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• Removal of CIP from water was studied 
using agricultural waste derived 
biochar.

• Activated biochar prepared from wheat 
straw was capable to remove ~98% of 
CIP.

• Interaction between activated biochar 
and CIP enhanced adsorption capacity 
by 36–44%.

• Minimal effect of temperature was seen 
during adsorption of CIP using 
adsorbents.

• Pore filling and surface adsorption 
mechanism prevail during CIP 
adsorption.
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A B S T R A C T

Increase in the antibiotic’s usage and mis-management in antibiotics’ disposal has led to the occurrence of 
antibiotic residues in the surface water bodies. These residues may pose considerable risks to the human as well 
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as aquatic organisms owing to the enhancement in antimicrobial resistance among microbes. Hence, precau
tionary measures are need of the hour to curtail the occurrence of antibiotic compounds in water. In addition, 
rampant burning of agricultural waste in India causes considerable air pollution. Considering this, a novel 
adsorbent has been developed from agricultural waste biomass, viz. wheat straw (WS), through calcination 
(CWS), followed by chemical activation (AWS). These adsorbents were employed for the removal of ciprofloxacin 
(CIP) from water. Removal efficiency of 90% (for CWS) and 98% (for AWS) could be achieved at neutral pH in 
room temperature conditions. The maximum adsorption capacity of ciprofloxacin on synthesized adsorbent was 
evaluated as 14.51 mg g− 1. Experimental findings were further explored to get the insights of isotherm, kinetics, 
and thermodynamics involved in the process. It was found that Langmuir model (with R2 value of 0.985) pro
vided a better fit than the other isotherm models. Kinetics and thermodynamic studies revealed that adsorption 
process followed the pseudo second order linear kinetic model (with R2 value of 0.999) with endothermic and 
spontaneous sorption of ciprofloxacin on developed adsorbent. Thus, wheat straw waste may suitably be used as 
adsorbent for the removal of antibiotics from water.

1. Introduction

Antibiotics are one of the life-saving medicines that have helped 
increasing survival and longevity (Hutchings et al., 2019). Considering 
their efficacy, antibiotic consumption is projected to surge globally, with 
estimates indicating a 67% increase by 2030 (One Health Trust, 2015). 
This upward trend underscores escalating reliance on antibiotics across 
sectors, posing future challenges for public health and environmental 
sustainability (Gahrouei et al., 2024). The antibiotics consumed by 
humans and animals do not completely metabolize and enter into the 
environment though excretion. Further, disposal of expired medications 
from various sources and runoff from pharmaceutical manufacturing 
and veterinary establishments also contribute to the phenomena of 
antimicrobial resistance in environment (Bilal et al., 2020; Oharisi et al., 
2023; Alawa et al., 2024). As per the WHO report, global antibiotic use 
among patients soared during the COVID-19 pandemic, reaching up to 
83% in some regions despite only 8% of patients actually needing them 
for bacterial co-infections. Such overuse of antibiotics, especially 
higher-resistance ’Watch’ category ones, posed significant risks, exac
erbating antimicrobial resistance without improving clinical outcomes 
for COVID-19 patients (WHO, 2024).

The increasing prevalence of antibiotics in aquatic environment has 
raised concerns about their potential adverse effects on ecosystems and 
human health (Parashar et al., 2022). Among these, ciprofloxacin (CIP), 
a broad-spectrum antibiotic, is a crucial pharmaceutical compound 
which is extensively utilized globally. It falls under the category of flu
oroquinolones (FQ), serving both human and veterinary medical needs 
(Azzam et al., 2022; Oliveira et al., 2023). CIP has been detected in 
various water bodies globally with detection rates exceeding 50% due to 
extensive usage (Peñafiel et al., 2021; Jara-Cobos et al., 2023; Jiang 
et al., 2024). The concentrations vary widely, ranging from nanograms 
per liter (ng/L) to micrograms per liter (μg/L) (Ricky and Shanthaku
mar, 2023; Oharisi et al., 2023). According to the findings of National 
Centre for Disease Control (NCDC), resistance to CIP was observed in 
60–68% of all tested specimens (NCDC, 2023; Singh et al., 2024a). Due 
to its persistence, bioaccumulation potential, and adverse impacts on 
non-target organisms, the removal of CIP from water sources has 
become a critical environmental challenge (Wang et al., 2020).

Hence, it is crucial to develop treatment technologies capable of 
removing antibiotics, having long persistence time, from surface and 
wastewater systems. To deal with these issues, several physicochemical 
techniques have been used for the removal of ciprofloxacin, such as, 
advanced oxidation process (AOP), membrane separation, adsorption, 
microbial electrolysis ultraviolet cell (MEUC), UV/H2O2/O3 degrada
tion, and photocatalytic degradation (Xue et al., 2022; Al-Buriahi et al., 
2022). However, these methods have their own merits and demerits 
depending on various parameters such as cost, time, and their toxic 
byproducts (Igwegbe et al., 2021; Qalyoubi et al., 2022). Scientific 
communities are investigating efficient technology for the removal of 
CIP from water bodies (Kusworo et al., 2024; Barzegar et al., 2023; 
Pham et al., 2024; Le et al., 2024; Khan et al., 2024a). In recent years, 

biochar has emerged as a promising adsorbent for the removal of anti
biotics from water due to its high surface area, porous structure, and 
surface functionality (Suliman et al., 2017; Feng et al., 2021; Leng et al., 
2021; Venkatachalam et al., 2023). Biochar is a carbonaceous material 
produced from the pyrolysis of biomass under controlled conditions. Its 
unique properties make it an effective sorbent for a wide range of con
taminants, including antibiotics (Ahmad et al., 2014). Several studies 
have demonstrated the effectiveness of biochar in removing CIP from 
aqueous solutions (Wang et al., 2020; Yu et al., 2020). Additionally, 
biochar offers the advantage of being a sustainable and cost-effective 
solution for water treatment, as it can be produced from a variety of 
feedstocks, such as agricultural residues, forestry waste, and organic 
byproducts.

In this investigation, the adsorptive removal of CIP using wheat 
straw agricultural waste has been explored. Wheat straw waste has been 
purposely selected as it is generally burned in India to clean-up the 
agricultural land, also known as ‘stubble burning’, and thus results in 
considerable air pollution (Lan et al., 2022; Govardhan et al., 2023). 
Therefore, application of wheat straw as an adsorbent would not only 
help in removal of antibiotics from water; but would also contribute in 
mitigating the air pollution. Having this concept, the wheat straw waste 
was treated to develop biochar adsorbent. The effects of various pa
rameters such as pH, contact time, initial concentration of antibiotic, 
adsorbent dose, and temperature for the optimization of process have 
been studied. The kinetics, isotherms, and thermodynamic parameters 
were also calculated to explore the mechanism involved in CIP adsorp
tion onto the biochar surface.

2. Materials and method

2.1. Materials

Agricultural waste biomass i.e. wheat straw (WS) was collected from 
the farms near to the ICMR-NIREH campus at Bhauri, Bhopal, India. The 
ciprofloxacin, ethanol, and phosphoric acid (H3PO4) were procured 
from Merck life science, Merck, and Molychem, respectively. MiliQ 
water was used in all the experiments.

2.2. Synthesis of biochar and activated biochar using agricultural waste

The raw wheat straw material collected from agricultural field was 
sundried for a period of 5 d. The material was washed with water to 
remove the dust particles and dried in a hot air oven (Make: BVSE India) 
at 65 ◦C for 48 h. The dried material was cooled down to room tem
perature and used for size reduction using Lab blender (Make: Lab 
Smith). The converted powder was screened using different mesh sizes. 
In the current investigation, 300-μm size particles were used for ex
periments. The obtained biomass (Wt. 2 g of 300-μm particle size) was 
pyrolyzed in tubular furnace (Make: Exacta) at 700 ◦C with the heating 
rate of 10 

◦

C/min. The holding time for each set of the experiment was 
taken as 2 h at the specified reaction temperature. The flow rate of N2 
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was maintained in the range of 200–300 ml/min. The pyrolyzed sample 
was washed several times with water to remove soluble impurities fol
lowed by drying in hot air oven at 110oC for 24 h. The dried sample, viz. 
calcined wheat straw (CWS) was collected, weighed, and stored for 
further characterization. The process flow diagram for the synthesis of 
adsorbent is shown in Fig. 1.

The prepared CWS sample was used for the activation using phos
phoric acid. The calcined sample was washed with water to remove the 
dirt and impurities and dried at 110oC for 24 h. The CWS sample was 
further activated using H3PO4 at the ratio of 1:3 (CWS: H3PO4) through 
dry impregnation method at 105 ◦C for 48 h. After drying, the sample 
was calcined at 700oC with heating rate of 10 

◦

C/min and 2 h holding 
time. The flow of nitrogen during the calcination was maintained at 200 
ml/min till cooling. After cooling, the activated biochar sample, viz. 
activated wheat straw (AWS), was rinsed with water till neutral pH was 
obtained. All samples were further dried at 115 ◦C for 24 h and crushed 
to desired size to get the final adsorbent. All adsorbents were stored in 
airtight containers to avoid moisture exposure (Fig. 1).

2.3. Characterization of synthesized adsorbents

The prepared adsorbents were characterized using different analyt
ical techniques. The surface morphology and chemical composition of 
the agricultural waste biomass derived biochar and activated biochar 
were determined using Field Emission-Scanning Electron Microscopy 
(FESEM) (Make: Zeiss, Model: ULTRA Plus) coupled with Energy 
Dispersive X-ray spectrometer (EDX). The identification of the func
tional group on the biochar surface was determined using Fourier 
transform infrared (FTIR) spectrometry (Make: Shimadzu, Model: 
Affinity-1S) in the frequency range of 400–4000 cm− 1. The structural 
analysis of biochar was analyzed using powder X-ray Diffraction (P- 
XRD) (Make: PANalytical, Model: Empyrean) in the range of 10–90◦ at 2 
theta value. The biomass characteristics and its thermal behavior have 
been analyzed using thermo-gravimetric analysis (TGA) (Make: Perki
nElmer, Model: TGA 4000).

2.4. Adsorption study of ciprofloxacin

The concentration of CIP was analyzed using UV (Ultraviolet) spec
troscopy (Make: Shimadzu; Model: 1800). Several batch experiments 
were carried out to investigate the CIP removal capacity of WS derived 
biochar viz. CWS and AWS. The 10 mgL− 1 initial concentration of the 
CIP solutions were prepared. The initial dose of adsorbent was used as 
1.0 gL-1 in each case. Conical flasks were placed in orbital shaker at 150 

± 1 rpm for a contact time of 240 min. After this, CIP solution was 
filtered through 0.45 μm syringe filter for further analysis at wavelength 
of 277 nm using spectrophotometer. Adsorption capacity (qe in mg.g-1) 
and removal efficiency (R in %) of the adsorbents were calculated using 
equations (1) and (2), respectively (Xue et al., 2022; Pham et al., 2024): 

qe =
(Co − Ce)

m
× V (1) 

% R=
(Co − Ce)

Co
× 100 (2) 

where, Co and Ce are the initial and residual equilibrium concentration 
of adsorbate in mg⋅L− 1, respectively. V is the total volume of solution 
used in L during the experiment; and m is the mass of adsorbent in g.

The adsorption of CIP on synthesized adsorbents was studied under 
variable conditions to obtain the optimized reaction parameters in order 
to achieve the highest removal efficiency. The optimized set of condi
tions were further used for studying the kinetics, isotherms, and ther
modynamics of the adsorption process. The effect of pH on the 
adsorption of CIP was determined by varying the pH from 1.0 to 13.0 
with the help of 0.1 M NaOH and 0.1 M HNO3 solutions keeping other 
parameters constant. The adsorbent (WS/CWS/AWS) dose was varied 
from 0.2 to 1.8 gL-1 for adsorption of CIP keeping the initial CIP con
centration at 10 mgL− 1. After obtaining the optimized dose of synthe
sized adsorbents, CIP concentration was varied in the range of 1.0–30.0 
mgL− 1. The reaction was also undertaken at different contact times, viz. 
5, 10, 20, 30, 40, 50, 60, 90, 120, 240 min, for kinetic studies. Ther
modynamic studies were conducted in the temperature range of 

Fig. 1. Schematic diagram for synthesis of wheat straw derived calcined (CWS) and activated (AWS) biochar.
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5–45 ◦C. All experiments were performed after shaking the reaction 
solution at 150 rpm. The CIP concentration after each of these experi
ments was determined using UV–Vis Spectroscopy using fixed wave
length of 277 nm.

2.5. Adsorption kinetics

The adsorption of CIP using WS derived biochar as CWS and AWS 
was determined using linear and non-linear kinetic models viz. pseudo 
first order (PFO), pseudo second order (PSO), Intra particle diffusion 
model, Elovich model and Liquid – Film model, as shown in Eqs. (1)–(8) 
of Table S1 (López-Luna et al., 2019; Hamadeen and Elkhatib, 2022; Arif 
et al., 2022).

2.6. Adsorption isotherms

The isotherm models, such as Langmuir (Alnajrani and Alsager, 
2020), Freundlich (López-Luna et al., 2019), Dubinin-Radushkevitch 
(D-R) (Jara-Cobos et al., 2023), and Temkin model (Al-Fawwaz et al., 
2023) were studied to understand the interaction mechanisms and to 
identify the suitable model which accurately fits the adsorption data and 
provides valuable information regarding this interaction between 
adsorbate and adsorbent. Adsorption isotherms elucidate both the 
adsorption capacity and the concentration of the adsorbate, establishing 
an equilibrium correlation between the two. The uniformity of the 
adsorbent surface implies an equal energy of adsorption across all active 
sites, devoid of any intermolecular interactions (Laishram et al., 2022).

Langmuir Isotherm: It describes the type of physical adsorption as 
monolayer adsorption (Saadi et al., 2015). The nonlinear model is 
expressed in equation (3), whereas the linear form of model is presented 
in equation (4) (Pham et al., 2024; Le et al., 2024; Alnajrani and Alsager, 
2020) 

qe =
qmkLCe

1 + kLCe
(3) 

Ce

qe
=

Ce

qm
+

1
kLqm

(4) 

Where, qe = Amount of adsorbate adsorbed at equilibrium time 
(mg⋅g− 1), qm = Maximum amount of adsorbate adsorbed (mg⋅g− 1), kL =

Langmuir model constant, Ce = Concentration of adsorbate at equilib
rium time (mgL− 1).

The behavior of the adsorption of CIP can be evaluated using the 
dimensionless separation factor RL, representing a significant charac
teristic of the Langmuir model as shown in equation (5) (Laishram et al., 
2022) 

RL =
1

1 + kLqm
(5) 

Value of RL lies between 0 and 1, where it indicates irreversible isotherm 
if RL = 0, favorable if the value lies between 0 < RL < 1, linear nature if 
RL = 1 and, unfavorable behavior of reaction if RL > 1 (Alnajrani and 
Alsager, 2020; Al-Fawwaz et al., 2023).

Freundlich Isotherm: According to this model, quantity of adsorbate 
adsorbed on the exterior surface of adsorbent is directly proportional to 
pressure of gas. The isotherm equation is expressed as (López-Luna et al., 
2019) 

qe = kFC1/n
e (6) 

where, qe = Amount of adsorbate adsorbed at equilibrium time (mgg− 1), 
kF = Freundlich affinity coefficient (μ-molg− 1)/(μ-molL− 1)1/n, Ce =

Concentration of adsorbate at equilibrium time (mgL− 1), 1/n =

Freundlich exponential index.
Dubinin-Radushkevitch (DR) Isotherms: This isotherm gives infor

mation regarding the physical and chemical adsorption and apparent 

energy of adsorption as shown in equation (7) (Jara-Cobos et al., 2023; 
Dolfini et al., 2024) 

qe = qm exp
[

− kD

{

RT ln
(

1 +
1
Ce

)}2]

(7) 

Where, kD = Dubinin-Radushkevitch model constant, qm = maximum 
adsorption capacity.

Temkin model: The Temkin isotherm model describes the dynamics 
between adsorbate and adsorbent, presenting whether the adsorption 
process tends towards physisorption or chemisorption. The model form 
is expressed in equation (8) (Al-Fawwaz et al., 2023) 

qe =

(
RT
b

)

ln kT +

(
RT
b

)

ln Ce (8) 

Where, b = Temkin model constant related to the heat of adsorption, kT 
= Temkin isotherm constant.

2.7. Thermodynamic studies

To investigate the thermodynamics of the reaction, its spontaneity, 
exothermic/endothermic nature, and change in enthalpy; Gibbs’ Free 
Energy, and Van’t Hoff equation were employed (Bagbi et al., 2017; 
Movasaghi et al., 2019; Bazi et al., 2021; Al-Jubory et al., 2024). This 
study allows for a direct assessment of the influence of temperature on 
the adsorption process. The relation among Entropy (ΔS), Enthalpy 
(ΔH) and Gibbs Free Energy (ΔG) of the reaction is shown in equations 
(9) and (10) (Hamadeen and Elkhatib, 2022) 

ln Kc =
ΔS
R

−
ΔH
RT

(9) 

ΔG= − RT ln(Kc) (10) 

Where, Kc=Cads/Ce, Kc is the distribution constant, Cads is concentration 
of CIP adsorbed on adsorbent surface (mol/L), Ce is residual equilibrium 
concentration (mol/L), ΔS is the entropy of reaction, ΔH is the enthalpy 
of the system and, ΔG is the Gibb’s free energy. The linear Plot of ln Kc 
vs. 1/T will help to determine the parameters such as Entropy (ΔS) and 
Enthalpy (ΔH).

3. Results and discussion

3.1. Characterization of biochar

3.1.1. TGA analysis of raw wheat straw (WS)
The thermal properties of wheat straw biomass were analyzed 

through TGA analysis. Fig. 2(a) shows the TGA and differential ther
mogravimetric (DTG) analysis results for the wheat straw biomass 
sample. TGA was conducted under nitrogen (N2) atmosphere at a flow 
rate of 20 ml/min. Sample of wheat straw weighing ~5–10 mg was 
pyrolyzed up to a maximum temperature of 700 ◦C at heating rate of 10 
◦

C/min. The TGA profiles reveal that WS biomass degrades into four 
stages as shown in Fig. 2(a). The moisture content present in the biomass 
samples is removed in the first degradation zone (25–150oC) which is 
due to cleavage of glycosidic groups (Mishra and Mohanty, 2020), 
whereas, in the second zone (150–450 ◦C), the maximum biomass has 
been converted to biochar material that happens due to depolymeriza
tion of cellulose into anhydro-oligosaccharides and anhydro-saccharides 
(Pelaez-Samaniego et al., 2022). The maximum degradation tempera
ture and end temperature of WS biomass has been recorded as 344.5 ◦C 
and 373.5 ◦C respectively. However, the onset temperature was recor
ded for two steps i.e. 212.5 ◦C and 285.5 ◦C respectively. The peak 
temperature in the DTG curve determined the maximum reaction rate. 
Moreover, decomposition of hemicellulose, cellulose and lignin has been 
observed at 225–325 ◦C, 325–375 ◦C, and 417–607 ◦C, respectively 
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(Mishra and Mohanty, 2020). The formation of peaks at 285 ◦C and 
344 ◦C corresponds to hemicellulose and cellulose degradation, 
respectively. However, the decomposition of lignin reported broader 
degradation range and found up to 900 ◦C (Yang et al., 2007; Pelaez-
Samaniego et al., 2022). Lignin pyrolysis is more complex than that of 
cellulose and hemicellulose due to its intricate structure. Consequently, 
lignin produces a higher yield of char compared to cellulose and 
hemicellulose.

3.1.2. Powder X-ray diffraction spectrum
The crystallographic characteristics of biomass and biochar samples 

were determined using powder XRD and the results are shown in Fig. 2
(b). The XRD peak at 21.89o reveals the presence of SiO2 in the WS 
biomass samples as an amorphous form as depicted (Ramasamy et al., 
2023). However, calcined biomass and activated biomass samples have 
other peaks as well. The CWS biochar sample consists of 21.2o, 26.6o and 
29.4o peaks, which represent the existence of SiO2 (amorphous) and 
CaCO3 (Hernández-Escobar et al., 2023). Moreover, H3PO4 activated 
biochar (AWS) consists of peaks at 14.8o, 16.2o, 22.9o, 23.9o, 26.4o, 
30.1o, 31.4o, 37.3o, 38.1◦, 44.6o, 54.4o, 58.8o, 60.4o, 68.8o, and 75.7o. 
The XRD peaks detected at 2θ of 14.8◦ and 23.9◦ in the case of AWS 
biochar correspond to the (101) and (002) facets, indicating the crys
talline structure and amorphous carbon, respectively (Buazar, F., 2019; 
Nguyen et al., 2023a). The peaks at 2θ from 26.4 to 31.4o suggested the 
existence of crystalline SiO2 (Nguyen et al., 2023a). Also, the peaks at 

37.3, 54.5, and 68.8 represent the presence of CaO in the biochar 
sample, while peaks at 42.1o, 42.5o and 62.1o represent the presence of 
MgO (JCPDS01–087-0651) as also reported in the earlier investigations 
(Alawa and Chakma, 2023). XRD results depict that the biomass and 
synthesized biochar samples are amorphous in nature, which signifies 
higher possibility of adsorption on their surfaces. Furthermore, the 
improvement in surface characteristics can influence the adsorption.

3.1.3. Fourier transform infrared (FTIR) spectra analysis
The functional group analysis of biomass and biochar samples was 

carried out using FTIR technique. The results of FTIR are shown in Fig. 2
(c). As per the analysis, biochar samples show different functional 
groups present in the material. The peak signal at ~3338.78 cm− 1 

represents the –OH hydroxyl functional group which dominates the 
presence of water, acid, phenols and aromatic compounds. The peak 
signal at 2921.52 cm− 1 represents the methylene C–H asym./sym. 
stretching which is the indication of the presence of alkane (R–CH3) 
group; however, the peak at 1645.65 cm− 1 is credited to C––C stretch 
(Nandiyanto et al., 2019; Mishra and Mohanty, 2020). Furthermore, the 
presence of aromatics and ethers were confirmed by O-stretching at the 
dominated peak 1239.0 cm− 1. The peak at 1033.88 cm− 1 dominates the 
presence of primary amine. The characteristic peak at 794.29 cm− 1 

corresponds to asymmetric stretching of Si–O–Si in the WS biomass 
samples (Buazar, F., 2019; Ramasamy et al., 2023). The peak signals 
between 700 and 1600 cm-1 represent the presence of cellulosic and 

Fig. 2. Characterization of Biochar (a) TGA and DTG Analysis of wheat straw (WS) biomass, (b) XRD analysis of WS, CWS and AWS, (c) FTIR analysis of WS, CWS 
and AWS, (d) pHpzc of CWS and AWS adsorbents.
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ligneous components (Wu et al., 2022). However, the CWS-700 shows 
the peaks signals and corresponding functional groups at 790.96 (C–H 1, 
3-Disubstitution), 1040.17 (C–O, Si–O–Si), 1395.35 (O–H bend), 
1515.31 (N–H bending), 1522.14 (aromatic nitro compounds), 1700 
(COOH group), and 3745.97 (Si–OH groups) cm− 1, and AWS-700 shows 
the peak signals at 653.31 (C–H Bending), 753.08 (C–H 1,3-Disubstitu
tion), 807.58 (C–H 1,3-Disubstitution), 837.0 (C–O–O Stretch), 1032.89 
(Si–O–Si), 1117.41 (C–O stretching vibration), 1165.05 (C–O–C asym
metry stretching), 1453.96 (CO3

− 2), 1514.49 (N–H bending), 3740.93 
cm− 1 (Si–OH groups) respectively. Compared with the raw biomass 
(WS), the biochar (CWS) and activated biochar (AWS) have changed 
their spectra and the peaks near 2921.52 and 3338.78 cm− 1 were found 
absent in both biochars. Moreover, peak shifting has been observed at 
peak signals 794.29 cm− 1, and 1033.88 cm− 1 (Pituello et al., 2015; Liu 
and Fan, 2018; Nandiyanto et al., 2019; Paukshtis et al., 2019; Suman 
et al., 2021; Wu et al., 2022; Almanassra et al., 2024).

3.1.4. pHPZC determination
The pH at the point of zero charge (pHpzc) serves as a crucial 

determinant in understanding adsorbents’ behavior, significantly 
impacting the adsorption process by reflecting the net surface charge in 
solution. The pHpzc of the AWS and CWS adsorbents were established 
through the pH drift method (Hamadeen and Elkhatib, 2022) and 
depicted in Fig. 2(d). The pHpzc of AWS and CWS adsorbent were found 
to be 3.18 and 1.36 as shown in Fig. 2(d). This explains that, at solution 
pH value of 3.18 and 1.36, the net charge on the AWS and CWS adsor
bent surface is zero.

3.1.5. Brunauer–emmett–teller (BET) surface area analysis
The surface characteristics and porosity of the adsorbents prepared 

from waste agricultural biomass has been evaluated using BET surface 
area method. The N2 adsorption desorption and pore volume distribu
tion of the adsorbents is shown in Fig S1 and Table 1. As per the results, 
the WS adsorbent follows (Fig S1-a) type III isotherm with H3 hysteresis 
loop, while CWS (Fig. S1-b) and AWS (Fig. S1-c) adsorbents follow the 
type IV isotherm with H3 and H4 hysteresis loop respectively (Nguyen 
et al., 2023b). The surface area (SBET) of WS biomass was found to be 
increased by 10 times after conversion into biochar. The increment in 
the surface area of the biochar was found due to the pyrolysis temper
ature, residence time and the type of biomass used (Alawa et al., 2024). 
As discussed in section 2.2, the thermal treatment of the agro-waste 
gives great insights towards the increment of the biochar surface and 
pore volumes (Ding et al., 2022; Alawa et al., 2024). However, activa
tion with H3PO4 reduced the biochar surface area from 273 to 219 m2g-1 

(Table 1) while enhanced the pore volume and pore diameter of the 
biochar from 0.226 cm3g-1 to 0.271 cm3g− 1and 3.41 nm–3.81 nm 
respectively. The reduction in the surface area was found due to collapse 
of pore and excessive activation (Dechapanya and Khamwichit, 2023; 
Jiang et al., 2024). The conversion of biomass to biochar and activated 
biochar material resulted in formation of mesopores, predicting 
improved adsorption capacity.

3.1.6. Field emission scanning electron microscopy (FE-SEM) analysis
The surface morphology of the agro-based adsorbents has been 

investigated using FE-SEM analysis and the results are shown in Fig S2. 
The raw biomass sample shows no pores on the surface, however, CWS 
sample shows the change in texture of the material. WS sample shows 
the flaky structure. Calcination enhances the surface properties such as 

structure, porosity and pore volumes as also supported by the SBET re
sults (Sahoo et al., 2021; Singh et al., 2024b; Alawa et al., 2024). The 
acid treated biochar (AWS) shows breaking of small flakes during 
treatment as shown in Fig S2(c). The elemental mapping of AWS shows 
the presence of C, Al, Si, O and P elements. The EDX analysis further 
reveals the presence of oxygenated compounds on the surface of the 
adsorbents that was also confirmed by the FTIR analysis (Fig. 2(c)). 
These oxygen rich compounds change the overall adsorption efficiency 
of the adsorbent.

4. Adsorption studies of CIP using WS derived adsorbents

4.1. Optimization of process parameters

The adsorption studies of CIP were initiated using raw biomass, viz. 
WS, followed by CWS and AWS. The optimization of the process pa
rameters such as solution pH, adsorbent dose, contact time, initial 
concentration, and temperature was carried out (Singh et al., 2022), as 
shown in Figs. 3–4. Effect of solution pH is one of the important pa
rameters for the adsorption studies.

4.1.1. Effect of adsorbent dose
The effect of adsorbent dose on the removal of CIP using three ad

sorbents (viz. WS, CWS, and AWS) was investigated. As per the obtained 
results, no adsorption has been found in the case of WS adsorbent even 
after increasing the dose up to 4.0 gL-1. Hence, the effect of adsorbent 
dose on CIP removal using CWS and AWS were analyzed (Fig. 3). The 
results reveal that optimum adsorption is 85.22% and 98.2% in case of 
CWS and AWS, upon using the dose of 1.6 gL-1 and 1.0 gL-1 respectively. 
The AWS adsorbent is showing good adsorption characteristics towards 
CIP. The removal percentage of CIP by CWS and AWS adsorbents show a 
direct correlation with the quantity of the absorbent, with higher 
amounts of the adsorbent resulting in higher removal. This can be 
attributed to the increased availability of adsorption sites upon 
increasing the adsorbent’s concentration (Azzam et al., 2022; Sang et al., 
2022; Farzinmanesh et al., 2024).

4.1.2. Effect of solution pH
The adsorption behavior of CIP on the three prepared adsorbents viz. 

WS, CWS and AWS were investigated with respect to pH, and the find
ings are presented in Fig. 4(a). The variation of pH was recorded in the 
pH range of 1–13. CIP is an organic molecule with zwitter ion charge 
having two acid dissociation constants: pKa1 = 6.1 (in its cationic form) 
and pKa2 = 8.7 (in its anionic form). At pH levels below 6.09, it mani
fests as cationic species (CIP: +ve; protonated amine group), while at pH 
levels above 8.64, it may appear as anionic species (CIP: − ve; 
completely negatively charged). Between the pH range of 6.09–8.64, CIP 
exists as neutral (zwitter ionic) species (CIP: zero; zwitter ionic species 
with a negatively charged carboxyl group and a positively charged 
amine group) (Ersan et al., 2023; Jorge et al., 2024). As per the results, 
there is no effect of pH on the removal of CIP onto WS surface. However, 
in case of CWS and AWS, the removal of CIP was found to be increasing 
with an increase in pH from 1 to 7, after which the removal was found to 
be in decreasing order up to 13. Below pH 6.1, the positively charged 
CIP + predominates and strongly attracts the negatively charged ad
sorbents, resulting in the highest adsorption capacity observed at pH 5 
and 7 for both AWS and CWS (as shown in Fig. 4(a)). When the pH is 
between pKa1 and pKa2, the zwitter ionic form (CIP±) contains both 
positively and negatively charged groups, which interact with AWS and 
CWS to facilitate adsorption. The AWS adsorbent interacts with the 
positively charged CIP ions in the pH range 5–7, and it shows good 
adsorption compared to that achieved in the pH range of 7–11. Also, 
presence of other functional groups (C–O, O–H, COOH, N–H) plays a 
vital role to enhance the adsorption through electrostatic attraction. The 
low adsorption of CIP in the pH range below and above 7 is due to 
double charged ions, which create repulsive forces among CIP molecules 

Table 1 
BET surface area and pore volume distribution of the adsorbents used.

Adsorbent SBET (m2g− 1) Pore Volume (cm3g− 1) Pore diameter (nm)

WS 28 7.4 × 10− 2 3.41
CWS 273 2.2 × 10− 1 3.41
AWS 219 2.7 × 10− 1 3.84
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Fig. 3. Effect of adsorbent dose on adsorption of CIP using (a) (AWS) and (b) (CWS).

Fig. 4. Effect of various parameters on CIP adsorption (a) Effect of pH, (b) Effect of Contact time, (c) Effect of initial concentration, (d) Effect of temperature.
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and surface charges of the adsorbents (Igwegbe et al., 2021; Azzam 
et al., 2022). The highest removal efficiency at pH 7 were found to be 
42.16% and 79.78%, in the case of CWS and AWS adsorbents, respec
tively when used at 1.0 gL-1 of adsorbent dose for 30 min under room 
temperature conditions. Similar kinds of optimization were found by the 
earlier studies with different adsorbents (Ma et al., 2015; Azzam et al., 
2022). Moreover, the difference in percentage removal of CIP at varying 
pH was less in case of AWS (viz. 8.8%), as compared to CWS (82.3%). 
This optimized pH value (viz. pH 7) was maintained for further experi
ments using the synthesized adsorbents.

4.1.3. Effect of interaction period/contact time
Fig. 4(b) illustrates the impact of contact time on the adsorption of 

CIP by WS, CWS and AWS. No effect was observed for the adsorption of 
CIP on to the WS surface as per our investigations. However, CWS and 
AWS resulted in significant adsorption with respect to time as shown in 
Fig. 4(b). The equilibrium was nearly reached within 50 min, with a 
slight increase in removal efficiency thereafter. It is noteworthy that CIP 
showed more favorable adsorption onto AWS compared to CWS, 
consistent with the suggested enhancement of acidity, as CIP adsorb 
more due to electrostatic interactions between CIP molecules and 
adsorbent functional groups (Xue et al., 2022). Interestingly, the 
removal of CIP was found to be ~92.5% and ~74.84% on AWS and CWS 
adsorbent surface, respectively. Thereafter, only ~5.8 and ~16.7% 
removal has been noticed up to reaching the equilibria in case of AWS 
and CWS, respectively. The maximum (98.2%) removal was observed 
within 50 min for AWS however, the maximum values (89.85%) 
attained at an equilibrium time of 120 min for CIP in the case of CWS 
adsorbent with 1.6 g/L of adsorbent dose. The highest removal of the 
CIP was found 98.2% and 89.85% in case of AWS and CWS adsorbents 
with optimum dose conditions, respectively.

The rapid kinetics observed within the first 5 min can be attributed to 
a greater number of active sites on the surfaces of AWS and CWS, 
available for binding with CIP in the solution. However, as time pro
gresses, the accumulation of CIP particles on the surfaces of the adsor
bents hinders the availability of free sites, leading to a slower adsorption 
process (Wu et al., 2019; Gubitosa et al., 2022). Similar kind of obser
vations of rapid removal have been reported by the Wu et al. (2018)
using modified Fe-MCM-41 material with 20 M ratio of Si to Fe when 
experiments were conducted at 5.4 pH and 175 rpm for 20 mg L− 1 CIP 
solution (Wu et al., 2018). This phenomenon can be understood through 
the movement of CIP ions towards vacant binding sites and their dis
tribution within the pores of the adsorbent, continuing until saturation 
of all active sites occurs (Xue et al., 2022; Khan et al., 2024a, 2024b).

4.1.4. Effect of initial concentration of adsorbate
The effect of initial concentration of CIP was also investigated and 

depicted in Fig. 4(c). As per the results, the % CIP adsorption decreases 
with increase in initial concentration of CIP for both the adsorbents. 
Also, there is a clear trend of increasing adsorption capacity with higher 
concentrations of CIP as shown in Fig S3. At an initial CIP concentration 
of 1 mgL− 1, the concentration at adsorption equilibrium was 0.05 
mgL− 1, with a corresponding adsorption capacity of 0.95 mg g− 1 for 
AWS. When the initial concentration was raised to 20 mgL− 1, the 
equilibrium concentration rose to 5.5 mgL− 1, with an increased 
adsorption capacity of 14.51 mgg− 1 for AWS absorbent. The maximum 
adsorption capacity for CWS adsorbent was determined to be 8.56 mg 
g− 1. Results show that the activation of biochar increases the adsorption 
capacity by 36.31–43.59%.

4.1.5. Effect of temperature
The effect of temperature on the adsorption was investigated in the 

temperature range of 5–45oC, at optimum conditions. As per the ob
tained results, the removal efficiency has been increased with increase in 
temperature from 5 to 25oC for both AWS and CWS. Thereafter, the 
adsorption was found to decrease with an increase in temperature from 

25 to 45oC as shown in Fig. 4(d). It is noteworthy that the removal of CIP 
lies between 94.3 and 98.2% for AWS and 81.2–93.4% for CWS adsor
bent when the temperature changes from 5 to 45oC. It shows the 
considerable adsorption efficiency of at least ~94 and ~81% of removal 
of CIP at all varying temperature conditions for AWS and CWS respec
tively. Similar kind of trend was found by the previous studies with 
different adsorbents (Alnajrani and Alsager, 2020; Osman et al., 2023). 
It showed the complexity and challenging nature during the adsorption 
at different temperatures. However, CIP adsorption was found to be 
highest at 25oC indicating the future viability to use these prepared 
adsorbents for practical application in field.

4.2. Adsorption kinetics of ciprofloxacin on AWS and CWS adsorbents

To develop a robust and sustainable adsorption system, it’s crucial to 
investigate the dynamics of the reaction, particularly the orders of the 
rate constants. Subsequently, adsorption kinetics data for the cipro
floxacin using AWS and CWS adsorbents was analyzed. Five kinetic 
models, as mentioned in section 2.5 (Table S1), were investigated and 
results are shown in Fig. 5 and S4-S6. In this analysis, both the linear and 
nonlinear fitting methods were examined. Table S2 shows the linear and 
nonlinear kinetic model parameters for adsorption of CIP on to AWS and 
CWS surface. As per the investigations, pseudo second order (PSO) gives 
the better fit as compared to other kinetic models for both the adsorbents 
with R2 value of 0.999 for each, as given in Table S2. However, nonlinear 
intraparticle diffusion (NLIPDM) fits better in terms of calculated qe and 
R2 respectively. Moreover, activation increases the adsorption capacity 
from 4.70 to 9.33 mg/g as calculated by NLIPDM (Table S2).

4.3. Adsorption isotherms of ciprofloxacin on AWS and CWS adsorbents

Fig S7 (a-d) shows the linear adsorption isotherms for CIP on AWS 
and CWS surface. Fig. S7 (e) indicates the nonlinear adsorption iso
therms (Langmuir and Freundlich) for ciprofloxacin on AWS and CWS. 
The detailed isotherm parameters obtained from the fitting are shown in 
Table S3. The comparative parameters of the isotherms revealed that 
CIP adsorption by AWS and CWS showed the best fit to Langmuir iso
therms with higher R2 value of 0.985 and 0.981 respectively (Fig. 5 c). 
This observation confirms that the adsorption of CIP on AWS and CWS 
adsorbents is characterized by surface adsorption, where a single layer 
coats homogeneous surface. Moreover, active sites exhibit consistent 
adsorption energy levels (Laishram et al., 2022). Additionally, using Eq. 
(5), RL values were calculated as 0.036 and 0.012 for adsorption of 
ciprofloxacin by CWS and AWS, respectively. The Langmuir separation 
factor (RL) reveals that the CWS and AWS favor the adsorption as the RL 
values fall within the range 0 and 1 (Alnajrani and Alsager, 2020). As per 
the isotherm’s investigations, CIP adsorption is primarily governed by 
the Langmuir isotherms for both adsorbents (CWS and AWS). This result 
is consistent with the previous studies (Nguyen et al., 2020; Yilmaz 
et al., 2022; Jiang et al., 2024).

4.4. Adsorption thermodynamics of ciprofloxacin on AWS and CWS 
adsorbents

The effect of temperature on the CIP adsorption using CWS and AWS 
biochar is shown in Fig S8. The calculated values of ΔG, ΔS, and ΔH at 
different temperatures are listed in Table S4. The adsorption capacity of 
both the adsorbents increases with an increase in temperature from 5 to 
25oC, while further increase in temperature decreases the adsorption 
capacity. Similar kind of observation has been found for CIP adsorption 
using PIM (polymer intrinsic microporosity) material (Alnajrani and 
Alsager (2020). However, in current investigation, the reduction in 
adsorption capacity (Qm) has been minimal and found to be ~4% 
(94.3–98.3%). As per the values of the thermodynamics parameter 
(range: 5–25 ◦C), it has been concluded that the adsorption process is 
endothermic and spontaneous (Fig. 5 d). Ouyang et al. (2023) also 
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showed the adsorption of CIP in the temperature range of 15–45 ◦C 
(288–318 K) and found similar observations (Ouyang et al., 2023).

5. Mechanism of CIP adsorption on biochar adsorbent

The adsorption of CIP on CWS and AWS biochar is mainly driven by a 
combination of physical and chemical mechanisms. The rich carbon 
contents (>50%) in both biochar help to increase the hydrophobic 
interaction between CIP aromatic ring and biochar surface. This mech
anism was also supported by the thermodynamic studies (Ouyang et al., 
2023; Alawa et al., 2024). The π-π stacking interactions between CIP 
aromatic structure and the conjugated carbon of biochar further 
strengthened the adsorption. As explained in section 4.1.2, CIP shows 
the zwitter ion characteristics having two acid dissociation constants. 
Below pH 6.1, the positively charged CIP + predominates and strongly 
attracts the negatively charged adsorbents, resulting in the highest 
adsorption capacity observed at pH 5 and 7 in (Fig. 4(a)). When the pH is 
between pKa1 and pKa2, the zwitter ionic form (CIP±) contains both 
positively and negatively charged groups, which can interact with 

adsorbents to facilitate adsorption (Pham et al., 2025). As per the 
findings, the pHPZC of both adsorbents were found to be less than 4. 
Therefore, the electrostatic interactions play a significant role between 
pH 4–7 for better adsorption (as shown in Fig. 4(a)) (Pham et al., 2024; 
Le et al., 2024). Also, CIP has ionizable groups like carboxyl (–COOH) 
and amino (–NH2), which can interact with charged functional groups 
on the biochar surface at different solution’s pH. The presence of –OH 
(as discussed in section 3.1.3), nitrogen containing, and –COOH groups 
functional groups enhance the hydrogen bonding and promote the EDA 
interactions as also described by the isotherm studies (Xue et al., 2022; 
Barzegar et al., 2023). The improvement in surface properties after 
H3PO4 treatment enhances the adsorption capacity of AWS biochar 
(Fig. 6). The high surface area and high porosity of biochar provides 
numerous active sites, improving the overall adsorption capacity for CIP 
(Arif et al., 2022; Farzinmanesh et al., 2024; Jiang et al., 2024). The 
adsorption of biochar is not only governed by the electrostatic interac
tion, but also controlled by the factors such as biochar properties mes
opores, non-carbonated portion, and surface functional groups. Physical 
adsorption occurs due to van Der Waals forces which further contribute 

Fig. 5. Reaction kinetics (a–b), isotherm (c), and thermodynamics (d) of CIP adsorption by AWS and CWS.
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to the overall adsorption of CIP.
These combined mechanisms assist wheat straw derived biochars to 

act as effective adsorbents for removing ciprofloxacin from aqueous 
environment. The developed biochar is novel in the sense that it not only 
helps in the removal of antibiotics from water; but it also helps in 
minimizing air pollution as it has been synthesized from waste material 
that is generally burnt. Moreover, this material was synthesized from a 
waste which is available in plenty and free of cost in India. The syn
thesized adsorbent showed promising results in minimal duration after 
the start of the experiment, which is significant for scale-up of the pro
cess. Further, only 0.1–1.2 g/L of the adsorbent dose was enough to 
achieve the ciprofloxacin removal efficiency up to 98% (Table S5).

6. Conclusion

A cost-effective adsorbent has been developed using wheat straw 
agricultural waste to effectively remove ciprofloxacin from water. 
Parametric optimization shows that the highest adsorption of CIP occurs 
at neutral pH, with the activated adsorbent dose of 1.0 g/L and contact 
time of 50 min, under ambient temperature and pressure conditions. The 
adsorption mechanism aligns well with the Langmuir model. Further, 
the adsorption process of synthesized adsorbents on CIP follows pseudo- 
first order and pseudo-second-order kinetics, suggesting that the 
adsorption mechanism is influenced by both the adsorbate and adsor
bent. Study further demonstrates that activation of biochar enhances the 
removal of CIP by 36–45 %. The removal of CIP is mainly governed by 
surface and pore filling adsorption and enhanced by the electrostatic 
interaction between aromatic rings, hydrogen bond and surface func
tional groups. Thus, wheat straw derived novel adsorbent may serve as a 
promising candidate for removal of CIP in wastewater. The improved 
regeneration efficiency need to be explored further from the perspective 
of field-scale application and possible commercialization in future.
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