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Abstract: Crystal violet is a cationic dye that poses serious environmental risks
when accumulated in aquatic ecosystems due to its high toxicity to living
organisms. Therefore, effective treatment methods are required to remove this
dye from wastewater. In. this study, a chitosan (Cs)-based bioadsorbent
membrane, cross-linked with vanillin (V) and modified with gelatin (G), was
developed to adsorb crystal violet dye. The chitosan/vanillin membrane was
mixed with gelatin at various concentrations of 0.5% (CsVG1), 0.75% (CsVG2),
and 1% (CsVG3). The adsorption process was examined as a function of pH,
contact time, initial dye concentration, and temperature. Porosity, swelling
degree, water absorption, FTIR, and SEM were included in the membrane's
physicochemical characterization. The results showed that the optimal
parameters for dye adsorption were pH 6, contact time 80 min, and temperature
298 K, resulting in 88% dye removal. The adsorption kinetics followed a pseudo-
second-order model, and the Freundlich model best described the adsorption
isotherm. The thermodynamic analysis demonstrated that the adsorption process
was spontaneous and exothermic. Thus, the CsVG membrane has the potential
to serve as an effective alternative for removing crystal violet from textile
industrial wastewater.

Keywords: biopolymers; bioadsorbent; adsorption membrane; dye removal.
INTRODUCTION

Industrial waste containing synthetic dyes poses substantial risks to
environmental integrity and public health. Dyes in water can reduce light
penetration and lower dissolved oxygen levels, disrupting the photosynthesis of
aquatic organisms. Furthermore, these colors have the potential to cause
carcinogenic and mutagenic consequences in aquatic creatures and humans.' It is
estimated that approximately 800,000 tons of dyes are produced each year, of
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which about 20% are discharged into water bodies at the final stage of the industrial
process.” One type of synthetic dye that is widely used is cationic dyes, such as
crystal violet. The chemical composition of these dyes is characterized by a
complex, highly stable aromatic structure, which renders them difficult to naturally
degrade.’® Crystal violet can significantly reduce the amount of light that passes
through and alter the appearance of water, even at low levels.* Given these
challenges, recent research highlights the importance of developing practical,
ecologically friendly ways for removing these dangerous compounds.

Various waste treatment methods have been developed, such as adsorption,
flocculation, membrane filtration, photocatalysis and ion exchange.>® Among
these technologies, adsorption is a viable approach for dye waste treatment owing
to its high efficacy, cost-effectiveness, and operational simplicity. The choice of
adsorbent material significantly influences the adsorption process; however,
traditional adsorbents, such as commercial activated carbon, have drawbacks
including elevated production and regeneration costs, limited selectivity, and
reduced reusability.

To improve the efficiency of the adsorption process, bio-based materials are a
promising alternative because they are simple, effective, and utilize renewable
resources. The increasing demand for environmentally friendly processing
technologies has encouraged the use of natural biopolymers as efficient adsorbents.
Recent studies show: that biopolymers such as cellulose, chitin, and chitosan are
gaining attention. for dye adsorption applications due to their abundance,
affordability, and customizable properties, including surface area, pore size and
volume, ease of modification, and environmental sustainability.” The review also
confirms that chitosan is a superior candidate material as a membrane base for
effective dye removal in wastewater treatment.

Chitosan is a biopolymer produced by the deacetylation of chitin extracted
from marine crustaceans, formed from basic structural units of amino glucose and
N-acetyl amino glucose connected by B-1,4-glycosidic bonds.® Chitosan-based
adsorbents are effective for dye adsorption owing to their high surface area,
numerous functional groups, and good biocompatibility. Chitosan contains
numerous amino and hydroxyl groups, crucial for its interaction with dyes.>!
Chitosan's solubility in acidic solutions and its limited mechanical strength
necessitate physical and chemical changes to improve stability and adsorption
efficiency.!! Vanillin is a phenolic aldehyde that can serve as a natural cross-
linking agent due to its non-toxic properties and its ability to enhance the
mechanical properties of chitosan membranes, thereby offering a safer alternative
to synthetic cross-linking agents such as glutaraldehyde.!' Gelatin is a mixture of
peptides and proteins produced from the controlled hydrolysis of collagen. Gelatin
has a high adsorption capacity due to the presence of hydroxyl, carboxyl, and
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amino groups along its molecular chain,'? thereby increasing the number of active
sites on the membrane for dye adsorption.

In this study, vanillin-crosslinked chitosan membranes were synthesized via a
Schiff base modification reaction on chitosan, then combined with ‘gelatin to
increase the number of active sites on the membrane surface during dye removal
from aqueous solutions. The chitosan/vanillin/gelatin (CsVQG) membrane was
characterized to determine its physicochemical properties using swelling degree
tests, Fourier Transform Infrared Spectroscopy (FTIR), Scanning Electron
Microscopy (SEM), and X-ray Diffraction (XRD). Crystal violet was used as a
model toxic cationic dye to assess the adsorption capacity of the CsVG membrane.
The adsorption mechanism, isotherm model, Kinetics, and thermodynamic
parameters were also analyzed to understand the interaction process between the
dye and the membrane. The novelty of this research is that there are no reports in
the literature showing the use of modified chitosan, vanillin, and gelatin
biopolymers as adsorbent membranes for the removal of crystal violet dye. The
development of CsVG membranes as adsorbent membranes is expected to be a
promising technology for effective, environmentally friendly dye removal from
wastewater.

EXPERIMENTAL
Materials

The materials used in this study were chitosan (MW = 40,000 g/mol, DD = 88.5%) (Cv.
Bio Chitosan Indonesia), CH3COOH (MW = 131.11 g/mol) (Merck), NaOH (MW = 40 g/mol)
(Merck), Vanillin (MW = 152.15 g/mol) (Merck), Gelatin (Merck), Crystal Violet
(CasH30CiIN3)(BM= 407.98 g/mol) (Merck), HC1 37% (Merck) and distilled water.

Synthesis of chitosan membrane

1.5 grams of chitosan is dissolved in 100 mL of 1% acetic acid. The solution is stirred
continuously for 24 hours at room temperature. The resulting chitosan solution is poured into a
Petri dish and dried at 40-50 °C. The chitosan membrane is immersed in 1 M NaOH, washed
with-distilled water, and then dried.

Synthesis of chitosan/vanillin/gelatin (CsVG) membrane

Chitosan (1.5 g) was dissolved in 60 mL of 1% acetic acid solution with stirring for 24
hours at room temperature. Separately, vanillin (0.5 g) was dissolved in 100 mL of 1% acetic
acid and stirred for 2 hours at 50 °C. The gelatin solution was generated by dissolving gelatin
in 100 mL of distilled water at 50 °C with agitation for 2 hours, at concentrations of 0.5%
(CsVG1), 0.75% (CsVG2), and 1% (CsVG3) (w/v). The chitosan solution was subsequently
combined with 20 mL of vanillin solution and agitated for 4 hours at 60 °C to facilitate cross-
linking reactions. Next, the gelatin solution was added to the chitosan-vanillin mixture, and
stirring was continued for 24 hours until a homogeneous alloy solution was formed. The
resulting solution was then poured into Petri dishes and dried at 50 °C until a membrane was
formed. The preparation process of the CsVG membrane is illustrated in Figure 1.
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Fig 1. Schematic diagram illustrating the preparation and dye adsorption processes of a
Cs/Van/Gel membrane

Characterization of membrane

All CS, CS/Van, and Cs/Van/Gel (CsVG) membranes were characterized using various
analytical techniques. Fourier-transform infrared (FTIR) spectra were recorded in the range of
4000-400 cm™ at 1 cm ! resolution with 25 scans per measurement using a Shimadzu FTIR
spectrometer to identify changes in functional groups and the formation of new bonds. The
crystal structure was analyzed using X-ray diffraction (XRD) using a Rigaku Miniflex 600
instrument with Cu o radiation throughout a 28 collection range of 3—70° scanning angle with
a step size of 0.02° and a scan rate of 1° min. Dye concentrations were analyzed using a UV—
Vis spectrophotometer (Shimadzu UV-1280, Serial No. A120660) at the maximum wavelength
of each dye. Surface morphology images were obtained using a Scanning Electron Microscope
(SEM, Thermo Scientific Quattro S).
pHpzc (pH Point of Zero Charge)

The pHpzc of the membrane was determined through the pH shift method. 50 milliliters
of'a 0.1M NaCl solution were prepared for the experiment. The pH of the solution was modified
to range from 2 to 12 utilizing 0.1 mol NaOH and 0.1 mol HCI. Each solution received 0.05 g
of membrane and was allowed to stabilize for 24 hours. The final pH value was recorded. The
pHpzc value was determined by plotting ApH against pH; and identifying the point where ApH
was equal to zero. ApH can be calculated by following equation (1)

ApH = pH; — pHy (1)
Where, pH; is initial pH, pHy is final pH."
Physical characteristics of membranes

The membrane porosity was determined by the gravimetric method at room temperature
and neutral pH. The membrane's initial weight was measured, and it was then immersed in water
for 24 hours. The immersed membrane was removed from the water, excess water was removed
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by draining on tissue paper, and it was weighed again. For each membrane, the test was repeated
three times, and the porosity value was calculated using equation (2)

Porosity = Ww=Wa o 100% (2)

w
Where Wy is the dry membrane mass (g), Wy is the wet membrane mass after being
immersed in distilled water for 24 hours (g), v is the membrane area (cm?), and py, is the density
of water (1 g/cm?).!4
To determine the degree of swelling in water, the membrane was measured for its initial
and final diameters after immersion in water for 24 hours. The test was conducted three times.
The swelling ratio was calculated using equation (3), where 1, is the wet membrane diameter

after immersion (cm), and 14 is the dry membrane diameter (cm).'s
. [
Swelling = X 100% 3)
d

Water absorption was calculated from the dry membrane weight and the membrane weight
after 5 hours of soaking. Every hour, the membrane was dried and then weighed. Equation 4
shows the relationship between the wet membrane Wy, and the dry membrane Wy to determine
the water uptake value.'®

Water uptake = W 2 —4 % 100% “4)

Dye adsorption study

The adsorption test was based on work by Farasati Far.!” To make a 1000 mg/L stock
solution of crystal violet, 1. g of dye was dissolved in 1 L of distilled water until fully dissolved.
The initial test was conducted using 50 mL of a 5 mg/L dye solution, with a contact time of 2
hours, a solution temperature of 25°C, and a pH of each experiment set at a minimum value of
4.0 and a maximum value of 8.0 by adding HCI (0.01 M) and NaOH (0.01 M). The dye solution
and membrane were placed in an Erlenmeyer flask and stirred with a shaker at 150 rpm. After
that, 5 mL of the dye solution was taken, and its absorbance was measured at 591 nm. The test
continued with different settings, including contact time (20, 60, 80, 100, and 120 minutes),
initial dye concentration (3, 5, 7, 9, and 12 mg/L), and temperature (25, 35, and 45°C). We
systematically tested these parameters to determine the optimal conditions for crystal violet
adsorption. The dye removal efficiency was determined using equations (5) and (6).

(Cl Ct)
XV (5)
= 100% (6)
i

Re (%) is the removal efficiency, C;i and C; (mg/L) are the initial and final concentrations
or equilibrium concentrations of the cationic dye crystal violet, V is the solution volume (L),
and m is the mass of adsorbent (g).

Re% =

Adsorption kinetic

The adsorption kinetics of the crystal violet dye were analyzed to understand the rate and
mechanism of adsorption. The kinetic study was conducted using two commonly used models:
first-order and second-order.

Pseudo-first order kinetics

This analysis is based on the principle that the adsorption rate is directly proportional to
the difference between the maximum adsorption capacity and the amount of dye adsorbed at a
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given time. Equation 7 and 8 expresses the linear and non-linier form of the pseudo-first-order
model.'8

In(Qe — Q¢) =InQe — kyt (7)

Qc = Qc(1—e™f) (8)

In this equation, Q. is the equilibrium adsorption capacity (mg/g), Q. is the adsorption
capacity at time t, k; (min™") is the pseudo first-order rate constant for adsorption, and t is time.

Pseudo-second-order kinetics

The pseudo-second-order kinetic model indicates that the adsorption process is influenced
by intricate interactions, such as chemical bonding or the involvement of adsorption sites,
suggesting a slow equilibrium system, particularly at elevated concentrations of the substance. '
The linear and non linier representation of the pseudo-second-order model is delineated in
equation 9 and 10.

t 1 t

L = 9

Q  kpQ2 -l; Qe ©)
_ kp0ct

Q = 1+k,Qut (10)

In this equation, k> (g/mg/min) is the rate constant for second-order pseudo adsorption.
Adsorption isotherm

An adsorption isotherm .is an absorption phenomenon that occurs at a constant
temperature. The adsorption isotherm is studied using the Langmuir and the Freundlich models.

Langmuir isotherm

The Langmuir isotherm model describes adsorption in a single layer (monolayer) on a
homogeneous adsorbent surface. This model assumes that the adsorbent surface has a limited
number of active sites, each with the same adsorption energy, and that there is no interaction
between adsorbed molecules. The linear form of this model is shown in equation 11.%°

Coo 1 LG (a1
Qe KiQm Qm

Where in this equation C. is the equilibrium concentration of adsorbate in solution (mg/L),
Q. is the amount of adsorbate adsorbed per unit mass of adsorbent at equilibrium (mg/g), Qm is
the maximum adsorption capacity of the adsorbent (mg/g), and Ky is the Langmuir constant
related to the affinity of the adsorbate for the adsorbent (L/mg).

Freundlich isotherm

This model helps calculate heterogeneous adsorption sites on the adsorbent surface. This
model allows multilayer adsorption and describes non-ideal, reversible systems. This model is
shown in equation 12.

InQe =Ky +—InC, (12)
F

In this context, Q. is the amount of dye that has adsorbed at equilibrium (mg/g), and Ce. is
the concentration of dye in the solution at equilibrium (mg/L). The Freundlich constant, KF,
indicates adsorption capacity, and the dimensionless constant n reflects the adsorption intensity.
A value of nF < 1 suggests favorable conditions for adsorption, whereas a value of nF > 1
indicates that adsorption becomes less effective as the concentration increases.?!
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Thermodynamics of adsorption

Optimization of the effect of temperature on dye adsorption was performed to evaluate the
thermodynamics of adsorption. Thermodynamic parameters such as Gibbs free energy change
(AG®), enthalpy change (AH°), and entropy change (AS°) can be calculated to provide a
comprehensive understanding of the adsorption process.”> Analysis of thermodynamic
parameters is useful for analyzing the nature of adsorption interactions and the stability of the
complexes formed. The relationship between thermodynamic parameters is presented in
equations (13), (14) and (15):*

G = —RTInK, (13)

InK can be calculated using the intercept (AS) and slope (AH) from the Van't Hoff
equation.?

K,=%xw (14)
Ce
AS° AH®
anC:T— RT (15)

Q. is the amount of adsorbate at equilibrium (mg/g), C. is the concentration of adsorbate
at equilibrium (mg/L), W is the weight of adsorbent per volume of solution (g/L), K. is the
adsorption equilibrium constant, R is the gas constant (8.314 J/mol/K), and T is the absolute
temperature (K).

RESULTS AND DISCUSSION
Preparation of Cs/Van/Gel (CsVG) membrane

The polymer chain of chitosan, a cationic polysaccharide, has a high density
of hydroxyl and amino (-NH-) groups.'® A positively charged ammonium group (-
NHs*") was created by protonating the amino groups (-NH:) in chitosan after it was
dissolved in-acetic acid for this investigation. To enhance the membrane's
properties; it was modified via vanillin cross-linking. The mechanism of the cross-
linking reaction between chitosan and vanillin involves two different stages. The
first stage involves the aldehyde group (-CHO) of vanillin reacting with the amine
group (-NHz) of chitosan to form a Schiff base and an imine group (C=N). The
imine group (C=N) indicates that chitosan has been successfully cross-linked with
vanillin. The covalent bonds formed during cross-linking can increase the
membrane's mechanical strength. During the second stage, hydrogen bonds form
between the hydroxyl group (-OH) of vanillin and the hydroxyl group (-OH) of
chitosan or gelatin, thereby enhancing hydrophilicity and fostering a more
organized structure.?® Gelatin is subsequently incorporated via mixing to enhance
the membrane's active areas. The NH3" group on protonated chitosan interacts with
the carboxylate (-COO) group on gelatin, which is often negatively charged in
solution, thus generating electrostatic interactions.”® The functional groups on
chitosan and gelatin will engage with the target chemicals, establishing hydrogen
bonds.
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Characterization studies
FTIR Analysis

The FTIR spectrum of the membrane shown in Figure 2 confirms that changes
occur at various stages of modification. Based on Figure 2, chitosan shows peaks
at 3358 cm™ (O-H stretching) and 3293 cm™! (primary N-H), 2878 em!' (C-H
stretching with CH2 symmetry), 1644 cm™ and 1589 cm™' (amine twin groups),
1378 cm™! (asymmetric C-H from CH2) and 1028 cm™ (C-O-C). In the Cs/VAN
membrane spectrum, the peaks at 3354 cm™ and 3297 em™ shifted from the
chitosan spectrum due to the formation of hydrogen bonds between the NH2 of
chitosan and the OH of vanillin.?’ The peak at 1644 cm™ in chitosan shifted to 1639
cm!, indicating C=N stretching vibrations, which showed the formation of a Schiff
base bond between the vanillin aldehyde group and the chitosan amine group.?®
The overlap of C=0 stretching vibrations originating from the secondary amide
group in chitosan can make C=N stretching difficult to identify in the FTIR
spectrum.” The broad peak at 1588 em!, which is the N-H bending group of
secondary amine, becomes weaker,indicating that some of the amine groups have
been involved in the cross-linking process.* In addition, a peak at 1503 cm™ is
caused by the benzene ring of vanillin, and a peak at 827 cm™! indicates the bending
vibration of the phenolic hydroxyl group in vanillin. This is similar to the study
Zhang®' where the addition of vanillin produced a new peak at a wavelength of
1633 cm™ (C=N), a shift in the absorption peak of the benzene ring from 1584 cm-
"to 1586 cm™, ‘and a peak at 857 cm™! indicating the phenolic ~OH group.

In the CsVG1, CsVG2, and CsVG3 membrane spectra, the OH and -NH bands
shifted to lower numbers because these peaks indicate intermolecular hydrogen
bonds from the hydroxyl group (—OH) and NH stretching from the amide group in
gelatin-and chitosan. At the same time, the peak at a wavelength of 1637 cm’
confirms the formation of imine bonds (C=N). The C-O and C-N group peaks
appear at 1024 cm™,

XRD Analysis

The XRD patterns of Cs, Cs/VAN, and CsVG2 membranes are shown in
Figure 3. Pure Cs exhibits two characteristic semi-crystalline peaks at 26 = 10.89°
and 20.36°,% which are related to the partial regularity of the polymer chain due to
intra- and intermolecular hydrogen bonds between the —~NH. and —OH groups.**
The diffraction peak at about 20° (20) got wider and less intense after cross-linking
with vanillin. It also moved to 20 = 22.29°. This change shows that chitosan and
vanillin interact at the molecular level, altering the regularity of the chitosan
structure. The lower intensity indicates that crystallinity has decreased because
there are fewer free ~NH: groups.?*
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(Cs/Van/Gel 1%) and b) FTIR Spectra in 2000-600 cm’!

In the CsVG membrane, a new reflection appears at 20 = 16.99° and a peak
shift from 20.36° and 22.33°(Cs) to 22.42° and 23.39°. The shift to a higher angle
indicates a decrease in d-spacing and the formation of a more compact polymer
network through interactions among chitosan, vanillin, and gelatin.

CsvG2
Cs/VAN
Cs

Intensity (a.u)

20°
Fig 3. X-ray diffraction of Cs, Cs/VAN, CsVG2

SEM Analysis

Scanning electron microscopy (SEM) analysis images of the Cs, Cs/VAN, and
CsVG membrane surfaces are shown in Figure 4.
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c.

Fig 4. SEM Images at x500 magnification of (a)Cs, (b)Cs/VAN, (¢)CsVG2 membrane for
adsorption

In Figure 4(a), SEM analysis of the chitosan membrane reveals an uneven,
dense surface morphology with no visible voids, indicating reduced permeability
and adsorption capacity. Figure 4(b) illustrates the cross-sectional morphology of
the Cs/VAN membrane surface, showing a smoother surface accompanied by the
formation of cavities. This may be due to cross-linking, which can significantly
affect the film's internal microstructure, including cavities, adhesion, smoothness,
and compactness. The uniformity of the pores is due to the formation of Schiff
bases and hydrogen-bond interactions arising from vanillin cross-links. In Figure
4(c), the CsVG2 membrane with a gelatin concentration of 0.75% exhibits a more
consistent, smoother surface than the chitosan and chitosan/vanillin membranes,
and it shows visible pores. This indicates the homogeneity between chitosan,
gelatin, and vanillin. The addition of gelatin to the membrane produces a smoother
surface with a more homogeneous structure, thereby increasing water absorption.®
Research by Bakouri*® also shows that cross-sections of arginine-modified
chitosan/gelatin films exhibit a similar dense internal structure, indicating a
smooth, uniform cross-section. The more porous structure of the CsVG membrane
results from electrostatic interactions between chitosan and gelatin, which form a
sponge-like structure that enhances the membrane's overall integrity.
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pHpzc (pH Point of Zero Charge)

The zero charge point (pHPZC) is the pH value at which the surface charge of
the adsorbent is neutral.'* At pH values below the pHPZC, the adsorbent surface
is positively charged, whereas at pH values above the pHPZC, it becomes
negatively charged. This surface charge property plays an important role in the
adsorption process because it affects the interaction between the adsorbent and the
adsorbate. In this study, the cationic dye crystal violet (CV) was used, and it must
be adsorbed at a high pH (pH > pHpzc) to achieve maximum adserption.’” Based
on Figure 5, the pHPZC values obtained were 5.8 for the Cs membrane and 5.6 for
the Cs/VAN and CsVG2 membranes.

4
3
) /*
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z 0 /‘/
=2 A
4 4 »
-2 / —e—Cs
-3 Cs/VAN
-4 CsVG2
5
0 2 4 6 8 10 12 14
pHi

Fig 5. pHpzc graph in the pH range 2-12

Physical characterization of membrane

Porosity, swelling, and water uptake are critical physicochemical parameters
in membranes, as they Influence permeation, fouling, and polymer-water
interactions, which in turn determine adsorption capacity and kinetics. The results
of the physicochemical characterization of the membrane are presented in Figure
6.

To determine the effect of membrane modification with vanillin and gelatin,
membrane characteristics, including porosity, degree of swelling, and water
absorption, were measured, as shown in Figure 6. Figure 6 shows that porosity,
degree of swelling, and water absorption increased linearly. The lowest values
were obtained for the pure chitosan membrane, and the physicochemical properties
of the membrane increased with increasing modification levels. Among the tested
variations, the CsVG2 membrane (Cs/Van/Gel 0.75%) exhibited the best
physicochemical characteristics.

Figure 6(a) shows that the porosity of the pure chitosan membrane is 97.99%,
whereas in the CsVG2 membrane it increases to 141.86%. This indicates that
increasing the gelatin concentration results in a more porous membrane structure.
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The presence of carboxyl groups in gelatin increases porosity through electrostatic
interactions between chitosan and gelatin.*® This increase in porosity indicates that
the membrane has more empty spaces that can be filled with water, thereby

increasing the internal surface area and available pore volume, which ultimately
improves adsorption capacity.
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Fig 6. (a) Porosity, (b) swelling, and (c) water uptake for the pure membrane and membrane
modification

The degree of swelling values in Figure 6(b) indicates that the lowest swelling
occurs in the pure chitosan membrane, at 134.59%. After adding the vanillin cross-
linking agent to the Cs/VAN membrane, the degree of swelling increased to
150.60%. The addition of gelatin to the membrane significantly increased the
degree of swelling. In the CsVG1 membrane, the swelling value increased to
169.78%, and in the CsVG2 membrane with a gelatin concentration of 0.75%, it
reached 191.98%. However, when the gelatin concentration was increased to 1%
(CSVG3 membrane), the membrane's expansion decreased to 180.01%. The
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formation of cross-links between chitosan and vanillin via the Schiff base reaction
produces a more compact membrane structure, reducing the number of available
hydrophilic groups and thereby decreasing the membrane's swelling value.*
However, in this study, the addition of vanillin still increased the /degree of
expansion. This indicates that the number of remaining hydrophilic groups is still
sufficient to allow swelling, in line with the findings reported by Hu.*’

The increase in the degree of swelling is also supported by the addition of
gelatin to the chitosan matrix, because gelatin has carboxyl groups (-COO") that
are hydrophilic and can increase the number of active groups on the membrane
surface. A denser polymer network formed by stronger interactions among
chitosan, vanillin, and gelatin can reduce swelling at higher gelatin concentrations.
This tighter structure makes the membrane less able to absorb and expand with
water, as it has less free space and fewer internal pores.

Along with the increase in porosity and degree of expansion, the percentage
of water absorption shown in Figure 6(c) indicates that the CsVG2 membrane has
the most optimal physicochemical characteristics. A higher water-absorption
capacity shows that water molecules are more strongly attracted to the membrane
surface, thereby increasing the membrane's hydrophilicity. This increased
hydrophilicity is critical to improving membrane performance, as it enhances its
ability to absorb dyes.

Adsorption removal of crystal violet

Adsorption with variation in pH

The effect of pH on the adsorption capacity of the Cs/Van/Gel membrane was
assessed by adjusting the pH of the dye solution from 4 to 8 at an initial
concentration of 5 mg/L. This pH range was chosen because it represents
conditions that are practically relevant for dye adsorption applications. Variations
in pH-are important because solution pH is a significant parameter that affects
adsorption, both by altering the adsorbent surface charge and the degree of
adsorbate ionization. As shown in Figure 7, the percentage of dye removal
increased with increasing solution pH from 4, reached a maximum at pH 6, and
then decreased at higher pH values. Under strongly acidic conditions (pH < 4),
chitosan may partially dissolve because of excessive protonation of amino groups,
leading to structural swelling. Conversely, highly alkaline conditions can result in
structural instability.

In acidic environments, the level of H* ions is significantly elevated, leading
these ions to vie with positively charged Crystal Violet (CV) molecules for
negatively charged active sites on the adsorbent's surface. This condition reduces
the number of sites available for CV molecules and decreases adsorption
efficiency. As pH increases, the number of H" decreases, and the adsorbent surface
tends to become negatively charged, thereby increasing electrostatic interactions
with positively charged CV molecules.*! However, when the pH is increased from
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6 to 7 and 8, CV adsorption decreases. This suggests that, alongside electrostatic
forces in the acidic range, mechanisms such as m-m stacking and/or hydrogen
bonding are anticipated to become more prominent and potent at neutral or alkaline
pH.24

At pH values above 6, adsorption efficiency decreases again, possibly due to
changes in surface charge or the formation of repulsive forces between the
adsorbate and adsorbent. Crystal violet is a basic dye with a pKa value of 0.8.*
With a low pKa, this molecule remains ionized across the experimental pH range,
behaving as a cationic dye under all pH conditions tested.

a0
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2
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1
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Fig 7. Effect of pH on the CV adsorption efficiency (%) (Initial dye concentration = 5 mg/L,
25 °C, 120 min)

Adsorption with variation in time: kinetic studies

The temoval of crystal violet dye by chitosan membranes and modified
membranes CsVG is shown in Figure 8. The adsorption capacity of the membrane
increased until the 80th minute, which facilitated greater adsorption. Subsequently,
the ‘adsorption rate decreased because most active sites were gradually filled,
thereby inhibiting the diffusion of crystal violet molecules to the membrane
surface. The adsorption capacity of the Cs membrane at 80 minutes was 35.86%,
and the maximum adsorption capacity of the CSVG2 membrane reached 85.57%.
Based on these data, the optimum adsorption time for crystal violet removal by this
membrane system is 80 minutes.

The dye adsorption process was then analyzed using first-order and second-
order pseudo-kinetic models. Adsorption kinetics provide information about the
adsorption rate, the mechanism of CV adsorption by the membrane, and help
determine the possible rate-controlling steps. The experimental data were analyzed
using first-order and second-order pseudo-kinetic equations (Equations 6 and 7)
via linear and non-linier fitting. Figure 9 illustrates the linearity curves for each
model, while the kinetic parameters obtained from this analysis are summarized in
Table L.



CHITOSAN MEMBRANE ADSORPTION 1 5

o
S

Adsorption (%)
— [ L -+ wn (=) -~ oo
(=] (=] (=] (=] (=] (=] (=1 (=]
T

=}

0 20 40 60 80 100 120
t(min)
~8—Cs —Cs/VAN Gl G2 ——G3

Fig 8. Effect of Contact Time (min) on the CV adsorption efficiency (%) (Initial dye
concentration = 5-mg/L; pH = 6).

25 60
y=0.4259x +0.9793 @
3 50 R2=0.9928
— ..'__.-' i 40
515 'y =0,011x% +0.840
= =
8 R2=10.61 g 30
g 1
20
0.5
4 10
0 0
0 50 100 0 50 . 100
( a) t(min) (b) t(min)

qt

Non-linier PFO
0.0+ — - Non-linier PSQ

T T T T
o 20 A0 i) 80 100 120

(C) tmin)
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Table I. Adsorption Kinetics Study

Pseudo First Order

Form Plot Parameter Values
Linier Ce/ge vs Ce ki (min) 0,0011
Qe (mg/g) 2,3165

R» 0,61
SSE 0,8653
Non linier qtvst ki (min™) 0,074
Qe (mg/g) 1,4817
R» 0,9549
SSE 0,0835

Pseudo Second Order

Form Plot Parameter Values

Linier log qe vs log Ce  ky(g/mg/min) 0,1852
Qe (mg/g) 2,3479

R; 0,9928
SSE 1,4788
Non linier qtvst k> (g/mg/min)  0,0809
Qe (mg/g) 1,6173
R, 0,9648
SSE 0,065

Based on the kinetic parameters obtained from linear and nonlinear regression
analyses, the adsorption process is better described by the pseudo-second-order
(PSO) model than by the pseudo-first-order (PFO) model. The PSO model yielded
higher determination coefficients (R? = 0.9928 and 0.9648) than the PFO model.
Due to potential changes in the error structure from linearization, model suitability
was primarily assessed using nonlinear regression and SSE values. The PSO model
demonstrated a lower SSE, signifying a better fit to the experimental data. The fit
of the PSO model with the experimental data showed that the adsorption rate was
controlled by the interaction between the active sites of the adsorbent and the dye
molecules, where the dye binding process involved the exchange or sharing of
electron pairs between the active sites of the adsorbent and the cationic groups on
the adsorbate.*® Other studies by Agbor Tabi*® and Ahmad and Ejaz*” also show
that the crystal violet dye is adsorbed via chemisorption.

Adsorption with variation in initial concentration of adsorbates

The effect of initial dye concentration on adsorption was studied by varying
the concentration of crystal violet in the range of 3, 5, 7, 9, and 12 mg/L.
Conversely, other adsorption variables were kept constant, namely pH = 6.0 and
adsorption time of 80 minutes.
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Fig 10. Effect of Dye Concentration (mg/L) on the CV adsorption efficiency (%) (pH=6,0; t=
80 min)

Based on the results shown in Figure 10, increasing the initial dye
concentration gradually decreases the adsorption efficiency. At low crystal violet
concentrations, the number of dye molecules is relatively proportional to the
number of active sites available on the membrane surface, so that CV molecules
can be easily adsorbed through various interaction mechanisms, such as hydrogen
bonding, electrostatic interactions, and m—m interactions between the CsVG
membrane and the functional groups of crystal violet. At higher crystal violet
concentrations, the number of dye molecules increases, but the number of available
active sites remains limited. This discrepancy between the number of dye
molecules and the number of available adsorption sites reduces the effectiveness
of adsorption.*

The adsorption performance of crystal violet on CsVG membranes was
evaluated using adsorption isotherm studies with the Langmuir and the Freundlich
models. The results of the isotherm studies were used to determine the qualitative
properties of the adsorbate-adsorbent systems. According to the Langmuir
adsorption isotherm, adsorption occurs in a monolayer on a homogeneous surface.
In contrast, the Freundlich isotherm refers to the amount of adsorbate absorbed per
unit mass of adsorbent in a heterogeneous system. The results of the CsVG
membrane isotherm study are shown in Figure 11 and Table II.

The adsorption process can be determined by the highest regression
coefficient value (R?) based on the isotherm parameters and membrane regression
coefficients in Table II. The R? value for the Cs membrane in Langmuir is 0.9693
and in Freundlich is 0.9873, while in the CsVG2 membrane (Cs/Van/Gel 0.75%),
the R? value in Langmuir is 0.9657 and in Freundlich is 0.9989. This finding
suggests that the crystal violet adsorption system on all adsorbents follows the
Freundlich isotherm model, as evidenced by an R? value exceeding the Langmuir
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model threshold and approaching 1. The Freundlich isotherm model assumes
adsorption on a heterogeneous surface, leading to the formation of a multilayer.
Additionally, the phenomenon is attributed to physical adsorption via van der
Waals or weak interactions between crystal violet and the adsorbent surface.*

1.4 &3

12 0.6
-~ 0.5
,ﬁn 7]
20,8 o 0.4
¥] =11}
O 06 y=0.1644x +0.4173 S 0,3 ¥ =0.5331x+0,2453
S 04 RE=0.0657 2 ?=0,9989

0.2 0.1

0 &
0 2 1 -0.5 0 0,5 1
Ce (mg/L) Log Ce
(a) (b)

Fig 11. (a) Langmuir and (b) Freundlich adsorption isotherm studies for CsVG membrane

Table II. Isotherm Adsorption Study

Langmuir Freundlich
Membrane K¢ Qmax R Kf n R2
(L/mg) (mg/g) (L/mg)

Cs 2,6205 10,2683 10,9693 0,7796 2,1372 0,9873
Cs/VAN  8,5034 10,1633 0,8456 0,9880 1,4438 0,9896
CsVGI 8,1766 0,1823 0,854 0,8958 1,4925 0,99
CsVG2 6,0827 10,3939 0,9657 0,6103 1,8758 0,9989

CsVG3 7,8247 0,1440 09528 1,0899 11,3976 0,99

Adsorption with variation in temperature: thermodynamic studies

The effect of temperature on the adsorption process is shown in Figure 12.
The temperature variations used in this experiment were 298, 308, 318, and 328
K. The best results were obtained with the CsVG2 membrane (Cs/Van/Gel 0.75%),
which achieved adsorption percentages of 88.12% at 298 K and 47.33% at 328 K.
The adsorption efficiency of crystal violet decreased with increasing temperature.
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Fig 12. Effect of Temperature (K) on the CV adsorption efficiency (%) (pH=6,0; t= 80 min:
dye concentration= 3 mg/L)

The exothermic nature of the adsorption process is indicated by a decrease in
adsorption capacity with increasing temperature. Thermodynamic parameters used
to describe the adsorption process, such as standard free energy (G°), enthalpy
change (H®), and entropy change (S°), support this occurrence. As shown in Figure
13, the slope and intercept of the van't Hoff plot of InKc vs 1/T are used to obtain
the values of AH and AS. Table III presents the results of the thermodynamic
parameter calculations.

According to Table III, as the temperature increases, the AG® value indicates
that the adsorption process becomes more spontaneous. The negative AH® value
indicates that the adsorption process for crystal violet is exothermic. The AS® value
yields good affinity between the CsVG2 membrane and crystal violet, thereby
reducing unpredictability at the solid/liquid interface during adsorption.

2

v =15892x - 18,108
R2=10.9945

InKc

0.403 0.0&5'5 0,0031 0.00315 0,0032 0,00325 0,0033 0,00335 0.0p34

T (K

Fig 13. Thermodynamics for the adsorption of CV dye onto CsVG Membrane (Time = 80
min; dye concentration = 3 mg/L; pH = 6)
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Table III. Thermodynamic parameters for CV

Membrane Temperature ~ AG° AH° AS°
(K) (J/mol) (kJ/mol) (J/mol.K)
298,15 -201 -32,86 -111
Cs 308,15 -1489
318,15 -2684
328,15 -3490
298,15 -4229 -48,98 -150
308,15 -2429
CsVG2 31815 -1001
328,15 -291

Interactions between CsVG membrane and the adsorbates

The adsorption mechanism depends on'the functional groups and surface
porosity of the adsorbent and adsorbate molecules. An estimate of the mechanism
by which the membrane-bound active groups interact with crystal violet is shown
in Figure 14.

0
-
WP  Hepipepaemis g
«,,~.le_>‘ ‘HH\“ ‘H 0 H,“ IIZH‘\HH H 0

w
- 5 QN
Ho NH; HO //\ HO " i

/ﬂ\
@

¢

= o1t stacking T

st Eloctrostatic Interaction 7=
§fﬁ§

------ Hydrogen Bond -7 =

CHy=N-CH CHy= NS
Ol 07 Ol
e j f 0o ,jf 0 4 ,EE o _on
/" HO' H;N._ HO NIy HO NH

e R
il -7 0 e I 00

A

/=
i

Fig 14. Estimated adsorption mechanism

Possible reaction mechanisms between the active sites on the surface of the
chitosan/vanillin/gelatin membrane and crystal violet include electrostatic
interactions, n-1 interactions, and hydrogen bonding. Electrostatic bonds occur
between the negative charge of the -COO™ group in gelatin and the positive group
(N) in crystal violet. The hexagonal structure of vanillin and the benzene ring of
crystal violet can enhance adsorption by acting as electron donors and acceptors
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via 7-x stacking. In addition, H atoms from functional groups containing O on the
surface of the CsVG membrane can form hydrogen bonds with N atoms in crystal
violet.

Reusability study

Reusability and stability are important parameters in evaluating the
performance of adsorbents for water treatment. Therefore, the' Cs and CsVG2
membranes were retested at the optimum pH during three consecutive adsorption
cycles. Based on Figure 15, initial use showed the highest adsorption efficiency.
After three cycles, the CsVG2 membrane still maintained a fairly high adsorption
capacity, although the efficiency of crystal violet (CV) adsorption decreased from
89% to 49%. This reduction in efficiency is probably caused by some CV
molecules being strongly bound to active sites via electrostatic interactions, ©—m
interactions, or hydrogen bonds. As a result, the number of available active sites is
reduced. In addition, pore blocking by residual dye molecules may occur,
inhibiting the diffusion of adsorbates into the membrane structure. This decrease
indicates that optimization of the regeneration method is still needed to improve
membrane reuse performance.

100
B Initial use
BCycle 1
1]
OCycle 2
- OCycle 3
% 6l
5
410
=
£
20
1]
Cs CsVi:2

Membrane

Fig 15. The cycles of reusability membrane (%)

CONCLUSION

In this study, CsVG membranes were developed from chitosan crosslinked
with vanillin and modified with varying concentrations of gelatin (0.5%; 0.75%;
and 1%). The modified membranes exhibited good adsorption of crystal violet,
with the optimum membrane (CSVG2) obtained at a gelatin concentration of
0.75%. The addition of vanillin and gelatin improved the physical characteristics
of the membrane, such as porosity, swelling, and water absorption, in comparison
to the pure chitosan membrane. The optimal parameters for dye adsorption were
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identified as pH 6, a contact time of 80 minutes, an initial dye concentration of 3
mg/L, and a temperature of 298 K, yielding 88% dye removal.

The kinetics of adsorption conformed to a pseudo-second-order model,
suggesting that both the duration and the concentration of the dye influenced the
rate of adsorption and that chemical interactions took place between the adsorbent
and the adsorbate. The isotherm best fits the Freundlich model, with-an R2 value
of 0.9989 at 298 K. The thermodynamic results show that the adsorption process
is exothermic (AH® < 0) and spontaneous (AG® < 0).

Overall, the results of this study indicate that the CsVG bioadsorbent
membrane has good physicochemical properties and the potential to be developed
as an effective, environmentally friendly adsorbent for the removal of crystal violet
dye from liquid waste. Further research is needed to evaluate the membrane's
regeneration and reuse capabilities and to examine its application in more complex
wastewater systems.
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HU3BOJ

N3PAIIA XUTO3AHCKE MEMBPAHE MOIVU®HUKOBAHE BAHUJIIMHOM U XXEJIATUHOM
3A AICOPIIINJY KPUCTAJTHO JbYBUYACTE FOJE

KHABIBI KHABIBI*, NABILA AMALIA IZAAZ AANISA, RETNO ARIADI LUSIANA

Department of Chemistry, Faculty of Sciences and Mathematics, University of Diponegoro 50275 Semarang,
Central Java, Indonesia .

Kpucranzo /eydbryacta je kaTjoHcka Doja koja MpeAcTaB/ba 030M/bHE PU3HKE 110 KHUBOTHY
CpenuHy Kajia Cé aKyMy/Iipa Y BOIEHHUM eKOCHCTEMHMA 300T CBOje BUCOKe TOKCUYHOCTH 3a JKHBE
opranusme. 30or Tora cy morpedHe edUKacHE METOfe TpPETMaHa 3a YKIamame OBe doje W3
OTNaJHuX Boja. Y OBOj CTynuju, xutosaHcka (Cs) OmoazmcopbeHT memOpaHa, ympekeHa ca
BaHWIMHOM (V) 1 MonmudukoBaHa xenatuHoMm (G), je pasBHjeHa 3a amncopIiiHjy KPHUCTaJIHO
myduuacre doje. XuTo3aH / BAaHWIMH MeMOpaHa je NOMeIlaHa Ca JKeJIATHHOM y Pa3THYUTHM
koHneHTpanujama 0.5% (CsVG1), 0.75% (CsVG2), u 1% (CsVG3). Ilpouec ancopmnuuje je
ucnutad y GyHKOMju pH, BpeMeHa KOHTaKTa, MMOYeTHe KOHIeHTpauuje foje U TemmepaType.
MembpaHa je oxapakTepucaHa MEpPEHEM ITOPO3HOCTH , CTelleHOM OyOpema, allCopILUjoM BOAE,
FTIR, u SEM. Pe3ynraTu cy nokasaiu fia Cy ONTHUMaIHU IapaMeTpH 3a afcopnuujy 6oje oumu pH
6, Bpeme koHTakTa 80 MuH u Temreparypa 298 K, mTo je pesyntupano ykiamameM 88% doje.
KuHeTnka aficoprnidje mpaTHia je Mozen nceyno-apyror pena, a Freundlich momen Hajborse je
OmnMcao u30TepMy aacopnuyje. TepMoarHaMHUUKa aHAIM3a je Nokasasa fia je Ipoliec afcopiuuje
Oro cnoHTaH U ersorepmas. Jakine , CsVG MeMdpaHa MMa OTeHLIHjasl [la TOCTY’KHU Kao edrKacHa
aJITepHATHBA 33 YKJIahakke KPUCTATHO JbyOUJacTe U3 TEKCTUITHUX HHIYCTPHjCKHUX OTIIAZHUX BOJIA.

(ITpumssero 9. janyapa; peBunupaHo 27. jaHyapa; mpuxsaheno 9. anpuia 2026.)
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