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Tailoring the properties of cellulose aerogel beads was inves-
tigated in the present study by using weak organic acids as
coagulants. Three different weak acids were specifically chosen,
acetic acid, lactic acid and citric acid. For comparative studies, a
strong acid, hydrochloric acid was examined. The production of
aerogel beads by conventional dropping technique was con-
trolled and optimized for weak acids. Aerogels were charac-
terized by density analyses, scanning electron microscopy,
nitrogen adsorption–desorption analysis, X-ray powder diffrac-
tometry and IR spectroscopy. In common, all the aerogel beads
showed interconnected nanofibrillar network, high specific
surface area, high pore volume, high porosity and meso- and

macroporous structure. In particular, when the weakest acid
(acetic acid) was used as coagulant in the regeneration bath,
the lowest shrinkage was observed. As a result, the cellulose
aerogel beads produced from acetic acid showed the highest
values of specific surface area (423 m2g� 1) and pore volume
(3.6 cm3g� 1). The porous structure can be tuned by the choice
of regeneration bath, which has either strong acid or a high
concentration of weak acid. The aerogel beads were pure and
showed cellulose II crystallinity. Hence this study paves an
alternative path way to tailor the properties of cellulose aerogel
beads.

Introduction

The term “aerogel” was first coined by Kistler in 1931 and
describes a solid gel where the liquid media was replaced by
air, with minor shrinkage of the solid porous network.[1]

Aerogels possess open porous microstructure, high porosity,
high specific surface area and low-density. Interest in develop-
ing bio-based aerogels has been exponentially growing in
various fields since 2000.[2] Aerogels of polysaccharides, espe-
cially cellulose-based porous materials, receive great attention
in many applications including thermal insulators,[3] oil-
adsorbents[4] and in bio-medicine.[5] This is due to the fact that
they are produced from renewable resources and exhibit no
toxicity, high biocompatibility and biodegradability. Similar to
other polysaccharide aerogels, cellulose aerogels consist of
interconnected nanofibrillar networks.

Distinct from crystalline cellulose I aerogels, regenerated
cellulose aerogels exhibit a thermodynamically stable crystalline
structure, cellulose II. Regenerated cellulose aerogel beads are
prepared in general by dissolution, gelation, solvent exchange
and drying. The results of comprehensive studies in the
literature demonstrate that the physical and structural proper-

ties of regenerated cellulose aerogels have been remarkably
influenced by dissolution and gelation (regeneration).[6] Other
factors such as the solvent exchange and the drying process
can also influence the aerogel properties but the impact occur
only on the existing hydrogel network.[6,7]

Cellulose solvents such as aqueous alkali medium (option-
ally with additives), ionic liquids and molten salt hydrates are
frequently used for the production of regenerated cellulose
aerogels.[6b,8] Depending on the conditions for the dissolution of
cellulose, the physical interactions between cellulose molecules
can vary in accordance with the chemical and physical environ-
ment of the cellulose chains in solution. In a preparation
process of regenerated cellulose aerogels, after dissolution, the
cellulose molecules are sensitive to their physical and chemical
environment. They tend to aggregate into interconnected
nanostructures. During gelation, the aggregation behaviour of
cellulose can undergo distinctive path ways which differ from
each other under various controlled conditions such as temper-
ature, pH, aging and diffusion of nonsolvent. This leads to
remarkable differences in morphology depending upon the
respective cellulose-solvent medium. For instance, it was
demonstrated in the literature[9] that aerogels prepared from
different cellulose solvents such as NaOH-water, NMMO,
EMIMAc and BMIMAc exhibited diverse physical properties
including the bulk density, specific surface area, morphology
and mechanical strength.

The regeneration bath should be a cellulose non-solvent
and it can vary in polarity, pH and ionic strength, e.g., organic
solvents (ethanol, acetone, iso-propanol), water, acidic medium
(H2SO4, HCl, HNO3) and salt solutions (NaCl, CH3COONa, Na2SO4,
(NH4)2SO4).

[9,10] The regenerated cellulose aerogel beads were
mostly prepared from NaOH-water mixture. Zhang et al.[10b]

explored the effect of coagulation conditions of acetic acid on
the properties of regenerated cellulose films. With weak
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dissociation of acetic acid at the reaction front, the coagulation
process resulted in producing aerogel with densely packed
nanofibrillar networks and high mechanical properties. Further
studies were carried out by Zhang et al.[10b] with a series of
other coagulants such as H2SO4, H2SO4/Na2SO4, Na2SO4 and
(NH4)2SO4. It was reported that the composition and concen-
tration of coagulant systems and the temperature set for
regeneration bath can strongly influence the optical and
mechanical properties of cellulose films. The authors[10b]

proposed that the coagulation mechanism in this NaOH-urea-
water solvent medium was described as a two-phase separation
process, namely a cellulose-rich phase forming gel network and
a cellulose-poor phase in solution precipitating and regenerat-
ing the cellulose. Gavilon and Budtova[9a] studied the kinetics of
the cellulose regeneration for NaOH-water systems. It was
found that the rheological activation and diffusion activation
energies coincided for NaOH-water system. The results con-
firmed that the NaOH-water system is a suspension of hydrated
ions of NaOH with or without cellulose. Hence, it was concluded
that the independent movement of hydrated NaOH molecules
played a vital role in the regeneration of cellulose leading to a
phase separation process, producing a swollen cellulose in
nonsolvent. It was described that the coagulation occurred by a
diffusion-controlled movement of hydrated ions and non-
solvent molecules in cellulose-NaOH-water system.

The earliest study was reported in 1988 for the production
of the regenerated cellulose particles.[10a] In this study, the
porous cellulose particles were regenerated from cellulose
xanthate-NaOH-water mixture by acid (H2SO4) hydrolysis.
Gavillon[10c] prepared cellulose wet beads from cellulose-NaOH
(8%)-water mixture by cutting the jet of liquid before entering
the H2SO4 regeneration bath. Later, the wet beads were washed,
solvent exchanged with acetone and dried under supercritical
carbon dioxide. Cai et al.[10d] produced cellulose aerogel films
from the mixture of cellulose-alkali hydroxide (LiOH or NaOH)-
urea-water by using aqueous solution of 5% H2SO4 as
regeneration bath. In common, both the aqueous alkali
hydroxide medium yielded cellulose aerogels having a high
specific surface area and finely distributed porous structures. In
the recent studies of Schroeter et al.,[10i] it was demonstrated
that the specific surface area values did not depend on both
the concentration of H2SO4 (from 5 wt% to 35 wt%) in
regeneration bath and the concentration of cellulose (from 4 wt
% to 7 wt%). However, the shape of the particle was affected,
i.e., non-spherical particles were produced when the concen-
tration of H2SO4 was below 25 wt%. Isobe et al.[10e] studied the
properties of cellulose gels produced from LiOH-urea-water
solutions using a regeneration bath of methanol, ethanol,
acetone, 5 wt% of H2SO4 in water or 5 wt% of Na2SO4 in water.
Nanofibrillar structures and membrane-like structures were
produced for organic and aqueous coagulants respectively
because the polarity of the coagulant induced different
aggregation behavior of cellulose molecules and consequently
tailored the morphology of the aerogels. Trygg et al.[10f] showed
the impact of the various concentrations of HNO3 on the
regeneration of cellulose in NaOH-urea-water system. It was
concluded that a higher concentration of acid created an outer

cellulose shell, and the nucleation of the nano-network of
cellulose occurred from the outer shell by the diffusion of ions.
Whereas in the case of low concentration of acid, the
regeneration process homogenously occurred from the droplet
surface to its interior. It influenced also the specific surface area
values of aerogels. In one of our previous studies, the effect of
addition of ZnO particles to the cellulose-NaOH-urea-water
medium was explored.[10g] Here, cellulose wet-gel beads were
prepared (syringe dropping technique) by dropping the
solution into an aqueous hydrochloric acid (HCl, 2 M) solution.
It revealed that the addition of 0.5 wt% of ZnO particles as
additive improved the physical and morphological properties of
cellulose aerogel particles.

Thus, the tuning of the aerogel’s properties can be achieved
by selecting the regeneration bath through variation of
cellulose nonsolvent and coagulation medium. Up to our
knowledge, most acids used as regeneration bath are strong
inorganic acids such as HCl, H2SO4, HNO3 and a mixture of their
corresponding salts,[10b,f,11] but not many publications focused
on the utilization of organic molecules having carboxylic acid
functional groups. In this current study, we evaluate the impact
of different acids as regeneration baths in the production of
cellulose aerogels beads: hydrochloric acid (HCl), acetic acid
(HAc), lactic acid (HLac) and citric acid (HCit). This study helps
us to improve the understanding of how different acids with
different densities, strength and molecular structure, may
influence the structural and physical properties (surface area,
porosity, density, etc.,) of cellulose aerogel beads.

Results and Discussion

For the cellulose beads production, a conventional syringe
dropping technique was utilized. A schematic diagram of a
multi nozzle system is depicted in Figure 1a. Cellulose beads
were prepared by dropping the cellulose solution in different
regeneration bath containing organic or inorganic acids.

Figure 1. Schematic diagram of a conventional multi-nozzle dropping
technique (a) and optical microscope images of cellulose aerogel beads
produced from various acids in regeneration bath (b).
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Considering the significance of pKa values, four different
acids having various acid strengths were used as regeneration
baths in this study. The organic acids were particularly
interesting because of their weak acidity in comparison with
HCl. The physical properties and chemical structure of acids are
summarized in Table 1.

The droplets were produced by passing the viscous
cellulose solution through the nozzles and letting them enter
(under the gravitational force) into the regeneration bath.
When the droplet of cellulose solution entered in the aqueous
acidic solution, the regeneration of cellulose immediately
occurred resulting in a thin film of cellulose network holding a
liquid core of cellulose-NaOH-urea-water mixture. The continu-
ous development of the randomly connected cellulose network
happened inwards to the core by neutralizing the hydrated
NaOH ions, decreasing the pH in the cellulose wet-gel body and
diffusion of ions and molecules out from the wet-gel body until
equilibrium. In this regeneration process, the beads shape was
close to spherical.

The wet-gel body in the aqueous acidic medium was white
in color after gelation. After washing and supercritical carbon
dioxide drying (scCO2) the aerogel samples were still white in
color whereas after employing ambient drying, the sample
turned to be glassy yellow in color. Example of aerogel beads
obtained from different acid baths are shown in Figure 1b.

Optimizing the Conditions for Beads Production

The drop height was kept constant by adjusting the distance
between nozzle tip and surface of the rising level of the
regeneration bath to maintain the spherical shape of the
droplets and the beads after gelation because the volume of
the regeneration bath was increased. The drop-height was
influenced by the nozzle diameter and the liquid properties of
both the cellulose solution and the regeneration bath such as
viscosity, surface tension, density, etc.[13] Trailing the experi-
ments with the regeneration bath of HAc (2 M), an optimum
spherical shape of beads for Cell6 and Cell7 was produced. The
deformed bead shape was partly obtained for Cell5. Addition-
ally, in this case, the drop heights were critical to maintaining

�10 mm which can be the optimum drop-height for Cell5.
Setting the drop-height value for Cell5 at 20 mm resulted in
disc-like particles. For cell7, the optimum drop height can be
13 mm which was not yet convenient for a multi-nozzle system.
In this case, the drop-height was raised to 20 mm and the Cell7-
beads having close to spherical shape were produced. Hence, in
the case of Cell7, when different acids were employed, setting
the drop height at 20 mm was convenient to produce beads
close to spherical shape.

A linear relation between the density of the regeneration
bath and the drop height was observed when the density of
the regeneration bath was increased either by varying concen-
tration of acid or changing the type of acid. For instance, in the
case of Cell7 when the HAc was used as coagulant, the drop
height was maintained at 8, 13, 15 and 16 mm for the
concentration levels of 1, 2, 3 and 4 M, respectively. Below 1 M
of HAc, the deformed bead shape was obtained whereas the
beads shape was close to spherical if the concentration of acetic
acid was maintained �2 M. Here, it has to be considered that
the concentration of NaOH used in cellulose solution was
0.175 mole. In order to neutralize NaOH in aqueous medium
and to regenerate the cellulose nano-network, first by forming
an outer shell and then inwards the droplet producing a stable
wet-gel shape, an equivalent concentration of acid is required.
In the case of the concentration of HAc below 0.08 mole, the
droplet of cellulose NaOH-urea-water mixture was not stable
due to the slow reaction resulting in the deformed particles
(refer Figure 6a). In the present study, as a minimum concen-
tration of 0.2 mole of organic acids was adequate at the
reaction front for the stable shell formation and thereby
cellulose beads can be produced in close to spherical shape.
Thus, the concentration of aqueous acidic solution in regener-
ation bath was kept at 2 M for all of the experiments
considering the reduced usage of chemicals and their environ-
mental impact.

In the case of Cell7, the density of cellulose-NaOH-urea-
water mixture was measured to be 1.1277 gcm� 3 and the
decrease in cellulose concentration did not show a major effect
in density values. The density values of aqueous acidic solutions
are summarized in Table 1. Once the cellulose droplet (Cell7)
touches the surface of the acid bath, the mechanical stress

Table 1. Structure and physical properties of aqueous acidic solutions.

Name of acids (abbreviation) Chemical structure pKa[a] Density (2 M of aqueous solution)/gcm� 3 Surface tension[b]/mNm� 1

Hydrochloric acid (HCl) H� Cl � 6.1 1.0315 66.37

Acetic acid (HAc) 4.76 1.0142 51.33

L(+)-Lactic acid (HLac) 3.83 1.0375 51.79

Citric acid (HCit) 3.13; 4.76; 6.40 1.1522 64.56

[a] The pKa values were obtained from the literature.[12] [b] Surface tension of water was calculated to be 71.24 mNm� 1 at 23 °C.
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existing on the droplet surface may damage its shape. This
stress can be related to the elasticity of the cellulose droplet
and it is directly proportional to the density of the cellulose
droplet, the density of the regeneration bath, the drop height
and the gravitational force. The density values of acids were
observed to be lower than the density of cellulose-NaOH-urea-
water mixture, except for HCit which has the highest density.
Therefore, excluding for Cell7-HCit, the droplets were confirmed
to have less mechanical impact while touching the regeneration
bath. In the case of Cell7-HCit, the particles showed a very little
deformation (see Figure 1).

HAc has the lowest density and the density values of acids
increases in the following order: HLac, HCl and HCit. The larger
the difference in the density between the cellulose-NaOH-urea-
water mixture and the acidic regeneration bath, i.e., when the
ratio between them was above the density value of the
regeneration bath, the easier the particles could move to the
bottom of the regeneration bath. Whereas, the smaller differ-
ence in the densities, i.e., when the ratio was equal to or below
the density of the regeneration bath, the particles stayed below
the liquid surface instead of moving into the regeneration bath.
For instance, in the case of HAc, the particles freely moved
down to the bottom of the regeneration bath whereas, in the
case of HCit, the droplets immersed in the regeneration bath
and stayed in contact with the liquid surface until complete
gelation occurred and ionic equilibrium reached. Moreover, in
this case, the drop height was directly proportional to the
density of the acid bath. By increasing the density of the
regeneration bath, the drop height should also be increased to
achieve a good spherical shape of beads. In the present study,
in order to understand the influence of the acids in regener-
ation bath, the drop-height was maintained to be constant for
all the acids which may give an optimized size and shape of
beads and that was set to be 20 mm.

Size and Shape Analyses of Cellulose Beads

Mean particle size was calculated from the cumulative percent-
age distribution curve, Q3 (see Table 2). The mean diameter of
the wet-gel beads in the acid bath was increased in the order of
the samples: Cell7-HCit, Cell7-HLac, Cell7-HAc and Cell7-HCl.
The surface tension of acid bath was examined (see Table 1)
and considered for the particles size analysis. The acid baths
(2 M) had surface tension values below the surface tension of

water (71.24 mNm� 1) and HAc and HLac showed low surface
tension compared to HCit and HCl.

Organic acids with a greater number of hydrogen-bond
donor-acceptor properties (with functional groups such as
-COOH and -OH groups) can show high surface tension in
water. Therefore, the organic acids chosen in the present study
can show differences in the surface tension as the chemical
structure have various functional groups. Especially HCit with
functional groups, three times -COOH and one -OH showed
very high surface tension, close to the value of HCl.

During regeneration of beads in organic acids, the particles
size varied and increased in the order of following acids: HCit,
HLac and HAc. It reveals that the carboxylic functional groups
of organic acids, by having high hydrogen-bond donor-acceptor
properties, could have strongly influenced the wet-gel network
formation from shell to complete gelation. Hence, the inter-
action of the acids with cellulose, in specific with cellulose-OH
functional groups, was enhanced when the hydrogen-bond
donor-acceptor behavior of acids increased. As a result, the HCit
with its strong interaction to cellulose reduced the particles size
to be the smallest.

In the case of HCl bath (hydrated ions of H+ and Cl�

present), only hydrogen-bond acceptor property of chloride
ions can be perceived. It suggests that the interaction of
hydrated chloride ions with cellulose -OH groups could be
weaker. The high acidic strength of HCl (i.e., low pKa value) can
be supposed to control the gelation and neutralization of
hydrated NaOH ions. It can assist to form rapidly a stable wet-
gel network. As a result, the particles size appeared to be big in
comparison to samples from weak organic acids.

This rapid self-association of cellulose fibers into a stable
wet-gel network under strong acidic medium (H2SO4

[10b,i] and
HNO3

[10f]) were found in the literature. It was reported by Trygg
et al.[10f] that the strong acid, i.e., nitric acid can quickly form a
stable gel network at the reaction front of a droplet forming
wet-gel shell structure which preserves the shape and size of
the beads.

When considering the beads size of Cell7-HCl as optimum
particles size after acid-induced gelation, the decrease in the
diameter of beads was 11.8%, 4.1% and 1.2% for aerogels
produced from organic acids, i.e., Cell7-HCit, Cell7-HLac and
Cell7-HAc respectively. It is due to the hydrogen-bond donor-
acceptor behavior of the weak organic acids resulting the
strong hydrogen-bond (van der Waal’s) interaction to the
surface of cellulose molecules in comparison to HCl.

Table 2. Size analysis from volume-based cumulative percentage curve Q3.

Sample Mean diameter of beads, D50 (mm) Particles size distribution, D90=D10 Diameter shrinkage/% Volume shrinkage/%

Initial[a] Final[b]

Cell7-HCl 3.83 3.25 1.0565 15.16 38.94

Cell7-HAc 3.78 3.28 1.1287 13.21 34.62

Cell7-HLac 3.67 3.15 1.1019 14.24 36.92

Cell7-HCit 3.37 2.88 1.1492 14.65 37.83

[a] The initial mean diameter of the wet-gel beads in the acid bath. [b] The final mean diameter of the beads after supercritical drying, i.e., aerogel beads.
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The size distribution curve of the wet-gel beads is shown in
Figure 2. The particles size distribution, (D90=D10) decreased in
the following order: Cell7-HCit, Cell7-HAc, Cell7-HLac and Cell7-
HCl (see Table 2). Most narrow size particles were prepared
from the Cell7-HCl. A broad particles size distribution was
observed for Cell7-HAc. For the particles Cell7-HAc and Cell7-
HCit, the size distribution above D90 and below D10, i.e., the
volume of particles above 90% and below 10% was especially
high in comparison to Cell7-HLAc and Cell7-HCl. It revealed that
maintaining the drop-height at certain distance (in the present
case, 20 mm) for all the acid baths resulted in a broad particles
size distribution for some acids.

Considering the real drop-height in the case of Cell7-HCl,
the drop-height was calculated to be 20 mm, that agreed with
the literature.[10g] For other samples, i.e., Cell7-HAc, Cell7-HLac

and Cell7-HCit, the real drop-height was examined to be about
13, 40 and 70 mm, respectively. Because of this deviation from
the set drop-height value (20 mm), the aerogel beads from
those samples showed broad size distribution.

Table 3 shows the shape analysis data of the aerogel beads.
The shape of the beads can be evaluated by sphericity and
circularity values, and the data implies that the beads were
highly spherical in shape. Span values supported the mono-
disperse diameter distribution of the beads which were �0.1
for all samples and HCit sample showed the largest value
(0.1045). Span values and the particles size distribution showed
the same trend. The values of cumulative coefficient of
uniformity, Cu and the coefficient of curvature, Cc showed the
packing property of the samples. As the samples were
confirmed to be uniform in size and shape and the coefficients,
Cu and Cc, showed values of about ~1, the aerogel beads could
be loosely packed with a high volume of interstitial air between
the beads when they were randomly arranged.

Shrinkage Analysis of Beads

In comparison to the original particles size in the acid bath (see
Table 2, Initial values), the mean diameter of the aerogel
particles size changed while processing the aerogel, but no
major deformation was observed.

The removal of the salts, additives and solvents by
consecutive washing (H2O), solvent exchange (ethanol) and
scCO2 drying induces shrinkage of the wet-gel body. Figure 2b
shows the change in diameter of the beads in each step for all
the samples. The change in diameter and the volume were
calculated considering the high sphericity of the particles. The
percentage of diameter shrinkage and volume shrinkage of
aerogel beads are shown in Figure 3 and Table 2. The diameter
shrinkage decreased in the following order of acids: HCl, HCit,
HLac and HAc. The total volume shrinkage of aerogel beads
showed a trend similar to the diameter shrinkage after super-
critical drying.

As per the literature,[9a] the NaOH-water-based solvent
medium can be comprised of a suspension of hydrated NaOH
molecules in water independent of the presence of cellulose.
Taking this into account, in the process of regeneration of
cellulose using aqueous acidic bath, the reaction between the
NaOH and the choice of acid play a vital role. Perceiving the
rapid reaction between acid and base in aqueous medium, the
act of promoting the hydrogen-bond interaction between the
cellulose molecules, which can result in aggregation and
gelation, can be influenced by the acid strength (pKa). Hence,

Figure 2. Illustrating particles size distribution of wet-gel beads in the acid
bath (a), for reference see initial mean diameter values in Table 2, and the
change in particles size in various stages (b).

Table 3. Shape analysis of the aerogel beads from volume-based cumulative percentage curve Q3.

Sample Sphericity Circularity Span Cumulative coefficient of uniformity, Cu Cumulative coefficient of curvature, Cc

Cell7-HCl 0.9965 0.9983 0.0609 1.0422 1.0044

Cell7-HAc 0.9965 0.9982 0.0793 1.0611 1.0043

Cell7-HLac 0.9966 0.9982 0.0608 1.0398 1.0021

Cell7-HCit 0.9968 0.9984 0.1045 1.0808 1.0302
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the stronger the acid can react with a strong base faster than a
weak acid.

Thus, the strongest acid, HCl can induce a fast aggregation
process of cellulose whereas the weakest acid, HAc can result in
a slow process. Additionally, the monovalent anion formation
can be faster in the following order of acid strength, i.e., HCl,
HCit, HLac and HAc according to the pKa values. The question
may arise about HCit, which has three acidic carboxylic groups.
In these experiments, considering the volume of acid and base,
HCit in regeneration bath act as solvent and NaOH in cellulose
droplet solution behave as solute. According to the literature,[14]

in reaction with NaOH, the monovalent anion of HCit can be
predominantly formed instead of divalent or trivalent anion
when the medium has a high concentration of HCit. As the
concentration difference between solute (NaOH) and solvent
(HCit) at the reaction front is high and fast ion exchange can
happen in an aqueous medium, the regeneration of cellulose
could have occurred only in the presence of HCit and the
monovalent anion of HCit.

Considering the monovalent anion formation, the percent-
age of shrinkage showed a trend directly related to the strength
of the acids (see Table 1). The strongest acid, HCl, having the
lowest pKa value of acid in regeneration bath, may have caused
the weakly interconnected network formation or loosely bound
structures, which may result in a high percentage of volume
shrinkage. Hence, the use of the weakest acid, i.e., HAc, with a
high pKa value (4.76) provided the aerogel beads with the
lowest volume shrinkage. As a result, the final aerogel beads
size of HAc was bigger than HLac and HCit.

For comparison, the volume shrinkage of xerogel was
analyzed and it was observed to be about 92% in the case of
Cell7-HAc.

Microstructure Analysis

Scanning electron microscope images of cellulose aerogel
beads showed the microstructural differences after using

various acids in regeneration bath. For the microstructural
analyses, it has to be considered that the cellulose aerogels are
soft and ductile materials. Therefore, the artifacts should also be
carefully taken care and there might be surface damage while
preparing the samples. Figure 4 shows the topography of the
exterior surface of cellulose aerogel beads. In general, for all the
samples, an open porous network having meso- and macro-
porous structures was observed. The degree of distribution of
meso- and macroporous structures varied between the samples.
In the case of Cell7-HCl, there were loosely bound nanofibrillar
network having large volume of macroporous networks where-
as in the case of weak organic acids, the large volume of
mesoporous structures was observed. In particular, the micro-
structure of Cell7-HCit exhibited the tightly packed nanofibrillar
network and the mesoporous structure was finely distributed in
comparison to the microstructure of Cell7-HCl sample. The
impact of acids at the reaction front could have influenced the
aggregation behavior of cellulose, leading to a stable shell layer
on the surface of the droplet. Additionally, the continuous
interaction of acids with the cellulose molecules induces
shrinkage, reducing the pore volume between the cellulose
nanostructures.

The inner microstructures of samples are shown in Figure 5.
All samples were observed to have densely packed and
randomly interconnected nanofibrillar networks of cellulose. In
particular, comparing the images prepared from organic acids,
Cell7-HCl samples showed very loosely bound interconnected
nanofibrillar network because of the distribution of large
volume of macroporous structure. In the case of organic acids,
there were tightly bound nanofibrillar network and the finely
distributed mesoporous structures were observed. It could be
because of the slow acid-induced cellulose aggregation for the
weak organic acids, especially in the interior of the beads. In
brief, the strongest acid (HCl) generated loosely bound
structure and large volume of macroporous structure. In order
to confirm the vital role of acid strength in the production of
macroporous structure, an indirect examination was carried out
with the weakest acid (HAc) at various concentrations (from 0.5
to 4 M).

Figure 3. Total percentage of diameter shrinkage and volume shrinkage of
cellulose beads after supercritical drying.

Figure 4. SEM images of the surface of cellulose aerogel beads gelled in
different regeneration baths having 2 M concentration of acids: (a) HCl, (b)
HAc, (c) HLac and (d) HCit.
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Figure 6 shows the microstructures of Cell7-HAc samples at
various concentrations of HAc. At the lowest concentration of
HAc in the beads production (i.e., 0.5 M), the deformed beads

shape was observed (Figure 6a). However, the inner micro-
structure showed finely distributed nanofibrillar network and
less macroporous structure. By increasing the acid concentra-
tion to 1, 2, 3 and 4 M, the nanofibrillar structure were still
observed but the macroporous structures were increased. In
the case of 4 M concentration (Figure 6f), due to the large
volume of macroporous structure, the microstructure seemed
to be agglomerated bundles of network but they composed of
finely distributed nanofibrillar network. The results revealed
that the macroporous structures can be generated by acid-
induced gelation, specifically, by increasing the concentration
of acid when acids with a high pKa value are employed or
increasing the strength of acid (i.e., acids having low pKa) in the
regeneration bath.

Physical Properties of Cellulose Aerogel Beads

a) Density and Porosity Analyses

The physical properties of cellulose aerogel beads (Cell7)
obtained from 2M concentration of aqueous acidic regeneration
bath are summarized in Table 4. The skeleton density is the
density of the solid backbone of the material without consider-
ing the free pore space. For the commercial cellulose, the
skeletal density was about 1.524 gcm� 3. No significant differ-
ence in skeletal density values was observed for different
regenerated samples. Thus, the average skeletal density of
cellulose aerogel beads of about 1.523 gcm� 3 was taken as an
input in Equation (7) for the calculation of the porosity of
aerogels. This range of skeletal density values for regenerated
cellulose (obtained from different solvent media) was observed
in the literature.[9c,15]

The envelope density of the aerogels was in the range
between 0.18 and 0.23 gcm� 3. A low envelope density value for
Cell7-HCl was observed in comparison to other samples.
Referring to the discussion in the size and shape of the cellulose
beads, the decrease in the size of initial wet-gel beads of Cell7-
HCit (due to hydrogen-bond donor-acceptor behavior) and
further shrinkage of the beads resulted in a high envelope
density.

Equation (7) provided the porosity of aerogels which was in
the range between 85% and 88%. It showed the same trend of
envelope density, i.e., the bigger particles have a higher
porosity than the smaller particles.

Figure 5. SEM images of the internal microstructures of cellulose aerogel
beads gelled in different regeneration baths having 2 M concentration of
acids: (a) HCl, (b) HAc, (c) HLac and (d) HCit.

Figure 6. SEM images of cellulose aerogel beads prepared from 0.5 M of HAc
in regeneration bath resulted in the shape deformation (a) and the internal
microstructures of cellulose aerogel beads gelled in different concentration
of aqueous HAc solution: (b) 0.5 M, (c) 1 M, (d) 2 M, (e) 3 M and (f) 4 M.

Table 4. Physical properties of cellulose aerogel beads (Cell7) obtained from 2 M concentration of aqueous acidic regeneration bath.

Sample Envelope density/gcm� 3 Porosity/% BET Specific surface area/m2g� 1 BJH pore volume/cm3g� 1 Average pore size/nm

Cell7-HCl 0.18 88.2 387�18 2.97 23.46

Cell7-HAc 0.21 86.2 423�8 3.60 25.16

Cell7-HLac 0.21 86.2 402�8 3.44 24.89

Cell7-HCit 0.23 84.9 397�4 3.26 21.88
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b) Specific Surface Area and Pore Structure Analyses

The porous structure and BET specific surface area of cellulose
aerogel beads were obtained from nitrogen adsorption-desorp-
tion analyses (see Figure 7 and Table 4). Type IV isotherm was
observed for all the samples (Figure 7a), as described by
IUPAC.[16]. Each sample had different quantity of nitrogen
sorption capacities during pore condensation in the relative
pressure range between 0.7 and 1.0 (P=P0). The aerogels
produced from organic acids exhibited a significantly higher
adsorption capacity in comparison with HCl. It indicated a
difference in mesopore structure of various samples. Figure 7b
displays a broad pore size distribution for all the samples. It
must be perceived that BJH approximation is valid for
mesopores (2–50 nm). For Cell7-HCit, the peak shifted to the
low pore width range having an average pore size of 21.88 nm
(see Table 4) and it seemed to be narrow having half height
width of the peak between 17 and 35 nm. It can be due to the
hydrogen-bond donor-acceptor behavior of HCit resulting
tightly bound cellulose nano-network.

In the literature, where a similar dissolution method was
used for the production of other cellulose aerogel beads and
films,[10d–f] the specific surface area values were reported in the
range between 350 and 400 m2g� 1. In the present study,
Figures 7c and 7d show the BET specific surface area and BJH
pore volume of Cell7-based aerogel beads at 2 M concentration
of various acids, respectively. For Cell7-organic acids, the
average BET specific surface area values were in the range

between 397 and 423 m2 g� 1. For Cell7-HCl, the average value
was 387 m2g� 1 which was remarkably low (see Figure 7c). A
similar trend was observed for the BJH pore volume (Figure 7d).
Cell7-HCl sample showed low pore volume (2.97 cm3g� 1) in
comparison to Cell7-organic acids (3.26–3.6 cm3g� 1).

Considering the SEM images in Figure 5, the comparison of
the specific surface area and pore volume analysis data are in
good agreement. Exhibiting the large macropores and loosely
bound structure, Cell7-HCl showed low specific surface area
and low pore volume in the mesopore range. Whereas, in the
case of Cell7-organic acids, referring to the discussion in
microstructure analysis, the weak organic acids-induced cellu-
lose nano-network formation resulted in a high specific surface
area, high pore volume in the mesopore range and the tightly
bound nano-network of cellulose.

Further analysis was carried out in order to understand the
influence of concentration of acids. Figures 7e and 7f show the
average BET specific surface area and BJH pore volume for
Cell7-HAc at various concentrations of HAc (from 0.5 to 4 M),
respectively. At 0.5 M concentration of HAc, Cell7 exhibited very
low specific surface area (about 399 m2g� 1) in comparison to
the concentrations �1 M where the specific surface area was in
range between 413 and 423 m2g� 1. The average pore volume
was in the range between 3.1 and 3.6 cm3g� 1. In specific, at 2 M
concentration of HAc, it showed the highest specific surface
area and the highest BJH pore volume. In Figure 7f, it was
clearly observed that the increase in concentration of acid,
�1 M of HAc, resulted in a broader pore size distribution
indicating the existence of less mesoporous structure. Mean-
while, at the lowest concentration of acid, i.e., for 0.5 M of HAc,
it was noticed a narrow pore size distribution in the mesopore
range. It appears that the increase in acid concentration in the
regeneration bath resulted in forcing the cellulose nano-
structures to rapidly aggregate with fewer mesoporous struc-
tures and an increase in macropores. This pore size distribution
data agrees with the SEM images of Cell7-HAc in Figure 6.

Analysis of Cell5, Cell6 and Cell7-based aerogel beads
prepared at 2 M concentration of HAc showed no major change
in the average BET specific surface area values. It implies that
the increase in cellulose concentration resulted in the same
fiber thickness because of the same tendency of aggregation at
constant regeneration bath (2 M), which agrees with the
literature.[10i]

Crystallinity Analyses

Figure 8 shows the powder X-ray diffraction (XRD) pattern of
cellulose aerogel beads after regeneration in HAc as an example
representing the regenerated cellulose. The first noticeable
aspect of the XRD pattern was that the peaks of Cell7-HAc were
broader than the peaks detected for commercial cellulose
which was employed in the synthesis of cellulose aerogel
beads. Besides, the peak shifts were detected for Cell7-HAc
aerogels in comparison with the reference commercial sample.
The intense diffraction peak from native commercial cellulose
was shifted from 22.6° to 20.5° as a broad peak after dissolution

Figure 7. Nitrogen adsorption-desorption analysis of cellulose aerogel beads:
(a) BET isotherm plot, (b) pore size distribution, (c) BET specific surface area
and (d) BJH pore volume of Cell7-based aerogels prepared at 2 M
concentration of various acids; (e) BET specific surface area and (f) BJH pore
volume of Cell7-HAc samples at various molar concentrations of HAc. The
data points are connected with line in order to guide the eye.
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and regeneration. In comparison with the reference diffraction
patterns of cellulose II and native cellulose I (Figure 8c and d), it
can be determined that the regenerated cellulose can have a
mixture of cellulose II and amorphous cellulose. During the
dissolution process of commercial cellulose and the regener-
ation of beads, the alignment of the cellulose chain can be
changed from parallel to antiparallel orientation.[17] As a result,
the change in crystallinity occurred.

FTIR Spectral Analyses

FTIR spectral analyses were carried out for all cellulose aerogel
beads (Figure 9). For reference, the data was compared with

commercial cellulose (Figure 9a). The vibrational bands at
3300 cm� 1 and 2900 cm� 1 were assigned to the -OH and -CH
stretching vibrations, respectively. The adsorbed water mole-
cules showed a small band at 1650 cm� 1. The vibrational band
at 1430 cm� 1 was assigned to the -CH2 bending which can be
used as a characteristic band for analyzing the crystalline
polymorphs of cellulose (cellulose I or cellulose II). For cellulose
II, this vibrational band became broader between 1419 and
1460 cm� 1 which was observed in all the aerogel beads. The
vibrational bands at 1160 cm� 1 and 1030 cm� 1 were assigned to
C� O� C asymmetric stretching and ring asymmetric stretching
of C� O, respectively. The spectra for all the cellulose aerogel
beads were extremely similar, indicating no impurities and
showing the vibrational bands of pure regenerated cellulose.

Conclusion

Various acids were examined as regeneration media for the
production of cellulose aerogel beads. All acids in common
yielded a high quality regenerated cellulose aerogel beads
having cellulose II structure and no impurities. The weak
organic acids showed significant impact on tailoring the
physical properties of cellulose aerogel beads. The carboxylic
acid functional group in weak acids, which has a high hydro-
gen-bond donor-acceptor property, played a vital role in
determining the shrinkage behavior, specific surface area, pore
volume and microstructure. The weakest acid, HAc, can be a
good choice to produce cellulose aerogel beads with less
shrinkage, high pore volume and high specific surface area. A
strong acid, HCl, or a high concentration of weak acid can be
used to improve the macroporous structure. In demand, the
other organic or inorganic acids can also be used to produce
cellulose aerogels for the specific application if certain proper-
ties such as macroporous structure or narrow pore size
distribution are required.

Experimental Section

Materials

Sodium hydroxide (NaOH, ACS grade, VWR), cellulose medium
fibers (product number: C6288, Sigma-Aldrich), urea (Sigma-
Aldrich), hydrochloric acid (37%, Panreac-AppliChem), glacial acetic
acid (pure, Panreac-AppliChem), anhydrous citric acid (Merck) and
lactic acid (90% in water, Bernd Kraft) were purchased and used
without further purification. Deionized water was used for all the
experiments. Ethanol (99%) having 1% of methyl ethyl ketone or
petroleum ether was used for solvent exchange process. The CO2

gas bottles for supercritical drying were supplied by Air Liquid.

Characterization Techniques

The following analytical techniques were used to characterize the
structural and physical properties of the aerogel beads. The
skeleton and the envelope densities were determined by Micro-
meritics - Accupyc II 1340 (helium gas) and Micromeritics - Geopyc
1360 (25 N, using a dry-flow medium), respectively. Nitrogen

Figure 8. Powder X-ray diffraction pattern showing the change in crystal-
linity of cellulose after regeneration in HAc bath (a) and commercial cellulose
(b); (c) and (d) are the reference diffraction patterns of cellulose II (PDF
number=00-056-1717) and native cellulose I (PDF number=00-003-0289),
respectively, which are obtained from the International Center for Diffraction
Data.

Figure 9. Comparison of FTIR spectra of commercial cellulose (a) which was
used as starting material in the aerogels synthesis and cellulose aerogel
beads: Cell7-HCl (b); Cell7-HAC (c); Cell7-HLac (d); Cell7-HCit (e).
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sorption measurements were performed using Micromeritics –
Tristar II 3020 instrument. Brunauer–Emmett–Teller (BET) and
Barrett–Joyner–Halendar (BJH) analyses were done using the Micro-
Active (v5.02) software. The BET analysis was carried out for a
relative pressure (P=Po) range between 0.05 and 0.3 at 77 K. BJH
analysis was performed from the desorption curve of the isotherm.
Fourier transform infrared (FTIR) spectra, ATR mode, were recorded
in the region of 400–4000 cm� 1 using a Bruker-Tensor 27 instru-
ment at a resolution of 4 cm� 1. For morphology study, images were
captured by scanning electron microscopy using a Zeiss - Ultra 55
with Gemini column (operated at 2–6 kV). All samples were coated
with platinum, for 90 sec, at 0.04 mbar and 21 mA, using the
sputtering system SCD 500 from BALTEC, as pre-treatment. Krüss
Force Tensiometer K100 was used for the analyses of the liquid
densities (Archimedean principle) and the surface tension (Du Noüy
ring method) of the aqueous acidic solutions (2 M) at 23 °C. A Zeiss
Axiocam 208 color optical microscope was used for morphology
and dimension analysis. The XRD measurements were carried out
on a Brucker D8 ADVANCE A25 diffractometer using Cu-Kα radiation
(λ=1.54 Å). The XRD spectra were recorded from 5° to 80° (2θ) at a
scan rate of 3°/min. The standard parameter for the single crystal
reflection mode was 35 kV and 30 mA. Thermogravimetric analyses
were performed using a NETZSCH STA 449F3 thermal analyzer.
Samples were processed in an Al2O3 open crucible and heated up
to 600 °C at a rate of 5 K/minute, under argon atmosphere. The
viscosity of Cell7 solution was analyzed at the Rheometer Haake
Mars 60 from ThermoFishcer Scientific. The viscosity of Cell7 was
0.3 Pa·s at a shear rate of 1000 s� 1.

Shrinkage

In the present study, the particles were considered to be perfect
spheres as they were produced using syringe dropping technique.
The diameter and the volume of the wet-gel beads obtained from
aqueous acidic medium were set as D0 and V0, respectively. The
percentage of shrinkage was calculated from them. For statistic
reasons, the average diameter for each sample was measured by
analyzing at least 25 beads. The total percentage of diameter
shrinkage of the sample was measured by following Equation (1)[18]

where D1 is an average diameter of the aerogel after supercritical
drying. For volume shrinkage, the changes occurred in each step
were analysed using Equation (2). The value of V1 can be the
volume of alcogel, aerogel or xerogel.

Diameter shrinkage %ð Þ ¼
ðD0 � D1Þ

D0
� 100

(1)

Volume shrinkage %ð Þ ¼
ðV0 � V1Þ

V0
� 100 (2)

Sphericity

Sphericity, y, of the aerogel particles was calculated from the ratio
of the surface area of an equal volume of a sphere to the actual
surface area of the particle (see Equation (3)[19]). Here, Vaerogel is the
volume of the aerogel particles and Aaerogel is the area of aerogel
particles. The sphericity of an ideal spherical sample must be the
value equal to 1 whereas it is <1 for the non-spherical particle.
Circularity can be calculated from sphericity, i.e., the square root of
sphericity.

y ¼
p
1
=3ð6VaerogelÞ

2
=3

Aaerogel
(3)

Volume-Based Size Distribution of Cumulative Curve

Mean diameter of the beads, D90, D60, D50, D30 and D10 were
obtained from the volume-based size distribution against the
cumulative percentage curve (Q3) at 90%, 60%, 50%, 30% and
10%, respectively. The span of volume-based particles size
distribution was calculated using Equation (4) and it showed the
diameter distribution of particles when different acids were
employed in the regeneration bath.

Span ¼
ðD90 � D10Þ

D50
(4)

Cumulative uniformity coefficient (Cu) and coefficient of degrada-
tion (Cc) were calculated from Equations (5 and 6), respectively.

Cu ¼
D60

D10 (5)

Cc ¼
D2

30

D10�D60
(6)

Porosity

The porosity of the beads was calculated by applying their
respective envelope 1eð Þ and the average skeletal density 1sð Þ in
Equation (7).[20]

Porosity in % ¼ 1 �
1e

1s

� �

� 100 (7)

Preparation of Cellulose Aerogel Beads

7 g of sodium hydroxide was dissolved in distilled water (81 g).
After cooling to room temperature, cellulose fibers (for example,
7 g of cellulose for Cell7 sample) were added to the sodium
hydroxide solution. The suspension was stirred for about 10 mi-
nutes, promoting the swelling of the cellulose. Then the mixture
was cooled in an ice bath to 0 °C and stirred for one hour.
Afterwards, 12 g of urea was added to this mixture and stirring
continued for one more hour. The dissolution of urea is an
endothermic reaction. Then it was left stirring at room temperature.
The mixture was observed to be clear liquid. Subsequently, it was
stored at � 20 °C for 18 hours. For further processing, the mixture
was brought to room temperature. It appeared to be pale yellow
clear viscous liquid. The solution was stirred for a while in order to
make it homogeneous. The solution was then sonicated for
15 minutes to remove any bubbles and transferred to a plastic
container which was equipped with nozzle tips (the inner diameter
of a nozzle is about 1 mm). The cellulose solution fell in the form of
droplets to a regeneration bath containing 2 M aqueous acidic
solution. The regeneration bath was gently stirred to keep the
solution homogeneous. The drop height was of 20 mm and the
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droplets gelled into beads, creating white spheres. After gelation,
the beads were washed five to seven times with deionized water in
order to remove salts and excess acidic medium. In each washing
step, after 30 minutes of stirring, the pH of the supernatant liquid
was controlled. After neutralization, a five step-wise solvent
exchange process was carried out by gradually increasing the
ethanol concentration (in each step, increase of 20 vol%) in a
water-ethanol mixture. The final ethanol containing beads were
washed two more times with ethanol in order to remove any trace
amount of water. The samples were dried in an autoclave (60 L), for
9 hours using supercritical carbon dioxide (scCO2), at 11.5 MPa
between 25 °C and 60 °C.

Various amount of cellulose in NaOH-urea-water mixture was
examined for the preparation of cellulose beads. The weight ratio
of cellulose fibers to NaOH-urea-water mixture was maintained as
5, 6 or 7 g of cellulose to 100 g of NaOH-urea-water mixture and
the samples were named as Cell5, Cell6 and Cell7, respectively.
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