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The persistent nature and environmental toxicity of industrial dyes in wastewater necessitate the development
of efficient and sustainable removal technologies, such as sonocatalysis. The sonocatalytic activity of the
NiO nanoparticles (NPs) was studied for the degradation of Congo red dye (CR). NiO NPs were prepared
via a green method. The obtained NiO NPs were characterized using XRD, BET, TEM, FESEM, EDX, and
UV-Vis-DRS. The sonocatalytic efficiency of the NiO NPs was evaluated for the CR degradation. The results
show that 95% of CR dye and 56% of total organic carbon (TOC) were removed within 30 min. Nevertheless,
when a hydroxyl radical (*OH) scavenger t-butanol and hole (h™) scavenger (EDTA) were added it was
observed that degradation efficiency reduced from 95% to 52% and 64% respectively, which revealed that
*OH is the main oxidizing agents in this process. LC-MS analysis identified degradation products and enabled
the proposal of a plausible sonocatalytic degradation pathway for Congo red dye. NiO NPs’ reusability
was evaluated using the same reaction conditions for five consecutive cycles. However, a slight loss of
sonocatalytic efficiency was obtained, illustrating the stability and reusability of the nanoparticles.

tion and reproduction in any medium,
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erly cited.
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1. Introduction

Nanotechnology has made significant gains in producing
nanoparticles with precise size and morphology for cer-
tain purposes. Nanotechnology is being studied in various
sectors, from medical to environmental protection [1-3].
Nanoparticles (NPs) have a size, distribution, and shape.
Due to their many unique, surprising, and intriguing prop-
erties, nanoparticles have many applications [4—7]. The
goal is to improve methods for synthesizing NPs with spe-
cific size, shape, composition, and well-ordered dispersity
to improve their physical, chemical, optical, and catalytic
properties for environmental and sonocatalytic applications
[8—12]. The significance of biofunctional nanoparticle syn-
thesis has attracted the interest of numerous research groups,
leading to a rapidly expanding field [13—16]. Researchers
have used cost-effective methods to synthesize metal oxide
nanoparticles for various applications to meet the grow-
ing need for eco-friendly nanoparticles [17—19]. Although
physical and chemical approaches are widely utilized for
the preparation of NPs, physical methods are generally ex-

pensive, and chemical methods can be detrimental to both
the environment and living organisms [20-22]. Numerous
studies have suggested using plants and natural gels for
nanoparticle synthesis [23-26]. Green synthesis, formerly
known as bio materials innovation, is a cost-effective, en-
vironmentally friendly, and favored approach to chemical
and physical processes. Ongoing efforts aim to enhance
nanoparticles’ quality, size, shape, and catalytic activity by
drawing inspiration from biological processes. The green
synthesis of nanoparticles has utilized both natural and syn-
thetic products as reducing and capping agents [27-32].

Nickel oxide (NiO) nanoparticles (NPs) are regarded as
prototypical p-type semiconductors with a band gap energy
ranging from 3.6 to 4.9 eV [33]. Their high surface area con-
tributes to their exceptional photocatalytic and environmen-
tal remediation properties [34—37]. Their biocompatibility
and low toxicity make them an exceptional material for var-
ious applications [38—40]. As a result, this substance has
attracted considerable interest from scientists in recent times
and has been extensively applied in various fields, including
sensors, photocatalysis, and sonocatalysis [41-43]. Addi-
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tionally, NiO NPs have been shown to be efficient adsor-
bents for removing toxic pollutants and dyes [44, 45]. Other
sonocatalysts, such as CdO, ZnO, CeO,, and CuO, exhibit
promise in degrading organic contaminants, demonstrating
adaptability and efficiency in environmental applications
[46-49]. Recent studies demonstrate that sonocatalysis im-
proves the degradation efficiency of specific materials. The
increasing focus on these catalysts underscores their im-
portance in addressing environmental issues, such as water
pollution [50, 51]. The sonocatalytic process depends on
sonoluminescence and hot spots from US cavitation, which
refers to the formation, growth, and collapse of microbub-
bles in an aqueous solution. Local “hot spots” generate
intense heat and pressure that can elevate semiconductor
sonocatalyst electrons from the valence band (VB) to the
conduction band (CB). Moreover, sonoluminescence result-
ing from the collapse of cavitation bubbles can activate the
sonocatalyst to generate electron-hole pairs (e "—h™) [52].
Sonoluminescence and hot spots can also dissociate water
molecules into small amounts of hydrogen and hydroxyl
radicals (*H and *OH). The efficient utilization of semicon-
ductor sonocatalysts is therefore imperative and urgent [53].
CR dye (Fig. 1) is a harmful organic contaminant that has
raised concerns recently [54-56]. This work involved the
synthesis of NiO NPs through an eco-friendly method, fol-
lowed by characterization of their properties using various
analytical techniques. Finally, CR dye photodegradation
was studied under various conditions.

2. Experimental

2.1 Materials

The tragacanth gum (TG) was obtained from a nearby nat-
ural products store. The Ni(NOj3),-6H,0O, Tert-butyl al-
cohol (t-butanol) (>99%), benzoquinone (BQ) (> 98%),
and Ethylenediamine tetra acetic acid (EDTA, > 99%)
were purchased from Merck and Sigma-Aldrich. Congo
red dye (C32H2oNgNa;OgS2, Sodium 3,3’-([1,1°-biphenyl]-
4,4’-diylbis(diazene-2,1-diyl))bis(4 aminonaphthalene-1-
sulfonate) was acquired from Alvan Sabet Co (Iran).

2.2 Characterization

The X-ray diffraction (XRD) of NiO NPs were examined
with an advanced X Pert PRO diffractometer. A TESCAN
MIRA 30 with energy dispersive X-ray (EDX) and an EM
208S were used for field emission scanning electron mi-
croscope (FESEM), EDX and transmission electron micro-
scope (TEM) analysis. The produced solutions’ optical
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absorption spectra were recorded by a Cary Series spec-
trophotometer. Belsorp Mini II and ultraviolet-visible dif-
fuse reflectance spectroscopy (UV-vis DRS) (Shimadzu UV-
2550, Japan) analysers measured surface area and optical
characteristics. Shimadzu’s TOC-5000 was used to measure
total organic carbon (TOC). Liquid chromatography-mass
spectrometry (LC-MS) was performed using a Waters 2695
HPLC-MS system.

2.3 Synthesis of NiO NPs

The NiO nanoparticles were prepared using an environmen-
tally friendly method [29]. Initially, TG was dissolved in
distilled water for 45 min at 70 °C to form a gel. Then, 1.5
g of Ni(NO3)2-6H,0 were added to the gel, and the mixture
was heated at 75 °C for 12 hours with continuous stirring.
The resulting dry gel was subsequently annealed at 500 °C
for 4 hours to produce NiO nanoparticles.

2.4 Sonodegradation of CR dye

The CR degradation was studied using NiO NPs as a catalyst
in an ultrasonic cleaner, operating at 200 W. The tempera-
ture was kept stable during the entire process. To identify
the best conditions for degradation, a range of CR concen-
trations (10 — 40 mg/L), different amounts of NiO (10 —40
mg), and various contact times were employed under ul-
trasonic irradiation. After separation of the NiO NPs, the
degradation performance and UV-Vis spectrum of the CR
solution were assessed using a UV-Vis instrument. The CR
concentration was measured by absorbance at 499 nm. The
equation below can be employed to determine the degrada-
tion efficacy:

Ag—A
Degradation (%) = ( 0 ) x 100
Ao
where A represents the initial absorbance of the dye, and A
denotes the absorbance remaining after exposure to visible
light irradiation.

3. Results and discussion

3.1 Characterization of NiO NPs

The XRD pattern of green synthesized NiO NPs has been
displayed in the figure 2. The diffraction peaks exhibit
clear and precise characteristics that correspond to the cubic
structure. The crystal planes of the NiO NPs have been in-
dexed as (111), (200), (220), (311), and (222), which closely
match the JCPDS Card No: 75-0197. The strong intensity

NH, NH,

SO;Na

SO;Na

Figure 1. Chemical Structure of CR dye.

2252-0236[https://doi.org/10.57647/j.ijc.2025.1503.30]


https://doi.org/10.57647/j.ijc.2025.1503.30

Ridah Shakor et al.

1JC15 (2025) -152530 3/10

200

=
= 111 220
£

2]

=

2

=

—

311
222
T T AR T T
30 40 50 60 70

2 Theta (degree)

Figure 2. XRD pattern of the NiO NPs.

and clarity of the peaks provide additional evidence of the
crystallinity of the NiO NPs. The average crystallite size of
the NiO NPs was determined to be approximately 19 nm
using the Debye-Scherrer equation [57, 58].

The FESEM and TEM images in figure 3a, 3b illustrate the
morphology and particle size of NiO NPs. From the analysis

SEM MAG: 200 kx Det: InBeam MIRA3 TESCAN
WD: 4.96 mm BI: 7.00 200 nm
View field: 1.04 ym  Date(m/dly): 04/15/24

of the FESEM image, it is clear that the NiO nanoparticles
display a uniform spherical shape and are uniformly dis-
tributed. The TEM image gives additional data suggesting
that the NiO NPs have an approximate size of 25 nm. The
EDX analysis (figure 3c) was used to determine the chemi-
cal elements of the NiO NPs. The EDX analysis revealed
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Figure 3. (a) FESEM, (b) TEM, and (c) EDX images of NiO NPs.
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Figure 4. Tauc plot of NiO.

peaks for nickel and oxygen, confirming the composition.
The tauc plot of the NiO NPs is shown in Fig. 4. The plot
indicates that the band gap of NiO is approximately 2.51 eV.
Similar results have been reported in other studies as well
[59, 60]. This result indicates that the NiO NPs have an
appropriate band gap for the dye degradation under visible
light. The observed substantial red shift in the band, com-
pared to that reported for bulk NiO (~ 3.6 —4.9 eV) [61],
could be attributed to the strong p—d exchange interaction
between Ni-3d and O-2p orbitals.

The CB and VB potentials of NiO NPs were calculated
using the following equations [62—65]:

Evgp=X—-E,+ OSEg

Ecg =Evs — E,

where X is the absolute electronegativity of the semicon-
ductor (5.75 eV for NiO), E, is the energy of free electrons
on the hydrogen scale (~ 4.5 eV), and Ej is the band gap
energy of the NiO. Based on these values, the CB and VB
of NiO were estimated to be approximately 0.004 eV and
2.514 eV, respectively.

The BET method was used to evaluate the active surface
area of NiO NPs. The specific surface area, the pore diame-
ter, and the total pore volume of the NiO NPs were found
to be 41.226 m2/g, 9.874 nm, and 0.0277 cm3/g, respec-
tively. The N, absorption/desorption isotherm, presented
in figure 5, verifies the characteristic Type IV behavior
in accordance with the ITUPAC classification of materials
[66, 67].

3.2 Sonocatalytic efficiency of NiO NPs

The sonocatalytic activity of NiO NPs was assessed by
degrading Congo red dye at natural pH. The degradation
process was monitored by tracking the variation in the ab-
sorbance peak of Congo red around 449 nm.

As demonstrated in figure 6a, when the catalyst dosage is
raised from 10 to 30 mg with constant irradiation time, the
degradation efficiency is observed to improve. This was
attributed to the enhancement of active sites and *OH radi-
cals by the presence of the catalysts in the degradation of
dye. However, when the NiO dosage increases from 30 to
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Figure 5. The N, adsorption-desorption curve of the NiO NPs.

40 mg, the degradation efficiency slightly reduces. When
the doses of sonocatalyst are increased, an aggregation of
particles occurs, which in turn reduces the total surface area
and active sites to generate *OH radicals. Furthermore, the
use of a high concentration of sonocatalyst can hinder the
process of cavitation by minimizing the ultrasonic waves
that would help in the formation of cavitation bubbles in the
solution [68].

Figure 6b illustrates the impact of initial CR amount on
sonodegradation, with dye concentrations varying between
10 and 40 mg/L, constant NiO dosage (30 mg), and contact
time (30 min). As anticipated, degradation efficiency grad-
ually decreased with higher dye concentration. Increasing
the dye concentration to 40 mg/L achieved an 81% degra-
dation of CR. High dye concentrations lead to excessive
adsorption on the catalyst surface, which hinders heat and
energy absorption from acoustic cavitation, reducing hy-
droxyl radicals and degradation efficiency [69].

The sonocatalytic performance of NiO for CR dye degra-
dation was evaluated by determining the efficiency under
three experimental conditions: Sonolysis, adsorption (NiO
in the dark), and sonocatalysis (NiO under US irradiation).
No degradation of the CR dye was found in the sonolysis
conditions. Under adsorption conditions, 53% of the CR
dye was eliminated. However, as shown in figure 6¢, 95%
of the CR dye was degraded in just 30 minutes during sono-
catalysis.

To identify the optimal duration of the sonocatalyst process,
the experiment was carried out with a fixed amount of NiO
and CR concentration at different times. The results ob-
tained are shown in figure 6d. The absorption spectrum of
the degradation is shown by the decrease of the maximum
absorption values with time under ultrasonic irradiation. Un-
der optimal conditions, 95% of the CR dye was destroyed
in 30 min. TOC removal from CR dye was analyzed prior
to and following the degradation test under identical condi-
tions. The results showed that 56% of the TOC was removed
within 30 min. The rapid and efficient degradation of CR
dye under ultrasonic irradiation clearly demonstrates the
sonocatalytic capability of the obtained NiO NPs. The en-
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Figure 6. The Effect of (a) NiO Dosage (20 ppm CR, 30 min) (b) CR Concentration (0.03 g NiO, 30 min) (c) Ultrasonic irradiation (0.03 g NiO, 20 ppm
of CR) (d) UV-Vis spectra of sonocatalytic degradation (0.03 g NiO, 20 ppm CR).

hanced sonocatalytic efficiency of NiO NPs is primarily
attributed to their high crystallinity, uniform particle size
(~ 25 nm), narrow band gap (~ 2.51 eV), deep valence
band (~ 2.514 eV), and excellent sonocatalytic activity un-
der ultrasonic conditions.

Scavenger experiments revealed the active oxidant species
and clarified the sonodegradation process [70]. Figure 7
shows that the introduction of t-butanol, a scavenger for hy-
droxyl radicals (*OH), reduced CR degradation efficiency
to 52% after 30 minutes. This suggests that sonocatalysis
is reliant on *OH radicals. EDTA, acting as a hole (h™)
quencher, reduced CR degradation to 64%, indicating that

100
90
80
70
60
50
40
30
20
10

BQ

Decolorization (%)

no t-butanol EDTA

Figure 7. Influence of scavenging agents on CR dye degradation (20 ppm
CR, 0.03 g NiO, 30 min).

*OH radicals play a more dominant role in the process. The
use of p-benzoquinone (BQ) as an O3 scavenger had a
minimal effect on degradation. These results confirm that,
although h™ contributes to degradation in this system, *OH
radicals are the primary active agents [71-73]. The sug-
gested pathway for the degradation of CR dye, as illustrated
by LC-Mass analysis, is presented in figure 8. The findings
indicate that the molecules of the CR dye undergo degrada-
tion, resulting in the formation of smaller fragments. The
fragmented molecules are presented in Table 1, located fur-
ther down, providing insight into the sequential breakdown
steps and supporting the proposed degradation mechanism.
An important advantage of using nanoparticles in water pu-
rification is their ability to be reused multiple times [74].
The stability and sonocatalytic efficiency of NiO NPs were
investigated in five consecutive experiments under the opti-
mal conditions. The sonocatalyst from each experiment was
centrifuged, rinsed with distilled water, and reused to assess
its reusability. The results, as shown in figure 9, indicated
a minor decline in degradation efficiency even after five
cycles of recycling.

A comparison of the degradation of CR using other cat-
alysts was performed. Table 2 describes the comparison
of NiO NPs as a unique sonocatalyst for CR degradation.
This report is among the first studies to show that NiO NPs
exhibit the highest sonodegradation efficiency for CR dye.
This technique produces NiO nanoparticles through a green
synthesis method, which are used as sonocatalysts and show
promise for the degradation of organic pollutants.
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Figure 8. Proposed Sonocatalytic Degradation Pathway of CR dye.

4. Conclusion

This work demonstrates that NiO nanoparticles synthesized
via a green method show strong sonocatalytic activity for
Congo red dye degradation. The characterization of NiO
through various advanced techniques confirmed its struc-
tural and chemical properties. FESEM and TEM images
showed that NiO nanoparticles have a uniform spherical
shape and an average size of 25 nm. The Tauc plot re-
vealed a band gap of 2.51 eV, and BET analysis showed a
specific surface area of 41.226 m?/g, highlighting the NiO
NPs’ potential as an efficient sonocatalyst. The sonocat-
alytic performance of NiO was remarkable, achieving 95%
removal of Congo red dye and a 56% reduction in TOC

within 30 min under ultrasonic irradiation. *OH radicals
play a key role in degradation, as the use of t-butanol, a
*OH scavenger, reduced the degradation from 95% to 52%),
confirming that *OH radicals are the primary oxidants in
sonocatalysis. LC-MS analysis confirmed the formation
of several degradation products, supporting the proposed
degradation pathway. Furthermore, recycling experiments
showed that NiO nanoparticles exhibit good reusability and
stability. Given their excellent sonocatalytic performance,
NiO is recognized as a promising candidate for water re-
mediation. This study provides valuable insights into de-
veloping highly efficient sonocatalysts for environmental
applications.
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Table 1. Identified intermediates from CR sonodegradation by LC-MS.

No Structure m/z | No Structure m/z
1 238 | 2 174
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Figure 9. Recyclability of NiO NPs (0.03 g NiO, 20 ppm CR).
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Table 2. Comparison of catalytic performance in CR degradation.
Catalysts Degradation method | Time (min) | Degradation performance (%) Refs.
TiO, Sonocatalysis 180 80 [75]
NiO Photocatalysis 160 84 [76]

Mg 5Cog.sFe;O4 Photocatalysis 30 93 [77]
Ce0,-500 Photocatalysis 100 76.44 [62]
CdO-NiO Photocatalysis 140 90.18 [36]

NiO Photocatalysis 140 87.81 [36]
Cellulose/TiO, Sonocatalysis 30 48 [78]
MgFe,04@CeO, Photocatalysis 60 93 [79]
NiO Sonocatalysis 30 95 This work
h [10] E. Hadi and K. K. Jasim. Adv. J. Chem. A, (2024):604—-614.
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