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ABSTRACT

Millions of people all over the globe are highly affected by arsenic toxicity. The aim of current study was to syn-
thesis of porous geopolymer for effective arsenic As(IIl) and As (V) sequestration from aqueous solution. In ad-
dition to that morphological and chemical analysis of adsorbent was conducted by scanning electron microscopy
(SEM), energy dispersion x-ray spectroscopy (EDX) and fourier transform infrared radiations (FTIR) and BET.
FTIR results reveled the formation of Si—-O-Si and Si—O—Al bonds which confirmed the construction of geo-
polymer. SEM images represent that adsorbent has a regular, spherical and interconnected porous structure with
greater specific surface area and porosity. The best removal efficiency of As(IIl) was 62% at optimized operating
conditions of pH 5-6, adsorbent dose 1 gm and initial concentration of pollutant 50 ppb, however As(V) removal
efficiency was 94% at optimized operating conditions of pH 7-9, adsorbent dose 1 gm and initial concentration of
pollutant 50 ppb. The experimental results was validated by renowned Freundlich adsorption isotherm model and
peuso second order kinetic model. The correlation coefficient R? value obtained was 0.968 and 0.949 for As(III)
and As(V) Freundlich model respectively. While R? was 0.98 and 0.99 for pseudo second order kinetic model. It
was determined from R? that experimental results fitted well to Freundlich adsoprtion isotherm model and pseudo
second order kinetic model. The results shows that adsorption capacity for As(IIT) and As(v) is greater than adsorp-

tion capacity obtained by other researchers using various adsorbents.

Keywords: arsenic, adsorbent, water treatment, waste water, porous geopolymer.

INTRODUCTION

Water is the vital components for the survival
of life on Earth [Siyal et al., 2018]. Only around
2.5% of the world’s total water is pure water from
71% [Khatri and Tyagi, 2015]. The fresh water
resources containing rivers, lakes, ponds, ground
water, and other streams [Xu et al., 2020), due
to growing industrialization and modernization
have had a negative impact on clean water re-
sources [Christopher et al., 2023: Asia and Sarker,
2021]. About 230 millions of people around the
world are currently suffering from arsenic-related
diseases, which can be traced back to the utiliza-
tion of arsenic-affected groundwater. Along with
other countries more than 100 countries includ-
ing Mexico, Taiwan, Argentina, Canada, Hun-
gary, Japan, Bangladesh, India, New Zealand and
Pakistan also has concentration of Arsenic above

10 ppb limit set by WHO [Shridhar et al., 2023].
Natural weathering processes, biological activity,
geochemical processes, volcanic emissions, and
other anthropogenic activities responsible for the
mobilization of arsenic [Chung et al., 2014]. The
United State Environmental Protection Agency
has designated inorganic arsenic as the number
one priority pollutant, with trivalent arsenic be-
ing nearly 70 times more hazardous than oxi-
dized pentavalent inorganic arsenic compounds
approximately 100 times more poisonous than
organic. The International Agency for Research
on Cancer has categorized Group 1 carcinogenic.
Arsenic can cause severe effects, such as kidney
injury, nausea and vomiting diarrhea, an inability
to concentrate, disturbances in the neurological
and cardiovascular systems’ operations, or even
mortality in extreme environment. Prolonged Ar-
senic exposure with low concentration or short
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term with higher concentration in water and food
increases the risk of developing skin, kidney,
bladder, and lung cancers. Joseph Davidovits was
the one who invented geopolymer in 1970s, the
synthesis was carried out by poly-condensation
polymerization reaction of aluminum silicate
containing materials in the existence of alkali ac-
tivating solution [Davidovits, 2002; Davidovits,
1994]. Geopolymers encompass possess a di-
verse potential applications such as, compressive
strength [Tang et al. 2023: Ahmed et al., 2022],
adsorbents [Rickard and Van Riessen 2014], fire
resistance [Sekkal and Zaoui, 2023] pH regula-
tor [Novais et al., 2020], reducing CO, emission
[Das et al., 2022] catalysts or catalytic supports
[Al - Zeer and Mackenzie, 2019; Sharma et al.,
2015; Alzeer, Zhu et al., 2022; Supamathanon et
al., 2021; Alzeer et al., 2020; Rocca et al., 2021],
better acid, sulfate and heat resistance [Caiet al.,
2014; Wang et al., 2021; Singh et al., 2015; Lach
et al., 2021; Khan et al., 2023; Ali et al., 2017],
waste encapsulation [Kupwade-Patil et al., 2014;
Guzman-Carrillo et al., 2021; Grba et al., 2023],
construction materials [Shehata et al., 2022;
Zhang et al., 2014; Pacheco-Torgal et al., 2008;
Ng et al. 2018] restoration and conservation [Ric-
ciotti et al., 2022]. Chitosan-coated biosorbent
[Grba et al., 2023], Poly acrylonitrile fiber and
iron ore adsorbents [Bhatti et al., 2020], iron ox-
ide coated geopolymer [Thakur and Armstrong,
2021], Iron oxide-modified nanoporous geopoly-
mers [Medpelli et al., 2015], iron oxide-coated
fungal biomass [Pokhrel and Viraraghavan,
2008], rice husk ash adsorbent modifed by iron
oxide [Javed et al., 2023]. However, these adsor-
bents have a number of drawbacks, such as limit-
ed removal efficiency, no regeneration possibility,
the impurities and sluggish kinetics. Adsorption
is commonly used due to ease of operation and
handling, higher removal efficiency, cost-effec-
tiveness, and adsorbent disposal properties. For
effective adsorption, the adsorbents must possess
the characteristics such as greater removal ef-
ficiency, adsorption capacity, cost-effectiveness,
disposal safety, and greater surface area. In this
situation, a media’s porosity and pore size distri-
bution are even more crucial to improve the ad-
sorbent’s overall efficiency in removing arsenic.
Graphene oxide (GO) has gained more attention
increases for eliminating heavy metals from con-
taminated water and waste water stream due to its
exceptional physicochemical properties like spe-
cific specific area, presence of hydroxyl, epoxy,
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and carboxyl groups such properties improve its
ability to binds with metal ions through adsorption
processes such as electrostatic attraction, ion ex-
change also shows a strong attraction for As**, and
Ast due to the existence of negatively charged
oxygen functional groups [Thangavel et al., 2015;
Tewari et al., 2022]. Graphene oxide doped in geo-
polymer used as an adsorbent to decontaminate
the water, due to the two dimensional semi-planar
architecture of Graphene oxide to oxygenated
functional groups which are linked using covalent
bonds and oxygen atoms across the carbon struc-
ture. These functional groups encompass hydrox-
ile (-OH), epoxy (C-O-C), carboxile (COOH), as
well as carbonile (C = O). In these way functional
groups increases the surface area and provide ad-
sorption sites which increase adsorption capacity.
Graphene oxide strongly binds with heavy metals
such as As with binding energy of -4.5 eV and also
capable to capture arsenic species directly affected
by oxidation [Liao et al., 2022: Gopalakrishnan et
al., 2015]. In this effort, a versatile class adsorbent
having effective, economical made by graphene
oxide mixed with sodium based geopolymer,
silicon metal powder was added as pore forming
agent strong mechanical backing for sequestra-
tion heavy metals from underground and surface
water. However, limited work has been reported
conclusively in order to show that the base me-
dia’s porosity and pore size distribution have a
significant impact on the metal hydroxide seques-
tration. Moreover, the greater porosity minimizes
the constraints on intra particle mass transport,
thereby enhancing the overall kinetic efficiency of
the system. Additionally the mechanism and per-
formance of the porous Na-geopolymer adsorbent
were assessed through adsorption isotherm and ki-
netic modeling for the validation of experimental
results by renowned Freundlich and pseudo sec-
ond order kinetic model.

MATERIALS AND METHOD
Chemicals and reagents

Sodium hydroxide pellets were reagent grade,
99% purity purchased from Ward’s Science
(New York, USA). Silicon metal powder, 99.9%
purity, was purchased from Alfa Aesar John-
son Matthey Company (Massachusetts, USA).
Silicon nanopowder, 30—50 nanometer average
particle size, 98% purity, was purchased from
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Nanostructured and Amorphous Material, Inc.
(Houston, Texas, USA). Metakaolin Metamax EF
with an average particle size of 2.66 um was pur-
chased form BASF GmbH Germany.

Preparation of porous geopolymer adsorbent

Sodium silicate and geopolymer pastes were
prepared by procedures [Davidovits, 2017; Boke
et al. 2015]. The process involved weighing and
adding sodium silicate to a polyethylene PE con-
tainer, initiating mechanical mixing using an IKA
Eurostar Digital Mixer Cole-Parmer, IL-USA at
400 rpm with high torque. Metakaolin powders
were gradually introduced during this phase to
prevent sudden water uptake and clogging. After
1 minute of mechanical mixing, high shear mixing
commenced at 2000 rpm to create a vortex and ef-
ficiently form slurry by mixing the powders with
water. Following an additional 7 minutes of shear
mixing, graphene oxide nanoparticle and metal
powders with desired particle sizes and weight
percentages were incorporated and mixed for an
additional two minute, resulting in a total mixing
time of 10 minutes. The geopolymer slurries were
cast into plastic cylindrical molds with a diameter
of 30 mm, sealed with a polymer lid, and matured
at 50 °C for 24 hours in an electric oven Carbolite
Furnace, USA under 90% relative humidity. As
anticipated, the formation of pores and expansion
in the mold occurred vertically as water evaporat-
ed and condensed on the upper walls of the mold.

Characterization of porous geopolymer
using various analytical technique

The synthesized samples underwent XRD
analysis using a diffractometer (BRUKER D8-
ADVANCE, Germany) equipped with a 6-20
Bragg-Brentano geometry detector and tube. The
XRD analysis covered the range of 5-70° in 26,
employing a 40 kV accelerating voltage and 40
mA beam current. The analysis used 0.027 step
sizes and operated at a speed of 0.1°/sec. To en-
hance sample representation and optimize the sig-
nal, the synthesized Na-geopolymer composites
were pulverized to 200 um powder sizes using
a mortar and pestle before being loaded onto the
XRD stage. Surface properties such as specific
surface area, pore size, and pore volume distribu-
tion were examined using the Brunauer-Emmett-
Teller (BET) method in a nitrogen adsorption
and desorption environment with ASAP 2020

PLUS-Micrometrics. The synthesized materials
were ground and degassed overnight at 100 °C,
and adsorption isotherms were recorded at 77 K.
For microstructural analysis, the SEM played a
crucial role. The SEM, specifically the Axis-Che-
miSEM, is a versatile instrument for analyzing the
microstructural characteristics of solid materials.
It achieves high resolution by scanning the sample
surface with a focused electronic beam, and inter-
actions with sample atoms generate signals pro-
viding information about morphology and com-
position. The SEM examination attains precision
exceeding 1 nm and can operate in various condi-
tions, including vacuum, low pressure, and low or
high temperatures. The samples prepared for elec-
tron microscopy were carefully ground, sieved to
a size of 300 um, and placed in the sample holder
to facilitate microstructural analysis.

Adsorption experiments

The effect of main parameter’s pH, adsorbent
dose and contact time was studied in this study. In
50 mL conical flasks, 20 mL of aqueous arsenic
solution was subjected to adsorption experiments.
Following the adsorption process, the suspension
underwent filtration using a 0.22 mm syringe
filter. 2% nitric was used to acidify filtrate and
ICP-MS was used to determine elemental arsenic
concentration. The adsorption capacity of arsenic
adsorbed by porous geopolymer was determined

using following relation.
Co —Ce

== XV (1
where: g represents the amount of arsenic ad-
sorbed by porous Na-GP (mgAs/gNa-
GP), C, stands for the initial concentra-
tion of arsenic before the adsorption pro-
cess (mg/L), Ce is the equilibrium arsenic
concentration after the adsorption process
(mg/L), m denotes the mass of the adsor-
bent (mg), and V defines the volume of

the solution (L).

Adsorption efficiency can be expressed by
given equation.

%100 (2)

The time for collection of samples was set
to start from 20 minutes with an interval of 20
minutes and continues till 240 minutes of experi-
ment. For the adsorption isotherm plots different
amounts (0.1, 0.25, 0.5, 0.75, and 1.0 g) of porous
Na-GP were added to arsenic species solutions

Adsorption efficiency = COC_

o
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separately, and the system was allowed to equili-
brate for 60 minutes. To explore the impact of ad-
sorbent dosage on the uptake of various arsenic
species, different amounts of the adsorbent were
introduced into the solution.

RESULTS AND DISCUSSIONS

Porous geopolymer samples were subjected
to comprehensive characterization using multiple
analytical techniques. For analysis of surface of
porous geopolymer formed at micro-level analy-
sis of surface the techniques used were SEM as
shown in Figure 2 and BET analysis was em-
ployed to measure pore size, pore volume, and
specific surface area. The ensuing results are pre-
sented and discussed below

Effect of dopant on morphology NaGP

Figure 2 illustrates the morphological aspects
of synthesized porous Na-geopolymer samples
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incorporating a pore-forming agent. Microstruc-
tural analysis and porosity characterization were
conducted using scanning electron microscopy,
with silicon (Si) metal powder of 150 microm-
eter size acting as the pore former. The samples,
treated at 50°C and 70% relative humidity for one
day, were examined with varying percentages (1
wt%, 3 wt%, and 5 wt%) of silicon metal pow-
der. The influence of silicon metal powder content
on the pore structure was observed, indicating a
direct correlation. With an increasing amount of
Si metal powder, the geopolymer material exhib-
ited larger pore diameter, increased pore volume,
and a transition from thick to thin pore walls. For
samples with 1 wt% silicon metal powder doping
(Fig. 1a), small, regular, and uniform pores with
thin walls were observed. The fine pore structure
inside displayed interconnectivity. The addition
of 3 wt% metallic silicon at 50 °C led to an in-
crease in pore size and volume, accompanied by a
gradual decrease in specific surface area (Table 1),
resulting in larger pores (Fig. 1b). Further increas-
ing the amount of silicon to 5 wt% resulted in the

Graphite Powder to Graphene Oxide

Graphite Powder

Grapnene Oxide

5 - B | o —— e

0 10 20

30 20 50

Figure 1. XRD patterns of GO doped NaGP

Figure 2. Morphology of porous Na- geopolymer formed by varing %age of metalic silicon
powder of size (150 um) with addition (a) Si-1wt%, (b) Si-3wt% (c) Si-5wt% in at 50 °C

212



Journal of Ecological Engineering 2024, 25(10), 209-223

formation of larger and uncontrollable pores due to
increased H2 gas production within the geopoly-
mer matrix (Fig. 1c and Equation 1). Equations
depicting the potential reactions induced by the
addition of metallic silicon in the Na-geopolymer
matrix to form pores and aid in the geopolymer’s
maturation are provided.

Si+4H,0 & Si(OH)4 + 2H, T

Si(OH), < Si0, + 2H,0(aq)

3)
“4)

Effect of dopant on surface area and
pore features of geopolymer (BET)

Figure 3 illustrates N, adsorption/desorption
isotherms, while Table 1 outlines the properties
of porous geopolymer with varying percentages
of incorporated silicon metal powder. Notably,
the sample with 1% Si addition displayed the
highest BET surface area (34.4596 m*/g). Con-
versely, samples with 3% Si addition (12.5147
m?/g) and 5% Si addition (1.492 m?/g) exhibit-
ed lower values. All three adsorption/desorption
isotherms conform to type IV, according to the
IUPAC classification, as depicted in Figure 3. The
detailed particulate surface properties, including
surface area, pore size, and volume distribution,

are consolidated in Table 01. With an increasing
addition of silicon, both BET surface area and
porosity decrease. In contrast, there is an inverse
correlation observed in pore size and pore volume
concerning the samples (1%Si-Na-GP, 3%Si-
NaGP, 5%Si-NaGP). This trend is corroborated
by SEM analysis Figure 1, indicating that the es-
calating addition of silicon induces more H,-gas
production within the geopolymer matrix. Conse-
quently, this phenomenon contributes to the de-
crease in surface area and porosity while concur-
rently increasing pore size and pore volume.

Effect of curing temperature over
structure of Na-geopolymer (XRD)

The samples were produced by incorporat-
ing optimized silicon at 1 wt% and then cured at
different temperatures, specifically 30 °C, 50 °C,
and 70 °C, for a time of 24 hours. Subsequently,
the samples were left outside for three days until
a constant mass was achieved. Figure 4 illustrates
the effect of varying curing temperatures on the
behavior of samples with 1 wt% Si addition dur-
ing the construction of the geopolymer matrix.
The peaks observed at 25.1°, 47.58°, 54°, 55°,

Table 1. The characteristics of porous geopolymer with the incorporation of silicon metal powder at an optimized
temperature of 50 °C are as follows

Samples BET surface area Pore size Pore volume Porosity
(m2/g) A (cm?q)

Na-GP+1%Si 34.4596 103.822 0.0731 73.304

Na-GP+3%Si 12.5147 114.382 0.075 61.3449

Na-GP+5%Si 1.492 141.931 0.077 57.585
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Figure 4. XRD patterns of NaGP along with 1wt % Si-1

and 62.5° (20) angles at temperatures of 30 °C,
50 °C, and 70 °C suggest the presence of TiO, as
a crystalline impurity originating from the base
material metakaolin. When curing temperature
is enhanced, no significant change was observed
up to 50°C, indicating the formation of an amor-
phous phase. This suggests that all the silicon
powder in the geopolymer matrix was utilized to
produce amorphous silica (Si0O,), contributing to
the continuous geopolymerization reaction chain.
As the temperature reaches 70 °C, another peak
of SiO, at 28.2° (20) angles emerges, indicating
the presence of unreacted silica left behind due to
the evaporation of the alkaline phase

FTIR analysis of porous Na-geopolymer

The Fourier Transform Infrared (FTIR) anal-
ysis of porous Na-geopolymer powders was con-
ducted employing the KBr pelletizing technique.
This technique facilitated the transmission of
peaks through transparent pellets, creating distinct
phases with coincident waves. The transmittance
values obtained were normalized, and the identi-
fied peaks were examined to better understand the
structural variations arising from varying levels
of silicon additions. Figure 11 presents the FTIR
spectra of three specific samples, each with 1wt%,
3%, and 5 wt% Si additions, respectively.
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50 um powder additions at 30 °C, 50 °C, and 70 °C

In the FTIR spectra of porous Na-geopolymer
illustrated in Figure 5, the incorporation of sili-
con (Si) reveals prominent water peaks within the
wavenumber range of 3456 cm™ and 1642 cm™.
These specific wavenumbers correspond to the
OH bonds present in the Na-geopolymer, offering
insights into the hydration state and the environ-
ment of the charge-balancing cations [Sauffi et
al. 2022)]. Additionally, a distinct peak at 3456
and 1642 cm™ corresponds to the stretching and
bending vibrations of OH and H-O-H molecules
within the geopolymer matrix. With the introduc-
tion of 3% and 5 wt% Si, the 1019 cm™ peak is
intensified compared to the 1wt% Si addition, in-
dicating increased NASH formation with a deep-
er O-Si-O bending peak at 451 cm™! in the finger-
print range. This suggests a higher Si contribu-
tion to the amorphous phase, generating disiloxo
and siloxo-sialate groups for continued polymer
chain reactions. This enhancement is associated
with the creation of larger and more open network
pores, implying a potential increase in water con-
tent. The infrared spectrum of porous geopolymer
highlights a main absorption band at 1019 cm™,
corresponding to the symmetric stretching vibra-
tion of Si-O-Si and Si-O-Al bonds in SiOs and
AlOs tetrahedral within the geopolymer network.
The absorption band at 1384 cm™ signifies the
stretching vibrations of C-O bonds of COs* ions,
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Figure 5. FTIR analysis of porous Na-geopolymer with 1wt %, 3, wt% and 5% additions

a result of the reaction between atmospheric CO2
and residual sodium content. Post-geopolymer-
ization, the band shifts to lower wavenumbers
(875—710 cm™), indicating the formation of a sili-
cate geopolymer network with higher cross-link-
ing and larger molecular structures [Lemougna,
MacKenzie, and Melo 2011; Sauffi et al. 2022].
The absorption bands in the Fourier Transform
Infrared Spectra (FTIR) are summarized in the
provided Table 2.

In Figure 4, the densities of the synthesized
samples were determined using Archimedes’ prin-
ciple water immersion technique to estimate ap-
parent porosity and density. As depicted in Figure
7, the addition of Silicon (Si) at 1wt%, 3wt%, and
Swt% leads to a decrease in density, attributed to
the formation of larger pores as explained earlier
in Figure 2. Simultaneously, the temperature ex-
hibits a direct proportionality to apparent porosity,
which increases with the temperature rise. At an

initial applied temperature of 30°C, the observed
porosity was 15%, and this increased to 75% at
50 °C due to a greater production of H, gas. Further
temperature increase to 70 °C resulted in a slower
trend, attributed to the evaporation of the alkaline
phase from the matrix. This leads to a slowdown
in the reaction rate and H, gas production, allow-
ing the reaction to proceed continuously.

Effect of pH

The influence of pH on the adsorption of arse-
nic (III) and arsenic (V) onto porous Na-GP was
investigated by altering the pH within the range
of 5 to 10. Various pH solutions were prepared by
incrementally adding dilute NaOH or HNO, solu-
tions to attain the desired pH values.

The Figure 6 reveals that the efficiency of ar-
senic (III) removal increases with increasing pH
from 5 to 6 after that the marginal decrease was

Table 2. Fourier transform infrared spectra of porous Na-geopolymer

Band (cm™) Assignment
3456 cm"” Vibration of OH-group of porous Na-geopolymer
1642 cm™ OH-bending vibration of H-O-H
1384 cm Stretching vibration of CO,
1019 cm" Stretching vibration of Si-O-Si and Si-O-Al
875-710 cm"” 4-Coordinated Al-O bond

215



Journal of Ecological Engineering 2024, 25(10), 209-223

2.0

* at30°C L 90
1.8 = ® at50°C 0|
W at70°C 80
16+ *
- 70 ~
1.4 = El' i:
412 = v 602
5 £
~ ‘@
z 1.0 = e - 50 g
2 -
s 0.8 = o L 40 E
0.6 i
0 =
n -
0.4 =
Z O at30°C = 20
0.2 = ] * at50°C
A A at70°C - 10
0.0 T T T T T
0 1 2 3 4 5 6

Silicon Addition (wt %)

Figure 6. Effect of temperature and silicon addition on density and apparent porosity at 50 °C

observed. In case of arsenic (v) highest removal
was achieved at pH range from 8 to 9.5. The pH
of solution has main impact on surface charge of
adsorbent and ionization of arsenic specie. Sur-
face charge of adsorbent best understood by pH of
point of zero charge [Wimalasinghe et al., 2018].
The pH . of 6 was obtained, it gives information
about surface of the charge that it is negative if pH
is greater than 6 and positively charged if pH is less
than 6. The grapheme oxide on exposure to water
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attract hydroxyl group or release H+ depend on pH
[Siddiqui, S. I, et. al 2017]. The presence of As (V)
is in pH range of 5 to 6 in form of HAsO,* and
AsO,* and pH 6-12 unfavorable more for As(V)
adsorption. The hydroxyl surface charge attach
with hydrogen ions at lower pH there is favorable
chance of bonding of As(V) and grapheme oxide
doped geopolymer and at greater alkaline pH sur-
face become negatively charged so un-favorable for
As(V) adsorption. As shown in Figure 7 adsorption

90
4 |—#— Arsenic (IIT)
80 - [—®— Arsenic (IV)

70
60

50 1

Removal %

40
30

20 H

10 ; , . ,

Figure 7. Effect of pH on Arsenic uptake (50 ppb concentration, 25 °C, dose = 1.0 g, and contact time = 60 min)
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of As (III) slowly enhances from pH 5 to 8 after-
wards raptly increased at greater than pH 10.

Effect of initial concentration
and treatment time

The adsorption efficiency declined from 62 to
16 %, 94 to 31% for As(Ill) and As(V) with an in-
crement in the initial concentration of arsenic spe-
cies from 50 mg/L to 120 mg/L as shown in Figure
5. The concentration of As (V) remains constant af-
ter 120 mg/L. The decrease in adsorption efficiency
after certain time is due to fixed amount adsorbent
has fixed quantity of adsorbates to be adsorbed and
initially it is greater after wards it decreases. Figure
8 shows that at the start of experiment the removal
efficiency was greater and slowly decrease and it
became to reach to equilibrium after 60 minutes,
Since initially there are greater pores in adsorbent
to adsorb the arsenic species and afterwards when
experiment continues the pore start to become
saturated after certain time there will no space in
surface of adsorbent to adsorb. Several investiga-
tions have shown decrease in initial concentration
of pollutant lead to increase removal efficiency.

Effect of dosage

The adsorbent dose of 0.1 gm was increase to 1
gm to see the effect of adsorbent dose on removal
performance for arsenic. However the volume of

solution was 50 ml and arsenic concentration of 10
mgL. By increasing the dose from 0.1 to 1 gm. ad-
sorption efficiency increased from 12 to 62% and
32 to 94% for As(Ill) and As(V) respectively with
enhances adsorbent amounts from 0.1 to 1 gm. The
behavior of increase in removal efficiency of arse-
nic species was due to greater active sites present
at higher adsorbent dose and As(V) has greater in-
teraction with grapheme oxide doped geopolymer
so it has greater removal compared with As(III).

Adsorption isotherm

Adsorption isotherms provide the relation
among the molecules of adsorbates and active
sites on adsorbent surface. They are instrumental
in explaining the correlation among the quantity
of adsorbates, adsorbent and concentration re-
mains in the solution at a constant temperature. In
this research, equilibrium data related arsenic ad-
sorption underwent analysis by Freundlich model
(1906). The Langmuir isotherm and Freundlich
isotherm models, normally employed in describ-
ing solid-liquid systems, offer distinct approach-
es. The Langmuir model can be expressed in the
following form:

Ce Ce 1
— = — 4+ — ()
Qe Qm  bgm
Following equation is of Freundlich isotherm
model.

100
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Figure 8. Effect of initial concentration on As(V) and As(IIl) removal at optimized operating conditions
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Figure 9. Effect of treatment time on As(V) and As(III) removal at optimized operating conditions

where:
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Figure 10. Effect of adsorbent dosage on Arsenic uptake (50 ppb concentration, 25 °C,
pH =5 for for for As(V) and As (IIT) 9.5 contact time = 120 min)

1
Logge = - Logqe + LogKf (6)

Ce shows the equilibrium concentration
(mg/L), ge represents the amount of ar-
senic adsorbed at equilibrium while gm
is the maximum of arsenic adsorbed on
the porous geopolymer adsorbent surface,
b, Kf, n considered as Langmuir equilib-
rium constant and Freundlich constants

respectively, indicating the intensity and
relative adsorption capacity of the adsor-
bent in adsorption process.

1

gm = KfCon (7

R,, I'is dimensionless quantity shows in Equa-
tion 4 which favors the adsorption process
1

R, =——
L™ 1+ B¢, ®)
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From correlation coefficients study discloses
that the adsorption by porous geopolymer exactly
explained by Freundlich isotherm model, which
indicates that nature of adsorbent, was hetero-
geneous and multilayer adsorption. The values
of n>1 suggested that good connection among
the adsorbent and adsorbates [Tian and Sasaki,
2019]. Therefore, the interface power of both
As(V) > As(III) through porous geopolymer fol-
lows the order of. The 1551 and 2351 pg/g As(11I)
and As(V) maximum adsorption capacity (qm)
were achieved using Freundlich isotherm model
respectively, ambient temperature. The rate of
adsorption on porous geopolymer adsorbent were
demonstrated by pseudo-second-order Equation 5

t 1 1
at " Kal ge' ©)
where: gt (mg g') and ge (mg g"') are adsorption
capacities on time t and equilibrium time h

(mg g min™') represents the initial sorbate
rate, while k (g mg"' min') shows the rate
constant of adsorption, can be defined as
h=kq?t-0 (10)
Figure 6 represents the kinetic plots both arse-
nic species at optimized values. The R* = 0.9686
and 0.9496 for As(IIl), As(V) obtained respec-
tively, which show better kinetics of arsenic ad-
sorption on porous geopolymer well fits by pseu-
do-second-order kinetic model. This specifies
that adsorption is well-ordered by chemisorption
described. The Table 3 represents the values of h,
k and R? for arsenic As(V), As(IIT) respectively
which are directly proportional to the adsorption
while initial concentration was inversely propor-
tional rate constants as initial concentration rate
constant decreased which revealed that adsorp-
tion of arsenic on porous geopolymer adsorbent
was slower with increasing initial concentration.

Table 3. Freundlich isotherm parameters for As(IIl), As(V) at ambient temperature

Arsenic n@ Kb(mg' "L ngr") q,° (mg/g) R?
As (ll1) 1.316 0.161 1.505 0.9686
As (V) 1.942 1.196 2.098 0.9496

Freundlich adsorption isotherm model for Arsenis (I1T)

Freundlich adsorption isotherm model for Arsenis (V)
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Figure 11. Freundlich Adsorption isotherm fitting for efficient adsorption of As(III) and As(v) on adsorbent
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Pseudo second order kinetic model for As(III)
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Figure 12. Kinetic study of adsorption for removal of As(IIT) and As(V)

Table 4. Validation of results with other researchers

i Adsorption capacit
Geopolymer adsorbent Equilibrium time (h) A_dsorptlon P pacty References
isotherm As (Il uglg | As(V) pg/g
Graphene oxide doped 1 Freundlich 1551 2351 This study
geopolymer
Iron oxide-modified 72 Freundlich 950 uglg ; Medpelii et al. (2015)
nonporous geopolymers
Iron OX|de.coated 1 Freundlich 614.4 1689. Nimisha Thakur et al.
geopolymer microspheres (2021)
Fe(ll)-modified geopolymer 24 Freundlich . - Tian (aznod1 S)asak'

Note: n® is Freundlich constant, dimensionless quantity and intensity of adsorption process, Kf* is the Freundlich
constant indicates the relative adsorption capacity used adsorbent, qm® represents the the maximum quantity of
arsenic attached on the adsorbent surface (mgAs/g Na-GP). When the R, = 0 (irreversible), R, = 0 < 1 (favorable),
R, =1 (linear) and R, > 1 (unfavorable). The RL values recent study shows higher than 0 and lower than 1 which

shows the favorable adsorption.

CONCLUSIONS

A significant and successful effort was under-
taken to fabricate porous geopolymers by incor-
porating varying weight percentages of dopant to
customize the pore size and wall thickness of geo-
polymer frameworks. The introduction of 1 wt%
of Si resulted in the formation of spherical inter-
connected pores within the geopolymer, achieving
maximal surface area and porosity. Temperature
exerted a positive influence on pore formation due

220

to increased vapor pressure of water and humidity
in the oven, promoting enhanced interaction with
the alkaline medium. An elevated Si concentra-
tion favored pore formation, particularly at 50 °C.
Adsorption test was conducted successfully for ar-
senic metal ions concentration using porous geo-
polymer adsorbent. The various process parame-
ter such as initial arsenic concentration of influent,
pH of solution, retention time and adsorbent dose.
The maximum adsorption capacity was obtained
at a pH-6 and 9 for arsenic (V) and arsenic (III) at,
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contact time 120 min, adsorbent dose of 1 g/L and
Initial concentration of 50 ppb. The 1551 pg/g,
1551 pg/g adsorption capacity and (0.9686) and
(0.9496) R? for both arsenic type As(III), As(V)
was obtained by well-known Freundlich isotherm
model accorded well with pseudo-frst-order kinet-
ics, respectively. Further it concluded that synthe-
sized adsorbent has a great potational for the re-
moval heavy metal action’s specially As (III) and
As (V) due to their high surface area, porosity and
spherical particle shape. This investigation lays
the groundwork for synthesizing porous geopoly-
mers with potential applications in nano/micro
membranes for groundwater, surface, as well as
wastewater treatment.
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