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Abstract: Methyl mercury (MeHg) and arsenous acid (HsAsOs) are toxic chemicals that pollute
freshwater sources. Driven by this environmental concern, developing efficient, eco-friendly, adsorbent
materials has become necessary. Using first-principles density functional theory, we decipher the
fundamental adsorption mechanism of MeHg and H3AsO; on the cellulose biopolymer. The interaction
is mainly described as physisorption by considering various bonding sites and orientations of MeHg
and H3AsOs; on the cellulose chain. According to the binding energy, HsAsOs interacts more strongly
with cellulose than MeHg. The hydrogen bonding between H3zAsOs; and the functional groups of
cellulose plays an important role in the adsorption strength. Whereas MeHg does not form a hydrogen
bond with the functional groups, the adsorption is mainly described as an induced dipole. These claims
are further supported by careful analysis of the electronic redistribution via Charge Density Difference,
Bader charge analysis, and Electron Localization Function. Overall, the results revealed that cellulose
is a competitive material for trapping HsAsOsowing to its abundance in oxygen-functional groups. The
findings presented here proposed the adsorption mechanism MeHg and HsAsOs on the cellulose
biopolymer. This work will be the basis for developing cellulose-based adsorbent material and bridging
the gap in the literature.
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1. Introduction

Methyl mercury (MeHg) and arsenous acid (HzAsOz) are toxic substances that have
well-known detrimental effects on human health and the environment [1,2]. These chemicals
and hazardous compounds pollute the freshwater system due to both manufactured and natural
causes [3]. MeHg is a highly toxic form of mercury that can accumulate in fish and seafood,
making it easy for human intake [4]. Thus, removing MeHg from wastewater before
discharging it into the environment is essential. On the other hand, HzAsOz is one of the
common forms of arsenic in freshwater and has severe recorded effects on human health [5].
Consumption of these chemicals greater than permitted can lead to various health problems
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[6,7]. Due to these alarming reports, effective filtration methods for heavy metal compounds
are a critical topic in the scientific community.

Various methodologies have been developed to remove heavy metals from water
systems. Among these, the adsorption method is simpler, practical, and cost-effective [8,9].
Various candidate materials with impressive performance include metal-oxides, metal-based
nanoparticles, graphene-based material, minerals, polymers, and biopolymers [10-16]. It is
known that Hg and As strongly interact with other metals, as evidenced by metal nanoparticles'
efficiency in trapping heavy metal ions [17-20]. However, the metal-based adsorbent can
potentially cause secondary contaminants, which are also hazardous. Thus, a material with
intrinsic eco-friendly properties is an ideal choice. In recent years, cellulose and its derivatives
have paid much interest as candidate-based materials for water remediation technology owing
to their biocompatibility, wide surface area, and rich reactive sites for trapping heavy metals
[14,15,21-23]. The ability of cellulose to be hybridized with other nanomaterials makes
cellulose attractive as a multifunctional adsorbent material [24]. These reasons make cellulose
part of the ideal materials for the next-generation adsorbent.

Cellulose is a naturally occurring polymer widely used in various established industrial
applications and emerging innovative technology [15,21,22,25-27]. Cellulose fibers have a
high surface area-to-volume ratio and modest mechanical properties, are biocompatible, and
are rich in oxygen functional groups [28]. These specific properties make cellulose attractive
for water remediation technology. Cellulose can be modified chemically to enhance its
adsorption capacity and selectivity for specific heavy metal ions [29-32]. However, the long
list of heavy metals and diverse chemically modified versions of cellulose makes bonding
characterization unclear. The atomistic bonding information of heavy metal compounds on
cellulose and its derivatives is a prerequisite in designing an effective cellulose-based adsorbent
material.

Density functional theory is one of the most versatile methods for studying chemical
systems at the fundamental level. For example, Barker et al. [33] demonstrate that
perfluorinated molecules can be adsorbed on the graphene-oxide mainly by dispersion and
hydrogen bonding. Another study reported a strong metal nanocluster and HzAsOs interaction,
which explains the observed experimental efficiency [34]. Recently, the adsorption of MeHg
and H3AsOs on FeS has also been explored in the following references [35,36]. The results
indicate that multiple factors, such as the phase of the FeS, highly influence the interaction's
characteristics. On the other hand, biopolymers such as cellulose and their derivatives have
been widely studied experimentally [37]. However, the interaction of heavy metal ions
adsorption on biopolymers is rarely examined [31,38,39]. The same thing can be said about the
biopolymer-heavy metal compound, where no study has been conducted on this topic. This
research gap is essential in understanding the selectivity of cellulose in trapping heavy metal
compounds.

In this work, we systematically study the interaction of MeHg and H3AsO3z with
cellulose biopolymer using first-principles density functional theory (DFT). The DFT-based
simulation provides essential information on the electronic description of adsorption, which
helps explain and predict novel experimental results [38—44]. The computational results here
indicate that MeHg adsorbed on various bonding sites of cellulose mainly due to the van der
Waals force. In contrast, the cellulose-HzAsOs interaction is dominantly due to hydrogen
bonding. Thus, HzAsOz interacts strongly compared with MeHg. However, it is further noted
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that HzAsOz strongly bonds with H,O molecules, making it mobile relative to MeHg. The
finding describes the trapping mechanism of cellulose with HzAsOz and MeHg.

2. Materials and Methods

All calculations are conducted using first-principles DFT using Perdew-Burke-
Ernzerhof exchange-correlation functionals, Optimized Norm-Conserving pseudopotentials,
and plane-wave basis set [45-47]. The semi-empirical Grimme-D3 correction accounts for the
dispersion [48]. The Quantum Espresso is utilized for all calculations [49,50]. The plane wave
energy cutoff is set to its optimal value, 60Ry. The SCF energy convergence and force
threshold per atom are set to 10Ry and 10*Ry/Bohr, respectively. A 1x1x5 k-point is utilized
for all calculations. In all cases, a 12A vacuum is included to remove the long-range effect of
the periodic boundary conditions.

The 2D Electron Localization Function (ELF) is calculated to observe the character of
adsorption [51,52]. The strength of the interaction is quantified by the binding energy Eaginding
using the following formula,

EBinding = E:Total - (ECellulose + EHeavy Metal) (1)

Here, Etotal, Ecellulose, aNd Ereavy meta are the energy of cellulose — heavy metal system,
cellulose, and heavy metal, respectively. The Bader charge transfer code by Henkelman is
utilized to estimate the charge transfer [53-55]. The Charge Density Difference (CDD)
isosurface is calculated to visualize the charge redistribution, computed using the convention,

CDD = PTotal — (pCellulose — PHeavy Metals) (2)
The prota, Pcellulose, and preavy-metal denote the charge of cellulose—heavy metal system,
cellulose, and heavy metals, respectively.

3. Results and Discussion

The ground state configurations of cellulose, MeHg, and H3zAsOs are presented in
Figures 1a, 1b, and 1c, respectively. To benchmark the appropriateness of the choice of
functional and pseudopotentials, we compared the atomic structural parameters of cellulose,
MeHg, and H3AsOs in the existing literature. The length of the cellulose unit is 10.49A in the
range with experimental and computational study outputs [56-58]. The calculated optimized
Hg-C bond of MeHg is 2.31A, longer relative to DFT based on hybrid exchange-correlation
functionals [59]. The As-O bond Iy, Iz, and Is are 1.80A, 1.80A, and 1.83 A, comparable to the
following reference [36].

H oC °0 0As  OHg
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Figure 1. The optimized atomic configuration of (a) cellulose; (b) MeHg; (c) HsAsO:s.

First, we evaluate the interaction of cellulose, MeHg, and H3AsOs with water
molecules. The optimized configuration is displayed in Figure 2. In these configurations, the
average binding energy per H2O with cellulose, MeHg, and H3AsOz is -0.28eV, -0.14eV, and
-0.28eV, respectively. The strength of the interaction of H.O with cellulose is in good
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agreement with the existing report [60]. It is evident in Figure 2a and Figure 2b that H.O
established a hydrogen bond with the cellulose hydroxymethyl and hydroxyl groups. Also, in
Figure 2b, the H.O molecule at the cellulose backbone points toward the oxygen, linking the
cellobiose and creating hydrogen bonding. Based on Figure 2c, it is noticeable that MeHg
interacts weakly with H>O molecules. Here, the water molecules remain distant from MeHg,
whereas the hydroxyl of HzAsO3z strongly interacts with H,O molecules depicted in Figure 2d.

A

(c) (d)
Figure 2. Cellulose with six H,O molecules view from the (a) side and (b) top view. The optimized
configuration of (c) MeHg and (d) HzAsO3 with five H,O molecules.

The optimized configurations of MeHg on various cellulose sites are displayed in
Figure 3. Generally, the calculated binding energy of MeHg yields a negative value, indicating
a spontaneous adsorption process. It is also noted that the binding energy is larger than the
thermal energy (25meV).
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Figure 3. The optimized configuration of cellulose-MeHg systems. The placement of MeHg is introduced in
(a)-(b) hydroxymethyl group; (c)-(d) hydroxyl groups; (e)-(f) cellulose's backbone.

The strength of the interaction is similar to atomic Hg adsorbed on the cellulose,
yielding an average value of -0.14eV. Considering various orientations of the MeHg, either the
Hg or methyl poorly interacts with the cellulose's hydroxymethyl group, hydroxyl groups, and
its backbone. The binding energy is at its maximum (-0.25eV) when the interface between
MeHg and cellulose is highest, as evident in Figure 3c and Figure 3f. Based on this analysis,
the bonding character is mainly van der Waals type, supported by the equilibrium distances.
Table 1 lists the bonding energy and equilibrium distance of the studied configurations.

Table 1. The minimum equilibrium distance, binding energy, and charge transfer of cellulose-MeHg and
cellulose-HzAsOs systems.

System Min. Distance (A) Binding Energy (eV)
Cellulose-MeHg
Figure 3a 341 -0.20
Figure 3b 2.64 -0.13
Figure 3c 2.62 -0.25
Figure 3d 2.94 -0.21
Figure 3e 3.09 -0.22
Figure 3f 3.20 -0.25
Cellulose - H3AsO3
Figure 4a 2.40 -0.22
Figure 4b 1.83 -0.39
Figure 4c 1.83 -0.88
Figure 4d 1.74 -0.75
Figure 4e 1.95 -0.65
Figure 4f 2.95 -0.42

A relatively stronger interaction is observed between cellulose and H3AsOs, as
displayed in Figure 4. It is noted that the magnitude of the binding energy is highly orientation-
dependent, and the establishment of hydrogen bonds plays an important role. For instance,
when the As is situated near the hydroxymethyl (Figure 4a) and cellulose's backbone (Figure
4f), the strength of the interaction is weaker by ~0.20eV compared in Figure 4b and Figure 4e
where hydrogen bond(s) are formed. The strongest interaction is observed in Figure 4c (-
0.88eV) when H3AsOs tends to settle between hydroxymethyl and hydroxyl groups forming
multiple hydrogen bonds. This is followed by Figure 4d (-0.76eV), when the HzAsOs formed
two hydrogen bonds with the hydroxyl groups. In Figure 4e, the hydrogen of H3AsOs points
toward the oxygen-linking cellulose units, yielding a binding energy of -0.65eV. In this
argument, it is clear that the establishment of hydrogen bonding dictates the strength of
interaction with cellulose.
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Figure 4. The cellulose-H3zAsO3 optimized configurations. (a)-(b) In the H3AsOs is initially placed near the
hydroxymethyl; (c)-(d) hydroxyl groups; (€)-(g) cellulose’s backbone.

(d) (e) U]
Figure 5. 2D Electron Localization Function of (a)-(c) cellulose-MeHg; (d)-(f) cellulose-HzAsOz, The hydrogen
bond is highlighted by a red dashed line.

The 2D Electron Localization Function (ELF) of cellulose-MeHg and cellulose-
H3AsQ; is calculated and shown in Figure 5. It is evident in Figure 5a—Figure 5c that there is
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no overlapping of ELF basins between the MeHg and cellulose, indicating no sharing of
electrons. However, deformed ELF means an induced dipole, which explains its weak binding
energy and equilibrium distance. On the one hand, the interaction of H3AsOs is mainly
attributed to hydrogen bond(s) formed between the hydroxyl of HzAsOs and the functional
groups of cellulose, which is evident in Figure 5d and Figure 5e. The lone pair of As in the
H3AsOs contributes only through induced dipole, as revealed in Figure 5f.

The electronic charge redistribution of cellulose-MeHg and cellulose-HsAsOs are
further examined by calculating the Charge Density Difference (CDD) isosurface and
quantified using Bader charge transfer analysis. Figures 6a (cellulose-MeHg) and 6b (cellulose-
H3AsOz) give the CDD isosurface adsorbate losses 0.04e and 0.03e, respectively. Both systems
have a pretty low charge transfer, a common feature of physisorption. However, significant
charge redistribution is observed in the hydroxyl and hydroxymethyl groups of the cellulose in
Figure 6b. The yellow and cyan isosurface indicates a redistribution of the electrons, creating
more induced dipole. This case was not observed in cellulose-MeHg in Figure 6a.

(@) (b)
Figure 6. Charge Density Difference (CDD) isosurface of (a) cellulose-MeHg; (b)cellulose-HzAsOs. The
yellow and cyan isosurface indicate the accumulation and depletion of the electronic charge.

In a real system, multiple factors contribute to the interaction of adsorbent and
adsorbate. For example, the interaction of MeHg and H3AsOs with H2O molecules is valuable
information that dictates the likelihood that these compounds will stay in a large proportion of
H20 [33]. For the adsorbent to work optimally, the interaction of adsorbent material with
adsorbate must be greater than that of adsorbate interaction with H,O molecules. To answer
this question further, reaction pathways of adsorption in water systems and molecular dynamics
simulations shall be conducted in a separate study.

The electronic density of states (DOS) of the cellulose-MeHg and cellulose-HzAsOs is
presented in Figure 7a and Figure 7b, respectively. It is first noted that the bandgap of isolated
cellulose is measured to be 5.0eV. MeHg has states appearing at the Fermi energy, showing its
metallic nature. On the one hand, H3AsOs has a wide-measured bandgap of 5.2eV. Generally,
Figure 7a and Figure 7b indicate that the cellulose's states shifted to the higher energy relative
to the Fermi energy. Moreover, Figure 7a indicates that the MeHg states remain at the Fermi
level, making cellulose-MeHg metallic. The cellulose-HzAsO3 complex has a lower bandgap
of 4.66eV compared with the isolated cellulose. The cellulose-MeHg and cellulose-HzAsO3
complex states can be considered a combination of their constituent counterparts. The minor
difference is due to the atomic structural deformation and charge redistribution examined in
the preceding discussions.
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Figure 7. The electronic density of states (DOS) of (a) cellulose-MeHg; (b) cellulose- H3AsOs. The isolated
constituents are plotted in a drop-line.

4. Conclusions

Due to the adverse health effects of MeHg and H3AsOs, the development of methods
and materials for removing these chemicals is of significant importance. The interaction of
MeHg and HzAsOs with the cellulose chain is systematically examined using density functional
theory with Grimme dispersion correction. MeHg and HzAsO3z were physisorbed on the
cellulose biopolymer, where the strength of interaction of H3AsOs on the cellulose chain is
more robust than MeHg. Various orientations of MeHg yield almost monotonous binding
energies. In contrast, H3AsOz can establish multiple hydrogen bonds with the cellulose's
functional groups, producing significantly higher binding energy depending on the orientation.
However, it should be noted that the interaction of HzAsOz with H2O is higher than MeHg,
making it prone to staying in the volume of H,O molecules. The DOS of cellulose-MeHg and
cellulose-H3AsOs can be considered a superposition of the constituents. No visible
hybridization and broadening of the DOS was observed, supporting the previous conclusions.
The results presented here provide a fundamental understanding of the interaction of heavy
metal compounds with cellulose chains. The findings provide valuable information for
fabricating cellulose-based adsorbent material for heavy metals.
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