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APPLICATION OF NATURAL CLAY AND BIO-BASED
ACTIVATED CARBON FOR THE ADSORPTIVE REMOVAL OF
PARACETAMOL FROM WASTEWATER

Abstract. Pharmaceutical residues, particularly paracetamol, have emerged as
persistent pollutants in aquatic environments due to their widespread use and incomplete
removal by conventional wastewater treatment processes. This study investigates the
potential of two low-cost and sustainable adsorbents — natural Kokshetau clay and activated
carbon derived from peanut shells — for the removal of paracetamol from aqueous solutions.
The adsorbents were characterized using XRD, and SEM, TEM, Elemental analyses to
determine their surface properties and structural features. Batch adsorption experiments
were conducted to evaluate the effects of pH, contact time, and initial concentration, while
fixed-bed column studies were used to simulate continuous treatment conditions. The
adsorption data were fitted to isotherm and kinetic models, with the Langmuir and pseudo-
second-order models providing the best fit, respectively. Column performance was
evaluated using the Thomas and Yoon-Nelson models. Results demonstrate that both
materials exhibit high removal efficiency for paracetamol, with activated carbon showing
superior performance. The findings highlight the potential of these materials as eco-friendly
and effective adsorbents for pharmaceutical removal in water treatment applications.

Keywords: paracetamol, Kokshetau clay, activated carbon, peanut shell,
pharmaceutical, adsorption, water treatment.
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Introduction. Pharmaceutical contaminants have emerged as significant
environmental pollutants in modern water systems, primarily due to their
widespread consumption and the inefficiency of conventional wastewater treatment
technologies to fully eliminate them. Among these, paracetamol (acetaminophen)
is frequently detected in surface waters, effluents, and even drinking water, often in
concentrations ranging from nanograms to milligrams per liter. Its ubiquitous use
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as an over-the-counter analgesic and antipyretic has contributed to its persistent
input into aquatic environments. Although paracetamol is generally considered safe
for human use, its presence in water bodies raises ecological concerns, particularly
due to its bioactive nature and transformation into potentially toxic intermediates,
such as 4-aminophenol [1-3].

Prolonged exposure to paracetamol residues and their byproducts has been
shown to disrupt physiological, reproductive, and developmental functions in
aquatic organisms, including fish, algae, and invertebrates. These impacts, along
with the potential for bioaccumulation and the formation of hazardous secondary
metabolites, underscore the need for effective, affordable, and sustainable methods
for pharmaceutical removal from contaminated waters [4].

Conventional treatment methods, including advanced oxidation processes
(AOPs), membrane filtration (e.g., reverse osmosis, nanofiltration), and ultraviolet
irradiation, though effective under controlled conditions, are often cost-prohibitive,
energy-intensive, and difficult to implement at full scale, especially in developing
regions [5-7].

In response, there has been growing interest in the use of natural and waste-
derived materials as adsorbents for water purification. Among these, natural clays
and agricultural byproducts, stand out due to their wide availability, low cost,
environmental compatibility, and favorable surface properties for adsorption.
Activated carbon (AC) derived from peanut shells not only provides a sustainable
method for waste valorization but also exhibits high surface area and porosity,
making it an excellent adsorbent [8-10]. Similarly, naturally occurring clays, such
as Kokshetau clay, possess layered structures and ion-exchange capacities that
enhance their adsorption potential for various organic pollutants.

This study investigates the adsorption performance of raw Kokshetau clay
and activated carbon produced from peanut shells for the removal of paracetamol
from aqueous media. By conducting both batch and fixed-bed column experiments,
and analyzing adsorption Kinetics, isotherms, and material characteristics, the
research aims to evaluate the feasibility of these materials as low-cost and eco-
friendly alternatives for pharmaceutical pollutant remediation. The findings
contribute to the broader effort of developing sustainable technologies for water
treatment and environmental protection.

Materials and methods. A natural clay was collected from a clay deposit
located in the city of Kokshetau, situated in the north of Kazakhstan. The raw clay
was thoroughly washed with ultrapure water until a neutral pH was achieved, then
dried in an oven at and sieved through a mesh.

Peanut shells, collected as agricultural waste, were similarly oven-dried,
ground using a laboratory mill, and passed through a 100 um sieve to obtain a fine
and homogeneous powder. All materials were used without further chemical
modification.

Preparation of Adsorbents. Kokshetau clay was obtained in its natural, raw
form and subjected to purification by repeated washing with distilled water until
the effluent reached a neutral pH (~6), ensuring the removal of soluble impurities
and surface contaminants. The washed clay was subsequently dried in a muffle
furnace at 60°C for 24 hours to eliminate residual moisture. Following thermal
treatment, the dried material was ground and sieved through a 100 pm mesh to
obtain a homogeneous particle size distribution suitable for use in adsorption
studies.

Activated carbon (AC) was synthesized from peanut shells via a two-stage
process consisting of carbonization and physical activation. Initially, the peanut
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shells were washed with distilled water to remove adhering particulates, air-dried,
and then ground and sieved to achieve uniform particle size. The carbonization step
was conducted in a tubular furnace at a temperature range of 400-600°C for 1-
2 hours under a nitrogen atmosphere to produce char. The charred material was
subsequently activated in the same furnace by exposing it to a continuous flow of
carbon dioxide or steam at elevated temperatures (800-900°C), thereby enhancing
pore development and surface area. The resulting activated carbon was thoroughly
washed with distilled water to remove residual ash and then dried at ambient
temperature prior to use.

Experimental model.

Batch adsorption tests. The adsorption isotherm experiments of Kokshetau
clay were conducted using aqueous paracetamol solutions with initial
concentrations of 10, 25, 50, 75, and 100 mg/L. The pH of the solutions was
maintained at approximately 6, reflecting the natural pH without adjustment. A
fixed adsorbent dosage of 2.5 g/L of Kokshetau clay was used for all tests. The
adsorption processes were carried out at room temperature (approximately 20-
25°C) with a contact time of 24 hours to ensure equilibrium was achieved.

Adsorption kinetic experiments of Kokshetau clay were carried out using an
initial paracetamol concentration of 10 mg/L in a total solution volume of 100 mL.
An adsorbent dosage of 2.5 g/LL was employed, and the suspensions were agitated
using a magnetic stirrer at constant room temperature for a total contact time of
6 hours. At predetermined time intervals, aliquots were withdrawn, and the solid-
liquid separation was performed by filtration through 0.45 um hydrophilic nylon
syringe filters to remove particulate matter. The residual concentration of
paracetamol in the filtrate was subsequently analyzed using high-performance
liquid chromatography (HPLC).

Adsorption isotherm experiments done with initial concentrations of
paracetamol: 10, 25, 50, 75, 100, 150, 200, 250, 300, and 400 mg/L. The pH of all
solutions was maintained at approximately 6 (natural pH) without adjustment. An
adsorbent dosage of 2.5 g/L was used consistently throughout the experiments.
Tests were conducted at ambient room temperature (approximately 20-25°C), with
a contact time of 24 hours to ensure equilibrium was reached.

The adsorption kinetics of paracetamol onto activated carbon derived from
peanut shells was investigated using an initial paracetamol concentration of
100 mg/L in 100 mL of aqueous solution. The adsorbent dosage was fixed at
2.5 g/L.. The suspension was continuously agitated using a magnetic shaker at
ambient temperature for a total duration of 8 hours. At specified time intervals,
samples were withdrawn and immediately filtered through 0.45 um hydrophilic
nylon syringe filters to separate the adsorbent particles. The residual concentration
of paracetamol in the filtrates was determined using high-performance liquid
chromatography (HPLC).

Fixed bed column test. Fixed-bed column experiments were conducted to
evaluate the dynamic adsorption performance of a binary adsorbent system
composed of activated carbon derived from peanut shells and raw Kokshetau clay.
A total of 0.5 g of adsorbent was used, consisting of 0.4 g of activated carbon and
0.1 g of clay. The adsorbent mixture was packed into a glass column following a
standard layering protocol: a bottom layer of glass wool, followed by a layer of
glass beads, the adsorbent bed, and an upper layer of glass beads to ensure uniform
flow distribution and minimize channeling. A paracetamol solution with an initial
concentration of 50 mg/L and natural pH of 6.0 was continuously passed through
the column using an HPLC pump at a constant flow rate of 1 mL/min. Effluent
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samples were collected at regular intervals and analyzed for residual paracetamol
concentration using HPLC.

-

Fig. 2. Fixed Bed Column

Fig. 1. Adsorption isotherm tests of clay and
activated carbon

Data analysis.

Isotherm and Kinetic models. The adsorption capacity of clay and activated
carbon composites for paracetamol, expressed as the amount adsorbed per unit
mass of adsorbent (mg/g), was evaluated, and the experimental data were fitted
using non-linear forms of the pseudo-first-order, pseudo-second-order, and Elovich
kinetic models, as represented by Equations (1)—(3), respectively.

gt = qe(1 —e—klt) Q)
t/gt = 1/k292 e + t/ge (2
gt =1/ *In(1 + aft) (3)

The adsorption kinetics of PCM onto AC was studied over a 480-minute
contact period using an initial PCM concentration of 100 mg/L. The experimental
data were fitted to the pseudo-first-order (PFO), pseudo-second-order (PSO), and
Elovich kinetic models (Fig. 3). The PSO model provided the best correlation with
the experimental data, suggesting that the rate-limiting step may be chemisorption
involving valence forces through sharing or exchange of electrons between
adsorbent and adsorbate. Rapid adsorption was observed within the first 90
minutes, followed by a slower phase approaching equilibrium, with a maximum
uptake of ~39.4 mg/g.

The equilibrium adsorption data obtained from the isotherm experiments
were analyzed using the non-linear forms of the Langmuir, Freundlich, and Temkin
isotherm models. These models are represented by Equations (4), (5), and (6),
respectively.

QezqmXKLXCe/1+KLXCe (4)
Ge=Kex C 1 (5)
qe=B-In(KT:-P) (6)

The adsorption isotherm of paracetamol (PCM) onto activated carbon (AC)
derived from peanut shells was investigated by varying the initial PCM
concentration from 10 to 400 mg/L at a fixed adsorbent dosage (2.5 g/L) and pH 6.
The adsorption equilibrium data were fitted using nonlinear Langmuir, Freundlich,
and Temkin models (Figure 4). Among the models, the Langmuir isotherm
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exhibited the best fit, indicating monolayer adsorption onto a homogeneous
surface. The maximum adsorption capacity (q_max) was found to be
approximately 232.1 mg/g. The high uptake at lower equilibrium concentrations
(Ce <10 mg/L) and the plateauing trend at higher Ce values confirm the saturation
of active adsorption sites.

Breakthrough curves. Effluent concentration versus time (C—t) curves were
analyzed to assess the performance of paracetamol removal under continuous flow
conditions. The amounts of triclosan adsorbed at breakthrough (gb) and at
saturation (gs), expressed in mg g', were calculated using Equations (7) and (8),
respectively:

b = (Co x Q/ 1000 x m) x Jots (1 — Cb/Co) 7)
Ob=(Co x Q/ 1000 x m) x Jo"t (1 — Cb/Co) (8)

where: Co (mgL™") — the initial paracetamol concentration; Cb (mgL™") and Cs
(mg L) — the effluent concentrations at breakthrough and saturation, respectively;
Q (mL min™") — the volumetric flow rate; m (g) — the mass of the CC/IO composite;
tb and ts — the breakthrough and saturation times corresponding to C/Co values of
0.1 and 0.9, respectively.

To further characterize the adsorption dynamics, the experimental data were
also fitted to the non-linear form of the Yoon-Nelson model (Equation 9), which
was selected for its simplicity and effectiveness in predicting breakthrough
behavior and overall column performance.

C=Co/1+eTkKt 9)

A fixed-bed column experiment was conducted using a composite adsorbent
composed of 0.4 g AC from peanut shells and 0.1 g raw Kokshetau clay. The
influent paracetamol concentration was maintained at 50 mg/L, and the column
was operated at pH 6.0 with a flow rate of 1 mL/min. The effluent concentration
remained below detection (C/Co = 0) up to 600 minutes, indicating high adsorption
efficiency. Breakthrough began around 720 minutes, and saturation occurred
approximately at 1320-1440 minutes, as evidenced by the gradual rise in C/Co up
to ~0.93. The slight pH increase in the effluent (from 6.0 to 7.2) may be attributed
to surface exchange reactions or dissolution of basic sites on the adsorbent.The
breakthrough data were fitted using nonlinear Yon-Nelson model (Fig. 5).
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Fig. 5. Yon-Nelson model for fixed bed column

Research results and discussion. Characterization of raw Kokshetau clay.
X-ray Diffraction (XRD) Analysis. The mineralogical composition of the raw
Kokshetau clay was determined using X-ray diffraction (XRD). As shown in the
diffractogram (Fig. 6), prominent reflections corresponding to muscovite, kaolinite,
and quartz were identified. A notable peak at 26 = 19.902° indicates the presence
of muscovite, which is further confirmed by additional reflections in the 26 range
of 19.902-34.981° (d-spacing 4.457-2.376 A). Kaolinite was identified by peaks in
the 20 range of 12.303-24.816°, and quartz was detected between 20.845-39.468°
(Table 1).
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Fig. 6. XRD analysis of Kokshetau clay

Table 1
Reflections of the Kokshetau natural clays
Ne Composition deg. 20 dA)
1 | Kaolinite 12.303-24.816 7.188-3.584
2 | Muscovite 19.902-34.981 4.457-2.376
3 | Quartz 20.845-39.468 4.258-2.281

A semi-quantitative analysis based on the XRD spectra (Table 2) revealed
that the Kokshetau clay is primarily composed of hydrated aluminum silicate, with
muscovite constituting approximately 17.0%, and SiO. making up 28.3%.
Additional phases include quartz and minor feldspar and calcite, indicating a
heterogeneous natural composition with notable levels of mineral impurities. The
presence of these impurities varies depending on the geological origin of the clay.
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Table 2
Chemical composition of the Kokshetau clay determined by semi quantitative
analysis from the XRD spectra

Mineral Kokshetau
Quartz, Si0O; 28.3%
Calcite, CaCOs
Muscovite, (K0.82Na0.18) (Fe0.03AI11.97) (AlSi3)O10(OH), 17%
Albite endmember feldspar, 1.6%
Na(AlSi3Osg)
Hydrated aluminum 0%
silicate, Al,03+4Si0,°xH,0
Kaolinite, Al;Si;Os(0OH)4 53.1%
Microcline feldspar, KSisAlOg 0%

Elemental Composition. The chemical composition of the raw Kokshetau
clay was further analyzed using energy-dispersive X-ray spectroscopy (EDS) via
an Inca Energy system (Table 3). The elemental analysis confirmed the presence of
major constituents such as Al, Si, and O, consistent with aluminosilicate minerals.
Trace elements including Na, Ca, and Fe were also detected, supporting the
identification of muscovite and minor feldspar phases. The composition aligns well
with the XRD findings and affirms the multi-phase nature of the natural clay.

Table 3
Chemical composition of the natural clays, determined by elemental analysis
Natural Mass of the element (%)
clay O Na | Mg Al Si K Ca Ti Mn Fe
Kokshetau |54.71| *n.i. | 0.15 | 13.4 [19.17] 0.28 | 0.21 | 1.43 | n.i.* | 10.66

*n.i. = not identified

Morphological Analysis (SEM and TEM). The surface morphology and
microstructure of the raw Kokshetau clay were examined by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) (Fig. 7 and 8).
SEM images reveal a heterogeneous, layered morphology with irregular particle
shapes and varying porosity, characteristic of natural clays. TEM analysis provided
further insight into the particle arrangement at the nanoscale, showing layered
silicate structures with interlamellar spacing, typical of muscovite and kaolinite
clays. The porous and flaky texture is favorable for adsorption, offering a range of
micro- and mesopores accessible to pollutant molecules.

250 nm
——

Fig. 7. SEM micrograph of Kokshetau  Fig. 8. TEM micrograph of Kokshetau
clay clay
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Conclusion. This study demonstrated the effective use of raw Kokshetau
clay and activated carbon derived from peanut shells (AC-PS) as low-cost and
environmentally friendly adsorbents for the removal of paracetamol (PCM) from
aqueous solutions. Comprehensive characterization of the raw clay confirmed the
presence of muscovite, kaolinite, and quartz, as well as a heterogeneous
composition with layered morphology and microporous texture, which supports its
adsorption capabilities.

Batch adsorption experiments revealed that AC-PS exhibited significantly
higher adsorption capacity compared to raw clay, reaching a maximum of
232.06 mg/g. The adsorption equilibrium data fitted well with the Langmuir
isotherm model, indicating monolayer adsorption on a homogeneous surface.
Kinetic studies showed that the pseudo-second-order (PSO) model best described
the adsorption process for both materials, suggesting chemisorption as the rate-
limiting step.

The fixed-bed column experiments using a mixture of AC-PS and Kokshetau
clay (4:1) further confirmed the high removal efficiency under dynamic flow
conditions, with near-complete removal of PCM in the early stages of operation.
These results demonstrate the potential of combining natural clay with low-cost
biochar to design efficient and sustainable adsorption systems.

In conclusion, the synergistic use of natural clays and bio-derived activated
carbon offers a promising approach for developing low-cost and efficient
adsorbents for wastewater treatment applications, particularly for the removal of
pharmaceutical contaminants like paracetamol.
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IM.X. flynamu ameiHdarsl Tapas yHusepcumemi, Tapas K., Kazakcmax
2BpazaHca noaumMexHUKabiK UHcmumymel, bpazaxca K., lMopmyaanus

TABUFU CA3 KOHE BUO-HETI3AEMN AKTUBTE/ITEH KEMIPAI A9PINIK KANADBIK -
NAPALETAMO/Abl AfblH CYNIAPAAH AACOPBLUUANDBIK 9A4ICAEH XXOIOFfA KONAAHY

AHpaatna. ®apmaueBTUMKaNbIK KanablKTap, acipece napauetamos, e34epiHiH
KEeHiHEeH KONAaHblyblHA X3He A3CTYp/i afblH Cy/fapAbl Ta3apTy SAiICTepiHiH, onapabl
TO/bIK KOA asMayblHa 6alifaHbICTbl Cy OpTacbiHAA@ TypPaKTbl AacTaylbliap peTiHge
KapacTblpbliyaa. byn 3eptreyae napauetamongbl cy epiTiHAINEPiHEH KO MaKcaTbiHAA
TOMeH bafasibl }KoHEe 3KONOrUANbIK Ta3a eKi agcopbeHTTiH, — KekweTay Tabufn casbl MeH
eprKaHfaK KabblfblHAH afiblHFaH aKTUBTE/NreH KemipaiH, — Tuimainiri 3eptrenai.
AacopbeHTTepaiH 6eTKi KacueTTepi mMeH KypblUIbIMAbIK €epeKWenikTepiH aHblKTay VLUiH
XRD, SEM, TEM :kaHe asnemeHTTIK aHanu3gep Xyprisinai. MNapametpnep petiHae pH,
6ainaHbIC yaKblTbl KoHe 6acTanKbl KOHUEHTpauusaHbl e3repTe OTbipbif, Cepussbl
aacopbumanbik TaxKipnbenep Kacangbl, an y34ikcis TazapTy XafgannapbiH UMUTauuanay
YWiH KOMOHHanNbIK CbIHaKTap Kyprisingi. Agcopbuma aepektepi M30TepMasiblK *KaHe
KUHETMKaNbIK MoAenbaepre CoMKecTeHAipingj, HaTuxeciHge calikeciHwe JISHrMIOp MeH
YKanfaH eKiHWi peTTi moaenbAep KaKCbl COMKECTIK KepceTTi. KosoHHa Xymbicbl Tomac
aHe HOH-HenbcoH mopenbaepi apKpinbl 6aranaHgbl. HaTuxKenep eki matepuangbiH aa
napaueTamosigbl TUIMAj *KOATbIHAbIFbIH, analiAa aKTUBTENTEH KOMIpAiH, KoFapbl OHIMAINIK
KOPCETKEHIH  KepceTTi. byn  3epTrey  KepceTKeHZeW, aTanfaH  MmaTepuangap
dbapmMaueBTMKanbIK, NacTaylWwbliapabl KO YWIH 3KOMOTUANDLIK Kayincis XoHe Tuimpai
aacopbeHTTEp peTiHAe KoNAaHblIyFa NepCcrneKkTMBabl.

Tipek ce3pep: napauetamos, Kekwertay 6anwbifbl, aKTUBTEHAIPINreH Komip,
KeprKaHFaK Kabbifbl, papmaueBTuKa, agcopbumsn, cy TasapTy.
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Tapasckuli ynusepcumem um.M.X. flynamu, 2. Tapas, KazaxcmaH
MonumexHuyeckuli UHcmumym bpazaHcel, 2. bpazaHca, Mopmyzanus

NPUMEHEHME NPUPOAHOM MMNHbI U AKTUBUPOBAHHOTO YINA
BUOJIOTUYECKOI O MPONCXOXAEHNA ANA AACOPBLUUOHHOIO
YOANEHUA NAPALETAMOJIA U3 CTOYHbIX BOA,

AHHOTauma. dapmaueBTUYecKMe OCTaTKK, B YaCTHOCTM NapaueTamoJi, CTaHOBATCA
YCTOMUMBLIMM  3arpPASHUTENAMM BOOHOW Ccpeabl M3-3a WX LUMPOKOro MNPUMEHEHUA U
HENo/IHOTO yAaNeHUa TPAZUUMOHHLIMU METO4AMM OUYMCTKM CTOYHbIX BOA. B paHHOM
uccnenoBaHWM  paccMaTpMBaeTCA  MOTEHUMAn ABYX HeZoporMx W 3KONOrMYecku
6e3onacHbIx aacopbeHToB — NPUPOAHON FNHbI M3 KOKleTay M aKTUBMPOBAHHOIO YIAs,
MOJIYYEHHOrO M3 apaxuMCOBOWM LWeayxu — ANA yAaNeHUs napaueTamosia M3 BOAHbIX
pactBopoB. AacopbeHTbl 6blM OxapaKkTepu3oBaHbl C UCMOAb3oBaHWem meTodoB XRD,
SEM, TEM 1 31eMeHTHOro aHann3a C Le/blo ONpeaesieHNs UX NOBEPXHOCTHbIX CBOWCTB M
CTPYKTYPHbIX  XapaKTepUCTUK. [lakeTHble aAcOPOLMOHHbIE  3KCMEepUMEHTbl  Bblan
npoBeaeHbl ANA OLUEHKM BAUAHUA pH, BpeMeHU KOHTaKTa M Hauya/ibHOM KOHUEHTpaUmu, a
TaK)Xe peann3oBaHbl KOJOHHbIE MCCAeA0BaHUA ONA MMMUTALMM HEnpepbiBHbIX YCA0BMUIMA
OUYMCTKK. MonyyeHHble AaHHble 6blAM CONOCTaBNEHbl C M30TEPMaMU U KUHETUYECKUMM
MOAENAMMW, NPUYEM Hau/y4yllee COOTBETCTBME MOKasannm mogenu JIsHrmiopa U ncesgo-
BTOPOro MopsgKa COOTBETCTBEHHO. JPPEKTUBHOCTb KOJIOHH OLEHMBAMACb C MOMOLLbIO
moaeneir Tomaca u HOH-HesnbcoHa. Pe3synbTaTbl MNOKasanuM BbICOKYD 3(GEKTUBHOCTb
yAaneHua napauetamona obouMmu maTepuanamu, Npu 3TOM aKTUBMPOBAHHbLIA Yrosb
npogaemMoHcTpupoBan 6osee BbICOKME MOKasaTenn. ITM  BbIBOAbI MNOAYEPKMBAKOT
NOTEHUMAN YyKasaHHbIX afcopbeHTOB B KayecTBe 3JKOAOrMYecku 6e3onacHbiXx W
3bPeKTMBHbIX MaTepPUanoB ANA yaaneHna GapmaLeBTUYECKUX 3arpasHuTeNnei B cuctemax
BOAOOUYMCTKM.

Kniouesble cnoBa: napaueTramo/i, KOKLIEeTaycKas rnMHa, akTMBUPOBAHHbIN Yrob,
apaxucoBas Lesyxa, papmaLeBT1Ka, agcopbums, ouncTka Boapl.
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