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ABSTRACT

Antimony is one of the most toxic pollutants existing in the industrial and mineral effluents
threatening human and other creatures’ life. Removal of antimony has been performed
using various methods. One of the methods of removing antimony from mineral effluent is
surface adsorption. We simulated the absorption of antimony in the presence of nano-zero-
valent iron (nZVI) coated with industrial minerals such as kaolinite, bentonite, and perlite
from mineral effluent using VISUAL MINTEQ 3.1 software. Our aim was to determine the
factors affecting the absorption of antimony from mineral effluent by applying simulation.
The simulation was performed using an adsorption of diffuse layer model. The results of
simulation indicated that the nZVI concentration and pH factor are effective in the absorp-
tion of antimony. The simulation presented by increasing the pH from 1 to 2 and by rising
the concentrations of nZVI from 7.5 to 12.5 mg/l causes the rate of antimony absorption to
increase. The absorption capacity for nZVI coated with kaolinite, bentonite, and perlite were
3.92, 2.46, and 3.1 milligrams per gram of absorbent and the greatest amount of antimony
removal was associated with perlite composite. In all cases, the coefficient of determination
(R2) between laboratory results and model predictions was more than 0.9.
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1. Introduction

Almost all gold plants have effluent containing
antimony that enters into the environment and is con-
sidered as one of the toxic elements. The waste of
these plants is extremely toxic and may contain risks
of environmental pollution if antimony is dissolved
[1]. Antimony is a metalloid that is harmful to human

and plant health. Breathing antimony in composition
with oxygen in the gas phase is considered to be a
public health risk [2]. Therefore, assessment of the
environmental impact and reduction or elimination of
antimony from mineral water using an appropriate
method are necessary [3]. Antimony compounds are
often classified according to their oxidation state: Sb
(III) and Sb(V). The +5 oxidation state is more stable.
This metalloid is sensitive to oxidation–reduction reac-
tions. Being spread, mobility and species depend on*Corresponding author.
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various factors such as the pH of the environment, the
presence of other ionic species, and the chemistry of
the solution. Antimony is rarely observed in nature as
a pure element and antimony(III) and antimony(V) are
readily hydrolyzed in aqueous solutions [4].

Water Resources Research Center, United States of
America, has reported that the capacity of antimony
existing in food and water that can be tolerated by the
human body is 0.1 mg and for antimony in the air is
0.0017 mg [5]. Several methods are available to remove
antimony from water and wastewater. Among them,
the absorption methods have attracted the attention of
many fans in recent years because of simple, low-cost,
and effective methods for removing heavy metal ions
and organic compounds at low and average concen-
trations [6]. Factors affecting adsorption include the
type and characteristics of the absorbent and
absorbed, the degree of mixing in the liquid phase,
the pH, and the temperature [7].

Nanotechnology is considered a priority and strate-
gic technology for all countries due to the diverse
application areas and direct impact on most industries
and sciences. Nanomaterials have very extensive sur-
faces compared to material in large dimensions [8].
Zero-valent iron nanoparticles are capable of decom-
posing organic pollutants and absorbing inorganic pol-
lutants. Some of these nanoparticles may be covered
by different surface modifiers to control their reactions
and mobility [9]. Modified iron nanoparticles have
been produced to speed up clean-up and restoration.
Kaolinite, bentonite, and expanded perlite industrial
minerals are clay minerals in the soil, which play an
important role in controlling pollutants through geo-
chemical processes, especially the absorption [10].
These minerals have the ability to act as an absorbent
and easy access through structural stability and geo-
chemical conditions. Due to these properties, clay can
be used to host nano-zero-valent iron (nZVI) in
clearing systems [11].

Ilavsky [12] reviewed antimony removal from
water in Slovakia using Bayoxide E33 absorbents
(granulated medium based on ferric oxides) and Gran-
ular Eisen Hydroxyde (GEH). The results indicated
that at the pH (range 6.8–6.9 during the test), Bayoxide
absorption capacity was 27.78 micrograms per gram
and the absorption capacity of GEH was 85.04 micro-
grams per gram, respectively [12]. Anjam and Datta
[13] studied the trivalent antimony adsorption kinetics
on montmorillonite for reaction time of 10–180 min.
They concluded that about 99% of synthesis solution
antimony, 100 mg per liter, is removed using the
adsorbent [13]. Leng et al. [14] were successful in
removing the trivalent antimony using graphene.
Their experimental data described that adsorption of

antimony on graphene obeys a pseudo-second-order
kinetic model [14]. Salam and Mohamed removed
trivalent antimony using multi-walled carbon nan-
otubes [15]. Sari et al. [16] used expanded perlite as a
trivalent antimony; they obtained the optimal capacity
of 54.4 milligrams per gram of adsorbent [16]. Xi et al.
[17] removed pentavalent antimony using kaolinite.
They obtained an optimal pH of 3.6 for the removal
so that 75% of antimony was removed at this pH [17].
Vithanage et al. [18] investigated surface complexation
modeling and spectroscopic evidence of antimony
adsorption on iron-oxide-rich red earth soils. Success-
ful data modeling using the 2-pK diffuse layer model
(DLM) with the FITEQL revealed that absorption
occurs through the formation of bidentate mononu-
clear and binuclear complexes. Also, the model simu-
lation indicated a high absorption affinity of antimony
to the FeOH sites and the highest absorption of Sb(V)
at acidic pH of about 4 to 6 [18]. Safavi [19] conducted
a simulation of a cyanide adsorption process on tita-
nium dioxide nanoparticles using VISUAL MINTEQ
software. Also, the coefficient of determination (R2)
between her results of simulation and experiments
was equal to 0.9 which indicates that her model was
acceptable. The results obtained from the use of 2-pK
CCM and 2-pK DLM surface complexes presented the
same results and two linear and Freundlich adsorption
models predicted results that matched the experimen-
tal results [19]. Antimony is more serious in Azerbai-
jan province in Iran owing to the existence of a large
number of antimony mines. However, despite the evi-
dent potential Sb(V), its adsorption simulation from
Zarshouran Gold Mineral Processing Wastewater
Plant by (nZVI) coated on industrial mineral has not
been reported to date.

The simulation of antimony absorption using MIN-
TEQ software has never been carried out previously.
The first objective of this study was to simulate the
absorption of antimony in the presence of nZVI which
was coated on kaolinite, bentonite, and perlite from
mineral wastewater using the VISUAL MINTEQ 3.1
software [20]. This software was used to study the
chemical equilibrium problems. The second aim was
to determine factors affecting the adsorption rate
using a DLM.

2. Methods

MINTEQ is a geochemical software based on
chemical equilibrium developed by American Envi-
ronmental Agency. Types of absorption patterns, mass
balance between solid or liquid and gas phases, and
equations for mass interplay are available from the
software. In addition, the software contains algorithms
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to check and correct the equilibrium constants. In this
model, no time is available and the circumstances are
not kinetic and the maximum absorption that took
place at the time of equilibrium was assumed [20].

Because of the high possibility of interactions
between the ions and inorganic and organic solids in
natural systems, the models are used as a tool to
quantify and predict the behavior of ions in solution
and their interactions with other particles. For this rea-
son, in recent decades, several models have been pro-
posed for the analysis of chemical reactions. The DLM
is one of the various models that are available to
explain ion absorption data [21].

The DLM was first proposed by Stumm et al. [22]
and then revised by Dzomback and Morel [23]. In this
model, all the ions are located on the surface and just
from within the core complex. The double-layer model
usually considers two adsorption sites with low
absorption affinity and high adsorption affinity [23].
The ionic strength of this model affects the model
through parameter I in the layer d. Thus, this model
can be used under varying conditions of low ionic
strength. Eq. (1) indicates the relationship between the
load in the layer (d) and ionic strength (I) (M):

rd ¼ �0:1174�
ffiffi
I

p
� sinh

Z� F�Wd

2� R� T

� �
ðC=m2Þ (1)

where rd is the diffusion layer load (C/m2), Z is the
electrolyte capacity assumed to be single, and I is the
ionic strength (M). F is the Faraday constant (J/volt
equiv), R is the gas constant (J/K mol), T is the abso-
lute temperature (K), and Wd (volt) is the electrostatic
potential of layer d.

Wd is the potential at the surface of the absorbent.
The assumptions are as follows [24]:

(1) The surface sites are amphoteric (a site can be
positive, neutral, or negative).

(2) Surface complexes are monodentate within the
sphere (only one atom is connected to the cen-
tral metal atom).

(3) Two electrostatic plates are available in this
model:

(a) The surface electrostatic page adsorbs H, OH,
and other ions.

(b) The d electrostatic surface adsorbs ions with an
opposite charge.

(4) The relationship between the charge and the
electrostatic potential in the diffuse layer is
explained by the Gouy–Chapman theory. Gouy
[25] and Chapman [26] presented the effect of
surface charge on ion adsorption using an

electric double layer theory, which was then
reviewed by Stern [20].

(5) The base state of the model is the zero load for
the surface forms and a very dilute solution,
for the solution forms.

The MINTEQ software contains various absorption
models, an organic material, a powerful database
achieved acceptable agreement with the experimental
data [20]. In this simulation, we used the experimental
data which were conducted by Nosrati [24] and
Nosrati et al. [27]. Creating chemical equilibrium (re-
versible reaction), failure in considering the time
(there are no synthetic reactions), 0–99˚C temperature
restriction, and limited ionic strength are some of the
limitations of this software.

2.1. Model efficiency

We used a coefficient of determination, R2, index
of agreement (IA) for the efficiency of the models
[28–30]:

R2 ¼
Pi

i¼1ðAt � �AÞðFt � �FÞ
ðPn

i¼1ðAt � �AÞ2ÞPi
i¼1ððFt � �FÞ2Þ0:5

 !2

(2)

IA ¼ 1:0�
PN

t¼1ðAt � FtÞ2PN
t¼1ðjFt � �AÞ þ jAt � �AÞj2 (3)

where At, Ft, and �A are observed data, predicted data,
and mean observed data, respectively.

We also applied Eq. (5) for efficiency of the
models.

P ¼ 100

N

X jCt;expt: � Ct;pred:j
Ct;expt:

(4)

where Ct,expt. is the experimental concentration at any
time, Ct,pred. is the corresponding predicted concentra-
tion according to the equation under study with best
fitted parameters, and N is the number of observations,
and the fit accepted to be good when P is below 5.

2.2. Applied experimental data for simulation [24,27]

We used the data from Nosrati [24] experiments
and Nostrati et al. [27] on nZVI coated with industrial
minerals such as kaolinite (K-nZVI), bentonite (B-
nZVI), and perlite (P-nZVI).

In Nosrati et al. [27], different methods of antimony
removal from water and wastewater were reviewed
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and the zero-valent iron nanoparticles coated on indus-
trial mineral were selected as an effective and low-cost
material for removing antimony from wastewater. For
the purposes of their study, zero-valent iron nanoparti-
cles of 40–100 nm in size were synthesized by drop-
wise addition of the sodium borohydride solution to
an iron(III) aqueous solution at ambient temperature
and mixed with nitrogen gas. To avoid particle
agglomeration and to enhance the product’s environ-
mental safe application, the nanoparticles were coated
on bentonite and characterized by SEM/EDAX and
BET. The experiments were carried out by intense mix-
ing of the adsorbent with 10 ml of real/synthetic
wastewater samples in 20-ml bottles. The effects of pH,
contact time, temperature, and adsorbent dosage on
antimony removal efficiency were investigated under
intense mixing using a magnetic mixer. Finally, the
effluents were filtered upon completion of the experi-
ments and used for atomic absorption analysis.

Zero-valent iron powder is a strong reducing
agent. Nano-zero-valent iron (nZVI) has the capability
to degrade organic materials and to adsorb inorganic
contaminants, and nZVI indicated a great potential for
environmental remediation of contaminants in soils,
sediments, and groundwater [9].

Tables 1 and 2 indicate the data at a constant tem-
perature of 25˚C and an initial concentration of anti-
mony at 31.82 mg/l. The zero-valent iron
nanoparticles had diameters of 40–100 nm and specific
surface of 43.34 square meters per gram. Also, when
antimony adsorbed on the absorbents, the pH values
were considered 1–2 and the absorbent values were
7.5–12.5 because the optimal values and the tests were
conducted in these intervals [24].

3. Results and discussion

3.1. Simulating antimony absorption coated on K-nZVI

3.1.1. The effect of pH on antimony absorption

To simulate antimony absorption, the absorbency
value was considered 7.5 g/l. Fig. 1 indicates the

simulated and experimental values of antimony
absorption at different pHs in the presence of K-nZVI
in the surface complex formation model 2-pK DLM.
By increasing the pH from 1 to 2, antimony absorption
increased by 60–92.3%. Also, the results of 2-pK DLM
modeling described that the simulation value of anti-
mony absorption is at the highest value at pH 2, i.e.
92.3%, and the maximum absorption happened based
on the Nosrati [24] experiment at pH 2, i.e. 93.06%,
[24]. The coefficient of determination between the sim-
ulated and experimental data was R2 = 0.92, the index
of agreement (IA) and P were 0.97. Rakshit et al. stud-
ied the absorption of antimony on kaolinite and
obtained a maximum absorption at pH 3 with a value
of 95% [10]. Sarkar et al. [31] studied the absorption of
mercury on client and obtained a maximum absorp-
tion at pH 4.4 [31]. In the conducted stimulation, the
optimum pH was 2 and the highest absorption
occurred in an acidic state.

3.1.2. The effect of K-nZVI concentration on antimony
absorption

Since adsorption is primarily a surface phe-
nomenon, the amount of surface area available for
absorption and thus the adsorbent mass can signifi-
cantly affect the adequacy and performance of adsorp-
tion [20]. Therefore, we simulated the effect of K-nZVI
concentrations on antimony absorption at pH 2. Fig. 2
presents the simulated and experimental values of
antimony absorption at different concentrations of K-
nZVI in the surface complex formation model 2-pK
DLM. By increasing the concentration of zero-valent
iron nanoparticles from 7.5 to 12.5 g/l, the antimony
absorption rate increased by 92–95.5%. The absorption
rate above 90% may be due to the high effect of
K-nZVI on absorption. The reason is the increased sur-
face area of nZVI and the expansion of more inter-
changeable surfaces available for reaction with
antimony ions in increased concentrations. The simu-
lation value of antimony absorption was at its highest
value at an adsorbent concentration of 7.5 g/l. The

Table 1
Experimental data at pH values of 1–2 [24,27]

pH
Antimony absorption percentage on
K-nZVI

Antimony absorption percentage on
B-nZV

Antimony absorption percentage on
P-nZVI

1 65.77 72.23 66.04
1.25 73.74 85.98 82.84
1.5 80.8 94.29 93.54
1.75 87.68 95.85 98.32
2 93.06 94.8 96.79
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coefficient of determination between the simulated
and experimental data was R2 = 0.97. The index of
agreement was IA = 0.99 and P was 0.37.

According to the Nosrati [24] experiment, the high-
est antimony absorption on K-nZVI was 93.06% at pH
2 at an adsorbent concentration of 7.5 g/l and an anti-
mony absorption capacity of 3.94 mg/g. The results of
the simulation presented the highest absorption
of 92.33% at pH 2 at an adsorbent concentration of
7.5 g/l and an absorption capacity of 3.92 mg/g.

3.2. Simulating antimony absorption coated on B-nZVI

3.2.1. The effect of pH on antimony absorption

To simulate antimony absorption, the absorbency
value was considered 10 g/l. Fig. 3 indicates the simu-
lated and experimental values of antimony absorption
at different pHs in the presence of B-nZVI in the sur-
face complex formation model 2-pK DLM. By increas-
ing the pH from 1 to 2, the antimony absorption
increased by 70–96%. Also, the results of 2-pK DLM
modeling showed that the simulation value of anti-
mony absorption is at the highest value at pH 2, i.e.
96%; however, the maximum absorption happened
based on the Nosrati [24] experiment and Nosrati
et al. [27] at pH 1.75, i.e. 95.85% [27]. The coefficient of
determination between the simulated and experimen-
tal data was R2 = 0.98 and the index of agreement (IA)
was 0.99. Vithanage et al. analyzed the antimony
absorption on iron oxide coated in clay concluded that
the highest absorbed Sb(V) is at pH 4–6 [19], and that
in our study, occurred at pH 2.

3.2.2. The effect of B-nZVI concentrations on antimony
absorption

We simulated the effect of B-nZVI concentrations
on antimony absorption at pH 1.75. Fig. 4 presents the

Table 2
Experimental data on adsorbent concentration of 7.5–12.5 (g/L) [24,27]

Adsorbent
concentration (g/l)

Antimony absorption
percentage on K-nZVI

Antimony absorption
percentage on B-nZVI

Antimony absorption
percentage on P-nZVI

7.5 93.06 82.5 91.5
8.5 93.4 88.1 94.57
9.5 93.8 92.36 96.9
10.5 94.5 95.28 97.9
11.5 95.31 96 96.97
12.5 95.5 96.85 95.44
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Fig. 1. The effect of pH on the absorption of antimony in
the presence of a surface complex formation model 2-pK
DLM (R2 = 0.92 and P = 4.08).
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Fig. 2. The effect of concentration of k-nZVI on the
absorption of antimony on surface complex formation
model 2-pK DLM (R2 = 0.97 and P = 0.37).
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simulated and experimental values of antimony
absorption at different concentrations of B-nZVI in the
surface complex formation model 2-pK DLM. By
increasing the concentration of zero-valent iron
nanoparticles from 7.5 to 12.5 g/l, the antimony
absorption rate increased by 92–95%. The simulation
value of antimony absorption was at the highest
value at the adsorbent concentration of 12.5 g/l. The
coefficient of determination between the simulated
and experimental data was R2 = 0.94. The index of
agreement (IA) was 0.93 and P was 2.08.

According to the Nosrati [24] experiment and
Nosrati et al. [27], the highest antimony absorption on
B-nZVI was 96.85% at pH 1.75 at an adsorbent concen-
tration of 12.5 g/l and the antimony absorption capac-
ity of 2.54 mg/g. The results of the simulation
indicated the highest absorption of 96.45% occurred at
pH 2 at the adsorbent concentration of 12.5 g/l and an
absorption capacity of 2.46 mg/g.

3.3. Simulating antimony absorption coated on P-nZVI

3.3.1. The effect of pH on antimony absorption

To simulate antimony absorption, the absorbency
value was considered 10 g/l. Fig. 5 presents the simu-
lated and experimental values of antimony absorption
at different pHs in the presence of P-nZVI in the surface
complex formation model 2-pK DLM. By increasing the
pH from 1 to 2, the antimony absorption increased by
74–97.2%. Also, the results of 2-pK DLM modeling
describe that the simulation value of antimony absorp-
tion was at the highest value at pH 1.75, i.e. 97.2%. The
maximum absorption happened based on the Nosrati
[24] experiment at pH 1.75, i.e. 98% [27]. The coefficient
of determination between the simulated and experi-
mental data was R2 = 0.96; IA was 0.95 and P was 4.38.

3.3.2. The effect of P-nZVI concentrations on antimony
absorption

We simulated the effect of P-nZVI concentrations
of antimony absorption at pH 1.75. Fig. 6 illustrates
the simulated and experimental values of antimony
absorption at different concentrations of P-nZVI in the
surface complex formation model 2-pK DLM. By
increasing concentrations of zero-valent iron nanopar-
ticles from 7.5 to 12.5 g/l, the antimony absorption
rate increased by 94–97%. The simulation value of
antimony absorption was at the highest value at the
adsorbent concentration of 10.5 g/l and then antimony
absorption decreased. The coefficient of determination
between the simulated and experimental data was
R2 = 0.92. The index of agreement (IA) was 0.90 and P
was 1.52. Dorjee et al. analyzed antimony absorption
on zero-valent iron nanoparticles and concluded that
nZVI at concentrations greater than 0.1 mg quickly
attracted more than 90%, which may be due to a high
effect of nZVI in absorption [9]. In the present simula-
tion, the effect of absorbent was high and has
absorbed antimony content above 90%.

According to the Nosrati [24] experiment, the high-
est antimony absorption on P-nZVI was 97.90% at pH
1.75 at an adsorbent concentration of 10.5 g/l and an
antimony absorption capacity of 3.16 mg/g. The
results of the simulation indicated the highest absorp-
tion of 97.2% at pH 1.75 at the adsorbent concentration
of 10.5 g/l and an absorption capacity of 3.10 mg/g.

Antimony is more serious in Azerbaijan province,
Iran, owing to the existence of a large number of anti-
mony mines. However, despite the evident potential
Sb(V), its adsorption simulation from Zarshouran
Gold Mineral Processing Plant (Iran) Wastewater by
nano-zero valent iron coated on industrial mineral has
not been reported to date. Saeidnia [32] indicated that
using Dorjee et al.’s [9] and Rakshit’s [10] experimen-
tal results to simulate Sb(V) adsorption on zero-valent
iron nanoparticles coated on bentonite at different
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pHs using VISUAL MINTEQ 3.1 software had a good
agreement with the simulation using Nosrati et al.’s
[27] results [32]. The coefficient of determination (R2)
between the simulated and experimental data using
Dorjee et al. [9] and Rakshit [10] results on Sb(V)
adsorption at different pHs was R2 = 0.96 and IA was
0.98. These results have a good agreement with
simulation of our study.

4. Conclusions

The results of simulation of antimony absorption
on nZVI coated with industrial minerals (kaolinite,
bentonite, and perlite) from mineral effluent using the
VISUAL MINTEQ 3.1 software are as follows:

(1) In analyzing the effect of nanoparticles of zero-
valent iron concentrations and the pH value,
the coefficient of determination between the
experimental data and the simulation value
was above 0.9 which indicates the acceptability
of our simulation.

(2) The results of the simulation indicated that by
increasing the pH from 1 to 2, the antimony
absorption on K-nZVI increased and the high-
est absorption of K-nZVI was 92.33% at pH 2
at an adsorbent concentration of 7.5 g/l and an
absorption capacity of 3.92 mg/g which were
in line with laboratory experiments.

(3) The results of the simulation described the
highest absorption on B-nZVI was 96.45% at
pH 2 at the adsorbent concentration of 12.5 g/l
and absorption capacity of 2.46 mg/g which
are in line with laboratory experiments.

(4) The results of our simulation indicated the
highest absorption of P-nZVI was 97.2% at pH
1.75 at an adsorbent concentration of 10.5 g/l

and an absorption capacity of 3.1 mg/g which
were in line with laboratory experiments.

(5) The maximum antimony absorption simulation
from the mineral wastewater was 97.2% related
to the P-nZVI composite and the highest
absorption capacity with the value of 3.92 of
adsorbent was related to the K-nZVI compos-
ite. The results were consistent with the
experimental results.

(6) Based on the experimental results and the
simulation of antimony absorption, we may
state that the pH and zero-valent iron nanopar-
ticles have high performance in antimony
absorption.

(7) The simulation results using VISUAL MINTEQ
3.1 software and using the surface complex for-
mation model 2-pK DLM are consistent with
laboratory works.
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