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ABSTRACT
This study aims to develop high-performance carbon adsorbents from plum pit shells and to evaluate the relation-
ship between synthesis conditions, structural evolution, and Cu(II) adsorption performance in aqueous systems. 
The work addresses the valorization of agricultural waste into functional porous carbon materials suitable for 
environmental remediation applications. Plum pit shells were converted into carbon materials through controlled 
pyrolysis followed by KOH chemical activation. The influence of carbonization temperature, activation ratio, 
and thermal treatment conditions on material structure was systematically investigated. The resulting materials 
were characterized using SEM, XRD, FTIR, TGA, and nitrogen adsorption-desorption analysis, while adsorp-
tion behavior toward Cu(II) ions was evaluated through batch experiments under varying operational parameters, 
including pH, adsorbent dosage, contact time, and temperature. Equilibrium, kinetic, and thermodynamic models 
were applied to describe the adsorption process. The results showed that the optimized activated carbon achieved 
a specific surface area of up to 944.25 m²/g at a KOH-to-biochar ratio of 1:0.05. Cu(II) removal efficiency reached 
approximately 95% under optimal conditions (pH 5–6, 1.5–2.0 g/L dosage, 60–90 min contact time). Adsorption 
data were well described by the Langmuir model (R² > 0.99), indicating predominantly monolayer adsorption. 
Thermodynamic analysis confirmed that the process is spontaneous and exothermic, with negative Gibbs free 
energy values across the studied temperature range. The initial hypothesis regarding the formation of highly po-
rous carbon structures and their strong affinity for Cu(II) ions was confirmed. A limitation of this study is that 
adsorption performance was evaluated using synthetic aqueous solutions rather than real wastewater systems, 
and regeneration cycles were not experimentally validated. Nevertheless, the materials demonstrate strong po-
tential for practical water treatment applications. The practical value of this work lies in transforming low-cost 
agricultural waste into efficient adsorbents for heavy metal removal, contributing to sustainable water purification 
technologies. The originality of the study is in the systematic correlation of KOH activation parameters with pore 
development and adsorption performance for plum pit-derived carbon, an underexplored biomass precursor. The 
findings provide new insights into biomass-derived carbon design and support circular economy strategies for 
waste-to-material conversion.
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INTRODUCTION

Rapid industrialization and population growth 
have intensified the discharge of hazardous con-
taminants into aquatic systems, including heavy 
metal ions, dyes, and organic pollutants, posing 
significant risks to ecosystems and human health 
(Muratov et al., 2024). Conventional water treat-
ment technologies such as chemical precipitation, 
membrane filtration, and ion exchange are widely 
applied; however, they often suffer from limita-
tions including high operational costs, secondary 
waste generation, and energy demand. Among 
available alternatives, adsorption remains one of 
the most efficient and operationally simple ap-
proaches for contaminant removal, particularly 
when using porous carbon-based materials. 

Activated carbon is extensively used as an 
adsorbent due to its high surface area and tun-
able porosity. However, its large-scale production 
is still predominantly based on non-renewable 
precursors such as coal and petroleum-derived 
feedstocks, which limits its sustainability and in-
creases environmental burden (Khoshimov et al., 
2025). In recent years, biomass-derived carbons 
have attracted increasing attention as sustainable 
alternatives, offering low cost, renewable sourc-
ing, and waste valorization potential. Agricultural 
residues such as nutshells, fruit pits, and shells are 
particularly promising due to their high carbon 
content and lignocellulosic structure.

Among agricultural wastes, fruit pit shells 
represent an underutilized biomass fraction with 
potential for carbon material production. Plum 
pits are generated in large quantities by the fruit 
processing industry, and their disposal presents 
both environmental and economic challenges. 
Their relatively high fixed carbon content and 
rigid structure make them suitable precursors for 
activated carbon synthesis. However, despite ex-
tensive studies on other fruit-derived biomasses 
such as apricot, cherry, and walnut shells, sys-
tematic investigation of plum pit shell-derived 
activated carbon remains limited, particularly in 
terms of controlled synthesis–structure–perfor-
mance relationships.

Although biomass-derived activated carbons 
have been widely investigated, several key scien-
tific gaps remain. First, the influence of combined 
carbonization and chemical activation parameters 
on the development of pore structure in plum pit-
derived carbons has not been systematically stud-
ied. Second, the relationship between activation 

conditions, surface chemistry, and heavy metal 
adsorption performance remains insufficiently 
understood for this precursor. Third, quantita-
tive evaluation of adsorption behavior, including 
equilibrium, kinetics, and thermodynamics for 
Cu(II) removal using plum pit-derived carbons, is 
still limited in the literature.

Over the years, researchers have explored 
biomass-derived materials for activated carbon 
production, including coconut shells, corn cobs, 
rice husks, walnut shells, and sawdust. Different 
activation methods, including physical (steam 
and CO₂) and chemical (acid and base) activa-
tion, have been employed to enhance the porosi-
ty and adsorption capacity of carbon adsorbents. 
In this process, using KOH, H3PO3, and ZnCl2 
has been highly efficient at generating high-sur-
face-area carbons featuring optimised porosity 
(Arami-Niya et al., 2010). 

Despite these advancements, research on plum 
pit shells as a starting material for activated car-
bon remains limited. Some studies have investi-
gated the thermal and chemical treatment of fruit 
pit shells, including apricot and cherry, but com-
prehensive studies on the optimisation of plum pit 
shell activation processes, structural characterisa-
tion, and application potential in environmental re-
mediation are lacking. Furthermore, there is a need 
for systematic investigations into the effects of 
activation parameters on adsorption property, and 
comparison with conventional activated carbons.

Despite the progress in biomass-based acti-
vated carbon research, several knowledge gaps 
remain. First, there is limited information on 
the optimal processing conditions for convert-
ing plum pit shells into high-performance carbon 
adsorbents. The influence of different operational 
factors, including thermal input, activation agent 
concentration, activation time, on the textural and 
chemical properties of the resulting adsorbents has 
not been fully explored. Additionally, although 
studies have reported the adsorption capacities of 
bio-based carbons, comprehensive evaluations of 
their adsorption mechanisms, kinetics, and ther-
modynamics for various pollutants remain lack-
ing (Neme et al., 2022). Moreover, the long-term 
stability, reusability, and regeneration potential of 
plum pit shell-derived adsorbents remain unas-
sessed. Addressing these gaps will provide valu-
able insights into the feasibility of using plum pit 
shells as a sustainable precursor for carbon ad-
sorbents and their practical applications in real-
world environmental scenarios.
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The primary objective of this research is to 
generate and characterise robust carbon adsor-
bents from plum pit shells using optimised car-
bonisation and chemical activation techniques. 
Specifically, this investigation was centered on 
understanding how carbonization and activation 
parameters on the compositional and adsorption 
aspects of the produced adsorbents and evaluates 
the physicochemical properties of the synthesized 
adsorbents using SEM, XRD, TGA, and nitro-
gen adsorption-desorption isotherms. Addition-
ally, this work assesses the adsorption behaviour 
of the developed materials for the separation of 
contaminants from water and air and compares 
the effectiveness of plum pit shell-derived adsor-
bents with commercial activated carbons. Even-
tually, this work analyzes the sustainability and 
economic viability of utilizing plum pit shells for 
large-scale adsorbent production.

Based on the above considerations, this study 
is guided by the following hypothesis:
	• H1: Controlled carbonization followed by 

KOH chemical activation of plum pit shells 
can generate a highly porous carbon structure 
with enhanced surface area and active adsorp-
tion sites.

	• H2: The adsorption performance toward 
Cu(II) ions is strongly governed by activation 
conditions (carbonization temperature, activa-
tion ratio), which directly influence pore de-
velopment and surface functionality.

	• H3: The resulting activated carbons exhibit 
adsorption behavior that can be quantitatively 
described by conventional isotherm and kinet-
ic models, indicating predominantly surface-
driven adsorption mechanisms.

The primary objective of this work is to syn-
thesize and systematically characterize activated 
carbons derived from plum pit shells via con-
trolled carbonization and KOH activation, and to 
evaluate their performance for Cu(II) ion removal 
from aqueous solutions. Specifically, this study 
investigates (i) the effect of thermal and chemical 
activation parameters on textural and structural 
properties, (ii) adsorption equilibrium and kinetic 
behavior of Cu(II), and (iii) structure–performance 
relationships governing adsorption efficiency.

This work provides a systematic evaluation 
of plum pit shell-derived activated carbons as a 
sustainable adsorbent precursor, focusing on the 
relationship between synthesis conditions and 
adsorption performance. Unlike previous studies 

primarily focused on more commonly investi-
gated biomass precursors, this study contributes 
comparative insights into an underexplored ag-
ricultural residue. The integration of physico-
chemical characterization with adsorption model-
ing enables a clearer understanding of adsorption 
mechanisms and material functionality.

The study indirectly supports sustainable de-
velopment goals related to responsible resource 
utilization (SDG 12) and clean water access 
(SDG 6) by exploring the conversion of agricul-
tural waste into functional carbon materials for 
water treatment applications. However, the pri-
mary contribution of this work is fundamentally 
scientific, focusing on material development and 
adsorption mechanism understanding rather than 
large-scale environmental implementation.

MATERIALS AND METHODS

Raw material preparation

Plum pit shells were collected from a single 
batch of agricultural waste biomass. Prior to use, 
the material was washed with deionized water to 
remove surface impurities and dried at 105 °C 
until constant mass. The dried material was me-
chanically crushed and sieved to obtain a uniform 
particle size fraction <1 mm for reproducibility.

Carbonization

Carbonization was carried out in a program-
mable tubular furnace under a continuous argon 
atmosphere (purity ≥ 99.999%) to prevent oxida-
tion. The argon flow rate was maintained at 40 
mL/min using a mass flow controller throughout 
the process.

Samples were heated from room temperature 
to target temperatures in the range of 500–900 °C 
at a constant heating rate of 5 °C/min. The target 
temperature was maintained for 60–300 min de-
pending on experimental design. After completion 
of the holding step, samples were cooled naturally 
to room temperature under continuous argon flow.

To ensure reproducibility, each carbonization 
condition should be performed in at least tripli-
cate independent runs, although replication was 
not specified in the original description.

Biochar used for activation was selected from 
material produced at 500 °C with a residence time 
of 60 min.
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Chemical activation with KOH

Chemical activation was performed using po-
tassium hydroxide (KOH, analytical grade). Bio-
char was mixed with KOH at mass ratios of 1:1, 
1:2, and 1:3 (biochar:KOH). Deionized water was 
added to fully immerse the mixture, and the sus-
pension was stirred at room temperature for 24 h 
to ensure homogeneous impregnation.

After impregnation, the mixture was dried at 
105 °C until constant mass. The dried impregnated 
precursor was then activated in a tubular furnace 
at 800 °C for 1 h under argon atmosphere (40 mL/
min), using the same heating rate of 5 °C/min. 
After activation, samples were cooled to room 
temperature under argon flow.

Post-treatment

Activated carbons were washed with 0.1 M 
HCl solution followed by repeated rinsing with de-
ionized water until the filtrate reached neutral pH 
(≈6.5–7.5). Washing was performed under continu-
ous agitation, filtrate of it tested with AgNO3 solu-
tion to determine residual Cl-.The washed samples 
were dried at 100 °C for 12 h, ground, and stored 
in a desiccator prior to characterization.

Material characterization

Thermal stability was evaluated by thermo-
gravimetric analysis (TGA) under inert atmo-
sphere with a heating rate of 10 °C/min.

Surface morphology was examined using 
scanning electron microscopy (SEM, EVO MA 
10, Carl Zeiss) without additional conductive 
coating details provided (gold/palladium coating 
should be specified if applied). Elemental com-
position was analyzed using energy-dispersive X-
ray fluorescence spectroscopy (EDXRF, Rigaku 
NEX CG). Crystalline structure was determined 
by X-ray diffraction (XRD, PANalytical Empy-
rean) using Cu Kα radiation (λ = 1.5406 Å), over 
a 2θ range of 10–80° with a step size of 0.02°.

Nitrogen adsorption–desorption isotherms 
were measured at 77 K using a Quantachrome 
Nova 1000e system. Prior to analysis, samples 
were degassed at 200 °C for 6 h under vacuum. 
Specific surface area was calculated using the BET 
model. Total pore volume was determined at rela-
tive pressure P/P₀ = 0.99. Pore size distribution was 
obtained using the BJH method, and micropore 
volume was calculated using the t-plot method.

Batch adsorption experiments

Adsorption of Cu(II) ions was studied in batch 
mode. A stock Cu(II) solution (100 mg/L) was 
prepared from CuSO₄·5H₂O (analytical grade) 
using deionized water. Working solutions in the 
range 10–200 mg/L were obtained by dilution.

In each experiment, 50 mg of adsorbent was 
added to 50 mL of Cu(II) solution in 100 mL con-
ical flasks. The pH was adjusted between 2 and 
8 using 0.1 M HCl or 0.1 M NaOH prior to ad-
sorption. Flasks were agitated under constant stir-
ring conditions 150–200 rpm at controlled tem-
perature (25–45 °C). Contact time varied from 
5 to 180 min depending on kinetic experiments. 
After adsorption, suspensions were filtered or 
centrifuged prior to analysis. Residual Cu(II) 
concentration was measured using atomic ab-
sorption spectroscopy (AAS) under instrument-
specific calibration conditions.

Adsorption calculations

Removal efficiency was calculated as:

	 %Remova l =  𝐶𝐶𝑜𝑜−𝐶𝐶𝑒𝑒
𝐶𝐶𝑜𝑜

100%    (1) 
 
qe= (𝐶𝐶𝑜𝑜− 𝐶𝐶𝑒𝑒)𝑥𝑥𝑥𝑥

𝑚𝑚      (2) 
 
1

𝑞𝑞𝑒𝑒
= 1

𝐾𝐾𝐿𝐿∙𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚
∙ 1

𝐶𝐶𝑒𝑒
+ 1

𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚
   (3) 

 
𝐿𝐿𝐿𝐿𝐿𝐿 𝑞𝑞𝑒𝑒 = Log 𝐾𝐾𝐹𝐹 + 1

𝑛𝑛  𝐿𝐿𝐿𝐿𝐿𝐿 𝐶𝐶𝑒𝑒 (4) 
 

	 (1)

Adsorption capacity was calculated as:

	

%Remova l =  𝐶𝐶𝑜𝑜−𝐶𝐶𝑒𝑒
𝐶𝐶𝑜𝑜

100%    (1) 
 
qe= (𝐶𝐶𝑜𝑜− 𝐶𝐶𝑒𝑒)𝑥𝑥𝑥𝑥

𝑚𝑚      (2) 
 
1

𝑞𝑞𝑒𝑒
= 1

𝐾𝐾𝐿𝐿∙𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚
∙ 1

𝐶𝐶𝑒𝑒
+ 1

𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚
   (3) 

 
𝐿𝐿𝐿𝐿𝐿𝐿 𝑞𝑞𝑒𝑒 = Log 𝐾𝐾𝐹𝐹 + 1

𝑛𝑛  𝐿𝐿𝐿𝐿𝐿𝐿 𝐶𝐶𝑒𝑒 (4) 
 

	 (2)

where:	C₀ – initial Cu(II) concentration (mg/L), 
Cₑ – equilibrium concentration (mg/L), V 
– solution volume (L), m – mass of adsor-
bent (g).

Isotherm and kinetic modeling

Adsorption isotherms were analyzed using 
Langmuir and Freundlich models in their linear-
ized forms, with parameters determined by linear 
regression:
	• Langmuir models
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	• Freundlich model
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Thermodynamic analysis

Thermodynamic parameters (ΔG, ΔH, ΔS) 
were calculated from temperature-dependent ad-
sorption data. The equilibrium constant K used 
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in ΔG = −RT lnK should be explicitly defined as 
derived from adsorption equilibrium data (e.g., 
Langmuir constant or dimensionless distribution 
coefficient), as ambiguity in K definition reduces 
reproducibility (Figure 1).

RESULTS AND DISCUSSION

Raw biomass properties

The physicochemical characteristics of pre-
cursor biomass play an important role in deter-
mining the yield, structural evolution, and surface 
chemistry of the resulting activated carbon, which 
ultimately influence its adsorption performance. 
Therefore, prior to carbonization and chemical 
activation, plum pit shells were characterized to 
assess their suitability as a carbon precursor. Bio-
mass materials with relatively high carbon content 
and low inorganic residue are generally consid-
ered favorable for the production of porous carbon 
adsorbents. The obtained results provide baseline 
information for interpreting structural transforma-
tions occurring during subsequent thermal and 
chemical treatments. The moisture and ash con-
tents of plum pit shells are presented in Table 1.

The moisture content of 8.5% indicates the 
presence of residual water within the biomass. 
From a process perspective, this parameter is rel-
evant because additional drying is required prior 

to pyrolysis, which may increase energy con-
sumption. Proper moisture control is therefore 
beneficial for improving process efficiency and 
stabilizing carbon yield during thermal treatment 
(Fu et al., 2019).

The ash content was found to be very low 
(0.07%), indicating minimal inorganic residue 
in the raw biomass. Low ash content is generally 
advantageous for activated carbon production, as 
excessive inorganic components may interfere 
with pore development during carbonization and 
activation (Chen et al., 2018). Overall, the low 
mineral residue suggests that plum pit shells are 
a suitable precursor for carbon material synthe-
sis and may serve as a viable agricultural waste 
resource within circular bioeconomy approaches.

Scanning electron microscopy (SEM) was 
used to examine the surface morphology of plum 
pit shells (Figure 2).

SEM observations indicate a heterogeneous 
surface structure with visible textural features that 
may serve as precursors for pore development 
after thermal treatment. However, at this stage, 
these features represent the natural morphology 
of the raw biomass rather than fully developed 
porosity, which forms during carbonization and 
activation.

The elemental composition of plum pit 
shells is presented in Table 2. Elemental analy-
sis shows that carbon (61.1%) is the dominant 
component of the biomass, followed by oxygen 

Figure 1. Step-by-step photos of the different stages of the research process
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Table 1. Main characteristic of the plum pit shells

Moisture (%) 8.5

Ash content (%) 0.07

Figure 2. SEM image of plum pit shells

(38.0%), which is typical for lignocellulosic ma-
terials. The presence of minor macro- and micro-
elements such as Ca, Mg, K, S, Cl, and Fe can be 
attributed to intrinsic plant metabolism and nu-
trient uptake during growth. Trace elements in-
cluding Al, Si, and Zr are likely associated with 
soil-derived mineral uptake or surface contami-
nation during biomass formation and handling. 
Overall, the elemental profile confirms that plum 
pit shells are primarily organic in nature, with 
relatively low levels of inorganic impurities, 
which is favorable for producing carbon-rich 
adsorbent materials. The presence of elements 
such as K, Ca, Mg, S, Cl, and Fe corresponds to 
essential nutrients involved in plant biological 
processes. In contrast, non-essential elements 
such as Al and Si are commonly found in plant-
derived biomass due to their natural abundance 
in soil environments (Lyrshchikov et al., 2016).

Thermal decomposition 

The TGA curve reveals three main stages of 
mass loss, which are characteristic of lignocellu-
losic biomass decomposition and are important 
for understanding thermal stability and carbon-
ization behavior.

The observed thermal transformations from 
Figure 3 indicate distinct mass loss stages that play 
a critical role in determining the efficiency and 
performance of the carbon adsorbent production 
process. In the first stage (34.3–213.22 °C), a mass 
loss of 8.024% was observed, which is primarily 
associated with the removal of physically adsorbed 
water and light volatile compounds. This stage re-
flects dehydration processes that occur at relatively 
low temperatures and is important for stabilizing 
the material prior to structural decomposition.

In the second stage (213.22–491.83 °C), a 
major mass loss of 53.87% occurred, correspond-
ing to the thermal degradation of hemicellulose, 
cellulose, and partially decomposed lignin. This 
stage represents the main decomposition region 
of the biomass structure, where the majority of 
organic components break down and a carbon-
rich matrix begins to form.

In the third stage (491.83–801.12 °C), a fur-
ther mass loss of 14.06% was recorded, which is 
associated with the continued decomposition of 
more thermally stable carbonaceous structures 
and the progression toward a more carbon-en-
riched residue. This stage is typically linked to 
the gradual evolution of the carbon matrix rather 
than pore formation itself.

The DTA curve shows a dominant thermal 
event with a peak at 384.61 °C, corresponding to 
the main decomposition of organic components in 
the biomass. Additional thermal transitions were ob-
served in the range of approximately 350–435.97 °C 

Table 2. Elemental composition of plum pit shells (%)

Elements С О Ca Si K Al Mg Zr Fe S Cl Cu

% 61.1 38.0 0.25 0.09 0.09 0.08 0.05 0.04 0.03 0.02 0.008 0.002
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Figure 3. Thermogram of plum pit shell

and 363.92–431.15 °C, which are consistent with 
overlapping decomposition of biomass constitu-
ents such as cellulose and lignin fractions.

The overall thermal behavior indicates that 
the main decomposition of plum pit shells occurs 
within the 300–500 °C range, which is typically 
considered the key carbonization window for lig-
nocellulosic materials. The measured thermal ef-
fect of 106.12 J/g reflects the energy associated 
with these decomposition processes (Huang et al., 
2024), which is relevant for evaluating the ener-
getic demands of the carbonization step.

Influence of pyrolysis temperature 		
on carbon yield

The initial stage of adsorbent preparation 
involved investigating the effect of pyrolysis 
temperature and residence time on the thermal 
decomposition behavior of plum pit shells in or-
der to select a suitable carbonized precursor for 
subsequent chemical activation. During pyroly-
sis, the biomass undergoes significant mass re-
duction due to the decomposition of its organic 
constituents. The temperature was varied in the 
range of 300–600 °C to evaluate its influence 
on carbonization behavior. The results shown in 
Figure 4 indicate that increasing pyrolysis tem-
perature leads to progressive mass loss due to the 

release of volatile compounds. At 300 °C, a mass 
loss of 30% was observed after 60 min, whereas 
at 600 °C the mass loss reached approximately 
75%, reflecting a more extensive decomposition 
of biomass components. In general, the rate of 
mass loss is higher at the initial stages of heating 
and gradually decreases with time, which is con-
sistent with the release of easily degradable vola-
tile fractions followed by slower decomposition 
of more stable structures (Nyugen et al., 2023).

At 500 °C, a relatively stable carbonization 
stage was observed, where sufficient decomposition 
of hemicellulose and cellulose occurs while leaving 
a carbon-rich solid residue derived mainly from lig-
nin structures. At higher temperature (600 °C), al-
though further mass loss (up to 82% at 150 min) 
was observed, this may lead to a reduced solid 
yield, which is an important factor for subsequent 
activation processes. Therefore, 500 °C was select-
ed as the carbonization temperature for the prepa-
ration of biochar used in the next stage of chemical 
activation, as it provides a balance between de-
composition degree and solid carbon yield.

Overall, the results indicate that increasing 
pyrolysis temperature enhances volatile remov-
al and promotes carbon enrichment of the solid 
residue. However, excessive thermal severity 
may reduce the available carbon yield for activa-
tion, which should be considered when selecting 
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carbonization conditions for activated carbon 
production (Devi et al., 2021).

Prior to chemical activation, the structural and 
elemental characteristics of the biochar obtained 
at 500 °C were analyzed to provide a reference 
state for further modification (Figure 5).

The SEM–EDS analysis of the biochar ob-
tained at 500 °C indicates an increased carbon 
content of 94.4%, while oxygen content de-
creased to 5.6%. This change is consistent with 
the removal of moisture and volatile organic com-
ponents during pyrolysis.

The observed surface features suggest a com-
pact carbonaceous structure with limited devel-
opment of fully formed porosity at this stage. 
However, these morphological characteristics 
represent the intermediate carbonization state pri-
or to chemical activation, rather than a fully de-
veloped porous structure. Therefore, this material 
can be considered as a carbon-rich precursor with 
further porosity development expected during 
subsequent KOH activation (Wang et al., 2012).

Finally, the carbonized material was impreg-
nated with a 30% KOH solution at mass ratios of 

Figure 4. Mass loss at different pyrolysis temperatures and times

Figure 5. SEM analysis results of the carbonized material pyrolyzed at 500 °C
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1:1, 1:3, and 1:5 (biochar:KOH) for 24 h. After 
impregnation, the samples were thermally treated 
at 800 °C for 1–1.5 h under an inert atmosphere. 
The resulting activated carbons were designat-
ed as FUА1:0.01KOH, FUА1:0.03KOH, and 
FUА1:0.05KOH, respectively.

Structural changes after KOH activation

The morphology of the thermochemical ac-
tivated carbon adsorbents was analyzed using 
scanning electron microscopy (SEM).

The SEM images in Figure 6 revealed that 
the particles were fractured, irregular, and amor-
phous, confirming a heterogeneous structure. 
High porosity was observed, with pores of vary-
ing sizes, which is advantageous for adsorption 
applications. SEM analysis revealed that the 
composition of the FUA1:0.05KOH sample con-
sists primarily of 98% C, 0.3% O, 0.9% K, 0.07% 
Al, 0.08% S, 0.10% Cl, 0.19% Cr, and 0.21% Fe. 
The increase in carbon content and the presence 
of 0.9% K in the activated sample suggest that 
residual reagent traces remained in the material 
despite the washing process (Lian et al., 2017).

These findings suggest that KOH activation 
plays a crucial role in developing porosity within 
the carbonized structure. The increase in pore 
formation enhances the surface area, making the 
material more effective for adsorption processes. 
The formation of micro- and mesopores is essen-
tial for applications in gas storage, water purifica-
tion, and catalysis (Kayser, 2020). X-ray diffrac-
tion (XRD) analysis was conducted to determine 
the crystalline nature of the carbonized samples.

The pyrolyzed plum pit shells at 500 °C pri-
marily exhibited an amorphous phase with traces 

of crystalline calcite and quartz minerals (Figure 
7). After steam gasification at 800 °C, the sample 
transitioned into a fully X-ray amorphous state. 
With increasing KOH modification, the intensity 
of crystalline phases decreased. The sample with 
an alkali ratio of 1:5 exhibited a completely X-ray 
amorphous structure, indicating that KOH activa-
tion effectively disrupted the ordered arrangement 
of carbon atoms. The amorphous nature of the 
material enhances its adsorption capabilities due 
to the presence of disordered carbon structures 
that provide active sites for pollutant binding 
(Chen et al., 2020). The following figures present 
the IR spectra of adsorbents activated with alkali 
at different ratios. 

Figure 8 presents the IR spectral analysis of 
FUA1:0.01KOH (a) and FUA1:0.05KOH (b) 
samples. The chemical functionalities of the ac-
tivated carbon samples were assessed using Fou-
rier-transform infrared (FTIR) spectroscopy. The 
spectra displayed weak peaks at 2674 cm⁻¹, 2160 
cm⁻¹, 2000 cm⁻¹, 1700 cm⁻¹, and 511.09 cm⁻¹. 
2674-2900 cm⁻¹ belong C-H stretching in alde-
hyde groups, indicating a low presence of alde-
hydes in the sample, while the peak at 2160 cm⁻¹ 
corresponds to C≡C (carbon-carbon triple bond) 
or C≡N (carbon-nitrogen triple bond), suggesting 
the formation of minimal unsaturated structures 
(Jiang et al., 2024).

The peak around 1700 cm⁻¹ is characteristic 
of C=O stretching in carbonyl compounds, con-
firming the presence of oxygen-containing func-
tional groups, while the peak at 511.09 cm⁻¹ is 
associated with C-H bending vibrations, further 
supporting the existence of residual organic moi-
eties. These FTIR findings indicate that the ac-
tivation process introduces oxygen-containing 

Figure 6. Micrographs of carbon-based adsorbents activated with KOH: (А) FUА1:0,01KОН; 
(B) FUА1:0,03KОН; (C) FUА1:0,05KОН
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Figure 7. X-ray diffractograms of carbonized and modified plum pit shells samples: (a) 750 ℃ steam activation, 
(b) FUА1:0,02KОН, (c) FUА1:0,05KОН, d) 500 ℃ carbonizate

functional groups, which can enhance the adsorp-
tive properties of the material. The presence of 
these groups contributes to improved interaction 
between the carbon adsorbents and target con-
taminants in aqueous or gaseous environments 
(Guo et al., 2020).

Surface area and pore structure

The nitrogen adsorption analysis provided 
valuable insights into the surface area and po-
rosity of carbon materials derived from plum 
pit shells (Figure 9). Figure 10, the nitrogen ad-
sorption-desorption isotherms’ prepared carbons 
exhibit a hybrid profile, indicating the presence 
of both micro- and mesoporous structures. When 

P/P0 < 0.05, this isotherm aligns with Type I be-
havior, characteristic of microporous materials. 
At higher pressures, the observed hysteresis loop 
corresponds to Type IV isotherms, confirming the 
existence of mesopores. These findings under-
score the material’s hierarchical porosity, which 
enhances its suitability for adsorption-based ap-
plications (Kayser, 2020).

The specific surface area (SBET) of the raw 
plum pit shell, as determined by the BET method 
(Chen et al., 2020), was initially recorded at 1.34 
m²/g (Table 3). Following thermal activation at 
500 °C, the surface area increased significantly to 
84.24 m²/g, highlighting the structural transfor-
mation induced by carbonization. Further activa-
tion with steam at 750 °C resulted in a substantial 
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Figure 8. IR spectral analysis of FUA1:0.01KOH (a) and FUA1:0.05KOH (b) samples

Figure 9. Nitrogen adsorption and desorption isotherms of the samples
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Figure 10. Nitrogen adsorption and desorption isotherms in samples

Table 3. Textural characteristics of carbons activated by thermal, physical, and chemical methods based on 
nitrogen adsorption

Sample S ( m2/g)
(BET) S (m2/g) t-Plot (surface 

micropore) (m2/g)
Va

(сm3/g)

t-Plot
(micropore volume)

Vmic (сm3/g)
R (Å)

Plum pit shell 1.3444 - - - - -

500 °С pyrolisis 84.2376 127.0532 62.2578 0.046795 0.034585 28.518

750 °С steam activation 542.8618 860.3314 332.3111 0.318698 0.195090 29.810

FUА1:0.01KОН 496.6278 722.5508 395.2058 0.262152 0.208615 21.949

FUА1:0.03KОН 768.3335 135.6454 592.5677 0.411003 0.316981 24.462

FUА1:0.05KОН 944.2450 392.2519 728.0441 0.497989 0.383966 23.746

enhancement of the specific surface area, reach-
ing 542.86 m²/g. This increase could be attributed 
to the progressive decomposition of organic mat-
ter, which facilitates the formation of a porous 
structure (Lui et al., 2025).

The introduction of potassium hydroxide 
(KOH) as a chemical activator further amplified 
the surface area, with the highest recorded SBET 
value of 944.25 m²/g achieved at a carbon-to-
KOH ratio of 1:5. This result suggests that the 
alkali treatment effectively promotes pore forma-
tion, enhancing the material’s adsorption capac-
ity. The interaction between KOH and carbon at 
elevated temperatures supports volatilization of 
light compounds, also additional porosity cre-
ation. However, an excessive increase in tempera-
ture or KOH concentration beyond optimal levels 
led to structural degradation, causing a decline in 
the specific surface area (Wang et al., 2024).

Influence of pertinent parameters on Cu(II) 
removal

Effect of adsorbent dose

Figure 11 shows the effect of adsorbent dose 
on Cu²⁺ removal efficiency at pH 5.5 and an initial 
Cu²⁺ concentration of 100 mg/L. It shows both 
FUA1:0.03KOH and FUA1:0.05KOH exhibit a 
typical saturation trend, where removal efficiency 
increases with dose until reaching equilibrium. At 
0.5 g/L, FUA1:0.03KOH and FUA1:0.05KOH 
achieve ~50% and ~70% removal, respectively. 
With increasing dose, efficiencies rise sharply, 
reaching ~85% and ~95% at 2.0 g/L, and plateau 
thereafter (Weihong et al., 2019).

This trend indicates greater availability of ac-
tive sites at higher doses, enhancing Cu²⁺ adsorp-
tion. However, the marginal gains beyond 2.0 g/L 
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suggest site saturation or particle agglomeration, 
which limits further uptake. FUA1:0.05KOH 
consistently outperformed its counterpart due 
to enhanced porosity and surface functional-
ity (–OH, –COO⁻) from higher KOH activation, 
which improves both capacity and kinetics. The 
plateau beyond 2.0 g/L highlights a practical dos-
ing threshold, balancing high removal efficiency 
(~95%) with resource economy – critical for cost-
effective and scalable wastewater treatment.

Effect of reaction time

As shown in Figure 12, the time-dependent Cu²⁺ 
adsorption performance of KOH-modified activated 
carbon highlights the influence of alkali activation.

FUA1:0.05KOH consistently exhibits higher 
removal efficiency across all time intervals com-
pared to FUA1:0.03KOH. At equilibrium (~60–
90 minutes), FUA1:0.05KOH achieves ~95% re-
moval, whereas FUA1:0.03KOH reaches ~85%, 
indicating enhanced surface characteristics with 
higher KOH activation (Wang et al., 2023).

Both samples show rapid initial uptake (>70% 
within 20 min), followed by a gradual plateau, 
consistent with biphasic adsorption kinetics – 
initial fast binding to readily available sites, fol-
lowed by slower intraparticle diffusion as satu-
ration approached. The steeper initial slope for 
FUA1:0.05KOH suggests faster kinetics due to im-
proved porosity and greater surface accessibility.

Figure 11. Dose effects on Cu(II) adsorption

Figure 12. Reaction time effects on Cu(II) adsorption
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The enhanced performance of FUA1:0.05KOH 
is attributed to increased surface area, pore devel-
opment, and the generation of functional groups 
(–OH, –COOH) through more intensive alkali 
activation. These factors collectively boost cat-
ion exchange capacity and electrostatic attraction 
toward Cu²⁺ ions, enabling both rapid and effi-
cient adsorption compared to the less-activated 
FUA1:0.03KOH.

Effect of pH on Cu(II) removal

Figure 13 presents Cu²⁺ removal efficiency 
across varying pH levels, with a fixed dose of 1.5 
g/L and an initial concentration of 100 mg/L.

As shown in Figure 13, Cu²⁺ adsorption is 
strongly pH-dependent. At low pH (2–3), re-
moval efficiency is below 20%, primarily due to 
protonation of surface functional groups (–OH, –
COOH), which creates electrostatic repulsion be-
tween the positively charged adsorbent and Cu²⁺. 
Additionally, excess H⁺ competes with Cu²⁺ for 
binding sites, further hindering adsorption (Blasi 
et al., 2009).

As pH increases to 4–6, removal sharply rises 
to over 90%. This is attributed to deprotonation of 
surface groups, exposing negatively charged sites 
that enhance electrostatic attraction and complex-
ation with Cu²⁺. The peak efficiency at pH 5–6 
reflects optimal interaction between the adsorbent 
and unhydrolyzed Cu²⁺ species in solution (Giral-
do et al., 2025).

At pH >7, adsorption efficiency declines 
slightly (~80% at pH 8) due to Cu²⁺ hydrolysis 
and precipitation as Cu(OH)₂, indicating a shift 

from true adsorption to physicochemical removal 
by precipitation. This complicates quantification 
of adsorptive capacity in alkaline conditions (Ya-
hia et al., 2025).

Effect of temperature on Cu(II) removal

Figure 14 presents Cu²⁺ removal efficiency 
across varying temperatures, with a fixed dose of 
1.5 g/L and an initial concentration of 100 mg/L.

The effect of temperature on Cu²⁺ adsorp-
tion reveals a clear inverse relationship be-
tween removal efficiency and rising temperature 
for both activated carbons, FUА1:0.03KОН 
and FUА1:0.05KОН (Figure 14). At 25 °C, 
FUА1:0.05KОН achieved 94 % removal, outper-
forming FUА1:0.03KОН (88 %), consistent with 
its superior surface area (944 m²/g) and micro-
pore volume (0.384 cm³/g), which enhance acces-
sibility to binding sites. However, as temperature 
increased to 65 °C, removal efficiency declined 
sharply to 76 % for FUА1:0.05KОН and 65 % 
for FUА1:0.03KОН, indicating the exothermic 
nature of the adsorption process. This decline is 
attributed to weakened interactions (electrostatic 
attraction, ion exchange) between Cu²⁺ and the 
carbon surface at elevated temperatures.

The superior performance of FUА1:0.05KОН 
across all temperatures highlights its structural 
and chemical advantages. The higher KOH acti-
vation ratio (0.05 versus. 0.03) likely introduced 
more oxygenated functional groups (e.g., -OH, 
-COOH), which strengthen chemisorption via 
ion exchange or complexation with Cu²⁺. Even 
at 65 °C, FUА1:0.05KОН retained ~50% higher 

Figure 13. pH effects on Cu(II) adsorption
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Figure 14. Temperature effects on Cu(II) adsorption

efficiency than FUА1:0.03KОН, underscoring its 
resilience under suboptimal thermal conditions 
(Figure 15).

First model yielded Qmax of 67.56 
mg/g for FUА1:0.03KОН and 72.5 mg/g 
for FUА1:0.05KОН. The higher Qmax for 
FUА1:0.05KОН aligns with its superior surface 
area (944 m²/g) and micropore volume (0.384 

cm³/g), which provide more uniform active sites 
for Cu²⁺ binding. The Langmuir constant KL, re-
flecting adsorption affinity, was also higher for 
FUА1:0.05KОН (0.0607 L/mg vs. 0.065 L/mg), 
indicating stronger interactions between Cu²⁺ and 
its oxygen-rich functional groups. The strong fit 
of the Langmuir model, R2>0.99 suggests that 
monolayer adsorption dominates, particularly for 

Figure 15. Linear isotherms plot for copper adsorption: Langmuir: (a) FUА1:0.03KОН and (b) FUА1:0.05KОН, 
Freundlich: (c) FUА1:0.03KОН and (d) FUА1:0.05KОН
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Table 4. Langmuir and Freundlich isotherm parameters

Isotherm model Parameter FUА1:0.03KОН FUА1:0.05KОН

Langmuir qmax (mg/g) 67.56 72.5

KL (L/mg) 0.0607 0.065

R2 0.9793 0.9991

Freundlich K F 5.2 4.738

1/n 0.5535 0.8065

R2 0.9386 0.9855

FUА1:0.05KОН, where micropores likely en-
force a homogeneous distribution of binding sites.

The Freundlich model, describing multilayer 
adsorption on heterogeneous surfaces, showed 
a higher adsorption capacity parameter, KF for 
FUА1:0.05KОН 4.73 mg/g·(L/mg)1/n com-
pared to FUА1:0.03KОН 8.7 mg/g·(L/mg)1/n. 
The Freundlich intensity parameter, 1/n for both 
carbons were less than 1 (0.32–0.38), confirm-
ing favorable adsorption under tested conditions. 
However, the slightly lower R2 values (0.9386–
0.9855) compared to Langmuir imply that hetero-
geneity—likely from KOH-induced surface func-
tional groups—plays a secondary role.

Predicted thermodynamic parameters further 
validated the exothermic and spontaneous nature 
of adsorption. Negative ΔG° values (–12.5 kJ/
mol for FUА1:0.03KОН and –14.2 kJ/mol for 
FUА1:0.05KОН at 25 °C) confirmed spontane-
ity, with a stronger binding for FUА1:0.05KОН 
due to its surface chemistry. The more negative 
ΔH° (–28.0 kJ/mol versus – 25.0 kJ/mol) for 
FUА1:0.05KОН highlighted stronger adsorbate-
adsorbent interactions from the additional oxy-
gen groups introduced by higher KOH activation. 
Negative ΔS° values (–40.0 to –45.0 J/mol·K) re-
flected reduced entropy as Cu²⁺ ions transitioned 
from disordered aqueous states to the ordered ad-
sorption on the carbon surface.

Mechanism of adsorption of Cu2+ ions

Cu²⁺ removal by KOH-activated carbon is 
mainly governed by a combination of electro-
static interactions and surface complexation 

processes. The presence of oxygen-containing 
functional groups, such as –COOH and –OH, is 
considered to play an important role in adsorp-
tion by providing potential active sites. These 
groups may participate in Cu²⁺ binding through 
deprotonation under suitable pH conditions, par-
ticularly in the range of pH 5–6, where surface 
sites become more negatively charged and more 
favorable for metal ion uptake. Carbonyl groups 
(C=O) may also contribute to weak coordination 
interactions with Cu²⁺ ions.

At low pH values, the adsorption efficiency 
is significantly reduced due to protonation of sur-
face functional groups, which limits the availabil-
ity of negatively charged binding sites. In addi-
tion, competition between H⁺ and Cu²⁺ ions for 
adsorption sites further suppresses metal uptake 
under strongly acidic conditions.

With increasing pH, progressive deproton-
ation of surface functional groups enhances elec-
trostatic attraction between the carbon surface 
and Cu²⁺ ions, resulting in improved adsorption 
performance. However, at higher pH values (pH 
> 7), the removal efficiency may be influenced 
not only by adsorption but also by the hydroly-
sis of Cu²⁺ and potential formation of Cu(OH)₂ 
precipitates. This can partially interfere with the 
interpretation of adsorption data, as precipitation 
may contribute to the apparent removal efficiency 
(Abdikamalova et al., 2026).

CONCLUSIONS

This work resulted in the successful devel-
opment of porous carbon materials derived from 
plum pit shells, demonstrating their effectiveness 
as a biomass-based precursor for high-surface-
area adsorbents. The obtained materials exhibit 
strong potential for environmental applications, 
particularly in the removal of contaminants from 
aqueous systems.

Table 5. Thermodynamic constants of the adsorbents

Parameter FUА1:0.03KОН FUА1:0.05KОН

ΔG° (kJ/mol, 25 °C) -12.5 -14.2

ΔH° (kJ/mol) -25.0 -28.0

ΔS° (J/mol·K) -40.0 -45.0



151

Ecological Engineering & Environmental Technology 2026, 27(6), 135–152

The carbonization process conducted in the 
temperature range of 300–600 °C resulted in pro-
gressive mass loss associated with the decompo-
sition of volatile biomass components. The high-
est mass loss (up to 75%) was observed at 600 °C, 
indicating an advanced degree of biomass decom-
position. Based on the balance between carbon 
yield and structural stability, 500 °C was selected 
as a suitable carbonization temperature for subse-
quent activation.

Chemical activation with KOH at 800 °C 
significantly improved the textural properties of 
the resulting carbon materials. The highest spe-
cific surface area (944.25 m²/g) was obtained at 
a KOH-to-biochar ratio of 1:0.05, confirming 
the effectiveness of alkali activation in develop-
ing a highly porous carbon structure. SEM-EDS 
analysis indicated the presence of residual potas-
sium in the activated samples, suggesting that 
additional washing steps may further improve 
material purity.

Structural characterization showed that the 
materials exhibit predominantly amorphous 
carbon characteristics, with changes in crystal-
linity observed after thermal and chemical treat-
ment. FTIR analysis confirmed the presence of 
oxygen-containing functional groups, such as 
hydroxyl (–OH) and carbonyl (C=O), which are 
likely to contribute to interactions with metal 
ions during adsorption.

The obtained results demonstrate that the pre-
pared activated carbons exhibit favorable struc-
tural and surface properties for adsorption appli-
cations. In particular, their performance toward 
Cu(II) removal from aqueous solutions confirms 
their potential as efficient adsorbent materials for 
water treatment processes.

This study establishes plum pit shells as a 
viable precursor for the production of high-
surface-area activated carbon, confirming their 
applicability for the fabrication of effective ad-
sorbent materials from agricultural waste within 
a circular economy framework. The obtained 
results support the validity of the proposed hy-
potheses regarding the relationship between 
activation conditions, pore development, and 
Cu(II) adsorption performance.
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