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a b s t r a c t
Disinfection is one of the most important stages of water and wastewater treatment. Today, the use 
of photocatalytic processes by sunlight as a sustainable way of water disinfection has been noted. 
The purpose of this study was to remove coliform and fecal coliform from the effluent of a hospi-
tal sewage treatment plant using the solar/N-doped titanium dioxide (TiO2) process. In order to 
conduct the experiments, the raw samples (effluent of secondary sedimentation) were taken from 
the Ali Ibn Abi Talib hospital wastewater treatment plant in Zahedan City, Iran. N-doped TiO2 
nanoparticles and the samples were poured into the reactor and then exposed to direct sunlight in 
summer. The results indicated that the photocatalytic process efficiency was enhanced by increas-
ing reaction time and nanoparticles dosage. Furthermore, it was found that N-doped TiO2 nanopar-
ticles and sunlight had a synergistic effect on the deactivation of coliform and fecal coliform. The 
number of coliforms and fecal coliforms bacteria cells decreased from 5 × 105 to 7 × 103 MPN/100 mL 
and 4  ×  103 to 2  ×  102  MPN/100  mL in the solar/N-doped TiO2 process after 150  min, respectively. 
It has been generally concluded that the solar/N-doped TiO2 process can effectively deactivate 
a wide range of real effluent microorganisms on a laboratory scale.
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1. Introduction

According to the United Nations, two-thirds of the 
world’s population now live in areas where water shortages 
are at least once a month. Therefore, providing drinking 
water for these areas is the main priority in those coun-
tries [1]. Many countries have sought to supply fresh water 
from unconventional sources, including desalination, rain-
water harvesting, sewage treatment, and lukewarm water. 
In the meantime, wastewater treatment can help the water 

crisis and tension by preventing the pollution of surface 
and underground water sources [2]. Hospital wastewaters 
include disinfectants, detergents, contagious/stool disposal, 
intestinal pathogens, bacteria, viruses, helmets, drugs, and 
chemicals. Therefore, it is expected that a wide range of bac-
teria and viruses in the effluent from the activated sludge 
process [3]. These substances are recognized by World 
Health Organization as hazardous compounds and must 
be removed before reaching water sources. Some strategies 
have been implemented to develop sustainable wastewater 
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treatment technologies, such as chlorination, ultraviolet 
radiation, ozonation, and advanced oxidation processes 
(AOPs) [4–8]. The results of studies indicated that direct 
oxidation by ROS (reactive oxygen species) are the major 
pathway responsible for organic matter degradation, but 
they are not very effective in a suspension medium. AOPs 
such as the photocatalytic process by producing hydroxyl 
radical (OH•) and active, positive holes (h+) have received 
much attention [9–11]. The process has been widely used 
to advance wastewater treatment. Among the photocata-
lysts, titanium dioxide (TiO2) has received more attention 
than other semiconductor photocatalysts because of their 
good photocatalytic properties [12–14]. TiO2 is a non-toxic 
chemical, water-insoluble, resistant to UV, and relatively 
inexpensive [15,16]. The efficiency of the photocatalytic 
process is not influenced only by the nature of the pho-
tocatalyst used, but the factors such as catalyst dosage, 
light intensity, temperature, and pH also can have signif-
icant effects on its performance [13]. Studies have shown 
that modifying the surface of nanoparticles by a ligand 
or other elements can effectively improve photocatalytic 
activity. Nitrogen is one such compound used for modifi-
cation [17–19]. This study aimed to evaluate the photocat-
alytic degradation for disinfection of wastewater treatment 
effluent by N-doped TiO2 under sunlight irradiation.

2. Material and methods

2.1. Synthesis of N-doped TiO2

A sol–gel method was used to synthesize N-doped TiO2 
nanoparticles. To prepare N-doped TiO2 by molar ratio dop-
ing of 3%, 6%, and 12%, 3  mL titanium isopropoxide and 
2 mL (TN1), 4 mL (TN2), and 8 mL (TN2) of triethylamine 
were dissolved in 20 mL of EtOH, then was stirred for 15 min 
(sample A). Subsequently, 2 mL of H2O was added to 10 mL 
of EtOH that contained HNO3. Next, the sample obtained 
was stirred during 15 min (sample B). Next, sample B was 
added dropwise to sample A, along with magnetic stirring. 
After a half-hour of stirring, the sol (semi-transparent) was 
acquired. Next, the sol was placed at room temperature 
for 5 h and then dried in an oven at 80°C for 24 h. Finally, 
the achieved powder was calcinated in an electric furnace 
at 500°C for 60  min at 16°C/min. Non-doped TiO2 sample 
was also fabricated without adding the triethylamine using 
exactly the same experimental conditions to compare the 
presence and absence of the dopant.

2.2. Characterization of photocatalyst

The X-ray diffraction (XRD) diffractograms were 
obtained using an X-ray Diffractometer (Philips X’Pert, Made 
from Netherlands) with 2θ in the range of 10°–70°, using 
Cu Kα radiation. The Scherrer equation was utilized to cal-
culate the average crystallite size.

The surface morphology, structure, and shape of N-doped 
TiO2 nanoparticles were achieved using a field-emis-
sion scanning electron microscopy (FE-SEM).

2.3. Wastewater samples and their properties

Non-chlorinated secondary effluent was taken from 
the secondary clarifiers at the Ali Ibn Abi Talib hospital 

wastewater treatment plant in Zahedan City, Iran. The type 
of process in the treatment plant was extended aeration-ac-
tivated sludge (Fig. 1). The samples were stored at 4°C and 
used within 1 d. Real wastewater samples (required: 50 L) 
were taken from a secondary settling effluent of a biologi-
cal treatment process. Biochemical oxygen demand (BOD5), 
chemical oxygen demand (COD), pH, total suspended solids 
(TSS), electrical conductivity (EC), and turbidity of raw sam-
ples were measured and recorded. The Iranian Department 
of the Environment (DoE) considers these parameters sig-
nificant factors for monitoring and evaluating wastewa-
ter treatment. The sample was analyzed according to the 
standard methods [20]. All the analyses were conducted 
in the water and wastewater laboratory at the department 
of environmental health at Zahedan University of Medical 
Sciences. The mean of BOD5, COD, TSS, pH, EC, and turbid-
ity is reported in Table 1.

2.4. Light source and reactor

The efficiency of the photocatalytic process using 
N-doped TiO2 was evaluated in the removal of coliform and 
fecal coliform bacteria. The samples were placed under sun-
light irradiation in the suspended photocatalyst’s presence. 
The reactor was a glass container with length, width, and 
height equal to 100, 50, and 30 cm, respectively. One mixer 
was installed in the reactor to homogenize and suspend 
reactor contents. The experiments were conducted under 
summer midday sunlight in Zahedan City to confirm and 
ensure the maximum presence of light and solar photocat-
alytic activity. The temperature during experiments was 
maintained at 21°C  ±  4°C by a water cooling system and 
a thermometer. The graphical schematic of the reactor is 
shown in Fig. 2.

2.5. Photocatalytic experiments

The pH of the solutions was adjusted to the desired level 
using hydrochloric acid (HCl, M = 36.45 g/mol, Purity = fum-
ing 37%) and sodium hydroxide (NaOH, M  =  40.0  g/mol, 
Purity  =  100%) as well as the pH-meter (model: MTT65). 
The reactor was filled with 5 L of effluent, and after adjust-
ing the parameters, nanoparticles were added to it, then 
placed under sunlight irradiation for over 150  min. In the 
tests, the effect of various parameters such as time (60.120 
and 150 min), visible light and darkness, and N-doped TiO2 
(120 and 180  mg/L) were investigated on the efficiency of 
photocatalytic activity. All experiments were performed at 
constant temperature (21°C ± 2°C). 10 mL of the mixed liq-
uid in each test was drawn at different times (60, 120, and 
150  min) and immediately shed with 0.9% saline. 1  mL of 
each dilution was inoculated with lactose and maintained 
for 48 h at 37°C. Finally, by a sterile loop, two drops of the 
positive samples in the presumptive test were inoculated 
into Lactose Broth and BGB and placed at 37°C and 44°C, 
respectively. Gas production in the Durham tube indicated 
a positive microbial test. Before and after photocatalytic 
tests, the most probable number (MPN/100 mL) of total coli-
form and fecal coliform bacteria in samples was measured. 
The entire experiments were repeated twice, and their 
average values were reported. The disinfection efficiency, 
E, is calculated as follows [Eq. (1)]:
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where Ci and Cf are the initial and final MPN/100  mL, 
respectively [7,21].

3. Results and discussion

3.1. Field-emission scanning electron microscopy

The scanning electron microscopy images were uti-
lized to observe the morphology and shape of non-doped 

and N-doped TiO2 nanoparticles (Fig. 3). The as-prepared 
nanoparticles were irregular in shape, forming larger irreg-
ular grains by agglomeration, and also, the nanoparticles 
had a smooth surface. In addition, the particle diameters 
were approximately 30–40  nm, agreeing with the size 
of the crystal achieved by the XRD technique. Therefore, 
the un-doped and N-doped particles are available as 
nanoparticles.

Table 1
Physico-chemical and microbiological characterization of the 
effluent of the hospital wastewater treatment plant

40 mg/LBiochemical oxygen demand
120 mg/LChemical oxygen demand
5.5–6.5pH
240 mg/LTotal suspended solids
3–3.5 µmho/cmElectrical conductivity
4–8 NTUTurbidity
21°C–24°CTemperature
500,000Total coliform
4,000Fecal coliform

 
Fig. 1. Ali Ibn Abi Talib hospital wastewater treatment plant in Zahedan City, Iran.

 
Fig. 2. Schematic of reactor photocatalytic process.
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3.2. X-ray of samples

The X-ray diffraction analyses were employed to 
explore the crystalline material type and evaluate the 
change after doping N-doped TiO2. Fig. 4a depicts the XRD 
diffractograms of non-doped and N-doped TiO2 nanopar-
ticles. All samples presented sharp diffraction peaks, char-
acteristic of good crystallinity. The XRD peaks, which are 
observed at 25.49°, 37.14°, 37.99°, 38.76°, 48.35°, 54.12°, 
55.33°, 62, 90° and 68.95°, were related to the TiO2 anatase 
phase (JCPDF 20-0387). The TiO2 anatase was the predom-
inant phase for non-doped and N-doped TiO2 for all the 
situations utilized.

These results revealed that the 2q diffraction pattern 
angles were similar for all the samples. No remarkable dop-
ant-related diffraction peaks were obtained in the N-doped 
TiO2 samples, indicating that there is no formation of bonds 
between the nitrogen dopants and TiO2 to form new crys-
talline phases. Several papers have also confirmed that dop-
ing with the N species has not presented any additional 
phases with TiO2 besides anatase.

The unchanged anatase phase in the N-doped TiO2 
sample can be because the N-dopants are present in low 
contents, and the N-dopants have dislocated into the sub-
stitution sites or interstitial positions of the crystal struc-
ture of TiO2. In addition, the N-doped TiO2 samples peak 
presented a small shift toward the lower angle assigned to 
the (1 0 1) plane of anatase (one of the tetragonal forms of 
TiO2, which usually is brown crystals) (Fig. 1b), inferring an 
N-doped TiO2 lattice distortion. Therefore, these small par-
ticle disorderly states are assigned key factors for absorp-
tion edge shift towards the visible-light region caused by 
nitrogen dopants.

The Debye–Scherrer equation calculated 30, 30, 26, and 
34 nm for NT1, NT2, and NT3 un-doped TiO2 nanoparticles, 
respectively.

3.3. Effect of visible light irradiation and N-doped TiO2 
nanoparticles

Disinfection experiments were conducted with 
180 mg/L N-doped TiO2 under different situations, includ-
ing a dark experiment (only photocatalyst) and visible light 
irradiation in the presence and absence of a photocatalyst. 
The effect of visible light irradiation and N-doped TiO2 
on the removal of total coliform and fecal coliform bacte-
ria are shown in Fig. 5a and b. The experiments were per-
formed at initial MPN/100 mL 5 × 105 coliform and 4 × 103 
MPN/100  mL fecal coliform bacteria’s, N-doped TiO2 dos-
age 180 mg/L, pH = 7.0 ± 0.5 and retention time 150 min. The 
results showed that the photocatalytic process is more effec-
tive than visible light irradiation for demolishing coliform 
and fecal coliform bacteria. Also, the demolition efficiency 
of coliform and fecal coliform bacteria was low over time in 
the absence of either N-doped TiO2 or visible light irradia-
tion, while the destruction efficiency was increased in the 
presence of both N-doped TiO2 and light irradiation so that 
after 150  min, total coliforms from 500,000  MPN/100  mL 
to 7,000  MPN/100  mL and the fecal coliforms from 
3,000 MPN/100 mL to 200 MPN/100 mL were reduced. The 
reason is that in the presence of N-doped TiO2 and visible 
light irradiation, hydroxyl radicals (OH•) are produced, 
increasing the efficiency of the photocatalytic process. In the 
dark condition, the photocatalyst probably adsorbed some 
of the bacteria, which caused a low reduction in the bacte-
rial population [15]. In the study of Rahmani et al. [15], coli-
form removal by the photocatalytic method using N-doped 
TiO2 was investigated, and they stated that the removal 
efficiency of coliform in the presence of UV radiation and 
N-doped TiO2 nanoparticles alone was less than the TiO2/
UV process. Alikhani et al. [22] in their study reported that 
the removal efficiency of Escherichia coli in the ZnO/UV pro-
cess was approximately 45%, and it is better than UV alone 
because of the photocatalytic activity. Different factors, 
including bacteria population, wastewater composition, 
and photolyase bacteria, can also contribute as a mechanism 
in eliminating bacteria [23]. The study’s results by Rizzo et 
al. [24] contrast this study. They observed the highest bacte-
rial inactivation efficiency in the absence of TiO2 while the 
wastewater was irradiated using a 250 W UV lamp. Almasi 
et al. [25] reported that a minimum elimination rate was 
observed when pH was less than 7.

 
Fig. 3. Field-emission scanning electron microscopy image of 
synthesis of N-doped TiO2.

 Fig. 4. X-ray diffraction analyses of synthesis of N-doped TiO2.
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3.4. Bacterial inactivation mechanism

When the photocatalyst is irradiated by sunlight, e−, h+ 
pairs are formed if photons hitting the catalyst have the same 
or energy over the bandgap N-doped TiO2 (3.2–3.35  eV). 
Theoretically, the band gap in semiconductor materials is 
the void energy region that separates the valence band (VB) 
from the conduction band (CB). When photons hit the pho-
tocatalyst, an electron (e−) is transferred into the CB and 
simultaneously creates an h+ in the VB. Therefore, e−, h+ pairs 
are separated by the energy gap, allowing different redox 
reactions to form different free radicals at the photocatalyst 
surface [17]. The produced radicals attack and destroyed 
the bacterial cells. Catalase, an intracellular enzyme, is an 
antioxidant that is caused to decompose H2O2 into water 
and oxygen, while superoxide dismutase is an enzyme 
that decomposes O2 molecules into H2O2 and O2. They are 
enzymes that protect bacterial cells from oxidative stress 
by converting produced radicals into less or non-harmful 
substances. In this manner, higher levels of superoxide dis-
mutase and catalase can protect bacterial cells from radical 
attack. It is commonly found that the enzyme-induced lev-
els augment and then decay along with the photocatalytic 
process. It is shown that the defense capacity of intracellular 
defense enzymes rapidly increased in the initial stage and 
then gradually disappeared. However, reducing the super-
oxide dismutase and catalase activities can accelerate the 
accumulation of radicals and reduce the viability of the cell. 
The injury caused by the oxidative stress defense system 
results in the release of ions, the fragmentation and decom-
position of corresponding proteins, and the generation of 
protein carbonyl derivatives. Finally, bacterial cell collapse 
occurs. Likewise, other substances and enzymes, such as 
carotenoid, glutathione, and peroxidase, may also protect 
the cells of bacteria against radicals [26].

3.5. Effect of contact time and TiO2 concentration

Catalyst dosage in photocatalytic processes is one of 
the most important operating parameters affecting free 
radical production rates and photocatalytic activities. 
Increasing the photocatalyst dose resulted in a significant 
decrease in bacterial activity, as shown in Fig. 4. Increasing 

the synthesized photocatalyst dose from 120 to 180  mg/L 
increased the removal efficiency from 94.6 to 98/6. However, 
under the same situation, TiO2 nanoparticles could increase 
the removal efficiency from 90% to 92% for fecal coliform. In 
a study, Shim et al. [13] expressed that by increasing C-N-
doped TiO2 dosage from 0.25 to 1.00 g/L, the bacterial cell 
inactivation increased from 2.02 to 2.45 log, and a linear rela-
tionship was found between N-doped TiO2 dose and bacte-
rial cell intolerance (R2 = 0.99). However, a further increase 
in the photocatalyst dose resulted in a decrease in bacterial 
elimination, which may be the result of excessive turbidity 
caused by the high photocatalyst dose, which led to reduc-
ing light penetration and OH• production. Moreover, an 
excessive increase in photocatalyst leads to the agglomera-
tion of N-doped TiO2 and reduces the effective surface area 
of the photocatalyst [27]. The study by Ouyang et al. [28] 
showed that at low doses, the radiated light could not be 
fully utilized by the catalyst, resulting in less radical pro-
duction. However, with increasing the photocatalyst dose, 
more radiated light can be absorbed to produce more active 
radicals, which can simultaneously increase soluble turbid-
ity. Also, various studies have shown that increasing the 
dose of the nanoparticle within a certain range can increase 
the disinfection efficiency of effluent, but increasing the 
dose of the nanoparticle up to the optimum can lead to 
agglomeration of the catalyst, creating turbidity and reduc-
ing the penetration of light into the media, which is led to 
reducing disinfection efficiency [29].

Moreover, Fig. 6 shows that the removal of total coli-
form and fecal coliform under photocatalyst is affected by 
the contact time, such that increasing the contact time could 
improve the disinfection rate. The result of the study con-
ducted by Kiwi et al. [30] showed that in solar water disin-
fection for all systems (untreated bottles, half black bottles, 
and half N-doped TiO2 thin bottles), the number of bacteria 
gradually decreased by increasing the contact time.

At first, the intact bacterial cell walls are observed, and 
TiO2 particles are positioned at a distance in the cell wall 
based on the theory of colloidal stability. The attractive Van 
der Waals forces lead to the aggregate of N-doped TiO2 
within 30  min. Then, TiO2 aggregated approximately accu-
mulates at the cell wall surface and can damage the cell wall 
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Fig. 5. Effect of irradiation time on coliform (a) and fecal coliform (b) removal: TiO2 = 180 mg/L, pH = 7.0.
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in the contact area between the TiO2 and the bacteria due to 
strong adsorption between the neutral charge TiO2 and the 
cell wall.

Ultimately, in some areas of the sample, the outer layers 
of the cell wall become discontinuous; in others, the cell wall 
disappears. Damage to the cell wall results in the inactiva-
tion of cells, including changes in cell morphology and bac-
terial activity [30].

3.6. Kinetic modeling

In order to study kinetic reaction, first-order kinetic was 
used for modeling the data [Eq. (2)].
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where N0, Nt, and k0, t are the numbers of primary cells at the 
initial time, the number of living cells at the time of t, and the 
pseudo-first-order reaction rate constant (min–1) and reaction 
time (min), respectively. The reaction rate constant (k0) can 
be calculated from the slope of a plot of Ln (N0/Nt) vs. (t). The 
results of the kinetic reaction for the total coliform and fecal 

coliform were plotted in Fig. 7a and b by first-order model-
ing. This study evaluated the effect of different disinfection 
systems, including visible light, N-doped TiO2, and TiO2/
visible light, on the inactivation rate of fecal coliform and 
fecal coliform. The values of the disinfection rate constant (k) 
in different states and their determination coefficients (R2) 
are indicated in Table 2.

The result showed that the lowest and highest reaction 
constant for total coliform is related to visible light alone 
(1.79 × 10–2) and N-doped TiO2/visible light system (2.8 × 10–2), 
respectively. The same results were obtained for fecal coli-
form such that the lowest and highest reaction constant was 
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Table 2
Results of modeling of experimental kinetic data of different disinfection systems on coliform and fecal coliform inactivation

Microorganism Parameter Value Equation k0 (min–1) R2 t1/2 (min)*

Total coliform Disinfection process

Visible y = 0/0179x + 0/2,307 1.79 × 10–2 0.9893 38.71
TiO2 y = 0/0219x + 0/2,738 2.19 × 10–2 0.9431 31.64
Vis/TiO2 y = 0/028x + 0/1,625 2.8 × 10–2 0.9471 24.75
120 y = 0/0191x + 0/2,464 1.91 × 10–2 0/949 36.28

N-doped TiO2 concentration 180 y = 0/0252x + 0/4,349 2.52 × 10–2 0/8825 27.5

Fecal coliform

Visible y = 0/015x + 0/1,112 0.15 × 10–2 0.9826 46.2
TiO2 y = 0/0171x + 0/1,815 1.71 × 10–2 0.9647 40.52
Vis/TiO2 y = 0/0202x + 0/0766 2.02 × 10–2 0.9934 34.30
120 y = 0/0193x + 0/2,757 1.93 × 10–2 0/8705 35.90
180 y = 0/0268x + 0/4,327 2.68 × 10–2 0/9713 25.8

y = 0.0219x + 0.2738
R² = 0.9431

y = 0.028x + 0.1625
R² = 0.9893

y = 0.0179x + 0.2307
R² = 0.9471
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Fig. 7. Reaction kinetics of total coliform (a) and fecal 
coliform (b).
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related to visible light alone (0.15 × 10–2) and N-doped TiO2/
visible light system (2.68 × 10–2), respectively.

Fig. 7a and b show that only 3.2% of the coliforms pop-
ulation and 2.6% of the fecal coliforms population remained 
in the N-doped TiO2/visible light system by regression coef-
ficients of 0.94 and 0.96, respectively. Generally, the results 
show that visible light and TiO2 alone have poor disinfec-
tion capabilities, such that the simultaneous use of N-doped 
TiO2 and visible light in an integrated system can signifi-
cantly increase the constant rate of disinfection. Finally, it 
can be found that the kinetic data from the disinfection of 
coliform and fecal coliform under visible light/N-doped 
TiO2 process followed the first-order equation by regression 
coefficients of 0.94 and 0.99, respectively.

4. Conclusion

In this study, when the synthesized N-doped TiO2 
nanoparticles were characterized and confirmed by FE-SEM 
and XRD analysis, the photocatalytic process using N-doped 
TiO2 nanoparticles under solar irradiation was used to dis-
infect and eliminate coliform and fecal coliform bacteria 
from treatment plant effluent of hospital wastewater. The 
results expressed that the disinfection process’s efficiency 
was affected by the bacterial type, nanoparticles dose, and 
visible light. Further, the result showed that the efficiency of 
the visible light/N-doped TiO2 process for bacteria elimina-
tion from effluent was more than visible light and N-doped 
TiO2 alone. At high disinfection time (150 min), the removal 
values of coliform and fecal coliform were 98.6% and 92%, 
respectively. The photocatalytic activity by visible light/N-
doped TiO2 system is an inexpensive, economical, and 
affordable technic, although this process needs a long time 
to disinfect the real effluent due to sunlight.
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