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Pristine ZnO (2), MnO5 (M), CuO (C) photocatalysts and polyvinyl alcohol (PVA)-assisted MNO,—-ZnO—-CuO (MZC)
nanocomposites were synthesized via the sol—gel method. The synthesized samples were characterized using
thermal analysis (TGA), X-ray diffraction (XRD), dynamic light scattering (DLS), scanning electron microscopy
(SEM), energy dispersive X-ray (EDS), transmission electron microscopy (TEM), and high-resolution
transmission electron microscopy (HRTEM) techniques. The thermal analysis results of the prepared
nanomaterial confirmed that the suitable calcination temperature for the synthesis of these nanomaterials is
420 °C. In addition to the morphological and elemental composition, the characteristic diffraction peaks of
the MZC nanomaterial were found to align with those of the pristine Z, M, and C photocatalysts. The
photocatalytic activities of the synthesized nanomaterials for methylene blue (MB) degradation were evaluated
under optimized conditions. The degradation efficiencies of Z, M, C, and MZC were found to be 45%, 57%,
66%, and 93%, respectively, for MB in 180 minutes. The MZC nanocomposite exhibited superior
photocatalytic activity compared to the pristine materials, which is attributed to the synergetic effect of the
Z, M, and C photocatalysts. The effects of pH, initial dye concentration, and catalyst load were also explored
to determine the optimum conditions. The best photocatalytic efficiency was observed at pH 8, with
a 130 mg L7 catalyst load, and a 10 mg L™t initial dye concentration. The efficiency of the MZC
nanocomposite in real textile wastewater was also tested, achieving 80% degradation of pollutants within 180
minutes. Recycling experiments were conducted for four consecutive cycles under optimal conditions. The
photodegradation efficiency for the first, second, third, and fourth cycles was 93%, 91%, 90%, and 89%,
respectively, demonstrating high consistency in photodegradation performance across the four cycles.
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various industries.” Specifically, textile factories consume large
quantities of organic dyes.®> Annually, approximately 700 000
tons of dyes are produced, with around 40% being released into
water bodies as wastewater from textile factories.* This indus-
trial waste contains several hazardous pollutants that pose
substantial risks to human health.” Among the various dyes
found in industrial waste, methylene blue (MB) is widely used
for coloring materials such as silk, wool, cotton, and paper.*®

1. Introduction

Environmental pollution is a major concern due to the extensive
use of organic dyes, colorants, and other coloring products in
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ronmental pollutant.”® Moreover, the presence of MB dye in
wastewater is hazardous to aquatic life as it hinders sunlight
penetration into the water.® Therefore, the removal of dyes
before they are released into water bodies is a critical
concern.** Various methods are being investigated for treating
wastewater, including coagulation,” precipitation,” reverse
osmosis," and photodegradation using light exposure.*>*?
Among these methods, semiconductor-based photocatalytic
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degradation has gained attention as an effective approach due
to its affordability, simplicity, and environmental benefits.***

Recently, many researchers have been interested in
exploring the photocatalytic activities of semiconductors for the
degradation of MB.''® Metal oxide semiconductors, such as
MnO,,* CuO," ZnO,*” TiO,," and Cu,0," have been extensively
studied. Among these semiconductors, ZnO nanoparticles have
gained substantial attention due to their versatile applica-
tions.>* However, ZnO has limitations, such as a wide band
gap,”*' quick recombination of electron-hole pairs, low charge
migration efficiency to redox sites,* and limited surface reac-
tions to generate reactive species.>®*> To improve the photo-
catalytic efficiency of ZnO, it is crucial to enhance the light
absorption, optimize the charge separation, increase the
surface area, and address the surface mismatch.?>** One
approach is to create heterostructures by doping ZnO with
ametal > or non-metal,* and integrating ZnO with narrow band
gap semiconductors like MnO,.**** Researchers have achieved
effective charge separation by studying the multiphase
components of ZnO-based heterojunctions.*”*® Thus, CuO and
MnO, semiconductors have been chosen based on their band
gap, light absorptivity in the visible region, availability, stability,
and non-toxicity for modifying the chemistry of Zn0.>**°

Many researchers have studied various three-phase ZnO-
based heterostructures, such as ZnO-ZnS-MnO,,* Ag;PO,-
ZnO-Cu,0,” Cu,0-Zn0O-g-C3N,,*" and ZnO-V,0;-WO0O;.** These
heterostructures have shown superior efficiency compared to
single ZnO. For instance, J. P. Shubha et al.** found that the
ternary Mn;0,-ZnO-Eu,0; photocatalyst exhibited admirable
degradation performances of 98% for MB and 96% for methyl
orange (MO) within 150 min under natural sunlight irradiation.
Many researchers have also successfully developed binary,
ternary, and a few quaternary systems of ZnO-based hetero-
junction nanocomposites for photocatalytic applications.****
However, nanocomposites tend to agglomerate or aggregate,
which diminishes their performance in the degradation of
dyes.***” To overcome this problem, the use of polymers has
gained increasing attention. Among several polymers, polyvinyl
alcohol (PVA) has been presented as a viable option owing to its
biocompatibility, non-toxicity, biodegradability, water solu-
bility, low calcination temperature, and thermal
stability.?*3%°

B. Abebe and coworkers have published a few articles on the
use of PVA-assisted ZnO-based binary and ternary nano-
composites to improve the photocatalytic effectiveness of
Zn0.*”* The results showed the superior catalytic ability of the
mixed composite compared to its single ZnO photocatalyst. In
spite of these experimental works, research studies associated
with the use of mixed-phase composites for photocatalytic
applications are far from mature. To the best of the researchers’
knowledge, no information is available on the synthesis of
mixed-phase MZC nanocomposites for the photodegradation of
MB. Thus, the aim of this investigation was to assess the pho-
tocatalytic activity of the MZC nanocomposite towards the
photodegradation of MB. The efficiency of the MZC nano-
composite was also evaluated for industrial wastewater
collected from KK textile industry located at Addis Ababa,
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Ethiopia. The results show the potential application of the MZC
nanocomposite for effective textile dye degradation.

2. Experimental part

2.1. Chemicals and materials

Chemicals and reagents, including (C,HgO5),,, 99.9%; KMnOy,,
98.5%; MnSO,-H,0, =99.00%; and NaOH, 97.00%, were
purchased from Merck, India. Zn(CH3;COO),-2H,0, 99.9%);
HgSO,, 99.98%; Ag,S0,; AgNO;, 99.5%; K,Cr,0,, 99.5%;
NaHCO;, 99%; CH;O0H, 99.85%; and Cu(NO;),-3H,0, =99%,
were obtained from Sigma-Aldrich. Every chemical was of
research-grade. Distilled water (DW) was employed for dissolv-
ing and cleaning the impurities in the study.

2.2. Preparation of samples

2.2.1. Preparation of the pristine Z, M and C photo-
catalysts. The Z nanoparticles were prepared via a method
developed previously.*” Prior to this, 0.02 g of Zn(CH3COO),-
-2H,0 was added in the mixed 50:25 mL ratio of DW and
CH;CH,OH. Then, 0.2 M solution of NaOH was prepared and
added to the solution containing Zn(NO3),-6H,0 until a white
precipitate was formed. The subsequent suspensions were
settled down after 9 h, and undesired impurities were removed
by washing with DW and CH;CH,OH. The sample was dried at
100 °C and then calcined at 420 °C to attain the desired Z
nanoparticles. By the same method, the M and C photocatalysts
were synthesized using the corresponding metal precursors,
except potassium permanganate was added to prevent Mn
oxidation during the preparation of the pristine M catalyst.

2.2.2. Preparation of the PVA-supported MZC composite.
The MZC nanocomposite was prepared via a method modified
by B. Abebe et al.*” Typically, solutions A, B, and C were prepared
by dissolving 5% of Cu(NO;),-3H,0, 90% of Zn(NOj3), 6H,0,
and 5% (KMnO, and MnSO,) with distilled water (DW) in
separate beakers, respectively (Scheme 1). Potassium perman-
ganate was added into solution C to prevent Mn oxidation. The
three solutions were mixed in another beaker. NaOH was added
to the mixed solution until the pH level reached 12. 1.8 g of PVA
was dissolved in boiled DW and stirred at 100 °C for 15 min
(solution D). The product solutions (such as A, B, and C) were
added into solution D after cooling the PVA solution. The
mixture solution was then allowed to settle for a period of two
days, after which it was separated by centrifugation. It was then
washed several times with DW and CH3;CH,OH, dried, and
calcinated at 100 °C and 420 °C.

2.3. Characterizations

The prepared nanocomposites were examined using DTA (DTG,
60 H, and Shimadzu Japanese) to ascertain the thermal stability
of the samples. With a scanning rate of 10 min—" and a Cu Ko,
radiation (A = 0.154 060 nm) source, the phase composition and
crystallite size of the prepared samples were evaluated using
XRD (XRD-7000, Shimadzu, Japan) in the 2-theta range of 20° to
80°. Diffuse reflectance spectroscopy (DRS) of all composite
materials was conducted (JASCO.V-770, Shimadzu, Japan) in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic showing the preparation of the MZC nano-
composite photocatalyst.

wavelength range between 200 and 800 nm. The morphological
shapes of the manufactured nanocomposites were explored via
scanning electron microscope (JSM 6390 L V, JEOL, Japan). The
surface structure of the triple-phase components was explored
through electron microscopy (SEM) equipment, and the
elemental composition of the composites was determined with
EDS. Likewise, using TEM and HRTEM (JEOL JEM 2100, Japan),
the internal structures of the prepared MZC heterojunction
were studied.

2.3.1. Catalytic performance test. Under visible light irra-
diation, the catalytic potential of the as-prepared nanomaterials
towards the photodegradation of MB dyes was examined. Each
degradation experiment was conducted at ambient tempera-
ture. In a beaker, by changing the amount of the synthesized
photocatalyst load, the initial MB concentration, and the pH
value, the efficiency of the catalyst was optimized. Mixed
aqueous solutions of MB (10, 15, 20, 25, 30, 35 mg in 100 mL)
and catalyst load (50, 70, 90, 110, 130, 150 mg in 100 mL) were
added to a beaker in the dark and stirred. The pH values in the
range between 2 to 12 were adjusted by an acid-base reaction
for the resulting solution. Before illumination, the mixture was
stirred in the dark to achieve equilibrium between adsorption
and desorption. Then, in the photoreactor setup, the system
was exposed to visible light using a 60 W LED lamp manufac-
tured by Havells, India. The distance between the solution and
the lamp was consistently set at 12 ecm. Air was forced into the
solution using porous tubes with a controlled flow rate, while
the sample was exposed to visible light. After that, 5 mL of
sample was taken out every 20 min. Before measuring the
absorbance, the catalyst particles were removed by centrifuging
and filtering the mixture. A UV-vis spectrophotometer was used
to estimate the % degradation, rate constant, and the removed
MB concentration at 665 nm with eqn (1) and (2):

% degradation = (Cy — C)/Cy or (Ag — A)/ Ay x 100 6))]

In(Co/C) = kypt 2)
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where C, is the initial dye concentration, C is the concentration
of dye at irradiation time ¢, A, is the dye's initial absorbance
before irradiation, A is the absorbance of the dye at the irradi-
ation time ¢, and k., is the apparent pseudo-first-order rate
constant.

2.3.2. Industrial real sample analysis. In this study, some
physicochemical properties (like turbidity, pH, and COD
content) of the industrial wastewater collected from KK textile
factory were assessed. To determine the COD content, different
0.25 M solutions of K,Cr,0- and 0.50 M solutions of H,SO, were
prepared using DW. The water sample was collected and sepa-
rated by centrifuging to remove any suspension of solid mate-
rials. Then, 25 mL of the separated solution was digested in the
digestion vial. The Ag,SO, solution was used as a catalyst to
facilitate the oxidation reaction. A certain dissolved amount of
K,Cr,0; solution and the real sample were mixed together.
Then, the H,SO, solution was placed in a vial through stirring
for completing digestion. After completing the digestion, the
sample was stored in a CR 4200 COD reactor for 2 h at 152 °C to
encourage the oxidation reaction of carbon-based dyes. The vial
sample was cooled at room temperature by mixing via reversing
for the COD concentration estimation. The levels of COD
present in the textile wastewater were assisted by the COD
detector. For plotting the calibration curve to calculate the COD
level of MB in the textile wastewater, standard solutions were
prepared with known COD contents.

2.3.3. Recyclability of the catalyst. One significant concern
for practical use in processes of degradation is the reuse of the
photocatalyst nanomaterials. To accomplish this, MB was
photodegraded over the selected synthesized MZC composite in
a series of cycles under visible light irradiation by collecting and
recycling the photocatalyst. The synthesized composite was
decanted and washed repeatedly with ethanol and distilled
water.

3. Results and discussion

3.1. Characterizations

3.1.1. Thermal analysis. The thermal property of the MZC
nanocomposite was studied by TGA-DTA (Fig. 1). The weight
loss for the MZC nanocomposite is 12.61%. This loss is prob-
ably a result of water loss, which starts at ambient temperature.
Moisture continues to be removed until 420 °C for the MZC
nanocomposite. Two exothermic reactions are observed in the
nanocomposites, as illustrated in the DTA results (Fig. 1).
Moreover, the endothermic process against the composite was
witnessed by the breakdown of the metal nitrate and sulfate. A
broad and sharp downward peak also shows a dehydration
reaction and the variation of crystallinity for the as-synthesized
materials. After the endothermic process, the temperature rea-
ches a minimum and is thermodynamically constant owing to
the completion of decomposition. Thus, 420 °C was selected for
calcining the synthesized composites based on the mentioned
result.

3.1.2. XRD diffraction. The single phase of the Z, M, and C
photocatalysts, and the mixed phases of the MZC nano-
composite were characterized by XRD (Fig. 2). The diffraction

RSC Adv, 2024, 14, 38459-38469 | 38461
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Fig. 1 Thermal analysis of the MZC heterojunction nanocomposites.

peaks obtained at 26 = 31.94°, 34.56°, 36.42°, 47.64°, 56.77°,
62.94°, 66.34°, 68.04°, 69°, 72°, and 77° are matched to the (%kl)
planes (100), (002), (101), (102), (110), (103), (200), (112), and
(201), respectively, and represent the hexagonal wurtzite struc-
ture of Z (card number: 00-062-0414) with P6;mc (186) space
group. The 26 values with Miller indexes of 12.7° (110), 17.9°
(200), 28.7° (310), 37.5° (211), 41.9° (301), 49.7° (411), and 60.1°
(220) substantiate the formation of the M photocatalyst. The 26
values with Miller indexes of 32.6° (002), 35.6° (111), 38.2° (020),
48.9° (200), 53.6° (022), 58.4° (113), 61.6° (311), 65.9° (222),
66.3° (202), 68.1° (220), 72.5° (004) and 75.40° (331) represent
the monoclinic structure of C. In the MZC nanocomposite, the
four diffraction peaks with planes at 28° (110), 37° (101), 47°
(111), and 72° (301) verify that M has a cubic structure in the
mixed materials. The 26 values of roughly 35°, 38°, 43°, 48°, 53°,
61°, 68°, and 72° with the matching Miller indexes of (111),
(111), (200), (020), (202), (113), (311) and (222) were observed.
This indicates the presence of a monoclinic shape for C in the
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Fig. 2 XRD diffraction patterns of the Z, M, C, and MZC

nanocomposites.
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synthesized materials. All diffraction peaks located in the MZC
nanomaterials are identified as those for the MnO,, CuO, and
ZnO photocatalysts. The recorded XRD findings indicate the
formation of the heterojunction (coexistence of Zn, Cu, and Mn-
oxides in a nanocomposite).

D =kMBcos (3)

where D is the crystallites' size, k is the Scherrer's constant
depending on the shape of the particles (0.94), A is the wave-
length of the X-ray radiation (0.15418 nm for Cu Ka), § is the full
width at half maximum (FWHM) intensity (in degree, which is
converted to radian), and 6 is the diffraction (Bragg) angle.
According to the analysis, the estimated average crystalline sizes
of the Z, M, C and MZC materials are 37.05, 43.5, 29.01, and
26.04 nm, respectively. The average size of the MZC composite
is 0.7, 0.59, and 0.89 times that of the Z, M, and C photo-
catalysts, respectively. The results indicate the presence of size
modification when pristine materials combined.

3.1.3. Surface morphology. SEM-EDS, EDS elemental
mapping, and HRTEM were used to study the morphology and
elemental analysis of the composites. Fig. 3a-d shows the SEM
images of the single phase Z, M, and C photocatalysts, and the
mixed phases of the MZC nanocomposites. The SEM images of
the as-synthesized nanomaterials were obtained by scanning
the samples with a beam of electrons.** The SEM results for
Z, M, and C indicate a spherical shape with an aggregated

CuLol2

Zn Lol2

Mn kol

Fig. 3 SEMimage of (a) Z; (b) M; (c) C; and (d) MZC. (e) EDS elemental
composition; and Elemental mapping of (f) Zn; (g) O; (h) Mn; and (i) Cu.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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framework (Fig. 3b). The SEM image of MZC also reveals
a uniformly distributed spherical shape with non-agglomerated
structures (Fig. 3d). This may be due to the strong binding
ability of polyvinyl alcohol. The elemental composition and
mapping of the MZC nanocomposite are shown in Fig. 3e. The
anticipated elements, such as O, Zn, Mn, and Cu, were found to
have relative weights of 23.65, 53.68, 8.66, and 14.05%,
respectively (Fig. 3e inset). The EDS spectrum of the MZC
nanocomposite sample exhibits signals ascribed to the Zn, Cu,
Mn, and O elements. The results demonstrate that there were
no impurities present in the prepared MZC nanocomposite. The
EDS elemental mapping confirms the existence of expected
elements, such as Zn, Mn, Cu, and O, in the prepared nano-
material (Fig. 3f-i).

The TEM result shows the presence of spherical C and
cubic M photocatalysts loaded on the surface of Z, as shown in
Fig. 4a. These photocatalysts are arranged favorably without
aggregation (Fig. 4a). For additional evaluation, the internal
morphology of the M nanocomposite was studied, as presented
in the HRTEM image. The HRTEM image (Fig. 4b) shows that
the M composite has a wurtzite, spherical, and cubic structure
without any agglomeration. From the histogram, the predicted
diameter is 27 nm (Fig. 4d). This result is consistent with the
value obtained from XRD. The predicted lattice fringe d-spacing
from HRTEM is 0.238, which is ascribed to the M (211) plane.
Also, the interplanar spacing values are 0.246, 0.259, and
0.283 nm, and ascribed to Z(101), (100), and (002), respectively.
Additionally, a d-spacing of 0.221 nm was estimated and
attributed to C (111). The obtained results reveal the effective
creation of a heterojunction. The stacking faults on the Inverse
Fast Fourier Transform (IFFT) analysis signify the crystalline
nature of the material (Fig. 4b inset). The selected area electron
diffraction (SAED) revealed the presence of different concentric
circles with the same center assigned to the (100), (002), and
(101) planes of hexagonal Z, in addition to the (111) and (211)
planes of cubic M and spherical C nanoparticles (Fig. 4c).

0.236 nm

0.246 nm (101)

Cuo
0.283 nm (002) 1Lt

0.259 nm (102) 238
MnO;

11)

(002) 18
(102) 16

|
(101) = u | 1

s 8

Frequency

o e o

20 30 40 S0 60 70

Diameter (nm)

Fig.4 (a) TEM, (b) HRTEM analysis, (c) SAED, and (d) particle size of the
MZC nanocomposite.
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Fig. 5 (a) UV-vis analysis and (b) Tauc plot of the Z, M, C, and MZC
nanomaterials.

3.1.4. DRS analysis. The light absorbance properties of the
Z, M, and C photocatalysts were examined using UV-vis diffuse
reflectance spectroscopy (DRS). The Z photocatalyst demon-
strated the ability to absorb light within the ultraviolet (UV)
wavelength range. In contrast, the M and C photocatalysts
demonstrate light absorption in the visible region, as illustrated
in Fig. 5a. The Z sample exhibits a higher absorption rate for
shorter wavelengths than the M, C, and MZC nanocomposites.
Conversely, the C sample demonstrates a higher absorption rate
for longer wavelengths than the Z and M samples. The MZC
nanocomposite displays a higher absorption rate for long
wavelengths, indicating that the band edge modification of Z,
when coupled with the M and C photocatalysts, exhibits
enhanced optical properties.

The band gap energy of the synthesized samples was also
estimated from the Tauc plot (ahv)"”? versus hv, where « is the
optical absorption coefficient, hv is the energy of a photon, E, is
the band gap, and # is the transition type of a semiconductor
(its value is 1 or 4 for direct and indirect, respectively). The
direct band gap of the as-prepared materials was estimated
from a plot of (ahv)* versus hv (Fig. 5b). Accordingly, the
calculated band gaps for Z, M, C, and MZC were found to be
3.25 €V, 2.59 eV, 1.98 eV, and 2.41 eV, respectively. The findings
revealed that all as-prepared samples exhibited UV-visible
absorption, with the exception of Z. In general, the Z photo-
catalyst exhibited a shift from hypsochromic to bathochromic
when forming a nanocomposite. This enhanced visible light
absorption of the MZC nanocomposite photocatalyst suggests
the potential for effective photocatalytic degradation reactions
under various conditions.

3.2. Photocatalytic activity test

The photocatalytic efficiency of the MB, Z, M, C, and MZC
materials versus the MB dye was evaluated under visible light
radiation within 180 min (Fig. 6a and b). The mixed aqueous
solution of 130 mg catalyst load and 10 mg MB was employed
for all samples. Adsorption-desorption processes typically
occurred during the investigation in dark (light off) and bright
(light on) conditions. In the dark, the % degradation is almost
the same and low for all materials because of the slow reaction
rate. Moreover, the reaction rate and % degradation for all of
the as-synthesized nanomaterials increased after dark (light off)
conditions (Fig. 6a and b).
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Fig. 6 (a) C/Cq versus irradiation time, (b) % degradation versus irra-
diation time using 10 mg MB and 130 mg of the Z, M, C, and MZC
samples.

Each material (such as MB, Z, M, C, and MZC) exhibited
a maximum photodegradation efficiency of 3%, 45%, 57%,
66%, and 93%, respectively (Fig. 7b). Conversely, from 0 to
180 min, the MB concentration decreased, which prompted an
increment in the degradation rate (Fig. 7b). An insignificant
degradation efficiency of MB was observed, as indicated in
Fig. 7a and b. The efficiency of Z was lower than those of other
materials (Fig. 7b). The increasing order of degradation effi-
ciency may be a result of the lowering band gap in that
respective order.”* Furthermore, the MZC composite exhibited
outstanding catalytic performance.

3.2.1. Effect of the pH solution and point zero charge. One
significant parameter that needs to be optimized for subse-
quent experiments is the pH value. In this study, the MZC
nanocomposite was selected for optimization of the pH value
due to it being the uppermost efficient material among the as-
synthesized samples. Hence, photocatalytic degradation exper-
iments were carried out using different pH levels, including pH
=2,4,6, 8,10, and 12 (Fig. 7a-d). We used 130 and 10 mg of
photocatalyst load and MB content, respectively, to conduct this
study. The MB concentration decreases with increasing pH
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Fig. 7 (a) Concentration vs. radiated time at different pH values, (b) %
degradation vs. irradiated time, (c) % degradation vs. pH, and (d) point
zero charge of the M nanocomposites using 130 mg MZC and 10 mg
MB.
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solution from 2 to 8. Beyond the pH value of 8, the MB degra-
dation decreases (Fig. 7a and b). The highest % degradation of
MB at pH values of 2, 4, 6, 8, 10, and 12 are 56.1%, 60.5%, 85%,
93%, 78%, and 75%, respectively, as indicated in Fig. 7c. These
findings demonstrate that the degradation efficiency increased
from 56.1% to 93% as the pH value increased from 2 to 8.
However, the MZC degradation efficiency decreased from 78%
to 75% between pH 10 and 12. The pH value of 8 was shown to
be the optimal condition (Fig. 7b). 130 mg of M degraded 93%
of 10 mg of MB. The low efficiency at the other pH conditions
probably can be attributed to the low production of hydroxyl
ions to generate reactive hydroxyl radicals.” The point zero
charge was also studied to identify the surface charge of the
MZC heterojunction nanocomposites using hydrochloric acid
and sodium hydroxide solution to control the pH values. After
the investigation was carried out, the point zero charge was 6.2
(Fig. 7d). The observed result indicates the presence of negative
charges on the composite surface due to the pH being greater
than 6.2 (point zero charge). After pH 8, the surface of the
synthesized nanocomposite becomes negatively charged and
the cationic MB dye can be adsorbed on the catalyst surface
(Scheme 2). As a result of this adsorption of the MB dye on the
nanocomposite surface, the degradation performance of the
MB dye decreases. We found that the degradation of the MB dye
was maximized at the pH level of 8. Based on this finding, we
decided to concentrate our experiments at this optimal pH to
enhance the degradation potential.

3.2.2. Impact of the initial dye concentration. The opti-
mized pH value and 130 mg of the MZC catalyst load were taken
to study the effect of MB concentrations in between 10 and
35 mg (Fig. 8a and b). The highest percentage (%) removal of
MB at concentrations of 10, 15, 20, 25, 30, and 35 mg were 93%,
78.1%, 74.2%, 69.5%, 62.3% and 58%, respectively. This indi-
cates that the degradation percentage is higher at lower MB
concentrations (Fig. 8a and b). The highest degradation was
obtained at the lowest initial dye of MB. The % degradation
decreased from 93% to 58% when the dye content was
increased from 10 to 35 mg. This is because the high content of
dye hinders the penetration of photons, and decreases the
production of a large number of reactive species on the catalyst
surface.* The presence of a higher content of MB dye molecules
in the reaction system may impede the photon light from
reaching the composite's surface. Thus, this would result in

a lower overall degradation efficiency of MB, as the
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Scheme 2 Indication of the surface charge of MZC on MB.
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Fig.8 (a) Plot of the MB concentration ratio vs. radiated time, and (b) %
degradation vs. time irradiation by keeping constant the quantity of
MZC (130 mg) and varying the MB solution.

nanocomposite catalysts are not able to fully utilize the incident
light for the photodegradation process.

3.2.3. Effect of the photocatalyst load. The effects of
various photocatalyst loads (such as 50, 70, 110, 130, and 150
mg) towards the degradation of 10 mg MB were investigated for
a duration of 180 min with a pH value of 8. The highest
concentration of MB was removed at 130 mg catalyst load
(Fig. 9a). Moreover, 130 mg of MZC degraded 93% of 10 mg of
MB dye (Fig. 9b). The highest % degradation for 50, 70, 110, 130,
and 150 mg was 53%, 65%, 76%, 80%, 93% and 86%, respec-
tively, as indicated in Fig. 9b. This is a paramount technique for
choosing the most efficient material for various photocatalyst
loads. According to the data obtained, the maximum degrada-
tion efficiency of MZC was 93%. The degradation efficiency for
the other loads was lower. This indicates that increasing the
photocatalyst load increases the photocatalytic efficiency up to
the optimum load, and then decreases beyond the optimal
load.*® This is due to the presence of a large surface area as the
loading of photocatalysts increased until the optimal photo-
catalyst load value was reached.* Particularly, the decrease of
the photocatalytic efficiency was observed after a 130 mg load,
which is ascribed to the shielding effect of the suspended
particles from light penetration into the MZC solution. There-
fore, 130 mg of the photocatalyst was chosen as the optimum
catalyst load for the remaining experimental studies, as it was
most effective for photocatalytic enhancement.

3.2.4. Mechanism of photodegradation. The roles of reac-
tive species, such as superoxide radical ('O,"), electron (e"),
hole (h"), and hydroxyl radical ("OH), were evaluated by
employing their respective scavengers in the proposed
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Fig. 9 Plots of the (a) MB concentration ratio vs. time and (b) %
degradation vs. irradiation time with different MZC loads, while
keeping constant the quantity of MB and the pH level.
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mechanism for the photocatalytic degradation of MB over the
MZC nanocomposite under the optimum conditions. In this
study, various scavengers such as C;5H,4N, for e”, AgNO; for
0,7, CH;0H/OH for "OH, and NaHCO; for h* were employed.
The photocatalytic degradation of MB in the presence of scav-
engers is illustrated in Fig. 10a and b. At optimal conditions, the
MZC nanocomposite degraded 93% of MB. However, the
degradation capacity of the MZC nanocomposite was observed
to be 58.5%, 36%, 48.5%, and 32.5%, respectively, whe