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Abstract 

The subject of this work is gallium extraction froIll sulpha!e sùll1t\Oll~ ,Ul Ml(!JtlOlI,lt 

source of this metal from hydrometallurgical zinc product.ion-- wit h orgallopho:,pho 

rus acid reagents: di-2-ethyl hexyl phosphoric acid (D2EIlPA) alld OPAI\ a mixed 

extractant consisting of mono- and di-odyl phcnyl phosphoflc ac:~b. Exlradloll pro

"eeds via cation-ex~ha'1ge and Ga3+ is the reactmg speC\c~ GalllulIl i~ l'xl rdctt'd 

with D2EHPA mostly as GaR3 . HR. The res~.lts for OPAP sugg(·~t CXJ~tell(,(, of 

four reactions, which form GaM3' GaM 2D, GaMD2, and G,t!)3, UliS cxplains and 

allows prediction of ehaviour over a wide range of OPAP compositlOlls Sulp!J,ü(' 

complexation causes dccrease in concentration of the rcacting <;pccic:" (Hlcl thll~ lower 

DGa values and extraction rates. Prior knowledge on galll11m aql!(,()U~ cOlllplcx('~ i~ 

used, and an algorithm developed, to allow quantitative predIction of comp}exdt.wlI 

effects on extraction. The mode) of mass-transfer with chcmical rcactlOll, v('rIfied 

with several known criteria for reaction site determination, desuibcs well the kinetic 

data for the Ga-D2EHPA system. The model is further developcd to account. for 

the stronger acidity and the rnonomer / dimer equilibria typical for the kl11d of cxtrac

tants used. A detailed reaction mechanism is proposed and the fir~t orgallic ligand 

addition is found as rate-limiting. The model parameters, estimalcd from extraction 

kinetic data, are reasonable, when compared with those obtaillcd for otJ)(~r mctal:'l 

elsewhere. The rnodel's predictions agree with the results from stripping kinetic.,>; 

the equilibrium conditions (zero rate) can also be satisfadorily predlctcd, as round 

by comparisons with the equilibrium data. Ga-D2EHPA and Ga-ûPAP systems are 

compared with an emphasis given to the potential for metal separation; the impor· 

tance of the ligand exchange rate constant is illustratcd with the exarnpJf' of Ga and 

Al extraction/stripping and their separation based on differcnt rates with D2EIlPA. 
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Résumé 

L'éxtraction du gallium de solutions sulplwtc compose le sujet de ce tr .. ail-unè 

autre source de cc métal provenant de la production hydrométallurgiqu{; du zinc

avec l'utilisation de réactifs d'acides organophosphoriqucs: acid~, phosphorique di-2-

éthyl hi-xyl (D2EHPA) ct OPAI\ un réactif composé d'un mélangl\ d'acides phospho

riqU('h mOllO- ct di-oct yi phényl. L'éxtraction est par échange catNmique et l'espèce 

réactive est le Ca3+. Le gallium est éxtrait par le .p2EHPA surtnut Palt la formation du 

GaR3·IIR Les résultats pour l'OPAP suggére l'existence de quatre n.\1ctions formant 

le GaM3, GaM2D, GaMD2' et GaD3; ce qui explique ct permet de prét\\re la conduite 

sur une grande variation de composition d'OPAP. La complexation sulp\late crée une 

diminution ell concentration de l'C&pèce réactive, baissant ainsi les va:if'urs D Ga et 

les cours d'éxtractions. Des connaissances antérieures sur les complexes ,'iqucux du 

gallium, ainsi qu'un algorithme composé, sont utilisés pour permettre une I\l'rédiction 

quantitative d'effets de complexation sur l'éxtraction. Le modèle de transfer de masse 

avec réaction chimiquf', vérifié par plusieurs critères connus pour le décelage des sites 

réactifs, dècrit bien les données de cinétique du système Ga-D2EHPA. Le modèle est 

plus dé'.'c1oppé pour tenir compte de plus fortes concentrations acides et d'équilibres 

monomères/dimères typique pour les types de réactifs utilisés. Un méchanisme de 

réaction détaillé et proposé et l'addition du premier ligand et limité par Je cours de la 

réaction. Les paramètres du modèle évalué des données de cinétique de réaction sont 

raisonnables lorsqu'elles sont comparées avec celles obtenues pour d'autres métaux 

ailleurs. Les pl édictions du modèle sont en accord avec les résultats de cinétique de 

rééxtraction; les conditions d'équilibre (au cours nul) peuvent aussi êt.re bien prédit, 

selon des comparaisons avec des données d'équilibre. Les systèmes Ga-D2EHPA et 

Ga-OPAP sont comparé avec un intérêt particulier pour la séparation des métaux; 

l'importance du constant de cours d'échange de ligand est illustré avec l'example 

du Ga et l'éxtraction/rééxtraction de l'Al et leur séparation basée sur des régime 

différents avec le D2EHPA. 
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Chapter 1 

Introd uction 

Gallium bclongs to the group of so-called 'electronic met aIs '-used primarily for var

ious elcdronic dcvices. The reason is in the specifie band structure of its crystalline 

compounds (mostly gallium arscnide). Such structure provides efficient optical tran

',itions as weB as high electron mobilitics [IJ. Bence, applications of gallium-based 

dcviccs rauge {rom scmiconductor lasers and light-emitting diodes to superconduct

ing magncts and digital integrated circuits. The growing importance of these devices 

in today's technoIogy explains the increased interest in gallium sources, supply, and 

recovcry tec.hniques. 

Dcspitc the fact that gallium is relatively abundant element in the earth's 

crust (mort' th au tin or lead, for ex ample) it is ah, ays present in extremely small 

amounts eompdIcd to conunon metals (especially aluminum, zinc, iron) coexisting in 

aB primar)' and most secondary :.ources. This makes gallium recovery a difficult and 

challenging task. 

Solvent extraction is one of the established methods for met al recovery. lts 

ability to concentratc metals and to perform necessary separations has been exten

sivcly dcmonstrated in process dr\'clopment work and commercial applications. 

The most important source of gallIum is the sodium alurr:mate solutions (from 

Bayer proeess for aluminum from bauxite ores) which account for about 90 % of its 

production [2J. Much of the efforts for gallium reco\'ery have been focused in that 



area. Here, solvcnt extraction is tlsl'd to rl'covcr gallium ftom IIl~hly .\Ik.dllh' 1lH'\hnlll. 

Other important sources of gallium are It'dcl. !('!>idu('s alld f111(, du ... ts. AIllJough 

their contribution in the ovcrall supply of g,dliulll is llluch le!>!'> th.lll [Will I.Muxite .. 'i, 

they are significant as an additional, SUppknll'lll.uy SOllICC [:3]. Sulphuflc aCld is th(' 

common leaching reagent uscd and gallium, among other mddb, l'l'ports mt.o tht' 

sulphate solution. Solvent ext.raction is employcd for nwtal f{'('OVl'ry and tllP g('l1('ral 

suitability of carboxylic lind organopho!>phorus extractallt!:. bas !W('!I ft'cogllizpd. 

A major problem hcre is low gallium extraction at acidity lcvcls of thcsc lCi\c!t 

solutions. One approach is to neutralize the solution \lp to a suitablc plI. The other 

is to t1'y to fmd extractants and conditions which woulù rc!:>ult III lH'ttcr <'xtractioll 

This requires understanding the mechanism of the cxtIactioll prun's!'> alld tbe main 

factors affectmg it. Gallium extraction from sulphaf.c "iOlutlOll'> h.l~ 11l'('1I f('jltHl('d 

in sever al studics. There are, howcver, Important questIOns Imking m('challl~m and 

performance, which nced be addressed. Among thcm arc tht> following 

• What is the effect of the aqueous phase composition and complexation phc

nomena on the equilibrium metal distribution and on the rates of mctal phase 

transfer 

• What are the rates of extraction and stripping and how do thcy relate to the 

nature of the metal in question and the extractant 

• How this information can be applied to improve mdal separation in this type 

of systems 

Givell the increasing importance of gallium, it is limely and appropriat<, to addrc!>!> 

these questions. Hence, this project was initiated with the purpose of !>tuoylllg the 

equilibrium and kinetic aspects of gallium extraction from ac.idlc ~1l1pha.t(: !>olutions 

which will help in understanding the mechanism and phcIlomena illvolved and in 

select.ing t'xtractants and conditions for improved gallium rccovcry. 

2 



" 

Two organophosphorus extractants wcrc sclected for this study-di-2-ethyl 

hcxyl phospharic acid (D2EIIPA) and odyl phcnyl acid phosphate (OPAP), a mix

ture of mana- and di-actyl phcnyl pha~phoric acids. Both are commercially avai1: 

able and chcap (approximatel)' US $3 per pound in large quantities). In addition, 

D2EIIPA is perhaps one of the most studied and used reagents for solvent extraction, 

its physico-chemical propcrties are relatively weB known and comparative data for 

lclatcd extraction systems are available in the literature. 

The matcriaI will be presented in the following order-in Chapter 2 published 

research on gallium solvent extraction will be reviewed with an emphasis on extrac

tion from acidic solutions pertinent to hydrometallurgy. Chapter 3 covers det.ails on 

experimcntation while Chapter 4 is where the experimental results will he given and 

the equilibrium aspects of extraction discussed. In Chapter 5 gallium complexation 

in sulphate solutions and its effect on extraction performance will be described. Re

sults from the kinetic cxperiments wal then be used in elucidating the mechanism of 

extraction, viewed as a sum of mass-transfer and sequential chemical reaction steps 

(Chapter 6). The proposed mode} will he discussed, its predictions compared with 

experimental data, and the implications for extractant selection and improved selec

tivity prescnted. Finally, in Chapter 7 the overall conclusions from this work will he 

given and suggestions for further investigations outlined. 
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Chapter 2 

Literature survey 

2.1 Introduction 

In this Chapter, a general overview on gallium solvent extraction, from the perspective 

of hydrometallurgical practice, will be presented. First, sources of this mctal along 

with relevant solutions into which gallium is transferrcd will be dc~crihed, and rxisting 

recovery pro cesses will be noted. Secondly, extraction from alkalinc solutions, which 

has attracted the most attention, wiii ~e described. The rest of this Chapter will he 

devoted to extraction from acidic solutions-chloride, sulphate and nitrate. 

2.2 Sources of Gallium and Recovery Processes 

MineraIs, rich in gallium, are few and very rare. This requires gallium to be recovercd 

as a by-product of other processes. There is only one cxccption--the Apex Mine in 

Utah, USA. This old copper mine was reopened in 1985 particularly for GéI and Ge 

production [41. Here jarosite is the main host for Ga, containing up to 0.7 wt%, and 

the average concentration in the ore is 0.030-0.045 wt% [5]. 

Being similar to aluminum, gallium exists in mo~t aluminum-containing ores 

and mineraIs [6], with bauxites being of primary significance. Here, the amount of 

gallium varies from 0.003 to 0.008 wt% [3). It is also found in sphaleritc within a 

very wide concentration range depending on the origin of the depo~it-from 0.001-
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4. 0.005 up to 0.1 wt% [6]. Gallium tends to accumuJate in flue dusts, generated during 

clement al phosphorus production from phosphate rocks (0.03-0.05 wt% Ga [7]), or 

aluminum elcctrolysis (0.13 % Ga as Ga203 [8}), or from co al burning [4]. 

As a by-product, the potential for gallium rccovery from a particular source 

depends on the dcmand for the main product. This is t,he case with both bauxites

for Al, and sphaleritcs-for Zn. 

Bauxites 

ln the Bayer process for aluminum production, the bauxite ore is first digested with 

hot 3.5-4.0 M NaOH. Depending on the chemical and mineralogical composition of 

the ore, this step is carried out at 90-95 oC or at higher temperatures (230-240 OC) 

in autoclaves [6]. Aluminum and gallium go into solution as sodium aluminate and 

gallate, respectiveJy. Upon cooling, spontaneous precipitation of AI(OH)J occurs, 

accelerated by seed addition of previously produced hydroxide. The remaining so

caJled 'decomposed' solution is Ced back to the digestion step. 

Although sorne gallium coprecipitation takes place, the metal as a whole re

mains in the alkaline solution due to the higher stability of galIate.1 In this way the 

recycling solution is gradually concentrated in gallium and at 0.15-0.25 g/l Ga (as 

Ga203) is taken to the gallium recovery unit. 

At this point, various methods for gal1ium separation and recovery have been 

proposed-those based on partial destruction of the alkaline process solution in order 

to decrease the aluminum cOl:tent thus making selective gallium recovery more viable, 

and those based on direct recovery, so avoiding the disadvantage of producing -. non

recyclable solution. One ex ample of the former is the carbonation method [10], in

volving selective precipitation of part of the aluminum content first, and then gallium' 

-:onccntration by precipitation followed by redissolution in NaOH and electrolysis. 

lThe reason 18 that gallIum 15 more electronegative than aluminum [9] and as a re5ult Ga(OH)a 
is more acidlc than Al(OH)J 
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Direct recovery, without modification to the stllution COlllpll~itioll, !tas 1)t'(.'1l 

proven feasible in two cases--dectrolysis USlllg .tgl ta1L>d 1lH'11l11j' C.I t ho dt' [11], aud 

solvent extraction \Vith an alkylated 8-hyJlOxy qUlI\Olilll' àS ail l''\tr.tcLlllt. [I~l. Th(~ 

key element in the electrolysis method is to use agitdtcd IlH'ICUly ,,-> d cùthnde lJl'caus(' 

firstly, as soon as gallium is deposited it is dissolvcd into mcrcury th\!:-, forllling a. dilllt.e 

amalgam in such a way that gallium concentration on the eüthod<, ~urface is kt'pt Jow 

allowing continlled metal deposition.2 Second 1..,., the differcut SOllllll"t.y of llH'tdls in 

mercury contributes to increased overall selcctiv~ty of the proce~s. Dl!>adv.\I1tagt.'s of 

the method are the high priee of mercury (considerable LtIllOIlIlt is ncces!'>ary for UI(' 

cathode), its poisonous vapours, and sensitivity to the presence of orgallic matcrial 

transferred from the ore to the proœ~s solution to the extcllt th<lt this Ilwt!lod ha.~ 

been Cound inapplicable in processing North American bauxites [101. 

Sphalerites 

Gallium recovery from zinc leach residues is a more complicated process than from 

Bayer solutions and the reason is that many othcr elements are present-iron, alu-

minum, tin, cadmium, germanium, indium, vanadium, arsenic, etc. 

Zinc calcine, produced from roasting the sulphide concentrate, is first subjccted 

to the so-called 'neutral' leach-with weakly acidic sulphuric acid solution [J 3]. Most 

of the soluble zinc and other elements dissolve. The pli is raiscd tü about 5 ~o that 

Cerric iron precipitates as hydroxide-thus removing, either by coprccipitation or 

adsorption, most of the impurities including gallium. This prccipitate is the starting 

material for gallium recovery. 

In the current gallium recovery practice, subsequent solubilizatioll and precip

itation steps [14] are first carried out in ardel to obtain more COllcclltrated gallium 

precipitates and remave impurities as rnueh as possible. The la~t sulubilization is 

2In order to have net metal accumulation, gallium concentratIOn HI 1>OIUtlOlI must he ahoye 0 3 g/I 
if solid cathodes are to be used [IOJ, this IS more than the actuat cOllccntratlOn of 0 15 025 gfl 
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with 'lhSO .. , and S02 is addcd so that aIl iron be maintaincd as Fc(II): 

(2.1). 

(2.2) 

The solution is ncutralized to pH of about 3 with sodium or ammonium hydroxide and 

metal hydroxides (presumably not gallium) which precipitate are filtered off. Solvent 

extraction with Versatic 10 reagent (a carboxylic acid extractant, Shell Chemical) 

is carried out, followed by stripping of the load~d organic with concentrated Hel. 

Under these conditions, gallium is in the solution as GaCLï, thus readily extracted 

in the next step by a tertiary amine. The metal is then stripped into NaOH solution 

and finalJy recovered by electrolysis. 

This process has overcome a number of difficulties previously encountered

tedious filtrations, considerable loss of product, extraction with highly flammable 

reagents like eth yI ether, etc. Among the disadvantages is the need for neutralizing 

the solution to a relatively high pH for efficient extraction (15]. 

Other sources 

As mentioned carlier, the Apex Mine is the first and 50 far only mine primarily for 

gallium (and germanium) production although not yet fully operational. The process 

flowsheet [5] involves leaching with sulphuric acid in threc counter-current stages 

during which the elements initially present-Fe, Cu, Zn, As, Ga, and Ge report into 

a 20-80 g/l HzSO .. solution. In the following metal recovery copper is first cemented 

out with serap iron, then Ge, As, and any residual Cu are precipitated as sulphides 

by purging with HzS. Soda ash is added for neutralization. The filtrate contains 

almost aIl of the gallium as weIl as Fe, Zn, and Al. Solvent extraction is used for 

gallium recovery frorn the filtrate. The extractant is D2EHPA in kerosene with tri

but yI phosphate (TBP) as modifier. In order to prevent simultaneous extraction of 

iron, S02 is sparged to rcduce Fe(IIl) to Fe( Il) (cf. reactions 2.1, 2.2). Sulphuric acid 
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(approx. 80 g/l) is used to strip gallium. This solution is fUllher rt'flllt'd, ,\Ild filldl 

electrolysis yield!> gallium mctal. 

Using Hel, Baldwin et al. [16] attcmpted ta lCcH:h g.t1hnlH from tht' 11llCa 

fraction (400 PVm ta 800 ppm Ga) of certain pegmatite tailing'l. Acîd cOlbumptioll 

was high, because gallium could not be leached ~clcctively over the alUlllillUIll (and 

potassium) content of the ITÙca. Recently, gallium r('cov<'fY froOl coal fly ash and 

separation from vanadium was reported [17]. Sulvlluric acid WdS uscd for lc.\ching, 

while soivent extraction with quaternary ammonium salt, and subscqucnt\y D2EllPA, 

was employed for solution purification and mctals separation. 

Gallium recovery from flue dust gcneratcd in phosphorus production was tricd 

using a sodium carbonate fusion-water leach procedure [7]. Apart from gallium, this 

material contains mostly alkali and alkaline-earth mctals, and also Zn, Al, and Fe. 

Upon leaching iron was not dissolved, but the solution contained u}) to 50 times 

more Al than gallium. This aqueous system is therefllle roughly analogous to Bayer 

solutions, but with very different sodium hydroxide concentrations. 

Flue dusts generated in aluminum plants were the subject of another study 

for gallium recovery [8J. Here, the major mctals that gallium has to be scparated 

from, include Al, Fe, and vanadium. Severa1 acids were investigat.cd as leaching 

reagents, and HzSO .. and HN03 were found to be superior to lIel. D2EIIPA along 

with two amine extractants--tri-lso-octyl amine and Amberlitc LA-l (a secondary 

amine), were used for extraction and separation. 

It should he emphasized that both studies on recovery from flue dusts were 

on Iahoratory scale only, and no consideration was given to economic feasiLility and 

industrial irnplementation. Neverthelcss, togcther with the other procc&:,es described, 

they serve to illustrate the place and important role of soivent extraction among the 

various unit operations involved in gallium recovcry in gcneral. 
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2.3 Extraction of Gallium from Alkaline Solu
tions 

It is gcncral1y acccptcd that KcIcx 100 (Schering/Shcrcx) and Lix 26 (Henkel Corp.), 

with alkylatcd dcrivativcs of 8-hydroxy quillohne as the active component, are the 

only commercially available extractants suited to direct gallium recovcry from the 

highly alkaline Bayer solutioTl& for aluminum production. Here, solvent extraction 

must scparate srnall (100 ppm to 300 ppm) amounts of gallium from a large quantity 

of chemical1y similar aluminum (40 gfl), these elements being present as Ga(OH)4" 

and Al(OH) .. in the roughly 3.6 M NaOH solutiGn. 

Levequc and IIclgorsky [12, 18]\\"cre the first to demonstrate gallium recovery 

from Bayer solutions into Kelex 100 (HL): 

Ga(OH) .. + 3HL (org) ~ GaL3 (org) + OH- + 31-12 0 

Simultaneously, aluminum and sodium are extracted: 

AI(OH); + 3HL (org) ~ AIL3 (org) + OH- + 3H20 

Na + + on- + HL (org) .= NaL (org) + H20 

(2.3) 

(2.4) 

(2.5) 

Under equilibrium conditions, partial selectivity toward gallium loading over that 

of AI and Na results from relatively high distribution coefficients for gallium (DGa ). 

Nevertheless only 3· 4 % of the extradant 's loading capacity is then taken up by this 

metal, and the reaction is slow. In a typicaI 'shake-out' test with 8.5 % Kelex 100 and 

10 % dccanol in kerosene, about 80 % of the gallium was extracted from a 270 ppm 

feed, this requiring about 3 hours at 28 oC. Here, met al was loaded from 'decornposed' 

Bayer solution with an Al/Ga ratio of 147, which became about 6.5 in loaded organic 

[18]. The decanol modifier was needed to avoid third pha5e formation during acid 

stripping. 

In a series of equilibrium and kinctic studies, Sato et al. [19, 20, 21, 22, 23] 

confirmed the validity of rcaction 2 3. Under non-equilibrium conditions, the preferen

tialloading of Ga over Al from Bayer-type solutions has been attributed to relatively 
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slow aluminum extraction [19], although ail altclll;tlJ\'(' inlt'Iprl'tatlun i:- that Al Îs ex

tracted first, then stripped by gallium in appIù,l( hlllg ,ut elj\lililll i\llll r,d i\.) [~·tJ, J)Ga 

values decrease with increasing tcmperatUlè [18, 19, '20, 21], allJ a sllght reductiOll 

results from 10 % decanol addition [18], 

It has been suggested [20, 23] that th.! rcaction p,üh füllo\\'('d fùr gallium n'

cm'ery depends on sodium hydroxide lcv('l. The ratc-limiting; ~tep, ill abs('nce of 

ma -transfer lirnitations,has been attributed lo the slow interLlClal fDrmatlùll of ill

termediate activated species such as Na+Ga(OH.h 011- at bclow 1 M total SOdlUllI, 

or Na;Ga(OH)J at high sodium levels, where gallium extraction is extrcmcly slow, 

As demonstrated by Pesic and Zhou [26] usillg synthctic and rcal Rlyer solutions, 

recovery rates also depend strongly on choicc of dtluent dnd modifier. 

Given the relatively high Al and Na contents of the loaded org,U1ic, production 

of a high purity gallium strip solution is promoted if Na and AI are selectivcly acid 

stripped before gallium [18], While several acid stripping procedures were illvesti

gated, the best method is to strip first with 6 M HClleaving only Ga in the organic, 

held by protonated Kelex 100 as LHtGaCLï, Subsl.'quently, Ga can be strippcd witl! 

2 M Hel. This procedure avoids gallium loss into the primary &trip solution, and 

gives the lowest impurity levels in the secondary strip solution, 

Over the years, there have bCCIl numerous improvcmcnLs to the origillal 1>0)

vent extraction method for gallium from alkaline solutions with respect to long

term extrartant stabilility and improved kinetics To prevcnt graduaI dcgradation 

of Kelex 100 due to the high basicity of the medium, Hclgor&ky and Lcvequc sug

gested [27] that alkyl- rather than alkenyl-substituted (as Kclex 100) 8-hydroxy quillo

Hnes be used instead_ Tests, carried out with a 7-alkyl substituted (R = C 1l 1l23 ) 

8-hydroxy quinoline showed stable and constant extradant performance even aCter 

1000 bours of operation_ However, the rate of gallium extraction with the suggcstcd 

extradant was not mentioned, 

Oxidation of the substituted 8-hydroxy quinoline by atmospheIic oxygcn was 
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anothcr rcason for dccreasing extractant performance. Thus, it was proposed that at 

Icast thc extraction step be carried out undcr an incrt (e.g., nitrogcn) atmosphere [28]. 

A remarkablc 90 % 1055 of hydroxy quinoline rcsulted after 500 hours continuous stir= 

ring with Bayer solution under ai; versus only 7 % los5 under nitrogen. These findings, 

however, are somcwhat confusing sinee no deteetable degradation was reported in the 

previous patent [27], when tlsing the same extradant (7-alkyl substituted 8-hydroxy 

quinoline, R = Cu 1123) for a longer time, and presumably, under air. 

A rclatively ncw method for increasing .feaction rates, based on deliberate 

creation of a 'water-in-oil' microemulsion in the organic phase, has been studied 

for this system [24, 25, 29, 30]. Working wilh a pure, synthetic analogue of Kelex 

100 in kerosenc, fourré et al. [29, 30] have shown that a microemulsion is produced 

by adding a long chain alcohol (e.g., butanoJ) and the sodium salt of a long chain 

carboxylic acid (e.g., octanoate). These additives, acting as surfactants, promote 

solubilization in the organic phase of large amounts of 50-100 A water ITÛcrodroplets 

with a. skin of alcohol, carboxylate and extractant molecules. Factors contributing 

to increased recovery rates may include increase in interfacial area and, around the 

skin of the water droplets, a higher local concentration of extractant molecules with 

more favourable orientation towards extraction than exists in the continuous organic 

phase l29, 30]. Loading rates up to 20 times faster than obtained by conventional 

means wcre reported. Microemulsion formation and enhanced recovery from Bayer 

solutions has also been demonstrated using Kelex 100, dodecanol and Versatic 911 in 

kerosene [24]. 

Most probably, the formation of microemulsions was also the reason for accel

erated gallium recovery in severa! other reported cases of Kelex 100 being used in a 

mixture with various carboxylic [31] or organophosphorus acids [32,33], organic sul.

phates or sulfonates [34], together with a long-chain alcohol. However, use of organic 

acids in contact with highly alkaline Bayer solutions raises the question of increased 

aqueous solubility and substantial organic losses, which in turn would lead to changes 
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in composition of the mixture during contlI1UOllS uperatiun. 

Attempts ta find a rcagcnt which loads galliulII flOlll ILlyl'r solution both 
. 

more rapidly and with bctter seJectivity than Kclex 100 11<\\'(.· L~'I\ ullsufn·ssfut. 

Uhlemann and Mickler [35] have studicd extraction by varions hid('utat.c ligands (e.g., 

t1-diketones, 8·quinolinols), and concluded that only 7-alkyl 8-hydroxy quinolincs 

(Kelex 100) are suitable for highly alkaline solutions. Othcr WOI k Il.ls foclIscd on 

changing the nature or substituent position of the alkyl group (fwIlI 7- to 5-) 011 the 

8-quinoline structure [36, 37, 38}. When compâfcd with Kelcx 100, most of thcse 

alternatives showed poorer selectivity for gallium recovery ovcr thal of alumillurn, 

while aU were slower extractants. 

Apart from 8-hydroxy quinoline extractants, others have abo bCL'1I pruposcd. 

In the early 1970'5, Bretèque and Beerli [39] patcnted a proccss wherc acctylae<,tone 

is used to extract gallium. The results showed fast and high gallium rC't:ovcry from 

Bayer solutions. However, possible aluminum co-extraction as weil as extractant 

losses due to aquoous solubility were not discussed. 

2.4 Extraction of Gallium from Acidic Solutions 

2.4.1 Chloride System 

It has long been recognized that gallium is readily extraded from strongly acidic 

chloride solutions. The reason is the formation of GaCI:j complex, exlractablc Vla 

ion-pair association (anion-exchange), or by solvation as I1GaCI4 with several groups 

of organic reagents-ethers, ketones, amines. Ferrie iron forms analogous chlora com

plexes and therefore is co-extracted if present. Aluminum forms A1CI';- hut this com

plex can exist onIy in non-aquoous media becausc of hydrolysis [9]. Helice, aluminurn 

would remain unextracted. 

In probably the first ever report on gallium solvent extraction, Swift [40] 

showed that, from 6 M Hel, gallium can be loaded selectivcly into di-cthyl ether over 
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virtually any probable co-existing clements, except Gc and Fe(III). Several ethers 

(di-ethyl, lSo-prapyl, but yI, amyl, etc.) have bcen studicd 141] for gallium extraction, 

and maximum recovery is obtaincd at 6-7 MIl CI. Reyond this acidity level, recovery 

decrca.c,es duc ta competitive acid extraction [42, 43J. 

The high distribution coefficients achieved for gallium, fast kinetics and the 

relativcly good sclectivity made ethers the first extractants introduced in commercial 

operations in the 1940's 144, 45, 46J. Di-ethyl ether extraction was also used in early 

processes for treatment of zinc leach residues [14,A6]. However, the high flammability 

of ethers, low boiling point, and considerable aqueous solubility especially in strong 

acids make them an unaUractive choice as commercial extractants. 

Gallium extraction with amines is in many respects similar to extraction by 

ethers but without most of the disadvantages. In studies with several common alkyl 

amines (e.g., tri-iso-octyl amine), Good et al. [47,48], and Sato et al. [49J have de

duced from extraction isotherms and analyses of fully loaded organic phases, that 

gallium is loaded in the form of R3NHGaC14' Both GaCh and GaCI4" have been 

postulated as bcing the principal extracted species although the latter is the most 

probable alternative. Analysis of extraction equilibria in these systems is compli

cated by simultaneous acid co-extraction and resulting polymerization in the organic 

phase [50]. 

Gallium is a]so extracted [47, 49, 51] as GaCI4" into quaternary ammonium 

salts (e.g., tri-capryl mono methyl ammonium chloride-Aliquat 336): 

GaC]; + R3R'NCI (org) .= RaR'NGaCl .. (org) + Cl- (2.6) 

For both types of reagent, extraction is rapid, and increases with increasing chioride 

concentration, DGa reaching a maximum at between 6 M and 10 M chloride depending 

on the extractant used. Of the reagents studied by Good and Holland [471, tri-n-hexyi 

amine gave the highest recovery with DGa ~ 100 at an optimum 6 M chioride when 

extracting into 0.2 M tri-n-hexyl amine (in toluene). 

The high distribution coefficients that can be achieved ln extraction with 
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amines, and therefcre the opportunity to COIICl'II t 1 dt t' g"d Imlll, h,t\'l' I1I\Hll' t hl'~ l' l'~ t rtH 

tants suitable for application in gallium H'lU\\'ly Uiluib SUlh .I111'x,\!llph' lI'! T~EIl:\ 

(tri-2-ethyl hexyl amine) used for galll\lln e:-.tl clet 1011 as a Illl,d Plllliic.tt IOIl slt'p !l,L' 

fore eleetrowinning in recovery from zinc re:,iùll(,~. Herc, DG .. v,!ll1e:, of dhout JO 1 111 

5 M HCI have been achieved [14]. For the salll(, purpo!>(', ~tIIH\ (lI\('t hyl 1.~o-bl1tyl 

ketone) was used in the gallium recovery process flOlll Apl'x 1\1illl' OH' [E>]. 

Gallium is extraded with organoplHJsphorus LOllIpOlllld~, Ily ~Okltiol1, wllllt' 

additionally, at low HCI concentratIOns, the aciJ~( reagelltr- ilfllOl1g t helll ('xtract t'Ill 

cation exchange, Studies using tri-but yI pJlo~phate (TBP) [19,5::>,5:3,5·1] estabh1>!ted 

that, with increasing hydrochloric aCld level, De" fiSCS to a IllaXlIlHlIl1 l,pyonù wlll<_h 

a decrease is observed. Values of the optmlUllI auùlly al1d a::'::'lKltltt'U J)Ga dt'j>cnt! 

on gallium and TBP concentrations in the aqu('ou~ and orgallic p!til~(, .... rcsfH'ctiwly. 

At low acidity or neutral solutions, the extracted specie~ is CaCl j III the form of 

hydrated solvates: 

GaCb + hH20 + sTBP (org) ;::=:; GaCb.hII 20 sTBP (Olg) (2.7) 

where h ~ 2, while s = 1 under conditions of organic saturation amI b = 2 at low 

extractant loading [55]. The fise in extraction with increa~lIlg acidity 11> du(' tu the 

additional formation of HGaCI 4 exlracted as a tri-solval.c [52, 5:J, 5fi]_ At ahovc 

optimum acidity, acid extraction reduccs aVrtilalJility of TBP fOI gdlltulll 

Recovery can also be enhanced by addmg a chloride !lait s\I('1I as LiCl or 

AICh [52, 49], The effectiveness of the addition increases witl! increasing charge 

of the cation, and, for cations of the same charge, with decrease in jonie radius [52]. 

Recognizing the importance of the free ehloride concentration, Reznik and Zckd [56], 

and Judin and Bautista [57] have deve)oped models allowing Dc .. to be precllCt(~d over 

a wide range of conditions for the gallium chlondefaluminum chloridc/hydrodllorie 

acid/TBP system, 

Gallium extraction with tri-oety) phosphinc oxide (TOPO) [58, .19, 491 is sim

ilar to TBP regarding dependence on acidity, although al a given Ievcl, DGIl for 
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TOPO i~ grcater titan for TBP i4!)]. At low acidity, the principal extracted species 

is GaCh.r-.TOPO wh('r<> s == 1 or 2 depending on cxtcnt of extradant loading, while 

I1GaCI4.3TOPO form" al high acidity [.58J. 

With organophosphoric acids, the dependence of gallium extraction on HCI 

concentration shows the oppo~ite behaviour to that with TEP. As acidity increases 

from low valu('!'!, DCa de(fcascs to a minimum then rises with further acid addition [60, 

61,49,631. In studics at low acidity (0.01 M to 2 M) with D2EHPA, Kimura [64, 65] 

found that extraction was by cation exchange, a conclusion confirmed by Levin et 

al. [60, 61 J with supportive evidence from infrared spectra of the organic phase and 

its very low chloride content. Subsequently, Sato et al. [49, 63] showed that reactions 

in the low and high acid rcgions were, respectively: 

Ga3+ + 1.5(HRh (org) F CaR3 (org) + 3H+ 

Ga3+ + 3CI- + 1.5(IIRh (org) ~ GaCb.3HR (org) 

« 1 M HCI) 

(> 1 M HCI) 

(2.8) 

(2.9) 

Solvation reaction 2.9 is promoted by chloride salt addition. It has also been sug

gested that, at above about 4 M acid, gallium may be extracted as HGaCI4.sD2EHPA 

complex [60,61]. 

Similar extraction behaviour has been observed when carboxylic acids are 

uscd [66,67]. Cation exchange, with selectivity over many common metals, has been 

dcmonstrated, but from very dilute acid solutions only (pH> 2.5). Due primarily 

to the adverse relationship between DGa and acid concentration, there have been no 

actual or proposed pro cesses involving gallium recovery from acid chloride solutions 

using acidic organophosphorus compounds or carboxylic acids. 

2.4.2 Sulphate and Nitrate System 

Contrary to extraction from HCI solutions, the conditions in H2S04 and HN03 so

lutions are much different. Extractants that are successfully used in acid chloride 

medium pcrform poorly here. This is due to the large aquophilic tendency of sul

phate and \'ery weak metal-comp]ex formation (if any) with nitrate ions [50]. The 
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fà.ct that gallium docs not form extractdblc complexes with sulphate ,lS readdy as 

with chloride has been indlcatcd by analytical plOcedllll's that requin' prior chlnridi' 

addition [68, 69, 70J. 

Nevertheless, the capability for rt'covery from acidir sulpliatc sollltiollS, with· 

out chloride, is necessary if solvent extraction is to b(' compatible wIt Il lll<' ,;ulphal<' 

systems in the processing of gallium SOUfCCS. Wlthout a compkxillp; addItive, solVt'lIt 

extraction in the sulphate system, using commOll meLtllurgical extrdCl,lllt~, III11~t. rely 

on cation exchange reaction whcre a major problam is low DGa v,thll's aL acid leveb of 

relevant pro cess solutions. In addition, gallium recovery from IlItr,tte S(JllIti()lI~ may 

soon become important with increasing availability of scrapped GaAs chips:i 

Levin et al. [60, 61, 62] have studied the poteutial of lTlono-2-ethyl hexyl 

phosphoric acid (M2FHPA), pyro-2-ethyl hexyl phosphoric acids (P:2EJJPA), and 

D2EHPA as analytic.al reagents for separating gallium from a wide range of clemeut.s. 

M2EHPA and P2EHPA were found to cxtract gallium al much higher acidities than 

D2EHPA. Studies on extraction from nitrate solutions with several acidic organophos-

phorus reagents [71, 72, 74], including D2EHPA in kerosene or toluenc, have shawn 

that gallium is loaded by cation exchange with extractant dimels formi/lg G.tHj.sIlR: 

G 3+ 3+s ) _... + a + -2-(HR 2 (org) ,- GaR3·sIlR (org) + 31I (2.10) 

where s depends on the organophosphorus acid used and the loadillg \cvcl. The 

absence of nitrate in the organic phase and the insensitivity of DCa values to lithium 

nitrate addition suggested that gallium is not extraded as nitrate complexeb [74]. 

Tian Run-cang et al. [75] have described a scrie~ of so!wnt extraction steps, 

tested in continuous operation, for rccovering III, Gc, and Ga from Jl 2SO" solution, 

containing about 0.16 g/l Ga, and derived [rom the treatment of a zinc Icach re~idue. 

Hefe, P204 (a compound similar to D2EBPA) first sclcctivdy cxtracl!, illdll1rn at 

relatively high acidity, giving a raffinate al pH 0.:3 Germanium l~ tllf'll loadpd ubing 

3Wlth nitric acid solution to dissolve thelT gallium content, the hlghly OXldltlllg Il'ach rondltlo/ls 

would advantageously prornote fixatIOn of a.s~oC)ated drserllC III lfI~oluble forrll" 
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20 % P201 with 1 % of a syncrgist (YW 100) in kcroscne, YWIOO not bcing identified. 

Arter Ilcutralization of this sccond raffinate to about pH 1.4, and with a slight in

crea.sc in YW 100 conccntration, gallium ~s rccovclCd into germanium loaded organic: 

Subsequcntly, gallium can be selcctively strippcd using 2.5 .M IhSû4. Problems with 

co-extraction of iron can be avoidcd with prior Fe(III) rcduction. 

Kikuchi and Kamagami [76, 77J have reported gallium loading from 1 g/I so

lutions into oct yi phcnyl add phosphate (OPAP) and nonyl phenyl add phosphate 

(NPAP) in bcnz,ene with cquilibrat.ion complcted"in about 10 minutes. The potential 

for practical application of OPAP has rceently becn shown by Judd and Harbuck [78J 

who operated a continuous solvent extraction system to process 0.32 gJl Ga (20 gJl 

iron) solutions at pH 0-0.5, and produccd from the leaching of a zinc residue. Here, 

0.3 M OPAP in kerosene with iso-decanol modifier was used, and the 'milky turbidity' 

and phase separation problems reported Ly Kikuchi and Kamagami were apparent.ly 

not encountered. It was also found that OPAP would load gallium at higher acidity 

than was possible using D2EHPA. Despite prior ferrie reduction ""ith iron powder, 

a smaU amount of residual Fe(III) was co-extracted but not totally removed by the 

1.5 M l-hSO .. strip solution used. A phosphoric acid scrub of stripped organic con

trolled its Fe(III) content to < 0.5 g/I at which efficient gallium loadîng into recycled 

organic could be maintaint>d. 

There have bren (>nly a few attempts to use chelating reagents for gallium 

extraction from these acidic media. ]noue and Nakayama [73] round that recovery 

from nitrate solutions into Kelex 100 was by cation exehange, but reaction rates are 

even slower (several days to equili~rium at 30 (lC) thélll with extraction from Bayer 

solutions. A probable explanation is that I\elex 100 is a very weak acid. 

It appcars that these problems can be overcome by using as chelating reageots 

various aryl· and alkyl- substituted hydroxamic acids.4 Zhou et al. [15J have proposed 

a proœss for ml ta} recovery and separation from zinc leach solution. Here a number 

"This class of reagents has a 0 = C - Nil - 011 group responslble for chelation through oxygen 
from the hydroxy group and mtrogen [50J. 
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of specially synthesized substituted hydroxamic acids wcre trÎt'd as t'xt 1 Mtallts für 

gallium. Among them, a compound namcd 1!lO(i (ù mixture of nco-tti-decyl <\lItlllf{)~ 

penta-decyl hydroxamic acids) in keroscnc sllùwcd close ta a 100 % G<l extl~\( tion (at 

pH 1.0), and fast kinetics. Extractant stabilily W,LS illlpwvcd wÎth a Illodifi<'r addit iOIl, 

and no degradation was found after 8 hoUls contact. with 6 M llN03 . llowcVl'r, 

when contacted with 0.2 M KMn04 solution (strong oxidant) for th(' saille duratioll, 

degradation did occur resulting in about 30 % los5 of extraetant. This ÎllùÎcatcs that 

longer contact times with the solutions of practiç,al significance may hc Ilccc~silry in 

order to reliably estimate the long-term stability of this class of extractant.s. 

2.5 Summary 

Concluding this overview Chapter, the following remarks are IHcscnled: 

• For gallium, the most importaIlt aqueous processing solutÎons arc the alkalinc 

Bayer and the acidic 5ulphaLe solutions. Hydrochloric acid solutions are in 

sorne instances used in intermediate purification stages. Increasing importallœ 

of acidic nitrate solutions is anticipatcd. 

• Solvent extraction plays a significant IOle in gallium rccovcry and for each of 

these media requires a specifie type of extractants; thosc which WOI k weil ill 

one system would not do so in another-e.g., amine exiradants. 

• Alkylphosphoric (mostly D2EHPA) and carboxylic acids arc currcntly uscd in 

industrial practice for recovery from sulphate solutions. The potcntial of OPAP 

extractant has recently becn indicated. 

• Despite its significance, few sludies exist on the fundamentals of extmction 

from sulphatc (and nitrate) solutions. Little or 110 attention has L _en paid to 

gallium extraction equilibria, kinetics and various associated a!ipccts. This is 

the subject of the present work. 
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Chapter 3 

Experimental Methodology 

3.1 Introduction 

The various chemical reagents and the methods of analysis that have been used will 

be dcscribed in this Chapter. Detaitcd information on the experimental procedures 

will also be given. 

3.2 Reagents 

Ali inorganie chemicals were of analytical grade. Stock aqueous solutions of Ga(III) 

were prepared by dissolving a given amount of Ga2(S04h or Ga(N03h in distilled 

watcr. Both salt.s were from Aldrich Chemical Co., with at least 99.99 % purity. 

Because they are hygroscopie the resulting gallium concentration in solution had 

al ways to be determined. The respective concentrations of sulphates or nitrates were 

then round from the stoichiC1metrie formulae. In order to prevcnt possible hydroxide 

precipitation, known amounts of acid were added. 

Di-2-ethyl hexyl phosphoric acid (D2EHPA) was purchased from BDH Inc. 

The product information sheet 1 gives 100 % purity. Analysis of several samples from 

extractant 'as received', by potcntiometric titration, showed 97.5-98.0 % D2EHPA 

and 0.5-0.6 % M2EHPA content by weight. The very low M2EHPA content of 

1 Material Safety Data Sheet, Technical Services, BDII Ine , Toronto, Ontano, November 1988 
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the BDH-supplied reagent ha!> becn noted by Slatcr [80J. Abo, the d{,ll~it\l'~ found 

for purified D2EHPA [81] (973 kg/m3 at 20 oC and 9G9 kg/m3 .\t 'l~) OC) ap,rt'l' 

weIl with the value of 9ï1 kg/m3 at 21°C detcl'l1lillcd !H'lt.'. Thil", 1\ \\'àS felt that." 

special purification steps (e.g., the coppel-salt tcdlllique [81]) Wl're Ilot lIt't'dl'd a nd tilt' 

oonditioning of the stock extradant solutions was }imited only to COlltdct illg !>cveral 

times with sulphuric acid solution, thcn washing with distiIlcd walt'r, alld finally 

filtration through Whatrnan PS (silicone-tredted) filtt·r. AndIY~I:> of thl' l'xtI M·tant 

solution then gave 0.2-0.3 % M2EHPA, which yalue is close to the el'lOr Ieve\ of 

determination. Comparative experiments, carried out severa\ times III tilt' course of 

this work, showed no noticeable difference in the results ohtamed Wllh Ill'wly prcpared 

and oonditioned, or with recycled, extractant solutions. 

Octyl phenyl acid phosphate (OPAP) was supplicd hy Albright &- Wilson 

Americas Ine. This reagent cornes as a mixture of mono- and di-oct yi plIellY\ phos

phoric acids abbreviated in this work as mono-OPAP and di-OPAP (fig :3.J). From 

the analysis by potentiornetric titration it was found that OPAP consists of 61.5--

62.0 mol % mono-OPAP and 38.5-38.0 mol % di-OPAP. A~ a mixed ('xtradant, 

changes in its composition during continuous operation an' likcly to OrCll1' Bellce, it 

was necessary to be able to distinguish between individual contrit'utions frolll each 

component to extract.ion, and a method ta scparate mono- from dl-OPAP WdS llccdcd. 

A methol~ has been recently developed [82] for separation of M2EHl'A and D2EJlPA 

basc:!d on selective precipitation of the barium salt of M2EIIPA. With &omc modifi

cations, this method was adopted here tu separate mono- from dl-OPAP. Detai\cd 

description of the procedure is given in Appendix A. 

Kerosene (Fisher Scientific) was used as a solvent fol' the orgdnic solutions 

throughout this work. While there were no ploblt>rns with pha.<,c-separation or a third 

phase formation for D2EHPA-kerosene solutions, such were cxpcrieflled with OPAP 

extractants in kerosene. Addition of a modifier was th us ncccssary and n-dccanoJ 

from Eastman Kodak Co. was used. 
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Figure 3.1: Structural formulae of D2EHPA (formula weight: 322), di-OPAP (formula 
wcight: 474), and mono-OPAP (formula weight: 286). 
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3.3 Analytical Methods 

Acidityofthe aqueous solutions wa'S dctermineJ ('ither by titrcltioll ",!th N<lOllor in 

the pH-range--with a pH electrodc. Standard solutioll of 0.1 N Na.OIl (FIsher Certi

fied) was used for acid-base titrations and was pel iodieally cl\('ck\.'d agal\1st standard 

0.1 N Hel (Fisher Certified) solution. Ail thesc titratioIlS \\'CIL' l'aIl i(·d out with a 

10 ml ABU 80 autoburcttc from RadiomeLcr COpt'lIhdgt'll (tllIl'(' dt'l illl,t! digits, }>l'('

cision ±2.5 J.d). Phenolphthalein was the indicator uscd in most çases. The pli was 

measured with a PHM 84 Research pH meter from Radiometcr Copcllhagcn and an 

ORION ROSS combination pH electrode. The fast rcsponse, minimal drift, and the 

stable, accurate and reproduciblc readings of the ROSS serie" of ckeiIOde", according 

to the manufadurer's specifications,:! wcre of primar)' importallcc III millilI1izing the 

inherent lower accuracy of measurements in the region of pli 1. Caliln ütiOlIS of the 

electrode were performed regularly with standard butTer sollltioll~ (FI~bcr Scicntific, 

Radiometer, or BDH) of pH values 1.00 and 4.01 fOI measurclllents in low pH rc

gion (around pH of one), and buffers 7.00 and 4.01 for highcr pli and pvtclltiomctric 

titration. The slope was usually 98--101 % of the theoretlcd.l re"pOllse (the Nemst 

equation). 

The pH measurement is very sensitive to evcn 51ight telIlp~·r<1t.1I1'e variations 

particularly in the 10w pH region. Care was taken, cspccÎally WltCIl rncasuriug in 

small sample volumes, not to heat the solution from uncxpccted sources- c.g., from 

the magnetic stirrer. In general, corrections for temperaturc were donc rnculUally, if 

neœssary, acoording ta the rcadings from a thermornctcr immersed into the sample 

solution. 

Metal concentrations in the aqueous solution were dc:termined by flarne atomic 

absorption on a Instrumentation Laboratory spectrophotornetcr. The n,tIlle wa.~ ni

trous oxide-acetylene mixture. Caliblation solution!:> for gallium \Vere preparcd from 

995 ppm gallium standard solution in 0.1 % HN03 for atornic absorptlOIl, from Aldrich 

2ROSS pH electrode, lnstruction manual, Orlon Research Ille, 1988 
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Ga standards measured 
(ppm) absorbance Fltting equation: 

y Ab 
0.0 0.001 Y = Xo + xI.Ab + x2.AC 
1.99 0.023 
4.98 0.055 Xo = 0.1218 
7.96 0.091 XI = 79.7438 
9.95 0.115 Xz = 57.0270 
19.90 0.217 
29.85 0.305 COlT. coeff. = 0.9998 

Table 3-1: Typical measured absorbance values of gallium standards. 

Chemical Co. According to the specifications,J the linear response range (concentra

tion vs absorbance) for Ga is up to 60 ppm. It was found, however, that in the upper 

end of this range (above 35-40 ppm) significant deviation from linearity occurred, 

th us requiring polynomial regression curvc fitting. At the hamc time, stable and lin

car response was observed for gallium concentrations below 10 ppm down to 1 ppm. 

Therefore, standard solutions of up to 30 ppm Ga were prepared and used throughout 

this work. AlI samples for analysis were prepared to match this range by appropriate 

dilutions into 0.1 N HN03 • Nevertheless, a second-order polynomial regression was 

still used for the standard curve. A typical exarnple of absorbance readings and curve 

fitting parameters is given in Table 3-1. Background (blank sample) absorbance was 

monitored during analysis, and if exceeding ±0.002 units, recalibration was performed 

a.nd samples were reanalyzed. As a general rule, samples were analyzed at least twice 

a.nd readings of the standard solutions were taken at the beginning and at the end 

of the session. Tests for possible interferences and matrix effects were also carried 

out. Specifically, the presence and concentration levels of up to: 2.5 M H2S04 , or 

8 M HN03 , or 2000 ppm Na, or 2000 ppm AI, were checked. Of these, slight suppres:" 

sion of gallium absorbance \Vas noted at 2 M H2S04 and the readings at high sodium 

concentrations ""cre not very stable. Therefore, for those gallium samples in strongly 

3Galhum DeterminatIOn by Flame AtolluzatlOn, Instrumentat.lOn Laboratory Ine., July 1979. 
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acidic sulphate solutions, standdrds with a similar mati ix weil' pn'pared. 

Extradant concentrations in the orgallic ph.l~e wel(' dckIIllIllCd lIy jlo((\lItiu

metric titration with standard 0.1 N NaOH wlutioll. The autobUIette, the plllll(\ter 

and electrode used are describcd above. The samplc (usually l IllI) was di"solwJ in 

120 ml acetone (reagent grade) and 22 ml II 20 was added TIH' titrant Wtl.s slowly 

added in small portions undcr continuom slin illg After cd,lI additioIl, readings 

of the stable pH and volume of base were takclI. III this mallner, the wdl-kllowlI 

S-shape titration curves were obtaincd wh en plotted in pli vs volume of base C)

ordinates. The equivalent point was deterrnined [rom the' respective first-derivativc 

curve. The obtained results were highly reproduciblc. Prescllce of keroscllc 11) ttw 

sample had no effect, except that it requircd a Il'lativcly large .iIllOlIlll of acctoue 

(120 ml), with regard ta the samplc volume, bccausc of Illutual t>oluhility prohlcms 

(kerosene-acetone-water). The presence of n-decanol in samplc~ of OPAP extradant 

also had no effect on the titration rl'sult. Since mono-OPAP i~; a di-basIc acid, two 

equivalent points are observed-the first one correspollding to tbe total concentra

tion of mono- and di-OPAP, the second one being proportional to the mono-OPAP 

content. Figures 3.2 and 3.3 illustrate charactel istic titIatiorl curvcs for D2ElIPA 

and OPAP extractants, respectively. 

3.4 Experimental Procedures 

Equilibrium experiments 

These experiments were carried out in tightly stoppered Erlenmeyer conical f1asks 

(125 ml volume) placed on a wrist-action shaker alld at raom tcrnper<Lture (21 ±1 OC). 

Thus, possible losses of solution due to leakag(' durillg Shdklllg were prevented. Mo~t 

of the experiments were performed at 0/ A (orgamc-to-aqueous) phase ratio of onc. 

In this case, the sample volume of eaell phase was 20-2.5 ml. 

A few tests at specifically chosen conditions (two diffcrent lcvcb of metal and 
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Figure 3.2: Determination of D2EHPA concentration in the organic phase. Titration 
curve (1), First derivative curve (2). 
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--------------------------........... .... 
extractant concentrations, and pH) were canied out in mdcr to check whdher changt' 

in volume of a given phase during equilibration \\'ou\d occur. Nù Il}('<\sul'dble difTer

encc was detected.4 Thus, for the most pal t, metà\ concentratiolls wcre dctermilled 

only in the aqueous phase-before and arter extraction--and tllCll the respective 

concentration in the organic phase was calculatcd from the ddfercnce. Occa<iionally, 

metal in the organic phase was analyzed after complete stripping, iuto 112SO" solu

tion. The results were in agreement with the mas~-b<tlallce rcquircmcnts within the 

experimental error limits. 

Problems with phase disengagement after mixing were Ilot encoulltcred.5 Nev

ertheless, care was taken to ensure full separatioll before allalysis. III particular, it 

is obvious that for highly loaded extradant and low meta\ concentration in the raf

finate, the presence of smaU droplets of organic material in the aquL'OUS phase may 

lead to quite erroneous results. Normally, after an expeflmcnt, the fOllteut of the 

Hask was transferred into a separatory funIlcl, thcn the raffinalc \Vas filtercd through 

Whatman 2 and Whatman 42 filter paper, with the organic phasc filtered through 

Whatman PS. 

Preliminary experiments showed that equiliLl'ium was approachcd after 15 to 

20 minutes mixing time. Considering, however, the stl'ong dependcnce of rate on the 

particular conditions, and especially pH, the flasks \Vere usua,\ly left shdking for at 

least 12 hours. 

Kinetic experiments 

Kinetic studies in this work were perforrned with a rotating diffusion ccII (RDC). 

This technique was developed and first apphed for solvent extraction kinctics by 

Albery and Fisk [83]. It has been used sinee for studies in several !:'olvcllt extraction 

systems-e.g., copper extraction with oxirnc [84], lIickel, cobalt, and ZIllC exlraction 

with organophosphoric acid extractants [86, 87, 88, 1:;9]. 

4The mimmum detectable volume dlfïerence \\'a..~ e!>tlJllatcd tû U(' 0 100 -0 150 rul 
5Provided that OPAP IS used Wltl! addltlOll of TI-deciJnûl 
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Here, the two liquid phases come into contact through a thin porous membrane 

glued to a rotating acryltc cylinder containing one of them and immersed into the 

other. Part of the membrane may be rendered impermeable, thus producing an inner 

cirde with the desired interfacial area. Inside the cylinder is a specially designed 

stationary cylindrical baffle made of teflon. 

During an expcriment, the baffle imposes the hydrodynamics of rotating dise 

in the vicinity of the inside membrane surface [84, 85]. The flow uf the illner liquid 

is shown schematically with arrows on fig. 3.4, which also gives a general picture of 

the cell assembly used in this work. 

At the beginning of each experiment, a new membrane (Millipore, 0.22 p.m 

pore size) 15 mounted on the clean and dry cylinder with acrylic glue (made of acrylic 

turnings disscJved in benzene). Except for a small central circular area (from 8 to 

15 mm for most experiments), the rest of the membrane is 'cleared' with solution [85] 

containing 33 % 1,4 dioxane, 33 % bexane, 33 % 1,2 di-ebloroetbane, and 1 % water by 

volume, and becomes transparent when dry. It is essential tbat this smaU uncleared 

area is indeed a well formed and centered cirde. The aqueous solution is placed in 

the thennostated beaker, then the non-cleared area of the filter is wetted with a drop 

or two of the solvent (kerosene), any excess removed, tben the cylinder is lowered 

until just touching tbe aqueous surface. The organic phase is added slowly to the 

cylinder which is gradually immersed into the aqueous solution. The exact position is 

adjusted so that the hydrostatic pressure of the two liquids is equal at the membrane 

surface.6 

The RDC technique has been applied to extraction kinetics of reaetions in

volving cation exchange, i.e., where for every g-ion of metal Men+, extracted into the 

organic phase, n g-ions of H+ enter, in return, the aqueous solution: 

Men+ + nHR (org) ;:::: MeRn (org) + nH+ (3.1 ) 

6Deternuned by the dlfTerence ID denslties of the two solutIOns. The level of the lighter phase
the organic, should be hlgher The exa("t helght dlfference was found by trial and error. The change 
III pressure when shrred was neglected 
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.... Hence, the rate of the reaction is directly relatcd to the pH change with time during 

the experiment. The pH may be rnaïntained con~tcl.nt by base addition (e.g., NaOH 

solution) with a pII-stat. In this way, H·e rate of the extraction reaction can ~e 

determincd from the recorded rate of base added. This is the idea used in the kinetic 

studies cited ab ove. There, the pH was continuously rneasured, the signal fed to a 

pH-stat, which in turn activatcd an autoburette for base solution delivery whenever 

the pH Cell helow a preset value. 

In order to use successfully this fairly simple and straightforward procedure, 

the fol1owing conditions should he met.: 

• The maintained pH should he high enough so that very smalt changes in H+ 

activity arc rcaddy detect.ed. 

• The o~served pH change should result only from the extraction rcaction and 

not he due to other chemical or physical phenomena. 

• The solution chemistry of the aqueous phase should be known as Lo whether the 

H+ activity is (or may possibly be) affected by any reaction other than (3.1). 

The first condition is well satisfied if pH is above 3.5--4.0. Problems with the sec

ond condition may come from simultaneous physical distribution of the extractant 

to the éI'lueous phase af'd dissociation therein; another one rnay result from unpre

dictabJe change in the liquid-junction potential of the pH electrode due to prolonged 

continuous use and contammation, thus leading to erroneous readings. 

Complications in connection with the third condition Cdn be illustrated with 

the example of sulphatejbisulphate equilibrium: 

(3.2) 

Clearly, sorne of H+ entering the aqueous phase will react to produce HS04 -. The 

situation may be complicated even further if the metal extracted is itself involved in 

\'arious complexation reactions in the aqueous solution. 
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For the particular purposc here-kinetlcs of gallium l'xtl(\cti~m ftom aridir 

sulphate and nitrate soiutions-the first and the t1md colldltlOlI couhl Ilot be S,ltl!>lil'd. 

The pH range was from pH 0.6 to plI 1.9, alld lIut ol\ly lcaclioll a.2 \\'uultl tdke pla('e' 

but also gallium would be involved in complex ÎOI llIatioll 1 cactinm 111 thl' élqUCOIIS 

phase.7 Only the second condition could be met sdtisfcLctOI ily--bcc(\usc of rdatively 

high acidity the effect of possible extrdctant dis~l>ciation in the aq\l('OllS phase 011 

pH would he negligible, as wouid aiso bc the efrcd of CO2 coming frUI1I tlte air ami 

dissolving in the solution-a problcm, rccognizcd aIlt! sol\'ed by purging nitJOgclI in 

the case of higher pH [86]. 

Due to these considerations, the procedure cmploycd here hdd to he challged. 

First, thcre was no necd to purge nitrogcn into the solution br cause of the low VB. 

Second, the idca of following the extraction rate tlllough the b<tse aJditioIl llad to 

he abandoned-instead, reaction rate was detcrrnined frolll the ilrnoullt of mdal 

extracted into the organic phase for a givcn period of time. 

Each experiment was cDrried out under constant condltions-stirring, inter

facial area, pH, metal and extractant concentrations, volume of the two phases (for 

most experiments-50 ml organic and 250 ml aqucous phase), and tcmperature-- for 

a specified time, usuaHy 2400 or 3600 seconds. 

After the experiment, an exact measured volume of the organic phase (48 ml) 

was contacted with 2 M H2S04 (usually 30 ml) for complete stripping of the mctal. 

Tests have shown that this stripping with sulphuric acid indeed gave complete hack

extraction. The metal concentration in the strip solution was detcrmincd by atomic 

absorption either directly or after prop'::f dilution, when necessary. From the result, 

the total amount (in moles) of met.al extlactcd Wd& calcuJatcd and thm dlvided by 

the known interfacial area and time ta yield the flux of rnctal (moles per surfdCe area 

per time) through the interface for the paI ticular cxperirncIlt. 

This procedure, however, will only Le COI rect if the rate of rnctal extraction 

7To be dlscusseù ln Chapter 5 
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(i.e., the flux through the interface) is constant for the duration of the experiment. In 

other words, regardlc~.., of the timc pCl iod (up to a certain hmlt, of course), the flux 

must he the same under otherwlse identical conditIOns. This was venficd by carrying 

out several cxperimcnts for times ranging from 20 minutes to 2 hours and plotting 

mctal cxtractcd per surface area vs time. The rcsult mmt be a straight line with zero 

interccpt, and a sIope equaI to the flux. 

Such experimcnts, which will be called here 'linearity' tests, have been carried 

out on several occasions under different conditions, and acceptably good straight lines 

with practically zero intercepts have been obtained. Results from one typical example 

a.re shown on fig. 3.5. 

This linearity is not surprising, since during an experiment the amounts of 

metal extracted and H+ produced are very small when compared with their initial 

a.mounts present in the aqueous phase.8 In fact, because of the low pH, there was no 

need to add base for pH correction. This constancy of reagent concentrations (also 

in the organic phase) was a prerequisite for the observed linearity. In addition, such 

tests served as proof of reproducibility of the RDC results. Viewed Crom another 

angle, the information obtained by the described RDC method is gained with little 

disturbance of the system, thus aIIowing it to remain in a quasi steady-state. This is 

considered as one of ils main advantages. 

In the present work. the RDC method \Vas also employed to study the strip

ping kinetics of gallium from loaded D2EHPA. The initial }Jrimary purpose of these 

experiments was to cheek the model developed based OP the results for the extrac

tion kinetics. The RDC technique has not 50 far been applied to studies of stripping 

kinetics with one exception [84]. There, copper stripping kinetics were studied by 

following tllC rcduction of incoming Cu2+ on a ring-dise electrode and measuring the 

resulting eurrent. 

A similar procedure to that dcseribed for the extraction kmeties was used 

SIn the most favourable cases-lilgh pli and 11Igh extractIOn rates-the change is no more that 
1-1 5 % wlth rt't>pect to the Hutlal 
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a)so for the strippilJg expcrirncnts. HCfe, the acidic strip solution was placed in the 

thermostated bcakcr with thc prc-Ioadcd orgauie with known metal concentration in 

the rotating cylindcr. The main differcIlce-and problcm-was with the analysis of 

the stripped mdal. The rcsulting metal concentrations in the aqueous strip solution 

wcrc very low even for direct an alysis by atomic absorption. Smaller volumes of 

the aqucous phase and longer times (for the most part, 180 ml and 5400 seconds, 

rcsp.) than in the extraction experiments were uscd, but these changes still were not 

sufficicnt to obtain rnctai concentrations high enough for reliable analysis. 

One option was to use solvent extraction as a pre-concentration step. How

cver, such analytical techniques would require Hel medium or chloride addition (see 

pages 12, 16). Spectrometrie determination with rhodamine B, at these low metal 

concentrations, would also requin:! extraction prior to analysis [90J. Thus, it was de

cided at this point to do the simplest thing possible-ta obtain more concentrated 

solution by slow evaporation of part of the \Vatel'. 

After an experiment, two parallel samples of 80 ml each were taken, placed 

in two beakers, and left on a laboratory heatcr at a very low heating mode. Dur

ing evaporation, sorne of the water vapour was condensing on the cold walls of the 

beaker and re-entering the solution. After about 4 hours, the volume was reduced 

to approximatcly 6-8 ml. The exact volume was measured by an Eppendorf digi

tal pipette (threc digits, range 0.100-1.000 ml, imprecision less than 0.2 %). Metal 

determination in these samples was now possible. The results for the two parallel 

samples were usually in good agreement, and if so, the average value was used in the 

subsequent ca\culations. Although this technique is open to criticism, yet through 

both reproduction of sorne of th~ expcriments and successful application of 'linearity' 

tests (st,'e page 32), which WCle also carncd out here, a satisfactory degree of confi

dence was gdined. Nevert heless, a better analytical method should be found and used 

to provide lowcr detectlon levels, such as, for ex ample, inductively coupled plasma 

spectroscopy (lCP). 
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Chapter 4 

Experimental Results 

4.1 Introduction 

The results from experimentaI work are the subject of this Chapter. First, those 

regarding extraction equiIihria will be presented and discusscd. Based on them, sto

ichiometry of the reactions and respective equilibrium constants will be detcrmincd, 

and the two extractants-D2EHPA and OPAP-comparcd. Thcn, the rcsults from 

kinetic experiments will he presented. 

4.2 Gallium-D2EHPA Extraction Equilibria 

4.2.1 Basic Elements and Concepts 

The overall gallium extraction reaction can bc represented as: 

Ga3+ + n ; S (HRh (org) ;=: GaRn· sIlR (org) + nll+ (4.1 ) 

where s, the solvation number, depclIds on the nature of the organophosphoric acid, 

HR, as weIl as on the loading levci. The solvaled rnctal-organic complexe!> follow 

formation of extradant dimers through hydrogcn bonds in non-polar ~olvcnt~ (92, g;J]". 

However, the extradant exists mainly as monOlllCf if solvcllts capable of hydrogcn 

bonding, such as alcohols, are present-due to stf<Jng ~olute-~olvCllt 1Ill<·fi1ctiom. In 

methyl a1cohol, for example, both D2EHPA and M2EIIPA arc [ully rnonornerizcd [94J. 



( 

( 

The sarne has also been reportcd for M2EIIPA in n-dccanol [95]. The thermodynamic 

equilibrium constant of reaction 4.1 is givcn by: 

(4.2) 

or 
r _ 'YO&Rn .HR 'Y~+ [GaRn' sHR][H+r 
iex -~. !!.i.!. 

'YGa3+ 'Y(I/R~~ [Ga3 + J[(IIHhJ :2 

(4.3) 

where a denotes activitics and 'Y-activlty coefficients. If the expcrimental conditions 

arc sucb that the product of activity coefficients is kept constant, then the so-called 

'apparent' cquilibrium constant, J(~x-

!!..i:.!. 

}" 
'Y ï 2 [GaRn' sHR] all + 

_}( 0&3+ (HRh _ H 
\ex - ex - !!..i:.!. 

'YOaRn .HR [Ga3+}[(HRhl 2 

(4.4) 

can be used to describe the extraction equilibl ium. Since activity coefficients depend 

on the ionie strcngth (I) of the solution, l\;x will always rerer to a particular value of J, 

at which it has becn determincd. Under such conditions, the distribution of metal 

bctwecn the two phases-aqueous and organic-can he descrihed by the distribution 

coefficient, dcfined as the ratio of total concentrations at equi1ibrium: 

D _ [Ga]Jrg 
Ga - [Ga]Iq (4.5) 

If the only gallium species in the respective phases are GaRn' sHR and Ga3+ , then 

from eqns (4.4) and (4.5) follows that 

an 
J,' - D H+ \ ex - Ga !!..il. 

[(HRh] :1 

(4.6) 

or, in the {orm of logarithms:1 

log DGa ::::. log l\;x + n; S log [(HRhl + npH (4.7) 

Equation (4.7) Îs weB known and has becn used fol' detcrmlnation of reactions stoi

chiornctry and equilibrium constants [96J. When log Dca is plotted vs pH at constant 

lThroughout thls work, it is adoptcd that log a refers to the loganthm of a with base 10, and 
InQ--to the naturalloganlhm of a 

36 



1 

----------------------......... ...... 
free extractant concentration in the OIgalllc phd'iL' [tIlHU. il lilll' with cl s!l>I't' {'qll.lI 

to n should result-if no change in tilt' IlIeChalli~1I\ llCllllS wlthill tIlt' glWI\ pli r.l\I!!,t'. 

Similarly, when log DCa is plottl'd t',,> log[(IlIQ2J, ùt COIl~LUlt pli, the Il'sltitill!!, lint' 

should have a slopeequal to (H+s)f2 III 01 der tü wJrcctly apply thi~ IlwtllUd st'wral 

conditions should be satisfied or taJ..ell illto accoullt FU'stl)', the UJIIÎc stn'lIgt h hai> 

to be same for a11 of the employcd aqu('OUS solutions and kept Wllo.,tallt, 50 that the 

activity coefficients of the species in the aqucoll~ phd~t' ll'Illaill Il[\( h.lIIt',cd «Uld I\~x 

to be constant indeed). Estimation of activity coefficiellts of the specit's ill t.he or

ganic phase is a180 needed. For solution~ ùf D2EIlPA in ùliphatîc dllul'lIls, dcvi.ltionl.! 

from ideality have been attributed to weak dîmer dîmer intclaclioll'i [97J, whi(h arc 

not affected by the particular aliphatic dIluellt, and thl' followillg Ic1.tliOIl..,llip lillking 

"Y(HRh and formaI extractant concentration2 has b('Cll plOpo~ed' 

log Î(HR)2 == -0.83) F/2 ( 4.8) 

Secondly, eqn (4.7) assumes (by inclusion of DG .. ) that no gallium sp('cics othcr than 

Ga3+ exist in the aqueous phase, and accordingly, in the organic pba~e galliulIJ is in 

the form of GaRn' sHR only. If this does Ilot bold, tbell cqn (4.7) lias to he llIodified 

to account for the existence of other ~pccies, Thil dl)', the extra,tant term 11\ t'qll (4.7) 

reCers to the free concentration at equihbriulll. It CMI be <t<,Slllll<'d l'queL! tü tilt' mitial 

concentration only if the latter is suffiClently large with the mdal concentratioll low, 

so that changes due to the metal extracted are negligibly small. 

4.2.2 Preliminary Tests 

The initial experiments showed that gallium is \Vell rxtractcd with D2EIIPA When 

125 nù solution containing 9.61 X 10-3 g-ion/l Ga with pli of 2.16 wa') contaded witl! 

125 ml 10 vol % D2EHPA in kerosenc. gallium concentration ill tlle fdffi/littf' Wit') only 

0.:)7 x 10-4 g-ionfl after 40 seconds contact tHn(' (Table 4-1). In vrder tu e!>tirnat(~ 

the time necessary to establish equilibrium, undcr glven conditio[l<" d ~lHlll<tr test 

---------------------------
2formal concentration, or formal1ty, F, I~ tlac IIUIII!>pr (jf fOTlllUla \H~lght~, w'r Iitr,' c,f VJlut 10/1 
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contact time Ga in raffinate pli of raffinate E% 
seconds xlO~ g-ionfl 

10 6.45 1.67 93.3 
20 1.29 1.65 98.7 
30 0.72 1.64 99.3 
40 0.57 1.59 99.4 

Table 4-1: Gallium extraction with D2EHPA. Cauut = 9.61 x 10-3 g-ion/l, 10 vol % 
D2EIIPA, O/A=l, t = 21°C. 

contact time Ga in raffinate pH of raffinate E% 
minutes x 102 g-ionfl 

5 2.35 1.06 58.7 
10 2.10 1.02 63.1 
15 1.95 1.01 65.7 
20 1.87 1.01 67.0 
25 1.86 1.00 67.3 
30 1.86 1.00 67.3 

Table 4-2: Gallium extraction with D2EHPA. Gam1t = 5.68 x 10-2 g-ion/l, 10 vol % 
D2EIIPA, 0/ A=], t = 21°C. 

was carried out, but with higher gallium concentration in the aqueous phase. The 

results (Table 4-2) showed that in this particular case approximately 25 minutes were 

needed. 

Samples from the loaded organic from these tests were contacted with solution 

of 1.5 M H250 .. for different times, and it was found that in 20 minutes, aU gallium 

was stripped. 

Two loading tests for two different concentrations of D2EHPA-{).045 and 

0.086 F, werc pcrformed. 5mall volume (15 ml) of the organic phase was contaded 

several times with portions of 100 ml 0.06 g-ion/I gallium solution. Gallium loading in 

the organic phase reachcd a level of 0.140 and 0.251 g-ionfl for the two D2EHPA con

centrations, respectively. These values represent approxirnately 3:1 metal:extradant 

mo\ar ratio. Thus, it can be concludcd that in fully loaded D2EHPA, the stoichio-
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metric formula of gallium complex is GaR3.3 

For sever al samplcs of gallium-loadcd D2EllPA, l M lICi ~()lutillll W(l~ \Is{·d tu 

strip the metal. Gallium \Vas stripped but no sulphate~ were foulld in tll(' rl'sultlllg 

solutions (test reaction with BaH). This showcd that sulphates \Vcre Ilot (O-extrdctctl. 

4.2.3 Dependence on pH and D2EHPA Concentration. Re
action Stoichiornetry 

A series of equilibrium experiments were carried out at different dqucOUS aridities and 

constant extradant concentration in order to determine the dppendcnce of gallium 

distribution on pH (fig. 4.1). When log DCa \Vas ploUcd vs pli a straight linl' with a 

slope of 3.4 7 resulted (correlation coefficient of 0.9947). This showed tltat thel e is no 

change in the extraction mechanism withill the pli IIltcrvd.1. 011 the ot.her h,\IId, the 

value of the slope was unexpccted-as for a tri-valent mctal, 71 ShOllld \w t'quai tu 3. 

The ditference was too large to be attlibuted soldy to cxperimental !llIcertallltÎcs. 

Eventually, the reason was found to Le the following: the aqllcous solutions 

of gallium were prepared from Ga2(S04)3' 50 lhat the melal conccntrcüions for ail of 

them were the same, and H2S04 was addcd to obtain solutions with illcle(l~illg acidity. 

Thus, the solutions prepared would have had not only differcnt acidlties but also 

different sulphate concentrations. If galhum could fOIlTl complexe~ wlth !->ulphates, 

as was Iater found to be the case, thcn eqn (4.7) would uc no IOllger applicablc---

increased sulphate concentration would mean lowcr concentration of frcc Ga3+ and 

therefore less metal extracted, according to the equilibrillm Icactioll 4.1. Hence, 

these first extraction results served to stress the impol tance of gallllJIlI complexation 

in sulphate solutions. 

In order to avoid, al this point, additional complicatiolJ~ ari~illg from wlphate 

complexation, gallium nitrate solutions wcrc prepdrcd and thcir acidity Wci'i varicd 

3This, however, does not exclude possible eXistence undcr buch condItions of polynuckar bpeci!!/> 
with the same mono mer formu la 
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ionfl; 20 vol % D2EHPAj Of A=lj t = 22 oC; the acidity is varied by H2S04 addition, 
i.e., the total sulphate concentration increases with decreasing the pH. 
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hy addition of HN03 .4 The ionie strcngth \\'a~ mailltaillcd with N.\NOJ ,l.I J == tu). 

The results kr several conrcntlatioIlS of IY2ElIPA ar(' sh()"'11 011 lig .I.:? The ~l\)pl's 

of aU Iines were frorn 2.94 to 3.05, (!s JetellllÎnt.'d by the le.l:-.I-!'>qu.lI \.~ Illet hud, with 

correlation coefficients ranging hom 0.:1961 tu 09!J95. 'l'hus, Lllt' \',due of 7l was 

accepted to he equal to 3. 

The dependence of gallium distribution 011 D2EllPA concC'lltration can he 

determined from the results on fig. 4.2 as \Vell. It is clt'ar, th,lt, ,\Ily Vl'rtlCétl lilll' 

through the graph, crossing the pH axis at a given point, will give vdlues of log DGa 

for that particular pH. AIso, the interccpt, A, of cdch line is l'qua.!, é\ceordlllg to 

eqn (4.7), ta: 

'1 11 + S [ ) A = log J\.ex + -2-10g (lIR)2 ( 4.9) 

Therefore, when the values of A are plotted as a function of log[( Il H hl, a linl' with a 

slope of (n+s)/2 and intercept equal to log J{;x should be obtailH'd. Thc r{,"IJIt~ from 

tbis are shawn on fig. 4.3. The obtamcd line has a ~lope equ.il to ~.04 and illtt>lcept 

of -0.121 (correlation coefficient of 0.9982). 

Based on these results it ',vas t:'oncluded that the value of s i~ cqual to olle 

and K!x is cquai to 0.757 mal/l (far J = 0 5). Thus, the stoichialIlctry of the overall 

extraction reaction was determined to be: 

Ga3+ + 2(HRh (org) ~ Gal{3 ' BR (org) + 311+ (4,10) 

Recently, the same stoichiometry was a)so reported by 1110ue et al [71]. 

Another way to determine the reaction stoichiomctry is bascd on the following 

considerations: Assuming that a given gallium camplex-GaRn . ~IIR-- form~ in the 

-tIn all revlewed sources for gallium complexatlon III aqucOUl> !'olutlOn'l (1' g, refPTt'IICf'1> (l18] 
[125]) there was no eVldence of P05:'lblc eXistence of 1Illral(' cO/TIplcxe~ For rno<,l IIl1'tal:", for Willd. 
stablbty constants, {J, are avallable, log{J IS lel>s than 05, and for wally tlll!> v<du(' 1<; neg.~t.ve---e g 1 

Ni2+. Co 2+ , Fè+ [104J For InH 
1 the ollly metal slIl\ll.n to G<\H for wlwh d.\t.l art' av,ulable, 

logPl = -043 (at 1 = 4) 15 glven l'hl:' law value Imphc~ thal the cITee\. .. of dlly fJo"l>lbl~! Iulrale 
complexation will be very small 
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organie phase,s thcn the free extractant cOllccntrrlt ion at equilibrium will be: 

[(HRh] = I(HRhl.ntl - 11:~ [GaRn' sHRJ (4.11 ) 

Provided that the experiments have been calfied out at 01 A ratio of one, then from 

il follows that 

[GaRn' sHR] = D DCa 1 [Ga3+]init 
Ca + 

When [GaRn' sHR] from eqn (4.13) is substituted into (4.11): 

] [ l n + S DGa [ 3+] [(HRh = (HRh mÎl - -')- D 1 Ga mil 
~ Ga + 

(4.12) 

(4.13) 

(4.14) 

Arter substituting [(HRhJ-~from <'qn (4.14) mto (4.7), and final rearranging, the 

foinMing expression is ohtaincd: 

([(HR) 1 - ~[Ga3+1 ) 
1 D 1 } " + 1 2 lrut P DG.+1 Ilùt 
og Ga = og \ ex P og 1 an p 

11+ 

(4.15) 

where p = (n + s )/2. This equation differs from (4.7) in that here the free extractant 

concentration, at equilibrium, is expressed with the known initial values. 

The unknowns, n and s, ean he determined by assuming for them, and there

fore p, certain integer numbers, thcn calculating with these values the second t.erm 

Q,} the right-hand si de in eqn (4.15), and finally plotting the result vs log DGa. If the 

assumcd values are the correct ones, the obtained slope should be equal to p. An ad

vantage of this procedure is the account of the free [(HRhl. Unless the experimental 

conditions are sueh that it can be assumed equal to [(HRhtnit' [(HRhl can be found 

onl) if the sloichiomellY of the extraction rcactIOll is known. 

This technique was applicd to the galtium-D2EIIPA equilihrium data (fig. 4.2) 

for dlffcrent \'alues of n and s. The lcsu)ting slopes, as found by the least square 

I1lethod, for 12 = 3 and for s from 0 ta 3, ale givcn in Table 4-3. 

S formation of polynuclear complexes III the orgallic phdSC 15 not consldered here because of the 
low nlt'lal conCl'lItr.\lIOI\S III the aqueous ph,\.Sl' allJ lo\\' IOddlllg Icvel::. uscd 111 the expcnmcnts 



, 

assumcd initiaI D21~IIP:\ (dS dllllel). F 
values for 0.013 0072 o 108 o Il:l o 1 KU 

5, P ootcllllt'l( \ cll\lL'~ for ]J 

S = 0, p == 1.5 l.59 l.G:2 1 () 1 1.()5 1 (;ï 
s = 1, p == 2.0 2.02 2.04 203 2.0:~ 2.0,r'j 

s = 2, p == 2.5 2.71 270 2 GS :2 (j~) 2 GG 
s = 3, p = 3.0 34G 3.38 330 :3 ,)-_1 3.22 

Table 4-3: Calculated slope (p = 7lj5) vd.luvs, H =:3 D,d.l from fig ·1 2. 

The results show that for al! extractant Clmcclllr,üiom the t l()<;('~t. IIIdt<!t he-

tween assumed and found values of p is for n == 3 and 5 == l, tl1<'I('lor(' ,-oufirming 

the stoichiometry of the extractioll l'eaction 4.10. For tl\(' ca~(' of '" = O. the ohtaitlt'd 

values for pare relativcly close to the assumed, and the <iJfrcn'll< e ill< f('a.~e~ w,th t'X

tractant concentration. The opposIte trend IS ooservcd \Vit li tIlt' ('d ..... t· of 8 = :l. TheM' 

two trends can be posslbly explained by the follOwing con"id('1 ,tt IUII'" It i!-. kuOWIl 

that the large excess of extractant with respect to the filetai III tht' urg,lIIic pha.<;e 

favours formation of complexes of the type MeRn . ulm. On tItt other hand, whcn 

the loading capacity of the extrdctant is approached, the Illolar extra( taut'lllt'tai ra

tio is then close to n.l [98, 99, 100] TherefoH" III the tt,m"tt }{J!I fWIIl lo\\' 10 high 

metalloadings, there will be a gradllal change in the dIstlibutlllll of "('\'('Itt! pO<'!->lbly 

existing metal-extractant complexes. 

The results trom gallium equilibllum exit aetton willl D2EII PA hld tu tlte cou

clusion that gallium is exlractcd as GaR3' lIH, accordillg to t!Je owrall l'Ccl( tiull 4.10. 

This complex, howcycr, s110uld be viewed ordy as tbe pleJumillélllt UI)(' (fOI tllC rallgc 

of experimental condit ions) and not the only olle t!Jüt Illel)' exi"t III tll<' 01 gaIllt phct.h(' 

The two trends, observed in the rcsultf> ill TalJle 4<~, appeal tu "lJppoll tl)(' fd( 1 thilt 

at very low metal loadmgs tbe prcdominaIlt complcx will 1)(' Gc1H 3 :311 H, wllll(' al, 

bigh loadings-GaR3' The latter was also Îndlcat('d ill tbe lo..I.dlllg Céipi;city te.,t~. 
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4.2.4 Effcct of Sulphate Concentration 

As it wa.s notcd carlicr, gallium cOlllplcxdtWlI ill ~ulphate solutions appeared to have 

a significant cffcet on gallium dlstnhution Let'Wcell the two phases. Several series of 

cxpcrimcnts wcre carricd out at dlffcrcllt sulphatc coIlcentrations. The amount of 

sulphatcs wcre control1~·d by addition 0: ~a2S04, ""hile acidity and ionic strength 

(/ = 05) were adjustcd witb I1N03 and J':a]\'03. The oLtained results for tv/o 

differcnl extradant concentrations and gallium solutions v· .. ith and without sulphates 

arc givcn on fig. 4.4. 

The results c1carly show that the presence of sul;lhates in the aqueous solution 

Icads to a significant decrcasc in gallIum dlstributioll coefficients Also , the apparent 

slope of the lines for those experiments wlth sulphates is noticeably le~s than three. 

Least-square curve fitting ga\'e slope~ dose to 2.3 for lines 4 and 5 (2.36 and 2.25, 

re5p.), and slopcs of 2.50 and 2.74-fOl liIlcs 6 and 7, respectively. 

The fact that Imear depcndcme of log DCa on pH is again observed with 

the rcsulls for extraction from sulphate wlutions means that there is no change in 

extraction mechanism as comparcd \Vith the case when no sulphates are present in 

the aqucous phase. Thus the rcaSOll for lowcr extraction is probably duc to gallium 

sulphate complexation. Glven the pradical significance of sulphate-based process 

"'11utions for gallium recovery, galhum complcxation and implications for extraction 

clcarly bccome important. 

Due to compIexatlOll, eqn (4.7) will no longer be applicable since the total 

gallium concentration in the aqueous pha~e, [Ga]~q, will not be equaI to the concen

tration offrœ Ga3+, whiLh is supposedly the rcacting species.6 Hence, from eqns (4.4) 

alld (4.5) it follows that 

(4.16) 

Sin f.let, Ga3+ IS hydrated and eXlsts as [G.l(1I 20)6j3+ III aqueous solutIons [9) 
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Figure 4.4: Extraction equilibrium with D2ElIPA. Effcct of sulphate concentratIon. 
line 1: Gairut = 9.61 x 10-3 g-ion/l, line 2: G~rut = 4.02 X 10-3 g-ion/I, linc ~~: Gaulit = 
9.32 X 10-3 g-ionjl, line 4: Galrut = 6.17 x 10-3 g-ion/J, linc 5: Gauut = 10.47 X 

10-3 g-ion/l, line 6: Gauut =- 5.74 x 10-3 g-ion/l, line 7: GalM = 9.32 x 10- 1 g-ion/l, 
O/A=-1, t = 21 oC. The acidity IS varied by HN03 addition, j C., the total hulphatc 
concentration (from Na2S04) remains constant and docs nol change v·nlll pli. 
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alla accordingly 

,/ . [GaJ!q 
log Dc. = log Aex + 2 log [(IIRhJ + 3pH -log [Ga3+J 

Equation (4.17) can abo he written a~ 

[GaJ;q 
log Dca:=: log DCao - log [Ga3+J 

(4.17) 

( 4.18) 

whcrc DCao is the distribution coefficIent of galhum ubtamed in absence of sulphates 

and undcr othl.'!rwise the same conditlOn~. EquatIOn (4.18) shows that the dccrease of 

log DCa in comparison with log DCao tS duc to the always positive log ([Ga]~/[Ga3+1) 

tcrm. Obviously, it will be cqual to zero-and thclefore log DCa l'quaI to log DCao

oIlly when 110 gallium complcxation III the aqueous phase takes place, i.e., [GaŒq = 

[Ga3+]. On the other hand, thi~ term docs not depend on the particular ex tractant 

but only on solution chemü,try and complex eqUlltbria in the aqueous phase. Thus, 

eqn (4.18) implies that the relative effect7 of sulphate cornplexation on extraction 

will be die sarne regal'dless of the particular extractant as long as the extraction 

mechanism remains the same. 

ln order to correctly prcdict ho\\' DCa will be affected by galhum cornplexation 

in aqueous !>olutions, it is Jleœssary to be able to find [Ga3+] as functioJls of the total 

(anal)'tical) gallium, [GaJ~, and the totdl sulphate concentrations as weIl as other 

properties of the aqucous solution-aCldlty, presence and concentrations of other 

clements, ionic stl'cngth. These will be further discussed in Chapter 5. 

4.3 Gallium-OP AP Extraction Equilibria 

When considering gallium extraction with OPAP, it is important to rerncrnber that 

OPAP is a mixture of two extractants-the di-basic mono-OPAP and the mono-basic 

di-OPAP (fig. 3.1). The former may be Icgarded as anaiogous to M2EHPA and the 

latter--to D2EIIPA, with the diffcrcnce bClflg onl)' in the nature of the hydrocarbon 

7ror DGa compared to DG .. o 

tS 
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radical. Due to similarities in structurè, ;lll' phy~ico dH'lIl1c.d PI\)!H'llil's llf 1ll01l0 

OPAP and di-OPAP will be close to tho~l' of !\l::?I:JlP,\ ,lIld D:!I:III'A. rl'~p .• w/tilt> 

the differences wIll be duC' to tilc JlffCll'ut rd.JH ,Il ... 

As mentioncd carher, addition of an alcullOl moJIflel to OPAl>, dl~::.()I\'t'd in 

kerosene, is necessary for improved phase Sepald.tllJlI. III thi::. wOlh, tlll' <OlIn'I\lration 

of the alcohol, n-dccanol, in the orgalllc pha~(' \\'.l~ !:2 {i vol 'X, \\ hil h COIIt':->!H)I1ds 

to approximatdy 0.66 mol/LB Although dilect ('\'l(ll'll<(' abolit ((j11ll.1I1UIl of OPAP 

dimers in non-polar solvents and exÎstence il::. mOllOIlll'IS III th!' PIt'!'l'JIl'1' of a\cohols 

is not available from the litcrature,9 it is as~UIlll'J thi.., 1.., the (,l'l', li'> Îs wlth olher 

alkyl and aryl mOllo- and dl-basic orgallophosplrol m, al Hire ('\1 l.ll 1 illlb [50, ~H]. 

4.3.1 Aqueous Solubility of OPAP 

Of the two OPAP componenls, mOllo-DPAP IS expecled tu hcl\'e Ua' !Jigher aque-

ous solubility, and this will have an e{[cct on IOllg- li'JIll pCrfOrlllélllCt' alld cxL! <lCtant 

composition. 

Parallel samplcs of DPAP in keroscne (contallJJIIg 12 G 1t. n-dccct/IOI) wer(' COll

tacted several times at OjA ratio of 1/2 with ~ucccs~i\'e ('qu,t! pOlllOW> of O.lfj.1G M 

HN03 solution with constant ionic strcngth of 0,.5, IlIdilltcUTl('d \Vlt.h N,tN03 Aft('r 

each contact the aqueous acidity and OPAP COIH_l'TltratÎOII III Il\(' olgall1l' \o\'('r(' dder

mined. The results, given on fig. 4 5, show th,lt the grctdu,d del re,l'>(' Ifl extractaut. 

concentration is mainly due to the mono-OPA P cornpollellt. The dlOp, éI..'> cxpecLcd, 

is most significant after the first contact caused plOLdbly lTl lM! t by water-~()luLlc 

impurities, sinœ the samples wcrc intcntiofldlly td.kclI [IOlll tl1l' 1l011-COll(!Jtiol1cd 'as 

received' extractant. In the following contacts, howevcr, the d('( Il'd~e i~ ~light 

The effect of pH on extractant solubdlty I~ ~h()wlI on fig. ·1 G. 1Iel<', :-,ample:-, of 

8ThIS 15 almost three tlmes more than the lllghest totdl (mollu- plu,> dl-) OPAl> çO(l('~'lItralIOIl!> 
used in the expeuments 

91n Cad, no data on any physlco-chemlcal properta>s of the OPA P Çor/lpOlll'lIt~ Wf'T(' ftJulid 1/1 th(· 
available literature sources 
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the conditioned extractant wcre uM·d and the aqucous solutions \Vere with the same 

composition as in the prcvious experimcnt5, but with varying acidities. The results 

are consistent with the two-pha5c dist.nLutioll uf a wcak acid [50], BR: 

(4.19) 

and accordingly 

]
T [] f{ .. [IIRhaq) 

[BR (aq) = BR (aq) + [11+] (4.20) 

where [HRJ{aq) is th(' total acid concentration in the aqueous phase and Ka is the acid 

dissociation constant. 

The scatter of experimental data was found, however, to be significant because 

of the ver, small differep~~ :-, exlI actant concentI ations involved. Hence, any quan

titativ(! intcrpretation bascd on the!>(' rcsults would be uncertaîn and was therefore 

not attemptcd. 

4.3.2 Equilibrium Distribution of Gallium 

Results for the obtaincd log DGa values as a function of pH at different ext,rac

tant concentrations for four compositions of OPAP are given on figures 4.7-4.10, 

rcspf'ctivcly.l0 The gallium aqueous solutions-compositions and ionic strength

were thc same as those uscd for the extraction equilibria with D2EHPA (fig. 4.2). 

The results showed a lincar dependeIlcc of log DGa on pH. The slopes of the 

lines were found to be close to three, though in sorne cases slightly higher-even up 

to 3.22. No relation, howevcr, was observed betwcen these higher slope values and 

extradant concentration and/or composition. 

When comparing diffelcnt extractant compositions under otherwise the same 

conditions, the rcsults dearly show inn eased extraction with increasing mole fraction, 

x, of mono-OPAP in the extractant. 

lOThe "alues of extractant concl'ntratlOlI~, shown 011 the graphs, represent the suros of the for
mallhes of mono- and dl-OPAP, i t' , tht' lotdl concentratlOlI, CT 
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4.3.3 Extraction Reactions with OPAP Extractants 

Case of two parallel f('actions 

Gallium extraction witl! OPAP rnay he lepre~(,lltcd by two parallel reactions-for 

tllC two compûncnb, assuming, at tbi:, pOll1t, that ûn!y the complexes with general 

forrnulac GaM3 . slIlM and GaD3 . szH D caIl fot Ill, le~pective!y:ll 

(4.21) 

• 
( 4.22) 

wherc HM dcnotcs mono-OPAP (M = HOP(O)(OH)O-) and HD-di-OPAP (D = 
(HOhP(O)O-). Accordingly, the apparent equdlbtium constants for fcactions 4.21 

and 4.22 will be: 

( 4.23) 

for mono-OPAP, and 

(4.24) 

for di-GPAP. rl'he distribution coefllci{,llt of gallIum is thcn: 

(4.25) 

. 
Thus, from eqns'(4.23), (4.24), illld (4.25), it follo\\'s, 

( 4.26) 

Sincc the total OPAP concentration in the OlgdfllC phase, CT, is the sum of [HM] and 

1110], and also IHM] = :rCr and 11ID] = (1 - x)eT , eqn (4.26) .:all be written as: 

( 4.27) 

III thiil t'qll (·l.:~7), the respecti\'e equilIblllllll constants il,', weil dS the values of s} and 

'~2 aIt' ull].,nowll. Once they are determlllcd, galliulll extrdctlOll (an then be predicted 

11Tht' h\l) Wllll'ont'/lts art' cOllslderl'J full} 1Il01l0Illerlt(·J 111 tl.e ùrgamc pilas;> (see page 49). 
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based on extractant cOl1lpo~itioll ,lIld COIl(('lItl.ltIUII ,\lit! plI. 11 ~lr\llllll1,t' ,11"0 I1ott't! 

hcre, that the pOt>sibrllty for IJ\(JIIO-OP,\P tU.l1 t ,( ... .1 hi-dl'llt.tll' II~dllll flll lire IIId,lI, 

i.e., to have hyJrogem fWIll both Oll-glùllp~ ('\.( lr,lIlgl'd, I~ li Il 1 ri" l~ 'l'Ill' f.let tlld! 

the se('ond cquÎ\'al<,nt pomt in pOtclItlOllwLIic tllt,(tlull~ of OP.\P 1" ,UlI\llld pli Il 

(cf fig. 3.3 and Appcudix A) suggests thùt tilt' ::-c,'olld dh~,Ull.d il)lI tuu ... t .\11\ uf IllOIlO

OPAP is much sm aller than the fin,t dl%U(lùtlull lUlht.lllt Thl'll'foll',IIII",lr,l<tioll 

reactions from acidlc solutlOlls mOllo-OPAP I~ Ilkt,l,)' 10 ,ll t .h .. IIIOIIU b.l"t< .l( HI, cI..., 

is the C'a,<;c also with M2EIIPA [9J), 

As a first apprOXil1latlOll , SI riIH.i :01 cali Le d.s~ulJ)C'd l'qllùl, tu .~, ,1IId tIIl'1I 

eqn (4.27) becomes, 

(-1. 28) 

When the values of (log DCa - 3pII) from the equdllHl\Ull dol!.\ (fl.l', 1 ;-·1 10) <ln' 

plotted l'S log CT, the slopc shoulJ Le cfJuctl \ 0 (3 + .~) and tlte IlIlcl( <'pt to \ Il(' loga

rithmie terrn, containing the' cqulllhrium constant-, alld tIlt' Illule fI ,1( tlOll (1'1)/1 ·1 :lS) 

The results are shown on fig, 4,] 1. lt appl'àrs, flom tlw c,dl trl.tll,d :-.lop(' V,dlH'~\ tltat 

the stoichiornctry of th!' complexe;, formcù i'i Gi1~l.s dUel C,d) 1 (i l', .~ =: 0), ,dt hUII!!," 

this does not explain wlty the 510111.''> ale Ic~,> tltall titI el' 

This procedure i~ "illlllar tü tire Olll', {(JlJù\\'('d fUll 1Jf' );,dllllili JJ..~I,I IPA ... )' ... 1('111. 

There are, however, two Îrnportalll differclI«'~ (JII( l'Illlltg dl(' OJlAP ",y"ll'lll fir..,tly, 

two extracting reagents arc present and the I)dmvioul of 0111.' !Il.l)' Ilot 111' IIId"lH'Ildellt 

of the other. Secondly, becau~e 110 illforlllal!üll on ddl\ Ity {(Jdh(J('lJh uf the OPAP 

reagents in the organic phase 1" avarlable, they arf' as:-,uIIH'Ù ('qlj,t1 tll (JlJ(' ,],lli" j" ci 

significant slmpllficat'dll givcll the (olllpl('\lty of tlJ(' Ulg,UII( ~l)ltrt Î(1Il t!Jf('I' rl'cLg,('lIb 

present with probable stlOlIg ;,olut('-~oltlte mteldctlOm Ld\\('('lI n-d('r.!I!lJI and !IlOilO

and di-OPAP, and hydrogcn bondlng Thu'i, COll'3ld('1 (lblc dl'\ lill 1011 fI UIlI lIkallty ill 

the organic solution cali Le CXpCL ted. 

If the only gallIum complexe,> ln tJle orgallÎ<- pllélW are Gd~t 1 clfld C,iI)'j, thell 
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Figure 4.11: Extraction equilibrium ",ith OPAP. Plots of logDGa - 3pH vs loger, 
based on the data from figures 4.Î-4.10. 
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X A J 

O.::?2 2~ o:J 
0.43 4532 
0.62 62.01 
095 92.&3 

Table 4-4: Calculated values of Ar u~illg thc t'\pl'IiIlWIlt.d ddt-l (fig. l.ï ·UO) III 

DG~ a3 vs CT
3 coordinatcs. H+ 

according to eqn (4.28): 

(4.29) 

where 

A J ., 3 J" (1 )3 ~ = \ M,exX + \ D,n -:r (1.30) 

Hence, values of AI can be calculateJ flO/11 tllc equililH JUIll Jtltil by p)\)ttjllg, ill ctccor

dance with eqn (4.29), Dca a
3 

vs C73., for C<1c1I OPAP lOIll!HJ..,111U1I (éLlld, tll('I<'[o[(', ft H+ 

given value of x). The rl'sulb are givcn ill 1'a.l)I(' 4-4 CUlltr,lly tu ('<\11 (.1 :W), however, 

the obtained values of AI show clearly a filst (alld Ilot 11 thi\d) ord\'l dq)l'lld('llCC (Hl x. 

The datû from Tablc 4-4 yield the cl1lpirical equ,!.t;oll 

AI = 9G.33x + 8.79(1 - T) 

with correlation coefficient of O.!:l992. The t\\'o J1ullll)('r~, !.l(i.:!:i ,\lit! ~ 7!j, \\lJllld haVI' 

the physical meallmg of being the respective equillbriulll (,Ollstcllltf-., }\'~I,f'X dlHl }({) ,ex , 

but only for the two limiting cases of x = 1 and x == 0, ill (tc lUI <Llll( C' \\'It JI (''lm (4.29) 

and (4.30). Furthcrmore, If thesc two number,> ale U~('J cl.., l\'~l,,. .. étlld /(1), .. " ill 

eqn (4.30) to calculate A.c for 0 < x < l, it i~ ol)viou,> tb'lt mil( 11 !o\\'c>\ \"t!Il(,!-. of Ar 

than those calculatcd from cxperimelltal data., aJ1d ilccordlIlgly lJc" from <'qn (/t.2!}), 

will be obtained. This IS illm,trat('d on fig. 4 12. 
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Apparent first order dependellcy of .42 Oll l 

Clearly now the qtJe~tJOIl is \\ lIy Ar appl'df~ tu he 111"'( 01 dl'I dq1l'llllt'lIt Oll J', whd,,, ,tt 

the same time, DGa i~ t}lIfd order dCpClIdcllt 011 CI III t II(' ~l'dll Il re, dll l'Xpl.lll<ltioll, 

a number of probable options hd\C ot'ell LOlli>ltkll'd Fll~t, it h pu ...... t!)l,· th,\t "'1 dlld 

82 are not equd.l, i,e" the gallIum cOIllplext'~ in th,' UIg,dllil ph.,,,,, dit' t:.d\1\, Î>IIIM 

and GaD3 . s2IlD Theil the itpplUjHiùtl, l'ljll.ltlull, "lIllddl tl) "'Pl (1 ~~)), \\ dl b,· 

( 1 

From this eqn (-1.31), by polynoIllI.d r('gll',>~IOl\ 1l\1lI!,!. t h\' e'llllllll\ 111111 d.lt.l (fi)!, 1 ï 

4.10) \\ltl! CT tH~lllg the mJepC'ndelll ,md J)Cd n'j (h\' c!"jH'\l,kllt "dll.d,I,·, tire two 
lit 

ffi ' t J" J+Sl cl 1" (1 )jt~J 1 t tif t t 1 coe lClen s, \M,exI ,lIl \0,.'), -:r ,Cdll H' ( .... 1111.1 1'1 01' 1111'> .tri :r ,UI( 

given sets of ..'il and 82' Tlie calculdtiom ~h(j\\'l'd, hU\\'\'\\'I, th.iI fui ,dl, O/1l11ll1il

tions (for values of -"1 and S2 front 0 to :3), ('Itlll'r /ll'gdt 1\\' (lIl'1fi( \('/1(-., ul \'/'IY Jow 

correlations, or hoth rc!>ulted, with the only cx«'ptiull fUI -'1 -= '~2 := 0 

Anothcr pO~~lbllJty is the eXlstl'llcc of mOIl' thalt two g.dltlJlIl Î>pt·C1l'!> 1.(', 

also prcscnt. The:: .~n cqu~tion ~r;ul~)gUll;, tü ('qll'" (-t ~~)) .1/1<1 (1 :i 1) \ .ll\ 1)(' ..,irlllldrly 

derivcd: 

(1" 3 1'/ (1 )'~) (d \M,c"X + \0,.:), -.r l' + 

(4.32) 

where J{~fl,ex and J{02.ex are the cquilIlmurn con.,tarlt.., fOl th!' ~('( Ollt! complexes, 

GaM3' s}HM and GaD3 . s2HD, rcspl'ctively ÂgdÎII, d'> III tlJ(' tHe'VIUll!> ca,>e, the 

results from polynomial rcgrl'5'iIOn IllJicat('d lltat thl',>e t\\'o ,Hldltloll,t! colllpl('xel\ 

were not present. 

It Îs approplJatc to rl'call, at tlllS pOlllt, tli,t! the tlppdll'ltt fir.,t ord('r d('PCll

dence of Ar on x j'i just that- dII apparent oIdel cUld lt ollly refl('( l ... lIt(' overall 

effect from two or more extraction l ('étc.ll(JI\.." Tht' 1(,~lIlh IlIdi( .d(·, Ly tlj(~ ob..,('rved 



nearly Ulird Of(],-r dqwndenfe OH CT, that at k,-\,>t the t\\'u cumplexes Ga~b and 

C,t!)j do forlll Oll tht' utiH'r IJéHld, the cdkuldled 11IIl' [JUIll eqlJ (1 30), ~ shown on 

fig. 4.12, glve~ IlIU(l! !o\\'cr value:, of Ar thall t1w :,tJ,llg!lt hile lJd"ed OIl t}lO~e found 

('l'ab!(> 4-1), and the two hncs interccpt each othel at x = 0 alld l '= 1 Fm thC'rmore, 

the dtffcn>Il\(' bdw("('r! the Ar values, as thel' drc gi\Cll [rom the t\\'o lines, changes 

will!:r. The clI,wge i~ such thdt tlle difTeI en< c appear~ tl) be proportional to the 

produci of x dnd (J - x), iIl otlier wOlds--to the Ploduet of mOllO- and dJ-OPAP 

conc('ntration!'. This is possible ouly 1Il case of fOllllatioll of mlxcd complexes or 

dJd ucts. 

Formation of mixed complexes 

It is kllOWIl that higlIel metdl IOélding'> w.th acidic extraetants arc obtaincd if the 

cxtradcd complex invo!\'{~<, ulldlssoelated nlo!e,u!,'s of the extract aIlt Formation of 

such complex('!' 1'> cornillon lTl c:...tracllOll \\'1 th 01 g<l.nopho~phol JC and carboxylic acids 

and the)' mal' oe consiùered as adduct<; [50] The undls:,ocldted !1l01ecules are often 

from a neut.ral extrdctant (e.g., TBP, TOPO) pl e~ellt. \'ë.nou~ syst em~ eontaining a 

chelating, HL, or ail organopIJO~phu!lc acid extldd,Wt. BIt and a ll('utrdJ cxtractant, 

E. hdve IH't'n dcscribcd [50, 96]. The cnhanced c:...tlactlOn !csu)ts from formation of 

oue or mOle <LddllCt!,. hdving a gCIlCldl fOllllULl ~kLll cE--- fOl the case of a ehclating, 

and MeRn . sllH . cE--for an org(lIlophospltol le aeiJ extractant: 

McHn . sHR(org) + eE(org) ~ MeR" . sHR . l'E(org) 

( 4.33) 

(4.34) 

Adduct formation, in the ca~t' of olgallophosphol ie acid, may also proceed by substi· 

tution of olle or more of the solv.\ted lIB. molccules: 

Menu' sllH(org) + eE(org) <=" r..1eHn qIIR· eP(OIg) + (s - q)HR(org) (4.35) 

If two similar extractants are togcthcr III the same organic phase, then mixed 

cOlllpl('x('~ m,,~ fOrIll For example, III the c,t~e of t",o chc1atmg leagents, HL' and 
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HL", formation of mlxcd ~lcL~L(ln_ .. ) 1-, pussible [rlOI, 

On the other hand, if the twa Sllllilal reagl'lltt> are org.lllopltosphotlc or calboxyhc 

acids, then mixed dimers (heteloJllw.'lildtIUlI) III BOil polar SOh'l'l.h aH' klhlWII to 

farm [50], It seems, thercfarc, rl'~~0Ilübll' to t>llg~l'::,t th.li III the (',I~l' of Jl\OllO- élllJ 

di-OPAP, mixed complexes of titt' type ~ll..'\lI1DJ_1I Ill"Y furlll 

Four simultaneous extraction reactions 

Since n can have values from 2('10 to thlcc for a tn-\'<lll'Ilt mctdl hkt' galliullI, th{'f(' 

are four po~slble compll'xc~ \\ Ith theil l'xli actiull Il'c\ctl\)IlS alld eq\liliLI illlll (OIl"l,\lIt.s 

defincd as [01l0\\'s: 

GaH + 2HM(org) + llD(OIg) = Gd~JtI\Jl~) + :311+ 

!GctMiD] (/3 
}" Il-t 

\21,ex = [G aJ+]!IIi\ljl[I!U] 

Ga3 + -t HM(org) + 2IID(org) <= GdÎ\ID l (orj1,) + 311+ 

[GdMDi]a3 
J(~2,f!X = IGa3+)[llM]di;J)2 

(4 40) 

(1,4 1) 

(4,42) 

(4.44) 

If these four complexes are the oIlly OIlCS, exi~tiTlg in tbe organic pba~c, thcfl DG,. 

will be: 

(4,45) 



}{~o.ex = 97.01 

f{~l.ex = 201.31 

l "~ - l');J~ \ 0.3.", -- ~ 1 

1{~ 2,ex = IOG.99 

Table 4-5: Calculated equilibriurn constaIlts of the four complexes. 

From cqn (4.4.1) and cqns (C{8), (4.40L (4,42L and (4.44), after substitution for 

[HM] and [HD] witl! CT and x, the followillg equatioll is obtaincd: 

( 4.46) 

whcre 

(4.4 7) 

Equation (4.46) IS the same as eqn (4.29) but the expression for Ax, eqn (4.47), is 

now ditfercnt. After r('arrangement for x, eqn (4 47) becomes: 

A (J o, J" )" J") 3 (3/" l" 2J O

') 2 :r = \12.ex + \30.ex - \03.ex - \21.e,. J' + \03.ex + \21.ex - \n.ex x + 
(1

0

' 31") l" \ 12 • .,x - \03.ex X + \03.ex (4.48) 

Using for Ar th" data from Table 4-4, the four coefficients, thence the values of the 

cquilibrium rnll~tanf!." can be determined by polynomIal rcgression. 12 The calculated 

value:. for the con~tallts arc gl\'en in TaLle 4-5 \\ïth them, Ar values are calculated 

from eqn (4.48) and plotted as a functioll of x on fig. 4.13 where the data from 

Table 4-4 arc agdiu gi\'cn for comparison It is obvlOus fIom fig. 4.13 that eqn (4.48) 

together with the f('spcctivc vdlu('s of the' four equilibrium constants describes weIl 

the data from Table 4-·1. An apparent first ordcl dcpcndcnce of Ar on x now becomes 

clcar once cqn (4.48) Il> written witl. the \'alll(,~ of the constants substituted in it: 

Ar = -10.18.r3 + ~5.9·!J·2 + GS.38x + 12.8ï ( 4.49) 

12Th1.5. stnctly ~praJ..mg. IS Impos~lble sll1ce for dctCrlllllldtlOll of the four coefficlCnts in eqn (4 48) 
at lea.st five observatIOns are lIeeded. wlllie only four (Table 4-4) dre avadable The problem was 
solved hy generatmg a few 'artlfiClal' pOlllts betwrclI tlle experllllcIlldl alles (rom Table 4-4, which 
IS pOSSible due h) the low ~\al ln of data and c1carly dlspl..l}"cd Illlcdflt) 
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and tllird orJ('f terlll~ to the v,tlue of Ar will IJt' \'('1)' ~IlI,dl. 

Relative tü cacl. other, the obtaillcJ \'dlue~ for the fuur eqUlhbrium constants 

appCdr rea..'>onahle. Due to the IlIgh('r <lClchty of dl-ba~ic Mid., (e g., !\t2EIIPA, mono

OPAP), they cxtrdct bctter than thelr mOllO-net'-d( :lnaloguc~ -D2EHPA, di-OPAP. 

Th is is refl('ctt-d in the higher \'illll('~ of the e'd, d ( t It)!) cqu 1 il bri Il III con~ tants for metal 

complexes of the former. On thc other hùwJ, the COllstants for tbe two mixC'd com

plcxes, GaMD2 and GaM2D, are higher th an those for the 'pule' alles. This can be 

cxplained ln principle in terms of dJfferent probabdltlc~ for formation of a particular 

complex \101, 102J. 

Probability for a ligand to occupy a given site 

Jt is obvious that the prohaLiht)' for thrce lIgands of the same kind to combine with 

the central metal cation, thus fOI ming Ga~tJ or GaDJ, is less than the probability to 

Corm a mixed complex, pro\'ided tllat the occupation of an)' given ligand site by M 

or 0 is equally probable, regardles'> of whethcr or not other sites have becn already 

o('cu pied. 

If a IS the proLdbihty uf finding ~1 III a gi\'cn SIte, then (1 -- 0) will be the 

proLaLility of finding D tlterc. Thercfore, if GGd (Olg) is the total mctal concentration 

in the organic phase, thcn the concentration of each complex can he expressed based 

on the probability ü [102]: 

[GaD31 = GGa (org)(1 - 0')3 

[Ga~lD21 = 3CG.1 (c,lj;) a ( 1 - 0)2 (4.50) 

Bence, the respectiw cqulhbriul1l constaIlts, fIOm eqns (4 38), (4.40); (4.42) and 

(4.44), can be writtell, after s~bstitution for complex concentrations from eqn (4.50), 

as: 

(4.51) 

(i, 



1 

3(' ( ) 2 J 
Ga 'UJ") 1 - Il (\ Il 

J./ . \ n'II t \ - . ._-
21.c>. - [G li 1+ 1 [Il \ 1] ~ [Il J) 1 

CGa (UI~)( 1 -- (1) 1 u3 

}'/ _ 0 11+ 

\03.ex - [Ga3+ ][lID]3 (4.,1)·1) 

From eqn (4.52) it follows that 

(.1.5!) ) 

and therefore, according to eqns (·1 51) dlld (1 .11) 

( J';~31.c,,)3 /,,1 J'/ = \ JU.e\ \ UJ,'" 

Sinùlarly, for J{~2.ex is obtained. 

( l\~'12.ex) 3 1'/ J .,2 
<J = \ 30 .• ·~ \ 03.ex (4.57) 

It can be proven from eqns (-1 56) and (1 57) tbdt the cquiliL, JUill (Ull~tallt of il mixed 

Wh en J{~l,ex and 1';;2.ex arc (altulùt\'d UC;lllg <-'qll!> (1.fi(j) alld (4 :J7) wlth l\~.~x 

and K~3.ex from Table 4-5, the following value,> dIC obtaillcd 

J{~l.ex = 148.43 1\;2,ex = 75.70 

Although smaller than those calcu\atcd in Table <1 -.5, they lH'vel t h{'I('~", illu,>tr,ü(' why 

higher equilibrium constants app\y to the mixed colllpIeX('~ It j., IW'>"lbk that. thl' 

above values are smaller became t}w initIaI a..,,,umptio/l'> of ('qll,t! jJl'ub,thihty rnay 

not always be correct-il is r<:>asonabl(' to CX!H'ct that through av,t1laLle oXY,!!,('1I and 

hydrogen, for example, attached M and D hgélWj., Ina)' J/lter,t( t Th(,l(' fIl,lY alw 

be steric reasons tl:at will came hllldl cU1Ce 01 pl delCllu' for li ~1\'('11 "'11<' alld hgaud 



( 

Furtltcrrnore, in ~)",t('rn~ of two (heldtlflg e>.tldcLlllh, It 1') communl)' oLscrved that 

the cxperimclltal value:, of the ctlllild))JUIll (Ull.,Ltllt~ fOl Iluxl'd complcxes (cf reac

tion 4.3G) arc Ill' to tCTI timef> lllgltcr than tho~c fUUlld [10111 proL.tbihty considerations 

alonc [103J. It ha.., hccn a150 ob~l'I \'cd thüt thc mOle tlte t\VO extractallts differ in their 

cxtntctioll abihty, the highcr this ddrell'lIce is 'l'hl') cOllchtion je, ccrtainly true for 

mono- alld di-OPAP. Thcreforc, the vdllll''> of /\'~I",\ <luJ ]{~2,('X' round smaller than 

tho~e 111 Table 4-5, arc nOL COIl'>ldl'reJ dll unlea~olldLIe exceptJOn 

Wlth the obtained valucs of the four l'qUllIbIiuTll constdl1t:5 (Table 4-5) from 

cqlll> (4 46) dnd (4.47), DG& can Lc Iccalculated fOI gl\'Cll pH and extradant conœn

tratioll and compo,>itlon. The result~ Gre 5ho\\'1l 011 figure5 4 14-4.17 (with dashed 

lin(5) and comparcd wlth tho!:>(' flom tlw e"pCI imcnts. It IS SCCIl that the calculated 

IiIlCS descrio(' the cxpcrirncIltal data red,>olldbly weIl The greatest deviatiolls are fOI 

the case whcn :r = 0 G'2 

One rca!>OIl for the oLserved devl;ttlollS IS that the c,dculated lines follow an 

exact thinl order deiJendence on CT, accolding to eqn (4 46), while the experimental 

data show differcnt order depenJcncICs-fl0m 2 73 to 3.02 for the difTerent extradant 

composi t. iOIll> (fig. 4.11 ). 

A~ noted earli('r, it is asslllTIcd that the acti\'lty coefficients of al! species in the 

orgauic Sùlutioll,) o[ OPAP arc l'quaI tü Olle SIIICC llO data for this particlllar system 

arc found il! the Itteraturc, aIld tlu::. 15 obvlOusly a considerable simplification. When 

incrcasing th<, concentration of OPAJ\ the acti vit y coefficients of its components will 

hl' cxpcctcù to drop and, as a resuIt, 10w(,1 distl ibution coefiicients will be obtainedP 

l'hus, the apparent dependellcc on extractlOll concentratIOn wIll Le less than three. 

Tht' activity coefficients 111 the OPAP S) 51 l'Ill will dCpClld Oll t11e solute-solute 

interactions bctween lllollll-GP;\F, dl-OPAI\ alld the ,tlcohol pre5cnt-n-decanol, and 

also with the sol\,(,l1t. ThercfOIc, as \VIth IlIlxed elcctlOlyte solution'), a precise deter

mination of dCtJ\'lty coeffiCll'nts wIll b<.' a wmplicated task. 

13PrO\'Hkd, hc}\\{'\'er, lhat the met,lllo.Hllllg" Mt' .11\\,,\:,,> 10\1, 50 thal tht' saille argument Will bt' 
k~ .. apphrdbk 10 th .. aell\ Itl\" (lf Cl\lrMkd "p\'\\\''-
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There have becn various rncthodc; propmcd for determination of activity co

efficients in orgallic ~olutions. One examplc is tllc ~o-callcd irrlJ .. ::,\'ed Scatchard

Hildebrand modcl [I06, 107, lOS], bascd on (mc oIlginally de"clupcd for binary mix

tures [105]. Here, the interactions bctwœn any two specics, 2 and j, are accounted for 

in the expression for activity coefficient by fitting to the experimental data a series 

of so-called terminal constants At)' This is necessaly because for more than two

cornponent systems, A,) are found to change wlth extradant concentration [109]. 

The modcl has been succcssfully applicd for severa! extractIOn systems, with the 

most complex among them being five-component [108] There are, howcver, two ad

ditional aspects which wou!d require fUl'ther cial ificatioll. The first is with respect 

to the change of A,} with extraclant concentration-linearity is observed (thus it is 

possible to extrapolate for a particular concentration), but since no precise reasons 

are given for this, it is by no means certain that the same will hold for other more 

complex systems. The second question is whether the thermodynamic equilibrium 

constant for a given metal-extractant cornplex, determind using this method, re

mains the same, as it shouId, regardless of the particular BoIvent system and other 

species present. 

Another proposed mode! is the universal functional activity coefficient (UNI

FAC) mode} [110]. As the name suggests, th is mode! regards each organic species as 

a composition of functional groups, and its acti vi ty coefficient is estimated from the 

structural pararneters of the constituent groups and their interactions. Thus, three 

classes of pararneters are needed-volume and surface area of the groups, and energy 

parameters of tbeir interactions. Unfortunately, for many rnetal-organic complexes, 

these parameters are not known [109]. 

A trend in the observed dcpendency of DG,. on extraclant concentration with 

composition may he noted. It scems that the order becomes doser to three as x 

approachcs eithcr }ill1i~ of one or zero (Table 4-6). This may be viewed as an indication 

of existing rnono-OPAP-di-OPAP interactions and their contribution to the overall 



" 

--
mole fi dCtiuIl ~Il)l)(' 

022 3 U2 
0..13 273 
0.62 2.82 
0.95 :.UH 

Table 4-6: Extractant compositioll (mole fl,lction) and dej>('IldellC<' Oll extradant 
concentration (slope values from fig. 4.11). 

deviation from ideal behaviour of the organic solutioll. Thcrcfore, higher dcviatioIlS 

will be expected for x close to 0.5. 

Following the discussion on mixcd complexes and adducts fOllllatioIl (s('(' 

page 63), it is also possible to suggest that complexes of the type Gcll\1j stIID alld 

GaD3 ,s2HM ma)' form. Such solvates, hO\\'CVCI, will have cqual or _ .. llO~t. ('qu,li plOh

ability of formation compared to GaM3' sdlM 01 GaD3 ~2HD since interactlOll!> are 

mainly electrostatic [50] through hydIOgcn bonJing On the othel hand, the' t'xistcI1n' 

of aIl these solvates will be ta sorne extent hindered due to the presence of alcaho\. 

As shown eaclier (discussion on egn 4.32), the assumption of 1.\\'0 addltional specics 

being present, namely GaM3 ·sdIM and GaD3' slIID, docs Ilot explùin the <'xtri\CtioIl 

data. If the ab ove mixed solvates are also included, an cquatioll !>illlllar to (1.:tn can 

be derived, but-again-the description of tlte expcllmcnt(d d(lta is p()or On the 

other hand, it would be appropriate, once mixed specics are COIISldcICd, lu include 

also in such treatment the two mixed complcxes--GaM 2 D and Gd~11)2' lIowevcl', the 

assumption of their formation along with GaM3 and GaD ~ d(,sCIïbe~ the extraction 

results weIl with the rcasons for observed small devlatiofls (fig'> 4,11-1.17) attributcd 

mostly to the non-ideal behaviour of the OPAP solution 
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4.4 Gallium Extractio:l Equilibria: Comparison 
Between D2EHPJi. and OPAP 

As discus~cd erldlCr, extractioll of lTltetals by 01 ganophosphorus acid extractants, in

c1uding gallium wIth D2EIIPA and û\\)AP, procecds vza catioll cx\..hange mechani5m. 

ln thcse systems, the nature of intcrac\lOn~ bel",ecn thc metal catIOn and the organic 

ligands il> m'llIlly el('ctro~tatlc [50]. '1 \ CI dOIC, tllc Sldbility of a met al-c:xtractant 

complex, a Illcai>urc for which is the rc}eVdnt equilibrium constant, will dcpend on 

the size and ch,ifge of the metcd cation <\\HJ the organic ligand. These extractants, 

in regard to thclr acidl( properties, are tYI,j-::al oxo-acids wlth the actIve group being 

P-O-Jl. The mctal cdlion acts as a L{'wis .llid, dcceptlIlg clcctlOn dCIlsity from the 

donor-a Lewis ba!;c-the oxo-acid ion. 

The magnitude of the clectron density ùn the donor will be dependent on the 

nature and the propertles, with respect to it, of the adjacent groups in the molecular 

structure of the extractant. This is dilCctly related to the acidity of the extractant, 

expressed by its acid dissociatIOn constant in aqueous solution, Ka. The acidity is 

higher, i.e., the loss of the proton flOm P-Q-I1 is mOlc favourable, when the positive 

cbarge on the ceIltral atom iIl the active group (phosphorus) is higher [9]. In mono

basic phosphoric extractants (e g., D2EHPA, di-OPAP), the two hydrocarbon radicals 

arc bouIld tü oxygcn whlch, in turn, IS bound tü the centlal atom. Thus, the absence 

of one such oxygen in the phosphonic, and two in the phosphinic extractants is the 

reason for decrcasing acidi ty in that or der. 

The positive charge on the central atom is aIso affected by the nature of 

the hydrocarbon radical. Tt is known that the presence of alkyl groups, which are 

electron-donatlllg [111], serves to decrease this chalge thlough mductive effects, while 

aryl groups act oppositely since thcy arc electlOn-withdrawing due to delocalized (and 

stabilizcd through sp -hybridizettlon) clcctlOn denslty in the benzene ring [9, 111]. 

This ('xplaiIl~ wh)' th\? dl-bdSIC extractants arc mOle acidic than their mono-

76 



basic analogues. Accordingly, mOllo-OP:\P \\ dl IH' IllUle ill'idic thall dl-OP:\P, ,lIId, 

at the same time, the t\\'o OPAP l''Xtrti( tallt.., \\ ill Ill' Il lUI l' .IcidlC t h,1I\ !\t'2EllI'A ,llld 

D2EHPA, respcctivdy. It is, thcrefoll', Ilot ~\Ilpli~lllg th,ll I\lUIlU-OP,\P 1~ <l bl'ltcr 

extractant for gaIltum than dl-OPAP, alld butb of thcIlI an' bl'ttl'r tb,lI\ \)~EIIPA, 

as found in this work. If, for cxal1lple, lug DGII vc1luL'S ,uc l',th u\.iu'd \I~II\1f 1\'0') 
b "t"X 

from Table 4-5 for x = 0, i.e, extrdction wlth di·OPAP ,dm\{" fl)T tlll' ~<i1l\1' COIl(IJ· 

tians and formai D2EIIPA COllccntl atiom of lig. L2, thcll ~iglljfil ,tilt 1)' hlglll'i !!.,dlllllll 

distribution coefficients than tbo!:>L' will! D2EIIPA arc prcdicted, liS dlu::.lr<ltl'd 011 

fig. 4.18. 

Similar significant differclIces bet",ccll D2EIlPA amI di-OPAP (tolllCIIl' m('d clS 

a diluent) have also becII found in st. ud il'::' of pl oJ]lt'tlll U III éllld CUI i III Il ('X t 1 <Id iOIl II 111. 

There, the logarithm of the cxltactlOil equildmulll COIl!:>t,lIlt W.t<; appruxilll,tI,,'ly 3':, 

for both mctals in the case of di-OP.\P, and about -22 ill tllc Cd'>l' of D2EIIPA. 

The stabllity of the extrdcted metctl comple'\: will also depelld 011 the ~pMC 

availability around the central (phosphorus) atolll III the extractant molccule. It is 

obvious that increased branching of the hydrocal baIl ch.till may Cctll!'>l' stcric "in 

drance. Considering the structural forlllul.t of D~EIIPA (fig. 3.1) it i" !lo,>::.i!)!t- t !J,tt 

the ethyl group ma)' have such an cffcct 011 the otbel hand, Irlcred",illg the l<'Ilgtll 

and branching of thc cham Icads to 10\\'('1 aqucolls ~()llIhllity of tlt<' rCtlgellt, whlch I~' 

beneficial in decreasmg extradant lo::.scs durllig wlilinuous 0IwlallOll 1\10110- alld di· 

OPAl have higher formula welghts (286 and 474, ICSp.) than M2EIIPA and D2EIIPA 

(210 and 322, resp.). Hence, it is cxpected that the 1\\'0 OPAP f('agcllt~ will have 

approximately the same or lowcr solubiiIty in aqucous ~(Jllltion,> than M2EIIPA and 

D2EHPA, respectively. This, COTllbiJ'jcd wi th the., lIpCI ior ("<lrdctJOII pel forrnall( e, 

would make OPAP preferable ta D2EII PA élnd f\12EII PA 

The role of the alcohol, prcsent ln t}w OPAP organic holutions, !:>llOuld abo 

be taken into account. In general, its cffcct orl cxtlaction varie!' frolll olle ext.rac

tant to another even if they are of the sarne c1a!:>s [96], which mak('!:> propcr !:>clection 
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and prediction of side effects dlfTiclllt III the ('Xlldctinll uf Idll' l'.\Ith IIIl't.d!'l \\'Ith 

D2EHPA, several rnodifiers---l.'>o-dcCdIlul, :l-('\ lIyl hL'\..lIIol, WCI (' fO\llld tll h.\\'(· .t dt' 

pressant effect [96J On the otlter hdllll, il ""1., "ugg,l'!'lted [11~~1 tb.lt thl' 1IIIIC(\M·t! 

extraction wilh M2EH PA, when a\cohol IS pre"iCllt, w.tS dUl' ln t h(' 1lI01l0111l'IIZ.lt IOU 

of the extractant thus rnaking tlte bydrogen flOIlI the OIl-glOup 1II0le <lv,lil<lblt' for 

cation exchange. In that sense, the extradiolll'<jlltllhIIUIn COIl!'lt.:-.iaÎ.; rcporlt'd for t.hl' 

OPAP system (Table 4-5) arc COlldltlollal- -thcy inl lude th.:- eff .. ( t of tlH' 1:2 (; vol% 

n-decanol concentration, which has bcen kcpt (Ü1I~tallt fOI ail cxperi!JIcllb, ami f01llld 

to be the minimum rcquired to ensure gooù pha!o>e separ.ttioll. IIlClcdsillg tl\(' (lkohol 

level above this minimum, even if it le.tds to ill1Jllo\'eJ extractioll, will 1)(· 1l1lc.1l'!'lIl.lhlt' 

because of its relativcly high aqucou~ solublhty. 

4.5 Kinetic Experiments in the System Gallium
D2EHPA 

4.5.1 Extraction Kinetics 

As described in Chapter 3, the kinctic expcrimcnts wcrc carricd out with a rotatillg 

diffusion œU (RDC). The effects of the followiug pdl dlllclcrs 011 the gallium cxtr(lctiull 

rate were determined: 

• pH of the aqueous solution--for pH from 0.78 to 2.10 

• Gallium concentration in the a'1ueous phase-in the range from 7.2 x 1O-~ to 

2.8 X 10-2 g-ion/I 

• Concentration of sulphates in the aquC'ou!' ph~e- ranging from 0 to 0.12 g-ioll/l 

• D2EHPA concent.ration in the organic phase--florn 0.01 to 0.28 Jo' 

• Temperature--from 21°C to 72 oC 

-0 1 oJ 
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volume, ml Flux Ga, kmol.T11- 2 ç 1 

aq. pha<;e org. ph.u;c ( a) (b) 

300 50 1.63 X 1û-8 5 9U X lÜ-Hl 

275 50 1.65 x 10-8 5.81 X 10-10 

250 50 l 61 X 10-8 5.83 X 10-10 

225 50 1 57 X 10-8 5.86 X 10-10 

200 50 1.62 X 10-8 5.'79 X 10-10 

Table 4-7: Gallium extraction kineties with D2EIIPA. Effcd of the 0/ A ratio. 
(a) CondItions of fig. 4.]9. (b) Conditions of fig. 4.20. 

Effect of interfacial area, stirring, phase volume ratio 

Experimellts for different sets of the above para met ers were also carried out for the 

effeds of illterfacial area, stirring, and volume ratio of the two phases on the extraction 

rate, in addition t.o the 'linearity' tests described previously.14 

The reloults showed a linear dependence between the amount of metal extracted 

per given time and the mterfacial area (figs. 4.19 and 4.20). In such coordinates, the 

rate of extraction (flux of Ga) can be obtained directly from the respective slopes. 

One expcrimcnt from each series (fig. 4.19, 4.20) was repeated for several different 

D/A ratios with the other conditions being kept the same. 15 The results (Table 4-7) 

showcd 110 apparellt dependence on the ratio of the two liquid phases. The results 

also indKate the Icproducibility of the experimcnt.s. 

Severa} scrÎ<:'s of experiments were carried out with different sets of conditions 

and variations in the rate of stirring. The results (fig. 4.21) gave no clear evidence 

for the extraction rate bcing dependent on the rate of stirring within the range of 

exp<:'ri mental rond it ions. 

14See C'haptrf 3, page 32 
15 Except for very small variatIOns ln mterracial areas 
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Effect of pli, metal and extraclant concentrations 

As expccted, the obtained rcsult~ (figurc5 42:2, .123,4.24) showed that the rate of 

gallium extraction increases with increasing pH, met al and extractant concentrations. 

J.or each series it is possible to determine the power dependence of gallium flux on the 

particular paramcter, by plotting the data in log-log coordinates. Thus, the following 

eTllpirical cquation i5 obtaillcd: 

(
kmol) -9 [ 3+]071 [ ) ]060 [+]-153 Flux Ga m2.3 = 1.82 x 10 Ga 0 (BR 2 ° (org) H 0 ( 4.58) 

where the subscript 0 refers to bulk values. This equation describes well the ex

perimental data for the region of low extraction rates, but gi 'les higher than the 

experimcntal values for relativcly high rates The [aet that non-integer numbers are 

obtaincd implies that they probably Ieflect the contnbution of both mass-transfer 

and chcmical reaction rates, i.e., neither of the two simultaneous processes can be 

considercd as being the only one rate-controlling step. This will be further discussed 

in Chapter 6. 

Effect of sulphate concentration 

In the kinctic experiments described 50 far, the ga.llium aqueous solutions were nitrate

based and with the same ionic strength (I = 0.5) as in the equilibrium tests. Several 

series of expcriments varying the sulphate concentration under othcrwise the same 

conditions, including the total gallium concentration in the aqueous phase, were per

forrncd. The results (fig. 4.25) showed that the rate decreases with increasing sulphate 

concentration. This obviously reflects again the effect of gallium sulphate complexa

tian in aqucous solutions, which will be discusscd in more detail in Chapter 5. 

Effect of temperature 

The results for the tcmperature effect on gallium extraction rate are shown on fig. 4.26 

in th(' usual Arrhenius plot coordinates. The valuc of the apparent activation energy, 
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Ea, of the rcaction i~ dircctly octcrmincd from the slopes of the Icsulting lines. 

It is known tbat fOI dlff\l~ion-control1cd }lIOce!:l!:lC:, thc value:, of Ea arc low due 

to the small effcct of tCInl)eraLurc on diffusion cocfficicllts [114]. On the otlter hand, 

for proœsses controlleo hy chemical reaction, Ea values are much higher hecause of 

the usually strong ocpcndencc of the intrinsic rate cOllstalJt on tcmperature. Thus, 

the values of Ea obtained for a given proccss can serve as an indication whether 

diffusion or chemical reaction is raLe controlling. Usually values of Ea less than 

20 kJjmol imply predominant diffusion control, while for more th an 65-70 kJjmol, 

chemical control is considered predominant. 

The values of Ea obtaincd hcre indicatc a rnixed diffusion-chemical reaction 

control of the ove ra II proccss but close to the case of chemical controL In fact, fig. 4.26 

reveals that the data for each series of experimellts can be better correlated by two 

straight lines (shown as dashcd lines) having slightly different slopes, and therefore 

Ea values. This is to be expected, taking into acC'ount that at higher temperature 

the diffusion limitations will he more pronounced, thus resulting in deviations from 

linearity and lower values of Ea [114]. 

Furthermore, it is readily secn that the values of Ea decrease with increasing 

pH, other fonditions rernaining the same. This can be again explained with the effect 

of diffusion on the ovcrall extraction rate--at higher plI the rate will be higher, as 

shown on fig. 4.22, and therefore the whole rcaction will become more controlled 

by the mass-transfer. Bence, the value of the true activation energy (i.e., that of 

the chemical rcaction), as distinguished from the apparent activation energy, will be 

c10ser to the value of Ea obtained for low plI and lo\\' temperature region. There, 

from line ·1 of fig. 4.26, a value of 74.6 kJjrnol is determined. 

The obtained values of the apparent activation energy compare weil \Vith those 

rcported for aluminum extraction with D2EllPA-79.4, 79.5 and 82.4 kJjmol for 

extraction from 1I1S04 , lIel, and HN03 solutions, respectively [I 15, 116]. The higher 

Ea values for aluminulll <ire Plübably due tü Its lower extractIOn rate \Vith D2EHPA 
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in rompari,on tn gallium (cf Scction 6.5.2). On the oUler hand, for systems where the 

extraction 1<, known to he fa!>t, the values of Ea arc much lowcr, indlcating diffuslOn-

controlled processc!>. Such an cxample is the extraction of copper with hydroxyoximcs 

whcrc Ea of 25.1 kJjmol was found in the case of Lix 65N and 14.65 k.J/mol for a 

mixture of Lix 65N and Lix 63 extractants [117]. 

4.5.2 Stripping Kinetics 

ln the cxperimcnts for kinctics of gallium stripping from loaded D2EHPA, the effert 

of the following parametcrs was investigated: 

• Gallium concentration in the organic phase-from 7.2 x 10-4 to 7.9 X 10-3 g-

ionii 

• Free D2EHPA concentration 16 in the organic phase-from 0.01 to 0.30 F 

• Acidity of the aqueous nitrate strip solution-from 0.10 to 0.80 g-ion/l 

• Temperature-from 20 oC to 71°C 

BeCore starting the experiments, the 'linearity' test was performed and the results 

(fig. 4.27) showed that the rate of stripping remained constant within the specified 

time intcrval, as was the case with the rate of extraction. 

Tests for the effect of interfacial area and stirring were also carried out. The 

rate of stripping was found proportional to the interfacial area (fig. 4.28), while a 

slight dcpcndence on stirring was ohserved, as shown on fig. 4.29. 

Effect of aqueous acidity, free extractant and metal concentrations in the 

organic phase 

The rate of gallium stripping increases with increasing the acidity and the metal 

conct,'ntration in the organic phase (figures 4.30 and 4.31, resp.), and decreases when 

16 Dcfined as the total formaI concentration mm us the concentration cerrespondmg te the amount 
compb.rd "Ith thr Il)('tal (set' aIse AppendlX C, page 243) 
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the cxtractallt fOIKclItration increases (fig. 4 :tn Tbe Je~ u Ils S}IOW a very close to a 

first-ord('r dl'jH'lldc/lce of the rate of stripping o/l Illet al concentration in the organic 

pJld~C alld dndlty, dlJ(! an inwl.,c filst-ordcl w)tb IC!:lpect to the concentration of 

duncric D2EII PA 

As witl! (~qll (4.58) for the extraction ratc, the following empirical equation is 

obtaincd h('[(' for the rate of stripping' 

. (kmol) 8,103 [ J-101 [+]101 Flux Ga (stnpplllg) m2.s = 0.87 X 10- [GaJo (011;) (HRh 0 (org) H 0 ( 4.59) 

If the two cqudliolls (4 . .18) and (459) wele representlllg the intri1lsic kinetics of the 

extraction and stripPlIlg reactlOlls, rC!:lpectn'ely, thcIl the 1 atlO of the two constants, 

(1.82 x 10-8/0.87 x JO-Il) = 0.21, sltould oc equ,d tù the cquilibnum constant, J(~x, 

which wa.'3 f01l11<1 carlin lo Le 0.757 mollI (sec pdge 41) Furthellnore, the order de

pendcllcc on the respectIve tcrms in the equallOn for l{~x for thc O\'crall rcaction 4.10, 

should coinCHlc wit.h the orders W}IICI! rl'sult ",bclI cqns (4 58) and (4.59) are com

bincd under the condition of e:-.tabhshed equlhbrium--the rate of extraction equal to 

thc rat.t' of stripping The fad that ddfercnccs are ObSCI \'cd implic'i that the two em

pirical cquatlOns rcflect just ddferent ovel al! elfects of the sH1mltaneously proceeding 

mass-transf/'r alld the (h('mical reclctioll for the cxtrclctIon and stripping processes. 

Effect of tempcrature 

The rcsults are prcscnted on fig. 4.33 in Arrhenius plot coordinates. The deviation 

from a straight line at higher temperatllles is l'vident.. Bence, the data were correlated 

by two lines-a value of 41.8 kJ/mol for Ea was dctermmcd for the low temperature 

rl'gion, and a \'tiluc of }·1.2 kJ/mol for the r.mge of highel tempcrature Both values 

of Ell arc lowl'r than ~ hosc oLt .. incd fOI the exll action, w}lIch means that the rat.e of 

stripping I~ les~ ~t.'J\Sltl\'l' to tcmperature than the ext 1 action rate. Also, the lower 

valu{'s illlply a Illixed ddfusion-ch0mlcal rl'action contlOl, especially in the higher 

tl'rnperature r.mgl'. 
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} , 
1 

\' , 
1 
t 

ex tractant 
notation 

exLr. M 
extr. 0 
extr. T 

mole fi action 
IllOIlO-OPAP, J' 

0.987 
0623 
0.214 

------.----~----------~ 

Table 4-8: Compositions of OPAP reagents used in the extraction killC'tirs eXIH'ri
ments. 

4.6 Extraction Kinètics of GalliuITl with OPAP 
Extractants 

The kinetic experiments were carried out witl! thrce diffclcnt lompo~itiollS of the 

OPAP reagent (Table 4-8), and in the same way as dcscribcd for gallium ext.raction 

with D2EHPA. The effect of the following parametcrs \Vas dderrnincd: 

• pH of the aqueous solution-for pH from 0.80 to 1.60 

• Gallium concentration in the aqueous phase-in the range from 1.0 X 10-3 to 

5.0 X 10-3 g-ionfl 

• Total concentration of OPAP in the organic phase-from 0.05 to 0.25 F 

• Composition of DPAP (Table 4-8) 

• Temperature-from 20 oC to 65 oC 

The preliminary tests showed that the extraction rate increases linearly with 

the interfacial area (fig. 4.34) and is independent on the volume ratio of the two 

phases. A slight dependence on stirring was ohscrved (fig. 4.3;)). As \Vas the case 

with the other kinetic experiments, the 'Iinearity' tests again showcd slIllilar results 

(fig. 4.36). 
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Effect of pH, metal and extractant concentrations 

Results for the dcpcndcnce of gallium extractiùn late, with OP,\P IL',lgl'lIts, 011 l'II, 

metal concentration in the aqueous phase, anù the extradant con Ct'Ilt r.d 1011 arc prt'

senti. on figures 4.:37, 4.38, and 4.39, respectively. As cxpected, the r.lte inrrcl1St's 

with increasing pH, as weIl as the metal and extrcH tant conel'nt rat itllls. Also, the 

results show that the rate is highcr for the OPAP rcùgcllts \Vith IlIgltcr lIlole frac tion 

of mono-OPAP. The observed respective dcpelldencies appc,U' ~iTJlilar tü thos(' for 

extraction with D2EHPA. 

Etrect of temperature 

The results for the temperature dependence of gallium extraction rate with OPAP 

reagents are given on fig. 4.40. The following values of Ea were determillcd: 

Ea = 51.6kJ /mol, for extr. M 

Ea = 57.1kJ/mol, for extr. 0 

Ea = 58.9kJ /mol, for extr. T 

It is evident that the values are lower then those obtaincd for D2ElIPA, and 

also the reagent with highest mono-OPAP content (extr. M) has the lowest apparent 

activation energy. This indicates that these values pl'obably reRcet mixcd chemical 

reaction with mass-transfer control. 

It should be emphasized, however) that in the case of OPAP rcagents) thcre 

are several extraction reactions taking place simultaneously wÎth the rnass-transfcr. 

4.7 Summary 

The experimental results on gallium extraction equilibl'ia and kinetic~ with D2EIIPA 

and OPAP extractants, presented in this Chapter, can be summarizcd él.'> follows: 
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• Gallium i!-> cxtrartf'd witl! D2EIIPA and DPAP by cation exchangc for the 

acidity range stlldicd at pli above 04-0.5. Sulphates from the aqueous solution 

arc Ilot cxlraüed. 

• The overall stoichiomdry of the extraction reaction of gallium with D2EHPA 

is given by rc.action 4.10 and J(~x is 0.757 molli (for 1 = 0.5). The predominant 

cornplex 1" GaH J . lIR The result" illdlCdtC possible formation of GaR3 ·3HR 

at Iow metaI Ioadings (high ex cess of extradant), while, under condItions of 

organic saturation or whcn th.:' loading capacity is rcached, the molar metal

extradant ratio corresponds to the complex GaR3. 

• The extraction of gallium with ùPAP is described by four simultaneous re

actions, Icading to the formation of four metal-extractant complexes-GaM3, 

GaD3, GaM2D, and GaMD2-with thcil respective equihbrium constants given 

in Table 4-5. Increasing the mole fradion of mono-OPAP in the mixtures of 

the two OPAP reagents Ieads to increased gallium extraction. The presence 

of ",kohol, n-decanol, in the OPAP organic solution, is needed for improved 

phase separôtion. At the same time, the alcohol serves to prevent extractant 

dirncrization and formati()Jl of solvated metal-extractant complexes. 

• OPAP rcagents cxtract gallium bettcr and al lower aciditics than D2EHPA. 

This is explained by their more acidic nature in comparison to D2EHPA. Fur

thermore, duc to the higher formula weights of di-OPAP and mono-OPAP with 

respect to D2EHPA and M2EHPA, their aqueous solubilities are expected ta 

be comparable to those of D2EHPA and M2EHPA, if not lower. 

• The rate of gallium extraction increases with inclcasing pH, metal concentration 

in the aqueous phase, and extradant concentration. For OPAP extractants, 

the rate increascs will! increasing mole fraction of mono-DPAP. The rate is also 

strongly dcpendcnt on tempcrature. For extraction with GPAP, values for Ea 

from 51.6 lo 58.9 kJ/mol are determined, dep(lnding on the ex tractant compo-
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sition (fig. 4.40) for other\\'ise fixeù cOIlclltions. In extractions with D~EHPA, 

the values of the apparent activdtioll energy change significantly with t.he ex· 

perimental conditions (fig. 4.26). This can be cxplaiued in tCI IllS of ch.lIIgiIlg 

contributions of both chemical reaction and IlIcl.SS-tIaIlsfcI to the late collt.rol of 

the proœss. For experimental conditions where tl1e c1ll'lllical rate is expected to 

be controlling, e.g., lo\\' pH and tempclatule, Eu of 74.6 kJ/l1loi is ddcrIllincd 

and is considered to be close to the truc activation encrgy--of thc chemical 

reaction . 

• The rate of gallium stripping from loadcd D2EHPA Încrea..'ies with increasing 

aqueous acidity and metal concentration in the organic phase. The rate de

creases with increasing extractant concentratioIl. For tIt(' effed of tempe'raturc, 

the Arrhenius plot (fig. 4.33) shows that the apparent activat.ion encrgy does not 

remain constant within the studied temperature range, which indicates il change 

from chemical to diffusion controlled proCCS'i. For the low tcmperilturc rcgiofl, 

Ea is determined as 41.8 kJ ImoI, and for the range of high temperatur<'s--

14.2 kJ Imol. Both values are smaller than those for the extraction ratc. A 

more detailed discussion on the reaction mechanism, based on the kinctic data, 

will be presented in Chapter 6 . 

• The presence of sulphates in the aqueous solution ha~ a significant cf[cet on 

both gallium equilibriuID distribution and extraction rate. Lower DGa values 

and extraction rates resuIt when the sulphate concentration increascs. This is 

clearly due to gallium complexation in the aqueous phase. In Chapter 5, this 

subject will be discussed in more detaiI, 50 enltbling quantitative prediction of 

this effect on the extraction performance. 

110 



Chapter 5 

Gallium Conlplexation 
Sulphate Solutions 

5.1 Introduction 

• ln 

In the previous Chapter 4, the experimental results have shown that the presence 

of sulphat.es in the aqueous solution has a profound effect on gallium equilibrium 

distribution, expressed by DGa , and the rate of extraction. It is therefore necessary to 

take into account the complexation phenomena when describing the relevant processes 

of gallium extraction from sulphate solutions. 

Thus the purpose of the present Chapter is to develop a quantitative tool 

for deterrnining the cuncentrations of the reacting species, which are then related 

to the extra.ction performance, from the aqueous solution parameters that can be 

readily round. The result must be applicabl~ to the solution conditions encountered 

in hydrornC'tallurgical practice, including sulphate concentrations and ionie strengths. 

The following steps are considered in solving this problem: 

• Identification of aIl possible existing gallium complexes for the range of condi

tions of interest. 

• Collection of data for the mass-stability constants of the respective complexes 

for different ionie strcngths. 
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,-. 

These two steps are based here on avai lablc illf~>llll,tl iOIl ftom li t CI ,\1 llle ~Oll \( ('~. It iH 

obvious that the correctness of the collecteJ ddtü i" crucial to tlte Icli,lbility ,Uld tht' 

usefulness of the final results from the speciùtlOll ~tudy . 

• Determination of the relationship bet\\'ècn mclss-std.oility rOllstallb of the com

plexes and the ionic strength of the solutioll. This is nccC's!>ary su that thc 

species distribution can oe determIn('d for the Icyui!ccl co\ldltio\l!> . 

• Development of the appropriate algorithm and computtr pwg,ram for thc ncc

essary caIculations. 

,) Interpretation of the obtained results. The COI rcctncss is c1lcckcd by comparillg 

their predictions with the expcrimental data fwm gallium cxtractiou. 

AIl data on mass-stability constants of the complexes involvcd, at differcllt 

ionic strengths, are collected for 25 oC, and ac<o! dingly the speciatioTl diagrams and 

relevant discussion refer to that temperatUIc. Although not pcrformcd in the present 

study, it is possible to extrapolate the data, using basic thermodYIlamic fuurtions, to 

higher temperatures. Thus, the distribution of specics at a pal t icular temperaturc 

can be found, if needed. 

5.2 Complexes and Stability Constants 

In sulphate solutions, the available ligands for complex formation arc 011-, SO~-, 

and HSO; -from the incomplete second dissociation of sulphuric acid [":cutral watcr 

molecules may also be pl"csent as ligands in the innci 5phere around the cent raI rnctal 

cation. 

The mass-stability constant (for ionic strcngth 1) of any complex McLn 15 

defined as 

(5.1 ) 
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These two steps are based here on available mformation from literature sources. It is 

obvious that the correctness of the collecteJ data is crucial to the reliability and the 

usefulncss of the final results from the speciation study. 

• Determination of the rclatianship betwecn mass-staDility constants of the com

plexes and the ionic strength of the solution. This is necessary sa that the 

species distribution can be determined for the requircd conditions. 

• Development of the appropriate algorithm and computer program for the nec

essary cakulations. 

• Interpretation of the obtained results. The correctness is checked by comparing 

thcir predictions with the experimental data from gallium extraction. 

AU data on mass-'itability constants of the complexes involved, at different 

ionie strengths, are collected for 25 oC, and accordingly the speciation diagrams and 

relevant discussion refer ta that temperature. Although not performed in the present 

study, it is possible to extrapolate the data, using basic thermodynamic functions, to 

higher temperatures. Thus, the distribution of species at a particular temperature 

can be found, if needed. 

5.2 Complexes and Stability Constants 

In sulphate solutions, the available ligands for complex formation are OH-, SO~-, 

and HSO; -from the incomplete second dissociation of sulphuric acid. Neutral water 

molecules may also be present as ligr..uds in the inner sphere around the central metal 

cation. 

The mass-stability constant (for ionic strength 1) of any complex MeLn is 

defined as 

[MeLn} 
f3n = [Me][L]n 
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according to it.s formation reaction: 

(5.2) 

Hydroxy complexes 

Four complexes, Ga(OH)~-n where n = 1, ... ,4 are known to exist in aqut'olls solu

tions [118, 119]. In highly alkaline media, Ga(Oll):j is pn:Jolllilldllt [118], .dthollgh 

possible existence of Ca(OH);- and Ga(OH)~- has a1so beell suggl'!>ted [120]. ln 

concentrated gallium solutions (more than 0.1 g-ion/I Ga) one or lIIore polynuclear 

species with an approximate formula Ga26(OII)à~- l'xi!>!. at plI abovc 3 [118]. In 

this work, acidic solutions with fairly lo\\' gallium cowelltr<ttioll<; (in gt'lIeral, below 

0.01 g-ionfl Ga) are of interest, and therefore only the four mOllo-nllclear complexcs 

are further considered. 

The data colleded for the mass-stability constants of the four hydroxy com

plexes for different ionic strengths are summarized in Table 5-1. It IS SCCII that thc 

reported values from various sources agree we1l for 1 = 0.1, and a ~jglliflcallt disagr<'('

ment exists al higher ionie strengths. Two opposIte ti ends arc observcd a~ to how 

the constants change with the ionic strength. For the datd ICpOltcd ill the halldbook 

of Kotrly and Sucha [119], (J decrcases with l, while for those rcpOl ted 1)y Biryuk 

and Nazarenko [123] and cited by Hogfcldt [104], tite stabibty COII~tants HlCIea~e with 

ionic strength. Such controversies are unfOi tunately qllite commOIl, and not only for 

gallium, in the literature on stability constants (e g., ref~. [124, 125, 12G]). This is 

the reason why it is always necessary to extract, whclI possiblc, information frorn the 

original references. 

The data compiled by Kotrly and Sucha [119] appear ta have becn laken from 

the book of Baes and Mesmer fI 18] who have used the origillal data reportcd by 

Nazarenko et al. [122J for the three complexes, Ga(OII )2+, Ga(OIl)t, and Ga(OH h, 
and at 1 = 0.1 only, to extrapolate ta other ionic ~trengtb~ 

It becomes clear now that the 0\ iglrlit\ data, l('pOl ted iater ill VctrJOIlS compila-
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tion handbooks [104,119,121], wcrc obtaillcd in thc samc laboratory using the same 

method1 by the same research group [l22, 123]. ln fad, the second study [123] extends 

the previous one to gallium pelchloratc !:lolutioTl5 having different ionic strengths

O.l, 0.3, 0.5, and 1.0. The rcsults for 1 = 0 1 wcre found to agree well with those in 

the previous report [122J. Because these values for the stability constants for several 

ionie strengths have bcen obtained dircctly from experiment and not produced by 

extrapolation, they are considclcd relativcly mOle accurate than those found in the 

other sources [118, 119], and thereforc the former arc selected fùr this work. 

One disadvantage of the two studies [122, 123] is that neither takes into ac

cou nt the fourth gallium complex Ga(OH);. This is probably because the solutions 

employed covered the pH range up to around 5. In the work here, data for this com

plex arc taken from Kotrly and Sucha [119J, although it is obvious tha.t its presence 

in acidic solutions will he negligible. 

Sulphate complexes 

There are two sulphate complexes, Ga(S04)+ and Ga(S04); known to form [127, 

128, 129]. The data have heen extrapolated to, and leported for 1 = 0 by the original 

authors, using the extended Debye-Hückel equation: 

(5.3) 

where "Y± is the mean activity coefficient, z2 is the SUffi of squares of ionic charges, 

AD and BD are the Dehye-Hückel constants, da is the me an distance of approach of 

the ions, and be is an empirical constant accounting for the dielectric properties and 

other effects of the medium nedr the ion. 

The data are summarized in Table 5-1. The values for Ga(S04)+ differ, as 

given from the three sources [12ï, 128, 129J. This is probably because the analytical 

1 A spcctrophotometric method, usmg s)stems of competmg orgallic lIgands, e.g , Pyrocatechol 
VIOlet, Alizarill Red S, wlllch form coloured complexes wlth hydroxlde Ions 
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--complex log,8 J Reference 

2.77 0 [127] 
2.59 0 [I28J 

Ga(S04)+ 2.99 0 [129] 
1.55 05 [130] 
1.88 0.5 [132J 

Ga(S04)~ 2.77 0 [127J 

11.4 0 [119,121] 
10.9 0.1 [122J 

11.13 0.1 [123J 
Ga(OH)2+ 11.52 0.3 [123] 

10.8 0.5 [119J 
11.7 0.5 [123] 
10.6 1.0 [119] 

· , 12.22 1.0 [123] 

22.1 0 [119,121] 
21.5 0.1 [122} 
21.46 0.1 [123] 

Ga(OH)t 22.23 0.3 [123J 
22.8 0.5 [123] 
20.6 1.0 [ 119J 
24.13 1 0 [123] 

31.7 0 [119,121] 
30.9 0.1 [I22] 
30.93 0.1 [123] 

Ga(OHh 32.31 0.3 [123] 
33.36 0.5 [123] 
29.8 1.0 [119J 

35.85 1.0 [123] 

Ga(OH); 394 0 [119,121] 
34.7 1.0 [119] 

Table 5-1: Mass-stability constants for gallium complexes in sulpbate solutions. 
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rncthods uscd have been different-calorimetry [127], pressure-jump relaxation tech

nique [128], and indirect spectrophotometr} [129]. In the present work, the value of 

log (J = 2.77 for Ga(S04)+ has becn chosen as an approximate average of the reported 

constants. 

Values for the mass-stability constants of the sulphate complexes for ionic 

strengths other than zero have bcen found only for Ga(S04)+ and are given in Table 5-

1. In a series of studies Shishkova [130, 131, 132J reported data for log(J at 1 = 0.5 

for this complex in various aqueous and aqueous-organic solutions, deternùned by 

ion-exchange. For the system Ga(CI04)3-JhO-Na2S0cHCI04, a value of log (J = 

1.55 has bccn found [130], and for Ga(CI04)3-H20-H2S04--HCI04 system-log (3 = 

1.88 [132]. The author daims that the difference between the two values is not 

significant. The absence of other comparative studies, however, makcs it difficult 

to estimate the reliability of the reported data. Henee, the criterion for reliability, 

accepted in the work here, is how weIl the results based on these data may agree with 

experimental findings for the effect of sulphates on gallium extraction. 

Bisulphate complexes 

It is well known that in sulphate solutions bisulphate ions are also present: 

(5.4) 

and the second dissociation constant, K2' is given by 

(5.5) 

The rcadion has been weIl studied and the values of I<2 at different ionic strengths 

and temperatures determined [133]. The following equation, based on the extended 

Debye-Hückd cquation, has been found to correlate weIl the obtained values of 1<2 

with the ionic strength and temperature [133]: 

log [{2 = log [{~ + 4 x 0.509 ..fï..fï 
(1 + Ak 1) 

(5.6) 
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where J(~ is the value at 1 = 0 (I{~ = 1.03 X 10- 2 mol/kg), A,I. = 0 94 al 25 "C, and 

the concentrations of species in eqn (5.5) as well as 1 are exple~sL'd Oil a molal scak-. 

Complete first dissociation of sulphuric acid lS alsu aS'iurned. The abo\'e equatioll (5.6) 

was used in the present work. 

Once HSO. ions are present in the aqueous solution, it appears probable ',hat 

gallium bisulphate complexes, Ga(IlS04)~-n, mdy form Snell cnmplexps, as weil as 

mixed sulphate-hisulphate complexes, are known, fOI exarllple, for Fe:l+ [13·1, I~J5]. 

However, none of the above mentioned sludies on gallium sulphale complexes 

nor others, dealing with their stability and lability (rates of ligand exchange) c.g., 

refs. [136, 137, 138, 139], have found evidence for existence of bisulphate gallium 

complexes. In faet, in sorne sources the following complcx formation reaction has 

been suggested [132, 136]: 

(5.7) 

Aluminum forms similar, though more stable, sulphate complexes than galliulll. 2 It 

has been found from NMR and lUular-volllme stlldies of aluminum sulphate com

plexes, that addition of hydrochloric acid to the solution rcsults in decrcasing the 

peak corresponding to the AI(SO.d+ complex [140, 141}. This ccrtaillly means that 

the complex is sulphate- and not bisulphate-based, sinee with incr('a"illg acidit.y the 

concentration of HSO .. increases. 

Based on the above results and the similarities betwccn gallium and aluminum 

sulphate complexation, it is assumed here that gallium bisulphatc complexes do not 

Corm. It may be suggested that in very acidic sulphatc solutions only, where IISO .. 

will predominate over SO~-, bisulphatc complexes cOl1ld form: 

(5.8) 

although this contradicts reaction 5.7 and there is no expcrimental evidencc to sup

port it at present. 

2The same, however, does not apply to chlonde complexe,>, sec pagf' 12 
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Finally, it should be noted that the existence of such complexes as Ga(HS04)!-n 

(n = 1, ... ,6) was indecd propo~ed and m,cd to explain gallium and aluminum ex

traction data from chloride-sulphate solutions with ketones [142, 143]. Unfortunately, 

it was impossible to find the authors' report in the specified journal (referred to in 

their studics [142]), and containing the data for stability constants of the gaIIium 

complexes, supposcdly dctcrmined by them. 

5.3 Stability Constants and Ionie Strength 

As expected, the data collected for the mass-stability constants show that they change 

with the ionie strength. Therefore, a relationship linking stability constants and 

ionie strength is needed 50 that they can be calculated with sufficient accuracy at 

a particular value of 1. Such relationships are known-they reflect the change in 

activity coefficients with ionic strength, and often are based on the extended Debye

Hückel equation. This equation can be written for the stability constant f3n of the 

complex MeLn (reaction 5.2) as 

(5.9) 

where z is the charge of spccies in 

The stability constant ~ refers to 1 = 0, b is an empirical parameter, and 1 is the 

ionie strength expressed on a molar scale, i.e., 

(5.10) 

where c is the molar concentration of species. 

It has been proposed (144, 145] that for many complexes the value of da can 

be assumed to he constant (da = 4.9Â). Although a simplification, this assumption is 

justified because the uncertainties inyolved in determination of stahility constants of 
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complexes in solution a.re much more significant thdll those for activity cocllicicllt.s. 

Thus, eqn (5.9) becomes 

1 {.l 1 {.lU fl::
2
ADJï bI ogp = ogp + ---- + 

n n 1 + 1.60 
(5.11 ) 

in which bis the pa.rameter needed to be detcrmincd from thc data for !ln at different 

ionic strengths. Furthermore, eqn (5.11) can be used to check compatibility of dat.a 

reported by various sources for 0. given complex at different iOllic str(,llgth~. Equa

tion (5.11) predicts that a straight !ine with a slope of b should result whell data are 

presented in coordinat es 

10 (3 - flz2 AD V7 vs 1 
g n 1 + 1.6V7 

Indeed, this has been the case for a number of complexes of different nature and 

composition [145J. The equation has also bccn found vé\lid for ionic strengths up 

to 5. 

Equation (5.11) was also adopted in this work for cOlre1ating the data for 

stability constants at different ionic strengths. The value of b was calculatcd by 

the least squares rnethod for each gallium complex, except Ga(Sû4);, for which the 

stability constant only at 1 = 0 was knowl1 (Table 5-1), and hence a value of b 

equal to zero had to be assumed for that complcx. Reasonably good correlation 

coefficients were obtained when the selccted values (flOm ref. [1 ~3]) of the gallium 

hydroxy complexes were used.3 

5.4 Aigorithm and Program Development 

The algorithm is based on the mass-balance equations for the metal, or rnetals, present 

in the solution (in this particular case-gallium) in various complcx fonns, for sul

phates, and the charge-balance equation-the condition for c1ectroneutrality of the 

solution. 

3With the exception of the Ga(OIl);- complex, silice vdlucs for only two IOIIIC strengt.hs are 
reported (Table ~ 1). 
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Derivation of the appropriate equatlOns and descripti0n of the iterative pro

cedure for dctcrmination of specics distribution 15 givcn in Appcndix B. Essentially, 

the concentration of aU specics in solution can be expressed in terms of the three 

unknowns-the concentrations of Ga3+, SO~-, and H+ -using the definition equa

tians for stability constants of each complex as weIl as the equation for the second 

dissociation of sulphuric acid (eqn 5.5) and the dIssociation constant of water, Kw.· 

Thus, a system of thrce nonlinear equations with three unknowns is obtained. The 

Newton-Raphson iterative method is selccted as a computational method here be

cause of its rapid convergence. A modified i tel ation fOl mula is used, as it has been 

suggested [146], in order to avoid negative roots. 

Also included in the program is a second iteration loop for the ionic strength. 

Once a solution for the system of equations is reached, the concentrations of aU 

species are calculated and thus the ionic strength. The stability constants of species 

are then calcu!ated for this value of l, and the computations are repeated-until the 

difference betwœn the two consecutive values of 1 becomes less than a pre-specified 

sTDall number (i.e., the requiremcnt that the stability constants are calculated for the 

true ionic strcngth of the solution is fulfilled). In this wOlk, 6-8 iterations have been 

necessary before this condition is satisfied. 

5.5 Results and Discussion 

Two cases are considered for the distribution of species in gallium sulphate solutions. 

The tirst is here callcd the 'case of non-spccified acidity'. The system is defined as a 

mixed electrolyte solution of Ga2(S04)3 and 1I2S04 in water, and no other substances 

are present. The total concentrations of gallium and sulphates are known. Next, the 

concentration of free sulphuric acid (in mollI) is defined as 

4 Kw al&O çhangcs wllh ioni._ slrcngth and tills IS takcn IIlto account by correlating available data 
for Kw at dlffercnl 1 [1:! 1] u~lIIg cqn (5 Il) 
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sinee 1.5[Ga]T is the amount of sulphates origill.lt illg flOm Gd2(SO .. h Il is ohyiolls 

that in this case, the acidity of the solutioll (i l'., the concclltration, or activity, of 

H+) as weIl as the ionic strength will be detcrmincd flOm the distribution of spt'cies 

in the solution. 

The second case will be cal1ed 'case of spccifil'J acidity'. The system is dt'

fined as consisting of gallium clcctrolyte (gallium sulpItate or anothcr salt with 1I0n

complexing anion-e.g., gallium perchlorate or nitrate), a soulce of sulphates (e g., 

H2SO .. or Na2S04), and indifferent eleclrolyte(s)5 (l'.g., nitric or pcrchloric acids and 

their sodium sa1t~) which serves to pre-detcrmine the acidity (plI) and the iOllie 

strength of the solution. This case is impol tallt, bcc:J.I!<;(, It Id(,l~ to the type of solu

tions uscd in the gallium extraction experimcnts, ,1CSCl ibed in the pl'cviou'i Ch(tptcr. 

The calculations for species distribution in this ca~e MC simpkr tIt'lll t hostO o1ltlincd 

in Appendix B f(lr the case of non-specificd acidity. The rcason is that the ronccntrd.

tion of one of the key components, [1J+], and the ionic stl ength are kll()WIl in advilllcc, 

and aiso the charge-balance equation becomcs unncccssary. 

5.5.1 Case of N on-specified Acidity 

The percent distribution of gallium specics is prescntcd here as a functioll of the frec 

H2SO. concentration at constant total gallium cOllccntIation, [Ga)T. Rcsulls for two 

values of [Ga]T are given on fig. 5.1 and 5.2. 

The speciation diagrams clearly show that gallium is significantly complcxcd 

in aqueous sulphate solutions and the Pledomin ... nt species is Ga(S04)+' At very low 

(and zero) acid concentrations, the firsl galhull1 hychoxy complcx, G.t(OIl)2+, exists 

to a noticeable extent, but disappcars as saon as tlte acidlty i~ furtltel inuea,>cd, evcn 

slightly. This is the reason for the displctycd TIIaxirnurn in the pCI ceutage of frce Ga3+ 

in this region of low acid concentrations 

SlIere, the electrolyte is con:;ldered Indlfferellt ollly Jf Jl', 1011<; do flot t,lhe part III c()/lIplcXlIIg 

reactions and, wlth respect ta solvent extractIOn, the)' are Ilot extracted III ally form wltlJlIl thl:' 
range under stud~ 
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A maximum is also found in the presence of the second gallium sulphatc com

plex, Ga(S04);' As expectcd, an incrcasc in 1I2S04 concentratiOn lcads initially to 

increa..<;c in the concentration of the free SO~-. AccOldmgly, [Ga(S04);] incrcases as 

weIl. At the same time, however, acidity a]so incleases, thus causing graduaI shift of 

the sulphate/bisulphate cquilibriurn (t'in 5.4) towards formation of bisulphate. This 

results in decreasing the pcrcentagc of the Ga(SO.j); complex, which apparently is 

Jess stable than Ga(S04)+. It is obvious, however, that under eünditions of con

stant Cree 11 2SO .. concentration, an increase in the total concentraticm of sulphates 

by addition, for cxample, of Na2S04, will increase the percentage of Ga(S04)~' 

pH and species distribution 

As mentioncd carlier, the resulting pH of the solution .eflects, in this case, the dis

tribution of species. Hence, the measurement of pH may provide a convenient ex

perim'!ntal tooi for at least partial verification for the predictions of the speciation 

diagrams. 

For that reason, several mixed Ga2(S04)3-H2S04 solutions with constant 

[Ga]T -= 001 g-ion/l and vaflable acid concentration from 0 to 0.1 mollI H2S04 

were prepared and theÎr pH values measurcd. The results showed that the mea

sured values were quite close to those predicted flom the speciation. For example, 

for 0 mollI H2SO .. the predicted pH is 2.72 (fig. 5.]), while pH of 2.75 is measured; 

for the case of 0.1 mollI H2S04, the predicted and measured pli are 1.03 and 0.98, 

respectively. 

Notwithstanding the observed close agreement between predicted and mea

sured pli values, it sllOuld be emphasized that it refers to relatively low acid concen

trations and ionic strengths. Hence, the agreement itsclf can only be interpreted as 

a proof that the values for the mass-stability constants of complexes involved, and 

thercfore the distribution of speries based on thesc values are probably correct for 

the particular range of ionic strengths. This, however, wIll not necessarily be true 
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for high acidities and ionie strcngths. Except fOI t hl' LI,>e of zelll ,lIld cll)sl" t 0 Z('1l) 

free H2SO .. concentrations, where the rcsultlllg plll~ !'Jtlongly Jependl'Ilt 011 IC,IP. il 

appears that the pH remains very much tlIe ~dlllL' fOl the Sdllh' COIICt'lltl ,diull of fI ct' 

H2SO .. regardless of [GaF. This is evidcnt ",hen the pH C\lrves of iigules 5.1 ,mt! 5.2 

are compared. In other words, for the range of hit!,h dciJ lOIlCl'lltldtlUll~, the plI r('-

flects mostly the sulphatejbisulphate equihbl iUIll, while the elr('l t of tht'II rd,üivdy 

low [Ga]T becomes negligihl(. Bence, tllls \\o\1ld bIt! 10 ill( UIl( IIl~i\'(' 1t'''\IIt~ ,lilOul 

gallium complexation if pH is mcasured undel surit cOlldltions. 

Finally, it should also he remembcI cd that an addltion,tl UllCCI taillty for tht' 

speciation at high ionic strengths is Înlrodu<..ed flUm thC' lleCt's~ary ass\llllption6 lItal 

the stability constant of Ga(SO .. ); complex 1 ('malllS the Sdlll(' leglll dk~~ of tht' iOllie 

strength. 

5.5.2 Case of Specified Acidity 

Here, the distribution of gallium complexes is prcscnted as a fUIlctioll of plI at con

stant [Ga]T, [SO .. ]T, and ionic strength. FigUles 5.3-5.' . .,how the speci'ltioll diagrams 

for several differently chosen conditions.; The case of 0.01 Uloljl G<l1(SO.d3 di!>~olV<'d 

in aqueous solution of indiffcrent electrolyte, whidl SCI V('S tü méuntclill CUIlSt,lIlt jouie 

strength of 1 = 0.1, is represented on fig. 5.3. Ho\\' tlte dl,>tlibutÎOll dJdltg(''> wlwu tlte 

ionic strength is increased for the same conditions of fig. 5.3 1'> rOllnd by ('QlIlpo.risoll 

with the next fig. 5.4. The two following figures 5 .. 5 and 5.ô illust rate tbe changes in 

the distribution of complexes when [S04]T is inClcd5cd for othcrwise the sarne con

ditions of fig. 5.4. A comparison between figures 5.5 alld 5 7 yiclds t}l(~ di{f< reIlCL'f> in 

species distribution dne to increased total gallium cOllcentr,üioll. 

6See page 119 
7Clearly, such diagrdms can be produced for any palllcular colldlllollS whcll /Icedcd 
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Distribution of hydroxy complexes 

The results clearly show the common teIldency of iJlcreasing percmtclgt' of the hydruxy 

complexes as pH increases. At the same time, the dlstribut.ion changes slightl)' when 

the total gallium concentration is incrcased (fig. 5.7). The preJominant species among 

the hydroxy complexes changes from the first, Gd(OIl)2+, to the fourtll, Ga(OIl):a, 

complex with increa~ing plI (fig. 53). Thus, the le,>ult~ for the hydlUxy comph·x(·s 

alone, e.g., wh en the sulphate complexes are citlwr not plCsellt or e,cluded from 

consideration, are weIl in agreement with similarly constructeJ spcciation diagrams 

available in the literature [118, 122, 123]. This, of course, is not very surprisiug 

sinee the mass-stahility const.ants data fOl the hydloxy complcxe'i useJ in titis work 

originate from the ab ove rnentioned sources. 

This agreement alone cannot be takell as ploof of validity. For cxample, the 

distribution of the hydroxy complexes appears to be strongly depcndent on the iouic 

strength of the solution. White the results for 1 = 0.1 (fig. 5.3) COlI l'ctly prcdict the 

known fact [118] that at high pH the predominant LOmplex (if Ilot the only one among 

the mononuclear species) will he Ga( OH)4", those 1 efelflng ta a higher iOllic ~trellgth 

(e.g., fig. 5.4) predict its percentage considcl dhl)' deci cd,>C'd,8 and Ga( 0 Il)J app('dr:, to 

be the predominant complex instead. The reason IS ln tlle diffelt'Ilt dependl'ncc of the 

respective mass-stability constants on the lonic st Icngth (Tdble .5-1) Nevel thclc~s, 

these predictions for the high pH range are oLviously doubtful Ll'cau~c they will Ilot 

explain why gallium is soluble in such solutions. 

This example serves to ilIustrate ho\\' Ullcertamties in tbe available data 011 

stability constants may le ad to enoneous or at lea~t doubtfullcsulb For the low pli 

range, however, which is main!y of intel l'st in the present WOI k, the'ie Ullc('rtail1tics 

about Ga(OH); complex will have a negliglhle impact. 

8Smce lt is Jess than 1 % for the plI range of figures 54-57, the prc:;,cnce of Ga(OIl);j" 18 not 
shown there 
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Distribution of sulphate complexes 

In the range of low plI, the predominant gallium complex is Ga(S04)+. Hs corre

sponding curve shows a maximum, the exact position of which (with respect to pH) 

depends on the particular solution conditions (figures 5.3-5.7). The reason for this 

maximum is that as acidity increases, the concentrd.tion of free SO~-, available for 

complexation, decreases according to the sulphatejbisulphate equilibrium (eqn 5.4). 

At the other end, above a certain pH, the formation of the hydroxy complexes be

cornes important. Thus, according to the speciation diagrams, at pH above 3.8-4.0 

the presence of the sulphate complexes will be negligible. 

As expected, increase in the total sulphate concentration leads to increased 

percent age of both gallium suJphate complexes (figures 5.3-5.6). The presence, how

ever, of the second complex, Ga(S04);, appears tü be less significant, especially at 

lowcr pH. At high sulphate concentrations and in the pH range of 1.5-3.0, there 

is competitive formation of Ga(S04);, which affects considerably the percentage of 

Ga(S04)+ (fig. 5.5 and fig. 5.6). 

When the total gallium concentration in solution is increased (fig. 5.5 and 

fig. 5.7), the presence of the t\'.'o sulphate complexes decreases and, accordingly, the 

amount of free Ga3+ increascs. These changes, however, in the distribution of species 

appcar to be slight. 

The fact, that in the region of low plI (less than 0.5-0.6) the complexation 

of gallium with sulphates becomes less pronounced, will be important for its solvent 

extraction. The effect of sulphates on extraction will be Jess significant under more 

acidic conditions, but for the same total concentration of sulphates. This, of course, 

will be useful providcd that therc is a leagent which will be able to extract efficiently 

from such acidic solutions. On the other hand, high sulphate concentrations, and 

therefore the complcxation, Will havc beIlcficial effcct for the same acidity (activity 

of H+) when stripping from the loadcd extract,wt Îs considcled. 

Furthcrmorc, the abselln~ of bl~\llphate lomplexe~ wlth gallium can, 1Il princi-

13"2 



r 
1 
1 

pIe, facilitate metal separations by extractioll flOlI1 t his type of sulllt iOIl 011(' exalllple, 

where such potential may exist, are mi"\cd solutll>ns \\'Ith lIon(III), \\'hich is known 

to form such complexes [134, 135]. 

5.5.3 Sulphate Complexation and Galliulll Extraction 

With the program developed for calculation of sp('cic') di!>trilJut.iuIl, it is 1I0W possihll' 

to check how its predictions may compare \Vith the OOtdÎIICJ xC~lllh fOl the dfect of 

sulphate concentration on both the cquilioxium dl~tlll>utiull of gallium (Sectioll 4.2.4, 

page 46) and the rate of extraction (Section 4.5.1, pclgC 8·1). 

Interpretation of extraction equilibrium results 

As discussed in Chapter 4, Section 4.2.4, the PIC<"CIlce of slllphiltc~ hilS a IIl'gativc 

effect on DGa (fig. 4.4). This effect can oe IIlCOI pOl ateJ ill tht' exprc&sioil (eqn 4.17) 

for log DGa as a function of free extractant cOllccnllélllOll and pH at cquilioflum: 

{ , J1 
1 [1 IGa aq 

log DGa = log !(ex + 210g (IIRh + 3p!l- log IGaH ] (5.12) 

or written as (eqn 4.18): 

[(' ]T .HI. aq 
log DCa = log DCdo - log IGa,3+] (5.13) 

Essential here, when complexation is considel l'J, 1'> the logarithrnic term, rcprcf.cntillg 

the ratio of the total metal concentlation to the concclltration of rcacting spccics, 

at equilibrium. This term has to be dctcrrnillcd, which is now po~~ihle using the 

speciation diagrams. 

In a typical extraction equilihrium expel illlcnt, the rndal fOI\{'('lItratioll (to

tal) in the raffinate as weil as the pli Gill he detelllllll<'d Aho kllOW/! i.., the total 

concentration of sulphates. The ionie strength of the ~ollltl{J1I i.., tL..,.,lHrl<'d to be the 

same as that of the initial solution. Tlm Îs jll<ittlieJ bCCall'iC of tlH' relativcly :-,rnall 

amounts of metal initially present, and cxtraeted, \VIth 1 espcct to tltl' wncentratioll 

of the indifferent c1ectrolytc. 
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Wit h this information availablc, tllc t Cl III ICJg (l GaJ~J [Ga3+ l) can be calculated 

aftt>T the dIstribution of spccies for tbe pal ticuhu conùitions of carh experiment is 

found. Then, DG'lO' the hypothetlcal JistllbutlOll coefficient of gallium which should 

be obtaincd if there is no compl(~xation, can be calculated from eqn (5.13), using the 

experimentally determined valuc5 of DGa. 

It is evident. thal if the distributIOn of complexes has been correctly deter

mined, then the calc.ulatcd values of DGao from eqn (5.13) should coincide with those 

values of DGa found for the same conditions, but in absence of complexing sulphate 

Ions. 

For the extraction equilibrium experiments of fig. 4.4, in the presence of sul

phates, the values of DGao have becn ca\culated and are given on fig. 5.8. Also 

shown, for comparison, are the same data (DG .. ) fi om fig. 4.4, for the experiments in 

the absence of sulphates. 

The results show that there is a reasonably good agreement between the cal

culated DGao and experimental DGa values. Also, the slnpe of the lines log DGao vs 

pH is now very close to the expected value of 3, while for the original data in the 

presence of sulphates the slopes are noticeably less than 3 (Section 4.2.4). 

Analysis of the complexatlOIl results shows that in log D V5 pH coordinates the 

slopc rhanges from 3 bccausc of the log (IGalYq/[Ga3+1) term, which is pH dependent. 

With inerf' asing pH this term also increascs for the pH range of the experiments (0.4-

2.0). This reflects the observation, discussed earlier, that for the range of low pH the 

complexation beeomes less significant as pli deCleases. 

Hence, in the expression for log DCa (eqn 5.12) there will be one term that 

changes with pH.9 It is obvious, therefOlc, thal just plotting log DCa vs pH, when 

extraction is affected by complexation in the aqueous phase, will not yield the correct 

value for the stoichiometry of the reaction \Vith respect to H+. Furthermore, the term 

9 Anothcr tcrm III the equation that md)' IlIdlrectly change wlth pli 1:, the concentration of the 
free extractant 



Figure 5.8: Comparison between DCa and calculiltcd DCdO vdlu('!>. Data uf fig. 4.4. 
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log (rGal~!fGa3+J) challges gradually with pli alld this is probably the reason why, 

despitc complexaI ion, the cxpcrim(,lltdl d,Lla ar(' "tlll well corrcldted by a straight line 

in log D vs pH coordinatcs. The ICsuIti/lg slol'c, howcver, will be less than 3 because 

of the incrca.sJrlgly negative impact of complexation on log DCa as pH increases. 

Extraction kinctics data 

The expcriments have shown that the rate of gallium extraction decrcases with 

increase in the total sulphate concentration in the aqueous phase (Section 4.5.1, 

page 84). 

From the parameters of the aqueous solutions used in the experiments for the 

effeet of sulphatcb (fig. 4.25), it is possible to calcu late the respective concentrations 

of frœ Ga3+ using the spcciation proglam. The results are given on fig. 5.9, where 

the data for the rate of gallium extraction are the same as those on fig. 4.25 but 

ploUed vs the calculatcd values of [Ga3t j. 

The results, obtained in this way for the dependence of gallium rate on Ga3+ 

concentration in the aqueous phase, seem tü be similar tü those found in absence of 

sulphates (fig. 4.2:~). In othcr words, the kinetic data fOI tbe effect of sulphates, after 

the complexation has bcen taken into account, appeal to become \'cry close to those 

for the cffcct of metal concentration for otherwise the samc conditions. This allowed, 

in the subsequent modelling work (Chapter 6), sulphate complexation to be treated 

as a special case when considering the effcet of met al concentration in the aqueous 

phase on the rate of gallium extraction. 

ft should b(' Ilot.ed, howcver, that the above treatment to account for sulphates 

complexation and the effecl on extraction rate refers only to the bulk properties of 

the aqueous lIolutioll, J.e., aWily from the aqueous/organic interface and the aqueous 

diffusion layer. It is obvious that. the distribution of species close to the interface 

will dcpend on the local propcrties there-pH, rnctal, and sulphate concentrations

which will be differcnt from the rcspecti\'c bulk values Thercfolc, in t.he deterrru-

1.36 
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nation of concentration profilc~ for the 1 eacting spccies (Cbapter 6), the additional 

cffect of cornplexation in the rcgion clo::,c to tbe iutclf'lcc should also be considcred. 

This, howcver, ha::, not been donc iIJ the III e~ellt WOI k mostly because additional ~~

sumptions will have to be made,lù which will ::,el iomly undermine the anticipated 

improv(>mcnt. Also, the fact that the ca1culated data fIOm the experiments for the 

sulphates cffcct are in rclatively good agreement \Vith results for the effcet of gal

lium bulk concentration in the ayucous phase implies that fUi ther lInprovements by 

accounting for complcxation in the aqucous dlffll~ion layer will plObably Ilot yield 

significantly ddTercnt rcsults. 

5.6 Summary 

In this Chapter, the problems associat "cl with gallium complexation in a' ueous sul

phatc solutions and its effects on extractIùn have bcen discussecl. Usmg the available 

literature data <'11 mass-stability constants of gallium specles plèscnt in solution, a 

program for calculation of species distribution has bccn developed Two cases have 

bcen considcred: 

• Case of non-spccified aciJity. The system IS Ga2(SO"b-lhSOcH20, the total 

concentrations of metal and sulphate are known, and the distJ ihution of species 

dctermines the acidity (plI) and the ionie stIength of the solution . 

• Case of spedkd acidity Thl~ is a particular alld simplel case of the previous 

one beeau~e both pH and the ionie strcllgth are PlcdetermiIlcd from indifferent 

electrolyte(s) prcsent in OIC ~olu~lOn. This case COI responds to the type of 

gallium aqueous solutions used in tbe extraction {,XpCl imenb 

The Ic::,ults fOI the distributioll of ::,p{'Cles a~ a functioll of flee HzSO" con

centration (fig 5.1 and fig. 5.2) or pli (figules 53-5.7) have shown that gallium is 

IOFor exall1plt'. OIlC problem will bl that [G,I]!;l' [S04)!q drc 110 IOllger COII<;tdllts but fU/letlOns 
of dIStance frolll the Ifllt'rface, and dl'prndellt on the concentr.ltloll profilc5 of all gdlhum- and 
sulphatt'-cont allllllg spec l\'~ 



significantly complcxed in sulphatc solution.,. 

From the available litt:'ratl'rc OII g,dllllili (lllllp]l':'\l''>, It ",1<; bl't'Il l'ollduc!t'd 

that gallium does not form bisuJphate cOl1lpll':'\l'~ II 'l'hl' a b"e Il l'l' uf form,ttllHl of 

these species leads to a Jower pcrcl'Tltae;t' of cOlllplexeJ g,t1IIllIl1 wltm pB i~ Jow and 

decreases. Such absence may be potcIltia~ly llsdul whell IlIddl sep,lI.11iollS fWIll this 

type of solution arc considercd 

For the case of I1on-specified dcidity, tlte ubtailled !t.',>ults flnlll "pl·CIt·~ lli~trib\l

tion calculations were vcrificd by comparing cxpcrilllcntally mca~llr('d and cakulated 

pH values for prcpared gallium sulphate--sulphuilC acid ~ol utioll'> Buth values wert' 

found to agree quite wel:. Thc predictions of ~pcLics dl.,tllbutlOIl plOgrdIIl wert' u!>l'd 

in interpreting the experimental lc~ulb fOl the cfr\.'( t of !>lllphiltc~ Ull f)\~" and the 

rate of extraction. \Vhcn this dfcct i!> taken Illtu dC(Ullllt cllCOldlllg tu tlll' ccdol

lated species concentrations, a reasonably gool! agll'('/lwllt i" fOlllld wit Il t Ill' r('..,ults 

obtained under the same conditions but !Tl dlN'Il((' of <,ulphdtes 'l'Ill'> rll(',lTl', th.Lt. by 

using the results for distribution of complexe!>, it wIll be po<;sible 10 plcdict the extrac

tion performance under particular conditions--audlty, total !>tJ!phatl' co/lcelltration, 

etc. 

Hence, sorne of the important advantages (alld limitatiom) of cOlI'>idering 

met al complexation in solution ar(' . 

• Prediction with sorne dcgree of accuracy of extl actioll behaviour -- how (and 

presumably-how much) the concentration of the complexillg IIp,d.lld will affect 

metal loading and extraction kllletic5 

• More information eaIl he obtal/ll'ù abuilt the 1 Cclctlllg "P('( II'~ 1 t i., pos!'iblf', 

using the iIlformation Lorn :,pCCle,> llJstIIlJlltlo/l, to vellf)' cl hypothc:-.i:-. t11,1t rl 

certain species is the one that rC<lets, Il)' (0/ 1 cId tlng tlll' UI)1.lill('d (·xperimellt.d 

data with propert ics parllcular to t hd.t SjH':CIC'l 

IIThe same appears ta apply ta alun,lIlurn alld IIIJlum as weil [1 Hl, 1:!1, 110, H Il 
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• The principle~ and the algoritlllll on which tbe calculcttioll of spccies distribu

tion is ha~ed remain the 5amc, regar dlc5s of wllcther one or more metals are 

pre~cnt in solution At the 5arnc timc, from the re,;pective speciation dragrams, 

condition'> for irnprO\~d TIletal scparcttion can be determrned . 

• The construction of l>pecies distribution diagr ams can be extended to higher 

temperaturcl> \Ising aVdilal)lc thermoc1Yllamic c1dta. This ib of par ticular impor

tance in lcaching systems . 

• Among the limitations in determination of complexes distribution, probably 

the most sig,fJificant when it OCCUIS, is the lack of reliable data for the mass

stability comtants. Controycrsy Îs morc of a rulc than an exception. This 

requires carcfu! examination of tire originally rcported data, cross-checking, 

and evcntuaHy-comparison with what is experimentally observed. 
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Chapter 6 

Reaction Kinetics alld Mecllanisn'l 
of Gallium Extraction 

6.1 Introduction 

In this Chapter, the ex peri mental rcsults on galltum kinctics, prc~(,l1tcd in CLapt('r 4, 

will be used in elucidating the reaction Illcch(lll1~m <l~ ét sClic~ of delll('ulary ht.('pS. 

The purpose is to describe them thrüugh d md.thclIliüicdl li 10<1('1 b,l.::,cd on physico 

chemical properties of the extraction sy::,tcm, witicit would ellablc a. Ll'tter ulldcr

standing and prediction of extractlOll behavlOuI, while on tlte ot!tl'r baud, J>lovidt' 

a basis for compaflson with repürtcd data 011 extl dction of olllCr ITI<'t.als ill :,unilar 

systems. 

First, relevant existing models will be bIldly ou tl III cd \\' 1 1<'1 (' tLc di..,t.lll (t.IOll 

will be made with respect tü the locus of the cltcrnical ft'dcli(m Secolldly, the mode! of 

mass-transfer with chemical reaction (MTWCH) round to desclibe weil lia' ext.ractioll 

data, will he presented with an cmphasis 011 Its ftll tirer Jt'W!')!HIl('llh lwlil'ved to bt, 

appropriate in this work. TheIl, mode! prcdictlollS wll! be te.,ted 1))' 1 he c()IllJlilri~()lI 

with the experimental data from gallium-D2EIIPA ~y,>tllTl 

Th<> implications of the important 1I10deJ pal,UlI<'t(,I~ for Illddl extrcHt.iofl and 

separation will then he discusscrl, and ~pcc.ifica!!)' tile wh, of tlte lall' c(Jll~t(111t of 

ligand exchange will finally he illustratcd with the exaIllp!f' of gallium/ a!uIrullum 

Hl 



separation ba'ied on different rates. 

6.2 Extraction Models and Locus of the Chemi
cal Reaction 

A starting point in modellmg the plOcesS of metal extraction is the delermination 

of the ~ite of tbe ch(,lIlical rcaction. Whell t.he two imIlli~cible liquid~-the metal

containing aqueous phase and the organic extIactc\nt solution-ar<.' LlOught into con

tact, thcre arc, in general, thrce options for wllele the reaction may occur: in the 

organic phase, at the interface, or in the aqueous phase. The first option is viewed as 

impossible sillcc the r('acting rnetdl specics f/Om the aqucous solution are insoluble 

as such in the organic pha.<,e. 

Thus, the two alternative optioll~ are evaluated when considcling the mech

anism of metal extraction. However, the selected site-at the interface or in the 

aqueous phase--and the rcasoning behind its choiœ is often a subject of contro

versy among different research groups. The main arguments favouring the interfacial 

chemical rcaction optIOn are [149, 150]: 

• Very low aqueous solubility of most extractants which, of course, IS a pre

requisite for sllC(e~sful commel Cidl application . 

• Clcarly displayed interfacial activity by a large number of extractants includ

ing various chelating reagents, sulphonic, carboxylic, organophosphorus add 

extr actants. 

On the otller h,Uld, r('actions in the aqueous phc\~e (extractant dissolving, even in 

minute amoullb, 111 the aqueous solutioll and leactmg with mctal thelein) have been 

proposcd and u~ed to explalll C'xtraction 1 csults in scvcral systems. Bence, fur the 

saIlle extraction sy~t(,lll, contI adictorJ mechal\ism~ Me orten p/Oposcd One example 

is copper extractlOIl with hydroxyoxinws, whelc formatioIl of the metal-extractant 

112 



complex is said to occur in the aqucous pbd'il' [1 rd, 15~, }[)3], wIll k ut Iwr st udit'S [1 ;)·1, 

155, 156J point towards interfacial c\1\_'lIÜ\ <II H'M t iUII 

Undoubtcdly, the propclties of thl' clqll!'UlI!'> l)lg,llIic 11Ilt'1[.\ll' pl,!)' .1 ~1!!.llifi 

cant role in metal extraction, a fact rL'COglllZl'd ,11"'0 by rt'~t'drd)(,1 ~ hulding tlll' vie\\' 

of predominant aqueous phase rC<1ctlüll [157J. Thl'IdUlt', dll'llII(',d rl',lttillll~ ,d the 

interface cannot Le excluded from LOlIsiJel.ltlOll On t hl' othl'r !l,Inti, Jll,IIlY t':\tt Mo. 

tants do possess limited aqueous soluLdity. Thu.." tht' pO~~lb!lJty fUI tht' n'<lctlllll to 

proceed in the aqucous phase should Ilot b(' Itlled out .... ilhl'I. III thl~ respect, thl' 

general concept of a chemical rcaction al thl' IIIt(,1 fMe thdt rn<ly ,d..,o l"..tt'Ild IlIto tl)(' 

aqueous diffusion layer, adjacent to the illteIfau" Jcpclldlllg 011 tilt' plOpel tit'~ of 11)(' 

particular extraction system [158), ~('(,IJlS tu 11l' IIIOIC iiClUIlIIllUt!,t!lIlg ,lIld n'db~lic 

than concepts restricted to either intcl f,ICI,t! OJ d(PH'OU,> pha..,(' dll'IIlH ,d u',l,lioll. 

6.2.1 Interfacial Properties of Extractants 

There have been a number of studlèS ùevoteJ lu the 11Itcrfclu,d actl\'lty aIld other 

properties of the aqueous-organie inlcrfdCe (fUI ('x,unple, aJ~O/ptiOll/Jl'~Orptloll p)w

nomena, interfacial vi~cosi ty, etc.) of cornIllCI (i,1I ly \l!)('d exll al t,lllt '>, ~ IIlh a.., hydlOX

yoxirnes (e.g., refs. [159J--[163]) and organorho~phollls aeiJs [164, Hi;), HiGJ Among 

the interfacial properties, tbe interfacial lCIl..,jOIl aplj('.ll ~ to Il, \'(' lH'l'll ~t Ilcli"d tll(' 

most because of relative case of m('~urcm('nt [lGÎ, IG8}. 

It is well known that thesc Icagenh al e <,111 face actIve Jw' t.<J tlu'ir dmphi

pathic nature-i.e., having in their rnolcc\llc!> botlJ llyJlUpllolJlC riou-polar }IYÙro

carbon groups and a hydrophillie polar funetÎollal gIOUp which l(d\('~ part III the 

cation-exchange extraction u'actlOn Slilli lIlo!eCll!es tellJ tu ,U)~()I b dl tlJ<' Illt('r

face with their hydrophobie group oflelllcJ tO\\dld.., the !Julk OIi'"UIJ( IJ!Jél'>t', 'llld t}J(' 

hydrophillic group lo the aqucoll~ pha,>c Thil.." ('\,('11 ,t! \,('IY lo\\' (()I)(('lJlrittioll'>, 

rnolecules of the extractant satu[,lte tbe IIltel [cH (', fOI Tlllllg éUl ,t<.j..,ollH'd IIl()Il<Jlc1Y('r. 

This is evident from the depcndence of the llltel fct( I,t! tt'll'>iOIl, a J , 011 f(',igellt (()JI( eu-
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tration, CJ [I50J. In COOl dinates O'J v.s III C], an illVCI ~C S-shapcd CUI Vè is g<'l1erally 

displayed witl! tllf('e di~tinct r('gions detel mined by t \\'0 speclfiL vdlllCS of ln Cr The 

first one corre:,powh to C;UN--the rlllnimurn bulk pha"c COIlcclltrùtioll IcqUlred for an 

ordercd mOllolayel of extractallt rnolcculc!> to ~tal t fonning at tllc interfacc, and the 

second (and highcr) one--to the CI itical micelle coneent ration C~MC, when complete 

saturation of tlle interface is achievcd, and above whieh spontaneolls aggregation of 

extradant molecules alld micelle formatlOll l :,tdrts For the lfltermechate range of 

concentrations C~IN < C) < C~MC the mterfaClal tell~lon decreascs linearly with ln C, 

and can he dcscribed by Gibbs' adsorptIOn iSOtllCl III [170J' 

where rJ is the sUlfaee exccss (in numbcr of moles pel' area) of the solute j, the 

extradant in this case, R is the gas constant, and T 15 the absolute temperature. 

This equation is the basis for experimentdl detcrmination of C;fIN as weil as the area 

per molecule of extractant at the saturated intcrfaee. 2 

The value of C)MIN is often med as a measure for interracial activity of the 

extradant--thc smallcr C
J
MIN is the stl ongel is the tendency for molecules to adsorh 

at the interface, i C., the more surfdce active the J'(~agent is Tbe values of C~MC are 

usually from one to t\\'o ordcr~ of Ill.tgnituclc hlghel [1.50J. 

For hydroxyoxirnes C;IIN is in the order of 10.2 in aromatie diluents (toluene) 

and 10-4 mollI in aliphatic dlluenls (hexane) {I50]. In general, the values of C~IN 

for organophosphorus acids are lower-for example, a value of CMIN in the order of 

10--6 has bem determined for di-hexoxy ethyl pllOSphori( acid in dodecane [164]. For 

D2EIIPA in dodecdne log CM1N \'al ics flom -2 1 (in contact with 0.001 M HN03 

aqucous phase) to -3 (i (for 1 ~1 II~Oj solution) [IG-l, \69, 171J. 

lThcst' are oftt'll called reversed nllcelll'~ [16~J silice the hyuroplllllic groups orIent themselves 
t.owards the mtenor (and mlerad through hydlOgen LonuIllg) \\ llIle the hydrophobIc ones pomt to 
the outer surface of th(' aggrt'gdte 

lOnce f] IS deternlllled expt'r111ll'ntally, the arCd IS cdlculdted as (Nar])-l, where Na is the 
Avogadro number 

41 



... ' 

The interfacial activity depcnds on ex! rdel ant1" 1'tructure and f('.tet l\'Ity ,t.., 

weIl as the solvating ability of t he diluent. Stronger sol\ltt'-~ùIVt'Jlt illtt'fc\rt IOllh lt'dtl 

to higher GJMIN values. The interfacial actlvity iucreases in the order of illUt',t."lIlg 

acidity of the extractant: sulphonic acid > phosphoric acid > hydroxyoxinlt' Il f)O]. 

TLis has also been observed within the same c1ahh of reagents. Such an <'xample IS tht' 

series of di-alkyl phosphoric acids (i.e" with similar spacial environ ment around tIlt' 

hydrophillic group) where a very good linear correlation betwecn log ('~IN alld p/\o 

has been found [164]. On the other hand, interfacial activity incrcas('s 11\ the ortler 

phosphoric < phosphonlr < phosphinic extractants, despite decreasillg acidity al the 

same time. This has been explained by the incrcasing influence, from phosphoric 

to phosphinic, of steric hindrance 3round the central phosphorm. alorn, dnd partic

tdarly the oxygen atoms, due to orderly replacement of C-O -P witl! r P hond!> 

This inhibits extractant aggregation through hydrogcn bOllding [164]. FurtlH'rlllof(', 

extractant monomers are expected to be more surface actIve tban dimers and other 

polymerie aggregates of higher order sincc thcir outer surface is hydrophobie (sec 

footnote 1). Henee, factors contributing to prevent extractant polymerization arc 

likely to cause increased interfacial activity [150]. 

Extraction models based on interracial reaction 

The models assuming extraction reaction occurring at the intcrface consider the ovcr

all process as a sequence of the following steps (155, 163, 166, 172]: 

• Diffusion of reactants to the interface. Concentration gradient may cxist in the 

diffusion layer adjacent to the ll1terface . 

• Adsorption of extractant molecules at the interface. For the specit'!> on the 

aqueous side of ~he interface, rnctal catioIl!:> are not comidered surfao' actiV(" huI, 

adsorption of H+ is thought to be important - to the cxtent that it wpposedly 

hinders diffusion of reaction produds and thus rctard~ extraction [16Gl Ali 

alternative explanation of this retardation df('c1, however, rTIi:1y w('1l llavc' lb 
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ongm Hl thc ad~orption of cxtractant molecules \Vith thcir polar OH-groups 

oricntcd to the aqueous phase, alld sub~equent acid di.,~ociation which will 

rai~c [11+] in the rcgioll [161] . 

• One or more dlClIlical rCdctions at interface to yicld the final (and electroneu

tral) mctal-extractant complex . 

• Dcsorption of the complex and dIffusion to the Lulk organic phase. 

In order to dcscribe the adsorption/ desorption phenomena of surface active 

species, most modcls [155,173,174] assume tha! th,::,y obey the Langmuir adsorption 

isotherm (177): 
o _ ]{·C) 

J - 1 + J\*C) 

where C) is the concentration of species J, and 0) is defined as 

() = number of occupied adsorption sites by j 
J total number of avallable sItes 

The rate of adsorption of j-species is proportional to C] and the fraction of non

occupied sites (1 - 0)), and the rate of desorption-to the fraction of occupied sites 

(}J' accordingly. At equilibrium the t\\'o fdtes ale equal, and thus the expression 

for Langmuir isotherm3 is obtained with the ratio of the two respective rate con

stants cqual to J{*--the equilibrium comtant of tbe adsorption/desorption process 

for species j. Furt}wrmore, from the definitions of 0) and rJ it follows that 

o = r) ) r oo 
J 

where r~ is the surface excess at saturation of the interface. It is clear that for most 

extractants 0) will become unit y evcn at very low concentrations. 

3The derivation assumes equal probabllity of site occupancy, not affected by whether or not other 
slles have alrcady becn occupled Oliler ISolherll1!>, cg, n eundllch 's, Temkin 's, etc, can also be 
used [161, 162,163] 
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Extractant species at interface 

An important aspect of reaction hinetlLs COllrl'lll~ tbe ftH ms ill whicl! the {'XtrMt allt 

may exist and their distribution at the intcrfd( (' Thi~ qll('~ti(JIl I~ of particul.tr impor

tance to organophosphorus acid rcagellts, \..110\\'11 to CXlst plcdomil\,mtly ,\S dimers 

in the bulk organic phase, espccially ",hell tlll' diltH'lIt is Ilou-pol,u \Vith respect 

to hydroxyoximes, dlmcrizatioll ha~ illtlc effe( t Ull lutel [.\na1 .H 1l\'lty .\IHI (',II <Il tioll 

kinetics, as expected [162}. 

When dimers, (HRh, are the predOllllllallt forlll of the l'xtl <lct,mt, Il Humber 

of researchers include in the extraction model (e g , coppel' [175J, ZIIlC [1 ïS, 179], yt

trium [180] extraction studies) ad~orption of OIl1\el lllokc\lles at tlw intt'I face, fullowcd 

byacid dissociation of the dîmer, and Ieartion \\'It Il llIetal catiolls: 

(HRh (OIg) ~ (IIHb ( .. <1-) 

(HRh (3!h) ;::::: ll+ + llRî" 

Men+ + BR;- ~ MeH~Il-2)+ + ll+ 

(6.1 ) 

(6.2) 

(6.3) 

Similar reactions to those abo\'e for (HHh hct\'e alsù bl..·en considel'ecl in ext.r,tdioll 

models based on chemical reaction at intcrfrlcc, and extC'ndillg into t1w aqlH'ullS dif

fusion layer [87, 181]. 

However, the notion of extractant dimel s eXIstmg at tbe illterf.lce, dlld even 

distributing to the aqueous phase with subsequeIlt dls~oClation and crc<ilioIl of the 

acid anion HR;-, should be viewed as qUlte ulllJkely 

Firstly, the interfacial aclivity of the olmer l~ IIIllch le~:, llrilll tlrat of the 

monomer because the hydrophdlrc grollp~ ale <tir ("ldy ('Ilgdged tlJlùug,h Irydrogpl1 

bonding in the dîmer structure [150, 1ü4] TIr('lcfUle, il 1'> f(~d"(JIlal)lc li) experl thal 

it will be the rnOllorner species that aIe plCdUlIlIIldlltly dd..,u! bed al tlw lllt(·rface. 

This, however, does not necessarily cxcludc pü,>~il)le tl <lll::'pU! t uf dillwrs through the 

diffusion layer on the organic sicle of the lrlU~1 faC<' 
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Secondly, cven if interfacial propcrCcs ale Ilcglcctcd, the existence of extrac

tant di mers in the interfacial region i~ highly implObablc dlle ta tbc presence of the 

polar so)vent there--waler. If alkyl alcohols calI Ccluse II10nOmCl ization [94, 95], this 

will he more so when waler is present. Thus, il. i~ cxpcctcd that dirners' hydrogen 

bonds will be dcstroyed for prcfercntial bondlllg \Vith water molcculcs, an argument 

suggested recently by (lther rcsearchers [182, 183, 18-1] too. 

Thirdly, the idea of a dimer molecule undergoing acid dissocLüion (eqn 6.2) in 

aqueous medium, i.e., with breakage of the Q-1I bund in the hydroxyl group, while, at 

the same time, the much weakcr hydrogen bond kecping togetber the two extractant 

molecules is lcft intact, is indeed doubtful. 

Thercfore, the reacting extractant spcCles, regarclless of v· .. here the locus of the 

reaction is-at the mterface or in the aqucous diffUSIOn layer (or phase)-is considered 

to be the monomer and/or the organic anion, R-, pl'oduced fJOm the acid dissociation 

of BR. This follows dcspite the fact that the dimer, (HRh, may be the predominant 

specics in the bulk organic phase. 

6.2.2 Mass-transfer vs Chemical Reaction Control 

Clearly, the ratc of the overall extraction process cali be limitcd by the diffusion 

of rcactants and products to and from thc feaction 20lle (lcgime of mass-transfer 

control) or by the ch~Illical l'caction itself (Iegilllc of leaction control), or by both 

(mixed rontfl>! kinetics). 

The common and easiest (as a concept) clltelioTl to distinguish between the 

two regimcs is by the rate ùepcndency on stlrring of the t\\'o lIquid phases [167]. As 

the rate of stirring increases, so do the mass·tlansfcl cocfficicIItf. clue ta decre~ing 

thickllcss of tht.' dIffusion layers at the ITlterfdce. Usu(dlya 'plateau' Icgion can be 

found, in rate 1'$ stirrillg coordmatcs, \\ helC the 1 ate of extl M'lioll bccomcs indepen

dent of the rate of ~tin ing Such independclICl' i" orten cOII<;iclel l'cl as a pl'ouf that 

the diffusiolldJ rcsist.lllces arc cllllllllated and the proccs~ is sulely controlled by the 



chernical reaction alone. This, how<..'\'l'I'. ma)' Ilot ,t1\\'dy~ bl' thl' (',\~l' Il i~ pll ... ~lblt, 

that further increasc in st irrillg simply J\)c:, lIut Je\ Il'd''(' il Il)' 1l1l)Il' t lit' 1 Il H k lit· ...... of 

the diffusion layer (thèrefore iIlcreasillg th(' llla ... s-tl.lll'>fL'l cudli\ Il'IIb). tllll., :-'JlIlIII.lt

ing a ~hemical kinetic rcgime [1 G7]. Furtl)('J III 0 lt' , Il ha.~ IH'i.'lI ~1J\)\\, JI Il ~;), 1 SGj th dt 

such a pseudo-kinetic rcgimc in a plateau regioll cali be d COll~('qUt'!lll' of ~ilJ1lllt(llll'

ous mixed kinctic and mass-trdTlsfcr <-OlI\rol FOI t hesl' rl-aSOll~. Il h dpplOpri.ltt', in 

the rnathematical dcscri ptioJl of the pIOCCSS, to i III 1 uJe !> Illlull<lIJ('Oll~ly t lit' l'li Il.\ 1 JOli!> 

descrihing the diffusion and the chernical kincl ics [1 G7J. Such applO'H Il i~ folll)wed in 

this work tao. 

Another criterion that may givc infolllldtlOl1 on the cOlltlOllillg /('giIlH' is the 

value of the apparent activdtion energy. Ea, of the plOce!>!> [IG7J. Tlll~ J., b.t"l'd UII the 

generally much lesser dcpendcnce of dJfrusJoll cocfTicil'llts 011 tl'IllIH'1 ,It Il)(' t.hall rat(· 

constants. Howcver, in much the same \\'d)' as fOl tll(' critCJ1011 f('ldtt'd to ~t irrillg, 

where a 'plateau' region is a necessaly but lIol 'L sulfiCIl'llt lOll<l!tÎOII fUI <l hUlI·tir 

regirne, a low value of Ea rloes not ncce'i"anly ÎlIUlcate pure-I)' dit! lIslollal colltrol 

because orten chemical reactions JIl solvenl extracllO!I have vdlues of Ea !>imil,l[ to 

diffusional processes 1167]. 

Therefore, in or 'er ta evaluate the COlltIOllulg lcglTnC, mOI (' lhdll a single 

criterion must he considercd togethcl with the !>ulutiull (hellll,>l.l)' of t)w ('xtI<1(tJO/l 

system. The interfacial properties and aqueuus solul!lllty of t1\L' CXtl.1ctclllt, <i" weil a.'i 

the ligand exchange phenomena specific to the hydlatcd mctal spc<-i('!> arc of partic

ular relevance. These will also affect ta a signifildllt degrec the !>lle of the cllelllical 

reaction. 

6.2.3 Criteria for Determination of Reaction Site 

In general, the site of the chemical l('actlO/l ",dl dcpclId ilOt. ollly OJi tlw IlllerfeJ.ciéi) 

properties of the extradant (in a particula! OIgclfllC ~OllllJOIl) hut al..,o on it~ aqueOIlf> 

solubility as weB as the chcmistry of the aqu('oll~ mct<lJ ,otrJplex('., [1 (j:L 1 H7, IH8, 1~91. 
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Thus, it seemc, more relevant to discuss the rcactloll site Jll terms of relative contribu

tions of boUt intcrfdcial and aqueous diffu!>ion Iayel Icactiolls, instead of considering 

Oll(! and ncglecting the otller. In otller words, such a vlew corrcsponds to the idea of 

reaction at the interface cxtending also iuto the adjacent aqueous diffusion layer. 

A rc1ation!>hip bctween aqueous solubility of the extIactant anù the contribu-

tion of rcactioll in the aqucou~ diffusion layer bel':> becn obscrvcd in several studies. 

for cxample, while the extraction reaction of coppcr \Vith :2 hydIOXY 5-dodt'cyl ben

zaldehydc has bccll found to occur mainly at the inteIface, the same reaction with 

2-hydroxy 5-cthyl benzaldchydc proccedc; exclusively in the aqueous phase [163]. The 

Jatter extractant haoS higlter aqueous solubility than the former, and an ethyl group in 

place of the dodecyl group. Similarly, copper rCclctioIl with benzoylacetone, another 

cheJating cxtractam with Ielatlvely large solubility in water, has beell found [187] to 

proœed mainly in the aqueous phase, although the intel facial reaction also plays a 

sigllificant role. 

The partition coefficient of an extractant, BR, defined as 

(6.4) 

or its distribution coefficient 

(6.5) 

give information about extractant solubihty in watcr (overbar denotes concentrations 

in the organic phase). In gencraI, most of the commercial chelating reagents ale less 

soluble than the organophosphorus acid cxtr actants as well as much less acidic. For 

example, the partition coefficiellt of I\elex 100 i!:> 3.31 X 105 alld its Ka is 4 X 10-11 

mollI [ï9], and for 2-hydroxy 5-1I01lyl dcctopbcllÛlle oxime (the Qrlil-i'3omcr) these 

values arc 7.,1 x 103 and 2 x ID-li mollI [155], Ic!>pcctlwly. fOI bcnzoylacetor.e, an 

extradant \Vith largcr aqueous solubillty, FIIH is 10Si and /{a is 5.3 X 10-9 (enol form) 

and 2.3 x 10-9 mollI (kcto fOrIll) [187J. The Ic!>pcctivc valuc!:> fOl D2EIIPA are given 
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diluent Ka }JIll{ }\"..1 HefeI ('!lCt' 

mollI --- 1/1\1\)1 
------

n-heptane 3.1 x 1O-~ IliOO 3I3x10 1 [190] 
n-heptane 1.26 x 10-2 ·110 {j GO x 10 1 [18~1 
kerosene 5.1 X 10-2 3100 2.75 x 104 [191] 
kerosene 800 1.26 x 104 lefs. [22] alld ln! ill [1 nJ 

Table 6-1: Physlco-chclllic.d plOpl'ltil's of D~EIIP/'. 

in Table 6-1. There, ](d denoles the dimcrlzation constant ddilwc as 

]{d =; C(l~Rb 
C I1R 

(6.6) 

Despite the apparent disagrccmcnt bctwCl.'lI constallb fOI D:2EIIPA H'porlc(l 

by the various researchers, which may pwbably !Je ùu(' in pal t /IUt. oHI)' to di/f('I

ent analytical methods employcd but aho to assumptiolls \\'hlcll llI.l)' Ilot 1)(' COII('ct 

(for example, distribution of D2EHPA dllllCIS ta the ,tqueous p!J'L!"l(, 1:' a~"ulII('d iu 

rer. [191]), the data in Table 6-1 clearly show the ll1uch mOle aciù;c IIalme of D2EllPA 

in cornparison with the above cited chclating rec\g(\lIt5. Oll the avel,tgt', the parti

tion coefficient of D2EHPA is lI1 the same OIdcr of magllitude ..tS t]l<' (O('flici(,lIt. for 

benzoylacetonc, one reagent with a lclatively hiéShcr solubihty dlllOlIg the clH'latillg 

extractants. Of course, this is not to illlply tbat D::!EIIPA ba,> IllF,h ,>()!uIJih1y in wat.er, 

but to emphasize that under sinlllar conditions the Iole of dl<' t'xlI <lcliol\ I('.t{·tioll in 

the aqueous diffusion layer will be largel for D2EIIPA thctll for ét l('~~ ~olublc (and 

much less acidic) chelating extradant. 4 

Whether the chemical rcactIOn (wben It IS late-!imitillg) OCC1lrh ill the in

terfacial region or in the bulk aqucous phase can be detcrmined by ("(tllyillg out 

experiments with diffcrent aqueoU') volumes at con~tallt intclfilci,t! alCd a/ld ail other 

conditions constant [167, 189J. Obviously, if the rCdction is ill t!H' hulk aqueolJs 

solution then the uverall rate will be propol tiona! 10 the aqueou,> VO!UllW and in-

-40n the other hand, D2EIIPA, as an alhyI pho~phuflc extradant, Will be IIlC)rp 1IIt1'rfanaIly 
active than chelatmg reagents Thi" mcans lowl'r CM1N vdluc,> fur D2I:II!'A f,llt Bot !If ff~"'>;lfIly 
much dlfferent adsorptlOnjdesC!rpt \\)1\ hlm·tlc,> 
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depclldellt of the ÎlIlerfcicia! arca III c(l/ltl <l'>t. if tllc' (!tCllllC,t! lcactioll occurs at the 

int.'rfd.(,(·, the li the ràtc of extractlOII wdllH' 1IIIl'<lII~ dl'lH'lllkllt Ol) the interfaciàl alea, 

and M('ordillgly--- HldepCIldellt of the aqU('Ull'> !J11<l~(' volllllle Thc plOblem 15 that the 

sarne dcp<'Ildellcie'l will abo bc ob"('I\'cJ If the ledction is III the aqt'cous diffusion 

laY('f adjacent to the interface II 87, 193, 1:J 1 J In 01 der to resolve this problem, severaI 

approaclw~ have bœn proposcd [lG7, 189, 19·1, 193J and will be outlined below. 

Rate and extradant concentration 

This proposcd cl'itcrion IS bdsed on the theoreticdlly differcnt dependence of rate on 

extractant concentration when the concentr atioH bccomcs higher than CCMC [167, 

1941. If the reaction is soldy interfacial, tlicn the extrdction rate should remain 

constant beyoIHl CCMC, simc fllrt!Jer inclcù')c ill c,lldctant concentratIon willlead 

only ta lIliceJl(· formation while tht' inlclfdcial COllccntr<l.tlOil will Le ullcbangcd-al!d 

50 will he the extraction ratt" for otlJ('[',vlse the 5illll(, (onùltions On the other hand, if 

the reactio cxtend!> also into the aqueou!> clIff u!>lOn laye!, tbcn the rale will continue 

to jiICIi:,..;;C f0r '::0nccntrâtions highcl than CCMC becdusc of the coutl iLution from the 

aqueoU5 layer reactlOll [IG7] The le!>u)tlllg cUlves fo: the two cases, in coordinates 

rate vs extractant ("oncentl alion in organic phà5e, ale shown schematically on fig 6.1, 

taken flOIll ref. [Hi 7]. 

Extraction rate constants and rate constants of water ligand exchange 

Another possibility for distinguishing bet\\'een the roles of interfacial and aqueous 

diffusion layer reaction is by compdl ing the expel imentally obtained rate constants 

for severdl Illet dis wil h thl'ÎI hnown relLe COllsUtnb of \Vatel ligand exchange [189]. 

'l'hl' exchauge rea,tion of a watel Irgancl in a hycb ated rnetal complex can be 

schcmatically replcsentcd as 

J 
~ ) 
L 

(6.7) 



--------- ---- .-- ------ - - - ---

/~-------
(a) 

/ 

&tractant concentration 

r-- -------------_ ~_ _ _ __ _ _ _ _ ___ _ 

(b) 

----------______ J 
Extractant concentration 

Figure 6.1: Extraction rate vs cxtractant conccntration in hui),; ùrganic phase. 
(a) Interfacial readion; (b) Aqueous and iutcrfacicd Icactiort. 
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and ib rate cun!>tant. dl'/lutcJ a'i kw. 5 It i., kllu\\'11 [<Il thclt fUI llOllIog,t'neous rcactions 

kw d('(H'wb H1o.,tly 011 tll<' f1atllI<' {Jf tlt(' «'Iltl,t! llH't,d C,ÜiOll ~k"+ and Ilot so much 

on t11(~ killd of the pMtlcular hg"lJld. Sm,dl ,llld hlgldy dldfgcd ldtioll'i form the most 

incrt complexc~. Data fOf w,Lier !Jgalld ex( bèillge fllte constants are nvailable for a 

large nUlII},N of met,ll catiom [9, 19G] 

ln extrart iOIl killdl(~, the fur lll,d 1011 uf é1. metd.l-extl Lid ant complcx, which 

ev(~ntually di~triLutes tü the orgamc pllcl~l', l~ cÛllcelvcd dS proceedlIlg through a 

series of e1cmelllal) ligduJ exchangc ~tcp!>-\\'atcl llgallds replaced by OIganic ligands, 

with one of tlH'fll (in mally ca.,e~ it is tlll' fI,.,t ~llJ).,tltlltIOIl) I)('lllg rdte controlllOg. 

ThercfofC, if rc,ldwIl III the aqll('ou!> ditfll",on lit~t'l !Hcdoll1ll1atc:-, (\\ Illch is also a 

hOlllogen('(}u~ rCdetloll) t!te!l tll(' d Iff Cl C!lU':, 0/)"('1 \ t'd fu' e, pCllmell tally dctermined 

extrdctioll rat,,· COll~t.aHt~ for ~('\('ral 11WLtl:o shU\lld \)(' dpplÙXInlcitely of the same 

order of magnItude cl') the dlffell~llc{,~ bd \\('CIl t helf 1 tite comtiults of \\'citer ligand 

exchangc. On the oUler hdIld, If the ;J1tc~1 [d( Idlll'dc!IUlI j., tIre pledollllllallt one, then 

such ad analo,e:v should Ilot cxist, and the c"tl.l.ctlOlI 1 ate CO!1:.tallb !>hould even be 

similar. The rCd..<;OTl i~ tbat at the IIltel fàle. d VISCOUS layer of "tructurcd water exists, 

and in such an ellvÎronmellt it i!> c'\pedeJ [189] tll<lt th\.., lates of hgand exchange are 

not any more catiun-d(,pl'Ildent. 

VeflficdtlOIl of tbis hypothesis hd~, !Jeell attclIIptt'd \\'itlt the example of cobalt, 

nickel, and ZIlIC extraction kinetic~ \\'Itll D2EIIPA III Jodl'cél.nc [189J, The reported 

values for tht' extraction rate constants obtained fOI the thrce melals are indeed 

similar, in contrast with their known wcite) ligand cxchange ratc COI1'ltants. Thus, 

the rl'sults appear to SUppOI t the Idca of latlOll-iJlùcpClldcnt cxchangC' at the interface. 

At the sanw tUlll', howc\'cr, thc"e filldings '3e<!111 to cüntrddlct oUlcr extractIOn kinetics 

rc~utts, obtùined for the St\Iil<.' met"l.., dlld e\.Llé\(t<lllt (but wlth hcptanc as a diluent) 

wl\t'rt' comi\kr d bIe d Ifrt'J('lln'~ i Il P\ tract ion J ,l tes [(II t llt' th rec mctals al e rcpürtcd [89, 

181] Prol>dbl.\, lllOlC C'XIWflIlH'l1tatlOl1 will he J1C'cdcd III olJer tü obtain conclusive 

5HedC'tlOll 6 ï f{'f'ft'M'nts the mer,dl ligand e\ch,lIlgc pro('t's~ lIo\\'cvcr, kw refers to a first (or 

p<;('udo .. fir~t) llrJt'r e!clIl('n(,uy rL.ictlOll and hd" dlIllCII'IOll" ur s-I 

!.) 1 



evidence for this hypothesis alld su bsequellt Iy to ll',l' 1 t d~ .1 lll((ollOIl fll[ dl'! \'1111111.11 iOIl 

of the rcadion site. 

Different ratios of (CMe/C HR) at (CM .. CHR) = COllst 

Mathematical analysis of modds dc\'t'Iolwd 0\1 tilt' b,\....,i" of IIlh'l Llll,ll chl'Illic,tl \t'

action [154J or reactlon extellcllIlg lIIto tlll' d<jlll'(lll" ddfll'->Illll 1.1)('\ [I,"l:-;] (~lT\\'CH 

model) have shown that for a f,utly \,ug<' Îllter\',11 of ('Xpell!lWIILtl l OI\(l!t IUII ... th('y 

both may weIl describe the oLtd;lIed re~ult:, [19j] 

At the same time, however, t his (lllal,) ~I" hd '> ~ho\\' Il tltat the t wo Illodc!s w i 111)('

have differcnt\y if the product of Ill<'tal c\l1d (', t 1 él( LI lit «(HII ('lit 1 dt jOli'>, Il = ( 'r.lc ('llId, 

is kept con~tant but thcir ratIO (Cr.lrjCllfd i.., v"lIed Th!' lllll'Ifdll.d lllu(ld plt'dids 

constant rate as long as n remdlIl~ CUIl.,Llllt Ill,t Ill' ~1'J'\\'l'j{ Illot!t'L 011 the 0111('[ 

hand, èifferent ratc~ are obtai neJ \\ hell t he COll (l'II t 1 (ü IUII r <.it lU h lit dll~\'d l'Vl'II W\1l'1I 

il is set constant. Thereforc, these Jdr('rl'I}(l'~ III pll'JILtlOll'> gJ\'(' ,\ lL'I,ltl\'('ly ~lllIpl(' 

way ta select or verify an extraction mode\. 

In the presellt \\'ork, bdseJ on the OIJtdilll'd r(,~11l1s fOI g,t1llurtl !'xtradl<Jll killel

ics and using the criteria to rletcrrnilw tlte Icactiu!l .,ite olltlllled abo\'(', a~ w('11 d~ tlI<' 

considerations related to mctal and c,tractallt :'OllltlOli Ch(,/lli,>tly, Il 11d') I)('('rl (OU

cluded tha1 the MT\VCR lI1udel, unglll,tlly Jewlujll'J by lIugll(',> ,tilt! Hot! [197, 1 :)8] 

and applied for the case of copp<>r extraltWII wlth clH'lcttlllg f('.lg('/Ih !I!)t\], (,Ill he 

used for describing gallium extraction in the plC'>Clltly !>tùdled ~y,>t('1I1. 111 the fol

lowing section, the physical grounds of the lIIodel WIll be ple'>C'lItc'd, ,t1llllg Wltl! !>ome 

further developments considered ncces,>aly whcn orgdnopho'>p!tCJlll'" <t( 1(1 extrdctallts 

are employed. The detailed matberndtICAd deli\'atlOll'i ale gi\'('11 ill ÂpP('l1d/x C. 



6.3 Mass-transfer with Chemical Reaction Madel 

6.3.1 Basic Concepts and ASSUlnptiolls 

The rIIodell~ ba.,ed on the two-filrll theüry of ll11..,,,-tldll~·,fcr [19~] Berc, it is &,sumed 

that close ta the iIqllld-hyuld IIltcrfdcc tbél:" I~ il ~ldgJlcllJl illrn of tlllckllCSS b on both 

sicles. ft i., through tllls fillll that the tldll~pOlt ploce~" Ld<t's place Ly molccular 

diffusion due to exi~tl!lg COTlc<'lllIatlOlI glddlCIJh tllele, while the cOlldltiolls in the 

bulk of cacl. pha..,e arc con~idcred to be comtallt The effect of chdllging the hydrody

munic coll(lJtioll~ j~ reflectcd III challgc~ of tlte thickJ1C~S b Thm, the thCOlY predicts 

that under the ~drne hydrodyn(ullic conùltioll'>, the physicdllTl~~-tlaJlskr codHcient 

(i.e., in alJ~ence of chemical re(tctioll) fOi J-~pC(le~, fi~, SllOUlù be proportlOnal ta the 

mOIC(u)dr dJfru~ivity V)1 accordillg to It~ defillltlOll a~ 

D 
, ,0 _ _ J 

') - b (6.8) 

lIowevcr, tllis contradicts expl'rImcntal eVldence sbowmg that fi~ ex VV;, and in 

sorne liquid-liquid sy:,lems, fi~ IS propOJ tiona! to the 2/3 power of DJ [200] Other 

theories (' g., pelletratlOll and ~urftlcc ICllcwal mode.+' cf !!:.;blC dIld Dan(kwcrts) 

predlct cOl'rectly t!H' depcndcllce of ,,~ on D) I\'evcI thele.,." the SlTllplIl ity of the film 

theory, whi(h lI1dhe~ it pos.,ilJlc to obtdlll e\ad lll'ltllC'llldtl(ct! sulutlOlls fur a numbcr 

of problclll.., oldy withill lb fI arne\\'01 k, togetbcl with its dbillty tü deslnbe weIl 

the cffects of d\{'micdl rcaction on mass-tl allsfer, makl' the film theory a useful and 

powerfu! ton!, desplte the faet that it is cledlly an inapPlOpriate mcthod to calculate 

phy:,ical Illass transfer coefTicient~. In fdCt, dll tlllee thcol ies-the film theory, the 

penetration dlld tl)(' ~llrfdC't' rc!w\\'dl t!teoJ'les--plcdid \Vith Hllnor diffelellces [199, 

20l} the ratio (fiJ/I\~), whcle 1\) IS the mass-tIallsfer coefficient ",hen a chemical 

reaction td}..es p1.1((', a~ a fuuction of D) alld t1lf' 1 l'dctioll 1 ale cOIlstant. \Vhen a 

chemieal It'dction bd ween component" [rom the t\\'o liqUld phases take:; place, the 

rate uf tlH'lf IlMss-trall..,fer is cnhal1(cd b(,Cdll~(, they ale cOllsullled in the course of 

the H'clCtillll alld tl)('ldure tht' COlllt'lltr<ltluli ~)ddll'lIt" .lIt' llldllltéllllCJ hlgh Thus,l\) 



l will be greater than I\~, 

The COnCl'lltratiOll profil('~ of ~I)('tlt'" 11I\uhl'd III thl' ('\11.1,111111 It .. H tinll, III 

the vicinity of the interface, ale prt'!:>cllted !:>t11l'1I1.1IIc.dly on fig (i~, ,l\tOldillg III tla(· 

two-film theory, on which the ~1T\\'CH Illo(kl l'- 1100"l'd Abu sltU\\ Il i~ tht' pl nli1.· flll 

the dissociated organic amOIl, Il -, fÙI the .t ,1., lb pl ('''''11\1', of ("0111"'" will 

depend on the a,id dis~ociation CÙI\SLlHt, J\ .llld tilt' ~\)l11bdll~ uf tll\' (',ll.!( Lllll ,,~ 

weil as the chcmical rcactlOll rate reldtJ\·~ to the rate of I1J.t".,-11 dll"fl'/ III lh\' ~p('ci,d 

case, whcu Hm -+ 00 alld abo PMeH3 -+ 00, theil (OIlCl'l\t I.lt \lm., ill tht' aqllt'ou" 

phase are zero 11·1)8]. 

The ... hfferential t:'quatlOns, descnblllg the !:>IIlIUILllIt'Ull" III.l"" II ,1II..,ft.1 wlt.h 

chemical rcaction 1Il a liquid phase can be \\'1 ittell, 111 ,\ gellt'I dl fUIll\ fUI .Ill)' I(',H t.1I1g 

species J as [200J: 

(G.!}) 

where V)':::'2 CliS the molecular tJ aJl')port tel Ill, \\' li J{ 1. 1'> d Ul' tu (UII \'('( Liull (1 lit' 17\' C) 

term, where il is the velocity vectol), accullluldtlUll (DC)iJl), .lud tbe prOd\lltioll (or 

consumption) of j tille to the chemicJ.l reactloll \\1111 Idk r L 

The film theory assumes 1!J,lt the ploces,> 1'> dt !:>t('dIly-~Llt(', IWIlC(' tl\('I(' i!:> IlO 

accumulation and thercfore (fJC)jDI) = O. AI~(), il il~"IJlJl('~ th<ll 17 = 0, 1 ('., tlwJ(' 

is no convective transpOJ t of ~pecies (the d !ff\l'iIUll let} ('1 i~ l UJl'iid('l cd .t.., ..,tagllilllt), 

Another simplification is that the interfan' I!> UIlJ'>ll!.:l<·d t.u \)(' pl.tIIe·-tlll'> rC!>l1lt~ 

from the assumption that the radii of int<.'lfdcldl (Ulvat.tlle~ c\lC mllch grcaler that 

the diffusion layer thickness. 

Thus, the general equation (6.9) is simplified and becom(',>, \VIWH \VI il t('fI in the 

direction of the transpor t-along the x-axis, pCI pelldiculc\1 to tlle IIlLPI facial I,lalle: 

V d
2
C) = r 

J dx 2 
((j.IO) 

Equation (6.l0) forms the basis of the MTWCll modd-- it plovidc,> tlw Icl<1ti()n~!tip 

6Equatlon (69) IS III fact the nla.c;~-bdla!lcc orl>peCl(,~ JIll tlte d('IlWlltMj VUIIJHJI' dV;::: drdydz 
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Figure 6.2: Schematic reprcsentation of concentration profiles, near the interface, of 
rcactants and products, accOIding to the film tlieOI y. 
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between the ma~s transpùrt of ~pecies and tlte !->ilmdt,\IIt'\lll"ly pl\lu·(·dltlv, (ht'IIIÎf,\1 

reaction. 

6.3.2 Gallium Extraction: Reaction SChCllW 

The form of the expre~sion for r depends on winch J'i the cont IOllillp; ~t('p ill tilt' series 

of elcmentary cheIlIlcal l"C(jCtlOW,. The o\l'l,dl e,tld(tioll Il'MtjUII ur ~.dlltlIl\ with 

D2ElIPA (eqn 4.10, page 41): 

((i.l ) ) 

can be present cd as a sequence of tbe fullowillg elc!I1C'IILIIY st(')I:--, ill\lll\'ill/!, partitioll

ing of the extractant and ils dbsoclatioll: 

(IIRh (org) ;:::::: 2IIH(oq;) 

lIR(org) ;:::: I1R 

lIft ~ ll+ + 11-

Slep 1 

Step t 

Sle[> :l 

and then sequcntial formation of dIe gaIlllllll-extI dctallt complex: 

Ga3+ + H - ;= GaR2+ 

GaRH + R- ;= GaHi 

GaRt + Il - ;= G,i!{j 

Step 4 

St(·p .) 

Step G 

The complex GaR3, forrned III step 6, may ledct fUI thel with él Il H lIlolecule, witl! 

the product, GaR3 . BR, subsequently dlstributing la theorg,lllic ph(l~e: 

GaR3 + HR ;:::::: GaR3 . IIR Stcp 7a 

Stt'P Sa 

or, GaR3 may first dislribule to the organic phase and tltclC GaR:)· IlR ca.TI be formed 

through solvation reactions hkc the one shown in step Sb: 

GaR3 ~ GaRJ (org) 

. 2GaR3 (org) + (HRh (org) ;:::= 2GaR3 Il R(ulg) 

Step 711 

Step 8b 



( 

( 

Con!o.idering tbe fact, however, that t1IC exact ~tol(..llioJJletry of the metal-extradant 

complcx, or complexe!), depend.., 011 allt! dJd.lIgc:" with the extellt of IllCLil loading,7 

it i& mor{' likcly tbat CaR;, . 1I1{ wlIlpleX will be fOlfllCd Ly solvatlOII leactions in 

the organic pha'lc (~tep 8L) rather th,tlI ill the ayueotls phase (~tep ia). Thus, the 

reaction route fwm step 1 ta :"tep (i, allJ t!tell steps iL alld Sb, is assurned here tü 

represent the extraction r{'action of g,dl!Ulll with D:ŒIIPA, existmg lTlostly as dimers 

in the (Jrganic phase. 

6.3.3 Df... vclopment of the Madel 

Assumptions 

The Collowing assumptiulls arc considered in t.he mode! dcvelopment [19iJ: 

• Any rcactions in either Lulk phase are sufficlently fast sc th;:,t the bulk concen

trations of ail spccic~ ale in cquilibl ium 

• The net flux of the extractant ill ail its fonns is zero. 

• The concentrations of the mtermcdiate complexes, GaR2+ and GaRt, and their 

fluxes in the diffusion layer, are negllglhly low in comparison to those of the 

ot.her ~peCles. 

The first assurr,ption essclltially limits the rate-determinmg reaction zone to the in

terface and the diffusion layel, thus aiiowmg use of an equilibrium constant when 

rdel ~illg to bulk concentrations. The expcrimcntal lcsults (Table 4-7), showing in

dcpend(':'ce of extraction ratc on aqueous phase volume at constant interfacial area, 

justify this assumpLlOll. 

The second assumption follows the I11clss-balance requircments for the extrac

tant, under steady-state conditions (DC;/ôt = 0) and thercfore absence of ex tractant 

7Sce page 45 

lüO 
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accumulation.s lt allows formulation thL'1I of tht' dPplOPll,lte 1Il,1" ... -kd,1lIÙ' tInx l'(lU,l

tions. 

The thil'd assumption is reasonaLle b~C,\ll~l' Il lef~rs tù Il'.!1 tlUn illtl'lllll'dl,ÜC.'>, 

and will be even mOle 50 if the r'lte-limiting !>t{'p is titI.' fir!>t OIg.lllic hg,lIId tlt!(!JtioIl 

(step 4). If step 5 or step 6 are rate-dctcllllillltlg" thcll hig,1tt'1 Will l'lItr.üiolls of 

GaR2+ or Gant, resr., ma)' be anticipateJ EWII in ~Illh C""l" ItUW('\'l", the)' M(' 

expected ta be negligibly lower, alld thell II':,pcLtI\'1' 1I\1\.I.'~ tou, llllUllljl.tII~Utl tu tltt' 

otlIer species. In the dcvclopmcnt of the ollgllltll IIHH.!t'l II 9ï] tlti:-- tlmJ ,i,.'lsUlilptioll 

refers also to the dissociated 01 gdnic amOIl H -. A~ d i~( u!:><'l,d cali H'l, \\' Itllt' in UU' 

case of a chelating rl'agent such a.'>sumptlull I!:> Il'cl<,oll,dde, III tilt' Ccl"!' of <III acid 

organophùsphorus extractant like D~EIIPA, It 1<, (OII"ldell'd 111,ql[llUpll.tll' 

It is also assurned that the pdrtltioll cucfficwllt ul (;,d~ 1. /)l; . .](, 1.., l'qllet! to Ibt 

With respect to gallium sulphate complexatlun in tlt!' aqUl'U\l!:> ph.\·,t" lit!' ,t<'''Ull1ptioll 

is that it affects the bulk concentrat)OIl~ of speCIC'i ullly III uthl'r wOId!>, the ddditiollcli 

effect of possibly changing sulphate cOllcentration III titI.' ddfu!>lOll ldycr 011 dl!:>tnbutioll 

of species there is neglccted. 

Equations of elementary steps 

As discussed in Chapter 4, the Jate of extractioll IS explc~,~('d by tlte lIIolar Ilux of the 

product through the interface (moles gallium extlacte<' per arC,l per tmw). Based 

on the second assumption and the reaction !>chc/IIC dcscrioed cdJo\'c (step" )--8b), il 

follows th J.t 

where J'HR is the flux of extractallt through the illtel felee and ] 1" tlH' flux of ~ 1(".J-l.J 

the prvduct, in the opposite direction. The numbcr coefficiellt IJefole .Jtc .• iiJ foll()w~ 

from the stoichiometry. The values of JtG '
R3 

ale cxpclimcnt,dly dell'wlilled aud 

8The unsteady condition') of initiaI accUIlluldtlUll of <:\.1 ractallt al lllterfM(' Ly ad~(Jrl'tJ()/I art' 
neglected-as mentlOllcd carl 1er , the film tlH'ory a.,~lJllle~ tkll tlJ(' sy"telll l~ .if ',lt·.id) -~I ,iU' 

IGI 



Ilumerically equal to the amount of metal tramfell<:'ù flO111 one phase to the other 

l'cr unit arca and time (ill h.Irl(}IIll-2.~-I), a~ explcllllcù In Chaptcr 3. 

Tbc equilihria of !>teps 1,2, and 3, ale (k!>cllbeù lCS)H'ctlvely by the extrac

tant's dirnerization COIl~tallt /{d, partltlUll LOcffiuent /)Im, and acid dissocIation con

stant Ka. The equililmurn constants of the subsequent thr<>c lIgand-addition steps 

are defined accordlllgly as: 

(6.13) 

(6.14) 

'f 

(6.15) 

The distribution of tilC product, GaR3' to the OIganic phase (step 7b) is described 

hy its partition coefficient PoaRJ , and finally, for step 8b an equilibrium constant is 

defined as: 
--2 

! ' COaRJ liB 
\G = -2 -

C GaHJ C(IIRI2 

(6.16) 

which is in accordance with the assumptJOll of cstablished cquilibrium in the bulk of 

each phase. Sirnilarly, for the aqucous bulk phcl'>C, the concentrations of rcactants 

and products are inler-relatcd and this can be c>-,plcs!:>cd by an cquilibrium constar..t 

J(eq, defined as: 

! ' CGaR3 Cri + 
\eq = C 3 

Ga3 +CHR 
(6.17) 

From the definition equation5 for KI, KIl, !{III, and /{eq, it follow5 that 

! ' /' /' /' /,3 \eq = \i \11 \111 \a (6.18) 

Furthermorc, the equilibrium constant of the o\"crall extl action reaction 6.11, I<~x' i~ 

rc1ated to J{ G by 

(6.19) 
•. 



where K' is defincd as 

(ti.'20) 

and is also equal to 

J,' - PGa1h J' 
\ - J)3 \cq 

III{ 
(ti.~l ) 

It should be emphasizcd that these rdatiollship::. al<.' \',did ollly Hllder equilihriulII 

conditions. 

Rate equations 

As mentioned earlier, the ferm of the expressioll fUI Ill(' Il'actiull 1 <lIt' 7' in <'qll ((i.IO) 

depends on w Il ich of the elemcn tary ste}>,> 1'> 1 hl' 1 <l te-Iulli tlll)!, UIl!' (){ LS) EviJ( 11(1)', 

different reiatiollships will result ba,>eJ 011 a difr('lellt Jlllllet! dwÎ«' (if HLS Thll~, 

the companson of the model predlctiom, follu"'llig fJUIll <l ('1 LIIII (hUI< C', wil Il tll(' 

experimental findings call serve as a cntel iOIl' to dL'lelllllll(' the HLS 
, 

The concept of an elementary step beillg the !>Iu",e::.t UI\(' cl!:,O illlplJ('!> t1lclt. aIl 

others are at equilibrium--in other wOlds, a cb;tlIge l!l the CUIICC'lItl dtiull of n'dctanb 

and products, due tü the RLS, results in (l Illllcb f.t,>tl'I cllIJII"tllH'ltl of tlll' <'CJllilibria 

for the steps before and after the RLS, re<;pecl1\'<,ly Tltll", il C.ill 1)(, ,l"'>IIlIWd thal. 

the equilibria of a11 steps exccpl the RLS ,Ut' ('Ull(tltllOll..,ly !I1<lllttclllwd 

The posslbility for any of the step:, l, :2, 01 :l, to be tltt' I,tle-lilllitlllg olle i~ 

readily rejected on the grounds thdt if tlll'> were the case then tbe extraction râte 

should not be dependent on m('tal cOflœntratiüll 9 

One of the organic ligand addition st('p~ i" U'iually rate-limitillg, Mid in ITlŒt 

solvent extraction systems the RLS i~ the ftl:,t IIg,\tlJ additioll (:,t(')1 1 ill the f(WUOIl 

scheme herc). Tlli,> has bœn COIl:,ldeled tü !Je duc tu ~Iglltfi( allt ~tlllctllud challge!-l a!-l

sociated with the addition of tItiS first Olg,tlltC Itgdltd to tlle ltyJI ctl('cll/wt,d ClitÎ(JlI [!'iO]. 

9Clearly, spectcs taktng part only III elcmclltary rCclCtl<JlI~ wlllth <He a/lIT lll(' HLS, calillot aff"fl 
its rat.e (or more preclselY-lts rate ln d forwdrd dIlCctl(JII) 

1 G,~ 



In this work al<,o, the (ir~t IJg.llld dddJtlOlI (step 4) i~ found to Le the RLS, as it will 

he di~cus~ed furthcr. 

If stcp 4 i!> ratc-limiting thcn the reaction tate \\ill be given by 

(6.22) 

whcrc kr and k" arc the rate constants of the fOl'ward and back",ard reaction, re

spcctively. By dcfinition, the equilibrium constant cquals the ratio of the two rate 

constants: 

l
' k( 
\1 =

kb 
(6.23) 

and thcl'cforc, after substituting for CR - in eqn (622) flOm the expression for Ka, it 

fo11ows that 

(6.24) 

From this cquation, when CGdHH IS substltuted with CCaRJ using eqns (6.14) and 

(6.15), then applying cqn (G 18), and artel' fillalleanallgement, the following expres

sion for T is ohtained---for the case when step 4 IS rate-limitlDg: 

(6.25) 

Obviously, il reduccs to 

1. l' C)mCGd3t 
r =: Ilf \a C 

'Ht 
(6.26) 

if the backward rcadion is neglected, which, in pl inciple, is possible in case of initial 

extraction rates. It should be cmphasizcd, ho\\'c\'cr, that evcn under such condi

tions the lè\WhC reaction may have an e[fcct 011 (he ove rail rate due to the presence 

of the metal-ext fàCtant complex III the lcaction zone even though its organic bulk 

conccntrdtJOIl ih Vil tually 2l'r0 [18G, 1 ~SJ 

The appropriate rate ('xpH'ssions, analogous to cqn (6,25), for the cases when 

~tcp 5 and ::;tcp 6 are rate-limiting, can he simildlly deriveJ: 

__ k /' /'2 CI1R (C __ 1_CcaR3C~t) 
T - r \ 1 \ a C2 GaH / ' C3 

Il t \ "'1 ' 1 m 
(6.27) 
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when the second ligand addition is the HLS (::,kp [)), .\IId 

. 
1 • ') ') \ll ... t\ 

whcn step 6, the third orgamc ligand addition, IS rate-limitlllg. 1U Th(' abùvc rd.t!' 

expressions clearly show that r will bc ddrcrClltly oepenoellt Oll Clin cUIt! CII + for a 

different ligand addition step helllg rate-llll11 t illg, 

Thus, combining the rate expression dC11\'l'd fOl the C<l~(' uf stl'p ·1 bcing thc 

RLS, and eqn (6.10), written for ID., the foIlüwillg equatioll l'e::,ult'i: 

(G 2t1) 

DifferentiaI flux equations and boundary conditions 

In the aqueous diffusion layer (fOI T from 0 tü S)' thCIC i~ tIallSpolt of rl'actaut and 

products of the extraction rcaction. Thelr fluxes III tbc layel CéllI he dl'scribed by the 

Collowing differential equations: 

1) dCH+ 3D dCGa3+ = 0 
H+ -d- + Ga3f d x .r 

(G.30) 

1) dCUR 'D dCH - 31) de 'C"HJ = U 
Hn-d- + n--1- + G .. h J l 

x c::r (f 
(G.al) 

TI dCHn V dCR - 3V dCGaH - J J 
L/HR-- + R--- - Ga3 -+ --- - - '/lf( =:j '<...I\l 

dx dx d:l' 
(6.32) 

where v) is the diffusion coefficient of j-speries ill aqueous medlllll1 

The above cquations (6.30), (6.31), andJG 32), (>xr)Je,>~ the Illa~~-bitlaTlce re

quirements for the compoIlcnts involved, and alc b'l'>CJ UpÛIl the cls·'lIrnptiolli. of the 

film theory for stcady-state conditiolls in the ùlfrll.,ioll IcI)'l'1 It''iuIUllg ill th!' a})',('IJ(C' 

of spccies accumuldtion. 

IOThe rate constant kr ln eqns (027) and (G 2b) refer.., lo 1 he r<',,!wr!l\'(' H.L..." tlll' '>,ilIl" Il t ltatlfJII 

bemg used here only for SlrTlphclty 
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Equation (6.30) reflcds the fact th.\t fOl e\"l'ry g-ioll of md.1l diffll~illg to the 

interface~ threc g-ions of protons, producl'd as a l('~ult of tht' \l'dl tll'B, dilfusl' in tht' 

opposite direction. 

It should also be remembered here that the telIll 'metal (OIlCl'ntl atioll' implit,s 

the concentration of the frce (or, more precise))', the hydlated) llIl'tal catiolls. V/hile 

the effeds of sulphate complex,ttioll aIl' ahl'ddy Llkcll into ,lCCOllllt with respect tü 

the bulk values through the spcc.ation program, ,ldJltlOllal c11(ll1gc!:> III COllcelltratioll 

profiles of H+ dnd Ga3+ duc ta changing specie'i distl J1JUtioll withill the aqucous 

diffusion layer are ncglccted, as dlscussed in Chaptcl 5 (page 138). 

Equation (6.31) follows the assumption that llte net flux of the extradallt in 

aIl its forms is zero. In this eqn (6.31) as weil as !Il eqll (6.32) th(' tt'llIl 

which describes the flux of the dissociated orgaIlic allion, cali be neglcctcd when the 

extradant is a very weak acid, as it is in the case of rnost cbclat.ing rcag,ellts [197]. 

Equation (6.32) expresses the fact that the difTerencc betwecn the flux('s of extradant 

(in dissociated and non-dissociated form) and mctal i5 duc to, él.IlJ l'qu.lI tn tll(' flux 

of extradant J'IIR through the interface. Tbe latte! i'i Ielatcd to J'G• H1 ill accordallcc 

with eqn (6.12). 

The differential equations (6.29)-(6.32) are valid withill the aqucous difru~ion 

layer, and the following boundary conditions apply-at x = 0: 

CGaR3 = C'G .. R 3 

(d~~3+ ) = 0 

(d~~+ ) = 0 

lou 
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whcrc the la,>t two rcsult frorn thc condition of zelo tlanspOlt thlOugh the interface 

duc to illsolubJlity in the orgdTlic phase. At x = 8, 

(d~=R) = 0 

(d~G:RJ ) = 0 

(6.34) 

whcre the subscripts , and 0 denote interfacial and bulk values, respectively. Also, in 

the bulk aqueous phase, it follows from eqn (6.17) that 

}
' COGaRJ cgH+ 
\eq = 3 

C OGa3 + COIIR 
(6.35) 

The system of differential equations (6.29)-(6.32), subject to the boundary 

conditions (6.33) and (6.34), provides the L.l,>is of the MTWCR model. The derivation 

of the appropriate expressions to calculate C IG~J+ and CIH + as weIl as COIIR is given 

in Appendix C. In order to do so, however, knowledge of the respective diffusion 

coefficients is also required. 

Diffusion coefficients of species 

The \Vilkc-Chang relationship is usually employed for estimation of diffusion coeffi

cients of non-electrolytes in liquids [202]: 

1)311 _ 7.4 x 1O- 12 vÏsK1 
T - F06 

B} 

(6.36) 

whcre 'DJ and Fs, are the diffusion coefficient (in m2/s) and the molar volume at 

boiling point of the solute j, l'CS])., ",hile JL, M. and::, alC the viscosity (in cP), 

IG7 



.. 

molecular weight, and association factol of the so 1 \,(,Ilt, 1 ('~ il , .\IId T 1" t \1\' tcllqwl ,\ bill' 

in Kelvin. 

Direct use herc of eqn (6.36) for cstlmatioll of '0) for extrdct.lllt-contaillillg 

species in the aqueous and in the organic solution is illlpo~siLll', firstly lJl~ci\lIse k('I0-

sene is not a single component diluent, and sccondly, because thc d,üa Ilc('cssal'y to 

calculate Vs) are not availaLle for gallium, and thus fOl ils species with the' extractant. 

On the other hand, diffusion coefficiellts of D2EIIPA, ,1Ild ,II~() of ils zinc 

complexes, in n-heptane havc bCCH cstimatcd [89] u~ing the \Vllkc-Challg l'elatiollship. 

For zinc, in particular, this is possible sinec data are availablc [202J. 1Io\\'ev<:l', the laek 

of needed information for cobalt and nickel-the otllC'r twu mda}., in that study [89]

has apparently forccd the authors ta use for them the d<\la for zille. 

Taking into account that in cumparisoll to n-heptauc kelo~eIle !tas higher vis

cosity but also higher, on an average, molecular weight 11, aIlJ assumillg the sarnc 

solvent association factor, it is reasonaLle to expcct that the diffusioll Cü('fIlcieuts of 

species in kerosene will be approximately equaJ ta those in n-hcptalle. 

Thus, for D2EHPA, the diffusion coefficients for the mOIlOl1lCr alld the dimer 

are taken as equal to those in n-hcptane, and for Its gallium cOll'plcxes ill keruscne 

approximate values are assigned. Thcse values, along with the diffu ... ioll ('(J('fIicicnts 

of specics in the aqucous solution, are given in Table 6-2, AltJlUlI~h Il)(J..,t uf thelll .1Ie 

just approximate, subsequent tests of the mode! have shown tltat the fHcdicled flux 

values are insensitive to variations in these diffusion cocfTicienb, wlllch i~ cven more 

50 whenever the ratio of the coefficients appears illstead ln the respective formulas. 12 

This seems to be also a feature of the original MTWCR mode! [1.18] 

llSince kerosene is a mixture of C lO-C 16 hyulOcarboll'>. It" dverage IlIo!eculM welgltt 1'> often 
assumed to be close to that of dodecane, 

12This is the case wlth ail of the expreSSlon~, presenteu 111 Appenulx C, for c,dculatlOlI of !>rH'('IC~ 
concentrations 
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speclCs org phase aq. ph.lse Rcfclcnce 
1) X lU') m'l/s 

IIR 1.52 0.42 [89] 
(HRh 1.003 - [89] 

R- - 082 t 
GaR3 0.70 0.19 t 

CaR3' HR 0.60 - t 
1I+ - .5.85 [202] 

Ga3+ - 1.00 t 

Table 6-2: Diffusion coefficients of species. tEstimated approximate values. 

Approximate solution for two Iimiting reaction regimes 

In gcncral, an exact analytical solution of the system involving the differential equa-

tions (6.29)-(6.32), with the boundary conditions (6.33) and (6.34), is not possible 

duc to mathematical complexity. An applOximate solution can be found assuming 

that one of the two limiting cases holds [197, 200]: 

• reversiblc pseudo-first order reaction 

• instantaneous rcversible reaction 

Clearly, the approximate solution \Vould becomc exact for the respective limiting 

case. The regimc of revcrsible pseudo-first. order rcaction implies that the metal and 

proton concentrations are high enough 50 that their bulk and interfacial values are 

approximately equal: 

Co ~ CI ut H+ (6.37) 

On the othcr hand, in the case of instantancous reaction the t\\'o reacting species 

(metal and extradant) cannot coexist togcthcr and theÎr concentIations at the re

action plane arc zero [200]. Furthcrmorc, in the tl'ansitional regime between these 
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two limiting cases C 3+ and C + can be assulllt'd to Ill' COIlSt.lllt .. \IIt! ('qu.d tll t !\('ir 
G. It 

interfacial values, in the reg,ioH dose to the intl'l Llel' [:WO]IH'l'.lIt"l' 

(
dCGa3+) = 0 

d~' r=O 

and (
dell + ) -- =0 

dl' T=U 

with these rclationships being pdrt of the bOllllddl)' uHlJitioll!'> ('ljn G.:3:n. 

Thus, in the case of reversiblc pseudo- fh st 01 dl'!' I('.lct.ioll ('qll (Il :?~)) jH'COtlH'l> 

1 CG"'HJ C;:.t ) ------
J' C3 

\ eq IIR 

and in the case of instantancous reaction 

((i.:~!l) 

as shown in the original model (197]. If the Lackwéuo reactioll (1.('., the stlipping of 

metal) is neglected, then eqns (6.38) and (6.39) Lccome idcntlcal: 

(GAO) 

The integration of these equations and the rcsulting t'Xpl (,!'>"iolls fOI J," Il an' 

given in Appendix C. In the case wben initial extl action J elle., dl C cOll~id(,led, de-

scribed byeqn (6.40), the result then for J'IIR (cqll C.fl7) i~: 

r--------------------------------------
(
V + 1)8_1\a)2 

/IR C C 
'ut /.. J' 'G.lt 

~--V----I~J2~~-cr \0 C 
BR HR '11+ 

(GA 1) 

which, in the case of weakly acidic cxtrélctant, i.e., whclI /\Q -. 0, will Lecome 

J DIIR 1. J' C'G.J+ (C· 2 })2 C'2 ) 
'HR = p,2 h{ \ a c- '/IR - JlB Ulla 

IIP. tnt 

(G,42) 

The corresponding expressions, when steps 5 or 6 are rate-lilllit,illg, arc given by 

eqns (C.60) and (C.61), respcctively. 
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Computational procedure 

The !>ystem of respective equatioIl~ for I('<lcttlllt~ alld plOducts cOIlcentrations (equa-

tion!> C.ï, CIl, C.15, C.31, and C.33), togcther .vith the appropriate equation for 

.l'"ft' &clecled for a particular rate-linuting step aud reaction regime assumed, has tü 

he solvcd simultaneously for .l'BR' 

The fittmg pararneters ill the moùe! die tlte rdte constant l':r of the slowe&t 

stcp, K' (or /{eq), and the rnass-transfer coefficients ,(If Ga3+ and H+ in the aqueous 

phase and those of spccies in the OIgal1ic phase. The rc\te constant kr is incorporated 

in the pararneter (-) defined as 

(6.43) 

and the mass-transfer coefficients of spccic:, in the organlc phase are expressed by the 

following relationships involving only /{IIR' 

0.60KUR 

O.54KHR 

0.76/{I1R 

(6.44 ) 

which are derived based on their diffusion coerTicicnts (Table 6-2) and the approximate 

(2/3)-ordcr dependencc for the respective mass-tl ansfer coefficients in liquid-liquid 

systems [200]. 

The computational procedure involves an iterative non-linear least squares 

mcthocl for estimation of the fitCng palametels with an internaI iterative loop, based 

on the secant mcthod, for solving the system of the above rnentioned cquations with 

respect to J'BR for the current set of p,u ametel:, , estimatcs. It sltould he noted, how

t'vel, that considerable sensiti\'ity to illltiai estlll1c\tes thu& cdusillg rapid divergence 

of the procedule was cxpericnced. Thercfcl"e, it was neccssary to find first, by trial 

and errùr, a sul1icielltly close set of initial cstiJ\1dtes, whlch would assule convergence 

of the solution thercaftcr. 
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6.4 Interpretation of Experilnental }( illctics Re
sults 

6.4.1 Extraction Rates and l\1odcl Predictions 

As discussed in Chaptcr 4, the prclimillary <q>prO\IIIl,lk .1I1,t1y~i., of g.dlilll1\ t'xtl.tdiull 

kinetics data has \cd tü the empirical equa.tloll (·1 :)8) 

This was found to describe weIl the data but mostly ulldt'r nmJitJOII~ of luw ('xtr.tctioll 

rates. 

Rate-limiting step 

Comparison betwecn the ab ove eqn (6.45), with ib clllpincal !J0\\'l'r wdliciellts, and 

the flux equatiùn, for step 4 bcing rate-lirniting, in tlte 5illlplifil.'d fUlIll (GA2)--whell 

the backward rcaction and t.he diffusion of Il-are neglected--suggests that the latter 

may be relevant for describing the extraction killdlcs rcsults A",>llnllllg, for cxarn-

pIe, that bulk and interfacial conccntratioll5 arc equ,tl élnd diflll.,iollai le~i'itdI1C(,~ al<' 

minimal, eqn (6,42) then prcdicts a half-OIder dcpcndellu' on md,t1 COIlCl'lltratioll, 

a first-ordcr on extractant mOllomer (which viltu,dly 11H'.lIl~ .t hrllf-ollll'! Oll dilller) 

organic phase concentration, and an invc!se half-order \Vith lespect to II+ COIICCIl

tration. Cledrly, exccpt for thc dependencc on acidity, cqn (G.12) \\lould yield power 

orders quite close ta those in the empirical equatioll (G.45). 

Furthermore, this prcliminary analysis ruled out tbc pObsibility for step 5 or 

step 6 in the rcaction schcrnc to be Iatc-limitlllg While thl' le~[)('divc flux cqua

tions (C.6C) or (C.6!) predict the same dCpClldcllCl.' on GaH and cqll (CG)) givcb an 

inverse one-and-a-half order on H+, bath plcdKt a too stlOlIg dep<'lIdt'llcc 011 extrac-

tant concentration. Thus, a more deldiled dTJalY!>J'>, takillg illlo c1(.Wllllt the reverbC 

reaction and possible diffusional resistanœ5, llac:; flll'tllf'l "howll tltat It i~ irnpCJ5.,ihle 
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to find a !let of mode! par.tmde! ~' e"tnn.tte.., \\'11 Il physic,t1ly !edsonable values, as

~lIrning ~t('p 5 or !lt<'{) G liS rate-llIllltlug, tlt.li woulJ wcll de~C/'iLc ail data 011 gallium 

extraction kindics wltb J)~EII PA. 

ThcrcfofC, based on dl(' a!Jo"c considel ations, it is concluded that step 4, 

name!y the fir~t orgallic Itgand addition, IS the slowest step in the series of elementary 

chernical rCdctions. 

Extractant dissociation and rate dependence on acidity 

As mcntioIlcd above, the antlcipatul majOI dlsdglecmcnt bctwC'Cn the flux eqn (6.42) 

and the empincal eqn (G 4.5) i~ fOI thc' depellJcnce on aCldity Even ",heIl the fu11-

Conn flux cquation for cithcr hmiting fC'glll1C-eqns (C.4S) or (C.56)--·is ernployed, 

the predicted galhum extraction rcite depcndencc on acidlty dJffers slgnlficantly from 

the one cxperirnentally ob~l'rved, a::. ~lto\\ Il on Hg 6 3 

Variom options have Leen comldelcJ in 01 de! to explain the d!sagreement. 

The only one, howcvcr, thought to bc physically plausible and thcrefOle offered here, 

is that diffusion of the di!>sociatcd orgallic anion R - cannot be neglectcd and must be 

included in the rdevant modcl equations w!tell the extlactant is a relatively strong 

acid. D2ElIPA, as weil as the t\\'o OPAP rcagents, med in this study, are such 

extractants. 

One olller option, which has been consideled possible is that the rcacting 

species is not Ca3+, but another gallium-containing complex. As the resu 's from 

species distribution (Chapter 5) has shown, the! e are several cationic species existing 

in the pH range of interC'st. The sulphate containing CaSO; complex is ccrtainly 

Ilot the rcacting spccies-filstly, hecc\u~c slllpltdt('~ ale not extlacted (sec page 39), 

and secondl)' because the extraction l<lte as weil d'> DG .. should thcn lIIClcase \Vith in

creasing the sulphate cOllcentration 'l'bus, among the hydloxy complexes, the m08t 

probable one is Cd(Oll)2+ ((~.g, set' fig 5 4). VSillg the specldtlOn program and 

the nœded paralTlct('r~ frOIll the CülHlttlOIlS of tlte J."JI1ctlC c\perimel1ts, the relevant 
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concentrations of Ga(OIl)2+ wcrc calculatcd and tlten tricd for explaining the above 

dil>agrœmcllt. This was, howevcr, ullsuccessful. Under the acidic conditions of exper

irnents the incrcasc ill Ga(OII)2+ is vCly smdll allJ C<iIlllot explaill the expcnmcntally 

found rate dqH'I1dcllcC on plI (fig. 4 22). 

The lange of low plI, which is Important for gallium extlaction and studied 

here, coincides with the region wIJcre the contI Ibution of R - to the extractant's dis-

tribution coefficicnt (defincd by cgn 6 5) becomcs significant. Indecd, from eqn (6.5) 

it follows that: 

DI/n = C\m (6.46) 
C'/IR (1 + (~\Q ) 

11+ 

It is dcar that eqn (6.46) would yicld a diffcJ('nt depcndence of D/IR on acidity as the 

Ilttter changes. Thus, it can be apploximatcd by Ï\\O asymptotes. At lo\\' pli DIIH 'Nil1 

be independent of C'1I+ while at lligh plI DIIR will decrcase lineady with dccrcasing 

acidity. The intersection point of thc t\\'o asymptotc~ obvlOmly depeuds 011 the value 

of Ka, and this is the idea bchind ~omc of the mcthods fOI its detel minallOn [190, 191]. 

Figure 4.6, which rcfcrs to aqucolls solubihty of aPA P, can servc as an examplc for 

the shape of the CUf\'C Icstllting from cqn (646) 

Furthcrmore It 15 rcaddy seeTl that the form of the obsel \'cc.! depelldence of 

gallium extraction r;}.tc on plI )Tl the ca<,c of D~EIIPÂ (fig 4 22), a~ wc!! a~ OPAP 

extraclants (fig. 4 3i), closely le~elllble,=> thc olle of fig. ,U.i amI tho~e lelateJ to 

D2EHPA [190]. It is unlikely tllls Îs a mere coincidence. In additioll, if the two 

asymptotes are drawn for the Cll[Ve on fig. 4.22, they will intercept at approximately 

pli of 1.5, as illustrated (the dashcd lines) on fig. 6.3, which is weil wlthin the range 

of reported values of J\a fOi D2EIIPA (Table 6-1). Such a direct compé\.lison for the 

case of OPAP extractallts is Ilot led.ddy I)O~slbl(;' becall'ie of the Illlxed system and 

abscnce of data for the respective 1{ a values in the literclture, but It IS ncvertheless 

clear that the ~ame argumellt wdl Le \ .. llid fOi them too. 

Thesc apparent sil1lil.uitles aIl' cOll~ldelcd hele as supporting evidence that 

an extraction rt'actlOlI. taklIlg pldcl' III the aqucom diffusion layer. plays a significant 
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role in the oycrall extraction mechanisJll. III dddlllUll, '.:>Ut Il '.:>lllIll,lril il''.:> (!cdl Iy '.:>U!!,!.~l''.:>t 

that the flux of R- cannot be negll~ctcd and ha" tu 11l~ ,d...,ll Ld\l'll 1II111 d( (IlUII! ill tht' 

model. 

:Model parameters and predictions 

Thus, based on eqn (C 4ï) for J'"H alld lh" Il'''!)!'t 11\'1' e<!Il,ltIOll'> fur ~I)('( i(''.:> 

concentrations, tbe model paramelers that gl\l' thl' IJL'::.t fit tu tl)(' ('\!H'llll\(,!ll,t! d,II<1, 

have been estimated and are summarized ill Table G-3 The lII()d('1 plcdi('tioll~, d." 

compared with the experimental result~, are I)}e~t'llted O!l ligUles (i ·1, (j.:J, ,lIId (i (i 

Vlrtually the sanw predictions arc olJlalllC'd if cqll (C.55), whicll i,> I,,\...,('t! 011 

reversible pscudo-first order Ilmitillg rcglrne, is Il'>l'd ill'.:>u·,u) fur J'JIU' Titi'.:> i'.:> Ilot 

surprising slnce the experirnerltal condltioll'> ale .,I)(.h tb,lt lhe (·f[t'ch of thl' I('\'('r~(' 

reaction on J'IIR are very 5mall, i.e., conditIOns {Jf lllltl,d 1 dt('~. III :'lIlli C(l~(' tllc 

expression for J'HR is the same for boUI limitlflg regil1lc'i (eqll C :17) 

It is evident from figs. 6.4-G.G that tlle mode! d(,~u dl(''.:> w(')] tlte experirrH'lltill 

data for galhum extraction kinetic~ wlth D~EIIPA The ,>,une al..,ü appll('!> fur t.1){' c[cct. 

of sulphate compll'xation, as shown on fig (j 7 fol 1,,\\ llIg 11)(' di..,uI"''''l<,n of fig 5 CJ alld 

pIotted in the same coordlllatcs. 

Although it IS c1eai Iy neCc.'>Séuy fOI the 1IIl)(J(·1 10 IJ(~ ,t!Jle tu df!'" 1 JIll' tl1<' already 

available data (on which basis it hdS heell budt. c1lHj fiulllg r)dlélllJ('tf'r~ ('~ljllldtcd), 

this alonc is not enough for considering it a.., (Oll(·(t (wlth !(·,>!)('(t lu tlt(' it..'>'>lllIwd 
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mechanisrn) and for hdving confidcnce in ItS prcdictio/ls, pÙI ticulady oulside the 

range of the currelltly lllvc~tigatcd expclimcntal CÙlldltiollS. 

For the~e [(','\''>(H1S, fil~t the physicdl siglllficance of the modcl pararneters will 

be discus~cd, tbCll Il" Plcdidiom undcr stripping, i C., qUlte differcIlt from initial 

extraction rat(·,>, conditions WIll be vcrified, and finally modcl behdviour at near-

cquilibrium eonditlOn,> will be testcd 

The rno~t ~cn6itlve pararnctcrs of the MTWCR model [158] ale 8, because it 

includcs the rate COllstallt ke, alld the ma:,,:,,-transfer coefficients, which ale dependeut 

on the particular hydrodynamic conditions of the expcrimental set-up. 'Vith the 

estimatcd value of 8 (Table 6-3) and selecting PIIR = IGOO from Table 6-1 kc is 

calculated from cqn (6.43): 

(6.47) 

This value of kf appears ta be reasonable when compared with those reported [181] for 

other rnetaI-D2EBPA systems using the same RDC technique, as shown in Table 6-4. 

It should be noted, howcver, that the data for ke in Table 6-4 for ail systems, except 

vanadium-D2ElIPA, have becll obtained using a model wlllch assumes that D2EHPA 

exists and reacts solcly as dimer [181]. On the other hand, a dlfferent value for the 

Co2+--D2EIIPA sy:,tcrn--7.9 X lOG-has becn repoltcd 13 by DicisingcI and Cooper 

in their studie~ [89], u6ing the ROC mcthod and tlle MTWCR model developcd by 

Hughes and Hod [158] Still, it is clear ftom Table 6-4 that the values of ke generally 

obey the tendelley of decrcasing in the arder Cu H > Zn2+ > Co2t > Ni2+ which 

is explained primarily with the fact that it IS in the same OI·del tha,t their respective 

water ligand exchallgc rate-constaIlts k" abo dCClcase [9, 196]. Indeed, this can be 

seen from the cXI)Jes~ioll for J1IIR given by eqn (C.47). Accolding to eqn (C.47), as 

long as the <,xtractant is the samc, the diffclmccs in JIJ •R found for dlffcrcnt metals, 

obeying the saille extractlOll mcchallism, wdl be duc exclusi\'(>ly to their different 

13Thc Ulllts, s-I, gncn fnr tllls \'dluc 111 rer [89], arc appdl'ently nllstaken ~I1lCC lof 15 a second-order 
rate constant 
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System 

Cu2+-SO;- jD2EIIPA-heptalll' 

Zn2+-S0;- jD2EBPA-hcptane 

Co2+-S0~- /D2EIIPA-hcptanc 

Nj2+-S0;- /D2ElIPA-heptallc 

V02+ -SO~- /D2EIlPA -hex,lIll' 

J.-f 
1113 klllUI-I.~-1 

2 ·tG x 10~ 

2..17 X IO!) 

1 OS X 10H 

(j 5~~ ><. 1 aG 

221 x 1 o~ 

" ·1 x lOS 

'" ·1 X lOi 

,...,:~X 105 

,....., 1 x 101 

,....., U( 

Table 6-4: Comparative data for kf , takell fWIll 1er. [ISI] Data for k ..... are from 
refs. [9, 196}, except for vanadium [181]. 

values of kf • On the other hand, l'f rcfers ta a lIge\l\Ù cxchallg,c rl'action wllich will 

undoubt('dly involvc removal of water ligands flOlll the byùl,tled mC'! cd ccttion and 

therefore will be directly rclateù to ky,. The t\\'o COlIstdllb, !JO\\'('\'l'I, C<tllIlO!, be 

compared numerically bccausc of thcil dIffelent ulIit!:> of IlICclSIIICI\I('llt. 

For Ga3 +, kw has becn found ta be 1.82 x 103 
5-

1 [137]. Th('1 t'foI C, fwm the 

comparison of this value with those for the othel metals h~tcJ in Table 6-1, the rate 

constant kr for the extraction reaction of gallIum ",ith D2EIIPA flhoulJ Le cxpected 

to be similar to the one for nickel, for eXdmplc, but lcss th,lIl the vetlue:, of l'f for the 

other metals. This, indeed, is observed AlthcHlgh the diffcrcllce, 011 tbe 01 !wr hand, 

between the value of kr obtained here for gdllilIll1 dlld the v,dut' fOI COIJdlt I<'portet! hy 

Dreisinger and Cooper [89L IS rather small, conslt!cl illg thcir Welter IIgalld pxchange 

rate-constants, still the extraction reaction 1 ate con5tant Il f for gallium 15 regarded M 

reasonably correct given the nmnber of assumptions aud approxillliltlUTlS that have 

been unavoidably rcquircd in the model devcloprncnt. 

The aqueous- and organic-sidc mcls!>-tlall':>fc[' codflucllts (1{ éllld ~, rc!'>p.), de

termined as fitting parameters, diffel sig/lIfica/ltly lrI t.he vallOllS ~tudJ('s cmploying 

the RDC technique and using the Hugllc!> and HoJ's lIIuJcl fOI JaLt il!teq)relatiofl. 

For example, for the fir~t four extlélctlOll SY5tcIIl'> !'>UIDnlitl Jzed ill Table {j-1 the val

ues of K are approximately about ï x 10-5 mIs, alld 1 .5 x 1O-51J1/~ for K, wilde for 
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the vanadium D2EIIPA system they ,tiC 4 x lO-G mis and 7.4 x 10-6 rn/s, lespec

tivdy (181]. For the zinc-D2EIIPA systelll, the aqul'ous-side mass-lransfer coefficient 

for Zn2t has bcen found [89J to be apploxlmatcly 2 X 10-5 rn/s, and ïZ fOI D2EHPA 

dimers -4.2 x lO-6 mis FurtllCrmOle, by applying the MTWCR model to the orig

inal data of Albery dnd Fisk [83] on COppCI extraction kinetics studied by the RDC 

technique, Hughes and Rod ha"c dctcrrnined [158] Ii. and ïZ to bc 2.2 X 10-5 mis and 

1.0 X 10- 5 rn/s, rcsp , noting, at tllc saIllC tlllle, tltat they appear lelallvely small and 

explaining this with pùs:,iblc resistances tlll ough the mcmbI ane. 

lIence, from titis review of availablc data on mass-transfer coefficients pre

viously detcrmined in studies with the RDC technique, it is seen that the values 

found in this work (Table 6-3) are rcasonably within their range Although this alone 

cannot be taken as a proof for correctlless, lt nevertheless gives a cel tain degree of 

confidence in the obtained data. Still, it should be rcmembered that, as fitting param

elers, the mass-transfer coefficients in the i\'lTWCR models may implicitly include 

other, unaccounted for, phenomena and proccsses. 

Such an example is the mass-transfer coefIkient for D2EI-IPA monomer, KHR' 

for which a relatively high value has been dC'tel mined here. First of ail, KHR includes 

possible effccts of diffusion through the organic-impregnated porous membrane. Oh

ViOllSly, this diffusion, and not only of BR but also of (IIRh and the mclal-extractant 

complexes, is part of the ovcrall transport plOceSS. In this respect, the logical question 

to ask is whether dIffusion through the membrane may in fact be the rate-limiting 

stcp. Dreisinger et al. [88] have shown t.hat in such caSt' the resulting flux J'BR would 

still be about one order of magnitude highcl th an what is experirncntally found, i.e., 

this diffusion cannot be the limiting step 

Furthermore, if diffu!>ioll throug,h the membl ane limits in sorne \Vay the trans

port, then the membrane would be paIt of the organic diffusion layer [85, 87, 88]. 

The thickncss of the mcmbranc,14 bm, is apPloximatcly 2 x 10-4 m [89] and therefore, 

14Dcfined as the aclual tlllcl.,nesb dl' Idcd b! the poro!>lty of the membrane 
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assuming that it represcnts the orgallic dihusioll l.lyl'r alld DII({ rl'm.lillS tlte sall1(' 

inside, this yiclds for }fUR: 

-' 'DHR ~ 5 
I\:BR = 8m- = 0 /G x 10- mis 

using the value for 'DHR from Table 6-2. Clcatly, ;;-;!H is sllIcdlcr th.m ~IIH' which 

means that the actual thickness of the difrusion layer is less tItall [,111 cUlt! t}l('rdorc 

the membrane diffusional resistancc can bc 1 cgal dl'd il" lIcgligibll'. 

Another important aspect to consldel, wi th 1 espcct to thL' value of ~IIH' is 

how well the model describes the phenomcna affccting the extl <lclant's mOllol1l<'ric 

and dimeric molecules, and their conccntrcl.tions ill trI<' dJff'u!>iOIl 1.lyl'r and at tll(' 

interface. As mentioncd carlier l the film thcoi y, and thel dOl(' t hl' Illodel too, dpfillcs 

the interface as a plain boundary where the rno!cculct> of the t\\'o ~OI\'Clltb (alld of 

the solutes therein) meet each other, and physical equihbriuIll of cxtlclclallt and 

metal-extractant species exists, fol1owing the lcspective p'lltitiollillg (ocfflCi(,llb The 

interfacial concentrations, Ct, howe\'er, ale legcllded Ollly il!> Ic,>ultillg flOBI (ltffusioll 

through the organic layer and, of course, the cllemlcal lcactioll. 

In the present rnodcl here, efforts have beell made to descl ibe whal Ically hap

pens as fully as possible by including also the tranSpOI t of dîmer rIloklUlc~. A~ men

tioned in Appendix C~ section C.3~ a conccntlütioll glddl(,llt fOl (I1Hb in the orga.nic 

layer is thought to cxist--firstly, becausc duc tü tI dllSfcl of Il It to tlte (HJlJ('OI1'i bide, 

the di mers concentration will drop, following thc llWrlOI1lCl-dllllCl cquildmum, alld 

second1y because once in contact \Vith \Vater molccules at the iIlt('rfacc de-dunel ization 

will Le expected to take place. \Vhat is the extellt of thi., ~ecolld phcIlülflelloIl and 

how it can quantitativc1y be describcd is pleselltl.v IlOt LnowlI TbcldoI(', the modc1 

developed here takes into accüunt the ~imultaIlcoll~ difr\l~ioll of dimel" to the Inter

face, but only assumes that monomel-dimcl equild)liurn exisb lherc, ddirwd by the 

value of J(d. 

Thus~ it is clear that the actual intel facial concclltl alion of IIR will probably 

be highcr than what the mode! Cdll 'undelstand'. F'tllt!tC'IIllO\(', de<",plte il:> re.ogllizcd 
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significance, the effect of extrét('tant's illtclfacirll acti\'lty on C'IIR is Ilot tdhen into 

accouut by the MT\VCR mode!. At tllc 5étmC lIme, although the dimer itsclf is 

cOll5idered to be much Ic~s illtcrfacially active than the monOlTler, Its contribution ta 

the value of C through de-dimerizatlOIl will still be important since the extraclant 
'IIR 

exist virtually as dimer (cxcept, prc~umably, at the interface). 

Followillg the~c cOII~iJCI ation<" it is obviou'S that the only \Vay the model can 

accornmodate such pos5ihly higher C
1IlR 

values is by attributing them to a diffusional 

resistancc lowcr than what it rcaIly is. In olher words, this means that the resulting 

value for KUR' as a fitting parameter, will plObably be higher than the actual one. 

Thcsc argumcnb may provide an explanation for the seemingly higher value of ïfHR, 

estimated here (Table 6-3). 

The other fitting paramcler in the Illodel i5 f{'. In genelal, ]{' refiects the 

equilibria in the bulk phases [158, 197]. It is related to /{eq (equilibrium in the bulk 

aqueous phase) by eqn (6.21), and also to ]{G (equiliblÎurn in the bulk organic phase) 

and J(~x by cqn (6.19). Of ail these constants, only f{~)( is known from ex periment 

(sec page 41). Also, it is assumed that PGaRJ = PIIR and this introduces an addition al 

uncertainty if f{eq is to bc calculated from /{' by eqn (6.21) or Vice versa. 

Using the f'.-Stimated value for ]{' from Table 6-3 and P IIR = PGaR3 - 1600 

from Table 6-1, the result fol' f{eq is 

p 3 

J{eq = ~l{' = 2.56 X 1010 
PGaR3 

If true, this high value of ]{eq means that in the bulk aqueous phase the equilibrium 

(eqn 6.17) is shifted considerably to the sicle of the pIOdurt, GaR3, which certainly is 

not unrca50lldblc to expert. Similall)', fOI /{ G the following value is calculated using 

eqn (6.19) and sclccting f\d = 3 13 X 104 I/mol from Tdble 6-1: 

KG = 1.77 X 105 Iimol 

Again, this resulting value of J{ G may be vicwed as an indication that the equilibrium 

of step Sb is shiftcd to the solvated comple:.: CaR3 . IIR, and oIlly at high loadings 
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(when the concentration of (HRh is lo\\') will G,d~J (umpkx Ill'CUlllC PIl'dUllliJlant, 

as discussed in Chapter 4 (page 45). lt shoulJ be t'lllpllù"iZl'd. 110\\,(,\,\,\, th.\1 sll'j) ~h 

and the equi]ibrium constant HG, tllat ùesl'lilJCs Il, 1'0 just ct Il'plt'Sl'lIt.lIl\t' ('x.lmple 

of one or more solvation reactions in the org,anic ph,\se, lh.\l met)' oC( ur alld l(',iù lo 

the formation of CaR3' BR and/or other mdctl·ext l.tet.\I1l cOlllple\t's thell·. III other 

words, step 8b should be regardcd not a.s aIl ('!ellleIl tary step (i t cel taiIlly iSIl't) hul 

as a possible net res1llt of sever al othel solvatiùIl 1 cùctioll e1(,lllclltal)' sll'ps 

Several proposed criteria have becll l'alliel ùiscusseù as ways 10 ùistillgllish 

between the interface and the adjacent aqueous dilrll~ion layer as ll'c\ctioll lucus (sec 

pages 153-155). It is now appropriate to velÎfy ho\\' tlte)' C<tH IJe Llppli{'d lo the 

experimental results and the moùcl predictions, and ",hat conclusioJls cali bl' Icached. 

From the first critelion, which is lMscù Oll dlffelelltly rcsulting dCPCIld('llcc of 

rate on extractant concentration (fig. 6.]), and compal ing \Vit.h the It"\ev(lll!. CXpCI

imental data (figures 4.24 01 6.6), il can be scen tbat here, in tl\(' ('<\<;e of g.t1lium 

extraction with D2EIIPA, the rl'action in the diffusion layer \S lfldcl'd ~igllificél.llt. ft 

is evident from fig. 6.6 that even at high extldctallt COllcclItratlOns the létt.e continues 

to increase, contrary to what sho'lld be expecteJ if the 1 cddioll is OLClll'1 illg ollly ai 

the interface (fig. 6.la). 

According to the second crite.ioll, the rate comtallb 1.-( for 1 l'il ct iOlls procecd

ing exclusively at the interface, wh en compared for severaJ mctab, !:>ltould not. be 

related to the respective rate constants of water ligand exchauge. 1I0wever, as al

ready discussed above, the comparison Lelween the vet!ues of kr illld kw for galhurn 

and the respective values for other metal· D2EII PA systelll'> (Table (j.~) cJ('ady ~llOWS 

that the order for the rate const.ants of \\'<tipl hgcUlJ cxchange l~ (lu"e1y fol\owed by 

the order of the respective extraction lec\ctioll rate cOl1'itanb. Titis <.el taillly indicilte~ 

that reactions in the aqueous diffU'iion layer j)lcdomillatc. 

The third criterion compares wbctllel 01 Ilot the extl a<.tion Jale (l'mains the 

same if the product n = (CMeC11R ), Î!:> kcpt constallt but the r,ltÎo (CM .. /Cllld is 
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(Wllell tbe cowcntratlOTI of (IIRh i~ lo\\') ",dl Gdlt,! (omplex !Jecome predominant, 

a.c, dl!>CIl~'>(:d in Chdptt'r 4 (page 4,1) It slJ()uld I)e (,lIlpba~JZ(_'(L ho\\'('\'er, that stcp Sb 

and tlH' efjllihLflurn con~tallt HG, thdt de::,u dJC'> If, 1::' just a ll'pleSl'IlLllive cXdmple 

of (nu' or more !>olvation reactiolls in the Olg,tnlC p!J'l'>C, that may occur and lead to 

the formatJOIl of GaRa' lIB. and/or otllel metcil-l'xll ctctant complexes thcrc, In other 

words, 5t<,p 8b should hc regdHicd not a!> ail eklllelltary st cp (It CCI taml)' isn't) but 

as a po~slblc lIel rl'sult of ~e\'cral othcl ~OI\'dt)()11 }C'clctlOll clemclltary steps. 

Severa! proposcd criteria have been ealliel discusscd as \\ dy~ to distinguish 

betwecn the jnterface and the adjacent aqucous dlffmion layer as rl'dction locus (see 

pages 153--] 55). It is now appropriatl' to vcrify how the)' cali be applicd to the 

experimcutal re~ults and the model prcdldlOllS, alld what conclusiolls can be rcached. 

From the first criteriùll, which is bdsed on dllTe'lentl)' resulting depcndence of 

rate on extractant concentration (fig. G.1), and compdl illg \Vith tlle relevant exper

imental data (figures 4.24 or 6.6), it can be scen that here, in the case of gallium 

extraction with D2EIIPA, the reaction in the diffUSIOn layer is indeed significant. It 

is evident from fig. 6.6 that l'ven at high extractant concentrations the rate continues 

to incrt'a.'ic, contrar)' to ",bat should be expcctcd if the leaction is occurring only at 

the interface (fig. 6.la). 

Accordillg to the second critcrion, the rate constants "r for reüctions procecd

ing exclusively at the interface, when compared for several metals, should not be 

relatcd to the respective rate constants of watel' ligand exchange. However, as al-

rl'ady discusscd above, the comparison bet\\'cen the values of k{ and kw for gallium 

and the respective values for other mctal D2EIIPi\ systems (TaLle 6-4) clearly shows 

that the order for the rate comtallts of \\'dkl hgalld cxchange 1:' closel)' followed by 

the order of the respective extractioll rl'action rate constants. TI11s certainly indicate~ 

that rcactions in t!te aqueous diffusion layel pledol1l111ate. 

The third Cl iterion compales \\'hcther al Ilot the extraction rate remains the 

same if the Plùduct n = (C~leCIIR), 15 kept constant but the r<\tlo (CMe/CHR) is 

18.6 



varied. If the rcadioll is predomillantl)' ill thl' <'(jlll'OIlS ddrll~ill!l Id~l'I thl'll thl' r.llt' 

should not he the same. Th(' Il'..,tllt frum ùppl:\lll!!, thi.., 1Iltl'llllll tll tllt' l'\)lI'llllIl'lIt.11 

data cannot he sccn by slll1ply COlllparlllg, f~)\ L'\dlllPIc, lig li [) .llld lig li h (.dtlllJugh 

both refcr to practically the Sdmc pH), oc\..au~t' CIlH llccd tu hl' fmllld lil:--t fWIII 

eqn (C.15) or (C.20). The application call l)l~ dlu..,tldtl'd wlth lhl' fullowillg c\illllpk!>' 

let us select an expcrimental point from fig. G .. 1, fOI f'xamplt' - the Ollt' ,lI Cu 't = 
l.4 

4.5 X 10-3 g-ion/l for which thc flux is 10.9 X lU-\) hlllUIIll- 1 ~-J; .tfkl l.dculatlOll 

of CHR and then n for the Cllflcnt condltlOlls, the \',tlue UOL1ÎIl('d fUI n (,lIl !H'xt. lH' 

used to find for what total D2EllPA COIICCllllatlOll, UllJcl the (,ollditillll~ of fig. fi.6, 

the same value of n would he found, the a Il., \\'(,1 )'wld.., 0 01 F, (lIId t hl'> wlluld n',>I"t, 

making the conclusion from fig. 6.6, in ha\'illg flux of3 1 x 1O-~1 klllul.llI-l.~-I, wllich 

is more than three times smaller than the fil,>t flux \'edue; ~illlil(lIly, fUI the lIC.t 

experimental point on fig. 6.5, at COGA3t = 7.7 X 10-3 g-iolljl fc>! wlmh th!' flux b 

13.1 X 10-9 kmol.m- 2.s- 1 , the samc value of n will he ohtU1I1Cd fUI t1l(' poillt at 

0.06 F D2EHPA on fig. 6.6, to which a value of 85 x 10-9 kmol.lll- 2 !:> -1 fOI the flux 

corresponds. 

These examples show that the rate of gallium extraction dues Ilot remalll 

constant if n is the same. In other word::;, thi!:> is anothcr illdicatioll wbich IIllplies a 

predominant role for rcaction OCCtIl Jing in the aqu('o\J<) di rrllSJOII laY<'I. 

Finally, it should be notcd tItat flom the vicwpoÎlIt of gallium !->O!lltllHl c1ll'Ill

istry and ligand exchange kinetics, it is reasollahlc ta cxpeel extractio/l ullù('r chern

ical kinetic control, similar ta that observed for other tli-valent metal" [.s0, 167] with 

relatively low values of kw like Fe3+, Cr3 t-, AI3+, 111 3+, etc. As a COll!:>eqU('flce of tllC 

resulting generally lower extraction rates, a ~ltift of tlte lee\,( tion ZOlle lo the aqllC'olls 

si de of the interface (and in extrcme cascs-cvell flll t!WI--to LI\(' bulk aqll(,Oll'> plta.,>c) 

will cIearly be more favourable. 

In the next section the predictions of the model with the estirnaled pararneters 

(Table 6-4), which have hecn bascd on extraction killetlcs data. will !J(' cornpared with 
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the rcsult!> tllcll übtailled fr<Jm the eXp('lllIlcllts ou !1"dlllllll stripping 1 ale' from loadcd 

D2EIIPA. 

6.4.2 Mode} Verification: Stripping Conditions 

Berc, for the conditions of stripping, the modclllllg equcttlOIls, for J1HR and species 

cOllcentratILH1.,. ac; well:i~ the cOlllputatloncd cdgol It llTl1 dTld plOgrdllI, !Cmalll the same 

as for the ca~,~ of cxtrd.ctÎon. 

Minor changes in the form of the equd.tioll (C.IS) for COHR arc necessary, as 

di1>cussed in Appendlx C (sec pdge 239), follewlIlg the coudltlOn of COG • 3 + = 0 in the 

hulk aqucolls pha:,e. lIowcver, sllb&equcnt compal ati\'c te~ting of the t wo equations, 

(C.15) and It~ modificd fonn (C.20), have :,howll thclt the)' give neùrly identical results 

for COIIR ' 

Also, III the case of strippillg, a mOle pleCIse account for the distribution of 

specics in the hulk organic phase i5 rcquiled As mentioned car fier, these species are 

considered to he: BR, (IIRh, GaR3' and GaR3 . liR. Under conditions of negligible 

rnctal loading, the hulk concentrations C
OIIR 

and CO(IIR)2 can he found simply from 

the total extrrlctant concentratIOIl and using the cquatlon for J(d (eqll 66). However, 

when rnC'tal loading is slgnificant, as it IS In the case of stllpping, al! four species have 

to he t.akcll into acrount, with theil Ie~pècti\'e cqudiblla, dcscribcd by the equations 

for Kd anJ !{G The relevant equatlOns arc gi\'en in Appendix C, and for KG, the 

value found from the estimated 1(' parametcr, is used. 

It is evidellt that rnathcmatically the dlffclcncc between extraction and strip

pmg, with respect ta the interfacial flux J 111R is onl)' in ItS sign, and this refiects 

the physical change in direction. Once a positIve 51gn fOI J111R is chosen to denote 

transfcr of IIH through the interface flOm olganic to aqucous phase, then the flux in 

opposite direction, which is the result of metal being stripped flOm the organic, has 

to ha\'e a negati\'c sign in the equatlOBs lmking bulk and interfacial concentrations 

of species. TllIs physically mcans that the concentration plOfiles, as schematically 
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shown on fig. 62 for the Cd"\' of llIet.li l'\tlill tlull, \\'dllw Il'\l'I"l'd, 1 {', (', Ij WIll III' 
l, • 

gr('ater titan C
OG03

+' etc Hellct', ",!tell lÙIl~ldt'tlll!!- thl' Idtl' of ).!..dhltlll "tI1I'PIlI!!.. tilt' 

respective values for J' IIR ale ill(lOùuleù \\'it Il cl Ileg.lt IH' ~igll ill t II(' l ,dIUI.IlI11W> ur 
concentration profile~. 

The model preùlctlOns for the ~dll1e cOlldltil)ll~ of tlIe expl'Iilllt'llt,t! d.ILI, pn'\'i

ously present cd 011 figs 4 30 ,1 32, are compah'd with thl'Ill aud di"p\.\Yl'llull li~". tU\ 

6.10, respectivel)'. 

Figures 6.8-6.10 show tbat the mode! pledictions ll1.ltch clo'il'ly tht' PX!H'f)' 

mental results ft should Le rcmelllLereù tb,d cxcept fOI th ... addltiullai dc\'elopllH'uts 

described above, relevant to stnpping killctlC !>,t ~ dit' III0dl'll'ljlldt 1011'> alld ('!'>tilllal(·t! 

paramcters rcmain otherwl~e the Seime as fOI extractioll. 

AIso, no additionaJ fitting of the 1l1O<.kl to tlle ddta hUIIl ~tllpplllg (,X)H'IIIlWllb 

has been performf'd, althaugh, if UIldcl tclhen, It is pO'i~t1Jll' tltdt Il IH·t tel !'tl't (Jf (,!'tti

mates might have bccn obtained, dS cùmp,lll~aIIS flom figulcs (j R (j 1 U w(Juld ~ugg('~t. 

This, however, has not been donc, becdu!:>e the pl im,i! y purpose of (',Ill ylllg out tilt' 

stripping kinetics ('xpcrimcnb has Lecn to lc')l the dcvclopcd model und!'1 comider

ably diffcrent conditions. In tills sel1S<', the d(,lJIon~tl c\ted ctbillty of tht' /llodel tu glVl' 

reasonably adequate predIctions far thc~e conditions too is regttrded él" an indic<ltion 

of its validity. 

Finally, it should be noted that attempts tü use in the model tlte other equa

tion for J'HR (eqn C.55 L derived for the ca'le of reverslble pseudo-fil ~t. OIder iimiting 

regime, and to apply il to tlle stripping kinetic~ data, with the sallie al/l'ady c~ti

mated parameters, were unsurccssful. Whde for tbe extlaction kiuetlr!> !(''>ldh, both 

models have yielded alm0st the ~aml' pledictions, atllibllted to th(' V<'ly ~1I1(dl contri

bution of the reverse reactlOn for these condItIOns, predlc tiOll,) in the ca,>(' of !>tripping 

rates are substantially dlffercnt FUlthcIIllOIC, It apPccllcd impos,)lble to fweI fi ~ct of 

parameters' estimates when eqn (C 55) is lI,>ed, \Vith which the rTlo(kl \V(J,del gi\'C' il 

15The most slgmficant 15 the calculallon of ~fJecles dl~ltlbutlon 111 LII(' org;uuc l'h.1.v·, bul Il 110 

based on kno\\11 (I\d) or alrcddy C.,tllll,iled (/\'G) J>.\J.lllIet('r~ 
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reasonably good description of the expeIiI1lC'lIt<11 Il'SI11Is. 

6.4.3 Model Verification: Near-Equilibriull Conditions 

So far, the model has bœn found to closcly dcs( 1 t1w the li ,Ill~fl'l killl,tics of gallium 

under non-equilibrium conditions delibcrately fa\oulm!!; eithèl extl.tCtlUII (figs. 6.4-

6.6) or stripping (figs 6.8-610). It i~ ob\'ious t!t,ll tl!t'!>c !wu dllft'll'llt lOllditiollS 

characterize the two end- (or start-) points, so lo spl'ùk, of the Il'\'l'I'>lblc g,tllllllll 

extraction reaction. 

Henœ, a major consideration is die bchavio\ll of the mode! fOl tIlt' illtennc

diate conditions-between thf'se two extreme pomts, wlll(h wdl ohviuusly illclude 

those close to equilibrium. TherefOle, going a step fm t!tel, <lll imporlalll qlll'~lioll is: 

can the mode} predict under what conditions equdtl)1 iUIIl will 1)(' (·:-t,tl)!J:-II<'d 111 the 

system? 

Needless to say, the ability of vaIiOllS modeb, ploposcd in tlw Ijt(,(<lt.lIJ(~ for de

scribing solvent extraction systems, to predict wlth sufficicnt acoll M'Y the bdldViour 

of the system under near-equilibrium conditions is con~idel ed lo Le of cl'uri,d impor

tance for a model's l'cal usefulness and apphcability. 

According to Hughes and Rod, one signifiraIlt adv'lIILlg,l' of tll('iI f\1TWCR 

mode} [158,186, 197, 198J, is that it is particul(1I1y w,eful ill de~(lilJ1l1g ILlte:- Ilear 

equilibrium. Indeed, it has been shown [1981 that the mode! pl cdi( b weil the pal e 

of copper loading with time into hydroxyoxime reagcnts during exI,l adioll kinctic!> 

experiments in a cell with vibrational mixing. It appc(tl'S, howc\cr, thal in the Jatcr 

kinetic studies on the various solvent extractant sycstems which bail ll!>cd the HDC 

technique and/or the MTWCR model for data mtclfHctatlOn, the Itll,<,,, Ilnd('r ~trip

ping as well as near-equilibriurn conditiom, dnd accOl dlJlgly thl' !IIodd !H'!JaVIO\lf for 

such c.onditions, had not bcen comldcled The ollly except H.JII, whclI tlw 1I1oclel ha., 

been applied to experimental data obtdJll<'Ù fOl ct '>y,>tem W!l<'lC md"d ics lrilll'-,ferred 

from loaded organic tü aqueous pha~c. scem,> t.o be the ~p(>ci(d C<t<,c of (!x( hange of 
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prc-loadcd copper in D2EIlPA with zinc fJOrn aqucou<, solution [203], tbe experirnents 

bcing carried out in the same type of vibldtiol1,t! cell. 

As rnentioTlpd in tlte prcvious scctlOTl, the distinction betwccn extraction and 

stripping rate~ i5 cxprcsscd mdtbematic<dly \Vith tbe different sign for J IIIR in the 

cquations for conce:ltrations of spccic~), WhlCh [0110w5 the physical condition of re

vcrsed concentration profiles IIcnce, iTl ca,>e of stripping CtllR will be lower than 

COIIR and thercfûrc the term 

in eqn (C.47) will be negative. Also, the other term in egn (C.47): 

which reflects the effect of the backward (st. ipping) reaction, will be negative tao, 

providcd that C
1GaH 

is calculated concctly and thelefore has a non-negative value. 

Obviously, in the case of extraction, both these terms are positive. This means that 

rcgardless of whcther extraction or stripping is actually taking place, the calculated 

value for Jllla from cqn (C.47) WIll always be positive, or zero-at equilibrium. 

It is thercforc clcar, that judging only from the \'allle of JIHR , calculated for 

certain conditions, is not sufficient to decide which way the reaction is going, espe

cially ",lIen no othcr information IS dvailablC' a p1'101'1. Thus, the decision has to be 

bascd uron the signs of the two terms given above. In the present work, this has 

been the cdtcrion used in the computing plOglam. 

No\\' it is possible to perform simulated runs and follow the values of JIHR that 

the model will ca1cu\ate under specified conditions Figure 6.11 shows the results 

from a series of such runs. The total extractant concentration is the same for aIl 

curves and each curve rcpresents results for a celtain constant acidity (or pH) of 

the aqueous phase. The total amount of metal in the system is also the same for 

ail CUT\'('S; ",hat differs is th~ perccntagc P of tbis amount, assumed 1.0 have been 

gradually transfCfIcd to the OlgdIlic phd~L' The calculated flux values are plotted 
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as a function of this pcrccutdgC. For any gl\'ell CUI \C, lhi!-> i" l'<tui\'.l!clll lo ha\'ing a 

series of experimcnts carried out a t idclI tic .lI nmd i t 101l'>, (''\lCpt t Il dl fur l'Vl'I y Ollt' of 

them the metal conccntratlOJl:' III the t \\"0 )Jha~('~ .tl(' lh.lIIged. 1
1> 

In this way of presentation, cdch CUI \'C sho\\'~ ho\\' the rtltl' of tl,lIl~ft'r rh.lIlges 

as the reaction progresses in the direction of aclllcving equihlHlull1. In oth('r words, 

if the experiment is started al a gi\'PIl pIl, w}li( II will Ll' lllaiIlL\ill<'d COli '> L\llt , with 

aH gallium bcing initially in the aqllcous phd'>t', ) l'., ùt P = 0 %, tbcll flOlIl t.he 

corresponding curve on fig. 6.11 for that. particuLiI pIl, it GlIl IH' S('('II ho\\' the l.tte of 

extraction will gradually dccrease as morc and mOi e metdl is extl,\ctt'J Obviously, 

at a certain point this rate will become equdl to Z('IO, ,tnd thi~ I!'> t\l(' pUJIlt, plcJicted 

by the model, which will conespond to equihbl iUIl1 IJt'lIIg c~LdJli:.ll('d ill the syhtcllI. 

Of course, the same point will be achievcd If the CXpCI imclIt ha., 1)('('11 :.tcu ted ullder 

the same conditions but with ail the mctal bcmg ple-Joaded ill thl' olgallic phase 

(1' = 100 %), or, more precisely, if the initi,\! value of P 1I,i5 becll hip,hel' than the 

particular one at equilibrium. 

lt is evident that the results on fig. G Il :u e consistent wIlh lhe general cx

perimental observations that the extraction lale inneases \Vith p1l, whil{' the rate of 

stripping decreases. Similar graphs may be gellerated for other Vcllllc~ of total mdal 

and extradant concentrations. FigUle 6.12 111tl~tI dtee, one ~lJ( II l'xalllple. TJI(~ way 

it is constructed is the same as for fig. 6 Il, except t1ldt hel e each lU 1 ve rcfers to 

a particular value of total extractant COllcentliüiol1, whde rH lernains the same for 

aIl of them. Again, it is seen that the rates of extraction inCl eéL,>e with extradant 

concentration: while the stripping rates dccleac,c, cl'> cxpcluTlelltaJly ob!:>('1 veel. 

For each cmve, the point of zero rate Jctellllllle~ the e<plllibi jUill COflditlon~ of 

the system. The ratio of the total metal (onccllllilliolle, ill the two pIJet.,c,> 1I1iJer such 

conditions will represent, by defi nition, tbe dlc, (1 ibu lion u)('ffici(~lIt, Dc;". FIgllI<'<' G.l ] 

161fT IS the total am ou nt of gallium 111 g-IOII~. Vag and ~~I@.--tlte two \OIUIII<''>, C'dq alld Corg - the 
total metal concentratIOns, resp., thclI T = Ca'l V<iq + Culg VOl g \\'I.('JI P percellt.., of T MC HI the 
organic phase, thls means CorgVorg = (0 OlP)T alld CaqV"q = (1 - 0 OIP)T 
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and 6.12 show that these pOlllts :,hift to highcr v.tllles of Pas pII alld extIaclant con

centration incrœse. At th(' ~i-tmc time it is obvions that higher values of P would 

also mean higher vdlues of DCa. Thus, it is scen thüt the results on figs. 6.11 and 

6.12 are also consi~tent with the observatioiis that DGa. increases with pH and ex

tractant concentration. It becomcs clear thclefOl e that each figure rcplescnts and 

links togcther~ in a comprehensive way, the kinetic and equilibtium plOperties of the 

extraction system. 

Of course, it should be remembered that the results in figs. 6.11 and 6.12 are 

the model's predictions. They have been experimentally verified, as discussed in the 

previous sections, for the regiolls of initial extraction and initial sttipping rates. In 

order ta dctermine whether the predic' ions are correct for near-equilibrium condi

tions, what can be done is ta run simulation tests, like those for figs 6.11 and 6.12, 

wit.h the known parameters-initial total metal and ex tractant concentrations, and 

equilihrium pH--of the experiments on gallium extraction with D2EHPA (fig. 4.2). 

Once determined, the respective points of zero rate will yield the model's predictions 

for the equilihrium state, and therefore a value of DGa will he calculated. This value 

ca.n then be readily compared \Vith the experirnental data from fig. 4.2 

The rcsults from these tests of the mode! are shown on fig. 6.11 along with the 

data rcportcd on fig. 4.2. It appeals that tllelc is a satisfactory agreement bctwcen 

expcrimental and predictcd value'l. 

In principlc, the important parametcl' with respect to near-equilibrium condi

tions in the main model equation (CA7) is le, as discussed earlier. There it replaces 

the equilibrium constant /{eq, which is totally unknown, from eqn (G.21). However, 

J(~x' the expcrimentally determilled cquilibllUl1l constallt of the ü\'el'allleaction 4.10, 

is not included in eqn (CA7); It is 0111)' used to fllld ]{c ftOm cqn (G.19) when K' 

is estimatcd. Thel dore, it is ollly through ]{ G tlldt expel imentally obtained infor

mation, pertinent to the state of eqUlhbllum, is included in the model (apal t from 

reaction stoichiometry, of cOUlse). Bence, the value of j{~x will have little effect on 
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the cstimated model pilrarncter~. On the otller hand, altllouglt f{' has a precise 

physical rneaning, it rnathematically is jU'lt a fittillg parametel. Wltile for the other 

fitting parameter~ in the modeI, ccltalTl concluslollS about tbm vdlues dnd whether 

thcy are reasonable ("ail be made, followlIlg campai i~ons wlth relevdnt data obtained 

clscwhcre, sirnilar criteria with respect to ]{' arc rùtlter dIfTicult to apply. 

In this sense, the ability of tbe model ta pl cdlct Icasonahly weil the conditions 

for equilibrium in the system is consldcrcd a~ allother good indIcatIOn for its validity. 

Of course, viewcd from another per~pective, this also means titat the experimental 

data-with respect to extraction equiliblla and 1 ates of extraction and Stl ipping

obtained for the galliurn-D2EIIPA system fOl dlffclent condItIOns and with different 

techniques, are inherently self-consistent, as 1I1dccd they should Le. 

6.5 Reaction l\1odel and Mechanism: Equilibrium 
and Kinetic Aspects of Metal Separation 

6.5.1 Comparison between Gallium-D2EHPA and Gallium
OPAP Systems 

Application of the rnodcl to the data from gallium e:-..traction kinetics with the OPAP 

reagents has not been undertaken The rcaSOT! is that the system is much too compli-

catcd for the sparscly aVdilable info! malion 011 phy~ico-chcnllcdl pttl ameters. Accord-

ing to the conclusions of the equihhlium analysis of the system (section 4.3), thcre are 

four simultan('Ously procceding extraction reactions involving the two extractanls

mono- and di-OPAP, which lead tü the fOI mation of four metal-extradant complexes. 

lIence, the rnodel will inevitably be more complicated, although this is not expected 

to be a significant problem. The real olfficulties arc anticipateo to come from the lack 

of available data, for example, on acid dissociation constants of the extractants, their 

partition coefficients as well as those of the complexes, and the Jiff usion coefficients of 

the Ilumerous specics illvolvcd ",lllch ale al~o unkno\\'l1. In any case, of course, sorne 

of thcsc paramcters would have tü he applo'\imately cstimated, as was nccessary for 
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the gallium- D2EIIPA system. Th" ddrCll'IlU' 1" t Iidt \\'hl'II t hl' 0 P:\ P Il'.tgl'Ilb Mt' 

involved, the Ilumber of thesl' 1IIlà\'oid,d >Il' ,\ Pj>IU\ i Ill,\\ JUil" \\'U\! hl 1 Il' l''\l t'''~1\ dy l'Irgl'. 

and is thcrefore cOn~JdelCd Ulld(Ceptdbh' 

Although thcse problems mahl' cl Pll'(l:-'L' d(':,u ipliOIl ur tlle ~y:.lt'Ill ddlicult, 

it Îs in many ways simildr to the galhulll·D2EIIPA ~ysklll. FOI l'X.lIllplt·, tht' SdIllt' 

arguments about acidity of the c:-..twctallb dUt! titI' !Ok of th!' dl~"'ll( j,tI!'1! olp;atlk 

anions will stIll bc valid, Mono-OPAP is .1 !-JtlulIgcl ,H id th,1II liI-UI'AJ>, dllt! l)Uth (lI(' 

considered to be stronger than D2EIlPA 'l'Ill'> Î"> ldlt'ctl'd III the 1(,~\IItS fll'lll c\trac

tion kinetics wiLh these leagcnt~ and cali hl' SCl'll Il)' COllljldl illg (hell) FigUIl' ·Ln 

shows that the charadcristic Flux vs pIl ClIl \'(' ~hifb 10 10\\'l' 1 plI ,1lIl! hig,ht'f flux 

values as the molc fraction of mono-OPAP III the exUdct.ùllt IIH!t'<!!>(':. 'l'lm <Ibo 

means that the hypothctical 'resultant' pl": a \,duc fUI titI.' lIIÎwd ">y:-,tl'llJ üho lh,mg\':. 

to lower values, 

The comparisons betweell the kinetlC re!>ulb obtctilled for g,dlilllll extraction 

with D2EHPA and with the OPAP reagents suggest th,tt the ('xtr.tctiO!l mechani~m 

remains probably the same, with the additlOll of the first. OIgallÎ( ligand to the rnetal 

cation heing the rate-limiting step in the ICclCtl011 ~ChClll<' 

When compared with gallium-D2ElI Pt\ l'xli clctloll killdIC.,,> 1<''>lIlh for lb- saille 

conditions, it is clear that thc rates Obt,ulll'U \Vith the OPAP l('ag,cllh <lIe higher. 

This can he seen from fig, 6.14 where the 1 e'>pcctivl' expenml'lltal dcÜa fWIll extrac

tion with DPAP reagems, taken frorn fig. 4.37, ail' givcn togcther wIth the modcl's 

predicted flux values for gallium-D2ElIPA, calculateu for the ~alllc condItions and 

0.11 F D2EHPA, 

At the same time, however, fig 6,1·1 ~ho\\'~ th,lI tlJe ddreJ ('IlU-'~ betweert flux 

values for D2EHPA and extractdnt T (see TaIlle 4·B, page 100, fol' cotllpo~itions and 

notation) are slightly less than those bctweclI extIclclallb T ,U1d M Furth<'rrrlof<', 

it can he expected, hased on the rl'sults fOl <'xttac.l<Ults M, 0, and T, that the cor

responding curve for di-DPAP extractant alouc wOllld be very do,><: to the olle for 
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D2EHPA. In other words, the extl<tctlOlI I,lks ur !!"dlilllll \Vith D:.'EIIP:\ ,llld dl-OPAP 

will bof> similar. Although the tUlIlpal.lti\l' C\.,llllpk i::. g,l\'l'll fUI l·'lu'\ t'S pH (UI\'t.'S 

(fig. 6.14), the same aIso applICs to thl' othcl t"\Jll'lllIll'IlLd Il'!:>ult.., 

This conclusion is ln cOlitra::,t tü t!tO::'l' \\'Ith le~pect to g,dhllill extl,H.tion l'qui

libria. Thert', significant dlfTcrc!lcc':> are foulld bd\\'ccn the l'OII(,::'pOlldillg log DGA 

values. The same apphe!> Ilot ollly for D2EllP,\ l',' dI-OPAl' COlllP,\II~ll\I::', but ,d..,o 

betwccn OPAP cxtractants with \'ctryillg COlllpo~ltlOlI!>. 

Based on the developed mode!, the o b.., ('1 "cd d IIr CI ences bel \\,('('11 t!ll' ex traction 

rates with D2EHPA and the OPAP n-'agellt'i Jl1dy he cxpl'lincd, III pIlIJciplc, llIostly 

with the expected highcr values of Ka for mOllo- and di OPI\P th,lll for ])2EIlPI\. The 

lack of reliable data makes it impossible to alldlyze this a"'pect lllule pl ('u..,cly. Nev

ertheless, it is highly probable that thesC' diffcIL'nCl'S in extlilc.t,lll(\ ,tUdlty, pO::'!:>lbly 

in combination with other factors, such a., d df CI l'II t p,t! t i t 1011 codli C!ellt." pl ('~cTICe of 

alcohol causing monomerizatiol1, etc, ale solcly l'espoll,>lblc for tht' ob.,(.'1 \'('<\ difft'rent 

extraction rates. 

The implication of this conclusion IS that the chemical rcadioll rate ~onstant, 

kr, is probably the same, or almost the same, for g,dhuITI-D2ElIPA and g.tlllullI-OPAP 

system'), des pite the fact that the extractants arc dlffclcnt. Cm.'ll the gC!I{'rally prc

dictable effects of extractant '5 acidity and pel! tltioll coefficiellt 011 tl!(' r,t! e, fu!l()wHlg 

the formulated model cquations, together with the valucs fOl OPAP rCclgcllts, rela

tive to those for D2EHPA, it is high!y unllkcly that the difrelcnt rate!> can bC' due, in 

addition, ta significantly diffcrent rate constants, 

In principle, this should be anticipated flom the weil knowll algumenls about 

the rate constants of ligand exchange and theil depclIJcncc primai ily (in }loH!ogcncous 

kinetics) on the nature of the cation, and to cl mudl lesser cxtent on the nat.ure of the 

ligand. \Vhat is significant, though, is that tllc eonclll~ioll hel c i~ bdsed Oll specifie 

experimental evidence rcgarding D2EIIPI\ and OPAP lcagcnts, w}mb a.re important 

extractants for gallium. 
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The ('onc.lll"ioll abolll the alrno"t equdl l ,tlc tOfJ'it.lIlt'3 al~o ImpliC's that in ex

tractions with tlt<' mixeJ OPAP [('dgCllb, tlte )'l'''pedl\'c dl~~oclatcJ Olgallic anions, 

from mono- and dl-OPAP, arc kmcticdlly tbe SélTlle, Tll1S mCdIl~ that flOm the view

point of the rnctdl cdtioll specic~ there will not Le a particular I..znctzc preference for 

ci1her mono- or di-OPAP anions III tlla1 sense, wh en suggestmg that in the mech

anism of galliuJl1 cxtrartlOlI with OPAP rcagcnb, the rale-limitil1g ~tep i~ probably 

the first organic lIgaIld addl tion, it does not rcall)' matter whether this is the ligand 

from mono- or di-OPAP. 

What matter~, of course, IS how stable the .finally formcd metal-extractant 

complex is. This, however, is a thermodynamic propt:-ty and is therefore related 

to the equilibrium ~tatC' of the system, descllbed hele by the re~pective extraction 

equilibrium constants, 1t is tbelc that the diffcrenccs bctween mono- :wei di-OPAP, 

and also D2EllPA, will be mostly manifcsted, following not only differcnt acidities, 

but also diffcrent spacial iIltra-moleculaI environ ment leading to effects of certain 

steric hindrance, or preference for the metal. 

Following this discussion it hecomes evident that while the observed distribu

tion coefficients for gallium arc consiJerably diffcrcnt dcpending on whether D2EHPA 

or OPAP is the extractant, and within the OPAP leagents-on what is the mole frac

tion of mOllo-OPAP, the respective rates of extraction are sirmlal, although the order 

of prccedence rernains the samc. In other wOlds, whlle the equllibrium amount of 

mctal that can be loadcd dcpends significantly on the particular extractant, the rate 

at which this happcns is much less dependent. 

This has bccll attl'ibuted to neady the same extraction rate constants, which 

in tum is explaincd with the rates of ligand excbange heing almost independent of 

the nature of the parti culaI' ligand. The lea~ons for this ale found in the mechanism 

of ligand sllbstitution l'l'actions. 

The two extreme mecltanÎsms in which the ligand X, plesent in metal's coor

dination sphcrl', can he exchanged with the incoming hgand Y, represented by the 
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following schematic rcaction 

[l\leXAs] + y ~ [l\tcYAs] + X (GAS) 

are the SN 1 dissociative mechanism: 

(6.49) 

where the slow step is the removal of ligand X flom the coordillation spltelL' thus 

forming the intermediate activated complex [MeAs]-, alld the SN2 associative lIlech-

anism: 

[MeXA5 ] ~ [l\'leXYA 5r ~ [McYA 5] (6.50) 

where the attachment of the new ligand Y tü [MeXA 5] is the r,low step [204]. Both 

mechanisms include one bond making alld one bond blcaking step; boud making is 

rate-limiting for SN2 and bond-brcaking-for SN 1 mcchanisrn. 

One criterion to distinguisll bctwccn the two rnechanisllls is ftOm the cxper

imentally determined entropy of activation, ~st. For the SN l mechanislTl ~st is 

positive (the expulsiùn of X leads to increased dlsolder ill the system), and ~S+ is 

negative for SN2 mechanisrn (inCl easillg orelel). Allother CI itClIOII, which hd,'> later 

been made available by introduction of high-pressurc NMIl, is the c11lUlgc in artivd

tion volume Ll V+. Clearly, D. V+ will Le positivc for a dissocÎ(ltive mechanism, and 

will have a negative value for an associative rnechdnisrn [205]. 

Most ligand exchange reactions, howevcr, ale interrnediate UI character

because bond making and bond breakmg OCCUI simultancou'ily. l'hosc reactions 

where bond breaking 1S predominantly 1 ate-detel rnilling drc dC~CI ibcd as procecd

ing by an interchange dissociativc mechcl.l1Ic,m (Id), which ie;; therefolc <!()<,c tü the 

SN 1 mechanism. Accürdingly, when bond making Îs predominantly r<ite-detcrrnining, 

the mechanism is describcd as interchange aswclcltivc fT}c(.hanisrn (lu), c10c,c to the 

SN2 mechanism. The same arguments about ~st and !:l V t will aho be valid for Id 

and la mechanisms. 
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It is cl('ar that if a reaction procccds through a dissociati\'c mechanism, th en 

its rate (and thc r,Lte constant) will be indcpendent of the natulc of thc in com

ing ligand-bccamc it is in no way relatcd to tbe late-limiting step, as reaction 

schcme 6.49 illustrates. lIowevcr, it will be just the opposite if an associative mcch-

anism is predominant. 

A large number of water exchangc (Icaction 6.7) 01 water ::,ubstitution by an 

incoming ligand rcactions have bcen found to occur by an Id mechanism [204]. This 

explains why the rates of these reactions are almost ligand-independent, as discussed 

earlier. 

There is sorne controversy about the exchange mechanism for gallium. Fiat 

and Connick [137] have studied the \'!ater exchange rcaction for gallium (and also alu

minum) by Oxygcn-l Î NMR and have dctcrmined a negative entropy change value:17 

~st = - 92 J.mol-1.I{-I, as well as the value of kw: 1.82 X 103 S-I. Thus, they 

have concluded that the ligand exchange reactions for gallium follow the associative 

SN2 mechanism. Slmilar conclusions hwe been later reached [206], based on proton 

NMR studics of ligand exchange reactions in methanol and ethanol solutions, he

cause negative L\S+ values have been detel'mined again. These findings would imply 

ligand-depcndcllt cxchangc rates. 

lIowcvcr, d morc rccent study by Hugi-Cleary et al. [205] wllich has also 

included rressurc-jump experiments using Oxygcn-17 NMR to determine D. V+, has 

round that ~S+ and L\V+ are both posit,ive: L\S+ = +30 J.mol-1.K-I, L\V+ = 

+ 5 cm3 .mol- I. For the rate constant of water ligand exchange, kw, the value found 

is 4.03 x 102 
çl. If correct, these results would mean a dissociative, and therefore 

ligand-independent, exchange mechanism. 

It is possible that these latcst findings are closer to the Ical mechanism, not 

only beeause thcir conclusions al c based 011 addltionally detelfnmed experimental 

parameters, but also duc to t!te faet that the authOls have taken mto account effects of 

17 Ali values rt'fer ta 25 oC 

206 



sidereactions (contributions flOm hydlOly!>ed spL'cies [205]) th,ü hcl\·{·lll'/.'1I dJ>Pdll'lItly 

neglected before. 

These studies [137, 205, 206] have also dedIt with the ligalld ex(h,lIlge ll'ùctioll 

for aluminum. In the case of aluminurn, the)' ail aglec about d predomill.lJItly di~so

ciative mechanism of ligand cxchange. The vdlul' of kw for Al3+ h.ls bCl'1I dl·tl'llllillcd 

to be 0.17 çl by Fiat and COllllllk [137J cUhl 1 2~) ,,-1 by IIllgl-Ch·,uy tI a[ ['lOS] 

This difference of 2-3 orders of magnitude b<'t\\/.'Cll the v,tlucs of J.. ... for G,lH 

and A13+ can be explained with theil dJffelcnt IOllie ladli: 18 O.(i~ Â for C,t3+ and 

0.51 A for AI3t [9]. Nevertheless, the Iwo metctl" al(' chemically \,PIY similal', which 

makes their separation difficult. lt is ObVIOUS, t hel dOI(', th,l t the dt/Te\('lIce in thcir 

ligand exchange rate constant~ ma)' plOvidc bd."'I~ fOI se[>ci! atloll 

6.5.2 Separation Based on Different Exchange Rates: Case 
of Gallium and Aluminum 

In order to illustrate such a possibility, sevel al sel ics of expcl imcnt<· bave been car

ried out to determine the pace of simultaneou,> gdllium alld aluminum loadiug and 

stripping in and from keroscnc soJutioll'> of D2EIIPA Hllder diffcrclIt (onditions as 

weIl as tests for aluminum and galllum eql1lltbnulll dj~tl jbutlOn \<) 

From the compari'50Il bet\\'ccll the dl'1U ilJUt IUII cocfficicnb f(JI g.dlllllll ülld alu-

minum, ohtained under the sa me conditiom (fig (j 1.5), it 15 clcar that tbelr values 

are dose-approximately 0.3 log D units differenc(~-and th(;lefOle no siguificant sep

aration can he achieved if extraction is can ied out to equiltl)lium. SucIt a dtffcrcllcc 

between DGa and D Al means that a SCpé\.lüttOIl fcletol) fh == (DG",/fJAd, of approx

imately 2 will be obtained. It also l1lean~ t !tell tlte I('~pcctlve cquillbllllrrt comtanb 

will have close values too. 

18The rate constant kw decreases as the chM!!,e of the central filetai CdLlOn IIIC red.~e<; and Il~ !>Ize 

decreases [204]. 
19Complete results, under the tille 'GalllullI/ Alurllllllllli SCpdratlO1I fro/ll Sulf,ilc Solutrnlls by 

Solvent Extraction Usmg D2EIIPA', were prcsclltcd al ISCC'90, Jllly 16-21, 1900, Kyoto The 
proceedings are presently still In pre,,~ 
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These similarities between the extractioll eC!ullioliulll p,\l,\llld(,l~ fOl t\\'l) ml't

aIs are considered to rcsuIt from their similcll cl!<"'llIic,d Ll'h,t\'iollr ill g<"'I\\'f.\1. Ih·l\C('. 

it is reasonable to expcct thaL they wdl ,d50 folio\\' the 5.llIIC extl det ÎOIl IllCchd Il i!>lll. 

Results for the rate of extraction (fig. 6.16) display, howewl, quitl·.l dilfer

eot picture--despite the similar gallium and aluminulll loadillgs a.t cquihbriuIll, it is 

reached at rnuch different rates for the t\\'o met(tl~ The san1l' is simiLu 1)' v,t1id if the 

process is to start from organic phase pre loaded with the IllcLal., {fig (i.lï). 

The rates of gallium extraction and stripping appear to he muel! highcr than 

those for aluminum, ev en though for the results on fig. 6.16 the mitial gallium conceu

tration in the aqueous phase is 22-23 limes less than the OIlC for .tlllJ\linllTn. ln faet, 

fig. 6.16 also shows that the equilibrium for gallIUm is estabh~bcd approxIlll,ttely in 

the first 5 minutes of phase contact, for the particular condltiol\s. Similar cOllclusions 

cao also be made for the rates of stripping. 

The results from figs. 6.16 and 6 17 c1cady dcmonstIate thal the (·xtract.ion 

aod stripping rate constants for the t\\'o metals are consiùcrably differl'nt. It is highly 

probable that this is due to thcir dilTerent 1 ate comtants of ligand exchang<'. 

fùrthermore, these observations-higher lale constants fur the g,t1liulll ex

traction and stripping reactions (i.e., fOl\\'al d and backwal'd l'eactiollS, re~,p.) to

gether with the similar extraction cquilibrium cOllstants- - aIL' ail ill1.er-lelated and 

self-consistent: from the definition of an cquilibrium constant as the ratio of the two 

rate constants (cf eqn 6.23) it follows that as long as the equilibriurn constants for 

two metals are equal, or similar, the ratio of theil forward reaction constallts will b~ 

equal, or simiIar, to the ratio of their backward l'l'action rate constanb This is what 

is indeed observed. 

If now the conclusions and compalisons made with respect to gcdlruTll extrac

tion equilibrium and kinetics with D2EIlPA alld OPAP lcagellts die bl(}ught together 

in the same perspective as those for gallIum and allllllinum extl'dClioTl with D2EII PA, 

it can be seen that the resuItillg phenoTllena pel tinent lo the latter syst('Tll are, in 
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a scnsc, rcciprocal to thosc in the formt~r In grllliull1 extractions with D2EHPA 

and OPAP, considcrably diffcrcnt equihbIlum stdtcs, dcpclI'lmg on the extractant, 

are achievcd-Lut ai similar rates. On tlJe otllcr band, for the two chemically sim

iJar metals, gallium and aluminum, the equiltbl iUIll states established for the same 

extractant (D2EHPA) arc close, but they are achievcd at signitlcantly different rates. 

Thcse rcmarks serve to emphasizc the point that while the kinetics of the 

pro cess is espcLÎally depcndcnt on the mctal iisclf, the establishcd equîlibrium state 

depends much on the extractaJit. The stability of the metal-extradant complex will 

depend on the strength of eledrostatic interactions [50] between extractant and metal 

species as we1l as their suitability to fit inta a close '}lOst'-'guest' [207] match, the 

uniqueness of which will be directly lelatcd to cxtractant's seledivity. 

Sincc thcir extractive abilities ale mostly based Oll electlostatic interactions, 

the organophosphorus acid extractants arc Ilot pal tlcularly selective, as compared 

with the class of chclating rcagents. Thus, tl.c above observations and conclusions 

are viewed as important for met al separation in the context of the type of extractants 

employed in this work. It is seen ho\\' existing diffelcnce in rate constants of ligand 

exchange can be U5cd to facilitate separation- not only during extraction, but also 

during stripping, which is especially valuablc if the t",o metals in question happen to 

he of sirnilar nature, likc gallium and aluminum. 

It may weIl be expected that similar diffelence in rates will be ohserved if 

another alkylphosphoric acid extractant is used instead of D2EHPA, as long as the 

extraction mechanism remains the samc. This will be especially the case if the two 

extractants have sirnilar acidity. ThclefOle, in doing so, llot much improvement in 

rates for a particular met al can be gaincd, If dcsilcd. Such rcsults follow from the 

role of the rate constant of ligand exchange and its minor dcpendence on the nature 

of the extradant. 

Furthermore, if cquihbrium is to be cstablisbed, the small differences existing 

between gallium and aluminum loadings in suclt conditions are likely to rcmain sirni-
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lar, if OPAP reagents, for examplc, arc used ill~te,HI of D:2EIIPA Thl>ld\>H" 111 ordt'r 

to achieve separation in the difficult C,\!>('!> of chclllic,tlly Silllll.1l llll't,d'l, Llklll!', full 

advantage of their possibly difTerent rates should be cOllsidclCd, e~pt>( i.dly \\'1\(>11 this 

type of extractants is to be employed. 

6.6 Summary 

The subject of this Chapter was the quantitative description of tht.' ledclions iuvolvco 

in gallium solvent extraction \Vith organophosphorus acid lcagcnts, dUt! in IMl'ticular 

D2EHPA, which would lead to beUel' undelstanding of tbis type of sy~telIls, henec 

prediction of their behaviour. 

Existing models, and particulally theit leasoniIlg wllen ,ls,>ull1iIlg <Ill illterfaeidl 

or aqueous phase chemical reaction, for solvent extractioll syslcIl1~, wele revicwcd 

with an emphasis given to the availablc Cl îlel ia and argumellb fOl dt'lt'llllination 

of reaction site from experimental data. This wa~ llCCC'iSary III oldel to ~c1ect as 

accurately as possible the model which would prcsurnably most c1os(>ly dpproach thc 

real physico-chemical processes in the sy!>tern 

Based on the experimental results 011 gallium cxll dctioll kinctic ... wltb D2EIIPA, 

the above-mentioned criteria, and the cOllsidel atiolls about tlte IlIdal dllO t'xll actant's 

solution chemistry, the model ofmass-transfer with chcmieallcactloll (MT\VCH.), de

veloped originally by Hughes and Rod fOI thc ca'ie of copper cxtraction wlth chelating 

reagents, and based on the two-film theOl)', was selectcd a'i the 1ll0~t appropriatc. 

The model was further developcd to aCCoullt fOI the muclt stlOlIg('r clcidic na

ture of the organophosphorus exltactants, ill CO III pal i!>Ull wltb the (Ill'l,ttillg lC'agclIts, 

as weIl as the extractant's existence predomillantly ac, dilllCI III the bulk olgallic pha~e, 

but as monomer-at the interface. 

The model's pararncters WClC estiIllcltcd, IJ<1.<;cd on the extl dctioll killetics rc

sults for gallium-D2ElIPA system Helice, the rIlodel wa'; abl<' to de~cribe thcsc 
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results weil. More importantly, when tlte estlll1c1tcd ll10dd paramcters were com

pared with tho!>c obtaincd in similar studic!> ebc",hcIC ill liteldturc, they appeared to 

have reasonablc values. 

The estimation of model's parameters, based Oll extraction kinetics data, also 

resulted in the conclusion that the first organic ligand addition is the rate-limiting 

stcp in the rcaction scheme. 

A nllmber of assumptions and approximations were by neccssity incorporated 

in the mode!. 1I0wever, the most significant phcnomenon that llad not been quan

titatively incorporated in the model, is tbe extent of extractant's de-dimerization 

in the interfacial region under the influence of polar water molecules there, which 

is expected to he different from the known dimerJmonomer equilibrium in the hulk 

organic solution. At present, the model assumes equal extellts. 

Modcl's predictions were tested fOI considel ably different conditions-with the 

experimental data from gallium stripping kinetics, and a reasonably good agreement 

was found. Ncxt, based on model's predictions, diagrams were constructed depicting 

the graduai change in reaction rate as equiliblium is approached-by extraction or 

stripping of metal. Thus, the model-predicted state of equilibrium could readily he 

identified. V'.len thesc model's predictions \Vere compared with earher experimental 

results from gallium extraction equilibl ia with D2EIIPA, the agleement found was 

satisfactory-and to some extent surprising. This was consldeled as another indica

tion for validity of the model. Alternatively, the agreement was regarded as a display 

of consistency of the experimental data-since they reflect difTerent aspects, and yet 

of the same system. 

The equilibrium and kinctic aspects of gallium extlaction with D2EHPA and 

OPAP reagents werc then discussed in tClll1S of the model's implications for separa

tion of metals. These \Vere further linhed wlth the importance of the rate constant 

of ligand cxchange for kinetics·based sepalatiùn, palticularly br chemically similar 

metals, illustrated with the exarnple of galIllllTI alld alull1inum and D2EHPA as an 
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organophosphorus acid extractant. 

In the next final Chapter, the ovclall cOllclusions flOI11 this \\,()Ik will bl' 1'1'('. 

sented, along with sorne of its contributions consH.lelcd to be origillal. Suggestions 

for further developments will also be offered. 
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Chapter 7 

Epilogue 

The purpose of this work was to study the extraction of gallium from acidic sulphate 

solutions, which arc an important additional source of this metal, resulting from 

hydromctallurgical zinc production. The organophosphorus acid extractants have 

long been known as gcnerally ~uitablc, while D2EHPA is used in most of the existing 

technological schemes involving gallium. Hs main disadvantage is the relatively low 

metalloadings at the acid lcvels of these solutions. In addition, the selectivity of this 

class of rcagents is not very good in comparison, for ex ample, with most chelating 

reagents. Many of the commercially available chelating extractants, however, have 

been spccifically design cd for copper, and thus they are mostly unsuitable in solving 

the above particular problems. 

Bence, the present work emphasized on the equilibriurn and kinetic aspects 

of gallium extraction together with the sulphate complexation phenomena in the 

aqueous phase, 50 aiming at their bellel undelstanding in order to allow prediction 

of behaviour and suggestions for improved extraction and met al separation. D2EHPA 

and OPAP \Vere sdccted as extractants for this WOlk. 

In this concluding Chapter, the important lcsults from the present work will be 

5umtnarized along with the relevant conclusions. While sorne are specifie to gallium 

extraction and solution chemistry, othcl's alC lcgalded dS significant for extraction of 

metals with this type of reag<,nts, in gellcl al. The devclopments and contributions 

216 

• 



of this study, that are considelcd new and utigill,ll, wi'l tltclI be pl(,~(,lIll·d. FIII.t1ly, 

suggestions for furthcr investigations will Le outllllCù. 

7.1 Conclusions 

Gallium is extracted from acidic solutions by D2ElIPA and OPAP ext.r.lct.ants Via 

cation-exchange mechanism anù the cltcmical redctioll l<ltc-lilllitillg ~tep is the fitst 

organic ligand addition (step 4). 

Sulphates from the aqueou<; solution are not coextradcd This I1lCéi.tlS that 

extraction by solvation does not take place for the acidity range (pli> 0.4) of <'xper

imental conditions. 

The _eacting specics is the meldl cation. The anal)"]ls ba.sed on di:-.tribution 

of gallium species in the aqueous solution has show1I that the relie of cxlractioJl 

is direct!y dependent on the concentration of Ga3 +, alld Ilut Oll <LIly otl)(,1 gcllliurIl 

containing species. 

Reaction 4.10 represents the overall stoichiomdl y that has been ùeteUTlillCd 

for gallium extraction reaction \Vith D2EHPA, di5s01ved ln kelosellc. FIOm the l'qui

librium data J(~x was found to be equal to 0.757 mollI (for 1 = 0 .. 5). 

In accordance with reaction 4.10, G,t!{3' HR has beCfl ùelellTllIH'd a~ the pre

dominant gallium-D2EHPA cornplex. lIowcver, expcl irnental evidelle!' alsa suggcsts 

that at high loading levels gallium exist as complexes \Vith mOflorncri( formula. GaRJ , 

while at low loadings--as so\vated species of tbe type GaR3 ·3HH. 

Since OPAP is a mixture of two extractants-mono- alld di-OPAll, a fTIctltod 

was required and thus develaped far sep al atloll of the two (ollll)ollellt~ 'l'hi., Icd to 

OPAP reagcnts v"ith varying COIllP0:'ltiollC;, tltCIICC Cl :,tudy of tltell efl(·(l:-, Olt extrac

tive properties. FurthermOlC, tlli~ make:, it pu""ilJle to l)Jepa,,~ a TIllx(·d extlüctaltt to 

achieve desired distribution coeffiCient:, fOI a. gi ven mctcl.! 

Addition of an a1cohol modifiel (llelc, n-dccallol) \Vas lequircd for tllC OPAl' 
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systems in order to improve extradant's solubility in the organic solution a') well as 

phase separation. A t the same time, however, tlle alcolJOl causes monomerization of 

othcrwisc dimeric molecules of the extlactaIlt. 

The analY5is of the results from gallium extraction equilibria with OPAP 

rcagcnts having differcnt compositions lcad to the conclusion that there are four 

simultaneollsly proccedmg extraction reactions involving mono- and di-OPAP which 

rcsult in the formation of four ~omplexe5: GaI\h, r;aM2 D, GaMD2 , and GaD3; with 

the respective reactions and equilibrium comtants being defined by eqns (4.37)-(4.44) 

and the values given in Table 4-5. The obtained va1ues for the constants appear to 

be reasonable and are in a good agreement with the predictions of the probability 

theory for ligand occupancy of a givcn site. Similétl reactions are expected for other 

metals in the same system. 

Based on the four extraction reactions, it is possible to desCTibe well and 

predict the resulting values for D Ga for variable extradant compositions, as weIl as 

their concentrations and pH of solution. Small changes in composition do not affect 

significantly the extraction performance Becausc of different aqueous solubilities of 

its components, this is especially important in the case when OPAP is to be used in 

contilaUOUS operation. Due to higher formula weight, it is not expected that OPAP 

rcagents have much higher solubihty than D2EI-IPA in water, even though they are 

more acidic. 

The DGa values increase with inCleasing mole fraction of mono-OPAP in ex

tradant's composition. Comparisons between D2EHPA and di·OPAP show that 

significantly highcr values for DGa ale obtaincd for di-OrAP undel otherwise the 

same conditions. 

Gallium complexation in aqueous solutions, when sulphates are present, has a 

significant cffecl on the equilibrium and kinetics of gallium extraction. The values of 

DGa as weIl as the extraction rate decreasc consldcl dbly as the sulphate concentration 

is incred.."ed beCcHlse it lcads to dCCll'aSC in cOllcentldtioll of the reacting species. 
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The effect of complexation 011 extl actlOlI rcmallls the s.lIlle leg.1l dlt·s,> of tht' 

extractant as long as the mechanism aml the ll·.\(.lil\g, speuC's .\1l' the ,>.\1lh' ln ol'lh'l' 

to be taken into accouIlt quantitativcly, the COllcelltlatlOn of tltt' rl.'.1( ting ~pl'ci('s hds 

to be known. 

Based on available literature data on g .. t1liulll complexC's ill dqUl'OU~ sulph,üc 

solution, an algorithlT. was dcyclopcd for dctermil1dtioll of complexes dist.ribution un

der conditions and solution parametels that cali be rc.tdtly roulld The pl inciples 

remain the same whethcr one or more mctals are present in the solution. 'l'hl' al go

rithm takes into account two gallium sulphate and four bydloxy complexC'') as weil 

as the second dissociation reactioll of I!'lS04' The calcu\ated dl:-:.tl ihutlOllS al\ow for 

changing ionic strengths of the solution w!Jich is CI ucictlly illlpOI tallt fOI ~oJut.i()ns 

in practice. The calculated distributions al ways l'dei t.o a con~tallt tcmp<,rature of 

25 oC; if necessary, the algorithm can be furt1wl' devcloped ta covel the.' range of 

higher temperatures. 

The results from species distribution were checked with avaiJable experimelltal 

data for the effed of sulphates on gallium extraction \!qulhbria aI10 extraction rates 

with D2EHPA. Reasonably good agreement \Vas obtaillcd. Thc cruri,LI point in any 

such problem is the reliability of available dc\.ta fGI the complexes; CIitl(<il cVd.luation 

and caution is required. When reliable, the results may be u~ed as ail additiollaJ tool 

for identification of the reacting spccies. 

The model of simultaneous mass-transfel with chemical rcaction (MTWCR) 

was found ta describe weIl the kinetic rcsults in the gallium-D2EIIPA systcm. The 

model was further develope.'d to accoullt fOl tbe stlongly açidlc nat UI e, ill cOlllparisoll 

to most chelating reagents, of tbc OIgdllopho,>phol us acid extl <L<.tanb like tho~e uscd 

in this work, as weIl as thcil existence in non-polal ~olvcnts [JlcdolllilJantly a') dimcrs 

but distributing to thc aqucous pha~c as monOIllCI~ 

Among the estimated model pararnetcls IS tbc <.,hemicallcactiolJ rat.e con!-.tant. 

Hs value (kr = 5.5 x 106 m3.kmol- 1.çl) compares wcll with tlJOse o})taillcd in similar 
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studies for other metal,>, availablc in litcIdturc, tclking illtO account the data for the 

re5pcctive rate COllstallts of wat,'r ligdllcl excJlclllgC. Thc5e data are also consistent 

with the othcr results poilltillg towal(b a prcdt:J1l1nd.lIt chemical leaction controlling 

rcgime--indcpendencc uf the rate on still ing, high values of Ea. 

The nwdcl's predictions were vcrified \Vith the experimental data from gallium 

stripping kinetics with D2EIIPA The ol,tôinC'd values were in a reasonably good 

agrœment with those predictecl by the mode!. 

Simulation diagrams, depicting the pace of the reaction and based on model'g 

predictions, were constructed thus allowmg for precise deterrnination of equilibr:um 

conditions. Such diaglamc; made it possible to compare the model's predictions of 

the equilibrium state (defined as a conditioll of zero rate) \Vith the results on gallium 

extraüion equilibria with D2EIIPA The compal isons showed a satisfactory close 

agreement, and were regarded as anothcl indicatioll for the model's predicting ability. 

Although the mode} was not applicd to gallium-OPAP kinetic results, the 

apparent similarities with the data for D2F.HPA suggest the reaction mechanism 

r{'mains the same. 

The differences in extraction rates bctween OPAP \Vith varying compositions 

as weB as betwccn D2EIIPA and OPAP leagcnts ale due to, and can be explained 

mostly with thcir different aciclity. 

These differenccs in rates ale relatively smaller in comparison to those found 

bctwœn the respective values of DGa. The reason is in the same, or almost the same, 

value of the chemical reaction rate constant !..'c. This, in turn, is considered to result 

from the ligand independcnt rate> constant of exchangc. 

While the established state of equilibllum ddrel s significantly as the extractant 

is cha~lged from D2EHPA ta mOllo-OPAP, the rdte at which it is achieved does not, 

alt.hough the order of increase remains the sùme fOI both DGa and extraction rates. 

The possibility for separatIOn of mctdls baseù ùn their diffel'ent extraction 

ratcs, following diffcrent water lIgand C"Xchdll!!,e ldtc constdnts, was demonstrated 
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with the example of gallium and alurnillum. 

The distribution cocfl1cÎl'lIts fOl g,dliutn ,\1\(\ ,dUIl\lll\lm with IY2EIlPA ,Hl' \'pry 

close, which is cxplaincd with thcir gcner ail)' sllnil,ll chelllic,tl, alld ill IMl ticular 

acid-base properties, which al e of prilll,uy impol tauce in COIllp1eX fOI mil llO li witlt 

organophosphorus acid extractd.nts. 

Thus, using diffcrcnt extlactioll Idies, \\'hl'llC'vcr po""iIJ!l" ,\" .\ b.\'ii., fur Illetal 

separation with this type of extractants beconws cl valuélble optioll, e~I)('ci,dly whcn 

the metals in question have close chemi:al plOpCI tics. A similal ity iIl extraction 

equilibrium constants will then result in having almost cqu,dl)' diffcrent. stripping 

rates too, provided that the extraction rnechanl!:>ll\ lellld.ill~ the !>.\Illl', a1ld this Îs an 

additional option for separation of metab. 

7.2 Claims to Originality 

ln the author's opinion, this is the filst wOlk to invc!:>tigatc and lillk together the 

equilibrium and kinetic aspects and the associatcd complcxallOl1 phcnomcna of gal

lium solvent extraction with organophosphol us acid Icag(,lIts ftolll é\.ciùlC sulphatc 

and nitrate solutions. 

Among the novel developments in this work, tho!>c cOllsiùCICÙ to be distinct 

contributions to know ledge are the followillg. 

• The analysis and interpretation of extraction equilibl ia of gci1Jium with the 

OPAP reagents \ .... ith varying compositIon; thcy should be siTllrlarly applicahle 

for other metals too 

• The account of gallium cQTJlplexatwlJ in cHIU('OU'> &ulph.tte S()llItioll~, which al· 

lows its effects on extraction equilibrium €llld kinetic,> Lo IJt! ~ati~·,[actorily pre

dicted quantitatively. 

• The developments of the MT\\'CR mode! ln clC(OUllt fOI tbe ~llolJgly acidic 

nature of most organophosphol u'> Rcid (',11 d( t,llll'>. éllld ill )MllIC IIlal D1EIIPA, 
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as weil as the dimerization of the extractant in non-polar organic solvents, but 

distribution to the aqucous phase as monomcr. 

• The analysis, basc'd on the developed model, which allows linkage of the results 

referring to extraction and stripping rates with the equilibrium state of the 

system. 

• The use of diffcrcnt extraction/stripping rates to separate chemically similar 

metals with comparable distribution coefficients. 

• The application of the RDC technique for studies of extraction kinetics at very 

low pH as weIl as for studies of stripping kinetics. 

• The development of the method for separation of mono-OPAP from di-OPAP, 

based in part on a previously known method for purification of D2EHP A from 

M2EHPA. 

7.3 Suggestions for Further Investigations 

Following the developments on gallium extraction in this work, the appropriate next 

step is to apply the results in further studies on extraction from acidic sulphate 

solutions, but in presence of the metal!> found in the zinc production solutions-iron, 

zinc, germanium, indium, etc. 

The presence of iron is one of the main problems in treating these solutions. 

While most of it i5 separated by precipitati\ln (e.g., in the jarosite method), its 

concentration is still significant in the solution for solvent extraction. The standard 

approach is to rl'duce the ferric iron to ferrou5 and in such a form it is not extracted 

by the organophosphorus acid extractants used. It is possible that profound efl'ects of 

fcrrous iron on extraction of other metals present will not be observed. Whether they 

{'xist and how they influence the extraction equilibria and kinetics, even indirectly

by affecting complexation equibbria in the aqueous solution, should be one subject 

of fu rt h('r lI1\'estigat ions in the system. 
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OPAP reagents extract more gallium and at lower aClditi('s than D2EIlPA. 

However, further studies should be focu~ed on how this affects the ext fdctdnt's sdec

tivity with respect to the other metals present in the solution dUflllg extrc\rtioll as 

well as stripping. One advantage of OPAP is thal. lts extractive abIlities Cdn be delib

erately vatied by changes in its composition. This may allow selectIOn of an optimal 

composition with respect not only to gallium IOddings but also to the ot}H'r Il\etals 

in order to obtain the best poss~ble separation. Thercfore, this approach should he 

investigated as weIl. On the other hand, the samc advantagc of OPAP may also be 

used for extraction of met aIs in similar systems too. 

Important for pro cess application of OPAP will be the results from prolongcd 

continuous operation with respect to extradant losses to the raffinate, alld the costs of 

their further treatment. The losses, however, are not cxpected to be more problcmatic 

for OPAP than for D2EHPA and M2EHPA. 

With the example of D2EHPA and OPAP, the present work lias cmphasized 

the importance of extractant 's acidity (expressed by Ka) for achieving high metal 

loadings at equilihrium. The higher acidity of OPAP reagents has been explained 

with the presence of the phenyl- instead of alkyl group as in D2EIIPA and M2EBPA. 

Furthermore, it is known that increase in selectivity for sorne important metal cou

ples (e.g., Ni/Co) is observed as the alkylphosphoric ex tractant is replac<'d with an 

alkylphosphonic, and then with an alkylphosphinic reagcnt. However, ext ractant':; 

acidity decreases in the sarne order, which leads to having the lowcst rnctal loadings 

with the best reagent in terms of selectivity. It can be expected that the same or

der will he followed. for extractants where the alkyl group is replaced with a phcnyl 

group as, for example, in OPAP. In other words, a phenyl phm,phinic reagent will he 

expected to yield similar selectivity to its alkyl counterpart (becausl" the sclcctivity 

depends mostly on the spacial environ ment around the central phosphorus atorn) 

but with higher loading levels. This is anothcr approach following the prc,>cnt work, 

that may be worth investigating, although it will have tü cmploy (!xtr<1danb flot 
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commcrcially availdblc at pr<>smL 

Anothcr potcntial possibility to improve sclectivity with the presently avail

able extractants suitable for acidic sulphate solutions, especially if based on different 

rcaction rates, rcfcrs to cmploying the so-called 'phase-Lransfer catalysts'. These are 

rcagcnts which serve as a phase-bridge to facilitate the transport of the extracted 

specics from one to the other phase by reacting very fast with theln. These reagents 

would certainly have selectivity on their own which can be used as an additional tool 

for irnproved metal separation. 
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Appendix A 

Separation of mono-OPAP alld 
di-OPAP 

The method is based on the fact that monoalkyl phosphollc estcls caH tH' separated 

from dialkyl phosphoric esters by selective pIecipltatioll a~ b,trIUIll ~alh [!IJ J. The 

procedure, adopted here, differs from the one proposC'd for D2ElIPA and M2EIIPA 

separation [82] in the preparation of the homogencous OeAP cOlltc\lIling ~ollltioll 

before the addition of soluble barium salt solution as weil dS in trcatmcnt of t.he 

filtrate after precipitation. 

A sample of 27 g OPAP is taken and fully dis~olved ill 300 :lll ü('('tOIl(, (n'agent 

grade) under continuous stirring. Then 180 ml distillcd water are add('d. Thc ob

tained solution is clear, with pH of 1.3-1.4. Small portioll'> (Jf 1 M t'J,lOIl ;tH' then 

slowly added under stirring until pH rcaches a value of 11.4-11.5 Up to thi~ point, 

the procedure is, in fact, a potentiomctric titration of the OPAP samplc, and it is 

intended to be so, because the purpose is to obtam full dl~sociati()[) of mono-OPAP. 

The choice of end pH value here is bascd on pH of the second <'qlllvalent point---for 

mono-OPAP (I.e., pH 11.0-11.1), as dctcrmined flOrn the tltrdtl<Jll CUIV<' (fig. :J.:J). 

Both di- and mono-OPAP dissocidte, di-OPAP: 

(CH3(CH2)6CH2C6H40hP(O)OH ---+ (CH3(CH2)GCH2CGII10hP(O)O- + ll+ 

(A.l) 
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( 

and mono-OPAP-first, 

Clb(C1I2)6CII2C61140P(O)(OHh -+ Clb(CH 2 )GCtbC6 H40P(O)(OH)O- + H+ 

(A.2) 

and second dissociation: 

Clh(CH2)6CH2C6I140P(O)(OH)O- ---+ CH3{CH2)6CH2C6H40P(O)(O)2" + H+ 

(A.3) 

The solution is still visibly clear though with a slight yellowish colour. Under con

tinued stirring (but with pH electrode now removed), a slow addition of 60 ml 0.5 M 

BaC12 solution starts. lmmcdiatcly a white prccipitate of barium mono-OPAP salt 

forms. The amount of BaC12 is approximately half that required for full mono-OPAP 

precipitation based on stoichiomelry. If more is added, coprecipitation of the respec

tive di-OPAP salt will become significant. 

The precipitate is filtered (prcferably witl! the help of vacuum) and collected 

(precipitate 1). Filtration here is difficult because of slow formation of viscous organic 

liquid ('third phase'), heavier than water, containing mostly di-OPAP. !ts formation 

is probably due to salting-out effects. It reports into the filtrate and can be then 

readily separated. After doing 50, a new portion of 0.5 M BaCl2 solution is added to 

the filtratc in order to precipitate completely the rest of mono- and di-OPAP. This 

second precipitate is filtercd more ea~ily (prccipitate II). 

Each precipitate is transferred into a separatory funnel and then di-ethyl ether 

is added in. Any water, if present, easily separates and is removed. The mixture in the 

funnel is then contacted with 1 M HCI solution, the white precipitate disappears

barium (and sodium) is stripped and the extradant is thus regenerated. A second 

contact with HCI solution follows in order to assure compkte stripping-the acid 

solution is then checked for presence of BaH by testing with soluble sulphate. 

The same procedure is followcd for the organic liquid ('third phase'), sepa

rated from the first filtrate- it is rcadily dissoh'cd mto dl-ethyl ether, and then the 

extradant is regcnerated by contacting Wlth Hel solution. 



The ether solutions arc then washcd 5C\('I,1I tUlIe:- with dl~tilbl w,lter in ordt'r 

to remove an)' acid remaining. Finally, the cthc! i~ slowly l'''djHHùtcd to ll'aw tht' 

extractant, containing mono- alld dl-OPAP III Jitrl'rellt propOI tiolls. 

Typically, the extractant regeneratco from prccipitatc 1 colltains more than 

96 mol % mono-OPAP, and from the 'tbilo pha~(,'---Illorc than 85 mol % di-OPAP. 

Precipitate II yiclds mono- and di-OPAP ill applO'\ill1i\tdy 1: 1 Ilwlar r.lt in Examplt's 

of potentiometric titration curves for the products arc givcn 011 fig,ul ('~ A.l, A.'2, A.3, 

respectively. 

If a reagent with composition beyond the limit5 of thosc already obtaillcd is 

needed (i.e., > 96 mol % mono-ûPAP or > 85 mol % di·OPAP), th en t!.e f('sp(·ctiV(' 

reagent may be 5ubjected to a second stage separation by selectl"e precipitation. Any 

composition within the above limits can be produccd hy mixillg the obt<tined rCdgcllts 

in an appropriate proportion. 
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Figure A.l: Potentiometric titration of OPAP produced from precipitate 1. Compo
sition: 97.1 mol % mono-DPAP, 2.9 mol % di-DPAP. 
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Figure A.2: Potentiometric titration of OPA P plOduced from tbe 'thiJ d phase'. Com
position: 13.3 mol % mono-OPAP, 86.7 mol % (i1-0rAP. 
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Figure A.3: Potentiometric titration of OPAP pl'oduced from the precipitate II. 
Composition: 50.8 mol % mono-OPAP, 49.2 mol % di-OPAP. 
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Appendix B 

Equations for Species Distribution 
in Solution 

The data given in Table 5-1 rerer to the mass-s.tability constants, dcfined according 

to eqn {5.l) as 

[Ga(OIl)2+] 
/33 = [Ga3+][OH-] 

[Ga(OH)tJ 
/34 = [Ga3+](OH-r' 

[Ga(OHhJ 
/35 = [Ga3+ J[OH- J3 
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( 

( 

( 

For convcnicncc, the second dissociation constant of sulphuric acid (eqn 5.5) Îs intro

duccd in the calculations as stability constant of the usa; complcx: 1 

[HSa;] 
(37 = [H+][SO~ 1 (B.7) 

i.e., (37 = Kil. Finally, the dissociation constant of water, J(. is defined in its usual 

fonn as 

(B.8) 

If [Ga]T and [S04JT are the total concent.rations of gallium and sulphates in 

the aqueous solution, respectively, then the corresponding mass-baJance equations 

are: 

[Ga]T _ [Ga3+] + [Ga(S04)+] + [GéI(S04)~] + 

[Ga(Oll)2+] + [Ga(OH)iJ + [Ga(OHhJ + [Ga(OH);] (B.9) 

(B.IO) 

From the condition for electroneutrality of the solution it follows that 2 

3[Ga3+] + [Ga(SO,,)+] + 2[Ga(OH)2+] + (Ga(OH)tl + [H+] -

2[SO;-] + [HSO;] + [Ga(S04)~] + [Ga(OH);] + [OH-] (B.Il) 

After substituting for the complexes concentrations from eqns (il.l )-(B.8) into the 

above mass· and charge-balance equations, and rearrangement, the following three 

equations with threc unknowns-the three key components-[Ga3+], [SO;-], and 

[11+], are obtained: 

[Ga3+] + 131 [Ga3+)[SO;-] + f3~[Ga3+J[SO;-]2 + 

f33 J\w[Ga3+}[H+r
1 + f341\:[Ga3+J[H+r2 + f3s /{:[Ga3+][H+r3 + 

f361\:[Ga3+](H+r 4 
- [Ga]T = 0 (B.12) 

IConcentratlOlls III molahty UIIIts For fllrther diSCUSSIOn see page 234 
2Wntten for the cast' ",hen the s)<;tem IS Ga2(S04)J-B2S04-1120 
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[SO~-l + ,Bl[Ga3+][SO~-] + 2r3:l[Ga3+][SO;_]2 + 

,B7[SO~-][II+] - [S04? = 0 

3[Ga3+] + ,BI [Ga3+][SO;-] + 2,B3J{W[Ga3+][H+r1 + 

f34K:[Ga3+][H+r2 + [H+] - 2[SO~-] - J{W[1I+r1 

(B 13) 

Thus, the problem is to solve the above system of three non-lincar equations for 

the three unknowns. For that purpose, the Newton- Raphson method is used with a 

modifie d iteration formula in order to avoid negative roots [146]. 

Once this is achieved, the concentrations of ail speClcs in the l:iOlutlOIl are 

calculated using the definition equations (RI )-(B.8) and the valucs of the mass

stability constants. The latter, however, are valid only for the initially assum('d 

ionic strength. Therefore, a separate iteration Joop for 1 is required, where the ionic 

strength, found from species distribution at the current step and using eqn (5.10), 

hecomes the value used for the next step. 

From the concentration of H+ and the ionic st,rength, found from the èistrihu

tion of species, it is possible to estimate the single ion activity of H+, and therefore--

the pH. The method, proposed by Das and successfully applied for sulphllric acid 

solutions [147], was aJso used here. The single ion activity coefficient, 1H+, is found 

from 

n 

O.OOIMwLm, 
O.509../Ï )::;1 

logî'H+ = - ri + 0.0479/ -log 1 + 
1 + l.Sïv 1 1 - 0.001 hMwmu+ 

(B.15) 

where Mw is the molecular weight of water, h is the hydration llumber of Il' (h:::: 4 
n 

is assumed by Das), m denotes ll101al concentrations, and Lm) is the sum of the 
]=1 

molalities of aIl n-species present in the solut.ion. The activlty of H+ is calculatcd as 

the product of î'1-1+ and mH+. 
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( Equation (B.15) requires conversion of species concentrations from molarities 

to molalitif'S, and accordmgly the ionic strength is exprcssed in tenTIS of molality. 

The following formula, writtcn for species l, has bccn used [148] for the conversion: 

1000 CI 
ml = ----n--- (B.16) 

1000 P - LC; AI; 
1=1 

where c, m, and AI denote molarity (moles per litre solution), molality (moles per lcg 

solvent), and molecular weight (in grams per mole), respectively, n is the total number 

of species, and p is the dcnsity (in g/cm3 ) of the solution. tor this work, it has been 

assumed that p is constant and cqual to olle. It is possible, however, to introduce the 

density as a kIlown analytical or empirical function of species concentrations or io. ic 

strp.ngth. 

Although not expl;citly discussed above, a similar conversion of concentration 

units is also required, and is included in the comput Er program, whenever the con

centration of HSO; is involved. The reason is that in 111e expressions for its stability 

constant and dependence on 1 ~eqns 5.5 or B.7, and 5.6), the concentrations are ex

pressed in molalitieb (sec page 117), and not molarities. Thus, based on eqns (B.7) 

and (B.16) the expression for the molarity of HSO; in terms of the molarities of H+ 

and SO~- becomes 

1000 
[IISO;] = P7[H+][SO~-] n (B.17) 

1000 p - LC) M, 
;=1 

Equation (B.17) is subsequently used to substitute [HSO;] in eqns (B.1O) and (B.ll) 

and in the calculations further in the program. For simplicity, however, this is not 

shown here in the resulting cqns (B.13) and (B.14), resp., in which the simple sub

stitution from eqn (D.7) is used instead. 
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Appendix C 

MTWCR Model: Derivation of 
the Equations 

C.l Introduction 

The expressions for calculation of species concentration arc derivcd from the appropri

ate flux equations (6.30)-(6.32), written for the aqueous diffusion layer a.nd ~l\bjcct tu 

the boundary conditions (6.33) and (6.34) Thcse will he considered in the following 

section C.2. 

Similar flux equations but writtcu for the organic diffu~ion layel with thcir rel

evant boundary conditions and involving the metal-extradant complcx, or cOJllplexl'~, 

must also be included in the model thus allowing Cd leu lation of spcciC':, COllcclltrations 

there. These will he presented in section C 3. 

Finally, the expression for the flux of extractant through the interface, J'UR' 

will be derived for the limiting cases of instantaneous reversible and reversiLlc pscudo

first order reactions for step 4 (first organic ligand addition) being the ratc-liuuting 

step. The resulting expressions when step !'i 01 ~tep fi are ratc-lirTlltmg WIll abo 1)(' 
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C.2 Aqueous Diffusion Layer 

Calculation of C 1H+ 

From cqns (6.30) and (6.:32) it follows that 

dCIIR dCR- dCH+ 
'DIIH~ + 'DR -~ + 1)/1+ --;;- = - J'IIR (C.I) 

This cquatlOIl can he intcgratcd for x from zero to 8, pIO\'ided that the concentrations 

of spccies involvcd are continuous fundions of x 111 this interval \Vith the respective 

boundary wndition:, (~.33) and (6.34) introduced, the integration yields 

As discus1>cd in Chapter 6 (page 163), a1l reactlOn steps, except the rate-limitiI.g one, 

arc considercd to be at equiWHium. This also appHes to the acid dissociation of the 

extractant, and therefore 

(C.3) 

After substitution for COR _ and C'R- from eqn (C.3) into eqn (C.2) and rearrange

ment, a quadratic equation for c.
1I

+ is obtained: 

(C.4) 

where 

A = C J'HR VR-COIIRKa 'DHR (C - C ) 
°H+ + + 1) C + 'T\ OIlR 'HR 

"H+ H+ 0/1 + VH+ 
(C.5) 

and "11+ is the aqucous-sid(> mass-transfer coefficient for H+ 

(C.6) 

Solving eqn (CA) for C'H+ yicld& 1 

2 
(C.7) 

1 TaklIIg only tht' physlcally slgrllficant positive frol The otller root would yleld C'H+ = 0 in the 
ca.o.;e of I\a - 0 (:,f'(' t'qn C 9) 
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Equation (C.7) represents the expression useJ to calculdtl' tilt' c.
llt 

v.tlucs. lt is cll'iu 

that in the case of weak acid extractant, i.t.'., wht'Il I\a -t 0, t Il{' l'xpl't·~"iol\ for A will 

becorne 

A I C J'HR V/lH «(' C) = Out + -.- + -V OUR - 'BR 
"lit /1+ 

(C.8) 

which, in such case, is equal ta C'lI t because thell eqll (C.ï) trall~forlJl~ to 

(('.9) 

Finally, it should also he noted that most expel imcllb h,wc hem carl'icd out at 

relatively high acidities since t.hi5 i5 the arca of mterest for gallIulII t'xtrclCtlOn. As a 

result, the difference hetwecn Co + and the cdlculated C. wa~ ill JlI0~t cai>ps v('ry 
Il 11-' 

small, thus essentially justifying the simplificatIOn as~uIl1ptiol\ of tht' hmiting l'egin)('!. 

that C'H+ ::::::: COH+' 

Calculation of Ci
Ga

3+ 

The expression for C'G&3t is similarly derived. Integration of cqll (G.32) for x from 

x == 0 ta x = 1) yields 

VUR (COHR - C'HR) t VR- (COR_ - C'R_) - 3VGa3+ (CoaoJt - C'oo1+) := -- J'IIRI) 

(C.1O) 

After substitution for COR - and C, _ and solving for C, 3+ the fo]]owllIg ('quatiofl il) 
R G& 

obtained: 

where KGaJt = (VGaJt /6) i5 the mass-transfer coefficient for the nwtdl ill the MjUeOUS 

diffusion lay('r. 

Again, when the extractant is a weak acid, and theH:fore I\a -t 0, cqll (C.II) 

is simplified and thus becomes 

(C.12) 
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Calculation of C OIlR 

lu the sarne way as outlincd above, the integratiol1 of eqn (6.31) for x from x = 0 to 

x = band then substitution for COR _ and C'R- from eqn (C.3) gives 

VHR(COHR - C'HR) + DR-/{a (gOHR - g'HR) + 3VCaRJ (COG "R3 - C'GaR3) = 0 
011 + 'H+ 

(C.13) 

The concentration of GaR3 in the bulk aqul'OUS phase, COC..R3' is then expressed from 

eqn (6.35) and subslituted into cqn (C.13). Furthcrmorc, since step& 2 and ïb, which 

reprcsent the partitioning of BR and GaR3, resp., at the aqucous-organic interface, 

are considered to be at equilibrium, as are aIl other steps except the RLS, it follows 

thai 

n _ C'HR 
'HR ---

C'HR 
and (C.l4) 

Thus, after substitution for C'HR and CtG "R3 from eqns (C.I4) into eqn (C.13) and 

rearrangement, the latter becomes 

wherc 

(C.16) 

Clcarly, in the particular case of weakly acidic extractant, when Ka ---.0, eqn (C.15) 

will become 

[
- 3D C ] 3 C'HR CaR3 IG.R 

CÛHR + COHRBDBR - B -p DHR + 3 = 0 
BR PCaRl 

(C.17) 

The dcrived eqn (C.15) for COIIR IS a cubic equation of the type 
') 

x 3 + p.l' + q = 0 

and ha .. one real root when 



. ", 

It is obvious from eqn (C .16) that B, and t lwrdnlt.' thl' t l'rI Il l'qui \'dll'llt to p in 

eqns (C.IS) or (C.17), is always positive. Thll~ t ht' cUlldllwlI f > II will lw <\Iways 

fulfilled. The one rcal root thCll is calcutüed ù'>! 

v q IÇ J{q r;:; x= --+Vl-+ 'v - --v[ 
2 :2 

As rlerived, eqn (C.l5) was used III the mode! tü c,l!cubtc COtiR' wit.hout any 

problems a~' far as the extraction kinctlu. W,t., (UlllL'llll'd. IIu\\l'\l'l, Whl'II tl\(' lIIode! 

was to be verified with the stripping kinctics l'xpc'rilllt'Iltai rl'~u!b, it appl'an'd that 

the form of eqn (C.l5) with the expressIOn for B, giWll by eqll (C.IG), W,i,'> not 

appropriate. The reason was that in this ca~c the Illctal CÜllcelltrat Ion in th(' bulk 

aqueous phase COG .. 3+ was zero. Hence, B .~ 00 alld e<lll (C 15) muid Ilot be so\vcd 

for COHR in its present form. In the denvatian of eqn (C 15), aftel substitutioll for 

COGaR3 from eqn (6.35) into eqn (C.l3) the re~ult is 

V (/"1 C) V }' (COHR C.HR ) (CUGo3+C5111</{eQ C ) = 0 
HR VOHR - 'HR + R- \a C - C +3VCaRJ ('3 - 'GoR3 

01\+ '11+ 0 11 + 
(C.l8) 

and after rearrangement eqn (C.l5) is obtaincd. III the ca~e of strIpping kinetics 

experirnents COGa3t = 0 and therefore eqn (C 18) slIllphfie,> to 

V (C C) V r (COHR C' II
l< ) 3D C HR OHR - 1HR + R- \a C - C - G"Hj '"oR1 = 0 

°H+ 'Il+ 

(C.l9) 

Strictly speaking, in a typical expclllllcllt for ,,>tnpplllg killüi( '> it i~ 01 ly ini

tially that COG &3+ = 0, and according ta the a~~urnptlOll~ made and tho,>e of the film 

theory, equilibrium between reactants and prüducts ill the bulk phase do exist. Nev-

ertheless, under such conditions COGoJ+ will he ~o ~rnall (a., weil a~ CO<.oOH3 III the first 

place) that the respective term in ~qn (C.lt» call be a."ullled to be zefU. 

From eqn (C.19) 1 following the same pruccd III (' a,> [(JI eqll (C.Ui) of !-. \lb~ tltu tion 

for C'HR and C'G .. R
J 

from eqns (C.14) alld rearrangelll(,/lt, Hl<' r(',,>\llt for COIII< I~ 

C - 1 [G'IlR (V VH-/\a) 3DGaH,C',,0"J] (C.20) 
OHR - ( ')- P /lB + C' + J) V

HR 
+ Va-ho lm 'u-t Cd/{, 

Cauf 

2These are the Cardallo's forlllulae for 1>01\ llig (u\m e(11Jatl()rl~ 
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Clearly, eqn (C.20) will become 

(C.21 ) 

in the case of weak acid extradant with J\ a -+ O. 

Expression for J1HR 

From the equation for the acid dissociation constant of the extractant 

by diffcrentiating with respect to x the followmg equation is obtained: 

dGR- = J\a_l_dCHR _ Ha C~R dGH+ 

dx CHt dx CHf dx 
(C.22) 

ACter substitution for (dGn.- / dx) from eqn (C.22) jnto eqn (C.I) and rearranging, the 

rcsulting diffcrcntial equation is 

(C.23) 

Equation (C.23) lS valid within the aqueous diffusion layer-from x = 0 to x = 6. 

Written for x ::: 0 it gives 

(C.24) 

According to the boundary conditions (eqn 6.33), however, at x ::: 0 

(deHt) ::: 0 
dx r=O 

and thus thE" following expression for JIHR is obtained from eqn (C.24): 

J - (v 'DR-/{a) (dCHR) 
'HR - - HR + ---- ---

Cll\t dI r=O 

(C.25) 

\\Then Ka -+ 0 cqn (C.25) will then become 

JIHR ::: - 'DHR (deHR) 
dI r=O 

(C.26) 
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which is the equation used in the original ~fT\\'CH !lllldL,1 [19ï], alld i~ Jlbtifit'd sinn' 

the mode! thcrc applics excl usi"cly to ext ra ct iOll \\' Il Il clld,\t illg, rl"\!!,l'lll s. Il \l\\'l'\'\.'r, in 

the present work eqn (C.25) is used, winch i:, OU\'lllll,>ly IllülL' gl·Ilt'I.d dllt! will Il'lluCt, 

to eqn (C.26) ouly in the particular case of d wc,ddy acidic extrd( LIIlt. 

C.3 Organic Diffusion Layer 

One of the a.<;sumptions in the mode} developmcnt, discusscd in Chapter 6, is thal 

four species exist in the organic phase, namel)' (IIR)z, lIR, CaR3 , and GaR.) . BR, 

which concentrations are inter-relatcd by the equilibria of step:, 1 and Sh. With 

respect to the organic diffusion layer, the fillll-thcOlY ci,),)UllIptioll of stt'.Hly-statt' (i.e., 

no accumulation) implies that the combmed flux of l'xtl <lCtant III Ih but li furms 

mono mer and dîmer-from the bulk to the interfdc(, IS equ,t! tu tlll' fIlIx uf products

GaR3' and GaR3 . HR-in the opposite dIrectIOn, Tbu~, the apprupridt,e dilfl'rential 

equation to describe this is 

V dCHR + 2D dC(HRh + 3V dCCaR3 - dë:Gali3 !lit (C 
HR dx (HRh dx GaR3 dx + 4VGrl.RJ IIH dI = 0 .27) 

where V denotes diffusion coefficients of species in the or gdnic phase, 

Calculation of C
IHR 

From the same assumptions above, it follows that J'UR can be cxpresscd with organic 

phase concentrations of the extractant [158]: 

(C.28) 

or with thosc of the reaction products' 

where R: is the respective mass-transfer coeffiCient of SpCCIC'i in Üw orgéUlic phase,3 

Equation (C.28) expresses mathematlcally the argumcnt thdt dltbollgh ex tractant 

3For the partlcular expenmental set-up of the RDe technique, the dr/'ct!> of dddltlOnal dlffu!>lon 
through the organlc-Imprpgnated porou~ mrlllbrdllC Me rrOectl'd III tll(' \.i!tW,> of i:. 



dimers do not distribute as suclt tü the aqueüus phase, they ne,'el theless contribute 

to the flux of extradant through the interface. This cûnt ribution is due to existing 

gradient ITI dimer concentration in the layer followlIlg tramfer of mono mer through 

the interface alld dedimcrization there. 

Equation (C.29) represents the idca that once CaR3 is formed in the aqueous 

diffusion layer and/or the interface, its transfer through the interface" is followed by 

formation and distribution of one (or more) other metal-extractant complexes, an 

example of which is step 8b. 

From eqn (C.28) after substitution for the concentrations of (HRh according 

to the equation for J(d (eqn 6.6) and rearrangement, a quadratic equation for C'
HR 

is 

obtained: 

(C.30) 

where 

with the positive foot being 

(C.31) 

Equation (C.31) is used in the mode! to calculate C
,HR

• 

Calculation of CIGaR3 

From the equations for J(d (6.6) and J(G (6.16) it follows that 

(C.32) 

which is valid also for concentrations wlthin the organic diffusion layer because the 

reactions involved are considcred to he at equilibriulTl. Thus, after substitution for 

COG&RJ BR and C'G &R3 BR from <,<)n (C.32) ill t'qn (C.29) and solving for C'
GAR3 

the 
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.. following expression is ohtained: 

C 
COG'R (3~GI1RJ + 4~C"H, IIHCUIIK JJ\dl\t~) + J'/l1\ _ 3 

IGaR - 3 (' . IJ' J' 
3 I\GaHJ + 41\.UaHJ IIH '1111'. V \ d \ G 

This equation (C.33) is used in the modd for calculation of CIGaRJ' 

Gallium-extractant complexes in the organic phase 

The concentrations of the four complexes in the Lulk orgdnic solution are rda.ted Ly 

the monomerJdimer and step Sb equilibria, and dcscribed by cqns (6.G) and (6.16). 

In addition, the following mass-halancc equati()ll~ are formulctted: 

(C.:H) 

for the total gallium concentration in the org,ani( plld.:'>c, alld 

(C.3!"J ) 

for the total extractant concentration in al! forms Both [Ga]Jrg and [IlR]~~K arc 

known or can be found. 

Bence, eqns (C.34) and (C.35) togcthcl' wlth <-'qns (6 fi) and (6.16) reprc::.cnt. a 

system of four equations with four unknowns-the concclItrations of the four ~I)(·cies. 

From these equations, arter substitutions and rearrdngclIJ<'!lt, tlte followllig cxpn'ssioTl 

can he obtained: 

(C.36) 

which is onl)' with one unknown-C(HHh' Equation (C 36) Cdll Le sulved for C(IIHb 

by the secant method, after which the conceIltrJ.tioll~ uf t}te otller '<'j)cciel> arc round. 

C.4 Flux through the Interface, JZUR 

The derivation of the equations for JIHI<. for the two limiting regirr)('~ of mc,tantaIWOIl!> 

reversible and rcversible pseudo-first order rei\ctlùJI" will 1)(' pW<'P!lled for the r('cHI JOli 



( &cheme wherc the fir~t organic ligand addition (~t('p 4) is rate-deterrnining as weIl as 

the resulting analogoll~ cqllations for steps 5 and 6. 

To simplify the notation, in the followiIlg dcrivations V' will be used to den ote 

the expre!'>sion 

Instantaneous Reversible Reaction 

The respective equation for this regime is eqn (6.39): 

and it lias to be integrated. For that purpose, a new variable, "p, is defined: 

tP = dCHR 

dx 

and the following transformation holds: 

Thus, eqn (C.38) can be written in a simplified form as 

where 

t'! = k r _1_ (c _ 1 C'G&R3 C~H+) 
!::f r \ Oc l G&3+ l' C3 

l H+ \eq lHR 

The boundary conditions for 1/J are: 

at x = 0 t/J = (dCHH) 
dx x=o 

following eqn (C.25) and 

at x = b ~) = (dCHR) = 0 
dx x=6 

accordiIlg to boundary coudit iOIl>; ('(111 (6.:J 1). 

:2·1 1 

(C.37) 

(C.38) 

(C.39) 

(CAO) 

(CAl) 

( C.42) 
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Thus, integration of eqn (CAO) for x from .r = 0 tù :r = b 

(C.H) 

result~ In 

V ,2 

9 (C2 C 2 ) 
V- IIiR - OUR 

HR 
(CA4) 

and arter substitution with the expression for ç and f(',mangillg the following equa

tion is obtained: 

(C.45) 

Substitut.ing for C'HR. and C'GOR3 from eqns (C 14) d,lId int.roducing then 1\' from 

eqn (6.21), the result IS 

(C.4G) 

or, when the expression for 1)' (eqn C 3ï) is substituted: 

(C.47) 

Equation (C.47) is analogous to the main equatioll fOI th<, flux through the illlcffaœ 

in the original MTWCll model [158], but helC il Icf('r~ to extrüctlUlI of cl till('c-valent 

met al with strongly acidic extractant. It is dear, that in the ca'le of weak acid 

extractant, when /(0 -+ 0, the Lefm 

will be negligibly small compared to VHH sinee Vj{,- alld V IIH are of the ~am(' order 

of magnitude. Hence, eqn (C.47) will become the same as the oflglllally dev(·lopc·d 

flux equation [158], but fOf a tluee-valent metal: 

(CAH) 
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Pseudo-first Order Reversible Reaction 

From eqns (6.31), (6.37), and (C.22) it follows that 

(
V + DH-Ha) dCUR + 3D dCCaR3 = 0 

HH fl d GaR3 d 
L"H+ X X 

(C,49) 

Intcgrating eqn (CA9) for x from zero to 0 < x < El and solving for CGaR3 yidds 

( DIIR + Vg._ho) 
'11+ CC) CGaHJ = CIGARJ + 32> ( IHR - HR 

<.. .. R3 

In the case whcn Ka -+ 0 eqn (C.50) will becomc 

DIIR 
GCaR3 = CIG &R3 + 3D (CIHR - C HR) 

GaHl 

(C.50) 

(C.51) 

Substitution of CCaR3 from eqn (C.50) in eqn (6.38), which applies to the 

pscudo-first order rl'action regime, give5 

d2CIIR _ • ' GHR { _ [GIGAR3 + 3V~:R3 (CIHR - C HR )] C~I+ } 
VUR d 2 - kcAac CIC~3t J' CJ 

X 'H+ \eq -'HR 
(C.52) 

and then aCter rearranging for CBR in a convement for integration form: 

d2CHR 1 1 
D IlR d 2 = uGIlR - V C2 + w-

C X IIR 'BR 
(C.53) 

where 

J.:rf{ D'C 2 
a 1'1+ 

W = ------!.!'~ 
3VGaRJ /{eq 

Using again the same transformation of variables (eqn C.39), and boundary condition~ 

for t/.' (eqns CAl and C.42) and CHR (eqns 6.33 and 6.34) intcgration of eqn (C.53) 

)'lClds 

f~ = V,2 U (r2 _ C2 ) _ 2V,2V (_1 ___ 1_) 2V,2W 1 CIHR 
'HR V 'IIR UIIR DCC + '1"'1 n C 

IIR Hf{ 'OUR IIIR .L.'IIR 'OIlR 

(C.54) 
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From this eqn (C.54) after rearrangemcut, the r('~ult fOl J'IIR is 

J ~2 [(C2 ..... ,2) 1 C\Ut (1 1) 1 
'HR:::: ::n-- U "HR - LOHR +:2w Il C - 2v -C - C 

L/HR 0HH OUR /'1I1l 

(C.55) 

where, again, G'HR and C'G&R3 can be substitutcd from eqn (C.14) and Keq t':\pressed 

by K', introduced from eqn (6.21). AIso, ill the case when Ka - 0, ('qn (C.55) will 

become 

(C.56) 

Finally, in the case when only the forward reaction is considered and the 

backward reaction neglected, WlllCh is po%iblc IInùel conditions of ll11tial eXLrdction 

rates, then the expression for J'BR can be derÎved in tbc sallie way al> eqn (CA7) 

starting from eqn (6.40). Arter integration of eqn (6.40) the end rcsult is 

(C.57) 

Since eqn (6.40) is the same for both limiting regimes, it fJllows that the resulting 

eqn (C.57) will also be applicable to botb of thcm as far as the conditions of iuitial 

extraction rates are met. 

Steps 5 or 6 being rate-limiting 

In a similar way, as demonstrated above, for the reaction schemes wherc step 5 or 

step 6 are rate-lilT'.iting, the appropriate expressIOns for J'" R can be obtaincd from 

the derived rate equations (627) and (C'qn 6.28), respcctivdy 

Thus, for the hmitrng reglInC of ITlstantallcOllS lcvcl'slble l'l'action tbe followmg 

equations result-when the second organic ligand addition (step 5) is tbe rate-lirniting 

step-



( 

( 

and in thr cc:t.,>e of third organic ligand addition (step 6) being rate-limiting: 

(C.59) 

The compaflhon Letweell the respective flux equatiom (C.46), (C.5S), and 

(C.59) for a certain strI> Lcing RLS show that .he main ùifferences are in the depen

dellcc of the flux J'HR on acidity and extractant concentration 

Furthcrmore, whcn the backward reaction is neglected, i.e., initial extraction 

rates are expcrimcntally considered, then expressions for J'HR when steps 5 or 6 are 

RLS can be devclopcd in a way simila. tû the deI ivation ûf E:yu (C.57). Thus, when 

st cp 5 is the H LS thcn the resulting expression for J'HR is 

J. 2V,2 k l' 1'2 G"aa 3 + (713 p,3 C3 ) 
'HR = 3D p,3 f \1 \a C2- v'HR - Hk OHR 

HH UH 'H+ 
(C.60) 

and when stcp 6 is rate-limiting: 

(C.61 ) 
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