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Abstract 
Silica hydrogels are used as fire-retardant materials due to the occurrence of intumescence that limits heat and mass 
transfer. They act as heat-sink, through continuous endothermic condensation reactions, meantime shrinking to a more 
connected network, towards the correspondent crystalline compound. Which compositions and treatments amplify 
this phenomenon is still of interest. To this aim, two silica sols containing two different complexing agents: ethylene 
glycol and glycerol has been prepared and analyzed. The samples were subjected to different treatments to induce gela-
tion and densification: exposure to ultraviolet or microwave or infrared irradiation. Thermogravimetric analysis coupled 
with differential scanning calorimetry (TG-DSC) and scanning electron microscopy analyses has been also carried out. 
Moreover, dynamic mechanical spectroscopy (DMS) let to evaluate simultaneously the mechanical and intumescence 
behavior of the gels at increasing curing times for each type of irradiation. Intumescence of gels occurs up to 200 °C and 
appears as an endothermal group of peaks visible on the heat-flux DSC curves. DMS analyses let to assess that a MW cured 
glycerol-containing gel (GL-0-MW 6d) shows a glass transition above 150 °C, measured as the maximum of damping peak. 
Accordingly, this sample is a good option for the application: a few bubbles nucleate and grow fast at high temperature.

Article Highlights 

• Transparent fire doors contain silica gel, which absorbs 
heat and releases water by foaming. Two different silica 
gels were synthetized using different chelating agents.

• The foaming depends on the reagents used to produce 
the gel, on the treatments for stabilizing it and also on 
ageing.

• Both foaming and consolidation of the gel were stud-
ied with thermogravimetric and dynamic-mechanical 
analysis.
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1 Introduction

The sol–gel method is widely used today for the syn-
thesis of organic–inorganic nanomaterials [1–4], using 
a mild process, based on the change of a sol into a gel 
(sol–gel transition).

In physics and chemistry, “sol” indicates a colloidal sys-
tem in which the dispersed phase is solid while the dis-
persant one is fluid, generally liquid. The sols are defined 
as mono- or poly-dispersed depending on whether the 
sizes of the solid particles are all the same or not. Gela-
tion occurs with a sudden change in the viscosity due 
to condensation reactions among the hydroxyl groups 
on the surface of the colloidal parts that become closest 
due to the reduction in volume by solvent evaporation, 
heating, pH changes, addition of electrolytes. The gel 
state can be characterized by viscosity values ranging 
from a few hundred mPa to more than 1·1012 Pa s (viscos-
ity at glass transition). This means that they can be very 
fluid or very rigid and glassy. The viscosity difference is 
related to the degree of condensation (and therefore 
connectivity) and complexing agents (substances capa-
ble of modifying the reactivity of ions or atoms). The 
viscosity of the gel is not indifferent to the application 
and should be defined a priori based on the expected 
molding technology. The optimal viscosity that the gel 
should have to be formed is not known a priori, but at 
the point of gelation it is generally low.

One of the applications of these types of material 
is their use as a fire-retardant agent, encapsulated in 
between glass panes of doors and windows. The hydro-
gel acts as a heat-sink because condensation reactions 
give rise to intumescence that limits heat and mass 
transfer [5]. Fire-resistant glass can be used in construc-
tion to block flame spreading in a fire, applied in parti-
tion walls, fire doors, fire windows, escape routes and 
stairways [5, 6]. Silica gel has been tested as a flame 
retardant instead of traditional systems that could pro-
duce toxic volatile compounds during thermal decom-
position. The use of silica gel leads to a significant reduc-
tion in the Heat Release Rate (HRR), besides forming an 
efficient fire-retardant layer [7, 8].

Gels are always in a metastable state, as they are 
amorphous. For each application, a certain degree of gel 
condensation can be assessed as suitable and empiri-
cally established. Accordingly, the studies are based both 
on which is the most appropriate state, in terms of vis-
cosity and modulus, and on how to achieve it, in terms 
of additives and curing process.

Silica glasses by sol–gel process are formed in kineti-
cally controlled reactions from molecular precursors and 
sol–gel transition (gelation or gel point) occurs when a 

continuous silica network is formed, but many structural 
rearrangements and shrinkage could take place in gels 
up until the stable crystalline form is reached. Aging 
is the period when the wet gel increases its stiffness, 
depending on the curing treatments, as each of them 
produces a different connectivity of the inorganic mac-
romolecular system.

The sol–gel method leads to the formation of a silica 
3D network that can be modified along with its chemical 
and physical properties, allowing to obtain high thermal 
stability, purity, pores and increased reactivity due to its 
large surface [2]. Silica gels are generally produced start-
ing from potassium silicate or from alkoxysilane in alcohol 
with water and catalysts for accelerating hydrolysis, to give 
mixtures of silica sol. To control the rate of hydrolysis and 
condensation, a complexing agent (glycerol or alterna-
tively ethylene glycol) can be also added [9]. Cross-linking 
of the inorganic macromolecular system occurs by con-
densation, that releases water and absorbs a lot of heat, 
but not in a single step, because it requires the proximity 
of reagent groups. Condensation induces an increase of 
connectivity of the silica tetrahedra, except for organic 
or silanol residues. As the shrinkage of the bulk proceeds 
due to the sol–gel reactions, more groups come closer, 
becoming available for further condensation. For this rea-
son, the condensation reactions into gels could continue 
with effects such as shrinkage or intumescence. The resid-
uals give rise to intumescence during heating or even fire, 
depending on the quantity and type of reagents, the order 
in which they have been mixed, the time and way in which 
the heat is absorbed during curing. Accordingly, a lot of 
combinations with very different behaviors are possible 
merely by varying the percentages of the components and 
the mixing conditions.

A silica gel is an amorphous material (i.e. a liquid with 
high viscosity), a metastable system that tends over a 
long time towards the only corresponding stable form: 
 SiO2 crystal or quartz at room temperature. During aging, 
especially if irradiated by sunlight, gel can bleach due to 
the formation of quartz crystal nuclei that are not transpar-
ent to visible light.

For using gel as a fire retardant, acting as a thermal 
barrier, which delays heat transmission and inhibits 
flame spread, intumescence should occur in a single 
large phenomenon and with a large release of water, 
possibly without releasing alcoholic residues, that could 
instead fuel a fire. Therefore, a highly condensed gel 
would not be suitable for application [6]. To slow down 
the condensation, chelating agents such as glycerol or 
ethylene glycol can be used to react, through hydrogen 
bonds, with the hydroxyl groups. Due to their nature, 
chelating agents can interact with free water molecules 
or any other present ion [10]. In nature, both molecules 
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are known to modify the surface tension of water pre-
sent in the organic fluids of animals capable of hibernat-
ing, thereby preventing crystallization [11].

According to classical kinetic theory, a reaction can 
be accelerated both by bringing the reactants together, 
so that the effective collisions increase (e.g., when the 
volume of the gel is reduced by evaporation of the sol-
vent), by supplying them enough energy to overcome 
the  EActivation. Condensation can be also accelerated 
when energy is supplied the oligomers initially present. 
The amount of energy delivered to gel depends on both 
the frequency (wavelength) of radiation (UV, IR, MW) and 
treatment time.

Shorter wavelength radiations are more penetrating 
but also more energetic [12–15]. For this reason, they are 
often absorbed in the most superficial layer, activating the 
processes too quickly: they start from the most peripheral 
areas of the gel volume and are not effectively transmitted 
inside. UV light is applied for top-down processing [16], 
but laser light [17], X-ray irradiation [18, 19], γ-rays [20], 
and an electron beam [21, 22], can also induce structural 
modification and film densification. With electromagnetic 
radiation exposure, light–matter interaction is particularly 
effective in a soft state because of the low degree of con-
densation and the presence of organic compounds. The 
radiation-induced changes are produced via the reactive 
species that are created by light irradiation. The effect very 
much depends on the energy and brilliance of the source.

For a more homogeneous and effective transfer of 
energy in the entire gel volume, microwaves could be 
useful [12–14]. Microwave irradiation (MW) was a non-
conventional energy source at the beginning of sol–gel 
process development, then this fast technique was largely 
implemented in industrial applications [23–26], even on 
large surfaces. MW generates heating of polar substances, 
like water and silanol present in gels, producing a reduc-
tion of gelation times of silica sol through condensation 
[27].

In the absence of energetic or evaporative phenomena, 
condensation can proceed over a long time, giving rise 
to syneresis: the connectivity of the gel increases, since 
the free spaces between the inorganic macromolecules 
reduce. Once triggered, this phenomenon proceeds until 
the solvent is almost completely expelled. However, syner-
esis is hardly observed in tightly wrapped systems.

It is already known that silica content affects the evapo-
ration of  H2O and the release of volatile compounds [7]. 
Moreover, the effects on thermal intumescence of the 
chelating agent ethylene glycol or glycerol, as well as 
time and type of curing treatment (IR, UV or MW), have 
been examined from gelation to intumescence on acid-
catalyzed silica alcogels by thermal–mechanical analyses 

and through a systematic collection of data, linking the 
effects of condensation with the type and not the amount 
of energy supplied [28, 29].

2  Experimental part

All the samples were prepared according to procedure 
reported in reference [7]: a commercial silica sol (Snowtex 
containing a potassium salt, Japan), stabilized by glycerol 
(GL, 10 wt% of silica) or ethylene glycol (GE, 5 wt% of silica) 
as complexing agents, was mixed with an aqueous solu-
tion of potassium silicate. The transparent gel contain-
ing silica is suitable for pouring into the cavity between 
glasses as a fireproof interlayer or, as in this study, in molds 
to obtain shaped samples for thermal and mechanical 
analyses.

Both the commercial colloidal silica and the potassium 
silicate sols, along with the gels obtained from their mix-
ing, were analysed via Delsa Nano-Dynamic light scatter-
ing (DLS, Backman and Coulter, California, USA).

Several silica gels were analyzed by DMS and DSC after 
the following curing treatments: (IR) by using a muffle and 
leaving the samples for 5 min at 50 °C; (UV) by using a low-
pressure mercury UV lamp (60 s under a 60 W lamp with 
emission at 254 nm wavelength), and MW (at a power of 
640 W microwave oven for 10 s). Since it is not possible to 
calculate how much effective energy is absorbed by the 
samples due to the diversity of the diffusion process, the 
treatment conditions were chosen considering a reduced 
duration and the easy implementation of the process, 
without producing visible alterations of the gel state, 
such as shrinkage and intumescence. The samples have 
been accordingly labelled IR-GE, MW-GE, UV-GE or IR-GL, 
MW-GL, UV-GL. The gels must be stored in sealed vessel, 
otherwise they become white, no longer transparent and 
increasingly rigid and brittle. The bleaching is due to the 
nucleation and growth of water bubbles and/or crystalline 
quartz, with size varying from 5 to 27 nm, as evidenced 
through Dynamic Light Scattering measurements (see 
Supplementary Materials).

Finally, two new samples (GE-0 and GL-0) were prepared 
and studied systematically using DSC and DMS at differ-
ent aging times. The six days aged samples were observed 
under the SEM COXEM EM30AX (Coxem, Daejeon, Korea) 
with 15 kV electron acceleration.

Differential scanning calorimetric (DSC) analyses, 
recorded simultaneously with thermo-gravimetric anal-
ysis (TG), was carried out using Labsys SETARAM ther-
mobalance (Caluire, France) with a heating ramp of 5 °C/
min from room temperature up to 600  °C in nitrogen 
atmosphere.
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The behavior of each type of gel (GE-0 and GL-0) was 
then observed during heating in oil up to intumescence 
(foaming). At the end the extremely fragile residues were 
observed under the SEM, described before.

The shear modulus and glass transition temperature of 
the samples were investigated using an EXSTAR DMS6100 
thermo-mechanical analyzer (Seiko Instruments Inc. Chiba, 
Japan). All the samples were analyzed using the shear 
modulus and a heating rate of 5 °C/min from room tem-
perature (around 25 °C) up to 200 °C with a load of 50 mN 
at a frequency of 1 Hz.

The residues of the DMS were then observed under the 
SEM, described before.

3  Results and discussion

The gels as prepared were completely transparent except 
for a few bubbles visible in some of them. DLS analysis 
neglected any presence, if not sporadic and statistically 
irrelevant, of nanometric aggregates. The refractive indices 
measured on all the samples were homogeneously slightly 

lower than the value of the standard consisting of pure 
silica glass. Accordingly, the silica gels are completely free 
of metal impurities, which would have made the index rise. 
Moreover, in pure silica glass, the degree of connectivity 
is close to the theoretical maximum value of four oxygen 
bridges for each silicon atom. Those bonds speed up the 
linear transmission of the light beam, while in gels, con-
sisting of amorphous macromolecular silica produced by 
reactions of hydrolysis and condensation of the reactants, 
connectivity decreases.

Dynamic mechanical spectroscopy in shear stress con-
figuration is the best technique for studying amorphous 
and polymeric materials, subjected to cyclic mechanical 
stress in a temperature range up to 200 °C. G′ is the con-
servative modulus, the rigidity related to the domains 
having high connectivity, whereas G″, the dissipative 
modulus, indicates the amount of disordered terminal 
chains, which are going to condensate massively giving 
rise foaming with a strong loss of solvent or water. The 
samples immediately after preparation are soft because 
of low connectivity. In laboratory conditions, samples 
can be considered “mature” after at least 6 days. In fact, 

Fig. 1  G′, G″ and tan delta curves of two days aged samples IR-GL (a), UV-GL (b) and MW-GL (c)
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in Fig. 1a–c, the DMS analyses of 2 days aged samples are 
reported. The curves of IR-GL stopped at around 100 °C, 
due to the shrinkage induced already at a low tempera-
ture during the test. The IR radiation has reached during 
the thermal curing the innermost points of the sample 
more evenly, promoting a greater condensation reactiv-
ity since the beginning of the DMS test. In fact, it can be 
observed that G’ curve increases slowly up to about 40 °C, 
suggesting an increase of connectivity by condensation, 
meantime also G” curve grows up to the value of about 
60 °C, indicating an improved mobility of terminal chains. 
This can be due presumably to foregoing hydrolysis and 
condensation reactions. According to many authors, the 
temperature of the peak of G″ curve is a measure of  Tg, 
glass transition temperature [30, 31]. The other two sam-
ples, MW-GL and UV-GL, managed to complete DMS run. 
In these two other samples, the curing irradiation with 
shorter wavelength couldn’t provide a deep penetration 
and the release of water occurred slowly during DMS test. 
However, the MW-GL sample shows, similarly to IR-GL an 
initial growth of G’ and G” curves, although in a narrower 
temperature range, and a following collapse of the two 
moduli, corresponding to the peak of tan delta above 
100 °C. This event modified gel structure and it is followed 
by a second growth of the two moduli curves up to 140 °C. 
For UV-GL sample, it can be observed that although G” 
curve grows up to the maximum value 60 °C, G’ one is 
always decreasing. Moreover, UV-GL sample shows simi-
larly a peak of tan delta above 110 °C, but after that the 
two curves do not grow significantly. DMS analyses con-
firm that in the samples IR-GL and MW-GL the endother-
mal phenomena, which consent the heat absorption dur-
ing fire, occur mainly by condensations both at lower and 
higher temperatures, up to 200 °C, whereas UV-GL release 
mainly free water in conjunction with hydrolysis. The data 
allow us to hypothesize that a good intumescence must 
occur in a single large event at high temperature and it 
does not consist only in the release of free water from a 
“wet”gel, but also and above all of condensation water.

The gels form through the condensation of the silica 
domains in the starting sol with potassium silicate. Both 
the complexing agents, glycerol (GL) and ethylene glycol 
(GE), can change the further condensation paths, con-
trolling and slowing them down. Ethylene glycol inhibits 
aggregations within the silica network, that high percent-
age can prevent the formation of a three-dimensional sil-
ica lattice, and drive to obtain controlled porous materials 
[32]. Therefore, a percentage of GE higher than 5%, as in 
the present study, may completely hinder foaming. The 
two species (GL and GE) can also interact with free water 
molecules or any other type of ion [10, 11].

The condensation reactions (within the silicate and 
between this and the silica nano-domains) occur accom-
panied by thermal exchanges, accordingly thermal anal-
yses can detect these processes. However, as discussed 
before, condensation between close groups will take place 
partially already in the preparation step and during curing. 
The residual groups, that in the beginning are far away, 
approach with the shrinkage and condense at higher 
temperature (within 200 °C) giving rise to intumescence. 
Accordingly, it depends on the quantity and type of rea-
gents or the order in which they are mixed, but mostly 
on the curing treatment, which could be considered an 
accelerated aging process. Those described in the experi-
mental part have been designed considering the needs 
of an industrial plant. Several tests have been carried out 
in laboratory on very thin samples to understand if dif-
ferences are due to the depth of penetration of the used 
electromagnetic radiation (IR, MW and UV). The higher the 
energy provided by electromagnetic waves, the higher the 
degree of connectivity of the silica-based material, the 
lower the intumescence.

In Figs. 2a–c and 3a–c, the TG-DSC curves of the 2 days 
aged samples IR/MW/UV GE and GL, respectively, are 
shown. The samples lost about 40% of their initial mass 
up to 200 °C; those with glycerol (IR-GL, MW-GL, UV-GL) 
at about 350 °C showed a further loss due to combustion/
pyrolysis of the glycerol.

Fig. 2  TG-DSC curves of 2 days aged samples IR-GE (a), MW-GE (b) and UV-GE (c)
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The DSC curves of samples mainly show a group of 
peaks very close and partially overlapping, indicating 
endothermic processes between 105° and 157 °C, involv-
ing evaporation of water simply entrapped or deriving 
from the condensation of silanols in different macromo-
lecular species. The peaks are mainly two, but in some 
cases a third peak appears at the end of temperature 
range. Looking at the DSC curves, it is seen that there 
are two main endothermic peaks present, and similari-
ties appear between the heat treatments, IR and MW on 
one side and UV on the other, with both GE and GL. In 
Fig. 2a and b, IR-GE and MW-GE curves show at lower tem-
perature a peak with a maximum at about 110 °C smaller 
than the second at about 135 °C, whereas the curve of 
UV-GL shows a wide peak at lower temperature and a pro-
nounced shoulder at higher temperature. In Figs. 3a and b, 
the peak at lower temperature is wider and more intense 
than the second in IR-GL and MW-GL curves, on the con-
trary in the UV-GL curve the shoulder at higher tempera-
ture is slightly reduced. Since the peaks at lower tempera-
tures correspond to the release of free water molecules or 
from the condensation of very close silanols, while those 
at higher temperatures correspond to the condensation 
of silanols which have come together after shrinkage, the 
ratio between the two types of peaks (at low and high 
temperatures) is indicative of the effectiveness of the cur-
ing treatment, with respect the intumescence. It should be 
remembered that intumescence should occur in a single 
large heat absorption event which favors the release of 
water at a temperature not too low. The release of water 
occurred during preparation and curing is subtracted to 
the intumescence during application as a fire-resistant 
material. As discussed above, most of the condensation 
take place within 100 and 160 °C, where endothermal 
peaks are visible in TG-DSC curves: the more intense the 
peaks, the more suitable the gel as fire retardant. In Fig. 2a 
and b, the curves of IR and MW cured samples similarly 
show a main narrow peak at higher temperature: if the 
endothermal peaks are low in that range, condensation 

must be occurred mainly during curing. At this regard it 
appears that UV curing provide a similar behavior, irre-
spective of the complexing agent, but the peak of foam-
ing takes place just above 100 °C. This is presumably due 
to the low penetration depth of UV radiation, which avoids 
water can be released already during curing. Furthermore, 
the lower gel connectivity, the lower its viscosity. Accord-
ingly, the most suitable viscosity for casting and the intu-
mescence at higher temperatures derive mainly from the 
research and development activity within the production 
plant [6]. Acidic catalyzed sol–gel compounds tend to 
have higher density than the base-catalyzed ones [28]. 
The solvent used for the synthesis, generally the parent of 
the used silicon alkoxide (so that the gel is typically called 
alcogel), together with water molecules, is initially con-
fined in the dead space between the oligomeric forming 
macromolecules [33]. As the number of Si–O–Si bridges 
increases by condensation up to gelation, with the for-
mation of branched clusters, discrete species, the solvent, 
is gradually expelled out the gel (syneresis). The further 
condensation occurs during curing and lets to a denser 
packing of inorganic oligomeric domains until the shrink-
age and the structural collapse reduces dead space to 
nanometric size [31]. Of course, during the intumescence 
no alcoholic solvent should be released in order not to 
feed the flame and possibly only water should be released, 
but, although heating favors water release, bubbles must 
nucleate and grow.

Since the TG-DSC analyses of the samples aged two 
days before curing did not allow to reach a definitive con-
clusion, it was decided to investigate the question using 
new samples that were left to age on their own and with 
a curing treatment by IR, MW and UV. The latter can be 
therefore considered as accelerated aging treatments. In 
the laboratory conditions, the gels maintained in sealed 
vessel became “mature”, i.e. it reaches a glassy state that 
is no longer subject to large variations by heating, after 
6–9 days from preparation. Although the TG-DSC curves 
have not been reported in the paper, it is observed that 

Fig. 3  TG-DSC curves of 2 days aged samples IR-GL (a), MW-GL (b) and UV-GL (c)
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with natural or accelerated aging the foaming endother-
mic peaks shift to higher temperatures within the range 
indicated before. It is also observed that the gels become 
increasingly glassy and dense, such that it can no longer 
be of any use from the point of view of application as a 
fire-resistant material. To study the phenomena, two gels 
(GE-0 and GL-0), containing GE and GL, respectively, were 
cast in molds and 48 h after preparation were moved into a 
beaker containing high temperature oil and heated at con-
stant rate (20 °C⁄min). At the beginning, sample GE-0 was 
“soft and wet”, presumably because some of the reagents 
were still unreacted. It had the consistency of a low mod-
ulus polymer and deformed under its own weight when 
removed from the mold, which therefore acted as a sup-
port. During the heating in oil in the range 40–50 °C, the 
sample “settled” into the shape of the container. Meantime, 
some condensed moisture appeared on the glass beaker, 
due to the release of water from the sample. At 80–90 °C, 
some cracks formed on the edges of the still vitreous 
sample, which stuck to the beaker. Above 100 °C, blisters 
became visible in the sample, still rubbery. Increasing the 
temperature, the sample hardened and at 120 °C became 
completely white. At 140 °C the sample began to “swell” 
due to a large intumescence. At 160 °C the observations 
were stopped, and the final sample resulted fragile even 
under small stresses.

Similar observation was carried out on sample GL-0. 
Two days after preparation, it was still fluid as honey. 
Transferred into the beaker containing thermally resist-
ant oil, at 40 °C, the gel resulted sticky, thickened to the 
point that poking the surface left a mark. At 70 °C, the 
sample reached such a thick consistency that, after pok-
ing, marks became persistent, but, underneath the surface 
film, it seemed to be still fluid. No moisture condensed on 
the beaker’s wall. At 90–110 °C the sample appeared solid 
and numerous small-diameter bubbles began to form 
beneath the surface. At 120 °C foaming, whitening and 
volume increase started up until 140 °C. By continuing the 
heating, the white solid started to release smoke, probably 
due to glycerol combustion.

According to the observations during the heating in oil, 
intumescence appears different depending on the com-
plexing agent. GE is highly efficient as complexing agent 
and a high amount could even stop foaming. However, 
in the extent of 5 wt% of silica in GE-0 sample, nuclea-
tion of very small moisture bubbles, hardly visible to the 
naked eye, occurs already at low temperature as testified 
by released moisture. None of initial bubbles can grow 
preferentially with respect to the others, therefore result-
ing in uniform and constant foaming. Instead, moisture 
bubbles nucleation in GL-0 occurs at higher temperature 
when their growth is easier, giving rise to the so-called 
“popcorn” effect.

In Figs. 4 and 5 are reported both TG-DSC and DMS 
curves for all the samples GE-0 and GL-0 at six days of 
aging before and after thermal curing treatment. The sam-
ples lost the same percentage of weight, which means the 
TG-DSC analysis always ended with intumescence within 
200 °C.

As regards DSC curves, it is worth noting that all the 
samples, quite irrespective of the used complexing agent, 
show a pronounced main peak with a maximum above 
110 °C. This confirms the aging is useful to condense gels 
and let the intumescence occur in a single phenomenon. 
Only GE-0 6d, GE-0-IR 6d and GE-0-MW 6d show also 
a minor second peak at above 130 °C, whereas GL-0 6d 
and GL-0-IR 6d show just a shoulder. In DSC curve of sam-
ple GE-0 the first peak has a maximum of approximately 
113 °C, and the second at about 138 °C (Fig. 4a). All the cur-
ing treatments on 6 days aged samples promote a single 
peak with a maximum of approximately 125 °C and, if any-
thing, a shoulder at higher temperature. The latter indicate 
that the silica lattice is already well interconnected and the 
residual condensation reactions take place only when new 
groups keep in touch.

In Figs. 4 and 5 the DMS curves of GE and GL samples, 
respectively, are shown and give the measure of the gel 
rigidity. It is worth noting that, differently from Fig. 1, 
the G′ and G″ curves of all the samples show the same 
trend: this suggests the gel after six days aging behaves 
as a quasi-solid (d ≤ 45°) homogeneous material. If in all 
these cases, DSC curves simplified showing a main sin-
gle peak, on the contrary, their G′, G″ and tan d curves 
showed many phenomena both at lower and at higher 
temperatures. Moreover, GE-0 6d and GE-0-IR 6d samples 
show many spikes at temperatures above 110 °C whereas 
GE-0-UV 6d and GE-0-MW 6d above 120 °C, respectively. 
The presence of spikes after the temperature of the maxi-
mum of the DSC peak and related to the intumescence 
suggests that it is accompanied by dimensional changes 
that allow movements of the sample inside the clamps. 
This also indicates that within the gel there still are sev-
eral groups able to condense releasing water or solvent, 
much more in the uncured sample (GE-0 6d) than in the 
cured ones, as expected. Moreover, the presence of spikes 
makes difficult to read the glass transition events. The 
G′ and G″ curves of the GL samples do not show spikes, 
unless very few negligible ones both in the uncured and 
UV cured samples: glycerol seems to stabilize the gel and 
make much easier to control condensation, which occurs, 
as reported before, not only and mainly in a single phe-
nomenon, but also without significant shrinkage, which 
can cover glass transitions. When G′, G″ and tan δ are 
plotted against temperature, the presence of glass transi-
tion can be assessed and the corresponding temperature 
 (Tg) easily read off either at the maximum of loss tangent 
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peak or at the maximum of loss modulus peak [31, 33]. Of 
course, the two values cannot be the same and the second 
is always lower than the first. Alternatively,  Tg could be also 

evaluated from the storage modulus curve as the onset 
of the step or at its inflection point (the value is about 
that measured at the maximum of loss modulus peak). 

Fig. 4  TG-DSC and DMS curves of GE-0 sample aged 6 days as it is(a, b) and after  curing using IR (c,d), UV (e,f ) or MW (g,h) treatment
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These two latter evaluations are not very common and 
sometimes are not immediately detectable, as could be 
the case for the maxima of G″ and tan d curves. Moreover, 
the damping peak could be used to evaluate the thermal 
wideness of transition(s) and it is measured as the width at 
half height of the peak. The narrower the peak, the higher 
the homogeneity. On the other hand, a wider damping 

peak is somewhat representative of more heterogeneous 
domains and the co-existence of several transitions due 
to the chemical interactions between the components in 
the materials. To compare the different materials, the same 
value must be considered [31, 33, 34]. As discussed before, 
the evaluation of the presence of glass transitions of GE-0 
samples is very difficult and therefore we will focus on GL-0 

Fig. 5  TG-DSC and DMS curves of GL-0 sample aged 6 days (a, b) and after   curing using IR (c,d), UV (e,f ) or MW(g,h) treatment
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samples. The uncured (GE-0 6d) has a pronounced nar-
row damping peak at about 70 °C, a negligible one above 
110 °C and even a third above 140 °C. All of them indicate 
that the gel is still able to condense, but the major events 
occurred at lower temperature before intumescence. The 
cured samples typically show two main wide damping 
peaks before and after intumescence. GE-0-IR 6d and GE-
0-UV 6d show the first both at 70 °C, whereas the second 
at 130 and 140 °C, respectively. The most interesting result 
was observed for GE-0-MW 6d sample, which lower damp-
ing peak has a maximum at about 80 °C, then above about 
120 °C the tan d curve slowly increases up to a maximum 
above 150 °C, whereas the descendant part of the peak is 
out of the measurement temperature range. The higher 
the  Tg, the better the application.

Figures 6 and 7 show the SEM images of GE-0 and GL-0 
sample, respectively, 6 days aged at room temperature 
before any treatment (a) and the two residuals of the ther-
mal treatment at 160 °C in oil (b) and of the DMS analyses 
of the MW cured samples (c). The latter (Figs. 6c, 7c) both 
appear to be solid foams: the MW curing treatment pro-
mote stiffness of gel, leaving the residual condensation 
during intumescence occurring at higher temperature. 
However, glycol containing sample shows much greater 
evenly spread porosity (Figs. 6b, c, 7b, c). Moreover, look-
ing at the images of the samples 6 days aged at room 
temperature (Figs. 6a, 7a), it could be found some porosity 

already formed in GE-0 6d (Fig. 6a), but not in GL-0 6d 
(Fig. 7a). If bubbles nucleate at higher temperature, they 
must grow fast.

4  Conclusion

Some transparent gels containing silica was considered 
among those used between two sheets of glass as fire-
retardant. They exhibit interesting intumescent character-
istics according to composition and curing treatments, so 
that we have provided a systematic investigation into their 
thermal behavior up to 200 °C. The effects on thermal intu-
mescence of the complexing agent—ethylene glycol vs. 
glycerol—as well as the curing treatment—IR, UV, MW—
were examined using thermal-calorimetric (TG-DSC) and 
dynamic-mechanical spectroscopy (DMS) analyses before 
and after aging/curing.

Gels lose about 50 wt% up to 200 °C: in this range of 
Temperature an endothermal group of peaks are visible 
on the heat-flux DSC curves, attributable to intumescence. 
DMS analysis let to assess that a MW cured glycerol-con-
taining gel shows a glass transition above 150 °C, so that 
it results the best option for application: bubbles nucleate 
at high temperature and grow fast. Thus, glycerol could 
be a better choice in a gel as a fire-retardant material, 
given that intumescence starts and completes at higher 

Fig. 6  SEM micrographs of GE-0 sample before any treatment at room temperature (a), after a thermal treatment at 160 °C (b) and the DMS 
residual of the MW cured sample (c)

Fig. 7  SEM micrographs of GL-0 sample before any treatment (a), after a thermal treatment at 160 °C (b) and the DMS residual of MW cured 
sample (c)
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temperatures. The microwave treatment was assessed to 
heat homogeneously and fast the gel, also before the cast-
ing between glass sheets, so that residual condensation/
intumescence could occur only at a higher temperature. 
This is beneficial from the point of view of both applica-
tion and durability of the window. The latter cannot easily 
whiten due to residual condensation activated by absorb-
ing sunlight or due to other occasional sources of heat.
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