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Nanotechnology advances wastewater treatment through the application of Nano entities that optimize
contaminant removal and enhance water purification efficacy. In this study, ZnO nanoparticles (ZnO NPs) were
synthesized using Klebsiella pneumoniae, subsequently, a chitosan/ZnO nanocomposite (CS/ZnO NC) was pre-

E};Z:ic‘:ﬁly:ctk 5 dye pared for removing reactive black 5 (RB-5) dye from synthetic wastewater. The biosynthesized nanomaterials
Phytotoxicity v were characterized using UV-VIS, FTIR, XRD, SEM and TEM techniques. The UV-Vis absorbance peaks at 370 nm
Cytotoxicity and 350 nm corresponded to the characteristic surface plasmon resonance of ZnO NPs and the CS/ZnO NC,

respectively. Additionally, FTIR analysis identified the various functional groups associated with ZnO NPs and
the CS/ZnO NC. XRD analysis revealed their crystallinity to be approximately 22.44 and 25.76, respectively. The
SEM images of ZnO NPs and the CS/ZnO NC show hexagonal plate-like particles with sizes of 33.66 nm and
38.64 nm, respectively. Four concentrations of ZnO NPs and CS/ZnO NC (0.25, 0.5, 1, and 2 mg/mL) were
evaluated for RB-5 degradation at three different levels (25, 50, and 100 mg/L). Statistical analysis showed that
chitosan/ZnO NC achieved 95 % dye degradation, compared to 81 % degradation with the same amount of ZnO
nanoparticles. Furthermore, a pot experiment was carried out to evaluate the phytotoxicity effects of treated
wastewater on wheat (Triticum aestivum L.). Both ZnO NPs and CS/ZnO NC did not significantly affect the
viability of epithelial retinal cell lines at concentrations up to 100 ug/mL, suggesting a safe cytotoxic profile
within this dosage range. Overall, CS/ZnO NC proved effective for treating industrial wastewater, making it
suitable for recycling in agricultural applications

1. Introduction disturbs the soil structure and health but also damages soil microbial

balance (Gonzalez-Fragozo et al., 2020). The prevalent physicochemical

Despite the fact that water is the vital element for the survival of
human life on earth, it is facing prodigious challenges. The pharma-
ceutical, textile, paper, plastic and cosmetics industries produce more
than 100,000 tons of dyes each year and about 8-20 % of these dyes
drained out directly into water reservoirs without treatment adversely
affecting quality of the whole aquatic ecosystem (Castillo-Suarez et al.,
2023). Moreover, such wastewater, when applied to agricultural soils
due to the non-availability and unsuitability of underground water for
agricultural purposes, especially in developing countries, not only
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methods for removing textile dyes from wastewater include precipita-
tion, photocatalysis, adsorption, and advanced oxidation. Metallic oxide
nanoparticles, such as iron oxide (Fe203), titanium dioxide (TiO5), and
zinc oxide (ZnO), have been identified as effective photocatalytic and
adsorptive agents for wastewater treatment. Nanoparticles, particularly
zinc oxide (Zn0O), combined with the low-cost natural polymer chitosan,
demonstrate promising potential as photocatalytic and adsorptive
agents for wastewater recycling (Mutukwa et al., 2022). Singh et al.
(2023) Revealed that ZnO graphene oxide nanocomposites also have
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TiO5 NPs like properties which completely mineralize azo dyes into H,0,
CO? and other nontoxic compounds. Recently, Hassaan et al. (2019)
concluded that more than 80 % reactive black-5 (RB-5) dye decolor-
ization occur when 3 mg/L ZnO NPs immobilized with ceramic surface
are used under strong alkaline conditions. However, limited studies are
available deciphering the comparative effect of nanoparticles and their
polymer-based composites for degradation of azo dyes (Maruthupandy
etal., 2020, Adeel et al., 2021, Maliki et al., 2022). This study employed
green synthesis methods to produce ZnO nanoparticles and develop a
CS/Zn0 nanocomposite, evaluating their effectiveness in removing RB-5
dye from synthetic water through photocatalytic and adsorptive mech-
anisms. Additionally, it explored the agricultural reuse of dye-treated
wastewater and assessed its cytotoxicity. The ultimate goal of this
research is to advance nano-based textile wastewater treatment pro-
cesses and facilitate their scaling up to pilot and industrial levels.

2. Materials and methods
2.1. Collection of bacterial strain

To synthesize biogenic ZnO NPs bacterial strain Klebsiella pneumoniae
NST2 (Accession # MN121582) was obtained from cultural collection of
Department of Bioinformatics and Biotechnology, Government College
University Faisalabad (GCUF), Pakistan. The strain was originally iso-
lated from the agricultural land adjacent to Paharang drain (No 31 25
13 and E 730 4’ 35), Faisalabad, Pakistan by our laboratory group and
has already been employed to synthesize copper and silver NPs (Noman
et al., 2021).

2.2. Extracellular green synthesis of ZnO NPs

ZnO NPs were synthesized using a previously established protocol
with minor modifications. Bacterial cultures were cultivated in 250 mL
Erlenmeyer flasks containing 100 mL of nutrient broth, continuously
stirred at 28 + 2 °C for 24 h. After incubation, the cultures were
centrifuged at 6,000 g for 10 min to collect the supernatant. To this
supernatant, 2 mM of zinc sulfate heptahydrate [ZnSO4-7H50; Sigma
Aldrich, USA] was added as the precursor. The appearance of a white
precipitate and a color shift from pale yellow to milky white, indicative
of the reduction of Zn?" ions, signaled the formation of ZnO NPs. The
precipitates were then collected by centrifugation at 6,000 g for 15 min.
The resulting pellet was washed twice with distilled water and 70 %
ethanol to eliminate impurities, followed by freeze-drying at —60 °C.
Finally, the pellet was ground into a fine powder and stored for subse-
quent analysis.

2.3. Synthesis of Chitosan/ZnO NC

The CS/ZnO NC was prepared by mixing 1 g of ZnO NPs into a 99 %
(w/v) chitosan solution and stirring for 15 min. The pH was adjusted to
10 with 1 M NaOH, and the solution was stirred for 3 h before being
heated at 60 °C for 1 h in a water bath. The nanocomposites were then
filtered, washed with distilled water, freeze-dried at —60 °C for 4 h, and
stored for future use.

2.4. Characterization of biogenic ZnO NPs and CS/ZnO NC

The characteristics of ZnO NPs and CS/ZnO NC were analyzed using
several methods. UV-Vis spectroscopy (Schimadzu UV/VIS, Japan)
measured absorbance in the 200-800 nm range. Scanning electron mi-
croscopy (SEM) (Hitachi TM-1000, Japan) assessed particle size and
surface morphology. Fourier transform infrared (FT-IR) spectroscopy
(Perkin Elmer Spectrum BX) analyzed functional groups from 4000 to
400 cm L. X-ray diffraction (XRD) (Thermo Scientific K-Alpha, USA)
was used to study crystallographic structure and phase transitions.
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2.5. Degradation of RB-5 dye

For dye degradation studies, 0.5 g of RB-5 dye was dissolved in 100
mL of distilled water to prepare a 5000 mg/L stock solution. Various
working solutions (25, 50, 100 mg/L) were then treated with different
concentrations (0.25, 0.5, 1, and 2 mg/mL) of ZnO NPs, CS/ZnO NC, CS,
and ZnSO4. The treatments were exposed to sunlight and kept in the
dark for 5 h each to assess photocatalytic and adsorption efficiency.
Samples were collected at 1, 2, 3, 4, and 5 h, and dye degradation was
measured using a UV-Vis spectrophotometer (U-5100, Hitachi) at Amax
= 595 nm. The amount of photocatalytic degradation/adsorption were
calculated according to the following formula.

(A-B)
A

Decolorization (%) = x 100

Where A and B represent the initial and final absorbance of the dye
solutions.

To evaluate the impact of pH on the photocatalytic and absorptive
removal of RB-5 dye, experiments were conducted using an optimized
dye concentration of 50 mg/L and catalyst concentration of 0.5 mg/mL.
pH levels ranged from 3 to 10, and dye removal was assessed using the
previously described spectrophotometric method.

2.6. Phytotoxicity evaluation of nanomaterials

To assess the environmental risk of nanomaterials, a plant experi-
ment was conducted to examine the effects of photo catalyzed (treated)
and non-treated RB-5 dye solutions on wheat growth and physiological
parameters. The study used RB-5 dye degraded by various concentra-
tions (0.25, 0.5, 1, and 2 mg/mL) of ZnO NPs and CS/ZnO NC, with
distilled water as a control. Twenty seeds per treatment were placed in
petri dishes (three replicates each) and incubated for 25 days at 25°C
with a 16-hour light/8-hour dark cycle and 70 % humidity. Growth
parameters, including root length (RL), shoot length (SL), fresh and dry
weights, as well as antioxidant and oxidant levels, were measured. H202
content was estimated using a method involving leaf extract and tita-
nium sulfate, and peroxidase (POD), catalase (CAT), and ascorbate
peroxidase (APX) activities were measured spectrophotometrically.

2.7. Cytotoxicity evaluation of nanomaterials

To assess cytotoxicity, ZnO NPs and CS/ZnO NC were tested on a
retinal pigment epithelium (RPE) cell line using the MTT assay. RPE cells
were seeded at 2 x 10° cells per well in 96-well plates and incubated for
24 h in Dulbecco’s Modified Eagle (DME) Medium. They were then
exposed to various concentrations (0, 25, 50, 100, and 200 ug/mL) of
NPs and NC for 24 h. Phosphate-buffered saline (PBS) served as the
positive control. After 3 days, MTT solution (5 mg/mL) was added, and
absorbance was measured at 570 nm.

2.8. Statistical analysis

Data for RB-5 degradation and phytotoxicity were analyzed using
Statistix v 8.1. Three-way analysis of variance (ANOVA) was used for
multiple comparison followed by correction using LSD analysis. Ob-
tained valves were statistically significant at P < 0.05.

3. Results
3.1. Biogenic synthesis of ZnO NPs and CS/ZnO NC

Results on the synthesis of ZnO NPs indicated that the capping agents
coming from the strain Klebsiella pneumoniae NST2 were able maximize

the synthesis of ZnO NPs at 2 mM concentration of ZnSO4 salt. Out of the
many precursor salt concentrations (1, 2, 3, 4 and 5 mM) tested, 2 mM
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was used for the biogenic synthesis of ZnO NPs. The formation of white
precipitates at the bottom of flask was the first morphological indication
of ZnO NPs synthesis shown in Fig. 1 (b). Then these ZnO NPs were used
for the production of CS/ZnO NC using the methods reported earlier by
some researchers (Sabrin and Arafat 2015, Bashal et al., 2022, Zaman
et al., 2022). Prepared ZnO NPs was further mixed with CS to form CS/
ZnO NC. The formation of white precipitate was primary indication of
CS/ZnO NC formation (Preethi et al., 2020). Initially, to confirm the
formation of ZnO NPs, the nano material was characterized by the
UV-vis absorption spectrum. A sharp adsorption edge was observed at
370 nm confirmed the ZnO NPs synthesis. For CS/ZnO NC blue shift of
the adsorption band to 350 nm was observed which is in a characteristic
peak range for CS/ZnO NC (Fig. S1).

3.2. FT-IR analysis

FT-IR measurement spectrum illustrated molecular structure,
chemical bond and elemental composition of ZnO NPs and CS/ZnO NC.
In this technique, functional groups present in a molecule absorbed a
certain range of frequency transmission of infrared (IR) radiation
resulted in stretching and bending of various molecular bonds. The FT-
IR spectra of ZnO NPs and CS/ZnO NC are presented in Fig. 1A ZnO nano
powder showed peak at 3413 cm™! which depicted O-H stretching vi-
bration of chemosorbed water. Frequency bands of the FT-IR spectrum
present at 2956-2926 cm ™! attributed to the G-H bond stretching vi-
bration. Further, the sharp peak at 1652 cm ™! indicated medium C=C
stretching. The peak at 1538 cm ™! was due to the strong stretching vi-
bration of N-O nitro compounds. Moreover, the C-H medium bending
was due to the presence of FT-IR spectrum peak at 1449 cm™!. Char-
acteristic peaks at 1413 cm ™!, 1236 cm ™! and 1082 cm ™! indicated the
S=0, C-0 and C-O stretching vibration respectively. The band spectrum
in the range of 528-435 cm ™! denoted representative stretching mode of
Zn-0. Similarly, Fig. 1A also depicted the -OH/-NH; bond stretching
vibration at 3409 cm™'.The FT-IR spectrum peaks at 2921 and 2201
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cm ! were referred to the C-H and C=C stretching vibration. Compared
to the spectrum of ZnO, an additional band from 577 to 420 em ™!
attributed to the Zn-O stretching vibration, which appears in the spec-
trum of the CS/ZnO NC. This stretching referred to the presence of ZnO
in the structure of the composite. Moreover, the -OH/-NHj, stretching
vibration at 3413 cm™! moved to the lower wavenumber (3409 cm’l)
in the composite, signifying the strong inter-molecular hydrogen bond
interaction between ZnO and CS. The CS/ZnO composite benefits from
chitosan (CS), adding more amino (NHjy) groups to the material. Chi-
tosan, a polysaccharide comprising glucosamine units, features amino
groups (-NHy) along its polymer backbone. Consequently, the absorp-
tion peak at 3423 cm ! in the CS-ZnO composite likely results from the
stretching vibration of hydroxyl (-OH) groups from ZnO and amino
(-NHy) groups from chitosan.

3.3. XRD analysis

The XRD spectrum peaks of ZnO NPs and CS/ZnO NC are shown in
Fig. 1B ZnO NPs depicted strong broad diffraction peaks at 31.7 (cm™1),
34.35 (em™ 1), 36.2 (cm ™), 47.53(cm ™), 56.15(cm ') and 62.5(cm ™)
which were equivalent to the structure of the JCPDS: 36-1451 of ZnO.
Furthermore, the XRD peaks pattern illustrated strong peaks matching to
the ZnO diffraction pattern. However, the peaks pattern of CS/ZnO NC
was similar to ZnO NPs but the intensity of peaks at some points are
lower indicating interference between ZnO and CS functionalities.
Moreover, some changes related with peaks positions and length signi-
fying the adjustments of ZnO NPs due to the composite fabrication.
Table 1 shows the crystallite size of ZnO NPs and CS/ZnO NC estimated
by Scherrer’s equation.

3.4. SEM analysis

The SEM image of pure ZnO NPs and CS/ZnO NC nano powder dis-
played external shape of the NPs with morphology and surface (Table 1).
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Fig. 1. (@) FT-IR band spectrum of synthesized nanomaterials (b) XRD crystallographic analysis of biologically synthesized ZnO nanoparticles and CS/ZnO nano-
composite (¢) SEM image of ZnO NPs at 2.5KX magnification (d) SEM image of CS/ZnO NC at 2.5KX magnification.
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The morphology of the particles increases the surface area with more
chances of metal adsorption shown in Fig. 1C & D.

3.5. Effect of dye concentration on photocatalytic and adsorptive removal

Table 1

The size and specific surface area of ZnO NPs and CS/ZnO NC.
Nano Scanning electron X-ray diffraction Shape
sample microscopy (SEM) (XRD)
ZnO NPs 33.66 nm 22.44 Hexagonal

plates
CS/ZnO 38.64 nm 25.76 Spherical
NC

of RB-5

Three different concentrations (25, 50 and 100 mg/L) of RB-5 were
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Fig. 2. Effect of different photocatalyst and adsorbent (ZnO nanoparticles, CS/ZnO nanocomposite, chitosan and ZnSO,) on degradation of RB-5 at dye concentration
of 25 mg/L using different Catalysts concentrations (a) 0.25 mg/mL (b) 0.5 mg/mL (c¢) 1 mg/mL (d) 2 mg/mL in both light and dark conditions for 5 h.
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ZnSO4 respectively which is significantly dissimilar from adsorptive
degradation which was 40 %, 78 %, 47 % and 9 % for ZnO NPs, CS/ZnO
NC, CS and ZnSO4 respectively after 5 h shown in Fig. 2. At 50 mg/L dye
concentration photocatalysis was recorded 72 %, 83 %, 45 % and 11 %
for ZnO NPs, CS/ZnO NC, CS and ZnSO4 respectively, which is signifi-
cantly different from adsorptive degradation, which was 35 %, 66 %, 29
% and 6 % for ZnO NPs, CS/Zn0O NC, CS and ZnSO4 respectively after 5 h
(Fig. 3). At 100 mg/L dye concentration photocatalysis was recorded 54
%, 71 %, 39 % and 8 % for ZnO NPs, CS/ZnO NC, CS and ZnSO4
respectively which is differ from adsorptive degradation which was 27
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%, 51 %, 20 % and 5 % for ZnO NPs, CS/ZnO NC, CS and ZnSO4
respectively after 5 h shown in Fig. 4.

3.6. Effect of pH on photocatalytic and adsorptive removal of RB-5

Different pH levels were used to evaluate the highest RB-5 degra-
dation efficiency using ZnO NPs, CS/ZnO NC, CS, and ZnSO,4 under both
light and dark conditions. CS/ZnO NC showed significantly highest
degradation 99 % and 98 % at 3 and 4 pH conditions as adsorptive and
catalytic agent while ZnO NPs showed highest activity about 82 % as
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Fig. 3. Effect of different photocatalyst and adsorbent (ZnO nanoparticles, CS/ZnO nanocomposite, chitosan and ZnSO,) on degradation of RB-5 at dye concentration
of 50 mg/L using different Catalysts concentrations (a) 0.25 mg/mL (b) 0.5 mg/mL (c¢) 1 mg/mL (d) 2 mg/mL in both light and dark conditions for 5 h.
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photocatalyst under acidic conditions (3 pH) shown in Fig. 5. However, 3.7. Phytotoxicity experiment
CS degrade about 58 % RB-5 dye at 3 pH. ZnSO4 showed maximum 12 %
degradation at basic conditions. 3.7.1. Morphological parameters

In phytotoxicity studies, the SL of wheat plant treated with ZnO NPs
at 1 mg/mL concentration was higher 18 % than control 16 % which was
treated with distilled water (Fig. S2). RL was significantly high 16 %
when treated with CS/ZnO NC and ZnSO4 at 2 and 0.25 mg/mL
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Fig. 5. Degradation of RB-5 at different pH levels (3-10), dye concentration (50 mg/L) using catalysts (ZnO nanoparticles, CS/ZnO nanocomposite, chitosan and
ZnS0,4) on concentration (0.5 mg/mL) under both light and dark conditions for 5 h.

concentration. SDW and RDW was significantly high in the presence of
CS/Zn0O NC. In the phytotoxicity experiment, the SL of wheat plant was
increased 11 %, 30 % and 15 % at 0.25, 0.5 and 1 mg/mL concentration
of ZnO NPs respectively, but it decreased about 35 % at maximum 2 mg/
mL concentration of ZnO NPs. While SL was increased 20 %, 36 %, 22 %
at CS/ZnO NC concentration of 0.25, 0.5 and 1 respectively, but
decrease 28 % at highest concentration. Similarly, RL was increase 7 %,
25 % and 20 % while treated with ZnO NPs and 11 %, 37 % and 26 %
when CS/ZnO NC applied at 0.25, 0.5 and 1 mg/mL concentration
respectively. Likewise, SFW and SDW was increase 17 %, 44 %, 28 %
and 1 %, 33 %, 6 % at 0.25, 0.5 and 1 mg/mL ZnO NPs and 23 %,57 %,
30 % and 16 %, 39 %, 10 % at same CS/ZnO NC concentration
respectively. While SFW and SDW decrease 27 % and 64 % for ZnO NPs
and 22 %, 50 % for CS/ZnO NC at 2 mg/mL high concentration of nano
catalyst respectively. Similarly, RFW and RDW was increase 30 %, 38 %,
33 % and 13 %, 29 %, 19 % with ZnO NPs. Plant showed same pattern of
RFW and RDW increase of 35 %, 49 %,40 % and 24 %, 33 %,23 % when
treated with CS/ZnO NC. Significant difference in growth of above
growth parameters is shown in Fig. 6.

3.7.2. Photosynthetic parameters

CS/ZnO NC has increased the photosynthetic pigments such as
Chlorophyll a, chlorophyll b, carotenoids and total chlorophyll by 46 %,
60 %, 62 % and 55 % respectively at 0.5 mg/mL concentration. ZnO NPs
showed increase in values of Chlorophyll a, chlorophyll, carotenoids and
total chlorophyll by 34 %,54 %, 57 % and 47 % respectively as the same
concentration. After threshold value of 1 mg/mL photosynthetic pig-
ments decreased as compared to control by 49 %,25 % 34 % and 55 %
for ZnO NPs and 31 %,13 %,45 % and 6 % for CS/ZnO NC (Fig. 7).

3.7.3. Antioxidant and oxidant enzymes

Antioxidants such as POD, CAT and APX production were increase by
applying CS/ZnO NC 42 %, 24 % and 46 % at 0.5 mg/mL as compared to
control. At the same concentration (0.5 mg/mL) POD, CAT and APX
production also increased 38 %, 18 % and 37 % in comparison to con-
trol. While ZnO NPs and CS/ZnO NC showed significant decrease in
H20; production about 42 % and 33 % respectively shown in Fig. 7.

3.8. Cytotoxicity assessment

In MTT assay which was performed RPE cell lines, the cell viability
graph showed up to 96 % and 98 % cell survival rate for ZnO NPs and
CS/ZnO NC, respectively. However, the survival rate at 200 pg/mL
percentage of cell viability was found statistically significant. Percent-
age of cell viability was observed about 53 % for ZnO NPs and 79 % for
CS/ZnO NC at highest concentration of 200 ug/mL as shown in Fig. 8.

4. Discussion

In this study, ZnO NPs were biologically synthesized, offering an eco-
friendly and cost-effective approach. During preparation ZnO NPs
exhibited milky precipitation in aqueous solution, indicating effective
reduction of Zn?" ions to ZnO NPs after adding zinc sulfate to the culture
filtrate. Additionally, Zn?" ions interacted electrostatically with the ~-OH
and -NHj; groups of chitosan (CS) macromolecules, creating a nanoscale
surface that facilitated nanoparticle growth in the CS/ZnO nano-
composite (Alzahrani et al., 2023). In addition, UV-Visible absorption
spectra of ZnO NPs, CS/ZnO NC were clearly different in terms of Amax
than pure CS and ZnSO4. Chitosan and ZnO NPs may undergo a chemical
reaction where in the amino groups (-NHy) of chitosan coordinate with
zinc ions (Zn?") on the ZnO surface, forming coordination bonds. This
could result in the formation of a chitosan-ZnO complex, potentially
stabilizing the nanoparticles and influencing the properties of the
resulting Chitosan/ZnO nanocomposite (Kumar et al., 2021).

Moreover, the UV-vis spectrum of pure CS did serve as a control to
distinguish it from CS/ZnO NC in UV-vis spectroscopy (Thamilarasan
et al., 2018). Moreover, SEM imaged described shaped CS/ZnO NC
embedded into porous matrix of chitosan (Zeghoud et al., 2022). Many
studies shows that CS/ZnO nanocomposite have great efficiency to treat
wastewater pollutant due to presence of charged functional groups
(Bashal et al., 2022, Malekkiani et al., 2022, Zaman et al., 2022, Jyoti
et al., 2023, Rahman et al., 2023). ZnO NPs are most effective for dye
degradation due to its stability and semi conductive nature (Batra et al.,
2022). On the other hand, when metal oxide combined with polymers
such as chitosan, it also enhanced rate of separation of electron holes,
which boosts photon irradiation, leading to increase photocatalytic
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Fig. 6. Comparative effect of distilled water treated with ZnO NPs, CS/ZnO NC, CS and ZnSO, and non-treated water (control) (a) Shoot length (b) Root length (c)
Shoot fresh weight (d) shoot dry weight (e) root fresh weight (f) root dry weight of wheat plants. Values are used in above graphs are means of triplicate and different
letters represent the statistical significance (P < 0.05) among the treatment means.

activity (Malagutti et al., 2009, Diaz et al., 2022). The material char-
acteristics of ZnO NPs and CS/ZnO NC were found much comparable
with those reported by earlier researchers (Mekahlia and Douadi 2021,
Alzahrani et al., 2023). For example, the XRD peaks pattern of ZnO NPs
and CS/ZnO NC found in current study was similar to those reported
earlier by (Ben Amor et al., 2022); however, some additional XRD peaks
of ZnO NPs and CS/ZnO NC were also found in the current study which
represented different diffraction angles of oxides of Zn and CS. Further,
FTIR spectra confirmed cross linking of Zn with hydroxyl groups of CS
biopolymer in CS/ZnO NC. Functional groups in FTIR spectra of ZnO
NPs depicted the presence of reduced ZnO™ ions similar to the findings
of (Bui et al., 2017). Moreover, SEM imaged described spherical shaped
CS/ZnO NC embedded into porous matrix of chitosan. The presence of
chitosan in the CS/ZnO NC are visible at 2913, 1676, 1342, 1083 cm ™!
which are similar to previous studies (Kumar and Koh 2012, Chaisorn

et al., 2023).

Although many reports are present on photocatalytic degradation of
RB-5 dye using ZnO nanoparticles (Hassaan et al., 2019, Samsami et al.,
2020, Picos-Corrales et al., 2023, Ali et al., 2024) but a few researchers
investigated the comparative photocatalytic and adsorptive degradation
of RB-5 dye by employing ZnO NPs and CS/ZnO NC. In photocatalytic
degradation, when ZnO NPs were exposed to light in the presence of
aqueous dye solutions, photoexcitation occurred and RB-5 dye adsorbed
on the ZnO surface in close proximity resulting in the formation of photo
generated valence band hole (h") and electrons bands (e”) (Maeda
2011). This electron shifting produced highly reactive hydroxyl radicals
(OH™) from water, which oxides RB-5 dye molecules resulting in the
breakdown down of its chemical structure. This ultimately transformed
RB-5 dye into less colored or colorless metabolites. This degradation of
dye depends upon various other factors such as dye concentration, pH,
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Fig. 7. Comparative effect of water treated with catalyst and non-treated water on different physiological parameters of wheat plant such as (a) POD (b) CAT (c) APX
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and reaction duration (Mathiarasu et al., 2021).

However, CS/ZnO NC can degrade RB-5 in both light and dark
conditions due to presence of amino and hydroxyl group in CS (Kumar
et al.,, 2021). These functional groups participate in redox reactions
during photocatalysis and form a hydrogen bond with dye molecules
which enhance adsorption of dye on CS surface (Shi et al., 2022). The
significantly lower RB-5 degradation in dark condition occur when ZnO
NPs were applied is due to less production of oxidative reactive species
necessary for dye degradation due to absence of light energy. However,
due to presence of positive charge and different functional groups chi-
tosan possesses various chemical reactions such as hydrogen bonding,
electrostatic interaction and n-t stacking interactions which facilitates
active binding of CS/ZnO NC with RB-5 dye molecules in dark (Sakar
et al., 2018). In the current study the RB-5 degradation rate under dark
conditions is almost 80 % at dye concentration of 25 mg/mL which is
similar to studies conducted by Chaisorn et al. (Chaisorn et al., 2023).

For phytotoxicity evaluation of ZnO NPs and CS/ZnO NC on wheat

plants, various concentrations (0.25, 0.5,1 and 2 mg/mL) of catalysts
were applied to wheat plants. The concentration dependent improve-
ments in growth parameters were observed in wheat plant up to 1 mg/
mL and decline in growth of wheat plant was observed at high con-
centration (2 mg/mL). This implies that ZnO NPs did not cause phyto-
toxic effects in wheat plants up to 1 mg/mL which might be due to
increase in chlorophyll and photosynthetic rate and regulation of auxins
and cytokines levels (Hamzah et al., 2022). Additionally, Zn cope with
many environmental stresses to plant by properly activation antioxidant
enzymes such as POD, CAT and SOD which help in neutralizing reactive
oxygen species (ROS) and protect wheat cells from oxidative damage
(Hasanuzzaman et al., 2020). These findings are very similar to those
conducted by Khan et al. (2023) reporting that ZnO NPs could enhance
the biomass, SL, RL and antioxidant levels as compared to control at low
concentration. Better efficiency of CS/ZnO NC than ZnO NPs is due to Zn
encapsulation into CS matrix, which regulate Zn release in adequate
amount when require (Al-Nemrawi et al., 2022). Similar study also
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reported by (Bashal et al., 2022) explains Zn mechanism in reducing
ROS molecules with negatively effect on free radicles such as Superox-
ides (02’), hydroxyl radicals (OH") and hydrogen peroxide (H203)
(Huang et al., 2019).

The study also assessed the cytotoxicity of ZnO NPs and CS/ZnO NC
on the RPE human cell line, finding no significant impact on cell
viability. While low concentrations of Zn?* ions are crucial for various
cellular functions and metabolism, elevated levels can induce apoptosis.
Additionally, the results suggest that CS/ZnO NC could serve as
advanced nano-fertilizers, enhancing wheat growth by providing
essential nutrients through Zn encapsulation in the chitosan matrix
without interfering with other mineral deposits.

5. Conclusion

In summary, CS/ZnO nanocomposites were synthesized using mi-
crobial methods with chitosan as a stabilizer. The nanocomposites
showed a significant increase in dye adsorption, achieving up to 95 %
degradation of the dye due to the enhanced surface area of the polymer.
A concentration of 1 mg/mL of ZnO nanoparticles or chitosan/ZnO
nanocomposites was safe for plant application, and 100 ug/mL of these
materials had no cytotoxic effects on human cell lines.
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