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 Microplastic pollution presents a significant challenge globally, posing serious 
threats to aquatic ecosystems. This study explores the photocatalytic degradation 
of microplastics in aqueous solutions by applying nitrogen-doped TiO2 (N-TiO2) 
nanoparticles under visible light. The N-TiO2 nanoparticles were synthesized via 
the solvothermal method, utilizing chitosan derived from shrimp shell waste as a 
nitrogen source. The photocatalytic efficacy of the N-TiO2 nanoparticles was 
assessed for degrading model polyethylene microplastics, illuminated by a 50-
watt LED lamp. Characteristic peak shifts in the FTIR absorption spectrum, 
notably at 3429 cm-1 to lower wavenumbers, and diminished amide I absorption 
at 1621 cm-1, confirmed the successful extraction of chitosan from shrimp shell 
waste. The synthesized N-TiO2 nanoparticles were in the pure anatase phase, 
exhibited a reduced bandgap of 2.97 eV, and showed enhanced absorption in the 
visible light spectrum (λ = 400 – 800 nm) compared to undoped TiO2. The 
incorporation of nitrogen into the TiO2 matrix was validated by vibration bands at 
approximately 1035 cm-1 and 535 cm-1, corresponding to the Ti—N and Ti—O—
Ti bonds, respectively. Optimal results were attained with TiO2 nanoparticles 
doped with 50% nitrogen, achieving a degradation rate of approximately 30.45% 
of a 250 mg/L microplastic solution over 50 hours of visible light exposure—
nearly six times more effective than undoped TiO2. This study highlights the 
sustainable use of shrimp shell waste as a nitrogen source for enhancing TiO2 
nanoparticles, showcasing their potential for environmental remediation 
applications. 

 

1. Introduction 

Recently, microplastics, defined as small plastic 
particles less than 5 mm in size, have threatened the 
survival of organisms on land and in the ocean [1]. The 
World Health Organization (WHO) states that 
microplastic pollutants have been detected in seawater, 
wastewater, air, and drinking water, including bottled 
and refilled water [2]. Research conducted by scientists at 
the Department of Chemistry, State University of New 
York, tested 259 bottles of drinking water from 11 brands 
sold in 8 countries, and discovered that 93% of these 
bottles contained microplastics. One sample from 
Indonesia contained an average of 382 microplastic 
particles per liter, with sizes ranging from 6.5 to over 100 
µm [3]. Microplastics can absorb toxic chemical 

compounds from the surrounding environment, making 
them hazardous and carcinogenic pollutants. When these 
particles accumulate in the human body, they can lead to 
various health issues, including clots in the digestive 
tract, blockages in the bloodstream, kidney disorders, and 
even cancer [4]. The most commonly used type of 
microplastic is polyethylene. This material is frequently 
used in packaging, tableware, and garbage bags, and is 
responsible for 64% of the waste generated from end-of-
life synthetic plastics [2]. 

Several methods for degrading microplastics have 
been conducted, including ion plasma technology [5], 
coagulation, biodegradation, and photocatalysis [6]. 
Among these methods, photocatalysis using 
semiconducting metal oxides such as TiO2 is considered a 
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promising method due to its high degradation efficiency, 
low cost, reliance on abundant sunlight, and generation 
of harmless by-products [7]. Photocatalytic performance 
can be enhanced by optimizing the size of TiO2 particles, 
particularly by utilizing nanoparticles. Materials on the 
nanoscale (1-100 nm) exhibit significantly improved 
properties compared to bulk materials, even with the 
same crystal structure [2]. 

The limitation of TiO2 nanoparticles is that they can 
only absorb UV light (5% of the sunlight spectrum) due to 
their wide band gap [3]. Therefore, improving the 
efficiency of TiO2 absorption, particularly under visible 
light, by doping with nitrogen on the surface of the TiO2 
lattice, presents a promising approach. Research by Yu 
and Lv [8] shows that nitrogen doping can narrow the 
band gap of TiO2, enhancing its optical properties. The 
nanostructure of doped TiO2 also significantly increases 
its specific surface area compared to the smooth surface 
of undoped TiO2. This structure can facilitate charge 
transfer and improve photoelectrochemical activity [4]. 

Nitrogen sources employed in the synthesis of 
N- doped TiO2 nanoparticles are generally derived from 
chemicals, including urea, triethylamine, ammonia, 
ammonium chloride, hydrazine, thiourea, and 
ammonium nitrate [5]. Nevertheless, the drawbacks of 
using these chemicals are high toxicity, high cost, 
significant energy consumption, and environmental 
concerns. An eco-friendly nitrogen source for producing 
N-doped TiO2 comes from biomass waste [2]. One of the 
biomass wastes that has the potential to serve as a 
nitrogen source in the manufacture of N-doped TiO2 is 
shrimp shell waste. This is due to the chitin content in 
shrimp shell waste, which reaches 42-57%, higher than 
that of squid, which only reaches 40%, and shellfish, 
which contains 14-35% [6]. However, chitin exhibits 
limited physical properties, characterized by high 
hydrophobicity and insolubility in common organic and 
inorganic solvents, so chitin must be modified into 
chitosan through a deacetylation process. Chitosan is a 
chitin derivative that contains abundant polar functional 
groups such as —NH2 [7]. These functional groups can act 
as a nitrogen source in the synthesis of N-doped TiO2 
nanoparticles. 

In a previous study, Ariza-Tarazona et al. [9] 
investigated the degradation of PET microplastics 
utilizing a C, N-TiO2/SiO2 semiconductor and reported a 
mass loss ranging from 9.35% to 16.22% [10]. Through 
comprehensive literature reviews, it has been identified 
that utilizing shrimp shell waste as a nitrogen source for 
synthesizing N-doped TiO2 nanoparticles has not been 
previously reported. This aspect introduces a novel 
approach to the development of nanomaterial synthesis. 
Consequently, this research seeks to synthesize N-doped 
TiO2 nanoparticles via the solvothermal method, 
employing chitosan extracted from shrimp shells as the 
nitrogen source. The aim is to evaluate the impact of this 
synthesis method on the nanoparticles’ properties and to 
assess their photocatalytic activity against polyethylene 
microplastic pollutant models. 

2. Experimental 

2.1. Materials 

The materials used in this research were 1 M titanium 
tetrachloride (TiCl4, Merck), shrimp shells waste 
(sample), deionized water, distilled water, ethanol 
(C2H5OH, Merck), sodium hydroxide (NaOH, Merck), 
hydrochloric acid (HCl, Merck), acetate (CH3COONa) pH 3, 
polyethylene (as a model pollutant). 

2.2. Preparation for Chitosan from Shrimp Shell Waste 

Shrimp shell waste samples were obtained from one 
of the Micro, Small, and Medium Enterprises (UMKM) in 
Pasar Raya, Padang City. The wet shrimp shells were 
washed with tap water, dried under the solar light for 8 
hours, then dried in an oven for 6 hours at 60°C. The dried 
shrimp shells were ground using a grinder, blended, and 
then sieved to 100 mesh. The powder was stored in a 
closed container before processing [11]. 

Chitosan extraction involves three steps: 
demineralization, deproteination, and deacetylation. In 
the demineralization stage, shrimp shells were treated 
with 1 M aqueous HCl in a 1:10 (w/v) ratio. This mixture 
was stirred at room temperature for 30 minutes and then 
allowed to stand for 12 hours. The demineralized sample 
was washed with deionized water until reaching a neutral 
pH and dried at 80°C for 24 hours. In the deproteination 
stage, the demineralized shrimp shells were mixed with a 
4% (w/v) NaOH solution in a 1:20 (w/v) ratio and allowed 
to stand for 12 hours. The mixture was heated at 80°C and 
stirred using a hot plate for 4 hours. 

The resulting product was washed with deionized 
water until reaching a neutral pH and then dried at 80°C 
for 24 hours to obtain chitin. Finally, in the stage, the 
chitin obtained was treated with 40% (w/v) concentrated 
NaOH solution in a 1:10 (w/v) ratio, heated to 90°C, and 
stirred on a hot plate for 2 hours. The product was washed 
with deionized water until reaching neutral pH and dried 
at 80°C for 24 hours. Then, the chitosan was stored for 
FTIR testing [1]. 

2.3. Synthesis of N-doped TiO2 Nanoparticles 

The synthesis of N-doped TiO2 nanoparticles began 
by adding 1 mL of 1 M TiCl4 solution dropwise into 10 mL 
of absolute ethanol, followed by adding 0.1 mL of 
concentrated HCl. The mixture was then transferred into 
a Teflon container and stirred with a magnetic stirrer for 
30 minutes. Subsequently, 10% (w/w) chitosan was 
added, and the mixture was stirred for an additional hour. 
The resulting solution was placed in an autoclave and 
heated at 200°C for 16 hours. The obtained nanoparticles 
were washed with distilled water, dried at 80°C for 
8 hours, and then calcined at 500°C for 1 hour. The final 
product was labeled as NTi10. The same procedure was 
repeated using different concentrations of chitosan—
20% (w/w), 35% (w/w), and 50% (w/w)—to obtain 
NTi20, NTi35, and NTi50, respectively. A control sample, 
labeled TO, was synthesized using the same method 
without the addition of chitosan (i.e., undoped TiO2) [12]. 
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2.4. Photocatalytic Activity of N-doped TiO2 
Nanoparticles 

The first step involved extracting microplastics from 
plastic bags. Ten grams of small pieces from crackle bags 
were added to 100 mL of boiling distilled water. After 
briefly cooling, the mixture was filtered using a sieve with 
a pore size of approximately 215 μm. The collected 
microplastics were then washed repeatedly with distilled 
water and dried at room temperature for 24 hours. 

Photocatalytic experiments were conducted by 
adding 200 mg of microplastics into a glass container 
containing 50 mL of CH3COONa/CH3COOH buffer solution 
(0.4% w/v). Separately, 50 mL of 0.4% w/v polyethylene 
(PE) dispersion was added to 200 mg of the undoped TiO2 
photocatalyst labeled TO in a beaker. The mixture was 
stirred using an ultrasonicator for 15 minutes, then placed 
in a water bath at a distance of 25 cm from a 50-watt LED 
lamp at room temperature. The photocatalytic process 
was carried out for 50 hours with continuous stirring at 
300 rpm. 

The same procedure was repeated using TiO2 samples 
prepared with different chitosan concentrations, labeled 
NTi10, NTi20, NTi35, and NTi50. The degradation 
performance of the microplastics was evaluated by 
measuring the percentage of mass loss (Equation 1) [13]. 

 Microplastic mass = (𝑀0−𝑀)

𝑀0
×100% (1) 

Where, M0 is the initial mass of microplastics before 
irradiation, and M is the microplastics after irradiation. 

3. Results and Discussion 

3.1. Vibrational Properties of Chitin and Chitosan 

The results of FTIR characterization on chitin and 
chitosan compounds are shown in Figure 1. The FTIR 
spectrum of chitin exhibits a distinct absorption peak at a 
wavenumber of 3465 cm-1, corresponding to the 
vibrational stretching of the hydroxyl (OH) group. 
Additionally, the wavenumbers at 3108 cm-1 and 1670 
cm- 1 are characteristic of amide II absorption, associated 
with the asymmetric bending of the —NH group, and 
amide I absorption, indicative of carbonyl (C=O) 
stretching vibrations, respectively. These features 
provide evidence of the presence of acetyl groups [14]. 
Then, the presence of chitosan is indicated by changes in 
the absorption peak around 3429 cm-1, which becomes 
broader and shifts towards a smaller wave number; 
besides that, there is no peak on the Amide II absorption 
(asymmetric bending —NH). The appearance of a smaller 

Amide I absorption (C=O stretching vibration) in the FTIR 
spectrum of chitosan at 1621 cm-1 indicates the release of 
acetyl groups from chitin [15]. Based on the analysis of the 
above functional groups, it can be concluded that chitosan 
has been successfully obtained from shrimp shells. 

3.2. Synthesized N-doped TiO2 Nanoparticles 

The synthesized N-doped TiO2 nanoparticles are 
white powder for TO (without adding chitosan) and 
yellowish white for the NTi variation (chitosan addition), 
as shown in Figure 2. The yellowish white color for the 
NTi10, NTi20, NTi35, and NTi50 samples indicates that 
nitrogen doping has been successfully carried out [16]. 

3.3. Morphological Properties of Prepared N-doped 
TiO2 

FESEM characterization aims to study the surface 
morphology of the N-doped TiO2 sample. The FESEM 
results of the N-doped TiO2 (NTi50) sample with a 
magnification of 100,000 times are shown in Figure 3. The 
surface morphology of the sample is spherical. In 
addition, larger irregular grains with agglomeration are 
also observed, and the nanoparticles have a smooth 
surface. These findings suggest that the addition of 
chitosan as a nitrogen doping source does not 
significantly alter the morphological structure of TiO2 
[17]. Accurate measurement of the particle size is 
challenging due to clustering. Nevertheless, particle size 
plays a crucial role in determining the photocatalytic 
activity of the material, as smaller particles provide a 
higher surface area, offering more active sites for 
photocatalytic reactions [18]. 

 

Figure 1. FTIR spectra of (a) chitin and (b) chitosan 

 

Figure 2. Chitosan and all prepared nanoparticles: a) Chitosan, b) TO, c) NTi10, d) NTi20, e) NTi35, and f) NTi50 
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Figure 3. A typical FESEM image of NTi50 samples 

 

Figure 4. EDX spectra of the NTi50 sample 

The elemental composition of the sample is 
illustrated using Energy Dispersive X-ray (EDX). The EDX 
spectrum in Figure 4 shows sharp peaks corresponding to 
titanium (Ti) and oxygen (O), which confirms the 
successful formation of titanium dioxide (TiO2) as the 
primary phase. In addition, the presence of nitrogen (N) 
peaks in the spectrum indicates that nitrogen atoms have 
been successfully introduced into the TiO2 lattice 
structure [19]. 

3.4. Structural Properties of Prepared N-doped TiO2 

XRD characterization was performed to determine 
the crystal phase, crystallite size, and crystallinity of the 
N-doped TiO2 compounds. As presented in Figure 5, all 
N- doped TiO2 samples exhibit diffraction patterns that 
are characteristic of the anatase phase of TiO2, which 
aligns well with the ICSD (Inorganic Crystal Structure 
Database) standard number 44882 [2]. Notably, the main 
diffraction peak at 2θ = 25.76°, representing the dominant 
anatase plane, is shifted toward lower diffraction angles 
in the nitrogen-doped samples. This shift indicates the 
successful incorporation of nitrogen into the TiO2 lattice 
structure [20]. The peak shift within the 2θ range of 20° to 
28° is attributed to lattice expansion, which occurs due to 
the substitution of oxygen ions (O2-, ionic radius ≈ 60 
pm) with slightly larger nitrogen ions (N3-, ionic radius ≈ 
65 pm). This ionic substitution leads to an increase in 
interplanar spacing, as described by Bragg’s law, thereby 
resulting in a shift of the diffraction peak to lower angles 
[10]. 

 

Figure 5. XRD patterns of : (i) (a) TO, (b) NTi10, 
(c) NTi20, (d) NTi35, (e) NTi50; (ii) magnified XRD 

patterns (Anatase 101 plane) of the N-doped TiO2 
samples between 20 and 28° (2θ) 

The degree of crystallinity of N-doped TiO2 
nanoparticles was evaluated for various formulations: 
TO, NTi10, NTi20, NTi35, and NTi50, yielding values of 
29.67%, 29.50%, 23.91%, 27.24%, and 30.61%, 
respectively. The size of the synthesized TiO2 and 
N- doped TiO2 crystals was determined using the Debye-
Scherrer equation. The calculations revealed that the 
crystal size for TiO2 nanoparticles, without incorporating 
chitosan, is 4.29 nm. In comparison, the crystal sizes of 
the N-doped TiO2 nanoparticles—NTi10, NTi20, NTi35, 
and NTi50—were measured at 2.71 nm, 4.50 nm, 4.39 nm, 
and 1.95 nm, respectively. The observed reduction in 
crystal size following nitrogen doping can be attributed to 
the introduction of structural defects and lattice 
distortions, which are characteristic effects associated 
with nitrogen incorporation into the TiO2 lattice [21]. 

3.5. Vibrational Properties of Prepared N-doped TiO2 
by Raman Spectroscopy Analysis 

Raman spectroscopy is an important 
characterization tool that aims to study the properties of 
materials, such as phase transformation, crystallinity, 
and vibrational modes in N-doped TiO2 samples. The 
Raman spectrum (Figure 6) shows peaks at 147, 197, 396, 
514, and 636 cm-1 corresponding to A1g+2B1g+3Eg modes, 
indicating the presence of the anatase phase. No 
additional peaks due to the nitrogen or rutile phase were 
seen [5]. The prominent peak appearing at 144 cm-1 is 
attributed to the extension vibration of the anatase 
structure. 

In addition, it was observed that nitrogen-doped 
TiO2 samples produced significant broadening and 
shifting of the Raman peak towards higher wave 
numbers, along with a decrease in intensity. This 
confirmed that nitrogen was successfully doped into the 
TiO2 lattice. Moreover, these trends indicate that nitrogen 
doping disrupts the symmetry of TiO2, leading to 
structural distortions. This disruption results in varying 
degrees of defects, namely oxygen vacancies, and inhibits 
the growth of TiO2. All these factors result in differences 
in the frequencies of the vibrational modes, thus 
broadening and shifting the Raman peaks [6]. 
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Figure 6. (i) Raman spectra of all samples: (a) TO, 
(b) NTi10, (c) NTi20, (d) NTi35, (e) NTi50, (ii) the 

enlarged Raman pattern of the N-doped TiO2 sample 
between 50-280 cm-1 

3.6. Vibrational Properties of Prepared N-doped TiO2 
using FTIR Spectrophotometer 

FTIR characterization aims to detect bond vibrations 
in the formation of N-doped TiO2. Figure 7 shows that the 
vibrational absorption bands at wavenumbers 535-550 
cm-1 are Ti—O—Ti stretch vibrations, indicating the 
formation of metal oxide bonds in the TiO2 lattice [22]. 
The broad absorption peak at 3099-3334 cm-1 is caused by 
O—H stretch vibrations from H2O absorbed on the surface 
of TiO2. This O—H characteristic is beneficial in the 
photocatalytic process during the formation of hydroxyl 
radicals. Additionally, there is a small absorption peak at 
1035 cm-1, which is the N—Ti—O bond observed in NTi50, 
indicating that nitrogen from chitosan has been 
incorporated into TiO2. However, in contrast to the other 
NTi variations, no absorption peak appears in the ~1000 
cm-1 region due to the low chitosan concentration. The 
wavelength of ~1600 cm-1 is the bending vibration of the 
H—O—H bond caused by the physisorption of water 
molecules on the surface of TiO2 [23]. 

3.7. Optical Properties of N-doped TiO2 

The characterization of N-doped TiO2 nanoparticles 
using UV-Vis Diffuse Reflectance Spectroscopy (DRS) is 
designed to observe their light absorption properties and 
investigate their optical characteristics. Figure 8 shows 
that all N-doped TiO2 nanoparticles absorb light within 
the visible region, at approximately 400 nm, indicating 
successful doping. The bandgap values of the samples 
were determined utilizing the Tauc Plot method. 

As shown in Figure S1, the undoped TiO2 sample 
exhibits an energy gap of 3.04 eV. Upon nitrogen doping, 
there is a noticeable reduction in the energy gap for the 
NTi10, NTi20, NTi35, and NTi50 samples, with values of 
3.07 eV, 3.02 eV, 3.00 eV, and 2.97 eV, respectively [22]. 
This decrease in bandgap energy further confirms the 
successful incorporation of nitrogen into TiO2. This 
phenomenon demonstrates that nitrogen dopants 
contribute to the narrowing of the photocatalyst’s 
bandgap by forming a new N 2p band between the O 2p 
and Ti 3d orbitals within the valence band of the TiO2 
electronic structure [24]. 

 

Figure 7. FTIR spectra of all samples: (a) TO, (b) NTi10, 
(c) NTi20, (d) NTi35, and (e) NTi50 

 

Figure 8. UV-Vis DRS spectra of: a) TO, b) NTi10, 
c) NTi20, d) NTi35, and e) NTi50 

3.8. Photocatalytic Activity of N-doped TiO2 
Nanoparticles for Microplastics Degradation 

The photocatalytic activity test evaluated the 
synthesized photocatalyst’s effectiveness in degrading 
microplastics. The degradation test results, as shown in 
Figure 9 and Table 1, reveal that the N-doped TiO2 sample 
with a nitrogen concentration of 50% by weight (NTi50) 
achieved the highest degradation percentage of 30.45% 
compared to other samples. This enhanced degradation is 
attributed to NTi50’s superior optical properties and 
crystallinity. The results in the following experiments are 
related to the proposed reaction mechanism for the 
degradation of polyethylene microplastic [9]. 

 TiO2

hv
→h+VB +e

−
CB (2) 

 h+VB +H2O → ̇OH + H+ (3) 

 ̇OH + microplastic → CO2 +H2O (4) 

Based on Equations (2) to (4), OH radicals play an 
important role in degrading microplastics because OH 
radicals have a high reduction potential, allowing them to 
cleave chemical bonds in microplastic polymers in a non-
selective manner, thus facilitating the conversion of these 
compounds into harmless end products [23]. 
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Table 1. Photocatalytic performance of nitrogen-doped 
TiO2 samples for the degradation of microplastics 

Types of photocatalyst % Degradation 

TO (control) 5 

NTi10 9.5 

NTi20 17.86 

NTi35 23.48 

NTi50 30.45 

 

Figure 9. Photocatalytic activities of all samples 

4. Conclusion 

In conclusion, chitosan derived from waste shrimp 
shells emerges as a promising nitrogen source for doping 
TiO2, enhancing its properties and ability to degrade 
microplastics. Although nitrogen from an organic origin 
did not significantly alter the crystalline structure of TiO2, 
it substantially improved the material’s capacity to 
absorb visible light and reduced its bandgap. 
Furthermore, nitrogen obtained from chitosan 
substantially enhanced the photocatalytic performance 
of TiO2 in degrading polyethylene microplastics. 
Specifically, the 50% nitrogen-doped TiO2 exhibited a 
degradation rate of 30.45% in an aqueous solution under 
50 hours of visible light irradiation, which is six times 
greater than that of pristine white TiO2. This 
demonstrates the effectiveness of using chitosan as a 
doping agent to enhance the performance of TiO2 in 
environmental applications. 
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