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Abstract: The detrimental effect of Arsenic (As) on the water system is a primary concern worldwide.
This study assessed the adsorption capabilities of graphene oxide as an adsorbent material for Arsenic
(As) using first-principles density functional theory. Results indicate that the atomic As can strongly
interact with the carbon atoms of graphene oxide. However, the results also suggest that As appears to
form an As-O species when it comes into contact with the oxygen functional groups of the graphene
oxide. Meanwhile, the adsorption of As(l11) in the form of As(OH)s; on the graphene oxide is described
mainly by physisorption. These claims are obtained by evaluating the strength of interaction, electron
redistribution, and density of states of the studied configurations. This work provides a fundamental
understanding of the interaction of graphene-oxide with atomic As and As(l11).
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1. Introduction

The growing levels of global industrialization unintentionally introduce harmful
inorganic compounds into the environment [1-3]. The environment is regularly adversely
affected, which can have catastrophic effects on freshwater resources and aquatic life [4,5].
One of the most prominent water pollutants is Arsenic (As), mainly from manufacturing
facilities, electronic waste, and agricultural waste discharged into water systems [6,7]. The
detrimental effects of severe As on human health have been connected to various malignancies,
immune system issues, cognitive impairments, and other conditions [8,9]. Additionally, as a
significant factor in As contamination, some areas of the world have higher quantities of As
deposits in the soil and groundwater [10,11]. Therefore, removing these inorganic chemicals is
crucial in securing aquatic life and avoiding human intake. For this reason, various adsorbent
materials, such as metal oxides, biopolymers, and graphene-based nanomaterials, are explored
[12-17].

Graphene-based nanomaterials are attractive for heavy metal adsorption due to their
large surface area and can be used as a template for adding nanomaterials for nano-engineering
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the interaction of water pollutants [18-20]. The high surface area (2600 m?/g), impressive
mechanical properties, and tunable chemical reactivities make it an ideal material for efficient
adsorbent material [21]. Graphene is a two-dimensional material composed of carbon atoms
bonded in sp2 hybridization. This nanomaterial has become a subject of interest for decades
due to its unique properties, becoming the most studied material. However, due to the strong
van der Waals interaction between the layers, graphene layers typically form a stacked
structure, also known as graphite. The properties above are not demonstrated in their stacked
form. The isolation of graphene in solution is difficult owing to its inert surface. This problem
has hindered practical applications of graphene and other carbon-based nanomaterials until
now. The usual treatment of the graphene dispersion problem is by covalent functionalization
of oxygen functional groups [22]. This modified graphene is known as graphene-oxide and
reduced graphene-oxide, depending on the level of oxygen functional groups. The dominant
functional groups of graphene-oxide are epoxide (-O) and hydroxyl (-OH) groups [23].

Various scientific reports already show that graphene-based materials and their
composites are practical and efficient as an adsorbent material for various water pollutants,
particularly heavy ones, as discussed in the following references [24-27]. However, limited
efforts are conducted to analyze the interaction of these heavy metals with graphene-based
materials. An in-depth understanding of the adsorption mechanism is a prerequisite for
developing efficient adsorbent materials to remove heavy metals from water. The typical
methodology to accurately study chemical interaction is to use a simulation method based on
principles of quantum mechanics [28-31]. Quantum-based simulation methodology eliminates
trial and error in experimental work and helps explain its findings.

This study uses density functional theory to assess the adsorption of atomic As and
As(111) (in the form of As(OH)s) on the graphene oxide. In both cases, As and As(OH)3
spontaneously adsorbed on the graphene-oxide, indicated by a negative value of the binding
energy. The interaction of As(OH)s with the graphene oxide is mainly characterized by
physisorption. Hydrogen bonding is formed between As(OH)s and the functional groups of
graphene oxide. On the other hand, the atomic As is chemically adsorbed on the graphene
oxide. However, when the atomic As interacts with the oxygen functional groups of the
graphene oxide, an As-O species is formed. These findings provide a fundamental
understanding and new insights into the adsorption mechanism of atomic As and As(OH)s on
graphene oxide.

2. Materials and Methods

All DFT calculations are performed using Quantum Espresso with optimized norm-
conserving pseudopotentials, PBE exchange-correlation functional, plane-wave bases set, and
Grimme-D3 to consider the long-range interactions [32—36]. The cutoff energy and charge are
set to their standard value, 60 Ry and 240 Ry, respectively. The scf energy convergence criteria
are set to 108 Ry. The force threshold is set to 10 Ry/Bohr per atom during the optimization
of the atomic configurations. The I'-point algorithm is utilized for all calculations to estimate
the ground-state atomic configuration. A 5x5x1 k-point sampling is utilized to obtain the
binding energy. A 15A vacuum is included to remove the interaction of adjacent images. The
charge density difference and electron localization function are calculated for all optimized
structures to study the electron redistribution due to the adsorption further. The charge transfer
is calculated using the Bader Charge Analysis using the code developed by Henkelman [37—
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40]. Lastly, the total and local density of states are calculated using the tetrahedra method,
considering 8x8x1 k-points sampling.

3. Results and Discussion

The model of the graphene oxide is shown in Figure 1a and Figure 1b. In the graphene-
oxide system, a single epoxide and hydroxy group are adsorbed on graphene. The I, I2,and I3
C-O bonds of the epoxide and hydroxyl group are 1.49 A, 1.44 A, and 1.47 A, respectively.
The hydrogen bond between epoxide and hydroxyl is 1.95 A. Now in the As(OH)s, the T1, T2,
and Ts As-O bond is 1.80 A, 1.80 A, and 1.83 A, respectively. The measured bond lengths of
graphene-oxide and As(OH)s presented here agree with existing reports [23,41,42].

(€)

Figure 1. The optimized atomic configuration of a 4x4x1 supercell of graphene with adsorbed epoxide and
hydroxyl group viewed from (a) top; (b) side. (c) The optimized configuration of isolated As(OH)s.

The optimized As configuration on the graphene oxide is displayed in Figure 2. The
binding energy of Figure 2a is -1.59 eV. In Figure 2b, the As interaction is initially placed at
the top of the epoxide and hydroxyl. After full optimization, the As-O formed species detaches
the graphene-oxide functional groups. The measured graphene-As equilibrium distance of
Figure 2b is 3.32 A. The results obtained here were also observed by Panigrahi et al. [42]. On
the other hand, in Figure 3a and Figure 3b, the binding energy of the As(OH)s on the graphene-
oxide is -0.33 eV and -0.36 eV, respectively. The binding energy in Figure 3b is relatively
stronger due to the hydrogen bonding between the hydroxyl and As(OH)s. The equilibrium
distances of As with the graphene-oxide in Figure 3a and Figure 3b are 3.54A and 3.16A,
respectively. Based on the equilibrium distance and strength of interaction, one can point out
that the As can be chemically adsorbed on the carbon atoms of graphene oxide. While As(OH)3
isadsorbed via physisorption mainly due to van der Waals and hydrogen bonding.

(@ (b)

Figure 2. The optimized configuration of As on the surface of graphene oxide at two distinct initial conditions.
(a) The initial placement of As is adsorbed on the C-C bond of graphene oxide and distant from its oxygen
functional groups; (b) The initial configuration of As is on top of the oxygen functional groups of the graphene
oxide.
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Figure 3. The optimized configuration of graphene-oxide with adsorbed As(OH)s. The initial placement of
As(OH)s is (a) distant from the oxygen functional groups; (b) above the oxygen functional groups.

The charge redistributions of the optimized structures represented by the Charge
Density Difference are shown in Figure 4a- Figure 4c. It is evident in Figure 4a that the
depletion of the electronic charge is mainly in the C atoms of the graphene oxide in the vicinity
of adsorbed As. It is also observable that the accumulation of the electronic charge is present
in the C-As bond, indicating a strong interaction of the C atoms and As. This result further
verifies the calculated binding energy. The Bader charge transfer in Figure 3a yields 0.27 e,
and the electrons accumulate towards the adsorbed As. In the As(OH)s and graphene-oxide
system in Figure 4b, the charge redistribution is dominantly observed in the interface of
graphene-oxide and As(OH)s, with minimal charge redistribution visible on the functional
groups. In Figure 4c, the functional groups of the graphene oxide play an essential role in
establishing a hydrogen bond between the hydroxyl group and the As(OH)s. These
configurations yield a negligible charge transfer, justifying their weak synergetic interaction, a
common feature of physisorption.

(C%

OP

Figure 4. The electronic redistributions of the As and As(OH)s adsorption on the graphene-oxide are
represented by charge density difference and electron localization function. (a)-(c) isosurface of charge density
difference; (d)-(f) 2D electron localization function of the studied configurations.
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To further understand the electronic redistribution, the 2D Electron Localization
Functions (ELF) of the studied configurations are calculated and displayed in Figure 4c and
Figure 4d. Green ELF basins are observed at the interface of adsorbed As and graphene oxide,
indicating a sharing of electrons (Figure 4d). Meanwhile, a deep blue region is kept at the
interface of the graphene oxide and As(OH)s, as displayed in Figure 4e and Figure 4f,
indicating the physisorption type of interaction. This claim is supported and reflected in the
strength of interaction, charge transfer, and equilibrium distances, as summarized in Table 1.

Table 1. Summary of the bonding type, interaction distance, binding energy, charge transfer, and bandgap of the
studied configurations.

Bonding

Interaction

Binding

Charge

System type distance (A) energy (eV) transfer (e) Bandgap (eV)
Fig.2a. GO-As Chemical 2.11 -1.51 2.7x10% 0.26 eV
Fig.3a. GO-As(OH)s Physical 3.54 -0.27 2.0x107? 0eV
Fig.3b GO-As(OH)3 Physical 2.09 -0.35 6.6 x10* OeV

*Accumulation of electrons into the As and As(OH)s.

The plots of the density of states of the studied configurations are displayed in Figure
5. The graphene oxide of our model shows a metallic nature, indicated by states appearing at
the Fermi level (see Figure 5a). The adsorption of As on the graphene oxide significantly
modified the density of states. Particularly in the vicinity of the Fermi level, which opens the
bandgap of 0.26 eV (Figure 5b). Further calculations on the local density of states LDOS are
displayed in Figure 6, indicating strong orbital hybridization of the 2p orbital characters of the
two nearest C atoms (C1 and C») with the 4p orbital of As. This further supports the chemical
interaction of the As with the graphene oxide. On the other hand, the density of states of the
graphene-oxide and As(OH)z shows no significant hybridization of the orbitals. This is evident
in the density of states of the graphene-oxide, which is well maintained in Figures 5c and 5d.
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Figure 5. The electronic density of states of the studied configurations: (a) graphene-oxide; (b) graphene-oxide
with adsorbed As (Figure 2a), graphene-oxide with adsorbed As(OH)s shown in (c) Figure 3a; (d) Figure 3b.
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Figure 6. The local density of states hybridization of As(4p) and C(2p) of the atomic As and graphene-oxide,
respectively.

4. Conclusions

First-principles density functional theory calculations were conducted to investigate the
interaction of graphene-oxide with the atomic As and As(OH)s. The results indicate that the As
can interact chemically with the neighboring C atoms of the graphene oxide. However, if the
As is placed near the epoxide and hydroxyl group, this will detach the functional groups to
form the As-O species. On the other hand, the interaction of As(OH)swith the graphene oxide
is mainly described as physisorption. This conclusion is drawn based on the strength of
interaction, charge density difference, ELF, Bader charge transfer analysis, and electronic
density of states. This work clarifies previous experimental efforts on related systems and will
serve as a reference for future work on graphene-based materials for removing toxic heavy
metals from water sources.
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