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Abstract
Water pollution from wastewater is still a major environmental concern today. One of the most harmful pollutants is a dye, 
which is produced in large quantities by a variety of industries, including textile, paper, petrochemical, and plastics. Herein, 
in the presence of biopolymer chitosan (Cs), controllable synthesis of chitosan/tungsten oxide (Cs/WO3) nanosheet was 
explored by a precipitation method at room temperature (R.T). The physicochemical properties of Cs/WO3 nanosheet speci-
mens were evaluated using different tools such as XRD, SEM, TEM, EDX, and UV–Vis spectrophotometry. The tunable size 
for exhibited sheets ranged from 100 to 400 nm and 60 to 200 nm thickness. Under optimal conditions, the photocatalytic 
decomposition of methylene blue (MB) was investigated via visible light irradiation, and 0.6 g Cs/WO3 nanosheet proposed 
complete decomposition of MB within 40 min at neutral pH. Also, the antibacterial effects of the Cs/WO3 nanosheet against 
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) bacteria are examined. The research demonstrates that the 
green-prepared WO3 displays outstanding antibacterial activity against bacterial strains and a drop-in bacterial activity after 
24 h.
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1  Introduction

Due to their persistent nature and complicated structure, 
organic dyes generated by the textile industry are considered 
challenging to decompose. Methylene blue (MB) is a central 
organic molecule primarily used in the textile industry as 
a coloring agent, bacteriological stain, human therapeutic 

agent, redox colorimetric agent, antidote, and disinfectant 
[1–3]. Despite its beneficial uses, MB threatens both people 
and marine life owing to its toxicity and carcinogenic con-
sequences, including nausea, vomiting, eye irritation, and 
diarrhea (adversely affecting aquatic biota) [4, 5]. MB dis-
charge into the environment poses aesthetic and toxicologi-
cal risks. It blocks light and poisons food chains, and even at 
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low concentrations, MB in water produces brightly colored 
subproducts. Due to its high molar absorption coefficient 
(~ 8.4 × 104 L mol−1 cm−1), MB limits sunlight transmit-
tance, oxygen solubility, aquatic life photosynthetic activity, 
and biological community variety and aesthetics [5]. As a 
result, MB dye is a hotly debated subject that requires care-
ful handling before being released into the aquatic ecology 
[5]. Various water treatment procedures include adsorption, 
chemical oxidation, photocatalytic degradation, electro-
chemical degradation, and heterogeneous catalysis were 
implemented and evaluated before [6, 7].

In contrast to the traditional physical method, such as 
adsorption, which has demonstrated exemplary performance 
in removing dye from wastewater, the adsorption technique 
necessitates a time-consuming process of adsorbent regen-
eration. Most methods mentioned are frequently expensive, 
ineffective, time-consuming, and non-destructive to organic 
pollutants [8]. As a result, it has been discovered that pho-
todegradation is an effective mechanism for dispersing dan-
gerous organic contaminants into non-toxic molecules when 
exposed to irradiated light [9–11].

The most favorable aspect of a photocatalysis experiment 
is the photocatalysts, which are both economically advan-
tageous and potentially reused [12]. The photodegradation 
technique could mainly involve a variety of metal or metal 
oxides like Pd, TiO2, and WO3-doped TiO2 that is used as a 
catalyst [13–15]. The majority of earlier studies suggested 
that the broadband gap of some metal oxides could be a suit-
able choice for the decomposition of organic contaminants 
under visible light, but in practice, the narrow band gap is 
preferable [16, 17]. WO3 has a small band gap ranging from 
2.4 to 2.8 eV in the visible region, so it is used as a sig-
nificant photocatalyst in addition to its strong stability and 
nontoxicity [18, 19].

Multiple nanostructures of WO3 were discussed in the lit-
erature to prepare a hierarchical flower [20], nanorods [21], 
and nanowires [22] using hydrothermal techniques. How-
ever, this technique lacks crystallinity, consuming time and 
energy. Recently, Aliasghari et al. reported the synthesis of 
wideband gap WO and WO3. H2O was estimated by more 
than 2.6 eV through a novel solution combustion synthesis 
method; however, the photocatalytic activity was evaluated 
by 50% [19]. Also, ultrathin WO3 was synthesized via two 
steps: first, tungstic acid was distributed in heptanes and 
dodecyl amine and stirred for 2 days at ambient temperature 
to generate tungstate-based inorganic organic nanohybrids. 
Then, the nanohybrids were dispersed in nitric acid, stirred 
for another 2 days at 10 °C, and ultrasonicated in ice water 
for 6 h [23].

The performance of WO3 as an appropriate photocata-
lyst is constrained by its low photonic efficiency, the rapid 
recombination rate of the charge carriers (photogenerated 
hole-electron), and low absorption ranges [24, 25]. High 

selectivity, fast adsorption rates, and a large adsorption 
capacity are the essential attributes that set an excellent 
adsorbent apart from others. In this regard, doping WO3 
with other substances or coated with polymer to increase its 
photocatalytic activity is thought to be a successful strategy 
[26–28]. This could enhance the shape of the WO3 mate-
rial as well as the band levels and charge carrier properties 
that are impacted [29]. So, in the present article, a one-step 
solution based on a green and sustainable approach based 
on chitosan (Cs) was used to control the synthesis of WO3 
under a simple precipitation process.

Chitosan, a plentiful natural biodegradable polymer, is 
created through the deacetylation of chitin [11, 30, 31]. This 
linear polysaccharide is a surface-coating polymer for par-
ticles in many medical applications [32, 33]. Coating NPs 
with Cs has been demonstrated to have numerous benefits in 
several in vitro and in vivo investigations owing to its non-
toxic, biocompatibility, low-cost, FDA-approved, biological 
activity, and water solubility. These advantages are just a few 
reasons why Cs is an excellent stabilizer for different metal 
oxide nanoparticles [34, 35]. Cs also have high effectiveness 
in water treatment and killing common bacterial species and 
fungi. Since Cs is a functional polymer, combining it with 
WO3 nanoparticles might boost its photocatalytic and anti-
bacterial activities. Because of its outstanding characteris-
tics, Cs is the best polymer for coating WO3.

Here, a novel green synthesis of lamellar hydrated WO3 
nanosheets was employed using Cs to control phase and size. 
The photocatalytic degradation of MB over WO3 and their 
antibacterial potency were demonstrated.

2 � Experimental work

2.1 � Chemicals

Tungstic acid sodium salt dihydrate (Na2WO4·2H2O), 
oxalic acid (C2H2O4), chitosan (C56H103N9O39), acetic 
acid (CH3COOH), and potassium dichromate (K2Cr2O7) 
were provided from PubChem. Hydrochloric acid (HCl, 
∼35% v/v) and absolute ethanol (C2H5OH) are supported 
by Sigma-Aldrich. All of these reagents were employed in 
analytical grade as it is.

2.2 � Green synthesis of Cs/WO3 nanosheets 

A precipitation method was used to synthesize Cs/WO3 
nanosheets at R.T. The synthetic process was displayed by 
dissolving 1 wt.% of Cs in diluted 50 mL acetic acid and 
0.675 g of Na2WO4·2H2O (0.15 M) was gradually added 
to Cs solution to produce a faint yellow color. The reaction 
lasted 1 h with moderate stirring; the prepared solution was 
removed by centrifuging. Distilled water and ethanol were 
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used for repeated washing and then dried in an oven over-
night at 70 °C.

2.3 � Cs/WO3 nanostructure characteristics

The surface topography was evaluated using scanning 
electron microscopy (SEM) and detecting the EDX 
(S-3400 N II, Hitachi, Japan). A Bruker D2 Phaser X-ray 
powder diffractometer (30 kV, 10 mA) was employed to 
analyze the XRD and the Cu anode (k = 0.15306 nm). 
Also, Transmission electron microscopy  (TEM) 
micrograph was used  for the detailed morphology of 
the obtained nanostructure using (A JEOL JEM-2100, 
Japan). UV–Vis spectra (Shimadzu UV-1208 model) was 
used for recording the absorption towards photocatalytic 
application at 25 °C. The surface area of the formed nano-
particles was studied at 77.3 °C using N2 sorption at 77 K 
by (Brunauer–Emmett–Teller (BET) surface analyzer 
(11–2370) Gemini, Micrometrics, USA).

2.4 � Photocatalytic depletion of MB over Cs/WO3 
nanosheets

The photocatalytic depletion of MB was investigated 
through visible light irradiation. The photocatalytic 
performance was evaluated using 30 mg of the Cs/WO3 
distributed in 40 mL of diluted aqueous solution of MB 
(15 mg/L) at a neutral pH medium. Afterward, the mixture 
was sonicated in the dark for 1 h to adjust adsorption and 
desorption completely (equilibrium) and subjected to a 
300-W equivalent halogen lamp (4644 lumens). A UV–Vis 
absorption spectrophotometer estimated MB concentration 
as a proportion of irradiation time (Jasco V-530).

2.5 � Antibacterial potency

The zone of inhibition (ZOI) method was used to inves-
tigate the antibacterial efficiency of Cs/WO3 nanosheets 
against both G-negative (Escherichia coli) and G-positive 
(Staphylococcus aureus) bacteria under visible light. The 
nutrient agar culture growth medium is appropriate for this 
experiment. We estimate the quantity of culture medium 
needed based on the plate number. Then, pour this amount 
into the flask, measure the required amount of pure water, 
and pour it based on the specifications on the container, 
including the nutrient agar. The solution boiled, and the 
flask is sealed with cotton and autoclave glue before being 
placed in the autoclave. We wait for the flask to cool after 
performing the autoclave and removing it. After that, the 
agar cool and poured into the plates. Finally, the plates 
were kept in the incubator for 24 h to ensure they were 

sterilized. The needle is then burned, and bacteria from 
the main strain are transferred to cover the surface of the 
culture medium, followed by the Cs/WO3 nanosheets to 
estimate their antibacterial potency. The plates were then 
placed in an incubator for 24 h to allow the bacteria to 
grow before measuring the diameter of the ZOI compared 
to the disk control antibiotic.

3 � Results and discussion

3.1 � XRD pattern

XRD analysis investigated the as-synthesized nanoparti-
cles’ crystalline structural properties and purity. The XRD 
pattern revealed the major peaks at 2θ values of 21.1, 22.3, 
23.5, 25.8, 27.2, 33.7, 34.8, 40.7, 49.1, and 55.3 corre-
sponding to (002), (020), (200), (120), (112), (022), (202), 
(222), (400), and (420) planes as illustrated in Fig. 1. The 
XRD analysis supports the monoclinic crystal structure 
of WO3 (lattice constants: a = 7.29 Å, b = 7.53 Å, and 
c = 7.68 Å, JCDPDS: 043–1035). Our results are consist-
ent with previous literature data [36–38]. Additionally, the 
XRD pattern of the WO3 revealed sharp peaks, showing 
a remarkably crystalline feature; the mean size of WO3 
nanoparticles was found to be ~ 255 nm.

3.2 � SEM surface texture

The morphological structure of the synthesized sample 
was investigated by SEM as in Fig. 2. The images show 
significant homogeneity of the particles with squared 

Fig. 1   Powder XRD pattern of monoclinic WO3
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shape, solidified, and some porous appeared. However, 
the producing sample showed agglomeration composed 
of some nanosheet layers [39]. The EDX analysis of the 
as-prepared WO3 nanosheets displayed clear signals of O 
and W. The elementary composition of WO3 nanosheets 
indicated that the sample was pure form; however, the car-
bon signal could be from solvent, whereas its amount is 
minimal, less than 5%.

3.3 � TEM shape and size

As shown in Fig. 3, the TEM investigation depicts the 
WO3 nanoparticles in a well-defined form and mor-
phology. As detected from TEM, the mean size was 
around ~ 255 nm. It was observed that the size of the as-
synthesized particles revealed in TEM results was consist-
ent with that gained from XRD. Therefore, the electron 
microscopy examination approves the creation of WO3 
nanoparticles. TEM image exposes the high crystallinity 
of cubic WO3 (Fig. 3b, c). The lattice fringes with the 
crystal spacing of 365.0, 316.0, and 391.0 nm matched the 
crystal faces of the cubic WO3 [40–42]. The entire surface 

of the nanosheet is displayed as a smooth surface that 
looks like a fingerprint or zebra, and no boundaries have 
been noticed, this could be useful in different applica-
tions. Because of their measured large surface area (113.5 
m2/g), most of these nanosheets choose to be agglomer-
ated or haphazardly overlapped [43, 44]. The structure 
of monoclinic WO3 was identified by well-defined facets 
using the SAED pattern (Fig. 3d), confirming the sam-
ple’s crystalline nature, which was determined by its XRD 
pattern.

3.4 � Batch adsorption

Figure 4 shows the UV–Vis spectra of the MB dye sus-
pension in contact with Cs/WO3 nanosheets with varying 
Cs/WO3 concentrations (0.1, 0.3, and 0.6 mg) under dark 
conditions (adsorption property). A cationic MB often has 
two prominent absorption bands: one at the shoulder at 
about ~ 618 nm and the other with a center wavelength 
of ~ 666 nm. Particularly for (0.6 mg) Cs/WO3, the inten-
sity of the entire peak changes downward as the contact 
time increases; the change is more pronounced (45 min).

Fig. 2   a, b FE-SEM image at 
different scales. c Relative EDX 
spectra
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According to the computed decolorization (%) of MB 
adsorption for all Cs/WO3 concentrations, the rates of 
progressive discoloration for 0.1, 0.3, and 0.6 mg were 
51.06% (50 min), 63.62% (60 min), and 85.2 (45 min), 
respectively. In particular, amidogen in CS and hydroxyl 
offer open access for MB molecules to enter the interior 
of Cs/WO3 and interact with the active sites, boosting 
the adsorption performance towards MB. Then, the total 
blocking duration lengthens, and the adsorption intensi-
fies the collision between MB and surface oxidants. Small 
diffusion controls the removal of MB to interior pores in 
later stages of adsorption, and consequently, the adsorp-
tion process has slowed.

Significant enhancement in average surface qualities 
(surface area for Cs/WO3 = 113.5 m2/g) and the addition 
of another elementary compositional form, Cs/WO3, have 
effectively acted as the active site and have led to improve-
ments. An equation was used to determine adsorption 
capacity (qe):

Given that qe is the quantity of MB that has been 
adsorbed, Co is the initial concentration, Ce is the final 

(1)qe(mg∕g) =
(C

0
− Ce)Vl

Mg

concentration (mg/L), V is the volume of the pollutant work-
ing solution, and M (g) is the contribution of the solid/liquid 
form of Cs/WO3 correspondingly. The most common orders 
to recognize the interaction between the adsorbent and 
adsorbate are the pseudo-first (PFO)/second-order (PSO) 
kinetic models [45]. To analyze the adsorption kinetics, 
PFO and PSO models were used. Below are the empirical 
calculations [46].

qe and qt (mg/g) are the adsorbed quantity of MB using Cs/
WO3 at equilibrium and time t, respectively; k1 is a constant 
rate of the PFO (min−1), and k2 is the PSO rate constant 
(g.mg−1) of the adsorption process. To calculate k2 and R2, 
we plotted the ratio of t to qt and calculated the y-intercept 
(Fig. 5).

The samples (0.1, 0.3, and 0.6 g) of Cs/WO3 adsorbent 
were represented better by PSO. Sample 0.6 g Cs/WO3 only 
was figure drawn. All series exhibited higher R2 = 0.973, 
0.941, and 0.996, respectively. At 0.6 g Cs/WO3, higher 

(2)log
(

qe − qt
)

= logqe −
k
1

2.303

(3)
t

qt
=

1

k
2
q2
e

+
t

qt

Fig. 3   TEM images of WO3 
nanoparticles at a 0.5 µm, 
b 200, and c 100 nm with d 
SAED

a b

c d
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R2 = 0.996, closer to unity. Otherwise, the calculated q 
maximum agrees well with the calculated q experimental, 
as shown in Table 1.

Consequently, the presence of a chemical interaction pro-
cess involving the sharing of electrons between the MB and 
Cs/WO3 surface likely regulated the adsorption rate of Cs/
WO3 with varying dosages. Overdose from Cs/WO3 blocks 
the active site and consequently hinders the adsorption 
property, as described in the literature [47]. Furthermore, 
increasing the catalyst suspension dosage to a specific limit 
may reduce solution transparency and less efficient radiation 
penetration [48].

3.5 � Photodegradation of MB under visible light

Under visible light and using Cs/WO3 nanosheets as a nano-
catalyst, MB can be broken without any external activator. 
Figure 6 shows that all Cs/WO3 contents decomposed MB 
azo bonds and aromatic rings within maximum 50 min under 
light irradiation. The absorption band of MB at λ = 667 nm 
gradually diminished with the boost illumination. As 
expected, 0.6 g Cs/WO3 photocatalyst expanded 100% bro-
ken MB. The decomposition efficiency (%) was 85.4, 95.4, 
and 100% for 0.1, 0.3, and 0.6 g Cs/WO3, respectively. The 
findings are explained by promoting the recombination rate 
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Fig. 4   UV–Vis spectra of the MB period in interaction with a 0.1 g Cs/WO3, b 0.3 g Cs/WO3, and c 0.6 g Cs/WO3

Fig. 5   A PFO and b PSO for 
selected 0.6 g Cs/WO3

Table 1   Kinetics (PFO and 
PSO) on the dark state for 0.1, 
0.3, and 0.6 g Cs/WO3

Samples PFO PSO

K1 (min−1) R1
2 qcal (mg. g−1) K2 

(gg−1 min−1) × 10−3
R2

2 qcal qexp

0.1 g Cs/WO3 0.645 0.881 216.23 4.45 0.973 66.32 68.24
0.3 g Cs/WO3 0.422 0.899 109.23 3.63 0.941 81.45 83.72
0.6 g Cs/WO3 0.201 0.912 135.35 2.19 0.996 101.28 104.11
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of charge carriers; in other words, the photogenerated elec-
tron–hole is suppressed over 0.6 g Cs/WO3 photocatalyst, 
which accepts more absorption of the incident light [31, 49]. 
A one-way charge transfer (CT) mechanism prevented the 
recombination of electron–hole pairs; these outcomes are 
consistent with others [50, 51].

For mass production, a stable and reusable continuous 
adsorption method is crucial [52]. The green-prepared Cs/
WO3 was introduced to freshly prepared 15 mg. L−1 MB for 
the following cyclic breakdown test after being withdrawn 
from the MB solution by centrifugation at 5000 rpm. Fig-
ure 7 demonstrates that photodegradation causes a slight 
decrease in efficiency even after frequent usage. Synergy 
between the catalytic activity of Cs/WO3 and Cs functional-
ity led to structural stability, enabling complete degradation 
of MB [53, 54].

3.6 � Mechanism

Cs plays a vital role in the adsorption process of MB through 
chelation via amino groups along the polymer chain [31]. 
Additionally, the aromatic ring of the MB molecule interacts 
negatively with the Cs/WO3 photocatalyst through π-π inter-
action, which increases the adsorption of MB and causes 
dye molecules to bind non-covalently [55]. In Cs/WO3 pho-
tocatalysis, excitation and the photothermal effect promote 
an electron from the VB to the CB, leaving holes in the VB. 
This occurs when a beam of light with energy greater than 
the band gap of Cs/WO3 is fragmented. This process sup-
presses the combined photogenerated electrons and holes in 
the surface of Cs/WO3. Figure 8 depicts the schematic pho-
todecomposition property of MB over Cs/WO3 nanosheets. 
Additionally, a significant amount of photo-excited holes 
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was preserved, which contributed to the oxidation of MB 
and improved photocatalytic activity.

More photogenerated holes can react with adsorbed H2O 
to produce -OH radicals, accelerating the decomposition of 
MB. When Cs/WO3 is protonated, the oxygen adsorbed on its 
surface accepts electrons to form superoxide radical anions 
( O.−

2
 ), generating -OH. The irradiated light causes these radi-

cals to swoop in and destroy the MB into mineral deposits, 

carbon dioxide, and water. The photodegradation behavior of 
MB dyes in the current investigation was compared to that of 
WO3 in previously published studies (Table 2).

3.7 � Antibacterial potency

Figure 9 depicts that the ZOI by Cs/WO3 nanosheet against 
E. coli and S. aureus was 2.0 ± 0.4 cm and 1.2 ± 0.3 cm. 

Fig. 8   Schematic photodecom-
position property of MB over 
Cs/WO3 nanosheets

Table 2   Tungsten oxide (WO3) and its photodegradation behavior against MB dyes

Catalyst Shape Dose Pollutant Degradation (%) Time (min) Ref

WO3 sodium alginate/
PVP composite

Nanorods (orthorhombic) 3 wt.% Methylene blue 98% 90 [56]

Aligned WO3 Nanosheets and nanorods (triclinic, 
monoclinic and orthorhombic)

0.1 mg/ml Methylene blue 94% 160 [57]

α-Fe2O3/WO3 composite WO3 nanorods and sphere-shaped 
α-Fe2O3 NPs

3 wt.% Methylene blue 91% 60 [58]

(WO3-GO) (Aggregation) monoclinic 15 mg Methylene blue 97% 180 [59]
Green Cs/WO3 Nanosheets (monoclinic) 0.6 g Methylene blue 100% 35 Current study
Green Cs/WO3 Nanosheets 0.3 g Methylene blue 95.4% 45 Current study
Green Cs/WO3 Nanosheets 0.1 g Methylene blue 85.4% 50 Current study

Fig. 9   Antibacterial activity 
against a E. coli and b S. aureus 
bacterial species
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These ZOI diameters were dramatically higher than 
0.9 ± 0.1 cm, with amikacin as the control antibiotic. Bac-
terial cell death is caused by Cs/WO3 nanosheet through 
physical destruction and oxidative stress mechanisms.

The direct contact of the Cs/WO3 nanosheet with the sur-
face of the bacterial cell causes cell membrane integrity to 
be lost, the liberation of cellular contents, and cell death 
[60]. With light exposure, Cs/WO3 nanosheets can generate 
ROS such as •OH, HO2•, and H2O2. This ROS distortion 
of the cell wall of bacteria by lipid peroxidation inhibits the 
growth of bacteria by destroying and inactivating nucleic 
acids and proteins. Figure 10 depicts this mechanism [61]. 
This is consistent with the previous study, which used SEM 
to investigate the antibacterial effect of ultrasmall WO3 
nanodots [62]. According to this study, most S. aureus cells 
collapsed, indicating that their cytoplasm was lost due to 
direct interaction with the membrane, resulting in a physical 
disruption. Also, the differences in antibacterial sensitiv-
ity between G-positive and G-negative bacterial strains can 
be attributed to differences in the cell wall and membrane 
structure. Unlike G-positive bacteria, G-negative bacteria 
have an outer membrane. By adding another physical layer, 
an additional membrane may induce G-negative bacteria 
resistance to the Cs/WO3 nanosheet [60].

4 � Conclusions

As a result, green, one-pot synthesis with chitosan—a 
traditional precipitation process—was used to create Cs/
WO3, a unique, longitudinally grown photocatalyst. The 

Cs/WO3 photocatalyst that has been developed exhibits 
outstanding MB adsorption and degrading performance at 
higher dosages (0.6 g Cs/WO3). The influence of the amino 
group chitosan structure is primarily responsible for MB 
fast adsorption and disintegration under light irradiation 
with the aid of the WO3 nanosheet. MB totally degraded 
within 40 min upon using 0.6 g Cs/WO3. The longitudi-
nally grown materials improved the stability of photocata-
lytic materials even after seven cycles. According to E. coli 
and S. aureus, repetitively, very diluted Cs/WO3 promotes 
killing areas that were 2.0 ± 0.4 cm and 1.2 ± 0.3 cm. As 
a result, this particular transverse, longitudinal structure 
demonstrated the capacity to digest organic contaminants 
and bacterial species in polluted water.
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