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A B S T R A C T

This research aims to develop low-cost bio-based carbon foams, one of the newest forms of carbon that can be 
utilized in adsorption, catalytic reactions or thermal insulation applications by recycling hornbeam sawdust. 
Pyrolysis, biopitch synthesis, foaming, templating, carbonization, and activation processes were integrated to 
convert industrial waste sawdust into carbon foam with controllable properties. A strategy was followed to 
determine the impact degree of the template contribution and the chemical activation on the three-dimensional 
hierarchically arranged porous carbon foam production by regular and homogeneous foaming of the biopitch. 
The feasibility of obtaining foams with high surface area, consisting of meso- and micro-porous channels and 
macro-porous cores, and having a self-organized hierarchical structure was investigated when SBA-15 was 
employed as a hard template. Carbon foams with inferior thermal conductivity (0.25 W/m.K) and high strength 
(>1.5 MPa) were developed that have the potential to be utilized in thermal insulation applications. In light of 
the characterization results, it was concluded that carbon foams could attain the standard of being thermal 
insulation material based on the thermal conductivity coefficient measurements, and bio-based carbon foams 
additionally fulfill the adsorbent or catalyst support requirements in their respective fields of application. To 
illustrate the modifiable nature of material properties in the production process of carbon foam, it is absolutely 
critical to compare the template approach and chemical activation procedures. In conclusion, by highlighting 
clean production actions that utilize biomass as a superior option to fossil-based raw materials, it will be possible 
to contribute to the design of operating circumstances that adopt sustainable environmental awareness.

1. Introduction

Carbon foams (CFs) have attracted much curiosity due to their low 
cost, unique 3D porous, and ultra-lightweight structures. Large external 
surface area, low density, high mechanical compressive strength, 
compatibility with graphitic structure, high thermal conductivity, 
porous structure, high electrical conductivity, resistance to high tem
peratures, affordability, shapeability according to the intended area of 
use, and open cell structure are just a few of the advantageous properties 
of carbon foam. Carbon foam is also an excellent carbonaceous material 
for thermal applications because of its tailorable thermal conductivity 
properties [1–3]. The thermal properties of carbon foams are dependent 
on the morphology of their structure [4–6]. Many porous carbon ma
terials, such as carbon nanotubes, graphite foams (GF), graphene aero
gels, and metal foams including copper, iron, nickel, or aluminum with 

superior thermal conductivity, have been available. Porous carbona
ceous materials have been noted for their excellent heat transfer per
formance [7]. Carbon foams are new-generation porous carbon 
materials and have numerous uses in a wide range of industries, 
including energy storage, water treatment, electrical and thermal con
ductivities, heat sinks, sound and electromagnetic wave absorption, vi
bration damping, fire resistance, etc. [8]. With their unique properties, 
they can be employed as adsorbents in sorption-based separation, as 
catalyst supports in catalytic reactions, as heat sinks in high-temperature 
thermal insulation, as shielding materials against electromagnetic 
interference, as construction materials for light fire-resistant structures 
in shipbuilding, and also as electrode and supercapacitor materials 
[9–17].

Many different feedstocks and techniques have been used to produce 
carbon foams. According to the literature, pitches generated from coal 
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and petroleum are widely used in the manufacturing of commercial 
carbon foam [18,19]. The production of graphitic foam from coal 
tar-based mesophase pitch at high pressure and temperature was per
formed in 2007 [20]. Furthermore, bituminous coal was heat-treated at 
various pressure and temperature levels to produce graphitic porous 
foam [21]. Template approaches were used to generate reticulated 
graphitic foams [11,22,23]. However, the development of porous 
carbonaceous materials from biomass feedstocks has attracted more 
attention recently [24]. Research on using renewable raw materials for 
this purpose is therefore progressing at a rapid pace [25,26]. Nonethe
less, research on the direct production of carbon foams from biomass 
feedstocks is lacking. The pyrolysis of olive stones at 500 ◦C and 1.0 MPa 
in a mixture of inert gas and water vapor was shown by Rios et al. [27] to 
produce carbon foam, however, the feedstock was not entirely trans
formed into foam. Smith et al. [28] showed that xylan could foam at a 
rate of 190 ◦C/s and ambient pressure; however, they found that lignin 
and cellulose either did not foam at all or only very little. The biomass 
liquefaction process was shown to be viable for producing carbon foam 
[29–31], and more recently, studies have concentrated on producing 
foam from the slow pyrolysis products of biomass [32,33].

Various investigations have been conducted on the carbon foams’ 
thermal conductivities. Carbon foams were derived by these researchers 
from various precursors like coal, agriculture-related goods, and petro
leum. They promote thermal conductivity by applying a variety of 
chemical substances to resources [34]. All kinds of biological organics, 
metabolites, and their natural derivatives are referred to as biomass 
materials. Biomass is definitely a great source to produce carbon com
pounds as a carbon precursor. Agricultural sources produce biomasses in 
large quantities all over the world. These biomasses are utilized in part 
to generate energy [35,36]. Also, agricultural residues have been used 
for the production of carbon foams, that find applications in thermal 
insulation, electromagnetic interference shielding, fire-resistant light
weight structures, etc. [37,38]. Preparation of high surface area acti
vated carbon foams from various sources such as sawdust [8], wheat 
straw [39], cornstalk [40], potato waste [41], cotton [42], coffee ground 
[43], banana peel [44], etc. have been informed in the literature. Also, 
grapefruit peel [45], black pine [46], cotton wool [47], bamboo fiber 
[48], olive leaves [49], corn straw [50], cornstalk-derived materials 
[51], and other biomass carbon sources have been used to produce 
high-performance thermal conductivities.

Studies on the synthesis of carbonaceous materials have advanced in 
the modern period due to developments in technology. Alternative 
renewable resources for bio-based materials production are essential to 
prevent environmental problems. The production of carbon foam from 
biomass-based biopitch as a viable alternative to fossil-based pitch was 
investigated within the parameters of this study. This method has 
several advantages over other methods for producing carbon foam, such 
as the absence of harsh chemicals, feedstock flexibility, and added 
environmental benefits from using sustainable biomass waste feed
stocks. Sawdust is a fine particle of wood that haven as a by-product of 
the wood processing industry. The use of sawdust for the formation of 
carbon foams from a liquefaction process was applied by several re
searchers [29,31,52]. Instead of this, a technique called vacuum distil
lation was carried out in this study to separate the aromatic component 
of the tars generated from the slow pyrolysis of biomass to produce 
biopitch. Then, carbon foam was generated by the foaming process, 
which used biopitch in a high-temperature/pressure reactor. The tem
plate method is an effective way to prepare carbon foams with regular 
morphology and regular pore structure. The second method, which 
encompassed the most notable originality of the study, involved 
combining biopitch with a hard-silica template before the foaming 
stage. After these processes, the effect of the activation process when 
using potassium hydroxide on the structure of the foams was investi
gated. The mechanical as well as physical characteristics of the 
bio-based carbon foams were also examined. The thermal conductivities 
of carbon foams were measured and this study analyzed their potential 

as insulation materials. The utilization of chemical activation and the 
template approach for carbon foam production based on biopitch had 
received no attention in the literature. The aim of skillfully applied 
foaming and activation procedures utilizing waste hornbeam sawdust 
was to enhance carbon foams’ structural durability or porosity by add
ing templates to the foaming medium. The foaming of hornbeam 
sawdust biopitch via the template-assisted method in a 
high-temperature/pressure reactor and chemical activation techniques 
were used as the foundation for producing bio-based carbon foams. The 
carbon foams developed in this study are expected to be utilized as 
adsorbent, catalyst support, or thermal insulation material in the future 
due to their broad range of features.

2. Materials and methods

2.1. Characteristics of raw material

A lumber-processing plant in Eskişehir (Turkey) supplied the horn
beam tree waste sawdust (HS), which was further air-dried in the lab
oratory to create CFs. The bulk density and average particle size of the 
raw material were determined to be 0.26 g/cm3 and 0.497 mm, 
respectively, after diminishing particle size employing the Armfield FT- 
7A mill. Then, preliminary and structural analysis was employed to 
identify the contents of HS as moisture (5.72 wt%, ASTM E 871-82), 
volatile matter (85.21 wt%, ASTM E 872-82), ash (0.45 wt%, ASTM D 
1102-84), fixed carbon (8.62 wt%, ASTM E 870-82), extractive material 
(0.72 wt%, ASTM D 1107-96), holocellulose (67.92 wt%, TS 4431), 
lignin (30.92 wt%, ASTM D 1106-96), hemicellulose (32.58 wt%), and 
cellulose (35.34 wt%). The manufacture of tar and biopitch was facili
tated by hornbeam sawdust’s high volatile (85.21 %) and low ash (0.45 
%) compositions. The high levels of phenolic substances in HS’s 
composition were indicated by the material’s significant lignin con
centration of 30.92 %. The high amount of ash with mineral substances 
in the biomass structure increases the waste cost and affects the thermal 
degradation efficiency. The amount of volatile matter is directly related 
to the tar yield and indicates the presence of condensable/non- 
condensable gases when the biomass is heated. For notable tar yield, 
pyrolysis is favored on biomass with a high volatile matter quantity. It is 
suggested to use tar, which is rich in phenolic compounds, to produce 
biopitch. The biomass to be selected in this context should contain 
lignin, which will enable the formation of phenolic compounds after 
thermal decomposition. Setaram Thermo analyzer Labsys Evo was 
implemented to examine the thermal behavior of HS in the 20–1000 ◦C 
temperature range, and the Leco CNH628-S628 elemental analyzer was 
utilized in the ultimate analysis to identify the CHN quantities at 950 ◦C. 
For tar, biopitch, and carbon foam preparation, lignin (30.92 wt%) and 
elemental carbon (45.99 %) quantities of sawdust were crucial. 
Following the findings of the ultimate analysis, the higher heating value 
(HHV) of HS was specified to be 16.33 MJ/kg. The TGA thermal curve of 
the raw material indicated that the severe drop in mass occurred up to 
nearly 550 ◦C, following the degradation and elimination of the cellu
lose and hemicellulose polymer compounds, which are contributing to 
the generation of volatile substances. Attenuated total reflectance- 
Fourier transform infrared (ATR-FTIR) spectroscopy (PerkinElmer 
Spectrum 100) analysis was applied to recognize the functional groups 
of HS in the wavenumber region of 4000-400 cm− 1 with a resolution of 
4 cm− 1 after 100 scans. The peaks of C-H, -OH, C=C, C=O, C–O 
stretching or bending (asymmetric and symmetric) vibrations indicating 
aliphatic/olefinic/aromatic structures and phenol, alcohol, carboxylic 
acid, ester, ether, aldehyde, and ketone functional groups in the chem
ical structure of the lignocellulosic-containing HS precursor were 
detected in the FT-IR spectrum. To deeper comprehend the surface 
morphology under Zeiss Supra VP 40 scanning electron microscope 
(SEM), the raw material was platinum-coated using Quorum Q 150 R ES 
DC Sputter. The SEM image of the HS revealed that it had a non-porous 
fibrous structure. In our prior studies [53,54], the whole findings of the 
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biomass precursor analysis were critically evaluated.

2.2. Pyrolysis and characteristics of pyrolysis tar

The heating rate and reaction time in the slow pyrolysis were 
configured to 10 ◦C/min and 20 min, respectively. The thermochemical 
conversion was performed in the Heinze reactor at 400 ◦C under a static 
condition. The experimental methodology was comprehensively 
detailed in our related articles [29,32,53]. Calculation procedures were 
undertaken on a dry ash-free basis to find the amount of the pyrolysis 
products, and an average of three tests was computed. The yields of solid 
and gaseous products were 30.32 % and 22.37 %, respectively. The tar 
(HS@400◦C) yield to be used in the manufacturing of biopitch was iden
tified as 19.95 %, even though the pyrolysis liquid product contained 
27.36 % acidic aqueous phase. Since lignin in the raw material’s 
structure decomposes at greater temperatures than cellulose, it is known 
that a high lignin content results in a substantial amount of solid 
products. Characteristics of pyrolytic oil (HS@400◦C) clarified by 
employing PerkinElmer Spectrum 100 Fourier transform infrared spec
troscopy (FT-IR), Varian Mercury 300 MHz nuclear magnetic resonance 
spectroscopy (1H NMR), Shimadzu GC-2010 Plus gas chromatogra
phy/mass spectroscopy (GC/MS), and Leco CHN628-S628 elemental 
analyzer were discussed in a prior research paper [53]. The elemental 
analysis revealed that the tar possessed an increased calorific value 
(24.82 MJ/kg) and a carbon amount (59.94 %) than hornbeam sawdust. 
The oxygen ratio of the tar produced by pyrolysis diminished while the 
carbon content improved, as indicated by O/C ratios estimated as 0.71 
and 0.36 for HS and HS@400◦C, respectively. FT-IR analysis confirmed 
that the tar structure mirrored the chemical composition of the ligno
cellulosic HS, which included several organic components such as 
aliphatic, olefinic, and aromatic compounds. Carbohydrates are chem
ical compounds generated when the raw material’s primary constituents 
of cellulose and hemicellulose break down. Guaiacol, syringol, and hy
droxy phenols are produced via lignin decomposition. It was noticed 
that the principal peaks (with areas of at least 10 %) in the GC/MS 
chromatogram of HS@400◦C attributed to phenolic substances involving 
phenol, 2-methyl-phenol, 4-methyl-phenol, 2,4-dimethyl-phenol, 
2-ethyl-phenol, 3-ethyl-phenol, 3-ethyl-5-methyl-phenol, 4-propyl-phe
nol, and 3,4,5-trimethyl-phenol. The tar also entailed furfural and 
furan compounds derived from lignin since the raw material (HS) was 
lignocellulosic. The wood-based tar had an aromatic and conjugated 
olefinic content of 16.45 % determined by the chemical shift values of 
varied hydrogen species defined from the 1H NMR spectrum in the range 
of 9.0–6.0 ppm because it contained a significant amount of phenolic 
molecules. Related components like carboxylic acids, ketones, alde
hydes, and phenolic compounds can be identified in the tars derived 
from lignocellulosic sources. The content of phenols and unconjugated 
olefins (between the chemical shift range of 6.0 and 4.0 ppm) was also 
20.10 %, while the total aliphatic content, determined in the chemical 
shift range of 3.0–0.5 ppm, was 51.77 % [55]. The percentage of 
ring-binding methylene, methoxy, and methyl protons was 10.87 % in 
the 4.0–3.0 ppm region of the 1H NMR spectrum. The significant fraction 
(8.51 %) in the range of 1.5–1.0 ppm indicated the existence of γ or 
further alkyl groups (CH3) linked to the aromatic ring in the tar and 
paraffinic CH3 groups [29].

2.3. Biopitch preparation and its properties

By separating the aromatic compounds in the pyrolytic oil’s heavy 
phase (HS@400◦C) structure by the vacuum distillation process carried 
out at 250 ◦C at 50 mbar vacuum pressure for 24 h with a yield of 17.02 
%, biopitch (HS-P50-250◦C-24h) to be employed as a precursor in the 
formation of carbon foam was achieved. Several techniques were used to 
clarify the biopitch’s structure, including elemental analysis (C% =
73.93 %, Leco CNH628 S628), helium gas pycnometer (ρtrue = 1.19 g/ 
cm3, Micromeritics, Accupyc II 1340), thermogravimetric analysis 

(Setaram Labsys Evo), and Fourier transform infrared spectroscopy 
(PerkinElmer Spectrum 100). Ash content (AC% = 0.104 %, ASTM D 
2415) and softening point (SP = 125.2 ◦C, Mettler Toledo FP90-83 HT) 
were also assessed. The biopitch’s C content was about 61 % higher than 
that of the sawdust, and its H/C and O/C ratios were calculated to be 
1.13 and 0.19, respectively. The H/C and O/C values of coal tar pitch 
were 0.008 and 0.0006, respectively, and those of petroleum pitch were 
0.004 and 0.0008 [56,57]. This demonstrated that, in contrast to fossil 
pitches, the hornbeam sawdust tar pitch contains highly oxygenated and 
aliphatic carbons [58]. The softening point of HS-P50-250◦C-24h coded 
biopitch was compatible with the softening point values (in the range of 
103–129.8 ◦C) of biomass-based pitches in the literature [32,59–62]. 
Specifically, toluene and quinoline insoluble contents (TI and QI) are 
calculated to determine the solubility of fossil pitches. However, it was 
claimed that acetone was preferable for the wood tar pitches analysis 
because they were mainly soluble in these solvents. The 
acetone-insoluble fraction (AI%), a factor corresponding to the poly
merization degree for wood tar pitches, was 32.3 %. The polymerization 
degree of pitches with elevated softening points was reported to rise as 
the relationship between SP and AI% was implied to be direct [63]. The 
FT-IR spectrum of the biopitch, which had a complex composition and 
contained lignin-derived compounds [58], was investigated. Aliphatic 
(CH stretching vibrations ~2900 cm− 1, C≡CH alkyne stretching vibra
tions at 2100 cm− 1) and aromatic (C=Car stretching band between 1600 
and 1400 cm− 1, CH bending band of syringyl and guaiacyl units at 1115 
cm− 1, C=C cis-bending band at 750 cm− 1) hydrocarbons, free alcohol 
and phenols (3600–3200 cm− 1 for –OH and –COOH), ethers, esters and 
ketones (~1700 cm− 1 for unconjugated C=O tensile vibration) charac
teristic absorption bands for the structure of the pitch were observed. 
The presence of hydroxyl and carboxyl groups in the biopitch, which 
was determined to have an O content of 18.30 % calculated from the 
elemental analysis, was supported [56,57,64,65]. Thermogravimetric 
analysis was used to examine the behavior of the biopitch in the 
high-pressure/temperature reactor against the heating procedure 
applied during the foaming process. The temperature profile indicated 
that the decomposition reactions began at 200 ◦C and continued up to 
620 ◦C. It was found that the biopitch formed around 44 % residue at 
450 ◦C and decomposed at a rate of 63 % at 620 ◦C due to the oxygen in 
the structure enabling the biopitch’s self-combustion during the foaming 
process.

2.4. Synthesis and characterization of hard template SBA-15

4 g non-ionic copolymer surfactant (Pluronic P123; average MW 
5800, Sigma-Aldrich) was dissolved in 125 mL deionized water and 
20.59 mL HCl. After dissolution was completed, dropwise additions of 
9.04 mL of TEOS (tetraethylorthosilicate, Sigma-Aldrich) were applied 
to the solution. The synthesis solution was agitated for 24 h at 35 ◦C and 
then poured into a Teflon autoclave for hydrothermal treatment (24 h at 
120 ◦C). The solid matter was separated, rinsed with deionized water, 
and dried at 65 ◦C for 24 h. The final solid was calcined at 550 ◦C for 5 h 
in dry air [66,67]. The organic template (P123) is entirely removed 
during the calcination process, which also condenses silanol groups and 
enables comparison of SBA-15’s distinctive characteristics. Nitrogen 
adsorption-desorption (BET, Quantachrome Quadrosorb SI), x-ray 
diffraction (XRD, PANalytical Empyrean, in the range of 2θ = 0–10◦), 
scanning electron microscopy (SEM, Zeiss Supra VP 40) analyzes were 
used in the characterization of support material SBA-15. The sample was 
pretreated at 300 ◦C for 5 h prior to BET analysis to remove moisture in 
the structure.

The morphology and surface topology of SBA-15 used as hard tem
plate material in carbon foam production were determined by exam
ining SEM images. As seen from Fig. 1a, it was determined that the SBA- 
15 material had a distinct and uniform short rod-like spherical structure, 
the width of the formed rods was around ~0.7 μm and the length was 
between around 0.8 and 1.4 μm. It is known that the rod-shaped 
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morphology arises due to the static conditions used during SBA-15 
template synthesis, and the formation of a high specific surface area is 
supported as a result of the well-organized morphology of the material 
[68]. The surface area of SBA-15 was determined as 786.11 m2/g ac
cording to multi-point BET analysis and the XRD pattern of SBA-15 was 
given in Fig. 1b. The peaks observed at 2θ values of 0.91◦, 1.58◦, and 
1.83◦ corresponded to (1 0 0), (1 1 0), and (2 0 0) reflections of char
acteristic regular hexagonal mesostructures [69–71]. The sharp (1 0 0) 
peak exhibited by the SBA-15 template in the low-angle range showed 
that the sample had periodic structures [69].

2.5. Preparation and characterization of HS pitch-based carbon foams

2.5.1. Green foam production without template
The as-synthesized green foam (HSPCF) was produced in a Parr 

reactor (4575B, Parr Instrument Company, USA) by the foaming process 
of hornbeam sawdust biopitch. The reactor was fed with nitrogen to an 
initial reactor pressure of 1 MPa, then heated to a target temperature 
(450 ◦C) at a heating rate of 2.5 ◦C/min, and eventually remained at the 
final temperature for 1h. The green pitch foams were eventually ob
tained by releasing the reactor pressure to atmospheric pressure and 
allowing it to cool down to ambient temperature. The volatiles formed 
from the light fractions and components degraded by heat treatment act 
as “bubble agents” during the heating of the pitch and expand the vol
ume of the foaming precursor. The pitch molecules are oriented parallel 
to the bubble surface due to shear stress caused by the bubbles growing 
under pressure. Raising the temperature causes the biopitch to solidify, 
which fixes the foam matrix [72]. When the pitch undergoes a reduction 
of the stress arising from the pressure, its cells begin to expand and 
volatiles are released [73]. The carbon foam production yield from 
hornbeam sawdust biopitch was computed as ~41.56 %.

2.5.2. Green foam production with hard template SBA-15
To obtain foam utilizing a hard template, foaming at 450 ◦C in the 

high temperature/pressure reactor after mixing a certain amount of 
SBA-15 and biopitch according to the template ratio to be applied, and 
carbonization at 1050 ◦C was carried out. The samples were kept in 2 M 
NaOH solution for 150 min, then filtered, washed until the pH was 
neutral, and dried at 100 ◦C to dissolve the SBA-15 templates in the 
structure of the carbonized foams and remove them from the foam cage 
[74]. The treatment process with sodium hydroxide, which was carried 
out to remove the silicon atoms in the SBA-15 structure, is defined as 
anisotropic wet etching. Pure inorganic aqueous solutions of potassium 
hydroxide and sodium hydroxide have long been known to anisotropi
cally etch the silicon. In addition, it is known that all aqueous solutions 
containing other alkali metal hydroxides such as ethylenediamine 

pyrocatechol (EDP), hydrazine (N2H4-H2O) and LiOH or CsOH are used 
as abrasives in the anisotropic etching process [75]. On the other hand, 
it is known that the use of HF, HF:NH4F, and HF:HNO3:CH3COOH:H2O, 
which are among the isotropic etchants, has environmental disadvan
tages [76]. The hydroxide etching reaction of silicon was viewed in Eqs. 
(1)–(3), and the overall redox reaction was given in Eq. (4). According to 
the reaction mechanism, in the first step, silicate formation occurred as a 
result of silicon oxidation by hydroxyl ions (Eq. (1)), and in the second 
step, after water was reduced (Eq. (2)), silicate ions reacted with hy
droxyls to form a water-soluble complex (Eq. (3)) [75,77–79]. 

Si+2OH− → Si(OH)
2+
2 + 4e− (1) 

4H2O+4e− → 4OH− + 2H2 (gas) (2) 

Si(OH)
2+
2 +4OH− → SiO2(OH)

2−
2 + 2H2O (3) 

Overall reaction : Si+2OH− +2H2O → SiO2(OH)
2−
2 + 2H2 (gas) (4) 

The carbon atoms in the foam structure reacted with sodium hy
droxide, which broke the C–O–C and C–C bonds in the structure, in 
addition to elimination and dehydration reactions, according to the 
activation mechanism given in Eq. (5) [80–82]. 

6NaOH+2C ↔ 2Na + 2Na2CO3 + 3H2 (5) 

2.5.3. Chemical activation and carbonization procedures
To improve the surface area of the as-synthesized green foam ob

tained by the traditional foaming method, chemical activation with 
potassium hydroxide (KOH) at a foam:activation agent mixture ratio of 
1:1 (w/w) was adopted [83]. In the as-synthesized green foams pro
duced with the template technique, after the SBA-15 template was 
removed from the structure, the activation step with KOH was per
formed. In the last step, the as-synthesized green foam and activated 
foam were treated with N2 (flow rate 100 mL/min) at 1050 ◦C with a 
heating rate of 5 ◦C/min and carbonized for 2 h. Then, carbon foam 
production was completed by washing the samples with distilled water 
till the acidity level was neutral to remove K+ ions from the structure 
and finally dried at 110 ◦C in an oven. During the carbonization process, 
the foam was prevented from splitting at high temperatures, and the 
volatile substances were also removed by the nitrogen gas fed into the 
system. After being prepared without using a template, the carbonized 
foams were coded according to whether they were synthesized from 
hornbeam sawdust-based biopitch (HSPCF) or chemically activated with 
KOH (HSPACF). Carbon foams prepared using a hard template were 
coded as HSP-S-x or HSPA-S-x depending on their activation status. 
Here, the term “x” represents the ratio of the SBA-15 template added by 
weight 1, 5, 10, 20, and 30 %.

Fig. 1. (a) SEM image (20Kx) and (b) XRD pattern of the SBA-15 hard template.
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The chemical reactions that occurred during the heat treatment 
process of increasing the surface area using potassium hydroxide were 
given in detail [32]. When potassium hydroxide was used; the reaction 
between the carbon in the foam matrix and the activation agent 
occurred as a solid-solid phase reaction and continued as a solid-liquid 
reaction. In this scenario, the potassium species was reduced to 
generate K metal, carbon was oxidized to carbon oxides and carbonates, 
and further reactions took place between several active intermediates 
[84]. Potassium carbonate (K2CO3) and potassium hydroxide (KOH) 
reacted with the carbon to get metallic potassium. In addition, carbon 
monoxide gas was produced by the decomposition of K2CO3, and the 
resulting gas acted as a secondary activation agent through depoly
merization reactions. The redox reaction between KOH and carbon, and 
even additional potential reactions were given in Eqs. (6)–(14) [85,86]. 
As reported in the research to date, the reactions that take place when 
different carbon sources are activated with KOH primarily rely on three 
mechanisms: i) chemical activation (Eqs. (6), (9) and (11)); ii) physical 
activation (Eqs. (7), (8) and (10), (12)–(14); and iii) incorporation of 
metallic K into the carbon matrix and development of the carbon lattices 
[32,84,86]. 

6KOH+2C → 2K+3H2 + 2K2CO3 (6) 

2KOH → K2O + H2O (7) 

K2CO3 → K2O + CO2 (8) 

K2CO3 +2C ↔ 2K + 3CO (9) 

K2O+H2 → 2K + H2O (10) 

K2O+C → 2K + CO (11) 

C+H2O → CO + H2 (12) 

CO+H2O → CO2 + H2 (13) 

CO2 +C → 2CO (14) 

2.5.4. Characterization of carbon foams
Elemental analysis (Leco CNH628 S628), which detects the CHN 

content, was initially applied to clarify the foams’ characteristics. The 
scanning electron microscope (Zeiss Supra VP 40) images with platinum 
sputter-coated (Quorum Q 150 R ES DC Sputter) were used to identify 
the surface morphologies of the foams. PANalytical Empyrean x-ray 
diffraction instrument with CuKα radiation (λ = 0.15406 nm) was 
employed to ascertain the crystalline forms and compute the interplanar 
spacing (d-spacing) in the atomic lattice in the 2θ range of 0◦ and 80◦. 
Nitrogen adsorption/desorption isotherms of the foams were obtained at 
77 K after degassing at 300 ◦C in a nitrogen atmosphere for 6 h, pore 
volumes and surface areas (SBET) were computed via the Brunauer 
Emmett and Teller method employing the Micromeritics ASAP 2020 gas 
adsorption analyzer. The pore size distributions of foams produced 
without applying the template technique were determined in conformity 
with the density functional theory (DFT). Furthermore, compressive 
strength tests were undertaken on a Shimadzu AG-IC 100 KN tensile/ 
compression device with a loading rate of 0.5 mm/min, and the 
Renishaw Raman inVia microscope was used to record confocal Raman 
spectra. The carbon foam’s bulk density was estimated by weighing 
foam with certain dimensions, and true density was identified with a 
helium gas pycnometer (Micromeritics, Accupyc II 1340), and the 
porosity(%) values were computed through Eq. (15). The porosity(%) 
and the theoretical and actual volumes of foams were symbolized as P, 
Vt, and Va in Eq. (15) [87]. 

P=(Vt − Va) /Vt (15) 

Based on the crystal structure, surface area, and compressive 

strength values, the textural analysis of the foams formed according to 
optimal experimental parameters was examined with a transmission 
electron microscope (TEM, JEOL 1220 JEM, 80 keV) images and thermal 
conductivity measurements (C-Therm TCI 2A) were performed at 
ambient temperature.

3. Results and discussion

3.1. Elemental analysis

The variations in C(%), H/C, and O/C values of the HS-based foams 
according to the elemental analysis were compared concerning the 
template proportion and chemical activation treatment, and the data 
were presented in Table 1. The carbon levels of the foams were signif
icantly higher (between 86.63 and 60.76 %) than those of the sawdust 
(45.99 % C) and pyrolytic oil (59.94 % C), confirming that biopitch- 
based foams were more enriched in carbon than HS. While the 
elemental C content of the carbon foam formed without the template 
technique was 86.63 %, the C content decreased by 5 %–82.27 % after 
chemical activation treatment. Given that biopitch had a C content of 
73.33 % and an O content of 18.30 %, it was established that the C 
content of CFs was greater than that of biopitch, and the O content was 
inversely proportionally smaller (10.81 % and 15.46 % for HSPCF and 
HSPACF, respectively).

A mixture of biopitch and oxygen-containing SBA-15 (with the 
empirical formula of SiO2) was placed in the molds in the reactor where 
foaming occurred when the template technique was implemented. The 
number of oxygenated groups provided to the synthesis medium 
increased as the template ratio raised from 1 % to 30 % in the carbon 
foam development technique employing a hard-silica template. Shim 
et al. [88] showed that when pitch-based carbon fibers were treated with 
NaOH under mild temperatures to provide oxidation of the carbon 
material surface, the physicochemical properties of the active fibers 
could be modified. Tseng [89] verified that elemental analysis revealed 
a drop in nitrogen content and an increase in oxygen content in the 
activated carbon resulting from the char treatment with NaOH. Since the 
carbon skeleton was also impacted by the NaOH etching process used in 
this study to produce biopitch-based carbon foam via the SBA-15 tem
plate, the carbon foam’s surface was altered due to oxidation, its func
tionality changed, its oxygen content rose, and its nitrogen content 
fell—all of which were in line with the previously mentioned studies. 
The amount of elemental C in the structure of carbon foams was 
determined to be reduced because the oxygenated species enable 
self-combustion during the heat treatment used in the foaming and 
carbonization stages. Furthermore, the C ratio in the activated carbon 
foam structure was diminished as a consequence of the carbon in the 

Table 1 
Elemental analysis of CFs produced at 1 MPa and 450 ◦C.

Foam code C (%) H (%) O (%) N (%) HHV (MJ/ 
kg)

H/C O/C

Produced by conventional method without a template
HSPCF 86.63 0.59 10.81 1.97 28.20 0.08 0.09
HSPACF 82.27 0.82 15.46 1.45 26.21 0.12 0.14
Produced by a hard template-assisted method
HSP-S-1 85.85 0.58 12.46 1.12 27.62 0.08 0.11
HSP-S-5 79.69 0.60 18.75 0.96 24.43 0.09 0.18
HSP-S-10 77.88 0.81 20.39 0.93 23.83 0.12 0.20
HSP-S-20 70.03 0.80 28.36 0.81 19.73 0.14 0.30
HSP-S-30 67.32 1.66 30.74 0.29 19.61 0.30 0.34
HSPA-S-1 79.83 1.15 17.86 1.16 25.44 0.17 0.17
HSPA-S-5 73.73 0.78 24.76 0.74 21.59 0.13 0.25
HSPA-S- 

10
73.61 0.95 24.86 0.59 21.78 0.15 0.25

HSPA-S- 
20

68.62 1.37 29.36 0.65 19.88 0.24 0.32

HSPA-S- 
30

60.76 0.79 37.66 0.79 14.89 0.16 0.46
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foam structure reacting with the activation agent during potassium 
hydroxide activation. Although the O/C ratio of carbon foam produced 
without a template was 0.09, the ratio of carbon foam with SBA-15 
additive varied between 0.11 and 0.34. The O/C ratios of hard-silica 
template-added activated carbon foams were identified to be between 
0.17 and 0.32. In the present scenario, applying the activation technique 
after the foaming stage resulted in activated foams with lower C and 
higher O contents than non-activated carbon foams.

3.2. Textural analysis

Carbon foam is described as a carbon framework with specific 
amounts of cells, and foam cell shape has a substantial impact on carbon 
foam strength. The micro- and mesopore morphology of the foam 
framework, on the other hand, influences the strength of carbon foam 
[90]. Surface area and pore properties, which were notable parameters 
for porous materials, were examined using nitrogen-sorption analysis. 
The pore volume, surface area, and average pore diameter values of the 
carbon foams produced without using the template technique were 
determined by the Density-Functional Theory (DFT) method and pre
sented in Table 2, the pore size distribution graphs and nitrogen 
adsorption/desorption isotherms were given in Fig. 2. The rise in 
adsorbed volume at a relative pressure of P/P0 < 0.1 revealed the ex
istence of micropores in carbon foams by the isotherm behavior. Addi
tionally, the growth in adsorbed volume in the region right after P/P0 >

0.9 suggested the existence of macropores, and the increase between 
P/P0 = 0.01 and P/P0 = 0.30 demonstrated a normal distribution of 
mesopores in the structures. The hysteresis arising in the adsorption and 
desorption isotherms generally implied that the pore shapes in the car
bon foams were not homogenous [16]. The surface area of HSPCF car
bon foam, which had a low value (59.8 m2/g), increased to 1004.2 m2/g 
for HSPACF due to the cracks and smaller pores formed in the structure 
after chemical activation as supported by SEM analysis. This situation 
was compatible with the pore volume in the structure, which was 0.037 
cm3/g for HSPCF and increased to 0.423 cm3/g in activated carbon foam 
HSPACF. Porous solid materials are classified considering pore sizes 
according to IUPAC as i) microporous if the pore diameter is less than 2 
nm, ii) mesoporous if the pore diameter is in the range of 2–50 nm, iii) 
macroporous if the pore diameter is greater than 50 nm [91]. In the 
nitrogen-sorption isotherms of carbon foams, a trend towards type IV 
isotherm, which indicated the presence of meso and micropores ac
cording to the IUPAC classification, was observed, and the mean pore 
diameter (Dav, nm) values of both foams were found to be 1.22 nm. 
According to the pore size distribution graphs, it was determined that 
the pore size distribution of the activated carbon foam was more ho
mogeneous than the non-activated carbon foam.

Adsorption isotherms in the range of P/P0 = 0–0.4, used in the 
calculation of the multi-point BET (Brunauer-Emmett-Teller theory) 
surface area of carbon foams produced by the template method, were 
given in Fig. 2b and c. According to the multi-point BET surface area 
values of carbon foams (Table 3), it was determined that the surface area 
reached 569.3 m2/g without chemical activation by using SBA-15 ma
terial as a template at 30 wt% ratio. A significant increase in surface area 
was observed as a result of the hard template removal from the structure 
and the formation of related pores in the carbon foam structure. Carbon 
foams synthesized using SBA-15 were treated with NaOH to remove 
silica in the structure. During this process, keeping the carbon foam in 
NaOH solution both removed the silica from the structure and led to the 

formation of smaller pores due to the chemical activation caused by the 
reaction between carbon and a strong base. Dehkordi et al. [92] modi
fied commercial activated carbon at room temperature using different 
concentrations of NaOH (0.01–8 M). As a result, they confirmed the 
validity of the reaction mechanism between sodium hydroxide and C 
element in the activated carbon structure given in Eq. (5) based on the 
decrease in elemental C content of the activated carbon, as well as 
changes in SEM images, BET surface areas, and Raman spectra. Thus, the 
surface area value enlarged from 4.0 m2/g to 569.3 m2/g when the 
SBA-15 ratio was increased from 1 % to 30 % by weight. When the 
surface areas of activated carbon foams were compared, it was given 
that the surface area increased proportionally with the rising amount of 
template (SBA-15). It was clearly seen from the SEM images (Figs. 4 and 
5) that when the SBA-15 template addition was at 10 wt% and over, the 
carbon skeleton that forms the carbon foam structure turned into a form 
containing smaller pores instead of a reticular structure. As a result of 
the interaction between carbon foams and potassium hydroxide, many 
smaller pores were formed within the macropores of carbon materials.

3.3. XRD analysis

In the x-ray diffraction patterns of carbon foams made from horn
beam biopitch (Fig. 3), a broad band of stacked graphitic basal plane (0 
0 2) associated with carbon-based materials emerged between 2θ = 10◦

and 30◦, with its highest value being close to 2θ = 23◦ [32,85,93–96]. 
The (0 0 2) peak arose at elevated temperatures near 1400–1500 ◦C in 
similarly structured substances comprising eucalyptus lignin and rein
forced phenol-formaldehyde resin-based fibers. The thermoplastic fea
tures of biopitch and the existence of low-molar weight molecules could 
be relevant for the (0 0 2) peak’s development at a moderate carbon
ization temperature (1050 ◦C). Both of these features improved the 
structural arrangement during the initial heating stage, which aided in 
the growth of carbon crystals [62]. It was likewise acknowledged that 
the ordinary reflection of the two-dimensional arrangement of carbon 
layers in graphite-like matters had the planes of (1 0 0) and (1 0 1) 
between 2θ = 41◦ and 45◦ [97,98]. This reflection signed that aromatic 
rings began to condense and form two-dimensional clusters at an 
operational temperature of 1050 ◦C [62].

The hexagonal carbon (0 0 2) and hexagonal graphite (1 0 0) planes 
of arbitrarily stacked graphene sheets, respectively, were recognized by 
the diffraction peaks in the XRD profiles near 2θ = 23◦ and 43◦ [52,84,
99–101], while the orthorhombic graphite was marked by the peak at 
2θ = 72◦ [102]. Carbon foams with identical x-ray diffraction patterns 
suffered chemical activation, which resulted in a reduction in the in
tensity of reflections of the (0 0 2) and (1 0 0) planes. The raised 
reflection intensity of these two planes in the x-ray diffraction patterns 
of carbon/activated foams generated with the incorporation of 1 wt% 
SBA-15 template suggested that the crystalline structures of the 
mentioned foams were more developed. The reflection intensities of the 
(0 0 2) and (1 0 0) planes of the templated with 30 wt% SBA-15 and 
activated foam (HSPA-S-30) were the lowest peaks within all patterns.

3.4. Scanning and transmission electron microscopy image analyses

Two unique pores are identified by the terms utilized to describe 
carbon foams: i) cell: a macropore surrounded by a carbon wall; ii) 
window: a hole created in the carbon wall that allows neighboring cells 
to connect. In the carbon cell wall, micropores, mesopores, and smaller 
macropores than cells may appear. Carbon foam, consequently, can be 
described as “a material with a porous structure, in which cells are 
linked together via windows” [62,103]. Figs. 4 and 5 illustrated SEM 
images obtained to gain insight into the morphological structures of 
non-activated and activated carbon foams produced by biopitch foaming 
through conventional and template-assisted methods. At 100x magni
fication, the SEM images of the HSPCF and HSPACF foams shown in 
Fig. 4 indicated that both carbon foams had porous structures. When the 

Table 2 
Textural properties of CFs prepared without using templates.

Foam 
code

Surface Area 
(m2/g)

Vtotal 

(cm3/g)
Vmicro 

(cm3/g)
Vmeso 

(cm3/g)
Dav 

(nm)

HSPCF 59.8 0.037 0.018 0.019 1.22
HSPACF 1004.2 0.423 0.392 0.031 1.22
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HSPCF carbon foam was activated with KOH, it became clear that in 
addition to breaks in the nodal points and cell walls of the HSPACF foam, 
micro-cracks appeared in the structure. This structural modification 
improved surface area while reducing compressive strength. The exis
tence of cells ranging in size from 50 to 400 μm was noticed in the 
carbonized and activated foam structures’ that were generated without 

the template technique. Fig. 5 showed SEM images of foams created 
using SBA-15 as a hard-silica template. When the chemical activation 
technique was performed on carbon foams produced with SBA-15, 
fractures in the structure were detected, comparable to the 
morphology of activated foam prepared without the template. The 
carbon foam (HSP-S-1) formed when 1 % by weight of SBA-15 was 

Fig. 2. (a) Nitrogen adsorption/desorption isotherms and DFT pore size distribution graphs for carbon foams produced without using templates, (b) and (c) 
adsorption isotherms (0 < P/P0 < 0.4) of carbon foams produced via template-assisted method.
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utilized as the template shown in Fig. 5a contained cells ranging in size 
from 480 to 975 μm and voids ranging from 235 to 785 μm. Fig. 5b 
demonstrated that the cell sizes of the activated foam (HSPA-S-1) varied 
between 500 and 940 μm, and the size of the voids changed between 100 

and 515 μm. The carbon foam (HSP-S-5) formed by increasing the 
SBA-15 template ratio from 1 % to 5 % by weight displayed a 
morphology with larger cell sizes between 450 and 1400 μm. However, 
the void sizes of HSP-S-5 (85–415 μm) altered between 170 and 525 μm 
as a result of chemical activation (HSPA-S-5) (Fig. 5c and d). Further
more, it came to light that the formation of tiny voids initiated on the 
surface. The size of the holes varied in inverse relation to the quantity of 
hard-template comprised. While the SBA-15 ratio was 10 wt%, no 
distinguishable cell frameworks formed in the HSP-S-10 carbon foam, as 
well as numerous microvoids and inhomogeneous voids in the 45–235 
μm size range appeared (Fig. 5e). On the other hand, the porosity of the 
activated foam HSPA-S-10 increased via the activation process. When 
the SBA-15 ratio was increased to 20 % and 30 % by weight, as shown in 
Fig. 5g–j, cells that should be present in the carbon foam skeleton did not 

Table 3 
SBET of carbon/activated foams prepared via template-assisted method.

Carbon foam 
code

Surface Area (m2/ 
g)

Activated foam 
code

Surface Area (m2/ 
g)

HSP-S-1 4.0 HSPA-S-1 151.5
HSP-S-5 6.3 HSPA-S-5 242.1
HSP-S-10 9.7 HSPA-S-10 648.3
HSP-S-20 191.9 HSPA-S-20 1073.0
HSP-S-30 569.3 HSPA-S-30 1226.9

Fig. 3. XRD patterns of carbon/activated foams prepared by conventional method without a template and hard template-assisted method.

Fig. 4. SEM images of (a) HSPCF and (b) HSPACF.
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form, and numerous microscopic voids were detected in both the 
carbonized and activated foam structures. It was substantial that the 
carbon foams had amorphous porous networks and the existence of 
graphitic carbon areas developed due to the overlap of graphene layers 

in all carbon foams, as shown by the TEM images (Fig. 6) assessed for the 
elucidation of the textural characteristics. In accordance with the XRD 
patterns, a portion of the amorphous carbon derived from the bio-pitch 
had converted into crystalline graphite, which probably caused the shift 

Fig. 5. SEM images (100x) of (a) HSP-S-1, (b) HSPA-S-1, (c) HSP-S-5, (d) HSPA-S-5, (e) HSP-S-10, (f) HSPA-S-10, (g) HSP-S-20, (h) HSPA-S-20, (i) HSP-S-30, and (j) 
HSPA-S-30 (scale 200 μm).
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to the right of the ordinary peak (0 0 2) occurring at ~23◦ for graphite 
upon chemical activation.

3.5. Porosity analysis, measurements of compressive strength, and 
thermal conductivity

The density of closed-cell foams is well-known to be the primary 
factor influencing their mechanical characteristics and thermal con
ductivity [102]. Table 4 presented the measurement results of the 
compressive strength values associated with the carbon foams’ densities 
and pore structures. The decrease in compressive strength values with 
the improvement in porosity and pore volume coincided with the studies 
carried out in the literature [32,102]. The bulk density and porosity(%) 
values calculated based on the true density measured with a helium 
pycnometer revealed that the porosity of the HSPACF carbon foam 
formed through chemical activation was 4.2 % higher than that of the 

HSPCF. In comparison to HSPCF carbon foam, hard template-produced 
carbon foams were shown to have greater bulk and true density 
values. Foams’ bulk densities range from 0.15 to 0.43 g/cm3, while their 
true densities vary between 1.64 and 1.99 g/cm3. It was determined that 
the foams’ true density increased while their bulk density diminished 
after the potassium hydroxide activation process. As a result of the 
activation procedure, a rise in porosity values was noted. The 
compressive strength test revealed that after chemical activation, the 
1.681 MPa HSPCF carbon foam’s compressive strength value dropped to 
0.258 MPa. It was found that the compressive strength of carbon foams 
ranged from 1.681 to 7.146 MPa, whereas the values for activated foam 
varied between 0.258 and 0.723 MPa. Scanning electron microscopy 
and surface area investigations ascertained that porosity increased due 
to the activation treatment. It was noted that the compressive strength of 
foams reduces as their structure becomes more porous. According to 
Chen et al. [90], foam with a thicker cell wall and a smaller cell 

Fig. 6. TEM images of (a) HSPCF, (b) HSPACF, (c) HSP-S-1, and (d) HSPA-S-1.

Table 4 
Carbon foams’ compressive strength, density, and porosity(%).

Foam code Compressive strength (MPa) Bulk density (g/cm3) True density (g/cm3) Porosity (%)

Produced without applying the template technique
HSPCF 1.681 0.19 1.64 88.55
HSPACF 0.258 0.16 1.99 92.24
Produced using a hard-silica template
HSP-S-1 7.146 0.43 1.76 75.28
HSP-S-5 3.158 0.43 1.72 74.79
HSP-S-10 1.464 0.43 1.73 74.96
HSP-S-20 0.696 0.36 1.83 80.49
HSP-S-30 – – 1.71 –
HSPA-S-1 0.723 0.40 1.80 77.93
HSPA-S-5 0.509 0.38 1.82 79.36
HSPA-S-10 0.368 0.36 1.82 80.07
HSPA-S-20 0.258 0.19 1.89 89.99
HSPA-S-30 – – 4.13 –
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cross-section had greater compressive strength. A denser arrangement 
was formed as a consequence of improved cross-linking and aromaticity 
of the molecules, which was reflected in a rise in the actual density as 
determined by the helium pycnometer. Furthermore, the generation of 
planar aromatic ring clusters at high temperatures was also known to 
result in heavier structures than disordered carbons and increasing 
density [97].

To sum up, this research was offered to increase porosity with 
chemical activation and thus develop carbon foams with large surface 
areas, even if their compressive strength is low, for use as an adsorbent 
and catalyst support. After the template approach, the goal was to use 
the etching procedure to eliminate SBA-15. The foam produced in the 
high-temperature/pressure reactor had a very dense and rigid structure. 
Accordingly, it could be concluded that SBA-15 particles settled in the 
foam pores could be partially removed since NaOH penetration to the 
inner parts of the SBA-15/carbon foam composite structure may have 
been limited during the etching process. Therefore, when only carbon
ization was applied to the samples to which SBA-15 was added up to 10 
% by weight, the lower surface areas were a result of the blocking of the 
pores in the carbon skeleton and the inability to adsorb N2 gas in the 
pores of the deepest part. These data were compatible with the high 
compressive strength and bulk density. When the loading ratio exceeded 
20 % by weight, more porosity was formed after the silica on the surface 
of the carbon foam was removed or the activation process was involved 
after the template technique; accordingly, the surface area increased and 
the strength of the carbon network decreased.

Foams derived from natural resources are cheap and easy to produce. 
In contrast to graphitic foams, which typically have a thermal conduc
tivity of 100–200 W/m.K [11], they have inferior thermal conductivity 
(<0.2 W/m.K). The material’s thermal conductivity becomes crucial 
depending on the area of application. The literature mentioned that 
phenolic-based foams possessed thermal conductivities that ranged from 
0.06 to 0.24 W/m.K [104–106]. Researchers of Oak Ridge National 
Laboratory (ORNL) conducted tests in which carbon foam was created 
without the blowing and stabilizing processes. Foams with graphitic 
structures were noticed to have high thermal conductivity coefficients of 
180 W/m.K. These foams, known as PocoFoam™ [107,108], were the 
first foams in the literature to have a bulk thermal conductivity value 
higher than 50 W/m.K. A novel carbon foam was also created by 

researchers from the same company utilizing naphthalene-based meso
phase pitch, which had a thermal conductivity range of 0.3–150 W/m.K 
[109]. Commercially available carbon foams have a wide range of 
thermal conductivities. For example, Ultramet’s RVC foam has thermal 
conductivity coefficient values of 0.085 W/m.K, Touchstone foam has 
0.40–17.50 W/m.K, MER foam has 0.05–210 W/m.K and ORNL foam 
has 0.3–180 W/m.K [62,107]. HSPCF and HSP-S-1 coded foams devel
oped within the frame of this research had thermal conductivity coef
ficient values of 0.056 and 0.052 W/m.K, respectively. In European 
standards, thermal insulation materials are those having a thermal 
conductivity coefficient of less than 0.065 W/m.K. It was apparent as a 
consequence that the foams created in this study could be regarded as 
thermal insulation elements.

3.6. Raman spectra analysis

Raman spectroscopy allows researchers to examine crystal structures 
and electrical properties of carbonaceous materials. This technique al
lows for the analysis of G (graphite-like), D (diamond-like), and 2D 
bands, along with the investigation of features comprising defects, 
graphene layers’ number, doping level, the layers’ quality, and irregular 
or regular structures. Specific G and 2D bands are terms used to describe 
the Raman bands of carbon-based materials like graphene. These bands 
respond quickly to variations in temperature and chemical doping. The 
G and 2D bands’ shape, position, and intensity change as the graphene 
layers’ number varies. Edge defects and heteroatom participation are 
the two kinds of defects and irregularities in the graphene crystal 
structure revealed by the D-band [110]. Fig. 7 presented representative 
Raman spectra of carbon foams, which were used to identify the carbon 
species in the materials. At wavelengths of 1343 cm− 1 and 1600 cm− 1, 
respectively, characteristic peaks belonging to D-band and narrower 
graphite G-band types were found, confirming the formation of carbon 
in all materials [111]. While the G-band illustrates the formation of 
carbon in sp2 regular structures, such as graphene and filament-type 
carbon, as a result of C-C stretching, the D-band, which corresponds to 
sp3 vibrations, signifies the carbon structure irregularities, structures 
deformed as a result of oxidation, and defects in the graphene structure 
(carbonaceous materials), such as the formation of amorphous and 
graphite type carbon. In such a case, a lower D-band intensity in the 

Fig. 7. Raman spectrums of carbon foams.
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Raman spectrum suggested that the carbon foam’s graphitization degree 
was greater [32,112]. The possible existence of partial lattice defects 
due to the number of pores in a single graphene layer was depicted by 
the presence of a strong D-band [32,113]. The number of layers and 
graphene quality influence the intensity and structure of the 2D band at 
~2700 cm− 1. Fig. 7 showed that the band broadened due to the presence 
of multiple layers with some defects in the foams (HSPA-S-1 and 
HSPACF).

4. Conclusions

Considering that pyrolysis liquid products are generally used as fuel 
and chemical raw material input, the evaluation of sustainable precursor 
materials as an alternative to mesophase pitches derived from fossil fuels 
in the synthesis of carbonaceous materials with tunable properties, 
which is becoming more crucial as technology advances, will enable the 
creation of a new field of usage. Within the scope of this study, it was 
aimed to assess industrial biomass waste hornbeam sawdust biopitch as 
a precursor material in the preparation of carbon foam. In this context, 
foaming of biopitch or biopitch-hard template (SBA-15) mixture were 
the two different approaches used in the foaming process carried out in 
the high temperature/pressure reactor. In-depth research was done on 
the effects of the template approach and the chemical activation pro
cedure using potassium hydroxide on the elemental content, and crys
tallographic, morphological, and structural characteristics of carbon 
foams. It was concluded that the reduction in surface area when the hard 
template was applied at 1 % by weight significantly increased the 
compressive strength. In this case, HSP-S-1 carbon foam with a surface 
area of 4.0 m2/g had a porosity level of 75.28 % and a compressive 
strength value of 7.146 MPa. When the template method was imple
mented, the production conditions of HSP-S-1 carbon foam were found 
to be ideal because this material had a more ordered crystalline struc
ture, the level of cracks in the cells was at a minimum according to the 
images from the scanning electron microscope, as a result, the 
compressive strength value was at the highest level. The images of the 
multilayer graphene structure displayed by the transmission electron 
microscope provided evidence for the presence of pores in the foam 
structure. Because the produced biopitch-based carbon foams had 
thermal conductivity coefficient values in the 0.052–0.056 W/m.K 
range, it was obvious that they could potentially be employed as thermal 
insulation materials. The characterization procedures led to the 
conclusion that materials with the desired qualities may be created by 
altering the working conditions used during the bio-based carbon foam 
preparation. The ability to modify their fundamental characteristics is a 
significant benefit since carbon foams with hierarchically ordered pore 
structures and high surface areas can be employed as adsorbents, cata
lytic support materials, or thermal insulation materials. Regarding the 
product features, it is planned to investigate the properties of carbon 
foam utilizing several types of template materials in the foaming process 
within the scope of future studies. As a result, in this study, the trans
formation of waste disposal into sustainable production was achieved by 
using waste biomass in the production of technological materials.
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