Chapter 4

To study the effect of different drying techniques on functional properties and

physicochemical properties of developed aerogel

4.1 Introduction

In the recent times, corn starch has grabbed the attention of researchers as it is having
broader range of application potential in the field of aerogel. However, structural collapse, poor
mechanical strength, high stiffness etc. restricts the use of biopolymer-based aerogel in the
food systems (Abdullah et al., 2022). Glycerol, which is having similar glucose unit to starch
is very often used as plasticizer in starch. Starch molecule’s intermolecular interaction is
reduced due to addition of glycerol thereby results in increased intermolecular spacing which
promotes flexibility and reduces fragility to the entire structure (Aghazadeh et al., 2018).
Presence of glycerol also increases starch molecules affinity towards water due to increase in
number of hydroxyl groups and it also helps in developing strong hydrogen bonds with water
because of reduction in O-H band stretching (Aghazadeh et al., 2018; Nordin et al., 2020).

Generally, preparation of hydrogel and drying of the prepared hydrogel is the two main steps
of aerogel development. However, sometime one additional step of alcogel preparation through
sequential solvent (alcohols: ethanol, methanol, etc.) transfer into hydrogel is also required
prior to drying of hydrogel. The drying process act as deciding factor whether the additional
alcogel preparation is required or not. Moreover, the drying process of aerogel is very crucial
as it regulates physicochemical properties (porosity, morphology, structural integrity, etc.) of
aerogel which makes aerogel’s definition ambiguous (Nita et al., 2020; Zheng et al., 2020).
Generally, ambient pressure drying, vacuum drying, supercritical CO> drying, freeze drying,
etc. are used in aerogel preparation. Among the aforesaid drying methods, freeze drying does
not need any additional step of alcogel preparation. To the best of our knowledge, aerogel is a
three-dimensional network of gels prepared by substitution of liquid with gas. Among the
drying methods, freeze drying and supercritical CO> drying is widely used since last few years.
Supercritical CO> drying is preferred due to its capability of maintaining gel structure and
pores, producing smaller pores, lowering shrinkage rate, etc. However, supercritical CO2
drying possesses some disadvantages like, time consuming, expensive, complex in operation,
etc. Whereas freeze drying is recognized due to its unique characteristics like, simple in
operation, economical, environment friendliness, etc. Moreover, freeze drying shows lowest

shrinkage in aerogel in contrast with other techniques. However, freeze drying shows
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disadvantages like, high energy consumption, long time-consuming process, chances of
structural collapse of aerogel (Nita et al., 2020). To overcome those constraints of drying,
microwave can be a good alternative as it is a rapid, simple, and environment friendly
technique. Microwave imparts alternating electromagnetic field which causes rotation of liquid
molecules and align their electric dipoles which promotes overall molecular vibration and
thereby promotes their own heating. Therefore, high temperature heating cycle is also avoided
(Durées et al., 2013). Microwave drying possesses some advantages like, smaller thermal
gradients as it generates heat internally, fast and uniform heating, reduced drying time and
energy consumption etc. (Durdes et al., 2013).

A research gap on the development of corn starch-based aerogel using microwave and its
characterization was observed after a brief literature review. Therefore, in this study we
hypothesized to develop aerogel using microwave drying and comparing the quality parameters
(physico-mechanical, morphological, functional, etc.) of acrogel with the aerogel developed by
using freeze drying. Impact of glycerol on physico- functional, mechanical, morphological, and
thermal characteristics of corn starch aerogel developed using both drying techniques has also

been studied.

4.2 Materials and methods
4.2.1 Materials

Corn starch (amylose content: 13.32 %) was procured from LOBA CHEMIE PVT. LTD.
Potassium chloride (KCl), calcium chloride (CaCl,), glycerol, and silica gel were purchased
from Merck Life Science Private Limited (Mumbeai, India). Ethyl alcohol (C2HsOH) having
more than 99.5 % purity was procured from Changshu Hongsheng Fine Chemical Co. Ltd
(Chagshu, Jiangshu, China).

4.2.2 Development of cylindrical aerogel

The overall process of aerogel development consists of three steps which includes: (i)
formation of hydrogel, (ii) formation of alcogel, and (iii) formation of aerogel. It is noteworthy
mentioning that the development of freeze-dried aerogel does not require an additional step of

alcogel preparation.

Hydrogel and alcogel was made by following the method described in section 3.2.2.1 and
3.2.2.2 respectively. Freeze drying and microwave drying were used to form aerogel from
hydrogel and alcogel respectively. The pieces of hydrogel were freeze dried (LYOLAB,
LYOPHILLIZATION SYSTEMS INC., USA) using a condenser temperature of -80 °C and
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pressure less than 100 pHg for 18 h (Fonseca et al., 2021). Whereas pieces of alcogel were
dried using a commercial microwave oven operated at 240 W (surface temperature: 73.85 +
1.10 °C) for 28 min. The conditions for microwave drying were selected on the basis of the
results (Fig. 4.1) in terms of structure maintaining capability (no shape deformation, surface
peel off and break in the structure) of the aerogel after preliminary experimental trials at
different combination of power and time. To make sure about negligible traces of ethyl alcohol
present in the dried samples, the samples were oven dried at 105 °C for 2 h and the amount of
ethanol evaporated was measured at different time intervals (Ubeyitogullari & Ciftci, 2016;
Zamora-Sequeira et al., 2018). The dried samples (FDO, FD5, FD7.5, FD10, MDO0, MDS5,
MD?7.5, and MD10; where, FD: freeze dried, MD: microwave dried, 0, 5, 7.5, and 10 represents
0%, 5 %, 7.5 % and 10 % glycerol respectively) were stored properly in a desiccator (desiccant:

silica gel) for further experiments.

Fig. 4.1 Developed aerogel through microwave drying at different power level

4.2.3 Characterization
4.2.3.1 Total percentage shrinkage, density, and porosity
4.2.3.1.1 Total percentage shrinkage

Total percentage shrinkage (St) was calculated on the basis of the difference in volume
between hydrogel (Viyd) and aerogel (Vaer). The volume of hydrogel (Viyd) and aerogel (Vaer)
was calculated by measuring the diameter and height of hydrogel and aerogel respectively.
Total percentage shrinkage was calculated using Eq. 4.1(Q. Luo et al., 2019).
St(%) = M x 100 (4.1)

Vhyd

Where, ST= total shrinkage percentage, Vihyq= volume of hydrogel, Vaer= volume of
aerogel
4.2.3.1.2 Density and porosity

To calculate the density (p), mass of aerogel was divided by the volume of aerogel. Whereas
the porosity (&) of aerogel was determined by using the following equation (Eq. 4.2)
(Ubeyitogullari et al., 2018).
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Porosity(%) = (1 — pi> x 100 (4.2)
sk

Where, p = density of acrogel, pg= skeletal density of corn starch = 1.5 g/cm?.
4.2.3.2 Morphology

To study the morphology, aerogel was cut into pieces of 10 mm diameter and 1 mm
thickness. Then the pieces of aecrogel were kept under vacuum and a thin layer of gold was
spread on the top surface of the sample (J. P. de Oliveira et al., 2019). A scanning electron
microscope (JEOL JSM-6390LV, Japan) was used to observe morphology of the sample under
an accelerating voltage of 15 kV. The magnification set for the observation of sample’s surface
were 5,500x% and 10,000%. A field emission scanning electron microscope (JEOL JSM-7200F,
Japan) was also used to characterize morphology of the microwave dried control aerogel. The

magnification was set to 40,000 x and 100,000 x to observe the sample surface.

4.2.3.3 Mechanical performance and recompressibility

Mechanical performance and recompressibility test of aerogel was performed in Texture
analyzer (TA-XD PLUS, Stable Micro System, UK) with a load cell of 30 kg. The test
parameter was set to a pre-test and test speed of 1 mm/s and 0.1 mm/s respectively. Mechanical
performance was measured in terms of compressive strength. To check the compressive
strength, aerogel was subjected to 10, 20, 30, and 50 % strain at room temperature.

Recompressibility of aerogel was measured by subjecting the samples under repetitive
compression test (loading-unloading compression) at a particular strain (50 %) for 10 times.
4.2.3.4 Crystallinity

The aerogel samples were irradiated with an X-ray beam (30 kV voltage and 15 mA current)
in an X-ray diffractometer (Miniflex, Rigaku Corporation, Japan). Diffraction angle (20)
ranging from 5° to 80° with a step angle 0.05° were set. The degree of crystallinity was obtained
after analysing the diffraction pattern. A smooth line connecting the lower points of XRD peaks
was used to separate amorphous region from the crystalline region. Then, the area of crystalline
region (Ac) was calculated by integrating the area under the peaks. The total area (At) under
curve was calculated by integrating the curve over 20 between 5° and 80° (Fonseca et al.,
2021; Kumar et al., 2020). Degree of crystallinity was calculated by the following equation
(Eq. 4.3):

A
Degree of crystallinity (%) = A—C x 100 (4.3)
T

A= area of crystalline region, AT= total area under the curve
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4.2.3.5 Thermal behavior

Differential scanning calorimetry (DSC) was performed to characterize the thermal
behavior. Approximately 5 mg sample was loaded and sealed in an aluminium pan and placed
inside a differential scanning calorimeter (DSC 214, NETZSCH, Germany) for thermal
scanning. Thermal scanning of aerogel samples was performed in the temperature range from
25 to 400 °C, at a heating rate of 10 °C/min, under a nitrogen purge (20 ml/min) (Franco et al.,
2018).
4.2.3.6 Hygroscopicity

For hygroscopicity, approximately 1 g of aerogel sample was taken in a PP (polypropylene)
culture dish and placed inside a desiccator (relative humidity 85 %) at room temperature. Then,
the weight of the sample was taken at an interval of 24 h till constant weight is achieved (Chen
& Zhang, 2019). Hygroscopicity of the aerogel samples were measured by using the following
equation (Eq. 4.4):

M
.. g _ g 0
Hygroscop1c1ty( /100g) =M, x 100 (4.4)

Where, Mo= initial weight of the sample and M= gained weight of the sample after every
24 h.

4.2.3.7 Water absorption capacity

To study water absorption capacity at 30 min (WAC30 min) and water absorption capacity
(WAC), known weight (Mo) of samples were kept inside a beaker having 20 ml of distilled
water for 30 min and 24 h respectively. Then the samples were taken out from the beaker with
the help of a forceps. Immediately after wiping off the surface water, the weight of the samples
was taken. Then WAR and WAC was calculated by the following equations (J. P. de Oliveira
etal., 2019; Lin et al., 2012) respectively (Eq. 4.5 and Eq. 4.6):

Mw - MO
WAC30 min(%) = M— X 100 (45)
0

M;— M
WAC(%)=%X
0

100 (4.6)

Where, WAC3() min= Water absorption capacity at 30 min, My,= weight of wet sample after
30 min WAC= water absorption capacity, M= final weight of the sample, M= initial weight

of the sample
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4.2.3.8 Reusability

For repetitive water absorption ability of aerogel samples, the initial weight (Mo) of the
samples was taken and then, the samples were soaked in water for 30 min. The weight (Mw) of
the soaked samples was taken immediately after wiping off the surface water by a filter paper.
Then the samples were placed inside a hot air oven at 45 °C for overnight drying till constant
weight is achieved. The same process was repeated for eight times. The WAC30 min Value was
calculated by following Eq. 4.5 during overall water absorbing and discharging process (Lin

etal., 2012).

4.2.4 Statistical analysis

IBM SPSS (SPSS 17.0, SPSS Inc., Chicago, IL) software was used to perform statistical
analysis. One-way ANOVA (analysis of variance) was performed to analyse the data. The one-
way ANOVA was used to compare the means between the samples and determine whether the
means of sample is significantly different from each other. It serve the purpose of identification
whether the addition of glycerol has significant impact or not in the final properties (physico-
functional, thermal, mechanical properties etc.) of the samples. Moreover, to know the
variation among the samples for a particular quality characteristics of aerogel one way ANOVA
was performed. To determine the statistical significance, the level of significance was set to p<
0.05. DMRT (DUNCAN’S multiple range test; p< 0.05) test was performed to determine the
significant difference among individual results. In addition to this Duncan Multiple Range Test
(DMRT) was performed to know about the nature of variation whether it exhibits significant
or non-significant difference between the mean values of samples with respect to all properties.
Origin Pro 2018 (OriginLab, USA) software was used for graphing and principal component
analysis (PCA). All the experiments were performed in triplicates and the results were

represented as mean + standard deviation.

4.3 Results and discussion
4.3.1 Shrinkage and physical properties

Total shrinkage percentage (St) of aerogel are presented in Fig. 4.2. All hydrogel samples
got after 48 h of aging showed no detectable shrinkage. However, noticable volume shrinkage
was observed after conversion of hydrogel into aerogel. Significant difference (p< 0.05) was
observed between St values of Freeze and microwave dried aerogel. Moreover, significant
difference (p< 0.05) was also noticed between St values of glycerol added and control aerogel

samples. The higher volume shrinkage was exhibited by the microwave dried samples in
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comparison to the freeze-dried samples and it may be due to reduction in surface tension with
the increase in ethanol concentration during solvent transfer process. Because of reduced
surface tension capillary forces decreases which results in reversing direction of flow towards
bulk solution from gel matrix that leads to decrease in gel volume (Mehling et al., 2009). The
lesser St value was observed in case of control sample dried through freeze drying and
microwave drying as compared to glycerol added samples. It is noteworthy mentioning that
drying process leads to comparably lesser shrinkage than the solvent transfer process. The
glycerol added sample exhibited significantly higher St values as compared to control samples
of freeze and microwave dried aerogel (Fig. 4.2). The St values are progressively raised with
the rise in glycerol concentration from 5 % to 10 %. In glycerol added samples changes in St
values were observed due to shrinkage during freeze and microwave drying operation. A
similar finding was also observed during supercritical drying of glycerol added aerogel which
is reported in section 3.3.2 of Chapter 3. As the concentration of glycerol increases, the
shrinkage values observed to be enhanced in the aerogel containing glycerol which may be due
to reduction in surface tension within the aerogel matrix (Garcia-Gonzalez et al., 2012).
Moreover, the affinity of glycerol toward O-H group leads to develop interconnected network
which may results in higher shrinkage in glycerol added samples.

Density and porosity values (Fig. 4.3) of acrogel developed through freeze drying and
microwave drying showed significant difference. Moreover, significant difference in density
and porosity value was also observed between control and glycerol added samples. The density
of freeze-dried aerogel raised with the rise in glycerol concentration from 5 % to 10 %.
Significant difference was also observed between control and glycerol added samples dried
through microwave drying. However, the density of microwave dried aerogel effected
insignificantly by the glycerol level except for 5 % glycerol contained aerogel. Freeze dried
samples showed higher porosity values as compared to the microwave dried samples. This may
be due to development of tiny ice crystals within the hydrogel matrix which replace the water
along with an increase in volume which contributes to the increased porosity of freeze-dried
aerogel. Microwave irradiation causes volumetric heating through dipolar rotation of polar
solvent. The generation of heat inside the structure may leads to shrink it more which results
in developing compact structure of having high density. Moreover, shrinkage percentage plays
an important role in regulating the density and porosity of aerogel, as higher shrinkage leads to
form more compact structure with higher density and lesser porosity (Druel et al., 2017). The
difference in density and porosity was significant between control and glycerol containing

samples in case of both aerogel developed through different drying methods. However, the
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change in porosity of freeze-dried aerogel was significant with the rise in glycerol
concentration (5-10 %) whereas microwave dried samples showed insignificant changes. The
density increment is closely amalgamated to porosity decrement. The addition of glycerol helps
in the formation of thick and more connected network (efficient action of glycerol leads to
hydrogen bond formation between polymer chains) within the aerogel matrix, may be attributed
as the reason of increased density and reduced porosity of the aerogel (A. C. S. de Oliveira et
al., 2021; Fontes-Candia et al., 2019; Ubeyitogullari et al., 2018). As shown in Table 2.2 of

Chapter 2, comparable physical properties of the developed corn starch-based aerogel are

observed.
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4.3.2 Morphology

Aerogel developed through different drying methods showed different morphological
properties (Fig. 4.4 and Fig. 4.5). Specifically, the pores developed in freeze dried aerogel is
comparatively bigger in size than the pores developed in microwave dried aerogel (Fig. 4.4
and Fig. 4.5). The diameter of pores in microwave dried aerogel was found up to be
approximately of 268 nm. Whereas, in case of freeze-dried aerogel the diameter of pores was
up to 30 pm. Control samples exhibited low density, high porosity, and thinner fibrils
constituted network. The control aerogel developed through microwave drying showed more
interconnected porous network with very small size pores (Fig. 4.4a and Fig. 4.5b) than the
freeze dried control acrogel. However, addition of glycerol produced interconnected structure
with thick fibrils connections (Ubeyitogullari et al., 2018). Freeze dried sample having 10 %
glycerol (Fig. 4.4) showed thick interconnections with connected channel like pores. Moreover,
number of small individual pores was found to be very less within the matrix of this aecrogel.
However, microwave dried aerogel having 10 % glycerol (Fig. 4.5) showed dense network
with small size pores which is supported by physical properties (density and porosity; Fig. 4.3)
of the aerogel. Moreover, the pore size distribution obtained from the FESEM images (Fig.
4.6) suggests that 5 % glycerol added aerogel exhibited more uniform and smaller pores than
the control aerogel. This may be due to development of more organized structure as a

consequence of glycerol addition.

et b il : P 1 AS
500um \ 20kV X5,500 2pm 0000 1036 SEL" 208V _J_(1_0.000 Hm 0000 11 36/SEI

A
—

9 : - e
. Y ) /
x40 N[ 500pm G20fV 4200 1 0 20kv X500  50pm 0000 0940 SEI gl

X50 500pm 0000 09 36 SEI ; X5,500 2pm 0000 09 36 SEI 20kV  X10,000 4um 0000 09 36 SEI

120



Fig. 4.4 SEM images of control (a, b, & ¢), 5 % glycerol added (d, e, & f) and 10 % glycerol
added (g, h, & 1) freeze dried aerogel
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Fig. 4.5 SEM images of control (a, & b), 5 % glycerol added (¢ & d) and 10 % glycerol added

(e, & f) microwave dried aerogel
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Fig. 4.6 FESEM images of 5 % glycerol added (a, & b) and control (¢ & d) microwave dried

aerogel

4.3.3 Mechanical properties

Compressive strength at different strain values and recompressibility study were performed
to know the mechanical behaviour of the aerogel. Freeze dried and microwave dried aerogel
showed different mechanical characteristics. The freeze-dried aerogel samples exhibited lesser
compressive strength values at different strain as compare to the microwave dried aerogel
samples. The control sample showed significantly high compressive strength in all strains as
compared to glycerol added samples (Fig. 4.7). With the increase in glycerol concentration the
compressive strength is decreased, that may be attributed as the reduction in firmness between
the interconnections inside the aerogel matrix after addition of glycerol (Takeshita & Yoda,
2017). However, no significant difference in compressive strength was observed among
glycerol added samples at any strain value. Significant difference (p< 0.05) was observed in
compressive strength at different strain for all the type of samples with an exception to the

samples having lower glycerol concentrations (5 to 7.5 %). The evolvement in compactness of
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structure during compression may results gradual increase in compressive strength with the
rise in strain values. On the other hand, microwave dried aerogel exhibited opposite trend with
lesser compressive strength value for the control sample (Fig. 4.8). Insignificant difference was
observed in control sample as well as in 5 % glycerol added sample, when they subjected to
lower strain (10 and 20 %). Moreover, with the increase in glycerol concentration, rise in
compressive strength was observed. Addition of glycerol gave compact, denser structure, and
so increased the stiffness of the aerogel network (Xiao et al., 2018; J. Zhu et al., 2019). The
compressive strength can be correlated with the density and porosity values of the microwave
dried aerogel. Bulk density and pore size plays an important role in regulating the mechanical
toughness of aerogel (Takeshita & Yoda, 2017). Development of thick interconnections inside
the aerogel matrix increases the density of both the aerogel. The bigger size and channel like
pores (Fig. 4.4) with less firm thick connected walls in glycerol added freeze dried aerogel
reduced it mechanical toughness whereas, the small pores with thick, firm, compact network
of microwave dried glycerol added aerogel (Fig. 4.5 and Fig. 4.6) provides it mechanical
toughness.

Recompressibility test of acrogel was performed to examine the competency of aerogel to
keep up it’s structural integrity and texture during periodic compression and release
experiment. It is observed that even after 10 cycles of loading-unloading, all the aerogel
samples have retained their structure (Fig. 4.9 and Fig. 4.10). During the initial stages of
periodic loading-unloading, the compressive force decreased and thereafter no further
noticable decrease in compressive strength was observed in all the acrogel (Fig. 4.9 and Fig.
4.10). Decrease in compressive force may be due to breakdown of interconnections as a result
of compression. Moreover, after a maximum possible breakdown in the interconnections, the
structure become compact which may be attributed to the constant value of compressive
strength during last few cycles of loading-unloading. The decrease in compressive strength in
both freeze dried and microwave dried was comparatively high in control and aerogel with 5
% glycerol than the aerogel with 7.5 and 10 % glycerol (Fig. 4.9 and Fig. 4.10). Breakdown in
porous and organized network during compression may results in higher changes in
compressive strength. However, the minor changes may suggest the capability of the aerogel
to maintain its structural integrity. Decrease in compressive strength was found to be less in
microwave dried aerogel, compact and dense structure of aerogel may resist the structural

breakdown during compression.
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4.3.4 Crystallinity

Swelling of starch during gelatinization disrupts the crystallinity of starch, which further
developed through reassociation of starch macromolecules during retrogradation (Aghazadeh
et al., 2018). These two phases are exclusively related to production of aerogel. Therefore, the
XRD diffractogram peaks are used to determine the value of starch crystallinity remained after
aerogel formation (Fonseca et al., 2021; F. Zhu, 2019). The difference in hydrogen bond
formation was also assessed through XRD technique. The figure indicates that it is a
characteristic B-type XRD pattern (Kumar et al., 2020). Four major (approximately at 20 =
17,19, 21, and 23°) and one minor (20 = 34°) diffraction peak was observed in all the aerogel
(Fig. 4.11 and Fig. 4.12) that indicates B-type polymorph and amylose-lipid complex
formation which represents a crystalline structure (F. Zhu, 2019). Presence of an additional
peak at about 26 = 13° in glycerol added microwave dried aerogel (Fig. 4.12), suggests
formation of amylose-lipid complex (Ubeyitogullari et al., 2018). The crystallinity index (CI)
of freeze dried and microwave dried aerogel ranges from 21.68 to 41.24 % and 20.02 to 43.05
% respectively (Fig. 4.11 and Fig. 4.12). The control samples of freeze and microwave dried
aerogel showed lowest CI value i.e. 21.68 and 20.02 % respectively. Microwave treatment for
a longer duration resulted in slight diffraction or disappearance and reduced intensity of peaks.
This may be due reorganization of double helices towards amorphic form. Another reason of
decreased crystallinity in microwave dried control aecrogel may be the active hydroxyls formed
due to breakdown of water molecules because of microwave treatment for long duration
(Kumar et al., 2020). It is observed that the glycerol added sample had higher value of CI than
the control samples irrespective of the drying methods. Addition of glycerol leads to crystallite
development due to increase in starch chain mobility because of increase in open volume inside
the polymer assembly of corn starch (Aghazadeh et al., 2018). Polymer crystals alignment may
be increased by addition of glycerol which leads to form more orderly and crystalline region
with intense peaks. With the increase in glycerol concentration CI value is also increased. This
may be attributed to build up of interconnected network as a result of polymer network
reorganization as a consequence of strong interconnection between polymers and glycerol
within the aerogel matrix (Abhari et al., 2017; Liu et al., 2013). A similar increase in CI value

was reported by Abhari et al. (2017) for citric acid cross-linked gel samples.
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4.3.5 Thermal properties

The solid-state behaviour of the aerogel was studied by performing DSC analysis. The
thermal behaviour was explained by representing the data (Table 4.1) of first endothermic peak
obtained in DSC analysis. This characteristic endothermic peak (called as gelatinization
temperature) may be attributed to the dehydration and gelatinization of aerogel (De Marco et
al., 2015; Franco et al., 2018). The onset temperature (T,) and peak temperature (Tp) was found
higher in glycerol added freeze dried acrogel whereas, the end temperature (Te) was found to
be lower than the control aerogel. The lowest concentration of glycerol (5 %) showed highest

values of T, (49.4 °C) and T, (77.9 °C). In microwave dried aerogel, the T, value exhibited by
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lowest glycerol containing aerogel was higher and T, value was found to be higher in 10 %
glycerol containing aerogel. T. value was found to be approximately same in 7.5 % and 10 %
glycerol added aerogel. The increase in T, may reflects the melting of weakest crystallites
whereas the increase in Te reflects the formation of crystallites having higher melting point (Z.
Luo et al., 2006). The rise in Tp may be due to association of amorphous amylose in granular
structure with enhanced stability (Stevenson et al., 2005). The increase in glycerol
concentration leads to decrease in gelatinization enthalpy (AH) of both freeze (432.0 < 286.9
<223.3 J/g) and microwave dried (282.3 <225.8 <195.6 J/g) aerogel. However, the freeze and
microwave dried control acrogel exhibits AH of 377.4 and 230.5 J/g respectively. The increase
in AH at low glycerol concentration (5 %) may be due to antiplasticization effect of glycerol.
The possible reason behind this behaviour could be the development of strong network between
starch and glycerol through hydrogen bonding which strengthened the polymeric network and
develops aerogel with higher thermal stability (Chen & Zhang, 2019; Liu et al., 2013). The
decrease in AH with the increase in glycerol concentration could be due to plasticization effect
of glycerol in the polymeric network of starch (Liu et al., 2013). It is also observed that AH of
microwave dried aerogel is significantly lesser than freeze dried aerogel. The decrease in AH
may be attributed to disruption of double helices present in crystalline and non-crystalline
region due to microwave irradiation. In B-type starch packing of double helices is less compact
hence, it is having high mobility and susceptibility towards disruption (Luo et al., 2006).

Table 4.1 Thermal properties of freeze and microwave dried aerogel

Drying Glycerol Onset Peak End
Method concentration temperature temperature  Temperature

(%) () () ()

Freeze 0 37.4 72.5 114.1

5 49.4 77.9 105.2

7.5 42.6 75.0 108.0

10 43.2 77.5 111.9

Microwave 0 38.6 70.5 106.4

5 45.0 79.7 140.3

7.5 37.1 79.2 163.4

10 38.7 83.0 163.3

4.3.6 Hygroscopicity

Hygroscopicity of aerogel samples were studied for 10 consecutive days (Fig. 4.13) to know
the moisture taking capability of aerogel from the surrounding environment. The composition
and porosity of aerogel regulates the moisture gain from the humid environment (Arboleda et

al., 2013). Aerogel samples dried through freeze drying and microwave drying showed
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different behaviour during hygroscopicity study (Fig. 4.13a and Fig. 4.13b). The value of
hygroscopicity of freeze-dried aerogel was higher than the microwave dried aerogel. Freeze
drying leads to develop highly porous structure than the microwave dried aerogel samples
which increases the chances of moisture migration through the pores. Addition of glycerol also
plays an important role on regulating the hygroscopic behaviour of aerogel. The glycerol added
sample showed higher hygroscopicity than the control sample in both freeze and microwave
dried aerogel (Fig. 4.13a and Fig. 4.13b). This may be ascribed to congenital proclivity of
glycerol and starch towards water. It may also be attributed to the increase in free volume as
well as the increase in inter-chain spacing within the polymer matrix due to inclusion of
glycerol which regulates the moisture diffusion inside aerogel matrix (Arboleda et al., 2013;
Chen & Zhang, 2019; OIlIé Resa et al., 2014). The hygroscopicity of freeze-dried aerogel
increases with the increasing concentration of glycerol however in case of microwave dried
aerogel, the sample containing 5 % glycerol showed highest hygroscopicity value which may
be due to combined outcome of aerogel’s porosity and glycerol. The accretive hygroscopic
behaviour observed in freeze dried aerogel is supported by their porous structure and glycerol

concentration.
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Fig. 4.13 Hygroscopic behaviour of freeze dried (a) and microwave dried aerogel (b)

4.3.7 Water absorption capacity (WAC)

Freeze and microwave dried aerogel showed different results in WAC30 min as well as in
WAC241 (Fig. 4.14). Significant difference in WAC30 min Wwas observed between all the (control
and glycerol added) samples of freeze-dried aerogel whereas microwave dried aerogel
exhibited insignificant difference between all the glycerol added samples however, significant
difference was observed between control and glycerol added aerogel (Fig. 4.14). Similar results

as in case of microwave dried aerogel were observed in our previous study of super-critically
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dried corn starch aerogel reported in section 3.3.8 of Chapter 3. Control samples of freeze
dried and microwave dried aerogel showed highest WAC30 min in comparison to the glycerol
added samples. The porous matrix of control samples allows quick water intake by the
capillaceous structure due to less compactness whereas, the compact and dense structure of
glycerol added aerogel restricts rapid water uptake through the capillary network. Porosity and
density of the samples supports the same. Moreover, noticable difference in WAC30 min value
of freeze-dried samples (Fig. 4.14a) was observed as compared to respective microwave dried
samples (Fig. 4.14b). This may be attributed to less compact and highly porous structure of
freeze-dried aerogel.

Water absorption process in aerogel depends upon on the amount of vacant spaces present
inside the internal matrix however, the capacity of water entrapment and absorption is also
regulated by the density of the aerogel matrix (Fonseca et al., 2021). Freeze dried aerogel
showed higher WACo4 1 than the microwave dried aerogel and it may be due to the porous
texture of the internal matrix. Significant difference in WACa41 values were observed in all the
samples of freeze and microwave dried aerogel (Fig. 4.14a and Fig. 4.14b). A decreasing trend
in WACu4 n values was observed with the increase in glycerol concentration as it leads to
develop more dense structure with lesser quantity of pores. This may be supported by the claim
made by Fonseca et al. (2021). The density, porosity, and SEM images of the developed aerogel
supports the same. Moreover, it was observed that the microwave dried aerogel containing 10
% glycerol showed higher WACz4 1 (161.48 %) than the aerogel containing 7.5 % glycerol
(144.03 %). This may be due to glycerol’s affinity towards water and increased water holding
ability due to presence of higher number of hydroxyl groups because of addition of glycerol in
higher amount (Nordin et al., 2020). The WAC24 1 values of the developed aerogel is also
compared with some other studies (Table 2.2 of Chapter 2).
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Fig. 4.14 Water absorption capacity at 30 min (WAC30 min) and 24 h (WACa41) of freeze dried

(a) and microwave dried aerogel (b)
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4.3.8 Reusability

Reusability is a measure of structural stability of aerogel when it is subjected to periodic
water absorption-desorption process. The 7.5 and 10 % glycerol added freeze dried acrogel
resisted only 4 consecutive water absorption-desorption process (Fig. 4.15). The addition of
glycerol at higher concentration leads to development of channel like porous structure
(supported by the SEM images) within the acrogel matrix which may be attributed as the reason
of structural collapse after four times of iterative water absorbing-discharging process.
However, the other two (control and 5 % glycerol added) freeze dried acrogel resisted eight
times of consecutive water absorption-desorption process. This may be due to presence of
homogenous distribution of tiny pores which results in higher interconnections within the
structural matrix. Moreover, all the microwave dried aerogel showed stability even after 8 times
of repetitive water absorbing-discharging process (Fig. 4.16). This may be due to the compact
and dense structure of the microwave dried aerogel. All the sample have showed decreased
water absorption values after the first water absorbing-discharging process. However, all the
freeze-dried samples showed slightly increased water absorption values after second water
absorbing-discharging process, which may be attributed to the structural collapse of the internal
matrix. The continuous decrease in water absorption values of all microwave dried aerogel may

be due to shrinkage takes place after each discharging process.
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Fig. 4.15 Reusability of control (0) and 5, 7.5, & 10 % glycerol added freeze dried (FD) acrogel
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4.3.9 Principal component analysis (PCA)

Principle component analysis (PCA) was performed to visualize the impact of drying
method and glycerol concentration on quality attributes of different aerogel. More specifically,
in present study PCA was used to show the correlation between the properties represented by
the term loading plot whether they exhibited a positive correlation or a negative correlation
with the other or with a cluster of properties existing near a score. The scores present on the
figures depicted the samples having different concentration of glycerol. Moreover, this study
present the properties (loading plot) nearly associated with a sample (score). How the effect of
glycerol and drying method regulated the properties (physico-functional, thermal, and
mechanical properties) of aecrogel and the respective trends corresponds to the each sample was
in line with the position of scores and loading plot in the PCA biplot. The PCA was performed
without any pre-processing of data using 8 number of samples (FD: freeze dried, MD:
microwave dried, control aerogel represented by ‘0°, 5%, 7.5%, and 10% glycerol-based
aerogel represented by ‘5°, ‘7.5, and 10’ respectively.) and 15 numbers of variables (ST- total
% shrinkage, p- density, &- porosity, WAC- water absorption capacity, WAR- water absorption
rate, CI- crystallinity index (%), CS10, CS20, CS30, and CS50 are compressive strength
against 10, 20, 30, and 50% strain respectively, Ti, Tf, To, Tp, and Te are initial, final, onset,
peak, and end temperature respectively) which is represented in the biplot as scores and loading

plot respectively. The algorithm used in PCA of the present study was Eigen-decomposition of
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the covariance/correlation matrix. The biplot (Fig. 4.17) obtained from PCA was used to
represents the variations (81.59 %) to correlate scores (drying methods and glycerol
concentration) with loadings (properties). The scores discriminate the samples treated
differently by the position and distance from the centre based on the physico-functional,
mechanical, and thermal properties given in the loading plot. All the properties distributed in
the space of biplot is demonstrated by loading plot. Loading plots situated in inverse direction
to each other corresponds positive and negative interrelation. However, orthogonal loading
plots impart no correlation. Maximum number of characteristics are accompanied with glycerol
containing microwave dried aerogel represented by two clusters (corresponds to MD5, MD7.5,
and MD10). Moreover, cluster corresponds with control samples exhibited a negative
interrelation on the characteristics like, porosity (g), WACa4n, and WA C30 min. Microwave dried
glycerol added samples located away from the freeze-dried samples due to their higher content
of density, total shrinkage, thermal and mechanical properties as well as lower content of

porosity and water absorption properties as compared to freeze dried samples.
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Fig. 4.17 Principal component analysis (PCA) bi-plot of the characteristics of freeze dried (FD)

and microwave dried (MD) aerogel

4.3.10 Comparative study of standardized SCCO:, freeze, and microwave dried aerogel
Based on the physico-functional, morphological, and mechanical properties, 5 % glycerol

based aerogel was standardized for SCCO> and microwave dried aerogel whereas, control
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aerogel was selected as standard aerogel for freeze dried aerogel. Further, the aforesaid
properties were compared for all the standardized aerogel and 5 % glycerol based microwave
dried aerogel was selected as optimum aerogel for accomplishing the next objectives (Table
4.2). The selected aerogel exhibited comparable physico-functional and mechanical properties
to SCCO; dried aerogel. Moreover, the microwave dried aerogel exhibited good morphology
in terms of uniform nano range pores inside the aerogel matrix and it is suitable for CDs based
nanomaterial applications. Nevertheless, the SCCO:> dried aerogel exhibited porous fibril
network of higher pore size as compare to microwave dried aerogel. Although the freeze dried
control aerogel exhibited better physico-functional properties compare to other aerogel
however, it lacked the mechanical strength and nano-porous structure (Table 4.2). Beside the
aforementioned properties, microwave drying possesses other advantages like, operational
simplicity, less time consuming, economic, sustainable, environment friendly, etc. which also

supported the selection of microwave dried aerogel for further analysis.

Table 4.2 Physico-functional and mechanical properties of standardized SCCO-, freeze and

microwave dried aerogel

Sample Density Porosity WAC24n WAC30 min Compressive strength (N) at
(kg /m3) (%) (%) (%) different strain (%)
10 20 30 50

SCD5S  381.08 74.59 211.85 89.63 24.60 77.13 183.72 211.30

MDS5  479.34 68.04 187.33 55.66 13.40 19.98 23591 303.44

FDO 95.37 93.64 847.81 423.64 27.54 77.15 91.60 136.75

# SCDS: supercritical CO; dried 5 % glycerol based aerogel; MDS5: microwave dried 5 %
glycerol based aerogel; FDO: freeze dried aerogel without glycerol

4.4 Conclusion

The result of our study suggests the successful development of thin aerogel monoliths
through microwave drying and freeze-drying approach. This study also includes impact of
glycerol addition on physical, functional, mechanical, morphological, and thermal
characteristics of microwave and freeze-dried aerogel respectively. Microwave and freeze
drying have influenced aerogel’s final properties differently. Freeze dried aerogel showed
higher porosity, WACz4n, WAC30 min, and low density than microwave dried aerogel. Whereas,

microwave dried aerogel exhibited better reusability, mechanical and thermal stability than
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freeze dried aerogel. Microwave drying possesses several advantages over freeze drying in
terms of economic feasibility, ease of operation, less power consumption and short treatment
time.

Amalgamation of glycerol improves internal network, CI, hygroscopicity, mechanical and
thermal stability of aerogel however, it reduces the porosity of aerogel by developing dense
structure. These properties are very crucial for an aerogel which helps to decide the area of its
potential application like moisture scavenging, sensing, smart packaging, etc. Microwave
drying is having several advantages like lesser time of operation, easiness in operation, simple,
affordable, sustainable, novel, environment friendly, etc. on instrumental point of view and
from product (aerogel) point of view, microwave drying resulted a light aerogel having good
porosity and morphology with high mechanical strength. The 5 % glycerol based microwave
dried aerogel was selected for further experiments. Microwave drying is an important
technology in aerogel development and due to the nano-range pores, microwave dried aerogel
can be used in pharma, functional food, bioactive compound carrier and delivery systems.
Further study in the development of functional microwave dried aerogel is required which can

reveal more new insights on it.
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