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Abstract: As an organic acid with the characters of low corrosivity and extensive source, 5-sulfosalicylic
acid (5-SSA) was firstly utilized as a potential leaching reagent for the recovery of zinc from
metallurgical slag. Effects of stirring speed, leaching temperature, 5-SSA concentrations and size
fraction on the leaching zinc leaching rate were investigated. A zinc leaching efficiency of 94.2% was
achieved under the appropriate operating conditions (450 rpm of stirring speed, 50 °C of leaching
temperature, 0.3 mol/L of 5-5SA concentration and d90=65 pm of size fraction), indicating that 5-SSA
was an excellent leaching reagent of zinc oxide. SEM-EDS and specific surface aperture analyzer further
reveal the well-developed micropores and cracks from zinc metallurgical slag, which could be assigned
to the removal of zinc oxide encapsulated in the sample. In addition, the leaching kinetics of zinc
metallurgical slag in the 5-SSA was studied. It was found that the surface chemical reaction model
satisfactorily predicted the zinc leaching rate. A reaction kinetic equation was finally established for the
zinc leaching rate.
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1. Introduction

Zinc is one of the most important metals used for various industrial, medical, chemical and high-
technology applications today (Liu et al., 2018; Yang et al., 2016a). Sphalerite is the chief ore mineral of
zinc. Zinc ore is also found as smithsonite, zincite, hemimorphite, willemite and zinc ferrite (Li et al.,
2015; Mahedi et al.,, 2019). As is well-known, sphalerite is naturally hydrophobic and could thus be
easily recovered by flotation (Zhang et al., 2016b). However, as Zn production rate keeps growing in
response to increasing market demand, high-grade and easy-floated deposits become depleted (Giiler
and Seyrankaya, 2016; Seyed Ghasemi and Azizi, 2018). As a consequence, Zn mines of the future will
be lower grade and more complex operations.

Waste reprocessing of zinc oxide ore and other zinc oxide resources hence becomes a vital alternative
to recover zinc. Metallurgical slag, the by-product of the metallurgical industry, is an important zinc
oxide source and has attracted lots of research interest in zinc recovery (Asadi et al., 2017; Chairaksa-
Fujimoto et al., 2016). Unlike zinc sulfide ore, zinc oxide is usually hydrophilic, which means the
separation is not easily achieved through physical separation methods, but hydrometallurgy is an
efficient method to extract zinc from metallurgical slag (Behnajady and Moghaddam, 2017; Ehsani and
Obut, 2019).

Zinc oxide slag is commonly leached in the inorganic acid or alkaline solution, such as sulfide acid,
sodium hydroxide and ammonium salt (Rao et al., 2015; Sahin and Erdem, 2015). Once the appropriate
leaching reagent was selected, zinc oxide is dissolved as Zn?* in the solution, and normally recovered
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by the extraction and electrodeposition (Gu et al., 2019). Inorganic acid (e.g., sulfuric acid) and alkaline
(e.g., sodium hydroxide) leaching reagents usually erode the leaching equipment and cause
environmental problems (Zhang et al.,, 2016a). Due to their relatively low corrosivity, organic acids
became widely used as the leaching reagent to extract zinc from zinc oxide (Irannajad; et al., 2013; Ru
et al, 2015; Yang et al., 2016b). Most researches have been conducted on the zinc recovery from
metallurgical slag through a single chemical reaction (neutral reaction or complexation reaction). In
contrast, zinc recovery by organic acid through multiple chemical reactions is rarely reported up to the
present.

5-sulfosalicylic acid (5-SSA) is a commonly used raw or intermediate material in the manufacture of
dye, surfactant, and medicine (Xiao et al., 2016; Xu et al., 2019). The carboxyl group and sulfonic acid
group in 5-SSA can be ionized in an aqueous solution and present strong affinity with metal ions (Wang
et al,, 2017; Xu et al., 2019). The combination of neutral reaction (zinc oxide with H*) and complexation
reaction (Zn2?* with carboxyl group), making 5-SSA a potentially cheap and efficient leaching reagent
for the extraction of zinc from metallurgical slag (Jin et al., 2019; Lin et al., 2018).

In the present study, 5-SSA was firstly utilized in the leaching of zinc metallurgical slag. The leaching
parameters such as stirring speed, temperature, reagent concentration, and particle size were
investigated to obtain the optimal conditions. The zinc oxide slag before and after leaching was
characterized to reveal the leaching mechanism of 5-SSA. Furthermore, the leaching kinetics was
studied through the shrinking core model, and the kinetic model was subsequently established to
determine the reaction control steps. The research guides 5-SSA application not only in the zinc recovery
from zinc oxide slag but also in the leaching of other metal oxides.

2. Materials and methods
2.1. Materials and regents

The metallurgical slag used in this study was obtained from Tangshan Iron & Steel Company, Hebei
Province, China. The samples were crushed to the desired size fractions using a jaw crusher and ball
grinder. X-ray diffraction (XRD) analysis of the metallurgical slag was conducted and shown in Fig. 1,
indicating the main components of samples are spartalite, hematite and quartz. The chemical
composition of the metallurgical slag (Table 1) confirmed that the zinc content of the studied
metallurgical slag is 22.62%.
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Fig. 1. XRD pattern of the metallurgical slag

Table 1. Chemical composition of the metallurgical slag (wt%)

p—
Component TFe Zn MgO 510, Ca0 AlOs glilcl): i

Content 34.65 22.62 2.03 14.16 441 1.54 20.59
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The chemically pure reagent (5-SSA) is purchased from Dingshenxin Chemical Engineering Co., Ltd.
in Tianjin, China, the molecular structure of 5-SSA is shown in Fig. 2. Deionized water with a resistance
of 18.2 MQ-cm was employed for all experiments, as it can eliminate the adverse effects of water
impurities (Liu et al, 2021).

Fig. 2. Molecular structure of 5-SSA

2.2. Leaching experiments

Fig. 3 presents the diagram of setup for the leaching of metallurgical slag containing zinc oxide that has
been widely used in leaching experiments (Wang et al., 2020a). Specifically, it consists of a water bath
with a magnetic stirrer, reaction flask and condenser pipe. In each experiment, a 200 mL 5-SSA solution
with required concentration was put in the sealed flask and heated to a certain temperature. Then2 g
of zinc metallurgical slag with different size fractions were added into the flask, wherein the effects of
temperature, stirring rate, reagent concentration and particle size on leaching efficiency was
investigated. Note that d90 (particle diameter at 90% in the cumulative distribution) was chosen to
present the size fractions of samples in this study. During the experiment, 2 mL leachate was taken out
at specific time intervals and analyzed by inductively coupled plasma atomic emission spectroscopy
(ICP-AES, ULTIMAZ2, HORIBA Jobin Yvon). Based on the zinc content of leachate in a timeline, the
leaching rate (%) of zinc from metallurgical slag can be calculated. The zinc leaching rate was the
percentage of zinc leached. The zinc leaching rate was calculated as follows:
Vo-Xitvy)c+Eizivic;

g, = e )
where ¢; is the zinc leaching rate (%) for the sample i at specific time intervals, V; is the initial volume
(L), V; is the volume (L) of leachate taken for analyzation for sample i, C; is the concentration (g/L) of
zinc in the leachate for the sample i, M is the mass (g) of metallurgical slag added into the flask, g is the
grade (%) of the metallurgical slag.

Fig. 3. Schematic diagram of the leaching equipment
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2.3. Reaction mechanism

The hydroxyl, carboxyl and sulfonic group in 5-S5A can be hydrolyzed in an aqueous solution, causing
the chemical reaction between zinc oxide and H*, which can be summarized as the neutral reaction by
following equations (Bryndal et al., 2014; Cao et al., 2016; Chen et al., 2014).

C7Hg06S(x) = C7H5065(_aq) + H(J;q) 2)
ZnO, + 2H () > Zn?;q) + H,04q) (3)

In addition, metallic ions can easily react with the anion group and form a stable chelate complex.
Some researchers found that metal ions in aqueous solutions (e.g. Al**, Cu2*, Zn?*, Fe3*, Ni2*) can form
stable complexes with certain organic substances containing amino, carboxyl, hydroxyl and other
groups (Falagan et al., 2017; Li et al., 2020; Wang et al., 2020b).

ZnZ + CHo0sS(s) = Zn(C,He068) 2, (4)

Therefore, the neutral reaction and the complexation reaction dominant the 5-SSA as leaching regent
in the zinc recovery metallurgical slag.

2.4. Scanning electron microscopy

Before and after leaching, the zinc metallurgical slag was filtered, washed and dried in an oven at 40°C.
They were platinum coated in a sputter coater for preparing samples, more details can be found in the
references (Yang et al., 2017). A scanning electron microscope (SEM, Philips XL30ESEM-TMP) under an
accelerating voltage of 10 kV was conducted to investigate the morphology of these samples.
Meanwhile, the element mappings of studied samples were also conducted by energy dispersive
spectroscopy (EDS).

2.5. Structure analysis

The samples before and after extraction were prepared under the required leaching conditions. The
1.0000 g of zinc metallurgical slag was initially heated under the vacuum oven to remove the air and
moisture. The nitrogen was then given to the test tube under the required pressure and removed
subsequently to evaluate the specific surface area and micropore structure using the specific surface
aperture analyzer (JW-BK112).

3. Results and discussion
3.1. Effects of stirring speed on the leaching efficiency of zinc metallurgical slag

Fig. 4 presents the influences of stirring speed on the zinc leaching rate. It is obvious that the leaching
efficiency of zinc metallurgical slag increased with increasing stirring speed, which can be attributed to
the better mixture and contact of samples with 5-SSA. Specifically, the zinc leaching rate enhanced
markedly from 78.1% to 90.2% when the stirring speed was improved from 150 rpm to 450 rpm. Note
that when the stirring rate further increased to 600 rpm, the zinc leaching rate exhibited only 1.2%
improvement. Therefore, the stirring rate of 450 rpm was adopted in the subsequent leaching
experiments.

3.2. Effects of leaching temperature on the leaching efficiency of zinc metallurgical slag

To investigate the effects of leaching temperature on zinc leaching rate, five different leaching
temperatures ranged from 30 to 70 °C were tested. Fig. 5 shows that the leaching temperature
significantly affects zinc leaching rate, in which the zinc leaching rate increased with increasing leaching
temperature. Almost 95% zinc was digested within 24 min when the leaching temperature was 70 °C,
wherein the zinc leaching rate was 80.2%, 51.2%, 41.2% and 20.6% when leaching temperature was 60
°C, 50 °C, 40 °C, 30 °C, respectively. It is also worth noting that the zinc leaching rate further enhanced
with the time extension, and the final maximum values were 91.3% at 60 °C, 90.2% at 50 °C, 74.5% at 40
°C and 50.1% at 30 °C, separately. In addition, the enhancement of leaching temperature is devoted to
the decline of solution viscosity and improvement of diffusion and mass transfer efficiency. Thus, the
increase of the leaching temperature shortened the reaction time and boosted the leaching rate.
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Fig. 4. Effect of stirring speed on the zinc leaching rate (temperature: 50 °C, 5-SSA concentration: 0.3 mol/L, size:
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Fig. 5. Effect of leaching temperature on the zinc leaching rate (stirring speed: 450 rpm, 5-SSA concentration:
0.3 mol/L, size: d90= 65 pm)

3.3. Effects of 5-SSA concentration on the leaching efficiency of zinc metallurgical slag

It is all known that the concentration of leaching reagent determines the leaching rate. The role of 5-SSA
concentration ranging from 0.1 to 0.6 mol/L on zinc leaching efficiency was studied, the results of which
were shown in Fig. 6. It reveals that zinc leaching rate increased with enhancing the 5-SSA
concentration. After 60 min, zinc leaching efficiency at 0.6 mol/L 5-SSA was nearly 97%, whereas the
leaching rate of zinc decreased dramatically to 76.2% at 0.1 mol/L 5-SSA. The increase of 5-SSA
concentration improved the reaction efficiency between zinc oxide and leaching reagent, thereby the
improvement of 5-SSA concentration had a positive effect on zinc extraction rate.

3.4. Effect of size fractions on the leaching efficiency of zinc metallurgical slag

The influences of size fractions of zinc metallurgical slag on the zinc leaching rate were also examined,
considering the studied samples had a wide range of size distributions. Five typical size fractions were
chosen as the variate, the results of which were shown in Fig. 7. As can be seen from it, the zinc leaching
rate exhibits an opposite trend with particle size. Specifically, zinc leaching rate was the highest (94.2%)
with doo of 47 pm, while it declined to 90.2%, 83.3%, 71.1% and 53.8% when the d90 increased to 65, 86,
132 and 286 pm. With the decrease of particle size, more zinc oxide is liberated from the cover of
metallurgical slag, leading to the remarkable enhancement of the contact and collision possibility
between 5-SSA and zinc oxide. In addition, the decrease of particle size facilitates the diffusion of H*
and Zn(C7HsOsS)?*, which can significantly accelerate the reaction speed.
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Fig. 6. Effects of 5-SSA concentration on the zinc leaching rate (stirring speed: 450 rpm, temperature: 50 °C, size:
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Fig. 7. Effect of particle size on the leaching efficiency of zinc (stirring speed: 450 rpm, temperature: 50 °C, 5-SSA
concentration: 0.3 mol/L)

3.5. Characterization of zinc metallurgical slag before and after leaching

To investigate the morphology and surface components of zinc metallurgical slag, SEM-EDS analysis
of samples before and after leaching was conducted and shown in Fig. 8. As shown in Fig. 8a, the surface
of zinc metallurgical slag before leaching was rough, irregular and relatively compact with small
particles. Fig. 8b reveals a vast number of well-developed gullies, pores and cracks appeared on the
sample surface after the addition of 5-SSA, which could be attributed to the dissolution of zinc oxide.
In addition, Fig. 8 also presents that the surface component of zinc metallurgical slag significantly
changed after leaching. Specifically, the zinc content was decreased mainly from 38.6% to 0.2%, which
further confirmed the successful removal of zinc components from the metallurgical slag surface. In
addition, the element contents of Al, K and Cl in samples after leaching were also reduced, which can
be attributed to the dissolution of these impurities during the extraction process.

The microstructure features of zinc metallurgical slag before and after leaching were also analyzed
and shown in Table 2. As can be seen from it, the BET surface area (Sger) and total volume (Vior) of
samples were significantly improved from 7.128 to 15.055 m?/g and 0.006 to 0.010 cm?3/g, respectively
after leaching. The increase of micropore internal surface area (Smicro) and micropore volume (Vmicro)
further confirmed the well-developed micropores and cracks of samples (Ping et al, 2021), which might
be assigned to the removal of zinc oxide encapsulated in the sample.

3.6. Kinetic analysis

To determine the control step of the leaching rate and to maximize the zinc leaching efficiency, the leach-
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Fig. 8. Morphology and surface components of zinc metallurgical slag (a) before or (b) after leaching with 5-SSA.
(leaching conditions: 450 rpm of stirring speed, 50 °C of leaching temperature, 0.300 mol/L of 5-5SA, d90=65 pm
of size fractions)

Table 2. Micro structural features of zinc metallurgical slag before and after leaching

Samples Sper (m2/g) Smicro (M?2/ g) Vit (cm3/g) Vmicro (cm3/ g)
Before leaching 7.128 3.132 0.006 0.002
After leaching 15.055 8.531 0.010 0.004

ing kinetic model was developed in this study. The chemical reaction of zinc oxide ore in 5-SSA solution
is a two-phase reaction system which is usually described by the well-known shrinking-core model
(Zhou et al., 2018; Zhu et al., 2019). It was widely applied in some related literature, such as the leaching
of malachite, scheelite and uraninite (Behera et al., 2019; Zhu et al., 2019). Thus, the shrinking-core
model was selected to depict the leaching kinetics in the present study. The integrated rate equations
regarding the surface chemical reactions and product layer diffusion models are defined as Eqs. from 5
to 8 (Luo et al., 2017; Mamo et al., 2019; Mu et al., 2018; Zhou et al., 2018).

1—(1-x)3 =kt 5)

k = mk,c§ /pmy ©)
1—§x—(1—x)2/3=k’t 7)
k't = 2mD,c,/pry? 8)

where k and k” are the apparent rate constants (min) for the surface chemical reaction and product
layer diffusion respectively; x is the conversion fraction; f is the reaction time (s); n is assumed to be 1;
m is the stoichiometric coefficient in front of ZnO; ¢y is the initial 5-SSA concentration (mol/L); D is the
effective diffusivity (m?2/s); p is the molar density of the raw material (mol/L); rois the initial radius of
the solid reactant particle (m); ks is the reaction rate constant (m/s).
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Table 2. Apparent rate constants and correlation coefficients of two models

Product layer diffusion model Surface chemical reaction model
Parameter 1-2/3x-(1-x)2/3 1- (1-x)1/3
k (min?) R2 Kk (min?) R2
T/°C
70 0.0102 0.9820 0.0263 0.9927
60 0.0061 0.9700 0.0167 0.9933
50 0.0031 0.9481 0.0088 0.9911
40 0.0017 0.9575 0.0058 0.9941
30 0.0006 0.8985 0.0035 0.9971
C/(mol/L)
0.6 0.0042 0.9802 0.0106 0.9952
0.4 0.0035 0.9751 0.0094 0.9956
0.3 0.0031 0.9481 0.0088 0.9991
0.2 0.0025 0.9572 0.0078 0.9984
0.1 0.0018 0.9508 0.0063 0.9991
Stirring speed/rpm
600 0.0035 0.9776 0.0093 0.9952
450 0.0031 0.9481 0.0088 0.9991
300 0.0026 0.9455 0.0079 0.9994
150 0.0019 0.9529 0.0065 0.9980
Size fraction/pm
47 0.0038 0.9854 0.0100 0.9935
65 0.0031 0.9481 0.0088 0.9991
86 0.0024 0.9455 0.0074 0.9989
132 0.0015 0.9620 0.0057 0.9956
286 0.0007 0.9224 0.0037 0.9986

According to experimental figures in Figs. 3-6, the surface chemical reaction and product layer
diffusion models were investigated and results were shown in Table 2. As is shown, the surface
chemical reaction model greatly fits the leaching kinetics with coefficient of determination (R?) all
exceeded 0.99. On the other hand, most of the R? in product layer diffusion model was only ~0.95 or
even less. Thus, the surface chemical reaction model was finally adopted in this study to describe the
leaching kinetics of zinc metallurgical slag, the results of which were demonstrated in Fig. 9. As can be
seen from it, the surface reaction model with equation 1-(1-x)!/? exhibited good linear relationships for
the zinc leaching rate as a function of stirring speed, leaching temperature, 5-SSA concentration and
size fractions. Therefore, the leaching process of zinc oxide in the 5-SSA solution was supposed to be
controlled by a surface chemical reaction instead of product layer diffusion.

3.7. Activation energy

Activation energy is commonly utilized in leaching kinetic analysis to investigate the control step of the

leaching process (Hacarlioglu et al., 2011). The apparent activation energy for the zinc leaching process

could be calculated according to the Arrhenius equation by reaction rate constant (k) and leaching
temperature (T) (Ajiboye et al., 2019; Zhu et al., 2019).

k = Ae~Ea/RT ©)

Ink = InA — E,/RT (10)

where A is a pre-exponential factor, R is the gas constant (8.314 JK-mol?), E, is the activation energy

(kJ/mol). Based on the fore-mentioned equations, the plot of “Ink - 1/T” with the slope of “-E./R” was
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Fig. 9. Surface chemical reaction models as a function of different leaching conditions: (a) stirring speed;
(b) leaching temperature; (c) 5-SSA concentration; (d) size fractions
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Fig. 10. Curve of InK as a function of 1/T

drawn in Fig. 10. The activation energy for the leaching process of zinc metallurgical slag was calculated
to be 43.96 kJ/mol. It is widely acknowledged that the activation energy for diffusion-controlled
reactions is below 20 kJ/mol while above 40 kJ/mol for the chemical reaction controlled process
(Madakkaruppan et al., 2016). Hence, the activation energy analysis further confirmed that the leaching
kinetics of zinc metallurgical slag using 5-SSA could be predicted by the surface chemical reaction
model.
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3.8. Establishment of the kinetic equation

To quantitatively describe the influences of stirring speed, leaching temperature, 5-SSA concentration
and size fraction on the leaching kinetics of zinc oxide in 5-SSA solution, a semi-empirical equation was
put forward and shown as follows (Nie et al., 2020; Zhu et al., 2019):

1 Eq
1-(1—-x)3s=[K.-N*-CF-MY-eTrr|t (11)
where k. is the pre-exponential factor; N, C, M and T stand for the stirring speed (rpm), 5-SSA
concentration (mol/L), size fraction (nm) and leaching temperature (K), respectively; E, is the activation
energy; R is the gas constant. When N is the only variant while C, M and T remain constant, Eq. (11)
could be simplified as:

1
1-(1—-x)s =K. -N*-t (12)
1
d[1—(1—x)§]
dt =k:KC'Na (13)
d[l—(l—x)%]
In|————(=Ink = alnN +InK, (14)

The curve slope of [1-(1- x)!/3]/t with different N corresponded to the reaction rate constant or
d[1-(1- x)1/3]/ dt. Thus, the correlation between In[d[1-(1-x)%/3] /dt] and InN was plotted in Fig. 11(a), and
the slope of the line was a, which was calculated to be 0.267. Similarly, the In[d[1-(1-x)/3]/dt] as
a function of InC and InM were also drawn in Figs. 11(b) and 11(c). The slope of which was calculated
to be 0.289 and 0.564, respectively. Thus, a, f and y could be substituted by the calculated values and
k=0.035 could be calculated through the statistical average. Overall, the above semi-empirical equation
for the zinc leaching process using 5-SSA can be described as:

1 4023
1—(1—x)3 =[0.035- NO-267 . (0289 . pf0-564. o7 ¢ (15)
45
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Fig. 11. Curves of InK as a function of different factors: (a) stirring speed; (b) 5-SSA concentration; (c) size fraction

4. Conclusions

An organic acid (5-SSA) was utilized as the novel leaching reagent in the leaching process of zinc
metallurgical slag. The extraction mechanism mainly depends on the neutral reaction and the
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complexation reaction between 5-SSA and zinc oxide. The effects of stirring speed, leaching
temperature, 5-SSA concentration, and size fraction on the leaching behavior of zinc metallurgical slag
were also investigated. A zinc leaching efficiency of 94.2% was achieved under the appropriate leaching
conditions (450 rpm of stirring speed, 50 °C of leaching temperature, 0.3 mol/L of 5-SSA concentration,
and d90=65 pm of size fraction), indicating that 5-SSA was an excellent leaching reagent for the zinc
oxide. Further explorations showed that a vast number of well-developed gullies, pores, and cracks
appeared on the sample surface after the addition of 5-SSA, which could be attributed to the dissolution
of zinc oxide. The zinc leaching rate of metallurgical slag in the 5-SSA solution fitted well with the
shrinking-core kinetic model with the surface chemical reaction as the control step. The apparent
activation energy was calculated to be 33.45 kJ/mol. The semi-empirical equation was eventually
established for the zinc leaching process using 5-SSA.
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