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a b s t r a c t

Biochars derived from abundant natural biomasses have a very close and practical application for 
environmental pollution remediation. In this research, one innovative application of biochar derived 
from sugarcane bagasse was conducted for sonocatalytic degradation of methylene blue. Surface 
morphologies of the biochar pyrolized at 600°C (BC600) demonstrate that the biochar mainly con-
sists of thin flakes with a size ranged from 10 μm to 50 μm. Although the surface area of BC600 is 
very limited, its sonocatalytic performance outperformed those bagasse biochars pyrolized at other 
temperatures. The degradation process was well fitted by pseudo-first-order kinetic model. The 
pseudo-first-order rate constant (Kapp) of the sonocatalytic process was 1.77 times that of the sum of 
Kapp values of both ultrasonication and catalyst adsorption, indicating a significant synergetic effect. 
Increasing catalyst dosage and ultrasonic power enhanced the degradation efficiency apparently. 
The highest sonocatalytic degradation efficiency was observed at pH 5.0. Oxidation mechanism was 
explored through quenching tests by iso-propanol and KBr. It indicates that, during the sonocatalytic 
degradation of methylene blue using bagasse biochar, a free radical chain reaction was proved to 
occur predominately in the interfacial region while to a lesser extent in bulk solution. 
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1. Introduction

Concerning removal and separation of organic pollut-
ants from aqueous solution, many technologies have been 
studied and applied during water purification and recov-
ery. These traditional technologies including coagulation, 
adsorption, reverse osmosis and ion exchange are generally 
efficient [1–4]. Nevertheless, these technologies just trans-
fer organic pollutants from water to another phase, which 
could definitely cause secondary pollution. For treatment 
of some antibiotics such as tetracyclines, these conventional 

technologies including biotreatment are not as efficient as 
expected [5]. In contrast, due to generation of a number 
of strong oxidizing species such as hydroxyl radicals and 
hydrogen peroxide, advanced oxidation processes (AOPs) 
are capable of degrading and even mineralizing these 
organic pollutants into carbon dioxide, inorganics and 
water [6]. Almost all types of organic contaminants can be 
degraded into harmless products by AOPs [7]. Thus, many 
AOPs have demonstrated an excellent future for the degra-
dation and removal of a series of organic pollutants. 

Among these AOPs, sonochemical degradation pro-
cesses including sonolysis and sonocatalysis have drawn 
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increasing attention in recent years. During sonochemical 
process, acoustic cavitation generates hot spots with local-
ized temperatures and pressures on the order of 5000 K 
and hundreds of atmospheres, respectively. Thermal disso-
ciation of water vapor generates highly reactive hydroxyl 
radicals and other oxidizing species [8–10]. These oxidizing 
species are continuously produced by ultrasonication and 
contribute to the decomposition of organic contaminants. 
However, the degradation efficiency of ultrasonication 
alone is too low to be applied in practical water treatment. 
Hence, sonocatalytic process is developed to enhance deg-
radation efficiency in which sonocatalyst is introduced into 
the ultrasonication system. Various sonocatalysts includ-
ing MnO2/CeO2, Tb7O12/TiO2, TiO2 and ZnO were used for 
sonocatalytic process [11–14]. As such, sonocatalytic process 
attracted wider attention because it was capable of degrad-
ing a large variety of organic pollutants more efficiently. 
Further, the design of sonocatalyst plays a key role as the 
catalytic activity determines the degradation efficiency 
directly. Usually, most of the sonocatalysts being explored 
are inorganic matrix such as expensive metal oxides. Actu-
ally, low-cost sonocatalysts are expected as they are the 
most probably applied into practical water purification. 

Carbonaceous materials such as waste biomass are abun-
dant in natural environment. Carbonaceous sonocatalysts 
could be cost-effective for application. Biomass-based sono-
catalysts might be good candidates as some carbonaceous 
materials have unique particle size, surface structures and 
functional groups. Raw biomasses are usually not suitable 
for sonocatalytic degradation process due to the apparent 
organic leaching. Differently, biochars, which is derived from 
the biomass via incomplete combustion operations such 
as pyrolysis and carbonization, are carbon-rich and stable 
enough to avoid organic leaching and secondary pollution 
[15–17]. Most of the biochars are simply prepared from waste 
material and they are widely explored for practical applica-
tion. One example is the utilization of low-temperature pyro-
lyzed biochar as adsorbents for the removal of environmental 
pollutants has emerged as a promising technology [18–20]. 
The environmental friendly biochars are playing more and 
more important roles in water purification. 

In this study, for the first time, sonocatalytic perfor-
mance of biochar for the degradation of methylene blue is 
innovatively and systematically investigated. The biochar 
pyrolized from sugarcane bagasse was utilized as it had a 
better sonocatalytic activity than other biochars involved. 
Effect of pyrolytic temperature of biochar, sonocatalyt dos-
age and synergetic effect were investigated. Additionally, 
the oxidation mechanism was indirectly evaluated by add-
ing scavengers such as iso-propanol and KBr. 

2. Materials and methods

2.1. Materials and apparatus

Methylene blue (mass fraction > 98.5%, chemical pure) 
was purchased from Tianjin Chemical Reagent Research 
Institute. The other chemicals used were of analytical grade. 
Sonication was performed in a 40 kHz ultrasonic cleaning 
bath (AS3120A, Jiangsu Kunshan Ultrasonic Instrument 
Co., China). Deionized (DI) water was used to prepare all 
solutions. 

2.2. Preparation of sugarcane bagasse biochar

The detailed procedures for the preparation of the 
sugarcane bagasse biochars can be referred to our previ-
ous study [21]. Briefly, the bagasse biomass was washed, 
dried, crushed and sieved using a 100 mesh sieve. The 
bagasse biochars were prepared via pyrolyzing the 
bagasse biomass at various temperatures under oxy-
gen-limited conditions for 2 h. Subsequently, the prepared 
biochars were subjected to demineralization in a 4 mol/L 
HCl solution for 12 h. The separated residues were rinsed 
with DI water to neutral solution pH and then dried in an 
oven at 80°C overnight. The treated biochars were finally 
preserved in a desiccator for further use. The prepared 
bagasse biochars pyrolyzed at 200°C, 300°C, 400°C, 500°C 
and 600°C were designated as BC200, BC300, BC400, 
BC500 and BC600. 

2.3. Characterization

The morphologies of the bagasse biochar were recorded 
on a Philips Quanta-2000 scanning microscope coupled 
with an energy dispersive X-ray (EDX) spectrometer. The 
BET surface area, pore volume, and pore size of the bagasse 
biochars were determined using a Nova 4000e surface area 
and pore size analyzer. 

2. 4. Sonocatalytic degradation of methylene blue by bagasse 
biochar 

Sonocatalytic degradation of methylene blue (MB) was 
carried out in a beaker for 60 min. The available volume of 
the beaker was 250 mL and 200 mL of MB solution (5 mg/L) 
was added. The power of the ultrasonic cleaning bath was 
50 W unless otherwise stated. The water-circulating unit 
was used to control water bath temperature. 

2.5. Analyses

Samples were collected and filtered through a 0.45 μm 
membrane before analyzing. The concentration of MB was 
determined by measuring the maximum absorbance at a 
fixed wavelength 664 nm, using an UVmini-1240 spectro-
photometer (Shimadzu, Japan). 

The removal efficiency of MB was calculated as:

Removal efficiency = (1 – Ct/C0) × 100% (1)

The pseudo first-order kinetics for MB degradation was 
simulated as:

ln( / )C C K tt app0 =  (2)

where Ct is the MB concentration at time t, C0 is the initial 
MB concentration, and Kapp is the apparent first-order rate 
constant.

The decrease of apparent rate constant (pseudo first-or-
der) Kapp resulted from iso-propanol and KBr quenching can 
be used to indicate the contribution and contribution per-
centages of hydroxyl radicals and free radicals, which was 
calculated as the following equation [22, 23]:
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Contribution Kapp = Kapp – Kapp (quenching)   (3)

Contribution percentage =  
(1 – Kapp (quenching)/Kapp) × 100%   (4)

3. Results and discussion

3.1. Characterization of bagasse biochar (BC600)

As the surface morphologies of the biochars derived 
from sugarcane bagasse were adequately presented in our 
previous study [21], only the morphologies of the biochar 
pyrolyzed under 600°C (BC600) were demonstrated herein. 
Typically, as presented in Fig. 1, BC600 mainly consists of 
thin flakes with the sizes ranged from 10 μm to 50 μm. Usu-
ally, particles in this range benefit the sonocatalytic deg-
radation under the experimental conditions. The carbon 
content increased from 57.7% of the raw bagasse to 75.3% 
of BC600. Considering the chemical inertness and stability 
of BC600, the bagasse biochar is expected to be suitable for 
sonocatalytic process. 

Additionally, BET surface area and pore volumes of raw 
bagasse and biochars including BC300, BC400 and BC500 
are listed in Table 1. Compared to the surface area 63.53 
m2/g of raw bagasse, the surface area of BC300, BC400 and 

BC500 significantly increased. This is consistent with the 
fact that the surface area of the biochars usually increases 
with an increase in pyrolytic temperature at up to ≤ 700°C 
[15]. The increased surface area of biochars is deduced to 
increase their sonocatalytic degradation performance to 
some extent.

3.2. Effect of pyrolytic temperature of biochar on the 
 sonocatalytic degradation of MB

 As we know, the application of biochar avoids organic 
leaching and secondary pollution from the raw biomass, 
which could facilitate the application of biochars. The 
carbon content, stability, structure and surface properties 
of the biochars could be regulated by the varied pyro-
lytic temperature [16,24]. It is expected that the pyrolytic 
temperature for biochars production might be one of the 
most significant parameters influencing the sonocatalytic 
performance. Accordingly, the effect of pyrolytic tempera-
ture of biochars on the sonocatalytic degradation of MB 
was investigated and the results are plotted in Fig. 2. By 
pseudo-first-order kinetic simulation, the Kapp values for 
the BC200, BC300 BC400, BC500 and BC600 are of 0.0204, 
0.0165, 0.0229, 0.0178 and 0.0242 min–1 (R2 = 0.919, 0.916, 
0.992, 0.884 and 0.989), respectively. Evidently, the increased 
pyrolytic temperature is beneficial for the sonocatalytic 
degradation of MB. Though BC400, BC500 and BC600 have 
a better sonocatalytic degradation performance as well, the 
highest Kapp value was observed for BC600. However, as list 
in Table 1, the surface area of BC600 is notably lower than 
those of other biochars, which was deduced to be unfavor-
able for the adsorption and subsequent degradation of MB 
before test. Considering the effect of surface area and stabil-
ity of biochars, the bagasse biochar BC600 is more eligible 
for sonocatalytic degradation and it was therefore selected 
in the following tests. 

3.3. Synergetic effect for the sonocatalytic degradation process

Synergetic effect of an excellent sonocatalyst is usually 
investigated during sonocatalytic degradation. As pre-

Fig. 1. SEM micrograph of the bagasse biochar pyrolyzed at 
600°C.
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Fig. 2. Effect of pyrolytic temperature of biochars on the sono-
catalytic degradation of MB. Catalyst dosage 150 mg in 200 mL 
MB solution, at neutral solution pH.

Table 1
The BET surface areas and pore volumes of the raw bagasse and 
the biochars including BC300, BC400 and BC500

raw BC BC300 BC 400 BC 500

BET surface area (m2/g) 63.53 177. 3 115.6 138.4
Total pore volume (cm2/g) 0.05480 0.1532 0.1253 0.1402
Pore size (nm) 3.450 3.457 4.336 4.053
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sented in Fig. 3, three processes including ultrasonication 
alone, catalyst adsorption alone and the combined sonocat-
alytic degradation process were compared within 60 min. 
The Kapp values for ultrasonication, catalyst adsorption and 
sonocatalytic degradation process were of 3.84 × 10–4, 0.0133 
and 0.0242 min–1 (R2 = 0.966, 0.989 and 0.998), respectively. 
The Kapp for the combined process is 1.77 times that of the 
sum of Kapp values of the other two processes, indicating 
a significant synergetic effect. Meanwhile, the adsorption 
of MB almost achieved equilibrium within several hours 
while the degradation of MB could be maintained contin-
uously. From this point of view, the synergetic effect of the 
sonocatalytic degradation process could be more significant 
with a prolonged reaction time. 

3.4. Effect of biochar dosage on MB degradation

The effect of catalyst dosage on the sonocatalytic degra-
dation of MB was also investigated, as illustrated in Fig. 4. 
The dosages of 50, 100, 150 and 200 mg in 200 mL of solu-
tion with MB concentration of 5 mg/L were selected. It can 
be observed that the Kapp values for the dosages at 50, 100, 
150 and 200 mg were of 0.00838, 0.0143, 0.0242 and 0.0280 
min–1 (R2 = 0.992, 0.999, 0.989 and 0.988), respectively. The 

increased catalyst dosage enhanced the degradation effi-
ciency apparently as a result of the increased catalyst sites 
on the bagasse biochar. Compared to the dosage of 150 mg, 
the Kapp value at the dosage of 200 mg was not increased 
notably and the biochar dosage was fixed at 150 mg in the 
following tests. 

3.5. Effect of solution pH on MB degradation

 Solution pH is always an important factor influencing 
the degradation efficiency as the interaction between MB 
molecules and the biochar is usually dependent on pH 
conditions. Effect of solution pH on the sonocatalytic deg-
radation of MB was investigated and the results are illus-
trated in Fig. 5. The Kapp values at pH 3.0, 5.0, 7.0, 9.0 and 
11.0 are 0.0173, 0.0301, 0.0242, 0.0234 and 0.0231 min–1 (R2 = 
0.993, 0.993, 0.989, 0.990 and 0.984), respectively. The high-
est degradation efficiency was observed at pH 5.0, which 
is consistent with the results of our previous study using 
fly ash as sonocatalyst [25]. Meanwhile, this result roughly 
suggests that the increasing solution pH values benefits 
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Fig. 3. Removal efficiency as a function of time (a) and pseu-
do-first-order degradation (b) of MB by sonocatalytic process. 
BC600 dosage 150 mg in 200 mL MB solution. MB concentration 
50 mg/L, at neutral solution pH. 
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Fig. 5. Effect of solution pH on the sonocatalytic degradation 
of MB.
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the sonocatalytic degradation of MB. MB is a cationic dye 
throughout the pH range examined while the normally 
negatively-charged bagasse biochar BC600 is expected to be 
more negatively-charged with the increasing solution pH 
[15]. As a result, the electrostatic attraction force could be 
enhanced and more dye molecules can be adsorbed onto 
the biochar. This is beneficial for the degradation of MB as 
the adsorption of MB is the first step for the total degrada-
tion process. On the other hand, the oxidizing species gen-
erated in sonocatalytic process are dependent on solution 
pH conditions. With increasing concentration of OH–, the 
generation of hydroxyl radicals is considered to increase as 
well. The oxidation mechanism by hydroxyl radicals is usu-
ally prevailing under alkaline condition [25,26]. As such, 
alkaline conditions are roughly beneficial for the sonocata-
lytic degradation of MB in this case. 

3.6. Oxidation mechanism 

As one of the typical advanced oxidation processes, 
sonocatalytic degradation of MB is based on the generation 
of a number of reactive oxygen species (ROSs) such as OH 
radicals, H2O2 and HO2·

– [27]. Hydroxyl radicals are con-
sidered to be the key ROSs responsible for ultrasonic deg-
radation. The generation of Hydroxyl radicals consists of 
complicated processes. Basically, hydroxyl radicals, H2O2 
and other ROSs can be generated by sonolysis alone. Mean-
while, the formation of cavitation bubbles can be increased 
by the heterogeneous nucleation of bubbles, generating 
hot spots in the solution. These hot spots can cause H2O 
molecules to pyrolyze to form more OH radicals as well. 
Actually, the generation of cavitation bubbles can be accel-
erated by the presence of heterogeneous catalyst which acts 
as nucleus. Once the size of catalyst particle is in the same 
order of magnitude as the resonance size of cavitation bub-
bles, these catalysts could act as cavitation nucleus. As esti-
mated in our previous study [28], in which the sonocatalytic 
degradation was conducted under the same experimental 
conditions, the resonance size of cavitation bubbles in water 
is calculated to be 43.1 μm. As the size of bagasse biochar 
BC600 particles ranges from 10 μm to 50 μm, they could 
act as nucleus to enhance the generation of more cavitation 
bubbles and concurrently improve the ultrasonic degrada-
tion performance.

Alcohols such as iso-propanol (ISP) can scavenge 
hydroxyl radicals and they are often used as the quenchers 
of hydroxyl radicals to evaluate the production and contri-
bution of hydroxyl radicals [22,23,29]. Alcohol is a known 
scavenger for the gaseous region and/or interfacial region 
of the collapsing bubble. Differently, potassium bromide 
(KBr) is known as a non-volatile scavenger which can be 
readily oxidized by free radicals from the bulk liquid region 
and possibly from the interfacial region of the cavitation 
bubble [30]. 

The inhibitive effect of ISP and KBr on the oxidation 
process can be quantatively indicated by the decline in 
reaction rate constants (Kapp) [22,23,28,31]. As plotted in 
Fig. 6, the quenching effect of ISP (0.05 mol/L) and KBr 
(0.05 mol/L) on the   sonocatalytic degradation of MB was 
investigated. The Kapp values for the ISP and KBr quench-
ing reaches 0.0105 and 0.0172 min–1 (R2 = 0.879 and 0.978), 
respectively. Compared to the Kapp value without quenching 

(0.0242 min–1, R2 = 0.989), the decline of Kapp value (Contribu-
tion Kapp) for ISP and KBr quenching amounts to 0.0137 and 
0.00701 min–1, respectively. Accordingly, the contribution 
percentage of hydroxyl radicals and free radicals from the 
bulk liquid region and possibly from the interfacial region 
reaches 56.5% and 29.0% to the total degradative capabil-
ity, respectively. The role of hydroxyl radicals is much more 
predominant than that of other free radicals or oxidizing 
species. As a result, it indicates that during the sonocatalytic 
degradation of MB a free radical chain reaction occurs pre-
dominately in the interfacial region and to a lesser extent in 
bulk solutions. 

3.7. Effect of ultrasonic power

Effect of ultrasonic power on the sonocatalytic degrada-
tion of MB was investigated. The Kapp values at an ultrasonic 
power of 50, 80 and 100 W were 0.0242, 0.0294 and 0.0422 
min–1 (R2 = 0.989, 0.988 and 0.970), respectively. Appar-
ently, almost a linear relationship between the ultrasonic 
power and the Kapp values was observed within this ultra-
sonic power range. This is because increasing ultrasonic 
power could increase the energy of cavitation while lower 
the threshold of cavitation. Consequently, the quantity of 
cavitation bubbles is enhanced [32]. As afore-mentioned 
results, the free radical chain reaction occurs predominately 
in the interfacial region of the bubbles. It can be deduced 
that more oxidizing species are generated in the interfacial 
region, which mainly contributes to the sonocatalytic deg-
radation of MB. 

4. Conclusion

The bagasse biochars were innovatively utilized as 
sonocatalytsts for the sonocatalytic degradation of methy-
lene blue. The biochar pyrolized at 600°C (BC600) mainly 
consists of thin flakes with the size ranged from 10 μm to 
50 μm. The surface area of BC600 is the lowest, while its 
sonocatalytic performance outperformed those biochars 
pyrolized at other temperatures. A significant synergetic 
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effect was observed during the sonocatalytic process. 
Increased catalyst dosage and ultrasonic power enhanced 
the degradation efficiency apparently. The highest sonocat-
alytic degradation efficiency was observed at pH 5.0. A free 
radical chain reaction was proved to occur predominately 
in the interfacial region. 
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