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The r a t e s of dissolution of synthetic cupric oxide in solutions containing perchloric,
sulfuric, nitric or hydrochloric acid were studied using sintered disks. In each c a s e , the
dissolution rate increased with elapsed retention time until an essentially constant value
was reached. This phenomenon can be attributed to an increase in the disk's effective
surface a r e a . The dissolution rate is of the first o r d e r with respect to aH+ for per-
chloric, nitric, and hydrochloric acids, while it is of a half o r d e r for sulfuric a c i d . High
activation energies, ranging from 12.4 t o 20.5 kcaL/mol, and the independence of agita-
tion speed on cupric oxide dissolution reaction rate suggest that chemical reactions are
the m a j o r determinants of dissolution r a t e s . The addition of electrolytes having anions
common with the acids resulted in an acceleration of the dissolution rate due t o in-
c r e a s e s in aH÷ values. However, the addition of electrolytes of noncommon anions re-
vealed a quite different effect on dissolution r a t e . This suggests that the adsorption and/
or complexing of anions on the cupric oxide surface may have had a significant role in
the determination of the dissolution r a t e s . The type of acid used determined the identity
of the adsorbed anion.

T H Edissolution reaction of m e t a l oxides in acidic
solutions is widely utilized industrially. The leaching
of bauxite ore and of oxidized copper ore, the upgrad-
ing of ilmenite ore, and the pickling of rolled steel are
typical examples.

In the review paper written by W a r r e n and Devuyst~
an approximate genera l mechanism of the leaching
of oxides was proposed based on the results observed
for iron oxides, beryllium oxide, aluminum oxides,
cuprous oxide and others. However, very little infor-
mation is available in a form suitable for determin-
ing the mechanism of dissolution for individual m e t a l
oxide-solution systems.

In o r d e r to verify the genera l applicability of the
mechanism proposed by W a r r e n and Devuyst~ for the
leaching of m e t a l oxides, it is necessary t o extend the
kinetic study t o other systems.

The present study is concerned with the dissolution
of cupric oxide in solutions containing perchloric, sul-
furic, n i t r i c or hydrochloric a c i d .

EXPERIMENTAL

Materials

Synthetic cupric oxide was prepared by oxidizing
copper powderof high purity (99.99pct Cu) at 850°C
in an electric furnace for 20 h. The product obtained
by this oxidation treatment was identified as cupric
oxide by means of X-ray diffractometry, and was
assayed 79.48pct Cu.* After cooling the sample in

*Theoretical content ofCuin CuOis79.89 pct Cu.

the furnace, the oxidation product was ground t o pass
through 400 mesh Tyler screen, pelletized at 16 ton/
cm2, and then sintered at 850~C for 50 h, followed by
slow cooling in the furnace t o room temperature. The
disks thus prepared were mounted in epoxy r e s i n in
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such a manner that only the mechanically polished
surfaces were presented t o the dissolution medium.
The disks of cupric oxide were about 6 mm thick
and 20 mm in diam; the exposed polished surface area
was 3.14 cm2. The apparent density was 5.3 g/cm~
which is about 83 pet of the theoretical density of 6.4
g/cm 3.

A stirring rod made of stainless steel was fastened
t o each epoxy r e s i n mount containing the cupric oxide
disk.

All other chemicals used were of reagent g rade .
Deionized water was used in the preparation of all
the solutions.

METALLURGICAL TRANSACTIONS B

Experimental Procedure

A 500 ml glass separable flask was used for all the
dissolution experiments. A sintered cupric oxide disk,
facing downward, was rotated in the solution in the
flask. The temperature within the reaction vessel
was maintainedat +0.5°C of the desired value by a
water bath. In typical experiments, the disk was
rotated at 1200 rpm in a 500 ml acidic solution at a
given temperature unless otherwise stated.

Analytical

The concentration of cupric ion in solution was
estimated continuously witha specific cupric ion
electrode and a silver chloride reference electrode
for the solution of perchloric, sulfuric and nitric
acids. For hydrochloric acid solution, sample solu-
tions were removed at appropriate times during a run
and their copper contents were determined by means
of an atomic absorption speetrophotometer.

Measurement of Hydrogen Ion Activity

Acidic solutions used for the dissolution of cupric
oxide in this work were fairly concentrated, and t h e r e -
fore t h e i r behavior deviated from that predicted by
Henry's Law. Thus, when the dissolution reaction is
controlled by a chemical reaction at the interface
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b e t w e e n a s o l i d and a so lu t ion , s o l u t e a c t i v i t i e s , r a t h e r
t h a n c o n c e n t r a t i o n s , a r e the a p p r o p r i a t e r a t e - l a w
p a r a m e t e r s , a l t h o u g h c o n c e n t r a t i o n s have b e e n c u s -
t o m a r i l y u s e d a s a n i m p o r t a n t p a r a m e t e r by the m o s t
of p r e v i o u s r e s e a r c h e r s .

T h e a p p r o x i m a t e v a l u e s of a c t i v i t i e s of h y d r o g e n
ions in s o l u t i o n s c o n t a i n i n g h y d r o c h l o r i c a c i d or p e r -
c h l o r i c a c i d w e r e d e t e r m i n e d at 25°C by m e a s u r i n g
the e l e c t r o m o t i v e f o r c e of the fol lowing:

P t - P t b l a c k (He, 1 a t m ) l t e s t so lu t ion l sa l t b r i d g e l

3.3 N K C l l A g - A g c h l o r i d e

T h e P t - P t b l a c k e l e c t r o d e u s e d w a s p r e p a r e d a c c o r d -
ing t o the p r o c e d u r e d i s c u s s e d in a t e x t b o o k .2 A n
A g - A g C 1 e l e c t r o d e s u p p l i e d c o m m e r c i a l l y w a s used
a s the r e f e r e n c e e l e c t r o d e . A g a r m e d i a c o n t a i n i n g
3.3 N KC1 and 5.4 N NaC1 w e r e used a s sal t b r i d g e s
f o r the s o l u t i o n s of h y d r o c h l o r i c a c i d and p e r c h l o r i c
a c i d , r e s p e c t i v e l y . P o t a s s i u m p e r c h l o r a t e i s k n o w n
to d i s s o l v e wi th dif f icul ty . T o a v o i d the f o r m a t i o n of
i n s o l u b l e p o t a s s i u m p e r c h l o r a t e , s o d i u m c h l o r i d e
w a s used a s the sal t b r i d g e f o r p e r c h l o r i c a c i d s o l u -
t i o n s .

T h e e l e c t r o m o t i v e f o r c e s of t h e s e c e l l s a r e e x -
p r e s s e d by E q . [1]:

emfH+ =--0.206+ ~ inall+ + Vjp [ll

w h e r e Vjp i s a l i q u i d j u n c t i o n p o t e n t i a l o c c u r r i n g in
the b o u n d a r y r e g i o n b e t w e e n the t e s t s o l u t i o n a n d the
sal t b r i d g e . T h e v a l u e s of the l i q u i d j u n c t i o n p o t e n t i a l
w e r e e v a l u a t e d wi th a f i r s t o r d e r a p p r o x i m a t i o n by
a p p l y i n g H e n d e r s o n ' s e q u a t i o n .3 T h e a p p r o x i m a t e
v a l u e s of h y d r o g e n ion a c t i v i t i e s w e r e then c a l c u l a t e d
f r o m E q . [1].

T h e v a l u e s of h y d r o g e n ion a c t i v i t y for s u l f u r i c
a c i d s o l u t i o n s w e r e t a k e n f r o m Y a z a k i ' s w o r k ,4 a s
d e t e r m i n e d by u s i n g a c o n v e n t i o n a l pH m e t e r u t i l iz ing
a g l a s s e l e c t r o d e .

RESULTS AND DISCUSSION

Dissolution Rate C u r v e s

A t y p i c a l e x a m p l e of a d i s s o l u t i o n c u r v e o b t a i n e d
when a s y n t h e t i c c u p r i c o x i d e disk w a s d i s s o l v e d in
0.4 M H C 1 0 4 s o l u t i o n at 40°C for 9 h i s s h o w n in F i g . 1 .
T h e r a t e c u r v e e s s e n t i a l l y c o n s i s t s of t h r e e p o r t i o n s ;
a n i n i t i a l l i n e a r p o r t i o n , a f i n a l l i n e a r p o r t i o n , a n d the
t r a n s i e n t c u r v e d r e g i o n b e t w e e n t h e s e two l i n e a r p o r -
t i o n s . S i m i l a r r a t e - c u r v e s h a p e s w e r e o b s e r v e d d u r -
ing t h e d i s s o l u t i o n of c u p r i c o x i d e in a q u e o u s s o l u t i o n
c o n t a i n i n g s u l f u r i c , n i t r i c , o r h y d r o c h l o r i c a c i d .

In o r d e r to u n d e r s t a n d the p h y s i c a l m e a n i n g of the
s h a p e of t h e s e r a t e c u r v e s , the fol lowing e x p e r i m e n t s
w e r e m a d e : A c u p r i c o x i d e s p e c i m e n w a s f i r s t s u b -
j e c t e d to l e a c h i n g in a 0.8 M HC104 s o l u t i o n at 40°C
f o r 9 h . D u r i n g th i s t i m e the f i n a l l i n e a r s t a g e w a s
a t t a i n e d . T h e s p e c i m e n w a s then t r a n s f e r r e d wi thout
a n y f u r t h e r t r e a t m e n t in to a new d i s s o l u t i o n m e d i u m
c o n t a i n i n g 0.4 M H C 1 0 at 4 0 ° C . T h e e x p e r i m e n t a l

, 4 .
r e s u l t s of t h e s e c o n d d m s o l u t m n a r e a l s o d e p i c t e d
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Fig. 1-Typical example of synthe t iccupricoxide dissolution curve
and enhanced initial rate observed by the repeated dissolution in a
refreshed solution. © ; Dissolution rate curve with a fresh specimen.
I_q; Repeated dissolution ratecurve.

in F i g . 1 . C o m p a r i n g t h e s e r e s u l t s , the b e g i n n i n g of
the r e d i s s o l u t i o n in 0.4 M H C 1 0 4 a f t e r the d i s s o l u t i o n
in 0.8 M H C 1 0 4 r e s e m b l e s the f i n a l p o r t i o n s of n o r m a l
d i s s o l u t i o n in 0.4 M H C 1 0 4 , s u g g e s t i n g that the e f f e c -
t ive s u r f a c e a r e a s of c u p r i c o x i d e d i s k s at the f i n a l
s t a g e of d i s s o l u t i o n a r e r o u g h l y the s a m e r e g a r d l e s s
of the HC104 c o n c e n t r a t i o n used at the c o n s t a n t t e m -
p e r a t u r e a n d that the s u r f a c e c o n d i t i o n of c u p r i c o x i d e
disk d e t e r m i n e s the r e l a t i v e r e a c t i o n r a t e .

N e x t , the d i s s o l u t i o n e x p e r i m e n t s w e r e c a r r i e d out
in s o l u t i o n s c o n t a i n i n g p e r c h l o r i c a c i d w h o s e c o n -
c e n t r a t i o n w a s c h a n g e d f r o m 0.2 to 0.8 M . T w o k i n d s
of a p p a r e n t r a t e s , R i and Rf w e r e d e t e r m i n e d f r o m
the s l o p e s of the l i n e a r p o r t i o n s of the i n i t i a l a n d
f i n a l s t a g e s of e a c h d i s s o l u t i o n r a t e c u r v e . F i g u r e 2
p l o t s the a p p a r e n t r a t e of d i s s o l u t i o n , R i or Rf vs
HCIO4 c o n c e n t r a t i o n at 4 0 ° C , in w h i c h n i s m o l e s of
c u p r i c ion d i s s o l v e d . This d a t a s u g g e s t s that R i and
R f a r e of the f i r s t o r d e r wi th r e s p e c t to HC104 c o n -
c e n t r a t i o n . T h e r a t i o of a p p a r e n t r e a c t i o n r a t e s ,
R ~ R f , w a s f o u n d to be a p p r o x i m a t e l y 1/5 in a 0.4 M
HC104 s o l u t i o n . A s i m i l a r p r o p o r t i o n a l i t y w a s o b -
s e r v e d when the r e a c t i o n r a t e s w e r e o b t a i n e d in s o l u -
t i o n s of d i f f e r e n t c o n c e n t r a t i o n l e v e l s of a c i d s , o r of
d i f f e r e n t a c i d s .

T h e c o n s t a n t r a t i o of R c/Rf w a s also o b t a i n e d w h e n
the d i s s o l u t i o n e x p e r i m e n t s w e r e done a t d i f f e r e n t
t e m p e r a t u r e s . F i g u r e 3 i s a n A r r h e n i u s p lo t of the
d a t a o b s e r v e d for the d i s s o l u t i o n in a 0.8 M HC1Oa

2

Temp : 40"C /
i : I t~ : 1200 rpm / @

I /

O0 0.2 0.4 0.6 0.8 1.0

HC[O~ ( M )
Fig. 2-First-order dependence of reaction rates on HCI04 acid
concentration at the equimolar reaction points. (3; Initial slope, A;
Slope (2.5 × 10-4 tool), C~; Slope (5.6 × 10-4 tool) , e; Final slope.=
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Fig. 3-Relat ionship between R i o r R f / 5 and I/T.

solution, in which the logarithm of Ri or Rf/5 is
plotted against 1/T. It was found that the plots lie on
the same straight l i n e .

Cross sections of the sintered disks before and
a f t e r the dissolution at 40°C in 0.8 M HC104 solutions
for 9 h were observed under a microscope. These
observations revealed an increased roughness of the
reacting surface of the cupric oxide disk at the final
stage of dissolution.

Surana and W a r r e nS observed a rate curve shape
s i m i l a r t o that of the present s tudy. They studied the
acid leaching of goethite, observing that the apparent
r a t e s increased during the leaching. T o postulate a
leaching mechanism which involves both uniform dis-
solution of the mine ra l surface and, under certain
conditions, pitting, facetting or anisotropic dissolution,
they used a rate equation of the following type:

d[Fe]aq - k ' + 2k"t [2]
dt

where k' and h" are constant.
However, it may be concluded from the findings of

the present study that the final stage of the cupric
oxide dissolution was controlled by the same mecha -
nism as that for the initial stage. The only difference
between two stages appears to be the effective surface
a r e a . Therefore, this rate equation was not used.
Rather, the r a t e s determined from the initial slopes
of the reaction curves were used t o examine the ef-
fects of variables. This is because the effective sur-
face a reas of the cupric oxide disks were almost the
same at the initial stage of dissolution in each ex-
periment.

Kinetic Limitations

The effect of temperature on the amount of copper
dissolved by the four a c i d s is shown in Fig. 4. The
r a t e s were displayed on an Arrhenius plot t o determine
the activation energies for the dissolution of cupric
oxide in each a c i d . The l e a s t squares fit t o the various
a c i d s data yielded activation energ ies ranging from
12.4 to 20.5 k c a l / m o l . When cupric oxide was dis-
solved in a 0.2 M HCI solution containing the same
amount of sodium chloride, an activation energy of

T e m p ( ° C )
sp 4,0 3o 2,0

% o (~ : 12OO rpm

o

1 0 '
El: O 0 4 M HCIO~ ~ % ( ~ o /

\D 0.2 M HNO3
,L~ 0.2M H 2SO~.
• 0.2M HCI
• 0.2M HCI • 0.2M NoCI

i i
3'.1 3'.2 3.3 3.4

l I T x l O 3 ( K - ' )

Fig. 4-Arrhenius p lo t s for dissolution of synthetic cupricoxide in
various acidic solutions.

17.2 kca l /mo l was obtained. This v a l u e was a little
l a rge r than for 0.2 M HC1 solution without the addi-
tion of sodium chloride. However the r e a s o n could
not be determined in this study.

The high activation energy resulting from the cupric
oxide dissolution would appear to preclude rate con-
trol by diffusion of either reactants to the surface or
reaction products from the surface of the rotating
disk. The rate would not be expected, therefore, to
depend on the rate of rotation of the cupric oxide
d i s k . F i g u r e 5 suggests that no such dependence on
rotation rate exists for cupric oxide dissolution at
30°C in the aqueous solution of the a c i d s . Within the
experimental e r r o r , r a t e s were independent of the
rotation speeds above 300 rpm. S imi la r results were
obtained for the dissolution of cupric oxide in a hydro-

u
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T e m p : 30°C
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-'~ ,-I D ri
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io~o ~s6o 2o00
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Fig. 5-Dissolution rates o f synthetic cupricoxide disks at different
rotat ion speeds at 30 °C in various acidic solutions.
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c h l o r i e a c i d s o l u t i o n c o n t a i n i n g s o d i u m c h l o r i d e . F r o m
t h e f a c t t h a t t h e a l m o s t c o n s t a n t r a t e s w e r e o b t a i n e d
a t a l l t h e r o t a t i o n s p e e d s e x c e p t the e x t r e m e c o n d i t i o n
of 0 r p m , i t i s r e a s o n a b l e to e x p e c t t h a t c h e m i c a l r e -
a c t i o n l i m i t a t i o n s wi l l be of m a j o r i m p o r t a n c e .

E f f e c t o f A c i d C o n c e n t r a t i o n

T h e c u p r i c o x i d e d i s s o l u t i o n r a t e s w e r e m e a s u r e d
a t d i f f e r e n t c o n c e n t r a t i o n of t h e f o u r a c i d s . F i g u r e 6
s h o w s t h e e f f e c t s o f t h e i n i t i a l a c i d c o n c e n t r a t i o n on
t h e d i s s o l u t i o n r a t e o f c u p r i c o x i d e a t 30~C. T h e dis-
s o l u t i o n r a t e i s o f t h e f i r s t o r d e r w i t h r e s p e c t t o
a c i d c o n c e n t r a t i o n f o r h y d r o c h l o r i c , n i t r i c , a n d p e r -
c h l o r i c a c i d s .

T h e e f f e c t of s u l f u r i c a c i d c o n c e n t r a t i o n o n c u p r i c
o x i d e d i s s o l u t i o n i s d i f f e r e n t f r o m t h e e f f e c t o f a c i d
c o n c e n t r a t i o n f o r o t h e r a c i d s . In t h i s c a s e , t h e ob -
s e r v e d s l o p e o f t h e l o g R . r / l o g a W p l o t i s 0.5 a t c o n
c e n t r a t i o n s of s u l f u r i c a c i d a b o v e 0.05 M a s s h o w n
in F i g . 7 . T h e o t h e r a c i d s p r o d u c e s l o p e s m u c h
g r e a t e r .

A t a c o n s t a n t h y d r o c h l o r i c a c i d c o n c e n t r a t i o n of
1 M , t h e e f f e c t of the a d d i t i o n of s o d i u m c h l o r i d e on
t h e d i s s o l u t i o n r a t e s of c u p r i c o x i d e w e r e d e t e r m i n e d
a t 30°C o v e r t h e c o n c e n t r a t i o n r a n g e o f 0 . 5 t o 2 M
N a C 1 . T h e r e s u l t s w e r e s u p e r i m p o s e d on F i g . 7 . T h e s e
o b s e r v e d r a t e s l i e on the s a m e s t r a i g h t l i n e of l o g
R i / l o g all+ a s t h e p l o t s o b t a i n e d f o r s o l u t i o n s c o n t a i n -
i n g h y d r o c h l o r i c a c i d a l o n e . B a s e d u p o n t h e a c c u r a c y
of t h e m e a s u r e m e n t s o f a l l + , we m a y a s s u m e a f i r s t
o r d e r d e p e n d e n c y b e t w e e n r e a c t i o n r a t e s a n d all÷
v a l u e s . T h i s m e a n s t h a t t h e a d d i t i o n o f s o d i u m c h l o r i d e
t o a h y d r o c h l o r i c a c i d s o l u t i o n l e a d s t o a n i n c r e a s e
in a H+, a n d t h u s a c c e l e r a t e s the d i s s o l u t i o n o f c u p r i c
o x i d e . A s i m i l a r t e n d e n c y was o b s e r v e d w h e n s o d i u m
p e r c h l o r a t e was a d d e d t o a p e r c h l o r i c a c i d s o l u t i o n ,
a s s h o w n in F i g . 7 .

R e c e n t l y , S h e v e l e v e l al~ s t u d i e d t h e k i n e t i c s o f the
d i s s o l u t i o n o f c o p p e r ( I I ) o x i d e in s u l f u r i c a c i d . T h e y
c o n c l u d e d that t h e o x i d e d i s s o l v e s by a t o p o c h e m i c a l
m e c h a n i s m , i n v o l v i n g i n t e r m e d i a t e f o r m a t i o n o f a
n o n s t o i c h i o m e t r i c h i g h e r o x i d e CuO~ o f p e r o x i d e t y p e .
In t h e p r e s e n t s t u d y , t h e r e d o e s not a p p e a r t o be a
n e e d t o c o n s i d e r s u c h a m e c h a n i s m .

25
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Fig. 6-Rates of dissolution of synthetic cupric oxide disks vs acid
concentrations in the aqueous solutions of various acids at 30 °C.
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Fig. 7--Effect of a l l+ on the dissolution rates of synthetic cupric
oxide disks in various acids at 30°C. Rates were plotted against mean
activities of HNO3 taken from the data compiled by Dobos. 9

E f f e c t of A n i o n s of D i s s o l u t i o n A c i d

W h e n s o d i u m c h l o r i d e was a d d e d t o a p e r c h l o r i c
a c i d s o l u t i o n t h e r e s u l t s h o w n in F i g . 8 was o b t a i n e d .
A t l o w c o n c e n t r a t i o n l e v e l s o f s o d i u m c h l o r i d e , t h e
d i s s o l u t i o n r a t e s o f c u p r i c o x i d e i n c r e a s e d s h a r p l y
f r o m t h e r a t e of d i s s o l u t i o n in 1 M H C l O 4 s o l u t i o n .
W h e n t h e c o n c e n t r a t i o n o f s o d i u m c h l o r i d e r e a c h e d
0.5 M in l M HC104-NaC1, t h e d i s s o l u t i o n r a t e b e c a m e
c o m p a r a b l e t o c u p r i c o x i d e d i s s o l u t i o n in a h y d r o -
c h l o r i c a c i d s o l u t i o n .

F r o m t h e s e f i n d i n g s , i t i s e v i d e n t that t h e a d s o r p -
t i o n o f a n i o n s on the s u r f a c e of c u p r i c o x i d e a n d / o r
t h e c o m p l e x i n g of the c o p p e r w i t h a n i o n s p l a y a n i m -
p o r t a n t r o l e in c u p r i c o x i d e d i s s o l u t i o n . T h r e e o b s e r -
v a t i o n s s u p p o r t t h i s c o n c l u s i o n . F i r s t l y , t h e d i s s o l u -
tion r a t e s of c u p r i c o x i d e in d i f f e r e n t a c i d s o l u t i o n s
w e r e q u i t e d i f f e r e n t , e v e n w h e n t h o s e v a l u e s w e r e
c o m p a r e d a t c o n s t a n t all÷ v a l u e , a s s h o w n in F i g . 7 .
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Fig. 8-Effect of sodium chloride addition on the dissolution rate
of synthetic cupr icoxide disk in t M HCIO4 solution at 30 °C. O ;
1 M HCIO4, Dotted line; Effect of NaC104 addition.
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For example, the dissolution rate of cupric oxide in
hydrochloric acid was about 10 t i m e s f a s t e r than in
perchloric a c i d . This result suggests that the disso-
lution of cupric oxide was certainly affected by anions.

Secondly, the sequence of dissolution rate of cupric
oxide in the four a c i d s coincided with the o r d e r of
poLurizabilities of anions, as shown in Table I.7 The
affinity of an anion for the cupric oxide surface is re-
Luted directly t o that i o n ' s polarizability. The strong
adsorption of anions on copper si te may r e s u l t in a
lowering of the chemical bond strength between copper
and oxygen, thus enhancing cupric oxide dissolution.

Although it is well known that perchlorate ions or
nitrate ions form weak complexes with copper, the
o r d e r of the complexing power of chloride ions and
sulfate ions t o copper8 is related directly t o the dis-
solution rate of cupric oxide observed in this s tudy.

Thirdly, as shown in Fig. 8 an sharp i n c r e a s e in
dissolution r a t e s was observed for cupric oxide
dissolved in a 1 M HC104 solution with the addition
of up t o 0.5 M of sodium chloride. This may be at-
tributed t o the adsorption of chloride ions on the sur-
face of the cupric oxide a n d / o r the strong complexing
of copper with chloride ions, which lowers the chem-
ical bond strength between the copper and oxygen
atoms. The change of the dissolution rate with the
addition of more than 0.5 M sodium chloride may be
explained as follows: The adsorption a n d / o r complex-
ing are completed around the sodium chloride con-
centration of 0.5 M. Then the increase in the dissolu-
tion rate by the addition of sodium chloride is due to
the increase in all.value. The addition of sodium
chloride t o a 1 M HC1 solution or the addition of so-
dium perchlorate to a 1 M HC104 solution resulted in
the increase in all+ values as shown in Fig. 7.

In rega rd t o this, W a r r e n and Devuyst~pointed out
that the adsorption of anions constituting the leaching
acid has a significant role in determining the overall
rate of oxide leaching. When anion adsorption is
relatively weak, the rate of leaching, R, can be ex-
pressed by Eqs. [3] and [4], respectively.

R = K Kza2
1 + Kid [3]

, K~a [4]
R = K l Y K l a

Where a = [H30÷], K1 = equilibrium constant of surface
protonafion reaction, and K and K ' = constants.

However, the rate curves observed for the dissolu-
tion of cupric oxide in this work did not show a c l ea r
resemblance t o either Eqs. [3] or [4]. This suggests
that the role of anions of the acid for the cupric
oxide dissolution is somewhat different from the
model proposed by W a r r e n and Devuyst . As mentioned
before, the same dissolution rate could not be ob-
s e r v e d for the different a c i d s even though the hydrogen
ion activity was the s a m e . Also, an abrupt increase
in the dissolution rate was observed at low concentra-
tions of sodium chloride when sodium chloride was
added t o a perchloric acid solution.

From these findings, it can be concluded that the
adsorption of anions on the surface of the cupric
oxide disks was fast and strong, and thus the surface
w a s substantially saturated with adsorbed anions. A

T a b l e I . P o l a r i z a b i l i t i e s o f S o m e I o n s

Ion Polarizability, cm2/mol

CI 8.9
SO~- 3.9
NO; 3.6
clo~ 3.3

dissolution attack by hydrogen ions would then occur
on this surface saturated by anions.

Rate Equation

From the experimental results obtained, we may
consider that the following rate equation can be gen-
erally applied t o the dissolution of cupric oxide:

R = kS[Acid] n

= k ' S * a H÷n [5]

where k and k' are rate constants; S and S* are the
surface area and the effective surface area saturated
with anions of acids, respectively; [Acid] is the con-
centration of acid; aH+ is the activity of hydrogen ions
and n is a constant having a v a l u e of 1 for perchloric,
nitric, and hydrochloric a c i d s and of 0.5 for sulfuric
a c i d . It may be reasonable to consider that the dis-
solution mechanism of cupric oxide in a sulfuric acid
solution is more complicated than in an acid solution
containing perchloric, nitric, or hydrochloric a c i d .
At present, the effect of the reaction rate on all+ for
sulfuric acid is difficult to interpret. This difficulty
may r e l a t e t o the fact that in sulfuric acid, HSO~ is
the dominant species, but only SO~- is adsorbed. How-
e v e r , unfortunately, no definite conclusion can be
drawn due t o the absence of quantitative data.

CONCLUSIONS

The rates of dissolution of cupric oxide in four
different acids were studied using sintered disks. In
each case, dissolution increased with elapsed reten-
tion time until an essentially constant value was

reached. This phenomenon canbe attributed to an in-
c r e a s e in the effective surface area of the cupric
oxide disk. The dissolution rate is of the f i r s t o r d e r
with respect t o all+ for perchloric, nitric, or hydro-
chloric acid, while it is of a half o r d e r for sulfuric
acid.

Generally, the addition of an electrolyte having
anions in common with the acid results in an acce l e r a -
tion of the dissolution r a t e . This phenomenon is at -
tributed t o the increases in all+ value for 1 M HC1
and 1 M HC104 solutions. The addition of sodium
chloride in a 1 M HC104 solution causes an abrupt
increase in the dissolution rate at sodium chloride
concentrations up t o 0.5 M. The addition of sodium
chloride at more than 0.5 M causes an increase in
the dissolution rate comparable t o that in a hydro-
chloric acid solution. These phenomena suggest that
anions play an important role in the dissolution of
cupric oxide. The rate controlling process must be a
chemical attack by hydrogen ions on the surface of the
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cupric ox ide , saturated with adsorbed anions. The type
of ac id used determines the identity of the adsorbed
anion.
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