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ABSTRACT

This study aims to synthesize, characterize, and evaluate the photocatalytic efficiency of carboxymethyl cellulose
(CMC) wrapped ZnONPs for the degradation of methylene blue (MB) dye under sunlight and also focuses on
the effect of varying calcination temperatures on crystallite size of the synthesized ZnONPs@CMC. It focuses
on developing biopolymer (CMC) wrapped ZnO nanoparticles (ZnONPs@CMC) at different calcination tem-
peratures. ZnONPs@CMC are synthesized using zinc acetate dihydrate as a precursor under alkaline conditions,
followed by adding capping agent CMC at various calcination temperatures ranging from 250°C to 650°C. The
nanomaterials are characterized by UV-Vis, FTIR, and powder X-Ray Diffraction (XRD) studies. The presence of
CMC as a capping agent facilitates the nucleation and growth of nanoparticles (NPs) and provides stability and
functionalization to the NPs. The varying calcination temperature plays a significant role in influencing the size of
NPs during the synthesis process. The crystallite size of ZnO-CMC NPs is 19.5959, 21.2518, 23.5000, 27.5930, and
34.9789 nm at 250°C, 350°C, 450°C, 550°C, and 650°C calcination temperature, respectively. With the increase in
the calcination temperature from 250°C to 650°C, crystallite size increased significantly. The degradation of MB dye
is studied using a UV-visible spectrophotometer, revealing that the synthesized ZnONPs@CMC are highly efficient
in the photocatalytic degradation of MB under sunlight.
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1 Introduction

Due to their unique properties, smart materials have become crucial in many applied fields.
Nanoparticles (NPs) are particularly notable for their enhanced physical, chemical, and biological
capabilities, with applications in electronics, energy, medicine, environmental cleanup, and materials
research. Nanoparticles are used in medicine for drug delivery, imaging, and diagnostics [1,2]. They are
also employed in electronics and optoelectronics [3], environmental sensing and remediation, energy
storage and conversion, and advanced materials [4,5].
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Nanoparticles are especially suitable for targeted drug delivery and imaging, enhancing treatment
efficacy while reducing side effects [6,7]. Their large surface area and reactivity make them ideal for
environmental cleanup, where they degrade and remove contaminants from soil, water, and air [8,9].
Reinforcing materials with NPs can improve hardness, wear resistance, and mechanical strength [10].
In addition, NPs can enhance materials’ optical, thermal, and electrical properties, leading to advanced
functional materials. In energy applications, NPs improve the performance of batteries and fuel cells
[11] and are used in solar cells to increase efficiency.

Several treatments, such as physical, chemical, and biological, have been tested to remove
dyes from the aquatic environment [!2,13]. Physical adsorption, which requires minimal energy,
is exceptionally effective, easy to use, and suited for a wide range of applications, has received
the most attention [14—16]. Pollutants are moved from the liquid phase to the adsorbent’s exterior
surface using the adsorption process, resulting in secondary pollution. Hence, contaminants cannot
be entirely removed by the adsorption process. Other significant problems with this approach include
its limited capacity for adsorption and the challenge of renewing the adsorbent for further usage.
In this regard, a new trend in removing organic pollutants, particularly in degrading dyes, is the use
of adsorption-photocatalysis technology. Under this method, the adsorbent absorbs the pollutants
first, and the photocatalytic reaction transforms them into non-toxic or mineralized forms. Organic
molecules can be selectively degraded by highly reactive free radicals that are the basis of photocatalytic
degradation. Eliminating water pollutants is most successful using photocatalysts with excellent
adsorption performance and high percentage photocatalytic destruction efficiency [17].

Metal oxide nanoparticles, such as ZnONPs, are valued for their superior properties compared to
bulk materials and are also widely used in the photodegradation of dyes from polluted water. ZnONPs
have antimicrobial and antifungal properties, making them suitable for medical applications such as
wound healing and infection prevention [14]. They are also used in sunscreens and cosmetics for UV
protection [15], gas sensors [16], catalysts in chemical processes [1 7], and devices like LEDs and solar
cells [18]. In addition, zinc oxide nanoparticles (ZnONPs) are being extensively investigated for their
potential anticancer effects. Their unique properties allow them to effectively target and kill cancer
cells, offering a promising alternative to traditional cancer treatments. ZnONPs showed significant
antibacterial activity, particularly against drug-resistant bacteria. This makes them a valuable tool in
the fight against bacterial infections that do not respond to conventional antibiotics [19-24].

Carboxymethyl cellulose (CMC) (Fig. 1)is a water-soluble polymer derived from cellulose, known
for its high water solubility, stability, and ability to form films. It is used as an emulsifier [25], thickening
agent [26], stabilizer [27], and in biomedical applications due to its non-toxicity and biocompatibility
[28,29]. CMC also stabilizes NPs in aqueous solutions, preventing aggregation [30]. The anionic
CMC can remove methylene blue (MB) by electrostatic attraction [31], which impacts zinc oxide’s
(ZnO) combination adsorption and photocatalytic properties. There are two ways in which this can
happen. First, ZnO’s photocatalytic and crystallinity characteristics can be impacted by CMC. Based
on research by Qin et al. [32], ZnO’s sensitivity to UV radiation increases when it is encapsulated in
polyvinyl alcohol (PVA). During the process, free radicals are produced that can break down CMC,
reducing the ability of ZnO coated with CMC to break down MB. Reactive oxygen species (ROS),
triggered by UV-irradiated ZnO, are primarily responsible for the breakdown of MB. Examples of
ROS include superoxide (-O*") and hydroxyl (-OH) radicals [33].
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Figure 1: Structure of CMC

MB, a toxic and carcinogenic dye, contaminates industrial wastewater, posing significant envi-
ronmental and health risks [34]. Developing effective methods to remove MB is essential. Various
techniques for synthesizing ZnONPs include sol-gel processes [35], precipitation [36], hydrothermal
synthesis [37], microwave-assisted methods [38], solvothermal synthesis [39], and electrochemical
methods [40]. These methods enable the production of ZnONPs with properties suitable for appli-
cations such as photocatalytic degradation of pollutants, contributing to environmental cleanup and
resource sustainability. Experiments using a UV-visible spectrophotometer indicated that synthesized
ZnONPs coated with CMC are highly effective at breaking MB dye when exposed to natural sunlight.
This study investigates the photocatalytic degradation of MB using CMC-wrapped ZnONPs under
direct sunlight to better understand how different calcination temperatures affect this process.

2 Experimental
2.1 Materials

The chemicals, zinc acetate dihydrate (Zn(CH;COQO),2H,0), sodium hydroxide (NaOH), methy-
lene blue (C,sH CIN;S), sodium carboxymethyl cellulose, and ethanol were purchased from Himedia
Chemicals, Bilaspur, India, and are of analytical grade. All the chemicals were used without further
purification, and their solutions were prepared in double distilled water.

2.2 Synthesis of Biopolymer CMC-Wrapped ZnO Nanoparticle

CMC-capped ZnO nanoparticles were synthesised by a precipitation technique. First, 6.58 g of
zinc acetate dihydrate was dissolved in 100 mL of double-distilled water. NaOH solution (1.2 g in
100 ml of distilled water) was added dropwise while stirring continuously until a white Zn(OH),
suspension formed. Separately, 1 g of CMC was dissolved in 100 mL of distilled water, added to the
mixture dropwise, and stirred for 2 h. The product was rinsed with distilled water and ethanol before
drying at 60°C. Calcination was performed for 3 h at 250°C, followed by cycles at 350°C, 450°C, 550°C,
and 650°C (Fig. 2).
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Figure 2: Flow chart showing the synthesis of CMC-wrapped ZnONPs

2.3 Reaction Involved in ZnONPs Formation

The overall reaction for the formation of ZnONPs from zinc acetate dihydrate and sodium
hydroxide can be summarized as follows:

Zn(CH;C00),2H,0 + 2NaOH — ZnO + 2CH,COONa + 3H,0

Different characterization techniques were employed to characterize the synthesized NPs using
FTIR. The crystalline structure size was determined through XRD.

2.4 Method of Photodegradation

The 5 ppm MB dye solution was prepared by dissolving 0.0005 g of methylene blue in 100 mL of
distilled water, and photocatalytic degradation of MB dye was performed on various ZnONPs @CMC
samples calcinated at different temperatures. The specific amount, i.e., 0.02 g of the synthesized
CMC-capped ZnONPs, was added to 5.0 mL MB solution and mixed thoroughly to ensure uniform
dispersion. Then, the dye solution containing synthesized CMC-capped ZnONPs was exposed to
sunlight for a particular duration. The sample was collected regularly during the exposure to monitor
the degradation progress using a UV vis spectrophotometer.
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2.5 Characterization Techniques

2.5.1 FTIR Analysis

The FTIR spectra of all the samples were recorded using a model Bruker Alpha II FTIR
spectrometer manufactured in Billerica, MA, USA to confirm the formation of ZnONPS using CMC.
Peaks related to both ZnONPs and CMC components were observed.

2.5.2 X-Ray Diffraction (XRD)

XRDis a potent method for examining nanomaterials’ crystallographic characteristics and reveal-
ing details of their atomic structure and particle size. The finely powdered ZnO-CMC NP samples
are subjected to X-ray radiation using a Bruker D8 Advance (Eco) XRD machine manufactured in
Germany. Analyzing the positions, intensities, and width of the diffraction peaks of XRD spectra of
the ZnONPs@CMC provides information about the average crystallite size of the ZnO NPs. The size
of the ZnONPs@CMC is calculated using the Debye-Scherrer equation.

2.5.3 UV Vis Analysis

The UV-1800 model, Shimadzu, a UV spectrophotometer manufactured in Kyoto, Japan, was
employed to analyze the photocatalytic degradation of dye.

3 Result and Discussion
3.1 FTIR Analysis

The samples of ZnONPs@CMC synthesized at various calcination temperatures were represented
in Fig. 3, and the FTIR spectra of synthesized ZnONPs@CMC at varying calcination temperatures
viz. 250°C, 350°C, 450°C, 550°C, and 650°C are shown in Fig. 4. The peak between 560 and 680 cm™'
in all spectra is due to the formation of Zn-O, which becomes sharp at higher calcination temperatures,
showing the transformation of Zn(OH), to ZnO [41]. The small peaks observed between 3500 to
3700 cm™" are assigned to O-H stretching vibration, which signifies the hygroscopic nature of ZnO
that becomes small with increasing calcination temperature and disappears at higher calcination
temperatures, i.e., 650°C [42-45]. The peaks at 2800 cm™' show the C-H stretching [43], which are
sharper at higher calcination temperatures, and the peaks around 1600 to 1700 cm™' indicate C=0
stretching vibrations [44], and these peaks correspond to the presence of CMC as capping during
synthesis of ZnONPs.

3.2 XRD

The XRD spectra pattern of the ZnONPs @CMC at different calcination temperaturesare shown
in Figs. 5 through 9. The XRD data are utilized to calculate the average crystallite size of CMC-ZnO
NPs. The Debye-Scherrer method was employed to estimate the size of crystallites. The Debye-Scherrer
equation is described as follows:

D = K\ /BCoso
where
D is the crystallite size in nm
K is the Scherrer constant (0.9)
B is the full-width half maximum (FWHM) of diffraction (in radians)
0 is the Bragg’s angle (in radians)
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Figure 3: Synthesized ZnONPs @CMC samples at various calcination temperatures
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Figure 4: FTIR spectra of ZnONPs @CMC at different calcination temperatures
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Figure 5: XRD spectra of ZnONPs@CMC calcinated at 250°C
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Figure 6: XRD spectra of ZnONPs@CMC calcinated at 350°C
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Figure 7: XRD spectra of ZnONPs@CMC calcinated at 450°C
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Figure 8: XRD spectra of ZnONPs@CMC calcinated at 550°C
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Figure 9: XRD spectra of ZnONPs@CMC calcinated at 650°C

The crystallite size of ZnONPs @CMCcalcinated at 250°C, 350°C, 450°C, 550°C, and 650°C
were 19.59, 21.25, 23.50, 27.59, and 34.97 nm, respectively. The details of values of all parameters
used in the Debye-Scherrer equation are listed in Table 1. Accordingly, crystallite size rises slightly
as the calcination temperature increases from 250°C to 450°C and further increase in calcination
temperature increases crystallite size significantly because higher calcination temperatures can lead
to particle growth and agglomeration and the process involve crystallization and sintering of the NPs,
which can cause them to fuse and form larger particles [42]. Hence, increasing calcination temperature
significantly affects the size of CMC-wrapped ZnONPs.

Table 1: Determination of average particle size of ZnONPs @CMC (nm) from XRD spectra

S.N.  Calcination FWHM (B) 2 Theta (0) Crystalline size  Average particle
temperature (D) (nm) size of ZnONPs
(°O) @CMC (nm)
1 250 0.25455 32.07706 31.32745135 19.5959
34.73477 34.73477 0.227987541
0.28491 36.56056 27.65304588
0.36415 56.89872 20.03395811
0.4348 63.16397 16.25680523
0.34355 47.84888 22.07674976
2 350 0.28068 31.88759 28.42447708 21.2518
0.28957 34.54556 27.36185908
0.34399 47.67147 22.06362894
0.38535 56.73491 18.9464353
0.44116 63.0049 16.03609637

(Continued)
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Table 1 (continued)

S.N.  Calcination FWHM (B) 2 Theta (0) Crystalline size ~ Average particle
temperature (D) (nm) size of ZnONPs
(°C) @CMC (nm)
0.46837 68.0953 14.67850027
3 450 0.26915 31.93702 29.63848529 23.5000
0.30661 34.59298 25.83788314
0.30084 36.42453 26.19902027
0.33367 47.72126 22.74166117
0.36404 56.77677 20.05155546
0.42785 63.0436 16.53154055
4 550 0.22105 31.90139 36.09096442 27.5930
0.2464 34.55435 32.15496969
0.25043 36.38714 31.47609706
0.29993 47.68087 25.3038797
0.32763 56.74584 22.28316328
0.38765 63.01143 18.24903184
5 650 0.17315 31.99401 46.0644648 34.9789
0.17347 34.66028 45.66036282
0.18678 36.48453 42.19056836
0.21377 47.78026 35.48898799
0.25417 56.83111 28.71187281
0.28759 63.10413 24.58613711
0.31021 68.18698 22.15031836

3.3 UV Vis Analysis of Photocatalytic Degradation of M B Dye

The UV-visible absorbance plot of photocatalytic degradation of MB dye by ZnO-CMC NPs at
different calcination temperatures (250°C, 350°C, 450°C, 550°C, and 650°C) are depicted in Figs. 10—
I4. The degradation of MB dye by ZnONPs@CMC was observed for up to 3 h. The dye’s blue color
faded and became colorless with time (Fig. 15), and this was confirmed by the decreasing absorbance
with increasing the time duration under sunlight.

The UV-visible absorption spectra of MB dyes have the strongest absorption peak at about 664
nm due to MB monomer. An MB dimer is responsible for the shoulder peak, which is located at
roughly 612 nm. Two more bands with maxima at 292 and 245 nm (linked to substituted benzene
rings) emerge in the ultraviolet area. The absorbance peak’s strength steadily drops over time as the
photocatalytic degradation occurs. The decrease in absorbance signifies that the number of MB dye
molecules in the solution is diminishing due to its degradation. The change in the absorbance peak’s
location and a drop in absorbance intensity are also observed. This shift is towards blueshift (shorter
wavelengths) or redshift (longer wavelengths). As the MB dye molecules decompose, their chemical
structures alter, causing the shift. The smaller fragments created during the degradation process or
intermediate degradation products can correlate to these new peaks identified. This observation is
consistent with the earlier study on MB that was conducted [34].
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Figure 10: UV-visible absorbance plot of photocatalytic degradation of MB dye by ZnO-CMC NPs

calcinated at 250°C
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Figure 12: UV-visible absorbance plot of photocatalytic degradation of MB dye by ZnO-CMC NPs
calcinated at 450°C

0.40 - — MB
| — 550 1 hour
0.35 - — 550 2 hour
] — 550 2.5 h
0301
S
©
~  0.25-
(0]
0 -
g
o 0204
o
»n
Keo]
<< 0.15-
0.10
0.05 -

1 v 1 v 1 v 1 v 1 v 1 v 1
200 300 400 500 600 700 800
Wavelength (nm)

Figure 13: UV-visible absorbance plot of photocatalytic degradation of MB dye by ZnO-CMC NPs
calcinated at 550°C



JPM, 2024, vol.41, no.2 81

0.7
— MB
06 —— 650 1hr
- 650 2hr
- 650 2.5 hr
0.5
el
o 04+
[0
(&)
C
g 0.3
o
n
o]
< 024
0.1 4 — —_—
—
0 —
200 300 400 500 600 700 800

Wavelength (nm)

Figure 14: UV-visible absorbance plot of photocatalytic degradation of MB dye by ZnO-CMC NPs
calcinated at 650°C

MB

¥
2
¥
o]
c
N

(250° C)
Zn0-CMC
"(350° C

ZnO-CMC

-

NS Yy \'-_d:, Nl doad

Figure 15: Photocatalytic degradation of MB dye by various ZnONPs@CMC samples calcinated at
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3.4 Mechanism of Photocatalytic Degradation

Electrostatic interactions draw the positively charged MB dye molecules to the negatively charged
CMC layer on the ZnO NPs. The dye molecules are adsorbed onto their surface to prepare the
nanoparticles for photocatalytic degradation. Electrons in the ZnO NPs’ valence band are promoted
to move to the conduction band when exposed to UV light by absorbing the light’s energy by the CMC
around the NPs. Pairs of electrons are produced. ZnO’s conduction band’s excited electrons react with
nearby oxygen molecules (O,) to produce reactive oxygen species (ROS), including hydroxyl radicals
(OH-) and superoxide radicals (O,-). Strongly reactive, these ROS can cause organic substances, such
as the MB dye, to degrade. The produced reactive oxygen species (ROS) interact with the adsorbed
MB dye molecules on the ZnO NPs wrapped in CMC. Dyes eventually deteriorate due to the ROS’s
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oxidation of the dye molecules and subsequent disintegration into simpler, less complicated molecules.
The MB dye’s broken-down products are released into the surrounding solution from the surface
of the CMC-wrapped ZnO NPs as the photocatalytic degradation process proceeds. The stepwise
representation of the possible mechanism is given below and shown in Fig. 16.
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Figure 16: Mechanism of photocatalytic degradation of MB dye by ZnO-CMC NPs under sunlight

Step 1: Absorption of photons
ZnO NPs absorb photons from a light source, typically UV light, leading to the generation of
electron-hole pairs (e /h*)

ZnO — NPs + hv — ZnO — NPs (e /h")
Step 2: Generation of reactive oxygen species (ROS)

The excited electrons (e”) in ZnO-NPs transfer to molecular oxygen (O,), generating superoxide
radicals (O,*").

ZnO —NPs (e") + O, —> ZnO — NPs + O,"

Step 3: Reaction with water

Superoxide radicals (O,°") react with water (H,O) to form hydroperoxyl radicals (HO,*").
0,"” + H,0 —- HO,” + OH"

Step 4: Degradation of MB dye

The hydroperoxyl radicals (HO,*") generated in the previous step attack the methylene blue dye
(MB) molecules, leading to their degradation.

HO,” + MB — Degradation products

Overall equation:
ZnO-NPs + hv + O, + H,O + MB — ZnO — NPs + O, + HO,"” + OH™ + Degradation products

Degradation products are shown in Fig. 16.
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4 Conclusion

This study presents the successful synthesis of CMC-wrapped ZnO NPs using zinc acetate
dihydrate and sodium hydroxide, with CMC as a capping agent at different calcination temperatures.
The formation of ZnO nanoparticles is confirmed by FTIR, UV-vis, and XRD characterization
techniques. The calcination temperature significantly impacts the crystallite size, which increases from
19.59 to 34.97 nm as the calcination temperature rises from 250°C to 650°C. Higher calcination
temperatures result in better degradation efficiency from UV-vis spectra of the MB degradation
process. The photocatalytic degradation of MB dye under sunlight showed that ZnONPs@CMC
is an efficient photo nanocatalyst that can be used in dye-contaminated wastewater treatment for
environmental cleanup and, hence, is helpful in water pollution control.
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