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a b s t r a c t
In this study, the removal of Cu(II) and Zn(II) by new natural native vermiculite and kaolinite 
from aqueous solution and real acid mine drainage (AMD) was investigated. The adsorbents were 
characterized using X-ray fluorescence, X-ray diffraction and Fourier-transform infrared spectros-
copy analysis. The effect of pH, contact time, temperature, adsorbent dose, particle size, and ini-
tial metal concentration were determined in a batch experiment. Major chemical components of 
the vermiculite were CaO (43.31%) and SiO2 (13.5%) and for kaolinite were SiO2 (75.8%) and Al2O3 
(14.7%). The most important functional group of vermiculite and kaolinite was O–H as an active 
site for binding positively charged cation. The removal efficiencies of Cu(II) and Zn(II) increased 
by increasing pH from 2 to 6 and increasing the temperature from 25°C to 35°C. The most removal 
efficiency by using vermiculite in contact time 45 min were 81% for Cu(II) and 74% for Zn(II) and 
for kaolinite were 67% and 76% for Cu(II) and Zn(II) in 30 and 45 min, respectively. The adsorption 
experiment data indicated that the Langmuir isotherm and the pseudo-second-order kinetic were 
more suitable for describing the adsorption process. Experiments on the real AMD sample showed 
that Cu(II) removal efficiency by vermiculite and kaolinite was 82% and 71% and for Zn(II) was 
65% and 56%, respectively. Therefore, these natural native adsorbents are able to remove Cu(II) and 
Zn(II) from the AMD.
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1. Introduction

Acid mine drainage (AMD) has been broadly accepted to 
be a major global environmental problem facing the mining 
industry, requiring expensive management and mitigation 
[1]. The exploitation of underground mines is conditional on 
drilling in metal-rich rocks. These metals are released into 

the environment and cause contamination of water and soil 
ecosystems that are hazardous to human health and other 
living organisms [2,3]. Heavy metals are a serious prob-
lem; since these metals are able to accumulate in ecological 
systems, and by increasing concentrations, they cause many 
adverse effects in these systems [4]. The transfer of heavy 
metals to the soil and water will increase the amount of 
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hazardous materials in living tissues, including the human 
body [5,6]. Therefore, the concentration of these pollutants 
must be reduced to the permissible disposal level and, if 
they are economically valuable, they should be restored 
and reused [7,8]. The shape of the threat of heavy metals 
strongly depends on their mobility and bioavailability, and 
the difference is based on their geochemical forms. Water 
solubility and variable forms facilitate pollutant movement 
and make the contaminant easily accessible to living organ-
isms [4]. Among these metals, extensive exposure to copper 
(Cu(II)) by humans causes mucosal inflammation, liver and 
kidney damage, muscle pain, hemolytic and heart failure 
[9]. Although copper is an essential element, its high lev-
els can cause metabolic disorders. Chronic poisoning with 
copper can cause hemolytic anemia, nerve disorders and 
corneal opacity [10]. Zinc (Zn2+) is a minor essential element 
for humans, which is not considered as a low toxicity, but 
its high exposure can cause stomach cramps and irritability, 
nausea, vomiting, anemia or even death [11].

There are several processes for appropriate removing 
of metal ions from aqueous solutions, including chemi-
cal treatment, flotation, biosorption, electrolytic recovery, 
membrane separation, activated carbon adsorption [12–14]. 
The adsorption of heavy metals from aqueous solutions has 
been the subject of many research studies in recent years 
[15–17]. Efforts have been made to develop and produce 
inexpensive materials for the removal and control of pol-
lution by heavy metals from aqueous solutions, such as 
industrial and natural wastewater. The range of such mate-
rials is very wide and extensive, on the one hand, industrial 
and agricultural waste, and, on the other, various types of 
organic and inorganic materials [13]. Natural adsorbents, 
such as clay materials, coconut shells, chitin, and chitosan 
are attractive in terms of industrial applications due to their 
low cost, availability, and capacity to reduce the concentra-
tion of heavy metals to parts per billion [18]. Many studies 
have been carried out on the removal of heavy metals from 
aqueous solutions using mineral adsorbents, such as the 
removal of Zn2+ and Cd2+ from an aqueous solution using 
vermiculite adsorbent [19], the removal of Cu2+ by zeolite 
and vermiculite adsorbents [20], the removal of heavy met-
als from fluids using porous vermiculite adsorbent [21], 
the removal of Zn2+ from aqueous solution using kaolin-
ite [22], and the removal of heavy metals from industrial 
wastewater using vermiculite [23].

This study investigated the efficiency of vermiculite and 
kaolinite as a natural, native (in Baft City, Kerman, Iran), and 
low-cost adsorbents for removing Cu(II) and Zn(II) from 
Sarcheshmeh acid copper mine drainage. Cu(II) and Zn(II) 
were selected due to their high concentration and relatively 
difficult treatment, respectively in acid copper mine drainage.

2. Material and methods

2.1. Adsorbents preparation and characterization

This study is an experimental and cross-sectional study 
carried out in Kerman University of Medical Sciences. 
Vermiculite and kaolinite are found in Baft, Kerman, Iran. 
Clay samples were crushed by a grinder and dried at labo-
ratory temperature and exposed to airflow for two weeks. 

They were screened with 50  mesh sieve and particles of 
0.5–0.8  mm and 2–6.8  mm selected for the experiments. 
Chemical compounds and geological structure of clays 
were determined by X-ray fluorescence (XRF) spectrometer 
(1800-Shimadzu, Japan) and X-ray diffraction (XRD) XMD-
300 of Ynisantis Company from Germany. Fourier-transform 
infrared spectroscopy (FTIR) analysis (TENSOR 27, Bruker, 
Germany) was used to determine the functional groups on 
the adsorbent surface area.

2.2. Experiments set up

The chemicals used in this study included copper 
nitrate (Cu(NO3)2), zinc nitrate (ZnSO4), nitric acid (HNO3) 
and sodium hydroxide (NaOH) (Merck, Germany, with a 
purity of ≥99%). A special amount of copper and zinc nitrate 
salts and nitric acid were solved in deionized water (resis-
tivity 18 MΩ cm). The concentration of standard solutions 
was selected 1,000  mg/L (ppm) as the stock solution. It is 
used for preparing other concentrations. pH was adjusted 
by 0.1  N HNO3 or NaOH. Batch experiments were con-
ducted in flasks with a volume of 300  cm3, mixing speed 
of 150 rpm and a temperature of 25°C, 30°C and 35°C. The 
adsorption process was carried out using a magnetic stir-
rer at the speed of 150 rpm. Then, the samples were passed 
through a filter paper with a pore size of 0.45 µm. The con-
centration of Cu(II) and Zn(II) were determined using flame 
atomic absorption spectroscopy (Shimadzu-AA-670, Japan). 
The effect of each parameter, including pH (2–6), adsorbent 
dose (1–0.26  g/L), contact time (5–120  min), tempera-
ture (25°C, 30°C and 35°C), particle size (0.5–0.8  mm and 
2–6.7 mm), and the initial metal concentration (20–100 mg/L) 
were determined while one variable parameter and the 
others were fixed. The adsorption capacity of Cu(II) and 
Zn(II) on the adsorbent were obtained according to Eq. (1):
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where qe is the adsorption capacity of the adsorbent for the 
metal solution (mg/g), C0 is the initial concentration of the 
metal solution (mg/L), Ce is the equilibrium concentration 
in the metal solution (mg/L), W is the adsorbent weight (g), 
and V (L) is the volume of the metal solution.

Real solutions were picked up from Sarcheshmeh 
AMD at the end of summer and winter. Real samples were 
obtained by mixing all the gathered wastewater. The sam-
pling method and experiments were carried out accord-
ing to the Standard Methods for the Examination of Water 
and Wastewater [24].

2.3. Adsorption isotherms

Langmuir and Freundlich’s isotherms were used to 
describe the adsorption capacity of adsorbents. Isotherm 
constants and correlation coefficient are related to the 
adsorbent capacity on removing metal ions. Two isotherm 
Eqs. (2) and (3), were used to determine the Freundlich 
and Langmuir models, respectively [25], in which qe is the 
adsorption capacity of the adsorbent for the metal solution 
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(mg/g) and Ce is the equilibrium concentration in the metal 
solution (mg/L).

logq K
n

Ce F e= +log log1 	 (2)

where KF and n are Freundlich isotherm constant and KF rep-
resents adsorption capacity and n is the adsorption energy.
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where qe is the amount of adsorbed heavy metal per unit 
clay mass (mg/g), Q0 is the maximum adsorption capacity 
(mg/g), b is the equilibrium constant, and Ce is the equilib-
rium concentration of the solution (mg/L).

2.4. Adsorption kinetic

The kinetic equation of chemical reaction shows the 
important effect of reactive concentrations on the reac-
tion speed. A substantial step for an understanding of the 
adsorption mechanism is adsorption kinetics. The integrity 
of the adsorption process is determined by adsorption kinet-
ics. Two models widely used to analyze the solid–liquid 
adsorption are pseudo-first-order and pseudo-second-or-
der kinetics. In order to evaluate the kinetics of Cu(II) and 
Zn(II) adsorption on vermiculite and kaolinite, the adsorp-
tion capacity of adsorbent (mg/g) was measured in optimal 
conditions; pH = 5, the initial heavy metal concentration of 
50  mg/L, the adsorbent dosage of 24  g/L, the contact time 
of 0–95  min, the particle size of 0.5–0.8  mm, the tempera-
ture of 35°C, and mixing speed of 150 rpm. After filtration, 
the samples were transferred to flame atomic adsorp-
tion spectrometer due to measuring residual Cu(II) and 
Zn(II) in 3 repetitions. Adsorption kinetic was matched to 
pseudo-first-order and pseudo-second-order kinetic mod-
els. The adsorption data were evaluated according to the 
pseudo-first-order model by Eq. (4) [26].

Ln Lnq q q k te t e−( ) = − 1 	 (4)

where qe and qt are the sorption capacity at equilibrium and 
at time t, respectively (mg/g) and k1 is the rate constant of 
pseudo-first-order adsorption. The adsorption data were also 
evaluated according to the pseudo-second-order reaction 
kinetic by Eq. (5):
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where k2 is the second-order-reaction constant. The activation 
energy of the adsorption reaction can be found using first-
order and second-order constants.

3. Results and discussion

3.1. Vermiculite and kaolinite adsorbents properties

The results of the XRF analysis for vermiculite and 
kaolinite are shown in Table 1. Major chemical components 

of vermiculite are CaO (43.31%) and SiO2 (13.5%) and smaller 
percentages of sodium, potassium, barium, manganese, 
iron and magnesium oxides are also present. Moreover, 
major chemical components of kaolinite are SiO2 (75.8%) 
and Al2O3 (14.7%) and smaller percentages of barium, cal-
cium, sodium, potassium, manganese, iron, and magnesium 
oxides are also present. The results of the XRD pattern and 
XRD data analysis of vermiculite and kaolinite are shown in 
Fig. 1 and Table 2, respectively. The FTIR analysis of vermic-
ulite and kaolinite are shown in Fig. 2. Also, the FTIR spec-
tral data of vermiculite and kaolinite are shown in Table 3. 
The most important functional groups of vermiculite were 
O–H (3,689.18 cm–1), C–O (1,080.94 cm–1), C–Br (614.41 cm–1), 
and =C–H & =H2 (956.15 cm–1). The most important adsorp-
tion bands of kaolinite were O–H (3,455.83–3,626.1  cm–1), 
C–O (1,092.73 cm–1), C–Br (532.94 cm–1), C–I (469.5 cm–1), S=O 
(1,031.23 cm–1), and =C–H (788.35 cm–1). Carbonyl, hydroxyl 
and carboxylic functional groups have an effective role in 
metal adsorption [27]. The absorption bands at 3,626.1 cm−1 
in kaolinite represent the inner surface OH stretching 
vibration; while the absorption band at 3,455.83  cm−1 
represents the outer surface OH stretching vibration. In 
vermiculite data analysis, the existence of an intense OH 
band at 3,689.18  cm−1 is the reason for the higher adsorp-
tion of Cu(II) and Zn(II). These OH groups function as an 
active site for the binding of positively charged cation [28].

3.2. Effects of initial pH

The effects of initial pH on the adsorption of Cu(II) 
and Zn(II) from synthetic samples using vermiculite and 
kaolinite adsorbents are shown in Fig. 3. The removal 
efficiency of Cu(II) and Zn(II) increased by increasing pH 
from 2 to 6 (Fig. 3). The removal efficiency of Cu(II) by 
vermiculite increased from 21% at pH = 2 to 94% at pH = 5. 
For Zn(II), the adsorption process by vermiculite, the 
removal efficiency was only 18% at pH = 2 and increased to 
87% at pH = 5. When using kaolinite, the removal efficiency 
of Cu(II) was 17% at pH = 2 and 88% at pH = 6. For Zn(II) 

Table 1
Results of XRF analysis for vermiculite and kaolinite

Chemical composition
Weight percent (wt.%)

Vermiculite Kaolinite

SiO2 13.51 75.8
Al2O3 3.7 14.7
Fe2O3 1.03 0.39
CaO 43.31 0.05
MgO 0.67 0.06
TiO2 0.18 0.12
K2O 0.72 1.8
BaO 0.26 0.28
Na2O 0.07 0.47
P2O5 0.02 0.11
SO3 0.15 0.93
Loss of ignition 35.88 4.93
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Fig. 1. XRD pattern of (a) vermiculite and (b) kaolinite.

Table 2
XRD data analysis of vermiculite and kaolinite

Phases Vermiculite Kaolinite

Major phase(s)
Calcite (05-0586), CaCO3 Quartz (33-1161), SiO2

Quartz (33-1161), SiO2

Kaoline (29-1488), Al2Si2O5(OH)4

Muscovite-illite (26-0911), KAl2Si3AIO10(OH)2

Minor phase(s) Muscovite-illite (26-0911), KA(l)2Si3AIO10(OH)2 Natroalunite (41-1467), NaAl3(SO4)2(OH)6

Trace phase(s) Hematite (33-0664), Fe2O3 –
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Fig. 2. FTIR spectra pattern of (a) vermiculite and (b) kaolinite.

Table 3
Results of FTIR spectral data of vermiculite and kaolinite

Structural group Vermiculite (wavenumber cm–1) Kaolinite (wavenumber cm–1)

O–H stretching alcohol-free 3,689.18 3,455.83–3,626.1
C–O stretching primary alcohol 1,080.94 –
C–O stretching secondary alcohol – 1,092.73
C–Br stretching halo compound 614.41 –
C–I stretching alkyl halides 443.17 469.5
=C–H & =H2 956.15 –
S=O stretching sulfoxide – 1,031.23
C–H bending, 1-2-3 trisubstituted – 788.35
C–Br stretching alkyl halides – 532.94
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adsorption, the removal efficiency increased from 12% 
at pH  =  2 and increased to 84% at pH  =  6. By increasing 
pH up to 5, precipitation of metals was observed [29]. The 
pH of the solution has an important role in the removal 
of heavy metals and adsorption kinetics and equilibrium 
[30]. By increasing pH competition between protons and 
metal, cations decreased; whereas the surface positive 
charge reduced resulting in lower electrostatic disposal 
between the adsorbent surface and heavy metals [31]. In 
the present study, by increasing pH, the removal efficiency 
of Cu(II) and Zn(II) increased. Similar results have been 
reported in other studies. The study by Lasheen et al. [32] 
showed that in removing heavy metals from aqueous solu-
tion using a nanocomposite resin, increasing in pH leads 
to higher removal efficiency. In another study conducted 
on removing Cu(II) by chitosan, the researcher found out 
similar results by increasing pH [30]. The adsorption pro-
cess of Cu(II) and Pb2+ on cadmium sulfide in another study 
also showed that by increasing pH, the removal efficiency 
increased [33]. Changing the functional groups at the 
adsorbent surface could be another reason for the removal 
efficiency reduction at lower pH. For example, at a high 
concentration of (H+) ions, NH3 and COO– are converted to 
NH4

+ and COOH with less adsorption capacity. Moreover, 
functional group conversion can create a charging network 
at the surface of the adsorbent particles, which in the next 
step; reduce access of Cu(II) and Zn(II) to the adsorbent 
surface by making an electric double layer. The FTIR spec-
tra analysis (Fig. 2) showed the presence of 2 medium peaks 
of the hydroxyl group in kaolinite and a strong hydroxyl 
peak in vermiculite. It was due to the presence of hydroxyl 
group, negative charges on the vermiculite and kaolinite 
surface and oxygen atoms, an interaction occurred between 
the adsorbent surface and other components affecting the 
adsorption capacity. Changing pH can affect this inter-
action. The pH variation leads to the dissociation of the 
ion exchange process [30,34]. Given that the heavy metal 
removal from the solution is a combination of two mecha-
nisms (adsorption and ion-exchange), it can be concluded 

that decreasing pH by breaking the ion exchange process 
leads to a decrease in the adsorption efficiency [35].

3.3. Effects of adsorbent dose

The effects of adsorbent concentration on the removal 
efficiency of Cu(II) and Zn(II) from synthetic samples using 
vermiculite and kaolinite adsorbents are shown in Fig. 4. 
The results showed that the removal efficiency of Cu(II) and 
Zn(II) was directly affected by adsorbent concentration. 
Increasing the adsorbent concentration resulted in higher 
removal efficiency. The maximum adsorption of Cu(II) and 
Zn(II) was in concentrations of 24 and 22 g/L for vermiculite 
and kaolinite, respectively. Increasing the adsorbent con-
centration also increased the removal efficiency of Cu(II) 
and Zn(II) from the solution which could be due to more 
access to cations to adsorption sites or increasing effec-
tive surfaces [36]. A high concentration of the adsorbent 
causes an increase in pH which is another reason for higher 
removal efficiency [37]. Doubling the adsorbent concen-
tration from 10 to 20  g, increased the removal efficiency 
of Cu(II) and Zn(II) to 24.5% and 25.3%, respectively. The 
maximum removal efficiency of Cu(II) and Zn(II) by ver-
miculite was 94% and 85% when the adsorbent concentra-
tion was 24 g/L. In the case of kaolinite, the highest removal 
efficiency was obtained at 86% for Cu(II) and 82% for Zn(II) 
when the adsorbent concentration was 22  g/L. Similar 
results confirmed the result of this study [38].

3.4. Effects of contact time

The effects of contact time on removing Cu(II) and 
Zn(II) from synthetic samples using vermiculite and kaolin-
ite adsorbents are shown in Fig. 5. The results showed that 
increasing the contact time from 5 to 20 min had a consid-
erable effect on removal efficiency. The maximum removal 
efficiency of Cu(II) was reached within 95 min. Then, up to 
110 min, the amount of adsorption persisted. Zn(II) showed 
different behavior. Equilibrium contact time for Zn(II) was 
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Fig. 3. Effects of pH on the adsorption of Cu(II) and Zn(II) using vermiculite and kaolinite (adsorbent concentration = 24 g/L; initial 
metal concentration = 50 mg/L; particle size = 0.5–0.8 mm; temperature = 35°C; contact time = 95 min; mixing speed = 150 rpm).



A. Farsi et al. / Desalination and Water Treatment 204 (2020) 224–237230

obtained within 95 and 80 min by vermiculite and kaolinite. 
The most removal efficiency by vermiculite was reached in 
the first 45 min which was 81% for Cu(II) and 74% for Zn(II). 
In the case of kaolinite, the removal efficiency was 67% and 
76% for Cu(II) and Zn(II) in 30 and 45 min, respectively. After 
this time, the removal efficiency did not show a significant 
increase. The high adsorption in the early stages might be 
due to the initial concentration of the adsorbate in aqueous 
solution and the number of available binding sites on the 
adsorbent surface. After the mentioned time, decreasing 
the removal efficiency of Cu(II) and Zn(II) could be due to 
the limited mass transfer of the adsorbate particles from 
the bulk liquid to the external surface of adsorbent [39]. 
Other studies on heavy metals adsorption from aqueous 
solution have reported the same results [38,40].

3.5. Effect of temperature

The effects of temperature on the removal efficiency of 
Cu(II) and Zn(II) from synthetic samples by vermiculite and 
kaolinite adsorbents are shown in Fig. 6. The temperature 
has a significant effect on the removal efficiency of Cu(II) 
and Zn(II). By increasing the temperature from 25°C to 
35°C, the removal efficiency of Cu(II) and Zn(II) increased 
using both adsorbents. Increasing temperature activates the 
metal ions and causes more adsorption at the coordinating 
sites of the mineral clays [41]. It has been proved that an 
increase in temperature leads to an increase in the diffusion 
rate of the adsorbate, owing to the decrease in the solution 
viscosity. In this study, increasing the temperature from 
25°C to 35°C caused more removal efficiency for both adsor-
bents, the most effective of which was 16% enhancement 
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of Cu(II) by vermiculite. By rising temperature, Cu(II) and 
Zn(II) contacts to active sites increased and following that, 
the removal efficiency increased. The rapid movement of 
Cu(II) and Zn(II) could be because of less electrostatic inter-
actions and reduction of ions due to solvation reduction 
[41]. It seems that higher temperature improves removal 
efficiency by either decreasing the thickness of the boundary 
layer surrounding the adsorbent and increasing the number 
of accessible sites [40]. The penetration capacity of Cu(II) and 
Zn(II) on the adsorbent is directly proportional to the solu-
tion viscosity. Increasing the temperature results in a higher 
diffusion rate of the adsorbate, a decrease in the viscosity 

of the solution, and an increase in the removal efficiency 
of Cu(II) and Zn(II) [30].

3.6. Effects of adsorbent particle size

The effects of an adsorbent particle on the removal 
efficiency of Cu(II) and Zn(II) from synthetic samples by 
vermiculite and kaolinite are shown in Fig. 7. Reduction 
in adsorbent particle size from 2–6.7 into 0.5–0.8  mm 
increased the removal efficiency of Cu(II) and Zn(II) 
approximately 11.5%–13% and 12.7%–14% by vermiculite 
and kaolinite, respectively. During the adsorption process, 
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larger adsorbent surface area and more active sites are avail-
able for smaller particles at the constant mass [42]. Breaking 
big particles leads to open tiny cracks and channels on the 
particle surface of the adsorbent and results in more avail-
ability to a better diffusion of metal ions into the adsor-
bents [43]. Regarding adsorbent particle size of 2–6.7  mm, 
the diffusion resistance to mass transfer in higher particles 
and the most of internal surface of these particles may not 
be used for adsorption; therefore, the removal efficiency 
decreased. Given that all particles have a spherical shape, 
larger particles have more removal efficiency due to their 
higher external mass transfer than smaller particles [39]. 
Similar results for removing Cu(II) and Pb2+ by modified 
rice husk in Hongkong confirmed these results [44].

3.7. Effects of the initial concentration of metals

The effects of the initial concentration of metals on the 
adsorption of Cu(II) and Zn(II) from synthetic samples 
using vermiculite and kaolinite adsorbents are shown in 
Fig. 8. The results showed a reduction in the removal effi-
ciency of Cu(II) and Zn(II) when the initial metal concentra-
tion increased; while the adsorption quantity on the basis 
of the adsorbent (mg/g) increased. This shows the applica-
tion of adsorbents in the removal of Cu(II) and Zn(II) are 
acceptable for low initial concentration of solutions. At low 
initial concentration, a small ratio of ions number to acces-
sible adsorption sites number makes the adsorption inde-
pendent of the initial concentration. However, increasing 
the initial metal concentration increases the competition 
for adsorption sites [45]. When the initial concentration of 
metal ions was 20 mg/L, the removal efficiency rates by ver-
miculite for Cu(II) and Zn(II) were 97.2% and 88.5% and at 
the initial concentration of 100  mg/L were 28% and 24%, 
respectively. By using kaolinite, when the metal ion con-
centration was 20  mg/L, the removal efficiency of Cu(II) 

and Zn(II) was 92.5% and 87.4%. At the metal ion concen-
tration of 100  mg/L, their removal efficiencies were 31% 
and 26%. Other studies reported similar results [46].

3.8. Determination of adsorption isotherms

The Freundlich and Langmuir isotherm of Cu(II) and 
Zn(II) using vermiculite and kaolinite are shown in Figs. 9 
and 10, respectively. Correlation coefficients and other con-
stants of Langmuir and Freundlich isotherms are shown 
in Table 4. The adsorption correlation coefficient (R2) and 
isotherm constants show that the adsorption process of 
Cu(II) and Zn(II) by vermiculite and kaolinite are according 
to the Langmuir isotherm model and monolayer adsorp-
tion was carried out in the uniform surface. The correlation 
coefficient (R2) for the Langmuir isotherm model is remov-
ing Cu(II) and Zn(II) were 0.997 and 0.993 for vermiculite 
and 0.996 and 0.994 for kaolinite, respectively. R2 in the 
Freundlich model was obtained 0.79 and 0.813 for ver-
miculite and 0.806 and 0.829 while using kaolinite. While 
investigating the adsorption of Cu(II) and Zn(II) by mineral 
clays, adsorption equilibrium indicated that the Langmuir 
isotherm model represents a more considerable correlation 
compared to the Freundlich equation. The fitness of the 
Langmuir isotherm equation to describe the adsorption pro-
cess was also validated by the separation factor value (RL) in 
the range of 0 < RL < 1. Results of many research studies are 
consistent with this result (Desta [47]; Iskander et al. [48]; 
Lasheen et al. [32]; Omar and Al-Itawi [49]).

3.9. Kinetics of adsorption

Pseudo-first-order and pseudo-second-order reaction 
kinetics for copper and zinc adsorption using vermicu-
lite and kaolinite are shown in Fig. 11. The adsorption 
constants of a first-order and second-order kinetic model 
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for Cu(II) and Zn(II) by vermiculite and kaolinite are 
shown in Table 5. Kinetic models were used to analyze the 
experimental data regarding the adsorption mechanism 
and speed control steps [50]. The data of Table 5 and com-
paring correlation coefficients of 0.998 and 0.996 for Cu(II) 
and Zn(II) and proximity of qe,exp. and qe,cal. showed that in 
the initial concentration of 50 mg/L the pseudo-second-or-
der kinetic model gave better results than pseudo-first-or-
der kinetic. This result along with adsorption indicates that 
many other processes are taking places such as surface 
adsorption, diffusion into adsorbent particles, ion exchange, 
and precipitation [51,52]. Due to the higher concentration 
of Cu(II) in the real sample, the pseudo-second-order is 
more suitable for describing the adsorption process [44]. 
These results are in line with other studies [25,50,53].

3.10. Removal of Cu(II) and Zn(II) from real wastewater

The results of the chemical quality of AMD from 
Sarcheshmeh copper mine in Rafsanjan are shown in 
Table  6. According to Table 6, the highest AMD amount 
of Cu(II), Mg(II), Mn(II), Zn(II) and Si(II) in Sarcheshmeh 
copper mine were 133, 156, 58, 25 and 26  mg/L, respec-
tively. The removal efficiencies of Cu(II) and Zn(II) in 
Sarcheshmeh AMD using vermiculite were 82% and 
71% and by kaolinite were 65% and 56%, respectively. 
The priority of heavy metals adsorption from AMD 
with montmorillonite was Cd(II) = Zn(II) > Ni(II) and for 
mineral soils were Pb(II) > Cu(II) > Zn(II) > Cd(II). In this 
study, the experiments on the real sample showed that 
82% of Cu(II) was removed using vermiculite and 71% by 
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application of kaolinite. This study showed a lower effi-
ciency for Zn(II) and the removal of 65% was achieved 
using vermiculite and 56% by application of kaolinite. 
Comparing the removal efficiency of Zn(II) in real and 

synthetic samples shows a decrease in the real sample 
(84% and 81.3% in synthetic and 65% and 56% in the real 
sample by using vermiculite and kaolinite, respectively). 
Less removal efficiency of Zn(II) in both real and synthetic 
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Table 4
Parameters of the Langmuir and Freundlich adsorption isotherm models for the adsorption of Cu(II) and Zn(II) on vermiculite 
and kaolinite

FreundlichLangmuirAdsorbent

R2nKF (mg/g)R2RLb (L/mg)Q0 (mg/g)

0.8135.60.0580.9930.850.620.27Zn(II)Vermiculite
0.795.470.50.9970.80.270.88Cu(II)
0.8295.70.540.9940.52229.80.004Zn(II)
0.8065.630.540.9960.78234.90.001Cu(II)
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samples is due to the fewer chance of Zn(II) in compet-
ing with other existing metal ions. Zn(II) has a different 
removal efficiency in the single metal system (Zn(II)) and 
in the presence of other metals, such as the mine waste-
water. Although Cu(II) and Zn(II) ions have an equivalent 
charge in their nature, the mode of their interaction with 
used adsorbents was different [54]. In this study, the con-
centration of positive metal ions, such as Mg+2, Mn+2 and 
Si+2 in the AMD as the real sample was high. Therefore, 
due to the adsorption competition between these positive 
metal ions with Zn(II) and Cu(II), the smaller ion size with 
higher valence has greater adsorption [55], resulting in 

a decrease in the removal efficiency of Zn(II) and Cu(II) 

in the real samples. In this study Cu(II) (0.74 A) showed 
a stronger removal efficiency than Zn(II) (0.73  A). Ion 
exchange is a method to adsorb metal ions. Studies have 
shown that Cu(II) is twice eliminated rather than Zn(II) in 
this way [56]. In real samples, the combination of metal 
cations; Cu(II) and Zn(II) with organic and inorganic 
compounds occur; so the resulting compounds have a 
less positive charge. Positive charge or even some nega-
tive surface charge affects the adsorption process. Type 
and the amount of metal ions, adsorbent properties, the 
kind and amount of ligands, pH and solution compounds 

Table 5
First-order and second-order adsorption rate constants for Cu(II) and Zn(II) removal efficiency with vermiculite and kaolinite

Pseudo-second-order parametersPseudo-first-order parametersqe,exp.Metal ionAdsorbent

k2 = 1.73 g mg–1 min–1k1 = 0.0441 g mg–1 min–1

0.96Zn(II)

Vermiculite

qe = 0.95 mg/gqe = 0.097 mg/g
R2 = 0.994R2 = 0.914
k2 = 2.78 g mg–1 min–1k1 = 0.502 g mg–1 min–1

0.92Cu(II) qe = 0.91 mg/gqe = 0.068 mg/g
R2 = 0.997R2 = 0.928
k2 = 1.92 g mg–1 min–1k1 = 0.014 g mg–1 min–1

0.915Zn(II)

Kaolinite

qe = 0.93 mg/gqe = 0.125 mg/g
R2 = 0.996R2 = 0.981
k2 = 2.81 g mg–1 min–1k1 = 0.0135 g mg–1 min–1

0.936Cu(II) qe = 0.92 mg/gqe = 0.146 mg/g
R2 = 0.998R2 = 0.992
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are involved in the formation of this product. These com-
pounds also affect the mobility and deposition of metals.

4. Conclusion

The removal of Cu(II) and Zn(II) from AMD was 
acceptable using vermiculite and kaolinite as new natural 
native adsorbents. The most important functional groups 
of vermiculite were O–H, C–O, C–Br and =C–H & =H2 and 
for kaolinite were O–H, C–O, C–Br, C–I, S=O, and =C–H. 
The maximum removal efficiency of Cu(II) and Zn(II) by 
vermiculite was 94% and 85% when the adsorbent concen-
tration was 24  g/L and for kaolinite, the highest removal 
efficiency was 86% for Cu(II) and 82% for Zn(II) when the 
adsorbent concentration was 22  g/L. Furthermore, when 
the initial metal concentration increased, the removal effi-
ciency of Cu(II) and Zn(II) decreased. Adsorption isotherm 
constants showed that the adsorption process of Cu(II) and 
Zn(II) by vermiculite and kaolinite are according to the 
Langmuir isotherm model and the pseudo-second-order 
kinetic model gave better results. The adsorption efficiency 
reduction in the real sample was significant compared to the 
synthetic sample, and this reduction was higher for Zn(II) 

metal. Therefore, natural native vermiculite and kaolinite as 
accessible low-cost adsorbents had acceptable efficiency for 
removing Zn(II) and Cu(II).
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