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Abstract

Alginate has been extensively employed as a biomaterial, but its practical applications are constrained by inherent drawbacks such as
limited solubility, structural instability, brittleness, and inadequate mechanical strength. Empty palm fruit bunches (EPFB), an abundant
lignocellulosic residue rich in cellulose, represent a renewable precursor for the synthesis of cellulose xanthate. In the present study,
cellulose xanthate-alginate composite beads were fabricated via structural modification and intermolecular interactions to overcome
the intrinsic limitations of alginate. The influence of NaCl as a porogen was investigated, and the applicability of the beads in the
degradation of remazol red textile dye was evaluated. Beads were prepared using a mass ratio of alginate to cellulose xanthate
of 1:3, with NaCl incorporated at concentrations of 3, 6, and 9% (w/v). Characterization techniques included Fourier transform
infrared spectroscopy, optical microscopy, and scanning electron microscopy-energy dispersive X-ray spectroscopy analysis. This
study demonstrated that increasing NaCl concentration up to 9% enhanced the porosity and swelling capacity to 80% and 48.50%,
respectively. Application tests revealed that TiO /cellulose xanthate-alginate beads achieved a maximum degradation efficiency of
85.59% for Remazol Red under UV irradiation with 0.8 g TiO,. These findings highlight the potential of EPFB-derived cellulose xanthate-

alginate beads as eco-friendly materials for textile dye wastewater treatment.
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1 Introduction

The palm oil industry plays a significant role in the global
vegetable oil market but also generates large quanti-
ties of lignocellulosic waste. One of the major residues
is empty palm fruit bunches (EPFB), which account for
about 23% of each ton of fresh fruit bunches (FFB) pro-
cessed [1]. The composition of EPFB is dominated by cel-
lulose, hemicellulose, and lignin, with cellulose being
the major component that supports its use as a raw mate-
rial for value-added products. As a natural polysaccha-
ride, cellulose is abundant, environmentally friendly,
non-toxic, and extensively utilized in multiple industrial
fields. Structurally, cellulose consists of linear chains of
S-(1—4)-linked D-glucose units, with reactive hydroxyl
groups distributed along the backbone [2]. These hydroxyl
groups form strong intra- and intermolecular hydrogen

bonds, contributing to cellulose's rigidity and insolubil-
ity in water and most organic solvents [3]. To overcome
these drawbacks and broaden its applications, cellulose is
often chemically modified. One such derivative, cellulose
xanthate, is produced through xanthation, which disrupts
hydrogen bonding and improves solubility [4].

Cellulose xanthate has been reported to exhibit supe-
rior crystallinity, enhanced thermal stability, and reduced
flammability compared to native cellulose, rendering
it more suitable for advanced functional materials [5].
In parallel, alginate has attracted increasing interest as
a natural anionic polysaccharide derived from the cell
walls of brown algae. It is composed of mannuronic and
guluronic acid residues and exists mainly in the form of
alginic acid or its sodium salt, sodium alginate (SA) [6].
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The polymer chain contains abundant hydroxyl and car-
boxyl groups that provide reactive sites for ionic interac-
tions and crosslinking [6]. Overall, the binding behavior
of alginate toward heavy metals is influenced by various
parameters, including temperature, ionic strength, and
the presence of competing ions. These factors play cru-
cial roles and have been extensively examined by different
research groups to deepen the understanding of how algi-
nate-based materials interact with heavy metal ions [7, 8].

The detrimental effects of Remazol Red on human health
have been well-documented in recent toxicological assess-
ments. Remazol Red, a reactive azo dye widely utilized in
textile industries, exhibits high chemical stability and resis-
tance to biodegradation, enabling its persistence in environ-
mental and biological systems. Upon exposure, this dye can
undergo metabolic reduction to form aromatic amines, many
of which are classified as mutagenic and carcinogenic com-
pounds. Prolonged dermal contact or inhalation has been
associated with skin irritation, allergic dermatitis, respira-
tory distress, and cytotoxic responses in epithelial tissues.
Remazol Red is considered a significant public health con-
cern, particularly for occupationally exposed workers in tex-
tile and dyeing facilities as well as for communities residing
near industrial effluent discharge points. Therefore, compre-
hensive monitoring and effective treatment of Remazol Red
contamination are crucial to minimize its health impact.

Alginate is recognized as a low-cost and effective
adsorbent, capable of removing heavy metals, synthetic
dyes, pesticides, antibiotics, and other pollutants from
aqueous environments [9]. However, the direct applica-
tion of natural alginate is restricted by drawbacks such
as limited solubility, low viscosity, brittleness, poor elas-
ticity, and weak mechanical properties, all of which hin-
der its performance in environmental applications [10].
To address these challenges, the combination of alginate
with functionalized cellulose derivatives offers an attrac-
tive strategy for producing composite biomaterials with
improved structural and functional properties.

Cellulose xanthate—alginate composites can be fab-
ricated into bead-shaped structures using the ionic gela-
tion method. This technique involves the crosslinking of
alginate guluronate residues with divalent cations such as
Zn%, resulting in hydrogel networks with tunable prop-
erties [11]. Beads provide significant advantages over
flakes or films because of their spherical morphology, uni-
form particle size distribution, higher surface area, and
improved mass transfer properties. These characteristics
make bead-shaped composites particularly effective for
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adsorption processes in water and wastewater treatment.
The adsorption performance of biopolymer-based beads
can be further enhanced by incorporating pore-forming
agents (porogens) to generate highly porous structures.
Among various porogens, NaCl is widely used due to its
ability to create interconnected pores, increase specific
surface area, and improve adsorption capacity.

Compared to other porogens, NaCl is abundant, inex-
pensive, and easily to removable the final product [12].
The use of NaCl as a porogen therefore provides a cost-ef-
fective and efficient means of tailoring the textural prop-
erties of bio composites for environmental applications.
Indonesia, as one of the world's largest producers of palm
oil and marine biomass, possesses abundant EPFB and
alginate resources. Nevertheless, these materials have not
been optimally utilized to produce advanced functional
composites. The transformation of cellulose obtained
from EPFB into cellulose xanthate, followed by its combi-
nation with alginate to produce bead-like bio composites,
offers a sustainable strategy for biomass utilization.

Such materials are biodegradable, biocompatible, and
environmentally friendly, while offering enhanced adsorp-
tion performance compared with conventional adsorbents.
Specifically, their high surface areca and porosity make
them highly effective for removing synthetic dyes, such as
Remazol Red, from textile wastewater, a pollutant of grow-
ing environmental concern. Therefore, the objective of this
study is to synthesize and characterize cellulose xanthate—
alginate beads prepared via ionic gelation with NaCl as
a porogen, and to evaluate their adsorption for the removal
of Remazol Red dye from aqueous solutions. This work
aims to provide sustainable and efficient beads derived
from local renewable resources, with potential applications
not only in wastewater treatment but also in drug deliv-
ery, agricultural media, and other functional biomaterial
systems. Xanthate-derived materials have been increas-
ingly explored for dye removal and degradation due to their
strong affinity toward metal ions and positively charged
dye molecules. The xanthate functional group (—OCS;)
provides numerous active sites capable of forming sta-
ble complexes, enabling effective adsorption of various
anionic and cationic dyes. Several studies have reported
that cellulose xanthate, starch xanthate, and chitosan xan-
thate exhibit enhanced adsorption capacities compared to
their non-modified counterparts. In addition, the presence
of sulfur-containing groups in xanthates can promote redox
interactions that facilitate partial degradation of dye mol-
ecules, especially under oxidative or catalytic conditions.
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These findings indicate that xanthate-modified biopoly-
mers can serve as efficient, eco-friendly adsorbents for dye
removal in wastewater treatment applications.

Therefore, the main goal of this study is to synthesize
and characterize cellulose xanthate—alginate beads pre-
pared via ionic gelation with NaCl as a porogen, and to
evaluate their adsorption efficiency toward Remazol Red
dye removal from aqueous solutions. The novelty of this
work lies in the synergistic integration of agricultural
(EPFB-derived cellulose) and marine (alginate) biopoly-
mers to develop sustainable, bead-shaped composites with
enhanced structural, thermal, and adsorption properties.
This approach not only supports waste valorization but also
contributes to sustainable wastewater treatment solutions.

2 Materials and methods

2.1 Material

EPFB was obtained from PT. Perkebunan Nusantara
1 Regional 7 Bekri Plantation, Central Lampung,
Lampung, Indonesia. Analytical grade chemicals were
exclusively used throughout this research. Reagents such
as sodium hydroxide, nitric acid, chloride acid, zinc ace-
tate, acetic acid, sulfuric acid, sodium chloride, sodium
hypochlorite, carbon disulfide, ethanol were purchased
from Merck (Germany), and sodium alginate was acquired
from PhytoTechnology Laboratories (USA), and Remazol
Red (RB 13) was acquired from Fitinline Store (IDN).

2.2 Raw material preparation

EPFB was thoroughly cleaned and sun-dried to remove
surface impurities and reduce initial moisture content.
The dried material was shredded into fragments of approx-
imately 10—20 cm and subsequently ground using a disk
mill to obtain a particle size of 149 pm. The resulting pow-
der was oven-dried at 90 °C for 24 h to ensure complete
removal of residual moisture prior to further processing.

2.3 Isolation of a-cellulose from empty palm fruit
bunches

A total of 75 g of EPFB powder was treated with 1 L 3.5%
HNO, containing 10 mg NaNO, at 90 °C for 120 min, sub-
sequently filtered and rinsed until reaching a neutral pH. The
residue was subsequently treated with 750 mL 2% NaOH
and 2% Na SO, at 50 °C for 60 min, filtered, and washed.
Bleaching was performed using 250 mL 1.75% NaOCI at
70 °C for 30 min, and the residue was washed to neutral
pH. Purification was then carried out with 500 mL 17.5%
NaOH at 80 °C for 30 min, followed by washing, and further
bleaching with 500 mL 10% H,O, at 60 °C for 15 min. The

obtained a-cellulose was washed, oven-dried at 60 °C and
stored in a desiccator. The cellulose yield (%) was calculated
using the following Eq. (1):

Cellulose yield(%)= M, /M, x100, (1

where M_ is the mass of a-cellulose obtained (g) and M, is
the initial mass of EPFB powder (g) [13].

2.4 Cellulose xanthate preparation

Isolated cellulose (5 g) was treated with 40 mL 20% (w/v)
NaOH for 3 h, filtered, and aged for 60 h at ambient
temperature. The alkali cellulose formed was reacted
with 2.5 mL of CS,, and the mixture was homogenized
at 150 rpm and 25 °C for 3 h to yield cellulose xanthate.
Subsequently, 30 mL of 6% (w/v) NaOH solution was
added to the suspension [14].

2.5 Beads shaping

A total of 0.5 g of SA was dissolved in 12.5 mL of demin-
eralized water, followed by the addition of several drops
of CH,COOH until completely dissolved [14], then cellu-
lose xanthate (4.5 g) was added with an alginate-to-cellu-
lose xanthate mass ratio (w/w) of 1:3. NaCl served as the
porogen at concentrations of 3, 6, and 9%, resulting in for-
mulations CXA-1, CXA-2, and CXA-3. Beads produced
without NaCl were referred to as CXA-0.

Homogenized mixtures were dropped through an 18G
needle into 100 mL 5% (w/v) zinc acetate solution and
allowed to rest for 24 h. The beads formed were filtered,
rinsed with distilled water, shaken at 150 rpm for 48 h,
soaked for another 24 h, and finally dried at 37 °C for
5 h. The same method was adopted for CXA-1, CXA-2,
and CXA-3. The formation process of cellulose xanthate—
alginate beads is summerized in Fig. 1.

2.6 Lignocellulose content analysis

Lignocellulosic analysis was carried out on both the EPFB
samples and the isolated cellulose samples (a-cellulose).
The determination of lignocellulosic composition in EPFB
was performed through sequential fractionation based on
the Chesson's method [15].

Amixture of 1 g EPFB powder and 150 mL distilled water
was heated at 100 °C for 2 h in a water bath. After filtration,
the residue was washed thoroughly with hot water, dried in
an oven, and its mass was recorded. Subsequently, the res-
idue was treated with 150 mL 0.5 M H,SO, and refluxed at
100 °C for 2 h. The sample was filtered and washed until
a neutral pH was reached, then oven-dried to a constant
mass. The obtained residue was further soaked in 10 mL
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Fig. 1 Schematic representation of the formation process of cellulose xanthate—alginate beads

72% H,SO, at room temperature for 4 h. The mixture was
then diluted with 150 mL 0.5 M H,SO,, the reaction mixture
underwent reflux for 2 h before being filtered. The result-
ing residue was neutralized through washing and dried in
an oven until a constant mass was reached. The solid frac-
tion was subsequently ashed and weighed, and the per-
centages of lignocellulosic components were determined
according to standard calculation Egs. (2) to (5):

% HWS = “;bxmo, Q)
% Hemicellulose = b;c %100, 3
% Lignin = d;e x100, )
% Cellulose = <~ %100, S)

a

where a denotes the initial mass of the biomass sample (g),
b represents the residue mass after hot water reflux (g),
¢ corresponds to the residue mass obtained after reflux
with 0.5 M H,SO, (g), d indicates the residue mass after
treatment with 72% H, SO, followed by dilution (g), and e
refers to the ash content of the residue (g).

2.7 Porosity and swelling analysis
Bead porosity was assessed by immersing samples in 5 mL
ethanol (V) for 24 h. The system volume after immersion

was designated V. Once the entrapped solvent within bead
pores was removed, the residual ethanol was quantified
as V.. The solvent entrapped within the bead pores was
then removed, and the remaining ethanol volume in the
cylinder was measured as V.. The porosity was calculated
according to Eq. (6) [16]:

. V-7,
Porosity (%) = Vl——VSX 100. 6)

2 3

Bead swelling was evaluated by immersing 50 mg of
beads in 20 mL of distilled water for 24 h. After immer-
sion, the beads were weighed, and the swelling ratio was
calculated using Eq. (7):

Swelling =

W —W,
L0 %100%, @)
W,
where W, is the bead mass after immersion, and W is the
initial bead mass prior to immersion.

2.8 Morphology analysis

The surface morphology and elemental composition of cellu-
lose xanthate-alginate beads were characterized using Scan-
ning electron microscopy-energy dispersive X-ray spectros-
copy (SEM-EDX) analysis (SEM ZEISS EVO MA 10).

2.9 Size analysis
Beads in wet, dry, and swollen forms were analyzed under
an optical microscope, and the corresponding diameters and
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pore dimensions were measured using ImageJ image-pro-
cessing software [17].

2.10 Preparation of TiO,/cellulose xanthate-alginate
beads

TiO, powder was weighed in varying amounts (0, 0.4,
0.6, and 0.8 g) and dispersed in 200 mL of demineral-
ized water, followed by stirring for 30 min to ensure uni-
form suspension. Subsequently, alginate—cellulose xan-
thate was incorporated at a mass ratio of 1:3. To introduce
porosity, 2 g NaCl was added as a porogen, and the mix-
ture was stirred until homogeneous. The resulting solu-
tion was then extruded dropwise through a syringe nee-
dle into 100 mL 5% (w/v) zinc acetate solution, allowing
beads formation via ionic crosslinking. The TiO,/cellu-
lose xanthate-alginate beads obtained were left to stand
for 24 h to complete gelation, then filtered and thoroughly
washed with demineralized water until a neutral pH was
achieved. Finally, the beads were oven-dried at 37 °C for
5 h to obtain the final product.

2.11 Determination of the maximum absorption
wavelength of Remazol Red

The Remazol Red solution was prepared at a concentra-
tion of 10 ppm. Prior to use, the solution pH was care-
fully adjusted to pH 6.0. The adjustment was performed
by the incremental addition of either 0.1 M HCI or 0.1 M
NaOH, depending on whether the initial pH needed to be
lowered or raised. Each addition was followed by gentle
stirring and continuous monitoring with a calibrated pH
meter to ensure accurate and stable pH adjustment without
overshooting the target value. The maximum absorption
wavelength was then determined by scanning the solu-
tion with a UV—Vis spectrophotometer over the range of
400-700 nm. The wavelength corresponding to the high-
est absorbance was designated as the 4__ .
2.12 Preparation of the calibration curve for

Remazol Red

To establish a calibration curve, Remazol Red standard
solutions (2, 4, 6, 8, and 10 ppm) were examined by UV—
Vis spectrophotometry at 520 nm. A linear regression of
absorbance versus concentration was performed, yielding
the equation y = ax + b.

2.13 Photocatalytic degradation of Remazol Red using
TiO,/cellulose xanthate-alginate beads

The photocatalytic degradation experiments were con-
ducted by placing 5 g TiO,/cellulose xanthate-alginate

beads into 50 mL 10 ppm Remazol Red solution. Additional
TiO, was incorporated with varying masses (0, 0.4, 0.6,
and 0.8 g). The mixtures were first kept in the dark by
wrapping the beakers with aluminum foil for 60 min to
establish adsorption—desorption equilibrium. Afterward,
the suspensions were irradiated with UV light (15 W
lamp) positioned 10 cm above the solution surface for
180 min [15]. The residual concentration of Remazol
Red was analyzed using a UV—-Vis spectrophotometer at
520 nm. The photocatalytic degradation efficiency was
calculated using Eq. (8):

XO_Xt

% Degradation = ( jx 100%, (8)

0
where X represents the initial dye concentration, and X,
denotes the final concentration either after dark equilibra-
tion or after UV irradiation.

3 Results

3.1 Lignocellulose contents

Fig. 2 shows the lignocellulosic composition of raw EFPB
biomass and the isolated a-cellulose fraction. A clear increase
in cellulose content was observed after isolation, while hemi-
cellulose and lignin decreased significantly. These results
confirm the effectiveness of the isolation method in enrich-
ing cellulose, consistent with previous reports [18-20].

Fig. 2 presents the comparison of lignocellulosic com-
ponents between raw material EPFB and a-cellulose
EPFB. Based on the data in Fig. 2, the lignocellulosic
analysis of raw EPFB showed the percentages of hot-wa-
ter-soluble (HWS), hemicellulose, cellulose, and lignin
were 1.28%, 29.08%, 41.35%, and 28.29%, respectively.
The HWS content in raw EPFB was relatively low (<2%)
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Fig. 2 Comparison of lignocellulosic components between raw material
EPFB and a-cellulose EPFB



and did not show a significant change after the isola-
tion process. This indicates that HWS compounds, such
as simple sugars, extractives, and phenolic substances,
contribute a minor fraction to the overall composition of
EPFB. In contrast, the hemicellulose content in raw EPFB
was relatively high (29.08%), but its proportion decreased
markedly to 6.45% after the isolation process. This reduc-
tion suggests that hemicellulose, being an amorphous
component, is more susceptible to hydrolysis and removal
during the delignification process [21].

The most significant increase was observed in the cel-
lulose component, which constitutes the major fraction
of EPFB. In its untreated form (lignocellulosic composi-
tion), EPFB generally contains around 30-50% cellulose,
depending on the method and sample conditions [22].
In this study, the cellulose content in raw EPFB reached
41.35%; however, after the isolation process, it more than
doubled, reaching 90.46%. This finding demonstrates that
the isolation process effectively removed most of the lig-
nin and hemicellulose binding the cellulose structure,
resulting in highly purified cellulose.

High levels of a-cellulose have previously been
reported in oil palm empty fruit bunches (OPEFB) after
optimized delignification processes. For instance, a-cel-
lulose contents exceeding 94% in dissolving pulp derived
from OPEFB were obtained through alkali treatment and
bleaching [23] while values ranging between 88% and 94%
have also been reported under optimized condition [19].
These findings confirm that OPEFB can yield high-pu-
rity a-cellulose, making it suitable for advanced material
applications. Meanwhile, lignin, as the main structural
component of plant cell walls that functions to protect and
reinforce the cellulose matrix, exhibited a drastic reduc-
tion. In raw EPFB, the lignin content reached 28.29%;
however, after the isolation process, it decreased to 2.21%.
This significant reduction indicates the effectiveness of the
delignification process in dissolving the hydrophobic and
complex nature of lignin, thereby producing a-cellulose
with an exceptionally low lignin content.

To isolate a-cellulose from raw EPFB, a delignification
process was carried out using HNO, and NaNO,. The pur-
pose of this step was to convert lignin into water-solu-
ble nitrolignin, which appears yellowish-brown due to the
cleavage of chromophore groups in lignin and hemicel-
lulose [24]. Following delignification, a swelling process
was performed using NaOH and Na,SO, to dissolve both
lignin and hemicellulose by breaking the hydrogen and
oxygen bonds in the phenolic OH groups of lignin, thereby
disrupting the linkage between lignin and cellulose [25].
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To enhance the whiteness of cellulose (bleach-
ing), NaOCI solution was applied. However, the cellu-
lose obtained at this stage still consisted of a-cellulose,
[-cellulose, and y-cellulose. Therefore, the separation of
fS-cellulose and y-cellulose was conducted using 17.5%
NaOH solution. Under strong alkaline conditions, fS-cel-
lulose and y-cellulose, which are composed of shorter cel-
lulose chains, readily dissolve, while a-cellulose, which
has longer polymer chains, remains insoluble and precipi-
tates [26]. During the isolation process, the resulting a-cel-
lulose exhibited a slightly brownish-white color. To obtain
a brighter white a-cellulose, an additional bleaching step
was conducted using H,O, solution. The overall process
yielded 30.25% a-cellulose isolated from raw EPFB.

3.2 Shape, size and porosity of beads

The diameter measurements presented in Table 1 show
clear dimensional differences among CXA bead formula-
tions in both wet and dry conditions. CXA-3 exhibited the
largest wet diameter (3.68 £ 0.50 mm), followed by CXA-1
(2.95 = 0.04 mm), CXA-2 (2.75 £ 0.05 mm), and CXA-0
(2.50 £ 0.22 mm). After drying, all samples experienced size
reduction, with final diameters ranging from 2.10+0.15 mm
to 2.73 = 0.05 mm. The highest shrinkage was observed in
CXA-3, decreasing from 3.68 mm to 2.73 mm, while the
smallest dimensional change occurred in CXA-1 (2.95 mm
to 2.65 mm). These results indicate that although CXA-3 ini-
tially formed the largest gel matrix, it was also more suscep-
tible to contraction during dehydration.

The diameter of wet and dry beads was quantified using
ImagelJ software [17] (Fig. 3). In addition, Fig. 4 presents
the morphology of dried beads, where CXA-0 samples
appeared compressed, in contrast to the other formula-
tions that predominantly displayed spherical geometry.

The addition of NaCl as a porogen influenced both the
swelling properties and the bead diameter. Fig. 5 pres-
ents the graph of changes in bead diameter and mass after
immersion in distilled water for 24 h. The swelling proper-
ties of the beads ranged from 41.50% to 78.80%, whereas
the changes in bead diameter were between 34.50%

Table 1 Wet and dry diameters of cellulose xanthate—alginate (CXA)
beads with different variations

o Diameter (mm)
Beads variation

Wet Dry
CXA-0 2.50+£0.22 2.10+0.15
CXA-1 2.95+0.04 2.65+0.02
CXA-2 2.75+0.05 2.51+0.16
CXA-3 3.68 +£0.50 2.73 £0.05
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Fig. 4 Optical microscopy images of dried beads: (a) CXA-0; (b) CXA-1;
(c) CXA-2; (d) CXA-3

and 41.10%. Both swelling properties and bead diame-
ter increased with higher NaCl concentrations. This phe-
nomenon can be attributed to the Na" and CI” ions from
NaCl, which increase the osmotic pressure within the
solution during bead formation [27]. The osmotic pres-
sure difference between the bead interior and the immer-
sion medium (distilled water) drives water molecules into
the bead structure. Consequently, the beads absorb more
water and exhibit enhanced swelling capacity. NaCl acts as
a porogen by generating voids or pores within the polymer
network during drying and rehydration [28]. At higher NaCl
concentrations, a greater number of pores are formed, pro-
viding more space for water uptake, which in turn results
in increased bead diameter after immersion.
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Fig. 5 Effect of NaCl concentration on the diameter, mass and porosity
of swollen beads

The addition of NaCl as a porogen significantly influ-
enced the porosity of the beads. An increase in NaCl
concentration led to greater porosity and expansion of
the polymer chain spacing, which facilitated water pen-
etration into the bead matrix [27]. As shown in Fig. 5,
the porosity of the beads increased proportionally with
NaCl concentration. Beads CXA-2 and CXA-3 exhibited
higher porosity values (77.80% and 80%, respectively)
compared to CXA-1 (70%), whereas CXA-0 demon-
strated the lowest porosity of 62.50%.

The increase in NaCl concentration was found to sig-
nificantly influence the porosity of the resulting beads.
NaCl acts as a porogen, functioning as a pore-forming
agent through the salt leaching mechanism [29, 30]. During
bead formation, NaCl crystals are dispersed within the
polymer matrix. When the beads are immersed in water
or a solvent medium, the salt crystals dissolve, leaving
behind empty voids within the polymer network, thus pro-
ducing a porous structure. A higher NaCl concentration
generates more voids, thereby contributing to an overall
increase in porosity [31, 32]. In addition, Na" and CI" ions
in solution further enhance osmotic pressure during gela-
tion. Elevated osmotic pressure promotes water diffusion
into the polymer matrix, enlarging the interchain spacing
and generating pores with greater dimensions.

This observation is consistent with the findings of Feng
and Wang [29] who demonstrated that electrolyte ions can
modulate the swelling behavior of hydrogels via ionic inter-
actions, thereby improving water uptake and the develop-
ment of internal porosity. Consequently, increasing NaCl
concentration not only raises the number of pores but also
facilitates the formation of larger pore sizes, as reflected in
higher porosity values. However, a plateau effect is often
observed at excessively high NaCl concentrations. Under



such conditions, although pore numbers increase, partial
collapse of cavities or compaction of the polymer struc-
ture may occur due to excessive ionic interactions, pre-
venting further significant porosity enhancement [33].

Overall, increasing NaCl concentration has been
demonstrated to improve bead porosity through a com-
bined mechanism of salt leaching and osmotic pressure
enhancement, directly contributing to higher swelling
capacity and enlarged bead diameter. These findings are
consistent with recent reports highlighting the role of inor-
ganic salts as porogenic agents in various porous polymer
systems for biomedical, pharmaceutical, and material
engineering applications [28, 32, 33].

3.3 Characteristics of cellulose xanthate-alginate beads
3.3.1 Fourier transform infrared analysis

The Fourier transform infrared (FTIR) (Agilent Carry
630) spectrum provides essential insights into the chemical
structure modifications occurring during the conversion of
cellulose into cellulose xanthate and the subsequent forma-
tion of hybrid beads.

FTIR spectra of raw EPFB (I. spectra of Fig. 6) con-
firmed the presence of functional groups characteristic
of lignocellulosic biomass. A broad O-H stretching band
at 3280 cm™' indicated hydroxyl groups from cellulose,
hemicellulose, and lignin, while the peak at 2922 cm™
was assigned to aliphatic C—H stretching. Absorptions
at 1725-1740 cm™ and 1654 cm™ correspond to carbonyl
groups of hemicellulose and lignin, respectively. Distinct
aromatic lignin features were observed at 1600, 1510,
and 1460 cm™. Meanwhile, the band at 1030-1050 c¢m™
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Fig. 6 FTIR spectra of: I. EPFB; 1. a-cellulose; I11. cellulose xanthate;
IV. CXA-0; V. CXA-3
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verified C—O—C linkages of cellulose and hemicellulose,
and a weak signal at 894-900 cm™ reflected f-1,4-glyco-
sidic bonds. These findings align with previously reported
FTIR patterns of untreated EFB biomass [34, 35].

The FTIR spectrum of a-cellulose (II. spectra of Fig. 6)
revealed that, following delignification and alkalization,
the characteristic bands at 1730 cm™ (hemicellulose) and
1510 em™ (lignin) either diminished or disappeared, indi-
cating the effective removal of non-cellulosic compo-
nents. The absorption band at 3288 cm™ corresponds to
O-H stretching vibrations, confirming the abundance of
hydroxyl groups and the presence of both intra- and inter-
molecular hydrogen bonding, which are crucial for the
crystalline properties of cellulose [35]. This observation
further supports the reduction of hemicellulose and lignin
after the purification steps.

The peak at 2892 cm™ is attributed to aliphatic C—H
stretching of methyl and methylene groups in glucose res-
idues. An additional band observed at 1662 cm™ is asso-
ciated with H-O—-H bending of adsorbed water, com-
monly detected in hygroscopic materials such as cellulose.
Moreover, the absorptions at 1365 cm™ (CH, scissoring)
and 1315 cm™ (C-H bending) reflect deformations of
methyl and methylene groups and are frequently employed
as indicators of cellulose crystallinity [36]. Finally, the
strong band at 1020 cm™, corresponding to C—O and
C-O—C stretching of glycosidic linkages, confirms the
presence of glucose units within the polysaccharide back-
bone and highlights the preservation of cellulose's poly-
saccharide structure after purification [37].

The absence of a carbonyl peak around 1730 cm™ indi-
cates the low content of hemicellulose and lignin, thereby
confirming the high purity of a-cellulose [38]. Scientifically,
the presence of strong —OH absorption bands reflect the
hydrophilic nature of cellulose and its potential to form
extensive inter- and intramolecular hydrogen bonding.
The characteristic band observed at 894 cm™' verifies the
presence of S-glycosidic linkages, a defining feature of cel-
lulose polymers that distinguishes them from hemicellulose
and lignin [39]. Collectively, the spectrum demonstrates
that the primary cellulose backbone was successfully pre-
served after isolation, while also highlighting the typical
polysaccharide characteristics of lignocellulosic biomass.

FTIR analysis of cellulose xanthate (III. spectra of
Fig. 6) revealed characteristic absorption bands confirm-
ing the successful xanthation process. The broad band at
3355 em™ corresponds to O—H stretching vibrations, indi-
cating the presence of hydroxyl groups and both intra- and
intermolecular hydrogen bonding. The variation in band
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intensity suggests that part of the —OH groups were substi-
tuted by xanthate functionalities [14]. The absorption peak
at 1662 cm™ is attributed to H-O—H bending vibrations
of adsorbed water molecules, while the band at 1365 ¢cm™!
reflects CH, deformation and O—H bending, which typi-
cally shift upon chemical modification. A signal near
893 cm™! remains visible, confirming that the $-1,4-glyco-
sidic linkages of cellulose are preserved after xanthation.
Furthermore, previous studies reported that the introduc-
tion of xanthate groups is evidenced by new or intensified
absorptions within the range of 1200-1000 cm™ (C-O-C,
C=8), the C-S stretching band at 1050-1020 cm™, and
the characteristic S—C—S vibrations between 800—
900 cm™' [38]. In addition, the spectrum displays a distinct
signal at 2177 cm™, which may be associated with residual
CS, employed during the xanthation reaction. Collectively,
these FTIR results provide qualitative evidence that cellu-
lose was successfully modified into cellulose xanthate.

FTIR spectra of CXA-0 beads without the addition of
porogen/NaCl (IV. spectra of Fig. 6) exhibits a superpo-
sition of cellulose xanthate and alginate signals. From
alginate, the characteristic asymmetric and symmetric
stretching of carboxylate (~COO™) groups are observed
at 1600—1655 cm™ and 14001425 cm™, particularly when
bound ionically with Zn?/Ca?". In the range of 1020-
1090 cm™, the C—O band of alginate overlaps with the
C-S stretching of xanthate. The disappearance or shift of
the carbonyl peak around 1730 cm™ further confirms the
predominance of carboxylate groups over ester function-
alities. Similar FTIR patterns have been reported for algi-
nate—cellulose xanthate beads, where such spectral fea-
tures are attributed to ionic crosslinking (M?*—alginate)
and the presence of active xanthate moieties [14].

For CXA-3 beads (V. spectra of Fig. 6), produced with
a higher NaCl/porogen content compared to CXA-0, the
intensities of both the —COO™ bands (1600 and 1400 cm™)
and the C-S/C=S bands (1050 and 1170-1200 cm™)
become more pronounced, consistent with greater expo-
sure of active sites due to enhanced porosity. In addition,
the broad O—H stretching around 3300 cm™ is more evi-
dent, which can be attributed to the larger internal sur-
face area and water retention capacity. Recent studies on
CXA beads have confirmed that compositional and poro-
gen variations enhance porosity, thereby amplifying the
—COO" and C-S/C=S signals, correlating with improved
cation adsorption performance.

A new band appearing at 813 cm™ in both CXA-0
and CXA-3 is assigned to Zn—O bonds, indicating coor-
dination between Zn*" ions and the functional groups of

alginate and xanthate. This finding supports the role of
zinc acetate as a crosslinker, conferring greater structural
stability to the hybrid beads [10]. Comparatively, CXA-3
beads exhibit more evident changes in the O—H stretch-
ing and polysaccharide fingerprint regions than CXA-0,
suggesting a higher degree of substitution/xanthation and
improved affinity toward ion and dye adsorption. These
observations agree with previous reports on cellulose/xan-
thate-based beads applied in dye and ion removal [14].

Overall, the sequential changes in FTIR spectra across
the different bead formulations provide qualitative evi-
dence of successful cellulose transformation into cellu-
lose xanthate, as well as the formation of hybrid beads
stabilized by Zn?*. This analysis further demonstrates
that cellulose modification not only enhances functional-
ity but also broadens its applicability in sustainable tech-
nologies, particularly in heavy metal adsorption and eco-
friendly composite development.

3.3.2 Surface morphology
Morphological analysis using SEM provides detailed insights
into the surface structure and size of the formed beads.
In Fig. 7 (a) and (b), CXA-0 beads exhibit a rough, wrinkled,
compact surface with no large pores. This observation is con-
sistent with the formulation without a porogen, resulting in
beads with a dense and solid structure. This occurs because
no NaCl is present to act as a porogen for cavity formation,
allowing the Zn*'-crosslinked alginate—cellulose xanthate
polymer network to form a solid structure [40, 41].

In contrast, Fig. 7 (c) and (d) show CXA-3 beads
with a distinct surface morphology, characterized by

Fig. 7 SEM micrographs of CXA-0 beads at: (a) 10 um; (b) 1 pm; and
CXA-3 beads at: (c) 20 um; (d) 2 pm



pronounced coarse folds and visible gaps. The average
diameter of the beads increases, indicating that the addi-
tion of crosslinker concentration and variations in compo-
sition lead to structural expansion. The presence of sur-
face folds and cracks suggests polymer stress relaxation
during bead formation, resulting in larger internal cavi-
ties. This finding aligns with the report by Arif et al. [42],
which indicates that increasing crosslinker concentration
and modifying synthesis conditions can affect the polymer
network density and produce a more open morphology.

The significant differences between CXA-0 and CXA-3
indicate that compositional variations affect not only bead
size but also surface texture. CXA-0 beads, characterized
by smaller size and finer porosity, tend to exhibit a more
uniform pore distribution, whereas CXA-3 beads, with
a more open surface, increased porosity with higher NaCl
concentration, and larger diameters, possess a greater
effective surface area. This condition can enhance inter-
actions with target molecules, particularly in applications
such as heavy metal ion adsorption or organic dye removal.
Overall, SEM analysis demonstrates that compositional
modifications result in notable differences in bead mor-
phology. The porous structure of CXA-3 beads, featur-
ing coarse folds and larger gaps, holds potential for drug
delivery, biomolecule transport, and applications requir-
ing high adsorption capacity. Consequently, bead formula-
tion variations provide flexibility in tailoring applications
based on cellulose xanthate—alginate materials.

3.3.3 Surface composition

EDX was employed to determine the elemental makeup of
CXA-0 bead surfaces. The analysis detected C (26.38%),
O (57.85%), H (4.54%), S (0.97%), and Zn (10.26%), as dis-
played in Fig. 8 (a).

In contrast, CXA-3 beads exhibited a high Na content
of 98.15% and CI of 1.85% (Fig. 8 (b)). In Fig. 8 (a), dis-
tinct peaks corresponding to O (0.53 keV), C (0.28 keV),
S (2.31 keV), and Zn (La ~1.0 keV and Ka/Kf ~8.6—
9.6 keV) are observed. Oxygen and carbon are the primary
components of polysaccharide-based cellulose and algi-
nate. Sulfur originates from cellulose xanthate, as the xan-
thation process introduces the —CSSNa functional group.
The Zn peaks indicate the presence of zinc (Zn*") derived
from zinc acetate, which acts as a crosslinking agent.

The presence of Zn indicates that zinc ions success-
fully interacted with the carboxyl groups of alginates or
the hydroxyl groups of cellulose xanthate, resulting in the
formation of crosslinked bead structures. This spectrum
confirms the successful crosslinking with Zn and the
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Fig. 8 EDX spectra of: (a) CXA-0 bead; (b) CXA-3 bead

incorporation of xanthate elements (S) within the CXA-0
bead matrix. Meanwhile, Fig. 8 (b) displays peaks corre-
sponding to Na (1.04 keV) and Cl1 (2.62 keV), in addition
to the C and O peaks. The Na and Cl originate from NaCl
used as a porogen during bead synthesis. The presence of
Na and Cl peaks suggests that residual NaCl may remain
trapped within the pores, not fully dissolved or removed
during the washing process.

This phenomenon is commonly observed in the prepa-
ration of porous beads, as some salt can be retained within
the pore network. The spectrum highlights the role of
NaCl as a porogen agent, influencing bead porosity, size,
and mechanical strength, while still leaving traces of Na and
ClI elements [43]. The combined results from EDX analy-
sis (Fig. 8 (a) and (b)) indicate that Zn successfully incor-
porated into the bead matrix, functioning as a crosslinker
to reinforce and stabilize the bead structure. Recent stud-
ies have shown that Zn effectively enhances gel strength,
modulates surface charge, and influences the release of
active compounds [44]. Practically, the detection of Zn
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peaks (L and K lines) in the EDX spectra confirms the suc-
cessful ionotropic gelation using zinc acetate. Moreover,
Zn*" plays a role in determining mechanical properties,
water absorption, and bioactivity [45]. The presence of sul-
fur (S) confirms the incorporation of xanthate groups from
cellulose xanthate. Meanwhile, Na and Cl signals reflect the
use of NaCl as a porogen, some of which remain trapped
within the beads. Overall, these EDX results validate the
successful synthesis of cellulose xanthate/alginate beads
crosslinked with zinc acetate and templated with NaCl, pro-
ducing a stable, porous crosslinked structure with potential
for controlled release and adsorption applications.

3.4 Photocatalytic activity test of TiO,/cellulose
xanthate—alginate beads on Remazol Red solution

3.4.1 Maximum wavelength of Remazol Red

At this stage, the maximum wavelength of the Remazol
Red dye (RB 133) was determined. The maximum wave-
length represents the region of highest absorption, corre-
sponding to the excitation of electrons by specific energy.
The determination was carried out within the wavelength
range of 400—700 nm using a UV—Vis spectrophotometer.
A standard Remazol Red solution (10 ppm) was scanned to
identify its maximum absorption wavelength. The results
indicated that the highest absorbance value (0.318) was
observed at 520 nm (Fig. 9).

3.4.2 Calibration curve of Remazol Red

The standard curve of Remazol Red was established to
determine the absorbance values of the dye solution and
to convert absorbance into concentration, thereby enabling
quantitative analysis of the degradation process. The results
demonstrate a clear linear correlation between concentra-
tion and absorbance, in agreement with the Lambert—Beer
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Fig. 9 Wavelength maximum of Remazol Red

law, which states that absorbance (4) is directly propor-
tional to solution concentration (C in ppm) at a specific
wavelength. The linear regression analysis yielded Eq. (9):

A=0.033C-0.0015, R*=0.9998. 9

This strong linearity is crucial, as it allows the absor-
bance values of unknown samples to be accurately pro-
jected onto the standard curve for precise concentration
determination [46]. The close alignment of the experi-
mental data points with the regression line further con-
firms that UV-Vis spectrophotometry at A 520 nm is
a reliable method for the quantitative analysis of Remazol
Red in aqueous solutions. Hence, the established standard
curve provides a robust and dependable basis for calculat-
ing the concentration of unknown Remazol Red samples.

3.4.3 Degradation test of Remazol Red solution using
TiO,/cellulose xanthate-alginate beads
The photocatalytic activity test was conducted to eval-
uate the degradation performance of the material toward
Remazol Red solution. The experiment was carried out
using a 10 ppm Remazol Red solution with cellulose xan-
thate—alginate beads incorporated with varying TiO,
masses (0, 0.4, 0.6, and 0.8 g). The degradation process was
assessed under two different conditions: in the dark (with-
out UV irradiation) and under illumination (with UV irra-
diation). The degradation results are presented in Fig. 10.
Fig. 10 illustrates the increase in degradation percent-
age with the addition of TiO, content in the beads, under
both dark and illuminated conditions (ranging from 15.06—
36.02% in the dark and 42.83—85.59% under UV irradi-
ation). This trend highlights the dual role of TiO, in the
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Fig. 10 The effect of TiO, mass in cellulose xanthate—alginate beads
on the degradation percentage of Remazol Red solution under dark and
illuminated conditions



integrated adsorption—photocatalysis system. Under dark
conditions, the enhancement of degradation is primarily
attributed to the adsorption of dye molecules onto the sur-
face of the beads, supported by the adsorptive nature of
the cellulose xanthate—alginate matrix. In contrast, under
illumination, the additional photocatalytic contribution of
TiO, — via electron—hole pair generation and hydroxyl rad-
ical formation — significantly accelerates the breakdown
of dye chromophores [47]. This finding is consistent with
previous studies reporting the synergistic effect of adsorp-
tion and photocatalysis in TiO, immobilized within algi-
nate/hydrogel and cellulose-based matrices [48].

The progressive increase in degradation under dark
conditions (15.06-36.02%) with higher TiO, loading
also indicates that, beyond its photocatalytic role, TiO,
enhances the surface area and adsorption sites within the
beads. Moreover, the integration of TiO, with the cellulose
xanthate—alginate matrix improves porosity and adsorp-
tion capacity, allowing greater dye retention, which is
subsequently susceptible to degradation when exposed to
light. Related studies have shown that biopolymer matri-
ces (alginates/cellulose) act as effective supports, improv-
ing the stability and dispersion of TiO, particles [47].

The degradation efficiency under illumination was
substantially higher (85.59%) compared to dark condi-
tions (36.02%) at all TiO, loadings. The standard devia-
tions under illumination and dark conditions are 0.0228
and 0.0196, respectively. This confirms the dominant pho-
tocatalytic contribution under light exposure (UV-Vis),
where TiO, generates reactive oxidative radicals respon-
sible for the rapid cleavage of azo and aromatic structures
in Remazol Red [49]. Recent reports on TiO,-alginate/
hydrogel beads also demonstrate high removal efficiencies
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