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The reductive acid leaching kinetics of synthetic cadmium-bearing zinc ferrite
was investigated, and the influence of reaction temperature, sulfuric acid and
hydrazine sulfate were studied. The results illustrated that an increase in the
reaction temperature, initial sulfuric acid and hydrazine sulfate significantly
enhanced the extraction efficiencies of cadmium, zinc and iron. The leaching
kinetics were controlled by a surface chemical reaction based on a shrinking

core model. The empirical equation 1 — (1 — X )1/3 = k.t applied was found to
fit well with the kinetics analysis; the leaching processes of cadmium, zinc and
iron were similar and the activation energies were 79.9 kd/mol, 77.9 kd/mol
and 79.7 kd/mol, respectively. The apparent orders of cadmium-bearing zinc
ferrite dissolution with respect to sulfuric acid concentration were 0.83, 0.83
and 0.84 for Cd, Zn and Fe, respectively.

INTRODUCTION

Zinc ferrite (franklinite, ZnFe,0O4) and its vari-
ants, having a stable spinel structure, can be easily
formed when completely heated to appr0x1mately
950°C because of the 1nev1table presence of iron in
the zinc concentrates.™” Zinc ferrite is stable and
insoluble in most ac1dlc, alkaline and chelating
media under mild conditions. Cadmium is a very
toxic metal that causes chronic poisoning through
inhalation and digestion; its d1spers1on into an
ecosystem should be strlctly controlled.® However, it
has been found that zinc smelting by way of roast-
ing—leaching—purifying—electrowinning is one of the
major sources of cadmium contamination in China,
because cadmium is most commonly found in asso-
ciation with sphalerite and marmatite in minor
amounts and is recovered almost exclusively as a
byproduct of zinc smelting.* Unfortunately, because
of the similar chemical properties between cadmium
and zinc, under high-temperature conditions, cad-
mium cations unavoidably enter the crystal lattice
of zinc ferrite by substituting zinc to form cadmium-
bearing zinc ferrite [(Cd,Zn_,))FeoOy4]; this creates
problems in zinc and cadmium recovery when
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hydrometallurgical processes increase the diffusion
of cadmium in the zinc smelting process.’

The hydrometallurgical extraction of zinc from
zinc ferrite and the acid-leaching kinetics of syn-
thetic zinc ferrite samples have been studied by
several researchers,® who revealed that the dis-
solution of zinc ferrlte in an acidic solution is slow
and highly variable. Zheng and Muir reported
that Fe;O3 and ZnFe,04 exhibited a reduction of
iron(ITT) to iron(Il) in the lattice under cathodic
conditions, with Fe203 and ZnFe,04 becoming more
reactive to acid.’ Elgersma et al. investigated syn-
thetic and industrial zinc ferrite leaching in HySOy,
HNOj3;, and HC1O, solutions at temperatures rang-
ing from 75°C to 95°C and estimated the apparent
activation energy for the dissolution of synthetlc
zinc ferrite at 74 + 2 kJ/mol in H,SO,'° Sha-
wabkeh and Montenegro et al. studied the
hydrometallurgical treatment of steelmaking elec-
tric arc furnace dust (EAFD), which contained pri-
marily zinc ferrite, for the recovery of zinc and other
metals such as cadmium.'*'?

Many researchers have used hard reaction con-
ditions, such as high acid concentrations, high
pressures or high temperatures to intensify the
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leaching process and thereby achieve higher metal
extraction efficiency.!®'* Ultrasonic leaching,
microwave heating and reductive acid leaching have
recently been examined for enhancing leaching
kinetics.'®"'® However, there has been no study on
the reductive acid-leaching behavior of cadmium in
cadmium-bearing zinc ferrite in order to determine
whether the cadmium diffusion pollution control is
the same as zinc recovery in the zinc smelting pro-
cess.

Because it is practically impossible to separate
and recover pure zinc ferrite from other minerals,
synthetic cadmium-bearing zinc ferrite was used.
XRD and SEM-EDS analyses were used to compare
it with industrial zinc ferrite. Because of its strong
reductive ability, hydrazine sulfate was chosen as
the reductant. The effects of temperature, sulfuric
acid and hydrazine sulfate concentration were
studied in detail.

EXPERIMENTAL
Materials

A synthetic cadmium-bearing zinc ferrite mixture
sample, containing 20.3 wt.% Cd, 12.2 wt.% Zn and
44.4 wt.% Fe, was prepared by heating a completely
ground stoichiometric mixture of FeyO3, ZnO and
CdO to a temperature of 1000°C for 4 h. The sin-
tered product was ground and calcined at 1000°C for
2 h. The reaction can be described as follows:

(1 — x) Zn0O + xCdO + Fey, O3 — Cden(l,x)Fe204
(1)

The sample was characterized by x-ray diffraction
(XRD, Rigaku, TTR-III) with all peaks matched the
standard XRD pattern of octahedral structure fer-
rite; however, some zinc lattice sites were partially
substituted by cadmium and formed the major
phases Cdg.25Zng 75Fes04 and CdgsZngsFes0y4, as
shown in Fig. 1. SEM analysis revealed that the
particles were mostly spherical and porous and a
minor unreacted phase of ZnO was also detected. A
particle size distribution analysis performed with a
lazer particle size analyzer [LS-POP(6)] showed a
narrow particle size distribution of cadmium-bear-
ing zinc ferrite mixture primarily in the range of
8-110 ym.

Experimental Set Up and Procedure

A 500-mL four-neck flask equipped with a reflux
condenser, mechanical stirrer and a thermometer
was used for the leaching experiments and
immersed in a thermostatically controlled water
bath. Distilled water and concentrated sulfuric acid
were employed in preparing the leaching solutions
(250 mL), and cadmium-bearing zinc ferrite (5.0 g)
was added with stoichiometric hydrazine sulfuric
when the temperature reached the required value.

Samples of 1 mL were withdrawn at various times.
The concentration of cadmium, zinc and iron were
analyzed by ICP-AES. The stirring speed was fixed
at 400 rpm based on previous studies,”?° which
proved this rate to be sufficient for eliminating the
effect of external diffusion throughout the experi-
ment. All chemical reagents employed in this study
were of analytical grade.

Kinetic Analysis

Fluid-solid heterogeneous reaction systems have
been applied in many chemical and hydrometallur-
gical processes. In heterogeneous fluid—solid reac-
tions, the soluble reactants diffuse initially across a
fluid-film and then through a porous solid layer.
Chemical reactions occur thereafter. Thus, the
reaction rate may be controlled by reactant diffusion
through the fluid-film, or by diffusion through a
solid product layer, or by the rate of chemical reac-
tion at the surface of the unreacted core.?"?*

To determine the kinetic parameters and rate
controlling steps in the reductive acid leaching of
cadmium-bearing zinc ferrite, the experimental
data were analyzed based on a shrinking core
model.?® According to the set of control regimes in
the shrinking core model, if the reaction rate is
controlled by liquid film diffusion, then the follow-
ing integrated rate equation will be in effect:

1-(1-X)%8 = kit @)

If the reaction rate is controlled by diffusion
through the solid product layer, then the integrated
rate equation can be described as follows:

1_§X_(1_X)2/3 — Rt (3)

If the surface chemical reaction is the slowest
step, then Eq. 3 transforms to the following equa-
tion:

1-1-X)B — s 4)

where X is the fraction achieved, &} (min~Y) is the
kinetic parameter for the liquid film diffusion con-
trol, kj (min~?!) is the kinetic parameter for the
product layer diffusion control, &, (min~!) is the
kinetic parameter for the surface chemical reaction
control and ¢ (min) is the reaction time.

The temperature dependence of the reaction rate
constant is defined by the Arrhenius equation.

Ea

k =Aexp (;%—T) (5)

In this method, there is an implicit assumption
that the activation energy does not vary during the
course of reaction. In the Arrhenius equation, A is
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Fig. 1. XRD, SEM and particle analysis of cadmium-bearing zinc ferrite mixture.

the frequency factor, Ea is the apparent activation
energy of the reaction, R is the universal gas con-
stant and T is the absolute temperature, K.

RESULTS AND DISSOLUTIONS
Chemical Reaction Analysis

In a sulfuric acid solution, cadmium-bearing zinc
ferrite reacts with Cd?*, Zn** and Fe®* according to
the following equation (Eq. 6).

Cden(l,x>Fe2O4 +4H5S0,4
. xCdSO4 + (1 — x)ZnS0y + Fey(SO4), +4H,0
(6)

Hydrazine sulfate dissolves easily in hot water
and its solution is acidic because of hydrolysis. The
Fe®* was quickly reduced to Fe* by hydrazine sul-
fate when the temperature was above 80°C; this can
be presented as follows:

NoH{ + Fe®' — NH; + 1/2Ny | +H' + Fe*™  (7)

The potential-pH diagrams of the Fe-Cd-Zn-H,O
system at different temperatures are shown in
Fig. 2a and b. The potential of Fe®**/Fe?* increases
with an increase in temperature from 25°C to 95°C,
denoting that the feasibility that Fe3* is reduced
by hydrazine sulfate when the temperature is
increased. In addition, the coexisting potential of
Fe?*, Cd®>* and Zn?* cations increases with the
increasing of temperature, but narrows the pH
range of Fe?*, Cd** and Zn?* in the solution. Zinc
ferrite has a large stability field, but it is less stable
under reducing acidic conditions. The stability field
of zinc ferrite has a pH range of approximately 4.6—
14 and a range of potential from 1.6 V to below
—0.8 V at 25°C. When the temperature was in-
creased from 25°C to 95°C, the decomposition pH of
zinc ferrite decreases from approximately 4.6 to
below 4, i.e., it becomes more acid, which illustrates
that an increase in temperature disadvantages the
decomposition of zinc ferrite from the thermody-
namics perspective. Therefore, to dissolve zinc fer-

rite under reducing conditions, the temperature and
pH of solution should be maintained appropriately.

Effect of Temperature

From a thermodynamics point of view, tempera-
ture has significant influence on the reductive acid
leaching of cadmium-bearing zinc ferrite. Therefore,
a range of temperatures (55-95°C) below the water
boiling point of water was chosen in this study to
investigate the effect of temperature on the reduc-
tive-leaching of cadmium-bearing zinc ferrite and
the changes of redox potential during the leaching
process.

As shown in Fig. 3a—c, the reaction temperatures
have a noticeable influence on the leaching of cad-
mium, zinc and iron from cadmium-bearing zinc
ferrite. At 55°C, 62.2% of the cadmium, 63.7% of the
zinc and 63.0% of the iron were extracted after
360 min, and these values increased to 95.6%,
95.6% and 95.8%, respectively, at 95°C after 60 min.

The cadmium, zinc and iron extraction data at
different temperatures were plotted according to the
shrinking core model. The results illustrate that the
dissolution rate of cadmium-bearing zinc ferrite is
controlled by the surface chemical reactions and not
by diffusion control. Figure 4a—c show the plots of
the shrinking core model for chemical reaction
control and have the linear relationship between
1—(1-X)"? and the leaching time, with the val-
ues of the correlation coefficient (R?) close to 1. The
apparent rate constants (k,) were calculated as
slopes of the straight lines and were significantly
affected by changes in the reaction temperature.
Using the apparent rate constants obtained in
Fig. 4a—c, the Arrhenius plot (Ink, versus 1000/7)
was obtained (Fig. 4d), and the apparent activation
energy was calculated to be 79.9 kd/mol, 77.9 kd/mol
and 79.7 kJ/mol for cadmium, zinc and iron,
respectively, in the temperature range of 55°C to
95°C. There were no serious discrepancies noted
among the activation energies corresponding to
cadmium, zinc and iron, which indicates a similar
leaching behavior, although the apparent activation
energy calculated for zinc is slightly lower than that
for cadmium and iron because of the coexistence of
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Fig. 2. The Eh-pH diagram of the Fe-Cd-Zn-H,O system at different temperatures: (a) 25°C, (b) 95°C. (acqzs+(@q) =1, aznes(aq) =1,

are2+(aq) = 1, apez.(aqg) = 1, drawn using the HSC5.0 chemistry software).
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Fig. 3. Effect of temperature on metals extraction efficiency: (a) Cd, (b) Zn, (c) Fe. (H2SO4 80 g/L, Nn,H,H,s0,:Nre = 1:1, L/S = 50 mL/g,

400 rpm).
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ZnO. These values clearly confirm that this process
is most likely controlled by the surface chemical
reaction, which is similar to other reports.1%15:24
To describe the variation of redox potential in the
solution during the leaching process at various
temperatures, the potential was measured with a
platinum electrode similar to a calomel electrode;
the values were recalculated relative to a normal
hydrogen electrode. The results are shown in Fig. 5,
where the redox potential of the solution sharply
increases within the first 30 min of reaction, due to
the dissolution of Fe®' into the solution and its
simultaneous reduction to Fe?* via hydrazine sul-
fate increasing with a higher speed at 95°C than
that at 65°C. The redox potential of the solution
decreases with the increase in reaction tempera-
ture, which obviously implies that a higher tem-
perature contributes to the redox reaction between

Fe3* and hydrazine sulfate which may accelerate
the dissolution of cadmium-bearing zinc ferrite. The
pH of the reaction was also measured and is shown
in Fig. 5. During the leaching process, the pH
changed slightly, maintaining a range from —1.33 to
—1.13 due to the excess of employed sulfuric acid.
The measured values of redox potential and pH are
in the region of the coexisting stability field of Cd**,
Zn?* and Fe?* in solution compared with the anal-
ysis in Fig. 2, which is in accordance with the the-
oretical analysis.

Effect of Sulfuric Acid Concentration

To investigate the influence of sulfuric acid con-
centration on the decomposition of cadmium-bear-
ing zinc ferrite, experiments were conducted in
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Fig. 5. Effect of temperature on redox potential. (80 g/L HxSO,,
NN2H4H2SO4:NFe = 1:1, L/S = 50 mL/g, 400 rpm).

solutions containing different initial H,SO4 con-
centrations (35-80 g/L) at 85°C. The molar ratio
between the hydrazine sulfate and the iron content
in the cadmium-bearing zinc ferrite mixture was
1:1; the liquid—solid ratio was fixed at 50 mL/g and
the stirring speed was 400 rpm.

As shown in Fig. 6a, the increase in sulfuric acid
concentration increased the dissolution rate of the
cadmium. For concentrations below 50 g/L, there
was virtually an acid deficiency effect. Nevertheless,
there was no beneficial influence from increasing
the acid concentration by more than 80 g/L. Similar
results were achieved for the extraction of zinc and
iron from cadmium-bearing zinc ferrite, as shown in
Fig. 6b and c, respectively. The stoichiometric sul-
furic acid concentration for a total dissolution of
cadmium-bearing zinc ferrite was calculated to be
approximately 23 g/L.. However, the dissolution of
cadmium-bearing zinc ferrite actually occurred in
more acidic conditions because of its stable spinel
structure. The extraction efficiencies after 60 min
leaching at 80 g/LL HySO, were found to be 87.8%,
89.1% and 84.8% for Cd, Zn and Fe, respectively.

The effect of leaching time on the dissolution of
the cadmium-bearing zinc ferrite is also evident in
Fig. 6. The leaching efficiency of Cd, Zn and Fe
increased with the increase of leaching time with
the initial dissolution of cadmium-bearing zinc fer-
rite being very rapid. As shown in Fig. 6, 120 min of
leaching was found to be efficient in this study.

The extraction data of Fig. 6 were used in the
surface chemical reaction control model (Eq. 4) and

to determine the &, values for different sulfuric acid
concentrations, as shown in Fig. 7a—d. According to
the apparent rate constant %k, and the sulfuric acid
concentration values, the Ink, versus In[H,SO,4] was
plotted and is shown in Fig. 7d. The order of reac-
tion for the dissolution of cadmium-bearing zinc
ferrite with respect to sulfuric acid was proportional
to the 0.83, 0.83 and 0.84 for Cd, Zn and Fe,
respectively, with a correlation coefficient of more
than 0.99. Furthermore, the values of the reaction
order for Cd, Zn and Fe are parallel to each other,
which indicates that the effect of sulfuric acid on the
extraction of cadmium, zinc and iron from cadmium-
bearing zinc ferrite is similar. Ramachandra Sarma
et al. reported that the order of the zinc ferrite—
sulfuric acid reaction with respect to [H*] was 0.6 in
0.5-2.5 mol/LL HySO, at 70-99°C.*°

Effect of Hydrazine Sulfate

The relationship between the concentration of
hydrazine sulfate and the leaching efficiency of the
metals was investigated. The added amount of
hydrazine sulfate was calculated using the molar
ratios between the hydrazine sulfate and the total
iron content in the material as 0.6, 0.8, 1.0, 1.2 and
1.4, respectively, namely the range of hydrazine
sulfate concentrations from 12.4 g/L. to 28.8 g/L.
Other fixed parameters included a sulfuric acid
concentration of 50 g/L, a leaching temperature of
85°C, a liquid—solid ratio of 50 mL/g and a stirring
speed of 400 rpm.

The results, which are shown in Fig. 8a—c, reveal
that the increase in hydrazine sulfate concentration
contributes to an increase of leaching efficiency in
cadmium-bearing zinc ferrite. The extraction effi-
ciency of cadmium from the cadmium-bearing zinc
ferrite is 67% after leaching 60 min at 12.4 g/L of
hydrazine sulfate, and increases to 80.0% when the
hydrazine sulfate concentration increases to 28.8 g/
L (Fig. 8a). Similar results were found in the
extraction of zinc and iron from cadmium-bearing
zinc ferrite, as shown in Fig. 8b and c. The leaching
efficiency of zinc from the cadmium-bearing zinc
ferrite increases from 70.1% to 81.7% and that of
iron increases from 67.8% to 76.3% after 60 min of
leaching when the concentration of hydrazine sul-
fate increases from 12.4 g/L to 28.8 g/L. However,
the results show that the effect of hydrazine sulfate
concentration on the extraction efficiency of metals
from cadmium-bearing zinc ferrite is smaller than
the effects of temperature and sulfuric acid, which
may be attributed to reducing the Fe3* to Fe?* in the
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Fig. 6. Effect of sulfuric acid on metals extraction efficiency: (a) Cd, (b) Zn, (c) Fe. (85°C, Nn,H,H,s0,:Nre = 1:1, L/'S = 50 mL/g, 400 rpm).

solution; however, there is no direct effect of
hydrazine sulfate on the iron in the lattice of cad-
mium-bearing zinc ferrite.

The variation of redox potential in the solution
was also measured to describe the role of hydrazine
sulfate as a reductant. The values of potential were
obtained with a platinum electrode relative to a
calomel electrode and recalculated relative to a
normal hydrogen electrode. The results are shown
in Fig. 9. The sulfuric acid was oxidized, and the
redox potential was measured at 0.736 V for 80 g/L
sulfuric acid solution at 65°C. The redox potential of
the solution increased slowly at the beginning of
leaching and remained constant at the end. The

leaching efficiency of metals was still low at 95°C,
although the redox potential of the solution was no
more than 0.3 V during the leaching process, when
hydrazine sulfate was the only lixiviant used for
leaching the cadmium-bearing zinc ferrite. This
could be attributed to a deficiency of H* in the
solution, as the solution of hydrazine sulfate was
acidic because of hydrolysis. The redox potential of
the sulfuric acid and hydrazine sulfate mixed solu-
tion was sharply increased within the first 30 min of
reaction at 95°C. The potential values were less
than 0.607 V throughout the leaching process,
which was within the region of the coexisting sta-
bility field of Cd?**, Zn?** and Fe?* in the solution and
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Fig. 7. The variation of 1 — (1 — X)"® with time at various sulfuric acid concentration: (a) Cd, (b) Zn, (c) Fe, (d) Plot for determination of reaction
order with respect to In[H,SO,]. (85°C, Nn,H,H,s0,:NFe = 1:1, L/S = 50 mL/g, 400 rpm).

in accordance with the analysis in Fig. 2d. These
findings indicate that the addition of hydrazine
sulfate as a reductant was beneficial in accelerating
the extraction rate of metals from cadmium-bearing
zinc ferrite.

CONCLUSION

The reductive acid leaching residue of synthetic
cadmium-bearing zinc ferrite keeps the same spinel
structure as the raw sample. The dissolution
kinetics of synthetic cadmium-bearing zinc ferrite in
sulfuric acid hydrazine sulfate reductant solutions
are dramatically dependent on temperature and

sulfuric acid. A shrinking core model was used to
analyze the kinetics of cadmium, zinc and iron
leaching, and it showed that the rate was controlled
by the surface chemical reaction, with apparent
activation energies calculated to be 79.9 kJ/mol,
77.9 kJ/mol and 79.7 kd/mol for cadmium, zinc and
iron, respectively, in the range of temperature from
55°C to 95°C. The apparent order of cadmium-
bearing zinc ferrite dissolution with respect to sul-
furic acid concentrations were 0.83, 0.83 and 0.84
for Cd, Zn and Fe, respectively. The similarity of
cadmium, zinc and iron leaching illustrates that
cadmium had substituted into the crystal lattice of
zinc ferrite.



2036 C. Zhang, J. Zhang, Min, Wang, Zhou, and Shen

(a) 100 (b) 100
90 90
801 801
$ 704 < 704
5 =
O 601 N 601
k) k)
= 501 50 1
E E
2 404 S 40+ —a—12.36g/L
£ —a—12.36g/L £ —o— 16.48g/L
& 30 —e— 16.48¢/L 5 304 —A—20.00g/L
20 —A—20.00g/L 204 —v—24.72g/L
—v—24.72g/L —4—28.84g/L
10 —4—28.84g/L 101
0 T T T T T T T T T 0 T T T T T T T T
0 50 100 150 200 250 0 50 100 150 200
Time (min) Time (min)
(c) 100
90 -
80
& 704
= 60
G ]
o
= 504
.2 1
S 401
5 1 —=—12.36g/L
&5 307 —o— 16.48¢/L
20 —A—20.00g/L
] —v—24.72g/L
10 —<—28.84g/L
0 T T T T T T i T
0 50 100 150 200
Time (min)

Fig. 8. Effect of hydrazine sulfate concentration on metals extraction efficiency: (a) Cd, (b) Zn, (c) Fe. (85°C, 50 g/L H>SO,, L/S = 50 mL/g,
400 rpm).
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