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We present a computational study of the adsorption of arsenic species onto a modified chitosan membrane. We
found that absorbing arsenic onto a chitosan-modified membrane can be broken down into two steps: a weak
hydrogen bonding occurs, followed by two-layer arsenic adsorption. The most stable arrangement is a one-side
conformation, where arsenic interacts only in a certain side of the chitosan. Molecular dynamics simulations
show the formation of two layers during arsenic adsorption: a primary layer with direct interactions between
chitosan and arsenic molecules and a secondary layer where arsenic molecules interact with each other and the
primary layer. The results of this work can be used in the context of membrane design.

1. Introduction

Arsenic is a natural component of the subsoil, but its presence in
drinking water harms health [1]. Consumption of water contaminated
with arsenic can cause cardiovascular, liver, hematological, neuronal,
renal, and respiratory problems, and it is associated with different types
of cancer (skin, lung, liver, and bladder) [2]. At least 8.81 million people
have been exposed to arsenic concentrations above established limits
(WHO established a limit of 10 g/L) [3,4]. The arsenic contamination
comes from anthropogenic sources such as mining, agriculture, and
carbon combustion processes or from natural processes, such as volcanic
eruptions and weathering of rocks, which contain arsenic [5]. In Mexico,
40 % of the population is supplied with water from underground sour-
ces, where a large part of the aquifers are contaminated with arsenic in
the semi-arid and arid areas of the center and north of the country.

Different arsenic removal techniques have been developed, ranging
from precipitation processes, ion exchange, membrane filtration, coag-
ulation, and flocculation. However, some of these have disadvantages,
such as sludge generation, specialized labor requirements, or high
maintenance costs [6]. Among these processes, adsorption methods are
the most attractive since their associated materials are selective to
specific contaminants [7].

The removal of arsenic using adsorption processes depends mainly
on the structures and reactivity of the arsenic species. Arsenate (As(V)) is
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found in an aqueous medium as H»AsOjy in a pH range of 3 to 6, as
HAsOZ between 8 and 10.5 while around 6 to 7, both species coexist;
However, at pH = 2, the dominant species is H3AsO4, and after 12, AsO%’
is the only observed [8]. The adsorption methods can remove negatively
charged species (HzAsOA/HAsO%’) by electrostatic interaction with the
adsorbent surface by two possible mechanics. External sphere mecha-
nisms carry out adsorption by electrostatic interaction since metal ions
interact only with the surface of the functionalized material and are
absorbed into it. On the other hand, the adsorption of arsenates can also
occur through internal sphere mechanisms where arsenate ions diffuse
and form complexes inside the membranes [9,10].

Iron oxides, magnesium, aluminum, zinc, iron compounds, bio-
carbon, and clay minerals stand out among the materials used as ad-
sorbents of arsenates. Polysaccharides such as cellulose, chitin, chitosan,
alginate, pectin, and starch have also been used [11,12]. Chitosan is
highlighted for its abundant availability, structural characteristics, non-
toxicity, biocompatibility, and competitive arsenic removal from water
[13]. Chitosan is a derivative of chitin obtained by the deacetylation
process and is composed of f-(1 — 4)-2-acetamido-p-glucose and $-(1 —
4)-2-amino-p-glucose units. Chitosan has primary and secondary amino
functional groups (-NHj), acetamido groups (-CHyCONH-), and hy-
droxyl groups (—-OH) at the C2, C3, and C6 positions, respectively. The
presence of these functional groups (amino and hydroxyl) makes chi-
tosan an efficient material for removing arsenic from water; since these
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can be protonated in acidic media, generating electrostatic attraction
between the arsenates and the protonated chitosan, however, at alkaline
PH, electrostatic repulsions are generated, generating a decrease in the
adsorption of arsenic [14]. The arsenic adsorption on chitosan occurs by
electrostatic attraction from free electron pairs, ion exchange, diffusion
processes, metal chelation, or complex formation [15]. However, the
mechanism of As(V) sorption on chitosan-based materials remains
controversial regarding elucidating the coordination mechanism of
arsenic oxyanions and chitosan since this not only depends on the
functional groups of chitosan. There are efforts to depict the interaction
between arsenic species and inorganic surfaces [16-18] and chitosan
[19-22]. Recently, our research group reported a new material (poly-
propylene-chitosan) that demonstrated the ability to remove arsenic (V).
The efficiency of chitosan supported on a modified polypropylene
membrane achieved 75 % removal. We also found that the adsorption
capacity increased as the pH decreased, observing that at pH = 1, the
greatest removal of As (V) [14].

This paper studies the intermolecular interaction between chitosan
and arsenic species. We found that the process of absorbing arsenic onto
a chitosan-modified membrane can be broken down into two steps: a
weak hydrogen bonding occurs, followed by two-layer adsorption. This
has been proven through static calculations and MD simulations. Ac-
cording to the results, the most stable arrangement is a one-side
conformation, where arsenic interacts only in a certain side of the chi-
tosan. The level of stability significantly depends on the number of [As]-
[As] interactions present. The results can be used in the context of
membrane design.

2. Computational methods

The interactions between arsenic and chitosan were studied in static
and dynamic ways, using DFT and semi-empirical calculations to
describe their evolution. The widely known structure for chitosan [23] is
shown in Fig. 1.a), whereas the dimer model employed in this work is
depicted in Fig. 1.b). Thus, before the DFT calculations, a conformer
search was carried out using the CREST method for all the systems
studied [24]. Then, the optimization calculations were performed using
wB97X-D3/def2-TZVP [25] at the theoretical level and the implicit
CPCM model for water [26] using Orca 5.0.3 [27]. wB97X-D3 has been
proven helpful in studying polymer structure and polymer-substrate
interactions with metal [28] and non-metal-containing molecules
[29-31]. Similarly, def2-TZVP has demonstrated success in the simula-
tion of polymeric systems [32,33]. We considered protonated states at
pH = 1. Garcia-Garcia et al. [14] have shown that the highest adsorption
capacity of As(V) is reached around pH 1. The Kohn-Sham orbitals of
each optimized system were calculated and analyzed using AIMAIl code
[34] to obtain the system’s molecular graphs and bond critical points
properties, as defined by the Quantum Theory of Atoms in Molecules
(QTAIM) [35].

The semi-empirical approach used the GFN1-xTB method [36] as
implemented in CP2K 8.1 [37]. The extended tight binding formalism
(xTB) is well known for its ability to predict structural changes in
complex systems [38,39]. This method has found broad applications in
polymer studies [40,41], specifically in exploring the hydrogen bond
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formation process [42] and chitosan structure interaction with diverse
substrates [43,44].

Although the Chi-As interaction has been modeled using computa-
tional approaches to the best of our knowledge, a computational model
that addresses the entire membrane-solute interaction is needed
[10,21,45,46]. For this reason, a more complex model was proposed to
analyze the dynamic interactions of the arsenic with the chitosan in a
grafted state and solvent molecules to simulate the experimental results.
The polypropylene membrane (PP) was modeled by an aliphatic chain
containing 26 carbon atoms. Grafted to the membrane, three acrylate
units were placed equidistantly and used as a bridge to bond six units of
chitosan through the -NH; groups, as proposed by Adhikari et al. [47].
Finally, twelve H3AsO4 molecules were included in the calculations,
along with 276 explicit water molecules and Cl" atoms as counterions.
The molecular dynamics (MD) trajectory was propagated 180 picosec-
onds in an NVT ensemble with a 1.0 fs time step. All the analyses over
the trajectory were done employing CPPTRAJ [48], VMD [49], and
Pymol [50].

3. Results and discussion
3.1. Chi-As interactions

Two kinds of chitosan-arsenic acid (Chi—[As]) interactions were
considered for the electronic structure calculations. The first corre-
sponds to a one-sided Chi—[As] interaction, in which the H3AsO4
molecules interact solely on one face of the organic rings. The other
approximation is a both-side interaction, in which arsenic molecules
interact on both sides of the chitosan monomers. Fig. 2 presents these
two modes of interaction.

Fig. 3 presents the molecular graphs for Chi(H3AsO4)s. A bond crit-
ical point (BCP), shown in orange in Fig. 3, refers to a saddle point in the
electron density between two nuclei. The properties of a BCP are
essential for identifying and classifying chemical bonds and interatomic
reactions [51]. Not only that, but they also play a crucial role in
calculating interaction energies [52-55]. The bond paths (BP), shown
with solid green lines, are the trajectories along which the electron
density is at the maximum between two nuclei and passes through the
bond critical point. These graphs show several interactions between
hydrogens and electronegative atoms through the formation of
hydrogen bonds. This kind of interaction appears within all the struc-
tures analyzed in this work. Besides, interactions between H3AsO4
molecules are presented in the one-side interaction mode. This set of
interactions can lead to a stabilization of the system, as seen in Table 1.

Table 1 presents Free Energy values for the Chi-[As] adsorption
process, considering the global and successive adsorption routes
described in Egs. (1) and (2). The global adsorption process represents
the adsorption of a total number of arsenic molecules originating from
the isolated chitosan moiety. In contrast, the successive adsorption
process denotes the addition of one H3AsOy initiating from a chitosan
molecule already containing an absorbed arsenic molecule. The most
stable process is, in fact, the successive adsorption of two acid molecules
by one side of the polymer, which could be attributed to the larger
number of interactions presented in the one-side interaction complex.
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Fig. 1. A) on the left is the chemical structure of chitosan. b) at the right, the model is employed in dft calculations. amine groups were protonated to simulate ph
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Fig. 2. Chi-As interaction modes observed in QM calculations. On the left, one-side interaction: arsenic molecules interact only on one side of the chitosan rings. On
the right, both-side interactions: arsenic molecules approximate on both sides of the rings, producing a “sandwich” configuration. Light purple molecules indicate
that more H3AsO4 can approach the chitosan substructure. Dotted lines represent schematic interaction.

Fig. 3. Molecular graphs for a) One-side and b) Both-side interaction in the Chi(H3AsO4), system. Orange dots depict the bond critical points. Ring a cage critical

points are hidden.

Table 1
Global and successive AG (in kcal/mol) for systems with different accommo-
dation patterns of the arsenic acid on chitosan.

H3AsO4 molecules One-side interaction Both-side interaction

Global AG Successive AG Global AG Successive AG
1 6.1 6.1 6.1 6.1
2 -0.9 -7.1 12.2 6.1
3 5.8 6.7 8.2 9.1
4 16.3 10.5 9.7 4.0

The system reaches greater stabilization when it already has some
arsenic molecules attached. Nevertheless, these interactions show small
free energy values, which indicate the weak nature of the interactions.

(1) The global process where n >=1

Chi 4+ nH3As04 — Chi(H3As0y), (@]

(2) And the successive adsorption process where m >= 0

Chl(HzAbO4)m + H3ASO4 - Chi(H3ASO4)m+1 2)

3.2. Evolution of Chi-As interactions

We simulated the polypropylene-chitosan + arsenic model described
in Section 2 to study the dynamic evolution of the Chi-As interactions. A
visual image of the adsorption process is essential to understanding the
whole dynamic of the system. With this in mind, the propagated tra-
jectory containing 181 K frames was analyzed through a DBScan clus-
tering algorithm to obtain the representative conformations of the
complete process. Six representative structures are shown in Fig. 4.

As discussed in section 3.1, the most stable process corresponds to
Chi(H3AsO4), formation in a one-side interaction. For this reason, at the
beginning of the MD simulation, 12 H3AsO4 molecules were placed
around 3 A of the chitosan chain. Thus, 3 chitosan dimmers interact with
12 arsenic molecules, forming the complex PP-Chig(H3AsO4)12. This
structural arrangement is supported by experimental evidence con-
cerning the predominant interaction between As and Chi in complex
matrices. [12,56,57] At the beginning of the simulation, all arsenic
molecules are found close to the chitosan chain. Across the trajectory,
the molecules redistribute on top of the model, steadily forming a first
interaction sphere between arsenic and chitosan, followed by a second
sphere where H3AsO4 molecules interact directly with the first sphere, a
similar array found by El Kaim Billah and coworkers [21]. This config-
uration closely resembles the structures presented in the DFT modeling
section.
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Fig. 4. Representative structures for the structural change during the MD trajectory. Dotted orange lines illustrate the [As]-[As] interaction; dotted yellow lines

illustrate the Chi-[As] interaction.

In contrast with the static QM calculations, several proton exchanges
are visualized during the propagation of molecular dynamics. Acid
protons are interchanges between H3AsO4 and water molecules of the
solvent. However, protons attached to -NH3 groups do not interchange,
as they are involved in the Chi-As interactions. Applying the same
clustering method, the most representative structure of the whole tra-
jectory was obtained. This configuration is shown in Fig. 5. The mo-
lecular graph of that conformation was calculated employing a wave
function, which was calculated at the same level of theory (WB97X-D3/
Def2-TZVP).

The molecular graph in Fig. 5b reveals the intricate structure formed
atop the membrane. It can be seen that several bond paths are evident
between arsenic and chitosan molecules. Here, diverse kinds of inter-
molecular interactions are exhibited, such as hydrogen bonds between
arsenic and amino or hydroxyl groups, as reported experimentally [20],
but also O—O interactions, and even H—H interactions. [56].

Considering the dynamic nature of the simulation, a structural
analysis was performed for the whole propagated trajectory. The system
was divided into i) an aliphatic carbon chain, ii) a chitosan chain, and
iii) H3AsO4 molecules. Fig. 6 presents the calculated RMSD of the three
different sections of the system. After 40 ps, the aliphatic chain is
partially stabilized, and only a brief change is observed around 110 ps,

Chitosan
7 C-Chain
Arsenic

RMSD [A]
D

0 20 40 60 80 100 120 140 160 180

Time [ps]
Fig. 6. Calculated RMSD for different sections within the model.
corresponding to a conformational change of a brief chain folding.

However, because of the conformation restriction of the chitosan poly-
mer, the aliphatic chain returns to a linear conformation. This confirms

Fig. 5. a) A representative membrane structure was derived from the entire md trajectory using a clustering method. only some bonded interactions are depicted. b)
molecular graph of the same system, depicting the whole set of as-as and chi-[as] interactions.
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that significant chemical interactions with the arsenic molecule do not
occur in this membrane area. The aliphatic chain only serves as a scaf-
fold that provides structure to the membrane.

In contrast, RMSD for the chitosan chain slowly increases. It presents
an abrupt change after 40 ps and a steady increment through the
simulation. In the same way, the arsenic molecules diffuse through the
polymer as expressed by the quasi-lineal change in the RMSD.

The molecular graph shows that the interactions between arsenic
molecules and chitosan structures are primarily hydrogen bonds, as
theoretical [10,21,45] and experimental data suggested [20,56]. For
this reason, the number of hydrogen bonds between the chitosan chain
and acid molecules was calculated and depicted in Fig. 7. In the first 20
ps, numerous interactions were observed, attributed to the initial
placement of the H3AsO4 molecules. However, as the simulation prop-
agates, the count of hydrogen bonds between chitosan and arsenic
molecules decreases, stabilizing at around three bonds, neglecting the
interactions among arsenic molecules. Once the system is relaxed, the
number of hydrogen bonds fluctuates. It can be seen that around 110 ps,
the number of hydrogen bonds between chitosan and arsenic di-
minishes, which can be related to the temporary change of the aliphatic
chain structure. Considering the interaction between arsenic molecules,
including the [As]-[As] contacts, the overall number of bonds is bigger,
fluctuating around 6. This indicates that the system presents interactions
between the biopolymer and the chitosan, but also interactions between
arsenic molecules are essential to understanding the entire adsorption
process.

To better understand the structural arrangement governing the
intermolecular interactions in the adsorption process, the radial distri-
bution functions (RDF) were calculated and shown in Fig. 8. Interactions
between electronegative and hydrogen atoms were considered for both
chitosan and arsenic molecules: 1) hydrogens from chitosan with oxy-
gens from arsenic, Chi(H)-As(O) and 2) electronegative chitosan atoms
with hydrogen atoms from H3AsO4, Chi(N,0)-As(H). In both distribu-
tions, a prominent peak occurs at approximately 1 A, suggesting the
presence of a well-defined first interaction shell. However, two addi-
tional peaks become clear in the Chi(H)-As(O) distribution. This sug-
gests the formation of a second arsenic sphere over the chitosan.
Therefore, the adsorption process of the arsenic over the chitosan occurs
through a first interaction sphere formation, forming hydrogen bond
interactions between chitosan and arsenic. After that, another

Chi--As

12 |

0 20 40 60 80 100 120 140 160 180

Chi--As, As--As |

Number of Hydrogen Bonds

0 20 40 60 80 100 120 140 160 180
Time [ps]

Fig. 7. Number of bonds calculated between the arsenic molecules and the
chitosan moiety. The distance for donor-acceptor interactions was established
at 3.5 A, with an angle cutoff of 20°. Top: Hydrogen bonds between chitosan
and arsenic moieties. Bottom: Hydrogen bonds between chitosan-arsenic and
arsenic-arsenic molecules.
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04 |

0.3 A
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Radial distribution function (r)

riAl

Fig. 8. The radial distribution function for the arsenic-membrane interactions.

interaction shell is formed between arsenic molecules through hydrogen
bonds, as discussed above.

Diaz-Gomez et al. [58] have shown that the magnitude of the po-
tential energy density at a BCP, V(rpcp), is directly linked to the inter-
atomic interaction energy. The total interaction energy results from the
summation of V(rgcp) at each Bond Critical Point, weighted by a con-
stant that depends on the interaction as expressed in Eq. (1). The con-
stant is 0.5 for hydrogen bonds determined empirically [52] and 0.433
for other weak interactions [58]. Table 2 depicts key properties of the
interactions presented in representative systems. The complex Chi
(H3As04), was selected for the static DFT model due to its stabilization
in the one-side configuration. Analysis of Chi(H3AsO4)2 in both-side
configuration was also conducted for comparison.

AE;,, Y "0.5V(rBCP) + Y 0.433V(rBCP) @
HB A...B

Considering the molecular dynamic simulation, a representative struc-
ture for the PP-Chi3(H3AsO4)12 system was chosen. The count of in-
teractions was done using the number of bond critical points along bond
paths between the membrane and substrate atoms. The two Chi
(H3As04), models observe equal interactions. However, the both-side
configuration lacks interaction between arsenic molecules, as shown
in Fig. 3b. In both arrangements, the hydrogen bond interactions are
predominant. Although the number of interactions is the same, the sum
of the electronic density in the BCPs differs, being larger in the one-sided
structure. For both Y p(rBCP) and AE;,; quantities, the [As]-[As] in-
teractions provoke important changes in the total values.

The proportion of interaction types significantly influences AEjy
values. The larger value for the one-side structure nearly doubles that
presented in the both-side configuration. This is attributed to the sta-
bilizing effect of [As]-[As] interaction. The same behavior was observed
in the adsorption energy presented in Table 1. There is a relationship
between the count of interactions within arsenic moieties and the
decrease in the interaction energy. In turn, the PP-Chig(H3AsO4)12 sys-
tem presents a significant increase in the count of interactions in both
Chi-[As] and [As]-[As] parts. The molecular dynamics simulation ex-
plores multiple conformations where arsenic molecules interact with the
chitosan moiety and other H3AsO4 molecules. This way, the total
number of interactions is five times larger than that in the isolated Chi
(H3AsO4); structure. It also can be seen that the larger contributions in
the analyzed properties appear due to the interaction between arsenic
molecules.

Therefore, it is proposed that the most crucial phenomena during the
arsenic adsorption on top of the modified membrane are the [As]-[As]
interactions. As the adsorption progresses, some arsenic molecules
interact directly with the membrane, inducing system stabilization.
Nevertheless, the process follows the energy stabilization gained
through interactions of other arsenic molecules with those already
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Table 2
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Interaction energy and total electron density at BCP for the interaction between chitosan and arsenic molecules.

Model Number of interactions

> p(rBCP) [a.u.] AE;y [kecal/mol]

Chi-[As] (Hbond/Other) [As]-[As](Hbond/Other) Total(Hbond/Other) Chi-[As] [As]-[As] Total Chi-[As] [As]-[As] Total
Chi(H3As04)- 8/2 1/1 9/3 =12 0.219 0.063 0.282 —61.6 —-20.7 —82.2
One-Side
Chi(H3As04) Both-Side 10/2 0/0 10/2 =12 0.181 0.000 0.181 —45.7 0.0 —45.7
PP-Chiz(H3As04)12 18/13 10/18 28/31 =59 0.315 0.553 0.868 —63.9 —243.0 —-307.9

absorbed. In this manner, the membrane can achieve a stable structure
formed by at least two H3AsO4 shells atop the chitosan moiety.

4. Conclusions

The adsorption of arsenic onto a chitosan modified membrane is a
complex process. Computational modeling provides valuable informa-
tion about the intricate interaction at a molecular level. The study pre-
sented here reveals some insight into the adsorption reaction. The initial
step involves interactions between arsenic molecules and electronega-
tive atoms by forming hydrogen bonds. The DFT static calculations show
that the adsorption energy is only an exergonic process when two
H3AsO4 molecules are involved for each chitosan dimmer. The magni-
tude of the free adsorption energy denotes that weak interactions are
involved during the process. Using this model, the most stable structure
was observed for Chi(H3AsOg4), in a one-side conformation. In this
configuration, the arsenic molecules interact only on the side of the
chitosan rings. In contrast, both-side conformation presents a chitosan
moiety in between arsenic molecules. On the other hand, molecular
dynamics simulations were useful for studying the dynamics during
arsenic adsorption. The process involves the formation of two layers.
The primary layer features direct interactions between the chitosan
moiety and H3AsO4 molecules, whereas the secondary layer presents
arsenic interactions with each other and the initial layer. Interestingly,
the arsenic-arsenic interactions within the secondary layer are crucial in
structure stabilization. At the same time, the overall membrane struc-
ture remains almost unadulterated during the process. Analysis of spe-
cific molecular interactions through computational chemistry can
provide valuable insights into the membrane—substrate. The results of
this study support the activity of new material developed in our group
that demonstrated the ability to remove arsenic (V) in 75 % removal.
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