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ARTICLE INFO ABSTRACT

Keywords: This study is the first to explore the possibility of utilizing CuCr LDH decorated on reduced graphene oxide (rGO)
Layered double hydroxide and graphene oxide (GO) as sonophotocatalysts for the degradation of dimethyl phthalate (DMP). CuCr LDH and
G(riaphenz dati its nanocomposites were successfully fabricated and characterized. Scanning electron microscopy (SEM) along
Advanced oxidation processes with high-resolution transmission electron microscope (HRTEM) both evidenced the formation of randomly
Sonophotocatalysis

oriented nanosheet structures of CuCr LDH coupled with thin and folded sheets of GO and rGO. The impact of
diverse processes on the degradation efficiency of DMP in the presence of the so-prepared catalysts was
compared. Benefiting from the low bandgap and high specific surface area, the as-obtained CuCr LDH/rGO
represented outstanding catalytic activity (100 %) toward 15 mg L™} of DMP within 30 min when subjected to
light and ultrasonic irradiations simultaneously. Radical quenching experiments and visual spectrophotometry
using an O-phenylenediamine revealed the crucial role of hydroxyl radicals compared to holes and superoxide
radicals. Overall, outcomes disclosed that CuCr LDH/rGO is a stable and proper sonophotocatalyst for envi-

Dimethyl phthalate

ronmental remediation.

1. Introduction

Dimethyl phthalate (DMP, C;9H;1¢04) as a widespread plasticizer has
been verified as a significant refractory contaminant owing to its high
toxicity, bioaccumulation, endocrine disrupting impacts, and carcino-
genesis [1]. DMP has been frequently determined in natural water
sources at concentrations ranging from 0.1175 to 236000 g L™}, which
can be accumulated in the body and eventually imperil human and
aquatic life [2,3]. As a consequence, it is imperative to determine the
efficient treatment techniques for the disintegration of wastewater
polluted with DMP [2,3]. The traditional treatment methods including
adsorption and biodegradation can not be widely utilized according to
the generation of secondary pollution sources, high cost, and the usage
of hardly recycled catalysts [4]. Advanced oxidation processes (AOPs)
have been immensely employed as simple, compatible, as well as
promising treatment techniques to mineralize and eliminate a wide
variety of pollutants, such as dyes, pesticides, pharmaceuticals,

plasticizers, and heavy metals [5]. Among the AOPs, the photocatalytic
process appears to be the promising route to disintegrate organic pol-
lutants [6]. Nevertheless, photocatalysis still has some drawbacks
including a high charge recombination rate and low mineralization of
refractory contaminants. Hence, increasing interest has been paid to the
application of sequential AOP hybrid techniques which can promote the
mineralization of resistant compounds and decrement the overall
operation cost [7]. Amongst, the sonophotocatalytic process is a kind of
advanced integrated AOP involving a combination of photocatalysis and
sonocatalysis [8]. This eco-friendly technique can employ ultrasound
(US) and light irradiations as well as a proper heterogeneous catalyst to
disintegrate wastewater effluents. Accordingly, substantial efforts have
been devoted to amplifying the degradation efficiency (DE%) by the
modification of reaction parameters and catalysts [9].

Among diverse heterogeneous catalysts applied to degrade organic
contaminants in wastewater, increasing interest has been paid for two-
dimensional LDHs. LDHs own a lamellar ionic structure along with the
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brucite-like layers made up of bivalent and trivalent cations [10]. The
space between hydroxyl layers is filled by the intervening anions such as
nitrate, sulfate, carbonate, etc. Moreover, the hydroxide ion in the LDH
can form hydrogen bonds with the anions and water molecules. Owing
to the weak interlayer bonding, LDHs have belonged immense proper-
ties [11]. Particularly, LDHs containing Cu are widely used in a variety
of catalytic domains owing to their unique structural characteristics and
the promising catalytic activity of the Cu atom. Moreover, Cu" served
as the divalent cation to enhance the formation of defects while Cr®*
demonstrated high visible light absorption [12]. Based on the literature
review, CuCr LDH owns a low bandgap that enables simple electron-hole
separation under visible light [13]. However, poor mobility of the
charge carriers and fast recombination of the generated electron-hole
occur which is the major bottleneck that restricts the application of
LDHs as photocatalysts [14]. On the other hand, the significant feature
of LDHs is the plethora of combinations of various compounds that can
be implemented in the LDH structure. As an instance, Huang et al. [15]
utilized MgAl LDH/TiO, for the photocatalytic disintegration of DMP for
8 h. The obtained outcomes revealed that the accumulation of DMP onto
the composites and the surface hydroxyl groups of the LDH provide a
synergistic effect, increasing the rate of DMP photocatalytic degrada-
tion. Also, peroxymonosulfate activation in the presence of CoFe LDH/
BC was investigated by Ye et al. [16]. The BC-CoFe LDH/PMS system
generated more ROSs. As a consequence, 100% dimethyl phthalate
degradation efficiency during 60 min was reached. In addition, carbon-
based LDHs have garnered superb interest nowadays as photocatalysts
with the aim of boosting the stability and efficacy of the LDHs. Amongst,
graphene derivatives own exceptional electrical conductivity and sta-
bility as well as the existence of numerous oxygen-containing functional
groups [17,18].

In the present study, the GO/rGO-based CuCr LDH nanocomposites
have been synthesized by facile co-precipitation and hydrothermal
routes, respectively. The structural properties of the fabricated nano-
materials are evaluated by HRTEM, SEM, X-ray diffraction (XRD),
Brunauer-Emmett-Teller (BET), and Fourier transform infrared spec-
trometer (FTIR) analyses. With the aim of recognizing the best catalyst
and treatment process for the degradation of DMP, the efficiency of
sonophotocatalysis, photocatalysis, sonocatalysis, and adsorption in the
presence of CuCr LDH, CuCr LDH/GO, and CuCr LDH/rGO are investi-
gated. The impact of various operational parameters on the DE% of DMP
is assessed for the optimized catalyst. Following that, the dominant
reactive oxygen species (ROSs) that participated in the sonophotoca-
talysis are determined by using different inhibitors. To investigate the
stability of the catalyst during sonophotocatalysis, the reusability tests
along with XRD and FTIR analyses of the reused catalyst were con-
ducted. Lastly, the generated by-products throughout the treatment
procedure are monitored through the gas chromatography-mass spec-
trometry (GC-MS) technique.

2. Experimental section
2.1. Chemicals and characterizations

Chromium (III) nitrate nonahydrate, diethyl ether, ethanol, sodium
hydroxide pellets, para-benzoquinone, N, O-Bis (trimethylsilyl) acet-
amide, copper (II) nitrate trihydrate, isopropanol, hydrogen peroxide
(30 %), nitric acid, and formic acid were procured from Merck (Ger-
many). Dimethyl phthalate, potassium peroxymonosulfate (PMS), and
O-phenylenediamine were supplied by Sigma-Aldrich (USA). GO was
provided by Nanografi nanotechnology AS Co. (Turkey). The description
of characterization techniques was stated in the supplementary data
(Text S1).

2.2. Preparation of the catalysts

For the synthesis of CuCr LDH, Cr(NOs)3-9H20 (4.57 g) and Cu
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(NO3)2-3H0 (4.83 g) were dissolved in 40 mL of distilled water. Af-
terward, the NaOH solution (1 mol L™1) was inserted drop by drop into
the prepared solution to achieve a pH of 6 in the nitrogen atmosphere.
The suspension was mixed at room temperature for another 24 h. After
washing several times with deionized water, the CuCr LDH was centri-
fuged and dried at 60 °C.

For the preparation of GO-based CuCr LDH nanocomposite, 80 mg of
GO was ultrasonically dispersed in distilled water. Moreover, the pH of
the solution containing Cu(NO3)2-3H20 and Cr(NO3)3-9H,0 was
enhanced to 5.5. The GO solution was mixed with the obtained mixture
and stirred for 24 h. The formed CuCr LDH/GO nanocomposite was
centrifuged and dried as described for pristine CuCr LDH.

The preparation of the CuCr LDH/rGO sample was initiated by
dispersing 80 mg of GO ultrasonically. The pH of Cr(NO3)3-9H20 and Cu
(NO3)2-3H50 solution was raised to 9 and mixed with the GO solution.
The ultimate suspension was transmitted to an autoclave and heated
(19 h, 110 °C). The resultant precipitate was washed and dried. The
overall synthesis method is briefly presented in Fig. 1a.

2.3. Sonophotocatalytic tests

The DMP solution containing the specific amount of the prepared
samples was located in an ultrasonic bath (Elmasonic P, Germany) and
instantaneously exposed to light and US irradiation. The concentration
of residual DMP was assessed by tracking the absorbance peaks with a
UV-Vis spectrophotometer (SU-6100, Perkin Elmer, USA) at about
275 nm. In an attempt to recognize and quantify the hydroxyl radical, O-
phenylenediamine was applied as a tracer. The method of hydroxyl
radical quantification was properly discussed by Fang et. al [19].

3. Results and discussion

3.1. Characterizations of CuCr LDH, CuCr LDH/GO, and CuCr LDH/
rGO

The XRD spectra of the CuCr LDH, CuCr LDH/GO, and CuCr LDH/
rGO are displayed in Fig. 1b. The peaks located at 20 values of 10°, 20°,
34°, and 61° attributed to the (003), (006), (009), and (110) planes
(JCPDS 00-035-0965) [20]. Besides, the graphene-based CuCr LDH
nanocomposites exhibit the same peaks. Furthermore, there are no
evident GO and rGO diffraction peaks, attributing to the effective
dispersion and exfoliation of GO and rGO nanosheets or overlapping the
peaks of GO/rGO (at 10° and 20°, respectively) with the index peaks of
CuCr LDH. Also, similar peaks were reported by Ziegenheim et al. [21]
for CuCr LDH. Also, all samples present a series of well-developed uni-
formly spaced (00 1) Bragg’s reflections revealing a hexagonal layered
structure with R — 3 m rhombohedral symmetry. Additionally, an in-
plane (110) peak and a wide hump at 26 = 60.4° and 20 = 34° are
evident in the XRD patterns of all catalysts which are assigned to the
development of in-plane hexagonal turbostratic structure [20]. All these
findings provide strong evidence of the proper synthesis of CuCr LDH
and its nanocomposites.

The main functional groups of the CuCr LDH, CuCr LDH/GO, and
CuCr LDH/rGO were determined by the FTIR analysis (Fig. 1c). The
peaks in the range of 400-1000 cm ™! are related to the M—O and M—OH
vibrations (M: Cu®* and Cr3* cations). The intercalated water molecules
and stretching O-H groups of CuCr LDH are responsible for the broad
peak centered at approximately 3450 cm™! [22]. Combining the CuCr
LDH with GO and rGO caused an increase in the intensity of the O-H
stretching band which is assigned to the hydroxyl functional groups that
existed in the GO/rGO structures. Besides, the absorption band at about
1630 cm ™! is created by the bending vibration of the O-H groups of
intercalated HyO structures [23]. The absorption peak at the wave-
number of 1050 cm ™! may be allocated to the carbonate anions which
originated from the atmospheric CO, [21]. Moreover, the strong and
sharp absorption peak at 1376 cm ™! is referred to as the antisymmetric



T. Sadeghi Rad et al.

o GO sheets

Ultrasonics Sonochemistry 95 (2023) 106358

CuCr LDH/rGO

i } |
, | CuCr LDH/rGO !
- 1 1 g .
3 | i |
s . :
2 ; A_ CuCr LDH/GO '
7] | : |
c 1 | |
] : | -
it 1 1
£ | I
CuCr LDH |
| i ' N
[} |(o 'o ‘o
(=3 o IQ -
1=} =] S I
. \ . . . .JCPDS 0?-0350965'
10 20 30 40 50 60 70 80

o-H NO,
CuCr LDH/rGO

CuCr LDH/GO

Transmittance

CuCr LDH

4000 3600 3200 2800 2400 2000 1600 1200 800
Wavenumber (cm™1)

(d) (e) o CuCr LDH/rGO
r
Cf Cu
N (l':\rCr Cu Cu
. CuCr LDH/GO
N (2]
9 ‘g’ cf& or
fS/ 8 N A Cr C,E Cu
Cr CuCr LDH
Cu
N Cr
CuCr LDH A Cr Cu Cu
2 a1 74 . \ \ \ " . . . f : . : ) )
1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 0 1 2 3 4 5 6 7 8 9 10
hv (eV) Energy (KeV)

Fig. 1. (a) The schematic of the CuCr LDH/rGO’s preparation, (b) the XRD patterns, (c) the FTIR spectra, (d) (ahv)?-hv curves, and (e) EDX of CuCr LDH, CuCr LDH/

GO, and CuCr LDH/rGO.

stretching of intercalated NO3 [24].

The DRS analysis was applied to examine the optical properties and
light responses of the as-prepared nanomaterials. Fig. 1d displays the
(ahv)?-hu curves of the CuCr LDH and its nanocomposites. To estimate
the optical width of the bandgap, a tangent to the obtained curve was
drawn. The computed bandgap energies of CuCr LDH, CuCr LDH/GO,
and CuCr LDH/rGO were determined to be 2.1, 1.74, and 1.68 eV,
respectively. It is believed that the narrower bandgaps facilitate the
formation of photogenerated charges. Hence, this phenomenon im-
proves the photocatalytic efficacy of the catalysts by producing high
amounts of ROSs, which are beneficial for the decomposition of re-
fractory contaminants. Consequently, CuCr LDH/rGO is expected to
display high photocatalytic activity in comparison with CuCr LDH and
CuCr LDH/GO. Also, in our previously published paper, a similar trend
for bandgap was reported after the addition of carbon-based materials
[25].

The elemental composition of the CuCr LDH and the carbonaceous
nanocomposites has been estimated by EDX analysis and presented in
Fig. le. The concurrent presence of copper, chromium, oxygen, and

nitrogen elements in the chemical structure of CuCr LDH is affirmed. In
the nanocomposite structures, carbon is also detected along with the
other mentioned elements for the CuCr LDH. Thus, the efficacious syn-
thesis of CuCr LDH, CuCr LDH/GO, and CuCr LDH/rGO is confirmed
well by EDX analysis.

The N, adsorption-desorption isotherm was evaluated to find out the
porosity of the samples. As can be seen from Fig. S1, the isotherms of all
the nanomaterials could be categorized as type IV as a main character-
istic of the mesoporous materials. However, differences in the hysteresis
loops represent different pore shapes. According to the IUPAC classifi-
cation, CuCr LDH and CuCr LDH/GO have H3-type hysteresis loops
revealing the wedge-shaped pores created by the stacking of flaky par-
ticles [26]. On the other hand, CuCr LDH/rGO owns an H4-type hys-
teresis loop which can be implied that plate-like particles aggregated to
form slit pores [27]. The specific surface area of 0.42, 1.64, and 8.3 m?
g’1 were obtained for CuCr LDH, CuCr LDH/GO, and CuCr LDH/rGO,
respectively. CuCr LDH/rGO owns the highest specific surface area
compared to CuCr LDH and CuCr LDH/GO.

The morphological features of the CuCr LDH, CuCr LDH/GO, and
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CuCr LDH/rGO materials were characterized by SEM (Fig. 2a-c) and stacked among the thin nanosheets of GO and rGO. The folded layers of
HRTEM (Fig. 2d-f). The SEM images of CuCr LDH represent thin nano- rGO nanosheets can be observed in Fig. 2¢. As evidenced by SEM, the
sheets with apparent edges. Also, Patil et al. [20] observed unevenly HRTEM micrographs disclosed randomly oriented nanosheet structures
shaped and randomly oriented nanosheets of CuCr LDH based on SEM of CuCr LDH. Besides, thin layers of GO and rGO along with CuCr LDH
analysis. By the addition of GO and rGO, the CuCr LDH layers are structures are seen in Fig. 2e and f. Fig. 2g illustrated the dot-mapping

2 ym

SEM HV: 15.0 kV ‘WD: 4.52 mm MIRA3 TESCAN

View field: 8.

N Ka OKa

8000,
( h) Cu2p
7500
7000| 9633 Cu 2p,;,

Counts s~1

960 950 940
Binding Energy (eV)

930

2 ym
I
SEM HV: 15.0 kV

Counts s-1

5000

4500

4000

3500

3000

.7pm |

2 um

—
WD: 9.36 mm MIRA3 TESCAN SEM HV: 15.0 kV WD: 8.69 mm MIRA3 TESCAN
Det: SE | 2pm View field: 12.7 pm Det: SE | 2pm

CrKa CuKa N, O, Cr,Cu,N
12000

Cr2p

10000

8000

6000

Counts s-1

4000

2000

590 585 580 575 536 554 532 530 sés 526
Binding Energy (eV) Binding Energy (eV)

Fig. 2. (a, b, and c) The SEM, (d, e, and f) TEM images of CuCr LDH, CuCr LDH/GO, and CuCr LDH/rGO, (g) dot-mapping analysis of CuCr LDH, and (h) the XPS
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analysis of the CuCr LDH, affirming the existence of N, O, Cr, and Cu
elements in the CuCr LDH structure. Besides, all the elements are
distributed homogeneously along the sample structure.

XPS was used to assess the elemental state and composition of the
prepared CuCr LDH (Fig. 2h). Cu 2p can be deconvoluted into 2 peaks;
the Cu 2p; /2 peak appeared at 954.8, and the peak at 935.1 eV origi-
nated from the Cu 2ps,,. The other peaks of Cu 2p were localized at
942.1, 944.2, and 954.8 eV related to the Cu element in CuCr LDH,
which is in the form of Cu®*. The peaks of the Cr 2p spectrum localized
at 577.2 and 587.0 eV display the contributions from the Cr 2ps, and Cr
2p1 /2. This finding demonstrated that the Cr element corresponded to
the Cr (III). The three peaks for Ols in the CuCr LDH spectrum are
referred to HyO, H-O, and O-M groups. Also, Zhang et al. [28] reported
similar peak positions and states previously.

3.2. The catalytic degradation of DMP

3.2.1. The influence of various processes on the disintegration of DMP
The functions of CuCr LDH, CuCr LDH/GO, and CuCr LDH/rGO on
DE% via diverse processes were conducted and depicted in Fig. 3. At the
first step, the DE% of DMP were recognized under photolysis, sonolysis,
and sonophotolysis. In the absence of a catalyst, low degradation effi-
ciencies were achieved through the aforementioned processes relating
to the recalcitrant nature of the DMP molecule. Even so, US irradiation
can elevate the DE% owing to the growth and collapse of the aqueous
bubbles which can generate hot spots for pyrolyzing water molecules.
The formation of hydroxyl radicals through the pyrolyzation result in an
increase in DE%. Therefore, the sonophotolysis process owns high

1
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efficacy in comparison with sonolysis and photolysis, as can be noticed
from Fig. 3a.

During 30 min, the adsorption of the DMP molecules on CuCr LDH,
CuCr LDH/GO, and CuCr LDH/rGO resulted in the DE% of about 19%,
20%, and 30%, respectively. In light of this, the adsorption process has a
limited capacity to break down DMP molecules. However, the CuCr
LDH/rGO owns higher DE% which could be attributed to its higher
specific surface area compared to CuCr LDH and CuCr LDH/GO as
examined via BET analysis. Besides, positively charged brucite-like
layers of CuCr LDH in nanocomposite structure may interact electro-
statically with the electron-rich aromatic ring or the oxygens of DMP
molecule in the normal pH of DMP (pH = 8).

The photocatalytic behaviors of the so-synthesized samples were
explored for 30 min (Fig. 3a-c). The CuCr LDH/rGO exhibits 40 % of DE
% under photocatalysis. The higher photocatalytic activity of CuCr
LDH/rGO can be attributed to low bandgap energy (1.68 eV) affirmed by
DRS analysis. It was evidenced that a low bandgap can promote the
transfer of electrons from the valence band to the conduction band. The
generated electrons and holes can produce ROSs which can participate
in the disintegration of DMP. Although, electrons and holes have a high
affinity to recombine resulting in the alleviation of the DE%. To over-
come this problem, GO and rGO can be intercalated as supports for LDHs
which can serve as electron acceptors. Also, the addition of carbona-
ceous materials to the LDH structure can inhibit the agglomeration of
the catalyst. Indeed, CuCr LDH/rGO and CuCr LDH/GO demonstrate
high photocatalytic activity (40% and 37%, respectively) compared
with CuCr LDH (29%).

The sonocatalytic process boosts the DE% by generating higher
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Fig. 3. The DE% of DMP via various processes (a) without catalyst; inset is the higher magnification of the image, (b) in the presence of CuCr LDH, (¢) CuCr LDH/GO
(d), and CuCr LDH/rGO ([DMP], = 15 mg L™}, [catalyst] = 0.75 g L%, pH = 8, US power = 150 W, and light intensity = 50 W).
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amounts of ROSs. The DE% of DMP was promoted from 37.3% to 42.2%,
and 72% by CuCr LDH, CuCr LDH/GO, and CuCr LDH/rGO, respec-
tively. The higher specific area of CuCr LDH/rGO compared to CuCr
LDH and CuCr LDH/GO can provide a suitable platform for the
adsorption of DMP molecules, formation of diverse ROSs, and reactions
among DMP molecules and ROSs. Also, Roso et al. [29] claimed that
rGO-based nanocomposites had remarkable elimination efficiency due
to the greater interaction of rGO with the photocatalyst and reduced
mass-transfer restrictions. What’s more, US irradiation is able to pro-
duce electron-hole pairs based on the sonoluminescence process
exceeding the amounts of ROSs. Enormous bubbles were formed when
solutions were subjected to severe ultrasonic irradiation. Under the
cyclical ultrasonic vibration, these bubbles expanded, shrank, and
eventually burst apart, causing hammering action on the solid-liquid
interface. Besides, US waves can promote the DE% through scrubbing
the catalyst surface, increment of mass transfer among the solution-CuCr
LDH/rGO surface, and prevention of catalyst agglomeration.

As it can be monitored from Fig. 3a-c, the DE% boosted from 42% to
58.5% and 100% within 30 min in the presence of CuCr LDH, CuCr LDH/
GO, and CuCr LDH/rGO, respectively. Furthermore, the synergy factor
values were computed as 1.3, 2, and 25.5 in the presence of CuCr LDH,

CuCr LDH/GO, and CuCr LDH/rGO based on the Synergy factor =

Kapp(Catalyst+ Light+ US)
Kapp(Catalyst) + Kapp(Light) +Kapp(us)

lyst)» Kapp(Light)y and Kappus) are the sonophotocatalysis, adsorption,
photolysis, and sonolysis rate constants respectively. Eventually, CuCr
LDH/rGO was chosen as an appropriate catalyst for the degradation of
DMP under sonophotocatalysis. Additionally, the degradation turnover
(dTON) value as a facile way to judge the catalytic degradation systems
was estimated according to the dTON = 5&& in which ng, n, t, and C
display initial and ultimate moles of DMP (umol), time (h), and catalyst
amount (g), respectively [30]. 88.6,120.6, and 205.9 ymol h™! g~ were
calculated for CuCr LDH, CuCr LDH/GO, and CuCr LDH/rGO, respec-
tively. Moreover, the efficiency of sonophotocatalysis can be computed
in terms of the electrical energy per order (EEO) through the method-
ology presented in the literature [31]. EEO was computed by the EEO =

5 ‘l:gp(c‘) equation in which V, t, P, Cg, and C;j are the volume of the DMP
*oe e

solution, the time of sonophotocatalysis, the sum of light and US powers,
and the final and initial concentrations of DMP. The EEO value of 543.47
kWhm 2 order ! was obtained for the decomposition of DMP through
the sonophotocatalysis in the presence of CuCr LDH/rGO. An organized
glimpse of data for the EEO values of the sonophotocatalytic process is
illustrated in Table 1. It can be acknowledged that the present treatment
technique owns reasonable EEO which could be considered a cost-
effective route for the degradation of refractory organic contaminants.

equation, in which kapp(Catalyst+Light+US)’ kapp(cata-

3.2.2. The evaluation of operational parameters

The catalyst dosage is a key factor in the catalytic degradation pro-
cesses which affects the economic treatment of refractory contaminants.
Fig. 4a explains that the degradation extent of DMP boosts with an in-
crease in catalyst dosage in the range of 0.5-1 g L. This can be mainly
related to the increment of the CuCr LDH/rGO active sites expediting the
involved reactions to form ROSs, which are in charge of attacking
pollutant molecules [34]. Notwithstanding, enhancing the catalyst
dosage from 1 to 1.5 g L™! resulted in reducing the DE% from 100 % to
95 % within 25 min. This can be owed to the aggregation of catalyst
particles in the solution which not only hinders the energy (US and light)
conduction to the catalyst’s surface but also restricts the active sites of
the catalyst to generate ROSs. Eventually, as the DE% of DMP in the
presence of 0.75 and 1 g L™} is the same (100 % during 25 min), 0.75 g
L~ was preferred as the suitable catalyst dosage from the economic
point of view.

The influence of DMP initial concentration (10-30 mg L’l) on the
decomposition efficiency was pursued. As demonstrated in Fig. 4b, the
DE% decremented from 100% to 48.2% as the initial concentration of
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Table 1
Comparing the reported EEO values during sonophotocatalysis under different
operational parameters.

Catalyst Reaction condition DE EEO Refs.
(%) (kWhm
order™)
TiOy [Ofloxacin] = 20 mg L 1 88.1 2504.1 [31]

[Catalyst] = 0.4 g L™', US
frequency = 40 kHz, UV
power = 125 W, and
time = 120 min
ZnO [Ofloxacin] = 20 mg L™}, 94.2
[Catalyst] = 0.4 g L', US
frequency = 40 kHz, UV
power = 125 W, and
time = 120 min
[Ciprofloxacin] = 10 mg L™, 93.43
[Catalyst] = 0.5 g LY
[H,0,] = 20 mmol L™, Xenon
power = 500 W, US
power = 50 W, and
time = 200 min
TiO, [2,4-dichlorophenoxyacetic 82.24 7797 [33]
acid] =50 mg LY,
[Catalyst] =1 g L,
[Hy0,] = 250 mg L™}, UV
power = 36 W, US
power = 120 W, and
time = 360 min

2071.2 [31]

BisMoOg/
FeVO,

697.71 [32]

CuCr [DMP] = 15 mg L}, 100 543.47 Present
LDH/ [Catalyst] = 0.75 g L1, US study
rGO power = 150 W, visible light

power = 50 W, and
time = 30 min

DMP enhanced from 10 to 30 mg L~!. This may be caused by the
inadequate quantity of hydroxyl radicals in the reaction media despite
the fact that the number of DMP molecules raises substantially. Thus, the
generated hydroxyl radicals are constrained to attack the DMP mole-
cules. Besides, the active sites of the CuCr LDH/rGO are conquered as a
result of increased DMP concentration, which impedes heat and energy
absorption [14]. A similar trend was reported previously by Oladipo
et al. [35].

The effect of light intensity on the sonophotocatalytic degradation of
DMP can be monitored in Fig. 4c. As the light intensity was increased
from 30 to 50 W, the sonophotocatalytic activity was boosted from 96 to
100%. Remarkably, as light intensity raise, more photons are emitted
which are responsible for activating photocatalysts, resulting in the
generation of more € h™ pairs and speeding up the degradation. At
higher light intensities, a surplus of photons may not participate in the
sonophotocatalytic reactions, which was confirmed by Askari et al. [36].

The amount of available cavitation bubbles can differ considerably
based on the quantity of US power employed. Fig. 4d portrays the
impact of ultrasonic power on the DE%. All the applied ultrasonic
powers can reach the DE% of 100% during 25 min. However, the rate of
the treatment process was boosted by increasing the amount of ultra-
sonic power. As ultrasonic power improves, not only the energy of
cavitation is boosted, but also the cavitation threshold is reduced.
Consequently, more cavitation microbubbles are yielded and thus more
ROSs are generated [37]. Another possible explanation can be related to
the high turbulence of the solution at high US power resulting in the
mass transfer rate improvement of the DMP molecules from the aquatic
medium to the CuCr LDH/rGO surface. Moreover, according to the
cleansing characteristic of ultrasonic irradiations, the CuCr LDH/rGO’s
active sites are more available for reactions in high ultrasonic powers.
Similar results were also obtained in our previously-published paper
[14].

Since pH has a notable impact on the surface charge of the catalyst
along with the solute pollutant molecules’ state, the sonophotocatalytic
efficacy of CuCr LDH/rGO was examined in the range of 4-12. Fig. 4e
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unveiled that the highest DE% of 100% was achieved at pH = 8 (the
natural pH of DMP) within 30 min of sonophotocatalysis. The obtained
trend can be explained by employing the sonophotocatalyst’s point of
zero charges (pHpzc). As shown in Fig. 4f, the pHp,. of the CuCr LDH/
rGO was calculated as 5.2. The surface of CuCr LDH/rGO is negatively
charged at pH > 5.2 and positively charged at pH less than 5.2. Also,
many influential parameters such as temperature, the amount of

elemental content in catalyst structure, etc. can affect the functional
groups and pHp,. As an instance, Siew et al. [38] reported that
increasing the Fe?" content in the catalyst framework decreased the
PHpzc to 4.0. They claimed that this decrease in pHy, is due to the in-
crease in the number of free carboxylate groups remaining on the sur-
face of the framework as a result of the increasing availability of free
metal sites. Furthermore, Lalhmunsiama et al. [39] presented the
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different amounts of pHyy,, for diverse graphene/graphene-based mate-
rials ranging from 4 to 10. Throughout the examination, DMP is in its
nonionic form [40]. At pH less than 5.2, the CuCr LDH/rGO surface has a
positive charge enhancing the attraction among an electron-rich aro-
matic ring or the oxygens of DMP and positive sites of the catalyst.
Hence, the acidic condition is more beneficial than the basic condition
due to the adsorption of more DMP molecules on the CuCr LDH/rGO
surface. It was distinguished that higher adsorption amounts could boost
photodegradation efficiency. Besides, in more basic conditions, the
formed CO; during the DMP degradation process can be converted to
CO%", consuming hydroxyl radical and resulting in a decrement in DE%.
At pH = 8, the drawbacks that had been present at acidic and higher
basic pHs diminished, and hydroxyl anions turned into hydroxyl radi-
cals, increasing the rate of breakdown.

3.2.3. The retrievability of CuCr LDH/rGO

The performance of most nanocomposites is typically restricted by
photo/sono corrosion over numerous experiments. Therefore, the sta-
bility of a nanocomposite is one of the most critical aspects for the wide
application of the catalyst [8]. Considering this fact, the stability and
reusability of the CuCr LDH/rGO were evaluated under 5 consecutive
examinations. The results in Fig. S2a disclosed that the 15% decrement
in the DE% occurred which is not significant after five cycles. This
evidently demonstrated the capability of the CuCr LDH/rGO nano-
composite to disintegrate the target pollutants from the aqueous solu-
tion. Additionally, an assessment was performed on the nature of the
recovered nanocomposite to identify the chemical and crystallographic
alterations. As depicted in Fig. S2b and c, the FTIR and XRD patterns of
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the CuCr LDH/rGO resembled those of the fresh catalyst after five runs.
This affirmed that there are no main structural changes in the CuCr
LDH/rGO structure which can be utilized as a proper sonophotocatalyst.

3.2.4. The effect of scavengers and enhancers on sonophotocatalysis

With the aim of exploring the main active substances in the
decomposition of DMP by CuCr LDH/rGO nanocomposite, a series of
experiments were conducted in the presence of formic acid, p-benzo-
quinone, and isopropanol as h*, 03, and *OH inhibitors, respectively.
Fig. 5a represents the impact of diverse scavengers on the sonophoto-
catalytic activity of CuCr LDH/rGO. The DE% decreased from 100% in
the absence of a scavenger to 92, 98, and 78 % in the existence of p-
benzoquinone, formic acid, and isopropanol, respectively. Isopropanol
demonstrated more declination in the DE% in comparison with p-ben-
zoquinone and formic acid, which acknowledges the primary role of *OH
in the disintegration of DMP. It can be claimed that superoxide radicals
and holes can participate in the degradation of DMP along with the
hydroxyl radicals. Also, Daneshvar et al. [41] evaluated the impact of
reactive species by the insertion of diverse quenchers. The obtained
outcomes revealed that the hydroxyl radical is the dominant specie
generated by ZnTi LDH during sonocatalysis [41]. To verify the
involvement of hydroxyl radicals in degrading the pollutant, visual
spectrophotometry with an O-phenylenediamine solution was con-
ducted. As can be observed from Fig. 5S¢, the peak at 417 nm is attributed
to the O-phenylenediamine-trapped *OH radicals, which is enhanced by
increasing the time of the sonophotocatalytic procedure.

The degradation of DMP in the presence of hydrogen peroxide (HP)
and potassium peroxymonosulfate is represented in Fig. 5b. For this
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Fig. 5. The influence of (a) various scavengers, (b) enhancers on the DE% of DMP during sonophotocatalysis; inset demonstrates the effect of enhancers during
10 min of the treatment process ([DMP]o = 15 mg L1, [CuCr LDH/rGO] = 0.75 g L, pH = 8, US power = 150 W, and light intensity = 50 W), and (c) the spectra of
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experiment, oxidants with the concentration of 0.5 mmol L™} were
inserted into the DMP solution. During 10 min, the DE% of DMP was
increased from 58.5% to 100% in the presence of HP. The generation of
hydroxyl radicals is initiated by the reaction of Hy05 with Cu?* and Cr®*
on the catalyst surface (Egs. (1-3)), where M"" is Cu?* or Cr** and
M" ! js their redox pairs. Also, the achieved improvement can be related
to the formation of hydroxyl radicals from HP under US and light irra-
diations (Eq. (4)).

M + H,0,-M""' + OH® + OH" @
M + H,0,-H" + M-OOH"" (2
M-OOH""—HO,* + M"" 3
1,0, 2" 201 4)

With the addition of PMS to the reaction media, the DE% improved
from 58.5% to 86% during 10 min. The pathway of PMS activation in the
presence of CuCr LDH is shown in Egs. (5) and (6) [42]. Sulfate radicals
can be generated by the reaction of PMS with the surface OH functional
groups of the catalyst [43]. Furthermore, PMS can be reacted with the
electron and holes aroused from the sonophotocatalytic process to
produce further amounts of ROSs (Egs. 7-9) [26].

M-OH + HSOs —M-(0)0S0;” + H,0 (5)
2M-(0)0S0;™ 4+ 2H,0-2M-OH™ 4 0, + 2S0,* + 2H* (6)
HSOs™ + e — OH® 4 SO~ )
HSOs™ + h™— H* + SOs* ®
2505""— 0, + 2580,* ©)]

3.3. The produced by-products and degradation mechanism

The generated intermediates of the DMP degradation under the
sonophotocatalytic process at the optimized condition were identified
by GC-MS analysis. As manifested in Table S1, during the reaction time,
four by-products with retention times of 5.54, 13.86, 24.62, and
24.99 min appeared. Initially, the hydrolyzation of the side ester group
of DMP occurred through the attack of the predominated ROSs, ac-
cording to the GC-MS outcomes. The same process was reported pre-
viously by Yegane Badi et al. [44]. Afterward, the aromatic ring of DMP
and intermediate products were cleaved to yield alkanes. Further oxi-
dations can generate simple-structured aldehydes and acids which
would ultimately undergo mineralization to form water and carbon di-
oxide. This must be acknowledged that owing to the rapid oxidation,
additional intermediates may be obtained that were not identified.

4. Conclusion

To sum up, CuCr LDH and its graphene-based nanocomposites were
synthesized via eco-friendly and sustainable techniques, which were
then employed as novel sonophotocatalysts for DMP degradation. The
order of DE% through sonophotocatalysis in the presence of the so-
synthesized catalysts is CuCr LDH (42%) < CuCr LDH/GO
(58.5%) < CuCr LDH/rGO (100%), which is related to the several fea-
tures including a narrow bandgap and high specific surface area, as
validated by DRS and BET analyses, respectively. Under simultaneous
irradiations of 150 W US and 50 W light, 0.75 g L™! of CuCr LDH/rGO
exhibits a high DE% of 100% during 30 min in the original pH of DMP
with a concentration of 15 mg L~!. Meanwhile, hydroxyl radical plays a
prominent role in the disintegration of DMP through sonophotocatal-
ysis. The reusability of the CuCr LDH/rGO was evaluated after 5
consecutive runs. The 15% reduction of DE% and physical/chemical
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stability of the CuCr LDH/rGO after 5 runs can introduce it as a robust
catalyst. Lastly, According to the EEO value calculations, sonophotoca-
talytic decomposition of DMP by CuCr LDH/rGO can be regarded as a
cost-effective route for the decomposition of recalcitrant contaminants
in comparison with similar findings.
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