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A B S T R A C T   

The growing amount of food wastes makes them a suitable source for the generation of bioproducts through 
anaerobic digestion. Appropriate hydrolysis of the feedstock can enhance the efficiency of production of desired 
products. In this work, acoustic cavitation (AC) was employed as a pretreatment method to enhance hydrolysis 
stage by the modification of model (potato-based) food waste for increase in soluble chemical oxygen demand 
(CODs) and dissolved carbohydrate. For the first time high and low frequency AC was compared for this purpose. 
The application of sole AC at a frequency of 20 kHz for feedstock loading of 3 % has led to 125 % and 124 % 
increase in CODs and dissolved carbohydrates, respectively. The combination of AC with external oxidants 
hydrogen peroxide (H2O2), sodium persulfate (SPS), and sodium percarbonate (SPC) was also studied. This part 
of the studies revealed that SPS has superior properties for increasing CODs by 258 % and dissolved carbohy-
drates by 240 %. On the other hand, addition of sodium hydroxide (NaOH) as alternative reagent, leads to a 173 
% increase in CODs and 155 % increase in dissolved carbohydrates. Making both ways of processing highly 
effective to increase the bioavailability of food wastes for further biologic processing.   

1. Introduction 

A large increase in food wastes, as a result of the population growth 
and economy development, has been one of the universal concern for 
many years. According to the reports, more than one third of universal 
consumption of food is thrown out as food waste [1,2]. Proteins, lipids, 
polysaccharides, fats, and carbohydrates which exist in most types of 
food waste can be used in some processes for the formation of 
value-added products such as volatile fatty acids, lactic acids, carboxylic 
acids, and green fuels such as biogas, biohydrogen, and biodiesel [1,3]. 
The production of this kind of green energy can be regarded as fulfilling 
the circular economy approach as well as environmental protection 
solution due to the utilization of waste and a decrease in acid rains and 
toxic gas emissions regarding as major universal issues [4]. 

In anaerobic digestion, the hydrolysis of feedstock is an important 
stage affecting the whole process. Hence, an inappropriate hydrolysis 

stage can cause a decrease in the formation of final products [1,5,6]. 
CODs refers to the soluble organic substances, and an appropriate hy-
drolysis stage results in a remarkable increase in this factor. The pre-
treatment of feedstock can lead to an enhancement in the hydrolysis 
stage through chemical or physical effects, providing an easy access 
(bioavailability) of feedstock to microbes. Consequently, it can result in 
the intensification of growth of microbes and production of the desired 
product [4]. Pretreatment techniques are applied to decrease the size of 
particles and increase surface area, and as a result, intensify the main 
anaerobic digestion bioprocesses [7–10]. Pretreatment technologies can 
also intensify the reactions through increasing mass transfer among 
different reactants leading to a decrease in the processing time [11]. A 
one of promising technologies in this field is cavitation. 

Cavitation phenomenon is the formation, expansion, and implosion 
of microbubbles in a short period of time [12,13]. The fast deviations in 
vapor-liquid interface results in the development of high-speed 
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microjets and high corresponding water-hammer pressure [14]. The 
collapse of bubbles as well as the great influence of microjets on the 
opposite side of bubble wall lead to the formation of a set of high-speed 
shock waves [15,16]. Furthermore, the compression of gas and vapor 
within the bubbles generate tremendously high pressure and tempera-
ture [17]. The high temperature and pressure can decompose water 
molecules and generate HO•, HOO•, and H2O2, possessing high oxida-
tion potential [18]. Moreover, these extreme conditions can result in the 
cleavage of chemical bonds causing changes in the molecular structure 
resulting in formation of smaller molecules [19–21]. In general, cavi-
tation is effective in three main areas. Within the bubble, the very high 
temperature and pressure can supply the activation energy which is 
needed for decomposition (thermolysis) of gasified solvents and solutes. 
The produced radicals and products can pass through the walls of bub-
bles (i.e. gas/liquid interface) and participate in the chemical reactions 
in the bulk of the solution. Furthermore, in the gas-liquid interface, both 
cleavage and radical reactions can take place [22]. 

In AC, this phenomenon takes place through the compression and 
expansion cycles of acoustic waves formed through the transmission of 
wave into the medium, which induces negative and positive pressures, 
leading to the expansion and compression of microbubbles, respectively 
[23,24]. The suitable design of acoustic reactors and optimum operating 
conditions are significant factors in the intensification of specific process 
[25]. 

Advanced oxidation processes (AOPs) are regarded as efficient 
techniques which are based on the generation of reactive species 
attacking molecules and degrade them to produce smaller ones having 
lower molecular weights [26,27]. Oxidative disintegration is an effec-
tive way for the destruction of cell wall structure leading to an increase 
in the production of desired products in anaerobic digestion [28]. H2O2 
is a well-known oxidant which can be activated through a variety of 
methods to produce reactive hydroxyl radicals (HO•) [29]. SPS is 
another oxidant which has a high chemical stability, and therefore, can 
be transported safely [30,31]. SPS can be activated by various methods 
including artificial light [32], heat [33], catalyst [34], and cavitation 
[35] to generate reactive sulfate radicals (SO4

- •). SPC is known as solid 
carrier of H2O2, and its transfer and storage is safer than H2O2 because of 
its solid status [36,37]. SPC can be activated to produce reactive species 
such as HO• and carbonate radicals (CO3

•-) [38]. In the case of oxidative 
pretreatment modifying the feed stock utilized for the production of 
bioproducts, these oxidants have been activated by UV [38], alkali [39, 
40], micro wave [41], and heat [30]. Although, cavitation combined 
with additional oxidants or catalysts has been widely studied for the aim 
of wastewater treatment [42,43], up to date, the research on the utili-
zation of these hybrid processes for the pretreatment of feedstocks for 
anaerobic digestion is scarce. In this study, a comparison was made 
between low frequency ultrasound reactor and high frequency one, 
which was rarely studied in the literature, to select the most effective 
reactor for the rest of experiments. The effects of power density and 
waste loading were investigated in relation to COD and dissolved car-
bohydrate values at a low frequency reactor. In addition, the impact of 
probe diameter to vessel diameter ratio (DP/DV) on the performance of 
acoustic cavitation was studied, which has been scarcely investigated in 
the case of pretreatment of food waste in the literature. Finally, the 
outcomes obtained through the addition of H2O2, SPS, SPC as well as 
acid and base were investigated. 

2. Material and method 

2.1. Materials 

Boiled potato was used as simulated food waste. First the potatoes 
with skin were boiled 20 min in water. After cooling, the boiled potatoes 
were next skinned, mashed, and then homogenized using a blender 
(model MQ3, Brown). The prepared slurry was stored at 2 ◦C for further 
utilization. Potassium dichromate and silver sulfate were purchased 

from Pol-Aura (Poland) for the preparation reagent used for the deter-
mination of CODs. Sodium hydroxide (99 %), Sulfuric acid (95 %), 
hydrogen peroxide (30 %), and phenol were provided by POCH 
(Poland). Sodium persulfate and sodium percarbonate were purchased 
from Merck (Germany). Glucose was purchased from Warchem 
(Poland). Sodium hydrogen phthalate was provided by Chempure. 

2.2. Experimental set-up 

The pretreatment was performed using two different types of re-
actors. Most of the experiments were done in a reactor with vertical horn 
with a length of 5 cm working at a frequency of 20 kHz (Hielscher 
400th). Another reactor was a self-designed reactor in which the 
transducers were mounted on the walls of reactor [44]. This reactor was 
applied in order to study the effect of higher frequency (200 kHz). In 
both reactors cooling water was utilized to maintain the temperature at 
25±3 ◦C. 

2.3. Analysis 

The CODs of samples was measured after centrifugation at a speed of 
1000 rpm for 25 min, filtration through a membrane filter (0.45 µm, 
hydrophilic CA, Alchem (Poland)), and dilution by deionized water 
(obtained from Direct-Q® Water Purification System-Merck Millipore). 
A 1.00 mL of diluted samples were added into the vials containing 2.5 
mL of the COD reagent. A blank sample was also prepared, where 1.00 
mL sample was replaced with deionized water. After digestion at 150 ◦C 
for 2 h at HACH COD reactor, the absorbance was measured at a 
wavelength of 620 nm using a HACH DR/2010 spectrophotometer. The 
calibration curve was determined using sodium hydrogen phthalate 
dissolved in distilled water. The determination of dissolved carbohy-
drate was performed according to the colorimetric method introduced 
by Dubois et al. [45] at a wavelength of 490 nm employing glucose as 
standard. Standard addition method was employed to minimize the ef-
fect of matrix interfering in the analysis of carbohydrate. 

3. Result and discussion 

In AC, cavitation phenomenon happens through the compression and 
expansion cycles of acoustic waves formed through the transmission of 
wave into the medium, which induces negative and positive pressures, 
leading to the expansion and compression of microbubbles, respectively 
[23]. The illustration of generation and collapse of bubbles as well as the 
schematics of acoustic horn reactors and acoustic bath reactors 
employed in this study are observed in Fig 1. 

The pretreatment of food waste using cavitation can be performed by 
the combination of mechanical and chemical effects resulted from the 
collapse of bubbles [46]. The mechanical effects include shock waves 
and shear stress, and the chemical effect include the generation of hy-
droxyl radicals as a result of hot spot according to Eq. (1) [47,48].  

H2O + AC → •OH + •H                                                                  (1) 

These effects can cause the depolymerization of large molecules such 
as starch which is available in the potato and the formation of smaller 
ones such as glucose, illustrated in Fig. 2. 

Various factors influencing the effectiveness of pretreatment through 
AC were investigated and the outcomes were discussed at the following 
paragraphs. 

3.1. Frequency 

Firstly, the pretreatment of food waste was performed using two 
different reactors with a high frequency of 200 kHz and 20 kHz at two 
power densities of 230 W L-1 and 330 W L-1, pH of 11, and loading of 3 % 
in 15 min. As it is observed in Fig 3, the results achieved by the reactor 
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worked at a high frequency of 200 kHz were drastically lower than the 
results obtained through cavitation generated in a reactor operated at a 
low frequency of 20 kHz. At a power density of 230 W L− -1 and a fre-
quency of 200 kHz, no enhancement was observed in both CODs and 
carbohydrate in 15 min. At a power density of 330 W L-1 and a frequency 

of 200 kHz, 16 % and 11 % increase were observed in CODs and dis-
solved carbohydrate, respectively. While at the same power density, 
111 % and 89 % enhancement in CODs and dissolved carbohydrate were 
obtained through a low frequency of 20 kHz. 

The difference between the enhancements achieved through these 

Fig. 1. Schematic of acoustic horn reactor and acoustic bath reactor.  

Fig. 2. Depolymerization of starch through cavitation.  

Fig. 3. Effect of frequency on increased CODs and dissolved carbohydrate, a) Power density: 230 W L-1, b) Power density: 330 W L-1.  
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two frequencies can be attributed to the magnitude of physical and 
chemical aspects of cavitation in different frequencies. An increase in 
the frequency can lead to a decrease in the size of bubbles and the energy 
produced through the collapse of bubbles [11,49]. Low frequencies can 
result in harsher collapse of bubbles and consequently, intensify the 
physical aspects of cavitation generating stronger shock waves and shear 
stress, which can break the complex carbohydrate and generate simple 
ones leading to an enhancement in solubility [18]. A Frequency above 
100 kHz causes a decrease in the size of bubbles but it leads an increase 
in their number, intensifying the chemical aspect of cavitation by 
increasing the number of produced reactive radicals [50]. Therefore, 
according to the results, it can be reasonable that the physical aspect of 
cavitation plays the most important role in the disintegration of food 
waste. 

Since the enhancement achieved by a frequency of 200 kHz in 15 min 
was very small, the experiments were prolonged to see the results more 
obvious and the results were demonstrated in Fig. 4. At a power density 
of 230 W L-1, no enhancement was observed till 45 min and just 11 % 
and 8 % increase were achieved in CODs and dissolved carbohydrate in 
60 min. At a power density of 330 W L-1, a continuous increase was 
observed in CODs and a maximum enhancement of 32 % was achieved 
in 60 min. Moreover, dissolved carbohydrate increased till 45 min and 
then remained constant. A maximum increase of 37 % was observed in 
dissolved carbohydrate. 

As it is obvious, the results achieved at a high frequency of 200 kHz 
even in 60 min are drastically lower than the results obtained at a low 
frequency of 20 kHz in 15 min, therefore, the rest of the experiments 
were performed at the reactor operated at a low frequency of 20 kHz. 

It should be mentioned that the difference in the geometry of high 
frequency reactor and low frequency one can also affect the achieved 
results. 

3.2. Effect of probe diameter to vessel diameter 

The ratio of probe diameter to vessel diameter (DP/DV) is an 
important parameter especially when the mechanical aspect of cavita-
tion is valued [51]. Up to date, no investigation has been performed 
determining the effect of this parameter on the pretreatment of food 
waste. At the same diameter of vessel, two probes with different di-
ameters providing two values of this ratio were investigated as the 
mechanical effect of cavitation can decrease the size of particles and 
have the main responsibility for increasing the solubility of content of 
food waste. This parameter also has an important influence on the flow 
behavior of the reactor [51]. Two ratios of 0.2 and 0.3 were investigated 
at a power density of 330 W L-1, initial pH of 5, and food waste loading of 
3 % in 15 min. The outcomes of this investigation are presented in Fig. 5. 

An increase in this ratio from 0.2 to 0.3 has led to an enhancement in 

increased CODs and increased carbohydrate form 28 % to 104 % and 
from 17 % to 85 %, respectively. This ascending trend follows the fact 
that higher ratio of DP/DV can lead to an increase in overall shear stress 
and better energy dissipation rate [51]. The high shear stress can result 
in the breakage of starch structure which is available in the potato 
leading to the release of carbohydrate into the solution and improving 
the solubility of organic materials [52]. Furthermore, an increase in this 
ratio can also result in an increase in turbulence level. The higher ratio of 
DP/DV leads to the more uniform fluid mixing which is required for 
effective cavitational reactions. However, it should be considered that 
too large DP/DV can cause a decrease in the mixing [51]. These results 
are particularly important for scaling up of the system. It seems that 
smaller volume AC flow chamber with proper Dp/Dv will provide better 
results than immersion of sonotrode (with somehow limited size) in 
large tank. 

3.3. Effect of power density 

Power density is another factor which extremely influences the 
effectiveness of cavitation. Based on the range of optimum power den-
sity for the disintegration of food waste reported in the literature, four 
different AC power densities in a range of 130–430 W L-1 were selected 
to investigate the effect of power density on the magnitude of CODs and 

Fig. 4. Increased CODs and dissolved carbohydrate in high frequency of 200 kHz a) Increased CODs, b) Increased carbohydrate.  

Fig. 5. Effect of DP/DV on increased CODs and dissolved carbohydrate (Fre-
quency: 20 kHz, power density: 330 W L-1, initial pH: 5, food waste loading: 3 
%, process time: 15 min). 
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dissolved carbohydrate. The results were compared in Fig. 6. 
As it is shown, an increase in power density has resulted in a 

continuous increase in CODs and dissolved carbohydrate. The applica-
tion of AC at power densities of 130 W L-1, 230 W L-1, 330 W L-1, and 430 
W L-1 has led an increase in CODs by 54 %, 65 %, 104 % and 125 %, 
respectively. Moreover, along with AC power densities increased also 
dissolved carbohydrate content increased gradually. The ascending 
trend is attributed to the fact that low power density is inadequate to 
break chemical bonds and increase the solubility of processed matter. An 
increase in power density results in an enhancement in the activity of 
cavitation [53,54]. However, it is recommended to determine the opti-
mum value of this factor as too high power density can cause the for-
mation of cavity cloud and as a result a reduction in cavitational activity 
[55]. In current study such effect was not observed. 

3.4. Effect of food waste loading 

Food waste loading was also investigated as it influences the density 
of slurry and as a result the cavitational effect. In the case of food waste, 
substrate loading of feedstock is normally selected below 10% w/v [56]. 
Therefore, 3 food waste loading values of 1 %, 3 %, and 5 % were studied 
and the results are demonstrated in Fig. 7. 

As it is observed, an increase in loading has continuously led to a 
decrease (related% values) in dissolved carbohydrate and CODs. This 
trend can be attributed to this fact that increasing the density of slurry 
can cause a negative influence on cavitation, which can result in a 
reduction in value of solubility of organic matters and consequently, 
CODs [56]. Although food waste particles have this potential to act as 
nuclei intensifying the intensity of cavitation [34], an extreme increase 
in substrate loading causes a reduction in water content which leads to a 
decrease in the strength of cavitation due to a reduction in the genera-
tion of bubbles [4]. Since 1 % loading of substrate is inadequate in 
anaerobic digestion, the rest of experiments were performed at a loading 
3 %. 

3.5. External additives 

After optimization of cavitation conditions, further experiments 
were performed to evaluate different attempts on enhancement of 
effectiveness. Two alternative approaches based on external additives 
were compared: 1) addition of oxidants 2) addition of acid or base to 
increase the hydrolysis rate. 

3.5.1. Addition of oxidant 
Advanced oxidation processes (AOPs) are regarded as an efficient 

method which is based on the generation of reactive species [57]. These 
reactive species have this potential to break down complex molecule 
structure and generate simpler ones [26,58]. According to the literature, 
the application of a variety of advanced oxidation processes including 
ozonation [59], Fenton [27], and peroxone [60] has shown an increase 
in CODs and improved the properties of waste utilized as substrate in 
anaerobic digestion to produce biogas. In this study, the combination of 
low frequency cavitation and oxidants including H2O2, SPS, and SPC 
were investigated at a frequency of 20 kHz, power density of 430 W L-1, 
food waste loading of 3 %, and a pH of 5. The results were compared to 
the sole processes to determine the effect of these combined processes on 
the magnitude of increased CODs and carbohydrate. In order to deter-
mine the effect of sole oxidants, the food waste containing the oxidant 
was mixed on a stirrer at a speed of 1000 rpm in 15 min. The results of 
this investigation are observed in Fig. 8. 

H2O2 is a well-known oxidant which can be utilized for the degra-
dation of a variety of pollutants [13]. The combination of H2O2 and 
cavitation can result in the decomposition of H2O2 and the generation of 
reactive hydroxyl radicals (•OH) through Eq. (2).  

H2O2 + AC → 2•OH                                                                       (2) 

This hybrid process has resulted in an increase in CODs and carbo-
hydrates by 158 % and 196 %, respectively. While at the same operating 
condition, the application of sole AC led to an increase in CODs and 
carbohydrate by 125 % and 124 %, respectively. Sole H2O2 increased 
CODs and carbohydrate just by 16 % and 17 %, respectively. The higher 
increase in CODs and carbohydrate caused by the hybrid process 
compared to the sole processes can be attributed to the fact that 
generated •OH has this potential to lead to the oxidative disintegration 
of organic matters. These reactive species can attack the side chains 
leading to depolymerization of complex molecules and as a result, the 
generation of simpler ones, which can lead to an increase in the con-
centration of soluble content including dissolved carbohydrate [28]. 

The combination of SPS and AC can generate reactive sulfate radicals 
(SO4

- ‾•), possessing a high oxidation potential of 2.6 V, through the 
symmetrical breakage of peroxide bond according to the Eq. (3) [30].  

S2O8 + AC → 2SO4-
• (3) 

This combined process of SPS and AC has led to an increase in CODs 

Fig. 6. Effect of power density on increased CODs and dissolved carbohydrate 
(Frequency: 20 kHz, initial pH: 5, food waste loading: 3 %, DP/DV: 0.3, process 
time: 15 min). 

Fig. 7. Effect of food waste loading on increased CODs and dissolved carbo-
hydrate (Frequency: 20 kHz, power density: 430 W L-1, initial pH: 5, DP/DV: 0.3, 
process time: 15 min). 
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and carbohydrate by 258 % and 240 %, respectively. Sole SPS increased 
CODs and carbohydrate just by 14 % and 21 %, respectively. Higher 
enhancement in CODs and carbohydrate achieved by the addition of SPS 
compared to H2O2 can be related to the fact that SO4

- ‾• generated at the 
presence of SPS has more stability and longer half-life than hydroxyl 
radicals produced in the presence of H2O2 [61]. 

These reactive radicals can result in the opening of the rings and 
cleavage of bonds in the structure, leading to a reduction in the 
complexity of long-chain molecules and formation of molecules with 
lower molecular weight which are more suitable for digestion [30,62]. 

SPC can be used as a solid form of H2O2 as it can produce •OH 
through following Eqs.  

2Na2CO3•3H2O2→2Na2CO3 + 3H2O2                                                (4)  

H2O2 + AC → 2•OH                                                                       (5) 

This hybrid process has resulted in an increase in CODs and carbo-
hydrates by 127 % and 132 %, respectively. Sole SPC increased CODs 
and carbohydrate just by 2 % and 10 %, respectively. The results ach-
ieved by this hybrid process is just a bit higher than the results obtained 
by sole cavitation, which can be related to the low release of H2O2 as 
well as consumption of •OH generated by the hydrolysis of water mol-
ecules under cavitation through Eq.1 and generation of carbonate 
radical (CO3

‾•) which has lower oxidation potential than •OH according 
to Eq. (6).  

CO3
2
‾ +

•OH → CO3
- • + OH‾                                                             (6) 

Therefore, the optimum amount of these oxidants should be 
considered for obtaining the maximum improvement in the feedstock in 
the future research. 

It is clear that increase of dissolved COD and carbohydrates can be 
obtained by addition of small amount (200 ppm level) of the studied 
oxidants. Application of SPS or SPC demands preparation of solution or 
mixing of salts, food waste and water during placing into the reactor. In 
case of H2O2 it will be operated as liquid, simplifying the operation. On 
the other hand, in relation to safety reasons SPS and SPC are better se-
lection. Independently to above aspects, costs of this chemicals must be 
also taken into account. 

3.5.2. Addition of acid or base 
The addition of sulfuric acid or sodium hydroxide can also have an 

influence on the processing of food waste by AC as increased amount of 
hydronium or hydroxyl ion can contribute to accelerated conversion of 
primary material. Therefore, the effect of these additives on the 
magnitude of increased CODs and dissolved carbohydrates were illus-
trated through the changes in pH and the results are demonstrated in Fig 
9. 

According to the obtained results, it is clear that an increase in pH 
has continuously increased both CODs and dissolved carbohydrate. The 
results are in agreement with the outcomes achieved by Grübel et al. 
[63] who have studied the effect of alkalization combined with hydro-
dynamic cavitation and reported that the best results were achieved at a 
pH of 11. This ascending trend can be related to the possible reason that 
alkaline pH can weaken the structure of food waste and therefore, 
accelerate the disintegration achieved through cavitation [63]. On the 

Fig. 8. Comparison between the effect of sole cavitation and the combination of cavitation with H2O2, SPS, and SPC on increased CODs and dissolved carbohydrate 
(Frequency: 20 kHz, power density: 430 W L-1, food waste loading: 3 %, DP/DV: 0.3, oxidant concentration: 200 ppm, pH: 5, process time: 15 min). 

Fig. 9. Effect of pH on increased CODs and dissolved carbohydrate (Frequency: 
20 kHz, power density: 430 W L-1, food waste loading: 3 %, DP/DV: 0.3, process 
time: 15 min). 
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other hand, at elevated pH, presence of excess hydroxyl ions increases 
the hydrolysis (depolymerization of starch). To confirm the effectiveness 
of combination of AC and alkaline conditions, the effect of sole alkaline 
conditions on the properties of food waste was also investigated. Hence, 
as pH of 11 led to the best results, solution of food waste was prepared at 
a pH of 11 (adjusted by NaOH) and it was mixed on a stirrer at a speed of 
1000 rpm in 15 min without AC. This process resulted in just 6 % and 7 
% increase in CODs and dissolved carbohydrate, respectively, while at 
the same conditions, the combination of NaOH and AC led to 173 % 
increase in CODs and 153 % increase in dissolved carbohydrate in 15 
min, proving the significant advantage of the combined process. 

It was proved that an alternative for oxidative reagent to enhance the 
bioavailability of the feedstock is to apply sodium hydroxide, which is a 
safe, cheap and widely available chemical. However, in this case post- 
processed feedstock will demand pH correction prior to biological 
processing. 

4. Conclusions 

AC has demonstrated its potential to increase the concentration of 
soluble substances, which can increase the availability of them to the 
microorganisms in the anaerobic digestion processes. A low frequency of 
20 kHz was remarkably more effective than a high frequency of 200 kHz. 
At a power density of 230 W L-1 and a frequency of 200 kHz, no increase 
has been achieved in both CODs and carbohydrate, while, at a low fre-
quency of 20 kHz, 69 % and 84 % increase in CODs and carbohydrate 
have been obtained. At a power density of 330 W L− 1 and frequencies of 
200 kHz and 20 kHz, 16 % and 111 % enhancement in CODs, and 11 % 
and 89 % increase in dissolved carbohydrate were obtained, respec-
tively. Hence, the rest of experiments were performed at a low frequency 
of 20 kHz. A higher ratio of probe diameter to vessel diameter (DP/DV) of 
0.3 has resulted in a noticeable increase in CODs by 104 % and dissolved 
carbohydrate by 85 % compared to 28 % increase in CODs and 17 % 
increase in dissolved carbohydrate achieved at a lower DP/DV of 0.2. An 
increase in power density from 130 W L-1 to 430 W L-1 continuously 
increased the CODs and dissolved carbohydrate from 54 % and 63 % to 
125 % and 124 %, respectively. A decrease in food waste loading has 
also led to an increase in CODs and dissolved carbohydrate. The com-
bination of cavitation and SPS has resulted in enhancement of CODs and 
dissolved carbohydrate by 258 % and 240 %, respectively. While, at the 
same operation condition, sole cavitation and the combination of cavi-
tation with H2O2 and SPC have resulted an increase in CODs by 125 %, 
158 %, and 127 %, and an increase in dissolved carbohydrate by 124 %, 
196 %, and 132 %, respectively. Moreover, an increase in pH up to 11 
providing by the addition of NaOH increased CODs by 173 % and dis-
solved carbohydrate by 155 %. 

Future research in this field will include pilot scale studies for as 
obtained feedstock to analyze routes of bioconversion depending on 
method of food waste pretreatment, as application of AOPs can change 
the profile of produced value-added by-products of fermentation (like 
carboxylic acids, alcohols and furfural derivatives). 
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[40] A. Fernandes, P. Makoś, G. Boczkaj, Treatment of bitumen post oxidative effluents 
by sulfate radicals based advanced oxidation processes (S-AOPs) under alkaline pH 
conditions, J. Clean. Prod. 195 (2018) 374–384. 

[41] J. Liu, et al., Does residual H 2 O 2 result in inhibitory effect on enhanced 
anaerobic digestion of sludge pretreated by microwave-H 2 O 2 pretreatment 
process? Environ. Sci. Pollut. Res. 24 (2017) 9016–9025. 

[42] A. Zanias, et al., Degradation of methylparaben by sonocatalysis using a Co–Fe 
magnetic carbon xerogel, Ultrason. Sonochem. 64 (2020), 105045. 

[43] C. Agarkoti, P. Thanekar, P. Gogate, Cavitation based treatment of industrial 
wastewater: a critical review focusing on mechanisms, design aspects, operating 
conditions and application to real effluents, J. Environ. Manag. 300 (2021), 
113786. 

[44] E. Cako, et al., Desulfurization of raw naphtha cuts using hybrid systems based on 
acoustic cavitation and advanced oxidation processes (AOPs), Chem. Eng. J. 439 
(2022), 135354. 

[45] M. DuBois, et al., Colorimetric method for determination of sugars and related 
substances, Anal. Chem. 28 (3) (1956) 350–356. 

[46] X. Sun, et al., Recent advances in hydrodynamic cavitation-based pretreatments of 
lignocellulosic biomass for valorization, Bioresour. Technol. (2021), 126251. 

[47] M.P. Badve, et al., Hydrodynamic cavitation as a novel approach for delignification 
of wheat straw for paper manufacturing, Ultrason. Sonochem. 21 (1) (2014) 
162–168. 

[48] Z.M. Bundhoo, R. Mohee, Ultrasound-assisted biological conversion of biomass and 
waste materials to biofuels: a review, Ultrason. Sonochem. 40 (2018) 298–313. 

[49] P.R. Gogate, A.B. Pandit, Sonophotocatalytic reactors for wastewater treatment: a 
critical review, AlChE J. 50 (5) (2004) 1051–1079. 

[50] L.A. Crum, Comments on the evolving field of sonochemistry by a cavitation 
physicist, Ultrason. Sonochem. 2 (2) (1995) S147–S152. 

[51] A. Kumar, et al., Characterization of flow phenomena induced by ultrasonic horn, 
Chem. Eng. Sci. 61 (22) (2006) 7410–7420. 

[52] Y. Sun, J. Cheng, Hydrolysis of lignocellulosic materials for ethanol production: a 
review, Bioresour. Technol. 83 (1) (2002) 1–11. 

[53] B. Nanzai, et al., Effect of reaction vessel diameter on sonochemical efficiency and 
cavitation dynamics, Ultrason. Sonochem. 16 (1) (2009) 163–168. 

[54] M. Hodnett, M.J. Choi, B. Zeqiri, Towards a reference ultrasonic cavitation vessel. 
Part 1: preliminary investigation of the acoustic field distribution in a 25kHz 
cylindrical cell, Ultrason. Sonochem. 14 (1) (2007) 29–40. 

[55] R.F. Contamine, et al., Power measurement in sonochemistry, Ultrason. Sonochem. 
2 (1) (1995) S43–S47. 

[56] A. Cesaro, et al., Enhanced biogas production from anaerobic codigestion of solid 
waste by sonolysis, Ultrason. Sonochem. 19 (3) (2012) 596–600. 

[57] Z. Askarniya, et al., Degradation of bisphenol S–a contaminant of emerging 
concern-by synergistic ozone and percarbonate based AOP, Water Resour. Ind. 29 
(2023), 100208. 

[58] F. Al Momani, Degradation of cyanobacteria anatoxin-a by advanced oxidation 
processes, Sep. Purif. Technol. 57 (1) (2007) 85–93. 

[59] M. Weemaes, et al., Anaerobic digestion of ozonized biosolids, Water Res. 34 (8) 
(2000) 2330–2336. 

[60] S.N. Malik, et al., Pretreatment of yard waste using advanced oxidation processes 
for enhanced biogas production, Biomass Bioenergy 142 (2020), 105780. 

[61] Y. Ji, et al., Heat-activated persulfate oxidation of atrazine: implications for 
remediation of groundwater contaminated by herbicides, Chem. Eng. J. 263 (2015) 
45–54. 

[62] G.P. Anipsitakis, D.D. Dionysiou, Degradation of organic contaminants in water 
with sulfate radicals generated by the conjunction of peroxymonosulfate with 
cobalt, Environ. Sci. Technol. 37 (20) (2003) 4790–4797. 

[63] K. Grübel, J. Suschka, Hybrid alkali-hydrodynamic disintegration of waste- 
activated sludge before two-stage anaerobic digestion process, Environ. Sci. Pollut. 
Res. 22 (2015) 7258–7270. 

Z. Askarniya et al.                                                                                                                                                                                                                              

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0026
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0026
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0027
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0027
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0028
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0028
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0029
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0029
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0029
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0030
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0030
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0030
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0031
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0031
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0032
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0032
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0032
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0033
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0033
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0033
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0034
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0034
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0035
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0035
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0035
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0036
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0036
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0037
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0037
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0037
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0038
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0038
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0038
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0039
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0039
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0039
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0040
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0040
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0040
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0041
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0041
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0041
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0042
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0042
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0043
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0043
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0043
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0043
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0044
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0044
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0044
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0045
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0045
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0046
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0046
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0047
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0047
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0047
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0048
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0048
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0049
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0049
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0050
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0050
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0051
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0051
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0052
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0052
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0053
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0053
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0054
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0054
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0054
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0055
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0055
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0056
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0056
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0057
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0057
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0057
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0058
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0058
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0059
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0059
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0060
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0060
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0061
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0061
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0061
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0062
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0062
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0062
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0063
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0063
http://refhub.elsevier.com/S0255-2701(23)00363-X/sbref0063
http://mostwiedzy.pl

	Tuning of food wastes bioavailability as feedstock for bio-conversion processes by acoustic cavitation and SPC, SPS, or H2O ...
	1 Introduction
	2 Material and method
	2.1 Materials
	2.2 Experimental set-up
	2.3 Analysis

	3 Result and discussion
	3.1 Frequency
	3.2 Effect of probe diameter to vessel diameter
	3.3 Effect of power density
	3.4 Effect of food waste loading
	3.5 External additives
	3.5.1 Addition of oxidant
	3.5.2 Addition of acid or base


	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	References


