L 4

ELSEVIER Press

Available online at www.sciencedirect.com

“e.? ScienceDirect

Trans. Nonferrous Met. Soc. China 26(2016) 1688—1695

Transactions of
Nonferrous Metals
Society of China

wWww.tnmsc.cn

Leaching kinetics of zinc silicate in ammonium chloride solution

Sheng-hai YANG, Hao LI, Yan-wei SUN, Yong-ming CHEN, Chao-bo TANG, Jing HE
School of Metallurgy and Environment, Central South University, Changsha 410083, China
Received 26 August 2015; accepted 12 April 2016

Abstract: The leaching kinetics of zinc silicate in ammonium chloride solution was investigated. The effects of stirring speed
(150—400 r/min), leaching temperature (95—108 <C), particle size of zinc silicate (61—-150 pwm) and the concentration of ammonium
chloride (3.5-5.5 mol/L) on leaching rate of zinc were studied. The results show that decreasing the particle size of zinc silicate and
increasing the leaching temperature and concentration of ammonium chloride can obviously enhance the leaching rate of zinc.
Among the kinetic models of the porous solids tested, the grain model with porous diffusion control can well describe the zinc
leaching kinetics. The apparent activation energy of the leaching reaction is 161.26 kJ/mol and the reaction order with respect to

ammonium chloride is 3.5.
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1 Introduction

With the depletion of world supplies of high grade
zinc sulfides ores, more and more attention will be
focused on the extraction of zinc from the zinc oxide
ores. Zinc oxide ores are generally found in the forms of
carbonate and silicate such as smithsonite (ZnCOs),
hydrozincite  (2ZnCO;3 3Zn(OH),), zincite (ZnO),
willemite (Zn,Si0y) and hemimorphite
(Zn4Si,07(0OH), H,0) in the world [1,2]. Within the
foreseeable future, the annual production of zinc from
non-sulfide sources will exceed 10% of global zinc
production. Currently, the leaching agents, such as
sulfuric acid [3—5] and ammoniacal solutions [6,7], have
been used to extract zinc from zinc oxide ores.
Calcium/magnesium carbonate gangues containing in
zinc oxide ores cause tremendous increase in acid
consumption and gypsum harden in acid-leaching
process, while ammonia is an attractive reagent for its no
reaction with carbonate gangues, low inventory cost and
amenability to regeneration [7]. Ammonia is commonly
used in the extraction industry of cobalt, nickel and
copper due to the formation of stable metal ammine
complexes, leading to higher solubility in most cases.
Other harmful impurities such as Fe, Pb, Ca and Mg
precipitate as oxides because of their poor complexation

ability with ammonia [8].

The leaching kinetics of zinc silicate is far less
studied than that of zinc sulfides and zinc carbonates
ores. In acid leaching, TERRY and MONHEMIUS [4]
studied the leaching Kkinetics of both natural and
synthetic willemite (Zn,SiO,) and hemimorphite. They
found that the acidic dissolution was controlled by
diffusion for hemimorphite and primarily controlled by
chemical and diffusion step for willemite. ABDEL-
AAL [9] studied the leaching kinetics of low grade zinc
silicate, and proposed that the process was controlled by
diffusion on an “ash” layer and the apparent activation
energy was calculated as 13.4 kJ/mol. In alkaline
leaching, SANTOS et al [10] studied the leaching
kinetics parameters of zinc silicate ores in sodium
hydroxide solutions. They found that the leaching
process was a progressive reduction in particle size
controlled by chemical step with an apparent activation
energy of 67.8 kJ/mol, which was in good agreement
with the results of CHEN et al [11]. In ammoniacal
solution, DING et al [8] found that the Elovich equation
typified the dissolution behavior of hemimorphite in
ammoniacal solution with an activation energy of
57.6 kJ/mol which was characteristic for a chemically
controlled process.

The most significant characteristics of leaching
in an ammonium chloride solution is the practically
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constant and almost neutral pH, generally in the 6—7
range. This makes the calcium, magnesium, silicon, iron
and other minor elements (such as As, Sb, Bi) containing
in the minerals remain in the residues during the leaching
process [12]. Zinc could be extracted by purification or
solvent extraction and electrowinning [12—14]. As the
leaching Kinetics of zinc silicate in ammonium chloride
solutions has not been well studied, the purpose of the
present work is to assess the leaching kinetic parameters
of the zinc silicate in the ammonium chloride solutions,
and it will be a guidance for leaching zinc silicate using
ammonium chloride solutions.

2 Experimental

2.1 Materials

Zinc silicate was synthesized according to Ref. [15].
The X-ray diffraction (XRD) revealed that the sample
produced was zinc silicate (Fig. 1). The mineralogical
composition is presented in Table 1. Analytical grade of
ammonium chloride and deionized water were used in
the experiments.
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Fig. 1 XRD pattern of zinc silicate

Table 1 Mineralogical composition of zinc silicate

Phase Mass fraction/% Occupancy/%
ZnS0Oy 0.08 0.18
ZnO 0.09 0.20
Zn,SiO, 44.83 99.62
nt 45.00 100

2.2 Leaching methods

The leaching solutions were prepared from
reagent-grade ammonium chloride, dissolved in
deionized water, according to the desired ammonium
chloride concentration (3.5-5.5 mol/L). All experiments
were carried out by using zinc silicate particles with
45-61 pm in size, except in experiments where effect of
particle size on zinc extraction was investigated. The
leaching temperature was in the range of 95-108 <C and
the stirring speed was in the range of 150—400 r/min.

The leaching process was carried out in a
flat-bottomed spilt flask (2000 mL total volume), with a
three-necked top, equipped with a mercury thermometer,
a delivery tube for the leaching solutions and a condenser
tube which decreased the evaporation loss of the
solution. Temperature control of the flask contents within
.5 <C was achieved by a thermostat oil bath cauldron.
Agitation was provided by a magnetic stirrer that enabled
adequate dispersion of the mineral particles. The solution
volume was 1000 mL and the solid concentration was
5 g/L. At selected time intervals, a known amount (5 mL)
of slurry was withdrawn by sampling port and filtered
quickly. 0.5 mL of filtrate was then diluted as 250 mL
for zinc analysis using an atomic absorption spectrometer
(TAS—990).

The leaching rate of zinc, R, is defined by
R=cV/(mw) (1)
where ¢, V, m and @ are the zinc concentration in
filtration, the volume (we assumed it constant), mass and
zinc content of the added material, respectively.

The zinc silicate and leaching residues were
analyzed by XRD (Japan Rigaku Model TTRIII +
40 kVv/250 mA with Cu K, radiation), SEM and
backscattered electron micrographs (BEM) (Japan Jeol
JSM-6360LV).

3 Results

3.1 Effect of stirring speed on leaching rate of zinc

To investigate the effect of stirring speed on the
leaching rate, experiments were carried out at five
different stirring speeds in the range of 150—400 r/min.
The results, as presented in Fig. 2, show little effect of
stirring speed on zinc extraction. Therefore, the leaching
process does not seem to be controlled by mass transfer
through the liquid boundary layer. As a result, the stirring
speed was kept at 350 r/min, unless otherwise stated in
this work.

90

x 80t

)

£ 70t

N

L

© 60+

i)

250

2

= 40l = — 150 r/min

2 e — 200 r/min

3 30t 4 — 250 r/min

v — 350 r/min

20+ <— 400 r/min
10

0 50 100 150 200 250 300
Stirring time/min

Fig. 2 Effect of stirring speed on leaching rate of zinc

(5.0 mol/L NH,CI, solid/liquid ratio 5 g/L, temperature 108 <C

and particle size 45-61 pm)
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3.2 Effect of leaching temperature on leaching rate of

zinc

The effect of leaching temperature from 95 to
108 <C on the leaching rate of zinc was studied. The
results, as presented in Fig. 3, show that the leaching rate
of zinc increases significantly with the increase of
temperature. After 300 min, the leaching rate of zinc
increases from 50% to 93% as the temperature increases
from 105 to 108 <C. Figure 4 shows the XRD patterns of
the leaching residues obtained at different leaching
temperatures. The major phase of leaching residue is
silica dioxide when the leaching temperature is higher
than 108 <C.

90
80
70t
60
50
40t
30
20f
10

Leaching rate of zinc/%

6 50 160 lé() 260 2‘50 360
Time/min

Fig. 3 Effect of leaching temperature on leaching rate of zinc

(5.0 mol/L NH,CI, solid/liquid ratio 5 g/L, stirring speed

350 r/min and particle size 4561 pm)
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Fig. 4 XRD patterns of leaching residues at different leaching
temperatures: (a) Material; (b) 95 <C; (c) 100 <C; (d) 105 <C;
(e) 108 T

3.3 Effect of particle size on leaching rate of zinc

The influence of particle size from 45-61 to
98—150 pum on the leaching rate of zinc was investigated.
The results, as presented in Fig. 5, show that decreasing
particle size enhances zinc extraction. As expected, the
smaller the size of the particles, the faster the leaching
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Fig. 5 Effect of particle size on leaching rate of zinc (5.0 mol/L

NH,CI, solid/liquid ratio 5 g/L, stirring speed 350 r/min and

temperature 108 <C)

rate. It seems that decreasing the particle size can
improve the reaction area.

3.4 Effect of ammonium chloride concentration on

leaching rate of zinc

The effect of ammonium chloride concentration on
the leaching rate of zinc was studied in the range of 3.5
to 5.5 mol/L. The results, as presented in Fig. 6, show
that the leaching rate of zinc increases significantly with
increasing the ammonium chloride concentration. About
94% of zinc is extracted in 5.5 mol/L ammonium
chloride solution after 300 min.
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Fig. 6 Effect of ammonium chloride concentration on leaching
rate of zinc (Temperature 108 <C, solid/liquid ratio 5 g/L,
stirring speed 350 r/min and particle size 45—61 pm)

3.5 Characterization of leaching residues

The zinc silicate samples before and after leaching
were characterized by SEM (see Fig. 7) and BEM
(see Fig. 8). The solid particles present a rough and
porous surface, as shown in Fig. 7(a). The micrographs
of the leaching residues exhibit a further increase in the
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Fig. 7 SEM images of zinc silicate before leaching (a), after 30% leaching rate of zinc (b), after 75% leaching rate of zinc (c), and
after 93% leaching rate of zinc (d)

Fig. 8 BEM images of zinc silicate (polished section) before leaching (a), after 30% leaching rate of zinc (b), after 75% leaching rate
of zinc (c) and after 93% leaching rate of zinc (d)

roughness and porosity of the solid. For instance, section of the zinc silicate before and after leaching
comparing Figs. 7(c) and (d) with (a) reveals the exhibit that the reticulate structure appears but no
occurrence of more holes on the surface of the solid reaction product layer occurs on the particle surface.
particles. The BEM images (Fig. 8) of the polished Figure 9 shows the XRD patterns of the leaching
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residues at different reaction time. Therefore, it is
deduced that the zinc leaching process might be
controlled by diffusion of the reagent in the porous
structure of the particles, as observed by GEORGIOU
and PAPANGELAKIS [16] in pressure leaching
experiments carried out with limonitic laterite ores.
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Fig. 9 XRD patterns of leaching residues at different leaching
time: (a) Material; (b) 0.5 h leaching; (c) 2 h leaching; (d) 5 h
leaching

4 Kinetic discussion

The comparison of the SEM (Fig. 7) and BEM
images (Fig. 8) of the zinc silicate and the leaching
residues shows that the residues become very porous
with an increase in leaching rate of zinc. This suggests
that the leaching process can be described according to
the shrinking core model. The reaction rate might be
controlled by chemical reaction on the particle surface,
diffusion through the inert particle pore, diffusion
through liquid film on the surface of the particle, or a
combination of two or three of these processes [17].

When the surface chemical process alone is the rate
limitation step, the following expression of the shrinking
core model can be used to describe the leaching kinetics
of the process:
17(1*R)1/3:th, k= bk[c(NH,C)]" @)

Psillicate0

where kg is the reaction rate constant; t is time; R is the
reacted fraction of zinc; b is the stoichiometric
coefficient; k is the chemical rate constant; c(NH,CI) is
the concentration of ammonium chloride; n is the
reaction order; psinicare 1S the silicate molar density; and rq
is the initial particle radius.

Similarly, when the diffusion of the reagent through
a product layer is the rate-controlling step, the following
expression of the shrinking core model is achieved to
describe the dissolution kinetics:

6bD, ¢ [c(NH,CI)]" 3

Psillicate
where ky is the apparent diffusion rate constant for
nonporous particles; and D is the effective diffusion
coefficient.

Figure 10 presents the fitting curves of the shrinking
core model with chemical reaction control and product
diffusion control to the experimental data. It shows that
the model for product diffusion control is better than that
for chemical reaction control. However, the dissolution
of the zinc silicate occurs without the formation of a
product layer, as shown in Figs. 7 and 8. Therefore, this
model is not consistent with the SEM and BEM analysis
of the leaching residues. Thus, a different model, which
takes into account the effect of porosity, should be built
so that the zinc silicate leaching can be adequately
described.
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Fig. 10 Fitting shrinking core models with chemical reaction
control and product diffusion control (conditions as shown in
Fig. 3)

Several models have been proposed to describe the
leaching kinetics of porous solids, such as the random
pore model, the uniform pore model and the grain model.
The random pore model could not be applied to
representing the leaching process as observed
elsewhere [18]. The uniform pore model with chemical
control was also tested to describe the leaching kinetics,
but did not produce a good fit to the experimental data,
as observed in other hydrometallurgical systems [18,19].
The grain pore model will be discussed below [5].

The grain model can also be applied to describing
the leaching kinetics of porous solids. The model gives
the following expression for spherical particles:

n
1-3(1-R)?*+2(1-R)=kpt, kp= 3b?eff [c(NH,CI] (4)
o (1—&0) Psitlicate

where kp is the reaction rate constant, and g is the initial
porosity of the solid. The plot of 1-3(1-R)?*+2(1-R)
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versus leaching time, t, at different temperatures, is given
in Fig. 11. As shown in Fig. 11, a good fit is observed
when 1-3(1-R)?*+2(1-R) is applied to the experimental
data. Figure 12 shows the Arrhenius plot constructed
with the reaction rate constant value, kp, calculated from
the data presented in Fig. 11. The calculated apparent
activation energy determined for the pore diffusion
control is 161.26 kJ/mol.
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Fig. 11 Plot of 1-3(1-R)?*+2(1-R) vs t at different
temperatures
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Fig. 12 Arrhenius plot for leaching of zinc silicate

The dissolution of zinc occurs as a consequence of
the formation of ternary complexes in neutral ammonium
chloride solutions with the general formula of
ZnCl,(NH3)4ah [20]. The ion radius of ternary
complexes is larger than that of single ion Zn*, which
results in the lower diffusion speed, thus the higher
apparent activation energy of the pore diffusion control is
obtained than that in other leaching media (Table 2).

According to the data of Fig. 5, the plot of Eq. (4)
vs leaching time, t, for different particle sizes is given in
Fig. 13. Clearly, the model also fits well. Furthermore,
from the analysis of Eq. (4), there is a clear dependence
of the reaction rate constant, kp, with the inverse square
of initial particle radius (1/r;).

Figure 14 shows the plot of ky vs 1/r; that is
obtained from the linear fitting of the data in Fig. 5 into
Eg. (4). As shown in Fig. 14, a linear relationship
between the rate constant and the square of the inverse of

Table 2 Selected values of activation energies reported for
leaching of zinc silicates

Experimental Model- Activation
crcj)ndition controlling energy/ Ref.
step (kJ mol™)
Willemite, franklinite Grr‘;'g pore
(43.5% Zn, 23.3% Si0,), )
0.2-1.0 mol/L H,S0y; de S'Ci’g;e 5.9 [l
30-60 <, 1% solid, 2.5 m*/g control
Willemite, franklinite
' . GPM-pore
(35.6% 20, 23.3% S0,), e B 782 [21]
0.2-1.0 mol/L H,SQy; control '
10-50 T, 1% solid, 0.6 m%/g
Willemite, franklinite
(46.9% Zn, 3.2% Fe, GPM-pore
29.6% SiO;), ol
0.2-1.0 mol/L H,S0y; dg;‘;';” 670 [21]
30-70 <,
1% solid, 0.5 m?/g
0.7F " — 4561 Ny
. pm 9
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Fig. 13 Plot of 1-3(1-R)**+2(1-R) vs t for different particle
sizes
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Fig. 14 Plot of kp vs 1/r}
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the initial particle radius, 1/r5, is obtained. This figure
might support the application of the grain model with
pore diffusion control to describe the dissolution kinetics
of the zinc silicate.

According to the data in Fig. 6, the plot of Eq. (4) vs
leaching time, t, at different ammonium chloride
concentrations is given in Fig. 15, which is in good
agreement with the grain model. Using the fitted kp
values, plot of Inkp vs In[c(NH,CI)] at different
ammonium chloride concentrations is given in Fig. 16.
The slope of the regressive line is 3.5, which is equal to
the reaction order of ammonium chloride.
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Fig. 15 Plot of 1-3(1-R)?*+2(1-R) vs t at different ammonium

chloride concentrations

-5.8
-6.01
=621
6.4
6.6
6.8

In(kp/s™)

7.0}
=72}
7.4}

-7.6 - . ‘ .
12 13 14 15 16 17

In[¢(NH,Cl)/(mol-L™1)]
Fig. 16 Plot of In kp vs In[c(NH,CL)]
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5 Conclusions

1) The leaching kinetics of synthesized zinc silicate
in ammonium chloride solutions was studied. The results
reveal that the leaching rate of zinc is enhanced slightly
with increasing stirring speed but increases significantly
with the increase of specific surface area, temperature
and ammonium chloride concentration.

2) The shrinking core model with diffusion control
fits the experimental results, but it could not physically

represent the leaching kinetics.

3) The grain model, which can successfully describe
the dissolution of zinc in ammonium chloride solutions,
is proposed since no reaction products occurred on the
particle surfaces according to the analysis of SEM and
BEM. The reaction rate constant has a linear relationship
with the square of the inverse of the initial particle
radius.

4) The apparent activation energy of the leaching
reaction and reaction order with respect to ammonium
chloride are determined as 161.26 kJ/mol and 3.5,
respectively.
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