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Abstract

This work is devoted to the synthesis and comprehensive study of activated carbons (ACs)
obtained from agricultural wastes—specifically corn cob (C) and onion (O)—for the effec-
tive removal of paracetamol (PCM) and sulfamethoxazole (SMX) from aqueous media. The
synthesis was carried out by chemical activation using H3PO4, HNOj3, and NaOH as activat-
ing agents, which made it possible to obtain materials with a clearly defined microporous
structure (microporous fraction Viicro/ Viotal = 0.75-0.81) and specific surface chemistry.
Particular attention was paid to studying the kinetics and equilibrium of adsorption in both
single-component and binary (two-pollutant) systems. It was established that the equilib-
rium time is 8 h, and the experimental data are best described by a pseudo-second-order
kinetic model. During binary adsorption tests, the competitive behavior was observed
for certain materials, such as the corn-derived carbon activated with HNO3; (AC-CN) and
the onion-derived carbon activated with HNO3; (AC-ON), where molecules compete for
active sites. Conversely, synergistic effects were identified in other systems, controlled by
specific surface-functional groups and hydration effects. The maximum adsorption capacity
was found to be 29.4 mg-g~! for PCM on the AC-CN sample. Adsorption mechanisms,
including multilayer isotherm profiles and the competition between pollutant and water
molecules, were interpreted using quantum chemical calculations within the framework of
Density Functional Theory (DFT). These calculations revealed that partial deprotonation
and intense solvation of SMX molecules at natural pH reduce their adsorption capacity. In
contrast, the PCM structure favors -t interactions and the formation of strong hydrogen
bonds with oxygen-containing groups on the carbon surface. These results demonstrate
the high potential of using agro-industrial waste to create a new generation of selective
adsorbents with tailored surface properties.

Keywords: activated carbon; adsorption; agro-industrial waste; chemical activation; emerg-
ing contaminants
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1. Introduction

The quality of water resources—for both drinking and irrigation—remains a critical
global concern due to increasing anthropogenic impacts and continuous pollutant dis-
charges [1-3]. Over the past decades, “emerging contaminants” (ECs), including pesticides,
personal care products, PFAS, and pharmaceuticals, have attracted significant scientific
attention [3-8]. Since a universally approved regulatory list is still evolving [9], these
pollutants are continuously detected in effluents at trace levels (ug/L to ng/L). Due to their
poor biodegradability, they often escape conventional biological wastewater treatment
plants (WWTPs), eventually accumulating in drinking water bodies and threatening both
ecosystems and human health [10].

Pharmaceutical compounds, in particular, are increasingly detected in surface and
groundwater worldwide [11-13]. Tighter regulations and the implementation of advanced
treatment technologies are crucial, especially in water-scarce regions like Central Asia,
where wastewater reuse is an essential water security strategy [14,15]. Originating from
biological excretions, improper disposal, and medical facilities [16,17], these pharmaceutical
residues persist through conventional treatments [18,19]. Furthermore, real-world mixtures
of these compounds pose amplified environmental risks due to synergistic ecotoxicological
effects [12,13,19].

Because conventional methods, such as coagulation and chlorination, cannot ensure
complete pollutant removal [18], advanced solutions like adsorption have been widely
adopted due to their reliability, low energy consumption, and cost-effectiveness [20-24].
Among various adsorbents [25-28], activated carbons (ACs) are highly preferred for their
extensive specific surface area and tunable porosity [23,29-33]. Recently, the produc-
tion of ACs has shifted toward utilizing biodegradable agro-industrial wastes—such
as rice husks [34], onion husks [35], apricot seeds [36], coconut shells [37], and other
biomass [38,39]. This approach not only provides economically advantageous and environ-
mentally sound materials for wastewater treatment but also significantly contributes to
sustainable waste management under circular economy principles (Table 1).

Typically, ACs are synthesized via physical activation (using steam or CO; at
700-1000 °C) [40—43] or chemical activation, which operates at lower temperatures
(400-700 °C) and yields moderate-to-high surface areas with an optimal mesoporosity
ratio [41,44-49]. Chemical activation with specific acids and bases is key to precisely ad-
justing porosity and surface chemistry. For instance, phosphoric acid (H3PO,) promotes
one-step carbonization and pore development, introducing acidic oxygen/phosphorus
groups (C-O-P) with a lower environmental impact than ZnCl, [50-52]. Conversely,
sodium hydroxide (NaOH) acts as a strong alkaline activator that generates remarkable
microporosity and excellent capacity for large pollutant molecules [53,54]. Post-treatment
with nitric acid (HNOB3) is often employed to functionalize the formed carbons, sharply
increasing surface acidity by enriching them with carboxyl, lactone, and phenolic groups,
despite a potential slight reduction in specific surface area [55,56].

To evaluate the specific reactivity of the engineered ACs (AC-ON and AC-CN), parac-
etamol (PCM) and sulfamethoxazole (SMX) were selected as probe molecules. Their critical
role as ubiquitous priority pollutants [57,58], combined with their high solubility and
resistance to traditional treatments, poses serious environmental risks [59,60]. Choosing
these pharmaceuticals over well-studied dyes or heavy metals is justified by their com-
plex aromatic structures and “emerging” status [61,62]. Unlike heavy metals, which rely
heavily on ion exchange mechanisms [63,64], PCM and SMX adsorption involves complex
interactions such as 7-7t stacking and hydrogen bonding, allowing for a comprehensive
assessment of the carbon’s surface chemical potential [65,66].
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Table 1. Comparative performance of AC-ON and AC-CN against previously reported activated
carbons for the removal of pharmaceutical contaminants.
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Despite extensive research on biomass-derived ACs, several gaps remain. First, most

studies focus on single-component systems, whereas real wastewater contains mixtures

whose competitive interactions remain underexplored. Second, comparative analyses
linking specific chemical activation methods (such as HNOj3 functionalization) to adsorp-
tion selectivity in binary PCM/SMX systems are fragmentary. Finally, there is a lack of
studies combining experimental data on specific agro-wastes (onion husks and corn cobs)
with theoretical Density Functional Theory (DFT) calculations to elucidate the energetic
mechanisms of adsorbate-adsorbent interactions.
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In this study, several carbon materials will be synthesized by chemical activation using
onion husks and corn cob as agricultural waste precursors. The obtained activated carbons
will be used as adsorbents for the efficient removal of two pharmaceutical compounds of
emerging concern, e.g., paracetamol (PCM), and sulfamethoxazole (SMX), from aqueous
solution. Therefore, the main objectives of this work are as follows: (i) to characterize
the textural, surface chemical and morphological properties of the carbon materials; (ii) to
investigate the adsorptive removal of PCM and SMX by using the obtained activated
carbons—kinetic and equilibrium adsorption studies; (iii) to study the competitive or
synergistic effect on the adsorption of binary (PCM-SMX) solutions; (iv) to explore the
adsorption performance of the carbon for the treatment of a WWTP effluent as a proof of
concept; and (v) to elucidate PCM and SMX adsorption mechanism by using theoretical
DFT calculations.

This study contributes to the achievement of the UN Sustainable Development Goals
(SDG 6 and SDG 12) by proposing a solution to the problem of removing pharmaceu-
ticals from water using sorbents derived from renewable plant-based raw materials.
This addresses global challenges related to environmental safety and the transition to
a circular economy.

2. Results

2.1. Characterization of the Activated Carbons
2.1.1. Textural Properties of the Activated Carbons

The N adsorption—-desorption isotherms of the synthesized materials can be seen in
Figure 1, and the corresponding textural properties can be found in Table 2. The pore size
distribution of the ACs is shown in Figure S1 (Supplementary Materials). From the results,
it can be observed that the obtained activated carbons were characterized by a moderate
specific surface area (SBET = 251-462 m?-g~ 1), which is consistent with the results of other
works for activated carbons synthesized from strawberry seeds and pistachio shells [71].
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Figure 1. N; adsorption—desorption isotherms at —196 °C of the activated carbons obtained from
(a) onion waste (b) corn cob.

Also, activated carbons showed V¢ of 0.125-0.224 cm3-g~!, with micropore vol-
umes of 0.094-0.182 cm3-g~! (75-81% of the total pore volume). According to [IUPAC
classification, N, adsorption—desorption isotherms can be classified as Type-Ia, typical
of microporous materials. Similar behavior was found in the work of Blachnio et al.
2020 [72,73], where highly microporous activated carbons were obtained from coconut and
palm shells activated with NaOH.
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Table 2. Textural properties of the synthesized activated carbons.

Material ~ Sggr (mz'g_l) VTotal (CmB'g_l) Vnicro (Cms'g_l) Vieso (Cms'g_l) Vmicro/ Votal dpore (A)

AC-OP 289 0.146 0.113 0.033 0.77 20.2
AC-ON 397 0.198 0.158 0.040 0.79 19.9
AC-0S 14 0.005 0.001 0.004 0.20 137.1
AC-CP 335 0.163 0.129 0.034 0.79 19.5
AC-CN 462 0.224 0.182 0.042 0.81 19.4
AC-CS 251 0.125 0.094 0.031 0.75 20.0

Thus, for samples AC-OP, AC-ON, AC-CP, and AC-CN, average pore diameters of
19.4-20.2 A were observed, consistent with their microporous nature. In contrast, the
AC-0S sample showed an extremely low specific surface area (1.4 m?-g~!), a small pore
volume (0.005 cm®.g~1), and a large average pore diameter (137.1 A), indicating insufficient
activation or partial structural collapse. These porosity characteristics directly influence the
adsorption performance of the materials. Specifically, high surface area provides abundant
active sites for adsorbate binding, while total pore volume determines the overall capacity.
The distribution of micro- and mesopores affects both adsorption kinetics and accessibility:
micropores favor strong adsorption of small molecules such as PCM, whereas mesopores
facilitate diffusion and adsorption of larger molecules such as SMX. Furthermore, the
mesoporous structure supports the integration of photocatalytic sites, enabling efficient
contact between adsorbates and reactive centers, which is essential for the development of
multifunctional materials combining adsorption and photocatalysis.

2.1.2. Chemistry Surface-Properties of the Activated Carbons

The results of elemental analysis (Table S1) revealed a clear correlation between the
synthesis conditions (precursor nature and activator type) and the chemical composition
of the obtained carbons. For the AC-OP and AC-ON samples, the carbon content was
73.70-76.14% by mass, with the AC-ON sample having the highest nitrogen content (2.45%
by mass), which is explained by the partial fixation of nitrogen-containing groups during
acid activation. Similarly, for corn-based samples (AC-CP and AC-CN), the carbon content
reached 76.08-77.49% by mass, with a nitrogen concentration in AC-CN of up to 1.93%
by mass.

The elemental analysis data directly correlate with the measured zero charge point
(pHpzc) values and the type of activator used (Figure S2). For materials activated with
HNOj; and H3PO4 (AC-CN, AC-ON, AC-CP, AC-OP), the pHpyc values are in the range
of 5.2-6.4, indicating a moderately acidic surface. This is quantitatively confirmed by a
higher content of heteroatoms (O and N) and the presence of specific functional groups.
In contrast, alkaline activation (samples AC-OS and AC-CS) led to a significant decrease
in the content of sulfur (to 0.03-0.06% by mass) and carbon (to 64.75% for AC-OS), which
is consistent with the destruction of oxygen- and sulfur-containing groups in an alkaline
environment [41,74-76]. As a result, the pHpzc values for these samples shifted to the
alkaline region (9.1-9.2), indicating the dominance of basic centers, such as pyron and
phenolic structures, with a simultaneous decrease in the concentration of acidic oxygen-
containing groups [77,78].

The presence of these functional groups was further confirmed by FTIR methods
(Figure 2a,b). A broad peak in the 3400 cm ! region in all spectra corresponds to valence
vibrations of hydroxyl groups (-OH) or adsorbed water. A weak absorption band in
the range 1700-1600 cm ™! is characteristic of C=O (carbonyl) and/or C=C (aromatic)
vibrations [79]. The intense peak at 1200-1000 cm ™1 in all cases refers to C-O vibrations
in phenolic or ether groups, as well as to P-O bonds resulting from the activation of
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H;3PO,. Finally, vibrations in the region below 1000 cm ™! are associated with deformation
vibrations of aromatic rings. Thus, the combination of elemental analysis, pHpzc and FTIR
data allows us to conclude that the acid-base nature of the surface is strictly determined by
the composition of the precursor and the chemical action of the activating agent.

a b
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Figure 2. FT-IR spectra of the synthesized activated carbons prepared from (a) onion waste and
(b) corn cob.

The thermogravimetric analysis of all the synthesized activated carbons showed a
high thermal stability at low temperatures. The weight loss values were 4.76, 8.64, and
14.74% for AC-OP, AC-ON, and AC-OS samples, respectively, and 14.70, 8.64, and 13.72%
for AC-CP, AC-CN, and AC-CS samples. In both cases, for activated carbons where NaOH
was used as activating agent, the weight loss was approximately of 14%. Moreover, when
HNO3 was used in the chemical activation, the measured total weight loss was about
8%. Indeed, for all the samples, the weight loss was uniform and gradual, starting from
100 °C and gradually increasing up to 700 °C. The weight loss observed at this temperature
range can be attributed to the removal of residual moisture or volatile compounds on the
material’s structure after the thermal activation process [80].

In the same way, the TG profiles of the activated carbons after adsorption of SMX
and PCM were obtained: after adsorption of SMX for AC-OP 6.1%, AC-ON 8.6%, and
AC-OS 13.97%. According to the literature [81], it can be concluded that the weight loss
of the materials after the adsorption process was similar to that obtained for the fresh
carbon. This could be explained by the fact that SMX (according to Ola Svahn and Erland
Bjorklund'’s [82] decomposition rates of 133, 266 and 378 °C) forms dimers/polymers, i.e.,
by the process of dimerization upon heating and subsequent decomposition of the formed
dimers. Thus, SMX formed dimers on the surface of the material, with the molecules
bonding to each other when heated, which are difficult to remove from the carbon surface.

Regarding the TG analysis of the activated carbons after the adsorption of PCM, the
following results were obtained: AC-OP 5%, AC-ON 8.8%, and AC-OS 13%. Weight loss val-
ues observed before and after adsorption of PCM were also similar, which allowed us to con-
clude that (referring to the studies of Nguyen DT et al. [83]) the adsorbed pollutant formed
strong n-m, 7-7-1, H-bonds with the surface of the material, which were not removed by
increasing the temperature (decomposition temperature of 364 °C, according to Jendrze-
jewska et al., 2020) [84]. The results are shown in Figure S3 (Supplementary Materials).
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2.1.3. Morphological Properties of the Activated Carbons

The scanning electron microscopy (SEM) micrographs of the synthesized activated
carbons can be seen in Figure S4a—f of the Supplementary Materials. SEM analysis revealed
that the activated carbons obtained from onion waste (AC-OP, AC-ON, AC-0S) exhibited
a homogeneous surface with layered roughness. On the other hand, carbon materials
prepared from corn cobs (AC-CP, AC-CN, AC-CS) showed a denser structure. In this case,
the layers adhered more tightly, the surface showed fine roughness, and the pores were
evenly distributed. This indicated the formation of a more ordered pore framework, as has
been previously reported in the literature [32,34].

2.2. PCM and SMX Adsorption Tests
2.2.1. Kinetic Adsorption Studies

Adsorption kinetic experiments using single-pollutant (PCM, SMX) solutions were
carried out. Then, the experimental data were fitted by using the kinetic models shown in
Equations (1)-(3).

Pseudo-first order model:

a =q.- (1-e7") (1)

Pseudo-second order model:

t 1 t
= 4 2
q  qika - ge @

Elovich model: 1 1
= " In(aB) + = Int 3)

where ¢ is the operation time (min), g; is the adsorption capacity at any time (mg/g), ge is
the adsorption capacity at equilibrium time (mg/g), k1 is the rate constant for pseudo-first
order model (min1), k, is the pseudo-second order model kinetic constant (g/(mg/min)),
and o (mg/g min) and P (g/mg) are the initial rate of adsorption and the coefficient related
to the activation energy in the Elovich model.

According to the experimental data obtained, the equilibrium time can be established
in 8 h for all cases (see Figure 3a,b and Figure 4a,b). AC-CN activated carbon exhibited a
good behavior for PCM adsorption, obtaining an adsorption capacity value of 20.3 mg/g.
At the same time, the AC-OS and AC-CS samples showed significantly low values, e.g.,
2.6 and 6.6 mg/g, respectively. These differences in the adsorptive performance are due to
the different porous structures of the materials. In this sense, the AC-CN sample showed a
high specific surface area (Spgt = 462 m?-g~!) and a well-developed porous structure, with
a high contribution of microporosity (Vmjcro = 0.182 cm3~g*1), leading to an increase in the
adsorptive removal of the pollutant in its inner porous structure. On the contrary, AC-OS
material showed a specific surface area close to zero (1.4 mz-g’l), indicative of the absence
of porous structure, which explains its low ability for adsorption.

Similar findings were obtained for SMX adsorption, with adsorption capacity values
of 19.8 and 19.5 mg-g~! for AC-CP and AC-CN samples, respectively. These materials
showed high Sggr values (462 and 335 m?-g ™!, respectively), as well as relevant microp-
ores contribution (Vpicro = 0.182 and 0.129 cm?- g_l, respectively). While the relationship
between molecular sizes (8.0 x 5.0 x 3.5 A for PCM, and 8.9 x 8.0 x 7.2 A for SMX [41,85])
and pore size clearly controls access to the porous structure (steric hindrance effects), the
surface chemistry of the carbon materials also plays a key role. For instance, AC-ON
(SggT = 397 mz-g_1 ; Vimicro = 0.158 cm?- g_l) showed a high content of oxygenated func-
tionalities (pHpzc = 5.2), leading to a lower SMX adsorption capacity (fexp = 11.0 mg-g ™)
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compared to PCM (gexp = 18.3 mg-g~1). These results agree with DFT calculations reported
in a later section. The calculated kinetic parameters for PCM and SMX adsorption are
collected in Tables 3 and 4.

a b
20 ] _ -
% % % - 4* ® P S aE—__
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Figure 3. Adsorption kinetic curves of (a) PCM and (b) SMX onto the carbon materials synthesized
from corn cob. Conditions: [Adsorbent dose] = 2.5 g-L !, Cy = 50 mg-L~!, 200 rpm, pH = 6.3,
T=21°C.
Table 3. Kinetic parameters for SMX and PCM adsorption onto the activated carbons synthesized
from onion waste.
SMX PCM
Kinetic Model
AC-OP AC-ON AC-0S AC-OP AC-ON AC-0S
qi&P (mg~g_1) 8.77 £ 0.9 11.02 + 0.3 3.81 £0.1 9.63 + 0.1 1831 +£0.04 269404
Pseudo-first-order
qtcal (mg~g*1) 8.19 10.63 3.86 9.24 17.39 2.37
Kq (min™1) 0.097 0.140 0.005 0.035 0.036 0.028
R? 0.9923 0.9936 0.9610 0.9797 0.9482 0.9131
SSE 0.4565 0.6301 2.0801 1.6738 15.0732 0.5166
RMSE 0.2554 0.3000 0.5451 0.4890 1.4674 0.2717
Pseudo-second-order
qtcal (mgg*l) 8.40 10.78 4.53 9.82 18.57 2.59
K3 (g/(mg/min)) 0.028 0.047 0.001 0.005 0.003 0.014
R? 0.9891 0.9917 0.9563 0.9935 0.9877 0.9663
SSE 0.6402 0.8208 24174 0.5345 3.5806 0.2005
RMSE 0.3024 0.3424 0.5877 0.2763 0.7152 0.1692
Elovich
o« (mg-g~ 'min) 2.88 x 10°  1.51 x 10 0.04 9.32 16.88 0.52
[8) (g-mgfl) 2.64 3.73 0.94 0.88 0.46 2.66
R? 0.9779 0.9900 0.9344 0.9532 0.97191 0.9773
SSE 1.3003 0.9920 3.6378 0.8499 8.1726 0.1352
RMSE 0.4310 0.3764 0.7209 0.7416 1.0805 0.1390
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Figure 4. Adsorption kinetic curves of (a) PCM and (b) SMX onto the carbon materials synthesized
from onion waste. Conditions: [Adsorbent dose] = 2.5 g~L*1, Co=50 mg~L*1, 200 rpm, pH = 6.3,
T=21°C.
Table 4. Kinetic parameters for SMX and PCM adsorption onto the activated carbons synthesized
from corn cob.
SMX PCM
Kinetic Model
tnetic Yiode AC-CP AC-CN AC-CS AC-CP AC-CN AC-CS
qP (mg-gfl) 19.78 £0.1 19.49 +0.2 1944+ 0.3 1891 +0.2 20264+0.05 6.63£0.2
Pseudo-first-order
qtcal (mg'gfl) 18.90 17.67 1.87 18.18 19.49 5.17
Kq (min™1) 0.03 0.05 0.004 0.093 0.069 0.012
R2 0.9470 0.9300 0.9310 0.9818 0.9651 0.6397
SSE 18.2931 23.0483 0.2348 5.2810 11.941 3.6552
RMSE 1.6166 1.8145 0.1832 0.8686 1.3061 0.7226
Pseudo-second-order
qtcal (mg~g*1) 20.14 18.89 213 18.81 20.40 5.70
K5 (g/(mg min)) 0.002 0.003 0.002 0.011 0.006 0.003
R2 0.9815 0.9505 0.9531 0.9977 0.9911 0.7499
SSE 6.3790 15.5812 0.1598 0.6668 3.0483 6.4670
RMSE 0.9546 1.4919 0.1511 0.3086 0.6600 0.9612
Elovich
« (mg/g min) 14.24 37.53 0.03 243 x10° 2.0 x 10° 0.44
8] (g-mgfl) 0.41 0.49 2.19 0.99 0.66 1.09
R? 0.9634 0.9368 0.9646 0.9915 0.9784 0.8771
SSE 12.6154 19.9009 0.1205 2.4575 7.3964 7.4370
RMSE 1.3425 1.6861 0.1312 0.5925 1.0280 1.0307

To strengthen the validation of the kinetic models beyond the correlation coefficient
(R?), a comprehensive error analysis was performed using the Sum of Squared Errors
(SSE) and the Root Mean Square Error (RMSE). The fitting of the experimental data to
the pseudo-second-order (PSO) model provided the best results for most systems. For
example, for AC-CP and AC-CN carbons, the PSO model yielded the highest R? values
(0.9815 and 0.9505, respectively), which were consistently supported by significantly lower
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SSE and RMSE values compared to the pseudo-first-order and Elovich models. A similar
trend has been found for the adsorption of pharmaceuticals onto waste-derived activated
carbons [86,87]. In this study, the PSO model is interpreted not simply as a mathematical
tool but as confirmation of the contribution of chemical interactions to the rate-limiting stage.
This is consistent with the DFT results (Section 3.4), demonstrating specific interactions (e.g.,
-7 stacking and hydrogen bonds) characteristic of processes with a significant proportion
of chemisorption.

2.2.2. Competitive Kinetic Adsorption Studies

Binary adsorption studies of PCM-SMX solutions were accomplished. Equation (4)
was used to calculate the equilibrium adsorption capacity (of each compound).

Con—C %
Qe,n:M 4)

m

where C ,, (mg/L) is the initial concentration of each compound (PCM or SMX), C, , (mg/L)
is the equilibrium concentration of each compound (PCM or SMX), V (L) is the volume
of the solution, and m (g) is the weight of adsorbent. Equations (5) and (6) were used to
calculate the total amount of adsorption capacity for the tested pollutants.

Qe total = Zn:lqeil (5)

then,
(Cop —Cen)-V n (Cop—Cep) -V

m m

(6)
for both pollutants 1 and 2, in this case, PCM and SMX, respectively. Equation (7) was

Qe total =

used to determine the change in adsorption capacity in binary systems compared to
single systems.

Aqe(%) _ qe,single - qe,binary .100 (7)
q e,single
where g, single is the equilibrium adsorption capacity in a system with one contaminant and
(e binary 18 the equilibrium adsorption capacity in a binary system.

The adsorption of PCM and SMX in binary systems demonstrates a complex interplay
between competition and cooperative effects, revealing a transition in mechanisms depend-
ing on the carbon precursor (Figures 5a—c and 6a—c). For AC-OP, AC- CP, and AC-CN
samples, typical competitive behavior was observed (Ag, > 0), where individual capacities
decreased compared to single-component tests due to active site overlap and pore blocking.
For instance, SMX capacity on AC-CP dropped significantly in the binary mixture. In
contrast, for AC-ON and AC-OS materials, a significant increase in the uptake of both
components was recorded (Ag. < 0). While such high negative values—reaching —185.6%
for PCM on AC-OS and —70.8% for SMX on AC-ON—might suggest a synergistic effect, we
interpret this primarily as a cooperative adsorption phenomenon (Table 5) [88-90]. Never-
theless, the consistency of this trend across replicates, supported by the low SSE and RMSE
values in the kinetic fitting (Table 6), suggests that the presence of a second component
significantly alters the adsorption environment, potentially through enhanced 7-7 stacking
or changes in the hydration shell [91-94]. The kinetic analysis of binary adsorption confirms
that the pseudo-second-order (PSO) model remains the most accurate description for all
studied carbons (R? > 0.92; minimal RMSE values), which confirms the dominant role of
chemical interactions as the rate-limiting step. Notably, for systems exhibiting cooperative
effects (AC-ON, AC-OS), a marked acceleration of the adsorption kinetics was observed
(higher k; values), while competitive systems (AC-CP, AC-CN) showed a characteristic
slowdown in the process dynamics.
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Table 5. Competitive and synergistic effects in PCM-SMX adsorption onto the synthesized activated

carbons: single vs. binary systems.

Material PCM SMX
qe,single qe,binary Age (%) qe,single qe,binary Aqe (%)
AC-OP 9.63 7.44 22.74 8.77 7.70 12.20
AC-ON 18.31 19.14 —4.53* 11.02 18.83 —70.87 *
AC-0S 2.58 7.37 —185.66 * 3.81 6.99 —83.46 *
AC-CP 19.81 7.78 60.72 19.78 8.83 55.36
AC-CN 20.26 17.17 15.25 19.49 11.59 40.53
AC-CS 6.63 6.06 8.60 1.94 3.80 —95.88 *

* Negative Ag, values indicate an increase in adsorption capacity in the binary system compared to the single

system (synergistic effect).

Table 6. Kinetic parameters for the adsorption of PCM and SMX in binary systems onto the synthe-

sized activated carbons.

o SMX-PCM SMX-PCM
Kinetic Model AC-OP AC-ON AC-OS AC-CP AC-CN AC-CS
3% (mg-g ) 1334+ 02 3797 +03 1436+007 1661+01 28774+02 985402
Pseudo-first-order
3 (mg-g 1) 12.91 33.31 13.52 13.53 23.14 8.35
Kq (min™1) 0.06 0.03 0.14 0.06 0.05 0.05
R2 0.9857 0.9593 0.9861 0.8500 0.8463 0.9271
SSE 2.1271 95.0388 2.2383 27.6945 84.6663 4.8918
RMSE 0.5954 3.6847 0.5655 1.9891 3.4778 0.8360
Pseudo-second-order
7 (mg-g~1) 13.27 36.19 13.82 14.55 25.08 8.83
K5 (g/(mg min)) 0.01 0.001 0.03 0.006 0.003 0.01
R2 0.9292 0.9620 0.9925 0.9197 0.9223 0.9523
SSE 10.5404 46.8451 1.2151 14.8238 42.8015 3.2029
RMSE 1.3254 2.5869 0.4166 1.4552 2.4727 0.6764
Elovich
« (mg/g min) 52.99 8.91 2.25 x 10° 26.01 17.75 31.92
B (gmg ) 0.70 0.20 2.05 0.62 0.32 1.12
R2 0.9561 0.9228 0.9974 0.9866 0.9905 0.9684
SSE 6.5303 50.1278 0.4248 2.4716 5.2620 2.1240
RMSE 1.0432 2.6760 0.2463 0.5942 0.8670 0.5508

https://doi.org/10.3390/molecules31071162


https://doi.org/10.3390/molecules31071162

Molecules 2026, 31, 1162 12 of 27

i 40 c
16 @ . L,
14 / 35 Ll
- / A
T3 s A% 21
124 4 = A
10 “" —~ 254 / 10 4
Cl o 5
2 .l ) 2 o S
\c_:-‘/“ 1 i /y,'/' B‘z o f:fjiffiijif' E’: B :‘7777;’
6 “ B amm— o 154 I’:’__::k.fl/ — 6
] - N ¢ —=—PCM —=—PCM
4 —=—PCM 10«V SMX 4 e SMX
o ——
“‘p —e— SMX PCM+SMX —A— PCM+SMX
2] —4— PCM+SMX 5 24
0 T T T T T 0 T T T T T T T J 0 T T T T T T T J
0 100 200 300 400 500 0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
t(min) t(min) t (min)

Figure 5. Adsorption kinetic curves of PCM-SMX onto the activated carbons synthesized from onion
waste (a) AC-OP, (b) AC-ON, (c) AC-OS. Conditions: [Adsorbent dose] = 2.5 g~L*1, Cp =50 mg-L*1
each compound, 200 rpm, pH = 6.3, T =21 °C.
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Figure 6. Adsorption kinetic curves of PCM-SMX onto the activated carbons synthesized from
corncob (a) AC-CP, (b) AC-CN, (c) AC-CS. Conditions: [Adsorbent dose] = 2.5 g-L ™1, Cg = 50 mg-L ™!
each compound, 200 rpm, pH = 6.3, T =21 °C.

2.2.3. Isotherm Adsorption Studies

Several adsorption models have been used for the fitting of the experimental isotherm
adsorption data. Among them, the most commonly used are the Freundlich and Langmuir
equations. Also, the Dubinin—-Radushkevich model (D-R) is usually used to describe the
exothermic and endothermic nature of the adsorption processes, and the Guggenheim—
Anderson-de Boer (GAB) equation is very useful in the prediction of multilayer adsorption
isotherms [95].

The Freundlich model can be expressed by Equation (8):

ge = Kp - C2/"" ®)

where Kr (L/g) and nr are Freundlich constants. The value of 1/#np is representative of the
adsorption intensity or the adsorbent surface heterogeneity. Thus, the Langmuir model can

be described by Equation (9):
_ Ygmax - Ky - Ce
e = 14+ Kp-Ce ©)

where gmax (mg/g) is the maximum adsorbate uptake and Kj, (L/mg) is a constant related
to the affinity between adsorbate and adsorbent. Dubinin-Radushkevich (D-R) equation
can be expressed as follows:

Je = qm ~exp(—ﬁ : 82) (10)
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where g,, (mg/g) is the theoretical adsorption capacity, and p (mol?/k]J?) is a constant asso-
ciated with the adsorption energy. Also, the ¢ parameter refers to the Polanyi adsorption
potential, which can be estimated by the following expression:

e:R-T-ln(1+C1) (11)

In this sense, the calculated adsorption energy values can allow us to determine
the type of adsorption process; thus, <8 kJ/mol usually refers to physical adsorption;
8-16 kJ /mol is usually associated with ion exchange; and a value higher than 16 k] /mol
indicates possible chemisorption.

Finally, Guggenheim—Anderson—de Boer (GAB) model is an extension of BET theory,
mainly described for the accurate description of multilayer adsorption isotherms, not only
in the gas phase, but also for liquid-phase systems. The GAB model can be described by
the following equation:

ge = qm'Kl‘Ce
T (1-Ky-Co)-[1+ (Ky — Kp) - C]

(12)

where g, (mg/g) is the maximum adsorption capacity on the first monolayer and K; and K,
(L/mg) are the equilibrium constants for the first and the second monolayer, respectively.
The standard Gibbs energy was calculated using the formula:

AG® = —RTIn(K,) (13)

where R (mol-K) is universal gas constant, T (°C) is the operating temperature, and K. is
the dimensionless equilibrium constant.

The obtained experimental adsorption isotherms of PCM and SMX onto AC-CN and
AC-ON activated carbons can be seen in Figures 7 and 8, respectively.

\
9. (Mg/g)
M\

C, (mglL) C, (mglL)

Figure 7. Adsorption isotherms of (a) PCM and (b) SMX onto AC-CN activated carbon. Conditions:
[Adsorbent dose] = 0.115-1.0 g~L*1, Cp=50 mg~L*1, 200 rpm, pH=6.3, T =21 °C.

For PCM adsorption onto AC-ON, an equilibrium adsorption capacity of 23.9 mg-g~!
was determined; in this case, the best fit was found with the D-R model (g, = 24.71 mg-g~*,
R? = 0.9371), while for SMX, the experimental adsorption capacity values obtained with
AC-ON and AC-CN samples were 5.4 and 20.2 mg-g~!, respectively. Likewise, the maxi-
mum equilibrium adsorption capacity was found for PCM adsorption onto AC-CN carbon
(ge = 29.4 mg-g~1); in this case, the GAB model described the experimental isotherm best
(R? = 0.9394), which is in agreement with the observed multilayer adsorption profile
(Table 7). However, it is important to note that the classical Langmuir model was unable to
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accurately describe the adsorption in certain cases, resulting in non-physical mathematical
parameters (e.g., theoretically infinite gmax). This mathematical divergence is consistent
with the visual S-shaped profile of the experimental isotherms (Type V according to IUPAC
classification), indicating that the adsorbent surface has not reached full saturation (plateau)
in the studied concentration range. Such behavior demonstrates that the adsorption is
not limited to simple monolayer coverage but involves cooperative effects and complex
multilayer formation. Therefore, for these specific systems, the maximum experimental
uptake (gexp) is a more reliable indicator of the adsorbent’s capacity. Overall, it can be
concluded that the D-R model is suitable for describing microporous filling and a dom-
inant monolayer, while the GAB and Freundlich models more adequately characterize
heterogeneous surfaces and cooperative multilayer adsorption processes [96].

Table 7. Adsorption isotherm parameters for SMX and PCM adsorption onto AC-ON and AC-CN
activated carbons.

Isotherm Model SMX PCM
AC-ON AC-CN AC-ON AC-CN
fexp (mg-g~1) 54402 202 +0.3 23.9 4 0.04 29.4 £ 0.01
Langmuir
Gmax (mg-g 1) - 246.54 - 14.39
K; (L'mg™1) 0.03 0.007 1.6 x 107 0.63
R? 0.9911 0.8562 0.9128 0.5854
Freundlich
Kp (L-g™h 0.04 4.20 0.82 5.65
nr 0.81 1.49 0.94 3.29
R? 0.6433 0.8867 0.9154 0.7604
D-R
Gm (mg-g~1) 5.81 64.99 24.71 12.37
B (mol?/KkJ?) 626.33 286.02 89.90 1.47
R2 0.5127 0.7409 0.9371 0.4242
Ep.r (kK] /mol) 8.01 8.90 14.01 15.81
GAB
gm (mg-g~1) 3.65 7.00 - -
Kj (mg-L71) 0.02 8.32 1.65 x 1074 3.71 x 1074
K (mg-L™1) 0.4 x 1073 0.02 0.01 0.01
R2 0.8205 0.9715 0.9310 0.9394

As shown in Table 8, the negative Gibbs free energy (AG) values for most systems,
ranging from —18.55 to —28.41 kJ-mol !, indicate that adsorption is a spontaneous and en-
ergetically favorable process. The magnitude of these values suggests a physical adsorption
mechanism enhanced by specific interactions, such as 7-7 stacking and hydrogen bonding,
which is in excellent agreement with the DFT results. The positive AG value observed
for PCM adsorption onto the AC-ON sample correlates with the extremely low sorption
capacity obtained experimentally, suggesting that the process is energetically unfavorable
under the studied conditions for this specific adsorbent.
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Figure 8. Adsorption isotherms of (a) PCM and (b) SMX onto AC-ON activated carbon. Conditions:
[Adsorbent dose] = 0.115-1.0 g-L ™!, Cy = 50 mg-L~!, 200 rpm, pH = 6.3, T = 21 °C.
Table 8. Thermodynamic parameters (AG?) for the adsorption of PCM and SMX onto the synthesized
activated carbons.
Adsorbent Pollutant Ki (L-mg—1) AG? (kJ-mol-1)
AC-CN PCM 0.63 —28.41
AC-CN SMX 0.007 —18.55
AC-ON PCM 16x10°° +3.52
AC-ON SMX 0.03 —22.14

2.3. Adsorption Tests Using an Environmentally Relevant Aqueous Matrix

Unlike model systems, real water matrices contain a complex mixture of organic
and inorganic impurities that significantly affect adsorption efficiency. To confirm the
practical applicability of the developed materials, the adsorption properties of the AC-CN
sample were tested on wastewater from treatment plants (WWTPs). The physicochemical
characteristics of the matrix (presented in Table S2) indicate a high initial concentration of
total organic carbon (TOC)—1106 mg-L~!. Upon reaching equilibrium, a 16% decrease in
TOC concentration was recorded.

Such a moderate decrease is explained by the complex influence of matrix effects. First,
the presence of dissolved organic matter (DOM) and protein fractions creates fierce compe-
tition for the active centers of the adsorbent [97-100]. The mechanism of this influence is
twofold: small DOM molecules directly compete with PCM and SMX for specific binding
sites, while larger macromolecules cause blockage of micropores, limiting the access of
target pollutants to the internal surface of the coal. Secondly, high salt concentrations in
wastewater (ionic strength) can lead to the shielding of electrostatic interactions between
the AC-CN surface and pharmaceutical molecules, which also reduces the overall capacity.

The result of a 16% reduction in TOC at an extremely high initial load (over 1000 mg/L)
is consistent with the literature, where typical values for complex real-world effluents
range from 10 to 25% when using comparable doses of adsorbents. The authors [97-100]
emphasize that even with a significant influence of DOM and competitive ions, activated
carbons from biomass retain their selectivity towards micropollutants, making them a
promising tool for tertiary treatment of wastewater.

2.4. DFT Studies: Modeling of Adsorption Mechanism

Geometry optimization calculations for PCM and SMX were performed to support
the interpretation of the results. It should be noted that, under the working conditions
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(pH = 6.3), PCM remains neutral (pK, = 9.38 [101]), while SMX is partially dissociated
(pKa = 5.7 [102]), as shown in Scheme 1.

CHj; CH3
— o —
\Y% -H* N/
s A0 s ~ 9
N N
HoN H2N
SMX SMX-

Scheme 1. Dissociation of SMX in aqueous medium into SMX™ anion.

The Henderson-Hasselbalch equation (Equation (14)) reveals that a significant fraction
of SMX is present in its anionic form (Equation (15)).

[SMXTIN _ o v g3 57 [SMX™] _ 06 _
log< X)) = pH — pK, =63 —-57 =06 — SMX] = 1006 =3981  (14)
[SMX~] i) |
_ - . smMx] 3981
fomx- = [SMX—]+[SMX] — 1 SMX] ~ 4981 ~ 080 (15)
[SMX]

Thus, 80% of the SMX molecules will be negatively charged. This will hinder SMX™
adsorption due to some electrostatic repulsion, since the pH at the point of zero charge
(pHpzc) in the main samples (AC-ON and AC-CN) indicates that, at pH = 6.3, the adsorbent
surface will exhibit an overall negative charge.

The minimum energy conformations are shown in Figure 9, with their cartesian
coordinates presented in Tables S3-S5 of the Supplementary Materials. Tables 56 and S7
provide additional information (energies, electronic parameters, and chemical descriptors).

Figure 9. 3D optimized structures of paracetamol (PCM, left), sulfamethoxazole (SMX, center) and
sulfamethoxazole anion (SMX™, right). Atoms: C (gray), H (white), N (blue), O (red), S (yellow).

Then, the dimensions of the studied molecules were analyzed. Thus, Figure 10 shows
how the SMX molecule (and its anion SMX™) has all dimensions larger than those of
the PCM molecule. However, since the average pore diameter of both studied activated
carbons is at least 19.4 A, the species can easily enter the pores and reach the surface of the
activated carbon.

The 7-7t and the n-7t interactions involving the adsorbate’s 7t orbital would occur in
the aromatic ring region, where the HOMOs and LUMOs are primarily located (Figure 11).
PCM’s symmetric, flatter, more rigid structure allows both faces of its aromatic ring to
engage in 7-7 stacking with activated carbon, additionally favoring multilayer formation,
while SMX’s sulfonamide and isoxazole groups introduce steric hindrance on one face and
greater conformational flexibility, potentially reducing interaction efficiency (see Figure 12).
A shorter equilibrium adsorption distance, enabled by PCM’s planarity, likely enhances
its adsorption stability, leading to higher adsorption energy than SMX. Furthermore, the
presence of hydroxyl and carbonyl groups on activated carbon promotes the formation
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of hydrogen bonds, particularly in AC-ON and AC-CN samples, which exhibit higher
FTIR spectral intensity in their corresponding signals (Figure 4) and superior adsorption
results. The abundance of carbonyl groups suggests that the OH group of PCM, capable of
forming stronger hydrogen bonds than the NH, group of SMX [103], leads to more intense
interactions with the activated carbon.

@7.01\ 9.2A
11.3A 4.1A
6.4A
11.8A 11.4A

Figure 10. Van der Waals bounding boxes of PCM (left), SMX (center) and SMX™ (right). Atoms: C
(gray), H (white), N (blue), O (red), S (yellow).

9.5A
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Figure 11. Plots of the HOMOs and LUMOs of PCM (left), SMX (center) and SMX™ (right). Atoms:
C (gray), H (white), N (blue), O (red), S (yellow).

9

Figure 12. Possible interaction between PCM (left), SMX (center) and SMX™ (right) with the surface
of the adsorbent material. Atoms: C (gray), H (white), N (blue), O (red), S (yellow).
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Another factor that could influence adsorption is the solvation of the adsorbates. The
anionic form of SMX (SMX™), due to its delocalized negative charge, undergoes the most
extensive solvation, which hinders desolvation and reduces its interaction efficiency with
activated carbon. For neutral species, the polarity of an adsorbate can be characterized by
the topological polar surface area (TPSA), which represents the sum of the surface areas
of polar atoms in the molecule, mainly oxygen (O) and nitrogen (N), along with their
associated hydrogen atoms capable of forming hydrogen bonds [104,105]. Paracetamol
has a TPSA of 49.3 A2, while for sulfamethoxazole, it is 107.0 A2 [101]. This difference
aligns with the DFT-calculated dipole moments, which are 7.7 D for PCM and 10.3 D for
SMX (18.2 D for SMX™). As shown in Figure 13, molecular electrostatic potential (MEP)
maps confirm that SMX displays broader regions of negative and positive potential than
PCM, resulting in a stronger dipole moment. Consequently, neutral SMX experiences
stronger aqueous solvation than PCM due to its higher TPSA and dipole moment, in-
creasing the energy barrier for desolvation and limiting access to hydrophobic sites on
activated carbon. These findings are consistent with the adsorption isotherms shown in
Figures 7 and 8, where SMX exhibited lower equilibrium adsorption capacities than PCM
across all equilibrium concentrations. The reduced uptake of SMX can be attributed, at
least in part, to its enhanced solvation, which raises the desolvation energy and restricts
adsorption. In contrast, PCM, with lower polarity and weaker solvation, desolvates more
readily, enhancing adsorption onto the carbon surface.

SMX SMX™
0.08 -0.08 0.08 -0.20 0.20
E - - i

Figure 13. Molecular electrostatic potential (MEP, values in Hartree) of PCM, SMX and SMX™ and
dipole moment vector of PCM and SMX. Atoms: C (gray), H (white), N (blue), O (red), S (yellow).

3. Materials and Methods
3.1. Materials

Sulfamethoxazole (SMX), with purity >99%; paracetamol (PCM), with purity >98%;
and acetonitrile (HPLC grading, >99.9%) were purchased from Sigma-Aldrich (Merck
KGaA, Darmstadt, Germany) and used without further purification. All chemicals were of
analytical purity and were used directly in working solutions. The molecular structures of
both studied molecules can be seen in Figure 14.

CH,

H

N___CH, QAL [T

/©/ \n/ \S/ \N/O
(0]
" D
H,N
PCM SMX

Figure 14. Molecular structures of PCM and SMX.
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3.2. Preparation of the Activated Carbons

The synthesis of the activated carbons was adapted from previous work, as described
elsewhere [36]. In this work, agro-industrial waste, such as onion waste and corn cobs,
was used as raw material. To obtain activated carbons, the precursors were thoroughly
washed with ultrapure water and then pre-carbonized at 450 °C in a vertical furnace under
N, flow (0.2 mL/min) for 1 h. Then, the material was pre-washed with a diluted HCl
solution to remove residual impurities and activated by impregnation with acid solutions
with a concentration of 3 M-L~! (HNO3, H3POy) and alkali (NaOH). Finally, the obtained
carbon materials were washed with ultrapure water until a neutral pH in the washing water
was achieved. Then, the carbonization process was carried out at 600 °C under N, flow
(200 mL/min) for 1 h. The scheme of the synthesis procedure can be observed in Figure 15.
The synthesized activated carbons were designated using the prefix AC-, followed by a
two-letter suffix identifying the precursor and the activating agent, respectively. The first
letter refers to the biomass source: O for onion peel and C for corn cob. The second letter
indicates the chemical activating agent employed: P for H3POy4, N for HNO;3, and S for
NaOH. Accordingly, the six materials produced were labeled as AC-OP, AC-ON, AC-OS,
AC-CP, AC-CN, and AC-CS.

L '3‘ | .

Figure 15. Scheme of the synthesis procedure of the activated carbons.

3.3. Characterization Techniques

Textural properties of the carbon materials were obtained by N, adsorption—desorption
isotherms at —196 °C using a Micromeritics ASAP 2020 apparatus (Boynton Beach, FL,
USA). The outgassing of the carbons was carried out at 150 °C for 12 h before each analysis.
The specific surface area (Spgpr) was calculated by the Brunauer-Emmett-Teller (BET)
equation; total pore volume (Vo) was estimated using the N, volume adsorbed at
P/P% =0.99; micropore volume (Viyicro) was determined by the t-plot method, and, finally,
the average pore diameter (dpore) was measured at 4 V/A by BET.

Fourier-transformed infrared (FI-IR) spectra of the synthesized activated carbons were
recorded using a Thermo Nicolet Nexus 670 spectrometer (Madison, WI, USA) in a wave-
length range of 400-4000 cm ™!, with a resolution of 2 cm~—1. Moreover, the composition
of the adsorbents was explored by elemental analysis using a LECO CHNS-932 elemental
micro-analyser (LECO Corp., St. Joseph, MI, USA). Typically, 0.6-1.6 mg of sample was held
in a furnace at 1000 °C, where combustion occurred. C, H, and N percentages (wt.%) were
directly provided in the analysis, since O content was calculated by difference. The pHpzc
was determined by the pH drift method. To 50 mL of distilled water, 0.01 M NaCl and
0.01 M HCl were added to adjust the initial pH (pHinitia1) from 2 to 12. Then, 0.15 g of the
sample was added, and the flasks were agitated in a shaker for 48 h. The final pH (pHina1)
was measured, and the pHpzc was identified as the intersection point of the pHyinq) vs.
PHinitia1 curve with the pHgnar = pHinial line [106]. The morphological properties of the
materials were studied by the scanning electron microscopy (SEM) technique using a JEOL
JSM 6400 microscope (JEOL Ltd., Akishima, Tokyo, Japan), equipped with a thermionic
cathode and a 25 kV detector. Finally, the thermogravimetric analysis (TGA) of the carbon
samples was performed using a thermogravimetric balance model LabSys Evo (Setaram
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Instrumentation, Lyon, France) under N, atmosphere (50 mL/min), within a temperature
range from 30-900 °C.

3.4. Adsorption Experiments

Batch adsorption experiments were performed in an orbital shaker under controlled
and constant stirring (200 rpm) and room temperature. For the kinetic adsorption ex-
periments, the following operation conditions were used: adsorbent dose of 2.5 g-L 71,
initial concentration of PCM or SMX of 50 mg-L’l, solution volume of 100 mL, and placed
in 250 mL Erlenmeyer flasks. In the same way, for the determination of the adsorption
isotherms, an adsorbent dose ranging from 0.015 to 1.0 g-L~! was used, while the other
conditions were the same as the kinetic tests. For batch adsorption experiments, the
equilibrium adsorption capacity (g.) was calculated according to Equation (16):

(Co—Ce)-V
go= 2t (16)
where g, is the adsorption capacity at equilibrium time (mg-g~!), Cy is the initial concentra-
tion of PCM or SMX (mg/L), C, is the equilibrium concentration of PCM or SMX (mg-L~1),
V is the volume of solution (L), and m is the mass of activated carbon (g).

Samples were taken at different time intervals from 0 to 1440 min, until the equilib-
rium was reached. Then, the samples were centrifuged, filtered through 0.45 pm nylon
membrane filters, and subsequently analyzed using a JASCO High-Performance Liquid
Chromatograph (JASCO Corp., Tokyo, Japan) equipped with a UV-4575 detector (JASCO
Corp., Tokyo, Japan). An Inertsil ODS-3 (GL Sciences Inc., Tokyo, Japan) (250 x 4.6 mm;
5 um) column, and a mobile phase consisting of acetonitrile and ultrapure water (at pH 2.5)
(45:55, v/v) were used. The flow rate was constant at 1.0 mL/min, and the detection was
carried out at 254 nm.

To study the binary adsorption process, solutions with PCM and SMX (Cg =50 mg-L~!
each of them) were used. Additionally, samples of the real water matrices were collected
from a WWTP effluent located in Taraz, Kazakhstan. TOC concentration of the real samples
was measured by using a Shimadzu TOC-5000A analyser (Shimadzu Corp., Kyoto, Japan).

All adsorption experiments, including kinetic studies, equilibrium isotherms in
single-component and binary systems, and thermodynamic tests, were performed in
triplicate to ensure accuracy and reproducibility of data. Results are presented as
mean values + standard deviation (SD). Based on the kinetic screening results, only the
two (AC-ON and AC-CN) best-performing carbons were selected for further detailed
isotherm studies.

The experimental parameters for the adsorption studies were selected based on prelim-
inary optimization tests and environmental relevance. The adsorbent dosage was fixed at
2.5 g-L ! as it provided a balance between sufficient removal efficiency and analytical pre-
cision. The initial pH of the solutions was maintained at its natural value (approximately
6.5-7.0) to simulate real-world water treatment conditions and to avoid the additional
cost of pH adjustment, which is consistent with the sustainable approach of this work.
The initial concentrations of PCM and SMX (50 mg-L~!) were chosen to ensure accurate
quantification while representing levels typically found in pharmaceutical-laden effluents.

3.5. DFT Studies: Methodology

DFT studies were conducted using the Gaussian 16 software [107], employing the
MN12-5X functional [108] with the def2-TZVP basis set [109]. The SMD implicit solvation
method [110] was applied to account for the effects of water as the solvent. The optimized
structures and their cartesian coordinates were visualized using GaussView 6.0 [111], which
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was also used to illustrate the molecular electrostatic potential (MEP; at isovalue 0.02 a.u.),
and at isovalue 0.03 a.u., the Highest Occupied Molecular Orbital (HOMO), and Lowest
Unoccupied Molecular Orbital (LUMO). The dimensions of the molecular bounding box,
based on Van der Waals radii, were calculated using Multiwfn 3.8 [112,113] and visualized
with VMD 1.9 [114]. Information regarding the calculation of some DFT parameters can be
found in the Supplementary Materials (Equations (51)-(S8)).

4. Conclusions

Synthesized activated carbons obtained from agricultural waste (corn cobs and onion
skins) demonstrated developed textural characteristics with a predominance of a microp-
orous structure. A study of the adsorption of sulfamethoxazole (SMX) and paracetamol
(PCM) from aqueous solutions showed that the best efficiency was demonstrated by the
AC-CN (for PCM) and AC-CN/AC-CP (for SMX) samples. It was found that the adsorption
capacity of the materials correlates with their specific surface area (Spgt) = 335462 m?-g 1)
and the pronounced hydrophilic-hydrophobic nature of the surface. Kinetic equilibrium
was achieved within a moderate time (~8 h), with the experimental data best described by
a pseudo-second-order model. Two types of behavior were observed in binary systems:
for a number of coals, a decrease in capacity was recorded due to competition for active
centers, while in other cases, a synergistic effect was identified, caused by coadsorption and
hydration interactions. The adsorption isotherms for AC-ON and AC-CN (with capacities
ranging from 20.2 to 29.4 mg-g~!) are best described by the Dubinin-Radushkevich and
GAB models. The exception was the SMX/AC-ON system (5.4 mg-g~!), where strong com-
petition with water molecules was observed. Theoretical modeling using the DFT method
confirmed the experimental data: the deprotonated state of SMX at natural pH (~80%)
enhances its solvation, which hinders adsorption. In contrast, the flat structure of PCM pro-
motes effective —m stacking and the formation of hydrogen bonds with oxygen-containing
groups of carbons.

Practical significance and prospects. The use of widely available agricultural waste
(corn cobs and onion skins) as free precursors makes AC-ON and AC-CN production
technology easily scalable and significantly reduces the overall cost compared to commer-
cial fossil coal-based alternatives. The main operating costs are associated with chemical
activation and energy consumption, but relatively low synthesis temperatures allow for
optimization of energy costs. From a life cycle perspective, this technology minimizes
environmental impact by converting agro-industrial waste into highly efficient adsor-
bents. Although the specific surface area of synthesized carbons is lower than that of some
expensive commercial samples, their high selectivity towards pharmaceutical contami-
nants provides a competitive advantage. In addition, their high regeneration potential
(e.g., through thermal desorption or solvent washing) makes these materials economically
viable for long-term use in tertiary water treatment systems within the principles of the
circular economy.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /molecules31071162/s1, DFT calculation parameters (S1-S8);
Figure S1: Pores size distributions of the activated carbons obtained from (a) onion waste (b) corn
cob; Figure S2. pHpyc values of the activated carbons obtained from (a) onion waste (b) corn cob;
Figure S3: TG profiles of the activated carbons prepared from (a) onion wastes (AC-OP) and af-
ter adsorption PCM, SMX, (b) onion wastes (AC-ON) and after adsorption PCM, SMX, (c) onion
wastes (AC-OS) and after adsorption PCM, SMX, (d) corncob wastes (AC-CP, AC-CN, AC-CS);
Figure S4: SEM micrographs of the synthesized activated carbons; Table S1: Elemental analysis of
the synthesized activated carbons; Table S2: Physico-chemical parameters of the WWTP effluent
tested; Table S3: Cartesian coordinates for optimized structure of paracetamol (MN12-SX/def2-TZVP,
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