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KEYWORDS Abstract Scientists seek to synthesize new catalysts with simple methods to treat water pollution
Nanoparticles; from organic dyes using photocatalytic degradation technology. In this technology, when light falls
Photocatalytic degradation; on the catalyst, the produced hydroxyl free radicals convert the dye into non-toxic gases such as
Analytical parameters; CO, and H;0. So, in this work, copper oxalate/cobalt oxalate/manganese oxalate (Abbreviated
Malachite green dye as P;) and copper oxide/cobalt manganese oxide/manganese oxide (Abbreviated as P,) new

nanocomposites were fabricated via precipitation of Cu®>"/Co®* /Mn>" solution using oxalic acid
and ignition of precipitate at 550 °C for 4 hrs, respectively. Some tools, involving X-ray diffraction
(XRD), UV-vis spectrophotometer, energy dispersive X-ray spectroscopy (EDX), nitrogen gas
sorption analyzer, transmission electron microscope (TEM), and field emission scanning electron
microscope (FE-SEM), were used for characterizing the fabricated nanocomposites. The EDX spec-
tra confirmed that the P; composite consist of C (26.28 %), oxygen (46.66 %), manganese (7.27 %),
cobalt (7.59 %), and copper (12.20 %). Also, the P, composite consist of oxygen (8.23 %), man-
ganese (31.34 %), cobalt (27.19 %), and copper (33.24 %). A transmission electron microscope
shows that the P, and P, composites consist of polyhedral and spherical shapes with an average
diameter of 28.13 and 14.37 nm, respectively. The BET surface area, average pore size, and total
pore volume of the P; composite are 29.0725 m?/g, 2.0749 nm, and 0.0302 cc/g, respectively.

* Corresponding author.
E-mail address: chem241@ksu.edu.sa (S. AlReshaidan).

Peer review under responsibility of King Saud University.

ELSEVIER Production and hosting by Elsevier

https://doi.org/10.1016/j.arabjc.2022.104316
1878-5352 © 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2022.104316&domain=pdf
mailto:chem241@ksu.edu.sa
https://doi.org/10.1016/j.arabjc.2022.104316
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2022.104316
http://creativecommons.org/licenses/by/4.0/

R.K. Shah, S. AlReshaidan

Besides, the BET surface area, average pore size, and total pore volume of the P, composite are
58.1088 m?/g, 1.6087 nm, 0.0467 cc/g, respectively. 60 mg of the synthesized nanocomposites com-
pletely decompose 60 mL of 15 mg/L of malachite green dye solution within 20 min in the presence
of hydrogen peroxide and UV light. The synthesized catalysts outperformed many other catalysts

published in previous studies.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Water contamination by harmful industrial wastes is the most serious
environmental issue. Numerous approaches and substances are being
researched to purify the water (Adel et al., 2022; Bi et al., 2022;
Rayaroth et al., 2022). Thousands of synthetic dyes are the primary
cause of water pollution. Since the majority of these dyes are non-
biodegradable, they stay in the water for an extended period of time.
In addition to their toxicity, even low quantities of these substances
harm aquatic life by blocking sunlight. Malachite green is among the
industrial organic dyes that are harmful to mammalian cells. Malachite
green is a dye used in the paper, cotton, jute, wool, silk, leather, and
acrylic industries, as well as an antibacterial and fungicide (Raval
et al., 2017). Since the pollutants are transformed from one phase to
another in the adsorption method, a secondary pollutant issue occurs
despite the fact that adsorption methods are the most extensively uti-
lized for dye removal as they are efficient and economical
(Abdelrahman, 2018; Abdelrahman et al., 2019a). Consequently, inten-
sive research is being conducted on the removal of contaminants via
photodegradation (Abdelrahman et al, 2019b; Alharbi and
Abdelrahman, 2020; Hegazey et al., 2020). In recent years, advanced
oxidation technologies have been utilized efficiently for the degrada-
tion of hazardous chemicals in wastewater (Abdelrahman and
Hegazey, 2019). Using semiconductor catalyst, heterogeneous photo-
catalysis completely converts organic contaminants to CO, and H,O
with the help of the generated free radicals (Abdelrahman and
Hegazey, 2019). There are many catalysts for degrading malachite
green dyes such as Fe(III)-cross-linked alginate-carboxymethyl cellu-
lose composite (Karadeniz et al., 2022), cobalt oxide/citric acid
nanocomposite (Verma et al., 2021), sn-doped TiO, (Sayilkan et al.,
2007), Fe304/ SiO,/TiO, composite (Farhadian and Kazemzad,
2016), and chitosan supported Ce—ZnO (Saad et al., 2020). However,
most of these catalysts require a high cost to prepare them, as well
as their ability to degrade a small concentration of malachite green
dye in a large time. Therefore, scientists strive to prepare effective cat-
alysts in simple ways using low-cost chemicals. Copper, cobalt, and
manganese salts are cheap, available, and easy to purchase. Also, oxa-
lic acid is among the cheapest organic precipitants for the preparation
of low crystalline nanomaterials. Precipitation and/or ignition method
is an effective method for producing many nanomaterials such as iron

oxide (AL-Harbi and Darwish, 2022), ferromagnetic nanoparticles
(Kumar and Gangawane, 2022), zinc oxide (Mahmood et al., 2022),
Mn;04 (Altiner et al., 2022), cerium oxide (Aseena et al., 2021), boro-
hydride (Wang and Aguey-Zinsou, 2021), CuCo,04 (Sun et al., 2021),
and cadmium oxide (Sujatha et al., 2021). So, in this work, copper
oxalate/cobalt oxalate/manganese oxalate and copper oxide/cobalt
manganese oxide/manganese oxide new nanocomposites were synthe-
sized by precipitation of Cu®*/Co®* /Mn>" solution using oxalic acid
and ignition of precipitate at 550 °C for 4 hrs, respectively. Some tools,
involving X-ray diffraction (XRD), UV-vis spectrophotometer, energy
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Fig. 1 XRD patterns of the P, (A) and P, (B) composites.

Table 1 Parameters affecting the photocatalytic degradation of malachite green dye using the P; and P, composites.

Parameter Experimental conditions
Concentration of Volume of Amount of Irradiation time (min) pH
dye (mg/L) dye (mL) catalyst (mg)
pH (2.5-8.5) 15 60 60 180 —_—
Time (440 min) 15 60 60 —_— 8.5
Amount of catalyst 15 60 —_— 32 min and 20 min in the absence and presence of 8.5
(0.02-0.1 g) H,0,, respectively.
Concentration of dye — 60 60 32 min and 20 min in the absence and presence of 8.5
(5-25 mg/L) H,0,, respectively.
Regeneration and 15 60 60 32 min and 20 min in the absence and presence of 8.5

reusability

H,0,, respectively.
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dispersive X-ray spectroscopy (EDX), nitrogen gas sorption analyzer,
transmission electron microscope (TEM), and field emission scanning
electron microscope (FE-SEM), were used for characterizing the fabri-
cated nanocomposites. The produced nanocomposites were employed
as new photocatalysts for the degradation of malachite green dye. Fur-
thermore, analytical parameters impacting the degradation efficiency
of malachite green dye, such as pH, irradiation time, dye concentra-
tion, and catalyst quantity, have been investigated.

2. Experimental

2.1. Utilized chemicals

Copper(II) acetate monohydrate (Cu(CH3;COO),-H,0), cobalt
(IT) acetate tetrahydrate (Co(CH3;COOQ),-4H,0), hydrochloric
acid (HCI), oxalic acid (C,H,04), sodium hydroxide (NaOH),
manganese(Il)acetate tetrahydrate (Mn(CH;COO),-4H,0),
hydrogen peroxide (H,O,), and malachite green dye (C,3H»s-
CIN,) were acquired from Sigma Aldrich Company
(Purity = 99.99 %) and utilized without further purification.

2.2. Synthesis of composites

5.00 g of copper(II) acetate monohydrate, 5.00 g of manganese
(IT) acetate tetrahydrate, and 5.00 g of cobalt(Il) acetate

tetrahydrate were dissolved in 250 mL of distilled water for
getting the Cu/Co/Mn solution. Additionally, 8.50 g of oxalic
acid was dissolved in 120 mL of distilled water. After that, the
oxalic acid solution was added to the Cu/Co/Mn solution drop
by drop with constant stirring for 30 min. Moreover, the pro-
duced precipitate was separated, washed several times with dis-
tilled water, and dried at 60 °C for 24 hrs. Additionally, the
dried precipitate was ignited at 550 °C for 4 hrs.

2.3. Instrumentation

Using a PANalytical XRD diffractometer with Ko Cu line
equal to 1.5 A, the average crystallite size and crystal structure
of the P, and P, composites were determined. Using an Ultra
55 Gemini-Zeiss scanning electron microscope, the surface
shape and constituents of the P, and P, composites were deter-
mined. Using a Talos F200iS transmission electron micro-
scope, the morphologies of the P, and P, composites were
obtained. The surface textures of the P; and P, composites
were determined using a Quantachrome TouchWin nitrogen
gas sorption analyzer after 12 hrs of degassing at 60 °C. The
energy gap of the P, and P, composites and concentration
of the malachite green dye was obtained using a Shimadzu-
M160 PC UV-vis spectrophotometer. Maximum malachite
green dye wavelength is 620 nm.
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Fig. 2

EDX patterns of the P, (A) and P, (B) composites.
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Fig.3  Scanning electron microscope images of the P; (A) and P,
composites.

2.4. Photocatalytic degradation of malachite green dye

The P; or P, catalyst is combined with the malachite green dye
solution in a 250 mL beaker and stirred for 4 hrs in a dark
location. During stirring, the beaker is then exposed to ultravi-
olet light (Wavelength = 254 nm, Length = 40 cm,
Power = 10 Watt). According to Table 1, several parameters
impacting the photocatalytic degradation of malachite green
dye using the P, and P, composites have been examined.

The preceding experimental procedures were repeated with
the addition of 0.5 mL of a 1 M hydrogen peroxide solution. In
the instance of regeneration and reusability, the P, or P, cat-
alysts were regenerated by washing them with hot distilled
water after every cycle and then drying them at 60 °C. Four
cycles were then utilized for the degradation of the malachite
green dye.

The percentage of photocatalytic degradation (% Degrada-
tion Efficiency) of malachite green dye was calculated using

Eq. (1).
By — B,

% Degradation Efficiency = x 100 (1)

B, (mg/L) is the concentration of the malachite green dye
after the end of its stirring period in a dark place. B, (mg/L)
is the concentration of the malachite green dye after the expi-
ration of the period of stirring in the presence of ultraviolet
rays.

Fig. 4 Transmission electron microscope images of the P; (A)
and P, composites.

3. Results and discussion

3.1. Characterization of the synthesized composites

The appearance of XRD peaks at 20 = 18.84°, 22.79°, 24.66°,
30.05°, 33.58°, and 34.62° confirms that the P, composite con-
sists of copper oxalate hydrate (CuC,04-H,0, JCPDS No. 00—
022-1089), cobalt oxalate hydrate (CoC,04-2H,0, JCPDS No.
00-025-0250), and manganese oxalate hydrate (MnC,04-2H,-
O, JCPDS No. 00-025-0544) as clarified in Fig. 1A. Also,
the P, composite consists of copper oxide (CuO, JCPDS No.
00-005-0661), cobalt manganese oxide ((Co,Mn)(Co,Mn),0y,
JCPDS No. 00-018-0408), and manganese oxide (MnsOg,
JCPDS No. 00-018-0801) as clarified in Fig. 1B. Characteristic
peaks of copper oxide appear at 20 = 35.69°, 38.91°, 45.77°,
48.93°, 61.70°, and 66.17°. Characteristic peaks of manganese
oxide appear at 2@ = 15.98°, 31.14°, 44.32°, and 64.54°. Char-
acteristic peaks of cobalt manganese oxide appear at 2@ = 36.
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Fig. 5 N, adsorption/desorption isotherms of the P, (A) and P,
(B) composites.

63° and 58.76°. The average crystallite size of the P; and P,
composites is 30.12 and 18.54 nm, respectively.

As seen from EDX spectra in Fig. 2A, the P; composite
consist of C (26.28 %), oxygen (46.66 %), manganese
(7.27 %), cobalt (7.59 %), and copper (12.20 %). Also, the
P, composite consist of oxygen (8.23 %), manganese
(31.34 %), cobalt (27.19 %), and copper (33.24 %) as seen
from EDX spectra in Fig. 2B.

A scanning electron microscope shows that the P; compos-
ite consists of irregular shapes with an average diameter of
3.57 um, as seen in Fig. 3A. Also, the P, composite consists
of irregular and spherical shapes with an average diameter of
1.26 um, as seen in Fig. 3B. A transmission electron micro-
scope shows that the P; and P, composites consist of polyhe-
dral and spherical shapes with an average diameter of 28.13
and 14.37 nm, as seen in Fig. 4A-B, respectively.

The N, adsorption/desorption isotherms of the P; and P,
composites belong to type IV as seen in Fig. 5A-B, respectively
(Abdelrahman et al., 2019b). Also, the BET surface area, aver-
age pore size, and total pore volume of the P; composite are
29.0725 m?/g, 2.0749 nm, and 0.0302 cc/g, respectively.
Besides, the BET surface area, average pore size, and total
pore volume of the P, composite are 58.1088 m?/g,
1.6087 nm, 0.0467 cc/g, respectively.

Fig. 6 The plot of (athv)? versus hv for the P; (A) and P, (B)
composites.

By exploiting the spectrum of the P; and P, composites in
paraffin oil, the optical energy gap (Eg,p) Was calculated using
Eq. (2) (Abdelrahman et al., 2019b; Hegazey et al., 2020).

(ochv)P = Ko (hv — Egap) (2)

K,, o, P are a constant, the absorption coefficient, and an
integer based on the nature of the transition. P = 0.5 for indi-
rect permitted transitions, whereas P = 2 for direct permitted
transitions. As seen in Fig. 6A-B, direct permitted transitions
predominated in the P; and P, composites. The energy gap
of the P, composite is 1.96 eV. Also, the energy gaps of the
P, composite are 2.29 and 3.53 eV.

3.2. Photocatalytic degradation of malachite green dye

3.2.1. Effect of pH

The effect of pH on the degradation efficiency of malachite
green dye using the P; and P, composites was studied with
pH varying from 2.5 to 8.5 as seen in Fig. 7A-B, respectively.
The optimal pH for the degradation of malachite green dye in
the absence and presence of hydrogen peroxide is 8.5. The
degradation efficiency of malachite green dye, at pH = 8.5
using the P; composite in the absence and presence of hydro-
gen peroxide, is 29.58 and 100 %, respectively. The degrada-



Fig. 7 The effect of pH on the degradation efficiency of
malachite green dye using the P; (A) and P, (B) composites.

tion efficiency of malachite green dye, at pH = 8.5 using the P,
composite in the absence and presence of hydrogen peroxide, is
36.50 and 100 %, respectively. The ability of hydrogen perox-
ide under the effect of UV rays to form more hydroxyl free
radicals, which accelerate the degradation of the malachite
green dye, boosted the degradation efficiency as compared to
the absence of hydrogen peroxide. The point of zero charge
of the P; and P, composites was determined as described by
Khalifa et al (Khalifa et al., 2020). The point of zero charge
(pHpzc) of the P; and P, composites is 3.96 and 4.28, respec-
tively. Malachite green dye is a cationic dye. Due to the attrac-
tion forces, it is therefore adsorbable on the surface of a
catalyst at pH values greater than pHpzc. Thus, the efficiency
of malachite green dye degradation improves at pH values
greater than pHpzc. Malachite green dye is a cationic dye.
Consequently, electrostatic repulsion prevents it from being
favorably adsorbed on the surface of a catalyst at pH values
below pHpzc. Thus, at pH levels below pHpzc, the degrada-
tion efficiency of malachite green dye decreases (Abdelwahab
et al., 2022).

3.2.2. Effect of time

The effect of time on the degradation efficiency of malachite
green dye using the P, and P, composites was studied with
time varying from 4 min to 40 min as seen in Fig. 8A-B, respec-
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Fig. 8 The effect of time on the degradation efficiency of
malachite green dye using the P; (A) and P, (B) composites.

tively. The optimal period for the degradation of malachite
green dye utilizing the P; and P, composites in the absence
of hydrogen peroxide was determined to be 32 min. Due to
the saturation of the active sites, it was observed that the
degradation efficiency of malachite green dye remains rather
stable when the irradiation time increases from 32 min to
40 min. The optimal period for the degradation of malachite
green dye utilizing the P, and P, composites in the presence
of hydrogen peroxide was determined to be 20 min. In the
absence of hydrogen peroxide, the degradation efficiency of
malachite green dye using the P; and P, composites is 29.58
and 37.39 %, respectively. In the presence of hydrogen perox-
ide, the degradation efficiency of malachite green dye using the
P, and P, composites is 100 %.

Using Eq. (3), the photocatalytic degradation processes of
malachite green dye using the P; and P, composites were
found to obey the first-order kinetic model as seen in Fig. 9-
A-B, respectively (Abdelwahab et al., 2022).

In(Bo/Be) = K1t (3)

where, K; (1/min) and t (min) are the constant of first order
kinetic model and irradiation time, respectively. The K values
and correlation coefficients (R?) are listed in Table 2.
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3.2.3. Effect of amount of catalyst

The effect of amount of catalyst on the degradation efficiency
of malachite green dye using the P; and P, composites was
studied with amount varying from 0.02 g to 0.10 g as seen in
Fig. 10A-B, respectively. The optimal amount of catalyst for
the degradation of malachite green dye utilizing the P, and
P, composites was determined to be 0.06 g due to the increase
in the number of catalyst particles, which improves photon
absorption. In addition, it was noticed that the degradation
efficiency of malachite green dye decreased when the amount
of catalyst was increased from 0.06 g to 0.10 g due to the
screening of incident light by the excess catalyst particles and
the catalyst aggregation (Abdelwahab et al., 2022).

3.2.4. Effect of initial malachite green dye concentration

The effect of initial concentration of malachite green dye on
the degradation efficiency using the P; and P, composites
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Fig. 10 The effect of amount of catalyst on the degradation
efficiency of malachite green dye using the P; (A) and P, (B)
composites.

was studied with concentration varying from 5 mg/L to
25 mg/L as seen in Fig. 11A-B, respectively. In addition, it
was observed that the degradation efficiency of malachite
green dye decreases as the dye concentration increases from
5 mg/L to 25 mg/L. This is as a result of the shorter path
length of photons entering the malachite green dye solution,
which limits photon absorption by the catalyst and, conse-
quently, photocatalytic degradation (Abdelwahab et al., 2022).

3.2.5. Effect of regeneration and reusability

The effect of regeneration and reusability on the degradation
efficiency of malachite green dye using the P, and P, compos-
ites was studied for four cycles as seen in Fig. 12A-B, respec-
tively. The results indicated that the degradation efficiency of
malachite green dye has been slightly modified. This shows
that these catalysts can be utilized repeatedly without dimin-
ishing in efficacy.

Table 2 The constants of the first order reaction of the degradation of malachite green dye using the P, and P, composites.

Composite K; (1/min) R?

Without H202 With HzOz Without H202 With H202
Py 0.0089 0.1529 0.9735 0.9743
P, 0.01461 0.1784 0.9814 0.9891




degradation efficiency using the P; (A) and P, (B) composites.

3.2.6. Mechanism of photocatalytic degradation of malachite
green dye

As illustrated in Fig. 13, when UV rays excite electrons in the
valence band, they transfer to the conduction band, resulting
in the production of holes at the valence band and electrons
at the conduction band. The conduction and valence bands
then produced oxygen anion free radicals (O,”) and hydroxyl
free radicals (OH), respectively. Free radicals eventually con-
vert malachite green dye to volatile gases (CO, and H,0).
Hydrogen peroxide inhibits the rapid recombination of elec-
trons and holes and increases the quantity of hydroxyl free
radicals. Therefore, this addition improves the catalytic effi-
ciency of malachite green dye degradation (Abdelwahab
et al., 2022).

3.2.7. Comparison of photocatalytic degradation of malachite
green dye using the produced composites with other
photocatalysts

As clarified in Table 3, the photocatalytic degradation of mala-
chite green dye using the P; and P, composites has been com-
pared with that of other photocatalysts reported in the
literature such as Fe(III)-cross-linked alginate-carboxymethyl
cellulose composite (Karadeniz et al., 2022), cobalt oxide/citric
acid nanocomposite (Verma et al., 2021), sn-doped TiO,
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(Sayilkan et al., 2007), FezO4 SiO,/TiO, composite
(Farhadian and Kazemzad, 2016), and chitosan supported
Ce—ZnO (Saad et al., 2020). The results demonstrated that
the P; and P, composites are superior to other catalysts in
their capacity to rapidly degrade a significant volume and con-
centration of malachite green dye.

4. Conclusions

Copper oxalate/cobalt oxalate/manganese oxalate (Abbreviated as
Py) and copper oxide/cobalt manganese oxide/manganese oxide
(Abbreviated as P,) new nanocomposites were fabricated via precip-
itation of Cu®*/Co?* /Mn2+ solution using oxalic acid and ignition
of precipitate at 550 °C for 4 hrs, respectively. The average crystal-
lite size of the Pl and P2 composites is 30.12 and 18.54 nm, respec-
tively. The P1 composite consist of C (26.28 %), oxygen (46.66 %),
manganese (7.27 %), cobalt (7.59 %), and copper (12.20 %). Also,
the P2 composite consist of oxygen (8.23 %), manganese (31.34 %),
cobalt (27.19 %), and copper (33.24 %). The P1 composite consists
of irregular shapes with an average diameter of 3.57 pm. The P2
composite consists of irregular and spherical shapes with an average
diameter of 1.26 pm. 60 mg of the synthesized nanocomposites com-
pletely decompose 60 mL of 15 mg/L of malachite green dye solu-
tion within 20 min in the presence of hydrogen peroxide and UV
light.



Facile synthesis and characterization of copper oxalate 9

H* HOO ., oW’

Malachite green dye

CO; ++ «oo
degraded product

UV Irradiation

Malachite green dye

\_ h* h* h

Valence bandr

+ /

OH™

Synthesized Nanocomposites

H,0 — = H* + OH—
h*ve + OH™ OH’
e +0: (0P
0~ +H* HOO’
2 HOO H,0,+0,
H,0, + UV 20H’

+UV—— h*yp +e7s

Fig. 13  The suggested mechanism for the degradation of malachite green dye.

Table 3 Comparison between the photocatalytic degradation of malachite green dye and that of other photocatalysts.

Catalyst Amount of Concentration of Volume of Y% Time Ref

catalyst (g) dye (mg/L) dye (mL) Degradation (min)
Fe(I1I)-cross-linked alginate- 0.10 10 50 98.8 30 (Karadeniz et al.,
carboxymethyl cellulose 2022)
Cobalt oxide/citric acid 0.05 10 100 91.20 100 (Verma et al., 2021)
Sn-doped TiO, 0.10 20 25 100 340 (Sayilkan et al., 2007)
Fe;04/ SiO,/TiO, 0.10 10 100 100 150 (Farhadian and

Kazemzad, 2016)

Chitosan supported Ce-ZnO 0.02 5 100 83 180 (Saad et al., 2020)
P, 0.06 15 60 100 20 This work
P, 0.06 15 60 100 20 This work
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