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 Abstract: Environmental consequences during the COVID-19 pandemic have attracted 
attention due to the excessive use of antibiotics which lead to the release of the drug's 
residue, such as amoxicillin (AMX), into the environment. In this work, an advanced 
oxidation process based on a visible, active N-doped TiO2 photocatalyst was carried out 
to eliminate AMX. Nitrogen with different initial doping concentrations (15, 30, 45% 
w/w) was doped into TiO2 by the sol-gel method. The characterization technique such as 
XRD, FTIR, UV-SRS, and SEM-EDX revealed that nitrogen with 30% doping 
concentration improved the TiO2 response in the visible region, attributed to the lower 
band gap energy (2.97 eV). In the photodegradation processes, the TiO2-N (30%) 
photocatalyst possessed higher AMX degradation than undoped TiO2 for both UV and 
visible light irradiation. In an aqueous solution, the degradation percentage of AMX by 
TiO2-N (30%) was 68.5 and 84.12%, while the degradation percentage of AMX by TiO2 
was 38.7 and 78.01% under visible and UV light, respectively. 
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■ INTRODUCTION 

The Coronavirus disease 2019 (COVID-19) has 
become an outbreak pandemic since 2020. Up to now, 600 
million cases worldwide have been reported, causing more 
than 6 million deaths [1]. The pandemic brought not only 
a global health crisis but also environmental damage. 

The use of pharmaceutical compounds, especially 
antibiotics, has dramatically increased during the 
pandemic. Around 75% of COVID-19 patients were 
prescribed antibiotics to cure or prevent secondary 
bacterial infection [2]. The ingested antibiotic is mostly 
excreted through feces and urine because it is poorly 
metabolized. Hence, their continuous overuse or misuse 
led to abundant environmental drug residue. The most 
crucial problem is that antibiotics increase antimicrobial 
resistance (AMR). The World Health Organization 
(WHO) declared AMR as a global health crisis problem 
[3-4]. As a result, removing antibiotics attracts a 
particular point of view on pollutant remediation. 

Among the antibiotics, amoxicillin (AMX) is the 
second-line antibiotic for COVID-19 patients after 

doxycycline, suggested by National Institute for Health 
and Care Excellence (NICE) COVID-19 guidance [5]. 
Besides, AMX is also used to treat other diseases and in 
veterinary medicine. Due to the highly used and poorly 
metabolized (80–90% excreted by the body), AMX could 
be detected in the environment. AMX has been detected 
in the Eastern Mediterranean Sea up to 127.8 ng/L, the 
highest among other detected pharmaceuticals [6]. In 
addition, the Predicted Environmental Concentration 
(PEC) of AMX in the UK emergency hospital at 
Harrogate is 30 ng/L in the baseline river and 400 ng/L 
in the case of 95% of the patient prescribed antibiotics 
[5]. Conventional water treatment, such as filtration, 
cannot remove the AMX residue [3]. Therefore, the 
development of remediation techniques is urgently 
needed to treat antibiotic pollutants. 

In recent years, advanced oxidation processes 
(AOPs) have been recognized as one of the promising 
techniques for antibiotic removal. AOPs use the in situ-
generated strong oxidative species (H2O2, OH•, and •O2

−) 
to degrade antibiotic compounds into harmless 
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substances [7–9]. Heterogeneous photocatalysis is the 
most popular AOPs method because of its effectiveness 
and environmentally friendly. The semiconductor is used 
for photocatalysis processes, and the photon induces the 
oxidation reaction [10]. 

The semiconductor that has been studied for 
photodegradation of AMX such as NiO [11], ZnO [12-
13], and TiO2 [14-15]. TiO2 is one of the most used in 
AOPs owing to its photo and chemical stability, non-
toxicity, and excellent photoactivity. However, the major 
drawback of TiO2 is the wide band gap of 3.2 eV. 
Consequently, the photoactivity of TiO2 is only possessed 
in the presence of UV light. The doping method has been 
studied to improve the TiO2 activity under visible light 
irradiation by narrowing the band gap and shifting the 
absorption regions [16-17]. Doping with metal or non-
metal to improve TiO2 activity in visible or solar light for 
AMX degradation has been studied extensively [3,18-21]. 

Doping TiO2 with metal could enhance the 
photocatalytic activity due to the lower band gap energy, 
and metal could act as an electron trapper that inhibits 
electron and hole recombination. However, metal doping 
could leach during the photocatalytic process; 
consequently, the catalyst would deactivate, and a second 
source of pollutants formed [22]. Meanwhile, non-metal 
doping is more environmentally friendly and lower cost 
compared to metal doping. The non-metal elements, such 
as nitrogen, carbon, and sulfur, could substitute oxygen in 
the TiO2 lattice which leads to narrower band gap energy. 
Among other non-metal dopants, nitrogen-doped TiO2 
shows outstanding photocatalytic activity under visible 
light for organic compound degradation [23-24]. That is 
due to the 2p states of the nitrogen atom could be mixed 
with the 2p states of the oxygen atom, allowing the band 
gap to narrow; as a result, a red shift of the absorption 
band edge to the visible region [22,24-25]. 

Therefore, in this work, the nitrogen element was 
selected as the dopant element to improve the TiO2 
activity for AMX degradation under visible light 
radiation. The nitrogen was doped into TiO2 by the sol-
gel method. The effect of nitrogen initial doping 
concentration was also studied. Different characterization 
methods XRD, FTIR, UV-SRS, and SEM-EDX, were 

carried out to examine the optimum doping level. 
Importantly, the photodegradation process of AMX was 
conducted under commercially visible LED-light 
irradiation. To the best of our knowledge, the AMX 
degradation by N-doped TiO2 compared to undoped 
TiO2 under commercially LED-light irradiation without 
an additional oxidative agent has not been conducted. 

■ EXPERIMENTAL SECTION 

Materials 

Titanium tetraisopropoxide (TTIP) (C12H28O4Ti; 
98%) was purchased from Shanghai Chemical Industry. 
Ethanol (C2H6O, 99.99%), nitric acid (HNO3, 65%), and 
urea (CH2N2O) were supplied by Merck company. All 
the chemicals used in this work were analytical grade. 
Amoxicillin trihydrate (C16H25N3O8S) was provided by 
the National Agency of Drug and Food Control, 
Republic of Indonesia. 

Instrumentation 

The N-doped TiO2 properties were studied using 
different characterization techniques. Fourier 
Transform Infra-Red (FTIR) spectrum of undoped and 
N-doped TiO2 was obtained on Shimadzu Prestige21. 
The crystal structure of the photocatalysts was 
investigated using an X-ray diffractometer (Shimadzu 
6000D) with Cu Kα radiation in the range of = 10–80° 
with a scan speed of 3°/min. The UV-Visible specular 
reflectance spectroscopy (UV-SRS) UV1700 
Pharmaspec was used to obtain the absorption spectra. 
The surface morphology and element composition of 
the photocatalysts were observed by scanning electron 
microscope (SEM) (JSM-6510LA) and energy dispersive 
spectroscopy (EDS). 

Procedure 

Synthesis of N-doped TiO2 
N-doped TiO2 (TiO2-N) with different nitrogen 

amounts was synthesized by sol-gel method using TTIP 
98% and urea as TiO2 and nitrogen precursor. In a 
typical sol-gel synthesis, 2 mL of TTIP was dissolved in 
10 mL of ethanol under continuous stirring for 30 min 
to prepare solution A. In a beaker, urea was dissolved in 
water and mixed with ethanol to form solution B. The 
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pH of the solution was adjusted to 3 with the addition of 
HNO3. The weight of urea was controlled to get the 
N/TiO2 mass ratio of 15, 30, and 45% (w/w). Later, 
solution B was added dropwise into solution A under 
continuous stirring for 1 h. The obtained white solution 
was left overnight at room temperature to complete the 
gel formation. After that, the gel was dried for 5 h at 80 °C 
to remove the excess solution. The dried gel was ground 
to form a fine powder. Lastly, the powder was calcined in 
a muffle furnace for 2 h at 500 °C. A yellowish powder was 
obtained after the calcination process. The undoped TiO2 
was also synthesized in a similar procedure without 
adding urea. 

Photocatalytic degradation of amoxicillin 
The AMX photodegradation process was conducted 

in a batch photoreactor under visible light irradiation 
using LED lamps (Philips, 4 × 18 W, 400–700 nm). The 
photocatalytic process under UV light was also evaluated 
using a UVA lamp (4 × 18 W, 320–400 nm). Firstly, a 
specific amoxicillin weight was diluted to get a 20 mg/L 
solution concentration. The N-doped TiO2 (catalyst 
dosage 1 g/L) was dispersed into AMX solution followed 
by 1 h stirring in the dark to reach the adsorption 
equilibrium between the drug and the catalyst. Later, the 
solution was irradiated at specific time intervals. After 
each irradiation time, the AMX solution was separated 
from the catalyst by centrifugation. The remaining AMX 
in solution was analyzed at maximum wavelength 

absorption (227 nm) [26] using a UV-Visible 
spectrophotometer. The absorption spectrum of AMX is 
shown in Fig. 1. The percentage of AMX degradation 
was calculated using Eq. (1): 

0 t

0

A A
% Dye degradation= 100%

A


  (1) 

where A0 and At denote the AMX concentration before 
and after the degradation, respectively. 

■ RESULTS AND DISCUSSION 

X-ray Diffraction Analysis 

The crystal structure of the photocatalyst was 
characterized by the X-ray diffraction method and 
presented in Fig. 2. The diffraction pattern for both  
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Fig 1. The UV absorption spectrum of amoxicillin 
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Fig 2. The X-ray diffraction patterns of N-doped and undoped TiO2 in the range of 10–80° (a) and 24.25–26° (b) 
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undoped and N-doped TiO2 are well-matched with the 
TiO2 anatase (JCPDS card no. 21-1272). The anatase 
phase performs better photocatalytic activity compared to 
the rutile or brookite phase due to the larger surface area 
and better charge-carrier mobility [27-28]. Therefore, 
confirming the TiO2 crystal structure for photocatalysis 
application is necessary. The peak of undoped TiO2 
observed at 2θ values of 25.00°, 37.57°, 47.79°, 53.65°, and 
54.80° correspond to 101, 004, 200, 105, and 211 planes of 
the anatase phase. No new diffraction peaks were 
introduced in the N-doped TiO2 diffractogram, which 
indicates that the N doping has not triggered the 
formation of any secondary and impurity phases of TiO2 
[23,29]. However, a positive shift of 101 peaks was 
observed for N-doped samples (Fig. 2(b)). The peak shift 
indicates the nitrogen has successfully doped into the 
TiO2 lattice, engendered oxygen vacancies [30]. 

Moreover, the crystallinity of TiO2 improved for the 
N-doped sample (15% and 30% doping levels), which may 
be the result of the doping nitrogen species. By applying 
Scherrer's equation, the average crystallite size was 
obtained. The increase in initial nitrogen concentration 
up to 30% leads to an increase in average crystallite size 
from 10.159 to 13.189 nm, as listed in Table 1. The 
incorporation of nitrogen into the TiO2 lattice promotes 
the TiO2 crystal growth [31-32]. On the other hand, at 
higher nitrogen doping levels (45%), the average 
crystallite size has slightly decreased, indicating enormous 
amounts of dopant had an inhibition effect on the crystal 
growth [33]. The N-doping on TiO2 was well discovered 
by XRD analysis. FTIR analysis was performed to ensure 
nitrogen had successfully doped into the TiO2. 

FTIR Analysis 

FTIR spectra displayed in Fig. 3 elucidate the surface 
functional group of undoped TiO2 and N-doped TiO2 at 
different amounts of nitrogen loading. All the samples 
present almost the same spectra at around 400–900, 1631, 
and broadband at 3449 cm−1, which corresponds to the 
TiO2 anatase phase. The absorption band at 400–900 cm−1 
is assigned to the Ti−O−Ti stretching vibration, while the 
1631 and 3449 cm−1 bands are attributed to O−H bending 
and O−H stretching vibration from Ti−O−H [34-35]. The  

Table 1. The average crystallite size and band gap energy 
of N-doped and undoped TiO2 

Sample 
Average crystallite 

size (nm) 
Band gap 

(eV) 
TiO2 10.159 3.18 
TiO2-N (15%) 10.716 3.04 
TiO2-N (30%) 13.189 2.97 
TiO2-N (45%) 10.054 3.03 
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Fig 3. FTIR spectra of N-doped and undoped TiO2 

doped samples show notable bands at around 1461 and 
1270 cm−1 correspond to the vibration of the N−Ti bond, 
which are the typical bands of N in the TiO2 lattice 
[22,30,36-37]. The findings are in good agreement with 
the XRD analysis as discussed above. 

UV-SRS Analysis 

Incorporating nitrogen in TiO2 could narrow the 
gap between the valance and conduction bands, and 
then improve the photocatalytic activity [23]. Those 
optical properties were investigated by UV-SRS, as 
shown in Fig. 4. It was observed that nitrogen doping 
contributed to the redshift because of the narrowing of 
the band gap. The edge of absorption spectra slightly 
shifts to the longer wavelength. Additionally, after 
doping with nitrogen, the absorption of the N-doped 
sample in the visible region rises. At a 30% doping level, 
the highest absorption was achieved. As predicted, this 
sample would give the lowest band gap energy of 
2.97 eV.  The  narrowing  of  band  gap  energy  could  be  
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Fig 4. UV-SRS absorbance spectra of N-doped and 
undoped TiO2 

attributed to the submission of N instead of O in the TiO2 
lattice, creating a new energy level [22-24], which leads to 
the absorption of visible light and initiates photocatalysis 
as proposed in Fig. 9. 

The band gap energy was determined using the Tauc 
plot and displayed in Fig. 5. The amount of nitrogen 
doping influences the redshift of light adsorption region 
and band gap energy. The higher nitrogen loading, the 
higher the absorption in the visible region and the lower 
the band gap. On the other hand, the incorporation of 
nitrogen into the TiO2 lattice becomes ineffective at 
massive nitrogen levels, and crystal growth is inhibited. 
Hence, at a 45% doping level, the band gap was obviously 
higher than the 30% nitrogen doping level. This result was 
in accordance with the XRD analysis. 

SEM-EDX Analysis 

Fig. 6(a) and b present the morphology and surface  
 

composition of TiO2-N (30%) by SEM-EDX. The N-
doped TiO2 particles were spherically shaped in nano 
size. No observations of particle agglomeration in the 
sample, which would be advantageous for the 
photocatalytic process. The EDX analysis verified the 
presence of nitrogen in the sample. The nitrogen content 
present in TiO2 (0.12%) was drastically dropped 
compared to initial nitrogen concentrations (30%). The 
result agrees with the previous report that only a small 
amount of nitrogen is deposited into the TiO2 lattice. 
Meanwhile, the particular nitrogen element presents as 
amine absorbed in TiO2 and then decomposed during 
the heat treatment at 500 °C [25,30]. 

Photocatalytic Degradation of Amoxicillin 

To confirm the photocatalytic activity of the N-
doped and undoped TiO2, the degradation processes of 
AMX have been conducted in both UV and visible light. 
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Fig 5. Tauc plot obtained from UV–SRS spectra of N-
doped and undoped TiO2 

 
Fig 6. SEM image (a) and energy-dispersive spectra (b) of TiO2-N(30%) 
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The result is exhibited in Fig. 7. The direct photolysis of 
AMX by visible light resulting 12.4% degradation after 
300 min. Thus, confirming that the contribution of direct 
photolysis is quite low, even at longer light exposure. The 
finding was in accordance with the previous report. AMX 
is stable through photolysis by irradiation of light above 
the wavelength of 300 nm [38-40]. 

As predicted, the AMX degradation percentage by 
N-doped TiO2 was higher than undoped TiO2. The N-
doped and undoped TiO2 degradation percentages were 
68.5 and 38.7%, respectively. The result has a good 
agreement with the characterization as discussed above, 
that the nitrogen doping at 30% initial dopant 
concentration has successfully incorporated in TiO2, 
increased the absorption in the visible region, and 
narrowed the band gap energy (2.97 eV). Therefore, it is 
reasonable that N-doped TiO2 exhibits higher 
photocatalytic activity under visible light irradiation 
compared to bare TiO2. Moreover, the N-doped increased 
the degradation percentage to 84.12% compared to pure 
TiO2 (78.01%) in UV irradiation. TiO2 itself has good 
photocatalytic activity under UV irradiation, while the 
nitrogen dopant allows to a lower electron-hole 
recombination rate that enhances the TiO2 activity 
[21,23]. 

The result is in accordance with the previous report 
[26,41-42] that the AMX could not completely degrade by 
TiO2 or doped TiO2. The removal of AMX at the first stage 
was due to the adsorption of AMX on the active site of the 
catalyst. While the radiation starts, the AMX starts to 
decompose by the oxidative species produced by the 
catalyst. However, at the longer time of light exposure, the 
degradation rate decreases and the AMX could not 
completely degrade. This can be caused by the saturated 
active site of the catalyst. Additionally, at the late stage, the 
oxidative species have been consumed to oxidize the 
AMX and hence the amount of oxidative species was not 
sufficient to degrade all the AMX molecules [41]. Despite 
that, nitrogen doping successfully increased the 
degradation of AMX by TiO2 under visible light 
irradiation, which is more environmentally benign. 
Further study is required to increase the catalyst's active 

site and increase the number of oxidative species, so the 
pharmaceutical pollutant can completely decompose. 

The progressive degradation of AMX by N-doped 
TiO2 under visible light illumination is displayed in Fig. 
8. The maximum wavelength of AMX solution is 227 
nm. The maximum peak gradually decreased as the 
irradiation time increased and almost vanished after 300 
min irradiation. No new absorption peak was observed 
during the degradation, indicating that other compounds  
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Fig 7. The AMX degradation by TiO2 compared to TiO2-
N (30%) under UV and visible light irradiation ([AMX]0 
= 20 mg/L, catalyst dosage = 1 g/L) 
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Fig 8. The changeover UV-Visible spectra of AMX 
before and after photodegradation by N-doped TiO2 
under visible light irradiation ([AMX]0 = 20 mg/L, 
catalyst dosage = 1 g/L, irradiation time = 60–300 min) 
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Fig 9. Proposed degradation mechanism of AMX by using N-doped TiO2 

 
or intermediates were not detected in this degradation 
process. The AMX degraded up to 68.5%, resulting in 
small molecules such as H2O and CO2. The proposed 
degradation mechanism of AMX by advanced oxidation 
process using N-doped TiO2 is presented in Fig. 9. The 
nitrogen doping forms a new energy level between the 
valence and conduction band of TiO2 and narrows the 
band gap [24-25]. Therefore, visible light irradiation is 
adequate to excite an electron from the valence band into 
the conduction band. The formation pairs of electrons 
(e−) and holes (h+) will initiate the production of oxidative 
species: OH• and •O2

−. The oxidative species (h+, OH•, and 
•O2

−) played an essential role in the degradation of AMX, 
then decomposed the compound into CO2 and H2O 
[3,19]. The proposed mechanism was adopted from the 
previous study [9,20,43-44]. 

■ CONCLUSION 

The result of our study showed that initial nitrogen 
concentration affects the resulting N-doped TiO2 catalyst. 
Nitrogen with an initial concentration of 30% (w/w) was 
successfully doped onto TiO2 and had the lowest band gap 
energy of 2.97 eV. The presence of nitrogen increases the 
photodegradation of AMX for both UV and visible light 
irradiation. Nitrogen has narrowed the TiO2 band gap 
energy that enhanced the TiO2 activity under visible light 
for AMX degradation. AMX degraded 68.5% under 
visible light radiation, higher than bare TiO2 (38.7%). 
Therefore, N-doped TiO2 had good potential as a 
photocatalyst for the degradation of pharmaceutical 
pollutant under visible light irradiation in a natural 
aqueous solution without an additional oxidative agent. 
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