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Abstract

Heavy metal toxicity is highly demanding and challenging to clean up the pol-
lutants. To recover the issues mentioned above, we propose a hydrothermal
synthesis of zeolite (NaX-UP). Further surface modification by poly-ethylen-
imine (PEI) could turn to be amine-modified zeolite nanosheets (zeolite NSs)
possessed plenty of hydroxyl and amino groups (Al-O, Si-O-Si, Si-OH and NH,) on
their surface, decorated with magnetic nanoparticles (Fe,O, NPs), that are en-
abled to bridge with inter and intramolecular hydrogen bonding an additionally
electrostatic interaction might be a significant role. Further, this can be convert-
ed into magnetic bead crosslinking with sodium alginate immersed in an excess
calcium chloride solution. The-as formed Fe,0, NPs decorated amine modified
zeolite alginate bead denoted to be (Fe,0,NPs decorated @PEl-zeolite NSs algi-
nate bead) upholding a significant advantage would aim to clean up the anionic
pollutants are [As(V) & V(V)] from an aqueous solution.

Keywords: Fly ash, zeolite, magnetic nanoparticle, alginate bead, electrostatic
interaction, heavy metal sorption

1. Introduction

Groundwater is one of the primary sources of drinking
water consumption for large groups of people around
the globe (Han et al. 2019). Amplified arsenic (As)
concentrations are prime pollution for groundwater
poisoning. As a result, a massive group of people were
affected by consuming arsenic-contaminated water
(Suazo-Hernandez et al. 2019). Subsequently, arsenic
is released into the environment, mainly through
the geothermal process of volcanic emissions and
anthropogenic activities such as the combustion of
fossil fuels (Han et al. 2019; Suazo-Hernandez et al.
2019). Arsenic exists in various forms of inorganic
oxyanions such as arsenite [As(lll): H,AsO, and H,AsO,]

HAsO,”, and AsO,*]

and arsenate [As(V): H,AsO,,

(Yang et al. 2022). Hence, these arsenic species can
readily assimilate into the human system. Further,
this could lead to severe damage, such as oncogenic
diseases, endocrine infections, and respiratory and
cardiovascular impair (Abdellaoui et al. 2021). To keep
the above consideration, the World Health Organization
(WHO) suggests that the admissible limit of arsenic in
drinking water must be 0.01 ppm (Yang et al. 2019).
Vanadium(V) is primarily utilized in industrial purposes
for manufacturing metallurgical needs such as glass,
textile, ceramic, rubber industries, oil refineries,
developing photographic units from the pigments
sector, and power plant units utilizing vanadium-rich
in coal (Mthombeni et al. 2018). Consequently, those
industrial activities discharge significant amounts of
vanadium-contaminated water that greatly damage
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groundwater pollution. Vanadium exists in most stable
forms are tetravalent [V(IV)] and pentavalent [V(V)] ion
(Mthombeni et al. 2016), the penta-valent V(V) are more
stable and toxic than the tetravalent V(IV) (Salehi et al.
2020). Hence, Vanadium V(V) generally exists in the form
of VO,", H,VO, and HVO,* depending on their solution
pH. Vanadium can easily enter the human system
through the food chain of polluted water consumption.
Further, this could lead to damaging breathing disorders,
paralysis and adverse effects on the dysfunction of the
liver and kidneys (Salman et al. 2017). To protect human
health, the mandatory surface water discharge their
limit must be regulated into 0.2 ppb of V, as proposed
by the United States Environmental Protection Agency
(US-EPA) (Kong et al. 2020). So, therefore it’s essential
to treat vanadium contaminations before discharge into
the environment.

Arsenic and vanadium engrossed elevation toxicity,
which is primarily affected, leading to numerous
illnesses and severe ecological complications. In
terms of multiple intoxication technologies that have
been investigated so far, for instance, coagulation,
ion exchange, membrane filtration, and biological/
chemical reduction are numerous techniques that
are mainly involved, but in elevation operating and
maintenance costs, enormous sludge creation, and
practice of hazardous chemicals rigorously limit their
an extensive applications, among them conventional
process for sorption techniques are preferred because
of their cost-effective (Mthombeni et al. 2018; Yang
et al. 2019; Abdellaoui et al. 2021; Yang et al. 2022).
Recently, remediation through sorption techniques
have been widely recognized due to their sustainable
implementations, including their regeneration and
multiple times reuse of the solid support (adsorbent).
Those enlarged performance for sorption materials are
mainly involved such as activated carbon, clay minerals,
graphene oxide, and synthetic zeolite sorbent, which
can be derived from coal fly ash (Mthombeni et al.
2018), synthetic zeolite, which are mainly consisting of
a combination of tetrahedral [SiO,]* and [AIO,]* joined
by oxygen atoms, these main functional groups are
from zeolite such as aluminous (=AI-OH) and silanols
(=Si-OH), which are ionized as a function of pH. Hence,
due to their isomorphic substitution of Si** and Al*,
this alumino silicate has permanent negative charges
which are balanced by monovalent or divalent cations
dissolved in the aqueous medium (Mthombeni et al.
2018; Han et al. 2019; Suazo-Hernandez et al. 2019;
Abdellaoui et al. 2021; Yang et al. 2022). The hydrated
cations (Na*, Ca?*) are attracted to the alumina silicates,
imparting high cation exchange capacity (CEC) to create
zeolite networks.

The as-developed zeolite is commonly used to remove
divalent cations (Pb?*, Cu?*, and Cd**) from contaminated
waters because of their permanent negative charge
and also, CEC favors’ their sorption of cations rather
than anionic species (Han et al. 2019; Suazo-Hernandez
et al. 2019; Yang et al. 2022). Synthetic zeolite can be
obtained in two different routes; in the first one, alkaline
fusion takes place at high temperatures followed by

hydrothermal treatment; the second method is a direct
hydrothermal treatment which is not preferable mostly
(Yang et al. 2019; Abdellaoui et al. 2021). So far, several
researchers were reported that synthetic zeolite could
be efficiently applied for the sorption of heavy metals
(Yang et al. 2019) from aqueous systems. These synthetic
zeolite have been found for various applications due
to their simple regeneration, low cost, environmental-
friendly material an excellent thermal stability, higher
cation-exchange capacity and enlarged surface area
(Han et al. 2019). However, the unmodified zeolites have
negative charges on their framework, owing to their
lower sorption ability of anionic contaminations such
as negatively charged inorganic/organic pollutants. In
previous studies, the sorption capacity performance of
unmodified zeolite for removing anionic contaminations
is minimal (Han et al. 2019; Yang et al. 2019).

To enhance their sorption performance, here we
propose that the modification of synthetic zeolite with
amine rich moiety of (polyethyleneimine, PEI), in acidic
pH these protonated amino functional groups (-N,-NH
and -NH,) electrostatically bind with negatively charged
(OH) hydroxyl groups on their surface of zeolite acts as a
suitable sorbent for sorption of anionic pollutants (Han
etal.2019; Suazo-Hernandez etal. 2019; Yang et al. 2022)
due to their interesting interactions such as hydrogen
bonding and electrostatic interaction. For example,
Mthombeni et al. (2016, 2018) have synthesized a poly-
pyrrole (Ppy) functionalized meso-porous zeolite as a
template. However, these reported synthetic zeolite-
based sorbents have shown a minimal potential to
remove vanadium. However, their adsorption capacity
needs considerable enhancement. It’s worth mentioning
that the maximum adsorption capacity values of those
above-discussed adsorbentswere reportedtobe 10to 72
mg g* for arsenic (V) (Han et al. 2019; Suazo-Hernandez
et al. 2019; Yang et al. 2019, 2022; Abdellaoui et al.
2021), 12 to 277 mg g* for vanadium (V) (Mthombeni
et al. 2016, 2018; Salman et al. 2017; Kong et al. 2020;
Salehi et al. 2020) in sequence. To overcome the issues
mentioned above, magnetic (Fe,0,) nanoparticles
(NPs) have attracted worldwide attention due to their
sorption abilities for various heavy metals. These
magnetic NPs possess magnetic behavior, which allows
their easy separation from an aqueous solution through
a simple magnetic sorption process. Nevertheless, these
magnetic NPs are challenging to use in continuous-flow
systems due to their small particle size and instability.
They are highly susceptible to oxidation when exposed
to the atmosphere, either.

To overcome these difficulties, it’s possible to disperse
and cross-link NPs by functionalized porous material of
PEI-modified zeolite. As many other authors are claimed
sucessively, the resulting Fe,0, NPs decorated PEI-
modified zeolite have a high surface area and enhanced
adsorption capacity and are highly stable and resistant
to strong acids (Han et al. 2019; Suazo-Hernandez et al.
2019; Yang et al. 2022). The modification of synthetic
zeolite with magnetic nanoparticles (Fe,O, NPs) not
only increases their sorption capacity but also improves
their physicochemical properties of zeolite, such as high
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specific surface area, porosity, and thermal stability for
more effective sorbent in real wastewater treatment
(Mthombeni et al. 2016; Suazo-Hernandez et al. 2019).
Nevertheless, these Fe,0, NPs modified zeolite-based
nanomaterials possess good sorption capacity due
to their great ratio of surface to volume and enlarged
surface area. Recently, a few studies are reported that
magnetite NPs coated with synthetic zeolite surface, the
as-made sorbent was able to effectively capture As(V)
from an aqueous systems (Suazo-Hernandez et al. 2019;
Abdellaoui et al. 2021; Yang et al. 2022). Additionally,
magnetic NPs were modified zeolite surfaces, and
the as-made sorbent effectively removed V(V) up to
74.9 mg g from aqueous systems (Mthombeni et al.
2016). However, these reported hybrid nano-materials
(Mthombeni et al. 2016; Suazo-Hernandez et al. 2019;
Abdellaoui et al. 2021; Yang et al. 2022), possess very
low sorption efficiency.

To overcome the above shortage, to enhance their
adsorption performance, we propose that magnetic
NPs decorated PEI-modified zeolite were cross-linked
by alginic acid in an excess amount of calcium chloride
and efficiently fabricated. The as-prepared magnetic
alginate bead-based adsorbent has great porosity and
a larger surface area to volume ratio (Suazo-Hernandez
etal. 2019). These features might enhance their surface
behaviors of the adsorbent due to their removal
capability can be improved tremendously (Mthombeni
et al. 2016, 2018). The as-developed adsorbent (Fe,0,
NPs decorated PElI modified zeolite alginate bead)
would aim to clean up the hazardous pollutants are
As(V) and V(V) in an aqueous medium.

2. Details of Experimental

2.1. Materials and Procedures

Sodium meta arsenate (NaAsO,), sodium vanadate
(NaVvO,) were obtained from Sigma-Aldrich (St Louis,
MO, USA). Poly ethylenimine, PEI M.W., 750 kDa, were
procured from Alfa-Aesar (Ward Hill, MD, USA). The
alginic acid sodium salt, CaCl,, NaOH, KOH, NH,OH HClI,
FeCl,-4H,0, and FeCl,-6H,0 were obtained from Chem-
pure chemicals (Krakow, Poland). All other reagents
were purchased from analytical grade without further
purification, and double distilled water was used
throughout the experiments.

2.2. Synthesis of Zeolite derived from coal fly ash

For hydrothermal synthesis, 10 g of fly ash samples were
mixed with 12 g of NaOH, and the resulting mixture was
heated up to 823 K for 60 minutes (Kunecki et al. 2021).
After cooling to room temperature, sodium aluminate
was slowly added into the grinded mixture to control
their molar ratio of SiO,/Al,O,. Subsequently, the as
obtained mixture was further magnetically agitated at
room temperature for 16 hours and then temperature
was raisin up to 373 K for another 24 hours (Amoni
et al. 2022). After cooling down to room temperature,
the suspension was filtered, and then the solid product
was repetitively washed with 1 L of deionized water and

dried up 378 K for 16 hours. Figure 1 shows detailed
synthetic processes of zeolite (NaX-UP) derived from
coal fly ash are demonstrated (lzidoro et al. 2013;
Kunecki et al. 2021; Amoni et al. 2022). The main
chemical compositions are as follows: silica, alumina,
sodium, and other components as shown in Table 1,
these elemental compositions were confirmed by X-ray
fluorescence techniques.

2.3. Synthesis of amine-modified Zeolite NSs
(PEI-Zeolite NSs)

A known amount of 1.0 g of zeolite (NaX-UP) was
immersed in 150 mL of de-ionized water and 10 mL of
PEI (10 % V/V, 20 mg mL?). The resulting mixture was
homogeneously stirred for 10 hours (Mthombeni et al.
2016, 2018; Santhana Krishna Kumar et al. 2022), and
the terminal amino group from PEI functionalization
through their electrostatic interaction with negatively
charged zeolite surface of silanol (Si-OH and AI-OH)
groups. After separating their supernatant solution, the
as obtained solid compound was denoted to be (PEl
modified zeolite NSs).

Fusion at 550 °C
(1 hour)

1

Mixing & Grinding

1

NaAlO,
(200 mL of water)

J stirring (16 h)
Heating at 100 °C
(24 hour)

Filtration & washing‘
Drying at 105 °C
(16 hour)

4

Zeolite (NaX)

Fly ash + NaOH p—

Mixing & Grinding

Figure 1. Schematic illustration about the synthesis of zeolite NaX-UP.

Table 1. Elemental compositions determined by XRF method.

S. No. Composition XRF [% weight]
1 Sio, 32.05
2 TiO, 0.04
3 Al,O, 27.07
4 Fe,0, 0.40
5 MnO 0.08
6 MgO 1.16
7 Ca0 5.32
8 K,0 0.52
9 Na,0 8.81
10 P,O, 0.07
11 SO, 0.10
12 LOI 24.19
2 99.81
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2.4. Synthesis of bare Fe,O, NPs and Fe,O, NPs
decorated on their surface of PEl-zeolite NSs

Initially, PEI-modified zeolite NSs (0.3 g) were dispersed
in DD water (120 mL), followed by FeCl,-4H,0 (7.2 g)
and FeCl,-6H,0 (2.8 g), were gradually mixed with the
obtained mixture was stirred at 80°C for 30 minutes,
the resulting solution was deoxygenated by bubbling
with argon gas for 30 minutes, followed by quick
injection an ammonia solution (15 mL, 4 M), the entire
solution turned to be a dark black color suspension
which confirmation that, Fe,O, NPs were strongly
bonded with the surface of PEl modified zeolite NSs,
the-as obtained solution was further brought down to
ambient temperature and then rinsed multiple times
with DD water (Santhana Krishna Kumar et al. 2022).
For comparison, a control experiment was subjected
into prepare bare Fe,0, NPs. As mentioned above,
the synthetic route was followed without adding PEI-
zeolite NSs.

To prepare magnetic alginate bead (adsorbent), a
known amount of alginic acid 2.0% w/v was individually
mixed with 30 mg mL* of different nanomaterials such
as PEl-zeolite NSs, bare Fe,0, NPs and PEl-zeolite NSs@
Fe,O,NPs were slowly stirred at 80 °C for 2 hours to get
the homogeneous solution, the as-prepared alginic acid
modified nanomaterials were gradually dropping into
3.0 % w/v of CaCl, solution and kept for crosslinking
24 hours to obtain their homogeneous well-shaped
calcium cross-linked PEl-zeolite NSs modified alginate
beads and Fe,0, NPs decorated PEI modified zeolite NSs
alginate beads are displayed in (Figures 2A and B), which
are turned to be great flexibility. Furthermore, the
schematic illustration of the functionalization procedure
is depicted in Figure 3.

2.5. Batch sorption studies for heavy metals

Batch adsorption studies were systematically assessed
by monitoring various pH, temperature and known
amounts of adsorbent (2000 mg). The adsorption
isotherm studies were established by increasing their
heavy metals initial concentration (C,,,) varied from

FeNPs decorated
PEI@zeolite

enamine, PEI) | s

80°C/1 hour
—_——

10 to 500 mg mL* for As (V) and V (V). Similarly, the
kinetics studies were also conducted by varying their
contact time between 0 to 240 mins intervals at fixed
concentrations of heavy metals, pH and adsorbent doses
(Kalidhasan et al. 2012; Santhana Krishna Kumar et al.
2013, 2022). After the metal ions’ successful adsorption,
the supernatant solution was free of As(V) and V(V).
Moreover, the unabsorbed (C,) (supernatant) metal ions
concentrations were determined by ICP-MS techniques
(Santhana Krishna Kumar et al. 2022). The amount of

Figure 2. As shown in (A) PEl-zeolite NSs alginate bead (dusky
and colorless), (B) the bare Fe,0, NPs were decorated on their
surface of PEl-zeolite NSs alginate bead (magnetic alginate bead,
black color).

o=
\J

Cross linking

FeNPs decorated
PEI@zeolite beads

CaCl, solution

Figure 3. Schematic illustration for preparation of magnetic alginate bead (adsorbent).
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adsorbed contaminated (g.) was calculated from the
mass balance equation:

0 :W (1)

where W and V are the weight (g) of the adsorbent and
the volume (L) of supernatant solution, respectively. The
removal efficacy (% RE) was calculated according to the
equation:

(Cinitial - Cfinal )

%RE = %100 (2)

initial
3. Results and Discussion

3.1. BET surface area

Brunauer-Emmett-Teller (BET) theory was used to
measure the surface area of NaX-UP zeolites. It needs
to be stated here that this method does not allow the
measurement of the surface properties of Fe,0, NPs
loaded PEI-NaX-UP zeolites and PEI-NaX-UP zeolite.
The BET measurement of NaX-UP zeolite displays a
curvilinear pattern in relation to the type IV isotherm,
with a distinct H3 ring representing the mesoporous
structure (Figure 4). The BJH (Barrett, Joyner, and
Halenda) method was exploited to estimate surface
area and total pore volume values (Table 2). Nitrogen
adsorption-desorption isotherm measurements indicate
that the surface area, pore volume, and pore diameter
of NaX-UP zeolites were 472 m? g?,0.13 cm* g?, and 6.5
nm, in sequence (Figure 4).

3.2. Powder XRD

As shown in (Figure 5A, black line), the as synthesized
NaX-UP zeolite shows a powder XRD spectra with

(A)

150

| —— Zeolite NaX-UP |

125}

Volume absobed (cm®g STP)

100

0,0 0,2 0,4 0,6 0,8 1,0
Relative pressure (P/P,)

significant diffraction peaks of 10.1°, 12.0°, 15.5°,
20.3°, 23.4°, 26.8°, 31.2°, 33.7°, 37. 6°, 40.9°, 53.4°,
and 57.6°. These result are indicates that NaX-UP
zeolites are highly crystalline which have limited
amorphous potential, to correlates well with previous
studies in the literature (lzidoro et al. 2013; Kunecki
et al. 2021; Amoni et al. 2022). The XRD spectra of
the as synthesized bare Fe,0, NPs show significant
diffraction peaks at 30.3°, 35.7°, 43.2°, 53.7°, 57.2°,
and 63.1, corresponding to the (220), (311), (400),
(422) and (511) facets of the lattice of cubic Fe,O,
NPs (JCPDS No. 019-0629) (Figure 5C, dark blue line)
[Santhana Krishna Kumar et al. 2022]. Thus, Fe,0,
NPs decorated with PElI-modified NaX-UP zeolites
show intense diffraction peaks of 35.8°, 43.5°, 53.7°,
57.4°, and 63.1° corresponding to the cubic Fe,0, NPs
(Figure 5D, dark yellow line). This peak position are
slightly shifted up and down, indicating more number
of Fe,0, NPs decorated on their zeolite surface, which
are suggesting that a strong binding interaction
between Fe,0, NPs and PEI-modified NaX-UP zeolite
[Kunecki et al. 2021; Santhana Krishna Kumar
et al. 2022]. In other words, Fe,0, NPs have a great
combination on the surface of crystalline behavior
of PEI-modified NaX-UP zeolite, and it is noteworthy
that the XRD patterns of Fe,0, NPs move somewhat
to lower angles after the modification process with
the zeolite porous solid support. Moreover, no
other contaminating phases were observed from the
nano-composites of Fe,0, NPs loaded PEI-modified
NaX-UP zeolite, indicating that the combination of
PEl-modified NaX-UP zeolites and Fe,O, NPs is well
immobilized on their surfaces [Kunecki et al. 2021;
Santhana Krishna Kumar et al. 2022].

3.3. SEM-EDS analysis

Field emission scanning electron microscopy (FE-SEM)
coupled with elemental (EDS) mapping was further

(B)

6.5 nm

Zeolite NaX-UP |

Pore volume/(cm®¥g-' nm™)

0 10 20 30
Pore diameter (nm)

Figure 4. (A) BET adsorption isotherms of NaX-UP zeolites, (B) Pore size distribution of zeolites.

Table 2. Surface area, pore volume and pore diameter of NaX-UP zeolites.

S. No. Sger (M?2g7%)

Vt0t0,99 (cm3 g—l)

VmikDR (cm3 g—l) VmezBJH (cm3 g—l)

1 472.0 0.222

0.176 0.13
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Figure 5. (A, B, C and D) Powder XRD spectra for (A) NaX-UP zeolite, black line (B) PEI-modified NaX-UP zeolite NSs, brown line; (C) bare Fe,0,
NPs, navy blue line, (D) Fe,0,NPs decorated PEI-modified NaX-UP zeolite, green line.
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Figure 6. HR-SEM images and EDS spectra of (A) the bare Fe,O, NPs
were decorated on their surface of PEl-zeolite NSs alginate bead
adsorbent, (B and C) after sorption of As(V) & V(V). From (A, B, C)
denoted as HR-SEM images, (D, E, F) EDS spectra.

adapted to demonstrate nano-composite formation,
as shown in Figure 6. The as-prepared adsorbent of
magnetic alginate bead consists of silicon, alumina,
carbon, nitrogen, oxygen and iron, the iron element
which arises from the contribution of Fe,0, NPs. These
results are strongly recommend that Fe,O, NPs were

successfully assembled on the surface of PEI- zeolite NSs,
as depicted in (Figure 6D). The above information infers
that the as-prepared magnetic alginate bead (adsorbent)
provides more defective structure (Figure 6A), which
are highly favorable for efficient sorption of As(V) and
V(V) are depicted in Figures 6B and 6C. Inspired by this
information, we further identified that, after sorption
of As(V) and V(V), the existence of these elements from
the surface of the adsorbent, as we depicted from EDS
spectroscopic studies, were shown in (Figures 6E and F).

3.4. Adsorption Equilibrium

Adsorption equilibrium studies were used to determine
the mass of the adsorbent per unit weight and their
concentration of As(V) and V(V) at a fixed pH. The q,
value rises sharply while increasing their C, values
correspondingly. This feature indicates that electrostatic
attraction dominated for capturing the anionic species of
As (V) and V (V) on their surface of adsorbent (Kalidhasan
et al. 2012, 2013; Santhana Krishna Kumar et al. 2012,
2013, 2022). Moreover, the plateau portion of the curve
signifies that the number of binding sites on the surface of
these specified adsorbents is limited for capturing As (V)
andV (V) from an aqueous solution as shown in Figures 7A
and 7B. Considering that Freundlich and Langmuir’s
isotherms are frequently applied to evaluate their type of
adsorption isotherms, the resultant equilibrium data of
these three different type of adsorbents were fitted by two
isotherm models, from that Freundlich isotherm model
are well fitted as shown in Table 3 regression coefficient
are close to 1, these results are demonstrating that the
as proposed adsorbents are sufficiently correlating their
heterogeneous surface for multilayer sorption of As
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Figure 7. Alginate beads mediated sorption of As(V) and V(V), (A, B) adsorption isotherms modeling of PEI modified NaX-UP zeolite beads,
PEI modified Fe,O, NPs beads, and Fe,0, NPs decorated PEI modified NaX-UP zeolite beads for (A) As(V) and (B) V(V); adsorption isotherms
modeling fitting with the Freundlich model (A: navy blue line; B: dark green line) and Langmuir model (A: cyan line; B: sky blue line). (C, D)
Kinetic sorption curves of the PEI modified NaX-UP zeolite beads, PEI modified Fe,0, NPs beads, and Fe,0, NPs decorated PEI modified NaX-
UP zeolite beads for (C) As(V) and (D) V(V), modeling of kinetics sorption curves with the pseudo-first-order kinetics (C: sky blue line; D: dark
yellow line) and pseudo-second-order kinetic (C: dark brown line; D: dark green line). (A, B) Beads-mediated sorption of As (V) and V(V), (C, D)
Kinetic sorption curves of As (V) and V(V), PEl-zeolite NSs modified alginate beads, bare Fe,0, NPs modified alginate beads, and bare Fe,0,
NPs decorated on their surface of PEl-zeolite NSs modified alginate beads (1.0 g) were incubated with various concentration of As(V) and V(V)
at pH 4.5 for isotherm studies (A, B) and (C, D) the alginate beads were incubated with 50 mg mL* of As(V) and V(V) various time interval from

0-240 min at 298 K.

(V) and V (V) (Kalidhasan et al. 2012, 2013; Santhana
Krishna Kumar et al. 2012, 2013, 2022). Additionally, the
maximum adsorption capacity (g,,) value was estimated
to be 163 mg g* for As (V), similarly 151 mg g* for V (V)
according to the following equation 3 (Santhana Krishna
Kumar et al. 2022),

_q,bC,
9e 1+bC, (3)
Table 3, displays the calculated values of g, (mg g*), C.
(mgL?), g, (mgg?),and b (L mg?; adsorption energy).
It’s worth emphasizing that the g, values of PEl-zeolite
NSs modified alginate beads was estimated to be
[(35 mg g*for As(V), 38 mg g*for V(V)], bare Fe,O,
NPs modified alginate beads were estimated to be
[(88 mg g'for As(V), 53 mg g*for V(V)], similarly the-
as prepared Fe,0, NPs decorated PEI-modified zeolite
NSs alginate beads were estimated to be [(163 mg g™
for As(V), 151 mg g*for V(V)] respectively. Thus, the
assembly of Fe,O, NPs decorated on their surface of

PEl-zeolite NSs modified alginate beads can improve
their sorption efficiency for capturing As (V) and V(V)
(Kalidhasan et al. 2012; Santhana Krishna Kumar
et al. 2013; (Kalidhasan et al. 2013; Santhana Krishna
Kumar et al. 2012, 2022). However, exhibiting a better
g, value than most of the previously published nano-
materials as shown in Tables 4 and 5.

By contrast, the Langmuir isotherm model somewhat
offers not the best fit with the Freundlich isotherm
model. We recommend that, the as-prepared
adsorbents contain an unlimited number of active
sites have equal affinities towards to sorption of As(V)
and V(V). The Freundlich isotherm parameters were
obtained according to the following equation 4:

1
g, =K.C.n (4)

where K. [(mg g*) (L mg?)¥"] are Freundlich constant
corresponding to their adsorption capacity, and n is
denoted to be adsorption intensity. The n value is 2.1
for As (V), and 1.9 for V (V), the as-prepared adsorbent
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Table 3. Adsorption isotherm parameters for uptake of Arsenic(V) and Vanadium(V).

SI. No. Adsorbent Isotherm Characteristic values Uptake of As(V) Uptake of V(V)
1 PEI-modified zeolite beads Langmuir q,, (mgg?) 35.4 38.9
b (L mg?) 0.014 0.014
R, 0.69 0.69
Adj. R? 0.96 0.96
2 PEI-modified zeolite beads Freundlich K, (mg ¥¥n gt ¥/n) 0.40 0.44
n 1.08 1.08
Adj R? 0.98 0.98
3 PEI-modified Fe,0, beads Freundlich K (mg t¥/n gt L/n) 1.008 0.68
n 1.08 1.02
Adj R? 0.98 0.98
4 PEl-modified Fe,0, beads Langmuir q,, (mgg?) 88.4 53.1
b (L mg?) 0.01 0.02
R, 0.57 0.30
Adj. R? 0.96 0.96
5 Fe,0,decorated PEI-modified Langmuir q,, (mgg?) 163.9 151.5
zeolite beads b (L mg?) 0.02 0.02
R, 0.25 0.25
Adj. R? 0.96 0.96
6 Fe,0,decorated PEI-modified Freundlich K; (mg ¥/ gL n) 2.09 1.93
zeolite beads n 1.08 1.08
Adj R? 0.98 0.98

Table 4. Arsenic (V) adsorption capacity of various adsorbents reported in the literature.

Adsorption material pH q, (mgg?) Reference
Alginate@Iron-zirconium@Zeolite W 2.0 42.3 Abdellaoui et al. 2021
Chitosan-coated Na—X zeolite 2.0 63.2 Han etal. 2019
Zeolite@nanoscale zero-valent iron 3.0 38.2 Suazo-Hernandez et al. 2019
Na-X zeolite derived from cola fly ash 2.14 27.7 Yang et al. 2019
Nanozero valent iron (NZVI) loaded on zeolite 5A 4-12 72.0 Yang et al. 2022.
B-cyclodextrin modified graphene oxide @ Fe,O,NPs 4-7.2 99.5 Santhana Krishna Kumar et al. 2017
Iron oxide (hydr) modified zeolite 3.5 1.69 Nekhunguni et al. 2017
Ferric hydroxide microcapsule-loaded alginate beads - 3.80 Sarkar et al. 2010
Calcium alginate beads@methionine magnetic NPs 7-7.5 6.6 Lilhare et al. 2021
Aluminum(lll) exchange synthetic zeolite 3-10 10.5 Xu et al. 2002
Fe-treated synthetic zeolite - 22.5 Dousova et al. 2006
Cerium(lll) exchange synthetic zeolite - 23.4 Haron et al. 2008
Synthetic zeolites 3.2 35.8 Chutia et al. 2009
PEI-modified zeolite beads 5-7.5 354 This study
PElI-modified Fe,0, beads 5-7.5 88.4 This study
Fe,O,decorated PEI-modified zeolite beads 5-7.5 163.9 This study

(Fe,O, NPs decorated PEI-modified zeolite NSs alginate
beads), which is larger than 1.0, suggesting that their
specific interaction with As(V) and V(V) (Santhana
Krishna Kumar et al. 2022).

Am

K :Cé/"

F

(5)

In addition, in each case of three different types of
adsorbents, the g,valuesgraduallyincrease with contact
time further that could achieve a saturation level after
100 min. The as-prepared adsorbents can efficiently
capture a large amount of As(V) and V(V). This fast
sorption time reflects that the as-prepared magnetic

alginate bead (Fe;O, NPs decorated PEI-modified
zeolite NSs alginate beads) have a large surface area for
interacting with more amount of anionic species are
As(V) and V(V) (Kalidhasan et al. 2012, 2013; Santhana
Krishna Kumar et al. 2012, 2013, 2022).

Additionally, the adsorption time is relatively shorter
than that of previously published nanomaterials as
shown in Tables 6 and 7. It’s well assumed that the
assembly of Fe,0, NPs decorated on their porous zeolite
adsorbent could further shorten their adsorption
time for As(V) and V(V) (Santhana Krishna Kumar
et al. 2022). The pseudo-first-order rate constant (k)
and pseudo-second-order rate constant (k,) were
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Table 5. Vanadium adsorption capacity of various adsorbents reported in the literature.

Adsorption material pH q, (mgg?) Reference
LDH supported nanoscale zero valent iron 3.0 93.7 Kong et al. 2020
Magnetic zeolite—polypyrrole composite 4-5 74.9 Mthombeni et al. 2016
Syrian natural zeolite 6.0 40.0 Salman et al. 2017
Goethite 4-8 8.2 Zhu et al. 2020
Clinoptilolite modified polypyrrole and iron oxide NPs 4.5 12.0 Mthombeni et al. 2018
Synthesised zero-valent iron modified kaloin 5.0 15.0 Bello et al. 2019
Octylamine functionalized magnetite NPs 3.2 25.7 Parijaee etal. 2014
Zeolite A 4.5 30.0 Mahmood et al. 2019
PGTFS-NH,*ClI- 6.0 45.9 Anirudhan et al. 2010
Biochar stabilized nano zero-valent iron 2-10 48.5 Fan etal. 2020
Metal (hydr)oxide adsorbents 3-4 111.1 Naeem et al. 2007
PEI-modified zeolite beads 5-7.5 38.9 This study
PElI-modified Fe,0, beads 5-7.5 53.1 This study
Fe,O,decorated PEI-modified zeolite beads 5-7.5 151.5 This study

Table 6. Arsenic (V) equilibrium kinetics sorption, adsorption capacity of various adsorbents reported in the literature.
Adsorption material Equilibrium kinetics (Time in min) g, (mgg?) Reference
Chitosan-coated Na—X zeolite 720 min 63.2 Han etal. 2019
Na-X zeolite derived from cola fly ash 120 min 27.7 Yang et al. 2019
Iron oxide (hydr) modified zeolite 90 min 1.69 Nekhunguni et al. 2017
Calcium alginate beads@Methionine magnetic NPs 110 min 6.6 Lilhare et al. 2021
Aluminum(lll) exchange synthetic zeolite 960 min 10.5 Xu et al. 2002
Synthetic zeolites 100 min 35.8 Chutia et al. 2009
PEI-modified zeolite beads 100 min 354 This study
PEl-modified Fe,0, beads 100 min 88.4 This study
Fe,0,decorated PEI-modified zeolite beads 100 min 163.9 This study

Table 7. Vanadium equilibrium kinetics sorption, adsorption capacity of various adsorbents reported in the literature.
Adsorption material Equilibrium kinetics (Time in hours) q,, (mgg?) Ref
Magnetic zeolite—polypyrrole composite 4 hours 74.9 Mthombeni et al. 2016
Goethite 12 hours 8.2 Zhu et al. 2020
Clinoptilolite modified polypyrrole and iron NPs 14 hours 12.0 Mthombeni et al. 2018
Synthesised zero-valent iron modified kaloin 2 hours 15.0 Bello et al. 2019
PGTFS-NH,*CI- 4 hours 45.9 Anirudhan et al. 2010
PEI-modified zeolite beads 1.5 hours 38.9 This study
PElI-modified Fe,0, beads 1.5 hours 53.1 This study
Fe,O,decorated PEI-modified zeolite beads 1.5 hours 151.5 This study

separately calculated by the following expressions 6
and 7:

9, =q,(1-¢™) (6)
k,q?
g =" (7)
1+k,q,t

The kinetic data of the three different types of
adsorbents, which are following a pseudo-second-order
model as shown in Table 8, implies that chemisorption
dominates their adsorption process. These findings are
consistent with the above data. These information’s
are well related to the experimental evidence of effect

of solution pH and the removal efficiency of As(V) and
V(V) against their adsorbent. It’s recommended that,
the chemisorption of As(V) and V(V) on the surface of
adsorbent (Fe,O, NPs decorated PEl modified zeolite
NSs alginate bead), which involves two main sorption
processes: (1) exterior mass transfer whereas anionic
species of As(V) and V(V) can diffuse from the bulk
solution to the surface of adsorbent; (2) chemisorption
of As(V) and V(V) species penetrates intra-particle pores
and then strongly binding with their active sites of
adsorbent (Santhana Krishna Kumar et al. 2022).

3.5. Thermodynamics of adsorption

Thermodynamic studies are an important parameter
to ascertain the feasibility and nature of the
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Table 8. Adsorption kinetics for uptake of Arsenic(V) and Vanadium(V)

SI.No  Adsorbent Order of kinetics Characteristic values  Uptake of As(V) Uptake of Vanadium(V)
1 PEI-modified zeolite beads Pseudo first order q.(mgg?) 1.36 1.28
k, 0.007 0.018
Adj. R? 0.92 0.94
2 PEI-modified zeolite beads Pseudo second order q,(mgg?) 28.4 23.2
k, 0.0005 0.0008
Adj R? 0.98 0.98
3 PEI-modified Fe,0, beads Pseudo second order q.(mgg?) 67.1 46.5
k, 0.0002 0.0004
Adj R? 0.98 0.98
4 PEl-modified Fe,0, beads Pseudo first order q.(mgg?) 1.66 1.58
k, 0.016 0.019
Adj. R? 0.96 0.94
5 Fe,0,decorated PEI-modified Pseudo first order q.(mgg?) 1.86 1.72
zeolite beads k, 0.014 0.02
Adj. R? 0.94 0.94
6 Fe,0,decorated PEI-modified  Pseudo second order q.(mgg?) 99.0 77.5
zeolite beads k, 0.0001 0.0002
Adj R? 0.98 0.98
(A) (B) (€)
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Figure 8. (A, B, C) Van’t Hoff plot for the adsorption of As (V) and V (V) on the (A) PEI-zeolite NSs modified alginate beads, (B) Fe,0, NPs mod-
ified alginate beads, and (C) Fe,0, NPs decorated PEI modified zeolite NSs alginate beads. (A-C) The beads-related nanomaterials (1.0 g) were
incubated with 50 mg mL* of As (V) and V (V) at 298, 308, 318, and 328 K for 0-240 min under pH 7.0 conditions.

adsorption process. Therefore, the temperature
effect was examined in the range of 298-328 K, and
the obtained results are depicted in (Figure 8). These
thermodynamic parameters, namely, standard free
energy (AG°), standard enthalpy (AH°), and standard
entropy (AS°), changes, and these changes were
determined at various temperatures; thermodynamic
studies which gives an equilibrium constants, AH® and
AS®, were obtained from the slope and intercept of
van’t Hoff plot from InK against 1/T (see in Figures 8B
and 8C), for an exothermic reaction slope is positive,
and the equilibrium constants are increases with
temperature increases (Kalidhasan et al. 2012, 2013;
Santhana Krishna Kumar et al. 2013, 2022).

AG® =—RTInK (8)

—AH® AS°
InK =
R

(9)

Where R is the gas constant (J K! mol?), T is
the temperature in (Kelvin), and K is obtained

from the ratio of the concentration of adsorbate
(As(V) and V(V)) in the solid and liquid phases
respectively, broadly speaking, K > 1 implies that the
adsorption is effective and spontaneous at a given
temperature. The adsorption gradually increases at
a higher temperature, and this result reveals that
adsorbate—adsorbent interaction is feasible at higher
temperatures, indicating that higher temperature is
more favourable to the adsorption process (PEI-Fe,0,
NPs beadsand Fe,0, NPs loaded PEIl-zeolite NSs beads),
the adsorption of As(V) and V(V) gradually increases at
a higher temperature. This attraction is more efficient
at higher temperatures because their obtained AG°
values decreases along with temperature (Table 9).
The negative free energy (AG°) values further confirm
the effectiveness of electrostatic interaction (ion-pair
interaction) between the heavy metals and adsorbent
surface (Kalidhasan et al. 2012, 2013; Santhana
Krishna Kumar et al. 2013, 2022). Therefore, a higher
temperature indicates that more efficiently to adsorb
the inorganic pollutants. Here, the bonding between
the adsorbent (PEI-Fe,0, NPs beads and Fe,O, NPs
loaded PEl-zeolite NSs beads) and adsorbate is mainly
due to ion-pair interaction.
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Table 9. Adsorption of thermodynamics for uptake of As(V) and V(V).

AG°KJ mol™
S.No. Adsorbent Uptake of metals  AS°Jmol*  AH° KJ mol™?
298K 308K 318K 328K

1 PEI-Zeolite NSs As(V) 145.7 42.5 -2.1245 -3.9625 -5.2465 -6.8752

beads V(V) 124.8 39.1 -1.4523 -2.2754 -3.1465 -4.1254
2 PEI-Fe,O, NPs As(V) -121.3 -37.2 -6.8875 -5.2354 4.26548 -2.1256

beads V(V) -91.3 -26.7 -4.2810 -3.8965 -2.23689 -1.4689
3 PEI-Zeolite NSs@ As(V) -163.1 -54.8 -8.3567 -7.3658 -5.2136 -2.8969

Fe,O, NPs beads V(V) -126.4 -50.3 -5.1209 -3.6875 -1.4232 -2.0256

Furthermore, the enthalpy change (4AH°) was negative,
confirming that, the exothermic nature of adsorption.
The magnitude of AH° gives information about the
mechanism of adsorption process; in physical sorption,
the process is fast and usually reversible due to the
small energy requirement. London requires energies
from 4 to 8 kJ mol?, and Van der Waals interactions
are needed from 8 to 40 kJ mol™. In contrast, enthalpy
associated with chemical sorption is about 40 kJ mol™,
a value that has been recognized in the literature as the
transition boundary between both types of sorption
processes (Kalidhasan et al. 2012, 2013; Santhana
Krishna Kumar et al. 2012, 2013). For our current studies,
the calculated AHC values for As (V) and V (V) sorption
were lower than that of 4 kJ mol™, indicating that weak
interaction between the adsorbate and adsorbents
were observed throughout our studies (Table 9).

For an endothermic reaction, the slope is positive (see
Figure 8A) and the equilibrium constant (InK) decreases
with increasing temperature, which reflects the free
energy values are obtained at lower temperatures, and
lower temperatures favor the adsorption process (PEI-
zeolite NSs alginate beads), as can be seen from these
values (see Table 9). Thus, the bonding process decreases
with increasing temperature. In the case of PEl-zeolite
NSs alginate beads, the adsorption is influenced by the
physisorption. The literature reports that physisorption
initially increases as more metal ions gain enough energy
for strong bonding. Further temperature increase leads
to a break in the binding between the metal ions and
the adsorbent, reducing their adsorption behavior at
higher temperatures. Thus, higher temperatures are
unfavorable for the adsorption process, indicating that
adsorption favors 298 K, as shown by the AG° values
are obtained at different temperatures (see Table 9).
In addition, the enthalpy change (AH°) is positive,
confirming the endothermic nature of the adsorption
(see Table 9) (Kalidhasan et al. 2012, 2013; Santhana
Krishna Kumar et al. 2012, 2013, 2022).

4. Conclusion

Zeolite (NaX-UP) was successfully prepared from coal
fly ash (CFA) via fusion-hydrothermal treatment. The
as-prepared magnetic beads exhibit several functional
groups on their surface of adsorbent (e.g., -N, -NH,
-NH,, and Fe-OH). These merits are allow that the-
as prepared adsorbent could further enhance their
electrostatic attraction with negatively charged As(V)
species are H,AsO,”, HAsO,* AsO,* besides V(V) species

are H,VO, and HVO,* which are beneficial to uptake
more than 90% of sorption were achieved from an
aqueous solution in wide pH range. The as-prepared
adsorbent exhibited superior adsorption activity toward
their sorption of As(V) and V(V) in an aqueous solution.
The kinetics sorption of As(V) and V(V) was reached
within 100 mins for more than 90% removal, which
is relatively faster sorption kinetics as compared with
earlier literature evidence and its highly correlating with
pseudo-second-order kinetics model. The experimental
studies are well suited and associated with Freundlich
adsorption isotherm, indicating that the multilayers of
adsorption process are more prominent. The maximum
adsorption efficiencies are determined to be As(V) and
V(V), 163 and 151 mg g%, respectively. More specifically,
the adsorption ability for As(V) and V(V) is quite more
significant and superior to those earlier reported
adsorbent materials. A possible mechanism for As(V)
and V(V) adsorption was proposed to be a combination
of electrostatic interaction, and surface complexation
is mostly predominant. Under an external magnetic
field, the separation techniques are straightforward
and rapid.
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