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Abstract: Three-dimensional (3D) printing is a promising technology for solving a wide range of
problems: regenerative medicine, tissue engineering, chemistry, etc. One of the potential applications
of additive technologies is the production of highly porous structures with complex geometries,
while printing is carried out using gel-like materials. However, the implementation of precise gel
printing is a difficult task due to the high requirements for “ink”. In this paper, we propose the use
of gel-like materials based on sodium alginate as “ink” for the implementation of the developed
technology of extrusion-based 3D printing. Rheological studies were carried out for the developed
alginate ink compositions. The optimal rheological properties are gel-like materials based on 2 wt%
sodium alginate and 0.2 wt% calcium chloride. The 3D-printed structures with complex geometry
were successfully dried using supercritical drying. The resulting aerogels have a high specific surface
area (from 350 to 422 m2/g) and a high pore volume (from 3 to 3.78 cm3/g).

Keywords: 3D printing; alginate; thixotropic properties; supercritical drying

1. Introduction

Additive manufacturing, based on the use of various three-dimensional printing
technologies, is a promising method to produce structures with complex geometry. This
process involves the layer-by-layer application of the material [1], rather than removing it
as in traditional methods of obtaining complex geometry of the product (milling or cutting).
Based on the model developed in computer-aided design systems, using software and
numerical control systems, the product is obtained by the layer-by-layer application of
various materials such as metal powders [2], polymers [3,4], thermoplastic polymers [5],
ceramics [6], photocurable resins [7], etc. Different technologies of 3D printing are used
to produce products with complex geometry such as inkjet [8], extrusion [9], light [10],
laser [11], and others. The use of additive technologies allows achieving the required
complex geometry of the product, requiring minimal postprocessing.

At the moment, additive technologies are used in many areas of human activity.
Medicine is one of the most promising areas for the use of additive technologies [12]. Using
3D printing processes, various tissues and organs can be obtained, taking into account the
individual anatomical features of a particular patient [13]. In addition, this approach makes
it possible to use the patient’s own cells when receiving implants, which will significantly
reduce the risk of inflammatory processes during their transplantation [14]. One of the
promising materials for solving the described problems is highly porous materials based
on various biopolymers [15]. Such materials are aerogels.

Aerogels are materials with a low density (3–150 kg/m3), an open porous structure
(up to 99%), and a high specific surface area (500–1200 m2/g). Due to these properties,
aerogels are promising materials for the production of cell matrices [16], highly efficient
drug delivery systems [17], energy storage devices, catalysts [18], sorbents [19], heat
and sound insulation materials [20], etc. The highly porous structure of these materials
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causes low mechanical strength and makes it difficult to produce materials with complex
geometries. Producing aerogel with complex geometry using additive technologies can
solve this problem and make it possible to use them as matrices for tissue growth and the
production of implants.

The process of producing aerogels with complex geometry consists of the following
stages: obtaining materials for printing, 3D printing, gelation, and drying [21]. The
quality of the final product depends on the properties and composition of the “ink”, the
used 3D printing technology, the method and speed of the gelation process, and the
parameters of the supercritical drying process. In [21], the following methods of three-
dimensional printing are described for obtaining aerogels with complex geometry: light
and extrusion. It is noted that light methods for producing aerogels have a number of
limitations, which are associated with the complexity of selecting the composition of
materials for the implementation of the 3D printing process [22].

Three-dimensional printing of products with complex geometries using the extrusion
process is carried out by pushing the material through the extruder nozzle with different
diameters. It is possible to carry out the process of material extrusion with the use of various
types of liquid dispensers, including screw, pneumatic, and piston ones. The pressure
applied in the dispenser and the printing speed are the key parameters for achieving the
required 3D printing quality. To implement extrusion-based 3D printing, it is necessary to
obtain a homogeneous solution of “ink” with the specified rheological properties. “Ink”
should reduce the viscosity due to shear stresses. In addition, the resulting materials must
have the ability to maintain the shape after the extrusion process is completed on the
surface of the working area and rapid gelation. The authors of [23,24] showed that sodium
alginate is a promising material that can be used as an “ink “ for the implementation of the
three-dimensional printing process in order to solve the problems of cellular and tissue
engineering [25]. In addition, graphite-modified sodium alginate composite is promising
for the sorption of malachite green dye and water purification [26].

Sodium alginate, a natural biopolymer, is widely used in the pharmaceutical industry
and medicine due to the possibility of forming gels in physiological fluids, high biodegrad-
ability, and biocompatibility [27]. The viscosity of the alginate solution can be varied
widely by varying both the concentration of the polymer itself and the crosslinking agent.
In addition, sodium alginate is characterized by thixotropic properties; that is, it is able to
reduce the viscosity under the influence of shear stresses and restore it after removing the
impact [28].

Despite the widespread use of extrusion-based 3D printing for the production of
highly porous materials with a complex structure at the meso- and macroscale [29–31], the
use of supercritical fluid for drying the obtained materials is insufficiently studied.

In this paper, we propose a single-stage method for producing “ink “ based on alginate
with specified rheological properties, an easily implemented 3D printing technology for
structures with complex geometry, followed by supercritical drying and the production of
aerogels. In addition, the results of the study of the viscosity and thixotropic properties of
sodium alginate solutions with different content of the crosslinking agent are presented;
the possibility of using sodium alginate as “ink” for the implementation of the three-
dimensional printing process is studied.

2. Results and Discussion
2.1. Rheological Study

The processes of obtaining gel-like materials with a viscosity that ensures the layer-
by-layer application of three-dimensional objects and the possibility of unimpeded flow
through the extruder nozzle were studied to implement the process of extrusion-based 3D
printing. Materials with a concentration of sodium alginate of 2 wt% with the content of
calcium chloride of 0, 0.025, 0.05, 0.1, 0.2, 0.25 and 0.3 wt% were studied.
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During the study of rheological properties, the key characteristics of the gel-like
materials were: viscosity, storage modulus and loss modulus, and the ability to change and
restore viscosity under the influence of shear stresses. Viscosity η is defined as follows:

η =
τ(t)
.
γ(t)

(1)

where τ is the shear stress, and
.
γ is the shear rate.

To study the viscoelastic behavior of the samples, the storage modulus and loss
modulus for the obtained materials were compared. The storage module (G′) reflects the
ability of the material to store energy during the test and return it after. The loss modulus
(G”) characterizes the loss of energy for initiating the flow and its transition to heat. Storage
modulus G′ and loss modulus G” can be obtained using shear strain and shear stress
as follows:

G′ =
τ(t)
γ(t)

cos δ (2)

G′′ =
τ(t)
γ(t)

sin δ (3)

where γ is the shear strain, and δ is the phase shift between the applied strain and the
stress response.

The viscosity was measured as the shear rate increased. Figure 1 shows the viscosity
curves for the alginate materials containing calcium chloride concentrations of 0, 0.025,
0.05, 0.1, 0.2, and 0.25 wt%.
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Figure 1. Viscosity as a function of shear rate for the alginate materials (logarithmic axes).

From the presented graphs, it can be seen that the viscosity of alginate materials with
a crosslinking agent concentration of 0 and 0.025 wt% decreases slightly with an increase in
the shear rate; in this case, at a shear rate of up to 10 s−1, the effect of the shear orientation
is small. These materials exhibit behavior similar to Newtonian fluids.

An increase in the concentration of the crosslinking agent leads to an increase in
viscosity at a minimum shear rate; in addition, at a concentration of the crosslinking agent
of 0.05 wt% and higher, gel-like materials exhibit pseudoplastic behavior with an increase
in the shear rate. At a crosslinking agent concentration of 0.1 wt%, the maximum viscosity
value is observed, and a further increase in the concentration is characterized by a decrease
in the viscosity of the material. This fact is due to the acceleration of the gelation process
and the formation of shorter chains of calcium alginate. An increase in the crosslinking
agent concentration of more than 0.25 wt% leads to phase separation and the formation of
gel microparticles.
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Table 1 shows the values of the viscosity of the 2 wt% solution of sodium alginate and
gel-like materials with a crosslinking agent concentration from 0.025 to 0.25 wt%.

Table 1. Low shear rate viscosity of the 2 wt% alginate solution and gel-like materials with different
calcium chloride concentrations.

Calcium Chloride
Concentration, wt% 0 0.025 0.05 0.1 0.2 0.25

Viscosity, Pa∗s 2.9 3.4 8.3 2552.1 1680.9 1283.4

The “ink” must have a high viscosity at a minimum shear rate and a low viscosity at a
high shear rate to implement the extrusion-based 3D printing process. The high viscosity
prevents the formation of droplets due to the high surface tension and allows for the layered
formation of a three-dimensional object without spreading. The low viscosity at a high
shear rate allows the material to be pushed through the extruder nozzle without hindrance.

The power-law model was used to quantify the shear-thinning behavior of the devel-
oped gel-like materials as follows:

η = K
.
γ

n−1 (4)

where η is the viscosity, n is the power-law index, K is the consistency index, and
.
γ is the

shear rate. For Newtonian fluid, the power-law index is one, while for shear-thinning
and shear-thickening solutions, n is lower and greater than one, respectively. Table 2
summarizes the calculated value of the corresponding power-law index.

Table 2. Calculated value of n from the power-law model.

Calcium Chloride
Concentration, wt% 0 0.025 0.05 0.1 0.2 0.25

Power-Law Index 0.9131 0.9252 0.6089 0.2952 0.3074 0.1673

For all gel-like materials compositions, the power-law index is below one, signifying
the dominance of shear-thinning behavior.

Figure 2 shows the dependences of the storage and loss modulus for the 2 wt% alginate
solution and gel-like materials with concentrations of calcium chloride 0, 0.025, 0.05, 0.1,
0.2, and 0.25 wt%. The studies were carried out at a constant angular frequency of 10 rad/s.
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Figure 2. Storage (G′—open symbols) and loss (G”—solid symbols) modulus as a function of shear
strain for the 2 wt% alginate solution and gel-like materials with concentrations of calcium chloride
0, 0.025, 0.05, 0.1, 0.2, and 0.25 wt% (logarithmic axes).
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At concentrations of calcium chloride of 0, 0.025, and 0.05 wt%, the storage modulus
(curve G′) is lower than the loss modulus (curves G”), which reflects the liquid-like behavior.
At crosslinking agent concentrations of 0.1, 0.2, and 0.25 wt%, the curves of the loss modulus
(G”) are located below the curves of the storage modulus (G′), which reflects the solid-like
behavior (Figure 2). In addition, at crosslinking agent concentrations of 0.2 and 0.25 wt%,
the intersection of the loss modulus curves with the storage modulus curves (crossover
point) is observed. The presence of the crossover point in the studied range of shear stresses
allows discussing the initiation of a stable flow of “ink” during the implementation of the
extrusion-based 3D printing process. The intersection of the loss modulus curves and the
storage modulus curves reflects the transition from the solid-like to liquid-like behavior. At
a concentration of 0.25 wt%, the crossover point is observed at lower shear deformations,
which may be due to a lower value of the viscosity of the solution.

The solid-like behavior of “ink” and the presence of the crossover point allows them to
be used as raw materials for the implementation of the extrusion-based 3D printing process.

Figure 3 shows the dependence of the viscosity of the gel-like materials on time with
varying shear rates. The presented dependencies have three stages: minimum shear rate
0.01 s–1 (from 0 to 60 s), maximum shear rate 100 s–1 (from 60 to 90 s), and minimum
shear rate 0.01 s–1 (from 90 s). In the first section, the viscosity of the gel-like materials
is determined. The section with the maximum shear rate reflects the destruction of the
material structure and the decrease in viscosity. The subsequent reduction of the shear rate
allows us to evaluate the recovery capacity of the gel-like materials.
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The resulting gel-like alginate materials are characterized by thixotropic properties. In
addition, all materials tend to recover their initial viscosity after the shear rate decreases.

Thus, the viscosity of the gel-like materials at the concentration of the crosslinking
agent 0, 0.025, 0.05, and 0.25 wt% are insufficient to ensure the layer-by-layer application of
a three-dimensional object using the extrusion-based 3D printing process. The viscosity of
the gel-like materials with a concentration of 0.1 wt% is higher than necessary and does
not allow for extrusion.

Thus, in this work, partially crosslinked sodium alginate with a crosslinking agent
concentration of 0.2 wt% was chosen as the “ink” for the implementation of the extrusion-
based 3D printing process. These materials are characterized by a viscosity value that
provides a layer-by-layer application of a three-dimensional object and are able to restore
viscosity after extrusion to the surface of the working area.

2.2. 3D Printing Process

The model shown in Figure 4 was used for the 3D printing technology adjustment and
studying of the influence of extruder nozzle diameter on the quality of the final product.
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Figure 4. Test model for the 3D printing process using gel-like material.

The model for the 3D printing process was prepared using specialized software
“RepetierHost”. The following printing parameters were set: layer thickness—1 mm; speed
of the extruder movement—5 mm/s. The 3D printing process was carried out after the
gel-like materials were loaded into the container. A series of experiments were carried out
to vary the diameter of the extruder nozzle (Figure 5).
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Figure 5. Changing the wall thickness of products with complex geometry depending on the diameter
of the extruder nozzle.

The geometric dimensions of the models after the 3D printing process are shown in
Table 3.

Table 3. Size of the 3D-printed model.

Nozzle Diameter, mm Length, mm High, mm Thickness, mm

0.84 21.4 7.3 2.7

0.61 21.0 9.2 2.2

0.51 20.7 9.5 2.1

0.41 20.2 10.1 2.0
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Thus, for the specified parameters of the three-dimensional printing process, the
smallest deviation from the digital model was obtained using a nozzle with an outlet
diameter of 0.41 mm. A further reduction of the nozzle outlet diameter did not allow the
printing process to be carried out due to insufficient pressure created by the extruder piston.

Models with different geometries were obtained using the developed 3D printing
technology (Figure 6).
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The resulting models have the following geometric dimensions: wall length (Figure 6a)
and diameter (Figure 6b)—10 mm; height—5 mm; wall thickness—1 mm.

2.3. Aerogel Preparation

The products obtained as a result of the three-dimensional printing process were finally
crosslinked in a solution of a crosslinking agent to form a stable three-dimensional structure.
To study the effect of the concentration of the crosslinking agent on the characteristics of
the obtained materials, solutions of calcium chloride of concentrations 1, 3, and 5 wt%
were used. During “crosslinking”, the samples undergo swelling: 40, 60, and 54%. The
swelling of the materials is caused by the formation of a semi-permeable membrane on
the surface of the structure, caused by the rapid chemical crosslinking of the alginate; the
difference in osmotic pressures on the surface and inside the structure; and the rate of
chemical crosslinking. Presumably, during “crosslinking”, the surface of the products
forms a membrane with high permeability. To balance the osmotic pressures, solvent
molecules penetrate into the structure of the material. The high degree of swelling for
products aged in a solution of 3 wt% calcium chloride is due to the contribution of all of
the above factors. However, this mechanism requires further study.

After completion of the gelation process, the resulting products were subjected to
a step-by-step solvent exchange with isopropyl alcohol to prepare for the supercritical
drying process.

Figure 7 shows the surface of aerogels obtained using scanning electron microscopy.
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(b) 3 wt%, and (c) 5 wt%.

The alginate aerogels obtained using extrusion-based 3D printing have a highly porous
structure with an interconnected network of fibrils. The nitrogen adsorption–desorption
isotherm at 77 K and the pore size distribution obtained using the BJH method for the
alginate aerogel with complex geometry after the crosslinking bath at a concentration of
1 mas.% are represented in Figure 8.

The isotherm shown in Figure 8 corresponds to type IV according to the IUPAC
classification [32]. This type of isotherm and the presence of hysteresis are characteristic of
mesoporous materials, for which capillary condensation is observed. The resulting pore
size distribution is typical for alginate aerogels obtained by other methods [33–35].

Aerogels based on sodium alginate obtained using extrusion-based 3D printing have
the following characteristics: specific surface area—from 350 to 422 m2/g; specific pore
volume—from 3 to 3.78 cm3/g.
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3. Conclusions

In this article, the technology for the production of highly porous alginate materials
using extrusion-based 3D printing and supercritical drying is developed. The processes
of obtaining gel-like alginate materials for the development of ink compositions are in-
vestigated. It is shown that for the implementation of extrusion-based 3D printing, the
“ink” must have the thixotropic properties, followed by the restoration of viscosity after
removing the external influence. For the implementation of extrusion-based 3D printing,
an extrusion device was developed, and the effectiveness of the proposed printer design
was proved. Gel-like materials based on sodium alginate with a concentration of 2 wt%
and calcium chloride of 0.2 wt% were used for the “ink”. Printed products with complex
geometry were dried using the supercritical drying process. The resulting products are
characterized by a high specific surface area (from 350 to 422 m2/g) and a high pore volume
(from 3 to 3.78 cm3/g).

The developed technology for the production of highly porous materials based on
alginate using extrusion 3D printing and supercritical drying makes it possible to control the
structure of the material not only at the mesoscale by varying the chemical composition of
materials for 3D printing but also at the macrolevel through the use of additive technologies.
These features significantly expand the field of application of highly porous materials and
make it possible to use them for bone and tissue engineering. The presence of a highly
porous structure allows for a sufficient supply of nutrients to the cells and the removal of
their waste products. In turn, the specified geometry obtained using additive technologies
allows recreating anatomically similar areas of bones and tissues.

4. Materials and Methods
4.1. Materials

Sodium alginate (RusChem, Moscow, Russia) was used as a precursor for the gel-like
materials. Other materials, including distilled water and isopropyl alcohol, were purchased
from RusChem (Moscow, Russia). Anhydrous calcium chloride (RusChem) was used in
the aqueous solutions as a crosslinking agent. Carbon dioxide with a purity of >99% was
used for supercritical drying.

4.2. Preparation of the Gel-like Material

The gel-like materials for the implementation of the extrusion-based 3D printing
process were obtained using a rotor–stator homogenizer. A given amount of calcium
chloride was dissolved in water, the concentration of which varied in the next range of
0–0.3 wt%, and was mixed until the salt was completely dissolved. Sodium alginate was
added to the resulting solution until a concentration of 2 wt% was obtained with constant
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stirring at 13,000 rpm for 7 min. The air bubbles that formed as a result of homogenization
were removed from the resulting system using centrifugation for 5 min at a speed of
2500 rpm.

4.3. 3D Printing Process

The upgraded 3D printer FlyingBear P905 (FlyingBear, Jinhua, China) was used for
the realization of the extrusion-based 3D printing process using the developed gel-like
materials based on sodium alginate. A schematic view of the appearance of the 3D printer
with an installed extrusion device is shown in Figure 9a. This arrangement of the elements
is the most appropriate, as it does not overload the printing device and prevents oscillation
during the three-dimensional printing process.
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Figure 9. Demonstration of the printed structures. (a) Construction of the 3D printer for the gel-like materials; (b) punching
device for the gel-like materials: 1—stepper motor; 2—coupling; 3—trapezoidal nut; 4—trapezoidal screw; 5—piston;
6—holder; 7—container with material; (c) top view of the extruder nozzle holder; (d) side view of the extruder nozzle
holder; (e) extruder nozzle with different diameters.

The extrusion device of the 3D printer was developed to feed the gel-like materials.
The developed extrusion device consists of two main parts: a nozzle and a pushing

device. Figure 9b shows the appearance of the pushing device for the gel-like materials.
The coupling (2) translates the roll motion of the stepper motor (1) into the translatory
motion of the piston (5) using a trapezoidal screw (3) and a nut (4). The gel-like materials
are pushed out of the container (7). The construction is fixed in the holder (6).

The pushing device is attached to the body of the 3D printer and feeds the material
through a connecting silicone tube to the nozzle. The nozzle is attached to the top of the
printer using a holder (Figure 9c,d).
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Nozzles with different internal diameters were provided by Nordson Corporation and
were used as extruder nozzles (Figure 9e). For all nozzles, the speeds of the stepper motor
rotation and extruder movement were constant, and their variation was not carried out.

The absence of oscillation during the printing process allows setting the speed of
the extruder movement and the outflow rate of the gel-like material with the necessary
accuracy. The realized arrangement of the extrusion device allows ensuring the accuracy
of the position of the extruder nozzle relative to the working surface. The combination of
all the described factors makes it possible to carry out the process of three-dimensional
printing using gel-like materials with a given accuracy.

4.4. Preparation of the Aerogel

After the 3D printing process was completed, the finished products were placed in a
preprepared solution of calcium chloride.

Calcium chloride was added to the water and stirred for 20 min using a magnetic
stirrer. The concentrations of calcium chloride were 1, 3, and 5 wt% during the study.

Next, a step-by-step solvent exchange with isopropyl alcohol was carried out. Products
with complex geometries were placed in a mixture of “water–isopropyl alcohol”. At each
step, the alcohol concentrations increased from 20 to 40, 60, 80, and 100 wt%. Replacement
by 100 wt% was made twice. Alcogels with complex geometries were dried in supercritical
carbon dioxide after the step-by-step solvent exchange was completed.

4.5. Supercritical Drying

A flowsheet of the supercritical drying experimental setup is shown in Figure 10.

Gels 2021, 7, x FOR PEER REVIEW 11 of 13 
 

 

4.4. Preparation of the Aerogel 

After the 3D printing process was completed, the finished products were placed in a 

preprepared solution of calcium chloride. 

Calcium chloride was added to the water and stirred for 20 min using a magnetic 

stirrer. The concentrations of calcium chloride were 1, 3, and 5 wt% during the study. 

Next, a step-by-step solvent exchange with isopropyl alcohol was carried out. Prod-

ucts with complex geometries were placed in a mixture of “water–isopropyl alcohol”. At 

each step, the alcohol concentrations increased from 20 to 40, 60, 80, and 100 wt%. Re-

placement by 100 wt% was made twice. Alcogels with complex geometries were dried in 

supercritical carbon dioxide after the step-by-step solvent exchange was completed. 

4.5. Supercritical Drying 

A flowsheet of the supercritical drying experimental setup is shown in Figure 10. 

CO2

PI
2

FI

TC
1

4

TI
3

5

3

7
1

2

6

4

 

Figure 10. Flowsheet for the supercritical drying process: 1—vessel with liquid CO2 (60 bar); 2—

condenser; 3—pump; 4—thermostat; 5—250 mL high-pressure vessels; 6—heating element; 7—

separator; TC1—temperature controller; PI2—pressure gauge; TI3—temperature sensor; FI4—

rotameter. 

The process starts with the supply of carbon dioxide from vessels 1 to condenser 2. 

The CO2 is precooled to a temperature of 5 °C in the condenser. Next, the pressure is ap-

plied using Pump 3 (Maximator G35, Maximator GmbH, Nordhausen, Germany). In Ther-

mostat 4, the carbon dioxide is heated to a temperature of 40 °C. Then, the preheated CO2 

is fed to the high-pressure unit. 

The alcogels were loaded into a high-pressure vessel. The vessel was hermetically 

sealed, and the CO2 supply was opened. The supercritical drying process includes the 

following steps: displacement of the solvent from the free volume of the vessel for 1 h at 

a pressure of 120 bar, a temperature of 40 °C, a carbon dioxide flow rate of 500 g/h, super-

critical drying for 4 h at a pressure of 120 bar, a temperature of 40 °C, a carbon dioxide 

flow rate of 200 g/h, and pressure relief at a rate of 4 bar/min. After the pressure was 

Figure 10. Flowsheet for the supercritical drying process: 1—vessel with liquid CO2 (60 bar);
2—condenser; 3—pump; 4—thermostat; 5—250 mL high-pressure vessels; 6—heating ele-
ment; 7—separator; TC1—temperature controller; PI2—pressure gauge; TI3—temperature sensor;
FI4—rotameter.

The process starts with the supply of carbon dioxide from vessels 1 to condenser 2.
The CO2 is precooled to a temperature of 5 ◦C in the condenser. Next, the pressure is
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applied using Pump 3 (Maximator G35, Maximator GmbH, Nordhausen, Germany). In
Thermostat 4, the carbon dioxide is heated to a temperature of 40 ◦C. Then, the preheated
CO2 is fed to the high-pressure unit.

The alcogels were loaded into a high-pressure vessel. The vessel was hermetically
sealed, and the CO2 supply was opened. The supercritical drying process includes the
following steps: displacement of the solvent from the free volume of the vessel for 1 h
at a pressure of 120 bar, a temperature of 40 ◦C, a carbon dioxide flow rate of 500 g/h,
supercritical drying for 4 h at a pressure of 120 bar, a temperature of 40 ◦C, a carbon dioxide
flow rate of 200 g/h, and pressure relief at a rate of 4 bar/min. After the pressure was
released, the vessel was depressurized, and the dried samples were removed from the
vessel [36,37].

4.6. Characterization

The nitrogen adsorption–desorption isotherms were measured at −196 ◦C using a
volumetric apparatus (ASAP 2020, Micromeritics, Norcross, GA, USA). The specific surface
area was calculated using the BET method for isotherm linear range, and the total sorption
mesopore volume was obtained at P/P0 = 0.95. Pore diameters were determined using
the Barrett–Joyner–Halenda (BJH) algorithm. The BJH algorithm uses a modified Kelvin
equation to link the removed adsorbed material from pores with the pore sizes.

Scanning electron microscopy imaging was performed on an SEM (JSM 6510 LV, JEOL,
Akishima, Japan).

The determination of the viscosity characteristics was carried out on an Anton Paar
MCT 302 rheometer with a plane–plane measuring unit type with a diameter of 50 mm
and a temperature of 25 ◦C.
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