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ARTICLE INFO ABSTRACT
Keywords: Regulations aimed at limiting and eliminating unnecessary energy usage and the associated
Aerogel emissions of hazardous materials are becoming more and more stringent when it comes to newly
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planned and built buildings. The need for these initiatives is also growing among consumers due
to the rise of an increasingly environmentally and energy-conscious mindset. Moreover, vehicles,
industrial applications, or pipes transporting hot water can also use thin layered insulation.

Aerogel materials fit these cases, too. Technological advances have also led to an expansion in
the production of thermal insulation materials. New materials like aerogels, vacuum thermal
insulation panels, and graphite-infused polystyrene foam have joined the market. It is essential to
understand their properties after aging them through heat treatments. This study presents the
change in the thermal properties of a Pyrogel-type aerogel material after thermal treatment at 150
and 250 °C for 1 day. The reason for this was to understand the thermal stability of the samples
for their possible use at a temperature range of up to 250 °C. Because, in some cases, these
materials can meet higher temperatures, such as in industrial cases. Due to the thermal annealing,
the thermal conductivity, diffusivity, and volumetric heat capacity change will be discussed. We
deduced a 5 % increase in thermal conductivity and a 6 % increase in the specific heat capacity
after thermal annealing at 250 °C. These characteristics resulted in changes in thermal diffusivity
and the volumetric heat capacity. The thermal diffusivity changed only after annealing at 250 °C,
while the volumetric heat capacity continuously increased.

Micro and macrostructural characterization tests were executed on the samples to understand
this. Moreover, the microscopic background of these changes is also revealed. Several comple-
mentary measurements were used to explain the changes, such as X-ray diffraction, differential
scanning calorimetry, infrared spectroscopy (IR), and Raman spectroscopy. The test methods
have demonstrated that the observed increases in thermal conductivity, specific heat, and volu-
metric heat capacity are primarily due to significant crystallization and recrystallization processes
occurring within the aerogel material. Additionally, the slight alteration in thermal diffusion is
linked to amorphization, indicating a complex interplay between structural changes and thermal
properties. This nuanced understanding highlights the importance of thorough characterization in
evaluating the behaviour of materials under varying thermal treatments. These measurements

* Corresponding author.
E-mail address: alakatos@eng.unideb.hu (A. Lakatos).

https://doi.org/10.1016/j.jobe.2025.112149

Received 16 November 2024; Received in revised form 5 January 2025; Accepted 16 February 2025

Available online 20 February 2025

2352-7102/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license
(http://creativecommons.org/licenses/by-nc/4.0/).


mailto:alakatos@eng.unideb.hu
www.sciencedirect.com/science/journal/23527102
https://www.elsevier.com/locate/jobe
https://doi.org/10.1016/j.jobe.2025.112149
https://doi.org/10.1016/j.jobe.2025.112149
http://creativecommons.org/licenses/by-nc/4.0/

A. Lakatos et dl. Journal of Building Engineering 103 (2025) 112149

also gave results on crystallization and amorphous changes as an explanation of the thermal
changes. The interdisciplinarity of our paper proves its innovation. We briefly presented the
environmental impact of aerogels.

1. Introduction

The building industry plays a significant part in greenhouse gas emissions, and the energy use of residential and commercial
structures often drives the research and development of high-performance thermal insulations. The energy consumption of the
building sector is increasing and may eventually overtake other sectors, like industry. Enhancing the thermal insulation of the
buildings is a frequent method used in the European Union (EU) to use net zero energy buildings (NZEBs) to meet sustainability targets
for 2050 [1-8]. Energy requirements for heating and cooling can be reduced by up to 50 % with proper insulation, which results in
significant drops in greenhouse gas emissions. It is presented in Ref. [9] that lignocellulose-based insulation materials or bios-based
insulations from wastes and renewables are eco-friendly solutions. This method allows renewable materials to be substituted for
30-50 % of the polymer content, consistent with sustainability ideals. Moreover, the thermal conductivity of their forms is within the
same range as the plastic-based ones [10].

Furthermore, In Ref. [11], it is also presented that agricultural waste is also a proper material from a sustainability point of view.
The literature [12-14] states that between 60 and 65 percent of the insulation materials available on the market are inorganic (mineral
wool), 21 percent are organic, and the remaining portion is novel and composite materials such as aerogels and vacuum insulation
panels. These two have much lower thermal conductivity than the above-mentioned ones. Various thermal insulation materials have
recently been created with the concepts of environmental preservation, increased energy efficiency, and global sustainability in mind
[15].

Additionally, thermal insulation is vital for building envelopes, and their use for building service types of equipment is also
necessary. Developing building service systems that improve the building’s efficiency is therefore urgently needed. This is why novel
materials are crucial, as they can be applied in thin forms and stand at high temperatures [15].

Regarding insulating materials, aerogels and other super-insulators are outstanding and suitable methods. Although advanced or
nanostructured thermal insulation materials are also often used terms to describe aerogel materials, the term “super thermal insulation
material” is now also used, which comes from the term “Super Insulation Material (SIM)". Super-insulating materials, a recently
developed category of these goods, have the potential to be crucial to insulation in the future.

Although the term “SIMs” lacks a specific definition, the elements of this group are defined in Annex 65 of the IEA EBC (Inter-
national Energy Agency, Energy in Buildings and Communities Programme). Per this appendix, the following are included in the
group: Vacuum thermal insulation panels, or VIPs; b) unique porous materials, like different kinds of aerogels (fibrous or monolithic).
These materials have gained popularity as attractive substitutes for conventional thermal insulation materials that are used internally
and have insulation thickness lowered by half to a third. Products made of silica aerogel are frequently considered materials that show
promise for raising the building envelope’s thermal resistance. Notwithstanding their exceptional insulating capabilities, these ma-
terials come at a very high cost, and scant information regarding their longevity, intermediate performance, and fundamental thermal
characteristics is available. Examining the thermomechanical properties of the materials listed, including determining these param-
eters, is one of the main focuses of this research, especially concerning fibrous silica aerogel. This problem must be solved since the
databases that summarize newly created materials’ specific heat and thermal conductivity coefficients are frequently ambiguous or
lack information.

Furthermore, it often occurs that the lambda values provided by the manufacturers differ from the outcomes of the tests conducted
in the laboratory. There is regularly insufficient information about thermal insulation materials to fully understand how certain
external conditions, like moisture, temperature, or age, can alter their properties, possibly even their structure. The critical point is
how environmental factors cause them to lose their properties over time and how the good thermal insulation qualities that exist
during production deteriorate. Moreover, nothing is understood about their behaviour when analyzed because of their fundamental
structures [16-18]. The authors state that aerogels are one of the lowest thermal conductivity materials that can be used for thermal
insulation. They can also be used as composites with epoxy [19-21]. Due to their nature, aerogels are often strengthened with other
materials, such as plastic components like polyurethane. The composite materials are new, so thermal investigations are necessary
[22]. Moreover, it is justified that aerogel thermal insulation can be well applied in hot environments. Nanoporous carbon aerogel
performs well as thermal insulation in harsh environments because of its exceptional qualities, including low thermal conductivity and
ultra-high temperature resistance. It makes an excellent choice for ultra-high temperature thermal insulation in aircraft thermal
protection systems and for hot places such as power plant applications and chimneys [23,24]. This is why investigating their properties
under extreme environmental conditions is crucial. These can be simulated by thermal treatments or ageing [25-28].

These encounters served as the foundation for the research project and justified performing the examinations. Due to their high
porosity and low density, aerogels have been utilized as lightweight materials in a variety of applications, such as the aerospace and
equipment industries, since the introduction of novel materials in recent years [29,30], and [31].

A 10-40 % reduction may be achieved using aerogels from the heat loss through the walls [32-35]. Moreover, their use as insu-
lating building services systems, equipment, and pipes reduces energy loss. The research carried out on the thermal insulation samples
covered the assessment of the thermal insulation capacity, diffusivity factor, and volumetric heat capacity because these parameters
are decisive in the usability of the insulation materials. This study will present the study of the change in thermal parameters due to
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heat treatment and show a comprehensive experimental research row to support each other for revealing the microscopic and
macroscopic changes inside the material.

Both thermal and microstructural characterization are significant for building materials. The authors investigate their materials
using novel solid-state physical methods, such as XRD, FTIR, and DSC, similar to the current study. They also show whether different
methods can support each other to entirely understand the thermos-mechanical changes of building materials [36]. Rahimzedah et al.
also presented that plaster made of lime is commonly used as a thermal insulator in building construction. In Ref. [37], the authors
present experiments on heat treatment and water sorption, a microstructure analysis, and modelling of the compression stress-strain
behaviour of screed paste and roofs made of lime. It is also notable that Rahimzadeh and his colleagues showed that the pastes made of
lime are incredibly intricate constructions of several mortars. Lime-based screed or paste is frequently utilized as a thermal insulator in
buildings. Because they shield buildings from the elements and affect occupant thermal comfort, screeds are essential envelope
building materials. They also applied multiple experiments to investigate thermal insulation materials. Besides DSC, XRD, and FTIR
experiments, they also used thermogravimetry, scanning electron microscopy, sorption, and compressive strength experiments [38]. In
contrast to their papers, we also made experiments to see the changes in the thermal insulation capability.

The pyrogel aerogel insulations evaluated are relatively recent and have a wide range of applications in the industry. The large-
scale production of pyrogel aerogels is available from manufacturers. These materials can be found in a couple of thickness centi-
metres and blanket form. In some cases, such as in industry or power plants, having pipes transporting hot water pyrogel can be
satisfactory insulation. Because it may forecast the insulation’s lifespan and application limit, thermal annealing - which also describes
the samples’ thermal ageing - is crucial. The research’s interdisciplinarity is another innovative aspect. The basis of the structural
alterations and associated processes was revealed by rigorous solid-state physical examinations and the study’s general building
physical investigations (specific heat and thermal conductivity). The following is where the paper’s novelty lies.

1.1. Aims and hypotheses

Investigating the suitability and effectiveness of pyrogel aerogel insulation material as a possible thermal insulator in thin forms for
buildings/vehicles (not thermal annealed form) and industrial applications (after thermal annealing) is the goal of this multidisci-
plinary study.

The article’s significant hypotheses are as follows:

a) Does the pyrogel material’s appearance alter due to heat treatment at 150 and 250 °C in the air?

b) Does heat treatment alter the pyrogel material’s structure?

¢) Has the pyrogel material’s structure changed, and if so, how does this impact its thermal properties, including volumetric heat
capacity, specific heat, diffusivity, and thermal conductivity?

2. Materials and methods

2.1. Methodology

This study combines analytical and experimental methodologies to assess the thermal performance and the structural integrity of
the pyrogel insulating material. The experimental protocols and data analysis carried out are delineated in the subsequent steps:

Presentation of the thermal conductivity of porous materials (section 2.2).

Presentation of thermal degradation and heat treatment (sections 2.8, 3.1.)

Presentation of thermal conductivity and specific heat measurements (sections 2.3, 3.2).

o Investigation of the alteration of thermal diffusivity and volumetric heat capacity after heat treatment (section 3.3).
e 2.4. Differential Scanning Calorimetry (sections 2.4, 3.5.).

X-ray diffractometry (sections 2.5, 3.4).

2.6. Investigation of the bond structure of the samples (FT-IR, Raman) (sections 2.6, 3.6).

Tested aerogel material as pyrogel, and comparison with graphite EPS and vacuum insulation panels (section 2.7).
Environmental impact (section 3.7)

2.2. Thermal conductivity of the porous materials

The thermal conductivity factor is one of thermal insulation materials’ critical thermal technical properties. Its thermal conduc-
tivity measures how quickly heat can move through a material by conduction. Conduction is the primary heat transfer method through
insulation. The value is commonly called the A (lambda, W/mK). The performance is better when the value is smaller. During pro-
duction, efforts should be made to maintain this value as low as possible once the product is installed. Variations in temperature and
humidity can impact the components of a building’s thermal envelope, leading to a decline in the building’s structural integrity. For
engineers to work with accurate values during planning, the thermal conductivity factor and moisture absorption capacity of thermal
insulation materials must be examined in a laboratory. Specific data are available in tabular form in various open-access literature and
manufacturer brochures [30,31]. Most are very useful, but we often find incorrect or incomplete information. In the case of materials,
it is necessary to enter not only the thermal conductivity coefficient correctly but also, for example, the density, pressure or moisture
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content, and temperature at which the thermal conductivity coefficient was determined. In addition, it is also essential to know their
additional thermal properties, such as the specific heat or heat of combustion. To specify the thermal conductivity of the materials
accurately, it is vital to know the time since production and the storage method (air temperature and humidity).

Because high porosity material prevents phonons from propagating in the aerogel’s backbone, heat conduction through the solid
framework reduces as porosity rises. Elastic collisions between gas molecules explain the contribution of the gas phase. The gas phase’s
thermal conductivity depends on the pores’ size and the average accessible route length of the gas molecules inside them. For aerogel
to be an effective thermal insulator, its thermal conductivity needs to be lower than that of “free” ambient air (0.025 W/mK at 300 K
and 1 atm pressure) [39]. If the pore size is less than the typical accessible route length of air molecules (70 nm), the Knudsen effect, or
the gas’s thermal diffusion, may be inhibited. Reducing pressure is another way to accomplish this. The Knudsen number is the mean
accessible route of gas molecules divided by the pore diameter. The pores’ nanometric size lowers radiation, gaseous convective heat
transfer, and conductive heat transmission [40,41]. The heat required to raise 1 kg of a material’s temperature by 1 K (or 1 °C) is
known as its specific heat capacity. It takes time for an excellent insulator to absorb more heat before the temperature rises and the heat
is transferred. Hence, a good insulator has a larger specific heat capacity. Materials with a high specific heat capacity offer thermal
mass or buffering (reduction delay) [42,43].

2.3. Thermal conductivity and specific heat capacity measurements

We tested the materials’ thermal conductivity (A) with a Netzsch 446 heat flow measuring device, which also allows for deter-
mining the specific heat capacity. Some of the essential advantages of this equipment are that, on the one hand, it measures the specific
heat capacity (c, J/kgK) of the materials, and the heat conduction factor can be examined with an accuracy of approximately +2 %
even under different loads and compressive forces. The measuring instrument was designed using the following standards: ASTM
C518, ISO 8301, JIS A1412, DIN EN 12664, and DIN EN 12667. The equipment measures the specific heat step by step, heating the
sample while keeping the two plates at the same temperature. The equipment measures the specific heat between two fixed tem-
peratures. The integral of the heat flow sensor signal in each step represents the total amount of heat entering or exiting the sample.
The plates’ specific heat capacity also influences this, but the apparatus takes this contribution into account. The 20 cm x 20 cm
sample is positioned between two heated plates in the heat flow meter in the same manner as in the previously described apparatus.
The sample’s maximum thickness of 5 cm is only permitted here [17,18].

2.4. Differential scanning calorimetry

Differential scanning calorimetry is a popular technique for analyzing contaminants’ release and potential sample alterations
following heat supply. As a result, we used 10-20 mg mass to evaluate ground samples from the entire blanket. The following was the
measurement order: The samples were heated from 30 to 350 °C with a heating rate of 10 °C/min in a concave aluminium piercing lid
in a nitrogen environment with 40 and 60 ml/min flow (ambient and protected). The DSC sign (in MW/mg) was then recorded as a
function of temperature. The potential energy and structural alterations were assessed based on the DSC grams. The Netzsch DSC Sirius
3500 equipment utilized for this measurement conforms with ASTM E793, ASTM D3895, DIN 51004, ISO 11357, and ASTM D3418
standards [44].

2.5. X-ray diffractometry investigations

The Rigaku SmartLab diffractometer was used to make X-ray diffraction (XRD) measurements using CuK-alpha irradiation with a
wavelength of 0.154 nm to gather crystallographic information from the un-annealed and annealed samples. The samples were
scanned in the 10-80° theta—2theta range using Bragg-Brentano focusing geometry to detect potential crystalline phase alterations.
The X-Ray tube was operated with 45 kV, 200 mA parameters [44-46].

2.6. Investigation of the bond structure of the samples (FT-IR, Raman)

It was earlier presented in the Authors’ paper in Refs. [47,48] that Raman spectroscopy is an accurate method to investigate the
change in both the micro and macrostructure of aerogels after thermal annealing, especially for silica aerogels. Raman spectroscopy is
a quantitative, species-specific, easy-to-use, and non-invasive spectroscopic technique [49,50]. It was also presented that Raman
spectroscopy that the lattice vibration modes of the aerogels can be inferred from the Raman spectra [51,52].

FTIR (Fourier-transform infrared) and Raman spectroscopy provide molecular details on the makeup and structure of biological
and chemical materials. Both technologies can produce complementary information because of their underlying principles. While
Raman spectroscopy employs light in the visible, near-IR (NIR), or occasionally ultraviolet (UV) areas, usually around 785 nm, IR
spectroscopy uses light energy over the entire infrared region of the electromagnetic spectrum. For this IR spectroscopy can supple-
ment the results of Raman investigations well. The thermal characteristics of silica aerogel are characterized using an infrared emission
spectroscopy spectrum technique. It offers spectral data on heat transfer [53]. Moreover, it was also presented that the physical
characteristics of silica aerogels can be efficiently investigated using Fourier-transform infrared spectroscopy (FTIR) [54].

Ref. [55] also presents that FT-IR spectroscopy completed with XRD analysis can effectively investigate the structural change
caused by thermal conductivity variation. In Ref. [56], the authors used the Fourier transform infrared spectrophotometer to examine
the complexes’ structure in the aerogel composite.
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The pre-and after-annealing samples were investigated via Infrared (IR) and Raman spectroscopies to understand the changes in
their bond structures due to heat treatment.

The Horiba LabRam spectrometer was utilized for the Raman spectroscopy investigations. It employed a cooled CCD detector and a
laser diode with an operating wavelength of 532 nm. Because 600 lines/mm gratings were used for the measurement, the peak po-
sitions had an accuracy of at least +1.5 cm™!. A 20x lens focused on the excitation beam onto the sample’s surface. On the surface, the
laser output was roughly 1 mW/cm?. The measurement was performed with an acquisition time of 10 s, with an accumulation of 10.
The measured spectra were analyzed, and the baseline corrected.

Besides, the samples were investigated using infrared spectroscopy to understand the bond structure changes [47,48].

The aerogel samples’ infrared spectra (FT-IR) were measured in a PerkinElmer Spectrum Two Spectrometer using a universal ATR
head (Single Reflection Diamond — L1600607). No sample pre-treatment was applied; representative 1 mm x 1 mm size aerogel pieces
were directly attached to the probe. In order to support reproducibility, three samples were investigated from each (pristine and
treated) aerogel panel. The IR spectra of the samples were recorded by averaging 8 scans in the spectral range of 550-4000 cm ™ *. The
experimental spectra were evaluated without using any mathematical transformations.

2.7. The tested aerogel material

As mentioned, the chosen thermal insulation materials discussed are glass fibre-reinforced silica aerogel. According to IEA Annex
65, this material belongs to the advanced porous products of superheat insulating materials. Before detailing the material’s properties,
it is essential to describe what advanced porous materials are. By this acronym, we mean materials with open pore architectures and
nanostructures. Although this ratio is often between 90 and 94 %, their porosity can reach 97 %. Their density ranges from 50 to 250
kg/m®. The names of aerogels are primarily inspired by their unique appearance, which can be frozen smoke, solid smoke and, finally,
blue smoke. Preparing the silica sol for the solvent-containing gel as a first step is necessary [40]. During its production, the liquid is
carefully removed from the silica-alcogel, and its place is filled with air; thus, the final product containing air is obtained. The aerogel
thermal insulation quilt is a flexible composite material, which is an aerogel embedded in a glass fibre network. We tested pyrogel
insulation, which can also be used for pipe insulation. The tested substance can be utilized safely in many aspects of life because of its
non-toxic properties. It fits any place without losing its tensile strength or flexibility because it is plastic and slightly compressible. Its
particles have modest contact surfaces with one another. The route length necessary for the free collision of gas molecules within the
nanopores is greater than the size of the cavities within them. There is little convection heat flow because the gas molecules clash with
the cavity walls. Many of the heat rays are reflected and scattered by the surface of the nanopores since their size is smaller than the
wavelength of infrared heat rays. Different products have different thermal conductivity coefficients, but these values are average
lower than still air’s thermal conductivity coefficient or compared to plastic foam. Aerogel materials have declared thermal con-
ductivity factors of 0.013-0.025 W/mK and have good light transmission and sound insulation capabilities. Due to its low thermal
conductivity, aerogel can also be used as thermal insulation in smaller thicknesses. In recent years, several research groups have begun
to deal with the thermomechanical properties of silica aerogel, paying particular attention to examining its moisture absorption
properties and thermal conductivity [44-46].

2.7.1. The pyrogel-type aerogel

Because of its high carbon content and greenish-grey hue, pyrogel can be used as pipe insulation. Pyrogel industrial insulation has
produced quantifiable benefits in many critical industrial and energy processes, including petrochemical, power plants, floating
production, storage, offloading (FPSO), and refining. Aspen’s industrial aerogel insulation is ideally positioned to support emerging
energy solutions, further helping to meet the most rigorous ecological goals.

The novel hydrophobic design minimizes water absorption to optimize protection against corrosion under insulation (CUI) and
corrosion under fireproofing (CUF). Long-lasting water resistance is ensured by pyrogel insulation for both the insulation layer and the
underlying asset. Extended asset dryness preserves critical assets, saves energy, and maintains process conditions. Pyrogel offers
unique characteristics and advantages to guarantee a reliable performance that satisfies requirements and performance objectives.
Pyrogel thermal insulation material can be effectively used in industrial applications. This material stands till 650 °C. Applying
amorphous silica and hybrid aerogels benefits pressing global challenges, including economic methods for carbon capture and the
provision of clean water. This material can be used for both piping and building equipment. These flexible blanket insulations are
suggested for piping, fittings, valves, flanges, and elbows. Through their industrial applications, they can meet high temperatures [57].
The aerogels’ life cycle assessments and sustainability are well presented in Ref. [58]. In this study, the authors demonstrate that the

Table 1
Thermal properties of different insulation materials.
Thermal properties Pyrogel Graphite EPS Vacuum insulation panel [60]
[57] [59]
Thermal conductivity at 10 °C mean 0.02 W/ 0.032 Depending on the core materials and manufacturer Center of panel
temperature [W/mK] mK thermal conductivity 0.004-0.007
Compressive strength at 10 % strain [kPa] 102 80 Depending on the core material, usually silica-based as 100
Density [kg/m3] 180-220 15-20 150-250
Fire resistance category [Al, A2, B, C, D, E, F, Al E Depending on the core material, usually silica-based as Al.

Al-best, F-worst]
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aerogel material’s environmental impact and the potential for global warming are highly variable. We obtained the samples from a
distributor and did not produce them.

2.7.2. Comparison of the thermal properties of pyrogel insulation with graphite EPS and vacuum insulation panels

In Table 1, we collected the most important thermal properties of pyrogel aerogel, graphite EPS and vacuum insulation panels. We
compared the thermal conductivities, compressive strength densities and the fire resistance.

The table shows that the thermal properties of graphite EPS are worse than those of aerogels and vacuum panels in all cases. At the
same time, the thermal conductivity of vacuum panels is the lowest.

2.8. Thermal degradation of materials

Materials undergo aging, which causes gradual changes to their mechanical, thermal, and physical characteristics. Heat treatments
and UV or infrared light can age a material artificially. The kinetic processes of material changes and the rate at which chemical and
physical degradation occur inside the materials can be accelerated by applying heat. However, high-temperature heat treatments do
not occur under normal weather circumstances. Thermal insulation materials are typically artificially aged by heat treating them at
70 °C for longer. Furthermore, high temperatures below the substance’s melting point can also forecast long-term performance and
usefulness [17,18].

3. Results and discussion
3.1. Heat treatment of the samples

Three pieces of Pyrogel samples were heat-treated and thermally aged for 24 h at 150 and 250 °C temperatures in a Venticell 111
drying apparatus in the air at 0 % humidity. Samples can be dried, desiccated, or heated to 300 °C with this apparatus. The laboratory
drying oven has a chamber volume of 111 L and a temperature range of 10 °C above ambient to 250/300 °C. Its forced air circulation
system ensures uniform temperature distribution during drying, heating, and sterilization. Its high operation comfort, precise tem-
perature control, and short chamber temperature equalization times after door opening contribute to faster and more accurate
tempering. The following tests were conducted following the heat treatments.

3.2. Thermal conductivity and specific heat capacity measurements

The thermophysical characteristics of the Pyrogel insulations were assessed after they were heat treated (aged) for a day at 150 and
250 °C. We investigated the alterations in structural and thermal characteristics and any potential connections between them
throughout the measurements. We utilized unique measuring techniques that thoroughly disclosed the temperature-induced alter-
ations of the examined samples. Since the results forecast the lifespan of the insulation material used in industrial settings, we view
them as essential from an application standpoint. Three different samples from each material were tested before and after thermal
annealing. Firstly, the thermal conductivity of the samples was measured after drying them at 70 °C, and then the samples were
thermally aged (treated) at 150 and 250 °C for 1 day. New samples were used for all heat treatment and thermal conductivity mea-
surements. The thermal conductivity and specific heat capacity were measured with the Netzsch HFM446 equipment at 10 °C mean
temperature with a 20 °C temperature difference. This equipment is accurate, and its use is widespread in building physics. In Table 2,
the measurement results are collected. In Table 2, we collected the uncertainties of the thermal conductivities (U_TC), specific heat
capacity (U_C) and densities (U_D) provided by the equipment. The pyrogel samples’ thermal conductivity increases from 0.0205 to
0.0214 W/mK after annealing at 150 °C, while it remains constant after a further heat treatment at 250 °C. Parallel to this, the specific
heat capacity continuously increases with the annealing temperature.

As possible, structural change, crystallization, or surface oxidation can cause the modification of the thermal properties.

Photo images were taken from the materials before and after thermal annealing, see Fig. 1. One can see that the surface color gets
darker and darker after thermal annealing. The change can be attributed to surface oxidation processes. We can also state from Fig. 1
that the color of the pyrogel gets darker only after thermal annealing at 250 °C. Notably, the material suffered an intensive change in
color after thermal treatment but did not change its thermal conductivity between 150 and 250 °C. From this, it can be concluded that

Table 2
Thermal conductivity and specific heat capacity measurement results.
Pyrogel 0 Pyrogel 150 Pyrogel 250

Measurement mean Lambda [W/ ClJ/ Density Lambda [W/ ClJ/ Density Lambda [W/ C[J/ Density
temperature [°C] mK] kgK] [kg/m3] mK] kgK] [kg/m3] mK] kgK] [kg/ms]
10 0.0205 834 205 0.0214 849 210 0.0214 882 214.7
U_TC [%] 2.45 2.33 2.33
U_SH [%] 2.50 2,3 1,98
UD [%] 1.56 1.6 1.56
Percental change [%] 105 102 105 106
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Fig. 1. Photo images from the samples.

the change in thermal conductivity due to the heat treatment is not entirely related to surface oxidation but to the change in the
structure (crystalline or amorphous). We executed several physical and spectroscopical measures to describe the macroscopic changes.

3.3. The thermal properties of the materials

3.3.1. Thermal diffusivity

Diffusion, effusivity, or inertia are important thermal factors for single or multi-layered wall systems and thermal conductivity in
transitory situations. Temporal and spatial temperature fluctuations and the temperature equalization rate are determined by thermal
diffusivity. Thermal conductivity characterizes stable heat transport processes, whereas thermal diffusivity is transient. The thermal
diffusion factor, the temperature conductivity factor or thermal diffusivity, is caused by an imbalance in temporal and spatial tem-
perature distribution. It constantly influences the heat flow density. A sizeable thermal diffusivity causes a gradual temperature
change.

Dr=M(p x ©) (Eq.- 1)

Calculating thermal diffusivity at constant pressure involves dividing thermal conductivity by density and specific heat capacity. It
gauges how well a substance conducts heat energy and stores heat energy. High thermal diffusivity results in rapid heat transport. Heat
moves swiftly through materials with high thermal diffusivity because they transport heat more quickly than the material’s volumetric
heat capacity, also known as “thermal mass."

In thermal diffusion, the elements mentioned above are combined to provide an equation quantifying a material’s capacity to
conduct and store heat energy. This measure is ‘buffering’ or thermal inertia, which results in increased conduction and decreased heat
storage [47].

Fig. 2 shows that the thermal diffusivity of the pyrogel decreases by about 6 % after thermal annealing the sample at 250 °C. Any
change could only be found after annealing at this temperature. If thermal conductivity increases, the insulation decreases. If the
diffusivity increases, the insulation decreases. It must be mentioned that the errors were calculated from the uncertainties of the
thermal conductivity, specific heat and density measurement results using the least squares method. These are also plotted in the
figure. The uncertainties for the diffusivity values are 3.8, 3.62 and 3.43 % for the pyrogel samples not annealed and annealed at 150
and 250 °C (see Fig. 2).

3.3.2. Volumetric or effective heat capacity

Ve=pxc (Eq. 2)

1.35E-007

1.30E-007

1.25E-007 B

1.20E-007 +

1.15E-007 6%

Thermal diffusivity [m?s]

1.10E-007 +
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Fig. 2. Thermal diffusivity of the pyrogel material.
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Volumetric heat capacity (V) is the multiplication of the material’s density (p) and specific heat capacity (c), presented by Eq. (2).
Fig. 3 shows that the heat capacity changes by about 4 % and 10 % after thermal annealing the samples at 150 and 250 °C, respectively
[471.

It must be mentioned that the errors were calculated from the uncertainties of the specific heat and density measurement results
using the least squares method. The uncertainties for the volumetric heat capacity values are 2.94, 2.78 and 2.52 % for the pyrogel
samples not annealed and annealed at 150 and 250 °C. These are also plotted in Fig. 3.

We compared our results with results published earlier, where the authors investigated the changes in thermal properties of slentex
arogel after heat treatment.

The thermal diffusivity changed from 1.06E-7 to 9.9E-8 after annealing at 150 °C, while the volumetric heat capacity increased by
15 % after annealing at 150 °C [45].

As previously stated, there is a discernible inverse relationship between a solid’s density and specific heat capacity per mass since
the bulk density of a solid chemical composition is closely linked to its molar mass and (mean) molar volume. Any given solid molar
volume and total heat capacity are positively correlated due to the constancy of atomic volume and molar-specific heat capacity.

The molar volumes and, more consistently, the molar heat capacities of most solids are approximately constant. The Dulong-Petit
specific heat capacity relation’s volume-specific implication dictates that all elements’ atoms must, on average, occupy the same
volume in a solid; however, this is not always the case, with most variations resulting from variations in solid structural phases
(amorphous or crystalline).

Thermal diffusivity is the ratio of the material’s and product’s fundamental transport and storage characteristics, and heat emission
is a related number. Diffusion is mainly mentioned in the heat equation, a conservation of energy equation that gauges how quickly a
body approaches thermal equilibrium. On the other hand, when a body is exposed to an intermittent or similarly disruptive forcing
function, its effusivity—also referred to as inertia, accumulation, or reactivity—is its capacity to withstand temperature change.

Reaching the system’s equilibrium condition many times takes longer when the volumetric heat capacity is more prominent. It is
occasionally possible to apply the cautious analogy of thermal inertia to inertial behaviours seen in other engineering and science
fields. The change in heat capacity is more impressive in the amorphous form than in the crystalline form [61-63].

We can also mention here that the materials in an amorphous state have better thermal insulation capability but differ based on
their atomic composition. Their chemical and physical properties characterize both, but the main difference is in their structure.
Compared to crystalline materials, amorphous solids are less brittle and more malleable. Solids without crystals are more pliable than
those without crystals. The solid particle arrangement in amorphous materials is asymmetrical. There aren’t equivalent interparticle
forces between them.

3.4. X-ray diffraction measurement results

Fig. 4 shows the changes in the structure of the samples before and after heat treatment. Some interesting findings can be
concluded. Due to the heat treatment, one can conclude that the samples undergo a re-crystallization process. The process can be
attributed once to some peaks’ horizontal shifting and well-visible changes in intensity. Interestingly, near 20°, some new peaks appear
for the sample annealed at 150 °C. Moreover, these peaks disappear, and the amorphous peak will be more expressive after further
annealing.

3.5. DSC experiment results
We can conclude from the differential scanning calorimetry measurement results that there are changes in the samples after heat

treatment. Fig. 5 presents a glass transition region between 30 and 70 °C, and then a slight peak is observable, possibly representing a
slight crystallization (150 °C).
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Fig. 3. Effective/volumetric heat capacity of the tested materials.
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Fig. 4. X-ray diffraction measurement results.

It is also visible from Fig. 5 that, from 220 to 270 °C, a strong melting peak can be found. We also detected specific heat changes
between 70 and 150 °C and between 200 and 250 °C, 1010 and 5340 J/kgK, respectively; the first belongs to an exothermic process,
and the second belongs to an endothermic process [44].

3.6. Modifications in the bond structure of the samples

It was shown earlier that the samples’ thermal conductivity and specific heat slightly increase to different extents due to heat
treatment. However, the chemical composition has not changed significantly, but some amorphization and crystallization have
coincided in their structure.

Systematic IR and Raman spectroscopy measurements were performed to better understand the changes in their bond structures
due to heat treatment, which resulted in differences in their thermal parameters compared to their initial states.

3.6.1. Results of Fourier-transform infrared spectroscopy (FT-IR) and Raman spectroscopy measurements

Representative FT-IR spectra are shown in Fig. 6. The intensive peaks attributed to the amorphous silica aerogel and glass fibre
components are present in the spectra of all samples. The most informative of these regarding the heat treatment-induced structural
changes are as follows. The stretching vibration of the Si-O bond yields a characteristic intensive peak at ca. 1050 cm ™!, while the peak
at 957 cm~! is attributed in the literature to the localized modes of the stretching vibrations of terminal Si-OH groups [64,65]. The
vibrations of the ring structures composed of complete SiO4 tetrahedrons yield a peak at 798 cm ™! [66]. The methylated organosilica
components yield characteristic peaks at 1275 em ! and 2974 cm ™! due to the Si-C and CHj stretching vibrations, respectively [67].
The prominent, broad peak around 3400 cm ! is the superposition of the vibration bands of the terminal silanol (Si-OH) groups and the
stretching vibrations of the adsorbed water molecules. At the same time, at about 1635 cm ™%, it is more characteristic of the formerly
mentioned silanol groups [68,69].
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Fig. 5. DSC experiment results.
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Fig. 6. Representative FT-IR spectra of untreated and heat-treated Pyrogel samples. The spectra are horizontally shifted for clarity. The two panels
show identical spectra in different wavenumber ranges.

Judging from the FT-IR, heat treatment does not affect the chemical bonding structure of the Si-CHg parts of the material at the
applied temperatures [70]. Naturally, the composite structure is dehydrated, which is observable in the dramatic decrease of the peak
at 3405 cm ™!, Besides dehydration, the number of the free Si-OH groups decreases dramatically, as seen in the diminishing of the peaks
at957 cm ! and 1635 cm ™ [68,69,71,72]. The corresponding chemical modification of the silica aerogel structure is the condensation
of the terminal Si-OH groups into Si-O-Si chains. The literature shows that at around 250 °C this chemical process is also accompanied
by the (partial) glassification of the amorphous silica, resulting in the slight shift of the Si-O stretching peak from 1050 cm ™! to higher
wavenumbers. On the nanostructure scale, this is reflected by the dramatic alteration of the pearl-necklace-like architecture of the
primary silica particles building up the backbone of the aerogel. A sintering process occurs among the spherical silica nanoparticles
that increase the area of interaction between the particles in the form of neck thickening at the attachment points [66]. This process has

4000 T T T T

3500
—— Pyrogel0

3000 4 —— Pyrogel150 T
— Pyrogel250

2500

micro-, macro
20004 crystalline silicate

1500 - \ 1
amorphous

1000 ~ ™

/ \\\\\\ 4
500 - /‘ ;ﬁ A A
[ 'f"\\’/- /‘\J/\V\“ //I\XA?&»' e ;"i;:avﬂALxumw

T T T
150 300 450 600 750 900 1050 1200

Intensity, a.u.

Wavenumber (cm™)

Fig. 7a. Raman spectra between 150 and 1200 cm™' wavenumber.
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intense consequences regarding the thermal properties of the material.

To acquire more understanding, the samples were investigated using Raman spectroscopy. Changes in the bond structures could be
seen in the Raman spectra as well. The differences relate to the Si-O-Si and Si-O bonds. The transformation of amorphization, crys-
tallization, and some other chemical reactions could be observed from the Raman spectra of the studied samples, see Fig. 7a and b.

The peaks connected with the micro-and macro crystalline structure of the silicate are:

147, 269, and 1087 cm ™!, whose peak intensity increases with heat treatment in the samples studied.

147 cm™: This peak is typically associated with low-frequency lattice vibrations. In silica aerogels, this can correspond to collective
motions within the highly porous network, such as the crystalline microcrystalline structure.

269 cm™!: Similarly, this peak is associated with lattice modes and can be observed in the aerogel structure due to the framework’s
flexibility, also connected with crystalline phases of Si-O-Si.

1087 cm™!: This peak represents the symmetric stretching mode of Si-O bonds within the silicate tetrahedra connected with the
crystalline phase.

While the following peaks connected with the amorphous form of the structure:

427, 492. 602 and 712 ecm ! also increase the intensity, but in a different manner, which agrees with the IR measurements.

427 cmL: This peak can be assigned to Si-O-Si bending vibrations within the aerogel’s silicate network.

492 ecm™L: Also attributed to Si-O-Si bending modes, this peak is commonly found in both amorphous and aerogel silicates.

602 cm ™ ': This peak is linked to symmetric stretching vibrations of the Si-O-Si bridges. Due to its porous nature, it may be less
defined in aerogels than in dense amorphous silicates.

712 cm™!: Associated with bending or rocking modes of Si-O-Si bonds, this peak is also present in aerogels but with broader
characteristics due to the structure.

At the same time, the peaks connected with bond C-H are 2907 and 2967 cm ™, the intensity of which changes decrease with time,
which was well observed during IR measurements, too.

It could be seen that increasing peaks connected with amorphous and crystalline phases have a similar tendency from 0 to 150°. The
change from 0 to 250 will be more significant for crystalline phases than amorphous ones. This is in good agreement or connection with
the obtained heat conductivity values, which were more extensive for higher-temperature heat treatment [73-77].

To put all these into the frame, we can conclude that crystalline phases are more present in the material for the unannealed samples.
Some crystalline peaks increase after annealing at 150 °C, and an amorphous signal increase is also noticeable. After further annealing
at 250 °C, significant amorphous growth can be detected, with rearrangement of the crystalline phase, with local growth.

Some comments must be added: Solids have the highest heat capacity compared to liquids or gases. Gases have the lowest heat
capacity because the intermolecular forces in solids and liquids are more substantial than in gases. For this reason, solids’ specific heat
capacity is higher than other forms of matter, and there are differences between amorphous and crystalline. The thermal insulation
capability of the amorphous material is greater than that of the crystalline ones. They differ based on their atomic composition. Their
chemical and physical properties characterize both, but the main difference is in their structure. Amorphous solids are softer and more
pliable than crystalline ones and are not brittle. Amorphous solids are more flexible than crystalline ones. Amorphous solids’ greater
heat capacity than crystalline materials’ at T ~10 K directly result from the extra vibrational modes around oBP ~1 THz, often known
as the boson peak (BP). When the material is crystalline, its thermal conductivity is higher than it is amorphous.

The particles that make up crystalline solids are organized in three dimensions. They have the same intermolecular forces. They
have a distinct melting point and are anisotropic because it is easier to transport heat than in an amorphous substance. “Amorphous”
means “formless.” The solid particles of amorphous materials are arranged irregularly. They do not have equivalent intermolecular
forces. Furthermore, the distance between the two particles varies. They do not have a specific geometric shape, which indicates that
the material’s internal heat pathway is more prolonged than in crystalline form.
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Fig. 7b. Raman spectra between 2700 and 3200 cm~! wavenumbers.
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3.7. Collection and comparison of the results

To summarize the key findings of our study, we created Table 3, where we collected all the tested thermal properties with their
changes completed with our explanations. Moreover, the key results of the physical and chemical tests are also presented, supporting
the explanations for the changes in the thermal properties.

3.7.1. Limitations of the investigations

As the paper was comprehensively presented, we showed that the pyrogel aerogel suffered changes in its thermal properties caused
by thermal annealing and forced structural changes. We can find the novelty of the paper in its complexity and interdisciplinarity. We
can emphasize that the investigations have limitations on the following. The experiments were executed in our laboratories, and the
results were applied to this material after heat treatments at this temperature and time.

3.8. Environmental impact of aerogels

The production process of aerogels usually involves resources such as silica precursors and chemicals. Depending on the extraction
methods and the availability of the resources, the extraction and processing of these resources can have environmental consequences.
The sol-gel process and the manufacturing techniques of supercritical drying or freeze-drying can be energy-intensive, leading to
greenhouse gas emissions and other environmental concerns.

Another consideration is waste generation. Although aerogels are light and highly porous, manufacturing produces waste by using
them as a precursor or by-product. Proper waste management practices are essential to minimize environmental impact.

However, they are renowned for their durability and longevity, which can reduce the need for constant replacements and ulti-
mately reduce the overall environmental impact. Some versions of aerogels are specifically biodegradable, which can be a more
sustainable alternative than traditional insulating materials. These biodegradable aerogels naturally degrade over time, further
reducing their environmental footprint.

Evaluating and comparing aerogel production’s carbon footprint with other materials is vital to understand its environmental
impact. Reducing carbon dioxide emissions associated with production processes can significantly contribute to environmental
sustainability.

Furthermore, for aerogel manufacturers that operate according to environmental regulations and standards, it is essential to
minimize the harmful effects of operations on the environment and surrounding communities.

In conclusion, although aerogels offer advantages such as excellent thermal insulation properties and durability, their environ-
mental impact depends on various factors, including resource use, energy costs, waste generation, and end-of-life considerations.
Continued efforts to improve manufacturing efficiency, reduce energy consumption, and develop end-of-life solutions are essential to
lowering aerogels’ environmental footprint.

4. Conclusions

In recent decades, aerogels have emerged as one of the most promising materials for thermal insulation. Aerogels possess
remarkable qualities among super-insulating materials, including low density and thermal conductivity, tolerance to high tempera-
tures, and transparency. Although this is a very pricey substance, its economic attractiveness can be increased by field incentives. The
recently created materials exhibit exceptional insulating qualities. Aside from that, using aerogels reduces greenhouse gas emissions
significantly since they have a favourable effect on the building’s envelope’s energy conservation. The need to increase building energy
efficiency arises because the building sector uses a significant amount of the global energy consumed and released into the atmosphere.
Thus, ideas like zero-emission buildings and passive homes are being presented. At the same time, using aerogels in vehicles such as
airplanes, refrigerated trucks, and electric vehicles is justified due to their thin-film application potential.

Furthermore, industrial applications such as the insulation of district heating pipes or power plant pipelines should be considered
due to their excellent heat resistance. Their use is also strongly recommended for the insulation of building services equipment. After
being heat-treated (aged) for a day at 150 and 250 °C, the thermal characteristics of Pyrogel insulations were measured. We presented
the changes in the thermal characteristics and structural changes observed in the measurements and investigated potential correlations
between them. We discovered that pyrogel’s thermal stability fluctuates beyond 150 °C; the heat capacity and diffusivity increase after
thermal annealing. Both the results and the viewpoints of these are unique and new.

We can conclude, as the research goals of our paper, that the structural changes force the thermal annealing-induced thermal
property change as follows:

e Thermal conductivity increases by 5 % after annealing at 150 °C, while it remains constant at further temperatures.

e Specific heat capacity: increases by 2 and 6 % after annealing at 150 C and 250 °C, respectively.

e Diffusivity: remains constant till 150 °C, changes (decreases) by about 6 % after annealing at 250 °C.

e Volumetric heat capacity: increases by 4 % and 10 % after annealing at 150 and 250 °C, respectively, since the heat storage capacity
increases.

To support this, we performed physical and chemical characterization as follows:
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Table 3

Collection of the measurement results and their understanding.
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Thermal property and the
methods

Not annealed

Annealed at 150 °C for 1 day

Annealed at 250 °C for 1 day

Thermal conductivity
measurements [W/
mK]

Explanation

Specific heat capacity
[J/kgK]

Explanation

Thermal diffusion [m2/
s]

Explanation

Volumetric heat
capacity [J/Km®]
Explanation

0.0205

834

1.2E-7

171040

Reasons for the above changes

XRD

DSC

IR-Raman

Some functional groups enhance heat
conduction some other functional
groups obstruct the heat diffusion

0.0214
Increase (with 5 %)

Crystallyzation or re-crystalization should
take place

849

Increase (with 2 %)

Crystallization should take place

1.2E-7

Remains of the previous

Both thermal conductivity and specific
heat increases this why in global the value
remains constant

178437

Increase (with 4 %)

The thermal insulation capability
deteriorates

Recrystallization, appearance of new
peaks at 20°
Recrystallization

Structural changes such as
recrystallization and amorphization

0.0214
Remains of the previous

recrystallization or amorphization should
take place

882

Increase (with 6 %)

Recrystallization should take place
1.12E-7

Decrease (with 6 %)

The high specific heat increase, decreases
the diffusion

189392
Increase (with 10 %)
Heat storage capability increases

Recrystallutaion — partial amorphization

Strong peak appears in endothermic
direction as a peak of a partial melting —
showing amorphization

Structural changes as amorphization and
recrystallination

Differential Scanning Calorimetry: substantial changes were found related to structural rearrangement. It showed recrystallization
and partial amorphization after heat treatment.

X-ray diffraction: the results show recrystallization and amorphization processes. Crystallization enhances thermal conduction, and
amorphization enhances thermal insulation capability.

FT-IR and Raman spectroscopies: micro-macro crystallization with amorphous phase chemical modifications can be concluded.
Identification of both functional groups enhances heat conduction, and some others obstruct heat transfer. Moreover, recrystal-
lization and amorphization were deduced too.

We can say that the thermal properties of the pyrogel material change differently depending on the annealing temperature.

As the paper was comprehensively presented, we showed that the pyrogel aerogel suffered changes in its thermal properties caused
by thermal annealing and forced structural changes. We can find the novelty of the paper in its complexity and interdisciplinarity. We
can emphasize that the investigations have limitations on the following. The experiments were executed in our laboratories, and the
results were applied to this material after heat treatments at this temperature and time. In the future, we plan to examine the material
from LCA analysis. Moreover, we will continue the work by analyzing other stress factors such as moisture exposure, mechanical load,
or prolonged environmental exposure.

Our results can help designers and planners at the early stages of the design process. Moreover, it can help researchers interested in
insulation materials as a starting point. Furthermore, we can conclude that tested materials are the perfect insulation option under
these conditions.
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