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AbstractRecycling biomass to cellulose aerogel (Cell-A) provides a promising approach to develop adsorbent mate-
rials for spilled-oil recovery. In this work, Cell-A was fabricated from Vietnamese water hyacinth via crosslinking meth-
ods using PVA as a crosslinker and freeze-drying process. Various cellulose to PVA ratios were investigated to obtain
the optimal synthesis condition. The Cell-A was additionally modified by dip-coating in poly(dimethylsiloxane) (PDMS)
and pyrolyzing to form PDMS-coated cellulose aerogels (Cell-AP) and carbon aerogels (CA), respectively. Results of
the oil adsorption tests show that pyrolysis produced aerogels with greater adsorption capacity with an optimal mass
ratio of 15 : 1 cellulose to PVA. Furthermore, the pseudo-second-order model was found to be more accurate than the
pseudo-first-order model for the study of oil absorption kinetics. As a result, the modified cellulose aerogel is promis-
ing for replacing earth-unfriendly polymer-based oil sorbents due to their high oil absorption capacity.
Keywords: Oil-spill Cleaning, Oil Adsorbent, Aerogel Materials, Biomass Recycling

INTRODUCTION

Petroleum contamination is a major environmental concern due
to its harm to both terrestrial and aquatic ecosystems. The contam-
ination of marine habitats, in particular, has caught the attention of
researchers and environmentalists due to its serious impact on
marine life and on people whose livelihood depends on the sea’s
resources. In 1989, the Exxon Valdez spilled 37,000 tons of oil into
the Prince William Sound on the south of Alaska, USA, killing a
total of 35,467 seabirds [1]. Various solutions to this issue have been
searched for in recent decades, including chemical oxidation, ad-
sorption, membrane separation, and treatment. Among these, ad-
sorption is considered one of the most effective due to ease of opera-
tion, low cost, non-toxicity, and large capacity. The performance of
aerogels as an oil adsorbent and production from Vietnamese water
hyacinth, in particular, are subjects of current interest.

Aerogel, a porous material with a three-dimensional structure
obtained from the process of exchanging the liquid solvent with air,
is used in optoelectronics, catalyst support, soundproofing, thermal
insulation, energy storage devices, adsorbents, and many other appli-
cations [2]. Cellulose aerogel (Cell-A) synthesized from cellulose

fibers has a unique structure and properties involving its 3D net-
work structure, an ultra-low density (0.016-0.112 g/cm3), immensely
high porosity (91.9-98.9%), extremely low thermal conductivity
(0.031-0.042 W/mK), and high compressive strength (88 kPa) ac-
cording to Young’s modulus [3]. Cell-A is an eco-friendly and multi-
functional material with diverse applications, e.g., adsorption and
oil/water separation, thermal insulation, biomedical materials, and
metal nanoparticles/metal oxide carriers [4]. Water hyacinth is a
free-floating tropical perennial plant; it is considered an invasive
species in many countries for multiple reasons, including its rapid
rate of reproduction, adverse effects on freshwater ecosystems, river
traffic and agriculture, hydropower and water supply systems, urban
and surrounding environment view. To curb its growth, different
management strategies, such as physical, chemical, biological, and
integrated methods, have been used. Noticing the rapid spread of
water hyacinths in Vietnam, as proposed by the Department of Trans-
portation of the city, the People’s Committee of Ho Chi Minh city
spent approximately 30 billion VND on removing water hyacinth
in all canals [5]. Despite its severe impact on infested regions, water
hyacinth has a wide range of practical applications; particularly, it
is one of the aquatic plant species successfully used for water treat-
ment. Although it is efficient in removing water pollutants like organic
matter, heavy metals ions, and pathogens, its adsorption applica-
tions are limited and have not been studied widely [6]. Its high cel-
lulose content and low lignin content suggest that water hyacinth
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can be used as a source of material to synthesize Cell-A for oil ad-
sorption applications. This could potentially be a solution to Viet-
nam’s water hyacinth infection [7].

We fabricated Cell-A from Vietnamese water hyacinth via cross-
linking method with PVA as a cross-linker and a freeze-drying pro-
cess [8]. PVA can create a solid structure for the gel network [9].
Besides, PVA is a reasonably affordable polymer which exhibits favor-
able characteristics, such as biodegradability, biocompatibility, and
water solubility [10]. The optimal synthesis condition was obtained
through investigating various cellulose to PVA ratios. To achieve
hydrophobicity and improve oil adsorption selectivity, Cell-A was
then either surface-modified with poly(dimethylsiloxane) (PDMS)
via dip-coating to obtain modified PDMS cellulose aerogel (Cell-
AP) or pyrolyzed to produce carbon aerogel (CA). Characterization
of Cell-A, Cell-AP, and CA was performed via their density and
porosity, scanning electron microscopy (SEM), Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), thermogravi-
metric analysis (TGA), Brunauer-Emmett-Teller (BET) specific sur-
face area, and nitrogen adsorption/desorption. The hydrophobicity
and oil adsorption of Cell-AP and CA were investigated via the water
contact angle (WCA) and kinetics models, including the pseudo-
first and pseudo-second-order models, respectively.

EXPERIMENTAL

1. Materials and Chemicals
Water hyacinth was collected from Thanh Da river, Ho Chi

Minh City. Sodium hydroxide (NaOH), hydrogen peroxide (H2O2),
acetic acid (CH3COOH), formic acid (HCOOH), poly(vinyl alco-
hol) (PVA), and hexane (C6H14) were all of the analytical grades and
purchased from Xilong Scientific. Dibutyltin dilaurate (DBTL), tet-
raethyl orthosilicate (TEOS), and poly(dimethylsiloxane) (PDMS)
were provided by Sigma-Aldrich, Macklin, and Acros Organic,
respectively. Used lubricating oil (Shell Advanced 20w50) was col-
lected from Saigon Petro and all the solutions were prepared with
deionized water.
2. Preparation of Cellulose from Water Hyacinth

Water hyacinth was soaked in a 1 M NaOH solution in a ratio
of 1 : 40 (g : mL) at 80 oC for 2 hours, followed by washing with
deionized water to remove residual impurities and adjusting pH
from 11 to 7. To obtain purified cellulose, 30% H2O2 solution was
infused with a mixture of 3 : 7 volume ratio of acetic acid to for-
mic acid. Pretreated water hyacinth was immersed in the above
liquid mixture at a ratio of 1 : 6 (g : mL) at 90 oC for 3 hours. The
obtained acidic water hyacinth pulp was washed and adjusted to
neutral pH before being dried at 90 oC in a drying oven.

3. Preparation of Cell-A
Various amounts of pretreated cellulose were dispersed in aque-

ous PVA solutions, as presented in Table 1. The resulting solu-
tions were heated to 80 oC for 2 hours to facilitate cross-linking,
then ultra-sonicated to eliminate air bubbles and homogenize. The
gel was frozen and freeze-dried at 80 oC and 10 kPa to produce
Cell-A.
4. Preparation of Cell-AP and CA

10 mL of PDMS was dispersed in 25 mL of hexane solvent, fol-
lowed by an additional 50L of DBTL and 3.8 g of TEOS while
stirred at 30 oC for 4 hours. Cell-A materials were dipped into the
obtained mixture and dried at 90 oC for 12 hours to obtain Cell-
AP. Meanwhile, the synthesized Cell-A were pyrolyzed in a tubular
furnace at 200 oC for 2 hours in an argon atmosphere. The tem-
perature was then elevated to 700 oC at a heating rate of 5 oC/min
and kept for 2hours to ensure the formation of the aromatic struc-
ture, then the samples were cooled to room temperature. The ob-
tained materials were labeled Cell-APX and CA-X (X was based
on the ratio of cellulose to PVA), as indicated in Table 1.
5. Characterization

SEM (Hitachi S4800, Japan) was employed to observe the mor-
phology of Cell-A, Cell-AP, and CA. The elemental composition of
Cell-AP and CA was analyzed by EDX mapping (Jeol JMS 6490,
Japan). Functional groups of the water hyacinth, cellulose, and the
prepared materials were identified by FT-IR spectroscopy (Bruker
TENSOR-27, Germany) using potassium bromide pellets with vari-
ous controlling parameters: a wavenumber region of 400-4,000
cm1, spectrum accuracy of 0.1% T, and resolution of 0.2 cm1.
Diffraction analysis was performed using XRD patterns (Bruker
XRD D8, Germany) with operating parameters including a maxi-
mum humidity of 70%, a maximum operating temperature of 30 oC,
and Cu K


 irradiation (X=0.154 nm) in the range of 0-80o with a

scanning speed of 2o/minute. Thermal stability was evaluated by
TGA (Thermo Plus TG-8120). Generally, 50 mg of the aerogel was
heated from 20 to 700 oC at a rate of 10 oC/min under an N2 flow
of 50 mL/min. The hydrophobicity of Cell-AP and CA was inves-
tigated through WCA (DATAPHYSICS OCA-20, Germany) with
a magnification of 0.7-4.5 times. The specific surface area and pore
size following BET was determined via the adsorption/desorption
curves of the nitrogen at 77.35 K and p0=756 mmHg.
6. Density and Porosity

The mass and dimension of Cell-A, Cell-AP, and CA were
measured using a four-digit balance (CPA225D, Germany) and
electronic clamp (VOREL-15240 - 150 mm, Germany), respec-
tively. The densities of Cell-A, Cell-AP, and CA were calculated by
Eq. (1):

Table 1. Ratio of cellulose to PVA

Samples
Cellulose : PVA (g : g)

5 : 1 10 : 1 15 : 1 20 : 1 25 : 1
Cellulose aerogel Cell-A05 Cell-A10 Cell-A15 Cell-A20 Cell-A25
PDMS modified Cell-AP05 Cell-AP10 Cell-AP15 Cell-AP20 Cell-AP25
Pyrolyzed CA-05 CA-10 CA-15 CA-20 CA-25
pH Neutral
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(1)

where m (mg) is the weight of the aerogels and V (cm3) is the cor-
responding volume obtained by Eq. (2):

(2)

where d (mm) and h (mm) represent the diameter and height of
the aerogels, respectively.

The porosities of Cell-A, Cell-AP, and CA () were determined
according to Eq. (3):

(3)

where  is the density of the aerogels and s is the density of the
solid material.
7. Oil Adsorption Test

The oil adsorption of the Cell-AP and CA materials was inves-
tigated using a static model. The samples were placed on the sur-
face of the oil-water mixture for 1 to 10 minutes. After adsorption,
the samples were removed and weighed. The oil adsorption capacity
was calculated by Eq. (4).

(4)

where Q (mg/g) is the oil adsorption capacity of the samples, Ws

(mg) and Wt (mg) are the masses of the sample before and after
being tested, accordingly.

To investigate the adsorption behavior of Cell-AP and CA, the
adsorption kinetics was compared with two prevalent models, the
pseudo-first and pseudo-second-order models, shown in Eqs. (5)
and (6), respectively:

(5)

by plotting  against time, the gradient of the best fit

yields a k1 value.

(6)

by plotting  against time, the gradient of the best gives both 

and , which are then used to determine k2 by rearranging

the equation. Qt (mg/g) and Qm (mg/g) are, respectively, the oil
adsorption capacity of the aerogel at the investigated time t (min-
ute) and equilibrium. The rate constants k1 and k2 were determined
from the diagrams for the pseudo-first and pseudo-second-order
models.

RESULTS AND DISSCUSION

1. Materials Characterization
The preparation of aerogels from Vietnamese hyacinth is sum-

marized in Fig. 1. The hydrogel was created by hydrogen bonding
between the hydroxyl groups of PVA and cellulose (Fig. S1) [11],
then freeze-dried to obtain Cell-A. As a result of the freeze-dying
process, the ice crystals subsequently removed by sublimation yielded
a highly porous structure without structural shrinkage and collapse
[2,12,13]. Color changes were additionally observed after surface
modification; after being dip-coated in PDMS and pyrolyzed, Cell-
A (white) was transformed into Cell-AP (brownish-yellow) and
CA (black), respectively.

Fig. 2 shows the SEM images of Cell-A, Cell-AP, and CA. As
represented in Fig. 2(a), Cell-A has a layered and stacked structure.
Macro- to micropores of various sizes can be seen throughout the
surface of the aerogel. In Fig. 2(b), Cell-AP is depicted to have a
3D-network structure. It can be seen that the PDMS coating had
no significant effect on the overall porous structure of the mate-
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Fig. 1. Fabrication and modification procedure of aerogel materials.
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rial [14]. Fig. 2(c) confirms that the CA was successfully synthe-
sized through pyrolysis without structural breakdown since the
cellulose framework from the precursor aerogel managed to inhibit
collapse [15]. CA also appears to consist of more meso- and microp-
ores than its precursor, Cell-A. These porous structures provide
space for oil storage and facilitate oil entry [15].

The density and porosity of Cell-A, Cell-AP, and CA are dis-
played in Table S1. All the aerogel samples exhibited high porosity
and low density. Density and porosity of Cell-A and Cell-AP showed
negligible deviations. It can be explained that the surface modifica-
tion had little effect on the structure, aside from the additional
bonding between the silane groups of PDMS and hydroxyl groups
in cellulose [14,16]. In contrast, there is an increase in porosity from
Cell-A to CA after pyrolysis because of the reduction of functional
chemical groups on the cellulose fiber. As the concentration of cel-
lulose fibers increases, a reduction in porosity and increase in den-
sity in the materials could be observed, attributed to the reduction
of space of the air pockets between cellulose fibers [17,18]. CA-05
exhibited ultralight density (0.098 g/cm3) and a superior porosity
of 97.483% compared to that of Cell-A05 and Cell-AP05, suggest-
ing that pyrolysis is more efficient for Cell-A modification than
dip-coating.

Fig. 3 displays the FTIR spectra of water hyacinth, cellulose, Cell-
A, Cell-AP, and CA. Both water hyacinth and cellulose show char-
acteristic peaks at 3,300, 2,910, 1,422, 1,370, 1,138, 1,050, and 895
cm1, which are typically indicative of cellulose molecules. More
specifically, 2,910 and 1,050 cm1 could be resulting from stretch-
ing vibration adsorption peak of C-H and glycosidic ring along

with the side group vibration, respectively [19]. The vibrational peaks
at 1,649, 1,590, and 1,505 cm1 are accounted for by the presence
of aliphatic esters in lignin and hemicellulose components [20].
Particularly, the peak at 1,649cm1 might be attributed to the bend-
ing vibration peak of O-H [19]. In the spectrum of cellulose, the
peak in the region of 1,138-1,164 cm1 is the asymmetric tensile
vibration of the C-O-C group of the glycosidic ring [15, 21]. The

Fig. 2. SEM images of (a) Cell-A, (b) Cell-AP, and (c)-(d) CA.

Fig. 3. FTIR spectra of water hyacinth, cellulose, Cell-A, Cell-AP,
and CA.
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peaks of 850 and 2,933 cm1 in the spectrum of Cell-A indicate the
presence of -CH2 bending and C-O stretching vibration of PVA
molecules, respectively. While the absorption band at 1,422 cm1

represents C-OH bending, the adsorption band at 1,668 cm1 is
attributed to H-O-H bending. Furthermore, the broad peak cen-
tered around 3,300 cm1 illustrates the presence of -OH groups
[22]. It can be seen from the spectrum of Cell-A that the absorp-
tion peaks of cellulose and PVA are present but weakened, an effect
of the strong interaction between PVA and cellulose. After surface
modification with PDMS, Cell-AP exhibits vibrations at 1,265 and
774 cm1, which are characteristic of -CH3 deformation and -Si-C
formation, respectively [23]. The intensity of -OH (3,300 cm1) and
C-OH (1,422 cm1) stretching vibrations is significantly reduced
by the replacement of -OH with -O-Si-(CH3)3 groups (Fig. 3), sug-
gesting an enhancement in hydrophobicity [24]. In the spectrum
of CA, the peaks of C-H, C-O, and other functional groups have
become weaker or disappeared, indicating that PVA was dehydro-
genated by pyrolysis. The O-H groups disappeared and only car-
bon-containing functional groups remained, which contributes to
the hydrophobicity, uniform pore structure, and overall oil absorp-
tion of the aerogels [15].

XRD patterns of Cell-A, Cell-AP, and CA are presented in Fig. 4.
Cell-A exhibits two characteristic peaks at 2=15.8o and 2=22.7o,
corresponding to the (101) and (200) lattice plane of cellulose [25].
In the XRD pattern of Cell-AP, the substantial reduction of the
former characteristic peaks and the emergence of a strong peak at
2=14.5o indicates the removal of hydroxyl groups and the intro-
duction of silane groups from PDMS, respectively [14,26]. In com-
parison to CA, however, the disappearance of 2=16.9o and em-
ergence of two broad peaks at 2=10.5o and 2=25o is observed,
while the peak of 2=22.7o is weakened. This confirms the gener-
ation of amorphous carbon via the carbonization and significant
destruction of structural crystals of the cellulose [27], verifying the
successful transformation from Cell-A to CA.

EDX analyses of Cell-A and CA are shown in Fig. 5. Carbon

Fig. 4. X-ray diffraction of Cell-A, Cell-AP, and CA.

Fig. 5. EDX spectra of Cell-A and CA.

Fig. 6. TGA thermograms of Cell-AP and CA.

and oxygen are naturally assigned to the two oscillating signals with
the largest intensities, compared to those of a minority of com-
mon elements (below 1%) [28]. CA exhibited a higher peak inten-
sity in carbon composition and a lower peak intensity in oxygen
composition, compared to that of Cell-A, further corroborating the
carbonization process. The elemental compositions of Cell-A and
CA are summarized in Table S2. There is a significant decrease in
the elemental ratio of oxygen, while that of carbon increases sub-
stantially after the pyrolysis process. The results indicate that Cell-
A was successfully carbonized into CA, eliminating oxygen-con-
taining functional groups [29].

The thermal degradation of Cell-AP and CA was examined
from 20 to 800 oC using thermal gravimetric analysis method. The
results are shown in Fig. 6; both Cell-AP and CA experienced weight
loss at around 30 to 120 oC because of water evaporation [30]. The
second weight-loss stage of Cell-AP at around 220 to 315 oC could
be attributed to hemicellulose degrading. From 355 to 550 oC, a



2252 L. N. Phat et al.

November, 2021

massive weight drop in Cell-AP occurred mainly because of the
rapid decay of cellulose, which implies the pretreatment steps had
removed most of the lignin in the water hyacinth [31]. After most
of the weight of the material was reduced, a residue of approxi-
mately 19% of the original weight was obtained. The second stage
of degradation of CA is around 410 to 660 oC, indicating it is more
thermally stable than Cell-AP. It also implies the absence of hemi-
cellulose, cellulose, and lignin because of the complete pyrolysis of
Cell-A. The residue of CA, which is approximately 11% of its orig-
inal weight, is lower than that of Cell-AP. This is likely because of
the absence of PDMS in CA.

The nitrogen adsorption/desorption isotherms in Fig. 7 show
both Cell-AP and CA exhibit a typical IV isotherm pattern, with a
hysteresis loop at high relative pressure [19]. A comparison of spe-
cific surface area and average pore size between several materials is
presented in Table 2. The difference in specific surface area between

Fig. 7. Nitrogen adsorption-desorption isotherms of (a) Cell-AP and (b) CA.

Table 2. Comparison of specific surface area and average pore size of various materials
Materials Average pore sizes (nm) Specific surface areas (m2/g) References
Cell-AP 1.59 063.14 This work
CA 1.63 032.71 This work
Cellulose aerogel (paper waste) 11.2 132.26 [34]
Cellulose aerogel (bamboo fibrils) 10 013.42 [35]
Carbon aerogel (bleached softwood kraft pulp fiber) 8.53 069.00 [36]

Fig. 8. Water contact angles of (a) Cell-A, (b) Cell-AP, and (c) CA.

Cell-AP (32.71 m2/g) and CA (63.14 m2/g) is found to be a result
of the pyrolysis process at 700 oC [32]. The average pore size of
Cell-AP and CA is 1.63 and 1.59 nm, thereby confirming the for-
mation of micropores (pores of size less than 2 nm), respectively.
The appearance of micropores in Cell-AP can be explained by the
forming and sublimating of ice crystals at low temperature during
the freeze-drying process [2,12,13]. Furthermore, the degradation
of cellulose and PVA while pyrolyzing Cell-A leading to the lower
of specific surface area and the enhancement of pores size in CA
[33].

The WCA is one of the most important standards for assessing
oil adsorbents [15]. Fig. S4 shows the hydrophobicity of Cell-A,
Cell-AP, and CA. The WCA of Cell-A was 0o (Fig. 8(a)) before mod-
ifications; in contrast, the modified aerogels exhibited high hydro-
phobicity, with water contact angles of 114.3o for Cell-AP and 103.2o

for CA (Fig. 8(b) and 8(c)), respectively. The hydrophobicity of the
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modified aerogels was achieved by the replacement of hydroxyl
functional groups with silane groups of PDMS or the removal of
its hydrophilic groups via pyrolysis [15]. The difference between
WCA of Cell-AP and CA was trivial, indicating that the structure
did not have any significant effect on the water contact angle [15].
Regarding their lightweight, porous structure, and hydrophobicity,
Cell-AP and CA were used to further investigate their oil adsorp-
tion capability.
2. Oil Adsorption

Fig. 9 presents the process of adsorbing lubricant oil in a water/
oil mixture using Cell-AP and CA. Samples of both Cell-AP and
CA with the same height were gently immersed into the heteroge-
neous oil-water mixture, which then promptly began to adsorb the
oil. The oil was successfully adsorbed from the liquid in three min-
utes for Cell-AP, while it only took CA two minutes under similar
conditions. The difference in adsorption time can be explained by
the lower density and higher porosity of CA compared to that of

Fig. 10. Adsorption capacity over time of (a) Cell-AP and (b) CA.

Fig. 9. Adsorption performance of (a) Cell-AP and (b) CA.

Cell-AP [37].
In Fig. 10, both Cell-AP and CA exhibited rapid oil adsorption

rates for the first few seconds, then immediately reached saturation
after roughly two minutes. The amount of oil CA-15 adsorbed after
two minutes is higher (8,106 mg/g) than that of Cell-AP05 (1,570
mg/g). The maximum oil adsorption capacity of CA-15 (Q=8,345
mg/g) is also significantly (4.5 times) greater than that of Cell-AP05
(Q=1,878 mg/g) due to the increase in porosity and decrease in
density. For Cell-AP, the oil adsorption capacity decreases with
increasing cellulose components because of reducing porosity [18,
38]. The comparison of oil adsorption capacity of Cell-AP and CA
with another adsorbent are shown in Table 3. The results show that
the oil adsorption capacity of Cell-AP and CA was higher than
pyrolyzed banana peel and pyrolyzed rice husk because of the
forming porous networks and 3D structure in Cell-AP and CA,
leading to higher specific surface area. However, both Cell-AP and
CA have lower adsorption capacity than that of cellulose aerogels
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from sugarcane bagasse and pineapple fibers. This can be explained
that the oils chosen to study the adsorption behavior of the aero-
gels were not the same between these works, leading to the differ-
ence of viscosity. More importantly, the oil absorption capacity of
Cell-AP and CA shows a clear advantage compared to the oil ad-
sorption capacity of previously reported oil adsorbents, making CA
a promising adsorbent material.
3. Oil Adsorption Kinetics

Oil adsorption kinetics are commonly investigated using the
pseudo-first-order and pseudo-second-order models; both mod-
els were used in this study to analyze the empirical data. The results
indicated in Tables 4 and 5 show that the correlation coefficient R2

of the pseudo-second-order kinetic adsorption model is far greater
than that of the pseudo-first-order kinetic adsorption model in
both CA and Cell-AP. Therefore, the pseudo-second-order model
has higher relative accuracy in predicting both materials’ oil adsorp-
tion behavior than the pseudo-first model [41]. Additionally, the
performance of pseudo-second-order models can be used to investi-
gate the sorption process controlled by chemical adsorption [42].

CONCLUSION

Cell-A was successfully synthesized using water hyacinth by the
cross-linking method and freeze-drying process. Cell-A was fur-
ther modified to obtain hydrophobic Cell-AP and CA with the
optimal ratio of cellulose to PVA of 5 : 1 for Cell-AP05 (WCA=

114.3o) and 10 :1 for CA-15 (WCA=103.2o), respectively. The maxi-
mum oil adsorption capacity of CA-15 (Q=8,345 mg/g) was sig-
nificantly greater than that of Cell-AP05 (Q=1,878mg/g). The results
indicate the optimal fabrication ratio of cellulose to PVA is 5 : 1 and
15 : 1 for Cell-AP and CA, respectively. Furthermore, the pseudo-
second-order model is appropriate for predicting the oil absorp-
tion behavior of Cell-AP and CA. The synthesized Cell-AP and
CA have both shown promise as biomass-derived, eco-friendly
materials for future oil adsorption applications.
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K2 1.786 1.557 0.901 3.694 0.823
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Fig. S1. Cross-linking mechanism between cellulose and PVA in Cell-A.

Fig. S2. Proposed mechanism of surface modification process with PDMS.
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Fig. S3. Mapping elements on (a) Cell-A and (b) CA.

Fig. S4. Hydrophobicity of Cell-A, CA, and Cell-AP.

Table S1. Densities and porosities of Cell-A, Cell-AP, and CA
Samples Density (g/cm3) Porosity (%)

Cell-A

Cell-A05 0.121 88.126
Cell-A10 0.131 87.306
Cell-A15 0.135 86.828
Cell-A20 0.213 79.351
Cell-A25 0.232 77.440

Cell-AP

Cell-AP05 0.121 88.126
Cell-AP10 0.131 87.306
Cell-AP15 0.136 86.826
Cell-AP20 0.214 79.350
Cell-AP25 0.232 77.442

CA

CA-05 0.098 97.483
CA-10 0.102 95.604
CA-15 0.156 94.372
CA-20 0.193 92.765
CA-25 0.204 91.324

Table S2. Elemental composition of Cell-A and CA
Element ratio (%) Cell-A CA

C 55.98±0.10 93.41±0.11
O 43.53±0.16 06.59±0.09


