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bagasse and vinasse via hydrothermal carbonization (HTC) with
H,PO,, followed by thermochemical activation with KOH at 500
and 700 °C using HC:KOH ratios of 1:2 and 1:4, yielding four
activated hydrochars (AHC-S-2, AHC-5-4, AHC-7-2, AHC-7-4)
for fipronil adsorption. HC and AHCs were characterized for
composition, structure, morphology, textural properties, and
surface functional groups. Activation at 500 °C reduced the
carbon content of HC from 77.0% to 52.3% (1:2) and 56.5%

(1:4), whereas at 700 °C it decreased to 34.4% (1:2) and 67.6% “eI sy seae L.

(1:4). KOH activation removed inorganic matter, decreased the

diffraction peaks, and reduced acidic and phenolic groups. AHC-7-4 exhibited the highest surface area (870 m* g™!) and micropore
fraction (71—82%), achieving maximal fipronil adsorption (249 mg g~ in 300 min), predominantly controlled by diffusion and
chemical interactions. Overall, thermochemical activation markedly enhanced HC adsorption, particularly under high-temperature
and high-ratio conditions, underscoring the sustainable potential of these materials for pesticide remediation.
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1. INTRODUCTION nutrient source when applied to soils.”"”** This strategy enables
solubilization or suspension of biomass and additives in water,
facilitating milder reaction conditions and broader precursor
flexibility.' "> The valorization of agro-industrial residues
through HTC aligns with circular economy principles and
advances SDG 9 (Industry, Innovation and Infrastructure) and
SDG 15 (Life on Land).

HC has been studied for its metal-chelating ability,
particularly Cu®', through interactions with humic-like
and plants are well documented*™"" Accordingly, research §ubstances a'nd asa soil c.on.ditioner.16 These findings bighlight
has focused on sustainable remediation strategies, particularly its due.d role Ln soil rer(riledlatl?n an.d aa s.oulice Olf nl%tn?;llts and
through materials derived from biomass by—products.n_14 organic -carbon, underscoring its asriey tura. signicance.
Such approaches support the United Nations sustainable Bglidmi on this, .th.e P reiisent wlo rk investigates 1t1s Alfntera.c thI}
development goals (SDGs), notably, SDG 6 (Clean Water and Wltl. the msecECIde pronit to assi:lssd mut unctllona
Sanitation), SDG 12 (Responsible Consumption and Produc- appications, such as supporting controliec nutrient release
tion), and SDG 13 (Climate Action). ;Nhﬂl? enhal(;cmgI pecslt1c1de retention afld :lls‘rziby mitigating

Hydrochars (HCs) are synthesized via hydrothermal eaching and sofl and water contamination.
carbonization (HTC), a process increasingly studied for its
adaptability, simplicity, reliance on renewable feedstocks, and
operation at relatively mild temperatures (180—260 °C)."
Our group'®*® has prepared HCs from sugarcane bagasse and
vinasse using phosphoric acid (H;PO,) as an additive, which
promotes phosphate group incorporation, thereby improving
adsorption capacity and simultaneously providing a potential

Population growth has intensified pesticide use to enhance
agricultural productivity.'~ Fipronil (5-amino-1-[2,6-dichloro-
4-(trifluoromethyl)phenyl]-4-[ (trifluoromethyl)sulfinyl ]-1H-
pyrazole-3-carbonitrile), a broad-spectrum insecticide exten-
sively applied in Brazilian sugarcane cultivation, has raised
concerns due to risks of soil and water contamination from
inadequate disposal and storage.“_7 Its cytotoxic, reproductive,
hepatotoxic, and neurotoxic effects on humans, animals, bees,
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Although HC exhibits promising properties, its low specific
surface area necessitates activation to enhance porosity and
eliminate organic matter and humic substances that may cause
secondary pollution.””~>” Activation can be achieved chemi-
cally, thermally, or thermochemically, §enerating materials with
higher surface area and porosity,”*>' commonly labeled
activated hydrochar (AHC). In thermochemical activation, the
precursor is mixed with an activating agent, such as KOH,*
and subsequently treated thermally (400—1000 °C) under an
inert or oxidizing atmosphere (e.g, N,, CO,). While physical
activation avoids chemical residues, thermochemical activation
is more efficient, operating at lower temperatures and shorter
times, yielding larger pore volumes with reduced energy
demand,” and potentially incorporating nutrients from the
activating agent, which is advantageous for multifunctional use.

KOH thermochemical activation is widely employed for
generating micro- and mesoporosity in carbon materials,
thereby enhancing surface area and adsorption capacity,
while remaining cost-effective compared to other activa-
tors.”> > KOH-to-precursor ratio and activation temperature
are critical factors controlling the balance between pore
formation and collapse.””** Increased porosity promotes water
retention, advantageous for soil applications, while nutrient
incorporation, particularly potassium from KOH, can stimulate
microbial activity and nutrient cycling.**~>*

Several studies have demonstrated the capacity of activated
carbonaceous materials to remove pesticides from environ-
mental compartments, achieving removal efficiencies of 75—
889%.%°~** Nevertheless, research employing charcoal, biochar,
HC, or activated carbons in pesticide adsorption remains
limited.”' Investigations such as the present study are therefore
crucial to elucidate adsorption mechanisms under controlled
conditions and to support future assessments involving
environmental compartments and transport phenomena.*"**

In this study, sugar cane byproducts (bagasse and vinasse)
underwent HTC in the presence of H;PO,, followed by KOH
thermochemical activation to enhance pesticide adsorption,
using fipronil as a model compound due to its extensive use in
Brazil. Effects of activation parameters (HC:KOH ratios and
activation temperatures) on HC composition, structure,
morphology, textural properties, surface functional groups,
and adsorption kinetics and mechanisms were systematically
investigated. This work advances sustainable material develop-
ment for environmental applications, supporting the transition
to greener technologies and more sustainable agriculture.

2. MATERIALS AND METHODS

2.1. Materials and Chemicals. Biomass feedstocks for HC
production (sugarcane bagasse and vinasse) were supplied by a
sugarcane industry in Sao Paulo State, Brazil. Bagasse was registered
in the National System for the Management of Genetic Heritage and
Associated Traditional Knowledge (no. A0018C2), washed with
distilled water, dried at 100 °C for 12 h, milled in a knife mill
(Marconi, MA 340), sieved (<0.5 mm, Granutest), and stored at
room temperature. Vinasse was collected in plastic containers,
refrigerated at —4 °C, and thawed immediately prior to use. Reagent
purity and fipronil stock solution details are provided in the
Supporting Information (Section 1.1).

2.2, Preparation and KOH Thermochemical Activation of
HC. HC was synthesized following patent W02017132742A1,** using
sugarcane bagasse and vinasse in a 1:20 (w:v) ratio with 4.0% H,PO,
(w:v) at 230 °C for 13 h. KOH activation was performed via wet
impregnation:**** 1.0 g of HC was mixed with 2.0 or 4.0 g of KOH
dissolved in 10.0 mL of ultrapure water (HC:KOH, 1:2 or 1:4 w:w),
stirred for 30 min (Fisatom, 752), dried at 105 °C for 14 h (Quimis,

1978

Q318M24), and thermally treated in a tubular furnace (EDG, FT-HI/
20/Bipartite) at 500 °C or 700 °C for 1 h under N, (10 °C min™").
After cooling, samples were washed with 0.5 mol L™" HC], rinsed to
pH ~7, dried at 100 °C for 24 h (Tecnik’s, NL80/10CEL), ground,
and sieved (0.15 mm, Bertel). AHC were labeled AHC-x—y, where x
is activation temperature (S = 500, 7 = 700 °C) and y is KOH ratio (2
=1:2, 4 = 1:4).

2.3. Characterizations. Data characterization of HC employed in
this study has been reported in previous works."®™" Due to the
heterogeneous composition of the biomass used in the HTC process
(sugarcane bagasse and vinasse), HC was resynthesized and re-
characterized. AHCs were produced and characterized under these
conditions for the first time, as detailed in Section 2.2.

Elemental composition (C, H, N) was determined using an
elemental analyzer (Fisons, EA1108). Thermogravimetric analysis
(TGA) was performed (Netzsch, STA 449 F3) from 30 °C to 700 °C
under air at 10 °C min~"' (sample mass ~#10 mg). Functional groups
were identified by Fourier-transform infrared spectroscopy (FTIR)
(Bruker, Vertex70) with an attenuated total reflectance (ATR)
accessory (PerkinElmer, SpectrumTwo), acquiring spectra in the
4000—400 cm™' range at 2 cm™' resolution with 128 scans in
absorbance mode and then converted to transmittance. Inorganic
phases were analyzed through powder X-ray diffraction (XRD;
Rigaku, Miniflex 300) with Cu-Ka radiation (1 = 1.54 A) at 10 mA
and 30 kV, with steps of 0.02° s™" in the 5—85° 20 range, analyzed
using X'Pert Highscore Plus software (Malvern Pananalytical) based
on powder diffraction files from the International Centre for
Diffraction Data (ICDD). Total metal in HC and AHC was
quantified post-acid decomposition (method 3050B, EPA)* by
flame atomic absorption spectrometry (FAAS) (Varian, AA240FS) in
absorbance mode for magnesium, calcium, and iron, and emission
mode for potassium.

Textural properties were assessed using N, adsorption—desorption
isotherms (Quantachrome, Nova 1200). Specific surface area (Sgpr)
was calculated via the Brunauer, Emmett, and Teller (BET) method,
pore volume and size via the Barrett, Joyner, and Halenda (BJH)
method, and micropore volume via the Mikhail, Brunauer, Barrett,
and Joyner (MP plot). Morphology was examined by scanning
electron microscopy (SEM FEI, Quanta 250) coupled with Oxford X-
MAXS0 EDS for elemental mapping. Surface acidic groups (ghenolic,
lactone, and carboxyl) were quantified by Boehm titration.*

2.4. Adsorption Kinetics of Fipronil on HC and AHC. Fipronil
adsorption on HC and AHCs (AHC-5-2, AHC-5-4, AHC-7-2, AHC-
7-4) was performed in triplicate at 23 °C by adding 1.0 mg of each
material (Shimadzu, AUW220D) to 200 mL of a 2 mg L™" fipronil
solution (dosage: 0.005 g L™"), under constant orbital shaking (Solab,
SL-180/DT) at 180 rpm for 0, 5, 15, 40, 60, 120, 300, 600, and 1440
min. This low concentration prevented fipronil precipitation due to its
limited solubility. Aliquots were centrifuged at 3,400 rpm for 20 min
(Novatecnica, NT-180) and filtered through a 0.4S ym nylon syringe
filter (Filtrilo®, 13 mm).

Fipronil quantification was conducted using high-performance
liquid chromatography with a diode array detector (HPLC-DAD;
Agilent, 1220 Infinity) at 279 nm using OpenLab CDS Chemstation
software, following a modified method.*” Details are provided in
Supplementary Data (Section 1.3). Chromatograms of the curves and
analyses can be seen in Figures S1 and S2, respectively. The amount
of fipronil adsorbed at time t (g, mg g™") was calculated by using eq
1. The removal efficiency, E (%), was calculated using eq 2.

(G- C)XV
4= m (1)
E(%) = GG o100
Co ()

where “C,” and “C,” denote the initial and at time “t” concentrations
of the fipronil solution (mg L7'), respectively, “V” represents the
solution volume (L), and “m” is the mass of the adsorbent sample (g).
The kinetic data of the fipronil adsorption experiment were evaluated
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according to pseudo-first order (PFO; eq S1), pseudo-second order
(PSO; eq S2), intraparticle diffusion (ID; eq S3), and diffusion-
chemisorption (DC; eq S4) nonlinear models."**” To validate the
model, the adjusted coefficient of determination “Adj. R*” was
calculated using eq S5, the root mean square error “RMSE” was
calcula}sed using eq S6, and the chi-squared (y*) was calculated using
eq S7.

3. RESULTS AND DISCUSSION

3.1. Characterization of HC and AHC. HC derived from
the HTC of sugarcane bagasse with vinasse is a carbon-rich
material, primarily composed of carbon (77.0%), nitrogen
(2.8%), and hydrogen (2.4%) (Table 1). Thermochemical

Table 1. CHN Elemental Analysis and Mass Losses
Obtained by TG Analysis for HC and AHC

elemental analysis

(%) TG analysis (%)
materials C H N  1°stage 2°stage 3° stage residue”
HC 77.0 24 2.8 3.1 5.7 73.5 16.2
AHC-S5-2 52.3 2.2 1.9 14.0 68.4 — 6.3
AHC-5-4 56.5 22 LS 18.8 60.4 — 13.8
AHC-7-2 34.4 2.4 1.2 26.2 57.5 — 10.7
AHC-7-4 67.6 2.2 2.9 19.1 42.5 — 34.4
“TGA residue in oxidant atmosphere; —: Not applied.

activation at 500 °C produced AHC-5-2 and AHC-5-4 with
reduced carbon contents (52.3 and $6.5%, respectively).
Activation at 700 °C vyielded the lowest carbon content
(34.4%) in AHC-7-2 (1:2 ratio) and the highest carbon
content (67.6%) in AHC-7-4 (1:4 ratio). The marked carbon
loss in AHC-7-2 results from KOH-induced gasification and
redox reactions, releasing volatiles (CO, CO, CH,) and
forming potassium compounds (K,CO; metallic K).”>'
Conversely, the elevated carbon in AHC-7-4 is attributed to
high-temperature KOH activation, which selectively removes
oxygenated functional groups at higher KOH ratios, as
described in egs 3—6."°

KOH + (—COOH)/(—0-C=0)

- K,CO; + K + H, + CO, (3)
KOH + (-C=0)/(C-0-C)

- K,CO; + K + H, + CO 4)
KOH + (-O-CH;) - K,CO; + K+ H, + CH,  (5)
KOH + (C—OH) — K,CO,; + K + H,0 + H, (6)

The modification of the carbon composition by KOH is
more pronounced at 700 °C, as molten KOH (360—380 °C)
reacts with the carbonaceous matrix, promoting carbonyl
decomposition and K,COj; formation, leading to the release of
K,0 and CO,.’"*? Nitrogen content decreased in AHC-5-2
(1.9 %), AHC-5-4 (1.5 %), and AHC-7-2 (1.2 %). Above 500
°C, amines can react with KOH to form nitrogen-containin:
aromatic species, such as pyridinic and pyrrolic groups,™ >
which are more thermally stable and retained under prolonged
KOH exposure, as observed in AHC-7-4, where nitrogen
content remained constant (2.9 %).

The TG curve of the HC sample (Figure S3a) shows three
mass-loss stages. The first (30—150 °C) corresponds to the

1979

removal of adsorbed water (Table 1). The second (200—300
°C) reflects the oxidation of labile carbon in O-alkyl groups
and residual carbohydrates (cellulose/hemicellulose), consis-
tent with the sugarcane bagasse precursor.'®'” The third stage
(350—650 °C) is attributed to the oxidation of more
recalcitrant carbon, including lignin, aromatic structures, and
polycondensed rings.”*>>** At 700 °C, 16.2% of the initial
mass remains, indicating a significant inorganic fraction in the
HC.

After thermochemical activation at 500 °C and 700 °C, all
AHC:s exhibited an increased mass loss between 30 °C and 150
°C (Table 1), indicating enhanced water affinity. The second
stage (350—600 °C; Table 1) corresponded to the degradation
of comglex structures, aromatics, and polycondensed
rings,”*>>** being more pronounced in the 1:2 activations.
Consequently, materials activated at a 1:4 ratio retained more
residue, reflecting a higher inorganic content, particularly,
AHC-7-4 (34.4%; Table 1).

XRD analysis of HC (Figure S4) showed a broad, low-
intensity halo between 5° and 35° (26), characteristic of an
amorphous carbonaceous matrix.”® Thermochemical activation
altered the profiles, yielding two broad, low-intensity peaks: the
first (002) arises from overlapping amorphous carbon halos
due to cellulose and hemicellulose degradation,57 while the
second, centered at 43° (100), reflects planar aromatic layer
formation from aromatic nuclei.”®

Sharp, high-intensity peaks superimposed on the broad
signal in HC (Figure S4) indicate crystalline inorganic phases.
The peak at 20.9° (20) is assigned to SiO, (ICDD: 01-085-
0457; hexagonal, P3221), commonly reported in HC from
sugarcane bagasse and vinasse,'”"” and attributed to sand
residues on bagasse fibers or silicon in cell walls."®*” Anhydrite
(CaSO,, ICDD: 01-072-0916; orthorhombic, Amma) was also
detected, with peaks at 25.4°, 30.9°, 39.7°, and 42.4° (20),
likely formed by precipitation of SO,*~ and Ca*" ions abundant
in vinasse.

Additional peaks at 7.8°, 8.1°, and 27.5° (26) correspond to
Cay(PO,),10H,0 (ICDD: 00-040-0008; P21/n), while those
at 9.8°, 16.6°, 26.6° 33.7°, and 36.6° (26) are assigned to
Ca,P,0,; (ICDD: 00-015-0203), and the peak at 17.4° is
assigned to Mg;(PO,),-8H,0 (ICDD: 00-033-0877; P21/m).
The formation of calcium and magnesium phosphates in HC
from sugarcane bagasse and vinasse with H;PO, as an additive
has been documented."”'® Thus, Ca** and Mg*" ions from
vinasse likely precipitated with PO,*~ from the additive and
SO,*” from vinasse.

The limited number of peaks in the diffractograms hinders
the precise identification of the AHC structural phases (Figure
S4). This is likely due to the reaction of KOH during the
thermochemical treatment with inorganic compounds in the
HC, which removes them from the carbonaceous matrix,
reducing the number of crystalline phases. Accordingly, total
Mg, K, Fe, and Ca contents were quantified (Figure SS). HC
exhibits elevated concentrations of K (2.9 mg g™'), Fe (2.3 mg
g"), Ca (32 mg g'), and Mg (20.0 mg g~') (Figure SS),
reflecting their incorporation during HTC from vinasse, which
contains K (3836 mg L™, Mg (491 mg L™), Fe (703 mg
L"), and Ca (1070 mg L™").°" Nevertheless, under acidic
conditions, a fraction of these metals remains in the liquid
phase.'*

After thermochemical activation at 500 °C, Ca and Mg
decreased 2.5- and 4.5-fold in a 1:2 ratio, whereas Fe and K
increased 1.3- and 1.1-fold, respectively (Figure SS). Increasing
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the ratio to 1:4 reduced Mg 3.5-fold and Fe 1.1-fold, while Ca
and K increased 1.2- and 5.9-fold, reflecting metal interactions
with KOH and greater K incorporation. Similar trends were
observed at 700 °C: at 1:2, Ca, Mg, and Fe decreased 2.7-, 9.3-,
and 1.2-fold, respectively, and K increased 1.7-fold; at 1:4, Mg
and Fe decreased 2.2- and 1.1-fold, whereas Ca and K
increased 1.7- and 12.1-fold (Figure SS). The high K, Ca, and
Mg content in AHC-7-4 correlates with the elevated residual
mass determined by TGA (Table 1, 34.4 %).

Boehm titration of HC (Table S1) confirmed the presence
of surface acid groups (3.64 mmol g™'), predominantly
phenolic (2.10 mmol g'). These findings are consistent
with a previous study,”> which quantified semi-volatile organic
compounds in HC by gas chromatography and reported higher
phenol content (6.0%) than fatty acids (4.9%) and ketones
(0.3%). During HC production, hemicellulose and cellulose
degrade thermally, whereas the more resistant lignin largely
contributes to the material’s phenolic character.>*

After thermochemical activation at 500 °C and 700 °C with
ratios of 1:2 and 1:4, the total acidic functional group content
decreased, particularly at 700 °C and a 1:4 ratio, declining
from 2.46 to 0.94 mmol g~' (AHC-5-4 to AHC-7-4, Table S1).
At elevated temperatures, KOH reacts with the carbon matrix,
inducing decomposition that releases CO, and H,0 and
promotes polycondensate formation. A comparable reduction
in acidic groups was observed following KOH activation of
sludge HC.?!

FTIR analysis of HC (Figure la) exhibited a broad
moderate-intensity band at 3255 cm™', characteristic of the
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Figure 1. FTIR spectra obtained for (a) HC, (b) AHC-S-2, (c) AHC-
5-4, (d) AHC-7-2, and (e) AHC-7-4.

O—H stretching of hydroxyl groups in the carbonaceous
matrix. Low-intensity bands at 2958, 2923, and 2849 cm™
corresponded to symmetric and asymmetric C—H stretching of
methylene (—CH,) and methyl (—CH,) groups in aliphatic
chains.'®**%° The band at 1704 cm™ was assigned to C=0
stretching in esters or carboxylic acids, while those at 1610 and
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1510 cm™" were attributed to C=C stretching and aromatic
ring vibrations, reflecting the hydrophobic nature of HC.'®%*
Bands at 1451 and 1363 cm ™" were related to out-of-plane C—
H vibrations in the aromatics. Overlapping bands between
1272 and 903 cm™* were ascribed to C—O—C, P—0O, and P—
OH stretching, consistent with H;PO, use in HTC, as well as
Si—O—Si vibrations."” Silicon presence, reported in sugarcane
bagasse, is linked to residual sand on bagasse fibers or silicon in
cell walls."®*’

Following thermochemical activation at 500 °C and 700 °C,
FTIR spectra revealed pronounced alterations in the surface
chemistry compared to the initial HC (Figure 1b—e). For
AHC-5-2 (Figure 1b), only bands at 2958, 1610, 1555, 1363
em™" and 1272—903 cm™' remained, corresponding to C—H,
C=C, C—H, Si—0-S8i, P-O—H, P-0, and C—0O-C bonds,
with all other HC bands eliminated (Figure 1a). In the 1:4
ratio (Figure 1c), a similar profile was observed, except for the
disappearance of the 2958 cm™' C—H band and the
appearance of a broad, low-intensity O—H band, likely due
to the higher KOH content. KOH reacts with stable carbon
fragments, creating vacancies subsequently occupied by OH™,
thereby introducing oxygen.

Activation at 700 °C with a 1:2 ratio (Figure 1d) yielded a
spectrum similar to that at 500 °C (Figure 1b), but with the
disappearance of the 1610 and 1363 cm™" bands assigned to
C=C and C—H bonds, respectively. At a 1:4 ratio (Figure le),
the spectrum resembled that at 500 °C (Figure 1c), with loss
of the 2958 cm™ band (C—H) and appearance of the 3255
cm™ band (O—H). These shifts indicate significant surface
modification of the HC, reflecting functional group removal
and formation driven by elevated temperature and KOH—
carbon interactions.””

Morphological analysis of HC (Figure 2a—o) revealed
spherical particles (3—4 um) and irregular agglomerates,
including rod-like (~10 ym) and platelike structures (Figure
2a,b). Carbonaceous spheres originate from complete hemi-
cellulose decomposition and partial cellulose degradation via
hydrolysis and polymerization,”® a process enhanced b7y the
high temperatures and acidic conditions of HTC.'”**®” The
irregular agglomerates likely arise from partially degraded
cellulose, residual lignin,58 and inorganic compounds such as
calcium and magnesium sulfates and phosphates (Figure SS).
HC exhibits brighter regions in the BSE-mode image,
indicating the presence of these metals (Figure 2c).

Thermochemical activation at 500 °C (Figure 2d,e) and 700
°C (Figure 2j,k) with a 1:2 KOH ratio produced microparticles
with abundant cavities, a hallmark of KOH-activated carbona-
ceous materials exhibiting well-developed porosity and high
surface area.’”®® Materials activated at 700 °C (Figure
2j,k,m,n) showed more pronounced cavities than those at
500 °C (Figure 2d,e,gh), reflecting greater degradation of the
carbon matrix. Metal quantification (Figure SS) has shown that
increasing the KOH ratio during thermochemical activation
resulted in higher K incorporation into the material. This is
evident in BSE-mode SEM images, where brighter regions
appear in Figure 2fjil,0. In AHC-7-4 (Figure 20), the material
with the highest K content, cubic-shaped structures character-
istic of inorganic phases, is more prominent.

HC exhibited a type III reversible N, adsorption—desorption
isotherm (Figure S6a), characteristic of non-porous or
macroporous materials,®”*® with low specific surface area (33
m? g”') and pore volume (0.09 cm® g™') (Table 2), in
agreement with HCs derived from sucrose and orange
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Figure 2. SEM images of HC (a, b), AHC-5-2 (d, ), AHC-5-7 (g, h),
AHC-7-2 (j, k), AHC-7-4 (m, n), and BSE images of HC (c), AHC-5-
2 (f), AHC-5-4 (i), AHC-7-2 (1), and AHC-7-4(0).

Table 2. Specific Surface Area, Pore Volume, and Average
Pore Diameter Obtained from N, Adsorption—Desorption
Isotherms for HC and AHCs

AHC- AHC- AHC- AHC-
parameters HC S-2 S-4 72 7-4
Sger (m* g7') 33 261 333 620 870
average pore diameter 11.5 14 3.7 12 3.3
(nm)
total pore volume (cm® 0.09 0.19 0.31 0.38 0.72
-1
8
mesgflore volume (cm?® — 0.05 0.14 0.07 0.21
— 0.14 0.17 0.31 0.51

microgore volume
(em® g7)°

“Determined using the BET method. *Determined using the BJH

method. “Determined using MP plot method; —: Not applied.

peel.*>**%° Thermochemical activation at 500 °C and 700 °C
converted the isotherm to type 1(b),°7%8 reflecting a broader
distribution of wider micropores and narrower mesopores
(Figure S6b,c), consistent with increased surface area and pore
volume, particularly for AHC-7-4 (870 and 0.72 cm?® g~!, Table
2). Overall, AHC displayed a micropore-dominant structure
(0.14-0.51 cm® g™') with a significant mesopore contribution
(0.05-0.21 cm® g™").

Increasing the activation temperature from 500 °C to 700
°C predominantly enhanced micropore formation (by factors
of 2.2—3) relative to mesopores (by factors of 1.4—L1.5),
resulting in AHCs with higher micropore content at 700 °C
(71—82%) than at 500 °C (55—74%), consistent with previous
reports.”’ Moreover, higher KOH:HC ratios increased the
average pore diameter (1.2—1.4 to 3.3—3.7 nm), irrespective of
temperature, converting micropores into mesopores and
raising the mesopore fraction (18—26% to 29—45%), in
agreement with the literature.”®”"
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3.2. Fipronil Adsorption. Fipronil adsorption increased
sharply within the first 15 min (Figure 3a), reaching 106, 131,
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Figure 3. (a) Kinetic profile of fipronil adsorption by HC before and
after thermochemical activation (AHC-5-2, AHC-5-4, AHC-7-2, and
AHC-7-4); and (b) amount of fipronil adsorbed in 1440 min using
HC and AHC and its relationship with the specific surface area and
the amount of acid groups in these materials. * Statistically significant
positive difference about HC; ° Statistically significant negative
difference about HC; * Statistically significant difference between all
treatments.

and 188 mg g~ for HC, AHC-7-2, and AHC-7-4, respectively.
In contrast, AHC-5-2 and AHC-5-4 exhibited capacities 12-
and 9-fold lower, at 11 and 21 mg g/, respectively. Between
15 and 600 min, HC, AHC-5-2, and AHC-5-4 showed a
temporary decline in adsorption, reflecting dynamic equili-
brium, with rapid initial saturation followed by partial
desorption, before stabilizing. HC and 500 °C AHCs reached
near-equilibrium after 300 min, whereas AHC-7-2 and AHC-7-
4 continued to increase, with AHC-7-4 displaying a persistent
upward trend. Final adsorption capacities were 110, 24, 26,
187, and 249 mg g~' for HC, AHC-S-2, AHC-5-4, AHC-7-2,
and AHC-7-4, corresponding to removal efficiencies of 26, 7, 6,
54, and 61%, respectively. The moderate efficiencies can be
attributed to the low adsorbent dose (0.005 g L"), limited
fipronil solubility, heterogeneous surface chemistry of the
precursors, and steric hindrance effects.

HC is a non-porous material with low specific surface area
(Sger: 33 m* g7!, Table 2), removing 110 mg g~ of fipronil
over 1440 min (Figure 3b). Boehm titration (Table S1)
revealed ~3.64 mmol g~' of acidic surface groups, which,
according to Lewis theory, can interact with electron-donating
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moieties such as amines, imines, and sulfonyls in fipronil
Aromatic domains may also interact with the s-electron
systems of the benzene and imidazole rings, further
contributing to adsorption.'**”

Thermochemical activation at 500 °C with ratios of 1:2 and
1:4 produced the lowest adsorption capacities (AHC-5-2:24
mg g_l; AHC-5-4:26 mg g_l, Figure 3b), whereas activation at
700 °C vyielded the highest (AHC-7-2:187 mg g~'; AHC-7-
4:249 mg g, Figure 3b). One-way ANOVA confirmed these
differences were significant relative to HC (p < 0.01).
Increasing the activation temperature altered the carbonaceous
matrix, reducing polar functionalities while enhancing specific
surface area (Tables S1 and S2). At 500 °C, the loss of acidic
groups outweighed the modest surface gain, limiting fipronil
adsorption to polar interactions. In contrast, at 700 °C,
extensive pore development and higher surface area promoted
non-polar interactions, particularly with aromatic domains, as
the dominant adsorption mechanism. Kinetic modeling (PFO,
PSO, ID, DC) was applied to identify the best fit to the
experimental data (Table S2 and Figure S7).

The PFO and DC models best fitted the fipronil adsorption
data for HC, AHC-5-2, and AHC-5-4 (Table S2), indicating
simultaneous physical, chemical, and diffusion-controlled
processes.*®”> This accounts for the negative fluctuations in
their kinetics (Figure 3a), reflecting the dynamic equilibrium
characteristic of physical interactions. In contrast, PSO and DC
models described adsorption by AHC-7-2 and AHC-7-4
(Table S2), where chemical interactions and diffusion
predominated, explaining the kinetic plateau (Figure 3a) due
to largely irreversible chemical binding. Precise mechanistic
differentiation remains challenging owing to material hetero-
geneity. The higher capacity of HC compared to AHC-5-2 and
AHC-5-4 was ascribed to its greater surface concentration of
acidic functional groups (3.64 vs 2.08 and 2.46 mmol g,
Table S1), dominated by phenolic moieties. Conversely, AHC-
7-2 and AHC-7-4 exhibited the highest capacities, reflecting
their larger specific surface areas (620 and 870 m* g™') and
micropore volumes (0.31 and 0.51 cm® g™, Table 2).

Although increasing the KOH:biomass ratio from 1:2 to 1:4
at 500 °C led to a slight increase in surface area (from 261 to
333 m* g'; Table 2) and acid group content (from 2.08 to
2.46 mmol g~'; Table S1), this had no significant effect on
fipronil removal. On the other hand, at 700 °C, increasing the
KOH dosage significantly improved fipronil adsorption, which
was associated with substantial increases in specific surface area
(from 620 to 870 m> g”'; Table 2) and average pore diameter
(from 1.2 to 3.3 nm; Table 2), despite a 50% reduction in acid
functional groups, mainly carboxylic groups (from 1.61 to 0.47
mmol g~'; Table S1). Attempts to obtain fipronil adsorption
isotherms were hampered by its low solubility in water, which
led to precipitation at higher concentrations; therefore, only
kinetic studies were carried out.

HC thermochemically activated with KOH at 700 °C
demonstrated superior fipronil removal, both in capacity and
kinetic stability, highlighting the critical role of an increased
specific surface area. Thermochemical activation effectively
modified the HC structure, enhancing its suitability for
pesticide adsorption. AHC-7-4 exhibited the highest adsorp-
tion capacity in this study, exceeding most reported materials
(Table 3) and only being surpassed by a modified zeolite,””
which required an 800-fold higher dosage (4.0 vs 0.005 g L™"),
emphasizing the high efficiency of AHC-7-4.
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Table 3. Comparison of the Maximum Adsorption Capacity
of Fipronil Adsorbed by AHC at 700 °C in a 1:4 Ratio with
Other Materials Described in the Literature

materials (mgqg_l) refs
AHC-7-4 249 this
study
metal—organic framework M-ZIF-8@ZIF-67 3.9 8
Ce,sZSM-S modified zeolite 598.8 73
Microplastic particles (PBS) 0.2 74
magnetic composite hydrogel Fe;0,/SiO,/ 82.5 75

PDEAEMA/CS

4. CONCLUSIONS

Thermochemical activation of HC derived from sugarcane by-
products effectively modulated its physicochemical and textural
properties, yielding pronounced differences in fipronil
adsorption. Activation at 500 °C reduced the adsorption
capacity relative to HC, reflecting the loss of aromatic and
acidic functional groups. Conversely, activation at 700 °C,
particularly with a 1:4 KOH ratio, markedly increased surface
area and microporosity, resulting in adsorption capacities up to
249 mg g'. This shift indicates a change in adsorption
mechanism from interactions dominated by functional groups
in HC to chemical and diffusion-controlled processes in
activated carbons with high specific surface areas (up to 870
m? g '). These findings demonstrate that KOH activation is a
viable strategy to engineer multifunctional carbonaceous
materials from agro-industrial residues for pesticide mitigation,
supporting circular economy and sustainability objectives.
Given the modest removal efficiencies (~61%), future work
should investigate more soluble pesticides, higher adsorbent
dosages, alternative activating agents, and soil-based assess-
ments of material-pesticide interactions to enhance perform-
ance and environmental applicability.
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