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Abstract: Here, we provide fundamental insights on the atomic Arsenic (As) adsorption on the cellulose
biopolymer using first-principles density functional theory. The findings indicate that the adsorption
process is exothermic in nature, where the As can spontaneously adsorb on different sites of cellulose.
The calculated binding energy shows that the As strongly interacts with the hydroxyl and
hydroxymethy! group of the cellulose and is minimal on the cellulose's backbone. In all studied
configurations, As gained an electronic charge in all four reactive sites and revealed the localization of
electrons in the interface of As and cellulose. The electronic band structure shows that the impurity
states of the As appear near the Fermi level, thus lowering the bandgap of the cellulose-As systems.
Further, the optical absorption spectra of cellulose-As systems revealed new peaks at the visible region.
These results suggest cellulose biopolymer can be used as an adsorbent and sensing material for As.
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1. Introduction

The rise of global industrialization leads to unexpected environmental contamination
with hazardous inorganic chemicals [1]. Often, freshwater sources and aquatic organisms are
seriously affected, which can lead to catastrophic environmental effects. Arsenic (As) is one of
the most hazardous inorganic chemicals released in water systems from factories, industries,
and electronic and agricultural waste [2]. Severe As effects on human health involve various
types of cancer, immunological system disorders, cognitive deficits, and others [3]. Moreover,
some places worldwide have more As deposits in soil and groundwater, a significant factor in
As contamination [4]. Hence, accurately assessing of As level in the environment is crucial
before it can contaminate living organisms and lead to human consumption. Thus, various
research efforts were dedicated to removing and detecting As from freshwater sources [5-8].
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Most adsorbent materials that remove As are activated carbon, metal-oxides, and
alumina [9-11]. Despite their reported effectiveness, these materials can further create
secondary contamination, which is equally dangerous [12]. A more eco-friendly and effective
adsorbent material is more attractive for this particular reason. In the recent past, cellulose
biopolymers have been studied to remove heavy metal ions, toxic dyes, salts, and oils [13-17].
The effectiveness of cellulose biopolymers is reflected in the number of scientific reports and
patents of cellulose for water remediation technology [18-20]. Various reports show cellulose-
based materials are promising for removing heavy metal compounds in water [12,13,21-24].
The fundamental understanding of the adsorption of heavy metals on the cellulose biopolymer
is a prerequisite in designing effective adsorbent material. Despite its importance, limited
studies examine the interaction of heavy metals and biopolymers at the fundamental level
[25,26].

Herein, we explain in detail the adsorption mechanism of the neutral As atom on the
cellulose biopolymer. The density functional theory (DFT) is utilized for the entire
calculations, which is proven to be an indispensable method for studying chemical interaction
[25,27-29]. The charge density difference, charge transfer, electronic band structure, and
optical absorption spectra of cellulose-As systems are calculated to obtain the perspicacity of
the chemical interaction. The findings indicate that the As is strongly adsorbed on the
cellulose's hydroxyl and hydroxymethyl group, and a relatively weaker interaction is observed
on the cellulose's backbone. The adsorption of As leads to the appearance of impurity states
near the Fermi level, thus lowering the cellulose bandgap of cellulose-As systems. These new
impurity states cause new peaks in the visible region of the optical absorption spectra. The
change in cellulose's bandgap and optical response upon adsorption of As is a valuable criterion
for sensing As. These results provide new information as a reference for future works on
biopolymer and heavy metals systems.
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Figure 1. (a) The simulation box of cellulose used in the calculations and (b) the corresponding 1x1x3 supercell
of the cellulose biopolymer.

2. Materials and Methods

All DFT calculations are carried out using Quantum Espresso within generalized
gradient approximation (PBE parametrization), Optimized Norm-Conservinng Vanderbilt
Pseudopotential, plane-wave basis set, and Grimme-D3 dispersion correction [30-33]. The
energy and charge cutoff is set to the standard value, 60Ry, and 240 Ry, respectively. The
optimization calculation sets the energy and force threshold to 10°Ry and 10°Ry /Bohr,
respectively. A 1x1x5 k-points centered at the I'-point are used in the optimization calculations.
https://biointerfaceresearch.com/ C20f9
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There are 30 k-points used to estimate the electronic band structure of the studied systems
sampled between I' and Z high symmetry points. The dielectric constant of the studied systems
is calculated using Random Phase Approximation (RPA) with 143 bands considered
implemented in the epsilon post-processing tool of Quantum Espresso.

3. Results and Discussion

The optimized configuration of cellulose and the simulation box is displayed in Figure
la, and its corresponding supercell is shown in Figure 1b. The vacuum slab is included to
isolate the cellulose chain and avoid the long-range effect of van der Waals force between
periodic images of the biopolymer. The dimension of the simulation box is 21 A x 16 A x 10.49
A. The length of the cellulose is obtained by performing variable cell optimization, ensuring
that the cellulose chain is not under stress in the z-direction. The resulting length agrees with
the reported cellobiose in crystal form (~10.38 A) [34,35]. The minor difference in the unit
length is attributed to the chemical environment and the intrinsic limitation of both DFT
calculations and experimental methods. The calculated bandgap of cellulose is ~ 4.98 eV,
which agrees with the experimental and theoretical reports [36,37]. This further verifies that
DFT within PBE level theory can provide useful information for studying cellulose
biopolymers and other natural polymers [25,36,38].

() (b)

©) (d)

H ocC @0 O As
Figure 2. The cellulose chain's optimized structure (left) and the corresponding charge density difference (right)
with adsorbed As in four sites. The As is near the (a) hydroxyl group and (b) hydroxymethyl group of the
cellulose. (c)-(d) the As is placed in the cellulose's backbone. The accumulation and depletion of the electronic
charge are denoted by yellow and cyan isosurface, respectively.

https://biointerfaceresearch.com/ 30f9


https://doi.org/10.33263/BRIAC136.571
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC136.571

There are four sites studied for the adsorption of As. In Figure 2a and Figure 2b, the
initial placement of the As is in the vicinity of the hydroxyl and hydroxymethyl groups,
respectively. The binding energy in these regions (Figure 2a and Figure 2b) are -1.07 eV and -
0.92 eV, respectively. There is relatively lower binding energy when the As is at the cellulose's
backbone regions, as shown in Figures 2c (-0.34 eV) and 2d (-0.67). Although these results
indicate that cellulose can be utilized to trap As, a lower magnitude of binding energy suggests
that As can quickly diffuse if enough energy is gained.

Aside from calculating the binding energy and the interaction distance, electronic
distribution is also crucial for the non-trivial differentiation of chemical interaction [39-41].
The corresponding charge redistribution is visualized by calculating the charge density
difference shown in the right panel in Figure 2. Generally, Figure 2a-Figure 2d revealed that
the depletion of electronic charge is mainly at the cellulose chain and accumulates towards the
As region. Using Bader charge transfer analysis, the As in Figure 2a, Figure 2b, Figure 2c, and
Figure 2d accumulate 0.045 e, 0.035 e, 0.153 e, and 0.046 e, respectively.

(a) (b) (c) (d)
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Figure 3. The 2D-ELF of cellulose-As systems. The As atom adsorbed on (a) hydroxyl group, (b)
hydroxymethyl group, and (c)-(d) cellulose's backbone.
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Figure 4. The electronic band structure of the studied configurations was calculated from I" — Z k-path. (a)
Isolated cellulose has a wide bandgap of 4.98 eV. Cellulose-As configurations, the adsorption sites of As are
near the (b) hydroxyl group, (c) hydroxymethyl group, (d) cellulose's backbone in Fig.2c, and (e) cellulose's

backbone in Fig.2d.
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The electron localization function (ELF) is further calculated to examine the topology
of electronic localization further to distinguish between chemical or physical bonding [39]. Red
to yellow ELF basin indicates highly localized electrons interpreted as a lone pair or strong
chemical bonding. Metallic bonding is depicted by yellow to cyan ELF basins. Figure 3a-
Figure 3d illustrates sharing of electrons indicated by faint green ELF basins at the interface of
As and cellulose. This type of interaction is similar to metallic-organic interaction [39].

Table 1. Summary of interaction distance, binding energy, charge transfer, and bandgap of cellulose-As systems.

Configuration Bonding Interaction Binding !Charge Bandgap
Distance (A) Energy (eV) Transfer (e) (eV)
Fig.2a — Site 1 O-As 2.06 -1.07 0.045 1.63
Fig.2b — Site 2 O-As 2.07 -0.77 0.035 1.41
Fig.2c — Site 3 H-As 1.89 -0.35 0.153 0.31
Fig.2d — Site 4 O-As 2.12 -0.66 0.046 1.37

1Gain of electronic charge of As.

The electronic band structure of cellulose with adsorbed As in all sites is displayed in
Figure 3. Note that the Fermi level is taken as the reference. The flat bands and wide bandgap
nature of cellulose are evident in Figure 4a, verifying its insulating property [36]. The
adsorption of As on the cellulose creates impurity states near the Fermi level, thus, reducing
the bandgap of cellulose-As systems. The bandgap is related to the conductivity and absorbance
spectra of material; hence it can be the basis for sensing adsorbed foreign chemicals. The
relevant information relating to the cellulose-As systems is summarized in Table 1.

The absorbance spectra of cellulose and cellulose-As systems are displayed in Figure
5a (0 eV to 15 eV) and Figure 5b (0 eV to 6 eV).
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Figure 5. The absorption spectra of the cellulose-As systems in the photon energy range of (a) 0 eV — 15 eV
and (b) 0 eV —6 eV.

https://biointerfaceresearch.com/ 50f9


https://doi.org/10.33263/BRIAC136.571
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC136.571

The absorption spectrum (dropped black lines) in Figure 5a and Figure 5b shows
cellulose absorbing light near its bandgap energy (~4.98 eV) in the UV region in agreement
with experimental findings [42]. A drastic increase in the absorbance coefficient is observed
from ~5 eV to ~10 eV of the cellulose. It should be noted that the absorbance coefficient in
higher photon energy (>10 eV) is greatly affected by the number of bands included in the
dielectric constant calculations. Thus, trends in this region should be interpreted carefully. In
Figure 5b, the absorbance spectrum of cellulose with adsorbed As appears to have shifted to
the lower photon energy. The shift of absorption spectra is due to the reduction of bandgap and
realignment of energy levels shown in Figure 4b-Figure 4e. The general trends in the
absorbance spectrum of the cellulose are reproduced in the cellulose-As systems in photon
energy > 5 eV, except for the appearance of new sharp absorption peaks. Since the findings
demonstrate significant modification of the cellulose optical response on exposure to atomic
As, we anticipate the results here open the possibility of a cellulose-based optical sensor for
the detection of atomic As. This can be a valuable reference for identifying the optical
fingerprint of atomic As on cellulose.

The findings discussed here supports experimental results in removing heavy metals
using cellulose-based material [43—48]. It is known that As(lll) and As(V) are the usual
oxidation state of As in water, so many experiments are dedicated to this. For example, Tian et
al.[49] shows that arsenic compounds in the form of AsOs>~ and AsO; ~ can be efficiently
adsorbed on the modified cellulose. Ciopec et al.[50] provide an assessment of As(V) removal
using activated cellulose fibers. The finding indicates that the adsorption is chemical, based on
the calculated activation energy. Their result is in agreement with our findings presented here.
Generally, the main advantage of cellulose-based as an adsorbent is its large surface area,
multiple active adsorption sites, and susceptibility to chemical transformation.

Overall, the DFT calculation demonstrates that cellulose can be utilized for trapping
and sensing As. The main reason for the success of cellulose as adsorbent material for As is
due to its many active sites. The results presented here provide fundamental insights into the
interaction of the As with the cellulose biopolymer. It should be noted, however, As exist in
various compound forms. Thus, further study on the interaction of the As compounds should
be evaluated to obtain a solid conclusion and explain experimental findings. Moreover, the
solution effect on the interaction of the cellulose was not considered, which is necessary for an
accurate description of interactions. Nevertheless, the results discussed provide fundamental
trends and the nature of the interaction of cellulose and As systems, bridging the literature gap.

4. Conclusions

The adsorption of the neutral As on the cellulose biopolymer is systematically assessed
using first-principles DFT with Grimme-D3 dispersion. The optimized atomic configuration of
cellulose-As systems indicates that the As can spontaneously adsorb in various sites of the
cellulose. Stronger interaction is observed when the As bonded with the hydroxyl and
hydroxymethyl groups and is minimal in the cellulose's backbone. These results are verified
by performing the Bader charge transfer analysis and examining the redistribution of the
electrons. The results yield solid evidence that cellulose is effective as renewable adsorbent
material for trapping As. It is further found that the adsorption of As creates impurity states
near the Fermi level, lowering the bandgap of the cellulose-As systems. The reduced bandgap
allows the cellulose-As systems to absorb light in the visible region. These significant changes
in the electronic bandgap and optical absorbance spectra can be considered a fingerprint for As
https://biointerfaceresearch.com/ 60f9
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adsorption. The obtained results provide a fundamental understanding of the bonding
mechanism of As with cellulose biopolymer. This study will reference future works on
cellulose-based adsorbent materials to remove heavy metals from fresh water.
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