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Abstract. Fe-modified activated carbons were prepared from corn-cob-derived
activated carbon by wet impregnation with ferric nitrate, followed by thermal
treatment under nitrogen. The obtained materials, denoted MAC1, MAC2.5, and
MACS according to their nominal iron loadings, were evaluated for the aqueous-
phase removal of paracetamol (PCM) and sulfamethoxazole (SMX) by adsorption and
oxidant-assisted treatment using hydrogen peroxide and sodium persulfate (SPS). The
experiments were conducted with an initial pollutant concentration of 50 mg L™, a
material dose of 2.5 g L', pH 3.5, and 60 °C for up to 24 h. Hydrogen peroxide and
SPS were each used at an initial mass concentration of 44.3 mg L™, corresponding to
1.30 mmol L H,0O, and 0.186 mmol L Na,S,0s. The residual oxidant concentration
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was monitored during treatment, and samples were chemically quenched before HPLC
analysis. Under the tested model-water conditions, the highest experimental adsorption
uptake was 17.08 mg g for PCM on MACS and 7.52 mg g for SMX on MAC2.5.
The SPS-assisted systems produced a greater decrease in the aqueous concentration
of the parent compounds than the hydrogen-peroxide-assisted systems, with PCM
removal above 98% and SMX removal up to 74% after 24 h. These values represent
aqueous-phase removal and do not by themselves distinguish adsorption from chemical
transformation. The results indicate that iron loading, porous structure, pollutant
speciation, and oxidant consumption jointly influence the observed performance.

Keywords: corn cob; Fe-modified activated carbon; paracetamol; sulfamethoxazole;
hydrogen peroxide; sodium persulfate; adsorption; oxidative treatment
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AnHoTamust. TeMipMeH MoaM(pUKANMsUIaHFaH OCICEHTIPIITeH KOMipiep Kyrepi
COOBIKTapbIHAH aJbIHFaH Oencenmipinred kemipai temip (I1I) HUTpaTEIMEH BITFAIIBI
MMITpEeTHAIUSIAY JKOHE KEHIHHEH a30T arMoc(epachlHaa TEPMUSIIBIK OHIEY apKbLIbI
manbrHTaIael. TeMipaiH HOMHHAIIB Memmepine coiikec MACI, MAC2.5 xoHe
MACS5 nem OenrineHTeH albIHFaH Marepuangap mnapareramonasl (PCM) xoHe
cynbdamerokcazonasl (SMX) cy (hazaceiHaH agcopOIust xKoHe CyTeK IMEePOKCHIII MEH
HaTpuid nepcyabdareia (SPS) KommaHy apKbUIbl TOTHIKTBIPFBINI OHJIEY SAiCTepiMeH
KO0 YIIiH 3eprreni. ToxipuOenep jactaymibl 3aTThIH 0aCTanKbl KOHIIEHTPAIHSICHI
50 mr-or!, marepuan memmepi 2,5 r-r', pH 3,5 xone 60 °C Temneparypa xaraaibiHaa
24 cararka neitin xyprizingi. Cytexk nepokcuai MeH SPS-TiH 0acTamkbl MaccaibiK
KOHIIEHTpaIUsChl Oipme, srau 44,3 mr-a! Oomnbl, 0w colikecinme 1,30 MMomb 1!
H,0, xone 0,186 mmonb ' Na,S,0s Menmepine colikec Kenmi. OHmey OapbhIChIHIA
TOTBIKTBIPFBIIITHIH KaJABIK KOHIIEHTpAIusachl Oakputanzisl, an KTCX TanmaybiHBIH
QJIJIBTH/IA YT ITIEPET1 PeaKITHsl XMMHSUTBIK )KOJIMEH TOKTAThUIIBL. 3€PTTENTeH MOJIENbIIK
Cy XKy#Heci kaFaabIHIa €H KOFaphl TOKIPUOETIK acOpOIHSITBIK CRIMBIMABLTBIK PCM
ymia MACS marepuansiana 17,08 mr-r!, an SMX ymrin MAC2.5 marepuansiaaa 7,52
Mmr-T! Kypaael. SPS KaTbIcKaH Ky#enep CyTeK MepOKCH I KOMAaHBUIFaH KyHelepMeH
CaJIBICTBIPFaH/Ia 0acTanKbl KOCBUIBICTAPBIH Cy (ha3achbIHAarbl KOHIICHTPAIUSCHIHBIH
aHAFYpIIBIM alKbIH TOMEHEYiH KaMTaMack3 eTTi: 24 carartaH kelliH PCM »xoibury
nmopexeci 98%-man skorapel, an SMX ymia 74%-ra geitin oxerti. bym monmep
KOCBUTBICTap/bIH Cy (pa3achlHAH Kbl JKOWBUTYBIH CHITATTAMIbl JKOHE ©3iriHeH
azcopOnrs MEH XUMISUIBIK TYPJICHYIIH YJECiH aXbIpaTyFa MYMKIHIIK OepMeini.
Hormxenep temip Memmepi, KeyeKTi KYpbUIBIM, JIACTAyIIbl 3aTTap/AblH epiTiHIier]
KYHi KOHE TOTBHIKTBIPFBIIITHIH KYMCalybl OalKalFaH yAepic THIMIITiriHe Oipiecim
ocep eTEeTiHIH KepceTe/i.

Tyiiin ce3mep: )Kyrepi COOBIKTaphI; TeMipMeH MOTH(DUKAIIAsIIaHFaH OeICeHIi piIreH
KOMIp; Tapaieramol; Cylib(haMeToKkca3ol; CyTeK IMEepPOKCHIi; HATpUH MepCcyibQarsl;
a7CcoOpONS; TOTBIKTHIPFBIII OHIEY
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AHHoOTanusi. MoaupUIIMPOBAaHHBIC KEJIC30M AaKTUBUPOBAHHBIC YIIM OBbLIN
IMOJTY4YC€HbI Ha OCHOBE AKTHBUPOBAHHOI'O YIJIA M3 KYKYPY3HBIX IOYATKOB MCTOJA0M
BIAXHOW wmmnperHanuu ©HATpatoMm kene3a(lll) ¢ mocmemyromelt TepMuvecKoi
o0OpabGoTkoii B armocepe azora. [lomyueHHbIe MaTepHalibl, 00O3HAYCHHBIC KaK
MACI, MAC2.5 u MACS5 B COOTBETCTBHH C HOMHUHAJIBHBIM COJCPKAHHEM Kelie3a,
ObUIM HCCIIeIOBaHbl JUIs yhaaneHus napameramonia (PCM) u cynbdamerokcasona
(SMX) u3 BomHOHU (a3bl TOCPEICTBOM aICOPOIMH U OKUCIUTENBLHOW 00paboTKH ¢
UCIIOJIb30BaHMEM TIEPOKCHIA BOJOPOa U nepeyiabdara Hatpus (SPS). DxcrepuMeHTsI
NPOBOAMIM TIPU HaYalbHOW KOHIEHTpAIMM 3arps3Hsiomiero BemectBa 50 mr-m,
no3upoBke marepuana 2,5 v, pH 3,5 u remneparype 60 °C B Teuenue g0 24 u.
[Tepoxkcun Bomopona u SPS mcronb30Baiu Mpy OJWHAKOBOM HayalbHONW MaccOBOM
koHIeHTpanuu 44,3 mr- m', yto coorBercTBoBaio 1,30 mmoms-1' H,O, u 0,186
MMOJIB- T Na,S,0g COOTBETCTBEHHO. B X071€ 00pab0TKH KOHTPOIHPOBATIN OCTATOUHYO
KOHIIGHTpaIuo okuciautens, a nepea BOXKX-anamuszom o0pasibl moxBepraiu
XUMHUYECKOMY TalllICHHUIO pPCaKIUU. B HCCJIICAOBAHHBIX YCJIOBHUAX MOI[GJ'IBHOf/i BO,I[HOI71
CHCTEMBbI MaKCHMaJIbHAsl dKCIEpUMEHTabHAs aJICOPOIMOHHAs EMKOCTh COCTaBHWIIA
17,08 mr-r! nng PCM ma MACS u 7,52 mr-t! s SMX Ha MAC2.5. CucteMsl ¢
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ucnonp3oBanreM SPS obOecnieunBanyu Oonee 3HAYUTEIBHOE CHIKEHNE KOHLEHTPALUH
HCXOAHBIX COEAMHEHH B BOAHOH (haze MO CpPAaBHEHMIO C CHCTEMaMH, COACPKAIUMHU
nepokcu Bogopoaa: crenens ynanenus PCM npesbimana 98%, a SMX nocturana 74%
yepe3 24 4. Yka3aHHbIE 3HAYEHMs XapaKTepHU3YyIOT yIaJeHHEe COeAMHEHNH U3 BOAHON
(a3l ¥ caMu 1O ceOe He MO3BOJISIOT Pa3TPaHUYHUTh BKIIAZ aJCOPOLUU U XUMHUUECKON
Tpanchopmanuu. IlomydeHHble pe3ynbTaThl MMOKAa3bIBAIOT, YTO COAEPKaHHE Kejesa,
MOpHUCTasg CTPYKTypa, GopMa HaXOKACHUS 3arpsA3HSIOIIETO BEIIECTBA B PacTBOpE H
pacxon OKUCIHTENSI B COBOKYIHOCTH OIPEIENSIOT HabnrogaeMyro 3QQeKTHBHOCTD
mpouecca.

KiarodeBble  cioBa:  KyKypy3Hble — IOYaTKH;  aKTMBHUPOBaHHBIH  yToIlb,
MOIU(HUIMPOBAHHBIN  JKEJNe30M; TapaleraMmos; Cylb(aMeTOKCca30d; IMEePOKCU
BOJIOpOAA; NepcynbdaT HaTpusl; ancopOLus; OKHCIUTEIbHAs 00paboTKa.

Introduction. Contaminants of emerging concern (CECs), including
pharmaceuticals, personal care products and other bioactive organic compounds, are
increasingly detected in surface waters, groundwater and treated effluents, raising
concerns due to their persistence and potential ecological and human health impacts
(Rocha et al., 2021; Song, et al., 2023; Vaddi et al., 2024). Conventional wastewater
treatment processes are often insufficient for complete removal of these micropollutants,
which has stimulated growing interest in advanced materials capable of combining
high removal efficiency with operational simplicity and reusability.

Inthe literature, magnetic activated carbons (MACs) have emerged as multifunctional
materials that integrate the high adsorption capacity of activated carbons with magnetic
separability, enabling both efficient CECs removal and facile post-treatment recovery
when magnetic properties are directly demonstrated (Pereira D. et al, 2022). Beyond
acting as sorbents, such materials can also serve as catalysts or catalyst supports in
advanced oxidation processes (AOPs), positioning them as promising platforms for
integrated adsorption—oxidation water treatment strategies (Moosavi et al., 2020; Cako
et al., 2024).

Literature review. MACs are commonly synthesized by introducing iron oxides,
predominantly magnetite (Fe304) or maghemite (y-Fe203), onto activated carbon,
biochar or related carbonaceous matrices via co-precipitation, impregnation, infiltration
or in-situ composite formation routes (Pereira D. et al, 2020; Rocha L. et al 2020).
A wide range of waste-derived precursors, such as paper mill sludge, agricultural
residues, cellulosic wastes and rice husk, have been successfully employed, aligning
MACs development with principles of resource recovery and sustainability. Properly
designed MACs typically retain high specific surface areas (=550-800 m? g') while
achieving saturation magnetizations in the range of 19—40 emu g, allowing rapid
magnetic separation without severe loss of porosity or adsorption sites (Pereira et al.,
2020).

As adsorbents, MACs exhibit fast kinetics and high uptake capacities toward a wide
spectrum of CECs, including pharmaceuticals and other aromatic and heterocyclic
compounds, in both model solutions and real wastewater matrices. Adsorption
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equilibrium is frequently reached within 30—60 min and is commonly described
by Langmuir or Freundlich isotherms, while pseudo-second-order kinetic models
often provide the best fit, indicating contributions from chemisorption and surface
complexation (Baghdadi et al., 2016). Although competition from natural organic
matter and variations in pH in real effluents can reduce adsorption capacities, MACs
generally retain substantial removal efficiency under realistic conditions. Moreover,
MACs derived from commercial powdered activated carbons and regenerated via
inductive or microwave heating have demonstrated stable CECs removal over multiple
adsorption—desorption cycles with only minor performance losses (Pereira et al., 2022;
Pereira et al., 2020).

In addition to adsorption, MACs have been widely explored as heterogeneous
catalysts in peroxide-based AOPs. Magnetite-loaded activated carbons act as Fenton-
like catalysts, activating hydrogen peroxide to generate reactive oxygen species
capable to degrade a wide range of organic pollutants, while partially regenerating
the carbon surface during oxidation. Compared with homogeneous iron systems,
supported magnetic carbons facilitate catalyst recovery and significantly limit iron
leaching, although excessive iron loading may lead to pore blockage and reduced
adsorption performance. The efficiency of catalytic wet peroxide oxidation on MACs
is strongly influenced by pH (typically mildly acidic), oxidant, catalyst dosages, and
reaction temperature (Esteves et al., 2024).

More recently, increasing attention has been directed toward the activation of
persulfate-based oxidants by magnetic carbon materials. Carbon-based magnetic
nanocomposites, including MACs, magnetic carbon xerogels and ferrite—carbon
hybrids, have demonstrated high efficiency in activating sodium persulfate (SPS)
and peroxymonosulfate (PMS), enabling both radical and non-radical oxidation
pathways for the degradation of persistent CECs (Pang et al., 2019). In these systems,
the carbon matrix plays a critical role by dispersing magnetic particles, promoting
electron transfer and Fe(Ill)/Fe(Il) cycling, and providing additional catalytic and
adsorption sites, particularly in heteroatom-doped carbons. Depending on material
composition and operating conditions, pollutant degradation may proceed via sulfate
radicals, hydroxyl radicals, superoxide species and/or singlet oxygen pathways (Qin
et al., 2024; Tian et al., 2022; Outsiou et al., 2017). Several magnetic carbon-based
catalysts, such as Fe/Co-containing carbon xerogels, Prussian blue—carbon composites
and self-doped iron—carbon materials derived from waste sources, have shown rapid
CECs degradation across broad pH ranges, good reusability and low metal leaching
(Qin et al., 2024; Outsiou et al., 2017). Nevertheless, despite extensive laboratory-
scale studies, applications in real wastewater matrices remain limited, and mechanistic
understanding, particularly regarding non-radical oxidation routes, continues to evolve
(Pang et al., 2019).

Fe-modified porous carbons provide a potentially useful platform for combining
adsorption with oxidant-assisted treatment. However, the contributions of adsorption,
direct oxidant action, heterogeneous surface reactions, and homogeneous reactions
involving dissolved iron must be distinguished experimentally. In addition, claims
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concerning magnetic separability require direct magnetic measurements, while
mechanistic assignments require evidence beyond parent-compound concentration
profiles.

The objective of this study was to compare three nominal iron loadings introduced
into the same corn-cob-derived activated carbon and to evaluate their performance
toward PCM and SMX under adsorption, hydrogen-peroxide-assisted, and SPS-
assisted conditions. The work focuses on aqueous-phase removal and on relationships
between nominal iron loading, porous characteristics, surface acid-base behavior, and
treatment performance. The previously reported MnFe,O./Shymkent material was
used only as a reference comparator.

Materials and Methods. Materials. Paracetamol (PCM, >99%), sulfamethoxazole
(SMX,>99%), acetonitrile (HPLC grade, >99.9%), hydrogen peroxide solution (>30%),
sodium persulfate (Na,S,0s, >98%), ferric nitrate nonahydrate (Fe(NOs;);-9H,0),
sodium thiosulfate, hydrochloric acid, sodium hydroxide, and sodium chloride were
of analytical or chromatographic grade. All reagents were used without further
purification.

Characterization of activated carbons and Fe-modified activated carbons.

Textural properties of the obtained materials. The textural properties of the
unmodified activated carbon (AC) and the Fe-modified samples were evaluated by
N, adsorption-desorption at =196 °C. AC was analysed using a Micromeritics ASAP
2020 after degassing at 150 °C for 12 h, whereas MAC2.5 was analysed using an
EASY-V1440 after degassing at 120 °C for 2 h and 250 °C for 6 h. N,-physisorption
data were also obtained for MACI1 and MACS and are reported in Table 1. The BET
specific surface area (SBET), total pore volume (VTotal), micropore volume (Vmicro),
mesopore volume (Vmeso), Vmicro/VTotal ratio, and average pore diameter (dpore)
were used for comparison.

Surface characteristics and elemental composition of the obtained materials.
Elemental CHNS/O analysis was performed on an Elementar Unicube, Germany. The
average mass of the analyzed substance was 1-5 mg. The temperature of the combustion
column was 1150°C, and the temperature of the recovery column was 850°C. The
analysis process in the Elementar Unicube device is based on the classical technique
of Pregl-Dumas organic elemental analysis and consists of a series of sequential steps:
combustion (reduction), homogenization of products, separation of products and their
detection. The sample is burned in the analyzer at a high temperature in the presence
of oxygen. During the combustion process, gases (CO,, H/O, N,, SO,) containing
the studied elements are released. These gases then pass through various detectors to
measure their volume and elemental composition.

Thermogravimetric analysis of the carbon sample was performed using a LabSys
Evo thermobalance (Setaram Instrumentation) under nitrogen (50 mL min™) from 30
to 900 °C.

The point of zero charge (pHpzc) was estimated by the pH-drift method. A series
of 50 mL portions of 0.01 M NacCl solution was adjusted to initial pH values from 2
to 12 using 0.01 M HCl or 0.01 M NaOH. Then, 0.15 g of material was added to each
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flask and equilibrated for 48 h. The final pH was measured, ApH = pHfinal — pHinitial
was calculated, and pHpzc was taken as the initial pH at which ApH = 0. The resulting
pH-drift profiles were used to estimate the surface-charge transition region discussed
in the Results section.

Morphological properties of the obtained materials. Morphological structures
were analyzed using a scanning electron microscope (Auriga Crossbeam 540, Carl
Zeiss, Germany). Prior to analysis, the samples were sputter-coated with a thin layer
of carbon using a Carbon Coater AGB7230 (Agar Scientific, UK) to improve surface
conductivity. Imaging was performed at accelerating voltages of 10-20 kV at various
magnifications. Elemental composition was determined by energy-dispersive X-ray
spectroscopy (EDS) using an AStec system.

Methods to obtain activated carbons. The corn-cob-derived activated carbon used
as the starting material was prepared (see Fig.1) according to the procedure reported
previously (Kurtebayeva et al., 2026).

Choosing biomass, Fre- Washing with 10% HCl Washing with water Drying at 85¢C overnight

crushing, washing, drying carbonization until pH=6

Bl b 4

Activating process using Washing with water Drying at 859C Carbonization process Activated carbons
activators until pH=6 overnight

Figure 1 - Scheme of the activated carbons synthesis procedure.
Figure 1. Was used to calculate the yield of the product (activated carbon, AC) after the carbonization
process.

— Mac
¥= mr—m_ 100% (1)

where Y is the dry-basis product yield (%), m, . is the dry mass of activated carbon,
and m__ is the dry mass of the initial biomass.

Methods to obtain Fe-modified activated carbons. In this work, modified activated
carbons were prepared by wet impregnation of powdered activated carbon (5.0 g
aliquots) with Fe(NOs;);-9H,O to obtain nominal iron loadings of 1, 2.5 and 5 wt.%
(relative to the dry carbon mass). Prior to impregnation, AC was dried at 110 °C for
2 h and cooled in a desiccator. The required mass of Fe(NO;);-9H,O for each loading
was calculated stoichiometrically (Equation 2, where m is mass of the salt (g), mAC is
mass of activated carbon, wFe is the required iron loading, oFe in salt is the required
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mass of iron in the salt) and dissolved in 50 mL of a 50:50 (v/v) water/absolute ethanol
solvent to prepare the impregnation solution. The dissolved solution was added to the
5.0 g carbon sample in a beaker and mixed to form a homogeneous slurry. The slurry
was gently heated at ~50 °C with occasional stirring until no free liquid remained. After
removal of free solvent, the paste was allowed to rest (age) for 30 min with intermittent
mixing to prevent crusting. The material was then dried at 80 °C for 2 h and further
dried at 110 °C overnight. Finally, the dried impregnated carbon was thermally treated
at 300 °C for 2 h under a nitrogen atmosphere (Fig.2). The resulting Fe-modified carbon
materials were stored in a desiccator until further characterization. The sample codes
MACI, MAC2.5, and MACS were retained for consistency and sample identification;
the numbers denote the nominal Fe loading used during synthesis and do not imply
experimentally confirmed magnetic properties.

WEeTMAC (2)

WFe in salt

g‘_-L___ J ae E:i
__..w#j._._ i

Figure 2. Scheme of the procedure to obtain the Fe-modified activated carbons.

m:

MnFe,O4Shymkent reference clay. The MnFe,04/Shymkent reference clay used in
this work was prepared according to the procedure described in our previous study (Zh.
Baimuratova et al., 2024), in which the material was characterized separately.

Figure 3. Scheme of the procedure to obtain the MnFe,O./Shymkent reference clay.

Batch experiments using Fe-modified activated carbons and the MnFe,O/Shymkent
reference clay. Batch adsorption experiments. Batch adsorption tests were performed
using 100 mL of PCM or SMX solution at Co =50 mg- L' in 250 mL Erlenmeyer flasks.
The material dose was 2.5 g-L’!, the initial pH was adjusted to 3.5 with 0.1 M HCI or
NaOH, and the suspensions were agitated at 200 rpm and 60 £ 1 °C. These conditions
were selected to enable direct comparison with the oxidation experiments; they should
not be interpreted as optimized or representative of ambient wastewater treatment.
The use of a single pH, temperature, and pollutant concentration is a limitation of the
present study.

At0,5,15, 30,60, 120, 240, 480, 720, and 1440 min, 2 mL aliquots were withdrawn
and filtered through 0.45 pm nylon syringe filters.

315




ISSN 2224-5227 3.2026

P ) 4 3)
m

where q. is the adsorption capacity at the selected endpoint (mg g™), C, is the initial
concentration of PCM or SMX (mg L), C. is the corresponding aqueous concentration
of PCM or SMX (mg L"), V is the solution volume (L), and m is the mass of Fe-
modified activated carbon or MnFe,O./Shymkent reference clay (g).

The adsorption concentration-time data were evaluated using the pseudo-first-order
and pseudo-second-order kinetic models. Model performance was compared using
the coefficient of determination (R?), sum of squared errors (SSE), root mean square
error (RMSE), and the agreement between calculated and experimental adsorption
capacities. The model showing the higher R? together with lower SSE and RMSE
values was considered the better empirical description of a given dataset. Kinetic-
model agreement was not interpreted as direct proof of chemisorption.

Pseudo-first order model:

q,=q,-(1-¢e™) (4)

Pseudo-second order model:

T (5)

where t is the contact time (min), q, is the adsorption capacity at time t (mg-g™),
q, s the adsorption capacity at equilibrium (mg-g™), k, is the pseudo-first-order rate
constant (min™), and k; is the pseudo-second-order rate constant (g-mg™"'-min™).

SMX and PCM concentrations were quantified by HPLC using the following
conditions: Inertsil ODS-3 column (250 x 4.6 mm, 5 pm), mobile phase acetonitrile:
ultrapure water (45:55, v/v) adjusted to pH 2.5, flow rate 1.0 mL-min™, detection at 254
nm. The same HPLC analytical conditions were applied for the determination of SMX
and PCM concentrations in all experiments described in this study.

Catalytic wet peroxide oxidation (CWPO, batch). CWPO experiments were
conducted in 250 mL glass reactors containing 100 mL of PCM or SMX solution (C, =
50 mg L") and 0.25 g of material (2.5 g L"). The initial pH was adjusted to 3.5, and the
reactors were maintained at 60 + 1 °C under agitation at 200 rpm. Hydrogen peroxide
was used as the oxidant at an initial mass concentration of 44.3 mg L' (1.30 mmol
L"). This oxidant dose was selected from the stoichiometric calculation for complete
mineralization of SMX and was subsequently used as the fixed H,O, concentration in
the comparative oxidation experiments.

The stoichiometric calculation was based on the reaction C;o0H::N:O5S + 33H,0,
> 10CO, + 36H,0 + H,SO4 + 3HNO;. For an SMX concentration of 10 mg L, the
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amount of SMX is 3.948 x 10~ mol L; therefore, 33 mol of H,O, per mole of SMX
corresponds to 1.302 x 102 mol L' H,O,, or 44.3 mg L. Using a 30% H,O, solution
and the calculation applied in this study, this concentration corresponds to 148 uL of
the H,O, solution per litre of reaction solution.

Samples were collected at 0, 5, 15, 30, 60, 120, 240, 360, 480, and 1440 min.
Immediately after sampling, the reaction was quenched with sodium thiosulfate to stop
further oxidation. Samples were then filtered through 0.45 um nylon syringe filters
and analysed by HPLC under the conditions described above. Residual oxidant was
monitored during the treatment.

Sodium persulfate-assisted treatment (SPS, batch). SPS-assisted experiments were
performed under the same batch conditions used for CWPO: 100 mL of PCM or SMX
solution (Co =50 mg L), 0.25 g of material (2.5 g L"), pH 3.5, 60 £ 1 °C, and 200 rpm.
Sodium persulfate (Na,S,Os) was used as the oxidant. For direct comparison with the
H,0,-based system, the initial mass concentration of Na,S,Oz was set equal to that of
H,0,, namely 44.3 mg L. This corresponds to 0.186 mmol L Na,S,Os.

The required mass of Na,S,0s was calculated using m = C x V. For a solution
volume of 0.966 L, 44.3 mg L' x 0.966 L = 42.79 mg Na,S,0s. Accordingly, 42.79
mg of sodium persulfate was used to prepare 0.966 L of solution at the target oxidant
concentration. The same initial mass concentration (44.3 mg L) was therefore
applied in the H,O, and SPS systems to enable direct comparison under the selected
experimental conditions.

For the batch experiments at C, = 50 mg L', the corresponding SPS-to-pollutant
molar ratio was approximately 0.94 for SMX and 0.56 for PCM. Samples were
collected at 0, 5, 15, 30, 60, 120, 240, 360, 480, and 1440 min, immediately quenched
with sodium thiosulfate, filtered through 0.45 um nylon syringe filters, and analysed by
HPLC. Residual SPS was monitored during treatment.

Oxidant-only control experiments. Control experiments were conducted in the
absence of any carbon or clay material to evaluate the contribution of the oxidants
themselves under the selected reaction conditions. PCM and SMX solutions (Co =
50 mg L) were treated with either H,O, or sodium persulfate at an initial oxidant
concentration of 44.3 mg L', pH 3.5, 60 + 1 °C, and 200 rpm. Samples were collected
at0, 15, 30, 60, 120, 240, 360, 480, and 1440 min, immediately quenched with sodium
thiosulfate, filtered through 0.45 um nylon syringe filters, and analysed by HPLC
using the same procedure as for the material-containing experiments. These controls
were used to assess direct H,O, action and the possible contribution of thermal SPS
activation at 60 °C.

All experiments were performed in triplicate, and the results are presented as the
mean value + standard deviation.

Results and Discussion. The N,-physisorption results for all carbon samples are
summarized in Table 1. The BET surface area followed the order MAC2.5 (532 m? g™')
>MACI (510 m? g') > AC (462 m? g') > MACS (423 m? g'). The reported total pore
volume was 0.224 cm?® g for all four carbon samples, while the micropore volume
remained nearly constant at 0.181-0.182 cm?® g'. The mesopore volume decreased
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from 0.042 cm® g for AC to 0.036, 0.033, and 0.030 cm® g for MAC2.5, MACI,
and MACS, respectively. The average pore diameter was 19.4 A for AC, 16.8 A for
MAC2.5, 17.6 A for MAC1, and 21.2 A for MACS5. The non-monotonic variation in
SBET with nominal Fe loading shows that increasing the amount of Fe precursor did
not produce a proportional increase in accessible surface area. In particular, the lower
SBET of MACS relative to MAC1 and MAC?2.5 is consistent with reduced accessible
surface at the highest nominal Fe loading, although the available physisorption data
alone do not prove a specific pore-blocking mechanism. The highest SBET observed
for MAC2.5 provides a textural basis for its consistently strong overall performance,
while the comparison is interpreted cautiously because different analytical instruments
and pretreatment procedures were used for at least part of the sample set.

Table 1. Textural properties of the synthesized activated carbons.

Material SBET VTotal Vmicro Vmeso Vmicro/ |dpore
(m? g") (cm® g') (cm?® g) (cm® g) VTotal |(A)
AC 462 0.224 0.182 0.042 0.81 19.4
MAC2.5 532 0.224 0.181 0.036 0.81 16.8
MACS5 423 0.224 0.181 0.030 0.80 21.2
MACI1 510 0.224 0.181 0.033 0.81 17.6
MnFe O, /Shymkent” | 74 1.77 - - - -
"Zh. Baimuratova, et al., 2024.

Morphology and chemical composition (SEM—EDS analysis). SEM micrographs
of MACS, MAC2.5, and MACI1 showed that the channel-like morphology inherited
from the corn-cob precursor remained visible after impregnation and thermal treatment
(Figs. 4-6). EDS spectra and elemental maps confirmed the local presence and spatial
distribution of Fe-containing regions on the analysed surfaces. Because SEM—EDS is
a local and semi-quantitative technique, the EDS values are interpreted as indicative
surface compositions and are not used as measurements of bulk Fe loading or as
evidence of magnetic properties. Accordingly, the designations MAC1, MAC2.5,
and MACS refer to nominal Fe loadings used during synthesis. The chemical form
and crystalline phase of the incorporated Fe were not determined by phase-specific
techniques in the present study; therefore, no assignment to a particular Fe oxide phase
is made.
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Figure 4. SEM micrographs of MACS5 ((a), (b), (¢)), EDS spectrum of MACS5 (d),
maps showing the distribution of C, O, Si, S and Fe of MACS (e).
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Figure 5. SEM micrographs of MAC2.5 ((a), (b), (c)), EDS spectrum of MAC2.5 (d),
maps showing the distribution of C, O, Si, S and Fe of MAC2.5 (e).
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Figure 6. SEM micrographs of MACI1 ((a), (b), (c)), EDS spectrum of MAC1 (d),
maps showing the distribution of C, O, Si, S and Fe of MACI (e).

Elemental analysis. Table 2 shows the results of elemental analysis of the synthesized
materials, revealing that after activation and carbonization there is a sharp increase in
the carbon content of the sample, the carbon content in AC reaches 76.08% by mass,
whereas in the raw material (corncob) it is only 12.08% by mass. At the same time,
the nitrogen content increases from 0.62 to 1.93 wt.% and the hydrogen content from
1.57 to 2.60 wt.%, indicating the preservation and/or formation of surface heteroatom-
containing functional groups in the activated carbon structure. The sulphur content
remains at a very low level, amounting to 0.06 wt.% in AC, whereas it is not detected
in the feedstock. Overall, the results of the CHNS analysis confirm the successful
production of a carbonaceous material with a high degree of carbonization and the
presence of a small amount of heteroatoms, which may be important for its adsorption
and surface reaction properties.

322




ACADEMIC JOURNAL OF PHYSICAL AND CHEMICAL SCIENCES

In contrast, the previously reported MnFe204/Shymkent material characterization
(Baimuratova et al., 2024) exhibits a completely different elemental composition, being
dominated by oxygen (36.19 wt.%), silicon (25.71 wt.%), manganese (10.83 wt.%),
and iron (15.04 wt.%), which reflects its inorganic oxide nature rather than a carbon-
rich structure. This comparison clearly highlights the fundamental difference between
AC and the MnFe,O,/Shymkent reference material in terms of elemental composition
and expected surface chemistry.

Table 2. Elemental analysis of the synthesized materials.

Material N (wt.%) C (wt.%) H (wt.%) S (wt.%)
Raw material (corncob) | 0,62 12,08 1,6 0
AC 1,93 76,08 2,6 0,06

O (wt.%) Si (wt.%) Mn (wt.%) Fe (wt.%)
MnFeZO4/Shymken‘* 36.19 25.71 10.83 15.04

Zh. Baimuratova et al., 2024.

TGA analysis. Thermogravimetric analysis shows that the activated carbon AC
exhibits high thermal stability, with only minor mass losses observed up to 700 °C (See
Fig.7). The initial mass decrease is mainly associated with the removal of adsorbed
moisture and volatile components, whereas the subsequent TG profile remains relatively
stable, indicating the absence of intense decomposition processes and confirming the
high degree of carbonization of the material (Kurtebayeva et al., 2026). In contrast,
the material MnFe O,/Shymkent reported by Baimuratova et al., 2024 displays a more
complex thermal behavior, with several distinct weight-loss stages attributed to the
dehydration of montmorillonite, hydromica, and kaolinite, as well as to the release of
structural hydroxyl groups. The DTA and DTG curves of MnFe,O,/Shymkent show
higher peak intensities than those of the natural clay, indicating a greater contribution
of finely dispersed clay minerals and bound water. In addition, the increased mass loss
in the modified clay reflects the higher content of dehydrating mineral phases, while
the amount of thermally inert components such as quartz remains limited.
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Figure 7. TG profile of AC.
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Yield of activated carbon obtained. During the carbonization and activation of the
raw material derived from corn cobs, the sample mass decreased significantly, 2.11
g of activated carbon being obtained from 7.58 g of raw material. This corresponds
to a mass loss of approximately 72.2% and to a carbon yield of around 27.8%. The
significant mass loss is due to the removal of moisture and volatile components, as
well as to the thermal decomposition of the main structural components of the plant
raw material, such as hemicellulose, cellulose and lignin (Neme et al., 2022). The yield
obtained is typical of carbon materials synthesized from lignocellulosic raw materials
and indicates the formation of a porous carbon matrix. Despite significant mass loss,
the AC sample is characterized by a well-developed texture and high specific surface
area, indicating the effectiveness of the chosen method to produce activated carbon.

Point of zero charge. Fig. 8 shows the results obtained by the pH drift method
for the determination of the point of zero charge of the obtained materials. For all
materials, the final pH value changes much less significantly than the initial pH value,
indicating pronounced buffering properties of the surface and the system’s tendency
to reach equilibrium within a narrow pH range. For samples MACS, MAC2.5, and
MACI, the final pH stabilizes in most cases in the range of approximately 5.5-6.2,
whereas for MnFe,O,/Shymkent, a higher final pH is observed, especially at alkaline
initial values, which may indicate differences in the composition of surface functional
groups and the acid-base properties of the material.

The point where the curve intersects the line pH, | =pH, .. can be used to estimate
the point of zero charge (pszc)' Based on the presented data, the pHpzc for the studied
materials is likely in the neutral to slightly acidic range, approximately 5.8—6.2. This
means that at pH < pszc’ the sorbent surface will be predominantly protonated and
may interact better with anionic forms of pollutants, whereas at pH > pH . the surface
acquires a negative charge and becomes more favorable for the adsorption of cationic
particles (Yagmur, H., and Kaya, I. 2021). For MnFe,O,/Shymkent, a more pronounced
deviation of the final pH toward the alkaline region may indicate greater surface
buffering capacity or the involvement of hydroxyl groups in acid-base equilibria.
Overall, the results obtained show that the acidity of the medium is an important factor
determining the surface charge and, consequently, the adsorption efficiency.
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Figure 8. pH,, . values of the obtained materials.
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Comparative assessment of adsorption and oxidant-assisted performance of
Fe-modified activated carbons and the MnFe,O4/Shymkent reference clay. Kinetic
modeling of the adsorption process of contaminants of concern. As shown in Fig. 9, all
of the studied materials exhibited a rapid initial uptake followed by a slower adsorption
stage. This two-stage profile is consistent with the rapid occupation of readily accessible
surface sites at the beginning of the experiment, followed by progressively slower
transport toward less accessible adsorption sites and pores. The kinetic behavior was
nevertheless strongly dependent on the adsorbent-pollutant pair. For PCM, the Fe-
modified carbons showed a pronounced increase during the first several hours, while
MnFe,0,/Shymkent continued to gain adsorption capacity over the longer contact
period. For SMX, MAC2.5 and MACI also continued to increase between 480 and
1440 min, whereas MACS5 changed only slightly after the initial adsorption stage.
Accordingly, the profiles are more accurately described as approaching a quasi-
equilibrium over the 24 h experiment rather than reaching a common equilibrium time
at 8 h. A similar combination of rapid surface uptake and a slower diffusion-controlled
stage has been reported for pharmaceutical adsorption on porous carbonaceous
adsorbents (Baghdadi et al., 2016; Alvarez-Torrellas et al., 2017).

Under the tested conditions, PCM showed substantially higher adsorption than
SMX on all materials. The highest 24 h experimental uptake of PCM was obtained
with MACS5 (17.08 mg g"), followed closely by MAC1 (16.31 mg g') and MAC2.5
(16.20 mg g), whereas MnFe,O4/Shymkent reached 13.19 mg g'. For SMX, MAC2.5
displayed the highest experimental uptake (7.52 mg g'), followed by MAC1 (5.18
mg g'), MACS (3.59 mg g'), and MnFe,0,/Shymkent (0.94 mg g'). These values
represent adsorption capacities obtained at the applied initial concentration and contact
time rather than maximum adsorption capacities, because only one initial pollutant
concentration was investigated. The particularly low SMX uptake on MnFe,O./
Shymkent is consistent with its much lower BET surface area (74 m? g') compared
with the carbon materials, whereas the different ranking of the MAC samples shows
that adsorption is governed not only by surface area but also by pore accessibility and
surface chemistry.

The adsorption trends can also be interpreted in relation to the surface charge of
the materials and the speciation of the pharmaceuticals. At the experimental pH of 3.5,
which is below the estimated pH-zc range of approximately 5.8—6.2, the surfaces of
the Fe-modified carbons are expected to be predominantly protonated (Yagmur and
Kaya, 2021). Under these conditions, PCM and SMX are predominantly present in
neutral molecular forms; therefore, the lower adsorption of SMX cannot be attributed
to electrostatic repulsion between an anionic pollutant and a negatively charged carbon
surface. Instead, adsorption on the carbon matrix is likely governed by a combination
of pore filling, n—r interactions between the aromatic structures of the pharmaceuticals
and the carbon surface, hydrogen bonding with surface functional groups, and
dispersion interactions. Such simultaneous contributions are consistent with the
complex adsorption behavior commonly observed for pharmaceutical compounds
on activated carbons (Baghdadi et al., 2016; Alvarez-Torrellas et al., 2017). For
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MnFe,O./Shymkent, the low specific surface area and the distinctly inorganic surface
chemistry limit the number and nature of adsorption sites available for SMX, despite
its comparatively high total pore volume.

The kinetic parameters summarized in Table 3 further support the different
adsorption behavior of the studied systems. For every adsorbent-pollutant pair, the
pseudo-second-order model produced higher R? values and lower SSE and RMSE
values than the pseudo-first-order model; the R? values increased from 0.7003—0.8893
for the pseudo-first-order fits to 0.8043—0.9579 for the pseudo-second-order fits.
The calculated capacities from the pseudo-second-order model were also closer to
the experimental values for most systems, indicating that this equation provides the
better empirical description of the adsorption kinetics, in agreement with observations
reported for pharmaceutical adsorption on magnetic carbonaceous adsorbents (Baghdadi
et al., 2016). This statistical agreement does not, however, demonstrate a purely
chemisorptive mechanism, because pore diffusion, physical adsorption and surface
interactions can contribute simultaneously. The clearest deviation is observed for PCM
adsorption on MnFe,0./Shymkent, for which the pseudo-second-order fit gives qcal
=22.68 mg g, exceeding the maximum solute inventory of 20 mg g available under
the applied experimental conditions. Thus, this individual fitted capacity represents an
overestimation by the model and has no direct physical meaning, whereas the overall
fitting statistics remain useful for comparing the shapes of the kinetic profiles.
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Figure 9. Kinetic adsorption curves for paracetamol (a) and sulfamethoxazole (b)
with the Fe-modified activated carbons and the MnFe,O./Shymkent reference clay.

Table 3. Kinetic parameters for SMX and PCM adsorption onto the Fe-modified activated carbons
and the MnFe,0./Shymkent reference clay.

MACS5 MAC2.5 MACI1 MnFe,0,/Shymkent
PCM SMX |PCM  |[SMX | pPCM SMX _|pCM SMX
_ -1
q-exp (mg g”) 17.0820.1 g'gii (1)66?(& 7.52£0.01 | 16312001 | 5.18£0.03 | 13.19£0.1 | 0.94£0.01
Pseudo-first model
-cal (mg g) 1258|321 |13.13 567 13.96 3.86 1611|088
k- (min ") 0.01 005 002|001 0.01 0.09 0001 |0.004
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R? 0.7003 0.8893 [0.8083 |0.8292 0.8454 0.8221 0.7955 0.7702
SSE 47.8741 10.9492 [30.8601 |6.8660 28.6591 2.3555 19.1364 |0.1495
RMSE 2.6152 0.3682 [2.0996 |0.9904 2.0234 0.5800 1.6534 0.1461
Pseudo-second order

g-,cal (mg g) 14.70 342 14.45 6.73 15.64 4.06 22.68 0.94
k- (g mg! min™) 8.32 0.04 0.002 0.002 0.001 0.04 3.8929 0.007
R? 0.8201 0.9579 [0.9075 |0.8923 0.9268 0.8661 0.8043 0.8317
SSE 28.7346 | 0.3611 |14.8909 |4.3311 13.5600 1.7736 18.3117 [0.1095
RMSE 2.0261 0.2271 [1.4585 0.7866 1.3918 0.5034 1.6174 0.1250

Results of hydrogen-peroxide-assisted treatment. As shown in Fig. 10, hydrogen-
peroxide-assisted treatment produced clearly different aqueous-phase removal profiles
for PCM and SMX and also differentiated the Fe-modified carbons from the MnFe,O./
Shymkent reference. For PCM, the highest final removal was obtained with MAC2.5
and MACI, reaching approximately 74% after 1440 min, while MAC5 reached about
57% and MnFe,O,/Shymkent about 32%. For SMX, the overall response was lower:
MAC2.5 reached approximately 40%, followed by MACI at about 34%, MACS at
about 28%, and MnFe,O,/Shymkent at about 23%. The higher performance of the
Fe-modified carbon materials, particularly for PCM, is consistent with the combined
role of a porous adsorptive carbon matrix and Fe-containing surface regions capable
of promoting H,O, activation. Fe-containing carbon materials are widely reported
to promote Fenton-like reactions through Fe redox cycling, while adsorption on the
carbon support can increase the local concentration of organic molecules near reactive
surface sites (Esteves et al., 2024). Because the measured response is based on the
decrease in parent-compound concentration, the values in Fig. 10 are interpreted as
aqueous-phase removal arising from the combined effects of adsorption and oxidative
transformation.

An oxidant-only control performed under otherwise identical conditions showed
only limited parent-compound removal in the absence of the solid material. After
1440 min, H,O, alone resulted in 12% removal of PCM and 6% removal of SMX.
The low control values compared with the material-containing systems indicate that
direct H,O, action under the selected conditions accounts for only a minor fraction of
the observed removal. The substantially higher values obtained with the Fe-modified
carbons therefore support an additional contribution from the solid material, while the
measured decrease in parent-compound concentration still represents the combined
effects of adsorption and oxidative transformation rather than oxidation alone.

The different response of PCM and SMX cannot be explained by the electrostatic
mechanism proposed previously. At pH 3.5, the Fe-modified carbon surfaces are
expected to be positively charged because the working pH is below pH-zc, while both
pollutants are predominantly neutral. The greater PCM removal therefore indicates
more favorable overall interaction with the adsorbent-catalyst surface and/or higher
susceptibility to oxidation under the applied conditions. Pore accessibility, m—n
interactions, hydrogen bonding and adsorption affinity can facilitate transport of the
pollutant toward Fe-containing regions, where H,O, activation may occur. The lower
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performance of MnFe,O,/Shymkent, despite its high total pore volume, is consistent
with its much lower BET surface area and the predominance of a mineral pore structure,
which provides a smaller accessible interfacial area than the microporous carbon matrix.
The observed behavior therefore supports a coupled adsorption-oxidation process in
which the carbon phase concentrates the pollutants near Fe-containing surface sites
and Fe-mediated activation of H,O, contributes to their subsequent removal (Esteves
et al., 2024).

Among the Fe-modified carbons, MAC2.5 showed the most consistent performance,
giving the highest SMX removal and a PCM removal essentially comparable to MACI.
Importantly, increasing the nominal Fe loading from 2.5 to 5 wt.% did not lead to a
further improvement; MACS5 showed lower removal for both pollutants. The newly
available textural data provide additional support for this non-monotonic response:
MAC?2.5 exhibited the highest SBET (532 m? g'), followed by MACI1 (510 m? g!),
whereas MACS5 had the lowest SBET among the Fe-modified carbons (423 m? g-').
Thus, the intermediate Fe loading combines the highest measured accessible surface
area with Fe-containing surface regions, whereas the highest nominal Fe loading is
accompanied by a decrease in accessible surface area. This trend is consistent with
partial loss of accessible carbon surface at higher metal loading, as reported for Fe-
loaded carbons (Esteves et al., 2024; Pereira et al., 2020), although the present data do
not by themselves establish a specific pore-blocking mechanism.
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Figure 10. Aqueous-phase removal kinetics of (a) paracetamol and (b) sulfamethoxazole
during hydrogen-peroxide-assisted treatment (CWPO conditions) with MAC5, MAC2.5, MACI and
MnFe,04/Shymkent materials.

Results of SPS-assisted treatment. SPS-assisted treatment produced a markedly
stronger decrease in the aqueous concentration of both pharmaceuticals than the
hydrogen-peroxide-assisted system under the selected conditions (Fig. 11). For PCM,
all tested solids showed an extremely rapid response, with removal already above
approximately 95% at the first sampling stages and exceeding 98% by the end of the
experiment. For SMX, the initial removal was also rapid but the final values were
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lower, reaching approximately 70-74% for the Fe-modified carbons and about 50%
for MnFe,04/Shymkent. The near-complete PCM removal observed not only for the
MAC samples but also for the clay reference indicates that the response cannot be
attributed exclusively to the specific textural properties of the Fe-modified carbons. At
60 °C, persulfate activation can be promoted thermally, while Fe-containing phases and
carbon surfaces can additionally facilitate SPS activation through Fe redox cycling and
surface electron-transfer processes (Wang and Wang, 2018; Pang et al., 2019; Tian et
al., 2022). The observed profiles are therefore consistent with a combined contribution
of adsorption, thermally promoted SPS activation, and heterogeneous reactions at Fe-
containing surfaces.

The possible contribution of thermal SPS activation at 60 °C was evaluated directly
using an oxidant-only control without carbon or clay material. In this control, PCM
removal increased to only 13% and SMX removal to 7% after 1440 min. These results
confirm that SPS can undergo a limited degree of thermally promoted activation
under the applied conditions; however, thermal activation alone cannot account for
the much higher removal observed in the presence of the Fe-modified carbons (>98%
for PCM and approximately 70-74% for SMX). The control therefore supports an
additional material-assisted contribution to SPS activation and/or pollutant removal,
superimposed on adsorption and the thermal SPS background.

The particularly high PCM removal demonstrates the strong oxidative performance
of the SPS system under the applied dosing basis. Both oxidants were used at the same
mass concentration of 44.3 mg L™, although their molar concentrations were different
(0.186 mmol L Na,S,0s versus 1.30 mmol L H,O,); consequently, the comparison
reflects the performance of the two systems at equal oxidant mass concentration rather
than at equal molar dose. Despite the lower molar concentration of SPS, the PCM
concentration decreased almost completely, whereas the maximum PCM removal
in the H,O, system was approximately 74%. This behavior is consistent with the
high reactivity of activated persulfate systems reported for Fe/carbon catalysts. The
literature describes sulfate-radical and hydroxyl-radical pathways as well as non-
radical electron-transfer routes during persulfate activation, with the carbon matrix
participating in adsorption and electron transfer and Fe-containing sites promoting
oxidant activation (Pang et al., 2019; Tian et al., 2022). In the present experiments,
the reactive species were not identified directly; therefore, the exceptionally high PCM
removal is interpreted as the overall response of the SPS-containing system rather than
evidence for one specific radical pathway.

SMX displayed a different response from PCM. Although the Fe-modified carbons
achieved approximately 70—74% removal after 24 h, the values remained clearly below
the almost quantitative removal of PCM, while MnFe,O,/Shymkent reached only about
50%. At pH 3.5, SMX is predominantly neutral and the catalyst surfaces are expected
to be positively charged; consequently, the lower SMX response is not consistent with
electrostatic repulsion of anionic SMX from a negatively charged surface. Instead,
the difference points to pollutant-specific adsorption and oxidation behavior, including
differences in molecular structure, adsorption orientation, accessibility to the Fe-
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containing surface regions and susceptibility to the reactive species generated during
SPS activation. Studies of Fe-containing carbon catalysts have shown that persulfate
oxidation may involve both radical and non-radical pathways and that the relative
contribution of these routes depends strongly on catalyst structure and pollutant
chemistry (Pang et al., 2019; Tian et al., 2022; Qin et al., 2024). The similar final
values obtained for MAC1, MAC2.5 and MACS in the SPS system also indicate that,
once SPS activation becomes dominant, increasing the nominal Fe loading beyond the
intermediate level provides only a limited additional benefit.
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Figure 11. Aqueous-phase removal kinetics of (a) paracetamol and (b) sulfamethoxazole during
sodium persulfate-assisted treatment (SPS) with MACS5, MAC2.5, MAC1 and MnFe,O./Shymkent
materials.

Overall, the comparison of the two oxidant systems demonstrates that SPS-assisted
treatment provided the strongest aqueous-phase removal under the tested model-water
conditions. The oxidant-only controls showed that H,O, alone produced only 12% PCM
and 6% SMX removal after 24 h, while SPS alone at 60 °C produced 13% PCM and
7% SMX removal. Thus, direct oxidant action and thermal SPS activation contributed
only modestly to parent-compound disappearance relative to the material-containing
systems. The advantage of SPS was especially pronounced for PCM, for which removal
exceeded 98% with the Fe-modified carbons, whereas the best H,0,-assisted removal
was approximately 74%. For SMX, the Fe-modified carbons reached approximately 70—
74% removal in the SPS system. Across adsorption and both oxidant-assisted systems,
MAC?2.5 displayed the most consistently high overall performance. This behavior is
now supported by the textural data, since MAC2.5 had the highest measured Sg.- (532
m? g'), compared with 510 m? g' for MACI1 and 423 m? g! for MACS5, suggesting
that the intermediate nominal Fe loading provides a favorable compromise between
accessible carbon surface and Fe-containing functionality. The comparison is specific
to the applied equal-mass oxidant dose and demonstrates enhanced parent-compound
removal; it does not by itself establish complete mineralization of PCM or SMX.

Conclusions. Corn-cob-derived activated carbon was successfully functionalized
with nominal Fe loadings of 1, 2.5, and 5 wt.% and evaluated for adsorption and oxidant-
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assisted removal of PCM and SMX. SEM—EDS confirmed Fe-containing regions on
the carbon surfaces, but, because this technique is local and semi-quantitative, the
sample codes are treated as nominal Fe-loading designations rather than measured
bulk Fe contents. Magnetic properties were not directly measured in the present study;
therefore, the synthesized carbon samples are consistently described as Fe-modified
activated carbons. N,-physisorption showed SBET values of 510, 532, and 423 m?
g for MAC1, MAC2.5, and MACS, respectively, compared with 462 m? g for AC.
The highest accessible surface area was therefore observed for MAC2.5, whereas
the decrease for MACS indicates that increasing the nominal Fe loading does not
monotonically improve the porous characteristics.

Adsorption was strongly pollutant- and material-dependent, with the highest 24
h experimental uptake reaching 17.08 mg g* for PCM on MACS and 7.52 mg g
for SMX on MAC2.5. The pseudo-second-order equation provided the best empirical
description of the kinetic datasets according to R?, SSE, and RMSE, although this
statistical fit was not taken as proof of a single chemisorption mechanism. During
hydrogen-peroxide-assisted treatment, MAC2.5 and MACI1 showed the highest PCM
removal (approximately 74%), while MAC2.5 also gave the strongest SMX response
(approximately 40%). The H,O,-only control produced only 12% PCM and 6% SMX
removal after 24 h. SPS-assisted treatment was substantially more effective, producing
>98% PCM removal and approximately 70-74% SMX removal for the Fe-modified
carbons; the corresponding SPS-only control reached only 13% and 7%, respectively.
These control experiments demonstrate that direct oxidant action and thermal SPS
activation contribute to the process but are insufficient to explain the much higher
removal achieved in the presence of the Fe-modified carbons. At pH 3.5, the carbon
surfaces are expected to be protonated and both pharmaceuticals predominantly neutral,
so the observed differences are better explained by pore accessibility, adsorption
affinity, pollutant-specific reactivity and Fe-mediated oxidant activation than by
electrostatic repulsion. Overall, MAC2.5 provided the most consistent performance
across the tested systems, in agreement with its highest measured SBET while the
observed parent-compound disappearance should not be interpreted as confirmed
mineralization.
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