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This paper carried out the study on removing cyanide from aqueous solutions by
modified zeolite with hexadecyltrimethylammonium bromide. After determining the
properties of the prepared adsorbent by the XRD, SEM, FTIR, and BET techniques,
the effect of parameters such as the initial concentration of cyanide, pH, contact time,
temperature, and the ionic strength of cyanide was examined by batch tests, and the
effects of bed depth and flow rate on the performance of cyanide adsorption was
investigated by column process. The XRD analysis showed the presence of
clinoptilolite mineral in the structure of the raw zeolite, and the surface coating of raw
zeolite by surfactant was detected by the SEM method. The FT-IR results confirmed
the adsorption of cationic surfactant on the surface of the modified zeolite. The
Langmuir, Freundlich and Tamkin adsorption models showed an excellent ability to
describe the cyanide adsorption isotherm using the studied adsorbent. The adsorption
capacity of cyanide by modified zeolite was 3.97 mg/g, significantly increased
compared to the maximum adsorption capacity of raw zeolite cyanide (0.54 mg/g).
The pseudo-second-order model has an excellent ability to describe the adsorption
kinetics of cyanide contaminants using natural and modified zeolites. Maximum
cyanide uptake capacity was achieved at pH value 8. Cyanide removal decreased with
increasing pH and ionic strength of the stock solution and increased with an increase
in solution temperature. Column study results confirmed that the adsorption capacity
increased with the increasing bed depth, and decreased with increasing flow rate.
Yoon-Nelson curves are closer to the experimental curves with high R2 values.

1. Introduction

Cyanide is a toxic pollutant that is widely
released from industrial wastewater such as metal
plating, drugs, and the food industry [1]. Cyanide
has adverse effects on the health of humans and
other living organisms, so exposure to small
amounts of cyanide can be fatal. Water-soluble
cyanide exists in two forms, free cyanide and
cyanide complex [2]. Hydrogen cyanide is the most
toxic type of cyanide, which is very important from
an environmental perspective [3]. Contamination
caused by tailing dams of mineral processing plants
is one of the most important problems facing the
mineral industry, and that causes many
environmental problems. This wastewater contains
significant amounts of cyanide and its compounds.
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Among the methods of removing cyanide from
aqueous media are oxidation [4-5], adsorption [6-
7], ion exchange [8-9], precipitation [10] and
reverse osmosis [11-12], which in the oxidation
method using an oxidant ion converts cyanide into
low-risk compounds such as cyanate [13].
Economic and environmental considerations such
as low-cost and non-production of toxic residues
are the essential factors in choosing a method to
remove cyanide from the solution. While most of
these methods are costly, the adsorption method is
considered an efficient method of economy, low
waste production [14], ease of use, and usable for
aqueous solutions containing medium or low
concentrations of pollutants, and must be removed
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quickly. The adsorption process transfers
components from a fluid and its accumulation in a
solid adsorbent that continues until it reaches an
equilibrium of the concentration of adsorbent
components in the fluid and the surface adsorbent
[15]. Low price, high abundance, and high capacity
are the characteristics of a suitable adsorbent. The
adsorption technique is studied in both batch and
column tests. Most adsorption research works are
carried out using a batch study utilizing adsorbate
concentration, pH, temperature, contact time, etc.,
and column study using column height, flow rate,
adsorbate concentration, etc. Various adsorbents
such as activated carbon [16-17], activated carbon
modified with iron [18], copper [19-20], zero-
valent iron [21] and titanium dioxide [22] have
been used to adsorb cyanide from aqueous
solutions [1].

Recently, adsorption using zeolitic materials
has attracted much attention in environmental
applications [23-24]. Zeolites are crystalline
compounds with a porous structure with very fine,
orderly, and open pores consisting of a tetrahedral
network of SiOs; and AlOs [25]. Zeolites are
generally natural and synthetic (synthesizable in
the laboratory). Today, almost all natural species
can be prepared in synthetic form. Applications of
zeolite include adsorbent and catalyst in industry
and research [26]. Clinoptilolite zeolite is a natural
species of zeolite whose natural mines exist in Iran
[27]. Zeolite, as an adsorbent, usually contain a
negative charge. Therefore, they are less inclined
to adsorb anionic species and are usually cation
exchangers. Most adsorbents used to remove
pollution from aqueous media have an acceptable
capacity for cationic contaminants. The anionic
property of cyanide in solution is the most critical
barrier to using various materials with high
adsorption capacity to eliminate cyanide toxicity.
In general, zeolites contain a negative surface
charge and, unlike cations, do not show much
tendency to adsorb anions. One way to increase the
adsorption capacity of anions by zeolite is to
change their surface chemistry using different
materials. Cationic surfactants are positively
charged, and have an excellent ability to absorb
anionic contaminants. One of the common types of
surfactants to modify the surface of various
materials is hexadecyltrimethylammonium
bromide [25]. Manyuchi et al., (2022) investigated
the potential using biochar potential to remove
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heavy metals and cyanide from gold mining
wastewater [28]. They showed that bioadsorbents
can be successfully used to remove contaminants
from gold tailings dam wastewater. Zhou et al.,
(2023) did studies in the field on the removal of
metal ions from cyanide gold extraction
wastewater by alkaline ion-exchange fibers [29].
The results indicated that the adsorption efficiency
of the cyanide complexes in practical wastewater
reached 92% at a concentration of 30 g/L.

Because zeolites do not have the same
adsorption behavior due to different origins and
impurities in different places and due to the
abundance of enormous zeolite mines and the high
capacity of clinoptilolite ion exchange, and also
because not many studies have been reported to
study cyanide adsorption by zeolite, therefore, in
this study, the efficiency of surface-modified
zeolite in the West Azerbaijan Province with
hexadecyltrimethylammonium bromide to absorb
cyanide from aqueous solutions from the tailings of
Zarshoran Takab gold mine processing plant was
investigated. Based on this, the present study aimed
to investigate the removal efficiency of cyanide
from solution by surface-modified zeolite
solutions. In the batch study, some parameters like
the effect of solution pH on cyanide adsorption,
contact time, the initial concentration and ionic
strength of cyanide, and adsorption isotherms and
kinetics were studied. Dynamic behavior of fixed-
bed column was described in terms of the
breakthrough curve. As part of this study, the
effects of bed depth and flow rate on the
performance of cyanide adsorption onto modified
zeolite were investigated. The Yoon-Nelson model
was used to compare the experimental data.

2. Materials and Methods
2.1. Geographical location

Zarshouran gold mine is located about 35 km
from Takab and Shahin-Dez, West Azerbaijan
Province, Iran. This mine is one of the most
important ore deposits in this district, and is the
biggest gold deposit in the Middle East (Figure 1)
and belongs to the Iranian mines and mining
industries development company. The method of
gold extraction in this mine is cyanidation
processing, which the effluent with a large amount
of (free or complex) cyanide and its compounds
finally enter the tailings dam.
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Figure 1. Location of Zarshouran gold mine.

2.2. of adsorbent and

Characterization
preparing

Natural zeolite (NZ) was prepared from the
pozzolan mine of Qiz-Korpi Shahin-Dezh, located
in the West Azerbaijan Province, Iran. The Qiz-
Korpi Shahin-Dezh clinoptilolite is the most
common natural zeolite belonging to the heulandite
family. It has the following general formula:

2100

KNaxCax(SinAly) 072.24H,0 established from its
X-ray diffraction (XRD) pattern. From the X-ray
diffraction (XRD) data (Figure 2), SiO, by 70.46%
was identified as a major phase component of the
natural zeolite (NZ), with a small part of Al,O3 by
13.73%. The ratio of Si to Al (generally 4.0-5.3)
(Kowalczyk et al., 2006) was 5.12 in the samples
studied here. The chemical composition of natural
zeolite (NZ) is shown in Table 1.
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Figure 2. XRD patterns of natural zeolite (NZ).
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Table 1. Chemical characteristics of the natural

zeolite (NZ).
Constituent Value %
SiO, 70.46
AlO3 13.74
Fe203 0.77
CaO 1.98
MgO 0.78
K,O 2.82
SOs 0.13
Na,O 2.21

The natural zeolite (NZ) was initially crushed
and then grinded to a size of less than 0.5 mm. To

SEM MAG: 50.0 kx
WD: 5.05 mm

View field: 4.15 ym  Date(m/d/y): 05/03/20

(A)

Det: InBeam
BI: 7.00

MIRA3 TESCAN
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prepare the modified zeolite, 4 g of crude zeolite
was mixed with 0.7289 g of
hexadecyltrimethylammonium  bromide, and
stirred for 24 h at 21 °C. The modified zeolite was
separated by centrifuging the solution at 100 rpm
for 5 minutes. After 24 h, zeolite was filtered and
washed with distilled water. The prepared mixture
was dried in an oven for 24 h at 70 "C in the last
step. The adsorbents were passed through a 0.5 mm
sieve, and kept in a glass container for subsequent
use in the adsorption tests. Figures 3 and 4 depict
the surface morphology by SEM image and Energy
Dispersive Atomic X-ray (EDAX) results of
modified zeolite before cyanide adsorption.

SEM MAG: 50.0 kx

WD: 5.00 mm

(B)

Det: InBeam
BI: 7.00

View field: 4.15 pm Date(m/dly): 05/03/20

MIRA3 TESCAN

Figure 3. SEM images; A: Natural zeolite with a size ranging from 31 to 55 nm, B: Modified zeolite from 17 to 55
nm in diameter.
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Figure 4. Energy dispersive X-ray analysis (EDAX) of zeolite; A: Before modifying, b: After modifying.

288



Soleymani Gharegol et al.

Figure 4 shows the surfactant adsorption on
external surfaces of modified zeolite. The
adsorbent particles were uniformly shaped of small
particles (grey parts), ranging from 17 to 55 nm in
diameter. After modifying zeolite with the
surfactant contains carbon on its surface, which
confirms the loading of HDTMA-Br carbon
surfactants (see Figure 4). Figure 5 depicts data for
the FT-IR spectrum of natural and modified
zeolite. The spectrum detected at 4004000 cm
shows the secondary building units of zeolitic
structures such as double rings and pore opening
[30]. The peaks that appeared at 1630—1640 and
3000-3700 cm™' defined the existence of two
bands. The first group corresponds to the bending

Journal of Mining & Environment, Vol. 15, No. 1, 2024

vibration of H,O molecules adsorbed on the natural
and modified zeolite (1635 and 1635.74 cm’,
respectively). For the second group, the bands at
3629.10 and 3446.27 cm™! for natural zeolite and
the broadband at 3629.86 and 3441.64 cm™' for
modified zeolite indicate the elongation vibration
OH groups of the water molecules of the zeolite
[31]. For the modified zeolite FT-IR, the two
absorption bands at 2921.04 and 2852.12 cm™' are
attributed to asymmetric and symmetrical
elongation vibrations of the methylene CH, group
from the modified zeolite, which confirms the
adsorption of the cationic surfactant on the zeolite
surface [32].
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Figure S. FT-IR spectra of natural and modified zeolite.

Table 2 presented the Brunauer—Emmet—Teller
(BET) data of surface area analysis results for
natural and modified zeolite. The BET plot

analysis demonstrated that the modified adsorbent

is a microporosity material with a surface area
(3.41 m%/g).

Table 2. BET data of natural and modified zeolite.

BET analyses Natural zeolite Modified zeolite
Pore size (nm) 31.89 30.51
Specific surface area (m?/g) 7.68 3.41
Pore volume (cm®/g) 0.061 0.026

2.3. Adsorption studies

The initial cyanide-containing solutions
required for the experiment (1000 mg/L) were
prepared by adding a certain amount of powdered
sodium cyanide salt (NaCN) in deionized water
and then diluted to the different practical
concentrations (20-65 mg/L). Argentimetric
titrations measured cyanide concentrations
according to standard methods for examining water
and wastewater (method 4500-CN-D [33]). For
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adsorption isotherm, 40 mL of solutions are diluted
to the 20, 35, 45, and 65 mg/L concentrations by
distilled water. The initial pH of cyanide solutions
was 7 with ionic strength of 0.01 mol/L. The
sodium chloride salt generated the ionic strength of
the solution used. After providing the cyanide
solution, 30 mg of natural and modified zeolite was
added to 50 mL of these solutions. The samples
were stirred for 24 hours at room temperature
(21°C) at 100 rpm. After 5 minutes, the supernatant
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was filtered through a filter paper (via 0.45 pm) and
then centrifuged.

2.4. Experiments

All experiments were conducted at room
temperature, except those meant for the effects of
temperature  study.  Various  experimental
parameters such as pH (7, 8, 9 and 10), temperature
(21, 30, 40 and 50 "C), initial cyanide concentration
(10, 15,20 and 35 mg/L), ionic strength (0.01, 0.05,
0.1 and 0.15 mol/L), and contact time (0—120 min)
were investigated. In order to investigate the effect
of the solution pH on the studied adsorbents, 40 mL
of cyanide solution with a concentration of 20
mg/L was added to 4 flasks base solution with pHs
of 7, 8, 9, and 10 and after adding of 0.6 g/L
adsorbents of modified zeolite. Adjustment pH was
performed using NaOH and HCl a normal. The test
flasks were shaken at room temperature (21 "C) for
24 h. After 5 minutes, the supernatant was filtered
through a filter paper (via 0.45 pum) and then
centrifuged. To investigate the effect of ionic
strength on cyanide adsorption, 40 mL of cyanide
solution with a concentration of 20 mg/L was
added to 4 flasks with a pH of 7 at 0.01, 0.05, 0.1,
and 0.15 mol/L ion of the base solution created
with sodium chloride was adding of 0.6 g/L
adsorbents of modified zeolite. In order to
investigate the effect of temperature and contact
time on the studied adsorbents, in all experiments,
the initial cyanide concentration, agitation time,
and adsorbent of modified zeolite amount were in
initial conditions, which had been determined with
a concentration of 20 mg/L with a pH of 7 at 0.01

Inlet flow rates (mL/min)

Sand (2 cm)

6 cm
Modified zeolite (2 cm)

| | Sand (2 cm)

Outlet: CN determination

(A)
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mol/L ion was adding of 0.6 g/L adsorbents of
modified zeolite. The cyanide adsorbed in the solid
phase was evaluated and calculated using the
equation shown in Equation 1:

(G, -G

9. i (1

where ¢. (mg/g) is the equilibrium sodium
cyanide (NaCN) concentration on adsorbent
(mg/g), and C. and C, represent the equilibrium
and initial concentrations of sodium cyanide
(mg/L), respectively. M is the adsorbent weight (g)
=30g, and V is the solution volume (L) = 40 mL.

2.5. Adsorption in column analysis

Absorbent column experiments were performed
in a glass cylinder with an inner diameter of 1.7 cm
and a height of 50 cm, packed with sand as
supporting layers at both ends was employed for
the column experiments at room temperature (21
‘C). 2 and 4 g of modified zeolite adsorbent was
packed into the column to produce a 2 and 4 cm
bed height (see Figure 6). Effects of process
parameters like flow rates (0.25, 0.5, and 0.75
mL/min), bed depth (2 and 4 cm) with a constant
concentration of 30 mg/L, and pH 8 were
investigated. Samples were collected every half an
hour from the bottom of the column, and were
tested to know the lead concentration. The column
performance was investigated by calculating the
breakthrough time and uptake capacity. The
column operation was halted when cyanide
concentration in the effluent attained 100% of
influent concentration.

Inlet flow rates (mL/min)

Sand (1 cm)

6 cm
Modified zeolite (4 cm)

Sand (1 cm)

Outlet: CN determination

(B)

Figure 6. The schematic representation of the fixed-bed adsorption column for experimental study, A: Bed depth
=2 cm; B: Bed depth =4 cm.
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3. Results and Discussion
3.1. Effect of content time on adsorption

Results of cyanide uptake capacity of modified
zeolite versus contact time in the cyanide solution
are given in Figure 7. As displayed in this figure,
in the first 60 min, the uptake of cyanide in the
early adsorption stage was high and fast; after that,

45

O 1 1 1 1 1
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with the increase in the contact time, the uptake
amount of the cyanide onto modified zeolite
became almost stable for all the concentrations
studied. Further contact time to over 60 min did not
raise cyanide uptake, and the change in the removal
rate remained poor. Adsorption of cyanide at the
initial contact time is an interesting feature of the
adsorbent for practical applications.

—— 10 mg/L
—a—15mg/L
—e—20 mg/L
—m—35mg/L

0 10 20 30 40 50 60 70 80 S0 100 110 120

Contact Time (min)

Figure 7. Effect of contact time on the cyanide adsorption (modified zeolite dosage: 30 g/40 mL; pH value: 7;
temperature: 21°C).

3.2. Effect of pH on adsorption

The pH of the solution is one of the most
important factors controlling the ion adsorption
process on the adsorbent surface, which affects the
properties of the contaminant, adsorption
mechanism, and polarity of the adsorbent surface
charge. At low pHs, cyanide ions are released as
HCN gaseous [34], so the solution pH was
implemented from pH 7-10 to investigate its effect
on cyanide uptake (Figure 8). Results for modified
types of zeolites showed that by increasing the pH
value to 7 and 8, the cyanide adsorption increased
and showed a maximum equilibrium uptake at pH
= 8. Afterward, it was declined sharply with a
further increase in pH and at pH equal to 10, with
cyanide concentration 20 and 35 mg/L reaching its
lowest amount 2.43 and 3.20 mg/g, respectively.
The reason for the reduction in cyanide adsorption
can be caused by the fact that at a higher pH (pH >
8), the attraction force between the cyanide
molecules and zeolite’s surface decreases, which
cannot be removed by modified zeolite via ion
exchange [25 and 35].

The results of this study did not confirm the
previous findings [6]. They reported that the
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highest amount of cyanide uptake from solution by
pistachio shell waste occurs in the pH range of 8-
11.

3.3. Effects of temperature and initial cyanide
concentration on adsorption

Temperature is an effective and important
parameter in the cyanide removal process. Figure 9
represents the cyanide uptake capacity of modified
zeolite as a function of initial cyanide
concentration at different temperatures. It seems
from the adsorption data that increases along with
the increase in initial cyanide concentration in
constant temperature. The increase in cyanide
adsorption can be caused by a higher initial cyanide
concentration supplied as a larger mass transfer
driving force resulting from the concentration
gradient [36]. Meanwhile, the cyanide uptake
capacity onto modified zeolite increases as
temperature increases. This result is because an
endothermic process controls cyanide uptake from
the modified zeolite. Therefore, with increasing
temperature, the adsorption capacity of cyanide
increased.
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—o— 10 mg/LL
—a— 15 mg/L

—e— 20 mg/L

—8— 35 mg/L

6 7 8

pH

9

10 11

Figure 8. Influence of initial pH on the cyanide adsorption (modified zeolite dosage: 30 g/40 mL; initial cyanide
concentration: 10 to 35 mg/L; temperature: 21°C).

2 1

hu

—0—21C
—a—30C

—4—40C

©—-50C

0 10

20

30 40

Initial cyanide concentration (mg/L)

Figure 9, Influence of initial cyanide concentration on the cyanide adsorption in different temperatures
(modified zeolite dosage: 30 g/40 mL; contact time: 120 min; pH value: 7.0).

3.4. Effect of
adsorption

ionic strength on cyanide

The ionic strength of the solution is one of the
factors that affect the adsorption capacity. The
effect of ionic strength on adsorption can be
conveniently studied by adopting the inner/outer-
sphere complexation model [37], synonymous with
the electric double layer model [36]. The ionic
strength of the solution at wvarious cyanide
concentrations is shown in Figure 10. For example,
in constant concentrations, 20 mg/L, as the ionic
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strength was increased from 0.01 to 0.15 mol/L of
sodium chloride, cyanide adsorption onto modified
zeolite decreases from 3.57 to 1.7 mg/g. However,
the cyanide uptake was increased when cyanide
concentrations were increased from 10 to 35 mg/L.
Increasing the ionic strength of the solution caused
reduces the thickness of the electrical double layer
and increases the concentration of anion in the
sodium chloride; therefore, competition for
adsorption on adsorption may have played a role in
reducing cyanide adsorption.
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—— 10 mg/L
—a— 15 mg/L

——20 mg/L

—B—35 mg/L

0 0.05

0.1

0.15 0.2

Ionic strenght (mol/L)
Figure 10. Influence of ionic strength on the cyanide adsorption (modified zeolite dosage: 30 g/40 mL; pH value:
7; temperature: 21°C).

3.5. Adsorption isotherm

The equilibrium adsorption isotherm is a
helpful factor when it comes to the description of
the mutually active behavior between solutes and
adsorbents. It is also essential to lay the
foundational ground for the design and operation
process [38]. The batch procedure prepared
adsorption isotherms for the cyanide containing
natural and modified zeolite solutions. The
isothermal tests were carried out in 40 mL of
solutions with an initial cyanide concentration of 1
to 35 mg/L. The initial pH of 7 and ionic strength
of 0.01 mol/L was added to 30 mg of naturally
modified zeolite adsorbents in 50 mL test flasks.
The adsorbent was shaken at 100 rpm at a specified
temperature (21 "C) for all batch experiments. After
shaking, the sample was filtered through a
microporous membrane filter (0.45 pm). The
solution was maintained at the desired pH by
adding 0.01 mol/L of HCI or NaOH before
commencing the adsorption experiment. The
equilibrium data obtained was used to model the
adsorption equilibrium by commonly used non-

linear empirical models (Freundlich [39],
Langmuir [40] and Tempkin [41]):
_49m K,C, Langmuir )
° 1+K,C, model
n F dlich
-t o
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q, =By mK +B; InC, Tempkin model  (4)
RT
By =—
T )

where g. (mg/g) and C. (mg/L) are the
equilibrium sodium cyanide concentrations in solid
and liquid phases, respectively, g» (mg/g) is the
maximum adsorption capacity, R and 7 represent
the gas constant (8.314 J/mol. 'K) and absolute
temperature (K), and K;, Kr, Kz, n, and br
represents the equilibrium constants. As shown in
Figure 11, natural and modified zeolite intensity of
the absorption process decreased with increasing
equilibrium cyanide concentration; this may be due
to the reduction of adsorption sites for cyanide on
the adsorbent surface. The intensity of the cyanide
adsorption process on modified zeolite is higher
than natural zeolite. Natural zeolite and modified
zeolite's maximum adsorption cyanide capacity
were 0.54 and 3.97 mg/g, respectively. The results
calculated for each model and the corresponding
parameters are listed in Table 3. The validation of
adsorption isotherm models was measured by
determining the two mathematical parameters: the
regression coefficient (R?) and the variance
deviation between experimental values of g. and
models’ prediction of ge.
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Figure 11. Adsorption isotherm plots for cyanide uptake on the A: modified zeolite and B: natural zeolite.

Table 3. Isotherm constants and regression data of adsorption isotherms of cyanide on the natural and modified

zeolite.
Parameters

Adsorbent Models K. o R Variance
Natural zeolite Langmuir 0.18 0.54 0.92 0.054
Modified zeolite 0.37 3.97 0.93 0.418
Adsorbent Models Kr 1/n R? Variance
Natural zeolite Freundlich 0.15 0.34 0.97 0.03
Modified zeolite 1.53 0.27 0.98 0.15
Adsorbent Models Kr A R? Variance
Natural zeolite . 27216 4.68 0.93 0.04

VTR Tempkin

Modified zeolite 4234 18.88 0.95 0.28

From this Table, it seems that the cyanide
adsorption by natural and modified zeolite follows
the Langmuir, Freundlich, and Tamkin adsorption
models. The separation factor (R.) was estimated
from the following equation [42]:

1

LT Y K,C)

(6)

Here, K; (L/mg) refers to the Langmuir
constant, and C; is denoted to the adsorbate initial
concentration (mg/L). When the R; value is less
than unity, the adsorption is considered favorable,
and when greater than unity is considered
unfavorable. Also when R; is equal to 0, the
adsorption is irreversible, and the unity value
represents the adsorption's linearity. The values of
Ry in the present investigation have been found in
the range 0.07~0.31, depicting that cyanide
adsorption is favorable.

3.6. Adsorption kinetics

For adsorption, kinetics tests were carried out in
40 mL of solutions with an initial cyanide
concentration of 20 mg/L sodium chloride base
solution, and pH 7 to 0.03 g of modified zeolite was
added to 50 mL test flasks. The test flasks were
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quenched at 5, 15, 30, 60, 120, 180, 240, 480, and
960 minutes at room temperature (21 ‘C). Then the
clear supernatant was transferred to filter papers
and centrifuged for 5 min. The adsorption systems'
kinetic was studied using the pseudo-first-order
and pseudo-second-order models. The pseudo-first
and second-order kinetic model of Lagergren [43]
and Ho and McKay [44] are presented in Equations
7 and 8:

In(g, —¢9,)=Ing, —K @)

t/q, =1/Kyq +1¢)/q, ®)

ge is the quantity adsorbed at equilibrium
(mg/g), and ¢, is the quantity absorbed at time ¢
(mg/g). K; is the rate constant for the pseudo-first-
order sorption (min™). K> is the rate constant of the
pseudo-second-order kinetic equation in g/mg min°
!, ¢'. is the maximum sorption capacity in mg/g,
and ¢'; (mg/g) is the amount of sorption at time t.
Figure 12 shows the plotted models including the
pseudo-first and second-order kinetic models with
experimental data from the present study. The

extracted kinetic information is consolidated in
Table 4.
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Figure 12. Kinetic isotherm plots for cyanide uptake on the A: modified zeolite, B: natural zeolite.

The cyanide adsorption kinetics on natural and
modified zeolites did not differ much between the
pseudo-first and second-order models. The values
g. obtained from the experimental and calculated
data were slightly different. Modified zeolite had a
higher adsorption capacity and reaction rate than
natural zeolite. In this regard, it can be said that in
natural zeolite, perhaps only the outer surface of

the adsorbent is used as adsorption sites. However,
about the modified zeolite and the outer surface,
the internal parts of the adsorbent also participated
in the adsorption. Hence, the adsorption capacity of
cyanide increased with the modified zeolite. On the
other hand, the absorption rate also increases due
to the physical nature of absorption.

Table 4. Kinetic details of cyanide adsorption onto the natural and modified zeolite.

Adsorbent Models K % Parameters R? Variance
Natural zeolite Pseudo-first 0.03 0.41 0.97 0.03
Modified zeolite order 0.07 3.65 0.98 0.16
Adsorbent Models K, Qe R? Variance
Natural zeolite Pseudo-second 0.08 0.45 0.98 0.02
Modified zeolite order 0.03 3.88 0.97 0.23

According to Figure 12 and Table 4, the pseudo-
first-order and the pseudo-second-order model
showed a good ability to simulate and describe the
kinetics of cyanide adsorption by surfactant-
modified zeolite. This means that tiny pores or
active sites above the adsorbent surface are
responsible for the adsorption phenomenon. On the
other hand, the pseudo-second-order model
indicated that the kinetics of cyanide adsorption is
controlled by chemical adsorption [45]. In general,
according to the results of this study, the
combination of chemical and electrostatic
adsorption is involved in the adsorption of cyanide
by natural and modified zeolite.

3.7. Column study

The breakthrough curves of the column
adsorption process at different flow rates and bed
heights were investigated. Yoon and Nelson's
model [46], which developed a relatively simple
theoretical model, is also applied to check the
experimental data. The theory of this model is: the
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reduction rate in the adsorption of each adsorbate
molecule is proportional to the breakthrough
curves, and the adsorption on the adsorbent is
considered. Yoon and Nelson [46] model is
expressed as:

In( ¢
c,-C

0 t

)=kt =Tk, )

where 7 is the breakthrough time required for
50% adsorbate breakthrough (min), ¢ is the
sampling time (min), and kyx is the rate constant
(min™). The constant values of kyn and 7 can be
calculated by the linear plot of In (C/(Co — Cy))
against time. Figure 13 shows a typical S-shape
graph, known as a breakthrough curve, obtained for
cyanide adsorption on modified zeolite for
different flow rates of 0.25, 0.5, and 0.75 mL/min,
at bed height of 4 cm and pH of 8 The
breakthrough time for cyanide adsorption onto
modified zeolite increases with the decreasing flow
rate from 0.75 to 0.25 mL/min. In other words, the
breakthrough time is prolonged with the decreased
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flow rate, indicating a longer column life with a
longer contact time. The modified zeolite column
quickly reaches its maximum capacity at a higher
flow rate. The effect of bed heights of 2 and 4 cm
(corresponding to 2 and 4 g of adsorbent) on the
cyanide adsorption in the column was investigated

Journal of Mining & Environment, Vol. 15, No. 1, 2024

at a constant flow rate of 0.5 mL/min. The
adsorption breakthrough curves obtained at
different bed heights are shown in Figure 14. As
expected in the conditions used, the breakthrough
time is improved by the 2 cm bed in favor of
cyanide removal with modified zeolite.
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Figure 13. Effect of flow rate on the breakthrough curve of cyanide adsorption in the column (Bed height: 4 cm;
pH value: 8; temperature: 21°C).
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Figure 14. Effect of bed height on the breakthrough curve of cyanide adsorption in the column. (Flow rate: 0.5
mL/min; pH value: 8; temperature: 21°C).

The results for Yoon-Nelson parameters and
related coefficients of correlation and R? values are
shown in Table 5. Comparisons of the predicted
model's curve and the experimental curve in these
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figures show that predicted Yoon-Nelson curves
are closer to experimental curves. Also high R’
values show a good model fitting to the
experimental data.
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Table 5. Parameters of Yoon-Nelson model under column adsorption process.

Yoon-Nelson model

Cy (mg/L) Q (mL/min) Z (cm) pH Kyn (min1)*10? 7 (min) R
5 0.25 4 8 1.26 321.15 0.963
5 0.5 4 8 1.14 252.79 0.961
5 0.75 4 8 1.04 174.53 0.958
5 0.5 2 8 1.09 176.85 0.965

4. Conclusions

The study concludes that surfactant-modified
zeolite is an effective and feasible method as an
adsorbent to adsorb cyanide. The performance for
cyanide uptake of modified zeolite depends on the
contact time, initial cyanide concentration,
temperature, and pH value. Cyanide removal
decreased with increasing pH and ionic strength
due to the negative charge of the modified zeolite
surface. It increased with an increase in initial
cyanide concentration and solution temperature.

The Langmuir, Freundlich, and Tamkin
adsorption models showed an acceptable ability to
characterize the cyanide adsorption isotherm using
raw and surfactant-modified zeolite (Freundlich
model was most consistent with the experimental
data).

The adsorption capacity of cyanide by modified
zeolite was 3.97 mg/g, significantly increased
compared to the maximum adsorption capacity of
natural zeolite cyanide (0.54 mg/g). The adsorption
kinetics results showed that the pseudo-first-order
and pseudo-second-order models have an excellent
ability to describe the adsorption kinetics of
cyanide contaminants using natural and modified
zeolites.

Cyanide uptake through a fixed-bed column
depended on the bed depth and flow rate.
Breakthrough time increases with a higher bed
depth and a lower flow rate. The maximum
adsorption capacity was at a lower flow rate due to
high contact time and higher bed depth. Yoon-
Nelson model was successfully used to predict the
breakthrough curves, indicating that it was very
suitable for surfactant-modified zeolite column
design.

In general, the results showed that surfactant-
modified zeolite could be used as a non-toxic and
effective adsorbent on a laboratory scale and in the
bed of Zareshoran gold mine tailings dams due to
economic and environmental considerations in
removing cyanide from aqueous media.
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