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Abstract: The aim of the research was to study the adsorption behavior of heavy metal ions (Pb?*, Cd?*,
Co?*, Cu?*, Fe?*) in multicomponent aqueous solutions using natural carbonaceous materials. Hazelnut
and walnut shell carbonaceous materials and activated carbon were chosen as adsorbents. The study was
conducted in both single-component and multicomponent systems, under standard conditions
(ms=1g, Vy=100ml, t=25°C, T =30 min).

The results showed that the adsorption capacity for lead ions was the highest (83.5-94 mg/qg),
followed by cadmium (22.3-22.8 mg/g) and copper ions (15.1-15.8 mg/g). The order of adsorption of
metals corresponds to the decreasing ionic radius: Pb** > Cd** > Cu®* > Fe?* > Co?**.

In multicomponent systems, both synergistic and antagonistic interactions between ions were
observed. For cadmium and cobalt ions, an ionic interaction coefficient in a sorption system (Rqe) > 1
indicates synergism or the absence of interaction, while for iron and copper, Rge < 1 indicates antagonism.

An increase in pH during the adsorption process demonstrated the buffering effect of carbon
materials. Analysis of Langmuir and Freundlich isotherms confirmed the physical adsorption mechanism
(R% = 0.94-0.99) and the heterogeneous nature of the surface.

The study confirms that natural carbon materials can be used as effective, environmentally friendly,
and low-cost adsorbents for the removal of heavy metals from water containing many ions.
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1. Introduction

Military conflicts are an important factor in the social, political, and environmental
transformations of humanity, which have a serious and long-term impact on the environment and
ecosystems. Modern wars have significantly changed the nature and scale of environmental
pollution, which is especially noticeable in terms of the dissemination of heavy metals. As a result
of the use and destruction of military equipment, ammunition, explosives, infrastructure, and toxic
metals such as lead, cadmium, etc., enter the environment. These metals accumulate in soil, water,
and air, creating a long-term environmental threat and affecting human health [1, 2].

Purification of water contaminated with heavy metals is a significant ecological and
technological task, which is associated with large economic costs, so the creation of inexpensive,
environmentally friendly, and effective adsorbents based on waste is relevant [3, 4, 5, 6].

R. Agladze Institute of Inorganic Chemistry and Electrochemistry of Thbilisi State
University have developed a technology that allows obtaining adsorbents from secondary
agricultural waste, namely hazelnut and walnut shells, nectarine kernels, sawdust, and others [4, 9].
This technology is applicable to many types of raw materials; the process is single-stage and does
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not require preliminary processing of raw materials. Carbonaceous materials are obtained from
secondary organic waste (in particular, cellulose-containing waste), which is characterized by a
high specific surface and porous structure, which determines its good adsorption capacity. In
addition, they are notable for their low cost.

It has been established that cellulose-based carbonaceous materials exhibit different
adsorption capacity depending on the type of metal ion [7, 8, 9], which indicates their effectiveness
in systems with complex polymetallic contaminants. This technology is a sustainable and
promising approach to environmental protection, and the materials used are characterized by high
adsorption activity with respect to heavy metal ions.

2. Methodology

Using the aforementioned original thermochemical method, finely dispersed carbonaceous
powders with the required characteristics were obtained from hazelnut and walnut shells as
experimental materials to test their sorption potential for heavy metals to neutralize them from
aquatic ecosystems. A commercially available product, brand BAU A (GOST 6217-52) activated
carbon, was used as a comparison material.

Table 1
Characteristics of activated carbon and carbonaceous materials obtained from hazelnut and walnut
Sample of S BET S mi V mi .
Carbonaceous 2 mlcmz mlcr03 Ash, % Mmg/tness

Material m°/g | phores, m”/g | phores, sm’/g 0
Hazelnut shell 637.3 427.65 0.20 2.9 1.4
Walnut shell 499.0 380.26 0.15 35 4.3
Activated carbon | 708.70 473.78 0.21 4.2 1.3

Table 2

Elemental composition of samples of activated carbon and carbonaceous materials obtained from
hazelnut and walnut

Elemental composition of samples % (average)
Sample c |ofca|k|si|s|Fe|Ni|cu|zn |AI]|F|cCr

Hazelnut
shell

Walnut shell | 89.5|74108 |14 00 |04]0.15|0.04(0.2| 0.1 |0.0]0.0]|0.0

8 (11| 2 (05010110403 )02|02/(00]0.0/[0.0

Activated

895186]10.7]04(0.01| - [0.09 04(0.01]00]0.2]| -
carbon
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Fig. 1. Morphology of carbonaceous sorbents (SEM): a) Hazelnut, b) Walnut, c¢) Industrial carbon.

Experiments were conducted on combinations of various metal ions:

1. Pb?* Cd?*, Co?*; 3. Fe?*, Cd?**;
2. Fe?* Cu?*, Cd?**; 4. Pb?* Cd?*, Co?*, Cu?*

Carbonaceous materials with a particle size fraction of 40-20 um derived from hazelnut
and walnut shells by the above-mentioned thermochemical method were used for the experiments.
The mass of the sorbent was 1 gram (m_sorb = 1 g), the volume of the solution was 100 mL
(V_sol =100 mL), and the experiments were conducted at 25 °C (t=25 °C). As areference sample,
commercial activated carbon BAU A (GOST 6217-52) was used.

The studies were carried out using model solutions of various metals at a concentration of
0.01 M, specifically CoClz (for Co?* ions), CdClz (for Cd?* ions), Pb(NOsz)z (for Pb?* ions),
CuS04-5H20 (for Cu?* ions), and FeSO4-7H20 (for Fe?* ions).

These tests were aimed at evaluating the adsorption capacities of the carbonaceous
materials toward each of these metal ions.

3. Results and discussion
3.1. Adsorption capacity

As can be seen from the results below (Table 3 and Table 4), in different systems the effect
of ionic interaction of cadmium on walnut shell carbonaceous material is equal to or greater than
1, which indicates synergism or lack of interaction; the cadmium ion is not an inhibitor in the
adsorption of other cations. The cobalt ion is also not an inhibitor for the considered multi-cationic
systems. In the case of iron, copper, and lead, the coexistence of the other ions significantly
hindered the adsorptive removal of individual ions from different multi-cationic systems.
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Table 3
Adsorption of heavy metals for single- and multi-component systems and the effect of ionic
interaction for walnut shell carbonaceous material

Ads_orptl_on, mg/g Adsorption, mg/g in a
. in a single- . Rge
Multicationic component system multicomponent ’
system on walnut shell system of walnut shell | The effect of ionic
carbonaceous carbonaceous interaction
material material
Pb |[Co|Cd|Cu| Pb | Co | Cd |Cu| Pb | Co |Cd]| Cu
Pb,Co,Cd,C
0 u 83 | 6 |21 |32| 35 |115|217|15|042| 19 | 1 |047
Pb | Co | Cd Pb | Co | Cd Pb | Co | Cd
Pb,Co,Cd
0 83 | 6 |21 88 |12.6|228 106 21 | 1
Fe Cu.Co Fe | Cu | Cd Fe | Cu | Cd Fe | Cu | Cd
T 21 | 32 | 6 9.8 | 158|218 046 | 05 | 3.6
Fe.Cd Fe | Cd Fe | Cd Fe | Cd
’ 21 | 21 175 | 30 0.83 | 1.43
Table 4

Adsorption of heavy metals for single- and multi-component systems and the effect of ionic
interaction for hazelnut shell carbonaceous material

Adsorption, mg/g ina | Adsorption, mg/gin a
Multicationi single-component multicomponent Rae,
ulticationic huzel £ huzel —
system system on huzelnut system of huzelnut | The effect of ionic
shell carbonaceous shell carbonaceous interaction
material material
Pb.Co.Cd Pb Co Cd Pb Co Cd Pb | Co | Cd
73 10 35 835 | 132 | 225 | 114|132 | 064
Fe Cu Cd Fe Cu Cd Fe | Cu | Cd
Fe,Cu,Co
24 20 35 10 158 | 225 | 042 | 0.79 | 0.64
Fe.Cd Fe Cd Fe Cd Fe | Cd
24 35 18 30 0.75 | 0.86

For the hazelnut shell carbonaceous material, the effect of ionic interaction for iron, copper,
and cadmium ions in the considered multicationic systems is less than 1, which means that
antagonism occurs, while in the case of lead and cobalt ions, their values are greater than 1, which
indicates that their adsorption in this multicationic system is not affected by the coexistence of

other ions.
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Table 5
Adsorption of heavy metals for single- and multi-component systems and the effect of ionic
interactions on activated carbon

Adsorption, mg/g in a | Adsorption, mg/g in Rqe,
Multicationi ¢ single-component a multi-component o
utticationic system | - qystem on activated | system on activated | 1N effect of ionic
carbon carbon interaction
Pb.Co.Cd Pb Co Cd Pb Co Cd Pb Co Cd
84 10 26 94 | 1225 | 225 | 111 | 122 | 0.86
Fe Cu Cd Fe Cu Cd Fe Cu Cd
Fe,Cu,Co
26 26 26 9.25 | 155 | 3125 | 0.35 0.6 1.2
Fe Cd Fe Cd Fe Cd
Fe.Cd 26 | 26 185 | 313 071 | 12

For activated carbon, in the considered multicationic systems, for the ions of iron and
copper, we observe the similar practice as for the carbonaceous material from hazelnut and walnut
shells. In the case of lead and cobalt ions, their values are greater than 1, which indicates that in
this multicationic system their adsorption is not affected by the coexistence of other ions. In the
multicationic system of Pb, Co, and Cd, the adsorption of cadmium ions was significantly hindered
by the coexistence of other metal ions, while in the other considered systems, the adsorption of its
ions is not slowed down.

During the adsorption process, the removal of one metal ion from a solution in a multi-
component system can be affected by the coexistence of other metal ions. Also, the effect of the
interaction between metals depends not only on the coexistence of other metal ions but also on the
nature of the material.

Lead ions showed the highest adsorption capacity (83.5-94 mg/g), which is due to the large
radius of the ion (1.21 A) and electronegativity (2.33). The adsorption of cadmium, copper, and
iron ions was relatively low.

The order of magnitude of adsorption corresponds to the order of decreasing ionic radius
of the metals: A(Pb?*) > A(Cd?*) > A(Cu?*) > A(Fe?*) > A(Co?").

3.2. lonic interaction
In multi-component systems, the following trends were noted:
« For cadmium and cobalt ions — synergistic effect (Rqe > 1);
« For iron and copper ions — antagonism (Rqe < 1);
* For lead ion — the results varied depending on the composition of the system.

This indicates that the interaction between ions depends on both their physicochemical
characteristics and the structure of the adsorbent.

3.3. The pH change
During the adsorption process, the pH of the solution increased, which is associated with

the buffer properties of the adsorbent and the hydrolysis of ions. On the hazelnut and walnut shell
carbonaceous materials, the pH increased from 5.0 to 7.9.
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3.4. Isothermal analysis

To evaluate the adsorption mechanism, Langmuir and Freundlich isotherm models were
used. The Langmuir isotherm model showed a high correlation with the experimental data
(correlation coefficient - R* = 0.92-0.99) among the studied heavy metals. Lead ions (Pb**)
exhibited the highest adsorption capacity (gm = 95.24 mg/g) on hazelnut shell carbon material and
gm = 90.09 mg/g on walnut shell carbon, indicating the strong affinity of these materials for lead
ions.

Although lead and cadmium ions showed high qm values, their low adsorption equilibrium
constant - KL values suggest a physical adsorption mechanism, likely related to weak van der
Waals forces and electrostatic interactions. The Langmuir isotherm did not fit the experimental
data for copper ions well. Since the Langmuir model describes a monolayer adsorption system,
this may indicate that the adsorbent surface is not fully utilized, and only certain parts are active
in adsorption.

The Langmuir isotherm results emphasize selective adsorption behavior towards different
metal ions and the heterogeneous nature of the carbonaceous adsorbent surface. Iron ions (Fe?*)
showed relatively lower adsorption capacity but a significantly higher KL (0.229 L/mg), indicating
strong binding, possibly due to strong electrostatic attraction. These results highlight both selective
adsorption behavior and the heterogeneous nature of the adsorbent surface.

The findings suggest that walnut and hazelnut shell carbonaceous materials exhibit high
selectivity and efficiency towards heavy metal ions, with efficiency varying depending on the
metal type.

Regression analysis of the Freundlich isotherms showed weaker or more heterogeneous
adsorption for lead and cadmium ions, as confirmed by the adsorption equilibrium constant - Kf
and n values for these materials. The carbon materials are characterized by surface heterogeneity,
meaning there are strong and weak active sites with different energies. Strong active sites promote
further adsorption, a characteristic of heterogeneous surfaces.

Low Kf values in the Freundlich model indicate weak adsorption, suggesting that physical
aggregation or mechanical trapping (i.e., pollutants physically accumulating on the surface) rather
than strong adsorption might be occurring on the carbon materials. The degree of freedom in the
Freundlich equation is — the n value less than 1 indicates competitive adsorption behavior, where
adsorption becomes easier as more molecules accumulate on the surface.

The Freundlich isotherm model showed variable adsorption behavior for different heavy
metal ions on walnut shell carbon. For Co?* ions, the Kf values were relatively high (0.525 for
walnut shell and 0.926 for hazelnut shell carbon), indicating strong interaction with the
heterogeneous carbon surface. Pb?* showed the weakest adsorption (Kf = 0.0052 for walnut shell
and 0.0020 for hazelnut shell), despite moderate model fitting, indicating minimal surface
interaction.

Copper ion adsorption could not be effectively explained by the Freundlich model due to
a low R? value (0.26), despite its moderate Kf value.

An n < 1 value indicates the dominance of a physical adsorption mechanism. The results
show that despite the heterogeneous surface of the carbonaceous materials, their adsorption
efficiency depends on the specific metal ion involved.

The adsorption process of heavy metals (Cd?+, Co2+, Pbz+) fits well with the heterogeneous
surface multilayer model (R* > 0.90) on walnut shell carbon material and (Cd2+ Cu2+) on hazelnut
shell carbon material. However, for all elements, n < 1 suggests the presence of weak adsorption
interactions. Higher Kf values for Fe and Co reflect greater adsorption capacity, while lead (Pb),
which showed high adsorption in the Langmuir model, exhibited low Kf values in the Freundlich
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model. These findings confirm that the carbonaceous materials have heterogeneous surfaces with
selective behavior toward different metals.

4. Conclusion

It was found out that obtained carbonaceous materials effectively absorb lead, cadmium,
copper, cobalt, iron, etc. ions in solution both separately and simultaneously. The absorption
efficiency depends on the concentration and pH of the solution, the adsorbent retention time, and
the amount of carbonaceous material. The adsorption of heavy metals in polymetallic systems with
the simultaneous presence of several metal ions (Pb2+, Cd2+, Co2+, Cu2+, Fez+) was studied. The
purpose of the analysis was to evaluate the effect of ionic interactions between metals on the
selectivity of the adsorbent in a complex medium.
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BO3MOKHOCTH COPBIIMOHHOTI'O U3BJIEYEHUS NOHOB TSIKEJIBIX
METAJLJIOB U3 BO/JI, 3ATPSI3HEHHBIX B PE3YJIbTATE BOEHHBIX JTEMCTBUI,
C UCHIOJIB3OBAHUMEM YTJIEPOJACOIAEPKAIIINX MATEPUAJIOB,
IHOJIYYEHHBIX U3 BTOPUYHbIX OTXO/J10B

I'. TarnmBuin, H. I'mopransze, H. Ananunamsuian, JI. Keuankanse, M. I'aueunnanse

Pestome: 11enpio uccneq0Batus ObLIO M3yYEHHE aICOPOIIMOHHOTO MOBEICHHS HOHOB TSDKEJIBIX METAIIIOB
(Pb?*, Cd?*, Co?*, Cu?*, Fe**) B MHOrOKOMIIOHEHTHBIX BOJHBIX PACTBOPAX C UCIIONB30BAHUEM HPUPOIHBIX
YIIIEPOICOACPIKAIIMX MaTepuaioB. B KkadecTBe ancopOCHTOB ObLIM BBIOPAHBI YIIIEPOACOACPIKAIIIE
MaTepHaiibl Ha OCHOBE CKOPNYIBbl (YHIyKa M TPEIKOro Opexa, a TaKKe aKTHBUPOBAHHBIN YTOJIb.
HccnenoBanue MpoOBOAMIOCH KaK B OJHOKOMIIOHCHTHBIX, TaK ¥ B MHOTOKOMIIOHEHTHBIX CHCTEMax IpU
cTa”aapTHbIX yeiaoBusax (ms =11, V=100 mi, t =25 °C, T = 30 mun).

Pe3ynbraThl MOKa3ajM, 4TO HAMOOJIbIIIAs aICOPOIIMOHHAS EMKOCTh HaOJII0/1a1aCch [0 HOHAM CBHHIIA
(83.5-94 wmr/r), nanee cinemoBanu uoHbl Kammus (22.3-22.8 mr/r) u memu (15.1-15.8 mr/r). Tlopsmok
aJcopOLKMI METAILIOB COOTBETCTBYET YOBIBAHUIO HOHHOTO paauyca: Pb%* > Cd** > Cu?* > Fe?* > Co**.

B MHOrOKOMIIOHEHTHBIX  CHCTEMax  HaOMIOMaNIUCh KaK  CHHEpPreTHYecKWe, TaKk W
AHTArOHUCTHYCCKUE B3aMMOJCHCTBUS MEXIy HOHAMHU. J[JIss MOHOB KaaMmusi W KoOambTa KO3(HIHeHT
HMOHHOTO B3aUMOJCUCTBUs B copOumoHHOW cucteMe (Rqe) > 1 CBHIETEIBCTBYET O CHHEPrH3Me MU
OTCYTCTBHH B3aUMOJICHCTBUSI, TOTIA KaK JUIsl Kene3a U Meau Rqe < 1 — 06 aHTaroHu3me.

Iossimenue pH B mporiecce aacopOIuu IPOAEMOHCTPUPOBaO OydepHOe AeiCTBIE YIIIEPOIHBIX
MarepuanoB. Ananu3 uzotepm Jlenrmropa u @peitHarxa noATBep AT PU3HISCKU MEXaHU3M aICOPOLIUH
(R?=0.94-0.99) 1 reTeporeHHOCTH MNOBEPXHOCTH.

HccreoBanne MOATBEPIKIAET, YTO MPUPOJAHBIC YIIEPOAHBIE MarepHanbl MOTYT OBITh
UCIIONIb30BaHbl B KauecTBe A(D(MEKTUBHBIX, DKOJOTMYECKH YHCTBHIX W HEIOPOTUX ajCOpPOEHTOB st
yIaJeHHs TSHKEIBIX METAIIOB M3 BOJBI, COJCPIKAIIIEH OOJBIIOe KOIHYECTBO HOHOB.

Knrouesvie cnosa: BocHHBIC NCHCTBHS, BOJbI, TSKEIBIC METAIUIBI, aJCOPOLNs, YIIEPOIHBIC MAaTCPHATIbI,
U30TepMa.
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IKINCi DOROCOLI TULLANTILARDAN 9LDO OLUNAN KARBON
MATERIALLARDAN ISTiFADO EDOROK, HORBi OMOLIYYATLAR
NOTICOSINDO CiRKLONMIiS SULARDAN AGIR METAL iONLARININ
ADSORBSIYA USULU iLO CIXARILMASI POTENSIALI

G. Tatisvili, N. Qiorgadze, N. Ananiasvili, L. Kvinikadze, M. Qaceciladze

Xiilasa: Todqgiqatin magsadi tobii karbon materiallarindan istifads ederok coxkomponentli sulu mohlullarda
agir metal ionlarmin (Pb?*, Cd**, Co®*, Cu®*, Fe**) adsorbsiya davranisin1 dyronmok idi. Adsorbent kimi
findig vo qoz qabig1 karbon materiallart vo aktivlegdirilmis karbon secilmisdir. Todqiqat hom
tokkomponentli, hom do ¢oxkomponentli sistemlords standart goraitds aparilmisdir (ms =1 q, Vi = 100 ml,
t=25°C, T = 30 daq).

Noticalor gostordi ki, qurgusun ionlarmin adsorbsiya gabiliyyoti on yiiksokdir (83.5-94 mg/qg),
ardinca kadmium (22.3-22.8 mg/g) vo mis ionlar1 (15.1-15.8 mg/g) golir. Metal ionlarinin adsorbsiya sirasi
azalan ion radiusuna uygundur: Pb** > Cd** > Cu®* > Fe?* > Co?*.

Coxkomponentli sistemlordo ionlar arasinda hom sinergik, hom do antaqonist qarsiligh tosirlor
miisahido edilmisdir. Kadmium vo kobalt ionlar1 {iglin adsorbsiya sistemindo ion qarsiliql tosir omsali
(Rge) > 1 sinergizmi va ya qarsiligl tasirin olmamasini, domir vo mis iigiin iso Rqe < 1 antaqonizmi gostarir.

Adsorbsiya prosesi zamani pH-in artmasi karbon materiallarinin tamponlama tasirini niimayis
etdirdi. Langmuir vo Freundlich izotermlorinin tohlili fiziki adsorbsiya mexanizmini (R* = 0.94-0.99) vo
sothin heterogen tobistini tosdigladi.

Tadqiqat gostorir ki, tobii karbon materiallari ¢oxionlu sudan agir metallarin ¢ixarilmasi tigiin
effektiv, ekoloji cohatdon tohliikasiz vo ucuz adsorbentlor kimi istifads oluna bilar.

Agar sozlar: harbi omoliyyatlar, sular, agir metallar, adsorbsiya, karbon materiallar1, izoterm.
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