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A B S T R A C T

This study aimed to synthesize the biochar of Prosopis juliflora (PJ) and apply it to the adsorption of antibiotic 
residues sulfamethoxazole (SMZ) and ciprofloxacin (CIX) from pharmaceutical industry wastewater. The PJ 
biochar was synthesized using the pyrolysis method and characterized by proximate analysis, TGA, SEM-EDX, 
FTIR, XRD, and BET methods. The moisture content, volatile matter, ash content, and fixed carbon were found to 
be 6.4 %, 72.3 %, 3.0 %, and 18.3 %, respectively. Moreover, biochar characteristics were described by a high 
BET surface area of 875 m2/g, various FTIR peaks with different functional groups, high TGA thermal stability at 
increasing temperature, amorphous XRD structure, and high SEM surface morphology, and major EDX carbon 
compositions of 97 %. These analysis results demonstrated insights into the potential and nature of biochar 
adsorbent. The maximum adsorption of SMZ and CIX was found to be 98.7 % and 97.8 %, respectively, at a 
contact time of 120 min, initial concentration of 50 mg/L, pH (5 for CIX and 8 for SMZ), and adsorbent dose of 
1 g/L for a synthetic solution. On the other hand, COD and TOC of real wastewater were reduced from 2498 to 
514 mg/L and 1050 to 124 mg/L during the real wastewater treatment. Target pollutants concentration in real 
wastewater was found to be 8.29 and 5.3 mg/L for CIX and SMZ and their removal efficiency was obtained as 
80.4 % and 76.7 % respectively. The obtained experimental data were best fitted with the Langmuir isothermal 
model at R2 = 0.999, implying the adsorbent surface is homogeneous and monolayer. Similarly, the adsorption 
kinetics process was well described by a pseudo-second-order kinetics model for both SMZ and CIX at R² 
= 0.999. Finally, the non-linear intra-particle diffusion graphs suggest that chemical adsorption is the main 
influencing factor for overall kinetics. In conclusion, using PJ biochar is a promising precursor in advancing 
adsorbents for removing contaminants from industrial wastewater to address environmental pollution chal
lenges.

1. Introduction

In the occurrences of environmental pollution, the emergence of 
contaminants in pharmaceutical wastewater has raised concerns within 
the scientific community and prompted extensive investigations into 
primary sources of water pollution [1,2]. Among pharmaceutical pol
lutants, sulfamethoxazole (SMZ) and ciprofloxacin (CIX) are the two 
widely used synthetic fluoroquinolone antibiotics with significant im
plications for public health and the environment [3,4]. The annual 
consumption of CIX in 2015 was estimated to rise to 2318 tons which 
underscores their global impact [5–7]. Overuse of antibiotics including 
SMZ extends beyond human medicine to agriculture, where 

antimicrobial drugs are increasingly utilized. Practically, the growth 
and promotion are leading to a significant entry of antimicrobials into 
various environmental components such as hospital effluents, drug 
manufacturing plants, sewage, and agricultural runoff [7–9]. Conse
quently, up to 90 % of consumed antibiotic doses are excreted through 
urine into water sources or human feces, resulting in detectable con
centrations of CIX and SMZ in water bodies, and pharmaceutical ef
fluents [10,11]. SMZ and CIX are commonly found in water and phar
maceutical effluents which can pose risks to human health and 
contribute to antibiotic resistance and potentially increasing mortality 
rates [12–19]. The escalating risk of antibiotic resistance stresses, the 
urgent need for comprehensive measures to address this critical health 
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issue and its long-term consequences on global public health and well- 
being [13,14]. However, conventional wastewater treatment faces 
challenges in removing antibiotics efficiently due to longer reaction 
times, high energy use, and the requirement of expensive equipment 
[15–17]. However, various techniques like advanced oxidation pro
cesses [18], biodegradation [19], photolytic/photocatalytic treatment 
[20], chemical reduction [21], and adsorption [22–24], have been ex
plored for antibiotic removal, as a cost-effective solution. Among these, 
adsorption stands out as a cost-effective and highly efficient technology 
for the removal of persistent antibiotics [25,26]. Carbonaceous mate
rials like graphene oxide and activated carbon have shown potential for 
adsorption due to their high surface area, better stability, and feasibility 
of mass production [27–29]. Particularly, biochar adsorption of organic 
micropollutants from industrial wastewater has been reported which is 
pressing the need to explore new carbon-based adsorbents with rapid 
adsorption rates, specific surface reactivity, and high adsorption capa
city [30].

A carbon-rich biochar material derived from waste biomass and 
offers promise as an efficient adsorbent for hydrophobic pollutants due 
to its aromaticity, high surface area, and multi-surface functionalities 
[31–33]. The choice of raw material and production methods sig
nificantly influence the adsorption efficiency of biochar, and surface 
properties [34–36]. Specifically, biochar derived from agricultural 
waste typically shows high porosity and surface area. The adsorbent 
efficiency can vary depending on the specific composition of the raw 
material and processing conditions. In contrast, biochar derived from 
woody biomass sources offers better stability and enhances the ad
sorption of various contaminants with good retention [37,38]. On the 
other hand, the production of biochar from woody biomass may need 
more energy-intensive processes which is potentially increasing its en
vironmental footprint with its high surface area. Additionally, factors 
such as pH, adsorbent dose, and the chemical nature of pollutants can 
significantly influence the effectiveness of biochar in adsorbing pollu
tants. This condition can necessitate tailored approaches to optimize its 
performance [39]. In line with sustainable development goals, Prosopis 
juliflora (PJ) weed-derived biochar presents potential adsorbents in 
searching for a sustainable solution for removing pharmaceutical re
sidues using adsorption technology. This is due to its high surface area 
and aromaticity which enhances its adsorption efficiency. By using 
isotherm models and conducting kinetic analyses, this study aimed to 
uncover the adsorption mechanisms and dynamics of SMZ and CIX. 
Generally, previous biochar studies have recognized the potential of 
biochar in wastewater purification role, but they lack a comprehensive 
understanding of its adsorption behavior, in real wastewater. Therefore, 
this research aimed to bridge that gap by investigating optimal ad
sorption conditions, suitable isotherm models, and kinetics for efficient 
removal of pharmaceutical residues from real wastewater. The key 
findings and implications of this study were to explore the potential of 
PJ biochar as an adsorbent and enhance its adsorption capacity for the 
remediation of pharmaceutical residues. The findings of this study 
might contribute to the development of sustainable schemes for ad
dressing antibiotic contamination in water sources and maximizing the 
usage of biochar as an effective adsorbent. Hence, this study highlights 
the urgent need for proactive measures to tackle antibiotic con
tamination in water sources and emphasizes the promising role of 
biochar in mitigating this pressing environmental issue.

2. Methods and materials

2.1. Chemicals

In this study, biomass derived from the invasive weed PJ was 
sourced from the Afar regional state of Ethiopia and utilized as primary 
raw material for biochar production as an adsorbent. The chemicals 
employed, including SMZ (C10H11N3O3S), and CIX (C17H18FN3O3), 
were obtained from Ethiopian Pharmaceutical Manufacturing S.C. 

NaOH with >  98 % and HCl >  37 % purity were obtained from Sisco 
Research Laboratories Pvt. Ltd, India. All solutions were precisely 
prepared with distilled water, and working solutions of SMZ and CIX 
were prepared by dissolving 100 mg in 1 L of each pharmaceutical 
product in distilled water and afterward diluting to the needed con
centration. Throughout the research, all chemicals and reagents used 
maintained a laboratory-grade standard and underwent no additional 
purification processes.

2.2. Synthesize of biochar

Synthesis of PJ biochar was accomplished using the pyrolysis 
method as depicted in Fig. 1. The plant material was cut into pieces of 
∼5 cm in length and 2 cm in diameter and exposed to sunlight for three 
weeks. Subsequently, it was dried in an oven for 24 h at 105 [34]. 
Then, oven-dried PJ was crushed by hammer mill mortar and stan
dardized using a 60-mesh sieve size to achieve uniformly calcinated 
biochar during calcination. The uniformly crushed PJ was then sub
jected to different temperatures (500, 550, and 600 ) with a 10 

/min heating rate for 2 h in a muffle furnace under the flow of ni
trogen gas (99 % purity) to create an inert environment. Then, the 
synthesized biochar was washed using distilled water to eliminate so
luble salts and other water-soluble impurities to enhance its adsorption 
capacity for the intended target pollutants [35]. Then, the washed 
biochar was dried again in an oven at 80 for 24 h and packed in an 
airtight plastic bag for characterization and application of the adsorp
tion experiments and further analysis.

2.3. Biochar characterization

To investigate deeper into the characteristics of biochar, a thorough 
proximate analysis becomes essential. This analysis covers moisture 
content (MC), volatile matter (VM), ash content (AC), and fixed carbon 
(FC). By following standardized methodologies outlined by ASTM, a 
comprehensive analysis of biochar offers valuable insights into poten
tial uses. Analysis of all proximate was conducted by adapting the 
standard method of ASTAM and D1762–84 [36]. Surface characteristics 
and structural properties of the PJ biochar underwent compressive 
examination using various techniques. The surface morphology analysis 
and quantitative chemical composition analysis, scanning electron mi
croscopy (SEM) coupled with an Energy Dispersive X-ray (EDX) ana
lyzer were employed, operating at 30 kV (Hitachi, Japan). Before 
imaging, samples were mounted on carbon tape and gold-suspended. 
The functional groups were investigated by using FTIR (Perkin Elmer, 
Annapolis, MD, USA), recording the spectrum in transmission mode 
over wavelengths ranging from 4000 to 400 cm−1 [40]. X-ray Diffrac
tion (XRD) analysis, utilizing Powdered-XRD on a Smart Lab SE X-ray 
apparatus from Rigaku, Japan, was used to study variations in the 
crystal structure of the biochar. Thermogravimetric Analysis (TGA) was 
performed on a Shimadzu TGA-50 H instrument from Japan, with a 
heating rate of 10 °C per min, up to 1000 °C, in a nitrogen atmosphere. 
This analysis was conducted to evaluate the thermal stability and de
gradation behavior of the biochar over a range of temperatures. It 
provided insights into temperature-dependent changes in weight and 
helped understand the decomposition patterns of the biochar under 
different conditions. The surface area of the biochar was studied by the 
Horriba SA9603 USA instrument. This method involves nitrogen gas 
adsorption at liquid nitrogen temperature to measure the amount of gas 
adsorbed onto the surface of the biochar. The data obtained from this 
adsorption isotherm was used to calculate the specific surface area, 
providing valuable information about the porosity and surface char
acteristics of the biochar. The determination of the point zero charge 
(pH_pzc) for the biochar was conducted using the salt addition method. 
To achieve this, six 250 mL Erlenmeyer flasks were prepared, each 
containing 50 mL of 0.1 M NaCl solution. The initial pH of these solu
tions was adjusted within the range of 2 to 11 using 0.1 M HCl and 
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0.1 M NaOH solutions. Subsequently, 0.5 g of biochar was added to 
each solution, and the mixtures were stirred at room temperature 
(∼25 °C) using an orbital shaker at 150 rpm for 24 h. Following this, 
the final pH of the solutions was recorded, and the change in pH (ΔpH 
= pHf - pHi) was calculated. Finally, a graph illustrating the change in 
pH versus initial pH was plotted to identify the pH_pzc, represented by 
the x-intercept on the graph [40].

2.4. Experimental methods

The efficiency of biochar adsorption is directly impacted by various 
process parameters. These include pH range for CIX and SMZ set be
tween 3 and 11, initial concentrations of CIX and SMZ varying between 

5 and 65 mg/L, and amount of adsorbent varying between 0.5 to 3 g/L, 
contact time spanning from 15 to 120 min, and agitation on an orbital 
shaker was adjusted to moderate range of 250 rpm that allows for ef
ficient mixing and equilibration without causing excessive mechanical 
stress on the biochar [41]. Throughout the study, samples were sys
tematically withdrawn at specified intervals, subjected to filtration 
using Whatman 0.42 µm, and subsequently centrifuged at 5000 rpm for 
10 min. The concentrations of SMZ and CIX in the samples were 
quantified using a UV-Vis spectrometer (UV-3600 Series, Shimadzu Co. 
Ltd., Japan). The wavelengths of 265 and 278 nm obtained from 
scanning within a quartz cuvette were used for SMZ and CIX analysis, 
respectively [42,43]. The evaluation of biochar adsorption performance 
in pollutant removal involved determining the pollutant percentage 
removal (%R) using Eq. 1 and adsorption efficiency (qt) (Eq. 2).

R C C
C

% *100i t

i
=

(1) 

where Ci (mg/L) indicates the initial concentration of CIX and SMZ 
pollutants and Ct (mg/L) represents the highest concentration recorded 
after adsorption treatment.

q C C
m

V( ) *e
i t= (2) 

qe represents the adsorption ability of biochar, V denotes the volume of 
the solution and m denotes the mass of the biochar used. These equa
tions are crucial for quantifying the effectiveness of biochar in re
moving pollutants and providing valuable insights into the percentage 
removal and adsorption capacity. The adsorption data were analyzed by 
isotherm and kinetic models, and the most suitable model was selected 
using linear regression. This process involved determining the factors 
and determination coefficients (R2) for the adsorption isotherm models.

2.5. Adsorption isotherms

The Langmuir isotherm model is well-suitable for describing 
homogeneous and monolayer adsorption processes occurring on a sur
face with a limited number of identical sites. It assumes a uniform 
surface with equal sorption energy at each binding site while neglecting 
interaction between adsorbed molecules. This model determines the 
maximum adsorption capacity for complete monolayer coverage and is 
expressed linearly by Eq. 3.

q Q Q C K
1 1 1

e o o e L
= +

(3) 

Fig. 1. Diagrammatic description of PJ biochar preparation stages. 

Table 1 
Proximate analysis of raw PJ and synthesized biochar of PJ. 

Parameters Present report (%) Reported from 
Literature (%)

PJ biochar Raw PJ PJ Biochar

Moisture content 6.42 7.24 5.6[52]
Volatile Matter 72.26 81.12 86.67[53]
Ash content 2.99 2.23 3.6[54]
Fixed Carbon 18.25 9.28 4.23[53]

Fig. 2. Point zero charge of PJ biochar calcinated at 600 .
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In this context, qe (mg/g) denotes the adsorption capacity of 
SMZ and CIX at equilibrium. KL (L/mg) represents the Langmuir 
adsorption constant, while Q0 (mg/g) indicates the maximum ad
sorption quantity determined by the model. Ce (mg/L) stands for 
the equilibrium concentration after adsorption. The Freundlich 

isotherm model, illustrates a heterogeneous surface with an ex
ponential dispersal of active centers, suggesting infinite 
surface coverage, and implying multilayer adsorption. The concise 
expression for the Freundlich isotherm is often represented 
by Eq. 4.

Fig. 3. TGA analysis for PJ biochar calcinated at 600 °C. 

Fig. 4. XRD result of PJ biochar calcinated at 600 °C. 

Fig. 5. SEM results were magnified at different resolutions a), 500 µm and b) 1000 µm. 
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logq
n

C K1 log loge e F= + (4) 

where logqe signifies the logarithm of the adsorption capability, 1/n 
denotes the adsorption strength, logCe represents the logarithm of 
the equilibrium concentration and logKF stands for the Freundlich 
constants associated with adsorption capacity. Dubinin introduced 
a versatile isotherm analysis technique, which is considered more 
general than the Langmuir type [44]. In this model, the Dubinin- 
Radushkevich monolayer capacity in this model is written as fol
lows in Eq. 5 and the model concept is described using Eqs. 6–8
including the linear Temkin isotherm model.

Q Q kln ln m
2= (5) 

q RT
B

a Cln ( )e
T

T e=
(6) 

q B a Bln ln Cee T= + (7) 

B RT
bT

=
(8) 

The Qm values (mg/g) signify the monolayer capacity according to 
the Dubinin-Radushkevich model. The Polanyi potential is expressed as 
ε = RT ln(1 +1/Ce), where R is the universal gas constant (8.314 J/mol 
K), and β is a sorption energy-related parameter [45]. In this context, it 
represents the equilibrium constant of the bond relative to its highest 
energy.

Fig. 6. Mapping result of SEM-EDX including the elemental composition of PJ biochar. 

Fig. 7. FTIR result of PJ biochar calcinated at 600 .
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2.6. Adsorption kinetics

The adsorption kinetics of the system was explained using pseudo- 
first-order and pseudo-second-order equations using Eqs. 9 and 10.

q q k t[1 exp( )] )t e f= (9) 

d
k q q

dq
( )t

t
e t2

2=
(10) 

Eq. 10 expresses the quantity of SMZ and CIX adsorbed per unit 
mass of the biochar qt at any given time (t) in mg/g. The equilibrium 
capacity qe denotes the calculated amount, while the equilibrium rate 
constant k2 is derived from the pseudo-second-order equation. By in
tegrating Eq. 10 with boundary conditions from qt = 0 to qt at t = 0 to 
t, can simplify and linearize it to derive Eq. 11.

t
q k q q

t1 1 ( )
e e e2

2= +
(11) 

The values of k2 and qe were determined by analyzing the in
tercept and the slope of the plot obtained from t/qt versus t. In intra- 
particle diffusion (IPD), the frequently employed to ascertain the 
adsorbate species diffusion mechanism from the aqueous phase. The 

sorption uptake may be shown to vary almost proportionally with 
t0.5 using the following Eq. 12.

q K t Ct int
0.5= + (12) 

Kint = mg/g is intra-particle diffusion rate constant. The boundary 
layer's thickness was indicated by the symbol t0.5.

2.7. Adsorption of real wastewater

The physicochemical properties and biochar application in treating 
actual wastewater were investigated following the determination of 
optimal parameters except for initial concentration. Wastewater sam
ples were sourced from the "Cadila pharmaceutical" industry in Gelan 
City, located east of Addis Ababa, Ethiopia. Adsorption experiments 
were conducted using real wastewater to evaluate the adsorbent's 
performance under optimal conditions: pH of 5, contact time of 
120 min, and adsorbent dose of 1 g/L. The effectiveness of the ad
sorbent was assessed via spectrophotometric analysis of absorbance, 
and results were reported in concentration (mg/L) along with removal 
efficiency and other relevant physicochemical parameters.

Fig. 8. Impact of Initial concentration on the adsorptive removal of CIX and SMZ at pH = (5 for CIX and 8 for SMZ), 120 min contact time, and 1 g/L adsorbent dose. 

Fig. 9. Impact of Initial pH on the adsorptive removal of CIX and SMZ at 50 mg/L initial concentration, 120 min contact time, and 1 g/L adsorbent dose. 
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3. Result and discussion

3.1. Biochar characteristics

3.1.1. Proximate analysis
The proximate analysis of raw Prosopis juliflora (RPJ) and synthe

sized biochar Prosopis juliflora (PJB) showcases the remarkable shifts 
in composition throughout pyrolysis. From the reduction in MC to the 
increase in FC levels, these changes align with typical biomass con
version patterns. The increase of AC in PJB indicates the concentration 
of inorganic minerals during pyrolysis, showcasing the importance of 
temperature and calcination time in biochar synthesis. As depicted in 
Table 1, the drop of MC from 9.2 to 4.8 % in PJB signifies effective 
water removal during high-temperature treatment, which was 

comparable findings with previous studies on biochar synthesis, em
phasizing the role of temperature in proximate composition [46]. A 
decrease of VM from 81.3 to 72.9 % in PJB reveals the release of vo
latile organic chemicals during pyrolysis. Understanding the impact of 
VC reduction on biochar properties and applications [47]. The FC 
content increased from 16.3 in RPJ to 22.3 % in PJB, suggesting the 
presence of carbonaceous material due to the elimination of volatile 
components. The AC, ascending from 2.23 in RPJ to 2.99 % in PJB 
specifies the accumulation of inorganic minerals. Exploring the im
plications of AC variations in biochar for enhancement of water and 
environmental remediation [48,49]. This shift from RPJ to PJB aligns 
with normal pyrolysis patterns reported in biomass conversion, where 
volatile components are reduced, leading to an increase in FC and ash 
accumulation [50,51]. In conclusion, the proximate study of PJB 

Table 2 
Isotherm model parameters for adsorption of SMZ and CIX on PJ biochar calcinated at 600 . 

Isotherm models Pharmaceutical residue pollutants

SMZ CIX

Langmuir qmax (mg/g) 49.776 91.432
KL (L/mg) 0.036 0.018
Equation Y = 0.5527x + 0.020 Y = 0.6115x + 0.011
R2 0.997 0.997

Freundlich KF (mg/g)/(mg/L) 2.11 2.166
1/n 0.743 0.903
Equation Y = 0.7438x + 0.324 Y = 0.8066x + 0.335
R2 0.960 0.982

Dubinin–Radushkevich qmax (mg/g) 19.07 20.201
R2 0.725 0.741
K 9.71325E−07 1.12004E−06
Equation Y = −1E−06x + 2.9481 Y = −1E−06x + 3.006
ε (/mol) 717.46 668.141

Temkin KT (L/mg) 0.718 0.632
BT (J/mol) 8.291 9.483
R2 0.882 0.894

Table 3 
Comparing the different adsorbents' adsorption capabilities. 

Type of Biomass Adsorbent Pollutant Parameters Qe (mg/g) References

Rice straw MoS2-coated biochar CIX Inc. conc= 20 mg/L, Contact time = 12 hrs, dose = 3.9 g/L 39.5 [80]
Pomelo peel Chitosan biochar beads CIX Inc. conc= 50 mg/L, contact time = 120 min, dose= 1.25 g/L 36.76 [81]
Prosopis juliflora Biochar CIX Inc. conc= 100 mg/L, contact time = 5 hrs, dose = 1.2 g/L 74.54 [5]
Prosopis juliflora Biochar CIX Inc. conc= 50 mg/L, Contact time = 120 min, dose = 1 g/L 49.77 this study
Prosopis juliflora Biochar SMZ Inc. conc= 50 mg/L, Contact time = 120 min, dose = 1 g/L 91.43 this study
Tea waste Biochar SMZ Int. conc = 50 mg/L, dose = 1 g/L, Contact time= 72 hrs 33.81 [82]
Spent coffee grounds Activated biochar SMZ Int. conc = 50 mg/L, dose = 1 g/L, Contact time= 72 hrs 88.10 [83]

Keys: inc.= initial and conc = concentration

Table 4 
Parameters of the kinetics model for the adsorption of CIX and SMZ on PJ biochar calcinated at 600 °C. 

Kinetics model SMZ CIX

Pseudo-first order K1 (/min) −0.000041 −5.58333E−05
qcal (mg/g) 1 0.998
Equation Y = 0.0049x - 0.0012 Y = −0.0067x - 0.0019
R2 0.927 0.818
K2 (g/mg/min) 0.208 0.208

Pseudo-second order qcal (mg/g) 16.605 16.608
Equation Y = 0.0602x + 0.0174 Y = 0.0604x + 0.0188
R2 0.999 0.999
C 1.609 2.029

Intraparticle diffusion Kint (mg/g.min0.5) 0.288 0.080
R2 0.973 0.667

H. Ashebir, J.F. Nure, A. Worku et al.                                                                                                                             Desalination and Water Treatment 320 (2024) 100691

7



indicates considerable variations in composition, indicating its poten
tial uses in carbon sequestration, water treatment, and soil improve
ment.

3.1.2. Point of zero charge
The pH_pzc serves as a vital indicator defining the surface charge 

attributes of material such as biochar. As depicted in Fig. 2, it represents 
the pH value at which the material's surface achieves electrical neu
trality, indicating equilibrium between positive and negative charges. 
Grasping the pH_pzc of biochar holds significance as it can impact 
various intermediate processes, including the adsorption and degrada
tion of pollutants such as SMZ and CIX. Biochar often shows a pH_pzc in 
the moderately acidic to neutral range, often around 7.0 to 7.5. In this 
case, the reported pH_pzc for biochar is 7.2. This shows that at a pH 
below 7.2, the surface of biochar will contain a net positive charge, 
making it suitable for adsorbing negatively charged molecules. Con
versely, with a pH over 7.2, the surface can contain a net negative 
charge, which attracts positively charged organisms [55].

3.1.3. BET analysis
Biochar synthesized was calcinated under varied temperatures of 

500, 600, and 650 which resulted in variation of surface areas 752, 
875.78, and 823 m²/g. The surface area increase that is observed as the 
calcination temperature rises is consistent with the common behavior of 

carbonaceous materials. The initial phases of pyrolysis produced porous 
structures at 500 with a biochar surface area of 752 m2/g. The ma
terial showed increased carbonization and extra formation of porous 
structures when the calcination temperature increased to 600 . This 
led to a considerable increase in surface area to 875.8 m²/g. But at 
650 a trend reversal was observed, and the surface area slightly de
creased to 823 m2/g. According to published research, this decrease at 
higher temperatures could be caused by excessive carbonization-in
duced pore collapse or coarsening [56]. The ideal calcination tem
perature for enhancing surface area appears to be within the 600
range. This temperature range provides a balance between maintaining 
a highly porous structure and successful carbonization. The findings 
underline the necessity of carefully selecting pyrolysis or calcination 
temperatures to adapt biochar characteristics for specific applications, 
highlighting the need for a thorough comprehension behavior of the 
material under various thermal treatments.

Additionally, the mechanism of adsorption for both drugs based on 
the characterization of surface area, and functional groups of the bio
char determines its adsorption capacity and affinity towards specific 
molecules. For instance, the high surface area of our biochar, as re
vealed by BET surface area analysis and pore size distribution studies, 
provides ample active sites for adsorption. Additionally, the presence of 
functional groups such as hydroxyl (-OH), carboxyl (-COOH), and 
phenolic (-Ph) groups, as identified through FTIR spectroscopy, en
hances the adsorption of polar molecules like CIX and SMZ through 
electrostatic interactions, hydrogen bonding, and π-π stacking. 
Moreover, the SEM analysis highlights the porous morphology and 
heterogeneous surface of the biochar, facilitating the diffusion and ac
cessibility of the target pollutants to the active sites. Overall, the 
comprehensive characterization of biochar provides valuable insights 
into its adsorption mechanism, paving the way for the design and op
timization of efficient adsorbents for pharmaceutical wastewater 
treatment.

3.1.4. TGA analysis
The TGA graph depicted in Fig. 3 features a decline with a weight 

loss of only 0.8 % between 37 to 400 and a rapid decline with a 
weight loss of 35.42 % between 400 to 650 , suggesting a complicated 
thermal behavior of the biochar. Such a pattern suggests multiple 
processes occurring during the heating or decomposition of the sample. 
The initial small reduction of weight may have resulted from the re
moval of moisture or other volatile components. This is a common in
cidence in TGA analyses, where low-temperature occurrence often 

Fig. 10. Impact of adsorbent dose on the adsorptive removal of CIX and SMZ at pH = (5 for CIX and 8 for SMZ), 120 min contact time, and 50 mg/L initial 
concentration.

Table 5 
Phyco-chemical characteristics of real pharmaceutical industry wastewater. 

Parameters Before 
Treatment

After 
Treatment

Literature 
(results before 
treatment)

pH 6.78 6.7 7.2[88]
TDS mg/L 1109 151 2155[96]
Conductivity (μS/ 

cm)
2228 2567 7253[89]

Salinity 1.13 1.55 1.43[90]
Turbidity (NTU) 450 70 742[91]
TOC (mg/L) 1050 124 1295[93]
BOD (mg/L) 762 98 1097[54]
COD (mg/L) 2498 541 2268[54]
Nitrate (mg/L) 57 12.1 -
Phosphate (mg/L) 1.42 0.96 -
Sulphate (mg/L) 82 47 400. [95]
Sulfamethoxazole 

(mg/L)
5.3 1.04 0.5 −14 [97]

Ciprofloxacin (mg/L) 8.29 1.93 7.19[98]
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represents the evaporation or desorption of surface-bound or loosely 
bound molecules [34]. The high weight loss in the second stage, which 
was followed by a fast decrease, points to a more dramatic shift, in 
keeping with numerous studies [34]. The sharp drop indicates that the 
composition or structure of the material has changed quickly, most 
likely because of the start of a thermal degradation process. The dis
parity in weight loss between the first and second points indicates a 
shift in the dominant mechanism governing the behavior.

3.1.5. XRD analysis
The XRD peaks are presented in Fig. 4 and the observed value at 2 

Theta = 29.1° indicates the exitance of certain crystalline phases and/ 
or mineral components. Similarly, the peaks at 2 Theta = 44.0° peak 
might represent crystallite cellulose or other organic polymers present 
in the original biomass, 64.2° might be linked to minerals such as cal
cite (CaCO3) or dolomite (CaMg(CO3)2), which can be found in plant 
tissues [57], and 77.5° might represent minerals like sulfate minerals 
that are frequently found in plant cellulose [58]. Depending on the 
makeup of the feedstock and the surrounding environment, these mi
nerals may have been present in the initial biomass or may have been 
added during the pyrolysis process [59]. The crystalline nature of the 
biochar, as indicated by these XRD peaks, may affect its properties and 
applications. Crystallinity can affect biochar's reactivity, porosity, and 
stability, thereby impacting its performance in various environmental 
and agricultural applications. Moreover, the intensity and sharpness of 
these peaks can provide insights into the degree of crystallinity and 
structural order within the biochar. Further analysis, such as peak 
broadening or fitting to crystalline models, could elucidate the specific 
crystallographic phases present and their relative proportions. Overall, 
the XRD results show that the biochar is crystalline, providing im
portant details for understanding its structure-property relationships 
and optimizing its application potential in fields such as carbon se
questration, soil remediation, and wastewater treatment [53].

3.1.6. SEM-EDX
The SEM study result provides an accurate perspective of the surface 

shape as shown in Fig. 5a and b. The outcomes demonstrate porous 
character by showing the presence of multiple pores. Upon magnifica
tion, the SEM images depict a homogenous complex surface porosity 
structure, emphasizing the unique surface architecture. The SEM ana
lysis reveals that block particles are still present on the surface despite 
the existence of these pores, indicating possible problems in achieving 
absolute homogeneity. The structural configuration exposes a unique 
and complicated pattern that resembles a web of connected 

honeycombs [60]. This conclusion is consistent with past research that 
demonstrates how surface roughness impacts material properties [61]. 
Additionally, a significantly high BET surface area supports the SEM 
results even more. Notably, a remarkably high BET surface area mea
surement confirms the SEM results and demonstrates remarkable por
osity [62]. Because of its honeycomb-like network structure and 
homogenous porosity, biochar has the potential adsorbent with mor
phological qualities that can be used in a range of sectors. On the other 
hand, improving the block particle dispersion might serve as a focal 
point for enhancing the material's overall uniformity and usefulness in 
specific applications [63,64].

Complementing the SEM analysis, SEM-EDX data offer fundamental 
insights into the composition of the biochar, completing the picture of 
the SEM investigation. As depicted in Fig. 6. the result reveals a pre
dominant composition of carbon, constituting 97 % of the material. 
Additionally, calcium and oxygen are present at 3 %, indicating a minor 
inorganic matter. The high carbon content aligns with the observed 
porous structures and honeycomb-like network revealed in the SEM 
images. Carbonaceous materials often exhibit intricate morphologies, 
and the high carbon percentage underscores the porous and complex 
surface features. The presence of calcium and oxygen, although in a 
lower proportion, introduces an inorganic component to the material. 
This compositional finding suggests a composite material with both 
organic and inorganic elements, adding depth to our knowledge and 
structure of the biochar. A thorough SEM-EDX investigation is crucial 
for a comprehensive characterization of the material, as its composition 
may contribute to special qualities and possible uses [65–67]. Future 
investigations could focus on customizing the elemental makeup to 
improve material characteristics for intended uses, offering insightful 
knowledge for material engineering and development.

3.1.7. FTIR analysis
The adsorbent of FTIR was carried out and the results of different 

wavenumbers like 3854.28, 3751.90, 2864.36, 1684.95, 1559.61, 
1158.81, 872.95, 748.11, 452.49, 435.01, 418.48, and 410.67 cm−1 

with distinct peaks are displayed in Fig. 7. The distinct peak observed at 
3854.28 cm−1 suggests the presence of hydroxyl groups, typically as
sociated with alcohols or phenolic compounds [5]. Additionally, the 
peaks at 3751.90 and 2864.36 cm−1 indicate the stretching vibrations 
of hydroxyl groups in phenols and aliphatic alcohols, respectively 
[68,69]. Strong absorption at 1684.95 cm−1 is indicative of aldehydes 
or ketones that have undergone carbonyl stretching. Furthermore, the 
bands at 1559.61 and 1158.81 cm−1 are attributed to aromatic ring 
vibrations and C-O stretching in ethers, respectively. A variety of 

Fig. 11. (a) Impact of Temperature and (b) Thermodynamic Analysis on Adsorptive Removal of CIX and SMZ. 
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functional groups are represented by the peaks seen at 872.95, 748.11, 
452.49, 435.01, 418.48, and 410.67 cm−1. These groups include C-H 
bending in alkanes, C-Cl stretching in alkyl chlorides, and C-N 
stretching in amines. These detected peaks align with the chemical 
fingerprint of plant biomass, indicating the existence of cellulose, 
hemicellulose, lignin, and other organic constituents. The FTIR results 
are consistent with studies on similar plant materials, providing a 
molecular perspective on the composition of biochar [70]. Since the 
characteristic peaks show the presence of organic molecules appro
priate for biomass conversion, the identified functional groups support 
the potential uses of biochar in bioenergy [71]. The detailed FTIR 
analysis enhances our understanding of biochar chemical composition, 
opening the door for tailored utilization in various industrial and en
vironmental applications.

3.2. Factors affecting the adsorption of SMZ and CIX

3.2.1. Initial concentration
The initial pollutant concentrations of SMZ and CIX impact the 

batch adsorption process as demonstrated in Fig. 8. To evaluate the 
adsorptive capacity of biochar and the adsorption isotherm, by ad
justing the initial levels of SMZ and CIX between 5 and 65 mg/L while 
keeping other variables constant. Initially, the removal of SMZ and CIX 
was most effective at lower concentrations, but it increased as the 
concentrations became higher. This suggests that the active sites of the 
adsorbent became saturated as the concentrations rose. The adsorption 
capacity of biochar for SMZ increased from 11.2 mg/g at 5 mg/L to 
54.56 mg/g at 65 mg/L, and for CIX, it increased from approximately 
8.4 to 40.5 mg/g within the same concentration range, and these results 

Fig. 12. Isotherm Models for CIX and SMZ Removal: (a) Langmuir for SMZ, (b) Langmuir for CIX, (c) Freundlich for CIX, (d) Freundlich for SMZ, (e) Temkin for CIX, 
(f) Temkin Model for SMZ, (g) D-R for CIX, and (h) D-R for SMZ.
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align with previous studies. While the average removal efficiency of 
both pollutants was around 98 % at 5 mg/L, it decreased to about 62 % 
and 65 % for CIX and SMZ respectively as the concentrations increased 
to 65 mg/L. This decrease may indicate the possibility of saturation of 
existing active sites of adsorbents and increasing the concentration of 
pollutants. This suggests that both adsorption capacity and removal 
efficiency improve with higher initial concentrations. These observa
tions highlight the importance of thorough research on multi-compo
nent adsorption systems to enhance pollutant removal in complex en
vironmental settings [72]. The detailed statements provide valuable 
insights for the optimal design and enhancement of adsorption-based 
wastewater treatment systems.

3.2.2. Effect of pH
The pH level of the solution significantly influences the adsorption 

of SMZ and CIX onto PJB. By adjusting the pH from 3 to 11, it was 
found that the removal efficiency of SMZ increased from pH 3 to 8. This 
is due to the biochar surface becoming increasingly negatively charged, 
which enhances the attraction of positively charged forms of CIX and 
SMZ at lower pH, and effectively adsorbs zwitterionic or neutral forms 
of CIX and negatively charged SMZ at higher pH. However, as pH in
creases above 8, the removal efficiency and qe for both pollutants de
crease due to increased electrostatic repulsion between the negatively 
charged biochar and the negatively charged forms of CIX and SMZ. .

The solubility of these compounds also varies with pH; in acidic 
conditions, they are more likely to be in less soluble protonated forms, 
while in basic conditions, their ionized forms are more soluble but less 
effectively adsorbed. At higher pH (basic conditions), they are more 
likely to be in their anionic forms, which tend to be more soluble. So, 

under varying pH conditions, the adsorption efficiency ranges from 
79.2 to 98.7 % for SMZ and from 67.4 to 97.8 % for CIX. Regarding 
removal efficiency, SMZ demonstrates a wider range of pH compared to 
CIX. The study suggests that the behavior of SMZ and CIX molecules as 
anionic, cationic, and zwitterionic species at different pH levels ac
counts for these results [73]. The sorption process onto biochar sorbents 
may involve mechanisms such as hydrogen bonding and hydrophobic 
interfaces due to the occurrence of zwitterionic and anionic forms, in
dicating potential electron donor-acceptor interactions [74].

3.2.3. Adsorbent dose
The effect of different quantities of biochar on the adsorption of SMZ 

and CIX can be seen in Fig. 10. The findings showed that as the dose 
rose from 0.5 to 3 g/L, the amount of SMZ and CIX adsorbed per unit 
mass of biochar gradually fell from 2.8 to 0.05 mg/g. This reduction in 
adsorption capacity was due to the adsorbed ratio of SMZ and CIX ions 
to active sites as the mass of the adsorbent increased. However, the 
effectiveness of SMZ and CIX removal increased considerably from 74.5 
to 98.6 % for SMZ and 71.8 to 98.4 % for CIX when the adsorbent dose 
increased from 0.5 to 1.5 g/L [75]. It then continued to increase stea
dily to 99.8 % at 3 g/L of biochar. This improvement in removal effi
ciency was attributed to the increase in active sites with a higher 
number of adsorbents. However, it should be noted that higher ad
sorbent doses could form a thicker adsorbent layer on the surface of the 
material. This could lead to diffusion limitations and slower pollutant 
removal rates. While higher adsorbent doses may initially enhance 
adsorption capacity, the thickening of the adsorbent layer could even
tually yield diminishing returns and slower pollutant removal rates.

Fig. 13. Parameters of the kinetic model for the adsorption of CIX and SMZ, (a), Pseudo 1st order for CIX, (b) Pseudo 1st order for SMZ, (c) Pseudo 2nd order for CIX 
and (d) Pseudo 2nd order.
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3.2.4. Impact of temperature and thermodynamics
The effect of temperature on the adsorption of SMZ and CIX was studied 

within the range of 25 to 50 with the results depicted in Fig. 11a and b. 
Consistent with previous studies [76], the adsorption capacity increased 
with rising temperature. This phenomenon can be attributed to the heat 
supplied acting as activation energy, facilitating adsorption. Alternatively, 
the rise in adsorption with temperature suggests that the process may be 
governed by physisorption. This occurrence, referred to as temperature- 
enhanced adsorption, occurs when adsorbate molecules reveal a greater 
affinity for the adsorbent surface at higher temperatures. This can be at
tributed to changes in the thermodynamic driving forces governing the 
adsorption process, such as alterations in the enthalpy and entropy of ad
sorption. The removal efficiency of the adsorbent was increased with the 
temperature rise, showing an endothermic process. The temperature-de
pendent enhancement of adsorption capacity suggests that the adsorption 
mechanism may predominantly involve physisorption processes, where 
weak intermolecular forces play a significant role in adsorbate binding to 
the adsorbent surface ([77]. This insight provides a valuable understanding 
of the fundamental mechanisms governing the adsorption behavior of SMZ 
and CIX on PJ biochar. The endothermic nature of the adsorption process, 
evidenced by the increase in pollutant removal efficiency with rising tem
perature, suggests that heat is absorbed during the adsorption process [78]. 
This finding holds implications for the design and operation of adsorption- 
based wastewater treatment systems where controlling temperature can be 
utilized to optimize pollutant removal efficiency and energy consumption.

Similarly, the thermodynamic parameters value of ΔH was 8.950 J/ 
mol, indicating an endothermic adsorption process. The calculated ΔG 
values at different temperatures (298.15 to 323.15 K) ranged from 
−0.092 to −0.850 J/mol, demonstrating that the adsorption of the 
studied compounds CIX and SMZ onto the adsorbent material was fa
vorable and spontaneous under the given conditions. Moreover, the 
positive value of ΔS 0.0303 J/mol·K suggests an increase in randomness 
at the solid-liquid interface during adsorption. These indicate that the 
adsorption process of CIX and SMZ is not only energetically favorable 
but also driven by an increase in entropy, highlighting the potential 
applicability of the adsorbent material for the efficient removal of these 
pollutants from aqueous solutions. Further investigations could explore 
the kinetics and mechanisms underlying this adsorption process to en
hance its practical utility in wastewater treatment applications.

3.3. Adsorption isotherms

Various isotherm models were used to study the adsorption of SMZ 
and CIX on the prepared PJ biochar which is indicated in Table 2, a 
comparison across references is presented in Table 3 and the graph is 
depicted in Fig. 12a-h. The adsorption isotherm shows how the ad
sorbed particles are distributed on the adsorbent. Linear and nonlinear 
regression models were used to determine the adsorption constants of 
the Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich models. 
Both Langmuir and Freundlich isotherm models showed a strong fit for 
both pollutants, with an R² value close to 0.997. Langmuir isotherm 
explains that the adsorption process is a monolayer and limited ad
sorption [79], while Freundlich isotherm is an indicator of multilayer 
physical adsorption. The maximum adsorption capacity (qmax) was 
measured at 49.8 and 91.4 mg/g for SMZ and CIX, respectively. The 
binding energy constant (KL) was found to be 0.036 for SMZ and 0.0187 
for CIX. These results indicate a successful adsorption process, de
monstrating the effectiveness of the interaction between the adsorbent 
and anionic SMZ and CIX in pharmaceutical wastewater. This suggests 
that the process may involve a monolayer adsorption mechanism [5].

3.4. Adsorption kinetics

To better understand how CIX and SMZ adsorbed on the adsorbent 
material, kinetic studies were carried out and the results are presented 
in Table 4. The high R² = 0.99 for both CIX and SMZ shows that the 

pseudo-second-order kinetic model produced a strong correlation, 
suggesting a probable rate-limiting step involving chemical adsorption 
processes, such as valence forces through electron-sharing [84]. The 
significant coherence between experimental and computed data further 
validates the application of the pseudo-second-order model in revealing 
the adsorption kinetics. In this study, the qt value obtained of 
16.606 mg/g estimated by the pseudo-second-order kinetic model is 
closer to the experimental qe value of 16.689 mg/g found for the ad
sorption of CIX and SMZ onto PJ biochar [85]. However, the intra- 
particle diffusion model did not show a linear correlation that passes 
through the origin that is shown by the intra-particle diffusion plot. 
This disparity implies that the rate-limiting stage is not only governed 
by the intra-particle diffusion [86]. The lack of a linear plot suggests 
that many stages or other factors affect the total adsorption kinetics. In 
the first stage of IPD, residues are rapidly diffused through the solution 
to the bare exterior surface sorption sites on PJ biochar as a boundary 
layer diffusion step. The initial concentration provided the driving force 
to overcome mass transfer resistance between solid and liquid phases. 
The secondary stage was the IPD across macropores on the surface of PJ 
biochar and with the gradual sorption, the adsorption rate gradually 
slowed down because of the hindrance of intermolecular collision and 
inter-porous-channel extrusion, and the active sites on biochar were 
occupied increasingly. In the third stage, SMZ and CIX molecules 
moved through narrow pore channels to the micro-mesoporous of in
terior PJ biochar, the intraparticle diffusion rate was lower than in the 
former stage of surface diffusion. Finally, the adsorption rate was 
equivalent to the desorption rate, the surface adsorption tended to be 
balanced.

The well-fitted pseudo-second-order kinetics, along with the non- 
linear intra-particle diffusion graphs, suggest that chemical adsorption 
is the main factor influencing the overall kinetics. However, the ad
sorption process involves other significant factors. This may encompass 
external mass transfer resistance, which signifies the impact of 
boundary layer diffusion or film diffusion, particularly during the early 
phases of adsorption. The departure from the intra-particle diffusion 
model emphasizes the intricate character of the adsorption mechanism, 
wherein many processes may simultaneously contribute to the overall 
absorption of CIX and SMZ. This multimodal adsorption pattern has 
been found in similar investigations on pharmaceutical adsorption [87]. 
The combination of pseudo-second-order kinetics and non-linear intra- 
particle diffusion shows that the adsorption of CIX and SMZ includes a 
complicated interaction of chemical adsorption and mass transfer me
chanisms. Understanding these complicated dynamics is vital for 
creating successful adsorption techniques for medication removal from 
aqueous solutions. .

3.5. Adsorption of real wastewater

Real pharmaceutical wastewater characterization was conducted, 
and the result obtained was compared with the literature and the detail 
is depicted in Table 5. The pH of real wastewater was slightly reduced 
from 6.78 to 6.70 post-treatment, agreeing with acceptable limits but 
falling short of the literature's proposed ideal pH of 7.2. If the initial pH 
is significantly greater than the pHpzc of the adsorbent, may act as a 
proton acceptor, leading to a decrease in pH [88]. Notably, total dis
solved solid displayed a considerable decrease from 1109 to 151 mg/L, 
this may suggest the efficacy of biochar in eliminating dissolved par
ticles. The conductivity increases from 2228 to 2567 μS/cm, while 
lower than the published value of 7253 μS/cm, this may be because 
pharmaceutical wastewater contains dissolved salts that are not effec
tively removed by the adsorption process. If the concentration of salts in 
the remaining water increases, it can contribute to higher conductivity 
[89]. Salinity climbed from 1.13 to 1.55, within permitted limits but 
indicating variations in ion concentrations, this may occur due to the 
adsorbent containing inorganic salt [90]. Turbidity observed a dramatic 
reduction from 450 NTU to 70 NTU, displaying effective clarity, this 
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shows that colloidal particles in the water, which contribute to tur
bidity, can be adsorbed onto the surface of the adsorbent material be
cause of its high surface area [91]. The biochar displayed excellent 
performance in lowering TOC from 1050 to 124 mg/L. This may happen 
because the combination of various mechanisms, including adsorption, 
chemisorption, and surface reactivity, can synergistically contribute to 
the overall reduction in TOC [92,93]. BOD and COD were considerable 
declines from 762 to 98 mg/L and 2498 to 541 mg/L, respectively. This 
may happen because the combined effects of microbial activity, ad
sorption, and surface reactivity contribute synergistically to the effec
tive decomposition of organic matter, resulting in significant declines in 
both BOD and COD [94]. However, the decrease in nitrate concentra
tions from 57 to 12.1 mg/L and sulfate concentrations from 82 to 
47 mg/L, when nitrate and sulfate were initially part of more complex 
organic or inorganic compounds, the adsorption process may involve 
the breakdown or transformation of these parent compounds, leading to 
reduced nitrate and sulfate concentrations [95]. The concentrations of 
the target pollutants in the wastewater were determined to be 8.29 mg/ 
L for CIX and 5.3 mg/L for SMZ. After treatment, the removal efficiency 
was 76.7 % for CIX and 80.4 % for SMZ. In conclusion, biochar de
monstrates great potential for pharmaceutical industry wastewater 
treatment, however, fine-tuning is required to optimize certain para
meters and assure compliance with optimal water quality requirements.

4. Conclusions

The plant PJ, widely known as a distributed weed, was utilized as a 
precursor material to synthesize low-cost, eco-friendly biochar. This 
biochar was used as a good adsorbent for SMZ and CIX removal from 
pharmaceutical industry wastewater. The characterization of the bio
char was conducted to assess its surface properties and interaction with 
SMZ and CIX, employing techniques such as SEM, EDX, FTIR, BET, 
XRD, and TGA. The maximum removal efficiency of SMZ and CIX was 
98.7 % and 97.8 % respectively at the optimum working conditions 
identified for each pollutant. The real wastewater was characterized in 
terms of COD and TOC and the biochar treatment was reducing the 
pollutants from 2498 to 514 mg/L and 1050 to 124 mg/L, respectively. 
Target pollutants concentration in real wastewater was found to be 8.29 
and 5.3 mg/L for CIX and SMZ and their removal efficiency was ob
tained as 80.4 % and 76.7 %, respectively. Among the isotherm models 
tested, Langmuir was found to best fit experimental data with an R2 

0.99, indicating a homogeneous and monolayer adsorption surface. The 
experimental data also confirmed outstanding agreement with pseudo- 
second-order kinetics (R² ∼0.99) for both pollutants. However, the 
non-linear intra-particle diffusion graphs suggested that chemical ad
sorption plays a substantial role in the overall kinetics. Therefore, the 
biochar-based adsorbent presents itself as a viable, low-cost, locally 
available solution for treating industrial wastewater, with the potential 
for scaling up to an industrial level as a sustainable material for en
vironmental remediation.
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