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Dens i t i e s ,  e l e c t r i c a l  conduct iv i t ies  and v i s c o s i t i e s  of CuSO4-H2SO4-H20 solut ions  a r e  r e -  
por ted  for  e l e c t r o r e f i n i n g  e l e c t r o l y t e s  over  the r anges :  

T e m p e r a t u r e  50 to 70~ 
Copper  concen t ra t ion  40 to 55 g � 9  -3 
H2SO4 concen t ra t ion  160 to 220 g � 9  -3 

and for  e lec t rowinn ing  e l e c t r o l y t e s  over  the r anges :  

T e m p e r a t u r e  20 to 70~ 
Copper concen t ra t ion  10 to 60 g � 9  -3 
H2804 concen t ra t ion  10 to 170 g ' d m  -3 

E m p i r i c a l  and s e m i e m p i r i c a l  equat ions  desc r ib ing  the m e a s u r e d  p r o p e r t i e s  a re  p r e s e n t e d .  

C O P P E R  s u l f a t e / s u l f u r i c  acid  solut ions f o r m  the 
bas i s  of e l e c t r o l y t e s  which a r e  used to produce  ap-  
p rox ima te ly  9 mi l l ion  tonnes of m e t a l l i c  copper  pe r  
yea r ,  95 pct by e l e c t r o r e f i n i n g  and 5 pct by e l e c t r o -  
winning. A l i t e r a t u r e  su rvey  indicated a lack of con-  
s i s t en t  densi ty ,  e l e c t r i c a l  conductivi ty,  and v i s c o s i t y  
data  for these  e l e c t r o l y t e s ,  a void which is  f i l led in 
pa r t  by the r e s u l t s  of the p r e sen t  inves t iga t ion .  

Densi ty ,  e l e c t r i c a l  conductivi ty,  and v i s c o s i t y  a l l  
have cons ide rab le  economic  impor tance ,  conduct ivi ty  
because  of i ts  impac t  on e l e c t r i c a l  energy  consump-  
t ion and dens i ty  and v i s c o s i t y  because  of the i r  inf luences  
on mass  and heat  t r a n s f e r .  Dens i ty  and v i s c o s i t y  a l so  
influence the c a r r y  over  of impure  pa r t i cu l a t e s  into 
the f inal  copper  cathode product .  

E X P E R I M E N T A L  

The e x p e r i m e n t s  were  c a r r i e d  out over  the compo-  
s i t ion and t e m p e r a t u r e  r anges :  

E l e c t r o r e f i n i n g  range  : 

T e m p e r a t u r e  50 to 70~ 
Copper concen t ra ion  40 to 55 g . dm -3 
F r e e  H2SO4 concent ra t ion  160 to 220 g .  dm -3 

E lec t rowinn ing  range  : 

T e m p e r a t u r e  20 to 70~ 
Copper concen t ra t ion  10 to 60 g . dm -3 
F r e e  H2SO4 concen t ra t ion  10 to 170 g .din -s 

a l l  concen t ra t ions  being e x p r e s s e d  in g r a m s  per  dm 3 
of solut ion at 20~ F r e e  su l fur ic  acid  is defined as 
the amount  of H2SO4 added to the solut ion or  the acid  
equiva len t  to the SO~ ions r ema in ing  a f te r  a l l  copper  
is r e m o v e d  as CuSO4. 

DEREK C. PRICE and WILLIAM G. DAVENPORT are Research 
Associate and Professor of Metallurgy, Department of Mining and 
Metallurgical Engineering, McGill University, Montreal, Quebec, 
Canada H3A 2A7. 

Manuscript submitted May 2, 1979. 

METALLURGICAL TRANSACTIONS B 

The e x p e r i m e n t a l  solut ions used throughout  the 
work were  p r e p a r e d  f r o m  ana ly t i ca l  r eagen t  g rade  
CuSO4 �9 5H20 and H2SO4 (F i she r  Scient i f ic)  and doubly 
d i s t i l l ed  wa te r .  The CuSO4 �9 5H20 and the H2SO4 were  
analyzed  chem ica l l y  p r i o r  to making up the e x p e r i -  
menta l  so lu t ions .  

D e n s i t i e s  were  m e a s u r e d  by means  of s tandard  25 
and 50 ml  p y c n o m e t e r s  (F i she r  Scient i f ic)  with at 
l eas t  th ree  m e a s u r e m e n t s  being taken for  each  r e -  
por ted  va lue .  The m e a s u r e m e n t s  gave spec i f ic  g r a v i -  
t i e s  which were  then conver ted  to absolute  dens i t i e s  
f r o m  published 1 water  dens i ty  va lue s .  E l e c t r i c a l  con-  
duc t iv i t i es  were  m e a s u r e d  with a T a c u s s e l  (Lyon, 
F rance )  conduct ivi ty  m e t e r  type CD 6NG (4000 Hz) in 
conjunct ion with a type CM 04 G / R  high conduct ivi ty  
ce l l .  The ce l l  was ca l i b r a t ed  with a s tandard  N so lu-  
t ion of KC1 in doubly d i s t i l l ed ,  n i t rogen  degas sed  
wa te r .  KC1 conduct ivi ty  va lues  for  the ca l ib ra t ion  
were  taken f r o m  the data of Jones  and P r e n d e r g a s t  2 
as r e p r e s e n t e d  and ex t rapo la ted  by the equat ion:  

/e = 0.065430 + 1.73972 • 10-3t + 4.49641 • 10-6/2 [1] 

where  ~ = conduct ivi ty  of an N KC1 solution,  s i e m e n  
cm -1 and t = t e m p e r a t u r e ,  ~ Conduct iv i t ies  ca lcu la ted  
by this  equat ion a re  expected  to be within • 10 -G s i c -  
men �9 cm -1 nea r  20~ and b e t t e r  than + 10 -4 s i e m e n  �9 cm -~ 
at 70~ 

V i s c o s i t i e s  were  d e t e r m i n e d  by means  of a Brook-  
f ie ld  S y n c r o - L e c t r i c  v i s c o m e t e r ,  Model  LVF (Cooks-  
v i l l e ,  Ontar io)  with an adapter  for  low v i s c o s i t y  m e a -  
s u r e m e n t s .  The v i s c o m e t e r  was ca l ib ra t ed  with 
CuSOJH20  solut ions whose v i s c o s i t i e s  had been de -  
t e r m i n e d  with a s tandard  Cannon-Fenske  rout ine v i s -  
c o m e t e r  (F i she r  Scient i f ic ) .  

The r e s u l t s  of the m e a s u r e m e n t s  a r e  r e p o r t e d  in 
T a b l e s  I to III and i l l u s t r a t e d  in F igs .  1 to 5. The p r e -  
c i s ions  of the tabulated va lues  a r e  e s t i m a t e d  to be: 
dens i ty  + 0.0002 g �9 dm-S; conduct iv i ty  + 1/2 pct of the 
m e a s u r e d  value;  v i s c o s i t y  • 0.01 cen t ipo i se .  
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RESULTS AND DISCUSSION 

1. Dens i ty  

Although or ig ina l ly  intended as  a complement  to the 
work on v i s c o s i t y  and e l e c t r i c a l  conductivity ,  the den- 
s i ty  re su l t s  a l so  f i l l  in prev ious ly  unexplored reg ions  
of e l ec tro ly te  compos i t ion  and temperature .  P r e -  
v ious ly ,  much of the data on the s y s t e m  had been based 
upon the 1916 re su l t s  of Hol ler  and Peffer  3 at 25 and 
40~ with more  recent  contributions by E i senberg ,  
Tobias ,  and Wilke %~ and C l a e s s e n s .  %7 The dens i t i e s  
of saturated so lut ions  had a l so  been widely  examined.  8-1~ 

Hol ler  and Pef fer  were the f irs t  to propose  that den- 
s i ty  is  a function of the concentrat ion summat ion  
[CuSO4 �9 5H20 + H2SO4] rather than of the concentra-  
t ions  of the individual  components .  T h i s  i s  conf irmed 
for e l ec trore f in ing  e l ec t ro ly te s  by the present  resu l t s ,  
• 2 pct (Fig.  1). 

A l s o  not iceable  from the present  re su l t s  (Table I) 
i s  the e x t r e m e l y  s m a l l  inf luence of temperature  on 
densi ty ,  l e s s  than 0.0006 g .  dm -3 per ~ This  permi t s  
dens i ty  re su l t s  to be descr ibed  accurate ly  by the e m -  
p ir i ca l  equation: 

d • 0.005 g �9 dm -a = 1.01856 + 0.00238 [Cu] [2] 

+ 0.00054 [HzSO4] - 0 .00059t  ~ 

where  [Cu] and [H2SO4] are concentrat ions  of Cu and 
H2SO4, g .dm -a at 20~C. Resu l t s  calculated by this  
equation agree  v e r y  wel l  with the resu l t s  of Hol ier  
and Peffer  3 and Ei senberg  et a l :  The va lues  are 
somewhat  higher than those reported by Claessens .% 7 

2. E l e c t r i c a l  Conductivity 

The re su l t s  of the e l e c t r i c a l  conductivity  m e a s u r e -  
ments  are  reported in Table  II and interpreted in 
F i g s .  2 and 3. A s  F i g s .  2 and 3 demonstrate ,  the 
s tronges t  inf luence on e l e c t r i c a l  conductivi ty  is  H2SO4 
concentrat ion,  due to the effect  of hydrogen ions in 
the solut ion.  This  is  conf irmed by the ea r l i e r  re su l t s  
of Richardson  and Taylor ,  11 Kern and Chang, t2 Skow- 
ronski  and Rienoso  ~3 and s e v e r a l  other l imi ted  
studies.X4-~6 The extens ive  re su l t s  of the recent  study 
by C l a e s s e n s  et al %7 conf irm this  trend qual i tat ively ,  
but quantitat ively their  conductivity  va lues  are in d i s -  
agreement  with those  from the present  and other pre -  
v ious  work, e s p e c i a l l y  at higher t empe ra tur es .  
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Fig. 1 -Absolute  densities of  CuSO4-H2 SO4 solutions as a function 
of  combined [CuSO4 -5H20 +H2SO4] concentration (25~ 

Table  I. Absolute  Densities of  C u S O 4 - H 2 S O  4 Solut ions 

Absolute Density, g. cm "3 
Concentration, g" dm "3, 20~ 

Cu H2SO 4 

I0 9.56 

10 47.80 
10 86.04 

35 47.80 
35 143.40 
35 191.20 

60 23.90 
60 95.60 
60 167.30 

25 14.34 
25 42.02 
25 71.70 

40 4.78 
40 28.68 
40 52.58 

55 9.56 
55 33.46 
55 57.36 

40 163.40 
40 182.60 
40 201.80 
40 22t.00 

45 163.40 
45 182.60 
45 201.80 
45 221.00 

50 163.40 
50 182.60 
50 201.80 
50 221.00 

55 163.40 
55 182.60 
55 201.80 
55 221.00 

Electrowinning Range 
20~ 30~ 40~ 

1.0295 1.0265 1.0226 
1.0536 1.0496 1.0452 
1.0768 1.0727 1.0677 

1,1130 1.1087 1.1036 
1.1691 1.1639 1.1573 
1.1974 1,1911 1.1844 

1.1581 1.1537 1.1488 
1.1989 1.1932 1.1869 

- 1.2325 1.2274 

50~ 60~ 70~ 

1.0565 1.0508 1.0453 
1.0699 1.0637 1.0581 
1.0885 1.0824 1.0765 

1.0870 1.0813 1.0753 
1,0992 1.0937 1.0872 
1.1121 1.1064 1.0999 

1.1301 1.1244 1.1180 
1.1423 1.1358 1.1294 
1.1547 1.1487 1.1421 

Eleetrorefining Range 

50~ 60~ 70~ 

1.1742 1.1683 1.1617 
1.1841 1.1784 1.1725 
1.1955 1.1893 1.1836 
1.2054 1.1996 1.1938 

1.1844 1.1781 1.1718 
1.1948 1.1886 1.1831 
1.2054 1.1996 1.1952 
1.2164 1.2097 1.2034 

1.1954 1.1881 1.1827 
1,2051 1.2000 1.1911 
1.2161 1.2100 1.2036 
1.2253 1.2204 1.2140 

1.2056 1.2014 1.1974 
1.2162 1.2119 1.2065 
1.2273 1.2218 1.2162 
1.2379 1.2329 1.2263 
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Fig. 2-1soconductivity lines for the CuSO4-H z SO 4 system as a 
function of  copper and sulfuric acid concentration (40~ The points 
on each isoconductivity line have been interpolated from measured 
conductivity values (previous work and Table II).  

1 6 0 - V O L U M E  11B, MARCH 1980 M E T A L L U R G I C A L  T R A N S A C T I O N S  B 



Table II. Specific Conductivities of CuSO4-HzSO 4 Solutions 

Specific Conductivity, Millisiemen - cm - l  Concentration, 
g .  dm "3, 20~ 

Cu H2SO4 

0 23.9 
0 38.24 

10 9.56 
i0 47.80 
10 86.84 

35 47.80 
35 143.4 
35 191.2 

60 23.9 
60 95.6 
60 167.3 

25 14.34 
25 43.02 
25 71.70 

40 4.78 
40 28.68 
40 52.58 

55 9.56 
55 33.46 
55 57.36 

40 163.40 
40 182.60 
40 201.80 
40 221.00 

45 163.40 
45 182.60 
45 201�9 
45 221.00 

50 163.40 
50 182.60 
50 201�9 
50 221.00 

55 163.40 
55 182.60 
55 201.80 
55 221.00 

Electrowinning Range 

20~ 30~ 40~ 50~ 60~ 70~ 

103�9 114,6 124�9 134.0 144.7 153.9 
158.0 177.2 190.0 205.2 222.5 236.3 

44.1 48,6 51.5 54.6 58�9 59.1 
182.0 201,2 214.8 228.3 242�9 254.8 
304.9 335,8 363.4 384.2 411.9 433.3 

165.8 182,5 195.0 
389.5 436.4 479.5 
461.4 521.8 574.7 

96.2 110.0 119.6 
257.4 289.5 314.6 
372.2 421.2 465�9 

65.5 73.2 78.3 83.6 87.0 90.6 
157.8 172.5 182.2 192.1 202�9 212.3 
241.1 266.7 284.4 307.0 324.0 341�9 

43.7 51.5 58.1 65.3 71.3 76.6 
108.4 120.5 131.2 140.4 147�9 153�9 
176.2 195.4 207.8 223�9 234.0 243�9 

62.3 72.5 81�9 93.9 99.0 107.1 
119.4 135�9 147.4 158.3 170.4 177.6 
178�9 198�9 213.6 230.6 242.4 254.3 

Electrorefining Range 

616 655 687 
666 698 749 
703 748 805 
747 803 854 

597 630 669 
641 692 730 
691 741 780 
728 779 830 

585 624 650 
635 667 706 
672 717 761 
703 760 805 

569 606 638 
613 661 693 
653 698 737 
699 741 786 
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Fig. 3 - S p e c i f i c  conduc t iv i t i e s  o f  C u S O 4 - H z S O 4  solutions at 50~ 
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The effects  of copper concentrat ion on conductivi ty  
are i l lus trated  in Fig .  2, which plots  i soconduct iv i ty  
l ines  as a function of [Cu] and [H2SO4], and in Fig .  3, 
which plots  conduct iv i t ies  at constant copper concen-  
trat ions  as a function of [H2SO~]. It can be seen  that: 

a) below about 20 g �9 d m  -3 H2SO4 an increas ing  cop- 
per concentrat ion (constant [HzSO4]) i n c r e a s e s  con-  
ductivity; 

b) above 40 g . d m -3 H2SO4 the opposite occu rs .  
The H2SO4 concentrat ion at which the effect  of Cu r e -  
v e r s e s  is  s ens i t i ve  to temperature  but the effect is  
a lways  not iceable  (Table II). 

Expres s ion  of e l e c t r i c a l  conductivi ty  in equation 
form as a function of t emperature  and Cu and H2SO4 
concentrat ions  is  made diff icult  by the compl icated  
effect  of copper.  However ,  over the e l ec trore f in ing  
range,  the equation: 

t~ = 0.134 - 0.00356 [Cu] + 0.00249 [H2SO4] 

+ 0 .00426t~ [3] 

r epresent s  the measured  conductivity  va lues  ( s i e -  
m e n .  cm -1) + 2 pct. 

Conductivi tes  under e lec trowinning  condit ions are 
best  interpolated d irect ly  f rom the exper imenta l  data 
in T a b l e  II. 

M i n i m u m  p o w e r  c o n s u m p t i o n  dur ing  e l e c t r o l y s i s  i s  
obta ined  at m a x i m u m  e l e c t r i c a l  c o n d u c t i v i t y .  F r o m  
th i s  point  of  v i e w  it i s  c l e a r  that e l e c t r o r e f i n i n g  
(H2SO4 c o n c e n t r a t i o n  160 to 220 g �9 d m  -3) shou ld  be 
c a r r i e d  out wi th  as  low a c o p p e r  c o n c e n t r a t i o n  as  p o s -  
s i b l e ,  as  shou ld  e l e c t r o w i n n i n g  f r o m  s o l v e n t  e x t r a c -  
t ion e l e c t r o l y t e s  (H2SQ c o n c e n t r a t i o n s  130 to 150 
g �9 din-3).  

3 .  V i s c o s i t y  

T h e  p r i n c i p a l  p r e v i o u s  w o r k  on v i s c o s i t i e s  of C u S O 4 -  

H 2 S O 4  s o l u t i o n s  i s  that of E i s e n b e r g  4 at i 0  to 30~ and 
C l a e s s e n s  6 at 25 and 50~ I n v e s t i g a t i o n s  of  d i lu te  
s o l u t i o n s  have  a l s o  b e e n  c a r r i e d  o u t .  zv,z8 

T h e  r e s u l t s  of the p r e s e n t  w o r k  are  p r e s e n t e d  in 
T a b l e  III and F i g s .  4 a n d  5 .  A s  F i g .  4 s h o w s ,  the 2 5 ~  

r e s u l t s  of the p r e s e n t  w o r k  are  in good a g r e e m e n t  
wi th  the data  obta ined  by  C l a e s s e n s .  T h e y  do, h o w e v e r ,  
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Fig. 4-Isoviscosity lines for the CuSO4-H2SO4 system, 25~ The  
points on each isoviscosity line have been interpolated from measured 
viscosity values. 
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Table III. Absolute Viscosities of CuSO4-H 2 S04 Solutions 

Concentration, Absolute Viscosity, Centipoise 

g" dm'a, 20~ Electrowinning Range 

Cu H2SO4 20~ 30~ 40~ 

10 9.56 1.13 0.879 0.699 
10 47.80 1.17 0.922 0.720 
10 86.04 1.26 0.967 0.749 

35 47.80 1.50 1.16 0.926 
35 143.40 1.76 1.33 1.09 
35 191.20 1.91 1.48 1.20 

60 23.90 1.84 1.41 1.14 
60 95.60 2.03 1.56 1.26 
60 167.30 2.30 1.69 1.42 

50~ 60~ 70~ 

25 14.34 0.715 0.560 0.486 
25 42.02 0.759 0.607 0.518 
25 71.70 0.778 0.654 0.563 

40 4.78 0.820 0.678 0.563 
40 28.68 0.835 0.690 0.583 
40 52.58 0.855 0.711 0.627 

55 9.56 0.917 0.795 0.664 
55 33.46 0.935 0.813 0.701 
55 57.36 0.951 0.841 0.743 

Electrorefining Range 

50~ 60~ 70~ 

40 163.40 1.03 0.891 0.768 
40 182.60 1.06 0.915 0.784 
40 201.80 1.10 0.946 0.811 
40 221.00 1.16 0.972 0.837 

45 163.40 1.07 0.925 0.784 
45 182.60 1.12 0.946 0.811 
45 201.80 1.17 0.988 0.850 
45 221.00 1.20 1.00 0.872 

50 163.40 1.10 0.946 0.811 
50 182.60 1.15 0.972 0.837 
50 201.80 1.20 1.00 0.872 
50 221.00 1.24 1.03 0.896 

55 163.40 1.19 1.00 0.850 
55 182.60 1.20 1.02 0.889 
55 201.80 1.25 1.04 0.923 
55 221.00 1.29 1.08 0.948 

tend to be somewhat  higher than C l a e s s e n s '  r e s u l t s  
at 50~ E i senbe rg  et al 's  v i scos i ty  data have not been 
compared  with the p r e sen t  r e su l t s  because  the v i s -  
cosi ty  data of the i r  two inves t iga t ions  a re  not cons i s -  
tent  .%5 

F igure  4 demons t r a t e s  c l ea r ly  that v i scos i ty  is af-  
fected by both Cu and H2SO4 concen t ra t ions .  It is  a lso  
affected s igni f icant ly  by t e m p e r a t u r e .  For  this  r eason  
it has been  difficult  to r e p r e s e n t  al l  102 v i scos i ty  
va lues  by a s imple  equat ion.  However,  the e m p i r i c a l  
equat ion:  

: 10-6(1592 + 0.0108[H2SO4] 2 + 2.373 [H2SO4] 

+ 29.93 [Cu] + 76.48 [Cu]l/e)exp 1890 [4] 
T(K) 
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Fig. 5 - A b s o l u t e  viscosit ies o f  C u S O 4 - H 2 S O 4  so lu t ions  as a f u n c t i o n  o f  
F, the  iona l  c o n c e n t r a t i o n .  

where C i is the concent ra t ion  of ion i in g ram ions 
�9 dm "3 and Z i is the va lence  of ion i. As C laessens  6 
has pointed out, the impor tance  of this  concept is 
that it might be appl icable  to indus t r i a l  e l ec t ro ly te s  
which contain s ignif icant  concen t ra t ions  of impur i ty  
ions,  e.g.  nickel ,  a r sen ic ,  and i ron .  

In the case of copper su l f a t e - su l fu r i c  acid solut ions ,  
H2SO4 is a s sumed  to d issoc ia te  into H + and HSO~ 
ions .  7 For  these two ions, the sum of the ion concen-  
t r a t ions  is : 

C = 2 • [H2SO4] [61 
MWH2SO4 

and Z = 1. S imi l a r ly  CuSO4 d i s soc ia t e s  into Cu +§ and 
SO~ so that Z = 2 and, 

C = 2 •  [CuSO4.5H20] _ 2 •  [Cu] [7] 
MWcuso4 �9 5H20 MWCu 

Thus for CuSO4-H2SO4 solut ions:  

[S2SO~] • (1)2 + 2 • [Cu] . 
r = 2 x  98.08 ~ ~ (2)2 [81 

Viscos i ty  is plotted as a function of this  va r i ab le  in 
Fig.  5, showing a good co r re l a t ion  at a l l  t e m p e r a t u r e s ,  
while the equation:  

= 10 -~ (1834 + 2.609F 1/2 + 256.9F - 4 4 . 5 6 F  2) 

1890 
• exp T(K) [9] 

d e s c r i b e s  the expe r imen ta l  v i s cos i t i e s  • 0.1 cent ipoise .  
Kocharev 19 repor t s  s i m i l a r  succes s  with this type of 
equation for r ep re sen t i ng  n ickel  in CuSO4-H2SO4 e l ec -  
t ro ly t e s .  F u r t h e r  data a re ,  however,  r equ i r ed  to tes t  
it adequately for that purpose�9 

In p rac t i ca l  t e r m s ,  the expe r imen ta l  data c l ea r ly  
show that v i scos i ty  is min imized  by high t e m p e r a t u r e  
and by low concen t ra t ions  of sul fur ic  acid and copper .  

r e p r e s e n t s  al l  the data -~ 10 -1 cent ipoise  and the 50 to 
70~ data • 0.4 • 10 -1 cent ipoise .  

Asmus  17 suggested that the v i s cos i t i e s  of complex 
ionic solut ions  may be expressed  in t e r m s  of the ional  
concen t ra t ion  

F = E C i Z i  2 [ 5 ]  

CONCLUSIONS 

1. Dens i t i es ,  e l e c t r i c a l  conduct iv i t ies  and v i s c o s i -  
t ies  of CuSO4-H2SO4 solut ions in the e l ec t ro re f in ing  
and e lec t rowinning ranges  of composi t ion  and t e m p e r a -  
ture  have been measu red .  The m e a s u r e m e n t s  extend 
cons iderab ly  the range of ava i lab le  data .  
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2. The density and conductivity resul ts  are in agree-  
ment with previously measured values .  The v i scos i ty  
resul ts  agree with previous work at 25~ but tend to be 
somewhat higher at 50~ 

3. In general,  e lectrorefining and electrowinning 
should be carried out under conditions of high e l e c -  
tr ical  conductivity and low v i scos i ty .  These  are both 
promoted by high temperatures  and low copper con- 
centrations.  
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