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a b s t r a c t
The heterogeneous micro-interface plays a crucial role in facilitating mass transfer and catalytic 
conversion. This study aimed to investigate the influence of the surfactant cetyltrimethyl ammo-
nium bromide (CTAB) on micro-interface properties during sonocatalytic degradation of Orange II 
using bagasse biochar. Our findings indicate that increasing the concentration of CTAB or the dos-
age of bagasse biochar significantly enhances sonocatalytic degradation efficiency. However, an 
increase in solution pH was observed to have a detrimental effect on degradation efficiency, while 
higher ultrasonic power proved beneficial for Orange II degradation when CTAB was present. 
Moreover, the pseudo-first-order rate constant (Kapp) for the sonocatalytic process was 1.3 times that 
of the sum of combined Kapp values obtained with ultrasonication and biochar adsorption individ-
ually, indicating a substantial synergistic effect when bagasse biochar and ultrasonication are com-
bined in the presence of CTAB. The influence of inorganic anions on sonocatalytic degradation of 
Orange II, in the presence of CTAB, was relatively weak. Quenching tests using iso-propanol and 
KBr indicated that free radical chain reactions predominantly occurred at the micro-interface, 
with limited involvement in bulk solutions during the sonocatalytic degradation process. Overall, 
our results indicate that OH radicals remained the dominant contributors to the overall reaction.
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1. Introduction

Advanced oxidation processes (AOPs) are charac-
terized by the generation and utilization of a variety of 
highly reactive oxidizing species, including non-selective 
OH radicals, sulfate radicals, and hydrogen peroxide. As 
a result, AOPs can be considered as destructive technolo-
gies since the majority of the targeted organic contaminants 
are effectively decomposed and even transformed into car-
bon dioxide, inorganic substances, and water. Numerous 
organic pollutants have been observed to undergo effi-
cient degradation in aqueous solutions [1–8]. In fact, AOPs 

have the capability to break down virtually all types of 
organic contaminants into non-hazardous substances [2]. 
One notable AOPs, sonocatalysis, has garnered increas-
ing attention due to its ability to eliminate common envi-
ronmental contaminants effectively and with simplicity. 
During sonochemical process, acoustic cavitation generates 
hot spots with localized temperatures and pressures on 
the order of 5,000 K and hundreds of atmospheres, respec-
tively. As a result of thermal dissociation of water vapor 
through a series of reactions, reactive radicals like OH and 
OOH radicals are formed and actively participate in the 
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decomposition of target contaminants [3]. The degrada-
tion of contaminants through ultrasound primarily relies 
on the phenomenon of acoustic cavitation. Additionally, it 
has been demonstrated that high-frequency ultrasound is 
effective in breaking down non-polar pollutants, such as 
hydrocarbons and aromatic contaminants [4,5].

In addition, the incorporation of sonocatalysts is essential 
to achieve higher degradation efficiency, as the sonochemi-
cal process alone exhibits limited efficiency and consumes 
a significant amount of energy for decontamination. The 
efficiency of these sonocatalytic processes can be improved 
dramatically by various catalysts [9–11]. However, many 
of the sonocatalysts currently under exploration consist of 
synthesized metal oxides such as MnO2 and TiO2. In prac-
tice, cost-effective sonocatalysts are favored for potential 
applications in water and wastewater purification.

Recent advancements suggest that low-cost carbona-
ceous materials, including waste biomasses and biochars 
derived from biomass, hold promise as potential catalysts 
for sonocatalytic degradation processes. While waste bio-
masses are abundant in natural environments, they are not 
ideal for sonocatalytic processes due to the potential leach-
ing of organic compounds, which could lead to secondary 
pollution. In contrast, biochars derived from these biomasses 
offer a more suitable option, as they are rich in carbon and 
exhibit stability that prevents organic leaching and second-
ary pollution. Additionally, biochars with a characteristic 
mesoporous structure can be easily obtained through incom-
plete combustion processes like low-temperature pyrolysis 
and carbonization [12–14]. As such, some of the biochars 
might be ideal metal-free candidates for sonocatalytic deg-
radation processes. Our previous study was the first to 
demonstrate that biochar derived from sugarcane bagasse 
exhibited excellent sonocatalytic activity in the synergistic 
degradation of methylene blue [15]. Other research has fur-
ther confirmed the capability of biochar as a sonocatalyst for 
the oxidation of propylparaben, bisphenol A, and persistent 
organic contaminants [16–18]. Low-cost biochar has the 
potential to serve as a cost-effective, metal-free sonocatalyst 
in practical water and wastewater treatment applications.

Moreover, employing various catalysts in sonocatalytic 
degradation processes can fundamentally alter the charac-
teristics of the water-catalyst interface. The heterogeneous 
micro-interface serves as a crucial platform for processes 
such as adsorption/desorption, flocculation, catalytic con-
version, and biotransformation of contaminants [19]. Given 
the charge and structural properties of contaminants, it is 
possible to strategically engineer and design the heteroge-
neous micro-interface to enhance catalytic performance. 
Amphiphilic surfactants are widely used as surface-active 
agents for improving the efficiency of various processes 
[20]. Normally, surfactant cetyltrimethyl ammonium bro-
mide (CTAB) modified adsorbent could significantly 
improve adsorption capability of adsorbent matrix for the 
removal of negatively-charged contaminants such as furfu-
ral, bisphenol A, methylene blue, Cr(VI), nitrate and phos-
phate ions [21–23]. Actually, a number of surfactants are 
existent in industrial effluents, municipal wastewater and 
even in natural water environments as the conventional 
bio-treatment methods are not always effective for remov-
ing these low-concentration contaminants [20,24]. Direct 

introduction of a very limited amount of CTAB into reaction 
mixture could significantly enhance adsorption of Orange 
II on bagasse-derived biochar in our finished research [25]. 
By contrast, it was found by other researchers that the 
presence of CTAB and sodium dodecylsulfate retarded the 
persulfate activation and oxidation of Orange II to some 
extent [26]. From this point of view, the surfactant CTAB 
is capable of regulating the properties of heterogeneous 
micro-interface, and thus manipulating the related adsorp-
tion and catalytic performance to some extent.

In this study, we introduced an innovative approach to 
control the characteristics of the heterogeneous micro-in-
terface in-situ. This approach involved the direct introduc-
tion of a minimal amount of the surfactant CTAB into the 
aqueous solution. The result was an enhanced sonocatalytic 
degradation capacity of bagasse biochar for the removal of 
Orange II. We investigated various factors, including CTAB 
concentration in the solution, biochar dosage, solution pH, 
ultrasonic power, and their synergistic effects, to assess 
their impact on the process. Furthermore, we evaluated the 
oxidation mechanism by conducting indirect quenching 
tests using iso-propanol and KBr.

2. Materials and methods

2.1. Materials

Orange II (ORII) and CTAB were obtained from Beijing 
Chemical Reagents Company and utilized without under-
going additional purification. All other chemicals employed 
in the study were of analytical grade. Deionized (DI) water 
was consistently used throughout the entire investigation.

2.2. Preparation of sugarcane bagasse biochar

Sugarcane bagasse was collected from Guangxi Province 
of China. It was washed, dried, crushed and sieved using 
a 100-mesh sieve. The bagasse biochars were prepared via 
pyrolyzing the bagasse biomass at 600°C under oxygen-lim-
ited conditions for 2 h. The detailed procedures for the 
preparation of the bagasse biochar can be referred to our 
previous study [27].

2.3. Sonocatalytic degradation of ORII in the presence and 
absence of CTAB

Sonocatalytic degradation of Orange II by using bagasse 
biochar in the presence and absence of CTAB was carried 
out in a series of cylindrical flasks for 60 min. The available 
volume of the flasks was 250 and 200 mL of ORII solution 
(5 mg/L) was added. Sonication was performed in a 40 kHz 
ultrasonic cleaning bath (AS3120A, Kunshan Ultrasonic 
Instruments Co., Jiangsu, China). The power of the ultrasonic 
cleaning bath was fixed at 50 W unless otherwise stated. 
The water-circulating unit was used to control water bath 
temperature. All the solution pH was maintained at neutral 
pH except for the pH effect study. The solution pH adjust-
ment was conducted by addition of diluted HCl or NaOH 
solution. In the alcohol quenching test, 0.05 mol/L isopro-
panol (ISP) was used. For KBr quenching, the dosages of 
KBr were 0.01, 0.05 and 0.10 mol/L, respectively.
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2.4. Analyses

Samples were collected and subsequently filtered 
through a 0.45 μm membrane before analyzing. The concen-
trations of ORII were determined by measuring the maxi-
mum absorbance at a fixed wavelength of 484 nm, using an 
UVmini-1240 spectrophotometer (Shimadzu, Japan).

The pseudo-first-order kinetics of the degradation pro-
cesses was simulated as:
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t
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�
��
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where Ct is the dye concentration at time t (mg/L), C0 is the 
initial dye concentration (mg/L), and Kapp is the apparent 
first-order rate constant (min–1).

3. Results and discussion

3.1. Effect of CTAB concentration on sonocatalytic degradation of 
ORII

Since CTAB has the capability to significantly alter the 
interface properties and subsequently impact the adsorption 
of ORII onto bagasse biochar, it was expected that the sono-
catalytic degradation performance could be influenced sig-
nificantly by the introduction of CTAB. The effect of CTAB 
concentration on sonocatalytic degradation of ORII was 
examined and is illustrated in Fig. 1. The CTAB concentra-
tion ranged from 0 to 6.0 mg/L. Through pseudo-first-order 
kinetic simulation, the Kapp values determined at the CTAB 
concentration of 0, 0.5, 1.0, 2.0, 4.0 and 6.0 mg/L were of 
0.00373, 0.00507, 0.00589, 0.00855, 0.01521 and 0.04265 min–1 
(R2 = 0.937, 0.920, 0.890, 0.999, 0.968 and 0.973), respectively. 
It is evident that the presence of 6.0 mg/L CTAB could 
enhance the Kapp value by up to ten times when compared to 
the Kapp value in the absence of CTAB. Clearly, an increased 
CTAB concentration had a beneficial effect on the sonocat-
alytic degradation of ORII. Considering potential adverse 
effects of higher CTAB concentrations, we selected 2.0 mg/L 
as the fixed CTAB concentration for subsequent tests.

3.2. Effect of biochar dosage on sonocatalytic degradation of ORII

The effect of bagasse biochar dosage on the sonocatalytic 
degradation of ORII was also investigated in the presence of 
2.0 mg/L CTAB, as illustrated in Fig. 2. The biochar dosages 
of 50, 100, 150, 200 and 300 mg in 200 mL of solution were 
selected. It can be observed that the Kapp values at the dos-
ages of 50, 100, 150, 200 and 300 mg were of 0.00424, 0.00526, 
0.00855, 0.00990 and 0.01099 min–1 (R2 = 0.998, 0.992, 0.999, 
0.996 and 0.995), respectively. The increased catalyst dos-
age could increase the available active sites of bagasse bio-
char for adsorption and catalytic oxidation. Consequently, 
the sonocatalytic degradation efficiency improved with a 
higher dosage of biochar, although the Kapp values did not 
exhibit as substantial an enhancement as observed with the 
CTAB concentration effect. In comparison to a biochar dos-
age of 150 mg, the Kapp value at a dosage of 200 mg did not 
exhibit a significant increase, leading us to select 150 mg as 
the fixed biochar dosage for the subsequent tests.

3.3. Effect of solution pH on sonocatalytic degradation of ORII

Both surfactant CTAB and solution pH could influ-
ence the interface property and interaction between bio-
char and ORII molecules profoundly. As such, the effect 
of solution pH on the sonocatalytic degradation of ORII 
was investigated from pH 3.0 to pH 11.0 in the presence of 
2.0 mg/L CTAB. As illustrated in Fig. 3, the Kapp values at pH 
3.0, 5.0, 7.0, 9.0 and 11.0 were of 0.01015, 0.00968, 0.00855, 
0.00674 and 0.00577 min–1 (R2 = 0.984, 0.982, 0.999, 0.979 and 
0.990), respectively. Evidently, acidic conditions were favor-
able for ORII removal and the sonocatalytic degradation 
efficiency declined with increasing solution pH. For ORII 
molecule, pKa1 value for the deprotonation of the naph-
thanlene OH is 11.4 and pKa2 value for the deprotonation 
of SO3H group is ~1 [28]. ORII molecules are negatively 
charged at almost all the pH range studied. In contrast, 
the surface of bagasse biochar becomes increasingly nega-
tively charged as the solution’s pH rises, even in the pres-
ence of CTAB. This heightened negative charge results in 
a stronger electrostatic repulsion force between the bio-
char and ORII molecules as the solution’s pH increases. 
Consequently, this leads to a reduced uptake of ORII on 
the biochar. Given that the adsorption of ORII on the 
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Fig. 1. Effect of CTAB concentration on sonocatalytic deg-
radation of ORII. Biochar dose 150 mg, at neutral solution pH.
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Fig. 2. Effect of bagasse biochar dosage on sonocatalytic deg-
radation of ORII. CTAB concentration 2.0 mg/L, neutral 
solution pH.
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biochar serves as the initial and crucial step in the sonocat-
alytic degradation process, the diminished uptake of ORII 
results in subsequently reduced degradation efficiency.

3.4. Effect of ultrasonic power on sonocatalytic degradation of 
ORII

The effect of ultrasonic power was investigated at in 
the presence of 2.0 mg/L of CTAB. The ultrasonic power 
of 50, 80 and 100 W was selected. As presented in Fig. 4, 
the Kapp values at ultrasonic power 50, 80 and 100 W were 
of 0.00855, 0.00992 and 0.01263 min–1 (R2 = 0.999, 0.996 and 
0.993), respectively. As increasing ultrasonic power could 
increase the energy of cavitation while lower the threshold 
of cavitation, the quantity of cavitation bubbles generated 
was enhanced accordingly [29]. Because the free radical 
chain reaction occurs predominately in the interfacial region 
of the bubbles [15], it was deduced that more free radicals 
(reactive oxidizing species) were generated concurrently, 
which contributed to the sonocatalytic degradation of ORII.

3.5. Synergetic effect during the combined degradation process

Our previous study has proved the combination of 
bagasse biochar and ultrasonication led to significant 

synergetic effect [15]. In the presence of CTAB, the syner-
getic effect was also investigated and is presented in Fig. 5. 
The Kapp values by ultrasonication (US) alone, bagasse bio-
char adsorption alone, and US/biochar combination were 
of 0.00129, 0.00529, and 0.00855 min–1 (R2 = 0.999, 0.996 and 
0.993), respectively. The Kapp value of the combined process 
was 1.3 times that of the sum of Kapp values of the other two 
processes. This indicated that an apparent synergetic effect 
was still observed for the combination of bagasse biochar 
and ultrasonication in the presence of CTAB.

3.6. Effect of salt on sonocatalytic degradation of ORII

The addition of inorganic salts could lead to decrease 
in the surface tension and critical micellar concentration of 
micelles forming surfactant, and thus affects the degradation 
efficiency consequently. In the presence of 2.0 mg/L CTAB, 
the effect of salt on sonocatalytic degradation of ORII was 
investigated by adding Na2SO4, NaCl and NaNO3 with a 
concentration of 0.01 mol/L. From Fig. 6, the Kapp values in 
the presence of Na2SO4, NaCl and NaNO3 were of 0.00837, 
0.00820, and 0.00846 min–1 (R2 = 0.996, 0.997 and 0.996), 
respectively. Apparently, the presence of these salts had 
a weak inhibiting effect on the sonocatalytic degradation 
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Fig. 3. Effect of solution pH on sonocatalytic degradation of 
ORII. Biochar dose 150 mg, CTAB concentration 2.0 mg/L.
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Fig. 4. Effect of ultrasonic power on sonocatalytic degradation 
of ORII. Biochar dose 150 mg, CTAB concentration 2.0 mg/L, 
neutral solution pH.
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Fig. 6. Effect of salt on sonocatalytic degradation of ORII. 
Biochar dose 150 mg, CTAB concentration 2.0 mg/L, neutral 
solution pH.
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2.0 mg/L, neutral solution pH.
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of ORII in the presence of CTAB. Concerning the salting 
out effect, more ORII molecules moved to the interface of 
the cavities and the possibility of radicals attack increased 
accordingly [30]. On the other hand, these anions including 
SO4

2–, Cl–, and chloride and NO3
– were expected to quench 

hydroxyl radicals according to the following equations [31]:

SO OH SO OH4
2

4
� � �� �� � �  (2)

Cl OH Cl OH� � � �� � �  (3)

NO OH NO OH3 3
� � �� � �  (4)

While OH radicals were undeniably generated and 
played a role in the sonocatalytic degradation of ORII, 
it was reasonable to anticipate that these anions might 
have partially quenched the chain reaction of OH radicals, 
potentially reducing the degradation efficiency. However, 
it is noteworthy that both the presence of salts had an 
impact on the degradation of ORII, but their influence was 
observed to be negligible in this context.

3.7. Reaction mechanism

Radicals, especially OH radicals, play an important role 
during sonocatalytic degradation process. Indirect quench-
ing method by ISP and KBr can be employed to indicate 
the oxidation mechanism. The inhibitive effect of ISP and 
KBr on the oxidation process can be quantitatively indi-
cated by the decline in reaction rate constants (Kapp). For 
one thing, the role of OH radicals was evaluated by iso-
propanol quenching method. Alcohols such as isopropanol 
could scavenge OH radicals and were often used to esti-
mate the role of OH radicals [32,33]. The effect of iso-pro-
panol (ISP) on sonocatalytic degradation of ORII was pre-
sented in Fig. 7a. By ISP (0.05 mol/L) quenching, the Kapp 
values decreased from 0.00855 min–1 (R2 = 0.993) in the 
absence of ISP to 0.00702 min–1 (R2 = 0.999) in the presence 
of ISP. This implied that the contribution of OH radicals 
amounted to only 17.9% for the total reaction, which was 
not as significant as expected in other sonocatalytic pro-
cesses. For the other thing, KBr was known as a nonvol-
atile scavenger which could be readily oxidized by free 
radicals [34,35]. The effect of KBr on sonocatalytic degra-
dation of ORII was also investigated and the results were 
presented in Fig. 7b. The dosage of KBr ranged from 0.01 
to 0.10 mol/L. With increasing KBr dosage, the Kapp values 
decreased from 0.00855 min–1 (R2 = 0.993) in the absence 
of KBr to 0.00655 min–1 (R2 = 0.956) in the presence of 
0.10 mol/L of KBr. It can be deduced that the contribution 
of free radicals amounts to only 23.4% for the total reaction.

As a comparison, alcohol including ISP was a known 
OH radical scavenger for the gaseous region and/or inter-
facial region of the collapsing bubble. However, differently, 
KBr was known as a non-volatile scavenger to quench free 
radicals originated from the bulk liquid region and possibly 
from the interfacial region of the cavitation bubble [36,37]. 
Consequently, the contribution percentage of hydroxyl rad-
icals, and free radicals from the bulk liquid region and pos-
sibly from the interfacial region reached 17.9% and 23.4% to 

the total degradative capability, respectively. As a result, it 
indicated the free radical chain reactions occurred predom-
inately within the interfacial region and to a lesser extent 
in bulk solutions in the sonocatalytic degradation process.

Meanwhile, as almost all the free radicals could be 
quenched by KBr, it can be deduced that the contribution 
of other radicals was calculated to be only 5.6% in this case 
if the contribution of OH radicals was excluded. As such, 
compared to other free radicals or oxidizing species, the role 
of OH radicals was still dominant in this process, although 
other processes such as pyrolytic degradation were still 
supposed to be capable of degrading ORII efficiently. Other 
researches also demonstrate that OH radicals play the dom-
inant role in biochar-based sonocatalytic process, although 
the oxidizing species including OH radicals, superoxide 
radicals (O2

–•) and H2O2 are all involved in the degradation 
process [38]. The scheme for the sonocatalytic degradation 
of ORII by using bagasse biochar in the presence of CTAB 
is presented in Fig. 8. Generally, CTAB acts as an electrolyte 
at lower concentration and ionized in CTA+ and Br–, and 
CTA+ forms complex on the surface of bagasse biochar [32]. 
Consequently, in the initial stage, the water/biochar inter-
face tends to become positively charged. Subsequently, the 
negatively charged ORII molecules migrate from the bulk 
solution to the biochar interface, resulting in an increased 
adsorption of ORII molecules on the positively charged bio-
char interface. Finally, as the generation and utilization of 
oxidizing species, particularly OH radicals, predominantly 
take place at the biochar interface, the intensified adsorption 
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Fig. 7. Effect of iso-propanol (ISP) (a) and KBr (b) on sonocat-
alytic degradation of ORII. Biochar dose 150 mg, ISP dosage 
0.05 mol/L, CTAB concentration 2.0 mg/L, neutral solution pH.
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of ORII molecules on the biochar interface effectively accel-
erates the oxidation of ORII molecules and the utiliza-
tion of oxidizing species in the third stage.

3.8. FTIR analysis

FTIR spectra of raw bagasse biochar, bagasse biochar 
alone after sonocatalytic degradation and bagasse biochar 
after sonocatalytic degradation in the presence of CTAB 
were recorded, as shown in Fig. 9. As presented in our pre-
vious study [15], the strong band at 3,439 cm–1 represents 
the stretching vibrations of hydroxyl groups on the bagasse 
biochar. The bands at 2,885 and 2,920 cm–1 are attributed 
to the asymmetric and symmetric stretching vibrations of 
aliphatic –CH2 in CTAB, respectively [39,40]. The band at 
1,030 cm–1 corresponds to C–O–C vibrations. The intensities 
and locations of these bands are quite constant among the 
three samples. This indicated these functional groups and 
biochar surface properties were quite stable which facili-
tated the sonocatalytic degradation of ORII. Although the 
band at 2960 cm–1 is unique to CTAB, which corresponds 
to both trimethyl head group and the terminal methyl of 
CTAB, there was no obvious absorption at this band for the 
three samples [41,42].

4. Conclusion

The introduction of the surfactant CTAB had a profound 
impact on the micro-interface between the Orange II solu-
tion and bagasse biochar. Higher concentrations of CTAB or 
increased amounts of bagasse biochar significantly enhanced 
the efficiency of sonocatalytic degradation. However, in the 
presence of CTAB, a decrease in sonocatalytic degradation 
efficiency was observed as the solution pH increased, while 
an increase in ultrasonic power was found to be beneficial 
for Orange II degradation. Notably, a pronounced syner-
gistic effect emerged when combining bagasse biochar and 
ultrasonication in the presence of CTAB. The presence of 
inorganic anions weakly inhibited the sonocatalytic deg-
radation of Orange II in the presence of CTAB. Quenching 
tests using iso-propanol and KBr indicated that free radical 
chain reactions primarily occurred within the interfacial 
region and to a lesser extent in the bulk solution during 
the sonocatalytic degradation process. The contribution of 
OH radicals remained dominant for the overall reaction.
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