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Chemistry of Metal Chloride Complexes 
in Aprotic Systems 

L. K. FELKER and A. D. KELMERS 

OAK RIDGE NATIONAL LABORATORY 
POST OFFICE BOX X 
OAK RIDGE, TENNESSEE 37830 

ABSTRACT 
A study of metal ch lor ide  s o l u b i l i t y  i n  a p r o t i c  so lven t s  has 

been i n i t i a t e d .  These so lvent  systems have very low hydrogen ion 
a c t i v i t i e s  and thus allow chlor ide  ion  a c t i v i t i e s  which are much 
higher than those a t t a i n a b l e  i n  water. The high ch lo r ide  ion 
a c t i v i t i e s  can be generated by the  d i s so lu t ion  of so lub le  salts, 
such as calcium ch lo r ide  or  sodium ch lo r ide ,  i n  t h e  a p r o t i c  media. 
Metals t h a t  normally form aqueous-insoluble ch lor ides  o r  e x i s t  a s  
ca t ions  i n  aqueous so lu t ions  (e.g., Ag, Pb, Cd, or Au) may be 
r ead i ly  dissolved i n  a p r o t i c  so lvent  systems a s  an ion ic  ch lor ide  
complexes o r  a s  so lva t ion  complexes. To understand such systems, 
w e  constructed te rnary  phase d i ag ram f o r  dimethylsulfoxide-water- 
calcium chlor ide  (DMSO-H20-CaC12) and DMSO-H20-NaC1 systems. 
These diagrams were used t o  e s t a b l i s h  the  so lu t ion  regions ava i l -  
a b l e  f o r  t h e  s o l u b i l i z a t i o n  of Pb, Ag, Au, Cd, Cu, Zn, and A l .  
Measurements of Pb and Ag s o l u b i l i t i e s  i n  t h e  DMSO-H20-CaCl2 
system gave concentrations as high as -1.5 and 4.9 M, respec- 
t i v e l y .  Similar measurements showed concent ra t ions  of - 0 . 8 ,  -3.0, 
4 . 6 5 ,  -4.0, and 4 . 8 5 M f o r  Au, Cd, Cu, Zn, and A l ,  r espec t ive ly .  
The concent ra t ions  of Pb and Ag i n  t h e  NaCl system, -0.45 and 
4 . l l M ,  were much less than those obtained i n  t h e  CaC12 system. 
Dissolution/precipitation s t e p s ,  cont ro l led  by varying t h e  te rnary  
system composition, could lead  t o  t h e  development of u s e f u l  
methods f o r  recovering, pur i fy ing ,  o r  s epa ra t ing  var ious  metal 
ch lo r ide  compounds. 

INTRODUCTION 

I n  the  appl ied  f i e l d  of hydrometallurgy, aqueous ch lor ide  

chemistry is f requent ly  employed i n  processes f o r  t h e  separa t ion  

Copyright 0 1984 by Marcel Dekker, Inc. 
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1440 FELKER AND KELMERS 

and recovery of metals from ores. 
metal chloride anionic complexes is utilized in ion  exchange or 
solubilization/precipitation steps in Order to take advantage of 
the chloride complex chemistry to effect the separation of a 
desired metal. 
complexes in aqueous chloride solutions cannot be processed by 
such techniques. Therefore, an experimental investigation was 
initiated to study nonaqueous solvent systems which could achieve 
higher chloride i o n  activities and find application in metal reco- 
very processes. 

In some cases, the formation of 

However, metals which do not form strong chloride 

In protic solvents such ae water, the chloride i o n  activity 
attafnable by the dissolution and dissociation of salts such as 

NaCl 
NaCl - Na+ + C1- 

may be limited by the protonation reaction involving the water 
solvent 

H20 = H+ + OH- 
H+ + C1- = HC1 

and metals such as lead, silver, gold, etc., which do not form 

strong chloride complexes, cannot be dissolved to useful con- 
centrations in simple salt-water systems. Use of a suitable 
aprotic solvent could remove this restriction on chloride i o n  

activity (1) and lead to the solubilization of metals by chloride 
complexation reaction as 

X- 
MCly + xC1- I + y) , 

or by solvation 

MC1 + x(so1vent) = M(so1vent)jft + yC1- . Y 

We have chosen to investigate dimethylsulfoxide (DMSO) 

systems since DMSO is a relatively innocuous and inexpensive 
reagent. It also has some physical properties similar to water 
and, thus, could be useful in practical hydrometallurgical appli- 
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METAL CHLORIDE COMPLEXES 1441 

ca t ions .  0 I ] /  1 1  1 1  I ) l " O  I \  

p o t e n t i a l  app l i ca t ion  t o  s i l v e r  ch lor ide  recovery (2) and f o r  gold 

and s i l v e r  s epa ra t ion  (3)  has been reported.  The l i t e r a t u r e  con- 

t a i n s  only l imi t ed  bas i c  information on t h e  chemistry of metal 

chloride-DMSO-water systems. 

and t h e  DMSO-H20-CaC12 systems a t  37'C have been published (4). 
S t a b i l i t y  cons tan ts  f o r  a number of metal ch lor ide  complexes i n  

DMSO have been ca lcu la ted  (1) and measured f o r  s i l v e r  (5) and f o r  

l ead  ( 6 ) .  

Phase diagrams f o r  t h e  DMSO-H20-NaCl 

The research  described i n  t h i s  paper w a s  undertaken t o  deve- 

MATERIALS AND METHODS 

material obtained from the  F i she r  S c i e n t i f i c  Company. Its water 

content was found t o  be i n  t h e  range 0.1-0.2 w t  X by Karl-Fischer 

tit rat ion. ~. 

ZnClp, AlC13) were 

was prepared i n  t h e  labora tory  by p r e c i p i t a t i o n  from a s i l v e r  

n i t r a t e  so lu t ion .  Gold ch lor ide  (AuC1) was prepared from the  

m e t a l  by d i s so lu t ion  and evaporation techniques (7).  Anhydrous 

s a l t s  were used where ava i l ab le .  :: CZS^:T +:c^: ,?, r-:-*- ..,. "0:x 

w a s  unobtainable, hydrated salts  were d r i e d  a t  100-2OO0C. 

D i s t i l l e d  water was passed through a Mi l l ipore  reagent-grade water 
system t o  obta in  pure water. 

- -  

. -  

DMSO-H20 mixtures with CaC12 or NaC1. - ". -,,.i-- j L _  , L , > 1  ',x 

r o t a t i o n  a t  20 rpm i n  a constant-temperature water ba th  a t  

25 f 0.1'C f o r  10-25 days t o  reach equilibrium. After equi l ibra-  

t i o n ,  t he  sa tu ra t ed  so lu t ions  were s tored  i n  t h e  water bath u n t i l  

t he  s o l i d s  s e t t l e d .  The c l e a r  so lu t ion  was decanted f o r  ana lys i s .  

The metal  ch lo r ide  concentration was ca l cu la t ed  from t h e  metal 
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1442 FELKER AND KELMERS 

c o n c e n t r a t i o n  v a l u e  obta ined  by atomic a b s o r p t i o n  a n a l y s i s  of an 

a l i q u o t  of t h e  s a t u r a t e d  s o l u t i o n .  The water c o n t e n t  was de ter -  

mined by Karl-Fischer  t i t r a t i o n  and t h e  DMSO c o n t e n t  w a s  calcu-  

l a t e d  by d i f f e r e n c e .  All composi t ions of mfxtures  are g i v e n  in 

weight percent .  

For t h e  s o l u b i l i t y  s t u d i e s ,  DMSO-H20-CaCL2 o r  N a C l  mix tures  

were chosen i n  t h e  s o l u t i o n  reg ion  of t h e  t e r n a r y  phase diagram. 

S e l e c t e d  composi t ions were s a t u r a t e d  w i t h  v a r i o u s  metal c h l o r i d e s  

a t  25OC. 

e q u i l i b r a t i o n .  For  each metal  c h l o r i d e ,  a 6 o l u b i l i t y  curve  wi th  

DMSO-H20 mixtures  w a s  obtained a s  a base f o r  e v a l u a t i n g  t h e  e f f e c t  

of  added c h l o r i d e  ( i . e . ,  h igher  c h l o r i d e  1011 a c t i v i t y )  on t h e  

s o l u b i l i t y .  

above. 

The same exper imenta l  method was used f o r  sample 

The s a t u r a t e d  s o l u t i o n s  were analyzed as d e s c r i b e d  

RESULTS 

The t e r n a r y  phase diagram f o r  DMSO-H20-CaC12 (Fig. 1) shows a 

u s e f u l  s o l u t i o n  reg ion  in t h e  area bounded by 70-100% DMSO, 0-25% 

H20, and 0-6% CaC12.  Attempts t o  i d e n t i f y  t h e  e q u i l i b r i u m  s o l i d  

phase(s )  by e x t r a p o l a t i o n  of the s a t u r a t e d  s o l u t i o n - i n i t i a l  mix- 

t u r e  t i e - l i n e s  (8, 9)  were unsuccessfu l .  P a r a l l e l  t i e - l i n e s ,  

i n d i c a t i v e  of s o l i d  s o l u t i o n  behavior ,  were obta ined  i n  some 

c a s e s ,  while  o t h e r  t i e - l i n e s  showed p o t e n t i a l  convergence i n  

s e v e r a l  regions.  S e v e r a l  DMSO-H20-CaC12 s o l i d  compounds may 

e x i s t ;  t h e  shape of t h e  s a t u r a t e d  s o l u t i o n  l i n e  s u g g e s t s  t h e  

p o s s i b l e  e x i s t e n c e  of s e v e r a l  i n v a r i a n t  p o i n t s ,  which would be 

c o n s i s t e n t  w i t h  s e v e r a l  s o l i d  phases. 

The s o l u b i l i t y  va lues  f o r  l e a d  c h l o r i d e  in DMSO-H20 and t h e  

DMSO-H20-CaC12 mixtures  were t y p i c a l  of t h e  r e s u l t s  expected f o r  

t h e  water- insoluble  c h l o r i d e s  (Fig.  2) .  The h i g h e s t  s a t u r a t e d  

s o l u t i o n  v a l u e s  f o r  l e a d  c o n c e n t r a t i o n  (-1.5 5) were obta ined  w i t h  

l a w  water conten t  and the h i g h e s t  c o n c e n t r a t i o n  of added 

CaC12  (6%). 

t o  the water  conten t  a t  a l l  CaC12 concent ra t ions .  

The l e a d  c o n c e n t r a t i o n  shows an i n v e r s e  r e l a t i o n s h i p  

S i l v e r  c h l o r i d e  
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METAL CHLORIDE COMPLEXES 1443 

FIGURE 1. Ternary Phase Diagram f o r  Dimethylsulfoxide-Water- 
Calcium Chloride a t  25'C. 

so lub i l i zed  i n  DMSO-H20-CaC12 mixtures (Fig.  3) shows t h e  same 

inverse  r e l a t ionsh ip  t o  water content. Concentrations of s i l v e r  

as high as 4.9 %were obtained with 6% CaC12. 

C a C 1 2  t o  the  DMSO-H20 mixtures gave a marked improvement i n  s i l v e r  

s o l u b i l i z a t i o n  when compared with the  DMSO-H20 mixtures wi th  no 

added CaC12. 

2.5 times when 6% CaC12 was added t o  t h e  DMSO a s  compared with 

100% DMSO. The s o l u b i l i t y  of gold showed l e s s  of an inve r se  re la -  

t i onsh ip  t o  water than d id  t h e  lead o r  s i l v e r  ch lor ides .  Cadmium 

concentrations as high a s  -3.0 &were obtained i n  both 

DMSO-II20-CaC12 and DMSO-HzO mixtures (Fig. 5). The cadmium con- 

cen t r a t ions  appear t o  be higher i n  t he  DMSO-H20 mixtures.  Since 

previous work (2 ,  6 )  has shown t h a t  cadmium ch lo r ide  is more 

so lub le  than CaC12 i n  DMSO, the  addi t ion  of CaC12 t o  t h e  DMSO-H20 

mixtures could be expected t o  decrease t h e  cadmium s o l u b i l i t y  

The add i t ion  of 

Gold s o l u b i l i z a t i o n  (Fig. 4) was increased more than 
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0 4 8 (2 (6 20 24 
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WATER (70) 

FIGURE 2. Lead S o l u b i l i t y  in DMSO-H20-CaC12 Mixtures  a t  25°C. 

because of s a l t i n g - o u t  e f f e c t s .  The s o l u b i l i z a t i o n  of copper 

c h l o r i d e  in DMSO-820-CaC12 a l s o  shows an i n v e r s e  r e l a t i o n s h i p  t o  

water conten t  (Fig. 6) .  
were obtained.  However, t h e  s o l u b i l i t y  of copper c h l o r i d e  in 

DMSO-H20 mixtures  was more d i r e c t l y  r e l a t e d  t o  t h e  water content .  

Color  changes occurred w i t h  t h e  copper c h l o r i d e  s o l u b i l i t i e s  in 

both  DMSO-H2O-CaC12 and DMSO-H20 mixtures ,  s u g g e s t i v e  of m u l t i p l e  

complex formation o r  redox r e a c t i o n s .  

of -3.0 t o  4.0 &were obta ined  w i t h  zinc c h l o r i d e  (Fig.  7 ) .  

Copper c o n c e n t r a t i o n s  as h igh  as -0.65 5 

Concent ra t ions  in t h e  range 

The 
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m I 7 - I  I I I I 

- + O”/. CaC12 
2Y0 CaCI, 

= 49b CaCI, - 
A 6% CaCl2 

- 

- 
- 

0.4 - 
- 

- 

4 8 12 16 20 24 
WATER (70 1 

0.2 

0 
0 

FIGURE 3 .  Silver Solubility in DMSO-H20-CaC12 Mixtures at 25OC. 

FIGURE 4 .  Gold Solubility in DMSO-H20-CaC12 Mlxtures at 25°C. 
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1446 FELKER AND KELMERS 

FIGURE 5. Cadmium S o l u b i l i t y  i n  DMSO-H20-CaC12 Mixtures  a t  25OC. 

a d d i t i o n  of CaC12  showed no s i g n i f i c a n t  i n c r e a s e  o r  d e c r e a s e  i n  

z i n c  concent ra t ion .  The z i n c  c o n c e n t r a t i o n s  appeared t o  i n c r e a s e  

s l i g h t l y  a t  h igher  water conten ts .  The s o l u b i l i t y  of aluminum 

c h l o r i d e  (Fig.  8) was d i r e c t l y  r e l a t e d  t o  t h e  water c o n t e n t s  of 

the  DMSO-HzO and DMSO-H~O-C~C~Z mixtures .  

f e r e n c e  w a s  observed between t h e  sample c o n c e n t r a t i o n s  w i t h  added 

CaC12 and those  w i t h  no CaC12 added. 

No s i g n i f i c a n t  d i f -  

The t e r n a r y  phase diagram f o r  DMSO-H20-NaCl (F ig .  9) shows a 

s m a l l e r  s o l u t i o n  reg ion  than  t h a t  obtained w i t h  CaC12 .  Because 

t h e  s o l u t i o n  reg ion  18 r e s t r i c t e d  and N a C l  is less s o l u b l e ,  the 

s o l u b i l i t i e s  of some metal c h l o r i d e s  are much lower i n  t h e  
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DMSO-H20-NaC1 than  i n  t h e  DMSO-H20-CaC12 system. 

of lead  c h l o r i d e  and s i l v e r  c h l o r i d e  shown i n  Figs .  10 and 11, 

r e s p e c t i v e l y ,  demonstrate  t h i s .  To o b t a i n  1% N a C 1 ,  t h e  water con- 

t e n t  of t h e  mixture  w a s  a t  8%; f o r  3% N a C 1 ,  i t  was 24%; and f o r  5% 

NaC1,  it was 32%. The s o l u b i l i t i e s  of l e a d  and s i l v e r  c h l o r i d e s  

were very low when t h e  water content  was 20% o r  more i n  t h i s  ter- 

nary system. 

The s o l u b i l i t i e s  

DISCUSSION 

Our t e r n a r y  phase diagrams f o r  t h e  DMSO-H20-CaC12 and 

DMSO-H20-NaCl systems are t h e  f i r s t  repor ted  a t  25°C. The posi- 

t i o n  of t h e  s a t u r a t e d  s o l u t i o n  l i n e  is i n  g e n e r a l  agreement with 
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FIGURE 7 .  Zinc Solubility in DMSO-HzO-CaC12 Mixtures at 25°C. 
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FIGURE 8 .  Aluminum Solubility in DMSO-1120-CaC12 Mixtures at 25°C. 
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NoCl OMSO 

FIGURE 9. Ternary Phase Diagram for Dimethylsulfoxide-Water- 
Sodium Chloride at 25OC. 
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FIGURE 10. Lead Solubility in DMSO-HZO-NaCl Mixtures at 25'C. 
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0.12 I I I I I I I I I 
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0 1% NaCl 
8 3Y0 NaCl 
A 5 %  NaCl 
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- 

0.06 
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0 10 20 30 40 50 

WATER ( %  1 

FIGURE 11. S i l v e r  S o l u b i l i t y  i n  DMSO-H20-NaC1 Mixtures  a t  25'C. 

published phase diagrams a t  37OC (4). 
behavior  in t h e  s a t u r a t e d  reg ion  was observed i n  our  work wi th  t h e  

DMSO-H20-NaC1 system, i n  agreement with publ i shed  resul ts  ( 4 ) .  We 

were unable  t o  Ident iEy t h e  s e v e r a l  p o s s i b l e  e q u i l i b r i u m  s o l i d  

phases  t h a t  may be p r e s e n t  i n  t h e  DMSO-H20-CaCl2 system and are 

concerned t h a t  t h e  prev ious ly  publ ished phase diagram ( 4 )  may not  

adequately d e s c r i b e  t h e  s a t u r a t e d  reg ion  s i n c e  i t  shows no evi -  

dence of t h e  well-known hydrated forms of CaC12.  

Continuous s o l i d  s o l u t i o n  

D i s s o l u t i o n  of metal c h l o r i d e  compounds i n  t h e  s o l u t i o n s  

s e l e c t e d  from t h e  s o l u t i o n  reg ion  of t h e s e  t e r n a r y  systems can 

occur  p r i m a r i l y  by t h r e e  r e a c t i o n s :  s o l v a t i o n ,  c h l o r i d e  complexa- 

t i o n ,  OK hydrat ion.  In s o l v a t i o n  r e a c t i o n s ,  t h e  metal ion  is 
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surrounded by a DMSO s o l v a t i o n  l a y e r  and s o l u b i l  

metal-DMSO moiety by r e a c t i o n s  such as 

M C l y  + xDMSO - M(DMS0)r + yC1- 

zed as a 

In r e a c t i o n s  of t h i s  type ,  t h e  s o l u b i l i t y  of t h e  metal c h l o r i d e  

would be expected t o  be i n v e r s e l y  r e l a t e d  t o  c h l o r i d e  ion a c t i v i t y  

o r  H20 concent ra t ion .  In c h l o r i d e  complexation r e a c t i o n s  of t h e  

t y p e  

MCly + xC1- = MC1$ + y )  , 

t h e  s o l u b i l i t y  of t h e  metal ion should be d i r e c t l y  r e l a t e d  t o  t h e  

c h l o r i d e  i o n  a c t i v i t y  and i n v e r s e l y  r e l a t e d  t o  t h e  H20 content ,  

due t o  t h e  competing p r o t o n a t i o n  r e a c t i o n s  

H 2 0  = H+ + OH- , 
H+ + C1- - H C 1  . 

Of course ,  metal c h l o r i d e s  could a l s o  be s o l u b i l i z e d  i n  t h e  water 

c o n t e n t  of t h e  systems ( h y d r a t i o n  r e a c t i o n ) ;  i n  t h i s  case, t h e  

s o l u b i l i t y  of t h e  metal c h l o r i d e  should be i n v e r s e l y  r e l a t e d  t o  

t h e  DMSO content .  

Examples of a l l  t h r e e  types  of behavior  can be s e e n  i n  t h e  

metal c h l o r i d e  s o l u b i l i t y  d a t a .  S i l v e r  c h l o r i d e  appeared t o  be 

s o l u b i l i z e d  only  by complex formation (Fig.  3); no s u g g e s t i o n  of 

s o l v a t i o n  of AgCl was observed. Synnott and B u t l e r  (5) have 

measured t h e  formation c o n s t a n t  f o r  QC12 

of  H20  c o n c e n t r a t i o n  and found h igh  va lues  a t  low H20 contents ;  

t h u s ,  it seems reasonable  t o  sugges t  t h a t  s i l v e r  d i s s o l v e s  

accord ing  t o  t h e  e q u i l i b r i u m  

- 
i n  DMSO as a f u n c t i o n  

AgCl + C1- =a AgC12- 

Lead c h l o r i d e  and gold c h l o r i d e  showed simllar i n c r e a s e d  so lubi -  

l i t y  w i t h  i n c r e a s e d  c h l o r i d e  c o n c e n t r a t i o n ,  except  that  appre- 

c i a b l e  s o l u b i l i t y  due t o  s o l v a t i o n  can also be seen  (F igs .  2, 4)  

i n  t h e  absence of added CaCl2. 

DMSO, and the complexes PbC12- and PbC132 

Lead c h l o r i d e  has  been s t u d i e d  in 

were i n f e r r e d  (6).  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



FELKER AND KELMERS 1452 

Presumably, similar complexes are being s o l u h i l i z e d  in o u r  exper i -  

ments. No l i t e r a t u r e  r e f e r e n c e s  t o  t h e  s t a b i l i t y  of go ld  c h l o r i d e  

complexes i n  DMSO were i d e n t i f i e d .  

D i f f e r e n t  behavior  was observed f o r  cadmium c h l o r i d e  and z i n c  

c h l o r i d e  (Figs .  5 and 7) .  Both were q u i t e  s o l u b l e  i n  t h e  absence 

of added c h l o r i d e ,  and t h e i r  s o l u b i l i t i e s  decreased  s l i g h t l y  as 

CaC12  was added t o  t h e  sys tem.  Thus, f o r  these e lements ,  no evi-  

dence of c h l o r i d e  complexation w a s  ob ta ined  and s o l u b i l i t y  

appeared t o  be e f f e c t e d  s o l e l y  by s o l v a t i o n  and t o  be r e p r e s s e d  by 

added CaC12  due t o  s a l t i n g - o u t  e f f e c t s .  The behavior  of copper 

c h l o r i d e  (Fig.  6)  was complicated,  and t h e  format ion  of v a r i o u s l y  

co lored  s o l u t i o n s  s u g g e s t s  t h e  presence of m u l t i p l e  complexes and 

a l s o  p o s s i b l e  r e a c t i o n  w i t h  the DMSO t o  form reduced copper  ( 1 ) .  

Aluminum c h l o r i d e  appeared t o  be  s o l u b l e  only in t h e  water conten t  

of t h e  s y s t e m  (Fig .  8) .  

Addi t iona l  r e s e a r c h  is under way t o  e x p l o r e  t h e  e f f e c t  of 

temperature  on t h e  s o l u b i l i t i e s  of some of t h e s e  metal c h l o r i d e s  

and t o  c o n s t r u c t  t h e  t e r n a r y  phase diagram f o r  t h e  DMSO-H20-NH,C1 

system. Also, measurements of p e r t i n e n t  p h y s i c a l  c o n s t a n t s  a r e  

being i n l t l a t e d .  
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