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Abstract
Wastewater from chemical, petrochemical, and metallurgical industries contains different dissolved pollutants, characterized with high toxicity. In recent decades, industrial water treatment to remove heavy metal ions has become increasingly important due to their toxicity and the potential risk of accumulation in the food chain. This requires the application of various methods to reduce heavy metal ion concentrations to acceptable levels. In this respect, adsorption processes based on different sorbents are widely used for industrial wastewater treatment. For this investigation, apricot pits were pyrolyzed and chemically activated with potassium hydroxide to produce activated carbon. The adsorption capacity of the resulting material for removing Cu(II) ions from aqueous solutions was then investigated. The results have shown that these carbon-based adsorbents possess a high surface area and favourable textural characteristics, making them promising candidates for the removal of copper ions from aqueous solutions.
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1. INTRODUCTION
[bookmark: _Hlk76031407][footnoteRef:2]*Water is essential for life on Earth, and access to clean water is critical for both humans and ecosystems. Water quality depends on its physicochemical and biological parameters. Changes in parameters such as pH, temperature and heavy metal content in can render water unsafe for human consumption [1].  [2: *Corresponding authors: Liliya Manoilova E-mail: lili_manoilova@abv.bg; https://orcid.org/0009-0002-8218-0393 Faculty of Chemical Technology, University of Chemical Technology and Metallurgy, Sofia, Bulgaria
Co-authors: Kamelia Ruskova https://orcid.org/0009-0006-7719-9419, Metodi Mladenov https://orcid.org/0000-0002-8548-1856, 
Vesislava Toteva https://orcid.org/0000-0002-5366-8798 and Georgi Georgiev https://orcid.org/0009-0005-9752-7654   
Paper received: 9 January 2025; Paper accepted: 15 June 2026; Paper published: 20 June 2026.
https://doi.org/10.2298/HEMIND250109006M  ] 

The problem of water contamination today is very relevant in connection with the prolonged increase of Anthropogenic pressure on the environment. High water pollution with toxic substances requires adoption of immediate measures to reduce the environmental risk, otherwise the water resources of the planet will be in a catastrophic state [2]. 
Organic matter, nutrients, pharmaceutical and personal care products, poly- and perfluoroalkyl substances, biocides, heavy metals, dyes, radionuclides, plastics, nanoparticles and pathogens are among the pollutants of major concern. Heavy metal ions are among the most spread contaminants. Heavy metals and metalloids are the elements with an atomic density greater than 4 g cm-3 including copper (Cu), cadmium (Cd), zinc (Zn), lead (Pb), mercury (Hg), arsenic (As), silver (Ag), chromium (Cr), iron (Fe) and platinum (Pt). These toxic metals are released daily into aqueous environment from diverse natural and anthropogenic sources. In many regions the average concentrations of Cr, Mn, Fe, Co, Ni, As and Cd found in surface water exceeds the permissible limits for drinking water [3-4].  
Nowadays purification processes based on the adsorption methods are widely used for industrial wastewater treatment. Activated carbons are among the most versatile adsorbents, due to their properties that meet the increasing requirements for drinking water purity. Advances in modern technology have continually enhanced the quality and effectiveness of activated carbons [5].
One of the main methods for producing activated carbon involves the carbonization of carbon-containing materials, followed by chemical activation to increase the specific surface area and develop a porous texture. The main selection criteria for activated carbon for specific applications include texture parameters (such as specific surface area, total pore volume, meso- and micropore volumes, and pores size distribution), the chemical nature of the surface (presence of functional oxygen groups), granulometric composition (dispersity), and mechanical properties, among others. It has been established that the high sorption capacity of activated carbons for metal ions in aqueous solutions is mainly due to the presence of oxygen-containing functional groups on their surface. The applications of activated carbons are largely determined by their specific surface area and the characteristics of their porous texture [6-7]. 
The aim of the present paper was to investigate the relationship between the porous texture and chemical nature of the surface of activated carbon obtained from apricot pits, and to evaluate the sorption capacity and their suitability for wastewater treatment, contaminated with Cu2+ ions. 
2. EXPERIMENTAL 
2. 1. Procedure of obtaining of activated carbon
[bookmark: _Hlk141901899]Activated carbon (AC) was obtained from apricot pits, pyrolyzed at 700 oC for 1 h (Figure 1). Then the obtained material was milled and mixed homogeneously with activating agent KOH (Merck, p.a., Germany). Two samples with different mass ratios AC:KOH were investigated: 1 : 1 and 1 : 2 AC : KOH, labelled as ACCA1 and ACCA2. The chemical activation process with potassium hydroxide was carried out in a tube vacuum furnace at 500 °C for 1 hour. The samples obtained were neutralized with an appropriate amount of 10 wt.% HCl (Valerus, p.a., Bulgaria) to remove the residual chemicals after the activation process. The obtained samples were washed multiple times with distilled water until neutrality. Finally, the AC samples were subjected to drying at 110 °C for 12 hours. 
[image: ]
Figure 1. Carbonized apricot pits and AC after carbonization
2. 2. Experimental procedures
Elemental analysis was performed using a EuroEA Analyzer, model 3000 (manufacturer, country), to determine the elemental composition and weight, wt.% of carbon, hydrogen and nitrogen in the activated carbon samples. The oxygen content was calculated by difference, based on these measurements.
The porous texture of the obtained AC samples was characterized by measuring nitrogen N2 adsorption isotherms at 77 K on an automatic gas adsorption porosimeter Surfer (Thermo Scientific, United States). The specific surface area was determined using Brunauer-Emmett-Teller (BET) method [8]. The total pore volume (Vt) was determined at a relative pressure Pi/P0 = 0.9, where Pi is the real gas pressure during the measurement, and P0 is the saturated vapor pressure of the same gas at the temperature of the experiment measurement.
Surface chemistry of the AC samples was analysed by a Fourier transform infrared (FTIR) spectrometer (Nicolet Avatar 360 FTIR spectrometer, Germany) and registered in the region 500 to 4000 cm-1. The spectra were recorded at a spectral resolution of 2 cm-1 and accumulation of 64 scans.
The iodine number of AC samples was determined by a standard test method [9] presenting the amount of iodine absorbed (in mg) by 1 g of the material. 
The surface morphology of activated carbons was analysed using scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDX) by a JEOL JSM-6390 instrument (Philips, Germany). The measurement was done with high resolution in mode 10 kV, 0o and 0.1 mm scan spacing.
2. 3. Procedure for adsorption capacity measurement
The adsorption capacity of the activated carbons in regard to Cu2+ ions was determined using the following methodology: aqueous solution of CuSO4.5H2O (Valerus, p.a., Bulgaria) at the concentration of 5 g L-1 was prepared. Precisely determined amounts of the CuSO45H2O solution (10, 20, 30, 40 and 50 mL) were taken and transferred into to flasks. Then samples, labelled as K1 to K4 were diluted with distilled water to 50 mL to obtain the corresponding concentrations K1 to K5. The adsorption experiments were conducted using 0.2 g of activated carbon (type ACCA2) for each flask followed by homogenization for 1 h at 25 ± 2 °C. The initial pH of the copper solutions was in the range pH 4.0 to 4.5, while after the adsorption the final pH value was in the range 6.0 to 6.5. The initial and residual concentrations of Cu2+ ions in the solutions were determined with UV-VIS Spectrophotometer, by using the cuprizone [10]. After the treatment with AC, the concentration of Cu(II) ions decreased, and nearly complete removal of the metal ions was recorded. As a result, the pH values change from acidic to approximately neutral. All adsorption experiments were performed in five replicates, and reported values correspond to the average values obtained.
[bookmark: _Hlk521576798]3. RESULTS AND DISCUSSION
3. 1. Elemental composition analysis
The results of the elemental analysis of the AC samples are presented in Table 1.

Table 1. Elemental composition of the activated carbon samples
	Sample
	Content, wt.%

	
	Carbon
	Hydrogen
	Nitrogen
	Oxygen

	ACCA1
	[bookmark: _Hlk159093764]95.29
	2.69
	< 0.01
	2.02

	ACCA2
	77.34
	3.33
	< 0.01
	19.33



The elemental composition of the obtained activated carbon is characterized by high carbon contents (77 to 95 wt.%) and low hydrogen contents (up to 3.33 wt.%) for both ACCA1 and ACCA2 samples. There was an increase in the oxygen content in the sample activated with a higher ratio AC:KOH. In specific, the oxygen content increased from 2 wt.% in ACCA1 to 19 wt.% in ACCA2 because of the activation process, confirmed by FTIR spectra, showing the formation of significant amounts of oxygen-containing forms on the carbon surface.
[bookmark: _Hlk142910644]3. 2. Adsorption-textural parameters determined by BET analysis
The results of the textural analysis of the AC samples are shown in Table 2.

Table 2. Specific surface area and basic textural parameters of the activated carbons
	Sample
	[bookmark: _Hlk156483534][bookmark: _Hlk156483466]SBET / m2g-1
	Vmicro / cm3g-1
	Vmezo / cm3g-1
	Vmicro / %
	[bookmark: _Hlk157459476]Vmezo / %
	[bookmark: _Hlk156482983]Vt / cm3g-1

	[bookmark: _Hlk156483020]ACCA1
	929
	0.3626
	0.1213
	74.9
	25.1
	0.4839

	[bookmark: _Hlk156483057]ACCA2
	[bookmark: _Hlk156483452]1003
	0.3882
	0.1459
	72.7
	27.3
	0.5341



[bookmark: _Hlk160396833]The data in Table 2 show that ACCA2 is characterized by a high specific surface area (SBET = 1003 m2 g-1) and total pore volume (Vt = 0.5341 cm3 g -1) compared with the results determined for the sample ACCA1 (SBET = 929 m2 g-1 and Vt = 0.4839 cm3 g-1). The nitrogen adsorption-desorption isotherms of activated carbon samples ACCA1 and ACCA2 are presented in Figures 2 and 3. 
[bookmark: _Hlk141902136]According to the IUPAC classification, the nitrogen adsorption isotherms of the samples correspond to Type I, which is typical of micro-mesoporous textures. The part of the isotherms of relatively low pressures (relative pressure around 0.05 to 0.1) corresponds to micropores filling with tendency to saturation near 0.3 typical for microporous adsorbents. A higher saturation pressure in the sample ACCA2 shows a more developed porous texture of the obtained activated carbon.
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Figure 2. Low-temperature nitrogen adsorption-desorption isotherm for the ACCA1 sample 
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Figure 3. Low-temperature nitrogen adsorption-desorption isotherm for the ACCA2 sample 
3. 3. Fourier transform infrared spectroscopy analysis
The FTIR spectra of the obtained adsorbents ACCA1 and ACCA2 are presented in Figure 4. 
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[bookmark: _Hlk160397168]Figure 4. Fourier transform infrared spectra of 1 - ACCA1 and 2 - ACCA2 samples
[bookmark: _Hlk162365361]The absorption peak at 3430 cm-1 can be attributed to the stretching vibration of -OH groups, which is characteristic of hydroxyl functional groups and typically appears in the 3500 to 3700 cm⁻¹ range. The bands around 2900 cm-1 are due to aliphatic C-H structures. The peaks about 1570 and 1630 cm-1 are due to stretching vibration of the C=C functional group [11]. 
The absorption bands in the 1260 to 1050 cm-1 region are attributed to C–O stretching vibrations of oxygen-containing functional groups present on the carbon surface. The bands around 1400 cm-1 may be associated with O–H bending vibrations, C–H deformation, or symmetric stretching of carboxylate groups [12].
3. 4. Iodine number
The iodine number is a measure of the relative activation level of carbons by adsorption of iodine from an aqueous solution, where a higher value indicates a higher degree of activation. The Iodine number determined for the sample ACCA1 was 599.8 mg g-1 versus 710.1 mg g-1 determined for the ACCA2 sample. This indicates that the sample with higher content of activating agent should have better adsorption properties. This agrees with the increased surface area for the sample activated with the higher content of activating agent, confirmed by the BET analyses.
3. 5. Scanning electron microscopy
[bookmark: _Hlk163155924]The surface morphology of activated carbons was analysed using SEM-EDX technique showing similar features. Figure 5 shows micrographs of the ACCA2 sample, which was selected for its well-developed micro- and mesoporous structure and higher specific surface area, resulting from chemical activation with KOH, as confirmed by BET analysis. 
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[bookmark: _Hlk156604589][bookmark: _Hlk156604605]Figure 5. SEM images of the ACCA2 sample at different magnifications
3. 6. Adsorption capacity of the activated carbons for Cu(II) ions in aqueous solutions 
The amount of Cu(II) ions adsorbed by ACCA2 was determined by calculating the difference between the initial ion concentration and the concentration measured after the homogenization. The measured concentrations in the initially prepared solutions and after the adsorption experiments are shown in Table 3.

Table 3. Measured Cu(II) concentrations by UV-VIS analysis before and after the adsorption experiments using ACCA2
	Solution
	Initial concentration of Cu2+, g L-1
	Residual concentration of Cu2+, g L-1

	K1
	0.933
	0.737

	K2
	1.867
	1.424

	K3
	2.800
	1.915

	K4
	3.734
	2.996

	K5
	4.667
	4.371



The UV-VIS analysis confirmed that the activated carbon type ACCA2 produced from apricot pits generally reduces the concentration of copper ions in the investigated solutions. The highest adsorbed amounts were observed in solutions K3 and K4, in which the Cu(II) concentrations decreased to 1.9 and 3.0 g L-1, respectively. The highest adsorption capacity was observed for sample K3 where the adsorbed amount of copper per mass of the adsorbent was 221.2 mg g-1. Further increases in the initial Cu(II) concentration did not lead to the increase in adsorption capacity, indicating possible saturation of active adsorption sites.
4. CONCLUSIONS
The results obtained show that produced activated carbons ACCA1 and ACCA2 are with high specific surface area and well developed micro- and mesopores structure. The sample ACCA2 activated with a higher content of the activating agent has shown better texture parameters. In addition, chemical activation with potassium hydroxide increases the number of hydroxyl groups, which in turn favours metal ion adsorption. Cu(II) ion adsorption studies confirmed that the activated carbon produced from apricot pits generally reduces the ion concentration in the investigated solutions. All those results permit us to conclude that the generated ACs can be used effectively as adsorbents in liquid-phase applications and water purification processes.
Acknowledgement: The study is funded by the European Union-Next GenerationEU, through the National Recovery and Resilience Plan of the Republic of Bulgaria, project № BG-RRP-2.004-0002, „BiOrgaMCT“.
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Priprema i karakterizacija aktivnog uglja iz koštica kajsije za uklanjanje Cu(II) jona iz vodenih rastvora
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1Faculty  of Chemical Technology, University of Chemical Technology and Metallurgy, Sofia, Bulgaria
2Department of Chemistry, Faculty of Electronic Engineering and Technologies, Technical University of Sofia, Sofia, Bulgaria

(Stručni rad)

Izvod
Otpadne vode iz hemijske, petrohemijske i metalurške industrije sadrže različite rastvorene zagađujuće materije koje se odlikuju visokom toksičnošću. Tokom poslednjih decenija, tretman industrijskih otpadnih voda u cilju uklanjanja jona teških metala postao je od izuzetnog značaja zbog njihove toksičnosti i mogućnosti akumulacije u lancu ishrane. To zahteva primenu različitih metoda za smanjenje koncentracije jona teških metala na prihvatljiv nivo. U tom kontekstu, adsorpcioni procesi zasnovani na primeni različitih sorbenata široko se koriste za prečišćavanje industrijskih otpadnih voda. U ovom istraživanju, koštice kajsije su podvrgnute pirolizi i hemijskoj aktivaciji kalijum-hidroksidom radi dobijanja aktivnog uglja. Nakon toga ispitivan je adsorpcioni kapacitet dobijenog materijala za uklanjanje Cu(II) jona iz vodenih rastvora. Rezultati su pokazali da ovi adsorbenti na bazi ugljenika poseduju veliku specifičnu površinu i povoljne teksturalne karakteristike, što ih čini perspektivnim kandidatima za uklanjanje jona bakra iz vodenih rastvora.
Ključne reči: Adsorpcija, aktivni ugljenik, joni bakra, obrada otpadne vode, bezbedna potrošnja
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