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Abstract: This study explores the sustainable synthesis of nanocellulose (NC) from seaweed biomass
via microwave-assisted processing, followed by modification with TiO. and ZnO to enhance membrane
properties for water purification applications. The unique attributes of cellulose, such as
biodegradability and high mechanical strength, coupled with the photocatalytic and antibacterial
properties of TiO. and ZnO, present a compelling case for the development of multifunctional
membranes. Characterization techniques, including Fourier transform infrared (FTIR) spectroscopy, X-
ray diffraction (XRD), and scanning electron microscopy (SEM), were employed to assess the
physicochemical properties and structural integrity of the synthesized membranes. Results indicated
that the NC/Ti02/ZnO membrane exhibited a significantly higher flux (169.85 L/m2 h) and enhanced
salt rejection (82.0%) compared to the control NC membrane (141.54 L/m2.h and 80.0%, respectively).
These findings underscore the potential of integrating renewable biomass with advanced materials to
create effective, environmentally friendly solutions for addressing water treatment challenges. The
enhanced flux and salt rejection efficiency achieved by the NC/TiO2/ZnO membrane suggest its
promising applicability in addressing water treatment challenges and promoting sustainable material
development in industrial settings.
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1. Introduction

Cellulose ranks among the most abundant natural biopolymers on the planet. Its
versatility has led to broad use across multiple sectors, including papermaking, food packaging,
pharmaceuticals, and the fabrication of eco-friendly composite material[1-3]. Owing to its
remarkable features—including high mechanical strength and stiffness, extensive surface area,
favorable aspect ratio, light weight, cost-effectiveness, recyclability, and biodegradability—
cellulose holds great potential for a wide range of industrial applications [1,4,5]. The
environmental benefits of recyclable, biodegradable cellulose are further driving the market's
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future growth across various green applications [6,7]. The growing interest in cellulose
nanomaterials is driven by increasing environmental concerns, which require developing
biodegradable materials with broad applications and extraordinary properties [1,3,7].

Over the past few decades, considerable research attention has been directed toward
isolating cellulose nanomaterials from biomass, with nanocellulose emerging as one of the
most widely explored derivatives [8,9]. Nanocellulose (NC), an environmentally friendly
material, has attracted significant attention due to its remarkable properties, includingigh
mechanical strength, biocompatibility, and biodegradability [1,7,10-12]. NC is produced from
abundant biomass resources, and its use is growing in various applications, including
composite materials [13], filtration membranes [14,15], and catalyst supports [8,16]. One
emerging approach for NC production is through sustainable synthesis using renewable
bioresources [13,15]. Seaweed biomass has been identified as an attractive biomass source for
NC production due to its abundance, rapid growth, and high fiber content [17-19]. Seaweed
has advantages over terrestrial biomass sources, such as not competing with food production
and not requiring large land areas for cultivation. The process of converting seaweed biomass
into NC not only reduces the dependence on terrestrial biomass sources but also supports the
concept of circular economy and environmental sustainability. Various research reports have
highlighted the need to develop efficient techniques for NC production for multiple
applications [11,13-15].

Microwave-based synthesis methods have emerged as more efficient and
environmentally friendly approaches for processing biomass [20,21]. This technology uses
microwave energy to accelerate hydrolysis, producing NCs with shorter reaction times and
lower energy consumption than conventional methods. This microwave-based method can also
reduce hazardous chemicals, making it more sustainable for NC production. In this study, NCs
were synthesized without undergoing a dewaxing process. Microwave radiation was used as
an alternative energy source due to its ability to generate heat rapidly [19]. NCs were extracted
from seaweed. In addition, we present the first successful experiment to isolate nanocellulose
crystals from this marine biomass using a microwave-assisted method with alkalinization,
bleaching, and acid hydrolysis, as reported by Singh.

TiO. and ZnO have been widely used in material development as membrane
modification materials due to their photocatalytic and antibacterial properties [22,23].
Combining NC with TiO2/ZnO nanoparticles can produce membranes with superior properties,
including high mechanical strength, photocatalytic activity, and enhanced filtration
performance[24,25]. These modified membranes are highly promising for water purification,
gas separation, and industrial wastewater treatment.

This study aims to develop a sustainable NC synthesis method using microwave heating
from seaweed biomass and to modify the resulting NCs with TiO2/ZnO to create
multifunctional membranes. Characterization of these composite materials will provide deeper
insight into the physicochemical properties of the synthesized NC and how TiO2/ZnO
modification improves its performance in various applications. By combining renewable
biomass, environmentally friendly technologies, and advanced functional materials, this study
aims to develop green materials that support global sustainability goals. The physicochemical
properties and structural changes of the NC membrane produced from TiO2/ZnO-modified
seaweed were systematically tested through chemical functional group analysis (FTIR),
crystallinity (XRD), and morphology studies (SEM). This study presents a novel approach to
nanocellulose synthesis, utilizing a microwave-assisted method to extract nanocellulose from
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seaweed biomass. This technique offers several advantages over conventional methods,
including reduced processing time, lower energy consumption, and minimized use of
hazardous chemicals, contributing to a more sustainable and efficient nanocellulose production
process.

2. Materials and Methods

2.1. Materials.

Seaweed was obtained from Bungin Village, South Konawe Regency, Southeast
Sulawesi. Sodium hydroxide (NaOH), Hydrochloric acid (HCI, for analysis 37%), ethanol
(EtOH, for analysis 100 vol.%), acetone (CH3COCHSs, for analysis 100 vol.%), Hydrogen
peroxide (H202, for analysis 32 vol.%) was purchased from Merck Indonesia, titanium (IV)
oxide (TiOy), zinc oxide (Zn0O), and Polyethylene Glycol (PEG) from Sigma-Aldrich.

2.2. Instruments.

Fourier transform infrared (FTIR) spectra were recorded with a Shimadzu IR Prestige-
21 spectrometer in 6004000 cm™ 2. X-ray diffraction (XRD) was performed with a Bruker D2-
phaser X-ray diffractometer for Cu Ka radiation (. = 1.5406 A) in the 10-90° range. Scanning
electron microscopy (SEM) images were recorded using a Hitachi SU8220 (HITACHI, Tokyo,
Japan) with a tungsten filament as the electron source operated at 18 kV.

2.3. Synthesis of nanocellulose by seaweed biomass.

The seaweed was initially rinsed with deionized water to eliminate impurities and
subsequently dried in an oven at 80 °C for 24 hours. It was then milled into fine particles
smaller than 100 um. A 50 g seaweed powder sample was pre-treated for alkalization treatment
with 2.5 M NaOH under microwave irradiation for 50 min at 200 W. The obtained slurry was
cooled to room temperature and filtered under vacuum using Whatman No. 3 filter paper. The
extract was repeatedly rinsed with hot deionized water until a neutral pH was achieved. For all
subsequent experimental procedures, deionized water was employed. The material was then
oven-dried at 55 °C overnight. Next, it was bleached using 32% H,O; for 6 h with constant
stirring at 55°C to remove lignin. The resulting sample was washed repeatedly with hot
deionized water and kept at room temperature overnight. The bleached sample was further
hydrolyzed in 1.5 M HCI in a microwave for 30 min at 400 W. After the mixture reached
boiling, it was left overnight and washed several times with deionized water to a pH of 6~7.
The obtained NC samples were dried for further characterization. This method is a modification
of Singh's research [19]. The isolation procedure scheme is given in Figure 1.
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Figure 1. Synthesis of nanocellulose from seaweed biomass by microwave method.
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2.4. Synthesis of TiO2/ZnO.

TiO2 and ZnO were each weighed at 0.5 g and added to 9 mL of ethanol. The resulting
solution was poured into a glass bottle and stirred for 30 min. Then, the mixture was exposed
to microwave irradiation at 400 W for 30 min. The obtained solid was filtered and repeatedly
washed with deionized water. The resulting powder was then oven-dried at 150 °C for 5 hours
prior to further characterization.

2.5. Synthesis of TiO2/ZnO modified nanocellulose.

The manufacture of TiO2/ZnO-modified nanocellulose membranes was carried out
using the Blending method. The blending method was carried out by weighing 0.5 grams of
TiO2/Zn0O. 17 mL of acetone was added to TiO2/ZnO and stirred without heating. NC and
polyethylene glycol were added 2 and 1 g, respectively, while heated at 130°C with stirring
until homogeneous. The membrane was molded using a mold and soaked in distilled water at
room temperature for 15 minutes. Furthermore, the membrane was dried at 50°C for 30 minutes
and left at room temperature. A comparison membrane, the NC membrane without TiO2/ZnO,
is manufactured using the same procedure.

2.6. Membrane testing and performance evaluation.

The performance of both the NC (control) and NC/Ti02/ZnO membranes was assessed
by evaluating their water flux and salt rejection efficiency. The water flux was measured by
passing a known volume of water (Q) through the membrane under a constant pressure over a
fixed period (t). The effective surface area (A) of the membrane was calculated using its radius
(r). For each membrane, the flux value was recorded and compared, as presented in Table 1.
The experiment was conducted at room temperature, and the flux measurement for each
membrane type was repeated three times to ensure reliability.

To evaluate salt rejection efficiency, a 35% synthetic seawater solution was passed
through each membrane under controlled pressure. The concentration of salt in the permeate
(Cp) was measured using a conductivity meter, along with the salt rejection percentage. The
flux values and salt rejection efficiencies of the NC/TiO2/ZnO and control membranes were
statistically analyzed to assess the impact of TiO> and ZnO modification on membrane
performance. The experimental results were interpreted by comparing the control and modified
membranes, evaluating the influence of TiO2 and ZnO on hydrophilicity, porosity, and overall
filtration performance. The collected data were validated by comparing them with previously
published research to ensure consistency and accuracy. This comprehensive methodology
ensured a robust evaluation of the potential of the NC/TiO2/ZnO membrane for enhanced water
treatment applications.

3. Result and Discussion

3.1. Characterization of membrane.

The FTIR spectrum in Figure 2a shows the spectrum representing different samples,
namely NC (a), TiO2/ZnO (b), NC membrane (c), and NC/TiO2/ZnO membrane (d). Analysis
of each spectrum provides information about its functional groups. The FTIR spectrum of NC
shows a characteristic band at a wave number of around 3442.94 cm™, indicating the presence
of hydroxyl group (O-H) vibrations, and a band around 2918.30 cm associated with C-H
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vibrations of methyl or methylene groups in the cellulose structure. The absorption peak of the
benzene ring framework appears at 1462.04 cm™, which is most likely derived from the
deformation vibration of C-H or C-O-H bonds in the cellulose structure. The band at 1653 cm™
is characteristic of cellulose, which is probably associated with vibrations of adsorbed water or
hydrogen bonds in the polysaccharide chain. However, under certain conditions, it can also be
caused by C=0 (carbonyl) groups, particularly during cellulose degradation or oxidative
modification[25]. Carbonyl groups are not commonly found in pure cellulose but can appear
when cellulose is oxidized or when impurities, for example, from chemical reaction by-
products, are present. In addition, there is a band around 1000-1200 cm™ related to vibrations
of the C-O bond in the cellulose structure. This ether group is formed by the B-1,4-glycosidic
bond connecting the glucose units in the polymer, as indicated by the peak at029 cm™ [26].
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Figure 2. FT-IR spectrum of (a) NC; (b) TiO2/ZnO; (c) membrane NC; (d) membrane NC/TiO,/ZnO.

In the FTIR spectrum (b), a new band appears at around 500-700 cm™, related to the
vibration of Ti-O and Zn-O, confirming the presence of TiO2 and ZnO in the material. TiO>
and ZnO often have hydroxyl groups attached to their surfaces due to forming bonds with water
or environmental humidity [25]. Ethanol can leave —OH groups from solvent molecules that
are adsorbed or weakly bound to the surface of TiO2/ZnO. This causes the appearance of the —
OH peak at around 3390 cm™. The peak at 1427.3 cm™ is likely due to the C-C stretching
vibration, which may arise from residual ethanol as a solvent or from organic contamination
during the synthesis process. The nanocellulose membrane shows a spectral shift, with a more
intense band at 3388.93 cm™' (O-H group), indicating stronger intermolecular hydrogen
bonding. The C-O band is also more clearly seen in the 1000-1200 cm™! region, reinforcing
that the main component is cellulose. The broad band around 2881.65 cm™ is the C-H vibration
of methyl or methylene groups in the cellulose and PEG structures. The band at 1348.24 cm™!
shows the typical C-O-C vibration of PEG. In the FTIR spectrum (d), the combination of
nanocellulose with TiO, and ZnO causes the appearance of bands around 500-700 cm™
representing the vibration of Zn-O and Ti-O [22], like spectrum (b). In addition, the presence
of bands around 1000-1200 cm™! indicates the C-O bond of nanocellulose, and some weak
bands around 1600 cm™! indicate the interaction between nanocellulose and metal oxide
particles. Overall, these spectra show significant differences between samples, especially in the
wavenumber regions associated with O-H, C-H, C-O, and metal oxide (Ti-O, Zn-O) groups,
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confirming the presence of chemical interactions and structural changes between NC, TiO2,
and ZnO during membrane formation.

The XRD results confirmed the crystallinity and structure of the regenerated NCs, as
shown in Figure 3(a). It shows the peaks of NCs around 26 = 18.85°, 23.05°, and 26.5°, which
indicate the (110), (200), and (004) planes, respectively, in Figure 3(a). These peaks are
characteristic of the cellulose 1l structure and the typical bands of cellulose nanoparticles, as
reported elsewhere [26]. The structural changes might be due to the alkaline treatment for
MNC, which causes the reduction of crystallinity. The size of the regenerated NCs can be
observed at 26 = 23.05°. Based on the research of Li et al. [26], the XRD pattern of ZnO
corresponds well to the hexagonal wurtzite phase (JCPDS No. 36-1451). In contrast, TiO2 alone
can be assigned to the anatase phase (JCPDS No. 65-5714) [27]. For the TiO2/ZnO composite,
diffraction peaks associated with both anatase TiO. and wurtzite ZnO are evident, indicating
that the synthesized material consists of these two components. In the diffraction pattern shown
in Figure 3(c), the prominent peaks of ZnO are located at around 26 = 31.5°, 34.3°, and 36.11°,
which belong to the (100), (002), and (101) planes, respectively. The main peaks of tetragonal
anatase TiO at 26 values of 25.5°, 40.0°, 48.0°, 54.2°, and 62.4°, corresponding to the atomic
planes (101), (004), (200), (105), and (211), are shown in Figure 3(b) TiO2/ZnO material shows
the essential peaks of TiO» at around 25.5°, 38.20°, 48.32°, and 54.69°. In addition, the
crystallite size of TiO2/ZnO is about 34.4 nm, as calculated based on Debye-Scherrer's
equation. The NC/Ti02/ZnO membrane is shown in Figure 3(d), and the diffraction peaks of
NC and TiO2/ZnO show their characteristic peaks. The study showed the success of
synthesizing TiO2/ZnO, NC, and NC/Ti02/ZnO membranes.
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Figure 3. X-ray diffraction pattern of the membrane (a) NC; (b) TiO2/ZnQ; (c) membrane NC/ZnO; (d)
membrane NC/TiO./ZnO.

A morphological investigation was conducted on TiO2/ZnO using an SEM analysis, as
shown in Figure 4a. The morphological image of TiO2/ZnO at a 10 um scale showed a
relatively uniform particle distribution, indicating the formation of aggregate nanoparticles.
Based on the study, the morphology of ZnO was distributed in a non-uniform rod shape and
irregular shape on the surface [28]. In addition, TiO2 had a uniform size distribution of small
rod grains with a width and length. The particles appeared dense and showed a rough surface
texture, which could benefit applications requiring high surface area, such as photocatalysis or
sensing. The appearance of TiO2/ZnO showed a high degree of aggregation with a grain-like
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morphology and the growth of ZnO into a smooth rectangular shape, which was in good
agreement with the XRD results. TiO. grains were seen to grow in addition to the aggregated
rod grains. These aggregates likely increased surface reactivity due to their larger surface area-
to-volume ratio. The nanoscale roughness observed here is typical of mixed-oxide materials

and indicates that the TiO2 and ZnO components are well integrated.
. TN q ¥ N s . X >

“
membrane NC/TiO2/ZnO.

The NC membrane exhibits a fibrous and porous structure at the 100 um scale, as shown
in Figure 4b. This fibrillar network is characteristic of cellulose-based materials, providing high
mechanical strength and flexibility. The open, interconnected pores are likely responsible for
the membrane's permeability and filtration properties. The NC membrane presents a porous
architecture with a rough surface. [29,30]. This porosity is essential for applications such as
filtration or as a supporting matrix for active particles. The fibrous texture indicates the
presence of well-formed NC fibrils, which are crucial to mechanical reinforcement and stability
in composite materials. The membranes containing NC and TiO./ZnO exhibited hybrid
morphology at a 50 um scale, as shown in Figure 4c. Nanoscale TiO2/ZnO particles were
observed as aggregates distributed in the fibrous structure of NC membranes. This created a
rough, complex surface with a more pronounced texture and possibly enhanced functional
properties, due to the combination of the NC fibrous network and TiO2/ZnO
photocatalytic/antimicrobial properties. [24,28]. The membranes showed good integration of
Ti02/Zn0O materials within the NC matrix, thereby enhancing their functional properties. The
composite structure could benefit from the mechanical robustness of NC and the reactive
surface properties of TiO2/ZnO. This combination could be highly advantageous for
applications in water purification, where photocatalytic filtration and degradation of
contaminants are desired.

3.2. Membrane performance.

Based on the data presented in Table 1, the experimental results indicate that the
NC/TiO2/ZnO membrane achieved a flux value of 169.85 L/m? h, which is significantly higher
than the 141.54 L/m2 h observed for the control NC membrane, suggesting that the
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incorporation of TiO2 and ZnO into the membrane matrix effectively enhances permeability
and filtration efficiency. These findings align with the research by [31,32], which demonstrated
that adding TiO2 particles to membranes improves hydrophilicity and pore-size distribution,
thereby increasing water flux and filtration efficiency. The integration of inorganic materials,
such as TiO», into membrane structures has been shown to elevate performance in desalination
and water filtration processes, making them more effective for industrial applications. The flux
calculations in Figure 5 further validate this enhancement, as the NC/TiO2/ZnO membrane
consistently showed higher flux than the control NC membrane, reinforcing the conclusion that
modification with TiO2 and ZnO significantly improves membrane permeability. Collectively,
these results confirm that membrane modification with inorganic materials such as TiO2 holds
considerable potential to enhance filtration performance, indicating substantial applicability in
advanced water treatment processes.

Table 1. The result of identifying the calculation value of the membrane flux.

Treatments Q (Liter) radius (m) w t (hour) A (m?) Flux (L/m?2 h)
NC (Control) 0.2 0.03 3.14 0.5 0.002826 141.5428
NC/TiO2/ZnO 0.24 0.03 3.14 0.5 0.002826 169.8514
Flux Values for Membrane Treatments
169.85
160
14154
140
120
f‘f 100
£
g 80
60
40
20
o NC (Control) NC/Ti02/Zn0

Membrane Treatments

Figure 5. Evaluation of the flux measurements for each membrane.

The experimental results demonstrate that the NC/TiO2/ZnO membrane exhibits higher
salt rejection efficiency than the control membrane, as shown in Table 2. The control membrane
recorded a salt rejection rate of 80.0%, whereas the NC/TiO2/ZnO membrane showed an
increased efficiency of 82.0%. This difference indicates that membrane modification with
NC/TiO2/ZnO materials enhances its effectiveness in filtering salt from seawater. The
improved efficiency is likely due to the hydrophilic properties and increased porosity imparted
by the addition of TiO2 and ZnO, which significantly enhance the membrane's ability to filter
salt particles. These findings highlight the potential of the NC/TiO2/ZnO membrane for
desalination applications, demonstrating superior performance compared to the control
membrane.

Table 2. Assessment of salt rejection values from membrane testing results.

Treatments Cp (permeate concentration %) CO0 (seawater concentration %) Salt rejection (%)
NC (Control) 7 35 80
NC/TiO2/ZnO 6.3 35 82
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4. Conclusions

The successful synthesis of nanocellulose from seaweed biomass via microwave-
assisted processing demonstrates the viability of renewable resources for producing high-
performance materials. The subsequent modification of nanocellulose with TiO. and ZnO
significantly enhanced the mechanical and filtration properties of the resulting membranes.
Characterization techniques confirmed the structural integrity and functional interactions
within the composite materials. The NC/Ti02/ZnO membrane not only achieved superior water
flux and salt rejection but also demonstrated potential for application in advanced water
purification processes. This study highlights the importance of developing sustainable
materials that align with environmental goals while addressing critical challenges in water
treatment. The integration of biopolymers with photocatalytic nanoparticles paves the way for
innovative solutions that support the principles of a circular economy.
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