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ABSTRACT: Arsenic in groundwater is a harmful and hazardous substance that must be removed to protect human health and
safety. Adsorption, particularly using metal oxides, is a cost-effective way to treat contaminated water. These metal oxides must be
selected systematically to identify the best material and optimal operating conditions for the removal of arsenic from water.
Experimental research has been the primary emphasis of prior work, which is time-consuming and costly. The previous simulation
studies have been limited to specific adsorbents such as iron oxides. It is necessary to study other metal oxides to determine which
ones are the most effective at removing arsenic from water. In this work, a molecular simulation computational framework using
molecular dynamics and Monte Carlo simulations was developed to investigate the adsorption of arsenic using various potential
metal oxides. The molecular structures have been optimized and proceeded with sorption calculations to observe the adsorption
capabilities of metal oxides. In this study, 15 selected metal oxides were screened at a pressure of 100 kPa and a temperature of 298
K for As(V) in the form of HAsO, at pH 7. Based on adsorption capacity calculations for selected metal oxides/hydroxides,
aluminum hydroxide (Al(OH),), ferric hydroxide (FeOOH), lanthanum hydroxide La(OH),, and stannic oxide (SnO,) were the
most effective adsorbents with adsorption capacities of 197, 73.6, 151, and 42.7 mg/g, respectively, suggesting that metal hydroxides
are more effective in treating arsenic-contaminated water than metal oxides. The computational results were comparable with
previously published literature with a percentage error of 1%. Additionally, SnO,, which is rather unconventional to be used in this
application, demonstrates potential for arsenic removal and could be further explored. The effects of pH from 1 to 13, temperature
from 281.15 to 331.15 K, and pressure from 100 to 350 kPa were studied. Results revealed that adsorption capacity decreased for the
high-temperature applications while experiencing an increase in pressure-promoted adsorption. Furthermore, response surface
methodology (RSM) has been employed to develop a regression model to describe the effect of operating variables on the
adsorption capacity of screened adsorbents for arsenic removal. The RSM models utilizing CCD (central composite design) were
developed for AI(OH);, La(OH),, and FeOOH, having R values 0.92, 0.67, and 0.95, respectively, suggesting that the models
developed were correct.

1. INTRODUCTION

Water contamination is a critical challenge at a global level.
Drinking toxic water impacts millions of people worldwide,
and our ecosystem has suffered consequently." As population
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Mexico are alarmingly high.>~ It has been classified as
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lung, and bladder cancer if ingested continuously, even in
minute amounts (ppb).'”~'* The WHO (World Health
Organization) current maximum allowable arsenic concen-
tration in drinking water is 10 g/L (ppb)."~"” Nonetheless,
many developing nations continue to adhere to the previous
guideline of 50 g/L due to inadequate infrastructure and costly
water treatment technologies.'” In July 2018, China hosted the
seventh International Congress on Arsenic in the Environment,
which included sustainable management and mitigation of
arsenic removal.'® The United Nations (UN) members stated
an agreement on the 2030 Agenda for Sustainable Develop-
ment, which aimed to guide national and international
initiatives in the next 15 years, highlighting the importance
of paying attention to arsenic removal so everyone has access
to clean water."®

Several arsenic removal methods have been utilized,
including coagulation, adsorption, ion exchange, and mem-
brane separation.'”"? Adsorption is thought to be the most
appropriate and effective approach for removing toxins from
water and wastewater due to its high effectiveness and low
cost.””*' In this context, adsorption processes do not
contribute to unwanted byproducts and have been found to
be superior to other wastewater treatment methods in terms of
ease of design and operation. Adsorbents of several kinds, such
as zeolites, oxides, hydroxides, carbon-based materials, metal—
organic frameworks, and clay, have been developed for the
adsorption process.”’ Each adsorbent tends to remove
pollutants from water and wastewater and has potential
advantages. Adsorption is a surface phenomenon, and these
adsorbents sorb the pollutants on their surface to remove them
from water and wastewater.””*’ The adsorption phenomenon
arises from disparate or persistent attractive forces acting on
the surface particles of the adsorbent material. Unlike the
particles within the bulk adsorbent, these forces are not
uniformly balanced. Consequently, the particles located at the
surface of the adsorbent exhibit a notably elevated energy state
compared to those situated within the core. Surface energy is
this additional energy per unit surface area, and it is necessary
for the attraction of adsorbate to its adsorbent surface.”* The
enthalpy and entropy are other important factors to be taken
into account for adsorption.”> Enthalpy and entropy are the
measures of a potential sorption process.”> The pollutants on
adsorbents’ surfaces are adsorbed, consequently being removed
from contaminated water.”’

Adsorption is one of the finest ways to remove arsenic from
water with reported >95% quantitative efficiencies for arsenite
and arsenate remediation. It is effective and affordable, does
not require chemical addition, and is simple to use in
developing countries with insufficient skilled labor and
unstable electricity supplies.”® These advantages of adsorption
have encouraged many researchers to employ it to remove
arsenic from drinking water.'””” In addition, adsorption is
considered more adaptable than ion exchange, easier to run
and safer to handle than the contaminated sludge produced by
coagulation/precipitation, and cheaper than membrane sepa-
ration.”® Metal oxides/hydroxides, zeolites, and other
adsorbents are commonly used in adsorption.”” Among these
adsorbents, metal oxides and hydroxides can eliminate arsenic
more effectively, since surface functional groups, typical
oxygen-containing groups, assist in its removal.””  Arsenic
removal involves chemisorption, forming inner-sphere com-
plexes during the removal process in which As(V) directly
binds to oxygen.”

Many experimental studies for arsenic removal from water
have been reported by using different adsorbents. Initially, iron
and Al(OH); were investigated experimentally for arsenic
removal from water.’® Later, iron oxide (F,,0;) and aluminum
oxide (Al,O;) were examined by experimental work, and it was
found that they were effective by having maximum As(V)
uptake values of 0.66 mg/g Fe,O; and 0.17 mg/g Al,O; at pH
6.”” In a later study, the ultrafine Fe,O; nanoparticles were
experimentally checked for As(II) and As(V) adsorption, and
it was found that Fe,O; nanoparticles have adsorption
capacities of 95 and 47 mg/g, respectively.”’ In another
study, arsenic removal from water using FeOOH and Fe;0,
was studied, and it was observed that arsenic removal from
water using iron oxides was pH dependent, and the maximum
arsenic removal percentage was 80%.°” Later, synthesized
FeOOH was also studied for the adsorption of arsenic, in
which the experimental equilibrium data were well represented
by the Langmuir isotherm, and an estimated adsorption
capacity of 76 mg/g was reported at ambient temperature,
which was significantly higher than most of the adsorbents
reported in the previous literature.”® In a review, it was
reported that for arsenic removal from water by adsorption
using iron oxide, FeOOH was declared as a good adsorbent by
having different adsorption capacities from 5 to 443 mg/g,
which were highly dependent upon operating conditions, such
as pH and temperature.”® The removal of arsenic from water
using iron-based adsorbents was reviewed, and it was
concluded that iron oxides and hydroxides were effective
adsorbents for arsenic removal.’* In recent experimental
studies, it was found that the arsenic adsorption rate is related
to pH values. Arsenic adsorption was favored under acidic pH
values and rapidly decreased in basic media.”> In another
recent work, Yoon et al. studied As(V) removal utilizing lignin
and iron chloride to create biochar with low basicity and found
highest As(V) adsorption, with a removal efficiency of >77.6%
at the pH range of 3.0—10."* It was also mentioned that both
the adsorbent and the adsorbate were involved in the
adsorption process; this shows that As(V) was adsorbed by
magnetite by a specific chemical reaction (chemisorption).
As(V) binding to magnetite has been described as occurring
mostly through chemisorption, which involves the develop-
ment of bidentate inner-sphere complexes.'* Xion et al. studied
schwertmannites and akaganéites for the adsorption of arsenic
ions from contaminated water and found that the adsorption of
As(III) and As(V) was a rapid reaction, in line with the
pseudo-second-order rate equation. It was also mentioned that
iron oxyhydroxides exhibited exceptional adsorption capacities
to arsenic species due to their abundant hydratable hydroxyl
groups, which can form inner-sphere complexes with arsenic
on their surface.*

Apart from performing experimental work for arsenic
removal, many simulation studies have been done using
molecular dynamics (MD) simulations.”” The MD simulation
allows for the microscopical study of the adsorption process
within a sufficient time frame, budget, and space. Molecular
modeling is currently regarded as a successful research method
for elucidating the adsorption process.””** MD simulations can
produce effective techniques to simulate structures and
elucidate the adsorption phenomenon at a molecular level by
applying appropriate computational computations.39’4o More-
over, recently, molecular simulations have evolved as a
prominent technology for the screening of materials in
industrial applications. It has been performed to circumvent
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the limitations of experimental apparatus and materials."" In
addition, it offers a platform for studying the molecular-level
interpretation of quantities such as energy, enthalpy, and
sorption distribution, which surpasses the capability of
experimental scale measurement.””~** Therefore, computa-
tional works are emerging because experimental work can be
very expensive, time-consuming, and often difficult to handle
under extreme conditions, i.e., high pressure and temperature.

Previously, a molecular simulation study was performed to
understand the arsenate reaction kinetics with FeOOH, which
revealed that the physical adsorption process proceeded with
Gibbs free energies of the reaction between —21 and —58 kJ/
mol.*> The highest Gibbs free energy of the reaction for
physical adsorption was produced by the hydrogen bonding
between H atoms on FeOOH and O atoms in arsenate.”” In a
simulation study to understand the mechanism and stability of
the As(V)—Fe(Ill) oxyhydroxide coprecipitate over a broad
pH range, it was found that the adsorption energies for
monomeric, dimeric, and trimeric complexes were —61.35(1—
1), —65.50(2—1), and —71.8(3—1) kcalmol™', respectively,
which indicated that the formed complexes were very stable."
Later, the phenomenon was studied by using a Monte Carlo
simulation approach for the adsorption of toxic ions on iron
oxide nanocrystals. The amount of removed As(V) ions might
range between 10 and 90%, depending on the choice of the
nanocrystal morphology, suggesting that the adsorbent surface
and structure played an important role.” In a recent simulation
study for arsenic removal from water, it was found that the
orientation of the adsorbate molecule and its distance from the
adsorbent affected the adsorption phenomenon.** In another
work for arsenic removal from water, the binding energy (E,)
was calculated using density functional theory (DFT)
simulations, and it was found that the adsorption amount
depends on the binding energy value. The more the binding
energy value of arsenic species with the adsorbent, the more
the adsorption amount."’

From a review of the literature, it was found that the
simulation research work for arsenic removal from water using
adsorption was restricted as compared to the number of
experimental results available. Most computational works were
confined to study the removal of arsenic using iron oxides
among the oxide and hydroxide families. Moreover, it was
found that simulation studies were mostly focused on
understanding the phenomenon at the atomistic level limited
to few adsorbents, typically on observing the interaction of
arsenic with the material and studying structural bonding and
stability rather than elucidating the macroscopic behavior via
computation of adsorption capacity.*”*> On the other hand,
experimental studies focused mostly on determining adsorp-
tion capacity for specific metal oxides and hydroxides only at
different and limited experimental conditions in the quest for
the optimal performance for arsenic removal from water.””"
This research work is a pioneering study to elucidate sorption
phenomena and simultaneously calculate adsorption capacity
for each adsorbent to achieve finer screening of adsorbents for
arsenic removal from water. Moreover, it unravels the effect of
three parameters under a wide range of operating conditions,
e.g, pH, temperature, and pressure, to elucidate how each
influences the loading capacity of that heavy metal. To the
author’s best knowledge, previously, sorption loading was not
employed to calculate adsorption capacity in the screening of
adsorbents for arsenic removal in wastewater treatment.””

For this study, 15 metal oxides/hydroxides, which were
commonly applied in water treatment, were investigated.
Selected metal oxide/hydroxide structures were constructed
and validated using Material Studio (MS) software.””*”** The
sorption loading was determined using the Sorption module
that enabled adsorption capacity to be determined for the
screening of the adsorbents. After the screening process,
selected adsorbents were proceeded with operating variable
study, regression modeling, and optimization using Design-
Expert (DOE) software.*”*’ The adsorption behavior was
studied at different pH ranges (1-2, 3 to 7, 7—11, and 11
onward), a wide range of temperatures in Kelvin (K; 281.15,
291.15, 301.15, 311.15, 321.15, and 331.15 K), and a broad
domain of pressures in kilopascal (kPa; 100, 150, 200, 250,
300, and 350 kPa). An appropriate regression model was
developed to describe the effect of operating variables on the
adsorption capacity for screened adsorbents (Al(OH)s,
La(OH); and FeOOH) using center composite design
(CCD).

2. METHODOLOGY

The software used to carry out the molecular simulation
investigation in the gresent work was BIOVIA Materials Studio
(MS) version 8.0.°° It was used to carry out an atomistic
simulation where interactions were represented by empirical
potential functions to integrate the standard equations of
motion as positions of each atom were recorded.””"'

The molecular simulation methodology of this study is
described in two sections. The specifications of the MD
simulation are listed in Table 1. The framework and simulation

Table 1. Operational Modules and Specifications for This
Molecular Simulation Work

module specification references

forcite task: geometry optimization 396164
algorithm: smart
quality: medium
force field: universal
summation method: Ewald
max. iterations: 500

forcite task: dynamics 43,6466

quality: medium

force field: universal

electrostatics: atom based

dynamics ensemble: NVT

temperature: 298 K

build tool cleave plane (hkl): (=1 0 0) 67-69
supercell: 4 X 4
vacuum slab thickness: 5.0 A

sorption task: fixed pressure 20,64,70

method: metropolis
quality: medium
force field: universal
fugacity: 100 kPa
temperature: 298 K

basis for structure construction, geometry optimization,
validation, and surface building are addressed in Section 2.1,
while Section 2.2 outlines the sorption loading, and adsorption
capacity calculations and empirical modeling are included in
Section 2.3. The adsorption capacities of 15 materials were
determined using MS software employing Monte Carlo
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simulations.””*° Ferric oxyhydroxide (goethite, FeOOH),
ferric oxide (hematite, Fe,05), ferrous ferric oxide (magnetite,
Fe;0,), aluminum oxide (Al,0,;), titanium dioxide (TiO,),
aluminum hydroxide Al(OH);, zirconium oxide (ZrO,), silver
oxide (Ag,0), lanthanum oxide (La,0;), stannic oxide
(Sn0,), lanthanum hydroxide (La(OH);), tin oxide (SnO),
zinc oxide (ZnO), ferrous oxide (FeO), and silicon oxide
(Si0,) were chosen for arsenic adsorption based on their
application in the field of water treatment,”*>%72%31760

2.1. Structure Construction and Geometry Optimiza-
tion. In this section, the computational frameworks that were
used for the simulation of adsorbents in this work are discussed
in detail. The structures were imported from MS and
Crystallographic Data Centre (CDC).”" Using the Forcite
module with a Universal force field, algorithm Smart, medium
quality with summation method electrostatic Ewald, and atom-
based van der Waals, the geometries of each of the metal oxide
structures were optimized.”> It was done by changing the bond
distance and angles of the molecules.”> The geometry was
optimized to ensure structural stability via energy minimiza-
tion.”” The Universal force field was selected for whole
molecular simulation calculations, since it could accurately
anticipate the geometry and energy differences of organic
molecules, inorganic molecules, and metal complexes.‘m’6

After geometry optimization, density calculations for
structure validation were performed, which was done by
selecting the Dynamics task in the Forcite module.”' A
canonical ensemble NVT (constant atom count, volume, and
temperature) condition was employed, having a total
simulation time of 5000 ps, with a time step of 1 fs, a Q-
ratio of 0.01, and an energy deviation of 50,000.0 kcal/mol as
integration tolerance criteria.*"* A Nose—Hoover—Langevin
(NHL) thermostat was used for controlling the temperature at
298 K.*7® The summation methods used to calculate the
electrostatic interactions and van der Waals interactions were
the Ewald method with an accuracy of 0.001 kcal/mol and a
buffer width of 0.5 A and atom-based selections with a cutoff
distance of 12.5 A and truncation cubic spline having a spline
width of 1 A and a buffer width of 0.5 A, respectively.*”’* The
density value obtained after NVT simulations was compared
with the literature value for validation purposes.

Subsequently, an optimized surface structure was built by
using the “Build” tool of the software. It included cleaving the
surface, creating surface symmetry, and building the final
structure by adding a vacuum slab.”> All of the adsorbents’
surfaces were cleaved on a (1 1 1) plane that had been used in
previous simulation studies.”®”>”® A larger surface was built
using a supercell of order 4 X 4 using a symmetry tool and
finally converted to a 3D lattice using the build vacuum slab
function with a vacuum thickness of 5 A along the ¢
direction.”® The vacuum slab was added to avoid any impacts
of adsorbed molecules with the periodic image of the
adsorbent.”’

2.2. Sorption Calculations. Sorption calculations were
performed using the Sorption module of MS. For the screening
of suitable adsorbents in arsenic removal, the Metropolis
method was employed using the Universal force field at a
constant temperature of 298 K and a fixed pressure of 100
kPa.”® The selections were based on the practical observation
that the majority of water treatment processes were performed
at these ambient operating conditions, and previous simulation
studies for water treatment were performed at 298 K.°*777%*
The Metropolis method is a standard Monte Carlo simulation

technique that treats the sorbent as a rigid structure and only
accounts for sorbate translations and reorientations.”> The
fixed pressure sorption function, commonly known as grand
canonical Monte Carlo (GCMC) simulations, was utilized to
forecast the amount of the sorbate at the specified temperature
and pressure using the Metropolis technique.®” In this context,
sorption at constant pressure and temperature replicated
experimental circumstances and yielded the average sorbate
component loading under the specified operating conditions.
The arsenic sorption loading value within the metal oxide
revealed its adsorption capability using the formula given in eq
1.

X [ix;)
N 14

L
= | MX—
¢ { N (1)

Here, Q = adsorption capacity, M = arsenic species molar mass,
L = average loading, N, = Avogadro’s number, V = volume of
the adsorbent, and p = density of the adsorbent.

It has been reported that arsenic exists in different ionic
forms in water at different pH ranges. As(V) ions are the most
prevalent forms of arsenic found in water and pose serious
health risks to people, they are of tremendous interest from a
research perspective.”> As(V) mostly occurs as oxyanions of
arsenic acid such as H;AsO, H,AsO,”!, HAsO,% and
AsO,. "% It exists in the form of H,AsO, H,AsO,”,
HAsO, 2 and AsO,™® at pH 1, 3, 7, and 11, respectively.86
The simulation was first performed for H,AsO, ™" to represent
treatment at pH 3 to be compared with results from the
previous literature for FeOOH to validate the developed
computational framework.” Subsequently, the research work
was carried out for As(V) at pH 7 (in the form of HAsO,™") to
screen all of the selected metal oxides, and after screening, the
operating variable effect was studied for the screened
adsorbents.

After the suitable adsorbents for arsenic removal were
evaluated, they were subjected to investigation at different
operating conditions, including pH, temperature, and pressure.
The temperature range was selected to be from 8 to 58 °C
(281.15, 219.15, 301.15, 311.15, 321.15, and 331.15 K) due to
different room temperatures at which drinking water treatment
plants were operated attributed to seasonal variations.”’~*’
With respect to operating pressure, most adsorption studies for
water treatment were conducted at a pressure of 100 kPa while
being mentioned in a report that feedwater pressure can vary
from 100 to 277 kPa.”” Hence, the selected range for pressure
was 100—350 kPa.

2.3. Empirical Modeling. Design-Expert (DoE) software
is frequently used to quantify the effect of process variables.”!
The process quantification for the effect of operating variables
for arsenic removal was conducted based on the simulation
runs generated by Design-Expert software (version 13) in the
present study. The three chosen factors were quantified using
response surface methodology (RSM) and central composite
design (CCD) to achieve the goal of determining the optimal
operating condition for arsenic removal from water.”"””> CCD
was selected because of its adaptability, dependability, and
unceasing operation.”® The current study used three operating
conditions (factors), namely, pH (A), temperature (B), and
pressure (C), for the response of adsorption capacity (mg/g)
on FeOOH, Al(OH);, and La(OH);. The parameters were
tested at different levels for combinations of different factors.

https://doi.org/10.1021/acsomega.3c07014
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Table 3. Density Value Results are for Structure Validation

The lower and higher limits for the independent variable range

are reported in Table 2.

literature simulation
Sr. densitzr densitzr percentage
Table 2. Factors and Levels are for Full-Factorial Design no. metal oxide (g/cm’) (g/em?) error (%
- . 1 goethite (FeOOH) 4.25 4.27 0.4683
factor units low level high level 2 hematite (Fe,O;) s27 528 0.1893
A: pH H+ /OH- conc. 1 13 3 magnetite (Fe;0,) 5.17 5.20 0.5769
B: temperature Kelvin 281.15 331.15 4 aluminum oxide 3.95 3.98 0.7537
C: pressure kPa 100 350 (ALO3)
S aluminum 242 2.39 —1.2552
. . . . hydroxide
The interaction between the operational parameters, i.e., pH, (Al(OH),)
temperature, and pressure, and response was studied using 6 titanium dioxide 412 424 2.8301
analysis of variance (ANOVA).93 The F- and p-values were (TiO,)
used to evaluate the fitted model for each relevant response in 7 lanthanum oxide 6.51 6.56 0.7621
terms of the statistical significance of the operational (La,03)
parameters and interactions. 8 la‘}‘l;}zla;;‘;ge 4.28 446 40358
(La(OH);)
3. RESULTS AND DISCUSSION 9 stannic oxide 6.95 6.99 0.5722
3.1. Structure Validation and Geometry Optimiza- ($00,)
tion. First, geometry optimization was done using the Forcite 10 S"I"er f”“de (_Agzo) 714 731 2.3255
module and the Universal force field, since the structure 11 zirconium oxide 5.68 5.82 24054
ded to be stable before performing the sorption task. Th (2£0,)
needed to be stable before performing the sorption task. The 12 tin oxide (SnO) 645 644 01552
energy of all adsorbent structures was minimized, as shown in 13 zinc oxide (ZnO) 561 567 L0582
Elggroel—ll' ngc}fl\l dce)II)_IICtS tlhe optlr?nza_ltlonden}elrgy }glraph fOIi 14  ferrous oxide (FeO) 5.74 5.87 2.2146
N and Al(OH);. It was indicated that the initia 15 silicon oxide (SiO,) 2.65 2.64 —0.3787

enthalpies (energies) of the structures were 579.16 and
6718.25 kcal/mol, which were reduced to 341.18 and
4126.96 kcal/mol after geometry optimization, as illustrated
in Figure la,b, respectively. The same procedure was done for
all selected adsorbent structures for energy minimization.

Before building a structure, it was first validated by
comparing the simulated density value for the adsorbent
structure that was treated with NVT molecular dynamics using
the Forcite module with literature-reported values. For all
adsorbent structures, the simulated densities were in good
agreement with experimentally reported observations with a
percentage error of less than 8%. The results are reported in
Table 3, and the structure after importing and building are
given in Figure 2a,b, respectively.

3.2. Sorption Calculations. Sorption calculations were
performed for all of the chosen metal oxides and hydroxides.

First, calculations were performed for the FeOOH adsorbent
toward arsenic (H,AsO,) at pH 3 to validate the computa-
tional framework. Figure 3 displays the structures after
performing a sorption task with red dots above FeOOH,
indicating that arsenic was successfully adsorbed on its surface.

An adsorption capacity of 78.6 mg/g was obtained from
sorption calculations, which was comparable to the literature-
reported value of 76 mg/g at the same pH value of 3 and
yielded a low percentage error of less than 10%.”” Considering
this as a benchmark, a sorption simulation was performed for
all other adsorbents during screening.

After the sorption simulation, few graphs are obtained
explaining the sorption sites (Figure 4), sorption loading
(Figure S) to calculate the adsorption capacity, and energy
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Figure 1. Graphs for Forcite geometry optimization: (a) FeOOH and (b) Al(OH);.
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Figure 2. Structure of FeOOH after (a) importing and (b) building the surface.

Figure 3. Arsenic adsorption on FeOOH at a pH range of 3—7.

values (Figure 6) involved in the sorption phenomenon. The
maximum adsorption capacity was obtained for A[(OH), (197
mg/g). The energy distribution graph for FeOOH and
Al(OH); showed peaks at —6.5 and —14.5 kcal/mol,
respectively, as given in Figure 4a,b, respectively, exhibiting
the largest number of available sorption sites at these locations.
This supported the sorption capacity, since the higher peaks
observed for the energy distribution indicated the strongest
interaction between the arsenic species and the adsorbent. The
energy distribution spectrum was wider for AI(OH),,
indicating more site availability for AI(OH);, and a more
negative value indicated a stronger interaction, too, thus having
more adsorption capacity than FeOOH.

The energy graph results indicated that van der Waals
energy was the major sorption energy, while electrostatic
energy recorded the least contribution, as illustrated in Figure
6, and the adsorption separation mainly depends on van der
Waals interaction and electrostatic interaction.”® According to
the energy graph (Figure 6) for sorption, it was observed that
the dominant energies for sorption were van der Waals and
intermolecular interactions for both FeOOH and Al(OH);, as
displayed in Figure 6a,b, respectively. van der Waals energy
stabilized the sorption process, while intermolecular energy
promoted the interaction of arsenic species with the
adsorbent.”* The graph for loading per cell is given in Figure
S. The amount of arsenic adsorbed on the adsorbent surface
was indicated, while the average loading was further used for
calculating the adsorption capacity by involving the volume of
the adsorbent, as given in eq 1. The average loadings for
FeOOH and AI(OH),; were 5.9 and 49.1, respectively (as
displayed in Figure Sb,a, respectively). The loading graph
indicated the number of sorbent species that were in contact
with the adsorbent at a given temperature and fugacity.*® The
greater the loading, the higher the adsorption capacity of the
adsorbent, which indicated the suitability for arsenic removal
from water. The calculated adsorption capacity for all of the
adsorbents is given in Table 4.

Arsenic loading on AI(OH)j; is illustrated in the graph given
in Figure Sa. It was consistent with the reported literature that
aluminum-based water treatment residuals have more potential
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Figure S. Illustration of arsenic loading per cell of adsorbent for (a) AI(OH); and (b) FeOOH.
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Figure 6. Illustration of energy values obtained from simulations for sorption of arsenic for (a) FeOOH and (b) AI(OH);.

Table 4. Calculated Adsorption Capacities for All than iron-based water treatment residuals and should be used
Adsorbents for arsenic removal from water.” Nonetheless, most of the
o« no. metal oxide/hydroxide adsorption capacity (mg/g) literature on arsenic removal was still focused on iron-based
adsorbents. The second highest adsorption capacity was
! FeOOH 73636 obtained by La(OH),;, which showed great potential for

2 Fe,0, 30417 ) . .
R Fe,0, 1417 arsenic r.emoval,. sugge§tlng that metal hydrc?)ﬂdes are more
4 ALO, 167 effective in treating toxic water than metal oxides. Previously,
P TIO, 514 in a comparative study for phosphate removal from wastewater
6 AI(OH), 197.24 using metal oxides and hydroxides, it was reported that metal
7 70, 79933 hydroxides were better adsorgb;ents due to the excessive

3 Ag,0 6361 hydroxyl groups on the surface.

9 La,0, 3.59 Most of the selected metal oxides and hydroxides showed
10 SnO, 975 good potential for arsenic removal from water, and among
11 FeO 0 these selected adsorbents, the top 7 adsorbents on the basis of
12 7nO 1.7 adsorption capacity for arsenic removal are Al(OH)3, La-
13 Sio, 64.8 (OH)s, FeOOH, SiO,, TiO,, SnO,, and Fe,0; with adsorption
14 SnO 11.135 capacities of 197, 151, 73.6, 64.8, 43.14, 42.7, and 30.4 mg/g,
15 La(OH), 151.07 respectively. Currently, SnO, is not typically used for arsenic

removal from water but rather employed to eliminate other
heavy metals like cadmium and lead from water and should be
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given consideration to explore its viability in later studies.”’
The order of the sorbents according to their sorption capacity
values was Al(OH); > La(OH), > FeOOH > SiO, > TiO, >
SnO, > Fe,0;3 > Al,O; > Fe;0, > SnO > ZnO > ZrO, > Ag,0
> La,0; > FeO.

3.2.1. Effect of pH. The effect of pH for arsenic removal
from water at a standard temperature of 298 K and 100 kPa
pressure was studied, and the result demonstrated that arsenic
removal increased in a slightly acidic medium to neutral while
decreasing in a basic medium.”*”® The overall effect of pH for
all adsorbents is depicted in Figure 7.
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[ dpH11-13
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Figure 7. Effect of the pH for all adsorbents.

Variations in pH would modify the surface charge of the
adsorbent and the forms of the arsenic species, which would
affect the adsorption of arsenic.”” The positive charge density
of adsorbents decreases at very low pH values, and thus, the
rate of arsenate adsorption decreases. When the pH is high
(greater than 8), the surface of adsorbents is negatively
charged, and Coulombic repulsions between the negatively
charged ion and the negatively charged surface considerably
reduce the rate of arsenate adsorption.'’ Furthermore, for
alkaline speciation, the depression of negative charge occurs,
which reduces the adsorption capacity due to negative surface
charge."”

The effect of pH can be explained in terms of point of zero
charge (PZC), which is a crucial variable in governing the
adsorption process. It refers to the pH at which the surface
charge of the adsorbent is neutral, meaning that it has no net
positive or negative charge. The surface of the adsorbent will
be positively charged when the pH of a solution is below the
PZC,'"" and vice versa.'’” It was observed that when the pH
was less than point zero charge (Pszc): a strong electrostatic
attraction existed, while for pH greater than pH,,., the
negatively charged adsorbent would have electrostatic
repulsion, thus reducing the adsorption capacity.'**'** In
this context, a negatively charged surface layer on the sorbents
did not promote anionic molecule adsorption because of
repulsive forces. On the contrary, the process with low pH
involved an increase in H" ionic strength, and by attracting H"
ions, the surface of the sorbents pursued a positive charge. Due
to the positively charged adsorbent surfaces at low pH, an

electrostatic attraction was developed between the positively
charged adsorbate molecules and the anionic molecule, leading
to full sorption. As the pH increased, the number of negatively
charged sites increased while the number of positively charged
sites decreased.”” As(V) existed in the form of H;AsO,,
H,AsO,™, HAsO,™%, and AsO,™® at pH 1, 3, 7, and 11,
respectively.”® So, under acidic conditions, there were more H*
ions, and as the pH increased, negatively charged ions also
gradually increased.

It was noted that the average total energy was higher for
sorption with pH between 3 and 7 compared to other ranges.
In general, the adsorption capacities were consistent with the
trend in the average total energies, which were 33210.33,
64899.28, 35703.19, and 30344.01 kcal/mol, respectively, for
pH ranges of 1 to 2, 3 to 7, 7 to 11, and 11 onward for
Al(OH);. The same trend was observed for all other
adsorbents, whereby the adsorption capacity was lesser in
strongly acidic and basic media. It was also noticed that the
average total energy for Fe,O; at pH 3—7 was relatively higher,
which indicated good interaction between arsenic and
adsorbent Fe,O; for that range. These results were supported
by the experimental literature by showing a similar trend for
the same pH range.'” Previously, the effect of pH was studied
for compounds that included iron oxides and aluminum oxide.

In a study that involved arsenic removal from water using
Fe,0;, the adsorption capacity decreased at pH greater than
6.” In the study, it was reported that with increasing pH, the
arsenate species did not get adsorbed on Fe,O; due to a
negative surface charge, Coulombic repulsion, and interaction
of the arsenate species with the surface sites of Fe,O; that are
inhabited by hydrogen ions, thus showing a decrease in
adsorption capacity with the increase in pH, which was the
same observations as obtained from this simulation work. For
TiO,, the adsorption capacity dropped drastically, and in a
previous study, it was reported that the repulsive forces
between oxyanions and the negatively charged surface of TiO,
caused a decline in adsorption capacity, since As(V) existed as
AsO,? at pH greater than 11, which increased the repulsion
that halted the adsorption phenomenon. All selected
adsorbents contained oxygen and, hence, encountered
repulsion that decreased the interaction energy and hence
the adsorption capacity. For all of the adsorbents, adsorption
capacity decreased for pH greater than 11.

3.2.2. Effect of Temperature. The effect of temperature for
arsenic removal from water was studied at a range of 281.15 to
321.15 K at pH 7 and 100 kPa pressure. The results revealed
that removal increased at lower temperatures and gradually
decreased with an increase in temperature. In the literature, it
is mentioned that due to the high activation energy in chemical
adsorption, the extent of adsorption initially increases and then
decreases as the temperature increases.'°® The overall effect of
the temperature for all adsorbents is depicted in Figure 8.

This can be explained by the energy graph obtained for
sorption at each temperature, whereby it was observed that the
interaction energy between the sorbent and the sorbate
decreased at higher temperatures.”” For instance, the energy
values for FeOOH at 281.15, 291.15, 301.15, 311.15, and
321.15 K were 5564.915, 5394.198, 3669.21S, 3173.903, and
2073.831 kcal/mol, respectively. A similar trend had been
reported in the literature, in which the removal increased at the
initial temperature and then gradually decreased when the
temperature increased.'” Pillai et al. reported the same trend
for arsenic removal from water with the reason that with the
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[ ]281.15K the pressure increases, more molecules are available for
[ 29115k adsorption, leading to increased surface coverage and a higher
[C30115K overall adsorption capacity. The energy value results also
200 %;l::? E revealed that pressure promoted the interaction energy and
_ C 3;|:|; K adsorption capacity. Previously, it has been discussed for
= factors affecting adsorption in physical chemistry and reported
E 1501 that adsorption is directly proportional to the pressure over a
-E‘ limited range of pressure, as at higher pressure, the adsorption

= phenomenon becomes independent of pressure.'”
2 100 4 over, there are a finite number of adsorption sites on the solid
,E;_ surface where sorbent molecules can bind. The rate of
S adsorption initially increases as the pressure is elevated
2 50 because more molecules interact with the surface. As a result,
the rate of adsorption increases linearly as the pressure
increases. However, eventually, the number of adsorption sites
o mﬂh . Al s . nﬂ}h r{ﬂk will be saturated, and no more adsorptions can take place
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Figure 8. Effect of temperature on adsorption.

increase in temperature, the randomness of arsenic ions
increases, which reduces arsenic ads.orption.105 Moreover,
according to certain reports, ions’ mobility increases as the
temperature increases. When the temperature increases above
303.15 K, surface complexation and electrostatic interactions
may become less intense.'”’”

3.2.3. Effect of Pressure. Previous research work did not
focus on studying the effect of pressure on adsorption. The
sorption calculations were performed for the pressure range of
100—300 kPa. The results demonstrated that the removal of
arsenic increased with increasing pressure to a certain range.
The overall trend of pressure for adsorption of arsenic is given
in Figure 9.

For example, the interaction energies of FeOOH at 100,
150, 200, 250, 300, and 350 kPa were 4951.20, 6867.88,
8377.17,9061.88, 8787.07, and 8190.47 kcal/mol, respectively.
This may be because at low pressures, the surface of the
adsorbent may not be fully covered by adsorbed molecules. As
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Figure 9. Effect of pressure on adsorption.

there, so the pressure will have no further impact on the rate of
adsorption. The degree of adsorption will therefore be
independent of pressure after a certain point.'’’

3.3. Empirical Modeling Results. The empirical model-
ing calculations were performed for the top 3 screened
adsorbents, i.e., AI(OH); (as R1), La(OH); (as R2), and
FeOOH (as R3). The values of the combinations of the three
independent variables (A: pH, B: temperature, and C:
pressure) and the results of the response (adsorption capacity)
were provided for the CCD actual design to conduct the
analysis. The ANOVA was performed, and Table S displays the
F- and p-values for the impacts of operating variables toward
the adsorption capacities of A[(OH), (as R1), La(OH); (as
R2), and FeOOH (as R3).

The F-values for R1, R2, and R3 were 13.01, 11.7, and 24.48,
respectively, implying that the model is significant. The P-
values less than 0.0500 indicate that model terms were
significant. For R1, the terms A, B, A?, and B? were significant
model terms. For R2, A and B were significant model terms,
while for R3, A, B, C, AB, and A” were significant model terms.
The R* values for R1, R2, and R3 are 0.921, 0.676, and 0.956
with adequate precision values of 13.3, 12.7, and 18.3,
respectively. Adequate precision measures the signal-to-noise
ratio.” A ratio of >4 is desirable. Herein, the ratio obtained for
all models was greater than 4, which indicates an adequate
signal. The predicted R* for all responses was in reasonable
agreement with the adjusted R®. The R value and adequate
precision values are given in Table 6.

The three corresponding equations for R1, R2, and R3 as
given in eqs 2—4 in terms of actual factors obtained from
CCD, respectively. The data points were tested with the range
of operating variables, and it was observed that adsorption
capacity was mainly affected by the pH value. These equations
were validated using some simulation results that were not a
part of the regression model, and the error was less than 10%,
as demonstrated in Table 7

R1 = —739.56525 — 1.92890 X pH + 6.42582
X temperature + 0.063769 X pressure
+ 0.013644 X pH X temperature + 0.001628 X pH
X pressure + 0.000584 X temperature X pressure
— 0252157 X pH® — 0.011245 X temperature”
— 0.000524 X pressure” )
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Table 5. ANOVA for Evaluation of the Model

source sum of squares degree of freedom

model 2092.81 9
A: pH 246.80 1
B: temperature 262.96 1
C: pressure 64.11 1
AB 24.00 1
AC 14.51 1
BC 27.54 1
A? 27322 1
B? 108.77 1
c? 85.48 1
residual 178.77 10
model 12543.69 3
A: pH 5386.26 1
B: temperature 5306.79 1
C: pressure 957.41 1
residual 5987.50 16
model 8802.40 9
A: pH 3112.18 1
B: temperature 1582.99 1
C: pressure 676.21 1
AB 233.11 1
AC 4.49 1
BC 188.40 1
A? 505.00 1
B? 1.08 1
c 99.33 1
residual 399.57 10

R1

mean square F-value p-value
232.53 13.01 0.0002 significant
246.80 13.81 0.0040
262.96 14.71 0.0033
64.11 3.59 0.0875
24.00 1.34 0.2736
14.51 0.8119 0.3888
27.54 1.54 0.2429
273.22 15.28 0.0029
108.77 6.08 0.0333
85.48 4.78 0.0536
17.88
4181.23 11.17 0.0003 Signiﬁcant
5386.26 14.39 0.0016
5306.79 14.18 0.0017
957.41 2.56 0.1293
374.22
978.04 24.48 <0.0001 significant
3112.18 77.89 <0.0001
1582.99 39.62 <0.0001
676.21 16.92 0.0021
233.11 5.83 0.0363
4.49 0.1124 0.7444
188.40 4.72 0.0550
505.00 12.64 0.0052
1.08 0.0269 0.8729
99.33 2.49 0.1459
39.96

Table 6. Statistical Fit of Models

response R* (R-square) adeq precision
R1 0.9213 13.3869
R2 0.6769 12.7033
R3 0.9566 18.3942

R2 = 440.76323 — 3.80664 X pH — 0.963364

X temperature + 0.064205 X pressure 3)

130.52087 + 14.36459 X pH + 0.067536

X temperature — 0.161222 X pressure

— 0.042527 X pH X temperature + 0.000906 X pH
X pressure + 0.001528 X temperature X pressure

— 0.342816 X pH2 — 0.001119 X temperature2

— 0.000565 x pressure2 (4)
The two most significant interactive effects (pH and
temperature) of R1, R2, and R3 are illustrated as three-
dimensional response surface plots in Figure 10.
Representative response surface plots showed the effect of
the pH and temperature on arsenic removal. The arsenic
removal increased with the increase in pH and had a direct
relation with adsorption capacity. Temperature also has a
linear inverse relation after 301 K with adsorption capacity,

48139

Table 7. Equations Validation Obtained after Calculations

temperature  pressure simulation equation error

pH F"K) (kPa) result results (%)
R1 7 298 100 197.2 199.0 9
7 298 150 204.1 204.9 1
R2 7 298 100 146 133.5 8

7 298 150 150 136.9 8.8
R3 7 298 100 73.6 71 3
7 298 150 76 78.6 3

while it has a direct relation with adsorption capacity to a
certain extent.

4. CONCLUSIONS

Currently, the molecular simulations are confined to very few
adsorbents for arsenic removal from water, which do not
specify the best adsorbent to remove arsenic from water. This
research aimed to study 15 adsorbents by using a molecular
simulation approach via molecular dynamics and Monte Carlo
simulations to screen various metal oxides for sorption ability.
The order of the sorbents according to their adsorption
capacity values was AI(OH); > La(OH), > FeOOH > SiO, >
TiO, > SnO, > Fe,0; > AL,O; > Fe;0, > SnO > ZnO > ZrO,
> Ag,0 > La,0; > FeO. Al(OH);, FeOOH, and La,(OH);
had the maximum adsorption capacities of 197, 73.6, and 151
mg/g, respectively. Other potential adsorbents were SiO,,
TiO,, SnO,, and Fe,0;. SnO,, which is a metal oxide that has
not been used to treat arsenic-contaminated water but has
been used to remove cadmium and lead from water, showed a
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Figure 10. Response surface plots for (a) R1, (b) R2, and (c) R3.

2R
2R3

A2

2322 ’.0’.0’:: 2
‘0’0”»".’ 5
*

good adsorption ability for arsenic removal and should be used
as an adsorbent in countries where it is abundantly present.
This work also revealed that AI(OH); and La(OH),
demonstrated high adsorption capacities and ability to remove
arsenic from water, which should be further investigated as
viable adsorbents for this purpose apart from using conven-
tional iron oxides. The effect of operating variables was also
determined, and results showed that the arsenic removal
process was most affected by pH, then temperature, and last by
pressure. In the future, it will be better to do the screening of
adsorbents for other heavy metals such as mercury with
consideration of the impact of operating variables. As an
outcome of this research work, it is recommended that while
designing a plant for arsenic removal from water, the effect of
operating variables should be considered, as they affect the
adsorption phenomenon significantly, and the results reported
herein can also provide guidelines for other adsorbents and
adsorption processes.
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