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Abstract
The escalating demand for energy across various sectors has led to a significant increase in greenhouse gas emissions, pri-
marily due to the extensive use of fossil fuels. This study addresses the critical need for effective carbon capture adsorbents 
to mitigate environmental impacts. Bio-based activated carbons, known for their high surface area and pore volume, were 
synthesized from poplar and spruce sawdust through hydrothermal carbonization (HTC) followed by simultaneous car-
bonization and activation. HTC, aimed at enriching precursors with oxygen-rich surface functional groups, was conducted 
at temperatures of 180, 200, and 220 °C for 90 min. This process produced hydrochars that were subsequently activated 
at 800 °C in the presence of KOH under a nitrogen atmosphere. Remarkably, the activated carbons derived from poplar 
sawdust hydrochar (at a HTC temperature of 200 °C) and spruce sawdust hydrochar (at a HTC temperature of 220 °C) dem-
onstrate superior specific surface areas of 1680.59 and 1231.57 m2/g, along with total pore volumes of 0.87 and 0.62 cm3/g, 
respectively. Moreover, both poplar and spruce hydrochar-based activated carbons exhibit high CO2 adsorption capacities 
of 3.75 and 3.43 mmol/g, respectively, at 24.85 °C and 1 atm. Their CH4 adsorption capacities are 1.52 and 1.42 mmol/g, 
respectively, under the same conditions. This work highlights the potential of bio-based activated hydrochars in applications 
such as indoor air quality improvement and industrial flue gas treatment, emphasizing the importance of pretreatment and 
activation conditions in optimizing adsorbent performance.
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1  Introduction

The dramatic increase in energy demand across transporta-
tion, electricity production, industry, and the commercial 
and residential sectors has led to a significant rise in green-
house gas emissions, primarily due to the reliance on fossil 
fuels [1–3]. This increase in emissions poses serious chal-
lenges, including extreme weather events (such as elevated 
average temperatures, droughts, heatwaves, and floods), sea 

level rise, coral reef bleaching, species extinctions (includ-
ing insects, plants, and animals), and reduced crop produc-
tion. Among greenhouse gases, carbon dioxide (CO₂) and 
methane (CH₄) are emitted in large quantities as a result 
of human activities. Developing and adopting low-emission 
technologies, as well as carbon capture and storage solu-
tions, are crucial to achieving the target of limiting global 
warming to 1.5 °C above pre-industrial levels [4].

Gas adsorption technologies have garnered significant 
attention due to several advantageous features, including a 
variety of adsorbent options, the ability to operate under 
atmospheric conditions, low energy requirements, and cost-
effectiveness. [5, 6]. The performance of gas adsorption is 
highly dependent on the type and properties of the adsor-
bents [7]. Porous materials, such as metal–organic frame-
works, clays, zeolites, and carbon-based materials, are 
particularly effective due to their large surface area, total 
pore volume, and high adsorption capacity [8]. Activated 
carbons, in particular, are exceptional adsorbents due to their 
porous structure, controllable pore size distribution, thermal 
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stability, and the presence of oxygen-rich functional groups. 
Activated carbon is a carbon-rich adsorbent synthesized 
from carbonaceous material such as petroleum coke, coal, 
and biomass using physical methods, chemical methods, or 
a combination of both [9]. In a typical synthesis process, 
the carbon-rich material is first thermally treated—through 
methods such as torrefaction, pyrolysis, gasification, or 
hydrothermal carbonization—to increase its carbon content 
[10]. Next, the porosity is developed and the structure of 
the char is modified through activation. Carbonization and 
activation can also be performed simultaneously. Physical 
activation involves treating the char with an activating agent 
such as CO₂, steam, air, or O₂ at elevated temperatures. In 
contrast, chemical activation involves treating the precur-
sor with a chemical activating agent, such as KOH, NaOH, 
CaCl₂, H₃PO₄, K₂FeO₄, Na₂CO₃, ZnCl₂, or FeCl₃ [11, 12], 
and heating it to a temperature of 500–900 °C under an 
inert atmosphere. After chemical activation, further treat-
ment, including washing and drying, is required to remove 
the excess activator. Among chemical activators, KOH is the 
most commonly used due to its ability to produce activated 
carbons with high surface area, large pore volumes, and a 
tunable microporous structure [13]. Chemically activated 
carbonaceous materials typically exhibit higher surface areas 
and more surface functional groups compared to physically 
activated carbons [14]. The surface characteristics, porous 
structure, and physicochemical properties of chemically acti-
vated carbons are influenced by factors such as the type of 
precursor, carbonization conditions, and the type and condi-
tions of activation [13].

Bio-based activated carbons have gained significant atten-
tion for their use in energy and environmental applications 
[15]. The growing interest in these materials is attributed to 
their resilience, high surface area, and pore volume, ease of 
production and scaling, and the simplicity with which their 
physicochemical characteristics can be modulated [15–17]. 
The porosity and structural properties of bio-based porous 
carbonaceous materials are crucial for gas storage and sepa-
ration applications [18, 19]. Their large surface area, high 
pore volume, and availability of functional groups make bio-
based activated carbons important adsorbents. In contrast, 
activated carbon derived from coal has an adsorption rate 
that is 2 to 50 times slower than that of activated carbon 
derived from woody biomass. This difference is primarily 
due to the naturally porous and fibrous structure of biomass, 
which provides a significantly higher external surface area 
[12, 20].

Pretreating the biomass prior to carbonization/activation 
significantly influences the characteristics of activated car-
bon and its adsorption yield [21, 22]. Hydrothermal carboni-
zation (HTC) is a well-known pretreatment method, which 
has several advantages over other carbon enrichment pro-
cesses, especially in terms of energy consumption [23]. HTC 

is performed at temperatures around 150–350 °C, under self-
increasing pressure or high pressure (2–10 MPa) for a cer-
tain time [24–26]. During HTC, several reactions including 
hydrolysis, dehydration, decarboxylation, condensation, and 
polymerization, occur simultaneously in a complex network. 
Hydrochar, the solid product of treatment, is much more 
stable than biomass, and it has more oxygenated functional 
groups [27]. HTC is preferable to pyrolysis for char syn-
thesis because it can utilize moisture-rich biomass without 
requiring drying, whereas pyrolysis requires dry biomass. 
[28]. The physicochemical properties, surface characteris-
tics, and thermal stability of hydrochar are influenced by 
HTC parameters such as temperature, retention time, type of 
biomass, and biomass-to-water ratio [23, 29, 30].

This study highlights the potential of converting wood 
sawdust into high-value activated carbons for environmental 
applications, emphasizing the critical roles of HTC and acti-
vation processes in shaping the properties and performance 
of the adsorbents. The experimental objectives are three-
fold: (1) to produce bio-based microporous activated car-
bons using hydrothermal carbonization and carbonization-
activation methods, (2) to examine the effects of hydrochars 
obtained at varying HTC temperatures on the properties of 
the activated carbons, and (3) to assess the CO2 and CH4 
adsorption capacities of the activated carbons with the high-
est surface area and micropore volume. While the produc-
tion of activated carbon is well-established, the novelty of 
this study lies in the integration of specific process condi-
tions, including the selection of hardwood (poplar sawdust) 
and softwood (spruce sawdust) as biomass feedstocks, the 
implementation of a hydrothermal carbonization pretreat-
ment, and the fine-tuning of activation parameters. These 
tailored conditions have been optimized to yield activated 
carbons with unique microporous structures and enhanced 
surface functionalities, specifically designed for effective 
CO2 and CH4 adsorption.

Poplar and spruce sawdust were selected as biomass raw 
materials due to their abundance as byproducts of wood-
working operations (such as sawing, sanding, and milling) 
and their significant production volumes, particularly in 
regions with extensive wood processing industries. Utiliz-
ing sawdust as a feedstock presents an opportunity to convert 
this lignocellulosic waste—typically burned for energy—
into activated carbon, thereby enhancing its value and con-
tributing to the bio-based economy.

2 � Materials and methods

2.1 � Materials

Poplar and spruce wood sawdust samples were supplied 
by local wood processing industries located in the South 
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Marmara region. All waste wood samples were dried 
(105 °C for 24 h) to prevent samples from rotting. After 
grinding, samples were sieved using Retsch As 200 vibrating 
sieve (Verder Group, Germany) to have a uniform particle 
size of 250 µm. All chemicals used in both the analysis and 
treatments were of analytical grade and used without further 
purification.

2.2 � Hydrothermal carbonization

Hydrothermal carbonization of poplar and spruce wood 
sawdust samples was performed in a 250 ml non-stirred, 
temperature-controlled, stainless-steel batch reactor. HTC 
conditions were kept the same and constant (residence time: 
90 min, biomass/water: 10 g/40 ml) to accurately compare 
the structural properties of hydrochars. The experiments 
were carried out at 180, 200, and 220 °C. Each experiment 
was done in triplicate. The residence time (90 min) included 
the preheating of the reactor to the desired temperature but 
excluded the cooling period. At the end of the pretreatment, 
the reactor was cooled rapidly using an ice bath. Gases 
formed during the pretreatment were not collected. The 
mixture was then filtered to separate hydrochar. The hydro-
chars were washed with deionized water and then dried in an 
oven at 105 °C for 24 h. Each hydrochar sample was named 
based on its HTC temperature. Hydrochars obtained from 
poplar wood sawdust at 180, 200, and 220 °C were named 
HTP180, HTP200, and HTP220, respectively, while those 
obtained from spruce wood sawdust were named HTS180, 
HTS200, and HTS220.

2.3 � Preparation of activated carbon

Each hydrochar sample was mixed with KOH (Merck, Ger-
many) at a ratio of 1:2 (w:w), separately. Then, the mixture 
was placed in a horizontal tubular furnace, and heated at a 
rate of 10 °C/min to 800 °C and maintained at this tempera-
ture for 1 h. During heating and cooling, the tubular furnace 
was continually flushed with nitrogen gas. After activation, 
the activated carbon sample was washed with 0.1 M HCl 
(Isolab, Germany) and deionized water. The sample was 
dried at 105 °C for 24 h. The activated carbons obtained 
from poplar wood sawdust and spruce wood sawdust were 
named ACP and ACS, respectively. Activated carbons pre-
pared from the hydrochars of poplar wood sawdust were 
named ACHTP180, ACHTP200, and ACHTP220, while 
those obtained from the hydrochars of spruce wood saw-
dust were named ACHTS180, ACHTS200, and ACHTS220.

2.4 � Characterization

Determination of C, H, N, and S content of dry samples 
was done using an elemental analyzer (LECO CHNS-932, 

LECO, USA). The moisture content of the sample was 
assessed by oven-drying it at 105  °C until a constant 
weight was observed, while the ash content was meas-
ured by oxidizing the dry sample at 575 °C, following 
the NREL/TP-510–42622 laboratory analytical proce-
dure [31]. The proximate analysis and thermal behavior 
of the samples were evaluated using a thermogravimetric 
analyzer (Seiko TG/DTA 6300, Seiko Instruments Inc., 
JAPAN). The proximate analysis was conducted using 
the thermogravimetric method developed by Garcia et al. 
[32]. To ensure accuracy, the ash content obtained from 
this method was compared with that determined using the 
NREL method. For the thermal behavior analysis, samples 
were heated from room temperature to 900 °C at a heating 
rate of 40 °C /min and maintained for 7 min. Analyses 
were carried out under air and nitrogen atmospheres.

Fourier Transform Infrared (FTIR) spectra of hydro-
chars and activated carbons were obtained using an FTIR 
analyser (Perkin Elmer, United States) coupled with a uni-
versal attenuated total reflectance (ATR) sampling device 
with a diamond crystal. The spectra were recorded with a 
resolution of 4 cm−1, in the range from 400 to 4000 cm−1.

The surface morphologies of hydrochars and activated 
carbons were investigated by Inspect S50 FEI Inc., USA 
Scanning electron microscope (SEM). Samples were 
scanned under 20 kV in the high vacuum mode using sec-
ondary electrons with different magnifications.

The X-ray diffraction (XRD) patterns of hydrochars 
and activated carbons were collected using X-Ray diffrac-
tometer (Rigaku Smartlab, Japan), operating at 40kVand 
30 mA, with a scan range of 10 to 80°, a step width of 
0.02° and a scan speed of 3.035°/min. The crystallinity 
index (CrI) was calculated using,

where, I002 is the maximum intensity of the 002 plane (at 
2q = 22.5°) and Iam is the height of the minimum between 
002 and 101 peaks [33, 34].

The surface area and pore structure characteristics of 
activated carbons were determined using Quantachrome-
Autosorb iQ BET analyzer (Anton Paar, Austria) at 77 K 
in the relative pressure range of 0.001 and 0.99. Before the 
analysis, the samples were degassed at 180 °C for 24 h. 
The nonlocal density functional theory model was used to 
determine the pore size distribution based on N2 adsorp-
tion in the slit pore equilibrium model at 77 K.

Micromeritics TriStar II 3020 analyzer (Micromerit-
ics Inc., USA) was used to observe CO2 and CH4 adsorp-
tion–desorption at 24.85 °C up to 1 bar. Prior to analysis, 
the samples were degassed at 179.85 °C for 24 h.

(1)CrI (%) = (I
002

− I
am
)∕I

002
× 100
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3 � Results and discussion

3.1 � Properties of hydrochars

The elemental compositions of polar and spruce sawdust, 
along with their corresponding hydrochars produced at dif-
ferent hydrothermal temperatures, were analyzed to assess 
the effects of hydrothermal treatment on biomass transfor-
mation (Table A1). Poplar sawdust exhibited initial carbon 
and hydrogen contents of 43,70% and 5,97%, respectively, 
with oxygen being the predominant component (47,63%). 
In comparison, spruce sawdust had slightly higher car-
bon content (47,59%) and lower hydrogen (3,50%), with 
a similar oxygen proportion of 47,51%. Upon hydrother-
mal treatment, the resulting hydrochars generally showed 
increased carbon content, suggesting carbon enrichment, 
while hydrogen content decreased, indicative of partial 
hydrogen removal. As observed in other studies, HTC of 
woody biomass generally results in carbon enrichment and 
hydrogen decrease [35]. The highest carbon enrichment 
for poplar sawdust hydrochars occurred at 200 °C, with a 
carbon content of 48,39%. In contrast, for spruce sawdust 
hydrochars, the highest carbon enrichment was observed 

at 220 °C, reaching a carbon content of 49,22%. The ash 
content in all hydrochars remained relatively low (< 2% 
for poplar hydrochars, < 1,4 for spruce hydrochars). This 
reduction in ash content is primarily due to the dissolu-
tion of ash-forming minerals under HTC conditions, which 
reduces their presence in the solid hydrochar and contrib-
utes to the overall efficiency of the process. These changes 
are consistent with the alteration in the elemental compo-
sition of the biomass under hydrothermal conditions, as 
evidenced by the accompanying Van Krevelen diagram 
(see Fig. 1.) illustrating shifts in H/C and O/C ratios. 

The extent of the H/C and O/C ratios in a Van Krevelen 
diagram indicates the degree of dehydration, deoxygenation, 
and demethanation that occur during HTC, depending on 
the process conditions [39]. In the diagram (see in Fig. 1.), 
dehydration which eliminate the hydroxyl groups, follows a 
pathway that reduces both H/C and O/C atomic ratios from 
the top right to the bottom left. Dehydration is the main 
reaction for HTP180, HTP200 and HTP220. Decarboxyla-
tion, which carboxyl and carbonyl groups leave the struc-
ture, follows a pathway from the bottom right to upper left 
corner. During decarboxylation, H/C ratio increases and the 
O/C ratio decreases, which was observed in HTS220. Li 

Table 1   FTIR band assignments of biomass samples and their hydrochars [36–38]

* C: cellulose, H: hemicellulose, L: Lignin

Peak Spruce HTS180 HTS200 HTS220 Band assignment
Wavelength (cm−1)

1 3341 3341 3340 3339 O–H stretching vibration in aliphatic and phenolic structures (C, H, L)*

2 2924 2900 2898 2900 C–H stretching vibration in methyl and methylene groups (C, H, L)
3 1730 1728 1728 1728 C=O stretching vibration in ketones and carboxyl groups (H,L)
4 1635 1635 1635 1605 Aromatic skeletal vibration and C=O stretching vibration (H, L)
5 1510 1509 1509 1508 Aromatic ring stretching vibration (L)
6 1425 1423 1423 1423 Symmetric CH2 bending vibration, symmetric stretching vibration of carboxyl group (C, H, L)
7 1370 1370 1370 1369 Aliphatic C–H deformation in methyl groups (C, H, L)
8 1263 1264 1264 1264 Guaiacyl ring breathing with C=O stretching vibration (L)
9 1023 1028 1028 1028 C–O deformation in alcohols and aromatic C–H in-plane deformation in guaiacyl units (C, H, 

L)

Peak Poplar HTP180 HTP200 HTP220
Wavelength (cm−1)

1 3334 3339 3335 3333 O–H stretching vibration in aliphatic and phenolic structures (C, H, L)
2 2899 2901 2917 2900 C–H stretching vibration in methyl and methylene groups (C, H, L)
3 1734 1732 1736 1736 C = O stretching vibration in ketones and carboxyl groups (H,L)
4 1594 1595 1595 1595 Aromatic skeleton vibrations (L)
5 1506 1505 1506 1506 Aromatic ring stretching vibration (L)
6 1422 1423 1422 1422 Symmetric CH2 bending vibration, symmetric stretching vibration of carboxyl group (C, H, L)
7 1320 1317 1317 1317 Syringyl ring breating with C–O stretching vibration (L)
8 1231 1239 1235 1237 C–O stretching of guaiacyl unit
9 1030 1029 1030 1030 C–O deformation in alcohols and aromatic C–H in-plane deformation in guaiacyl units (C, H, 

L)
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et al. [40] found that both decarboxylation and dehydration 
reactions occurred during the HTC of pinewood sawdust at 
220 °C.

The mass yields of hydrochars did not vary significantly 
within different HTC temperatures however the mass yield 
of spruce hydrochars (90,3%) were higher than that of poplar 
hydrochars (87,7%). This is mainly due to structural differ-
ence between hardwoods and softwoods [41]. In a ligno-
cellulosic biomass, the amount of component degradation 
follows the order hemicellulose > cellulose > lignin at the 
same hydrothermal conditions [42]. Hemicellulose, being 
an amorphous polymer, is easily degraded under hydro-
thermal conditions. For both hardwoods and softwoods, 
hemicellulose is hydrolyzed at temperatures around 180 °C 
[43], and cellulose at higher temperatures. Lignin, on the 
other hand, is a more stable phenylpropanoid structure that 
is hardly decompose under hydrothermal conditions. In 
hardwoods, hemicellulose content is higher, and the lignin 
content is usually lower compared to softwoods. Therefore, 
HTC has slightly higher effect on hardwood compared to 
softwood [44]. Moreover, monolignols in hardwood lignins 
are coniferyl and sinapyl alcohols (which appear as guaiacyl 
and syringyl monomer structures respectively) in variable 
contents, while softwood lignins are mainly composed of 
coniferyl alcohol (guaiacyl monomer). Due to more con-
densed structure, softwoods are more resistant to lignin 
degradation [45].

FTIR analysis was performed to evaluate the effect of 
different HTC temperatures on the functional groups of 
hydrochars (see Supplementary Fig. A1). According to the 
FTIR spectra, the biomass samples and their corresponding 

hydrochars showed the same functional groups, although 
the intensity of certain peaks of the poplar sawdust and 
spruce sawdust were modified by HTC. The intensity of 
-OH stretching vibration of phenols, alcohols, and carbox-
ylic acids (centered at 3400 cm−1) was more in spruce hydro-
chars, which was also supported by high oxygen content. 
All poplar-derived and spruce-derived hydrochars showed 
aliphatic C–H stretching vibration around 2800–3000 cm−1 
with higher intensity compared to their biomass source. In 
spruce-derived hydrochars, C=O stretching vibration of 
guaiacyl unit at 1263 cm−1, C = C stretching of aromatic 
rings at 1510 cm−1, C–H bending vibration of cellulose 
at 1423 cm−1, C–O deformation in primary alcohols and 
aromatic C–H in-plane deformation at 1030  cm−1 were 
observed with higher intensities compared to that of spruce 
hydrochar. For both spruce-derived hydrochars and poplar-
derived hydrochars, HTC obviously enhanced the aroma-
ticity, which was also shown by [44]. As the peak intensi-
ties of poplar-derived hydrochars were compared, HTP200 
appeared to have the highest intensity in all bands.

The thermal stability of both poplar sawdust and spruce 
sawdust, along with their corresponding hydrochars, was 
investigated using thermogravimetric analysis under an N₂ 
atmosphere. (see Supplementary Fig. A2). Whether hard-
wood or softwood, thermal degradation behavior under an 
inert atmosphere is similar to those reported in the litera-
ture [46, 47]. A typical pattern is observed in all deriva-
tive thermogravimetry (DTG) curves within 80–130 °C due 
to dehydration and removal of light gases [48]. A subse-
quent thermal degradation occurs at 200–420 °C, where the 
decomposition of hemicellulose and cellulose takes place. 

Fig. 1   Van Krevelen diagram 
for poplar sawdust, spruce saw-
dust, and their hydrochars
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The shoulder before the peak is associated with hemicellu-
lose degradation, while the main peak is due to the thermal 
decomposition of cellulose. Whereas lignin is decomposed 
in a wider temperature range (200–900 °C), without showing 
a characteristic DTG peak [49]. The temperature of maxi-
mum mass loss rate (Tmax) is 397 °C and 384 °C for spruce 
sawdust and poplar sawdust, respectively. As in this study, 
Ding et al. [50] and He et al. [44] also observed that the 
Tmax of softwood samples was higher than that of hardwood 
samples.

Regardless of the biomass source, HTC has enhanced 
the thermal stability of hydrochars. While the increase in 
Tmax values for poplar-derived hydrochars ranged between 
18.7 and 19.9 °C, the temperature shift for spruce-derived 
hydrochars ranged between 8.4 and 9.3 °C. The extent to 
which hemicellulose decomposes at low HTC temperatures 
affects the Tmax value. This can be explained by the differ-
ence in both the amount and structure of hemicellulose in 
hardwood and softwood. Hemicellulose content is higher in 
hardwood compared to softwood. At the same time, the basic 
components of hemicellulose in hardwood and softwood are 
also different from each other. While hardwood celluloses 
contain more glucomannan and glucuronoxylan, softwood 
hemicelluloses contain arabino glucuronoxylan, galactoglu-
comannan, and glucomannan. This makes hardwood more 
vulnerable to thermal treatments. This observation is also 
supported by X-ray diffraction results.

The x-ray diffraction patterns of all samples exhibit dif-
fraction peaks at 15° (101), 22.5° (002), and 34.5° (040) 
(see Supplementary Fig. A3). In a lignocellulosic biomass, 
cellulose is in the form of both crystalline and amorphous, 
while lignin and hemicellulose have amorphous structure 
[51]. Based on HTC severity, hemicellulose, amorphous 
cellulose, and lignin partially decompose during HTC, and 
thus change the crystallinity index [52]. As seen in Fig. 2, 
the crystallinity index of poplar sawdust is higher than that 
of spruce, which is also observed by Popescu et al. [53] and 
Bay et al. [54]. Although softwoods have a higher cellulose 
content than hardwoods, the arrangement and orientation of 

cellulose microfibrils within the cell walls of hardwoods are 
more complex [55], which may lead to a higher degree of 
crystallinity. For spruce-derived hydrochars, the crystallin-
ity index tends to increase slightly due to loss in amorphous 
structure. For poplar-derived hydrochars, the crystallinity 
index slightly decreases at low and moderate HTC tempera-
tures. A decrease in the intensity of the diffraction peak at 
22.5° (I002) for HTP200 denotes the partial decomposition of 
cellulose. In contrast, no change in the peak intensity of I002 
is observed in the x-ray diffraction of spruce-derived hydro-
chars. A similar observation was made by He et al. [44], 
showing that the peak intensity of cellulose in pinewood 
remained almost stable at 220 °C, while in poplar wood, the 
peak intensity decreased at 200 °C.

The surface morphology of raw samples and hydrochars, 
which was observed by SEM, can be seen in Supplementary 
Fig. A4. No pores or cavities were detected on the surface of 
raw poplar and spruce sawdust. Due to HTC reactions, the 
surface changes occurred as observed in the SEM images of 
hydrochars. Upon increasing HTC temperature, small pores, 
and cracks can be seen on the surface of HTP180, HTP200, 
and HTP220. Unlike poplar, spruce sawdust showed longi-
tudinal tubes with fewer pores. As explained by Nitsos et al. 
[56], resistant nature of softwood lignin results in rough sur-
face without any pseudolignin formation or pores even at 
high HTC severity.

3.2 � Activated carbons prepared from hydrochar

As a carbon-enriched precursor, hydrochars were chemically 
activated with KOH using a one-step method, where the 
precursor and activator were directly pyrolyzed at 800 °C. 
As explained extensively in the study of Chen et al. [57], 
in one-step KOH activation, KOH not only reacts with car-
bon, it also reacts with oxygen-containing species, depend-
ing on KOH:precursor ratio and temperature. Under condi-
tions where KOH is in excess relative to the precursor and 
the temperature is high (700–800 °C), reactions between 
KOH and carbon fragments are enhanced compared to those 

Fig. 2   Crystallinity index of poplar, spruce, and their resultant hydrochars
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between KOH and the oxygen-containing functional groups 
of the precursor. While those reactions generate spaces in the 
structure, more OH− groups attach to those sites, providing a 
developed porosity and more oxygen-containing functional 
groups. One-step activation and pyrolysis process result in 
a decrease in mass, which in turn changes the content of 
C, H, and O. In our study, atomic H/C and O/C ratios were 
changed significantly due to deoxygenation and dehydroge-
nation reactions that predominate at temperatures as high 
as 800 °C (see in Van Krevelen diagram shown in Fig. 3). 
The carbon content of all wood-derived samples increased, 
and the hydrogen content decreased. Based on elemental 
analysis, the carbon content of activated carbons derived 
from poplar is slightly lower than those derived from spruce. 
Activated carbons derived from poplar and its hydrochars 
contain N in small fractions (less than %0,4). All activated 
carbons contain S less than 0,7% by weight. Elemental anal-
ysis of the activated carbons revealed relatively high oxygen 
content, as indicated by a high O/C ratio in the Van Krev-
elen diagram, suggesting the presence of oxygen-containing 
functional groups. As also observed in FTIR spectra of the 
activated carbons (Fig. 4.), most of the oxygen is in the 
structure of surface functional groups. Oxygen-containing 
functional groups are known to increase the adsorption abil-
ity of activated carbons [58–60].  

Figure 4 shows the FTIR spectra of the wood-derived 
activated carbons. The very low hydrogen content in all sam-
ples after activation is noticed by the absence of the O–H 
stretching at 3200–3600 cm−1, and the lower intensity of the 
C–H stretching at 2650 cm−1, 1990 cm−1 and 1860 cm−1. 
In all spectra, C–O stretching in ketene groups appears at 
2328–2334 cm−1 [61]. The intense peak at 2112–2116 cm−1 
is assigned to C=C=C stretching [62]. C=O stretching 
vibration of ketones, aldehydes, and carboxyl groups at 

1710 cm−1 was only detected in the spectra of ACP. C=C 
stretching (due to aromatization) and C–O stretching (in car-
boxyl and aldehyde structures) appear at 1550–1559 cm−1 
in all spectra [63, 64]. C–O bending (in alcohol, ether, and 
carboxylic groups) appears at 1000–1200 cm−1 with differ-
ent intensities [65].

X-ray diffraction patterns of all activated carbons are 
shown in Fig. 5. The broad diffraction peak at around 24° 
shows the 002 plane of graphitic carbon. The diffraction 
patterns show another wide but low-intense diffraction peak 
located at around 44°, which denotes 100 plane of disordered 
graphite structure. Based on diffraction patterns, amorphous 
structure is dominant in all structures. The temperature at 
which hydrochar was obtained did not affect the structure 
of activated carbon.

SEM images of all activated carbons are shown in Fig. 6, 
with additional images of poplar and spruce sawdust sam-
ples and their corresponding hydrochars provided in Supple-
mentary Fig. A4. Initially, both poplar and spruce sawdust 
exhibited smooth surfaces; however, tiny pores were visible 
in the poplar, while the spruce showed no visible pores. Dur-
ing HTC at 180 °C, the structure of poplar changed signifi-
cantly due to the partial removal of hemicellulose, making 
the pores more pronounced, whereas the morphology of 
spruce remained largely unchanged. As the HTC tempera-
ture increased to 200 °C, both samples developed rougher 
surfaces with numerous pores. Poplar hydrochars exhibited 
a higher density of pores compared to spruce hydrochars. 
At 220 °C, poplar hydrochars began to exhibit microsphere 
formations within some of the pores, likely due to lignin 
repolymerization. In contrast, spruce hydrochars at 220 °C 
developed small pores, indicating a morphological change 
at this higher temperature.

Fig. 3   Van Krevelen diagram 
for activated carbons
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Following the removal of most carbonaceous structures 
at 800 °C and subsequent activation with KOH, porous 
activated carbons with varying shapes, pore sizes, and wall 
thicknesses were obtained. Since the one-step pyrolysis-acti-
vation process conditions were consistent, the differences in 
porosity among the activated carbons can be attributed to 
the nature of the hydrochars. Compared to spruce-derived 
activated hydrochars, poplar-derived activated hydrochars 
exhibited a more sponge-like structure, characterized by 
well-distributed and well-developed pores (see Fig.  6). 
However, in the activated hydrochar of poplar at 220 °C, 
some pores appeared to be clogged, likely due to the depo-
sition or condensation of lignin-derived substances during 
the carbonization process. This contrasts with more well-
developed porous structure observed in spruce-derived acti-
vated hydrochar at 220 °C, showing the significant impact 
of precursor composition and HTC conditions on the final 
pore development.

The pore characteristics of activated carbons are given 
in Table 2. Since the activation process was carried out 
under the same conditions for all samples, only the precur-
sor properties affected the surface area and pore structure. 
The surface areas of activated carbons vary between 787,06 
m2/g and 1680 m2/g. All activated carbons mainly have a 
microporous structure and mesopores are less. The BET sur-
face area of ACP is higher compared to ACS. However, ACS 
has more micropore volume in the total volume. The differ-
ence in surface area and pore structure between ACP and 
ACS can be attributed to the inherent differences between 
hardwoods and softwoods. Hardwoods like poplar are more 
vulnerable to thermal treatment, leading to a greater release 
of volatiles, which creates more pores. Additionally, hard-
woods possess vascular tubes that act as natural pores, a fea-
ture absent in softwoods like spruce. It was also observed in 
Shrestha [64] that activated carbons derived from hardwoods 
have a higher specific surface area and larger pore diameter 

Fig. 4   FTIR spectra of activated carbons

Fig. 5   X-ray diffraction of activated carbons
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than those derived from softwoods. Liang et al. [66] synthe-
sized poplar-based activated carbon at the same conditions 
with a specific surface area of 1486,2 m2/g and 0,767 cm3/g. 
In contrast, Guy et al. [67] used spruce bark to prepare acti-
vated carbon under identical conditions (800 °C and 1 h acti-
vation with KOH at a 1:2 ratio) and obtained a specific sur-
face area of 572 m2/g. Among the activated carbons derived 
from poplar sawdust hydrochars, ACHTP200 exhibits the 
highest surface area (1680 m2/g) with an average pore diam-
eter of 2,08 nm. In comparison, among the activated carbons 
obtained from spruce sawdust hydrochar, ACHTS220 has 
the highest surface area (1231,57 m2/g). The higher surface 
area observed in ACHTP200 at the mild HTC temperature 
of 200 °C may be due to the limited thermal degradation at 
this temperature, which prevents significant lignin conden-
sation within the pores. The differences in lignin structure 
between hardwoods and softwoods also play a crucial role. 
Softwoods like spruce contain primarily guaiacyl units, 
which are more resistant to cleavage and more thermally 
stable compared to the syringyl units found in hardwoods 
like poplar. This stability allows for more controlled pore 

development at higher temperatures, such as 220 °C, with-
out significant degradation. In contrast, the syringyl units in 
poplar may degrade more readily, leading to more pores at 
lower temperatures but potentially causing lignin condensa-
tion and reduced porosity at higher temperatures.

N2 adsorption isotherms at 77 K are shown in Fig. 7. 
All N2 adsorption isotherms of hardwood-derived acti-
vated carbons show a steep increase at very low relative 
pressures indicating the presence of micropores. A wide 
hysteresis loop is observed at 0,5 < P/P0 < 1, which reflects 
the mesoporous structures. Similarly, ACP and ACHTP180 
show a smaller hysteresis loop (as compared to ACHTP200). 
The hysteresis loop observed in the N2 adsorption isotherm 
of ACP, ACHTP180, and ACHTP 200 is a type H4 hyster-
esis (as classified by IUPAC), showing that adsorption is 
a composite of Type I and Type II isotherms. Among the 
hardwood-derived activated carbons, ACHTP200 has the 
highest N2 adsorption capacity, which is mainly due to its 
high surface area and micropore volume (as seen in Table 4). 
ACHTP220 represented Type I isotherm, which is a char-
acteristic of adsorbents that have micropores with small 

Fig. 6   SEM images of a ACP, b ACHTP180, c ACHTP200, d ACHTP220, e ACS, f ACHTS180, g ACHTS200, h ACHTS220

Table 2   The porous 
characteristics of activated 
carbons

Sample SBET
(m2/g)

ravr
(nm)

Vtotal (cm3/g) Vmicro (cm3/g) Smicro (m2/g) Smicro/SBET (-) Vmicro/Vtotal (-)

ACP 1248,87 1,09 0,68 0,46 1071,29 0,86 0,67
ACHTP180 1218,73 1,09 0,66 0,45 1044,94 0,86 0,67
ACHTP200 1680,59 1,04 0,87 0,64 1498,58 0,89 0,73
ACHTP220 1049,69 0,98 0,52 0,39 911,32 0,87 0,76
ACS 1192,28 0,98 0,59 0,45 1049,00 0,88 0,76
ACHTS180 1176,80 1,01 0,60 0,43 1012,72 0,86 0,72
ACHTS200 787,06 1,02 0,40 0,30 707,49 0,90 0,75
ACHTS220 1231,57 1,01 0,62 0,44 1033,15 0,84 0,71
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external surfaces. The low adsorption is due to micropore 
volume rather than internal surface area [68].

All softwood-derived activated carbons showed a 
combination of Type I and Type II isotherm, while a 
steep uptake of N2 is observed at very low relative pres-
sures (P/P0 < 0,05), there exists a slight increase in the 
amount of adsorbed nitrogen at higher relative pressures 
(1 > P/P0 > 0,1). The N2 adsorption isotherms of ACS, 
ACHTS180, and ACHTS220 are reversible, without a 
hysteresis loop.

Figure 8 shows the pore size distribution based on the 
NLDFT method from N2 adsorption at 77 K. All the acti-
vated carbons contain micropores, which show three peak 
points around 0,39 nm, 0,58 nm, and 0,77 nm. In the 
case of poplar-based activated carbons, the majority of 
the micropores are in the range of 0,35–0,49 nm. Hydro-
thermal carbonization applied to poplar prior to activa-
tion enhanced the micropore formation, which is evident 
from the maxima of the pore radius distribution curves. 

For spruce-based activated carbons, except ACHTS200, 
all activated carbons have micropores in a similar range 
of pore radius.

3.3 � CO2 and CH4 adsorption capacity of activated 
carbons

The activated carbons with the highest surface area, namely 
ACHTP200, and ACHTS220, were selected for CO2 and 
CH4 adsorption at 25 °C. The adsorption isotherms of CO2 
and CH4 on ACHTP200 and ACHTS220 at 25 °C are shown 
in Fig. 9. For both activated carbons, the molar amount of 
CO2 and CH4 per mass of adsorbent increased with pressure 
(see in Fig. 8). Moreover, both CO2 and CH4 adsorption–des-
orption isotherms were lacking hysteresis, denoting physical 
adsorption occurring on the surface. Both ACHTP200 and 
ACHTS220 adsorbed CO2 more than CH4, mainly due to 
the quadrupole moment of CO2. CH4 is a nonpolar molecule 
which adsorbs on the surface by van der Waals forces [60]. 

Fig. 7   N2 adsorption–desorption isotherms at 77 K

Fig. 8   Pore size distribution calculated by using nonlocal density functional theory (NLDFT) for N2 adsorption at 77 K
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On the contrary, CO2 is a polar molecule with a quadrupole 
moment of 13,4 × 10–40 C.m2, which enhances the electro-
static interaction between CO2 and activated carbon’s sur-
face functional groups at low pressures [14, 69, 70]. Besides, 
CO2 has a kinetic diameter (0,33 nm) less than that of CH4 
(0,38 nm), which favors the diffusion capability of CO2 
through the pores [71].

As seen in Fig. 10, ACHTP200 adsorbed more CO2 and 
CH4 compared to ACHTS220. The main reasons for this can 
be: (I) The specific surface area of ACHTP200 is higher than 
that of ACHTS220 (see Table 3). (II) Although they have 
the same surface functional groups, more functional groups 
are present on the surface of ACHTP200 (see Supplemen-
tary Fig. A1). (III) ACHTP200 has more micropores with 
diameters smaller than 1 nm (see Supplementary Fig. A2).

The CO2 adsorption capacity of the activated hydrochars 
obtained in this study was compared with that of similarly 
synthesized activated carbons (see Table 3). The results 

indicate that the activated hydrochars from sawdust have a 
high CO2 adsorption capacity, making them suitable for CO2 
adsorption at atmospheric temperature and pressure.

Both ACHTP200 and ACHTS220 showed better CH4 
adsorption capacity at low pressure as compared to other 
experimental studies such as Saha et al. [76], Reljic et al. 
[77], and Ariyanto et al. [78]. For high methane adsorption, 
it is necessary to have both a predominantly microporous 
structure and a small amount of mesopores. In addition to 
their high surface area and microporous structure, activated 
hydrochars with a small amount of mesopores showed high 
CH4 adsorption capacity. Since the use of active hydrochars 
in CH4 adsorption at atmospheric temperature and pressure 
has not been studied so far, Table 4 only shows the CH4 
adsorption capacity of activated carbons obtained directly 
from biomass. As seen in Table 4, the active hydrochars 
obtained in this study have higher CH4 adsorption capacity 
than other activated carbons.

Fig. 9   CO2 and CH4 adsorption isotherms at 25 °C and up to 1 atm

Fig. 10   a CO2 b CH4 adsorption isotherms for ACHTP200 and ACHTS220 at 25 °C and up to 1 atm
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4 � Conclusions

In this study, wood sawdust, a locally abundant waste 
product, was successfully converted into activated hydro-
char for CO2 and CH4 adsorption. The key findings are as 
follows:

1	 . Impact of Hydrothermal Carbonization: HTC enriched 
the carbon content in both poplar and spruce sawdust, 
with notable shifts in the H/C and O/C ratios, particu-
larly at 200 °C for poplar and 220 °C for spruce. This 
indicates that HTC effectively promoted carbon enrich-
ment and partial hydrogen removal.

2	 . Activation-Carbonization Process: The one-step acti-
vation-carbonization process with KOH significantly 

Table 3   Comparative study of CO2 adsorption for different biomass samples

* Simultaneous activation and carbonization

Precursor HTC conditions Carbonization 
conditions

Activation conditions CO2 adsorption Ref

Rambutan peel 170 °C,
90 min

– *850 °C
KOH:HC = 2:1
120 min

278 mmol/g, 30 ⁰C, 1 atm Zubbri et al. [72]

Garlic peel 200 °C,
24 h

400 °C, 2 h 600 °C
KOH:HC = 2:1
60 min

42 mmol/g; 25 ⁰C, 1 atm Huang et al. [73]

Chitosan 180 °C,
24 h

300 °C, 4 h 600 °C
KOH:HC = 2:1
60 min

441 mmol/g; 25 ⁰C, 1 atm Wang et al. [74]

Orange peel 220 °C,
3 h

– *700 °C
KOH:HC = 3:1
120 min

3045 mmol/g; 25 ⁰C, 1 atm Deepak et al. [75]

Poplar sawdust 200 °C,
90 min

– *800 °C
KOH:HC = 2:1
60 min

3753 mmol/g; 25 ⁰C, 1 atm This study

Spruce sawdust 220 °C,
90 min

– *800 °C
KOH:HC = 2:1
60 min

343 mmol/g; 25 ⁰C, 1 atm This study

Table 4   Comparative study of CH4 adsorption for different biomass samples

* Simultaneous activation and carbonization

Precursor HTC Activation conditions Carbonization
conditions

CH4 adsorption References

Coconut shell charcoal – 1 M H3PO4, (2 ml 
acid/g precursor), 
80 °C, 2 h

500 °C, under N2, 2 h 0,256 mmol/g; 10 °C; atmospheric 
pressure

Song et al. [79]

Coconut shell charcoal – 0,5 M KOH, (2 ml 
acid/g precursor), 
80 °C, 2 h

600 °C, under N2, 2 h 0,25 mmol/g; 10 °C; atmospheric 
pressure

Palm sheath – KOH:biomass = 1:1 550 °C, under N2, 1 h 1,02 mmol/g; 25 °C,
1 bar

Zhang et al. [80]

Palm sheath - KOH:biomass = 2:1 650 °C, under N2, 1 h 1,47 mmol/g; 25 °C,
1 bar

Palm sheath - KOH:biomass = 3:1 750 °C , under N2, 1 h 0,98 mmol/g; 25 °C,
1 bar

Poplar sawdust 200 °C,
90 min

KOH:hydrochar = 2:1 *800 °C , under N2, 60 min 1,52 mmol/g;
25 °C,
1 atm

This study

Spruce sawdust 220 °C,
90 min

KOH:hydrochar = 2:1 *800 °C, under N2, 60 min 1,42 mmol/g;
25 °C,
1 atm

This study
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enhanced the carbon structure, reducing the atomic H/C 
ratio (< 0,15) and modifying the surface properties with 
a notable presence of oxygenated functional groups.

3	 . Pore Structure and Surface Properties: Regardless of 
HTC application, the average pore diameter of activated 
carbons obtained from wood sawdust was between 0,98 
and 1,09 nm.

4	 . Adsorption Capacities: ACHTP200 and ACHTS220, 
with their higher surface area and pore volume, demon-
strated high CO2 and CH4 adsorption capacities at 25 °C 
and 1 atm.

5	 . Application Potential: Despite their high adsorption 
capacities, these activated carbons are not suitable for 
CO2-CH4 separation. However, they show promise for 
applications such as indoor air quality improvement and 
capturing emissions from industrial point sources.

	   This study highlights the potential of converting wood 
sawdust into high-value activated carbons for environ-
mental applications, emphasizing the role of HTC and 
activation processes in determining the final properties 
and performance of the adsorbents.
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