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Highly effective nanoadsorbent based on p-Cyclodextrin intercalated Fe-Al layered double hydroxide/reduced
Graphene Oxide (FAH-rGO/CD) nanocomposites were synthesized through hydrothermal and ex-situ polymeri-
zation process for As (V) adsorption in wastewater. Characterization results of XRD, FESEM and HRTEM reveals
the crystalline structure and morphology of the FAH-rGO/CD nanocomposites. The elemental composition and
functional groups of the composites were investigated by EDS and FTIR. Ny adsorption-desorption analysis was
utilized to determine the surface area of the prepared nanocomposite and the incorporated p-CD moieties en-
hances the surface area of FAH-rGO (145.35 m2g~!). Various adsorption parameters of nanoadsorbents such as
the effect of pH, contact time, adsorbent dosage, adsorption isotherms and kinetics were studied and reported.
The obtained adsorption isotherm data of synthesized adsorbent was properly fitted with Langmuir isotherm
model along with their maximum monolayer adsorption capacity of 185.52 mg g™! for As (V). The Pseudo-first
and second kinetic models were used to assess the kinetic data and the adsorption of As (V) pursued the Pseudo
second order model with high correlation co-efficient R? value (0.9836). Moreover, as-synthesized adsorbents
had good recyclability up to 89%, even after five adsorption-desorption analysis. Meanwhile, the presence of co-
existing anions on sorption of As (V) was evaluated and their results indicate that, the high concentration of
phosphate and carbonate ions inhibited the efficiency of As (V) removal. Thus, high surface area with abundant
oxygen containing hydroxyl groups and magnetic properties of FAH-rGO/CD nanocomposites proved to be
highly effective adsorbent for As (V) removal in wastewater.

1. Introduction

In heavy metals, Arsenic (As) is considered as the most abundant,
destructive and the virulent element present in water bodies and it
serves as a major threat to the human beings and the ecosystem as it
accumulates in the food chain. Generally, the oxidation state of arsenic
species describes the toxicity level of arsenic in aqueous medium [1,2].
The primary forms of inorganic arsenic species (e.g. arsenite (As (III) and
arsenate (As (V)) is considered as the most vulnerable compared to the
other organic species (e.g. monomethyl and dimethyl arsenic acid
(MMAA & DMAA), and arseno-sugars) owing to their highly toxic and
carcinogenic nature towards human health. Some of the previous re-
searches have declared that, As (V) species that occurs in aerobic water
surface has better removal efficiency than As (III) species in anaerobic
water surface and it could be possibly oxidized to convert as As (V) by
strong oxidizing agents. Therefore, it is more comfortable to examine the
presence of As (V) ions to be removed in drinking water [3-5]. Based on
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the toxicity of arsenic species and guidelines for drinking water quality,
World Health Organization (WHO) has reduced the contamination level
of arsenic in drinking water as 0.01 mg/L from 0.05 mg/L [6,7]. To
diminish the arsenic contamination in water, various wastewater
treatments are followed such as precipitation [8], oxidation [9], liquid-
liquid extraction [10], surface complexation [11], membrane process
[12], ion-exchange membrane [13,14] and selective adsorption
[4,15-26]. Among these wastewater treatments, the adsorption has
attained more attention because of their advantages such as high
removal capacity of the adsorbent, cost-effectiveness, simple and
prompt process and their easy handle etc., [27-33]. In various absor-
bents, more priority is given to magnetic-based adsorbents as it would
have adequately large surface area and are easy to separate with an
exterior magnetic field. Their advantages overcome the difficulties
normally associated with other bio-polymeric adsorbents [34].
B-cyclodextrin is categorized as cyclic oligosaccharide which consists
of seven D-glucose units connected through a-(1-4) linkages along with
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Fig. 1. (a-b) XRD patterns of graphite, GO, FAH-rGO and FAH-rGO/CD (1-4).

unique hydrophobic inner cavity and outer hydrophilic environment. It
exhibits the structure of torus-shaped ring which consists of a polar
cavity with a primary hydroxyl group lying on external surfaces and
secondary hydroxyl group in internal surface. The biodegradable and
renewable CD molecules have the capability to combine various organic
and inorganic compounds selectively through their cavities. These form
stable host-guest inclusion complexes using various interactions such as
Van der Waals, dipole-dipole interactions and hydrogen bonding.
Through the B-CD/metal complexes, arsenic species can easily make
complexes with polar hydroxyl functional groups of p-cyclodextrin and
it can also promote the solubility of pollutants, reduce the toxicity and
catalyze the decomposition. Due to weak mechanical strength and low
surface area of bio-sorbent, it’s not easy to separate them from liquid
phase which hindered their application in wastewater treatment. To
overcome these defects of bio-sorbent, it’s highly preferable to develop
new absorbent with high surface area, high adsorption capacity and
ability to ease the separation [34-36].

Depending upon these concerns, Graphene oxide (GO) has been
chosen as one of the functionalized material with -CD because of their
unique properties such as large surface area and high mechanical
strength and it could be considered as the best promising material to
possess high adsorption capacity along with the huge number of active
sites [20,24,34]. Basically, Graphene oxide contains the more number of
active sites like epoxy, hydroxyl and carboxylic groups on their surfaces
and edges to significantly promote the rate of adsorption [37-41]. On
the other side, layered double hydroxide (LDH) with magnetic proper-
ties has established relatively high surface area with hydroxyl functional
groups on their surface. These adsorb heavy metals and can be easy to
separate with an exterior magnetic field. It has excellent adsorption
capacity to adsorb heavy metal ions through ionic interaction and
classifies as anionic clay. General formula for LDH is M2+ _M3*, (OH)
2l ¥ [(A*)) ,/n. mH,0], where M2*, M3" are denote the cations of
metal ions such as Fe>™ and A1**, while A™ represents the interlayer
anions. In LDH, M?* ions are octahedrally restructured by replacing M>*
ions through the hydroxyl groups which results in negatively charged
metal hydroxide. Various numbers of metal groups in LDH such as M?*,
M3+ and A" have generated the largest number of isostructural materials
with varying physical and chemical properties. Hereby, the influences of
metal hydroxide in LDH have been mainly used to adsorb the heavy
metals [4,42-47].

However, few studies have investigated the use of various LDH/GO/

B-CD adsorbents such as Graphene oxide/ferric hydroxide [15],
Magnetite-partially reduced graphene oxide [48], Zn/Fe-LDH micro-
spheres [49], Magnetite-graphene-LDH [50], Magnetic nanoparticle-
supported Layered double hydroxide nanocomposites [51], Cobalt-
aluminum layered double hydroxide on boehmite surface [52], Mag-
netic nanoparticles decorated with p-cyclodextrin functionalized gra-
phene oxide [53], Zero-valent iron impregnated chitosan
carboxymethyl--cyclodextrin composite beads [54] for adsorption of As
(V). Herein, we report f-cyclodextrin intercalated on FAH-rGO (FAH-
rGO/CD) nanocomposite adsorbent for As (V) removal which can be
subsequently separated from aqueous medium through the external
magnetic field with high adsorption capacity and high removal effi-
ciency and it can be reused.

However, the synthesis of p-cyclodextrin intercalated Fe-Al layered
double hydroxide/reduced Graphene Oxide (FAH-rGO/CD) nano-
composite and their application for As (V) removal with high adsorption
capacity have not been reported in the literature. Therefore, the main
purpose of this study were: (i) to prepare and characterize the different
weight percentages of p-cyclodextrin intercalated on FAH-rGO com-
posites (ii) to examine the effect of pH, effect of contact time, effect of
adsorbent dosage, adsorption isotherms and kinetics for As (V) adsorp-
tion, (iii) to study the effect of co-existing anions and further discuss the
adsorption mechanism of as-synthesized adsorbent.

2. Material and methods
2.1. Chemicals

Graphite powder (G) and Beta Cyclodextrin (§-CD) were purchased
from Sigma Aldrich, sodium nitrate (NagNOg), potassium permanganate
(KMnOy), sulfuric acid (H2SO4, 98%), hydrochloric acid (HCI),
hydrogen peroxide (Hy0, 30%), ferrous chloride (FeCl,0.4 Hy0),
aluminum chloride (AlCl30.6 H20) and ethanol (C2HsOH) of analytical
grade, were purchased from Merck. All other chemicals were utilized for
the synthesis of composites without further purification.

2.2. Synthesis of FAH-rGO

In this present work, Modified Hummer’s method was followed to
prepare Graphene oxide (GO) from natural graphite powder [15]. FAH-
rGO composites were prepared by means of hydrothermal method as
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Fig. 2. (a-f) FESEM images of GO, FAH-rGO, FAH-rGO/CD-1, FAH-rGO/CD-2, FAH-rGO/CD-3 and FAH-rGO/CD-4.
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Fig. 3. (a-f) EDS spectrum of GO, FAH-rGO, FAH-rGO/CD-1, FAH-rGO/CD-2, FAH-rGO/CD-3 and FAH-rGO/CD-4.

reported in our previous studies [4,16]. Briefly, 0.2 g of GO was ultra-
sonicated in 100 ml of DI water for one hour to yield well dispersed GO
solution. Then, 4 g of FeCl;0.4 H20 and 2.4 g AlCl30.6 H,O was mixed in
GO solution with continued stirring for 1 h up to pH attained at 10 & 0.5
by adding 4 mol/L of NaOH solution. Then, the colloidal solution was
transferred to 100 ml of stainless-Teflon lined autoclave heated at 110°C
for 24 h. The resultant products were washed and centrifuged with DI
water and ethanol. The final product was dried at 70°C under vacuum.
Pure FAH was synthesized by using above method without GO.

2.3. Synthesis of FAH-rGO/CD

At the beginning, 0.5 wt% of FAH-rGO was ultrasonically dispersed
for 1 h in DI water to attain a brown solution. Simultaneously, 0.5 wt%
of $-CD was dissolved in 100 ml of DI water under stirring for several
minutes. Then, FAH-rGO homogeneous solution was added as dropwise
to the p-CD solution under stirring for 24 h. The desired products were
rinsed and centrifuged using DI water and ethanol, respectively. Finally,
the residual was dried in vacuum at 50°C. The different weight per-
centages of -CD (0.5 wt%, 1 wt%, 1.5 wt% and 2 wt%) in FAH-rGO
nanocomposites were prepared by using the same method and are
denoted as FAH-rGO/CD-1, FAH-rGO/CD-2, FAH-rGO/CD-3 and FAH-
rGO/CD-4 respectively, for further analysis [55].

2.4. Characterization techniques

Diffraction patterns of the synthesized samples were performed by
using X-Ray diffractometer (Shimadzu XRD - 6000) with Cu Ko radia-
tion operating at 40 kV and 30 mV. Structural morphology of the
nanocomposites was examined by Field Emission Scanning Electron
Microscope (SIGMA HV-CARL ZEISS) and High Resolution Transmission
Electron Microscope (JEOL-JEM-2010) acquired at an accelerating
voltage of 200 kV with SAED pattern. The elemental compositions of

samples were investigated with Energy Dispersive Spectroscopy (EVO,
CARL ZEISS). The N, adsorption-desorption analysis (ASAP-2020 V3H)
was used to analyze the surface area, pore radius and pore volumes of
the samples. Fourier Transform Infrared spectra of functional groups in
composites were recorded (Bruker Alpha FTIR spectrometer) by using
the KBr pellets technique.

2.5. Adsorption experiments

Equilibrium batch techniques were accomplished to analysis the

different parameters of adsorption such as the effect of pH, effect of
contact time and effect of adsorbent dosages. In general, the adsorption
experiments were carried out in polyethylene tubes containing different
amount of adsorbent dispersed thoroughly in 100 ml of As (V) solution
of concentration (100 mg/L). The tubes were then placed in the me-
chanical shaker rotating at 150 rpm at 30 °C for 24 h. After complete
equilibrium adsorption, the adsorbent was collected through strong
permanent magnet and the supernatant was taken for the quantitative
analysis to determine the remaining concentration of As (V) ions using
UV-Vis double beam spectrometer (AU-2701) [56,57]. The adsorption
capacity (q.) of synthesized adsorbent was calculated by the Eq. (1),
g =@=clry n‘f‘) - @)
Where, c. and c, are the equilibrium and initial concentration of As (V)
(mg L’l), v and m are denoted as the volume of the solution (L) and mass
dosage of adsorbent (g). Desorption experiments were conducted to
investigate the regeneration of spending adsorbent using 0.1 M of NaOH
as eluting agents under ultrasonic agitation. After desorption, the solu-
tion was filtered and its residual was dried at 60°C under vacuum, and
then reused for the arsenate adsorption under the same condition. All
reported data of the batch experiments were determined to be the
average value of the triplicate determinations.
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Fig. 4. (a-b) HRTEM images of GO at high and low magnification; (c-d) HRTEM images of FAH-rGO at high and low magnification; (e-f) HRTEM images of FAH-
rGO/CD-4 at high and low magnification.
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Fig. 5. (a-c) SAED patterns of GO, FAH-rGO & FAH-rGO/CD-4,

3. Results and discussion
3.1. Characterization of FAH-rGO/CD composites

XRD diffraction patterns of prepared composites of graphite, GO,
FAH-rGO and FAH-rGO/CD (1-4) are shown in Fig. 1(a-b). After
oxidation, the typical characteristic peaks of graphite (20 = 25.19°, dgyo1
= 0.35 nm) get disappear and are replaced by well-defined peaks (20 =
9.36° doo1 = 0.94 nm) within an increase of 0.59 nm in the interlayer
space to strengthen the atomic-roughness on the graphite layer. In Fig. 1
(a), XRD patterns of LDH show their characteristic basal peaks at 11.77°
and 23.33° values corresponding to (003) and (006) planes respectively,
while the peak position at 34.92° and 40.08° with miller indices (012)
and (015) represent non basal peaks respectively, which are in good
agreement with reported literature [57-59]. After intercalation of 5-CD
in FAH, the typical basal plane (dgo3 = 0.76 nm) of FAH shifts to lower
angle at 20 =7.73° (dgo3 = 1.14 nm), with significant increase of
0.38 nm in the p-spacing. The enlargement of interlayer distance in FAH-
rGO/CD is mainly attributed to ion-exchange mechanism between the
FAH-rGO and FAH-rGO/CD ions [53]. The gallery height of the FAH-
rGO/CD-4 is calculated as 0.66 nm through the p-spacing of FAH-
rGO/CD-4 substrate from the laminate thickness of LDH (0.48 nm)
[60]. It may be concluded that, the p-CD molecules had been interca-
lated as the monolayer arrangement into the gallery with their cavity
axes perpendicular in the FAH-rGO layer [32]. The lattice constant pa-
rameters of FAH-rGO and FAH-rGO/CD-4 are calculated as a = 0.31 nm;
¢ =1.90 nm and a = 0.31 nm; ¢ = 2.20 nm, respectively. Moreover, the
lattice parameter “a” is almost constant for pure and composite samples
than c. Hence, there is no change in the average distance between the
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metal ions and Fe?*/AI®* ratio after the intercalation of -CD. There is
no significant shift in reflection line diffraction peaks at (012) and (015),
which indicate the intercalation of -CD with FAH-rGO has not modified
the layer structure instead of lattice spacing [57].

The structural morphology of the prepared nanocomposites was
investigated by the FESEM analysis. In Fig. 2(a), GO was exfoliated as
sheet like structure with smooth and corrugated edge surface. While
intercalation process, the FAH layered double hydroxide was deposited
on the GO surface as hexagon flake like structure with uniformity
through homogeneous and the slow nucleation process, which is shown
in Fig. 2(b) [4,61]. The corresponding thickness of LDH is ~ 2.78 nm
and their outer layer promotes the exfoliation rate for better binding of
polymers [16,58,62]. Fig. 2(c-f) exhibits the CD particles embedded in
the surface of the LDH. When CD wt% increases as 2%, the CD particles
were deposited on the entire LDH surface, including internal, external
and surface walls to enhance the rate of adsorption of LDH as shown in
Fig. 2(f) [63]. In Fig. 3(a-f), the EDS spectrum reveals the chemical
purity of the prepared samples and confirms the presence of elemental
compounds such as carbon, oxygen, iron and aluminum in GO, FAH-
rGO, FAH-rGO/CD (1-4) [64].

The HRTEM images of GO, FAH-rGO and FAH-rGO/CD-4 and their
SEAD patterns are illustrated in Fig. 4 & 5. The Fig. 4(a) demonstrates
the layer like morphology of GO, which were wrinkled and scrolled into
the sheet like structure that indicate the exfoliation of GO [4,55]. After
the intercalation of FAH in GO, the hexagonal shaped double layered
hydroxide nanoplates (FAH) are completely interacted on the layer
surface of GO [31]. The intercalated FAH produced some wrinkles on
layer to prevent the aggregation nature of GO surface which is clearly
denoted in Fig. 4(c) [4,35]. After the combination of §-CD with FAH-rGO
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Fig. 6. (a-c) N, adsorption-desorption isotherms of GO, FAH-rGO, FAH-rGO/CD-4.
determine the pore radius and volume of prepared composites. When the
Table 1 FAH moieties started their intercalation with CD moieties in GO matrix,

Surface area, pore volume and radius of synthesized adsorbents.

Adsorbents Surface area Pore volume Pore radius
(m%g™) (em®g ") (nm)
FAH-rGO 50.0451 0.0930 4.1044
FAH-rGO/CD- 98.2974 0.1569 3.4578
1
FAH-rGO/CD- 145.3542 0.2876 2.0457
4

to form FAH-rGO/CD composites, many small p-cyclodextrin have been
accumulated on the surface of FAH-rGO. The diameter calculated from
histogram images is ~ 6-8 nm for FAH-rGO and FAH-rGO/CD com-
posites is 11-14 nm and are represented in Fig. 5(d,e). The Fig. 4(b,d&f)
shows the lattice fringes with p-spacing as ~ 0.79, 0.49 and 0.47 nm,
which clearly reflects the (001), (006) and (180) planes of GO, FAH-rGO
and FAH-rGO/CD-4 respectively [4].

The properties of surface area and porosity of prepared nano-
composites were investigated to employ the Ny adsorption-desorption
analysis and are denoted in Fig. 6. In the hydrothermal synthesis of
FAH-rGO, the GO nanosheets get separated by FAH-moieties to provoke
the surface area through intercalation [4,16]. While in the polymeri-
zation process of CD nanocomposites, the f-cyclodextrin has been
assembled on the surface of FAH-rGO to increase their surface area
[55-66]. The Barrett-Joyner-Halenda (BJH) method was followed to

the trend of the pore radius started decreasing. The obtained Ny
adsorption-desorption isotherms is classified as a type IV hysteresis loop
through the pressure value as p/po = 1, which denotes the presence of
mesoporous and less agglomerated materials in nanocomposites [31].
From results, the high surface area and more active sites of FAH-rGO/
CD-4 nanocomposite in comparison with the other two composites
which led to the conclusion that FAH-rGO/CD-4 could be used as a good
candidate for water treatment. Table 1 summarizes the measurement
value of surface area, pore radius and pore volume of as-synthesized
samples.

The FTIR pattern of GO, FAH-rGO and FAH-rGO/CD-4 nano-
composites is shown in the Fig. 7. From Fig. 7(a), the bands obtained at
3472 cm™! and 3549 cm™! assigned as the stretching vibration of
interlayer water molecules of hydroxyl groups in both GO and FAH
surface. The peaks at 2351 cm™! and 1790 cm ™! can be declared as the
C-H and C-O stretching vibration and the predominant peaks of
graphitic vibration is observed at 1609 cm™!. The stretching modes of
the C-OH, C-O-C and C-O group bands are observed at 1415 em?,
1222 cm™! and 1061 cm™! respectively. The weak peaks around
842 cm™! and 595 cm™! are represented as the epoxy groups of GO
[4,36,53]. In Fig. 7(b), the characteristic peaks assigned with C-O and
C=0 get disappeared and confirms the reduction of oxygen groups in GO,
to form rGO. The peaks 2369 cm™! and 1383 cm ™ can be related to the
water and hydrogen bonding between the layered double hydroxide.
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Fig. 7. (a-c) FTIR images of GO, FAH-rGO and FAH-rGO/CD-4.

The broadening and shifting of hydroxyl groups in FAH towards lower
wavelength indicates the strong interaction of GO and FAH. The bonding
of FAH and GO is reflected from the strong stretching vibration of C=O at
1623 cm!. All other peaks below 800 cm™! indicates the lattice vi-
bration of LDH as M-O, M-O-M and M-O-M respectively [49,67,68].
From Fig. 7(c), the strong interaction of hydroxyl groups in $-CD and
FAH-rGO are represented at 3415 cm ™! and the primary peaks of p-CD
assigned in 2971 and 885 cm las —CH,, stretching vibration and R-1, 4-
bond skeleton vibration of p-CD. The peaks around 1165 cm™! and
1030 cm ™! as assigned to the asymmetric glucose vibration of -CD. The

Synthetic Metals 270 (2020) 116595

peaks around 1650-1465 cm™! denotes the C-H and C-N stretching vi-
bration of prepared composites. The metal-oxygen containing modes of
FAH-rGO/CD-4 are observed below at 800 cm ™! [53,54].

3.2. Effect of contact time

Effect of contact time on synthesized adsorbents for As (V) adsorp-
tion were investigated by conducting the adsorption experiments at
different time periods of 60—600 min at fixed pH 7 at room temperature.
From Fig. 8(a), the efficiency of As (V) removal of all the adsorbents
increased with contact time, to conclude higher removal efficiency of
adsorbent. The rate of adsorption was in a fast manner from 60 min up to
360 min and reached maximum adsorption due to availability of a large
number of active sites which adsorb As (V) anions. Compared to other
materials, the FAH-rGO/CD-4 shows the high removal efficiency of As
(V) ions. The presences of unique hydrophobic cavity of CD with high wt
% in composites have significantly improved the selective adsorption of
As (V) anions. Equilibrium of adsorption starts to attain at above
360 min as the adsorbent reaches its saturation condition of their active
sites. Hereby, FAH-rGO/CD-4 composite shows the highest removal ef-
ficiency of adsorption As (V) ions than FAH-rGO/CD-1 and FAH-rGO
which leads to the further adsorption analysis [57].

3.3. Effect of adsorbent dosage

Different weight dosages of adsorbent were tested to analysis the
optimum weight dosage of FAH-rGO/CD-4 in the range of 0.01-0.07 g/L
which is shown in Fig. 8(b). It can be noted that the As (V) removal
efficiency of the adsorbent increased with weight dosage in the presence
of a large number of activated sites in the surfaces. The adsorption rate
of FAH-rGO/CD-4 starts to reach a maximum at 0.07 g/1 and above this
dosage the adsorbent does not show any significant change in removal
capacity of adsorbent. Therefore 0.07 g/l dosages of adsorbent were
taken into account as the mass dosage for further kinetic studies [57].

3.4. Effect of pH

Generally, the pH of the adsorbent can affect the sorption of metal
ions in aqueous medium due to presence of H' ions. The effect of pH
experiments was executed in the range of pH 2-11 by using 0.1 M HCl/
NaOH solution at constant contact time, the mass of adsorbent and
adsorbate concentration at room temperature and the results are
exhibited in Fig. 8(c). The removal efficiency of FAH-rGO/CD-4 was
reached maximum (98.4%) at pH < 7 and gets remarkably decreased to
minimum (17.28%) at pH > 8. The predominant species of As (V) can
occur in the aqueous solution as the forms of HyAsO3, HAsO7 and AsO3
in the pH ranging from pH 2-11[53]. At the acidic condition, the free
charges in adsorbent might carry positive charges such as the -OH,—
COOH groups, gets hydrogenated as -COOH3 -OHg, that enhances the
capture of negative ionic form of As (V) anions through electrostatic
attraction. At high pH condition, there is no interaction between the
negative charge of adsorbent and adsorbate because of the dehydroge-
nation of surface -OH and -COOH groups of the adsorbent in the pres-
ence of more number of H' ions. Thereby, the electrostatic repulsion
force between the negative charge of adsorbent and adsorbate induces
the less capture of anionic As (V) molecules. Hence, the high removal
efficiency for As (V) anions on FAH-rGO/CD-4 is due to the electrostatic
interactions between their surface charges [53,67].

3.5. Adsorption isotherms

Adsorption isotherm studies were utilized to examine the mecha-
nisms of adsorption and interaction between the liquid-solid phases,
which helps in designing the desired adsorption system. The equilibrium
adsorption studies were accomplished by using two adsorption iso-
therms, Langmuir and Freundlich models. Langmuir model is commonly
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Fig. 8. (a-c) Effect of contact time, effect of adsorbent dosage and effect of pH of adsorbents on As (V) removal.

used to interpret the monolayer adsorption on the homogeneous surface
[21,69]. The mathematical form of Langmuir model is expressed in the
Eq. (2).

Ce 1 Ce

= (2)
G (Gmax * D) Gnax

Where qmax is the maximum adsorption capacity and b is the binding
constant related to the energy of adsorbent and their values calculated
from the relevant slope and intercept values of linear plot c. and ce/qe
are shown in Fig. 9(b). The dimensionless separation factor Ry of
Langmuir model expressed in Eq. (2) is given by,

1

R= —
v 1+ bCy

(3)

In Table 2, the calculated Ry, values lie between the range of 0-1 and
hence confirms the favorable adsorption of As (V) by FAH-rGO/CD [70].
Freundlich model is defined as multilayer adsorption on heterogeneous
surface [20,21]. The mathematical expression of Freundlich isotherms is
represented in Eq. (4).

1
logq. = logk; + ;log Ce @

Where, n and K¢ values are related to the adsorption intensity and ca-
pacity of adsorbent respectively, and it can be calculated from the slope
and intercept values of the linear plot of log c. Vs log q. as shown in
Fig. 9(c). The obtained value of 1/n is in the range of 0.1-0.5. It reflects
that the As (V) anions can be easily adsorbed by the FAH-rGO/CD sur-
face [35,71]. To evaluate the suitable method among the two different

models, it is needed to process the linear least square method which
gives the adequacy of isotherm models with best equilibrium data [8,9].

The data of adsorption isotherms on As (V) anions were determined
to be a better fit to the Langmuir model with the high correlation co-
efficient R? value (0.9899) than the low R? value (0.8329) of Freund-
lich model. This denotes that the adsorption has occurred by monolayer
coverage and summarized in Table 2. This may be attributed by the
hydroxyl groups of FAH-rGO and p-cyclodextrin on the outer layer of
graphene oxide [56].

3.6. Adsorption kinetics

Adsorption kinetics were employed to establish the interaction of
adsorption and transport mode of adsorption through pseudo first and
pseudo second order model to quantify the changes of adsorption by
means of time [25]. The mathematical expression of the pseudo first
order and pseudo second order are represented by the following Egs. (5)
and (6).

kit
log(g. — q.) = log g, — ﬁ @

t 1 t
= — 6
q: quez * qe ( )

Where, ge and q; denotes the adsorbed amount (mg g‘l) at equilibrium
and at time t respectively. k; and k;, are the pseudo first and second order
models [35]. The slope and intercept values in the plot of t Vs log (qe - q¢)
and t Vs t/q; were given by the values of q. and k which is shown in
Fig. 10 (b-c). The various parameter values of pseudo first and second



Synthetic Metals 270 (2020) 116595

0.5

0.4+

0.3

C./a (o)
o
N
1

0.1

0.0

T T T T T T T T T

20 30 40 5 60 70 80
C,(mg/L)

V.N. Priya et al.
200 T
in 1
a)
190—:_5_)__.
180
~ 1704
2
£ 3
\_,w160— ¥
o
150
140
W+ T T 17T
0 10 20 30 40 50 60 70 80 90
C, (mgl/L)
2.264
2.244
o
=)
E
o
o 2.22
=
2.204

14 1.5

T
1.6

T
1.7

log C (mg/L)

Fig. 9. (a) Equilibrium isotherms of As (V) on FAH-rGO/CD-4, (b-c) Langmuir and Freundlich isotherms for As (V) on FAH-rGO/CD-4.

Table 2
Adsorption isotherms of FAH-rGO/CD-4 on As (V) removal.

Langmuir isotherm model

max (Mg g7 R, b (L mg™") R?

Freundlich isotherm model

1/n n ke ( (mg/g) (L/mg)’™) R?

185.52 0.9651 0.3610 0.9899

0.0941 10.6214 7.92712 0.8329

order are listed in Table 3. The obtained values of the equilibrium
adsorption capacity of pseudo second order models were much closer to
the experimental data of adsorption. Thus, it can be concluded that, the
pseudo second order model was predominant and the adsorption
attained with the help of rate-limiting steps involves valance forces
throughout the exchanging and sharing of electrons between the
adsorbent and adsorbate [30].

3.7. Effect of co-existing substances

Natural groundwater usually contains some of the coexisting sub-
stances such as chloride, sulfate, nitrate, phosphate and bicarbonate
ions, which can compete the adsorption and could affect the As (V)
adsorption. To study the influences of these coexisting anions on sorp-
tion of As (V), the above anions were added to adsorbate solutions at
different concentrations, and As (V) removal property was studied. The
Fig. 11(a) illustrates the effect of coexisting ions on adsorption of As (V).
The results suggested that, the removal efficiency of As (V) ions was
decreased in the presence of inference anions in the order of, phospha-
te>bicarbonate>sulfate>chloride>nitrate. These inferences of anions

10

on adsorption of As (V) may be due to their relative interactions with the
adsorbent. The results suggested that, the phosphate and bicarbonate
anions have high influences on the adsorption rate of As (V) on com-
parison with other than anions, which may be due to adsorption of the
multivalent anions than monovalent anions [72-74]. Thus, the as-
synthesized FAH-rGO/CD composite might be effectively utilized to
remove As (V) ions in aqueous solution containing the highest concen-
tration of sulfate, nitrate and chloride anions.

3.8. Regeneration of saturated adsorbents

The investigation of recycling and regeneration ability on the
adsorbent is imperative for its commercial application in wastewater
treatment. After adsorption, the As (V) adsorbed FAH-rGO/CD nano-
composite was easily collected in a fast manner because of its magnetic
properties which is shown in Fig. 11(c). To investigate the effect of
adsorption-desorption, As (V) adsorbed FAH-rGO/CD nanocomposite
was treated with NaOH and the results of five consecutive adsorption-
desorption are shown in Fig. 11(b). The efficiency was found to be
96%, for the first cycle and starts to decrease up to 89% for future four
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cycles. During regeneration, the As (V) adsorbed FAH-rGO/CD com-
posite cannot desorbs the As (V) anions completely from the cavity of
cyclodextrin and also active sites of hydroxyl groups decreases in
adsorption, causing slight decrease in As (V) anions adsorbed by FAH-
rGO/CD [30]. Hereby, the prepared adsorbents can be recycled and
reused for wastewater treatment.
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3.9. Characterization analysis for As (V) adsorbed FAH-rGO/CD

The variations in morphology, elemental compositions and func-
tional groups of As (V) adsorbed FAH-rGO/CD-4 nanocomposites were
required to study the election of suitable good adsorbent. Before and
after SEM images of As (V) adsorbed FAH-rGO/CD is exposed in Fig. 12
(a,b) and it indicates that the sheet structure of adsorbent gets distorted
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Table 3
Adsorption kinetics of FAH-rGO/CD-4 on As (V) removal.
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Pseudo first order kinetic model

Pseudo second order kinetic model

Qexp (mg g7 Qear (mg g~ 1) ki (min™")

R2

Qeat (mg g7 ks (g mg~! min™!) R?
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0.8091

146.60 2.6647 * 10> 0.9836

100 qe--- -

80+

60

40

Removal capacity (%)

#é L

==c=1
: @) 1 sulphate [ chioride nitrate [ bicarbonate [l phosphate
|

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

anions concentration (g/L)

|___—|
100 1) |
g 80
2
S 60
Q
©
(8]
T 40
(o]
€
(V]
@ -
1 2 3 4 5

Fig. 11. (a) Effect of coexisting anions on As (V) adsorption; (b-c) Desorption analysis and separation process of FAH-rGO/CD-4.

and produces a number of smaller particles on their surface which
represents the sorption of As (V). The morphological changes accom-
plishes that the Fe?t and AI®" ions were discharged from the layered
structure to form another phase of adsorption [30,75]. The immediate
evidence of the As (V) adsorption was depicted by EDS spectrum, which
is shown in Fig. 12 (c). The weight percentages of oxygen were reduced
after adsorption due to the ionic interaction between the adsorbate and
adsorbent. The ionic interaction of -OH on As (V) anions were confirmed
by the broadening and shifting of intensity towards lower wavelength at
3278 cm ™. The As-O-M bending vibration peak at 842 cm ™! established
the adsorption of As (V) anions in FAH-rGO/CD-4 surface [30,72]. The
typical peaks of the p-CD on As (V) adsorbed FAH-rGO/CD-4 were
confirmed by their peaks at 1665 cm™!, 1460 cm ™! and 1154 cm™! and
which is observed in Fig. 12(d). Thus, as-prepared adsorbent can be used
in As (V) removal.

4. Removal mechanism

Novel nanoadsorbent FAH-rGO/CD was effectively developed by the
simple chemical route method. At the beginning, modified Hummer’s

12

method was followed to prepare GO and the FAH moieties was inter-
calated between the GO through hydrothermal method via ionic inter-
action of negatively charged -COOH and -OH groups of GO and/or by
electrostatic interactions of n-t electrons in the aromatic rings of GO
with the positively charged LDH [38]. And then, the CD moieties were
deposited on the external layer of FAH-rGO with strong interactions
hydroxyl (-OH) groups of CD with oxygen functional groups in GO and
positively charged LDH through ex-situ polymerization process to
construct a host-guest inclusion complexes [57]. Generally, the surface
of graphene oxide contains the various oxygen-containing groups,
including hydroxyl, carboxyl, and epoxy groups which promote the rate
of adsorption to bind metal ions. One of the specific significant features
of cyclodextrin is its facility to combine selected various metal ions to
form stable host-guest inclusion through their cavities [57]. Metal hy-
droxide in layered double hydroxide influences their boundary layer to
capture the heavy metal ions [16]. In adsorption process, As (V) ions
identified as the primary species such as HpAsOz, HASO?{ and AsO’a’" on
an aqueous solution at the pH ranging from pH 2-12 and their acid
dissociation equilibrium reactions were represented given below [34]
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Fig. 12. (a,b) SEM images of FAH-rGO/CD-4 before and after adsorption of As (V), (c-d) EDS spectrum and FTIR images of FAH-rGO/CD-4 after adsorption of As (V).

Due to strong protonation occurred at pH < 7, the oxygen functional
groups on the surface of FAH-rGO/CD was converted as positively
charged groups such as -COOH3 and -OH3 through the presence of more
number of H' ions [76]. Therefore, the positively charged functional
groups of FAH-rGO/CD nanocomposites react with the negatively
charged As (V) ions through electrostatic attraction at acidic pH [53]. As
it can be observed that, higher adsorption of As (V) at acidic pH con-
dition may be caused by electrostatic attraction of the cationic surface of
adsorbent sites and the anionic adsorbate ions and its interactions were
shown in Fig. 13 (a). Thus, as-synthesized FAH-rGO/CD nanoadsorbent
has the exquisite adsorption capacity benefiting from hydrophobicity of
p-cyclodextrin, large surface area and boundary hydroxyl groups in
surface of GO and LDH. The schematic illustration was as shown in
Fig. 13 (b).

4.1. Comparison of the adsorption behavior of FAH-rGO/CD based on
other adsorbents

The adsorption behavior of FAH-rGO/CD towards As (V) adsorption
was evaluated with respect to its adsorption capacity of other LDH/GO/
B-CD derived adsorbents, which is summarized in Table 4. Compared
with some adsorbents, the adsorption capacity of as-synthesized adsor-
bent is higher, indicating that the high wt% of CD in FAH-rGO composite
improves the removal of As (V) ions.
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5. Conclusion

In summary, the magnetically separable FAH-rGO/CD nano-
composites were synthesized with high active surface area through
simple chemical route method and the formation of composite were
investigated by various analytical studies, including XRD, FESEM, EDS,
HRTEM and FTIR. N, adsorption-desorption analysis revealed that, the
as-prepared FAH-rGO/CD-4 composite had a high surface area
(145.35 m2g~!) through the intercalation of p-CD molecules on the
surface of FAH-rGO composite. It is noteworthy that the FAH-rGO/CD-4
has excellent removal efficiency (98%) for the As (V) adsorption owing
to the high surface area of GO, hydrophobicity of p-cyclodextrin and the
abundant oxygen containing hydroxyl groups of FAH. The adsorption
isotherm was properly fitted to the Langmuir adsorption model to
denote the monolayer adsorption and maximum adsorption capacity of
adsorbent was calculated to be 185.52 mg g~ *. The pseudo-second order
model demonstrates the adsorption mechanism can be ascribed to the
electrostatic interactions on the boundary layer of FAH-rGO/CD-4 on
removal of As (V). The coexisting phosphate and bicarbonate ions
reduce the adsorption rate of As (V) removal compared than other an-
ions. The regeneration study of as-prepared composites declare that the
materials can be easily reused up to five consecutive cycles without
significant loss in removal efficiency. Thus, the novel FAH-rGO/CD
nanocomposite proves to be a potential adsorbent for As (V) removal.
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