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Fabrication of a zinc oxide/alginate (ZnO/Alg)
bionanocomposite for enhanced dye degradation
and its optimization studyf
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This paper studies a new response surface methodology (RSM) based on the central composite design
(CCD) modeling method to optimize the photocatalytic degradation of methylene blue (MB) and methyl
orange (MO) by using a synthesized ZnO/Alg bionanocomposite under UV irradiation. ZnO with different
content of sodium alginate (Alg) (10, 20, and 30% by weight) has been synthesized by a one-step sol-gel
(ZnO)
characterization techniques were used to describe the physical and chemical properties of each catalyst
such as XRD, FTIR, UV-vis, PL, FESEM, Raman, and BET. The optimal catalyst for MB and MO
photocatalytic degradation process was discussed mathematically as a function of catalyst dose,
irradiation time, and MB and MO concentration, which was modeled by CCD-RSM based on a statistical

method. Zinc oxide nanoparticles were impregnated on the alginate polymer. Various

model (quadratic regression) and an optimization process (ANOVA analysis). The photocatalytic
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Accepted 23rd February 2022 degradation efficiency of 98% was achieved for the optimal conditions of a dye concentration of

20 mg L™, the catalyst dose of 0.34 g L%, and an irradiation time of 90 min at pH 6. The measurement
result (R? = 0.9901) showed that the considered model is very suitable, and the selected CCD-RSM
successfully optimized the photodegradation conditions of MB and MO.
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1. Introduction

Dye effluent containing chemicals from the textile industry is
one of the primary pollutants in the environment, causing harm
to both humans and the environment.' Aside from being dis-
charged into water resources, these dyes discolor the water and
are hazardous to human health.? Other industries that produce
dyed wastewater include cosmetics production, leather manu-
facture, medicines, paper manufacturing, and dye
manufacturing plants.®* Among the many organic compounds,
methyl orange (MO) and methylene blue (MB) dyes are widely
used in various industries including the textile,* plastic,® paper,®
leather, cosmetic, pharmaceutical, and food industries.”® These
dyes are well-known for being highly toxic and having the
potential to cause significant damage to the environment.
Severe exposure to these dyes can cause the release of aromatic
amines (such as benzoic acid and methylene) and can be
carcinogenic.’ In humans, it can cause increased heart rate,
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vomiting, cyanosis, and tissue necrosis.” Even at very low
concentrations, their presence is highly visible and will have an
impact on aquatic life as well as the food chain.™ It will increase
the level of BOD in the water and is harmful to aquatic life.
Because these dyes do not degrade and are absorbed by plants,
they may induce genetic abnormalities in future human
generations.” Therefore, it is highly desirable to remove these
pollutants from industrial wastewater before it can be safely
disposed of for public health. The methods for removing color
from industrial wastewater are not destructive; they are not
considered inclusive approaches, and they just convert pollut-
ants from the liquid to the solid phase.

Several research undertaken in recent years to eradicate
these contaminants using optical catalysts has shown that
photocatalytic degradation is environmentally benign, green,
and free of secondary contamination. Pairs of electron holes are
generated during exposure of light to photocatalyst that accel-
erates the reaction by participating in it. Also, photocatalysis is
economic, non-toxic, consumes less energy, and can be reused.
The most common nanostructure photocatalysts are nano-
particles, especially metal nanoparticles, and metal oxides such
as TiO,, ZnO, CuO, Sn0,, etc. which are intensively used due to
its strong absorption in the UV and visible region.”** So far,
some of the materials used as photocatalysts to remove various
pollutants are TiO, and ZnO and has been utilized in varied

fields such as catalysis, solar energy conversion,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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optoelectronics, and biolabeling.”®?* Many areas can benefit
from the eco-friendly qualities of nanoscale zinc oxide, which is
affordable, non-toxic, and antibacterial.>** It also possesses
strong chemical and mechanical strength as well as a combi-
nation of suitable electrical and optical capabilities.” There are
several applications for ZnO nanoparticles. For example, they
are used as strong absorbers of ultraviolet rays and photo-
catalysts in burn creams and sunscreens, rubber, paints, elec-
tronic products, glass products, cosmetics, and health and
pharmaceutical products.>**® Under UV irradiation, ZnO in an
aqueous solution exhibits photo-instability and photo-
corrosion, which make it ineffective as a wastewater treatment
photocatalyst. Many reports suggested that the photo-corrosion
under UV light significantly diminishes photocatalytic
activity.**® Therefore, a surface modification of ZnO to enhance
the usability for photocatalysis is needed by using a suitable
polymer since polymer networks have been extensively
researched as controlled for the preparation of nanomaterials.
These methods provide an exact mechanism to change the size,
shape, and three-dimensional arrangement of nano-
particles.””*® Alginic acid (alginate) is isolated from a brown
marine alga (Phaeophycean) commonly found along the coasts
and it has a unique process for gel formation and has been one
of the most studied biological macromolecules for such tech-
niques for many intriguing properties.® It is a linear poly-
saccharide that contains 1,4-linked B-p-mannuronic (M) and o-
L-guluronic (G) acid residues placed in a nonregular block-wise
order along the chain.*® The physical characteristics and affinity
of alginate for divalent metals are determined by the amount
of M and G residues and their macromolecular structure.** The
“egg-box” model describes how alginates can acquire an
ordered shape in the presence of Ca®>" or other divalent cations
by dimerization of the poly-G sequences.** Chain sequences of
poly-M or mixed poly-MG terminate dimerization regions, and
multiple separate chains may become interconnected, facili-
tating gel network development.**

Photocatalysis experiments depend on several parameters
and for the large number of influencing factors, this seems to
be difficult to perform and manage. Resulting, inappropriate
and inconsistent results showed after performing these such
experiments without a robust methodology. Therefore, statis-
tical modeling and experimental design methodology are rec-
ommended to address and optimize such conditions.
Maximizing yields with influencing parameters and under-
standing the interaction phenomenon are both goals in terms
of optimizing yields. To enhance the yields (output) and
reduced the number of experiments response surface meth-
odology (RSM) is one of the most adopted methods during past
years.** This method provides ample information by observing
the effect of the interaction of influencing variables on the
response on a run of a smaller number of experiments.* In this
methodology, effects of the interaction of independent vari-
ables represented by the model equation. This is the reason it is
also called multivariable analysis and a largely accepted tech-
nique in experimental design for the photocatalytic treatment
of industrial effluents. Soni and his colleagues used Pluronic
P123 as a template to prepare N-doped TiO, mesoporous (NTM)
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inorganic-organic hybrid thin films using an evaporative
induced self-assembly route. Under visible light irradiation,
the results demonstrated interesting photochemical bacteri-
cidal properties in comparison to the undoped TiO, film with
no photocatalysis.”® Mousa et al. reported another study in
which the photodegradation of Methyl Orange (MO) organic
dye was performed using three distinct aqueous plant extracts:
pomegranate (Pom), Beta vulgaris (V.B), and Seder. They
discovered that green-generated TiO, NPs had higher photo-
catalytic activity and efficiency in photodegrading MO in the
presence of UV light than chemically synthesized TiO, NPs
samples.”* Another study reported on a simple method was
used to prepare ZnO@SiO, nanomaterials for photocatalytic
degradation of organic dyes methylene blue and eosin under
UV light. In this study, the estimation of chemical oxygen
demand (COD) for the dye solution before and after the pho-
tocatalytic reaction was found to be 97% in MB and 92% in
eosin dye. Furthermore, the scavenger study results showed
that the ZnO@SiO, nanomaterials outperformed bare silica in
terms of photocatalytic properties due to their charge carrier
and reactive hydroxyl radicals species.** The photocatalytic
degradation of two organic dyes in aqueous solution under UV
irradiation was investigated using a low-cost sol-gel wet
chemical method to synthesize ZnS/SiO, photocatalyst. The
photocatalytic degradation efficiencies of methylene blue and
eosin were found to be approximately 97% after approximately
120 min of irradiation treatment over the ZnS/SiO, (15%)
photocatalyst.’” The degradation of MB and malachite green
(MG) dyes using zinc oxide/polyaniline (ZnO/PANI) nano-
composite in aqueous medium under natural sunlight and UV
light irradiation was investigated by Eskizeybek et al. and
degrades both dye solutions (MB or MG) with 99% efficiency
after 5 hours of irradiation under natural sunlight.®® Chaker
et al. modeled and optimized the degradation of MO dye by
cerium-doped mesoporous ZnO by using RSM and optimized
the three independent variables viz., pH-solution, pollutant
concentration, and catalyst dosage.®® A similar methodology
had been adopted by Hasan et al. to optimize the oxidative
degradation of p-nitrophenol using as-synthesized ZnO/CuO/
alginate bio-nanocomposite under visible sunlight irradia-
tion. The degradation was achieved in 137 min, followed
pseudo first-order kinetics for which ‘OH oxidative radicals
were responsible for achieving the target with 98.32%
efficiency.*

Therefore, this research focuses on two main objectives. The
first is to synthesize ZnO nanostructures with different loading
of alginate polymer and study its texture, structure, and optical
properties. The second focus is to optimize the three parame-
ters (pollutant concentration, catalyst dose, and irradiation
time) that affect the photocatalytic activity of the synthesized
catalyst for the photodegradation of MB and MO dyes under the
UV irradiation using CCD-RSM. The effect of catalyst dosage
parameters on the degradation performance of MB and MO will
be carried out. It also allows determining the interaction
between the parameters considered and the optimal conditions
of the process.
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2. Experimental details
2.1 Materials

In this experiment, ACS grade zinc sulfate heptahydrate
(ZnSO,-7H,0, =99%, CAS number: 7446-20-0 Merck), sodium
salt of alginic acid from brown algae (C¢H,0¢Na, with medium
viscosity, CAS number: 9005-38-3, Merck), and sodium
hydroxide pellets (NaOH, =95%, CAS number: 1310-73-2,
Merck) were used as received. Methylene blue (MB,
C16H15CIN;S) and methyl orange (MO, C;,H;,N3Na0;S) dye was
procured from Thermo Fisher Scientific (India) were used as
model organic contaminants. Chemical structures of MO and
MB are shown in Fig. S1.7 All aqueous solutions were prepared
using deionized water throughout the experiment.

2.2 Synthesis of ZnO/Alg bionanocomposite

In different wt% ratios, zinc sulfate (2 M), and sodium alginate
were added with NaOH (4 M) during stirring. The reaction was
continuously stirred at 80 °C for 4 h. Finally, the white precip-
itate obtained was filtered, washed with deionized water several
times to remove impurities, and dried overnight in a hot air
oven at 80 °C. Next, the dried sample was grounded into powder
and calcined at 500 °C for 3 h for further characterization. ZA1,
ZA2, and ZA3 were named for samples of varying wt% propor-
tions of zinc and alginate at 10%, 20%, and 30%, respectively.
Pure ZnO was also prepared under analogous conditions as
mentioned above without adding alginate.

2.3 Instrumentations and characterizations

The structural properties and crystallinity of the synthesized
nanomaterials were examined by using an advanced powder X-
ray diffractometer (XRD, Rigaku) under the operating condition
of 40 kv with monochromator Cu Ko, radiation (1 = 1.54 A) and
26 (degree) ranging from 20° to 80°. Field emission scanning
electron microscope (FE-SEM, Zeiss, Germany, model number
sigma 500 VP) was used to study the surface morphology while
the functional group analysis was done by Fourier transform
infrared (FT-IR, PerkinElmer) spectra recorded using the
sample pellets with KBr in a transmittance mode in 400-
4000 cm ! wavenumber range. The specific surface area and
pore size distribution were analyzed by a Brunauer-Emmett-
Teller (BET) surface area analyzer (Quanta Chrome Novae-2200)
at 150 °C for 3 h. For optical properties, characterization was
done by a double beam UV-vis spectrophotometer (Hitachi,
model-U3900) and Raman spectrometer (LabRAM, Model no.
HRS800, JY). All photocatalytic experiments were also performed
by a double beam UV-vis spectrophotometer (Hitachi, model-
U3900). The photoluminescence (PL) study was done by a fluo-
rescence spectrophotometer (Shimadzu, RF-5000) at an exciting
wavelength of 350 nm to determine the energy structure of
nanoparticles.

2.4 Photocatalytic experiment

Photocatalytic experiments of ZnO/Alg against MB (cationic)
and MO (anionic) dyes were performed under UV light
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irradiation. In a known concentrations (MB concentration of
30 mg L™ and MO concentration of 30 mg L™") of 50 mL dye
solution, 20 mg photocatalytic dose was added at natural pH
(pH = 6.0). To achieve adsorption-desorption equilibrium, the
suspension was sonicated for 5 minutes and then slowly stirred
in the dark for 40 min. After exposing the sample to a UV-C light
source (40 W), 3 mL aliquots were extracted and centrifuged at
predefined time intervals of up to 90 min. The absorbance of the
supernatant was measured using a UV-vis spectrophotometer at
Amax = 665 nm (MB) and Ap.x = 464 nm (MO) wavelengths to
assess the extent and progress of dye degradation. All studies
were carried out at room temperature (27 + 2 °C). Eqn (1) was
used to calculate the % photocatalytic degradation efficiency

(D):
% D = lfg x 100 1
( C) W

o
where C, and C, are the initial and after time ¢ (min) concen-
tration (mg L") of dye, respectively.** A total of 1.0 mL of 30%
H,0, was added to all the experiments. The standard calibra-
tion curve for a known concentration of MB and MO dye is
shown in Fig. S1,7 and it was used for subsequent calculations
under study.

2.5 Experimental design and optimization study

To optimize the photodegradation process and response
surface modeling, the central composite experimental design
(CCD) was adopted. The statistical software Design-Expert
13.0.1.0 (State-Ease, USA) was used to assess and interpret the
experimental design. RSM optimized three independent
parameters for the investigation: photocatalyst dosage (4, mg),
dye concentration (B, mg L"), and reaction time (C, min). For
all the trials, the CCD was used. Table 1 shows the levels and
their values, whereas Table S1f (see the ESI}) shows the
responses of the 17 combinations with six components, eight
factors, and three replicates at a central point. The parameters
and their values were determined based on previous experiment
findings.”** A second-order polynomial model was fitted to
experimental data using multiple regression equations. The
model employed second-order (quadratic) eqn (2), which is
shown belo:***¢

n n n—1 n
Y =8+ BX+) BX +> D g:XX (2)
Jj=1 j=1 j=1 =l

where Yis the predicted response variable (dye degradation, %),
Bo is the intercept, n is the number of factors studied, §;, 8; and

Table 1 Independent variables and their corresponding levels for
experimental design

Coded levels

Independent variable Factors —u« -1 0 1 +a

Photocatalyst dosage (mg) A 3.18 10 20 30 36.82
Dye concentration (mg L™") B 3.07 15 32 50 61.93
Reaction time (min) c 12.73 40 80 120 147.27

© 2022 The Author(s). Published by the Royal Society of Chemistry
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B;; are the linear (main effect), quadratic and interactive model
coefficients, respectively, and X; and X; are the levels of the
independent parameters considered.

2.6 Statistical analysis

Using Design-Expert Software (version 13.0.1.0), the experi-
mental outcomes were statistically evaluated. The goodness of
fit of the regression model was assessed using the coefficients of
determination (R*), the model F-value (Fischer variation ratio),
and probability value (prob > F), as well as analysis of variance
(ANOVA). To better understand the optimum dye degradation
conditions on response variables, three-dimensional response
plots were prepared using Design Expert Software (version
13.0.1.0)."

3. Results and discussion

3.1 Structural and morphological properties

As illustrated in Fig. 1, ZnO, ZA1, ZA2, and ZA3 have a crystal
structure that can be seen by the XRD pattern. The Bragg
reflections of the standard wurtzite structure (P6s;mc, JCPDS
Card no. 36-1451) correspond well with all peaks indicating the
formation of ZnO (Fig. 1). The miller index values (100), (002),
(101), (102), (110), (103), (200), (112), (201), (004), and (202)
equates well with 260 values at 31.76°, 34.42°, 36.42°, 47.62°,
56.62°, 62.94°, 66.40°, 67.96°, 69.18°, 72.66° and 77.08° of the

View Article Online
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crystalline planes of ZnO (JCPDS 36-1451), respectively.*® As
a result of the following chemical processes, ZnO nanoparticles
could be formed in the presence of alginate:*

Zn*" + 40H™ — Zn(OH),*~ 3)

Zn(OH),* £.Zn0O + 2H,0 + 20H" (4)

The reaction first involved the formation of Zn(OH),*~
precursor by reacting the Zn>* ion with OH™ radical. Thus,
forming the [Zn,0,(OH),]*"® 29~ cluster where, x, y, and z
represents the numbers of Zn®*, 0>, and OH~ within the
crystal, respectively.*® During the crystallization of ZnO, this
cluster is integrated into the crystal lattice. In the presence of
divalent metals, alginate poly G-sequences, on the other hand,
tend to get ordered confirmation by dimerization, acting as
a controlled environment for the formation of nano-sized
particles.* The morphology changes in all cases, even though
the XRD pattern (Fig. 1) corresponds to the standard structure
of ZnO was consistent. The bionanocomposites ZA1, ZA2, and
ZA3 have a small amorphous nature due to the intercalation of
ZnO into the alginate matrix and functionalization with chains
of alginate biopolymers. When compared to the standard values
with lowered intensity values, the spectrum exhibits peaks with
a shifted diffraction angle (values 26). Although the width of the
size distribution was dependent on the amount (wt%) of

2500 1200
(a) Ij g oo @ 7Zn0,&=0.00132 (b) —ZAl = g 00063
=] o0, €2 ° a S @ ZAl,£=000122]
I 0.0055 M / 1000 S [F 0.0060 M ° Y
2000 1 °
/ o
5 00050 S 00055 °
;\ s g 00045 9 / —~ 800 4 g ° °
5 1500 g e > 5 - /
— s < S
é\ S 0.0040 ° : 600 0.0045 P
17} = °
§ 1000 4 oo - %
E £ 4004
500 1
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0 04
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Fig. 1 XRD pattern and W—H plot (inset) of (a) ZnO, (b) ZA1, (c) ZA2 and (d) ZA3.
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Table 2 Comparison of crystallite size, lattice strain, and dislocation density of ZnO, ZA1, ZA2, and ZA3 nanoparticles
Average crystallite size D (nm)
Williamson-Hall analysis
Scherrer's Microstrain Dislocation density Crystallinity
Samples method (D) D () (6) lines per m* x 10** (%)
ZnO 31.84 51.35 0.00132 0.99 59.33
ZA1 21.01 44.97 0.00122 2.22 60.36
ZA2 23.94 45.68 0.00190 1.74 57.36
ZA3 26.60 47.48 0.00207 1.41 59.36
alginate in the bionanocomposite, this showed that alginate can Bt (6)
successfully limit the growth of ZnO nanoparticles. Scherrer's " 4tand
eqn (5) was also used to get the average crystallite size (D):
0.92 .
0.91 B €OS 0 = —— +4esin 0 (7)
= (5) D
B cos 6

where 1 is the Cu-Ka radiation of wavelength (1.5406 A), g is the
full width at half maximum (FWHM) in radians, and 6 is the
diffraction angle. Using eqn (5), the average crystallite size of
7Zn0, ZA1, ZA2, and ZA3 were found to be 31.84, 21.01, 26.60,
and 23.94 nm, respectively. The broadening of the peak in ZnO/
Alg arises due to strain caused by non-uniform lattice distortion
and dislocation in the crystal phase due to the incorporation of
Zn>" into alginate polymer. The internal lattice strain eqn (6)
and the Williamson-Hall (W-H) eqn (7) was used to calculate
the crystallite size (D), and microstrain (¢) from the XRD pattern
as modified Scherrer equation:*

10.00 K

Fig. 2 FESEM images of (a) ZnO, (b) ZAl, (c) ZA2, and (d) ZA3.
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The least-square fit was used in B cos § vs. 4 sin § for
measuring the slope and intercept for calculating ‘D’ and ‘¢’ as
shown in Fig. 1 (inset). The positive slope indicated the pres-
ence of strain in all as-synthesized nanomaterials and was
higher in magnitude as size decreases suggesting the disloca-
tion in lattice crystal. The dislocation caused by lattice strain
was evaluated by using eqn (8):

where dislocation density () is the length of the dislocation line
per meter square of the crystal. As seen in Fig. 1, the XRD

© 2022 The Author(s). Published by the Royal Society of Chemistry
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pattern for ZA1 is showing that the (0 0 2) intensity is higher
than the (1 0 0) plane but not so for pristine ZnO as well as for
ZA2 and ZA3. This may be due to a higher number of lattice
imperfections which is due to the increase of dislocation
density and microstrain with the decrease of crystallite size in
ZA1 after the small addition of alginate polymer.>>*® This effect
diminishes in ZA2 and ZA3 as the polymer loading increases in
ZA2 and ZA3. Moreover, the ZnO (101) diffraction peak is much
stronger than the ZnO (002) peak. This indicated that the
formed ZnO nanocrystals have a preferential crystallographic
(101) orientation.** Table 2 shows the comparative results from
Scherrer's formula and W-H analysis analogous to previously
reported literature.

The physicochemical features of the catalyst are known to be
influenced by the surface shape, which provides vital informa-
tion about the interaction of constituents.”® The particle
morphologies of all the synthesized ZnO and ZnO/Alg samples
were subsequently studied using FESEM, and the results were
displayed in Fig. 2.

3.2 Optical properties

Fig. 3(a) showed the UV-vis spectra of ZnO and ZnO/Alg biona-
nocomposite while the Tauc plot for the bandgap study showed
in Fig. 3(b). The peak appeared at 387 nm corresponding to ZnO
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wurtzite hexagonal phase showed is analogous to the litera-
ture.”® The alginate loading gives the peak to blue shift which
could be understood by the nature of sodium alginate interca-
lated to ZnO.*” This phenomenon of zinc oxide with alginate
showed more efficient photocatalytic activity in the UV region.
The presence of alginate in the synthesized sample increases
the bandgap, indicating that Zn is incorporated into the algi-
nate matrix. In XRD, this is shown as diffraction peak shifts.
This can be explained by the so-called Brustein-Moss effect.
Another factor leading to the widening of the bandgap is
a change in the lattice parameter. Photocatalytic efficiency is
dependent upon bandgap and increases with a decrease in the
bandgap.

FTIR spectra as shown in Fig. 3(c) reveal the functional group
associated with the ZnO, ZA1, ZA2, and ZA3 nanocomposite.
Peaks at 424, 520, and 600 cm™ ' (Zn-O bond stretching) and
1630 and 3416 cm ' (-OH bending and stretching vibrations)
are visible in the FTIR spectra of ZnO nanoparticles depicted in
Fig. 3(c).** This -OH bond vibrations from alginate are due to
the interaction with ZnO in ZA1, ZA2, and ZA3 shows small peak
shifts around 3400 cm™".%*° The band at 1120 cm ™" is attributed
to symmetric stretching of the C-O bond of CO,, which is
present in the air and absorbed on the surface.** Since carbox-
ylic acid vibrational frequency has shifted slightly, it is likely

ZnO|

~<———— Blue shift
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(a) UV-vis spectra, (b) Tauc plot, (c) FT-IR spectra, and (d) PL spectra of ZnO, ZAl, ZA2, and ZA3.
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that Zn*>* has been reduced and stabilized by oxygen electrons
(lone pairs) forming a O-Zn-type lattices.® Intense peaks
around 600-400 cm ™' found in ZA1, ZA2, and ZA3 bionano-
composite are attributed to ZnO nanoparticles.

Photoluminescence spectra were used to investigate the
charge transfer and migration properties of pure ZnO and ZnO/
Alg bionanocomposite. The intensity of PL emission is deter-
mined by the recombination of photo-excited electron-hole
pairs; thus, lower, and higher PL emissions indicate more and
less photogenerated charge carrier recombination. Fig. 3(d)
shows the PL emission spectra of all synthesized photocatalysts.
The resulting spectra can be divided into two parts: the band
edge emission region, which has a wavelength range of 365 to
385 nm, and the second part, which has a wavelength range of
385 to 525 nm. The initial half of the emission spectrum is
caused by conduction band electrons recombination with
valence band holes. The second part emission region could be
responsible for the defects that arises in the ZnO structure exist.
In addition, pure ZnO shows a high-intensity peak, but when
ZnO is mixed with alginate, the intensity of the PL spectrum is
significantly reduced. Compared with pure ZnO, ZA1, and ZA3
samples, the emission intensity of the ZA2 bionanocomposite is
greatly reduced. As a result, incorporating ZnO into alginate
successfully reduced ZnO structure defects by minimizing
surface defects. It is well known that defects are frequently
concentrated on the surface of the material rather than being
inhibited in the bulk phase due to the grafting of surfactant or
dye molecules to the surface of the material. The combination
of ZnO and alginate minimizes the emission intensity in our
case. As a result, it can be deduced that the presence of ZnO on
the surface of alginate minimizes ZnO surface defects and
lowering charge carrier recombination.

3.3 BET analysis

From the N, adsorption-desorption isotherm study, it can be
seen that the ZA2 has a large pore volume and a narrow pore
size distribution. The samples showed a type IV hysteresis loop
(IUPAC classification) for high P/P, values between 0.4 and 1.0,
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Fig. 5 Raman spectra for ZnO, ZAl, ZA2, and ZA3 sample.

showing that ZA2 is porous (Fig. 4(b)). The surface area of the
Brunauer-Emmett-Teller (BET) system was measured as 34.14
m? g~ ', The Barrett-Joyner-Halenda (BJH) pore size distribu-
tion curve of ZA2 indicates a narrow pore size distribution
ranging from ~2.5 to 27 nm, with an average pore diameter of
~14.9 nm (inset Fig. 4(a)) calculated using the Dubinin-Asta-
khov (DA) method.

3.4 Raman analysis

Raman scattering spectroscopy is used to investigate the
structural disorder and defects of ZnO and ZnO/Alg bionano-
composite. The Raman-active optical-phonon E2 mode for
wurtzite ZnO is attributed to a clear and significant peak at
440 cm™ ' in Fig. 5.*® Notably, no significant peak at 586 cm ™"
was observed due to E11 mode, related oxygen vacancies,
interstitial zinc, and their complexes.*® As a result, the as-
synthesized ZnO and ZnO/Alg bionanocomposite were of
high-quality crystals with no oxygen vacancies on the surface.
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Fig. 4
Alg bionanocomposite.
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(a) BJH pore size distribution (inset) DA pore radius, and (b) N, adsorption—desorption isotherm plots of the as-synthesized ZnO and ZnO/

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08991a

Open Access Article. Published on 02 March 2022. Downloaded on 1/17/2026 9:25:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

® Degradation (%) MB@60 min

@ Degradation (%) MO@60 min

100

92.60794

90

80
70
60
50
40
30
20
10

Degradation (%)

ZnO ZA1

ZA2 ZA3

Fig.6 Photocatalytic degradation of MB and MO over ZnO and ZnO/Alg bionanocomposite (dye concentration = 20 mg L™, catalyst dosage =

20 mg, irradiation time = 60 min).

3.5 Photocatalytic study

In this work, the photocatalytic activity of ZnO and ZnO/Alg
bionanocomposites against the degradation of MB and MO
dyes under UV light irradiation was studied. This work was
carried out in two phases, the first part was carried out to select
the photocatalyst among ZnO, ZA1, ZA2, and ZA3 for further
experiments and the second part involved the study of optimi-
zation and statistical analysis for the selected sample.

3.5.1 Effect of ZnO and ZnO/Alg on degradation of dye.
Preliminary studies reveal the degradation of MB and MO
dyes as shown in Fig. 6 for ZnO and ZnO/Alg bionano-
composites. The results clearly indicate that ZA2 showed
maximum degradation between ZnO and ZnO/Alg bionano-
composite with both dyes (MB and MO). This can be under-
stood from the photoluminescence studies which showed the
slowest rate of electron/hole recombination of ZA2 leading to
better photocatalysis activity. The parameters included in this

Table 3 ANOVA for photodegradation of MB dye”

experiment were in good agreement with the previous litera-
ture. Since ZA2 showed maximum degradation, it was conse-
quently used for all further experiments for optimization and
modeling.

3.6 Modeling and statistical analysis

The response surface methodology with CCD was used to study
the effect of independent parameters such as catalyst dosage,
initial dye concentration, and reaction duration on photo-
catalytic degradation of MB and MO. Table 1 displays the input
parameter levels in both coded and uncoded formats. A second-
order polynomial equation was established based on the
experimental design shown in Table S17 to represent the rela-
tionship between the independent factors and response. In
terms of coded factors, the final eqn (9) and (10) for MB and
MO, respectively, are as follows:

Source Sum of square df Mean square F-value p-value Remark
Model 16 791.42 9 1865.713 241.8755 <0.0001 Significant
A - photocatalyst dosage 2948.016 1 2948.016 382.1879 <0.0001

B - dye concentration 111.54 1 111.54 14.46032 0.006691

C - reaction time 8997.225 1 8997.225 1166.422 <0.0001

AB 187.6953 1 187.6953 24.33327 0.001689

AC 4.485013 1 4.485013 0.581448 0.470655

BC 31.00781 1 31.00781 4.019928 0.084993

A? 3223.687 1 3223.687 417.9265 <0.0001

B 537.1736 1 537.1736 69.64048 <0.0001

c* 2603.661 1 2603.661 337.5449 <0.0001

Residual 53.99467 7 7.713525

Lack of fit 46.98781 5 9.397561 2.682386 0.293543 Not significant
Pure error 7.006867 2 3.503433

Cor total 16 845.41 16

@ df - degree of freedom; R> = 0.9968; Pred R* = 0.9769; Adj R* = 0.9927.
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Table 4 ANOVA for photodegradation of MO dye®

Source Sum of square df Mean square F-value p-value Remark
Model 17 571.67 9 1952.408 1344.425 <0.0001 Significant

A - photocatalyst dosage 1985.514 1 1985.514 1367.221 <0.0001

B - dye concentration 17.49385 1 17.49385 12.04624 0.01039

C - reaction time 9726.287 1 9726.287 6697.504 <0.0001

AB 104.7628 1 104.7628 72.13949 <0.0001

AC 0.400513 1 0.400513 0.275792 0.61569

BC 7.125313 1 7.125313 4.906478 0.06233

A? 4531.269 1 4531.269 3120.224 <0.0001

B> 312.8834 1 312.8834 215.4509 <0.0001

c? 2654.362 1 2654.362 1827.789 <0.0001

Residual 10.16558 7 1.452226

Lack of fit 8.432512 5 1.686502 1.946264 0.373296 Not significant
Pure error 1.733067 2 0.866533

Cor total 17 581.84 16

“ df degree of freedom; R* = 0.9994; Pred R*> = 0.9961; Adj R* = 0.9987.

%Degradation (MB) = 95.54 + 14.69 x 4 — 2.85 x B

+25.66 x C+4.84 x AB + 0.7487 x AC — 1.96875

x BC — 1691 x 4> — 6.90 x B> — 15.19 x C* (9)

%Degradation (MO) = 87.8355 + 12.057 x A — 1.1317

Fig. 7

X B +26.6869 x C+3.618 x AB+ 0.2237 x AC — 0.94375

And in terms of actual factors:

%Degradation (MB) = —118.43 + 7.18

x photocatalyst dosage + 0.9732 x dye concentration
+ 2.2153 x reaction time + 0.02767 x photocatalyst dosage
x dye concentration + 0.001872 x photocatalyst dose

x BC — 20.048 x A> — 5.268 x B> — 15.344 x C? (10) x reaction time — 0.00281 x dye concentration
x reaction time — 0.1691 x photocatalyst dosage”
> Predicted vs. Actual Normal Plot of Residuals
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probability plot values for photodegradation of MO.
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— 0.02254 x dye concentration® — 0.0095
x reaction time” (11)

%Degradation (MO) = —136.463 + 8.50836
x photocatalyst dosage + 0.7477 x dye concentration
+ 2.2342 x reaction time + 0.020679
x photocatalyst dosage x dye concentration
+ 0.000559 x photocatalyst dosage x reaction time
— 0.00135 x dye concentration x reaction time
—0.20049 x photocatalyst dosage® — 0.0172
x dye concentration® — 0.00959 x reaction time? (12)
The adequacy of the model was evaluated using analysis of
variance (ANOVA) for MB and MO, which are shown in Tables 3
and 4, respectively. Tables 3 and 4 describe the regression
coefficients, R*> values, and lack of fit. Each significance of
coefficient was determined using the F-value and p-value. If
Prob > F is less than 0.0500, the model terms are significant; if
Prob > F is greater than 0.1000, the model terms are not
significant.*” The terms in Table 3 are significant according to
Prob > F values for 4, B, C, AB, A%, B>, C*, but not for AC and BC.
The terms in Table 4 are also significant for 4, B, C, AB, A%, B?,
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and C?, but not for AC and BC. For MB and MO degradation, the
resulting F-value demonstrates that the irradiation time is the
most important factor, followed by the catalyst dosage and dye
concentration. Similarly, the AB interaction is the most prom-
inent, followed by BC and AC. The resulting model has a “lack of
fit F value” of 46.9878 for MB and 8.4325 for MO, suggesting
that the “lack of fit” is “not significant”, and the model is
acceptable. Furthermore, coefficient of determination (R?)
values of 0.9968 for MB and 0.9994 for MO demonstrated that
both simplified models could explain a significant percentage
of the variance in the design space. The “Pred R*>” values of
0.9769 for MB and 0.9961 for MO are in good agreement with
the respective “Adj R*” values of 0.9927 and 0.9987. Further-
more, the signal-to-noise ratio computed by “Adeq Precision” is
desirable for values greater than 4. The “Adeq Precision” for
MB and MO were 41.43 and 97.12, respectively. High values
suggest a suitable signal and show the capacity of the model to
explore the design space. Fig. 7(a)(i) and (b)(i) provide
a comparison of predicted and actual response values for MB
and MO, respectively. The high regression values for MB and
MO of 0.9968 and 0.9994, respectively, indicate that the pro-
jected value was close to the actual value.
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Fig. 8 3D response surface plots for MB showing the effects of (a) initial dye concentration and photocatalyst dosage, (b) reaction time and
photocatalyst dosage, (c) initial dye concentration, reaction time, and coded response, (d) cumulative effect of all variable parameters.
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The residuals, which are the differences between the exper-
imental and projected values, were used to assess the model's
appropriateness. This method identifies outliers and evaluates
diagnostic charts such as normal probability and residuals
plots. If the residuals have a normal distribution, the points on
the normal probability plot should follow a straight line.
Fig. 7(a)(ii) and (b)(ii) demonstrated that the residual was nor-
mally distributed since it resembled a straight line.

3.6.1 3D response surface plot analysis. A three-
dimensional response surface plot was used to highlight the
interaction between the two components in the photo-
degradation of MB and MO. Two parameters were changed
within the experimental ranges in this technique, while one
value remained constant.

3.6.1.1 Influence of dye concentration with catalytic dose. The
percentage degradation of MB and MO dye is concentration-
dependent, as shown in 3D response graphs of initial dye
concentration and ZA2 NPs dose at 96 min contact time
(Fig. 8(a) and 9(a)). With a fixed quantity of ZA2 catalyst and
a higher dye concentration, more MB and MO molecules would
quickly saturate the binding sites on the surface area. Because

View Article Online
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there are fewer adsorption sites, the rate of deterioration would
be slowed.

3.6.1.2 Influence of catalytic dose with reaction time. Fig. 8(b)
and 9(b) exhibit 3-D surface plots of MB and MO photo-
degradation as a function of sample loading and irradiation
time, respectively. The circular shape of the 3D plot revealed
that the interplay of sample loading concentration and irradi-
ation time enhanced MB and MO photodegradation. The
results showed that increasing the sample loading to approxi-
mately 20 mg improved the photodegradation of MB and MO
during a short irradiation duration (40 min). As demonstrated,
increasing the sample loading concentration and the irradia-
tion time increased MB photodegradation. This could be
understood by the fact that the longer the process was exposed
to UV light, the more exposed the surface of the ZA2 photo-
catalyst was to hydroxyl radical, which photodegraded more MB
and MO. As the sample loading increased, the photocatalytic
activity slowed. Despite applying a longer duration of irradia-
tion, a similar tendency was observed. This was because the
extra ZA2 (>20 mg) served as a recombination center.®

3.6.1.3 Influence of dye concentration with reaction time. The
effect of dye concentration on the photodegradation
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Fig. 9 3D response surface plots for MO showing the effects of (a) initial dye concentration and photocatalyst dosage, (b) reaction time and
photocatalyst dosage, (c) initial dye concentration, reaction time, and coded response, (d) cumulative effect of all variable parameters.
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Table 5 Optimization of the individual responses (d;) to find the overall desirability response (D)
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Name Goal Lower Upper Lower Upper Importance
A: photocatalyst dosage Is in range 10 30 1 1 3
B: dye concentration Is in range 15 50 1 1 3
C: reaction time Is in range 40 120 1 1 3
MB-degradation Maximize 6.12 97.81 1 1 5
MO-degradation Maximize 1.04 88.79 1 1 5

performance at an initial pH of 6 is shown in Fig. 8(c) and 9(c).
The outcome of the graph shows that the effectiveness of
degradation was decreased by increasing the initial concentra-
tion of dye from 15 to 50 mg L™" from 97 to 75% for MB and
from 88 to 68% for MO. This could be explained as the presence

of hydroxyl radical present on the surface might get interact
with the dye molecules. Furthermore, the decrease in the
degradation efficiency was due to the reducing the pathlength
of photons entering the solution because of the intense color of
dye concentration. As a result, fewer photons reached the

Table 6 Optimum values of the process parameters for constraint conditions and their experimental values

MB degradation (%)

MO degradation (%)

Factors Optimum value Predictive Experimental Predictive Experimental
A: photocatalyst dosage 17.08 98.08 98.89 90.381 91.34
B: dye concentration 20.31
C: reaction time 96.93
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Fig. 10 Absorption spectra of photocatalytic degradation of (a) methylene blue and (b) methyl orange dyes over the optimized composition of
ZA2 nanocomposite and its (c) bar graph.
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surface of the nanocomposite.®* Overall, the impact of these
three parameters on MB and MO photodegradation was ranked
irradiation time > catalyst dosage > dye concentration in
declining order. The cubic contour plot in Fig. 8(d) and 9(d)
depicted the cumulative influence of all variable factors on the
percentage degradation of dye.

3.6.2 Process optimization. The ideal conditions for the
degradation of MB and MO were determined using optimiza-
tion based on the desire function. The location that optimizes
the desirability function was found using numerical optimiza-
tion tools. The application uses five goals to build desirability
indices: none, maximum, minimum, target, and within range.
Table 5 displays the criteria for all variables affecting the
percentage of degradation. The weight, also known as signifi-
cance, emphasizes upper and lower boundaries or target values.
Because a higher degradation yield is the major goal of such
studies, an “importance” value of 5 was selected as the
maximum target. Based on the settings and bouncing, the best
conditions for maximum MB and MO degradation efficiency
(98.89% and 91.34%) were found to be a photocatalyst dosage of
17.08 mg, initial dye concentration of 20.31 mg L™, and reac-
tion time of 96 min.

3.6.3 Model validation. A verification experiment was per-
formed under optimal conditions to determine the applicability
of the model for predicting the maximum percentage degra-
dation of MB and MO dye. As indicated in Table 6, three repe-
tition trials resulted in an average maximum degradation of
98.89% for MB and 91.34% for MO (Fig. 10). The good match
between predicted and experimental results demonstrates the
model's validity in simulating the photocatalytic degradation of
MB and MO dye. Furthermore, MB and MO dye degradation by
synthesized ZA2 catalyst displayed substantial photo-
degradation potential when compared to systems published in
the literature (Table 7).

3.6.4 Kinetics and reusability study. A pseudo-first-order
model was developed using the experimental data to examine
the photocatalytic reaction kinetics of MB and MO degradation
by the catalyst in greater detail (eqn (13)).*”
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lnQ = lné = —kt

13
c. = (13)

where C, (or 4,) represents the initial MB and MO concentration
(or absorption), C, (or A4, represents the final MB and MO
concentration (or absorption), and k represents the rate
constant. The time-dependent changes and kinetics of MB and
MO are presented in Fig. 11(a) respectively. The rate constant
was calculated using the slope of the plot In 4,/4, vs. reaction
time, as shown in Fig. 11(a). As a result, the MB and MO rate
constants were determined to be 0.0522 and 0.0414 min ™%,
respectively. The figure showed that the process of degradation
follows Langmuir-Hinshelwood and pseudo-first-order
kinetics.

To ensure the stability and reusability of the ZA2 bionano-
composite, the photocatalytic degradation of MB and MO was
repeated five times with the same photocatalyst (Fig. 11(b)). In
addition, Fig. 11(c) shows the UV-vis spectra of the ZA2 before
and after the photocatalytic degradation reaction against MB
and MO organic dye. The catalyst was centrifuged and cleaned
with ethanol and water after each cycle before being used in
photocatalytic degradation. The loss of ZA2 bionanocomposite
during the separation and washing operations could explain the
minor decrease in degradation percentage after each cycle.
According to this finding, the ZA2 photocatalyst exhibits good
photostability, reusability, and economic potential.

3.6.5 Photocatalytic mechanism. The photocatalysis of
wastewater purification was based on the generation of elec-
trons and holes in the presence of UV-visible light. These elec-
tron and hole photogenerations contribute to the formation of
free radicals, which are extremely reactive species capable of
breaking down the dye molecules and cleaning the water
through chemical processes. The dye has a strong absorption
peak of deionized water, but electrons and holes will break
down the dye molecules after a photocatalytic process, resulting
in a quick reduction in signal strength. Therefore, a reduction
in the absorbent spectrum implies both photocatalytic activity
and the purification of wastewater. To calculate the conduction

Table 7 Comparison of maximum dye degradation percentage of various nanoparticles

Catalyst Dyes Light source Variables Time (min)  Degradation (%) References
ZnO-CuO MB UV with visible  Catalyst dosage = 1 mg, vol. = 8 mL, dye 300 89% 42
(76% + 24%) (sunlight) conc. =7.5mg L ™"
Porous ZnO MO uv Catalyst dosage = 0.2 g, dye conc. = 120 96.30% 56
20mg L
CuO/ZnO MB Visible Catalyst dosage = 20 mg, dye conc. = 120 98% 62
nanocomposites 10mg L !
5% CuO loaded MB & MO  Visible Catalyst dosage = 500 mg, vol. =500 mL, 120 97.2% & 87.7% 63
on ZnO dye conc. = 3 x 10 > moles L™*
Cu,0/ZnO MO Visible Catalyst dosage = 0.1 g, vol. = 100 mL, 240 98% 64
dye conc. = 100 mg L', pH = 3.8
Cu-doped ZnO MB& MO UV Catalyst dosage = 0.05 g, dye conc. = 180 57.5% & 60% 65
0.03 mM, pH = 6.79 (MB) & 3.65 (MO)
Al-Fe/ZnO MB Visible Catalyst dosage = 0.05 g, dye conc. =10 75 90% 66
mg L'
ZnO/Alg MB & MO UV light Catalyst dosage = 17 mg, vol. = 50 mL, 96 98.89% & 90.38%  This study

dye conc. =20 mg L™, pH =6
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Fig. 11
vis spectra of ZA2 before and after the reaction.

and valence band positions of the ZnO semiconductors at zero
charges the following eqn (14) and (15) can be used.***°

Egp = X — E. + 0.5E, (14)

Eyp=Eyp — E; (15)

where E,;, represents the valence band potential and X is the
electronegativity of the semiconductor, which is the geometric
mean of the electronegativity of the constituent atoms. Elec-
tronegativity values of ZnO is 5.79 eV.” On the hydrogen scale,
E. is the energy of free electrons (~4.5 eV), and E, is the
bandgap energy of semiconductors. The sample does not
decolorize when exposed to visible light in the presence of pure
ZnO because ZnO has a bandgap of 3.2 eV. The UV-vis region of
electromagnetic radiation corresponds to the bandgap, and the
absorbance spectrum of ZnO is flat in the visible range. Earlier
studies have noted a similar pattern of behavior.” The following
equation, based on previous findings, explains the possible
photocatalytic mechanism.*>”>7

UV light

ZnO/Alg —— ZnO/Alg(e” +h") (16)

© 2022 The Author(s). Published by the Royal Society of Chemistry

(a) Pseudo-first order kinetics and (b) recyclability plot for photocatalytic degradation of MB and MO by ZA2 bionanocomposite, (c) UV-

H" + OH™ — H,0 (17)

h* + OH™ — OH" (18)

e +0, > 07 (19)

H,O + 'O, — OOH" + OH™ (20)

200H" — O, + H,0, (21)

OH" + 'Oy~ + Ay, + pollutants — degrade pollutants  (22)

OH" + 'O~ + Ay, + degrade pollutants — CO,1 + H,O (23)

When UV light is irradiated, electrons can move from the
valence band of ZnO to the conduction band.® In comparison
to ZnO, the ZnO/Alg materials also exhibit a blue shift in the
absorption wavelength range, which might also help to increase
photocatalytic performance in UV light presence. The O, and
OH™ radicals in MB interact with the S atoms of the C-S'=C
group, reducing the C=N bond. As a result of the
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demethylation processes, CO,, H,O, and certain mineral
species are produced as by-products. The photocatalytic
degradation of MO, on the other hand, proceeds with the
breaking of the N=N bond, causing the separation of the
molecule.””® The radicals then decompose the CH; group by
attacking the CH;-N-CHj; group. Following that, one of the
aromatic rings is released, followed by a series of intermediate
processes that result in the final by-products of CO, and
H,0.7%* The surface charge of ZnO/Alg nanocomposite in an
aqueous solution is another important factor that influences
the adsorption of dye molecules on the catalyst surface and
possibly the degradation mechanism. Furthermore, more
characterization methods, such as GC-MS, LC-MS, ion chro-
matography (IC), and so on, could be used to gain more insights
on the final products and intermediates of photocatalytic
degradation, which could aid in the description of the degra-
dation pathway. According to the UV-absorbance measure-
ments, the ZnO/Alg bionanocomposite exhibits enhanced
photocatalytic activity. A schematic representation of the pho-
tocatalytic mechanism is shown in Fig. 12. The photocatalytic
activity decreases at a lower and greater concentration of algi-
nate (ZA1 and ZA3) is mainly to the interaction between ZnO
and alginate, which enhances the rate of charge recombina-
tion.** Simultaneously, a higher percentage of alginate samples
(zA3) have lower absorption values than the lower percentage of
alginate (ZA1). As a result, the photocatalytic activity efficiency
of ZA2 in direct or indirect degradation of organic dyes under
UV light was enhanced.

4. Conclusions

ZnO/Alg is a high efficiency bionanocomposite material that
may be used to decolorize water pollutants. It aids our progress
toward a greener environment. The synthesis of ZnO/Alg bion-
anocomposite was carried out using a simple wet chemical
method. Using X-ray diffraction analysis and the W-H plot, the
crystalline size of all synthesized nanoparticles was found to be
44-51 nm from the Scherrer, 21-31 nm from the W-H plot, and
the strain is 0.00122-0.00207. The FESEM investigation reveals

7224 | RSC Adv, 2022, 12, 7210-7228

the flakes-like structure of the as-synthesized ZnO/Alg nano-
composite. The obtained band gap is 2.79-2.87 eV, according to
energy band structure investigations. The FTIR spectrum
emphasizes the vibrational modes of ZnO and ZnO/Alg whereas
Raman spectroscopy was used to analyze purity, crystallinity,
and local vibration. The lower recombination rate indicated by
the PL intensity indicates the slow recombination rate of pho-
togenerated electron-hole pairs for ZA2 catalyst. The as-
prepared ZnO/Alg composite outperforms pure ZnO in photo-
catalytic degradation of MB and MO dyes in UV light. The
degradation is caused by the development of an intercalated
network with alginate polymer that efficiently separates the
photogenerated electron-hole pairs. After five cycles of repeti-
tion, the photocatalyst shows stable performance. A kinetic
model of photocatalytic degradation over a heterogeneous
catalyst with a first-order reaction is also suggested. The
experimental data and this model are statistically compatible.
The results of this study demonstrated that RSM based on CCD
may be used to model and optimize photocatalytic dye degra-
dation effectively. The analysis of variance revealed excellent
correlation coefficients (R2 = 0.9968 for MB, 0.9994 for MO, and
Adj R* = 0.9927 for MB, 0.9987 for MO), indicating that the
regression model was adequately adjusted to the experimental
data. Irradiation duration was shown to have the most signifi-
cant effect on MB and MO photodegradation, followed by
photocatalyst loading, while dye concentration was found to
have the least significant effect. The efficiency of the ZnO/Alg
was determined to be 98.89% after 96 min of irradiation. The
pseudo-first kinetic model also suggested the better photo-
catalytic degradation of MB than MO with a rate constant of
0.0522 min~" and 0.0414 min~", respectively. The ZnOj/Alg
composite is a UV-light-driven active and stable catalyst that
might be used to remediate dye contaminants in wastewater.
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