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Enhancing wastewater treatment: a study on steam
explosion-biochar derived from Chinese herbal
medicine residue for NOR adsorption
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Steam explosion technology is gaining attention as an economical, efficient, and eco-friendly industrial
pretreatment method. This study used Astragali Radix (AR) residue, activated by steam explosion, to
create biochar for removing norfloxacin (NOR) from water. The prepared biochar was analyzed using
various techniques, revealing ASB4's rich microporous and mesoporous structure with a surface area of
512 m? gL Kinetic studies showed rapid NOR adsorption best described by the PSO model, with
a maximum capacity of 345.7 mg g™t at 298 K, according to Langmuir models. Thermodynamic analysis
confirmed that the adsorption was exothermic and spontaneous. The adsorption process is mainly
driven by pore filling, followed by hydrogen bonding (13.4%), and electrostatic interactions (7.5%), with
m—7 interactions (3.6%) being the least significant. Moreover, the utilization of response surface
modeling (RSM) facilitated the optimization of the adsorption capacity of NOR, yielding a maximum

removal capacity of 324 mg g™t at 298 K, an initial concentration of 200 mg L™, and a pH of 7.83.
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Accepted 18th Septernber 2025 Economically, the biochar material offers cost benefits with a payback of 1.87 $ per kg. ASB4

demonstrated excellent stability and reusability, retaining a high NOR removal rate even after five cycles.
DOI: 10.1039/d5ra04964d This study highlights the potential of converting AR residues into activated carbons, aligning with circular

rsc.li/rsc-advances economy principles and improving wastewater treatment efficiency.
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1. Introduction

Rapid industrialization and the growth of medical systems have
increased the use of toxic organic pollutants like dyes, antibi-
otics, and pesticides, which often contaminate water due to
poor treatment and accidental leaks, harming ecosystems.*?
NOR, a widely used quinolone antibiotic, is recognized for its
potent antibacterial properties and minimal side effects.?
Nonetheless, its high stability and low biodegradability result in
significant quantities of NOR and its metabolites being di-
scharged into the environment post-use, posing potential risks
to both environmental and human health.* Consequently, there
is an urgent need for effective strategies to eliminate NOR.
Adsorption is a promising solution due to its simplicity, cost-
effectiveness, and sustainability. Various materials, including
graphene oxide,” carbon nanotubes,*” metal-organic frame-
works,*® clays,' and bilayer hydroxides,'* have been employed
as adsorbents. However, certain limitations exist, such as high
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costs, low adsorption efficiencies, and the potential for
secondary environmental pollution. Conversely, activated
carbon presents several advantages, including environmental
friendliness, accessibility, cost-effectiveness, and efficiency.”
Consequently, the production of carbon-based adsorbents from
biomass has gained significant traction over the past few
decades.

To enhance the adsorption capacity, biochar is often modi-
fied physically and chemically, using agents like NaOH, KOH,
ZnCl,, and H3;PO,. While chemical activation can cause equip-
ment corrosion and pollution, physical activation is more
sustainable and cost-effective. Common physical activation
methods like green carbonization,* ball milling’*** and steam
explosion'® are used to produce adsorbents. Kasturi Poddar
et al.V’ achieved a 69.8 mg g ' adsorption capacity for NOR
using biochar from waste coffee grounds, while Luo et al.*® used
longan seed to produce activated carbon with a 76.6 mg g~
capacity. Despite being eco-friendly, these methods often yield
materials with low surface area and adsorption capacity. Steam
explosion, originally developed for fiberboard production, is
a sustainable, efficient, and economical thermo-processing
method that requires no toxic chemicals and involves low
capital investment. It's recognized as a cost-effective and envi-
ronmentally friendly pretreatment for industrial-scale applica-
tions, extensively studied for lignocellulosic biomass. Operating
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at 160-260 °C with rapid pressure reduction, it enhances
adsorbent production by increasing surface area through
hemicellulose degradation and lignin softening.**

AR, a traditional Chinese medicine, treats conditions like qi
deficiency and has anti-cancer, antiviral, and immunomodula-
tory properties.”** After extraction, AR residue, rich in cellu-
lose, hemicellulose, and lignin, can serve as a precursor for
activated carbon production.”® This study developed a biochar
adsorbent using steam-exploded AR residue to address water
antibiotic pollution. The adsorption properties of the prepared
biochar material, targeting NOR, were analyzed using FTIR,
SEM, BET, XRD and XPS, considering factors like pH, temper-
ature, NOR concentration, and contact time. The adsorbent’s
reusability, stability, and economic viability were also assessed.

2. Experimental section
2.1 Materials and methods

AR residue was provided by Lingrui Pharmaceutical Co., Ltd in
Henan province, China. NaOH (96%), HCI (37%), KCI (99.5%),
NaCl (99.5%), CaCl, (96%), Na,CO; (99.5%), NaNO; (98%),
Na,S0, (99%) and NaBr (99%) were all purchased from J&K
Scientific Reagent Company. ZnCl, (98%), NaHCOj; (99.8%) and
CuCl, (96%) were purchased from Shanghai Macklin
Biochemical Co., Ltd. NOR (M,, = 319.33 g mol ", 98%) and
FeCl;-6H,0 (99%) purchased in Shanghai Aladdin Biochemical
Technology Co., Ltd. The above reagents are all analytical grade
and used without further purification.

2.2 Synthesis of ASBs biochars

2 g of washed, air-dried and sieved AR residue was directly put
into a tube furnace for pyrolysis at 900 °C, and the product was
named ARB. 4 g of clean AR residue was put into a reaction
kettle filled with 60 mL of distilled water, stirred well and left for
12 h. Secure the container to the unit, then fill it with N, to the
initial target pressure (2, 3 and 4 MPa, respectively). Then, the
internal temperature of the reactor was raised to 160 °C at a rate
of 8 °C min~" and kept for 5 min. After that, the sample was
taken out and dried. The material was transferred to the tube
furnace for pyrolysis under N, atmosphere at 900 °C with
a heating rate of 5 °C min~", maintain for 80 min. Then, it was
washed with ultra-pure water to neutral. The obtained biochar
was dried at 105 °C for 12 h, and the product was named as
ASBX (X = 2, 3 and 4). The characterization process is
comprehensively detailed in Text S1.

2.3 Adsorption studies

Batch adsorption experiments are used to examine the effect of
solution pH (2-12), adsorption time (0-1440 min), and NOR
initial concentration (10-200 mg L™ "). 5 mg of ASB4 was initially
added to 10 mL NOR solution with different concentrations (10,
50, 100 mg L"), and equal portions were continuously taken at
298 K for 1440 min. The NOR adsorption kinetics was analyzed
using four different kinetic models, like pseudo-first order
(PFO), pseudo-second order (PSO), Elovich and intra-particle

diffusion. Isotherm and thermodynamic studies were
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conducted at 298 K, 308 K, 318 K and 328 K, respectively.
Adsorption isotherm models used included Langmuir,
Freundlich, and Sips model. Its thermodynamic parameters
(AG, AS and AH) are determined using the van der Hoff equa-
tions. The adsorption kinetics, isotherms, and thermodynamics
are calculated using the equations provided in Table S1.
Adsorption experiments were performed three times for each
study. Detailed calculations pertaining to the adsorption
capacity and removal rate are provided in Text S2.

2.4 NOR adsorption mechanisms by ASB4

This study conducted competitive adsorption experiments to
quantify the roles of hydrogen bonding, - interactions, and
electrostatic interactions in NOR adsorption onto ASB4.>*?¢
Urea, with its hydrogen-donating and accepting groups, di-
srupted hydrogen bonds, while naphthalene interfered with -
7 interactions. Sodium chloride (NaCl) was used to examine
electrostatic interactions. Specifically, 5 mg of ASB4 was added
to NOR solutions with varying concentrations of urea (0.5-5 M),
naphthalene (50-200 mg L"), and NaCl (0.01-0.1 M). After 24 h
at 298 K, residual NOR was measured using UV
spectrophotometry.

2.5 Effect of coexisting ions and antibiotics on NOR
adsorption

In this study, Na*, K", Ca>*, Cu®", Fe**, Zn>*, CO;>~, HCO; , Br
NO; ", SO,*~ and other common competitive ions were added to
evaluate the competitive adsorption effect of the prepared bi-
ochar on NOR removal. Furthermore, this study also examined
the impact of co-existing antibiotics (50 mg L"), specifically
ciprofloxacin (CIP), enoxacin (ENX), tetracycline (TC), and
oxytetracycline (OTC), on the adsorption of NOR, which was
maintained at a concentration of 50 mg L.

2.6 Regeneration properties

In each cycle, the ASB4 that has adsorbed NOR was thoroughly
washed with a 1 M NaOH solution. After drying in the oven, the
recovered biochar is used to explore its reusability and stability
in the next cycle.

2.7 Response surface methodology (RSM) analysis

RSM analysis employs statistical methods to model relation-
ships between independent variables and responses, creating
regression equations and optimizing variables with minimal
experiments. This study focused on initial concentration,
temperature, and pH as variables. The relationship between
adsorption capacity and these encoded variables (initial TC
concentration, temperature, and solution pH) in RSM is
described by an empirical quadratic polynomial, as presented

in eqn (1).
y=ay+ Y a:X; + Y agXiX; + Y ayX; (1)

where y is the predicted response (adsorption capacity), i, j, X;
and X; are the variables, a, is the constant, g; is the linear
coefficient, a; is the interaction coefficient, and a; is the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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quadratic coefficient, respectively. Finally, to clarify the best
adsorption conditions, multi-factor analysis of variance and
quadratic regression are used to determine the influence of
each variable on the removal rate.>”*

3. Results and discussion
3.1 Characterization of the prepared biochars

Fig. 1a and b present the N, adsorption-desorption isotherm at
77 K and NLDFT pore size distribution of the prepared biochar.
The isotherms clearly demonstrated type IV isotherms with H3
hysteresis loops, suggesting their mesoporous structures.> The
pore size distribution of the biochar prior to steam explosion
was primarily concentrated within the 1.3-4 nm range, aligning
with the findings from the N, adsorption-desorption isotherm
(Fig. 1b and Table 1). Moreover, increasing the steam explosion
pressure led to a significant enhancement in both the Sgrr and
pore volume of the synthesized biochar. The ASB4 sample
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exhibited the highest Sppr (512 m® g ') and the largest Vioa
(0.534 cm® g™ 1), indicating that the high-pressure steam impact
during the explosion process progressively disrupted the cell
wall of AR residue. This disruption facilitated the degradation
of cellulose and lignin, thereby promoting the formation of pore
structures on the surface during pyrolysis.”® Under identical
pyrolysis conditions, increasing the initial filling pressure of
steam explosion can enhance the development of pore struc-
tures. These stratified pore structures are beneficial for the
transport of adsorbed pollutants, achieving effective
adsorption.*®

The micromorphology of the synthesized ASB4 was exam-
ined using SEM (Fig. 1c-f). Fig. 1c exhibits a relatively flat
surface with minor particles and pores. Fig. 1d shows
a considerably rougher texture featuring larger particles with
non-uniform distribution. Fig. le presents a more complex
surface morphology, characterized by distinct lamellar and
granular structures. Fig. 1f displays a highly intricate
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(a) N, adsorption—desorption isotherms of biochar materials at 77 K, (b) the pore size distributions of biochar materials based on nonlocal

density functional theory (NLDFT), SEM images of prepared biochars (c) ARB, (d) ASB2, (e) ASB3, (f) ASB4.
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Table 1 Porous structure parameters of the synthesized biochars by steam explosion

Samples Sger (M* g™ 1) Stangmuir (m*>g ™) Vaiero (em® g7 1) Vrotal (em® g7 1) Average pore diameter (nm)
ARB 314 426 0.060 0.267 3.41
ASB2 274 402 0.029 0.290 3.53
ASB3 333 481 0.048 0.294 4.23
ASB4 512 745 0.066 0.534 4.16
ARB ASB2 ASB3 ASB4 ® SiO, ¢ Graphitic structure * K,0 A SiC .
ASB2
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Fig. 2 Comparison of FT-IR spectra (a) and XRD (b) of biochar materials.

architecture with pronounced layered and particulate features,
along with denser interparticle connectivity. In addition,
distinct porous structures can be observed in Fig. 1f, which
provide active sites for the adsorption of NOR.*

Fig. 2a shows the FT-IR spectra of ARB, ASB2, ASB3 and ASB4
materials. The spectral peaks at 3434 cm ™ are attributed to the
stretching vibration of OH- groups in cellulose,** while the
peaks at 2925 cm ™" and 2851 cm ™ correspond to the stretching
vibrations of CH, groups.* The peaks at 1616 cm™" are asso-
ciated with the stretching vibrations of C=C/C=0 bonds in
lignin or hemicellulose.** Additionally, the peak at 1443 cm™ " is
attributed to the in-plane bending vibration of C-H in cellulose,
the peak at 1050 em ™ is linked to the stretching vibrations in
cellulose and C-O groups,® and the peak at 870 cm™ ' is
ascribed to the stretching vibration of C-H on the benzene ring.
The increased intensity of the —-OH peak following steam
explosion is due to the disruption of the cellulose structure,
leading to greater exposure of OH groups. Fig. 2b presents the
XRD patterns of the four samples. The diffraction peaks
observed at 26 = 20.7°, 50.1°, 59.8° and 67.6° are attributed to
the (100), (112), (121), and (122) crystallographic planes of SiO,,
respectively, while the peak at 26 = 26.5° corresponds to the
(002) plane of graphene carbon. This indicates that the sample

Table 2 Elemental composition of prepared biochar

Samples C (%) H (%) O (%) N (%) S(%) H/C O/C (O+N)/C
ARB 68.34 051 6.88 0.60 0.15 0.007 0.10 0.11
ASB2 7171 0.39 578 052 0.3 0.005 0.08 0.09
ASB3  78.88 043 721 059 0.28 0.005 0.09 0.10
ASB4 82.68 0.58 6.82 1.11 0.12 0.007 0.08 0.09

35482 | RSC Adv, 2025, 15, 35479-35487

retains its structural integrity following steam explosion treat-
ment. Elemental analysis (EA) results reveal a sustantial
increase in the carbon content of the prepared biochar
compared to the ARB sample (Table 2). This increase is
primarily attributed to the steam explosion treatment, which
significantly enhances the exposure of cellulose in the residual
material. Under elevated temperature, this exposure facilitates
chemical processes such as dehydration, decarboxylation, and
hydroxylation, thereby increasing the carbon content. Further-
more, the reductions in the H/C, O/C, and (N + O)/C ratios
indicated an increase in the aromaticity and decreases in the
polarity and hydrophilicity of the biochar.

3.2 Adsorption performance

3.2.1 Selection of adsorbents. As shown in Fig. S1, under
identical conditions, ASB4 exhibited the highest adsorption
capacity for NOR, being 1.23, 1.37, and 1.13 times greater than
that of ARB, ASB2, and ASB3, respectively. Subsequently, ASB4
was selected for subsequent experiments.

3.2.2 Effects of solution pH. The initial solution pH affects
NOR's structure and the adsorbent's surface chemistry, influ-
encing biochar's NOR adsorption capacity. The adsorbent's
electrochemical properties were assessed using the point of zero
charge (pHp,), found to be 3.51 for ASB4 and 3.07 for ARB
(Fig. 3a). At 200 mg L' and pH 2-8, ASB4's adsorption effi-
ciency for NOR increased, reaching over 80% removal (Fig. 3b).
NOR's dissociation constants are pK, 6.22 and 8.51, meaning its
cationic below pH 6.22, amphoteric between 6.22 and 8.51, and
anionic above 8.51. When pH is between 3.51 and 8.51, nega-
tively charged ASB4 strongly interacts with NOR" and NOR™.
Above pH 8.51, electrostatic repulsion between ASB4 and NOR-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Zeta potentials and adsorption performance (b) adsorption of ASB4 at different pH values (pH 2-12). (c) Influence of the NOR
concentration. (d) Effect of exposure time at low concentrations (pH = 8).

reduces affinity, resulting in decrease of the removal efficiency
of NOR. Despite the variation in NOR removal rates across
different pH levels, ASB4 remains practically applicable in
actual water bodies within a wide pH range of 2-12. Further-
more, given that the maximum adsorption capacity was
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achieved at a pH of 8, all subsequent experiments were con-
ducted under this pH condition.

3.2.3 Effect of initial NOR concentration and adsorption
time. Fig. 3c illustrates that the adsorption capacity of ASB4
increased from 19.1 mg g~ ' to 332 mg g~ when the initial NOR
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Fig. 4 (a) PFO, PSO and Elovich adsorption kinetics models of NOR adsorption by ASB4; (b) IPD adsorption kinetic of NOR adsorption by ASB4;
(c) experimental and fitted adsorption isotherms of NOR on ASB4; (d) thermodynamics plot for adsorption of NOR on ASB4 (pH = 8).
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Table 3 PFO, PSO and Elovich adsorption kinetics parameters of NOR adsorption on ASB4 biochar

PFO PSO Elovich
NOR solution
(mg L™ Geexp ML) Gecar (mgg™") Kk (min™) R geca(mgg’) k(min™) R a(mgg'min") 8 R
10 20.07 19.85 0.02 0.86 20.57 1.5 x 10  0.95 2.738 0.287 0.87
50 94.32 85.23 0.02 0.92 91.85 3.2 x10°* 0.98 1.988 0.070  0.93
100 185.67 175.18 0.03 0.94 185.40 4.2 x 107  0.98 2.127 0.088 0.92
Table 4 |IPD adsorption kinetics parameters of NOR adsorption on ASB4 biochar

First liner segment Second liner segment Third liner segment

NOR solution kian Cia kia,» Cio kia s Cis
(mg L") (mgg 'min"*%)  (mgg") R (mgg 'min"%)  (mgg") R (mgg 'min ")  (mgg') R
10 2.63 0.30 0.98 0.48 0.48 0.99 0.02 19.56 0.98
50 6.73 3.31 0.95 3.66 25.79 0.99 0.88 63.29 0.91
100 17.67 6.67 0.99 5.84 62.47 0.97 1.38 134.37 0.93

concentration was raised from 10 mg L' to 200 mg L.
However, the removal efficiency dropped from 99.5% to 83%,
primarily due to the limited number of active sites available on
ASB4. Given low NOR levels in water, we studied contact time
effects at low concentrations (Fig. 3d). Below 100 mg L,
adsorption capacity rises quickly in the first 100 min and
stabilized by 200 min.

3.2.4 Adsorption kinetics. The adsorption kinetics of NOR
by ASB4 are illustrated in Fig. 4a and b, with the corresponding
fitting parameters listed in Table 3 and 4. In the first 100 min,
the NOR adsorption capacity increased quickly with contact
time, then slowed until reaching equilibrium. This process has
two phases: fast and slow adsorption. Initially, sufficient active
sites are available, but they become occupied over time, leading
to saturation. The PSO model fits the adsorption kinetics of
NOR on ASB4 better than the PFO and Elovich models at low
concentrations, indicating chemisorption as the primary
mechanism. Furthermore, the g values from the PSO model
match experimental results, highlighting its effectiveness at low
concentrations.

For IPD model, initially, the intraparticle diffusion rate
constant kg; is much higher than k4, and k43, indicating NOR
molecules primarily diffuse to the ASB4 surface. As NOR
molecules enter activated carbon pores, the adsorption process
progresses to the second and third stages.*® All C values of NOR

are above 0, with Cj; < Cj, < Cj;, indicating lower liquid
diffusion resistance initially and higher diffusion resistance
later due to adsorbent blockage.’” These findings imply that
NOR adsorption on ASB4 involves complex mechanisms like
chemisorption, external diffusion and intramaterial diffusion.

3.2.5 Adsorption isotherms. Langmuir, Freundlich, and
Sips isotherms models were used to fit experimental data, and
the resulting adsorption isotherm parameters are provided
(Table 5 and Fig. 4c). The Langmuir model suggests monolayer
adsorption with an R* of 0.98 at 298 K, while the Freundlich
model proposes multilayer adsorption on heterogeneous
surfaces with an R*> of 0.96. Both Sips and Langmuir models
show high R? values for NOR adsorption across all temperatures
(Table 5), confirming monolayer adsorption with equal site
energies on ASB4.*® The Langmuir model estimates a maximum
NOR adsorption capacity of 345.7 mg g~ at 298 K, surpassing
other reported materials (Table S2).

3.2.6 Adsorption thermodynamic. Thermodynamic
parameters, calculated using van der Hoff equations, reveal
a negative AG value, indicating spontaneous adsorption, with
AG's absolute value decreasing as temperature rises, suggesting
reduced adsorption efficiency at higher temperatures (Fig. 4d
and Table S3). Moreover, the negative AH (—38.52 kJ mol ™)
confirms the exothermic nature of the adsorption process.

Table 5 Parameters for the adsorption isotherm models

Langmuir Freundlich Sips
T eexp (MZE ) Geca(mgg™) Ki(Lmg!) R Ke(mg' "Lg") n R K(Lg") n(mol 'K R
298 K 332.4 345.7 0.116 0.98 68.2 2.53 0.96 0.062 0.74 0.97
308 K 306.3 323.6 0.075 0.98 57.8 2.50 0.96 0.060 0.80 0.97
318 K 291.6 303.9 0.044 0.98 38.1 2.09 0.98 0.011 0.70 0.98
328 K 271.8 291.1 0.030 0.99 20.7 1.71 0.98 0.007 0.79 0.99
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3.2.7 Adsorption mechanisms. In order to explore the
adsorption mechanism, the ASB4 samples were characterized
by FT-IR before and after adsorption (Fig. S2a). A shift in the —
OH absorption peak from 3434 to 3428 cm™ " suggests hydrogen
bonding between NOR and oxygen-containing functional
groups on the surface of ASB4 after adsorption. New peaks at
1620 and 1487 cm ™' indicate successful NOR adsorption onto
ASB4. The benzene ring in NOR facilitates strong - interac-
tions with ASB4, enhancing surface affinity.>> Raman spectra
(Fig. S2b) show a decreased Ip/I; value, confirming m—m inter-
actions between NOR and ASB4.*

XPS analysis reveals F 1s peaks after adsorption, verifying
NOR adsorption by ASB4 (Fig. S2c). C 1s XPS spectrum indicate
shifts in C-O and C=0 peaks, implying carbon group involve-
ment in NOR removal (Fig. S2d and e). O 1s spectrum peaks at
532.1 eV and 534.6 eV, corresponding to C-O and -OH, decrease
in binding energy after NOR adsorption (Fig. S2f and g). The
binding energy of C-O and -OH groups decreased after NOR
adsorption, indicating their involvement through hydrogen
binding. This supports the mechanism of NOR adsorption by
ASB4. ASB4 material, with its mesoporous structure, enhances
NOR adsorption due to its large surface area and pore structure.
After NOR adsorption, the Sger and Vyge of ASB4 decreased
significantly, confirming that pore-filling is the main mecha-
nism for NOR adsorption by ASB4 (Table S4).

To assess the individual contributions of hydrogen bonding,
T-1 interactions, and electrostatic interactions in NOR
adsorption on ASB4, a series of competitive adsorption experi-
ments were performed. With a 5 M concentration, urea, which
competes with oxygen-containing groups, caused a 13.4%
decrease in NOR removal, indicating that hydrogen bonding
accounts for this portion of the adsorption process (Fig. S2h).
There was also a 3.6% decrease in NOR adsorption capacity in
a 200 mg per L naphthalene solution due to disrupted -7
interactions (Fig. S2i). Fig. S2j illustrated that a gradual increase
in NaCl concentration to 0.1 M resulted in a 7.5% decrease in
the NOR removal rate. Thus, the adsorption process is primarily
driven by pore filling, followed by hydrogen bonding (13.4%),
and electrostatic interactions (7.5%), with m-7 interactions
(3.6%) being the least significant.
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3.2.8 Effect of other coexisting ions and regeneration
capacity of ASB4. In wastewater, ions often compete for
adsorption sites. This study added ions like Na*, K*, Ca*, Cu*",
Fe**, Zn**, COs*", HCO; ™, Br, NO;~, SO,>” to assess their
impact on NOR adsorption (Fig. 5a). At 10 mmol L', these ions
didn't significantly affect NOR adsorption. However, concen-
trations above 10 mmol L™ ", particularly zn**, Ca®*", Cu®*" and
Fe?”, slightly inhibited NOR adsorption due to competition for
adsorption sites. This occurrence can be attributed to the
negatively charged surface of ASB4 at a pH of 8, which promotes
electrostatic interactions with positively charged cations. These
interactions reduce the availability of active sites for NOR
adsorption. Moreover, the greater the charge of the cations, the
more pronounced the electrostatic attraction, thereby further
inhibiting NOR removal. Despite this, NOR removal remained
at 89%. The results indicate that ASB4 has a good selective
adsorption capability for NOR, even in the presence of various
ions.

It is evident that, at the same concentration, quinolone
antibiotics (CIP and ENX) exert a more pronounced inhibitory
effect on NOR removal compared to tetracycline antibiotics (TC
and OTC) (Fig. S4a). This is primarily attributed to the fact that
NOR itself belongs to the quinolone class, resulting in stronger
competitive adsorption among molecules with similar struc-
tures and functional groups.

Regenerative capacity is crucial for assessing adsorbent
lifespan. ASB4, desorbed with 1 M NaOH, was tested for NOR
adsorption and desorption performance after washing and
drying. As shown in Fig. 5b, NOR removal rate dropped to 95%
in the second cycle and stayed above 78% after five cycles,
indicating good reusability. This phenomenon is likely attrib-
uted to the incomplete desorption of NOR during the regener-
ation process, resulting in residual NOR molecules adhering to
the active sites of the biochar. Consequently, the availability of
adsorption sites in subsequent cycles is diminished, leading to
a reduction in removal efficiency. In addition, as shown in
Fig. 5b, the mass loss rate remains relatively low and exhibits
a decreasing trend with increasing regeneration cycles. This
indicates that the majority of the loss occurs during the first
regeneration, while the material's structure stabilizes in
subsequent cycles. The observed mass loss can be primarily
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Fig. 5 Competitive effects of coexisting ions on NOR adsorption (a) and regenerative adsorption performance of ASB4 (b) (pH = 8, Co =

50 mg LY.
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Table 6 Price comparison of ASB4 based on requirement for removal of 1 kg NOR

Adsorbent ge (mgg™) Req. amount (kg) Price ($ per kg) Total price ($ per kg) Pay back” ($ per kg)
ASB4 332 3.01 2.5 7.525 1.87
Commercial biochar 66 15.15 2.5 37.88

¢ Pay back ($ per kg): the economic benefits of producing 1 kg of ASB4 or its regenerated samples.

attributed to two factors: NaOH solution may slightly corrode
the carbon framework of the biochar during regeneration and
operations such as centrifugation and drying contribute to
minor physical degradation.

3.2.9 Response surface regression analysis. The Box-
Behnken design was used to optimize NOR adsorption condi-
tions, with capacities ranging from 36 to 332 mg g~ " (Fig. S3a-
¢). Maximum removal capacity of 324 mg g~ " at a temperature of
298 K, an initial concentration of 200 mg L™, and a pH of 7.83,
while strong acids, alkalis, and temperature increase negatively
affected adsorption. ANOVA results (R> = 0.9875) indicate
a strong match between predicted and experimental values
(Table S5). The encoded quadratic equation for NOR adsorption
is in eqn (2).

Adsorption capacity (mg g~') = —14.28-0.13 x temperature
+ 13.86 x pH + 0.98 x initial concentration
— 0.03 x temperature x pH — 0.007 temperature
x initial concentration x pH + 0.002
x pH X initial concentration — 0.005
x temperature®> — 0.85 x pH? + 0.003
x initial concentration’ 2

3.2.10 Industrial economic feasibility analysis. A prelimi-
nary assessment of Direct Operating Costs (DOC) for producing
ASB4 was conducted, focusing mainly on raw material costs due
to a simple production process with minimal labor needs. ASB4
was tested alongside commercial activated carbon for waste-
water treatment, showing superior adsorption capacity (332 mg
g ' vs. 66 mg g ') (Fig. S3). The estimated production cost for
ASB4 is $0.62 per kg, making it more cost-effective for removing
1 kg of NOR compared to commercial adsorbents (Tables 6 and
S6). ASB4 offers a potential payback of 1.87 $ per kg, high-
lighting its practical application potential.

4. Conclusion

In summary, a porous carbon material was prepared from AR
residue using steam explosion for the treatment of NOR
wastewater. The resulting biochar, ASB4, exhibits a high specific
surface area of 512 m> ¢~ " and a total pore volume of 0.534 cm®
g~ '. At 298 K, with an initial NOR concentration of 200 mg L™,
ASB4 achieves a maximum adsorption capacity of 332 mg g~
across a broad pH range of 2-12. The adsorption process is
primarily driven by pore filling, followed by hydrogen bonding
(13.4%), and electrostatic interactions (7.5%), with -7 inter-
actions (3.6%) being the least significant. Notably, ASB4 retains

35486 | RSC Adv, 2025, 15, 35479-35487

over 78% NOR removal efficiency after five regeneration cycles.
These findings advance our understanding of the adsorption
process and mechanism of NOR adsorption on biochar
produced via steam explosion, and they support the application
of biochar in the elimination of antibiotics from wastewater.
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