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Some aspects of reactivity of copper(I) sulphide 
with copper(ll) sulphate 
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Poland 

The reaction of Cu2S with CuSO4 in SO2 at T > 710 K proceeds forming liquid intermediates, 
Cu2SO 2 and Cu2SO 4, which decompose to solid products. Only SO2 is a gaseous product out 
of all the intermediate reactions. The rate of each step is dependent, in a complex way, upon 
the liquid content of thereacting mixture. The relations of major importance between the rates 
of individual intermediate reactions, the liquid content of the reacting mixture, the composition 
of the liquid and the initial composition of the substrates mixtures have been discussed. 

1. I n t r o d u c t i o n  
The reaction of copper(I) sulphide with copper(II) 
sulphate - one of the products of its maximum oxida- 
tion process - is of importance for the oxidation of 
copper(I) sulphide, an essential process in pyrometal- 
lurgical production of copper. Although the oxidation 
of copper(I) sulphide at higher temperatures is well 
known, work dealing with this subject below 900 K is 
scarce and the results give only fragmentary informa- 
tion. It is obvious that reactions taking place at 
lower temperatures influence the process of copper(I) 
sulphide oxidation at temperatures higher than 900 K. 

Besides the utilitarian aspect, the reaction of 
copper(I) sulphide with copper(II) sulphate exempli- 
fies a little known type of chemical reaction in which 
two solid reactants form liquid intermediates being 
then decomposed to solid final products. Each of the 
reaction stages is accompanied by a gaseous product. 

We have found in our earlier works [1-3] that reac- 
tion of copper(I) sulphide with copper(II) sulphate in 
SO2 at 710 to 785 K runs through the following steps 

CUl.96S(s) q!_ x CuSO4(s) = 0 .98 CH2S -[- m X 

+ y SO2 O) 

where x = 0.02 to 0.04; m = 0.01 to 0.04; X is an 
unidentified reaction product; y = 0.030 to 0.045. 
Next 

Cu2S(s ) ~1_ CuSO4(s) ~_ 1.5 Cu2SO20) + 0.5 SO2(g ) 

(2) 

Cu2802(1) + 2 CuSO~s ) = 2 Cu2SO40) + SO2(g) (3) 

3 Cu2SO20) = 2 Cu2Ocs ) + CuzS(~) + 2 SO2r ~ (4) 

3 Cu2SO4(1) = 2 Cu20(~) + 2 CuSO4~) + SO2(g) (5) 

Ignoring Reaction 1, which runs rapidly and to com- 
pletion below 710 K, it is CuSO4 and CuaSO 4 that are 
the main intermediates of the reaction considered at 
710 to 785 K. A metallic copper was also found in the 
intermediates but its content was, each time, lower by 
several times than those of other components of the 
reaction mixture [4]. 

In the light of previous investigations [4], it seems 
that copper is a product of the total Reaction 5 which 
in the solid state runs via two steps 

3 Ca2804(s) = 3 Cu(s) + 3 CuSO4(s) (6) 

3 Cu(s) + CuSO4r = 2 Cu20(s) + SO2(g ) (7) 

Under the experimental conditions, the final pro- 
duct of the reaction between copper(I) sulphide and 
copper(II) sulphate is Cu20, which is described by the 
balance reaction 

2 CuSO4(~) + Cu2S(s ) = 2 Cu:O(~) + 3 SO2(g) (8) 

Depending on the initial composition of the reac- 
tion mixture, each of the Reactions 1 to 5 runs at 
definite fractional conversion, e. The fractional con- 
version, e, has been calculated as a ratio of mass 
loss at a given instant to the maximum mass loss 
derived from Equation 8, whereas the initial composi- 
tion denoted by Z has been defined as a number of 
copper(II) sulphate moles to the number of copper(I) 
sulphide moles present in the substrate mixture. On 
the basis of experimental results published earlier [3] 
the ranges of e were estimated for a particular com- 
position of initial mixtures at which Reactions 1 to 5 
take place. For the requirements of this work, the 
ranges are shown graphically in Figure 1. Individual 
areas e - Z  have been labelled with the numbers of  the 
reactions dominating at a given variation range. The 
graphic illustration of experimental results of the 
chemistry of the process taking place between copper(I) 
sulphide and copper(II) sulphate, despite its qualita- 
tive character, implies that after conversion of CUl.96S 
into nearly stoichiometric copper(I) sulphide [3], 
always the first to arise, almost quantitatively, is a 
liquid Cu2SO2 (area 2). For Z ~< 1 it undergoes 
decomposition, in agreement with Reaction 4 (area 4). 
Liquid Cu2 SO4 is formed in accordance with Reaction 
3 only at the composition of initial mixtures for which 
Z > 1, but in a quantitative manner, CuSO4 reacts 
exclusively at Z ~< 2. On the other hand, for Z > 2, 
Reaction 5 starts before Reaction 3 has been comple- 
ted. For Z = 4 and T < 770K, Reactions 3 and 5 
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Figure 1 The participation of intermediate Reactions 1 to 5 in 
CuL %S-CuSO 4 reaction as a function of  the fractional conversion 
(c 0 and the initial composition. Z = nCuSO4//'/CuI96S. 

powdered reaction mixture which was then heated 
under isothermal conditions. As soon as the desired 
stage of  reaction was reached the specimen was quen- 
ched. The surface of the reaction mixture resulting 
from the sticking of the liquid to the plate was exam- 
ined in the Regional Laboratory of Electron Micro- 
scopy, Technical University in Wroctaw. 

Measurements of mass changes (mass loss) under 
isothermal conditions were presented as a relationship 
between the process rate dc~/dz and fractional conver- 
sion, e. The rate d~/dz was assigned graphically from 
the records of mass loss against time. Typical curves of 
d~/dz against ~ are shown in Fig. 2. The results from 
visual observations are given in Table I and the results 
from examinations by scanning electron microscopy 
are shown later in Figs 4 to 8 and Table II. 

run in fact simultaneously, although it is possible to 
obtain an almost pure Cu2SO4 under precisely estab- 
lished conditions [5]. Therefore, the right-hand boun- 
dary of area 3 has been marked with a dotted line. For  
2 ~< Z < 4, the CuSO4 content in the initial mixture 
is too small for Cu2SO20) to react completely accord- 
ing to Reaction 3. However, CuSO4 appears in the 
reaction mixture as one of  the products of Reaction 5 
and reacts with Cu2 SO20). As a result, Reactions 3 and 
5 take place at the same time (areas 3 and 5). A similar 
but much more complicated process is under consi- 
deration for 1 < Z < 2 (areas 2 + 3 + 4 + 5). A 
discussion with full particulars of  the process chemis- 
try was presented previously [3], whereas detailed infor- 
mation of intermediates, i.e. Cu2SO2 and Cu2SO4 was 
given previously [6]. The aim of this work was to 
elucidate some problems connected with the kinetics 
of the reaction of copper(I) sulphide with copper(II) 
sulphate. This has become possible because we now 
know the way in which this reaction takes place and 
we know the fundamental properties of the hitherto 
unknown Cu2SO2 and the insufficiently known 
Cu2SO 4. We analysed in our previous works the 
chemistry of the process base on the experimental 
results of  X-ray powder diffraction and on the inves- 
tigations carried out under non-isothermal conditions. 
In this work we present the results 0f experiments car- 
ried out predominantly under isothermal conditions. 

2. E x p e r i m e n t a l  d e t a i l s  
A molten copper(I) sulphide of  a composition corres- 
ponding to CUl.96 S and anhydrous copper(II) sulphate 
were used for the experiments. The diameter of their 
particles was below 60 #m. Detailed characteristics of  
the substrates were given previously [7]. The substrates 
were mixed before preparation of the mixtures whose 
initial compositions corresponded to Z = 10, 6, 4, 
3, 2, 1.33, 1 and 0.20, where Z = ncuso4/ncul.96s. The 
relationship between time and mass changes in the mix- 
tures was measured isothermally in SO2 at ~ 101 kPa 
and from 690 to 785 K using the equipment described 
earlier [8, 9]. The behaviour of the samples during the 
process was observed visually, and selected samples 
were examined by means of  electron scanning micro- 
scopy (ESM, Stereoscan, Cambridge). The samples 
were prepared by placing a silica glass plate in a 

3. Discussion 
The shape of all the curves (the rate-~ shown in 
Fig. 2) permits one to distinguish from the curves of 
the investigated process two periods independent of 
the initial composition. In the first period, the pro- 
cess rate on achieving a maximum decreases rapidly, 
whereas in the second period, the rate is much more 
slower, and depending in the initial composition it 
remains constant or also achieves a maximum, but 
with a value lower than that in the first period. 

A knowledge of  the process chemistry (Fig. 1) per- 
mits us to state that that: (i) liquid intermediates are 
formed in the first period, (ii) the liquid is decomposed 
to final solid products in the second period. 

Equations 1 to 5 suggest that the rate of  all the 
intermediate reactions, and thus of  the whole process, 
depends on the rate of  the gaseous product transport 
from the inside of the reaction mixture to its surround- 
ings. As the SO2 transport conditions are dependent 
on the liquid contents of the reaction mixture, the rate 
of  the process under study should also depend on this 
parameter. Moreover, the rates of  Reactions 3 to 5 

undoubtedly  depend on composition of  the liquid. 

3.1. The process rate during formation of liquid 
On the grounds of experimental results presented 
in this work and from the previous publications 
[1-3] one can specify at least three stages of  liquid 
formation: (i) an initial stage at low liquid contents, 
(ii) a quasi-boiling stage at high liquid contents, (iii) a 
stage of Cu2SO4 formation. They do not take place 
within strictly established ranges but differ essentially, 
so they can be discussed separately. 

3. 1.1. The process at low fiquid contents 
Neglecting Reaction 1, it is Reaction 2 which results 
exclusively in the formation of  the liquid in its initial 
stage. Taking the fraction of  the liquid in the reaction 
mixture as a ratio of volume of the liquid (vz) to 
volume of  the solid (vs), a relation can be written 

v, F s 7/I- Me.so, 
- Lnc"2s~ ~/ t /nc"s~ Vs Cu2SO2(l) A l l _  dcuso4(s) 

MCu2S 1 + nc,2s ~ (9) 
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Figure 2 The  affect of  t empera tu re  (T)  and  the  initial compos i t ion  (Z)  on the overall  ra te  o f  the Cu~.96S-CuSO4 react ion (da/dz) as a funct ion  
o f  the fract ional  convers ion  (~0. (a) Z = 1; - T (K) = (zx) 782, (13) 772, (O) 763, (x) 752, (o )  738, (A) 729. (b) Z = 0.5; - T (K) = (zx) 
783, (13) 772, ( I )  761, (x) 758, (O) 738, (A) 729. (c) Z = 0.2; - T ( K )  = (zx) 781, (rl) 771, (O) 763, (X) 753, (O) 738, (A) 730. (d) Z = 1.33; 
for - T values,  see (a). (e) Z = 4; for -- T values,  see (a). (f) T = 772 K; Z = ( . . . .  ) 10, ( - - . - - )  6, ( -  - - )  3, ( ) 2. 

where dcuso , = 3.6 g cm -3, dcu2s = 5.8 gcm -3, dr 
unknown, are the density of reactants, n is the number 
of moles; M the molecular weight. 

As Mc.2s -_ Mc,so4 = M and dc.2so2(,) = constant 
then 

and 

o r  

Mcuzso2 1 = constant (lO) 
dc.2so20) M 

/ = v2( Mc.2so2 ] ' 
Vs \ dcu2so2m M / 

( 1 1 )  

/{ncuso4 ncu2s~ (12) 
l = nCu2SO2/~dc.so4 -~- dctl2s / 

Equation 12 permits the calculation of the value of l, 
which is a measure of the liquid content in the reaction 
mixture�9 

By definition of fractional conversion a, and from 
Equation 8, there results a relationship between the 
total number of the SO2 moles arising from the reac- 
tion (nso2) and the conversion 

nso2 = 3~ (13) 

As the number of SO2 moles resulting from Reaction 
2(n(z)so2) is lower than nso2 by the number of SO2 
moles arising by virtue of Reaction 1 (nu)so2), then 

r/(2)SO2 = 3(~ - ~l) (14) 

where ~ corresponds to completion of Reaction 1. 
It follows from Reaction 2 that for a definite �9 the 

number of moles of particular components (n) of the 
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TA B L E I Results of visual observations 

Z ct Description 

10-0.5 0.05 

0.2 0.13 

10, 4 0.05 

3-0.50 > 0.05 
<0.2 

3-0.50 > 0.2 
<0.35 

3-0.50 ~> 0.35 

10-0.20 1 

The colour of the sample changed from 
grey to green yellow. 

No changes were observed. 

A sinter of brown-red colour was formed. 
Volume of the sample changed considerably 
to achieve minimum at u = 0.4. 

A sinter was formed. Its volume decreased 
rapidly. The plastic deformation of the 
shape of samples was observed at ct ~ 0.2. 

The sinter changed into dark brown liquid, 
foaming vigorously, with a volume several 
times larger than the initial sample. 

The liquid stopped foaming. 

The reaction products were solid. 

r e ac t i on  m i x t u r e  is 

nc~ = 9(5 --  51) (15) 

o 6(5 - 5 , )  (16) n c u s o  4 == /TCuSO 4 - -  

= n o - 6(c~ - 51) (17) /'/Cu2 S Cu2S 

where  0 0 ncuso4, ncu2s a re  the  n u m b e r s  o f  the  subs t r a t e  

m o l e s  in the  ini t ia l  m i x t u r e  de f ined  by a p a r a m e t e r  Z .  

In  o r d e r  to s impl i fy  ca l cu l a t i on ,  i t  was  t a k e n  tha t  in 

E q u a t i o n  1, X --- Cu2SO2;  x = 0.02; m = 0.01 a n d  

y = 0.03. By such  a s s u m p t i o n  

5j = 0.01 a t Z  ~> 2 

o r  

�9 ~ = 0 . 0 2 Z  -~ a t  Z ~< 2 (18) 

F r o m  E q u a t i o n s  12 to  18 it is poss ib le  to ca l cu la t e  

1 as a f u n c t i o n  o f  5 a n d  Z .  T h e  resul ts  f r o m  ca lcu-  

l a t ions  a re  s h o w n  g raph i ca l l y  (Fig.  3). 

In  o r d e r  to  s h o w  tha t  in the  s tage  u n d e r  c o n s i d e r -  

a t ion ,  the  ra te  o f  R e a c t i o n  2, d e t e r m i n i n g  the  ra te  o f  

w h o l e  process ,  s t r ong ly  d e p e n d s  on  the  l iqu id  c o n t e n t  

o f  the  r eac t i ng  m i x t u r e ,  the  f o l l o w i n g  p r o c e d u r e  was  

fo l lowed .  O n  the  g r o u n d s  o f  the  e x p e r i m e n t a l  resul ts  

va lues  o f  ~ h a v e  been  ass igned  w h i c h  c o r r e s p o n d  on  

the  cu rves  o f  5 - r a t e  to the  first m a x i m u m  (Sm,x ~) a n d  

to  the  first m i n i m u m  (Smi  n 1)  for  ~ > 0~ma x I wh ich  a re  

c i ted  in the  5 r ange  c o r r e s p o n d i n g  to R e a c t i o n  2 (Figs  

1 a n d  2). 

N e x t ,  f r o m  the  cu rves  s h o w n  in Fig .  3, va lues  o f  ! 

T A B L E  II Results of SEM examinations 

Z 

0.20 

4 

I 

0.20, 1, 
4, 10 

The sample possess large pores in the range 
0 < 5 < 1 .  

Porosity of the sample decreases with the reaction 
progress, in order to increase above a = 0.30-0.50. 

Porosity of the sample decreases with increase in a to 
decay entirely at :t ~ 0.35; after new pores formed the 
sample became very porous above ct ~ 0.9. 

Cu20 particles were observed for ct >~ 0.5; they were 
placed on the walls of pores, in each case. 

Porosity of the sample decreases with the progress of 
the reaction to vanish entirely at ct ~ 0.45. 

5 

$~ /J b2" 

0 Q2 0.4 

Figure 3 The calculated effect of the initial composition (Z) and the 
fractional conversion (ct) on the liquid content of the reacting 
mixture within the c~ range corresponding to Reaction 2. 

c o r r e s p o n d i n g  to  va lues  o f  0~ma x I a n d  5mi n 1 for  the  g iven  

Z were  ass igned.  I t  has  a p p e a r e d  tha t  fo r  all  the  5max l 

va lues  the  va lues  o f  I a re  equa l  o r  c lose  to 0.6, whe rea s  

fo r  5mi. l, l = 1.9. F o r  these  two  va lues  o f  l, the  cor -  

r e s p o n d i n g  5 values ,  (50.6 a n d  ~Lg) were  ca l cu la t ed  

f r o m  E q u a t i o n s  12 to 18. Resu l t s  o f  those  ca l cu l a t i ons  

fo r  the  g iven  va lues  o f  Z and  the  e x p e r i m e n t a l l y  de te r -  

m i n e d  va lues  o f  t~ma x l a n d  5mi n I a re  g iven  in T a b l e  III .  

T h e  d a t a  in the  tab le  are  in g o o d  a g r e e m e n t ,  wh ich  

con f i rms  the  co r r ec tnes s  o f  i n t e r p r e t a t i o n  o f  the  

e x p e r i m e n t a l  results .  O n e  can  s ta te  on  this basis  tha t  

0~max l = 50.6 a n d  5rnin I ~--- 51.9 ; t hen  

d s / d r  < (d0~/d-c)maxl (19) 

at  5 ~< 5maxl  = 50. 6 

(ds/d'0max I ~> d~/d~ ~> (d0~/dr)min I (20) 

at  50. 6 = 5raax 1 ~ 5 ~ 5 m i n i  ~- 51, 9 .  T h u s  w h e n  
< amax l, the  acce l e r a t i ng  fac to rs ,  resu l t ing  f r o m  the  

a p p e a r a n c e  o f  l iqu id  a n d  inc rease  in the  l iqu id  con-  

tent ,  d e t e r m i n e  the  ra te  o f  R e a c t i o n  2. These  fac to rs  

a re  first o f  all  f a v o u r e d  by a dec rease  in the  m e a n  

d i s t ance  b e t w e e n  the  subs t r a t e  par t ic les  a n d  a dec rease  

in the  l eng th  o f  the  S O  2 t r a n s p o r t  p a t h  f r o m  the  ins ide  

to the  ou ts ide .  O n  f o r m a t i o n  o f  the  l imi ted  l iqu id  

con t en t ,  i.e. w h e n  l = 0.6 a n d  a --- 5ma x l, the  r eac t ion  

ra te  is c o n t r o l l e d  by  r e t a r d i n g  fac to r s  r e l evan t  to 

TAB L E I I I The relationship between the liquid content of the 
reaction mixture (l) and occurrence of maxima and minima on the 
dct/dr against ct curves 

Z 50.6 ~caax I Ctl.9 ~min 1 

10 0.18 0.15-0.80 - - 
6 0.12 0.I1 - - 
4 0.08 0.09 - - 
3 0.07 0.07 0.15 0.15 
2 0.05 0.05 0.11 0.11 
1.33 0.06 0.06 0.12 0.12 
1 0.07 0.07 0.14 0,14 
0.50 0.11 0.11 0.21 0.21 
0.20 0.25 0.25 - - 
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Figure 4 Scanning electron micrograph for Z = I at ct = 0.136. 

further increase in the liquid content; the most import- 
ant factor being the decrease in porosity of the speci- 
men. This is supported by the SEM results (Figs 4 and 
5, Table II). 

3. 1.2. The s tage o f  quasi-boi l ing 
The liquid contents arising by virtue of  Reaction 2 for 
Z < 0.5 and Z / >  4 always correspond to l < 1.9, 
because one of  the substrates reacts to completion at 

< ~1.9 (Figs 1 and 3). If  0.5 <~ Z ~< 3 then l > 1.9 
and the Reaction 2 rate increases considerably, a 
drastic change being observed in the appearance and 
behaviour of the specimen (Figs 2a, b, d, 3 and Table I). 
It was found many times that at ~ > (~1.9 the samples 
under study behaved as if they were an intensively 
boiling liquid and therefore such a process was recog- 
nized as an individual stage and called the quasi-boiling 
stage. The onset of  the quasi-boiling stage is when 

~--- (Zminl = (ZI. 9. Figs 2a, b, d, e and 3 show that, at 
> ~19, the Reaction 2 rate increases with the pro- 

gress of  the reaction, that increase being particularly 
large when ~ corresponds to l > 3. 

For  Z = 0.5 and 1, the reaction rate achieves a 
second maximum at ct = 0.27 and at the same time an 
intensive quasi-boiling can be observed. It was found 
that the maximum rate for Z = 1 is much higher than 
that for Z = 0.5 (Figs 2a and b). At the same time, the 
values of l at the same values ~ are much larger for 
Z = 1 than those for Z = 0.5. It shows that in this 
stage the reaction rate strongly increases with increase 
in the liquid content. It is also confirmed by visual 

Figure 5 Scanning electron micrograph for Z = 1 at ct = 0.347. 

observations: in this stage the specimens first undergo 
a plastic deformation, then at ~ ~ 0.20 the liquid 
begin to dominate and at ~ > 0.20 intensively foams 
leading to a multiple increase in the sample volumes. 

It seems that the existence and the course of the 
quasi-boiling stage can be explained by the increase in 
the liquid content and by formation of a suspension of 
the solid substrate particles, i.e. Cu2 S and CuSO4 in a 
liquid Cu2SO~. Resistance of  the SO2 flow through 
such a suspension should fall with increase in the 
liquid content and, in consequence, the Reaction 2 
rate would increase with increasing ~. But in the 
course of the reaction the amount of one of the sub- 
strates, i.e. CuzS for Z t> 1 or CuSO4 for Z ~< 1, falls, 
which makes the reaction rate decrease on achieving 
maximum. 

That  interpretation explains well the Reaction 2 
kinetics for Z = 0.5 and 1 in this stage. However, for 
Z = 1.33 and 2 the process rate in the quasi-boiling 
stage increases intensively in the range of c~ for Reac- 
tion 2, but the position of  the second maximum shifts 
in the c~ range corresponding to Reaction 3 (Figs 1, 2d, 
e and 3). The product of Reaction 3, Cu2 SO4, is also 
a liquid under these conditions [1-3, 5]. The X-ray 
powder diffraction results have shown that Reaction 3 
takes place only at the initial composition of  mixtures 
with Z > 1 [3]. 

3. 1.3. The stage of Cu2S04 formation 
The course of Reaction 3 makes the liquid content 
increase and simultaneously the solid phase content, 
CuSO4, decreases. As the value of  parameter Z 
increases, that is, when there is some excess of  CuSO4 
with respect to Cu 2 SO2 for Z > 1, the Reaction 3 rate 
is initially proportional to the concentration of 
Cu2 SO2 in the liquid. The changes in the liquid content 
and in the Cu2SO2(~) concentration can be estimated 
when one assumes that the molar volumes of Cu2 SO2~) 
and CuzSO4~) are equal and the total volume of the 
liquid is the sum of  the volumes of the liquid's com- 
ponents. Thus the value of  the factor l '  calculated 
from the following equation can be taken as a measure 
of the contents of  the liquid in the reaction mixture 

~Ci12502 ~ ncu2so4 
r = (21)  

nCuSO4/dc.so4c,i 

If Reaction 3 takes place on completion of Reaction 2 
it is possible, on the basis of Equations 13 to 18, 
to calculate the number of  moles of individual com- 
ponents of the reaction mixture when Reaction 3 
begins, that is 

n~3)CuSO4 a n d  n~3)CuzSO 2 (for Z > 1 n o = 0) (3)Cu2S 

and the fractional conversion ~2 related to completion 
of Reaction 2. These data make it possible, on the 
grounds of Reaction 3, to calculate for a given ~ the 
number of  moles of  individual components involved 
in this reaction 

ncusO 4 = 6(~ -- ~2) (22) 

0 3(e - -  ~ 2 )  (23) nCu2SO2 ~ ~(3)Cu2SO 2 - -  

0 - 6 ( .  - ~ 2 )  ( 2 4 )  nCuSO 4 = n(3)CuSO4 
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T A B L E I V The estimated values of the liquid content of the reaction mixture and the molar fractions of Cu 2 SO20 ) in the liquid at c~ 

relevant to Reaction 3 

Z 

1.33 2 2 3 3 3 4 4 6 10 

c~ 0.27* 0.24* 0.29 0.18 0.28 0.45 0.40 0.52 0.51 0.68 
l' 18.7" 9.5* 18.7 3.3 4.6 9.5 4.6 9.5 3.0 1.8 
xc~2so2{i ) 0.97 0.79 0.64 1.0 0.68 0.45 0.39 0.19 0.25 0.0 

*c~ values corresponding to maxima in the rate-c~ curves. 

Thus, for Reaction 3, too, it is possible using Equations 
21 to 24, to calculate l '  as a function of  e and Z. 
Knowing the number of  moles of the components of  
the reaction mixture, it is possible to calculate the 
molar fraction, Xcu2so2~ ~. Table IV shows the results 
from calculations made for the given values of  e and 
Z. 

It follows from the experimental results that in the 
range corresponding to Reaction 3 on the rate-e 
curves for Z = 1.33 at ~ = 0.27 (Fig. 2d) and for 
Z = 2 at e = 0.24 (Fig. 2e), very high maxima occur. 
From the calculations (Table IV) it is seen that at these 
values of  e, the liquid content is very large as l '  >> 1.9, 
which enables us to state that for those initial com- 
positions, Reaction 3 starts and runs via the quasi- 
boiling stage. But the maximum for Z = 1.33 is much 
higher than that for Z = 2, which seems to be caused 
by the fact that for Z = 1.33 the maximum de/dr 
occurs at very large liquid contents and at a high 
concentration of Cu2SO2(j) (Xcu2so2 = 0.97). None the 
less, for Z = 2, the maximum occurs at the value of  

for which both the value 1' and Xcu2so20 ~ are much 
smaller (Table IV). For  Z = 2, the l '  value may 
also be 18.7 but the calculations show that then 
Xcu2so2(~ ) -- 0.64 (Table IV) and the maximum does not 
occur at those values. 

It means that the increasing Reaction 3 rate is 
accompanied by increase in the liquid content, but the 
drop in the concentration of  Cu2SO2 in the liquid is 
retarding that rate markedly. 

The results from calculations for Z = 3 confirm the 
influence of  these two parameters. At those initial 
compositions, l '  also achieves the value 9.5, but the 
concentrations of  Cu 2 SO20) are then much lower than 
the values of  Xcu2so2 achieved for Z = 2 at this value 
of  1' (Table IV). This fact explains that for Z = 3 
(Fig. 2c) and for Z = 4 (Fig. 2e) on the rate-e curves 

Figure 6 Scanning electron micrograph for Z = 1 at c~ = 0.873. 

in the e range corresponding to Reaction 3, the 
maxima do not occur. The shape of these curves and 
also of the curve for Z = 6 (Fig. 2c) show that in the 

range from ,-~ 0.29, i.e. in the range corresponding to 
Reaction 3, its rate is decreasing. This means that at 
these initial compositions, the retarding factors for the 
Reaction 3 rate dominate, these being a drop in the 
Cu2SO20) concentration and thus a slow increase in 
the liquid content. It can thus be concluded that the 
Reaction 3 rate is dependent on the liquid content in 
the reaction mixture in a way analogous to that for 
Reaction 2. But this rate is also dependent on the 
Cu2 SO2 content in the liquid, which decreases during 
the course of  Reaction 3. 

3.2. The period of formation of the final solid 
products 

Formation of the final solid products first of all results 
from Reactions 4 and 5. At the beginning of the stage 
when the composition of the initial mixtures is confined 
within the limits 1 ~< Z ,%< 2, the reaction mixture is, 
in fact, entirely liquid. On the other hand, for the other 
values of  parameter Z, the reaction mixture, beside the 
liquid, also contains a solid phase, i.e. for Z < 1, the 
non-reacted Cu2S; and for Z > 2, the non-reacted 
CuSO4. Reactions 4 and 5 lead to form Cu20(s) from 
the liquid as well as another solid product which may 
be Cu2S (Reaction 4) or CuSO4 (Reaction 5), depend- 
ing on the initial composition of the mixture; thus it is 
that component whose particles have not been reacted 
and exist in the reaction mixture at the start of Reac- 
tions 4 or 5. For  Z ~< 1, the liquid is only Cu2SO2, 
hence for these initial compositions, Reaction 4 takes 
place exclusively. However, as mentioned above, for 
Z > 1, in the liquid in addition to Cu2SO2(1), Cu2SO40) 
also appears, the concentration of  which increases 
with increase in the parameter Z. The presence of 
Cu2 SO4 makes Reaction 5 possible, which for Z > 1 
renders the process in the stage under study more 
complicated (Fig. 1). Results from the SEM examin- 
ations of  rapidly quenched specimens, with the initial 
composition Z = 1 and e corresponding to the end of 
Reaction 2, i.e. when the samples are liquid at the 
temperature of measurement, have shown that their 
porosity is rather small (Fig. 5; Table II). One can thus 
state that, for this composition, Reaction 4 starts on 
the free liquid surface in the sample holder. However, 
with progress of  Reaction 4 the porosity of  the inves- 
tigated objects increases (Figs 5 to 7; Table II). The 
specimens examined in the same way, but with initial 
composition Z = 0.2 and with e corresponding to the 
finish of  Reaction 2 (Fig. 5; Table II) contain par- 
ticles of  unreacted Cu2S covered with a liquid layer: 
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Figure 7 Scanning electron micrograph for Z = 1 at a = 0.986. 

Cu2SO2(~). Numerous free spaces which form pores 
can be seen between the particles. From the fact that 
for Z = 0.2 the liquid-gas interfacial area, at the 
beginning of this stage, can be assumed to be related 
to the surface area of the non-reacted Cu2S particles, 
the surface area is much larger than the area of the free 
liquid surface for Z = 1. 

The SEM results (Table II) also show that, in 
the region of Z ~< 1, CuzO(s ) ,  being a product of 
Reaction 4, at these values of parameter Z, always 
occurs on the walls of pores [3]. It can thus be stated 
that Reaction 4 takes place at the liquid-gas interface 
at the measurement temperature. It shows that a layer 
of the solid products (Cu20 and CuzS) arises on the 
surface of the liquid. Formation of such a layer must 
cause a considerable decrease in the SO2 transport rate 
which is undoubtedly one of  the agents determining 
the process rate in stage 2 with these compositions of  
the initial mixtures. 

The SEM results, which permit observation of  the 
changes in the liquid-gas interfacial area, enable us to 
show the influence of  those changes on the rate of the 
period under discussion. And thus, for Z ~< 1, period 
2 has the highest rate when Z = 0.2 (Fig. 2c). It 
follows from the SEM examinations (Fig. 8; Table II) 
that, for this initial composition, the liquid-gas inter- 
facial area is also the largest. For Z = 0.5 (Fig. 2b), the 
Reaction 4 rate increases with its progress achieving a 
maximum of ~ = 0.86. For  this value of the par- 
ameter Z, at the beginning of the period, the surface 
area, on which Reaction 4 takes place, is smaller than 

Figure 8 Scanning electron micrograph for Z = 0.2 at ~ = 0.391. 

that for Z = 0.2, but as the reaction progresses it 
increases, which accounts for the reaction rate increase. 
Also for Z = 1, the liquid-gas interfacial area should 
increase with the progress of  Reaction 4, but for this 
value of the parameter Z the process rate in the period 
under study in fact remains constant (Fig. 2a). This 
can be explained by the fact that, for this initial com- 
position, the samples do not achieve a considerable 
porosity before completion of  the process. 

One can thus conclude that the Cu2SO20) decom- 
position rate for Z ~< 1 is controlled by the area of  
the gas-liquid interface on which the decomposition 
takes place. This area is proportional to the porosity 
of the sample, and also to its volume. The volume of 
the sample is the larger, the more of the non-reacted 
Cu2S~s) it contains, and therefore the reaction rate 
increases with increase in the Cu2S content (Figs 2a, 
b, c). 

A similar course of  kinetics in period 2 can be 
observed when Z > 2 (Figs 2c, e), leading to the rate 
of the process being proportional the amount of 
unreacted CuSO4, i.e. to the value of Z. SEM exam- 
inations show (Table II) that Cu20 (the final product 
of the Cu2SO40) decomposition) also occurs on the 
liquid-gas interface at the measurement temperature. 
For  these values of Z, the concentration of Cu2 SO4(~) 
grows, but Cu2 SO2 concentration drops, which results 
in respective changes in rates of Reactions 4 and 5. 

Period 2 is the most complex for the initial com- 
positions for which 1 < Z < 2 (Fig. 1) though it is 
not reflected in the course of the kinetic curves 
(Figs 2c, d). 

It seems that for these initial compositions the rate 
of the Cu 2 SO20) decomposition in the liquid approxi- 
mates to that of Cu2 SO4(~) because Cu2 S{s) and CuSO4~s) 
resulting from Rections 4 and 5 are substrates of 
Reactions 2 and 3, which also causes these reactions to 
proceed in the discussed period. 

3.3. Changes in the apparent activation 
energy 

The apparent activation energy (Ea) at constant press- 
ure of the gaseous phase and established fractional 
conversion can be calculated from the equation [lO] 

(dc~)~ E, (25) 
In ~-z . . . . .  t - R T  

Using the method of least squares, calculations 
have been made for chosen values of ~. The signifi- 
cance for the values of Ea obtained is above 99%, in 
each case. It was found that for Reaction 2, i.e. for 
stage 1 and thus at ~ ~< (z0. 6 = ~max I, the apparent 
activation energy for all values of parameter Z inves- 
tigated is 252 to 278 kJ mol-~; whereas in the quasi- 
boiling stage, Ea calculated for the reaction at the 
second maximum, i.e. at ~ = 0.27 for Z = 0.5 and 1 
is 303 to 336kJmo1-1 . For  Reaction 3, at Z = 2 and 

= 0.24 and at Z = 1.33 and ~ = 0.27 when the 
formation of a liquid Cu2SO 4 begins and continues 
still in the quasi-boiling stage for these initial com- 
positions, the value of  Ea is 433 to 491 kJ mol -l . How- 
ever, for Z = 4 and ~ -= 0.27, when the quasi-boiling 
stage does not occur, the apparent activation energy 
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of Reaction 3 is much lower and is 328 kJ mol-  ~. Thus 
the quasi-boiling stage is characterized by high values 
of the apparent activation energy both in the case of 
Reaction 2 and of Reaction 3. 

Calculations of the apparent activation energy of  
the process in the second period have shown that for 
Z = 0.2andc~ = 0.51 itis 346kJmol-~;  for Z = 0.5 
and e = 0.86, it is 308kJmol  -~, whereas for Z = 1 
and e = 0.60, E~ = 180kJmol ~. The calculation 
results confirm the interpretation of the experiments 
for this stage: from the Cu2SO20) decomposition 
(Reaction 4), the influence of the mass transport rate 
on the reaction rate is highest when Z = 1 and the least 
when Z = 0.2. 

4. Conclusions 
The most important kinetic problems of the process 
taking place between copper (I) sulphide and copper 
(II) sulphate in SO2 at 710 to 785 K were considered 
regarding the earlier recognized chemistry of the 
process [1-3]. 

1. It was found that in the kinetic course of  the 
process one can distinguish at least two periods of  
which each is dependent on the contents of  the liquid 
occurring in the reaction mixture as a result of  for- 
mation of the liquid intermediates, i.e. Cu2SO20). 

2. The variable l, which is a measure of  the liquid 
content in the reaction mixture and accounts for the 
formation of both Cu2SO2(l) and Cu2SO40~ was intro- 
duced and assigned. It was found that the calculations 
made by using this parameter are consistent with the 
experimental data. 

3. The SEM results permit observation of the 
changes in the porosity of samples depending on the 
molar ratio of  the substrates defined by the parameter 
Z, and by the liquid content at given values of co It was 
also possible to establish that the decomposition of  the 
liquid intermediates takes place on the liquid-gas 
interface and its rate is strongly dependent on the 
interracial area. 

4. Calculations of the apparent activation energy, 
E,, show that it achieves the highest values in the 
quasi-boiling stage both for the formation of Cu2 SO2 
and the liquid Cu2SO4. The values of Ea obtained 
confirm the correctness of interpretation of the process 
for the period of decomposition of the liquid to the 
final solid products. 
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