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ABSTRACT: Aerogels are solid materials with a porous structure filled
with air and are among the best thermal insulation materials. During
ambient pressure drying (APD), silica gels endure significant drying
shrinkage due to the capillary pressure generated by pore liquid
evaporation. Silylated gels can recover the drying shrinkage through a
phenomenon called the spring-back effect (SBE). However, the
underlying structural mechanisms and the evolution of the amount of
liquid and gaseous phases in the pores of a gel undergoing APD remain
unexplored. Here, we use in operando X-ray micro-computed
tomography (μCT) with quantitative imaging to monitor the
progression of the liquid, gaseous, and solid phases of silica gels during
APD, i.e., during the drying shrinkage and the subsequent SBE. Silica
gels modified by trimethylchlorosilane shrank to 17% of their original
volume and sprung back to 29% of their original volume. We found that
a mixture of gaseous and liquid phases is already present in gels before the maximum shrinkage, which challenges the common
assumption that gas penetrates the pores in parallel to the SBE. The emergence of the SBE was correlated to an equal volume
fraction of solid, liquid, and gas in the gels. The evaporation rate decreased near and after the maximum shrinkage, suggesting a shift
from convection-limited to diffusion-limited transport of hexane vapor. Our results show that fluid movements and volume change
can be monitored in operando by μCT imaging during ambient pressure drying and spring-back of an aerogel, showing the
combined effects of evaporation of fluid and diffusion of gas within and out of the aerogel.

■ INTRODUCTION
Aerogels are porous solid materials whose pores are filled with
air or vacuum. They have an open porous network that makes
up for more than 90% of their volume and show a very high
specific surface area.1,2 Several functional properties emerge
from the aerogel’s unique structure, such as extremely low
thermal conductivity, compressibility, and catalytic activity,
and they can be exploited as a reusable sorbent to clean-up
organic liquids.3−7 Silica aerogels are among the most cost-
effective to produce, and their syntheses and properties are
well documented.8 There is a growing interest toward the
industrial implementation of silica aerogel-based thermal
insulators due to their high insulation performances and
optical properties, notably allowing aesthetic incorporation in
buildings.9−11

Silica aerogels are commonly produced via a sol−gel
process. A suspension of nanoparticles is formed from a
silicon alkoxide or sodium silicate precursor (sol), and the
particles are cross-linked to create a continuous solid network
with liquid filled pores (gel, or alcogel if the liquid is an

alcohol). An aerogel is obtained by exchanging the pore liquid
of a gel for air without significant volume shrinkage and
alteration of the solid network. Supercritical drying is an
efficient drying method but remains technically challenging,
expensive, and time-consuming, making ambient pressure
drying (APD) potentially better suited for industrial
production.1,12 During APD, the small size of the pores creates
strong capillary forces upon evaporation of the pore liquid. The
tension in the liquid is balanced by a compression of the solid
network, resulting in a significant shrinkage of the gel volume.
In untreated gels, drying shrinkage brings the particles of the
solid network closer together, promoting condensation
reactions between surface silanol groups. These reactions
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lock the solid network and lead to irreversible shrinkage,
resulting in a dense dry gel called xerogel.2 This can be
prevented by modifying the surface chemistry of the particles
prior to APD using silylating agents that react with surface
silanol groups. The surface modification alleviates condensa-
tion reactions by introducing functional groups, making drying
shrinkage reversible. Several silylating agents are reported in
the literature, such as trimethylchlorosilane (TMCS).13−18

This reversible shrinkage in modified gels is known as the
spring-back effect (SBE).

The extent of the SBE dictates the final properties of
monolithic aerogels prepared by APD and is an indicator of the
quality of the dry gel. Different quantities are used in the
literature, some authors report the “volume shrinkage” defined
as 1 − Vd/V0, with Vd and V0 as the dry and initial volume of
the gel, respectively.14,19−21 Hwang et al. refer to the “spring-
back efficiency” as Vd/V0, where V0 is the volume of the alcogel
before modification.16,17 Sivaraman et al. define the “APD
shrinkage” as an approximation of the volume shrinkage by
ρAPD/ρSCD, where ρ is the bulk density of gels dried by APD or
SCD, respectively.22 In this paper, the authors adopt a similar
definition of the spring-back efficiency introduced by Hwang et
al. based on the volume of the alcogel before drying. The
spring-back efficiency varies considerably depending on the
material and drying process, and it can range from 30 to almost
100 vol % for silylated silica gels (see precedent references).
This relates to a significant deformation of the solid network,
considering that during APD, a gel may reach a maximum
shrinkage of about 20 vol % of its original volume.16,23,24

Silylated silica gels can thus endure and recover the drying
shrinkage during APD without macroscopic failure, showing a
remarkable deformability for a ceramic-based material, which is
not observed in other forms of silica like glass or quartz.

Despite being a well-known phenomenon in the production
of aerogels by APD, little is known about the physical
mechanisms and related material structure evolution at the
nanoscale behind the spring-back effect. Only few studies have
tackled the conditions of its emergence and result in structural
and compositional changes, while the impact of the synthesis,
aging, surface modification, and drying on the spring-back
efficiency has been exhaustively studied.8,15,17,20,25−28 The
reversible shrinkage inherent to the SBE in silylated silica
aerogels unveils fundamental research questions on the
deformability of porous ceramic materials, and a better
understanding of the SBE may give insights for improving
the production of aerogels by APD. However, it is difficult to
quantitatively track structural and compositional variations
during drying as it generally requires a controlled environment
under ambient conditions and the use of non-destructive
methods. To this regard, small-angle X-ray scattering (SAXS)
and X-ray micro-computed tomography (μCT) methods are
well suited and provide enough space for experiments on gels
contained in a drying chamber. Zemke et al. notably used
synchrotron-based SAXS and monitored the drying of silica
aerogels enclosed in a custom chamber under ambient pressure
conditions.24 While SAXS provides structural information from
2 to 500 nm,29 μCT can generate 3D volumes of samples of
various sizes with a maximum resolution of about 1 μm while
also providing the reconstructed attenuation coefficient (RAC)
values of a sample.30,31 This distinct advantage over SAXS
potentially permits to extract quantitative compositional
information of hybrid materials such as aerogels but does
not allow us to resolve aerogels structural heterogeneities,

which extend to about 100 nm.32 μCT was not explored as a
method to characterize monolithic aerogels besides a few
studies.18,33,34

In this paper, we report the geometric changes of TMCS-
modified and unmodified silica gels during APD by an in
operando μCT method and we propose a procedure based on
μCT quantitative imaging to calculate the evolution of the total
volume of silica skeleton, pore liquid, and gas in the drying
gels. The drying shrinkage and SBE are correlated to the
porosity and composition of the pores during drying. The
skeletal density calculated by μCT quantitative imaging is
compared to typical values determined by helium pycnometry,
and the reliability of the method is discussed. The data on the
xerogels resulting from the drying of unmodified gels are
challenged by simulating condensation reactions related to
drying shrinkage. We show that gas and liquid are
simultaneously present in the gel before the SBE.

■ EXPERIMENTAL SECTION
Synthesis. Silica alcogels were produced by a two-step sol−gel

synthesis adapted from refs 14 and 18. A silica sol (53 mL) was
prepared by mixing 14.58 g (0.07 mol) of tetraethyl orthosilicate
(98%, Sigma-Aldrich) with 6.130 mL of ethanol (99.96%, VWR
Chemicals), 6.130 mL of a solution of hydrochloric acid (37%, Carl
Roth) in ethanol (2.449 × 10−4 vol %), and 1.260 mL of water. The
sol was covered and stirred for 90 min. Ethanol (16.13 g) was added,
and 3.285 mL of a solution of ammonium hydroxide (25%, Merck) in
water (6.678 × 10−3 vol %) was introduced dropwise to promote the
gelation. The sol was covered and stirred slowly for 30 min and was
then casted into two-part molds made of polyether ether ketone
(PEEK) using a micropipette. The molds have eight cylindrical slots
with a depth and diameter of 16 and 8 mm, respectively (Figure S1a),
and each slot was filled with 785 μL of solution, resulting in
cylindrical samples each containing 1.04 × 10−3 mol of SiO2. After
casting, the sol was defoamed at room temperature by applying a light
vacuum for 2 min in a desiccator to remove the air dissolved in the
sol. Each mold was inserted in a closed polytetrafluoroethylene
(PTFE) container and left to gel at 50 °C for 24 h. Upon unmolding,
the silica gels were splashed with ethanol to prevent drying and were
stored in 1.2 L of ethanol per mole of SiO2 at room temperature for
24 h. Ethanol was exchanged for n-hexane (99%, Carl Roth) stepwise
by replacing the initial volume of ethanol for an equivalent volume of
mixtures of 25/75, 50/50, and 75/25 vol % of n-hexane in ethanol
every 24 h. The gels were rinsed four times with the same volume of
n-hexane every 24 h. Some gels were then modified with trimethylsilyl
chloride (TMCS; 99%, Sigma-Aldrich). The surface modification was
conducted in four steps successively replacing n-hexane by the same
volume of a TMCS in n-hexane solutions of 3, 3, 6, and 6 vol % every
24 h. The total TMCS/SiO2 molar ratio was 1.7. The modified gels
were finally rinsed with the same volume of n-hexane every 24 h four
times and were stored in n-hexane. The samples were stored for
different durations before drying, up to 6 months.
In Operando APD by μCT. Five modified and two unmodified

silica gels were dried at ambient pressure using an in operando μCT
method for a total of seven samples. The modified gels are labeled
M1−M5 and the unmodified gels U1−U2. Prior to μCT experiments,
a sample was transferred from its n-hexane storage solution into a
tailored PEEK chamber closed with a lid (Figure S1b). The chamber
was inserted in an EasyTom 160/150 CT system (RX Solutions,
Chavanod, France) equipped with a micro-focus tube (tungsten
filament) and a flat panel detector (cesium iodide scintillator). The
PEEK chamber has a 0.4 mm wall thickness to limit X-ray absorption.
The distance between the chamber and the tube was minimized to
reach a voxel size of 11 μm while keeping the sample in the field of
view during drying. During the APD of a single sample, a series of 141
μCT scans were acquired at a voltage and current of 135 kV and 200
μA, respectively. One scan consisted of 64 projections captured in the
step and shot mode without reference images in only 1 min. Each scan
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was preceded by a black and gain calibration of 1 and 3 min,
respectively. The time step between each tomography was about 6
min, and the total duration of the experiment was ca. 14 h. The first
scan was done with the chamber closed, and then, the lid of the
chamber was exchanged for a second lid with a 6 mm diameter
opening to begin the drying. The moment of the lid exchange was
defined as t = t0. The timestamp of each scan was defined as the
difference between the average time of the 64 projections and t0. The
reconstruction was performed with a cone beam algorithm in the
software XAct (RX Solutions). Back-projection parameters of the first
scan were adjusted manually and were used as a template for the 140
remaining scans from the same specimen. Each reconstruction
generated a vertical stack of about 1,000 slices in the 8-bit tiff format
along the vertical axis of the cylinder. The slices were segmented in
the software Dragonfly35 using an in-house written python script. The
segmentation procedure is described in SI1 and generated the
following outputs: the volume of the gel: Ṽk, the cross-sectional area
of the gel along the z axis of the cylinder: Ai, k, and the gray value
averaged over that area: g̃i, k, with i k, . i is the vertical voxel
coordinate (or the slice number), and k is the scan number. At each
scan number corresponds a timestamp tk. The volume of the gel was
corrected, as described in SI2 resulting in Vk. We then defined the
spring-back efficiency as the ratio between final volume Vd = Vk = 140
and initial volume V0 = Vk = 0 of the gel. The maximum shrinkage was
defined as Vmin/V0, with Vmin as the minimum volume of the gel. To
evaluate the accuracy of the automated segmentation procedure, a
manual segmentation was performed on 11 randomly selected
tomographies among the seven gels at different drying times. The
results are presented in SI2. After a few more days of drying, the gels
were weighed on a PCE-AB 100 (PCE Deutschland GmbH,
Meschede, Germany), and the apparent density was calculated as ρa
= md/Vd with md as the mass of the dry gel. Fourier transform infrared
(FTIR) spectra were recorded on an IRAffinity-1S spectrometer
(Shimadzu Corp., Kyoto, Japan) to confirm the surface modification
of the aerogels. One modified and one unmodified gel were ground
into a fine powder and were analyzed in the attenuated total reflection
mode (ATR). In addition to the scans on the silica gels, two
additional measurements were carried out on pure n-hexane and
deionized water with the same parameters as for the silica gels. A total
of 141 μCT scans were recorded on n-hexane and 16 scans on
deionized water.

The drying of TMCS-modified and unmodified gels resulted in
monolithic aerogels and monolithic xerogels, respectively (Figure 1).

Some gels had sub-millimeter gas bubbles trapped in them, which
presumably came from a mismatch between the two parts of some
molds during the gelling of the gels at 50 °C, allowing some air to
enter the sol without consequences on the overall μCT analysis. The
aerogels show a bluish taint under a black background characteristic of
Rayleigh scattering as some air-filled pores were large enough to
scatter blue light (ca. 400 nm), whereas the xerogels gels appear more
transparent.

Quantitative Imaging. The gray value profiles g̃i, k were corrected
for the anode heel effect36 with the procedure described in SI3,
resulting in the corrected gray value profiles gi, k. A unique gray value
of the gel at a given drying stage was calculated by averaging gi, k along
the slice number i with eq 1

= ·
=

G
V

g A1
k

k i

N

i k i k
0

, ,
(1)

where Gk is called the “global gray value” and N is the total number of
slices. The conversion between the gray value of a voxel and the
reconstructed attenuation coefficient (RAC) of the scanned material
at that voxel was given by

= ·g
a

b a
255

(2)

where g is a gray value in 8-bit, μ is the RAC, and a and b are,
respectively, the minimum and maximum attenuation values within
the volume and are called contrast parameters. In all measured
samples, a and b were set at −0.90185 and 1.14111, respectively.
These values were chosen so that the gray values corresponding to the
voxels belonging to the sample were binned between 0 and 255 in the
reconstructed images at any point of drying. The global RAC of the
gel during drying μ̅k was calculated with eq 2 from the global gray
values Gk. μ̅k can be expressed as the sum of the RAC of each
individual phase composing the gel, weighted by their respective
volume fractions

=
+V V

Vk
k

k

hex hex, skel skel

(3)

where μhex and μskel are the RACs of n-hexane and of the silica
skeleton and Vhex, k and Vskel are the corresponding volumes,
respectively. In eq 3, the contribution of gas phases to the global
RAC, notably hexane vapor, was neglected. The contribution of
hexane vapor to X-ray absorption was considered negligible compared
to the one of liquid hexane. The RACs of the silica skeleton μskel and
of hexane μhex as well as the skeleton volume Vskel were assumed to
remain constant during drying. The global gray value of hexane Ghex
was computed from the μCT scans done on a reference n-hexane
sample. μhex was then calculated using eq 2 with Ghex averaged over
the 134 last scans. At any time, the gel volume Vk reads

= + +V V V Vk k khex, skel air, (4)

with Vair, k as the volume of air or gas in the gel. At the end of drying
for k ≥ kd, the hexane content was assumed to be zero and eq 3
becomes

=
V

Vk k
k k

skel skel
d

d (5)

In practice, the product μskelVskel was computed by taking the
average of the product between the global RAC and the volume of the
gel

=V
M

V1

k k
k kskel skel

d (6)

where M is the number of scans between the scan kd and the final
scan. The hexane volume was calculated by substituting eq 6 in eq 3.
At the beginning of the drying for k ≤ k2, the air content was assumed
to be zero and with the knowledge of Vhex, the skeleton volume can be
calculated with eq 7

=V
N

V V
1

k k k
k kskel hex,

1 2 (7)

where N is the number of scans between scans k1 and k2. k1
corresponds to the scan number from which the X-ray tube was
assumed stable. kd, k1, and k2 were chosen manually and may be
different for each sample (Table S1). The air volume was directly

Figure 1. 3D rendering of a gel’s volume generated by the automated
segmentation procedure at the beginning of drying (left) and at the
maximum shrinkage (middle). Visualization done in Dragonfly
software. Digital photographs of a xerogel and an aerogel after drying
(right).
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given in eq 4 since Vhex, k and Vskel are known. Equations 3, 4, 6, and 7
form a four-equation invertible system with four unknowns: Vhex,k,
Vair,k, Vskel, and μskel. The error propagation was calculated numerically
and is documented in SI4. The error bands of all graphs correspond to
the 95th percentile. The skeletal density of the gels was calculated
with ρskel = md/Vskel.

Numerical simulations were carried out by considering a modified
drying model allowing μskel and Vskel to vary over time and the
creation of water with the term VHd2O. The global gray value of water
GHd2O was computed from the μCT scans done on a reference
deionized water sample, and μHd2O was calculated using eq 2 with GHd2O

averaged over the nine last scans. The details on the modified model,
the assumptions, and the solving of the equations for the simulations
are reported in SI5.

■ RESULTS AND DISCUSSION
Synthesis. In the surface modification process, the reaction

between a silanol group and TMCS resulted in a trimethylsilyl
group via reaction 8

+ +Si OH (CH ) SiCl Si O Si(CH ) HCl3 3 3 3
(8)

A sufficient surface modification was necessary to prevent
condensation of the silanol groups and promote the spring-
back effect.37 The surface coverage of the trimethylsilyl and
silanol groups was evaluated qualitatively by FTIR on a
modified and unmodified gel after APD, and the spectra are
shown in Figure 2. The broad peak at 1050 cm−1 was

characteristic of Si−O−Si vibrations and was present in both
types of gels.38 The band at 3370 cm−1 and the peak at ∼960
cm−1 originated from O−H and SiO−H vibrations, which were
significant in the unmodified gel.39 The absence of the O−H
vibration band in the modified gel along with the presence of
the peaks at ∼2970 (C−H3), 1255 (C−H), 845 (Si−C), and
756 (Si−C) cm−1 indicated a successful silylation of the silica
skeleton.24,38 H−O−H vibrations can be seen in the
unmodified gel at ∼1640 cm−1, which was expected due to
the hydrophilic nature of silanol groups. These results
confirmed the presence of silicon−carbon and methyl bonds
in the gels modified with TMCS, which was attributed to
trimethylsilyl groups.

μCT Acquisition, Reconstruction, and Segmentation.
Before presenting the details of the results, we present in this
section the accuracy of the workflow related to the μCT data

acquisition and processing. The combination of voltage,
current, and framerate of the μCT scans produced well-
contrasted projections (Figure 3 and Figure S10a) leading to

reasonable signal-to-noise ratio and spatial resolution in the
reconstructed slices (11 μm voxel−1), allowing to resolve
details of 40−50 μm. The drying of the gels could be
accurately monitored with a 6 min time step between each
scan and allowed to capture accurately the maximum shrinkage
(Figure 3). Some of the μCT scans lasted longer than 1 min
due to instrument errors, resulting in a lower temporal
resolution especially for M1 (Figure S11). The temperature in
the μCT chamber slightly increased throughout the duration of
the experiment but remained within 23−25 °C (Figure S12).
The low number of projections used for the reconstruction
with the cone-beam algorithm introduced under-sampling
artifacts in the slices.40 This generated line patterns in the
reconstructed slices (Moire patterns), which were easily visible
around the sample in the background (Figure S10b). These
artifacts had a negligible impact on the segmentation
procedure except at the bottom of the gel close to the
chamber. The ROIs obtained by automated segmentation were
representative of the gel geometry (Figure S13) and were
comparable to the ROIs obtained by manual segmentations
independently of the sample and of the drying stage of the gel.
Because of undersampling, the gray values of the voxels
belonging to the sample were broadly distributed (Figure
S10c). Resolving local changes in the structure was excluded
given that the size of the details that can be resolved in the
μCT scans was much larger than the typical size of the
structure of silica aerogels (40−50 μm vs 100 nm).32 No
cracks nor pores were noticed in the μCT reconstructions of
the dry gels. However, cracks smaller than 40−50 μm cannot
be excluded and the under-sampling artifacts may also prevent
to resolve larger cracks. Some gels moved in the chamber
during drying, but the impact on the volume Vk and gray values
gi, k computed after segmentation was negligible.
Geometric Characterization. The geometric parameters

of the gels during drying were computed based on the results
from the automated segmentation procedure. Figure 4 shows
the volume, height, and diameter profiles versus time of a
modified and unmodified gel during drying (see Figure S14 for
the profiles of all seven gels). While the volume was given
directly from the segmentation, the height hk and the diameter
Dk of the gel were calculated from the cross-sectional area of
the gel along the z axis of the cylinder: Ai, k.

Figure 2. FTIR spectra of a modified and unmodified gel. Relevant
vibration frequencies are indicated by a dashed line.

Figure 3. μCT projections of the modified gel (M4) at six stages of
drying. The drying time is indicated on the top right of each
projection, and the maximum shrinkage is highlighted by an asterisk.
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At the beginning of the drying, the volume was slightly
different between the seven produced alcogels (Figure S14).
However, the overall evolution was remarkably similar in both
kinds of gels, suggesting a good reproducibility of the synthesis
and drying process. For all gels, the aspect ratio h/D was rather
stable throughout drying at around 2.0 (Figure S15). The
initial volume of the alcogels was on average 20% smaller than
the volume of the molds (785 μL). This difference was
attributed to syneresis.16,41 All samples reached the maximum
shrinkage after 7−8 h of drying, and those with a higher initial
volume took longer to dry. The maximum shrinkages, defined
as Vmin/V0, were about 16.6 and 15.9 vol % for the five
modified and two unmodified gels, respectively. A small
difference in the maximum shrinkage of modified and
unmodified gels was already reported by Smith et al. in a

similar material.23 That difference was attributed to a real
feature rather than a measurement error given the time and
spatial resolution of the μCT measurements and could be due
to different volumes of the silica skeleton and/or different
repulsive forces within the silica network between the two
types of gels. The SBE in the modified gel can be seen in
Figure 4 at t = 7.7 h in the volume and height/diameter
profiles and in Video S1. The spring-back efficiency was very
similar between the five modified gels and was on average 29.4
vol %. Surprisingly, the two unmodified gels slightly re-
expanded and recovered about 0.3% of their original volume
within 2 h following the maximum shrinkage followed by a
shrinkage of 0.2 vol %. Although the amount of reversible
shrinkage was negligible, this confirmed that unmodified gels
can relax drying-related stresses to some extent. The apparent

Figure 4. (a) Volume of a modified gel: M4 and an unmodified gel: U2 during ambient pressure drying. (b) Height (full line) and diameter
(dashed line) of the same gels. The error bands of the height and diameter profiles are not shown. Each curve consists of 141 data points.

Figure 5. Intermediate data from the μCT quantitative imaging procedure. (a, b) Global gray values of a modified gel: M4 and an unmodified gel:
U2 during drying. The error of the global gray values is 0.018. (c) Global gray value of an n-hexane reference sample. (d) (μ̅ − μhex) · V profiles of
the two gels. (e) μ̅ · V profiles. (f) μhex · Vhex profiles. The stable region of the profiles in panels (c−e) is highlighted in gray only as indicative values.
Each curve consists of 141 data points.
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density of the modified gels was on average 0.391 g cm−3, and
it was very reproducible within the five samples. The lowest
and largest densities recorded were 0.384 and 0.397 g cm−3,
respectively. As a consequence of the limited spring-back
efficiency, the produced aerogels were denser than those
reported in the literature for similar synthesis and drying
conditions.14,24 This effect can arise from one or more of the
following: condensation reactions (chemical lock), plastic
deformation, entanglement of the solid network, and residual
liquid phase (mechanical locks). It is notably possible that
differences in the TMCS/SiO2 molar ratio affected the
capability of the gels to spring-back.17 To this regard and
complementary to FTIR, quantitative evaluation by thermog-
ravimetric analysis (TGA) could reveal whether the extent of
trimethylsilyl groups was similar compared to aerogels
produced with similar synthesis conditions.18 The two
unmodified gels showed higher discrepancies with apparent
densities of 0.708 and 0.648 g cm−3. In fact, a variation of room
humidity in combination with the hydrophilic character of
unmodified gels would result in a different water intake for the
two gels at the time the μCT scans were measured and until
the gels were weighted. Additional μCT scans performed after
a few days of further drying did not show a significant
difference of the volume for both modified and unmodified
gels, suggesting no residual liquid phase in the samples. The
SBE was heterogeneous; on the μCT projections, it was
observed that the expansion began from the top of the gel and
continued downward over roughly 30 min (Video S1). Further
analysis of the spatial evolution of the SBE would require a
local analysis of the μCT data, a procedure not conducted in
this work. To further understand the emergence of the SBE,
the solid, liquid, and gas volumes during the drying of the gels
were calculated using μCT quantitative imaging.
Quantitative Imaging Results. In this section, the

quantitative imaging procedure and intermediate results are
reported and its necessary assumptions are discussed. The
μCT experiments generated two time-dependent parameters,
the volume of the gel Vk and the global gray value Gk; the latter
was converted into the global reconstructed attenuation
coefficient μ̅k using eq 2. To calculate the volumes of the
silica skeleton, hexane, and gas in the gels, the following
assumptions were made: (i) at the beginning of drying, the gel
consists only of the silica skeleton and hexane; (ii) at the end
of drying, the gel consists only of the silica skeleton and a gas
phase; (iii and iv) the hexane and silica skeleton RACs were

constant during drying; (v) the skeleton volume was constant
during drying. As previously mentioned, the combination of
the equations and constraints allowed us to generate an
invertible system with a unique solution for the parameters of
interest. The intermediate data produced by the quantitative
imaging procedure are shown in Figure 5 for one modified and
unmodified gel (see Figure S16 for the data on all seven gels).
The global gray values were reported instead of the RACs since
these are the quantities generated by the μCT reconstruction.
Figure 5a,b shows the global gray values of a modified and
unmodified gel. During drying, the gray values increased and
reached a maximum at 7−8 h (Figure 5a,b and Figure S16a)
and this time corresponded exactly to the point of maximum
shrinkage in both kinds of gels (Figure 4 and Figure S14).
After the maximum shrinkage, the gray value decreased and
stabilized. Since the volume of the unmodified gels did not
change significantly after the maximum shrinkage, the decrease
in the gray value was only related to the replacement of liquid
hexane for a gaseous phase. In the modified gels, the decrease
in gray values originated from both the evaporation of hexane
and the re-expansion of the volume. Figure 5c shows the gray
values of a reference hexane sample from which an average
gray value of 131.9 was calculated, equivalent to an RAC of
0.155. Instabilities of the X-ray tube were observed at the
beginning of every in operando μCT experiment. As a result,
slightly higher gray values were observed in the reconstructed
slices for the first few μCT scans, which is notably visible in the
reference hexane sample.

The skeleton volume was calculated as the average of the
difference between the total volume and the hexane volume at
the beginning of the drying between the lower and upper
thresholds k1 and k2, as shown in eq 7. These thresholds
allowed us to exclude the effect of the beam instabilities at the
beginning of the experiment and also to provide better
statistics. k1 and k2 were set by analyzing the quantity (μ̅k −
μhex)Vk, which could be seen as a mass conservation equation.
Besides hexane evaporation, a gel could be considered as a
closed system as long as there is no gaseous phase present.
This assumption permits to write the conservation of the
quantity

[ ] =V V constantk k khex hex 1 2 (9)

Combining eq 9 with eq 4 and recalling the assumption that
μskel and Vskel are set as constants and that the volume of gas is
Vair, kd1 ≤ k ≤ k d2

= 0 during drying lead to

Figure 6. Total volume along with hexane, skeleton, and gas volumes of (a) a modified gel: M4 and (b) an unmodified gel: U2 during drying. Each
curve consists of 141 data points.
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[ ] =V( ) constantk k khex 1 2 (10)

The quantity (μ̅k − μhex)Vk is shown in Figure 5d for a
modified and unmodified gel and in Figure S16b for all gels.
The plateau region where eq 10 was stable at the beginning of
the drying was different between the samples, ranging from 6
to 120 min (k2 − k1 in Table S1). A plateau region at the end
of the drying was also defined for the calculation of the product
μskelVskel calculated in eq 6 at k ≥ kd. kd was determined from
the μ̅kVk profiles and was set at about 13.7 h (Figure 5e and
Figure S16c and Table S1). Figure 5f and Figure S16d also
show the quantity [μhexVhex]k before the division by the RAC of
hexane calculated from the hexane reference sample. From
these intermediate results, the remaining parameters needed to
solve the system of four equations were determined, allowing
the evaluation of the amount of silica skeleton, hexane, and gas
of the gels during drying.
Phase Composition during Drying. The quantitative

imaging procedure coupled with the underlying model of
drying silica gels was used to calculate their phase composition
throughout APD. Figure 6 shows the time-dependent volume
profiles of the skeleton, hexane, and gas in a modified gel and
unmodified gel (see Figure S17 for the other gels). The results
for the five modified gels were compiled in a ternary plot
showing the volume fraction of each phase (Figure 7). The

phase composition analysis seemed to provide reproducible
results between the different modified gels with the exception
of M1, which seemed to be off-trend. At the beginning of
drying, the porosity of all modified gels was about 95%. In
some gels, the calculated air volume was negative over the first
few scans due to beam instabilities and it should not be
considered as a physical feature. The steady decrease in the
hexane profile showed that the evaporation rate was constant
for the first 6 h (Figure 6 and Figure S17), suggesting that the
slight increase in temperature in the instrument had no impact
on the drying dynamic as the temperature stabilized at 4−6 h
(Figure S12). The hexane profiles were similar between
modified and unmodified gels. In parallel to the evaporation,
there was a decrease in the gel surface area where the mass
transfer occurs (in Figure 4 and Figure S14 from the height
and diameter profiles assuming a perfect cylinder). Therefore,
the evaporation rate per surface area increased until the
maximum shrinkage as already reported elsewhere,23 which

implied that the mass transfer at the outer surface of the gel
was not the limiting factor in the drying rate. This suggested
that the drying rate was only limited by the convection of
hexane vapor within the drying chamber for the first 6 h. A
previous study reported an increasing evaporation rate in
similar gels, which may be related to a difference in the
ambient conditions compared to this study.24 Interestingly, we
calculated a significant amount of gas phase in all gels already
before the maximum shrinkage, making for up to 37 vol % of
the gel’s volume (Figures 6 and 7 and Figure S17). This
suggested that the liquid−gas interface already receded into
the pores, whereas common drying models predict that the
liquid recedes in the pores once shrinkage stops.42 This finding
was supported by the small decrease in the hexane evaporation
rate before maximum shrinkage (Figure 6 and Figure S17),
indicating that the transport of hexane vapor became limited
by its diffusion through the pore network rather than by the
convection within the drying chamber. It is worth noting that
upon visual inspection of modified gels dried ex situ in glass
containers, they remained transparent until the maximum
shrinkage and only turned opaque afterward. Although the
drying conditions were different compared to the μCT drying
chamber, we can reasonably assume that the gels underwent
similar changes in the in operando μCT experiments. This
could mean that the volume occupied by gas/air in the pores
was too small to scatter light prior to the SBE.42

The emergence of the SBE could be related to a particular
state of the gel, composed of nearly equal volume fractions of
silica skeleton, hexane, and gas phases (Figures 6 and 7 and
Figure S17). This composition arguably corresponds to a
critical drying stage where some pores get completely depleted
in hexane. Consequently, the silica skeleton was able to relax
the drying-related stresses, generating a spring-back visible on a
macroscopic level. Such critical composition would depend on
the morphology and structure of the silica network and thus on
the synthesis conditions. Given that the quantitative imaging
approach only provided the average volume of hexane and gas,
it could not be ruled out that this critical composition was a
consequence of heterogeneous phase composition in the gels,
e.g., that the top part of the gel dried faster than the bottom
part. To exclude heterogeneities would require investigating
the local phase composition of the gels during drying.
However, μCT projections revealed a homogeneous evolution
of the diameter and height (Video S1) prior to the SBE,
suggesting a homogeneous phase composition. Moreover, the
gray value profiles along the vertical axis of the gel only
changed significantly after the SBE (Figure S5). The SBE
seemed to happen in two regimes: at first, the volume
expansion rate was rather steady, and after about 80 min, it
slightly increased. The moment of increasing rate corre-
sponded to the point where the fraction of hexane went below
∼5 vol % of the pore volume for all modified gels (Figure 6a
and Figure S17). Nevertheless, the analysis of the average
phase composition of the gels after spring-back was limited due
to the slightly heterogeneous SBE (Video S1). The abrupt
change of hexane and gas volume profiles at the maximum
shrinkage may be an artifact related to the correction of the
anode heel effect as it was difficult to fit the gray value profiles
during the SBE (SI3). In the unmodified gels, the shrinkage
stopped once the hexane and gas volumes were roughly equal
followed by a decreasing evaporation rate (Figure 6b and
Figure S17e).

Figure 7. Ternary plot of the volume fraction of hexane, skeleton, and
gas in the five modified gels during drying. The drying stage of the gel
is indicated on each symbol with a color scale. The maximum
shrinkage is highlighted by black symbols at the center of the graph.
Only half of the data points are represented to enhance readability (71
in total).
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The skeleton volume of the modified gel shown in Figure 6
was about 39 mm3 and varied from 33 to 38 mm3 in the other
gels (Figure S17). The average skeletal density for the five
modified gels was 1.97 ± 0.14 g cm−3, showing consistent
reproducibility between the five samples. The calculated
densities were in the range of typical values for silica aerogels
reported in the literature by helium pycnometry.20,24 These
findings emphasized the reliability of the μCT quantitative
imaging procedure and the accuracy of the underlying model
for the modified gels. It is pertinent to be aware about the
impact of potential closed pores in the calculation of the
skeleton volume. Closed pores being inaccessible by helium
lead to an overestimation of the skeleton volume and thus to
an underestimation of the skeleton density. Using μCT, closed
pores still filled with hexane at the end of drying would result
in an overestimated global RAC and thus in an overestimation
of the skeleton volume as well. The remaining amount of
hexane in the aerogels may be quantified by comparing the
weight of the gels before and after heat treatment, which can
also enable further volume recovery.16 It must also be noted
that small changes in the hexane volume (and hexane RAC)
had a large impact on the skeleton volume since it was
calculated as the difference between two large quantities: the
total volume and the hexane volume as shown in eq 7. Finally,
eventual unresolved cracks in the μCT volumes appearing
during drying would essentially be interpreted as “pores” in the
drying model. These would result in a higher gas content but
would not have consequences on the skeleton or hexane
volumes since the quantity [μ̅V]k ≥ k dd

in eq 5 is independent of
the gas volume.

The quantitative imaging procedure applied to unmodified
gels resulted in substantially underestimated skeleton volume,
which led to very different skeletal densities of the xerogels at
3.7 and 8.4 g cm−3, much higher than the density of silica glass
(2.2 g cm−3). Given the dependency of the skeleton, hexane,
and gas volumes in eq 4, the hexane and gas volume profiles of
the unmodified gels reported in Figure 6b were affected by the
underestimated skeleton volume and were thus erroneous. A
difference between unmodified and modified gels was also
observed in the raw data from the quantitative imaging

procedure. The profiles μ̅kVk of U1 and U2 started at a similar
value as M3 and M5 at the beginning of the drying but reached
a lower plateau at the end of the drying (Figure S16c). That
difference could not be caused by the residual amount of
hexane in the unmodified gels since it would increase the RAC.
We propose that the abnormal quantities calculated for the
unmodified gels were due to limitations in the modeling of the
phase composition evolution. More specifically, the assump-
tion of a constant skeleton RAC and volume may not be valid
in the unmodified gels due to condensation reactions occurring
during the drying shrinkage. To complement the phase
composition analysis, we performed simulations based on the
quantitative imaging results including potential condensation
reactions between surface silanol groups in the model.
Condensation during Shrinkage. Water condensation

reactions between surface silanol groups may occur during the
APD of silica gels, resulting in the creation of siloxane bonds,
which leads to irreversible shrinkage of the silica network43

+ +Si OH HO Si Si O Si H O2
(11)

The assumptions of the model were modified to include in
the equations a change in skeleton volume and RAC as well as
a term corresponding to the created water. For simplicity, the
simulations were not performed over time but only comparing
the state of a gel at the beginning and at the end of drying. The
derivation of the modified model and corresponding solution
of the simulations are reported in SI5. By taking into account
the condensation reactions, the number of unknowns in the
four-equation system increased from four to seven. The
skeletal density was fixed and set at 1.9 g cm−3 for the modified
gels and at 2.4 g cm−3 for the xerogels.24 Despite the additional
constraint, the resulting system had two more unknowns than
equations and the simulations generated an infinite number of
solutions as 2D surfaces. We chose to evaluate the change of
the following quantities: CV = Vskel

d /Vskel
0 , Cμ = μskel

d /μskel
0 , and

CH = VHd2O
d /Vskel

d . CV and Cμ represent the relative change of the
skeleton volume and RAC between the dry gel (superscript d)
and the alcogel (superscript 0), respectively. CH represents the
intake of water in the dry gel relative to the final skeleton

Figure 8.Maps resulting from numerical simulations implementing condensation reactions during the drying of (a) an unmodified gel: U2 and (b)
a modified gel: M4 assuming theoretical skeleton densities of 2.4 and 1.9 g cm−3 for the unmodified and modified gel, respectively. The x axis
corresponds to the relative change in the skeleton RAC between the end and the beginning of the drying. The y axis corresponds to the relative
change in the skeleton volume. The colored scale bar shows the relative volume of water in the gel at the end of the drying. Each trio of values
located on the contour surfaces within 0 ≤ VHd2O

d /Vskel
0 ≤ 0.1 satisfies ρskel = ρskel

0 . Points located outside of this range are not shown. The arrows
highlight the theoretical point corresponding to no condensation reactions. The maps resolution is 100 × 100 data points.
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volume Vskel
d . For the sake of visualization, we assumed that the

change in skeleton volume and RAC would not exceed 20%
and that the final water intake would not be larger than 10% of
the dry skeleton volume. Therefore, the simulations were
performed for 0.8 ≤ CV ≤ 1.0, 1.0 ≤ Cμ ≤ 1.2, and 0 ≤ CH ≤
0.1. The results from the simulations are shown in Figure 8 for
an unmodified and modified gel, and simulations on the other
gels are shown in Figure S18. The domain over which 0 ≤ CH
≤ 0.1 was valid corresponds to the slightly curved band in
Figure 8. In the unmodified gel, the band was considerably
distant from the point (CV, Cμ, CH) = (1,1,0), which
corresponded to a model excluding condensation reactions.
Simulations suggested that a skeleton volume shrinkage of at
least 13 vol % of its original value, corresponding to CV = 0.87,
would be necessary for reaching a target density of 2.4 g cm−3

for the dry silica skeleton in unmodified gels. Although all
points on the curved surface were theoretically valid in the
simulation framework, only part of them was physically
relevant, e.g., a decrease in skeleton volume without water
intake would not be a physical feature.

In the modified gels, the point of no condensation reactions
was included in the curved surface with 0 ≤ CH ≤ 0.1 (Figure
8b). Therefore, a target dry skeletal density of 1.9 g cm−3 could
theoretically be possible without any condensation reactions.
This emphasizes the successful modification by TMCS. These
results also support the fact that the relatively low spring-back
efficiency was not due to a chemical lock of the silica network
by condensation reactions but possibly by mechanical locking
of the silica network. The simulations on the condensation
reactions based on the quantitative imaging analysis showed
that the change of skeleton volume was potentially significant
during APD of unmodified gels, while it was potentially
negligible in the modified gels. Table 1 summarizes the key
quantities computed by μCT segmentation and quantitative
imaging for all gels.

■ CONCLUSIONS
This study addressed the phase composition evolution of
silylated silica aerogels during ambient pressure drying by an in
operando μCT approach. The quantitative imaging workflow
was more reliable to characterize modified gels than
unmodified gels, which was attributed to the drying-related
condensation reactions occurring in the latter.

The emergence of the spring-back effect in the silylated gels
coincided with volume fractions of the skeleton, hexane, and
gas reaching roughly one-third each during drying. We
proposed that at this threshold composition, some pores got
locally depleted in hexane, which enabled the relaxation of the
capillary stresses by the silica skeleton, thus enabling the SBE.

At first, the re-expansion was slow due to significant amounts
of hexane remaining in the pores. Once the hexane went below
roughly 5 vol % of the total pore volume, the expansion rate
increased slightly as more of the silica skeleton was able to
relax. The expansion stabilized, and the gels volume plateaued
at 29 vol % of their initial volume, resulting in monolithic
aerogels. The results suggest that this relatively low spring-back
efficiency could be attributed to an irreversible plastic
deformation and/or remaining stress in the solid network.
We anticipate that further expansion was mostly hindered by
the entanglement of the silica network and that the structure
could be unlocked by overcoming some activation energy.
Further analysis of the data collected by μCT would provide
more insights on the dynamic of the SBE in silica aerogels, in
particular by evaluating the local phase composition of drying
gels rather than the overall phase composition. We also
emphasize the potential of lab-source CT instruments as a tool
for materials scientists to perform phase compositional analysis
of materials undergoing geometric and compositional trans-
formations over time.
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