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a b s t r a c t

Cd–Ni filtercakes are produced continuously at the third purification step in the electrolytic production
of zinc in the National Iranian Lead and Zinc Company (NILZ) in northwestern Iran. In this research,
the dissolution kinetics of cadmium from Cd–Ni residues produced in NILZ plant has been investigated.
Hence, the effects of temperature, sulfuric acid concentration, particle size and stirring speed on the
kinetics of cadmium dissolution in sulfuric acid were studied. The dissolution kinetics at 25–55 ◦C and
t ≤ 5 min was found to follow a shrinking core model, with inter-diffusion of cadmium and sulfate ions
through the porous region of alloying layer (Cd5Ni, Cd2Ni1.9 and Cd10Cu3) as the rate determining step. This
finding is in accordance with the apparent activation energy (Ea) of 13.363 kJ/mol and a linear relationship
between the rate constant and the reciprocal of squared particle size. Arrhenius constant was calculated
as 6.3942 min−1. The order of reaction with respect to sulfuric acid concentration, solid/liquid ratio and
particle size were also achieved. The rate of reaction at first 5 min based on diffusion-controlled process
iffusion-controlled process can be expressed by a semi-empirical equation as:[
1 −

(
2
3

)
X − (1 − X)2/3

]
= kdt = 997[H2SO4]1.0475

(
S

L

)−0.5969

r−2.1819
0 exp

(
− 13.363

RT

)
t

It was determined that the dissolution rate increased with increasing sulfuric acid concentration and

o
a
t

c

2
3
4

decreasing particle size.

“It’s a very funny thought that if bears were bees, they’d build their
nest at the bottom of trees, and that being so (if bees were bears),
we shouldn’t have to climb up all those stairs.”
From Winnie-the-Pooh, By A.A. Milne

. Introduction

In spite of their toxicity, cadmium and its compounds are used
n different industries such as electroplating, pigments, synthetic
hemicals, ceramics, metallurgical and photographic products,
lectronics and other industries. Industrial applications for cad-

ium have recently been developed and consequently the direct

roduction of this metal has increased [1].
Located in northwestern province of Zanjan, Iran, in NILZ elec-

rolytic zinc plant, with a capacity of 20,000 t Zn/y, a major amount
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&D Center, Iranian Zinc Mines Development Company (IZMDC), P.O. Box 45195-
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f Cd–Ni filtercake has been stockpiled during the years and also
bout 50 kg of the same residue per ton of produced zinc is added
o dumps daily.

Fig. 1 shows a conceptual flow sheet which explains the purifi-
ation stages and origin of the Cd–Ni filtercake in NILZ plant.

The following items draw our attention to treat Cd–Ni residues:

1. stringent environmental rules;
. increasing demand for cadmium metal;
. easy and fast dissolution kinetics of the residue in sulfuric acid;
. increasing prices of cadmium [2].

Depending on the composition of zinc concentrate, the compo-
ition of filtercake may vary. For example, the average composition
f such a filter cake in Iranian zinc plants is as follows [2]:
Zn = 40–55%; Cd = 13–16%; Ni = 3.5–4.0%;

Cu = 1.5–2.0%; Pb = 1.0–1.5%; Ca = 2–3%.

he high nickel content of this residue has made it different from
imilar residues produced in other zinc plants. As a result, the

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:sadeghsafarzadeh@gmail.com
dx.doi.org/10.1016/j.jhazmat.2008.07.082
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Fig. 1. Conceptual flowsheet of electrolytic zinc production in

ppropriate treatment for this residue has become important from
ydrometallurgical and economical points of view [3].

It might be useful to review the process in which Cd–Ni is
ttained. As seen in Fig. 1, the Cd–Ni filtercake is produced through
ementation of impurities which accompany zinc sulfate solution
sing zinc powder and as a result all impurities are reduced on
inc particles. The reaction that occurs, however with excess of
inc much higher than the stoichiometric amount needed. The
ementation reaction is a galvanic one in nature, therefore not only
admium, nickel and copper are cemented on zinc, but also copper
nd nickel can cement on cadmium. Therefore it is expected that
ome other metallic compounds be present in the residue which
ill affect the subsequent leaching process in order to recover the
etals [2].

To the best of our knowledge, no experimental report exists on

he leaching kinetics of Cd–Ni filtercake in the relevant literature.
afarzadeh et al. [4] have determined the optimum conditions for
he leaching of Cd–Ni zinc plant residues using Taguchi experi-

ental plan, with no kinetic evaluation. In this paper, we aim the

p

l
p

plant showing the origin of Cd–Ni purification filtercake [2].

issolution behavior of cadmium in sulfuric acid and also seek a
inetic model to explain its leaching rate.

In this research, the results of leaching of Cd–Ni filtercake with
ulfuric acid are presented. The kinetics characterizations of the
eaching process were analyzed according to shrinking core model
SCM) [5] and the best fitted equation to the experimental data was
etermined. A corresponding diffusion model was found suitable to
xplain the relationship between reaction time and the fraction of
admium leached and the apparent activation energy of the process
as determined. In the leaching experiments, the effects of tem-
erature, acid concentration, stirring speed and solid/liquid ratio
n cadmium extraction were investigated.

. Chemistry of the solution and theoretical behavior of the

hases

The leaching of Cd–Ni zinc plant residues deals with the solubi-
ization of Zn, Cd, Ni, Cu and Pb in the form of oxides or elements,
resent in the filtercake. The behavior of these solid phases under
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enclosed by the water stability limits as well. However, in the case
of Cu and Pb, higher acidities are required for the dissolution reac-
tion, and as can be recognized, the reactions (8) and (9) occur at
pH values lower than −6 (point C) and 2 (point D) for Cu and Pb,
respectively.
ig. 2. Superimposed Eh–pH diagrams of Zn, Cd and Ni–H2O systems at 25 ◦C, drawn
sing HSC chemistry software (Outokompou Research, Finland).

ulfuric acid leaching conditions can be predicted from equilibrium
ata. However, solubilization of metals is a complex phenomenon
hich cannot be solely predicted with pH-solubility data. Other

actors such as redox potential of the system may also have a
ignificant effect on metals leaching [6] and these factors should
e integrated into pH-solubility data to improve capability of the
odel.
In order to simplify the calculations, molar metal ion concentra-

ions can be used instead of activities in all formulations presented.
he leaching of metal oxides and metal elements, MO and M, where
O = ZnO, CdO, NiO, CuO and PbO and M = Zn, Cd, Ni, Cu and Pb,

an be summarized by the following equilibrium reactions, respec-
ively:

O(s) + 2H+(aq.) = M2+(aq.) + H2O(l) (1)

(s) + 2H+(aq.) = M2+(aq.) + H2(g) (2)

epresented by the respective equilibrium constants, k1 and k2, in
hich k1 = k2 = [M2+]/[H+]2. Since pH = −log[H+], then

og k = log[M2+] + 2pH (3)

hus the concentration of the metal ion M2+ in solution at 25 ◦C,
an be predicted by

M2+] = 10(log k−2pH) (4)

n which k can be calculated from the equation �G◦ = −RT
n k.

Also, the Cd, Ni, Zn, Cu and Pb sulfates solubility products
an be obtained from thermodynamic data. As demonstrated, the
quilibrium concentration of M2+ resulting from leaching reaction
epends on the equilibrium pH of the solution. The utilization of
he above methodology should take into account the threshold

2+ concentrations given by solubility of metal sulfates. Consid-
ring the conditions used in the experiments (S/L = 125 g/L) and
aking into consideration the composition of the filtercake, the

etal concentrations in the solution will be far from those lim-
ts and therefore the crystallization of MSO4 species does not to be
onsidered. According to Eq. (4), the proposed leaching conditions

re adequate for solubilization of metals [7].

Concerning metal species in elemental form, during leach-
ng experiments oxidation occurs to the divalent state according
o reactions (5)–(9) and therefore the solubilization conditions
an be predicted from relevant Eh–pH diagrams, as presented in

F
u

us Materials 163 (2009) 880–890

igs. 2 and 3.

n(s) + 2H+(aq.) = Zn2+(aq.) + H2(g)(E◦
Zn2+/Zn

= −0.763 V, �G◦,298 = −43.64 kcal) (5)

d(s) + 2H+(aq.) = Cd2+(aq.) + H2(g)(E◦
Cd2+/Cd

= −0.403 V, �G◦,298 = −31.76 kcal) (6)

i(s) + 2H+(aq.) = Ni2+(aq.) + H2(g)(E◦
Ni2+/Ni

= −0.25 V, �G◦,298 = −17.308 kcal) (7)

u(s) + 2H+(aq.) = Cu2+(aq.) + H2(g)(E◦
Cu2+/Cu

= +0.337 V, �G◦,298 = 6.96 kcal) (8)

b(s) + 2H+(g) = Pb2+(aq.) + H2(g)(E◦
Pb2+/Pb

= −0.126 V, �G◦,298 = −30.182 kcal) (9)

lease notice that in Figs. 2 and 3, systems are superimposed for a
etter comparison of solubility areas. Fig. 2 shows that the stability
egions of Cd2+, Ni2+ and Zn2+ are enclosed by the water stabil-
ty limits, denoting the feasibility of metal oxidization by the acid.
owever, for pHs lower than 6 for zinc, 6.5 for cadmium (point
) and 4.3 for nickel (point A), the reactions (5)–(7) occur sponta-
eously.

Also, comparing the areas of solubility regions of the M2+ in the
iagram indicates that Zn2+, Cd2+ and Ni2+ have greater solubility
reas, respectively. Thus from a strictly thermodynamic viewpoint,
t is anticipated that the practical leaching recoveries have the fol-
owing order: RZn > RCd > RNi.

The relevant Eh–pH diagram for Cu and Pb is also given in Fig. 3.
he diagram shows that the stability regions of Cu2+ and Pb2+ are
ig. 3. Superimposed Eh–pH diagrams of Cu and Pb–H2O systems at 25 ◦C, drawn
sing HSC chemistry software (Outokompou Research, Finland).
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ig. 4. Eh–pH diagrams of (A) Ni–S–H2O, (B) Cd–S–H2O, (C) Zn–S–H2O, (D) Pb–S–H
echnology, Sweden).

The corresponding Eh–pH diagrams for the sulfate systems are
lso shown in Fig. 4(A)–(E). From these diagrams, it is established
hat SO4

2− ions increase the solubility of all metal ions. The follow-

ng complexation reaction occurs through sulfuric acid leaching:

2+ + SO4
2− = MSO4 (M = Zn, Cd, Ni, PbandCu) (10)

earching for Ksp values for corresponding sulfates, it was found
hat the Ksp for lead(II) sulfate is very low, which means that lead(II)

s

s
t
P

d (E) Cu–S–H2O systems at 25 ◦C, drawn using Medusa software (Royal Institute of

ulfate is poorly soluble (Ksp = 1.9 × 10−8, at 25 ◦C), as can be seen
n the following diagram (Fig. 5) showing addition of SO4

2− to a
olution containing 0.1 M of Pb2+ at pH of 1.0. Observe that Pb2+
olubility drops 10,000-fold as SO4
2− reaches 0.1 M.

Also, Fig. 6 shows the fraction of different ions present in the
olution at various SO4

2− concentrations. It is evident from Fig. 6
hat as SO4

2− reaches 0.1 M, practically all Pb2+ transforms to
bSO4(s).
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Table 1
The parameter values for the leaching of Cd–Ni filtercake in sulfuric acid

Parameter Value

Temperature (◦C) 25a, 35, 45, 55
Acid concentration (M) 0.81, 1.0, 1.7a, 2.0
Particle size (�m) −600 + 500a, −710 + 600, −850 + 710, −1000 + 850
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ig. 5. Plot showing aqueous concentration of dissolved Pb2+ as a function of SO4
2−

oncentration, drawn using Medusa software (Royal Institute of Technology, Swe-
en).

From these findings, it can be predicted that lead can be easily
eparated from other metal ions present in the solution.

. Materials and methods

.1. Materials

The Cd–Ni filtercake used in the experiments was kindly sup-
lied from NILZ plant. The sample included ca. 22% moisture. The
omposition of the filtercake was determined as follows (wt%):
n: 44.32, Cd: 15.17, Ni: 3.94, Cu: 1.44, Pb: 1.08, Fe: 0.09, Mn:
.08, Ca: 2.27 and S: 8.01. As can be seen, the filtercake is mostly
omposed of zinc, cadmium and nickel. Mineralogical analysis
erformed using X-ray diffractometry, indicated that Zn, ZnSO4,
nSO3·2.5H2O, CdO and ZnO were the major mineralogical phases
n the filtercake [4]. However, it is noteworthy to mention that the
RD experiment only reveals the most abundant phases, generally

ore than 3 wt%. Hence there can be other phases neglected by
RD.

In the leaching experiments, sulfuric acid from Merck with a
urity of 95–98% and a density of 1.82 was used.

ig. 6. Plot showing the fraction of Pb2+ and PbSO4 as a function of SO4
2− concen-

ration, drawn using Medusa software (Royal Institute of Technology, Sweden).

r
t

X

w
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i
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fl

olid to liquid ratio (g/mL) 1/5, 1/8a, 1/10
tirring speed (rpm) 0, 100, 200, 300, 400a, 500, 600

a The constant values used when the effect of other parameters was investigated.

The filtercake was dried at 110 ◦C for 24 h and then was crushed
sing a ball mill and sieved into desired particle sizes.

.2. Experimental procedure

Based on our previous experience in related works and those
xperimental conditions reported by other researchers for the
eaching of similar residues and preliminary tests performed (a)
emperature, (b) sulfuric acid concentration, (c) pulp density and (e)
tirring speed were chosen as the four variables to be investigated.
or each experimental condition, the experiment was repeated
wice, and the arithmetic average of the results was used in the plot-
ing of yield curves. The range and values of employed parameters
or leaching tests are given in Table 1.

The leaching experiments were performed in a 2 L Pyrex beaker
etup in a thermostatically controlled water bath, equipped with a
igitally controlled thermometer (within ±0.5 ◦C). Mechanical stir-
er (Heidolf RZR 2020) had a controller unit and its twin-bladed
mpeller and shaft were coated by Teflon. For minimizing aqueous
oss when the system was heated, a reflux condenser mounted on
he top of the cell [4]. After adding 1 L of acid with a known con-
entration to the reaction vessel and setting the temperature at the
esired value, a known weight of sample was added to the reac-
or while stirring the content of the reactor at a certain speed. At
esired time intervals, 1 mL of solution was withdrawn from the
eactor and the leach solution was diluted with double distilled
ater. The diluted clear leach solution sample was analyzed for
d, Zn, Ni, Pb and Cu using an AA-300 PerkinElmer model atomic
bsorption spectrometer.

In calculating the leaching efficiency of cadmium, a volume cor-
ection formula was used; which includes correction factors in itself
o account for the volume losses due to sampling [8].

M,i = (V −
∑i−1

i=1vi)CM,i +
∑i−1

i=1viCM,i

m(CM/100)
(11)

here V is the initial volume (mL) of the solution, vi is the volume
mL) of the sample i withdrawn each time, CM,i is the concentration
f M (Cd) in sample i (mg L−1), m is the initial mass of cadmium
n g (on a dried basis) added into the reaction vessel and CM is the
oncentration of M in the sample (wt% dried solids). Error for each
xperiment was always below 2%. It must be noted that no copper
nd lead were dissolved at proposed conditions and hence they
ere collected at leaching residues. Also, the results for zinc and
ickel dissolution will be reported in a separate paper. Neverthe-

ess, the behavior of these metals has been reported in a diagram at
he optimum leaching conditions (Fig. 12). The uncertainties of the

easurements were estimated with regression analysis procedure.

.3. Kinetic analysis
Fluid–solid heterogeneous reaction systems have applications
n chemical and hydrometallurgical processes. A successful reactor
esign for these processes depends basically on kinetic data. In the
uid–solid systems, the reaction rate may be generally controlled
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y one of the following steps: Diffusion through the fluid film, dif-
usion through the ash or the chemical reaction at the surface of
he core or unreacted material [5].

The rate of the process is controlled by the slowest of these
equential steps.

In order to determine the kinetic parameters and rate controlling
tep about leaching of cadmium oxide in sulfuric acid solutions, the
xperimental data were analyzed on the basis of the shrinking core
odel.
If no ash layer covers the unreacted core as the reaction pro-

eeds, there could be only two controlling steps, namely, fluid film
iffusion or chemical reaction.

If the reaction rate is controlled by diffusion through the product
ayer, it will be an integrated rate equation, as follows [5]:

− 2
3

X − (1 − X)2/3 = 6bDeff.[H2SO4]n

�CdOr2
0

t = kdt (12)

f the reaction is controlled by the surface reaction, Eq. (12) trans-
orms to following equation:

− (1 − X)1/3 = bks[H2SO4]n

�CdOr0
t = krt (13)
here, X is the fraction reacted, kr the kinetic parameter for reac-
ion control, kd the kinetic parameter for product diffusion control,
reaction time (min), b the stoichiometric coefficient of CdO in

eaching reaction (Eq. (15)), ks the chemical reaction rate constant,
H2SO4] the sulfuric acid concentration, �CdO the molar density of

4

u

ig. 7. (a) The effect of temperature on the dissolution of cadmium at proposed experimen
c) The variation of 1 − (2/3)X − (1 − X)2/3 with time at various temperatures and (d) Arrhe
us Materials 163 (2009) 880–890 885

dO, r0 the particle radius, n the order of reaction with respect to
2SO4 and Deff. the effective diffusion coefficient.

Eq. (12) reveals that if diffusion through the product layer con-
rols the leaching rate, there must be a linear relationship between
he left side of the equation and time. The slope of the line is the
ate constant kd and it must be directly proportional to 1/r0

2. Also
he temperature dependence of the reaction rate constant can be
alculated by the Arrhenius equation:

d = A exp
(−Ea

RT

)
(14)

here A is frequency factor, Ea is activation energy of the reaction,
is universal gas constant and T is absolute temperature.

. Results and discussion

Reaction between cadmium oxide and sulfuric acid can be writ-
en as follows:

dO(s, in filtercake) + H2SO4(aq.) → CdSO4(aq.) + H2O(l) (15)

ased on the above reaction, the effects of various parameters were
valuated in the following sections.
.1. Effect of temperature

The temperature effect was examined in the range of 25–55 ◦C
nder the conditions of 1.7 M acid concentration, −600 + 500 �m

tal conditions. (b) The variation of 1 − (1 − X)1/3 with time at various temperatures,
nius plot of reaction rate against reciprocal temperature.
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article size, solid/liquid ratio of 1/8 and 400 rpm stirring speed.
s seen from Fig. 7(a), the cadmium recovery increased as the

emperature was increased. The recovery after 5 min reached
5%, 93%, 88% and 85% for 55, 45, 35 and 25 ◦C, respec-
ively.

However, the cadmium dissolution hardly increased after a rapid
issolution in 5 min. Despite the beneficial effect of temperature on
he reaction rate, cadmium dissolution in our study was considered
o be fast in nature and hence at room temperature, a maxi-

um dissolution is achieved in a convincingly short time of about
5 min.

Eqs. (12) and (13) were applied for the results obtained from
ach temperature values. Fig. 7(b) presents the data plot accord-
ng to chemical reaction control. Also Fig. 7(c) shows the data plot
ccording to diffusion control process. The results reveal that the
alues for the correlation coefficient (R2) in Fig. 7(c) are closer
o 1 than those in Fig. 7(b). So Eq. (12) was found to fit the data
est. Such results indicate that the linear relationship between
− (2/3)X − (1 − X)2/3 and leaching time (t) is significant and sug-
est that the leaching rate of cadmium is controlled by diffusion
hrough the product layer. The apparent rate constants (kd) were
alculated as slopes of the straight lines. Using the apparent rate
onstants obtained by application of Eq. (12), the Arrhenius plot
ln kd vs 1/T) was obtained (Fig. 7(d)) and the activation energy
as calculated as 13.360 kJ/mol. This value clearly confirms that

his process is most likely controlled by diffusion of ions through
roduct layer.

.2. Effect of acid concentration

The stoichiometric acid concentration for a total dissolution
f filtercake was calculated to be about 2 M. Thus the effect of
cid concentration in the range of 0.81–2.0 M was studied at
5 ◦C with a stirring speed of 400 rpm for −600 + 500 �m par-
icle size and pulp density of 1/8. As seen in Fig. 8(a), the
ncrease in acid concentration increased the dissolution rate
f cadmium. For 0.81 and 1.0 M concentrations, there is vir-
ually an acid deficiency effect. Nevertheless, it was observed
hat there was no beneficial effect of increasing acid concen-
ration more than 1.7 M. However, after elapsing a certain time,
amely 15 min, the efficiency practically remains constant. This
ehavior could be explained by the fact that as the acid concen-
ration in the medium increases, the apparent rate of product
ncreases and as the product reaches the saturation value near the
olid particle; it forms a difficult soluble solid film layer around
he particle. Consequently, the dissolution process slows down
9].

The cadmium extraction efficiencies after 15 min leaching at
.81 and 1.7 M sulfuric acid were found to be 63% and 95%, respec-
ively.

The effect of leaching time on the dissolution of cadmium
s also evident in Fig. 8(a). Obviously, the cadmium recovery
ncreased with increasing leaching time with the initial dissolu-
ion of cadmium being very rapid. For 1.7 M concentration, after
min, 85% cadmium recovery was achieved and this increased to
5% after 15 min. Thus 15 min of leaching time was found to be
ptimum.

Also, the results for the effect of sulfuric acid concentration were
pplied to this kinetic model and kd values for each sulfuric acid

oncentration were determined. From the kd and sulfuric acid con-
entration values, a plot of ln kd versus ln[H2SO4] was obtained
Fig. 8(b)). As seen in Fig. 8(b), the order of the reaction with respect
o sulfuric acid was proportional to a 1.047 power ([H2SO4]1.047)
ith a correlation coefficient of 0.9859.

i
t
r
t

ig. 8. (a) The effect of sulfuric acid concentration on the dissolution of cadmium at
roposed experimental conditions. (b) Plot for the determination of reaction order
ith respect to ln[H2SO4].

.3. Effect of particle size

Four different particle sizes (−600 + 500, −710 + 600, −850 + 710
nd −1000 + 850 �m) were used in the experiments with
.7 M sulfuric acid concentration, 25 ◦C, 1/8 pulp density and
00 rpm stirring speed. From Fig. 9(a), it is evident that the
maller the particle size, the faster was cadmium dissolution.
y decreasing the particle size, the contact area of particles
ith the fluid increases. The results showed that the particle

ize had a meaningful effect on the dissolution of cadmium.
he cadmium extraction reached 89.5% and 95% after 15 min
eaching for −1000 + 850 and −600 + 500 �m particle sizes, respec-
ively.

In order to clarify the quantitative relationship between the
eaction rate and particle size, the experimental data in Fig. 9(a)
ere analyzed in terms of Eq. (12), and the rate constants (kd)

or the four sizes were obtained and plotted in Fig. 9(b) against
−2
0 (d0 is the average initial particle diameter). The regression
quation is found to have an R square of 0.9867. The directly propor-
ional relationship of rate constants to d−2

0 supports the conclusion
hat the leaching of cadmium in sulfuric acid is diffusion con-
rolled.
From the effects of particle size on cadmium dissolution given
n Fig. 9(a), the apparent rate constant was determined. According
o ln kd–ln r0 curve shown in Fig. 9(c), the order of reaction with
espect to particle size (r0) was found to be inversely proportional
o a 2.1819 power (r−2.1819

0 ).
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200, 300, 400, 500 and 600 rpm) at 25 C in solutions containing
1.7 M sulfuric acid and with solid/liquid ratio of 1/8 and parti-
cle size of −600 + 500 �m. The duration of each experiment was
15 min.
ig. 9. (a) The effect of particle size on the dissolution of cadmium at proposed
xperimental conditions. (b) Plot of kd against 1/r2

0 and (c) Plot of ln kd against
article size.

.4. Effect of solid/liquid ratio

Fig. 10(a) gives the cadmium recovery as a function of solid to
iquid ratio (weight of solid/volume of liquid) at 25 ◦C in solutions
ontaining 1.7 M sulfuric acid and particle size of −600 + 500 �m
ith a stirring speed of 400 rpm. According to experimental results
resented in Fig. 10(a), it was found that cadmium recovery

ncreased until the solid/liquid ratio of 1/8, where 95% of cadmium
ecovery was achieved. Therefore, this quantity was considered
ptimum for the dissolution of cadmium.
From the effect of solid/liquid ratio on cadmium dissolution
iven in Fig. 10(a), the apparent rate constant was determined.
ccording to ln kd–ln(S/L) curves shown in Fig. 10(b), the order of
eaction with respect to solid/liquid ratio was found to be inversely
roportional to a 0.5969 power ([S/L]−0.5969).

F
e

ig. 10. (a) The effect of solid/liquid ratio on the dissolution of cadmium at proposed
xperimental conditions and (b) Plot of kd against pulp density.

.5. Effect of stirring speed

The effect of stirring speed on the dissolution of cadmium
as investigated at various stirring speeds (0 (no agitation), 100,

◦

ig. 11. The effect of stirring speed on the dissolution of cadmium at proposed
xperimental conditions.
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ig. 12. Dissolution yield curves for Zn, Cd, Ni, Cu and Pb at optimum leaching con-
itions (temperature: 25 ◦C, acid concentration: 1.7 M, pulp density: 1/8, stirring
peed: 400 rpm, particle size: −600 + 500 �m).

Fig. 11 shows that the stirring speed has a significant effect on
he dissolution of cadmium. The cadmium recovery obtained under
he same experimental conditions without agitation was 29%, while
t was nearly 95% when 400 rpm stirring speed was applied. It can
e concluded that this effect occurs by the increased diffusion rate
f ions in leaching medium with increasing agitation [10]. How-
ver, the results show that the leaching rate of cadmium increases
uickly below 400 rpm and remains almost constant beyond
his speed. Therefore 400 rpm was chosen as optimum agitation
ate.

.6. The behavior of Zn, Ni, Cu and Pb

The behavior of Zn, Ni, Cu and Pb is shown in Fig. 12 at pro-
osed conditions. The order of leaching efficiency was found to be
n > Cd > Ni at the optimum leaching conditions (1.7 M acid con-
entration, −600 + 500 �m particle size, solid/liquid ratio of 1/8,
00 rpm stirring speed and 25 ◦C temperature). This manner is in
omplete concordance with theoretical predictions made in Sec-
ion 2. Also, no copper and lead were dissolved and they were easily
eparated, as theoretically foreseen. This manner was also reported
lsewhere [11–13].
AAS analysis confirmed this observation. Moreover, to ensure
he above result, the leaching residue was subjected to XRD anal-
sis, which confirmed the existence of Cu and Pb in the residue.
s can be observed from Fig. 13, the residue is composed of Cu2O,

Fig. 13. X-ray diffraction analysis of leaching residue.
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ig. 14. SEM micrograph of a typical Cd5Ni aggregate (the white phase in the center).

bO2, Cu, Cu4O3 and CaSO3. However, no lead sulfate was detected
n the residue. This gives rise to the assumption that lead is present
s either lead metal or lead oxide in the beginning material. Note
hat inasmuch as lead content in the residue was as low as 1.08 wt%,
hich is below detection limit of XRD, at first it was assumed as
etal or metal oxide. Also SEM analysis supported this idea, since

o lead sulfate was detected through SEM analysis. That lead diox-
de is very insoluble in sulfuric acid has been well established. It

eans that lead is present as PbO2 in the filtercake and remains
nchanged through sulfuric acid leaching and is simply separated.

According to the reactions, there could be two insoluble prod-
cts, i.e. PbSO4 and copper or nickel, probably cemented on
admium. The former assumption was rejected due to the previous
ndings. However, to check the validity of the above discussions,
solid sample was taken from the leaching vessel at t = 2 min

nd analyzed using both XRD and SEM. The XRD showed alloy-
ng phases, Cd5Ni, Cd2Ni1.9 and Cd10Cu3. Our attempt to find an
nsoluble layer on cadmium using SEM had no results, however, a
orous aggregate of Cd5Ni was observed. Fig. 14 represents a typi-
al Cd5Ni aggregate. With that said, the inter-diffusion of cadmium
nd sulfate ions through the porous region of the insoluble alloying
ayer was probably the main resistance to the dissolving process.
eactions (6) and (15) require SO4

2−/Cd2+ ion transport between
he reaction site and the bulk liquid phase. Therefore, Deff. can be
eplaced by De which is defined as coefficient of inter-diffusion of
d2+ and SO4

2− ions through the porous metallic layer. Reactant and
roduct ions, i.e. SO4

2− and Cd2+ must diffuse throughout the pores
n order to obtain a continuing reaction. De is the inter-diffusion
oefficient of SO4

2− and Cd2+ ions indicating ion transfer within
he porous region.

The reaction between cadmium and sulfuric acid is of elec-
rochemical nature. Because of considerable conductivity of the
etallic layer, there is no resistance to charge transfer through the
olid region. The only remaining resistance is thus related to trans-
er of ions through the aqueous electrolyte that fills the porous
egion of the solid phase. This resistance is considered by the inter-
iffusion coefficient De in the present system.
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ig. 15. Comparison of experimental and calculated dissolution fraction of cadmium
n sulfuric acid.

. Process rate equation

Calculations show that activation energy and the order of reac-
ion values with respect to H2SO4 concentration, solid/liquid ratio
nd particle size confirm to the shrinking core model for a diffusion-
ontrolled process. Thus the leaching of Cd–Ni filtercake can be
learly presented by Eq. (16).

1 −
(

2
3

)
X − (1 − X)2/3

]
= kdt = k0[H2SO4]1.0475

(
S

L

)−0.5969

×r−2.1819
0 exp

(−13.363
RT

)
t (16)

lotting of 1 − (2/3)X − (1 − X)2/3 against [H2SO4]1.0475

S/L)−0.5969r−2.1819
0 exp(−13.363/RT)t gives a ko amount of

97 with a regression coefficient of 0.996. To test the agreement
etween the experimental conversion values and the values cal-
ulated from the empirical equation, the plot of X (experimental)
ersus X (calculated) was drawn. As seen in Fig. 15, the agreement
etween experimental and calculated values is very good, with
elative mean squares of errors of 0.0891 calculated by Eq. (17) and
ith a regression coefficient of 0.982.

.R. =
[

1
N

N∑
i=1

(Xcal. − Xexp .)
2

(Xcal.)
2

]1/2

(17)

here Xcal. is the calculated conversion value, Xexp. is the experi-
ental conversion value, and N is the number of experimental data

14], which is 72.

. Conclusions

Sulfuric acid leaching, the first chemical step of an integrated
rocess for recovering cadmium from Cd–Ni zinc plant residues was
ested. Taking into account the parameters used in the experiments,
emperature, acid concentration, pulp density (solid/liquid ratio),
article size and stirring speed and their levels, a kinetic model has
een assigned to the dissolution of cadmium present in Cd–Ni zinc
lant residues within first 5 min of reaction.

Based on the results obtained in this research, the following

onclusions could be drawn:

It was observed that the reaction rate was not sensitive to tem-
perature in the range of 25–55 ◦C. However, a minor raise in
us Materials 163 (2009) 880–890 889

dissolution efficiency was evident due to increase in temperature.
In terms of acid concentration, it was shown that the dissolution
rate increased up to 1.7 M, however, increasing concentration did
not enhance the dissolution reaction. Also, the dissolution rate
increased with decreasing particle size.
The dissolution of Cd–Ni residues with sulfuric acid solution was
found to be controlled by shrinking core model for diffusion-
controlled process within first 5 min of the dissolution reaction.
The activation energy was calculated as 13.363 kJ/mol for the
temperature range of 25–55 ◦C.
Dissolution rate could be expressed by Eq. (16), which is a semi-
empirical mathematical model symbolizing the process. This
expression can estimate the fraction reacted with relative mean
squares of errors of 0.0891. Furthermore, the agreement between
the Xcal. and Xexp. is linear with a regression coefficient of 0.982.
As presented by the model, the reaction rate is inversely propor-
tional to the squared particle size.
The order of the reaction with respect to H2SO4 concentra-
tion, particle size and solid/liquid ratio were found to be
1.0475,−2.1819 and −0.5969, respectively.
The optimum leaching conditions were determined as: 1.7 M
H2SO4, 25 ◦C, 125 g/L solid/liquid ratio and 400 rpm. By using a
particle size of −600 + 500 �m, 85% of cadmium was extracted
after 5 min; however, a slight raise took place in extraction per-
cent in excess of time. A maximum cadmium recovery of 95% was
obtained by leaching with 1.7 M sulfuric acid for 15 min at 25 ◦C
with 1/8 solid/liquid ratio agitated at 400 rpm.
The results showed that it is possible to separate copper and lead
from Cd–Ni zinc plant residues through selective leaching. This
residue may be stockpiled for the recovery of associated copper
and lead, which requires a separate process design.
Inasmuch as the Cd–Ni filtercake contains heavy metals which
cause adverse environmental effects and despite the fact that
almost all cadmium present in the filtercake is transferred into
the solution, the environmental concerns over heavy metals still
stands, since part of cadmium is transferred into the leach residue
along with copper and lead, which all are heavy metals. In the
view of this fact, the overall process design should take this fact
into account and recycle the secondary leach residue as well.
One recommendation can be the mixing of secondary residue,
left after copper and lead recovery, with primary Cd–Ni filter-
cakes, which is the subject of our next work. The cadmium bearing
solution which is the beginning aqueous for the extraction of cad-
mium can be used for the separation of cadmium metal through
SX-EW or cementation, depending on the impurities present in
the solution.
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