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High-performance activated rice straw biochar:
a sustainable triple-bottom-line adsorbent for

removal of water pharmaceutical pollution
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Remediation of pharmaceuticals in aquatic systems is crucial due to their substantial environmental and
health impacts. In this study, a novel adsorbent from agricultural waste, activated rice straw residue

biochar (activated RSR-BC),

is developed to overcome the

limits of existing water treatment

technologies in eliminating sulfamethoxazole (SMX) and clindamycin (CLN) pollutants. Characterization
of the synthesized activated RSR-BC adsorbent was done by XRD, SEM, BET, and FTIR to assess its
physical and chemical properties. The BET-specific surface area increased after activation by 2.37 times,
from 278.92 m? g~! to 662.51 m? g7}, and the total pore volume increased. The Activated rice straw

residue biochar (activated RSR-BC) showed excellent performance in removing (SMX) and (CLN). The

adsorbent demonstrated a theoretical maximum adsorption capacity of 297.4 mg g~ * at pH 3 and

184.7 mg g™t at pH 5 for SMX and CLN, respectively. Additionally, a prototype fixed-bed column system

demonstrated high efficiency, removing 97.92% of SMX from continuous-flow wastewater effluent within
40 minutes. Beyond targeting specific contaminants, the activated RSR biochar also improved overall

wastewater quality by significantly reducing total suspended solids (TSS), chemical oxygen demand

(COD), biological oxygen demand (BOD), and total organic carbon (TOC). The main adsorption

mechanisms identified include pore-filling, electrostatic attraction, hydrogen bonding, and -7 electron

donor—acceptor (EDA) interactions, with chemisorption acting as the rate-limiting step. Moreover,
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activated RSR-BC material can be reused up to four times with 69.7% removal, highlighting its

effectiveness in removing pharmaceuticals from water. Overall, this study demonstrates how agricultural
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1. Introduction

Water scarcity and pollution are among the most pressing
global challenges. Only about 3% of Earth's water is freshwater,
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waste, such as rice straw, can be valorized into a high-performance adsorbent for advanced water
purification, supporting sustainable development goals (SDGs) and circular economy principles.

and less than 1% is accessible as surface water.”” Human
activities such as rapid industrialization and urbanization have
further degraded limited water resources.> Municipal, agricul-
tural, and industrial discharges continuously introduce pollut-
ants into water bodies.*

Emerging contaminants (ECs), including pharmaceuticals,
personal care products, and industrial chemicals, are of
growing concern because they can persist at trace levels, bi-
oaccumulate, enter the food chain, and ultimately threaten
human health. Among these, antibiotics such as sulfameth-
oxazole (SMX), a sulfonamide, and clindamycin (CLN), a linco-
samide used mainly against anaerobic infections, are widely
prescribed worldwide. These compounds are continuously
released into aquatic environments via urban wastewater
treatment plants (WWTPs), where environmental monitoring
has shown that SMX and CLN were detected in concentrations
ranging from ng L' to high pg L™ in waters impacted by
wastewater discharges. Typical river waters contain SMX around
60-140 ng L™, while wastewater streams show 98-2200 ng L™"
in WWTP influent and may reach about 35 000 ng L™ " in highly
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contaminated hospital or influent samples; CLN concentrations
in hospital wastewaters range from 184 to 1465 ng L', and
municipal influent and effluent contain roughly 14-57 ng L™"
and up to 151 ng L™, respectively.’

SMX has been reported to exhibit an average removal of about
44%, reflecting its low biodegradability and chemical stability in
aqueous matrices. For CLN, several studies have even observed
higher concentrations in final effluents than in influents. A
detailed mass-flow assessment at a municipal activated-sludge
WWTP found that the apparent elimination of CLN ranged
from —225% to 3%, indicating that it behaves largely as
a conservative, poorly degradable compound; negative “removal”
values were attributed to deconjugation of metabolites and
additional internal sources rather than true degradation.® This
phenomenon highlights a complex interaction between clinda-
mycin, sewage components, and hydraulic conditions within the
wastewater system.” Antibiotics released to the environment at
“environmentally relevant” concentrations typically in the ng L™"
to low-ug L™ range can still drive antimicrobial resistance (AMR)
by selectively enriching resistant bacteria and resistance genes in
exposed communities. Reviews of environmental AMR show that
WWTPs, receiving rivers, and manure-amended soils frequently
contain antibiotic levels that meet or exceed predicted no-effect
concentrations for resistance selection, thereby creating hot-
spots where resistance genes accumulate and are exchanged
between environmental, human, and animal microbiota. Even
though these concentrations are often below the clinical
minimum inhibitory concentrations, laboratory and field studies
demonstrate that long-term exposure to sub-inhibitory levels
promotes the maintenance and horizontal transfer of resistance
determinants, raising serious concern that environmental resi-
dues of SMX and CLN contribute to the emergence and global
spread of AMR.?

Various water treatment methods have been used for
emerging contaminants (ECs), including microbial degrada-
tion, electrochemical processes, adsorption, membrane filtra-
tion, and chemical oxidation. However, these methods have
disadvantages, including high operational costs, the generation
of secondary pollutants, high energy requirements, and slow
kinetics. Adsorption is a cost-effective and efficient method,
with a wide range of contaminants.” Common adsorbents used
for EC removal include activated carbon, silica gel, alumina,
polyacrylamide, resins, =zeolite, and engineered nano-
materials.'® Using agricultural residues to produce adsorbents
for water purification aligns with the circular economy's prin-
ciples of waste minimization and resource recovery. Biochar,
a porous, carbon-rich material produced by thermochemical
conversion of biomass under limited-oxygen conditions,
represents a promising solution.**** It contributes to various
Sustainable Development Goals, notably SDG 6 (Clean Water)
and SDG 13 (Climate Action), by enabling pollutant removal
while sequestering carbon and utilizing waste biomass."
Furthermore, it has a porous structure, a large surface area,
abundant functional groups, low cost, and environmental
sustainability. Its performance can be tailored by modifying its
surface properties. It offers a balance of efficiency and envi-
ronmental friendliness for water purification."** Common
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biochar feedstocks include crop residues, forestry by-products,
animal manure, and municipal organic wastes. In wastewater
treatment, biochar can adsorb various pollutants, the high
surface area and tailored functional groups contribute to its
effectiveness, allowing it appropriate for a variety of environ-
mental applications.*****

While pyrolysis is the most common method for producing
biochar, typically carried out at 300-900 °C in an oxygen-limited
environment," pristine biochar's adsorption capacity and
selectivity can be limited. To overcome this, various physical
and chemical modification techniques enhance its properties.*®

Agricultural waste, particularly rice straw, poses a significant
environmental challenge worldwide. Egypt produces approxi-
mately 7.86 million tons of rice straw per year, which is
commonly disposed of through open burning in fields, a prac-
tice that pollutes the environment and is now subject to legis-
lation to limit it.”” Valorizing this abundant, low-cost
agricultural waste into biochar offers a sustainable, cost-
effective alternative to expensive, energy-intensive commercial
activated carbon for pollutant removal from wastewater."®

Biochar primarily removes pollutants through several
mechanisms, including adsorption, pore filling, ion exchange,
electrostatic attraction, complexation, hydrophobic interac-
tions, hydrogen bonding, and m-7 electron donor-acceptor
interactions.” Beyond direct adsorption, biochar can also
function as a filtration medium or a catalyst support for
degrading persistent contaminants." Biochar's affordability,
simplicity of production, and compatibility with circular
economy goals make it a practical option for wastewater treat-
ment.>**® Modified biochar often achieves removal efficiencies
comparable to or exceeding commercial activated carbon at
a fraction of the cost.** However, more pilot-scale studies using
real effluents and long-term evaluations are needed to confirm
large-scale viability.***

This study aims to develop and evaluate an innovative,
sustainable adsorbent derived from rice straw biochar for the
efficient removal of two persistent pharmaceutical pollutants,
sulfamethoxazole (SMX) and clindamycin (CLN), from water.
Specifically, the objectives are to:' Produce rice straw biochar
through pyrolysis and enhance it using potassium hydroxide
(KOH) activation and ball milling.> Characterize the modified
biochar to assess improvements in its physicochemical proper-
ties relevant to adsorption.’ Determine the adsorption capacity of
the biochar for SMX and CLN through batch experiments and
evaluate its practical scalability by operating a prototype fixed-
bed column system with real wastewater effluent.

By addressing these objectives, the study demonstrates the
potential to transform agricultural waste into a cost-effective,
high-performance adsorbent, thereby contributing to sustain-
able water treatment solutions for emerging pharmaceutical
contaminants.

2. Materials and methods
2.1. Preparation of rice straw residue biochar

Rice straw residue (RSR) was collected from a local farm in Beni
Suef, Egypt. Sulfamethoxazole (SMX), clindamycin (CLN),

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of the experimental setup and preparation of activated RSR-BC.

potassium hydroxide (KOH), sodium hydroxide (NaOH), and
hydrochloric acid (37%HCI). All the compounds were used as
received without additional purification. As shown in the Fig. 1.
The Rice straw residue (RSR) sample was washed with distilled
water and placed in an oven at 70 °C overnight to remove
moisture. The dried rice straw was ground and pyrolyzed in an
inert atmosphere at 900 °C in a tube furnace for 90 min to
obtain Rice straw biochar (RSR-BC). Nitrogen was selected as
the inert gas, and the heating rate was set at 10 °C min . After
the tube furnace cooled to room temperature, the rice straw was
removed and activated with KOH at a 1:3 (biochar: KOH)
weight ratio. Then, the mixture was ball milled for 20 min and
heated at 800 °C for 1 h. After cooling, the sample was washed
with 0.5M HCl and distilled water until the solution was neutral.
The obtained activated rice straw biochar (activated RSR-BC)
was dried in an oven for 24 h at 80 °C.

The selection of 900 °C for pyrolysis and potassium
hydroxide (KOH) for chemical activation in this study was
strategic, as these conditions are crucial for enhancing the bi-
ochar's physicochemical characteristics.”> Among common
chemical activators, KOH is widely regarded as the most effec-
tive for generating high-surface-area, strongly microporous
carbons, due to its strong etching action and ability to tailor
pore structure and surface chemistry, and therefore was
selected in this study **

2.2. Biochar characterization

Fourier transform infrared (FTIR) analysis of raw material and
the resulting biochars was achieved using an ALPHA II (Bruker)
with a spectral range from 500 to 4000 cm . X-ray diffraction

© 2026 The Author(s). Published by the Royal Society of Chemistry

(XRD) (Bruker D8 Advance). The pore characteristics were
analyzed using a gas adsorption apparatus (ASAP 2460, Micro-
meritics). The Brunauer-Emmett-Teller (BET) equation was used
to calculate surface area. The surface morphology of biochar was
analyzed using scanning electron microscopy (SEM) (JEOL JCM-
6000Plus). The pHy,,. was measured by the pH drift method.*

2.3. Batch adsorption experiments

2.3.1. Batch adsorption of SMX and CLN. Stock solutions of
clindamycin (CLM) and sulfamethoxazole (SMX) were made and
diluted to a variety of working concentrations to create calibra-
tion curves. At room temperature, the prepared activated bi-
ochar's adsorption capacity for these antibiotics was examined.
Firstly, the effect of pH on adsorption was studied over the range
3-9, where 50 mL of sulfamethoxazole and clindamycin solutions
(30 mg L") were shaken with 0.01 g of activated biochar at
200 rpm. The pH was adjusted using (0.1 M) sodium hydroxide
and hydrochloric acid. At the optimal pH, isotherm studies were
conducted over concentrations ranging from 5 to 100 mg L—1,
with 0.01 g of activated biochar added to 50 mL of drug solution.
To investigate the effect of adsorbent dosage on the removal of
SMX, batch adsorption experiments were conducted by varying
the mass of activated biochar from 10 to 40 mg while keeping the
solution volume (50 mlL), initial contaminant concentration
(50 mg L"), and pH 3, while for CLN, initial contaminant
concentration was 20 mg L™, and pH was 5.

The kinetics of SMX & CLN were investigated after various
durations ranging from 5 to more than 180 minutes. The
samples were shaken at 200 rpm and centrifuged at 8000 rpm
for 3 min.

RSC Adv, 2026, 16, 24157-24173 | 24159
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The residual concentration of SMX and CM were subse-
quently determined by UV-visible spectrometry (T80UV-vis
spectrometer). The UV-vis spectra were recorded from 190 to
500 nm, and the maximum absorbance wavelengths were
identified at 266 nm for SMX and 192 nm for CLN. The
adsorption capacity of (g.) and the removal rate (R) were
calculated according to eqn (1) and (2) respectively:

ge = (Co — Co)Vim (1)
R(%) = [(Co — C.)ICo] x 100 )

where g is the adsorption quantity of drug on activated biochar
at equilibrium, mg g~ '; R is the removal rate of SMX or CLN on
activated biochar, %; C, is the initial concentration of
drug mg L% C, is the remaining concentration of drug at
equilibrium in mg L™"; Vis the volume of system in mL; m is the
mass of adsorbent in g.**

Three kinetic models (Pseudo-first order kinetic model,
pseudo-second order, and Weber-Morris intraparticle diffusion
model) were applied to understand the adsorption mechanism
of SMX and CLN onto activated biochar. These kinetic models
can be represented as follows in eqn (3), (4) and (5)

Pseudo-first order kinetic model:

qr = g1 — exp(ki0)] 6)

Pseudo-second order kinetic
tlg, = tl(kge”) + 1lge 4)

where g, is the adsorption quantity in mg g™ *; k, is the pseudo-
first-rate constant in min~'; k, is the pseudo-second-rate
constant in g mg~ "' min~'. The pseudo-first-order and pseudo-
second order kinetic models describe the monolayer and
multilayer adsorption, respectively.

The intraparticle diffusion data were evaluated using the
Weber-Morris model, expressed as:

4 = kig*"? + C (5)

where g, is the adsorption capacity at time ¢, k;q is the intra-
particle diffusion rate constant, and C is the intercept associ-
ated with boundary-layer effects.

The isothermal adsorption data were fitted to the Langmuir
and Freundlich isothermal adsorption models. These isotherm
models can be represented by eqn (6) and (7) respectively:

Langmuir model:

de = dm KLCe/I + KLCe (6)
Freundlish model
Ing. =InKg + In C/n (7)

where ¢g. is the amount adsorbed at equilibrium per gram of
adsorbent (mg g '); ¢m is maximum monolayer adsorption
capacity (mg g~ '); K, is Langmuir model adsorption capacity
constant in L mg™1; C. is the equilibrium concentration of
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adsorbate in solution (mg L™'); Ky is Freundlich adsorption
capacity constant in mg' ~"-g~' L"; 1/n is Freundlich adsorption
intensity constant. The Langmuir model describes monolayer
sorption on a homogenous surface, and the Freundlich model
explains a multi-layer adsorption process.

The isotherm was categorized by the separation factor Ry,
which was defined in eqn 8 to determine the degree of confor-
mance of the Langmuir isothermal model to the adsorption
process.

where R;, is the parameter to measure the difficult degree of
adsorption process, dimensionless parameter; C, is the initial
concentration of drug solution in mg L™%; K is the Langmuir
model adsorption capacity constant in L mg™".>*

The thermodynamic behavior of adsorption systems is
commonly interpreted through the standard Gibbs free energy
change (AG°), standard enthalpy change (AH°), and standard
entropy change (AS°). In adsorption studies, AG® expresses the
spontaneity of the process, where negative values indicate
thermodynamically favorable adsorption, whereas positive
values indicate nonspontaneous behavior under the tested
conditions. The temperature dependence of the adsorption
equilibrium constant is usually described by the van't Hoff
relation, in which a plot of In K versus 1/T allows the estimation
of AH° from the slope and AS° from the intercept. The standard
Gibbs free energy change (AG°) was obtained from the classical
eqn (9) and (10).*

AG = AH® — TAS’ (9)

AG° = —RTIn K, (10)
where R is the gas constant and K. is the equilibrium reaction
constant can be deduced from eqn (11)

K. = qJC. (11)

In K. = AS*/R — AH’/RT (12)

The equilibrium constant expresses the ability of the adsor-
bent to retain the solute and the extent of its migration into the
solution phase; higher K. values reflect stronger affinity of the
sorbent towards the adsorbate. The temperature dependence of
the adsorption equilibrium constant is usually described by the
van't Hoff relation eqn (12), using this definition, linear plots of
In K. versus 1/T (van't Hoff plots) were constructed, and the values
of AH°(k] mol ) and AS°(J mol ™" K ~*) were calculated from the
slope (—AH°/R) and intercept (AS°/R), respectively.®

2.3.2. Application to real wastewater. Batch adsorption
tests were conducted to evaluate the elimination of pharma-
ceuticals and organic matter from several actual wastewater
matrices with activated RSR-BC. For SMX adsorption, 30 mg of
activated RSR-BC was added to 50 mL of secondary-treated
municipal wastewater spiked with 20 ppm SMX; the pH was
adjusted to 3, and adsorption occurred with agitation. For CLN,
30 mg of the adsorbent was mixed with 50 mL of similarly

© 2026 The Author(s). Published by the Royal Society of Chemistry
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treated effluent, spiked with 20 ppm CLN at pH 5. Different
water parameters such as total suspended solids (TSS), chem-
ical oxygen demand (COD), biological oxygen demand (BOD),
and total organic carbon (TOC) were examined before and after
treatment. Furthermore, 0.5 g of activated RSR-BC was utilized
to treat 350 mL of untreated agricultural drainage water, and
the same set of water quality parameters was evaluated to
determine treatment efficacy.

2.4. Prototype fixed-bed column adsorption

The schematic diagram of the column system is shown in Fig. 2,
utilizing fixed beds with continuous flow. It is widely employed
in lab-scale adsorption studies because it more realistically
simulates actual conditions for sorbent use in adsorption
techniques than batch experiments. The fixed bed column
system used a glass column (35 ¢cm in height and 5 cm in inner
diameter) wet-packed with acid-washed quartz sand above and
below the activated biochar layer to stabilize the sorbent and
minimize entrapped air. The inlet and outlet of the column
were covered with glass wool. After column packing, DI water
was pumped through the column to remove bubbles and other
impurities. Subsequently, 300 mg of biochar was used. A
200 mL solution of 20 ppm SMX spiked into wastewater effluent
was passed through the column. An effluent sample was
collected after 40 minutes. Wastewater parameters were also
measured before and after adsorption. The aqueous samples
were determined using a UV-vis spectrophotometer.

3. Results and discussion
3.1. Characterization of prepared biochar

Scanning electron microscopy (SEM) images, as presented in
Fig. 3, clearly reveal the surface morphological changes often
documented in the literature, distinguishing the prepared Rice

© 2026 The Author(s). Published by the Royal Society of Chemistry

Straw Residue Biochar (RSR-BC) from the activated RSR-BC after
activation.””*® Fig. 3(a and b) show the pristine RSR-BC exhibi-
ted a generally dense structure, limited porosity, and a relatively
coarse surface morphology characterized by random cracks. A
significant structural modification was observed in the acti-
vated RSR-BC Fig. 3(c and d) following activation with potas-
sium hydroxide (KOH) and ball milling. The activated RSR-BC
has a more compact and clearly porous structure; the pore
architecture was significantly improved by the combination of
mechanical ball milling and KOH activation, leading to a higher
order and distribution of pores throughout the biochar matrix,
this dual treatment not only enhanced the total surface area but
also helped to create interconnected pore networks. The
dramatic structural transformation observed in the activated
RSR-BC is a direct result of the proposed activation mechanism:

Ball milling is a crucial step in the biochar activation
process, increasing its surface area and introducing structural
defects and microcracks. These defects serve as nucleation sites
for pore formation during chemical activation. Ball milling
ensures a homogeneous distribution and intimate contact
between the KOH activating agent and the carbon matrix,
resulting in a more uniform and well-developed porous struc-
ture in the final product.

As the temperature rises during the activation process, the
KOH begins to crystallize. Simultaneously, the ball-milled,
KOH-impregnated biochar undergoes thermal polymerization
and curing. This synchronized process leads to the formation of
a porous structure, with KOH crystals becoming intricately
embedded and stabilized within the pores of the biochar.

As temperature rises, crystalline KOH melts and reacts with
biochar carbon, forming potassium-based compounds like
K,CO3, K,0, and K metallic potassium. These compounds etch
the carbon structure, transforming mesopores and macropores
into micropore networks, thereby increasing the material's

RSC Adv, 2026, 16, 24157-24173 | 24161
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Fig. 3 The SEM morphologies (a and b) rice straw biochar (RSR-BC), and (c and d) activated RSR-BC biochar.

surface area. The main chemical reactions involved in this
process are:

6KOH + 2C — 2K + 3H, + 2K,CO;
K,CO; + 2C — 2K + 3CO
K,0+C — 2K+ CO
K,CO; — K,0 + CO,

2K,CO;5; — 2K,0 + 2CO,

During this stage, gaseous byproducts such as carbon
monoxide (CO), carbon dioxide (CO,), and hydrogen (H,) are
generated and diffused through the pore network, the escape of
these gases enhancing micropore formation and resulting in
a highly porous biochar with a large specific surface area.

Consequently, after KOH activation and ball milling, SEM
images reveal a change in the biochar's surface covered in
a network of pores and cavities. KOH activation increases the
total pore volume and boosts the amount of micropores and
mesopores within the carbon matrix, leading to a larger specific
surface area. These profound morphological changes are
anticipated to significantly improve the material's adsorption
capabilities, particularly for removing of emerging contami-
nants, such as pharmaceutical drugs from wastewater.>*-*>

24162 | RSC Adv, 2026, 16, 24157-24173

For raw rice straw (RSR), the XRD pattern Fig. 4(a) is char-
acterized by several sharp peaks superimposed on a lower,
broad background. These sharp peaks are primarily attributed
to the crystalline phases present in the raw biomass, most
notably crystalline cellulose and silica (SiO,, quartz). The peaks
around 26 = 22°, and 34° correspond to the 101, 002, and 040
planes of cellulose, respectively, while a prominent peak near 26
=~ 26.6° is indicative of silica. The broad background arises
from the amorphous components such as lignin and hemi-
cellulose, but the crystalline phases dominate the pattern,
reflecting the ordered structure of the raw material.

Upon pyrolysis, the XRD pattern Fig. 4(b) of RSR-BC changes
significantly. The sharp peaks associated with cellulose largely
disappear, indicating the breakdown of the crystalline cellulose
structure during carbonization. The pattern becomes domi-
nated by a broad peak centred around 26 = 22°, which corre-
sponds to the 002 plane of disordered, (amorphous) carbon.
This broadness reflects the loss of long-range order and the
formation of a largely amorphous carbon matrix. Minor peaks
from residual minerals, such as silica, may persist, but their
intensity is reduced compared to the raw straw.

KOH activation further modifies the XRD pattern in Fig. 4(c)
for activated RSR-BC. The (002) peak near 26 = 22° becomes
more pronounced, reflecting the partial development of
graphitic domains and increased stacking of aromatic layers,
but it remains broad, confirming the material is still largely
amorphous. The (100) peak near 26 = 43° may also become

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XRD patterns of (a) rice straw residue, (b) rice straw residue biochar (RSR-BC), and (c) activated rice straw biochar (activated RSR-BC).

more visible, indicating some enhancement in the in-plane
ordering of carbon atoms. The overall pattern lacks sharp,
well-defined peaks, which is characteristic of amorphous or
poorly crystalline carbon materials. The disappearance or
reduction of mineral peaks, such as those from silica, suggests
that KOH activation removes or transforms some of the inor-
ganic content, further purifying the carbon structure.?*?%*

According to the IUPAC classification, the N, adsorption—
desorption isotherms for RSR-BC and activated RSR-BC Fig. 5(a)
show characteristics of both Type I and Type IV isotherms. Type
I isotherms reveal that a material has a lot of micropores since
they display a steep uptake at low relative pressures because the
micropores fill up. Type IV isotherms, on the other hand, are
linked to mesoporous materials and show a clear hysteresis
loop at higher relative pressures, which is a sign of capillary
condensation in mesopores.

The isotherm for the RSR-BC shows that it takes up a moderate
amount of nitrogen. As the relative pressure rises, the amount of
nitrogen adsorbed goes from about 2 to 7 mmol g~ '. This profile
shows that there are both micropores and some mesopores, but
the surface area and pore volume are not very large.

The isotherm for the activated RSR-BC moves up a lot after
activation. As the relative pressure becomes closer to one, the
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Fig. 5
distribution of biochar samples.
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amount of nitrogen adsorbed increases greatly, from roughly 7
to 16 mmol g~ . The activation process generates a hierarchical
pore structure with a substantially higher density of both
micropores and mesopores. This greatly increases the mate-
rial's ability to adsorb. The sharper initial uptake at low relative
pressures (Type I behaviour) and a clear hysteresis loop at
higher pressures (Type IV behaviour). This indicates that a well-
defined micro-mesoporous network has formed. This changes
by KOH activation chemically etches the carbon matrix, creates
new adsorption sites, and greatly increases both the surface
area and the total pore volume.

Fig. 5(b) shows the pore size distribution. For (RSR-BC), the
pore size distribution is relatively narrow, with most of the
pores being in the micropore region (less than 2 nm). The peak
pore volume for RSR-BC is about 0.22 cm® g~ at a pore width of
about 2 nm. The general distribution quickly drops off as the
pore width gets bigger. This means that micropores are the
primary type of pore in the inactivated biochar, and mesopores
don't grow very much.

After being activated, the activated RSR-BC has a pore size
distribution curve that is substantially wider and higher. The
highest pore volume for the activated material goes up quickly
to about 0.75 cm® g~ at a pore width slightly below 2 nm. The
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(a) N, adsorption—desorption isotherms of rice straw biochar (RSR-BC) and activated rice straw biochar (activated RSR-BC), (b) pore size
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Table 1 Textural parameters of biochar before and after activation

Parameter Before activation After activation
BET surface area (m” g ") 278.9218 662.7257
Micropore area (m”> g~ ) 125.3447 306.6761
External surface area (m” g~ ) 153.5771 356.0496
Micropore volume (cm® g ™) 0.060944 0.148687
Total pore volume (cm?® g™) 0.253634 0.543841

distribution also reaches the mesopore region (2-10 nm). The
curve's height and width both go up a lot, which shows that
activation not only increases the total pore volume but also adds
a lot of mesopores to the existing micropores.

As illustrated in Table 1, the modification of the textural
parameters of biochar after activation is presented. The BET
surface area analysis reveals a significant enhancement in the
specific surface area after KOH activation, increasing from
278.9218 m> g " t0 662.5109 m”> g~ ', representing a 2.37-times
improvement. This dramatic increase confirms the successful
KOH activation process, which creates well-developed pore
structures and active functional groups on the biochar surface.
The enhanced surface area provides more active sites for
adsorption and aligns with the observed improvements in SEM
morphology, BJH pore size distribution, and N, adsorption-
desorption isotherms.

Additionally, the total pore volume increases from 0.25 cm?
g~ ! before activation to 0.54 cm?® g~ ! after activation, while the
micropore volume doubles from 0.06 cm® g to 0.15 cm® g™ .
This is consistent with the graphical data, where the area under
the curve for the activated sample is much larger, reflecting the
creation of a hierarchical pore network with both micropores
and mesopores.

The FTIR analysis of rice straw biochar before and after KOH
activation as shown in Fig. S1 (see SI) reveals notable changes in
the surface chemistry that are crucial for adsorption applica-
tions. The spectrum of the RSR-BC displays a broad band
around 3445 cm ', which is attributed to O-H stretching
vibrations from hydroxyl groups and adsorbed water. After KOH
activation, this band becomes more pronounced, indicating an
increased presence of surface hydroxyl groups. The peak at
2922 em ™, corresponding to aliphatic C-H stretching, remains
visible after activation, suggesting that some aliphatic struc-
tures are retained. A significant band near 1631 cm™*, associ-
ated with C=O0 stretching (carbonyl/carboxyl) and aromatic
C=C bonds, becomes more intense following activation,
reflecting increased carbonyl and aromatic functionalities. The
peak at 1090 cm™*, assigned to C-O stretching in alcohols,
ethers, or esters, is more distinct after activation, indicating the
formation of additional oxygen-containing groups. The FTIR
peaks observed at 791 cm ™', 629 cm ™', and 467 cm™ " in rice
straw biochar provide important insights into the material's
mineral composition and structural features, particularly after
KOH activation. The peak at 791 cm™ ' is commonly attributed
to the presence of quartz, specifically Si-O symmetric stretching
or general Si-O vibrations, which are characteristic of biochar
derived from silica-rich biomass such as rice straw, the high
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silica content in rice straw biochar makes the Si-O assignment
more prevalent.

The band at 629 cm ™ falls within a region typically linked to
Si-O bending vibrations or the presence of certain mineral
phases, including silicates or phosphates. In the context of rice
straw biochar, this peak is most likely due to Si-O-Si bending,
indicating the persistence or even enhancement of silicate
structures following KOH activation.

Finally, the peak at 467 cm ' is characteristic of Si-O-Si
bending vibrations, confirming the presence of silicate
minerals within the biochar. The persistence or increased
intensity of this peak after KOH activation suggests that the
activation process does not remove these mineral phases;
rather, it may increase their exposure on the biochar surface,
potentially enhancing the material's adsorption properties by
providing additional active sites for interaction with contami-
nants. These observations are consistent with literature
studies.'®*

The point of zero charge (PZC) of the activated RSR-BC was
determined to understand its surface charge characteristics
across various pH values. This is significant in understanding
its interaction with pollutants at varying pH levels. As shown in
Fig. S2 (see SI), the values indicate that the PZC for (activated
RSR-BC) is between pH 5.12 and 5.97 across various pH
values.*>**

This is because at initial pH 3 and 5, the final pH increased,
suggesting the biochar surface gained protons (acting as a base)
and thus was positively charged. Conversely, at initial pH 7 and
9, the final pH decreased, indicating the biochar surface lost
protons (acting as an acid) and became negatively charged.
Therefore, the point where the net surface charge is zero, or
where initial pH equals final pH, falls within this range, the
surface charge of the activated biochar changes with pH, which
in turn influences the adsorption of the target antibiotics.
Generally, when the solution pH is below the PZC, the biochar
surface tends to be positively charged due to protonation of its
surface functional groups. Conversely, when the solution pH is
above the PZC, the surface becomes negatively charged due to
deprotonation.

3.2 Batch adsorption performance

The batch adsorption behaviour of sulfamethoxazole (SMX) and
clindamycin (CLN) on (activated RSR-BC) was investigated,
revealing distinct characteristics and adsorption patterns.

3.2.1 Effect of pH. The pH of the solution significantly
impacted the adsorption of both SMX and CLN onto the acti-
vated RSR-BC. As illustrated in Fig. 6(a), the adsorption capacity
(ge) for SMX exhibited a general decrease as the pH increased
from 3 to 9, with the highest adsorption observed at pH 3.
Conversely, for CLN, the adsorption capacity increased from pH
3 to 5, reaching a peak at pH 5, and then decreased with further
increases in pH up to 9.

These variations suggest that the surface charge of the acti-
vated biochar and the ionization state of the antibiotic mole-
cules are influenced by pH, which in turn affects the
electrostatic interactions governing adsorption.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The effect of (a) pH; (b) adsorbent dosage on the adsorption of both SMX and CLN onto the (activated RSR-BC).

For SMX, the optimal adsorption at acidic pH (pH 3) is
attributed to both the neutral/cationic state of SMX below its
second pK, (5.7) and the surface charge of the biochar. At pH 3,
near or just below the point of zero charge PZC of RSR biochar
(between 5.12 and 5.97), the biochar's surface exhibits a neutral
to slightly positive charge, while (SMX) is predominantly
neutral. This minimizes electrostatic repulsion, enabling robust
-7 interactions and hydrophobic forces to prevail, resulting in
significant adsorption. Research indicates that SMX adsorption
on biochar is optimal in the acidic to near-neutral range, typi-
cally just below or at the point of zero charge (PZC).* As the pH
increased from 3 to 9, the SMX adsorption capacity consistently
decreased. At higher pH values above the PZC of the activated
biochar, causing its surface to become negatively charged.
Concurrently, SMX becomes increasingly negatively charged at
pH > 6. Under these alkaline conditions, electrostatic repulsion
occurs between the negatively charged SMX and the negatively
charged biochar surface, hindering adsorption.

Concerning CLN, the maximum adsorption at pH 5, which
closely aligns with biochar’s point of zero charge (5.1-5.9), at
this pH, the biochar's surface is shifting from a positive to
a negative charge, while clindamycin (pK, = 7.6) remains
positively charged. This state promotes hydrogen bonding and
some electrostatic attractions, as the surface is about neutral to
slightly negative, while reducing significant repulsive forces
that occur at higher pH values when both the surface and
adsorbate acquire negative charges.

3.2.2 Effect of adsorbent dosage. Fig. 6(b) illustrates that
increasing the adsorbent dosage significantly enhanced the
removal efficiency for SMX, with a plateau above 98% at higher
dosages. However, CLN removal efficiency initially improved
with increased adsorbent dosage reaching a maximum at
20 mg, but it declined with further dosage increases, suggesting
factors like particle aggregation or overlapping adsorption sites.
This highlights the need for optimizing adsorbent dosage for
each target contaminant, as excessive dosages can decrease
efficiency. This emphasizes the importance of tailoring adsor-
bent dosage based on specific physicochemical interactions
between the adsorbent and each contaminant.

© 2026 The Author(s). Published by the Royal Society of Chemistry

3.2.3 Effect of contact time and kinetic. The influence of
contact time on the adsorption of SMX and CLN over activated
RSR-BC. For both antibiotics, the experimental data revealed
a rapid initial uptake of the compounds within the first 30
minutes, indicating the availability of readily accessible surface
sites on the adsorbent. This rapid phase was followed by
a gradual approach to equilibrium. SMX consistently demon-
strated a higher adsorption capacity compared to CLN, sug-
gesting a stronger affinity of SMX for the adsorbent surface. The
kinetic adsorption behavior exhibited a distinct pattern as
illustrated in Fig. 7(a and b). Both the pseudo-first order and
pseudo-second-order models provided an excellent fit to the
experimental data, demonstrated by high correlation coeffi-
cients (R*> 0.99). Table 2 demonstrates that the pseudo-second-
order model yielded a slightly better correlation with the
experimental data, with R* values of 0.998 for SMX and 0.996 for
CLN. Additionally, the calculated g. values from the pseudo-
second-order model (73.3 mg g~ for SMX and 32.6 mg g~ ' for
CLN) closely matched the experimental values. This strong
agreement with the pseudo-second-order model suggests that
chemisorption might be the rate-limiting step in the adsorption
process.

The intraparticle diffusion analysis was fitted using the
Weber-Morris model, as illustrated in Fig. 7(e and f), and the
corresponding kinetic parameters are summarized in Table 2.
The intraparticle diffusion analysis showed that SMX had
higher diffusion-related parameters than CLN, with k;q 0of 0.30 £
0.05 mg g ' min *® and C of 69.82 + 0.49 mg g ', compared
with 0.17 £ 0.05 mg g ' min 0.5 and 30.35 & 0.51 mg g~ * for
CLN. The higher C value for SMX suggests a stronger boundary-
layer effect and an important role for external mass transfer or
surface adsorption in the early stage, while the higher k4 indi-
cates a faster intraparticle diffusion contribution. However, the
relatively low R* values, especially for CLN (0.55), indicate that
intraparticle diffusion was not the only rate-controlling step in
the adsorption process. Overall, the results point to a multistep
adsorption process, beginning with film diffusion and followed
by slower diffusion into the adsorbent pores.*®
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Fig. 7 Kinetic and equilibrium modeling for SMX and CLN adsorption onto activated RSR biochar: (a and b) pseudo-first-order and pseudo-
second-order kinetic fits; (c and d) Langmuir and Freundlich isotherm plots; and (e and f) intraparticle diffusion (Weber—Morris) plots.

3.2.4 Adsorption isotherm. The influence of the initial
antibiotic concentration on the adsorption process was evalu-
ated, and the experimental data for both SMX and CLN indi-
cated a considerable increase in absorptivity with rising initial
concentrations. To further understand the adsorption mecha-
nism, the experimental data were fitted to the Langmuir and
Freundlich isotherm models as demonstrated in Fig. 7(c and d).
It is characterized by a steep initial uptake at low concentra-
tions, followed by a plateau formation at higher equilibrium
concentrations, signifying surface saturation of the adsorbent.
As shown in Table 3 the maximum adsorption capacities (g.)

24166 | RSC Adv, 2026, 16, 24157-24173

were determined to be 297.4 mg g~ ' for SMX and 184.7 mg g !
for CLN. The Langmuir isotherm model showed an excellent
correlation with the experimental data, yielding high correla-
tion coefficients (R®) of 0.97 for SMX and 0.98 for CLN. The
higher K, value for SMX (0.4 L mg ') compared to CLN (0.08 L
mg ') suggests stronger adsorbate-adsorbent interactions for
SMX. The Langmuir model describes a monolayer sorption
process on a homogenous surface.

The Freundlich isotherm model parameters (n > 1 for both
compounds) indicated favourable adsorption conditions. The
higher n value for SMX (3.2) compared to CLN (2.7) suggests
a more heterogeneous surface interaction for SMX. While the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Kinetic adsorption model parameters for SMX and CLN on activated RSR biochar

Model Parameter CLN SMX
Experimental QP (mg g ™) 32.9 74.3
Pseudo-first-order Q. (mgg™) 32.2 72.8

k; (min™) 0.5 0.6

R 0.992 0.997
Pseudo-second-order Q. (mgg™) 32.6 73.3

k, (g mg ' min ™) 0.05 0.04

R 0.996 0.998
Intraparticle diffusion C(mgg™h 30.35 £ 0.51 69.82 + 0.49

kiq (mg g~ min~"?) 0.17 £ 0.05 0.30 £ 0.05

R 0.55 0.77

Table 3 Isothermal models parameters for SMX and CLN adsorption
by activated RSR-BC

Freundlich

Langmuir parameters parameters

Samples Om(mgg™ K R n Kg R
Sulfamethoxazole 297.4 0.4 0.97 3.2 93.4 0.88
Clindamycin 184.7 0.08 0.98 2.7 32.5 0.92

Langmuir model provided a slightly better fit in terms of R” for
CLN, the Freundlich R* values were 0.88 for SMX and 0.92 for
CLN, indicating good fits and suggesting a multi-layer adsorp-
tion process as explained by the Freundlich model.

The adsorption capacities summarized in Table 4 and 5 show
that activated RSR-BC outperforms many reported materials for
SMX and CLN removal, with gm.x values exceeding those of
most carbonaceous and biochar-based adsorbents cited in the
literature. This comparison highlights the strong affinity of
RSR-BC for both target antibiotics and confirms its potential as
a competitive adsorbent for advanced wastewater treatment
applications.

3.2.5 The effect of temperature on thermodynamic
parameters. The influence of temperature on the adsorption
performance of SMX and CLN by the prepared activated biochar
is illustrated in Fig. 8(a), whereas the corresponding Van't Hoff
plots (In K, versus 1/T) are shown in Fig. 8(b). Thermodynamic
parameters derived from these plots are summarized in Table 6,

Table 4 Adsorption capacities of various adsorbents for SMX removal
from aqueous solutions

Adsorbent Gmax (Mg g7 ") Ref.
Activated RSR-BC 297.4 Current study
Ordered mesoporous carbon 334 37
Graphene nanoplatelets 210.1 38
Graphene-like carbon from lignin 289.2 39
Graphene nanosheets 103 40
Graphene oxide sheets 122 40
Magnetic chitosan beads =200 41
H;PO,-modified sludge-based biochar 45.6 35
Amine-functionalized activated carbon =53.5 42
Biomass-derived activated carbon =160.5 43

© 2026 The Author(s). Published by the Royal Society of Chemistry

For SMX, the Van't Hoff line exhibited a high correlation coef-
ficient (R* = 0.9886), with AH° = 139.0 k] mol " and AS°® = 478]
mol™* K. The calculated AG®° values were —5.95, —11.55, and
—15.49 k] mol " at 303, 313, and 323 K, respectively, indicating
that SMX adsorption is spontaneous at all investigated
temperatures and becomes more thermodynamically favorable
as temperature increases, in line with other reports of endo-
thermic, entropy-driven SMX uptake on carbonaceous adsor-
bents. The relatively large positive AH° confirms the
endothermic nature of the process and suggests that additional
energy is required to overcome solvation and activate surface
sites, while the positive AS° reflects increased randomness at
the solid-solution interface, which may be associated with
desorption of structured water and rearrangement of SMX at the
biochar surface.*®

In contrast, CLN exhibited a weaker temperature response,
corresponding to AH® = 83.1 k] mol~" and AS° = 262 J mol "
K '. The calculated AG®° values for CLN were 4.51, —0.31 and
—0.62 k] mol " at 303, 313 and 323 K, respectively, indicating
that adsorption is not spontaneous at 303 K but becomes only
slightly favorable at higher temperatures. Overall, the thermo-
dynamic parameters confirm that increasing temperature
enhances adsorption of both pharmaceuticals, but the effect is
much more pronounced for SMX, for which the process is
strongly endothermic, entropy-driven, and spontaneous over
the whole temperature range studied.

3.2.6 Adsorption mechanism. The adsorption of pharma-
ceutical compounds onto activated biochar's surface is
a complex process influenced the material's physicochemical
properties and the characteristics of the adsorbate molecules.
Several mechanisms collectively govern the removal of
sulfamethoxazole (SMX) and clindamycin (CLN) by this acti-
vated biochar Fig. 9. Firstly, the pore-filling mechanism is

Table 5 Adsorption capacities of various adsorbents for CLN/linco-
mycin removal from agqueous solutions

Adsorbent Jmax (Mg g7")  Ref.

Activated RSR-BC 184.7 Current study
Ag,S-chitosan nanocomposite 153.2 44
Ag,S-chitosan nanohybrid 181.3 44
H;3;PO,-modified sludge-based biochar  26.6 35

Graphene oxide nanosheets 47 45
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Table 6 Parameters of thermodynamics for the adsorption of SMX & CLN on activated RSR-BC
AG® (k] mol ™)
AH° AS°
Adsorbate Van't Hoff equation R (k] mol ™) g mol ™' K™ 303 K 313 K 323 K
SMX y = —16690x + 57.549 0.9886 139.0 478 —5.95 —11.55 —15.49
CLN ¥y = —9995.1x + 31.475 0.8068 83.1 262 4.51 —0.31 —0.62
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crucial due to the biochar's significantly enhanced specific
surface area, increasing from 278.9218 m” g ' to 662.5109 m>
g~ 1. This is coupled with an increase in total pore volume from
0.253634 cm® ¢~ t0 0.543841 cm? g~ and visually confirmed by
scanning electron microscopy (SEM) images showing a well-
developed porous structure with micro- and mesopores. This
extensive pore network, including micron-sized pores, allows
for the efficient entrapment of adsorbate molecules.

Secondly, electrostatic interactions are crucial in the
adsorption profiles of SMX and CLN, as shown by the pH-
dependent adsorption profiles. The activated RSR biochar has
a point of zero charge between pH 5.12 and 5.97, with the bi-
ochar surface positively charged below and negatively charged
above. The highest adsorption for SMX occurs at pH 3, where
the biochar surface is positively charged, facilitating electro-
static attraction with the neutral SMX species. For CLN,
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RSC Advances

adsorption peaks at pH 5, consistent with optimal surface
charge and ionization state.”’

Thirdly, hydrogen bonding is a significant mechanism,
supported by Fourier-Transform Infrared (FTIR) analysis which
confirms the enhancement of oxygen-containing functional
groups on the activated biochar surface after KOH activation.
These groups, such as hydroxyl (O-H stretching at 3445 cm™ ),
carbonyl/carboxyl (C=O stretching near 1631 cm™ '), and C-O
stretching at 1090 cm™*, serve as crucial sites for forming
hydrogen bonds with polar moieties present in SMX and CLN
molecules.?®

Fourthly, -7 electron donor-acceptor (EDA) interactions
are involved. X-ray diffraction (XRD) analysis indicates the
development of graphitic structures in the activated RSR bi-
ochar, with distinct (002) and (100) peaks appearing at
approximately 23° and 43° respectively. This, combined with
the increase in aromatic C=C bonds noted in FTIR spectra after
activation, provides a rich aromatic surface. SMX, an aromatic
sulfonamide, exhibits superior adsorption due to molecular-
level interactions with the aromatic domains of biochar. It
forms strong mw-m electron donor-acceptor interactions,
hydrogen bonding, and pore filling. The structure of SMX,
consisting of aromatic and heterocyclic rings, enables high-
affinity, multi-mechanism adsorption. Its small size allows
efficient access to biochar's microporous structure.*® The acti-
vated biochar, with its graphitic regions and oxygen-containing
functional groups (C=C, OH, C=0), serves as an effective
electron donor, facilitating these interactions with SMX, which
can act as a m-electron acceptor due to its aromatic rings and
electron-withdrawing groups. In contrast, clindamycin (CLN)
lacks aromatic rings, so -7 interactions cannot occur, limiting
adsorption to mechanisms such as hydrogen bonding and
electrostatic attraction. In addition, CLN's larger structure
restricts penetration into fine pores, resulting in a lower total
adsorption capacity than SMX on the surface of biochar.*
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Finally, the chemisorption-dominated mechanism is high-
lighted by kinetic studies for both SMX and CLN, where the
pseudo-second-order (PSO) model provides a superior fit to the
experimental data with high correlation coefficients (R* values
of 0.998 for SMX and 0.996 for CLN). This strong agreement
suggests that chemisorption, involving chemical reactions like
electron sharing or transfer between the pharmaceuticals and
the biochar's functional groups, is the rate-limiting step in the
adsorption process. This includes interactions like hydrogen
bonding and w-7 EDA. While the Langmuir isotherm also fits
well, indicating monolayer adsorption, the overall data fitting
implies that both physical and chemical interactions are
involved in the adsorption process.”’

3.2.7 The regeneration & reusability evaluation. The reus-
ability and regeneration of adsorbents are critical for ensuring
the economic efficiency and sustainability of wastewater treat-
ment processes. This study aimed to demonstrate this key
aspect by converting agricultural waste, specifically rice residue
into an effective adsorbent for the removal of antibiotics,

Fixed bed column experiment

View Article Online

Paper

addressing a significant global problem of persistent water
pollution. The valorization of biomass into high-value adsor-
bents like biochar represents a viable waste management
solution and offers raw materials at a reduced cost, making it
a promising and sustainable approach.

The prepared (activated RSR-BC) exhibited promising
regeneration performance, Fig. 10 indicating its potential for
sustainable use. The ability of biochar to be reactivated and
reused for multiple cycles significantly reduces operational and
running costs compared to single-use adsorbents the gradual
reduction in adsorption capacity observed over successive cycles
is a commonly expected and well-documented trend in reus-
ability and regeneration studies of adsorbents. This decline, as
seen in your Sulfamethoxazole (SMX) data where capacities
decreased from 96.7 mg g~ in Cycle 1 to 69.7 mg g~ in Cycle 4.
This is primarily attributed to several key factors. These may
include incomplete desorption of the pollutant, which leaves
residual adsorbate occupying active sites.

3.2.8 Application to real wastewater batch adsorption. The
activated rice straw residue (RSR) biochar's efficacy in removing
pollutants was rigorously demonstrated through several batch
adsorption experiments utilizing different water matrices
(Fig. 11).

In experiment 1, focused on SMX removal from wastewater
effluent, the activated RSR biochar proved highly effective, with
a nearly complete removal of approximately 99.27% was ach-
ieved within a short 15-minute adsorption period. This rapid,
highly efficient removal process highlights biochar's strong
affinity for SMX under these batch conditions. Experiment 2
addressed Clindamycin (CLN) removal from wastewater
effluent. After 3 hours of adsorption, an approximate 44.44%
reduction in the initial CLN concentration was observed.
Beyond the specific removal of clindamycin, this adsorption
process also significantly improved several general wastewater
quality parameters. Total Suspended Solids (TSS) were reduced
by approximately 70.83%, Chemical Oxygen Demand (COD)
decreased by approximately 85.00%, Biochemical Oxygen
Demand (BOD) was reduced by at least 75.00%, and Total

Removal percentage
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SMX o
\\ - 300mg 97%
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Fig. 13 Fixed bed column adsorption experiment.
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Organic Carbon (TOC) saw a reduction of at least 72.22%. These
comprehensive improvements highlight the broad efficacy of
activated RSR-BC in improving overall wastewater quality.
Finally, Experiment 3 involved the batch treatment of real
agricultural drainage wastewater for 1 hour. This process led to
substantial reductions in key parameters as shown in Fig. 12.
TSS decreased by approximately 79.03%, COD by approximately
86.40%, BOD by approximately 86.84%, and TOC by approxi-
mately 57.89%.

3.2.9 Fixed bed column adsorption. Fig. 13 illustrates the
experimental setup for the fixed-bed column adsorption. In this
Experiment concerning SMX removal in a continuous flow fixed
bed column, the system was initiated with SMX spiked in
wastewater effluent. After 40 minutes of flow through the
column, approximately 97.92% of the SMX was removed from
the continuous flow system within the tested duration. The
fixed bed column setup by using activated RSR-BC also
demonstrated considerable improvements in general waste-
water parameters. TSS was reduced approximately 22.22%. COD
saw a significant decrease, indicating a reduction of approxi-
mately 72.16%. BOD, corresponding to a reduction of approxi-
mately 85.71%. TOC showing a reduction of approximately
66.67%. These findings confirm the robust performance of
(activated RSR-BC) in a continuous flow system, effectively
removing target antibiotics and enhancing overall wastewater

quality.

4. Conclusion

This study demonstrated that the activated rice straw residue
biochar (activated RSR-BC) is an effective and sustainable
adsorbent for removing pharmaceutical emerging contami-
nants, specifically sulfamethoxazole (SMX) and clindamycin
(CLN), from wastewater. The critical activation with potassium
hydroxide (KOH) combined with ball milling significantly
enhanced the biochar's physicochemical properties, increasing
its specific surface area and total pore volume. Morphological
analysis confirmed the formation of a well-developed porous
structure with an extensive network of micro- and mesopores.
Chemical characterization further revealed a higher abundance
of surface functional groups and the development of graphitic
structures, providing more active sites for adsorption.

Both batch experiments and a prototype fixed-bed column
system demonstrated the activated RSR-BC's excellent removal
efficiency for SMX and CLN in real wastewater. Beyond these
targeted pharmaceuticals, the biochar also improved overall
wastewater quality by substantially reducing total suspended
solids (TSS), chemical oxygen demand (COD), biochemical
oxygen demand (BOD), and total organic carbon (TOC). The
material's promising reusability and regeneration performance
highlight its cost-effectiveness and environmental benefits.
Overall, this study validates the valorization of agricultural
waste, specifically rice straw, into a high-performance,
sustainable adsorbent for advanced water treatment, directly
supporting multiple Sustainable Development Goals (SDGs)
and the principles of the circular economy.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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