
1. Introduction
Population growth and industrialization have caused
environmental contamination by different pollu-
tants. Some contaminants may be mobile and per-
sistent in air, soil, and water, even at low concentra-
tions. Their behavior, fate, and ecotoxicological
effects have not been often well understood. The

main reason is that many of these compounds, also
called emerging pollutants (EPs), have been classi-
fied as such for a very short time. EPs are chemicals
without regulatory status, and their effects on
human health and the environment are unknown [1,
2]. Pharmaceutical products, such as antibiotics, are
of particular concern because their massive use can
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produce antibiotic-resistant bacteria posing a severe 
threat to ecosystems and human health [3, 4]. Several 
kinds of antibiotics have been detected in under-
ground water and river systems, among which tri -
methoprim, ciprofloxacin, enrofloxacin, norfloxacin, 
ofloxacin, and roxithromycin have been reported [5]. 
Effiuents  from wastewater treatment plants are re-
garded as the primary source of these pollutants [6, 
7]. Different conventional treatment methods such 
as adsorption, ultrafiltration, coagulation, and het-
erogeneous photocatalysis, among others, have been 
used to remove EPs from waters. Heterogeneous 
photocatalysis is an advanced oxidation technology 
(AOT) and a promising strategy to remove EPs. Het-
erogeneous photocatalysis has several advantages, 
such as high mineralization yields and plausible 
reuse of many catalysts, which lowers the process 
costs. Moreover, the new photocatalysts aim to be 
effective under solar light irradiation as a sustainable 
energy source [8].
Several semiconductor photocatalysts, including 
TiO2 and ZnO nanoparticles (NPs), have attracted 
attention due to their potential applications in the 
degradation of aqueous EPs [9]. They are environ-
mentally benign, biocompatible, abundantly avail-
able, and low cost. The main drawback of using nano-
size particles comes from their difficult recovery 
from suspensions after the photocatalytic process. 
This hampers their regeneration and reuse when 
large water volumes are required to be treated. Pro-
viding NPs with support brings an important impact 
on their stability and recyclability. Nanostructured 
composite polymers have been considered an inter-
esting alternative to enhance their recoverability, al-
lowing regeneration, reuse, and minimizing their 
elution into the treated water [10, 11].
In the last years, the use of natural polymers obtained 
from renewable resources has raised the interest of 
society. Their use complies with the principles of the 
circular economy due to their renewable origin, bio -
degradability, and low costs [12]. Chitin is consid-
ered an environmentally friendly and low-cost ma-
terial because it is a biodegradable, non-toxic, and 
bio compatible polymer normally obtained from 
crustacean waste [13, 14]. Chitin is less expensive 
and more stable (chemically) when it is compared to 
chitosan and its derivatives [13]. The poor solubility 
of chitin limits its application, and probably due to 
it, the literature shows few approaches yet dedicated 
to chitin composites [15]. Chitin nanostructured

composites have been developed thanks to the ma-
nipulation techniques that have overcome the poly-
mer’s low solubility [13, 16–19]. These researchers
reported the formation of chemically stable materials
without toxic chemical cross-linking agents. From
another perspective, other works used epichlorohy-
drin as a chemical cross-linker agent to improve the
mechanical properties of hydrogels [20, 21].
In recent years, few but promising studies have used
chitin as a support matrix for photocatalytic particles.
Interesting performances have been reported focused
on ammonium removal using UV irradiation [22], or
dye degradation using chemical grafting on chitin in
order to obtain a functional and reusable matrix under
sunlight [11, 23–25]. These works raise the need to
understand the effect of the NPs interaction with
chitin and the effect of the photocatalytic event upon
chitin chemical structure. Also, it has not been report-
ed the obtaining of photocatalytic nanomaterial with-
out previous chitin chemical modification (such as
chitin deacetylation or for metal-organic framework
production) or without toxic chemical cross-linking
agents (such as epichlorohydrin or glutaraldehyde for
the obtaining of reinforced materials). Thus, this work
aimed to study the photocatalytic behavior of ZnO
NPs and TiO2 NPs in the degradation of EPs when
immobilized in a chitin matrix. In this experimental
design, the use of a non-cross-linked and non-modi-
fied material based on chitin and the influence of the
loaded NPs photoactivity on the matrix structure dur-
ing irradiation was able to be studied. Trimethoprim
(TMP) degradation as an EP model was studied using
simulated sunlight. The photoelectrochemical behav-
ior and bandgap determination for the nanocompos-
ites were studied in order to understand the effect of
chitin on the NPs photocatalytic behavior. The chem-
ical stability of chitin was studied among several pho-
tocatalytic degradation cycles. Also, physicochemical
characterization of composites and the influence of
composites’ composition, medium pH, the influence
and stability of the support, and the degradation ki-
netics on heterogeneous catalysis were discussed.

2. Materials and methods
2.1. Materials
Chitin from shrimp shells was obtained from Sigma-
Aldrich, USA, the chitin degree of acetylation was
94%. Methanol HPLC grade was purchased from
Sintorgan, Argentina. Ethanol of 99.5% purity and
calcium chloride dihydrate were purchased from
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Cicarelli, Argentina. Evonik Degussa Argentina SA
donated the TiO2 nanoparticles of AEROXIDE TiO2
P-25 procured from Evonik, Germany. Trimethoprim
was acquired from Saporiti, Argentina. Potassium di-
hydrogen phosphate, Potassium hydrogen phosphate,
and Sodium hydroxide were acquired from Anedra,
Argentina. Chemicals were used without further pu-
rification and the reagent grade was analytical.

2.2. Preparation of zinc oxide nanoplates
For ZnO NPs preparation, the method reported by
Villanueva et al. [26] was employed. Zinc sulfate
was mixed with urea until a homogeneous solution
was obtained. The concentrations of urea and Zn2+

were adjusted to 3.3 and 2.4 mM in the solutions, re-
spectively. Then a solution of 3 M NaOH was added
drop-wise until a suspension was obtained. Follow-
ing the observations regarding particle growth from
the work of [27], water washing steps were per-
formed before the composites synthesis, and the last
washing step was performed in the methanol/calci-
um solution to be used in the preparation of the
chitin hydrogel in order to reduce carbonates resid-
uals and stabilize the particle.

2.3. Preparation of chitin hydrogel and chitin
nanostructured composites

To prepare the reference chitin xerogel, 42.5 g of cal-
cium chloride dihydrate were mixed in 50 ml of
methanol and refluxed at 80 °C to near-dissolution.
Then, 1 g of chitin powder was added to the calci-
um/methanol solution and refluxed at 90 °C for 2 h
under constant stirring. Different mass ratios of
chitin and TiO2 NPs or ZnO NPs were mixed by ag-
itation to obtain materials with a different percent of
chitin:TiO2 NPs (Chi:TiO2-1, Chi:TiO2-5 and
Chi:TiO2-10) and chitin: ZnO NPs (Chi:ZnO-1,
Chi:ZnO-5 and Chi:ZnO-10). For example, 1 g of
chitin, 42.5 g of calcium chloride dihydrate, and
50 ml of methanol suspension were mixed with
111 mg of TiO2 to obtain a hybrid material with
10 wt%/wt of TiO2 (Chi:TiO2-10).
The chitin xerogel and chitin nanocomposites mix-
tures (chitin:TiO2 NPs and chitin:ZnO NPs) were
spun into a glass beaker with cold ethanol until they
gelled. Finally, the gels were subjected to several dis-
tilled water incubations to wash out all the methanol,
ethanol, and CaCl2 residues. All prepared materials
were oven-dried at 50 °C, milled, and sieved be-
tween 250 and 500 μm for all the experiments.

2.4. Characterization
2.4.1. Scanning electron microscopy (SEM) and

energy dispersive spectroscopy (EDS)
Samples were hydrated, then freeze-dried (lyo -
philization) and coated with a 20 nm gold layer be-
fore being analyzed using a Philips 505 SEM and
EDS analyzer. The micrographs were taken at 200×
magnification.

2.4.2. Fourier transforms infrared
spectroscopy (FTIR)

Attenuated total reflection Fourier-transform in-
frared spectrum (ATR-FTIR) of samples was record-
ed using a Thermo Scientific Nicolet iS50 Advanced
Spectrometer (USA) with diamond attenuated total
reflectance. All spectra were recorded at ambient
temperature at the resolution of 4 cm–1, 32 scans, and
operating in the range of 4000–400 cm–1. The degree
of N-acetylation (DA) of chitin was determined ac-
cording to the method proposed by Brugnerotto et
al. [28] using Equation (1):

(1)

2.4.3. X-ray diffraction (XRD)
XRD patterns were obtained using a Philips 3710
diffractometer with graphite-monochromated (Cu-Kα
radiation, at 40 kV–40 mA); with 0.03° and 3 s steps
in the 5–80° 2θ range. The chitin crystallinity index
(CrI) was determined by applying the method report-
ed by Segal et al. [29] for cellulose and reported
elsewhere. Equation (2) was used to calculate the
crystalline index:

(2)

where I020 was the maximum intensity at ≈10° and
Iam was the amorphous contribution (maximum in-
tensity) obtained at ≈16° as the general baseline [30].
The particle size for TiO2 (17.6) and ZnO (32.8)
were calculated using the Scherrer equation. Since
the ZnO particles were stabilized within the chitin
matrix, their particle size was calculated from the
nanocomposite XRD pattern [31].

2.4.4. Thermogravimetric analysis (TGA)
The thermal degradation processes of the samples
were investigated using a Shimadzu TGA-50 Instru-
ment (Japan). The measurements were carried out by
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heating the sample from 25 to 800 °C under an inert
atmosphere (N2 flow rate of 30 ml·min–1), with a
heating rate β = 10°C·min–1 using a similar sample
weight (approximately 10 mg).

2.4.5. Differential scanning calorimetry (DSC)
DSC measurements were performed in a Shimadzu
DSC-60-Plus instrument (Japan). The samples were
hermetically sealed in aluminum pans, and tests
were developed under a dynamic N2 atmosphere
(30 ml·min–1) using a sample weight of approxi-
mately 10 mg and a heating rate 10 °C·min–1. The
DSC tracings were performed from 25 to 250 °C.

2.4.6. UV-Vis spectroscopy
The absorption spectra (UV–Vis diffuse reflectance
measurements) were obtained by a Shimadzu UV-
2401 PC in the wavelength range of 200–800 nm in
order to evaluate the optical properties. Barium sulfate
was employed as a reference material (100% re-
flectance measurement).

2.4.7. Photoelectrochemical behavior
The photocurrent was recorded using a three-elec-
trode cell configuration, with two Pt electrodes and
one counter electrode under a 0.5 V vs. Ag/AgCl
using a Palm Sense 4 electrochemical workstation
(Netherlands). Thirty-five seconds cycles of light ex-
posure (Xe lamp) were used. The suspension consist-
ed of 10 mg of sample, Cu(OAc)2·2H2O 2.2 mM,
HNO3 0.02 M, and 25 ml acetic acid [32].

2.4.8. Trimethoprim quantification
The quantification was performed using an high-per-
formance liquid chromatography (HPLC) system
consisting of a Hewlett Packard 1050 pump with a
20 μL injection loop, a Supelco column RP 18
150×0.4 mm stationary phase, and a Waters 484 UV
detector set at 250 nm. The separation was performed
at room temperature by isocratic elution of the ana-
lyte using a mobile phase containing acetonitrile-
water (0.6:0.4 v/v) and a flow rate of 1 ml·min–1.

2.4.9. Photocatalytic experiments
The photocatalytic activity for the trimethoprim de-
composition by the NPs and prepared nanocompos-
ite were evaluated under two Xenon lamps irradiation
with a power of 40 W for each lamp. The irradiation
intensity for all assays was 22000 lux, with less than

5% variation. Aqueous solutions of trimethoprim
(5 ml, 20 mg·l–1) were placed in a vessel, and
0.050±0.002 g of the nanocomposite samples were
added. For a 0.005±0.002 g of free NPs an initial
TMP concentration of 50 mg·l–1 was used. Samples
of aliquots were taken up, centrifuged, and reserved
for quantification at certain time intervals. Compos-
ites with different TiO2 NPs and ZnO NPs concen-
trations (1, 5, and 10%) were exposed to 7 h intervals
at room temperature. The reusability was evaluated
using 50 mg of sample in seven consecutive runs.
After each photocatalytic reaction, the samples were
recovered by sedimentation, washed (using distilled
water), and dried (overnight at 50 °C). Then, they
were reused in another degradation cycle under the
same experimental conditions. A solution of trimetho-
prim without adding any composite photocatalyst
was used as a control study under the same condi-
tions. The degradation fraction of trimethoprim was
calculated by the Equation (3):

Degradation fraction (3)

where C0 and C are the initial and final concentrations
of trimethoprim at t = 0 or time t, respectively. It is
important to note that, after the preparation of the so-
lution and before irradiation, all suspensions were
shaken at dark for 30 min to reach adsorption/ des-
orption equilibrium. The kinetics of photocatalytic
degradation of organic dyes usually follows the Lang-
muir–Hinshelwood mechanism (Equation (4)) [33]:

(4)

where r is the degradation rate of trimethoprim
[mg·l·min–1], C is the concentration of the trimetho-
prim [mg·l–1], t is the degradation time, k is the re-
action rate constant [mg·l·min–1], and K is the ad-
sorption constant of the trimethoprim (l·mg–1).
When C is small, the equation is simplified to give
the pseudo-first-order kinetic model with a deter-
mined rate constant (k1) (Equation(5)) [34]:

(5)

Also, the pseudo-second-order kinetics was studied
(Equation (6)):

(6)
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where k2 is the rate constant for a pseudo-second-
order kinetic degradation [35].

2.4.10. Statistical analysis
All experiments and their corresponding measure-
ments were conducted in triplicate under identical
conditions and statistically analyzed by one-way
ANOVA and Tukey comparison post test if ANOVA
p < 0.05.

3. Results and discussion
3.1. SEM and EDS analysis
Figure 1 shows the morphology of chitin xerogel and
prepared nanocomposites. The surface of the ana-
lyzed samples exhibited an irregular and porous-like
morphology. In comparison to the chitin xerogel, the
surface of the nanocomposites showed a rougher
morphology. This was due to NPs dispersion into the
chitin matrix that altered the surface. EDS was used
to analyze the Zn and Ti content on the nanocompos-
ites. The Zn and Ti mapping images revealed the NPs
successful incorporation into the polymeric matrix.

For Chi:ZnO-10 composite it could be observed a
good dispersion of NPs into the chitin matrix, while
for Chi:TiO2-10 it could be appreciated the presence
of zones with higher NPs density, even at the same
loading content.

3.2. FTIR analysis
FTIR studies were conducted to gain insight into the
functional groups features of the composites ob-
tained with different NPs and compositions. Figure 2
shows the FTIR spectra obtained for the chitin xe-
rogel, TiO2 NPs, ZnO NPs, and the prepared com-
posites. Figure 2 curve a showed a typical spectrum
of chitin xerogel and its characteristic bands [36].
The two bands located at 1669 and 1524 cm–1 corre-
sponded to the vibrational stretching of C=O (amide I)
and N–H deformation and C–N–H vibrational stretch-
ing (amide II), respectively [36]. In Figure 2 curve b
the typical bands from TiO2 NPs spectrum between
3300–3600 cm–1 (stretching vibrations) and at
1622 cm–1 (bending vibrations) could be observed
[13, 37]. The FTIR spectrum for ZnO NPs is shown
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Figure 1. SEM images of a) chitin xerogel, b) Chi:ZnO-10 and c) Chi:TiO2-10, d) EDS profile of chitin xerogel, e) Zn EDS
mapping of Chi:ZnO-10 and f) Ti EDS mapping of Chi:TiO2-10.



in Figure 2 curve f. The band present at 3280 cm–1

corresponded to the O–H stretching of the water
molecules [26]. The broad peak around 3385 cm–1

was assigned to the O–H stretching mode of the hy-
droxyl group from associated water, and the band at
1634 cm–1 (bending) is due to asymmetrical stretch-
ing of the zinc carboxylate [38]. The bands at 957,
1029, and 1123 cm–1 correspond to the remains of
the carbonate formed during the ZnO NPs formation
[26]. These results suggest that ZnO NPs and
Zn4CO3(OH)6·H2O were present. The presence of
the latter came from ZnO NPs synthesis. The Zn2+

reacted with the urea forming Zn4CO3(OH)6·H2O
and then was oxidized to obtain ZnO NPs. For every
nanocomposites spectra, the bands corresponding to
the NPs were not detected, probably due to its low
content in the material. The composites spectra
showed no new bands or shifts when compared to
the chitin xerogel spectrum. This would mean that
no chemical reaction occurred between the NPs and
chitin, and probably weak interfacial interactions
were predominant between the materials. Taking into
account the moieties present in all components of the
composites, these interactions could be H bonds be-
tween M–OH groups in the surface of the NPs and
the –OH groups of the polysaccharide.

3.3. XRD analysis
X-ray diffraction results are shown in Figure 3.
Chitin xerogel showed peaks at 9.58, 13.07, 19.65,
and 26,59°, typical of α-chitin structure (Perez et al.,
[4]). In Figure 3a the XRD patterns of the TiO2 NPs
presented peaks corresponding to anatase (25.30,
37.80, and 48.08°) and rutile crystalline phases
(27.42°). Commercial TiO2 (P-25) NPs were a mix-
ture of anatase/rutile phase, and their composition
was 85 and 15%, respectively [37]. At chitin:TiO2
NPs composites patterns, three peaks were clearly
visible (25.30, 37.80, and 48.08°), as shown in
Figure 3a. This confirmed the TiO2 NPs incorpora-
tion on composite samples. Comparing diffraction
patterns of TiO2 NPs and chitin:TiO2 NPs composites,
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Figure 2. FTIR spectra of (a) chitin xerogel; (b) TiO2 NPs;
(c) Chi:TiO2-10; (d) Chi:TiO2-5; (e) Chi:TiO2-1;
(f) ZnO NPs; (g); Chi:ZnO-10 (h) Chi:ZnO-5; and
(i) Chi:ZnO-1.

Figure 3. X-ray diffractograms of chitin xerogel, TiO2 NPs, ZnO NPs, and composites with different nanoparticles concen-
trations (1, 5 and 10%). a) TiO2 NPs and Chi:TiO2 composites, b) ZnO NPs and Chi:ZnO composites.



it is clear that the incorporation of NPs into the poly-
meric matrix does not affect the crystallinity of the
nanoparticles. Figure 3b shows the XRD patterns of
the ZnO NPs and prepared composites. ZnO NPs
XRD pattern presented hexagonal wurtzite ZnO
nanoplate peaks together with characteristic peaks
of Zn4CO3(OH)6·H2O [39, 40]. After the incorpora-
tion of ZnO NPs into chitin, the XRD pattern
showed three wider bands typical of ZnO NPs,
owing to the good dispersion and stabilization of
nanoplates in the polymeric matrix. No carbonates
peaks were observed on XRD patterns of chitin:ZnO
NPs composites. As described in the works by Sun et
al. [41] and Meulenkamp [27] the dispersion of ZnO
NPs in the organic solvent (methanol/ CaCl2·H2O)
solution would wash superficial carbonates and sta-
bilize the particles in the composite matrix. This was
confirmed by the presence of the ZnO crystallo-
graphic lattices 100 (31°), 002 (34°), and 101 (36°).
Sun et al. [41] reported a similar phenomenon for
purified ZnO nanoparticles in methanol solution.
Moreover, in both hybrid systems (chitin:TiO2 NPs
and chitin:ZnO NPs) as the nanoparticles:chitin ratio
increased, the characteristic nanoparticles peaks in-
creased their intensity. Results confirmed the forma-
tion of biocomposites with different nanoparti -
cles:chitin ratios. The fillers’ interaction with chitin
during the gelling step would decrease the crystalline
zones of chitin and induce the decay in the crys-
tallinity index, as shown in Table 1. The filler intro-
duction reduced the degrees of freedom in the 3D
composite conformation by inhibiting a close pack-
ing of the polymeric chains (amorphization), limit-
ing or even preventing the formation of crystalline
regions. These results suggested that the TiO2 NPs
and ZnO NPs induced a conformational change in
the polymeric matrix.

3.4. Thermogravimetric analysis (TGA)
Results of thermal stability analysis of chitin xerogel
and the composites are shown in Figure 4. In the
thermogram of chitin xerogel, chitin:TiO2 NPs, and
chitin:ZnO NPs composites, multiple-loss steps
could be appreciated. The first step is observed in
the range of 30–150°C in all the samples, which was
related to water evaporation. Xerogel chitin present-
ed a higher amount of water loss compared to the
composites. This would be due to the physical inter-
action between the fillers and the chitin polymer
chain. The presence of the nanofillers would influence
the chitin structure; this physical interaction proba-
bly would produce fewer free sites for the water to
bound to the biopolymer. The second stage in ther-
mograms analysis appeared between 250 and 350°C
for chitin xerogel and chitin:TiO2 NPs composites
and in a range of 250–400 °C for chitin:ZnO NPs
composites. This weight loss could be attributed to
the depolymerization of chitin [34, 42]. Notably, the
nanofillers increased the thermal stability of com-
posites, each at a different temperature range. The
thermal stabilization effect was evident for chitin:ZnO
composites in the second weight-loss stage but in the
third for the chitin:TiO2 composites. Thermograms
showed that ZnO NPs improved the composite ther-
mal stability. This phenomenon would be produced
by the ZnO NPs geometry and/or nanoparticle size.
These NPs probably acted as a mass transport barrier
or thermal insulator to the volatile products generat-
ed during thermal decomposition by obstructing the
escape of volatile compounds, producing a higher
residual mass which in not proportional to the amount
of incorporated ZnO NPs [43]. This behavior was
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Table 1. The crystallinity index (CrI) from XRD and thermal
transition (Tp) from the DSC thermograms for chitin
xerogel and composites.

Materials CrI
[%]

Tp
[°C]

Chitin xerogel 51.1 111.5
Chi:TiO2-1 38.6 110.2
Chi:TiO2-5 37.5 84.7
Chi:TiO2-10 35.6 81.9
Chi:ZnO-1 44.2 110.7
Chi:ZnO-5 43.9 88.1
Chi:ZnO-10 42.2 85.8

Figure 4. Thermograms of (a) chitin xerogel; (b) Chi:TiO2-1;
(c) Chi:TiO2-5; (d) Chi:TiO2-10; (e) Chi:ZnO-1;
(f) Chi:ZnO-5; and (g) Chi:ZnO-10.



also observed for ZnO and gelatin nanocomposites
[43]. Finally, the third stage for chitin xerogel and
chitin:TiO2 NPs composites from 350 to 600°C was
caused by the pyrolysis, vaporization, and elimina-
tion of the volatile products of chitin [42].

3.5. Differential scanning calorimetry (DSC)
Figure 5 shows the DSC curves of chitin xerogel and
prepared composites. All the evaluated samples
showed an endothermic peak associated with water
evaporation. This thermal transition represents the re-
quired energy to vaporize water bound to the chitin
xerogel and hybrid materials. Thermograms for chitin
xerogel showed a broader endotherm peak around
111.5°C, as shown in Table 1. Both nano fillers’ in-
corporation into polymeric matrix induced molecular

changes by shifting the position of the composites’
endothermic peaks (Tp) to lower temperature values
(Table 1). The shift was induced by the amorphiza-
tion of composites due to the incorporation of the
nanoparticles, as already discussed with the XRD and
TGA results. This shift to lower temperatures is also
in accordance with the discussed TGA results regard-
ing the capability of the chitin to interact with water
molecules when the nanoparticles are present.

3.6. Optical properties
The optical properties of chitin xerogel, NPs, and
prepared composites were studied by diffuse re-
flectance spectroscopy (DRS), as shown in Figure 6a.
The chitin xerogel spectrum presented a character-
istic absorption band between 204 and 238 nm asso-
ciated with the π-bond of the carbonyl functional
group (C=O) [44]. It can be noticed that NPs and
nanostructured composites presented light absorp-
tion capacity mostly in the UV region (λ < 400 nm).
After NPs incorporation into the chitin matrix, a shift
of the absorption edge from UV to the visible region
was registered. The bandgap was determined using
the Kubelka–Munk remission function defined as
F(R∞) = R∞(1 – R∞)2/2, where R∞ = Rsample/Rstandard.
The indirect bandgap was obtained by plotting
[αhν]1/2 as a function of the energy [eV] and linearly
extrapolating the linear portion toy = 0, where α was
the absorption coefficient (F(R∞)) h was Planck’s
constant, and ν was the frequency of the incident
photons (Figure 6b). The pure NPs showed values
of 3.03 and 3.14 eV of the indirect bandgap for TiO2
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Figure 5. DSC curve of chitin xerogel, TiO2 NPs, ZnO NPs,
and composites with different nanoparticles con-
centrations (1, 5 and 10%).

Figure 6. Diffuse reflectance spectra (a) and Kubelka-Munk transform of diffuse reflectance data (b) for the chitin xerogel,
TiO2 NPs, ZnO NPs and their nanocomposites.



and ZnO, respectively. The introduction of TiO2 and
ZnO NPs into the chitin polymeric matrix decreased
the indirect bandgap values (2.84 and 2.17, respec-
tively) in both nanocomposite systems. Thus, the
bandgap lowering effect was more pronounced for
the ZnO-containing material. Also, the absorption for
Chi:ZnO-10 was higher than for both components.
This change was probably related to NPs stabilization
and distribution in the chitin matrix, which implied a
higher exposed NP surface for interfacial interaction.
These results were in agreement with the reported in
the literature for other NPs-polymer systems [45, 46].

3.7. Photocurrent
The photoelectrochemical performances of the NPs
and nanocomposites were evaluated by means of
photocurrent measurement and thus indirectly deter-
mined their capacity of generating and transferring
the photo-generated charge carriers. As shown in
Figure 7, both NPs and nanocomposites displayed
stable trends among light on and off cycles. As it was
expected, the photocurrent for the composites was
lower than for the nude NPs due to the loading level
of the NPs in the chitin matrix. Nevertheless, the
chitin matrix showed not to block light transmission
to the semiconductors or the electron transport to the
electrodes. These would indicate that the nanocom-
posites would be active for the generation of reactive
species that would intermediate in the photocatalytic
degradation of organic pollutants.

3.8. Photocatalytic degradation under
simulated sunlight irradiation

Dark assays were performed for all cases, and the
lack of TMP adsorption capacity by the NPs, chitin,

and nanocomposites was evidenced. Thus, the re-
moval of TMP was only a consequence of photocat-
alytic degradation. An important factor that affects
the pollutant photodegradation is the nanoparticle
loading amount. Chitin xerogel did not present ad-
sorption for TMP or photocatalytic capacity. This
highlighted the fact that the addition of nanoparticles
(TiO2 NPs and ZnO NPs) was relevant. Moreover,
the chitin network endowed the nanoparticles with
a supporting matrix for their easy recovery from the
treated solution, enhancing their applicability.
The influence of the nanoparticle loading amounts
on the photocatalytic activity of samples was de-
scribed in Figure 8a. The increase of TiO2 NPs and
ZnO NPs loading amounts in the polymeric matrix
resulted in an increase of trimethoprim degradation
in both hybrid systems (C/C0 was significantly dif-
ferent among NPs loadings, p < 0.05). This can be
explained on the basis that higher NPs loadings into
the composite would generate more active sites that
are available to promote trimethoprim photocatalytic
degradation. At the TMP and NPs loading levels test-
ed, since the decrease in the remaining TMP fraction
was proportional to the increase in the NPs content
in the composite, the effect of opacity due to the NPs
loading seemed negligible. This could also be indica-
tive of a good dispersion of the NPs within the chitin
network. Thus, although EDS mapping showed some
zones with higher Ti density, the agglomeration
would not be significant enough to interfere with
light transmission. For this reason, the Chi:TiO2-10
and Chi:ZnO-10 composites, with the highest filler
content, were chosen as the optimum materials to
perform the photocatalytic degradation assays. By
comparing the nanocomposites degradation of
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Figure 7. Photocurrent of the TiO2 NPs, ZnO NPs and nanocomposites under simulated sunlight irradiation. a) TiO2 NPs
and Chi:TiO2-10, b) ZnO NPs and Chi:ZnO-10.



trimethoprim, it is clear that Chitin:TiO2 NPs pro-
duced a higher fraction removal than Chitin:ZnO NPs
under simulated sunlight. Literature reports claim
that the comparison in the degradation performance
of both types of NPs does not show a trend towards
one or another, but it depends on the molecule to be
degraded, the irradiation spectrum, and the surround-
ing media [47–49]. Herein, we also had to consider
the influence of the chitin network (Figure 8b).
When comparing the photocatalytic activity for the
free NPs with the composites, it could be noticed that
the activity of the latter was lower than for the for-
mers. Also, the overall photocatalytic performance
of the nanocomposites is lower than for other sys-
tems reported for antibiotics degradation [50–53].
This was expected since chitin is a non-conducting
polymer that would hinder the electron transport
from reaching the surface of the composite particle.
Since the reactive species photo-generated in the
NPs surface had a short lifetime, it would only be
active in the pores of the chitin network and would
have a low probability of leaving the nanocomposite
particle and reaching the solution bulk. Remarkably,
the same relative performance was observed when
comparing both free NPs and both nanocomposites
photocatalytic activity. In either case, the TiO2 NPs

containing systems’ activity is higher than the ZnO
NPs containing ones. This would mean that the in-
teraction of chitin with the NPs surfaces was similar,
as the DRS and photocurrent experimental results
suggested. Also, a suggested reaction pathway of the
photodegradation of TMP under the simulated sun-
light irradiance employing TiO2 NPs, ZnO NPs, and
their composites is illustrated in Figure 9.
To analyze whether the photocatalysis degradation
was pH-dependent, a solution of trimethoprim was
treated with Chi:TiO2-10 and Chi:ZnO-10 at different
pH values (4, 6, and 8) and exposed to simulate sun-
light for 7 h. In Figure 8c, it could be seen that for
both composites, there is a decreasing tendency in
TMP degradation towards alkaline pH. This was ex-
pected since the OH radical production is known to
decay at alkaline pHs [54]. According to these results,
both hybrid composites were chemically stable, and
they can be useful at a wide range of pH values.
In order to evaluate the kinetics of photocatalytic
degradation of trimethoprim by the selected materials
(Chi:TiO2-10 and Chi:ZnO-10), the experiments
were carried out under simulated sunlight in distilled
water, as shown in Figure 10a. When comparing the
kinetics of the photocatalytic degradation, a signifi-
cant difference was found between Chi:TiO2-10 and
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Figure 8. TMP degradation capacity of a) nanocomposites with different chitin:NPs ratio (C0 = 20 mg·l–1), b) nude NPs
(C0 = 50 mg·l–1), and c) composites at different medium pH (C0 = 20 mg·l–1).



Chi:ZnO-10. At the conditions used in this research,
for the composite based on TiO2 NPs and chitin, the
trimethoprim degradation presented a higher rate, and
it was more efficient when compared to Chi:ZnO-10.
In both hybrid materials, the degradation rate was
higher within the first 4 h. In this time interval, more
than 50% of the antibiotic was photocatalytically de-
graded. After 4 h of light irradiation, the degradation
rate rapidly decreased for Chi:TiO2-10, and the equi-
librium was not reached, while for Chi:ZnO-10 the
kinetic equilibrium was reached before 4 h.
The degradation kinetics of pollutants by photocat-
alytic activity depends upon multiple parameters, in-
cluding organic species deposited, the geometry and
porosity of catalyst, light absorption, photocatalyst
active species produced, such as OH·, O2·, other rad-
icals and h+ holes [55, 56]. This means that the degra-
dation process does not imply a unique kinetic mech-
anism, which is decisive in degradation reaction
order. The pseudo-first-order and pseudo-second-
order models are usually used to describe photocat-
alytic degradation, especially for antibiotics [57].
Non-linear regression was applied to evaluate the
photocatalytic degradation rates using the pseudo-
first-order (Equation (5)) and pseudo-second-order
(Equation (6)) kinetic equations for trimethoprim
degradation, as shown in Figure 10b and 10c, respec-
tively. The fitted parameters are presented in Table 2.
According to the analyzed data, photocatalytic degra-
dation of trimethoprim fitted better to a pseudo-sec-
ond-order kinetic model. A relationship between a
better fit of the pseudo-second-order kinetic and the
detection of several intermediates due to the gener-
ation of sub-products by the photocatalytic degrada-
tion oxidation of an organic pollutant was reported

previously [58]. The TMP degradation rates observed
for the TiO2-containing composites were twice as
higher as for the ZnO-containing ones. This was in
accordance with the observed when NPs loadings
were compared.
In order to evaluate the reusability and stability of
the prepared Chi:TiO2-10 and Chi:ZnO-10 compos-
ites, the TMP degradation process was investigated
by reusing the photocatalyst several times. The per-
centage degradation capacity was calculated by nor-
malizing the degradation fraction of the first use
cycle of each experiment as 100%. The results are
shown in Figure 10d. As could be observed, the pho-
tocatalytic efficiency of both composites was main-
tained above 95% for at least seven consecutive cy-
cles. ANOVA one-way test did not show a signifi-
cant difference between photocatalytic efficiencies
among cycles for any composite (p > 0.05). The degra-
dation efficiency performance obtained in this re-
search was better than the reported in the literature
for other nanocomposites. Many of these works do
not focus on reusing the photocatalytic system [23].
Others had reported less than 88% degradation effi-
ciency after 4 use cycles using natural polymers
without cross-linked support [37, 59]. Also, the pres-
ent results agreed with the findings of the recent
work of Choy et al. [25] presented a deeper insight
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Figure 9. llustrated diagrams of the photodegradation of trimethoprim by ZnO, TiO2, Chi:TiO2-and Chi:ZnO-10 nanopho-
tocatalysts.

Table 2. The calculated parameters of the pseudo-first-order
(Equation (5)) and pseudo-second-order (Equa-
tion (6)) model for Chi:TiO2-10 and Chi:ZnO-10.

Materials Pseudo-first-order Pseudo-second-order

χ2 k1
[h–1]] χ2 k2

[l·mg–1·h–1]
Chi:TiO2-10 2.610 0.28±0.01 0.530 0.0130±0.001
Chi:ZnO-10 9.129 0.13±0.01 5.725 0.0254±0.002



into the optical properties of these materials and
demonstrated the chemical stability of chitin. Fur-
thermore, the weight of the Chi:NPs samples after
each consecutive photoreaction was totally recov-
ered. This indicated the good stability of the support
and that the prepared composites were easy to handle
after subsequent reuses compared with nude NPs.
FTIR analyses of the pre-use and post-utilized
Chi:TiO2-10 and Chi:ZnO-10 composites revealed
no significant changes compared to the spectrum of
the composite without use (Figure 11). The subtle
change observed on both composites was related to
the band’s splitting corresponding to the vibrational
stretching of C=O (amide I) (at 1669 cm–1) involved
in inter-chain and intra-chain hydrogen bonding.
This change would be related to conformational
changes due to swelling and drying cycles. This con-
formational change has also been reported in the lit-
erature after chitin dissolution and subsequent crys-
tallization [60]. FTIR spectra from utilized composites

did not evidence any significant change in the chitin
polymeric matrix structure. From these results, it
could be confirmed that the chemical stability of
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Figure 10. (a) TMP degradation over time (±SD, n = 3), (b) fit models are presented: pseudo-first order, (c) pseudo-second-
order (respectively) and (d) degradation efficiency of prepared composites on different degradation cycles. Degra-
dation efficiency was normalized using the degradation fraction of the first cycle as 100%.

Figure 11. FTIR spectra of Chi:TiO2-10 and Chi:ZnO-10
after and before the photocatalytic experiments.



chitin allowed the nanocomposite to be reused with-
out any photocatalytic damage.

4. Conclusions
Both nanocomposites have demonstrated the poten-
tial application for the effective degradation of tri -
methoprim. The effectiveness of photocatalytic
degradation of trimethoprim by Chi:TiO2-10 com-
posite was better than Chi:ZnO-10 composite under
the same experimental conditions. The alkaline medi-
um produced a decrease in the degradation efficien-
cy, but both hybrid composites can be used over a
wide range of pH with low variation of their photo-
catalytic capacity. The experimental data of both hy-
brid systems showed the best fit to the pseudo-sec-
ond-order model, and they are good candidates to be
used for photocatalytic degradation in addressing the
global environmental concern for antibiotics.
Remarkably, chitin chemical structure was not af-
fected by the photocatalytic process, even after sev-
eral cycles; and the optical properties of the nanopar-
ticles were influenced by their immobilization in
chitin by lowering their bandgap and enhancing its
photocatalytic efficiency towards the visible-light
spectrum.
The use of the chitin opened up the possibility of em-
ploying a supported NPs photocatalytic system, pro-
moting visible-light absorption, and also offered an
easy way to recover a chemically stable photocat-
alytic system.
These results suggest that future developments fo-
cused on the sustainability of materials and the pho-
tocatalytic process should consider the interaction
between components for the design of efficient com-
posites.
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