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Abstract

To reduce the flammability, hydrophobic silica aerogels (SAs) were modified by replacing commonly used
trimethylchlorosilane (TMCS) with methyltrichlorosilane (MTCS). It was observed that the MTCS modified SAs (MSA)
showed similar physicochemical properties to those TMCS modified SAs (TSA), including the density, thermal
conductivity, hydrophobicity, and even thermal stability. However, the flammability of MSA was observed much lower than
that of TSA, which was reflected by the significantly decreased gross calorific value (GCV). Furthermore, it was known from
the kinetic and thermodynamic analyses that the pyrolysis of MSA became more difficult with the increasing conversion rate
(@), which was evidenced by the fact that the apparent activation energy (E) kept rising to about 194 kJ/mol during the whole
pyrolysis. Based on the changed E along the time, the pyrolysis process could be divided into two stages, in which a = 0.4
was considered as the turning point. Those main thermodynamic parameters, including pre-exponential factor (A) and the
changes of enthalpy (AH) and entropy (AS), showed a quite consistent tendency with the E, whereas the change of Gibbs
free energy (AG) almost kept unchanged. The research outcome of this study can provide a deep understanding of the
pyrolysis process of SAs and render the public realize the thermal hazard risk of SAs.
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Highlights

e MTCS replaced TMCS to modify silica aerogels to reduce the flammability.

o Gross calorific value of MTCS modified silica aerogels (MSA) decreased over 50%.
¢ Kinetic and thermodynamic behaviors of MSA were studied in detail.

e The pyrolysis of MSA was difficult to proceed along the time.

e This study provided a technical basis for the thermal hazards of silica aerogels.

Keywords

1 Introduction

Due to the excellent physicochemical properties, silica
aerogels (SAs) have been used in many areas, such as
thermal insulation [1-6], oil/water separation [7-10], cata-
lyst supports [11], and aerospace application [12]. Nowa-
days, SAs are usually considered as an excellent thermal
insulation material with very wide adoption in the industries
[13, 14]. As a thermal insulation material, the working
condition with high temperature and thermal radiation are
inevitable for those SAs. However, according to the litera-
ture review, the flammability studies of SAs are rarely
explored. Only a few studies have been found focusing on
the fire safety of polymer aerogels and their composites,
such as cellulose aerogels [15], polyvinyl alcohol-based
aerogel composites [16—18], fiber/aerogel composites [19],
and polypropylene/SA composites [20]. The recent work by
Ghazi Wakili directly investigated the reaction of ceramic
fiber/aerogel composites to fire exposure [21], which
inspired us and revealed the importance of studying the fire
safety of aerogel materials. Commonly, SAs are considered
as noncombustible [22], where the related evidence, such as
experimental data, is lacking to justify it. Although the main

Table 1 A summary of three categories of frequently adopted modifiers

Silica aerogels - Methyltrichlorosilanes * Thermal conductivity * Thermostability * Kinetics * Thermodynamics

component is SiO,, there still exists some combustible
ingredients in SAs and their roles in the overall flammability
behaviors are still not well known. These then force us to
take their flammability and thermal degradation into con-
sideration in order to expand their applicability.

For hydrophobic SAs, the introduced organic functional
groups by surface modification are the primary combustible
components [23, 24], which are originally introduced to
reduce the capillary tension during ambient pressure drying
and provide the hydrophobicity. It is evident that those
modifiers bring different organic functional groups onto
SAs, which could deeply affect the thermal stability and
flammability [25]. The commonly used modifiers are
methyl silane and their derivatives, e.g., trimethyl-
chlorosilane (TMCS) [26, 27]. Based on the quantity of
methyl, those frequently adopted modifiers can be divided
into three categories, including mono-, di-, and tri- func-
tional organosilanes, as listed in Table 1, which can graft
three, two, and one methyl groups, respectively, on SAs
during the surface modification. For hydrophobic SAs, the
more organic functional groups they are holding, the more
hydrophobic and flammable the SAs are. Those modifiers
not only increase the hydrophobicity for SAs, but also bring

Types Structure R/Si

RnSiX4—n *

R

Mono- R—Si—X 3

Di- R—Si—X 2
X
R

Si—X 1

|
|
R
R
I__
|
. |
Tri- X | -

X

TMCS, HMDSO, HMDZ, etc.

DMDCS, DMDMS, etc.

MTCS, MTMS, etc.

*R represents the alkyl groups, usually —CH3;; and X represents those hydrolysable groups, e.g., —OCHj3, and halogen.
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thermal hazards. Hence, a practical research question is
whether it is possible to lower the flammability of SAs by
reducing their organic functional content (e.g., —CHj3), but
also maintaining those excellent physicochemical
properties.

Inspired by the above thoughts, in this study, the com-
monly used mono-functional methyl silane (i.e., TMCS,
with three —CHj groups) was replaced with the tri- func-
tional methyl silane (i.e., MTCS, with one —CHj; group)
during the surface modification. The physicochemical tests
were performed, together with the kinetic and thermo-
dynamic analyses to identify the influences of the replace-
ment. This study can be served as one of the pioneering
attempts of the kinetic and thermodynamic analyses of SAs,
which can then provide significant experimental evidence
for the related statement and justification for the practical
implementations.

2 Experimental methodology
2.1 Raw materials and preparation

The main chemical reagents, including tetra-
ethylorthosilicate (TEOS), ethanol (EtOH), n-hexane,
hydrochloric acid (HCI), and ammonia (NH3-H,0) were CP
grade from Sinopharm Chemical Reagent Co., Ltd (SCRC,
China). Methyltrichlorosilane (MTCS) was purchased from
Aladdin Reagent Co. Ltd., USA.

The classical acid—base catalyzed sol-gel and deriva-
tization modification methods were adopted to synthesize
hydrophobic SAs. The detailed preparation procedure can
refer to our previous study [28], in which trimethyl-
chlorosilane (TMCS) was used as the modifier. The as-
prepared MTCS modified SAs were denoted as MSA and
TMCS modified SAs were expressed as TSA in this
study.

2.2 Characterization methods

The bulk density (p;) of SAs was calculated by the ratio of
mass to volume, where the porosity was calculated [29]:

Porosity = (1 —&) x 100%, (1)

Ps

in which, pg is the skeletal density of the silica, usually
considered as 2200 kg/m®.

The hydrophobicity of prepared aerogels was character-
ized based on a contact angle meter (JC2000D1, Shanghai
Zhongchen Instrument) by adding a water droplet of 5 uL
on the sample surface. The contact angle can be calculated

@ Springer

as follow [30]:

2h
0 =2tan"! <—> (2)
A
where /4 is the height and A is the base width of the water
droplet.

The microstructures of MSA were observed by a double
beam microscope (Helios Nanolab G3 UC, FEI Company).
The nitrogen adsorption—desorption isotherms of MSA
were tested at 77 K based on a Quadrasorb SI-3MP analyzer
(Quantachrome, USA) and the pore parameters and pore
size distribution (PSD) were calculated by Brunauer-
Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)
methods. A thermal conductivity instrument (TC3000E,
XIATECH, China) was employed to measure the thermal
conductivity of MSA powders through transient hot-wire
method. An oxygen bomb calorimeter (C3000, IKA, Ger-
many) was used to obtain the gross calorific value (GCV)
following ISO 1716: 2002. The thermal stability and
kinetics behaviors were investigated by TG-DSC (SDT
Q600, TA) under the heating rates of 5, 10, 15, 20 °C/min,
respectively, from room temperature to 1000 °C in air.

2.3 Kinetic and thermodynamic methods

Generally, the variation of reaction rate as a function of
temperature (7)) can be described as follow [31-33],

o _ Aexp(— RET)f(a) , ©)

where A, E, a, and R are the pre-exponential factor, apparent
activation energy, conversation rate, and the universal gas
constant (8.314 J/K/mol), respectively, and fla)is the
reaction model.

Under non-isothermal conditions with constant heating
rate, the temperature can be expressed as,

T= TO + ﬂtv (4)

where f is the heating rate and T} is the initial temperature.
After combining Eq. (4), Eq. (3) can be given by,

da A E

= _C S ) 5

o= exn(- ) @) 8

Then, the variables @ and T can be separated for the
integral. It is obtained:

G(a) = %z%/jexp(—é) dr, (6)
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Table 2 A summary of kinetic

models to calculate E* Methods

Equation

Linear relationship

KAS method [34]
OFW method [35]
Friedman method [35]
Starink method [36]

ln(%) = ln(%) — R—ET
RG(a)

In(4 ) = In (Af(a)) — 4

In(75) = C; — 1.0008 £

g = In(GAE;) = 53305 - 10524

In(8/7%) ~ 1T
mp ~1/T
In(pda/dT) ~ 1/T
In(8/T'5%) ~ 1T

*E can be calculated from the slope of the obtained linear relationship.

Table 3 Comparisons of

Density (g/cm3) Porosity (%)

Thermal conductivity (W/(m-K))

Contact angle (°)

density, porosity, thermal

conductivity, and contact angle MSA
between MSA and TSA

0.13+0.01
TSA 0.11+0.00

94.1+0.5
95.0+0.2

0.0275 £ 0.0001 146+ 1
0.0265 +0.0002 155+2

where G(a) denotes the right-side integral of Eq. (6).

Four frequently adopted methods, including Kissinger-
Akahira-Sunose method (KAS), Ozawa-Wall-Flynn method
(OFW), Friedman method and Starink method were listed in
Table 2 and employed to calculate E in this study.

The pre-exponential factor (A), the changes of enthalpy
(AH), Gibbs free energy (AG), and the entropy (AS) can be
obtained by Egs. (7-10), respectively [37-39].

A = BE,exp (£=) /RT,, (7)
AH = E, — RT,,, (8)
AG = E,+RT,In (&) (9)
AS AHT— AG7 (10)

where k, represents Boltzmann constant (1.381x 10°23J/
K), h is the Plank constant (6.626 x 1072*J S), T,, denotes
the peak temperature on DTG and 7, is the temperature at a
conversion of a, respectively. Considering the fact that the
heating rate of 10 °C/min was commonly used to test the
thermal stability of SAs [40-43], the TG data obtained
under the same heating rate were analyzed in the following
content as the case to decide T,,, unless specified.

3 Results and discussion
3.1 Comparison between MSA and TSA

Comparisons of physicochemical features, including the
density, porosity, thermal conductivity, and contact angle,
between MSA and TSA are listed in Table 3. The density of
MSA is about 0.13 g/cm?, which is slightly higher than that
of TSA. Accordingly, the porosity of MSA is a little smaller
than that of TSA, as seen in Table 3. It should be noticed
that the porosities of both MSA and TSA reach up to 94%.
As a thermal insulation material, a very low thermal

conductivity is fundamental. As seen in Table 3, the thermal
conductivity of MSA is around 0.027 W/(m-K—), which is
very close to that of TSA, fulfilling the basic requirement of
thermal insulation application. In general, the chemical
composition and roughness of a material’s surface show a
great effect on the hydrophobicity [44]. The TSA and MSA
both are hydrophobic with contact angles as high as ~155°
and ~146°, respectively.

Following the above analyses, it is known that the phy-
sicochemical properties of MSA are very similar to those of
typical TSA, including the density, thermal conductivity,
and hydrophobicity. It is then indicated that MSA can also
play an important role in the thermal insulation fields.

Figure la and c¢ shows the microstructures of the MSA
and TSA. These two kinds of SAs show similar nanoporous
network structure, consisting of cross-linked and aggregated
silica secondary nanoparticles. The nitrogen adsorption—
desorption isotherms of typical MSA and TSA are exhibited
in Fig. 1b, where their pore size distributions are presented
in Fig. 1d. According to IUPAC [45], it is apparent that both
samples exhibit typical characterizations of type IV iso-
therms, indicating the attribution of mesoporous materials.
The existence of slit-like interparticle pores in the MSA and
TSA has been demonstrated by the hysteresis loops of type
H3 [46, 47]. As seen in Fig. 1d, the pore size distribution of
MSA is very similar to that of the TSA, both of which
contains micropores and mesopores. It is clearly seen in
Table 4 that the pore parameters of the MSA and TSA are
close to each other, which further confirms that the MSA
has a similar microstructure to the TSA.

3.2 Thermostability analysis

It was observed from the TG-DSC curves in Fig. 2a, b, the
MSA and TSA both have a sharp weight loss from 250 °C
to 400 °C along with an obvious exothermic peak. This is
commonly considered as the oxidative decomposition of
—CH; groups on the skeletons [48, 49]. In general, the
thermostability of a material can be determined by the onset
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Fig. 1 Typical SEM images of
MSA a, the N, adsorption—
desorption isotherms b, typical
SEM images of TSA ¢, and the
pore size distribution d

Table 4 Pore parameters of the MSA and TSA
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Table 5 Corresponding Tonger» Tpeak and —CH3 contents of the MSA
and TSA

Samples BET surface area  Pore volume Average pore size
(m%/g) (cm’/g) (nm) Samples Tonset (°C) Tpear (°C) —CHj content (%)
MSA 889 +4 34+0.3 12.8+1.8 MSA 242.35 276.54 5.28
TSA 905+6 3.1+£04 10.0+2.6 TSA 243.56 275.16 9.26
a 100 = b 100 20
3 A —_ E TSA .
98 115 o 98 115 o0
9% E 96 £ E
94F T-m% 94 T-w%
3% T, = 27654°C s &% o1s S
>~ 90F = Z < 9%0¢f = z
2 sst o = & ssf 20 B
] = 40 E < A0 B
= s6f I = 86f 5
3 15 = 3 _ N S
e T, =24235°C 84 T, =24356°C -
ok 10 Sl 10
8” 1 1 1 1 1 80 1 1 1 1 1
200 400 600 800 1000 200 400 600 800 1000
Temperature (°C) Temperature (°C)

Fig. 2 TG-DSC curves of the MSA a and TSA b under a heating rate of 10 °C/min in air

and peak temperatures of exothermic reactions, which are
denoted as Typsee and Tpeqr, respectively. When the sur-
rounding temperature exceeds Tonser, SAs lose the hydro-
phobicity gradually, leading to an absorption of the

@ Springer

moisture in air and subsequent deterioration of physical
properties.

As seen in Table 5, the Type; of MSA and TSA are
243.35 °C and 243.56 °C, respectively, whereas the Tpeq, of
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MSA and TSA are 276.54 °C and 275.16 °C, respectively.
The very close Toneer and Tpeq between MSA and TSA 200 —+§1:\5V
. . . . oy [ == O "W
indicate that the two SAs have the similar thermal stability. F —a— Friedman
Furthermore, the weight losses during the exothermic 250 [ —v— Starink
reaction can approximately be regarded as the —CHj group. sial
From the corresponding weight losses reflected by TG g
curves, the —CHj; content on MSA and TSA are calculated, § 150 |
which are about 5.28% and 9.26%, respectively. It = TOE
demonstrates that the MSA possesses about 43% less —CHj3
groups than that of TSA. The less the combustible organic 50
groups are, the lower the thermal hazard of SAs is. Hence, bt & 44 o1 w3 3
compared to TSA, MSA shows a relatively lower thermal 00 01 02 03 04 05 06 07 08 09 10
hazard potential. ¢

3.3 Kinetic analysis

For conversion rates within 0.1-0.9, the least square method
was employed to identify the optimal fitting lines for those
four kinetic methods mentioned above. For the plots fol-
lowing these four kinetic methods, the Y-axis shows as
In(8/T?), Inp, In(pda/dT) and In (B/T"9?), respectively,
while all the X-axis are 1/T. As illustrated in Fig. 3, the four
points under the same o all exhibit an obvious linear rela-
tionship. Furthermore, it can also be observed that the
slopes of these fitting lines changes with a higher a.
Figure 4 presents the apparent activation energy, E, along
the increasing a. It was observed that E obtained based on
four methods are close to each other. The E shows an
obvious increasing trend with a higher a. It is indicated that

Fig. 4 E along the increasing a for the MSA

the decomposition of organic groups become more difficult
along the process, which needs more energy to break those
chemical bonds.

Based on the increasing E, it can be known that the
pyrolysis of MSA is a multi-step process. Here, based on
the variation of E, this pyrolysis process may be divided
into two stages, where a =0.4 can be considered as the
turning point. The corresponding temperature ranges for
these two stages can be seen in Table 6. At Stage I, the E
nearly keeps constant, which may be mainly corresponding
to the decomposition of organic groups (i.e., —CHj3) on the
skeleton surface of MSA [50, 51]. At stage II, E shows an
obvious rising trend, which may be because the organic
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Table 6 Two stages of the pyrolysis process for the MSA

a Stage I (0.1-0.4) Stage II (0.4-0.9)
Temperature (°C) 100-310 310-800
Ave. E (kJ/mol) 77+4 139+8

Table 7 Thermodynamic data of the MSA under the heating rate of 10
°C/min

a AGshH AH (kJ/mol)  AG (kJ/mol)  AS (J/K/mol)
0.1 579%x10°  79.15 159.87 —147.93

02 3.88x10° 7743 159.96 —151.27

03  2.09%x10°  64.93 160.72 —175.54

04 427x10*  67.97 160.52 —169.61

05 2.89x107  96.06 159.04 —115.41

0.6 1.58x10" 12355 157.94 —63.03

07 171x10"°  123.89 157.93 —62.37

0.8 427x10"  138.03 157.45 —35.60

09 4.65x10"® 18925 156.06 60.83

groups in the skeletons need more energy to support the
decomposition. Besides, during this stage, the condensation
reaction between Si—-OH groups, oxidized from Si—CHj
groups, would launch and produce water, which also can
result in an increase of E [52].

3.4 Thermodynamic analysis

The average E calculated from the above four methods were
employed to obtain thermodynamic data, i.e., pre-
exponential factor (A), the changes of enthalpy (AH),
Gibbs free energy (AG), and entropy (AS). The results have
been listed in Table 7.

As seen in Table 7, for a within 0.1-0.9, A is located in a
wide range of 2.09 x 10*-4.65x 10'°s™!, which is con-
sistent with the variation trend of E. It is noted that for a =
0.2-0.4, the minimal A appears, just corresponding to the
minimum of E, which should be speculated to correlate with
the fastest pyrolysis rate, i.e., the exothermic peak. At Tpeq,
the minimal E suggests that less energy can activate the
reactive molecules, leading to an increasing effective col-
lision, in spite of a lower A. Specifically speaking, the main
reaction during the pyrolysis is the oxidation of Si—CHj
groups on the surface skeletons of MSA according to our
previous study [50]. Along with the pyrolysis proceeding,
—CH; groups are decreased, which would need more
energy to activate certain complex reactions, resulting in an
increasing E and A.

It is known that the variation of AH is the enthalpy
difference between the activated complexes and reactants
[53]. As seen in Table 7, AH increases with a higher a and
reaches up to 189.25kJ/mol. Thus, it means that more

@ Springer

energy needs to be introduced into the reaction system to
break chemical bonds so that the pyrolysis can keep pro-
ceeding. Furthermore, it was observed that the AH is quite
consistent with the E during the pyrolysis process.

It is also known that Gibbs free energies state the
favorability of reactions regarding the first and second laws
of thermodynamics [54]. Furthermore, the increased total
energy of reaction system at the way of reagents and the
formation of the activated complex can be reflected by the
change of the Gibbs free energy (AG) [53]. As seen in
Table 7, AG nearly keeps unchanged for various a, just
ranging from 156 kJ/mol to 161 kJ/mol. That is to say, with
respect to the overall energy required in the pyrolysis pro-
cess, no obvious difference is observed at different stages.
Besides, the higher AG, more than zero, indicates that the
whole pyrolysis process can not happen spontaneously
without external energy supply.

Entropy (AS), as a state function, reflects the disorder
degree of the reaction system [53]. The negative values of
AS suggests that the degree of disorder of products is lower
than the initial reactants via absorbing external energies for
bond dissociations [54]. For a lower AS, the reactivity of the
material is low, which is accompanied with the increasing
time of forming activated complexes [55]. On the contrary,
for a higher AS, the reactivity is high and the system can
react relatively fast to generate more activated complexes in
a short time period [55]. As listed in Table 7, AS has the
same tendency with E, with an increase from —176 to 61 J/
K/mol, which suggests that the reactivity of the reaction
system is increasing. In spite of that, the average AS during
the overall pyrolysis is about —96 J/K/mol, indicating that
the reactivity of the system maintains at a low level during
the whole-pyrolysis process.

From the above analyses, it can be concluded that the
pyrolysis of MSA is difficult to proceed along the time
based on the increased E and the positive AG. All these
obtained thermodynamic data could put forward our
understanding of the pyrolysis process of MSA.

3.5 GCV and thermal hazard comparison between
MSA and TSA

The total heat release of a material under complete com-
bustion can be reflected by GCV [56-59]. Figure 5 shows
the test process of GCV of as-prepared MSA. To prevent
the MSA from splattering out of the crucible during the
combustion process, we put them into a PE-bag and mea-
sure them together. The finally obtained GCV for the MSA
were obtained by subtracting the GCV of the PE-bag.

As illustrated in Fig. 6a, it can be seen that the GCV of
MSA is about 4.8 MJ/kg which decreases over 50% when
compared to that of TSA (~10MlJ/kg). The less GCV of
MSA suggests the potential thermal hazard is lower than
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Fig. 5 Test process of GCV of the MSA, a a calorimeter C3000, IKA, b a pelleting press machine, ¢ an oxygen bomb, d a PE-bag, e-g moving the
PE-bag filled with samples into an oxygen bomb and h a crucible with the combustion products inside

Fig. 6 a GCV of the TSA and a 12

c

120

MSA, and b the average E of the

@

GCV (MJ/kg)
S *

~

E (KJ/mol)

TSA and MSA, in which the 10+ 100 -
average E of the TSA comes wol
from ref. [24] [
L 60 L
F 40 F
[ 20+
0 0
TSA MSA

that of TSA. This change is largely due to the reduction in
—CHj; content on the MSA which has been addressed above
in the thermal stability section. Furthermore, as presented in
Fig. 6b, the average E of TSA is less than that of MSA,
which indicates that TSA can reach the activated reaction
status more easily and the required reaction temperature is
lower when compared with the MSA. Namely, the tendency
or probability of pyrolysis occurring on TSA is higher than
that of MSA. Thus, it can be further known that the MSA
holds better fire retardancy and lower potential thermal
hazard when compared with the TSA.

4 Conclusions
In this study, hydrophobic silica aerogels (SAs) were

modified by replacing commonly used trimethyl-
chlorosilane (TMCS) with methyltrichlorosilane (MTCS),

TSA MSA

where experiments were also conducted to investigate their
physicochemical, kinetic, and thermodynamic behaviors.

The experimental results showed that the density, hydro-
phobicity, thermal conductivity, and thermostability of MTCS
modified SAs (MSA) were close to those of TMCS modified
SAs (TSA), which demonstrated that MSA could fulfill an
excellent performance of thermal insulation. It was also
known from the experiments that the gross calorific value
(GCV) of MSA was reduced by over 50% when compared to
that of the TSA, which indicated that the tri-functional methyl
silane modified SAs could effectively lower the thermal
hazard by reducing organic groups (—CHj).

Furthermore, the obtained apparent activation energy (E)
showed an increasing trend with a higher conservation (a),
where a = 0.4 could be regarded as the turning point for the
division of two stages. As seen from the overall pyrolysis
process, the pre-exponential factor (A), the changes of
enthalpy (AH) and entropy (AS) all presented an increasing
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trend with a higher a, which suggested that the pyrolysis of
MSA was difficult to proceed along the time. The change of
Gibbs free energy (AG) indicated that the pyrolysis of MSA
can not happen spontaneously without external energy
supply. These research outcomes of this study can provide a
technical basis for the thermal hazards of silica aerogels.
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