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ABSTRACT
In the Anthropocene context of water pollution by industrial chemicals and microplastics, the sus-
tainable development of inexpensive, energy-saving, and biodegradable water purification mem-
brane technologies is the urgent need for environmental remediation. While biodegradable cel-
lulose filter papers are popular, cost-effective, and eco-friendly membrane materials, their large
porous structure requires functional enhancement for effective microfiltration. Herein, we syn-
thesized a nanosilica hydrogel (SG) via our chemical procedure of rice husk ash recycling. Silica
nanoparticles derived from the SG hydrogel exhibited nanoscale particle sizes, suggesting that the
hard agglomeration of stacked nanosilica powder is prevented by the hydration layers in the hy-
drogel structure. Notably, these hydration layers yielded water-lubricated silica nanoparticles for
brush coating on cellulose filter substrates (Cell). The generated nanosilica/cellulose membranes
(SG/Cell) were analyzed via top-view/cross-section scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), attenuated-total-reflectance Fourier-
transform infrared spectroscopy (ATR-FTIR) and gas adsorption analyses of the surface areas and
pore structures. The largely porous Cell substrate was significantly upgraded with SG coating to
produce a more mesoporous membrane with a higher surface area and pore volume for aque-
ous microfiltration. Direct-flow filtration experiments revealed the high organic removal efficiency
(88.4–99.7%) of the SG/Cell membranes under a hydraulic pressure of 0.01 bar, markedly outper-
forming regular cellulose membranes. In general, the SG/Cell membranes present the advantages
of simplicity, low-pressure operation, cost-effectiveness, scalability, and environmentally friendly
biodegradation. Brush coating cellulose filter papers with the water-lubricated nanomaterial hy-
drogel represents a promising approach in the preparation of practical water purification mem-
branes.
Key words: rice husk ash, nanosilica hydrogel, hydration lubrication, cellulose filter paper, water
filtration membrane

INTRODUCTION
In the 21st century, environmental pollution and cli-
mate change, driven by population growth, urban-
ization, and industrialization, have led to the glob-
ally pressing challenge of clean water scarcity.1,2

With the microplastic and chemical contamination of
rivers, oceans, and even rainwater, billions of peo-
ple worldwide face daily water insecurity and health
risks.3–5Conventional water treatment systems are
often costly and energy intensive and, thus, limited in
remote and poor regions. Sustainable developments
addressing this crisis thus aim to produce effective,
inexpensive, and biodegradable water filtrationmem-
brane materials. Such membranes should be capable
of removing organic pollutants and pathogens from
water with low energy consumption and reduced op-
erational and environmental costs. Biodegradable
cellulose filter papers represent practical, economi-
cal, and eco-friendly alternatives to nonbiodegrad-

able and petroleum-derived polymermembranes cur-
rently used in industrial and societal activities. De-
rived from natural plant biomass, commercial cellu-
lose filter membranes—porous scaffolds of cellulose
fibers—are effective for wastewater treatment, labora-
tory experimentation, and household water purifica-
tion.6,7 The life cycle of cellulose-based membranes
contributes to circular economy principles by inte-
grating the renewable and biodegradable materials
into ecological cycles.
In Vietnam, abundant agricultural rice husk consti-
tutes a suitable renewable fuel for thermal energy gen-
eration in industrial boilers. Rice husk ash gener-
ated from the combustion process presents a rich sil-
ica source for nanosilica production.8,9The green re-
cycling approach not only reduces the environmental
burden of rice husk ash waste but also provides a rice-
husk nanosilica alternative to the traditional energy-
intensive production of silica from sand. Rice-husk-
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derived nanosilica exhibits a high surface area and
porous structure and allows for the efficient adsorp-
tion of organic dyes, heavy metals, and other water-
borne contaminants. The integration of biodegrad-
able cellulose papers and rice-husk nanosilica repre-
sents an environmentally friendly strategy for devel-
oping affordable and sustainable water purification
technologies.
Recent advances in nanosilica nanocomposite ma-
terials suggest that silica nanoparticles in hydrogel
structures constitute a bioinspired approach to pre-
venting the hard agglomeration of nanosilica pow-
der,10 a commonly observed issue when nanoma-
terials with a high surface area stack together.11,12

Short interparticle distances lead to stronger van
der Waals attractive forces, resulting in hard ag-
glomerates; however, the re-dispersion of these in
solvents to form nanoparticles is difficult. Our
research on graphene-based materials has yielded
the supramolecular hydration structure of water-
intercalated hydrogels.13–18 Another advantage of hy-
drogel structures is the natural lubrication of hy-
dration layers between the nanostructures.19–21 Hy-
dration lubrication makes graphene-based hydrogels
suitable for the direct brush coating of polymer sub-
strates with graphene-based nanosheets. 13,14 There-
fore, the intercalation of hydration layers in nanosilica
hydrogels maintains interparticle distances, prevents
hard agglomeration, and facilitates low-friction lu-
brication.22–24 Nanosilica hydrogels showing no hard
agglomeration constitute promising materials in the
advanced preparation of nanostructured membranes
for water filtration applications. The novelty lies in
harnessing the hydration layers surrounding the silica
nanoparticles to preserve the supramolecular nanosil-
ica and create a hydration lubrication mechanism,
opening a novel pathway for the simple brush coating
of materials with nanostructured silica layers.
In this study, we used our eco-friendly procedure of
recycling rice husk ash into nanosilica to prepare a
nanosilica hydrogel.8,9 The raw material (rice husk
ash) and the target product (nanosilica hydrogel) were
characterized to identify thematerial properties. Reg-
ular cellulose filter papers (Cell) were brush-coated
with the water-lubricated nanosilica hydrogel (SG),
yielding nanosilica/cellulose membranes (SG/Cell).
The porous structure of the Cell paper was enhanced
with the SG coating for water microfiltration pur-
poses. Direct-flow filtration experiments were set up
for testing the water purification performance. The
SG/Cell membranes showed high removal efficien-
cies and ultrafast water permeance under a low hy-
draulic pressure of 0.01 bar. Thus, the brush-coated

SG/Cell membrane represents a simple, inexpensive,
and biodegradable structure for practical water filtra-
tion applications in industries, households, and even
remote regions.

MATERIALS ANDMETHODS
Materials
Rice husk ash from industrial boilers was supplied by
Star Tech Thermal Energy Company, Ho Chi Minh
City, Vietnam. Potassium hydroxide (KOH) flakes
and sulfuric acid (H2SO4; 95–98%) were purchased
from Xilong Chemicals Company, methylene blue
trihydrate (MB) was acquired from Xilong Scientific
Company, and regular cellulose filter papers (diam-
eter = 9 cm, medium flow rate) were obtained from
New Star Company. Reverse-osmosis-purified water
was used in the experiments.

Synthesis of nanosilica hydrogel from rice
husk ash
Agricultural rice huskswere burned in industrial boil-
ers to supply renewable thermal energy. The resid-
ual rice husk ash was ground to produce fine rice
husk ash for silica extraction using our clean produc-
tion procedure.8,9 First, the fine rice husk ash was
dispersed in KOH solution (8%) at ~90 ◦C, and the
black suspension was filtered through a membrane
filter to separate the potassium silicate (K2SiO3) so-
lution. After filtration, the potassium silicate solu-
tion was neutralized with acetic acid solution (15%)
to achieve a solution pH of 7. The alkaline suspen-
sion and acetic acid formed a buffer solution in the
neutral pH range, leading to the precipitation of silica
nanoparticles stabilized by acetate coordination. The
nanosilica precipitate was filtered and washed with
excess water, yielding a clear hydrogel of precipitated
nanosilica. After oven-drying at 80 ◦C to allow for
gelation, the nanosilica hydrogel (SG) product was
stored in a closed plastic container. Notably, the SG
hydrogel was hydrated to a moisture content of ~95%
(as measured by an electronic moisture analyzer).

Preparation of nanosilica/cellulose papers
via brush coatingwith water-lubricated hy-
drogel
Regular cellulose filter papers were brush-coated with
the as-synthesized SG hydrogel. First, a cellulose pa-
per was placed on a glass Petri dish. A paintbrush was
then used to spread a thin, uniform layer of SG hy-
drogel on the cellulose paper, which was gently dried
with a handheld dryer. The brush coating and hot air-
drying processes were repeated four times, yielding a
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layer-by-layer nanosilica coating on the cellulose sub-
strate. The nanosilica/cellulose membrane (SG/Cell)
was then stored in a plastic bag before characteriza-
tion and application.

Water filtration experiments
Adirect-flow filtration systemwas set up using a stan-
dard glass filtration system, including a graduated
funnel (diameter = 40 mm), a filter flask, and a clamp.
In the water filtration experiments, a circular filter
membrane was placed in the funnel, which was fixed
with the clamp. The funnel was filled with aqueous
solutions such that the height from the filter mem-
brane to the water surface was 102 mm. The height of
the water level was equivalent to a hydraulic pressure
of 102 mmH2O (~0.01 bar), which was maintained
during the experiments. Therefore, the transmem-
brane pressure was kept constant at 0.01 bar, and the
surface area of the filtration membrane was approxi-
mately 12.57 cm2. By measuring the filtrate volume
and filtration time, the water permeance or water flux
through themembrane was calculated, as in Equation
1:

F =
V

(A×T ×P)
(1)

where F is the water flux or filtrate permeance (L
h−1 m−2 bar−1), V is the filtrate volume (L) pass-
ing through the membrane area A (m2) over filtra-
tion time T (h), and P is the transmembrane pressure
(bar).
MB was dissolved in water to obtain dye concen-
trations of 1 ppm (MB1) and 20 ppm (MB20). In
the water filtration experiments, water and the MB1
and MB20 solutions were passed through the regu-
lar (Cell) and nanosilica-coated (SG/Cell) cellulose
membranes. The filtrate solutions were analyzed via
UV-Vis spectroscopy to determine the MB concen-
trations. The absorbance at a wavelength of 665 nm
was recorded to calculate the MB concentrations us-
ing the standard calibration equationy = 0.1735x(R2

= 0.9988).
Typically, the glass funnel was filled with an MB
solution (hydraulic transmembrane pressure = 102
mmH2O or 0.01 bar), and the water filtration exper-
iments lasted 15 minutes. The filtrate was collected
and analyzed usingweightmeasurements andUV-Vis
spectroscopy. The dye removal efficiency was calcu-
lated according to Equation 2:

RE(%) =
C0 −C

C0 ×100%
(2)

where RE (%) is the dye removal efficiency of the fil-
tration membrane, C0 (ppm) is the dye concentration
in the initial input solution, and C (ppm) is the dye
concentration in the filtrate.

Analytical instrumentation

The weight of the materials and the moisture content
of the hydrogels were measured using an Ohaus Pio-
neer balance and an A&D MX-50 moisture analyzer,
respectively. The microstructures of the nanopar-
ticles were visualized with a scanning electron mi-
croscopy (SEM) system (JEOL JSM-IT200) equipped
with an energy-dispersive X-ray spectroscopy (EDS)
instrument for elemental analysis. The as-prepared
membranes were characterized via X-ray diffraction
(XRD) using a Bruker D8 Advance diffractome-
ter. The nanosilica-coated membranes were analyzed
via attenuated-total-reflectance Fourier-transform in-
frared (ATR-FTIR) spectroscopy using aThermo Sci-
entific Nicolet 6700 infrared spectrometer. The UV-
Vis spectra of the aqueous solutions were measured
using a Jasco V-730 instrument. A Quantachrome
Nova instrument (Anton Paar) was employed for the
gas adsorption analyses (nitrogen gas adsorption at 77
K). Samples of the filtration membranes were cut into
small pieces (approximately 3× 3mm) and outgassed
at 80 ◦C for at least 2 hours before the gas adsorption
measurements. Brunauer–Emmett–Teller (BET) the-
ory, Barrett–Joyner–Halenda (BJH) model, and den-
sity functional theory (DFT) calculations were used
for the data analysis using Quantachrome NovaWin
software.

RESULTS ANDDISCUSSION

Conversion of boiler rice husk ash into
water-lubricated nanosilica hydrogel

Today, agricultural rice husk represents a renewable
biomass fuel for industrial boilers and thermal power
plants that generate thermal energy. Our previous
work revealed that boiler rice husk ash is rich in sil-
ica, with ~70 wt% silicon, ~18 wt% carbon, ~8 wt%
potassium, ~1.5 wt% calcium, ~0.66 wt% aluminum,
~0.41 wt% manganese, ~0.26 wt% sulfur, ~0.2 wt%
phosphorus, and ~0.2 wt% iron.8 Elemental map-
ping viamicroscopic X-ray fluorescence (micro-XRF)
spectroscopy revealed a relatively uniform distribu-
tion of silicon throughout the ash matrix and spe-
cific regions of potassium. The high contents of sil-
icon, carbon, and potassium suggest that rice husk
ash is a significant resource for silica extraction, bio-
carbon production, and potassium fertilizer manu-
facturing. Notably, residual rice husk ash from in-
dustrial boilers has been converted into silica nano-
materials, biocarbon products, and potassium fertiliz-
ers using our innovative recycling technology.9 While
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conventional recycling processes employ sodium hy-
droxide (NaOH) solution to extract silica and sul-
furic acid to neutralize sodium silicate and precipi-
tate nanosilica, our method uses a potassium hydrox-
ide (KOH) solution. Compared with the traditional
NaOH approach, the use of KOH presents several
advantages: KOH exhibits strong alkalinity for sil-
ica extraction and activated carbon production, and
wastewater containing K+ cations is useful for pro-
ducing potassiummacronutrient and foliar fertilizers.
The recycling protocol was designed to address the
critical issue of wastewater pollution by utilizing the
potassium salts in wastewater for agricultural fertiliz-
ers. Therefore, the KOH method presents the advan-
tages of clean production, high productivity, a circular
economy, and environmental sustainability.
Herein, rice husk ash (Figure 1a) was ground into a
fine powder and analyzed via SEM. The microstruc-
tures of the fine rice husk ash (SEM images in Figures
1b and 1c) reveal porous morphologies, with particle
sizes of approximately 100 µm. The porous structure
results from the pyrolysis of organic components in
the rice husk during combustion in the boiler. The
porous network of inorganic carbon and silica was an-
alyzed via EDS for elemental composition characteri-
zation (Table 1). The rice husk ash contains four main
elements: carbon (C), oxygen (O), silicon (Si), and
potassium (K). The quantitative EDS data reveal el-
emental contents of 69.46 at% C (58.48 wt%), 23.33
at% O (26.16 wt%), 5.70 at% Si (11.22 wt%), and 1.51
at% K (4.15 wt%). As the EDS analysis focused on the
region of the carbon framework, a high carbon pro-
portion was detected, leaving the silica proportion at
approximately 33.66 wt%. The carbon content is at-
tributed to pyrolyzed carbon and some unburned or-
ganic matter.
After the recycling process using the KOH solution,
nanosilica was precipitated as a product. Nanosil-
ica in the form of a fine powder has been charac-
terized in our previous study, exhibiting an amor-
phous silica structure (broad XRD peak at 2θ ≈ 21–
23◦) and high purity (EDS elemental contents of 29.44
at% Si and 66.93 at% O). 8 Nanosilica surfaces are hy-
drophilic, with silanol groups (Si–OH) and siloxane
groups (Si–O–Si), as identified in the FTIR spectra.
Hydrogen bonding between silanol groups and water
molecules leads to the hydration and dispersibility of
silica nanoparticles in aqueous solutions. However,
the hard agglomeration of silica nanoparticles occurs
during the drying process. During solvent evapora-
tion, capillary forces from menisci pull the nanopar-
ticles together, increasing van der Waals attractive

forces over short distances. The hydrogen bonds be-
tween silanol groups and the van der Waals attrac-
tive forces become significant and induce the hard
agglomeration of silica nanoparticles. Furthermore,
condensation reactions of the silanol groups may oc-
cur to form Si–O–Si covalent bonds, making the ag-
glomeration irreversible.
In the SG hydrogel (Figure 1d), a high moisture con-
tent (~95%) is essential to retain the hydration layers
on the SG nanoparticles. The hydration layers are not
only intercalated in the hydrogel tomaintain the spac-
ing between the nanoparticles but also lead to hydra-
tion lubrication. After the slow evaporation of water
molecules, SEM images of the hydrogel (Figures 1e
and 1f) reveal the nanostructures of the SG agglom-
erates. Although the dry SG nanoparticles agglomer-
ated to form a porous morphology, the particle sizes
of distinct SG nanoparticles are estimated to be be-
low 50 nm. The particle sizes of the nanosilica in the
SG hydrogel are considerably smaller than those of
fine nanosilica powder (~50 nm). 8 In addition, the
elemental composition of the SG nanosilica involves
23.56 at% Si and 76.44 at% O (with the EDS results
presented in Table 1). The atomic ratio of O/Si is ~3.2,
which is higher than the theoretical ratio of 2 in the
molecular formula of SiO2. It is believed that water
molecules trapped among the SG particles and silanol
groups on the SG surfaces account for the additional
O content in the structure.

Brush coating of cellulose papers with
nanosilica hydrogel to yield nanostruc-
turedmembranes

Recent studies have reported significant progress in
the preparation of nanosilica/cellulose nanocompos-
ite membranes for water purification applications
through improvements in adsorption, fouling resis-
tance, and separation performance. Kumarage et
al. (2023) developed electrospun cellulose acetate
membranes embeddedwith amine-functionalized sil-
ica nanoparticles. The large surface area and func-
tionalized surface of the nanosilica in the hydrophilic
cellulose matrix resulted in the high adsorption of
metal cations in hard water (Ca2+ and Mg2+) and
heavy metals in polluted water (As5+, Cd2+, and
Pb2+).25 Another study described the incorporation
of mesoporous silica into nanofibrillated cellulose
membranes, yielding high adsorption capacities for
organic dyes and heavy metal ions in water treat-
ment applications.26 Moreover, ultrafiltration mem-
branes based on microfibrillated cellulose scaffolds

4



Science & Technology Development Journal 2026, 10(2):x-x

Figure1: (a) Rice husk ash, and SEM images of its structure using scale bars of (b)50 µmand (c) 5 µm. (d)Nanosilica
hydrogel, and SEM images of its nano structure at scale bars of (e) 1 µm and (f ) 500 nm.

Table 1: EDS elemental analysis of rice husk ash and nanosilica hydrogel
(SG).

Materials Si (atom %) O (atom %) C (atom %) K (atom %)

Rice husk ash 5.70± 0.28 23.33± 0.91 69.46± 0.96 1.51± 0.19

SG 23.56± 1.36 76.44± 2.79 - -

integrated with silica nanoparticles exhibit low foul-
ing, a high water flux, and a high separation effi-
ciency (~99.6%) compared to commercial ultrafiltra-
tion membranes.27 Further, Ali et al. (2022) fab-
ricated nanocomposite membranes of cellulose ac-
etate and silica nanoparticles via a phase inversion
process for desalination applications, which showed
an enhanced water flux compared to pristine cellu-
lose acetate membranes.28 Their results highlight the
role of nanosilica in increasing hydrophilicity andwa-

ter transport pathways through cellulose-basedmem-
branes.
According to the literature, silica nanoparticles also
promote regimes of very low friction (superlubric-
ity) in aqueous ceramic lubrication systems.29–31 Dis-
persed hydrated nanosilica fills grooves and creates
smooth interfaces for ultralow friction. Regarding
the SG hydrogel in this study, hydration lubrica-
tion is beneficial in preventing the stacking of silica
nanoparticles and allowing them to slide over each
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other smoothly; this is not achievable with hard ag-
glomerates in stacked nanosilica powder. The hydra-
tion lubrication of nanosilica hydrogels represents a
simple approach to the low-friction movement of hy-
drated silica nanoparticles by exploiting the hydration
shells around the non-stacked nanoparticles. The re-
versible hydrogen bonding ofwatermolecules and hy-
drophilic nanomaterial surfaces enables smooth slid-
ing under mechanical loads.32Therefore, the SG hy-
drogel was water-lubricated for the direct brush coat-
ing of cellulose substrates. Thin nanosilica coatings
were brush-coated layer by layer onto the cellulose
filter paper (Cell, Figure 2a), producing the SG/Cell
membrane (Figure 2b).
The XRD pattern of the SG/Cell paper (Figure 2c) re-
veals the characteristic peaks of cellulose structures
in the Cell membrane, specifically at 2θ = 15◦, 16.5◦,
20.8◦, and 22.9◦. A typical broad peak of amorphous
SG arises at around 2θ = 22◦,8 but the signal overlaps
with the peaks of the cellulose substrate in the XRD
pattern. The SG coating on the Cell substrate was
analyzed via ATR-FTIR spectroscopy to identify the
chemical groups on the surface of the SG/Cell mem-
brane. In the FTIR spectrum (Figure 2d), the bands
at 628, 791, and 1051 cm−1 correspond to the sym-
metric bending, symmetric stretching, and asymmet-
ric stretching of the siloxane group (Si–O–Si) in the
SG coating, respectively.31 The FTIR peaks at 2898
and 2972 cm−1 are assigned to stretching vibrations
of C–H bonds in the cellulose substrate. 33

The porous network of cellulose fibers is filled with
the brush-coated layer of silica nanoparticles. The
top-view SEM images in Figures 3a–3c depict the
nanostructures of the SG/Cell surfaces. Possess-
ing nanoscale particle sizes (< 50 nm), the nanosil-
ica in the SG hydrogel enters the porous scaffold of
the underlying cellulose membrane during the brush
coating process. The nanosilica surfaces, containing
hydrophilic silanol groups, are compatible with the
hydroxyl-group-rich structures of the cellulose fibers,
leading to the formation of a porous SG/Cell network
(SEM images in Figures 3a and 3b). The average pore
sizes of the cellulose filter paper fall in the range of
15–20 µm (specified by the supplier), which is suffi-
cient for the removal of coarse particles, such as sand,
silt, and plant fibers. The SG coating on the cellulose
fiber network significantly reduces the pore sizes to
below 10 µm, which is in the range of microfiltration
membranes (10 nm to 10 µm).34 The simple brush
coating of the water-lubricated SG hydrogel improved
the porosity of regular cellulose filter papers to form
a nanostructured SG/Cell network for microfiltration
applications.

The results of further EDS analysis on the SG coating
area (SEM image in Figure 3c) are presented in the
EDS spectrum in Figure 3d and the elemental com-
position table in Figure 3e. Accordingly, the three
main elements of Si, O, and C correspond to silica
(SiO2) and cellulose (C6H10O5) in the SG/Cell struc-
ture. According to the EDS results, the atomic pro-
portions of Si, O, and C are 24.01, 49.81, and 26.19%,
respectively. Silica (with a content of ~72%) is domi-
nant in the area, and the carbon and oxygen contents
of cellulose account for the remaining elemental com-
position (~28%). The elemental composition also in-
dicates that the SG/Cell membrane is composed of an
upper SG coating and a lower Cell substrate.
The cross-sectional SEM images in Figure 4 provide
more detailed views of the SG/Cell membrane ar-
chitecture, indicating a thin SG coating on a thick
Cell substrate. As shown in Figures 4a and 4b,
the Cell structure includes interconnected cellulose
fibers, with large diameters in the range of 15–20 µm.
The thickness of the Cell substrate is estimated to be
approximately 180 µm. Figures 4c and 4d present
higher-resolution images of the SG coating, compris-
ing a porous structure of agglomerated silica nanopar-
ticles. While the SG coating above the Cell substrate
displays a thickness of up to 5 µm, SG nanoparticles
also penetrate and occupy the upper portion of the
Cell substrate. Brush coating represents a simpler and
faster technique compared to vacuum filtration with
regard to the dispersion of nanomaterials for coating
cellulose filter substrates.35,36The brush coating pro-
cess also reveals the promising application potential of
the SGhydrogel inwaterborne coating systems, where
nanosilica contributes to improved mechanical and
barrier properties.37–39

Gas adsorption analysis of surface areas
and pore structures of filtration mem-
branes
The Cell and SG/Cell membranes were analyzed us-
ing nitrogen gas adsorption tests at 77 K (Figure 5).
The adsorption–desorption isotherm data of the Cell
(Figure 5a) and SG/Cell (Figure 5b) membranes re-
veal type-V isotherms and type-H4 hysteresis loops,
based on International Union of Pure and Applied
Chemistry (IUPAC) classifications.40 The isotherms
indicate a mesoporous structure (pore size of 2–50
nm), capillary condensation, and weak adsorbate–
adsorbent interactions. Despite the weak interactions
and hysteresis loops in the isotherms, BET theory,
BJH model, and DFT calculations can be applied to
determine the specific surface areas and pore struc-
ture distributions.
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Figure 2: Brushcoating of water-lubricated nanosilica hydrogel onto cellulose paper using abrush and a handheld
dryer. (a) Initial cellulose paper, (b) brush-coatedSG/Cell paper, (c) XRD pattern of the SG/Cell paper, and (d) ATR-
FTIR spectrum of the SG coating on the cellulose substrate.

Figure 3: Top-view SEM images of the SG/Cell paper (SG coating on a network ofcellulose fibers) with scale bars of
(a) 10 µm and (b) 5 µm. SEM-EDS analysis: (c)SEM image of SG coating area, (d) EDS spectrum, and (e) elemental
compositions of Si, O, and C.
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Figure 4: Cross-sectional SEM images of the SG/Cell paper, with scale bars of (a) 50 µm, (b) 20 µm, (c) 5µm, and
(d) 1 µm.

According to the pore volume distributions (dV-BJH)
in Figure 5c, the Cell membrane exhibits the highest
pore volume (~0.0014 cm3 g−1) at a pore width of
2.721 nm, and the SG/Cell membrane displays the op-
timal pore volume (~0.0035 cm3 g−1) at a pore width
of 1.427 nm. As presented in Figure 5c and Table
2, the cumulative pore volume (V-BJH) of SG/Cell
(0.022 cm3 g−1) is 2.75-fold higher than the value
of Cell (0.008 cm3 g−1). With a higher total pore
volume, the SG/Cell membrane also exhibits a larger
specific surface area (8.249 m2 g−1), 2.44-fold higher
than that of the Cell membrane (with the BET sur-
face areas presented in Table 2). The large pore struc-
ture of the substrate is fouled with coating nanopar-
ticles, resulting in an increase in the surface area and
a decrease in the pore width. 41 The brush-coated SG
layer on the Cell substrate increases the microporos-
ity of the membrane to yield a larger surface area and
a higher pore volume.
In addition, Figure 5d presents DFT calculations of
the pore volume distributions and cumulative pore
volumes of the filtration membranes. The DFT
method—specifically, the non-local DFT (NLDFT)
model of nitrogen adsorption on silica at 77 K—was

employed to analyze the surface areas and pore struc-
tures, generating reference results of the specific sur-
face areas, pore volumes, and porewidths of themeso-
porous solids with surface roughness. As shown in
Table 2, the DFT surface area of SG/Cell (6.237 m2

g−1) is 2.55-fold larger than that of Cell (2.449 m2

g−1). Notably, the cumulative pore volume of SG/Cell
(0.018 cm3 g−1) is triple that of Cell (0.006 cm3 g−1).
The DFT calculations further support the values of
the surface areas and pore structures generated via the
BET and BJH methods. In both the BET/BJH meth-
ods and DFT calculations, similar trends of an in-
creasing surface area and pore volume and a decreas-
ing pore width confirm that the SG coating plays an
important role in narrowing the pore size for molecu-
lar sieving and enhancing the pore volume and surface
area for molecular adsorption.

Direct-flowwater filtration experiments
Direct-flow water filtration presents several advan-
tages, such as simplicity, cost-effectiveness, and ef-
ficiency, in the context of certain applications. As-
prepared direct-flow filtration systems are depicted in
Figures 6a and 6b, including a 300-mL glass funnel,
a clamp for fixing the filtration membranes in place,
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Figure 5: Nitrogen adsorption–desorption isotherms at 77 Kfor the (a) Cell membrane and (b) SG/Cell membrane.
(c) Pore volumedistributions (dV-BJH) andcumulativepore volumes (V-BJH)obtained fromtheBJHmodel. (d) Pore
volume distributions (dV-DFT) and cumulative pore volumes (V-DFT) calculated from NLDFT model of nitrogen
adsorption on silica at 77 K.

and a glass flask for capturing the filtrates. After fix-
ing the filter membranes in place using the funnel
and clamp, aqueous solutions were added to the fun-
nel up to the maximum water level to maintain a hy-
draulic pressure of 102 mmH2O, or 0.01 bar (with a
height of 102 mm from the membrane to the water
surface). Pure water, MB1 (1 ppm, Figure 6a), and
MB20 (20 ppm, Figure 6b) were investigated in the
experiments. The filtrate solutions were analyzed via

UV-Vis spectroscopy to determine the MB concen-
trations and the dye removal efficiencies. The UV-
Vis spectra in Figure 6c show characteristic signals
of MB molecules, notably the absorption peak at 665
nm. The spectra indicate that very small amounts of
MB molecules remain in the filtrates after filtration
through the SG/Cell membranes; furthermore, the
dye removal efficiencies (99.7% for MB1 and 88.4%
for MB20) are sufficiently high for practical applica-
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Table 2: Summary of specific surface areas and pore structures of
the Cell andSG/Cell membranes.

Gas adsorption analysis Cell membrane SG/Cell membrane

BET surface area (m2 g-1) 3.376 8.249

BJH pore volume (cm3 g-1) 0.008 0.022

BJH pore width (nm) 2.721 1.427

DFT surface area (m2 g-1) 2.449 6.237

DFT pore volume (cm3 g-1) 0.006 0.018

DFT pore width (nm) 6.079 4.887

Figure 6: (a, b) Experimental water filtration setups with methylene blue solutionsMB1 (1 ppm) and MB20 (20
ppm). (c) UV-Vis spectra of MB1 and MB20 solutions after filtration through SG/Cell papers at the hydraulic trans-
membrane pressureof 0.01 bar. (d) Water fluxes (water permeances) through the Cell and SG/Cellpapers. (e) Dye
removal efficiencies of the Cell and SG/Cell papers.

tions.
The water permeances and removal efficiencies of the
Cell and SG/Cell membranes are presented in Figures
6d and 6e. While the flux of cleanwater through a reg-
ular cellulose filter is 1642.16 L h−1 m−2 0.01bar−1,
the clean water permeance through an SG/Cell mem-
brane is 777.31 L h−1 m−2 0.01bar−1. Although the
brush-coated SG layer significantly reduces the water
flux, the permeance of 777.31 LMH is considered a
good value in comparison with high-pressure micro-
filtration systems (240–1400 LMH, Table 3). 42–45 No-
tably, both the Cell and SG/Cell membranes exhibit
significant decreases in water flux in the MB1 and
MB20 filtrations. The water permeances through the
Cell paper are 1642.16 LMH for clean water, 769.99
LMH for MB1, and 460.59 LMH for MB20. A sim-

ilar declining trend in the water flux was observed
in the direct-flow filtration using the SG/Cell mem-
branes. The permeances of water, MB1, and MB20
through the SG/Cell membrane are 777.31, 242.79,
and 178.09 LMH, respectively. The adsorption of MB
molecules onto the membranes leads to organic foul-
ing and clogging, which are responsible for the de-
crease in water permeance compared to clean water
filtration.
Regarding the water purification performances, the
adsorption and fouling of the MB dyes on the Cell
filters benefited the dye removal efficiencies (15% for
MB1 and 9% for MB20). Small proportions of MB
were removed by the regular Cell papers under the
low transmembrane pressure of 0.01 bar. The dye re-
moval efficiencies of the SG/Cell membranes are sat-
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Table 3: Summary of water permeances and removal efficiencies of cellulose-basedmembranes in this study
and other microfiltrationmembranes in the literature.

Membrane materials and water
filtration performances

Pure
water

Water containing
methylene blue

Water
containing
microplastic
particles (~10

µm)

Water
contain-

ing
sucrose

Water
contain-

ing
bovine
serum
albumin

Regular
cellulose

membrane (*)

Permeance (L h-1
m-2 0.01bar-1)

1642.16 460.59–769.99 - - -

Removal efficiency
(%)

- 9–15 - - -

Permeance (L h-1
m-2 0.01bar-1)

777.31 178.09–242.79 - - -

Removal efficiency
(%)

- 88.4–99.7 - - -

Permeance (L h-1
m-2 bar-1)

- 240–380 - - -

Removal efficiency
(%)

- 83–85 - - -

Permeance (L h-1
m-2)

- - 250–1000 - -

Removal efficiency
(%)

- - 99 - -

Permeance (L h-1
m-2)

- - 250–1000 - -

Removal efficiency
(%)

- - 100 - -

Permeance (L h-1
m-2 bar-1)

1130–
1442

- - - -

Removal efficiency
(%)

- - - 64–83 -

Permeance (L h-1
m-2 bar-1)

1180–
1340

- - - -

Removal efficiency
(%)

- - - 85–95 -

Permeance (L h-1
m-2 bar-1)

440 - - - -

Removal efficiency
(%)

- - - - 90

Permeance (L h-1
m-2 bar-1)

487–565 - - - -

Removal efficiency
(%)

- - - - ~95
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isfactory, with values of 99.7% for MB1 and 88.4% for
MB20. The mechanism of MB removal is attributed
to the nanostructured SG coating and the effective
MB adsorption capacity of the SG/Cell membrane.
The brush-coated nanosilica layer significantly im-
proves the structure of the SG/Cell membrane, which
exhibits a smaller pore structure (mesopore width =
2–50 nm), a higher pore volume (0.022 cm3 g−1),
and a larger surface area (8.249 m2 g−1). In addi-
tion, nanosilica is effective for MB adsorption, with
fast adsorption kinetics, rapidly reaching equilibrium
due to the electrostatic attraction between the neg-
atively charged nanosilica surface and the cationic
MB molecules.[46] Miri et al. demonstrated that the
nanocomposite membrane comprising mesoporous
silica and nanofibrillated cellulose exhibits strongMB
adsorption (~1160 mg m−2) in water purification ex-
periments.26 Therefore, in the case of the nanostruc-
tured SG/Cell membrane, MB adsorption and fouling
mechanisms contribute to the favorable water filtra-
tion efficiency.
Overall, the brush-coated SG/Cell membrane attains
a dye removal efficiency of above 88% for theMB solu-
tions under a hydraulic pressure of 0.01 bar. As shown
in Table 3, the water purification performance is com-
parable to that of microfiltration systems operating at
high pressures for the removal of microplastic parti-
cles, organic matter, and biological structures from
water.42–45 While direct-flow filtration through the
SG/Cell membranes cannot sustain high removal effi-
ciencies under high pressures (~1 bar), implementing
the SG/Cell filtration system under a low hydraulic
pressure (~0.01 bar) presents a simple and useful op-
tion for household application, portable filtration, re-
mote scenarios, and pre-filtration before advanced
treatments such as nanofiltration and reverse osmo-
sis.

CONCLUSION
To summarize, rice husk ash was converted into a
nanosilica hydrogel (SG hydrogel) using the chem-
ical processes of silica extraction in potassium hy-
droxide solution and silica precipitation in acetic
acid solution. The precipitated silica nanoparticles
were hydrated and preserved in the hydrogel struc-
ture. As the SG hydrogel contained distinct nanopar-
ticles separated and lubricated by hydration bound-
ary layers, the layer-by-layer brush coating of the
water-lubricated SG hydrogel produced nanostruc-
tured silica coatings on cellulose filter papers. The
thin SG coating penetrated and built up the upper
layer of the SG/Cell membrane, resulting in a more
mesoporous structure with a larger surface area and

higher pore volume. Direct-flow water filtration ex-
periments on the Cell and SG/Cell papers demon-
strated that the nanosilica coating enhanced the per-
formance of the cellulose-based membranes with re-
gard to the microfiltration of organic dyes in water.
Under the hydraulic transmembrane pressure of 0.01
bar, a high water purification performance, with a
dye removal efficiency of 88.4–99.7%, was achieved.
The SG/Cell membranes are also eco-friendly be-
cause Cell substrates constitute biodegradable organic
matter, and SG coatings comprise secondary silicon
nutrients for agricultural plants. Environmentally
friendly materials, simple synthetic processes, and
effective water filtration performances make brush-
coated nanosilica/cellulosemembranes a practical op-
tion for portable, household, and even industrial wa-
ter purification applications.
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