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ABSTRACT: The present work reports the photocatalytic
degradation of alizarin red (AR) using Cu-doped manganese
oxide (MH16−MH20) nanomaterials as catalysts under UV light
irradiation. Cu-doped manganese oxides were synthesized by a very
facile hydrothermal approach and characterized by energy
dispersive X-ray spectroscopy, powder X-ray diffraction, scanning
electron microscopy, Brunauer−Emmett−Teller analysis, UV−vis
spectroscopy, and photoluminescence techniques. The structural,
morphological, and optical characterization revealed that the
synthesized compounds are nanoparticles (38.20−54.10 nm),
grown in high mesoporous density (constant C > 100), possessing
a tetragonal phase, and exhibiting 2.98−3.02 eV band gap energies. Synthesized materials were utilized for photocatalytic AR dye
degradation under UV light which was monitored by UV−visible spectroscopy and % AR degradation was calculated at various time
intervals from absorption spectra. More than 60% AR degradation at various time intervals was obtained for MH16−MH20
indicating their good catalytic efficiencies for AR removal. However, MH20 was found to be the most efficient catalyst showing more
than 84% degradation, hence MH20 was used to investigate the effect of various catalytic doses, AR concentrations, and pH of the
medium on degradation. More than 50% AR degradation was obtained for all studied parameters with MH20 whereas the pseudo-
first-order kinetic model was found to be the best-fitted kinetic model for AR degradation with k = 0.0015 and R2 = 0.99 indicating a
significant correlation between experimental data.

1. INTRODUCTION
Organic dyes belong to the class of synthetic organic
compounds that are frequently used in textile, paper,
pharmaceutical, and leather industries to color fabrics.1

These dyes are often discharged into the environment after
being used and washing operations. The textile, printing,
papermaking, food processing, pharmaceutical, and cosmetics
industries can all be potential sources of effluent containing
substantial amounts of these organic dyes.2 These dyes which
are visible even in small traces pollute the water reservoirs and
prove to be highly toxic, mutagenic, and carcinogenic.3

Most of these synthetic dyes used in various industries are
generally very resistant to microbial- or bio-degradation.4

Hence various methods and techniques like coagulation,
adsorption, ion flotation, and sedimentation have been
adopted until now to effectively remove these toxic dyes
from water bodies.5 However, these all techniques end up
producing a large amount of secondary waste which requires
attention to be processed further. To overcome these
drawbacks, a lot of efforts have been made to develop
sustainable strategies like oxidation catalysis or adsorption
catalysis incorporating advanced oxidation processes6 such as

the Fenton process,7 sonolysis, ozonation process, and UV
photolysis to overcome common strategic barriers.8

Among these techniques, photocatalysis has gathered an
enormous amount of interest owing to being a green
technology that leads to the total mineralization of synthetic
organic dyes into more degradable and less toxic substances
with low initial and operating costs.9 Photocatalytic degrada-
tion of dyes employed at ambient temperature and pressure
conditions is considered environmentally friendly as it does not
produce any polycyclic products.10

Alizarin red (AR) (1,2-dihydroxy-9,10-anthraquinone sul-
fonic acid sodium salt; AR; a water-soluble anthraquinone dye)
has been widely used in the textile industries11 and hence is a
major textile effluent. A lot of work has been carried out on its
degradation in an aqueous medium.12 Different studies were
carried out for photocatalytic AR degradation employing
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various catalysts. Joshi and co-workers employed ZnO and
TiO2-based photocatalysts for AR degradation under UV
irradiation and got the highest degradation percentage after 3
h.13 Kansal and co-workers1c have reported ZnO as a catalyst
for the degradation of AR dye under UV irradiation and got
77% degradation after 90 min.

Various transition-metal oxides are being investigated as
catalysts for organic dye degradation purposes using direct
sunlight or UV light irradiation in recent reports.14 Oxides like
TiO2,11 ZnS, Cd-doped ZnS,15 G-TiO2 supported at Fe3O4,

16

and Ce-doped-Bi2O3
16 have been extensively used in the

degradation of azo dyes.17 However, manganese oxides with
wide band gaps unique electrical, optoelectronic, and
luminescence properties and large exciton-binding-energies
have been proven promising and potential photocatalysts for
photocatalytic degradation of various organic dyes. Various
kinds of soft templates have been employed to increase surface
areas, pore volumes, and stabilities of manganese oxide-based
catalysts. However, doped with other transition metal materials
have attracted much attention due to their role in the
enhancement of catalytic efficiency of materials and copper has
been reported as an important dopant material for manganese
oxide nanomaterials.11

In this present study, photocatalytic degradation of AR was
investigated under UV light irradiation using copper-doped
manganese oxide nanomaterials (MH16−MH20) as catalysts.
Doped/undoped manganese oxide nanomaterials are promis-
ing materials due to their low cost, high stability, and good
environmental compatibility.18 Nanomaterials were synthe-
sized by a very facile hydrothermal method and used for the
degradation of (AR) dye under UV irradiation. The effect of
the time, various catalyst doses, different dye concentrations in
the aqueous solutions, and pH of the dye solutions have been
investigated.

2. MATERIALS AND METHODS
Chemical KMnO4, Cu(NO3)2, HCl, and AR dye were
purchased from Sigma-Aldrich. All the chemicals were of
analytical grade and used without more purification.

Powder X-ray diffraction (PXRD) measurements were
performed in an X-ray diffractometer (Bruker, AXS D8) with
Cu-Kα radiation (1.5406 Å) at a scanning rate of 10 min in the
2θ range from 10 to 90°. Morphological features of catalysts
were characterized by a scanning electron microscope (JEOL,
JSM-6360 EO), and elemental composition was estimated by
an energy-dispersive X-ray diffractometer (JEOL JSM-6360
LV). The surface area and pore structure parameters were
calculated by Brunauer−Emmett−Teller (BET) analysis
performed through Quantachrome Nova 2200e. UV spectra
of the prepared nanomaterial was recorded by a UV3092 UV−
vis spectrometer. The photoluminescence (PL) study was
carried out with a spectrophotometer (Shimadzu) at an
excitation wavelength of 420 nm. A sonicator (Bransonic
2510EMT bath) was used for surface area deployment of
nanomaterials. PTFE-lined, stainless steel, Parr 5521 high-
pressure compact autoclave was used for temperature and
pressure treatment. A UV lamp (length: 288 mm, pipe
diameter: 16 mm, voltage: 220 V, power; 8 W, wavelength
range: 240−285 nm) was used as a light source for
photocatalytic AR dye degradation activity. Catalytic dye
degradation was studied by a UV spectrophotometer
(Shimadzu) in the frequency range of 250−800 nm.

2.1. Synthesis of Copper Manganese Oxide Nanoma-
terials (MH16−MH20). MH16 was prepared hydrothermally
by taking 0.948 g of KMnO4 and 0.38 g of Cu(NO3)2 (in a
ratio of 1:3) dissolved in 50 mL of water in an autoclave
container. The reaction mixture was stirred for 30 min
followed by the addition of 20 mL of HCl in the mixture. The
entire mixture was heated at 180 °C for 24 h in the oven. After
heat treatment, the autoclave cooled down to room temper-
ature, and dark brown precipitates were separated. Precipitates
were washed with distilled water at various times, dried, and
powdered. MH17−MH20 were prepared by following the
same method as above by taking 0.42, 0.45, 0.48, and 0.50 g of
Cu(NO3)2 for the synthesis of each, respectively. Synthesized
series of compounds were characterized and investigated for
catalytic studies.
2.2. Photocatalytic Degradation of AR. Photocatalytic

degradation of AR dye catalysts was carried out using MH16−
MH20 as a catalyst following our earlier reported method.19

For dye degradation activity, a 100 ppm solution of AR dye
(0.1 g) was prepared in water. First of all, blank experiments
were carried out using a dye solution without a catalyst. The
blank 1 experiment was carried out without UV light
irradiation and spectra were recorded at different time
intervals. Blank 2 experiment was done by irradiating the dye
solution and UV spectra were taken at different time intervals
by taking sample aliquots.

Photocatalytic degradation of AR dye was carried out in the
presence of synthesized nanomaterials MH16−MH20 as
catalysts to investigate their catalytic efficiencies. For activity,
50 mL of 200 ppm AR dye (0.2 g) solution was taken in a flask
and stirred under a UV light source in the presence of 0.02 g of
MH16. Sample aliquots of 5 mL were taken out from the
reaction mixture after 30, 60, 90, 120, 150, and 180 min. All
the sample aliquots taken at various time intervals were
centrifuged to separate the catalyst and the UV spectrum was
recorded. Absorbance at 501 nm was noted from the individual
spectra of each aliquot and the percentage degradation of AR
dye was calculated through eq 1.20

= ×C
C

% Degradation 1 100t

0 (1)

where C0 is the initial concentration and Ct is the
concentration at certain time intervals at which sample aliquot
is taken. The concentration of AR after reaction time was
calculated by the calibration curve between the absorbance and
known AR concentration. The same method was adopted to
perform the catalytic activity for all other catalysts MH17−
MH20.

The percent degradation of AR dye was calculated by
variating the initial dye concentration as 50, 100, 150, 200, and
250 ppm, variating catalyst dose as 0.015, 0.02, 0.025, 0.03,
0.035, and 0.040 g, and pH of AR dye solution from 3−11.
Each experiment was performed following the method
described above. The pH was adjusted by using HCl for
acidic pH and NaOH for the basic medium.

3. RESULTS AND DISCUSSION
3.1. Characterization of Nanomaterials (MH16−

MH20). 3.1.1. Elemental Analysis by EDX. The elemental
analysis of all the synthesized materials (MH16−MH20) was
carried out by the EDX analysis technique and the elemental
composition found in this respect is reported in Table 1. The

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c03736
ACS Omega 2023, 8, 35956−35963

35957

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03736?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


results in Table 1 for nanomaterials (MH16−MH20)
indicated that the analyzed elemental compositions are in
close agreement with the reactants used for synthesis. Mn was
present as the major phase with percentage elemental
composition ranges from 50.89 to 55.39% whereas Cr was
found as a minor phase with percentage composition ranges of
9.12−10.09%.

3.1.2. PXRD Analysis. Synthesized catalysts MH16−MH20
were analyzed by the PXRD technique and the data obtained is
reported in Table 1. PXRD patterns of MH16−MH20 are
presented in Figure 1. Synthesized nanomaterials have shown

peak intensities at 2θ values corresponding to lattice planes,
i.e., 11.04 (112), 19.43(200), 28.10(310), 41.83(121),
49.79(101), 59.54(111), 64.20(112), and 71.33(112) in
PXRD patterns that were matched with literature-reported
standard powder patterns of α-MnO2 (JCPD no. 80-1098, 01-
1127)21 and CuO (JCPD no. 21-0269, 70-3766).22 PXRD
patterns of MH16−MH20 depicted that α-MnO2 was present
as the major phase and CuO as the minor phase (marked in
Figure 1) which is in accordance with their elemental
composition obtained through EDX. Peaks for α-MnO2 have
shown a gradual decrease in intensity from MH16 to MH20
and an increase in intensity was observed for CuO. The major
phase α-MnO2 was found to be tetragonal in structure having
the P4̅2/mnm space group. PXRD parameters and elemental
composition are given in Table 1.

After phase determination in synthesized materials, PXRD
parameters like crystallite size (D), dislocation density (δ),
crystallite volume (V), and microstrain (ε) were calculated for
all and are reported in Table 1. Particle size was calculated

employing the Debye Scherrer formula (D = 0.91λ/β cos θ).23

The volume (V) of crystalline is determined using the equation
(V = D3).24 The number of defects in the samples was
measured as dislocation density (δ = 1/D2).25 Crystal
broadening and distortions were calculated as microstrain (ε
= β/4 tan θ).26 Positive and negative values of microstrain
denote the tensile or compressive type of strain in samples.26

Average crystallite sizes for nanomaterials MH16−MH20 at
their corresponding intensities were calculated as 46.25, 39.22,
38.2, 48.65, and 54.10 nm, respectively. The crystallite size was
observed to have increased as the concentration of Cu
increased as reported in Table 1. The nanomaterials exhibited
very small numbers for dislocation density indicating that the
extent of detection was insignificant. The α-MnO2 structure
showed greater imperfection and strain as the concentration
increased for Cu ions from MH16 to MH20. Positive but very
few values for microstrain were observed which is ascribed to
the shrinkage in the lattice structures as the crystallite size and
Cu ions’ concentration increase.

3.1.3. Scanning Electron Microscopy Analysis. Surface
morphological features were analyzed by SEM for all the
synthesized nanomaterials MH16−MH20 and SEM spectro-
graphs are provided in Supporting Information, Figure S1.
SEM images depicting straw type structure for representative
compounds MH16 and MH17 are given in Figure 2 with WD

= 6.69 and 6.58 nm for both, respectively. All the nanoma-
terials were in the same phase depicting homogeneous
dispersity whereas their structural appearance resembles
straw-like structures.

3.1.4. BET Analysis. The specific surface area of synthesized
nanomaterials MH16−MH20 was calculated by multipoint
BET and pore structure parameters were calculated through
the DFT method and are enlisted in Table 2. N2 adsorption−
desorption isotherms of representative sample MH16 is
provided in Figure S2 of Supporting Information. The specific
surface area of synthesized nanomaterials was in the range of
38−49 m2/g. Material MH17 has the maximum surface area,

Table 1. Synthetic Conditions, PXRD Parameters, and Composition of Nanomaterials (MH16−MH20)

sample
codes synthetic conditions unit formula and composition by EDX

average crystallite
size D (nm)

volume V
= D3

dislocation density
(δ) (nm)−2

microstrain
(ε)

MH16 0.95 g of KMnO4, 0.38 g
Cu(NO3)2 and HCl

(Mn0.88Cu0.15O2), Mn (55.39); Cu
(10.09); O (36.52)

46.25 ± 4 43,562 3.44 × 10−4 0.018

MH17 0.95 g of KMnO4, 0.42 g
Cu(NO3)2 and HCl

(Mn0.80Cu0.22O2), Mn (51.28); Cu
(9.12); O (39.51)

39.22 ± 3 48,756 3.87 × 10−4 0.022

MH18 0.95 g of KMnO4, 0.45 g
Cu(NO3)2 and HCl

(Mn0.80Cu0.23O2), Mn (51.89); Cu
(9.21); O (38.90)

38.20 ± 5 66,548 4.66 × 10−4 0.042

MH19 0.95 g of KMnO4, 0.48 g
Cu(NO3)2 and HCl

(Mn0.82Cu0.25O2), Mn (53.28); Cu
(9.46); O (37.26)

48.65 ± 3 86,451 3.23 × 10−4 0.038

MH20 0.948 g of KMnO4, 0.41 g
Cu(NO3)2 and HCl

(Mn0.80Cu0.23O2), Mn (50.89); Cu
(9.18); O (39.93)

54.10 ± 5 88,265 4.78 × 10−4 0.047

Figure 1. PXRD patterns of nanomaterials (MH16−MH20).

Figure 2. SEM images of representative nanomaterials (MH16−
MH17).
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i.e., 49.03 m2/g whereas MH20 has 38.21 m2/g. All the
synthesized nanomaterials were found to be mesoporous as
depicted by constant C values. These high values of C constant
characterize the high content of porosity and strong
adsorbent−adsorbate interactions between the catalyst surface
and dye.

3.1.5. Optical Characterization. 3.1.5.1. UV−vis Spectral
Analysis. To study the optical studies of synthesized
nanomaterials, UV−vis was performed and Figure 3a depicts
the UV−vis spectra of Cu-based manganese oxide nanoma-
terials MH19 and MH20. The optical energy band gaps from
absorptions were calculated through Tauc plots between
energy and (αhν) i.e., (αhν) = A(hν − Eg)27 where A is the
band edge parameter as shown in Figure 3a. Absorptions at
374 and 377 nm were observed for MH19 and MH20 which
correspond to 3.02 and 2.98 eV band gap, respectively. The
calculated band gap energies exhibit the potential of
synthesized materials to absorb light in the UV−vis to visible
region and their use as efficient photocatalytic applications.28

3.1.5.2. PL Study. PL emission spectra of the synthesized
nanomaterials MH17−MH20 were recorded at an exciton
wavelength of 375 nm. These nanomaterials exhibited broad
PL peaks in the visible region in the range from 410 to 470 nm
as represented in Figure 3b. PL spectra of synthesized

nanomaterials (MH17−MH20) were observed to be showing
prominent emission peaks at 420, 430, and 445 nm
corresponding to the 2.98 and 3.02 eV energy band gap
which is usually associated with oxygen vacancy-related
defects.29 No peak shifting was observed in PL spectra which
depicts that catalysts are devoid of strain in the distributed
nanomaterial. Lower intensities show a lower recombination
rate of photo-generated electron−hole owing to an increased
Cu concentration in MH17−MH20. Low energies of charge
recombination center enhance charge carrying capacities of
nanomaterials and hence may play an important role in
enhancing the catalytic efficiencies.
3.2. Photocatalytic Degradation of AR under UV

Light by MH16−MH20. Photocatalytic degradation of AR
dye was carried out under irradiation of UV light and samples
were taken at different times. For all the aliquots taken,
absorbance at 505 nm was recorded through a UV
spectrophotometer and factors like the effect of time, catalytic
dose, initial dye concentrations, and pH were investigated
under UV light. Absorption spectra of all aliquots depicted a
decrease in absorption intensities which may be ascribed to the
decomposition of aromatic rings.

Absorption spectra were taken for AR degradation experi-
ments carried out without catalysts under UV light irradiation
as blank 1 and without UV light irradiation as blank 2. No
change was observed in the spectrum of the blank 1
experiment indicating no degradation of AR whereas a slight
change was detected in the absorption spectra of the blank 2
experiment carried out under UV light irradiation. Photo-
catalytic AR dye degradation using all synthesized nanoma-
terials (MH16−MH20) as catalysts was investigated and %
degradation was calculated for each studied factor below.

3.2.1. AR Degradation with Increasing Time. To
investigate the degradation of AR200 ppm dye with increasing
time intervals using 0.025 g of MH16−MH20 as catalysts,
absorption spectra were recorded for sample aliquots during
photocatalytic experiments after 30, 60, 90, 120, 150, and 180
min as shown in Figure S3. The percent degradation was
calculated for each time and data are enlisted in Table 3.
MH16−MH20 showed 39.89, 33.21, 32.61, 31.11, and 46.02%

Table 2. BET Properties of Synthesized Nanomaterials
(MH16−MH20)

samples

BET properties MH16 MH17 MH18 MH19 MH20

surface area (SBET) (m2/g) 41.22 49.03 39.221 48.02 38.21
pore volume (Vm) (cc/g) 0.022 0.009 0.011 0.033 0.029
pore width (nm) 2.997 3.331 3.112 2.113 4.245
constant 2298 6021 7790 1127 4427

Pore Structure Parameters
cumulative surface area of

pores (SDFT) (m2/g)
11.5 15.11 10.08 14.18 9.56

cumulative pore volume
(VDFT) (cc/g)

0.018 0.023 0.016 0.021 0.016

cumulative pore width
(nm)

7.54 9.24 7.15 8.79 7.08

Figure 3. (a) Tauc plot for band gap energy and UV−vis spectra (inset) of representative nanomaterials MH19 and MH20. (b) PL spectra of the
photocatalysts (MH17−MH20).
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AR degradation, respectively, after 30 min of photocatalytic
activity under UV light (Figure 4). An increase in % AR

degradation was observed with every increasing time interval.
For MH16, 43.48% AR degradation was calculated after 60
min which got increased to 76.22% after 180 min. Similarly,
more than 42.32% degradation was observed for MH17and
MH18 after 60 min which got increased to 62.06 and 71.76%,
respectively, after 180 min of catalytic activity. Among all the
catalysts, MH19 and MH20 have shown maximum photo-
catalytic efficiencies after 60 min with 44.02 and 53.95%
degradation percentages which got increased to 78.23 and
84.19%. The correlation between % AR degradation and time
of the experiment was found to be significant as the R2 value
calculated were close to 1 for each activity experiment.

3.2.2. Effect of Increasing Catalyst Doses. MH20 was
found to be the most efficient catalyst as indicated by the
degradation obtained under different time intervals as
discussed in Section 3.2.1. Hence, different doses, i.e., 0.020,
0.025, 0.030, 0.035, and 0.040 g/L of MH20 were employed to
investigate the AR degradation after 60 min of photocatalytic
treatment under UV light irradiation. Absorption spectra were
recorded and % degradation was calculated for each catalytic
dose which is enlisted in Table 4. The percentage of AR

degradation was found to have increased with increasing
catalyst dose from 0.020 to 0.040 g/L as shown in Figure 5.

Approximately, 50.32, 53.95, and 57.16% AR degradation
percentage was calculated for 0.020, 0.025, and 0.030 g of
MH20, respectively. However, increasing the dose above 0.030
g gave a notable increase in degradation of AR as 78.09 and
89.73% degradation was observed for 0.035 g and 0.040 g
MH16, respectively. An increase in % AR degradation with an
increase in dosage of MH20 is possibly ascribed to the
maximum surface area available of the catalyst resulting in
more light photons reaching the surface.21

3.2.3. Effect of the Increasing Dye Concentration. The
degradation efficiency of MH20 was monitored by varying the
concentrations of AR dye, i.e., 50, 100, 150, 200, and 250 ppm
for 60 min of UV light. The amount of MH20 used for each
experiment was 0.020 g/L. The percentage was calculated from
UV spectra (Figure 6) taken for each experiment and data are

Table 3. Percentage AR Degradation by MH16−MH20 with
Increasing Time

time (min) MH16 MH17 MH18 MH19 MH20

30 39.89 33.21 32.61 31.11 46.02
60 46.03 42.32 43.12 44.02 53.95
90 57.02 49.33 52.09 52.07 62.20
120 62.12 56.33 58.21 59.22 67.98
150 71.88 59.29 67.76 69.11 77.13
180 76.22 62.06 71.76 78.23 84.19

Figure 4. Photocatalytic AR200 ppm degradation at different time
intervals by 0.025 g of MH1−MH5 as catalysts.

Table 4. AR250ppm Degradation by Various Catalytic Doses
of MH20 after 60 min of Photocatalytic Activity

amounts (g) % AR degradation

0.020 50.32
0.025 53.95
0.030 57.16
0.035 78.09
0.040 89.73

Figure 5. AR200 ppm degradation with different catalyst doses of MH20
after 60 min of photocatalytic activity.

Figure 6. Degradation with different AR concentrations (50−250
ppm) by 0.020 g of MH20 after 60 min of photocatalytic activity.

Table 5. Degradation of Different AR Concentrations (50−
250 ppm) by 0.020 g of MH20 after 60 min of
Photocatalytic Activity

dye concentration (ppm) % AR degradation

50 83.24
100 71.20
150 62.04
200 50.32
250 49.13
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enlisted in Table 5. The percentage of AR degradation was
decreased for each increasing concentration of AR solution
from 50 to 250 ppm. More than 80% dye degradation was
observed when 50 ppm AR solution was subjected to
degradation under UV light. Increasing the concentration of
AR from 50 to 250 ppm degradation percent reduced to
71.20% with 100 ppm, 62.04% with 150 ppm, 50.32% with 200
ppm, and 49.13% with 250 ppm. This decline in degradation of
AR at substrate concentrations is most possibly due to the
adsorption of a greater number of AR molecules on the surface
of the catalyst which resulted in fewer active sites available on
the catalyst’s surface. More number of AR molecules adsorbed
on the catalyst surface made less number of light photons get
to the surface ultimately resulting in decreased UV light
available for the excitation of catalyst particles.21

3.2.4. Effect of pH of Medium. The effect of changing the
pH of AR solution on its degradation was investigated by
changing the solution pH from acidic (pH = 3, 5) to basic (pH
= 9, 11). The 200 ppm solution of AR was used for each
experiment for 60 min under UV light irradiation using 0.020 g
of MH20 as the catalyst and AR degradation was calculated
(Figure 7). The percentage of AR degradation at pH = 7 was

calculated as 50.32% which was increased when the pH of AR
solution was increased, i.e., 67.23% for pH = 5 and 85.91% for
pH = 3 were obtained (Table 6). However, lowering the pH to

a basic medium than neutral tends to decrease the % AR
degradation. Degradation was reduced to 39.08% for pH = 9
and further decreased to 25.33% for pH = 11. Adsorption is
maximum at acidic pH as the surface of the adsorbent becomes
highly protonated and maximum adsorbate gets adsorbed on it
by electrostatic forces of attraction whereas the adsorption rate
becomes very low due to repulsive forces between adsorbent
and adsorbate.
3.3. Kinetics and Mechanism of AR Degradation.

Different kinetic models were applied to the experimental data
obtained during photocatalytic AR200 ppm degradation activity

with MH20 (0.020 g) at different time intervals. The pseudo-
first-order (ln C0/Ct vs t) kinetic model was found to be the
best-fitted model on the obtained experimental data. The rate
constant (k) for the AR degradation experiment was calculated
through the linear equation and the R2 value obtained close
was close to 1 (Figure 8) indicating a significant correlation
between experimental data obtained during photocatalytic
activity with MH20 with a rate constant of 0.9911.

We have earlier reported AR degradation mechanism over
the surface of Cu-based manganese oxide catalysts.21 The
schematic illustration of degradation mechanism is shown in
Figure 9. Upon absorption of light, the electrons (e−) of the

manganese oxide are excited from the valence band to the
conduction band when UV light falls on the surface of the
catalyst. This phenomenon results in generating the positive
hole (h+) in the valence band. The electron in the conduction
band of MnO2 will be picked up by the doped Cu nanoparticle
as the work function of the metal is higher than that of metal
oxide. A reactive superoxide anion radical (•O2−) is generated
by the uptake of electrons from metal nanoparticles by the
adsorbed O2 molecule present on the surface of the
photocatalyst. Whereas, the positive holes present in the
valence band react with H2O molecules to form hydroxyl
(•OH) radicals which are highly reactive toward the photo
degradation of AR dye.30 Hence, by tuning the structural
parameters of these nanomaterials, their catalytic efficiencies
can be enhanced enormously as can also be seen from the
structural characterization of the catalysts.

Figure 7. Degradation of AR200 ppm by 0.020 g of MH20 after 60 min
of photocatalytic activity at various pH.

Table 6. Degradation of AR200 ppm by 0.020 g of MH20 after
60 min of Photocatalytic Activity at Various pH

pH % AR degradation

3 85.91
5 67.23
7 50.32
9 39.08
11 25.33

Figure 8. Pseudo-first-order kinetics of AR degradation by MH20
(0.020 g).

Figure 9. Schematic band diagram for AR degradation over Cu-based
manganese oxide.
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4. CONCLUSIONS
The presented work described photocatalytic AR dye
degradation by a series of Cu-based manganese oxide
nanomaterials (MH16−MH20). Synthesized nanomaterials
were successfully characterized by PXRD, SEM/EDX, BET,
and PL techniques. Synthesized nanomaterials were analyzed
to have a high mesoporous density as C constant values from
BET were greater than 100, having a tetragonal crystalline
system as per PXRD and exhibiting 2.98−3.02 eV band gap
energies from the obtained UV−vis spectra and PL. MH16−
MH20 nanomaterials were utilized for photocatalytic AR dye
degradation and under UV light % AR degradation was
calculated at various time intervals from UV spectra. More
than 60% AR degradation at various time intervals was
obtained for MH16−MH20 indicating their good catalytic
efficiencies for AR removal. However, MH20 was found to be
the most efficient catalyst showing more than 84% degradation,
hence MH20 was used to investigate the effect of various
catalytic doses, AR concentrations, and pH of the medium on
degradation. More than 50% AR degradation was obtained for
all studied parameters indicating good catalytic efficiency of
MH20. The pseudo-first-order kinetic model was found to be
the best-fitted kinetic model for AR degradation with k =
0.0015 and R2 = 0.99 indicating a significant correlation
between experimental data.
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