polytechnic, Middlesbrough, Cleveland TSI 3BA,U K
"¢ Department of Chemical Enginearing, Aston University, Aston Triangle, Birmingham B4 TET, UK

INTRODUCTION . The performance of different extraction columns, characterised by the
operating range and separation efficiency, can strictly only be compared if the column diameter

-and test system are the same [1]. However few investigations have generated comparative data
for different extractors, especially mass transfer efficiencies of pilot scale equipment. The
majority of research has involved extractors <150mm in diameter, but industrial extractors may
be >10 times larger, which renders scale-up of data unreliable.

Ideally extractors which are compared should be representative of the main types used
industrially. In the present case an unagitated extractor, viz a gravity operated sieve plate column
(SPC), was compared with a rotary agitated, RDC (Rotating Disc Contactor). The data covered a

«sufficiently diverse range of conditions to allow factors such as direction of mass transfer, degree
of agitation, column free area (RDC) and plate spacing (SPC) to be examined for their influence.

ROTATING DISC CONTACTOR (RDC) , The RDC comprises a number of compartments
formed by a series of equispaced stator rings,with a central rotating disc supported on rotating
shaft in each compartment. Dispersion is achieved by the action of the rotating discs, the speed
of which may be variable to provide flexibility in operation, e.g changes in drop size
distribution, or to cope with variations in system properties.

"The advantages of the RDC are that it is cheap, simple to build and operate, and easy to
maintain. The low driving shear mechanical energy input constitutes an additional parameter for
the adjustment of the operating range and maintenance of a large interfacial area per unit volume
which enhances the mass transfer efficiency. The extractor is resistant to plugging and can be
operated in the presence of surface active agenss and other impurities.

The main disadvantage of the RDC is that axial mixing, which limits the efficiency of large
scale extractors [2,3],is induced at higher rotor speeds corresponding to Re > 7.5 x 10° . It
swould be expected to find application with moderate to high interfacial tension systems
>20mN/m.

SIEVE PLATE COLUMN (SPC) . The SPC incorportes a number of compartments formed by
a series of equispaced sieve plates with downcomers. There is repeated coalescence and
redispersion of drops at each plate, and crossflow of the continuous phase between adjacent
plates.

The advantages of the SPC are the absence of moving parts, whilst frequent coalescence and
redispersion of the dispersed phase at each plate enhances the mass transfer efficiency. ‘It also
offers crossflow of the continuous phase which induces turbulence in the drops. There is little.or
no axial mixing [1,4]

It would be expected to find application with moderate interfacial tension systems,
10-40mN/m, when the number of theoretical stages required is relatively high->5 and the density
difference between the phases exceeds 100kg/m? [5].
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EXPERIMENTAL. The SPC and RDC geometries used are summarised in Table 1. The
system acetone/Clairsol-350/deionised water was employed throughout. Clairsol-350 had a
density of 783kg/m? and a viscosity of 0.0018kg/ms. Its interfacial tension with deionised water
was 35.5mN/m, but reduced with increasing acetone concentraction in the range 0% to 10% W/w
to a final value of 18mN/m. The deionised water has a density of 998.2kg/m3 and a viscosity of
0.0011kg/ms. Hence, apart from the flammability of acetone, the system had desirable features
as a standard test system [6].

Table 1. Pilot-Scale Column Details (all dimensions in mm)

RDC SPC
Diameter 450 450
Column material glass glass
Sieve plate material = 18/8 stainless steel
Rotor and Stator
material 18/8 stainless steel _
Stator diameter 377.5 e
Rotor diameter 225 _
Plate,Rotor
& Stator thickness 2 15102 )
Plate hole size - 1.59,3.18,4.756,6.35
Compartment height/
Plate spacing 225 200 to 380
Effective height 3500 to0 3700 1800 to 2000
Overall height 4300 2305
Number of Compartments 14 4106
Rotor speed 0-300 r.p.m _

The methods of column operation were similar {5,8;2,9,10]. Clairsol-350 always comprised
the dispersed phase but acetone was transfered both to and from it in separate experiments. In
the concentration range up to 15% W/w acetone, the two phases were for all practical purposes,

completely immiscible and the distribution coefficient, m=8.8 The diffusion coefficient Dy of

acetone in Clairsol-350 was calculated as 1.37 x 10-5cm?/s and of acetone in deionised water D,
as 1.10 x 10-5cm¥s at 20°C. Acetone concentrations were determined from measurement of
absorbance in an ultra-violet spectrophotometer.

The dispersed phase was introduced and the flowrate (and with the RDC the rotor speed) set
to the requisite valuebelow the flooding condition. The continuous phase was established and the
interface maintained at a constant level by careful control of the outlet continuous phase flow.
Samples of the inlet and outlet streams were taken at steady state. Drop sizes were measured
photographically and average hold-up measured by the rapid shut-off method

RESULTS . Correlations of the hydrodynamic design parameters for the RDC ({2,9] and SPC
[5,8] have becn reported previously.

It is generally recognised that the internals of columns should be preferentially-wetted by the
continuous phase This is certainly advantageous to avoid irregular dispersion in the SPC but
deterioration of the continuous phase wettability of plates due to scum deposition in service can
be partly overcome by drilling and punching the holes to produce sharp-edged orifices. A
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previous study using a 10cm RDC with wetted and non-wetted rotors demonstrated the rotor
wettability had no significant effect on mass transfer efficiency. [7]. However stator wetting by
the dispersed phase has been observed to produce oversized drops by drip-point release from the
resultant accumulations.

The mass transfer results for the RDC and SPC are given in Table 2 [2,5,9,10]. In the RDC
mass transfer efficiency generally increased with (a) increasing rotor speed (b) increasing the
ratio of dispersed to continuous phase flowrate (c) increasing rotor disc diameter (d) decreasing
stator opening, and (e) decreasing compartment height. However, as would be expected with the
geometry used, in certain cases increase in rotor speed reduced the efficiency due to backmixing
[2].

Generally mass transfer efficiency in the SPC increased with an (a) increase in dispersed
phase flowrate (b) decrease in plate spacing, and (c) decrease of plate hole size.

Comparing the mass transfer coefficients and mass transfer efficiency of the RDC and SPC

Table 2.Experimental Results; System ; Clairsol-350 - acetone - water
Direction of transfer d to c

RDC [2,9]
U, Uy Ny x% X Yoo~ Yoo K Em
cmis cr:l\ls rp.m gsnb Xin Xow Yin You s
x 10%cm/s
0.31 0.24 250 4.29 0.32 3.03 1.06 0.00 1.20 0.84 0.24
031 0.24 300 5.51 0.24 3.03 098 0.00 1.25 0.50 0.27
031 028 100 282 051 396 1.58 0.00 1.70 2.0S 0.19
031 028 200 3.70 0.39 3.96 1.34 0.00 1.87 1.53 0.25
031 0.28 300 4.74 0.26 3.96 1.18 0.00 198 0.85 0.43
0.31 0.28 350 6.62 021 3.96 1.09 0.00 2.05 0.53 0.34
031 0.28 100 2.61 0.54 491 2.28 0.00 1.88 1.96 0.15
031 0.28 150 2.82 0.52 4.91 2.12 0.00 1.99 2.03 0.17
031 0.28 200 3.34 044 491 1.81 0.00 221 1.74 0.20
031 028 300 4.10 0.32 4.91 1.48 0.00 245 1.21 0.30
SPC (Plate hole size 3.175mm)
U, Uy, x% Y ¥ Em
Uo ™ Uy Toy % Gy Xo X Yo You Ky
x 10%cmvs

0.5s 0.31 30 4.1 0.47 2.50 0.99 0.00 1.26 10.5 0.20
0.55 043 30 6.5 0.40 3.01 1.12 0.00 1.34 9.8 0.22
030 03126 3.2 0.63 2.01 0.52 0.00 1.64 12.0 0.37
030 043 26 44 0.68 2.56 0.21 0.00 1.87 12.0 0.11
055 031 26 39 0.69 3.51 1.07 0.00 1.83 104 0.29
0.55 043 26 5.1 0.65 426 1.52 0.00 2.11 11.0 0.48
030 0.31 20 3.5 062 3.76 0.72 0.00 2.36 11.2 0.54
030 043 20 5.2 060 5.72 1.04 0.00 4.16 10.6 0.58
0.5 0.31 20 4.7 0.60 4.29 0.82 0.00 2.19 9.1 0.58
0.5S 043 20 6.0 0.61 6.87 1.69 0.00 4.56 9.7 0.39

under their optimum operating conditions (ie300 r.p.m for the RDC and 3.175mm holesize plates
with 200mm plate spacing for the SPC) shows that with the specific system studied and the
geometries given in Table 1, The SPC was as efficient, or in some cases more efficient,than the
RDC.

It was shown for both types of column [5,9] that the overall mass transfer coefficient could
be predicted with improved accuracy by taking into account the range of drop sizes encounted.
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The method applies the drop siae distribution diagram to estimate the volume percentage of
sagnant circulating and oscillating drops in the population. Each drop size fraction is considered
to contribute to the overall process in terms of its own residence time and mass transfer rate, the
individua! mass transfer coefficients being estimated from the different published single -drop
mass transfer models carrespanding to drop states.

CONCLUSIONS . The study indicates that, provided it is correctly designed and operated
{9,10] , the SPC can be equally effecient as the RDC for systems of moderate interfacial (18 to
3SmN/m).

NOMENCLATURE
d;, -~ Sauter mean drop diameter,cm E,;-Mass transfer efficiency
H, - comparament height, cm K ~Overall mass transfer coefficient,cm/s
N - Rotor speed, rev/min m-~Equilibrium distribution coefficient,Sol/Aqu
U - Phase supaficial velocity,cnvs x — Dispersed phase hold-up
X -~ Dispersed phase concentration Y - Continuous phase concentration
Subscripts
¢ -~ Continuous phase d - Dispersed phase
Expt-Experimental in - Inlet
out — Oulet
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PERFORMANCE CHARACTERISTICS OF PACKED AND AGITATED EXTRACTION COLUMNS 5=-20

T. L. Holmes, A. E. Karr, and R. W. Cusack, Otto H. York Co., Inc., Parsippany,

N.J., USA

In recent years, there have been several publications in which liquid-liquid ex~
traction performance data on the toluene-acetone-water system were presented. The
data were obtained in various types of small diameter agitated, packed, and perfor-
ated plate columns as for example (1),(2),(3),(4),(5). The paper by Stichlmair,
specifically his figure 3, has been used to compare to new data on the toluene-
acetone-water system (6),(7).

The purpose of the present paper is to present new data on the toluene-acetone-
water system obtained in various small diameter columns. The columns investigated
were the RDC, York-Scheibel and Karr agitated columns and GempakTHZA, Ge.mpakTM4A
and York Wire Mesh packed columns.

The characteristics of the columns investigated are shown in Table 1.

The toluene-~acetone-water system has a moderately high interfacial tension. In
the area investigated, the interfacial tension varied from 22 to 30 dynes/cm.

All runs were carried out with the toluene phase dispersed. First, several runs
were made during which acetone was extracted from the aqueous phase to the toluene
phase (c to d). The aqueous phase contained about 4.5% acetone. The toluene ex-
tract, containing approximately 2.5% acetone, then became the feed for the follow-
ing series of runs in which acetone was extracted from the toluene phase to the
water phase (d to c).

In all the runs the volumetric flow ratio of organic feed to aqueous feed was
1.5. The data were employed in the form of weight ratio units. Since the mutual
solubility of water and toluene is very small in the range studied, the operating

line was assumed to be a straight line, which facilitated graphical determination

TABLE 1

—_—

CHARACTERISTICS OF PILOT PLART EXTRACTION COLUMNS

ACTIVE OVERALL CELL**
TYPE OF DIAMETER LENGTH COL. HT. LENGTH

COLUMN cm m m cm COMMENTS

RDC 7.62 0.813 1.219 4.32 18 STAGE

YORK- 7.62 0.457 0.762 2.54 18 STAGE

SCHEIBEL

KARR 5.08 1.156* 1.981 3.81,5.08 c to d EXTRACTION TESTS

1.127% 3.81 d to ¢ EXTRACTION TESTS

10.16 cm. DIA EXPANDED ENDS

GEMPAKTH2A 7.62 1.524 2.743 —_— PIPE ORIFICE DISTRIBUTORS
1.27 cm. CRIMP SHEET METAL
PACKING

GEH:PAKTHM 7.62 1.524 2.743 — PIPE ORIFICE DISTRIBUTORS
.63 cm. CRIMP SHEET METAL
PACKING

WIRE MESH 7.62 1.524 2.743 — PIPE ORIFICE DISTRIBUTOR§

0.28 mm WIRE AT 144 kg/m

* INCLUDING 1.9 cm STROKE LENGTH
** ACTUAL STAGE HEIGHT OR PLATE SPACING

328



of the number of theoretical stages. Furthermore, the equilibrium and operating
lines were nearly parallel and thus the extraction factor was close to unity.
Under these circumstances HETS and HTU are essentially equal.

Material balances were usually between 95 and 105%. The data were not accepted

if the material balance was outside the range of 90 to 110%.

RESULTS: The pilot plant test data are plotted in Figs. 1, 2, 3, 4 and 5.

Fig. 1 shows plots of the maximum stages per meter vs. total flow for the three

c-d

YORK-
SCHETBEL

MAXIMUM THEORETICAL STAGES PER METER

0 2 40 0 80 100
TOTAL FLOW. M3/(MZ HR)

Fig.1. Maximum steges per meter vs. total flow agitated colummns at
optimum RPM or SPM

.agitated and packed columns. The direction of mass transfer was from the
continuous to the dispersed phase. Fig. 2 shows similar plots for mass transfer
from the dispersed to the continuous phase.

Fig. 3 shows volumetric efficiency as a function of total flow for all the col-
umns for c to d direction of mass transfer. Fig. 4 shows similar data for the d
to ¢ direction. Volumetric efficiency is the product of total flow in units of
ma/(mzhr) and number of stages per meter. Thus, volumetric efficiency has the
units of reciprocal hours and is inversely proportional to the volume required to
do a given extraction job.

In Fig. 5 the data are plotted in a manner similar to figure 3 of the paper by
Stichlmair (1) for the ¢ to d direction of mass transfer.

The maximum number of theoretical stages and the maximum volumetric efficiency at
the corresponding throughputs can be determined from Figs. 1 to 5 and are summarized

in Table 2 for the agitated columns along with the corresponding agitator speeds.

END EFFECTS: At the end of the experimental work, the end effects associated
with the packed columns were determined by removing the packed section and connect-
ing the bottom section containing the distributor to the top disengaging section.

Runs were made at various flow rates for both ¢ to d and d to c transfer. The.end
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effects averaged 0.34 theoretical stages for d to c and 0.63 stages for c to 4, which
suggests that 0.34/1.52 or 0.22 stages/meter (d to c) and 0.42 stages/meter (c to d)
should be subtracted from all the packed column data to obtain conservative HETS
values for design purposes. The performance data shown in the figures have not

been corrected for end effects.

CONCLUSIONS. The following conclusions can be drawn about the performance of the
extraction columns tested.

1. The direction of mass transfer (c to d or 4 to c) has an impact on column
performance. It is well known that when mass transfer takes place from the dis-
persed to continuous phase (d to c), increased coalescence of the droplets occurs
thereby reducing interfacial area (8). To counter this effect, the agitated columns
must be run at higher agitator speeds to attain peak performance. As can be seen

in Table 2, for any of the three agitated columns studied (RDC, York-Scheibel,
Karr), the peak efficiency (expressed as stages/meter) occurred at higher agitator

d-c¢
1
s lLl
YoRK- | c-d
12 SCHE IBEL 300
AR

1 S
=
@ 10 - 250
3
o A
g =
. | g 200

=
2 g S
E E YORK
& | YORK-

g2 1 T o 15 [scuers
g =
= =
B, DC | ¥
= ) =3
= 3 I

2

i GEMPAX 4A

m -
0 20 w0 60 80 100 0 20 w0 60 80 100
TOTAL FLOW, M3/(M2 HR) TOTAL FLOW, M3/(M2 HR)
FIGURE 2.  MAXIMUM STAGES PER METER VS, TOTAL FLOW FIGURE 3.  VOLUMETRIC EFFICIENCY VS. TOTAL FLOW
AGITATED COLUMKS AT OPTIMUM RPM OR SPM AGITATED COLUMNS AT OPTIMUM RPM OR SPM

speeds when running in the d to c mode than when running in the c to d mode. Of
course, this degree of freedom (i.e. increasing speed) was not available for the
packed columns studied (GempakTM2A, Gempakdeh, and wire mesh) and therefore there
was no way to counter the increased droplet coalescence in d to ¢ mass transfer ap-
plications. As a result, the efficiency of the packed columns was less when running
in the d@ to ¢ mode than in the c to d mode.

2. All the columns studied had good turndown characteristics. This is best

illustrated by Figs. 1, 2, and S.

3. The capacity of ‘packed extraction columns is strongly influenced by packing

geometry and physical properties of the system. In going from 2A (1/2" crimp) to

330



4A (1/4" crimp) to mesh, the hydraulic diameter decreases, thus lowering throughput
achievable for the moderately high interfacial tension system studied. Thus, the
capacity of GempakTMAA is only about 1/3 that of GempakTMZA, and the mesh capacity

is again only 1/3 to 1/2 that of GempakTMAA.

[

250
20 LSRR L
YORK-SCHE IBEL o I
- 200 g 10 —
: = . —=KARR
£ KARR ¢ HHT s = HHF
> ] 1 I
2 = ,,7"\nnc
W 150 [— YORK- (4] ol
SCH g T
§ 5 BEL = o mesn!| [
= < GEMPAK 4A
£ 00 S [
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¥ w L‘ﬁ——f
8k 2
g RDC Zos
50 - ]
- E
Cd = GEMPAK th_ee T
ESH I
L 0.1
0 10 20 30 40 50 &0 70 5 10 50 100
TOTAL FLOW M3/(M2 HR) TUTAL FLOW. M3/(M2 HR)
FIGURE 4,  VOLUMETRIC EFFICIENCY VS, TOTAL FLOW STICHLMAIR-TYPE PLOT

FIGURE 5.,
AGITATED COLUMHS AT OPTIMUM RPM OR SPM

4. End effects are important in designing columns. End effects have to be care-

fully taken into account if HETS is used as the criteria for scale-up.

5. Several criteria may be used to select the optimum extractor for a given ap-
plication.

an extraction column for a given application.

Volumetric efficiency is one of the most useful criteria for selecting

As shown in Figs. 3, 4 and Table 2,
of all the columns tested, the Karr Column showed the highest volumetric efficiency.
However, there may be cases where volumetric efficiency alone is not the only

criteria for selection. For example, in extraction applications where a very large

number of theoretical stages are required and/or there is a headroom limitation, the
high efficiency in terms of stages/meter of the York-Scheibel column may be the over-
riding consideration. On the other hand, in applications requiring relatively few
stages and high throughputs, selection of a packing such as GempakTM2A may be the
proper choice. Each case should be considered individually which leads to the

final conclusion, which is:

6. Pilot testing is strongly recommended for any new extraction application.

Since the design of new extraction applications from first principles is very risky,
whenever possible, pilot plant tests should be run. These tests should be run over
a range of conditions to generate plots similar to those shown in Figs. 1-5 of this
paper, in addition to determining the effect of agitator speed where applicable.
These pilot plant tests then serve as the basis for scale-up to a commercial unit

and ensure that the necessary flexibility and safety factors are incorporated into
the design.

331



TABLE 2
—_—

SUMMARY OF MAXIMUM STAGES AND MAXIMUM VOLUMETRIC EPFICIENCY*

VOLUMETRIC THROUGHPUT TRANSFER
COLUMN TYPE STAGES/m EFFICIENCY, ht.-l laulzh!-) w DIRECTION
RDC 4.61(M) 60.67 13.16 900 ¢ to d
2.52 62.19 (M) 24.68 550 ¢ to d
4.61(M) 60.67 13.16 1400 4 to ¢
3.32 81.94 (M) 24.68 1300 4 to c
YORK-~ 13.34(M) 132.1(M) 9.90 350 ¢ to d
SCHEIBEL 13.74(M) 136 (M) 9.90 700 4 toc
XARR 7.48(M) 152 20.29 190 ¢ to d
6.63 296 (M) 44.72 120 c to d
6.74(M) 136.8 20.29 320 4 to c
4.18 186.9(M) 44.72 325 d to c

*(M) Corresponds to maximum value achieved
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USING OF NONLINEAR DIFPUSION MODEL FOR EXTRACTION PROCESS [_;_;;“]
CAICULATION

A.Asenov, I.Penchev, E.Ivanova, High Institute of Chemical Engine-
ering, Department of Chemical Engineering, Sofia, Bulgaria

Accurate designing of column extractors requires a knowledge of
backmixing behaviour of both phases and its influence on the concent-
ration profiles along the column. Real apparatus with countercurrent
of phases usually have different intensity of axial mixing om various
parts of the columns, caused by nonuniform distribution of phisical
properties, hold=-up of dispersed phase and drop size distribution
along the column /1,27,

Non-stationary nonlinear diffusion model is selected to descripe
countercurrent extractors, If the perfect radial mixing is assumed,
solute balanoe across an infinitesimal column element yields the fol-
lowing differential equation for mass transfer from continuous phase
into the dispersed phase:

9Cd acd qu 2
ORI IV

.The initial and boundary conditions are:

Celx,0) =Ce,te (X)=0 0cX&H
Cd(X.O):Cdto(x):O y 0< X €H

%§° o m) (Ceimtt) = Ce(0,1)) s t 0 (3)
-%(H,t):c v t20 (4)
aa%= (C4qlo,t) = Cdyin) + t20 (5)
aCd(o tY=0 » tao (6)
De(H,t) = Dc(H) ; Dd(H,t) = DglH) + t30

In this cass the height coordinate runs in the direction of the con-
tinuous phase.

Simulation have been made for nonlinear equilibrium:
C; = k|CQ + kIC:

and nonlinear relation for the dispersion coefficient as an funotion
of axial position in the oolumn,

The equations are reducsed to a disensionless form by using the va-
riabless



*

; Cd . mx_Cd , .
Co—cc.m. cc—c_o, Ed=c—°. Cd=Er,DZ=%, T:—k‘:
DCO_DCmax’ D—m; Dd0=Dd“‘°".' Dd=D_:°

The following dimensionless parameters are introduced:

Pego= VeH . — kdaH . _ kda
i Ao=- ¢+ Kkvd= g
_ VeH . KcQH . kd

Pe = ' Ac,= 3 ) k = —
o Deo =0 Ve Ve Ve

The equations in the dimensionless form are then:

ka%S‘_°= p1eco (BC atc) %ZE Aeco( —Cd) (7)
9% Dy 3C¢)_ 304 _ Ado (g

kva e = oedoe—( ) - B _ Ao - Ty (8)

and the initial and boundary conditions:

C.lz,o) |, o<zg

Cz.o) , o<zg1

-aa% %C—O(Emn Clom) + T20

%_%(1 t)=0 , T>2o0

'%S:—d: Dedo (C (o,T) — Cd..n) r T>0

%Qd(o T) =0 , T=>0

The fully implicit finite-difference scheme has been used in this
work for solution of the model equations [37.

Before the equations (7,8) are discretisided the concentration is
eliminated by use of equilibrium relation, A quasilinearization tech-
nique described by /4/ has been applied for solving the nonlinear
equations. The equilibrium equation

& = [ (&
is approximated by

Chu= el B T 3] = (e +

+[{(Cc,1)-( )e. ]

where the subscripts i1 and i+1 denote the iteration number,

The results of solved are shown in Pig.1,2. The line presents the
solution of nonlinear diffusion model with variable axial mixing coef-
ficients and dotted 1ine presents the solution of nonlinear diffusion
model with constant axial mixing coefficients. The influence of back-
mixing on time concentration profiles ies shown in Pig.1. The differen-
lce in calculated profiles between solutions of the two models is seen.
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The difference is rather essential in the concentration profiles along
the column, than in the inlet and outlet parts of it. Figure 2 shows
the start-up behavior of the system.

The numerical solution can be used for estimation of the axial dis-
persion, comparing the calculated and the measured concentration as a
function of time for fixed axial points. The contradictory data repor-
ted by (57 for the axial mixing coefficients calculated by the linear
model with different nonuniformity of mixing could be explained by the
difference in the steady-state concentration profiles for the linear
and the nonlinear diffusion model.

C(z) C(tau)
or Cown
|/
. .8 ) Ciuit
R b6 F 7
/
. .4 -/ o Gout
N
. 2 Fy
/ 1 l{:d“,
.2 .4 .6 .8C .00023 tau
Fig,1 Fig.2

Symbols used:

ol. specific interfacial area, 02m™>
(¢ - concentration of the i-phase, wt %,
O - dispersion coefficient, ml.s "1
Kd - mass transfer coefficient, m.s '1
H - height of the column, m,

t - time, s.

V - specific velocity (Vyg/&y, Ve /&)y mes '3
& - hold-up.

Subscripts: c¢ - continuous phase; d - dispersed phasej in - before

entry to contactor; out - at exit from contactor,

Superscripts:(¥)- denotes equilibrium value;(”)- denotes dimension-
less parameters.
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MATHEMATICAL MODELLING AS A MEANS OF INVESTIGATION @
OF EXTRACTION EQUILIBRIA

A.M.Rozen, V.S.Vlasov, L.G.Andrutsky, All-Union Research

Institute of Inorganic Materials, Moscow, USSR

Mathematical modelling widely employed to study and optimize proces-
ses (e.8e, B-S]) can be also effectively used for checking conclusions
on the -extraction chemistry; in some cases it permits determination of
the composition and extraction constants of different complexes when
other methods are practically helpless, e.g., on extraction by a hydra-
te-solvate mechanism, on extraction of microamounts of elements., This
paper discusses some typical instances,

It appears that the first correct description of an extraction equi-
librium based on the mass action low taking account of both the forma-
tion of a compound in an organic phase and the activity coefficients
in both the phases was given in [6] for uranyl nitrate extraction with
TBP in syntbinsUOS +2NO +2TBP = NO ) (TBP) o Along .with the thermo—
dynamic (K) and concentratlon (K UOz(NO )(TBP)J/[UOZ*][Nog] TEP] %)
constants the notion of the effective extraction constant K.K/a _Kixg{&
wag introduced; here ). and rc are activity coefficients of an extra@-
tant and a complex in an organic phase, q is a solvation number. It tu-
rned out that at the constant extractant concentration K is approxima-
tely congtant; at i:const a good description of extraction isotherms,
fig,1a (the numbers at the curves denote % THP in synthin, Xu and Y“
are uranium concentration in aqueous and orgamic phases, the circles -
exp. the lines-calc.) and of simultaneous U02(N05)2 - HNO; distribu-
tion (30% TBP,Ku_70, =70 ) were achieved, fig.1b, (the numbers at

the curves denote the concentration of HNOB, mole/1l), Special investi-
gations showed that the mutual compensation of xs andj& variations
Tys6/1 that leads to KZconst
200 is rather a general
==—=m3wmr=  pegularity /7,8] which
30%TBP permits the calculati-
on of the concentrati-
on constants K = K.,
needed for modelling

Xy &/1 Xys &/1 tne equilibria with
Fig.1 Uranyl nitrate extraction isotherms

100

0 100 200 300 O 100 200 300

K = constant.

Consider HClO4 and BNO3 extraction with TBP that proceeds by a hyd-
rato-solvate mechanism, In [9] comprehensive data are available on
HC10, extraction (TBP in CCl,), including hydration water extraction
but the quantitative description of data is absent, The availability
of hydrato-golvate H;0%(H,0);(TBP)010; was estabblished; it was shown
that the solvation number decreases with the acidity growth, It foll-
ows that complexes HCIOR(HZO)h1°TBPi are formed; here i =3;231;and at
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i=3, h5=l+. Hydration numbers h1 and extraction constants Ki mufxt be

determined. The problem was solved by the simultaneous description of

the acid and water extraction isotherms. The concentration of the :I.t;h

complex in2 the organic phase will be %i =iia.a§io[S] i, where a =

[HCIO,_szi,‘l » 8g_o 18 water activity, [8] is th8 free extractant concen-

tration, [S] =S°- %igc , the total of acid and hydration water concen-

trations in the organic phase areg:iy., %Ha‘:;:,ZL‘iy;_ . Then the free
T4l 2

extractant conc z;tragion will bez Ll\. hode" "i .

[s)= So- 0[3"(30"20[8] "2K20M:0[SJ + KlaH;OLSJ]" 9£= ghLKi;qouzn[sJ )

If bi and Ki are known,S and Yi,Y and YH o can be found. Actually
one must determine Ki and hi’ describing thg data. Ki values were fo-
und to weakly depend on hi’ the selection of hi is illustrated by fig.
2a, It can be seen that h2=2, however, for h1 the value = 0.5 was ob-
tained that has no physical sense; this means that both hydrated (ext-
raction constant K‘Ih) and non-=-hydrated (K‘Inh) monocomplexes
HG10,+H,0+TBP and HC10,-TEP (curve 5) are gomed. The extraction con-
stants proved to be equal tos K;:Z.} e« 1075 Ey=2.7 ‘.YO'3; Ky =
1.8 10‘6; K1nh= 0,7 10'7. The isotherm of HClOu extraction with
0.366 (1) and 0.5 mole/l (2) TBP in CCl, are well described (£ig.2b,
the curves-calc., the dots-exp.). The data [9] on the extraction with
more dilute TBP (0.128 mole/l) are also well described (fig.2c,d).Thus,
the composition of hydrato-solvates was established fairly correctly.
Similarly the distribution of rhenic [10] and technetic {11] acias
was dsscribed.

hydrat a YHC10,,8 b Y10, ¢ hidrat 4
o o ¥R,0,4
wf 2// ol
& o i
’ 08
2 6 1 2 ; 6810 Y 00z a o) .u
905 05 4% Yrc10,,M THC10, s M HC10, HC10,

Pig.2. TBP extraction of HClO4 and HZO
1 - h3. 4, h, = 1, h,=0; 2—h3c 4, ho= 2, h = 0; 3 - h3- 4,
h2- 2, h1. 0; 4 - h3t 4, by = 2, h.l- 0.5, 5 = h3-4.h2-2, h1- 1

To model the HNO,-TRP extraction it was necessary to describle a va-
riation in the dissolved water amount. It was found [12] that

99 9":30 /Qllzog ‘ﬁeg g“zﬂ(') * 2‘99“20(3 ‘?‘g% ubn;) A{‘&l‘fz/ (1"' B‘?z) + Az‘ﬂ?gl (1*53,) (2 );

YHZO(‘I)’ Y5 o(2) andY g 0(3) &re water solability in a diluent (1),
TBP“(2) and acid momosolvate (3), Y are volume fractions, A=6.74; As
2,614 B‘-.5.65; Bf‘l.O). Further, it was found that complexes
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HNO *H,0-(TEP),, K =0. 448(the existence of this complex was establish-
ed earller E15f), HNO *TBP (K1_0.171); (HN05)2‘H20 «TBP (1112 =525 ¢10 6)
are extracted. The distribution of acid and water is adequately descri-
bed up to HNO; =10 mole/l, fig.3 [14). The results of {14] were used
to refine models of actinide distribution [15].

It was also interesting to find the composition and extraction con-
stants for microamounts of lanthanides-undiluted TBP complexes, The da-
ta known since 1959 [16] are characterized by the curves with a maxi-
mum (extraction as LD(NOB)B(THP)B' the solvate mechanism) and a mini-
mum with the following strong growth due to the extraction of acido-
complexes H Ln(NOs)5 +l>1'4,’[6]. The processing [17] was impeded by the ab-
sence of data on 'Y' A The recently published _[_13j values [ ¢ for
lanthanide nitrates were recalculated for microamounts of Ln in
nitric aci'.d solutions using the Mikulin rule:fy =V, . m {/omoy

= 2m" g /xH, where \{ is the activity coefficient of In
croamounts in a solution of m" molality isopiestic with HNO3 of
the concentration Xye Purther, the data were processed assuming that

YH,0,M Yy,

i
% 0,7»175\»‘\‘4/ o
| I I M " i ohl__z—g—-l-r—b
° 24 8 Thei0, 24P B THNO, 0 "4 3  XHNO, M
Fig.3. TBP extraction of H20 and HNO Fig.4. Complexes concentra-
3 tion vs HNO5

with the growth ofJCH to 15 mole/1 TBP (T) and (HNO;)i.T,where i=1,2,3
and their mixtures become successively extractants;(the concentrations
of these forms Yi calculated by model of HNO, extraction with undilut-
ed TBP see in fig.4); it was suggested that complexes HNOé.HQO(TBP)z
(K2=O 38) 3HNO, TBP (K1_O 205)s (HN05)2H20 «TBP (K1/2—9 7x10 ) and

(HNO ) H,0.TBP (K 1)3= = 5.5x10° ) were present, The constants of complex
formation In(NC,) -T5 (KOOO) and Ln(Noj)j TZ(HNoﬁT) (KOO1) were first
found (fig.5a)., Further, from the data at 6<xg£14 mole/l K011,K111:K
and the extractions constants for all the other complexes were calcu-
lated assuming that the replacement of each molecule of HNOET by
(HN05)2T and of (HN03)2T by (HN05)5T impairs extraction insignificant-
ly by a factor of p where § is of the order of unity,k.e., the distri-
bution coefficients are described by the equations

DB T3 el KooK Py P ¢ P ity B 0t @
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$ proved equal to 08 (fig.5b). As figs.5a,b show, with the growth

of the element ordinal number 2 the extraction constants of the sol-
vate and first acidocomplex go through a maximum and the extraction

constants of the acidocomplex Ln(N03)3(HN0 '1')3 and all the subsequent
ones grow from Z,i.e., with a lanthanide contraction. This is explai-
ned by a high sensitivity of the extraction of acidocomplexes to the
ionic radius. Using the constants found and equation (3) the distri-~
bution of all the lanthanides is described quite adequately (Fig.5c).

K 'W‘ d Ln o

?E

2 A 1 A A T3 A A [ W DR O e |
La C8 Pr Nd Pm Sm Eu Gd TH Dy Ho ECTmYB Lu

Fig.5. Lanthanide extraction
with 100% TBP

( 5 10 s
. .tm, mele/l

It is advisable to confirm conclusions on the number and composition
of complexes with instrumental methods. However, we believe, that the
extraction equilibrium cannot be considered understood until the sugges-
ted chemistry is confirmed with the full mathematical description of the
system.
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SIMULATION OF - HYDRODYNAMICS AND MASS TRANSFER OF 5-23
A DISKS ANMD RINGS PULSED COLUMN

S. Dimitrova Al Khani, C. Gourdon and G. Casamatta, Ecole Nationale Supérieure
d'Ingénieurs de Génie Chimique, UA 192 CNRS, Chemin de la Loge, 31078
Toulouse cedex, FRANCE

In solvent extraction columns, mass transfer efficiency depends essentially on
hydrodynamic. behaviour of drop population. Principally it is important to describe
explicitly the heterogeneous properties of the dispersed phase along the column.

The present paper is devoted to put forward a theoretical way of analysis of
experimental data available in liquid-liquid extraction columns. This approach is based
on the application of a drop population balance model [1, 2] taking into account the
basic mechanisms to which the drops are subject : transpont, breakage, coalescence,
mass transfer. By means of theoretical laws representative of the former mechanisms, it
is possible to simulate the behaviour of the dispersed phase in any kind of column.

As application of this mathematical model, the present work concerns the
description of the behaviour of a disks and rings pulsed column. Simulation results are
compared with steady-state hold-up profiles and concentrations of solute in both
phases profiles.

By this way, it is possible to identify the parameters of the theoretical laws that are
representative of the basic mechanisms and it is expected to perform an appropriate
analysis of the behaviour of the column .

The model is relying on a drop population balance that leads to the drop size
distributions at every level in the column.

The basic dynamic continuous equations are spatially discretizated by a
finite-difference method : the column is considered as a series of NE perfactly mixed
stages with. eaunter-current flows. Drop population is represented by a fixed number
NT of classes characterized by determined diameters .

The numerical system to be solved is a large scale stiff non-linear system. It
contains (2NT+1)NE ordinary differential equations : NTxNE equations describing the
hydrodymamics, NTxNE equations describing the mass transfer relative to the
dispersed phase and NE equations describing the mass transfer relative to the
continuous phase.

The present work concerns the simulation of steady-state conditions. Two different
numerical ways were developed (3] :

- an integration according to the time variable by means of explicit Runge-Kutta
algadthm up to the steady-state contitions ;

- a direc! resolution up to the steady-state conditions. This resolution is achieved
by writing the system of equations under different matrix forms in orfder to apply a
method of successive approximations. Such a method reveals itself very efficient for
improving significantly the CPU time (some CPU hours in the first case, some CPU
minutes in the second one with the same accuracy). Besides, no specific initial

The height of the active past of column is 1.09 m and its diameter is 50 mm .The



distance between a disk and a ring is 25 mm and free area is 23% around. Agitation is
achieved by means of a lateral pulsator.The involved liquid-liquid system is
water-isopropyl ether. Mass transfer is achieved from the aqueous phase up to the
organic dispersed phase. The solute is acetic acid with an initial inlet concentration of
50 kg/m3 in aqueous phase and the concentration of the dispersed phase inlet is
lower than 1.5 kg/m3. The distribution coefficient of solute between both phases is
assumed to be constant and equal to 3.636 .

Hold-up measurements were achieved by sampling the dispersed phase at four
different points along the column, in the active zone, under varied steady-state working
conditions. Solute concentrations in both phases were measured at the same points in
the column and also in the inlet and outlet flowrates.

As first consideration, a part of the operating conditions, experimental and
simulation results concerning mean hold-ups and extraction efficiency and the
respective values of model parameters are respactively collected in the Table 1.

Table 1. Comparison between experimental and calculated values

Ne° | flowrates Vh | AF mean hold-up efficiency
Qc | Qd | cm/s | exp. calc. exp. calc.

1 26.7 | 13.3 | 2.08 0.054 0.052 0.131 0.100
2 26.7 | 133 | 3.13 0.140 0.125 0.095 0.085
3 13.3 | 26.7 | 2.08 0.116 0.112 0.384 0.370
4 133 | 26.7 | 3.13 0.235 0.248 0.358 0.359
5 133 | 26.7 | 417 | 0.381 0.386 0.350 0.361
6 8.0 |32.0 | 2.08 0.146 0.147 0.596 0.595
% 80 |32.0 | 3.13 0.236 0.231 0.537 0.537
8 8.0 |32.0 | 417 | 0.348 0.344 0.512 0.502

The extraction efficiency is defined by the next expression:

eff = ¥in - Yout / Yin. Where yijn. Yout are respectively the concentrations of the
continuous phase at the inlet and outlet. It is easy to notice that the agreement between
averaged results of simulation and experiments is quite good for varied conditions .

Hold-up and concentration profiles are plotted in Figure, The upper part
represents hold-up values versus the column height. The level 0 corresponds to the
outlet of continuous phase ( bottom of the column ). The dispersed phase inlet and the
continuous phase inlet are shown by means of arrows. The lower part represents the
concentration y of the continuous phase and the mean concentration mX** into the
dispersed phase versus the column height.

it has been demonstrated that by this theoretical way it is possible to predict
satisfactorily the gradients of hold-up and concentrations of solute in both phases that
are available on a disks and rings pulsed pilot column .

The further step would be to investigate separately the basic mecanisms by means
of simple experiments on single drop, in order to establish experimental laws,
appropriate to the kquid system and the kind of agitated column invoived [ 4, 5]. By this
way, it will be expected to describe more precisely the behaviour of the drop
poputamion [6).

341



16 000-00 *
00-090., 0
1a 4 000.0.9. 5% 4 experimental data
0000y,
= & ~o 0 simulation
10
L]
L ]
" <
i CONTINLOUS AHASE
, -
2 J
i N : . r
0o T 02 0. oe 0s 10 12 14
hNiem
DISPERSED PHASE
INLET
CONCENTRATION / kg m-3
50 -

o ¢ continuous phase-calc.
0 4 oo |2 dispersed phase -calc.
we-o"

35 o RS ad s continuous phase -exp.
-@ el
w0l o-o® 00©°°" |0 dispersed phase -exp.

B e 409'0‘8 “
25 o P _O.D-O’O‘o
20 gm-0-0-0-®" Py
Oo0©
15 yolad
. 1 a p’op CONTINUOUS PHASE
9 '7?,-,(0’010 INCET
: v
[ Ne} 4
00 T 0.2 0.4 0.6 o8 10 12 4
him
OSPERSED PHASE

WLET

Hold-up and concentrations profiles ( Experiment N° 6 - Table1 )

References
1. Casamatta G. Ph.D Dissertation, Institut National Polytechnique de Toulouse, 1981.

2. Casamatta G., Vogelpohl A. // Ger. Chem. Eng. 1985. P.96,

3. Dimitrova ALKhani S. Ph.D Dissertation, Institut National Polytechnique de
Toulouse, in press, 1987.

4. Cabassud M., Gourdon C. , Casamatta G/ CHISA'87, Prague, 1987.

5. Eid K., Gourdon C., Casamatta G., Muratet G//Proc. ISEC'86, Miunich, 1986.

6. Haverland H., Gourdon C., Casamatta G., Vogelpohl A. // Chem. Eng. and
Technol. 1987. Vol.3. P.151.

342



DESIGN AND SCALE-UP OF BACKMIXED  DUAL-SOLVENT EXTRACTION
COLUMNS WITH NON-LINEAR EQUILIBRIA

K.R.Dongaonkar, G.W.Stevens and H.R.C.Pratt, Department of Chemical
Engineering, University of Melbourne, Parkville, Victoria, 3042, Australia

Introduction Until recently, the computation of backmixed dual-solvent
extraction columns has received little attention, despite their importance in
the chemical, metallurgical and nuclear industries. However, we recently
described two methods for this purpose (1), the first, using a simplified
analytical method, giving the height or number of non-ideal stages to achieve a
desired separation of two solutes, and the other, using matrix algebra, giving
the separation obtainable with a given number of stages. These methods assumed
constant partition coefficients, and their extension to non-linear equilibria
18 described below.

Analytical Method It is assumed that the equilibria for each solute, A and B,
can be expressed by means of two straight lines, of slopes my hs My ] and
intercepts qjy h, qj,1, intersecting at concentrations between those in the feed
and in the raffinate product. The "critical values" of parameters P=R{/F and
R=E/F, which determine the upper and lower values of the solvent ratio, Ry/E,
at which the operating lines for each solute intersect on one or other
equilibrium line (2), must now be defined in terms of the equilibrium line
segments for the higher concentrations. Suitable operating values of P and R
are then chosen.

As shown previously (1,3), the height or number of real,i.e., (non-ideal)
stages based on the diffusion and backflow models respectively are given with
adequate accuracy by

1 <y ° 2.5y °
Hor N =4 In {[au(' - 1)(E - Y YI/LES(= - 1N(1-Y )]} (1
K3 = AL

and the exit feed-phase composition by

XL N L p ot - B - DIERG( - ) - ay (- 2] (2)

= P = Ky Yy <3
where Ej = Uy/mjUy, the extraction factor; for the diffusion model,
A = x, and G = exp(x,H); for the backflow model A = ln (k, + 1) and G=(x, + 1)N.
The «3 (i= 2 to 4) are the roots of the characteristic equation, which have
values which depend upon both the model and the phases in which backmixing
occurs (3).

Two simplified methods of solution of the diffusion model with non-linear
equilibria have been proposed, in both of which the equilibrium relation is
approximated by straight segments (4). Of these, the second is not applicable
as it involves extrapolation of each equilibrium line segment over the full
concentration range, and for dual-solvent columns these would generally

intersect the operating lines. The first method, for which the approximate
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boundary conditions (d®X/dz®) = 0. and (d®Y/dZ®) = 0 are assumed between the
high and low concentration sections of column, was therefore used. A similar
derivation for the backflow model led to the following generalized expressions,
for the two sections, applicable to either model:

(1) High concentration end (subscript h)

K o K o
Hoor (N - 2) =+ 1nfa, (' - (g, - ¥y /LR (@M a0 ) (3)
h 3 2

im

K K
o {ta,W - aM (' )31 - - it )3 )
K K
2 3 ()

Xh,out ~

m

3 _ . 23 .3 Sy
G [auN aM (;2 IS au(;3 1)

(ii) Low concentration end (subscript 1)
H or N, = -
1 1 A

“y

1n {(au(— ) -a, )X
K
o 3

K
i
30 % our/ (2301 - %, ME O = xp o =110 (5)

In equations (3)-(5), the values of the xj, E and aj (defined in

ref. (1)) relate to the appropriate section of the column; M, N = 1.0 for the
diffusion model, and (x, + 1), (xy + 1) respectively for the backflow model;

G = exp(xpAp) for the diffusion , and (xy + 1)Nh=2 £6p the backflow model;
Xnh,outs X1,eut are the dimensionless concentrations of raffinate leaving the
high and low concentration sections respectively; and Y°, is the dimensionless
extract composition leaving the high concentration section.

After the appropriate data have been input, the program calculates the
product composition from the mass balances and the critical values of P and R.
Selected values of the latter are then input, after which the computational
procedure is as follows using Eqs. (3)~(5) (See Figure 1(b)):

1. Assume a value for the concentration of less-soluble solute B in the extract
phase between the column sections and calculate the height, Hp,g or number

of stages, Nb,E for the extraction section.

»

Calculate Hb,s or Nb,s- i.e., for solute B in the scrub section.

w
.

Assume that Hy g = Hp,g or N3, 5 = Np, 5 and calculate the A concentration at
the feed point (i.e., for the scrub section).

E» 1.e., for the extraction section using the inlet

=

Calculate Hy E Or Na,
concentration of A calculated in step 3.

w
.

Compare Ha g or Na g with Hy g or Np g (in the first iteration, as
calculated in step 1). If these do not agree to within, say, 0.001, set
Hp,g or Np, g equal to Hy g or Na g and calculate a new value for the B
concentration at the feed point. Return to step 2.

In steps 3 and 5, the exit concentrations cannot be calculated analytically,
and were therefore obtained iteratively, assuming initial values of 0.98 times
those at the operating line intersections.
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Matrix Method The method of Dongaonkar et al (1), was used for comparison.
Iteration was required to locate the stages at which the slope of the

equilibrium lines changes.

Results The method was tested using the succinic acid(A)-oxalic acid(B)-amyl
alcohol-water system of ref. 1. For the first trial the straight equilibrium
lines for each solute, of slopes 0.588 and 0.325 respectively with zero
intercepts, were divided arbitrarily at aqueous phase concentrations of 22.0
and 25.0 kg m™® respectively and solved by the present method. For values of P
= 2.0, R = 5.7, with backmix ratios of 1.0 in each phase, and N’ox values of
1.0 throughout, the numbers of stages required were identical with those in
ref. 1, viz 42,82 in the extraction and 35.13 in the stripping section. Three
overall iterations were required by each method, with 17 iterations each in
steps 3 and 5 for solute concentrations A and B in the present method.

In a further trial, the equilibrium line for succinic acid was replaced by
two sections, of slopes 0.563 (upper) and 0.629 (lower) with intercepts of 1.0
and O respectively, and that for oxalic acid by lines with slopes 0.4016 and
0.286, and intercepts - 3.0 and O respectively. This again required three
overall iterations, with 14 and 8 for the solute A and B concentrations
respectively, giving 35.50 extraction and 23.77 scrub stages. Using the matrix
method, assuming 36 and 24 stages, the solute ratios A/B in the extract and B/A
in the raffinate product were 8.36 and 8.46 respectively, compared with values
of 9.0 for each assumed in the anal&tical method. The agreement between the
methods is therefore satisfactory. However, the number of stages required is
appreciably lower than in the previous case, for linear equilibria, due to the
better fit to the exact equilibrium curves.

Notation
Cx,» Cy = concentration in X, Y phase respectively, kg m~3 of pure solvent

E = extract solvent flow rate, m3hr~!
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extraction factor for solute J, Ux/mxuy'

flow rate of solute-free solvent in feed, m3hr-1.
height of column, m,

my - slope of equilibrium line section for solute J,

N - no. of actual (i.e., non-ideal) stages.

"10)( - no. of overall X-phase transfer units per stage,

P - Ry/F.

R -~ E/F.

Ry - scrub solvent flow rate, m3nr-1.

X - exj/c°xy, dimensionless concentration of solute J in feed phase.
Y = ch/mc°xJ. dimensionless concentration of solute j in extractant phase
2 - 2/H dimensionless height.

z - height, m.

Subscripts

a,b - solutes A,B.

E ~ extract section.

h - high concentration end.

J - solute A or B.

1 - low concentration end.

s - scrub section,
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EXPEKT SYSTEMS IN NUCLEAR FUEL REPROCESSING

A. L. Mills, Chemistry Division, United Kingdom Atomic Energy Authority, Harwell,
Oxon OX1ll ORA, United Kingdom

There are three areas of nuclear fuel reprocessing technology which are currently
of interest with respect to the application of 'expert systems':

(i) flowsheet design and optimisation,

(ii) process design, and

(iii) process control.

The objective of the work is to simplify reprocessing flowsheet design and plant
operation by developing techniques where 'non experts' can access specialist
information and methods and obtain workable processes or the necessary logic required

for plant/process control.

Flowsheet design and optimisation

The REPROCX suite of computer programs has been described previously(l)

and is
summarised in block form in Figure 1.
The key to the system is an adequate data

base for the various process alternatives that perion “"’
might be considered. 1In the UK the availability oo =] _FRocEsS

of an automatic AKUFVE machine for U+Pu "“'5"""“'—’1_-5."-_}_—

K 3 - 1t K 2
distribution data generation enables a wide ] L | | ""“""‘s,_,sﬂ"'!"l I""""""‘mm""2 I
range of PUREX conditions to be studied easily
(2) =

and rapidly ., hence the flowsheet designer L v g
CAD howaheel Hawd copy Dusk

Fig. 1, REPROCX

can readily optimise process conditions with the
facilities offered by REPROCX. Since REPROCX
can bDe used as an entity or in parts, the effect
of fuel variations or flow transients say, can be easily and rapidly studied. At the
present time it is not possible to compute fission product distribution coefficients
(decontamination factors) but there is a large pool of plant derived data available
that can be inserted into REPROCX to enable the requisite calculations to be
performed.

The menu and panel system used in REPROCX enables a competent person, but one
without specialist knowledge, to obtain a viable process flowsheet. As such REPROCX
finds use in Design Offices where it is required to examine process alternatives or
control schemes. The finally selected process can then be assessed by the specialist

in order to ascertain that all the design requirements have been considered.

Process design

There are several interpretations of the term 'Process Design' and in the present
context this is taken to mean the design of the best combination of head end, solvent
extraction, waste treatment and product conversion processes such that given a
particular material for reprocessing the required products and plant discharges can
be achieved in the most technically efficient and economic manner. REPROCX may then
be used to work out the details of the flowsheets needed for the process.
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The procedure currently being developed is

shown in Figure 2. As can be seen the product

and waste specifications are the starting point
and the logic then works back towards the head-

et

end and fuel receipt part of the out of pile

-

flowsheet. This technique enables both the

overall process and any necessary R&D to be

identified in an orderly manner. At the present

Fafer

time information on the performance of various

2e—

i

unit processes is being collected as a data base

m

and the complete system is being developed as an
Fig. 2, Flowshest design & interactive computer procedure.
optimiastion system
As with REPROCX, the procedure when completed
will enable the non expert to examine the

consequences of selecting a particular process or procedure as part of the flowsheet
and to determine whether sufficient data are available for its immediate use or
whether an R&D programme is required before the process can be included in the flow-
sheet. Similarly the procedure will highlight whether two processes in sequence are
compatible. Consider for example an evaporation process for the concentration and
decontamination of medium/low active aqueous waste liquors. This could preclude the
use of non evaporable species in the processes that generate these waste streams or
requires that special ‘'salt evaporators’ are used. Such a requirement when placed
on the waste liquors then has implications for the solvent extraction procedure also.

Given the necessary data bases the power of this optimisation technique can
readily be seen,

Process control

As plant control and operation become more complex the need for a system by which
faults can be readily identified and the consequences of flowsheet changes necessary
to restore the plant and process to the desired state is becoming more apparent.
Unfortunately the increasing complexity of both plant and process is such that even
the best plant operators require both assistance and advice from the designers who
may not be available.

Interest has therefore turned to the development of expert systems for plant
control and process operation. This work is still at an elementary stage but it has
highlighted areas of information that the plant operator requires and the need for
accessible computational facilities to confirm the possible effects of making (even
temporary) changes to an agreed flowsheet.

As in all the above the PUREX process is assumed together with the fact that the
operator is fully conversant with both the plant and the process. The basic
chemistry of the PUREX process is relatively simple and the detailed process must be
reasonably 'operator tolerant' otherwise it will not operate satisfactorily on a
plant. There are only two requirements for a correctly designed process and plant
and both have to be fulfilled simultaneously:

(1) the correct chemical reagents must be fed to the correct sites on the plant

at the correct rates, and
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(ii) the plant must operate mechanically in the correct manner.
Given that these requirements are met then the process must work as the designer
intended. This ideal state of affairs is not always realised in practise hence the
perceived need for an expert system to assist the plant operator.

By way of example a uranium extraction

AQ Savent

cycle is shown in Figure 3 and pulse columns = e

have been selected as contactors. The McCabe- 18) Faracion

Thiele diagram for the process is also given. @l . 2™ (M) Gmomor

For more complex solvent extraction procedures “

the corresponding computer output would be E" ! oo

available. €. : e fove
It is assumed that the column in Figure 3 S.a E

is part of a process sequence such that the Emmi

aqueous uranium feed is derived from a i m«mi

previous cycle. The aqueous scrub and the ‘ z

solvent feeds are generated from stock tanks d i E ]

appropriate to the column. 'M' is an in line/ o thQ;mmi“ ‘%°“”hl:h:msﬁ';J

on line uranium monitor in the extract section Fig. 3. Disgram for uranium in
of the column which continuously measures the extraction & scrub sactions
uranium concentration of the aqueous phase at

that point where the concentration change as a function of position in the column is
a maximum. The monitor is available for feed back control if required.

A partial analysis of faults leading to a high
uranium level in the aqueous raffinate is given
in Figure 4 and suggested corrective actions are
listed in Table 1.

It should be noted that some corrective actions
require the operator to recompute the McCabe-
Thiele diagram, (or access a computer procedure)
and in the case of a pulse-amplitude fault to
have a knowledge of the column characteristics.

These may be available on a computer data base.

Experience will have shown that certain faults

will occur more frequently than others and this

Fig. 4, Partofatfauittreefor highU
in aqueous raffinate

information must be included in the expert system
since it is ‘real' infommation. The table also
indicates the remedial action that the operator might like to consider. At this
point in time there is no intention of 'handing over' plant control to the expert
system but rather to use it as an aide memoire to the operator and merely to suggest
a course of action.

The monitoring device 'M' measures the uranium concentration at a given point in
the column and for correct contactor operation the measured value should

correspond with the predicted value from the McCabe-Thiele diagram. The validity

of the comparison requires that all the inputs to the column are correct. The
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Tacle & , Some faults from Ficure 4 and the crobable operatir's resdonse

| Fault Probakble cause Operatcer's response

i Low sclvent flow Pump/flowmeter faulty? Check, replace. Increase

| solvent flow temporarily

High agqueous scrub flow as above as above, and/or decrease
scrub flow temporarily

High scrub acidity Faulty make-up or analysis?| Change scrub and/or solvent
flow to compensate. Confirm
on McCabe-Thiele diagram

U feed conc high Faulty upstream operation? | Change U feed flow or solvent
and scrub flows. Confirm on
McCabe-Thiele diagram. Check
% flooding. Check upstream
operations

U feed acidity incorrect | as above as above

comparison may be used to indicate a departure from the required operating conditions.
Any such departure might be small and may not at that instant give rise to a column
malfunction, but if the rate of change of the value measured by 'M' is both unidirec-
tional and divergent then an operator is made aware of a problem yet to come. The rate
of change is indicative of the time available before the fault has to be corrected. In
its present state the system is far from complete but it has indicated areas for
further work.

The first of these is to consider both the expert system language and whether a
'shell’ could be used. Because all the computation is available from existing programs
the expert system is essentially one of consulting lists seeking to relate a cause to
an event, for example the high level raffinate is caused by certain possibilities, or a
given feed failure is likely to result in one of several identifiable consequences,
this requirement has suggested that one of the LISP dialects might be a suitable
programming language.

One of the outcomes of the work so far has been to identify control requirements for
the process, some of which were not totally obvious prior to the commencement of the
work. Thus in Figure 3 the monitor 'M' is used to identify the position of the uranium
profile at a unique point in the extraction column, this measurement may be related to
the solvent and scrub flows and to the uranium concentration of the solvent product
stream. It may also be used in a feed back mode to control the solvent flow thus
controlling the column concentration profile and in a feed forward mode to control the
subsequent strip column.

The extraction data may also be used to determine the percentage flooding in the
column which in turn can be used to assess whether the column is functioning in the
desired manner.

Conclusion

Application of expert system technology to nuclear fuel reprocessing plants is at a
preliminary stage. It does offer a number of advantages to the design engineer and to
the process operator and it is expected that these advantages will be realised as
development work in this field proceeds.
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FLOWSHEET PREDICTION FOR THE LIQUID-LIQUID EXTRACTION OF METALS l 5-26

P.A. Noirot and M. Wozniak, Ecole Nationale Supérieure de Chimie de Lille -
B.P.108 59652 Villeneuve d'Ascq Cedex, France

The separation of multicomponent mixtures by extraction involves competitive
equilibria so that the distribution coefficient of one metal is a function of the
concentrations of the other solutes. Thus, the prediction of material balance flow-
sheets requires a considerable experimental work and is tremendous because these
systems defy the conventional mathematical or graphical analysis.

To overcome these difficulties a 6omputer simulation is proposed and this work
describes the program (INSTALLEX) which has been developed and its application. The
calculations are based on equilibrium stages and use a thermodynamic equilibrium
model which has been successfully applied in a previous work (1). This model is capa-
ble of predicting equilibrium compositions of the phases with great reliability and
without restrictions on the composition of the aqueous phase as well as on the number
of metals. As another advantage, it offers the possibility of evaluating any configu-
ration by acting on the number of stages, the multi-feed compositions, the flow

rates, the position of the outputs, the by-passing of the stages.

Description of the program : For the calculations it is supposed that (i) the extrac-

tion cascade is composed of theoretical stages and (ii) that the two phases are

immiscible.
The flows surrounding a stage n are represented as follows, with :
Fn  the aqueous feed flow to stage n Lr-l
Ly the aqueous flow leaving stage n En 1 —_— S“_I
. i
Sn  the aqueous sideflow withdrawn from - Vn
Dn . — — Dn-l =
stage n = »J vn-l »]
Dp,j the aqueous side flow leaving a “__J R En-l 3
*
stage n for stage j n
Ep,i the aqueous side flow coming from
- — n -—
stage i (Ej § = Dy j) F B
Va =Lp=- Sg- ] Dy, 1.7
o j - n
Cn,n concentration of component m in feed En+l i — sn
to stage n ' v\*]
D -— — p_ .
Cn,n equilibrium concentration of compo- n+l,j v n,j
nent m leaving stage n o E“’j
The same symbols, with an overline, i
n+l

are used for the organic phase.
With the previous assumptions, the model equations (2) describing an extraction in~
volving N stages and M components are reduced to :

- NM component material balances which are established in accordance with the flow-

sheet to be tested :
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in which appear, as intermediates, the distribution coefficients Kp,pn- At stage n,
the values of Km,n (1 < m < M) are calculated from a thermodynamic model which requi
res (1) the feed composition at stage n (ii) the thermodynamic stability constants ¢
the species in presence and (iii) the interaction parameters between the species for
the calculation of the activity coefficients according to Bromley's model (3).
Hence, for each component m there results by substitution a system of N linear
equations with Cm,n a8 N unknowns :

Input [3](Ln+xm,nin)cm,n =
Equilibrium model parameters Fnc;,n o FnE;,n

Flowsheet characteristics

Estimation of the |
g o zEn-l iCm,i

4| i y ’

1

Calculation, for each component m, St EEn+1,iKm,iCm,i

of the Cp, pfrom Fn,Fn Cn onsCmon il

* vn-lcm,n-l

+ Vn+1Km,n+1Cm,n+l

by solving equations 3] The calculation sequence is schema-

tized by the adjoining flow-chart.

Calculation of Gn,gn I

The illustrative example will give

more information on the inputdata.

At the first iteration some estima-

€, and é-n .
within a limit tes of Ky p-noted Ky g- are needed.
As the partition coefficients may

no vary abruptly along the extraction

3 cascade, the latter can be subdivi-
-—LCorrectlon of the Ky |

ded into s sectors, each stage

o
Calculation, stage by stage, of the Kp g of the sector having the same Kp s.

o
via the equilibrium compositions The K g values are calculated

from the equilibrium model, each

sector acting as a unique stage
Little change
in the Ky n

whose feed concentrations, known or
estimated, have been previously

introduced. The system of equations

yes
1 [3] is solved for each component m

I Concentration profiles

to give Cp p and hence Em,n.
Generally, after this step, the electroneutrality condition is not fulfilled,
M - M -
€y = ) Zp Cpyn # 0 and €4 = % Zy Cpyn 7 O
1
where Z, is the charge of component m. If deviations €, and €, are too important,

the previous Ky p are corrected by applying an empirical function depending on €,
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én, Zn> Cnyn and Eﬁ,n. The new Ky n are returned to the previous step until €,
and én lie within permitted limits. If not, Km,n values are calculated, stage by
stage, from equation [2] , on the basis of the input feed composition.

The process is repeated until convergence is attained, i.e. when each relative
Kn,n variation, from one iteration to the nmext one, becomes smaller than a prechosen

value (generally 102 or 1073).

Illustrative example : As an example of application of the program, let us consider

the separation of cobalt and copper from concentrated nickel chloride solutions by
using tri-iso-octylammonium chloride (R3NHC1) as an extractant.

The input data required for the calculation of the equilibrium compositions are
given in table I. They essentially result from the treatment of partition test data

by means of a refinement program (1)

Table I. Parameters of the equilibrium model

RINHCI(H0) . Co(Hp0)2* . cu(Hp0)ZF . NiZF . c1™ . Hy0 Species¥® logt .

0 1 0 0 1 -1 CoCI(HZO)‘; - 0,34
- - 3
0 i 0 0 2 4 CoClz(HZO)z 3,24
0 s 0 0 3 - 5 |CoCl,(H,0)" - 6,07
0 1 0 0 4 - & |cocl;” - 8,64
1 1 0 0 2 -7 (R3Nnc1)Coc12 - 2,90
. N

2 1 0 0 2 8 ZRBNHCHZCOCIZ 0,87
3 1 0 0 2 -9 ZR3NHC1)300012 - 0,05
0 0 1 0 1 -1 [cuciu,0)t 1,20
0 0 1 0 2 - 2 |cucl,(H,0), - 0,28
0 0 1 0 3 -3 Lu013(}120)3 - 2,29
0 0 1 0 4 - 4 |cuCl, (1,0)] - 4,5
1 0 1 0 2 - 7 | (RyNHC1)CuCl, - 0,04
2 0 1 0 2 - 8 [(R,NHCI) CuCl, 1,79
3 0 il 0 2 -9 (R3NHC1)3CuC12 2527

Interaction parameters : NNi,Cl = 0,1039 ; BCo,Cl = 0,1016 ; BCu,Cl = 0,0654

*ni,coct; T Pni,cucty T Peo,cuct; T Peu,coct; T Peoct;,cucty T 0%

* The organic species are overlined.

It can be seen that the model comprises RSNHCI(HZO), Co(H20)2+, Cu(HZO)€+, NiZ+, c17»

HZO as components and that the parameters are (i) the thermodynamic stability cons-
tants BT of the species in presence, every species being represented as the result
of a reaction involving these components, according to the given stoichiometric coef-
ficients and (ii) the interaction parameters between the chemical entities resulting

essentially from Bromley's compilation (3)
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The flowsheet to be evaluated is represented by figure 1. It mainly corresponds
to one of those proposed by Falconbridge Company (4). However, the aqueous feed is
different as well as the number of stages. Figure 2 gives the results of the simula-

tion.

Orgonii.: phase:R,NHCl 0.28M

Fo=2-8
F,=5
12 L J ] 3
12{11 |10 9(8(7]|6 5 A 3121
E°=7[4 [-
1— Aqueoug feed 1— Co stripping Qu stripping

Co=Cu=0.02m F,=0-3 F,=0-6
Ni=4m Cl=8-08m water water

Fig.l. Flowsheet of the extraction cascade

logCmp or l0gCpn

Although the main purpose of this example
was to demonstrate the applicability of
the program, the obtained results are
consistent with the expected omes (4).

In order to optimize the separation other
gimulations have to be resumed. In addi-
tion,by means of the appropriate thermo-
dynamic parameters, other metals as well
as other aqueous media, like hydrochloric
acid, could be considered. Laboratory

work is in progress with the view of com-

A E paring predicted with experimental profi-
1 k'
n L I L L L L L + A les : unfortunately, such an arrangement
122 10 8 6 4 2 :
stcge n= on a small scale turned to be more diffi-

Fig.2.Concentration profiles of Co and Cu cult to realize than expected.
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RUMERICAL MODELLING OF HYDRODYNAMIC AND MASS TRANSFER 5-27 I
CHARACTERISTICS OF RECIPROCATING PLATE EXTRACTION COLUMN (RPEC)

A. R. Kolker, V. I. Orlov, I. V. Rogov, Khlopin Radium
Institute, Leningrad, USSR

E. Sovova, A. Heyberger, J. Prochazka, J. Eermak, ITBCP, Prague,
Bssr

The purpose of this work is to show the possibility of approximate
calculation of mass transfer and hydrodynamic performances of RPEC for
multi-component systems of the type: nitric acid solution of uranyl
nitrate - tributyl phosphate solution.

It is known that the processes of mass transfer in column extrac-
tors are well described by "continuous"™ model in the form of a system
of second order non-linear equations. The solution of such a system
presents some difficulties and requires significant consumption of ma-
chine time /1/. Cell model is an alternative which is more simple for
calculation with acceptable accuracy. However, known examples of the
use of different cell models are aimed on the calculation of one ex-
tracted component [2-4]. In this work the cell model is generalized
for the case of several components extraction. Moreover, at high de-
grees of extraction, characteristic for the extraction systems under
congideration, surface tension 6, density P and viscosityju of the
phases as well as diffusion coefficients of extracted components D
vary significantly. This causes the change of drop diameter d and con-
sequently of all hydrodynamic characteristics along the height of RPEC
even at constant amplitude A and frequency ¥ of vibrating mixer.

Devide the range of prescribed working concentrations of the first
component (uranium) in the raffinate phase into K parts. For each i-th
part (1€ i< K) we can write an expression for degree of extraction
/3/: .y,,‘?f.,, .9,.’,-" ey

B = z,;.:‘, ,g,r 1-F A (1)
where Al - number of cells relating to i-th part of column;
{+F7- . B M_ 3 1{.&.
" /#7' 5 LT F ‘-”’u%
where 7; - number of transfer units in i-th cell; £; - mass transfer
(extraction) factor; u&,- A ﬁ&,' ~ fictious phase velocities; K, - mass
transfer coefficient; ;- specific interfacial area.

From the material balance of column part including A{ cells we find

the value:

w ‘u)}. v u)

.9,.(..,, wliot) = (2)

4
where x,‘ N j{,,,‘) - concentrations in aqueous and organic phases for

i-th part of column.
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The number of full mixing cells AL for i-th part of column is equal
to:

- 7= ¥h )
nt = !ﬂ/__ﬁy/m’ /&Az (3)

The height of each part is L£=n[4ﬁ , where the height of full mix-
ing is:

Hiz2Ei(1- &)/ wyi (4)

and everall column height L = 3L,

The dependences of viscosit&, density and surface tension on con-
centration are given in /5/. The dependence of diffusion coefficients
of extracted components on their concentration was determined using
Wilke-Chang correlation /6/. The account for changes of phase proper-
ties from stage to stage permits to increase the adequacy of the pro-
posed mathematical model.

Drop floating-up velocity, holdup €, mass transfer coefficient and
longitudinal mixing coefficient £, are calculated for each part of
column by the formulaee given in /3/. The value of sgpecific interfacial
area for each section is evaluated with account for drop size distri-
bution function fﬂ?. In order to find this function suppose that in
steady-state conditions drop energy distribution is governed by Boltz~
mann distribution. Since drop energy is presented as sum of "volume"
and "surface" components proportional to r’ and.Fz, regpectively /7/,

£(r)= 3r% ST (G -Tde/dT) [ ¢rie 4ire - rde/dr))
T 9, 4 (G -TdS /dT) §rs 4 mrife -TdS/d7) (5)
A Jﬁi » M - evaporation heat, density and molecular

we can have:

where t; = M._

mass of dispersed phase, respectively.
Mean cube and square of drop radius (r?and ) can be expressed in
terms of M using the ratio:

o0
F:jrf(r)clr (6)
e
The value of specific interfacial area will be:
-
a;=a’ [P §{r)dr/ D
where 07=3£g/ﬁ-° - gpecific interfacial area neglecting drop size
distribution.
Analytical integration of eqn (7) is impossible but this can be

made in limiting cases. At small value of surface tension and high
evaporation heat of dispersed phase we have:

;= a‘."%(%(_”l‘?y:[r"exp[-/"(tz/a);g-]dr ={13a’ (Ta)

At high surface tension and low evaporation heat of dispersed phase we

have: i

oot el 38 ) Jor < v
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Thus, the account for drop size distribution leads to the growth of
specific interfacial area by 13-27 %. lioreover, from the cbitained ra-
tios it follows that the value of sgpecific interfacial area in the
considered physico-chemical system at constant drop breaking condi-
tions depends on emulsion type (water/oil, oil/water), as evaporation
heat of aqueous and organic phases differs significantly.

Simultaneous calculation of concentration profiles of two main
macrocomponents (U, HNOB) is performed using the following iteration
procedure. In a first approximation the concentration profile of first
macrocomponent (U) and the number of full mixing cells in each part of
column are calculated from eqns (1-4). The concentration profile of
second macrocomponent (HNO ) is fixed. Thus, the preliminary calcula-
tion results in U concentratlon profile L = f(xnl), ygl)) at constant
HNO3 concentration (xn 2) = const; yng) = onst) equal, for example, to
initial one. Then an inverse problem is solved: using calculated U con-
centration proflle and number n{ new values of HNO3 concentration are
calculated: xn 2) = f(L ) and y(2) f(L ). To do this it is necessary
tc substitute into formula (3)) the expresslon for model parameters:

m
Kri O He (X,.(‘./J ) \ni Wi (xnu.t Xm /)
/.f wy (.yi’(’:l) ,f/”“ ) / 1".‘/‘ (}’n’t’o “ )

)~

-f—f Ky Q; / / _ (xn (1Y)
W 7‘(&11 (-yn}:‘:l} ,b’,,, J(ivfn- iﬂ—)

where y;i - equilibrium concentration of a component in i-th sectiox.

(8)

Iteration procedure with successive fixation of macrocomponent cou-
centration profiles is repeated until convergence is achieved.

If an extraction system includes microcomponents the calculation ¢f
their profiles on the background of two macrocomponents is also per-
formed by eqn (8) when equilibrium equations for each j-th microcompo=-
nent of the form y“) = f{xuy are available /8/. Such a calculation is
possible at concentrations of microcomponents having no appreciable
effect on macrocomponent concentration profiles and physico-chemical
properties of the phases.

Fig. 1 and 2 show the obtained concentration profiles of macrocom-
ponents, holdup and specific interfacial area along the column height.
The calculation has been made for RPEC 0.056 m in diameter with work-
ing part height 3 m, plate spacing 0.02 m for operation with vibration
amplitude 0.003 m and frequency 3.75 cps. Flow rates of aqueous and
organic phases were 30 and 90 1/h, respectively. For comparison expe-
rimental profiles of U concentration in aqueous and organic phases
obtained under the seme conditions are presented. Calculated and ex-
perimental values of extractor height and concentration profiles agree
with accuracy to 15 %. Fig. 1 shows the accumulation of HNO3 in middle
part of extractor, whereas inlet and outlet concentrations are about
the seme, which also agrees with experiment. Fig. 2 shows complicated
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Pig. 1., Component concent-
ration profiles in RPEC.
1= HN03 in organic phase;
2 = U in organic phase;

3 = U in aqueous phase;

4 - HNO3 in aqueous phase;
(- - =) - experimental
profiles of U concentration

im

= 1000 (200 {0 0.3!1/5"'

07w 10 20 22 x &%
Fig. 2. Profiles of holdup
(1) and specific interfacial
area (2) along the height of
RPEC

plot of holdup and specific interfacial
area dependence along the height of ex-
tractor. This is explained by different
effect of physico-chemical properties

of the system on hydrodynamic conditions
in apparatus, which, in turn, is defined
by the character of concentration profi-
les. The increase of holdup in upper
part of extractor limits its throughput
due to the possibility of flooding.
Therefore, the use of irregular packings
is advisable which assures appoximately
constant holpdup along the height of ap-
paratus. Described method of mathemati-
cal modelling can be used for the opti-
mization of RPEC design and operating
conditions.
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DISSOCIATION EXTRACTION IN ALKALOIDS TECHNOLOGY: o
INVESTIGATION, MODELLING AND OPTIMIZATION ]5_—_|

V.V.Kafarov, V.G.Vygon, Mendeleev Institute of Chemical Technology,
A.N.Lyssenko, All-Union Institute of Medicinal Plants, Moscow,USSR

Dissociation extraction is the method of separation of week orga-~
nic bases or acids, based on difference of the dissociation (ioniza-
tion) constants and/or interface distribution coefficients [1].

It is expediently to apply the buffer systems for stabilization of
optimal conditions. The optimal control of selectivity in such case
is possible by means of regulate of pH profile by intermediate
introductions of buffer components. The flexibility of process cont-
rol is ensured by multifactormess of control actions. The optimiza-
tion of separation scheme and control actions in view of the system
complexity predestine the necessity of mathematical model applica-
tion. This model must reflects the structure of system interactions.

The perspective field of application of dissociation extraction
method is the separation of alkaloids, which are complex heterocyc-
lic nitrogencontaining natural origin compounds, characterizing by
the saltformation reactions, proceeding by acidic-~basic mechanism:

+ " +
R3NH == R3N : + H
R,NHAn == R;NH +  An~

The difference in basecity of alkaloids is the precondition for
dissociation extraction utilization for the separation of multicom~
ponent mixtures, containing in the natural raw materials; and the
conditions are created for complex treatment of raw materials,

The equilibrium investigation allows to define the individual
distribution coefficients and selectivity as the function of pH of
medium (fig. 1).

Com ! 5
C
a
* 40 8 . ——
—80=2—0""
20 4
2 3 4 5 pH 1,5 2,0 2,5 pH_
a) b)

Fig. 1. Dependences of ergotamine distribution coefficient (a)
and ergotemine/ergocryptine separation factor (b) from aqueous
phase pH in’ the systems with chloroform (a) and dichlorethan (b).

In view of complexity and multifactorness of dissociation extrac-
tion the process development have to include the calculative optimi-
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zation stage. The structure of physico-chemical interactions in the
multicomponent alkaloids systems at the arbitrary composition of
buffer background is proposed for the identification and description
of such systems (fig. 2).

organic phase

- - - - - —_ - - - —ﬂ_ - -

OH == H20 == H\ == PiH ;—' Pi aqueous phase
K+, OH HAnl P.HAN
= n 1

Ktk == KtkAnl ==

Fig. 2. Structure of interactions in alkaloids systems

In accordance with accepted structure of interactions the mathe-
matical model of alkaloids separation process in mixing stage is
developed. It includes the material balances equations for i alka-
loids in organic phase and for all i1 kinetic units (molecular and

ionic forms) in aqueous phase:
ORG

VAR o = L (- o) + k™alp (e *- ¢)
VA fdr = G(ci, - a,) s kyalh(ct-c.)

the mass transfer fluxes balances equations for all i2 atomic kinds:

gk‘:za%/ct‘: - CLZ ;ko“’a V (C ORG _ axaB

the equations of action mass law for all poss:.ble reactions on the
interface boundary:

8 8 8
Ki; Gy = Org. Cig
and the alkaloids-bases heterogeneous distribution equations:
CB _ [oRGB
Lile = L
where € ,CE”,CB- volumetric, entrance and boundary concentrations;
VO,V[' ’VL - total, aqueous and organic phases volumes; @ - specific

interface area; ’ - mass transfer coefficients for aqueous and
organic phases; G ,L ~ aqueous and organic phases volumetric
flows; » Ny s - physical and chemical equilibrium constants.

Presented system of equations differ by large dimension and is
incompletely observed, because it contains hardly measurable concen-
trations of particular alkaloids forms and boundary concentrations,
For the transformation of this system to convenient for calculation
form the summarized concentrations for each atomic kinds are intro-
duced. It allows for system decomposition and bring the system to
generalized matrix form. This generalized form is correct also while
process description in multistage extractor, where the back-flow
model is used as a base for flow structure description. The system
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of equations is divided on the linear part, which is solved by block
tridiagonal matrix method, and non-linear part for calculation of
boundary concentrations profiles of hydrogen ions and anions. The
last ones are the iteration variables.

[8,][Dl]
adigln) 0|l
[ AL.” -/] [DL VjF"f - fr=1
F.”B ][DJ Vjs gjr
[AH][ BjH'J[DH ‘Vl‘F*f ﬁjpﬂ
[ AH] [BN l] [ Du] ‘ZN-I EN-I
0 [AJBM || T E

X=X+ (Al X,- X'

V<<
"Tv'::l‘l»m)

Il

1 +; C:"-lj/x,;e B

B _ AEN Xij
Cyj = an/[’ +§Ka: +ZKP+CIZ(1*;C:"¢J-/‘¥M) J]
CB Cf:J
ey 4, Cij CR; Xij /e Cf&, /kaz ¢=1+n,
/’f"N’ Ka:%:Kp*Cu (1+ ;C‘*'I +Z 1107 ‘K g
: 2

where [A] ,[D] ~ hydrodynamic paremeters matrices; [BJ- transforma~
tion matrices, including system equilibrium and kinetic parameters;
V ,X - vectors of measurable_ alkaloids concentrations in both
phases and only aqueous phase; E - alkaloids entrance concentra-
tions vector;[A] -~ reduced mass transfer coefficients matrix;

-~ number of stages.

The algorithm of multicomponent dissociation extraction calcula-
tion in multistage apparatus possess quick convergence and uniqui-
ness of the solution, which are achieved by means of developed
method of high dimensional mathematical model decomposition,

Presented method was applied for the development of the technolo-
gy of ergot alkaloids selective separation by dissiciation extrac-
tion method. The process is carried out in pulsed columns (with
ceramic Rashig rings) cascade [2]. The optimal extraction regimes
was found with the help of the computer. The calculated optimal
parameters provide for high process efficiency., The results of ext-
raction on two selective separation stages is presented in table 1.

The adequacy of developed mathematical model to real process is
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corroborated by comparison of calculated and experimental profiles
of ergotamine concentrations along columm height in defferent
selective separation stages (fig. 3).

Table 1. Relative alkaloids outputs (in %) from columms with
aqueous/orgenic phase on different extraction stages.

Alkaloids §CZH4CI2 - aqueous phase i Aqueous phase - CHCl3
1 ]
Ergometrine 100/0 98,5/1,5
Ergotamine 99,4/0,6 0,1/99,9
Ergocryptine 4,5/95,5 -
Ergotaminine 0/100 -
6
hcol’ =
4 |
2
0 0,0005 0,001  0,0015 C_ , M

aq’
Pigo 3. The calculated and experimental ergotamine concentrations

profiles along column height in dichlorethan - aqueous phase (1)

and aqueous phase -~ chloroform (2) systems.
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DESIGN AND OPTIMIZATION OF EXTRACTION FROM HIGE CONCENTRATED[ 5-29
SOLUTIONS

V.V.Kafarov, V.G.Vygon, V.N.Kochergin, Mendeleev Institute of
Chemical Technology, All-union Scientific Association "Vitamins",
Moscow, USSR

The liquid-liquid extraction processes, which take place in organic
products industries: caprolactame, phenole, a number of synthetic vita-
mins and also in the extraction of heavy metals, may be characterized
by the high solute concentration in the solutions (till 70%). The in-
terface flux in this case is comparable with solvent and feed flows.
There are significant variations of physical properties and hydrodyna-
mic behaviour in such conditions of mass transfer. The parametric non-
uniformity of systems with wide interval of concentration changes re-
sults in considerable variations of viscosity, density and interfacial
tension and loading capacities. Underestimation of such nonuniformities
leads to accuracy reduction of design calculations. The conventional
methods are based on the main assumption about the constancy of phase
flows and physical properties over the height of the column.

This assumption does not lead to a large mistake during concentrati-
on profile calculation only at 2-5% solute concentration in feedsolu-
tion, when the dependence of hydrodynamics on mass transfer is less
significant.

Prochazka et al. [I] tried to take into accont the dependence of mo-
del parameters on concentration profile. The observed pilot plant con-
centration profile was chosen as the initial data for calculations.

The quantity of unknown parameters exceeding the quantity of mathe-
matical model parameters; the number of model parameters was reduced
with the help of approximation functions method. According to this me-
thod the parameters dependence on the stage number expressed in poly-
nomial form. Therefore, such method is formal one, because it doesn't
account for the physical interrelations of model parameters. This is
the reason that the method is not widely used for design and optimi-
zation of commercial-scale extractors.

A model of column extractor is developed, which differs from known
back-flow model, because it takes into account the dependences of vo-
lumetric phase flows, back-flow coefficients and physical properties
(density, viscosity, interfacial tension) of phases on solute concen-
tration. It is assumed, that the absolute values of back flows are de-
fined by the turbulent transfer and are constant under the conditions
of continuous supply of external energy. But the ratio of back flows
to the volumetric phase flows depends on phase velocities, which are
functions of drop sizes, density and viscosity.

The iterative procedure is developed for column design, using the
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combination of tridiagonal matrix and Newton-Raphson methods. The con-
centration profile, calculated on the model with constant parameters,
used as the first approximation.

During algoritm development the basic parameters are defined, which
are to be determined during the experiments on working systems, and al-
so the secondary parameters, depending on the basic ones.

The diagram, defining the quantity of necessary parameters and sequ-

ence of column design is shown in Fig. I.

Yoty
E—— ]
Hydraulic h T £ f
design and t c d
flooding a ] l
ST
— k. kg )\
Phase
equilibria
Constructive P”J Mass transfer
parameters calculation
dp'Dc’E'Hc 4
HE 3 g Physical |
X 32 properties l
Phase flows
G and L Pulse Ec'E I
intensity J AR
g
ot g Column _|
(degree of ‘lffgbf_gc

extraction,
limitations onj
D_ and H)
c c

Fig. I. Sequence of column design with variable parameters

The basic parameter changes, depending on concentration are defined
from the equations, generalizing the well-known equations of drop move-

ment and breakage in column extractors.
dy, = k16°'6s'i" plip TR
Bx =k, (AP /}1 a
where d, d32 and ﬁx—drop mean and surface-volume diameters and characte
ristic velocity-, kI and k2 -empiric constants, € -energy dissipation
AP -density difference,}'d,/lc -phase viscosities, & -interfacial ten-

sion h -holdup, m, -constant coefficients.
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The linear behaviour of GX:f(é) in operating region is shown in [2].
The holdup and drop diameter changes over the column height on each ite
ration are determined by the solution of mentioned set of equations.
Before the calculations this equations were written in increments in
respect to nominal level of energy dissipation and reduced to undimen-
sional form. In such a way one can avoid finding the empirical cons-
tants kI and k2, depending on system properties and can make the mathe-
matical formalization more universal.

The developed model is applied for pulsed packed column design for
solvent extraction of diacetonsorbose and methyl ether of pyridoxine-

half-products of ascorbic acid and vitamin B, processing-from concen-~

trated feed solutions. :

The model basic parameters were determined experimentally for tech-
nical solutions on the pilot scale pulsed extractor with ceramic Ra-
shing rings with packing height 5 m and i.d.= 56 mm. The experiment al
dependences of d. d32 and ﬁx on pulse intencity provide for extractor
operating conditions optimization not only varying solvent-to feed ra-
tio, but changing the pulse intensity. :

The experiments and calculations show, that the most intensive mass
transfer and the most dence drop packing take place in the part of the
column, adjacent to the exit point of feed solution. The concentration
profile, calvulated on the base of model with variable parameters is
more cocave in this region comparing with the profile, determined from

constant parameters back-flow model (Fig. 2)

C,31

400

Fig. 2. Concentration profiles in 3pp;
continuous phase: o -experimental,
I-constant parameters model, 2-va- 200

rious parameters model, 3-various

packing size

The calculated and experimental profiles have been compared; the
mean relative deviation for system 35% solution of diacetonsorbose-
chloroform is I6% for constant parameters model and only 3X for newly
developed one.

Due to significant concentration disturbance near the extractor exit
the physical properties of phases change drastically. The hydrodynamic
conditions here are close to flooding, when the rest part of the column
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is working with lower efficiency. Non-uniformity of hydrodynamics along
the column height leads to reduced column efficiency and capacity.

Such disadvantages may be eliminated by varying drop breakage chara-
cteristics or column cross section, providing equalazation of holdup
profile along the column. The developed model allows calculation of op-
timal cross-section profile, providing the holdup persistense over the
column height (Fig. 3). One can reach the practically optimal conditi-

IF‘sz
900+
Fig. 3. Cross-section profile,
600, providing the holdup equalazation
over the column height.
300+ | [
I
1, l . . ] s
0 14 2 3 4 =¥ Heym

ons of mass transfer filling the column with the packing of various
packing size were determined. The concentration profile, calculated
for various packing size column (curve 3 in Fig. 2) shows, that the ex-
traction degree of diacetonsorbose may be increased by 8-I0% as a re-
sult of construction optimization at the same throughput.

It is worth noting, that the developed model max be used for design

and optimization of plate column extractors.
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A NEW METHOD OF EXTRACTORS DESIGN IN SEPARATION PROCESSES { 5'56_}

X

V.V.Kafarov, V.G.Vygon, S.L.Grigorian, Mendeleev Institute
of Chemical Technology, Moscow, USSR

The chemical engineering synthesis of extractive separation proces-
ses requires the development of adequate process models and stable ex~
tractor calculation algorithms of high-order convergence and the sele-
ctivity criteria for the optimal separation scheme design. All exist-
ing methods of extractors design are based on the description of phase
non-ideality and chemical reactions with the help explicit dependenci-
es of distribution coefficients on their concentration in one of the
phases. The selectivity in multicomponent systems is provided by the
components competition under the condition of variable phase composi-
tion (pH, quantity of solvating agent, mutual solubility of phases,
etc.). So the calculation on the base of such this description may be
unstable due to non-uniquenes of solution.

A new model is proposed for the simulation of counter-current ext-
raction, which include phase equilibria block, accounting for practi-
cally important physical and chemical mechanisms of selectivity:

1) physical distribution of non-electrolytes, including mutual solubi-
lity of phases; 2) dissociation extraction of acids and bases; 3) ext-
raction with respect to complex and solvates formation in the electro-
lytes and non-electrolytes systems. The proposed model is recommended
for multicomponent extraction schemes design, including mixer-settlers
sequences and/or columns., Let us consider the basic principles used
for deriving the model with the help of t-th flow mixed cell, Fig.1:
1) all chemical reactions, taking place on the interface, may be desc-
ribed with the equations of mass action law; the chemical reactions in
the bulk of phases are quasistationary and taken into account in the
convective balance of hydrodynamic set of equations; 2) the electro-
neutrality conditions is expressed by the balance of ionized chemical
forms between the bulk phase and the interface; the charge disbalance
is compensated by the existence of electric double layer; 3) the in-
terface is quasistationary and overall mass transfer is expressed by
the sum of the individual mass transfer flows Agicgi; 4) convective
balance equations include the members accounting for the hydrodynamic
back=-flow model (Lp,Fp,lp), bulk chemical reactions (Wr) and interface
mass transfer; 5) the non-electrolytes distribution and mutual solubi-
1ity of phases are described by the set of non-linear implicit equati-
ons on the base of developed earlier approach [1,2], using the asymme-
trical coordinate complex, Pig.2 (X, .= Nkp/ﬂig, Xiplq * Nig/“ig ye

The stationary process model in matrix form is presented belows:

AInC*®® -~ 1n6 = O 1afl

r(c™ sTy - ™I gy . 3 1.2
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P P 3

(8+(1-5)lP)ZApi(ci- c’“i’)=3 1.4
1

B ey +waef) - AL (cf -c) + cjgt’--P = 0 1.5

wr(cgi) = 0 1.6

where j,i - components chemical forms subscripts; p=I,II - phase sup-
erscript; C - concentration vector; BP- hydrodynamic flow structure
matrix; A P- mass transfer matrix (/1'J -‘Ap -(nga)th/((1+Y )L ) Y

F /L ); Y- phase flow ratio with respect to feed flow; A - st01cheome-
matrlx, %= - interface superscript; O=1 (p=1), S =0 (p=II).

t-1
et e A-CH,COO0H X
z“ e;"fe}/.;m};) L-Water .
F * . L L - Toluene
I T iLLAC;-S ‘Afwcﬁz A
ah tg t Ko,
(e geder cn
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(/+Y)1. eL AR s LT pE
S XLl

Fig.1. Flow structure in t-th cell Pig.2.System: CoHg=CH,COOH-H,0 [1]

Parameters estimation of homo- and heterogeneous equilibria equati-
ons (0,S) is carried out, using the experimental data for closed cell.
The correlations of Kronig-Brink and Higbie were used for calculation
of film mass transfer coefficients Kpj. For the lack of physical cons-
tants of components the coefficients can be determinated using experi-
mental data for flow mixed cell. The hydrodynamic parameters (back-
flow coefficients for both phases fp=1p/Lp) is determinated experimen-
tally on the pilot plant for the mutually saturated phases for fixed
¥ - values and mixing regimes.

The algorithm is developed, which has a square convergence and all-
ows calculation of concentration profiles over the height of extractor
or in the cascade of apparatus for all chemical forms of components
for given phase flows, entrance feed flows and concentrations. The fe-
ed point may be varied along the column or in cascade scheme., The ini-
tial estimates are chosen automatically. Problem of high dimension of
description, related with the existence of chemical factor, is solved
by modified method of Brinkley, applied to space distributed open sys-
tems. The calculated concentration profiles are presented Fig.3 for
the system, containing 19 chemical sentencies, taking part in acid -
basic equilibrium and solvate formation during the separation of two
indol-indolinic bases (P1,P2) in the acetic buffer-toluene system [3].
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Pig.3.Concentration profiles Cgi(h)= Y;=0,28, ¥ =4.1, Ksh,/(h,+h,)=0.5

During the investigation and design of multistage extraction sequ-
ences is necessary to find the optimal parameter values, satisfying
two contradictory limitations: 1) the maximum extraction of key com-
ponents; 2) minimal contents of impurites of other components in the
exit flows. The optimization criterion have to be convex in the space
of the technologicell parameters (¥ ,K , where c- number of the column
or cascade) .

A new "determinant" criterion is developed, which is the determi-
naent of component flows distribution matrix (2):

Wiy Wypee Wox 1 dqpeedyy
Fi= abs Det W = abs|“21 “22°* “2k|=absDet$?: ‘1211 "d2k 2.1
Wi Wgooo Wik 4 1dyped
- ‘
trn(A) -trn(w, w22 N "”kk) =(I) A 252

- cexit Z Lexit i /( Z'j Centr entr s pexit,i_

where w4 R ijswij/wii‘
phase flow on the i—th exit of scheme, - phase flow on the r-th
entrance of scheme (feed); 52 = diag(wii) - extraction depth matrix;
A - selectivity matrix.

The proposed criterion is monotonous in the space of Wy s and equal

to unity in the case of full separation and equal to zero if there is

Lentr

any pair of linear dependent lines in W, i.e. for the lack of selecti-
vity in process. The criterion topology in the vicinity of optimum for
the mentioned extraction system (Fig.3) is plotted on Fig.4.

The criterion sengibility to the feed point location K and ¥ - va-
lue is illustrated in the Fig.5 for given feed-to-entrance flow ratio
Y,

To develop the optimal extraction scheme it is necessary: 1) to
find parameters providing for maximum separation for fixed quantity of
stages in cascade or overall column height Haz:hc; 2) to redistribute
the heights (quantity of stages) of extractive and washing sections
for satisfying the selectivity limitations., On the second step we use
the next criterion: Fry= -InFy.sum,(1- (d°§1/dﬁx) )2. It is shown,that
the problem has a solution for 1 £2k-3, The values of i and j have to
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Fig.4.The Det-criterion topology Fig,8.The criterion sensibility

to the feed point locationX anda P

be chosen from the condition 1i-Jjl!=1, which allows to minimizing in
the first turn impurities of most hardly separated components.

The separation scheme of nitroaniline isomers [4] optimization re-
sults are reported in Table 1,

Table 1, Calculation results ((4] and by Det-criterion (2)) for
my= 64,0, m,= 25,0, my= 9.3, where my = ctl/ct

b} J
Parameter | Y[4] | ¥(2) | n, [4]] h,[4]| by (2) | b, (2)
Cascade 1 15.3 12.8 3.4 4,5 963 12.4
Cascade 2 30,0 32,6 28.0 6,7 10,2 NOLT

The matrices W and Det-criterion values are presented below:

.90 .00 ,00 .98 ,02 ,00
W[4J= 10 .90 ,10 FI = ,72 W(z) = ,02 ,96 .01 ; FI = 9N
.00 .10 ,90 .00 .02 .99

During scheme synthesis on the base of (2) using the model (1) in
each cascade (column) it is necessary to carry out precalculation of
parameters, assuming, that m.,=const, The calculation results are used
as the initial estimates for optimization on the base (2) and full
model (1), The developed effective algorythm of optimal separation se-
quences parameters precalculation for k components in cascade with re-
flux is realized on PC "Iskra-226",
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COMPARISON OF PERFORMANCE BETWEEN FRAC'I'IONAL's_T‘!
AND COUNTER-CURRENT EXTRACTION PRCB‘ESS‘IB_WUR'L—.'
SOLUTES WITH CLOSE DISTRIBUTION COEFF ICIENTS

Gurashi A. Gasmelseed, M.A.Fahim, Department of
Chemical Engineering University of Ruwait
P. 0. Box 5969, Kuwait

The phase equilibria of the system ortho and para
nitrobenzenes heptane-methanol was predicted applying the
UNIFAC model and the results were compared with published
experimental data. Fractional and counter current extrac-
tion of ortho and para nitrobenzenes was carried-out using
heptane and methanol as solvents in a Scheibel Column. The
mathematical models for both types of operations were deve-
loped and the concentration profiles as well as efficiencies
were predicted. These predictions were compared with
experimental measured data. It was concluded from such work
that for systems with close distribution coefficients, (such
as the one studied in this work) fractional extraction gave
better efficiencies and good seperation compared with

counter-current operation.
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THE USE OF SPARSE MATRIX METHOD IN MULTISTAGE SIMULATION [ —
CALCULATION AND THE OPTIMIZATION FOR FRACTIONAL COUNTER L_EZEEJ'
CURRENT EXTRACTION*

Youjun Fu, Han Li, Changchun Institute of Applied Chemistry,
Academia Sinica, Changchun, China

The storage of computer is always a problem in calculation. In this
study, the multistage simulating calculation method proposed in litera-
ture [1] is improved by the use of sparse matrix method [2], and as a
result, the storage required can be largely reduced. The calculating
result shows that the improved method maintains the advantages of the
original matrix method, and therefore give the foundation to carry out
multistage calculation of high stage number or multi-component system
on micro-computer. Based on the improved calculation program, an object
function is designed, and the optimization calculation was carried out.

1. The use of sparse method in the multistage calculation
A, The sparsity of the differential matrix used in the calculation
The matrix method used in multistage calculation is usually the
Newton's method. In the process, a differential matrix is unavoidable.
For a bi-element fractional counter current system, the multistage
calculation model is as in Table 1.

Because the
matrix is formed
by the differ-

Table 1. The multistage calculation model of
fractional counter current system

ential of each FUNC, |STARE EXPRESSIONS
function about 1— NP FILCL K)=EYCI#K)-YCT, )0 TVOE-EX (T4, K) K (T, K)IVAE
each variable, Fl NF | FIORF, KK VARCY OO ,K)-YOSF, )OTMRE-(XOF 11, K)-X(NFEJ0 JVAE

P —— NFH=N|FI(x, k)eCY (T, K) - YCT, KTVOW-DX (294, 1) -X (3, K) T v A

square matrix F2 | |-N [F2ALK)D(E KRXCL,K) — Y (x4, X)
of (2MN)X(2MN).
The total
element number T=(2HN)2.

In the case of literature [1], D(I,K) is expressed as

M
D(I,K)=C12(1)2a¢1)°3 T x(1,3)%4(I)y(141,5)C5(9)
J=|

Here, Ci and Ci(J) are model parameters.

Moreover, the concentrations of hydrogen ion and free extractant,
i.e. H and Z can be expressed as follows

Z2(1)=20-mYT(I) B(I)=HO-hXT(I)

Here, ZO and HO are constants for a given separation process

So that according to the above analysis, each of F2 formulas in the
model has no more than four variables. As a result, the differentials
of each F2 about the variables are all zero apart from four non-zero

* The Project Supported by National Katural Science Foundation of China
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values. As for F1, it is obvious that the differentials of each F1 has
no more than four non-zero values too.

The structure of the matrix can be shown as Fig.1. It can be seen
that zero elements filled most of the parts of the matrix.

The total non-zero element number NZ=MN 4+2MMN=16N. The total ele-
ment number T=2MNX2MN=16N2. Non-zero element ratio NZ/T=1/N 100%.

For a twenty stage technology, NZ/T=5%.

B. Sparse matrix method

The method used in this study NN w3 4N

44

can be formulated as follows "°°§$;‘°°°°°“'°a°
(taking matrix A as an example) L
a1 o al3 o0 0 x{;:x
a21 a22 O a24 O ‘{\\
A= 0 0 a33 o0 0 *;g y TXZ
a1 o 0 a44 a4s 8 s
0O a52 0 0  aS5 N .
x x x
Here, a 2NZ dimension vari- x ’u\
able CE is defined to store the \\‘ x
non-zero elements and the rela- 82" - )

K £ _ '
eS| R AHOREPE B AR IR B Fig.1. The structure of the matrix
n dimensions ICFR is defined to =

store the number of non-zero

elements in every line. The method can be expressed by Table 2

Table 2. The store method of matrix A

No. 1 3 5 T 9 11 13 15 7 19 21
element | a11 a13 a2l a22 a24 a33 a41 ad44 a45 a52 ab55

i No. P 4 6 8 10 12 14 16 18 20 22
element | 1 3 1 2 4 3 1 4 5 2 5
fewh No. 1 2 3 4 5
element | 2 3 1 3 2

From Table 2, the matrix A can be recovered.

Using this method the total number of elements to be stored is (2NZ+
n). Por example, a twenty stage system, NZ=16X20, (2NZ+n)=(2NZ+2NZ)=720.
Nevertheless, the total number T=16X202=6400. So the required store
space is largely reduced.

2. The optimization calculation
The object function Q is established as follows

NXVOEXZO
= XX(1, 1)XVAE

Using the program composed from the improved method to calculate the
object functiom, we optimized the conditions of (Sm-Gd)(N03)3-HNO3~
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HEH(EHP) -Kerosene system [2], under the restriction of recovery of Sm
great than 99.5%, purity of Sm great than 80%.

A, Complex method [3]: This method is used in the space of n dimen-
sions, 2n points are to be selected of the space, and then compare
function values, give away the worst one ( on which the calculated ob-
ject function value is the biggest), repeat this process until the de-
gree of precision reached. The optimization variables used are N, NF,
VOE, 20, HW, VAW. After 2.5 hours calculation, we got the optimal
conditions (Q=150.7).

N=12, NF=5, Z0=0.4503M,VOE=40.82, VAW=9,38, HW=0,738M

B. Netmin method [31: The domain Xj» XJ to be optimized is netted,
and the object function and restriction function of the net points are
calculated. Then compare the object functions of the net points whose
restriction function fit the restricting domain, and get the net point
whose object function is the smallest. Repeat this work until the de-
gree of precise is satisfied. The selected optimization variables are
VOE, 20, HW, VAW, while N and NF are set certain as 12 and S. The
calculation took four hours and the optimal conditions are

HW=0.73M, VOE=40.6, VAW=9,1, 20=0,43M

Nomenclature
n - step number of matrix,
NZ - total number of non-zero elements,
X(I,K),Y(I,K) - aqueous and organic concentrations of K in I stage.
D(I,K) - distribution ratio of component K in I stage.
M - component number of system.
HW - concentration of scrubbing solution,
N,NF - total stage number and feeding stage number,
XF,VAF - feed concentration and feed volume,
XT, YT - aqueous and organic concentrations of total metals.
VOE,VAZ - volumes of organic and aqueous phases in extraction section.
VOW,VAW - volumes of organic and aqueous phases in scrubbing section.
XX(1,1),VAE - the product concentration and its volume.
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THE INFLUENCE OF CHEMICAL REACTION ON CALCULATION CONCEPTS 5-33
IN SOLVENT EXTRACTION
H.J. Bart, A. Bauer, R. Marr, Abteilung Thermische Verfahrens-

technik, Technical University Graz, Austria

Introduction. Solvent extraction processes are performed either
in mixer settlers or in columns. The application of columns in the
fields of solvent extraction 1is hampered by the fact that often
kinetically controlled systems are applied which reguire suitable
residence times. The technically important copper extraction is an
example. It is effected with very selective complexing agents and
the chemical reactions involved are very slow. In this case the
chemical reaction has to be accounted for, whereas wusually attain-
ment of equilibrium is assumed. The subject of this paper is to
present the combination of an experimentally wverified kinetical
model with a hydrodynamic column model and the comparison of column

calculations and experiments.

Kinetical model. A first order reversible reaction model, which

accounts for the influence of pH, was adopted from literature

[1,2). It is based on the following overall reaction eguation (1):

o+ +

Me™ <+ 2 RH, {—————==- > MeR, + 2 H ith

Eq. 2 gives the chemical reaction rate per unit area:

2# k
e ko [Me™ 1%[RH] _ EL e
R F
+ K

[(H ] ex

(MeRzl*tH*J

[RH]

The parameters kr and K.. were be experimentally determined in a
stirring cell (3,4]):

kp = - % 10°° (m/s) K, = 12.8 (-]

Since aqueous phase species are nearly insoluble in the organic
phase and vice versa, the chemical reaction 1is assumed to take
place at the interface. The mass transfer rate nx, therefore, is a
function of the unmeasurable interfacial concentrations (Eq. 2).
They can be calculated by the Two-Film-Model (S], which describes
diffusional resistances at an interface by partial mass transfer

coefficients, which were calculated from dimensionless numbers.

Hydrodynamic column model. In the simplest case only convection

({i.e. residence time) of the phases through the column has to be
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considered. In real columns additional effects such as drop size
distribution and axial mixing have to be regarded. A suitable model
for axial mixing is the dispersion model (Eq. 3), where the total
mass transfer rate across the interface ner represents diffusion
from and to the interface as well as chemical reaction at the
interface. Solution of this equation results in concentration

profiles along the column and column performance.

d e dc
D * = Y # e + N, * @ / % =0 5 &
ax dhz ah R spec d

Sensitivity of model parameters. To have an idea of the

30. \ ji7 R L S T PR B R N O S LA N A influence of the

model parameters a

sensitivity analysis

N
o

was carried out. Fig.

1 shows the influence

of the three main

-
o

parameters, total
phase throughput

Viots axial disper—

o

sion coefficient Da.

and chemical reaction
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effect of axial

Eig __1_ Influence of model parameters: Ex- mixing.

periment shown in the right column of Tab. 1

Experimental. Mass transfer experiments were carried out on the
system copper/sulfuric acid (aqueous phase) and Acorga PT S5050/Ke-
rosene (organic phase). A column of the SHE type (selfstabilizing
high performance extractor) was applied which consists of a
sequence of mixing and settling compartments. Mixer settler behavi-

our is thus approximated by the coclumn.

Results. Although the column showed a high axial mixing, its
influence remained almost negligible. Tab. 1 presents the results
of two significant experiments. Fig. 2 shows the experimental and
calculated profiles for the experiment shown in the right column of

Tab. 1. The calculation on basis of the dispersion model fits the
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Table 1. Results of Column Experiments

Total Throughput (m®™/m™ hl 9.0 42.0
Organic Phase Holdup (%1} 2(0k-.3] 30.2
Mean Residence Time [minl 5.4 y-8
Bodenstein Number (-] 2.0 4.0
Dispersion Coefficient [m#¥/g] 0.0008 0.002
Separation (%] 96.4 61.8

experimental data best. In regard to the agqueous outlet concentra-
tion the plug-flow calculation shows less deviation than the cal-
culation on basis of equilibrium (kinetics neglected). However, the
plug-flow calculation is unable to describe the concentration step

at the phase inlet and the profile in the upper part of the column.

.
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Fig. 2. Experimental and Calculated Concentration Proriles

Conclusions. Column calculations based on a hydrodynamic model
extended by a kinetical model were compared with experimental
results. The influence of axial mixing turned out to ®»e of minor
importance compared to that of the chemical kinetics. Consideration
of reaction kinetics proved to be essential since equilibrium has

not been attained by far.
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Symbols
2,513

a - interfacial area per unit volume (m~/m™ )
spec
nax axial dispersion coefficient (mz/s)
+
(H 1] = hydrogen ion concentration (aq. phase) (kmol/mal
kF = reaction rate constant (m/s)
Kex = equilibrium constant $ =9
2+ . . 3
(Me” 1 = metal ion concentration (aq. phase) (kmol/m™ )
thakzl = complex concentration (org. phase) (kmol/nal
2
na = mass transfer rate, reaction rate (kmol/m“s)
{RH] = extractant concentration (org. phase)- (kmol/mal
v = effective convection velocity (m/s)
%3 = hold-up (-
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ADAPTIVE CONTROL OF LIQUID-LIQUID EXTRACTION COLUMNS 5-31J
M.V. Le Lann and G. Casamatta, Ecole Nationale Supérieure d'Ingénieurs de
Génie Chimique, UA 192 CNRS, 31078 Toulouse, France

As far as liquid-liquid extraction is concerned mechanically agitated columns are certainly the most used
for industrial purposes. Nevertheless there is a real lack in the field of control of such devices which
exhibit a very complex dynamics (non linear and with time varying parameters). In view of flexibility
and adaptability of equipments which is a new requirement in the ficld of chemical industry ,we thave
tried to develop the same control strategy for different kinds of columns, for example rotary agitated
ones (Kihni columns) or pulsed columns.This aim has been acheived, on one hand, on taking into
account common behaviors of columns, especially conceming flooding, and on the other hand, on
implementing adaptive controllers which are able to handle varied dynamic behaviors.

P et
Previous studies have been carried out for a better understanding of the optimal operation of various
agitated columns. They have shown that sieve plate pulsed [1,2] and Kithni {3] columns exhibit their
optimal operating range in the vicinity of flooding (optimal behaviour in term of the maximal recovery
of solute). For both devices flooding coincides with the appearance of a dispersed phase swarm just
below the distributor (in our case the temary system used is : water-acetone-toluene in which toluene is
the dispersed phase and the continuous phase feed is an aqueous solution of 5% weight percent of
acetone). In this case the detection of the appearance of this dispersed phase layer is made by a
measurement of the conductivity of the liquid medium under the distributor. For given feed flow rates
the flooding point can be reached by acting on the agitation intensity. So these studies led to adopt an
identical control strategy for both columns : control of the conductivity measured under the distributor
by acting on the pulse frequency for the pulsed column or the rotation speed of the shaft for the Kiihni
column. Figure 1 gives schematic sketch of both columns.

LLLSLIL LS LSS LSS Y7 //
ZONE WHERE ON FLOODING
A SWARM OF OROPS
BEVELOPS

iz

Fig.q1. Schematic diagram of a pulsed column and a kuhni column
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The control algorithm

The control objective is to maintain the columns in this optimal operating region in spite of disturbances
on both feed flow rates. For both columns the very beginning of flooding is characterized by a highly
non linear dynamics. This operating point is a boundary between emulsion type operation and cyclic
flooding. So the controller has to be able to palliate eventual changes in dynamics (different dynamics
according to the operating regime, emulsion or cyclic flooding) and/or changes in load (fluctuations on
feed flow rates), etc. The most suitable controliers for such objectives are the adaptative controllers.
Furthermore as microcomputers are becoming more and more powerful tools the adaptative control
algorithms can be easily implemented. Nevertheless this adaptive controller has to need very few a
priori information on the process or has to be not very sensitive to a poor or incomplete information.
Furthermore this controller has to be able to suit with any kind of columns whithout the need of a
complete change in its design parameters.

Adaptative controllers use a linear discrete model to represent the process dynamics such as :

A(q‘l) y(k) = B(q'l) u(k-d) + e(k) (Eq. 1) where q'1 is the backward shift operator (q'ly(k)zy(k—l)),
y(k) and u(k) are respectively the measured variable and the control action at time kT (with T is the
sampling period), d is the time delay, e(k) represent unmeasured disturbances and A(q‘l), B(q'l) are
polynomials in q‘l. The model parameters (coefficients of A(q” 1y and B(q'l)) are on-line identified and
consequently any change of the process dynamics is revealed by a change of these parameters. These
estimates are used by the algorithm to compute the suitable control. Many adaptive control algorithms
have been developed in the last decade. Nevertheless generally they needed a good estimation of the
time delay (d) and of the order of polynomials A and B. Some of them were also restricted to a specific
class of processes (for example minimum phase systems for reference model control). The proposed
algorithm allows to combine the advantages of predicitive control and of model reference conwol.
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The Generalized Predictive Control (GPC) developed by Clarke [4] is an extension of the well
known Self-Tuning Controller [5]. Similarly it is based on the minimization of a quadratic criterion
which includes predictions on the output and on the input. The main difference between STC and GPC
is that GPC uses a Ny-step ahead prediction on the output greater than the time delay (Ny>d) and a
control horizon Nu which can be considered as the time horizon from which the control input is
supposed to be constant .To make the process response follows a reference model Najim et al. (6]
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introduced a double reference model. This double reference model is built from the characteristic
polynomial Am(q'l) which respresents the desired dynamics of the closed-loop system. The quadratic
criterion is written in terms of errors between the process and the reference model outputs and between
the control and the reference model inputs. The minimization of the criterion is performed relatively to
the control error (the only assumption needed is made on the future values of the control errors i.e. they
are supposed to be constant from Nu sampling periods, in fact Nu=1 is convenient for most
processes). The control law u(k) is then computed from this optimal control error. The corresponding

contro! loop is given in fig. 3.

Real time experiments

This adaptive control algorithm has been implemented on an Apple 11 microcomputer. The mode!
parameters were identified by a normalization-projection method |7].The first results deal with the
control of the pulsed column (fig. 3 and 4) . The design parameters of the controller was : T=10s.
Am(q‘1)=(l-0A8q'1)2, Ny=6. Nu=1, order of A=2, order of B=1. They show an automatic start-up of
the column i.e. initially the column is fed with continuous phase only and the operation of the column
is switched over to the adaptative controller before feeding the column with dispersed phase. It can be
noted the very good performances of the control algorithm in spite of important fluctuations on both
flow rates (fig. 5). Similar results have been obtained for the Kuhni column (fig. 6 and fig. 7) with
exactly the same design parameters for the controller except the characteristic polynomial :

A,.n(q'1)=(1-0.45q'1)2 though the dynamics of this column is very different from the pulsed column

one (especially the problem of phase inversion is more tedious).
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Pig.3. Time evolution of the conductivity (measured variable, set
point - 0.45 wms/cm

Fig.4. Time evolution of the pulse frequency (control action)
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Fig.5. Time evolution of the continuous phase flow rate (water)
Fig.6. Time evolution of the dispersed phase flow rate (toluene)
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Pig.?7. Time evolution of the conductivity
Pig.8. Time evolution of the rotation speed

Conclusion It has been shown that the same control strategy can be applied to various types of
contactors. Furthermore the design parameters of the proposed adaptive controller do not need to be
completely modified according to the type of contactor involved. So even with a poor or incomplete a
priori knowledge on the process this controller is able to suit with any type of extractor. This shows the
highly adaptability of such a controller which is able to adapt itself to abrut changes in load and suits
well with processes even with a highly nonlinear dynamics (start-up operation). This allows to
conclude that the proposed strategy and the adaptive control algorithm might be of valuable interest
whatever the kind of mechanically agitated contactor involved.
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