
Citation: Menshutina, N.; Fedotova,

O.; Trofimova, K.; Tsygankov, P.

Investigation of Gelation Techniques

for the Fabrication of Cellulose

Aerogels. Gels 2023, 9, 919. https://

doi.org/10.3390/gels9120919

Academic Editor: Chengbin Yu

Received: 24 October 2023

Revised: 16 November 2023

Accepted: 19 November 2023

Published: 21 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 gels

Article

Investigation of Gelation Techniques for the Fabrication of
Cellulose Aerogels
Natalia Menshutina , Olga Fedotova, Kseniya Trofimova and Pavel Tsygankov *

Department of Chemical and Pharmaceutical Engineering, Mendeleev University of Chemical Technology of
Russia, Miusskaya pl. 9, 125047 Moscow, Russia; chemcom@muctr.ru (N.M.);
fedotova.olga.basic@gmail.com (O.F.); keeela@mail.ru (K.T.)
* Correspondence: pavel.yur.tsygankov@gmail.com

Abstract: Because of the pronounced degradation of the environment, there has been an escalated
demand for the fabrication of eco-friendly and highly efficient products derived from renewable
sources. Cellulose aerogels have attracted significant interest attributable to their structural character-
istics coupled with biodegradability and biocompatibility. The features of the molecular structure of
cellulose allow for the use of various methods in the production of gels. For instance, the presence of
hydroxyl groups on the cellulose surface allows for chemical crosslinking via etherification reactions.
On the other hand, cellulose gel can be procured by modulating the solvent power of the solvent. In
this study, we investigate the impact of the gelation methodology on the structural attributes of aero-
gels. We present methodologies for aerogel synthesis employing three distinct gelation techniques:
chemical crosslinking, cryotropic gelation, and CO2-induced gelation. The outcomes encompass data
derived from helium pycnometry, Fourier-transform infrared spectroscopy, nitrogen porosimetry,
and scanning electron microscopy. The resultant specimens exhibited a mesoporous fibrous structure.
It was discerned that specimens generated through cryotropic gelation and CO2-induced gelation
manifested higher porosity (93–95%) and specific surface areas (199–413 m2/g) in contrast to those
produced via chemical crosslinking (porosity 72–95% and specific surface area 25–133 m2/g). Hence,
this research underscores the feasibility of producing cellulose-based aerogels with enhanced char-
acteristics, circumventing the necessity of employing toxic cross-linking agents. The process of gel
formation through chemical crosslinking enables the creation of gels with enhanced mechanical prop-
erties and a more resilient structure. Two alternative methodologies prove particularly advantageous
in applications necessitating biocompatibility and high porosity. Notably, CO2-induced gelation has
not been hitherto addressed in the literature as a means to produce cellulose gels. The distinctive
feature of this approach resides in the ability to combine the stages of obtaining an aerogel in one
apparatus.

Keywords: aerogels; cellulose; gelation; supercritical drying; fibrous structure

1. Introduction

Cellulose, long before its molecular composition was discovered, has been employed
by human civilization over millennia in diverse domains, such as construction, textile
fabrication, paper manufacture, and as a source of energy. The interest in this biopolymer
has not waned, and it continues to be studied and utilized to this day. Advances in nan-
otechnology have facilitated the development of cellulose-based materials distinguished by
their singular attributes, thus broadening the spectrum of potential applications. Notewor-
thy among these are the fields of biomedicine and pharmaceuticals [1,2], energy storage
devices [3,4], flexible electronics [5,6], additive manufacturing [7], biofuel production [8],
and sorbent materials [9,10].

Cellulose aerogels exhibit distinct promise across multiple application domains. Aero-
gels, as a category of highly porous nanostructured materials, are recognized for their low
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density (ranging from 0.001 to 0.2 g/cm3), high porosity (exceeding 90%), and substantial
specific surface area (surpassing 200 m2/g) [11]. Since their discovery, aerogels based
on various materials have been extensively studied. Cellulose aerogels, however, have
been developed relatively recently, starting in the early 2000s [12,13], and interest in them
continues to grow year by year. The rising interest in these materials can be attributed to
escalating demand for environmentally sustainable and renewable resources, the distinctive
attributes of their structural composition, and their facile amenability to functionalization.

Cellulose-based aerogels find utility as delivery systems for active pharmaceutical
substances (APS). The pronounced porosity and high mesopore volume of the aerogel facil-
itate substantial loading of APS in an amorphous state, thereby enhancing drug absorption.
For instance, in [14,15], a cellulose-based aerogel loaded with resveratrol for osteoarthritis
treatment was synthesized. The results demonstrated the efficacy of the APS delivery
system in significantly reducing inflammatory factors. In a separate investigation [16],
the production of scaffolds utilizing cellulose aerogel loaded with risedronate for bone
regeneration was explored. The incorporation of a drug inhibiting bone resorption into
porous scaffolds contributes to a more efficacious treatment of bone defects.

In construction, cellulose-based aerogels can serve as structural materials for passive
daytime building radiation cooling. In [17], the authors scrutinized the fabrication of such
a material. The results indicated that the synthesized aerogels enable the attainment of
a maximum cooling temperature of 7.2◦C and exhibit an axial compression strength of
1.9 MPa. Over a three-month period, no notable decline in cooling efficiency was observed.
The employment of cellulose-based aerogels facilitates a conservation of 52.7% in energy
compared with conventional cooling methods.

Another significant realm of application for cellulose-based aerogels is in water pu-
rification from pollutants. In [18], a stable, flexible, and hydrophobic sorbent designed for
water purification is presented. This sorbent is based on a cellulose aerogel coated with cop-
per nanoparticles. The resultant material exhibits the ability to selectively and expeditiously
capture oily pollutants, showing a high sorption capacity and oil absorption rate.

The comprehensive procedure for cellulose aerogel fabrication encompasses the fol-
lowing sequential stages: dissolution of the biopolymer, gelation, solvent exchange, and
supercritical drying.

To facilitate the dissolution of cellulose, a solvent is required, one capable of disrupting
both the intermolecular and intramolecular hydrogen bonds. The persistence of hydrogen
bonds is intrinsic to cellulose’s mechanical properties and is the factor that renders it
insoluble in conventional solvents such as water. Cellulose, however, can be effectively
dissolved within an aqueous-alkaline system [19]. The hydrated alkali species play a
pivotal role in disassembling the hydrogen bonds present in cellulose. In contrast, urea
hydrates act to impede the formation of hydrogen bonds within and between cellulose
molecules, thereby forestalling the recombination of cellulose macromolecules [20].

The gelation phase exerts a substantial influence on the ultimate material’s structure.
Various methodologies can be employed to create cellulose gel. The selection of the gelation
approach not only imparts diversity to the ultimate material’s configuration but also
influences its structural characteristics.

One of the prevalent techniques for gel formation involves chemical crosslinking.
This is realized through an etherification reaction between the hydroxyl groups inherent
in the cellulose molecule and a crosslinking agent. Bifunctional compounds, including
citric acid [21], epichlorohydrin [22], polyamide-epichlorohydrin [23], divinylsulfone [24],
polyethyleneimine [25], and other such agents, are employed for this purpose. The advan-
tages of using chemical crosslinking agents in the production of cellulose aerogels include
improving the material’s mechanical properties and increasing structural stability. On the
other hand, most chemical substances used as crosslinking agents are toxic, which is a
significant drawback. Furthermore, some crosslinking agents may contribute to reducing
the material’s porosity and hinder its functionalization potential.
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Cryotropic gelation is an alternative technique for gel formation [26]. Cryotropic
gelation involves subjecting a polymer-containing solution to cryogenic conditions. This
process encompasses the transition from liquid to solid (crystallization) of a low-molecular-
weight solvent. Given the disparate freezing temperatures of the solvent and the dissolved
substance, two distinct phases emerge. The crystallization of the solvent induces localized
supersaturation within the unfrozen phase volume, subsequently leading to the gelation
through cellulose coagulation upon immersing the frozen specimens in an anti-solvent, such
as ethanol. It is pertinent to emphasize that the freezing stage holds pivotal significance
in both the gelation procedure and the ultimate properties of the resultant material. The
primary determinants within this process encompass temperature and freezing rate, which
dictate the crystallite size within the frozen phase and, consequently, the pore dimensions
in the final structure. Thus, this method of gel formation allows for obtaining a highly
porous material without the use of toxic substances. However, the disadvantage of this
method is the complexity of organizing the process.

A highly promising approach for cellulose gel production is CO2-induced gelation [27].
Elevating pressure enhances CO2 solubility in water [28], thereby engendering the creation
of a weak carbonic acid. This, in turn, leads to a reduction in pH, a phenomenon pre-
dominantly responsible for initiating the gelation process. CO2-induced gelation has been
successfully employed for the generation of biopolymer gels, including but not limited to
alginate [29], fibroin [30], chitosan [31], collagen [32], and others. The introduction of CO2
under pressure facilitates the formation of a stable gel characterized by a homogeneous
structure. Notably, one of its key advantages is the capacity to consolidate multiple stages of
aerogel production within a single apparatus (gelation, solvent exchange, and supercritical
drying) [29].

This investigation is devoted to examining the impact of gelation techniques on the
structural attributes of aerogels. Cellulose aerogels were produced through three distinct
gelation procedures coupled with supercritical carbon dioxide drying. The study also
scrutinizes the influence of varying cellulose content within the initial solution on the
ultimate material’s properties. An analysis of the structural characteristics of aerogels will
make it possible to understand the influence of gelation methods, as well as to evaluate
their potential applications. The methodology for producing cellulose aerogels using the
CO2-induced gelation method is introduced for the first time.

2. Results and Discussion

This research examines the effect of the gelation technique on the structure of cellulose
aerogels. Monolithic samples were fabricated through three distinct methods. The cellulose
content within the initial solution spanned from 2 to 6 wt.% for each method. This range
was selected given that samples tend to become fragile at lower concentrations (below
2 wt.%) and that the process becomes increasingly challenging at higher concentrations
(above 6 wt.%), attributable to the high viscosity of the cellulose solution obtained in the
first stage. Figure 1 shows the appearance of the obtained samples.

Table 1 presents the following structural characteristics of cellulose aerogels obtained
using the three gelation methods: mass content of cellulose in the initial solution wcell ,
shrinkage after the solvent exchange step Lgel , shrinkage after the supercritical drying step
Laero, bulk density of the samples ρbulk, skeletal density ρskelet, and porosity P.
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Figure 1. Appearance of samples obtained by: (a)—Chemical crosslinking; (b)—Cryotropic gelation; 
(c)—CO2-induced gelation. 
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2 3.0 33 ± 3.6 8 ± 1.4 0.189 ± 0.007 1.488 ± 0.013 87.3 
3 4.0 31 ± 1.1 11 ± 0.9 0.201 ± 0.011 1.592 ± 0.017 87.4 
4 5.0 30 ± 1.0 7 ± 0.7 0.214 ± 0.013 1.632 ± 0.007 86.9 
5 6.0 31 ± 0.9 11 ± 0.8 0.349 ± 0.017 1.530 ± 0.009 77.2 
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9 5.0 24 ± 0.3 7 ± 1.3 0.126 ± 0.005 1.737 ± 0.014 92.8 
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According to the data presented in Table 1, significant shrinkage occurs during the 
solvent exchange stage. The strongest shrinkage and highest density are observed in sam-
ples obtained using chemical crosslinking gelation. The formation of a denser structure in 
this case is likely due to the presence of not only hydrogen bonds between molecules but 
also covalent bonds (crosslinking reaction is shown in Figure 2) [33]. The porosity of these 
samples is correspondingly lower than that of samples obtained without the use of cross-
linking agents. An exception is sample number 1, which has the lowest shrinkage and 
hence the highest porosity for this method. 

Figure 1. Appearance of samples obtained by: (a)—Chemical crosslinking; (b)—Cryotropic gelation;
(c)—CO2-induced gelation.

Table 1. Structural Characteristics of Cellulose Aerogels.

№ Gelation
Method

wcell,
wt% Lgel, % Laero, % ρbulk, g/cm3 ρskelet,

g/cm3 P, %

1

Chemical
crosslinking

2.0 21 ± 3.0 16 ± 1.6 0.067 ± 0.004 1.589 ± 0.021 95.8
2 3.0 33 ± 3.6 8 ± 1.4 0.189 ± 0.007 1.488 ± 0.013 87.3
3 4.0 31 ± 1.1 11 ± 0.9 0.201 ± 0.011 1.592 ± 0.017 87.4
4 5.0 30 ± 1.0 7 ± 0.7 0.214 ± 0.013 1.632 ± 0.007 86.9
5 6.0 31 ± 0.9 11 ± 0.8 0.349 ± 0.017 1.530 ± 0.009 77.2

6

Cryotropic
gelation

2.0 24 ± 0.4 9 ± 1.0 0.047 ± 0.007 1.856 ± 0.004 97.5
7 3.0 24 ± 0.7 11 ± 0.8 0.084 ± 0.005 1.870 ± 0.007 95.5
8 4.0 25 ± 0.4 5 ± 0.8 0.094 ± 0.003 1.648 ± 0.011 94.3
9 5.0 24 ± 0.3 7 ± 1.3 0.126 ± 0.005 1.737 ± 0.014 92.8

10 6.0 22 ± 0.4 2 ± 0.9 0.131 ± 0.001 1.565 ± 0.008 91.6

11

CO2-induced
gelation

2.0 16 ± 0.5 9 ± 0.5 0.045 ± 0.002 1.634 ± 0.010 97.2
12 3.0 17 ± 0.9 4 ± 0.9 0.059 ± 0.000 2.176 ± 0.005 97.3
13 4.0 17 ± 0.4 9 ± 0.4 0.073 ± 0.000 1.603 ± 0.016 95.5
14 5.0 17 ± 0.2 5 ± 0.5 0.101 ± 0.000 1.961 ± 0.004 94.9
15 6.0 15 ± 0.2 7 ± 0.6 0.108 ± 0.000 1.606 ± 0.013 93.3

According to the data presented in Table 1, significant shrinkage occurs during the
solvent exchange stage. The strongest shrinkage and highest density are observed in
samples obtained using chemical crosslinking gelation. The formation of a denser structure
in this case is likely due to the presence of not only hydrogen bonds between molecules
but also covalent bonds (crosslinking reaction is shown in Figure 2) [33]. The porosity of
these samples is correspondingly lower than that of samples obtained without the use of
crosslinking agents. An exception is sample number 1, which has the lowest shrinkage and
hence the highest porosity for this method.

Porosity is one of the most important characteristics of aerogels. As wcell cellulose
content increases, the porosity of aerogels decreases (Table 1) for all cases. However, for
samples obtained without the use of crosslinkers, the porosity remains above 90% over
the entire range of varying cellulose content. Thus, the methods of cryotropic gelation and
CO2-induced gelation make it possible to obtain a highly porous material without the use
of toxic compounds.



Gels 2023, 9, 919 5 of 14Gels 2023, 9, x FOR PEER REVIEW 5 of 14 
 

 

 
Figure 2. Cross-linking reaction of cellulose with epichlorohydrin in an aqueous solution under al-
kaline conditions. 

Porosity is one of the most important characteristics of aerogels. As 𝑤௖௘௟௟ cellulose 
content increases, the porosity of aerogels decreases (Table 1) for all cases. However, for 
samples obtained without the use of crosslinkers, the porosity remains above 90% over 
the entire range of varying cellulose content. Thus, the methods of cryotropic gelation and 
CO2-induced gelation make it possible to obtain a highly porous material without the use 
of toxic compounds. 

The scanning electron microscopy (SEM) images shown in Figure 3 demonstrate the 
presence of a developed mesoporous fibrous structure in the resulting aerogels. 

Figure 4 shows SEM images of microcrystalline cellulose used as a raw material. 
These images demonstrate the absence of a porous fibrous structure. Comparison of the 
SEM images in Figures 3 and 4 shows that the methods used in this study promote 
changes in the structure of cellulose and formation of fibers. 

In addition, samples obtained using cryotropic gelation with a low content of cellu-
lose (2–3 wt.%) are characterized by the formation of a globular structure (Figure 5). At 
higher magnification (Figure 3), it can be seen that the globules are formed by fibers. 

At higher cellulose content, globules are not formed (Figure 6). 
Figure 7 shows the Fourier-transform infrared (FTIR) spectra of the obtained cellu-

lose aerogels and the initial microcrystalline cellulose (MCC). The observed peaks in the 
spectra of the aerogel samples correspond to peaks of the initial microcrystalline cellulose. 
However, the intensities of the obtained peaks differ. A wide band around ~3000–3600 cm–

1, characteristic of valence vibrations of hydroxyl groups in polysaccharides, is observed 
in the spectra. This band also includes inter- and intramolecular hydrogen bond vibrations 
[34]. The intensity of this band in the aerogel samples is significantly lower than in the 
MCC, indicating a decrease in the number of hydrogen bonds between cellulose mole-
cules. Peaks at wavenumbers of ∼2800–3000 cm–1 correspond to the vibrations of C–H 
bonds in all carbohydrate components, and peaks at ∼1400–1300 cm–1 correspond to the 
OH–CH bond. Their intensity in the aerogels is lower than in the MCC. Vibrations of C–
O–C are observed at ~1310–1000 cm–1 [35]. The aerogel obtained using chemical crosslink-
ing has the highest intensity in this position. This is due to the formation of new bonds 
between cellulose molecules, as shown in Figure 2. In addition, all samples have a peak at ~1650–1630 cm–1, corresponding to the vibrations of crystallization water, i.e., the inten-
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Figure 2. Cross-linking reaction of cellulose with epichlorohydrin in an aqueous solution under
alkaline conditions.

The scanning electron microscopy (SEM) images shown in Figure 3 demonstrate the
presence of a developed mesoporous fibrous structure in the resulting aerogels.

Figure 4 shows SEM images of microcrystalline cellulose used as a raw material. These
images demonstrate the absence of a porous fibrous structure. Comparison of the SEM
images in Figures 3 and 4 shows that the methods used in this study promote changes in
the structure of cellulose and formation of fibers.

In addition, samples obtained using cryotropic gelation with a low content of cellulose
(2–3 wt.%) are characterized by the formation of a globular structure (Figure 5). At higher
magnification (Figure 3), it can be seen that the globules are formed by fibers.

At higher cellulose content, globules are not formed (Figure 6).
Figure 7 shows the Fourier-transform infrared (FTIR) spectra of the obtained cellulose

aerogels and the initial microcrystalline cellulose (MCC). The observed peaks in the spectra
of the aerogel samples correspond to peaks of the initial microcrystalline cellulose. How-
ever, the intensities of the obtained peaks differ. A wide band around ~3000–3600 cm−1,
characteristic of valence vibrations of hydroxyl groups in polysaccharides, is observed
in the spectra. This band also includes inter- and intramolecular hydrogen bond vibra-
tions [34]. The intensity of this band in the aerogel samples is significantly lower than
in the MCC, indicating a decrease in the number of hydrogen bonds between cellulose
molecules. Peaks at wavenumbers of ∼2800–3000 cm−1 correspond to the vibrations of
C–H bonds in all carbohydrate components, and peaks at ∼1400–1300 cm−1 correspond
to the OH–CH bond. Their intensity in the aerogels is lower than in the MCC. Vibrations
of C–O–C are observed at ~1310–1000 cm−1 [35]. The aerogel obtained using chemical
crosslinking has the highest intensity in this position. This is due to the formation of new
bonds between cellulose molecules, as shown in Figure 2. In addition, all samples have
a peak at ~1650–1630 cm−1, corresponding to the vibrations of crystallization water, i.e.,
the intensity is related to the moisture content in the samples. The moisture content in the
aerogel samples is lower than in the initial MCC.
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(b,e,h,k,n)—cryotropic gelation (2–6 wt.%); (c,f,i,l,o)—CO2-induced gelation (2–6 wt.%).
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Analysis of the porous structure of cellulose aerogels was carried out using physical
nitrogen sorption. Nitrogen adsorption-desorption isotherms at 77 K are presented in
Figure 8. According to the International Union of Pure and Applied Chemistry (IUPAC)
classification [36], the obtained isotherms belong to Type IV. This type is typical for meso-
porous materials, and the presence of hysteresis loops indicates the occurrence of capillary
condensation. For samples obtained using chemical cross-linking, the amount of adsorbed
nitrogen is lower compared with the other methods, indicating a lower total pore volume.
For samples obtained by cryotropic gelation and pressure gelation methods, the amount of
adsorbed nitrogen decreases with increasing cellulose content.
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Figure 8. Nitrogen adsorption/desorption isotherms at 77 K for cellulose aerogels prepared using
the methods: (a)—Chemical crosslinking; (b)—Cryotropic gelation; (c)—CO2-induced gelation.

Figure 9 shows the differential pore size distribution curves obtained by the Barrett-
Joyner-Halenda (BJH) method, demonstrating the predominance of the mesoporous structure.

For samples obtained using cryotropic gelation, a narrower pore distribution is char-
acteristic (Figure 9b) compared with the other methods. For samples obtained by pressure
gelation, an increase in cellulose content is associated with a decrease in pore volume and a
shift of peaks towards pores with smaller diameters.

Table 2 shows the specific surface area SBET , obtained by the Brunauer-Emmett-Teller
(BET) method, and the mesopore volume VBJH , obtained by BJH method.
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Table 2. Nitrogen porosimetry results.

№ Gelation Method wcell, wt% SBET, м2/г VBJH, cм3/г

1

Chemical crosslinking

2.0 63 ± 7 0.34 ± 0.06
2 3.0 33 ± 7 0.23 ± 0.03
3 4.0 58 ± 11 0.18 ± 0.07
4 5.0 87 ± 46 0.31 ± 0.21
5 6.0 78 ± 34 0.36 ± 0.23

6

Cryotropic gelation

2.0 406 ± 8 2.64 ± 0.12
7 3.0 379 ± 7 2.21 ± 0.16
8 4.0 332 ± 5 2.08 ± 0.11
9 5.0 326 ± 5 1.95 ± 0.15

10 6.0 312 ± 8 1.54 ± 0.10

11

CO2-induced gelation

2.0 343 ± 11 3.70 ± 0.26
12 3.0 325 ± 21 2.19 ± 0.24
13 4.0 281 ± 14 1.88 ± 0.13
14 5.0 232 ± 19 1.13 ± 0.14
15 6.0 225 ± 13 0.82 ± 0.04
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The values of SBET and VBJH for samples obtained using chemical cross-linking, as
shown in Table 2, are significantly lower than those obtained by other methods. It should
be noted that methods without the use of cross-linking agents allow for obtaining materials
with a controlled structure. As seen from Table 2, with an increase in cellulose content,
the parameters SBET and VBJH decrease. However, for samples obtained by chemical
cross-linking, no clear dependence is observed.

3. Conclusions

Cellulose is of great interest for obtaining aerogels due to its environmentally friendly
and renewable attributes. The application of diverse techniques enables the creation of ma-
terials with tailored properties. This study scrutinized the impact of gel formation methods
on the structural attributes of cellulose aerogels. Three distinct gel formation methods were
employed: chemical cross-linking, cryotropic gelation, and CO2-induced gelation. The
developed approaches demonstrated the ability to yield stable cellulose gels. The resultant
samples exhibited a mesoporous and fibrous structure. Notably, chemical cross-linking led
to the formation of a denser structure (0.067–0.349 g/cm3), consequently reducing porosity
(77.2–95.8%) and specific surface area (33–87 m2/g). In contrast, cryotropic gelation and
pressure-induced gelation facilitated the production of aerogels with higher porosity (>91%)
and specific surface area (225–406 m2/g) without the necessity of a cross-linking agent.
The absence of a cross-linking agent is particularly pertinent for applications requiring
material biocompatibility, as these agents often involve the use of toxic substances. This
study underscores the capacity of gel formation methods to influence the characteristics of
resulting aerogels.

4. Materials and Methods
4.1. Materials

MCC was used as a source of cellulose. Granulated sodium hydroxide (RusHim,
Russia), urea (RusHim, Moscow, Russia), and distilled water obtained in the laboratory
were used to obtain the cellulose solvent. Epichlorohydrin (ECH, Sigma-Aldrich, St. Louis,
MO, USA) was used as a cross-linking agent. Ethanol (RusHim, Russia) was used for
cellulose regeneration. Isopropyl alcohol (IPA, RusHim, Russia) was used as the solvent.

4.2. Methods
4.2.1. Cellulose Dissolution

The first step in obtaining cellulose-based aerogels is the dissolution of MCC. A 7 wt.%
NaOH/12 wt.% (NH2)2CO aqueous solution was used as the cellulose solvent. To prepare
it, sodium hydroxide and urea were dissolved in distilled water, then cooled in a freezer
(−12 ◦C) for about 1 h. The MCC was added to the solution, and dispersion was carried
out at 10,000 rpm for 5 min using an IKA T 25 digital ULTRA-TURRAX homogenizer
(IKA-Werke, Staufen, Germany).

4.2.2. Preparation of Cellulose Hydrogels

The following approaches were used to prepare cellulose gels: chemical cross-linking,
cryotropic gelation, and pressure gelation (Figure 10).
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Chemical Cross-Linking Gelation

The obtained cellulose solution was mixed with the cross-linking agent epichlorohy-
drin, and the solution was homogenized at 6000 rpm for 8 min before being poured into
cylindrical molds with a volume of 3 mL and an inner diameter of 12.5 mm. The samples
were left at room temperature for one day until the gelation process was complete.

Cryotropic Gelation

The obtained cellulose solution was poured into Petri dishes, which were placed in a
freezer at −26 ◦C for 24 h. The resulting monoliths were immersed in ethanol to facilitate
the gelation process.

CO2-Induced Gelation

The obtained cellulose solution was poured into Petri dishes, which were placed in a
2-L high-pressure vessel. The gelation process was carried out in a CO2 environment at a
pressure of 50 bar and at room temperature. The process was conducted under constant
pressure for 24 h. Pressure release was carried out at a rate of 1–2 bar/min to avoid bubble
formation inside the gel.

4.2.3. Solvent Exchange

After the gelation process, it is important to remove all unreacted reagents and ensure
complete solvent exchange in the pores. To remove unreacted reagents, the samples were
first immersed in distilled water. Water exchange was performed until reaching a neutral
pH value.

Water is not soluble in supercritical carbon dioxide. To facilitate the subsequent
supercritical drying process, the water in the gel pores was replaced with IPA. To avoid
excessive shrinkage of the samples, a stepwise solvent exchange was performed with
gradual increase in IPA concentration (20%→ 40%→ 60%→ 80%→ 100%). The intervals
between the exchange steps were at least 4 h. The final exchange step (100%) was performed
twice to ensure complete replacement of the solvent in the gel pores.

4.2.4. Drying

Supercritical drying of the samples was carried out in a self-designed high-pressure
reactor. The process conditions were a temperature of 40 ◦C and pressure of 120–140 bar.
The drying time was 4–6 h.

The technological scheme of the installation for pressure-induced gelation and su-
percritical drying is shown in Figure 11. Carbon dioxide, in liquid state at 60 atm, is
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supplied from cylinder 1 to condenser 2 for cooling and prevention of gasification. In the
high-pressure vessel 5, preheated in heat exchanger 4, carbon dioxide is delivered by pump
3 at a certain pressure. Inside the apparatus, temperature sensor TI3 and pressure gauge
PI1 are installed. Temperature regulation is carried out by thermostat TC2. The flow rate of
the outgoing stream is controlled by a system of valves at the outlet of the apparatus. A
flowmeter FI4 is used to measure the flow rate of gaseous carbon dioxide.
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Figure 11. The diagram of the installation for CO2-induced gelation and supercritical drying is as
follows: 1—carbon dioxide cylinder (60 atm); 2—condenser; 3—pump; 4—heat exchanger; 5—2-L
high-pressure vessel; 6—heating element; 7—separator.

4.2.5. Characterization

The obtained samples were analyzed using various methods to determine their struc-
tural characteristics. The true density of the samples was determined by helium pycnometry
using the Anton Paar UltraPyc 5000 (Anton Paar GmbH, Austria) instrument. The porosity
P of the obtained samples was determined using Formula (1):

P =

(
1− ρbulk

ρskelet

)
·100%, (1)

where ρbulk is the apparent density, g/cm3; ρskelet is the true density of the cellulose fiber,
g/cm3.

The porous structure of the samples was investigated using low-temperature nitrogen
adsorption (77 K) on the NOVA 2200E specific surface area analyzer (Quantachrome
Instruments Corp., Boynton Beach, FL, USA). Before analysis, the samples were pre-treated
at a pressure of 0.5 mmHg and a temperature of 353 K for 12 h to remove all adsorbed
moisture from the surface. The specific surface area was determined by the BET method,
and the pore size distribution and mesopore volume were determined by the BJH method.

The infrared absorption spectrum was obtained using the Nicolet380 Fourier Trans-
form Infrared Spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) at the
Shared Facility Center of Mendeleev University. The spectra of cellulose-based aerogel
samples were recorded in the range of 4000 to 500 cm−1.

The morphology of the material was investigated using SEM on the JEOL 1610LV
equipment (JEOL, Tokyo, Japan) at the Mendeleev University Shared Facility Center.
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The linear shrinkage of the samples was determined based on their linear dimensions
before and after supercritical drying. To evaluate it, the diameter of the samples was
measured using calipers. The linear shrinkage L was determined by Formula (2):

L =
di−1 − di

di−1
·100%, (2)

where di is the diameter of the sample at the i-th stage; di−1 is the diameter of the sample at
the previous i-th stage.

Author Contributions: Conceptualization, N.M. and P.T.; methodology, O.F.; investigation, K.T. and
O.F.; writing—original draft preparation, O.F. and P.T.; project administration, N.M. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by Project V.2, Laboratory “Supercritical Technologies for
Medicine”, Development program “Priority-2030”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are openly available in article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Yan, G.; Chen, B.; Zeng, X.; Sun, Y.; Tang, X.; Lin, L. Recent advances on sustainable cellulosic materials for pharmaceutical carrier

applications. Carbohydr. Polym. 2020, 244, 116492. [CrossRef] [PubMed]
2. Abdul Khalil, H.P.S.; Adnan, A.S.; Yahya, E.B.; Olaiya, N.G.; Safrida, S.; Hossain, M.S.; Pasquini, D. A review on plant cellulose

nanofibre-based aerogels for biomedical applications. Polymers 2020, 12, 1759. [CrossRef] [PubMed]
3. Wang, X.; Yao, C.; Wang, F.; Li, Z. Cellulose-based nanomaterials for energy applications. Small 2017, 13, 1702240. [CrossRef]

[PubMed]
4. Kim, J.H.; Lee, D.; Lee, Y.H.; Chen, W.; Lee, S.Y. Nanocellulose for energy storage systems: Beyond the limits of synthetic materials.

Adv. Mater. 2019, 31, 1804826. [CrossRef] [PubMed]
5. Zhao, D.; Zhu, Y.; Cheng, W.; Chen, W.; Wu, Y.; Yu, H. Cellulose-based flexible functional materials for emerging intelligent

electronics. Adv. Mater. 2021, 33, 2000619. [CrossRef] [PubMed]
6. Nie, S.; Hao, N.; Zhang, K.; Xing, C.; Wang, S. Cellulose nanofibrils-based thermally conductive composites for flexible electronics:

A mini review. Cellulose 2020, 27, 4173–4187. [CrossRef]
7. Wang, Q.; Sun, J.; Yao, Q.; Ji, C.; Liu, J.; Zhu, Q. 3D printing with cellulose materials. Cellulose 2018, 25, 4275–4301. [CrossRef]
8. Mettler, M.S.; Paulsen, A.D.; Vlachos, D.G.; Dauenhauer, P.J. Pyrolytic conversion of cellulose to fuels: Levoglucosan deoxygena-

tion via elimination and cyclization within molten biomass. Energy Environ. Sci. 2012, 5, 7864–7868. [CrossRef]
9. Bidgoli, H.; Mortazavi, Y.; Khodadadi, A.A. A functionalized nano-structured cellulosic sorbent aerogel for oil spill cleanup:

Synthesis and characterization. J. Hazard. Mater. 2019, 366, 229–239. [CrossRef]
10. Haniffa, M.A.C.M.; Ching, Y.C.; Illias, H.A.; Munawar, K.; Ibrahim, S.; Nguyen, D.H.; Chuah, C.H. Cellulose supported promising

magnetic sorbents for magnetic solid-phase extraction: A review. Carbohydr. Polym. 2021, 253, 117245. [CrossRef]
11. Du, A.; Zhou, B.; Zhang, Z.; Shen, J. A special material or a new state of matter: A review and reconsideration of the aerogel.

Materials 2013, 6, 941–968. [CrossRef] [PubMed]
12. Tan, C.; Fung, B.M.; Newman, J.K.; Vu, C. Organic aerogels with very high impact strength. Adv. Mater. 2001, 13, 644–646.

[CrossRef]
13. Jin, H.; Nishiyama, Y.; Wada, M.; Kuga, S. Nanofibrillar cellulose aerogels. Colloids Surf. A Physicochem. Eng. Asp. 2004, 240, 63–67.

[CrossRef]
14. Qin, L.; Zhao, X.; He, Y.; Wang, H.; Wei, H.; Zhu, Q.; Zhang, T.; Qin, Y.; Du, A. Preparation, characterization, and in vitro

evaluation of resveratrol-loaded cellulose aerogel. Materials 2020, 13, 1624. [CrossRef] [PubMed]
15. Cui, N.; Xu, Z.; Zhao, X.; Yuan, M.; Pan, L.; Lu, T.; Du, A.; Qin, L. In Vivo Effect of Resveratrol-Cellulose Aerogel Drug Delivery

System to Relieve Inflammation on Sports Osteoarthritis. Gels 2023, 8, 544. [CrossRef]
16. El-Wakil, N.; Kamel, R.; Mahmoud, A.A.; Dufresne, A.; Abouzeid, R.E.; Abo El-Fadl, M.T.; Maged, A. Risedronate-loaded aerogel

scaffolds for bone regeneration. Drug Deliv. 2023, 30, 51–63. [CrossRef]
17. Zhong, S.; Yuan, S.; Zhang, X.; Zhang, J.; Xu, L.; Xu, T.; Zuo, T.; Cai, Y.; Yi, L. Hierarchical Cellulose Aerogel Reinforced with In

Situ-Assembled Cellulose Nanofibers for Building Cooling. ACS Appl. Mater. Interfaces 2023, 15, 39807–39817. [CrossRef]
18. Li, Z.; Zhong, L.; Zhang, T.; Qiu, F.; Yue, X.; Yang, D. Sustainable, flexible, and superhydrophobic functionalized cellulose aerogel

for selective and versatile oil/water separation. ACS Sustain. Chem. Eng. 2019, 7, 9984–9994. [CrossRef]

https://doi.org/10.1016/j.carbpol.2020.116492
https://www.ncbi.nlm.nih.gov/pubmed/32536400
https://doi.org/10.3390/polym12081759
https://www.ncbi.nlm.nih.gov/pubmed/32781602
https://doi.org/10.1002/smll.201702240
https://www.ncbi.nlm.nih.gov/pubmed/28902985
https://doi.org/10.1002/adma.201804826
https://www.ncbi.nlm.nih.gov/pubmed/30561780
https://doi.org/10.1002/adma.202000619
https://www.ncbi.nlm.nih.gov/pubmed/32310313
https://doi.org/10.1007/s10570-020-03103-y
https://doi.org/10.1007/s10570-018-1888-y
https://doi.org/10.1039/c2ee21305b
https://doi.org/10.1016/j.jhazmat.2018.11.084
https://doi.org/10.1016/j.carbpol.2020.117245
https://doi.org/10.3390/ma6030941
https://www.ncbi.nlm.nih.gov/pubmed/28809350
https://doi.org/10.1002/1521-4095(200105)13:9%3C644::AID-ADMA644%3E3.0.CO;2-%23
https://doi.org/10.1016/j.colsurfa.2004.03.007
https://doi.org/10.3390/ma13071624
https://www.ncbi.nlm.nih.gov/pubmed/32244773
https://doi.org/10.3390/gels8090544
https://doi.org/10.1080/10717544.2022.2152135
https://doi.org/10.1021/acsami.3c06178
https://doi.org/10.1021/acssuschemeng.9b01122


Gels 2023, 9, 919 14 of 14

19. Le Moigne, N.; Navard, P. Dissolution mechanisms of wood cellulose fibres in NaOH–water. Cellulose 2010, 17, 31–45. [CrossRef]
20. Cai, J.; Zhang, L. Rapid dissolution of cellulose in LiOH/urea and NaOH/urea aqueous solutions. Macromol. Biosci. 2005, 5,

539–548. [CrossRef]
21. Kaya, M. Super absorbent, light, and highly flame retardant cellulose-based aerogel crosslinked with citric acid. J. Appl. Polym.

Sci. 2017, 134, 45315. [CrossRef]
22. Udoetok, I.A.; Dimmick, R.M.; Wilson, L.D.; Headley, J.V. Adsorption properties of cross-linked cellulose-epichlorohydrin

polymers in aqueous solution. Carbohydr. Polym. 2016, 136, 329–340. [CrossRef] [PubMed]
23. Cheng, H.; Gu, B.; Pennefather, M.P.; Nguyen, T.X.; Phan-Thien, N.; Duong, H.M. Cotton aerogels and cotton-cellulose aerogels

from environmental waste for oil spillage cleanup. Mater. Des. 2017, 130, 452–458. [CrossRef]
24. Marcì, G.; Mele, G.; Palmisano, L.; Pulito, P.; Sannino, A. Environmentally sustainable production of cellulose-based superab-

sorbent hydrogels. Green Chem. 2006, 8, 439–444. [CrossRef]
25. Wang, C.; Okubayashi, S. Polyethyleneimine-crosslinked cellulose aerogel for combustion CO2 capture. Carbohydr. Polym. 2019,

225, 115248. [CrossRef] [PubMed]
26. Lewis, L.; Hatzikiriakos, S.G.; Hamad, W.Y.; MacLachlan, M.J. Freeze–thaw gelation of cellulose nanocrystals. ACS Macro Lett.

2019, 8, 486–491. [CrossRef] [PubMed]
27. Preibisch, I.; Ränger, L.M.; Gurikov, P.; Smirnova, I. In Situ Measurement Methods for the CO2-Induced Gelation of Biopolymer

Systems. Gels 2020, 6, 28. [CrossRef]
28. Loodts, V.; Rongy, L.; De Wit, A. Impact of pressure, salt concentration, and temperature on the convective dissolution of carbon

dioxide in aqueous solutions. Chaos Interdiscip. J. Nonlinear Sci. 2014, 24, 043120. [CrossRef]
29. Gurikov, P.; Raman, S.P.; Weinrich, D.; Fricke, M.; Smirnova, I. A novel approach to alginate aerogels: Carbon dioxide induced

gelation. RSC Adv. 2015, 5, 7812–7818. [CrossRef]
30. Floren, M.L.; Spilimbergo, S.; Motta, A.; Migliaresi, C. Carbon dioxide induced silk protein gelation for biomedical applications.

Biomacromolecules 2012, 13, 2060–2072. [CrossRef]
31. Ji, C.; Annabi, N.; Khademhosseini, A.; Dehghani, F. Fabrication of porous chitosan scaffolds for soft tissue engineering using

dense gas CO2. Acta Biomater. 2011, 7, 1653–1664. [CrossRef]
32. Zubal, L.; Bonani, W.; Maniglio, D.; Ceccato, R.; Renciuk, D.; Hampl, A.; Vojtova, L. Soluble collagen dissolution and assembling

in pressurized carbon dioxide water solutions. Express Polym. Lett. 2018, 12, 159–170. [CrossRef]
33. Alam, M.N.; Islam, M.S.; Christopher, L.P. Sustainable production of cellulose-based hydrogels with superb absorbing potential

in physiological saline. ACS Omega 2019, 4, 9419–9426. [CrossRef] [PubMed]
34. Hospodarova, V.; Singovszka, E.; Stevulova, N. Characterization of cellulosic fibers by FTIR spectroscopy for their further

implementation to building materials. Am. J. Anal. Chem. 2018, 9, 303–310. [CrossRef]
35. Abidi, N.; Cabrales, L.; Haigler, C.H. Changes in the cell wall and cellulose content of developing cotton fibers investigated by

FTIR spectroscopy. Carbohydr. Polym. 2014, 100, 9–16. [CrossRef]
36. Thommes, M.; Kaneko, K.; Neimark, A.V.; Olivier, J.P.; Rodriguez-Reinoso, F.; Rouquerol, J.; Sing, K.S. Physisorption of gases,

with special reference to the evaluation of surface area and pore size distribution (IUPAC Technical Report). Pure Appl. Chem.
2015, 87, 1051–1069. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s10570-009-9370-5
https://doi.org/10.1002/mabi.200400222
https://doi.org/10.1002/app.45315
https://doi.org/10.1016/j.carbpol.2015.09.032
https://www.ncbi.nlm.nih.gov/pubmed/26572363
https://doi.org/10.1016/j.matdes.2017.05.082
https://doi.org/10.1039/b515247j
https://doi.org/10.1016/j.carbpol.2019.115248
https://www.ncbi.nlm.nih.gov/pubmed/31521289
https://doi.org/10.1021/acsmacrolett.9b00140
https://www.ncbi.nlm.nih.gov/pubmed/35619375
https://doi.org/10.3390/gels6030028
https://doi.org/10.1063/1.4896974
https://doi.org/10.1039/C4RA14653K
https://doi.org/10.1021/bm300450a
https://doi.org/10.1016/j.actbio.2010.11.043
https://doi.org/10.3144/expresspolymlett.2018.14
https://doi.org/10.1021/acsomega.9b00651
https://www.ncbi.nlm.nih.gov/pubmed/31460032
https://doi.org/10.4236/ajac.2018.96023
https://doi.org/10.1016/j.carbpol.2013.01.074
https://doi.org/10.1515/pac-2014-1117

	Introduction 
	Results and Discussion 
	Conclusions 
	Materials and Methods 
	Materials 
	Methods 
	Cellulose Dissolution 
	Preparation of Cellulose Hydrogels 
	Solvent Exchange 
	Drying 
	Characterization 


	References

