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In this study, chitosan (CS) and zinc oxide (ZnO) nanoparticles were used as photocatalysts for the removal of
paracetamol from water. Membranes made of chitosan and zinc oxide were prepared through a simple casting method
with various concentrations of ZnO. The characterization was carried out by X-ray diffraction (XRD), Fourier infrared
(FTIR) spectroscopy, scanning electron microscopy (SEM), and diffuse reflectance ultraviolet spectroscopy. The
chitosan/ZnO composite was investigated for the removal of paracetamol, as a pollutant model, using the
photodegradation activity. The effects of parameters such as pH (3-9), composite amount (0.03, 0.06, and 0.09 g),
paracetamol concentration (20, 30, 40 ppm), and contact time (30, 60, 90, 120, 150, and 180 min) were studied. The
results indicated that the highest photocatalytic degradation was obtained at 3 h of contact time, an initial concentration
of 20 ppm, and a solution free pH (6.7). Using these conditions, over 99.17% of paracetamol was able to be degraded
using 0.09 g of chitosan-ZnO nanocomposite under solar light irradiation. The obtained composite membranes
(chitosan/ZnO) can be used as an effective and economical photocatalyst for complex water purification processes.
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INTRODUCTION

Nowadays, the world is facing an alarming
global concern, which is water contamination.
This has a direct impact on human health and
ecosystem biodiversity. Pharmaceuticals are
among the most critical contaminants of emerging
concern for water, because of their extensive use
and uncontrolled release. Their presence in
aqueous effluents is picked at concentrations from
ng/L to mg/L, representing a detrimental impact
on aquatic ecosystems and humans.'? One of the
most commonly encountered pharmaceutical
drugs is paracetamol, also known as
acetaminophen (ACT), which is extensively used
as an analgesic and antipyretic agent, it is one of
the most often prescribed medications around the
world.> The presence of paracetamol and other
drugs in the water poses a threat to human health
and the environment, because of its toxicity,
bioaccumulation in living organisms, and
resistance to biological degradation processes.
The extensive presence of paracetamol and other
persistent contaminants in water bodies is caused
by its ineffective removal from effluents by a

number of methods employed by scientists for the
removal of diverse pollutants, such as biological
treatment, filtration, ozonation, gravity separation,
flotation-coagulation, = membrane  processes,
reverse osmosis, disinfection by ultraviolet (UV)
radiation, solar wastewater treatment, distillation,
adsorption, and advanced oxidation processes.*!3
From all these methods, advanced oxidation
processes and, in particular, photocatalysis have
attracted great interest as they offer significant
advantages when it comes to costs, easy usability,
and the effective use of solar energy for the
degradation of organic pollutants.'*!”

Zinc oxide (ZnO) is one of the most promising
semiconductors, with a wide band gap of 3.37 eV,
and remarkable physical and chemical properties,
including  high electron mobility, good
transparency, strong luminescence, UV-blocking
ability, environmental friendliness,
biodegradation, and photocatalytic activity.'®"
However, its application in photocatalytic
degradation is limited because of the difficulty in
separating the photocatalyst and it is normally a
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less active photocatalyst. In order to address the
problem and overcome this limitation, its
immobilization into polymeric substrates, whose
porosity and pore size can be controlled, is an
attractive alternative.

Chitosan biopolymer is obtained via N-
deacetylation of chitin, which is the second most
abundant natural polysaccharide after cellulose.?
2 Tt has attracted special attention due to its
biocompatibility, biodegradability, bio-
renewability, non-toxicity and cost-effectiveness,
compared to other materials used in water
treatment applications. The modification of
chitosan (CS) with nanomaterials, specifically
metal oxide nanoparticles, has gained great
attention as a result of the high value added to
their properties.?*-2!

In the present study, our aim was to develop
new chitosan/ZnO photocatalyst composite
membranes prepared via the casting method for
the removal of paracetamol as a model pollutant
under solar light irradiation.

EXPERIMENTAL
Materials and methods

Paracetamol (M = 151.16 g/mol), with the chemical
formula CgHoNO,, 99% purity, and a maximum
absorption at a wavelength of 243 nm, was purchased
from Merck. Chitosan was supplied by Pelican Biotech
and Chemicals Labs, Kerala (India). Zinc oxide was
purchased from Sigma-Aldrich Co. Acetic acid (purity
99.9%), and sodium hydroxide (98%, purity) were
purchased from Biochem Chemopharma. All solutions
were prepared with ultrapure Milli-Q water.

The characterization of the samples was performed
based on the crystal structure of the chitosan-ZnO,
which was evaluated by X-ray diffraction (XRD) using
a Bruker D8 Discover diffractometer with incident
CuK (40 kV and 30 mA). The Fourier-transform
infrared spectroscopy (FTIR) spectra of chitosan-ZnO
as prepared were recorded in a JASCO 460 Plus model
FTIR Spectrometer in the region of 400-4000 cm,
and the sample was prepared as KBr pellets under high
pressure. Scanning electron microscopy (SEM) was
carried out with a Quanta 650 SEM to access the
morphology and microstructure of the membrane.
Solubility in water was defined as the percentage of the
dry matter of a film that is solubilized after 24 hours of
immersion in water.

The density was measured by weighing the same
area of samples in the dry state, expressed as the mass
ratio (mg)/area (cm?), and the thickness of the
membranes was calculated using a digital micrometer.
Water contact angle measurements were performed by
the sessile drop method.>?' Light transmittance and
opacity were measured at a wavelength of 600 nm
using an ultraviolet (UV) spectrophotometer
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(Shimadzu UV1800), according to the methodology
described by Zioui et al?' High-performance liquid
chromatography (Agilent HPLC 1100) was employed
to assess paracetamol mineralization.

The photocatalytic degradation of paracetamol was
carried out in a glass Petri dish with a 250 mL capacity
volume. For the photocatalytic assays, 150 mL of
paracetamol standard solution with the chitosan/ZnO
membrane (0.09 g) was kept in the dark for 30 min.
After that, the glass Petri dish was placed under
magnetic agitation and sunlight irradiation for 3 h, and
3 mL aliquots were withdrawn hourly. All the
withdrawn samples were analyzed with a UV—visible
spectrophotometer (Shimadzu-1800) and the peak at
243 nm was used to monitor paracetamol absorbance
over irradiation time. The percentage of degradation
was estimated using the following equation: »!320

. Co—Ct
Degradation (%) = o X 100 1
where C, is the initial dye concentration and C; is the
paracetamol concentration after a certain reaction time
t (min).

Preparation of composite films

The chitosan-ZnO nanocomposite membranes were
prepared using the casting technique. First, chitosan
(0.4 g) was dissolved in 20 mL of 2% acetic acid
solution, which was then stirred at 30 °C until the
chitosan had completely dissolved, as described in our
previous work.2%?! After stirring, different amounts of
nano-ZnO (0.03, 0.06, and 0.09 g) were added, the
mixture was magnetically stirred at room temperature
for 3 hours to obtain a homogenous solution. The
formed solutions were cast into Petri dishes and dried
in an electric oven at 60 °C for 6 hours. The obtained
membranes were treated with sodium hydroxide
solution and washed with distilled water. The
characterization and photocatalytic activity of the
prepared films were further evaluated.

RESULTS AND DISCUSSION

Figure 1 shows the X-ray diffraction patterns
of the pure CS membrane and CS/ZnO composite
membranes. The peaks at 20 < 25° are
characteristic of chitosan (slightly amorphous)
(Fig. 1). Similar observations were reported in
previous studies.’>?! In the XRD pattern of the
CS/ZnO composite membranes (Fig. 1), other
diffraction peaks (at 20 = 31.7°, 34.4°, 36.2°,
47.5° 56.6° 62.8°, 66.3°, 67.9°, and 69.1°) were
assigned to (100), (002), (101), (102), (110),
(103), (200), (112), (201) and (004) crystal planes
of hexagonal zinc oxide. These peaks are
consistent with the database of the Joint
Committee on Powder Diffraction Standards
(JCPDS file, PDF No. 36-1451). These data
revealed the successful formation of ZnO in the



composite membranes by the casting technique.
The introduction of ZnO in chitosan decreased the
crystallinity of the composite membranes and
increased the flexibility of the polymer chain.?
The infrared spectrum for chitosan and
chitosan/ZnO is shown in Figure 2. A strong band
in the region of 3459 c¢m™' corresponds to N-H
and O-H stretching. The absorption peaks at
1678, 1438, 1373 cm™! were associated with the
presence of the C=0O stretching of the amide I
band, bending vibrations of the N-H and C-H
bending, respectively. The adsorption peaks at
1574, 1373, and 1024 cm™ are assigned to amide.
The peaks in the low-frequency region at 573
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cm! was attributed to the ZnO bonds, suggesting
the cross-linking of zinc to chitosan. These results
are in harmony with those reported in similar
works. >

In comparison with CS, the increase in the
intensity of CS/ZnO in the band range of 3277 to
3459 cm™! with the incorporation of ZnO suggests
the formation of new interactions between ZnO
molecules and the binding sites of chitosan (NH,
and OH groups of CS). It can be observed in the
FTIR spectra of CS and chitosan/ZnO the
presence of the characteristic peaks, which are
related to the chitosan and ZnO.

chitosan + ZnO

N

10 20 30

40 50 60 70 8

2Theta (deg)

0

Figure 1: XRD patterns of chitosan and chitosan/ZnO composite membrane
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Figure 2: FTIR spectra of chitosan, chitosan/ZnO composite membranes and ZnO nanoparticles

SEM images of chitosan and chitosan/ZnO
revealed that the morphologies and texture have
changed upon the introduction of the ZnO
nanoparticles. Homogeneous dispersion of ZnO
nanoparticles over the surface of chitosan is one
of the most important factors to increase the
photocatalytic activity of the nanocomposites.

The data tabulated in Table 1 indicate an
increase in thickness with the incorporation of
ZnO. Transmittance measurements of the
composite films were slightly reduced at 77%,

76.3% and 73% with the incorporation of ZnO
(0.03, 0.06 and 0.09 g), compared to that of the
pure chitosan film, which was 97.4%, as shown in
Figure 4. The explanation of the changes in
transmittance can be high UV absorption and
scattering by ZnO.

The nanocomposite  exhibited  slightly
increased water contact angle and lower water
content, but with no statistical significance.?>*
This could be explained by the fact that the higher
nanoparticle concentration in the film led to the
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formation of more hydrogen bonds between ZnO
and the polymer matrix, resulting in less

interaction between water molecules and

nanocomposite films.

Figure 3: SEM images of ZnO nanoparticles, chitosan film and chitosan composite film with different amounts of
nano-ZnO (0.03, 0.06 and 0.09 g)
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Figure 4: Transmittance of chitosan film and chitosan composite film with different nano-ZnO amounts (%)

Table 1
Chemical and physical characteristics of synthesized membranes

Membrancs Thickness Density Water content  Contact angle
(um) (mg/cm?) (%) (deg)
Chitosan 50 0.009 33 69
Chitosan/ZnO (0.03) 150 0.011 32.75 77
Chitosan/ZnO (0.06) 200 0.017 30.15 78
Chitosan/ZnO (0.09) 300 0.020 8.95 80

Photocatalytic activity of the chitosan/ZnO
composite film

The photocatalytic activity of the chitosan-
ZnO nanocomposite membrane comprising 0.09 g
of ZnO nanoparticles was used in this work to
assess the degradation of paracetamol. Figure 5
shows the degradation profile of paracetamol (20
mg/L) after 3 h of sunlight irradiation, indicating
that approximately 99.17% of the paracetamol
was degraded. Two initial experiments were
conducted as a control to understand the role of
adsorption and photolysis on the paracetamol
degradation process under the same conditions
(Fig. 5). For the adsorption assay, the solution
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was placed in contact with the chitosan-ZnO
nanocomposite membranes without any light
source. The paracetamol solution was placed
under solar radiation for the photolysis assay,
without the chitosan-ZnO  nanocomposite
membranes. After 3 h of experiment, an
adsorption of 23% of paracetamol was observed,
indicating that the chitosan-ZnO nanocomposite
membranes have a slight affinity for paracetamol.
The photolysis experiment showed low
degradation (6%) after 3 h, confirming the high
stability and resilience of paracetamol and the
need for photocatalytic processes.>



Effect of initial paracetamol concentration

In order to study the influence of the initial
concentration of pollutant (Co) on the efficiency
of photocatalysis for the degradation of
paracetamol (PAR), we varied its concentration
over a range from 20 to 40 mg/L at free pH (6.7)
and a dose of 0.09 g of nanoparticles. The curve
illustrated in Figure 6 represents the evolution of
the degradation rate of paracetamol for different
initial concentrations of the pollutant for 180 min.
The results obtained indicate that the degradation
of paracetamol is more remarkable when the
initial concentration is lower. The degradation
rate for a low concentration of substrate (20
mg/L) gives a high yield, — about 99.17%, for a
solar irradiation time of 180 min, whereas for an
initial concentration of 30 and 40 mg/L the
degradation decreases to 94%. In other words, the
efficiency of degradation decreases when the
pollutant concentrations increase. Our results are
in agreement with those found in other
works. 2151719 The presumed reason is that for
high pollutant concentrations, the generation of
radicals (OH") on the surface of the photocatalyst
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is reduced since the active sites are covered by the
pollutant molecules. This slows down the
generation of the active species responsible for
the photocatalytic reaction. In addition, a
concentrated solution forms a screen, which
weakens the penetration of light, unlike low
concentrations. The degradation of the pollutant is
therefore inversely proportional to its initial
concentration.

Effect of pH value on paracetamol degradation

To assess the influence of pH, we observed the
photocatalytic degradation of paracetamol at
different pH values. In order to study the
influence of pH on the kinetics of paracetamol
degradation, a series of experiments was carried
out using the same experimental conditions as the
previous one (Co = 20 mg/L, [ZnO/chitosan] =
0.09 g, V =150 mL), but this time by initially
fixing the pH of the solution by adding sodium
hydroxide (NaOH) for basic media and
hydrochloric acid (HCIl) for acidic media. The
results obtained are illustrated in Figure 7.
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Figure 5: Photocatalytic degradation of PAR (20 mg/L)
with 0.09 g ZnO/chitosan film after over 3 h of sunlight
irradiation; controls: irradiation of PAR solution without
the film (photolysis), and the film in PAR solution with no
irradiation (adsorption)
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Figure 6: Effect of initial paracetamol concentration
(at free pH (6.7) and using chitosan/ZnO (0.09g)) on
the degradation efficiency of paracetamol
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Figure 7: Effect of pH on paracetamol degradation ([PAR] = 20 mg/L, using chitosan/ZnO (0.09 g))
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Figure 8: Effect of ZnO catalyst dose on the
photocatalytic degradation ([PAR] =20 mg/L and
free pH (6.7))

These results clearly show the influence of the pH
of the medium on the degradation of paracetamol
and that the greatest efficiency of the degradation
was obtained for a free pH (6.7) with 99.17%
degradation during 180 min. These results are in
harmony with those obtained by Aoudjit et al.?
Moreover, we found that, whatever the pH of the
solution was, the paracetamol still degraded,
nevertheless with a degradation rate of 90% for
the basic pH (10) and 96% at the acid pH (3). The
free pH is chosen as an optimal pH value for our
study.

Effect of pH value on paracetamol degradation

To assess the influence of pH, we observed the
photocatalytic degradation of paracetamol at
different pH wvalues. In order to study the
influence of pH on the kinetics of paracetamol
degradation, a series of experiments was carried
out using the same experimental conditions as the
previous one (Co = 20 mg/L, [ZnO/chitosan] =
0.09 g, V =150 mL), but this time by initially
fixing the pH of the solution by adding sodium
hydroxide (NaOH) for basic media and
hydrochloric acid (HCl) for acidic media. The
results obtained are illustrated in Figure 7. These
results clearly show the influence of the pH of the
medium on the degradation of paracetamol and
that the greatest efficiency of the degradation was
obtained for a free pH (6.7) with 99.17%
degradation during 180 min. These results are in
harmony with those obtained by Aoudjit et al.*°
Moreover, we found that, whatever the pH of the
solution was, the paracetamol still degraded,
nevertheless with a degradation rate of 90% for
the basic pH (10) and 96% at the acid pH (3). The
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Figure 9: Photodegradation of paracetamol over 4
catalytic cycles in sunlight ([PAR] = 20 mg/L, free
pH = 6.7, using chitosan/ZnO (0.09 g))

free pH is chosen as an optimal pH value for our
study.

Effect of catalyst dose of ZnO

In order to better understand the influence of
catalyst dose on the photocatalysis of
paracetamol, different amounts of ZnO catalyst
(0.03, 0.06, 0.09 and 0.12 g) were tested for the
photocatalytic degradation studied. The curve
shown in Figure 8 represents the rate of
degradation of paracetamol in the presence of
ZnO/chitosan containing different quantities of
ZnO after 180 min of reaction. From the results
obtained, it was observed that the rate of
degradation increases as the quantity of the
catalyst increases. For a dose of ZnO/chitosan =
0.09 g, the yield reached more than 99% after 180
min. Thus, the yield of the photodegradation is
proportional to the quantity of the catalyst. The
improvement in the degradation rate is due to the
increase in active sites for the production of OH"
free radicals.

Reusability of the
nanocomposite membranes

An efficiency test by recycling was done.
After each treatment for 180 min, the same
catalyst already used was washed with distilled
water and dried in an oven. The results of the
study of the photodegradation efficiency of
paracetamol, under solar radiation, after reuse of
recycled catalysts (Fig. 9) show that zinc
oxide/chitosan maintains the same photocatalytic
performance after three consecutive cycles, with a
constant yield (98%) for a solar irradiation
duration of 180 min. These results are in harmony
with those reported in similar works.22! It can be

chitosan-ZnO



concluded that the chitosan/ZnO membrane is a

promising material for environmental
remediation.

Mineralisation and degradation of
paracetamol

HPLC was used to analyze the treated solution
after 180 min of treatment at free pH (6.7), as
presented in Figure 10. The main peak is observed
at the retention time (T 5.43 min) of
paracetamol, which gradually decreases during
the degradation period of 180 min. During the

Composites

degradation, there appear several peaks that can
be ascribed to the intermediates of paracetamol
degradation. They are most likely hydroquinone,
benzoquinone, p-nitrophenol, and 1, 2, 4-
trihydroxybenzene. These intermediates were also
determined for paracetamol degradation by means
of other advanced oxidation processes.?’” The
percentages of degradation and mineralization of
paracetamol under solar radiation were 98% and
50.95%, respectively. It can be seen that the
mineralization was slower than the degradation
due to the formation of intermediate products.
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Figure 10: HPLC chromatograms of paracetamol samples (A) before and (B) after 3 h of degradation
([PAR] =20 mg/L; recirculation time: 3 h; pH free = 6.7)

CONCLUSION

In this study, chitosan-ZnO nanocomposite
membranes were prepared using the casting
technique, by immobilizing ZnO nanoparticles in
a chitosan (CS) matrix, and were then applied to
remove paracetamol from water systems. FTIR
analysis confirmed the existence of the relevant
functional groups of both chitosan polymer and
ZnO in the composite membranes, while the XRD
spectra indicated that the chemical structure of
ZnO did not change after the immobilization on
the chitosan film. SEM images confirmed the
incorporation of ZnO molecules into the polymer

matrix of the chitosan surface. The composite
film containing 0.09 g of ZnO showed high
photocatalytic activity.

In conclusion, the chitosan-ZnO
nanocomposite has high photocatalytic capacity
and is an eco-friendly strategy for paracetamol
removal. Therefore, it could be used in water
treatment processes.
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