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a b s t r a c t
Sonocatalytic performance of silver doped zinc oxide (Ag-ZnO) nanoparticles synthesized using 
Clitoria ternatea Linn extract was optimized for the first time in the degradation of malachite green 
(MG) by using response surface methodology (RSM). A central composite design (CCD) model 
was successfully constructed to predict the sonocatalytic degradation efficiency in the studied 
range of operating variables including catalyst loading (0.75–1.50 g/L), initial MG concentration  
(500–1,250 mg/L), ultrasound power (40–80 W) and oxidant concentration (0.75–1.75 mM). The 
model was highly reliable in the evaluation of sonocatalytic degradation efficiency as it exhibited 
high coefficient of determination (R2 = 0.9345) and high statistical significance (p-value < 0.0001). 
The maximum degradation efficiency of MG catalysed ultrasonically by Ag-ZnO was 89.21% 
after 15 min with 0.91% error as compared to the predicted value under the optimum conditions 
(500 mg/L initial dye concentration, 0.75 g/L of Ag-ZnO nanoparticles, 1.75 mM of sodium persul-
fate at 40 W of ultrasonic power). The excellent sonocatalytic performance was observed due to 
the enhancement in the availability of catalyst surface area, sufficient external energy as well as 
the addition of oxidant to induce more production of free radicals. In short, this work provides an 
insight and exposure for developing an optimized operating conditions towards the removal of 
hazardous organic dye pollutant.

Keywords:  Silver-doped zinc oxide nanoparticles; Plant-mediated; Response surface methodology; 
Sonocatalytic degradation; Malachite green dye

1. Introduction

In this new era, the increase in the water pollution 
index is accelerated by the rapid growth of urbanization 
and industrialization. As reported by the World Health 

Organization (WHO), it was expected that at least half of 
the population will be staying in water-stressed region 
by 2025 due to the water contamination and shortage of 
clean water supply [1]. The discharge of industrial waste-
water into the water bodies becomes a hot topic among the 
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society due to the content of chemical waste especially 
organic dye which exhibits high persistency and stabil-
ity in the environment and harmful to human being and 
the ecosystem [2]. In order to mitigate the problem of dye 
contamination, conventional techniques such as adsorp-
tion and biological methods are applied to remove organic 
pollutants. However, these methods are found to have sev-
eral drawbacks such as the requirement of the additional 
adsorbent regeneration process and the nature of low 
biodegradable dye molecules [3].

Advanced oxidation processes (AOPs) such as elec-
trochemical and photocatalytic methods have been devel-
oped to mineralize the organic compounds into less 
harmful products with the aid of reactive oxygen species 
(ROS) such as hydroxyl and superoxide radicals. In recent 
years, the catalytic degradation of organic substances 
under ultrasound irradiation has been widely studied. The 
presence of heterogeneous particles could enhance and 
accelerate the degradation of organic substances through 
sonocatalysis by reducing the energy required to form cav-
itation bubbles and providing electron–hole pair to gener-
ate free radicals [4].

In this case, ZnO is a promising sonocatalyst due to 
its stability under a wide range of operating conditions, 
non-toxicity properties as well as its good electrical and 
optical properties [5,6]. Although ZnO nanoparticle is a 
good semiconductor material, modification of pristine 
ZnO powder is commonly used to narrow the band gap 
energy and enhance the separation of electron–hole pair [7]. 
According to Reddy et al. [8], metal dopants could act as 
electron traps and lengthen the lifetime of the electron-hole 
pair. This can further enhance the formation of ROS and 
improve the degradation efficiency of organic compounds. 
Silver (Ag) is one of the promising dopant materials due 
to its effectiveness in the modification of nanocatalyst 
such as band gap narrowing and increment of surface area 
[9]. These factors are desired to improve the free radical 
generation and enhance the catalytic efficiency.

Accompanied by the invention of nanotechnology, the 
surface area and reactivity of nano-scaled particles are 
enhanced leading to the improvement in catalytic per-
formance [10]. Biological approach is a novel technique 
invented to solve the problems of the conventional method 
in the preparation of nanoparticles especially the con-
sumption of toxic chemicals. This method is also known as 
green synthesis because it is in line with the green chem-
istry principle. For example, biological approach uses safer 
solvents and renewable sources such as plant and micro-
organism to produce safer products [11]. The utilization of 
plant extract as bioresources in the green synthesis method 
is favourable instead of the microorganism due to the fea-
sibility of the growing process in the environment without 
extra care is needed [12,13]. Besides, the majority of plant 
extracts are enriched with polyphenolic compounds which 
can act as bio-reductant in the synthesis of nanoparticles 
and also natural capping agents to stabilize the synthesized 
nanoparticles [14,15].

Recently, the generation of sulphate radicals in AOPs 
also garners the interest of researchers due to its good 
stability and performance in the degradation of organic 
substances [16]. In addition, the redox potential of sulphate 

radicals (2.5–3.1 V) is relatively higher than hydroxyl rad-
icals (1.9–2.7 V) resulting in a stronger oxidizing ability 
which benefits catalytic degradation of organic molecules 
[17]. In this part, the presence of metal oxide is not only 
acts as a sonocatalyst but also facilitates the activation of 
persulfate anions to generate sulfate radicals. Hence, the 
combination of both catalyst and precursor of sulphate rad-
icals can achieve a higher degradation efficiency of organic 
dye rather than the catalysis alone due to the acceleration 
of reactive free radical generation [18].

To the best of our knowledge, the sonocatalytic per-
formance of green synthesized Ag-ZnO nanoparticles 
using Clitoria ternatea Linn extract was not reported previ-
ously. Hence, the catalytic performance of the synthesized 
Ag-ZnO in the degradation of MG dye was evaluated and 
compared with the pure ZnO nanoparticles in present 
work. Clitoria ternatea Linn was applied as the plant source 
to synthesis Ag-ZnO nanoparticles because it was reported 
to be enriched with phenolic acids and flavonoids which 
exhibit high reducing power [19]. Besides, the optimization 
of sonocatalytic degradation efficiency of MG dye using 
green synthesized Ag-ZnO was assessed using RSM mod-
elling instead of conventional one-factor-at-a-time method. 
RSM is an effective and powerful statistical tool used for 
optimization by considering the interaction of operating 
variables in the design of experiments. In addition, the influ-
ences of several experimental variables on the outcomes 
can be evaluated simultaneously by the means of RSM 
approach leading to the reduction in laborious work [20].

2. Materials and methods

2.1. Chemicals and materials

Zinc nitrate hexahydrate (98% purity) as zinc precur-
sor was obtained from Sigma-Aldrich while silver sulfate 
(purity ≥98.5%) as Ag source and benzoquinone (purity 
≥98%) were bought from Merck. MG (99% purity) as sam-
ple dye was supplied from Friendemann Schmidt while 
sodium persulfate as oxidant was purchased from HmbG 
Chemicals. Methanol (purity ≥99.9%) and iso-butanol 
(purity ≥99.5%) were obtained from Emsure while ethylene-
diaminetetraacetic acid disodium (purity ≥99%) was pur-
chased from Duksan. Distilled water was used throughout 
the study. All chemicals were used as received without fur-
ther purification.

2.2. Green synthesis of pure and Ag doped ZnO nanoparticles

Plant extract was prepared prior to the green synthe-
sis of ZnO nanoparticles. Firstly, Clitoria ternatea Linn as 
plant source was collected, washed and dried overnight in 
an oven at 70°C. Next, 3.0 g of dried Clitoria ternatea Linn 
was weighed and refluxed with 150 mL distilled water in a 
conical flask at 120°C for 6 h. The dark blue colored extract 
was left for cooling down and filtered using Whatman 
(No. 40) filter paper. The resulting filtrate was collected 
as plant extract for subsequent use in the fabrication 
of ZnO nanoparticles.

In the green synthesis of ZnO nanoparticles, 5.0 g of 
zinc nitrate was firstly placed in a teflon vessel containing 
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50 mL of Clitoria ternatea Linn extract. Then, the vessel 
was closed tightly and autoclaved at 70°C for 1 h. Next, 
the resulting product was calcined in a carbide furnace 
at 400°C for 2 h and solid ZnO nanoparticles was subse-
quently obtained in powder form. The biosynthesized ZnO 
nanoparticles was then ground using mortar pestle and 
labelled as Bio-ZnO. The steps were repeated for the prepa-
ration of 5 wt% Ag-ZnO by dissolving 0.10 g silver sulfate 
in the precursor solution containing plant extract and zinc 
nitrate. Commercial ZnO which was labelled as Com-ZnO 
was used as control in this study.

2.3. Catalysts characterization

The functional groups present in the prepared plant 
extract was identified through fourier transform infrared 
spectroscopy (FTIR) analysis utilizing a Nicolet IS10 sys-
tem. The characterization of Clitoria ternatea Linn extract 
was also performed using a double-beam UV-Vis spectro-
photometer. Besides, the field-emission scanning electron 
microscopy (FESEM) image of the analyzed ZnO nanoparti-
cles was captured using a JEOL JSM-7601F. The morphology 
of Ag-ZnO particles was also characterized using transmis-
sion electron microscopy (TEM). In addition, the separation 
efficiency of electron–hole pair of the synthesized samples 
was determined through photoluminescence spectroscopy 
(PL) by the means of a Raman microscope (Renishaw inVia 
Raman Microscope) with an excitation wavelength of 
325 nm. The zeta potential of ZnO samples was measured 
using a zetasizer (Malvern Zetasizer Nano ZSP) at the range 
of pH value between 2 and 12.

2.4. Sonocatalytic degradation study

The catalytic activity of the synthesized ZnO nanopar-
ticles was investigated through the degradation of MG 
under ultrasound irradiation. The sonocatalytic perfor-
mance evaluation was carried out using an Elma Transsonic 
series TI-H-5 ultrasonic bath with the operating settings at 
45 kHz and 80 W of power. In a typical catalytic dye deg-
radation experiment, a specified amount of catalyst was 
dispersed in dye solution followed by the addition of oxi-
dant. In this experiment, 1 g/L of ZnO nanoparticles and 
1 mM of sodium persulfate were added into the 100 mL 
of 500 mg/L MG solution. The ultrasonic bath was then 
switched on immediately and every 5 mL aliquot of dye 
was collected at regular time intervals in which the reaction 
was lasting for 60 mins. The sample was filtrated to sepa-
rate the catalysts before subjected to liquid sample analysis. 
A single-beam UV-vis spectrophotometer (PG Instruments 
T60) was used to monitor the catalytic performance of ZnO 
nanoparticles in dye degradation by measuring the con-
centration of dye samples collected at a maximum absor-
bance wavelength of 617 nm. The degradation efficiency of 
dye was evaluated using Eq. (1) where C0 is the initial dye 
concentration and Ct is dye concentration at time t.

Degradation efficiency =
−

×
C C
C

t0

0

100%  (1)

In this study, the dye solution was also exposed to the 
ultrasound irradiation in the absence of both catalyst and 
oxidant in order to study the effect of sonolysis on the deg-
radation of aqueous MG. Besides, the adsorption of dye 
molecules onto ZnO nanoparticles was studied under the 
condition without ultrasonic irradiation. The experiment 
was also carried out in the absence of oxidant under ultra-
sound irradiation in order to investigate the individual 
effect in dye degradation.

2.5. RSM modelling

In this study, RSM was applied to determine the opti-
mal operating condition of the MG degradation with the 
minimum experiment runs. By the means of RSM, time 
saving can be achieved as compared to one-factor-at-a-time 
approach as the number of experiment sets was reduced 
significantly. CCD was applied for the experimental opti-
mization as CCD model established well-fitting on a qua-
dratic surface. In addition, CCD model was employed to 
evaluate the individual impact of process factors on the 
dye degradation efficiency and their interactions between 
each other. Design Expert Version 11 Software was used to 
develop the experimental matrix of CCD model. The num-
ber of experiment runs needed, N was calculated using 
Eq. (2) where k is the number of experimental variables 
and Cp is the number of central points.

N k Ck
p= + +2 2  (2)

By using CCD model, 4 experimental parameters includ-
ing catalyst loading (A), initial dye concentration (B), ultra-
sound power (C) and oxidant concentration (D) were selected 
as independent variables for the process optimization. 
These factors were coded as –1 and +1 to represent the low 
level and high level, respectively. Table 1 shows the codes 
and levels of factors selected for optimization study.

After collecting the experimental data, a second-order 
polynomial modelling as shown in Eq. (3) was applied to 
express the model performance where R is the response of 
the experiment (i.e., dye degradation efficiency), βo is the 
constant coefficient, βi, βii and βij are interaction coefficients 
of linear, quadratic and second-order terms, xi and xj are 
independent variables and ε is the error.
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Table 1
Experimental factors with their unit, code and level

Factors Code Levels

–1 +1

Catalyst loading, g/L A 0.75 1.50
Initial dye concentration, mg/L B 500 1250
Ultrasound power, W C 40 80
Oxidant concentration, mM D 0.75 1.75
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The statistical significance of the model at 95% con-
fidence level was then evaluated using the analysis of 
variance (ANOVA) technique. F-test was applied to deter-
mine adequacy of the developed model in the prediction 
of a variation in experimental data without exceeding 
the confidence limit. In addition, the regression coef-
ficient (R2) and the lack of fit were important to anal-
yse the feasibility of the resulting model. On the point 
of view, a strong R2 value and less significant lack of fit 
were desired to determine the validity of the designed 
model. In addition, three dimensional response surface 
and contour plots were generated to identify the impact of 
each factor and the interactive between parameters.

2.6. Optimization of sonocatalytic degradation

The optimum condition for the sonocatalytic degrada-
tion of MG dye was determined using the results obtained 
from RSM and confirmed via experiment. The resulting 
samples were measured using double beam UV-Vis spectro-
photometer to study the decomposition of MG molecules 
under ultrasound irradiation. In addition, chemical oxygen 
demand (COD) analysis was conducted with the aid of test 
kits available commercially to confirm the mineralization 
of dye in the presence of Ag-ZnO nanoparticles under 
ultrasonic irradiation in which the COD level was mea-
sured using a colorimeter (Hach DR 3900). Furthermore, 
radical scavenging test was conducted to identify the rad-
icals present in the reaction system which were respon-
sible in the degradation of MG dye. In this experiment, 
chemical scavenger was added into MG dye solution at a 
constant 1/500 molar ratio of MG to scavenger to quench 
particular radicals. [16] Benzoquinone (BQ), methanol 
(MetOH), isobutanol (IBA) and ethylenediaminetetraacetic 
acid disodium (EDTA-2Na) were used as chemical scaven-
gers for superoxide radicals, sulphate radicals, hydroxyl 
radicals only and holes respectively.

2.7. Reusability study of Ag-ZnO as sonocatalyst

The reusability of Ag-ZnO was investigated by recover-
ing the catalyst from the treated solution through centrif-
ugation. The obtained Ag-ZnO sample was then washed 
at least three times using distilled water. Next, the catalyst 
was dried at 80°C overnight in an oven. After completion 
of the recovery process, the sonocatalytic performance of 
the reused Ag-ZnO was investigated by studying the deg-
radation efficiency of MG under similar optimum condition. 
In this part, the steps were repeated to observe the stability 
of catalyst for up to 5 catalytic cycles. Besides, X-ray dif-
fraction (XRD) patterns of the original and spent catalyst 
were determined using Shidmazu XRD-6000 with Cu-Ka 
radiation to determine the crystallinity structure.

3. Results and discussion

3.1. Characterization

Fig. 1a shows the FTIR spectrum of Clitoria ternatea Linn 
extract, uncalcined Ag-ZnO and calcined Ag-ZnO. Both 
the plant extract and uncalcined Ag-ZnO exhibited a char-
acteristic peak in the range of 3,600–3,000 cm–1 which was 

assigned to the R-O-H stretching while the band observed 
at 1,600 cm–1 was related to the C=O bond of ketones [15,21]. 
The presence of a broad peak in the range of 1,550–1,200 cm–1 
was identified as the characteristic peaks of C=C and C–O 
contributed from aromatic compounds. These peaks depicted 
the presence of polyphenolic compounds such as flavonoids 
and alkaloids in the plant extract [22]. The peak presented 
in the range of 1,200 and 900 cm–1 was referred to functional 
groups of C=O and C=N originated from the carboxylic acids 
of flavonoids and phenolic compounds [23]. By comparing 
the FTIR spectra of plant extract and uncalcined Ag-ZnO 
nanoparticles, the involvement of phytochemicals in the for-
mation of ZnO nanoparticles was confirmed. The peaks of 
organic impurities were found to disappear after calcination 
of Ag-ZnO due to the decomposition of organic residues at 
high temperature.

Fig. 1b presents the UV-Vis spectrum of Clitoria ter-
natea Linn extract. Both peaks appeared at 266 and 354 nm 
were associated with the presence of flavonoids and fla-
vones in the Clitoria ternatea Linn extract [12,14]. These 

Fig. 1. (a) FTIR of (i) Clitoria ternatea Linn extract, (ii) uncalcined 
Ag-ZnO and (iii) calcined Ag-ZnO and (b) UV-Vis spectra of 
(i) Clitoria ternatea Linn extract and (ii) Ag-ZnO.
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two peaks were also observed in the UV-Vis spectrum of 
Ag-ZnO. The findings were in a good agreement with the 
results obtained in FTIR analysis which confirmed the pres-
ence of the bioactive molecules in the extract and involve-
ment of biomolecules in the synthesis of ZnO nanoparticles. 
According to Thomas et al. [15], the presence of hydroxyl 
groups in plant extract was responsible in the green syn-
thesis process as reductant owing to the electronegative 
behaviour of oxygen atom. The hydroxyl groups of flavo-
noids present in the Clitoria ternatea Linn extract are attached 
to the metal salt and reduced it to ZnO nanoparticles.

Fig. 2 presents the surface morphology of the analysed 
ZnO samples. The FESEM images depicted that Com-
ZnO was found in cylindrical shapes while both Bio-ZnO 
and Ag-ZnO exhibited spherical shapes. It is noteworthy 
that Bio-ZnO had a comparatively smaller particle size 
in the range of 20–33 nm than Com-ZnO. This was owing 
to the involvement of natural capping agents present in 
the Clitoria ternatea Linn extract during the green syn-
thetic route of ZnO nanoparticles which obstructed the 

continuous growth of particle and stabilize the synthesized 
ZnO powder [24]. This resulted in the formation of ZnO 
nanoparticles with smaller size and better shape regularity.

The findings also revealed that the incorporation of Ag 
into the ZnO matrix caused a slight decrement in the par-
ticle size which was measured in the range of 13–27 nm. 
The reduction in particle size was occurred due to the 
diffusion of Ag in ZnO lattice during the fabrication pro-
cess which distorted and restricted the crystal growth. 
Besides, an increment in the particle agglomeration was 
observed due to the substitution of Ag impurities near 
the grain boundaries of ZnO nanoparticles. The effect of 
metal doping on the surface morphology of ZnO nanopar-
ticles was further supported by Sukriti et al. [25]. The par-
ticle size of Ag-ZnO evaluated in TEM image was found 
to be consistent with the results obtained through FESEM. 
The dark spot observed in TEM image was found to be 
Ag dopants due to its high atomic number than Zn and O 
particles [5]. The results showed good distribution of Ag 
impurities over the ZnO matrix. Besides, the darker region 

Fig. 2. FESEM images of (a) Com-ZnO, (b) Bio-ZnO, (c) Ag-ZnO at x100,000 magnification and (d) TEM image of Ag-ZnO at 
x19,500 magnification.
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of the TEM image indicated the agglomeration of Ag-ZnO 
nanoparticles as observed in FESEM image.

Fig. 3 shows the PL spectra of Bio-ZnO and Ag-ZnO at 
325 nm excitation wavelength. The results obtained from 
PL analysis were correlated to the recombination efficiency 
and lifetime of the generated electron-hole pairs. According 
to Chinnathambi [26], the recombination of charge carri-
ers would release energy as photoluminescence. Hence, 
the quenching of PL emission peak intensity indicated that 
the sample exhibited good electron-hole pair separation 
efficiency and a low recombination rate. It is noteworthy 
that the PL emission intensity of Ag–ZnO was dramatically 
lower than that of Bio-ZnO. This resulted from the intro-
duction of Ag dopant into ZnO matrix which as an electron 
trapping site hindering the recombination of electron-hole 
pair. Thus, the lifetime of the electron-hole pair was pro-
longed leading to an improvement in the catalytic activity 
of Ag-ZnO. In other words, the weaker recombination of 
the electron-hole pair increased the chance of radical gener-
ation during sonocatalytic oxidation process. As discussed 
by Mehrizad et al. [27], ultrasound irradiation triggered 
the formation of electron-hole pair by exciting the electron 
of the catalyst from the valence band to the conduction 
band. The negatively charged electron would react with 
dissolved oxygen in the liquid medium to form superox-
ide radical while the positively charged hole would react 
with water molecules to generate hydroxyl radical. In this 
case, Ag-ZnO with quenched PL emission peaks exhibited 
better electron-hole pair separation efficiency leading to 
higher electron concentration in the valence band under 
ultrasound irradiation. Hence, the generation of ROS was 
enhanced due to the prolonged electron–hole pair lifetime. 
Therefore, greater amount of strong oxidative radicals was 
generated which played an important role to oxidize the 
organic dye molecules through sonocatalytic process.

3.2. Catalytic performance of ZnO nanoparticles

Fig. 4 compares the dye removal efficiencies among 
Com-ZnO, Bio-ZnO and Ag-ZnO through adsorption and 
sonocatalysis processes. The findings reveal that Ag-ZnO 

exhibits the highest adsorption capabilities as its dye 
removal efficiency (24.22%) as compared to Com-ZnO 
(5.98%) and Bio-ZnO (9.15%). This was owing to the smallest 
particle size of Ag-ZnO powder as observed through FESEM 
images among the analysed samples. Jothi Ramalingam 
et al. [28] confirmed that the surface area of a nanomaterial 
was inversely correlated to the particle size.

Besides, the adsorption of MG in the presence of 
Com-ZnO was found to be the lowest removal efficiency 
as compared to Bio-ZnO and Ag-ZnO. This might be due 
to the cationic nature of MG and the natural solution pH 
detected was about 3.1, which was lower than the zero-
point charge (pHzpc) of Com-ZnO. According to the results 
of zeta potential measurement, the pHzpc of Com-ZnO, 
Bio-ZnO and Ag-ZnO were found to be 6.4, 2.6 and 2.2, 
respectively. At the condition of pH values below pHzpc, the 
surface of ZnO nanoparticles was protonated and positively 
charge due to the excessive amount of H+ ions present in the 
solution. In other words, the presence of OH⁻ ions would 
contribute to the negative surface charge of ZnO samples 
at pH values above pHzpc [29]. Therefore, the positively 
charged Com-ZnO would repel the cationic dye molecules 
from occupying the active sites of ZnO samples at solution 
pH lower than pHzpc [30]. In contrast, the adsorption of MG 
was favourable in the presence of Bio-ZnO and Ag-ZnO. 
This was because the solution pH was higher than the 
pHzpc of Bio-ZnO and Ag-ZnO. It was anticipated that there 
was a force of electrostatic attraction appeared between 
the cationic dye molecules and negatively charged ZnO 
nanoparticles [31]. Hence, Ag-ZnO the best dye removal 
efficiency through the adsorption process due to the most 
negatively charged behavior and the highest specific 
surface area available for the attachment of MG molecules.

In addition, Ag-ZnO also performed the highest cata-
lytic activity in the dye degradation under ultrasonic irra-
diation as compared to the pristine ZnO samples. This was 
attributed to the band gap narrowing effect through the 

Fig. 3. PL spectra of (a) Bio-ZnO and (b) Ag-ZnO.

Fig. 4. Comparison of dye removal efficiency among Com-
ZnO, Bio-ZnO and Ag-ZnO through adsorption and sonoca-
talysis processes. (Initial dye concentration = 500 mg/L, catalyst 
loading = 1 g/L, concentration of oxidant = 0 mM, ultrasonic 
power = 80 W, time taken = 60 min).
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doping of Ag into ZnO lattice as discussed in the previous 
work [32]. According to Reddy et al. [8], the reduction in 
band gap was related to the presence of impurity energy 
levels between the conduction band and the valence band 
in the metal-doped substance. Therefore, Ag-ZnO exhib-
ited the highest degradation efficiency through the sono-
catalysis process.

Fig. 5 illustrates the degradation efficiencies of MG 
under different conditions. Sonolysis occurred due to the 
acoustic cavitation of microbubbles in the aqueous dye 
medium. This phenomenon led to the creation of hotspot 
and pyrolysis of water molecules into ROS such as hydro-
gen and hydroxyl radicals. These radicals were responsi-
ble for the oxidation of MG molecules [33]. However, the 
degradation efficiency of sonolysis was only 8.43% due to 
the limited generation of ROS and these ROS might react 
to form hydrogen peroxide other than the mineraliza-
tion of MG molecules [27].

The degradation efficiency was improved to 71.89% in 
the presence of sodium persulfate as oxidant under ultra-
sonic irradiation. This was attributed to the presence of 
sulphate ions to facilitate the decomposition of MG mole-
cules through chains of reaction. The sulphate ions con-
tributed by the sodium persulfate could be converted into 
sulphate radicals under direct ultrasound irradiation which 
possessed a strong oxidizing ability in the degradation of 
MG. Besides, sulphate radicals could be formed through 
the reaction between sulphate ions and hydroxyl radicals. 
The sulphate radicals could also react with water mole-
cules to enhance the formation of hydroxyl and hydrogen 
radicals, led to a better dye degradation efficiency [18].

On the other hand, the presence of Ag-ZnO nanopar-
ticles in the system improved the dye degradation effi-
ciency to 84.49%. This was because the nucleation sites 
for cavitation bubbles formation increased due to the 
surface roughness of the heterogeneous catalyst that led 
to the enhancements in the bubble cavitation and radi-
cal generation [33]. In addition, photon emission during 

the sonoluminescence phenomenon could also trigger the 
formation of electron-hole pairs [34]. Water and oxygen 
molecules adsorbed on the sonocatalyst surface were then 
converted into hydroxyl and superoxide radicals through 
the reaction route with electron–hole pair generated [2]. 
As consequence, the degradation efficiency of dye was 
strengthened due to the formation of numerous ROS.

Other than the sonocatalysis mechanisms, the improve-
ment of dye removal efficiency was owing to the enhance-
ment in the mass transfer rate under ultrasound irradiation. 
Microjet-induced ultrasound shock wave might create 
turbulence in the dye solution which inhibited the aggre-
gation of nanoparticles. Moreover, ultrasound would elim-
inate the products of dye degradation from the surface 
of sonocatalyst continuously through vibration induced 
by the ultrasound wave. Hence, the dye adsorptive sur-
face area could be hindered under ultrasound irradiation 
and the dye removal efficiency could be enhanced [33].

Fig. 5 also shows that the system exhibited the high-
est dye degradation efficiency (89.59%) in the presence of 
both Ag-ZnO nanoparticles and sodium persulfate under 
ultrasound irradiation. This was due to the generation of 
ROS such as hydroxyl and superoxide radicals through the 
formation of electron–hole pair on the sonocatalyst [35]. 
In addition, Ag-ZnO also played an important role in the 
activation of persulfate ions by the excited electron, lead-
ing to the conversion to sulphate radicals [17]. The transfer 
of an electron to persulfate ions would also suppress the 
recombination of electron–hole pair on the surface of the 
catalyst, resulting in the improvement in the generation 
of reactive free radicals [16]. Hence, the enormous amount 
of radicals present in the reacting medium accelerated 
the oxidation of MG molecules into less small molecules 
and eventually form water and carbon dioxide molecules.

3.3. RSM modelling and optimization of sonocatalytic 
MG degradation efficiency

Table 2 presents the CCD design of the experiment 
together with the predicted and actual values of degradation 
efficiency. The results showed that the degradation efficiency 
obtained in this study was in the range of 28.24% to 89.49%. 
Eq. 4 shows the equation of this CCD model in terms of 
coded factors obtained via regression analysis after omitting 
the insignificant terms.

Degra dation efficiency (%) = 61.47 + 3.11A – 13.58B +  
10.62D + 2.88BC (4)

Fig. 6 illustrates the plot of predicted and actual out-
comes of the response in this study. The findings showed 
that the experimental data were fitted well with the 
designed model. The statistical analysis revealed that this 
model exhibited a high R2 value of 0.9345, indicated a high 
correlation between the predicted and actual values of 
MG degradation efficiency. Hence, the model was highly 
adaptable in the prediction of the degradation efficiency by 
varying the variables in the studied range.

Table 3 reports the ANOVA results for the experimen-
tal data collected from the study of RSM. The CCD model 
was statistically significant due to the F-value of 89.13 

Fig. 5. Degradation efficiency of MG in different conditions in 
the presence of Ag-ZnO. (Initial dye concentration = 500 mg/L, 
catalyst loading 1 g/L, oxidant = sodium persulfate, oxidant 
concentration = 1 mM, ultrasonic power = 80 W, ultrasonic 
irradiation time = 30 min).
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corresponding with the p-value < 0.0001. The results indi-
cated that there was only a 0.01% chance that the F-value 
could occur due to noise. In addition, the model with a small 
lack of fit F-value of 0.5860 implied that the model mismatch 
was insignificant. There was an 82.08% chance that a lack 
of fit F-value could occur due to noise. The adequate preci-
sion of this model was evaluated at a value 32.2527 which 
was larger than 4, indicated the adequacy of the model in 
the prediction of experimental response with a high ratio 
of signal to noise. In this case, A, B, D and BC were the 
significant model terms with p-values smaller than 0.05.

3.3.1. Effect of experimental variables on the 
degradation efficiency

Fig. 7a represents the effect of catalyst loading and 
initial dye concentration on the degradation efficiency of 
MG at constant ultrasonic power of 60 W and oxidant con-
centration of 1.25 mM. The 3D surface plot shows that the 

degradation efficiency of MG increased slightly with the 
increasing catalyst loading. This was owing to the increment 
in the electron–hole pair leading to the generation of more 
active oxidizing species such as hydroxyl and sulphate rad-
icals [36]. In addition, a greater amount of catalyst loading 
increased the surface area available for the adsorption of 
pollutants and hence improved the degradation efficiency 
[37]. However, the sonocatalytic degradation efficiency 
was quenched by the increasing initial dye concentration. 
This was attributed to the less effective heat and energy 
absorption with the increasing amount of dye molecules 
adsorbed on the catalyst surface [27]. Hence, the better 
degradation efficiency of MG can be attained at higher cat-
alyst loading and lower initial dye concentration.

Fig. 7b illustrates the effect of catalyst loading and ultra-
sonic power on the sonocatalytic degradation efficiency 
at a constant oxidant concentration of 1.25 mM and initial 
dye concentration of 875 mg/L. The findings showed that 
the degradation efficiency of MG dye increased slightly 

Table 2
Designed matrix according to CCD method alongwith the predicted and experimental degradation efficiency of MG dye

Run 
order

Catalyst 
loading (g/L)

Initial dye 
concentration (mg/L)

Ultrasonic 
power (W)

Oxidant 
concentration (mM)

Degradation efficiency (%)

Actual value Predicted value

1 0.75 1,250 40 1.75 53.14 52.52
2 0.75 500 80 1.75 86.16 79.67
3 0.75 1,250 40 0.75 28.24 31.28
4 1.5 500 40 1.75 89.49 91.66
5 0.75 1,250 80 1.75 51.68 58.28
6 1.125 875 60 0.25 41.21 40.23
7 0.375 875 60 1.25 59.46 55.25
8 0.75 500 40 1.75 88.33 85.43
9 1.125 875 60 2.25 82.52 82.71
10 0.75 500 80 0.75 58.46 58.44
11 1.5 1,250 40 1.75 56.21 58.74
12 1.125 875 60 1.25 59.95 61.47
13 1.125 125 60 1.25 86.04 88.63
14 1.5 1,250 80 1.75 70.44 64.50
15 1.5 500 80 1.75 88.21 85.90
16 1.125 875 20 1.25 56.58 61.47
17 1.125 875 60 1.25 65 61.47
18 1.5 500 40 0.75 69.71 70.42
19 0.75 500 40 0.75 59.81 64.20
20 1.125 875 60 1.25 50.38 61.47
21 1.125 875 60 1.25 61.8 61.47
22 1.5 1,250 40 0.75 37.64 37.50
23 0.75 1,250 80 0.75 37.47 37.04
24 1.875 875 60 1.25 62.54 67.69
25 1.5 500 80 0.75 66.45 64.66
26 1.125 875 60 1.25 65.19 61.47
27 1.125 1,625 60 1.25 32.17 34.31
28 1.125 875 60 1.25 64.02 61.47
29 1.125 875 100 1.25 62.1 61.47
30 1.5 1,250 80 0.75 53.66 43.26
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with increasing catalyst loading and ultrasonic power. 
According to Xu et al. [34], an increment in the ultrasonic 
power resulted in strengthened acoustic power and higher 
acoustic amplitude. This led to the formation of more 
microbubbles in the aqueous reacting medium with higher 
potential energy. Accompanied by the increasing catalyst 
loading, the generation of acoustic bubbles was further 
enhanced due to more nucleation sites present in the system 
[38]. As a consequence, the formation of electron–hole pair 
on the surface of sonocatalyst was facilitated and a higher 
amount of ROS was generated due to the higher photon 
energy induced by higher ultrasonic power. In addition, 
the microjet speed of cavitation bubbles was generated in 
the liquid medium with higher ultrasonic power leading 
to the improvement in the mass transfer rate of reactants 
and products. The continuously cleaning effect applied on 
the surface of sonocatalyst by the ultrasound wave was also 

enhanced by increasing the ultrasonic power [35]. The total 
surface active sites for the possible reactions could also be 
increased by increasing the catalyst loading [3]. Therefore, 
more adsorption of MG molecules onto the sonocatalyst 
prior to the degradation into final products. This led to the 
improvement of sonocatalytic MG degradation efficiency.

Fig. 7c shows a three-dimensional surface plot repre-
senting the interactive effect of catalyst loading and oxi-
dant concentration on the response of sonocatalytic degra-
dation efficiency at a constant initial dye concentration of 
875 mg/L and ultrasonic power of 60 W. It was found that 
there was an increasing trend on the degradation efficiency 
of MG dye with both the increasing catalyst loading and 
oxidant concentration. As the activation of persulfate ions 
was performed through an electron transfer mechanism as 
presented in Eq. (4), a higher catalyst loading provided a 
bigger surface area of the active site and more electron for 
the activation of persulfate ions [39]. A higher amount of 
catalyst loading also led to the production of more radicals 
from water and oxygen molecules under ultrasound irra-
diation. In this case, oxidant concentration had a greater 
positive effect than catalyst loading on the outcome of 
degradation efficiency. This was because a higher amount 
of sodium persulfate present in the degradation could 
produce a greater amount of persulfate ions. In addition, 
a greater amount of persulfate ions increased the lifetime 
of electron-hole pairs formed on the surface of the catalyst 
by inhibiting their recombination rate [18]. This was able to 
improve the degradation efficiency of MG dye to an appre-
ciable extent by the greater amount of reactive radicals with 
strong oxidizing power. Therefore, the designed model 
revealed that the sonocatalytic dye decomposition could be 
improved by the combination of high catalyst loading and 
high oxidant concentration.

Fig. 7d presents the influence of initial dye concentra-
tion and ultrasonic power at a constant catalyst loading of 
1.125 g/L and oxidant concentration of 1.25 mM. These two 
parameters showed a significant interactive effect on the 
degradation efficiency of MG dye with a p-value of 0.0113. 
The findings depicted that the degradation efficiency of 
MG decreased with increasing initial dye concentration. 
This was due to the limited number of radicals available 
for dye degradation at higher initial dye concentrations [2].  

Fig. 6. The relationship between predicted and experimental 
data of sonocatalytic degradation efficiency.

Table 3
ANOVA results for sonocatalytic degradation efficiency of MG dye

Source Sum of squares Freedom degrees Mean square F-value p-value

Model 7,495.97 4 1,873.99 89.13 <0.0001 Significant
A-Catalyst loading 232.38 1 232.38 11.05 0.0027
B-Initial dye concentration 4,424.91 1 4,424.91 210.45 <0.0001
D-Oxidant concentration 2,705.98 1 2,705.98 128.70 <0.0001
BC 132.71 1 132.71 6.31 0.0188
Residual 525.65 25 21.03
Lack of fit 368.47 20 18.42 0.5860 0.8208 Not significant
Pure error 157.18 5 31.44
Cor. total 8,021.62 29
R2 = 0.9345; Adequate precision = 32.2527
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From this point of view, the performance of the sonocat-
alytic decomposition could be enhanced by increasing 
the ultrasonic power because the shock wave with higher 
intensity could be induced under greater ultrasonic power 

condition leading to more generation of active oxidizing 
species [27]. Therefore, the degradation of MG could be 
enhanced by increasing the ultrasonic power and decreas-
ing initial dye concentration.

Fig. 7. Interactive effects of (a) catalyst loading and initial dye concentration, (b) catalyst loading and ultrasonic power, 
(c) catalyst loading and oxidant concentration, (d) initial dye concentration and ultrasonic power, (e) initial dye concentration 
and oxidant concentration and (f) ultrasonic power and oxidant concentration.
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Fig. 7e shows the effect of oxidant concentration and 
initial dye concentration on the performance of sonocata-
lytic degradation at a constant catalyst loading of 1.125 g/L 
and ultrasonic power of 60 W. According to the results of 
the study, the degradation efficiency of MG is inversely 
correlated to the initial dye concentration. As discussed by 
Chu et al. [39], the adsorption of dye molecules on the cat-
alyst surface might decrease the surface area available for 
the generation of radicals at higher initial dye concentra-
tion. Anyhow, the degradation efficiency of MG could be 
improved at higher oxidant concentrations due to the greater 
amount of radicals available to decompose the organic dye 
compounds [2]. Hence, the combination of lower initial 
dye concentration and higher oxidant concentration could 
improve the performance of sonocatalytic degradation.

Fig. 7f depicts the interactive effect of oxidant concen-
tration and ultrasonic power on the degradation efficiency 
at a constant catalyst loading of 1.125 g/L and initial dye 
concentration of 875 mg/L. According to Fig. 7f, the highest 
degradation efficiency could be achieved by maximizing 
both the oxidant concentration and ultrasonic power. This 
was because the persulfate ions could be activated directly 
under ultrasonic irradiation to form sulphate radicals. The 
generated sulphate radicals triggered the yield of other rad-
icals by breaking down the water molecules into hydroxyl 
radicals and hence resulted in the oxidation of organic dye 
[40]. The sound wave intensity increased with increasing 
ultrasonic power. This brought to the increment in the 
energy and quality of bubble cavitation which induced high 
pressure gradient in the liquid medium [41]. As a result, 
more conversion of persulfate ions could occur which 
enhanced the yield radicals. Eventually, the degradation 
efficiency of MG dye was improved with the increasing 
oxidant concentration under high ultrasonic power.

3.3.2. Optimization of degradation efficiency

According to the results obtained from the RSM model-
ling, the maximum degradation efficiency of MG dye was 
able to be determined through the optimization of the stud-
ied experimental variables. Fig. 8 presents the change of 
UV-Vis spectra of MG dye under the optimum condition of 
sonocatalytic degradation. The predicted degradation effi-
ciency was 90.03% which was evaluated using Eq. (4). The 
actual optimum degradation efficiency of MG dye obtained 
through the experiment was 89.21%. The experimental 
value of degradation efficiency exhibited a negligible error 
percentage of 0.91% with the predicted value. The results 
again proved that the model could be applied convincingly 
in the prediction and optimization of MG dye degradation 
efficiency.

As shown in Fig. 8, the presence of acid function of oxa-
late species, aromatic rings and chromophore in the MG 
dye was confirmed by the characterization peaks at 316, 
425 and 617 nm [42]. It is noteworthy that the maximum 
absorbance peak at 617 nm showed a dramatic decrease 
implying that the structure of chromophore was destroyed 
which resulted in the nearly invisible solution after under-
going the sonocatalytic degradation [43]. Besides, a decreas-
ing trend was observed at the peaks with wavelengths of 
316 and 425 nm which was owing to the cleavage of central 

carbon and breakage of aromatic rings [44]. In addition, 
the new peak observed at 251 nm was owing to the forma-
tion of single-benzene derivatives during the degradation 
of MG molecules [45]. Both the decrements of MG original 
peaks and the presence of new peaks indicated that MG 
compounds were degraded during the sonocatalytic pro-
cess. The findings were in good agreement with Yulizar et 
al. [46] which observed the photocatalytic degradation of 
MG using a UV-Vis spectrophotometer.

The COD removal efficiency was found to be 59.37% 
after 15 min of sonocatalytic degradation process under the 
optimum operating condition. The decrease in COD value 
showed the decomposition of MG molecules in the presence 
of Ag-ZnO as catalyst and sodium persulfate as oxidant 
under ultrasound irradiation. The remaining COD was con-
tributed by the metabolites generated during the degradation 
of MG compounds as identified in the previous paragraph.

Fig. 9 shows the FTIR spectra of MG molecules, fresh 
Ag-ZnO and used Ag-ZnO nanoparticles. The FTIR spec-
trum of MG exhibited characteristic peaks at 1,577; 1,153 
and 2,900 cm–1 corresponding to the C=C stretching of ben-
zene rings, C–N stretching vibration of the amino group 
and C–H stretching of asymmetric CH3 group respectively. 
The peaks appeared in the range of 850 and 670 cm–1 were 
assigned to the aromatic structure present in MG molecules 
[47]. By comparing to the FTIR spectrum of fresh Ag-ZnO, 
there was no change in the chemical structure of Ag-ZnO 
after undergoing sonocatalytic degradation of MG dye. The 
broad peaks present at 3,378 and 1,600 cm–1 in the spec-
trum of used Ag-ZnO were due to the stretching vibration 
and deformation vibration of hydroxyl groups respec-
tively, implying moisture content on the nanoparticles [48]. 
Besides, it is noteworthy that there was no fingerprint of MG 
found in the spectrum of used Ag-ZnO. The findings con-
cluded that the decrements in the concentration of MG solu-
tions were attributed to the decomposition reaction instead 
of adsorption on the Ag-ZnO nanoparticles.

Fig. 8. Sonocatalytic degradation of MG under the optimized 
condition. (Initial dye concentration = 500 mg/L, catalyst load-
ing = 0.75 g/L, concentration of oxidant = 1.75 mM, ultrasonic 
power = 40 W).
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Fig. 10 illustrates the effect of scavenger addition on 
the sonocatalytic degradation efficiency of MG dye. It is 
noteworthy that the degradation efficiencies of MG dye 
were quenched from 89.21% to 86.41%, 64.27%, 55.47% and 
65.33% in the presence of BQ, MetOH, IBA and K2Cr2O7 
respectively. The results obtained from the radical scaveng-
ing study confirmed the presence of superoxide radicals, 
hydroxyl radicals, sulphate radicals and holes in the sono-
catalytic degradation of MG dye. The findings also revealed 
that hydroxyl radical was the dominant active species in 
the sonocatalytic oxidation of MG dye as the degradation 
efficiency was suppressed the most in the presence of IBA. 
Lv et al. [49] reported similar results indicating that hydroxyl 
radical was an important oxidizing species involved in 
the degradation of organic compounds through the AOPs.

Table 4 compares the current finding of ultrasound- 
assisted removal of MG with the literatures. The comparison 
revealed that the amount of MG degraded under optimum 
condition in current work was the greatest among the 
reported works with the lowest energy consumption and 
shortest reaction time. This remarks the feasibility of green 
synthesis to produce Ag-ZnO nanoparticles as one of the 
potential candidates to be used as a sonocatalyst in the deg-
radation of organic dye.

3.4. Reusability study

Fig. 11a illustrates the XRD spectra of fresh and spent 
Ag-ZnO. The characteristic peaks observed in the spectra 
verified the hexagonal wurtzite phase of ZnO as identified 

Fig. 9. FTIR spectra of (a) MG, (b) fresh Ag-ZnO and (c) spent 
Ag-ZnO.

Fig. 10. Effect of chemical scavengers on the degradation of MG 
dye in the presence of Ag-ZnO as catalyst and sodium persulfate 
as oxidant under ultrasonic irradiation.

Table 4
Comparative data on the degradation of MG

Removal technique Energy source Catalyst Catalyst 
dosage 
(g/L)

Dye 
concentration 
(mg/L)

Reaction 
time 
(min)

Degradation 
efficiency (%)

Reference

Sonocatalysis 40 W ultrasound Ag-ZnO 0.75 500 15 89.21 Present 
work

Sonocatalysis 300 W ultrasound NiGa2O4/CeO2 1.0 10 60 96.2 [56]
Sonocatalysis – Zeolite imidazole 

framework-8
0.05 25 90 95.0 [57]

Ultrasonic- 
electrochemical

300 W ultrasound Ruthernium- iridium 
plated titanium 
electrode

– 100 60 94.92 [58]

Sonophotocatalysis 127 W ultrasound Chitosan-Ascorbic 
Acid@NiFe2O4 Spinel 
Ferrite

1.0 70 90 99.05 [59]

Sono-assisted 
adsorption

– Magnesium ferrite 0.5 50 15 90.0 [60]
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in JCPDS card no: 36-1451 [50]. The diffraction peaks of 
ZnO observed at 2θ = 31.8°, 34.4°, 36.3°, 47.6°, 56.6°, 62.9°, 
66.4°, 68.0° and 69.1° were owing to the planes (100), (002), 
(101), (102), (110), (103), (200), (112) and (201), respectively 
[51]. Besides, the presence of face-centered cubic Ag in 
Ag-ZnO was confirmed according to the peaks observed 
at 2θ = 38.1°, 44.3°, 64.4° and 77.3° were attributed to the 
planes (111), (200), (220) and (311). The characteristic 
peaks of metallic Ag was found to be in line with JCPDS 
card no: 04-0783 [52]. Fig. 11a reveals that there was no 
change in the characteristic peaks of Ag-ZnO. The findings 
implied the crystallites of Ag-ZnO was hardly affected by 
the shockwave produced during the collapse of cavities. 
Fig. 11b shows the sonocatalytic degradation efficiency 
of MG in the presence of fresh and reused catalyst up to 
five catalytic cycles. The result of the first catalytic cycle 
was obtained by using the fresh Ag-ZnO as sonocatalyst. 
As presented in Fig. 11b, the degradation efficiency merely 
decreased by 10% in the 5th catalytic cycle of the sonoca-
talysis process. The high stability of Ag-ZnO reflected the 
feasibility of the green synthesized ZnO nanoparticles 
to be used as sonocatalyst in commercial application.

3.5. Mechanism of sonocatalysis

The degradation of organic dye under ultrasound irra-
diation can be divided into two main processes which 
are sonolysis and sonocatalysis. In sonolysis process, the 
acoustic cavitation effect occurs including the formation, 
growth and collapse of microbubbles in the aqueous solu-
tion. Basically, the cavitation nuclei of bubbles are originated 
from the gas molecules or vapor which fill up the void space 
of liquid [53]. The bubbles will then expand into bigger size 
and eventually implode. The collapse of bubbles lead to the 
generation of hotspot with critical pressure of 1,000 atm and 
temperature of 5,000 K [2]. This results in the pyrolysis of 
water and oxygen molecules into hydroxyl, superoxide 
and hydrogen radicals as illustrated in Eqs. (5)–(7) [35]:

H O OH H2 → +• •  (5)

O O2 2→ •  (6)

• •+ →O H O OH2 2  (7)

In the sonocatalysis process, the presence of hetero-
geneous catalyst can enhance the formation of radicals by 
providing more nucleation sites for the acoustic bubbles 
[4]. Besides, photons irradiation can be induced in the son-
icated solution in the form of sonoluminescence which is 
able to excite surface electron of nanoparticles from the 
valence band to the conduction band [33]. The separation 
ability of electron-hole pair and the lifetime of charge car-
riers are the important factors that affect the sonocatalytic 
degradation efficiency [54]. The formation of the charge 
carriers followed by the conversion of the water and oxy-
gen molecules into various types of radical as presented 
in the following equations [34]:

Sonocatalyst Sonoluminescence e h+ → +− +  (8)

H O h OH H2 + → ++ • +  (9)

O e O2 2+ →− • −  (10)

• − + •+ →O H OOH2  (11)

2 2
• → +OOH H O O2 2  (12)

H O O OH OH O2 2 + → + +• − • −
2 2  (13)

Accompanied with the Ag doping, the sonocatalytic 
degradation efficiency of MG in the presence of ZnO 
nanoparticles was improved due to the prolonged life-
time of charge carriers as confirmed through PL analysis. 
The transition of excited electron would occur favourably 
from the valence band of ZnO nanoparticles to the metallic 
Ag rather than conduction band of ZnO. This was owing 
to the lower level of Fermi energy of Ag-ZnO than the 
conduction band of ZnO [55]. Therefore, the presence of 
metallic Ag as electron trap resulted in better separation 
efficiency of electron–hole pair which would enhance the 
generation of free radicals for dye degradation. In addition, 

Fig. 11. (a) XRD spectra of fresh and spent Ag-ZnO and (b) reus-
ability test of Ag-ZnO in term of the sonocatalytic performance 
in the degradation of MG.
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thermocatalytic process can also be resulted from the acous-
tic cavitation during ultrasonic irradiation. Pyrolysis of 
water molecules and formation of electron–hole pair of cat-
alyst can be further enhanced by thermal energy resulted 
from the immense local temperature of bubble collapse [27].

The presence of persulfate can improve the generation of 
free radicals through self-decomposition and water pyrolysis 
under ultrasound irradiation as shown in Eqs. (14) and (15) 
respectively [2]:

S O SO2 8
2

42− •−→  (14)

SO H O OH SO H24 4
•− • •− ++ → + +  (15)

All these free radicals generated eventually play signif-
icant roles in the degradation of organic dye. The results 
of radical scavenging test displayed in Fig. 10 supported 
the role of radicals in the decomposition of organic dye. 
According to the UV-Vis spectra presented in Fig. 8, the 
free radicals with high oxidizing power will attack the cen-
tral carbon and break the aromatic rings. In addition, the 
mechanism will also be extended to the breakage of C=C 
and C=N bonds of chromophore, leading to the decolour-
ization of organic dye. In the final stage of sonocatalytic 
degradation, the organic pollutant will be degraded into 
carbon dioxide and water molecules ideally.

3.6. Advantages and limitations

The main advantage of this study includes the usage 
of Clitoria ternatea Linn plant as green material in the pro-
duction of ZnO nanoparticles instead of the hazardous 
chemicals such as sodium hydroxide and ammonia solu-
tion. The findings revealed the potential of green syn-
thesis to be applied as an alternative in the commercial 
due to its environmentally friendly feature. Besides, the 
application of sonocatalysis in this work is fitted well to 
the principles of green chemistry, which is a heterogeneous 
catalysis designed for the degradation of organic pollut-
ant under milder conditions with low energy consump-
tion. This research also employed RSM in the optimiza-
tion of sonocatalysis process which achieved the time and 
labour saving as compared to one-factor-at-a-time method. 
However, several suggestions are provided for future work 
investigation to overcome the limitations observed in this 
study such as modification of Ag-ZnO based on the consid-
eration of ease for recovery issue as well as the necessity of 
the pilot-scale testing prior to the application in industry.

4. Conclusions

The size reduction of ZnO nanoparticles was able to be 
achieved through the green synthesis process using Clitoria 
ternatea Linn extract. Besides, the sonocatalytic performance 
of ZnO powder in the degradation of MG dye was able to 
be enhanced by the incorporation of Ag as a dopant into 
the matrix of ZnO. A modified second-order equation was 
obtained through the RSM to evaluate the sonocatalytic 
degradation efficiency of MG dye. The ANOVA results indi-
cated that the constructed central composite model which 

was statistically significant with p-value < 0.0001 could pre-
dict sonocatalytic degradation efficiency with high accuracy 
in the studied range of experimental variables. This model 
exhibited high adequacy of 32.2527 and a high coefficient 
of determination of 0.9345. The optimum degradation 
efficiency of MG dye was found to be 89.21% after 15 min 
under the condition with 0.75 g/L of Ag-ZnO as a catalyst, 
500 mg/L of initial dye concentration and 1.75 mM of sodium 
persulfate as oxidant and 40 W of power to generate ultra-
sound irradiation. The radical scavenging test confirmed 
the involvement of superoxide radicals, hydroxyl radicals, 
sulphate radicals and holes in the sonocatalytic degradation 
of MG dye.
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