
 

 

 
 
 
 
 
 
 
 
 
 

Solvent Extraction: 
Fundamentals to Industrial Applications 

 
Proceedings of ISEC 2008 

International Solvent Extraction Conference 
 
 
 

 
 
 
 

 
 
 
 
 

Editor-in-Chief 
 

Bruce A. Moyer 
Chemical Sciences Division 

Oak Ridge National Laboratory 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A Publication of The  
Canadian Institute of Mining, Metallurgy and Petroleum  

Xerox Tower, 855 - 3400 de Maisonneuve Blvd. West 
Montréal, Québec, Canada H3Z 3B8 

http://www.metsoc.org 
 
 
 
 
 

ISBN: 1-894475-80-1 (Volume I) 
ISBN: 1-894475-81-X (Volume II) 

 
Printed in Canada 
Copyright ©2008 

 
 

 
 
 

All rights reserved. 
This publication may not be reproduced in whole or in part, 

stored in a retrieval system or transmitted in any form or by any means, 
without permission from the publisher. 

 
 



 

ISEC 2008 ASSOCIATE 
EDITORS 

 
Pascal Baron 

CEA Valrho-Marcoule 
Bagnols, France 

Alexandre Chagnes 
ENSCP–CNRS–Université Paris 

Paris, France 
Peter M. Cole 

TWP Matomo Process Plant (Pty) Ltd 
Johannesburg, South Africa 

Gérard Cote 
ENSCP–CNRS–Université Paris 

Paris, France 
Mark L. Dietz 

University of Wisconsin-Milwaukee 
Milwaukee, WI, USA 
T. Alan Hatton 

Massachusetts Institute of Technology 
Cambridge, MA, USA 
E. Philip Horwitz 

PG Research Foundation 
Darien, IL, USA 

E. Susana Pérez de Ortiz 
Imperial College London 

London, UK 
Gordon M. Ritcey 

Gordon M. Ritcey & Associates 
Nepean, Ontario, Canada 

David Robinson 
CSIRO Minerals 
Perth, Australia 

Robin D. Rogers 
The Queen's Univ. of Belfast, N. Ireland, UK 

Univ. of Alabama, Tuscaloosa, AL, USA  
Kathryn C. Sole 

Anglo Research 
Johannesburg, South Africa 

Peter A. Tasker 
University of Edinburgh 

Edinburgh, UK 
Terry A. Todd 

Idaho National Laboratory 
Idaho Falls, USA 

Michael J. Virnig  
Cognis Corporation 

Tucson, AZ, USA

ISEC 2008 SPONSORS 
 
 

 
 
 

 
 
 

 
 

 
 
 

 
 
 

 
 
 

 

iii



 



 

FOREWORD 
 
 
 
 

The North American industry has employed major solvent-extraction processes to 
support a wide range of separations including but not limited to chemical, metallurgical, 
nuclear, biochemical, pharmaceutical, and petroleum applications. The knowledge 
enabling these separations has been obtained through fundamental studies in academe, 
government and industry. In recognition of these activities, the International Solvent 
Extraction Committee decided at the March 2002 meeting in Cape Town, South Africa to 
hold the ISEC 2008 Conference in North America. The ISEC 2008 Organizing 
Committee selected Tucson, Arizona as the site because of the mining industry in the 
region. 
 

The International Solvent Extraction Conferences have been and continue to be a 
major gathering of scientists, engineers, operators, and vendors from around the world, 
who present new findings since the last meeting, exchange ideas, make business contacts, 
and conduct collegial discussions. Historically, the first solvent extraction conference 
was held on nuclear separations at Gatlinburg in 1962. Several ISEC-type conferences 
followed at Brussels in 1963, Harwell in 1965, Goteborg in 1966, and Jerusalem in 1968. 
The first ISEC organized by the Society of Chemical Industry was held in The Hague in 
1971. Since then, ISECs have been held in Lyons (1974), Toronto (1977), Liege (1980), 
Denver (1984), Munich (1987), Moscow (1988), Kyoto (1990), York (1993), Melbourne 
(1996), Barcelona (1999), Cape Town (2002), and Beijing (2005). It was fitting that 
more than two decades after the Denver conference, North America is the host of the 
ISEC 2008 in Tucson, Arizona, USA.  
 

The ISEC 2008 program emphasizes fundamentals to industrial applications of 
solvent extraction, particularly how this broad spectrum of activities is interconnected 
and has led to the implementation of novel processes. The oral and poster sessions have 
been organized into seven topics: Fundamentals; Novel Reagents, Materials and 
Techniques; Nuclear Fuel Reprocessing; Hydrometallurgy and Metals Extraction; 
Analytical and Preparative Applications; Biotechnology, Pharmaceuticals, Life-Science 
Products, and Organic Products; and Process Chemistry and Engineering. Over 350 
abstracts were received, resulting in more than 260 manuscripts published in these 
proceedings. Five outstanding plenary presentations have been identified, with five 
parallel sessions for oral presentations and posters. The plenary speakers are truly experts 
in their specific fields of solvent extraction and consist of Hans-Jörg Bart, Bernard 
Boullis, Gary Kordosky, Franz Schmidtchen, and Hitoshi Watarai. Originally, Georges 
Wipff had accepted our invitation to present a plenary lecture but unfortunately was 
unable to attend the conference. We elected to retain his contribution in the proceedings 
in view of the growing importance of molecular simulations in understanding liquid-
liquid extraction. Hitoshi Watarai was gracious to step forward in this situation to 
prepare and present a plenary lecture on a similar topic. Keynote speakers have been 
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invited to lead each session and two honorary sessions, one recognizing the major 
contributions of Henry Freiser over his career and a memorial session for H.R.C. Pratt, 
have been organized. The conference papers traverse a broad range of topics at the 
highest level of scientific and engineering acumen. For example, of scientific interest, 
papers in fundamentals use state-of-the-art molecular dynamic modeling to describe 
molecular transport from one phase to and through an interface to the second phase; 
whereas, at the other end of the spectrum, in the area of plant operation, process flow-
sheet optimization models are shown to implement extraction kinetics models in 
extractor design equations to optimize throughput in existing plants. Also, the resurgence 
of interest in nuclear fuels reprocessing is represented in this Conference through 
sessions dedicated to this area.  
 

To provide the opportunity for attendees and students to be exposed to the basic 
concepts in solvent extraction over a broad spectrum, a preconference Solvent Extraction 
Short Course has also been reinstituted at the ISEC 2008. In four sessions on the Sunday 
and Monday before the Conference, the topics of Fundamentals, Hydrometallurgical 
Extraction, Topics in Extraction, and Equipment Selection have been explored. 
International experts in solvent extraction, mass transfer, thermodynamics, and 
equipment and plant design presented approximately 14 lectures to the participants. 
 

In addition to the broad-range technical program presented, the Organizing 
Committee is pleased to offer a Post-Conference Technical Tour to the participants. The 
Copper SX Technical Tour in Arizona features visits to large and small copper SX plants 
and a bus tour through the scenic wonders of the Southwest United States desert. This 
tour promises to be a highlight of the conference complimenting the many papers dealing 
with copper extraction. In addition, local tours of the Tucson area in the beautiful 
Southwestern United States are available for spouses and attendees during the week of 
the meeting. 
 

The ISEC 2008 would not have been possible without the generous support 
provided by our Gold Sponsors and the other major sponsors. The Organizing Committee 
thanks them for their recognition of the importance of this meeting through their 
financial and other contributions. 
 

I take this opportunity to graciously thank all the members of the ISEC 2008 
Organizing Committee, the Editor of the proceedings, the Topical Chairs, the Session 
Chairs, the reviewers of manuscripts, the members of the Secretariat, and the Organizing 
Committee Administrative Assistant. Their enormous efforts and dedication over the past 
six years made the ISEC 2008 a tremendous success. Thanks also are due to the authors, 
technical exhibitors, and delegates for their significant contributions to, and participation 
in, the Conference. 
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I am certain that the ISEC 2008 will have a lasting impact on solvent extraction 
through the Conference Proceedings and that the Conference has inspired our 
participants to develop exciting contributions for their profession and the next ISEC.  
 

Enjoy the meeting: learn, exchange ideas, describe your products, renew 
acquaintances, and make new friends!! 
 

L.L. Tavlarides 
Chair: Organizing Committee 
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PREFACE 
 
 
 

The proceedings of the International Solvent Extraction Conferences (ISECs) and 
its predecessor conferences represent an all-inclusive archive of progress in the field of 
solvent extraction (SX), and we have attempted herein to maintain this great tradition! As 
before, a remarkable diversity of chemical topics is covered. In recognition of the major 
role SX plays in the hydrometallurgical and nuclear industries, these proceedings begin 
with sections focusing on hydrometallurgy, process chemistry, and engineering. More 
fundamental topics follow, including sections on novel reagents, materials, and 
techniques, featuring novel applications in analytical and biotechnology areas. Despite 
the diversity of topics and ideas represented, however, the primary focus of the ISEC 
community continues to be metals extraction. Although extraction of organic compounds 
is the topic of a significant number of papers, contributions related to the petrochemical, 
pharmaceutical, food, and other industries that employ solvent extraction are, however, 
not as extensive as we initially had hoped, especially in view of their economic 
importance. Sessions on petrochemical applications, for example, could not be organized, 
because of the lack of papers. Perhaps in the future, it would benefit progress in the field 
of SX as a whole to find greater synergy between the extraction of metals and organic 
compounds, as many of the same principles and techniques apply, and shared insights 
may spark unexpected advances. 
 

As a whole, these proceedings serve as a guidepost to future directions in the field 
of SX. For the last several decades, SX has been regarded as a mature industrial 
technology, and the foundation for this status can be seen in developments especially 
since the start of the nuclear era in the 1940s. Historians even find uses of solvent 
extraction well into the early 1800s. But if there has been the recent danger of perception 
that the field has reached a plateau destined for only incremental improvements, perusal 
of these proceedings can lend reassurance that quite substantial advances are occurring, 
even ones that might be looked upon as true paradigm shifts. One shift that has already 
taken place is the impact of supramolecular chemistry. Highly organized molecules such 
as crown ethers and calixarenes, once thought to be prohibitively expensive for 
applications other than in analytical laboratories, are now incorporated into both accepted 
industrial SX processes for cleanup of nuclear waste and ongoing research for more 
efficient reprocessing. Supramolecular chemistry has also unlocked mysteries regarding 
the nature of third-phase formation, revealing this phenomenon to be one of self-
assembly of extractant molecules and their complexes into organized structures. In many 
respects, the limitations posed by third-phase formation in SX are responsible for the 
peculiar structures found to be optimal for extractant molecules and for use of modifiers 
in solvent systems, all of which are defining characteristics of the art of SX but without 
much fundamental understanding. While the impact of supramolecular chemistry has 
actually been unfolding over the 40 years since crown ethers were first reported, a more 
recent paradigm shift is occurring in the use of computational techniques. One may find 
papers reporting on computations at different spatial and time scales, from molecular 
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design to dynamics of metals crossing interfaces to fluid dynamics in equipment to 
flowsheet and plant design. It may be expected that future SX practitioners only a decade 
from now will approach research tasks at any of these scales or at perhaps all scales in 
one comprehensive model with the aid of computational tools to guide and shorten the 
path to a research goal previously attained only through inspired but time-consuming 
experimental efforts. Finally, evident in many papers is the remarkable energy devoted 
by researchers to finding and developing new extractants possessing new types of 
selectivity and improved properties, especially as driven by the needs of nuclear, 
analytical, and niche applications. This energy has never really abated, as one would 
expect for fundamental research, despite arguments at previous ISECs that no new 
reagents were needed. Granted, the appearance of new reagents has been slower for 
hydrometallurgical applications, owing to more stringent economics, but nevertheless 
new reagents continue to be marketed by suppliers and evaluated by researchers. 
Certainly, even conservative hydrometallurgists would still have to admit that a new 
nickel-selective reagent, still yet to be found, would be quite attractive commercially. 

 
In approaching the daunting task of putting these proceedings together in the 

unprecedented timeframe of three months from receipt of manuscripts to delivery of ca. 
260 peer-reviewed and edited papers to our publisher, we made some changes more than 
methods used in the past. An internet-based system set up by our Secretariat was 
employed to collect abstracts and manuscripts, thereby avoiding labor- and mail-
intensive handling of camera-ready hard copies and allowing a rapid means for our 
editors and reviewers to electronically access the manuscripts from their locations in 
several countries. As before, manuscripts received a rigorous peer review by 1 or 2 
independent reviewers. However, we broke with tradition and decentralized the peer-
review process by involving 15 Associate Editors in much the same way that journals 
operate. In this way, and taking advantage of the internet, it was possible to obtain 
international participation in putting the proceedings together in a short amount of time 
without the entire burden falling on a few individuals as has been the case in the past. 
Associate Editors each had responsibility for overseeing the distribution of manuscripts 
from the central web site to reviewers (almost exclusively by email), returning review 
comments to authors, and judging the acceptability of revised manuscripts, which were 
then uploaded to a central web site for final editing and electronic transmittal to the 
publisher. It may be noted that the completely electronic means of assembling the 
proceedings continues to develop from the past few ISECs and will hopefully make this 
task easier for future proceedings. In the present case, it was possible to complete the 
task in a much shortened timeframe, to involve a wide representation of our SX 
community, and to deliver diverse set of papers spanning the state of our art.  

 
I personally thank each of our Associate Editors for their devotion and generous 

efforts in coordinating the peer review of the ISEC manuscripts, and I also wish to thank 
our reviewers for lending their critical eyes to improving the manuscripts and ensuring 
their high quality. Mihaela Gurau is thanked for acting as Editorial Assistant for the 
ionic-liquids papers. Becky Maggard of Oak Ridge National Laboratory provided 
excellent assistance in the final editing phase and provided the design of the cover and 
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layout of the front matter. The help and guidance of Ronona Saunders with CIM was 
indispensable in the final assembly of the book. Finally, we are indebted to our authors 
for their excellent contributions and enthusiastic participation! 
 
 

Bruce A. Moyer 
ISEC 2008 Technical Program Chairman 
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Figure 5. CFD vs. PIV at 85 L/h heptane, 180 L/h iso-optical fluid, and 150 rpm  

(measuring plane: solid line at half-distance rotor-stator). 

Figure 6. CFD vs. PIV, local hold-up (conditions as in Figure 5). 

Figure 7. CFD vs. PIV, local hold-up (toluene 5 m/h, water 5m/h, 300 rpm). 
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In a final statement, we may draw the following conclusions: 

Standardized lab-scale cells allow monitoring of single-droplet behavior. 

Mini-plant extraction-column experiments resemble pilot-plant-scale effects. 

The gap between single-droplet/mini-plant scale to pilot scale can be closed with 

DPBM modelling. 

A decisive parameter is local energy distribution in the scale-up of columns. 

A combination of CFD and DPBM is a promising way to analyze and predict 

industrial-scale column behavior. 

CFD can resolve two-phase flow and local energy distribution in any geometry. 

Droplet breakage and rise can be predicted from CFD results.  

Predictive droplet coalescence models exist already but need further refinement. 
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NOMENCLATURE 

c concentration 

D axial dispersion coefficient, m
2
 s

-1

d diameter, m 

f(v) inlet distribution, m
-1

Hc column height, m 

h collision rate, m
3
s

-1

kc mass-transfer coefficient, m s
-1

m distribution ratio 

P probability function, m
-1

p(d) breakage probability 

R source term, m
-1

 s
-1

S area, m
2

t time, s 

u velocity, m s
-1

v droplet volume, m
3

z height, m 

Greek letters

 daughter droplet distribution, m
-1

 Dirac delta function 

number of daughter droplets 

breakage frequency, s
-1

 coalescence efficiency 

 hold-up 

 residence time, s 

 coalescence frequency, m
3
 s

-1

Indices

c,x continuous phase 

d,y dispersed phase 

m mean 

max maximum 

min minimum 

n number 

sup. superficial 
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Figure 1. The closed nuclear fuel cycle.

Reprocessing UOX spent fuel and recycling plutonium into MOX fuel for LWRs 

provide significant benefits:

Natural uranium savings (possibly up to 15%, compared with the 

“once-through” option). 

Enrichment energy savings.

It drastically decreases not only the volume amount but also the 

long-term radiotoxicity of the final waste (spent-fuel radiotoxicity 

after some centuries is mainly borne by its plutonium content). 

It opens the way to waste-form optimization: immobilization of 

fission products and minor actinides into glass canisters is today an 

international standard for high-level and long-lived waste 
conditioning. And recent studies performed in France for the 

assessment of deep repository of these glass canisters in clay 

confirm a very late and very low impact (residual estimated dose 

three orders of magnitude less than the natural radioactivity level, 

and not before a hundred thousand years!). 

It provides effective burning of fissile plutonium.

This confirms we have today an available, quite modern, well-proven technology, 

which can be considered in several respects (diverse criteria, either economical or 

ecological ones) as the state-of-the-art option for the back end of the nuclear fuel cycle. 

We will probably have to face, if the so-called “renaissance” of nuclear energy (as very 

probably) comes to be confirmed during the next decades, a large amount of unloaded 

spent fuel that we will have to make sure we will be able to manage efficiently and 

safely. It seems maybe important in this respect to avoid worldwide spent-fuel 

accumulation, and reprocessing and recycling already appears as a relevant strategy, 

mature at industrial scale. 
Moreover, these “today well-proven technologies” have in the recent past years 

been subject to improvements. This is the case for light-water reactors: “Generation 3” 

will bring first improved safety, but it has also been designed, too, in order to burn more 

efficiently and to a larger extent plutonium-bearing MOX fuels. 
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This is the case for PUREX process, too: the COEX concept, based on the co-

processing of both uranium and plutonium all along the recovery operations (from 

dissolution, followed by joint extraction, to co-conversion and solid new fuel from 

solution) could bring significant simplifications and an improved resistance, too, vs. 

plutonium-diversion risks. To a large extent, the basic technologies remain unchanged, 

and only the way we combine them is different from the previous well-proven process.  

MULTI-RECYCLING URANIUM AND PLUTONIUM 

The sustainability issue is obviously a key issue when addressing the long-term 

perspective: the need to optimize the use of available natural resources, for instance, 
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Figure 5. The Eu(BTP)3
3+,3NO3

– complex in the presence of 12 CMPO + 12 BTP ligands at the 

nitrobenzene-water interface, without CCD–s (left) and with 12 CCD– H3O
+ added ions (right).

From top to bottom: Initial and final views (15 ns), with typical snapshots of the Eu(BTP)3
3+

complex adsorbed at the interface (left) or extracted (right).
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(iii) as co-solvent (improving the solvation of the extracted complexes). The modelling 

of such systems points to the importance of correctly accounting for the complexity of 

the system and for concentration effects that deeply modify the characteristics and the 

supramolecular organization of the solution.

Acidic solutions are more difficult to model by classical MD, because this would 

require an a priori knowledge of the nature and concentration of the different forms of 

the acid. Furthermore, the pKa is stressed to be different in the interfacial region, the 

organic phase, and in bulk aqueous solution. Our approach with nitric acid has been to 

consider an equimolecular mixture of the HNO3 and H3O
+
 NO3

–
 forms, showing that the 

former is highly surface active and partitions more, as expected, to the organic phase [49]. 

Furthermore, in the case of uranyl extraction by TBP, we have found that the acid 

induces local mixtures of "oil," acid, water, and UO2(NO3)2(TBP)2 complexes, which can 

be viewed as the early step of third-phase formation [49]. 

PERSPECTIVES

There is always something to be learned from "in silico" computer experiments 

on ion extraction, where solvents are explicitly represented. Some results seem obvious 

to experimentalists, others remain somewhat provocative or seem irrelevant, because the 

simulated system is too simple in terms of constitution or representation. Modelling does 

not merely consist of applying computational techniques but first requires one to analyze 

a complex process, and to decide and test to which extent it can be simplified and 

reduced in terms of complexity, size, time scale, and empirical representation of its 

energy. Ideally, one could dream of starting the simulation like the real experiment with 

the salts in water and the extractants in the oil phase to see whether complexation will 

occur and whether the complex will finally be extracted. This is presently hardly feasible, 

because it would require excessively long simulations as well as to activate the process 

along some selected "reaction coordinate" (see, for example,  the complexation pathway 

of Cl
–
 into a macrocylic host in water [52]). One exception concerns the case of uranyl 

nitrate extraction by TBP from acidic water to chloroform or to SC-CO2 [53]. During the 

demixing simulation of a random mixture of solvents, TBP, and UO2(NO3)2 molecules, 

we have indeed observed the spontaneous formation of the UO2(NO3)2(TBP)2 complex 

and its partitioning in the oil phase. This occurred, however, only when the TBP 

concentration was high enough, as achieved experimentally [53], pointing to the 

importance of the complexity of the system, which is supramolecular in nature. As in the 

case of charged amphiphiles, the concentration and the medium (counterions and 

additives) determine the nature of the assemblies and of its function. Extracted 

complexed ions are in essence hydrophobic and surface active, and we believe that 

computer simulations of related complex heterogeneous solutions will contribute to 

improve our understanding of the deep relationship between the surface-active character 

of the complexes and of their counterions, the third-phase formation in solvent extraction, 

and the Hofmeister's classification of salts [54]. 
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hydrogen bonds formed by the compounds in the organic phase are mainly the result of 

electrostatic interactions. 

 Aldoxime reagents form hydrogen bonds in order to stabilize the polar functional 

groups in the hydrocarbon diluent (Figure 1). These hydrogen bonds are either 

intramolecular or intermolecular [3]. The orientation of the intermolecular hydrogen 

bonding in aldoximes is analogous to the bonding of the copper-loaded aldoxime chelate. 

Intra and intermolecular hydrogen bonding shifts the equilibrium of the extraction and 

stripping reactions towards the copper free aldoximes. This shift in equilibrium is 

relatively small; therefore, equilibrium modifiers can be added to shift the equilibrium to 

the left (Figure 1). This shift in equilibrium makes it easier to strip copper from the 

complex. If the effect is large, there is the potential to also affect extraction. 
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Figure 1. Reaction equilibrium for the intermolecular hydrogen bonding, chelation, and 

modification of aldoximes. Spatial representations of the bonding found for intramolecular (1)

and intermolecular (2) hydrogen bonding of aldoximes and the copper chelate of aldoximes (3).

Modifiers with various functional groups have been tested for their modifier 

strength. For the purpose of our discussion, modifier strength is equivalent to the degree 

of equilibrium shift. We determine this shift in equilibrium by determining the amount of 

modifier necessary to reach the equilibrium strip point corresponding to a desired 

extractive strength for a particular reagent formulation.  
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 We have tested more than 50 monofunctional and multifunctional compounds. A 

partial list of these compounds can be found in Table 1. The compounds in Table 1 have 

been sorted according to the mole-equivalent amount of modifier needed to reach a 

specified equilibrium strip point. The strongest modifiers are bifunctional ethers, esters, 

and monofunctional amides, while the weakest modifiers are monofunctional ethers and 

esters. Based on the data, we can conclude that for monofunctional species the trend in 

modifier strength is the same as the trend in bond polarity. The relative order for polarity 

of chemical bonds can be found in Figure 2. While the trend of monofunctional modifier 

strength can be explained by bond polarity, it does not explain the much higher modifier 

strength of bifunctional modifiers. In the case of modifiers with ether functional groups, 

the monofunctional compounds need more than twice the mole quantity of modifier than 

the bifunctional compounds to reach the desired strip point. In addition, the bifunctional 

ethers are better modifiers than any monofunctional species. Molecular models of the 

bifunctional compounds show how the geometry of the polar functional groups interact 

with the hydrogen-bonding sites of the aldoxime. The bifunctional groups with the 

highest modifier strength have a “lock-and-key” relationship with the aldoxime phenoxy 

and oxime groups. The lock-and-key mechanism is based on interactions that are shape-

specific. In the case of aldoximes, the orientation of the functional groups is relatively 

fixed due to the rigidity of the aromatic ring and the intramolecular hydrogen bonding. 

Once the first hydrogen bond is formed, the second functional group of the bifunctional 

modifier is in the correct orientation to form the second hydrogen bond. Pictures of the 

functional-group interactions using molecular models of an aldoxime with 2,2,4-

trimethyl-1,3-pentanediol diisobutyrate (TXIB) (Figure 3) and t-butoxy-n-butoxy hexane 

(Figure 4) illustrate how this lock-and-key mechanism work. Bifunctional ether 

modifiers with a linear and a branched end tend to be stronger modifiers, because the 

more accessible end helps to initially break the chelate or intermolecular hydrogen 

bonding, which allows the copper to be stripped, and then the less accessible end comes 

around to complete the lock-and-key mechanism.  
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Figure 2. The relative order of bond polarity: amide > alcohol > ketone > ester > ether. 

Figure 3. This is a representation of the 

interactions between the hydrogen-bond 

acceptor/donor groups of the hydroxy 

oxime and the carbonyl groups of the 

TXIB. Because of the large alkyl groups 

in the backbone of the TXIB and the 

branching of the alkyl ends, the 

carbonyl groups are forced into a 

conformation that allows it to interact 

very well with the phenoxy hydrogen 

and oxime hydrogen. 
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Table 1. A list of equilibrium modifiers tested for modifier strength.  

The compounds are sorted according to the per-mole equivalent  

modification at various equilibrium strip points. 
Equivalent modification (mole) at 

desired copper strip point  Modifier
Functional

group
MW

2.05 1.8 1.65 1.4

1,6-Di-t-butoxy hexane Diether 230.39 0.37 0.51 0.62 0.82

N,N-Dimethyldecanamide Amide 199.34 0.40 0.52 0.59 0.72

Di(ethylene glycol) dibutyl ether Diether 218.34 0.43 0.57 0.68 0.89

N,N-Dimethyldecanamide Amide 199.34 0.44 0.55 0.63 0.78

N,N-Diethyldodecanamide Amide 255.44 0.46 0.59 0.67 0.81

N,N-Diethyl-2-ethyl hexanamide Amide 199.34 0.47 0.59 0.67 0.80

1,4-Bis-t-butoxy butane Diether 202.34 0.54 0.66 0.76 0.96

2-Ethylhexyl succinimide Imide 211.30 0.57 0.76 0.88 1.10

1-t-Butyoxy-2-n-butoxy ethane Diether 174.28 0.57 0.71 0.82 1.06

4-t-Butylcyclohexanone Ketone 154.25 0.58 0.82 0.99 1.30

Ferrimod 100 Diester 258.36 0.64 0.83 0.97 1.28

Isodecyl alcohol Alcohol 158.28 0.69 0.91 1.08 1.43

Dodecanol Alcohol 186.34 0.69 0.97 1.16 1.52

TXIB Diester 300.44 0.71 0.95 1.11 1.40

TDA Alcohol 200.38 0.72 1.00 1.18 1.53

Exxal 10 alcohol Alcohol 158.28 0.74 1.00 1.19 1.57

7-Ethyl-2-methyl-undecanol Alcohol 214.39 0.75 1.01 1.16 1.42

Trimethyl nonanol Alcohol 186.34 0.76 1.01 1.16 1.42

4-Isopropyl cyclohexanone Ketone 140.23 0.84 1.10 1.27 1.59

p-sec-Butyl cyclohexanone Ketone 154.25 0.85 1.11 1.28 1.58

t-Butyl octyl ether Ether 186.34 0.89 1.20 1.40 1.77

3-Isopropyl cyclohexanone Ketone 140.23 0.90 1.18 1.36 1.70

3,3,5-Trimethyl cyclohexanone Ketone 140.23 0.91 1.19 1.38 1.72

5-Ethyl-2-nonanone Ketone 170.30 0.95 1.28 1.50 1.90

p-t-Amyl cyclohexanone Ketone 168.28 0.96 1.24 1.42 1.75

2-Ethyl hexyl lactate Ester 202.39 0.96 1.26 1.45 1.78

t-Butyl decyl ether Ether 214.39 0.96 1.26 1.46 1.81

2-Ethyl butyl caproate Ester 228.38 0.99 1.33 1.56 1.97

Heptyl caproate Ester 242.40 1.01 1.33 1.54 1.91

3,3-Dimethylbutyl caproate  Ester 228.38 1.12 1.43 1.62 1.96

6-Undecanone Ketone 170.30 1.13 1.50 1.74 2.18

Heptyl 2-ethylbutyrate Ester 214.35 1.13 1.51 1.75 2.19

2-Ethylbutyl caproate Ester 228.38 1.15 1.55 1.80 2.27

3-(Cyclohexyl)-propionitrile Nitrile 137.22 1.16 1.52 1.73 2.09

Di-n-octyl ether Ether 242.45 1.17 1.48 1.67 1.98

Di-n-hexyl ether (distilled) Ether 186.34 1.18 1.63 1.94 2.52

Heptyl 3,3-dimethylbutanoate Ester 214.35 1.26 1.72 2.02 2.58

t-Butyl-2-ethylhexyl ether Ether 186.34 1.52 2.00 2.31 2.87
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Figure 4. This is a representation of the 

interactions between the hydrogen-bond 

acceptor/donor groups of the hydroxy oxime and 

the oxygen atoms on the ether. Because the 

backbone of the di-ether compound is very 

flexible (all of the carbons can freely rotate), the 

oxygen atoms can adopt a conformation that 

allows it to interact very well with the phenoxy 

hydrogen and oxime hydrogen. This di-ether also 

has the advantage of being able to take a two-step 

approach to the lock-and-key mechanism by first 

having the more accessible oxygen break a 

chelate bond and then the other oxygen atom can 

move over to complete the lock-and-key 

mechanism.

Hydroxy 

group 

Oxygen atoms 

Oxime group 

CONCLUSIONS 

 Based on the results of this work, a structure-property relationship has been 

determined for the hydrogen bonding between equilibrium modifiers and aldoximes. The 

modifier strength of monofunctional species is equivalent to the trend in bond polarity. 

Thermodynamic modifiers interact with the copper extraction system through a complex 

system of bonding, and additional work will be necessary to elucidate these relationships.   
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EXPERIMENTAL PROCEDURE 

For our stated objectives, an acrylic pilot-scale mixer-settler was specially 

designed and built, as reported in Baptista [8]. The installation works in closed circuit 

(Figure 1) with the liquid-liquid system water-kerosene, which flows from two separate 

drums being pumped to a well-agitated mixer, where the kerosene is dispersed in the 

water. The dispersion flows together to the settler, where the two phases are separated, 

then returning to the drums.  

Figure 1.

Experimental

setup.

To determine the settler parameters, a standard procedure was followed. The 

installation was in operation for several days (sometimes weeks) and during this process, 

a sizeable amount of crud was formed in the kerosene-water interface at the end of the 

dispersion band, towards the discharge end, which acted as a mechanical barrier to the 

longitudinal expansion of the dispersion layer (Figures 2A and 2B). It was observed that 

the crud formation had as effect the reduction of the length of the dispersion band. When 

that crud was removed, the band grew up again, but it became quite impossible to 

stabilize it. Thus, the main objective was postponed and the experimentation focus was 

changed to understanding the crud nature and to try its elimination, if possible, which is 

the specific object of the present paper. 

Figure 2. (A) Top view of the settler showing the accumulated crud, and (B) side view of the 

settler showing phase turbidity and crud accumulation. 

A B
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As stated above, the products used were clean (without solid particles) and pure 

(deionized water and kerosene). However, at long operating time in closed circuit, a 

colorless and gelatinous-like crud layer was formed, as described above. In order to 

investigate the possible presence of microorganisms, crud was heated at 65,ºC, during 

one hour, and then 4.5 mol L
-1

 propidium iodide (PI) was added. PI binds to DNA by 

intermixing with the bases, exhibiting an orange-red fluorescence [9] (Figures 3A and 

3B).

A B

Figure 3. Photomicrographs of crud, treated with Propidium Iodide. Phase-contrast (A) and 

fluorescence plus phase-contrast (B) observations. Arrows: visualization of rod-like structures 

(bacteria) in the crud. 

After the biological nature of the crud has been confirmed as bacterial, the next 

step was a first attempt to use a biocide in order to minimize its formation. Consequently, 

starting from extremely unfavorable system conditions (large amount of accumulated 

crud), the crud was mechanically removed, and 4 drops of biocide were added. The 

biocide used was aqueous-soluble EQ B91 (Enkrott Química). After this procedure, the 

crud accumulation rate markedly diminished, and the dispersion band significantly 

extended towards the discharge end of the settler. After 260 more hours (11 days), 12 

additional drops of biocide were added. The experiment was carried on for 8 more days. 

This result is shown in Figure 4. 

RESULTS AND DISCUSSION 

The observed crud is definitely not a simple water-kerosene-air emulsion nor 

particulate solid accumulation. Its analysis by fluorescence microscopy, after treatment 

with PI, revealed the presence of orange, rod-like structures, strongly suggesting the 

presence of bacteria (Figures 3A and 3B). This observation is in agreement with the 

description of growing of bacteria, yeasts, and filamentous fungi in different fuels, 

namely in aviation kerosene [10]. Microorganisms might have entered in the system via 

the air, contaminated settler and storage-tank walls, or being already present in the 

kerosene (which may occur in the supplier’s storage tanks, according to information by 

the refinery’s technical personnel) used in the experiment. The growth of bacteria in the 
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Additional examples are presented in Figure 3. The pump head of a particular 

turbine for a mixer is plotted as a function of the feed flow rate for different agitation 

conditions. Additionally the figure shows the power consumed by the agitator as a 

function of the pumped water flow rate obtained under different agitation speeds. These 

two graphs are the characteristic curves of the agitator that can be used in a similar way 

as the characteristic curve of a centrifugal pump. 

Figure 3. Pump head and power versus pumping flow rates at different  

agitation power N3D2 (rps3 ft2).

COMPUTATIONAL FLUID DYNAMIC SIMULATION 

As standard procedure for TR mixer settler design, the precalculated settlers are 

simulated with commercial Computation Fluid Dynamic software (CFD). The objective 

is to check and complete the optimized design obtained after the experimental testwork 

by means of the calculation of the fluid-dynamic behavior of the industrial-size settler. 

The use of the computer-aided tool allows the study of different settler configurations 

pertaining to any internal design. 

The final aim of the simulation is to ensure the optimized conditions for an 

effective liquid-liquid separation into the previous selected settler configuration. 

Different parameters are analyzed using the CFD software, for example: 

Distribution of flow into the settler, checking that disturbances are not present 

in the flow (dead zones, backflows, etc. have to be avoided) within the model. 

Velocity and pressure of the fluid along the settler can be determined, aiming 

to produce a smooth flow within the equipment, and defining the internals to 

avoid preferential channelling.

Determination of fundamental parameters such as pressure drops, 

temperature, profile, etc., that are necessary for the complete design of the 

mixer-settler unit. 

Following are shown two examples of how the CFD software is used to optimize 

the design of particular internals inside the settler. 

INTERNATIONAL SOLVENT EXTRACTION CONFERENCE 2008 431



Flow Distributor 

Based on the best configuration obtained in the prototype test-work, a model of 

the industrial-plant-size settler is developed. The first step for the study is to simulate the 

predesigned flow distributor. The results are shown in Figure 4A. The wide range in the 

colors indicates dead zones as well as turbulences areas. These disturbances will decrease 

the effective settling surface of the equipment and have to be avoided. The optimization 

of the process is achieved using different geometric parameters for the design of the flow 

distributor.

Finally, in Figure 4B the final optimized design is simulated, showing no 

disturbances in the flow distribution within the settler. Thus the minimum settler size for 

a specific application may be calculated. 

Figure 4. Simulation A, the flow shows dead zones and disturbances.  

In Simulation B, the Flow was homogeneously distributed in the settler.

Recirculation Manifold 

The study of the flow through the aqueous recirculation manifold within a settler 

is another important example of CFD support to optimize the equipment design. As in 

the previous case, different designs have to be simulated in order to achieve the best 

hydrodynamic conditions.  An inefficient design of the aqueous recirculation system will 

promote flow disturbances inside the settler, and consequently settling performance per 

square meter will decrease. In addition, mentioned flow disturbances will produce higher 

entrainments than expected. 

Figure 5 shows the difference between an inefficient design (A) and an optimized 

design (B). In the first case, flow lines show backflows and high disturbances produced 

by the recirculation manifold. In case B, the disturbances have been attenuated by a 

redefinition of the geometry for the recirculation system. 
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ABSTRACT 

Developments in hydrometallurgy in the last decades are likely to shift the process of extraction 

of base metals from ores and concentrates using smelting towards processes that potentially 

provide economically viable metal production for smaller plant throughput capacity at lower 

capital and operating costs. This paper provides an overview of many of the relevant aspects to 

be considered in the design of robust and efficient solvent-extraction plants for the modern 

hydrometallurgical plant environment. 

INTRODUCTION

Pressure Acid Leach and Pressure Oxidation are core processes included in 

modern hydrometallurgical refineries [1]. Often the downstream processing of the metal-

rich liquor produced by these processes includes solvent-extraction (SX) step(s) to 

separate and refine the metals. 

This paper addresses key elements of the design of modern SX plants like the use 

of computational fluid dynamics (CFD) used as a tool to simulate multiphase flow for the 

selection of the most suitable mixer-settler configuration and the criteria for the selection 

and integration of ancillary systems to prevent organic cross-contamination between 

different SX circuits and high entrainment in metal-loaded liquors. 

USING COMPUTATIONAL FLUID DYNAMICS

The optimal design of the main phase-separation equipment in SX plants is 

critically important, since excessive turbulence and insufficient coalescence and phase 

separation results in increased entrainment. Until recently, limited tools have been 

available to predict fluid behavior. The advent of commercially available software for 

CFD modelling has dramatically changed this. CFD allows the designer to visualize and 

test innovative design concepts quickly and economically. 

The multiphase nature of flows in settlers in conjunction with the intricate 

geometry associated with picket fences and other internal flow-control devices makes the 

modelling of SX settler vessels a significant challenge when using CFD codes. Until 
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recently, there has been only limited application of CFD to settler design. Early efforts 

[2] employed single-phase treatments and/or simplified geometries to make the problems 

more tractable. More recent work has seen CFD models developed to include better 

descriptions of the fluid behavior and greater levels of geometric detail [3,4,5]. 

Hatch has employed CFD modelling for over 5 years as an aid in the 

troubleshooting and design of SX settlers with strict emphasis on the appropriate level of 

detail for the problem being analyzed. In most cases, the use of CAD geometry, 

automated mesh generation, and significant advances in computational power have made 

it possible to represent the detail of settler internals with a high degree of accuracy. 

Improved computing algorithms (specifically the coupled multiphase flow solver 

currently available in ANSYS-CFX), have made it possible to achieve robust 

convergence in Eulerian-Eulerian multiphase models. Increasing levels of complexity 

are, however, not always required, and in many cases, important design alternatives can 

be evaluated using a simpler “equivalent single-phase” approach. 

Figure 1 shows the preliminary design of a cross-over duct from mixer to settler 

in a recent nickel project. Here the flow issuing from the mixer has not had sufficient 

time for significant phase separation and a single-phase model has been utilized. The 

CFD model showed significant flow separation, and recirculation along the sloping floor 

of the diffuser and regions of local-flow acceleration at both lateral walls and along the 

free surface. Using the CFD model as a design tool, the cross-over duct and guide vanes 

were modified to provide an optimum low-speed transition into the settler vessel which is 

critical to its overall performance. 

Regions of local 

high speed flow 

Figure 1. Cross-over duct from mixer to settler showing flow streamlines and velocity contour. 

Single and multi-phase CFD models have been used to predict the flow behavior 

and flow distribution in the entrance and early-flow development regions of settler 

vessels. In reality, all settlers deviate from an ideal “plug-flow” distribution, and results 

from visual inspection or physical modelling can be difficult to interpret and are 

therefore of limited use in design. 
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CFD post-processing provides an ideal tool for a quantitative evaluation of design 

alternatives. Computation of the integrated mass-flow distributions across the width of 

the settler, as shown in Figure 2, has been recently used to evaluate and rank a number of 

feasible designs. The optimal design is such that the mass flow is uniformly distributed 

across the width of the settler. 

Inner 

Outer 

Inner-mid 

Outer-mid 

Figure 2. Postprocessing is used to evaluate the mass flow across each 1/4 of the setter width. 

The computed mass flow rates through each of the lateral quarters of the settler 

for the original design and after using CFD analysis are listed in Table 1. The optimized 

design provided a significantly more uniform flow distribution with a lower overall 

pressure drop. 

Table 1. Distribution of mass flow across width of settler for original design and after 

using CFD analysis 

Integrated mass flow through lateral quarters of the settler cross-section (kg/s) 

Inner Inner-mid Outer-mid Outer

Original Design 106 46 66 105

Optimized Design 91 92 90 87

Multiphase modelling has also provided significant guidance in the design of 

picket fences and launders. 

The application of CFD modelling to organic and aqueous-phase separation as a 

tool to improve and enhance process design of SX mixer-settlers is now a reality. In 

combination with a strong understanding of the process, this minimizes the risk of 

implementing new or modified settler configurations [5]. Other examples where the 

authors have applied CFD as a design tool in SX trains include 

Agitation optimization in mixing tanks, 

Comparison of different types of settlers, 
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Improvement of feed distribution in the settler, 

Modification and improvement of picket fences, organic launder, and 

aqueous launder. 

In addition to the use of CFD, intelligent Process/Piping & Instrumentation 

Diagrams (P&IDs) form the basis for development of the piping design in an SX circuit. 

The use of 3D models based on these P&IDs allow the generation of isometrics for 

piping fabrication, thus improving accuracy and saving construction time. Integration of 

all design information including mechanical components, structures, piping, and fire-

suppression systems within the 3D model ensures smooth and efficient construction. 

Integration of the hazardous area classification into the same model also allows 

optimization of instrument and electrical drive placements so that costs are minimized 

and a safe design is ensured.

INTEGRATION OF ANCILLARY EQUIPMENT 

SX plant ancillary equipment typically falls into four major categories: organic-

phase recovery from aqueous-product streams, organic-phase regeneration, crud removal, 

and fluid management. Each of these facilities must be custom designed, specified for the 

required duty and integrated into the overall SX plant detailed design. 

Organic recovery and removal requirements are dependant on the downstream 

process for each product stream. A common trend in the design of modern 

hydrometallurgical refineries is that more than one metal could need to be extracted from 

the leach liquor that advances to the metals recovery steps. As the extractants are 

relatively metal-specific, this fact may lead to the use of more than one type of reagent in 

the same plant. Entrained organics in product streams impact negatively on downstream 

processes, like further solvent-extraction circuits (organic cross-contamination) and 

electrowinning. The replacement cost of lost reagent may also drive the level of organic 

recovery specified [6]. 

Organic-Removal Equipment 

Various strategies and equipment exist for the removal of organic phase from 

aqueous streams. These may include physical or chemical processes depending on the 

state of the organic for recovery (dissolved and/or entrained). Organic-recovery 

processes fall into four process levels: 

Primary—reducing organic entrainment from 200 ppm down to <50 ppm 

and recovering the organic phase.

Secondary—reducing organic entrainment from 100 ppm to <2 ppm and 

recovering the organic phase.

Dissolved Organic Recovery—reducing the soluble organic content from 

>200 ppm to <10 ppm. 

Tertiary—reducing the total organic content, both entrained and soluble, 

from 10 ppm to <1 ppm. 
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Typical PWR Fuel Assembly:

Length: 4.1 meters

Weight: 636 kilograms

No. of fuel rods: 264

Active fuel length: 3.9 meters

Heavy metal content: 425 kilograms

Fuel composition: UO2 (482 kilograms)

Hardware: 154 kilograms

Composition after Irradiation:

Uranium: 398 kilograms (93.6%)

Plutonium: 3.9 kilograms (0.9%)

Neptunium: 0.5 kilogram (0.1%)

Americium: 0.5 kilogram (0.1%)

Curium: 0.07 kilogram (0.016%)

Fission Products: 22.5 kilograms (5.3%)

[50,000 MWd/t burnup]

Hardware: 154 kilograms

Figure 1. Typical makeup of a pressurized water reactor fuel assembly before service and after 

discharge from the reactor. Nominal 235U content before reactor insertion is between 3.5 and 

4%.  The fuel is discharged when its nuclear reactivity is degraded by the buildup of fission 

products that act as neutron absorbers. Upon discharge, the 235U content has decreased to less 

than 1% as a result of fissioning of this isotope.  Photos courtesy of AREVA. 

which will be able to support a sustainable nuclear-energy system for centuries. This 

transition to fast-spectrum reactors will occur over a long period, and development 

program planning must provide for the smooth and unremarkable evolution from one 

system to the next. To facilitate this evolution, the development program in the U.S. has 

been based on a suite of solvent-extraction processes that can be deployed when needed 

and as national policies dictate. An example of the possible variations in process design, 

all given the generic designation “UREX+”, is shown in Table 1. It will be noted that all 

of the process variants have in common the removal of the bulk of the LWR spent-fuel 

uranium content, followed by the removal of the long-lived fission products and the 

short-lived heat-generating fission products. Because the licensing and regulatory regime 

for U.S. reprocessing plants is not yet established, measures are being developed for the 

removal and sequestration of tritium, krypton, and 
14

C as CO2, in the event that such 

requirements are imposed in the future. 

The potential applications of these process variants can be easily visualized. For 

example, the UREX+1a process, with its group extraction of transuranic elements, is 

intended for the production of fast-reactor recycle fuel; the fast-spectrum reactor is more 

tolerant of minor actinides with low fission cross-sections. Because the TRU-bearing fuel 

would require remote fabrication technologies not available today at competitive costs, 

the UREX+3a and UREX+3b variants were designed to preclude the need for remote 

fabrication by limiting the fast-reactor recycle fuel to the comparatively benign and 

glovebox-fabricable plutonium and neptunium, with UREX+3b adding the co-extraction 

of uranium with plutonium and neptunium to reduce proliferation concerns. These 
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processes separately extract the minor actinides for production of transmutation targets or 

for separate repository disposal in waste forms with high durability. The UREX+3c 

process, as illustrated in Figure 2, is intended for thermal-reactor recycle of a mixed-

oxide fuel that is currently fabricated in gloveboxes at industrial scale. The UREX+4 

variants go a step further, with the separation of curium from the other minor actinides 

(in a process yet to be demonstrated experimentally). 

Kr, Xe, 
14
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Figure 2. The UREX+3c process. It is designed for thermal recycle of mixed U-Pu oxide fuel. 

Uranium and plutonium are co-extracted at a composition that is considered to be of little use as a 

weapons material (20% Pu or less). Shown in red are the various product and waste streams for 

this process. The minor actinide elements can be directed to fast-reactor (FR) target fabrication 

for subsequent transmutation or stored indefinitely in an appropriate facility. 
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30% Tributylphosphate in n-Dodecane/Nitric Acid Hydraulic Testing 

The maximum throughput for the TBP solvent/nitric acid pair was experimentally 

determined following the oil/water test scheme. Flowrates of 14-26 L/min at an O/A of 1 

at 2000 rpm were tested. Stated flowrates were within 5%, based on previous 

measurements at pump-controller settings.

Following the initial throughput testing, two equipment modifications were made 

to the contactor. Vents (1  in. I.D.  12 in. Ht.) were installed on both phase outlets to 

prevent vapor lock that leads to excessive other-phase carryover at high throughput. 

Sample taps were also installed on both discharge lines to facilitate safe and convenient 

performance monitoring.  

A simplified flowsheet was then employed consisting of an extraction, scrub, and 

strip section. The extraction section was performed at O/A ratios of 1, 2, and 3 at an 

initial rotor speed of 2000 rpm. Beginning at a total flowrate of 16 L/min, the flowrate 

was increased by 2 L/min intervals until measurable either-phase carryover was observed 

in the samples. At that point, the rpm was increased to 2250 and finally to 2500 rpm to 

determine the impact on carryover. The scrub section was performed at O/A ratios of 4, 

6, and 8 each beginning with a rotor speed of 2000 rpm and an initial total flowrate of 16 

L/min. Again, the rotor speed was increased once measurable carryover was observed in 

phase samples. The strip section was performed at O/A ratios of 0.5, 0.7, and 1.0 

following the same test scheme as done for the extraction and scrub sections. 

Clean-in-Place (CIP) Evaluation 

The initial phase of the CIP testing was to determine percent capture of solids in 

the contactor rotor by processing a 0.1 wt % diatomaceous earth feed slurry at flowrates 

ranging from 1.9 L/min to 11.4 L/min at rotor speeds of 1750 to 3500 rpm. The 0.1 wt % 

feed slurry was prepared by adding diatomaceous earth (mean particle size 80 micron 

and a density of approximately 2.4 g/mL) to normal tap water under agitation. 

Diatomaceous earth was not selected as a surrogate for fines normally encountered in 

nuclear-fuel reprocessing but rather as a nonhazardous material for a first-time CIP 

scoping evaluation. Before testing began, a feed slurry sample was analyzed for solids 

concentration. During testing, four-liter samples were collected at each test condition, 

then vacuum filtered through Nalgene 0.2 micron (CN) disposable filters. Percent capture 

was calculated from the following equation: 

Percent Capture = [1 – (solid conc. in sample / solid conc. in feed slurry)] * 100 % 

The CIP evaluation was initiated by pumping the feed slurry to the contactor at a 

flowrate of 7.5 L/min; the rotor speed was set to 2300 rpm. After the feed slurry (~110 L) 

had been pumped through the contactor, the pump was turned off, and the contactor rotor 

was shut down. The drain valve was opened slowly to minimize solids loss during 

draining. The contactor was then carefully disassembled to observe collected solids. 

Photographs of the solids captured in the rotor and vane package are shown in Figures 1 

and 2.
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      Figure 1. Caked solids on rotor interior.           Figure 2. Solids collected in vane package.

After cleaning the rotor and reassembly, loading tests were repeated for two CIP 

tests using water as the cleaning solution. The rotor was stopped, slowly drained, then 

with the drain valve open, water was pumped through the spray nozzles at 25 L/min and 

40 psig for 10 and 15 s, three times, while visually monitoring the discharged fluids. 

After each third-wash pulse, the effluent appeared free of solids. The contactor was again 

disassembled and inspected.  

RESULTS

Hydraulic Evaluations 

The maximum V-05 throughput for all solvent pairs was noted as the final total 

flowrate tested, where either-phase carryover was not measurable and defined to be 

<0.1% aqueous in organic (A in O) or organic in aqueous (O in A). Table 1 includes the 

maximum throughput obtained for (oil)/water and 30% TBP/1 M nitric acid pairs and is 

denoted with an asterisk. 

Table 1. Maximum throughput without vents at O/A of 1 and rotor speed of 2000 rpm

(Oil)/water 30% TBP/1 M nitric acid 

Flowrate (L/min) Carryover Flowrate (L/min) Carryover 

2-16 Not measurable 14-20 Not measurable 

18* Not measurable 22* Not measurable 

20 0.3 % A in O, A is ok 24 0.2 % A in O, 4 % O in A

22 0.5 % A in O, A is ok 26 3 % A in O, 12 % O in A

Maximum throughputs for both solvent pairs agree favorably with the 

manufacturers rating of 20 L/min. The throughputs listed in Table 1 were measured 

before the vents were installed on discharge lines. Carryover determinations were then 

continued at changing flowrates, rotor speeds, and O/A ratios again with (Oil)/ water. 

Flowrates of 10, 12, and 16 L/min were tested with rotor speeds of 1500, 2000, 2500, and 

3000 rpm and at O/A ratios of 0.2, 0.5, 1.0, 2.0, and 6.0. Overall, phase samples from this 
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ABSTRACT 

New methods to measure the optical chirality of liquid-liquid interfaces have been developed, 
which include a centrifugal liquid membrane–circular dichroism (CLM-CD) method, a second 
harmonic generation–circular dichroism (SHG-CD) method, and their microscopic versions. 
Using these methods, generation of optical chirality due to the chiral aggregation at the liquid-
liquid interface has been observed in two-phase systems including of porphyrin, phthalocyanine, 
or bilirubin, which could be applied for interfacial chiral molecular-recognition analysis. 

INTRODUCTION

Optical chirality is an important issue not only in analytical chemistry but also in 
other various fields, including organic chemistry, biochemistry, coordination chemistry. 
and supramolecular chemistry. The separation and detection of optically active 
compounds has usually been achieved by HPLC and CE using chiral stationary phases or 
chiral surfactants. Solvent extraction has also been applied for the enantioseparation of 
organic compounds with ion-pair formation using chiral ions [1] and chelate formation 
using chiral ligand [2], although the enantioselectivity is not enough. The use of chiral 
biological molecules for chiral separation of proteins has been demonstrated recently [3]. 

On the other hand, the determination of chirality of molecular compounds has 
usually been attained by the measurement of optical rotatory dispersion or circular 
dichroism (CD) spectra using a circular dichroism spectropolarimeter.  The difference in 
UV/vis absorbance between enantiomers is very small in almost all compounds. 
Therefore, for the accurate measurement of CD spectra, a sensitive and stable 
spectropolarimeter is necessary.  

The liquid-liquid interface has a unique ability to concentrate a dilute solute into 
the two-dimensional region, provided that the solute is somewhat surface active. 
Therefore, the interface shows characteristic functions such as a catalytic effect in 
solvent-extraction kinetics and  nanoparticle formation of molecular aggregates. Optical 
measurements of interfacial species have been developed by some innovative methods, 
including a centrifugal liquid membrane (CLM) method, a total internal-reflection 
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method, and a microscopic spectroscopy method in our laboratory [4]. However, the 
measurement of optical chirality of the interface has rarely been studied, because of the 
difficulty to discriminate the interfacial chiro-optical signal from that of bulk-phase 
signal. Recently, we have succeeded to measure the optical chirality at liquid/liquid 
interfaces, which included a centrifugal liquid membrane (CLM)-circular dichroism (CD) 
method [5] and a second harmonic generation (SHG)-circular dichroism (CD) method [6]. 
The CLM method was fit to measure the CD spectra of the interfacial species generated 
at the interface between two thin liquid phases. Figure 1 shows the schematic drawing of 
the CLM-CD method.  

Figure 1. Schematic drawing of the centrifugal-liquid-membrane method combined with a 
spectropolarimeter to measure the circular dichroism spectra of the liquid-liquid interface. 

Furthermore, these methods were combined with an optical-microscope device to 
measure a microscopic area of the transferred “interface” from the liquid interface to a 
cover glass or a single microparticle on a glass.  As for the SHG method, a microscope 
SHG-CD spectrometer has been newly constructed in the present study. By these new 
methods, the chiral recognition of small amount of adsorbed molecules such as ions and 
alcohols has been attained by the formation of interfacial molecular aggregate for the 
first time.  In the present study, the interfacial aggregate of phthalocyanine derivatives, 
bilirubin, and porphyrin, which have rather strong absorptivity in the visible light 
wavelength region, have been used to detect the interfacial chirality. 

EXPERIMENTAL 

Enantiomeric thioether-substituted phthalocyanine derivatives  
((2,3,9,10,16,17,23,24-octakis-1-phenylethylthiophthalocyaninato)magnesium(II) 
[MgPc(SEtPh)8]) were synthesized in our laboratory as shown in Figure 2. After 
purification by silica gel chromatography (eluent: CHCl3:MeOH = 9:1), they were 
identified by NMR, FT-IR, and elemental analysis. Almost all measurements in this 
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Interfacial Aggregation of Bilirubin (BR)–Bovine Serum Albumin (BSA)

Chiral complexation of bilirubin (BR) with bovine serum albumin (BSA) and 
aggregation of the complexes at liquid-liquid interface have been studied by using 
UV/vis absorption, circular dichroism (CD) and resonance Raman spectroscopy. 
Centrifugal liquid membrane (CLM) method was applied to measure the interfacial 
absorption and CD spectra. The interfacial complexation of BR with BSA was detected 
by the spectral shift of BR around 452 nm and the broadening in its bandwidth. The 
formation of aggregates of the BR-BSA complex at the interface was observed as the 
decrease of the absorbance at 452 nm and its shift, and the generation of bisignate Cotton 
effects. The toluene solution of BR gave no CD signals, since it existed as the equi- 
molar mixture of M and P conformers (see Figure 4). Upon addition of BSA to the 
aqueous phase, however, a CD signal appeared.  Figure 4 shows the CLM-CD spectra of 
the interfacial complex of BR-BSA as a function of reaction time at a 1:1 molar ratio of 
BSA to BR.  Here, the CD signals appear after 410 seconds, after those observed at a 3:1 
molar ratio, which appear at 190 seconds.  On the other hand, the absorbance of the 
complex at [BSA]/[BR] = MR = 1 reaches a maximum fastest in the mole ratio range 
considered, indicating that the 1:1 complex of BR and BSA is the most stable. 
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Figure 4. M conformer increased by the formation of a 1:1 bilirubin-BSA complex at the 
heptane/water interface, measured by CLM-CD. 

Macroscopic and Microscopic SHG-CD Measurements of Porphyrin Aggregates 

Porphyrins showed characteristic CD signals in the visible wavelength region by 
forming interfacial aggregates with chiral ions or chiral surfactant. In the micro-CD 
measurements, we used a newly constructed microscopic SHG-CD apparatus after 
transferring the interfacial aggregate to a cover glass plate. SHG signal was much more 
sensitive for the chiral compounds than the ordinary CD signals. The SHG-CD spectra of 
5,10,15,20-tetraphenyl-21H,23H-porphinetetrasulfonic acid (TPPS) aggregate, including 
an enantiomeric tartaric acid, reflected the chirality of the tartaric ion. 

Bilirubin

INTERNATIONAL SOLVENT EXTRACTION CONFERENCE 2008 785



CONCLUSIONS 

Methods for the measurement of optical chiral signals of the aggregate formed at 
the liquid/liquid interface have been developed, which include CLM-CD and SHG-CD. 
The interfacial aggregates of phthalocyanine and porphyrin are found to be sensitive 
candidates for the interfacial chiral recognition of ions or surface-active molecules. 
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DESCRIPTION OF SMART-LEVEL SOLVEX 

The unit comprises a water-jacketed reactor with integrated water bath, variable 

speed stirrer, sensing probe, computer-based display and control software, and dedicated 

control panel or computer interface (Figure 1). The unique feature is the chemically 

resistant resistivity probe (150 mm length), with 128 sensors enabling a reading every 

100 ms at 1.2 mm vertical resolution. Experimental parameters are fully programmable. 

A real-time phase disengagement profile is generated, and data are recorded graphically 

or transformed to Excel spreadsheet format. The measurement principle relies on 

differences in conductivity between the phases; in addition to detection of aqueous and 

organic phases, this allows identification of emulsions, crud, and third-phase formation. 

  (a) (b)

Figure 1. (a) Schematic of Smart-Level Solvex equipment. (b) Close-up of the detection probe. 

EXPERIMENTAL

Solvent-Extraction Systems 

For copper-oxime systems, the aqueous phase contained 6 g/L Cu, 2 g/L Fe (as 

sulfate salts) at pH 2, while the organic phase comprised 10 vol. % LIX
®

 984N or 

ACORGA
®

 M5640 in the diluents SSX 210, ShellSol
®

 2325, or ShellSol A150. The zinc 

system used an aqueous phase containing (g/L) 31.5 Zn, 0.5 Ca, 0.5 Cu, 0.2 g/L Cd, and 

0.2 g/L Ni (as sulfates) at pH 4 and organic phase of 40 vol. % di(2-

ethylhexyl)phosphoric acid (D2EHPA) in Escaid
®

 100. The uranium system employed a 

4 g/L U plant solution and organic phase of 10 vol. % Alamine
®

 336, 5 vol. % isodecanol 

in ShellSol A150. 

Standard Methods for Determination of Phase Separation Times 

The standard methods of Cognis [1], Cytec [2], and Técnicas Reunidas (TR) [3] 

were employed. Cognis employs a baffled glass beaker, TR uses an open 

polyvinylchloride reactor with a tapered base and tap, while Cytec has a graduated water-
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jacketed glass vessel with a tapered base and tap to facilitate removal of the phases. The 

latter is also used for the Smart-Level Solvex. In all methods, prescribed volumes of each 

phase are stirred under preset conditions, then allowed to separate and the time required 

for phase separation measured. In the Cytec and TR methods, the position of the 

interface is additionally recorded at regular intervals to obtain information regarding the 

rate of separation. The main differences between the methods are summarized in Table 1. 

Table 1. Comparison of differences between the four experimental methods 

Parameter Cognis Cytec TR SL Solvex 

Volume of phases (mL) 

Temperature control 

Mixing time (min.) 

Stirring speed (rpm) 

PST measurement 

Time profile data 

350

No

5

1750

stopwatch

No

400

Yes

3

600

stopwatch

Yes

1000

No

3

580

stopwatch, ruler 

Yes

400

Yes

3

variable

electronic

Yes

Experimental Procedures 

Clean, dry glassware is essential for reproducible results. Each reactor was 

washed with laboratory detergent and water and then sequentially rinsed with deionized 

water, ethanol, acetone, and deionized water again before each experiment. The four 

methods were compared for each SX system, under aqueous- and organic-continuous 

mixing conditions. In the first evaluation, the same aqueous and organic phases were 

recycled ten times under identical conditions and the PSTs recorded. In the second 

evaluation, fresh phases were employed each time and the experiment repeated six times. 

Statistical analysis of the results (using standard Excel functions) was undertaken to 

calculate the precision and reproducibility of each method. 

RESULTS AND DISCUSSION 

Copper-Oxime Systems 

Figure 2 shows the average PST results and variances (square of the standard 

deviation) of (a) six replicates on fresh phases and (b) ten replicates on recycled phases 

measured for copper-oxime systems following aqueous-continuous mixing. Significant 

differences in PST were measured for the same systems using the different techniques, 

confirming the inherent problems with accurate measurement of this parameter. For 

copper-oxime systems, a PST of ~60 s would typically be expected. PST is expected to 

increase with decreasing aromaticity of the diluent, that is, Shellsol A150 (fully 

aromatic) < Shellsol 2325 (~ 20% aromatic) < SSX 210 (aliphatic). This was not 

observed in the system studied. There was also little difference in PST between LIX 

984N (ketoxime-aldoxime blend) and ACORGA M5640 (ester-modified aldoxime). 

Based on the PST values and calculated variances, it is evident that the Smart-Level 

Solvex and Cognis methods gave best reproducibility for PST measurement in these 

systems.  
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DCH18C6 complex and a dry IL solution containing 2,6-DMP as a substrate were added 

to a quartz cell. The oxidative reaction was initiated by the addition of hydrogen peroxide 

methanol solution. The reaction was followed spectroscopically by monitoring the 

absorbance of the product dimer at 469 nm. Catalytic oxidation of 2,6-DMP by 

peroxidases proceeds as shown in Figure 1. Catalytic oxidation of 2,6-DMP by native 

Cyt-c in aqueous solution was also compared with that in IL. 

Figure 1. Extraction of Cyt-c with crown ether and its catalytic oxidation. 

RESULTS AND DISCUSSION 

Extraction of Cyt-c into ILs with Crown Ether

In a preliminary experiment, we examined the direct solubilization of Cyt-c
powder into nonaqueous hydrophobic ILs containing 18-crown-6 by means of the solid 

(Cyt-c)-liquid (crown/ILs) extraction. However, Cyt-c was not solubilized in the ILs 

tested in the present study, in spite of the fact that the high solubility in methanol 

containing 18-crown-6 was attained by means of the solid (Cyt-c)-liquid

(crown/methanol) extraction. Therefore, we first dissolved Cyt-c into deionized water 

and then investigated the extractive solubilization of Cyt-c from the aqueous phase into 

[C2OHmim][Tf2N], which provides the highest hydrophilicity among the ILs tested in 

the present study. The substituted crown ether DCH18C6 was employed as the extractant 

because of its high hydrophobicity compared to 18-crown-6. Figure 2 shows the 

extraction behavior of Cyt-c with increasing DCH18C6 concentration in 

[C2OHmim][Tf2N]. In the absence of DCH18C6, the partitioning of Cyt-c into 

[C2OHmim][Tf2N] is negligible, although it is expected to interact with proteins through 

hydrogen bonding. The transfer of Cyt-c into [C2OHmim][Tf2N] is promoted with 

increasing DCH18C6 concentration. Quantitative extraction is achieved when the 

DCH18C6 concentration is around 1000-fold higher than that of Cyt-c. If converted to 

the molar ratio of the lysine residues, the DCH18C6 concentration is around 50 equiv. 

and is a modest concentration as an extractant. Quantitative extraction of Cyt-c is also 

apparent to the naked eye, since the red color of Cyt-c visually indicates its distribution 

between the phases.

H2O2

Extraction

Cytochrome c
aqueous solution

Ionic liquid with 
crown ether
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Figure 2. Effect of crown ether concentration on protein extraction. 

Extraction Behavior of Heme Proteins into ILs with Crown Ether

The main driving force of Cyt-c extraction into ILs is considered to be the 

interaction between DCH18C6 and the amino group in the lysine residues on the protein 

surface. To elucidate the participation of the amino group in the Cyt-c extraction, four 

heme proteins (Cyt-c, G-Cyt-c, Mb, and HRP) were employed as guest biomolecules. All 

proteins tested in the present study have a heme molecule; however, their characteristics 

are greatly different. As shown in Table 1, Cyt-c and Mb, which are “Lys-rich proteins,” 

have 19 lysine residues as well as 2 arginine residues. On the other hand, HRP, which is 

an “Arg-rich protein,” has 6 lysine residues as well as 21 arginine residues. G-Cyt-c is a 

chemically-modified protein, in which 9.7 lysine residues of Cyt-c are transformed into 

homoarginine moieties. The extractability of these proteins into [C2OHmim][Tf2N] with 

DCH18C6 is compared in Table 1. Lys-rich proteins, Cyt-c is quantitatively transferred 

into [C2OHmim][Tf2N], and Mb is moderately extracted. However the degrees of 

G-Cyt-c and HRP extraction are extremely low. The results demonstrate that DCH18C6 

recognizes the –NH3
+
 group in the lysine residues on the protein surface. Multiple 

DCH18C6 molecules can strongly coordinate with the lysine residues and can form a 

supramolecular complex with Lys-rich proteins. The complex formation can enhance the 

solubility of Lys-rich proteins in [C2OHmim][Tf2N].

Electroneutrality must be maintained in the extraction of cationic species from an 

aqueous phase into ILs. However, the cationic protein Cyt-c is quantitatively extracted 

into the IL phase, in spite of the absence of counteranions in the aqueous phase. That is, 

the protein transfer into IL does not involve anion co-extraction. The result in the present 

study also implies that the transfer of Cyt-c into ILs proceeds through a cation-exchange 

process, not an ion-pair extraction. The structural change in Cyt-c dissolved in an IL by 

complexation with DCH18C6 were probed using UV-vis, CD, and resonance Raman 

spectroscopic methods. These spectroscopic data suggest that the sixth ligand Met 80 in 
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for long residence times in production. A kinetics study on the transesterification of 
pongamia oil has suggested that, at approximately 60 °C, the forward reaction is fast with 
high yields [4] but slows down upon further reaction [5]. Many of the problems outlined 
above could potentially be ameliorated by the use of a continuous rather than batch 
process, with energy savings generated by combined reaction and separation. The 
development of an intensified continuous process could directly address the problem of 
long residence times required in biodiesel production processes. 

There is recognition elsewhere that biodiesel production must move towards a 
more technologically sophisticated approach if biodiesel is to become a mainstay of 
domestic transportation fuels. Technologies to improve mass transfer and separation 
currently under consideration include reactive distillation, with solid acid catalyst being 
located in the distillation column [6]. The most promising results for this technology 
came from the reaction of dodecanoic acid on sulfonated zirconia; however, this process 
needs further investigation. A primary difficulty with catalysts immobilized on resins is 
the affinity of glycerol for the catalyst and subsequent poisoning of the catalyst in the 
column [7]. 

Enzymatic hydrolysis has been carried out using immobilized Candida lipase in a 
flow-through reactor, but care has to be taken to prolong the life of the enzyme, as it is 
subject to deactivation [8]. Furthermore, those reactors require such a long residence time 
that they are hardly continuous [9]. The glycerolysis of soybean oil to form mono- and 
di-glycerides for chemical synthesis has been studied in a continuous-flow tubular 
reactor, but the synthesis relies on a batch distillation process for the separation of 
products, and so the advantages of process intensification are not fully realized [10]. A 
continuous, stirred reactor has been used for the transesterification of palm oil, but higher 
yields were found to come at the expense of longer residence time, up to 1 h, and 
decreased production rate [11]. Another means tested to improve mass transfer was 
ultrasonification, but this leads to formation of an emulsion that takes a long time to 
separate [12]. These efforts are all worthwhile; however, the application of process 
intensification concepts to biodiesel production has promise to overcome limitations that 
are problematic in other approaches. 

The present work is focused on the application of process-intensification 
principles to facilitate the production of biodiesel in two ways: first, to allow rapid 
reaction permitting the biodiesel to be produced by a continuous process rather than in 
batch mode and, second, to continuously separate the products, allowing efficient 
recovery of catalyst and reduction in environmental impact. The hypothesis is that the 
reaction kinetics, in the absence of mass-transfer limitations, is sufficiently fast to allow 
substantial improvements through innovative process concepts, including combined 
reaction and phase separation in a continuous-flow centrifugal contactor. If the 
hypothesis is correct, batch processes that take hours can be replaced by continuous 
processes that take seconds to produce purified biodiesel.

MATERIALS AND METHODS 

Centrifugal contactors were initially developed as solvent-extraction devices for use 
in actinide recovery from spent nuclear reactor fuel as an evolution of mixer-settlers [13].
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Figure 1. Schematic of centrifugal contactor flows.

The distinctive feature of the centrifugal-contactor apparatus is the use of rotor 
within a stationary cylinder (the housing) to accomplish both the intimate mixing of two 
immiscible solutions to produce a dispersion and to generate centrifugal force used to 
separate the dispersion. In conventional applications, the generation of finely divided 
dispersion promotes the selective transfer of one or more solutes from one liquid phase 
into another. This transfer is accomplished by means of Couette mixing; the creation of 
shear forces in solutions contained within the annulus between a stationary outer cylinder 
and a rotating inner cylinder (Figure 1). 

This contactor minimizes mass-transfer limitations and effectively separates the 
phases in a continuous-flow operation. It allows high throughput and can be used for 
intensified processing by combining reaction and phase separation, providing intensive 
mixing, allowing a short residence time and requiring a small footprint. A picture of the 
experimental setup is shown in Figure 2, where a water bath is used to control the 
reaction temperature. The centrifugal contactor, Costner Industries Texas #V-2, 5-cm-
diameter stainless-steel, is normally operated above 3000 rpm. 

Figure 2. The experimental setup for 
biodiesel synthesis (left) using a 
centrifugal contactor (right).
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Figure 2. Density profile of the methyl and methylene groups 

of the n-dodecane, water molecules, and phosphorous atoms 

of TBP.

Figure 1. The snapshot at 3.53 ns showing the aqueous and organic phase and 

accumulation of TBP at the interface. TBP: P (yellow), phosphoryl oxygen (red),  

butyl oxygen (pink). Dodecane: CH3 and CH2 groups (gray).  

Water: oxygen (red), hydrogen (white).  

the region about 25-110 Å. A close examination of the interfacial region reveals a high 

concentration of TBP molecules. A region in the organic phase near the interface that 

contains fewer TBP molecules is also observed. We attribute this to the polarity of the 

TBP molecule (surfactant like) and its relatively slow migration rate in the mixture than 

the n-dodecane molecules. As the TBP molecules migrate to the interface and adsorb to 

the interface, the n-dodecane quickly fills the void left by the TBP. Thus, the region near 

the interface in the organic phase has a lower concentration of TBP than the bulk organic 

phase.

The number-density profiles of water, CHx (x = 2 or 3 groups) of the n-dodecane, 

and the phosphorous atoms of TBP are depicted in Figure 2. Clearly, away from the 

interface, the water-density 

profile reached its bulk 

density. On the organic-

phase side, we see variation 

of the TBP and the n-

dodecane density. In the 

region away from the 

interface, where n-dodecane

density is low, the TBP 

density is high and vice 

versa. In the interfacial 

region, we see TBP peaks in 

the two interfacial regions 

centered at z = 25 Å and 108 

Å. Figure 3 shows the 

cumulative number of TBP 

molecules across the entire 
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molecules. Left axis is for TBP density distribution and 
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of TBP molecules from P to O. 
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Figure 3. Integrated number of TBP molecules across the 

length of the simulation box.

simulation box from z = 0 

to 110.28 Å. This figure 

provides additional 

information regarding the 

TBP distribution. Clearly, 

the number of TBP 

molecules rises sharply at 

the interface. It should be 

noted that, as a 

consequence of the limited 

run time, the two interfaces 

possess slightly different 

numbers of TBP molecules. 

The interface centered at 25 

Å has about 35 molecules, 

while the interface at z = 

108 Å has about 25 TBP 

molecules. Thus, the 

average number of TBP 

molecules is approximately 1.34 molecules/nm
2
, or 1.34 x 10

18
 molecules/m

2
. This value 

is in reasonable agreement with reported experimental results [9]. 

Figure 4 shows the orientational order of the TBP molecules, which we define as 

the average cosine of the P=O bond of TBP molecules from P to O with respect to the 

normal of the interface. As expected, in the bulk region, the orientational order is zero 

however, in the interfacial region, the P=O bond of the TBP is preferentially pointed to 

the aqueous phase. This is expected, as TBP has a dipole moment of 3.1 Debyes [10], 

corresponding to the phosphate 

oxygen atom in the TBP carrying 

an equivalent negative charge. 

Also, its three hydrophobic tail 

branches prefer to be buried in the 

organic phase. In the interfacial 

region, the orientational order 

reaches essentially a plateau 

value, with a value about 0.7-0.8, 

corresponding to an average angle 

between the normal of the 

interface and the P = O bond of 

from about 37  to 45 .  This 

preferential orientation has 

practical implication in the 

application of liquid-liquid 

extraction due to the fact that the 

chemical species being extracted 

comes from the aqueous side. 
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in single- and two-phase flows using a constant diameter for the droplets in the same 

geometry showed that FPM is able to predict the flow fields and velocities [4].  

Figure 1. The simulated Sauter mean  

diameter (left). 

Figure 2. The simulated volume fraction  

of the dispersed phase (right).

Figure 3. The simulated velocity vectors and 

magnitude (axial and radial velocity)  

in one compartment. 

Figure 4. The simulated velocity magnitude 

(axial, radial and swirl velocity)  

in one compartment.

CONCLUSIONS 

First results of the coupled CFD-PBM algorithm using the FPM and the SQMOM were 

presented. A complete two-way coupling is achieved, and the coupled model accounts 

for breakage and coalescence. FPM is able to predict the flow fields and velocities in an 
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RDC extractor. The SQMOM is found to be extremely accurate, and the flexibility of the 

method through its reduction to the standard QMOM when the number of primary 

particles equals one makes it very attractive from computational point of view. The 

constant kernels were fitted to experimental data and predict suitable results. Models for 

breakage and coalescence can be easily integrated and will allow for a prediction of the 

drop size distribution.
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Figure 3. Simulation of an extraction column on themolecular level. 

HTU-NTU Concept 

The second concept combines the microscale molecular simulation with the 

HTU-NTU-method, which takes the macroscopic behavior into account, and provides, by 

numerical integration of the balance and kinetic equations, the concentration and 

temperature profiles within the column. The required material parameters in the 

equilibrium and transport models are determined by molecular simulations at some few 

selected positions in the vicinity of the interface at operating conditions. In this approach, 

the two-film theory is used for evaluation of the simulated conditions. 

The multicomponent mass transfer is modeled by using the generalized Ficks law 

,xcDJ  (1) 

where J is a vector of the molar fluxes, c the total concentration, x  the driving force 

and D the matrix of Fick diffusion coefficients which have to be fitted to the simulated 

data. For conditions where no diffusion coefficients are available (i.e., between the 

simulated points), the diffusion coefficients are determined by linear interpolations. 

CONCLUSIONS 

The results in Figures 1 and 3 demonstrate that a design of unit operations by 

molecular simulation is possible. Therefore, not all molecules in the column have to be 

regarded, but only the relevant conditions have to be taken into account. This means that 
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simulations that are performed in the vicinity of the interfacial region are sufficient to 

depict one separation stage. By connecting the inlet and outlet streams of the stages, all 

relevant conditions that the particles pass in the column are regarded. But the simulations 

don’t just behave like adequately connected equilibrium calculations. They also include 

the non ideal character of a stage, which can be either caused by multicomponent effects 

of the mass transfer or by the finite residence time of the fluids in one stage. A 

dimensional analysis provides the necessary residence time of the fluids in the molecular 

simulation so that the mass transfer in the simulation corresponds to a macroscopic stage. 
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(see Figure 1). The smaller lanthanides prefer a coordination number of eight, which is 

realized by four anions binding in a chelating fashion. 

The formed complexes [bmpyr]2[Ln(Tf2N)5] (Ln = Pr-Tb) are ionic liquids 

themselves, exhibiting melting points <100 °C (Scheme 1).  

Scheme 1. Ion mass-dependence of the melting point of [bmpyr]n[Ln(Tf2N)3+n]. 

In order to obtain structural data on the coordination sphere of trivalent 

lanthanides in a second commonly used group of ionic liquids based on triflate anions, 

the solvation of Yb(OTf)3 was investigated in [bmpyr][OTf] (OTf = 

trifluoromethanesulfonate). From a procedure similar to the 

bis(trifluoromethanesulfonyl)amides, single crystals of a compound with the formula 

[bmpyr]3[Yb(OTf)6] were grown from solution. In this compound, all [OTf]-ligands 

coordinate monodentately in a nonbridging fashion, which yields isolated octahedra, 

embedded in a [bmpyr]-matrix. The triflate anions are all trans arranged, in a way that 

steric repulsion in minimized (see Figure 2). In the equatorial positions, the CF3-groups

are directed in opposite directions in a way that the trans-regiochemistry can also be 

realized with the axial CF3-groups.

To finally investigate the ligand competition of trifluoromethanesulfonate (OTf
-
)

and bis(trifluoromethanesulfonyl)amide (Tf2N
-
) exchange reactions, Yb(Tf2N)3 was 

dissolved in the ionic liquid 1-butyl-1-methylpyrrolidinium-trifluoromethanesulfonate 

[bmpyr][OTf]. Indeed, ligand exchange could be evidenced by crystallization of a 

compound with the composition [bmpyr]4[Yb(OTf)6][Tf2N] (Figure 3), in which the 

[Tf2N]-anions are incorporated only in a noncoordinating fashion in the crystal structure. 

The ytterbium cation is surrounded solely by the stronger coordinating (more Lewis 

basic) triflate anions in an octahedral fashion similar to that found in [bmpyr]4[Yb(OTf)6].

Cyclic voltammetry turned out to be a well-suited tool to monitor ligand 

displacement reactions in solutions. Figure 4 shows the cyclic voltammograms of a 0.025 

M solution of Yb(Tf2N)3 in [bmpyr][Tf2N](left), Yb(Tf2N)3 in [bmpyr][OTf] (middle), 

and Yb(OTf)3 in [bmpyr][OTf](right). For Yb(OTf)3 dissolved in [bmpyr][OTf], the 

reduction peak is found at a more negative value (-1.90 V) and the oxidation peak to 

more positive (-0.89 V) compared to Yb(Tf2N)3 in [bmpyr][Tf2N] (-1.21 and -0.95 V, 

respectively) with halfwave potentials of -1.39V found for Yb(OTf)3 in [bmpyr][OTf] 

and -1.08 for Yb(Tf2N)3 in [bmpyr][Tf2N].
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Figure 1. Coordination of Ln3+ by 

Tf2N
- in [bmpyr]2[Ln(Tf2N)5] (left) 

and [bmpyr][Ln(Tf2N)4] (right). 

Figure 2. Asymmetric unit of the crystal structure of [bmpyr]3[Yb(OTf)6]. 

Figure 3. Part of the crystal structure of [bmpyr]4[Yb(OTf)6][Tf2N], noncoordinating Tf2N

encircled, coordinating SO3R-groups shown as tetrahedra. 

PROCEEDINGS OF ISEC 2008 - VOLUME II1274



1275 1275



1276 1276



1277 1277



1278 1278



1279 1279



1280 1280



1281 1281



1282 1282



1283 1283



1284 1284



1285 1285



1286 1286



1287 1287



1288 1288



1289 1289



1290 1290



1291 1291



1292 1292



1293 1293



1294 1294



1295 1295



1296 1296



1297 1297



1298 1298



1299 1299



1300 1300



1301 1301



1302 1302



1303 1303



1304 1304



1305 1305



1306 1306



1307 1307



1308 1308



1309 1309



1310 1310



1311 1311



1312 1312



1313 1313



1314 1314



1315 1315



1316 1316



1317 1317



1318 1318



1319 1319



1320 1320



1321 1321



1322 1322



1323 1323



1324 1324



1325 1325



1326 1326



1327 1327



1328 1328



1329 1329



1330 1330



1331 1331



1332 1332



1333 1333



1334 1334



1335 1335



1336 1336



IONIC LIQUIDS IN EXTRACTION OPERATIONS: COMPARISON OF 
ROTATING DISC CONTACTOR PERFORMANCE BETWEEN [4-

MEBUPY]BF4 AND SULFOLANE® FOR AROMATICS EXTRACTION

S. A. F. Onink, G. W. Meindersma, and A. B. De Haan 

Technische Universiteit Eindhoven, Den Dolech 2, P. O. Box 513, 5600 MB Eindhoven, 
The Netherlands. Corresponding author email address: s.a.f.onink@tue.nl

ABSTRACT 

Using nonvolatile ionic liquids instead of solvents as N-methylpyrrolidone (NMP) or Sulfolane in 
extraction provides the advantage of a simple solvent recovery as flash distillation or stripping. 
Successful introduction of RTILs into extractions requires knowledge on their hydrodynamic and 
mass-transfer characteristics. Extraction of aromatics from aliphatics with 4-methyl-N-
butylpyridinium tetrafluoroborate as solvent in a pilot-plant rotating-disc contactor was compared 
to Sulfolane. From a hydrodynamic point of view, [4-mebupy]BF4 is a better solvent, but the 
mass-transfer performance of Sulfolane was superior due to its lower viscosity. ILs can extract 
feeds containing high (>65%) aromatics, which is not possible with current solvents.  

INTRODUCTION

 In previous studies, we have demonstrated that Room Temperature Ionic Liquids 
(RTIL) are promising solvents for the extraction of aromatic hydrocarbons [1]. However, 
successful introduction of RTILs into extraction operations also requires knowledge on 
their hydrodynamic and mass-transfer characteristics. Therefore, this research presents 
the results of a study on the extraction of aromatics from aliphatics in a pilot-plant 
rotating-disc contactor (RDC) with 4-methyl-N-butylpyridinium tetrafluoroborate ([4-
mebupy]BF4) as the solvent. The RDC was selected since it is the most commonly used 
extractor for aromatics extraction in the petrochemical industry. In the extraction process, 
hydrodynamics (drop size, hold-up, and operational window) and mass-transfer 
efficiency determine the column performance [2]. As model components for 
aromatic/aliphatic separation, toluene/n-heptane mixtures were chosen, in which the 
toluene content is varied from 10 to 75 wt %. The results regarding the hydrodynamic 
behavior of the column and mass-transfer profiles over the column are benchmarked 
against the commonly used solvent Sulfolane [3]. The investigated parameters concern 
the total flux, the rotating speed of the RDC [4,5], and the concentration of toluene in the 
organic (n-heptane) phase. 

INTERNATIONAL SOLVENT EXTRACTION CONFERENCE 2008 1337



EXPERIMENTAL

Chemicals

 The ionic liquid 4-methyl-N-butylpyridinium tetrafluoroborate (>97%), n-heptane 
(>99.9%) and toluene (>99.9%) were purchased from Merck. Sulfolane (>99%) was 
purchased from Sigma Aldrich.  

Experimental Setup 

The pilot RDC extraction column is 
schematically shown in Figure 1. The column 
consisted of five jacketed glass segments each of 360 
mm in length and an inside diameter 60 mm, each 
with eight stirred compartments. Every glass 
segment had attached sample ports either for 
measuring the hold-up or for determining the 
concentration profile. Settlers of 240 mm (bottom) 
and 210 mm (top) with an internal diameter of 90 
mm enclosed the stirred segments. The internals of 
the stirred segments consisted of alternating discs, 
and doughnuts and were made of SS material. The 
outside and inner diameters of the doughnuts were 
60 mm and 22 mm, respectively, and the thickness 
was 1.5 mm. The discs had a diameter of 40 mm and 
a thickness of 1.5 mm. The distance between two 
doughnuts was 32 mm, the same as the distance 
between two discs. The solvent was fed to the top of 
the column, and the extract phase was collected from 
the bottom settler. This phase (ionic liquid or 
Sulfolane) was dispersed. The heptane/toluene phase was fed from the bottom, and the 
raffinate phase was collected from the top settler. The solvents were regenerated in the 
extraction column at 80 °C by bubbling nitrogen through the column for 24 h. Total 
heptane removal was possible, but total toluene removal was not: 0.78 mole % was left in 
the Sulfolane and 0.70 mole % in [4-mebupy]BF4. The regenerated ionic liquid was used 
in the extraction experiments. 

Hydrodynamics and Operational Region 

For determination of the operational regions, the total flux is varied while keeping 
the solvent-to-feed (S/F) ratio constant. When performing these experiments, the system 
has to be operated in steady state, and the phases must be in equilibrium. The flux 
(m3/m2.hr) is defined as the volume that passes through the cross-section of the column in 
a certain time period. In order to find the flooding point, the rotor speed is increased at 
constant flux. When the rotor speed increases, the dispersed-phase droplets become 

Figure 1. Schematic representation 
of the rotating disc column.
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as shown in Scheme 1 from the appropriate salicylaldehydes and either an acyl hydrazide 
or an o-aminophenol. The Cu-extraction properties of four new ligands, L1-3H2 and L4H3,
which represent the main classes of structure and have good solubilities in chloroform, 
are reported in this paper. The new ligands were characterized by spectroscopic methods, 
and single-crystal X-ray structure determinations were undertaken for L3H2 and L4H3.
The former has a conformation to provide an NO2

2- donor set to three vertices of a 
square-planar Cu2+ cation. L4H3, crystallizes in a conformation that optimizes 
intermolecular hydrogen bonding in the solid state, but it is apparent from Figure 2 that 
rotation about two bonds will generate the arrangement of the donor set shown in 
Scheme 1, which could form trinuclear complexes of the type C in Figure 1. 

R1

OHO

X

C9H19

OHN
NH

H15C7 O

X

t-Bu

OHN

OH

t-Bu

NH2

OH

t-BuNH2
NH

H15C7 O

- H2O

CH3

OHN OH

O

NH

H15C7 O NH2
NH

H15C7 O

X = CO2H

-H2O

L1H2   X = H L3H2

L4H3

+ +

- H2O

X = H

L2H2   X = NO2

Scheme 1. Preparation of the ligands L1H2, L2H2 and L3H2 from 5-alkyl-salicylaldehydes and 
L4H3 from 5-methyl-salicylaldehyde-3-carboxylic acid.

Methanolic solutions of L1-3H2 and L4H3 containing an excess of copper(II) 
acetate, in some cases in the presence of excess base, gave complexes with mass spectra 
consistent with formation of di- or trinuclear complexes, [(L)2Cu2] or [(L)2Cu3]. This 
encouraged us to investigate whether such multi-loading could be obtained in solvent 
extraction. Experiments were carried out initially to compare the pH dependence of Cu-
uptake from aqueous sulfate solutions by chloroform solutions of four of the ligands. 
Results are compared in Figure 3, in which a 100% loading corresponds to the formation 
of a 1:2 copper:ligand assembly, that is, the maximum loading possible for the 
conventional reagents (A in Figure 1). Maximum theoretical uptake by the dinucleating 
ligands involves formation of 2:2 copper:ligand complexes (B) and corresponds to a 
200% loading, and maximum uptake by the trinucleating ligands gives 3:2 complexes 
(C) and is recorded as a 300% loading. In general, for the dinucleating ligands (e. g., for 
L1H2 and L3H2), the pH-profiles for Cu-loading showed a single-step process (Figure 3) 
and are fully (doubly) loaded once the pH of the aqueous phase has increased to 3.5. 
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Figure 2. The X-ray crystal structures of L3H2 and L4H3.
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Figure 3. Comparison of Cu-loading by chloroform solutions of P50 ( ), L1H2 ( ), L2H2( ),
L3H2(+), and L4H3( ) as a function of pH. Loading of 100, 200, and 300% correspond to Cu:2L, 

2Cu:2L, and 3Cu:2L molar ratios. 

Figure 4. Variation of the EPR spectra of a chloroform solution of L2H2 as Cu-loading increases 
from 0-100% (curves A) and from 100-200% (curves B).
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ABSTRACT 

Well-controlled two-liquid phase flows in a T-junction microchannel device have been realized, 

and BaSO4 nanoparticles with narrow size and good dispersibility were produced through drops 

or plugs flow in the microdevice. As a novel work, the influence of mass transfer and chemical 

reaction on flow patterns is discussed based on the experimental investigation of flow patterns 

under different operating conditions. Meanwhile, the effect of the two-phase flow patterns on the 

nanoparticle size was discussed. It was found that the increase of the amount of mass transfer and 

chemical reaction could change the flow patterns from plugs flow to drops flow. The drop 

diameter or plug length could be changed in a wide range. The prepared nanoparticles ranged 

from 10 to 40 nm. Apparently, the particle size decreased with an increase of the drop diameter 

or plug length.  

INTRODUCTION

Recently, the rapid development of microreaction and micromixing technology 

has led to a considerable variety of microfluidic devices. These devices have been used 

in many fields for their high efficiency, safety, repeatability, and facile controllability [1].  

In particular, significant advances have been made in the use of microfluidic devices for 

controlling multiphase flow patterns. Cross-flow and focusing flow are two main 

methods for controlling different multiphase flow patterns, which can be suspended 

drops flow, channel-spanning slugs flow, or wall-wetting films flow [2]. Well-controlled 

multiphase flows in microdevices have been widely used in chemical reaction [3], liquid-

liquid extraction [4], crystallization [5], and nanoparticle synthesis [6,7]. Especially, in 

nanoparticle synthesis, particle-size control is just one of the key issues in the production 

of nanoparticles, because many properties of the solid particles are sensitive to the 

particle size and particle-size distribution [8]. Drops or plugs flow can provide high 

mixing efficiency, which is very important for particle-size control [9,10]. Moreover, 

well-controlled multiphase flows can also prevent a liquid from direct contact with 

microchannel walls and thereby eliminate or reduce undesired clogging of channels due 

to deposition of material on wall surfaces [2,6]. 
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Most of the works on nanoparticle preparation with multiphase flows in 

microdevices are not closely connected with multiphase reactions. The reactants exist in 

either phase only. The other phase is inert and only provides an isolated reaction 

environment on the micro-scale. Obtaining high mixing performance for homogeneous 

reaction systems is the main application. But for heterogeneous reaction systems, there 

has been little research on how the mass transfer and chemical reaction affect the 

multiphase flows in microdevices, and the preparation of nanoparticles with 

heterogeneous reaction systems in microdeveices is also little mentioned in the previous 

work. In this work, a T-junction microchannel device was used to produce liquid-liquid 

drops flow and plugs flow with different size. And BaSO4 nanoparticles were produced 

by the interphase reaction of reactants in liquid-liquid phases. The influence of mass 

transfer and chemical reaction on two-phase flow patterns in the T-junction microchannel 

device was investigated. Meanwhile, the effects of the operating conditions and the 

droplet size on the particle size was also investigated and discussed. 

EXPERIMENTAL 

Figure 1 shows the experimental setup. Nanoparticles were produced in a T-

junction microchannel device fabricated on a polymethyl methacrylate (PMMA) sample 

plate (60 × 40 × 5 mm) using an end mill. The main channel dimensions were about 1000 

× 1000 µm (width × height). The dispersed channel was about 200 × 200 µm (width × 

height) and perpendicular to the main channel. The microfluidic device was sealed using 

another PMMA thin plate (1 mm in thickness) by curing at 105 °C using high-pressure 

thermal sealing techniques. Two microsyringe pumps and two gastight microsyringes 

were used to pump the two phases into the microfluidic device, respectively. 

Butyl alcohol 

solutions, hexyl alcohol 

solution, or octyl alcohol 

solutions with sulfuric 

acid concentration of 0.1 

mol/L, 0.2 mol/L, 0.4 

mol/L, and 0.8 mol/L 

were used as the 

continuous phase, 

respectively. Aqueous 

solutions with barium 

chloride concentration of 

0.02 mol/L, 0.05 mol/L, 

0.1 mol/L, 0.2 mol/L, 0.4 

mol/L, and 0.8 mol/L 

were used as the 

dispersed phase. Droplets of aqueous solution were formed by the crossflowing rupture 

in the main channel. The reaction of sulfuric acid with barium chloride took place at the 

droplet interface, and nanoparticles of barium sulfate were produced. 

Figure 1. The experimental setup.
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CONCLUSIONS  

The EOPO2500-rich middle phase from three-liquid-phase extraction systems 
could be concentrated and purified by thermal phase separation and dichloromethane 
extraction. The proposed recycling process for EOPO2500 copolymer was feasible and 
promising.  
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WengFu PPA plant, China

Bateman Litwin’s Advanced Technologies Division supplied
Guizhou Hongfu Industry & Commerce Development Co.
Ltd, (WengFu) with a purified phosphoric acid (PPA) plant.
The project included the process development, design and
supply of an SX section, which utilizes six Bateman Pulsed
Columns and two mixer settlers.

Bateman Litwin provided its proprietary BATEMAN SETTLER™
technology  for the copper SX plant. The Company also
performed the detailed process, FRP (fiber-reinforced
polymers) and mechanical design of the SX plant.

Bateman Litwin’s Solvent Extraction (SX) unit develops
advanced solvent extraction technologies and provides
comprehensive solvent extraction solutions for the
hydrometallurgical, chemical, petrochemical, fertilizer,
minerals ,  food and pharmaceutical  industr ies.

Bateman Litwin’s SX processes are taken from the preliminary
stages of defining the customer’s needs and conducting
research and feasibility studies, through to plant modification,
expansion and new facility construction.  The projects are
fully covered by process guarantees and mechanical
warranties.

SX solutions and services are backed by Bateman Litwin’s
research and development center, utilizing advanced SX
systems and equipment.

Bateman Litwin
Headquarters

Haaksbergweg 59
1101 BR Amsterdam,
The Netherlands
Tel: +31 20 564 0491
Fax: +31 20 564 0490

Litwin
13-15, rue Edouard Manet
92504 Rueil Malmaison
Cedex, France
Tel: +33 (0)1 72 25 52 52
Fax: +33 (0)1 72 25 52 90

www.bateman-litwin.com

Regional offices:
Chile, Kazakhstan,
Morocco, Nigeria, Russia,
Romania, Switzerland,
Israel, Italy, USA

Mantos De La Luna copper SX project, Chile

Olympic Dam expansion, Australia

Minerals & metals
industry

Petrochemical
industry

Chemical process
industry

Environmental
protection

Solvent Extraction
Advanced
solutions for:

Bateman Litwin focuses on mid-sized Energy EPC contracts,
principally executed on a lump sum turnkey (LSTK) basis.  Bateman
Litwin also provides technology solutions to the Phosphate Sector
and Solvent Extraction Applications.
Backed by an impressive track record of hundreds of projects in
more than 40 countries, Bateman Litwin  has established a reputation
for excellence and on-time, on-price project delivery, which
maximize customer profitability.

Bateman Litwin at a glance

Optimal  SX processes
tailored to meet
customers' requirements

Efficient SX plants – on
time and within budget

Plant commissioning led
by experienced teams of
process engineers

Project financing
facilitation

Superior HSE and Quality
Control standards

Minimization of
environmental risks

The SX unit provides:
Concept

to

From

TurnkeyFollowing  a successful pilot, done in 1995, Bateman Litwin
continued working with the Olympic Dam uranium
production facility and performed several expansion
projects to the SX plant. This facility is currently utilizing 14
Bateman Pulsed Columns.
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process plant

Solvent Extraction -

     optimal
  solution

for your

SX Project Development
Over the years Bateman Litwin (BNLN) has cultivated
a comprehensive step-by-step approach for project
development, ensuring the all-around fulfillment of the
project requirements and the successful delivery
of the project.

Minerals and metals  industry – processing
uranium, copper, nickel, cobalt, gold, zinc, rare
earth elements and vanadium

Specialized SX processes for the mineral industry
including sulfuric acid, halides and cyanide
removal

Chemical industry – processing nitric, phosphoric,
hydrochloric and citric acids, inorganic salts and
organic solvents

Petrochemical industry – processing lubricant oils,
caprolactam, etc

Environmental protection – effluent treatment,
removal  of  nitrates and heavy metals

Lump-Sum Turnkey and
EPCM solutions for:

Need

Lab

Mini Pilot

Pilot

Demonstration

Design, Supply & Construction

Commissioning & Start-up

Defining processing goals, optimization of capital
and operating costs, safety and environmental issues

At BNLN research center/on site: SX process on
a small scale in  operation, utilizing equipment, mini
pilot plant, samples for testing, market assessment

At BNLN research center/client facility: integrating the
plant into the process stream, authentic process
solutions, validating previous data for scale up purposes

Produces authentic marketable samples on a small -
scale simulation plant which, provides conclusive
evidence of project viability.

Best equipment for the process, industrial SX plant
designed, supplied & constructed by BNLN

Full training provided for the plant operation team
as well as technical and operational support services.
BOO skills available if required

Evaluating potential extractants, utilizing
synthetic/authentic samples, determininig materials
for construction, identifying recovery proceduresPre - Feasibility

Go/no go decision, evaluating optional
process schemes & costs

Feasibility
Confirms/revises earlier conclusions,
enhances accuracy of cost evaluation

Definitive Feasibility
Formal documentation reporting process
details, estimation of capital & operating costs

Finance
Facilitating the optimum, most cost - effective
financing packages. For certain solutions
equity investment may be considered.

Selected Projects

BATEMAN SETTLERTM

Reverse Flow technology

The BATEMAN SETTLERTM with its
advanced design, unique Reverse-
Flow technology and enhanced
efficiency provides many advantages
compared to conventional settlers
used in SX circuits.

The BATEMAN pulsed column
technology provides a highly
efficient, cost-effective and safe
contactor, which enhances
solvent extraction processes
during the extraction, stripping
and scrubbing or washing stages.

BATEMAN  Pulsed
Column technology

Olympic Dam Operations, Australia, Uranium
Bulong Nickel, Australia, Nickel/Cobalt/Zinc
Mantos de la Luna, Chile, Copper
Piedras Verdes, Mexico, Copper
Cananea SX/EW plant No.2, Mexico, Copper

Weng Fu, China, Phosphoric Acid
Goro Nickel, New Caledonia, Nickel/Cobalt
Dominion Reefs, South Africa, Uranium
Gaby-Codelco, Chile, Copper (ongoing project)

Project 118-CVRD, Brazil, Copper (ongoing project)

The



In 2008, copper SX
plants using LIX®
Reagents will produce
approximately 675,000
more tonnes of copper
cathode than those
using reagents supplied
by our closest
competitor.
That’s leadership.

Cognis is the world leader in the SX/EW production of copper. 
Because our reagents are simply more productive – in total copper produced 
and in efficiency. (The fact is, you’ll need less of our reagents, and more of theirs, 
to produce the same tonne of copper.) We also provide sophisticated MSPTM technical
support to help you make your plant work more efficiently.

That’s real leadership. That’s innovation, teamwork and value. 
That’s Cognis.

To contact the world leader in SX/EW copper recovery, please call:
Cognis Corporation • 2430 North Huachuca Drive • Tucson, Arizona USA 85745-1273
Telephone (520) 622-8891 • FAX (520) 624-0912 • www.cognis.com

In 2008, copper SX
plants using LIX®
Reagents will produce
approximately 675,000
more tonnes of copper
cathode than those
using reagents supplied
by our closest
competitor.
That’s leadership.
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ABSTRACT 
 

World copper solvent extraction (SX) plant practices have been surveyed. This survey is a 
supplement to previous surveys that were carried out in 1997 and 1999. On a world basis, process 
technology trends include higher process flows, new mixer settler materials of construction, 
reverse flow mixer settlers and advanced mixer technology and designs. These changes have 
resulted in reduced capital and operating costs. Most greenfield copper SX projects are occurring 
in South America and Central Africa. 

 
 

INTRODUCTION 
 

This manuscript is an update of the world copper solvent extraction surveys 
performed in 1997 and 1999 [1-3]. This paper presents operating data and plant practices 
from 24 copper solvent extraction operations from around the world.  The present survey 
includes respondents from Australia (1), Chile (6), Laos (1), Myanmar (1), Peru (1), USA 
(13) and Zambia (1).  Copper solvent extraction plants that are not included in the survey 
include many of the Chilean plants. Several recent African projects such as Kansanshi 
are also not included.   The detailed survey results are presented “as received” on the 
CD-ROM version of these proceedings.  This paper will summarize the results of the 
survey and discuss process technology trends and greenfield developments. 

 
SURVEY SUMMARY AND ANALYSIS 

 
  The survey data was analyzed to determine most common practices and ranges of 
values.  In the analysis of numerical values, if a range was given then the average of the 
two values was used.  If a response was questionable in the authors’ opinions then it was 
excluded from the analysis. 
 
 
 
 



 

Plant Design 
 
  Summaries of plant design are given in Tables 1-3.  All plants in the survey either 
operate two or three extraction stages per train with about an equal percentage for each 
value.  Of those plants operating three extractions, 75% operated in series-parallel.  Of 
the two plants that operate in parallel, both use three extraction stages.  Most plants, 75%, 
use one stripping stage per train.  The use of an organic wash is fairly evenly split with 
slightly more plants using them than not. 
  Settlers are specifically designed for each plants’ flow rate.  Most settlers are 15-
30 m in length and width with a length to width ratio around 1.  Settler depth is typically 
1 m.  Settling velocities  range from 2 to 8 m3/m2 with a median value of 4.4.  All plants 
surveyed use picket fences with most employing two per settler. 
  There is a wide range in the style of impellers used.  They range in size from 1.3 
to 2.9 m in diameter.  The mixers operate at 37 to 69 RPM with most using 10-40 kW of 
power.  
 

Table 1. Summary of Copper Solvent Extraction Train Design 
Category Data Summary 
Extraction Stages Per Train 2 (52%), 3 (48%) 
Extraction Operation Series (46%), Parallel (8%), Series-Parallel (46%) 
Stripping Stages Per Train 1 (75%), 2 (25%) 
Organic Wash Yes (55%), No (45%) 

 
Table 2. Summary of Settler Design 

Category Data Summary 
Settler Length:Width Ratio Min. – 0.6, Median – 1.0, Max. – 2.6 
Settler Depth (m) Min. – 0.8, Median – 1.0, Max. – 9.9 
Settling Velocity (m3/m2 per hour) Min. – 1.95, Median – 4.4, Max. – 8 
# of Picket Fences per Settler 1 (29%), 2 (57%), 3 (10%), 4 (5%) 
 

Table 3. Summary of Mixer Designs 
Category Data Summary 
Extraction Mixers  

Impeller Dia. (m) Min. – 1.27, Median – 1.9, Max. – 2.9 
RPM Min. – 36.4, Median – 48, Max. – 69 
Power (kW) Min. – 10, Median – 19, Max. – 134 (?) 

Stripping Mixers  
Impeller Dia. (m) Min. – 1.22, Median – 1.8, Max. – 2.9 
RPM Min. – 36.4, Median – 49, Max. – 69 
Power (kW) Min. – 10, Median – 19, Max. – 134 (?) 

 
 
 
 
 



 

 
 
Flow Rates and Phase Continuity 
 
  A summary of  flow rates is presented in Table 4.  PLS flow rates ranged from 
small plants of 266 m3/hr to very large plants of 10,000 m3/hr with most treating less than 
2000 m3/hr.  The ratio of PLS to organic flow rates ranged from 0.2 to 4.2 with 70% of 
the plants between 0.75 and 3.  The ratio of organic to electrolyte flow rates was between 
0.6 and 47 with 2/3 of the plants between 2 and 10.  The percentage of electrolyte 
flowing to solvent extraction was typically between 20% and 40%. 
 

Table 4. Summary of Flow Rates 
Category Data Summary 
PLS per train (m3/hr) Min. – 266, Median – 1200, Max. – 10000 
Electrolyte per train (m3/hr) Min. – 7.5, Median – 327, Max. – 1249 
% of electrolyte flow to SX Min. – 1, Median – 25, Max. – 100 
Organic from ext. to strip (m3/hr) Min. – 64, Median – 1055, Max. – 4000 

 
The use of aqueous and organic phase continuity for each stage appears to be very 

plant specific.  A summary of phase continuity by stage is given in Table 5.  The most 
consensus way to operate appears to be aqueous continuous in first stage extraction 
especially for trains in series and organic continuous first stage stripping.  Otherwise, the 
plants are most evenly split on phase continuity in second and third stage extraction, 
washing and second stage stripping. 

 
Table 5. Summary of Phase Continuity 

Stage Data Summary 
E1 (all) 

E1 (series) 
E1P (parallel) 

Aqueous (76%), Organic (24%) 
Aqueous (87%), Organic (13%) 
Aqueous (50%), Organic (50%) 

E2 Aqueous (52%), Organic (48%) 
E3 Aqueous (50%), Organic (50%) 
W Aqueous (55%), Organic (45%) 
S1 Aqueous (16%), Organic (84%) 
S2 Aqueous (60%), Organic (40%) 

 
Solution Compositions 
 
Summaries of PLS, raffinate, organic and electrolyte compositions are presented in 
Tables 6-9, respectively.  The median PLS composition is 2.75 g/L Cu, 2.6 g/L Fe (2.0 
g/L Fe3+), 2.5 g/L H2SO4, 0.65 g/L Mn at a pH of 2.0 with 20 ppm of suspended solids.  
There is a considerable range of values for every PLS variable except pH which only 
ranged from 1.3 to 2.15.  The median raffinate composition is 0.2 g/L Cu, 7.2 g/L H2SO4 
at a pH of 1.66 with an organic loss of 40 ppm.  The median copper concentrations of the 
loaded organic and barren organic are 6.45 g/L and 2.1 g/L, respectively.  While the 



 

specific extractant is highly variable, all of the plants report using either LIX (Cognis) or 
Acorga (Cytec) extractant with more in this survey using LIX.  Eight different suppliers 
of diluent were listed with the most common being Penerco and Shellsol.  The median 
spent electrolyte sent to the solvent extraction trains is 34 g/L Cu, 184 g/L H2SO4 and 
151 ppm Co.  The median rich electrolyte returned to electrowinning is 48 g/L Cu, 165 
g/L H2SO4 and some organic (many plants report ≤ 10 ppm). 
 

Table 6. Summary of PLS Composition 
Component (unit) Data Summary 
Cu2+ (g/L) Min. – 0.24, Median – 2.75, Max. – 41 
pH Min. – 1.3, Median – 2.0, Max. – 2.15 
Total Fe (g/L) Min. – 0.06, Median – 2.6, Max. – 32.4 
Fe3+ (g/L) Min. – 0.12, Median – 2.0, Max. – 25.3 
H2SO4 (g/L) Min. – 0.69, Median – 2.5, Max. – 20 
Mn (g/L) Min. – 0.09, Median – 0.65, Max. – 3.4 
Solids (ppm) Min. – 1.5, Median – 20, Max. – 60 

 
Table 7. Summary of Raffinate Composition 

Component (unit) Data Summary 
Cu2+ (g/L) Min. – 0.015, Median – 0.2, Max. – 11 
pH Min. – 0.7, Median – 1.66, Max. – 1.9 
H2SO4 (g/L) Min. – 1.75, Median – 7.2, Max. – 65 
Organic loss to raffinate (ppm) Min. – 20, Median – 40, Max. – 89 
 

Table 8. Summary of Organic Composition 
Component (unit) Data Summary 
Cu2+ (g/L) in Loaded Organic Min. – 1.05, Median – 6.45, Max. – 20 
Cu2+ (g/L) in Barren Organic Min. – 0.25, Median – 2.1, Max. – 6.5 
Extractant Family (% of Data) LIX (74%), Acorga (26%) 
Diluent Supplier (% of Data) Penreco (30%), Shellsol (30%), 6 others (40%) 

 
Table 9. Summary of Electrolyte Composition 

Component (unit) Data Summary 
Spent Electrolyte  

Cu2+ (g/L) Min. – 28, Median – 34, Max. – 43 
H2SO4 (g/L) Min. – 165, Median – 184, Max. – 195 
Co (ppm) Min. – 50, Median – 151, Max. – 200 

Rich Electrolyte  
Cu2+ (g/L) Min. – 37, Median – 48, Max. – 55 
H2SO4 (g/L) Min. – 140, Median – 165, Max. – 186 
Organic Loss in Electrolyte  43% of plants ≤10 ppm 

 
Operational Variables and Methods 
 



 

  Most process variables reported in the survey indicate a wide range of operating 
conditions utilized by the various plants as indicated in Table 10.  The median values 
indicate perhaps what a “typical” plant would be, if one actually existed. 
  The most common operation methods were the use of interfacial pumping to 
remove crud and dual media filters for electrolyte treatment as show in Table 10.  The 
majority of plants do not operate organic coalescers or organic filters. 
 

Table 10. Summary of Operational Variables and Methods 
Component (unit) Data Summary 
Extraction Efficiency (%) Min. – 85.0, Median – 92.5, Max. – 95.6 
Extraction Mixer Residence Time 
(min) 

Min. – 1.6, Median – 2.5, Max. – 3.0 

Organic Depth in Settler (mm) Min. – 12, Median – 268, Max. – 500 
Aqueous Depth in Settler (mm) Min. – 24, Median – 498, Max. – 2140 
Extractant in Organic Vol% Min. – 3, Median – 15.4, Max. – 34 
Net Cu Transference  
(Cu g/L per % Extractant) 

Min. – 0.15, Median – 0.25, Max. – 0.36 

Stripping Efficiency (%) Min. – 34, Median – 69, Max. – 97.5 
Stripping Mixer Residence Time 
(min) 

Min. – 0.13, Median – 3, Max. – 4.8 

Phase Disengagement Time 92% between 40-120 seconds 
Organic Coalescers  Yes (32%), No (68%) 
Organic Filters  Yes (40%), No (60%) 
Crud Removal Pump from Interface (74%) 
Crud Treatment Clay and Filter (41%) 
Electrolyte Coalescer Yes (44%), No (56%) 
Electrolyte Treatment  Dual Media Filter (91%), Jameson Cell (28%) 

 
Materials of Construction 
 
  Materials of construction for copper solvent extraction plants are becoming more 
standardized as shown in Table 11.  A majority of plants use stainless steel for settlers, 
mixers (each as a liner or complete vessel), piping and tanks.  High density polyethylene 
(HDPE) is also used extensively in piping.  Gratings are typically fibre-reinforced plastic 
(FRP) or fibreglass. 
 

Table 11. Summary of Materials Construction 
Component (unit) Most Common Material 
Settlers Stainless Steel (60%) 
Mixers Stainless Steel or Stainless Steel Liner (70%) 
Piping Stainless Steel (79%), HDPE (67%) 
Tanks Stainless Steel (71%) 
Grating FRP (50%), Fiberglass (32%) 

 
 



 

 
 
 
 
 
 
 
 

PROCESS TECHNOLOGY TRENDS 
  
 Copper solvent extraction plant practices and design where reviewed in 2003 [4]. 
Recent process technology and design trends are: 
 

• New and improved copper SX extractant reagents that do not transfer iron and 
in some cases are modified mixtures of aldoxime and ketoximes 

 
• New and improved SX diluents that have higher flash points 

 
• Conventional SX mixer settler design trends include: 

 
o SX Circuits that are now designed up front with pipe work for 

multiple configurations between series and series parallel and other 
combinations. The purpose of this is for operations flexibility. 

o Reverse flow mixer settlers 
o Deeper settlers 
o Advanced conventional  mixer designs that reduce shear and small 

droplet generation 
o Advanced and multiple picket fence designs for enhanced settling 
o Advanced in-settler coalescer designs and installation for enhanced 

settling 
o Going more to stainless steel material of construction due to fire safety 

reasons 
o Separating SX trains for fire retardation purposes 
o Higher specific flows 
o CFD modelling of SX mixer and settling technology for further 

enhancement 
 

• As yet no copper SX circuit has installed a multi-stage settler column(as used 
in uranium extraction) or 

 
• No copper SX circuit has installed an in-line plug flow mixer settler such as 

proposed by Koch but Zinc SX is investigating this technology 
 
 
 



 

 
 
 
 

GREENFIELD DEVELOPMENTS AND 
POSSIBLE FUTURE SX PROJECTS 

 
Future copper SX projects are centered in Central Africa.  In Africa, the projects 

are associated with cobalt (from tailings and ore), gold and concentrate (through pressure 
leaching) production.   The major copper SX projects include: 

 
*Tenke Fungurume, DRC 
*Kolwesi Tailings, DRC 
*Kinsevre, DRC 
*Nikanor, DRC 
*Chambishi, Zambia 
 

 
 

CONCLUSIONS 
 

It is clear from our latest 2007 copper SX survey that recent copper SX projects 
and expansions are implementing and the world’s latest and best practice process 
technologies.  These technologies include the latest mixer and settler designs and Copper 
SX circuits are being designed for enhanced operational flexibility. 
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COPPER SOLVENT EXTRACTION – 2007 WORLD OPERATING DATA

T. Robinson,1 M. Moats,2 W. Davenport,3 G. Karcas,4 S. Demetrio,5 and E. Domic6

Port Pirie Escondida oxide
Codelco Chile

Salvador 
Compania Minera 
Quebrada Blanca

Sociedad Contractuel 
Minera El Abra

status 2006 Data 2006 Data 2006 Data 2006 Data 2006 Survey
location Port Pirie, SA, AUSTRALIA Antofagasta-Chile III Región Chile Region I CHILE Region II CHILE

contact person Terry Deed Ramon Robles T. Enrique Molina Jara Hector Yáñez, Plt. Sup Percy Mayta

e-mail address Ramon.o.robles@
bhpbilliton.com hyanez@qblanca.cl 55-818676

phone number 08 86381758 56-55-203706 / 203701 52-474942 56-57-528-220 55-818675
fax number 08 86381568 56 55 248389 56-57-528-562 1996
date of commissioning

longitude and latitude 3150 m.s.n.m. Longitude W 68°47'53" 
Latitude S 21° 00' 50"

PLANT DESCRIPTION
cathode production rate, tonnes per year 5000 150000 25000 80000 225 000
number of solvent extraction trains 1 3 2 3 4
number of extraction mixer-settlers per train 2 2 2 2 3

series or parallel series series series series serie-paralelo

number of strip mixer-settlers per train 2 1 1 1 1
series or parallel series series series

washing of organic 1 mixer-settler wash with 
35 to 40 gpl acid yes yes no yes

SETTLERS

settler dimensions, length x width x depth 7.8 x 4.1 x 0.99 24,7 x 26,4 x 1,06
(Overall depth) 12,5 x 12,5 x 1,0 m 23.3 x 24.5 x 0.8 28 x 29 x 1.1

number of picket fences, per settler 1 + 5 up-&-over fences 1 2 2 2

settling velocity, m3/m2 per hour 3.8 3.9 4 3.7

EXTRACTION MIXERS

principal extraction mixer conventional 2 stage 2
Lightnin, R301 (37kW) & 

A310 (5kw), both normally 
used

1 pump mixer, 2 auxiliary

   impeller diameter, m 261 m/minute tip speed 1.473 2.3 (six blades) 1.905
   RPM 47  48RPM 55

   power, kW 37kW 37

   normal operation all mixers in use all mixers in use pump mixer only

STRIPPING MIXERS

principal strip mixer conventional 1 stage x train 1 Lightnin R301 & A310,
 both normally used 1 pump mixer, 1 auxiliary

   impeller diameter, m 1.473 2.3 (six blades) 1.905
   RPM 47  48RPM 47
   power, kW 37kW 37

   normal operation all mixers in use pump mixer only



COPPER SOLVENT EXTRACTION – 2007 WORLD OPERATING DATA

T. Robinson,1 M. Moats,2 W. Davenport,3 G. Karcas,4 S. Demetrio,5 and E. Domic6

Port Pirie Escondida oxide
Codelco Chile

Salvador 
Compania Minera 
Quebrada Blanca

Sociedad Contractuel 
Minera El Abra

FLOW RATES
pregnant leach solution per train, m3 per hour 320 1123 280 1200 1 200 - 1 450
electrolyte per train, m3 per hour 520 450 105 290 500-540
percent of total electrolyte flow going to SX 30 20
organic between extraction and strip per train, m3/h 1300 1250 340 1060 1 400 - 1 650

aqueous-continuous all E-1 series, E-1 parallel no E1 E-1, W

organic continuous E-2, S-1 E-1,E-2, S, W E2 and S E-2,E-1P, S-1

PREGNANT LEACH SOLUTION (gpl)
Cu 41 7 6 3 2.4-2.6
pH 1,6 to 1,8 1.8-2.0 1.9 2-2.1
FeT 0.06 2.5 8.86 1.3 2.9-3.1
Fe+3 0.5 6.94 0.3 2.6-2.8
H2SO4 20 3 3 - 5 2.5 2.7-2.9
Mn 0.1 0.45 3.3 0.09 0.6-0.7
Cl-, ppm 18gpl 0.25 2.55 30 1100

solids, ppm silica (removed with 
Polyox coagulant) 10 < 30 ppm 20 8

RAFFINATE (gpl)
Cu 11 0.5 0.6 0.3 0.17-0.18
H2SO4 65 12 10 a 12 6.7 6-7
pH 1.1 1.3 0.7 1.6
organic loss to raffinate, ppm 40 45 15-25

organic-from-raffinate recovery method 6 Wemco Pacesetters 
coalescers

post decantador
- cinta oleofílica

Mop Wringers and pumping 
orgánic in surface of raffinate 

pond

Wemco Pacesetters 
coalescers

Cintas recuperadoras

extraction efficiency per train, % 93 - 96 93 90 93

extraction mixer retention time, minutes 3 3 three mix stages, 
one minute each 2 - 3

ORGANIC
Cu concentration in loaded organic, gpl 20 8.1 8.8 4.4 6.6
Cu concentration in barren organic, gpl 3.5 3.2 1.2 2
organic depth in settlers, mm 300 300 275 270 - 320
aqueous depth in settlers, mm 600 450 525 730 - 680
extractant name LIX 860-1 / LIX984 Acorga M5640 HS Lix 860 NIC-  Lix 84 IC LIX 984 LIX 84 IC+ LIX 612 NLV
solvent name Shellsol Shellsol  2046 AR Scaid100 Orform SX 12 Shellsol 2046 AR
extractant concentration in organic,  volume % 20 17 20 9.5 16.2-16.6
net copper transference, gpl per % extractant 0.24 0.25 0.27 0.27
stripping efficiency per train, % 70 63 70 68-70
strip mixer retention time, minutes 4.8 2 2 (2 mix stages, 1 min each) 3

phase disengagement time, seconds <0.75 < 120 60 - 90 2 120 - 150

organic coalescer none yes none Wemco Pacesetters

organic filters none none coalescer no yes



COPPER SOLVENT EXTRACTION – 2007 WORLD OPERATING DATA

T. Robinson,1 M. Moats,2 W. Davenport,3 G. Karcas,4 S. Demetrio,5 and E. Domic6

Port Pirie Escondida oxide
Codelco Chile

Salvador 
Compania Minera 
Quebrada Blanca

Sociedad Contractuel 
Minera El Abra

crud removal system settler is taken offline  and crud 
is physically drained pump from interface lavado de decantadores batch diaphragm pumping pneumatic pump

crud treatment system none none ruptura mecánica collection tank, centrifuge, 
solids storage  system with centrifuge

organic cleaning technique bentonite clay treatment then 
filtering Perrin Filter filtro sparkler-TF1000

organic is mixed with clay then 
pressure filtered in Sparkler 

filter
Zeolita, clay treatment

SPENT ELECTROLYTE
Cu, gpl 31 37-39 33 34 40-41
sulfuric acid, gpl 175 180 180 195 185-190
cobalt, ppm 80 160 140 135 180

RICH ELECTROLYTE
Cu, gpl 46 50 45 45 54
sulfuric acid, gpl 140 170 160 180 170
organic loss in electrolyte, ppm 8 <10 5 - 10 ppm. 55 3-5

electrolyte coalescer none Wemco Pacesetters

electrolyte treatment before tankhouse none anthracite/garnet - Disep Filtros chuqui o Demister
2 parallel column flotation cells 
followed by 4 garnet/anthracite 

filters

Spintek - sand, anthracite, 
garnet

DESIGN AND BUILDING MATERIALS

mixers mild steel, fiberglass lined stainless steel FRP 316L stainless steel polymer concrete

settlers mild steel, flake lined stainless steel FRP concrete, HDPE lined HDPE lined concrete

piping HDPE/stainless steel HDPE 316L and HDPE HDPE

tanks stainless steel FRP 316L and FRP HDPE lined concrete

gratings FRP FRP FRP FRP



COPPER SOLVENT EXTRACTION – 2007 WORLD OPERATING DATA

T. Robinson,1 M. Moats,2 W. Davenport,3 G. Karcas,4 S. Demetrio,5 and E. Domic6

Xstrata Copper
Lomas Bayas

Codelco Chile
Gaby
CHILE Lane Xang Minerals

MICCL
Myanmar

status 2006 data 2006 Data 2006 Data
location Antofagasta-Chile Region II (Calama) CHILE Sapon, Laos PDR Monywa, Myanmar

contact person Miguel Monrroy Brenden Weekes
Tony Moore  Aung Law Ha

e-mail address mmonroy@altonorte.xstratacop
per.cl

bweekes@lxmlmine.com
tmoore@lxmlmine.com alha@miccl.com.mm

phone number (56)055200600 61 8 6263 2109 0951-514194 to 7
fax number (56)055229387 951-514208
date of commissioning 38412 1998 October

longitude and latitude Longitude S 23°25'51" Latitude 
O 69° 31' 1"

SX1 SX2
PLANT DESCRIPTION
cathode production rate, tonnes per year 64320 150000 60000 39000
number of solvent extraction trains 1 2 4 1 1 1
number of extraction mixer-settlers per train 2 series / 1 parallel 2 3 2 3 2

series or parallel serie/paralelo optimizado series series/parallel series Series series 25 000tpa /
 series-parallel 39 000 tpa

number of strip mixer-settlers per train 2 2 2 2 2 1
series or parallel serie series series/parallel series Series see above comment 

washing of organic 1 mixer-settler wash w/ 10 
(verano)-18 (invierno) gpl acid

wash stage with slightly acidic 
water no no yes 1 washing stage

SETTLERS

settler dimensions, length x width x depth 26 x 18 x 1,1 26500x30000x1200 24 x 9.12 x 0.8 22 x 27 x 1.0 20.35 x 17.7 x 2.0 18  x 24.25 x  0.85

number of picket fences, per settler 1 2 2 2 4 1

settling velocity, m3/m2 per hour 4.8 5 / 4,2 3.4 4.9 4.7 5

EXTRACTION MIXERS

principal extraction mixer conventional single Turbine 1 pump mixer + 2 
impellers 3 stage, 1*DOP, 2*VSF Mixer 3 stages

   impeller diameter, m 1.6 1.676 1.753 1.8 1.525 m 
   RPM 66 70 max. 47 50 69

   power, kW 22.5 17.89 30-37 18.5

   normal operation yes single turbine 1 pump mixer + 1 
auxiliary impeller all mixers in use all mixers in use

STRIPPING MIXERS

principal strip mixer conventional single turbine 1 pump mixer + 1 
impellers 3 stage, 1*DOP, 2*VSF Mixer 3 stages

   impeller diameter, m 1.6 1.676 1.753 1.8 1.525
   RPM 63 70 max. 47 50 69
   power, kW 22.5 17.89 30-37 18.5

   normal operation yes single turbine 1 pump mixer + 1 
auxiliary Organic Continuous

Sociedad Minera Cerro Verde
2006 Data

Arequipa, Perú

Javier Guevara

51-54-381515-2200

June 1977

90520
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T. Robinson,1 M. Moats,2 W. Davenport,3 G. Karcas,4 S. Demetrio,5 and E. Domic6

Xstrata Copper
Lomas Bayas

Codelco Chile
Gaby
CHILE Lane Xang Minerals

MICCL
Myanmar

FLOW RATES
pregnant leach solution per train, m3 per hour 1150 E1-E3 // 1150 E2 1500 / 1750 750 1690 600 1150
electrolyte per train, m3 per hour 720 613 / 740 125 330 570 260
percent of total electrolyte flow going to SX 100 100 1 23
organic between extraction and strip per train, m3/h 1100 480 1350 1000-1100 1000

aqueous-continuous E1, E2, E3, S2, W E-1, R-1 E-1  S-1 Nil Stripping and scrubbing

organic continuous S1 E-2, EP1 E-2,  S-1 ALL Extraction stage E1 & E2

PREGNANT LEACH SOLUTION (gpl)
Cu 4.07 6.6 2.80 2.80 14-17 5
pH 2.12 1.3 1.9 - 2.0 1.9 - 2.1 1.8-2.5 1.4
FeT 1.48 9.3 5.50 5.50 30 to 35 1.1
Fe+3 0.42 8.3 0.60 0.60 10 to 15 25.3
H2SO4 0.69 6.6 3.60 3.60 8 to 16 7
Mn 3.41 0.31 0.50 0.50 2 650 ppm
Cl-, ppm 10.6 2500 0.309 0.309 1500 ppm

solids, ppm <5 20 40 40 40 to 80ppm 30

RAFFINATE (gpl)
Cu 0.65 0.65 0.38 0.2 0.6-1.5 1.2
H2SO4 6 15.6 8.4 8.4 30-35 13
pH 1.26 1.54 1.54 1.3
organic loss to raffinate, ppm 30 <30 20-30 50

organic-from-raffinate recovery method cinta oleofilica poly mop poly mop Nil, recover from pond 
and clay treat. skimming and pumping

extraction efficiency per train, % 85 93 92.3 95.6 0.93 95

extraction mixer retention time, minutes 2 3 2.0 1.7 3 3

ORGANIC
Cu concentration in loaded organic, gpl 8.3 11.9 5.8 5.8 13 to 16 6.3
Cu concentration in barren organic, gpl 1 5.7 2.1 2.1 5 to 8 2.7
organic depth in settlers, mm 30 400 500 350 250
aqueous depth in settlers, mm 60 400 500 1650 600
extractant name Lix 84-IC Lix 984 NC Lix 984 NC Lix 974NLVS LIX 946
solvent name Shellsol 2046AR Kerosene Kerosene Shellsol 2046TH Shellsol  2046
extractant concentration in organic,  volume % 21 24 15 13 32-36 15
net copper transference, gpl per % extractant 0.36 0.30 0.30 0.22-0.25 0.23
stripping efficiency per train, % 84 37.5 95 92 95
strip mixer retention time, minutes 1.65 3 2.1 2.3 3 3

phase disengagement time, seconds 45 45 60-80 50

organic coalescer none no no none yes in all settlers

organic filters none none one Press Filter

Sociedad Minera Cerro Verde
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T. Robinson,1 M. Moats,2 W. Davenport,3 G. Karcas,4 S. Demetrio,5 and E. Domic6

Xstrata Copper
Lomas Bayas

Codelco Chile
Gaby
CHILE Lane Xang Minerals

MICCL
Myanmar

crud removal system pump from interface pumped daily 
from interphase

pumped daily 
from interphase pump from interface pumping 

crud treatment system ruptura mecánica plate and frame filter press clay treatment and filtration

organic cleaning technique Zeolita, clay treatment Engelhard clay treatment clay treatment and filtration

SPENT ELECTROLYTE
Cu, gpl 43 35 40 40 33-36 35-42
sulfuric acid, gpl 182 180 170 170 180-190 180
cobalt, ppm 195 120 200 200 200 150

RICH ELECTROLYTE
Cu, gpl 53 50 55 55 49-53 45-50
sulfuric acid, gpl 165 157 146 146 165 150
organic loss in electrolyte, ppm 13 <30 <50 < 50 <15 <10

electrolyte coalescer none no no None

electrolyte treatment before tankhouse 2 column flotation,
4 filters Spintek Spintek Duel media filter Multimedia filter 

(anthracite/garnet)

DESIGN AND BUILDING MATERIALS

mixers steel FRP 316 stainless 
Steel

316 stainless 
Steel Stainless steel 904 L stainless steel

settlers concrete, HDPE lined HDPE lined concrete 316 stainless 
Steel

concrete, HDPE 
lined Stainless steel HDPE lined concrete 

and FRP lined concrete

piping HDPE HDPE
316 stainless 

Steel & 
polietilene

316 stainless 
Steel Stainless steel/HDPE HDPE 

tanks FRP HDPE lined concrete 316 stainless 
Steel

concrete, HDPE 
lined Stainless steel lined concrete HDPE lined concrete

gratings FRP iron & fiberglass iron & fiberglass FRP Wood

Drum Vacuum Filter (use diatomite 

6 Disep filters (316L stainless steel)
and one backwash

Sociedad Minera Cerro Verde

 Plates Press Filter



COPPER SOLVENT EXTRACTION – 2007 WORLD OPERATING DATA

T. Robinson,1 M. Moats,2 W. Davenport,3 G. Karcas,4 S. Demetrio,5 and E. Domic6

BHP Billiton
Pinto Valley

Phelps Dodge
Miami Mining Corp

Phelps Dodge Morenci
 Central  SX Plant

Phelps Dodge Morenci
Metcalf  SX Plant

Phelps Dodge Morenci
Modoc SX Plant

status 2006 Data 2006 Survey 2006 Data 2006 Data 2006 Data
location Miami AZ USA Miami AZ USA Morenci, AZ, USA Morenci, AZ, USA Morenci, AZ, USA

contact person Paul Thomas Troy Pool Ochirbal Boolokhuu Jackie Leaf Jarred Larson

e-mail address 1 928 473 7086 928 865 6535 928 865 6526 928 865 6737

phone number 1 928 473 6427 1 928 473 7248 928 865 2234 928 865 2234 928 865 2234
fax number 1 928 473 6437 1987 1987 1991
date of commissioning 1981

longitude and latitude

PLANT DESCRIPTION
cathode production rate, tonnes per year  3 500 8 620 39400 129209 113800
number of solvent extraction trains 2 2 1 2 2
number of extraction mixer-settlers per train 2 3 3 2 3

series or parallel series series/parallel 1EP + 2E + 1S
both modified series/parallel: 

A - 2E + 1W + 1S, 
B - 2E + 1S

1 x 2

number of strip mixer-settlers per train 1 1 1 1 1
series or parallel series 

washing of organic no no no Wash Stage on A train Wash Stage

SETTLERS

settler dimensions, length x width x depth 12 x 20.7 x 9.9 82 X 65 X 3 21 x 25 x 1 21 x 25 x 1 (S1A)
20.42 x 25 x 1 (all others) 21 x 25 x 1

number of picket fences, per settler 1 stationary, 3 portable 3 (2 EP, 2 E2, 2 E1,) (2 S1) 4 in E1B, all 2 on S1A, S1B and W1A, 
3 all others

(3 EP, E1, E2G, W1), (2 S1), (4 
E2F)

settling velocity, m3/m2 per hour 7.9 1.95 6.576 on CP, 6.32 on E1&2, 
3.02 on S1. E1=6.79, E2=7.1, W1A=4.24, S1=3.61 EP - 6.4; E1S - 7.22; E2S - 8.0 

EXTRACTION MIXERS

principal extraction mixer
Philadelphia Terro 16 plus 

auxiliary mixers (used only in 
warm weather)

2 stage

Lightnin straight-vaned pump 
impellers (on series), 

Philadelphia Mixers curve 
vaned impellers (on parallels). 

Lightnin straight-vaned 
pump impellers (series)

Lightnin straight-vaned pump 
impellers (series), Philadelphia 
Mixers curve vaned impellers 

(parallels). 
   impeller diameter, m 2.1 260 m/minute tip speed 2.18 2.18 2.18
   RPM 42 1800 51 51 51

   power, kW 19 40 17.6 E1S, E2S, & W1 - 45; E1P & 
S1 - 15

   normal operation primaries All mixers usually in use.

All Primaries; Typically no 
Aux. run for E1 or E2; No Aux typically 
run for W1A; Aux 1 & Aux 2 for S1A, 

Aux 1 for S1B (No Aux 2 in place) 

all Primaries, Aux
 just on parallels,

STRIPPING MIXERS

principal strip mixer Philadelphia Terro 16 
plus auxiliary mixers

Lightnin straight-vaned pump 
impellers (series), Philadelphia 
Mixers curve vaned impellers 

(parallels).

A Train - Double impeller: Lightnin 
straight-vaned and additional curved 

blade above.  B Train - Lighnin straight-
vaned pump impellers

Double impeller: Lightnin 
straight-vaned impellers and 

additional curved blade above

   impeller diameter, m 2.1 260 m/minute tip speed 2.18 A: 1.22/B: 2.18 1.22
   RPM 42 51RPM A: 51RPM/B: 51RPM 51RPM
   power, kW 19 40 A: 15/B: 40 15

   normal operation primaries All mixers are used. all mixers run all mixers run maxed



COPPER SOLVENT EXTRACTION – 2007 WORLD OPERATING DATA

T. Robinson,1 M. Moats,2 W. Davenport,3 G. Karcas,4 S. Demetrio,5 and E. Domic6

BHP Billiton
Pinto Valley

Phelps Dodge
Miami Mining Corp

Phelps Dodge Morenci
 Central  SX Plant

Phelps Dodge Morenci
Metcalf  SX Plant

Phelps Dodge Morenci
Modoc SX Plant

FLOW RATES
pregnant leach solution per train, m3 per hour 547 10000 4233 3861 4200
electrolyte per train, m3 per hour 27 850 468 418 647
percent of total electrolyte flow going to SX 8 100 13 22 34.3
organic between extraction and strip per train, m3/h 770 4000 1035 1421 1680

aqueous-continuous E1, E2 E-1-E2 series, E-1-E-2 
parallel E1,E2,EP E1S, E2S E1, E2

organic continuous S S-1 S1 W1, S1 W1, S1, EP

PREGNANT LEACH SOLUTION (gpl)
Cu 0.35 0.24 1.21 1.47 1.53
pH 2.1 2 1.92 2 1.97
FeT 1.8 0.10 2.67 2.31 0.31
Fe+3 1.7 0.32 2.61 2.28 1.98
H2SO4 0.9 1.6 2.57 2.31 2.26
Mn 0.77 0.82 0.81
Cl-, ppm NA NA NA

solids, ppm 2 NA NA  5 - 30

RAFFINATE (gpl)
Cu 0.03 0.015 0.14 0.15 0.09
H2SO4 2.6 2 4.36 4.92 4.47
pH 1.7 1.9 1.72 1.66 1.66
organic loss to raffinate, ppm 50 89 39 36 50

organic-from-raffinate recovery method Skimmers on raffinate pond
6 Wemco Pacesetters 
coalescers and ALPHA 

skimmer

floated in one organic 
recovery tank; also 3 belt mops 

used on raff pond.

skimmed from organic recovery tanks; 
also use organic containment booms 

and 3 rope mop skimmers

skimmed from organic
 recovery tanks and use 

organic absorbant rope mops 
on the raff pond 

extraction efficiency per train, % 90 92 90 A: 92.3%  B:90% 95

extraction mixer retention time, minutes 3 2.3 1.98 1.93 1.6

ORGANIC
Cu concentration in loaded organic, gpl 1.1 to 1.3 1.05 7.03 8.73 7.74
Cu concentration in barren organic, gpl 0.2 to 0.3 0.6 2.59 4.56 3.67
organic depth in settlers, mm 127 to 203 12 262 283 268
aqueous depth in settlers, mm 380 24 500.1 479 494
extractant name LIX 984N Cytec/Acorga m5850 LIX 616N-LV LIX 616N-LV LIX 616N-LV
solvent name Phillips SX-12 Penreco 170es Penreco 170ES Penreco 170ES Penreco 170ES
extractant concentration in organic,  volume % 3 3 13.7 18.5 15.4
net copper transference, gpl per % extractant 0.17 0.147 0.327 0.225 0.24
stripping efficiency per train, % 96 to 99 93 63.2 47.8 55
strip mixer retention time, minutes 3 2.1 2.55 3.51 2.07

phase disengagement time, seconds <1 70-80 44-93 on Extractors,         50 - 
135 on Stripper E1 & E2:60-100 S1: 45-70 50-90

organic coalescer none 6 none none PVC Grid Packing in the E2s 
and EPs

organic filters none none Filter Press Pacific Press-Filter Press Filter Press



COPPER SOLVENT EXTRACTION – 2007 WORLD OPERATING DATA

T. Robinson,1 M. Moats,2 W. Davenport,3 G. Karcas,4 S. Demetrio,5 and E. Domic6

BHP Billiton
Pinto Valley

Phelps Dodge
Miami Mining Corp

Phelps Dodge Morenci
 Central  SX Plant

Phelps Dodge Morenci
Metcalf  SX Plant

Phelps Dodge Morenci
Modoc SX Plant

crud removal system
external pumping (also 
set up for flooding from 
settlers, not now done)

pump from interface Interface pumping  interface pumping interface pumping on the 
strippers

crud treatment system Cone Tank none
Mix with DE and Clay filter 

through filter press until Phase 
Break is 75 sec or less.

Mix with DE and/or Clay, filter through 
filter press (until phase break is 75 sec 

or less for recovered organic).

Mix with DE and/or Clay, filter 
through filter press (until phase 

break is 60 sec or less for 
recovered organic).

organic cleaning technique Clay Filter none Clay treatment & Filter press Clay treatment & Filter press Clay treatment & Filter press

SPENT ELECTROLYTE
Cu, gpl 32 30 32.29 32.5 32
sulfuric acid, gpl 190 165 193.08 190 195
cobalt, ppm 50 150 160 162 154

RICH ELECTROLYTE
Cu, gpl 44 to 48 37 41.4 46.9 43.3
sulfuric acid, gpl 170 165 177 167.7 179.2
organic loss in electrolyte, ppm 50 <10 NA 36 50

electrolyte coalescer none
1 coalesing tank and organic is 
skimmed off from the top of the 

tank
none organic is skimmed from rich 

booster tank

electrolyte treatment before tankhouse dual media filter, garnet and 
anthracite anthracite/garnet - Disep

1 Jameson cell and (4) 12, (3)-
13 ft diameter Dicep 

Sand/Garnet/Anthracite filters

Jameson cell and Dicep 
sand/anthracite/garnet filters, and tank 

skimming

Jameson cell and Dicep 
sand/anthracite/garnet filters

DESIGN AND BUILDING MATERIALS

mixers concrete, lined with 316L 
stainless steel stainless steel concrete with 12 gauge 316L 

stainless steel liner

extractors and wash stages - concrete 
with 12 gauge 316L stainless steel 
liner, strippers- 316L stainless steel

extractors and wash stages - 
concrete with 12 gauge 316L 
stainless steel liner, strippers- 

316L stainless steel

settlers concrete, lined with 316L 
stainless steel stainless steel 316L stainless steel 316L stainless steel 316L stainless steel

piping 316L stainless steel HDPE/stainless steel 316L stainless steel 316L stainless steel 316L stainless steel

tanks 316L stainless steel stainless steel 316L stainless steel 316L stainless steel 316L stainless steel

gratings fiberglass FRP Dur-A-Deck fiberglass Sea Fab fiberglass Dur-A-Deck fiberglass



COPPER SOLVENT EXTRACTION – 2007 WORLD OPERATING DATA

T. Robinson,1 M. Moats,2 W. Davenport,3 G. Karcas,4 S. Demetrio,5 and E. Domic6

Phelps Dodge Morenci
Stargo SX Plant

Burro Chief Copper Co
Phelps Dodge 

Chino Mines Co.  Phelps Dodge Tyrone
status 2006 Data 2006 Data 2006 Data 2006 Data 2006 Survey
location Morenci, AZ, USA Green Valley AZ USA Green Valley AZ USA Santa Rita NM USA Tyrone NM USA

contact person Melissa Thumberg Tim Fisher Tim Fisher Philippa Killian

e-mail address 928 865 6077 1 502 648 8872 1 502 648 8872 505 537 4283 1 505 538 7236

phone number 928 865 2234 1 520 648 8685 1 520 648 8685 505 537 2645 1 505 537 8059 
fax number 1998 1978, moved 1987 1974, moved 1994 July 1988 (Mine 1912) 1984
date of commissioning

longitude and latitude

PLANT DESCRIPTION
cathode production rate, tonnes per year 125372 7700 66200 28960
number of solvent extraction trains 1 5 1 2 2
number of extraction mixer-settlers per train 3 3 2 2 2

series or parallel 1 x 2 parallel series series/parallel

number of strip mixer-settlers per train 1 1 1 1
series or parallel - series series 

washing of organic Wash stage wash stage with water @ pH 
1.2 no

SX 1 SX 2
SETTLERS

settler dimensions, length x width x depth 31.7 x 28.7 x 1.25 13.5 x 3.7 x 0.9 34.5 x 13.8 x 1.08 23 x 25 x 1.0 28.7x20.4x1

number of picket fences, per settler 2 1 2 1 S, 2E1, 3 E2 with media 2

settling velocity, m3/m2 per hour 3.31 on EH1, EH2, EHP and 
3.62 on S1H 3.7 3.7 143 104 in Ext, 42 in Strip

EXTRACTION MIXERS

principal extraction mixer Outokumpu Spirok mixer 
and DOP pump mixers Lightnin Davy Lightnin R320 D Lightnin straight-vaned 

pump impellers 

   impeller diameter, m 2.9 1.37 2.72 2.2 2.173.26
   RPM 40 46 36.4 50 - 60 46

   power, kW 37 10 134 18 30

   normal operation All mixers normally are in use. all mixers in use 
- single stage

pump mixer only - 
aux mixers on/off depending on 

phase stability
primaries

STRIPPING MIXERS

principal strip mixer Outokumpu Spirok 
mixer and DOP pump mixers Lightnin Davy Lightnin R320 D Lightnin straight-vaned 

pump impellers 

   impeller diameter, m 2.9 1.52 2.72 2.1 2.173.26
   RPM 40 46 36.4 50 - 60
   power, kW 37 10 134 18

   normal operation All mixers used. all mixers in use - single stage pump mixer only primaries

Phelps Dodge Sierrita



COPPER SOLVENT EXTRACTION – 2007 WORLD OPERATING DATA

T. Robinson,1 M. Moats,2 W. Davenport,3 G. Karcas,4 S. Demetrio,5 and E. Domic6

Phelps Dodge Morenci
Stargo SX Plant

Burro Chief Copper Co
Phelps Dodge 

Chino Mines Co.  Phelps Dodge Tyrone

FLOW RATES
pregnant leach solution per train, m3 per hour 6041 266 1660 1 987 3179
electrolyte per train, m3 per hour 1249 7.5 37.2 273 317
percent of total electrolyte flow going to SX 10.86 25 21
organic between extraction and strip per train, m3/h 2043 64 532 1 408 794

aqueous-continuous E1, E2, EP E1, wash E1, E2, wash E1, E2 E-1-E2 series,  parallel

organic continuous S1, W1 E2, strip strip strip S-0

PREGNANT LEACH SOLUTION (gpl)
Cu 2.7 0.4 1.2 - 1.5 0.59
pH 1.9 2 2.1 2.14
FeT 3.1 0.2 7 2.69
Fe+3 0.12 0.2 3.2 2.22
H2SO4 2.6 1 1.4 1.06
Mn 0.547 trace 1.3 1.61
Cl-, ppm NA 3.4 gpl 100 - 200 0.029

solids, ppm NA 4.5 5 - 50 NA

RAFFINATE (gpl)
Cu 0.2 0.02 0.10 - 0.12 0.06
H2SO4 7.2 2 8 2.8
pH 1.37 1.75 1.6 - 1.8 1.85
organic loss to raffinate, ppm 40 47 35 - 50 39.9

organic-from-raffinate recovery method
Skimming of Organic

 Recovery Tank, 
Hydrocyclones

mop-wringer from 
raffinate pond

Skimmer on Raffinate 
tank(Jamesons also -but 

shut down)

extraction efficiency per train, % 94 93 90 - 95 90-95

extraction mixer retention time, minutes 2.5 2 2 2

ORGANIC
Cu concentration in loaded organic, gpl 11.2 3.5 4.1 3.6 3.6
Cu concentration in barren organic, gpl 4.1 2.1 2.75 1.5 1.4
organic depth in settlers, mm 355 190 190 250 267
aqueous depth in settlers, mm 610 710 890 450 495
extractant name LIX 616 Cytec 5774 Acora M5640 Cytec/Acorga m5774
solvent name Penrico 170ES Penreco 170 ES Conosol 170 Penreco 170es
extractant concentration in organic,  volume % 28 6 10 - 11 (by weight) 6.95
net copper transference, gpl per % extractant 0.3 0.23 0.25 - 0.30 0.32
stripping efficiency per train, % 63 40 34 96-99
strip mixer retention time, minutes 0.125 3 <2 3

phase disengagement time, seconds 70-90 90 - 120 E1/E2 90 - 120, S1 15 E1/E2/PS 75-110; S1 90-
130

organic coalescer none none Eimco pacesetter coalescers

organic filters Filter Press filter press for reclaimed 
organic and crud processing Pacific Press-Filter Press

Phelps Dodge Sierrita



COPPER SOLVENT EXTRACTION – 2007 WORLD OPERATING DATA

T. Robinson,1 M. Moats,2 W. Davenport,3 G. Karcas,4 S. Demetrio,5 and E. Domic6

Phelps Dodge Morenci
Stargo SX Plant

Burro Chief Copper Co
Phelps Dodge 

Chino Mines Co.  Phelps Dodge Tyrone

crud removal system Interface pumping. scheduled shutdowns & 
cleanout

pneumatic pump from
 interface Interface pumping

crud treatment system

Mix with DE and/or Clay, filter 
through filter press (until phase 

break is 75 sec or less for 
recovered organic).

clay treatment and filtration filter press Mix with DE and/or Clay, 
filter through filter press 

organic cleaning technique Clay treatment & Filter press clay treatment and filtration clay treatment

SPENT ELECTROLYTE
Cu, gpl 31-33 30 34 34
sulfuric acid, gpl 193-197 180 185 192
cobalt, ppm 150-160 55 140 0.134

RICH ELECTROLYTE
Cu, gpl 44.9 50 45 - 50 40
sulfuric acid, gpl 172 160 150 - 160 186
organic loss in electrolyte, ppm 10 ~5 not determined <10

electrolyte coalescer Coalescing media in the Filter 
Feed Tank. 6,400 cu. m. surge tank None

electrolyte treatment before tankhouse Sand/Garnet/Anthracite Dicep 
filters

Natco stainless steel dual 
media filter 4 Disep garnet/anthracite filters anthracite - Disep

DESIGN AND BUILDING MATERIALS SX 1 SX 2

mixers 316L stainless steel FRP 316 stainless steel 316SS stainless steel

settlers 316L stainless steel FRP 316 stainless steel 316 stainless steel stainless steel

piping 316L stainless steel FRP/SS/HDPE FRP/SS/HDPE 316 stainless steel HDPE/stainless steel

tanks 316L stainless steel FRP/SS/lined steel FRP/SS/lined steel 316SS/FRP stainless steel

gratings Dur-A-Deck fiberglass steel steel FRP FRP

Phelps Dodge Sierrita
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T. Robinson,1 M. Moats,2 W. Davenport,3 G. Karcas,4 S. Demetrio,5 and E. Domic6

Phelps Dodge
Safford Project Mineral Park Silver Bell Mining L.L.C.

Bwana Mkubwa EW
Lonshi Expansion

status 2006 Data 2006 Data 2006 Data
location Safford AZ, USA Kingman, AZ, USA Marana AZ USA Ndola, Zambia

contact person Cesar Romero Damon Fisbeck Anthony Mukutuma

e-mail address cromero@mineralparkinc.com anthony.mukutuma@fqml.com

phone number (928) 565-2226 2 520 682 2420 260 02 655 121
fax number (928) 565-9239 2 520 682 2347 260 02 655 399
date of commissioning 2008 11/6/2006 July 1997 Jun-05

longitude and latitude

PLANT DESCRIPTION
cathode production rate, tonnes per year 109000 7000 21410.62091 51 000
number of solvent extraction trains 1 1 2 2 (split circuit)
number of extraction mixer-settlers per train 3 3 2 3

series or parallel
series/parallel

parallell series Both series parallel

number of strip mixer-settlers per train 1 1 1 1
series or parallel series series

washing of organic none none none

SETTLERS

settler dimensions, length x width x depth 19.8x10.5x2.1 23 x 20 x 1.2 10.7 x 17.25 x 1.2

number of picket fences, per settler 3 1 2 2

settling velocity, m3/m2 per hour 5.99 2.5 4.4 4.9

EXTRACTION MIXERS

principal extraction mixer shrouded curved vane
axial flow turbine for up 

pumping

3 stage pump mixer 
Lightnin R-320 Mixtec pump mixers

   impeller diameter, m 1.98 1.27 1.38
   RPM 48 80 - 84 (VFD) 69

   power, kW 15 11

   normal operation secondary mixer off all mixers in use all mixers in use

STRIPPING MIXERS

principal strip mixer shrouded curved vane
axial flow turbine for up 

pumping

1 stage pump mixer
Lightnin R-320 pump mixers

   impeller diameter, m 1.98 1.27 1.38
   RPM 50 80 - 84 (VFD) 69
   power, kW 15 11

   normal operation seconday miser off pump mixer only
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T. Robinson,1 M. Moats,2 W. Davenport,3 G. Karcas,4 S. Demetrio,5 and E. Domic6

Phelps Dodge
Safford Project Mineral Park Silver Bell Mining L.L.C.

Bwana Mkubwa EW
Lonshi Expansion

FLOW RATES
pregnant leach solution per train, m3 per hour 450 1000 795 - 1000 700-750
electrolyte per train, m3 per hour 327 114 300/180
percent of total electrolyte flow going to SX 40 m3/hr 26 32
organic between extraction and strip per train, m3/h 410 875 - 1000 550/650

aqueous-continuous E1 E-1, E-2, E-3 E1 stage non

organic continuous E2, EP, S1 S-1 E2 and stripping stages all

PREGNANT LEACH SOLUTION (gpl)
Cu 5.2 max 0.8-1.2 1.4 8 & 13
pH 2 2.0-2.1 2 2.00
FeT 3 g/L max 0.9-1.6 5
Fe+3 0.7-1.3 4
H2SO4 0.75-2.0 2 0.1 - 5
Mn 0.46 0.3 - 0.8
Cl-, ppm < 25ppm none 125

solids, ppm suspended solids 50 ppm 5-20 2 - 3 TSS 30 - 60

RAFFINATE (gpl)
Cu 0.5 0.06-0.15 0.13 <0.6/<1.5
H2SO4 5 to 10 1.5-2.5 2 11 and 17
pH 1.6-1.9 1.8 <1.2
organic loss to raffinate, ppm 33 25-50 20

organic-from-raffinate recovery method skimmers Eimco Pacesetters 
coalescers Skimmers on raffinate pond

extraction efficiency per train, % 86.0-91.0 90 - 94

extraction mixer retention time, minutes 3 3 2.5 - 3

ORGANIC
Cu concentration in loaded organic, gpl 0 - 14 2.6-3.1 2.0 - 2.20 11.4
Cu concentration in barren organic, gpl 0.9-1.2 0.7 - 0.8 5.6
organic depth in settlers, mm 200 300
aqueous depth in settlers, mm 2140 450 200 - 380
extractant name LIX 612N-LV or LIX 984N-C Cytec Acorga M5774 LIX 984N LIX 984NC
solvent name Orform SX80 Conoco 170 Phillips SX-7 Shellsol 2325
extractant concentration in organic,  volume % 30 5.5-6.7 5 28/25
net copper transference, gpl per % extractant 0.25 0.26 - 0.30 0.2 - 0.26
stripping efficiency per train, % 95 65 65 - 68
strip mixer retention time, minutes 3 2 3

phase disengagement time, seconds 60-110 50 90 (O.C)

organic coalescer none
loaded organic tank bottom 

baffled with raised pump 
suction

1st Loaded Organic Tank 
packed with 2 & 4inch ID 

coalescer rings

organic filters none none none
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T. Robinson,1 M. Moats,2 W. Davenport,3 G. Karcas,4 S. Demetrio,5 and E. Domic6

Phelps Dodge
Safford Project Mineral Park Silver Bell Mining L.L.C.

Bwana Mkubwa EW
Lonshi Expansion

crud removal system
pump from interface

pump from interface pneumatic pump from interface
online pumping of surface and 
interface crud with peristatic 

pumps. 

crud treatment system diatomaceous earth pretreat 
follwed by filter press or drum

filter press centrifuge Flottweg Tricanter

organic cleaning technique clay treatment clay treated and filtered clay treatment

SPENT ELECTROLYTE
Cu, gpl 38 26-30 36.4 37 -38
sulfuric acid, gpl 180 180-184 190 185 - 190
cobalt, ppm 120 80-120 152  mg/l 180

RICH ELECTROLYTE
Cu, gpl 48 46-50 48.5 49 - 50
sulfuric acid, gpl 165 160-167 175 178
organic loss in electrolyte, ppm 0.039 g/L 5-10 not determined

electrolyte coalescer none 2 Magma design column cells electrolyte after-settler

electrolyte treatment before tankhouse

multimedia filter

sparkler filters 3 Disep dual media downflow 
pressure filters Jameson cell

DESIGN AND BUILDING MATERIALS

mixers FRP 316 stainless steel FRP being replaced with stainless steel

settlers 316L SS FRP & HDPE 316 stainless steel stainless steel

piping
316L SS or HDPE

FRP, HDPE, stainless steel HDPE/stainless steel HDPE/stainless

tanks 316L SS FRP 316 stainless steel 316 stainless steel

gratings FRP steel and FRP stainless steel



For nearly a century, some of mining’s greatest discoveries have taken place above
ground, not below it. Cytec specialty reagents such as MAX HT® (sodalite scale control
for alumina refi ning), MAXGOLD™ (collector blends for gold and PGM containing ores)
and ACORGA OPT (novel solvent extraction blends for copper), pioneered by Cytec
laboratories, have led the way. Cytec research scientists on three continents continue to
develop imaginative solutions to address today’s operational challenges. With the mining
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For nearly a century, Cytec specialty reagents have been at the forefront of 
technologies designed to optimize recoveries under the most challenging conditions. 
Our experienced team of metallurgists and engineers will work with you to develop 
process applications tailored to your unique needs and operational objectives, your 
ore types and your plant conditions. Our goal is to help you achieve the highest levels 
of recovery – resulting in maximum yields and greater returns. As the world’s largest 
supplier of specialty mining reagents, Cytec has the global reach to help you succeed, 
wherever your search for profi tability takes you.
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Use Cytec Reagents
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A World of Commitments

Working Tow ard Sustainable Development
FREEPO RT-M cM oRan CO PPER &  GO LD INC.

2007 Working Tow ard Sustainable Development Report



To Our Stakeholders

The new Freeport-McMoRan Copper & 

G old  Inc. –  created  b y  ou r acq u is ition in 

March 2 0 0 7  of P helps  D od g e Corporation 

–  is  the world ’s  larg es t pu b licly  trad ed  

copper com pany . W e now hav e m ajor 

m ining  operations  in N orth A m erica, 

S ou th A m erica and  Ind ones ia, and  a 

d ev elopm ent project in A frica. W e als o 

hav e s ig nifi cant, g eog raphically  d iv ers e 

res erv es  and  d ev elopm ent projects . 

This  is  refl ected  in ou r 2 0 0 7  Freeport-

McMoRan Copper & G old  Inc. A nnu al 

Report, titled  “ A  W orld  of A s s ets / A  W orld  

of O pportu nities .”

W e recog niz e that s u cces s  in ou r g lob al 

operations  and  d ev elopm ent projects  is  

d epend ent on attaining  a “ s ocial licens e”  

–  ou r ab ility  to earn and  m aintain the 

g ood will of local com m u nities  wherev er 

we operate. To accom plis h this , we 

eng ag e with local com m u nities  to id entif y  

their need s  and  concerns  and  com m it to 

prog ram s  to help ad d res s  them . S om e 

of thes e com m itm ents  are s ite-s pecifi c, 

while others  are g lob al. For that reas on, 

we hav e titled  this  report, “ A  W orld  of 

Com m itm ents .”

The world  need s  the m etals  we prod u ce 

to s u s tain and  ex pand  econom ies  and  

to b u ild  infras tru ctu re in d ev eloping  

nations . Fu lfi lling  this  need  for ou r 

prod u cts  m u s t b e b alanced  with the 

s ocial and  env ironm ental concerns  of the 

local com m u nities  s o that, in m eeting  

the need s  of the cu rrent g eneration, we 

d o not com prom is e the ab ility  of fu tu re 

g enerations  to m eet their own need s . 

This  is  the core concept of “ s u s tainab le 

d ev elopm ent”  and  the u nd erly ing  

prem is e of ou r com m itm ents . 

W e are d ed icated  to work ing  toward  

s u s tainab le d ev elopm ent b y  m itig ating  

ou r env ironm ental im pacts  and  

prov id ing  b enefi cial econom ic and  

s ocial res u lts  wherev er we operate. W e 

realiz e that s u s tainab le d ev elopm ent is  

particu larly  challeng ing  for the m ining  

ind u s try  b ecau s e m ining  operations  

hav e s ig nifi cant env ironm ental and  

s ocial im pacts  and  are focu s ed  on a 

fi nite res ou rce at each location that will 

ev entu ally  b e d epleted , althou g h in s om e 

cas es  this  wou ld  b e in the d is tant fu tu re. 

W e em b race s u s tainab le d ev elopm ent 

as  ou r d u ty  as  a res pons ib le corporate 

citiz en and  b ecau s e we cons id er it a 

pru d ent b u s ines s  practice.

W e hav e in place E nv ironm ental and  

S ocial, E m ploy m ent & H u m an Rig hts  

policies . W e hav e u pd ated  and  b road ened  

ou r P rinciples  of B u s ines s  Cond u ct –  a 

s y s tem  of s hared  v alu es  and  cons is tent 

principles  that g u id es  ou r m anag em ent 

and  em ploy ees  in the cond u ct of ou r 

b u s ines s . W e are tak ing  s teps  to ens u re 

that ou r com m itm ents  d etailed  in thes e 

policies  are fu lly  im plem ented  throu g hou t 

ou r world wid e operations . A s  part of the 

integ ration of the two com panies , we 

hav e s et in m otion a m anag em ent rev iew 

of ou r s u s tainab le d ev elopm ent prog ram s  

and  perform ance to id entif y  an effectiv e 

m anag em ent s tru ctu re to fu lfi ll ou r 

com m itm ents .

The integ ration of ou r com b ined  

com panies  prov id es  the opportu nity  to 

d raw u pon the s treng ths  of b oth. For 

ex am ple, the les s ons  Freeport-McMoRan 

Copper & G old  Inc. learned  ab ou t d ealing  

with com plex  s ocial is s u es  at its  G ras b erg  

m ine in P apu a, Ind ones ia, are b eing  

applied  to the d ev elopm ent of com m u nity  

prog ram s  at the new Tenk e Fu ng u ru m e 

m ine in the D em ocratic Repu b lic of Cong o 

(D RC). The cu tting -ed g e s cientifi c work  

u nd er way  at the Freeport-McMoRan 

P roces s  Technolog y  Center in A riz ona 

is  now helping  d ev elop cos t-effectiv e, 

env ironm entally  s ou nd  and  les s  energ y  

intens iv e proces s es  we can apply  

com pany -wid e.

O u r efforts  to fu lfi ll ou r com m itm ent to 

s u s tainab le d ev elopm ent are carried  ou t 

throu g h nu m erou s  prog ram s  g lob ally . 

E x am ples  inclu d e as s is ting  com m u nities  

in econom ic d ev elopm ent and  capacity  

b u ild ing , facilitating  open d ialog u e to 

s olv e prob lem s , and  s u pporting  s chools  

and  s cholars hips ;  training  the fi rs t 

fem ale heav y  eq u ipm ent operators  in 

P apu a and  training  Cong oles e eng ineers  

at ou r U .S . and  S ou th A m erican m ining  

operations ;  apply ing  the hu m an rig hts  

training , health care and  s m all b u s ines s  

d ev elopm ent prog ram s  we es tab lis hed  

in P apu a to ou r operations  in the D RC;  

b ring ing  entrepreneu rial training  to 

m em b ers  of 11 ind ig enou s  com m u nities  

To O u r S tak ehold ers 1

Freeport-McMoRan Copper & Gold Inc.’s acquisition of Phelps Dodge Corporation 

com b ined tw o com panies w ith strong core v alues concerning env ironm ental protection 

and m itigation and the support of local com m unities w here w e operate.

As a Responsible Mining Company, 
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near our El Abra operations in Chile; 

assisting with a water treatment plant 

for communities in Peru, and helping 

build bridges and airstrips to end the 

isolation of remote communities in 

Papua; protecting and repatriating 

threatened land kangaroos in Papua 

and bighorn sheep in Arizona; abiding 

by environmental regulations, including 

long-term reclamation projects, 

wherever we operate; and shouldering 

the responsibility of environmental 

remediation at legacy U.S. sites that 

ceased operations long before these 

companies were acquired by Freeport-

McMoRan Copper & Gold Inc.

Ours is not a static commitment through 

rigid programs. We are committed 

to continuous improvement in our 

sustainable development performance. 

We assess our programs annually in 

search of better ways to achieve our goals 

and conduct recurring third-party audits 

to gain fresh insight and ideas. 

One of the most important areas where 

we seek continual improvement is the 

safety of our employees. We know that 

the strength of our operations and 

programs depends on the hard work 

of our employees and their safety is 

our highest priority. Our 2007 safety 

statistics are better than the U.S. 

average, but, regrettably, our company 

recorded five worker fatalities during 

the year. Our commitment is to zero 

workplace fatalities. We have ordered 

a top-to-bottom review of our safety 

programs globally to find ways to improve 

our performance. Partly as a result of 

this refocus and recommitment, PT 

Freeport Indonesia achieved its first-ever 

company-wide 5 -Star Rating for 2007, 

the highest rating achievable under the 

National Occupational Safety Association 

(NOSA) standards. Despite this fine 

achievement, we are saddened by the 

loss of co-workers and are committed 

more strongly than ever to our goal of 

zero workplace fatalities. 

This 2007 Working Toward Sustainable 

Development Report is the first such 

report for the new Freeport-McMoRan 

Copper & Gold Inc., reflecting the 

combination of Freeport-McMoRan and 

Phelps Dodge. Similarly, our 2007 Global 

Reporting Initiative Report – which 

will be posted on our web site, 

 www.fcx.com, when it has been 

completed and undergone third-party 

verification – will be the first GRI report as 

a combined company. 

We look forward to bringing you many 

such reports as the new Freeport-

McMoRan Copper & Gold Inc. continues 

on the path to sustainable development 

and a promising future.

Respectfully yours,

James R. Moffett  

Chairman of the Board

Richard C. Adkerson 

President and Chief Executive Officer

2 To Our Stakeholders

Our commitment to sustainable development is 

demonstrated through programs to assist communities 

in economic development, education, health and 

human resource development. 

Photo: A company-supported school near the Cerro Verde operations in Peru.
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Introduction to the New Freeport-McMoRan Copper & Gold Inc.

Freeport-McMoRan Copper & Gold Inc. 

is a leading global mining company with 

headquarters in Phoenix, Arizona. We 

operate large, long-lived, geographically 

diverse assets with significant proven 

and probable reserves of copper, gold 

and molybdenum, a metal used in high-

strength steel alloys and the production 

of lubricants. We have a dynamic 

portfolio of operating, expansion and 

growth projects in the copper industry 

and are the world’s largest producer of 

molybdenum. The company’s portfolio 

of assets includes the Grasberg minerals 

district in Papua, Indonesia; significant 

mining operations in the Americas; 

and the potential world-class Tenke 

Fungurume development project in the 

Democratic Republic of Congo.

The principal asset of our operating 

subsidiary PT Freeport Indonesia is the 

Grasberg mine discovered in 19 8 8 , at a 

site where we have operated since 19 72. 

The Grasberg minerals district contains 

the world’s largest single copper reserve 

and the world’s largest single gold 

reserve. PT Freeport Indonesia is also a 

25 percent owner of PT Smelting, which 

operates a copper smelter and refinery in 

Gresik, Indonesia. 

SU ST A IN A B IL IT Y  POL ICIE S A N D
COMMIT ME N T S 

Freeport-McMoRan Copper & Gold 

Inc. has adopted the principles of the 

Sustainable Development Framework 

of the International Council on Mining 

and Metals (ICMM), of which we 

are a member. We are reporting our 

company-wide performance related 

to these principles according to the 

Global Reporting Initiative (GRI) for the 

reporting year 2007. Our full reporting 

of GRI indicators, including performance 

data, is available on our web site 

www.fcx.com/envir/gri.htm.  

T he global economy  needs the metals we produce to manufacture goods and to build 

infrastructure.

Major Mine Operations & Development Projects





                                                                 Technical Bulletin   

Rhodia, Inc.  believes that any information, instruction or advice given by its personnel in response to this request for technical assistance is accurate 
based on the information made available by your company.  We offer such information, instruction or advice in good faith, BUT WITHOUT ANY 
REPRESENTATION OR WARRANTY WHATSOEVER, EXPRESSED OR IMPLIED, AS TO THE ACCURACY, COMPLETENESS OR SUFFICIENCY 
THEREOF. 

  DEHPA
Di (2-ethylhexyl) Phosphoric Acid 
 
 
 
CHEMICAL STRUCTURE 
 

 
Application Information 
 
DEHPA is a highly effective extractant used commercially to recover uranium, 
vanadium, beryllium, yttrium, cobalt, zinc, rare earths, and other valuable metals.  
DEHPA, registered trade name for Di (2-ethylhexyl) Phosphoric Acid, may be used 
alone or in combination with other synergistic extractants including 
trioctylphosphine oxide, tributyl phosphate, and dibutyl butyl phosphonate. 
 
Extraction Mechanism 
 
DEHPA is described as an acidic extractant, which can deprotonate to form an  
anion. 

 
This hydrophobic anion can chelate a cation from an aqueous phase, the chelate 
being soluble in the organic phase. 
 
Several studies have suggested that chelation by the DEHPA anion is assisted by 
coordination with the non-deprotonated species.  The extraction of Zn+2 is a 
typical example of DEHPA chelation and coordination. 



   

 
 
As shown by the equation above, the extraction is an equilibrium, which can shift 
in either direction dependent on the [H+].  E.g., as the hydrogen ion concentration 
decreases, the formation of the DEHPA:Zn complex is favored.  Consequently, 
DEHPA is a pH dependent extractant.  Yet, the pH alone is not the only 
consideration.  Structure and valence also play an important part in extraction. 
 
Typical Properties 
 
 Molecular Weight      322.4 
   
 Composition (Wt%) 
 Di (2-ethylhexyl) Phosphoric Acid (DEHPA)  95 min 
 Mono (2-ethylhexyl) Phosphoric Acid (MEHPA)   3 max 
 Water        0.5 max 
 Phosphorus Content     9.8 
 
 Physical Data 
 Appearance       Clear, colorless 
         to pale yellow liquid 
 Color, APHA      <100 
  Gardner      <5 
 Flash Point 
  Open Cup, °C     171 
  Closed Cup, °C     150 
 Refractive Index, 25°C     1.440-1.444 
 Density, g/cc 
  25°C       0.974 
  40°C       0.952 
  60°C       0.937 
 Viscosity, CPS 
  -30°C       1710 
     0°C       160 
   20°C       56 
   40°C       21 
  100°C       4.4 
 Melting Point, °C      < -60 
 Acid Number, mg KOH/gm    174 
 Autoignition Temp, °C     327 
 Vapor Pressure, mm @ 125°C    < 1 
 Solubility in Water, %     < 0.01 
   Water in, %     2.4 
 pKa        3.95  
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® I
Bis (2,4,4-Trimethylpentyl)Phosphinic Acid
Formula–C16H3502P  Molecular Weight – 290.4  CAS No.83411-71-6 
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Specification:      
            Typical 
Assay, % 
Appearance 
 
Viscosity, cps (25ºC) 
Specific Gravity, 25oC 

95% min. 
Clear colorless to  
pale yellow liquid 

88-90 
0.918 

Phosphorus, % 10.5 - 11 
Refractive Index,  25oC 1.456 
Freezing point oC 
Flash Point, Closed Cup 

                   < -30ºC 
                     >108ºC 

  

TYPICAL APPLICATIONS 
IONQUEST 290 is a solvent extraction reagent capable of extracting several metals via a 
cation exchange mechanism similar to Rhodia’s DEHPA®.  It is miscible with common 
solvent extraction diluents and is very stable to both heat and hydrolysis.   
 
Although it is used primarily for the separation of Cobalt from Nickel it is also suitable for 
extracting other cations such as Zinc, Cadmium, Manganese and Magnesium.  Metal 
extraction is achieved mainly by pH control.   
 
The Distribution Coefficients for extracting these metals are affected by many things such 
as the Phase Ratio, Concentrations, Kinetics, pH and Temperature.  Please contact 
Rhodia’s Technical personnel to discuss specific systems. 

ONQUEST and DEHPA are registered trademarks of Rhodia    



 

IONQUEST® 290 
 
Safety and Handling 
 

Customers should satisfy themselves that their facilities and arrangements are suitable for 
handling or using this product and must take into account the product label and any associated 
material safety data sheets. 

Avoid contact with skin and eyes.  Do not breathe vapors.  Do not ingest. 
 
In case of spill wear appropriate PPE, as noted in the MSDS, and absorb with an 
inert absorbent.  Place the absorbed material in an appropriate container. 
 
Transport Information 
IONQUEST 290 can be shipped as “Not Regulated”. 
 
NFPA Hazard Rating:  Fire 1 – Health 2 – Reactivity 0 
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CONSUMER AND INDUSTRIAL SOLUTIONS 
 

Europe                                      
 
Oak House                           
Reeds Crescent 
Watford 
Hertfordshire  
WD24 4QP United Kingdom 
 

 
 
Customer Service 
Tel. +44 (0)1215413717 
Fax +44 (0) 121 5413853 
 
 

United States
 
Rhodia Inc. 
259 Prospect Plains Rd. 
C7500 
Cranbury,  
NJ 08512-7500 
 

 
 
Customer Services 
Tel.+1-888-776 7337 
Fax 1-609-395-7155 
 
 

The information contained in this document is to the best of Rhodia’s knowledge and belief, correct based on general industrial experience.  Rhodia’s Technical 
Services will be pleased to give further advice and assistance but customers must satisfy themselves (by appropriate testing if necessary) that the product is 
suitable for their purposes and conditions of use.  Accordingly, Rhodia is not liable for any loss, injury or damage, consequential or otherwise, which may result 
from the use of the product, the information contained in this brochure or from such advice and assistance save as may be expressly agreed under its terms of 
sale or disclosure. 

Rhodia, Inc believes that any information, instruction or advice given by its personnel in response to this request for technical assistance is accurate based on 
the information made available by your company. BUT WITHOUT ANY REPRESENTATION OR WARRANTY WHATSOEVER EXPRESSED OR IMPLIED, AS TO THE 
ACCURACY, COMPLETENESS, OR SUFFICIENCY THEREOF 

Customers are also reminded that there may be uses or applications for the product which are protected by Rhodia’s or third parties' patent rights and nothing 
herein may be construed as an authority or encouragement to use or apply the product in contravention of such rights. 

http://www.rhodia-ppd.com/
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