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ABSTRACT

In this study, modified hazelnut shells (HS) were used to remove As(IIl) ions from aqueous solu-
tions. For this purpose, FeCl, and FeCl, + NaOH were used as modifying agents. Several important
parameters influencing the adsorption of As(Ill) ions such as contact time, pH, temperature and initial
metal concentration were investigated following batch experiments. From the results, it is indicated
that temperature 20°C and solution pH = 9.0 are the optimum conditions for adsorption. Maximum
adsorption experimental capacities of HS that was treated with FeCl, and FeCl, + NaOH were 4.37
and 11.84 mg g for arsenic, respectively. The adsorption data at optimum conditions were analyzed
by Freundlich, Langmuir, Dubinin—-Radushkevich and Temkin isotherm models, and it was found
that Freundlich isotherm model gives better fit. Thermodynamic parameters such as enthalpy change
(AH®), entropy change (AS°) and free energy change (AG°) were also calculated. These results were
indicated that the adsorption of arsenic on HS is exothermic and proceeds spontaneously. Additionally,
it can be said that these adsorptions are physical because the Gibbs free energy change (AG°®) for both
adsorbents were found lower than 20 k] mol.
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1. Introduction

Arsenic is a ubiquitous element in earth’s crust and nat-
urally present in soil and water [1-3]. Weathering of rock is
the major natural source of inorganic arsenic, and it is also
released by human activities such as mining, discharges from
coal fired, petroleum refining, etc. [4,5]. The presence of arse-
nic in groundwater is mostly due to minerals dissolving nat-
urally from rocks and soils [6].

Inorganic and organic arsenic occur naturally in the
environment, with inorganic forms being most abundant
[7]. Inorganic arsenic is found in two prevalent oxidation
states at environmentally relevant pH, arsenite (As(III)) and
arsenate (As(V)) [8]. Main species of arsenite are H,AsO,
H,AsO,, HAsO,> and AsO; [9]. The uncharged H,AsO,
dominates at pH lower than 9.0 under reducing conditions
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in groundwater with low oxygen levels [7,9]. Arsenite is the
more mobile, more toxic and more difficult to remove species
due to its uncharged form at most pH [8].

Arsenic is potentially toxic to humans as chronic effects
for a long time intake food and drinking water with arse-
nic contamination [10]. Drinking of arsenic contaminated
water for long periods of time causes lung, bladder, kidney,
liver and non-melanoma skin cancers [11-13]. It also causes
changes in pigmentation of skin (arsenicosis), skin thicken-
ing (hyperkeratosis), neurological disorders, muscular weak-
ness, loss of appetite and nausea [5]. In the coming years the
arsenic groundwater consumption is estimated to directly
cause over 6,500 deaths a year, and over 2.5 million people
may develop arsenicosis in the next 50 years [14].

To abate health problems associated with arsenic in drink-
ing water, the World Health Organization (WHO), European
Commission (EC) and United States Environmental Protection
Agency (USEPA) reduced the maximum contaminant level of

1944-3994/1944-3986 © 2017 Desalination Publications. All rights reserved.



116 S. Sert et al. / Desalination and Water Treatment 75 (2017) 115-123

arsenic in drinking water from 50 to 10 ug L™ [15]. Therefore,
developing economical, effective and reliable treatment tech-
niques for arsenic removal from groundwater is critical and
has gained considerable attention in recent years [9].

In order to keep arsenic limit below 10 ug L7, several
methods have been developed, including coagulation and
flocculation, precipitation, adsorption, ion exchange and
membrane filtration [16]. Most of the established technologies
for arsenic removal use the several of these processes, either
at the same time or in sequence [17]. These well-established
approaches have their respective advantages and certain
inherent limitations that include the generation of toxic
waste, low arsenic removal efficiency and high cost [18].
Adsorption systems use the affinity of different materials
to remove soluble pollutants from an aqueous phase to the
surface of a solid phase. Advantages of adsorption processes
over other techniques are: its low running cost, the absence of
electrical supply and its low maintenance requirements [14].

So far, various adsorbents for arsenic removal have been
developed that include such natural materials as orange juice
residue [19], coconut coir pith [20], waste rice husk [21], egg-
shell [22], biomass [23], chestnut shell [24], etc. Natural adsor-
bents have several advantages such as low cost, non-toxicity,
biocompeatibility, biodegradability and environment friendly.
Besides it has been proved that arsenic has affinity toward
iron compounds. Thus, many researchers have tested arsenic
removal using iron-containing materials as adsorbent. For
example, attempts have been made using iron oxide coated
sand [25], alumina iron hydroxide coated [26], iron oxide
loaded slag [27], iron(III) loaded resin [28], iron-impregnated
chitosan [7], Kula ebonite and zeolite treated with iron(IIT)
chloride [29] to remove arsenic from aqueous system.

In the present study, we investigated the adsorption
behavior of inorganic As(Ill) ions by hazelnut shell (HS)
modified with FeCl, and FeCl, + NaOH. A series of batch
experiments were conducted to investigate the adsorption
characteristics of As(III) ions onto these adsorbents. Scanning
electron microscopy (SEM) was used for the observation
of the surface morphology and structural analysis on both
adsorbents before and after the arsenic adsorption.

2. Materials and methods
2.1. Reagents

All the chemicals were of analytical grade. FeCl,, NaOH,
HCl, CH,COOH, NaCH,COO.3H,0, KH,PO,, KHPO, and
NH, were purchased from Merck (Darmstadt, Germany).
As,0O, was purchased from Sigma-Aldrich (Seelze, Germany).
Hazelnuts were originated from Adapazari, Turkey. Ultrapure
deionized water used in all the study was purified by Millipore
ultrapure water purification system.

2.2. Instruments

Arsenic concentration measurements were carried out
using Varian 220 FS atomic absorption spectrometry (AAS)
and Varian VGA 77 continuous flow hydride generation (HG)
system. The pH of solution was measured with a Hanna P211
microprocessor pH-meter using a combined glass electrode.
The shaking experiments were carried out in a water bath

with shaker Memmert, and drying was carried out in a Nuve
EN 400 drying oven.

2.3. Preparation of adsorbents

Hazelnuts are broken, and the shells are separated. They
were sieved with a grinded mill to obtain 149 um particle size
and washed with distilled water to remove the soluble com-
pounds then dried. Two different modifications were applied
to the washed adsorbent.

* Modification with FeCl.: 10 g of dry adsorbent was trans-
ferred into a beaker containing 50.0 mL of 0.5 M FeCl,
solutions, and the suspensions were stirred with mag-
netic stirrer for 12 h.

* Modification with FeCl, + NaOH: 10 g of dry adsorbent
was transferred into a beaker containing 25.0 mL of 0.5 M
FeCl, + 25.0 mL 0.2 M NaOH solutions, and the suspen-
sions were stirred with magnetic stirrer for 12 h.

The treated adsorbents were separated from the solution
by decantation and washed with distilled water to remove
the soluble compounds. They were then dried at 60°C in an
oven and used in the adsorption studies.

2.4. Preparation of solutions

1,000 mg L7 stock As(IIl) solution was prepared by
dissolving 0.3301 + 0.0002 g As,O, in 10% NaOH. The solu-
tion was acidified by adding concentrated HCl and diluted
to 250 mL with ultrapure deionized water. As,O, does not
dissolve completely in water; therefore, As,O, should be
dissolved in NaOH, and the basic solution could be neu-
tralized by an acid solution, such as HCI. Stock solution
was diluted stepwise (100, 10, 1 and 0.1 mg L) to prepare
the intermediate stock solution. Standard solutions of arse-
nic (2, 4, 6, 8, 10 and 12 pg L) were prepared by dilution of
appropriate volume of 0.1 mg L™ As(III) solution. pH experi-
ments were carried out in buffer solution, and they were pre-
pared by using conjugated acid/base couples of CH,COOH/
NaCH,COO.3H,0 for pH = 4.0, KH,PO,/K, HPO, for pH=7.0
and NH,"/NH, for pH =9.0.

2.5. Adsorption

Adsorption experiments were carried out by batch tech-
nique. 0.10+0.02 g of each adsorbent (HS modified with FeCl,
and FeCl, + NaOH) was put in a beaker containing 25 mL of
50 ug L' As(III) solutions. The shaking was carried out in a
thermostated water bath with shaker under constant stirring
at 140 rpm. After decantation, the concentration of As(III)
was analyzed by HG-AAS at 193.7 nm by acetylene/air flame
method. All the experiments were carried out 3 times. The
percentage adsorption of arsenic on adsorbate from aqueous
solution was calculated as follows (Eq. 1):

C. -C.
(%A) = tcifx 100 @

int

where C, and C,_are the initial and final arsenic concentra-
tions in the solution, respectively. Parameters affecting the
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adsorption performance like contact time (0.5, 1, 2, 4, 6, 8,
12 and 24 h), pH (4, 7 and 9), temperature (20°C, 30°C and
40°C) and initial arsenic concentration (0.05, 0.20, 1.00, 2.50,
5.00, 10.00, 25.00, 50.00, 75.00, 100.00 and 125.00 mg L) were
experimented sequentially. But the adsorbent used was kept
as constant at 0.10 + 0.02 g in all experiments. The amount of
As(III) ion adsorbed was calculated according to the follow-
ing equation (Eq. 2):

C —-C.)xV
q,_,:( int mfm) (2)

where g, (mg g™') is the amount of As(IIl) ions adsorbed by
HS modified with FeCl, and FeCl, + NaOH; V (L) is the vol-
ume of the solution; and m (g) is the mass of adsorbent used.

2.6. Characterization of HS modified with FeCl,
and FeCl, + NaOH

Surface morphology of adsorbents was determined by
SEM (XL30-SFEG, FEI/Philips). Surface characterization was
carried out on bare HS, HS modified with FeCl, and FeCl, +
NaOH and also each modified HS treated with As(III) solu-
tions. Chemical compositions of bare and modified adsorbents
treated with As(IIl) were analyzed with energy-dispersive
x-ray (EDX) detector. Percentage of some structural elements
(C, N, O and S), iron and arsenic were determined. Elemental
analysis results give an idea about how much iron linked on
HS during modification and how much arsenic was removed
by adsorbents.

The Brunauer-Emmett-Teller (BET) surface areas of
modified HSs were calculated from N, adsorption by using
the BET method with Micromeritics model, Flowsorb II-2300
adsorption meter.

The materials have been characterized by fourier
transform infrared spectroscopy (FTIR) spectrometry using
Agilent Cary 660 with incorporation of attenuated total reflec-
tance (ATR) accessory. Analytical conditions correspond to
the collection of four scans with a resolution of 4 cm™.

X-ray diffractometer (XRD) analysis of powder samples
was performed using an XRD PANalytical Empyrean (1D
pixel detector) using the Cu Ka radiation.

3. Results and discussion
3.1. Effect of contact time

Fig. 1 also shows the time profiles of As(IIl) adsorption
on HS modified with FeCl, and FeCl, + NaOH. It can be
observed that the adsorption capacities initially increased
along with contact time and then decreased, and finally
reach equilibrium in 24 h. Adsorption of As(III) ions showed
an increasing trend up to a reaction time of 4 and 2 h on HS
modified with FeCl, and HS modified with FeCl, + NaOH,
respectively, than the adsorption percentage decreases for
both adsorbent. The reason for this decrease is thought to be
due to desorption. Maximum adsorption was determined at
4 and 2 h for HS modified with FeCl, and HS modified with
FeCl, + NaOH, and optimum adsorption time was chosen as
4 and 2 h, respectively.

3.2. Effect of pH

The effect of pH on As(III) adsorption was studied in pH
of 4.0+0.3,7.0+0.2 and 9.0 = 0.2. The experiments were car-
ried out with HS modified with FeCl, and FeCl, + NaOH at
4 and 2 h, respectively. The effect of the pH on adsorption
capacity is shown in Fig. 2.

In order to understand the pH effect, it is necessary to
examine the charge of both bare HS and modified active
groups. Unmodified ionic groups of HS are predominant in
charge of the adsorbent (point of zero charge [PZC] =4.0 and
4.2). But active group for adsorption is iron oxyhydroxide.
At Kosmulski’s review [30] indicated that PZC of some iron
oxyhydroxide minerals like goethite are 9.0 and above.

In the light of this information:

* At pH 4.0 as shown in the arsenic speciation diagram
(Fig. 3), As(Ill) is predominately present in the form of
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Fig. 1. Effect of contact time on removal of As(Ill) by modified
hazelnut shell: temperature — 25°C; initial concentration —
0.05 mg L™ and 0.1 g adsorbent (m: HS modified with FeCl;
e: HS modified with FeCl, + NaOH).
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Fig. 2. Effect of pH on removal of As(Ill) by modified hazelnut
shell: contact time for HS modified with FeCl, and HS modified
with FeCl, + NaOH - 4 and 2 h, respectively; optimum
temperature — 25°C, initial concentration - 0.05 mg L™" and 0.1 g
adsorbent (m: HS modified with FeCl,; e: HS modified with FeCl,
+ NaOH).
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H,AsO,, and positive groups of HS and iron oxyhydrox-
ide groups adsorp the neutral arsenic species.

e At pH = 7.0 adsorbent is negative excluding positively
charged iron oxyhydroxide groups, and arsenic species
are also neutral but no adsorption occurred. Competitive
phosphate ions existing in buffer solution could be effec-
tive, or negative charge of sorbents could keep arsenic
away from the surface.

e At pH = 9.0 some of H,AsO, converts to H,AsO,", and
positively charged iron oxyhydroxide groups adsorp
arsenic effectively.

The maximum adsorption of As(IIl) ions on both adsor-
bents occurred at pH = 9.0; therefore, this pH value was
selected as the optimum pH throughout the study.

3.3. Thermodynamics of adsorption

Temperature effects on adsorption are shown in Fig. 4.
As shown in Fig. 4, adsorption was decreased with tempera-
ture for both adsorbents. Maximum adsorption was observed
at 20°C. Temperature-dependent distribution coefficient for
adsorption of arsenic was computed as follows:

L= int e (3)

where C, and C, are the initial and equilibrium arsenic con-
centrations (mg L), respectively.

Thermodynamic parameters such as free energy change
(AG®), enthalpy change (AH®) and entropy change (AS°) were

determined using the following equations:
AG°=-RTInK, 4)
AG® = AH° -~ TAS° )

These equations are combined to obtain van't Hoff
equation:

(6)

where AG® is standard Gibbs free energy change (] mol™); R
is universal gas constant (8.314 ] mol™ K™); and T is absolute
temperature (K). The change of enthalpy (AH®) and entropy
(AS°) can be obtained from the y-axis intercept and slope of
van't Hoff plot presented in Fig. 5. Values of the standard
Gibbs free energy change for the adsorption process were
obtained from Eq. (5), and all of thermodynamic parameters
were listed in Table 1. The negative values of AH® indicated
that the adsorption process was exothermic in nature. The
negative values of AG°® shows an adsorption process pro-
ceeds spontaneously.

3.4. Adsorption isotherms

The adsorbents were mixed by varying the initial concen-
trations (0.05, 0.20, 1.00, 2.50, 5.00, 10.00, 25.00, 50.00, 75.00,
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Fig. 3. Speciation diagram of As(III) ions.
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Fig. 4. Effect of temperature on removal of As(III) by modified
hazelnut shell: contact time for HS modified with FeCl, and HS
modified with FeCl, + NaOH - 4 and 2 h, respectively; optimum
pH — 9.0 + 0.2; initial concentration — 0.05 mg L and 0.1 g
adsorbent (m: HS modified with FeCl ; e: HS modified with FeCl,
+NaOH).
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modified with FeCl, + NaOH).
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100.00 and 125.00 mg L) at pH = 9.0 and 20°C. Fig. 6 shows
the plots of g, vs. equilibrium concentration of As(IIl) on the
both adsorbents.

The analysis of the isotherms data by fitting them into
different isotherm models is an important step to find the
suitable model that can be used for design process. The linear
form of Langmuir isotherm is given as follows:

it 1.1
q, bg,c 4, @)
Table 1

Thermodynamic parameters for adsorption of As(III) ions on HS
modified with FeCl, and FeCl, + NaOH

Adsorbent AH° AS°
(k] mol™) (k] mol™ K1)

-14.27 —0.0408

AG® (k] mol™)
(at 20°C)

-2.31

HS modified with
FeCl,

HS modified with
FeCl, + NaOH

-5.52 -19.65 —0.0482

- =
o N
1 1

-
|

Capacity of Adsorbent (mg g”)

T 1
0 20 40 60 80 100 120
Equilibrium As(lll) Concentration (mg L)

Fig. 6. Plots of g, vs. equilibrium concentration of As(III): contact
time for HS modified with FeCl, and HS modified with FeCl, +
NaOH - 4 and 2 h, respectively; optimum pH - 9.0 + 0.2; opti-
mum temperature — 20°C; initial concentration — 0.05 mg L™ and
0.1 g adsorbent (m: HS modified with FeCl,; e: HS modified with
FeCl, + NaOH).

where g, is the equilibrium adsorption capacity of adsorbent
in mg As(III) per g of adsorbent; C is the equilibrium concen-
tration of As(Ill) ions in mg L; g, is the maximum amount
of As(III) adsorbed in mg As(IIl) per g of adsorbent; and b is
the constant that refers to the bonding energy of adsorption
inLmg™

The linear form of Freundlich isotherm is given as:

logg, =logK, +1logCe ®)
n

where K (mg g™) is a constant related to the adsorption
affinity, and 1/n is related to heterogeneity of the adsorption
sites.

The linear form of Dubinin—-Radushkevich isotherm is
given as follows:

Ing, =Ing,, —ke? ©)

where g, and g, have the same meaning as before; k (mol* ]?)
is a constant related to the adsorption energy; and ¢ is the
Polanyi potential given by Eq. (10):

1
S—RTln(N—CJ (10)

e

The linear form of Temkin isotherm is given as:

g,=BInA + Bln C, (11)

where B = RT/b, is a parameter connected to the heat of
adsorption. A indicates maximum binding energy (L g™'); b,
indicates Temkin constant associated to heat of adsorption
(J mg™). Constants of isotherm models and the linear regres-
sion correlation (R?) are given in Table 2. Comparing their lin-
ear correlation coefficients, it was found that both Langmuir
and Freundlich models could describe the adsorption behav-
iors of As(Ill) ions on the adsorbents, though the linear cor-
relation coefficients for Freundlich model is slightly better
(Table 2). This observation implies that monolayer adsorp-
tion as well as heterogeneous surface conditions may co-exist
under the experimental conditions.

Za(}l)slgri)tion isotherm parameters for the adsorption of As(Ill) on the modified sorbents
Sorbents Langmuir Freundlich
q, (mgg™) b (Lmg™) R? K, (mgg™) n R?
HS modified with FeCl, 4.85 0.0676 0.9776 0.257 1.48 0.9828
HS modified with FeCl, + NaOH  12.56 0.0642 0.9074 0.633 1.42 0.9872
Temkin Dubinin-Raduskevich
b, (Jmg™) A(gL? R? g, (mgg") K(mol’k]?) E(kJmol') R?
HS modified with FeCl, 4,643.26 8.57 0.8058 1.42 0.0523 3.092 0.7499
HS modified with FeCl, + NaOH  2,108.35 15.51 0.7172 2.99 0.0412 3.484 0.7871




120 S. Sert et al. / Desalination and Water Treatment 75 (2017) 115-123

3.5. Characterization of adsorbents

Fig. 7 shows scanning electron microscopy micrographs
of bare HS, modified HS and also As(Ill) loaded modified
HS. The surface change in the scanning electron microscopy
micrographs indicated the structural changes in the adsorbent
before and after arsenic treatment. The general morphology
of the adsorbents before adsorption could be characterized
as rough and irregular. The surfaces of the arsenic loaded HS
modified with FeCl, and FeCl, + NaOH were noted to have
much asperity. After adsorption, As(Ill) might be diffused
into the porous structure.

EDX detector was used for structural analysis. It is given
percentage of elements of adsorbents after As(III) adsorption
and bare HS in Table 3. It can be calculated adsorbent capac-
ities approximately using mass percentages of arsenic (0.41%
and 1.26%) obtained from structural analysis. Capacities for
HS modified with FeCl, and FeCl, + NaOH were 4.1 and
12.6 mg g, respectively.

The various physico-chemical characteristics of the mod-
ified HSs are given in Table 4 according to the BET results.
Surface area of HS modified with FeCl, is higher than the
modified with FeCl, + NaOH. HS modified with FeCl, + NaOH

Fig. 7. Scanning electron microscopy micrographs of: (a) HS, (b) HS modified with FeCl, (c) As(Ill) loaded HS modified with FeCl,
(d) HS modified with FeCl, + NaOH and (e) As(III) loaded HS modified with FeCl, + NaOH.

Table 3

Chemical composition of bare HS and modified adsorbents after arsenic adsorption

Element Bare HS HS modified with FeCl, HS modified with FeCl, + NaOH
Wt% Atomic % Wt% Atomic % Wt% Atomic %

C 59.99 66.64 52.81 61.11 45.85 54.39

N 0.45 0.43 - - 5.60 5.71

O 39.42 32.87 43.01 37.36 4291 38.18
Na - 0.80 0.49 - -

S 0.14 0.06 0.13 0.05 - -

Cl - - 1.46 0.57 2.30 0.94

Fe - - 1.38 0.34 2.08 0.54

As - - 0.41 0.08 1.26 0.24
Total 100.00 100.00 100.00 100.00 100.00 100.00
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has higher capacity because of active group formation with
different amounts. Similar results were obtained by Giilbas
et al. [29].

ATR-FTIR spectra of adsorbents are shown in Figs. § and 9.
Spectral changes of HS + FeCl, and HS + FeCl, + NaOH mod-
ifications are demonstrated separately. Similar changes were
observed for both modifications. The band around 1,028 cm™
in bare HS associated with C-O stretching of alcoholic groups

Table 4
Physical characteristics of HS modified with FeCl, and FeCl, +
NaOH

Physical characteristics HS modified HS modified

with FeCl, with FeCl, +
NaOH

Single point surface area at 2.46 m? g 0.69 m? g™
p°lp
BET surface area 2.69 m? g 0.62m? g
BJH adsorption cumulative 091 m? g™ 3.08 m* g™
surface area of pores between
17,000 and 3,000,000 A width
BJH desorption cumulative 0.75m? g™ -

surface area of pores between
17,000 and 3,000,000 A width

Absorbance
£

Bare HS

HS+FeCls
000

002 HS+FeCl;¥As

3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 0
Wavenumber

Fig. 8. ATR-FTIR spectra for: bare HS, HS + FeCl, and HS + FeCl
saturated with As(III).
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A
004 HS+FeCls+h 0 \

HS+FeCl:+NaOH
.08
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Fig. 9. ATR-FTIR spectra for: bare HS, HS + FeCl, + NaOH and
HS + FeCl, + NaOH saturated with As(III).

(OH) shifted after modification and shifted again with sat-
uration. This may indicate that alcoholic groups could par-
ticipate in modification and adsorption. There is no change
among alcoholic O-H bands (3,300 cm™) because of low
modification ratio (approximately 1%—2% Fe).

XRD patterns of the adsorbents shown in Fig. 10 demon-
strate more amorphous phases that were formed by the
dominating HS in both of them. Two diffraction peaks at
20 = 21.81° and 34.73° were clearly identified in both adsor-
bents. These peaks fit to goethite (FeOOH) with reference
code 98-015-9957 according to High Score database.

For the determination of PZC, 0.01 M NaCl solutions
were adjusted to pH = 3-9 using NaOH or HCI. Then 10 mL
of solutions at different pH were taken in centrifuge tubes
with 30 mg of adsorbent. These tubes were shaking for 24 h
with mechanical shaker, and the initial and supernatant pH
of the solutions were measured. The ApH was plotted against
initial pH values, and the initial pH at which ApH was zero
was considered as PZC (Fig. 11). PZC of HS + FeCl, and
HS + FeCl, + NaOH values were determined as 4.0 and 4.2,
respectively.

Images of bare HS and modified adsorbents are given in
Fig. 12. The modification has also seen changes in the appear-
ance of the adsorbents. An organo-metallic bond could be
caused discoloration of sorbent (R-O-Fe). Adsorption mech-
anism occurring on modified adsorbents surfaces is most
probably as coordination of hydroxyl groups of ferrous

j 00 !' ’M\HSJrFeClg
\

"1 HS+FeCly+NaOH

N

\M\“‘*\»Wu o

Fig. 10. XRD patterns of HS + FeCl, and HS + FeCl, + NaOH.

2
1 8,
0
0 2 8
-1 HS+FeCl;+NaOH
= y =-0,9349x +4,1832
a2
<
3 HS+FeCl; "'-‘¢:,-_-.‘
y =-0.9414x+4,021
-4
)
-5 L4
-6 Initial pH

Fig. 11. Determination of PZC of adsorbents as function of ApH
and initial pH.
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BARE HS

Fig. 12. Bare and modified adsorbents.

hydro(oxides) with the OH- ligands in the arsenite molecule
(Fe-O-As). Similar mechanism was reported by Arcibar-
Orozco et al. [31].

4. Conclusion

In the course of presented research, HS modified
with FeCl, and FeCl, + NaOH were prepared as natural
adsorbents to remove As(IIl) ions from aqueous solution.
According to the batch studies pH =9.0 + 0.2 showed to have
the highest adsorption for As(IIl) ions on both adsorbents,
similar results were reported by Yadanaparthi et al. [32].

The adsorption process was exothermic (AH® ads < 0)
and proceeds spontaneously (AG® ads < 0) for both adsor-
bents. Although surface area of HS modified with FeCl,
is higher than the HS modified with FeCl, + NaOH, HS
modified with FeCl, + NaOH has higher capacity. Because
according to SEM-EDX analysis results, in the case of
using NaOH for adsorbent modification, more iron ions
hold on the adsorbent, and this could increase adsorption
efficiency.

In this study adsorbents were treated with more con-
centrated solution of arsenic until adsorbents reach the
saturation so that maximum capacity values determined
for both adsorbents. Maximum adsorption experimental
capacities of HS + FeCl, and HS + FeCl, + NaOH were
4.37 and 11.84 mg g™ for arsenic, respectively. Capacities
of some other natural sorbents were reported as Fe
loaded sponge 18.0 mg g [32], iron oxide coated bio-
mass 0.880 mg g [32], blast furnace slag 1.40 mg g™
[33] and magnetite/non-oxidative graphene composites
38 mg g™ [34]. Although performance of adsorbents at
this study are not as high as carbonaceous materials or
nanoparticles, they are considerably effective compared
with other natural adsorbents. HS is common, and
waste material became effective adsorbents with sim-
ple modifications. Manufacturing of these adsorbents
is easy, and only the iron salt is required. Both adsor-
bents can be used to remove As(IIl) from water without
pre-oxidation, and they provide low-cost alternatives
for arsenic removal.

HS+ FeCls;

HS+ FeCls+ NaOH
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Symbols

%A — Percentage adsorption of arsenic
e Initial arsenic concentration, mg L™
C,, — Final arsenic concentration, mg L™

in

g, — Amount of arsenic ions adsorbed by adsorbent, mg g
m  — Mass of adsorbent, g

V — Volume of arsenic solution, mg g

K, — Distribution coefficient

C, — Equilibrium arsenic concentration, mg L™

AG®° — Free energy change, k] mol™!

AH°® — Enthalpy change, k] mol™

AS° — Entropy change, k] mol™ K™

R — Universal gas constant, 8.314 ] mol! K~

T — Absolute temperature, K

g, — Equilibrium adsorption capacity of adsorbent, mg g™
b — Langmuir adsorption constant, L mg™

g, — Maximum amount of arsenic adsorbed, mg g™
K, — Freundlich adsorption constant, mg g™

n  — Freundlich adsorption constants

A — Temkin isotherm constant, L g

b, — Heat of adsorption, ] mg™

e  — Polanyi potential, ] mol™
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