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A B S T R A C T

This study introduces a novel N-doped TiO2/biochar nanocomposite aimed at enhancing the photocatalytic 
degradation of the antibiotic sulfamethoxazole (SMZ) in pharmaceutical effluent. Utilizing Response Surface 
Methodology (RSM), key operational parameters were optimized, achieving SMZ’s impressive removal efficiency 
of 98.3 % from synthetic, and 86.6 % from actual wastewater samples. Characterization via X-ray diffraction 
(XRD) showed a predominant anatase phase, Diffuse Reflectance Spectroscopy (DRS) indicated a bandgap of 2.56 
eV, and Fourier Transform Infrared Spectroscopy (FTIR) confirmed nitrogen doping. The optimization involved 
an agitation period of 95 min, a dosage of 1.5 g/L, a pH of approximately 5, and an SMZ concentration of 110 
mg/L. RSM employed Central Composite Design (CCD) comprising four variables and 30 experimental runs to 
model and analyze degradation process. The quadratic model from RSM exhibited strong statistical significance 
(p < 0.0001) with an R² value of 0.9998 and a non-significant lack of fit (p = 0.3014), thereby confirming its 
validity. A close alignment with the pseudo-first-order reaction model was evidenced by a rate constant (kapp) of 
0.0208 and an R² value of 0.991, consistent with the assumptions of the Langmuir-Hinshelwood model. Notably, 
this study successfully developed a highly durable nanocomposite (sustaining >6 cycles with <5 % efficiency 
loss), and displayed 1.58 times greater activity under visible light compared to pristine TiO2 and effectively 
degraded 95 % of pharmaceutical residues within just 30 min, significantly surpassing the 64.2 % degradation 
rate of bare BC. This demonstrates the nanocomposite’s potential as a scalable and energy-efficient solution for 
wastewater treatment.

1. Introduction

Pharmaceutical residues in wastewater have become a significant 
environmental concern, attracting considerable attention from re
searchers, policymakers, and environmental advocates due to their 
persistence, potential for bioaccumulation, and contribution to anti
biotic resistance [1–3]. Sulfamethoxazole (SMZ), a commonly used 
sulfonamide antibiotic, is a significant environmental concern due to its 
persistence as a contaminant [4,5]. Its chemical stability and resistance 
to standard wastewater treatment methods enable it to remain in aquatic 
environments for extended periods, making it a widespread pollutant in 
water systems around the world [6]. The primary sources of SMZ 

pollution are varied and include hospital effluents that release unme
tabolized antibiotics through patient waste, pharmaceutical 
manufacturing facilities that discharge untreated or partially treated 
waste, and agricultural runoff, where SMZ enters water bodies from 
manure applied to fields by livestock that have been treated with the 
antibiotic [3,7,8]. The pathways through which SMZ enters rivers, lakes, 
and groundwater contribute to its widespread presence, posing signifi
cant ecological and public health risks [1,9]. Once SMZ is introduced 
into aquatic ecosystems, it disrupts microbial communities that are 
essential for maintaining ecological balance. Additionally, it directly 
threatens aquatic organisms, such as fish and invertebrates, by inter
fering with their physiological processes and reproductive systems. 
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Perhaps most concerning is the persistent presence of SMZ in water 
bodies, accelerating the development and spread of antibiotic-resistant 
bacteria. This poses a global health crisis that undermines the effec
tiveness of life-saving antibiotics [10]. Conventional wastewater treat
ment methods, including biological degradation [11], chemical 
oxidation [12], and physical filtration, have proven inadequate in 
completely removing SMZ and other pharmaceutical residues [13–15]. 
These techniques often struggle to break down the complex molecular 
structures of these contaminants, which allow them to pass through 
treatment plants and enter natural water systems [16].

Several advanced treatment technologies, which go beyond con
ventional methods, have been investigated to effectively remove phar
maceutical residues and other micropollutants from wastewater [17]. 
Among these technologies, adsorption [18], ozonation [19], and mem
brane filtration [20] have been widely applied. However, each method 
has significant limitations that impact its efficiency, sustainability, and 
practicality for large-scale applications [21]. Adsorption, particularly 
using activated carbon or biochar, is one of the most common ap
proaches due to its simplicity and effectiveness in capturing pollutants. 
However, it is important to note that adsorption is a non-destructive 
process; it merely transfers contaminants from the water phase to a 
solid medium without degrading them [22]. There is a need for frequent 
regeneration or disposal of adsorbents, which leads to concerns about 
secondary pollution and increased operational costs [23]. Ozonation is a 
widely used oxidative treatment method that effectively degrades 
pharmaceutical compounds by breaking down their molecular struc
tures through reactions with ozone. While ozonation can significantly 
reduce the concentration of pollutants, it does not always achieve 
complete mineralization, resulting in potentially toxic byproducts [24]. 
For instance, harmful byproducts such as sulfanilic acid (C6H7NO3S) and 
3-amino-5-methylisoxazole (C4H6N2O) have been identified in the case 
of SMZ; some of these byproducts exhibit antimicrobial activity and may 
contribute to the selection of antibiotic-resistant strains [25–27]. The 
process is energy-intensive, incurs high operational costs, and requires 
careful control to prevent the formation of nitrosamines and bromate, 
both of which are known carcinogens. Membrane filtration techniques, 
such as nanofiltration and reverse osmosis, provide a physical method 
for removing pharmaceutical contaminants [13]. However, membranes 
are highly prone to fouling, which necessitates frequent maintenance 
and replacement. Additionally, while membrane processes do not 
degrade contaminants, they concentrate them into reject streams, which 
can pose disposal challenges and potential environmental risks [28,29]. 
The presence of natural organic matter, scaling agents, and bio-fouling 
compromises long-term membrane performance [30]. There is an ur
gent need for advanced treatment technologies to remove and 
completely degrade pharmaceutical contaminants like SMZ to protect 
aquatic ecosystems and public health [31]. Advanced oxidation pro
cesses (AOPs), particularly heterogeneous photocatalysis, show promise 
by generating reactive radicals that break down organic pollutants into 
harmless products like CO2 and H2O [32,33]. Unlike conventional 
methods, photocatalytic processes are sustainable, chemical-free, and 
energy-efficient, offering a viable alternative for addressing pharma
ceutical pollution in wastewater [34,35].

TiO2-based photocatalysis has gained considerable attention as a 
promising method for degrading pharmaceutical residues due to its 
strong oxidative properties, chemical stability, and low toxicity [36,37]. 
However, its practical application in wastewater treatment faces several 
challenges that hinder scalability and efficiency. One major limitation is 
the wide bandgap of TiO2 (approximately 3.2 eV for the anatase form), 
which restricts its light absorption to the ultraviolet (UV) region, 
capturing only about 5 % of the solar spectrum [38,39]. This signifi
cantly limits its effectiveness under natural sunlight, making it 
energy-intensive and costly for large-scale applications. Furthermore, 
TiO2 experiences rapid electron-hole recombination. This occurs when 
the charge carriers generated during photon absorption recombine 
before they can participate in redox reactions, which greatly reduces the 

photocatalytic efficiency [40]. To tackle these challenges, researchers 
have investigated strategies such as doping TiO2 with nonmetals like 
nitrogen, sulfur, or carbon. This approach helps to narrow its bandgap 
and enhance visible light absorption. Another promising strategy is to 
combine TiO2 with conductive materials, such as biochar (BC), which 
not only improves charge separation but also increases adsorption ca
pacity, thus enhancing overall photocatalytic performance [41]. How
ever, despite these advancements, the practical application of 
TiO2-based photocatalysis continues to be limited by the lack of scalable 
and adaptable solutions for real-world wastewater treatment. This study 
aims to address these issues by synthesizing and optimizing an N-doped 
TiO2/BC nanocomposite using the sol-gel method. This approach is 
designed to improve visible light activity and reduce electron-hole 
recombination, ultimately enhancing the overall efficiency of SMZ 
degradation. Although modified TiO2 composites show promising po
tential, there are still significant research gaps, particularly regarding 
the complexities of real wastewater systems [42]. Most studies have 
focused on batch-scale experiments in controlled laboratory conditions, 
optimizing variables like pollutant concentration, pH, and light intensity 
in isolation. However, real wastewater is more complex, containing 
fluctuating levels of SMZ, competing ions (nitrates, chlorides, sulfates), 
and various organic and inorganic contaminants that can affect photo
catalytic efficiency [43]. The interactions among these factors and their 
influence on TiO2-based photocatalysis have not been extensively 
researched, limiting the application of laboratory findings to real-world 
scenarios. While biochar-TiO2 composites show improved performance 
due to biochar’s ability to adsorb pollutants and enhance electron 
transfer, their long-term stability and reusability in dynamic environ
ments remain underexplored [44,45]. This study evaluates the photo
catalytic performance of nitrogen-doped TiO2/BC composites using 
Response Surface Methodology (RSM) and Factorial Experimental 
Design. It focuses on key parameters SMZ concentration, pH, contact 
time, and light intensity [46–48], to identify optimal conditions for SMZ 
degradation and bridge the gap between lab results and practical 
wastewater treatment applications.

To address gaps in wastewater treatment, future research should 
focus on developing scalable and adaptable photocatalytic technologies 
that consider the complexities of real wastewater [49]. This includes 
creating durable, N-doped TiO2/BC nanocomposites that perform well 
under visible light and withstand environmental changes. It’s essential 
to evaluate these materials within existing treatment systems while 
ensuring cost-effectiveness, long-term stability, and reusability. This 
study examines the practical application of the nanocomposite under 
real sunlight, addressing a key gap in previous research that relied on 
artificial UV sources. By designing an optimized and affordable photo
catalytic system, this research advances water treatment technologies 
and aligns with global efforts to enhance sustainability and reduce 
pharmaceutical pollution in aquatic environments. The findings are 
expected to significantly contribute to developing next-generation sys
tems that can effectively tackle pharmaceutical residues in wastewater, 
supporting environmental and public health goals.

2. Methods and materials

2.1. Chemicals

In this research, all chemicals and reagents used were of laboratory 
grade and sourced from various manufacturers and suppliers. To syn
thesize the N-doped TiO2/BC nanocomposite, titanium (IV) isoprop
oxide (TTIP) with a purity of 97 % was utilized as the source of TiO2. 
This reagent was sourced from Sisco Research Laboratory Pvt. Ltd. in 
New Mumbai, India. Other essential reagents that supported the syn
thesis process included absolute ethanol (99.9 %), silver nitrate 
(AgNO3), and ethylene diamine tetra-acetic acid (EDTA), which were all 
procured from import companies in Addis Ababa, Ethiopia. Addition
ally, extra pure isopropanol (99.99 %) was supplied by Sisco Research 
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Laboratory and was obtained from Addis Ababa Science and Technology 
University (AASTU). This reagent was used for experiments conducted 
at the AASTU laboratory. Titan Biotech Ltd., located at the AASTU fa
cility, supplied the extra pure urea, which had a purity of 99.8 %. We 
obtained 100 % pure SMZ for the pharmaceutical analysis from the 
Ethiopian Pharmaceutical Manufacturing S.C., which is part of the 
governmental sector. All chemicals and reagents used in this study were 
of laboratory quality and did not require any additional purification. 
The BC used in this study was produced from the biomass of the invasive 
weed Prosopis Juliflora (PJ), collected from the Afar Regional State in 
rural Ethiopia. This biomass was chosen due to its high availability and 
potential for resource recovery. Our previous work included a compre
hensive synthesis process for this biochar [50].

2.2. Photocatalytic reactor setup

The photocatalytic degradation experiments were conducted using a 
custom-designed batch reactor. This reactor was equipped with a 19 W/ 
cm² UV lamp emitting light at a controlled wavelength of 278 nm, which 
is optimal for activating the N-doped TiO2/BC20 % nanocomposite. The 
lamp was positioned 5 cm above the solution, which was stirred by a 
magnetic stirrer inside a covered box. To improve light utilization, the 
reactor featured a reflective interior surface [51]. The temperature 
during the experiments was maintained at approximately 25 ◦C, 
consistent with Ethiopia’s winter season, and natural air circulation was 
allowed. The reaction mixture was continuously stirred at 150 rpm to 
ensure uniform dispersion of the photocatalyst and prevent settling. A 
digital pH meter (HI2020–01 edge® Multiparameter pH Meter) was 
used to monitor and adjust the pH of the reaction mixture. To adjust the 
pH, dilute HCl or NaOH solutions were used. The pH meter was cali
brated daily with standard buffer solutions to ensure accuracy. The 
equipment used to measure the absorbance during the degradation of 
SMZ was a UV–Vis spectrophotometer, which monitored the reaction 
mixture at a specific wavelength of 278 nm. Sampling occurred every 15 
min, and spectrophotometric analysis was performed to quantify the 
concentration of SMZ throughout the degradation process. The primary 
instrument for this analysis was Liquid Chromatography-Mass Spec
trometry (LC-MS), which identified and quantified SMZ and its degra
dation byproducts. The LC-MS provided valuable insights into the 
chemical transformations occurring during photocatalytic degradation, 
including the detection of intermediate compounds. Samples were 
filtered and prepared according to LC-MS protocols to ensure accurate 
measurements [52]. Additionally, the instrument’s operational param
eters, such as mobile phase composition and flow rate, were optimized 
for the analysis of SMZ.

2.3. Synthesis of N-Doped TiO2/BC nanocomposite

The N-doped TiO2/BC nanocomposite was synthesized using a 
modified sol-gel method aimed at integrating bacterial cellulose (BC) 
with nitrogen-doped TiO2. The procedure was carefully optimized to 
produce a uniform composite material with enhanced photocatalytic 
properties. To initiate the synthesis, 50 mL of absolute isopropanol and 
50 mL of absolute ethanol were combined in a round-bottomed beaker. 
This mixture was stirred constantly (at 450 rpm) at room temperature 
until it became homogeneous. Once the solution was uniform, 10 mL of 
TTIP was added dropwise to the mixture, maintaining similar stirring 
conditions. This addition was performed slowly to prevent premature 
hydrolysis, and the mixture was stirred for an additional 30 min to 
ensure uniform dispersion of the TTIP. The next step involved preparing 
the BC, which was then added to the sol-gel mixture in predetermined 
proportions. The mass ratio of BC to TTIP was varied to create samples 
with different BC contents for material optimization (10 %, 20 %, 30 %, 
40 %, and 50 %). After adding the BC, the mixture was stirred for 
another 30 min to ensure thorough integration of the BC into the pre
cursor solution. Finally, the solution was heated to 80 ◦C on a hotplate 

while being continuously stirred. This step facilitated the gelation pro
cess, which typically took about 2 hrs [50]. During this time, the solvent 
gradually evaporated, transforming the mixture into a thick gel with a 
light-yellow appearance. The gel was then transferred to an oven and 
dried at 105 ◦C for 24 hrs to remove residual moisture and solvents. This 
drying process resulted in a solid material that was subsequently crushed 
into a fine powder using a mortar and pestle. The dried material was 
calcined at 600 ◦C for 2 hrs in a muffle furnace under a flow of nitrogen 
gas. The heating rate was maintained at 10 ◦C per minute to ensure the 
gradual decomposition of organic components and uniform crystalliza
tion of TiO2. The nitrogen doping mechanism was investigated using 
urea as the nitrogen source. Its inclusion ensured effective doping during 
the calcination step, promoting nitrogen incorporation into the TiO2 
lattice and enhancing the visible light absorption capabilities of the 
photocatalyst. Additionally, this process improved the adhesion be
tween the TiO2 matrix and the BC, which served as both a dopant and a 
complementary material [53]. To introduce nitrogen into the TiO2 lat
tice, urea was added during the initial sol-gel preparation stage, before 
incorporating the BC. The synthesized nanocomposite was labeled as 
N-doped TiO2/BCx, where x represents the percentage of BC relative to 
TTIP (e.g., N-doped TiO2/BC10 %, N-doped TiO2/BC20 %, etc.). A pure 
TiO2 sample was also synthesized using the same sol-gel method but 
without adding BC and urea, serving as a control for comparison instead 
of using commercial TiO2.

2.4. Experimental design

A systematic approach to experimental design was utilized to opti
mize the photocatalytic degradation of SMZ using an N-doped TiO2/ 
BC20 % nanocomposite. The study examined four key variables: initial 
SMZ concentration, pH, contact time, and nanocomposite dosage, each 
assessed at multiple levels (low, medium, and high). To enhance the 
analysis, a Central Composite Design (CCD), a subset of RSM, was 
implemented. A quadratic model was selected for the RSM framework 
because preliminary experiments and prior research revealed non-linear 
interactions among critical process parameters, including catalyst 
dosage, pH, and reaction time. This quadratic model effectively captures 
second-order interactions, thereby improving predictive accuracy. 
While the Box-Behnken Design (BBD) is effective in minimizing exper
imental runs, it does not encompass extreme factor levels, which are 
vital for fully understanding the photocatalytic degradation process. 
Furthermore, model adequacy tests affirmed that the quadratic model 
yielded a high R² value and an insignificant lack-of-fit, validating its 
appropriateness. Consequently, the quadratic model was chosen to 
ensure a more precise and comprehensive optimization of SMZ degra
dation. This approach enabled an in-depth exploration of factor in
teractions and their non-linear effects, providing a solid foundation for 
identifying optimal conditions [54]. The primary response variable was 
the percentage degradation of SMZ, determined through periodic 
monitoring of its concentration. Analytical measurements were con
ducted using a UV–Vis spectrophotometer at 278 nm, supplemented by 
LC-MS for a detailed analysis of degradation products and mineraliza
tion. This methodology ensured a thorough optimization and statistical 
validation of the photocatalytic process.

2.5. Photocatalytic experiment

The photocatalytic degradation experiments were conducted in a 
batch reactor system designed to ensure uniform mixing and controlled 
light exposure. The reactor was equipped with a magnetic stirrer to 
maintain a consistent reaction mixture and prevent the settling of the N- 
doped TiO2/BC20 % nanocomposite. Illumination was provided by two 
light sources: a UV light source to activate the photocatalyst and natural 
sunlight to evaluate performance under real-world conditions. To block 
interference from ambient light during UV experiments, the reactor 
chamber was covered. Key reaction parameters were systematically 
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modified to study their effects on the degradation of targeted pollutants. 
The pH of the reaction mixture was adjusted using dilute NaOH or HCl 
solutions, with a range from 3 to 9, to investigate the influence of acidic, 
neutral, and alkaline conditions. SMZ solutions with varying concen
trations between 5 and 150 mg/L were prepared by dissolving the 
compound in deionized water to mimic pharmaceutical contaminants at 
different levels. The dosage of the N-doped TiO2/BC20 % nanocomposite 
was optimized within a range of 0.1 to 2 g/L to achieve a balance be
tween catalytic efficiency and material usage [55]. Reaction times were 
varied from 15 to 120 min to observe the kinetics of the degradation 
process [9]. Control experiments were conducted to confirm the pho
tocatalytic activity of the nanocomposite. These included tests per
formed in the absence of a catalyst and under dark conditions, ensuring 
that any degradation was not due solely to photolysis or adsorption [56]. 
The control experiments served as baselines to verify that the observed 
degradation was primarily attributable to photocatalytic mechanisms. 
Samples were withdrawn from the reactor at regular intervals and 
immediately filtered to isolate the catalyst. The residual concentration 
of SMZ was measured using a UV–Vis spectrophotometer by monitoring 
the absorbance at 278 nm, which is the characteristic peak for SMZ. For 
further confirmation and identification of intermediates, selected sam
ples were analyzed using LC-MS. All experiments were carried out in 
triplicate to ensure reproducibility and average values were reported 
along with standard deviations. This comprehensive experimental 
design enabled a detailed understanding of the factors influencing SMZ 
degradation and provided insights into the efficacy of the N-doped 
TiO2/BC20 % photocatalyst under varying conditions. The photocatalytic 
degradation experiments were conducted in a batch reactor system 
designed to ensure uniform mixing and controlled light exposure. The 
reactor was equipped with a magnetic stirrer to maintain a consistent 
reaction mixture and prevent the settling of the N-doped TiO2/BC20 % 
nanocomposite. Illumination was provided by two light sources: a UV 
light source to activate the photocatalyst and natural sunlight to eval
uate performance under real-world conditions. To block interference 
from ambient light during UV experiments, the reactor chamber was 
covered.

The concentration of SMZ during the photocatalytic degradation 
tests was primarily assessed using UV–Vis spectrophotometry. A UV–Vis 
spectrophotometer was set to measure absorbance at 278 nm, which 
corresponds to the maximum absorbance of SMZ. Calibration curves 
were prepared using standard SMZ solutions of known concentrations to 
ensure accuracy and linearity within the relevant concentration range. 
The residual concentration of SMZ in the reaction mixture at different 
time intervals was determined by comparing the absorbance of the 
samples with the calibration curve. This technique provided a rapid and 
reliable measure of SMZ degradation. To identify the degradation of 
intermediate byproducts formed during the photocatalytic reaction, LC- 
MS was employed. Samples were prepared by filtering out the catalyst 
and diluting the supernatant as needed. The LC-MS analysis was per
formed using a mobile phase of methanol and water, often in gradient 
elution mode, to ensure effective separation of byproducts. Mass spec
trometric detection was conducted in positive ion mode, capturing the 
molecular ion peaks and fragment patterns of the intermediates. The 
identification of degradation products was based on their molecular 
weight and fragmentation profiles, allowing for a deeper understanding 
of SMZ degradation pathways. To evaluate the complete mineralization 
of SMZ, Total Organic Carbon (TOC) analysis was performed. TOC 
measurements quantified the reduction in organic carbon content in the 
reaction mixture, providing a direct indication of the conversion of 
organic matter to inorganic carbon. Samples were collected, filtered, 
and analyzed using a TOC analyzer [57]. The percentage reduction in 
TOC values reflected the degree of mineralization, offering a comple
mentary metric to concentration-based degradation assessments. 
Together, these analytical methods provided a thorough assessment of 
SMZ degradation, the formation of intermediates, and the mineraliza
tion process, ensuring a comprehensive analysis of photocatalytic 

activity.

2.6. Optimization and data analysis

The experimental data collected during the photocatalytic degrada
tion studies were analyzed using RSM, facilitated by the specialized 
software, Design-Expert. RSM allowed for the development of a pre
dictive statistical model that clarifies the relationships between the 
experimental factors: pH, catalyst dosage, initial SMZ concentration, 
and contact time, along with the response variable, which was the 
percentage of SMZ degradation [58]. A quadratic polynomial model was 
employed to capture both linear and interactive effects among the fac
tors, as well as any non-linear behavior. To evaluate the adequacy of the 
statistical model, key metrics such as R², adjusted R², and p-values for 
the model terms were analyzed [59]. The significance of factors and 
their interactions was assessed using analysis of variance (ANOVA), 
which also confirmed the model’s reliability. Additionally, the degra
dation data were further analyzed to determine the reaction kinetics. 
The experimental results were fitted to a pseudo-first-order kinetic 
model, as expressed in Eq. (1). 

ln
(

C0

Ct

)

= kt (1) 

where C0 is the initial concentration of SMZ, Ct is the concentration at 
time t, and k is the rate constant. The linearized form of the equation 
allowed the estimation of k from the slope of the plot of ln(C0/Ct) versus 
time. The goodness-of-fit was evaluated using the correlation coefficient 
(R²) and residual analysis.

The photocatalytic degradation process was optimized using desir
ability functions, which integrate various response variables into a sin
gle overall desirability score. An RSM-based model was employed to 
identify the optimal conditions for input factors such as SMZ concen
tration, pH, agitation time, and catalyst dosage, which enhanced 
degradation efficiency, as outlined in Table 1. Contour and surface plots 
were generated to illustrate the effects of these variables and their in
teractions. To validate the accuracy and predictive capability of the 
developed model, experimental runs were conducted under the pre
dicted optimal conditions [60]. The degradation efficiencies observed 
from these experiments were assessed based on the optimal conditions. 
The percentage error and residuals were computed to evaluate the 
model’s reliability, as indicated in Eq. (2). A strong agreement between 
the experimental results and predicted values confirmed the validity of 
the optimization process. This comprehensive data analysis approach 
provided a solid understanding of the photocatalytic degradation pro
cess, enabling effective optimization and validation of the experimental 
findings [61]. The reusability of the N-doped TiO2/BC20 % nano
composite was tested over six consecutive cycles to evaluate its perfor
mance and stability [62]. After each degradation experiment, the 
catalyst was recovered by filtration, thoroughly washed with deionized 
and/or distilled water to eliminate any residual contaminants, and dried 
at 105 ◦C. This dried nanocomposite was then reused under the same 
experimental parameters for subsequent cycles. The degradation effi
ciency of SMZ was monitored after each cycle to identify any reduction 
in photocatalytic activity, yielding insights into the catalyst’s durability 
and suitability for repeated use. To examine the practical applicability of 

Table 1 
Factors and levels used in factorial design.

Levels Factors Levels

Low (− 1) Medium (0) High (+1)

1 Time, (A) 30 75 120
2 Y 3 7 11
3 Dose, (C) 0.5 1.75 3
4 Initial Con. (D) 5 35 150
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the optimized photocatalytic system, experiments were conducted using 
samples collected from real pharmaceutical industrial wastewater. 
These samples, representing complex environmental matrices, were 
treated under the same optimized conditions determined in the labo
ratory. The performance of the N-doped TiO2/BC20 % nanocomposite in 
degrading SMZ and other potential pollutants present in the wastewater 
was evaluated, providing insights into the system’s effectiveness in 
real-world applications. 

Y = βo +
∑k

i=1
βiXi +

∑k

i=1
βiiX2

i +
∑k− 1

i=1
∗
∑k

j=2
βijXiXj + ei (2) 

Where Y represents the dependent variable, which is the degradation 
efficiency. Xi and Xj denote the encoded independent variables. The 
coefficients β0, βi, βii, and βij stand for the linear, second-order, and 
interaction parameters in the regression model, respectively. K is the 
count of parameters involved, and ei signifies the error term.

3. Results and discussion

3.1. wastewater characterization

The pharmaceutical wastewater collected from an industrial facility 
prior to treatment was carefully analyzed to evaluate its composition 
and contaminant levels. LC-MS analysis revealed a significant concen
tration of SMZ at 134.6 mg/L, indicating substantial pharmaceutical 
contamination. Key water quality parameters were also measured: the 
chemical oxygen demand (COD) was found to be 2498 mg/L, the bio
logical oxygen demand (BOD) was 760 mg/L, and the TOC was 1050 
mg/L. These figures highlight the high organic load and the persistent 
nature of the pollutants present. After undergoing photocatalytic treat
ment with the N-doped TiO2/BC20 % nanocomposite, notable reductions 
in organic pollutants were observed. The removal efficiencies achieved 
were 93.2 % for COD, 90.1 % for BOD, and 92.7 % for TOC, demon
strating the catalyst’s effectiveness in degrading pharmaceutical resi
dues and decreasing overall organic contamination [32,33]. These 

findings support the potential of photocatalytic treatment as an 
advanced and sustainable method for managing pharmaceutical 
wastewater. For a more detailed understanding of the wastewater 
characteristics, including the presence of other pharmaceutical com
pounds, inorganic constituents, and potential toxic byproducts, please 
refer to our previous publication, which provides a comprehensive 
physicochemical characterization of the wastewater [50].

3.2. Characterization of nanocomposite

3.2.1. XRD analysis
This analysis confirms the coexistence of anatase and rutile phases 

within the synthesized nanocomposite, with anatase being the pre
dominant phase. The prominent diffraction peaks observed at 25.3◦

(101), 37.8◦ (004), and 48.0◦ (200) are characteristic of the anatase 
structure, while smaller peaks at 27.5◦ (110), 36.09◦ (111), and 54.38◦

(211) correspond to the rutile phase, as shown in Fig. 1. This distribution 
indicates a mixed-phase TiO2 material, which is often advantageous for 
catalytic applications due to the synergistic interactions between the 
phases [63]. Quantitative phase analysis reveals that the material 
comprises 12.6 % rutile and approximately 87 % anatase. After applying 
the material to pollutant degradation processes, significant changes 
were observed in the phase composition of the nanocomposite. The 
rutile content decreased from 12.6 % to 8.8 %, while the anatase phase 
increased from 87 % to 92 %. This shift can be attributed to the superior 
photocatalytic activity of anatase, which likely facilitated the trans
formation of the rutile phase under operational conditions [64]. The 
increased dominance of anatase after treatment supports its essential 
role in enhancing catalytic efficiency. A high anatase content is partic
ularly beneficial, as it has been widely reported to exhibit greater ac
tivity in photocatalytic degradation due to its favorable bandgap and 
charge separation properties [65]. Although the presence of rutile 
decreased after treatment, it may have contributed to charge transfer 
processes that initially enhanced the degradation rate of organic pol
lutants. These phase transformations and their implications for the 

Fig. 1. XRD results before and after treatment of SMZ by N-doped TiO2/BC20 % nanocomposite.
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catalytic performance of the nanocomposite align with findings from 
previous studies, emphasizing the dynamic behavior of TiO2 composites 
during environmental remediation applications.

3.2.2. SEM analysis
The SEM analysis was conducted to assess the surface morphology 

and distribution of TiO2 on the BC substrate. The micrographs displayed 
in Fig. 2 clearly illustrate that the TiO2 nanoparticles are uniformly 
dispersed across the BC surface. This even distribution ensures optimal 
contact between the active sites of TiO2 and the surrounding environ
ment, which is crucial for both catalytic and adsorption applications. 
Interestingly, the TiO2 particles exhibit a spherical morphology, a hall
mark of synthesized TiO2 nanoparticles, consistent with findings re
ported in previous studies [66]. This spherical shape contributes to an 
increased surface area, facilitating effective interactions with target 
pollutants an essential factor in enhancing photocatalytic activity and 
adsorption efficiency [67]. The integration of TiO2 and BC within a 
composite material is vital for the degradation of pollutants. Biochar 
offers a high surface area and a porous structure, providing a supportive 
matrix for TiO2, while the well-dispersed TiO2 further enhances the 
composite’s photocatalytic properties. This synergistic configuration 
increases the likelihood of pollutant molecules adsorbing onto the cat
alyst’s surface [68]. In summary, the SEM analysis results confirm the 
successful synthesis of the N-doped TiO2/BC20 % nanocomposite, 
exhibiting the desired structural and morphological characteristics. The 
uniform distribution and spherical shape of the TiO2 nanoparticles on 
biochar underscore the material’s potential for advanced contaminant 
degradation and adsorption processes.

The elemental composition of N-doped TiO2/BC20 % nanocomposite 
was analyzed using energy-dispersive X-ray spectroscopy (EDS) and 
presented in Fig. 3. The EDS results indicate the presence of Carbon (15 
%), Oxygen (36 %), and Titanium (47 %). However, N, which was 
incorporated as a dopant during nanocomposite synthesis, was not 
detected in the spectrum of N-TiO2/BC20 %. The absence of N in EDS 
results for the N-doped TiO2/BC20 % nanocomposite aligns with similar 
observations reported in previous literature. EDS has limited sensitivity 
for detecting light elements like N, particularly when present in trace 
amounts or embedded within a matrix dominated by heavier elements 
such as titanium [69]. Nitrogen doping often occurs in substitutional or 
interstitial forms within the TiO2 lattice, which may not produce distinct 
chemical phases detectable by EDS. Moreover, the overlap of nitrogen’s 
X-ray emission lines with those of other light elements, such as carbon, 

can mask its signal. Studies by Zhang et al. and Kumar et al. have shown 
that, despite nitrogen doping, EDS may fail to detect nitrogen due to 
these intrinsic limitations [70,71]. Instead, complementary techniques 
like X-ray Photoelectron Spectroscopy (XPS) or FTIR are recommended 
for confirming nitrogen incorporation. However, the FTIR result con
firms the presence of N-doped TiO2 is evident from the 729.6 cm⁻¹ peak, 
which likely arises from N–Ti–O vibrations, confirming successful ni
trogen incorporation into the TiO2 lattice. In addition, peak 1581.12 
cm⁻¹ is most probably indicative of the existence of N–H bending or Ti–N 
stretching, further supporting nitrogen doping [72]. Another plausible 
explanation is the potential loss of nitrogen during the synthesis or 
analysis process. High-temperature synthesis conditions, often 
employed in creating N-doped TiO2, can cause nitrogen volatilization, 
reducing its detectable content in the final material. Despite the absence 
of a detectable nitrogen signal, the doped nitrogen can still influence the 
composite’s properties, such as modifying its bandgap or improving 
photocatalytic activity, as noted in studies by [73]. These indirect effects 
highlight that N-doping may not always be evident in elemental analysis 
but can be inferred from changes in the material’s functional perfor
mance. Future investigations should integrate advanced characteriza
tion methods like XPS and UV–Vis spectroscopy to confirm N-doping 
and assess its impact on the composite’s structure and behavior.

3.2.3. FTIR analysis
This confirms the presence of several significant functional groups 

within the N-doped TiO2/BC20 % nanocomposite, as illustrated in Fig. 4. 
These functional groups are crucial for understanding the structural and 
chemical interactions in the composite material. The peak at 442 cm⁻¹ 
corresponds to the Ti–O–Ti bending vibration, a characteristic feature of 
the anatase phase of TiO2, indicative of its crystalline structure [74]. 
Similarly, the peak at 638.39 cm⁻¹ is attributed to Ti–O stretching or 
bridging oxygen vibrations, commonly observed in the TiO2 lattice [75]. 
The presence of N-doped TiO2 is evident from the 729.6 cm⁻¹ peak, 
which likely arises from N–Ti–O vibrations, confirming successful ni
trogen incorporation into the TiO2 lattice. Alternatively, this peak might 
also suggest the presence of C = N bonds in the biochar matrix, 
contributing to enhanced interaction between the TiO2 and biochar 
phases. Other prominent peaks highlight interactions between the bio
char and TiO2. The peak at 1182.23 cm⁻¹ is associated with C–O 
stretching vibrations, which could also represent Ti–O–C bonds, 
implying strong coupling between biochar and TiO2 [76]. The 1581.12 
cm⁻¹ peak is indicative of C = C stretching in aromatic structures, 

Fig. 2. SEM results of N-doped TiO2/BC20 % nanocomposite at 50 and 100 µm.
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reflecting the biochar’s graphitic framework, or it could be related to 
N–H bending or Ti–N stretching, further supporting nitrogen doping 
[72]. Additionally, the high-energy peak at 1989 cm⁻¹ is likely an 
overtone or combination band associated with TiO2 vibrations or surface 

interactions. The 2162 cm⁻¹ peak suggests the presence of C–––N 
stretching vibrations, which are indicative of nitrile groups, or possibly 
isocyanate (–N = C = O) functionalities that arise from nitrogen incor
poration. The FTIR spectra after five application cycles reveal that most 

Fig. 3. EDS results of N-doped TiO2/BC20 % nanocomposite.

Fig. 4. FTIR results of N-doped TiO2/BC20 % nanocomposite before and after treatment.
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functional groups persist, albeit with slight shifts in peak positions. 
Peaks were observed at 433.5, 638.3, 1222.12, 1576.76, 1983.26, and 
2171.8 cm⁻¹, confirming the structural stability of the composite mate
rial under repeated usage. However, the peak at 729.6 cm⁻¹ disappears, 
suggesting a possible degradation or modification of the N–Ti–O or C =
N functional group during repeated applications [28]. This indicates 
that while the nanocomposite retains its core structural features, specific 
interactions might weaken or transform under prolonged use. These 
observations align with existing studies on N-doped TiO2 and biochar 
composites, which highlight the role of functional groups in enhancing 
material properties such as photocatalytic activity and chemical stability 
[77]. The retention of key functional groups after repeated use un
derscores the durability of the composite, while the minor structural 
changes suggest areas for further optimization in future applications.

3.2.4. Point zero charge
The photocatalytic degradation performance of N-doped TiO2/BC20 

% nanocomposite in the degradation of SMZ is significantly influenced 
by the pH of the solution. This pH affects the surface charges of the 
catalyst and the ionization state of SMZ. The point of zero charge 
(pH_pzc) for the nanocomposite is 5.7, indicating that the surface is 
positively charged at pH levels below this value and negatively charged 
at pH levels above it, as shown in Fig. 5. SMZ has pKa values of 
approximately 1.7 and 5.6, which means it transitions from a cationic 
state at very low pH to a neutral form near pH 5.6, before becoming 
anionic at higher pH values [78]. The maximum removal efficiency 
occurs at pH 5 because, at this level, the neutral SMZ molecules domi
nate and the photocatalyst is nearly neutral. At this pH, electrostatic 
repulsion is minimal, leading to better adsorption of SMZ onto the 
catalyst surface, which enhances photocatalytic degradation. Neutral 
SMZ has been found to interact more strongly with photocatalysts and to 
be more susceptible to degradation when exposed to UV light or sunlight 
[79]. At pH levels below 5, the positively charged surface interacts less 
favorably with the neutral or cationic forms of SMZ, resulting in 
decreased adsorption efficiency. Conversely, at pH levels above 5.7, the 
negatively charged surface of the catalyst experiences electrostatic 
repulsion with the anionic form of SMZ, thereby reducing removal ef
ficiency. These findings align with previous studies that highlight the 
importance of pH in governing adsorption and photocatalytic processes 
[80]. The results are consistent with the understanding that slightly 
acidic to near-neutral pH conditions often yield optimal performance for 

the photocatalytic removal of pharmaceuticals. Research on the degra
dation of SMZ has emphasized the crucial role of pH in modulating in
teractions between the compound and various photocatalysts, 
confirming that neutral and non-repulsive states enhance overall effi
ciency [81]. In summary, the interaction between the pH_pzc of the 
N-doped TiO2/BC20 % nanocomposites and the pKa values of SMZ de
termines the optimal conditions for its degradation. Maintaining a so
lution pH of around 5 ensures favorable adsorption dynamics and 
efficient photocatalytic activity, leading to superior removal outcomes.

3.3. Optimization of photocatalysis

The study involved a central composite design for the photocatalytic 
degradation of SMZ, utilizing Response RSM software for model fitting 
and statistical analysis, as detailed in Table 2. The experimental design 
included four main influencing factors and six central points across a 
total of 30 runs. The suitability of quadratic modeling was evaluated 
using analysis of variance (ANOVA). The results from RSM showed that 
the input response variables had significant parameters (p-value <
0.001). The model’s statistical relevance was confirmed by a calculated 
F-value of 4765.03, which corresponded to a highly significant p-value 
(<0.0001). The model demonstrated a strong fit to the data, as indicated 
by a high R² value of 0.9998, further supported by an adjusted R² value 
of 0.9996. Additionally, the model’s validity was confirmed by a non- 
significant lack of fit (p-value = 0.3014), which exceeded the 0.05 sig
nificance threshold. Table 3 summarizes the results from the four-factor 
central composite design studies on SMZ degradation. The degradation 
efficiency observed was close to the predicted value of 98.6 %, 
compared to 98.3 % recorded for the actual run. Regression equations 
and quadratic models generated using specialized software were 
employed to analyze the experimental data. These equations illustrate 
the relationship between the coded and actual variables for SMZ 
degradation percentage in both coded and exact forms. In this study, 
degradation efficiency was optimized using N-doped TiO2BC20 %. The 
software was used to assess the effects of selected parameters, such as 
agitation time, pH, nanocomposite dosage, and the initial concentration 
of SMZ, as well as their interactions, to establish optimal conditions for 
achieving maximum degradation efficiency [82]. Eq. (3) reflects the 
relationships between the independent variable (degradation efficiency) 
and the other five dependent variables. This equation is crucial for 
evaluating significant operational parameters, their interactions, and 

Fig. 5. Point zero charge of N-doped TiO2/BC20 % nanocomposite.
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predicting SMZ degradation efficiency under various operational 
conditions. 

SMZ (RE %) = 79.62 – 7.89A – 1.32B +0.93C – 2.09D – 1.93AB +
1.83AC – 0.71AD + 0.95BC - 0.71BD + 0.57CD – 0.38A2 +1.96B2 

+2.92C2 +2.77D2                                                                          (3)

Where the coded symbols represent A for contact time, B for pH, C for 
catalyst dose, and D for the initial concentration of SMZ

A comprehensive residual analysis was carried out to evaluate the 
effectiveness and appropriateness of the model developed for the 
degradation of SMZ using the N-doped TiO2/BC20 % nanocomposite. 
This analysis involved two key components: the predicted versus actual 
values plot and the normal probability plot of the residuals. The normal 
probability plot was utilized to assess whether the residuals, essentially 
the differences between the observed values and the predicted values, 
followed a normal distribution. This is an important aspect of regression 
analysis as it impacts the validity of the statistical inferences made from 
the model. As illustrated in Fig. 6, the plot displayed a straight-line 
pattern, which is indicative of a normal distribution of the residuals. 
This observation not only supports the model’s underlying assumptions 
but also enhances the credibility of the overall results obtained from the 
analysis. In addition to the normal probability plot, a thorough exami
nation of the predicted versus actual values plot was conducted. This 
plot serves a critical role in gauging the model’s predictive accuracy by 
allowing for a direct comparison between the experimental results and 
the values predicted by the model. The close alignment of the predicted 
data with the observed data, as evidenced by their proximity along the 
diagonal line of the plot, underscores the model’s precision and reli
ability. Taken together, these analyses provide strong evidence that the 
model is a robust fit for the experimental data [83]. Furthermore, the 
results affirm that it adheres to the critical assumptions necessary for 
ensuring reliable predictions in RSM. Overall, this rigorous assessment 
enhances our confidence in the model’s capability to accurately predict 
the degradation of SMZ, reinforcing its practical applicability in relevant 
environmental science contexts.

The evaluation of DFFITS in comparison to RUN for the N-doped 
TiO2/BC nanocomposite in the degradation of SMZ indicated that the 
majority of data points fell within the designated boundary, suggesting 
that most model runs conformed to acceptable limits. However, a few 
points were identified outside this boundary, indicating that these spe
cific runs could exert a greater influence on the model’s behavior. As 
illustrated in Fig. 7, this trend highlights the overall robustness of the 
model while also drawing attention to particular runs that may affect its 
reliability and stability. These findings are crucial for understanding the 
impact of individual data points on the model’s performance.

As illustrated in Fig. 8, a remarkable removal efficiency of 98.34 % 
was achieved during the RSM optimization process under specific con
ditions. The optimal parameters identified in this study included an 

Table 2 
Experimental data points and responses used in the CCD.

Std Run pH Time Initial Conc. Dose SMZ 
degradation

Predicted 
Degradation

​ ​ ​ Min mg/L g/L % %
20 1 7 120 75 2.5 84.99 84.90
11 2 5 95 40 3.5 92.22 92.23
7 3 5 95 110 1.5 97.39 97.49
4 4 9 95 40 1.5 75.55 75.42
12 5 9 95 40 3.5 68.23 68.26
21 6 7 70 5 2.5 89.55 89.50
3 7 5 95 40 1.5 98.34 98.57
6 8 9 45 110 1.5 85.09 84.95
28 9 7 70 75 2.5 79.55 79.62
5 10 5 45 110 1.5 93.02 92.93
9 11 5 45 40 3.5 94.388 94.33
22 12 7 70 145 2.5 93.01 93.25
30 13 7 70 75 2.5 79.67 79.62
23 14 7 70 75 0.5 95.11 94.99
17 15 3 70 75 2.5 93.89 93.58
14 16 9 45 110 3.5 83.2 82.91
13 17 5 45 110 3.5 91.73 91.73
19 18 7 20 75 2.5 89.89 90.17
2 19 9 45 40 1.5 82.52 82.41
25 20 7 70 75 2.5 79.77 79.62
8 21 9 95 110 1.5 81.78 81.78
27 22 7 70 75 2.5 79.65 79.62
29 23 7 70 75 2.5 79.72 79.62
15 24 5 95 110 3.5 93.39 93.44
16 25 9 95 110 3.5 77.21 76.90
1 26 5 45 40 1.5 97.65 97.83
10 27 9 45 40 3.5 78.32 78.08
24 28 7 70 75 4.5 86.31 86.62
26 29 7 70 75 2.5 79.34 79.62
18 30 11 70 75 2.5 61.12 61.62

Table 3 
ANOVA of the quadratic model of photodegradation of SMZ by N-doped TiO2/BC20 %.

Source Sum of Squares df Mean Square F-value p-value

Model 2282.44 14 163.03 4765.03 < 0.0001 significant
A-pH 1494.81 1 1494.81 43,689.81 < 0.0001 ​
B-Time 41.63 1 41.63 1216.68 < 0.0001 ​
C-Initial Conc. 21.12 1 21.12 617.18 < 0.0001 ​
D-Dose 105.22 1 105.22 3075.32 < 0.0001 ​
AB 59.72 1 59.72 1745.54 < 0.0001 ​
AC 55.23 1 55.23 1614.38 < 0.0001 ​
AD 0.6839 1 0.6839 19.99 0.0004 ​
BC 14.57 1 14.57 425.83 < 0.0001 ​
BD 8.08 1 8.08 236.07 < 0.0001 ​
CD 5.23 1 5.23 153.01 < 0.0001 ​
A² 3.99 1 3.99 116.47 < 0.0001 ​
B² 104.84 1 104.84 3064.28 < 0.0001 ​
C² 233.08 1 233.08 6812.40 < 0.0001 ​
D² 210.85 1 210.85 6162.64 < 0.0001 ​
Residual 0.5132 15 0.0342 ​
Lack of Fit 0.3941 10 0.0394 1.65 0.3014 not significant
Pure Error 0.1191 5 0.0238 ​
Cor Total 2282.95 29 ​ ​
Statistical Fit Summary of Degradation
Source Std. Dev. R2 Adjusted 

R2
Predicted 
R2

Press

Linear 4.98 0.7283 0.6849 0.6192 869.28
2FI 5.01 0.7912 0.6813 0.6585 779.62
Quadratic 0.1850 0.9998 0.9996 0.9989 2.44 Suggested
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agitation time of 95 min, a pH level of 5, a nanocomposite dosage of 1.5 
g/L, and an SMZ concentration of 110 mg/L. These results underscore 
the efficacy of RSM in optimizing complex processes by systematically 
fine-tuning multiple variables to identify the ideal conditions for 
maximum performance. The application of RSM enhances our under
standing of the interactions among various factors, which is essential for 
improving contaminant removal efficiency.

3.4. The interaction effects of photocatalysis’s parameters

Effect of Time and pH: The optimization of photocatalytic degra
dation of SMZ in real pharmaceutical industry wastewater utilizing N- 
doped TiO2/BC20 % was systematically examined through factorial 
design and RSM. The degradation efficiency was significantly influenced 
by pH levels, with optimal degradation observed at approximately pH 5, 
as illustrated in Fig. 9 during the optimization process. This observation 

is consistent with previous studies indicating that acidic conditions 
enhance the photocatalytic activity of TiO2-based materials. This 
enhancement is attributed to increased protonation of the catalyst sur
face, which facilitates the adsorption of organic pollutants [84]. In 
contrast, as pH increased from 5 to 9, the removal efficiency markedly 
decreased. This decline can be attributed to a reduction in the avail
ability of •OH, which is crucial for the oxidation of SMZ, as well as the 
likely interference with the pollutant’s adsorption onto the catalyst 
surface due to ionization at higher pH levels [85,86]. Moreover, 
degradation efficiency showed a positive correlation with agitation 
time; extended exposure to UV light resulted in greater generation of 
electron-hole pairs in the N-doped TiO2/BC20 % system, thus producing 
more reactive species for SMZ degradation [87]. The factorial design 
revealed a significant interaction between pH and agitation time, indi
cating that optimal conditions rely not only on individual factors but 
also on their combined effects. Therefore, maintaining a slightly acidic 

Fig. 6. [a] Normal plot of residual and [b] Actual Vs. predicted value of N-doped TiO2/BC20 % nanocomposite.

Fig. 7. Graphic representation of DFFITS vs. Run for by N-doped TiO2/BC20 % nanocomposite.
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condition (pH 5) while extending reaction time can maximize degra
dation efficiency. These findings highlight the necessity of concurrently 
optimizing multiple parameters in photocatalytic processes and suggest 
avenues for future research, particularly focusing on the underlying 
mechanisms of these interactions and the potential for scaling this 
technology for practical wastewater treatment applications.

Effects of Initial Concentration and pH: The optimization of 

photocatalytic degradation of sulfonamide antibiotics (SMZ) in actual 
pharmaceutical industry wastewater using N-doped TiO2/BC20 % was 
thoroughly analyzed through factorial design and RSM. The results 
indicated that the removal efficiencies of the target pollutants were 
significantly influenced by pH and initial concentration, as shown in 
Fig. 10. Specifically, degradation rates improved at lower values of both 
parameters, with optimal degradation occurring at a pH of 

Fig. 8. Process Optimization of the degradation process under various parametric conditions against SMZ by N-doped TiO2/BC20 % nanocomposite.

Fig. 9. [a] the 3D response surface, and [b] contour map showing the interaction of contact time and pH.
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approximately 5 and an initial concentration of around 40 mg/L. This 
trend can be attributed to the enhanced adsorption of SMZ onto the N- 
doped TiO2/BC20 % surface under slightly acidic conditions, which fa
cilitates the generation of reactive species essential for effective photo
catalysis [88]. However, as pH increased from 5 to 9, a slight decrease in 
degradation efficiency was observed. This decline may be due to the 
reduced presence of hydroxyl radicals (•OH) at elevated pH levels, 
which are crucial for oxidizing SMZ. Additionally, there may be a 
reduction in antibiotic adsorption due to its ionization at higher pH 
levels. Similarly, increasing the initial concentration of SMZ from 40 to 
110 mg/L resulted in decreased degradation efficiency. At higher con
centrations, the availability of active sites on the photocatalyst becomes 
limited, leading to saturation effects where not all SMZ molecules can be 
effectively degraded [55]. This phenomenon aligns with findings from 
other studies that emphasize the importance of optimizing both pH and 
initial concentration to achieve maximum photocatalytic activity. The 
interaction between pH and initial concentration underscores the ne
cessity of a balanced approach in photocatalytic processes, where both 

parameters must be carefully controlled to enhance degradation effi
ciency. Overall, these results highlight the potential of N-doped 
TiO2/BC20 % as an effective photocatalyst for removing SMZ from 
pharmaceutical wastewater while indicating the need for further 
research to explore the underlying mechanisms and optimize opera
tional conditions for practical applications.

The Effects of Dose and pH: This study examined the optimization of 
photocatalytic degradation of SMZ in actual pharmaceutical wastewater 
using N-doped TiO2/BC20 %. The focus was on the interaction effects of 
pH and the dosage of the nanocomposite. The findings revealed that 
degradation efficiency improved at lower values for both parameters, 
with optimal degradation observed at a pH of approximately 5 and a 
nanocomposite dosage of around 2.5 g/L, as illustrated in Fig. 11. This 
enhancement is attributed to the favorable adsorption of SMZ onto the 
surface of N-doped TiO2/BC20 %, influenced by the pH_pzc of the 
nanocomposite and the pKa value of the solution. At pH levels below 
pH_pzc, the surface of the nanocomposite acquires a positive charge, 
facilitating the adsorption of negatively charged SMZ anions [84]. 

Fig. 10. [a] the 3D response surface, and [b] 2D contour map showing the interaction of initial concentration and pH.

Fig. 11. [a] the 3D response surface, and [b] contour map showing the interaction of catalyst dose and pH.
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Furthermore, while increasing the nanocomposite dosage beyond 2.5 
g/L initially boosts degradation, a slight decrease in efficiency is 
observed at higher concentrations. This decline can be explained by light 
shielding effects, where an excess of the nanocomposite obstructs UV 
light from adequately penetrating the solution, thereby limiting photo
catalytic activity [89]. This phenomenon underscores the necessity of 
optimizing photocatalyst dosage to strike a balance between providing a 
sufficient surface area for adsorption and ensuring adequate light 
penetration for photocatalytic reactions [90]. Overall, these results un
derscore the significant impact of both pH and nanocomposite dosage in 
optimizing the photocatalytic degradation of SMZ, highlighting the 
importance of carefully regulating these factors to enhance wastewater 
treatment efficiency.

The Effects of Initial Concentration and Time: The optimization of 
photocatalytic degradation of SMZ in real pharmaceutical wastewater 
using N-doped TiO2/BC20 % was evaluated based on the initial concen
tration of SMZ and contact time. The results indicated that degradation 
efficiency improved with longer contact times, showing a direct rela
tionship between exposure duration and the effectiveness of the pho
tocatalytic process, as illustrated in Fig. 12. This enhancement can be 
attributed to the extended interaction time between SMZ and the reac
tive species produced during photocatalysis, such as •OH and superox
ide anions (•O2− ). As contact time increases, more radicals are 
generated in the solution, facilitating the breakdown of SMZ molecules 
and leading to higher degradation rates [72]. On the other hand, the 
relationship between degradation efficiency and the initial concentra
tion of SMZ revealed a more complex interaction. While lower concen
trations of SMZ allowed for effective degradation, higher initial 
concentrations resulted in a slight decrease in degradation efficiency. 
This decrease can be explained by the saturation effect; as pollutant 
concentrations rise, more SMZ molecules compete for active sites on the 
surface of the photocatalyst [91]. Furthermore, at elevated concentra
tions, the presence of additional SMZ molecules can hinder light pene
tration due to light shielding effects [55,92]. In this scenario, excess 
molecules absorb or scatter the incident light, reducing the intensity of 
light that reaches the photocatalyst. This reduction in light availability 
limits the excitation of electron-hole pairs in the photocatalyst, which 
are essential for generating the reactive species needed for degradation. 
Overall, these findings highlight the importance of optimizing both 
contact time and initial concentration in photocatalytic processes [93]. 
While longer contact times generally enhance degradation efficiency, 

excessively high initial concentrations can impede the effectiveness of 
the photocatalytic system. Future studies should focus on identifying the 
optimal balance between these parameters to maximize the degradation 
of SMZ in wastewater treatment applications.

The Effect of Time and Dose: Optimization of Photocatalytic 
Degradation of SMZ in Real Pharmaceutical Industry Wastewater Using 
N-Doped TiO2/BC20 %. The study analyzed the impact of nanocomposite 
dosage and contact time on the photocatalytic degradation of SMZ. The 
results indicated that the degradation efficiency decreased as the dosage 
of the nanocomposite increased, as shown in Fig. 13. This decline is 
attributed to the phenomenon known as light shielding, which occurs 
when an excessive amount of photocatalyst particles in the solution 
obstructs the light needed to activate the photocatalytic process. As the 
dosage of N-doped TiO2/BC20 % increases, the particles may aggregate 
and scatter light, reducing the effective intensity of light reaching the 
photocatalyst. This, in turn, limits the generation of reactive species, 
such as •OH, which are crucial for the degradation of SMZ [92,94]. 
Conversely, the degradation efficiency showed a positive correlation 
with contact time. As contact time increased, the chances of interaction 
between SMZ molecules and the reactive radicals produced by the 
photocatalyst also increased. This longer interaction period enables 
more effective degradation of SMZ, as the radicals have more opportu
nities to react with and break down the pollutant molecules [90]. The 
combination of extended contact time and the presence of reactive 
radicals enhance the overall degradation process, highlighting the 
importance of optimizing both factors in photocatalytic applications. 
These findings suggest that, although increasing the nanocomposite 
dosage may initially appear beneficial, it is vital to consider the potential 
negative effects of light shielding [95]. Therefore, a careful balance must 
be maintained between the amount of photocatalyst used and the 
duration of contact time to maximize the degradation efficiency of SMZ 
in pharmaceutical wastewater treatment processes.

The Effect of Dose and Initial Concentration: The Effect of Dose and 
Initial Concentration: The optimization of photocatalytic degradation of 
SMZ in real pharmaceutical wastewater using N-doped TiO2/BC20 % was 
studied with respect to the dosage of the nanocomposite and the initial 
concentration of SMZ. The findings revealed that degradation efficiency 
decreased as the amount of N-doped TiO2/BC20 % nanocomposite 
increased, as illustrated in Fig. 14. This reduction can be attributed to 
light shielding effects, where higher concentrations of photocatalyst 
particles obstruct light penetration into the solution. As the dosage of the 

Fig. 12. [a] the 3D response surface, and [b] the 2D contour map showing the interaction of contact time and initial concentration.
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nanocomposite increases, the particles can scatter and absorb more 
light, leading to a decrease in the effective light intensity that reaches 
the photocatalyst. Consequently, this limits the generation of reactive 
species, such as •OH, which are essential for the degradation of SMZ 
[94]. Similarly, the degradation efficiency was negatively impacted by 
increases in the initial concentration of SMZ. As the concentration of 
SMZ rises, the number of pollutant molecules in the solution increases, 
leading to a similar light-shielding effect. The higher concentration of 
SMZ molecules can absorb and scatter light, thereby reducing the 
amount of light available for activating the photocatalyst. This situation 
results in a decreased formation of reactive species, which are critical for 
the effective degradation of the antibiotic [88]. These results emphasize 
the importance of optimizing both the photocatalyst dosage and the 
initial pollutant concentration to achieve optimal degradation effi
ciency. Although it may seem beneficial to increase the amount of 
photocatalyst to enhance degradation, excessive dosages can lead to 
diminishing returns due to light shielding. Therefore, a careful balance 
should be maintained to ensure that sufficient light reaches the 

photocatalyst while also allowing effective interaction with the 
pollutant. In conclusion, the results highlight the need for a systematic 
approach to optimizing photocatalytic processes, particularly in com
plex wastewater matrices where both the photocatalyst dosage and the 
concentration of contaminants significantly influence degradation 
outcomes.

3.5. Photocatalytic degradation mechanism

The degradation mechanisms of SMZ residues were systematically 
investigated through laboratory experiments using specific chemical 
scavengers that target distinct reactive species and analyzed via LC-MS. 
Chemical agents such as PBQ, IPA, EDTA, and AgNO₃ were utilized to 
capture O₂⁻•, •OH, holes (h⁺), and electrons (e⁻), respectively. The re
sults indicate that •OH was the primary agent in the degradation of SMZ, 
achieving a degradation efficiency of 38.5 % as shown in Fig. 15. This 
relatively low efficiency highlights the complexity of the degradation 
process and suggests the involvement of other reactive species and 

Fig. 13. [a] the 3D response surface, and [b] the 2D contour map showing the interaction of contact time and catalyst dose.

Fig. 14. [a] the 3D response surface and [b] the 2D contour map shows the interaction of initial concentration and catalyst dose.

H. Ashebir et al.                                                                                                                                                                                                                                 Results in Engineering 26 (2025) 105170 

14 



mechanisms. The experimental findings align with previous studies 
[96], indicating that while •OH is crucial, other degradation pathways 
also contribute significantly to the overall process. The degradation 
mechanism, illustrated in Fig. 16, begins under light exposure, where e⁻ 
and h⁺ are generated in the CB and VB of the N-doped TiO₂/BC20 % 

nanocomposite, as described in Eq. (2). Surface electrons react with 
oxygen to produce •O₂⁻ (Eq. (3)), which then interact with hydrogen 
ions (H⁺) to generate •OH (Eq. (4)). Furthermore, the energy levels of the 
valence band in the N-doped TiO₂/BC20 % nanocomposite facilitate the 
transfer of h⁺ from TiO2/BC20 %, promoting the formation of •OH from 

Fig. 15. The influence of different scavengers on the degradation of SMZ by N-doped TiO2/BC20 % nanocomposite.

Fig. 16. Photocatalytic degradation mechanism of SMZ by N-doped TiO2/BC20 % nanocomposite.
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hydroxyl ions and water molecules (Eq. (5)). These reactive species ul
timately assist in breaking down SMZ into less harmful byproducts, such 
as CO2 and H2O, as presented in Eqs. (9) and 10, in accordance with 
mechanisms identified in similar research [97]. This study emphasizes 
the importance of the synergistic interactions among reactive species in 
achieving effective degradation and offers valuable insights for 
designing advanced photocatalytic systems.

Under UV or visible light, the N-doped TiO2 in the nanocomposite 
absorbs photons, which excites electrons from the VB to the CB and 
creates electron-hole pairs. 

N − TiO2BC20% + hv → N − TiO2BC (e− + h+) (2a) 

Electron Transfer to Oxygen: 

O2 + e− → O.−
2 (3a) 

Hole Reaction with Water or Hydroxide Ions: 

h+ + H2O → OH. + H+ (4) 

h+ + OH− → OH. + H+ (5) 

Formation of Reactive Species: 

O.− + H+→ HO.
2 (6) 

2HO.
2 →H2O2 + O2 (7) 

H2O2 + e− → OH. + OH− (8) 

Degradation of Pollutants 

R + OH. →Degraded products (H2O+CO2+ Inorganic salts) (9) 

R + O.−
2 →Degradation Products(H2O+CO2+ Inorganic salts) (10) 

These equations collectively describe the degradation mechanisms when 
using an N-doped TiO2/BC20 % nanocomposite as a photocatalyst. The 
process involves light absorption, the generation of reactive species, and 
the subsequent breakdown of pollutants into less harmful substances.

On the other hand, the photocatalytic degradation of pharmaceutical 
wastewater using an N-doped TiO2/BC20 % nanocomposite is illustrated 

in Fig. 17. Significant interference from common anions was observed, 
with Sodium Dodecyl Sulfate (SDS) exhibiting the highest inhibition at 
52.4 %. This was followed by chlorides (Cl⁻) at 34.8 %, sulfates (SO4²⁻) at 
27.4 %, and nitrates (NO3⁻) at 11.9 %. These interferences can be 
attributed to competitive adsorption and radical scavenging effects, 
which hinder the degradation efficiency of organic pollutants. SDS 
demonstrated the strongest inhibitory effect, likely due to its surfactant 
properties, which compete for active sites on the N-doped TiO2/BC 
surface and form micelles that reduce the availability of •OH [98]. 
Chlorides also significantly reduced degradation efficiency, possibly by 
reacting with the photogenerated h⁺ ions to form less reactive chlorine 
radicals (•Cl), as reported in previous studies [99]. Sulfates exhibited 
moderate interference, likely due to their ability to scavenge hydroxyl 
radicals, forming sulfate radicals (SO4•⁻) that possess lower oxidative 
potential [100]. Nitrates had the least impact, possibly because they 
primarily compete for conduction band electrons rather than directly 
quenching ROS [101,102]. These findings align with earlier studies on 
anion interference in photocatalytic systems, highlighting the need for 
pretreatment or optimized nanocomposite design to mitigate competi
tive effects in complex wastewater matrices.

3.6. Photocatalysis of pharmaceutical wastewater

The N-doped TiO2/BC20 % nanocomposite, refined using RSM, shows 
significant potential for real-world wastewater treatment applications. 
With optimal operational parameters identified as 95 min of agitation 
time, pH 5, a SMZ concentration of 110 mg/L, and a nanocomposite 
dosage of 1.5 g/L, the composite achieved impressive removal effi
ciencies of 98.3 % for synthetic wastewater and 86.6 % for real phar
maceutical industry wastewater at a laboratory scale. These results 
underscore the practical applicability of nanocomposites in treating 
complex organic pollutants typically found in water. Real pharmaceu
tical wastewater often contains diverse contaminants and complex 
matrices, which can reduce treatment efficiency compared to synthetic 
samples [103]. Despite these challenges, the high removal efficiency 
demonstrated by the nanocomposite in real wastewater highlights its 
robustness and adaptability for environmental remediation [104]. The 
enhanced light-harvesting ability and reduced electron recombination 
of the nanocomposite contribute to its superior photocatalytic 

Fig. 17. Average interference of pharmaceutical wastewater constituents on photocatalytic degradation.
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performance. These properties enable the effective degradation of 
pharmaceutical pollutants under natural sunlight, making the process 
both energy-efficient and cost-effective [105,106]. When applied under 
sunlight, the synthesized nanocomposite achieved a removal efficiency 
of 97.3 %, matching the performance of UV light. Additionally, the 
presence of interfering ions complicates the treatment of real pharma
ceutical wastewater, as evidenced by the differences in results between 
synthetic and real wastewater. Although the method is effective at the 
laboratory scale, scaling it up for the treatment of pharmaceutical resi
dues presents common challenges associated with advanced oxidation 
processes (AOP): uniform mixing in larger volumes [107], maintaining 
reaction efficiency in continuous flow, and energy demands [108]. 
Similarly, emerging technologies, including hybrid systems, may 
address these limitations, though pilot-scale validation is essential for 
practical implementation [109]. Furthermore, the use of N-doped 
TiO2/BC20 % nanocomposites offers a sustainable and economically 
attractive approach to addressing pharmaceutical residues and other 
micro-pollutant organic pollutants in real wastewater environments. By 
integrating this technology into water and wastewater treatment sys
tems, it is possible to achieve efficient pollutant removal, thereby 
tackling the increasing environmental challenges posed by pharmaceu
tical residues in water bodies.

3.7. Reusability and stability test

The effectiveness of N-doped TiO2/BC20 % for degrading SMZ was 
assessed over six successive cycles, showing promising efficiency levels, 
as illustrated in Fig. 18. Initially, the catalyst achieved a degradation 
rate of 98.6 %. However, this rate slightly decreased with continued use, 
dropping to 89.2 % by the sixth cycle. This pattern indicates that while 
the material retains significant catalytic effectiveness across multiple 
applications, there are minor losses in efficiency, likely due to structural 
changes or partial deactivation of active sites over time [91]. These 
results highlight the robustness of N-doped TiO2/BC20 %, confirming its 
suitability for repeated use in wastewater treatment. The observed 
decline in performance can be attributed to several factors, such as the 

accumulation of by-products on the catalyst’s surface and the potential 
leaching of active components. Nevertheless, even after six cycles, the 
degradation efficiency remains relatively high, demonstrating the ma
terial’s durability and sustainability. To enhance long-term effective
ness, further optimization strategies, including occasional regeneration 
or adjustments to the catalyst, may be beneficial. Overall, the study 
underscores the potential of N-doped TiO2/BC20 % as an effective and 
reusable photocatalyst for environmental cleanup initiatives.

4. Conclusion

This study effectively optimized the photocatalytic degradation of 
SMZ in real pharmaceutical wastewater using an N-doped TiO2/BC20 % 
nanocomposite. Under the optimized conditions (an agitation time of 95 
min, a pH of 5, a nanocomposite dosage of 1.5 g/L, and an SMZ con
centration of 110 mg/L), the removal efficiency reached 98.3 %. The 
optimization process, guided by RSM, confirmed the reliability of the 
quadratic model, which demonstrated an R² value of 0.999 and a non- 
significant lack of fit (p = 0.3014), ensuring a robust experimental 
design. Mechanistic studies identified •OH (61.5 %) and O2⁻• (37.5 %) 
as the primary reactive species responsible for the degradation of SMZ. 
Furthermore, the nanocomposite displayed remarkable durability, 
maintaining efficiency across over 6 cycles with less than a 5 % loss. It 
also performed admirably in real wastewater, achieving an 86.6 % 
degradation of SMZ, thereby confirming its practical applicability. These 
findings carry substantial implications for the treatment of pharma
ceutical wastewater, as conventional methods often fall short of elimi
nating SMZ. Beyond controlled laboratory conditions, the results 
highlight the significance of sustainable wastewater treatment. With its 
high efficiency, activation under visible light (97.3 %) and reusability, 
the nanocomposite emerges as a promising alternative for water puri
fication. However, the successful large-scale application of this tech
nology will require addressing several key challenges, including the 
scalability of synthesis, long-term stability, and integration into 
continuous-flow systems. Future research should aim to refine the cat
alyst’s composition to enhance degradation efficiency under varying 

Fig. 18. Stability test of N-doped TiO2/BC20 % nanocomposite for SMZ antibiotic degradation under agitation time of 95 min, a pH of 5, a nanocomposite dosage of 
1.5 g/L, and an SMZ concentration of 110 mg/L.
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environmental conditions and minimize the potential for secondary 
pollutants. Additionally, advancements in photocatalytic reactor design 
and engineering will be crucial for improving operational feasibility. 
Incorporating hybrid treatment approaches, such as combining photo
catalysis with membrane filtration, could further enhance overall 
treatment performance. This study contributes to the advancement of 
effective, scalable, and environmentally friendly wastewater treatment 
technologies, offering a viable solution for mitigating pharmaceutical 
pollution and enhancing water quality management.
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