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Abstract: Crystal violet is a cationic dye that poses serious environmental risks 8 
when accumulated in aquatic ecosystems due to its high toxicity to living org-9 
anisms. Therefore, effective treatment methods are required to remove this dye 10 
from wastewater. In this study, a chitosan (Cs)-based bioadsorbent membrane, 11 
cross-linked with vanillin (V) and modified with gelatin (G), was developed to 12 
adsorb crystal violet dye. The chitosan/vanillin membrane was mixed with gel-13 
atin at various concentrations of 0.5 (CsVG1), 0.75 (CsVG2) and 1 % (CsVG3). 14 
The adsorption process was examined as a function of pH, contact time, initial 15 
dye concentration and temperature. Physicochemical characterization of the 16 
membranes included porosity, swelling degree, water absorption, FTIR and SEM 17 
analysis. The results showed that the optimal parameters for dye adsorption were 18 
pH 6, contact time of 80 min, and temperature of 298 K, resulting in 88 % dye 19 
removal. The adsorption kinetics followed a pseudo-second-order model and the 20 
Freundlich model best described the adsorption isotherm. The thermodynamic 21 
analysis demonstrated that the adsorption process was spontaneous and exother-22 
mic. Thus, the CsVG membrane has the potential to serve as an effective 23 
alternative for removing crystal violet from textile industrial wastewater. 24 

Keywords: biopolymers; bioadsorbent; adsorption membrane; dye removal. 25 

INTRODUCTION 26 

Industrial waste containing synthetic dyes poses substantial risks to environ-27 
mental integrity and public health. Dyes in water can reduce light penetration and 28 
lower dissolved oxygen levels, disrupting the photosynthesis of aquatic organisms. 29 
Furthermore, these dyes have the potential to cause carcinogenic and mutagenic 30 
consequences in aquatic creatures and humans.1 It is estimated that approximately 31 
800,000 t of dyes are produced each year, of which about 20 % are discharged into 32 
water bodies at the final stage of industrial processes.2 One type of synthetic dye 33 
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that is widely used is cationic dyes, such as crystal violet. The chemical com-34 
position of these dyes is characterized by a complex, highly stable aromatic 35 
structure, which renders them difficult to degrade naturally.3 Crystal violet can 36 
significantly reduce the amount of light that passes through and alter the 37 
appearance of water, even at low concentrations.4 Given these challenges, recent 38 
research highlights the importance of developing practical, environmentally 39 
friendly ways to remove these dangerous compounds.  40 

Various waste treatment methods have been developed, such as adsorption, 41 
flocculation, membrane filtration, photocatalysis and ion exchange.5,6 Among 42 
these technologies, adsorption is a viable approach for dye waste treatment owing 43 
to its high efficacy, cost-effectiveness and operational simplicity. The choice of 44 
adsorbent material significantly influences the adsorption process; however, tradit-45 
ional adsorbents, such as commercial activated carbon, have drawbacks including 46 
elevated production and regeneration costs, limited selectivity, and reduced reus-47 
ability. 48 

To improve the efficiency of the adsorption process, bio-based materials are a 49 
promising alternative because they are simple, effective and utilize renewable 50 
resources. The increasing demand for environmentally friendly processing techno-51 
logies has encouraged the use of natural biopolymers as efficient adsorbents. 52 
Recent studies show that biopolymers such as cellulose, chitin and chitosan are 53 
gaining attention for dye adsorption applications due to their abundance, afford-54 
ability and customizable properties, including surface area, pore size and volume, 55 
ease of modification and environmental sustainability.7 The review also confirms 56 
that chitosan is a superior candidate material as a membrane base for effective dye 57 
removal in wastewater treatment. 58 

Chitosan is a biopolymer produced by the deacetylation of chitin extracted 59 
from marine crustaceans, formed from basic structural units of amino glucose and 60 
N-acetyl amino glucose connected by β-1,4-glycosidic bonds.8 Chitosan-based 61 
adsorbents are effective for dye adsorption owing to their high surface area, numer-62 
ous functional groups and good biocompatibility. Chitosan contains numerous 63 
amino and hydroxyl groups, which are crucial for its interaction with dyes.9,10 64 
Chitosan’s solubility in acidic solutions and its limited mechanical strength neces-65 
sitate physical and chemical modifications to improve stability and adsorption 66 
efficiency.11 Vanillin is a phenolic aldehyde that can serve as a natural cross-link-67 
ing agent due to its non-toxic properties and its ability to enhance the mechanical 68 
properties of chitosan membranes, thereby offering a safer alternative to synthetic 69 
cross-linking agents such as glutaraldehyde.11 Gelatin is a mixture of peptides and 70 
proteins produced from the controlled hydrolysis of collagen. Gelatin has a high 71 
adsorption capacity due to the presence of hydroxyl, carboxyl and amino groups 72 
along its molecular chain,12 thereby increasing the number of active sites on the 73 
membrane for dye adsorption. 74 
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In this study, vanillin-crosslinked chitosan membranes were synthesized via a 75 
Schiff base modification reaction on chitosan, then combined with gelatin to 76 
increase the number of active sites on the membrane surface during dye removal 77 
from aqueous solutions. The chitosan/vanillin/gelatin (CsVG) membrane was 78 
characterized to determine its physicochemical properties using swelling degree 79 
tests, Fourier transform infrared spectroscopy (FTIR), scanning electron micro-80 
scopy (SEM) and X-ray diffraction (XRD). Crystal violet was used as a model 81 
toxic cationic dye to assess the adsorption capacity of the CsVG membrane. The 82 
adsorption mechanism, isotherm model, kinetics and thermodynamic parameters 83 
were also analyzed to understand the interaction process between the dye and the 84 
membrane. The novelty of this research is that there are no reports in the literature 85 
describing the use of modified chitosan, vanillin and gelatin biopolymers as ads-86 
orbent membranes for the removal of crystal violet dye. The development of CsVG 87 
membranes as adsorbent membranes is expected to be a promising technology for 88 
effective, environmentally friendly dye removal from wastewater. 89 

EXPERIMENTAL 90 
Materials 91 

The materials used in this study were chitosan (MW = 40,000 g/mol, DD = 88.5 %, Cv. 92 
Bio Chitosan Indonesia), CH3COOH (MW = 131.11 g/mol, Merck), NaOH (MW = 40 g/mol, 93 
Merck), vanillin (MW = 152.15 g/mol, Merck), gelatin (Merck), crystal violet (C25H30ClN3, 94 
BM= 407.98 g/mol, Merck), HCl, (37 %, Merck) and distilled water. 95 
Synthesis of chitosan membrane 96 

1.5 g of chitosan was dissolved in 100 mL of 1 % acetic acid. The solution was stirred 97 
continuously for 24 h at room temperature. The resulting chitosan solution was poured into a 98 
Petri dish and dried at 40–50 ℃. The chitosan membrane was immersed in 1 M NaOH, washed 99 
with distilled water and then dried. 100 
Synthesis of chitosan/vanillin/gelatin (CsVG) membrane 101 

Chitosan (1.5 g) was dissolved in 60 mL of 1 % acetic acid solution with stirring for 24 h 102 
at room temperature. Separately, vanillin (0.5 g) was dissolved in 100 mL of 1 % acetic acid 103 
and stirred for 2 h at 50 °C. The gelatin solution was prepared by dissolving gelatin in 100 mL 104 
of distilled water at 50 °C with agitation for 2 h, at concentrations of 0.5 (CsVG1), 0.75 105 
(CsVG2) and 1 % (CsVG3). The chitosan solution was subsequently combined with 20 mL of 106 
vanillin solution and agitated for 4 h at 60 °C to facilitate cross-linking reactions. Next, the 107 
gelatin solution was added to the chitosan–vanillin mixture, and stirring was continued for 24 h 108 
until a homogeneous solution was formed. The resulting solution was then poured into Petri 109 
dishes and dried at 50 °C until a membrane was formed. The preparation process of the CsVG 110 
membrane is illustrated in Fig. 1. 111 
Characterization of membrane 112 

All CS, CS/Van, and Cs/Van/Gel (CsVG) membranes were characterized using various 113 
analytical techniques. Fourier-transform infrared (FTIR) spectra were recorded in the range of 114 
4000–400 cm-1 at a resolution of 1 cm-1 resolution with 25 scans per measurement using a 115 
Shimadzu FTIR spectrometer to identify changes in functional groups and the formation of new 116 
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bonds. The crystal structure was analyzed using X-ray diffraction (XRD) using a Rigaku Mini-117 
flex 600 instrument with CuKα radiation over a 2θ range of 3–70° scanning angle with a step 118 
size of 0.02° and a scan rate of 1° min. Dye concentrations were analyzed using a UV–Vis 119 
spectrophotometer (Shimadzu UV-1280, serial No. A120660) at the maximum wavelength of 120 
each dye. Surface morphology images were obtained using a scanning electron microscope 121 
(SEM, Thermo Scientific Quattro S). 122 

 123 
Fig. 1. Schematic diagram illustrating the preparation and dye adsorption processes of a 124 

Cs/Van/Gel membrane. 125 

Point of zero charge (pzc) 126 
The pHpzc of the membrane was determined through the pH shift method. 50 mL of a 0.1 127 

M NaCl solution was prepared for the experiment. The pH of the solution was adjusted to range 128 
from 2 to 12 using 0.1 mol NaOH and 0.1 mol HCl. Each solution received 0.05 g of membrane 129 
and was allowed to stabilize for 24 h. The final pH value was recorded. The pHpzc value was 130 
determined by plotting ΔpH against pHi and identifying the point at which ΔpH equaled zero. 131 
∆pH can be calculatedas: 132 

 i fΔpH pH pH   (1) 133 

where pHi is and pHf are initial and final pH, respectively.13 134 
Physical characteristics of membranes 135 

The membrane porosity was determined by the gravimetric method at room temperature 136 
and neutral pH. The membrane's initial weight was measured, and it was then immersed in water 137 
for 24 h. The immersed membrane was removed from the water, excess water was removed by 138 
draining on tissue paper, and it was weighed again. For each membrane, the test was repeated 139 
three times, and the porosity value was calculated using Eq (2) 140 

 w d

m w
Porosity 100

w w

V 


  (2) 141 
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where wd is the dry membrane mass (g), ww is the wet membrane mass after being immersed in 142 
distilled water for 24 h (g), Vm is the membrane volume (cm3) and ρw is the density of water (1 143 
g/cm3).14 144 

To determine the degree of swelling in water, the membrane was measured for its initial 145 
and final diameters after immersion in water for 24 h. The test was conducted three times. The 146 
swelling ratio was calculated using Eq. (3), where lw is the wet membrane diameter after immer-147 
sion (cm) and ld is the dry membrane diameter (cm):15 148 

 w

d
Swelling 100

l

l
  (3) 149 

Water absorption was calculated from the dry membrane weight and the membrane weight 150 
after 5 h of soaking. Every hour, the membrane was dried and then weighed. Eq. (4) shows the 151 
relationship between the wet membrane and the dry membrane mass used to determine the water 152 
uptake value:16 153 

 w d

d
Water uptake 100

w w

w


  (4) 154 

Dye adsorption study 155 
The adsorption test was based on the work by Farasati Far.17 To make a 1000 mg/L stock 156 

solution of crystal violet, 1 g of dye was dissolved in 1 L of distilled water until fully dissolved. 157 
The initial test was conducted using 50 mL of a 5 mg/L dye solution, with a contact time of 2 158 
hours, a solution temperature of 25 ℃, and a pH ranging from 4.0 to 8.0 adjusted by adding 159 
HCl (0.01 M) and NaOH (0.01 M). The dye solution and membrane were placed in an Erlen-160 
meyer flask and stirred with a shaker at 150 rpm. After that, 5 mL of the dye solution was taken, 161 
and its absorbance was measured at 591 nm. The test continued with different settings, including 162 
contact time (20, 60, 80, 100 and 120 min), initial dye concentration (3, 5, 7, 9 and 12 mg/L) 163 
and temperature (25, 35 and 45 °C). We systematically tested these parameters to determine the 164 
optimal conditions for crystal violet adsorption. The dye removal efficiency was determined 165 
using Eqs. (5) and (6): 166 

 i

i

tc c
q V

c


  (5) 167 

 i

i
% 100 tc c

RE
c


  (6) 168 

Re% is the removal efficiency, ci and ct (mg/L) are the initial and final concentrations or 169 
equilibrium concentrations of the cationic dye crystal violet, V is the solution volume (L), and 170 
w is the mass of adsorbent (g). 171 
Adsorption kinetics 172 

The adsorption kinetics of the crystal violet dye were analyzed to understand the rate and 173 
mechanism of adsorption. The kinetic study was conducted using two commonly used models: 174 
first-order and second-order. 175 
Pseudo-first order kinetics 176 

This analysis is based on the principle that the adsorption rate is directly proportional to 177 
the difference between the maximum adsorption capacity and the amount of dye adsorbed at a 178 
given time. Linear and non-linear forms of the pseudo-first-order model were used.18 179 
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Pseudo-second-order kinetics 180 
The pseudo-second-order kinetic model indicates that the adsorption process is influenced 181 

by intricate interactions, such as chemical bonding or the involvement of adsorption sites, sug-182 
gesting a slow equilibrium system, particularly at elevated concentrations of the substance.19 183 
The linear and non-linear forms of the pseudo-second-order model were used.  184 
Adsorption isotherm 185 

An adsorption isotherm is an adsorption phenomenon that occurs at a constant tempe-186 
rature. The adsorption isotherm was studied using the Langmuir20 and the Freundlich21 models. 187 
Thermodynamics of adsorption 188 

The effect of temperature on dye adsorption was investigated to evaluate the thermodyn-189 
amics of adsorption. Thermodynamic parameters such as Gibbs energy change (ΔG), enthalpy 190 
change (ΔH) and entropy change (ΔS) can be calculated to provide a comprehensive under-191 
standing of the adsorption process.22 Analysis of thermodynamic parameters is useful for ana-192 
lyzing the nature of adsorption interactions and the stability of the complexes formed.23  193 

RESULTS AND DISCUSSION 194 

Preparation of Cs/Van/Gel (CsVG) membrane 195 

The polymer chain of chitosan, a cationic polysaccharide, has a high density 196 
of hydroxyl and amino groups.10 A positively charged ammonium group (–NH3+) 197 
was created by protonating the amino groups in chitosan after it was dissolved in 198 
acetic acid for this investigation. To enhance the membrane’s properties, it was 199 
modified via vanillin cross-linking. The mechanism of the cross-linking reaction 200 
between chitosan and vanillin involves two different stages. The first stage inv-201 
olves the aldehyde group of vanillin reacting with the amine group of chitosan to 202 
form a Schiff base and an imine group. The imine group indicates that chitosan has 203 
been successfully cross-linked with vanillin. The covalent bonds formed during 204 
cross-linking can increase the membrane’s mechanical strength. During the second 205 
stage, hydrogen bonds form between the hydroxyl group of vanillin and the hyd-206 
roxyl group of chitosan or gelatin, thereby enhancing hydrophilicity and fostering 207 
a more organized structure.25 Gelatin is subsequently incorporated via mixing to 208 
enhance the membrane’s active sites. The –NH3+ group on protonated chitosan 209 
interacts with the carboxylate group on gelatin, which is often negatively charged 210 
in solution, thus generating electrostatic interactions.26 The functional groups on 211 
chitosan and gelatin interact with the target chemicals, establishing hydrogen bonds. 212 

Characterization studies 213 

FTIR Analysis. The FTIR spectrum of the membrane shown in Fig. 2 confirms 214 
that changes occur at various stages of modification. Based on Fig. 2, chitosan 215 
shows peaks at 3358 (O–H stretching) and 3293 (primary N–H), 2878 (C–H 216 
stretching with CH2 symmetry), 1644 and 1589 (amine twin groups), 1378 (asym-217 
metric C–H from CH2) and 1028 cm–1 (C–O–C). In the Cs/VAN membrane 218 
spectrum, the peaks at 3354 and 3297 cm–1 shifted from the chitosan spectrum due 219 
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to the formation of hydrogen bonds between the NH2 of chitosan and the OH of 220 
vanillin.27 The peak at 1644 cm–1 in chitosan shifted to 1639 cm–1, indicating C=N 221 
stretching vibrations, which indicate the formation of a Schiff base bond between 222 
the vanillin aldehyde group and the chitosan amine group.28 The overlap of C=O 223 
stretching vibrations originating from the secondary amide group in chitosan can 224 
make C=N stretching difficult to identify in the FTIR spectrum.29 The broad peak 225 
at 1588 cm–1, assigned to N–H bending vibrations of a secondary amine, becomes 226 
weaker, indicating that some of the amine groups have been involved in the cross- 227 
-linking process.30 In addition, a peak at 1503 cm–1 is attributed to the benzene 228 
ring of vanillin, and a peak at 827 cm–1 corresponds to the bending vibration of 229 
the phenolic hydroxyl group in vanillin. This is similar to the study by Zhang,31 in 230 
which the addition of vanillin produced a new peak at a wavelength of 1633 cm–1 231 
(C=N), a shift in the absorption peak of the benzene ring from 1584 to 1586 cm–1, 232 
and a peak at 857 cm–1 indicating the phenolic –OH group. 233 

        234 
Fig. 2. FTIR spectra of Cs, Cs/VAN, G1 (Cs/Van/Gel 0.5 %), G2 (Cs/Van/Gel 0.75 %), G3 235 

(Cs/Van/Gel 1 %) in different wavelength regions. 236 

In the CsVG1, CsVG2, and CsVG3 membrane spectra, the OH and –NH 237 
bands shifted to lower wavenumbers because these peaks indicate intermolecular 238 
hydrogen bonds from the hydroxyl group and NH stretching from the amide group 239 
in gelatin and chitosan. At the same time, the peak at a wavelength of 1637 cm–1 240 
confirms the formation of imine bonds (C=N). The C–O and C–N group peaks 241 
appear at 1024 cm–1. 242 

XRD Analysis. The XRD patterns of Cs, Cs/VAN and CsVG2 membranes are 243 
shown in Fig. 3. Pure Cs exhibits two characteristic semi-crystalline peaks at 2θ 244 
10.89 and 20.36°,32 which are related to the partial regularity of the polymer chain 245 
due to intra- and intermolecular hydrogen bonds between the NH2 and OH 246 
groups.33 The diffraction peak at about 20° became broader and less intense after 247 
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cross-linking with vanillin. It also moved to 2θ 22.29°. This change shows that 248 
chitosan and vanillin interact at the molecular level, altering the regularity of the 249 
chitosan structure. The lower intensity indicates that crystallinity has decreased 250 
because there are fewer free NH2 groups.34  251 

In the CsVG membrane, a new reflection appears at 2θ 16.99° and a peak shift 252 
from 20.36 and 22.33° and in the Cs peak shift from 22.42 to 23.39°. The shift to 253 
a higher angle indicates a decrease in d-spacing and the formation of a more com-254 
pact polymer network through interactions among chitosan, vanillin, and gelatin. 255 

Fig 3. X-ray diffraction patterns of Cs, 
Cs/VAN and CsVG2 membranes. 

SEM Analysis. Scanning electron microscopy (SEM) images of the Cs, 256 
Cs/VAN and CsVG membrane surfaces are shown in Fig. 4. 257 

In Fig. 4a, SEM analysis of the chitosan membrane reveals an uneven, dense 258 
surface morphology with no visible voids, indicating reduced permeability and 259 
adsorption capacity. Fig. 4b illustrates the cross-sectional morphology of the Cs/  260 
/VAN membrane surface, showing a smoother surface accompanied by the form-261 
ation of cavities. This may be due to cross-linking, which can significantly affect 262 
the film’s internal microstructure, including cavities, adhesion, smoothness and 263 
compactness. The uniformity of the pores is due to the formation of Schiff bases 264 
and hydrogen-bond interactions arising from vanillin cross-links. In Fig. 4c, the 265 
CsVG2 membrane with a gelatin concentration of 0.75 % exhibits a more consist-266 
ent and smoother surface than the chitosan and chitosan/vanillin membranes, and 267 
it shows visible pores. This indicates good homogeneity among chitosan, gelatin 268 
and vanillin. The addition of gelatin to the membrane produces a smoother surface 269 
with a more homogeneous structure, thereby increasing water absorption.35 Res-270 
earch by Bakouri36 also shows that cross-sections of arginine-modified chitosan/  271 
/gelatin films exhibit a similar dense internal structure, indicating a smooth, uni-272 
form cross-section. The more porous structure of the CsVG membrane results from 273 
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electrostatic interactions between chitosan and gelatin, which form a sponge-like 274 
structure that enhances the membrane's overall integrity. 275 

 a) b) 276 

  277 
c) 278 

 279 
Fig. 4. SEM images at 500 magnification of: a) Cs, b) Cs/VAN and c) CsVG2 membranes 280 

after adsorption. 281 

Point of zero charge. The point of zero charge (pHpzc) is the pH value at 282 
which the surface charge of the adsorbent is neutral.13 At pH values below the 283 
pHpzc, Fig. 5, the adsorbent surface is positively charged, whereas at pH values 284 
above the pHpzc, it becomes negatively charged. This surface charge property 285 
plays an important role in the adsorption process because it affects the interaction 286 
between the adsorbent and the adsorbate. In this study, the cationic dye crystal 287 

Fig. 5. pHpzc graph in the pH range 2–12. 
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violet (CV) was used, and it must be adsorbed at a high pH (pH > pHpzc) to achieve 288 
maximum adsorption.37 Based on Fig. 5, the pHpzc values obtained were 5.8 for 289 
the Cs membrane and 5.6 for the Cs/VAN and CsVG2 membranes. 290 

Physical characterization of membrane 291 

Porosity, swelling and water uptake are critical physicochemical parameters 292 
in membranes, as they influence permeation, fouling, and polymer–water interac-293 
tions, which in turn determine adsorption capacity and kinetics. The results of the 294 
physicochemical characterization of the membrane are presented in Fig. 6. 295 

 a) b) c) 296 

     297 
Fig. 6. a) Porosity, b) swelling degree and c) water uptake for the pure membrane and 298 

modified membranes. 299 

To determine the effect of membrane modification with vanillin and gelatin, 300 
membrane characteristics, including porosity, degree of swelling and water absorp-301 
tion, were measured, as shown in Fig. 6. Fig. 6 shows that porosity, degree of 302 
swelling and water absorption increased linearly. The lowest values were obtained 303 
for the pure chitosan membrane and the physicochemical properties of the mem-304 
brane increased with increasing modification levels. Among the tested variations, 305 
the CsVG2 membrane (Cs/Van/Gel 0.75 %) exhibited the best physicochemical 306 
characteristics. 307 

Fig. 6a shows that the porosity of the pure chitosan membrane is 97.99 %, 308 
whereas that of the CsVG2 membrane it increases to 141.86 %. This indicates that 309 
increasing the gelatin concentration results in a more porous membrane structure. 310 
The presence of carboxyl groups in gelatin increases porosity through electrostatic 311 
interactions between chitosan and gelatin.38 This increase in porosity indicates that 312 
the membrane has more empty spaces that can be filled with water, thereby inc-313 
reasing the internal surface area and available pore volume, which ultimately imp-314 
roves adsorption capacity.  315 

The degree of swelling values in Fig. 6b indicate that the lowest swelling 316 
occurs in the pure chitosan membrane, at 134.59 %. After adding the vanillin cross- 317 
-linking agent to the Cs/VAN membrane, the degree of swelling increased to 318 
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150.60 %. The addition of gelatin to the membrane significantly increased the 319 
degree of swelling. In the CsVG1 membrane, the swelling value increased to 320 
169.78 %, and in the CsVG2 membrane with a gelatin concentration of 0.75 %, it 321 
reached 191.98 %. However, when the gelatin concentration was increased to 1 % 322 
(CsVG3 membrane), the membrane’s swelling decreased to 180.01 %. The form-323 
ation of cross-links between chitosan and vanillin via the Schiff base reaction pro-324 
duces a more compact membrane structure, reducing the number of available hyd-325 
rophilic groups and thereby decreasing the membrane’s swelling value.39 How-326 
ever, in this study, the addition of vanillin still increased the degree of expansion. 327 
This indicates that the number of remaining hydrophilic groups is still sufficient to 328 
allow swelling, in line with the findings reported by Hu.40 329 

The increase in the degree of swelling is also supported by the addition of 330 
gelatin to the chitosan matrix because gelatin has carboxyl groups that are hydro-331 
philic and can increase the number of active groups on the membrane surface. A 332 
denser polymer network formed by stronger interactions among chitosan, vanillin, 333 
and gelatin can reduce swelling at higher gelatin concentrations. This tighter 334 
structure makes the membrane less able to absorb and expand with water, as it has 335 
less free space and fewer internal pores. 336 

Along with the increase in porosity and degree of swelling, the percentage of 337 
water absorption shown in Fig. 6c indicates that the CsVG2 membrane has the most 338 
optimal physicochemical characteristics. A higher water-absorption capacity shows 339 
that water molecules are more strongly attracted to the membrane surface, thereby 340 
increasing the membrane’s hydrophilicity. This increased hydrophilicity is critical 341 
for improving membrane performance, as it enhances its ability to absorb dyes. 342 

Adsorption removal of crystal violet 343 

Adsorption with variation in pH. The effect of pH on the adsorption capacity 344 
of the Cs/Van/Gel membrane was assessed by adjusting the pH of the dye solution 345 
from 4 to 8 at an initial concentration of 5 mg/L. This pH range was chosen because 346 
it represents conditions that are practically relevant for dye adsorption applications. 347 
Variations in pH are important because solution pH is a significant parameter that 348 
affects adsorption, both by altering the adsorbent surface charge and the degree of 349 
adsorbate ionization. As shown in Fig. 7, the percentage of dye removal increased 350 
with increasing solution pH from 4, reached a maximum at pH 6, and then 351 
decreased at higher pH values. Under strongly acidic conditions (pH < 4), chitosan 352 
may partially dissolve because of excessive protonation of amino groups, leading 353 
to structural swelling. Conversely, highly alkaline conditions can result in struc-354 
tural instability. 355 

In acidic environments, the concentration of H+ is significantly elevated, lead-356 
ing these ions to compete with positively charged crystal violet (CV) molecules 357 
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for negatively charged active sites on the adsorbent’s surface. This condition red-358 
uces the number of sites available for CV molecules and decreases adsorption 359 
efficiency. As pH increases, the number of H+ decreases, and the adsorbent surface 360 
tends to become negatively charged, thereby increasing electrostatic interactions 361 
with positively charged CV molecules.41 However, when the pH is increased from 362 
6 to 7 and 8, CV adsorption decreases. This suggests that, alongside electrostatic 363 
forces in the acidic range, mechanisms such as π–π stacking and/or hydrogen 364 
bonding are anticipated to become more prominent and potent at neutral or alkaline 365 
pH.42,43 366 

Fig. 7. Effect of pH on the CV adsorption 
efficiency (%); initial dye concentration,
5 mg/L, 25 °C, contact time 120 min. 

At pH values above 6, adsorption efficiency decreases again, possibly due to 367 
changes in surface charge or the formation of repulsive forces between the ads-368 
orbate and adsorbent. Crystal violet is a basic dye with a pKa value of 0.8.44 369 
Because of its low pKa, this molecule remains ionized across the experimental pH 370 
range, behaving as a cationic dye under all pH conditions tested. 371 

 Adsorption with variation in time: kinetic studies. The removal of crystal 372 
violet dye by chitosan membranes and modified CsVG membranes is shown in 373 
Fig. 8. The adsorption capacity of the membrane increased until the 80th min, 374 
which facilitated greater adsorption. Subsequently, the adsorption rate decreased 375 
because most active sites were gradually filled, thereby inhibiting the diffusion of 376 
crystal violet molecules to the membrane surface. The adsorption capacity of the 377 
Cs membrane at 80 min was 35.86 %, and the maximum adsorption capacity of 378 

Fig. 8. Effect of contact time (min) on the 
CV adsorption efficiency (%); initial dye 
concentration, 5 mg/L; pH 6. 
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the CsVG2 membrane reached 85.57 %. Based on these data, the optimum ads-379 
orption time for crystal violet removal by this membrane system is 80 min. 380 

The dye adsorption process was then analyzed using first-order and second- 381 
-order pseudo-kinetic models. Adsorption kinetics provide information about the 382 
adsorption rate, the mechanism of CV adsorption by the membrane, and help 383 
determine the possible rate-controlling steps. The experimental data were analyzed 384 
using first-order and second-order pseudo-kinetic equations via linear and non-385 
linear fitting. Kinetic parameters obtained from the analysis are summarized in 386 
Table I. 387 

TABLE I. Adsorption kinetics study 388 

Form Plot Parameter Value 
Pseudo-first-order 

Linier ce/qe vs. ce k1 / min-1 0.0011 
 qe / mg g-1 2.3165 
 R2 0.61 
  SSE 0.8653 
Non-linear qt vs. t k1 / min-1 0.074 
 qe / mg g-1 1.4817 
    R2 0.9549 
  SSE 0.0835 

Pseudo-second-order 
Linier log qe vs log Ce k2 / g mg-1 min-1 0.1852 
 qe / mg g-1 2.3479 
 R2 0.9928 
  SSE 1.4788 
Non-linear qt vs. t k2 / g mg-1 min-1 0.0809 

 qe / mg g-1 1.6173 
    R2 0.9648 
  SSE 0.065 

Based on the kinetic parameters obtained from linear and non-linear regres-389 
sion analyses, the adsorption process is better described by the pseudo-second- 390 
-order model than by the pseudo-first-order model. The pseudo-second-order 391 
model yielded higher coefficients of determination (R2 of 0.9928 and 0.9648) than 392 
the pseudo-first-order model. Due to potential changes in the error structure result-393 
ing from linearization, model suitability was primarily assessed using nonlinear 394 
regression and SSE values. The pseudo-second-order model demonstrated a lower 395 
SSE, signifying a better fit to the experimental data. The fit of the pseudo-second- 396 
-order model to the experimental data showed that the adsorption rate was control-397 
led by the interaction between the active sites of the adsorbent and the dye mole-398 
cules, where the dye-binding process involved the exchange or sharing of electron 399 
pairs between the active sites of the adsorbent and the cationic groups on the 400 
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adsorbate.45 Other studies by Agbor Tabi46 and Ahmad and Ejaz47 also showed 401 
that crystal violet dye is adsorbed through chemisorption. 402 

Adsorption with variation in initial concentration of adsorbates. The effect of 403 
the initial dye concentration on adsorption was studied by varying the concen-404 
tration of crystal violet in the range of 3, 5, 7, 9 and 12 mg/L. Conversely, all other 405 
adsorption variables were kept constant, namely pH 6.0 and an adsorption time of 406 
80 min. 407 

Based on the results shown in Fig. 9, increasing the initial dye concentration 408 
gradually decreases the adsorption efficiency. At low crystal violet concentrations, 409 
the number of dye molecules is relatively proportional to the number of active sites 410 
available on the membrane surface, allowing CV molecules can be easily adsorbed 411 
through various interaction mechanisms, such as hydrogen bonding, electrostatic 412 
interactions, and π–π interactions between the CsVG membrane and the functional 413 
groups of crystal violet. At higher crystal violet concentrations, the number of dye 414 
molecules increases, but the number of available active sites remains limited. This 415 
discrepancy between the number of dye molecules and the number of available 416 
adsorption sites reduces the effectiveness of adsorption.48 417 

Fig. 9. Effect of dye concentration on the 
CV adsorption efficiency (pH 6.0; 
t = 80 min). 

The adsorption performance of crystal violet on CsVG membranes was 418 
evaluated using adsorption isotherm studies with the Langmuir and Freundlich 419 
models. The results of the isotherm studies were used to determine the qualitative 420 
properties of the adsorbate–adsorbent systems. According to the Langmuir ads-421 
orption isotherm, adsorption occurs as a monolayer on a homogeneous surface. In 422 
contrast, the Freundlich isotherm refers to the amount of adsorbate adsorbed per 423 
unit mass of adsorbent in a heterogeneous system. The results of the CsVG mem-424 
brane isotherm study are shown in Table II. 425 

The adsorption process can be determined by the highest regression coef-426 
ficient value (R2) based on the isotherm parameters and membrane regression coef-427 
ficients in Table II. The R2 value for the Cs membrane in Langmuir is 0.9693 and 428 
in Freundlich is 0.9873, while in the CsVG2 membrane (Cs/Van/Gel 0.75 %), the 429 
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R2 value in Langmuir is 0.9657 and in Freundlich is 0.9989. This finding suggests 430 
that the crystal violet adsorption system on all adsorbents follows the Freundlich 431 
isotherm model, as evidenced by an R2 value exceeding the Langmuir model 432 
threshold and approaching 1. The Freundlich isotherm model assumes adsorption 433 
on a heterogeneous surface, leading to the formation of a multilayer. Additionally, 434 
the phenomenon is attributed to physical adsorption through van der Waals or 435 
weak interactions between crystal violet and the adsorbent surface.49 436 

TABLE II. Isotherm adsorption study 437 

Membrane 
Langmuir Freundlich 

KL Qmax / mg g-1 R2 KF / L mg-1 n R2 
Cs 2.6205 0.2683 0.9693 0.7796 2.1372 0.9873 
Cs/VAN 8.5034 0.1633 0.8456 0.9880 1.4438 0.9896 
CsVG1 8.1766 0.1823 0.854 0.8958 1.4925 0.99 
CsVG2 6.0827 0.3939 0.9657 0.6103 1.8758 0.9989 
CsVG3 7.8247 0.1440 0.9528 1.0899 1.3976 0.99 

Adsorption with variation in temperature: thermodynamic studies. The effect 438 
of temperature on the adsorption process is shown in Fig. 10. The temperature 439 
applied in this experiment were 298, 308, 318 and 328 K. The best results were 440 
obtained with the CsVG2 membrane (Cs/Van/Gel 0.75 %), which achieved 441 
adsorption percentages of 88.12 % at 298 K and 47.33 % at 328 K. The adsorption 442 
efficiency of crystal violet decreased with increasing temperature. 443 

Fig. 10. Effect of temperature 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 the decrease 444 
in adsorption capacity with increasing temperature. Thermodynamic parameters 445 
used to describe the adsorption process, such as G, H and S, support this 446 
observation. The slope and intercept of the van’t Hoff plot are used to obtain the 447 
values of △H and △S. Table III presents the results of the thermodynamic para-448 
meter calculations. 449 

According to Table III, as the temperature increases, the ∆G value indicates 450 
that the adsorption process becomes more spontaneous. The negative ∆H value 451 
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indicates that the adsorption process of crystal violet is exothermic. The ∆S value 452 
yields good affinity between the CsVG2 membrane and crystal violet, thereby 453 
reducing unpredictability at the solid/liquid interface during adsorption.  454 

TABLE III. Thermodynamic parameters for CV adsorption 455 

Membrane Temperature, K ΔG / J mol-1 ΔH / kJ mol-1 ΔS / J mol-1 K-1 

Cs 298.15 –201 –32.86 –111 
308.15 –1489  

318.15 –2684  

328.15 –3490  

CsVG2 298.15 –4229 –48.98 –150 
308.15 –2429  

318.15 –1001  

328.15 –291  

Interactions between CsVG membrane and the adsorbates 456 

The adsorption mechanism depends on the functional groups and surface 457 
porosity of the adsorbent and the adsorbate molecules. An estimate of the mech-458 
anism by which the membrane-bound active groups interact with crystal violet is 459 
shown in Fig. 11. 460 

 461 
Fig. 11. Estimated adsorption mechanism. 462 
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Possible interreaction mechanisms between the active sites on the surface of 463 
the chitosan/vanillin/gelatin membrane and crystal violet include electrostatic 464 
interactions, π–π interactions and hydrogen bonding. Electrostatic bonds occur 465 
between the negative charge of the –COO⁻ group in gelatin and the positive group 466 
(N+) in crystal violet. The hexagonal structure of vanillin and the benzene ring of 467 
crystal violet can enhance adsorption by acting as electron donors and acceptors 468 
via π–π stacking. In addition, H atoms from oxygen-containing functional groups 469 
on the surface of the CsVG membrane can form hydrogen bonds with N atoms in 470 
crystal violet. 471 

Reusability study 472 

Reusability and stability are important parameters in evaluating the perform-473 
ance of adsorbents for water treatment. Therefore, the Cs and CsVG2 membranes 474 
were retested at the optimum pH for three consecutive adsorption cycles. Based on 475 
Fig. 12, the initial use showed the highest adsorption efficiency. After three cycles, 476 
the CsVG2 membrane still maintained a fairly high adsorption capacity, although 477 
the efficiency of crystal violet (CV) adsorption decreased from 89 to 49 %. This 478 
reduction in efficiency is probably caused by some CV molecules being strongly 479 
bound to active sites via electrostatic interactions, π–π interactions or hydrogen 480 
bonds. As a result, the number of available active sites is reduced. In addition, pore 481 
blocking by residual dye molecules may occur, inhibiting the diffusion of ads-482 
orbates into the membrane structure. This decrease indicates that optimization of 483 
the regeneration method is still needed to improve membrane reuse performance. 484 

Fig. 12. The cycles of reusability of the 
membrane. 

CONCLUSION 485 

In this study, CsVG membranes were developed from chitosan crosslinked with 486 
vanillin and modified with varying concentrations of gelatin (0.5, 0.75 and 1 %). The 487 
modified membranes exhibited good adsorption of crystal violet, with the optimum 488 
membrane (CsVG2) obtained at a gelatin concentration of 0.75 %. The addition of 489 
vanillin and gelatin improved the physical characteristics of the membrane, such as 490 
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porosity, swelling and water absorption, in comparison to the pure chitosan mem-491 
brane. The optimal parameters for dye adsorption were identified as pH 6, a contact 492 
time of 80 min, an initial dye concentration of 3 mg/L and a temperature of 298 K, 493 
yielding 88 % dye removal. 494 

Adsorption kinetics conformed to a pseudo-second-order model, suggesting that 495 
both the contact time and the concentration of the dye influenced the adsorption rate 496 
and that chemical interactions occurred between the adsorbent and the adsorbate. 497 
The isotherm best fits the Freundlich model, with an R2 value of 0.9989 at 298 K. 498 
The thermodynamic results showed that the adsorption process is exothermic (ΔH < 499 
0) and spontaneous (ΔG < 0). 500 

Overall, the results of this study indicate that the CsVG bioadsorbent membrane 501 
has good physicochemical properties and the potential to be developed as an effect-502 
ive, environmentally friendly adsorbent for the removal of crystal violet dye from 503 
wastewater. Further research is needed to evaluate the membrane’s regeneration and 504 
reuse capabilities and to examine its application in more complex wastewater systems. 505 
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И З В О Д  508 
ИЗРАДА ХИТОЗАНСКЕ М ЕМ БРАНЕ М ОДИФИКОВАНЕ ВАНИЛИНОМ  И Ж ЕЛАТИНОМ  509 

ЗА АДСОРПЦИЈУ БОЈЕ КРИСТАЛ-ВИОЛЕТ 510 

KHABIBI KHABIBI, NABILA AM ALIA IZAAZ AANISA и RETNO ARIADI LUSIANA 511 
Departm ent of Chem istry, Faculty of Sciences and M athem atics, University of Diponegoro, 50275 Sem arang, 512 

Central Java, Indonesia 513 
Кристал-виолет (CV) је катјонска боја која представља озбиљне ризике по животну 514 

средину када се акумулира у воденим екосистемима због своје високе токсичности за 515 
живе организме. Због тога су потребне ефикасне методе третмана за уклањање ове боје 516 
из отпадних вода. У овој студији, хитозанска (Cs) биоадсорбент мембрана, умрежена са 517 
ванилином (V) и модификована желатином (G), развијена је за апсорпцију CV. Хитозан/  518 
/ванилин мембрана је помеш ана са желатином у различитим концентрацијама, 0,5 519 
(CsVG1), 0,75 (CsVG2) и 1 %  (CsVG3). Процес адсорпције је испитан у функцији pH, вре-520 
мена контакта, почетне концентрације боје и температуре. М ембрана је окарактерисана 521 
мерењем порозности, степенa бубрења, апсорпцијe воде, FTIR и SEM . Резултати су пока-522 
зали да су оптимални параметри за адсорпцију боје били pH 6, време контакта 80 m in и 523 
температура 298 K, ш то је резултирало уклањањем 88 %  боје. Кинетика адсорпције пра-524 
тила је модел псеудо-другог реда, а Freundlich модел најбоље је описао изотерму адсорп-525 
ције. Термодинамичка анализа је показала да је процес адсорпције био спонтан и егзотер-526 
ман. Дакле, CsVG мембрана има потенцијал да послужи као ефикасна алтернатива за 527 
уклањање кристално љубичасте из текстилних индустријских отпадних вода. 528 

(Примљено 9. јануара, ревидирано 27. јануара, прихваћено 9. априла 2026) 529 
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