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KEYWORDS Abstract This study aimed to get an insight into the adsorption of three synthetic dyes onto chitin
Adsorption; using experimental and computational approaches. The successful preparation of a-chitin was con-
Malachite green; firmed using the Fourier Transform Infrared (FTIR) and X-ray Diffraction (XRD). In addition, the
Basic red 18; presence of porous and fiber on the surface of the extracted chitin was revealed by the Scanning
Alizarin yellow R; Electron Microscopy (SEM) analysis. The extracted a-chitin was then used as an adsorbent to
Chitin; remove synthetic dyes, namely Malachite green, Basic red 18, and Alizarin yellow R. The kinetic
FMO; study showed that the adsorption of dyes was well-described using a pseudo-second-order model,
COSMO-RS

whereas the isotherm adsorption obeyed the Freundlich model. The Frontier Molecular Orbital
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(FMO) revealed several locations of dyes and chitin molecules that are potentially active sites for
adsorption. The adsorption trend could be related to the Highest Occupied Molecular Orbital
(HOMO) — Lowest Unoccupied Molecular Orbital (LUMO) energy gap and electrophilicity index
of the dyes. The Conductor-like Model for Real Solvent (COSMO-RS) model demonstrated, for the
first time, that several interactions occurred during the adsorption of dyes onto o-chitin. For the
Malachite green and Basic Red 18, the Van der Waals forces of the dyes controlled its adsorption
behavior. In contrast, the hydrogen bonding interaction governed the adsorption behavior of Ali-
zarin yellow R dye onto o-chitin. The gathered insight from this work might guide us better to
understand the molecular level of dyes—chitin interactions and, ultimately, to design adsorbents
to remove synthetic dyes from wastewater.
© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

A significant amount of synthetic dyestuff used in the industries is lost
to the waste streams. Eventually, it ends up in the aqueous environment
(Chowdhury et al., 2020, Tkaczyk et al., 2020). Unfortunately, syn-
thetic dyes are carcinogenic for aquatic organisms and can ultimately
threaten ecological systems (Krishna Moorthy et al., 2021, Mani
et al., 2019, Manjunath et al., 2020). Therefore, treating wastewater
containing hazardous dyes is imperative before discharging it into the
environment. In this vein, several methods have been reported to
remove dyes from wastewater, such as biological methods (McMullan
et al., 2001, Saratale et al., 2011), advanced oxidation processes
(Bilinska et al., 2017, Oturan and Aaron, 2014), electrocoagulation
(Bassyouni et al., 2017, He et al., 2016), membrane (Gunawan et al.,
2019, Lin et al., 2015), and adsorption technology (Ahmad et al.,
2015, Samsami et al., 2020). Among those methods, adsorption tech-
nology has been considered the best due to its high efficiency, simple
design, and operation (Panic and Velickovic, 2014, Zhou et al., 2019).

In recent years, due to their abundance and non-toxic nature, nat-
ural and renewable materials have been studied as adsorbents in
adsorption technology (Meng et al., 2020, Tran et al., 2015). Natural
polymer biosorbents, such as chitin, chitosan, and their derivatives,
have been widely studied (Sarode et al., 2019). Chitin is abundant in
nature, mainly in crab and shrimp shells (Gonzalez et al., 2015). Since
shrimp is one of the protein sources, a large amount of shrimp con-
sumption worldwide, including in Indonesia, produces an enormous
number of shrimp waste. Thus, utilizing shrimp shells waste as the
source of chitin could provide a low-cost and sustainable raw material
for the preparation of biosorbents (El Knidri et al., 2018, Huang et al.,
2017, Igbal et al., 2011). Chemically, chitin ((1 — 4)-2-acetamido-2-d
eoxy-p-p-glucan) possesses functional groups, such as amide and
hydroxyl, that can form efficient hydrogen bonds. These features make
chitin and its derivatives an exciting candidate as a potential adsorbent
for removing dyes from an aqueous solution (Annadurai et al., 1999,
Dotto et al., 2012, El Knidri et al., 2018, Figueiredo et al., 2005,
Gonzalez et al., 2015, Liu et al., 2018, Tan et al., 2021). For example,
Figueredo et al. (Figueiredo et al., 2005) utilized chitin as an adsorbent
for textile dyestuff, namely Reactive Green 12 and Direct Green 26,
which are commonly used in cellulosic fibers dyeing. Gonzalez et al.
(Gonzalez et al., 2015) studied the removal of Remazol Black and Neu-
tral Red from aqueous solution using chitin and chitin/graphene oxide
hybrid. The authors reported that the maximum adsorption capacity
for Remazol Black and Neutral Red was 92 and 17 mg/g, respectively.
While all those works contributed to applying chitin as a cost-effective
adsorbent to eliminate dyes from wastewater, most of the reported
works focused on the kinetic and isotherm adsorption of dyes. The
fundamental knowledge of the adsorption behavior of dyes — adsor-
bent at the molecular level is still far behind.

Computational methods are a valuable tool to provide insight into
the adsorption process, such as adsorbate — adsorbent interactions, on
the molecular level. Frontier Molecular Orbital (FMO) and Molecular

Dynamic (MD) simulation are two of the most widely used computa-
tional method to understand the adsorption behavior of solute-adsor-
bents at the molecular level (Chung et al., 2015, Huang et al., 2019,
Khnifira et al., 2021a, 2021b, Shaikh et al., 2021, Yeh et al., 2015).
For example, Khnifira et al. (Khnifira et al., 2021a, 2021b) combined
the MD simulation, FMO, and experimental study of the adsorption
of eriochrome black T (EBT) onto chitosan in an aqueous solution.
The author used FMO to describe the impact of the pH on the adsorp-
tion of EBT onto chitosan due to different speciation of dye in an
aqueous solution. The authors also explained the strength of adsorp-
tion capacity due to the interaction energy of different dye speciation
with the adsorbent. While the MD simulation could provide the bind-
ing energies of the EB-chitosan complexes, the model could not iden-
tify the specific type of interaction that occurs during the adsorption
process.

Recently, some of us reported the experimental and computational
study on the adsorption of ionic liquids onto ZSM-5 in an aqueous
solution (Kurnia et al., 2019). The computational study using
COnductor-like Screening MOdel for Real Solvents (COSMO-RS)
could demonstrate the presence of several molecular forces that rule
the adsorption process. Therefore, following the previous work, this
study aimed to get better insight into the adsorption process of several
commonly used dyes in the textile industry from aqueous solution onto
chitin using both experimental and computational tools. Herein, we
report the experimental and computational approaches for the adsorp-
tion of Malachite green, Basic red 18, and Alizarin yellow R onto the
surface of chitin. These dyes were chosen to represent the different
impacts of the chemical structure on their adsorption behavior. The
first part of this study focused on the preparation and characterization
of chitin from shrimp shells waste. The obtained chitin was then sub-
jected to adsorption studies. The adsorption kinetics and isotherms
were explained using a set of known models. Finally, two computa-
tional approaches, FMO and COSMO-RS, were used to get better
insight into the adsorption process at the molecular level. As shown,
the computational approaches could support the experimental adsorp-
tion data and enable insight into molecular interactions that rule the
adsorption dyes onto chitin.

2. Materials and methods

2.1. Materials

Alizarin yellow R (CAS Number 2243-76-7, Merck), Basic Red
18 (CAS Number: 25198-22-5, DyStar), and Malachite green
chloride (CAS Number: 569-64-2, Merck) were used as syn-
thetic dyes. The chemical structures and properties of the stud-
ied dyes are shown in Table 1. NaOH (>97.0 wt%, CAS
Number 1310-73-2) and HCI (37 wt%, CAS Number: 7647-
01-0) were purchased from Merck, Sigma-Aldrich. All chemi-
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Table 1 Properties of the studied dyes.
Dye Type of dye Mw (g/mol) A (nm) Chemical Structure
OH
. Ny, /©1(0
Alizarin yellow R Azo 309.21 365 /©/ N
Osyg O~ Na*+
o
Cl . N/_
Basic Red 18 Azo 426.34 480 om-@,{ < >
\_\NMea‘ cr
CI’@ | |
AsvshH
Malachite green Triarylmethane 364.91 617 N

cals were used as received. Otherwise stated, distilled water was
used throughout the experiment.

Shrimp shells waste from white shrimp (Litopenaeus van-
namei) was collected from local home-industry processing in
Surabaya, Indonesia. After collection, the shells were immedi-
ately washed with running water to remove blood, remaining
meat, and any impurities. Subsequently, the shrimp shells were
dried in the laboratory without direct exposure to sunlight.
The clean and dried shrimp shells were ground into powder
using an electric lab mill. Afterward, it was stored in the refrig-
erator using an air-tight bag.

2.2. Extraction and characterization of chitin from shrimp shell
waste

The extraction of chitin from shrimp shell waste was per-
formed according to our previous work (Rahayu et al.,
2022). It consists of two major steps, namely deproteination
and demineralization. In the deproteination, approximately
50 g of dried powder shrimp shell was treated using 1 M of
NaOH solutions (1:10 w/v) at 90 °C for 3 h. After reaching
the pre-set time, the mixture was filtered, and the solid sample
was thoroughly washed using distilled water until the pH was
neutral. The sample was then dried in the oven at 60 °C for
24 h. In the next step, the dried sample undergoes demineral-
ization using 1 M acid solution at 60 °C for 3 h. The mixture
was then filtered, and the resulting chitin was then washed with
distilled water until it achieved neutral pH. The wet chitin was
dried in the oven at 60 °C for 24 h. The final extracted and
dried chitin was stored in the refrigerator using an air-tight
bag until further use.

The chemical analysis of chitin, such as protein, mineral,
and water content, were performed according to the methods
reported in the literature (Black and Schwartz, 1950, Boric¢
et al., 2020, Kirk, 1950). Furthermore, the obtained chitin
was further characterized using Fourier transform infrared
(FTIR), X-ray diffraction (XRD), and scanning electron
microscopy (SEM). The FTIR spectra were obtained on the
Nicolet Avatar 360 FTIR spectrometer in the spectral range
between 4000 and 500 cm~! at a spectral resolution of
5 cm™! and 200 scans. The XRD patterns of chitin were deter-
mined by Bruker D2 Phaser using Cu-Ko radiation
(A = 1.5406) (40 kV, 30 mA). The 20 angle was scanned
between 5° and 55°. The SEM of the extracted chitin was

examined using Phenom Desktop ProXL (ThermoFisher Sci-
entific) with energy dispersive spectrometry (EDS).

2.3. Adsorption studies

The aqueous stock of dyes with a concentration of 1000 mg/L
was prepared by weighing the proper amount of dye and dis-
solving it in distilled water using 1 L of volumetric flask. The
required concentrations of (50-400) mg/L for the adsorption
study were prepared by diluting the stock solution with dis-
tilled water. The adsorption studies were performed via a batch
mode. In brief, circa 0.1 g of chitin was added to a series of
50 ml of stoppered Erlenmeyer flask containing 25 ml of aque-
ous solution with different initial dye concentrations of (50—
400) mg/L. The flasks were placed on an orbital shaker and
agitated at 200 rpm. The concentration of dyes remaining in
the aqueous solution were ascertained by monitoring the
absorbance on a UV-vis Spectrophotometer (UV-1800 Shi-
madzu, Japan) at a pre-determined time (10-150 min with an
interval time of 10 min).

The adsorption capacity (¢.) and removal efficiency (%
Removal) were calculated using the following equations:

(CO - C()

g =y (1)

(CO - CL’)

%Removal = x 100% (2)
where Cy and C, are the initial and equilibrium concentration
of dyes (mg/L), ¢. is the equilibrium adsorption capacity (mg/
g), m is the mass of adsorbent, and ¥ is the volume of solution
(L).

In addition, blank experiments were conducted to verify the
absence of dye adsorption to the flask walls. All adsorption
experiments were carried out in triplicate to confirm the repli-
cability of the results. The average of these measurements was
used to analyze the adsorption behavior of dyes onto chitin.

2.4. Computational studies

The geometry of the studied dyes and chitin were optimized on
the density functional theory (DFT) level utilizing the BP func-
tional B88-P86 with the triple-{ valence polarized (TZVP)
basis set and the resolution of identity standard (RI) approxi-
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mation using the TURBOMOLE program package (Ahlrichs
et al., 1989). The estimation of the interaction energy between
dyes and chitin was performed with the COSMOthermX18
program using the parameter file BP_TZVP_C30_1801 (COS-
MOilogic, Leverkusen, Germany) (Eckert and Klamt, 2018).
The detail on the calculation of interaction energy estimated
using COSMO-RS is given in the literature (Kurnia and
Coutinho, 2013).

3. Results and discussions

While this study aimed to get better insight into the molecular
mechanism that controls the adsorption of dyes onto adsor-
bent in an aqueous solution, it is essential to characterize the
studied adsorbent. Therefore, the characterization of chitin
from shrimp shell waste is given in the first part of this section.
It is followed by the discussion on the kinetic and isotherm
adsorption of the dyes onto chitin. Finally, the last part of this
section discusses the DFT-based computational results on the
adsorption of dyes onto chitin in an aqueous solution. The
emphasis is given to understanding the adsorption behavior
of dyes onto chitin at the molecular level.

3.1. Characterization of chitin

Shrimp shells waste contains valuable components, that as
chitin (24.23 %), a significant amount of protein (50.55 %),
and minerals (20.34 %), as shown in Table 2. Therefore, to
extract chitin from shrimp shells waste, the waste was treated
with an aqueous solution of 1.M NaOH followed by 1 M
HCI to eliminate the protein and mineral content. Those treat-
ments significantly reduced protein and mineral content, leav-
ing the adsorbent composed mainly of 95 % of chitin. The
chitin yield obtained from the shrimp shell was approximately
10 g out of 50 g of dried shrimp shell waste, circa 20 %. The
lower amount of chitin produced than the estimated (24 %)
could be addressed due to loss during washing processes. Thus,
care must be taken when washing the solid to avoid the loss of
chitin.

The obtained chitin was further characterized using several
methods, such as FTIR, XRD, and SEM. The FTIR examina-
tion offers qualitative data on the functional groups present on
chitin, such as hydroxyl (-OH) and amide (H—N—C=—=0). The
FTIR spectra of chitin is shown in Fig. 1. Three peaks in the
regions of 3480 and 3000 cm ™' were due to O—H and N—H
stretching vibration. At the same time, two peaks at 2962
and 2928 cm-1 can be assigned to the C—H stretching vibra-
tions of CH, and CHj;. Similar results have been reported in
the literature (Ablouh et al., 2020), which explains that the
vibrations for O—H, N—H, and C—H are in close occurrence
with the band spectrums obtained in this study. The band of
carbonyl C—=O regions of the amides, between 1600 and

1500 cm™!, is of great importance because it could be used
to distinguish a- and B-chitin. The FTIR spectra of the chitin
show two amides I and II peaks. From the FTIR spectra, it
could be observed that the amide I band was clearly divided
into two peaks at 1659 and 1626 cm ™!, specifying the vibration
for a-chitin (Joseph et al., 2020, Pereira et al., 2014). The peak
further specified the existence of o-chitin at 1558 cm™' which
corresponds to the N — H of the deformed amide II. The other
two peaks at 1419 and 1377 ecm™! correspond to the asymmet-
rical deformation of the CHj; group and the stretching vibra-
tion of C — O, respectively. The FTIR spectra of the chitin
examined in this study are similar to the result for a-chitin
extracted from the shells of different organisms in previous
studies (Abolghassem et al., 2019, Mohan et al., 2021). These
results indicated that the chitin extracted from crustacean shell
waste is in o-form.

Fig. 2 shows the XRD of chitin extracted from the shrimp
shells waste. The XRD patterns of the extracted chitin show
two sharp peaks around 9.5° and 19.5° that correspond to
diffraction planes (020) and (110) of the crystal structure,
respectively. Several weak peaks were noticed around 13°,
23°, and 26°. These peaks are characteristic of a-chitin
(Goodrich and Winter, 2007, Kaya et al., 2015a, 2015b,
2015c). Thus, the XRD patterns support the result from FTIR,
which demonstrated that the extracted chitin was o-chitin.
Thus, for the discussion, the a-chitin is referred to the adsor-
bent prepared in this work.

SEM has been a principal tool for portraying the surface
morphology and essential physical properties of the adsorbent
surface (Kaya et al., 2015a, 2015b, 2015¢c). It is clear from
Fig. 3a that the prepared o-chitin possesses a rough and hard
surface. Increasing the degree of magnification to
10000 x showed substantial numbers of pores and fibers,
where there is a good possibility for dyes to be adsorbed and
trapped in these pores.

To conclude, in this study, a-chitin could be obtained from
shrimp shell waste with a high degree of purity. The FTIR and
XRD showed that the obtained chitin was the a-chitin. The
SEM pictures showed numerous pores that could be used to
effectively adsorption of dye molecules on the adsorbent sur-
face. Thus, the following section discusses the adsorption per-
formance and behavior of dyes from aqueous solution onto
chitin.

3.2. Adsorption

In this work, several factors that influence the adsorption of
dyes onto adsorbents in an aqueous solution, such as contact
time and initial concentration of dyes, were studied. The exper-
imental data on the contact time could be used to determine
the adsorption kinetics. In contrast, the isotherm adsorption
could be estimated from the initial concentration of dyes.

Table 2 Chemical composition of shrimp shell waste and adsorbent used in this study.

Sample Composition (%)

Protein Mineral Chitin Moisture
Shrimp shell waste 50.55 £ 1.24 20.34 + 0.86 24.23 + 0.56 5.89 + 0.12
Adsorbent 0.68 £+ 0.05 1.30 + 0.05 95 £ 3 0.11 £ 0.01
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Fig. 1 FTIR Spectra of the chitin extracted from shrimp shell
waste.
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Fig. 2 XRD of the a-chitin extracted from shrimp shell waste.

Those two parameters are crucial to evaluate the performance
of adsorbents and elucidate the adsorption process.

Fig. 4 displays the influence of contact time on adsorption
capacity. As shown, increasing contact time increases the
amount of adsorbate, regardless of the studied dyes. However,
it is interesting to highlight several different stages as adsorp-
tion takes place with increasing contact time. In the first stage,
the adsorption capacity of Alizarin yellow R onto chitin was
achieved rapidly, as high as 30 mg/g for the first 60 min.
Increasing the contact time to 120 min leads to a slightly
increased adsorbate amount onto chitin. In the last stage, a
further increase of contact time to 150 min did not improve
the adsorption capacity. It could be a sign that equilibrium
was already established. A comparable trend of adsorption
capacity against contact time was also observed for the other
two dyes studied in this work. This trend could be explained
as follows: in the beginning, the surface of chitin contains
numerous vacant active sites that the dyes could occupy.
Accordingly, in the first 60 min, the dyes could rapidly occupy
the active site. Increasing contact time reduces the number of
vacant sites, leading to the resistance to molecule diffusion.
Consequently, the adsorption capacity decreased as observed
experimentally. A similar observation was also observed for
removing dyes using other biomass-based adsorbents (Bulut
and Aydin, 2006, Yagub et al., 2012, Zhang et al., 2012).

The kinetics of adsorption could be derived from the con-
tact time dependence of adsorption capacity. Two kinetics
models, namely the pseudo-first-order and the pseudo-
second-order, were used to study the adsorption of dyes onto
the chitin surface. The pseudo-first-order model adopts that
the change rate of bound adsorbate over contact time is
directly comparative to the change between equilibrium and
current adsorption capacity (Han et al., 2011). In comparison,
the pseudo-second-order model describes the adsorption pro-
cess as a rate-limiting step that involves chemisorption.
Accordingly, the data obtained from the contact time experi-
ments were fitted to pseudo-first-order and pseudo-second-
order kinetic models.

Fig. 3 SEM of the a-chitin extracted from shrimp shell waste (a) 3000 x magnification and (b) 10000 x magnification.
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Fig. 4  Effect of contact time on the adsorption of dyes onto a-
chitin [C, = 250 mg/L, adsorbent dosage = 0.1 g, and
temperature = 25 °C].

The pseudo-first-order equation described by the Lagergren
kinetic equation was used in the linear form as (Lagergren,
1898):

k
log (¢. —q,) = log (4.) =3 32)31 (3)

where ¢g. and ¢, are the amounts of dye adsorbed at equilib-
rium (mg/g) and at time 7 (mg/g), respectively; k; is the first-
order rate constant (min~"); and ¢ is time (min). The estimated
values of k; and ¢. using Equation (3), along with the corre-
sponding correlation coefficient (R?) of fitting the first-order
kinetic model for different dyes, are presented in Table 3.

According to Equation (3), a linear plot of log (¢. — ¢;) ver-
sus time at different initial dye concentrations could indicate if
the adsorption process followed the pseudo-first-order kinetic
model. It is, however, that the plot produces the R? value var-
ied between 0.8 and 0.98. It suggested that the dye adsorption
process onto chitin did not follow the pseudo-first-order
kinetic model. Furthermore, the calculated ¢. values using
Equation (3) differ considerably from the value measured
experimentally. Therefore, it confirms that the adsorption pro-
cess of dyes onto a-chitin did not obey the pseudo-first-order
kinetic model.

In the next step, the contact time dependence of adsorption
capacity was fitted to the linear form of pseudo-second-order

equation as follow:(Ho and McKay, 1999).
t 1 t

S 4 4
9 kaq: q. @

where k, is the pseudo-second-order rate constant (g/mg-min).
According to Equation (4), a plot of #/q, versus ¢ should be
linear if the adsorption follows the pseudo-second-order

Table 3 Kinetic parameter of dye adsorption.

model. Fig. 5 shows the plot of t/q, versus ¢, whereas Table 3
presents the obtained k», ¢., and correlation coefficient values.
As illustrated in Fig. 5, all the studied systems display a linear
relationship between t/q, versus ¢. This observation is also
observed by the excellence correlation coefficient R higher
than 0.95. Furthermore, as shown in Table 3, the calculated
¢. using Equation (4) is close to the experimental ¢. values.
It suggests that the adsorption of dyes onto chitin follows
the pseudo-second-order kinetic model. Hence, the adsorption
of dyes onto the a-chitin surface is most likely to be controlled
by the chemisorption process (Yagub et al., 2014).

In addition to pseudo-first-order and pseudo-second-order
kinetic models, the time dependence of adsorption capacity
was also fitted to the equation proposed by Webber and Mor-
ris. This equation could be used to determine if intra-particle
diffusion was the rate limit (Weber and Morris, 1963). The
intra-particle diffusion is an empirical formula that correlates
the square root of contact time and the amount of adsorbate
as follows:

q, = (kut™*) + C (5)

where kig is the intra-particle diffusion constant (mg/
(g-min”?)).

Based on Equation (5), the influence of intra-particle diffu-
sion on the adsorption process could be determined when a lin-
ear plot is obtained between ¢, and °-°. In addition, the linear
plot point to that diffusion is the rate-limiting step if the plot
passes through the origin and intercept C is zero. As shown
in Fig. 6, the plot of ¢, and /*° produce three different linear
lines for all the studied systems. It indicates three different
stages involved in the adsorption of dyes onto a-chitin. The
first stage refers to the rapid adsorption or external surface
adsorption for up to 60 min. However, the linear portion does
not pass through the origin, and the C is not equal to zero. It
proposes that intraparticle diffusion is not the only rate-
limiting mechanism in the adsorption process in this stage.
In the second stage, the plot is nearly linear. However, it also
does not pass through the origin. Lastly, the intra-particle dif-
fusion began to diminish in the third stage, and the final equi-
librium was attained. Thus, even though the plot ¢, and °°
produce three linear lines for each studied dyes, it does not
pass through the origin, and the C is not equal to zero. Accord-
ingly, it can be concluded that the adsorption of the studied
dyes onto a-chitin does not follow intra-particle diffusion.

3.3. Effect of initial concentration of dye and adsorption
isotherm

The effect of initial dye concentration on adsorption capacity
plays a vital part in understanding the adsorption behavior.
It provides the essential driving force to overcome the mass

Dyes Chw Pseudo-first order Pseudo-second order
qe,pred 102 X kl R2 qe,pred 103 X k2 R2
(min~") (g/mg:min)
Malachite green 25.92 23.45 4.64 0.8845 27.89 3.80 0.9991
Basic red 18 29.86 23.92 4.40 0.9748 32.81 2.80 0.9988
Alizarin yellow R 31.75 20.86 3.79 0.9890 34.65 2.70 0.9992
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Fig. 6 Plot of ¢, and 1°° for the adsorption of dyes onto a-chitin
[Co = 250 mg/L, adsorbent dosage = 0.1 g and
temperature = 25 °C].

transfer resistance between the dyes and a-chitin in an aqueous
solution (Bulut and Aydm, 2006, Yagub et al., 2012, Zhang
et al., 2012). In this study, a fixed amount of adsorbent, circa
0.1 g, was added to 25 ml of different concentrations of dyes
solution from 50 to 250 mg/L to obtain adsorption capacity
at equilibrium and removal efficiency versus initial dye concen-
tration. As shown in Fig. 7, the number of dyes adsorbed
increased with the increasing initial concentration of dye. This
result could be addressed due to active sites available for the
dyes to be adsorbed on chitin, thus increasing the adsorption
capacity. However, an increase in the initial concentration of
dyes has the opposite impact on removal efficiency. It could
be attributed to the binding sites on chitin being saturated fas-
ter due to the upsurge in the number of competing dye mole-
cules. At a low initial dye concentration, there is a high ratio
of active sites to the number of dye molecules. Thus, the adsor-
bate could interact sufficiently with the active site on chitin
resulting in higher removal efficiency. However, with increas-
ing initial dye concentration, the number of active sites on
the chitin surface is insufficient to facilitate the adsorbate,
resulting in a decrease in the removal efficiency (Bulut and
Aydmn, 2006, Yagub et al., 2012, Zhang et al., 2012).
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Fig. 7  Effect of initial dye concentration on the adsorption of
dye onto a-chitin.

The experimental data on the adsorption capacity at the
different initial dye concentrations were then used to determine
the adsorption isotherms. Adsorption isotherms can provide
in-depth information on the interaction between adsorbates
and adsorbents at various equilibrium concentrations. Three
different isotherm models, namely Langmuir (Langmuir,
1916), Freundlich (Freundlich, 1906), and Temkin (Johnson
and Arnold, 1995), have been used to fit the data to under-
stand the adsorption process.

The Langmuir isotherm model assumes monolayer adsor-
bate coverage on an energetically identical homogenous adsor-
bent surface. The linear form of the Langmuir isotherm model
form could be written as:

1
Ce C, (6)

= + —
q. qm K L qm

where ¢, is the dye uptake at equilibrium (mg/g), C. is the con-
centration of the solution at equilibrium, while Kj and ¢,,, (mg/
g) are related to the affinity and maximum adsorption capac-
ity, respectively. A straight line with a slope of 1/¢,, and inter-
cept of 1/(¢,K1) is obtained when C./q. is plotted against Ce..

The Freundlich isotherm model is derived by assuming a
heterogeneous surface with a non-uniform distribution of heat
of adsorption over the surface. In its linear form, the Fre-
undlich isotherm model can be written as follows:
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1
logg, = log Ky + . log C, (7)

where K;is the Freundlich constant representing the adsorp-
tion capacity and »n is the Freundlich exponent depicting the
adsorption capacity. The values of K; and n were obtained
from the plot of log ¢. versus log C. that should give a straight
line with a slope of 1/n and intercept of log K.

The Temkin isotherm model is based on a uniform distribu-
tion of the binding energies, which considers the indirect inter-
action of adsorbate. The model assumes that the adsorption
heat of molecules in the layer decreases linearly with the coat-
ing due to adsorbent-adsorbate interactions. The linear form
of Temkin isotherm is given by Equation (8).

IZ,T Inc, ®)
where Kt is the Temkin isotherm constant and b, (J/mol) is a
constant due to the adsorption heat.

Table 4 list the parameters for each adsorption isotherm
model at 298.15. Comparing the correlation coefficients for
the studied system shows that Freundlich isotherm adsorption
has the highest R>. It indicates that the Freundlich model was
the most appropriate to describe the adsorption behavior of
dyes onto the surface of a-chitin. It can be associated with
the various functional groups and structures of chitin. It illus-
trates the heterogeneous surface of the adsorbent and the mul-
tiple layer adsorption that occurs on the surface of the
adsorbent with irregular heat energy distribution (Tanhaei
et al., 2020). The value of 1/n for Alizarin yellow R, Basic
red 18, and Malachite green are 0.44, 0.43, and 0.38, which
indicates the favorable adsorption of dyes (Al-Ghouti et al.,
2005, Srivastava and Choubey, 2021).

0, =RTInK;+

3.4. Computational studies

Computational methods based on DFT are valuable tools for
understanding the adsorption process better. The main goals
of our computational study are to provide insight into the
molecular mechanism that controls the adsorption of dye onto
the o-chitin surface from an aqueous solution. The computa-
tional results were discussed based on the Highest Occupied

Table 4 Parameters for adsorption isotherm models at
298.15 K.

Isotherm Dyes

adsorption Malachite Basic red  Alizarin yellow
green 18 R

Langmuir

qm (Mg/g) 38.21 45.06 45.87

Ky 0.0151 0.0158 0.0243

R® 0.9888 0.9731 0.9870

Freundlich

1/n 0.44 0.43 0.38

Kg 2.7609 3.5340 5.0344

R? 0.9928 0.9917 0.9948

Temkin

b; (J/mol) 308.57 278.48 290.27

Kt 0.9942 0.9944 0.9965

R’ 0.9759 0.9460 0.9728

Molecular Orbital (HOMO) and Lowest Unoccupied Molecu-
lar Orbital (LUMO). From the HOMO and LUMO energy,
several FMO descriptors were then used to understand the
dye- a-chitin adsorption sites. Finally, COSMO-RS was used
to delve further into the dye-adsorbent interactions during
the adsorption.

3.5. FMo

FMO theory applies the MO theory that describes HOMO and
LUMO interactions (Fukui, 1982). Fig. 8 shows the HOMO
and LUMO orbitals of the chitin and the studied dyes. Due
to the enormous molecular weight, a tetramer of ((1 — 4)-2-
acetamido-2-deoxy-B-p-glucan) was used as a model of o-
chitin. This tetramer is deemed good enough to represent
chitin as it consists of all functional groups in the adsorbent.
As shown in Fig. 8, the HOMO density for chitin is localized
throughout the terminal monomer. At the same time, the
LUMO orbital is confined to the amide functional group at
the other terminal monomer. It means that the terminal mono-
mer of a-chitin is principally accountable for the adsorption
centers due to electron delocalization.

Regarding the studied dyes, only the organic part was con-
sidered in the computational study. The remaining part of the
dyes, such as Na™ and CI ions, do not affect the color and the
adsorption behavior. As shown in Fig. 8, the HOMO orbital
density for the Malachite green was distributed throughout
the benzene rings, including their attached termini nitrogen
atoms and excluding the nitrogen atom of the central ring.
However, the LUMO was spread throughout the benzene rings
and nitrogen atoms. A similar HOMO and LUMO distribu-
tion observation was also reported for the other triaryl-
methane by El Haouti et al. (El Haouti et al., 2019). The
HOMO and LUMO were spread on the heteroatoms for the
other two azo-based dyes. Thus, the heteroatoms are predicted
as the main adsorption center of the dyes.

The FMO parameters derived from HOMO and LUMO
can be used to study the global molecular reactivity of dye
adsorbed on the chitin surface. The HOMO energy (Ey)
describes the electron-donating ability of the adsorbate mole-
cule (Fukui, 1982). Accordingly, dye with a high Ey value
has a higher capability to donate electrons to appropriate
adsorbents with low unfilled molecular orbital energy. Con-
versely, the LUMO energy (Er) designates the electron-
accepting capability of the dye molecule. The lowest the Ep
value, the higher the capability of molecules to accept
electrons. The calculated E; and Ey energies are presented
in Table 5. It was clear that all the studied dyes had similar
Ey values, whereas the E; varied among each other. It might
indicate that their electron-accepting ability controls their
adsorption onto the surface of chitin.

Based on the E} and Ey, several quantum chemical param-
eters could be obtained, as follows (Fukui, 1982):

AEgﬂp = EL - EH (9)
E, —Ey
=== 1
- (10)
1
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Fig. 8 Molecular electrostatic potential (MEP) contour map, HOMO, and LUMO orbitals for a-chitin and studied dyes. The green,

white, blue, and red balls indicate C, H, N, and O atoms.

(EL + En)
2

(EL+ Ey)

(12)

(13)

(14)

where 5, S, x, 1, and w are defined as global hardness, global
softness, absolute electronegativity, electronic chemical poten-
tial, and electrophilicity index, respectively. The calculated
descriptors are presented in Table 5.

Based on the HOMO-LUMO energy gap (4£E,,,), Alizarin
yellow R has the lowest value, followed by Basic red 18, and
the highest is Malachite green. It indicates Alizarin yellow is
the most reactive, whereas Malachite green is the least reactive.
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Table 5 Quantum chemical descriptors of the studies dyes.

Malachite green Basic red 18  Alizarin yellow R

Ey (V) ~5.186 ~5.198 —5.172
Er (V) ~3.700 —3.811 —4.039
AEg, (EV) 1487 1.387 1.133
1 V) 0.743 0.693 0.566
S (eV) 1.345 1.442 1.765
7 V) 4.443 4.504 4.605
1 (eV) —4.443 —4.504 —4.605
o (eV) 13.276 14.630 18.720

Another critical parameter is the electrophilicity index (w),
representing a degree of energy lowering due to maximal elec-
tron movement between donor and acceptor (Fukui, 1982).
The high value of @ and chemical potential (i) indicate a
strong and more reactive electrophile (Parr et al., 1999). The
values of the electrophilicity index for the studied dyes suggest
that Alizarin yellow R is the strongest electrophile, whereas
Malachite green is the weakest. It should be noted that the
rank of HUMO-LUMO energy gap and electrophilicity index
for the studied dyes is similar to their adsorption capacity.
Therefore, it could be concluded that those two parameters
govern the interaction of dyes during their adsorption onto
the surface of a-chitin.

3.6. Cosmo-Rs

In order to get a better understanding of the type of interaction
that rules the adsorption behavior of dyes onto a-chitin, a
COSMO-RS simulation was then carried out. Fig. 9 shows
the sigma profile of chitin and studied dyes. As a rule of
thumb, the sigma profile is divided into three regions: (i)
o > 1 nm~? represents the polar area related to the hydrogen
bond donor-acceptor ability of the molecule, (ii)
—1 < ¢ < 1 nm~? indicates the non-polar area, and (iii)
o < -1 nm~? represent the polar area related to the hydrogen
bond donor capability. For the a-chitin molecule, the sigma
profile spans the three regions, indicating the polar and non-
polar properties of the adsorbent. The negative charge distri-
bution pointing by red and yellow colors was located on the
carboxyl functional group supporting their hydrogen bond
acceptor ability. This region is the most appropriate for an
electrophilic attack center. On the other polar region, the deep
dark blue color assigned for the hydrogen of amino (N—H)
and the hydroxyl (O—H) represents their capability as hydro-
gen bond donors. The green color of the charge distribution
indicates the non-polar part of a-chitin that arises from the
glucan ring.

As shown in Fig. 9, the sigma profile of Malachite green
spans primarily within the non-polar region and a small part
in the hydrogen bond donor region. It suggests that the
adsorption of Malachite green onto chitin might be ruled by
the non-polar interaction with the adsorbent and scrawny
hydrogen bond. Like Malachite green, the sigma profile of
Basic red 18 is also centered in the non-polar region, with a
shoulder-like peak near cut-off values. It suggests that non-
polar interaction and, to some extent, the hydrogen bonding
interaction with adsorbent govern the adsorption of Basic
red 18. Interestingly, the sigma profile of Alizarin yellow R

span powerfully throughout the three regions with a solid peak
at 1.9 nm~2 and —1.8 nm~2, indicating its strong capability
hydrogen bond acceptor and, to some extent, as a hydrogen
bond donor. The ability of dyes to form a hydrogen bond
could be addressed due to the presence of —-NH, and —-OH
functional groups of the adsorbent, as revealed from the FTIR
spectrum. Thus, it could be predicted that the adsorption of
Alizarin yellow R onto chitin is controlled by their ability to
form hydrogen bonding with the adsorbent.

While the sigma profile provides information on qualitative
interaction between the dyes and chitin, the excess enthalpy
could give measurable values. Previous work has shown that
the COSMO-RS model could identify the interaction that con-
trols the adsorption of ionic liquids onto ZSM-5 (Kurnia et al.,
2019). In COSMO-RS model, the total interaction energy
(EmnT) arise from three different specific interaction as follows
(Kurnia and Coutinho, 2013):

Eint = Exr + Enp + Evaw (15)

where Evp, Eup, and Eygqw represent the electrostatic-misfit
interaction, hydrogen bonding interaction, and Van der Waals
forces.

Since the studied system is composed of dyes and a-chitin,
Equation (15) can be rewritten as:

Einr = Evep + Egpp + Evawp+Evrc + Engc + Evaw,c
(16)

where subscript D and C represent dye and chitin, respectively.

Fig. 10 presents the predicted excess enthalpy that can be
used to infer the interaction between dyes and adsorbents
(Kurnia and Coutinho, 2013, Kurnia et al., 2019). Fig. 10
shows that a favorable interaction between dyes and a-chitin
arises from hydrogen bonding and Van der Waals forces.
Meanwhile, the electrostatic-misfit contributed to the
endothermicity of the system. The strong hydrogen bonding
and Van der Walls forces of the dye-adsorbent system could
cover up the energy loss due to repulsive interaction (positive
electrostatic-misfit interaction). Interestingly, Fig. 10(a) dis-
plays that the contribution of o-chitin is almost similar for
all studied dyes. On the opposite, the contribution of dyes is
varied between each other. It indicates that the adsorbate
might control the adsorption of dyes onto chitin. For Mala-
chite green and Basic Red 18, it is evident from Fig. 10(b) that
the Van der Waals forces of dyes contribute highly toward the
adsorption of dyes onto chitin. At the same time, hydrogen
bonding is the most significant interaction between Alizarin
yellow R and chitin. Therefore, the COSMO-RS model could
explain the interaction between dyes and o-chitin during
adsorption.

Thus, combining the computational result from FMO and
COSMO-RS, the scenario for the adsorption of dyes onto a-
chitin could be described as follows. For Malachite green,
where the HOMO orbitals spread throughout the molecules,
the adsorption onto chitin occurs due to the Van der Waals
interaction between the non-polar part of the dyes and adsor-
bent. Meanwhile, when the hydrogen bonding interaction
between the dyes and adsorbent occurs at the terminal part
of chitin, where the HOMO and LUMO orbital reside. There-
fore, as shown here, computational approaches could be used
to get an insight into the molecular mechanism that controls
the adsorption of dyes onto the adsorbent.
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Fig. 9  Sigma profile of (a) a-chitin and (b) dyes. Malachite green (full line), Basic red 18 (dashed line), and Alizarin yellow 18 (dashed

and dotted line).
3.7. Comparison with other adsorbents

The chitin and its derivative, chitosan-based adsorbents, are
regarded as one of the most efficient materials in wastewater
treatment. It could be observed from Table 6 that pure
chitin has higher efficiency in removing malachite green
from an aqueous solution than chitosan. The abundant
resources and modest preparation of chitin are still one of
the attractive factors that make this adsorbent in removing
dyes from aqueous solution. Another observation in Table 6

is that chitin and chitosan adsorption capability in powder
or flake is low because of their crystallized structure. Subse-
quently, the adsorption only occurs on the amorphous part
of the crystals, reducing the adsorption capacity (Vakili
et al., 2014). Several modifications have been done to
improve the adsorption capacity of chitin- and chitosan-
based adsorbents. Nanochitosan and crab shell biochar seem
to be the most promising chitin- and chitosan-based adsor-
bents. Therefore, further study should be directed in this
way.
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Table 6 The maximum adsorption capacity of several other
chitin and chitosan-based adsorbents used to remove dyes from
aqueous solutions.

Adsorbent Im Ref

(mg/

g
Malachite green
a-chitin 38.21  This work
Chitosan 4.40 (Sadiq et al., 2020)
Chitosan-ZnO 11 (Muinde et al.,

2020)

Chitin hydrogels 29.5 (Tang et al., 2012)

Nanochitosan-STP 317.73 (Salamat et al.,
2019)
Crab shell biochar (Wu et al., 2022)

Basic red 18

28,140

a-chitin 45.06  This work

Chitosan-ethyl acrylate 158.7  (Sadeghi-Kiakhani
et al., 2013)

Alizarin yellow R

a-chitin 4587  This work

Sponge-like kaolin/chitosan (CS)/ 141.2
reduced graphene oxide

(Zhang et al., 2019)

4. Conclusions

The shrimp shell is a waste that can be used as a low-cost precursor of
chitin to remove synthetic dyes from aqueous solutions. In this work,
the removal of three synthetic dyes commonly used in the textile indus-
try, namely Alizarin yellow R, Basic red 18, and Malachite green from
aqueous solution onto chitin, was investigated in batch experiments
and described by quantum chemical approaches. The FTIR and
XRD analysis indicated that the obtained chitin from shrimp shells
was o-chitin. At the same time, the SEM analysis revealed the existence
of porous and fiber on the obtained chitin from shrimp shells. Accord-
ing to the results obtained when analyzing adjustment for the different
models, the adsorption of dyes onto chitin follows pseudo-second-
order models. Meanwhile, Freundlich gave a better fit for modeling
the adsorption isotherms. The computational models support the rele-
vance of the adsorption behavior of dyes onto chitin. The FMO indi-
cated the most likely active sites for the adsorption, which are the
terminal end of chitin and the heteroatoms of the dyes. This fact is sup-
ported by the FTIR result, which indicated the presence of -NH, and —
OH functional groups on the adsorbent. In addition, the calculated
HOMO-LUMO energy gaps and electrophilic index of dyes have a
similar rank with their adsorption behavior onto chitin. Meanwhile,
COSMO-RS revealed that hydrogen bonding interaction was the main
factor controlling Alizarin yellow R adsorption onto chitin. On the
other hand, Van der Walls forces were the primary interaction that
ruled Basic red 18 and Malachite green adsorption onto chitin.
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