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Abstract

In this study, graphene oxide (GO), iron modified clinoptilolite (FeZ), and composites of GO-FeZ (GOFeZA and
GOFeZB) were synthesized and characterized using SEM, EDS, XRF, FTIR, and pH,,.. The arsenate uptake on
composites of GOFeZA and GOFeZB was examined by both kinetic and column studies. The adsorption capacity
increases with the increase of the initial arsenate concentration at equilibrium for both composites. At the initial
arsenate concentration of 450 pg/L, the arsenate adsorption on GOFeZA and GOFeZB was 557.86 and 554.64 ug/g,
respectively. Arsenate adsorption on both composites showed good compatibility with the pseudo second order
kinetic model. The adsorption process was explained by the surface complexation or ion exchange and electrostatic
attraction between GOFeZA or GOFeZB and arsenate ions in the aqueous solution due to the relatively low
equilibrium time and fairly rapid adsorption of arsenate at the beginning of the process. The adsorption mechanism
was confirmed by characterization studies performed after arsenate was loaded onto the composites. The fixed-bed
column experiments showed that the increasing the flow rate of the arsenate solution through the column

resulted in a decrease in empty bed contact time, breakthrough time, and volume of treated water. As a result of

based composites

the continuous operation column study with regenerated GOFeZA, it was demonstrated that the regenerated
GOFeZA has lower breakthrough time and volume of treated water compared to fresh GOFeZA.
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Introduction

Among the toxic elements, arsenic is one of the most
abundant and hazardous pollutants in the natural envir-
onment. Although arsenic is found in air, water, many
kinds of rock, soil, plant, and living tissues in general,
the occurrence of arsenic in groundwater is a great and
critical threat around the world (Dhoble et al. 2017;
Pang et al. 2020). Despite the arsenic contamination in
the groundwater of many countries in the various parts
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of the world being generally caused by natural sources
such as the erosion of rocks and the dissolution-
precipitation of minerals, some anthropogenic activities
such as mining, pharmaceutical industry, and the use of
arsenic-containing fertilizers and pesticides in the agri-
culture also contribute to arsenic pollution (Wu et al.
2018; Luo et al. 2013; Kundu et al. 2004). Groundwater
arsenic pollution is a worldwide problem that poses a
health risk to millions of people in the countries such as
Bangladesh, Vietnam, Indian, Turkey, the USA, and
West Africa (Bretzler et al. 2020; Yoon et al. 2017; Bilici
Baskan and Pala 2010). Consumption of groundwater
containing a high concentration of arsenic causes fatal
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effects, while long-term use of water with low arsenic
concentration can cause serious health problems such as
different types of cancer and damage to various organs
(Yin et al. 2017; Soni and Shukla 2019; Guo et al. 2015).
In order to prevent these health problems, the guideline
on arsenic concentration in drinking water has become
gradually stricter over the last decades. As a result of
this, many countries have set the maximum allowable
arsenic concentration in drinking water to 10 pg/L
adopted by the World Health Organization (WHO) and
US Environmental Protection Agency (Wu et al. 2018;
Cortes-Arriagada and Toro-Labbe 2016; Zhu et al
2018). Therefore, researches on the use of more effective
and economical methods or materials for removing ar-
senic from water are very important and necessary.
Arsenic exists in various forms in the environment,
but in the aquatic environment it is mainly found in in-
organic form as trivalent arsenite (As(III)) and pentava-
lent arsenate (As(V)) (Soni and Shukla 2019; Luo et al.
2013). Both species are non-biodegradable, highly toxic,
and accumulate along the food chain. However, As(III)
is 60 times more toxic than As(V) owing to its cellular
uptake (Dhoble et al. 2017; Smedley and Kinniburgh
2002). Since As(III) is in the form of uncharged H3AsO3
in the pH range of 6-9, where natural waters are most
common, it can be removed from water much more dif-
ficult and with a lower efficiency than As(V). Therefore,
oxidation of As(IIl) to As(V) takes place as a pre-
treatment process in most of the methods used for ar-
senic removal (Weerasundara et al. 2021; Amen et al.
2020). Many methods such as coagulation (Bora et al.
2016; Pallier et al. 2010), electrochemical processes
(Goren and Kobya 2021; Kobya et al. 2020), ion ex-
change (Lee et al. 2017; Urbano et al. 2012), membrane
filtration (Nguyen et al. 2009; Schmidt et al. 2016), and
adsorption (Das et al. 2020) are used for removing ar-
senic from water in order to prevent the toxic effect on
living forms and adverse effects on human health caused
by arsenic in water resources. Among these methods,
adsorption has attracted more attention due to its ease
of operation, low cost, sustainability, efficiency, low
waste generation and low energy requirement (Weera-
sundara et al. 2021; Amen et al. 2020). Many different
natural and synthetic adsorbents have been tried to re-
move arsenic from water including industrial and agri-
cultural wastes (Mohan and Pittman Jr 2007), Fe-Mn
binary oxides (Zheng et al. 2020), fly ash (Ochedi et al.
2020), chitosan (Kloster et al. 2020), activated carbon
(Hashim et al. 2019), and activated alumina (Tripathy
and Raichur 2008). In recent years, zeolites have been
used to remove many pollutants such as arsenic from
water and wastewater due to their high surface area, easy
availability, and low cost (Figueiredo and Quintelas
2014; Asere et al. 2019). However, zeolites are modified
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using various metals or materials, as they are not effect-
ive in removing inorganic arsenate oxyanions from water
due to their surface characteristics (Simsek et al. 2013;
Li et al. 2019). In this study, clinoptilolite, one of the
most common type of zeolite and naturally abundant in
Turkey, was used for arsenate adsorption by modifying
the surface with the iron to increase its anion adsorption
capacity.

In recent years, graphene oxide (GO) and reduced gra-
phene oxide (rGO) are evaluated as promising new ma-
terials for arsenic removal from waters and wastewater
due to their high thermal conductivity, mechanical sta-
bility, high surface area, and surface functional groups
that provide a very good support for effective different
compounds in arsenic adsorption (Wang et al. 2013; Wu
et al. 2018). Graphene-based composite materials have
found great approval in many environmental remedi-
ation applications, notably their use as adsorbents for
the purification of water (Soni and Shukla 2019). Many
researchers used GO-based composite materials such as
GO-copper ferrite (Wu et al. 2018), GO-lanthanum
fluoride (Lingamdinne et al. 2019), GO-iron oxide (Su
et al. 2017), GO-ferric hydroxide (Zhang et al. 2010),
and GO-magnetite (Yoon et al. 2016) to remove arsenic
from water. However, there are only a few studies on the
synthesis of GO-based composite materials using zeolite
and its use for arsenic removal from waters. Khatamian
et al. (2017) synthesized composite of GO-Cu exchanged
zeolite for arsenate adsorption from aqueous solutions.
This material was able to reduce the 100 pg/L arsenate
concentration to less than 10 pg/L after 30 min. Simi-
larly, Soni and Shukla (2019) reached a maximum arsen-
ate adsorption capacity of 49.23 pg/g for 100 pg/L of
initial arsenic concentration at pH 7 with the rGO-fly
ash-based zeolite composite. In this study, composite
material consisting of GO synthesized using Hummer
method and clinoptilolite modified by iron was used as
an adsorbent in arsenate adsorption from aqueous solu-
tion in order to combine the superior properties of both
materials.

Most of the studies on removing arsenic from water
by adsorption method were carried out only according
to the batch adsorption experiments, and it is very diffi-
cult to apply results of these studies directly to the fixed-
bed column reactors (Singh and Pant 2006; Dhoble et al.
2017). Column operations are essential to find data
which can be realized for industrial and household ob-
jectives (Roy et al. 2013). There are few studies on arsen-
ate removal from waters by the column process (Pang
et al. 2020; Yin et al. 2017; Guo et al. 2007). However,
there is no study in the literature in which column ex-
periments were carried out for arsenate adsorption using
GO-based composite materials. In our previous study,
the arsenate adsorption efficiencies of the GO-iron



Bilici Baskan and Hadimlioglu Journal of Analytical Science and Technology

modified clinoptilolite composites obtained by combin-
ing the two materials in different ratios were determined
by batch adsorption experiments. The maximum arsen-
ate uptake was realized in the pH range of 6 to 8 and
optimum dose were determined as the 0.8 g/L for the
composite materials (Bilici Baskan and Hadimlio-
glu 2021). In the present study, as the continuation of
our previous study, arsenate uptake on GO-iron modi-
fied clinoptilolite composites was examined by both kin-
etic and column studies. The present paper also informs
the synthesis and characterization of GO-iron modified
clinoptilolite composites. Furthermore, the adsorption
kinetics of arsenate were determined to understand the
adsorption mechanism. The characterization of compos-
ites after arsenate adsorption was also investigated to
verify the arsenate adsorption and to reveal the adsorp-
tion mechanism. The most important aim of this study
is to run column experiments in order to determine the
breakthrough point and thus to reveal the operation
period and regeneration time for potential large-scale
application.

Experimental

Materials and reagents

Graphite powder, sulphuric acid (H,SO,), hydrochloric
acid (HCI), sodium nitrate (NaNO3), sodium hydroxide
(NaOH), potassium permanganate (KMnO,), sodium
chloride (NaCl), ferric chloride (FeCls), and hydrogen
peroxide (H,O,) were all analytical grade and used with-
out any further purification. Sodium arsenate (Na,HA-
sO47H,0) was chosen as the arsenate source, and the
stock solution of 1 mg/L was used to prepare arsenate
solution at different concentrations. Furthermore, clin-
optilolite with 0.5-1.0-mm particle size extracted from
Gordes-Manisa was used.

Preparation of samples

Synthesis of GO

In GO synthesis performed using the modified Hummer
method (Hummers and Offeman 1958), primarily graph-
ite powder (10 g) and NaNOj (10 g) were put in the
concentrated 300 mL of HySO, at 0 °C in an ice bath.
KMnOy (30 g) was gradually added while the suspension
was continued to stir permanently and the temperature
was kept constant at 35 °C by means of an ice bath.
After 3 h, it was diluted by adding distilled water (900
mL) under continuous stirring. Then, 35% H,O, solu-
tion (48 mL) was slowly added into the mixture and it
was observed that the color of the mixture turned light
brown and yellow. The solid phase obtained by centrifu-
ging and filtering of the mixture was washed multiple
times with distilled water to remove acid. Finally, it was
dried at 60 °C and GO samples were obtained.
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Preparation of iron modified clinoptilolite

For this purpose, 10 g of clinoptilolite was treated with
0.1 M NacCl solution under reflux to change its surface
properties. After separating the solid-liquid phase by
centrifugation, the process under reflux was repeated
using the newly prepared NaCl solution. The solid phase
obtained was dried at 60 °C for 24 h. 10 g of this sample
were treated with 0.1 M FeCl; solution for 5 h and this
process was repeated 2 times. The solid-liquid phase
separation was carried out by centrifuging at 3000 rpm
for 20 min, and then the solid phase was washed with
distilled water and dried for 24 h at 60 °C. This sample
was named FeZ and stored in a dry atmosphere until
used.

Preparation of FeZ-GO composites

The sample formed by taking 2 g of GO and 2 g of FeZ
was named as GOFeZA and the sample obtained by tak-
ing 2 g of GO and 4 g of FeZ was called as GOFeZB.
The samples were sonicated for 3 h in 60 mL of ethanol.
The mixtures were then consistently mixed until the sol-
vents had evaporated. FeZ-GO composite materials
(GOFeZA and GOFeZB) were obtained by drying the
formed precipitates at 60 °C.

Characterization and measurements

Scanning electron microscopy (SEM) photographs and en-
ergy dispersive x-ray spectroscopy analysis (EDS) of GO,
FeZ, GOFeZA, and GOFeZB were achieved by Zeiss brand
Supra 40 VP model scanning electron microscope running
at 5 kV. X-ray fluorescence spectrometry (XRF) was used
to determine the elemental compositions of adsorbents.
Spectro XEPOS-II PEDXRF device used for this purpose
was operated at 35-kV voltage and 1-mA current. The
Fourier transform infrared (FTIR) spectra of the samples
were carried out using Thermo Scientific Nicolet iS50
FTIR spectrophotometer. The pH values of the points of
zero charge (pHp,.) of GO, FeZ, GOFeZA, and GOFeZB
were measured using 0.1 M KNOj; solution. The initial
pH values of the solutions were adjusted in the range of
2-12 using 0.1 M HCI or NaOH solutions. After the initial
pH value of the solution was determined, the samples
were added to the each solution and then shaken for 48 h.
After all the samples were centrifuged and filtered, the pH
values of the obtained solution were measured and re-
corded as the final pH value of the solution. The concen-
trations of arsenate were analyzed by the inductively
coupled plasma-mass spectrometer (ICP-MS). The aver-
age of three readings for each sample was given as a result
of arsenate analysis.

Assessment of arsenate adsorption
0.04 g of each composite material (GOFeZA and
GOFeZB) was put into 50 mL of arsenate solution with
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different initial arsenate concentration. The pH values of
the solutions were adjusted to the desired values using
the discardable volume of 0.1 M and 0.01 M HCI or
NaOH solutions. The mixtures were shaken at 150 rpm
and room temperature (20 + 1 °C) for 24 h and samples
were taken from the shaker at various time periods dur-
ing 24 h. The collected samples were first centrifuged at
3000 rpm for 20 min, and then filtered using a syringe
filter with a 0.45-pm pore size in order to separate the
adsorbents. The following Eq. 1 was used to determine
the amount of arsenate adsorbed:

_ V(CO_Ce)

Qe=—"" " (1)

where ¢, is the arsenate adsorption capacity of compos-
ite materials at equilibrium (pg/g); V is volume of arsen-
ate solution (L); C, and C, are the initial and
equilibrium arsenate concentrations, respectively (ug/L);
and m is the amount of composites (g) used in the batch
adsorption experiments.

Adsorption kinetics

The adsorption kinetic studies were carried out by using
GOFeZA and GOFeZB composites at three different ini-
tial arsenate concentrations as a function of time.
Pseudo first order and pseudo second order kinetic
models were used in the kinetic studies to determine the
rate of arsenate adsorption on composite materials.

Fixed-bed column experiments

The fixed-bed column experiments were performed
using GOFeZA composite (as the best composite of our
work) to examine the potential large-scale application. A
clean and dry fixed-bed column reactor with diameter of
2 cm and length of 33.5 cm and made of glass was used
for this purpose. As shown in Fig. 1, the lower part of
the column was covered using glass wool and the top of
the glass wool was filled with 33.42 g of GOFeZA com-
posite with a height of 15 cm. The bed volume of the
system was 47.1 mL. After the GOFeZA composite in
the column was saturated by passing distilled water, the
solution containing 100 pg/L of arsenate was passed
through the column at a flow rate of 1.7 mL/min. The
arsenate solution was pumped through the column from
top to bottom using the peristaltic pump and the pas-
sage of the arsenate solution through the column contin-
ued until the GOFeZA composite was saturated.
Arsenate analysis was performed using samples taken
from the column effluent at certain time intervals. In
this study, the performance of GOFeZA composite in
continuous adsorption experiments was evaluated using
the breakthrough point and arsenate adsorption effect-
iveness after regeneration of the saturated composite.
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Fig. 1 Schematic diagram of the fixed-bed column experiment

Results and discussion

Characterization

The morphologies of FeZ, GO, GOFeZA, and GOFeZB
were investigated by SEM images and the relevant im-
ages are given in Fig. 2a—d. The SEM morphology in Fig.
2a shows very clearly dispersed crystals, extensive clus-
ters, and illimitable number of pores on the surface of
FeZ. The elemental compositions of GO, FeZ, GOFeZA,
and GOFeZB are also given in Table 1. FeZ mainly con-
tains elements of Al, Si, and Fe and also contains fewer
percentages of K, Ca, Na, and Mg by weight. The pres-
ence of more Al and Si in FeZ indicates that clinoptilo-
lite is basically aluminosilicate. In addition, considering
the weight percentage of Na, Mg, K, and Ca, it can be
concluded that the clinoptilolite used in the study is the
K-Ca type. Its Fe content of about 28% by weight indi-
cates that the iron was incorporated efficiently into the
clinoptilolite. Additionally, the EDS spectra of the sam-
ples were used to verify their elemental composition and
illustrated in Fig. 2e—h. The EDS spectra of FeZ (Fig. 2e)
also show the presence of basic elements such as Al and
Si in the clinoptilolite. Moreover, the Fe peak between
6.0 and 7.0 keV reveals the presence of iron binding to
clinoptilolite. The GO image given in Fig. 2b demon-
strates that GO is in the form of flaky and smooth tex-
ture representing its layered structure. Moreover, the
fact that the elemental composition of GO demonstrates
the presence of oxygen and carbon indicates the forma-
tion of GO. The EDS spectra of GO shown in Fig. 2f
also indicates the presence of carbon and oxygen, as well
as the presence of sulfur, which is lacking in the elemen-
tal composition of GO in Table 1 and resulting from the
production of GO by the Hummer method. The EDS
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Table 1 Elemental compositions of GO, FeZ, GOFeZA, and GOFeZB
Element Composition (weight, %)

o C Na Mg Al Si K Ca Fe
GO 39.720 53.264 - - - - - - -
FezZ 28460 - 0.027 0.220 5426 25.890 1463 0.846 28460
GOFeZA 41561 41.280 0.0M1 0.100 1230 5462 0.881 0232 8438
GOFeZB 40.025 38573 0.015 0.185 1.574 6.501 1.012 0.365 10.670

spectrum of GO also shows the oxygen functional
groups bearing by the synthesized GO sheets (Singh
et al. 2018). The SEM images of GOFeZA and GOFeZB
composites (Fig. 2c, d) exposed that the GO flexible
sheets were decorated with FeZ particles. This approves
that FeZ particles were spread overall the GO. The
spherical particle structure of GOFeZA and GOFeZB
composites may have been caused by the self-assembly
between FeZ and GO due to hydrogen bonding and Van
der Waals forces (Soni and Shukla 2019). On the other
hand, different from the elements in the FeZ, the carbon

and oxygen percentages observed in GOFeZA and
GOFeZB composites successfully support the compos-
ites formation. The XRF data explicitly approve the pres-
ence of iron on the composites. The fact that the EDS
diagrams of GOFeZA and GOFeZB (Fig. 2g, h) contain
elements such as Al, Si, and Fe found in FeZ as well as
carbon and oxygen, which indicate the presence of GO,
proves the successful formation of composites. In
addition, the EDS spectra and XRF data of the compos-
ites prove that more FeZ was used in the process of the
obtaining composite of GOFeZB.

(a) 3638 3407

1021

4000 3500 3000 2500

Fig. 3 FTIR absorption spectra of a FeZ, b GO, ¢ GOFeZA, and d GOFeZB

Wavenumbers, cm!

2000 1500 1000 500
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The surface functional groups of GO, FeZ, GOFeZA,
and GOFeZB were determined using FTIR analysis and
the FTIR spectra of them are illustrated in Fig. 3a—d.
The FTIR spectrum of FeZ is represented in Fig. 3a. The
small peak observed around 3638 cm™ can be assigned
to the dissociation of O-H and the symmetric and asym-
metric OH stretching vibration (Ruiz-Baltazar et al.
2015; Tasharrofi et al. 2020). The peaks around 3407
and 1656 cm ™' are related to the H-O-H stretching vi-
bration and O-H bending vibration of clinoptilolite
water molecules. In addition, the peaks at approximately
1575 and 2019 cm™" represent the vibration of the S-O
and Al-O bands, respectively (Ruiz-Baltazar et al. 2015).
The bands situated at 1391, 1456, and 1573 cm ™ indi-
cate the presence of the surface iron hydroxide groups
on the clinoptilolite (Guaya et al. 2016; Abaei et al
2017). The fairly broad absorption peak of GO observed
between 3351 and 2956 cm ™! (Fig. 3b) can be attributed
to the O-H stretching vibration of the adsorbed water
molecules (Sherlala et al. 2019; Luo et al. 2013). Add-
itionally, the absorption peaks observed at 1718, 1630,
1416, 1180, and 1035 cm ™ in the FTIR spectrum of GO
show the C=0, aromatic C=C, C-O group related to
carboxyl, C-O group related to epoxy, and C-O group
related to alkoxy, respectively (Su et al. 2017). The men-
tioned different peaks showed the availability of different
functional groups on the surface of GO. The peaks ob-
served at 591, 677, and 1021 cm ™" in the FTIR spectra of
GOFeZA given in Fig. 3c and the peaks observed at 602,
660, and 1015 cm™" in the FTIR spectra of GOFeZB
given in Fig. 3d are characteristic peaks related to the
stretching vibration of the T-O bands resulting from the
TO, (T is Al or Si) structure of the clinoptilolite (Huang
et al. 2019; Khatamian et al. 2017). Furthermore, the
peaks of GO showing groups such as O-H, C=0O, and
aromatic C=C are also detected in the FTIR spectrum of
composites at around 3341, 1718, and 1620 cm ', re-
spectively. These results show that composites were syn-
thesized accomplishedly using GO and FeZ.

Effect of pH

In the process of arsenate adsorption from aqueous solu-
tion, the pH value of the solution is a very substantial
parameter since it affects both the arsenate speciation
and the surface charge of the adsorbent. The pH value
of the solution is effective in protonating or deprotonat-
ing of the adsorbent surface (Sherlala et al. 2019). Al-
though the arsenate species are negatively charged in all
cases where the pH value is above 2.2, the monovalent
form of arsenate is dominant if the pH is less than 6.9
and the divalent form of arsenate is dominant if the pH
is greater than 6.9 (Lingamdinne et al. 2019; Yoon et al.
2017). In extreme acidic and alkaline conditions, un-
charged and trivalent forms of arsenate are dominant,
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respectively. The effect of pH on arsenate adsorption
performed using GO, FeZ, GOFeZA, and GOFeZB was
examined for the initial pH value between 3 and 11 and
the obtained results were shown in the Fig. 4. Arsenate
adsorption capacity of GO decreased as the pH value
was increased. At the low pH values, the GO surface is
positively charged. When the pH is above 2.2, since the
anionic species of the arsenate are in the solution, it was
attracted to the positively charged GO surface by the ef-
fect of electrostatic forces and was removed from the
aqueous solution more easily. Since the pHp,. values of
GO, FeZ, GOFeZA, and GOFeZB are an important fac-
tor in the interaction of arsenate ions in aqueous solu-
tion with their own surfaces, the pH,. value is
considered to be a significant factor controlling the ad-
sorption process. If the pH value is lower than pH,,,
the surface of the adsorbent is positively charged, while
at pH values higher than pH,,., the adsorbent surface is
negatively charged (Yoon et al. 2017). In this study,
pHp,c values of GO were determined as 3.98. The pHp,.
values found in other studies for GO generally vary be-
tween 3.1 and 4.0 (Bian et al. 2015; Rodriguez et al
2020). The value found in this study is also within this
range and this value explains the higher adsorption cap-
acity obtained at pH values below 4. On the other hand,
the arsenate adsorption capacity of FeZ increased up to
pH value 9 and decreased at pH values above 9. The ad-
sorption of arsenate on FeZ could be clarified by the
pHp,. value of the adsorbent determined as 9.11. The
determined pHp,. value explains the increase in arsenate
adsorption capacity of FeZ with pH increase up to 9.
The negatively charged surface sites on the FeZ at the
pH above 9.11 prevented the negatively charged arsenate
adsorption in the water.

The pHy,. values of GOFeZA and GOFeZB were de-
termined as 7.13 and 7.88, respectively. The arsenate ad-
sorption capacities of GOFeZA and GOFeZB were
increased with raising solution pH from 3 to 7 and were
maximum in the pH range of 7-8. At the pH values

~&-FeZ

—4—GOFeZA
-&-GOFeZB

pH
Fig. 4 The effect of pH on arsenate adsorption by GO, FeZ, GOFeZA,
and GOFeZB
- J
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above 8, their adsorption capacities were decreased. The
low adsorption capacities in acidic pH conditions where
pH is less than pH,,. could be explained by the small
interaction between the uncharged and monovalent
form of arsenate species and the positive surfaces of
composites. Electrostatic interaction is unlikely due to
the repulsive force between the negative surfaces of the
composites and the monovalent and divalent form of ar-
senate species at pH values above 7 for GOFeZA and 8
for GOFeZB. Significant adsorption capacities that oc-
curred even when pHp,. values are higher than the solu-
tion pH show that not only electrostatic interaction but
also ion exchange and surface complexation are effective
in arsenate adsorption on composites. Similar results
were obtained in previous studies on arsenic adsorption
with GO-based composite materials (Lingamdinne et al.
2019; Wang et al. 2014).

Adsorption kinetics

Firstly, batch adsorption experiments were carried out
for 9 h at three different initial arsenate concentrations
to demonstrate the effectiveness of FeZ, GO, GOFeZA,
and GOFeZB in arsenate adsorption from aqueous solu-
tions. As can be observed from Fig. 5a—c, the increase in
the initial arsenate concentration from 50 to 450 pg/L
caused the arsenate concentrations remaining in the
water to increase for all types of adsorbent. The decrease
in the initial concentration of arsenate in the solution
causes the interaction of most of the arsenate ions in the
water with the binding sites on the adsorbent, causing
an increase in the adsorption performance (Soni and
Shukla 2019). At the initial arsenate concentration of
250 pg/L and at the end of the 3 h of contact time, the
remaining arsenate concentrations in the solution were
analyzed as 192.50, 169.35, 1.92, and 5.10 pg/L for FeZ,
GO, GOFeZA, and GOFeZB, respectively. These values
indicate that composites have much higher and signifi-
cant arsenate removal efficiencies in arsenate adsorption
than FeZ and GO. In addition, at the three different ini-
tial arsenate concentrations, both composites succeeded
in reducing the residual arsenate concentration in the
water below 10 ppb, which is the maximum contaminant
level (MCL) determined by the WHO at the end of the
contact time of about 2 h. Therefore, kinetic studies
were performed using only GOFeZA and GOFeZB
composites.

Two significant kinetic models were used to research
the adsorption operation and to understand the proper-
ties of arsenate adsorption on GOFeZA and GOFeZB
composites by utilizing the results of experimental kin-
etic studies. In order to establish the arsenate kinetics,
arsenate adsorption on composites was investigated as a
function of initial arsenate concentration and contact
time, and the obtained results are given in Fig. 6a, b.
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Arsenate adsorption kinetics on GOFeZA and GOFeZB
were examined at three different initial arsenate concen-
trations as 50, 250, and 450 pg/L and at 7 of pH. The
kinetic profiles demonstrated that the adsorption process
takes place very rapidly in the first 3 h, and then the re-
moval rate gradually decreases until the system reaches
equilibrium. Since a significant part of the active binding
areas on the adsorbent surface is covered by arsenate
ions, the system has reached saturation after 3 h. The
relatively low equilibrium time and fast arsenate removal
are due to considerably sufficient adsorptive interactions.
The higher arsenate uptake in the early stages of the
process is due to the fact that there are still large num-
ber and suitable areas for sorption at this stage. This re-
sult indicated that the adsorption process probably
consists of 2 stages, nominately, surface complexation or
ion exchange, and electrostatic attraction between
GOFeZA or GOFeZB and arsenate ions in the aqueous
solution (Guo et al. 2015; Khatamian et al. 2017; Luo
et al. 2012). Arsenate adsorption mechanism on GO-
based composites is quite complicated. Arsenate adsorp-
tion of graphene-based composites in literature is mostly
explained by the electrostatic attraction, intraparticle dif-
fusion, and physical adsorption mechanisms (Soni and
Shukla 2019; Yoon et al. 2017; Guo et al. 2015).

It is further found out from the results that the time
for the system to reach equilibrium is independent of
the initial arsenate concentration. But Fig. 6a, b illus-
trates that the adsorption capacity increases with the in-
crease of the initial arsenate concentration for both
composites at equilibrium. This result states that the ini-
tial concentration is important in the arsenate adsorp-
tion on the composites. At the end of the 3 h of
equilibrium time and at the initial arsenate concentra-
tion of 50 pg/L, the arsenate adsorption on GOFeZA
and GOFeZB was 63.46 and 59.85 pg/g, respectively,
while the adsorption capacities of GOFeZA and
GOFeZB at the initial arsenate concentration of 450 pg/
L were calculated as 557.86 and 554.64 pg/g, respect-
ively. This represents that as the initial arsenate concen-
tration increases, much more arsenate ions to be
adsorbed on the surface of the composites are present in
the solution and this leads to an increase in the adsorp-
tion performance of them (Bilici Baskan and Pala 2011).

It is of great importance to estimate the performance
of the used adsorbent and to understand the mechanism
that occurs. Adsorption kinetic is a substantial property
used in describing the adsorption efficiency. There are
models with different complexity degrees to determine
the adsorption kinetics in batch adsorption studies
(Okoli and Ezuma 2014). It is very important to
know the kinetics of the removal of the pollutant
from the solution in determining the optimum oper-
ating parameters of full scale systems (Adane et al
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by Lagergren is used for the pseudo first order

kinetic model (Ho 2004):

2020). In this study, the results of the relevant ex-

were evaluated using

studies

kinetic
pseudo first order and pseudo second order kinetic

models in order to understand the arsenate adsorp-
tion mechanism. The following equation developed

perimental

(2)

t

K,

log(q,~q,) = logq,-
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Fig. 6 Arsenate adsorption onto a GOFeZA and b GOFeZB as a
function of time for varying initial arsenate concentration

where ¢, (ug/g) is the amount of arsenate adsorbed on
the composites at time ¢, ¢ (min) is the time and K; (1/
min) is the rate constant of pseudo first order kinetic
model. For the investigated initial concentrations, K
and theoretical equilibrium arsenate adsorption capaci-
ties of composites were calculated using the slope and
intercept of the linear plots of the log (. — ¢,) against ¢,
respectively, and the graphs for GOFeZA and GOFeZB
are shown in Fig. 7a, b. In addition, calculated K; and
the amount of arsenate adsorbed at equilibrium using
the graphs given in Fig. 7 are given in Table 2 in con-
junction with the relevant correlation coefficients.

The values of the correlation coefficients (R?) deter-
mined for the pseudo first order kinetic model are low
for the studied three different initial arsenate concentra-
tions as shown in Table 2. Similarly, the experimental ¢,
(exp) values are not compatible with the theoretical g,
(cal) values calculated using pseudo first order kinetic
model equations. These results demonstrated that the
pseudo first order kinetic model might not suitable and
adequate to define the mechanism of arsenate adsorp-
tion on GOFeZA and GOFeZB composites. At the same
time, the Kj values given in Table 2 show that the
change of the initial arsenate concentration does not sig-
nificantly affect the adsorption rate constant. The values
of g, (cal) at the equilibrium were the highest for
GOFeZB at the initial arsenate concentration of 50 pg/L
and the highest for GOFeZA at initial arsenate
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Fig. 7 Pseudo first order kinetic model for arsenate adsorption a
GOFeZA and b GOFeZB

concentrations of 250 and 450 pg/L, although the R*
values indicated that the pseudo first order kinetic
model did not represent the experimental results well.
This result shows that the g, (cal) value is influenced not
only by the initial arsenate concentration but also by the
amount of FeZ in the composite material. In addition,
when the K; values were examined for all initial concen-
trations, it was observed that arsenate adsorption on
GOFeZB was faster at low initial arsenate concentration
(50 pg/L), while arsenate adsorption on GOFeZA was
faster at high initial arsenate concentrations.

Another most commonly used kinetic model, the
pseudo second order kinetic model, is defined by the fol-
lowing equation:

t 1 t
— =+ (3)
9. K2 q,

where K, (g/pg min) is the rate constant for the
pseudo second order kinetic model. The graphs of ¢ ver-
sus t/q; for GOFeZA and GOFeZB are given in Fig. 8a,
b. The values of the g, (cal) and K, were determined
using the slope and intercept of the line, respectively,
and the results are shown in Table 2. The values of R
obtained from the pseudo second order kinetic models
were found to be above 0.99 for both composite mate-
rials, and these R* values were higher than the values de-
termined for the pseudo first order kinetic model. Also,
the theoretical g, (cal) values and the experimental ¢,
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Table 2 The parameters of pseudo first order and second order kinetic model for arsenate adsorption on GOFeZA and GOFeZB

GCo ge Pseudo first order kinetic model Pseudo second order kinetic model
ho/ Eﬁ;‘,’;) K, (1/min) 9. (cal) (ug/g) R K (g/ng min) 9. (cal) (ug/g) R
GOFeZA
50 60458 0.0263 5.171 0.8011 0.0206 59.524 0.9999
250 310.106 0.0421 25.045 0.9910 0.0038 312.500 0.9999
450 557.856 0.0291 37.446 0.9430 0.0025 555.556 0.9999
GOFeZB
50 59.854 0.0308 27.568 09783 0.0022 61.728 0.9999
250 306.128 0.0410 21.612 0.9874 0.0042 303.030 0.9999
450 554.641 0.0316 31.681 0.9804 0.0025 555556 0.9999

(exp) values were very close to each other in pseudo sec-
ond order kinetic model. Therefore, it was concluded
that the pseudo second order kinetic model provides a
very good correlation in arsenate adsorption on
GOFeZA and GOFeZB. Consequently, arsenate adsorp-
tion on GOFeZA and GOFeZB was better explained by
rate-controlled kinetics and arsenate adsorption is con-
trolled by the presence of the surface areas on GOFeZA
and GOFeZB rather than by arsenate concentration in
aqueous solution (Lingamdinne et al. 2019; Yoon et al.
2017).

Considering the equilibrium ¢, (cal) values, GOFeZA
and GOFeZB adsorbed the highest amount of arsenate
from the aqueous solution at high and low initial
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Fig. 8 Pseudo second order kinetic model for arsenate adsorption a
GOFeZA and b GOFeZB

arsenate concentration, respectively. The same result
was obtained from the first order kinetic model. While
the K, parameter was the highest value in the case of
using GOFeZA composite for the 50 pg/L of initial ar-
senate concentration, these values were very close in
both composites at the high initial arsenate
concentrations.

The pseudo second order kinetic model has been de-
termined as the most suitable model for defining the ar-
senate adsorption kinetics from aqueous solutions for
different GO-based composite materials such as fly ash-
based zeolite-rGO (Soni and Shukla 2019), mesoporous
GO-lanthanum fluoride (Lingamdinne et al. 2019),
Fe;O4-graphene macroscopic composites (Guo et al
2015), graphene-zeolite based composites (Khatamian
et al. 2017), and magnetite/non-oxidative graphene com-
posites (Yoon et al. 2017).

Adsorption mechanism

In order to reveal the arsenate adsorption mechanism
on GOFeZA and GOFeZB, SEM, EDS, and FTIR ana-
lyses of the composites were performed after arsenate
adsorption. As shown in Fig. 9a, b, a noticeable alter-
ation was observed in the structure and morphology of
the composites after arsenate adsorption. After loading
the arsenate onto the surface of the composites, it is ob-
viously distinguished that a thin layer of arsenate was
formed on the surface of the composites; the crystals be-
came embedded in the surface and the surface became
smoothened. This could indicate that the composites
react effectively with arsenate ions in the aqueous solu-
tion. In accordance with these results, the presence of C,
O, Fe, Al Si, and As is also observed in the EDS
spectrum obtained after arsenate adsorption of compos-
ites as shown in Fig. 9a, b. The arsenic peaks only ob-
served in the EDS spectra obtained after the arsenate
adsorption of the composites indicate the adsorbed ar-
senate on the surfaces of the composite. In addition,
while the composite surfaces were loaded with arsenate,
there was no remarkable loss in other elements.
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Fig. 9 SEM images and EDS spectra of a GOFeZA and b GOFeZB after arsenate adsorption

According to the FTIR data obtained after arsenate ad-
sorption on composites given in Figure S1(a-b), the O-H
group for GOFeZA shifted from 3342 to 3368 cm™" and
for GOFeZB from 3341 to 3379 cm™'. Similarly, the peak
indicating the aromatic C=C group shifted from 1614 to
1557 cm ™! for GOFeZA and from 1621 to 1558 cm™" for
GOFeZB. In other groups such as C=0, C-O group re-
lated carboxyl to and C-O group related to epoxy, no
significant change was observed after arsenate adsorp-
tion. These results imply the efficiency of O-H and aro-
matic C=C groups in arsenate adsorption. The
characteristic peaks expressing the stretching vibration
of the T-O bands due to the structure of the clinoptilo-
lite and observed for GOFeZA at 591, 677, and 1021
cm™! before arsenate adsorption were observed at 437,
593, and 1039 cm™ after adsorption, respectively. The
mentioned peaks observed at 602, 660, and 1015 cm™
for GOFeZB before adsorption were similarly observed
at 597, 672, and 1034 cm™" after adsorption, respectively.
The results obtained from the all characterization stud-
ies of composites performed after arsenate adsorption
suggest that surface complexation and/or ion exchange
processes are effective mechanisms in arsenate

adsorption on the surface of the composites. Similar re-
sults were obtained from different studies on arsenic ad-
sorption from aqueous solutions (Memon et al. 2021;
Lingamdinne et al. 2019). Furthermore, the results ob-
tained from the pHp,. studies and adsorption kinetics
studies of the composites demonstrated the effectiveness
of the surface complexation and/or ion exchange pro-
cesses as well as the electrostatic interaction in the ar-
senate adsorption on the composites.

Results of arsenate uptake by fixed-bed column tests

According to the results of the batch adsorption experi-
ments and kinetic studies, although the time to reach
equilibrium of both composite adsorbents was the same
and both adsorbents could reduce the arsenate concen-
tration in the solution below 10 pg/L, which is the MCL
for arsenic in drinking water as determined by WHO, it
was observed that GOFeZA had a slightly higher adsorp-
tion capacity at the equilibrium than GOFeZB. It was
also demonstrated that the GOFeZA removed arsenic
from the aqueous solution with higher efficiency at the
both low and high initial arsenate concentrations and at
the end of the equilibrium period. Besides the results of
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these adsorption studies, the fact that GOFeZB material
contains two times more treated clinoptilolite (FeZ) than
GOFeZA indicated that the obtaining conditions and
economy of GOFeZB are more challenging. In the light
of these results and considering the preparation proced-
ure of the composites, it was decided to perform con-
tinuous adsorption experiments using GOFeZA.

Influence of flow rate on arsenate uptake

The flow rate of the solution passed through the fixed-
bed column is one of the important parameters affecting
the breakthrough point, mass transfer rate, and effi-
ciency of the system in continuous adsorption experi-
ments (Patel 2019). In this study, continuous adsorption
experiments were carried out at two different flow rates,
1.7 mL/min and 2.0 mL/min, to determine the influence
of the flow rate on the system. The flow rates were con-
trolled by collecting the effluent from the column for a
specified time and measuring the collected effluent vol-
ume. The arsenate concentration in the water passed
through the column was prepared as 100 pg/L and the
pH value of the solution was adjusted to 7 as in the
batch experiments. The impact of the flow rate on
breakthrough point under the mentioned operating con-
ditions is given in Fig. 10, as it can be observed from the
figure that the effectiveness of arsenate adsorption is
higher when the flow rate is low. This is due to the fact
that GOFeZA has more contact time with the arsenate
solution at the lower flow rate. Therefore, it can be con-
cluded that the arsenate ions in the solution need a low
flow rate and consequently more time to effectively ad-
here to the GOFeZA. Increasing the flow rate accelerates
the saturation of the breakthrough time and increases
the length of the mass transfer zone (Patel 2019; Lopez-
Cervantes et al. 2018). It has been reported by other re-
searchers that at low flow rates, the pollutant is in con-
tact with the adsorbent for a longer time, and therefore
higher removal of the pollutant is achieved in the col-
umn (Ahmad and Hameed 2009; Sheng et al. 2018).
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Fig. 10 Flow rate effect on breakthrough time in the fixed-bed

column study using fresh GOFeZA
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The values of the empty bed contact time (EBCT),
breakthrough time, volume of treated water, and surface
loading rate obtained and calculated as a result of fixed-
bed column tests performed at flow rates of 1.7 mL/min
and 3.5 mL/min are shown in Table 3. The increasing
the flow rate of the arsenate solution through the col-
umn resulted in a decrease in EBCT, breakthrough time,
and volume of purified water. This tendency might be
due to the increase in the retention time of the arsenate
ions in the bed required for more arsenate ions to attach
to the pores of GOFeZA and thus increase the arsenate
uptake efficiency (Dhoble et al. 2017). In addition, the
turbulence caused by the increased flow rate may have
caused the interaction time between the GOFeZA and
arsenate ions in the solution to decrease (Zhu et al.
2018; Russo et al. 2016; Sun et al. 2017). In this study,
due to the reduction of the flow rate from 3.5 mL/min
to 1.7 mL/min, an increase occurred in the breakthrough
time of about 213%, the volume of treated water of 52%,
and the EBCT of 107%. Another reason for the effect of
increased flow rate on the breakthrough time, volume of
treated water, and EBCT could be that the reduced con-
tact time causes poor dispersion of the solution in the
column, resulting in less diffusivity of arsenate ions in
solution onto GOFeZA (Dhoble et al. 2017).

Regeneration study

The regeneration of the fixed-bed column reactor was
carried out to evaluate the possibility for the reuse of
GOFeZA to remove arsenate ions from the water after it
was exhausted. Regeneration and reuse of the adsorbent
during many cycles of the treatment, both the disposal
difficulty of the adsorbent and the replacement of the
new one are an important economic indicator and es-
sential aspect of the feasibility of the adsorption process
(Lata et al. 2015; Dhoble et al. 2017). Among the various
regeneration methods with different advantages and dis-
advantages, chemical regeneration stands out due to its
high efficiency and speed of regeneration and low energy
requirement (Ghasemzadeh et al. 2017; Larasati et al.
2020). Environmental condition-occurred adsorption is
of great importance in determining the solution to be
used in chemical regeneration (Larasati et al. 2020). In
the regeneration of GOFeZA, the solution of 0.1 M
NaOH was passed through the exhausted fixed-bed col-
umn at the flow rate of 1.7 mL/min in downflow mode.
Distilled water was passed through the column until the
pH of the effluent was neutral, before the fixed-bed col-
umn was used again for the purification of the solution
containing 100 pg/L of arsenate. Figure 11 shows the
breakthrough curve for fresh and regenerated GOFeZA.
As a result of the continuous operated column study
with regenerated GOFeZA, it was demonstrated that the
breakthrough time was 14.5 h and the volume of treated
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Table 3 Effect of different flow rate on important operating parameters of continuous column tests using GOFeZA

Flow rate (mL/min) EBCT (min) Breakthrough time (h) Volume of treated water (L) Surface loading rate (mL/ecm? min)
1.7 280 250 2.55 0.54
35 135 8.0 1.68 112
water was approximately 1.5 L. Therefore the regener- and electrostatic attraction between GOFeZA or

ated GOFeZA has lower breakthrough time and volume
of treated water compared to fresh GOFeZA. The break-
through time and volume of treated water of regenerated
GOFeZA were decreased about 58% and 58%, respect-
ively. Dhoble et al. (2017) has found similar results in ar-
senite removal with magnetic binary oxide particles.
This result shows that even though there was a decrease
in the arsenate adsorption effectiveness of GOFeZA after
regeneration, still significant adsorption efficiency was
taken place.

Conclusions

In the present study, arsenate adsorption from aqueous
solution was carried out using the composite materials
of GOFeZA and GOFeZB formed by combining two dif-
ferent materials with superior properties. The SEM im-
ages and the XRF data of GOFeZA and GOFeZB
revealed that the presence of iron on the composites and
FeZ particles were spread overall the GO. In addition,
the EDS diagrams of GOFeZA and GOFeZB demon-
strate the successful formation of composites because
they contain elements such as Al, Si, and Fe in FeZ and
elements such as carbon and oxygen, which indicate the
presence of GO. The EDS spectra and XRF data of the
composites also prove that more FeZ was used in the
process of the obtaining composite of GOFeZB. The
FTIR spectrum of the composites shows that the com-
posites were synthesized accomplishedly using GO and
FeZ. The results of the batch experiments showed that
the both composites were able to reduce the residual ar-
senate concentration in water below 10 pg/g, MCL set
by the WHO, at the equilibrium for three different initial
arsenate concentrations. The adsorption process was ex-
plained by the surface complexation or ion exchange

—4—Fresh GOFeZA

~@-Regenerated GOFeZA

0 100 200 300 400 500
Time, h

Fig. 11 Fixed-bed column study on fresh and regenerated GOFeZA

GOFeZB and arsenate ions in the aqueous solution due
to the relatively low equilibrium time and fairly rapid ad-
sorption of arsenate at the beginning of the process. Fur-
thermore, the results obtained from the all
characterization studies of composites performed after
arsenate adsorption and pH,,. studies of adsorbents sug-
gest that not only electrostatic interaction but also ion
exchange and surface complexation are effective in ar-
senate adsorption on composites. The adsorption cap-
acity increases with the increase of the initial arsenate
concentration for both composites at equilibrium. At the
initial arsenate concentration of 450 pg/L, the arsenate
adsorption on GOFeZA and GOFeZB was 557.86 and
554.64 pg/g, respectively. The pseudo second order kin-
etic model provided a very good correlation in arsenate
adsorption on GOFeZA and GOFeZB according to the
R? values and ¢, (exp) and g, (cal) values, which are very
close to each other. Therefore, it was concluded that the
arsenate adsorption on GOFeZA and GOFeZB was bet-
ter explained by rate-controlled kinetics and arsenate ad-
sorption is controlled by the presence of the surface
areas on GOFeZA and GOFeZB rather than by arsenate
concentration in aqueous solution.

According to the results of the batch adsorption ex-
periments and kinetic studies, the continuous adsorption
experiments were performed using GOFeZA. The fixed-
bed column experiments showed that the effectiveness
of arsenate adsorption is higher when the flow rate is
low. The increasing the flow rate of the arsenate solution
through the column resulted in a decrease in EBCT,
breakthrough time and volume of treated water. As a re-
sult of the continuous operation column study with re-
generated GOFeZA, it was demonstrated that the
regenerated GOFeZA has lower breakthrough time and
volume of treated water compared to fresh GOFeZA.
But still significant adsorption efficiency occurred.
Therefore, this study demonstrates the potential for
probable application of GOFeZA for arsenate removal
from aqueous solutions.
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