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Abstract

Discharge of untreated wastewater by textile industries causes environmental, health, and aquatic
life problems which requires urgent development of cost-effective and sustainable materials that
can be integrated with innovative treatment technologies to address water scarcity. Chitosan (CHT),
an eco-friendly versatile biopolymer, extracted from shrimp and crab shells, has huge potential in
sustainable wastewater treatment applications owing to its biodegradability, excellent adsorbing
and film forming capability. In this study, we employed Monte Carlo (MC) simulation approach to
investigate the adsorption of hazardous anionic, cationic and neutral dye pollutants comprised of
reactive, basic, and disperse classes on CHT (110) surface material. The obtained adsorption energy
in Kcal/mol against CHT was found in the order of anionic RR195 (-996.1) > anionic RO16 (-
753.5), cationic BV10 (-635.5) > neutral DY3 (-627.7) dyes which indicated a spontaneous
adsorption process with physisorption playing a dominant role through electrostatic and van der
Waals interactions. Our research emphasized the utilization of CHT biopolymer which has
excellent potential in coagulation, flocculation, adsorption, and membrane separation wastewater
treatment processes. Our investigation also scrutinized challenges and future prospects of CHT-
based materials, emphasizing the potential role of this natural biopolymer in promoting sustainable
water pollution management practices.

Keywords: Adsorption Energy, Biopolymer Chitosan, Monte Carlo Simulations, Sustainable
Wastewater Treatment.

1. INTRODUCTION

The textile industry is one of the major
industries of Pakistan, contributing 8.5% of
GDP and employing 40% of the workforce
[1]. The industry also generates over 5.2

ISBN 978-969-8535-73-5

billion US dollars which accounts for 60% of
the country’s exports [2]. The sector
contributes about 46% of the total industrial
production and 9% of the Gross National
Product (GNP) of the country [3]. On the
contrary, it poses a serious threat to the



environment such as water overconsumption
and water pollution. Every year, water
pollution is worsened by approximately
450,000 tons of dyes that are produced, as 40
liters of water is required to dye 1 kg of cloth,
resulting in  enormous quantities of
wastewater [4, 5]. Even more alarming is the
fact that only 1% of textile generated
wastewater is treated, which is far below the
sustainable development goal targets, i.e.,
50% [6]. The untreated textile effluents
contain toxic organic water pollutants such as
dyes which poses a great threat to human
health [7]. Moreover, dye pollutants affect
aquatic ecosystems leading to the loss of
biodiversity, and harming fish and other
wildlife [8]. It also affects soil quality which
causes the reduction in agricultural
productivity [9].

The development of sustainable, energy-
efficient, cost-effective and easy to
implement wastewater purification
technologies becomes essential [10]. By
harnessing the potential of innovative water
treatment technologies, Pakistan can make
significant progress in addressing its water
crisis and achieving SDGs [11]. An efficient
and sustainable wastewater treatment
contributes to reducing water waste,
lessening the strain on natural water
resources, and fostering a route toward clean
energy [12]. Wastewater treatment occurs
through a series of steps, including
coagulation, flocculation, sedimentation,
filtration, and disinfection. Advanced
wastewater treatment technologies such as
adsorption and membrane separation can
produce high-quality recycled water suitable
for agriculture, industrial use, and irrigation
which in turn conserves fresh water [13-15].
Out of different treatment methods available,
physical treatment involving adsorption using
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abundant biomass waste outperforms over
other methods [16].

Owing to the environmental toxicity and
secondary pollution caused by graphene,
activated carbon, and carbon nanotubes,
water treatment research has been shifted
towards the environmental friendly natural
materials [17-21]. Natural  bio-based
materials (BBMs) produced from biomass
(e.g., cellulose, pectin, alginate and chitosan)
are not only cost-effective but also possess
valuable functional groups (e.g., hydroxyl,
carboxyl, amino) for effective contaminant
adsorption. BBMs align with environmental
conservation and sustainability goals because
of their excellent physicochemical attributes,
chemical stability, and significant specificity
towards dyes, aromatic compounds and toxic
metals [22]. Among BBMs, chitosan (CHT)
outperforms in wastewater treatment due to
its abundance, excellent adsorption capability
and antimicrobial activity [23-25]. Despite its
huge potential, few computational studies are
found addressing the adsorption capability of
chitosan against persistent wastewater
pollutants. Present study aims to understand
the adsorption behaviour of four different
types of persistent wastewater dyes, i.e., azo,
reactive, basic and disperse (RR195, RO16,
BV10, DY3) on chitosan (110) surface using
Monte Carlo simulations.

2. MATERIALS AND METHODS

2.1. Selection of Dyes

Four different dyes were selected by
reviewing persistency in textile effluents
collected from different cities of Pakistan [26-
29]. Two anionic, reactive red 195 (RR195)
and reactive orange 16 (RO16), one cationic,
basic violet 10 (BV10), and one neutral,
disperse yellow 3 (DY3), bearing molecular
mass ranging from 1136.3 to 269.3 g/mol
were shortlisted as displayed in Table 1.



2.2. Modeling of Pollutants and

Material Surface

Four selected dye (RR195, RO16, BVIO0,
DY3) structures were modeled in Materials
Studio 2020 (Accelrys Inc., San Diego) and
then converted into suitable format for
subsequent geometry optimization. Chitin
crystallographic  information file (CIF)
bearing entry 1501776 was fetched from the
Crystallography Open Database (COD) and
modified by deleting acetyl group to form
deacetylated polymer chitosan [30, 31].
Chitosan crystal containing two monomers
was cleaved in (110) surface. Cleaved

chitosan (110) slab was extended with
thickness value 3 and then repeated in 2 x 3
supercell dimensions having 20 A vacuum in
C direction. COMPASS 1I force field was
used to assign charges and optimize dye
pollutants and material surface with ultrafine
quality and SMART algorithm [32]. Atom-
based and Ewald procedures were employed
to calculate the van der Walls with a cut off
distance of 18.5 A and electrostatic
interaction energies with an accuracy of
2.0x107° kcal/mol, respectively [33, 34].
Figure 1 shows the pictorial presentation of
optimized structures of four dyes and
designing of chitosan surface from chitin
crystal information.

Table 1: Selected dyes, their CAS-ID, 2D structures and their hazards.

CAS#/
S# | Dye Types / Names 2D Structure / Molecular Molar Mass Hazards
Formula
(g/mol)
E Teratogenicity,
Azo o carcinogenicity,
Anionic e 5 @ nervous system
1 Reactive Red 195 78 NH“”*‘Nj"‘ 93??2239 4 diseases,
(RR195) 4 Lo NQ o . ’ neurotoxicity, and
e v reproductive
C31H19CIN7019S6.5Na disorders
(I)\ 0, ONa
N N\‘ T - -
Reactive Orange 16 T OO g 20266127 5’58 ’ Same as above
(RO16) O'fs\o.\'a '
C20H17N3011S3.2Na
HsC cr ~CHs
3 Basic G N o E’ercm Neurotoxin, severe
Cationic O / 81-88-9 skin and eye
Basic Violet 10 coom 479 allergies, and
(BV10) Q gastrointestinal
CosHaN,04.Cl disorders
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Disperse oK ::-’“Hi ,lLT,cH
4 Neutral ;,lx L %,j o Allergic contact
. [ J’ 2832-40-8 .
Disperse Yellow 3 - 2693 dermatitis,
(DY3) ll—l, ' carcinogenicity
CisHisN3O2
2.3.  Monte Carlo Simulations approach comprised of 5 successive heating-

The metropolis Monte Carlo simulation of
each system (dye and chitosan) was
performed with and without water using the
Adsorption Locator module which simulates
an adsorbent surface loaded with an adsorbate
to find low energy adsorption sites [35].
Water and dyes were designated as adsorbate
and chitosan (110) as adsorbent surface. Each
system comprised one molecule of respective
dye and one chitosan (110) slab. In case of
aqueous medium, fifty water molecules were
added additionally. Simulated annealing

vaR195

Chitosan Crystal

Chitosan (110) Surface

® Carbon @ Nitrogen @ Oxuygen |

cooling cycles with 50000 steps per cycle
covering automatic temperature control of
100 K to explore the adsorption energy (Eaq)
of dyes onto chitosan (110) surface.
Adsorption energy Eaq is defined as;

Eaq = Ecomplex— (Esurface + Edye)
Where Edye, Esurface, and Ecomplex represent the
potential energy of dye, chitosan slab

(surface), and the complex of adsorbed dye on
the slab, respectively.

BV10

DY3

Chitosan (110) Slab

Figure 1: The optimized structures of four dyes (RR195, RO16, BV10, DY3) and designing
stages of chitosan (110) surface.
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3. RESULTS AND DISCUSSION

3.1. Monte Carlo Simulations

MC simulations assessed how different dyes
bind to the adsorbent and facilitated a robust
dye adsorption behaviour analysis in presence
and absence of water. Adsorption energy will
then be used to find a relationship between the
reactivity of dye pollutants and their
adsorption sites. Table 2 summarized
different energy values obtained using the

Adsorption Locator module for each chitosan
(110)/dye complex in absence and presence
of water. Descriptors obtained from MC
simulations include the total energy (Etotal) of
the dye-slab configurations, the rigid
adsorption energy (RAE), the deformation
energy (Eper), the adsorption energy (Eadgs =
Eper + RAE). Further, additional energy
descriptors were found where one of the
adsorbate species (dye or water) has been
removed (dEags/dNigye) and (dEads/dNin20),
respectively.

Table 2: Energy in kcal/mol obtained from adsorption locator for adsorption of RR195, RO16,

DY3, and BV10 dyes on chitosan (110) surface in presence and absence of water.

Dye System ETotal Eaas RAE Epet dEads/dNigye | dEAds/dNinzo
RR195 -94.90 -291.1 -252.3 -38.79 -291.1 -
?R195/Wate -411.6 -996.1 -601.5 -394.6 -528.7 -31.57
RO16 -124.5 -88.34 -81.53 -6.817 -88.34 -
RO16/Water | -401.4 -753.5 -377.4 -376.2 -286.2 -30.02
BV10 -84.81 -36.34 -38.16 1.830 -36.34 -
BV10/Water | -295.6 -635.5 -255.7 -379.7 -50.98 -28.07
DY3 -95.53 -37.49 -39.35 1.850 -37.49 -
DY3/Water -297.4 -627.7 -247.7 -380.0 -41.44 -29.38

The adsorption energy (Eads) is the most
important descriptor to understand the
strength of adsorption process and the nature
of interaction. Negative values of the (Eads)
show that all dyes could favourably interact
with the chitosan slab. Moreover, all
adsorption energy values in presence of water
(-996.1 to -627.7) are very high than the
values obtained in vacuum (-291.1 to -36.34)
provided that adsorption process is more
favourable in an aqueous phase. It is observed
that the order of adsorption onto the chitosan
slab is as follows; i.e., RR195 (-996.1) >
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RO16 (-753.5) > BV10 (-635.5) = DY3 (-
627.7) which means dyes carrying negative
charge adsorbed more strongly than cationic
and neutral dyes. Furthermore, the high
molecular weight of dye is responsible for
more strong interactions than the dye carrying
comparatively less molecular size, i.e.;
(11363 > 617.5 > 479 = 269.3 g/mol).
Deformation energy refers to the energy due
to relaxation of the dye onto the chitosan slab.
High negative values in presence of water
than lower values in vacuum suggested that
the adsorption of dyes is more stable in



aqueous phase. Comparison between
differential energy descriptors for the
removal of dye (dEadgs/dNigye) or water
(dEads/dNim0) clearly indicated that water
removal is far easier than the removal of dye.
We found almost similar values, i.e., (-31.57,
-30.02, -29.38, -28.07) for the removal of
water due to the same charge, size and
quantity of water molecules. However, ease
for removal of each dye depends on their
charge and molecular size. For instance,
higher negative values were obtained for the
removal of bigger size anionic RR195 (-
528.7), RO16 (-286.2) dyes as compared to
low molecular weight cationic BV10 (-50.98)
and neutral DY3 (-41.44) dyes in an aqueous
medium.

o b

4
¢ RR195

> ..

Figure 2A and 2B shows preferred adsorbed
configurations of four dyes (RR195, RO16,
BV10, DY3) onto chitosan (110) surface in
absence and presence of water, respectively.
In aqueous medium, solvation process further
enhances the adsorption of dyes. It is because;
the presence of water molecules increases the
formation and stability of dye-chitosan
interactions. Anionic dyes (RR195 and
RO16) established strong hydrogen bonding
interactions between their sulfonic acid group
and chitosan hydroxyl (OH) and amidic
(NHz) groups. Whereas, cationic (BV10) and
neutral (DY3) were able to create van der
Waals interactions mostly.

Figure 2A: The adsorbed configurations of four dyes (RR195, RO16, BV10, DY3) in absence of
water onto chitosan (110) surface.
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From the comparison of Figure 2A and 2B, it
is obvious that the role of surrounded water
molecules is more pronounced in the stability
of dye-chitosan interactions. Adsorption of
all dyes seemed to be more stable and firmed
in the presence of water which means selected

dyes from wastewater streams could be
strongly adsorbed and removed by the use of
chitosan surface. A comprehensive 2D
diagram illustrating the mechanism of dye-
chitosan binding is shown in Figure 3.

X F2 o P
nJ

BV10/H,® * v &

AN > -
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Figure 2B: The adsorbed configurations of four dyes (RR195, RO16, BV10, DY3) in presence of
water onto chitosan (110) surface.

3.2. Comparison with Experimental
and Computational Studies

Our results aligned with the previous
experimental observations where mitigation
of wastewater pollutants has been achieved
by the use of chitosan in diverse material
forms like beads [36], hydrogels [37],
adsorbents and separation membranes [38].
Further, chitosan has the effect of chelate
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formation that can be combined with colloidal
and suspended particles in water to form
larger flocculates and their easy removal [39].
Chitosan based composite membranes can
also be exploited in pressure driven
separation processes such as ultrafiltration,
nanofiltration, and reverse osmosis for
effective  and  diversified  wastewater
treatment [40]. We further extend our
discussion by the comprehensive comparison



of our findings with the various experimental
and computational studies on chitosan and its
composites as adsorbent material. Reactive
red 195 (RR195) removal using chitosan
particles was studied by J. Perez-Calderon et
al. showing favorable thermodynamics with
maximum monolayer adsorption capacity
(Om) of 82.1 mg.g! at pH=4 and 318 K
which means 84.2% removal in 10 h at the
300 mg/L initial concentration [41]. Further,
the study also indicated the successful
utilization of chitosan particles in
adsorption/desorption cycles emphasizing the
regeneration and reusability of the adsorbent
[41]. The author further improved their
results by using cross linked chitosan/oxalic
acid hydrogels by achieving 90.6% removal
efficiency [42]. Reactive orange 16 (RO16)
removal using chitosan-bentonite beads was
studied by A. Benhouria ef al. showing
favorable thermodynamics and physical
nature with maximum monolayer adsorption
capacity (Om) of 55.27 mg.g” ! at pH=3-10,

328 K, and 300 mg/L initial concentration
[43]. Rhodamine B (RhB or BV10) removal
was studied by Pompeu et al. using nano-
porous semi crystalline chitosan showing
maximum adsorption capacity (QOm) of
505.131 mg.g ' [44]. Table 3 shows the
comparison between adsorption energies of
various anionic dyes obtained through
adsorption locator using similar MC
simulation parameters [45, 46]. By the careful
analysis of adsorption energies obtained for
anionic dyes shown in Table 3, it is obvious
that chitosan (110) surface binds preferably
anionic dyes with high adsorption energy
followed by cationic and neutral dyes. In
summary, use of sustainable natural
biopolymer chitosan can play a crucial role in
addressing wastewater treatment problems
which will ultimately help in managing water
crisis, particularly in the context of climate
change, by reducing the strain on freshwater
resources.

Table 3: Comparison of adsorption energy in kcal/mol cited from different studies on chitosan
(110) surface for the adsorption of cationic and anionic dyes.

Dye/Water Type of Dye EAas Reference
Eriochrome Black (EB®") / 400 H,O anionic —1046.30 [45]
Eriochrome Black (HEB?") / 400 H,O anionic —1052.49 [45]
Eriochrome Black (H,EB™) / 400 H>O anionic —1042.53 [45]
Tartrazine (TRZ) /150 H,O anionic -8459.71 [46]
Sunset Yellow (SSY) /150 H2O anionic -5278.01 [46]
Brilliant Blue (BRB) /150 H>O anionic -2486.50 [46]
Reactive Red 195 (RR195) /20 H20 anionic -996.1 this work
Reactive Orange 16 (RO16) /20 H2O anionic -753.5 this work
Basic Violet 10 (BV10) /20 H2O cationic -635.5 this work
Disperse Yellow 3 (DY3) /20 H,O neutral -627.7 this work
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Figure 3: Schematic illustration of the adsorption mechanism of four dyes (RR195, RO16, BV10,
DY3) on chitosan.

4. CONCLUSION

As climate change exacerbates water scarcity,
adopting sustainable natural biomass derived
materials for wastewater treatment can
enhance water recycling and ensure a more
resilient water management system. Our
study summarized the use of chitosan (110)
surface as case study using Monte Carlo
simulations for the effective adsorption and
removal of four hazardous dyes comprising
reactive, basic and disperse classes. RR195
and RO16 are bigger in size and anionic in
nature which contributes their strong and
stable interactions with chitosan slab. While,
being cationic BV10 and neutral DY3, were
able to create van der Waals interactions on
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the chitosan surface. Future research
opportunities include chitosan composites
which would be able to mitigate broad range
of contaminants using computational guided
modeling. For the implication of chitosan in
the real-world wastewater scenarios,
associated challenges such as limited
durability, stability under varying conditions,
reduced efficiency for certain complex
contaminants, and difficulties in ensuring
reusability need to be addressed.

5. REFERENCES



. Ali Q, Anwar S, Makhdum MSA, Yaseen
MR. Impact of innovation on productivity
and efficiency: evidence from the textile
industry of Pakistan. J Econ Impact.
2023;5(1):22-31.

. Khan WU, Ahmed S, Dhoble Y, Madhav

S. A critical review of hazardous waste
generation from textile industries and
associated ecological impacts. J Ind
Chem Soc. 2023;100(1):100829.

. Mujtaba G, Muhammad N, Shah Q, Khan
M, Abbood NK. Water pollution hazards
and toxicity caused by textile industries
effluent. J ICT Des Eng Technol Sci.
2023:22-17.

. Dad A, Ahmed A, Zahid U. Sustainable

practices in the textile industry of
pakistan: challenges and opportunities.
Asian Bull Green Manag Cir Econ.
2024;3(1):143-57.

. Al-Tohamy R, Ali SS, Li F, Okasha KM,
Mahmoud YAG, Elsamahy T, Jiao H, Fu
Y, Sun J. A critical review on the
treatment of dye-containing wastewater:
Ecotoxicological and health concerns of
textile dyes and possible remediation
approaches for environmental safety.
Ecotoxicol Environ Saf.
2022;231:113160.

. Al-Gheethi AA, Azhar QM, Kumar PS,

Yusuf AA, Al-Buriahi AK, Mohamed
RM, Al-Shaibani MM. Sustainable
approaches for removing Rhodamine B
dye using agricultural waste adsorbents:
A review. Chemosphere.
2022;287:132080.

. Fida M, Li P, Wang Y, Alam SK,
Nsabimana A. Water contamination and
human health risks in Pakistan: a review.
Expo Health. 2023;15(3):619-39.

ISBN 978-969-8535-73-5

10

10.

11.

12.

13.

14.

. Noor R, Magsood A, Baig A, Pande CB,

Zahra SM, Saad A, Anwar M, Singh SK.
A comprehensive
pollution, South Asia Region: Pakistan.
Urban Clim. 2023;48:101413.

Akter T, Protity AT, Shaha M, Al Mamun
M, Hashem A. The impact of textile dyes
on the environment. In: Nanohybrid
Materials for Treatment of Textiles Dyes.
Singapore: Springer Nature Singapore;
2023. p. 401-431.

Sadiga A, Gulagi A, Bogdanov D,
Caldera U, Breyer C. Renewable energy
in Pakistan: Paving the way towards a

review on water

fully renewables-based energy system
across the power, heat, transport and
desalination sectors by 2050. IET Renew
Power Gener. 2022;16(1):177-97.
Ishaque W, Sultan K, ur Rehman Z. Water
management and sustainable
development in Pakistan: environmental
and health impacts of water quality on
achieving the UNSDGs by 2030. Front
Water. 2024;6:1267164.

Silva JA. Wastewater treatment and reuse
for  sustainable = water  resources
management: a systematic literature
review. Sustainability.
2023;15(14):10940.

Saravanan A, Kumar PS, Jeevanantham
S, Karishma S, Tajsabreen B, Yaashikaa
PR, Reshma B. Effective
water/wastewater treatment
methodologies for toxic pollutants
removal: Processes and applications
towards sustainable development.

Chemosphere. 2021;280:130595.

Khan SA, Ponce P, Yu Z, Golpira H,
Mathew M. Environmental technology
and wastewater treatment: Strategies to



15.

16.

17.

18.

19.

20.

21.

achieve environmental sustainability.
Chemosphere. 2022;286:131532.
Issaoui M, Jellali S, Zorpas AA,

Dutournie P. Membrane technology for
sustainable water resources management:
Challenges and future projections.
Sustain Chem Pharm. 2022;25:100590.
Tabish M, Tabinda AB, Mazhar Z, Yasar
A, Ansar J, Wasif 1. Physical, chemical
and Dbiological of textile
wastewater for removal of dyes and heavy
metals. Desalin Water Treat.
2024;320:100842.

treatment

Pikula K, Johari SA, Santos-Oliveira R,
Golokhvast K. Joint Toxicity and
Interaction of Carbon-Based
Nanomaterials with Co-Existing

Pollutants in Aquatic Environments: A
Review. Int J Mol Sci.
2024;25(21):11798.

Awasthi S, Srivastava A, Kumar D,
Pandey SK, Mubarak NM, Dehghani
MH, Ansari K. An insight into the
toxicological — impacts of  carbon
nanotubes (CNTs) on human health: A
review. Environ Adv. 2024:100601.

Lin H, Buerki-Thurnherr T, Kaur J, Wick
P, Pelin M, Tubaro A, Carniel FC,
Tretiach M, Flahaut E, Iglesias D,
Véazquez E. Environmental and Health
Impacts of Graphene and Other Two-
Dimensional Materials: A Graphene
Flagship  Perspective. =~ ACS  nano.
2024;18(8):6038-94.

Gamon F, Ziembinska-Buczynska A,
Lukowiec D, Tomaszewski M.
Ecotoxicity of selected carbon-based
nanomaterials. Int J Environ Sci Technol.
2023;20(9):10153-62.

Xue Y, Kamali M, Al-Salem SM, Rossi
B, Appels L, Dewil R. Naturally derived

ISBN 978-969-8535-73-5

11

22.

23.

24.

25.

26.

27.

28.

materials to enhance the membrane
properties in (waste) water treatment
applications-Mechanisms, scale-up
challenges and economic considerations.
J Water Process Eng. 2024;57:104647.
Al-Gethami W, Qamar MA, Shariq M,
Alaghaz AN, Farhan A, Areshi AA,
Alnasir MH. Emerging environmentally
friendly bio-based nanocomposites for
of dyes and
micropollutants from wastewater by
adsorption: a comprehensive review. RSC
adv. 2024;14(4):2804-34.

Das A, Ghosh S, Pramanik N. Chitosan
biopolymer and its  composites:
Processing, properties and applications-A

the efficient removal

comprehensive
2024;30:100265.
Pakdel PM, Peighambardoust SJ. Review
on recent progress in chitosan-based
hydrogels for treatment
application. Carbohydr Polym.
2018;201:264-79.

Spoiala A, Ilie CI, Ficai D, Ficai A,
Andronescu E. Chitosan-based
nanocomposite polymeric membranes for
water purification—A review. Mater.
2021;14(9):2091.

Rauf Shah A, Tahir H. The
photodegradation of tri-dyes in the real
textile effluent of SITE industrial zone of
Karachi city based on central composite
Chem

review. Hybrid Adv.

wastewater

design. Indian
2021;63(3):278-92.
Uddin F. Environmental hazard in textile
dyeing wastewater from local textile
industry. Cellulose. 2021;28(17):10715-
39.

Tabish M, Tabinda AB, Mazhar Z, Yasar
A, Ansar J, Wasif 1. Physical, chemical
and biological treatment of textile

Eng.



29.

30.

31.

32.

33.

34.

35.

wastewater for removal of dyes and heavy
metals. Desalin Water Treat.
2024;320:100842.

Ikram M, Naeem M, Zahoor M, Hanafiah
MM, Oyekanmi AA, Ullah R, Farraj DA,
Elshikh MS, Zekker I, Gulfam N.
Biological degradation of the azo dye
basic orange 2 by Escherichia coli: A
sustainable and ecofriendly approach for
the treatment of textile wastewater.
Water. 2022;14(13):2063.

Grazulis S, Daskevic A, Merkys A,
Chateigner D, Lutterotti L, Quiros M,
Serebryanaya NR, Moeck P, Downs RT,

Le Bail A. Crystallography Open
Database (COD): an  open-access
collection of crystal structures and

platform for world-wide collaboration.
Nucleic Acids Res. 2012;40(D1):D420-7.
Nishiyama Y, Noishiki Y, Wada M. X-
ray structure of anhydrous B-chitin at 1 A
resolution. Macromol. 2011;44(4):950-7.
Sun H, Jin Z, Yang C, Akkermans RL,
Robertson SH, Spenley NA, Miller S,
Todd SM. COMPASS II: extended
coverage for polymer and drug-like

molecule databases. J Mol Model.
2016;22:1-10.
Wells BA, Chaffee AL. Ewald

summation for molecular simulations. J
Chem Theory Comput. 2015;11(8):3684-
95.

Karasawa N, Goddard WA. Forcefields,
structures, and properties of
polyvinylidene fluoride crystal.
Macromol. 1992;25:7268-81.

Metropolis N,  Rosenbluth AW,
Rosenbluth MN, Teller AH, Teller E.
Equation of state calculations by fast
computing machines. J Chem Phys.
1953;21:1087— 1092.

ISBN 978-969-8535-73-5

12

36.

37.

38.

39.

40.

41.

42.

43.

Mokhtar A, Abdelkrim S, Djelad A, Sardi
A, Boukoussa B, Sassi M, Bengueddach
A. Adsorption behavior of cationic and
anionic  dyes
composite beads.
2020;229:115399.
Bhatt P, Joshi S, Bayram GM, Khati P,
Simsek H. Developments and application
of adsorbents  for
wastewater treatments.
2023;226:115530.
Pakdel PM, Peighambardoust SJ. Review
on recent progress in chitosan-based
hydrogels for treatment
application. Polym.
2018;201:264-79.

Yang R, Li H, Huang M, Yang H, Li A.
A review on chitosan-based flocculants
and their applications in water treatment.
Water Res. 2016;95:59-89.

Spoialda A, Ilie CI, Ficai D, Ficai A,
Andronescu E. Chitosan-based
nanocomposite polymeric membranes for
water purification—A review. Mater.
2021;14(9):2091.

Pérez-Calderon J, Santos MV, Zaritzky
N. Reactive RED 195 dye removal using
chitosan coacervated particles as bio-
sorbent: Analysis of kinetics, equilibrium
and adsorption mechanisms. J Environ
Chem Eng. 2018;6(5):6749-60.

on magadiite-chitosan
Carbohydr Polym.

chitosan-based
Environ Res.

wastewater
Carbohydr

Pérez-Calderon J, Santos MV, Zaritzky
N. Synthesis, characterization and
application of cross-linked

chitosan/oxalic acid hydrogels to improve
azo dye (Reactive Red 195) adsorption.
React Funct Polym. 2020;155:104699.

Benhouria A, Zaghouane-Boudiaf H,
Bourzami R, Djerboua F, Hameed BH,
Boutahala M. Cross-linked chitosan-
epichlorohydrin/bentonite composite for



44,

45.

46.

reactive orange 16 dye removal:
Experimental study and molecular
dynamic simulation. Int J Biol Macromol.
2023;242:124786.

Pompeu LD, Muraro PC, Chuy G,
Vizzotto BS, Pavoski G, Espinosa DC, da
Silva Fernandes L, da Silva WL.
Adsorption for rhodamine b dye and
biological activity of nano-porous
chitosan from shrimp shells. Environ Sci
Pollut Res. 2022;29(33):49858-69.
Khnifira M, Boumya W, Abdennouri M,
Sadiqg MH, Achak M, Serdaroglu G, Kaya
S, Simsek S, Barka N. A combined
molecular dynamic simulation, DFT
calculations, and experimental study of
the eriochrome black T dye adsorption
onto chitosan in aqueous solutions. Int J
Biol Macromol. 2021;166:707-21.
Khnifira M, Boumya W, Attarki J,
Mahsoune A, Abdennouri M, Sadiq MH,
Kaya S, Barka N. Flucidating the
adsorption mechanisms of anionic dyes
on chitosan (110) surface in aqueous
medium by quantum chemical and
molecular dynamics. Mater Today
Commun. 2022;33:104488.

ISBN 978-969-8535-73-5

13



