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Abstract−Arsenic adsorption properties of mono- (Fe or Al) and binary (Fe-Al) metal oxides supported on natural ze-

olite were investigated at three levels of temperature (298, 318 and 338K). All data obtained from equilibrium experiments

were analyzed by Freundlich, Langmuir, Dubinin-Radushkevich, Sips, Toth and Redlich-Peterson isotherms, and error

functions were used to predict the best fitting model. The error analysis demonstrated that the As(V) adsorption pro-

cesses were best described by the Dubinin-Raduskevich model with the lowest sum of normalized error values. Ac-

cording to results, the presence of iron and aluminum oxides in the zeolite network improved the As(V) adsorption

capacity of the raw zeolite (ZNa). The X-ray photoelectron spectroscopy (XPS) analyses of ZNa-Fe and ZNa-AlFe

samples suggested that the redox reactions are the postulated mechanisms for the adsorption onto them while the ad-

sorption process is followed by surface complexation reactions for ZNa-Al.
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INTRODUCTION

In the past decades, the occurrence of arsenic in natural waters,

mainly in groundwater, has been a serious environmental problem

all over the world due to its high toxicology. Acute and chronic arsenic

exposure via drinking water has been reported in countries like Argen-

tina, Bangladesh, Mexico, India, Thailand, and Taiwan, where a

large proportion of groundwater is contaminated with arsenic up to

2,000μg L−1 [1]. Long-term exposure to arsenic via water sources

could cause vascular and skin diseases as well as lung, bladder and

kidney cancer. To prevent the health problems associated with As in

drinking water, the US EPA (the Environmental Protection Agency of

the United States of America) has decreased the acceptable maximum

contaminant level (MCL) of As from 50 to 10μg L−1. Thus, effec-

tive treatment methods for arsenic removal from water sources must

be taken in order to meet the standard. Especially, developing coun-

tries have to consider low-cost and simple removal techniques [1].

Several techniques of arsenic removal, such as precipitation, ion-ex-

change, adsorption, reverse osmosis and ultrafiltration, are already

available [2]. Adsorption has also emerged as a more popular alterna-

tive technique due to its simplicity, potential to offer a sludge-free

operation and availability of using many kinds of adsorbents [3,4].

More recently, zeolites have received increasing attention in the

context of pollution control, emerging as standard components of

wastewater treatment [5]. Since the application of zeolites is sim-

ple and as they require mild operating conditions, they have been

used for the selective separation of toxic elements from aqueous

solutions [6]. However, arsenic is found as anionic species like triva-

lent arsenite (AsO2)
− or less toxic pentavalent arsenate (HAsO4)

2−

which cannot be exchangeable by the cations from zeolite. The pos-

sibility of chemical modification of zeolite surface with metallic

oxides or surfactants allows zeolites to be effective adsorbents for

anionic species [5-10]. Several papers have focused on the strong

adsorption affinity of arsenic to Fe or Al oxides/hydroxides form-

ing very stable As-Fe/Al complexes. Doušová et al. [11] studied

As(V) adsorption onto three adsorbents, metakaoline, clinoptilolite-

rich tuff and synthetic zeolite, in both pure and iron oxide treated

forms. They found the adsorption capacity increased significantly

for iron oxide treated samples when compared with untreated ones

(from about 0.5 to >20.0 mg g−1). Macedo-Miranda and Olguin [9]

modified the Mexican clinoptilolite-heulandite rich tuffs with iron

oxides, and they calculated the Langmuir As(V) sorption capacity

as 53.6μg g−1 (at pH 6). Jiménez-Cedillo et al. [5] investigated the

As(V) and As(III) sorption properties of iron and iron-manganese-

modified clinoptilolite-rich tuffs, and they suggested that the removal

of As(III) and As(V) by the zeolitic materials might be influenced by

the nature of the arsenic chemical species, the origin of the natural zeo-

lite and the textural characteristics of the modified material. Ramesh

et al. [12] studied the As(III), As(V) and dimethylarsenate (DMA)

adsorption onto polymeric Al/Fe modified montmorillonite. They

found that the DMA adsorption capacity of the adsorbent was higher

compared to the literature values, and the adsorbent could be used

in more than five cycles of sorption-desorption without any signifi-

cant change of adsorption capacity.

The magnetic forms of iron oxides have also been used effi-

ciently for arsenic removal and, after adsorption, these sorbents can

be separated from solution by using an external magnetic field. Yavuz

et al. [13] proposed the use of magnetite particles for arsenic decon-

tamination of water based on their magnetic properties. They reported

that, as the arsenic species are negatively charged in the acidic pH

range, electrostatic attraction occurs between magnetite-maghemite

nanoparticles and arsenic anions. Liu et al. [3] showed that the mag-
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netite iron oxide had a higher adsorption capacity to As(V) (3.6 mg

g−1) than that to As(III). The optimal pH range for As(III) adsorp-

tion was determined as between 6-9.4, while the adsorption was

better under the acidic conditions for As(V). Furthermore, a num-

ber of papers have reported about the mixed form of the iron and

aluminum oxides showing better efficiency than many of the single

metal oxides [14-18]. Therefore, the present study focused on the

As(V) adsorption onto mono- (Fe or Al) and binary (Fe/Al) oxides

supported on natural zeolite. Adsorption characteristics were inves-

tigated using the isotherm models in a series of batch experiments.

The magnetization measurements and X-ray photoelectron spec-

troscopy (XPS) analyses were used to elucidate the magnetization

character and arsenic adsorption mechanism, respectively.

MATERIALS AND METHODS

1. Chemicals and Reagents

All the chemicals/reagents used in this work were of analytical

reagent grade. The ferrous chloride (FeCl2·4H2O), ferric chloride

(FeCl3·6H2O), anhydrous aluminum chloride (AlCl3) and sodium

hydroxide (NaOH) were purchased from Sigma-Aldrich. The As(V)

stock solutions were prepared by dissolving Na2HAsO4·7H2O in

deionized water. The natural zeolite was obtained from Gördes-Man-

isa deposit, produced by Rota Mining Company, Turkey. The average

chemical composition of zeolite [chemical formula: (Ca,K2,Na2,Mg)4
Al8Si40O96·24H2O] is reported as SiO2 - 65-72% and Al2O3 - 10-12%

(wt).

2. Preparation of Mono and Binary Metal Oxides

The previous work [4] indicated that the pretreated zeolites ex-

hibited low or no adsorption efficiency for As(V). However, major

increases in As(V) adsorption capacities were observed for the metal

oxide coated zeolites. While As(V) adsorption capacity of pretreated

zeolite was 0.026 mg g−1 it increased to 2.00-5.0 mg g−1 after modi-

fication with iron and aluminum oxides. For that reason, the present

study aimed to explore arsenic adsorption onto mono and binary

oxides doped natural zeolites in detail. Briefly, the raw clinoptilolite

was treated with 2 mol L−1 NaCl solution (coded as ZNa). Then, a

definite amount of ZNa was added to 200 mL of Fe(II) solution, and

the resulting suspension was stirred while adding 5 mol L−1 NaOH,

allowing iron oxide particles to precipitate onto its surface. After

stirring for 1 h, the sample was washed with deionized water and

dried overnight at 338 K (designated as ZNa-Fe). Aluminum oxide

coated zeolite was prepared according to the same procedure de-

scribed above using Al3+ solution (coded as ZNa-Al). Binary metal

oxide (Fe&Al) coated zeolite was prepared by using a mixture of

AlCl3 and FeCl3 solutions and NaOH was added dropwise to the

suspension till pH reached 10-11. The resultant sample was dried

at 338 K and denoted as ZNa-AlFe.

3. Characterization

Magnetic properties of iron oxide coated zeolites (ZNa-Fe and

ZNa-AlFe) were characterized by Quantum Design Physical Property

Measurement System (PPMS-9T) at ambient temperature. Exhausted

adsorbents were analyzed by using X-ray photoelectron spectros-

copy (VSW, Vacuum System Workshop Ltd, England equipped

with PHOIBOS 100 spectrometer).

4. Adsorption Isotherms

An adsorption isotherm is the basic source of information about

the adsorption process [19]. The isotherm models can be based on

models with two, three or more parameters [20]. Due to the limited

application of two-parameter models, there is a growing interest in

the derivation of isotherm models [21]. In the present study, the re-

lationship between adsorbed As(V) and the concentrations at equi-

librium was described by two- and three-parameter isotherm models:

Freundlich, Langmuir, Dubinin-Radushkevich, Redlich-Peterson,

Sips, and Toth using STATISTICA (Ver. 8.0, StatSoft Inc., USA)

software package.

4-1. Langmuir Model

The Langmuir model assumes homogeneous adsorption in which

each molecule has equal enthalpy and sorption activation energy

[22]. The model is expressed as:

(1)

where qe is the adsorbed amount at equilibrium (mg g−1), Ce is the

equilibrium concentration of the adsorbate (mg L−1), Q is the Lang-

muir monolayer sorption capacity (mg g−1) and b is the Langmuir

equilibrium constant (L mg−1) related to the energy of adsorption

and affinity of the adsorbent. Webber and Chakkravorti [23] defined

a dimensionless constant, RL, which describes the type of isotherm

and is represented as:

RL=1/(1+b·Ci) (2)

where Ci is the initial adsorbate concentration (mg L−1). The mag-

nitude of RL determines the adsorption nature to be either unfavorable

(RL>1), linear (RL=1), favorable (0<RL<1) or irreversible (RL=0).

4-2. Freundlich Model

The model is based on multilayer adsorption, with non-uniform

distribution of adsorption heats and affinities over the heterogeneous

surface. The model is not restricted to the formation of monolayer

as Langmuir theory [20]. The model is expressed by the following

equation:

qe=KF·Ce

1/n
(3)

where KF and n are indicative isotherm parameters of adsorption

capacity (mg g−1) and intensity, respectively. The 1/n value is a sign

of surface heterogeneity and ranges between 0 and 1. The adsorp-

tion becomes more heterogeneous as it is closer to zero [24,25].

4-3. Dubinin-Radushkevich (D-R) Isotherm Model

The D-R model is based on the assumption of multilayer char-

acter of the adsorbent surface and is generally applied to distin-

guish the physical and chemical adsorption mechanisms [26]. The

isotherm is expressed by [27]:

qe=qm·exp(−β·ε2) (4)

ε=R· ln(1+1/Ce) (5)

where R indicates gas constant (8.314 J mol−1 K−1), T and Ce are

absolute temperature (K) and equilibrium concentration (mg L−1),

respectively.

4-4. Redlich-Peterson Model

Redlich-Peterson model is an empirical hybrid isotherm com-

bining Langmuir and Freundlich isotherms. The isotherm theory

does not assume ideal monolayer adsorption [28]. The empirical

equation is:

qe = 

Q b Ce⋅ ⋅
1+ b Ce⋅
------------------
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(6)

αRP and KRP are the Redlich-Peterson isotherm constants, and βRP is the

exponent which ranges between 0 and 1. The model fits the Freun-

dlich isotherm at high concentrations (βRP≈0), while it approaches

the ideal Langmuir condition at low concentrations (βRP≈1) [20].

4-5. Toth Model

Toth isotherm is the modified form of Langmuir equation by mini-

mizing the errors between experimental and theoretical data of ad-

sorption [29]. The model equation is derived from the potential theory

and suited to multilayer adsorption similar to BET isotherms, which

is a special type of Langmuir isotherm [30]. The Toth equation is

given as:

(7)

where qmT is the Toth maximum adsorption capacity (mg g−1), KT

and mT are the Toth equilibrium constant and Toth model expo-

nent, respectively.

4-6. Sips Model

Sips isotherm is a combination of Langmuir and Freundlich mod-

els predicting non-uniform surfaces on adsorption system [31]. Math-

ematically, it can be described as follows:

(8)

where qmS is the indicator of Sips maximum adsorption capacity

(mg g−1), KS and ms are the Sips equilibrium constant (L mg−1) and

model exponent, respectively. The model reduces to the Freundlich

isotherm at low concentrations, while at high concentrations it as-

sumes a monolayer adsorption characteristic of the Langmuir iso-

therm [32].

Adsorption isotherm studies were performed by varying amounts

of adsorbent (2-200 mg) in 50 mL conical flasks with 5.0 mg L−1

As(V) concentration at different temperatures (298, 318 and 338 K).

The initial pH values of the solutions were adjusted to 3.0 (ZNa-

Fe) and 5.0 (ZNa-Al, ZNa-AlFe) according to the previous study

[4]. During the adsorption experiments, pH of the solutions was

kept constant by using diluted HCl or NaOH twice in a day. The

arsenic was determined by atomic absorption spectrophotometer

(Analytic Jena ContrAA 700 TR). The analyses were conducted at

a wavelength of 193.7 nm by a graphite furnace system using Pd/

Mg(NO3)2 as a matrix modifier. Dilution was made with 2% HNO3

solution and samples were reanalyzed in case the relative standard

deviation exceeded 5%. The As(V) adsorption capacity (qe) was

calculated from the following equation:

(9)

where qe is the adsorption capacity (mg g−1), Ci is the initial con-

centration of arsenate (mg L−1), V is the solution volume (L) and

m is the adsorbent dosage (g).

5. Error Analysis

In adsorption isotherm studies, an optimization procedure requires

error functions in order to determine the fitness of applied model to

the experimental data. For that reason, the coefficient

(10)

of determination (R2) values were calculated by using Eq. (10):

Moreover, Chi-square values (χ2) were calculated to estimate

the isotherm models:

(11)

where qcal and qexp refer to the theoretical and experimental capacities

(mg g−1), respectively, and qa exp is the average experimental capacity.

However, interpreting of R2 and χ2 values is insufficient to evaluate

the goodness of fit and compare the isotherm models. El-Khaiary

and Malash [33] reported that in the statistically analyzing process

of the experimental data, the adsorption literature contains errors

which render the results unreliable. They also highlighted the most

obvious issues with R2. Therefore, in the present study, five error

functions were calculated across the studied range using the Solver

add-in with Microsoft’s spreadsheet, Microsoft Excel. In each case,

the isotherm parameters were determined by minimizing the respec-

tive error function. The error functions studied were as follows:

5-1. The Sum of the Squares of the Errors (ERRSQ)

This error function is widely used and the magnitude of func-

tion indicates the goodness of the applied model. However, it has

one major drawback that the squares of errors increases by increas-

ing concentration and so the model provides better fit to the experi-

mental data [34].

(12)

5-2. The Hybrid Fractional Error Function (HYBRID)

Porter et al. [35] developed HYBRID error function to improve

the fit of the ERRSQ function at low concentrations.

(13)

Here, n is the number of data points and p is the number of parame-

ters of the isotherm equation [36].

5-3. Marquardt’s Percent Standard Deviation (MPSD)

Marquardt’s equation is similar to a geometric mean error distri-

bution which is modified to allow for the number of degrees of free-

dom in the system.

(14)

5-4. The Sum of the Absolute Errors (EABS)

The isotherm model parameters determined by using the EABS

function provide a better fit as the magnitudes of the errors increase

[34].

(15)

5-5. The Average Relative Error (ARE)

This error function attempts to minimize the fractional error distri-

bution across the entire concentration range [37].

qe = 

KRP Ce⋅

1+ αRP Ce

βRP⋅( )
-------------------------------

qe = 

qmT Ce⋅

1

KT

------
 + Ce

mT

⎝ ⎠
⎛ ⎞1/mT
----------------------------------

qe = 

qmS KS Ce

ms⋅ ⋅

1+ KS Ce

ms⋅( )
-----------------------------

qe = 

Ci − Ce( ) V×
m

-----------------------------

R
2
 = 

qcal − qa exp( )2∑

qcal − qa exp( )2 + qcal − qexp( )2∑
---------------------------------------------------------------------

χ
2
 = 

qexp − qcal( )2

qcal

----------------------------∑

ERRSQ = qexp − qcal( )i
2

i=1

p

∑

HYBRID = 

100

n − p
-----------

qexp − qcal( )2

qexp

----------------------------
ii=1

p

∑

MPSD =100
1

n − p
-----------

qexp − qcal

qexp

---------------------
⎝ ⎠
⎛ ⎞

i

2

i=1

p

∑

EABS = qexp − qcal i
i=1

p

∑



2060 E. Bilgin Simsek and U. Beker

November, 2014

(16)

Each of the above error functions produces a different set of iso-

therm parameters. Thus, to identify which set is an optimum param-

eter, the ‘sum of the normalized errors’ (SNE) for each parameter

set was determined [30]. Each error function for each set of iso-

therm constants was divided by the maximum error function from

that set to determine the normalized errors. According to this method,

the error function with the minimum SNE value can be accepted

to give the closest fit.

RESULTS AND DISCUSSION

1. Characterization

Fig. 1 presents the magnetization curves obtained for iron oxide

modified zeolites. The saturation magnetization (Ms) value of ZNa-

Fe was 0.39 emu g−1 at ambient temperature, while that of for ZNa-

AlFe was 0.0005 emu g−1. Furthermore, ZNa-Fe has a hysteresis

indicating super-paramagnetism while no evidence of magnetism

was seen for ZNa-AlFe sample. ZNa-Fe particles were attracted

toward the magnet while ZNa-AlFe was not attracted. Therefore,

the magnetic ZNa-Fe can be used efficiently for As(V) removal

and, after adsorption, this sorbent can be easily separated from solu-

tion by using an external magnetic field.

ARE = 

100

p
---------

qexp − qcal

qexp

-----------------------
⎝ ⎠
⎛ ⎞

ii=1

p

∑

Fig. 1. Magnetization curves of iron oxide modified zeolites.

Fig. 2. Non-linear isotherms of ZNa (pH 5, Ci: 5 mg L−1, T: 298 K).

Fig. 3. Non-linear isotherms of ZNa-Fe (pH 3, Ci: 5 mg L−1, T: 298 K).

2. Isotherm Models and Error Analysis

The plots of Freundlich, Langmuir, D-R, Redlich-Peterson, Sips,

and Toth isotherm models for As(V) adsorption onto raw and modi-

fied zeolites are presented in Figs. 2-5. The calculated values of ZNa

were too low due to the low adsorption capacity and the applied

models were not described well. The illustrated isotherm curves of

ZNa (Fig. 2) indicated that the As(V) adsorption was fitted to Type-

III isotherm suggesting weak adsorbate–adsorbent interactions.
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Taking R2 (≥0.990) and χ2 (≤0.004) values into account, the most

appropriate isotherms were found as D-R and Toth models for the

ZNa-Fe sample. The R-P and Sips equations also seem suitable due

to the low χ2 values (Table 1). The maximum adsorption capacities

calculated using the Langmuir model were lower than those of Toth,

Sips, Redlich-Peterson models. It shows that the As(V) adsorption

onto the ZNa-Fe adsorbent did not occur on the homogeneous sur-

face.

The adsorption on ZNa-Al was suited to the Dubinin-Raduskevich

and Redlich-Peterson isotherms (Fig. 4), which correctly simulates

to the experimental data, while the Langmuir model showed the

highest error values. As seen in Table 2, among the two-parameter

isotherms, the D-R isotherm model describes the adsorption system

well (SNEERRSQ: 1.345; SNEHYBRID: 0.363) and the equilibrium data

were found in good agreement with Sips isotherm model (SNEHYBRID:

3.986). Moreover, the calculated values of Sips maximum adsorp-

tion capacity, model exponent and equilibrium constant were found

to be 2.62 mg g−1, 3.71 (L mg−1) and 0.30, respectively. The model

exponents of Sips (mS) for ZNa-Fe, ZNa-Al and ZNa-AlFe were

found closer to zero than unity (ranging between 0.05 and 0.2). This

supports the fact that As(V) adsorption on modified zeolites fitted

more the Freundlich theory than of Langmuir [30,38].

The obtained results (Table 3) for ZNa-AlFe showed that the best-

fitted adsorption isotherm models were in the order of: D-R>Sips>

Redlich-Peterson>Toth>Freundlich>Langmuir, on the basis of high

R2 and lower χ2 values. The HYBRID and ERRSQ parameter sets

produced the best fit to the D-R model by giving the lowest SNE

values (SNEHYBRID=0.231; SNEERRSQ=1.226). The D-R model adsorp-

tion capacities for ZNa-Fe, ZNa-Al and ZNa-AlFe samples were

calculated as 4.15, 2.26 and 5.94 mg g−1, respectively. Among the

three-parameter models, the Sips isotherm describes with satisfaction

the equilibrium data due to the lower SNE value (SNEHYBRID=4.221).

3. Isosteric Heat of Adsorption

The heat of adsorption, which was determined at constant amount

of adsorbate adsorbed is defined as the isosteric heat of adsorption

(ΔHX, kJ mol−1), is one of the basic requirements for the character-

ization and optimization of adsorption processes [39]. The isosteric

heats of adsorption are the key thermodynamic variables for the

design of separation processes [40]. The isosteric heat of adsorption

is calculated using the following equation, which is derived from

the Clausius-Clapeyron equation.

(17)

For this purpose, the plots of ln Ce versus 1/T were derived for dif-

ferent amounts of adsorbed As(V) at different temperatures (298,

318, 338 K). The plots of ln Ce versus 1/T were found to be linear

(Fig. 6), and the values of ΔHX were found from the slopes of these

isosters. The ΔHX values as a function of surface loading are shown

in Fig. 7. The isosteric heat of adsorption increases with increasing

d Celn( )
dT

------------------
 = − 

ΔHx

RT
2

----------

Fig. 5. Non-linear isotherms of ZNa-AlFe (pH 5, Ci: 5 mg L−1, T: 298 K).

Fig. 4. Non-linear isotherms of ZNa-Al (pH 5, Ci: 5 mg L−1, T: 298 K).
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surface loading, indicating that the modified zeolites have an ener-

getically homogeneous surface. Chowdhury et al. [39] stated that

the dependence of ΔHX on surface coverage could be due to the ad-

sorbate-adsorbate interaction followed by adsorbate-adsorbent inter-

action. They indicated that the adsorbate-adsorbent interactions take

place in high heats of adsorption as surface loading increases.

The ΔHX values should be below 80kJ mol
−1 for physical adsorp-

tion, and for chemical adsorption they change between 80 and 400

kJ mol−1 [39]. The average ΔHX values were calculated as 47.58

and 40.65 kJ mol−1 for ZNa-Fe and ZNa-Al, respectively. This fact

indicates that the As(V) adsorption onto iron and aluminum modi-

fied zeolites was a physical process. However, the average ΔHX value

for ZNa-AlFe sample was found as 90.08 kJ mol−1, which refers to

chemical interaction between arsenate and binary metal oxides.

4. XPS Analysis and Adsorption Mechanism

The surface functional groups are helpful in order to explain the

adsorption mechanisms. Therefore, the elemental composition and

the changes in surface functional groups after arsenic adsorption

were investigated using XPS analysis. In general, the major peaks

for the Fe 2p, Al, O 1s, and As 3d spectrums were observed for the

exhausted sorbents (Table 4). Also, the peaks at binding energy of

354±0.8 eV for Ca 2p3/2 appeared due to the composition of natural

clinoptilolite for all samples. The O 1s spectra of iron and alumi-

num modified sorbents are illustrated in Fig. 8. For ZNa-Fe and

Fig. 6. Isosters of As(V) adsorption on samples at different sur-
face loading (a) ZNa-Fe (b) ZNa-Al (c) ZNa-AlFe.

Fig. 7. Isosteric adsorption heats of (a) ZNa-Fe (b) ZNa-Al (c) ZNa-
AlFe.
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ZNa-AlFe sorbents, the peaks at binding energy of 529.138 and

529.696 eV can be assigned to Fe-O (lattice oxygen in magnetite

or maghemite), respectively [39,41]. The peaks with binding ener-

gies of 530.560±1.7 eV can be attributed to the As-O bonds (As2O3,

As2O5) on the arsenic-adsorbed samples [39,41]. The XPS spectra

of ZNa-Fe sorbent obtained in the Fe 2p region are shown in Fig.

9. The Fe 2p region of the XPS spectrum often includes the peaks

of Fe0, Fe2+ and Fe3+ oxides. Barquist and Larsen [42] indicated that

Fe2O3 (Fe
3+) and FeO (Fe2+) have binding energies in the ranges of

711.1-719.8eV and 709.9-715eV, respectively. Moreover, the magne-

tite (Fe3O4) has a binding energy ranging from 710.5 to 711.2V. The

peaks located at 711.230 and 723.588 eV correspond to Fe 2p3/2 and

Fe 2p1/2, respectively. The peak area of Fe 2p3/2 (AreaFe2p3/2=2205.442)

was found higher than that of Fe 2p1/2 (AreaFe2p1/2=575.002), indi-

cating that the Fe3+ oxide species are primarily present on the surface

after adsorption. The presence of Fe3+ species could be attributed to

the redox reactions that occurred during the uptake of arsenate, i.e.,

As(V) is reduced to As(III) while Fe2+ is oxidized to Fe3+ (Eqs. (18)-

(19)).

(18)

(19)

Similar phenomenon was observed by Lim et al. [41]. They reported

that the redox reactions might be followed by reduction of the surface

bound AsV species to AsIII via charge transport from Fe2+ species in

the magnetite sorbent.

The metallic (Al0) and trivalent aluminum (Al3+) species have

binding energies at ~73.2 eV and ~75 eV, respectively [43]. The Al

2s and Al 2p spectra of the ZNa-Al sample are shown in Fig. 10.

The Al 2s1/2 peak at 102.369 eV and Al 2p1/2 peak at 74.048 eV are

assigned to the AlOOH species on the aluminum coated zeolite.

As presented in Fig. 11, the binding energies of Fe 2p core were

710.383 and 715.856 eV, and the peak area values indicated that

the dominant oxidation state of Fe was +III, for the ZNa-AlFe sam-

Fe
2+

Fe
3+

E
0
 = − 0.77 V;→

H
3
AsO

4
HAsO

2
E
0
 = + 0.56 V→

Fe
2+

 + H
3
AsO

4
Fe

3+
 + HAsO

2
 + OH

−

→

Fig. 8. O 1s spectrums of samples.

Table 4. XPS analysis results after As(V) adsorption

Binding energy, (eV) Peak area FWHM, (eV)

ZNa-Fe
O 1s 529.138 297.799 1.378

530.560 1605.503 2.191
532.030 2804.746 2.469

Fe 2p 711.230 2205.442 4.142
723.588 575.002 6.388

As 3d 44.419 51.326 1.702
46.299 72.243 2.441

ZNa-Al
O 1s 529.571 310.933 1.423

532.053 3918.970 2.332
530.819 2178.416 2.012

Al 2p 74.048 487.161 2.652
Al 2s 102.369 331.401 2.289
As 3d 45.203 67.326 1.986

ZNa-AlFe
O 1s 529.696 1902.096 2.204

531.124 2510.661 1.777
532.295 1372.142 2.052

Fe 2p 710.383 1232.267 4.015
715.856 492.553 6.500
727.666 48.683 1.563

Al 2p 73.456 275.229 2.107
As 3d 42.415 36.939 1.622

45.257 73.547 2.334
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ple. The peak at the binding energy of 727.666 eV showed that Fe2+

species are also present in the zeolite structure. The peak area of Al

2p3/2 at the binding energy of 73.456 eV was calculated as 275.229,

showing that the surface functional groups of the ZNa-AlFe sor-

bent mainly consist of iron (oxy) hydroxide species.

The As 3d core level of the arsenic loaded sorbent consisted of

two individual component peaks originating from the different va-

Fig. 9. Fe 2p spectrum of ZNa-Fe sample.

Fig. 10. Al 2s and Al 2p spectrums of ZNa-Al sample.

Fig. 11. Al 2p and Fe 2p spectrums of ZNa-AlFe sample.

lences of the arsenic atom [41]. In Fig. 12, the XPS spectra of ZNa-

Fe after As(V) adsorption showed two peaks; the binding energies

of 44.419 and 46.299 eV should be attributed to AsIII-O and AsV-O,

respectively [39,44]. Similarly, the spectra of ZNa-AlFe included

two peaks at 42.415 (AsIII) and 45.257 eV (AsV). Therefore, it was

demonstrated that there was little AsIII oxidized into AsV in the ad-

sorption system of iron oxide modified zeolites. Similar results about

AsIII formation on iron surfaces after treatment with AsV solution

were reported by other researchers [39,44,45]. However, for the

spectra of ZNa-Al sorbent, the binding energy related to As3+ spe-

cies was not observed indicating that the adsorption process is fol-

lowed by surface complexation reactions rather than redox interac-

tions.

CONCLUSIONS

We examined the equilibrium As(V) adsorption onto mono- (Fe

or Al) and binary (Fe/Al) oxides supported on natural zeolite. Non-

linear isotherm models were applied to the experimental data and

error functions were used to determine the best fit isotherm. Among

the two-parameter isotherms, the HYBRID and ERRSQ parame-

ter sets produced the best fit to the D-R model by giving the lowest

SNE values. The isosteric heats of adsorption (ΔHX) values of ZNa-

Fe and ZNa-Al indicated physical adsorption, while the value for

ZNa-AlFe was found higher, which refers to chemical interactions.
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The XPS spectra of ZNa-Fe and ZNa-AlFe samples after As(V)

adsorption showed two peaks related to AsIII-O and AsV-O bonds,

which demonstrated the fact that there was little AsIII oxidized into

AsV in the adsorption system of iron oxide modified zeolites.
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