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INTRODUCTION

Activated carbon plays a critical role in in-
dustrial applications, with annual demand ex-
ceeding 1 million tons and projected growth rates 
of 9–10% per year. However, more than 85% of 
its production relies on non-renewable resources 
such as carbon and petroleum products, necessi-
tating the exploration of alternative sources. Plant 
residues, such as tree bark and agricultural waste, 
offer a sustainable solution, providing both envi-
ronmental benefits and effective waste utilization. 
The production of activated carbon is influenced 

by parameters such as temperature, activation 
agent concentration, and carbonization time, 
which affect key properties like surface area, po-
rosity, and adsorption capacity. The structure of 
activated carbon makes it suitable for pollutant 
adsorption, and it is extensively used in industries 
for water purification and air treatment (Ghorbani 
et al., 2020; Wan Ibrahim et al., 2019; Shafeeyan 
et al., 2010; Choi and Lee, 2015).

In light of increasing environmental concerns, 
plant-based activated carbon presents an effec-
tive solution for water purification (De Gisi et 
al., 2016). It facilitates waste management, while 
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aligning with the UN Sustainable Development 
Goals (Liu and Zhang, 2022). This work focuses 
on optimizing production parameters to enhance 
the efficiency of activated carbons derived from 
agricultural residues such as licorice root, aim-
ing to minimize environmental impact, while im-
proving adsorption properties (Dawood, 2018).

Utilizing licorice root residue helps control 
agricultural waste, which otherwise poses dispos-
al challenges and environmental hazards. By con-
verting this waste into valuable activated carbon, 
the process not only reduces the environmental 
footprint, but also supports sustainable waste 
management practices. This aligns with the prin-
ciples of circular economy, turning waste into a 
resource (Garg et al., 2023). This approach also 
supports global sustainability goals by providing 
an eco-friendly method for producing activated 
carbon. It also addresses waste minimization, re-
source recovery, and pollution reduction, contrib-
uting to the development of greener technologies.

In recent years, the global demand for acti-
vated carbons in water purification, and other 
industrial applications continues to grow. Devel-
oping activated carbon from licorice root residue 
provides a cost-effective option to conventional 
sources like carbon and wood, making it attractive 
for large-scale industrial use. This would add eco-
nomic value to agricultural by-products and can 
stimulate local economies where it is cultivated.

This study seeks to optimize the production 
process, aiming to enhance resource utilization 
and reduce the environmental footprint associat-
ed with activated carbon production (Sen, 2017). 
Enhancing the properties of activated carbon im-
proves their adsorption capacity, making it more 
efficient in applications such as water purification 
and pollutant removal in industrial settings. Op-
timizing production parameters can also result in 
cost-effective methods for producing high-quality 
activated carbons, benefiting industries that de-
pend on these materials (Qu et al., 2019).

For commercial viability, an ideal adsorbent 
needs to possess essential characteristics, includ-
ing a substantial internal surface area, high affinity 
for specific compounds, easy regenerability, resis-
tance to degradation, and stability in diverse envi-
ronments (Sen, 2023). Various materials with high 
porous structures, both carbonaceous and inorgan-
ic, can serve as effective adsorbents. Their effec-
tiveness depends on its surface area and chemical 
composition, with its internal pores contributing to 
its voluminous structure (Blachnio et al., 2020).

Carbon adsorbents produced from waste and 
secondary materials demonstrate high efficiency 
in pollutant removal, achieving purification levels 
between 80 and 99%, making them essential for 
sustainable water resource management strate-
gies (Zhang et al., 2017). However, while vari-
ous technologies exist for producing carbon ad-
sorbents, not all are universally applicable. Many 
production methods require significant raw mate-
rial and energy inputs, making them energy- and 
labor-intensive (Rizkiana et al., 2014). Therefore, 
refining production methods for carbon adsor-
bents from waste and low-value materials re-
mains crucial. Thermochemical activation using 
chemical agents such as KOH, K2CO3, NaOH, 
and ZnCl2 can enhance the porous structure of 
carbon adsorbents by reducing ash content in 
plant materials and promoting pore development 
(Muttil et al., 2022).

In recent years, interest in using plant resi-
dues for carbon adsorbent production has in-
creased due to their environmental and economic 
benefits. Plant residues provide readily available 
and renewable sources of raw materials. Licorice 
root residue shows promise due to its abundance 
in Uzbekistan, where licorice is extensively cul-
tivated and processed. Converting licorice root 
residue into carbon adsorbents offers potential 
for environmental remediation and waste utiliza-
tion (Tibor and Grande, 2022). The conversion of 
licorice root residue into activated carbon is justi-
fied by its inherent chemical properties, environ-
mental and economic advantages, and the poten-
tial to enhance specific adsorptive characteristics 
through controlled processing conditions. This 
makes it a promising candidate for sustainable 
and efficient pollutant removal solutions.

Previous studies might have underestimated 
licorice root residue as a viable feedstock for ac-
tivated carbon production. They have not thor-
oughly optimized production parameters, such as 
carbonization temperature, activation methods, or 
chemical activator concentrations for licorice root 
residue-derived carbons (Soffian et al., 2022). 
Additionally, prior research might have lacked 
detailed characterization of the resulting activated 
carbons, including specific surface area, pore vol-
ume, and adsorption capacity (Yahya et al., 2015), 
and often focus on synthesis without addressing 
practical applications (Wang et al., 2023). Despite 
extensive research on plant residues, there is a 
gap in exploring the chemical activation of lico-
rice root residues and the development of porous 
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structures in adsorbents derived from this mate-
rial. Therefore, further investigation into activa-
tion processes and the formation of porous struc-
tures in licorice root residue-derived adsorbents is 
needed (El Qada et al., 2008).

To address existing knowledge gaps, this 
study aims to repurpose licorice root residue 
into high-value activated carbon, tackling the 
issues of waste management and resource inef-
ficiency at the same time. This work determines 
optimal conditions for the thermal and chemi-
cal activation of carbonization using licorice 
root residues and investigates the mechanisms 
of porous structure formation under various ac-
tivation methods. Several characterization tech-
niques were employed to analyze the porous 
structures of the activated carbons and correlate 
their properties with production parameters. Ad-
ditionally, the study assesses the suitability of 
the activated carbons for wastewater treatment 
and optimizes production parameters to enhance 
material properties, ensuring that the activated 
carbons meet the specific requirements of differ-
ent applications.

This study explores the production of ad-
sorbent materials from licorice root, an indus-
trial waste byproduct, for the removal of various 
harmful substances from wastewater. By lever-
aging the high carbon content and potential po-
rosity of this waste material post-activation, the 
research offers a sustainable method to valorize 
waste while mitigating environmental impacts. 
The investigation focuses on optimizing produc-
tion parameters such as carbonization tempera-
ture, activation methods, and activating agent 
concentrations to enhance key properties like 
surface area, pore volume, and adsorption ca-
pacity. These tailored activated carbons are de-
signed for diverse applications, including water 
treatment, air purification, and pollutant removal 
(Ali et al., 2012).

The work underscores the importance of sus-
tainable production practices by repurposing ag-
ricultural waste and optimizing resource efficien-
cy. It aligns with the growing emphasis on sus-
tainability in materials science and engineering, 
advancing efforts in environmental sustainability 
and innovation in material science (Usmanov et 
al., 2020). By fine-tuning carbonization and ac-
tivation conditions, such as temperature and 
chemical agents, the study anticipates significant 
improvements in the surface area and pore vol-
ume of the activated carbons. This enhancement 

is expected to yield highly efficient adsorbents ca-
pable of removing pollutants like dyes and vola-
tile organic compounds effectively.

MATERIALS AND METHODS

Materials

Residual biomass, specifically licorice root 
residues (LRR), was utilized as the raw material. 
The residues were washed with deionized water to 
remove surface impurities, oven-dried at 105 °C 
for 24 hours, and subsequently ground into fine 
powder using a laboratory mill (Retsch SM 200). 
The powder was sieved to obtain particles with a 
diameter below 500 µm for uniform processing.

Carbonization process

The dried licorice root powder was subjected 
to isothermal carbonization within a horizon-
tal tubular furnace (Carbolite Gero STF 15). To 
maintain a strictly inert atmosphere and prevent 
oxidation, the furnace was purged with high-puri-
ty nitrogen (N2, 99.99%) at a constant flow rate of 
50 mL/min. For each experimental run, a sample 
mass of 5.0 + 0.1 g was weighed and placed in 
a high-purity alumina crucible (50 mL capacity) 
(Askarova et al., 2025).

The furnace was heated at a linear rate of 
10 °C/min until reaching the target carboniza-
tion temperature. The samples were processed 
across a temperature range of 500–900 °C with 
residence times varying between 60 and 300 min. 
Following the dwell period, the furnace was al-
lowed to cool naturally to ambient temperature 
under a continuous N2 flow to protect the carbon 
matrix. The resulting carbonized precursors were 
designated as C-Y, where Y represents the spe-
cific carbonization temperature.

Chemical activation

The biocarbon produced at 500 °C (C-500) 
was selected for chemical activation. The precur-
sor was impregnated with potassium hydroxide 
(KOH) solution at specific mass ratios (1:1, 3:1, 
5:1, 7:1 KOH:biomass). The mixture was dried 
and subsequently underwent thermal activation 
in the same tubular furnace under a nitrogen at-
mosphere. Based on optimization for maximum 
surface area and pore volume, the activation was 
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conducted at 800 °C for a holding time of 120 
min (Muratov et al., 2025).

The reactor configuration included dedicated 
exhaust ports for the efficient removal of con-
densable liquids (bio-oil) and non-condensable 
gaseous by-products generated during pyroly-
sis. The activated carbon products were labeled 
ACX-800, where X denotes the KOH/carbon 
mass ratio.

Characterization of sample

Comprehensive physicochemical analysis 
was performed on both the raw licorice root resi-
dues and the synthesized activated carbons. All 
experimental measurements were conducted in 
triplicate to ensure statistical reproducibility.

Ash content was determined following 
ASTM D3174-04, and volatile matter was mea-
sured in accordance with ASTM D3175-89a. 
The elemental composition (C, H, N, and S) was 
quantified via high-temperature combustion us-
ing a FLASH-2000 Elemental Analyzer (Thermo 
Fisher Scientific, Germany) according to ASTM 
D5291-96. The oxygen content was calculated 
by difference: 

	 O (%) = 100 - (C + H + N + S + Ash)	 (1)

Calorific value: The gross calorific value 
(GCV) was determined using an oxygen bomb 
calorimeter in compliance with ASTM D240-02 
(Ibrahim et al., 2010). 

X-ray phase analysis was performed using an 
XRD Empyrean PANalytical X-ray diffractom-
eter (Boston, USA) with a scan range of 5° to 80° 
at a scan speed of 2°/min and angle reproducibil-
ity of < 0.01° (Khurmamatov et al., 2024).

Elemental composition and quantitative con-
tent of elements were determined using an ener-
gy-dispersive X-ray (EDX) fluorescence spec-
trometer. Scanning electron microscopy (SEM) 
was used to analyze the surface morphology of 
the initial sample and its treatment products, em-
ploying the EVO MA10 SEM microscope (To-
kyo, Japan), which also provided elemental com-
position data.

Infrared spectra were recorded on an Avatar 
360 FT-IR Nicolet iS50 Thermo Fisher Scientific 
spectrometer (Tokyo, Japan) within a frequency 
range of 4000-400 cm-1 (Muratov et al., 2024). 
Under high-purity nitrogen purge (flow rate: 50 
mL/min), thermogravimetric and differential 
thermal analyses were conducted using a Q-1500 

D derivative gravimeter (Tokyo, Japan). The 
sample mass was precisely controlled at 10 ± 0.5 
mg, heated from 30 °C to 900 °C at a ramp rate of 
10 °C/min in an open platinum crucible.

Textural and adsorption characteristics

The porous structure characteristics, includ-
ing specific surface area, total pore volume, and 
pore diameter, were determined using low-tem-
perature N2 adsorption at 77 K on an Autosorb IQ 
Quantachrome Nova 1000e system (Tokyo, Ja-
pan). Samples were vacuum-treated at 150 °C for 
12 h before analysis. Relative pressure was set to 
0.995 P/P0, with adsorption/desorption isotherms 
measured from 0.05 to 0.995 P/P0.

The BET method was used to process the 
adsorption curves, while the t-Plot method deter-
mined the micropore volume. The mesopore vol-
ume was calculated by subtracting the micropore 
volume from the total volume. The average pore 
diameter was calculated using the BET method 
(D = 4 V/S), and micropore volumes and size dis-
tribution (average size ≈ 1.15 - 1.17 nm) were as-
sessed using the Horvath-Kawazoe (HK) method 
(Kalbaev et al., 2026).

Batch adsorption test

Adsorption performance of the material was 
tested using methylene blue (MB) solutions, with 
adsorption isotherms obtained at varying tem-
peratures and concentrations. Adsorbed amounts 
were analyzed using the BET and Langmuir 
equations. Quantitative analysis was performed 
using a UV/V-5100 spectrophotometer (Shanghai 
Metas, China), measuring the absorbance in the 
range between 190 and 700 nm. MB adsorption 
capacity was determined by measuring absor-
bance at 660 nm. All experiments were conducted 
at 25 °C for a duration of 2 hours.

For adsorption capacity experiments, methy-
lene blue (MB) dye solutions were prepared, and 
their absorbance was measured to construct a 
calibration curve. Then, 0.05 g of powdered ac-
tivated carbon samples were added to 50 mL of 
each dye solution concentration. The flasks were 
gently shaken until an equilibrium was reached, 
as determined by adsorption kinetics. After equi-
librium, the absorbance was measured, and its 
concentrations were calculated using the calibra-
tion curve. The amount of adsorbed dye is deter-
mined by Equation 2:
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1 
 

𝐴𝐴 = (𝐶𝐶0−𝐶𝐶1) × 𝑉𝑉
𝑚𝑚  (1) 

 
	 (2)

where:	A is the amount of adsorbed adsorbate 
(mmol/g); C0 and C1 are the initial and 
equilibrium concentrations of adsorbate 
in the solution (mmol/L); V is the volume 
of the solution (L); m is the mass of the 
adsorbent (g).

The Langmuir and Freundlich isotherms were 
fitted to experimental data to understand adsorp-
tion mechanisms (Table 1).

RESULTS AND DISCUSSIONS

Thermochemical evolution and yield 
dynamics

Thermogravimetric analysis (TGA) and dif-
ferential thermal analysis (DTA) provided in-
sights into the pyrolytic decomposition of licorice 
root residue (Figure 1).

Thermal analysis of licorice root residue, 
Figure 1 revealed key transformations at vari-
ous temperature intervals. At 110–120 °C, it was 
found that desorption of physically adsorbed wa-
ter caused 2.25% of mass reduction. A significant 
mass loss began at 206 °C, indicated by a marked 
change in the thermogram profile, signifying fur-
ther material breakdown.

Between 206 °C and 310 °C, the most sig-
nificant decomposition of organic compounds oc-
curred, resulting in a 20–22% mass loss due to 
the thermal breakdown of hemicellulose and the 
release of chemically bound functional groups. 
As the temperature increased from 310 °C to 500 
°C, the mass reduction reached 57%, driven by 
the decomposition of cellulose and the initiation 
of lignin carbonization, which involves the evo-
lution of volatiles such as CO and CO2. Further 
degradation between 510 °C and 900 °C account-
ed for an additional 8.0% loss, linked to the slow 
volatilization of residual carbonaceous matter 
and the consolidation of the inorganic fraction.

Table 1. Equations of Langmuir, Freundlich, Temkin and Dubinin-Radushkevich models
No Models Formula Explanation 

1 Langmuir 
1
𝑞𝑞𝑒𝑒
= 1
𝐾𝐾𝐿𝐿 ∙ 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚

∙ 1𝐶𝐶𝑒𝑒
+ 1
𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚

 qe – maximum adsorption capacity (mg/g), 
KL– Langmuir constant. 

 

Figure 1. Thermogram of licorice root residue
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Comprehensive analysis indicates that the py-
rolysis of licorice root residues for the synthesis 
of effective adsorbents should be performed at 
temperatures of at least 500 °C. At this thermal 
threshold, the significant decomposition of or-
ganic precursors and the stabilization of the car-
bon matrix occur. Reaching these temperatures 
ensures the removal of volatile matter and the en-
hancement of the structural properties necessary 
for high-capacity adsorption.

The structural and chemical transformations 
of licorice root residues during thermal treatment 
were investigated as a continuation of prior ther-
mal analysis. Particular attention was given to 
both quantitative and qualitative changes. Table 
2 presents the mass variations observed during 
carbonization, depending on temperature and 
treatment duration. Table 2 illustrates the mass 
changes during carbonization as a function of 
temperature and duration.

As shown in Table 2, mass loss is highly sen-
sitive to the carbonization temperature, with the 
most aggressive reduction occurring within the 
first 2 hours. This corresponds to the TGA data 
where the collapse of the lignocellulosic frame-
work releases CO and CO2, leaving behind a sta-
ble carbonaceous skeleton. 

For longer durations, higher mass loss percent-
ages were evident, but the differences between these 
durations were less pronounced. This suggests a 

threshold duration beyond which additional time 
resulted in diminishing returns in mass loss..

Table 3 shows that as the temperature in-
creased, the yield of biocarbon decreased from 
41.9% at 400 °C to 21.1% at 1000 °C. This in-
dicates more intensive decomposition of organic 
material at higher temperatures. The maximum 
yield of liquid was observed at 700 °C (23.3%), 
after which its value began to decrease. This 
might indicate that at higher temperatures, liq-
uid components decompose or transition into the 
gaseous phase. The yield of gaseous products 
increased with rising temperature from 43.3% at 
400 °C to 54.4 % at 900 °C. This suggests that 
high temperatures promoted the gasification of 
carbon-containing substances.

Volatile matter in carbon ranged from 21.5% 
at 400 °C to 32.6 % at 900 °C. This implies that 
as the temperature increased, the volatile compo-
nents of carbon burned off intensively, leaving 
a more stable carbon residue. The ash content 
of carbon increased with the rise in processing 
temperature, starting from 10.7% at 400 °C and 
reaching 19.9% at 900 °C. This might be related 
to the concentration of inorganic components in 
the carbon after the thermal decomposition of the 
organic matter.

The ash remains after the combustion of or-
ganic material provides insight into the compo-
sition of the original material (Paryanto et al., 

Table 2. Variation of mass changes (%) of carbonized material as a function of temperature at varying time (h)

Hours
Carbonization temperature, °С

400 500 600 700 800 900 1000

1 48.02 49.04 56.21 61.24 70.24 73.05 76.89

2 58.10 59.20 60.50 68.00 71.90 74.20 81.24

3 58.12 59.22 60.51 68.34 71.94 74.23 79.87

4 58.56 59.70 61.05 69.12 72.45 75.08 79.51

5 59.14 60.25 61.55 69.98 72.93 75.83 79.25

Table 3. Yield of various products during 2 h of licorice root residue pyrolysis

T, °С
Product yield (%) Volatile matter in 

biocarbon, (%)
Ash content of biocarbon, 

%Biocarbon Liquid Gas

400 41.9 14.8 43.3 21.5 10.7

500 40.8 16.3 42.9 21.1 11.8

600 39.5 17.8 42.7 20.9 14.2

700 32.0 23.3 44.7 22.9 15.5

800 28.1 21.2 50.7 28.9 17.9

900 25.8 19.8 54.4 32.6 19.9
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2019). Figure 2 shows that the ash content in-
creased with higher activation temperatures. Ini-
tially, the ash content in licorice root residues was 
10.4%. At 400 °C, the ash fraction slightly rose 
to 10.7%, indicating the beginning of structural 
changes in the licorice root residue.

With the pyrolysis temperature raised to 500 
°C, the ash content increased to 11.75%, reflect-
ing continued thermal decomposition of organic 
components and the release of mineral elements. 
At 600 °C, the ash content significantly increased 
to 14.2%, confirming the active transformation of 
organic substances into inorganic residue.

The most notable increase in ash content oc-
curred between 700 °C and 900 °C, where it rose 
from 15.5% to 19.9%. This suggests that higher 
activation temperatures led to a progressive in-
crease in ash residue due to the loss of volatile 
organic components and the formation of new 
mineral structures. Table 3 presents the results of 

the pyrolysis of licorice root residue at varying 
temperatures. 

In the experiment, carbonized materials 
formed at 500 °C were also analyzed to assess the 
impact of KOH solution on their properties. Fig-
ure 3 shows the changes in the ash content after 
chemical activation for 20 h. 

Further research indicated that similar re-
sults could be achieved within 4 h by increas-
ing the activation temperature to 100 °C, with an 
optimal limit of 120 °C. This suggests that the 
chemical activation process could be optimized 
for enhanced efficiency and time savings. In the 
investigation of KOH’s effect on carbonized 
material obtained at 500 °C (AC-500), a signifi-
cant reduction in the ash content from 17.9% to 
4.35% was observed, indicating the solution’s 
high efficiency in leaching mineral components. 
However, when the mass ratio of KOH solu-
tion to carbonized material reached 7:1, the ash 

Figure 2. Quantitative dependency of ash content in carbonized material on activation temperature

Figure 3. Correlation between ash content and the mass ratio of KOH to the carbonization product during 
activation



203

Journal of Ecological Engineering 2026, 27(9), 196–215

content slightly increased to 4.57%. This minor 
increase might be due to secondary precipita-
tion of soluble mineral components, which could 
stem from the changes in the solubility or solu-
tion saturation leading to partial recrystallization 
and increased ash content (Ramamoorthy et al., 
2020). The conditions affect the porous structure 
of the materials.

The results suggest that the optimal KOH so-
lution to carbonized product mass ratio for mini-
mizing ash content ranged between 1:1 and 5:1. 
Beyond this range, the leaching efficiency de-
creased, causing a higher ash content. The yield 
decreased with higher KOH solution flow rates 
at a 1:1 ratio (AC1-800), the yield was 22.9%, 

whereas at ratios of 1:3, 5, and 7 (AC3-500, 
AC5-500, and AC7-500), the yields were 22.2%, 
21.8%, and 21.3%, respectively. This highlights 
the need to control KOH concentration during pu-
rification to achieve optimal results.

Characterization of samples

X-ray diffractograms of the samples were 
studied. The comparative results are presented 
in Figure 4. Figure 4 shows that the peaks at 
2θ in the X-ray diffractograms of carbons indi-
cate the presence of graphite-like structures and 
amorphous carbon. In carbons with various de-
grees of metamorphism, a peak around 20–30° 

Figure 4. X-ray diffractograms of samples: (a) biocarbons and (b) ash fraction of licorice root residue
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(2θ) corresponds to the (002) plane of graphite, 
suggesting a layered carbon structure. The peak 
around 40–45° (2θ), related to the (100) or (101) 
planes, was associated with the interplanar dis-
tance in aromatic layers. A broader, less intense 
peak around 15–25° (2θ) indicates amorphous 
carbon and a low degree of graphitization.

Comparing the X-ray diffractograms of three 
different carbon samples (AC1-800, AC3-800, 
AC5-800 and AC7-800), thermally activated 
at 800 °C after chemical activation with KOH, 
revealed distinct structural changes. The AC1-
800 sample showed characteristic peaks (2θ) at 
29.18°, 26.37°, and 42.91°, indicating certain 
crystalline phases. The AC5-800 sample dis-
played changes in peak intensity and position 
compared to the original carbonized sample, re-
flecting structural changes due to KOH treatment. 
Peaks (2θ) at 29.26°, 26.47°, and 39.27° suggest 
new porous structures.

The AC5-800 sample showed more pro-
nounced changes with strong peaks at 26.15, 
43.47, and 64.16°, indicating the formation of spe-
cific structural features due to thermal treatment. 
According to previous studies (Wu and Zhang, 
2019), thermal and chemical activation processes 
significantly altered carbon’s structure, develop-
ing porous structures and functional groups that 
enhance adsorption properties. The diffracto-
grams suggest that the AC3-800 samples had an 
amorphous character, while the AC5-500 sample 
showed changes before and after treatment due to 
chemical activation, and the AC7-800 exhibited 
pronounced crystalline peaks, indicating a higher 
degree of crystallinity.

By analyzing the X-ray diffractogram of the 
carbon ash fraction in Figure 4b, while comparing 
the 2θ peaks and their corresponding d-spacing 
with standard X-ray diffraction data, it is evident 
that higher and narrower peaks indicate larger and 
more ordered crystalline phases. The peak with 
the highest intensity (I/II = 100) at 29.1815° and d 
= 3.05780 Å likely corresponded to quartz (SiO2), 
a common mineral in carbon ash.

The ash also contained muscovite or illite 
with its peaks around 26.4463° and 39.2239° 
(2θ), indicating layered silicates and hematite, 
or magnetite with its peak around 64.5487° (2θ), 
corresponding to iron oxides. The porosity of ac-
tivated carbons stems from three primary sources: 
the internal cell structure of the original material, 
the charcarbon preparation conditions, and the 
starting material’s composition. 

Scanning electron microscopy (SEM) allows 
for observing the surface topography of carbons, 
crucial for determining pore shape and orienta-
tion. SEM also can track changes in the starting 
material during activated carbon production, en-
hancing the understanding of pore development 
(Achaw, 2012). The study of the surface mor-
phology of carbon samples derived from licorice 
root residue indicated that thermal treatment and 
chemical activation altered the porous structure 
and the quantitative content of major elements, 
such as carbon (Figure 5 and Table 4).

Figure 5 illustrates the surface morphology 
and pore structure of the carbonized and activated 
samples. The SEM image of the carbonized sample 
(C-500) shows irregular, broken particles with rel-
atively smooth surfaces and limited visible porosi-
ty, indicating the initial stage of pore development.

Thermal activation at 800 °C, significant 
changes in morphology are observed. The C-800 
sample exhibits the formation of a porous struc-
ture, although pore development remains rela-
tively limited. With chemical activation KOH, the 
AC3-800 and AC5-800 samples show progres-
sively more developed and well-defined porous 
networks, indicating enhanced activation and 
pore formation.

The AC5-800 sample demonstrates the most 
developed and uniform porous structure, which is 
consistent with its highest surface area and pore 
volume reported in Table 5. In contrast, the AC7-
800 sample shows signs of structural deteriora-
tion, likely due to overactivation, which can lead 
to partial pore collapse or blockage.

These observations are consistent with textur-
al analysis results, confirming that both thermal 
and chemical activation significantly enhance 
porosity. The evolution of pore structure with in-
creasing KOH ratio reflects the balance between 
pore formation and destruction, with optimal de-
velopment observed at a ratio of 1:5.

Table 4 shows a significant increase in car-
bon content from the C-500 carbonized sample 
to the thermoactivated samples AC3-800 and 
AC5-800, indicating that activation at 800 °C 
enhanced carbon content, likely improving 
the carbon’s adsorption properties. The AC3-
800 and AC5-800 displayed a notable reduc-
tion in oxygen content, as compared to C-500 
and C-800. This reduction likely resulted from 
the thermal breakdown of oxygen-containing 
groups during high-temperature processing. The 
original C-500 sample contained elements such 
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Figure 5. SEM images of samples: (a) C - 500; (b) C-800; (c) AС1 – 800; (d) AС3 – 800; 
(e) AС5 – 800 and (f) AC7-800

as Na, Mg, Si, P, S, Cl, K, Ca, Al, and Fe, which 
were diminished or absent in the activated sam-
ples, suggesting that activation removed certain 
inorganic impurities. The sample AC5-800, 
with higher carbon content and lower oxygen 
content than the C-800, indicates that activation 
not only changed the chemical composition, but 
also enhanced the carbon’s porosity and adsorp-
tion efficiency.

Figure 6 shows minor differences in the in-
frared (IR) spectra with respect to absorption in-
tensity. The activated carbons exhibited signifi-
cantly higher band intensities, as compared to 
the carbonized material obtained at 500 °C. The 
OH group peak shifted from 3445 cm⁻¹ in the 
carbonized material to 3435 cm⁻¹ (for the AC3-
800) and 3426 cm⁻¹ (for the AC5-800) in KOH-
activated samples. Although thermal activation 
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did not significantly change the peak positions, 
it reduced their intensity, indicating fewer -OH 
groups after thermal treatment of chemically 
activated samples. In the AC1-800, the peaks 
at 2922 and 2852 cm⁻¹ corresponded to the C-H 
bonds in alkyl chains, while the 1618 cm⁻¹ peak 
suggested C=C bonds, found in aromatic rings. 
The 1384 cm⁻¹ peak indicates symmetric bend-
ing of C-H groups, and the 1032 cm⁻¹ peak im-
plied C-O bonds typical of ethers or alcohols.

For the AC3-800, the spectrum showed peaks 
at 3430 cm⁻¹ (OH groups), 2924 and 2853 cm⁻¹ 
(C-H bonds), 1634 cm⁻¹ (C=C or C=O bonds), 
1384 cm⁻¹ (C-H bonding), and 1033 cm⁻¹ (C-O 

bonds). These spectra indicate that the main ab-
sorption peaks remained unchanged, preserving 
the primary chemical groups in the sample. Slight 
changes in intensity and peak positions implied 
changes in the functional groups’ environment 
due to interaction with KOH or structural changes 
in the carbonized material.

Comparing the AC5-800 with the previous 
samples, the 2924 and 2854 cm⁻¹ peaks were less 
pronounced, indicating transformations in alkyl 
chains. The 1635 cm⁻¹ peak was more intense 
and sharper, suggesting an increase in carbonyl 
groups or higher conjugation in the carbon mate-
rial. These changes resulted from KOH treatment, 

Table 4. Elemental analysis of carbon samples

Elements
Elements in each sample (%)

C - 500 C-800 AC1-800 АС3 - 800 АС5 - 800 AC7-800

C 77.78 79.55 93.77 94.37 97.91 97.28

O 13.26 11.45 4.32 4.05 0.98 1.2

Na 0.51 0.26 0.12 - - –

Mg 0.90 0.78 0.24 0.25 – –

Si 0.32 5.16 – 0.30 0.28 0.24

P 0.21 0.22 – - - –

S 0.15 0.11 – - - –

Cl 0.42 0.42 – - - –

K 2.84 1.64 0.42 0.38 0.20 0.44

Ca 2.63 0.68 0.51 0.45 0.42 0.42

Al 0.48 0.22 0.11 0.09 - 0.24

Fe 0.52 0.61 0.13 0.11 0.18 0.18

Figure 6. FT-IR spectra of carbons
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leading to additional oxidation and modification 
of the carbon’s chemical structure.

Texture characteristics

The temperature of the carbonization process 
significantly influences the porous structure of 
the materials. Figure 7 shows nitrogen adsorp-
tion isotherms for carbonized materials obtained 
at varying temperatures. These isotherms (Fig-
ure 7) were hybrids of Type I (sharp increase in 

adsorption at P/P0 < 0.05, typical of microporous 
solids) and Type IV (hysteresis loop formation at 
moderate and high pressures).

Carbon activation with KOH enhanced spe-
cific surface area, porosity, and pore distribution 
(Ghorbani et al., 2020b). It was obvious from Fig-
ure 8 that isotherms of all four samples belong to 
type IV, indicating mesopore filling with a plateau 
at high relative pressures. The AC5-800 and AC3-
800 exhibited higher adsorption capacities than the 
AC1-800 and AC7-800, suggesting more adsorbed 

Figure 7. N2 adsorption/desorption isotherms on carbonized materials obtained at varying temperatures

Figure 8. Nitrogen adsorption and desorption isotherms on thermochemical activated samples
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substance at the same relative pressures. Th e steep 
initially rose in all curves implies micropores, 
with adsorption increasing with relative pressure, 
typical of physical adsorption. Increasing KOH 
amount boosted the adsorbent’s adsorption capac-
ity, consistent with textural characteristics showing 
larger specific surface area and pore volume with 
higher carbonized material to KOH ratios.

The textural properties presented in Table 5 
enable a direct comparison between thermal ac-
tivation and chemical (KOH-assisted) activation, 
highlighting fundamental differences in pore 
development mechanisms. Thermally activated 
samples (C-500 to C-950) exhibited a gradual 
increase in specific surface area with tempera-
ture, reaching a maximum at 800 °C (169.81 
m²/g), followed by a decline at higher tempera-
tures. This trend indicates that thermal activation 
alone promotes pore formation primarily through 
the decomposition of volatile components and 
gradual development of the carbon matrix. How-
ever, excessive temperatures (≥900 °C) lead to 
structural degradation, including pore widening, 
merging, and partial collapse, which reduces both 
micropore and mesopore volumes.

In contrast, chemical activation with KOH re-
sulted in a substantially more developed porous 
structure, with surface areas increasing dramati-
cally from 447.40 m²/g (AC1-800) to 917.69 m²/g 
(AC5-800). This demonstrates that chemical ac-
tivation is significantly more effective in gener-
ating porosity than thermal treatment alone. The 
enhancement can be attributed to the dual role 
of KOH, which not only facilitates carbon etch-
ing and pore creation but also removes inorganic 

components, thereby increasing accessible sur-
face area and pore volume. Unlike thermal acti-
vation, where pore formation is mainly governed 
by temperature, chemical activation introduces an 
additional parameter—activating agent concen-
tration—which allows more precise control over 
pore structure.

A key distinction between the two processes 
lies in pore size distribution evolution. Thermal 
activation showed limited development of micro-
porosity and mesoporosity, with relatively low 
Va and Vb values even at optimal temperature. 
Conversely, chemical activation significantly in-
creased both micropore and mesopore volumes, 
indicating the formation of a hierarchical pore 
structure. This is particularly evident in the AC5-
800 sample, where balanced micro–mesoporous 
development was achieved, which is desirable for 
adsorption applications involving molecules of 
different sizes.

However, the results also reveal a critical 
limitation of chemical activation. Increasing the 
KOH ratio beyond the optimal level (AC5-800) 
resulted in a decline in specific surface area and 
pore volume (AC7-800), indicating over-acti-
vation. This phenomenon is associated with ex-
cessive carbon burn-off, pore wall thinning, and 
eventual pore collapse or blockage. In contrast to 
thermal activation, where structural degradation 
is primarily temperature-driven, chemical activa-
tion is more sensitive to reagent concentration, 
making process optimization essential.

Overall, while thermal activation provides 
a simpler and more stable pathway for carbon 
structure development, its ability to generate 

Table 5. Textural characteristics of samples

Sample S1

(m2/g)
S2

(m2/g)
t-Plot*

(m2/g)
Va

(cm3/g)
Vb

(cm3/g)
R

(Å)
C - 500 11.18 17.54 2.89 0.0043 0.0038 49.86

C - 600 49.45 77.96 12.96 0.0187 0.0174 49.44

C - 700 80.71 125.98 18.09 0.0321 0.0252 50.54

C - 800 169.81 266.63 53.99 0.0627 0.0635 48.30

C - 900 77.52 121.10 15.33 0.0350 0.0116 56.96

C - 950 98.98 144.01 18.24 0.0420 0.0136 56.94

АС1 - 800 447.40 698.93 87.44 0.2340 0.2543 22.11

АС3 - 800 799.67 1283.20 166.89 0.4180 0.4591 22.53

АС5 - 800 917.69 1451.20 203.36 0.4870 0.5167 22.21

АС7 - 800 837.77 1333.00 185.26 0.3960 0.4784 22.37

Note: S1 – specific surface area by BET; S2 – specific surface area by Langmuir; * – external surface area; Va – 
micropore volume; Vb – mesopore volume; R – median pore width.
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high surface area and well-developed porosity is 
limited. Chemical activation, on the other hand, 
is markedly more efficient in enhancing textural 
properties, producing carbons with significantly 
higher surface area and pore volume. Neverthe-
less, its effectiveness is constrained by the risk 
of over-activation, emphasizing the need for 
careful control of KOH concentration. These 
findings confirm that thermochemical activation 
offers superior performance compared to purely 
thermal treatment, but only within an optimal 
activation window.

The pore size distributions of the samples ac-
cording to N2 adsorption-desorption isotherms 
are shown in Figure 9.

It can be seen from Figure 9 that during the 
initial activation phase with a carbon-to-KOH 
ratio of 1:1, the porous structure was dominated 
by micropores (diameters smaller than 2 nm). 
The cumulative pore volume reached 0.24 cm3/g, 
with micropores accounting for the majority of 
the porosity. Mesopores (diameters between 2–50 
nm) were minimal, indicating that low KOH 

concentrations primarily facilitate the formation 
of narrow pores, suitable for adsorbing small 
molecules. Increasing the ratio to 1:3 resulted in a 
substantial increase in pore volume, with the cu-
mulative volume nearly doubling to 0.44 cm3/g. At 
this stage, mesopore formation began, signifying 
an expansion in the pore size distribution and the 
development of a more diverse porous structure. 
The optimal porosity was achieved at a carbon-
to-KOH ratio of 1:5, where the cumulative pore 
volume peaked at 0.48 cm3/g. This ratio promoted 
a balanced development of both micropores and 
mesopores, resulting in a well-distributed porous 
structure. The enhanced fraction of mesopores at 
this stage made the material particularly effective 
for adsorbing molecules of varying sizes.

The observed reduction in adsorption capac-
ity and surface area at the highest KOH/carbon 
ratio (1:7) is a characteristic result of starting 
point of over-activation. While KOH facilitates 
pore formation through the etching of the carbon 
matrix, an excessive concentration leads to a sec-
ondary reaction where the pore walls become too 

Figure 9. The pore size distributions of: (a) АС1 – 800, (b) АС3 – 800, (c) АС5 – 800, (d) АС7 – 800
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Figure 10. Evolution of pore structure in KOH-activated carbon showing progressive etching, pore wall 
thinning, collapse, and pore merging with increasing activation severity

Figure 11. Adsorption isotherms of MB on the studied adsorbent (Legend: Blue line: C-500, Red line: C-800, 
Yellow line: AC1-800, Orange line: AC3-800, Gray line: AC5-800, Black line: AC7 -800)

thin and eventually collapse. This structural deg-
radation results in the merging of micropores into 
larger, less effective voids or the complete block-
age of pore entries by redistributed carbonaceous 
matter, thereby reducing the available specific 
surface area for methylene blue molecules (Luo 
et al., 2020; Wijewardhana et al., 2026).

However, further increasing the KOH ratio to 
1:7 led to a slight reduction in the cumulative pore 
volume to 0.42 cm3/g. This decline is likely due 
to pore destruction or redistribution caused by ex-
cessive activation, a phenomenon known as over-
activation. Such overactivation can compromise 

the material’s overall porosity, diminishing its 
effectiveness as an adsorbent (Harimisa et al., 
2022) (Figure 10).

Adsorption of methylene blue (MB) 		
on samples

The adsorption isotherms of MB on the stud-
ied adsorbents are presented in Figure 11.

Figure 11 demonstrate that thermal treatment 
temperature significantly influences the initial 
adsorption characteristics of the biocarbons. The 
C-800 sample shows a higher adsorption capacity 
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Table 6. Comparison of textural characteristic indicators based on methylene blue adsorption

Sample K Surface area, (m²/g) ΣV (cm³/g) R2 (%)

С-500 107.61 1.83 0.0029 99.5

С-800 405.62 2.81 0.0045 99.3

АC1-800 233.03 10.83 0.0171 96.7

АC3-800 342.47 12.89 0.0204 96.6

АC5-800 359.29 31.42 0.0497 96.9

АC7-800 438.79 9.026 0.0143 97.7

at the initial stage compared to the C-500, suggest-
ing that increasing the carbonization temperature 
to 800 °C enhances the primary pore development 
and surface functionalities favorable for dye up-
take. However, both samples eventually reached 
a plateau at relatively low concentrations, indicat-
ing a limited number of available adsorption sites 
compared to chemically activated samples.

Specifically, while C-800 achieved a higher 
saturation level than C-500, its performance re-
mained constrained by a relatively low specific 
surface area of 169.81 m²/g, as shown in Table 
5. This confirms that while thermal activation 
at 800 °C is superior to 500 °C for creating a 
stable carbon matrix, it is insufficient on its own 
to produce the high-capacity porosity required 
for maximum methylene blue removal. Chemi-
cally activated samples (AC1-800, AC3-800, 
AC5-800, AC7-800) generally displayed higher 
adsorption capacities compared to the thermally 
activated samples prepared at 500 °C and 800 
°C. This indicates that KOH activation signifi-
cantly enhanced pore development, increased 
specific surface area, and improved the acces-
sibility of adsorption sites, thereby promoting 
adsorption performance.

This analysis highlights the strong influence 
of both thermal and chemical activation on the 
adsorption properties of activated carbons de-
rived from licorice root residue. In particular, 
the chemically activated samples exhibited supe-
rior adsorption behavior, suggesting their greater 
suitability for applications such as dye removal 
from aqueous solutions. The observed differences 
among the samples emphasize the importance of 
optimizing activation conditions, including tem-
perature and activating agent ratio, to maximize 
adsorption capacity and overall efficiency.

The correlation coefficients (R²) were used 
to assess the suitability of applying the equations 
for each adsorbent. From the adsorption isotherm 
data, the Langmuir constant and other parameters 

describing the surface properties of these carbon 
materials were determined (Table 6). Analysis of 
Table 6 reveals significant variations in the textur-
al characteristics and adsorption behavior of the 
prepared carbon adsorbents. A clear structure–
property relationship is observed for the AC1-
800 to AC5-800 series, where an increase in BET 
specific surface area from 447.40 to 917.69 m²/g 
is accompanied by a proportional rise in methy-
lene blue (MB) adsorption capacity. This trend 
confirms that surface area is a dominant factor 
governing adsorption performance in these hier-
archical porous structures.

In addition to surface area, the Langmuir con-
stant (K), which reflects adsorbent–adsorbate af-
finity, also varies considerably among samples. 
For example, C-800 exhibits a higher K value 
compared to C-500, indicating improved adsorp-
tion affinity at higher activation temperature. 
Notably, AC7-800 shows the highest Langmuir 
constant (438.791), suggesting the strongest in-
teraction with methylene blue among all samples, 
despite not following the same surface area trend.

However, adsorption behavior cannot be ex-
plained by surface area alone. Although AC7-800 
possesses a relatively high theoretical surface 
area, its reduced pore volume and less accessi-
ble internal structure limit diffusion of relatively 
large dye molecules such as methylene blue (ap-
proximate molecular dimensions 1.43 × 0.61 × 
0.40 nm). This makes pore size distribution and 
connectivity equally critical alongside total sur-
face area in determining adsorption efficiency.

The total pore volume further supports these 
observations, with AC5-800 showing the highest 
value (0.0497 cm³/g), consistent with its favor-
able adsorption of larger molecules. Meanwhile, 
the correlation coefficient (R²) values for most 
samples, including C-500 and C-800 (99.5% and 
99.3%, respectively), confirm that the Langmuir 
isotherm adequately describes the adsorption pro-
cess across these materials.
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This could be explained due to the fact that 
activated carbons derived from different precur-
sor materials, such as licorice root residue and 
carbon, exhibited distinct physical and chemi-
cal properties, such as surface area, pore struc-
ture, and surface functionality. By comparing the 
characteristics of licorice root-derived activated 
carbon with those of carbon-derived activated 
carbon, this work aimed to highlight the advan-
tages and limitations of using biomass residues 
as sustainable alternatives to traditional fossil-
based precursors.

The carbon samples serve as a benchmark 
due to their well-documented performance in ap-
plications, such as adsorption and catalysis. By 
referring to the properties of carbon-derived acti-
vated carbon, this work demonstrates that licorice 
root residue-derived activated carbon exhibited a 
comparable or superior performance with respect 
to adsorption capacity, specific surface area, pore 
size distribution.

While this study focuses on the initial adsorp-
tion performance, the regenerability of licorice 
root-based activated carbon is a vital factor for in-
dustrial viability. Previous research suggests that 
biomass-derived carbons can be regenerated via 
thermal treatment or solvent washing (e.g., etha-
nol or acidic solutions) to desorb organic dyes. 
However, repeated regeneration cycles typically 
result in a 50% decrease in efficiency due to the 
progressive loss of surface functional groups and 
the accumulation of residual adsorbate within the 
micropores, a factor that requires further long-
term stability testing for this specific material 
(Liyanaarachchi et al. 2023). Highlighting the 
differences between activated carbon from lico-
rice root residue and carbon also underscores the 
environmental and economic benefits of utilizing 
agricultural waste as a precursor. Unlike carbon, 
licorice root residue is a renewable and abundant 
resource, offering a more sustainable pathway for 
activated carbon production. This comparison 
emphasizes the broader implications of this work 
in promoting waste valorization and reducing re-
liance on non-renewable resources.

Despite its effectiveness, the thermochemical 
activation approach employed in this study pres-
ents two main limitations. First, the process is 
highly sensitive to the activating agent-to-carbon 
ratio, where deviations from the optimal KOH 
loading can lead to excessive etching and pore 
wall thinning. At higher ratios (e.g., AC7-800), 
this over-activation may result in partial pore 

coalescence and structural degradation of the 
carbon framework, as suggested by the reduced 
surface area and adsorption performance. Second, 
the method requires high-temperature treatment 
(800 °C) under an inert atmosphere (N₂), which 
increases energy consumption and operational 
complexity compared to lower-temperature phys-
ical activation routes, thereby potentially increas-
ing process cost and environmental burden.

CONCLUSIONS

This study has successfully optimized the 
production parameters for creating activated car-
bon (AC) from licorice root residue, a biomass 
waste generated by the herbal processing indus-
try. By systematically adjusting carbonization 
temperature, KOH concentration, and activation 
time, this work has provided insights into how 
these factors influence the development of po-
rous structure and adsorption performance. The 
application of thermochemical activation using 
KOH proved effective in enhancing surface area 
and tailoring pore size distribution, which in turn 
improved the material’s adsorption capabilities.

The optimized sample, designated AC5-800, 
demonstrated exceptional textural properties, 
achieving a specific surface area of 917.69 m²/g, 
along with a micropore volume of 0.487 cm³/g and 
a mesopore volume of 0.5167 cm³/g. This hierarchi-
cal pore structure enabled AC5-800 to effectively 
adsorb pollutants in both gaseous and liquid phases.

The optimization protocols established in this 
study, specifically the 1:5 KOH ratio and 800 °C 
activation was not limited to licorice root residue. 
This method can be effectively translated to other 
lignocellulosic biomass types common in regional 
agriculture, such as cherry pits, cottonseed husks, 
or walnut shells. The inherent similarity in the 
cellulose-hemicellulose-lignin framework of these 
materials suggests that they would follow similar 
pyrolytic and etching pathways, offering a versa-
tile template for localized waste valorization.

The study also revealed that the optimal KOH-
to-carbon ratio was 1:5, which led to a total pore 
volume exceeding 1 cm³/g—a critical factor for 
maximizing adsorption efficiency. Increasing the 
KOH ratio further (to 1:7) triggered partial pore 
collapse, resulting in reduced pore volume (0.874 
cm³/g) and poorer adsorption performance. In con-
trast, reducing the KOH ratio to 1:3 enhanced mes-
opore formation, resulting in mesopore volume of 
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0.877 cm³/g. This mesopore-rich structure created 
favorable adsorption pathways for larger organic 
and inorganic pollutants, demonstrating how care-
ful adjustment of activation conditions allows tai-
loring for specific environmental applications.

Comprehensive morphological and structural 
analyses confirmed that the optimized activated 
carbons exhibited well-developed porosity along-
side a stable amorphous carbon backbone. SEM 
imaging highlighted a uniform porous network, 
while XRD analysis verified the absence of crys-
talline impurities, confirming the successful con-
version of biomass into high-quality amorphous 
carbon. Furthermore, FTIR spectroscopy detected 
a diverse array of oxygen-containing functional 
groups—such as hydroxyl, carboxyl, and carbon-
yl groups—on the carbon surface. These func-
tional groups enhanced the affinity for polar pol-
lutants, further boosting adsorption performance.

The adsorption capacity of the produced acti-
vated carbons was also evaluated using methylene 
blue as a model contaminant. Among the sam-
ples, AC5-800 exhibited the highest MB uptake, 
attributed to its specific surface area of 31.42 m²/g 
and pore volume of 0.0497 cm³/g. Adsorption 
data fitted well to the Langmuir isotherm (R² = 
0.995), indicating that the adsorption mechanism 
followed monolayer coverage on a homogeneous 
surface. The optimized AC1-800 and AC5-800 
demonstrated remarkable performance in remov-
ing organic dyes, making them promising options 
for wastewater treatment applications.

Overall, this work confirms that licorice root 
residues, previously considered a low-value by-
product, can be upcycled into high-performance 
activated carbons for environmental remediation. 
This work not only promotes the circular utiliza-
tion of industrial waste but also supports the de-
velopment of cost-effective adsorbents for air and 
water purification. Future efforts should explore 
process scaling, compatibility with other chemi-
cal activators, and performance testing under 
real-world conditions to further expand the ap-
plicability of these sustainable adsorbents across 
different environmental sectors.
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