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1. Introduction their persistent presence poses long-term ecological risks
to both terrestrial organisms and marine life [2]. The
contamination of pharmaceutical pollutants in drinking
water arises from two sources [3], namely: (i) manu-
facturing processes within the pharmaceutical industry,

and second, the widespread consumption and disposal

One of the most critical ways human activities impact the
environment is by releasing harmful chemicals into the
air and water. In recent years, the pharmaceutical sector
has emerged as a significant contributor to environmental

pollution [1]. Medicinal compounds for both human
and veterinary use, collectively termed pharmaceuticals,
have been extensively utilized globally. Despite their
presence in aquatic systems even at low concentrations,

of pharmaceutical products, which enter domestic and
agricultural wastewater streams [4].

The pharmaceutical production process generates
wastewater containing a diverse range of pollutants such
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as raw materials, antibiotics, PCPs, cytotoxic waste, psy-
chotropic substances, anti-infective drugs, antiseptics,
disinfectants, chemical wastes such as heavy metals,
biomedical waste such as animal and plant steroids,
analgesics, lipid regulators, anti-depressants, tablets,
syrups, vaccines, etc. [5, 6, 7]. These effluents are often
hazardous, toxic, intensely colored, and malodorous.

Various conventional and non-conventional technolo-
gies are employed to treat such wastewater, generally
categorized into: (a) Physical; (b) Chemical, and (c)
Biological methods. A Comparison of the average re-
moval efficiency of several physical/chemical treatments
is shown in Table 1. Although various physical, chemi-
cal, and biological technologies exist, no single method
can eliminate pharmaceutical contaminants from water
sources. Therefore, integrated approaches combining
two or more technologies are increasingly considered
optimal for efficient treatment [8]. Similar observations
were reported by Thirumavalavan et al. (2019) [9], who
demonstrated enhanced photocatalytic degradation of
ciprofloxacin and methylene blue using Nd,03/ZnO-GO
nanocomposites under UV light. In this context, nanoma-
terials have received considerable attention due to their
unique physicochemical properties. Their high surface
area-to-volume ratio, enhanced conductivity, photosen-
sitivity, and structural tunability offer distinct advan-
tages over conventional materials [10]. These nanoscale
characteristics result in quantum effects and intensified
surface interactions, enabling targeted pollutant removal
and greater efficiency [11].

Among various nanomaterials, semiconductors like
titanium dioxide (TiO;) have shown great promise in
the photocatalytic degradation of pharmaceutical pol-
lutants [12]. TiO; is widely used because of its high
oxidative capacity, chemical stability, non-toxicity, and
cost-effectiveness [13]. Numerous studies confirm the
effectiveness of TiO,-based photocatalysts in degrading
a wide range of pharmaceuticals under both UV and
visible light irradiation.

To address the inherent limitations of pristine TiO,
such as limited visible light absorption and rapid electron-
hole recombination, several modification strategies have
been developed. These include carbon-based doping,
semiconductor coupling, and non-metal doping [14].
The comprehensive review by Huang et al. (2016) de-
tails how different doping modes (self-doping, non-metal,
metal, and co-doping), preparation methods, and de-
fect chemistries influence TiO,’s band structure, charge
transport, and surface active sites underscoring doping’s
pivotal role in extending light absorption and suppress-
ing carrier recombination [15]. For example, carbon
dot-modified TiO, has shown enhanced degradation per-

formance against pharmaceutical residues [16]. Also,
Ghasemi et al. (2024) highlight that Z- and S-scheme
heterojunction designs synergistically combine spatial
charge separation with strong redox potential, offering
a powerful blueprint for next-generation visible-light-
active photocatalysts [17]. For example, Ren et al.
(2025) highlight multiple S-scheme heterojunction pho-
tocatalysts, where dual or even triple S-schemes create
additional charge-transfer pathways and strong interfacial
electric fields to dramatically boost visible-light—driven
degradation efficiencies and suppress recombination [18].
Aswini et al. (2023) identified carbon decorated bismuth
based nanomaterials as versatile, visible light active
photocatalysts offering high chemical stability, low tox-
icity, and enhanced charge separation for the efficient
degradation of organic pollutants [19]. Similarly, spheri-
cal StWO4 nanomaterials synthesized via surfactant as-
sisted co precipitation achieved over 95% methylene blue
degradation within 90 minutes, driven by hydroxyl and
superoxide radicals and exhibited excellent recyclability
[20]. Researchers have also reported that metal-organic
frameworks (MOFs) and hybrid nanocomposites signif-
icantly enhance TiO,’s photocatalytic efficiency under
real wastewater conditions [21, 22]. Hybrid structures
incorporating SiO, and MOFs like ZIF-8 have exhibited
synergistic effects in enhancing photocatalytic dye degra-
dation, highlighting the role of tailored support matrices
[23].

Solar-driven photocatalysis, in particular, aligns with
green chemistry principles, with reported degradation
efficiencies exceeding 95% for compounds such as
paracetamol using natural sunlight [24]. Labidi et al.
(2024) further demonstrated that a visible-light-driven
ZnO@NiO heterostructure supported on coal fly ash
waste achieved efficient ciprofloxacin degradation-driven
by hydroxyl, superoxide, and sulfate radicals and pro-
vided detailed mechanistic insights via DFT calculations
and toxicity pathway analysis [25]. In addition to de-
grading pharmaceutical residues, certain nanomaterials
exhibit dual functionality by also inhibiting resistant
microbial strains [26]. Moreover, organic scaffolds
like pyrazoles have shown targeted antibacterial activity,
further supporting the case for multi-functional photocat-
alytic systems [27]. Adsorption, another potent removal
process, is widely used due to its porous nature and
tunable surface characteristics. Combining adsorption
with photocatalysis is a promising synergistic approach,
enabling improved pollutant removal, prolonged adsor-
bent lifespan, and enhanced treatment reliability [28,
29]. Photocatalytic degradation using TiO, involves
the generation of electron-hole pairs under light irra-
diation, which produce reactive oxygen species (ROS)

Table 1. The average removal efficiency of several physicochemical treatment methods: A comparison.

ng:g::) ?t Sedimentation  Coagulation Fenton Fe-C  Flotation Adsorption Photo-catalysis
Average removal % 50-80 50-80 60-95  60-75 70-85 Around 80 85-99
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like hydroxyl radicals (OH) and superoxide anions (O5).
Labidi et al. (2024) demonstrated that organic-radical
functionalization-where surface-bound radicals gener-
ate abundant reactive oxidative species-dramatically en-
hances the removal of pharmaceutical residues from
wastewater by providing highly reactive surface sites
[30]. These ROS play a key role in breaking down
pharmaceutical pollutants. However, pure TiO; suffers
from rapid charge recombination and limited visible light
activity. Nitrogen doping addresses this by narrowing
the band gap and enhancing visible-light absorption. It
also improves charge separation by introducing local-
ized states, thereby increasing ROS generation. The
degradation mechanism typically involves hydroxylation,
demethylation, and ring-opening of drug molecules, de-
pending on their chemical structure and interaction with
the doped surface. For example, Cunha et al. (2013) syn-
thesized N-doped TiO» via a sol-gel route optimized by a
Box-Behnken design adjusting pH, catalyst loading, and
nitrogen content to achieve 98% metoprolol degradation
under simulated solar light, highlighting the critical role
of process optimization in maximizing photocatalytic
performance [31].

Despite breakthroughs in material modification and
treatment techniques, real-world applications demand
cost-effectiveness, simplicity, and environmental sustain-
ability. Simple and cost-effective synthetic approaches,
such as the sol-gel method and green plant-mediated
routes, have proven highly effective for producing metal
oxide nanomaterials like ZnO, TiO, with desirable sur-

For TiO,

150 mL of ethanol +
3.75 mL of DW.

face properties and photocatalytic potential [32, 33]. In
the present study, nitrogen doping was employed to en-
hance the visible light activity of TiO, by narrowing its
band gap. This modification method is straightforward,
scalable, and avoids the use of hazardous reagents. The
doped material was evaluated under natural sunlight and
in actual pharmaceutical wastewater, aiming to bridge
the gap between laboratory-scale research and real-world
applications in sustainable wastewater treatment.

2. Materials and Methods

2.1 Materials

The study utilized titanium isopropoxide, ammonia,
ethanol (95%), and isopropyl alcohol, all procured from
Sigma Aldrich Chemicals (India) Ltd. The reagents of
analytical grade were utilized as received, without addi-
tional refining steps. Distilled water was used throughout
the experimental procedures.

2.2 Synthesis of TiO, and N-TiO, nanoparticles

Both TiO; and N-TiO, nanoparticles were synthesized
using the sol-gel method (see figure 1). The synthesis
procedure for TiO, nanoparticles is detailed in [34],
wherein 9 mL of titanium isopropoxide (TTIP) was added
dropwise to an ethanol-water mixture under constant
magnetic stirring for 4 hours at 85 °C. The resulting
mixture was dried at 80 °C for 20 minutes and calcined
at 400 °C for 3 hours to obtain the anatase phase. For
the synthesis of N-doped TiO, nanoparticles, a similar

For N-TiO,

150 mL of ethanol

L A

9 mL of TTIP was
added drop wise

Stirred for 4 hrs at 854%C

&
Dried at 80°C for 20
min
i

bx

Calcined at 400°C for 3
hrs

| Add9 mLof
Ammonia

Figure 1. Synthesis flowchart of TiO, and N-TiO, nanoparticles via Sol-Gel processing.
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protocol was followed with the modification of adding
5 mL of ammonia dropwise as a nitrogen source to the
ethanol-TTIP solution. The mixture was stirred under
identical conditions and subsequently subjected to the
same drying and calcination steps. The introduction
of ammonia facilitates nitrogen incorporation into the
TiO, lattice, potentially enhancing its photocatalytic
performance [35].

2.3 Collection and storage of the sample

The real industrial effluent from a pharmaceutical indus-
try’s treatment plant (the industry requested anonymity)
was sampled from a homogeneous tank. Before collect-
ing, the sampling vessel underwent thorough cleaning
and rinsing with distilled water. Subsequently, it was
rinsed with the sample itself. The sample collected was
then stored at a temperature of 4 °C [36]. The pharma-
ceutical sample was analyzed for adsorption followed by
photocatalytic treatment that is carried out under natural
sunlight using TiO; and N-TiO; as catalysts by observing
the effect of time [37].

2.4 Experimental set-up

100 mL of pharmaceutical solutions with a concentration
of 100 volume percent are prepared in two conical
flasks. In these, 0.2 g of adsorbent is added and kept
inside the orbital shaker for dark adsorption for 2 hours
followed by natural sunlight exposure for 3 hours (see
figure 2). The samples drawn at specific intervals of
time are collected with the help of micropipettes. A
spectrophotometer (SHIMADZU UV-1800) is utilized
to measure and calculate the percentage absorbance
values at the wavelength corresponding to maximum
absorbance, (dpax = 310 nm). The pharmaceutical
solution concentrations were measured for every time
interval until equilibrium was reached and % removal
efficiency can be calculated as follows [38]:

(Ci = Cy)

i

Removal (%) = x 100 (1)
where C; and Cy are the initial and final concentrations
of the samples respectively.

2.5 Calibration curve

Stock solutions in water were prepared, and a calibration
curve of Concentration Vs. absorbance is made first.
For this, the concentrations of the sample were prepared
as 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 volume
percent, as shown in the figure 3. The UV spectropho-
tometer (Amax = 310 nm) was utilized to determine their
percentage absorbances (refer figure 4).

3. Results and discussion

3.1 UV-Vis Spectroscopic analysis

Nitrogen-doped TiO; exhibits a red-shifted absorption
edge at approximately 403 nm, as observed in figure 5.
In contrast, the normal absorbance for TiO, alone typi-
cally falls in the range of the near UV region. This shift
indicates a notable narrowing of the band gap due to

“https://dx.doi.org/10.57647/.iind.2026.1701.07

Figure 2. Experimental set up (a) 0.2 g of TiO; and N-TiO, nanopar-
ticles of 100 v/v initial sample concentration kept in an orbital shaker,
(b) after 2 hours of adsorption, (c) and (d) Adsorbed samples kept
under sunlight for 3 hours.
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Figure 3. Calibration curve for pharmaceutical samples at maximum
absorbance (310 nm).

the incorporation of nitrogen, which introduces mid-gap
states between the valence and conduction bands. Such
doping facilitates enhanced absorption in the visible spec-
trum, thereby improving the photocatalytic performance
of N-TiO, under natural sunlight.

3.2 FTIR analysis

In figure 6, a sharp peak is observed at 772 cm™!, which
corresponds to Ti-O bending. Another noticeable peak
at the 1500-1600 cm™! region is observed, which corre-
sponds to Ti-OH stretching. A broad peak at the 3200-
3600 cm™! region belongs to the OH group. Hence, the
synthesized nanoparticles confirm the presence of TiO;
bonds. Like TiO, nanoparticles, N-TiO, has exhibited
noticeable peaks at the same regions as in TiO,, but with
an extra peak. The intense peak at 1600 cm™! region is
observed which corresponds to N-H stretching. Hence,
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Figure 4. Calibration samples for pharmaceutical samples at maximum absorbance (310 nm).
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Figure 6. FTIR analysis of TiO, and N-TiO, nanoparticles.
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it is concluded that the synthesized nanoparticles have
N-H bonds as well as TiO, bonds. Table 2 represents
the FTIR peak table for all the main peaks present in the
synthesized nanoparticles.

3.3 X-Ray diffraction (XRD) analysis

A powder X-ray diffraction (pXRD) analysis was con-
ducted to determine the crystallographic properties of the
synthesized N-TiO, nanoparticles. The resulting diffrac-
togram (figure 7) revealed distinct peaks at 26 values of
25.41°, 27.41°, 38.23°, 39.1°, 45.41°, 48.24°, 49.24°,
53.75°, 55.22°, 63.27°, 70.08°- which corresponds to
the (101),(111),(004),(211),(220),(200), (2
12),301),(211),(024),and (4 00) planes of the
anatase TiO, phase. These results confirm that nitrogen
doping did not alter the crystal structure, which remains
tetragonal anatase. The crystallite size of the N-TiO,
nanoparticles was calculated using the Debye—Scherrer
equation (Eq. (2)), yielding an average diameter of 61.26
nm (Table 3).

K2
Bcosb

Debye-Scherrer formula : D = 2)
where, D = Crystallite size; K = Shape factor (typically
0.9 for spherical crystals); A = X-ray wavelength (usually
1.54056 A for Cu Ka radiation); B = Full width at half
maximum (FWHM) of the peak in radians; 6 = Bragg
angle in radians. For comparison, the crystallite size of
undoped TiO,, for previously reported work has been
calculated in Table 4 [39], was found to be 21.38 nm.
This significant increase in crystallite size upon doping
may be attributed to the lattice strain or defect states
introduced by nitrogen incorporation.

Table 2. FTIR peak table.

Frequency (cm™")
3700-3100 (s)
3600-3200 broad (s)
3500-3300 (w)

CH; bend 1480-1400 (m)

Functional group

Water OH stretch
Alcohol OH stretch
Amine N-H stretch

Bending nodes of water Ti-OH  1600-1650 (s)
N-H bending 1600 (m)
Ti-O vibrations ~ 600 (s)

3.4 SEM/EDX analysis

The SEM micrographs in figure 8 reveal the morpholog-
ical differences between undoped TiO, (panels a—b) and
N-doped TiO, nanoparticles (panels c—f). The undoped
TiO, (a-b) consists of uniformly distributed, nearly
spherical particles forming compact aggregates. This
spherical morphology is commonly observed in TiO;
nanoparticles synthesized under controlled conditions.
In contrast, the N-doped TiO; (c—f) displays a more
open, loosely packed network of smaller, irregularly

“https://dx.doi.org/10.57647/.iind.2026.1701.07
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Figure 7. XRD pattern of N-TiO, nanoparticles.

Table 3. Crystallite size Calculation from XRD data for TiO,.

20 (hk1) d(A) FWHM Element D (nm)
2548 (101) 3.495 0.34 TiO, 2278
3726 (013) 2413 0.34 TiO, 22.13
382 (004) 2.355 0.34 TiO, 22.07
4841 (200) 1.880 0.34 TiO, 21.30
5448 (105) 1.684 0.34 TiO, 20.77
5543 (211) 1.657 0.34 TiO, 20.68

6327 (024) 1.46970.34 TiO, 19.89

Average Crystallite Size (nm) 21.37

Table 4. Crystallite size Calculation from XRD data for N-TiO,.

260 (hkl) d(A) FWHM Element D (nm)

223 (100) 3.986 0.12 N 64.92
2541 (101) 3505 0.12 TiO, 64.55
2741 (111) 3254 0.12 N 64.29
3165 (200) 2.827 0.12 N 63.66

3823 (004) 2354 0.12 TiO, 62.52
38.88 (004) 2316 0.12 TiO, 62.40

391 (211) 2304 0.12 N 62.36
4541 (220) 1.997 0.12 N 61.04
4824 (200) 1.886 0.12 TiO, 60.39
4924 (212) 1.886 0.12 N 60.16
5375 (301) 1.705 0.12 N 59.02

5522 (211) 1663  0.12 TiO, 58.64
6327 (024) 1469  0.12 TiO, 56.34
66.09 (400) 1413  0.12 N 55.47

Average Crystallite Size (nm) 61.25

faceted particles (~ 45 — 83 nm). In figure 8 (c) (scale
bar = 0.5 pm) and (d) (scale bar = 1 nm), the N-TiO,
sample displays a porous, sponge-like network of loosely
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Figure 8. SEM images of TiO; nanoparticles (a) 2 um, (b) 10 pm; N-TiO, nanoparticles, (c) 0.5 pm, (d) 1 pm, (e) 2 pm, (f) 5 pm at various

magnifications.

connected primary particles. Panel (e) (scale bar = 2
pm) includes measured particle diameters, which range
from approximately 45 to 83 nm, confirming that N-TiO,
crystallites are well within the nanometer regime and
are substantially smaller and more uniform than the bulk
aggregates observed for undoped TiO;. This enhanced
porosity and reduced particle size are expected to im-
prove pollutant adsorption and charge-carrier separation
under visible-light irradiation.

The EDX analysis is shown in figure 9 (a) confirms
the presence of Ti and O in the synthesized sample, and
figure 9 (b) confirms the presence of Ti, O, and the

10 12
[Full Scale 23047 cts Cursor: 0.000 (a) ke

Full Sl 23047 cis Cursar: 0 004

addition of N in the synthesized sample. Thus, it is
confirmed that Nitrogen has successfully doped into the
TiO; crystal structure.

3.5 Application of TiO;, and N-TiO; to treat phar-
maceutical wastewater by adsorption

Spectrophotometric measurements at Amax=310 NM were
conducted on samples collected at various time intervals
to determine their percentage absorbance, and a compar-
ison graph of adsorption followed by photocatalysis for
both doped and undoped nanoparticles is illustrated in
figure 10. These measurements were used to calculate

“(b)

Figure 9. (a) EDX image of TiO, nanoparticles;(b) EDX image of N-TiO, nanoparticles.
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Figure 10. Comparison of % removal/adsorption with time for TiO, and N-TiO,, 0.2 g dosage.

"q’ values at different time points, with the value of g,
at equilibrium time (120 min) designated as ¢g.. The
best-fitting model for the system was then identified by
using the pseudo-first-order and second-order kinetic
models.

3.5.1 Adsorption kinetics: Kinetic study for TiO;

Samples were analyzed using spectrophotometry at a
wavelength of 310 nm at various time intervals to measure
their percent absorbance. These data were then used
to calculate ’g’ values as a function of time, with the
equilibrium adsorption capacity (g.) determined at 120
minutes. Both pseudo-first-order and pseudo-second-
order models were used for experimental data to evaluate
the adsorption kinetics, enabling the identification of the
model that best describes the system’s behavior.

t/q,

3

5 y = -0.0275x + 4.6166
2 R2=0.9797
5

1

5

40

80

60 100
Time (mins)

.. Y=-0.062x+5.869
% R?=0.7853

50 150

Time (mins)

(d

A pseudo-first-order kinetic model is given by:

ln(qe - 6]1) = ln(Qe) - (kl X t) 3)

From figure 11 (a), this expression, g, and g, denote the
quantities of pharmaceuticals adsorbed from the solution
(mL/g) at equilibrium at a specific time ¢, respectively.
The rate constant is represented by k; [40].

A pseudo-second-order kinetic model is given by,

t 1 t

_ = 4 —
q: kZquz e

In this case from figure 11 (b), k, represents the rate
constant, and g, and g, are the amounts of pharmaceu-
ticals adsorbed at equilibrium and time ¢, respectively.
Analysis of the data from Table 5 reveals that the the-
oretical g, value for the pseudo-first-order equation is

“

A7y = 0.0083x + 0.0852
R? = 0.9643

40 60

Time

80 100 120

y = 0.0045x + 0.0317
R% = 0.9905

25

50 75 100

Time (mins)

125 150

Figure 11. (a) Pseudo 1% order study for TiO5; (b) Pseudo 21 order study for TiOy; (c) Pseudo 1% order study for N-TiO,; (d) Pseudo 20 order study for

N-TiOs.
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Table 5. Parameters of pseudo 1% and 2" order kinetics for TiO».

Ci VIV%)  Qeexp (Mg/gin vivTo) Qe cal (mg/gin viv9) K (min~") R K; R

100 116.56 116.59

0.0289 0.9893  0.000277 0.9863

closely aligned with the experimental value. Addition-
ally, the coefficient of determination (R;) for this model
is notably high. On the other hand, the pseudo-second-
order equation’s R, value is significantly lower than the
pseudo-first-order models. Based on these findings, the
pseudo-first-order kinetic model provides the best fit
for the experimental data. This conclusion is supported
by the close agreement between theoretical and experi-
mental g, values and the higher R, value, indicating a
stronger correlation between the model and the observed
data.

3.5.2 Adsorption kinetics: Kinetic study for N-TiO»

To kinetic analysis for N-TiO, is conducted and the re-
sults are presented in Table 6, following a comparable
approach to that used for TiO, was employed. Ab-
sorbance measurements were taken at the maximum
wavelength (Apyax) of 310 nm, with the system reaching
equilibrium after 120 minutes. To determine the best fit
for the experimental data, the kinetic behavior was eval-
uated using pseudo-first-order and pseudo-second-order
models.

The pseudo-second-order model provided the best fit
with R% = 0.9976 (see figure 11 (c) and figure 11 (d),
suggesting chemisorption as the rate-limiting step. This
implies that the adsorption rate depends more on avail-

able adsorption sites than on adsorbate concentration in
the bulk solution.

3.6 Application of TiO;, and N-TiO; to treat phar-
maceutical wastewater by photocatalysis

After adsorption, the treated samples were exposed to
sunlight for 3 hours. Samples were collected at 30-
minute intervals, and their percentage absorbance values
were estimated at their maximum absorbance using a
UV-Vis Spectrometer, the results are illustrated in fig-
ure 12. The water quality parameters before and after
treatment of the pharmaceutical wastewater, along with
relevant water quality standards, are presented in Table 7.
N-doped TiO; nanoparticles significantly reduced the
concentrations of pH, TDS, Salinity, and Chlorides in wa-
ter when compared to undoped TiO,. It is observed that
the treated water is within the discharge limits according
to Indian Permissible water quality standards and is safe
enough to dispose of treated water to surface waters.
Moreover, Rao et al. (2025) demonstrated that TiO,
and N-TiO, supported on various carbon nanostructures
not only remove chemical contaminants but also achieve
rapid microbial disinfection completely inactivating Es-
cherichia coli under UV-visible light highlighting their
dual utility in comprehensive water purification [39].

Table 6. Parameters of pseudo 1% and 2" order kinetics for N-TiO.

Ci VIV%)  Qeexp (mg/gin vivTo) Qe cal (mg/gin viv9) K (min~") Ri» K> Ry

100 116.56 116.59

0.0289 0.9893  0.000277 0.9863

50 Adsorption
(1% stage treatment)

% REMOVAL

Photocatalysis

(2™ stage treatment)

o 50 100 | 150 200 250 200 350

TIME {MIN}

—+Ti02 Adsorption + Photocatalysis —N-TiO2 Adsorption + Photocatalysis

Figure 12. Total % removal of Industrial Pharmaceutical effluent TiO, and N-TiO, by Adsorption followed by Photocatalysis-Comparison Graph.
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Table 7. Water quality standards-before and after treatment.

Raw Pharma TiO;, Ad- TiO;, N-TiO,, N-TiO,, Indian Drinking Wa- Indian Permissible
Parameters effluent sorption  Photo- Adsorp- Photo- ter Quality Std.s Water Quality Std.s
catalysis tion catalysis [2012] [2012]
pH 9.2 8.5 8.5 7.5 7.5 6.5-8.5 No Relaxation
TDS (ppm) 3780 3074 3009 1926 1326 <500 < 2000
Salinity (ppt) 4.1 33 32 2.0 1.3 - -
Chlorides (ppm)  2345.81 1880.44 1838.02 1143.37 770.45 <250 < 1000
4. Conclusion ( )
Authors contributions
Authors have contributed equally in preparing and writing the
In this study, TiO, and N-doped TiO;, nanoparticles manuscript.
were successfully synthesized and characterized using Availability of data and materials
UV-visible spectroscopy, XRD, FTIR, SEM, DLS, and The authors declare that the data supporting the findings of this
EDX techniques. These nanomaterials were applied for study are available within the paper.
the treiat.ment of phz.lrrnaceutlcal 1ndgstr1al wastewater~ by Conflict of interests
Comblnlng adSOrptlon'PhOtocatalySIS approaCh- Durlng The authors assert that they do not have any identifiable
the adsorption phase, N-TiO, demonstrated a superior conflicting financial interests or personal relationships that
performance, by reducing the pollutant concentration to might be perceived to influence the work presented in this paper.
43.77%, compared to 21.34% for undoped TiO;. The en- L )

hanced performance is attributed to the increased surface
area and improved surface characteristics of the doped
material. Subsequent photocatalytic treatment with N-
TiO, further decreased pollutant levels to 57%, whereas
TiO; achieved only a 22% reduction under the same con-
ditions. According to kinetic analysis, TiO, and N-TiO,
followed pseudo-first-order and pseudo-second-order
adsorption kinetics, respectively, suggesting distinct
adsorption mechanisms arising from differences in
surface properties. N-TiO; also outperformed undoped
TiO; in pseudo-first-order photocatalytic degradation,
owing to its narrower band gap and greater visible-light
absorption, which enhanced charge separation and the
generation of reactive species. These findings clearly
demonstrate the effectiveness of nitrogen doping in
enhancing the photocatalytic and adsorptive properties
of TiO, nanoparticles. However, further studies are
needed to assess the long-term stability and reusability
of the catalyst under real-world conditions. Given its
potential for solar-driven water treatment, the use of
N-TiO; under natural sunlight represents a viable and
sustainable strategy for the remediation of pharmaceuti-
cal wastewater.
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