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ABSTRACT

The preparation of carbon foams from bio-based polyols was a preferable alternative for the develop-
ment of new materials from waste resources. The research described the usage of wood processing
factory waste for the production of open-cell carbon foams with a high application potential. Bio-based
carbon foams were developed by hornbeam tree sawdust, a low-cost and renewable material for dye
removal via adsorption and CO, uptake performance. In this work, the influences of the solvent type, and
solvent/biomass weight ratio on the characteristics of carbon foams were investigated in the solvolytic
liquefaction process. A chemical activation process with KOH was applied to the foams and this provided
high porosity and surface area (up to 1454 m?/g). Carbon foams were found to have comparable
compressive strengths; up to 1.080 MPa. As a result of the statistical analysis, according to the variance
analysis performed with a confidence level limit of 95%, it was specified that pH had a negative coeffi-
cient and was the most significant factor in NH dye removal. According to the experiments carried out
within the scope of investigating the usability of carbon foams in the removal of pollutants from gas and
liquid systems, HCFTA-3 carbon foam exhibited a maximum removal efficiency of 55.2% for NH dye when
pH was 2, and HCFA-3 carbon foam had the highest CO, holding capacity at 0 °C as measured by
6.53 mmol/g CO,. This study provided an understanding of the sustainable bio-based carbon foams from
industrial waste biomass for practical application of green chemistry.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

and nitrogen content, environmental friendliness, and carbon
neutrality [4]. The low density, controllable thermal conductivity,

The carbon foams have taken attention according to their
tunable 3D porous structure, which can be controlled by choosing
suitable raw materials and preparation methods and outstanding
performance in many application areas [1,2]. To develop more
competitive carbon materials, consideration should be given to
evaluating the usage of renewable resources as an alternative to
fossil fuel-derived pitches or phenolic resin from the reaction of
phenols and aldehydes. Biomass, the only renewable carbon source
that includes animal/agricultural products and wastes [3], has
recently attracted significant attention as an alternative and
essential source due to its striking features, for instance, low sulfur
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high-temperature resistance, flame retardancy, and mechanical
strength of carbon foams enable their usage as a core in sandwich
hybrid systems for aerospace and shipbuilding implementations.
The carbon foams can be utilized efficiently in several applications,
such as electrodes, energy storage systems, oil spill remediation
systems, electromagnetic interference shielding materials, catalytic
supports, and adsorbents [2]. Consequently, CO, and dye adsorp-
tion have become a particular focus of contemporary research in
this work.

The increase in the concentration of CO, from fossil fuel com-
bustion and many further anthropogenic activities has turned into
the most substantial concern of global warming and climate
change. The world energy outlook estimates that CO, emissions
from fuel-burning emissions will be enlarged to 40.2 Gigatons of
CO; by 2030 [5]. Therefore, the utilization of CO, adsorption in the
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areas of energy and the environment has been remarkably exten-
sive. Applications include CO, reduction, fuel synthesis using COo,
and CO, separation from contaminated gases. The issues to be
resolved during the CO; capture and activation process can be listed
as the strength of the C—0 bond in CO; and the adsorption energy
between CO, and substrate [6]. The adsorption method involving
solid materials for CO, capture was suitable due to its low energy
demand, high viability for scale-up operations, moderate process-
ing conditions, simple regeneration, and lack of contaminants or
byproducts [7]. Various solid adsorbents including, zeolite [8],
mesoporous silica [9], MOFs (metal-organic frameworks) [10], and
activated carbon have been evaluated. While the microporous
structure rather than the mesoporous structure is more practical
for CO, capture, silica primarily contains a significant quantity of
mesoporous structure [11]. While zeolite and MOFs have some
limitations like high cost and decreasing adsorption capacity under
humid conditions as a result of their hydrophilic nature, other
materials like porous carbon that shows noticeable CO, sorption
capacity at 1 bar and 25 °C have gained interest due to its advan-
tages of having a wide range of raw material sources, simple for-
mation, superior mechanical and thermal stability, hydrophobicity,
reduced regeneration energy demand, and handy surface chemical/
porosity modifiability [12].

Another research interest of this study is dye adsorption. Zeolites,
mesoporous silicas, MOFs (metal-organic frameworks), and activated
carbons were only a few of the many adsorbents that are employed
for dye removal. Among these materials used, carbon-based mate-
rials showed high removal efficiency, which made them the center of
interest. Priyanka and Saravanakumar [13] studied the production of
zinc-based carbon foam-like structures (Zn-CFst) from starch for the
adsorption of hazardous dyes and the separation of oil from water.
Zn-CFst material displayed extremely high adsorption capacities for
Congo Red (1428.57 mg/g), Malachite Green (1200 mg/g), and Crystal
Violet (25000 mg/g) dyes, as well as high capacities for Castrol 2T
(2937%) and Gear oil (2375%). Zhang et al. [14] prepared carbon foam
with adjustable pore size distribution by a one-pot lava foam process
to utilize in Malachite Green removal. They reported that even
though carbon foams pore size distribution was shown to be a
dominating component in dye removal, the maximum adsorption
capacity was as high as 1812 mg/g. In a different work, phenolic
resin-containing iron acetylacetonate was in-situ pyrolyzed to pro-
duce magnetic carbon foam, which was then applied as an adsorbent
to remove the dye Rhodamine B [15]. Their findings highlighted the
fact that the adsorption equilibrium was attained in 40 min and that
the highest adsorption capacity was 258.03 mg/g. For the elimina-
tion of Methylene Blue, Li et al. [ 16] investigated pitch-based carbon
foam produced by applying the self-foaming technique with meso-
phase pitch as the precursor. They concluded that the adsorption rate
and capacity of composites were enhanced by 158.18% and 93.50%,
respectively, when compared to raw carbon foam. Lu et al. [17]
prepared carbonized TiO,-coated melamine foam (CTiMF) via poly-
dopamine and used it in the photocatalytic degradation of Rhoda-
mine B. They stated that the crucial role of the carbonization process
was improving the anchoring stability of TiO, on the melamine foam.
Moreover, they highlighted that the CTiMF showed excellent pho-
tocatalytic activity for Rhodamine B decomposition under artificial
sunlight irradiation recording as 16 times higher than TiMF.

The development of carbon foam utilizing biomass as an alter-
native to carbon foams made from mesophase pitch or phenol-
aldehyde resins was the primary objective of this research.
Within the scope of the study, considering that carbon foams can be
used as an adsorbent in gas and liquid systems, it has been studied
on the evaluation of carbon foams produced by solvolytic lique-
faction of biomass and resinification of the bio-polyol as adsorbent.
In addition, the adsorption performance of the tar-added carbon
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foams produced within the scope of examining the usability of the
pyrolysis liquid product as a solvent in the solvolytic liquefaction
procedure was also investigated.

2. Materials and methods
2.1. Raw material and pyrolysis tar

A wood processing facility in Eskisehir (Turkey) provided the
waste sawdust of hornbeam trees (HS), which was subsequently
air-dried in the lab to develop carbon foam. In the first step, a
grinder (Armfield FT-7A) was used to minimize the raw materials
particle size, the average particle size and the bulk density were
calculated as 0.497 mm and 0.26 g/cm?, respectively. Moisture, ash,
volatile matter, fixed carbon, extractive material, holocellulose,
lignin, hemicellulose, and cellulose contents were determined by
performing preliminary and structural analysis of HS. The thermal
behavior of HS in the temperature range of 20—1000 °C was
analyzed by TG analyzer (Setaram Labsys Evo), and the ultimate
analysis was carried out via Elemental Analyzer (Leco CNH628
$628) to determine CHN contents at 950 °C. Functional groups of HS
were specified by the attenuated total reflectance-Fourier trans-
form infrared (ATR-FTIR) spectroscopy (Perkin Elmer Spectrum
100) in the range of 4000—400 cm~' with a resolution of 4 cm™!
after 100 scans. The sample was platinum-coated by Quorum Q
150 R ES DC Sputter to clarify the surface morphology through a
scanning electron microscope (SEM, Zeiss Supra VP 40).

In the slow pyrolysis experiments carried out in the Heinze
reactor at 400 °C under a static environment, the heating rate was
set to 10 °C/min and the reaction time to 20 min. Our related papers
provide a detailed description of the experimental procedure
[18—20]. The gaseous, liquid, and solid pyrolysis product yields
determined on a dry ash-free basis were 22.37%, 19.95%, and
30.32%, respectively. Characterization results of the structure of
pyrolysis tar (HS@400-¢c) elucidated using Fourier transform infrared
spectroscopy (FT-IR, Perkin Elmer Spectrum 100), nuclear magnetic
resonance spectroscopy (H NMR, Varian Mercury 300 MHz), gas
chromatography/mass spectroscopy (GC/MS, Shimadzu GC-2010
Plus), and elemental analyzer (Leco CHN628, S628) were given in
the previous study [18].

2.2. Synthesis and characterization of HS-based carbon foams

For the production of carbon foam by solvolytic liquefaction of
HS with a particle size of 0.25<dp, < 0.85 mm, the syntheses were
carried out in two different solvent mediums (phenol or
phenol + tar mixture) [19,21]. Carbonaceous materials containing
graphene-like structures were prepared by using phenol (Merck) as
a solvent in the liquefaction process to generate conventional
phenolic resins in the first stage. In the second step, the usability of
the “phenol + tar” mixture as an alternative solvent to phenol was
investigated. In the carbon foam production by using tar, the same
traditional phenolic resin production method was applied, and the
phenol proportion added in the liquefaction stage was changed by
tar at a 40-wt percent rate. The effects of solvent type, solvent/
biomass weight ratio (3/1 or 5/1 w/w), and chemical activation with
potassium hydroxide on foam properties were examined by various
characterization techniques. Bio-polyol formed after mixing HS
(10 g) and solvent (30 g or 50 g “phenol” or “60 wt% phenol+40 wt%
tar mixture”) under reflux for 1 h at a temperature range of
124—136 °C in an acidic medium containing a mixture of sulfuric
acid (98 wt%, Merck) and phosphoric acid (85 wt%, Panreac),
separated from the residue using the solvent methanol. After
adjusting the pH of the solution to neutral with sodium carbonate
(anhydrous, Panreac) and removing the solvent from the medium,
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liquefied-HS was obtained. Formaldehyde (37 wt%, Merck), sodium
hydroxide (analytical grade, ADR), and distilled water were added
to it, and the reaction was carried out first at 55—60 °C for 2 h, then
at 95—98 °C for 1 h, respectively. The pH of the cooled mixture was
adjusted to be neutral, polysorbate-80 (Merck), n-pentane (Merck),
and sulfuric acid were added to the resin obtained by removing the
water phase, and HS-based resin foam (coded as HRF and HRFT) was
produced by placing the mixture into the mold and heating it at
60 °C for 24 h. Carbon foam was prepared by carbonizing the resin
foam at 800 °C for 2 h under a nitrogen environment. The foaming
agent (n-pentane), which must be transferred away from the resin
medium during the foaming stage and form a porous foam struc-
ture, was unable to overcome the surface tension due to the tar
structure so rigid and less porous foams were produced when tar
was combined with phenol. The porosity was enhanced by
increasing the surfactant proportion in the synthesis recipe by 25%
during the foaming stage of the processes in which tar was added to
synthesize the carbon foams developed for application in the
adsorption process.

The activation process was applied using potassium hydroxide
(KOH) with a ratio of resin foam/chemical agent to 1/1 by weight to
enhance the surface area of the resin foams. In the first step of this
method, the resin foam was mixed with the KOH solution at 100 °C,
and the moisture was removed in an oven. In the second step of
preparing activated-carbon foam, the foam treated with KOH was
first carbonized at 800 °C in a tube furnace, then washed with hot
distilled water and dried until no K™ ions remained in the structure.
Carbonized and activated foams were labeled as HCF-x and HCFA-x.
Where, -x denotes the solvent ratio, coded as -3 or -5 for solvent/
biomass weight ratio of 3/1 or 5/1 w/w, respectively. The solvent
kind was also denoted as -T for the phenol + tar mixture.

Thermogravimetric analysis (Setaram Labsys Evo) was used to
assess the thermal stability of resin foams. The thermogravimetric
analysis technique involved heating the resin foams from room
temperature to 800 °C at a rate of 20 °C/min under an argon
environment. Elemental analysis (Leco CHN628, S628) was carried
out to examine the CHN compositions of the carbon foams. Fourier
transform infrared spectrums in the wavelength range of
4000—400 cm~! were taken using Agilent Cary 630 device to
identify the functional groups in the carbon foams structures. The
surface morphologies (particle sizes, shapes, and distributions) and
textures of the foams were analyzed by the scanning electron mi-
croscope (Zeiss Supra VP 40) and the transmission electron mi-
croscope (Jeol 1220 JEM, 80 keV). The determination of crystal
structures of the foams and the calculation of the interlayer spacing
(d-spacing) values in the atomic lattice were assigned using an x-
ray diffraction device (PANalytical Empyrean) and CuKe radiation
(A =0.15406 nm). X-ray diffraction patterns were acquired in the 20
range of 0° and 80° at a scan rate of 2°/min. BET surface areas (Sggr),
pore volumes, and pore size distributions of the foams were
established via the Micromeritics ASAP 2020 device handling ni-
trogen as an adsorptive at 77 K. Confocal Raman spectra of the
foams were acquired via the RENISHAW Raman inVia microscope.
The foams compressive strengths were measured in a Shimadzu
AG-IC 100 KN tensile/compression device with a 0.5 mm/min
loading rate, and the true densities were specified with a helium
gas pycnometer (Micromeritics, Accupyc I 1340). In addition, the
bulk densities and the %porosity values were calculated. To quantify
the porosity(%), the formula in Eq. (1) was taken into account.
Where, the value of P, V;, and V, is defined as %porosity, the
theoretical and actual volume of foam [22].

P=(Ve—Va)/ Ve (1)
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2.3. Dye removal via adsorption and CO, uptake performance

Within the scope of the research, it was aimed to evaluate car-
bon foams as adsorbents for gas and liquid systems. In order to
complete the step of examining the usability of carbon foams in
systems containing gas phase impurities, which was one of the
main objectives of the study, the CO, holding capacities of adsor-
bents were determined. Furthermore, the efficacy of hornbeam-
based carbon foams in the elimination of Procion Navy H-EXL dye,
supplied by DyStar, from aqueous solutions was examined. Neither
any purifying procedures were used before dissolving the reactive
textile dye Pr Navy H-EXL (NH, reactive blue) with a double mon-
ochlorotriazine reactive group and chromophore azo [23]. Distilled
water was used to prevent and reduce any contaminants while
preparing dye solutions, and dissolving 1.0 g of NH dye in 1000 mL
of distilled water yielded a standard dye solution (1000 ppm). A
solution with a dye concentration of 25 mg/L was created by
diluting the stock dye solution. To change the solution pH, 0.1 M
NaOH or 0.1 M HCI was added, and the Thermo Scientific Orion 3
Star digital pH meter was used to measure the result. The effects of
variables on NH dye uptake, including pH, solvent/biomass weight
ratio, solvent type (tar integration), and chemical activation, were
examined by batch sorption studies in a group of conical test tubes
comprising 50 mL of NH solution. The carbon foams with a sorbent
dosage of 2 g/L added to the dye solution were shaken for 75 min in
a water bath at room temperature for the adsorption experiments.
After filtration of the suspensions, calibration curves were created
to determine the amount of dye in the filtrate, and concentration
values were acquired by measuring absorbance at Ap,x = 607 nm
for NH dye with a UV/visible spectrophotometer (Agilent Cary 60
UV—Visible Spectrophotometer). In Eq. (2), which was used to
calculate the dye removal efficiency (7) from aqueous solutions, the
terms Cp and Ce (mg/L) were defined for the initial and equilibrium
dye concentrations in the liquid phase [24]:

1 (%) =[(Co — Ce) / Co] 100 (2)

2.4. Statistical modeling of dye adsorption with full factorial
experimental design

It is possible to reduce the overall number of trials, time, and
research costs by using a factorial experimental design; besides
optimization of the process can be realized by estimating the effects
of all the main factors and the interaction effects of the factors
correctly. In the full factorial experimental design method, the
relationship between all factors can be assessed depending on the
number of levels determined. In this study, 2* = 16 dye adsorption
experiments were carried out in a two-level full factorial experi-
mental design of 4 factors (the effects of solvent/biomass weight
ratio of 3/1 and 5/1, tar contribution (0% and 40%), chemical acti-
vation (applied and not applied), and pH of 2 and 8). The main
factors were symbolized by a low level of “-1” and a high level of
“+1” in statistical charts, as given in Table 1.

Table 1

The main factors levels involved in 2* full factorial design of NH dye sorption.
Factors Levels

Low level High level

Solvent/biomass weight ratio (A) -1 +1
Tar contribution (B) -1 +1
Chemical activation (C) -1 +1
pH (D) -1 +1
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3. Results and discussion
3.1. Summary of essential properties of HS and HSe400°c

Hornbeam sawdust's high volatile (85.21%) and low ash (0.45%)
contents make HS favorable for tar production. The fact that
hornbeam sawdust had a considerable lignin content of 30.92% was
an indication that the phenolic compounds in its structure were
high. The elemental carbon (45.99%) and lignin (30.92 wt%) con-
tents of HS were prominent to get tar and carbon foam. Following
the results of the elemental analysis and using Dulong's equation,
the calorific value of HS was also computed to be 16.33 M]/kg [25].
According to the SEM image (taken at 5000x magnification), HS had
a non-porous fibrous morphology. In our earlier work, the findings
from the analysis of the biomass feedstock were thoroughly dis-
cussed [18].

It was established that the calorific value (24.82 M]J/kg) and
carbon content (59.94%) of tar were higher than those of raw ma-
terial. Compared to cellulose, hemicellulose, and lignin in the
feedstock, the tar contained organic compounds with different
structures. According to the chemical shift values of various
hydrogen atoms specified from the spectrum obtained from the 'H
NMR analysis, lignocellulosic biomass-based tar had an aromatic
fraction of 16.45% due to the presence of phenolic compounds. The
tars of lignocellulosic-based raw materials contain similar com-
pounds such as phenolic compounds, aldehydes, ketones, and
carboxylic acids. In the GC/MS chromatogram of HSg4p¢-c, it was
identified that the prominent peaks (with areas greater than 10%)
including phenol; 2-methyl-phenol; 2-ethyl-phenol; 3-ethyl-
phenol; 2,4-dimethyl-phenol; 4-methyl-phenol; 4-propyl-phenol;
3-ethyl-5-methyl-phenol; 3,4,5-trimethyl-phenol belonged to
phenolic compounds. Furfural and furan compounds were also
detected.

3.2. Characterization of foams

3.2.1. Thermogravimetric analysis of resin foams

In Fig. 1, the TG and dTG graphs demonstrate the influence of
different solvents and solvent/biomass weight ratios on the ther-
mal degradation properties of liquefied hornbeam sawdust-based
resin foams. Table 2 depicted the amount of residual carbon still
present after weight losses and temperature values for different
degradation phases. It was revealed from the TG and dTG profiles of
the HS-based resin foams that the materials were decomposed
during heat treatment in two phases. Weight loss resulted in the
first phase between 30 and 320 °C as a result of the elimination of
remaining moisture and low-molecular-weight molecules (curing/
foaming additives, unreacted phenol-formaldehyde). The defor-
mation of intermolecular ether bonds and terminal hydroxymethyl
groups, the bond breaks at various locations throughout the main
chain of the phenolic resin, and the discharge of volatile com-
pounds all contributed to weight reduction in the second phase
[19,21,26,27]. The formation of phenols and cresols was clarified in
studies investigating the thermal degradation of phenol-
formaldehyde resin due to the scission of a terminal benzene ring
depending on the location of the scission [28], and it was also
pointed out that there was a potential of xylenol or trimethyl
phenol formation [29,30]. Jiang et al. [31] reported that methylene
in the structure of phenol-formaldehyde resin was active, and its
breakdown was the primary factor in the pyrolysis of the phenol-
formaldehyde resin. Accordingly, methylene and the phenolic hy-
droxyl were further cross-linked initially, then some methylene
molecules were scissored, resulting in the production of volatiles
that contain phenol and its methyl derivatives. It was underlined
that the general decomposition takes place in the temperature
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Fig. 1. TG and dTG curves for HS-based resin foams.

Table 2
Thermal decomposition parameters of resin foams.

Foam code 1st degradation step 2nd degradation step

Tp (°C)° Cr (%) Tp (°C)* Cr (%)
HRF-3 30-320 90.38 320-620 68.62
HRF-5 30-320 47.61 320-620 15.87
HRFT-3 30-320 69.89 320-620 45.56
HRFT-5 30-320 76.49 320-620 53.20

2 Tp: The degradation temperature.
b Cg: Residual carbon after degradation.

range of 400—600 °C in the fundamental study that investigated
the thermal degradation of phenol-formaldehyde polycondensates
[32]. Carbon monoxide, carbon dioxide, benzaldehyde, benzene,
and toluene are generated by thermal oxidative processes, whereas
methane, phenol, and phenolic homologs are formed by thermal
decomposition reactions. The peak intensity attributed to ether
bonds at 1110 cm ™! decreased as a result of ether bond cleaving, as
evidenced by the FT-IR study results. While certain studies have
associated this peak with aromatic in-plane CH vibration, other
scholars have proposed that it may be caused by ether-type links,
ether-type linkages, or a combination of both contributions. Owing
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to the existence of phenolic and non-phenolic dimers, the break-
down of ether bonds was reported to take place between 200 °C
and 400 °C in temperature ranges. In phenolic substances, the o-
ether bond's heterolysis breakage can yield a quinone methide in-
termediate, which may contribute to the B-ether bond's simulta-
neous homolytic cleavage at 200 °C [33]. The quick weight loss in
the range of up to 320 °C for HRF-5 was caused by the structural
decomposition as a result of the fact that phenol, which was
introduced to the synthesis medium more, promoted self-
combustion due to the oxygen in its structure, therefore it was
revealed that HRF-5 had inferior thermal stability than HRF-3. It
was found that the percentage of residual carbon declined from
68.62% to 15.87% when more phenol was incorporated into the
reaction mixture. By evaluating dTG curves, it was concluded that
resin foams degraded noticeably quickly between 320 and 620 °C.
When the amount of solvent was raised or tar was added, it was
noticed that the initial decomposition temperature reduced
somewhat in comparison to the conventional methods solvent/
biomass weight ratio of 3/1. The early degradation of the chemical
agents existing in the resin foams could be responsible for the slight
drop in the primary decomposition temperature of the resin foams.
The DTG curves most significant endothermic peaks were detected
at about 300 °C and between 440 and 465 °C. It was obvious that
when tar was incorporated into phenol as a solvent, the hydroxyl
and methoxyl groups of the guaiacyl and syringyl units that
compose the tar, in addition to the hydroxyl group in the structure
of the phenol, caused oxidative decomposition of the resin foams
depending on the heating process employed in the thermogravi-
metric analysis. Using phenol and tar-mixed phenol as solvents, we
systematically reported the phenolization, polymerization, and
condensation reaction mechanisms that occurred during the sol-
volytically liquefaction of the woody structure and the production
of phenol-formaldehyde resin [19].

3.2.2. FI-IR analysis
FT-IR spectrums in which the functional groups in the carbon
foams structure were examined and presented in Figs. 2 and 3
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depending on the solvent type/ratio and chemical activation pro-
cess. It was specified that the FT-IR spectrums of the carbon foams
were almost similar; it was concluded that the differences in the
structure were negligible by changing the solvent type or solvent
ratio in the production methodology and the application of the
chemical activation. The presence of C=CH alkyne stretching vi-
brations in the FT-IR spectrums was demonstrated by the peak
observed around 2100 cm~L The peaks of unconjugated C=0
(aldehyde, ketone, carboxylic acid) stretching vibration were close
to 1700 cm ™), the stretching band of C=C,; indicating the presence
of aromatic structures was in the range of 1600—1400 cm™, the
bending band of CH for guaiacyl and syringyl derivatives was
around 1115 cm™}, and the peaks of substituents attached to the
aromatic ring were observed in the band range of 900—700 cm™!
[34—36]. It was noticed from the peaks in the spectrum that neither
the solvent type/ratio nor chemical activation significantly shifted
the peaks, and all carbon foams T% values were quite close to one
another. On the other hand, adding tar to phenol as a solvent during
the synthesis of carbon foam slightly reduced the peak intensity
and raised T% values without the chemical activation (Figs. 2a-b and
3a-b). The peaks at 1100 cm~! were seen to vanish after the
chemical activation. Instead of the CH bending band at 1110 cm ™",
the C=Cj, stretching band at 1500 cm~' became more evident as
the solvent ratio increased, suggesting the existence of aromatic
structures.

3.2.3. Elemental analysis

The C, H, O, and N components of carbon foams were analyzed
by elemental analysis, and the results were given in Table 3. The
changes in carbon content, H/C, and O/C ratios in the structure were
compared depending on the solvent/biomass ratio, solvent type,
and chemical activation process. The carbon contents of the foams
were greater than those of the raw material (45.99% C) and tar
(59.94% C), revealing that they were more carbon-containing ma-
terials than HS. When only phenol was used as the solvent for the
phenol/biomass ratio of 3/1, the carbon content and the calorific
value of the foam were determined as 80.8% and 32.47 MJ/kg,

A

'

Cd

d |
prat

[
‘ / VAN B \vmwrmij‘u ‘ﬂfl
L WWW v \W“ &] at ‘\
o i A"
: : ~
2 ™~ 8 j
2 M =
\ o 5
\ \J
\
N o.
Y S
-\00‘ i ‘EE‘DD‘ mT ‘30‘00‘ mT ‘2:"00‘ i ‘20‘30‘ i ‘1:"00‘ i ‘10‘00‘ o ‘ED‘D JUOI i ‘35‘30‘ i ’BU‘UUl o ‘25‘0’3‘ o KZJ‘UU‘ i ‘if‘OU‘ o ‘(D‘GU‘ o ‘EE‘IU
Wavenumber (cm-1) Wavenumber (cm-1,
(a) (b)

I M

& | / ,“ ')
A WWLLMMW/ W \\

alransmittanco
F 4

80

|
! f"\:

@ Tmnsm\i}lance
7

50
<

TT T LI 0T Ll T T LT T T LT T T LLr T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)

(©

LI s e o L AU e A e
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)

(d)

Fig. 2. FT-IR spectrums of carbon foams for solvent/biomass weight ratio of 3/1; (a) HCF-3, (b) HCFT-3, (c) HCFA-3 and (d) HCFTA-3.
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Fig. 3. FT-IR spectrums of carbon foams for solvent/biomass weight ratio of 5/1; (a) HCF-5, (b) HCFT-5, (c) HCFA-5 and (d) HCFTA-5.

Table 3
Elemental analysis results of carbon foams produced by solvolytic liquefaction of HS.
S/B ratio Foam code C (%) H (%) 0 (%) N (%) HHV (M]/kg) H/C o/C
3/1 HCF-3 80.811 5.106 12.332 1.751 32473 0.76 0.11
HCFT-3 80.723 3.028 15.220 1.029 28.924 0.45 0.14
HCFA-3 60.741 5322 33.636 0.301 22.155 1.05 0.42
HCFTA-3 60.946 3.791 35.027 0.236 19.764 0.75 043
5/1 HCF-5 77.134 4.604 17.743 0.519 29.529 0.72 0.17
HCFT-5 80.985 3.108 14.680 1.227 29.226 0.46 0.14
HCFA-5 60.071 3.632 36.066 0.231 19.052 0.73 0.45
HCFTA-5 59.789 3.8994 36.099 0213 19.336 0.78 045

respectively. It was found that when the phenol quantity integrated
into the reaction mixture increased, the carbon content of the foam
decreased to ~77%, and the calorific value decreased to 29.53 MJ/kg.
Furthermore, when the phenol + tar mixture was added to the
synthesis medium as a solvent, the carbon content and the calorific
value of the foams changed between 80.723 and 80.985% and
28.924—-29.226 MJ/kg, respectively. After the chemical activation
process was applied, it was observed that the carbon content and
the calorific value of the foams reduced by 22—26% and 31—-35%,
respectively. The high oxygen content of tar (28.53%) and the
participation of methoxy, carbonyl, and hydroxy groups in the tars
structure resulted in an increase in the carbon foams O/C ratios
when tar was used during the synthesis of carbon foam [18,37].

3.24. Structural analysis

Carbon foams nitrogen adsorption/desorption isotherms were
displayed in Figs. 4 and 5. It was specified that carbon foams had
type-IV isotherms belonging to solid materials containing meso-
pores and micropores in their structures as seen in Figs. 4 and 5. The
slow increase of isotherms at P/Py < 0.1 relative pressure showed
that the carbon foams had micropores in this region. According to
the isotherms, an increase in the adsorbed volume was observed in
the range of 0.01<P/Pg < 0.30. This situation proved that there was a
regular distribution of mesopores in the structures. The increase in

the adsorbed volume after the P/Pp > 0.9 indicated that there was
macroporosity in the structure of the foams. In general, the hys-
teresis region formed in the adsorption and desorption isotherms
identifies that the pore shapes in the structure of carbon foams are
not homogeneous. It was agreed that the carbon foams synthesized
by adding tar showed parallel trends to the nitrogen adsorption/
desorption isotherms of the carbon foams prepared by the con-
ventional process. Numerous activated carbons and a few other
nanoporous adsorbents exhibit type H4 loops. In the simplest
scenario designed for these isotherms, multilayer physisorption,
and capillary condensation follow the first region of reversible
micropore filling [38]. As seen in Figs. 4 and 5, the nitrogen iso-
therms exhibited type H4 hysteresis loops, which clarifies the na-
ture of carbon foams narrow slit-like pores. It is well known that
until P/Py values are quite near the saturation pressure, the H4
hysteresis loop shape typically does not close [39].

Nitrogen adsorption parameters of carbon foams were pre-
sented in Table 4. Surface area (Brunauer, Emmett and Teller
method-Sggr) values were obtained as 467.492 mz/g and
472130 m?/g for HCF-3 and HCF-5, respectively. Accordingly, when
the amount of phenol added to the liquefaction process increased, it
was seen that the surface area of the carbon foam was improved.
However, as the tar was evaluated as a solvent in the solvolytic
liquefaction reaction as well as phenol, it was noticed that the



A.S. Yargic, G. Gunduz Meric, RZ. Yarbay et al.

120 79%(9@830 .

g D=
iy

23
(=]

Vaas (em*/g)

HCF-3

O HCF-5

0 02 04 06 08 1
P/P,

120 ]

Qi B8686 R o@o@oo%@@@@Q-’;g

Vags (cm’/g)

HCFT-3 O+ HCFT-5

0 02 04 0.6 0.8 1
P/P,

Fig. 4. Adsorption/desorption isotherms of carbon foams (effect of solvent type and
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surface area declined by ~48% and 34% when compared to the same
solvent/biomass ratio. In the liquefaction process where tar was
used as a solvent additive, the amount of tar in the structure
increased with the augment in the solvent proportion, causing
carbon foams with lower surface area to be obtained. Because of the
complicated composition of the tar, more rigid polymeric materials
were formed when tar was used during the synthesis step instead
of phenol. As a result, it was difficult to remove the reaction mix-
tures foaming chemicals from the polymer matrix. Due to the raise
in the polymer matrix surface tension, the gas molecules could not
leave the synthesis medium, which prevents the occurrence of
pores on the surface [19]. After the chemical activation process, the
increase in the surface area and pore volume values was remark-
able. It was ascertained that the surface area values of carbon
foams, which were prepared using tar and activated with KOH,
increased by 1.98—4.98 times. Carbon foam synthesized and acti-
vated with KOH when the solvent/biomass ratio is 5/1 had the
highest surface area and total pore volume of 1454.39 m?/g and
0.62308 cm?/g. The distribution of pore sizes is an important factor
in the microstructural characterization of carbon foams. In addi-
tion, according to the average pore diameter (D,, nm) values
(Table 4) and the pore size distribution graphs (Figs. 6 and 7), the
foams had mesoporous structures (D,, > 2 nm). When the phenol/
biomass weight ratio changed from 3/1 to 5/1, the reduction in
average pore size was closely related to the increase in surface area.
In summary, the surface areas of the foams produced by the
liquefaction technique were 243.231-1454.39 m?/g, the total pore
volumes were 0.1593—0.6231 cm?/g, and the average pore diameter
values were in the range of 12.03—2.76 nm. In the literature, the
structural properties of carbon foams obtained as a result of the
solvolytic liquefaction of larch, birch, oak, and spruce sawdust have
been investigated. Accordingly, the surface areas of the foams
produced by the liquefaction method are 209—1918 m?/g, the total
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Fig. 5. Adsorption/desorption isotherms of carbon foams (effect of chemical
activation).

pore volumes are 0.03—0.93 cm>/g, and the average pore diameter
values are in the range of 0.61—-5.24 nm [19,21,26,27,40]. The sur-
face area, pore size, and pore volume values of the foams produced
within the scope of the study were found to be compatible with the
literature.

3.2.5. XRD analysis

Figs. 8—10 showed the x-ray diffraction patterns used to deter-
mine the crystalline structures (amorphous, crystalline, or semi-
crystalline) of carbon foams. The hexagonal carbon, orthorhombic
graphite, and hexagonal graphite structures were represented by
the peaks located at specific 26 values in XRD patterns [19]. The
characteristic peaks in x-ray diffraction patterns of carbon foams
were defined by crosschecking with the JCPDS (Joint Committee on
Powder Diffraction Standards) card numbers 98-061-7290, 98-002-
9123, 98-008-8811/8812, 98-005-3781. The (0 0 2) and (1 0 0)
peaks of the randomly stacked graphene sheets aligned to the
peaks seen at 20 = 23° and 43° in the diffraction patterns of carbon
foams [18,21,26,41]. These peaks can be seen in the XRD patterns of
bio-based carbon foams produced from birch [21] and larch [26]
sawdusts that have been solvolytically liquefied, as well as meso-
porous carbon membranes developed by pyrolyzing combinations
of poly(furfuryl alcohol) and poly(ethylene glycol) [42]. Due to the
absence of diffraction peaks at 23° and 31° (0 0 2) in the XRD
patterns, it was concluded that the HRF resin foams had amorphous
structures (Fig. 8). The resin foams diffraction patterns lacked any
sign of a (10 0) peak, implying that they did not exhibit a crystalline
structure. According to the XRD patterns in Fig. 8, peak formation
was observed for HRFT-3 around 25.03°, 32.45°, 34.11°, 40.90°, and
54.33°, and for HRFT-5 at 25.03°, 32.45°, 37.19°, and 54.49° in the
resin foams structure produced by adding tar as a solvent. It was
determined that a peak formation was noticed in the diffraction
patterns of the carbon foams prepared as a result of carbonizing or
activating the resin foams, thus the crystalline structure started to
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Table 4
Structural properties of carbon foams produced by solvolytic liquefaction of HS.
S/B ratio Foam code SBET (m2/g) Vtotal (Cm3/g) Vmicro (Cm3/g) Vmeso (Cm3/g) Dav (nm)
3/1 HCF-3 467.492 0.2657 0.1520 0.1137 2.27
HCFT-3 243231 0.1593 0.0720 0.0873 2.62
HCFA-3 977.35 0.44757 0.31373 0.13384 2.07
HCFTA-3 1454.39 0.62308 0.47388 0.14920 2.05
5/1 HCF-5 472.130 0.2404 0.1670 0.0734 2.04
HCFT-5 310.48 0.1671 0.0730 0.0941 2.76
HCFA-5 719.50 0.38329 0.23209 0.15120 2.51
HCFTA-5 925.50 0.39798 0.28808 0.10990 2.03
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Fig. 6. Pore size distribution curves of carbon foams (effect of solvent type and ratio).

form (Figs. 9 and 10). When only phenol is used as a solvent, the
presence of orthorhombic graphite, hexagonal graphite, and hex-
agonal carbon at 25°, hexagonal carbon around 47° and ortho-
rhombic graphite at 54° in the structure of the carbon foam formed
with solvent/biomass ratio = 3/1 (HCF-3) were detected. In addi-
tion, peaks indicating orthorhombic graphite structure in the car-
bon foams of HCF-3 and HCF-5 were observed in the range of
30—37° for both solvent/biomass ratios (Fig. 9). As shown in Fig. 9,
orthorhombic graphite structure was identified in the range of
30—37¢, followed by hexagonal graphite and hexagonal carbon at
around 25°, and then orthorhombic graphite at 40° and 54° for the
carbonized foams (HCFT-3 and HCFT-5). Fig. 10 displayed the X-ray
diffraction patterns of activated carbon foams produced after resin
foams were chemically activated with potassium hydroxide by
varying the solvent/biomass weight ratios and solvent type. The
presence of orthorhombic graphite, hexagonal graphite, and hex-
agonal carbon at about 25°, orthorhombic graphite in the range of
30—37°, hexagonal carbon at around 47°, and orthorhombic
graphite at 54° were appointed in the structure of activated carbon
foams.

Evaluating the dgg> values listed in Table 5, it was found that the
dgoz values obtained near 23° ranged between 0.3767 and

0.4003 nm. These data exceeded the value of 0.3350 nm [43,44]
attributed to graphite and indicated the non-graphitized carbon
structure [21]. It can be concluded that the structure was more
irregular when the solvent ratio was raised since there was an in-
crease in the dggy value obtained at 23° when the phenol/biomass
weight ratio was 5/1 in carbon foams made by employing just
phenol.

The carbon foams (0 0 2) diffraction patterns include amorphous
(A), turbostratic (T), and graphitic (G) carbon components. “A-
component” is the term used to describe the typical broad peak
found in irregular carbon-based materials. One distinct, significant
diffraction peak can be seen in the (0 0 2) reflection for the “T-
component” at about 26.0. This leads to an interlayer spacing along
the c-axis of 0.343 nm, which is slightly greater than h-graphite
(0.335 nm). A further intense (0 0 2) reflection identified about
26.5—-26.6 known as the “G-component”, indicating h-graphite
with a narrower interlayer spacing (0.335 nm). The presence of the
“G-component” indicates heterogeneous, catalytic graphitization.
The chemical activation stage reduced defects and enhanced the
carbon matrixs hierarchical order. Additional “graphitic-like” areas
formed as the chemical activation involved (as shown in the TEM
images), and the position of the (0 0 2) reflection shifted slightly
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Fig. 8. XRD patterns of resin foams (effect of solvent type and ratio).

closer to that suggested by “G-component”. The graphitization
impact of the chemical activation agent at a low temperature of
800 °C can be expressed by the relative amount of “G-component”
[45]. It was revealed that the sharp peak at about 26° in the
diffraction pattern of activated carbon foams was identified as be-
ing caused by graphite and had an interplanar spacing of ~0.339 nm
[46]. The studies on the impact of coal heat treatment on the carbon
structure [26] and the clarification of the crystal structures of
biomass-based granular activated carbons have taken into account
the dgg2 value, which expresses the gap value between the aromatic
graphene layers. In x-ray diffraction patterns, the (0 0 2) peak,
defined as the characteristic peak for carbonaceous materials, is
usually detected at elevated temperatures (around 1400—1500 °C)
for materials with similar chemical structure, such as eucalyptus

lignin and rigid phenol-formaldehyde resin-based fibers. The
identification of this peak at the lower carbonization temperature
applied in the study was related to the facilitation of the develop-
ment of carbon crystals due to the structural alignment at the
beginning of the heating process due to the existence of low molar
weight molecules in the structure. In graphite-like materials, the
peaks of (10 0) and (10 1) at 20 = 41—45° are typical reflections of
the two-dimensional configuration of carbon layers [47].

3.2.6. Scanning and transmission electron microscopy image
analyses

SEM images required to investigate the morphological struc-
tures of resin (HRF-3, HRFT-3, HRF-5, and HRFT-5) and carbon foams
(HCF-3, HCFT-3, HCF-5, and HCFT-5) obtained by polymerization
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Table 5 thinner and more conspicuous [21]. According to the SEM images of
XRD parameters of carbon foams. the carbon foams produced with a solvent mixture of phenol and
S/Bratio  Foamcode  20(002)  dgop (nm)  20(100)  dioo (Nm) tar, closed pores were developed in the resin foams structural
) ) arrangement (Fig. 11c and d), and the pores were opened by
31 HCF-3 23.60 03767 43.03 0.2100 changing the structure as a result of the carbonization process
HCFT-3 22.66 0.3921 46.28 0.1960 (Fig. 12c and d). The SEM images showed that the carbon foams
HCFA-3 26.29 0.3387 45.96 0.1973 produced without the usage of tar had an open pore structure
5/1 Zgg?S' ;g?; g'iggg’ f5'93 2‘1974 (Fig. 12a and b), while the phenol/biomass ratio was 5/1, the pre-
HCFT-5 22.56 03921 46.20 0.1963 pared foams were more regular and had fewer cell cracks. Carbon
HCFA-5 2630 0.3386 4594 0.1974 foams voids and cell sizes vary between 30 and 100 pm for the S/
HCFTA-5 2631 0.3385 45.96 0.1973 B = 3/1 ratio and 100—400 um for the S/B = 5/1 ratio (Fig. 12a and

and foaming processes after conventional and alternative solvolytic
liquefaction methods are shown in Figs. 11 and 12. It was revealed
that the honeycomb-like cavities created in the foams framework
contained errant varying pentagonal and hexagonal patterns
(Fig. 11a and b, Fig. 12a and b). Carbon foams had considerably
smaller cell sizes and more regular cell structures than resin foams
because carbonization yielded the resin foam to become narrow.
However, it is reported that when resin foams were heated to the
carbonization temperature, certain covered cells were opened by
fracturing the layers and the thin layers between the cells evolved

10

b). In the majority of the cell morphologies of the produced foams,
adjacent cells, ligaments, and node development were seen. There
were numerous microscopic pores in the cells aforementioned re-
gions, ranging in size from 2 to 5 pm, which could be the result of
the foaming agents smaller cores (Fig. 12a and b). When tar was
incorporated into the synthesis mixture, more heterogeneous and
irregular cell morphologies as well as rigid foams with more closed
pore structures were formed, in contrast to the structures of carbon
foams produced without employing tar. This observation can be
explained through the hypothesis that the complex components of
tars structure prevent to move away the foaming agents introduced
to the synthesis mixture, which must be eliminated from the
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Fig. 11. SEM images of resin foams (a) HRF-3, (b) HRF-5, (c) HRFI-3, and (d) HRFI-5.

Fig. 12. SEM images of carbon foams (a) HCF-3, (b) HCF-5, (c) HCFT-3, and (d) HCFT-5 (effect of solvent type and ratio).

polymer matrix throughout the reaction. The prior geometries of
the resin foams were retained after the activation process because
of their thermoset structure. When tar was added as a solvent, it
was noticed that the voids and cell sizes of the carbon foams were
in the range of 50—250 um, smaller pores of 5—20 um were
composed at the ligament and nodes of the pores, the size of the

1

openings altered inversely with the amount of solvent incorpo-
rated, and the foaming degree reduced as the solvent proportion
raised (Fig. 12c and d). Fig. 13 displayed SEM images of carbon foam
and potassium hydroxide-activated carbon foams intended for
sorption operations that were acquired at a magnification of
1000 x. It was obvious that additional pores were developing in the



A.S. Yargic, G. Gunduz Meric, RZ. Yarbay et al.

Materials Today Sustainability 24 (2023) 100517

foams morphologies after the chemical activation step. The
activated-foam structure contained pores with diameters ranging
from 1 to 10 pm. Although uniform cells existed in several foam
morphologies, some structures had fractures and some cell walls
were damaged after a chemical activation procedure. It is
confirmed in the literature that when moisture and foaming in-
gredients are released from resin foam frameworks during
carbonization and activation, the foam structures shatter. Finally, it
was noticed that the carbon foams exhibited an amorphous porous
structure relying on the TEM images (Figs. 14 and 15) evaluated to
determine the textural features. Another remarkable feature in the
TEM images consistent with SEM and XRD analyses was the darker
coloration of the graphitic carbon regions generated by the overlap
of graphene layers. This occurs as a result of greater electron scat-
tering in certain regions including few-layer graphene sheets. It is
notable that when the chemical activation was implemented, the
typical peak (0 0 2) for graphite also arises in the XRD pattern at
around 26.3°, which could be attributable to the conversion of
some of the bio-polyol-based amorphous carbon to crystalline
graphite.

3.2.7. Compressive strength measurement and porosity calculation
It is known that compressive strength, which is the character-
istic mechanical property of carbon foams, is related to the density
and surface area of the foam. Contemplating that the bulk densities
of carbon foams synthesized from different wood types in the
literature were approximately 0.02 g/cm> [21,26,27], in this study,
the bulk densities (0.0248 and 0.0194 g/cm?® as seen in Fig. 16) of
hornbeam sawdust-based carbon foams synthesized using the
traditional solvolytic liquefaction method using different solvent/
biomass weight ratios seem to conform with the studies in the
literature. As the quantity of added solvent was raised, the bulk and
true densities of carbon foams were reduced. In contrast, it was
revealed that the polymeric structure of the tar introduced as a
solvent to the synthesis mixture elevated the true and bulk den-
sities of the carbon foams. Wood-based carbon foams with ultra-

12

(b)

(d)

Fig. 13. SEM images of carbon foams (a) HCFA-3, (b) HCFTA-3, (c) HCFA-5, and (d) HCFTA-5 (effect of chemical activation).

high porosity above 92% were formed by solvolytically liquefied
hornbeam sawdust. As a side effect of the micro- and meso-pores in
the structure of foam determined by nitrogen adsorption/desorp-
tion analysis, the bulk density, the strength of the cross-linking in
the polymer matrix, and the material resistance all decrease
[21,27,48—50]. Recognizedly, the compressive strengths of denser
carbon foams are significantly higher. Also, it has been reported
that the structures weak cell walls and large cell size diminish
compressive strength as proven by SEM analysis [51]. In our earlier
study [19], a thorough review of the literature on the interaction
between the density and compressive strength of carbon foams
prepared from different precursors was conducted. The compres-
sive strengths of carbon foams produced by solvolytic liquefaction
of hornbeam sawdust, which was presumed to be comparable to
the compressive strengths of conventional phenolic foams
(0.025—0.620 MPa) despite being relatively weak than carbon
foams derived from fossil fuels [27,52], were varied between 0.229
and 0.333 MPa (Fig. 16). In summary, it was concluded that
compared to foams formed by using the conventional method,
carbon foams with enhanced strength could be created when both
the type and quantity of the solvent were varied.

3.2.8. Raman spectra analysis

The crystal structure and electrical characteristics of carbon-
based materials are investigated using Raman spectroscopy. This
technique can be applied to examine D (diamond-like), G (graphite-
like), and 2D bands as well as the number of graphenes layers,
quality of layers, defects in its structure, regular and irregular
structures, and doping level. Significant Raman bands of carbon-
based materials such as graphene are called the G and 2D bands.
Changes in temperature and chemical doping can affect these
bands. As the number of graphene layers varies, the shape, position,
and intensity of the G and 2D bands alter. On the other hand, the D-
band offers details regarding the level of defect and irregularity in
the crystal structure of graphene, including edge defects and het-
eroatom contribution [53]. The D band, which signifies the defects
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(a)

©

(b)

(d)

Fig. 14. TEM images of carbon foams for solvent/biomass weight ratio of 3/1; (a) HCF-3, (b) HCFA-3, (c) HCFI-3, and (d) HCFTA-3.

(d)

Fig. 15. TEM images of carbon foams for solvent/biomass weight ratio of 5/1; (a) HCF-5, (b) HCFA-5, (c) HCFI-5, and (d) HCFTA-5.

in the structure and provides the C—C bond stretching vibrations
(sp> vibrations) in the graphene structure, was seen at about
1345 cm™ !, as determined by Raman spectra of the carbon foams
(Fig.17). Additionally, the graphene peak, a narrower G band arising
from C=C bond in-plane stretch vibrations (sp? vibrations), was
located at around 1600 cm~! [20,53]. Accordingly, it was deduced
that HCFTA-3, the carbon foam with the lowest D band intensity,
had a higher graphitization degree than the other foams [20,54].

3.3. Investigation of CO, adsorption capacities of carbon foams
Fig. 18 illustrated the isotherms of the analyses performed at

0 °C to investigate the ability of carbon foams to adsorb CO as a
pollutant gas. By evaluating all measured data, the maximum CO,

13

adsorption capacity of 6.53 mmol/g was recorded for HCFA-3 car-
bon foam that was produced with a solvent/biomass weight ratio of
3/1 and activated with KOH. Consistent with the surface areas of the
carbon foams, the CO, sorption capacity of the foams produced by
the activation procedure was assessed to be 19—75% higher than
the samples without the activation process. Zhang et al. [55]
formed hierarchically porous multi-walled carbon nanotubes/car-
bon foam (MCF) nanocomposites utilizing liquefied larch sawdust
as a raw material, and 2% by weight of MWCNT added nano-
composite (MCF-2) exhibited good CO, adsorption capacities such
as 4.58 and 3.19 mmol/g at 0 and 25 °C, respectively. In a different
study, Zhang et al. [56] produced graphene oxide/carbon foam
(GCF) nanocomposites from larch sawdust that had been liquefied.
When they added 0.2% by weight of graphene oxide, it was found
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that the resulting GCF-0.2 material had the highest CO, capacity,
measuring 4.99 mmol/g at 0 °C and 1 bar. Rodriguez and Garcia [57]
prepared hierarchical coal-based carbon foams utilizing ZnCl; and
KOH as activating agents, and they reported that the CO, holding
capacity of carbon foam activated with ZnCl, was between 1.6 and
2.1 mmol/g while that of carbon foam activated with KOH was up to
2.8 mmol/g. In their study, Narasimman et al. [58] obtained
3.37 mmol/g CO, adsorption capacity in open cellular carbon foams
produced from molten sucrose employing an aluminum nitrate
blowing agent. As a consequence, the 6.53 mmol/g capacity had
shown to be more efficient than the others when the CO, adsorp-
tion capacities of the biomass-based carbon foams in the literature
were compared with those of the hornbeam sawdust-based carbon
foams prepared in this work.
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Fig. 18. CO, adsorption isotherms of carbon foams.
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Fig. 19. Dye removal efficiencies (%) of carbon foams.

3.4. Investigation of dye adsorption capacities of carbon foams and
statistical modeling

Adsorption tests were performed to assess the effectiveness of
hornbeam sawdust-based carbon foams in removing dye from
aqueous solutions using 25 ppm Pr Navy Hexl dye. The influences of
incorporating tar as a solvent in the solvolytic liquefaction process,
solvent/biomass weight ratio, alkaline activation technique using
potassium hydroxide, and aqueous solution acidity on the color
removal efficiency (%) were evaluated. The chemical activation
process raised the uptake level of dye, as shown by the adsorption
experiment results in Fig. 19. Reactive dyes are known to be
adsorbed more effectively at low pH values. It was ascertained that
the adsorbing ability of carbon foams improved with the increase of
effective adsorption areas because of the larger surface area after
the chemical activation process. The carbon foam with the code
HCFTA-3, which involved adding tar as a solvent in the liquefaction
process and applying chemical activation to the resin foams, was
found to have the maximum removal performance (55.2%) when
the pH of the NH dye solution was 2.

Dye removal efficiency (7, %) values were used as the dependent
variable (response) in statistical analysis achieved with the assis-
tance of MINITAB 17 software. The testing conditions to be inves-
tigated in the adsorption process were defined with the two-level
full factorial experimental design; main and interaction effects
plots were evaluated as well as normal probability plots of standard
effects and Pareto charts. Additionally, analysis of variance at a 95%
confidence level was used to assess the interactions between the
independent variables and the most significant factors [24,59]. The
linear equation shown in Eq. (3) represented the relationship

Table 6

Statistical parameters for 2 full factorial experimental design in NH dye removal.
Term Effect Coef T-value P-value
Constant 25.00 23.85 0.027
A -2.70 -135 -1.29 0.421
B 3.70 1.85 1.76 0329
C 15.80 7.90 7.52 0.084
D -27.10 —13.55 -12.90 0.049
A*B 3.60 1.80 1.71 0.336
A*C -4.10 -2.05 -1.95 0.301
A*D —2.00 —-1.00 -0.95 0.516
B*C 8.30 4.15 3.95 0.158
B*D 1.00 0.50 0.48 0.717
C*D —-0.10 -0.05 —0.05 0.970
A*B*C -1.40 -0.70 -0.67 0.626
A*B*D -1.30 -0.65 -0.62 0.647
A*C*D 3.00 1.50 143 0.389
B*C*D 0.00 0.00 0.00 1.000
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Table 7 _ _ between the experimental variables and the corresponding
Results of the variance analysis (ANOVA). response. The coefficients from the statistical analysis were
Source DF Adj SS Adj MS F-ratio P-value substituted into the equation, and the effect of the related sorbent
. o .
Model 14 448540 32039 1816 0182 on the dye removal efficiency (%) was derived.
Linear 4 402012  1005.03  56.97 0.099
A 1 29.16 29.16 1.65 0.421
B 1 5475 54.76 3.10 0.329
c 1 998.56 998.56 56.61 0.084 Y =Xo +X1A +XoB + X3C + X4D + X5AB + XgAC + X7AD
D 1 2937.64  2937.64 16653  0.049
2-way interaction 6 41468 69.11 3.92 0.369 + XgBC + XoBD + X19CD + X11ABC + X12ABD + X13ACD
A*B 1 51.84 51.84 2.94 0.336 4 X14BCD (3)
A*C 1 67.24 67.24 3.81 0.301
A*D 1 16.00 16.00 0.91 0.516
B*C 1 275.56 275.56 15.62 0.158 where Xj is the constant coefficient, X; is the coefficient relevant to
B*D 1 4.00 4.00 0.23 0.717 the effects and interactions of the main factors, and Y is the pre-
oD ) 1 0.04 0.04 0.00 0.970 dicted response (dye removal efficiency,%). The variables solvent/
j;‘;’fg interaction ‘]1 ;%20 ;28'25 8}71421 g'g% biomass weight ratio, tar contribution, chemical activation, and pH
*Rps ’ : : ) are denoted by the letters A, B, C, and D, respectively. Analysis of
A*B*D 1 6.76 6.76 0.38 0.647
A*C*D 1 36.00 36.00 2.04 0.389 variance was applied to accomplish the statistical analysis of the
B’;C*D 1 0.00 0.00 0.00 1.000 variables and to investigate the interaction effects in the removal of
R™ (%) 99.61 NH dye from an aqueous medium. Tables 6 and 7 displayed the
a "
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main and interaction effects, probability values (P-value), Students-
T-test values, and Fisher F-ratios determined by the analysis.

The main effect of solution pH was assessed to be highly sig-
nificant with a significance level of P < 0.05 due to the results of the
variance analysis. Furthermore, the model was projected to be
appropriate for hornbeam sawdust-based carbon foam sorbents.
The experimental values for carbon foams applied as adsorbents
were found to be in agreement with the values derived from the
statistical model, according to the evaluation of the correlation
coefficient (R* = 99.61) value of the relevant model. Eq. (3) was
rearranged using the X; coefficients acquired as a result of variance
analysis, and Eq. (4) provided the model equation with all co-
efficients for NH dye removal efficiency (%). When analyzing the
effect of a factor, positive coefficients are acquired if the response
value (removal efficiency, %) obtained when operating under high-
level conditions instead of low-level conditions also increases, and
negative coefficients are attained if the response value decreases.
For instance, the terms A, D, A*C, A*D, C*D, A*B*C, and A*B*D

Materials Today Sustainability 24 (2023) 100517

exhibit negative coefficients when hornbeam sawdust-based car-
bon foams were utilized as sorbents. Accordingly, for every 1% in-
crease in solution pH, NH dye removal efficiency was reduced by
13.55% while all other factors remain constant.

1 (%)=25.00-135A+1.85B+790C—-13.55D + 1.80 A*B
—2.05A*C —1.00 A*D + 4.15 B*C + 0.50 B*D — 0.05 C*D
—0.70 A*B*C — 0.65 A*B*D + 1.50 A*C*D + 0.00 B*C*D

(4)

Each effect is represented by a point on a normal probability
plot, and the distribution of the main and interaction effects are
evaluated. Standardized effects are t-statistics confirming the null
hypothesis that the effect is “0”. The normal probability plot of the
standardized effects for NH dye sorption was given in Fig. 20a.
When the distribution of the normal probability plot was inspected,
it was clear that all of the points for the dye adsorption via carbon
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foam fell between —15 and +10. Positive coefficients are specified
for the factors on the right side of the normal probability plots, and
negative coefficients are defined for the factors on the left side.
Information regarding the significance of each main effect and their
interaction effects was provided by the Pareto chart of the stan-
dardized effects in Fig. 20b. The normal distribution plot, a graph-
ical tool used to evaluate whether a data set is nearly uniformly
distributed or not, was compatible with the Pareto chart, and the
effects on the right side of the red striped line (the pH effect for this
study) in the Pareto chart were regarded as significant. According to
the Pareto chart, three effects with the most significant impact
could be ranked as pH> Chemical activation > Tar con-
tribution*Chemical activation (D > C > B*C).

When evaluating the factor effects, it is reported that the level
depends on whether the response (dye removal efficiency, %)
changes when the level is altered and can have either a positive or
negative value. When the main effects of NH dye removal were
examined (Fig. 21a), it was noticed that pH and the solvent/biomass
weight ratio (A and D) had negative effects. The height of the line
connecting two levels is intrinsically linked with the statistical
degree of change caused by the effect during the level variation. For
instance, a significant decline in dye removal efficiency was
detected when the pH of the solution was raised. On the other
hand, it was revealed that the tar contribution and chemical acti-
vation had a favorable impact on the response (dye removal effi-
ciency, %). It is crucial to examine both the main effects and the
interaction effects while implementing statistical analysis. Non-
parallel lines are detected when the interaction effect between
the two factors is highly considerable. The graphs of the binary
interaction effects of the four factors that were influential in
eliminating dye from aqueous solutions with carbon foam were
provided in Fig. 20b. Hence, it was determined that the interactions
between pH and each main effect (solvent/biomass weight ratio*pH,
tar contribution*pH, chemical activation*pH; symbolized as A*D,
B*D, and C*D) were more prominent than other interactions.

4. Conclusions

The development of carbon foam from bio-polyols prepared via
the liquefaction method by evaluating alternative renewable raw
material sources supports the concept of circular economy as well
as provides waste management and sustainable development. It
was confirmed by this study that bio-polyol-based carbon foam
was successfully prepared from solvolytic liquefaction of hornbeam
tree sawdust, resinification, and foaming stages. GC/MS, 'H NMR,
and FT-IR analyses indicated that the bio-polyol was a hydroxyl-
rich source that was suitable for synthesizing carbon foam. The
chemical structure of bio-polyols had a remarkable effect on the
foaming process. The pyrolysis tar of hornbeam sawdust was pri-
marily assessed as a solvent in the production of carbon foam. The
impacts of two solvent types (phenol and tar-mixed-phenol),
various solvent/biomass weight ratios (3/1 and 5/1 w/w) during
solvolytic liquefaction method and chemical activation of the resin
foam with potassium hydroxide on the mechanical and physical
characteristics of carbon foams were inspected in this context. The
surface area of the carbon foam, which was produced without using
tar, with a solvent/biomass ratio of 3/1 and activated with KOH,
increased by 109%. The elemental composition, morphological
structure, and crystallographic characteristics of carbon foams were
considerably influenced by the chemical activation procedure, in
addition to the quantity and kind of solvent utilized in the lique-
faction process. When the CO, uptake performances were exam-
ined, it was determined that HCFA-3 carbon foam activated with
KOH had the highest capacity with 6.53 mmol/g. When the dye
adsorbing capacities of carbon foams from aqueous solutions were
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compared, dye adsorption was noticeably improved due to the
enhanced porosity with the chemical activation procedure. Foam-
coded HCFTA-3, which was successful in the CO, uptake process,
adsorbed 55.2% dye uptake with a surface area of 1454.9 m?/g. In
conclusion, considering the potential of organic wastes to be cost-
effective and abundant sources for the synthesis of polyol com-
pounds, this study reported that it is possible to utilize renewable
and waste materials for the production of bio-polyol-based carbon
foams, one of the advanced carbonaceous materials.
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