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a b s t r a c t
Azo dye effluent is resistant to conventional wastewater treatment methods, posing severe threats 
to environmental safety. In the present work, a novel sonochemical microreactor featuring effec-
tive ultrasonic transmittance, improved temperature control, and continuous flow processing was 
designed to achieve efficient degradation of the Orange G (OG). The effects of persulfate dosage, 
ferrous dosage, initial pH, microchannel width, and ultrasonic power on OG degradation were 
studied. A maximum degradation efficiency of 96.0% was obtained in sonochemical microreactor 
degradation system with 6 min of treatment. The 30 s and 6 min degradation efficiency enhanced 
by ultrasound and microchannel was increased by 9.9% and 2.7%, respectively, compared with 
the conventional chemistry treatment. The newly designed sonochemical microreactor was clearly 
proved to have application potential for azo effluent treatment.
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1. Introduction

Azo dyes are characterised by the presence of at least 
one azo group (–N=N–), usually linked to aromatic systems 
and auxochromes [1]. Due to their easy synthesis processes 
and color fast dyeing effects [2], azo dyes have been widely 
used in textile [3] and cosmetics industries [4]. However, 
azo compounds contained in wastewater are usually 
non-biodegradable, toxic, and potentially carcinogenic [5]. 
Therefore, the development of efficient technologies for the 
degradation of azo dyes in the liquid phase is of significant 
value for environmental protection.

Conventional degradation methods, such as enzyme 
catalysis [6], biosorption [7], and photocatalysis [8] are 
time-consuming, uneconomical, and inefficient [9]. In recent 
years, advanced oxidation processes (AOPs) have been 

recognized as the most promising wastewater treatment 
methods [10]. The principle of AOPs is to utilize the strong 
reactivity of hydroxyl radical (HO•) or sulfate radical (SO4

–•) 
to attack organic molecules indiscriminately, thus mineral-
izing persistent contaminants. Compared with HO•, SO4

–• 
has higher redox potential (2.5–3.1 V vs. 1.8–2.7 V) [11] and 
longer half-life (30–40 µs vs. 10–3 µs) [12]. Azo dyes can be 
degraded by SO4

–• through C–N bond rupturing [13], desul-
furization, and denitrification [14], with carbon dioxide 
and water as the final products [15]. Therefore, the sulfate 
radical-based AOPs have been widely considered as reli-
able wastewater treatment strategies, displaying superior 
efficiency [16,17].

The use of ferrous ions (Fe2+) activated sodium persul-
fate (SPS) is one of the common methods to produce SO4

–• 
in aqueous solution [18]. Because the requisite reagents 
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are readily available and easy to store [19]. SPS can be acti-
vated by Fe2+ in accordance with the reactions described 
by Eqs. (1)–(3) [20,21].
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Another attractive approach of wastewater treatment 
is the use of ultrasound, which can result in high mineral-
ization efficiency and short treatment time [22]. The oscil-
lation and cavitation caused by ultrasonic irradiation can 
promote mixing between solutions and improve the yield 
of free radicals [23]. According to the hot-spot theory [24], 
ultrasonic cavitation can produce excessive temperatures 
and release large amounts of energy, thus promoting a wide 
range of chemical reactions [25]. The ultrasonic energy input 
during SPS activation can cause the cleavage of peroxide 
bonds to produce SO4

–•, as displayed in Eq. (4) [12].

S O ultrasonic energy input SO2 8
2

42� ��� �  (4)

The ultrasound-assisted AOPs of azo dyes was reported 
to follow first-order kinetic model, and a degradation effi-
ciency of nearly 95% was achieved within an hour [26]. 
In addition, the synergistic effect of ultrasound on AOPs 
was investigated by combining an 860 kHz ultrasound 
with Fenton treatment to degrade industrial dyes [27]. It 
was found that the dyes were effectively decomposed into 
smaller readily degradable molecules due to the enhanced 
mixing intensity of solutions.

Nevertheless, the aforementioned ultrasonic applications 
did not form a controllable uniform sound field [28,29] or 
maximize potential ultrasound utility [30]. As an improved 
application, sonochemical microreactor combines ultrasound 
with microchannel, allowing for rapid [31], consecutive [32], 
efficient [33] and sound-field-controllable degradation [34]. 
Existing technologies ensure that reactive radicals can be 
produced in microchannel under the sufficient intensity 
of ultrasonic irradiation, even without the addition of any 
other reagents [35]. In order to further optimize the deg-
radation performance of sonochemical microreactor, it is 
feasible to improve the ultrasonic transmission efficiency 
and keep the reaction temperature constant.

Thus, the objective of this paper is to design a novel 
sonochemical microreactor that combines effective ultra-
sonic transmission and temperature control for the contin-
uous treatment of azo wastewater. SO4

–• was employed as 
the dominant reactive species. The enhancement effects 
of cavitation and acoustic streaming phenomena in the 
microchannels were investigated. The degradation perfor-
mance of the newly designed sonochemical microreactor 
was demonstrated. The effects of SPS dosage, Fe2+ dosage, 
initial pH, microchannel width, and ultrasonic intensity on 
the Orange G (OG) degradation efficiency were evaluated, 
and optimal parameters were investigated.

2. Materials and methods

2.1. Chemicals and reagents

OG (C16H10N2Na2O7S2) was purchased from the Tianjin 
Institute of Chemical Reagents (China(. SPS (Na2S2O8), fer-
rous sulfate (FeSO4·7H2O), methanol (CH3OH), sodium 
hydroxide (NaOH), and concentrated sulfuric acid (H2SO4) 
were obtained from Sinopharm Chemical Reagent Co., 
Ltd., (China). All reagents were of analytical grade, and the 
water used in this study was deionised. The initial concen-
tration of OG was 0.2 mM for all degradation experiments. 
The solution pH was adjusted by 0.1 M H2SO4 and NaOH.

2.2. Experimental instruments

A precision electronic balance (Ningbo Yinzhou 
Huafeng, China) and a pH meter (Mettler Toledo Instrument, 
China) were used to configure the experimental reagents. A 
sonochemical microreactor (Jiangnan University, China), 
ultrasonic generator (Kemeida Ultrasonic Equipment, 
China), and dual-channel syringe pump (Suzhou Wenhao 
Microfluidic Technology, China) were used to form the deg-
radation system. A constant temperature magnetic stirrer 
(Gongyi Yuhua Instrument, China) and peristaltic pump 
(Carmel Fluid Technology, China) were used to maintain 
water circulation to control the reaction temperature. An 
ultraviolet-visible spectrophotometer (Shimadzu, Japan) was 
used to measure the absorbance of the degraded solution 
to calculate the OG degradation efficiency.

2.3. Design of sonochemical microreactor

Fig. 1 shows the diagram of a single sonochemical 
microreactor, whose enhanced ultrasonic transmission and 
improved temperature control offered potential applica-
tions for wastewater treatment.

2.3.1. Effective ultrasonic transmittance

Ultrasound was delivered at a fixed frequency of 
28 kHz, by a customised ultrasonic bath equipped with 
an ultrasonic oscillator. The maximum ultrasonic power 
of the oscillator was 100 W. The length, width, and depth 
of the ultrasonic bath were 200 mm × 125 mm × 6 mm. An 
acrylic cover plate with a length, width, and thickness of 
190 mm × 100 mm × 5 mm was bolted over the bath. Six 

Fig. 1. Diagram of a single sonochemical microreactor.
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grooves, spaced 30 mm apart were carved on the bottom 
surface of the acrylic plate for the capillary inlays. Direct 
contact between the ultrasonic bath and capillary maxi-
mizes the ultrasonic wave transmission.

2.3.2. Improved temperature control

Overheating caused by the continuous operation of the 
ultrasonic oscillator will negatively affects the degradation 
performance [36]. To maintain the reaction temperature 
during sonication, a shallow trough with a depth of 2.5 mm 
was carved on the bottom surface of the cover plate to pro-
vide adequate contact between the circulating water and 
capillary. Water circulation allowed for the temperature 
difference between the inlet and outlet of the sonochemical 
microreactor to remain within 3°C–5°C, which was suffi-
ciently low for the degradation processes in the microchan-
nels not to be affected.

2.4. Design of degradation systems and experimental process

2.4.1. Sonochemical microreactor degradation system

Fig. 2 shows a schematic diagram of a sonochemical 
microreactor degradation system (SMDS), which was com-
posed of an array of sonochemical microreactors, a peristaltic 
pump, a dual-channel syringe pump, an ultrasonic genera-
tor, capillaries, and receptacles for collecting solutions. The 
peristaltic pump circulated water from the constant-tem-
perature magnetic stirrer through the ultrasonic bath. The 
dual-channel syringe pump was used to continuously pump 
the reagents, with one channel pumping a mixture of fer-
rous sulfate and OG, and the other channel pumping the 
SPS solution. A T-joint was used to transfer the reagents into 
a capillary with an outer diameter of 1.6 mm, and an inner 
diameter of 0.8, 1.0, or 1.2 mm. To ensure the constant reac-
tion time of solutions in microchannels, the inlet flow rates 
were 0.8, 1.25 and 1.8 mL/min, for the capillaries with inner 
diameters of 0.8, 1.0 and 1.2 mm, respectively. In addition, 
only the last 5 mL of the degraded solution was collected 
for the measurement. In order to reduce the experimental 

systematic errors, methanol solution was prepared in 
advance to quench the residual free radicals in the degraded  
solution.

2.4.2. Comparative degradation systems

In addition to the SMDS, three other degradation sys-
tems including static degradation system (SDS), continuous 
agitation degradation system (CADS), and microchannel 
degradation system (MDS) were assembled for comparative 
studies. The composition of SDS and CADS was the same, 
with a constant-temperature magnetic stirrer as the major 
component. In the SDS, solutions of SPS, ferrous sulfate, 
and OG were poured into a beaker to react at a constant 
temperature of 25°C. After reaching the specified reaction 
time, the methanol solution was poured into the beaker for 
quenching, and the stirring speed was adjusted to 300 rpm 
to accelerate the termination of the oxidation reaction. The 
experiments conducted in CADS followed the same pro-
cedures as those in SDS, except that the stirring speed was 
maintained at 300 rpm throughout the experiments. The 
MDS and SMDS were analogously structured, as visible 
in Fig. 2. In MDS and SMDS, reagents were continuously 
injected into the capillary by a dual-channel syringe pump, 
and a constant reaction temperature was provided through 
the water circulation. The degraded OG solution flowing 
out of the capillary was treated as waste liquid, and only 
the final 5 mL was collected and spectrophotometrically 
analysed. It should be noted that the ultrasonic oscilla-
tors were kept running during the experiments in SMDS, 
which was prohibited in MDS.

2.5. Evaluation of degradation efficiency

The OG degradation efficiency, η, was used to evaluate 
the degradation performance of sonochemical microreactor, 
which was calculated using Eq. (5).

� �
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Fig. 2. Schematic representation of the sonochemical microreactor degradation system: 1. ultrasonic generator, 2. sonochemical micro-
reactor array, 3. T-joint, 4. mixed solution of ferrous sulfate and OG, 5. SPS solution, 6. dual-channel syringe pump, 7. collection vial 
for spent liquor, 8. collection vial for degraded solution, 9. Y-joint, 10. peristaltic pump, and 11. constant-temperature magnetic stirrer.
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where C0 and Ct represent the concentrations of OG before 
and after the degradation experiment, respectively, in mM.

To determine the OG concentration of degraded solu-
tion, 5 mL of experimental sample was taken each time and 
tested at an absorption wavelength of 478 nm. A calibra-
tion plot that relates the absorbance to standard OG con-
centrations was initially obtained.

2.6. Statistical analysis

Each test sample was measured by taking the average 
of two measurements to reduce systematic errors during 
measurement. Origin software was employed for the statis-
tical analysis of the degradation data, and the data points 
used were the means of replicates. The goodness-of-fit of the 
absorbance calibration plot was evaluated based on the R2 
value (determination coefficient), where values > 0.99 were 
considered statistically significant. Analysis of variance 
(ANOVA) was used to test the significance of the exper-
imental results, and p < 0.05 was considered to be statis-
tically significant.

3. Results and discussion

3.1. Effects of different degradation methods on OG degradation

SPS can be thermally activated by ultrasound due to 
its sonochemical effects, which can promote the forma-
tion, growth, and subsequent collapse of cavity bubbles 
from existing gas nuclei in liquids [37]. In addition, Fe2+ 
can also be used to activate SPS, because the electron trans-
fer by transition metals can promote the generation of PS 
into SO4

–• [38]. Therefore, the effects of different activation 
methods of SPS on OG degradation were evaluated.

As depicted in Fig. 3, SPS was activated by ultrasound 
(US/SPS), Fe2+ (Fe2+/SPS), and ultrasound combined with 

Fe2+ (US/Fe2+/SPS). The 5 min degradation efficiency reached 
1.3%, 79.9% and 83.2% in US/SPS, Fe2+/SPS and US/Fe2+/
SPS systems, respectively. Ultrasound combined with Fe2+ 
brought higher SPS activation efficiency, comparing with the 
results obtained in US/SPS and US/Fe2+/SPS systems. It can 
be confirmed that Fe2+ was the main species that activated 
SPS [39]. Additionally, due to the acoustic streaming [23] 
and ultrasonic cavitation [24] caused by the applied ultra-
sound, the mixing intensity of the solutions was enhanced, 
and the SO4

–• yield was improved. Therefore, in US/Fe2+/
SPS system, the 5 min degradation efficiency was 3.3% 
higher than that attained by Fe2+/SPS system.

3.2. Effect of ultrasonic power on OG degradation

Determining an appropriate ultrasonic irradiation 
intensity contributes to optimizing the operating cost of 
most physicochemical transformations [40]. In addition, 
temperature control during sonication is a major require-
ment for most sonochemical reactions [36]. Despite this, 
reaction temperature has received little attention from pre-
vious studies. Therefore, degradation experiments were 
conducted in SMDS to investigate the effect of ultrasonic 
power on OG degradation at varying temperatures.

As evident in Fig. 4, the degradation efficiency at vary-
ing reaction temperatures exhibited a similar upward trend. 
If the vibration amplitude of the ultrasonic oscillators was 
low, the ultrasonic cavitation cannot be generated, and 
the mixing of the solution in the capillary was minimally 
enhanced. So when ultrasonic power was lower than 80 W, 
the degradation efficiency kept almost constant. When 
ultrasonic power increased from 80 to 160 W, an obvious 
increase in OG degradation efficiency was observed, which 
was attributed to the rapid increase in the intensity of cav-
itation. However, when ultrasonic power exceeded 160 W, 
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Fig. 3. Effects of different activation methods on OG degradation 
efficiency (experimental conditions: OG concentration 0.2 mM, 
Fe2+ concentration 0.5 mM, SPS concentration 2.0 mM, initial 
pH 3, ultrasonic power 400 W, microchannel width 1.0 mm, 
and reaction temperature 25°C).
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the formation of excessive cavitation bubbles reduced the 
degradation efficiency due to the bubble coalescence, bub-
ble clustering, and acoustic impedance. Therefore, when the 
ultrasonic power ranged from 160 to 400 W, its influence 
on OG degradation was not very obvious. Thangavadivel 
et al. [35] designed a glass microreactor and conducted 
the ultrasonic assisted degradation experiments of methyl 
orange (MO). The results showed that when ultrasonic 
power was lower than 60 W, there was no MO removal. 
When ultrasonic power increased from 60 to 160 W, the 
MO degradation efficiency increased from 0 to 9%. When 
ultrasonic power was increased from 160 to 200 W, the deg-
radation efficiency was increased by less than 0.3%. The 
conclusion reported by Thangavadivel et al. [35] was highly 
consistent with that shown in Fig. 4. The degradation effi-
ciency can only be significantly improved by increasing 
ultrasonic power within a certain range.

3.3. Effect of pH on OG degradation

The process of SPS activated by Fe2+ is highly pH-de-
pendent, because Fe2+ will precipitate when pH is lower 
than 4 [41]. However, the application of ultrasound with 
strong depolymerization is conducive to expanding the pH 
range of reactions. Therefore, the effect of initial pH on OG 
degradation was studied in SDS, CADS, MDS, and SMDS.

As visible in Fig. 5, both insufficient and excessive ini-
tial pH led to poor degradation performances, and the max-
imum degradation efficiency was observed at pH of 3. This 
phenomenon occurred because when the pH was too low, 
the activation capacity of Fe2+ was weakened due to the for-
mation of complex species [Fe(H2O)6]2+ [42]. Whereas with 
the increase of solution pH, Fe2+ ions precipitated in the 
aqueous solution, as described by Eq. (6) [43].

Fe H O Fe OH H2
2

� � �� � � � �  (6)

In the pH range of 1–6, the OG degradation efficiency 
obtained in SMDS was higher than that of other three deg-
radation systems. In addition, when the initial pH was 4 or 
5, the degradation efficiency obtained in MDS and SMDS 
was higher than that of SDS and CADS. The excellent OG 
degradation performances achieved in MDS and SMDS were 
due to the following two reasons. First, the mass transfer 
intensity between solutions was improved by the micromix-
ing effect caused by microchannel. Second, the utilization 
of reagents, especially that of Fe2+, was improved because 
the reagents were pumped continuously into the capillary 
by a syringe pump. Moreover, the OG degradation effi-
ciency obtained in MDS and SMDS was compared when pH 
exceeded 4. It was confirmed that both microchannel and 
ultrasound could delay iron precipitations, thereby improv-
ing the OG degradation efficiency.

Admittedly, it is necessary to adjust the solution pH 
to achieve the highest efficiency of pollutant abatement. 
However, the required acidic pH is risky from a safety per-
spective. In order to avoid the potential security risks, some 
measures need to be considered. For instance, alkaline 
reagents such as lime solution and sodium hydroxide can 
be used to neutralize the degraded water. To remove Fe2+/
Fe3+ precipitates formed during pH adjustment, flocculation 
[44] and activated carbon adsorption [45] can be used as 
post-treatment methods.

3.4. Effect of ferrous sulfate dosage on OG degradation

The effect of ferrous sulfate dosage on OG degradation 
was studied in SDS, CADS, MDS and SMDS. As shown in 
Fig. 6, the OG degradation efficiency increased gradually 
when the ferrous sulfate dosage increased from 0.5 to 1.5 mM. 
The improvement of degradation efficiency was attributed 
to the rapid generation of SO4

–• caused by the increase in 
Fe2+ concentration [46]. However, the degradation efficiency 
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decreased as the Fe2+ dosage increased from 1.5 to 2.0 mM. 
A reasonable reason is that surplus Fe2+ ions consumed the 
dominant reactive species SO4

–•, as described by Eq. (7) [47].

Fe SO Fe SO2
4

3
4
2� �� � �� � �  (7)

When the ferrous sulfate dosage was 1.5 mM, the degra-
dation efficiency reached 82.0% in SMDS, which was 2.4%, 
7.5%, and 9.3% higher than that in MDS, CADS, and SDS, 
respectively. Different methods of solution mixing led to 
higher degradation efficiency of SMDS than other systems. 
SPS, ferrous sulfate, and OG solutions were mixed directly 
in CADS and SDS. Whereas in SMDS, the reagents were 
pumped continuously into the capillary for micromixing, 
increasing the contact area, molecular diffusion, and chaotic 
convection between species [48]. Since the solutions were 
uniformly and continuously mixed in SMDS, the effect of 
excessive local concentration on degradation at the initial 
stage of the reaction was avoided.

3.5. Effect of sodium persulfate dosage on OG degradation

To investigate the effect of SPS dosage on OG degra-
dation, experiments were conducted in SDS, CADS, MDS 
and SMDS, with SPS concentrations ranging from 0.5 to 
3.0 mM. As depicted in Fig. 7, the trend of degradation 
efficiency with reaction time was similar in all degrada-
tion systems. The OG degradation efficiency increased as 
SPS concentration increased from 0.5 to 2.0 mM. When SPS 
dosage was 2.0 mM, 90.1% of degradation efficiency was 
obtained in SMDS, which was 1.8%, 4.5%, and 6.0% higher 
than that of MDS, CADS, and SDS, respectively. It can be 
confirmed that the SO4

–• increased synchronously when SPS 
dosage increased, thereby bringing a positive effect on OG 
degradation. However, the iincrease of OG degradation 

efficiency was less than 2% when the SPS concentration 
increased from 2.0 to 3.0 mM. As described in Eq. 8, super-
fluous SPS had little effect on OG degradation owing to the 
mutual quenching reactions occurring between the excess 
free radicals. Furthermore, excess PS ions also consumed 
SO4

–•, as described by Eq. (9) [49].

SO SO SO4 4 4
22�� �� �� �  (8)

S O SO SO S O2 8
2

4 4
2

2 8
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3.6. Effect of microchannel width on OG degradation

For a sonochemical microreactor, the microchannel 
width is one of the important factors that affects the inlet 
flow rate, solution dosage, and mixing intensity in the micro-
channel [48]. Hence, the effect of microchannel width on 
OG degradation was studied in SMDS, and the results are 
presented in Fig. 8. The degraded solutions were collected 
at time intervals of 30 s for up to 3 min and stored in vials 
pre-filled with methanol to quench residual oxidants.

As illustrated in Fig. 8, under silent treatment, the deg-
radation efficiency reached 65.7%, 70.6% and 73.9% when 
the microchannel widths were 0.8, 1.0 and 1.2 mm, respec-
tively. When 400 W ultrasonic power was applied, the cor-
responding degradation efficiency was increased to 67.6%, 
73.2% and 76%, respectively. As the microchannel width 
increased from 0.8 to 1.2 mm, the Reynolds (Re) number of 
microfluidic in microchannel increased from 21.2 to 31.9. 
Since higher Re number means more intense solution mix-
ing [48], the OG degradation efficiency therefore increased 
with the increase of microchannel width. Additionally, 
the enhancement effect of ultrasound on OG degradation 
was more obvious in wider microchannel. The increase 
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of acoustic cavitation intensity caused by the increase of 
ultrasonic power was more obvious in wide channel than 
in narrow channel. The phenomenon of the decreased chan-
nel dimension restrained the acoustic cavitation intensity 
was also be demonstrated in literature [34].

3.7. Degradation efficiency of OG in different degradation  
systems

In order to evaluate the enhancement effect of sonochem-
ical microreactor on OG degradation, comparative exper-
iments were performed in SDS, CADS, MDS, and SMDS. 
As evident in Fig. 9, the SMDS equipped with the newly 
designed sonochemical microreactor maintained a higher 
degradation efficiency than the other three systems within 
6 min. In SMDS, the 6 min degradation efficiency was 96.0%, 
which was 2.7%, 2.4%, and 2.1% higher than that in SDS, 
CADS, and MDS, respectively. Additionally, at the initial 
stage of degradation, a significant enhancement effect of 
sonochemical microreactor was also observed. Specifically, 
76.0% of OG were degraded within 30 s in SMDS, while 
the corresponding degradation efficiency was only 66.1%, 
67.3% and 74.1% in SDS, CADS, and MDS, respectively. By 
comparing the results obtained in SMDS and SDS, it was 
confirmed that the 30 sec and 6 min degradation efficiency 
was increased by 9.9% and 2.7% due to the application of 
sonochemical microreactor.

An obvious removal of OG was observed at the begin-
ning of the degradation, as more than 80% of the OG was 
degraded within 1 min. Since OG and SO4

–• in aqueous 
solution were rapidly reduced, the microchannel and ultra-
sound did not remarkably promote the OG degradation. 
Anyhow, the highest degradation efficiency observed in 
SMDS confirmed the application prospect of sonochemical 
microreactor in wastewater treatment.

4. Conclusions

The OG degradation performance of a novel sonochemi-
cal microreactor was investigated by optimizing the reagent 
dosage, initial pH, microchannel width, and ultrasonic 
intensity to maximize degradation efficiency. The results 
were showed that the degradation efficiency increased with 
an increasing ultrasonic power, SPS dosage and micro-
channel width. As the Fe2+ dosage and initial pH increased, 
the degradation efficiency initially increased and then 
decreased. A maximum degradation efficiency of 96.0% was 
obtained in SMDS, at reaction time of 6 min, OG concen-
tration of 0.2 mM, Fe2+ concentration of 1.2 mM, SPS con-
centration of 2.0 mM, initial pH of 3, ultrasonic power of 
400 W, microchannel width of 1.2 mm, and reaction tem-
perature of 25°C. By comparing the degradation efficiency 
obtained in SMDS and SDS, it can be confirmed that 30 s 
and 6 min degradation efficiency was improved by 9.9% 
and 2.7%, respectively, due to the combination of ultra-
sound and microchannel. The newly designed sonochemi-
cal microreactor was proved to meet the requirements for 
the efficient degradation of azo pollutants. Further research 
on sonochemical microreactors with large throughput 
and multiple channels will be useful to the future devel-
opment of wastewater treatment technology.
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