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Abstract—The sorption of As(V) on manganese oxide coated zeolite (MOCZ) was investigated through batch study
to explore the feasibility of removing arsenic from groundwater. MOCZ was characterized by scanning electron micros-
copy, XRD, FTIR spectroscopy, and point of zero charge (pHp,c) measurements. The effects of process parameters such
as contact time, adsorbent size, temperature and pH were investigated. Arsenic detection was carried out by atomic flu-
orescence spectrometer. Arsenate adsorption onto MOCZ followed the pseudo-second-order kinetic model with a cor-
relation coefficient more than 0.99. Optimum removal of arsenate occurred within pH range of 6-10. The equilibrium
data were analyzed by Langmuir, Freundlich and Dubinin-Radushkevich (D-R) isotherm models. The maximum
adsorption capacity calculated from the Langmuir and D-R models was 151 and 152.8 g g ', respectively, at 38 °C. The
activation energy of adsorption (E,) was found to be 3.68 kj mol ', suggesting that the adsorption process may be phys-
ical sorption. Thermodynamic parameters: AH’, was 1.181 kj mol '; AS’, was —0.29 kj mol ', while the values of AG’
were —83.9, —86.7 and 89.8 kj mol ' at 18, 28 and 38, respectively, suggesting endothermic and spontaneous process

and a rise in temperature favoring the adsorption.
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INTRODUCTION

Arsenic is semi-metallic element which occurs naturally in envi-
ronment in many parts of the world [1,2]. There are four main oxi-
dation states of arsenic, —3, 0, +3 and +5, of which trivalent arsenit
(As™) and pentavalent arsenate (As™) are mainly dominant in nat-
ural water [3]. The predominant valence of arsenic depends on redox
potential of geological environment [3,4]. Countries around the
world are exposed to arsenic and a primary concern for exposure
is via drinking water. Arsenic causes diseases like hyper pigmenta-
tion, skin and liver cancer, blackfoot, nervous disorder and respi-
ratory disorder [5-7]. Arsenic concentration in drinking water in
some countries like Bangladesh (up to 2,500 g/L), Argentina (up
to 7,750 mg/L), United States (up to 3,100 mg/L) and Iran (up to
1,024 mg/L) is very high and the United State Environmental Pro-
tection Agency (USEPA) and World Health Organization (WHO)

"To whom correspondence should be addressed.
E-mail: anvarasadi@sbmu.ac.ir, asadia66@gmail.com
Copyright by The Korean Institute of Chemical Engineers.

2078

set standard and guideline level of 10 mg/L for it, respectively [8].
Because of difficulties in removing arsenic to that level, some coun-
tries such as Bangladesh and Iran still have 50 mg/L as standard
level [7,8]. In order to remove arsenic concentration in drinking
water, water treatment for its remediation has become a very import-
ant environmental issue [4,6].

A number of techniques such as ion exchange [11], membrane
filtration [12], adsorption [13], and flocculation, coagulation and
precipitation [14] have been used for removal of arsenic from water.
Among others, adsorption is generally considered to be promis-
ing and effective method for removal of arsenic from water due to
easy operation and management, less sludge production and its
regeneration capability [4,5,15]. Naturally occurring zeolites and
their modification form such as hydrated aluminosilicate materi-
als, bentonite and kaoline have been used extensively due to their
low cost and availability in large amounts on the earth [4,15,16].

Both natural and synthetic clinoptilolite modified have been stud-
ied for sorption of pollutants in recent years [17-20]. To improve the
zeolite performance, e.g,, adsorption capacity and increased mechani-
cal and resistance to chemical environment, several modification
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methods including iron modification [4], surfactant modification
[21], and lanthanum modification have been used [6,22]. One of
these surface coating methods is use of manganese oxides, which
provides large surface area, microporous structure and high ability
to adsorb ions such as As(V) [23,24]. Anyways, manganese oxide
is available only as fine powder or produced in aqueous suspen-
sion in the form of hydroxide or gels [23]. The use of manganese
oxides as adsorbents in form of powder has practical limitations,
such as hardness solid/liquid separation, high pressure drop and
leaching of metal/metal oxide in final treated water. Thus, to over-
come these problems, manganese oxide can be coated on clinopti-
lolite surface to provide an effective adsorbent for arsenic removal
from water [23,25,26]. It appears that this method provides an effec-
tive surface and may increase the arsenic removal from water.

This work is continuation of a wide project on the activation of
a natural Iranian zeolite to be used as adsorbent of heavy metal
ions. Present study evaluates the properties of manganese oxide
coated zeolite as an adsorbent for removing As(V) ions from syn-
thetic solution in batch laboratory system. The effects of various
operating conditions such as pH, zeolite mesh size, contact time
and initial arsenic concentration were investigated. The kinetics
and sorption isotherms were also studied. The physiochemical char-
acteristics of MOCA were explored with SEM, X-ray diffraction
(XRD), FTIR and point of zero charge (pH,,.) measurements.

EXPERIMENTAL

1. Materials and Reagents

The zeolite used was a clinoptilolite-rich tuff obtained from the
Semnan province, Iran with a grain size range 1-5 mm. The zeolite
sample was crushed and sieved to the average particle diameter of
1, 2 and 5mm (18, 10 and 4 US mesh). The chemical formula of
zeolite based on XRD was (Nag:,K; 44Cay 45) (AlgsoSi0.4052)- 28(H,0)
with Si/Al=4.46, that almost meets the ideal ratio. A stock solu-
tion of 100 mg L' of As(V) was prepared by dissolving 0.417 g of
Na,HAsO,-7H,O (Sigma-aldrich, USA) in de-ionized water and
was used to prepare the sorbate solution at concentration 0.1, 0.2,
0.5,1,2, and 3 mg L' by appropriate dilution. Potassium perman-
ganate (Sigma-Aldrich, USA) and HCI (Merck) were used to pre-
pare the MOCZ.

2. Potassium Permanganate Modification

The external surface of clinoptilolite was modified by potassium
permanganate through a similar procedure proposed by Taffarel
and Rubio [25]. The modification procedure was as follows:

1. Zeolite was washed with deionized water and drying at room
temperature.

2. Zeolite was converted to its Na form by suspending 50 g into
500 ml of a 2 M NaCl solution for a period of 24 h.

3. The zeolite suspension was separated and washed several times
to remove chloride ions (moher test) and then dried at room tem-
perature.

4. The dried Na-zeolite sample was placed in a backer contain-
ing KMnO4, then HCI (37.5%) was add dropwise into the solu-
tion. After stirring for 1 h at 90 °C, the zeolite was separated, washed
several times with distilled water (in order to remove CI” and K*)
until the runoff was clear, then dried in oven at 100 °C for 24 h and

stored in a polypropylene bottle for further use.
3. Characterization of Adsorbent

SEM photomicrography of the external surface of uncoated zeo-
lite and manganese oxide coated zeolite was taken using a KYKY
(EM-3200) microscope. X-ray diffraction (XRD) analysis was per-
formed on the zeolite (modified) to confirm the crystal structure
and determination of the mineralogical composition. Powder dif-
fractograms of the zeolite were obtained with a PANalytical X'Pert
Pro MPD diffractogram equipped with Cu K¢ radiation. FTTR spec-
troscopy of the zeolitic phase, before and after adsorption process was
obtained. FTIR analysis was conducted in a WQF-510A/520A FTIR
Spectrometer; the samples were prepared using the KBr pressed-
disk technique, with 1% inclusions of the sample to be analyzed.

The point of zero charge (pHpyc) of the samples was carried out
as follows [25,26]: 50 ml of 0.01 M NaCl solution was placed in a
closed Erlenmeyer flask. To stabilize the pH and prevent CO, dis-
solution nitrogen was bubbled through the solution. The pH was
adjusted to a value between 2 and 12 by adding HCI 0.1 M or NaOH
0.1 M solutions. The zeolite sample (0.15 g) was added and the final
pH was measured after 24 h under agitation at room temperature.
The pH,,. is the point where the curve pHy,, vs. pH; crosses the
line PHiiia=PHjinar
4. Effect of pH on Arsenic Adsorption

The influence of pH on arsenic adsorption by MOCZ was eval-
uated at acidic, neutral and basic condition. The pH of seven 100 ml
solutions of 1 mg/L arsenic was adjusted to the value ranging from
2-12 by adding 0.1 M HCl or 0.1 M NaOH. One gram of MOCZ
was added to the solution in high-density polyethylene plastic bot-
tle and placed in a shaker and allowed to equilibrate for 3 h at 200
rpm. The samples were removed from the shaker, final pH-values
were recorded and arsenic analysis was performed with AF-640
Atomic fluorescence spectrometer (BRAIC) for As(V) concentration.
5. Methods of Adsorption Studies

For As(V) sorption, 1.0 g of MOCZ was mixed with 100 ml of
As(V) solutions with initial concentration range from 0.1 to 3 mg/
L in high-density polyethylene plastic bottles. The mixture was placed
in a shaker at 200 rpm for 3 h. The supernatant was analyzed for
equilibrium As(V) solution concentration. For kinetic study, 1.0 g
of MOCZ was mixed with 100 ml of 1 mg/L solution and then stirred
for different periods of time (5, 15, 30, 60, 120, 180 and 300 min)
at initial pH of 6.5-7. The supernatant was centrifuged and filtered
through a 0.2 um filter before As(V) concentration analysis. The
adsorption studies of As(V) onto MOCZ were carried out with the
same procedure during 180 min (enough time for reaching chem-
ical equilibrium) and varying initial concentration (0.1-3 mg/L).
The uptake (q) of arsenic expressed as As(V) removal per unit mass
of MOCZ (ug As/g) at time t was calculated using Eq. (1)

C—-C)V
0 GmC) "

m
where C, and C, are the As(V) initial and equilibrium concentra-
tion (ug L") at time t, V is the solution volume (L), and m is the
adsorbent dose (g).
6. Kinetic and Thermodynamic and Isotherm Studies
6-1. Kinetic Parameters
To evaluate the efficiency of arsenic mass transfer to MOCZ and
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potential rate controlling step, the kinetics of adsorption was stud-
ied based on experimental data. Four kinetic models were used
including the pseudo-first-order equation [29], the pseudo-second-
order equation [30], Elovich equation [31] and intra particle diffu-
sion model [32].

The linear form of pseudo-first-order equation of Lagergren is
generally expressed as

1 =1 Kt 2
08(q.~q)=logg,~ 5= ©)
where g, and q, are the sorption capacity at equilibrium (ug g™')
and any time t, respectively, and k; is the rate constant of pseudo-
first-order (min™'). Based on this model the uptake rate and time
are directly proportional to the difference in the saturation con-
centration and the uptake of solute with time.
The liner form of pseudo-second-order equation is expressed as
% kq 9
The initial sorption rate, h (ug g ' min™") can be calculated from
following equation.

h=k,q; )

where k; is the pseudo-second-order rate constant (ug g ' min ).
This model is based on the adsorbate quantity on the adsorbent.
The Elovich equation is expressed as

_In(af)  Int
qr* ﬁ + ﬂ (5)

where « is the initial sorption rate of reaction (ug g ' min') and
[ is the sorption constant related to surface coverage and activa-
tion energy (g ug ).

The intra-particle diffusion model equation is expressed as

qz:kidto's"'c (6)

where k; is the intra-particle diffusion rate constant (g pg ' min”’).
This model is based on transportation of aqueous ions to the surface
of adsorbent and then diffusion into the inside of the particles.
6-2. Thermodynamic Parameters

The activation energy of As(V) adsorption onto the MOCZ can
be calculated by the relationships

E
Ink=1Ink,— E% (7)

where k is the rate constant second-order of adsorption (g mol ™"
min ™), k, is the independent temperature factor (g mol " min™"),
E, is the activation energy of adsorption (kJ] mol™), R is the gas
constant (8.13] mol ' K), and T is the solution absolute tempera-
ture (K). A plot of In k vs. 1/T gives a straight line, and the corre-
sponding activation energy was determined from the slope of the
linear plot.

Thermodynamic parameters such as change in free energy (AG’),
enthalpy (AH’) and entropy (AS’) for adsorption reaction were cal-
culated using the following equations:

October, 2015

ln(¥) = [ln(l}f—j) - AR—I;O} ®
AG’=RT InK,, ©)

where k; is the Boltzmann constant (1.3807x10 2 J K'"), h, is the
Planck constant (6.6261x10-34] s), k is the pseudo-second-order
constant (k,) for As(V) adsorption onto MOCZ, AG’ is change in
entropy (k] mol ') and K}, is distribution coefficient (q./C,). The
plot of In K/T vs 1/T was a straight line and AH’ parameter can be
calculated from the slope of the linear plot [33-37].
6-3. Sorption Isotherm Models

To describe the interaction between adsorbate and adsorbent,
surface properties as well as the degree of affinity of the adsorbent,
various isotherm models were used. The linear form of Langmuir’s
isotherm model [38] is given by the following equation:

PRt 1
where Q,,,,, is the amount of As(V) adsorbed at complete mono-
layer (ug/g) and b is the Langmuir constant related to the binding
site (L/pg). The essential characteristics of the Langmuir isotherm
commonly known as separation factor or equilibrium parameter
(Ry) can be defined as:

1

Ri=Tre, (D

where b is the Langmuir constant and C, is the highest initial con-
centration of As(V) ions (ug/L). The value of R; indicates adsorp-
tion nature to be either unfavorable (R;>1), linear (R;=1), favorable
(0<R;<1) or irreversible (R;=0).

The Freundlich isotherm [39] equation can be written in the lin-
ear form as given below:

logq,=logk;+ I%logCE (12)

where k; [(ug g™) (L/g) "] and n are the Freundlich constants that
are related to the adsorption capacity and intensity; respectively.

The liner form of Dubinin-Radushkevich (D-R) isotherm has
been expressed by Eq. (13):

InQ=InQ,—Byr& 13)

where & (Polanyi potential)=RT In (1+1/C,), Q the amount of arse-
nic adsorbed at equilibrium per unit weight of MOCZ (ug g ),
Q,, the theoretical saturation capacity, C, the equilibrium concen-
tration of arsenic in solution (ug L), and B,y the D-R model con-
stant (mol® kJ %) [38].
7. Desorption Equilibrium Test

The reversibility of the adsorption of As(V) on MOCZ was stud-
ied by desorption experiments. The MOCZ sample obtained after
equilibrium with 1 mg ™" As(V) for 24 h was used in an adsorp-
tion test. Once equilibrium was reached, the MOCZ loaded with
As(V) was separated from the As(V) solution by filtration. Subse-
quently, the zeolite sample (1 g) was mixed separately with 100 ml
of HCl and NaOH solutions (1, 2 and 3 M) for 24 h at room tem-
perature. The mass of the As(V) that remained adsorbed on MOCZ
was calculated by a mass balance.
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Fig. 1. SEM images of zeolitic tuffs (S1) Raw zeolite, (S2) MnO,-coated zeolite.

RESULTS AND DISCUSSION

1. Adsorbent Characteristics

Fig. 1 shows that zeolite surface sites were apparently occupied
with newborn manganese oxide. A clear difference in the surface
morphology of MOCZ may be related to manganese oxide parti-
cles that appear to be growing together in surface depressions and
coating cracks. SEM image of MOCZ shows many aggregated small
particles with much rougher surface that indicates manganese oxide
coating.

The x-ray diffractogram pattern obtained for MOCZ sample is
shown in Fig. 2. According to XRD analysis, clinoptilolite was the
major crystalline phase (~70%). It was found that peaks of clinop-
tilolite in XRD pattern are in good agreement with data of clinop-

SB0053117, HoT 28 AB 53 Cal 8 K2 44 a0 52 61Uﬁsa S2.47. Clnoptiolte, Clnoptiolte

14 .
1 B

T

20

Peak Let

L IJ_ 1 l( Il.J |L l&
010830533, 5102 Shcon Ode, Quartz S

000100353, K A 53 08; Potassum Aluminum Silate: Sardine, high, syn
LT

00-0110055; Mn02; Manganese Oxde; Ramsdelite

Fig. 2. X-ray diffractogram of the MOCZ sample.

tilolite. Feldspar sanidine (~19%), quartz (~8%) and ramsdellite
(~3%) were also detected in XRD analysis. The oxide coated on
zeolite surface is presented as ramsdellite (manganese (IV) oxide)
with chemical formula of Mn,0,.

The FTIR spectrum of clinoptilolite was taken before and after
adsorption to obtain information about the nature of probable inter-
actions between the functional groups on the surface of clinoptilo-
lite and As(V) ions. The results are shown in Fig. 3. The FTIR spec-
trum does not show significant change in the bulk solid phase, and
the only change observed between the spectra is the width of the
adsorption bonds. The bonds become wider after adsorption pro-
cess. The discrete bonds at 3,500 and 1,640 cm ™" are due to the water
adsorption in the zeolite and significantly hydrated. The spectra
bonds at 3,450 and 1,633 cm™" reflect the bending vibration water
molecules associated with NA and Ca in the channels of the zeo-
lite. The bonds at 799 and 471 cm™' may be defined as asymmet-
ric stretching vibration mode of O-T-O (T=Si and Al) groups and
the bending vibration mode of T-O, respectively. The bond at 1,111
cm™' may be attributed to asymmetric stretching vibration mode
of internal T-O bonds in TO, tetrahedra [41].

The pH of the point of zero charge, pH,., is the point which sur-
face charge density is equal to zero. The MOCZ has a pH,,.. equal
to 3.6; therefore, its surface has ans acidic character. This value is
almost near to the pH,,,. reported by Taffarel and Rubio [25]. The

(a) before adsorption
(b) after adsorption

-~ -~ 3450

k27

1633 <=——__

NN

4000 ! 3000 ! 2000 ! 1000
Wavenumber (cm-')

Fig. 3. FTIR spectrum of MOCZ before and after adsorption.

Korean J. Chem. Eng.(Vol. 32, No. 10)



2082

70 13

+— |nitila pH

60 —=—final pH < J— 11

50 -9
o 40 LT g
2 =
> 30 \ 5 &
=3 \ =

20 -3

10 F1

04 . . . . . . -1

0 2 4 6 8 10 12 14
pH (initial)

Fig. 4. Effect of pH on the adsorption of As(V) onto MOCZ and
pH change after adsorption (Cy=1mg L™, t=180 min; Cy;oc,=
10g L' T=18°C).

pHpzc of sorbents depends on different factors such as nature of
crystallinity, Si/Al ratio, impurity contents, temperature, sorbabil-
ity of the electrolytes and degree of H" and OH ions adsorption,
and therefore may vary among different adsorbents [42].
2. Effect of Initial pH

Adsorption of As(V) onto MOCZ varied with the initial pH of
As(V) solution. Fig. 4 shows the As(V) adsorption by MOCZ over
a range of pH 2-12. MOCZ adsorb As(V) effectively over a wide
initial pH range of 6-10. At this pH range H,AsO; and HAsO;~
are dominant As(V) specie [15]. These two arsenate forms get ad-
sorbed to MnO, coated zeolite by Eq. (14).

2MCZ-Mn-OH+H;AsO,—»MCZ,— (MnO),AsOOH+2H,0  (14)

where (MnO),AsOOH represents the As(V) surface complex. How-
ever, there is little information about the As(V) complex that is pro-
duced on the surface of zeolite [41].

The pH value at the end of experiments decreased because of
ion exchange, surface complex formation and also protonated groups
like AIOH" produced hydrogen ions and lowered the medium pH.

M. Massoudinejad et al.
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Fig. 5. Amount of As(V) sorbed per unit mass (q,) of MOCZ at 18°C
with three particle size.

100

0 50

250 350

The final pH is almost constant for solution with an initial pH rang-
ing between 6 to 8. At strong acidic condition As(V) is present in
neutral form and therefore the sorption efficiency is low. Also, at
strong alkaline condition (pH 12) the surface of MOCZ becomes
negatively charge and electrostatic repulsion between oxyanions of
As(V) and zeolite surface decreases the removal. Our results are
comparable with the result reported by Chutia et al. [13], Maliyk-
kal et al. [23] and Jeon et al. [44].
3. Effect of Time on Different Particle Size and Sorption Kinetics
The effect of time on arsenic sorption efficiency of different par-
ticle size is shown in Fig. 5. As can be seen, at a fixed MOCZ dose
(1g/100 ml) and arsenate concentration (1 mg L) the time required
to reach an equilibrium state is short for smaller size particles. So,
the amount of required adsorbate can reduce significantly at the
same dose. The adsorption of As(V) ions reaches equilibrium in
80, 120 and 180 min for particle size 18, 10 and 4 mesh, respec-
tively. However, the optimum agitation time was fixed at 180 min
through this study. Since, adsorption is a surface phenomenon,
higher adsorption of As(V) by 18 mesh (52%) compared to 4 mesh
(24%) at equilibrium is related to larger surface area per unit weight

Table 1. Kinetic parameters for the adsorption of As(V) by MOCZ

Pseudo-first-order kinetic model

Pseudo-second-order kinetic model

—1
Modellfactor Gop (HEE7) Kx10°  q(ugg) R Kx10° g (ugg’)  h R’
Particle size (mesh) 18 48.2 3.02 32.89 0.974 1.85 50.77 4.8 0.997
10 28.1 2.69 12.08 0.888 494 29.0 419 0.997
4 241 2.73 23.78 0.949 1.56 269 1.33 0.985
T (K) 291 482 3.14 32.89 0.974 2.09 494 512 0.997
301 54.1 293 31.34 0.890 2.16 56.2 6.81 0.998
311 60.1 2.96 35.88 0.952 2.03 62.1 7.84 0.997
- Intraparticle diffusion model Elovich equation
Model/factor Qe (UG G D! > >
K, C R a B R
Particle size (mesh) 18 482 1.98 21.87 0.811 8.16 7.11 0.943
10 28.1 1.12 14.87 0.75 3.81 9.22 0.920
4 241 1.62 4.04 0.933 542 3.78 0.992
T (K) 291 48.2 1.81 22.78 0.794 7.57 8.73 0.93
301 54.1 1.87 28.30 0.778 7.98 1331 0.937
311 60.1 222 31.72 0.765 8.76 16.74 0.974
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Fig. 6. Kinetic plots for As(V) adsorption (a) pseudo-first-order (b) pseudo-second-order (c) intraparticle model (d) elovich model.

and more accessibility to pore of the adsorbent. Generally, kinetics
of adsorption consists of two phases: an initial rapid phase and a
relative slow phase. The first one was due to the abundant availabil-
ity of sorption sites in MOCZ, and the other one was due to quick
saturation of the adsorption sites [45,46].

To determine the efficacy of adsorption and identify the adsorp-
tion mechanism, chemical reaction rate and potential rate controlling
steps, kinetic models have been investigated. The experimental
data were fitted to four kinetics models and results are shown in
Table 1 and Fig. 6. The models were evaluated based on correla-
tion coefficient, R”. Based on R’ value, arsenate ions adsorption on
the MOCZ did not follow a pseudo-first-order reaction. Moreover,
the gy Values had a large difference with g, value and are less
than qy,. According to Febrianto et al. [47], the qyeon<queyp) caused
by the presence of boundary layer or external resistance was con-
trolling the beginning of the sorption process.

The pseudo-second-order kinetic model has higher correlation
coefficient (R*>0.985) than the others and q,,., agrees very well
with the gy, So, the adsorption behavior can be interpreted very
well by this kinetic model over the whole range of contact time.
This suggested that the rate limiting step in adsorption of As(V)
ions is chemisorption such as complexation, change of electron
between sorbate and sorbent and coordination [45,48,49].

Overall, from Table 1 the value of correlation coefficient decreases
from pseudo-second-order, Elovich equation, pseudo-first-order

and intraparticle diffusion. However, it was observed that intrapar-
ticle diffusion plays less significant role in the adsorption process.
This finding is similar to Moussavi and Khosravi [50] who used
three kinetic equations (pseudo 1%, 2™ and intraparticle diffusion)
to describe cyanide sorption onto pistachio hull waste.
4. Thermodynamic Study

The kinetic parameters of various kinetic models and correla-
tion coefficient (R’) under different temperature are summarized
in Table 1. The pseudo-second-order has the highest correlation

©18C* wm28C° a38C°

0 50 100 150 200
Time, min

Fig. 7. Pseudo-second-order sorption kinetics of As(V) ions on
MOCZ with different temperatures.
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Table 2. Thermodynamic parameters of the adsorption process

T AG’ AH’ AS’ E,
(K)Y ®mol") (mol") (Kmol'K") (k]mol")
291 -83.9
301 —86.7 1.18 -0.29 3.68
311 —89.8

coefficient (R*>0.99) in this study. The linear plots of t/q, vs t for
pseudo-second-order model for different temperature are shown
in Fig. 7. The theoretical gy, and the initial sorption rate, h, in-
creased with increasing of temperature. This result clearly indicates
that high temperature favors As(V) adsorption onto MOCZ.

To calculate the activation energy (E,), the linearized Arrhenius
equation Eq. (7) was applied, and results of thermodynamic parame-
ters such as AH’, AS’ and AG’ are summarized in Table 2. The value
of E, was found to be 3.68 kj mol ', indicating that the adsorption
process may be a physical adsorption. The positive value also indi-
cates an endothermic reaction. The positive value of differential
heat of adsorption (AH’) suggests that the adsorption of As(V) onto
the MOCZ is an endothermic process, ie., the q, increases with
increasing T. The negative standard entropy change (AS’) value im-
plies a decrease in the degree of freedom of the adsorbed ions. AG®
values were negative at all of the temperatures (291-311 K), indi-
cating that adsorption of arsenate onto MOCZ was spontaneous
and thermodynamically favorable.

5. Equilibrium Isotherms
An isotherm describes the relationship of the concentration of
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an adsorbate between two separate phases at equilibrium at a con-
stant temperature. So, here the relationship between the amount of
As(V) ions adsorbed onto MOCZ at given experimental condi-
tion in liquid phase was described by isotherm. Moreover, the equa-
tion parameters of isotherm models often provide an insight into
the adsorption mechanism, surface properties and affinity of the
adsorbent [44,48]. In this study, three of the most used isotherm
models (Langmuir, Freundlich and (D-R)) were used to describe
experimental data. Fig. 8 shows the As(V) adsorption isotherms
onto MOCZ, and the values of the constants and correlation coef-
ficients (R®) are summarized in Table 3.

The Langmuir isotherm model has traditionally been used to
describe the interaction between the adsorbate concentration to
the active sites on the surface of adsorbent at equilibrium [51]. The
model assumes that all active sites have equal affinity for the sor-
bate, and once the molecule or ion occupies the adsorption site,
no further adsorption can take place [49,50]. Moreover, there is no
dependency between the adsorption of a molecule to a given site
on the neighboring sites [48]. In Fig. 8(a), q, values increased with
increasing of nitrate concentration. Langmuir isotherm plots for
As(V) adsorption on MOCZ at 18, 28 and 38 °C are shown in Fig.
8(b). The values of Langmuir constant (b) were found to be 0.88,
096 and 1.17 L ug " at 18, 28 and 38 °C (Table 3) indicating good
affinity between the sorbent and sorbate at all temperatures. The b
values increased with increasing temperature, which implies that
the sorption process is endothermic. According to Ngah and Yosop
[46], this phenomenon leads to physisorption of the adsorption
process, which with increasing temperature the bonding becomes
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Fig. 8. (a) The adsorption of arsenic (V) on the MOCZ; (b) Linear plots of isotherm models of Langmuir; (c) Freundlich; (d) Dubinin-
Radushkevich for adsorption of As(V) onto MOCZ. pH 7; contact time 180 min; MOCZ dose 10 g L™,
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Table 3. Adsorption isotherm parameters for adsorption of As(V)
on MOCZ at different temperatures

Isotherm T

equation 201K 301K 311K

Langmuir Q. (g g ) 8259 9635 1509
b(Lpgh 088 09 117
R, 028 023 022
R’ 095 0954 0919

Freundlich K;[(ugg') (L/g "] 855 12602 1602
n 1.06 1 1.16
R? 0955 0933 0975

D-R Q. (ngg" 10369 12648 1528
E (k] mol™) 2.66 29 3.48
R 098 0959 0981

weaker. The values of maximum monolayer adsorption capacity,
Qe Were 82.69, 96.35 and 150.9 ug g ' at mentioned tempera-
tures. These adsorbed values were more higher compared to the
value reported by Camacho, Parra and Deng [22] 2.5 ug g '; Fierro
et al. [53] 28 ug g ; for initial arsenic concentration 0.3 mg L and
Pokhrel and Viraraghavan [54], 42.6 ug g . The essential feature
of the Langmuir isotherm, commonly known as the separation
factor or equilibrium parameter (R;), was in the range of 0.22-0.28.
This indicated that adsorption was favorable at all temperatures.
Moreover, at higher concentration the R; value was lower, indicat-
ing that the adsorption was more favorable [50].

The Freundlich isotherm model is derived by assuming a non-
ideal adsorption on heterogeneous surface with a multilayer adsorp-
tion [53]. As the adsorption process becomes completed the energies
of adsorption decrease exponentially. Fig. 8(c) shows the Freunlich
isotherm plots calculated at various temperatures for the As(V) ad-
sorption onto MOCZ. Based on Table 3, high correlation coeffi-
cients (R”) were found with this model, showing that the equilib-
rium data fit well with Freundlich model. Also, this implies that
the MOCZ has specification of heterogeneous adsorption site. The
n values were just above than 1 which indicated that the arsenate
was favorably adsorbed by MOCZ [55]. The K value increased
from 85.5 at 18°C to 160.2 at 38 °C, respectively, which implied
that adsorption capacity increased with increases in temperature,
and at higher temperatures the heterogeneous adsorption sites played
a more important role.

Based on table, the highest correlation coefficients (R?) belonged
tothe D-R isotherm. This isotherm determines a high degree of
regularity, adsorption type and the mechanism [50,54]. The D-R
constants were calculated and represented in Table 3 and Fig. 8(d)
shows the D-R isotherm plot. The mean free energy[E(kj mol )],
per mole or ion of adsorbate (change in free energy when one ion
transport from its location to the sorption site) can be determined
by this equation [38].

E:[ J%mj (14)

where By is an isotherm constant related to adsorption energy.
The value of mean free energy (E) can be used to estimate chemi-
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Fig. 9. The desorption of As(V) from saturated MOCZ (C,=1 mg
L}, t=24h).
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cal and physical sorption. If E value is in the range of 1 to 8 kj mol '
the sorption is physical, and between 8 to 16kj mol " is chemical
[50,53-56]. The values of E found in this study (2.66-3.48 kj mol ")
were lower than 8, indicating that adsorption is physical, which is
due to weak van der Waals force.
6. Reversibility of As(VI) Adsorption on MOCZ

The reversibility of any exhausted adsorbent is a critical aspect
in the sorption process for improving the process economics [59]. In
this study various concentrations of HCl and NaOH were used for
arsenic desorption from exhausted MOCZ. It was revealed that arse-
nic could not be desorbed in the presence of NaOH. By contrast, HCl
could elute 60-71% of sorbed As(V) from MOCZ (Fig. 9). However,
low acidic solutions can be used for the regeneration of MOCZ.

CONCLUSIONS

The present study shows that permanganate-modified zeolite is
an effective sorbent for removal of arsenic from aqueous solution.
The availability of natural clinoptilolite in nature, low cost, high
initial sorption rate and good sorption efficiency at wide pH range
make this material suitable for potential practice applications. The
optimum removal pH ranked from 6-10 and because pH value of
groundwater is generally between 6.5 and 8; therefore, MOCZ can
be used effectively. Adsorption capacity increased with increasing
temperature. Various kinetic models were used to describe the ad-
sorption process. The kinetics data were best described by pseudo-
second-order equation. The thermodynamic parameters indicated
that the adsorption process is endothermic and spontaneous. The
equilibrium of sorption follows Langmuir, Freundlich and D-R iso-
therms well. The result suggested that the sorption could be due to
physical interaction such as van der Waals interaction and surface
adsorption. The chemical interaction may also play a role in the
process. From a dimensionless equilibrium parameter (R)) it is con-
cluded that desorption is favorable and that MOCZ has great abil-
ity to absorb arsenic.
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