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Coir (i.e., coconut fiber) is one of the popular agricultural waste products, especially in Vietnam, mostly discarded
when copra and coconut water are taken, causing environmental pollution and waste of potential biomass.
Various research has been done to reuse this resource as advanced materials. In this study, the NaOH-urea-
H202 combination was utilized to make cellulose aerogel from coir fibers for the first time. Cellulose aerogel was
synthesized by the sol-gel method combined with the freeze-drying technique. The properties of cellulose
aerogel were determined, such as density, porosity, surface morphology analysis by FTIR, SEM, and thermal
stability evaluation by TGA analysis. They exhibit low density (0.0099 - 0.0158 g/cm?), high porosity (98.96 -
99.35 vol%), and the methyl blue adsorption experiment shows cellulose aerogel's ability to treat color in water
is significant.

1. Introduction

Aerogels have been widely used in different fields due to their excellent properties (Yang et al., 2019). It is
known to be a porous solid material with a high specific density and surface area (Manzocco and Mikkonen,
2021). In searching for green materials for aerogel fabrication, biopolymers have been thought to be the next
promising precursors (Antonyuk et al., 2015). In 2017, Goimil and colleagues studied the mechanical toughness
and biodegradability of bio-aerogels. The results showed the most remarkable advantages in the research
(Goimil et al., 2017). Kargarzadeh et al. (2018) synthesized bio-aerogel from biofilm-forming agents such as
polysaccharides, while Ahmadi et al. (2016) used proteins. Yang et al. (2017) successfully synthesized
polysaccharides aerogels from agar, nitrocellulose or cellulose with superior properties. The unique
biodegradability, biocompatibility, sustainability, and renewability of polysaccharide aerogels at comparatively
low cost make them ideal for medical, pharmaceutical and food applications (Sarno, 2019).

The development of green technologies for cellulose processing is always content of discussion in the field of
sustainable chemistry. During the last two decades, some potent non-derivatizing organic solvents for cellulose
have been created and used to prepare regenerated cellulose films and fibers, such as N-methyl morpholine-
N-oxide (NMMO) (Fink et al., 2001), and the ionic liquids (Swatloski et al., 2002). Eco-friendly, simple and
economic processes are realized with a solvent system based on NaOH and cellulose.

Compared with different types of biomass such as cotton stalks, paper waste, and cotton waste, the lignin
content in coir fiber is much higher, which prevents the NaOH-urea process from being applied directly. The
aerogel produced will become hard, brittle, and difficult to squeeze if the lignin content is too high (Fauziyah et
al., 2019). Large pores in the aerogel network are formed due to the existence of lignin in the endogenous state
(in coconut fiber). For cellulose aerogels, the increased endogenous lignin restricts the dissociation of cellulose
and hemicellulose, causes a membrane-like structure, and weakens the interphase between cellulose or
hemicellulose chains in the aerogel network, thus leading to larger pores and reduced mechanical properties
(Cai and Zhang, 2005). A study on the effect of coir components on dye adsorption was performed by Mishra.
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The gradual removal of lignin and hemicelluloses changes the composition and functional groups of crude coir.
The dye adsorption capacity of the material increased as the amount of lignin removed increased. Increasing
the cellulose content due to the removal of hemicelluloses improved the primary dye uptake due to structural
swelling and supported a higher degree of reactive dye uptake. Fauziyah et al. (2019) has synthesized cellulose
aerogels for various applications such as oil, water, and dye adsorption. Fauziyah et al. (2020) synthesized
hydrophobic cellulose aerogel used to separate contaminated oil. However, the effect of fibers concentration on
the properties and adsorption capacity of cellulose aerogels has not been reported.

In this study, cellulose aerogels are synthesized from coir fiber by sol-gel process combined with freeze-drying.
Compared with previous studies, in the pretreatment of coconut fibers, an additional treatment step with H202-
NaOH solution will be added to remove the most significant amount of lignin. Evaluation of methylene blue
adsorption capacity of cellulose aerogels with different fiber concentrations was conducted by ultraviolet-visible
spectroscopy.

2. Material and Methods
2.1 Materials

Coir fibers used were obtained from the husk of coconut in Vietnam. Hydrogen peroxide (H20:2), sodium
hydroxide (NaOH), urea (CON2H4) and ethanol (C2HsOH) were of reagent grade and were used as received
without further purification. Deionized water was used for synthesis and treatment processes.

2.2 Fabrication of the cellulose aerogels

Coir fibers were alkaline treated for the first time with 6 % NaOH solution with a solid-liquid ratio of 1:20 % w/v
to remove part of the lignin from the coir fibers. The mixture was reacted at 90 °C for 2 h and repeated three
times. The mixture was filtered and washed with distilled water to pH 7, and the residue was recovered after
filtering. The second alkalinization was performed, using 4 % NaOH solution according to the ratio (1 g coconut
fibers / 20 g NaOH solution), stirred at 90 °C for 4 h. The obtained pulp was washed with demineralized water
to remove the sodium-lignin by-product. The coir fiber pulp was dried for weighing to determine the weight for
the next bleaching experiment. The coir fiber pulp was then bleached with a mixture of H2O2 and NaOH (a ratio
of 1:1 % w/w) with the same concentration of 10 wt%; the solid-liquid ratio was kept at 1:20 % w/v. The bleaching
reaction was carried out at 80 °C for 2 h. The mixture was filtered and washed to pH 7 with water and dried to
obtain bleached coir fiber pulp. To prepare the cellulose aerogel precursor, the pulp could be used as material.
Treated coir fibers are added to 25 mL of mixed NaOH/urea solution (7:12 wt%), which has been cooled to -10
°C. The bleached coir fibers pulp was dissolved into the solution using a magnetic stirrer for 30 min. The solution
was then frozen for 24 h to form a gel system. After being frozen, the gel system was thawed at room
temperature for 10 min, and ethanol added; the water inside the hydrogel was replaced with ethanol for 24 h.
The gel was washed with water several times until pH 7. The sample was frozen at -10 °C for 12 h. Drying of
the sample was carried out for 48 h to form cellulose aerogel.

2.3 Characterization

The bulk density of the aerogels (pcellulose aerogels) Was calculated using the Eq(1):

Mcellulose aerogels

Pcellulose aerogels =
Veellulose aerogels

where m (g) is mass of cellulose aerogel, V (cm?) is the volume of cellulose aerogels.
The porosity of the cellulose aerogel was calculated in the Eq(2):

. _ _ Pcellulose aerogels

PorOSlty‘P =1 Pcellulose (2)
Where peeiuiose (1.528 g/cm?) is the density of bulk cellulose (Wan et al., 2015).

Crosslinking of the cellulose aerogels by NaOH-urea was observed using Fourier transform infrared

spectroscopy (FTIR; PerkinElmer Spectrum) over the wavenumber range of 400-4,000 cm™.
2.4 Adsorption experiments

Methylene blue (MB) (50 ppm) solution was prepared before testing. Adsorption experiments was conducted
with 5 samples of synthesized materials of different fibers concentrations (2, 3, 4, 5, 6 wt%). Each material
sample was weighed approximately 0.05 g into 25 mL MB. After 30, 60, 90, 120, 150 min, the solution was
filtered and was measured the absorbance by UV-Vis machine (UV-VIS; Lovibond XD 7000) at 640 nm to
determine the remaining MB concentration. The adsorption capacity of the samples can be calculated from
Eq(3):
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U2
(pL—pG)-g-VB=m2pLT°-f (3)

where ge is the adsorption capacity at equilibrium, Co and Ce are the initial and equilibrium MB concentration, V
and m are the volume of the MB solution and mass of the adsorbent.

3. Results and Discussion
3.1 Morphology and structure of the cellulose aerogels

Figure 1 shows the dependence of density and porosity of cellulose aerogels on fiber concentrations. The
cellulose aerogels obtained have extremely low densities (0.0099-0.0158 g/cm?®) and high porosities (98.96-
99.35 vol%), which indicates the light weight and the porous structures of the cellulose aerogels. The cellulose
aerogels have denser network and less porosity with increasing cellulose concentration. Therefore, it can be
larger cellulose concentrations in the initial solution can take up more space in the cellulose aerogels. More
cross-linking bonding fewer can cause more packed and less air pockets in the cellulose aerogel network, as
shown in Figure 3.
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Figure 1: Densities and porosities of the cellulose aerogels with the different cellulose concentrations

The FTIR spectra of the different samples are presented in Figure 2. For all samples, there were four main
bands corresponding to cellulose.
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Figure 2: The FTIR spectra of different samples: (a) original coir; (b) delignined coir; (c) bleached coir; and (d)
coir aerogel
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The band at 3,474 cm™' can be attributed to intramolecular hydrogen bonding (O—H stretching) of cellulose, and
the band at 2,926 cm corresponds to C—H stretching in -CH and -CHz of cellulose compounds (Kathirselvam
et al., 2019). The bands at 1,637 cm™' are attributed to carbonyl (C=0) stretching of acetyl groups in
hemicellulose or a-keto carboxylic acid in lignin. The bands in the samples after treatment of NaOH-urea and in
the aerogel were shifted slightly to the right. These results indicate that the alkali hydrate, urea hydrate, and free
water destroyed the intra- and intermolecular hydrogen bonding of cellulose and physically caused cellulose
swelling in the solution (Cai and Zhang, 2005). These phenomena implied that NaOH-urea treatment by
chemical changed the structure of cellulose from cellulose | to cellulose 1l (Oh et al., 2005). A new band at 1,660
cm™' appeared in the spectra of solid samples after the addition of NaOH and urea. The band can be attributed
to the functional group of urea (RHN-CO-NHR) (Baldanza et al., 2018). This urea band also appears in the
spectrum of the cellulose aerogel but is slightly shifted to the right, which the dissolution of urea may cause with
cellulose. The addition of NaOH-urea played an important role in the formation of the aerogel structure, and the
NaOH-urea changed the structure of cellulose in physic and chemical.

Figure 3 shows the SEM images of the cellulose aerogels. The highly porous structure aerogel consists of an
interconnected network of homogeneous cellulose fibers, as depicted in Figure 3a. The structures consist of a
three-dimensional network of macrospore-forming filaments, each 20—200 um in diameter. This lattice structure,
which is formed by cross-linking of cellulose as mentioned above, confirms that NaOH-urea has good solubility.
Figures 3b and 3c show the longitudinal and cross-sectional images of the cellulose fibers. The fibers
themselves have a cylindrical-like structure with a diameter of 40—70 ym and are successfully self-assembled
via hydrogen bonding to form a network of open pores. The fibers also have pores with a diameter of 2—4 pym,
as depicted in Figure 3c. The internal fiber pores also contribute to the increased porosity of the aerogel.

Figure 3: SEM images of coir aerogels: (a) an interconnected network of homogeneous cellulose fibers, (b) the
longitudinal and (c) cross-sectional images of the cellulose fibers

3.2 Thermal stability of the cellulose aerogels

The thermal behaviour of cellulose aerogel with different fiber concentrations was evaluated at 25 - 1,000 °C
under nitrogen. It can be observed that for all samples, a small weight loss was detected between 25 - 150 °C
due to the evaporation of water (Figure 4). The second weight loss in the temperature range 250 - 350 °C
represents the simultaneous decomposition of cellulose and lignin compounds. The third weight loss was again
the breakdown of cellulose and lignin, which occurred from a temperature of 350 °C for different cellulose
aerogel samples. It is obvious that the decomposition temperature range is higher when the lignin content is
higher. The weight loss curve further slowed down after the third weight loss phase, indicating that the aerogel
was carbonized at high temperatures. Cellulose aerogel 3 wt% is carbonized with a coal yield of 15.8 %, and
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aerogel cellulose 4 wt% and 6 wt% are carbonized with an average coal yield of 19 %. The decomposition
temperatures of cellulose aerogels were higher than those of materials prepared from coconut shells (200-400

°C) (Wan et al., 2015) and shredded paper (230-330 °C) (Nguyen et al., 2014), possibly due to the presence of
residual lignin in the pulp.
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Figure 4: Thermogravimetric analysis (TGA) results for coir fiber and cellulose aerogels

3.3 Evaluate the adsorption capacity of cellulose aerogels

Figure 5 shows that methylene blue (MB) adsorption by cellulose aerogel is similar to different fiber
concentrations. During the initial 30 min, the adsorption capacity increased rapidly. The MB adsorption capacity
is inversely proportional to the fiber concentration in the adsorbent sample. At 15 min, the 2 wt% sample had
an adsorption capacity of 17.68 mg/g and the 6 wt% sample was 14.14 mg/g. In 2020, Beh reports cellulose
aerogel derived from sago pith waste was efficient in MB removal with a maximum MB adsorption of 222.2 mg/g
at 20 °C (Beh et al., 2020). While cellulose aerogels from polyvinyl alcohol and M-K10 fibers have a low density
of 0.0193 g/cm® and methylene blue (20 ppm) adsorption capacity is 2.28 mg/g (Luo et al., 2021). This proves
that samples with low fibers concentration will have high porosity and better MB adsorption. Over time, the
adsorption rate gradually decreased. More active sites exist on cellulose aerogels in the initial state of
adsorption, and the higher MB concentration results in higher adsorption rates. As the adsorption time
increased, the adsorption sites of cellulose aerogel were occupied by MB, the MB concentration decreased, and
the adsorption pulse decreased, so the adsorption rate decreased.
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Figure 5: Effect of fibres concentration on MB adsorption capacity

4. Conclusion

In this study, cellulose aerogel was synthesized from coir fiber by sol-gel process combined with freeze-drying.
Evaluation of the effect of coir fiber concentration on physicochemical properties of cellulose aerogel and methyl
green adsorption capacity was performed. The aerogel morphology depends much on the coir fiber content.
The thermal and mechanical properties can be enhanced by increasing the fibres content in the aerogel. The
results show that cellulose aerogel from coir fiber has effective applicability for colour treatment in water.
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