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Abstract

Ibuprofen- and diclofenac-loaded organobentonites are thermally converted to carbon-
decorated bentonites and probed as materials for supercapacitors and peroxide production.
TGA shows a ~40% mass loss in an inert atmosphere and a ~2% further reduction in
air, with the diclofenac-loaded sample showing slightly higher loss due to less stable
surface groups. FTIR and Raman spectroscopies indicate similar surface groups and defect
densities in the end materials, which are reflected in similar electrochemical responses.
Capacitance values of around 20 F/g are measured when taking the whole mass, bentonite
and carbon, into account, rising to a maximum of 805 F/g if only the carbon fraction is
taken into account. Rotating ring—disk measurements reveal that the prepared materials
show selectivity toward peroxide production when oxygen reduction is probed, reaching a
93% yield, making it an exceptional candidate for peroxide production.

Keywords: peroxide production; adsorbent repurposing; carbon materials; capacitance;
carbonization

1. Introduction

The increasing occurrence of pharmaceutical contaminants in aquatic environments
has become a significant environmental concern due to their persistence, incomplete re-
moval in conventional wastewater treatment plants, and potential adverse effects on aquatic
organisms and the ecosystem [1-4]. Non-steroidal anti-inflammatory drugs (NSAIDs) are
among the most frequently detected pharmaceutical compounds in surface waters, ground-
water, and wastewater effluents because of their widespread consumption and extensive
use in human medicine [5-8]. Their continuous discharge into the environment highlights
the need for cost-effective and sustainable treatment technologies that can efficiently remove
these contaminants while enabling the valorization of the resulting waste materials [9].
Adsorption is widely considered one of the most practical approaches for the removal
of pharmaceutical compounds because of its simplicity and compatibility with a broad
range of adsorbent materials [10,11]. Bentonite has attracted considerable attention as an
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adsorbent owing to its abundance, low cost, layered structure, high cation-exchange capac-
ity (CEC), and tunable surface properties. However, pristine bentonite generally exhibits
limited affinity toward many organic contaminants due to its intrinsically hydrophilic
nature and negatively charged surface [12,13].

Surface modification using surfactants has emerged as an effective strategy for im-
proving the adsorption properties of bentonite [14-16]. Cationic surfactants such as hexade-
cyltrimethylammonium bromide (HDTMA-Br), tetradecyltrimethylammonium bromide
(TDTMA-Br), and octadecylammonium bromide (ODA-Br), as well as related quaternary
ammonium compounds, can intercalate within bentonite layers and at the surface, altering
the surface chemistry from hydrophilic to organophilic [17]. This modification can increase
interlayer space and generate hydrophobic domains that facilitate interactions with organic
contaminants through hydrophobic interactions, partitioning effects, and electrostatic at-
traction. Previous studies have demonstrated substantially enhanced adsorption capacities
of surfactant-modified bentonite for dyes, humic substances, bisphenol compounds, and
pharmaceutical pollutants [16,18,19]. Surfactant-modified bentonites have been widely ex-
plored as adsorbents for the removal of pharmaceutical contaminants, including antibiotics,
NSAIDs, endocrine-disrupting compounds, and other emerging organic pollutants from
aqueous media. The enhanced adsorption was frequently associated with electrostatic inter-
actions and hydrophobic partitioning effects introduced by surfactant molecules [20]. For
example, in our previous studies, bentonites modified with various amounts (50, 75, and
100% of CEC) of octadecyldimethylbenzylammonium chloride (ODMBA-Cl) and HDTMA-
Br were tested as adsorbents for ibuprofen (IBU) and diclofenac sodium (DS) [21-23]. The
adsorption of both drugs increased with increasing amounts of both surfactants as well as
with increasing the initial concentrations of IBU and DS. The maximum adsorbed amounts
of the drugs were 102 mg/g for IBU and 160 mg/g for DS on organobentonite containing
100% ODMBA, while for organobentonite modified with 100% HDTMA, the maximum
adsorbed amounts were 89 mg/g and 150 mg/g for IBU and DS, respectively [23]. These
drug adsorption capacities were close to the highest values reported in the literature for
organobentonites with similar amounts of surfactants [24-26]. Characterization of the
organobentonites with the highest amounts of both surfactants after IBU and DS adsorption
confirmed the presence of drugs in the organobentonites [23].

Despite considerable progress in improving adsorption performance, one of the prin-
cipal limitations of adsorption technologies remains the management of exhausted adsor-
bents after contaminant uptake [27,28]. Spent adsorbents are often regarded as secondary
waste requiring disposal or regeneration, increasing process costs and reducing overall
sustainability. Recent research has therefore shifted toward circular-material concepts in
which exhausted adsorbents are transformed into functional materials with additional
applications [29-31]. Carbonization processes conducted under inert atmospheres repre-
sent a promising route since organic compounds adsorbed on the adsorbent surface can
serve as carbon precursors for the generation of conductive carbon structures [32]. Carbon-
containing bentonite-based materials have shown favorable structural characteristics, such
as hierarchical porosity, high surface area, and enhanced electrical conductivity, making
them suitable candidates for electrochemical applications. Carbon-based hybrid materials
have become particularly attractive for electrochemical energy storage and electrocatalysis
due to their tunable surface chemistry and structural versatility [32-34]. In supercapacitor
applications, conductive carbon networks combined with porous support materials can
improve charge transfer and increase electrolyte accessibility, resulting in enhanced specific
capacitance and cycling stability [35-37]. Likewise, heteroatom-containing carbon materi-
als have shown significant potential as catalysts for the oxygen reduction reaction (ORR),
an electrochemical process of central importance for fuel cells and metal-air batteries.
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The presence of defects, surface functionalities, and heteroatom species generated during
carbonization can create catalytically active sites and improve ORR kinetics [38].

Beyond adsorption, the transformation of organobentonites into functional carbon-based
materials via thermal treatment offers an attractive pathway for valorization and multifunc-
tional applications [39]. Carbonization of surfactant-modified clays under inert atmospheres
yields hybrid carbon-inorganic composites, in which the organic modifier serves as a carbon
precursor [40-42]. Such materials can exhibit enhanced electrical conductivity, hierarchical
porosity, and heteroatom doping, making them promising candidates for electrochemical
applications, including ORR catalysis and energy storage in supercapacitors.

In this context, previously studied surfactant-modified bentonites with 100% CEC of
HDTMA and ODMBA saturated with IBU and DS [23] are further explored here in terms
of the carbonization process, and the resulting materials are evaluated as multifunctional
systems. By linking the initial adsorption performance to the properties of the derived car-
bonized composites, this work aims to establish a relationship that bridges environmental
remediation and energy-related applications. Particular emphasis is placed on understand-
ing how the adsorbed drugs influence the physicochemical characteristics of the carbonized
materials and their performance in electrochemical systems. Unlike conventional methods
requiring additional carbon precursors, this strategy utilizes the adsorbed contaminants
themselves as carbon sources, transforming a waste stream into a functional material. The
resulting hybrid carbon-bentonite material was investigated as an electrode material for
supercapacitor applications and as an electrocatalyst for the oxygen reduction reaction.

2. Materials and Methods
2.1. Sample Preparation

Bentonite, a natural mineral raw material from the Sipovo deposit (Bosnia and Herze-
govina), was modified with two surfactants at loadings equal to 100% of its cation-exchange
capacity. The surfactants used were HDTMA-Br (Sigma-Aldrich, St. Louis, MO, USA) and
ODMBA-CI (Hoechst AG, Frankfurt, Germany), following a previously reported proce-
dure [22]. The organobentonites obtained with HDTMA and ODMBA are denoted as HB
and OB, in that order. Ibuprofen (IBU; Galenika, LLC, Belgrade, Serbia) and diclofenac
sodium (DS; Sigma-Aldrich, St. Louis, MO, USA) were used as test adsorbents; Scheme 1.

OH Na

(a) (b)
Scheme 1. (a) IBU and (b) DS structures.

Powdered samples of the saturated organobentonites were collected after the adsorp-
tion of the IBU and DS drugs at an initial concentration of 500 mg/L [23]. The adsorbents
were separated and subsequently thermally treated in an Ar atmosphere for 2 h at 800 °C in
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a tubular furnace (Elektron, Banja Kovilja¢a, Serbia). The carbonized organobentonites are
labeled as c-HB and c-OB. The carbons derived from NSAID-saturated organobentonites
are denoted as c-IBU@OB, c-DS@OB, c-IBU@HB, and c-DS@HB.

2.2. Sample Characterization

The quantitative measurement of NSAID residues, after carbonization, on the OB
and HB systems was examined through a thermogravimetric (TG) analysis using an SDT
2960 thermoanalytical device (TA Instruments, New Castle, DE, USA). The thermal proper-
ties were investigated as the temperature was increased from ambient conditions to 800 °C
(2 h holding time), at a heating rate of 10 °C min~!, in either an inert (Ar) atmosphere or a
synthetic air stream flowing at 80 mL min~'.

The surface morphology of the samples was investigated using a Phenom ProX scan-
ning electron microscope (Thermo Fisher Scientific, Waltham, MA, USA). Micrographs were
collected at a magnification of 10,000, employing a backscattered electron detector (BSD
Full, Thermo Fisher Scientific, Waltham, MA, USA) operated at an accelerating voltage of
15 kV in map mode.

The chemical structure of the composites was investigated by Fourier transform in-
frared (FTIR) spectroscopy using a Nicolet iS20 spectrometer (Thermo Scientific, Waltham,
MA, USA). Spectra were obtained by the KBr pellet method in the 4000-400 cm~! region
with a resolution of 4 cm~! and 32 co-added scans. Raman characterization was carried out
using a DXR Raman microscope (Thermo Scientific, Waltham, MA, USA) equipped with a
532 nm excitation laser. Sample visualization and laser focusing were performed using an
Olympus optical microscope (Thermo Scientific, Waltham, MA, USA )fitted with a 10x ob-
jective lens. The Raman signal was dispersed through a 900 lines mm ! diffraction grating.
The spectra were recorded at 10 mW after confirming that no evident changes occurred
as the laser power increased continuously. The laser spot had an approximate diameter
of 2.1 um, while the acquisition time was 10 s per scan and there were 10 accumulations
for each measurement. To ensure representative sampling, spectra were collected from ten
randomly selected locations on each sample surface, and the final spectrum was obtained
by averaging the individual measurements.

2.3. Electrochemistry

Electrochemical measurements were performed using a glassy carbon (GC) electrode
modified with a thin film of each carbonized sample. The catalyst ink was prepared by
dispersing 5 mg of the samples in 0.5 mL of an ethanol/water/Nafion mixture under

ultrasonic treatment. A catalyst loading of 250 pg cm—2

was achieved by drop-casting
5 pL of the suspension onto a GC disk electrode (5 mm diameter) and allowing it to dry at
room temperature.

The ORR activity was evaluated by cyclic voltammetry (CV) in a conventional three-
electrode electrochemical cell. A platinum wire and a saturated calomel electrode (SCE)
served as the counter and reference electrodes, respectively, while a 0.1 M KOH aque-
ous solution was used as the supporting electrolyte. All measurements were conducted
using an Ivium VO1107 potentiostat/galvanostat (Ivium Technologies, Eindhoven, The
Netherlands). Before and throughout the measurements, the electrolyte was continuously
saturated with oxygen by a gentle oxygen flow. Baseline voltammograms were recorded
after purging the solution with nitrogen to remove dissolved oxygen and suppress oxygen-
dependent electrochemical processes. All the experiments were performed under ambient
conditions at atmospheric pressure and room temperature.

ORR activity was also investigated using a rotating ring—disk electrode (RRDE, glassy
carbon disk/Pt ring, Gamry Instruments, Warminster, PA, USA) in an oxygen-saturated
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0.1 M KOH solution. The catalyst-coated glassy carbon disk served as the working electrode,
while the platinum ring was employed for the detection of peroxide intermediates. RRDE
measurements were performed at various rotation rates to evaluate the oxygen reduction
kinetics, electron transfer pathways, and hydrogen peroxide yield. The HO, ™ yield was
calculated using Equation (1):

%HO, ™ = 2(Iring/l\l)/(ldisc + Iring /N) 1)

where lying is the ring current, ;s is the disk current, and N is the collection efficiency.

To assess the charge-storage properties of composite samples, electrochemical mea-
surements were performed at room temperature in 3 M KOH, 1 M NaySO4, and 1 M
H,SO4 aqueous electrolytes under a continuous nitrogen atmosphere to eliminate dis-
solved oxygen. The capacitance (C, F g~!) was determined from the voltammetry data
using Equation (2):

C=Q/2mAV = (fidt)/2 mAV )

where Q is the total charge obtained by integrating the current response over time, AV
denotes the potential window, and m corresponds to the mass of the active material loaded
onto the glassy carbon electrode. All values are reported as the mean of 5 independent
measurements on the same material.

Two-electrode measurements were performed in a symmetric setup in a lab-made cell,
with aluminum (1 cm diameter) current collectors. Potential was scanned between 0 and
0.9V, and the capacitance of a single electrode, Cs, was calculated using Equation (3):

Cs=21Itp/me-AV 3)

where I is the applied current (0.5, 1, 2 A g71), tp is the discharging time, m, is the
mass of active material on a single electrode, and AV is the potential window of the
discharging process.

3. Results and Discussion
3.1. SEM/EDX

The SEM micrographs (Figure 1) reveal that all the carbonized NSAID-loaded
organobentonites retain the characteristic agglomerated morphology of bentonite [34]
while developing a rough, porous surface as a result of carbonization. No significant
morphological differences are observed between the samples, although c-IBU@HB exhibits
a more compact surface, whereas c-DS@HB displays a more heterogeneous and porous
texture. The EDX analysis confirms the predominance of oxygen and silicon originating
from the clay matrix, with carbon contents ranging from 14.5 to 34.0 at. % depending on
the surfactant and adsorbed drug. The highest carbon content was observed for c-IBU@OB,
while nitrogen was detected in samples saturated with DS prior to carbonization. These
compositional differences indicate that both the organobentonite modifiers and the ad-
sorbed drug influence the composition of the carbonaceous phase, which is expected to
affect the electrochemical properties of the resulting materials.
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Figure 1. Surface morphology and elemental composition of carbonized HDTMA- and ODMBA-
modified bentonites saturated with IBU and DS.

3.2. FTIR and Raman Spectroscopy

The FTIR spectra of the carbonized organobentonite samples and their drug-loaded
counterparts are presented in Figure 2a. All the spectra exhibit similar profiles characteristic
of the inorganic matrix (bentonite) [43]. A broad band centered at 3440 cm ™! was attributed
to the stretching vibrations of hydroxyl groups associated with adsorbed water. The
shoulder at 3651 cm ™! was assigned to the stretching vibrations of residual structural
hydroxyl groups of the bentonite matrix. The weak absorption at 1632 cm ! corresponded
to the bending vibration of molecular water and may also include contributions from
aromatic C=C vibrations within the carbonaceous phase. The most prominent feature in all
the spectra was the intense band in the 1200-900 cm ! region, centered at 1039 em !, with
a shoulder at approximately 1039 cm ™!, characteristic of Si-O elongation of the layered
montmorillonite structure. Additional bands at 569 and 478 cm ! were assigned to Si-O-Al
and Si-O-Si deformation modes, confirming the preservation of the bentonite structure
after carbonization [34].
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Figure 2. (a) FTIR and (b) Raman spectra of the HB- and OB-derived carbonized materials.

Comparison of the FTIR spectra of the HB- and OB-derived carbonized materials
revealed no significant differences in the positions or relative intensities of the characteristic
bands. These findings suggest that the type of surfactant has little influence on the chemical
structure of the carbonized products, as the organic modifiers are largely decomposed
during carbonization. Following adsorption of DS and IBU, no new bands or significant
shifts were detected, indicating that adsorption proceeds primarily through non-covalent
interactions, such as hydrophobic, electrostatic, and 7— interactions, rather than through
the formation of new chemical bonds.

Generally, C-C stretching vibrations give rise to only weak IR absorption bands,
whereas Raman spectroscopy is highly sensitive to symmetric homonuclear bonds. Conse-
quently, the carbonaceous phase is more clearly resolved in the Raman spectra than in the
FTIR spectra.

The Raman spectra of the samples are shown in Figure 2b. The Raman spectra of
all the samples exhibited a pronounced fluorescence background. In the samples prior to
drug adsorption, this fluorescence masks any Raman bands, whereas characteristic Raman
features become observable in the drug-loaded carbonized organobentonite samples. These
samples exhibited the characteristic Raman features of disordered carbonaceous structures,
dominated by the G band at 1605 cm~! and a broad D band centered at 1364 cm~!. The
D band is associated with structural defects, disorder, and edge sites within the carbon
matrix, whereas the G band originates from the stretching vibrations of sp?-hybridized
carbon atoms in graphitic domains. The presence of both bands confirmed the formation
of partially graphitized carbon during the carbonization process. Additionally, a band

! was observed, which has been reported by Schwan et al. to

at approximately 1174 cm™
correlate with the sp> bonding content in carbon films [44].

The Raman profiles of all the drug-loaded carbonized organobentonite samples are
similar, indicating that neither the surfactant used for organobentonite preparation nor the
adsorbed drug significantly alters the carbon framework. The positions and intensity ratios
of the D and G bands remain unchanged, suggesting that the degree of graphitization and

defect density are independent of both the surfactant used and the adsorbed drug.
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3.3. Thermogravimetric Analysis

To assess the NSAID/surfactant conversion, we conducted the initial measurement
in an inert atmosphere [45], where a TG analysis revealed 40% mass loss during the
temperature treatment. The estimate of the amount of carbon residue on bentonite was
performed using synthetic air as the carrier gas, with the mass loss attributed to carbon
burn-off (Figure 3a). Contrary to expectations, the thermal behavior of the carbonized
composites is governed predominantly by the nature of the adsorbed drug rather than by
the type of surfactant initially used for organobentonite preparation [46].

1.00 - o
cDS@HB !
® ciBU@HB 638 °C| | 661 °C
@ 0994 ¢DS@OB - Dy
< cIBU@OB ' %
@ 0.98- : < 4] c-DS@HB
E g —— cIBU@HB
2 = — ¢-DS@OB
5 77 T -6 —— cIBU@OB
> 1)
s T
0.96 84
0.95 _104 dehydratation Vi
T T T T T T . . NSAID transformation
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800 900
Temperature / °C Temperature / °C

(@) (b)
Figure 3. (a) TG and (b) DTA profiles of the HB- and OB-derived carbonized materials.

Up to 300 °C, water loss between 1.5 and 2.5 wt.% is evident, with samples initially
loaded with DS losing around 1 wt.% more water than those loaded with IBU, indicating
that more hydrophilic groups remained on the surface after carbonization (expected based
on IBU and DS structures, Scheme 1).

Between 400 and 700 °C, gradual burn-off of surface carbon is evident. The carbon
content based on the TGA is given in Table 1 and is in the range between 1.49 and 2.19 wt.%.
Grouping of samples was based on the initially adsorbed drug—samples loaded with DS
lost around 2.18 wt.% while samples used for IBU adsorption carried 1.49 and 1.73 wt.% of
carbon, respectively. The higher mass loss observed for the DS-containing materials pointed
to the formation of a more defect-rich and less thermally stable carbon phase, which is in
agreement with the Raman spectra showing a stronger contribution of disorder-related
carbon features.

Table 1. Calculated mass loss for samples based on TG analysis.

Sample Water Mass Loss/wt.% Carbon Mass Loss/wt.%
c-IBU@HB 1.50 1.49
c-IBU@OB 1.50 1.73
c-DS@HB 2.27 2.19
c-DS@OB 2.50 2.18

Samples derived from DS adsorption showed higher mass loss up to 300 °C, possibly
due to less thermally stable aldehyde/ketone and carboxyl groups [47]. Another abrupt
decrease in mass occurs between 500 and 700 °C, which is predominantly associated with
thermal decomposition of carboxylic anhydride, phenol, and lactone groups [47], with
again higher loss for the DS-loaded samples compared to the IBU-loaded samples, pointing
to the resulting samples having more oxygen- and nitrogen-rich carbon surfaces when
transformed with DS vs. IBU.
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When looking at heat flow and temperature of degradation (Figure 3b), another
distinction can be seen, as the samples with adsorbed IBU exhibit maximum burn-off
around 638 °C, while those with DS burn at a higher temperature (661 °C), indicating more
stable surface groups on DS-saturated organobentonites after carbonization [47]. The only
stable groups remaining after temperature treatment should be carbonyl/quinone groups,
known to be active in energy storage via a protonation/deprotonation mechanism [48].

3.4. Capacitance

The energy storage potential of the repurposed adsorbents after carbonization was
probed in acidic (1 M HySO4), neutral (1 M Na;SOy), and alkaline (3 M KOH) media as
shown in Figure 4a for sample c-IBUQOB. The CVs show a pronounced slant stemming from
the high resistance of bentonite, which constitutes a high mass portion in the repurposed
material (as evidenced by the TGA), a typical feature of electrically resistive materials [49].
Comparative cyclovoltammograms (CVs) in an alkaline environment showed current
responses to a 10 mV /s sweeping potential (Figure 4b), with slight differences depending
on the precursor composition. The obtained values for gravimetric capacitance are given
in Table 2, with the highest values obtained for sample c-IBU@OB of around 20 F/g, in
both acidic and basic conditions, when normalizing to the complete mass of the electrode,
which can be explained by it having the highest content of surface carbon (around 34 wt.%
based on EDX). However, using the TGA data, we can normalize the capacitance to
just the carbon mass, under the assumption of negligible bentonite capacitance. Within
this framework, significantly higher capacitance values are obtained, reaching exorbitant
values of between 700 and 800 F/g in acidic and basic environments, similar to 710 F/g
for quinone-decorated CNTs [50], 567 F/g for anthraquinone-2-sulfonate@rGO [51], DM-
quinone decorated on reduced rGO with 650 F/g [52], and less than 1180 F/g for quinone-
dopamine conjugates [53]. Based on the TGA, we suspect a quinone-covered carbon surface
on the bentonite, which is corroborated by the maxima at —0.8 V (cathodic) and —0.45 V
(anodic) in the alkaline, and 0.1 V [54] and 0.55 V (anodic and cathodic) in the acidic
environment. Values in the neutral medium range between 300 and 400 F/g, with the
literature relating the decreased capacitance to lower ionic conductivity and slower ion
movement, compared to H" and OH™ in acidic and basic medium, respectively. Also,
protonation/deprotonation peaks were absent in neutral media. Thermal regulation of
carbon surface groups could therefore present a step towards high-capacitance materials.

Table 2. Capacitance (F g~!) of carbonized organobentonites in studied electrolytes normalized to
carbon content.

Sweep Base Neut. Acid Base Neut. Acid Base Neut. Acid Base Neut. Acid
mlilat:—/l c-IBUROB c-DS@OB c-IBU@HB c-DS@HB
200 159 + 6 64+4 123+6 116 £6 75+5 138+ 6 108 £ 4 56 +£3 96 £5 82+6 50+3 97 £5
100 250+ 8 92+6 172+8 155+7 105+ 6 186 £ 6 154 +4 79+3 131+5 112t6 72+6 129+6
50 389+8 136 +£5 251+9 207+8 151+6 265+7 215+5 118 +4 187+6 152+7 106 £6 184+6
20 591+9 226+7 435+ 10 282+9 251+8 457 +£10 314+5 201+6 320+7 210+7 180+ 8 292+7
10 806 +12 372+10 734+ 12 363+ 11 398+9 806 + 14 419+6 332+7 536+9 268+ 8 301+10 485+8
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Figure 4. CV responses for (a) cIBUQOB in the studied electrolytes; (b) all samples in KOH;
(c) charge/discharge curves for c-IBU@OB at different rates; and (d) pseudo-Faradaic contribution to
overall capacitance according to Dunn analysis for c-IBU@OB.

The gravimetric capacitance normalized to carbon content strongly depended on
both the scan rate and electrolyte composition (Table 2). For all the samples, capacitance
decreased with increasing sweep rate, reflecting diffusion limitations and reduced accessi-
bility of electroactive sites at higher polarization rates. The highest capacitance values were
consistently obtained in the KOH electrolyte, followed by H,SO, and NaySO4. At a sweep
rate of 10 mV s~ !, the maximum capacitance reached 805.8 F g~! in KOH, while substan-
tially lower values were recorded in NaySQy, indicating less efficient ion transport in the
neutral electrolyte. The enhanced performance in KOH can be attributed to the high ionic
conductivity and favorable mobility of hydroxide ions within the porous carbon structure,
and pseudo-Faradaic reaction. Despite the decrease in capacitance with increasing scan
rate, all the materials retained appreciable charge-storage capability at 200 mV s~!, demon-
strating good electrochemical accessibility of the carbon surface. Significant differences
among the samples indicated that the chemical nature of the precursor plays an important
role in determining the electrochemical properties of the resulting carbons. When consid-
ered together with the thermal and spectroscopic analyses, the capacitance data suggest
that the adsorbed pharmaceutical influences the development of the carbon structure to a
greater extent than the surfactant used for organobentonite preparation, leading to mea-
surable differences in electrochemical performance. The particularly notable result is the
805.8 F g~ ! capacitance in KOH, which is exceptionally high for a bentonite-derived carbon
and suggests that, beyond double-layer charging, pseudocapacitive contributions from
quinone surface groups must be present. Galvanostatic charge/discharge measurements
were performed in a symmetric device at different charge/discharge rates (0.5,1,2 A g’l),
see Figure 4c, and capacitance was calculated based on Equation 3. When calculated as
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the complete material mass, capacitance reached 6 F g~! (@0.5 A g~ 1), and 359 F g~!
when taking into account only the carbon-coating mass. These values are lower than those
obtained under CV conditions, but this is expected as the results from two-electrode cell
measurements are affected by internal resistance, electrode—electrolyte interfaces, and mass
transport limitations within the entire cell structure [49,55]. A Dunn analysis [56,57], used
for decoupling the electric double layer from the pseudo-Faradaic contribution (Figure 4d),
showed that ~83% of the capacitance stemmed from pseudo-Faradaic processes, i.e., proto-
nation/deprotonation on quinone and other oxygen groups. The remaining 17% could be
attributed to EDLC on the sp? carbon adlayer and, possibly, part of the uncovered bentonite.

3.5. Oxygen Reduction Catalysis

Baseline-corrected negative sweep scans of CVs in alkaline media at a rotation rate of
1600 were measured for all the samples and are shown in Figure 5a. All the samples exhib-
ited comparable onset potentials for the ORR, while differences in the diffusion-limited
current density indicated that both the surfactants used for bentonite modification and
the adsorbed pharmaceuticals influenced the electrocatalytic performance of the resulting
carbon. Among the investigated samples, carbon obtained from diclofenac sodium-loaded
HDTMA-modified bentonite (c-DS@HB) showed the highest ORR activity, suggesting
that the nitrogen content of the adsorbed drug prior to carbonization plays an important
role in determining the structure and density of electrochemically active sites in the final
carbon material. The activity of c-DS@HB may be attributed to nitrogen incorporated
into the carbon framework during carbonization, as seen in EDX (around 6.6 at. %), as
nitrogen-doped carbon materials are well known to exhibit enhanced ORR activity [34,58].
Therefore, sample c-DS@HB was selected for testing under different rates (400, 900, 1600,
2500 rpm), given in Figure 5b. The onset potential, of around —0.37 V, is slightly more
negative in value than that of other carbon types and does not change upon cycling [59,60],
indicating a stable structure of the active center for ORR. This negative shift could be
attributed to the resistive nature of the adsorbent, which contributes significantly to the
IR drop and subsequent negative shift in onset potential. An increase in plateau current
(—0.5 to —0.7 V) with increasing rotation rates is direct proof that diffusion plays a role in
the oxygen reduction [59]. The current plateaus are at a less negative current value than
expected, and may be attributed to hindered oxygen reduction in the bentonite pores and
hindered movement of reactant/products towards/away from the active sites inside the
bentonite pores. Still, diffusion-limited current is established in this 200 mV-wide region,
albeit at lower values than expected. Furthermore, the rise in current at even more negative
potentials is still kinetically controlled due to low bentonite conductivity towards active
sites on the carbon adlayer, and does not reach the diffusion-limiting current until the
vertex condition of —0.9 V vs. SCE.

Oxygen reduction can proceed either toward a complete 4e™ reduction, desirable
in fuel cells, or toward a 2e™ pathway in which peroxide is the main product. Modern
electrochemical research promotes this route for peroxide formation as favorable to that of
present-day commercial processes due to its lower cost, environmental friendliness, and
scalability. To assess the oxygen reduction mechanism on our carbon-decorated bentonite,
we used RRDE measurement, which showed almost exclusive formation of peroxide
(Figure 6, Table 3).
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Figure 5. (a) CVs of carbonized NSAID-loaded organobentonites at 1600 rpm and (b) RDE polariza-
tion curves of c-DS@HB at different rotation rates in 0.1 M KOH.
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Figure 6. Ring-disk current densities of c-DS@HB electrode recorded at different rotation rates
(400-2500 rpm) in 0.1 M KOH.

Table 3. Measured H,O, yield at different rpm at the RRDE electrode with calculated n.

Apparent Number of Exchanged

rpm@—0.6 V Hz0; Yield/% Electrons, n
300 92.7 215
900 88.7 223
1600 90.4 219
2400 87.6 2.24

The apparent number of exchanged electrons, n, is slightly above 2, suggesting a
dominant 2e~ pathway with some peroxide being reduced further. Looking at the per-
oxide yield, it can be seen that between 87.6% and 92.7% of the oxygen was converted
to peroxide, while around 10% was further converted to OH™. The high specific yield is
comparable to that found in the literature for oxidized-CNT [61], hydrophobic vertical
graphene [62], and a single-atom catalyst [63,64], all of which have significantly higher
costs. We calculated the H,O, production rate, based on our laboratory setup, to be
7.73 umol h~1, equivalent to 61.54 pmol cm~2 h~! when normalized to the disk geomet-
ric area, or 15.46 mol g~! h~! when normalized to the catalyst mass, in line with recent
literature data for carbon materials [65,66].
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References

Carbon-decorated bentonite, produced by high-temperature carbonization after its
initial use as an adsorbent for pollutant removal, represents a promising strategy for the
valorization of abundant natural clay materials. Furthermore, tailoring the electroactive
properties of carbonized organobentonites enables their performance to be optimized for
specific applications, as the nature of the adsorbed pharmaceutical strongly influences
the availability of electroactive sites and, consequently, their energy storage and peroxide
production performance.

4. Conclusions

Successful conversion of bentonite loaded with ibuprofen or diclofenac sodium to
a carbon-decorated adsorbent was performed with inert temperature carbonization. A
TGA analysis showed 40 wt.% mass loss in an inert atmosphere and around a further
2 wt.% loss in air. Further mass loss in synthetic air points to the conclusion of there
being a thin carbon layer on the bentonite after the initial temperature treatment in argon.
The prepared materials have similar properties regarding electrochemical energy storage
and activity towards ORR. FTIR and Raman spectroscopies confirmed defect-rich carbon
on the adsorbent surface, while the TGA showed that after the treatment, only quinone
groups survived. The same conclusion can be inferred from the CVs in alkaline and acidic
environments, where maxima associated with this group can be seen. Capacitance values
of 20 F/g are calculated when considering both the bentonite and carbon mass, while up
to 805 F/g is calculated when normalizing only to carbon mass. Removing transformed
carbon can therefore be a way towards obtaining a highly active material and regaining
the adsorbent for reuse. The materials also possess high selectivity towards peroxide
production in an alkaline environment (>92%), on par with high-cost alternatives, and
could therefore be used for its production on site, which would be environmentally friendly
and affordable. The presented results give an eco-friendly route from waste to highly
selective materials in niche applications.
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