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ABSTRACT 

In order to understand and control the deportment of common lI11pllnty cJement~ 

in the Pt(IV)-Pd(II)-HCl-8-hydroxyqutnoline (TN 191 l)" system, thelr solvent extractIOn 

chemistry 10 chloride solutIOn has been studied The mve~ttgated c1cIllcnh wcr~ Fe(IIl), 

Cu(II), Ni(Il), Zn(II), Pb(II), Sn(lV), Ag(l), As(V), Sb(V), BI(1I1), Se(lV) and Te(iV). 

Extraction expenments carned out uStng multt-elcment and stngle clement tel'd <"lliutlom 

helped tu elucidate the extraction behavlOur of the elcment~ wIth thl' extractant TN 19 Il 

From the collected data It was deduced that the maJonty formcd amomc chlofOcomplc"c\ 

and extracted Vla the IOn-paIr mcchal11sm mvolvmg the protol1ated cxtractant 

Consequently, scrubb10g procedures Wf're developed tel control the deportment of tht'~c 

elements. These scrubbing steps were then mcorporated lOto a tentatlvc tlow~llcct whlch 

was stmulated in a batch-wlse fashlon ln the laboratory. The most contammatll1g c1cmcnt~ 

were found to be Zn(II), Pb(II), Ag(l) , TeOY), Se(lV) and BI(lII). The lir~t live wcrc 

effectively scrubbed wlth 2.0M Hel wilcreas Bt(lII) cOlild only he scruhbcd wlth 2.0M 

H2S04 at A/O ratios of > 3: 1. The element Sn(lY) which wa<, found 10 hlllld-up 111 thc 

organic, could only be scrubbed wlth a 1.0M NaOH solution for long contact tlllle~ (60 

minutes). 

• A proprietary alkylated derivative of 8-hydroxyquinoline (Schenng Berhn AG). 

• 



1 
RÉSUMÉ 

Afin de mieux connaître et contrôler la répartItion d'éléments impurs communs 

dans le système Pt(IV>Pd(II)-HCI-8-hydroxyqumoline (TN 1911)", leur chimie 

d'extraction en milieu chlorure fut révisé. Les éléments étudIés furent le Fe(III), Cu(II), 

NI(I1), Zn(II), Pb (II) , Sn(lV), Ag(l), As(V), Sb(V), BI(IlI), Se(lV) et le Te(lV). Les 

cxpénence~ d'cxtractlons à partir dc solutions d'éléments simples ou multiples aidèrent 

à élucider les comportemcnt~ d'cxtractlOns des éléments avec le réactlfTN 1911. A partir 

des donnée~ récupérées, II fut déJUIt que la maJonté forment des composés de complexes 

chlorures amonIquc~ et sont I~xtratts par le mécharllsme de paire d'lOn~ avec lc réactIf 

protoné. Par conséquent, des procédures de ré-extractIOn furent développées pour 

contrôler la répartition des élémcnts. Ces étapes de ré-extractIOn furent ensUIte 

incorporées dans un schéma proviSOIre qUI fut SImulé par une techmque batch en 

laboratoire. Les éléments les plus contaminants furent le Zn(ll), Pb(II), Ag(I), Te(IV), 

Se(lV) ct le BI(1I1). Les cmq premiers éiéments furent ré-extraIt avec de l'HCl, 2,OM et 

le Bi(lIl) avec de l'H2S0~, 2.0M avec proportIon A/O de > 3: 1. Le Sn(lV) qui 

s'accumulait en phase orgamque put sculement être ré-extrait par le NaOH, l,OM après 

une longue durée de contact (60 mInutes). 

b Un dérivé alkylé d'un 8-hydroxyquinolinede marque déposé (Schering Berlin AG). 
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C~ERI:UfrRODUCTION 

Platinum group metaIs, also known as PGM~. arc gradllally tinchng new 

applications outside the jeweIry mdustry due to theu olltstandmg phy~lcal, chcmlcal and 

mechanical properties. New uses have Decn found m alltocataly .. t~ a~ wei! il .. m 

electronics, and with the advent of fuel cells for the productIOn of elcctnclty, the fulure 

looks ev en more promising. They are c1assed m two groups, namcly the Pnmary PCiM\ 

comprised of Pt, Pd and the Secondary PGMs wlHch occur 111 lc~"l'r dIllounl\ III nalure 

and are more difficult to treat. conslsttng of Rh, Ir, Ru, 0" Il I~ cu\tomary 10 IIlclude 

within this group the other preclous metals, n~.Jnely Ag and Ali The reco\'cry 01 PI-Pd 

from contaminated chlonde solutlOm orie:natlIlg from Icachmg of vanou\ pnmary and 

secondary matenals is a challenging problem 10 preclou~ metal rctinmg Cla',\lcal 

refining techniques have becn made up of precIpItatIOn-dIssolutIOn ~tep\ whlch arc no 

longer considered to be effiCIent. 

Currently, the bigger refinenes are usmg solvent extractIOn m Ihclr tlow~hecl\. 

Although more efficient than the older technIques, solvcnt extr.lctlOn ha~ not hccn 

without drawbacks. Novel rcagents have been studled to Improve performancc and rl'ducc 

any inefficiencies. Among them are the 8-hydroxyqumoline reagent~, wlllch have bren 

advocated for the recovery and separation of Pt and Pd from chlonde Icach !t(IUOr\i1 }) 

The rcagents Kelex 1004 and Lix 26b under study in preVIOU\ ycar\(\) have becn 

surpassed recently by TN 1911, a hlgh-performance 7-alkylatcd 8-hydroxyqUlnolme made 

available from Schering AG(4). FIgure LI deplcts thc structure of TN 1911 The R group 

is a long chain alkenyl group. 

a Proprietary product of Sherex Chemlcal Co. (DublIn, OH, USA) 

b Proprietary product of Henkel Chemical Co. (Tuc~on, AZ, USA). 
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Figure 1.1 The structure of an alkylated 8-hydroxyquinoline(4). 

The unique property of 8-hydroxyquinoline derivatives to extract metal species 

both by chelation and/or ion-pair formation is exploited in this system. Platinum (IV) and 

palladium (II) are coextracted according to the following equations: 

1) Extractant protonation: 

HL(OI + HCI ~ H2L +C1"(0) (LI) 

2) Extraction of Pt(lV) by anion-exchange: 

PtClt + 2H2L +C1"(0) ~ PtCl/(H2L +)2(0) + 2Cl" (1.2) 

3) Extraction of Pd(II) by chelation: 

PdCll + 2H2L +Cl"(OI ~ PdL2(0) + 4H+ + 6Cl" (1.3) 

After coextraction, the metals would be separated tirst by stripping the loaded 

organic with water for Pt. followed by stripping with 6M Hel for Pd. Recovery from 
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the strip hquors would typically be achJeved by ammomacal ~It pnXlpllatlO1l or ~olutl(ln 

reduction. Patents have been issued recently for the u~c of 8-hydroxyql1\11oltt1~ re<lgcnt'\ 

in the PGM mdustry(56). The simphfied cocxtractlon tlowshcct cmploy\l1g TN 1911 I~ 

shown 10 FIgure 1.2. 

One of the dlfficultles 10 applymg a solvent extractIOn ,y~tel1l for the r~tinmg of 

PGMs IS the presence of the great vanety of impumy clcment, ln 1I1dustnal fccdstock~. 

which depending on their concentratIons would crcat~ proh le III li III a l'lreUlI. 

Contamination of the Pt and Pd stnp liquors would be the l'VIdent CO!lChl'lon. howl'vcr. • 

third phase formation and possibly PGM suppression could aho rc~ult. 

Gold-free feed 
solution 

1 
Extraction 

~l 
Raffinate 

H20 
(pH 1.5-2.0) Loaded 

Organic 

L~;~s -t-;i-pp~;~i-i -----.... IPt Recovery: 
l ' _______________ 1 

... 
Pt metal 

SN Hel 

L.iPd st~~Pin~i------.. IPd Recovery' 
l , 
, ________ --1 

.... 
Pd metal 

Recycle organ ie 

Figure 1.2 The basic coex traction route(4) for TN 1911. 
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The obJective of thls study was to study the behaviour of the common impunty 

element~ Fe. Cu, NI, Zn, Sn, Pb, Ag, As, Sb, BI, Se and Te m the Pt(IV)-Pd(II)-HCI­

TN 1911 system and devise means for their control To this end It was essentlal to 

rcvlcw firs! the hterature on the behavlOur of the lmpurity elements ln various solvèr.t 

extrar.tlOn systems as well as the relevant aqueous chloride chemlstry. Following that, 

preliminary loadmg tests using a composite semi-synthettc chlonde feed revealed the 

major trends of impurity coextraction. The nex! step in the expenmental program 

mvolved conductmg single metal tests to estabhsh the distribution of each impurity as a 

function of Hel concentration. This work provided information as to possible loading 

mechanisms for each metal and permitted the selection of scrubbmg solutIOns for the next 

step of the work. After testmg the scrub solutions, control strategies were formulated and 

a tentative tlowsheet was deslgned. 

The flowsheet was tested In the laboratory by a batch-wise techmque slmulating 

counter-current contactmg. The final outcome of the investIgatIOn was the establishment 

of scrubbmg reglmes for dealing with ImpuritIes ln a genenc rather than a feed-speclfic 

manner. ThiS, hopefully. makes much easier the Implementation and operation of 8-

hydroxyqUlnoline based-solvent extraction circuits in the PGM industry. 
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CHAPTER fi: LITERATURE SURVEY 

D.I PGM Retining Practice 

PGM Sources and Extractioni Nowadays, there i~ much mterc~t III a nt?\\' \ource 01 

POMs, namely the secondary source compnscd of rccyckd automotlvl' ~:at,t1y\'" and 

electronic !,crap(7). However, the bulk of the production \tllI ong,lIlatc ... trom ort? .... d'" 

POMs often occur 111 sulphIde mmerahntlon ~uch a~ m the Meren~"'y Reel III the 

Transvaal reglOll of South Africa(~). FIgure 11.1 shows that 111 the latter Gl\C, PGM-nch 

matte reports to a POM hberatlon step after flotatlon and smcltll1g, of \ulphlde ore ln the 

next step, the matte IS subJected to an acid leach procc!'s whcre ha\e mctah Cu, NI and 

Fe may elther be removed or recovered as saleablc by-product... The aCld lcach rCl,lducl, 

are then subJected to chlonde leach1l1g for solubIlisatIon of PGM~ WhlCh art? cventually 

separated. 

SULPHIDE ORE 
U 

FLOTATION 
U 

SMELTING PRODUCING MATrE 
u 

H2S04 LEACH FOR Cu/NI/Fe 
U 

CHLORIDE LEACH FOR PGMs 
U 

PGMS TO RECOVER y 

Figure II.1 Recovery of POMs from Matte('}). 
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A second ~ource of mdustnal PGM production IS ln the Cu and Ni electrorefinery 

anode shmes'1fll Copper refinery anode shmes rnay have a PGM content as hlgh as 20 

wt% wlth 90% of thj~ value bemg made up of Au and Ag. The tlowsheet ln Figure II.2 

Illustrates thc common route followed m the proccssmg of Cu refinery slimes. Here, Au 

and Ag arc nch cnough to be electrorefined from Doré anode after srneltmg. The Au 

anode shme~ arc then subJccted to wet chlonnatlon for PGM recovery. In sorne cases the 

Ag sltrnes may dlrectly report to leachmg. 

ANODE SLIMES 
U 

DECOPPERIZING WITH H}S04 
U 

Doré SMELTING AND REFINING 
U 

SILVER REFINING 
U 

GOLD REFINING 
U 

PGMs TO WET CHLORINA TION 
AND SEPARATION 

Figure II.2 Copper Refinery Slimes Processing. 

Classital Refinin& of Platinum Group Metals: Irrespective of their source, PGMs are 

eventually solubihzed with a wet chlorination step which consists in bubbling CI2 gas 

10 an Hel medIUm. Aqua-regw IS another oXldlzing chlonde medIUm whlch is still 

commonly used and other chlonde based media in which HN03 has been replaced by 

H20} have also been adopted. Secondary PGMs, Ir, Rh, Ru and Os are :I.ert ln 

leaching(IO). The result 1 s that PGMs are split into two streams, the first holding the 

Primary PGMs Pt. Pd, as weil as Au, and the se,cond consistmg of Ir, Rh, Os and Ru 

and representmg the Secondary PGMs. This is the partial leach route whlch makes use 

of aqua-regia and is associated with complications, thus the trend for the adoption of a 
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total leach approach. The totalleach method uses an mtcrmcdt.ltc pyrometallurgtcal ~tt'p 

after an imtlal chlonde leach to render the secondary PGr..h mto a 'îo!uo1c 10rm for a 

subsequent second chlonde leach whlch dls<,olvc ... ail the PCir..t... 1111 A typICa! comp1c\ 

conventlonal flowsheet mvolvmg aqlUJ-regllJ lcachlOg I~ ... hov.n III FIgure Il yi '\ nH: 

solubihzed pnt.lary PGMs report fir~t 10 Au preCIpitatIOn hy the 1I1\mducttnl1 01 eltllL'r 

S02 or ferroll~ sulphate A rnmomum hcxachlowplattnatc I~ tht'l1 prcclplt.l\cd b~ the 

addItion of ammomum chlonde. An ammonIacal preclpltalc of Pd 1lll11l1.XIt,III:!\' loll(l\~ \ 

10 the next stage \.Jpon addItIon of ammonla and hydrochllmc aCleI ZIlK du,,\ cClllent ... 

out any remammg PGMs WhlCh report to Pb smeltlng for rcmoval 01 .m)' Impuntle ... Ph 

IS removcd by partIng wlth mtnc aCld AddItIon of lIf{llll-rl',!!,1lI rc-ICdChl'\ Pt Pd Au 

leavmg behmd a resldue of Ir-Rh-Ru-O~ wlHch report~ to perox 1 di.' fll ... lon 1 hl' additIOn 

of Hel soiubIllze~ the PGMs and ruthemull1 and o~mlllrn are n:l1lowd fir ... t 011 the h,\\I\ 

of theu volatile tl'travalent oXlde ... whlch undergo (h~tll1al1on Indium 1" then prel'lpltatcd 

with ammOnIum chlonde under oXldlllng condltlom. F 111 ail y . Rh 1\ puntie<l ~ Ith tI 

mIxture of ammonium chlonde and sodIUm nltnte 

Each of the Impure salts of Pt. 1\1, Ir and Rh arc mUdlly rcdl" ... olved .\11<1 

reprecipItated makmg the classlcal technique cxtrcmcly Icngthy and qllltC lIlettïclcnt ln 

fact, the rhodIUm WhlCh appcar'i at the tati-end of the prtlCc ... ., m.ty t,lJ..e IIp III I,IX IlHlIlth ... 

to be recovered. In the last 25 years. the Illdmtry ha., taken "lep ... to ,H.:celer.ItC and 

modermze the rccovery and punficatlOn 01 PGM., and the y have looJ..e<l at new 

technologies and In partlcular the use of solvent extractlon ll 
Il. 
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PRE-LEACHING TREATMENT + Pt, Pd, Au 

AQUA-REGIA LEACH 
+ 

Au : f' -;r;(~.: +- Au PRECIPITATION 

+ 
(" Pt l'II/,'!! 1(·1T!,~)!J +-- Pt PRECIPITATION 

+ 
Tt' Pd ('!II'!' l' '",(/I-)f, +-- Pd PRECIPITATION 

+ 
i ! l , (I! t/ ' +-- Zn REDUCTION 

+ 
! "-. ...... Pb SMELTING 

+ 
Parting in HN03 

AQUA-REGIA LEACHING 
+ 

PEROXIDE FUSION 

+ 
ACIDIFICATION 

+ 
.. Ru/Os DISTILLATION 

+ 
.. Ir PRECIPITATION 

+ 
TO Rh PRECIPITATION 

_ Pb,Fe 

Figure II.3 Classical flowsheet for PGM recovery(2). 
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Modern Retinina= Involvine Solvent Extraction: 

a) Selective extraction with different reagents: After the sllcccsflll IIltrodllctlon of a 

solvent extraction process for gold usmg dlbutyl carbltol (DBC) In 1971, Inca bcgan 

developmg a flowshect WhlCh wa~ to adopt tlm advanccd tcchnology for rclilllng 

PGMS(\3l. Figure Il.4 shows a snnphfied version of today's flowshect Th~y optcd to tirst 

distlll off Ru and Os prior ta the recovery of the rcmalT1mg PG M ~ Gold 1 ~ tir\! rellloved 

llsing DBC by contacting wlth 3-4M Hel aqueous phase. I.SM Hel I~ then u'Icd as a 

scrub medium at 1: 1 phase ratIO. Loaded gold IS then dlrectly rcduced wlth oxalIc am\. 

The raffinate then goes to a batch stage whcrc Pd(lI) I~ loadcd onto dl-n-oclyl ... ulphlde 

(DOS), whlch IS very selective over other PGM~ exccpt Au(lIl) Duc to ~Iow extractIon 

kinetics the palladIum separatIOn proces~ IS a batch proccs~ and 1\ llltcrfaced wlth 

continuous (up and down-stream) counter-currenl operation. Hel ~cruhhlllg 15 u\cd once 

more, and although the condItIons are not specified, the mall1 cHect 1\ to rcmove any 

entrained raffinate from the orgamc phase(11l . Palladium I~ thcn stnppcd wllh aqucou~ 

ammonia and recovered from the stnp hquor as the ammol11acal salt hy neulralizatlOn 

with HCL The next solvent extractIon circUIt IS wlth tnbutyl phmphatc (l'BP), whlch IS 

contacted with an aCldlfied feed liquor (S-6M HCI) for loadmg Pt(JV) Ir(lV) 1"1 rcduced 

to the IIJ state wlth S02 gas pnor to 10admg as It coextract~ wllh Pt(lV) Scruhbmg J"l 

conducted on the 10aded TBP at SM HCI wlth high 0/ A ral1o~ to recycle any cntramed 

PGMs. After slnppmg wah water al 1: 1 phase ratIO, the raffinate l'rom the TBP cIrcuIt 

ends up as the feed Iiquor to Rh/Ir recovery. The latter metals are rcfïned Wltl! c1a~\lcal 

techniques . 
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The selective solvent extraction aJlproach is also adopted at Matthey Rustenburg 

Refiners 10 South Africa(l4>. There Pd(II) is extracted with an oxime instead of an alkyl 

sulphide. Originally, hydroxyoximes assisted by accelerator additives were employed. But 

more reccntly, a new oxime reagent (alkoxyoxime) marketed as MOC·15., is believed 

to be used Instead. The latter oXlme type offers better selectivity and kinetics but requires 

rather stnngent stripping conditions (NH40H/NI\Cl at pH 9.5)(15). In the case of Pt(IV) 

extractlOn, which follows the Ru/Os distillation step, a tertiary amine has been known 

to have been used. This reagent is known to suffer from various drawbacks like metal 

lock-up and the necessity of operating the strip circuit at 1O-12M HCL As at Inco, 

reduction of Ir(lV) to Ir(lII) is practiced prior to Pt(JV) extraction. Reoxidation of 

iridium to the IV state permits extraction with a proprietary amide which was reported 

recently 10 have replaced the amine exlractant(16) . 

b) Coextractioli followed by selective stripping: Lonrho, based in South Africa, have 

opled for Pt-Pd coextraction using an acetic acid derivative of a secondary amine instead 

of a selective extractant. It is not documented whether they achieved success in 

separation during stnpping. The PGP group of USA have also followed the coextraction 

route, and it is highly likely that amines are employed in their circuit with selective 

stripping effected with hydrazine for Pt and sodium bicarbonate for Pd(lS). 

• Proprictary product of AJlied Chemicals. 
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Au, PGM liquor 

1 
l~TlLLATION 1- Ru/O. roflnin. 

1 
[ SX OBC J-
-T 

SX DOS 
'--------.------

SX TBP -+ 

OXIDATION 

[ SX TBP .... 

To Rh refining 

Au reductlon 
in Organlc 

Strip IIquor to 
NH CI precipitation 

4 

Strip liquors to 

NH CI precipitation • 

Raffrnate to 

NH CI precipitation • 

--+ Pd 

---+ Pt 

--. Ir 

Figure ll.4 Inco (D.K.) PGM flowsheet incorporating solvent extraction(\3). 
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Au-Free PGM Liquor NH"OH/NH4 CI, pH 9.5 , 
Oxime Pd STRIP [Ree overy ~ Pd 

Raffinate: Pt, Ir, Rh, Os, Ru 

__ i 

~i'liII.~ O" Ru 

T IrUV) la 1r(11I) 10M HCI 

Amine ~I SX Pt Strip Reco.ery} PI 

Amide 

IrOlI} to Ir(lV) 
O.1M Hel 

Ir_~S_x_:--~L--I-r-slriPj.--~ac:covery ~ Ir 
Rh + Impurities 

Figure D.S Matthey Rustenburg' s latest PGM flowsheet(14). 
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1 ll.2 Oxidation States of the Impurity Elements 

Strong oxidising conditions are used in the industry to solubilize the primary or 

secondary feedstocks reporting to leaching prior to solvent extractIon 

purification/separation steps. Aqlla-re}?ia treatment used m the c1asslcal processes. 

although still useful, has been surpassed by the more effiCient wet chlonnatton techmque, 

due to better overall performance in the leachmg of primary and srcondary PGMs. The 

absence of nitrate IS also qllite appreciated as it could combIne wlth the organic 

extractant to produce pote-ntially explosive mixtures. Wet chlonnatlon I~ cssentlally 

composed of Cl2 fed in an HCI medium. Alternattvely. othcr strong OXldisIng agents such 

as H20 2 can be used in heu of C12• Wet chlorinatlOn is llsed at Inco. Matthcy Rustenburg 

and in the Lonrho flowsheet whereas HCI/H20 2 leachmg is uscd al CCR-Noranda. 

The Oxidation Power of Wet Chlorination: Latimer(17) states that chlorine is stable in 

acid solution with respect to disproportionation, but the reaction does go to a measurable 

equilibrium: 

K = 4.66 x 10 4 (11.1) 

The HCIO species is rather unstable as ilG\HC10= 25.9 kJ/mol. 80th CI2(aq) and 

HCIO, as weil as other intermediate species which are neglected In this accollnt, might 

be present. Thus, the half reactions and standard potentials for CI2(E) and HClO are(\7): 

f:1= + 1.359 V (11.2) 

f:1= + l.482 V (11.3) 

The actual potentials though, are a function of the pertinent solution compositIOn, 

as the Nernst equation suggests: 
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oxidised form + ne- +=! reduced form 

E=E O - RTln [reduced form) 
nF [oxidised form) 

and the respective half reaction potentials become for T = 298K, 

2 
0.059 "cr 

Ec~cr= 1.359---1og---
2 Pc~ 

(11.4) 

(11.5) 

(11.6) 

Assuming 1 atm Cl2 and lM HCI solution, then frem eqn. 11.1 we obtain CHC10 = 4.7 x 

10-4 Ml. For this set of assumptions eqns. Il.5 and II.6 produce practically the same 

results as E = 1.36 V. Considering in actual refining prachce that the partial pressure of 

Cl} is actllally lower th an 1 atm and [Cn> I.OM, a somewhat lower potential is 

expected. 

The Oxidation Power of Agua-refÏ4: 

Aqua-regia is traditionally formulated by using 12M HCI and 14M HN03 at a 3: 1 

volume ratio. The same formulation was used in this study (see Chapter III). The 

dissolution power of aqua-regia arises from the oxidizing power of nitric acid and the 

complexing properties of Cl-. The oxidising power of nitric acid can be explained through 

its main half-reaction(17): 

E= +O.96V (11.7) 

Via complexation the CI- iHx lowers the reduction potential of the dissolved species 

c It is also assllmed that activities are equal to concentrations. 
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making oxidation easler for the latter. By applying the Nernst cqlJatlOn: 

(Il. 8) 

and by making certain assumptions for a 3: 1 HCl:HN01 mIxture, wc sec lhal the 

potential may not increase significantly unless unknown intermcdiatc specics are 

favoured: 

For [HN031 = 14M and [HCl] = 12M, [H+]HN03 =3.5M, [H+]H('I=9.0M, [NOd"" 3.5M 

assuming trace reduction, and [NO]= 1.78 x 10-1 M (solubility ln water at 25"C')(lX) 

E =0.96- 0.059 xlo ( [1.78x 10-
3
] )= + 1.05 V (II. 9) 

aqua-rtgUJ 3 g [125]x[3.5] 
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1 
Reduction Potentials and the Impurity Elements: ln Table Il. 1, the standard reduction 

potentials of the Impurity clements present in aqueous chloride solutions are 

presented. 

Element Most Probable Couple E, V MedIUm Ref. 
State 

Cu II Cu(II)/(O) +0.178 lM HCI 19 

Fe III Fe(III)/ (II) +0.771 O.SM HCl 19 

Zn II Zn(I1)/(O) -0.763 ca1culated 20 
thermodyna-

Ni II Ni(II)/(O) -0.250 mically 20 

Pb II Pb(lV)/(II) + 1.690 S.8M HCI04 19 

Sn IV Sn(IV)/(II) +0.140 lM HCI 20 

Ag 1 Ag(II)/(I) +2.000 4M HCI04 19 

As V As(V)/(1II) +0.597 lM HCI 19 

Sb V Sb(V)/(III) +0.746 3.SM HCI 21 

Bi III Bi(V)/(III) +2.000 O.SM H+, 20 
1=2.0 

Se IV Sc(VI)/ (IV) + 1.150 calculated 18 
thermodyna-

Te IV Te(VI)/(IV) +0.926 mically 18 

Pt IV Pt(IV)/(II) +0.680 3M HCl 20 

Pd II Pd(IV)/(II) + 1.290 lM HCl 20 

Table II.I Standard reduction potentials of impurity elements in aqueous solution at 
25°C. 

According to these potentials, the most likely oxidation states to be found in aqua­

regia or HClICl2 are listed on the Table. The Pt(IV)-Pt(lI) and Pd(lV)-Pd(II) couples are 
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1 
also included in the Table for completeness and Pt(lV) and Pd(II) arc rcpnrtcd to be the 

stable states. This is in agreement wlth an other reports on PGM chloridc chemlstry and 

refining practice(lI-m. It is important to note also that in the cases of Se and Tc. Se(lV) 

and Te(IV) mstead of Se(VI) and Te(VI) are reported as the stable <ipeCles(l' !~ ~Il. 
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0.3 Impurity Speciation in HCI-MeÇI~ Media 

To better understand and ultimately control the distribution of the impurity 

elements in solvent extraction-based PGM refining circuits, information pertaining to the 

stability and abundance of their complexes in chloride media is needed. The formation 

of chloro-complexes is described by the following general reaction: 

MZ+ + nCI- ;:t MCI (n-z)-
n (II. 10) 

(II. Il) 

(3n represents the overall stability constant of a particular complex. The larger the 

magnitude of (30' the stronger the complex will be. According to Muir and Senanayake(24), 

stronger chlorocomplexes are formed by second row trans~tion metals compared with tirst 

row ones, and also by higher valence ions. Table 1I.2 illustrates the strength of 

chlorocomplexes according to periodicity. 

Weak (log (3 < 1) 

Moderate (log (J= 1-3) 

(Sn2+ < Pb2+) 
(Fe3+) 

Moderate-Strong (log (3=3-15) 

(CuH < Ag+ < Au3+) 
(ZnH < Cd2+ < Hg2+) 
(Os3+ < < Ir3+ < < Pt2+ , Pd2+, Pt4+ 
(As3+ < < Sb3+ < Bi3+ 

Transition Mctals 
Lanthanides, 
Actinides 

Group IV 
Group VIII 

Coinage Metals 
Volatile Metals 
Precious Metals 
Group V 

Table R.2 Strength of chloro species according to periodicity(24). 
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Chlorocomplexes are formed ln step-wise fashlOn. Thus a cation (Mit) can havr n 

constants, from n=O to n=6. The relative abundance of C<1ch (lf the~c cOl1lplc:\c~ on the 

same element will depend on the magmtude of the respective (30 .md the actlvity ot the 

chloride Ion (see eqn. II.ll). Table IL) ~ummanzes the stabillty con\tant~ for srvcr.ll 

chlorocomplexes of the vanous Impunty elements. Sorne value~ at \Ollie ~Ircngth grr.lIcr 

than zero are lnc1uded. 

Eql1llibnum data log(31 log(3] log,61 logIJ4 ReL 

At 1=0 Feeln
3 n 1.48 2.13 -0.01 --- 25 

CuCI 2 n 0.21 -0.40 --- --- Il 

n 

AgCln4-n 3.22 5.48 4.80 10.30 Il 

PbC12.n 1.60 1.78 1.68 1.38 Il 

n 

ZnCI 2 n 0.43 0.61 0.53 0.20 Il 

n 

BICl1.n 
n 2.09 3.90 5.40 6.87 Il 

SbCI J·n n 2.26 3.49 4.18 4.72 Il 

As(OHh.nCln -1.07 -4.54 -8.74 Il ---

At 1=5 CuCio2-n 
0.60 0.70 0.20 -0.79 26 

SnCt 4-n 
n 3.70 6.46 8.77 9.48 27 

At 1=7 TeC1 4-n n 3.24 6.28 8.34 10.18 28 

Table II.3 Stability constant data for chlorocomplexes of ~ome clemcnh at 25"C. 
Data fOf Nl(Il),As(V) and Se(lV) was not avallable 

In solvent ex.tractIOn, In addition to knowmg the relative abundancc of cach chlorospcclc<, 

it is equally important to know the ligand exchange kmetic~ of the complcx ion ln 

question. The latter refers to the speed by which the CI is exchangcablc wlth another 
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ligand L: 

MCln(n-l)- + L ~ MCln_IVn-71J- + CI- (II. 12) 

The faster the ligand exchange reaction (the kr) the more labile the complex is. In the 

opposite case, the complex is kinetically inert. For example PdCl/ IS labile (kr= 1()3 S·I), 

whereas ptCI6
7 is mert09J (kr= < 10.10 S·I). Due to the scarcity of the data and the large 

number of elements described in the present work. no information on the kinetic 

behaviour of complexes 15 tncluded. 

Chloro--Specics and Speciation Diaerams: Speciation diagrams are very useful graphical 

representatlons of the domain of stability of each complex as a function cf the 

concentration (or activity) of the complexing chloride ligand. In the literature speciation 

dlagrams have been published but a great many of them are not in agreement with each 

other. The reason is the dlfferent sets of stability constant data used by various 

investigators. In particular, a common problem is that the graphlcal constructions are 

made on the basis of thermodynamic stabihty constants. These diagrams irnply th en that 

activities are equal to concentrations (since they refer to 1 =0). This, however, IS not the 

case In concentrated chloride solutionsC3
0-

311
• The diagrams represented on the following 

pages are either based on experimentally measured data or alternatively mass stability 

rather than thermodynamic constant values so as to doser represent rea1 solution 

composition. Figures II.6-IL Il show respective diagrams for Cu(1I) , Fe(III), Zn(II), 

Pb(II), Sn(IV), Ag(I). Figures II.12-11.15 deplct the diagrams found for Sb(V), Bi(III), 

Se(IV) and Te(lV). 

Species Which do not Fonn Chloro-Complexes: Ni (II) does not form anionic chloro­

complexes readily according to Warshawskym) and only exists as Ni2+ and perhaps 

NiCI + in highly concentrated chloride solution()3). Arsenic (V) exists in acid medium as 

arsenic acid H3As04' which has Huk tendency to dissociate below pH 0(34): 

K= 2.5 X 10-4 (11.13) 
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In the case of Se(lV) very few chlorocomplexes are mentwncl.l \11 th~ htcraturc Il !,cctm 

only 12M Hel is capable of holdmg SeCl~ and ScOCI] and thcsc arc unllkdy tn hl' 

encountered In a solvent extractIOn systemn~) Hydrolysls of thc~c 'ipcCIl'!' produce~ the 

selenous species, Se032-, whlch was found to eXlst ln monomcnc and dllllcnc form III 

perchloric medIUm at pH 0 by Barcza and SIIlcnl'tll The ~pCCICS rcsemblcd 

(HSe03.H2SeOl), HSe03", (HSeOll, and (H2Se01)2' 
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Figure ll.6 Distribution of cupric chloride complexes(26l as a function of chloride Ion 

concentration. Conditions: @25°C, [Cu(II)) =6 x l<r'-6 x JO lM, (non-corrected for 
ionic strength). 
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Figure Il.8 Distribution of zinc chloride complexesc.!o, as a function of chloride ion 
concentration. Conditions: @25°C, [Zn(II)] =O.05M (diagram computed from stability 

constant data and corrected for ionic strength). 
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Figure II.9 Distribution of lead chloride complexes(30) as a function of chloride ion 
concentration. Conditions: @25°C, [PbOI)] =O.05M (diagram computed from stabillly 

constant data and corrected for ionic strength). 
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Figure Il.10 Distribution of stannic chloride complexes<27l as a function of chloride 
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concentration. Conditions: @25°C (diagram computed from stability constant data and 
non-corrected for ionic strength). 
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1 II.4 Solvent Extraction Systems of the Impurity Elements 

Only sporadic and lOcidental reference can be found in the techmcal literat1lrc on 

the deportment of impunty elements 111 industrial PGM solvent extraction circUIts. lt is 

important to review the general solvent extraction hterature to obtain informatton on the 

nature of the extractable spccies of the impunty clements from aqueolls chlondc 

solutions. Before the literature is reviewed, the various mechal11sms WhlCh may be 

encountered in solvent extraction are defined. The Impllntles are groupcd in two 

categories: the base metals (Cu, Fe, Zn, Ni, Pb, Sn and inc1uding Ag) and the metalloH.ls 

(As, Sb, Bi, Se, Te). 

Classification of Extraction Mechanisms: Solvent extraction of metal specle~ can take 

place via three different mechanisms(\~): the first class is known as compound pmI/arIOn 

and involves direct bonding of the organic extractant with the metal SpeCICS Itsclf, i.e., 

substitution of the chloride ion with the orgamc molecule occurs, and thls is llsually 

favoured by a labile chlorocomplex: 

MCIl + 2HL(o) p M~(o) + 2H+ + 4CI- (11.14) 

The second class, which is more common, is ion-pair formation and is charactcrised by 

the formation of an electrically neutral ion pair between an anionic chlorocomplex and 

a protonated basic organic reagent: 

(11.15) 

The third c1ass is called so/varion and extracts neutral chlorocomplexes with an organic 

reagent which tends to solvate the outer spherc of the inorgamc complex to varying 

degrees. The following equation shows a typical solvating scenario: 

(11.16) 
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Solve"t extraction systems: the base metals 

CuOll Although copper has mostly been investigated in sulphate medium due to the 

commercial importance of this system(41), researchers have looked at the chloride route 

as weIl. Chnstle et al. (42), report that Lix 63, an a-hydroxyoxime extracts copper as a 

neutral complex, probably CuC12 al low pH values, whereas above pH 1 the Cu2+ cation 

is probably the species extracted. Using a tertiary amine, Aliquat 336, Sato and co­

workers(43), found that al greater than 4.0M LiCI, copper is strongly extracted, probably 

as CuCl/" by an ion-pair regime: 

(11.17) 

NOPC and Acorga CLX-20, n-octyl-3-pyridine carboxylate and pyridine dicarboxylic 

ester respectively, function as nitrogen don ors via a mechanism which is simi1ar to 

extraction of CuCl2 with octanal oxime(44). The extraction mechanism for Acorga CLX-20 

was reported to be: 

(II.l8) 

FenIl) In the same paper(44), mention is made that ferric iron existing as FeC~' at 

greater than 4.0M chloride ex tracts strongly with increasing HCl/CI' concentrations. With 

Acorga CLX-20 the extraction mechanism, illustrated in eqn. II.19, shows ho\\' the ion­

pair formation route is followed. Here the protonated form of the extractant (RNH+), 

instead of the neutral form, was postulated in the reaction: 

(11.19) 

A similar observation with a quaternary amine showed that NR.tFeC~(o) was the extracted 

species between 1.9-2.7M HCI(45). The investigators noted that at low chloride ion 
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concentration the presence of sulphate ion decreasoo iron extraction. T. Sato (>t alyfll 

investigated the D2ERPA (di(2-elhylhexyl)phosphoric acid) system and mentioncd that 

below 3.0M chloride, Fe3+ was the specles extracted whercas ln stronger HCI, a 

solvating reaction mechamsm was postulated Instead: 

(11.20) 

ZnQn In the development of the Zincex process for the recovery of zinc, solvent 

extraction is employed as a purification technique. In the tlowsheet two solvent extraction 

circuits are incorporated in series(47). In the first one the ZnCV amon is extractcd from 

1.9-2.7M Cl' feed liquor with Amberlite LA2, a secondary amIne, as an Ion-paIr and the 

loaded amine solvent is stnpped with water. Zn2+ IS then extracted from the water stnp 

liquor with D2EHPA via compound formation. Quaternary(4Kl and tertlary am mes have 

also been found to extract from chloride media as weIl. 

NiaI) Literature reports very low tendency for NI(II) to form chlorocomplexesm . 31). As 

a consequence Ni(II) is hardly extractoo from chloride medIUm RICC and Smith(4'1) 

investigated acidic alkyl phosphorus extractants D2EHPA AND SME 418. Thcsc wcrc 

good for Ni(II) only above pH 3.0 and 2.0M chloride, whlch is outslde the range of 

recovery for PGM liquors. Groves and Rooden(~O) proposed solvation for nickel extractIOn 

in their ethylhexanal oxime (ERO) system. At 3. 7M CI , extractIon vIa the followmg 

route was suggested: 

(11.2] ) 

This solvation extraction route contradicts nevertheless with the fact that 

Ni (II) does not form chlorocomplexes as stated above(32·33). It might be speculated then 

that Ni (II) is extracted via compound formatIOn instead. The strong affimty for amonie 

chlorocomplexes shown by Alamine 336 and aminp,s ln general IS reflected III the 
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extraction results presented in Figure II.16(51). The stronger the tendency for an element 

to form an aniomc chlorocomplex, the more readily the extraction occurs. 
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Figure II.16 Distribution of metal species(~l) In Alamine 336. Conditions: 25 % 
Alamine 336, 15% dodecanol in Kerosene, ~= 1,000 mg/L. 

Pb(II) Holdich and Lawson(52), completed a number of solvent extraction studies on the 

extraction of Pb(II). They reported results u~mg D2EHPA, Versatic 10 (a tertiary 

carboxylic acid), Lix 34 (a sulphydryl quinoline derivative), 54 (a beta diketone) and 70 

(a chloro-substituted aromatic hydroxyoxime), Alamine 336, Aliquat 336, as well as 

Kelex 100 (an akylated 8-hydroxyquinoline derivative) for chloride solutions from 0 to 

5.0M Hel. They found that both Alamine 336 and Aliquat 336 showed reduced lead 

extraction with increasing chloride concentration; they attributed this observation to the 

fact that the PbCll complex is not extractable above 4.0M chlonde. The Kelex 100 and 

Lix reagents originally designed for copper extraction gave low distribution coefficients 

via chelation. McDonald et al. (53), who had also worked with Aliquat 336 and Alamine 
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336 attributed the drop in extraction at 3-4M HCI as bemg duc to stcric Intcrferences 

arising from the bulky PbClt and PbCI/ anions. As the eXistence of PbC~" IS hlghly 

unlikely, another possible cause for the observed behavlour in hlgh chloride 

concentrations could simply be Le Chatelier's Principle: 

(11.22) 

SnaVj Golinski(54) reported the use of tribut yI phosphate. TBP, for the extractton of 

Sn (IV) from hydrochloric acid. The following solvating mechanisms are suggcsted: 

SnCI4(IV + nTBP(o) ~ SnCI4.nTBP(o) 

SnCll + nTBP(o) ~ (SnCll).nTBP(ol 

(11.23) 

(11.24) 

Tin extractIOn coefficients increased from 0.1 to 100 as HCI was Increased from () to 

SM. Moreover, there is reason to believe that lon-pair formation l~ likcly at hlgh Hel 

concentrations as opposed to simple solvatlon that the authors stated. Although TBP is 

a weakly basic molecule it is indeed capable of bemg protonated. Thus eqn. 11.24 should 

be rewritten as follows: 

(11.25) 

Other researchers, Sato and Kikuchi(55) reported that with D2EHPA, Sn(lY) below 2.0M 

is extracted by compound formation and proposed SnC}/+ as the extracted specles: 

(11.26) 

Whereas at higher concentration of chloride, >2.0M, a solvating reaction was 

postulated: 

(11.27) 
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Sel mer-Olsen(56) , showed that Sn(lV) loads very strongly onto triisoctylamine (TIOA) 

between 0 and 10 M HCI. Sn (IV) tends to e>..tract quantitatively at > 1 M HCL 

Marcus(3S), in fact proposes the loading of SnCls- and SnClt with amines above 2.0M 

HCI. Figure II.17 shows the distribution of many impurity elements in the triisoctylamine 

system investigated by Selmer-Olsen(56). 
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Figure Il.17 Distribution of rnetal species(S6) in TIOA as a function of HCI 
concentration. a) Sn, As, Sb, Bi, Pb and b) Fe, Ag, Cu, Co, Mn. Conditions: 2Ov% 

TIOA in CC"', aqueous phase=[Me1=O.lM. 

32 



1 

Ag(D. Despite the low solubility of Ag(l) in chloride. Hay Llem and Zangen(H) 

experimented with trilaurylamine(TLA) using AKUFVE eqUlpment in order to detenmne 

the complex chloro-species of Ag(l). Mamtaining constant the chlonde concentration at 

1.OM they found that the amomc specles AgCI2 • AgCI/ and AgCl.t l were present at 

1 :2:0.8 ratio and that these formed extractable ion-pairs of the type (BH t )!(AgCI/). 

They did not produce results for other Hel concentratIOns Sevdlé et al. (\~l. found that 

AgCI extracts at less than 0.03M chloridc wlth BA Tl' (O,O-dHl-hutyl (\'-phenylammo­

phenylmethane thiophonate), but at higher concentrations the complex amol1\c SpeclCS did 

not extract. Data from Selmer-Olsen in Figure Il.17 10dlcated that the AgC~ 1 spccles. 

expected to dominate at high HCI concentratIOn, was not readlly extracted wlth amtnc. 

This behaviour is analogous to that observed wllh Pb(ll). 

Solvent extraction systems: the metalloids 

AsaII/V) Most of the patents issued for the extraction of As(III/V) have been for 

solvating extractants such as TBP and have concentrated only on sulphatc aqueou~ 

media(59.60). Marcus135), has reviewed As(lII) extraction from chlondc medium Ethers 

extract AsCl3 at lOM Hel whereas at lower concentrations the SpeCICS rc~cmhlc~ the type 

As(OHh.CI •. MentIOn is made of the very Improbable eXistence of A'iCl". Extraction 

from chloride solution seems to be greater 10 the pre~encc of HCï wlth 4-

methylpentanone. In the case of As(V), H3As01 IS the neutral complex cxtractcd and I~ 

only slightly loaded onto long-cham amme. The amme extractIon bdavlour of As(lII) 

and As(V) is deplcted m Figure II. 17a. Above 4. OM, A!o.( III) begin~ to extract 'itrongl y 

in amine indicating the predominance of anionic SpeCICS. 

SbCIII/V) Antimony in chloride medium has been investlgated with solvent extraction 

and one such study has involved the use of TBP. Bumbalek el al. (61), have looked at 

Sb(III) and have found that it extracted strongly with TBP betwcen 2.0 and 8.0M Hel 
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although they did not propose an extraction mechanism. SbCI4- is the complex extracted 

as an ion pair with ammes at 4.0M HCI according to Marcus' review(35). In the same 

review, Sb(V) was shown to have erratic behaviour as hydrolytic reactions are known 

to take place at less than 6.0M HCL With dlethyl and diisopropyl ether irreproducible 

results seemed to occur quite read il Y . In another study(62l, with mesityl oxide (MeO) 

which is an unsaturated straight chain ketone, two species were proposed to be extracted 

at 3.0M Cl-. The first was a solvated species SbCI3.MeO and the second was an ion-pair 

one represented as HSbCI4 .MeO. Data 10 Figure II.17a show that complexation seems 

to result for both states as they probably extract both by ion-pair formation in the full 

Hel range. 

aiOill T. Satd63
) investigated the behaviour of Bi(III) with trioctylamine (TOA) and 

trioctylmethyl ammonium chloride (TOMAC). The results showed strong extraction 

below 2.0M chloride for both extractants, with a strong decrease at grcater chloride 

concentration. The following equations show the possible mechanisms at 2.0M ehloride: 

TOA: 

TOMAC: 

BiCI4- + R3NHCI(o) ~ (R3NH)BiCI4(o) + CI­

BiClt + 2R3R 'NCI(o) ;:t (R3R 'N)2BiC1s(o) + 2CI-

(11.28) 

(II. 29) 

At greater chloride concentrations, BiC13
6- is thought of being not extractable. This might 

again be attributed to the Le Chatelier's Principle or to sterie factors since 3 amine 

moleeules per metal ion are required. Mareus' review(3~) daims that solvating extraetants 

produce poor results due to the strong chloro complexation of Bi(III), eVldently due to 

the predominance of amonic specles. This is seen in the case of TBP in Bumbalek's data 

shown in FIgure 11.18. No reports were found on Bi(V). 

Se (IV) Most of the carlier extraction work dealt with solvating extraetants. TBP and 

TOPO, trioctylphosphire oxide, produced distribution coefficients of > 100 at 12M Hel 

where selenium forms chloride species sueh as SeOCI2 and SeCl4 (35). AIso, Jordanov(63) 
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states that above 3.0M Hel Se(IV) ex tracts at > 80% wlth a vanety of ahphatic 

monoketones, presumably by a solvating mechanism wlth proposcd SpcCICS Sc(OH))CI}. 

Heddur and Khopkar(M) noticed that with trioctylphosphine oXlde (TOPO). very strong 

chloride conditions, i.e, 6M HCII7M LiCl, were reql11red for Se(lV) extractam. 
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Figure II.18 Distribution of metal species(61l as a function of HCI 
in TBP. Conditions: 40v% TBP in white spirit, Aqueous phase=Cu(I1)= 1000 mg/L, 

Sb(III)= 80,000 mg/L, Bi (III) = As(III) = Fe(II) + Fe(lIl) = 1750-::-000 mg/L. 

With methylisobutyl carbitol, and in perchlorate medIUm, 3.0M perchlorate wa~ ~ufficJcnt 

to achieve a D=lO for Se(lV), at <pH 2 accordmg to Sekme fl al. lM) So far, few 

researchers were successful JO attemptmg to describe the mcchanJsm~ of extraction 

apparently due to the complexity of selenium chemlstry. One of the few wa~ the team Icd 

by Fisher(67), who described the extraction of selenous specic!I with tn-n-octylammoOlum 
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chloride. The followmg two possible mechanisms were proposed for the region between 

pH 1.2-5.0: 

1/2(H2Se03b.
Q

) + TOAH+C1-(o) ~ H2Se03.TOAH+C1-(o) 

1/2(HSeO)-)2 + TOAH+Cl-(o) +::t HSe03-.TOAH+(o) + CI-

(11.30) 

(II.3I) 

Te(lV) It has been suggested that the formation of Te(lV) chloro-complexes increase 

above 3.0M chlonde with species such as TeOCIl and TeC14+"n- dominating(35). 

TeCl4 +nn IS not menhoned by other researchers (see diagram of Figure II. 15) and hs 

formation IS not certain. These are the types of complexes postulated to have been 

extracted at 6M HCI with dlethyl ether (0=0.5) and with TBP (0=200). TBP can be 

seen as extractmg the said complexes (at least partly VIa ion-paIr formation upon 

protonatlOn) but dlethyl ether must be extractmg a neutral specles, possibly TeOCI2°. 

Another basic extractant, TOPO, has been reported to extract Te(lV) at pH 4 and 3.0M 

perchloratc(66) but as tellurous aCld. In this case, the tellurous species is possibly 

extracted: 

(11.32) 

Mabuchl and Okada(68) state that in their work on Te(IV), Te(OH») +, a hydrolysed 

species is extracted by compound formation between 1.0-3.0M HCl with dithizone 

(H]Oz) a dlphenylthlOcarbazone. Like selenium few mechamsms of extraction were 

suggested wlth extractants as tellurium chloro-species have yet to be determined 

accurately. 

Summary: The relevant pubhshed data applicable to PGM refining are summarised in 

Tables II.4 and 11.5. The following main observations can be made with reference to the 

extraction of impunty elements from aqueous chloride liquors encountered in PGM 

refining. The ion-pau formation mechanism is the most common case for the extracted 

species. Thus, strong basic extractants (amines) extract strongly 
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Metal Ex tractant Extracted Mecha Ref. 
Specles/Range -nIsm 

Cu(II) LIX 63 C C12< pHI < CUH SICF 42 
ALIQUAT 336 CuCI/ >4.0M CI IP 43 
ACORGA CLX-20 CuCI2 >4.0M CI S 44 

Fe(IIl) ACORGA CLX 20 FeCI4- >4.0M CI IP .t4 
QUAT. AMINE FeCI4 1.9-2.7M HCI IP .t5 
D2EHPA Fe1+ < 3.0M CI < FeCI, ('FIS 46 

Zn(II) AMBERLITE LA2 ZnCI/ 1.9-2.7M HCI IP 47 
TLA ZnCll >O.OlM Cl- IP 48 

Ni (II) D2EHPA NF+, >pH 3.0, CF 49 
SME 418 " 2.0M Cl- eF 

EHO Ni(H20)4CI2' - 3.7M HCI S 50 

Pb(II) ALAMINE 336 PbC13-, 0-5.0M HCI IP 52 
ALIQUAT 336 PbCI3-, O.I-4.0M HCl IP 5:~ 

Sn (IV) TBP SnCI4 <4M HCI<SnCI6
2- SliP 54 

D2EHPA SnCI/+ < 2M Cl- < SnC4 CF/S 55 
TOA SnCll, O-lOM HCI IP 56 

TOA SnCI~ > 2.0M HCI IP 35 

Ag(l) TLA AgCI/, _. 1.OM HCI IP 57 
BATP AgCI < O.03M HCI S 58 

1 

Table n.4 Summary of most relevant impunty element SX system~· extraction of 
base metals and silver from chlonde liquors. Legend: CF = compound formation, 

IP= ion-pair formation and S = solvatlOn. 
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Metal Extractant Extracted Species/Range Mech- Ref. 
anism 

As(V) TOA H3As04 , NO EXTRACTION S exp- 35 
in I.O-8.0M HCI range ected 

Sb(V) TOA Sb(OH)nCIs_n-,3.0-1O.0M HCI IP 56 

Bi(1II) TOA BiCI4- up to 2.0M Cl- IP 
TOMAC BiCI/" up to 2.0M Cl- IP 63 

Se(IV) TBP,TOPO SeOCl2 or SeC14 at 12M HCI S 35 
Altphattc Se(OH2)CI2 > 5.0N HCI S 64 
Monoketones 

TOA H2Se03, HSe03-' pH1.2-5.0 SlIP 67 

Te(lV) TOPO H2Te03 , 3.0M CI04- S 66 

TBP 6M HCI, TeOCll IP 35 
diethyl- " TeOCl1 S 36 
ether 
H2Dz O.I-3.0M HCI, Te(OHh + CF 68 

Table Il.5 Summary of most relevant impurity element SX systems: extraction of 
metalloids from chloride liquor. Legend: IP= ion-pair formation, S = solvation. 

throughout the HCI range and weak basic extractants (TBP/TOPO) seem to extract to a 

significant degree only at higher CI-/HCI concentrations, i.e., > 3.0M. Although the 

solvation mechanism is mentioned in several of the reviewed SX systems nevertheless it 

appears to be applicable only in the case of Se(IV) and to a lesser degree Sn(lV). The 

other cases are nof directly relevant to PGM refining (for example, the extraction of 

H2TeOl from 3.0M ClOd. Compound formation is much rarer as chloride solutions tend 

to strongly complex most impurity elements. It appears then that a weak basic extractant 

such as the one used in this study (TN 1911) has lower potential for the extraction of 

impurity elements from strong chloride liquors. 
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1 CHAPTER ID: EXPERIMENTAL 

m.l Apparatus and Reagents 

Phase Mixine-Contactine: Both shake-out and mechanically-stirred solution tests were 

performed. Almost all the shake-out tests were carried out JO 125, 250, 500, 1000 and 

2000 mL Pyrex separatory funnels. The 125 ml olles wcre small enough to fit on the 

arms of a Burrell model 75 wnst action shaker available in thl~ lahoratory MlIllll1l1l11 

volume used was 10 mL for each phase 111 the case of the smgJe mctal te~t~ whercas ~O 

mL was the norm for mixed metal tests . ln the case of controlled pH test'i, the set-up 

was quite different. A mimmum of 60 ml hquid was poured lOto a 300 ml hcaker tïtted 

with al" teflon coated impeller and a single teflon baffle. Stmmg specd was 350 Lp.m. 

Manual pH control was carried out by using a FIsher Accllmct 810 metcr wlth a 

corresponding pH probe. 1.0M NaOH and 8.0M Hel were used for pH adjustment and 

these were contained in two overhead burettes. Figure III. 1 shows the laboratory 

assembly. 

B.OM Hel 

o 

1.0M NaOH 

o 
o 

_ to pH meter 

Figure Ill.t pH control set-up for agitation tests. 
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Oreanic Phase: Sorne information on the chemical identity of the extractant and the 

other components of the organic phase is given in Table IILl. 

Organic Average 
phase CompositIOn molecular Purity Supplier 

component weight 

REAGENT 8-hydroxyquinoline 311 82% Schering 
TN 1911 R branch unsaturated, Berlin AG 

C#1O-13 

MODIFIER long chain alcohol 200 - Hareros 
Tridecanol C13H27OH Chemicals 

DILUENT NIA NIA Esso 
Solvesso 97 % aromatic 
150 3 % paraffinic 

Table 111.1 The chemical identity of the organic phase components. 

The composition studied was the 5v% (0.13M) TN 1911-lOv% (0.37M) tridecanol 

mixture. In the early part of the work (Experiment 1), a 5v% TN 1911-5v% (0.I8M) 

tridecanol mixture was used and the modifier content was eventually raised to IOv % for 

the remainder of the ex peri mental work to avoid any risk of phase disengagement 

problems. Before usmg the organic phase mixtures, they underwent a conditioning stage 

for the removal of water soluble impurities. It consisted of one 2.7M (100g/L) Hel 

contact followed by four water contacts al! at an A/O= 1 and 3 min agitation time. 

AQueous Phase: Ail single and mixed metal solutions were prepared using analytical 

grade reagents, distilled water and reagent grade HCI and HN~ (12 and 14M 

respectively). Chloride ion source was taken as MgCI2• Aqua-regia at 1 HN01:3 HCI 

volume ratio was used for digestion in the case of solution preparation from elemental 

metal powders and in the case of oxide reagents. Also, whenever stanmc salt was 

required, stannous chloride was oxidised by aqua-regia digestion. Table III. 2 shows the 
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list of materials used in the experiments. 

Reagent Supplier 

ZnS04.7H2O A&C, American Chemicals Ltd. 
CuS04·5H2O Anachemia 
NiCI2·6H2O Anachemla 
Se02 Mallinckrodt Chemicals 
F~(S04)3' 7H2O Anachemla 
Pbo Fisher Scientific 
Bio Cominco Inc. 
Sb20 3 BDH 
As20 3 Fisher SClentific 
AgNO, Fisher SClentlfic 
TeO Aldrich Chemicals 
SnC12wH2O Anachemia 
SnCI4·5H2O Aldnch Chemicals 
PtO Johnson Matthey 
Pdo Johnson Matthey 

KNa tartrate.4H2O Aldrich Chemicals 
NaOH A&C Ltd. 
MgCl2 ACP Chemicals 

HCI Mallinckrodt Chemicals 
H2S04 Aldrich Chemicals 
HN03 Baxter (Canlab) 

Table 111.2 List of the reagents used In the expcrtmcnt~. 
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m.2 Experimental Procedures 

Preliminary Tests with a Multi-Element Chloride Liquor: Among the earlier tests 

carried out in the laboratory were the ones done to investigate the distribution behaviour 

of several impurity elements upon coextraction of Pt-Pd from feed aqueous solutions of 

semi-industrial origin. This feed was preparcd by diluting an industrial feed, coded 

RCMmt-12-I1, obtained from the Royal Canadian Mint in Ottawa, Ontario. A complete 

analysis is presented in Table III.3. It was a Au-free, Pt-Pr! rich solution 10 the presence 

of a greater amount of Cu (14600 mg/L). This feed was also analysed for free acid by 

the EDTA masking technique (explained in Appendix A) and was found to hold 135 g/L 

or 3.7M HCI. 

Element Assay in mg/L 

Pt 2500 
Pd 5100 
Ag 120 
Fe 720 
Cu 14600 
Ni 960 
Zn 860 
Pb 1100 
Na 5400 
As 145 
Sb <3 
Bi <5 
Se <3 
Te 15 

Table III.3 Full assay of as-received Royal Canadian Mint solution (RCMint-12-II). 

Dilution of the as-received solution reduced concentrations of Pd to 1,000 mg/L, 

Pt to 300 mg/L and Cu to 2,400 mg/L. The solution was "spiked" with various impurity 

elements with a target concentratio!' of 1,000 mg/L M.q in the following order: Pb and 
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Bi were added in the elemental form to boihng aqua-regia. and upon complete dlS'Iolutlon 

and vaporization to dryness, HCI and water were added, with ~talmous chlondc logcther 

with ferric chloride following at a 2: 1 molar ratIO to oXldl7e stan nOlis to stanJ1l~. ZItlC 

sulphate, nickelous chlonde, and trioXldes of arsentc and antllllony wcre added I.ller, a'l 

weIl as sorne Pt single metal solutIon to mcrease the Pt concentratIOn. AdJu\tllll'nt of the 

acid level was finally made to 0.70M (30 g/L) HCl The procedure wa~ repcated for 

2.33M (100 g/L) and 4.70M (200 g/L) Hel solutlom The prcpared ~olutlOn~ \Vere 

filtered through no. 42 Whatman paper for removal of any IIlso1ublc\ and analy~C'd by 

atomic absorption spectrophotometry to detcrmine accurately the 1I11pl1nty compo"'ltJon 

The first series of tests were designed III the followmg manncr' a) cach of the 

three feeds was contacted with 5v% TN 1911-Sv% tndccanol-Snlvc\\ll 150 for J 111111. 

at an A/O= l, b) a raffinate sample was removcd and thc olganlc volume adlu"'led to 

maintain the A/O ratIO. Shakmg was continued for a further 12 ml11ulc\ 10 reach the 15 

min. mark, and c) procedure (b) was repeated wlth agitatIon 10 30 111111 

Sinele Element Tests. Extraction and Scmbbin&: Further IIlYe\tlgatlOn of the behavlOl1r 

of the impurity elements was done by carrying out single melal M.q te~t1t1g on cach of 

the following: Fe(III), Cu(II), Zn(II), Pb(lI) , Sn(IV), Ag(l), A<;(V), Sh(V), BI(lII), 

Se(IV), Te(lV). Ni (II) was omitted from thls list sincc it had cxhlhlled 011 extr(K'tlo11 111 

preliminary tests. So, for each of the elements, four aqueolls solution". holdmg 1,000 

mg/L of M.q were made up with different acid and chlonde IOn concentration\): 

(a) 1.3M (50 g/L) HCI 

(b) 1.3M (50 g/L) Hel + 2.0M MgCl2 

(c) 2.7M (100 g/L) HCI 

(d) 4.0M (150 g/L) Hel 

Loading experiments were carried out at an A/O= 1 and 3 mm. contact ~Imc. The 

organic phase loaded with 2.7M Hel feed was retained and in turn 'iphl mto four ~trcam~ 

for scrubbing with various select,ed solutions. These solutlon~ wcre: dl~tlllcd watcr, 2.7 
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and 8M Hel as wel1 as 1.7M H2S04• Scrubbing was performed al A/O= 1 and 3 min. 

contact time immediately fol1owing loading. 

Sorne of the troublesome elements were subjected to further single metal tests 

using other scrubbing media. Thus, Sn(lV) was tested with chloride and hydroxide 

solutions, Sb(V) was subjected to scrubbing with KNa tartrate solution and Ag(l) was 

scrubbe.d with weakly acidic MgCI, solution. 

Batch-Wise Simulation of a Counter-Current Circuit: In order to produce as 

represental1ve data as poSSIble for the design of a continuous counter-current circUIt, the 

method proposed by Treybal W11 was used. FIgure li 1. 2 mtroduces the concept of batch 

contacting in a counter-current cascade fashion. The tlow of aqueous is realised from left 

to right, whereas organic IS JO the opposite dIrection. A 5(lop) by 5(ngh1) batch contacting 

scheme is proposed for a 5-stage counter-current contact and this seems to recreate a 

situation close to the steady state. Volume and metal inventory had to be carefully 

worked out before conducting the experiment as multiple streams became necessary for 

simulating extraction, scrubbing and stripping circuits. A minimum volume of 20 mL 

was a requirement at the tail end of the circuit and was chosen to avoid significant errors 

with the mass balance. 
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Figure 111.2 Treybal's batch-wise simulation of continuous counter-current 
contac:ting. F= aqueous feed, S= fresh organic, E= loaded organic and R= aqueous 

raffinate. 
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m.3 Chemical Analysis 

Instrumentation: The adoptIon of flame atomic absorption spectrophotometnc analysis 

{A A) was based on the vlew that It was the most rapid and sensitive technique 

consldenng the numerous clements to be analysed. Ail relevant mformation on the AA 

analysls of the Impunty clements is summarised on Table III.4. An Instrumental 

Laboratones mode! 357 mstrument tiued with double-beam system was used. Standard 

practlce was to use an alT-acetylene flame (2300"C) but Sn required a hotter flame and 

a nitrous oXlde-acetylene flame was used for this element (- 3()()(J'C). Single element 

hollow cathode lamps were selected as source. 

Sample and Standard Preparation: Aqueous solutions only were analyzed by flame 

atomlc absorption which meant that mass balance could only be derived by balancing 

feeds and raffinates.ln the case of the RC Mmt shake-out tests, Etperimenrs 1-2, 

standards were prepared in 1.5wt% HCI and 2,000 mg/L LaCI3 to avoid suppressing 

mterference from strong Na concentratIOn, particularly In the case of Pt analysis. In the 

initial analyses, erratlc readings were obtained for As and Fe and so further refinements 

were made to the technique for more contident analysis. AIl the remaining tests 

performed wlth mlxed metal media were analysed by using the method of standard 

additions(7ül. The method of standard addItions is based on the concept of spiking a 

sample solution several limes with different amounts of standard solutIOn, thus operating 

in a matched matrix environ ment and producing a linear relationship as weil as an 

accu rate dctcrmination for the particular spiked sample as we1l as other samples. Figure 

I1I.3 shows a typical graph correlating absorbance to the concentration of an unknown 

spiked sample x. 
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1 Element Wavelength. À Linear Remark~ R~pwdll-
(Bandpass. nm) Range. mg/L clblllty 

Ag 328.1 (1.0) 1 - 20 Alr-C~H~. bIlle !lame gnod 

As 193.7 (0.3) 1 - 15 BKG, Alr-C!H~. hl. n poor 

Bi 223.1 (0.3) 1 - 15 Air-C2H~. bIlle name good 

Cu 324.7 (1.0) 1 - 5 " " " " sa t i s t~lCt. • 

Fe 248.3 (0.3) 1 - 5 " " " " " . 
Ni 232.0 (0.15) 1 - 5 " " " " good , 

Pb 217.0 (1.0) 1 - 15 " " " Il " , 

Pd 247.6 (0.3) 1 - 15 " " " Il Il , 

Pt 265.9 (0.5) 1 - 120 Air-C 2H2, bIlle name ~atlsfact. 

Sb 217.6 (0.3) 1 - 30 Alr-C2H}. bIlle name good 

Se 196.0 (1.0) 1 - 30 BKG, Alr-C~H!. bl n poor 

Sn 235.5 (0.5) 1 - 120 N10-C1H}, red conc excellent 

Te 214.3 (0.5) 1 - 25 Alr-C}H2, bIlle name good 

Zn 213.9 (1.0) 0.1 - 1.0 " " Il " " , 

Table 111.4 Atomic absorption settings used for the element~ on the IL 357 
instrument. BKG = Background correctIon with deutenun1 lamp. Pt analy~l~ trom 

mixed metal solutions was followed by SplklOg wlth 2,000 mg/L Lai + • 

Reproduclbihty: excellent <±l%) to poor <±JO%). 
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Figure III.3 The method of standard additions. 
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CHAPTER IV: RESULTS AND DISCUSSION 

IV.l Introduction 

Three kinds of experiments were carried out as part of the study. ln the lir"t 

series of tests, the tendency for coex tractIon of the impunty clements along wlth Pt-Pd 

was observed, using a semi-tndustrial feed and a choscn solvent compositIon. Havlllg 

estabhshed the behavlOur of the elements In multI-clcmcnt ~ollitlon, the ~econd "ene" ot 

tests involved single element ex.tractlon te~t~, whlch wcrc lI~eflil \11 deterl1l1l11ng the 

distribution of the elements as a function of Hel concentration wlthollt the IIlterfl'rcnce 

of possible crowdmg effects. Moreover, single clement dI~tnblltlon te"t<. 111 conJunc:tlon 

with information from the literature summanzcd ln Chapter Il made It po<ililh1c to 

propose the operating extraction rnechanlsms and thereby understand the chcmlstry of the 

TN 1911-HCl system. In additIOn. a second objectIve was the devclopment of ~crllhbtng 

procedures for the removal of Irnpunty element" l'rom the loatkd organlc pha"e The 

third and final part of the expenmental section mvolved the de"'lgn and te"tlllg of a 

flowsheet which incorporated sorne of the developed ~crllhb\l1g proœdure~. 

49 



!V.2 Preliminary tests 

In these tests, a semi-mdustnal feed hquor was prepared from a Royal Canadian 

Mint solution (Table 1II.3) splked wlth :;everal Impunty elements. This feed solution was 

contacted wlth the mvestlgatcd solvent (TN 19111tndecanol/Solvesso 150) to assess the 

general trcnd~ ln Impunty clement behavlOur. Their distribution behaviour was examined 

in term~ of HCI feed concentratIOn and contact tlme. 

At 5v% (O.13M) TN 1911 and 3 min. contact time, Figure IV.1 shows how 

metal extraction vanes as a functlOn of initiai HCI concentration. The extraction patterns 

of both Pt(lV) and Pd(I1) are the cxpected ones as HCI concentratIOn IS increased. The 

extraction of Pt(lV) \Ocrease~ as more orgamc IS protonated whereas the extractiOn of 

Pd(II) dccrca~c~ duc to the hlgher hydrogen and chI onde Ion concentrations. The 

previoll~ly postlllated(41 extractIOn mechamsms explain their behaviour: 

(IV. 1) 

(IV.2) 

lon-pair formation: PtCl/ + 2H2LCl(0) ~ PtCI/(H2L +)2(0) + 2CI' (IV.3) 

However, the nil extraction of Pt(lV) at 0.7M HCI was unexpected and had to be 

further investigated and explained via a series of tests whlch are described in Appendix 

B. It was found that the observed suppressIOn of Pt(IV) was due to the presence of Sn(II) 

added to the feed. As for the extractIOn of the impurity elements, the followmg 

observatIOns can be made: Strong extractIOn of Bi(III), Sb(III) and Sn(II/IV) was seen 

to occur throughout the O.7-5.5M HCI range. Wlth Bi(lII) and Sb(IlI), the tendency of 

extractIOn dropped wlth increasing HCl concentratIOn. Similarly, Cu(II) extraction 

seemed to follow the same trend. In contrast, Fe(III) and to a lesser degree As(III) and 

Zn(1I) were found to extract at increasmg degree with increasing HCI concentration. It 
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Figure IV.1 Distribution of impurity elements in 5v% TN 1911 as a function of Hel 
concentration (Experiment J), conditlOns: 3 min., A/O = 1, 25()C, 

M.q., = l ,000 ± 200 mg/L. 
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should be noted that the analysis of As was at this point rather uncertain as readings were 

erratic (+ 20%). Pb(II) showed bell-shaped bchaviour with highest extraction levels at 

2 "lM Hel whiJe Ni(II) extraction was nil. Lastly, it was noted that no phase 

disengagernent dlfficulties were encountered v'ith these tests (phase separation limes were 

less than 60 ~econds). 

Figure IV.2 shows the effect of contact time, at 0.7M HCI for 5v% TN 1911. As 

expected from FIgure IV.1, two distinct groups of elements are observed al thls acicl1ty 

level: the first group consisted of Sn(II/IV), Bi(I1I) and Sb(III) coextracted along with 

Pd(II) whereas the second group exhibiting < 20% extraction was constituted of As(lll), 

Pb(I1), Fe(III), Zn(IJ), Cu(II) and Ni(I1). Pb(lI) and Fc(III), as weIl as As(I1I), showed 

sorne increase in loading wlth contact time. 

The suppressing effer.t caused b) the presence of Sn(ll) on one hand, and the 

thermodynamic cOllsiderations (Table II.}), which suggest higher oxidation states for 

sorne of the elements mvolved, led to a new test. In this test the feed solution was spiked 

with As(V) and Sb(V) instcad of the trivalent species. The higher oxidation states are 

more likely to prevail in rcal refining liquors as In most cases they are likely 10 uriginale 

from anode shmes trcated under highly oxidizmg condItions (potentials of the order of 

+ 1.00 V). Moreover, Se(lV) and Ag(l) were included ln thls test as weIl whtle stannic 

tin was nnt added since ItS suppressing behavlOur was yet to be understood. The obtained 

results In Figure IV.3 points out sorne interesting dlfferences with reference to Figure 

IV.1. First of aIl, the extraction of Pt(IV) was not suppressed this time; no Sn(ll) was 

present. Bi(III) still loac.led strongly, and Pb(II). Fe(II1), Zn(II). Cu(II) and Ni(lI) 

basically exhibitrd the same behaviour reported in the former experiment. A marked 

difference was the much reduced e.draction of Sb(V) versus Sb (III) and As(V) versus 

As(II1). These dlfferences are better appreciated by considering Figure IV.4 on which 

the As(III)/(V) and Sb(III)/(V) results from the two tests are plotted. As for the new 

tested impurities Ag(1) and Se(IV), the former showed significant coextraction (- 60%) 

despite its low solubility at concentrations below 4.0M HCl (- 100 mg/L) while the latter 

exhibited less than 20% extraction throughout. Contact time was found again not to have 

a significant effect with the notable exception of Fe(III) and to a lesser degree Sb(V). 

52 



1 

c 
0 

~ 

u 
0 
L 

-t--I 
X 
w 
N 

• 

1 00 --- ---- -- -- -
1 _ _+ _- -=:::--====-i 

/ 

+ ~:::-:-~-- u------~------------------- ------- [J 
II--~-- -90 6 - _ ~ ____ ~ ____ - - - - - - - " - -* \ ---------------------;:. ------------;. 
*------ "" "-

80 

70 

60 

50 

40 

30 

20 

10 

0 

Sn(II/IV) 'PdCII} SbCIII) OiCIII) 

0 10 20 
Contact time (min) 

Figure IV.2 Distribution of impurity elements in Sv % TN 1911 al) a functlon of 
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These prehminary experiments provided the basic trends vis-à-vis the 

contamination potential of the variou~ Impunty elements present in an industrial Pt-Pd 

chloride feed used in a solvent extraction CIrcuit employing TN 1911 extractant. In order 

to further charactensc the dlstnbutlOn of these tmpurity elements and thereby develop 

strategies for thetr control, indlvtdual testing of the elements was conducted. 
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Figure IV.3 Distribution of Impurity elements in 5v% TN 1911 as a function of Hel 
concentration (Ex periment 2), conditions: 3 min., A/O= l,25°C, 

M.q,,= l ,000 ± 200 mg/L, with the exception of [Ag(ln= 30 mg/L. 
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IV.3 Single Element DistriblJtion Behaviour during Extnu~tion 

Introduction: The behaviour of the Impunty elements wa~ furthcr studlCd hy carrylllg 

out single metal extraction tests. The Impunty element!l StudlCd wcre Fe(IIl), ('u(lI). 

Pb(II) , Zn(II), Sn(lV), Ag(!), As(Y), Sb(V), Bl(II1) , Sc(lV) and Te(lV) NI(II) wa\ 

omttted from thls hst sincc It exhiblted ml extractlOn In prehmmary te\t\ 

Extractions were carned out for the' range 1.3 to 4. OM Hel and the rC\lIlt\ \\-crc 

plotted in graphical form, with dlstnbutlOn coefficient (dctined a~ mctal concentration III 

organic/metal concentration in aqlleou~) on the ordlllatc and hydrochlonc aCld 

concentratIOn on the abscl~sa. An addltlonal te~t al 1.3M Hel wa~ pcrforll1l'd III wlllch 

2.0M MgCI 2 wa~ added to evaluatc the effect of chlondc IOn dllnng cxtrdcllon The 

results appear on the followmg pages As a measure of compan!lon bctwccn the IInpunty 

element dlstnbutIon data and the Pt/Pd dl~tributlOn data, ~mgle llletai te\h wcre 

conducted as weil for Pt(IY) and Pd(II). The results are <)hown m FIgure IV 6. 

Distribution Coefficient 

Figure IV.6 Single metal plot of Pt(lV) and Pd(II), Sv % TN 1911, A/O = l, 3 mlll. 
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l 
The deplcted trends agree wlth the multlelement results (Figures IV.l and IV.3) and 

previoullly pubh')hed data(4). Below, the individual Impurity elements are discussed and 

possible extraction mechamsms for each of them are postulated. 

Distribution Coefficient 
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Figure IV. 7 Single metal plot of Bi (III) , Sv % TN 1911, A/O = 1, 3 min. 

BUlln As the single metal extraction plot in Figure IV. 7 shows, Bi(lIl) is strongly 

extracted through the entire HCI range of investigation, with a tendency to lower 

distribution coeffiCIent values at greater HCI or chloride ion concentration. This pattern 

is also observed wlth tn-Iso-octylamine«(.;) whlch extracts BiCHI) as an ion-pair abûve 

O.5M HCI where BI(III) forms amomc chlorocomplexes (see FIgure 11.1"2, Apparently 

the BiCI4 /BICI,2 are extracted readily while the BiCl6
3 which dommates al.J\lve 2.0M 

HCI is extracted at a lesser degree. Steric hindrance and/or possibly slow ligand 

exchange kinetics may be the probable causes of this phenomenon. 
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Figure IV.S Single metal plot of Sn(lV), Sv% TN 1911, A/O= l, j mm. 

Sn(1V) With Sn(IV), strong loading is again observed. In other basIc extractants strong 

extraction is also observed like with triisooctylamine(56) at > 2M HCI and wlth TBP(~~) 

at > > 2M HCL At such acid concentrations anionic chlorocomplcxatlOn IS strong 

(logi3n > 3.70 at 1 =S.O(2R» and apparently the SnCI,,/ 1 .... extractcd via an Ion-pair 

formation mechamsm. This evidence IS supported by the abundancc of SnCI,/ ln 

Figure II.10 at > l.OM CL This same mechanism I~ behcvcd to occur 111 the pre~cnt 

system as weil. 
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Figure IV.9 Single metal plot of Te(IV), 5v% TN 1911, A/O=I, 3 min. 

Te(JV) Te(lV) shows strong extraction with TN 1911 above 2.0M HCL In strong 

chloride solutions. Le., > 6M Hel, the weak basic extractant TBP has been reported to 

extract strongly probably as TeOClt/TeCI4+nn- via ion-pair formatlOn(37). Nabivanets et 

al.(40l indeed showed such species to be present above 3.0M HCl (Figure Il.15). As these 

complexes are very strong (logl1n values> 3.24 at 1 =7) the respective D values are high 

al 4.0M HCI and equivalently at 4M Cl-/1.3M Hel with TN 1911. It is therefore hwhly 

Iikely that an ion-pair formation is taking place in the system under study. 
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Figure IV.10 Single metal plot of Fe(III), 5v% TN 1911. A/O=l. J mm. 

Fe(IID In the case of fernc iron a rmmmum IS observe<! around 2.7M HCI. Bclow 2.7M 

HCI, it is possible that Fe3+ is extracted by cation cxchange hke m the DE2HPA 

system(46l. However, other cattonic specles, namcly FeCl tl and Feel} +. CXI~t and are 

more abundant as seen in Figure II. 7. Neglcctmg the exchangc of chlonde IOn wlth the 

organic anion ligand, it is hkely th en that these may load by cation exchangc Ahovt.~ 

2.7M HCl the FeCl,o dommates wlth the slmultaneou~ appcarancc of the I-d'I., anion, 

and as a solvation mechamsm IS less hkely wlth the ~olvent ul,ed hcre. an ion-paIr 

formation mechanism possibly begins to take place 144 4~)_ 
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Figure IV.ll Smgle metal plot of Zn(II), 5v% TN 1911, A/O=l, 3 min. 

Zn(lD An almost linear relationship is evident In Figure IV.11 and Zn(II) loading is 

clearly controlled by chlonde ion concentration. The amme systems reported(47.48). 

showed that at >O.OlM and up to 2.7M HCI Zn(II) IS extracted by ion-pair formation 

and most likely as the ZnCI/ anion. This species becomes the most abundant above 

2.0M HCI (FIgure II.8). The most likely route of extraction wlth TN 1911 extractant is 

therefore by ion-pair formation. 
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Figure IV.12 Smgle metal plot of Ag(l), 5v% TN 1911. A/()= 1. 3 mm 

A&ill. As for Ag(l), the same trend 1S observed a~ wlth BIOIl) Ag(l) torl1l~ ~trong 

chlorocomplexes (log/3n > 3.22 at 1 =O(2~) whlch are known to cxtract via I<m-palr 

formation (as for example AgC]/ l~ extracted at 1 OM Hel wlth an a III III Cl \II) 

Apparently, thlS also happen!l ln the ca!lc of 8-hydroxyqulnolmc dcnvatlvc,) The 

speclation d\agram found for sllvcr shows that at > I.OM CI. AgCl 4 \ bcgm\ lo 

predommate (Figure 11.11). The latter anton bcmg too bulky and lhu\ Ic~\ cxtractahlc 

may produce a decrcase ln extraction and preferentlal extraction of aCld m\tcadl~ll. 

63 



" 

Distribution Coefficient 
3[ - ---------------------

2.5 

2 

, 
1.5 t 

1 

0.5 

• 4 OM CI 

-;-------
/" _-~T 

[Sblteed' 1037 - 1470 mg IL 

+ 

o L - -- --- --- ___ J' __ _ _ __ ~ __ ---L-

o 1 2 ~ 4 
Hel concentration in mol/L 

5 

Figure IV.13 Single metal plot of Sb(V), 5v% TN 1911, A/O=I, 3 min. 

ShiY} Antimony in the (V) oxidation state seems to follow an ion-pair formation route, 

hke for Zn\II), as it is highly dependent on chloride ion concentration. The same was 

found to be true In the amine system(S6).It is true that Sb(lII) forms qUlte strong 

chlorocomplexes (log{3n> 2.00 at 1 =0) and although stabllity data was not found for the 

(V) state, eVldence from mlxed metal tests show stronger loading for the (III) state thus 

probably wcaker amome chlorocomplex formation for the Sb(V) (Figure IV.4). ln fact, 

the chlorocomplexes which do exist for the Sb(V) are in the form Sb(OH)nClS_n- (19) 

(Figure 11.12) in the Hel range of interest, and probably are extracte.d via ion-pair 

formation wlth TN 1911. 
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Figure IV.14 Single metal plot of Pb(II), 5v% TN 1911, A/O= 1,3 mm. 

PbnD Pb(II) aiso behaves very much like Zn(II) and an Increase ln extraction wlth 

increasing acid concentration IS observed. Amine systems have becn rcportcd tn cxtract 

strongly(52-5.1l via the ion-pair route. The extracted species IS believed to be the amon 

PbCI3". It is most likely that the same mechanism apphes to TN 191 1 a~ weil. 
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Figure IV.15 Single metal plot of Cu(II), Sv% TN !911, A/O=1. 3 min. 

Cu(IIl In the Hel range 1.3-4.0M, cop~ , uadins is very low with D < 0.2. Cu(II) has 

a rathcr strong tcndency to form chloroc, :r.pL.!xes (Table II.3). In fact al > l.OM 

chlonde, the chlorocomplcxes CuCI ~. CuCI2 dominate. It appears therefore that Cu(II) 

is extractcd by compound formatIon as estabhshed with other chelating extractants(42). 

The low pre~ence of Cu2+ and CuCI+ in combmatlOn with the high aCldlty of the system 

explains the weak extraction of Cu(II). 
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Figure IV.16 Single metal plot of AMV). 5v% TN 1911. A/O= 1 •. ~ mIn. 

As(V) As(V) does not form chlorocomplexeli In the range Inve!ltlgatcd and accord mg to 

Figure IV .16, extraction is neghgible and qUltc dlfftcultto measurc a~ atomlc ah\orptlon 

analysi~ produces erratic readmgs ln the aCld reglon A~(V) t.!XI\t\ a.., HA..,0t". aN~Il1C 

acid, whlch has httle tendency to dtssoclate (KI = 2 5 x 10 I),q) Very ..,I(lw extraction 

of As(V) has also been reported for an amlllc(~n). In practlcal tcrm\ 11 can be a..,..,ulIlcd that 

extraction of As(V) IS ncghgtblc wtth TN 1911. 
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.~igllre IV.17 Smgle metal p!ot of Se(lV). Sv% TN 1911, A/O=l, 3 mm. 

Sc(IV) As for Se(lV), similarly to As(V), very low extraction was observed and 

D < O. 15 wa~ found to occur (FIgure IV.17). ExtractIon belOg neghglble, and 

dctcrmlllatlon wlth ato01IC absorptIOn analySlS IOtncate, make~ lt dlfticult to Judge the 

truc levcl of loadlllg - and thls IS partlcularly true for 4.0M chlonde ion concentration. 

Any extractIon may be due to the dIssocIation of H2SeO, lOto aOlonic species su ch as 

ScO/ . HSeO\ (FIgure 11.14) whlch extract Via the ion-pair formatIOn mechanism. 
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1 

Summary of observation~: By examIntng the graphs of Fll;~lIre<; IV 7 to IV 17, the 

various Impunty elements could bc c1a~~itïed ln tluce categone\: tho~c \howmg the 

highest values of dlstnbutlOn coefficient (D > 25) ~lIch a~ BI(llI) and Sn(lV). moderatl' 

values (0.5 < D < 15) exhlbltcd by Tc(IV), Fe(lIl). Zn(ll), Ag(l), Sb(V) and Ph( Il). ami 

lower value~ (D<0.15) for Cu(ll) , A~(V) and Se(lV) A\ <1 gCl1erdl rule, 11Igher 

extractions were obscrved wlth mcrca~Ing aCldlty and l'hlonde Ion COllccntr.ltIOll. wlth 

bismuth and sJlver bClng the cxccptlom. Iron Wd~ the onl) clemcnt whlch :-.howed .1 

minimum III the aCld range 1.3-4.0M wlllle ('uOI) extraction ck.lfly dccrl'a ... cd wllh 

mcreasmg HCI/CI concentratIon. Table Il 4 ~lImlllan7e~ lhr ob\crvallon\ and Includl'''' 

postulated mcchamsms for the clementI., In the Hel range 1.3-4 OM wlth tl1l' cxtr.lct,lIlt 

TN 1911. 

- == 
Element DlstnbutlOn Mo~t ahllndant Po~tlliaied 

coefficient chlorocornpkx mCChanl\I1l 
(1.3-4.0M Hel) wtlh TN 1411 

BI(III) 800 - 50 BICII/BICl\) li> 

Sn(IV) 20 - 110 SnClô~ IP 

Te(lV) o - 15.0 TeOCV lTeCl4 +nn IP > 2.0M 

Fe(III ) 0.3 - 5.4 Fe3t /Fe('f+/ CF<2.7M <IP 

FeCI/ < 2. 7M < F'eC14 

Zn(I1) 1.0 - 3.2 ZnCI/ IP 

Ag(I) 4.3 - 1.2 AgCI/ IP 

Sb(V) 0.25 - 1.9 Sb(OH)nCI , nn IP 

Pb(I1) 0.1 - 1.4 PbCI~ IP 

Cu(II) 0.18 - 0 euH/cuC! t CF<2.0M 

As(V) <0.1 H~As04 S 

Se(lV) <0.15 SeO/IHSeO\- IP 

Table IV.l Summary of single mrtal extraction ob~ervatlom 
and postu1ated mecheillisms. CF = compound formation, 1 P == lon-pal r formation, 

S =solvation. 
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IV.4 Single Element Distribution Behaviour During 
Stripping/Scrubbing 

Havmg stlldled the behavlOur of the IInpunty elements by mvestlgating thetr 

extractIon wlth 5v% (O.UM) TN 1911. mformatlon was made available for the selection 

of scrubhtng m\'dla ha'ied on the depcndency of the dlstnbutlOn coeftïclent~ on the aCld 

and chlonde Ion concentratIOn Morcovcr. upon testmg the vanom stnppmg/scrubbmg 

mcdla, Il wa~ pO\'~lble to vcnfy the postulated extractIon mechanJ~m~ ln ~ect1on IV.3. 

SlIIgle-rnet<t1 loadcd organlC\ locuJcd al 2. 7M Hel werc ,>ubJcctcd 10 Ihe followmg shake­

oui Ic"t~ performcd al amblcnt tCll1peratur\~ (25"C). A/O= 1 and 3 mmute contact tlme: 

(1) dl~ttlled water. )Imulatmg Pt stnppmg 

(1\) 8M Hel, slmulatmg Pd stnppmg 

(11\) 2.7M Hel a) ~cruhbing medIUm 

(IV) 1.7M H.,S04 a~ scrubbtng medium 

A SOlutlOI1 of 2.7M Hel was selected as a scrubbmg medIUm based on the 

findmg~ of the prcltml 1ary testwork wllh seml-mdu:\tnal solutIOn (FIgure IV. 3). It seems 

that al thls aCldlly, the dIstributIon coeffiCIent IS maxImal for Pt/Pd whereas many of the 

Impunhc~, namcly Fe(III), Cu(ll), Sb(V). As(V) and Se(lV) exhIba a mInImum. Strong 

~ulphl1nc aCld aIl. 7M concentratIOn was adopted a:, a ~crub solutIon for Zn(lI) and 

pcrhap~ Cu(11 J, Ag(l) a~ weil a~ BI(IiI) whlch showed l(lwcr dl~tnhut'on coefficlent~ at 

11Ighcr aCld slrL 19th. ft wa~ lhought that the sulphatc/bl~ulphate amom would be capable 

of dcstabJlI71ng the amon chlorocorlplexcs v.. hlCh were mo~tIy respon~lble for the 

extractIOn of the Impuntle~ wlth TN 1911 thus faClhtatmg thelr removal from the orgamc 

phase. The result~ arc reported In bar chart form 111 figure IV.18. 
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Figure IV.18 Dep"rtment of impunty clement') in four ~,crubh.tnp ~ollltlOn\ wtth Sv % 
TN 1911 @ 25°C, A/O= 1, 3 mm. {Metal concentrations refer 10 loaded orgamc 

phase. Orgamc loaded wlth .i. 7M HCl, 
CMaq .• = l,OOO±2GO mg/L). 
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1 
çontact with 11 2(): Contact wlth dlstll1ed water at initiaI pH 4.5 produced a final 

raffinatc pH 01 () 7 whlch wa\ much lower than pH 2.0. the optimum Pt stnp hquor 

pHil). Hence, a \Ignlfalcant arnount of aCld wa~ transferred from the orgamc to the 

aqucou., pha ... e ~InCC pH con~rol wa., not u~ed It can only be ~.ud that the clements 

Ph(ll), Zn(ll), Se(lY) and Te(iV) appcar to have a tendency to report to the Pt strip 

.,olutIon. BIOII). dc.,pItc 11\ low pcrcenk1ge removal (10%). still rernams cJasslfied as a 

potenually trollhl"~oll1c clement m Pt 'itnpplng sm ce It rnlght report ln slgm ticant 

concentratIOn<., « j OOmg/L) The removal of Pb(ll). Zn(lI) and TeOY) from the loaded 

orgamc pha ... c hy H ,0 contact IS ln agreement wah the postulated extractIOn mechamsms, 

I.e., Ion-pair formatIOn In Tahle IV 1 Hence upon contact wlth watcr. the extractant is 

deprotonated and the amonlc metal SpcCICS can no longer remam lT\ the organlc phase. 

Moreovcr. the anIon.. ZnCI,', PbCI\ and TcOCI} are lIJ...ely 10 partly losc thclrchloride 

Ions and hccomc ncutral or catIOnIC and thu., not extractable The behavlOur of Sb(V) can 

be undcr<,!ood Ifl the 'lame way. ln the case of selemum. the selenou) amon HSeo, IS 

hkely to galll a proton lIpon water contact. to be tran~forrned mto H~SeO.(' and will thus 

b(,~ removed l'rom the orgamc phase Ag(l) dld not respond to water contact and this may 

be duc to the low chlonde Ion content of water whlch IS not able to kecp Ag(l) in 

~ollitlOn dur.: to low SOlllblhty. On the other hand. Fe(II1) and ClI(lI). due to their 

pmtulated compl'und formatIon extraction do not rcspond to water stnppIng. Of 

partlcular If1tere<,t 1 ... thc behavlOur of BI(III). The latter, based on thc postulated lon-pa •. 

formation mechal1l~m Crable IV.l) was cxpccted to be removed via tre deprotonatlOn of 

the extractant ThIS howcver occurcd only al a margmal degrce of abwt 10%. It IS 

po~slhlc that upon deprotonatlOn of the extractant and release In the aqllcou~ aCldlc phase, 

thc latter l~ bacJ...-extracted by TN 1911 In the form of a chelate: 

(IV.4) 

(IV.5) 

The extraction of Bi(III) via chelate formation from H2S04 media (> 1.OM H2S04) with 
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1 
Kelex 100 -analogous to the TN 1911 systell1- has heen known w o('cur('\l FlIlally the 

behaviour of Sn(lV) IS to be dlscus!led at the end of tht~ !Iection. 

Contact with SM nel: the rc<,u1t~ shov. that thcrc III potenttal for ~tgll1fi('.\nt tr,ln,fer of 

a number of Impunty c\cment~ and part1cularly Ph(1l) , Zn(1I) , Ag(1) .lItd BI(1I1) 111 the 

Pd stnp hquor. In reference to the po<;tulatcd cxtractlon mcchant<,m<, (Tabk IV 1), thl' 

observed stnppmg/~cruhbll1g behavlOlIr \VIth Rf\l Hel l"lll he ulHkr\tOtld II the ('1 

constItuent of HCl 15. con!lldered. Thu~ wlth lIKfCa'illlg CI (or l'<.jlllv,llelltl) H( '1) the 

simple extracted ~peclc~ are converted to htghcr chlorocompkxc" pm<,c\'lJ1g ~ ~ dMrge 

which arc less cxtractablc due tn stl'rIC hmdrance For exampk, PhCl, l' CO!l\'l'rlcd III 

PbCI/ /PbCln.! , Agel,' to AgCV and BICI, / BICI,' 10 BICl!,' whlch ,In? "110W11 \0 he 

less extractablc!\2 \\ \7 O~l. The abow rca.,omng (an howc\'cr 1101 he appllcd to thc C;\\L' 01 

Zn(II) ~tnppJng wtth SM HCL as Zn(ll) docl, not form complexe" hlghcr tlMn ZnC!.t' and 

thus no cxplanatlon can be glvcn at t1m p01l1t. On the othcr hand, the fallure of ClI(\l) 

and Fe(II1) to be ~tnpped wlth 8M HCI, dc~ptte th('lr pre~llllled jXC\CI1Ce 111 the orga!llC 

phase al, chelates (sec Table IV.l), 1\ attnhuted to thc formatIOn and b,ll" exlractlon of 

hlgh amome ehloroeomplcxc\ CuCl/ and FeCl.! a~ lon-p(ur~ 

lt t~ L'VIdent. thcrcforc, from the prc~cntcd rC!lulb that a l1ulllbcr 01 thc IInpunty 

element~ have the potentlal of contammatlllg the PI and Pd "tnp IIqmm and IIm ha, 10 

be preventcd by devI~l\lg !Icruhnlflg schcmc~ for thelr prompt rernoval 

Contact with 2.71\1 1IC1: 2 7M HCI wa<, partly ~lICCC~<,flll Ifl the rcmoval of Fe(lll), 

Zn(II), Te(lY) and Se(lV). The obtall1ed re\u1t~ an: ln general agreement wlth the 

extractIon data. In Table IV.2 the respectl\t: dl\tnbutlOn coclTlClcnt<, and Icveh 01 

expected and observed removal of each metal arc comparcd ('on\ldcnng that the mctal 

and free extractant concentratIon werc not cxactly the "aille and that the klnetlC\ 01 

reverslbility are Ignored, the obtalflcd Icveh of "crubblng arc dccl11cd rc'I\onahic 

Significant discrepancy occurred wlth selcl1Ium but mmt of ail wlth copper. Thl~ mlght 

weil be due to slow scrubbll1g kmetlcs, or due to error~ a'i"ocIatcd wlth thc analytlcal 

determmatlOn of metal concentratIons wIth flame AA. 
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-, 
M Extraction Scrubbing Expected Obtalned Agree-

D D Percent Percent ment 
Scrubbing Scrubbmg 

Morg/M.q Morg/M.q based on Dr.:x r .• 
Fc(lII) 0.5 1.5 65 40 Good 

Pb(lI) 1.3 0.9 40 53 Good 

Zn(ll) 2.2 3.5 33 22 Good 

Ag(l) 4.0 3.2 20 24 Good 

Bi(lII) 50 32 2 3 Good 

Te(lV) 2.4 3.8 29 21 Good 

Sb(V) 0.3 4.5 76 18 Poor 

As(V) 0.09 15.7 92 6 Bad 

Se(IV) 0.05 1.0 95 50 Poor 

Cu(lI) 0.01 5.7 99 15 Bad 

Table IV.2 Comparison of distribution coefficlent~ at 2.7M HCI obtamed from 
extraction and scrubbmg tests. For DL '\TRAC110N' M.q mm.l= - 1,OOOmg/L except for 
Ag(!) (- lOOmg/L) and for DSCR1I\IBlNO' Morg lMlal < 1,000 mg/L except for Bi(IlI) and 

Zn(II) (see Figure IV.18). 

Contact with 1. 7M H~Q.;. Strong sulphunc aCld was a more efficient scrub medium 

as It achlcvcd > 70% removal of Fe(II1), Zn(H), Te(IV) and Se(IV). The H2S04 

scrubbing action wlth the exceplton of Cu(II) agatn 15 explained as follows: Fe(III) IS 

removed from the orgamc because Its chelate complex (Fe~) IS stnpped by H+, while 

its ion-pair (FeCI4 H2V) IS stripped by convertm:,; FeC14' to non-anionic specles via the 

dilutmg actIon of HS04"1S0/ amons. The latter explanatlOn IS presumed to apply 10 the 

case of Zn(H) (ZnCI/ .... Zn2+) and Te(lV) (TeOCV .... TeO+) as weIl. The 

correspondmg Pb(lI) and Ag(1) were not scrubbed probably due to their known 

insolubllity m sulphate medium. In the case of Se(lV), the extracted anion HSe03' can 
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be thought of as bemg converted to neutral 5Jcknous aCld (Figure 11 17) ln the pre~rnœ 

of high H+ concentration. The sarne dld not apparcntly :1appcn wlth the HM HCI ~olutlOn 

due to the possible interference of Cl Ions. 

Scrubbin& of Sn(lYl! In ail the above contacts. Sn(lV) wa~ found not to re~pond. As 

indicated in section IV.2 the Sn(IV) extractIOn results seem 10 ~uggest that the clemcnt 

is extracted via an lon-pair formation mcchamsll1. I.C .• 

(lV.6) 

lt was therefore expected that elther H]O (via dcprotonatlon of thc extractant) or H,SOI 

(through ligand exchange of SnCI,," to non-anion ~pecle\) would ~tnp Sn(\V) from TN 

1911. This. ho\'. ever. wa\ not the ca\c 

It wa~ declded to attempt the removal of Sn(lV) by u~lng a vandy 01 ... electcd 

H
2
S04• MgCl 2 and NaOH solutions. The only ~olutlOm whlch \howcd \OI11C cffcct wcrc 

those with 0.5-1.0M NaOH. Wlth the latter ~olutlons. up lO 25<;~) of loadcd ... tanmc tm 

was removed after a 3 mm contact as ~een m figure IV. 19 DI~cngagcl1lent tlllle Wd~ 

found to be fa~ter for the 1.OM NaOH test at le~~ than one I11lnute Emuhlon lorrnatlon 

was observed only III the 2.0M case. Thu~. the 1 OM NaOH \OllltlOn\ \11.\\ rctalllcd lor 

further testmg. A 6-stage test was then condllctcd to ~el' whethcr Sn(lV) lOuld oc al Iea\t 

removed l'ven wlth the tnconvelllcnt approach of nurncrou\ \tage~ u ... mg Ire ... h NaOIl lor 

each stage. FIgure IV .20 sho~s that grcatcr th an 75 % of Sn(lV) ~a ... In l,let rell1ovcd. 

wlth the 6-stage cross-current contactmg test Next the cHect of contact tlll1e Wd\ 

lIlvestigated. The outcome of thl~ test I~ 1l1mtrated on Figure IV.21. wlllch ... how<, that 

over 90% of Sn(lV) was succesfully removed Ill1plylng a kmetlcally controlkd reactlon 

No emulslOn ernu)slOn formatIon wa ... ob~ervcd lf1 the~c te\t~ 

The chlorocomplex apparent)y rcslsted conversIOn mto catlonlc/neutral ~pcCIC~ 
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Figure IV.19 Scrubbing Sn(lV) from loaded 5v% TNI911 single metal tests, 
A/O= 1,3 mm., 25°C. 
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Figure IV.20 Sn(lV) six-stage scrubbing usmg 1.OM NaOH solution 
5v% TN 1911, A/O=l, 3 mm., 25°C, [Sn(lV)](O)= 455 mg/L. 
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Hgure IV.21 The effect of contact time on the removal of Sn(lV) uSlllg I.OM 
NaOH. 5v% TN 1911, A/O= l, 25"C, [Sn(IV)](o'= 455 mg/L. 

through the removal of CI IOns due to Ils thermodynamlcally stahle character(27,. The 

effectiveness of NaOH can he attnbuted 10 be the succe~ful exchange of CI IOns for OH 

to form Sn(OH)n(4-nl- specles. ln fact Invcstlgators(72) have round that 0 05M Sn(IV) form\ 

stable monomenc specles m solutIon wlthout any tllrbldlty, whcn ad]l1\ted to > O.JM 

NaOH. Another plausible mteractloll may be an aCld-ba~c rcactlon hctwccn SnCl4 and 

the base as the former IS known to be a very strong LcWI"i aCldo l
'. Through longer 

contact times wlth NaOH, the tIn problem wa~ resolvcd. AttentIOn wa~ then glven to 

sorne of the other problem Impunties such as Ag(l) and Sh(V). 

Chloride Scrubbilll:: The single metal test on Ag(l) (FIgure IV .12) ~h()wcd effective 

suppressIOn of extractIOn at high chlonde concentratIOn. Thl~ c1uc Icd to te~lmg Iwo 

scrub solutIOns: 2.0M MgCI2 and O.IM HCI+2.0M MgCI} whlch rcprc\cnt ~trong 

chloride ion and weak aCld/strong chlonde. Accordmg to the obtalJ1cd rc\ult'l the wcakly 

acid scrub medIUm proved effectIve In removmg Ag(l). 
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MEDIUM FetXi Ag(l) % Scrubbed 

0.1 M Hel +2.0M MgCI} 30 mg/L 61.0 

2 OM MgCl} 30 mg/L 23.0 

Table IV.3 Scrllbbmg rC~lllt~ for Ag(l) llsmg strong chlonde 1011 In solution. 5v % TN 
1911, A/O=l, 3 mm., 25"(', MIXed metal orgamc phase: Pd 400, C1l60, Ag 30, BI 

1730 (In mg/Llo 

The effective scrubbmg of Ag(I) VIa the action of chloride ion IS In agreement 

wlth the postulated extraction mcchantsm of Ag(l) which calls for lower extractIOn of 

Ag(l) when the hlgher chlorocomplex (AgCV) dominates. 

Scrubbina: of Sb(Yl! A spectrophotometnc study by Gentry and Shernngton(74), revealed 

that the extraction of Sb(V) could be partia1Jy suppressed In the presence of 2 % sodIUm 

potassIUm tartrate. Llmlted testmg of KNa tartrate salt was attempted on smgle rnetal 

sollition~ of Sh(V) and results showed that one contact of 3 m1l1. at an A/O= 1 wlth 0.1 M 

tartrate wa~ sufficlcnt for almost 50% rcmoval of Sb(V) (Table IV.4). Phase ~eparatlOn 

was close to 5 mm. and emulslOn problems were expenenced only at hlgher tartrate 

concentratIons. 

[KNa tartrate) % Sb(V) Scrubbed Remarks 
in mollL 

0.1 46.0 phase sep.: 5 mm. 
0.2 16.0 stable emulslon 
0.4 14.0 stable emulsion 
0.8 18.0 stable emulsion 

Table IV.4 Sb(V) scrubbmg wlth KNa tartrate solutions from 5v% TN 1911. 
ConditIOns: A/O= 1, 3 mm., 25°C, [Sb(V)]o= 109 mg/L (Ioaded from single metal 

solution at 2.7M Hel). 
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The Erreet of Serubbina: on Pt and Pd;. The single metal scrubblllg re~ult~ "IHl\H~d th.lt 

Hel and H2S04 solutions would tndecd be adequate 111 the removal of mo~t 01 tlll' 

impunty clements. As the loaded organtc would aho contatn Pt and Pd, It W.l\ Important 

to conslder whether significant lo~scs would occur dllflng ~cruhhll1g. ()rgarlll:~ wcrc 

therefore loaded u'\lng the same mcthodology a~ de~cnb~d ln Sedlon IV.J l1H'n, they 

were subjected to scrubbmg for dlffcrcnt contact tlmc~ and HCI/H ,SOI conrcntratlon~ 

Table IV.5 shows the results. 

In the case of pt/Hel, losses wcre not affcctcd by tllne of contad (J and \5 min.) 

or acid concentration (1.5--3.5M Hel) and remamed constant al < 1.6%. 'l'lie Pt-Hel 

scrub results are ln very good agreement wlth the ~\I1gk metal plot-. (FIgure IV.6). 

AccordlOg to the re~ults 10 the latter figure, /)\,>60 .\t 1.'iM Hel whlch \dgge<.,t\ th.1I 

less than 2 % of the Pt(lV) rema1l1cd1l1theaqlleou~pha..>cWlthpd/Hel.10\ .. e~ werc 

effected only at greater than '2.5M Hel. At J m1l1 contact tlllle, 61j() 10\" wa ... rcgl',tcrL'(\ 

at 2.5M Hel; that mcrcase{} to 15% at 3.5M Hel. Longer contact rC~l1lted ln very httle 

change, wlth 4% and 18% lo~~es re-;pectIvcly. These val\lc~ ,lie agatn III agrccment wlth 

Figure IV.6 whlch glves D - 20 al 2.5M Hel and D=f:,- 7 at ] 5M HCI For thl'\c J) 

values, 5 and 15% rl'moval of Pd(II) IS cxpccted a~ 1<., round \11 'Llhle IV 'i '1 he data 

collected therefore showed that an Hel scrub solutIon 10wer than '2 ) M would he 

effective in selecttvely removmg the Impunty elemcnt~, wllh only m1l1or lo\\c~ 01 Pt- Pd 

and that contact time (up to 15 mmutes) docs not affect PGM lo<.,\c..,. 

In the case of H2S04 scrubbmg, the effecl of aCld concentratIOn, hctwl'cn () 1 and 

1.7M, was investtgated only for 3 mmute contacts. The lowe<.,t lo..,,,e,, were ob ... rrved at 

the highest aCld concentratIon (1.7M) both for Pt (1 5 %) and Pel (() -"li;). The greatc\t 

losses were for Pt al 0.1 M H~S()4 wlth 67% gomg to the aqueoll" \cruh pha\c A 0 1 M 

sulphunc aCld wOllld approxIlllatcly corrc\pond 10 pH 1 ()O and tlw, 1\ the reglon of Pt 

strippmg whlch IS abovc pH 0.7. The corrc<,pondll1g lo~" lor Pd 111 () 1 M \trlphuflc <JeHl 

solution was 3 _ 5 % Overall thercforr, adoptIon of a dual aCld \crubhlflg aCld dpproach 

using 2.0M Hel and 1. 7M H2SO.j I~ cxpected to cffect!ve)y removc the Impuntle~ and 
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Scrub solution CPtaq.mg/l CPdaq.mg/l 
(C in mg/L) 

3 mm. 15 mm. 3 mm. 15 mm A/O=l ,-
CMorg= 874 Pt 

1003 Pd 

1.5M HCI 11 14 15 3 
2.5M HCI 9 9 63 41 
3.5M Hel 11 11 152 178 .-!..-. 

CMorg = 1118 Pt 
967 Pd 

O.IM H2S04 750 - 35 -
0.9M H2S04 '30 - 3 -

1.7M H2S04 16 - 3 -

Table IV. '; Pt-Pd single metal scrubbing tests in HCI and t~lSOI solution. 

prevent contamination in the Pt and Pd strip liquors with negligible losses of Pt and Pd. 

Summary: The data presented in this section was useful ln two ways: (i) 10 dcvcloping 

scrubbing schemes for the common impurity elements encountered 10 industnal chloridc 

leach liquors; and (ii) in understanding the underlying extraction/stripp1Og mechanisms. 

It is evident that further tuning of these procedures would be required in order to select 

more suitable scrubbing conditions for maximal removal of Impurities with minImal 

losses of Pt/Pd. ft is also important to note that in multi-element solutions the elements, 

including the PGMs, may behave differently due to the phenomenon of crowdmg . 
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IV.5 Flowsheet Design Considerations 

Introduction: The extraction and scrubbing data which had been generated in the earlier 

tests was used to design and test a flowsheet for the clean separation of Pt and Pd. Scrub 

steps were incorporated in the circuit based on the behaviour of the impurity elements 

with different scrub solutions. 

Selection of Synihetic Feed and Extraction Conditions: Before looking at potential 

scrub solutions, it was essential to select a feed HCI concentration which would 

maximize Pt/Pd extraction and perhc:lps reduce the coextraction of many of the impurity 

elements encountered in the Pt strip solution. Making this selection was rather 

straightforward: by examining the single metal extraction results for Pt (IV) and Pd(II) 

(Figure IV. 7), a common region of strong coextraction for Pt and Pd was identified at 

100 g/L (2. 7M) HCL This same acidity point produced a minimum in Fe(III) and little 

or no Cu(II) extraction. As(V) and Se(IV) also exhibited distribution coefficients lower 

than 0.1. 

Having made the selection of the feed acid concentration, it was rather unrealistic 

to accept that 1,000 mg/L of each of the impurities would be present in a typical refinery 

feed. PGM retining liquors vary greatly both in terms of composition and concentrations. 

Table IV.6 shows the compositions of two industrial liquors which were av:ïilable in the 

laboratory as weB as the composItion of the feed prepared specifically for this work. It 

was decided to include tirst of aH, elevated concentrations of Cu and Ni, 3,000 mg/L of 

each, as a typical feed may originate from a copper or a nickel retinery. The remaining 

impurity elements would each be present at 500 mg/L except for Ag which would 

typically occur at around or below 100 mg/L due to its low solubility in aqueous 

solutions. Pd being more abundant than Pt was set at 3,000 mg/L and Pt at 1,500 

mg/L. 
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METAL Noranda,sl R.C. Mmt MeGdl 
(#RCMINT -12-11) (March 199\) 

Pt(1V) 713 2500 dO(' 
Pd (II) 6814 5100 3000 
Ag(l) 69 120 100 
Fe(lm 154 720 500 
Cu(ll) 2120 14600 3000 
Ni(ll) no assay 960 3000 
Zn(ll) no assaj 860 500 
Pb (II) 274 1100 500 
Na(l) no assay 5400 no as!.a) 
As(V) no assay 145 500 
Sb(V) <1 <3 500 
DI(TI1) 133 <5 

~E~ Se(lV) 8~ <3 
Te(lV) no assay 15 

Table IV.6 Typical refmery feeds vs McGill synthetic feed. ConcentratIOns ln mg/L. 

As for the the number of extraction stages, prevlOUS work(4) Invol vmg the 

construction of isotherms had determined two stages to be sufficient both fOT Pt and Pd. 

Before this number of extraction stages was adopted it wa~ thought lIseful to evaluatc the 

deportment of the impurity clements when consecutive contacts wlth the samc organic 

are performed. Under this contacting scheme, any tendencles for crowdmg could be 

bettcr dctected. The results are depicted in FIgure IV.22. According to the top bar 

diagram of this figure, after two contacts, Pt begins to drop and Pd loading mcreases. 

Similar behaviour has been observed in a paralle1 study conductcd by Côté(7\). In tcrms 

of the impurity elements we can mention the foIJowing observatIons. firstly, the elements 

Ni(II), Pb(II) , Se(IV) and Te(IV) are either effectlvely not extractcd or slmply do not 

build-up in the organic phase as the contacts increase. These elements should thereforc 

not be problematic in a solvent extraction circuit. Secondly, the loading of Fe(lII) , 

Cu(II) , As(V), Sb(V) and most notably Sn(lV) keep increasing wlth contact stage and 

need to be watched, and thirdly, Bi(lII) was the only impunwwhlch cvcntually showcd 

a drop in loading after two contacts. A two-contact extraction scheme was adoptcd for 

Pt/Pd coex traction despite the co-loadmg of sorne of the impunties. For feeds wlth 

different Pt/Pd molar ratios different conditions might have to be devised. 
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Figure IV .22 4-stage loading of 5v % TN 1911. 
Conditions: A/O= 1, 3 min., 2.7M Hel feed, impurity element concentrations appear 

in legends. 
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Selection of Scrub Solutions and Conditions: Based on the single metal scruh rcsults 

in Section IV.4, Table IV. 7 was prepared to classify the Impunty clements accord mg 

to their contamination potential. Thus elements reported to stnp hqunrs at hlgh 

concentrations (> 100 mg/L) were classified as having hlgh contammatlOn potcntlal whlle 

those reportmg at < 100 mg/L had lesser contammatmg potentlal. Impuritles reportmg 

at less than 20 mg/L are not included In this table as thls level IS taken as the "thrcshold 

of cleanliness" (76). The table shows the importance of c1eanmg the orgamc of ItS IInpunty 

species prior to Pt/Pd stripping. In particular, Pb(II), Zn(II) and Tc(IV) should be 

rcmoved prior to Pt stripping, while Ag(1) and 81(111) could be dealt wtth after Pt 

stripping but before Pd stripping. 

Impunties Hlgh Contamination Potentldl Low Cont-imll1<ll1on Potcntl<ll 

reporting to: > 100 mg/L ln stnp hquor < 100 mg/L 11l ,tnp hquor 

Pt strip Pb(II) Zn(II) Te(lV) Se(lV) Bi(III) 
solution Fe(III) Sb(V) 

Pd strip Pb(II) Zn(1l) Ag(I) -
solution Bi (III) 

Table IV. 7 Classificatton of impurity elements according to their potential lo 
contaminate the PGM strip !Iquor. Conditions: 5v% TN 1911 with Fecd 

[HCI]=2.7M, 1000 mg/L M.q • 

The Desi&n of the HCI Scrub: In order to further optimlze the Hel scrubbing step, data 

was generated, based on distribution coefficient values obtained in the single metal 

extraction experiments (Section IV.4). In princlple, thls value, IS mdependent of the 

phase volumes, and for the extractIon stage is defined as: 

D [MJorg 
E [M] 

CUI 
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The distribution coefficient in its rigorous definition IS determined at the equilibrium state 

and for a revcrslble smgle transfer reaction. However, for all practlcal pllrposes it can 

be used to obtain data useful III deslgning the flowsheet. It IS obviou~ that tha data will 

be valid only for the impurity elements th,t seem to attain fast and reversible 

equilibnum. As It IS shown later 10 thls section many of the impuritles tested seem to 

obey this reqUlrement. It is with caution that this analysis should be approached. For 

scrubbing or stripping, D IS defined as: 

[M]aq 
Ds ---'­

[Ml org 

(IV.8) 

where Ds is the distribution coefficient for stripping/scrubbing. For a pair of metals, say 

Pt and an arbitrary impurity element M, the ratio of the two distribution coefficients 

defines a new quantity: 

Ds 
S =- .-!!. 
fil}" D 

s" 

(IV.9) 

where Sr is a measure of the degree of separation between Pt and M and is known as the 

separation factor(77). The greater the !Jj, the better the removal selectivity between the 

impurity element and Pt. Ds values were thereÎore .:alculatcd for Pt and each of the 

impunty elements at 1.5, 2.5 and 3.SM Hel and SI values have becn determincd. Using 

the respective Ds values and through A/O ratio manipulations, the efficiency Jf impurity 

element selective removal was estimated vis-à-vis Pt. Appendix C provides details of the 

these calculations. 

The data shown In Tables IV.8 and IV.9 describe what theoretically should occur 

in Hel scrubbmg at 1.5 and 2.SM Hel respectively if the distnbution coefficient is 

respectcd for ail the Impurity elements. The absulute concentrations are given in 

Appendlx C. Also found in Appendix C is data for the 3.5M Hel which is excluded from 

the present discussion due to unacceptably high los ses incurred for Pd al this 

concentration. 
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1 It is interestmg to note that the calculated dlstnbutlon data for Pt are \Il gond 

METAL CMorg Sr Mmnmed Mrr"mo\lrd ~1rrn\l..1'\("J ~1 .... m"\r,1 
(mg/L) Pt/M A:O=O.5 A:O=I :\:0=:2 A:O=3 

(m %) (m %) (m %) (m %) 

Pt 990 NIA < 1.0 '1 3 5 ... 

Pd 923 NIA 1 1 1 1 

Se 60 1550 93 97 97 100 

As 93 886 96 93 96 98 

Cu 105 388 76 87 93 94 

Pb 565 248 20 80 89 92 

Sb 286 248 20 80 89 92 

Te 714 78 38 56 71 79 

Zn 697 52 29 45 63 71 

Fe 231 25 17 29 44 55 

Ag 80 14 Il 19 33 41 

Sn 972 3 2 4 8 12 

Bi 980 <0.1 0 0 0 0 

Table IV.S Predicted scrubbing data for 1.5M HCI solution. ConditIOns: smgle 3 
min. contact on 5v% TN 1911. Last four columns depict rcmoval efficlcncy (lcvel~ of 
loading were taken from single e1ement extraction tests at 2.7M Hel; SectIOn IV.3). 

agreement with the experimentaly obtained scrubbmg data reported carllcr ln Table IV. 5. 

Thus accordmg to Table IV.5, Pt losses were < 1.6% throughout the 1.5 to 3.5M Hel 

range at AIO= 1 agreeing weil wlth the computed los~e~ « 2 %). Thl\ confirm~ that for 

Pt(IV) the D value ho1ds for extraction and scrubbmg. Mmt of the Impunty elcment~ 

seem to follow this rule with the most notable exceptions bemg Cu(I1); expcnmental 
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l METAL CMorg SI MRmloved MRemrn.ed MRemoved MRemoved 
(mg/L) Pt/M A:O=1I2 A:O=l A:O=2 A:f)=3 

(in %) (in %) (m %) (in %) 

Pt 990 NIA < 1.0 1 2 3 

Pd 923 NIA 2 4 7 Il 

Cu 105 2857 93 96 99 If)() 

Se 60 1667 89 95 97 100 

As 83 1111 76 91 96 98 

Sb 286 286 59 74 78 89 

Fe#1 231 231 40 57 72 81 
#2 64 82 93 97 

Pb#l 565 83 29 45 63 72 
#2 50 70 86 92 

Te#l 714 45 18 31 49 58 
#2 30 52 73 81 

Zn#l 697 45 19 31 48 58 
#2 34 52 73 83 

Ag#l 80 25 11 20 33 41 
#2 60 21 36 55 67 

Sn 972 3 1 3 5 7 

Bi 980 2 4 2 4 6 

Table IV.9 Predlcted scrubbing data for 2.5M HCI scrubbing solution. Conditions: 
single 3 min. contact on 5v % TN 1911. Last four columns depict removal efficiency. 

For Fe, Zn, Pb, Ag, Te cumulative % data for 2-stage contacts is shown as weil 
(Ievels of loading were taken from single element extractIOn tests at 2.7M Hel -

Section IV.3) 
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1 
scrubbmg data at 2.7M HCI produces <20% removal (Figure IV.18, whercas at :!.5M 

the D values jJredlct 87% removal. Setting aSlde thls observatIon and commcntmg on the 

data of tables IV.8 and IV.9, It can be deduced that the best sepdrat\On~ wcre achlevcd 

for Pt - As(V), Se . '.') and Cu(II) at 2.5M Hel a~ Sr> 1,000. ThIs IS cqUlvalent to say mg 

that high degrees of removal are expected for each of the~c Impunty clements Sn(lY) 

and Bi (III) on the other hand are predlcted not to be effcctlvcly scruhbcd wlth Hel. 

The scrubbtng data for the vanous AfO ratios show that In gcncral. a~ the A/O 

mcreases, the degrec of Impurity removal IS greater. Ab~olutc Im~e~ 01 Pt and Pd los~e" 

increase with A/O ratio, so It was essential to dctermme a 1I1111t for the purpo'ie~ of 

flowsheet deSIgn. The hmlt was set at 5% of 1,000 mg/L for Pt and Pd Expcnmental 

scrubbing data In Table IV.5 shows a loss of 6% for A/O = 1 al 2.5 ~1 Hel whlCh meant 

that in our selection an HCl concentratIOn of < 2.SM wou Id have to be consldcrcd. At 

the same Ume going down to 1.5M Hel bul ral~mg A/O to 3, Pt los~e~ arc equally hlgh 

(5%). This narrowed down the scrut 1)mg condItIons to <2.5M Hel and <A!O==3 

Table IV. 7 summanses the mo~t troublesome of the Impuntle~. namely Pb( Il). 

Te(lV) , Fe(lII), Zn(II), Bi(III) and Ag(l). By focusmg on these data It can bl' ~ccn that 

the best set of removal conditions (> 60% removal) for Pb. Zn and Tc after one contact 

are A/O=2 and 1.5M HCI. Unfortunately, only 33% oi the sllvcr IS removcd undcr 

these condItions ~Ith bismuth not showmg any tendency for removal At the \allle tlme, 

Fe(III) removal tends to Increase from 44 % to 72 % a~ Hel concentration Incrc.w!\ from 

1.5M to 2.SM Hel. Based on these facts. 2.0M Hel was sclcctcd to \tnkc a cOlllproml~c 

between the advantages of the htgher and lower conccntratlon~ The A/O ratio wa~ thu\ 

taken as 2: 1 to push the impuntles out and also avoid any slglllficant PGM lo~~c\ 

Longer contact tlme, e.g., 15 min., was also adopted as an extra mca~ure to en~urc 

satisfactory impurity element removal. To further remove remalOIng Zn, Tc and BI from 

the HCI scrubbed organic phase, sulphuric aCld ~,crubbtng was comlden:d to follow HCI 

scrubbing. 

The Desi&n of the 8 2SO. Scrub: Similar analysis on the bast~ of dlstnbution 

coefficients, as was don~ with the Hel scrub was not possIble since data was not 
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available for the extractioil of Pt(lV) and Pd(I1) from H2S04 media. Instead data from 

Table IV.5 was used which suggests low PGM los ses at high H2S04 ~üncentration. To 

t;omplement this data an additionaI er;eriment was carried out to choose the best A/O 

ratio for sulphuTlc acid scrubb1Og. For thlS test, metaI-bearing organic with BI, Zn and 

Te was scrubbed at thr~ dlfferent A/O ratios using 2.0M H2S04• Table IV. 10 shown 

below suggests that any zinc 'Ind tellurium remaining in the organic would be aImost 

completely removed after a 3 min. contact, irrespective of the phase ratios. 

ELEMENT CMorg ,mlll.' A/O=l A/O=2 A/O=5 
(mg/L) (%) (%) (%) 

Bi(III) 901 13 43 88 

Zn(IJ) 749 95 99 85 

Te(IV) 369 84 8~ 85 

Table IV.I0 Multi-element scrubbing test with 2.~M H2S04• 

ConditIons: 5v % TN 1911, 3 minute contact. 

ln the case of bismuth an anomaIous behaviour is observed in the sense that percent 

removal of Bi(lII) does not seem to follow the same distribution law (D varies with A/O 

- thls might very weIl hl.! due to the fact that D was not determi.led under equilibrium 

conditions or because Bi exhibits limited solubility in in sulphuric acid solutions). Thus, 

high A/O ratios seem to strongly favour Bi(III) scrubbing as % removal rises quite 

sharply from 13 to 88 % when ratio changes from 1: 1 to 5: 1. Having thus observed this 

behaviour in H2S04 solutions, It was decided to choose an A/O ratio of 3/1 as higher 

ratios would result 10 slgnificant losses of Pt/Pd. Moreover, a two-contact approach was 

adopted to ensure efficient removal not only of Bi(III) but also of other impurities not 

removed by the HCI scrub, and notably Cu(II) and Fe(III). 

The Desi&n of Other Scrubbin& Steps: As a precaution against Ag leaking into the Pd 
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1 
strip liquor, a scrubbing step was contemplated after Pt strippmg. O.IM Heln.OM 

MgC12 had been found to be effectIve for > 60% removal after 3 mm. contact al an 

A/O=! (Table IV.3). These condItions were therefore adoptcd Flllally, to dcal with 

Sn(IV), which remams unaffected by the precedmg scrubbmg stcps and stnpplllg 

contacts, and to avoid buildup in the recycled orgamc, a caustic ~crub was addcd after 

Pd stripping. The condItIons for the scrub were l.OM NaOH at an A/O= 1 lor a 60 mm. 

contact time. 

PGM Strippin& Conditions: As pH control should be exercised dunng Pt(lV) ~tnppIng 

with water a contact time of 15 min was selected to facilitate pH control al pH 1.5·~.OI) 

with the addition of base. A smgle contact stage at A/O =0.5 wa<; adoptcd to conccntratc 

the Pt. In the case of Pd, SIX stages al an /\/0=), wlth 3 mm contach cach wcrc 

selected(4). Figure IV.23 shows the tlowsheet designed by mc1udIne; the Jncorporatcd 

scrubbing steps. This flowsheet was tested in the laboratory a~ descnbed in the ncxt 

section. 
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Figure IV.23 Tentative flowsheet designed for testing in the laboratory the 
effectiveness of the incorporated scrubbing steps. 
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1 IV.6 Bench-Scale Simulation of the Tentative Flowsh(>eî 

The continuous piloting of a process tlowshcet was practlcally J!llposslblc 10 the 

present study due to (i) the prohibItive hlgh costs m obtail11ng large volumcs of PGM 

Iiquors, and (ii) the absence of a pilot-plant facihty at MCGlll Umversity. Only Itnllt~d 

testwork was attempted wlth the pnmary obJectIve ta venfy the effcctlvcnc!>s of the 

scrubbmg procedures. 

It must be emphaslzed that the ultInlate definitions of ail the conu1Ctmg st cp!> 

making up the process flowsheet should be made scparately for cach ~pcclfic 1I1du,>tnal 

feed usmg continuous pllotmg (as there IS consIderable vanatlon III feed Cllmpmlllon 

from refinery to retïnery). The present bench-scalc work attempt\ to l''1tablI'ih III a 

genenc rather than a feed-speclfic manner the steps one can lake to l:ontrol lIllpunty 

elements from contammatmg Pt and Pd stnp hquors. 

Adaptin2 the FIowsheet into a Treybal Cascade: For the sImulation of the tentative 

flowsheet the Treybal array was adopted. As explamed III SectIon III '2 Il con~lsted of 

multiple batch contacts whlch slmulate the steady-state performance of a counter-currcnt 

contacting circuit. Only the extractIon, H2S04 scrubbmg, and Pd stnpplllg ~tcP\ werc 

tested with thls cascading techmque as the Pt stnppmg, Hel and NaOH 'Icrubomg \tcp'> 

adopted involved single contacts. ExtractIOn and H2S0~ scrubbmg wcre ln appcar a\ 2 

x 2 cascades whereas a 6 x 6 array wall necded for Pd strlppmg The complete now~hcct 

in Treybal form appears ln Figure IV.24. tvlass balanclIlg was pcrformcd lor ail the 

elements and the obtatned results are dlSCUS~ed below In term~ of a numbcr of factor~ 

with particular foeus on: 

a) purity of PGM strip solutions; 

b) effectiveness of scrub solutions; 

c) extent of steady-state attainment; 
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d) physical difficulties experienced; and 

e) design of improved flowsheet. 

Pu rit y of PGM strip solutions: The Pt and Pd solutions collected contained low levels 

of Impurity elements. The Pt strip was in fact 99.4% Pt with 6 mg/L Zn, being the most 

abundant impurity element, and 1 mg/L each of Ag, Sb, Se, Te. As for the Pd strip 

solution, 1t was 99.6% pure with Fe the most abundant impurity element (4mg/L) and 

1 mg/L cach of Cu, Se, and Zn. These strip solutions would normally immediatly report 

(1) E XTRACTI ON 

Rf 

(2) SCRUS 1 

HCI 

'\. / * 
o 

• / "- SI 

131 SCRUS Il 

H,SO. * , ., 
o .1 / "- .,* o 

'0" 'SI 
., -.!2 * 

OS ,., 

o ,-" "-.D lU 

*/ "-53 

f4I Pt BTAIP 

""TE ", ., * 
o 

J , s,., 

MgCI. * 

(5) SCRUII II~ 0 1 

.' " 84 

(7) seRUS IV 

N.OH • 

\. 1 
1°, 

OROANIC .s 
TO IIIECYCLE 

Figure IV.24 Adapting the Treybal cascade to the tentative flowsheet. Analysed 
streams appear in italics, flow of organic is denoted by an asterisk and SCRUB 1 = 

2.0M HCI, SCRUB 11= 2.0M H2S041 SeRUM 111= O.IM HCI + 2.0M MgC12, 

SCRUB IV = I.OM NaOH. AF/OF refer to aqueous and organic feeds respectively 
and S, R, sand r all indicate aqueous streams. 
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1 
precipitation as di-ammonium salts followed by calcinatIOn or alternatively to solution 

reduction. These additional steps to obtain the metals in their pure form were not 

attempted here. However, it is clear from the purity of the strip liquors thal the tested 

impurity control scrub steps in combination with the downstream selective precipitation 

steps would be effective 10 achieving typical refinery target puritles. 

Effectiveness of Scrubbine.: A useful way of looking al the effectiveness of the scrub 

solutions was by draw10g plots of meta} concentration 10 orgamc as a functlon of circuit 

step. Three separate plots appearinp, in Figures IV.25 to 27 were constructcd. The firsl 

shows the behaviour of the most strongly extracted impuritlcs, Zn(ll), Te(lV). Ph(lJ) and 

Bi(III); the second features the weakly loaded ones, Ag(I), NI(II), Se(IV), As(V); and 

the third is with the remaining Sn(IV), Sb(V), Fe(II1) and Cu(II). 

By examining these p~ots,it becomes evident that the 2.0M HCI scrub removed 

greater than 50% of Zn(I1), Te(IV), Pb(1I) as weIl as Ag(l) Sc(lV), Ni(ll) and Cu(II). 

The single metal tests, which were for 2.7M HCl at A/O= 1 and 1 min. contacts, had 

predicted - 50% removal of Pb(II), Fe(III) and Se(IV), wlth lesser amounts of Te(lV) 

and Ag(I). The greater A/O (=2) and the longer contact time was indeed beneficial for 

Zn(U), Te(IV) and CuCU) removal. With the two-stage sulphuric aCld scrub, BI(III) was 

totally removed as were also remaining amounts of Zn (Il) , Te(lV) and Pb(II). The 

overall results did correspond to the findings in the single metal expcnments, \0 

particular for the elements Zn(II), Se(lV) and Te(lV). In the case of 81(111), the results 

were also as predicted, but the removal of Fe(lIl) and Cu(lI) was not as effective as 

expected. The same can be said for the O.IM HCl + 2.0M MgCJ 2 scrub st1ep. Although 

not conclusive, the results from thls step indicated marginal removal of impuntles (16 

mg/L Zn and 7 mg/L Ag). Therefore, there IS no JustificatIOn for the inclusion of thls 

scrub step in an ultimate tlowsheet except in special circumstances where Ag(l) problems 

need to be addressed. In the case of 60 min/1.0M NaOH aU the Sn(lV) and 45 % of 

Sb(V) were scrubbed. The final organic phase contained sorne Pt (87 mg/L) and Pd 

(81 mg/L) , as weIl as Sb (40.5 mg/L) and Cu (49 mg/L). Pt and Pd stripping was 

incomplete indicating further tuning would be required in the future so as to rccover ail 
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Step in circuit 

--- Zn(U} -+- Te(lV) -+- PbOI) -a- BiUU} 

Figure IV .2S Effectiveness diagram for th~ strongly extracted impurities: 
Zn(II), Te(IV), Pb(II) and Bi(III). (SCR 1= 2.0M HCl/l contact, SCR 11= 2.0M 
H2SO/2 contacts, SCR 111= O.IM HCl+2.0M MgCI2/1 contact, SCR IV= l.OM 

NaOH/1 contact). 
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Figure IV.26 Effectiveness diagram for the minor impurities: 
Se(IV), As(V), Ag(I), 3I1d Ni(II). 
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Figure IV .27 Effectiveness diagram for the other elements: 
Sn(IV), Sb(V), Cu(II), and Fe(III). 

the values from the organic phase. 

\1 
--.:.\ ·t 'il 

SCRIV 

Extent of Attainment of Steady-State; Two different cascade sizes were selected for the 

simulation of the flowsheet, 2 x 2 and 6 x 6. One way of findmg out whcther steady­

state was attained, was to look at the assays for parallel streams. A 10% dlscrepancy 

between two values was chosen as the criterion for evaluating the attammcnt of steady­

state. Looking at Figure IV.28 it can be seen that both for Pd and Zn thcre IS sorne 

evidence that the steady-state is being approached especially If wc consider the aqucous 

stream assays. 

Figure IV.29 shows the sulphuric acid cascade results for BI and Zn which follow 

the same trends. The 10% margin of error criterion was therefore not met m the 2 x 2 

case. A 2 x 4 cascade in the case of two contact stages would have probably reproduced 

results closer to a steady state. 
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... 

Figure IV.28 Treybal diagram assays: extraction of Pd(II) and Zn (II) 
(numbers shown are concentrations in mg/L). Conditions: A/O= 1, 3 min. 

16 Zn o Bi 
49 

Figure IV .29 Treybal diagram assays: H2S04 scrubbing of Zn(JI) and Bi (III) 
(numbers shown are concentrations in mg/L). Conditions: A/O=3, 3 min . 
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ORGANIC 

Figure IV.30 Treybal diagram assays: Pd stripp1l1g with 6.0M Hel. 
PS = 1-VI mdicate final 6 contacts 10 6 x 6 array 

(numbers shown are concentrations in mg/L). Conditions: A/O= l, 3 min. 

Figure IV.30 shows the bottom portion of the 6 x 6 Pd stnppmg ca~cade. Ail 

parallel aqueous streams agree with the margin cnterion, except for the streams exiting 

batch contacts 4 and PSIII. A good approach to steady-state was therefore attained in this 

case. 

Physical Difficulties Experienced: Phase disengagement dlfficultle~ werc only 

encountered in the very last stage, involving the alkaline scrub wlth 1.0M NaOH. A 

stable emulsion was produced after the 60 min. contact whlch had not been observcd 

during single metal testing. A disengagement tlme of one day was necessary ta produce 

a clear phase for analysis. Later it was found that contacting the orgamc pha~c wllh water 

after Pd stripping, wou Id rem ove acid, thus favouring an enhanced phase separation (and 

remedying the problem). Of course, for feeds not containing Sn(lV), NaOH would not 
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be necessary and the accompanying problems would not be encountered. In the case of 

feeds contammg Sn(lV), maybe periodic bleed-off of a portion of the solvent (to prevent 

metal bUlld-up) wlth special centrifugaI separatoTs would need to be exercised. 

The Desien of a Revised Flowsheet: On the basis of this part of the work, the flowsheet 

in Figure IV.23 was revIsed and a new version appears in Figure IV.3I. The 

modificatIons made to the flowsheet were few, but nethertheless of import~nce: 

a) In the extraction operatIon a higher A/O ratio (3/2 instead of 1/1) and a longer 

contact time (5 min. mstead of 3 mm.) are thought to be a better choice as they weil 

concentrate the PGM values and result in improved Pd extraction - the latter is a function 

of time(4). 

b) To improve the efficiency of Hel scrubbing, two stages of 5 min. each instead 

of one of 15 min. are adopted. 

c) Perform Pt stripping in two stages of 5 min. each, as the simple stage was 

hardly sufficient m the trial carried out in the laboratory. Also. reduce the contact time 

from 15 min. to 5 min. The kmetlcs of Pt extraction/stripping are effectively very fast 

and limited by the speed of pH adjustment control(4). 

d) An increase in contact time of 3 to 5 min. is perceived to be beneficial to Pd 

stripping - due to slow kinetics. 

e) The O.lM HCI + 2.0M MgCl2 scrub stage is eliminated as Ag(l) and Bi (III) 

seem to be effectively removed in the preceding steps. 

f) Adjust H2S04 scrubbing contact time from 3 to 5 min. to maintain a consistent 

contact time period per stage throughout the circuit. And finally, 
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1 g) Conduct scrubbing of Sn(lV) with NaOH (although not shown) after the Pd 

stripped organic is washed with water to remove its aCld content. In thls way phase 

separation problems (emulsion formation) are greatly eliminated. 

ln summary, the modifications made were to (i) enhance Pd extraction, (ii) improve the 

effectiveness of the two acid scrubs and (iii) improve Pt stripping. This new flowshect 

still needs to be tested and optimised. 
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Figure IV.3I Reviserl flowsheet designed for the refining of Pt and Pd using TN 
1911. 
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CHAPfER V. CONCLUSIONS 

V.1 Conclusions 

The 8-hydroxyquinoline-bascd reagent TN 1911 has proved to be a powerful 

extractant for Pt-Pd from industrial chloride leach liquors. One of the difficulties 

addressed in an industrial scenario is the interfering impurity elements which may 

coextract as demonstrated by the semi-industrial solution tests Experiments 1-2. These 

interferences may cause complications such as strip liquor contamination and build-up 

in the organic phase. The study which was conducted, developed control strategies for 

the impurity elements Cu(II). Ni(II), Fe(III), Zn(II), Pb(II), Sn(lV), Ag(I), As(V), Sb(V), 

Bi(III), Se(IV) and Te(lV) expected to be present in typical PGM chloride leach 

solutions. 

In order to develop these strategies it was desirable to gain an understanding of 

the distribution behaviour of an impurity elements, in the system HCI-TN 1911, by 

performing single metal extraction experiments. The findings of this part of the work, 

in conjunction with supporting information from the literature determined that the 

majority of the impurity elements are extracted as anionic chlorocomplexes via an ion­

pair formation mechanism with the protonated extractant. With most elements, TN 1911 

behaves as a weak basic ex tractant. Ni(II), As(V) and Se(lV) were the only elements 

which were found not to extract significantly in the investigated 1.3-4.0M HCI range. 

Scrubbing/stripping tests were carried out on loaded organic phase on a single and 

multi-element basis to identify ways of controlling the deportment of impurity elements 

in the PGM strip liquors. These tests showed that Te(IV), Zn (II) , Pb(II), Ag(I) and 

Bi(III) were the elements with the highest potential for contaminating the strip liquors. 
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Elements which tendee! to build-up in the organic and be difficult to stnp 10 the aCldlc 

range were Sn (IV) and Sb(V). Scmbbing procedures developcd conslsted of an HC1 

solution (2.0M) which was capable of removmg most of the coextracted clements 

followee! by a 2.DM sulphunc acid solutIOn mainly used for the removal of BI(III). 

Another finding was that I.OM NaOH scrubbmg for long contact tlme~ (60 mm) achlcvcd 

complete removal of Sn(lV). The nsk of emulslOn formation could he aVOlded by water 

washing, for acid removal from the orgamc. pnor to cont.1ct with alkah. ror Sb(V). 

weak sodium potassium tartrate solution (0.1 M) was successflll only ln rcmovlllg half the 

amount in the organic, as was the D.IM Hel t2.0M MgCl2 solutIOn for Ag(l). 

Ali the accumulated data was used in the deSIgn of a tentatIve nowshect ln whlch 

sorne of the scrubbing procedures were mcorporated. The flowsheet was de~lgncd 

keeping in mind that PGM losses were to be kept at a m10lmum while maxlmlllng the 

transfer of the impurity elements into the aqueous scrub hquors. The flowsheet whlch 

was eventually tested 10cluded four scrubbing steps: two aCld scrubs after extractIon. 

consisting of2.0M Hel followed by 2.0M H2S04~ a chloride scrub (D.IM HCI+2.0M 

MgCI2) appearing after Pt stripping and a caustlc scrub (l.OM NaOH) after Pd stnppmg. 

The Treybal counter-CUTTent simulatIon cascade technique was uscd to simlliate the 

flowsheet in the laboratory and this conslsted of a series of batch contacts. The results 

from the simulation test were very positIve 10 terms of achlevmg hlgh punty stnp 

liquors, of the order of 99% + both for Pt and Pd. Also. the two aCld scruhs were found 

to remove almost aIl the extracted clements efficiently. Sulphunc aCld was round to be 

essential for Bi(I1I). The strong chloride scmb removed residual sllver and the alkahne 

scrub pu shed out aIl the tin. On the basls of the results, an improved flowsheet was 

suggested to offer better separation efficiency for Pt/Pd recovery. 
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V.2 Further Investigations 

This work was successful in studying the basic extraction behaviour of a great 

number of Impurity elements likely to be encountercd in a possible solvent extraction­

based refinery flowsheet applying an 8-hydroxyquinoline extractant. Any future work 

undertaken on this proJect should concentrate mamly in two areas: (1) to establish the 

fundamental solvent extraction chemistry in chloride liquors and (2) to optimize the 

scrubbing procedures designed in this work. After ail, the great number of impurity 

elements whlch had to be investigated in the hmited scope '1" a Master's thesis project 

did not allow for a complete and comprehensive study on aU the aspects of the research. 

ln particular, in further defining the flowsheet, future investigation should focus on the 

Pt stripping pH operating range (pH 0.7-2.0) by examming selectivity and recovery 

efficiency. ThiS analysis should provide information as to whether bismuth truly reports 

in slgnificant amounts to the strip solution and if pH control can keep it in the organic, 

and whether its re.moval can be effected after Pt stnpping but before Pd stripping. 

Another possible area of research may be the the total replacement of the sulphate-based 

scrub solution (primarily used for Bi(lII) removal) with the strong chloride scrub which 

was originally dcsigned for silver. From the single metal extraction tests, there is strong 

evidence that Bi(III) behaves very much like Ag(I) and can also be scrubbed with weak 

acid/strong chloride solution. Finally, the recovery of Pt/Pd from their respective strip 

Iiquors by precipitation should be investigated as weB for evaluation of the selectivity of 

the whole separation flowsheet. 
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APPENDIX A: FREE ACID DETERl\IINATION 

A method for the free aCld detcrminatlon of dlluted Re Mmt feed was adopted 

by tirst companng three diffcTent tltratlon techmqucs. The first of the~e techmquc~ wa~ 

direct aCld-base tltratlOrt usmg dlluted Royal C'anadlan Mmt fœd and O.4RM NaOH wllh 

three drops of phenolphthaletn as Indlcator Although the rc\ulh were rcproduccd a\ 

demonstrated 10 Table A-l, they wcre not comldcred accuratl..' a ... hydrolytlc preCIpItatIOn 

of catIOns was occuring at or Just before the end pomt whlch wa ... ob ... crvcd a~ a 

colourless-to-purple colour change. 

A sec0nd method whlch was tncd was based 011 the preCIpItatIOn of Fc(OHh. a 

techmque descnbed bj .Aoskowi tz el al. Ok) The loglc of thls rnctnod !tes III the formation 

of the FeF+ t ion WhlCh prcclpltates rapldly a~ ferne hydroxldc Hl the pre\cncc of a 

stoichiornetnc amount of base. O.OSM soluttons both of NH41~ and Fe,,(SO,,)\ were 

prepared and added in equal proportIons to dllutcd RC Mmt fecd solutIon. t hmg 0 1 M 

NaOH solution, tttratlOn would result ln an end pomt triggered otf hy the preCIpItatIon 

of brown Fe(OH)1' This test was abandoned due to dlfficulty ln the end pomt 

determinatlon and poor reprodllcihiltty of the reslllt~. 

The EDTA maskmg techmqvr lIscd by Kondm(74) wa~ th en testcd. Thl\ method 

is based on the complexatIOn of catIOns by the chclatmg ethylcnedtamlnctctraacctate ion 

which is a common laboratory reagent. Relymg on the complete a\\ay of Re MlI1t-12-1, 

illllstrated on Table 111.1,1:1 and 1:2 ratlo~ of M.'1·EDTA \Vere tc ... ted wlth dllutcd 

ReMint feed and 0.1 M NaOH solutIOn. A blank tttratIOn was also run on O.049M EDTA 

solution to evaluate whether It wOlild contnbute slgmficantly III aCldlty. The tahulatcd 

results on Table A-} show good reproduclblhty for both 1: 1 and t:2 re~u1t~ wlthout 

precipitation of cations. The 1: 1 ratio was deemed to be sufticlent for ail mtcnts and 

purposes, and this technique was considered best overall for free aCld detcrmmatlon. 
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SOLUTION DILUTION EDTA NaOH NaOH Ptuon. 
(mUmL) (mL) (moIlL) (mL) 

1) ACID-BASE 

Mmt-12-1 1.5160 nIa 0.48 10.8 YES 
11.0 YES 

Mmt·12-II 1.5/60 nIa 0.48 9.0 YES 
9.0 YES 

2) NH.F-
Fe(OH)\ 

0.036M Hel nIa nIa 0.1 18.0 YES 
as "Iank 18.0 YES 

Mlllt-12-r 0.5/50 nIa" 0.1 17.6 YES 
15.9 YES 
15.5 YES 

Mmt-12-I1 0.5/50 nIa 0.1 18.3 YES 
16.5 YES 
16.4 YES 

3) EDTA 

0.049M EDTA 0.5/50 10.00 0.1 5.4 NO 
a~ blank 5.0 NO 

5,,0 NO 
1:1 Raho 
Mmt-12-1 0.5/50 3.00 0.1 18.0 NO 

17.4 NO 
17.2 NO 

MlOt-12-I1 0.5150 5.00 0.1 18.1 NO 
18.2 NO 
17.6 NO 

1:2 Raho 
MlOt-12-1 0.5150 6.00 0.1 18.7 NO 

18.4 NO 
18.4 NO 

Mmt- 1 2-11 0.5/50 10.00 0.1 19.0 NO 
18.9 NO 
19.1 NO 

Table A-l Free acid determination experimental results. 

"(NH4F) = (F~(S04)11 = 0.05M added each as 5 mL. 
pH mea..'iurements were Dot taken. 
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Total 
[H' ] 
mol/L 

3.45 
3.52 
2.88 
2.88 

0.036 
0.036 

3.52 
3.18 
3.10 
3.66 
3.30 
3.28 

0.054 
0.050 
0.050 

3.60 
3.48 
3.40 
3.62 
3.64 
3.52 

3.74 
3.68 
3.68 

3.80 
3.78 
3.82 



1 APPENDIX B: TIIE SUPPRESSING EFFECT OF Sn(ID ON Pt(lV) 
EXTRACTION 

During loading of TN 1911 in Expemnents l, the seml-synthetlc fecd was made 

up of Royal Canadian Mint solution spiked with a van et y of Impurity clements. Il was 

found that Pt(lV) extraction was totally suppressed at 0.7M HCI. 

It was thought that one of the Impunty clements in the fecd was responslblc for 

this effeet. Strongly loaded impurity elements such as Sb(lll), BI(lIl) and Sn(lI/IV) werc 

suspected of elther totally "erowding" out Pt(IV) or transfonning it into an mert spccies 

Preliminary tests mvolving 5v% TN 1911 and Royal CanadmTl Mmt solution spiked 

individually with Bi(III), Sb(III) and Sn(II/IV) produccd sorne clues on the IIltcrfcnng 

element. Table A-2 summarizes the findings which reveal that Sn(Il/IV) may have a 

negative effeet on Pt(IV) loadmg. Thesc results were Illconcluslve duc to the \OW 

concentrations (- 400mg/L) of Pt(lV) in the feed, and further investigation was required. 

1 

Feed 

1 

Pt(lV) Impurity Pt(IV) 
Solution mg/L mg/L % Extraction 

Mint ONLY 347 nia 23.3 

Mint + Bi(III) 347 430 42.5 

Mint + Sb(lIl) 225 174 29.3 

Mint+Sn(lI/IV) 231 187 12.3 

Table 8-1 Effeet of Sb(III), Bi (III) and Sn(II/IV) spiking on Pt(lV) extraction from 
Re Mint solutions (0.7M Hel) with 5v % TN 1911, A/O = 1, 3 min. 

Thus additional experiments were carried out in which the effeet of Sn(ll) and Sn(lV) on 

Pt(IV) extraction were examined more closely. Figures B-I and B-2 ~how the results for 

single metal synthetie solutions of Pt(1V) prepared wlth Sn(lI) and Sn(lV) individually 

added to the feed solutions, Le., RC Mint solution was not used in this case. Figure B-l 
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shows that Sn(lI) actually enhances Pt(IV) extraction at high Pt(IV):Sn(II) ratios. A 

literature review revealed that many investigators identified the exitence of Pt(II)-Sn(II) 

species. Ayres et al.<80. 81) and Wittle et al.<82>, ail mention the observation of a red 

complex in solution upon addition of Sn(II) to Pt(lV) in Hel solutIOns. The investigators 

suggested that excess Sn(II) tirst reduces Pt(lV) to Pt(II): 

Pt(IV) + Sn(II) ... Pt(II) + Sn(IV) (B-l) 

A ligand exchange reaction with SnCI3- follows then forming a dark red complex. This 

colour change was also observed in our case: 

(B-2) 

As a result of the latter labilizing process, the extraction of Pt is enhanced as it has been 

reported with such extractants as TBp<83) and 2-mercaptobenzothiazole(84). Since we know 

that the Pt(lV) chloro-complex follows the anion-exchange route with TN 1911, we can 

suggest the following mechanisrn in single metal solution: 

(B-3) 

On the ûtner hand Sn(IV) was found not to have any effect on Pt(IV) extraction as Figure 

B-2 shows. 

As the results of Figure 8-1 were exactly the opposite of what was observed with 

the RC Mint multi-element solution, it was decided that an additional test using this 

solution was to be performed. Thus, the results of Figure 8-3 wer'.! obtained by adding 

successively increasing amounts of Sn(II) into RC Mint solution and performing metal 

extraction with TN 1911. As Figure 8-3 shows, the observations at O.7M Hel and 

greater than 1: 1 molar ratio of Pt(IV) to Sn(II) can be summanzed by the following 

equations: 
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Pt(IV) + Sn(II) -+ Pt(II) + Sn(IV) (8-4) 

and excess of Sn(II) produces a precipitate of Pt(O): 

Pt(lI) + Sn (II) -+ Pt(O) + Sn (IV) (8-5) 

The presence of impurities in the feed solution or sorne colloidal suspensions rnay have 

had an important catalyzing contribution to promoting Pt(O} precipitation since this effect 

was not reproduced with the single metal synthetic solution (see Figure 8-2). 

Distribution Coefficient 
20~---------------------

Pt(lV) extraction enhanced ~ / 
) 

/ 

15 

10 

5 

PtOV) feed • 950 mg/L 

o L-______ --'-_______ -'-- . _____ ..l.-_______ I._ 

o 1 2 3 4 

Sn(lI):Pt(IV) in mol/L 

Figure 8-1 The extraction of Pt(IV) in the presence of Sn(lI) 

5 

in single metal solution, 0.7M Hel, 5v% TN 1911, A/O=1, 3 min. 
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Distribution Coefficient 

1.8 r- ------------

1.6 

1.2 

1 -

0.8 

0.6 

0.4 

0.2 -

+ 

PtCIV) Feed • 1000 mg/L 

1 0- ___ --L_ ~------~-----~----~----~~-----~ 
o 1 234 5 6 7 

Sn(lV):Pt(lV) in mol/L 

Figure 8-2 The extraction of Pt(IV) in the presence of Sn (IV) 
in single metal solution, O.7M Hel, 5v% TN 1911, A/O=I, 3 min. 

Distribution Coefficient 
0.5,.-------------------· 

\, 

0.4 -'\ 

0.3 ".~ 

0.2 

0.1 

o 
o 

"" 
\ No oxlracllon 

\J 
0.5 1 1.5 

Pt(lV) Feed • 900 mg/L 

Pt(O) precipitation 

1 
2 

SnUI):Pt(lV) in mollL 
2.5 

Figure B-3 The effect of Sn (II) on Pt(IV) in RC Mint solution and 
extraction with TN 1911. Conditions: O.7M HCI, 5v% TN 1911, A/O=l, 3 min. 
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1 
APPENDIX C: CALCULATIONS BASED ON TIIE 

DISTRIBUTION COEFFICIENT 

The purpose of this section is to de mon strate how it is possible to calculate (i) the 

SjMlPI value between an impurity clement M.q and Pt, and (il) the theorctically expccted 

final concentration in HCI scrub solution after 3 min. contacting wlth orgamc phase. The 

basis of the DE values obtained from the single metal extractIon tests IS dcscribcd 111 

Section IV.3. It is c1early stated that ail this theoretical analysis assunles metal transfcr 

reactions to be reversible and the D values to refer ~o eqUllibrium calculations. 

The following explanations are offered for the calculatiom: prcscnted on the 

following pages of Appendix C. Begining with 1,000 mg/L each of Pt and impunty 

element in aqueous solution at 2.7M Hel as feed, and based on the D, for Pt and an 

impurity element M.q, the element concentration in the organic phase (5v% TN 1911) 

was calculated for a 3 min., A/O= 1 contact. The DE:. for 1.5, 2.5 and 3.5M HCI were 

converted to Ds values using the following equation: 

1 
D=­

S D 
E 

SjMlPI was then calculated for each of the Hel concentrations, 

(C-l) 

(C-2) 

Mass balancing of the amounts of element distributed between organic and aqueous phase 

gives: 

(C-3) 
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after assuming that 

and 

where MaqJ and Mor8J are the final concentrations of element in the aqueous and organic 

phases respectively and Mor8 ., the initial concentration of element in the organic phase. 

Vaq and Vor" are the volumes of aqueous and organic phases respectively. 

Therefore if different A/O ratios are selected, say 1:2, 1:1,2:1 and 3:1, it is 

possible to ca1culate the theoretical concentration of each element reporting to the scrub 

phase assuming that the same distribution coefficient applies in scrubbing and extraction 

(i.e, equilibrium is attained): 

(C-4) 

The results appear in tabulated form and for each HCI concentration there are 4 columns. 

The first indicates the A/O ratio, the second the S, value, and the rest of the columns 

indicate final Pt and element concentration in aqueous scrub medium. For 2.5M Hel, 

scrub calculations on a second contact with fresh scrub solution were effected for the 

elements Fe(III), Pb(II), Te(IV), Ag(I) and Zn(II). Tables IV.8 and IV.9 summarise the 

results for 1.5 and 2.5M HCL 
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1 HCl=> 1.5M 2.5M 35M 

Dt,p, 62 100 Ils 

Dr,Pd 90 25 5 

Ds,p, 0.016 0.010 0,008 

Ds,pd 0.011 0.040 0200 

SCRUBBING S, Cp, C MIIl SI C", CM"'! S ( Cp, CM"'l 

A/O mg/L scrub mg/L scrub mg/L scruh 
mg/L mg/L mg/L 

1:2 16 \0 10 36 9 168 
1: 1 0.7 16 10 4.0 \0 36 250 9 154 
2: 1 15 \0 10 36 8 \32 
3: 1 IS \0 10 34 8 115 

Table C-l Expected Pt and Pd concentratIons in HCI scrubbmg solutIOns as a 
function of their extraction distribution coefficients 

(organic feed: 990 mg/L Pt and 923 mg/L Pd). 

HCl=> 1.5M 2.5M 35M 

DE,Pt 62 100 Ils 

DE,Ag 4,3 4 2,3 

Ds,Pl 0.016 0,010 0,009 

Ds,A~ 0,233 0,250 0.434 

SCRUBBING S, Cp! C MIIl SI CI'! CM"" S, CIl CM"" 
A/O mg/L scrub mg/L scrub mg/L scruh 

mg/L mg/L rng/L 

COwACT#1 

1:2 16 17 10 18 9 29 
1: 1 16 15 25.0 10 16 48.2 9 24 
2: 1 14.6 15 13 10 13 8 19 
3: 1 15 11 10 II 8 19 

CONTACT#2 

1:2 10 16 
1: 1 10 13 
2: 1 10 9 

3: 1 9 7 

Table C-2 Expected Pt and Ag concentrations in the HCI scrubbing solutions as a 
function of their extraction distribution coefficients 

(organic feed: 990 mg/L Pt and 80 mg/L Ag), 
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t HCI = 1.5M 2.5M 3.5M 

Of," 62 100 115 

D,.,a. 0.16 0.035 0.01 

Df,Pt 0.016 omo 0.009 

Ds,cu 6.25 28.57 100.0 

SCRUBBING SI CPt CM.q SI CPt CM.q S, CPt C"'.q 
A/O mg/L scrub mg/L scrub mg/L scrub 

mg/L mg/L mg/L 

1:2 16 159 10 196 9 206 
1:1 390 16 91 2857 10 101 1150 9 104 
2:1 15 49 10 52 0 8 52 
3:1 15 33 10 35 8 35 

Table C-3 Expected Pt and eu concentrations in Hel scrubbing ~olutions as a 
function of their extraction distribution coefficients 

(organic feed: 990 mg/L Pt and 105 mg/L Cu). 

HCI= 1.5M 2.5M 3.5M 

D,.,Pt 62 100 115 

D,.,Ft 2.5 0.75 3.4 

Ds,Pt 0.016 0.010 0.009 

DS,Ft 0.400 1.333 0.294 

SCRUBBING SI CPt CM.q S, CPt C Moq S, CPt C"'oq 
A/O mg/L scrub mg/L scrub mg/L scrub 

mg/L mg/L mg/L 

CONTACT' 1 

1:2 16 17 10 185 9 59 
1: 1 16 66 133.3 10 132 32.7 9 52 
2:1 25.0 15 51 10 84 8 43 
3:1 15 42 10 62 8 36 

CONTACTN2 

1:2 10 110 
1:1 10 57 
2: 1 10 24 
3:1 9 12 

Table C-4 Expected Pt and Fe concentrations in Hel scrubbing solutions as a 
function of extraction distribution coefficients 

(organic feed: 990 mg/L Pt and 231 mg/L Fe). 
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HCI= I.5M 2.5M J.5M 

Du, 62 100 115 

Du", 1.2 2.2 10 

Ds.", 0.016 0.010 0.009 

Ds.Û1 0.833 0.454 0.100 

SCRUBBING S, C", Ct.hq S, C", C~"'q S, C", CM,.. 
A/O mg/L scrub rng/L ~cruh mg/L scruh 

mg/L mg/L mg/L 

CONTACT#I 

1 :2 \6 410 10 258 9 183 
\:\ \6 367 45.5 10 218 11.1 9 162 
2: 1 52.1 15 218 10 166 8 132 
3: 1 15 166 10 134 8 III 

CONTACT#2 

\ :2 10 210 
\:\ \0 ISO 
2: 1 10 87 
3:1 9 57 

Table C-S Expected Pt and Zn concentrations in HCI scrubbing solutions 
as a function of extraction distribution coefficients 

(organic feed: 990 mg/L Pt and 697 mg/L Zn). 

HCI= I.SM 2.5M 3.5M 

DE.'" 62 100 115 

DE.s• 22 37 87 

Ds.1'I 0.016 0.010 0.009 

Ds,s. 0.045 0.027 0.015 

SCRUBBING S, C .... CM"'! S, C", CMoq SI C", CM,.. 
AJO mg/L scrub mg/L scrub mg/L scruh 

mg/L mg/L mg/L 

\:2 16 43 \0 26 9 Il 
1:1 2.8 16 42 2.7 10 26 1.7 9 Il 
2:1 15 41 \0 25 8 Il 
3:1 15 39 \0 24 8 Il 

Table C-6 Expected Pt and Sn concentrations in HCI scrubbing solutions as a 
function of extraction distribution coefficients 

(organic feed: 990 mg/L Pt and 972 mg/L Sn). 
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HCI~ 1.5M 2.5M 3.5M 

D,. Pt 62 100 115 

Dt.Pb 0.25 1.25 10 

D~.Pt 0.016 0.010 0.009 
D~Pb 4.000 0.833 0.714 

SCRUBBING SI CPt CMoq SI CPt CM~ SI CPt CMIIl 

A/O mg/L scrub mg/L scrub mg/L scrub 
mg/L mg/L mg/L 

CONTACT#! 

1.2 16 753 10 332 9 297 
1:1 16 452 83.3 10 257 79.3 9 235 
2:1 250.0 15 251 10 177 8 166 
3:1 15 174 10 135 8 128 

CONTACT#2 

1:2 10 235 
1:1 10 140 
2:1 10 66 
3:1 9 38 

Table C-7 Expected Pt and Pb concentrations in HCI scrubbing solutions as a 
function of extraction distribution coefficients 

(organic feed: 990 mg/L Pt and 565 mg/L Pb). 

HCI~ 1.5M 2.5M 3.5M 

DE .... 62 100 115 
DE•AI 0.07 0.09 0.075 

Ds.Pt 0.016 0.010 0.009 
Ds.AI 14.28 11.11 13.33 

SCRUBBING SI CPt C"'1Il SI CI'I C"'eq S, CPt CMOI! 

A/O mg/L scrub mg/L scrub mg/L scrub 
mg/L mg/L mg/L 

1:2 16 146 10 141 9 144 
1: 1 892.5 16 78 1111.1 10 76 1481.1 9 77 
2:\ 15 40 10 40 8 40 
3:1 15 27 10 27 8 27 

Table C-8 Expected Pt and As concentrations in HCI scrubbing solutions as a 
function of extraction distribution coefficients 
(organic feed: 990 mg/L Pt and 83 mg/L As). 
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HCI~ 1.5M 2.5M 3.5M 

DE.po, 62 100 115 
DE•Sb 0.25 0.35 1 

Ds.po, 0.016 0.010 0.009 
Ds.Sb 4 ()()() 2.857 1.000 

SCRUBBING S, Cpo, CM"'! S, CPt CM",! S, C'" CM",! 

AJO mg/L scrub mg/L scrub mg/L t;Cruh 
mg/L mg/L mg/L 

1:2 16 381 10 336 9 191 
1:1 250 16 229 285.7 10 212 111.1 9 143 
2:1 15 127 10 p" .... ~ 8 95 
3:1 15 88 10 85 8 72 

Table C-9 Expected Pt and Sb concentrations in Hel scrubbing solutions as a 
function of extraction distribution coefficients 

(organic feed: 990 mg/L Pt and 286 mg/L Sb). 

HCI~ 1.5M 2.5M J.5M 

DE.Pt 62 100 115 
DE•8, 800 S3 47 

Ds.Pt 0.016 0.010 0.009 
DS.B' 0.001 0.019 0.021 

SCRUBBING S, Cpo, CMIII S, CPt CMoq S, Cpo, CM"! 
A/O mg/L scrub mg/L scrub mg/L scrub 

mg/L mg/L mg/L 

1:2 16 1 10 18 9 21 
1: 1 0.1 16 1 1.9 10 18 2.3 9 20 
2:1 15 1 10 18 8 20 
3:1 15 1 10 18 8 20 

Table C-IO Expected Pt and Bi concentrations in Hel scrubbing solutions as a 
function of extraction distribution coefficients 

(organic feed: 990 mg/L Pt and 980 mg/L Bi) . 
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HCI~ 1.5M 2.SM 3.5M 

DE Pt 62 100 115 

DES. 0.04 0.06 0.12 

Ds.Pt 0.016 0.010 0.009 

D~ ... 25.00 16.67 8.33 

SCRUBBING SI CPt C Moq SI C'" C Moq SI C'" CMoq 

A/O mg/L scrub mg/L scrub mg/L scrub 
mg/L mg/L mg/L 

1:2 16 111 10 107 9 97 
1:1 1562.5 16 58 1667.0 10 57 925.5 9 54 
2:1 15 29 10 29 8 28 
3:1 15 20 10 20 8 19 

Table C-ll Expected Pt and Se concentrations in Hel scrubbing solutions 
as a function of extraction distribution coefficients 

(organic feed: 990 mg/L Pt and 60 mg/L Se). 

HCI~ I.SM 2.SM 3.5M 

Dt..'" 62 100 115 

Dr.1' 0.8 2.2 10 

Ds.PI 0.016 0.010 0.009 

DS•T• 1.250 0.454 0.100 

SCRUBBING SI C", C Moq SI C'" C Moq SI C", CMoq 

A/O mg/L scrub mg/L scrub mg/L scrub 
mg/L mg/L mg/L 

CONTACTNI 

1 :2 16 549 10 264 9 68 
1: 1 16 397 45.4 10 223 11.1 9 65 
2:1 78.1 15 255 10 170 8 60 
3: 1 15 188 10 137 8 55 

CONTACTN2 

1 :2 10 216 
1: 1 10 153 
2:1 10 89 
3:1 9 58 

Table C-12 Expected Pt and Te concentrations in Hel scrubbing solutions as a 
function of extraction distribution coefficients 
{organic feed: 990 mg/L and 714 mg/L Te). 
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APPENDIX D: AOUEOUS AND ORGANIC ASSA YS FOR SIMULATION Tl<lIT 

No PI Pd Ag h tu b.! N. l'b \" AI- ~h Il. \. r. 
AF 1~17 '24':\ 84 391 ~1!).I ?:èS -:"":~ t,~l 4(17 1.)1 '(~l 4"t1 \IM 441 

ri 243 1947 39 ~~ ~()8~ ~\\ :~ fl:!.J ~H ",\.1 'i(~l \t\.l lMl \41 

r.! 21 I~ 18 2\0 J087 11\) :-m 101 0 3<1~ 41lf> \ 4111 Qt. 

RI Z81 3110 ~~ 281 ~8~ ~74 ~-m 6~_1 2M 1(,\.1 'i()' 1111\ 4o)t, ,~) 

R2 ~ 409 33 2n ;\(XX) ~.t~ :y.<)1 44~ 0 )'1\ 4hl l' 4K1 141 

SI 128 68 12 (, ~ 111\ 1\ ~, 0 \1 , 1\) M l ,~ 

Il ~8 4 1 l' 0 7~ Il ~1 () () ') l~~ 1 :1 
12 67 l 0 7 '1 9 1 7 0 f) 7 NI n \ 

S2 63 3 1 3J 0 44 1 1 \ 0 () 1 IIIl 1 1\ 

S3 61 2 0 8 1 4 1 2 Il Il \ 4~ 1 4 

SPI 1031 0 1 0 0 6 () 0 1\ () 1 () 1 1 

S4 112 3 7 2 1 16 1 2 0 Il \ 2 1 0 

PSI 0 26~ 0 4 1 1 0 () 0 () () 0 1 (l 

PSU 0 664 0 3 1 1 0 0 0 () () () 1 (\ 

PSIII 0 706 0 2 1 1 0 1\ 1\ () (\ 0 1 li 

PSI\' 0 1378 0 4 1 1 0 0 0 \) 0 () 1 0 

PSV 0 1900 0 4 1 1 0 0 0 Il (} 0 1 (} 

PSVI 0 2136 0 4 1 1 0 0 0 Il () 0 1 (} 

S~ 0 j 4103 0 3 1 0 1 0 407 () 1~ 0 1 (} 

Table D-l Aqueous stream assays for simulation test (units in mg/L). 
R/r= extraction raffinates, S/s= scrubbing raffinates, SPt = Pt stnp hquor, PS = Pd 

strip liquors. 
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No PI Pd Ag Fe Cu Zn NI Pb Sn As Sb BI Se Te 

1 0 294 0 0 0 0 0 0 0 0 0 0 0 0 

2 0 671 0 0 0 0 0 0 0 0 0 0 0 0 

3 0 651 0 0 0 0 0 0 0 0 0 0 0 0 

4 0 1067 0 0 0 0 0 0 0 0 0 0 0 0 

5 0 1 ~68 0 0 0 0 0 0 0 0 0 0 0 0 

6 0 1467 0 0 0 0 0 0 0 0 0 0 0 0 

7 0 1995 0 0 0 0 0 0 0 0 0 0 0 0 

8 0 2160 0 0 0 0 0 0 0 0 0 0 0 0 

02 1810 . · · 288 · · · - 39 · · 

05 · 1780 · · <1 · · · - 0 - · 

08 · 1710 · · <1 · · · · - 0 · -

010 · 1150 . · · <1 · · · · - 0 · · 

011 752 · <1 · · - - - 0 - -

Table D-2 Further aqueous stream assays and organic assays for simulation test 
(units in mg/L). Numbers= Pd strip tiquor streams, 0= organic streams in Pd 

stripping. 
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