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ABSTRACT

In this study, natural zeolite (clinoptilolite) was modified by Fe(III), Fe(Ill)-Ag(I) and Ag(I)-Cu(II)
salts. Natural zeolite (obtained from Semnan area in the center of Iran) and modified zeolites were
characterized by X-ray diffraction, X-ray fluorescence, scanning electron microscope, and Fourier
transform infrared spectroscopy. The adsorption isotherm was studied with different adsorption iso-
therm models, namely Langmuir, Freundlich, Temkin and Dubinin—-Radushkevich (D-R) models, and
the constant values of these models were determined. This data displayed that sulfide adsorption onto
Fe-Ag—zeolite and Ag-Cu—zeolite was performed favorably as a monolayer adsorption in homoge-
neous condition with a physical interaction. The homogeneous and heterogeneous adsorption contrib-
utes to sulfide adsorption onto Fe—zeolite, which occurs in a chemical absorption ion-exchange process.
The maximum adsorption capacity of sulfide for Fe-zeolite, Fe-Ag—zeolite and Ag—Cu—zeolite are 4.69,
11.76 and 8.65 mg/g, respectively. In order to find the mechanism of adsorption, the reaction-based
models (pseudo-first order and pseudo-second order) and diffusion-based models (intraparticle dif-
fusion) are investigated. It can be calculated that the adsorption mechanism is controlled by sulfide
ion concentration and the number of active sites on the surface of modified zeolites. Thermodynamic
studies indicate that sulfide adsorption onto Fe-zeolite was exothermic and spontaneous but for

Fe-Ag-zeolite and Ag—Cu—zeolite adsorbents were endothermic and spontaneous.
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1. Introduction

Nowadays, the rapid development of the mining activ-
ities, the industrial processes and petroleum refining have
caused the generation of undesirable toxic pollutants from
sulfur compounds, such as mercaptans (RSH), organosulfur
(R,S), disulfides (RSSR), thiophenes, Hydrogen sulfides (H,S)
and sulfide (S*) whose hazardous effects on the quality of
drinking water have increased considerably. One of the major
species of sulfur compounds is sulfide ion (5*), which can
be liberated from H,S and HS™ into the environment. These

* Corresponding author.

compounds are odorous, corrosive and toxic. Nowadays,
desulfuration from fuel cells has attracted attention consid-
erably [1,2]. If the concentration of sulfides (5*) ions in drink-
ing water is more than 10 ppm, it is surely harmful to human
health. Therefore, it must be removed from industrial waste-
waters before releasing to the environmental. Thus, over the
past decades, many different physicochemical methods such
as ion exchange [3], oxidation [4], chemical precipitation [2],
biological [5] and electrochemical have been used [6,7].

The abovementioned methods have been applied to
remove different species of sulfur compounds from aqueous
solutions by synthesized and natural adsorbent [8,9] because
they are easy handling, economical and efficient relative to
other physicochemical methods. Zeolite Y, Zeolite A and
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clinoptilolite (natural zeolite) can be suitable adsorbents to
remove pollution environmental, which are summarized in
Table 1 [9-18].

Zeolites are hydrated aluminosilicates consisting of a
three-dimensional framework of SiO, and AlO, tetrahedra.
The basic structure of the zeolite crystal contains three types
of channels of tetrahedral rings, including eight and ten tet-
rahedral rings, which grow at different directs [19]. The sub-
stitution of silicon by aluminium elements leads to a negative
charge of the framework. It is neutralized by monovalent,
divalent or trivalent cations in the crystal structural such as
Ca, Mg?*, Na', K, etc. The fundamental of ion exchange in
zeolites is replaced by these cations, which are within tetra-
hedral rings channel [20].

In order to adsorb anion ions onto zeolite, the surface of
anion ions must be changed to a positive charge; therefore,
using organic compounds and surfactant as a modifier of the
surface of zeolites has been well known [21,22]. The adsorp-
tive desulfurization with natural and synthesized zeolite has
been proposed by ion-exchange mechanism [23]. Of course,
modified zeolite surface with transition metals can adsorb
organosulfur compounds selectively and competitively [24].
These properties coordinate directly through a sulfur metals
in cavities of zeolite structures based on the m-complexation
mechanisms [25].

As mentioned above, the literature survey shows (as seen
in Table 1) that zeolite is one of the significant adsorbents
to remove and to separate sulfur compounds from aqueous
solution, organic solvents and oil.

Table 1
A summary of sulfur compounds adsorption onto various
adsorbents

Adsorbent Kind of Adsorbed Reference
investigation material

Rice husk Isotherm and Sulfide 9]
kinetic studies (1.7 mg/g)

Fibrillated Isotherm Sulfide (-) [10]

cellulose

Y zeolite Infrared Benzothiophene [11]
spectroscopy (20 mg/g)

Clinoptilolite Characterization H,S (30 mg/g) [12]
and optimum
conditions

Andisols Isotherm and SO~ [13]
kinetic studies (15.36 mg/g)

Clinoptilolite Isotherm and SO, (200 mg/g)  [14]
kinetic studies

Andisols Isotherm and SO (24 mg/g)  [15]
kinetic studies

Y zeolite Isotherm and Sulfur (-) [16]
kinetic studies

Clinoptilolite Characterization H,S (1.39 mg/g) [17]
and optimum
conditions

Organo- Isotherm and SO.* [18]

nano-clay kinetic studies (21.5 mg/g)

Clinoptilolite is a significant type of natural zeolite, which
is a well-known appropriate adsorbent for removing envi-
ronmental pollution of heavy metals from wastewater and
industrial effluent [20]. Although the application of modified
clinoptilolite as sulfide adsorbent is not considered well, the
impregnation of zeolite surface using metal salts was known
as a route map to remove anion ions [26]. Therefore, the
objectives of this study are as follows:

* to investigate the ability of modified Iranian natural
zeolite (clinoptilolite) to remove sulfide from aqueous
solution;

* to perform equilibrium study of sulfide adsorption by
modified zeolite for characterization of the process and
to find the best model to describe the sulfide adsorption
mechanism; and

e to find thermodynamic parameters (Gibbs free energy,
standard enthalpy and standard entropy) and to deter-
mine the kinetic model and find the mechanism of sulfide
adsorption.

2. Materials and methods
2.1. Materials

A representative sample was obtained from Semnan
province mine in the center of Iran. This sample was fully
crushed until to obtain the nominal particle size fractions
of —150 um in diameter. All chemical compounds were pur-
chased from Merck Company (Germany) and used without
further purification.

2.2. Physical measurements

X-ray diffraction (XRD) spectra were obtained using a
Philips X-ray diffractometer 1140 (a = 1.54 A, 40 kV, 30 mA,
calibrated with Si-standard) and a Philips X-ray diffractom-
eter X unique II (80 kV, 40 mA, calibrated with Si-standard),
respectively. Infrared spectra from 4,000 to 400 cm™ were
recorded on a Shimadzu 470 FT-IR instrument, using KBr pel-
lets. Fourier transform infrared (FTIR) spectroscopy has been
used for chemical functional groups. The specific surface
area was measured by N, adsorption 77 K using Brunauer—
Emmett-Teller method.

2.3. Modification of zeolite

To obtain the most appropriate modified zeolite by tran-
sition metals for removing sulfide, 5.5 g of zeolite in 0.1 mol/L
solution (75 mL) of some of transition metal nitrate, acetate,
chloride and sulfate solutions, which were prepared with
distillation water, were suspended for overnight at room
temperature, and then solid phase was separated by centri-
fuge and dried at room temperature for 24 h and was crushed
and sieved to —150 pm in diameter as can be seen in Table 2.
The ability of modified zeolites to adsorb sulfide ion has been
studied, and the obtained results are displayed in Table 2.

2.4. Equilibrium isothermal models

The maximum adsorption capacity of sulfide, surface
properties of modified zeolite and mechanism of adsorption
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process were characterized using four different isotherm
models, which include two-parameter models, namely
Langmuir, Freundlich, Temkin and Dubinin-Radushkevich
(D-R). The experiments were conducted with sulfide con-
centration of 100, 250, 500, 750, 1,000 and 1,500 mg/L at 25°C,
the stirring speed of 500 rpm, solid to liquid ratio (S/L) of
0.05, pH of 11.5 and a particle size of ~150 um. The linear
equations of Langmuir, Freundlich, Temkin and D-R are
listed in Table 3. In order to evaluate reversibility or irrevers-
ibility of adsorption in the homogenous process, a dimen-

2.5. Kinetic studies

For the kinetic investigation, 5 g of modified zeolites
were suspended in 100 mL of sulfide at various initial

Table 2

Absorption rate after the addition of modifier (conditions:
particle size: =150 pm, stirrer speed: 500 rpm, 298 K temperature,
pH: 11.5, amount of zeolite: 5.5 g, initial concentration of sulfide:
1,000 mg/L, solid:liquid (S:L): 0.05)

sionless constant called separation factor R, (also known Sulfide Name of Type of modifier
as equilibrium parameter) is presented by the following adsorption (%) modifiers
equation [27,28]: -
37.5 Fe(NO,), Nitrate
19.8 Ni(NO,),
-1 1y 364 Cu(NO,),
1+bxC, 0.08 KNO,
33.5 AgNO,
where C; (mg/L) and b (L/mg) are the initial 5> concentration, 0-14 Cd(NO,),
respectively, and Langmuir constant is related to the energy 0.01 Co(NO,),
of adsorption. The values of R, express that if R, >1, R, =0, 012 Mn(NO,),
R,=1and 0<R, <1, the adsorption will be unfavorable, irrevers- 15.3 FeSO, Sulfate
ible, linear and favorable, respectively [29]. The Marquardt’s - Na,SO,
percent standard deviation (MPSD) value between the experi- .02 ZnSO,
mental and calculated g, values is given as [30]: 0.03 CH,COONH, Acetate
30 BaCl, Chloride
0.29 NaCl
N _ ’ - CaCl
MPSD =100 1 s (zizl qe,i,exp) ( i=1 qe,i,Cal) @ ~ NH4él
M =1y i Tejexp ; - - Raw zeolite
Table 3
Linear isotherm equations of different isotherm models
Model Linear equation Descriptions Reference
Langmuir C. 1 C. g (mg/g): amount of adsorbed metal ion per [36,37]
‘7@ T hx Q. + Oom unit welgh.t of .adsorb?nt; C, (mg./.L):.metal ion
concentration in solution at equilibrium (after
adsorption); b (L/mg): the Langmuir isotherm
constants; Q : adsorption capacity, maximum in
monolayer adsorption
Freundlich 1 K, (mg'~' L g): Freundlich constants which dis- [38]
logg, =logK, + ;108 C. play adsorption capacity of the zeolite; n (g/L): Freun-
dlich constants which represent adsorption intensity
(or surface heterogeneity) of the adsorbent
Temkin RT RT b (J/mol): Temkin isotherm constants that related to [42,43]
q, = Tln A+ Tln C, the heat of adsorption; A: Temkin isotherm constants;
R: the gas constant (8.314 J/mol K); T: The absolute
temperature
Dubinin-Radushkevich Lng, =Lng,  — pe? q,... (Mg/g): capacity maximum of adsorption; 8 [44,45]

e=RTLn(1+1/C)

(mol?/KJ?): a constant related to adsorption energy;

1 E: free energy per molecule of adsorbate (KJ), which

= E represent: if E <8 kJ/mol: physical adsorption;

If 8 < E <16 kJ/mol: chemical absorption or
ion-exchanges; for E > 16 kJ/mol: particle diffusion

governs the reaction
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concentrations of 100, 250, 400, 500, 750, 1,000, 1,500 and
2,000 mg/L. Each experiment was conducted at different
time intervals (10, 20, 30, 45, 60 and 90 min) to determine the
period required to reach the adsorption equilibrium and max-
imum removal of sulfide. The sulfide adsorption mechanism
onto modified zeolites was evaluated by pseudo-first-order,
pseudo-second-order and intraparticle diffusion models
(Table 4).

2.6. Thermodynamic study

Thermodynamic experiments were carried out by plac-
ing 2 g adsorbents (Fe-zeolite, Fe—~Ag-zeolite and Ag—Cu—
zeolite) in a beaker containing 100 mL of sulfide solution
1,000 mg/L at 40 min contact time with various temperatures
(298, 303, 313 and 323 K). Thermodynamic parameters can be
explained by the following equations [31]:

qem = V(CU - Cc) (3)
K= @

e

where g, is the equilibrium adsorption capacity of sulfide
(mg/g); C, is the initial sulfide concentration (mg/L); C, is
the equilibrium of sulfide concentration in solution after
Fe, Fe/Ag and Cu/Ag absorbed by zeolite (mg/L); m is the
mass of zeolite used (g); and V is the volume of solution (L).
The K, values are used in the following equation to deter-
mine the Gibbs free energy of sorption process at different
temperatures.

AG°=-RTLnK, (5)

where AG® is the free energy of Ni adsorption (kJ/mol); R
is the universal gas constant (8.314 J/mol K); and T is the
temperature (K) of solution during the adsorption process.
The adsorption distribution coefficient may be expressed in
terms of enthalpy change (AH®) and entropy change (AS°) as
a function of temperature:

where AH? is the heat of adsorption (k]J/mol), and AS® is the
standard entropy change of adsorption (kJ/mol) [32,33].

3. Results and discussion
3.1. Modification of zeolite

The modification of zeolite with transition metal salts
show:

e Among the metal salt used as the modifier surface of zeo-
lite, the nitrates salts caused the highest maximum of sul-
fide adsorptions relative to other anion polarities such as
sulfate and acetate. The low adsorption affinity to NO*
on zeolite surfaces is attributed to the relative small ionic
negative charge of nitrate.

e As seen in Table 2, the used mixture of two salt metals
(Fe(NO,),-AgNO, and AgNO,-Cu(NO,),) as modifier
caused considerable improvement in sulfide uptake on
modified zeolite in comparison with other modifier salt
metals alone. With respect to the transition metal cobalt,
manganese and cadmium sulfides create insoluble salts;
thus, it is expected that this modified zeolite caused
adsorption uptake of sulfide, but it does not make a dif-
ference in the absorption quantity. Other modifiers such
as iron, copper and silver can enhance the adsorption of
sulfide. These results show that the interaction between
metal ions with zeolite structure is more significant than
that of metal ions and sulfide.

e Alkali and alkaline earth elements except barium had no
significant effect on sulfide uptake. In other words, tran-
sitional metals impregnated in zeolite cavities have much
effect on sulfur capture.

e The increase of sulfide absorption using transition metal
salts as modifier area follows as:

Fe(IIT) > Cu(II) > Ag(I) > Ni(II) > Fe(II) >>> Co(II) ~ Cd(II)
~ Mn(II) ~ Zn(II).

The value of solubility product (K_) constant of these
transition metal sulfide follows this sequence [34]: MnS > NiS
>FeS>CoS>7ZnS>CdS>CuS>Ag,S>>Fe,S..

With respect to this sequence modifier, Fe(III) > Cu(II) >
Ag(I) ions with the least value of solubility product constant
(K,,) caused a significant improvement in the adsorption of

LnK = AS®  AH® ) sulfide compared with the other transition metals. On the
“ R RT other hand, whatever the value of solubility product constant
Table 4
Kinetic equations of different kinetic models
Model Linear equation Description Reference
Pseudo-first-order 1 _ g,: amounts of Ions adsorbed after t units of time; [38,46]
. n(q,—q,)=Inq, K : .
equation q,: amounts of Ions adsorbed after time of reach to
equilibrium (mg/g); k: the pseudo-first-order rate constant
for the adsorption process (min™).
Pseudo-second-order ' 1 1 k,: the equilibrium rate constant of the [47,48]
equation —= 7t —t pseudo-second-order equation (g/mg min)
q; K2 (qc ) q.
Intra-particle diffusion 1 K: the intraparticle diffusion rate constant (mg/(g min'?))  [42,47]

equation
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(K,,) of metal sulfide is less (the metal as modifier agent for
sulfide adsorption), the uptake of sulfide on modified zeolite
is enhanced.

3.2. Characterization of zeolite

XRD and X-ray fluorescence (XRF) were used to study
mineralogy and chemical elemental analysis of the raw
and modified zeolites. The XRD patterns of raw zeolite,
Fe-zeolite, Fe-Ag-zeolite and Ag-Cu—zeolite samples are
shown in Fig. 1. The XRD patterns of raw zeolite show the
major diffraction with highest intensities relevant to planes
(400) and (020) whg)se basal spacing of different planes (d, )
are 3.89 and 8.61 A, respectively [35]. This result indicates
that the main mineral of this zeolite type contains clinoptilo-
lite with minor contents of mica-illite, dolomite and feldspars
as impurities. According to the chemical composition of this
sample (XRF results in Table 5), silica oxide to aluminum
oxide ratio (SiO,/AlLO,) is more than 5. It confirms that this
sample (zeolite obtained from Semnan area) mainly consists
of clinoptilolite.

The basal spacing of planes did not change considerably
by modifying treatment only the basal spacing d ,,, decreased
using Fe(NO,),-~Ag(NO,) modifier agent.

According to Table 6, the value changes of the 20 dif-
fraction of planes (400) and (020) for Fe-Ag-zeolite after
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modifying are 0.36 and 1.36 A, respectively. As seen in Table 6,
the relative intensity of plane (020) for raw zeolite decreased
after loading transition metal on the surface of zeolite.
However, the XRD patterns of modified zeolite in com-
parison with those of raw zeolite showed the modification
treatment did not lead to significant crystalline structure
changes; however, the surface of zeolite was affected by tran-
sition metal elements. It is obvious that the transition met-
als (Fe(Ill), Ag(l) and Cu(ll) ions) impregnated the surface
of zeolite as a modifier. This occurrence was known well in
catalyst reaction [35]. As seen in Table 5, the XRF result con-
firms the considerable presence of Fe, Fe~Ag and Ag-Cu in
Fe-zeolite, Fe-Ag-zeolite and Ag—Cu—zeolite, respectively.
The FTIR spectroscopy of raw and modified zeolites
were used to describe their functional groups and char-
acterization of atomic bonding. Infrared spectra of the
raw zeolite, Fe—zeolite, Fe—~Ag-zeolite and Ag—Cu-zeolite
are illustrated in Fig. 2. The stretching bands at 3,630 and
3,443 cm™ indicates O-H bond linkage of a hydroxyl group,
which has an interaction with ions (S5i-OH, AI-OH) and O-H
of water molecule within the crystal structure of zeolite,
respectively. This broad-stretching band is due to hydrogen
bonding between hydrogen and oxygen of different water
molecules [11]. The relative broadband at 1,632 cm™ relates
to H-O-H bending band. The broadband with a high den-
sity is observed at 1,067 cm™ indicates Si-O-Si, Al-O-Si

looo

Fe-Clinaptilalite

tilalite

o 12 w 30 a0 30 50 7o
2tetha(’)

400

Intensity

CujAg Clinoptilalte
UJ#,WI%"\!

linoptilolite

3.32 th 504.3 sq 50 72 ] 10 20 ET:-Zha o a0 50 50 70

Fig. 1. XRD pattern of raw zeolite, Fe-zeolite, Fe-Ag—zeolite and Ag—Cu-zeolite.

Table 5

Chemical analysis of raw zeolite sample (XRF data)
Sample L.OI Na,O MgO ALO, SiO, SO, K,O CaO Fe O, Ag,0 CuO
Raw 11.6 3.12 0.60 10.93 66.29 0.461 3.979 1.94 0.84 - -
Fe—zeolite 17.30 3.33 0.51 8.39 53.6 0.44 2.8 0.98 12.45 -
Fe-Ag-zeolite 18.3 1.98 0.44 6.8 50.56 0.41 1.27 0.57 10.9 10.33
Ag-Cu-zeolite ~ 17.95 1.55 0.36 4.90 48.08 0.34 1.33 0.48 0.45 12.14 11.56

Note: L.O.L —loss on ignition.
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and Al-O-Al asymmetrical stretching bands, which are
overlapped with others. The bending vibration of Si-O-M
(M: Na, k and Ca) is observed at 607 cm™. The bending
vibration bands at 795 cm™ are concerned to Si-O-Si of
Quartz as an impurity in the zeolite. According to Table 7,
the values of stretching and bending of fundamental groups
of modified zeolite relative to raw zeolite did not change
considerably by using transition metals as modifier agents.
This result emphasized that the surface of zeolite was
impregnated by transition metals.

The specific surface area for raw zeolite, Fe-zeolite,
Fe-Ag-zeolite and Ag—Cu—zeolite are 33, 56, 94 and 79 m?%/g,
respectively. These results indicate Fe-Ag-zeolite is more
proper for sulfide adsorption.

Table 6
The basal spacing of diffraction planes of raw and modified
zeolite

Sample Plane 20 (°) Intensity d (A)
Raw zeolite 020 10.27 798 8.61
Raw zeolite 400 22.82 1,000 3.89
Fe—zeolite 020 10.21 597 8.66
Fe-Ag-zeolite 020 11.63 642 7.60
Fe-Ag-zeolite ~ 400 22.95 1,000 3.87
Ag—Cu—zeolite 400 23.18 1,000 3.83
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Scanning electron microscope (SEM) images of raw zeo-
lite, Fe-Ag-zeolite and Fe-Ag—zeolite after adsorption are pre-
sented in Figs. 3(a)—(c), respectively. Itis obvious from Fig. 3(a)
that the porous matrix of raw zeolite surface are 8-10 nm on
which particles having size 300-500 nm have aggregated.
The particle size distribution of Fe-Ag-zeolite obviously
changed after impregnating by Fe(III) and Ag(I) ions. As seen
in Fig. 3(c), the change of morphology of Fe-Ag-zeolite sur-
face after adsorption has confirmed the sulfide adsorption
process onto the surface of Fe—~Ag-zeolite. These properties
were observed exactly for Fe-zeolite and Ag—Cu—zeolite.

3.3. Adsorption isotherm models

In the adsorption processes, the adsorption capacity, sur-
face properties, mechanism of adsorption and affinity of the
adsorbents were investigated by equilibrium concentration
adsorbate (sulfide ions) in solution, and the amount of mod-
ified adsorbent (zeolite) and adsorbate (sulfide ions). In this
study, four different isotherm models (Langmuir, Freundlich,
Temkin and D-R isotherm models) were examined.

3.3.1. Langmuir isotherm

The obtained data of sulfide adsorption at various initial
concentrations of sulfide were applied to the Langmuir iso-
therm model showing the plot of the linear form of Langmuir
with a correlation coefficient (R?) 0.990, 0.998 and 0.944 for
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Fig. 2. FTIR pattern of (a) raw zeolite, (b) Fe-zeolite, (c) Fe-Ag-zeolite and (d) Ag-Cu-zeolite.
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Fe-zeolite, Fe-Ag-zeolite and Ag—Cu-zeolite, respectively. The
magnitude of standard deviation (S.D.) and R, confirmed that
adsorption data for sulfide removal best fitted the Langmuir
for Fe-zeolite and Fe-Ag-zeolite composites. Therefore, the
range of separation factor (R,) for modified zeolite modified
by Fe(NO,), Fe(NO,),-AgNO, and AgNO,-Cu(NO,), are
0.0407-0.3891, 0.6812-0.17609 and 0.1602-0.6561, respectively.
This data indicates that sulfide adsorption onto modified zeo-
lite in different sulfide concentrations (especially in high initial
sulfide concentration) is favorable and reversible because R,
values are between 0 and 1. These results suggest that sulfide
uptake occurs on the homogenous surface of Fe—zeolite, and
Fe-Ag—zeolite by monolayer adsorption of sulfide without
interaction between adsorbed sulfide ions. The maximum
adsorption capacity (Q,) of modified zeolites (from Semnan
area of Iran) according to Langmuir model follows this order:
Fe—-Ag—zeolite > Ag—Cu-zeolite > Fe—zeolite. Of course, adsorp-
tion of sulfide toward Ag-Cu—zeolite was not described very
well by Langmuir isotherm though the highest value of bind-
ing energy relates to Ag—Cu—zeolite composite [36,37].

3.3.2. Freundlich isotherm

In order to study multilayer adsorption of sulfide
onto modified zeolite, fitting the experimental data with
Freundlich isotherm model was plotted as logg, vs. logC..
With respect to correlation coefficient (R?) and S.D. values,
sulfide adsorption from aqueous solutions by Fe-Ag-zeolite
is satisfactorily described by Freundlich isotherm model but
adsorptive behavior of sulfide onto Fe—zeolite and Ag-Cu-
zeolite was not described well by Freundlich model although
the empirical constant 1, which relates to adsorption intensity
(surface heterogeneity) for all modified zeolites, is favorable
because based on literature survey if 1 < n < 10, the adsorp-
tion process is favored. The values of Freundlich constants
and R? are listed in Table 8.

This occurrence indicates that at the beginning of sul-
fide adsorption process, the stronger binding sites are occu-
pied, and non-uniform distribution of adsorption energy are
observed as exponential reduction [28,32,38]. The K, (adsorp-
tion capacity) value of sulfide adsorption onto Fe-Ag—zeolite
in comparison with other anion adsorption onto mineral
adsorption is considerable [39].

3.3.3. Temkin isotherm

Temkin isotherm model modified the Langmuir model by
considering temperature in adsorption processes [40]. It was

Table 7

assumed that the binding energies of interactions between
modified zeolites and sulfide ions are distributed onto zeo-
lite surface uniformly, which causes the linear decrease in the
energy of adsorption.

According to Temkin isotherm model, the linear plot
of g, vs. logC, for different modified zeolites at temperature
298 K was obtained. The experimental data of sulfide adsorp-
tion onto Fe-Ag-zeolite and Ag-Cu-—zeolite fitted well with
R? and S.D. values 0.994-0.05 and 0.985-0.07, respectively. The
values of parameter b, which relate to the energy of adsorp-
tion, are 1.03 and 0.86 kJ/mol for Fe-Ag-zeolite and Ag-
Cu-—zeolite, respectively. With respect to b (Temkin isotherm
constant) values that are <8 kJ/mol, which indicates sulfide
adsorption onto these adsorbents is a physisosorption process
[40,41]. In other words, the interaction between sulfide ion and
surface of Fe-Ag-zeolite and Ag—Cu-zeolite is a weak process.
The investigation of experimental data of sulfide adsorption

Fig. 3. SEM images at 2,000x for (a) raw zeolite, (b) Fe-Ag-zeolite
and (c) Fe-Ag-zeolite after sulfide adsorption.

The values of starching and bending of fundamental groups of modified zeolite relative to raw zeolite

Assignment Raw zeolite Fe—zeolite

samples (cm™) samples (cm™)

Fe-Ag-zeolite Ag-Cu-—zeolite

samples (cm™) samples (cm™)

V(Si-OH,AlI-OH) 3,630 3,630
\(H-O-H) 3,443 3,446
6(H-O-H) 1,632 1,635
V(Si-0-Si02) 795 795
6(Al-O-5i) 469 469
6(Si—O-5i) 1,066 1,067

3,635 3,617
3,443 3,446
1,631 1,633
795 795
469 469
1,067 1,066
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onto Ag-Cu-—zeolite reveals that Temkin model (modified
Langmuir model) could well describe this process [42,43]. The
values of Temkin constants and R? are listed in Table 8.

3.3.4. Dubinin—Radushkevich (D-R) isotherm

In order to further find the mechanism involved in the sul-
fide adsorption onto the surface of modified zeolites, the lin-
ear form of logg, vs. Ln*(1 + c') must be primarily found. The
parameters g and B of empirical D-R isotherm model are cal-
culated from the intercepts and slopes, respectively. As seen
in Table 8, the magnitude of free energy of sulfide adsorption
(E) for Fe-Ag-zeolite, Ag-Cu—zeolite and Fe-zeolite are 10.00,
7.451 and 7.071 kJ, respectively. These calculated values of E
(free energy of adsorption) indicate sulfide adsorption by Fe—
zeolite occurred through chemical absorption ion-exchange
process, and sulfide adsorption by Fe-Ag—zeolite and Ag-
Cu-zeolite occurred through a physical process [44,45].

3.3.5. Evaluation of adsorption isotherm models of sulfide onto
modified zeolites

In this study, four isotherms models, including Langmuir,
Freundlich, Temkin and D-R, were used to analyze the experi-
mental data of sulfide adsorption onto modified zeolites.

Based on the high correlation coefficient (R?) and low
S.D., the best fitting results for Fe-zeolite and Ag—Cu-zeolite
are attributed to Langmuir and Temkin isotherm models,
respectively. These adsorption processes led to a homogeny
and monolayer with an infinite number of adsorption sites.
Furthermore, Langmuir, Freundlich and Temkin isotherm
have fitted favorably to experimental data for Fe—~Ag—zeolite
with the correlation coefficient (R?) more than 0.990. This phe-
nomenon shows the complexity treatment of involving sulfide
ions and surface of Fe-Ag-zeolite. It seems the homogeneous

Table 8
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and heterogeneous adsorption can be predominated in sulfide
adsorption onto Fe-Ag-zeolite. The maximum adsorption
capacities of sulfide for Fe-zeolite, Fe—~Ag-zeolite and Ag-Cu
zeolite are 4.69, 11.76 and 8.65 mg/g, respectively. These results
in comparison with those of other reports are considerable
[9,10]. According to Temkin and D-R isotherm models, the
main mechanisms controlling sulfide adsorption on Fe-zeolite,
Fe-Ag—zeolite and Ag—Cu-zeolite are chemical absorption
ion-exchange process and physical process, respectively.

3.4. Evaluation of adsorption kinetic model of sulfide onto zeolite

Based on plots of Fig.4 the different parameters” values
of each model are calculated from the linear equation and
are presented in Table 9.The highest correlation coefficient
(R?) values (>0.990) and lowest S.D. values (<0.090) relate to a
pseudo-second-order kinetic model for describing the exper-
imental results at different initial sulfide. Results (Table 9)
have confirmed greatly that the rate of adsorption sulfide and
adsorption mechanism is controlled by sulfide ion concentra-
tion and the number of active sites on the surface of modified
zeolites. In order to determine the rate-controlling step on sul-
fide adsorption process by mechanism mass transfer, the intra-
particle diffusion has been investigated. According to S.D. and
regression coefficients (R?) of this model for Fe-zeolite, and
Fe—Ag-zeolite, in high sulfide, initial concentration, the rate
of adsorption process can be controlled relatively by diffusion
model. Of course, the main model that well describes the rate
of sulfide adsorption onto modified zeolite is a pseudo-second-
order kinetic model [46-48].

3.5. Thermodynamic study

In order to determinate thermodynamic parame-
ters, according to Eq. (6), the values of AH® and AS° were

Langmuir, Freundlich, Temkin and Dubinin—-Radushkevich isotherm constants for sulfide adsorption

Model Parameter Fe—zeolite Fe-Ag-zeolite Ag—Cu—zeolite
Langmuir q, (mg/g) 4.690 11.764 8.658

R? 0.9900 0.9985 0.9444

R, 0.389-0.040 0.681-0.176 0.656-0.160

b 0.015 0.004 0.005

MPSD 0.1184 0.0068 0.1241
Freundlich K, (mg"-"" LV g™) 3.227 6.934 14.368

n (g/L) 2.330 1.482 1.286

R? 0.9340 0.9948 0.8954

MPSD 0.1930 0.0090 1.528
Temkin b (J/mol) 2,117.760 1,037.465 863.410

A (L/mg) 7.954 16.751 40.397

R 0.9418 0.9942 0.9855

MPSD 0.5210 0.0095 0.031
Dubinin-Radushkevich g, (mg/g) 7,230.041 2,661.113 1,794.533

b (mol*/KJ?) 5x107 7 %107 10 x 10

E (KJ/mol) 10.000 8.451 7.071

R? 0.9532 0.9986 0.9585

MPSD 0.1921 0.0069 0.0010
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determined from the slopes and intercept of the plot of InK,
vs. 1/T. Table 10 demonstrates thermodynamic parameters
for sulfide adsorption.

The negative value of AH® for Fe-zeolite adsorbent indi-
cates that the adsorption process is exothermic; this means
that increasing temperature causes a decrease in the amount
of adsorbed sulfide. The negative value of entropy changes
(AS°) in adsorption process indicates associative mechanism
because the adsorption process causes the number of ions in
the solution to decrease [49]. Negative AG® values of sulfide
adsorption onto Fe-zeolite at different temperatures indicate
that this adsorption process is spontaneous.

As seen in Table 10, by analyzing the values of AH®, AS°
and AG°® for Ag-Cu-zeolite and Fe-Ag-zeolite, it can be

Table 9
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speculated that sulfide adsorption onto both adsorbents is
endothermic, associative and spontaneous. The positive value
of AH® (endothermic process) is an indicative of an increase
in sulfide adsorption on the successive increase in tempera-
ture. The positive value of AS® demonstrates the increased
randomness at the film interface (between solid and solution)
during the fixation of the sulfide ion on the active sites on the
surface of Ag-Cu—zeolite and Fe—Ag-zeolite [50].

The magnitude of standard enthalpy changes (AH®)
and standard entropy changes (AS°) for Ag-Cu—zeolite and
Fe-Ag-zeolite are considerable in comparison with these
parameters for Fe-zeolite.

With the increase of the temperature, the degree of
the spontaneity of the sulfide adsorption onto Fe-zeolite,

Kinetic parameters for the adsorption of sulfide onto (a) Fe-zeolite, (b) Fe—~Ag—zeolite and (c) Ag—Cu-zeolite

(a) Pseudo-first-order equation

(a) Pseudo-second-order equation

(a) Intraparticle diffusion

equation
G, q(exp) q, k, (min™) (R)? MPSD g, k,g/(mg. (R, MPSD  k, (mg/(g (R, MPSD
(mg/L) (mg/g) (mgs/g) (mg/g) min) min'?))
100 1.47 3.081  -0.05 0.3690 0437 1.36 4.510 0.9909 0.052  0.062 0.5088 0.185
250 3.41 1.589  -0.03 0.6186 0.942  3.80 0.022 0.9880 0.104 0.275 0.8273  0.555
500 4.37 3478  -0.03 0.9639 0.384 5.89 0.006 0.9941 0.086 0.343 0.9906 0.322
750 4.05 3239 -0.03 0.9436 0.586 5.36 0.006 0.9991 0.018 0.274 0.9543 0.537
1,000 5.05 20.605  -0.08 0.8814 0715 3.44 0.013 0.8623 0.141  0.643 0.9606 0.789
(b) Pseudo-first-order equation (b) Pseudo-second-order equation (b) Intraparticle diffusion

equation
G, q(exp) g, k, (R)? MPSD ¢, k,g/(mg. (R} MPSD K, (mg/(g (R, MPSD
(mg/L) (mglg) (mglg) (min’) (mg/g) min) min'?)]
100 1.550 6.514 0.003 0.1747 0.531 1.347 1.655 0.9988  0.054 -0.071 0.1903  0.928
250 3.190  46.095 0.027 0.2951 0.995 3.053 0.664 0.9997  0.038 —0.054 0.2692  0.867
500 6.350 2.047 0.009 0.8461 0.545 4968 0.042 0.9993  0.029 -0.208 0.9099 0.182
750 8.370 1222 -0.004 0.1193 1.593 7.968 0.098 0.9953  0.061 0.102 0.2049 0.863
1,000 13.540 25333 -0.080 0.8903 0.365 11.779 0.019 0.9963  0.046 0.796 0.9546  0.141
(c) Pseudo-first-order equation (c) Pseudo-second-order equation (c) Intraparticle diffusion
equation
C,  alw) a K (R)  MPSD q,  kg/mg (R} MPSD K (mgfg (R)®  MPSD
(mg/L) (mglg) (mg/g) (min’) (mg/g) min) min'?)]
100 1.29 4654 -0.002 0.1095 1949 1.143  0.550 0.9983  0.021 0.018 0.1374  0.075
250 3.37 9.339  0.012 0.4714 0517 3.153 0412 0.9977 0.039  -0.063 0.6114  0.030
500 6.73 4543 0.055 0.6918 3.690 5452  0.075 0.9996 0.034 -0.176 09181  0.021
750 7.63 2.832  0.056 09022 2557 7.806  0.481 0.9998 0.011 0.204 0.8276  0.035
1,000 8.85 5.015  0.067 0.9900 0.137 9242  0.026 0.9999  0.008 0.316 0.8176  0.051
Table 10
Thermodynamic parameters for the adsorption of sulfide onto Fe—zeolite, Fe-Ag—zeolite and Ag—Cu—zeolite
Zeolite Re AH® (KJ/mol) AS° (KJ/mol) AG® (KJ/mol)
40°C 50°C 60°C 70°C

Fe 0.996 -7.43 -13.95 -2.57 -2.43 -2.30 -2.23
Fe-Ag 0.99 13.149 55.97 -3.765 -4.951 -5.444 -6.073
Ag—-Cu 0.99 21.764 85.492 -5.063 -5.778 -6.632 —-6.740
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Fig. 4. Adsorption kinetics of sulfate onto (a) Fe-zeolite,

(b) Fe-Ag-zeolite and (c) Ag-Cu—zeolite, at various initial sulfide

concentration (conditions: particle size: =150 um, speed stirrer:

500 rpm, 298 K temperature, pH: 11.5, amount of zeolite: 5 g).

Fe-Ag-zeolite and Ag-Cu-zeolite decreases, increases and
increases, respectively.

3.6. Mechanism sulfide adsorption onto modified zeolite

Less report has been published so far toward an under-
standing of the mechanism of sulfide adsorption onto zeolite
[51]. Of course, it has proposed some of the mechanisms of
hydrogen sulfide onto various zeolites [52].

The mechanism of sulfide adsorption onto impregnation
surface of zeolite depends on sulfide species form. It is there-
fore predicated that sulfide is absorbed in two cases: first the
mechanism in solution pH > 10 in which the form of sulfide
ion (S*) is predominated, and the adsorption process can
occur via interacting to metal in the network of zeolite that is
based on the formation of coordinative adsorbed species [53].
Of course, the tendency of transition metals to form coordi-
nation compounds confirms the following mechanism:

S* +M'[ZeolO]" — S .....M'[ZeolO] 7)

The second mechanism can be suggested in pH range of
5-10 which sulfide ions such as hydrogen sulfide (HS") have
formed in coordinative adsorbed [Eq. (7)], and the hydro-
gen bonding has occurred between the hydrogen of HS- and
oxygen atoms in the zeolite lattice, which contributes to
adsorption process (Egs. (8) and (9)). However, the tendency
of transition metals to form coordination compounds con-
firms the above mechanism:

SH+ [OZeol] M* — SH-...... [OZeol] M* 8)

HS+ M*[ZeolO]- — HS-...... M*[ZeolO] 9)
Of course, in this range of pH < 5, H,S is formed, and

through this mechanism with the participation of protons, a

sulfur compound [53] will be formed (Eq. (10)):

SH, + [OZeol] M* — SH,...... [OZeol]" M* (10)

The improvement of sulfide adsorption on modified
zeolite could be attributed to different parameters such as
pore structure, the mobility of the ions in building the net-
work construction, change of surface and characteristics of
electrostatic interaction between fundamental groups of zeo-
lite structure and modifier transition metals — sulfide ions.
Modifier transition metals improved the adsorptive behavior
of zeolite without changing its crystal structure.

In other words, the adsorption behavior of sulfide toward
zeolite is affected by the location of metal ions in framework
and lattice of zeolite. The more appropriate this place in zeo-
lite structure is, the more synergism effect of metal ions on
the electrostatic interaction between sulfide and metal ions
will be, which causes the increase of sulfide adsorption.

4. Conclusions

These findings have shown that the best-modified zeo-
lites were synthesized by using the Fe(III), Fe(IlT)-Ag(I) and
Ag(I)-Cu(Il) salts. The synergism effect of a mixture of mod-
ified salt metals on the sulfide adsorption was obviously
observed.

The value of adsorbed sulfide onto modified zeolite was
influenced by solubility product constant (K_ ) of transition
metal sulfides. The best-modified zeolite relates to Fe-Ag—
zeolite that due to their lowest K_ of Ag S and Fe,S, sis rel-
ative to K_ of other transitional metals sulfide, which have
been applied in this study. There was no observation of
the appreciable change in the XRD patterns Fe-zeolite, Fe—
Ag-zeolite, and Ag—Cu-zeolite after modifying treatment,
which does not indicate any crystal structural change with
loading transitional metals on Iranian zeolite. No signifi-
cant change vibration band of functional groups of modi-
fied zeolite was observed. In other words, Fe(III), Ag(I) and
Cu(II) ions impregnated surface of zeolite (clinoptilolite).

It was found that the Langmuir isotherm model describes
well the sulfide adsorption onto Fe—zeolite and Ag-Cu—zeolite
adsorbents. It shows that homogeneous (monolayer surface)
adsorption and the reversible process are predominant.
With respect to S.D. and regression coefficients (R?) values
of Langmuir, Freundlich and Temkin isotherm model for Fe—
Ag-zeolite are similar to each other. It seems the complexity
treatment is predominant in this adsorption.

The maximum capacity of sulfide adsorption relates to
Ag-Fe-zeolite, which was confirmed by the value of the
specific surface area of Ag-Fe-zeolite. The magnitude of E
(free energy of adsorption) illustrated that adsorption char-
acteristics for Fe—zeolite, Fe-Ag-zeolite and Ag—Cu-zeolite
include chemical absorption ion-exchange process, physi-
cally process and physically process, respectively. Analysis of
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the kinetics revealed that the pseudo-second-order-sorption
mechanism is predominant.

The kinetic study adsorption of sulfide onto modified
zeolite demonstrates that the experimental data fitted the
pseudo-second-order kinetics well. In other words, it means
that both concentration adsorbate (sulfide ions) and the num-
ber of active sites of modified zeolite have affected adsorp-
tion mechanism and the rate of adsorption.

The calculated thermodynamic parameters of sulfide
adsorption onto modified zeolite reveals the negative AG®
values at different temperatures indicating that the adsorp-
tion process is spontaneous but for Fe—zeolite become less
negative with the increase of temperature indicating that
sulfide adsorption is exothermic (negative AH°®). The positive
AH? value of sulfide adsorption onto Fe-Ag-zeolite and Ag-
Cu—zeolite indicates that the adsorption was endothermic.
The negative value of AS° indicates that sulfide adsorption
onto Fe—zeolite is an associative process. The positive value
of changes in standard entropy occurs as a result of the redis-
tribution of energy between the sulfide and both adsorbents
(Fe-Ag-zeolite and Ag-Cu-zeolite). Based on the results of
this paper, it can be concluded that the Fe-zeolite, Fe-Ag-
zeolite and Ag-Cu-zeolite are appropriate adsorbents for
removing sulfide ions from aqueous solution, and it is intro-
duced as new materials for wastewater treatment.
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