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effects of synthesis techniques and
crosslinking agents on the characteristics of
cellulosic aerogels from Water Hyacinth

Thi Thuy Van Nguyen,c Goh Xue Yang,e Anh N. Phan,d Tri Nguyen,c

Thanh Gia-Thien Ho,c Son Truong Nguyenab and Ha Huynh Ky Phuong *ab

Aerogel cellulose materials were synthesised from Water hyacinth and different crosslinkers, such as

kymene and a mixture of polyvinyl alcohol (PVA) and glutaraldehyde (GA). The effects of using

a magnetic stirrer and ultrasonic methods were investigated. The results show that materials prepared

using ultrasonic methods have higher porosity and lower density. The thermal conductivity of the

synthesised aerogel cellulose could be as low as 0.0281 W m K�1, showing the good heat insulation

performance of this material. Absorption capacity was tested using diesel oil (DO), and the highest

capacities of 58.82 and 52.03 g g�1 of DO were found with kymene and PVA + GA as crosslinkers,

respectively. The reusability of the materials was tested. After 10 cycles, the DO absorption capacity was

62.8% of the value of the first cycle for the aerogel cellulose sample with kymene as the crosslinker and

72.7% for the sample with PVA + GA as the crosslinking agent.
Introduction

Many papers have been published on the synthesis and appli-
cation of cellulose aerogel materials made from different
materials: rice straw, banana tree,1,2 corn,3 cotton bre,4 sugar-
cane bagasse,5 calamus manan,6 corn straw,7 palm fruit
bunches,8 potato tubers,9 paper waste,10 durian shell,11 cotton,12

and wood.13,14 Cellulose aerogel materials and their modied
forms are widely used in many different elds, such as heavy
metal adsorption,15 dye adsorption,16 waste gas treatment,
soundproong,17 absorbents for oils,18 energy storage,7 and
thermal insulation materials.19 Water hyacinth (WH) is a highly
developed aquatic organism that grows in many tropical
countries, including Vietnam. WH grows rapidly on the surface
of rivers and canal systems, obscuring the water surface, and
thus destroying water ecosystems as well as impeding water
traffic. According to a previous study,20 the cellulose content of
WH is up to 50% of its raw weight. Therefore, it is considered to
be a promising source for the preparation of aerogel cellulose
and extracted materials, which could be applied in many
different elds. When synthesising aerogel materials, aer
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processing to remove lignin and hemicellulose, cellulose is
combined with polymers to create crosslinks and reinforce the
porous structure, making it more durable with very high
porosity. In the cellulose chain, functional groups can form
crosslinks to separate cellulose circuits. The cellulose aerogel
structure mainly depends on the number and nature of the
crosslinks produced in the polymer chains. Two types of
crosslinking can be found. Physical crosslinking consists of
weak binding forces, such as van der Waals forces, hydrophobic
or electronic bonds, and hydrogen bonds. Chemical cross-
linking is based on covalent or ionic bonds, giving stable Feng
structures, suitable porosity, and high stability in cellulose.21

Different polymers can be used to make materials with different
physical and chemical properties. Methyltrimethoxysilane
(MTMS) 2% by weight in cellulose nanobre (CNF)/aqueous
suspension has been used to form chemical crosslinks in
cellulose aerogel structures.22 Silanols form hydrogen bonds
with cellulose hydroxyl groups, which then, under heating
conditions, form covalent –Si–OC– bonds and create cellulose
aerogels with a stable porous structure.23 A solvent NaOH/
thiourea/H2O system with the help of ethanol has also been
used.24 Further, graphene oxide (GOS) sheets have been used to
provide physical crosslinking in the structure of cellulose aer-
ogels.25 Recently, polyvinyl alcohol (PVA) and kymene10,25–27 have
been used to form crosslinks in the structure of aerogel cellu-
lose materials.

The synthesis process is affected by both the stirring method
and the temperature used. Mechanical stirring or an ultra-
sonic28 method are important in facilitating the incorporation
of polymer molecules into bres in the suspension, thus
RSC Adv., 2022, 12, 19225–19231 | 19225
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promoting the formation of cellulose aerogel structures with
high porosity and stability. This result is due to the formation of
a network of siloxane polymer (–Si–O–Si–) and three-
dimensional oligomers that interact with cellulose through
hydrogen bonding.23

In this study, WH was used as the raw material to synthesise
aerogel cellulose. Both kymene and PVA with glutaraldehyde
(GA) were used to form crosslinks, and their effect on the
physical–chemical properties of aerogel cellulose was exam-
ined. The structural properties of the product were compared
using ultrasonic and mechanical stirring methods in the
synthesis process. The results from this study indicate differ-
ences between crosslinking agents as well as in the technical
efficiency of material synthesis methods. It can be conrmed
that cellulose aerogel materials have potential application in
different elds.
Results and discussion
Material characterisation

The FTIR spectra of cellulose from WH (CW) and samples
synthesised from WH cellulose (Fig. 1) show that cellulose has
strong absorbance at 3340 cm�1 (–O–H stretching), 2896 cm�1

(–CH– symmetric stretching), and 1050 cm�1 (vibration of
pyranose ring ether).27 Aer crosslinking, the O–H variation
peak at 3340 cm�1 becomes broad and weaker.29 The FTIR
spectra of all the samples have a peak at 1652 cm�1, which
represents a typical amide C]O and absorbed H2O mole-
cules.16,18 However, the ratio of peak intensity of 1652 cm�1 to
others (such as 1055 cm�1 for the C–O stretching vibration of
the cellulose backbone, which is not affected by the chemical
Fig. 1 FTIR spectra of cellulosic aerogel samples synthesised fromWH
with kymene (a) and the mixture of PVA + GA (b).

19226 | RSC Adv., 2022, 12, 19225–19231
modication) is remarkably low aer crosslinking, showing
that crosslinks are formed in the aerogel cellulose materials.26

In addition, a new weak peak arises at around 1550 cm�1 that
can be assigned to the N–H bending of amide, as in the reported
work.19 This result suggests that crosslink agents are indeed
bonded to the aerogel material aer heat treatment.

The results for density and porosity are shown in Fig. 2 and
3, respectively, for aerogels made with kymene as the cross-
linking agent using magnetic stirring (KM) and ultrasonics (KU)
and with PVA + GA (PGM and PGU). Materials synthesised with
kymene have a lower density (the lowest values are for KU8 and
KM8 at 0.012 and 0.013 g cm�3, respectively) and a higher
porosity (the highest values are for KU8 and KM8 at 99.2 and
99.3%, respectively) than materials made with PVA + GA. These
materials have the lowest density at 0.015 and 0.017 g mL�1 and
the highest porosity at 98.9 and 98.5% for PGU25 and PGM25,
respectively. Kymene can form both self-crosslinking through
its epichlorohydrin groups and external crosslinking with
cellulose, increasing the mechanical strength, particularly the
wet strength, of the aerogels.25 The results of DM Hai10 also
show that aerogel cellulose materials have high porosity values
with kymene as the crosslinking agent (98.1 to 99.4%). PVA can
make a matrix material to form a 3D interconnected continuous
network with hydrogen bonding and chemical crosslinking.
Aerogel synthesised using PVA for crosslinking is neither
mechanically strong nor highly compressible. Previously pub-
lished results show that the porosity of this kind of product is
97.7–98.7%.27
Fig. 2 The density of aerogel cellulose from WH with kymene (a) and
a mixture of PVA + GA (b) with an ultrasonic method and magnetic
stirring.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The porosity of aerogel cellulose fromWHwith kymene (a) and
the mixture of PVA + GA (b) in two cases of ultrasonic assistance and
magnetic stirring.

Fig. 4 SEM images of aerogel samples.
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It can be seen that with both crosslinking agents, the prod-
ucts made with ultrasonic assistance have higher porosity and
lower density compared to those made with magnetic stirring.
However, the different values for kymene products are lower
than those for PVA + GA. These results can be explained by the
effect of ultrasonic energy separating the cellulose chains,
facilitating dispersion of the crosslinking agents. Mechanical
stirring does not separate the cellulose blocks, creating local
agglomeration and poor dispersion of crosslinking agents.30

Because kymene has a low viscosity, it diffuses more readily in
the cellulose mixture. Thus, ultrasonic assistance only has
a promoting effect, reducing the interaction time between
kymene and cellulose, and diffusion is not signicantly
increased compared with magnetic stirring. The mixture of PVA
+ GA has a much higher viscosity, so its ability to diffuse into
cellulose is limited, meaning that ultrasonic assistance has
a greater effect, increasing the diffusion capacity of the mixture
into cellulose and leading to a marked increase in the interac-
tion between the crosslinking agents and cellulose.31,32 Thus,
the aerogel cellulose is more porous and more stable than with
magnetic stirring.

The results also show that when the concentration of
crosslinking agents is low, the density of the material is high.
These density values increase with increased concentration of
crosslinking agents but then decrease if the concentration of
crosslinking is increased further. The reverse trend was seen
with the porosity of the synthesized materials. When the
concentration of the crosslinking agents is low, more cellulose
© 2022 The Author(s). Published by the Royal Society of Chemistry
blocks are created because of the saturation of cellulose in
water; high density and low porosity material is formed.
Increasing the concentration of the crosslinking agents
increases the ability to create cellulose aerogel structures and
thus increases porosity and reduces density.33,34 However, if the
concentration of the crosslinking agents is increased further,
blocks of these compounds form, decreasing porosity and
increasing density.

Fig. 4 shows the structure and morphology of the aerogels
investigated by SEM characterization. The SEM images show
that the aerogel cellulose samples have the same uniform
porous structure as the corresponding aerogels in previous
reports.17,26,34,35 The results shown in Fig. 2 conrm that mate-
rial with PVA + GA crosslinkers has a higher porosity than
material with kymene.27 At the same time, material synthesised
by the ultrasonic method has a higher porosity than material
synthesised by magnetic stirring.31,32

The results of tests of the thermal conductivity of the aerogel
material samples are presented in Fig. 5 and show that when
density decreases and porosity increases, thermal conductivity
also increases; these are the same ndings as.34 It can be also
observed that materials prepared with ultrasonic assistance
have lower thermal conductivity compared to those prepared by
magnetic stirring; this is because they have higher porosity, as
shown in Fig. 2. The lowest thermal conductivity values ob-
tained for the aerogels were 0.0281 and 0.0283 W m�1 K�1,
corresponding to samples KU8 and PGU25, respectively. The
obtained results show that the porosity and density of materials
are correlated. For thermal conductivity, besides depending on
porosity and density, it also depends on the nature of cross-
linkers including polyvinyl alcohol + glutaraldehyde (PVA + GA)
or Kymene (K).
Oil absorption capacity and the effects of stirring method with
different crosslinking agents

The results show that the synthesised samples of all the cellu-
losic aerogels prepared using kymene and PVA + GA have high
RSC Adv., 2022, 12, 19225–19231 | 19227
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Fig. 5 Thermal conductivity of aerogel cellulose materials with
kymene (a) and a mixture of PVA and GA (b) as crosslinkers, by ultra-
sonic and magnetic stirrer methods.

Fig. 7 Effects of magnetic stirrer and ultrasonic assistance methods
on DO absorption capacity (g g�1) with kymene (a) and PVA + GA (b) as
crosslinking agents.
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hydrophobicity, with a high water contact angle (141–142�) and
have the ability to selectively adsorb oil in water (illustrated in
Fig. 6). The absorption capacity for DO of cellulosic aerogel
prepared using magnetic stirring and ultrasonic assistance in
the synthesis processes with kymene and PVA + GA as cross-
linking agents is shown in Fig. 7.
Fig. 6 Images of hydrophobicity and water contact angles (a) and the
selective absorption of oil in water (b) aerogel cellulose materials with
kymene as crosslinker.

19228 | RSC Adv., 2022, 12, 19225–19231
With both crosslinking agents, the oil absorption capacity of
the products using ultrasonic assistance is higher than when
using the stirring method. However, with kymene as the
crosslinking agent, the different values are not as clear as with
the mixture of PVA + GA; this is because of the different viscosity
of these agents and their dispersion into the cellulose block
under the effect of stirring methods, as explained above. In
addition, the results show that with kymene, the absorption
capacity of aerogel cellulose is signicantly higher than with
PVA + GA. These results can be explained by the density and
porosity values shown in Fig. 2 and 3, with changes in absorp-
tion capacity occurring when the concentration of crosslinking
agents is altered. The highest absorption capacities of 58.8 and
52.0 g g�1 of DO correspond to samples KU8 and PGU25,
respectively.
Reusability of materials

Samples KM8, KU8 and PGM25, PGU25 were used to test
reusability with DO absorption. The testing process was carried
out over 10 cycles and, aer 3 min submergence in DO, the
samples were compressed by 30 N of load. The results of the
absorbing-releasing testing cycle are shown in Fig. 8. There was
a signicant deterioration in oil absorption capacity of sample
KU8, from 58.8 g g�1 in cycle 1 to 42.9 g g�1 in the second cycle.
However, from the second cycle to the tenth cycle, absorption
capacity did not change a great deal, reaching 36.94 g g�1 in the
last cycle, which equates to 62.8% of the highest value. The
same trend was seen with the other samples (KM8, PGM25, and
PGU25), as shown in Fig. 8. When PVA + GA is used as the
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02944h


Fig. 8 The absorption capacity changing of aerogel materials with ten
absorption cycles.
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crosslinking agent, even the highest absorption capacity is
lower than for kymene; however, aer the second cycle,
absorption capacity is still 80% of the highest value, and aer
the tenth cycle, is still 72.7% of the highest value. The large drop
in absorption capacity aer the rst cycle is the result of
a massive structural collapse aer compression, which leads to
a huge loss of pores as the medium for retaining DO; however,
the structure is then fairly stable for continuing cycles.36,37 In
addition, kymene can produce better crosslinking, and so
products have higher porosity and absorption capacity in the
rst absorption cycle. On the other hand, PVA + GA can form
stronger crosslinks inside the aerogel cellulose product,
meaning that the product undergoes less deformation when
being compressed, with less decrease in absorption capacity.
These results will be conrmed in future testing for compres-
sive stress.
Experimental
Materials

WH was collected from the Saigon River, District 12, Ho Chi
Minh City, Vietnam. It was cut into small pieces and nely
ground to a size less than 1 mm. It was then washed and dried
in air. Glutaraldehyde (GA, HiMedia, 50%), polyvinyl alcohol
(PVA, Merck, 99%), hydrogen peroxide (H2O2, Xilong, 30%),
sodium hydroxide (NaOH, Xilong, 99%), sulphuric acid (H2SO4,
Xilong, 98%), and kymene (KM, Solenis 5574) were used without
further purication.
Fig. 9 The structure model of aerogel materials formed with different
crosslinkers.
Preparation of aqueous gel of cellulose from WH

Dried WH bres 2% w/w were mixed with a solution of NaOH
solution 2% w/w to remove lignin and hemicellulose. The
mixture was heated in a microwave (AEM-G2135W; AQUA) for
20 minutes to increase removal effectiveness. H2O2 aqueous
solution of 17 vol% was added into the cool microwave-treated
mixture with pH adjusted to around 11 using NaOH before
being heated in the microwave for a further 10 minutes. As soon
as the mixture was cooled to room temperature, it was ltered
and washed with distilled water to attain a pH of 7.0. The pre-
© 2022 The Author(s). Published by the Royal Society of Chemistry
treated material was dried at 70 �C for 24 hours and stored
for analysis and aerogel synthesis.
Preparation of aerogel cellulose from WH

Preparation of aerogel cellulose from WH with kymene as
the crosslinker. Three samples of 100 mL solution of 1% w/w
cellulose bres aer treatment with water were stirred to form
a homogeneous solution. Then, 0.05, 0.075, and 0.1mL of kymene
binding agent were added and stirred with a magnetic stirrer at
the stirring speed of 800 rpm for 1 hour to create samples KM5,
KM8, and KM10, respectively. The same process was repeated for
three other samples, but magnetic stirring was replaced by an
ultrasonic method, for 15 minutes, creating samples KU5, KU8,
and KU10, respectively. The six samples were placed in a refrig-
erator for 24 hours and sublimated at �70 �C on a TPV-50F dryer
(China) to produce aerogels. Then, the cellulose aerogel materials
were placed in an oven at 120 �C for 2 hours to increase the
crosslinking of kymene in the aerogel cellulose product.

Preparation of aerogel cellulose from WH with PVA and GA
as the crosslinker. As in the previous process, six samples of
100 mL solution 1% w/w of cellulose bres were divided into
two groups and mixed with water for at least 1 hour to form
a homogeneous solution. In this process, to form the cross-
linking in the aerogel structure, a solution of PVA (5% w/w in
water) was added to the mixture at a ratio of PVA to cellulose of
4 : 3. The solution was stirred for 1 hour before adding 0.1mL of
1%H2SO4 and 0.10, 0.25, and 0.50 mL of GA (25% w/w in water).
The rst group of three samples was prepared with magnetic
stirring at the stirring speed of 800 rpm for another 1 hour to
obtain samples PGM10, PGM25, and PGM50, respectively. The
second group was prepared using ultrasonic stirring for 15
minutes to obtain samples PGU10, PGU25, and PGU50,
respectively. All the samples were placed in a refrigerator for 24
hours and sublimated at �70 �C on a TPV-50F dryer (China) to
produce aerogel cellulose materials Fig. 9.
Characterization

The density of the aerogel cellulose samples was determined by
eqn (1):20
RSC Adv., 2022, 12, 19225–19231 | 19229
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r ¼ m

pD2H

4

; g=cm3 (1)

where, D is the diameter (cm), H is the height (cm) and m is the
mass of the sample (g).

While the porosity of aerogel materials (P) is determined by
eqn (2):20

P ¼
�
1� r

rs

�
� 100% (2)

where, r is the density of the aerogel sample aer drying
(g cm�3) and rs is the density of the initial solid amount
(g cm�3).

A scanning electron microscope (SEM, Hitachi, S-4800) was
used to examine the surface morphology and pore structure of
the samples. In addition, the functional groups in the aerogel
cellulose samples were determined through Fourier Transform
Infrared (FT-IR) results performed on a Bruker Tensor 27
instrument (Bruker, Germany) with a scan range of 400 to
4000 cm�1 and a scan speed of 1 time/s within 30 times.
Thermal conductivity tests were performed using a C-Therm
TCi Thermal Conductivity Analyzer (C-Therm Technologies,
Canada) using a modied transient plane source method with
a spiral heater enclosed by a guard ring in ambient conditions.
Absorption capacity and reusability

The absorption capacity of the aerogel cellulose samples was
tested according to ASTM F726-06. Dried samples were weighed
and immersed in DO for 2 hours to reach equilibrium. Then,
the aerogel cellulose samples were lied from the oil-lled
beaker with a stainless steel mesh basket, air-dried for 30
seconds, and reweighed. The oil absorption capacity of the
sample was calculated according to eqn (3):20

Q ¼ ma �mo

mo

; g=g (3)

where, mo and ma are the mass of the aerogel cellulose sample
before and aer absorption. The same process was used to test
the reusability and oil recovery of the aerogel cellulose materials
for 10 cycles. The sample was squeezed to remove absorbed oil
and dried in air for 30 minutes aer each cycle.
Conclusions

Water hyacinth was used as raw material to synthesise aerogel
cellulose with kymene and a mixture of PVA and GA as cross-
linkers, with ultrasonic and magnetic stirring methods. The
lowest thermal conductivity found was 0.0281 W m�1 K�1,
showing high potential for application as a heat insulation
material. The results show that aerogel celluloses using kymene
as the crosslinker and synthesised with ultrasonic assistance
have high porosity and low density, and also have high
absorption capacity. The absorption capacity aer 10 cycles of
the sample with PVA and GA did not change as much as that of
the kymene sample, at 72.7% and 62.8%, respectively. The
results conrm that aerogel cellulose as a “green” material
19230 | RSC Adv., 2022, 12, 19225–19231
produced from WH can be used as absorption materials and
also has the potential to be used in many industrial elds.
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