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a b s t r a c t
The purpose of this study was the modification of zeolite with the cationic surfactant of 
cetyltrimethylammonium bromide for enhancing the adsorption of cyanide (CN−) from aqueous 
solution. Hence, the batch tests were conducted under different conditions for CN− removal by the 
surfactant-modified zeolite (SMZ). The effect of pH (3–10), SMZ dosage (0.25–5 g/L), CN− concentration 
(50, 100, and 200 mg/L), and contact time (5–400 min) was evaluated. More than 95% of cyanide was 
removed at the conditions of pH of 10, the initial cyanide concentration of 100 mg/L, the SMZ dosage 
of 4 g/L, and the contact time of 250 min. The analysis of kinetics adsorption showed that cyanide ions 
adsorption onto the SMZ clearly followed the pseudo-second-order model. The isotherm adsorption 
data were mostly matched by Langmuir model with maximum adsorption capacity of 49.57 mg/g. The 
fresh and used SMZ was fully characterized by Brunauer–Emmett–Teller, Barrett–Joyner–Halenda, 
loss of ignition, X-ray powder diffraction, scanning electron microscope, Fourier transform infrared 
spectroscopy, and pH of zero point charge (pHzpc). The surface study indicated that the adsorbent 
is mesoporous and crystalline. The adsorption–desorption study was done using three reagents of 
HNO3, HCl, and NaOH. A metal plating wastewater was successfully treated using SMZ. Accordingly, 
the SMZ was found to be an effective adsorbent for the removal of different concentrations of cyanide 
from aqueous solution.

Keywords:  Cyanide; Cetyltrimethylammonium bromide; Zeolite; Mesoporous; Metal plating 
wastewater; Desorption
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1. Introduction

Cyanide is the most commonly used chemical in the 
extraction of gold and silver ores. The high tendency of 
cyanide to bind with metals and to form metal complexes, 
especially gold, made it as an essential reactive for extraction 
processes [1]. Cyanide is very dangerous for humans and can 
put environment at stake. Initial symptoms of cyanide poi-
soning can arise from exposure to 20–40 ppm that result a 
rapid breathing and fast heart rate, vomiting, and toxicity of 
the neurological system. Moreover, high exposures to cyanide 
can lead to asphyxiation, coma, and even death [2]. Cyanide 
is released into the environment from both natural processes 
(such as biogenic or biomass burning) and human activities 
(such as metal plating, coal coking, chemical fertilizers, min-
ing, etc.) [2,3]. The most dangerous form of cyanide is hydro-
gen cyanide and its salts like potassium and sodium cyanide. 
Upon inhalation or ingestion of potassium and sodium cya-
nide, these two compounds convert into hydrogen cyanide 
under the effect of stomach acid which may causes acute tox-
icity in the human body. It has been reported that the poi-
sonous amount of hydrogen cyanide is 0.01 g/L and beyond 
0.05 g/L of it can consequently lead to human death [4].

Considering toxicity of cyanide and its health effects on 
humans, different methods, including reverse osmosis [5], 
coagulation [6], oxidation [7], ozonation [8], and adsorption 
[9] have been investigated for its removal. Among all the 
above mentioned methods, adsorption is the most widely 
preferred in the wastewater treatment due to the high effi-
ciency, economic viability, and the simplicity of the design 
and process [10]. Recently, different types of adsorbent have 
been studied for cyanide treatment such as the activated car-
bon [4,11], various agricultural products [3,12], resins [13], 
alumina [14], and clays and zeolites [15].

More recently, the ion-exchange zeolites have attracted 
much attention because of valuable properties such as high 
surface area, large pore volume, ion selectivity, thermal sta-
bility, and their low cost and worldwide occurrence [16]. The 
aluminosilicate framework of zeolites supplies a negative 
charge to the overall structure of them, the reason they are 
known as cation exchangers. To improve the adsorption effi-
ciency of raw natural zeolites for negative ions removal, vari-
ous reagents have been tested recently [17,18]. In this regard, 
Ning et al. [18] reported that impregnated zeolite with metal 
for the modification purpose has significantly enhanced cya-
nide adsorption ability. On the other hand, cationic surfac-
tants are the approach to modify zeolites for the removal of 
several types of anionic contaminants all around the world 
[19–21]. Torabian et al. [22] investigated the removal of 
petroleum aromatic hydrocarbons by surfactant-modified 
zeolites (SMZs). They approved that the N-cetylpyridinium 
bromide-modified zeolite exhibited a higher selectivity for 
all the monoaromatic compounds at optimum experimental 
conditions.

Despite all the previous investigations, no data is avail-
able on the study of SMZs for cyanide removal from waste-
water. Therefore, it is necessary to report the applicability 
of the surfactant for zeolite modification in the removal of 
CN− from wastewater. In this study, cetyltrimethylammo-
nium bromide (CTAB) surfactant has been used as modifier 
of the zeolite structure for the purpose of cyanide removal 

from wastewater. Thus, the main aims of this work were 
designed to optimize the effective parameters, characterize 
the adsorbent, and evaluate the isotherm and kinetic of cya-
nide adsorption onto SMZ.

2. Experimental

2.1. Chemicals

All the chemicals used in the present study including 
sodium cyanide, CTAB, nitric acid, and sodium hydroxide 
were supplied by Merck Company (Germany) with high 
purity. All the chemicals were of analytical grade and used 
directly without further purification. The stock solution was 
prepared by dissolving 1.8834 g of sodium cyanide in 1 L of 
doubly distilled water. The required concentrations of cya-
nide were provided by mixing sodium cyanide stock solution 
in double distilled water.

2.2. Adsorbent preparation

The external surface of zeolite modified by CTAB fol-
lowed the method proposed by Shayesteh et al. [23]. Briefly, 
the amount of 0.03 M of surfactant powder was poured to 
1,000 mL of double distilled water for the preparation of 1% 
CTAB. After that, the amount of 30 g of zeolite was added to 
the surfactant solution and then mixed at 120 rpm for 48 h to 
obtain modified zeolite. After the requisite contact time, the 
sample was rinsed by distilled water to remove the excess 
traces of the surfactant and dried in an oven at 70°C for 8 h. 
The SMZ was maintained in glass bottles for use in adsorp-
tion tests.

2.3. Experimental design 

The batch adsorption tests were conducted in 250 mL 
Erlenmeyer flasks inside a shaker-incubator (Parsazma 
model, Iran). Known quantities of cyanide for each sample 
(100 mL) were added to the Erlenmeyer flasks. The initial pH 
of working solutions was regulated by using 0.1 M HCl or 
NaOH, the fixed amount of modified zeolite was added to 
the flasks and the suspensions were shaken at 120 rpm. After 
a defined contact time, the suspensions were passed through 
Whatman filter paper and then the residual cyanide ions in 
the resultant filtrates were analyzed. The main parameters 
for evaluation the optimum conditions were: solution pH 
(3, 4, 6, 7, 9, and 10), initial cyanide concentration (50, 100, 
and 200 mg/L), SMZ dose (0.25, 0.5, 1, 2, 3, 4, and 5 g/L), and 
contact time (5, 10, 30, 60, 100, 140, 180, 200, 250, 300, 350, 
and 400 min for kinetic tests and 350 min for equilibrium 
tests). To assure the reproducibility of the results, duplicate 
tests were done and the mean of the findings were reported 
herein. A blank test (the sample without SMZ) was also pro-
vided for interference control. The cyanide adsorption effi-
ciency (CAE) and the amount of cyanide adsorbed per unit 
mass of adsorbent, qe (mg/g) were determined through the 
following equations:

CAE =
−

×
C C
C

t0

0

100  (1)
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where C0 (mg/L), Ct (mg/L), and Ce (mg/L) are the initial, final, 
and equilibrium concentrations of CN− ions, respectively. 
M (g) and V (L) are the mass of SMZ and the volume of the 
aqueous solution, respectively.

The kinetics of cyanide adsorption on the modified zeolite 
with CTAB was estimated by adsorption experiments carried 
out in Erlenmeyer flasks containing 100 mL of 50, 100, and 
200 mg/L cyanide solutions and 4 g/L of SMZ at pH 10 and 
mixing rate of 120 rpm. The test was done at different time 
intervals (5–400 min). At the end of each test, the suspension 
was analyzed. Two famous kinetics models, pseudo-first- 
order and pseudo-second-order, were used to analyze the 
adsorption data (Table 1).

To assess the adsorption equilibrium, 4 g/L SMZ 
was added to 100 mL of various cyanide concentrations 
(50–250 mg/L) at the fixed pH solution of 10, mixing rate of 
120 rpm, and solution temperature of 24°C. After that, the 
equilibrium adsorption of cyanide on modified zeolite was 
modeled using the Langmuir, Freundlich, and Dubinin–
Radushkevich (D–R) isotherm models (Table 1). 

A desorption study was carried out with 4 g/L SMZ and 
100 mL solution containing 100 mg/L of CN– ions at conditions 
of initial pH 10, mixing rate of 120 rpm, solution temperature of 
24°C, and contact time of 250 min. Upon completion of the tests, 
the used SMZ was separated using the filter paper and rinsed 
with double distilled water to remove extra ions deposited on 
the surface of SMZ. Then, 4 g/L SMZ was mixed with 10 mL 
of HCl, HNO3, and NaOH solution with different concentra-
tions (0.05, 1, and 1.5 mol/L) for 2 h. After that, the solution was 
filtered and the concentration of cyanide ions was analyzed. 
Four cycles of adsorption–desorption were done. Each cycle 
study was repeated two times and the desorption percentage 
was determined according to the following equation:

Cyanide desorption % Amount of cyanide desorbed
Amount of 

( ) =
ccyanide adsorbed

×100  (3)

2.4. Measurements

The surface measurements including the specific surface 
area of Brunauer–Emmett–Teller (BET) and pore volume of 
the zeolite, and both fresh and used SMZ was performed 
by the N2 adsorption/desorption method at −196°C using a 
Micromeritics model TriStar II-3020 instrument. The adsor-
bents samples were degassed for 24 h at 250°C to remove any 
adsorbed contaminants or moisture that might have been 
existed on the surface. The manufacturer’s software provided 
the BET surface area of SMZ using the BET equation within 
P/P0 = 0–1:

1
1

1 1

0 0V P P
C
V C

P
P V Cm m[( / ) ]−

=
− 







 +  (4)

where C is the constant of BET, P and P0 are the equilibrium 
and saturation pressure of adsorbates at the adsorption 
temperature, V is the amount of gas adsorbed, and Vm is the 
amount of monolayer adsorbed gas. 

A scanning electron microscope (SEM; Hitachi S4160 
type) was applied to analyze the surface of the fresh and 
CN-loaded SMZ. The surface of SMZ was scanned after 
covering the surface with a thin layer of gold and then 
investigated with the SEM. A Fourier transform infrared 
(FTIR) spectrometer (NICOLET 5700-FTIR) in the range 
of 400–4,000 cm−1 was applied to determine the functional 
groups in the adsorbents surface. The X-ray fluorescence 
(XRF; PW2404 X-ray spectrometer) technique was applied 
to determine the mineral content of zeolite and SMZ. The 
mineralogical phases and crystallinity of zeolite and SMZ 
were analyzed by X-ray diffraction (XRD, Pert MPD.α’) 
method. The concentration of cyanide was analyzed by a 
spectrophotometer (Shimadzu-1601 UV–VIS) at 530 nm. 
The concentration Cr6+ and Ni2+ was measured according 
to the method presented in the Standard Methods for the 
Examination of Water and Wastewater [26]. The solution tem-
perature was determined using a mercury thermometer. The 
measurement of pH at zero point charge (pHzpc) for SMZ was 
done according to our previous study [27,28]. The working 

Table 1
Isotherm and kinetic models used in this work [24,25]

Models Name Equation Plot

Isotherm Langmuir
q

q k C
k Ce
L e

L e

=
+

max

1
1 1
q Ce e

vs.

Freundlich
q k Ce F e

n=
1 logqe vs. logCe

D–R ln lnq q Ke m= − −D Rε
2 lnqe vs. ε2

Kinetic Pseudo-first-order qt = qe [1 – exp(–k1t)] log(qe – qt) vs. t
Pseudo-second-order

q
k q t
k q tt
e

e

=
+

2
2

21
t
q

t
t

vs.

qmax = maximum adsorption capacity (mg/g), kL = Langmuir constant (L/mg), kF = Freundlich constant, n = Freundlich constant (mg/g(L/mg)1/n), 
KD-R = D–R constant (mol2/kJ2), ε = Polanyi potential (J/mol), k1 = rate constant of pseudo-first-order model (1/min), k2 = rate constant of 
pseudo-second-order model (mg/g min), qt = adsorbed amount at any time (mg/g), and qe = adsorbed amount at equilibrium (mg/g).
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solutions pH was analyzed using a pH-meter (Sense Ion 378, 
Hack). 

The method loss on ignition (LOI) at 1,050°C was used 
to obtain water content (w/w) of SMZ and zeolite. The LOI 
method was also used to estimate the organic matter content 
of the SMZ or zeolite.

3. Results and discussion

3.1. Physical and chemical characteristics of adsorbent

Chemical and physical properties of the SMZ and the 
structural information which play an important role in cya-
nide adsorption are presented in this section. Table 2 shows 
the characteristics of the natural zeolite as well as SMZ before 
and after cyanide adsorption. The specific area of the zeo-
lite after modification reduced from 114.02 to 10.75 m2/g. 
Also, the pore volume size of SMZ increased from 0.0498 
to 0.0547 m3/g. These two findings reveal the main chan-
nels blocking of the zeolite by the cationic surfactant. In this 
case, zeolite surface covers with the massive molecules of 
CTAB. The average pore diameter of SMZ before and after 
adsorption was 206.50 and 151.67 Å which affirmed that the 
adsorbent is mesoporous type. Also, Fig. 1 depicts the N2 
adsorption–desorption isotherm of zeolite, fresh SMZ, and 
cyanide-loaded SMZ samples. Both isotherms of all samples 
are classified as a type IV adsorption–desorption isotherm 
with a hysteresis loop type H3 according to the IUPAC, indi-
cating the existence of slit-like pores and mesopores [29,30]. 
The XRF measurement (Table 3) showed that the major com-
ponents in the natural zeolite and SMZ are SiO2 and Al2O3. 
According to the XRF analysis, the identical ratio of SiO2/
Al2O3 (=6.9) for both zeolite and SMZ, indicating that the 
structure of aluminum atoms was not destroyed by the sur-
factant modification and still has the ability to generate the 
anion exchange sites [31,32]. The percentage of volatile com-
ponents (in the term of LOI) in natural zeolite and SMZ was 
12.83% and 18.62%, respectively. The increasing of LOI level 
in SMZ may be attributed to the existing water in the SMZ 
structure and also degradation of the organic matter in the 
surfactant compound.

Table 2
Main characteristics of the adsorbents used in this study

Characteristic Z Fresh SMZ CN-loaded SMZ

Surface area Single point surface area at p/p° = 0.19979, m2/g 118.33 10.33 6.48
BET surface area, m2/g 114.01 10.74 7.07

Langmuir surface area, m2/g 150.77 14.97 10.15

t-Plot micropore area, m2/g 96.887 1.116 –

t-Plot external surface area, m2/g 17.130 9.63 8.002

BJH adsorption cumulative surface area of pores, m2/g 13.83 10.60 8.44

Pore volume Single point adsorption total pore volume of pores, cm3/g 0.0778 0.033 0.0268

t-Plot micropore volume, cm3/g 0.04503 0.00036 –0.00062

BJH adsorption cumulative volume of pores, cm3/g 0.0498 0.0547 0.0422

Pore size BJH adsorption average pore diameter, Å 27.31 206.50 151.67

Type of adsorbent Mesopore Mesopore Mesopore

(a)

(b)

(c)

Fig. 1. N2 adsorption–desorption isotherm (BET) of (a) zeolite, 
(b) fresh SMZ, and (c) cyanide-loaded SMZ.
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The structure and texture of zeolite, fresh SMZ, and 
cyanide-loaded SMZ were measured and determined using 
the SEM test. As shown in Fig. 2(a), the adsorbent used has 
layers in which some cavities are created by these layers. There 
are white beads on the surface of Fig. 2(b), which is probably 
due to the presence of surfactant. These seed-colored beads 
are larger in Fig. 2(c), which can be indicative of a cyanide 
reaction with adsorbent surface.

The XRD pattern for zeolite, fresh SMZ, and 
cyanide-loaded SMZ is demonstrated in Fig. 3. The 
diffractograms disclosed that the zeolite structure (both the 
zeolite and SMZ) was crystalline. Very minor changes in 
crystalline phase of zeolite occurred after modification and 
cyanide adsorption. Additionally, clinoptilolite and SiO2 
were the main compounds resulting from XRD analysis. 

The results of the FTIR spectrum analysis of zeolite 
and SMZ before and after cyanide adsorption are depicted 
in Figs. 4(a)–(c). As shown in the figures, the peaks of FTIR 
spectra of the SMZ are somewhat different from those of the 
zeolite alone. Additionally, the functional groups for both 
the zeolite and SMZ are: OH, CH, NH, Si=OR, and N=O. 
Some changes in the FTIR peaks are observed for the SMZ 
which might be an indication of successful modification of 
zeolite by the surfactant. From comparison of Figs. 4(a) and 
(b), the FTIR peaks shifted from 3,457.9 to 3,434.07 cm–1 and 
from 1,654.46 to 1,643.07 cm–1 for O–H and C=O functional 
groups, respectively [33]. Also, some peaks at 2,853.82 and 
2,923.68 cm−1 in the FTIR analysis of fresh SMZ appeared 
which can be due to the adsorption of the cationic surfactant 
to the zeolite. The changes in the peaks positions of the SMZ 
after cyanide adsorption revealed that cyanide is reacted 
with the SMZ surface. 

The pHzpc value for the SMZ was obtained around 6.5 
(Fig. 5). This means that the SMZ surface was positively 
charged at pHs below this amount and negatively charged at 
pHs above this amount [34].

3.2. Influence of pH on CN− adsorption

The pH of the solution is one of the most important 
parameters in the adsorption tests which influence the surface 
charge of the adsorbent, the degree of ionization, and specia-
tion of the pollutant. Fig. 6 shows the effect of the solution 

Table 3
Chemical analysis of the zeolite and SMZ

Composition (W %) Zeolite SMZb

P2O5 0.023 0.028
CaO 1.3 0.635
MgO 0.507 0.727
Fe2O3 1.026 0.869
Na2O 3.727 3.563
K2O 3.618 2.24
Al2O3 9.85 9.23
SiO2 68.61 64.16
LOIa 12.83 18.62

aLoss of ignition.
bSurfactant-modified zeolite.

 

 

 

 

 (a)

(b)

(c)

Fig. 2. SEM images of (a) zeolite, (b) fresh SMZ, and 
(c) cyanide-loaded SMZ.
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Fig. 3. XRD pattern of (a) zeolite, (b) fresh SMZ, and 
(c) cyanide-loaded SMZ.
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pH on cyanide adsorption. As depicted in this figure, with 
increase of pH value from 3 to 10 the removal efficiency of cya-
nide increased. Increasing the cyanide removal by increasing 
the pH value and attaining the maximum removal efficiency 
of cyanide (97.6%) at pH of 10 could be explained by pKa of 
HCN and pHzpc of the SMZ. The amount of pKa for HCN is 

about 9 [3] and pHzpc was obtained 6.5 for the studied adsor-
bent. This means that HCN is totally dissociated to CN– at pH 
value greater than 9 and the surface of the adsorbent (SMZ) is 
negatively charged at pH values above 6.5 (pHzpc). Moreover, 
CN– is a nucleophilic ion so when it contacts with negative 
charge adsorbent it tends to bond with anionic functional 
groups on the adsorbent surface and this is the reason that the 
adsorption efficiency increases. Furthermore, some cyanide 
removal may be happened by the surface sedimentations, 
chemical reaction between cyanide, and the surface sites, as 
well as complexing of CN– with the functional groups. Most 
of the researchers also reported the pH values of 9–11 as opti-
mal pH values for cyanide adsorption [13,35]. Here, we also 
proposed the pH of 10 as optimal value.

3.3. Influence of the adsorbent dosage on adsorption

The adsorption process is a surface phenomenon and 
thus the surface area available for adsorbate removal can 
highly affect the adsorption efficiency. Hence, the effect of 
the adsorbent dose on cyanide adsorption was investigated. 
Fig. 7 demonstrates the effect of the zeolite and SMZ dosage 
on cyanide removal from aqueous solution. As shown in 
Fig. 7, the adsorption efficiency for both the zeolite and SMZ 
increased by increasing the dosage from 0.25 to 4 g/L and after 
that remained almost constant by increasing the adsorbent 
dosage. Increase in cyanide adsorption by increasing the 
adsorbent dosage may be due to increase of the number of 
active sites and available surface area of the adsorbent. The 
adsorption efficiency remained unchanged at the adsorbent 

(a)

(b)

(c)

Fig. 4. FTIR spectra of (a) zeolite, (b) fresh SMZ, and 
(c) cyanide-loaded SMZ.
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dosages above 4 g/L which may be attributed by the overlap-
ping and aggregating of the adsorbent. Zheng et al. [13] also 
reported that increase in the adsorbent dosage resulted in an 
increase in the adsorption efficiency up to a certain value and 
thereafter remained constant which supports our findings. 
Thus, the proper adsorbent dosage was determined as 4 g/L.

3.4. Influence of contact time and initial cyanide concentration

Overall, the contact time in the batch systems is a key 
factor to enhance the removal efficiency. However, the con-
ditions can be varied depending on the adsorbent type and 
the initial solution specifications. It seems that the adsorbate 
concentration in the solution has always been more than that 
of the solid phase based on Donnan phenomenon, hence, 
will never reach the equilibrium point [13]. In this regard, 
the adsorption–desorption of the ions occurs continuously. 
This situation is very obvious especially in the short contact 
times. In the long contact times, particularly for the adsor-
bents containing the components with low adsorption rate, 
the contact time would be an effective factor which enhances 
the adsorption efficiency of these components [13]. The 
adsorption capacity increases with an increment in time and 
remains constant in a certain time. At this time, the amount 
of adsorbed pollutant with the amount of desorbed pollutant 
remains in the state of dynamic equilibrium [36]. The effect 
of various initial concentrations of cyanide (50, 100, and 
200 mg/L) on the adsorption efficiency as a function of the 
contact time is illustrated in Fig. 8. As shown in Fig. 8, for 
the first 60 min of the contact time, the percentage of cyanide 
removal was measured as 95%, 84.7%, and 72.6% for initial 
cyanide concentrations of 50, 100, and 200 mg/L, respectively. 
In overall, cyanide adsorption for all the initial concentrations 
was obtained more than 57% at fifth minute of the contact 
time. This result indicated that the studied adsorbent has a 
high tendency to adsorb cyanide ion from aqueous solution. 
Also, at the contact time of 250 min the percentage of cyanide 
removal was obtained 99.65%, 95.7%, and 88.5% for cyanide 
initial concentrations of 50, 100, and 200 mg/L, respectively. 
The decrease of CN− removal as a function of its concentration 
can be described by the restriction of available and constant 
free sites for adsorption. According to Fig. 8, the optimum 
contact time was achieved about 250 min. Other research-
ers reported 24 h for the equilibrium time, after which the 
adsorption remained constant [2,13].

3.5. Isotherms study

The adsorption isotherm offers very useful and important 
information for the process design and optimization. The 
isotherm constants can reveal the adsorbent surface charac-
teristics, the attraction between the adsorbent and the pollut-
ant, and also the adsorption capacity [37]. The equilibrium 
data were analyzed using Freundlich, Langmuir, and D–R 
adsorption isotherms for the purpose of cyanide adsorption 
analysis on the modified zeolite (Figs. 9(a)–(c)). The lin-
ear regression used to predict the best fit of data with the 
adsorption models. Fig. 9 clearly presents the applicability 
of Langmuir isotherm model for cyanide adsorption on the 
SMZ. The maximum amount of cyanide adsorption (qmax) on 
the SMZ was obtained 49.57 mg/g which was much more than 
cyanide adsorption by the other adsorbents [7,38]. The main 

Fig. 8. Influence of contact time and initial CN− concentration 
(pH: 10, SMZ dose: 4 g/L).

Fig. 9. Adsorption isotherms of CN− ions onto SMZ (a) Langmuir, 
(b) Freundlich, and (c) D–R.
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characteristic of Langmuir model is defined by a dimension-
less constant called RL (Table 4). The value of this parameter 
was between 0 and 1 for all concentrations of cyanide, which 
clearly shows the desirable adsorption of cyanide by this 
adsorbent. As shown in Table 4, the E parameter (the adsorp-
tion energy of cyanide by SMZ) in the D–R isotherm was 
obtained 11.18 kJ/mol. The value of E falls within the range of 
8–16 kJ/mol [22,39] which confirm that the adsorption of cya-
nide onto the SMZ takes place by chemisorption mechanism.

3.6. Kinetics study

The adsorption kinetic is useful in understanding the 
dynamics of the adsorption reaction and is expressed by a 
certain degree. Also, they are necessary for modeling and 
designing novel adsorption materials and processes. All exper-
imental data for the adsorption of cyanide onto the SMZ were 
analyzed by pseudo-first-order and pseudo-second-order 
models. Table 5 represents the kinetic information achieved 
from models illustrated in Fig. 10. According to Fig. 10, the 
experimental data obtained from cyanide adsorption on the 
SMZ are best fitted to the pseudo-second-order model with 
higher R2 value than pseudo-first-order model. This find-
ing confirms that the adsorption of cyanide on the SMZ is 
depended on the both adsorbent and the adsorbate concen-
tration in the studied condition [40]. As shown in Table 5, the 

value of k2 was reduced by increase in cyanide concentration. 
This finding can be described by increasing the rate of the 
mass transfer by increase in the gradient of the cyanide con-
centration. Most researchers have also reported pseudo-sec-
ond-order as the best fitted model for the pollutant removal 
processes [41,42].

3.7. Desorption and reusability

In order to make the adsorption process more economical 
through repeated use of the adsorbent, desorption potential 
of SMZ was studied. Three reagents including one alkaline 
and two acid solutions were used as desorbing agents 
for the recovery of CN− from used SMZ (Fig. 11). Various 
concentrations of NaOH, HNO3, and HCl were applied in 

Table 5
Kinetic parameter details of CN− adsorption onto SMZ

Kinetic model Pseudo-first-order Pseudo-second-order

Concentration 50 100 200 50 100 200

R2 0.7842 0.9458 0.9654 0.9847 0.9813 0.9769
Constant k1 = 0.065 min−1 k1 = 0.035 min−1 k1 = 0.16 min−1 k2 = 0.003 mg/g min k2 = 0.002 mg/g min k2 = 0.001 mg/g min

Calculated 
qe, (qcal) (mg/g)

106,430.2 783.87 4.85 8.20 11.78 18.12

Experimental 
qe, (qexp) (mg/g)

10.1 13.2 23.1 10.1 13.2 23.1

Table 4
Results of isotherm modeling for adsorption of CN− onto SMZ

Isotherm model Parameter Value

Langmuir qmax (mg/g) 49.57
kL (L/mg) 0.103

R2 0.9961

RL = 1/1 + kLCi 0.16–1

Freundlich kF 8.21
n (mg/g(L/mg)1/n) 2.33

R2 0.963

Dubinin–Radushkevich KD–R (mol2/kJ2) 0.004
qm (mg/g) 103.8

E = 1/(2KD–R)0.5 (kJ/mol) 11.18

R2 0.9398

y = -0.02x + 8.4874
R² = 0.7842

y = -0.0232x + 13.572
R² = 0.9458

y = -0.0238x + 18.483
R² = 0.9654
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Fig. 10. Kinetic model of (a) pseudo-first-order and 
(b) pseudo-second-order.
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the batch desorption studies. It was revealed that maximum 
desorption was 67.2% for cyanide with 0.05 M NaOH. As cya-
nide ion is hazardous in nature, the cyanide-loaded SMZ cre-
ates disposal problem. This problem may be solving to some 
extent by using elution techniques. The elution of the cya-
nide allows recovery of the cyanide in the concentrated solu-
tion and the regenerated SMZ. The regenerated adsorbent 
could be recycled and finally the adsorbents must be incin-
erated. Adsorption–desorption performance of SMZ slightly 
decreases as the number of cycle increases. More than 55% 
cyanide removal is possible using four cycles. Thus, the cya-
nide desorption is not very effective [13], so it will need fur-
ther study for regeneration of SMZ.

3.8. Real wastewater treatment by SMZ 

To test the field applicability of the SMZ, a metal plating 
wastewater was treated. The bulk of real wastewater with 
an initial cyanide concentration of 25.22 mg/L was sampled 
from a metal plating plant around Shiraz city, Iran. The sam-
ple wastewater was treated under the optimal conditions 
(adsorbent dose of 4 g/L and contact time of 250 min). To 
more confirm SMZ applicability, the origin pH of the waste-
water was not set to the desired level. After treatment with 
SMZ, cyanide removal was 73.5%. The Cr6+ and Ni2+ con-
centrations were decreased by 21.8% and 19.9%. From the 
above decrease in concentration, SMZ is shown to be excel-
lent promising adsorbent for eliminating cyanide from cya-
nide-laden wastewater.

4. Conclusions

In this study, the potential of the SMZ was evaluated 
for the cyanide removal from aqueous solution. The char-
acteristics of the SMZ were studied by FTIR, BET, Barrett–
Joyner–Halenda (BJH), XRD, SEM, and XRF method. The 
surface study showed that the adsorbent was mesoporous 
and crystalline with the surface area of 10.74 m2/g. Also, 
the effect of the different variations was studied. The opti-
mal conditions for adsorption of cyanide onto the SMZ were 
identified at pH 10, adsorbent dose of 4 g/L, and the contact 
time of 250 min. The equilibrium data were best fitted with 
Langmuir model isotherm with the maximum adsorption 
capacity of 49.57 mg/g. The best fitting adsorption kinetic 
model was pseudo-second-order model. The field applicabil-
ity of the SMZ was successfully tested by treating the metal 

plating wastewater. The results confirm that the SMZ is an 
effective method for cyanide removal and a hopeful tech-
nique for treatment of cyanide-containing wastewater.
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