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Abstract:  

Recovering valuable materials from food waste by applying the concept of a bio-

refinery is attracting considerable interest. To this effect, we investigated the possibility 

of enhancing the enzymatic hydrolysis of food waste using ultrasonic technology. The 

effect of pretreating blended food waste with high-intensity ultrasound (20 kHz) on 

subsequent hydrolysis by glucoamylase was investigated as a function of sonication 

time and temperature. Particle sizing by laser diffraction, and imaging via scanning 

electronic microscopy showed that ultrasonic pre-treatment could reduce the particle 

size of the blended food waste significantly, resulting in a better interaction with the 

enzyme. As a consequence, the glucose yield of enzymatic hydrolysis was ~10% higher 

for food waste pre-sonicated using the most intensive ultrasonication conditions studied 

(5 min sonication at a power of 0.8 W/mL at 20 oC) than for the untreated control. In 

addition, the time required to achieve high yields of glucose could be more than halved 

using ultrasonic pretreatment. This could enable the hydrolysis reactor size or the 

enzyme usage to be reduced by more than 50%. Therefore, an ultrasound-assisted 

bioconversion process from food waste to a value-added product has been demonstrated. 
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1. Introduction  

Food waste is generated during food production, processing, distribution, and 

consumption. Globally, one-third of food produced is wasted, corresponding to about 

1.3 million tons every year [1]. There is an urgent need to develop effective and 

sustainable bioconversion processes for food waste valorisation and to divert these 

wastes from landfill.  

The major components of food waste are carbohydrates, proteins and lipids, the 

proportion of which varies greatly depending on the source [1-3]. As food waste 

comprises mostly of organic matter, it represents a renewable feedstock for the 

production of chemicals, materials and biofuels [4]. For example, nutrient-rich food 

waste hydrolysates can be used to grow heterotrophic microalgae [5] or to produce 

biobased hydroxymethylfurfural (HMF), a versatile platform chemical[3]. An 

important part of releasing nutrients from food waste is the hydrolysis of starch to 

glucose, which can serve as a sugar platform for subsequent bioconversion to chemicals 

and biofuels [6]. Starch hydrolysis can be performed thermochemically or using 

hydrolytic enzymes to release glucose. Compared to thermochemical hydrolysis, 

enzymatic hydrolysis can be considered as a more eco-friendly process since it avoids 

generation of undesirable by-products, the need for corrosion-resistant equipment, and 

high reaction temperatures [7, 8]. However, the high cost of enzymes and the relatively 

slow reaction rates hinder commercial application of this technique [9]. Here we 

investigate whether ultrasonic pre-treatment of starch-rich food waste can help to 

improve the rate and extent of saccharification during subsequent enzymatic hydrolysis. 



Ultrasound refers to soundwaves with a frequency above 20 kHz. Ultrasound can 

generate high shear forces through acoustic cavitation [10] that can provide mixing, 

accelerate mass transfer, and break up particulates [11]. Sonication has been widely 

applied in various biological and chemical process, including material synthesis [12], 

degradation of pollutants in soil [13], surface cleaning [14], modification of the 

functional properties of dairy proteins [15] and waste treatment [16]. Ultrasound has 

also been used to pre-treat various wastes to make them more amenable to subsequent 

enzymatic hydrolysis [17]. Khanal et al. applied ultrasound to enhance saccharification 

of corn slurries for ethanol production [10]. The glucose yielded from sonicated 

samples was 30% higher than from untreated samples due to a significant reduction in 

the particle size resulting from sonication (13.6 W/mL for 40 s) [10]. Similarly, 

Nitayavardhana et al. used ultrasound (8 W/mL for 40 s) to disintegrate the cell 

structure in cassava chip slurries, increasing the glucose recovery yield by 1.8-fold [18]. 

Sonication can help in reducing the particle size, thereby increasing the surface area 

accessible to enzymatic attack [18]. Ultrasonic pretreatment has been shown to be 

effective at facilitating enzymatic hydrolysis of starchy food crops, such as corn [10], 

cassava [18], and triticale [19]. However, the bioconversion of food waste pre-treated 

using ultrasonic technology has not been reported. The effect of ultrasound on the 

physical and biochemical properties of food waste substrates, and the subsequent 

influence on enzymatic hydrolysis is not known due to the complex composition and 

structure of food wastes. It was postulated that food waste particles could be 



disintegrated with the assistance of sonication so as to enhance the subsequent 

saccharification.  

The aim of this study was to investigate the effectiveness of ultrasonic pretreatment of 

food waste in improving the starch hydrolysis. The industrially relevant glucoamylase 

(EC. 3.2.1.3) enzyme was used, which is an exo-enzyme that can cleave glucose from 

the ends of the amylose and amylopectin chains in starch [20]. The effect of different 

sonication parameters (power intensity, energy density, and temperature) on the rate of 

subsequent enzymatic hydrolysis of a model food waste was studied. Additionally, 

changes in the morphology and size of food waste particles due to ultrasonic treatment 

were examined to understand the mechanism by which ultrasound influenced the 

hydrolysis process.  

2. Materials and methods  

2.1 Food waste and enzyme 

Food waste was prepared by blending a cooked mixture of rice (60% w/w), wheat 

noodles (20% w/w), lettuce (10% w/w) and chicken breast (10% w/w) to represent a 

food waste typical of a domestic or commercial kitchen. A mechanical blender (Breville 

BLR30/A, Australia) was used to obtain homogeneous mixture, which was kept at 

- 20 oC until use. All of the raw food ingredients were purchased from a local 

supermarket (Woolworths Inc.). The starch content of the blended mixture was 

analysed using a total starch assay kit (Megazyme, USA). The lipid content was 

measured gravimetrically according to the method described by Bligh and Dyer [21]. 

The protein content was determined by quantifying total nitrogen using an elemental 



analyser (TOC-V CSH, Shimadzu, Japan) equipped with a TNM-1 total nitrogen unit 

(Shimadzu, Japan), and multiplying by a conversion factor of 5.7, as described by 

Pleissner et al. [5]. Cellulose content was determined by NREL methods as described 

by Sluiter et al. [22]. The composition of food waste used in this study is shown in 

Table 1. 

The glucoamylase enzyme (600 U/mL) was provided by Novozymes® in Denmark. The 

enzyme activity was measured as described by Du et al. [23]. One unit of glucoamylase 

was defined as the amount of enzyme required to release 1 mg of glucose per minute 

[23].  

Table 1 The composition of the model food waste. 
 

Component Mass composition (%w/w) 

Starch 86 ± 1.5 

Lipids 7.0 ± 1.0 

Proteins 5.0 ± 1.3 

Cellulose  1.3 ± 1.1 

 

2.2 Ultrasonic pre-treatment of food waste  

Food waste was mixed with 0.05 M citrate buffer (pH 5.0) at a solid-to-liquid ratio of 

10% w/v. Based on a previous study on sugary corn [24], ultrasound can lead to starch 

gelatinization, which can limit the solids concentration that can be treated. To avoid 

solidification into a gel during ultrasonic treatment, the solid concentration was limited 

to 10% (w/v) in this study. The prepared food waste slurries were sonicated using a 



bench-scale 20 kHz ultrasonic unit (BRANSON digital sonifier generator model 450-

D). The theoretical maximum power output of the ultrasound unit was 400 W. 

Ultrasound horns with flat tip diameters of 11 mm and 35 mm were used at a power 

amplitude of 50% using 100 mL of food waste slurry with 10% solid concentration. 

The actual power delivered to the samples with the two horns of different diameters 

was determined calorimetrically [25] (Table 2). To perform the ultrasonic pre-treatment, 

an ultrasonic horn (11 mm or 35mm tip) was inserted into the food waste samples 

(initially at 20 ⁰C) that were contained in a beaker (250 mL) without temperature control. 

The subsequent investigations into the effects of varied operating conditions were 

performed in 50 mL polypropylene centrifuge tubes with a 30 mL working volume, 

using the 11 mm ultrasonic horn (20 kHz), at different power inputs (0.8 W/mL and 1.3 

W/mL) and treatment times (1 min, 3 min, 5 min).  

Additional investigations into the effects of temperature control were conducted using 

two sonication chambers (a glass sonication chamber with a water jacket, or 50 mL 

polypropylene centrifuge tubes). Sonication tests were conducted using 30 mL of food 

waste sample in the glass sonication chamber with the water jacket temperature set at 

20 ⁰C and 50 ⁰C. Another sonication test was conducted using 50 mL polypropylene 

centrifuge tubes containing 30 mL sample immersed in an ice bath (at 0 ⁰C). For the 

ultrasound treatments without temperature control, 50 mL polypropylene centrifuge 

tubes were employed. 

  



Table 2 Ultrasonic power (W) and power density (W/mL) applied to food waste 

samples as a function of horn tip diameter and power amplitude, as measured by 

calorimetry. 

Power amplitude 

Ultrasonic power Power density 

11mm 35mm 11mm 35mm 

30% 23.5 W 18.2W 

0.78 W/mL 

(30mL 

system) 

/ 

50% 38.6 W 34.1 W 

1.29 W/mL 

(30 mL 

system); 

0.39 W/mL 

(100 mL 

system) 

0.34 W/mL 

(100 mL 

system) 

 

2.3 Enzymatic hydrolysis of food waste 

Following ultrasound treatment, the food waste mixed with citrate buffer (10% w/v) 

was enzymatically hydrolysed at 50 oC in a model bench-top shaking incubator (TLM-

570, Thermoline Scientific, Australia) at 150 rpm. Samples (30 mL) were loaded into 



50 mL polypropylene centrifuge tubes along with glucoamylase at a rate of 0.1% v/w, 

based on the dry weight of the food waste. After 18 h of hydrolysis, samples (1.5 mL) 

were taken and mixed with 10% w/v of trichloroacetic acid immediately to stop the 

enzymatic reaction, and finally stored at -20 oC. Before sugar analysis, samples were 

thawed and then centrifuged at 9,391 g for 3 min (Centrifuge 5424, Eppendorf, 

Australia) and supernatants were collected for subsequent glucose analysis. All the 

ultrasound treatment and enzymatic hydrolysis experiments were conducted in 

duplicate.  

2.4 Glucose determination 

The glucose concentration in the samples from various steps of experiments was 

determined by High Performance Liquid Chromatography (HPLC) using an LC-20AT 

system (Shimadzu, Japan), equipped with an RI detector (RID-10A) and an Aminex 

HPX-87H column (Bio-Rad, USA). Samples were run at 60 °C with 0.6 mL/min of 

5 mM sulfuric acid as the eluent [26].  The glucose yield was calculated based on Eq. 

(1). 

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑦𝑦𝑦𝑦𝐺𝐺𝐺𝐺𝑦𝑦 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐴𝐴𝑜𝑜 𝑔𝑔𝑔𝑔𝐴𝐴𝑔𝑔𝐴𝐴𝑔𝑔𝑔𝑔 𝑝𝑝𝑝𝑝𝐴𝐴𝑝𝑝𝐴𝐴𝑔𝑔𝑔𝑔𝑝𝑝 𝑖𝑖𝐴𝐴 ℎ𝑦𝑦𝑝𝑝𝑝𝑝𝐴𝐴𝑔𝑔𝑦𝑦𝑔𝑔𝑖𝑖𝑔𝑔
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐴𝐴𝑜𝑜 𝑔𝑔𝐴𝐴𝑠𝑠𝑝𝑝𝑔𝑔ℎ ×1.11

×100%                       

Eq. (1).  

2.5 Particle size distribution 

The particle size distributions of the untreated and pre-sonicated food waste samples 

were measured by laser diffraction (Mastersizer 3000, Malvern Inc., Worcestershire, 

UK) with an agitation set to 2,000 rpm during measurement. Aliquots of each sample 



were added into a 600 mL glass beaker filled with 500 mL of distilled water until a 

laser obstruction of 2% was reached. Each sample was analysed in triplicate.  

2.6 Scanning electron microscope (SEM) 

Prior to SEM examination, the sonicated food waste samples were fixed on PEI-coated 

coverslips with 2.5% glutaraldehyde (w/v) in 0.1 M PBS (pH 7.2) for 24 h at 4 oC. The 

coverslips with samples were washed three times in PBS for 5 min each. The coverslips 

were then dehydrated in a graded ethanol series for 10 min each step, consisting of 30%, 

50%, 70%, 90%, 100% ethanol. After being dried in air, the coverslips with samples 

were placed onto carbon-adhesive-coated aluminum stubs, sputter coated with a thin 

layer of gold, and imaged via SEM (Japan Electron Optics Laboratory, Pea-body, MA) 

at 10 kV with magnifications of 200X, 2,000X and 10,000X.  

3. Results and discussion  

3.1 Effect of ultrasound treatment on particle size  

The combined effect of ultrasonic power intensity (based on the ultrasonic power per 

unit surface area of the horn), power density (based on the applied ultrasound power 

per unit volume of sample), and energy density (based on ultrasonic energy per unit 

volume of sample) on the size of particulate matter in food waste was investigated. 

Samples were sonicated at 20 kHz for 3 min using ultrasonic probes of 11 mm or 35 mm 

diameter, to achieve power intensities of 40.6 W/cm2 or 3.5 W/cm2, power densities of 

0.39 W/mL or 0.34 W/mL, and energy densities of 70.2 J/mL or 61.4 J/mL, respectively. 

Two main peaks can be observed in the samples, one centred at around 600 µm and 

another around 1 µm, as presented in Fig 1. Sonication with the 11 mm horn, greatly 



diminished the larger-particle peak, with a corresponding increase seen in the volume 

fraction of the smaller-particle peak. Sonication with the 35 mm tip also reduced the 

volume fraction of the larger-particle peak, but to a much lesser extent. The average 

diameters for the untreated control, and the samples pre-sonicated using the 11 mm 

horn and 35 mm horn were 557 µm, 146 µm and 366 µm, respectively. Ultrasonication 

with the 11 mm and 35 mm horn reduced the average particle diameters by 74% and 

34%, respectively, compared with the untreated sample. The greater size reduction 

achieved using the 11 mm horn can be attributed to the greater power intensity, power 

density, and energy density of this treatment. The ability of ultrasound to reduce the 

particle size was therefore confirmed, and can be ascribed to the physical effects of 

ultrasonic acoustic cavitation. Acoustic cavitation results in the violent collapse of 

bubbles, generating intense local high pressures, heating, micro-turbulence and micro-

streaming, resulting in intense hydrodynamic shear forces [8]. The more intensive 

ultrasonic treatment (with the 11 mm horn) could generate stronger shear forces that 

more effectively disintegrated the food waste particles. Similar findings were also 

obtained for sonicated corn slurry and cassava chip slurries [10, 18].  

To investigate the effect of ultrasonication on the morphology of food waste particles, 

untreated and pre-sonicated samples with power densities of 0.39 W/mL (11 mm horn) 

and 0.34 W/mL (35 mm horn) were imaged by SEM. Disintegration of the particles is 

clearly observable, particularly for the samples treated using the 11 mm tip (Fig. 2), 

which is broadly consistent with the particle size distribution data (Fig. 1). In 



combination, this data demonstrates that ultrasound treatment is able to disintegrate 

food waste particles, thereby increasing the surface area. 

3.2 Effect of ultrasonic pre-treatment of food waste on subsequent 
hydrolysis by glucoamylase 

The selection of horn size is of great importance to the design of large-scale and 

commercial reactors, as using the optimal power intensity (with respect to horn surface 

area) is essential to achieving maximum efficiency [8]. The effect of different ultrasonic 

horns on the amount of glucose released for hydrolysis by glucoamylase was 

investigated. The ultrasonic pretreatment was conducted at 50% power amplitude and 

20 kHz for 3 min, to achieve roughly equivalent power densities of 0.39 W/mL and 

0.34 W/mL, with significantly different power intensities of 40.6 W/cm2 and 3.5 W/cm2 

for the 11 mm and 35 mm horns, respectively. Fig 3 shows the glucose release profile 

from untreated and sonicated samples. The glucose concentrations resulting after 18 h 

of enzymatic hydrolysis of the untreated food waste and food waste treated using the 

35 mm and 11 mm horns were 69.8, 72.9 and 75.4g/L, respectively. These 

concentrations are equivalent to yields from starch of 73.1%, 76.4%, and 79.0% 

respectively. The glucose concentrations obtained from the wastes treated with the 11 

mm and 35 mm horns were significantly (p<0.05) higher (8% and 4%, respectively) 

than from the untreated control waste. These results demonstrate that ultrasonic 

treatment prior to enzymatic digestion could enhance the yield of glucose released from 

food waste. The improved saccharification of the food waste can be attributed to the 

observed reduction in particle size that increased the surface area of the food particles. 

The slightly higher power density (15%) and much greater power intensity (12-fold) of 



the 11 mm was more effective at enhancing the glucose release from food waste, 

presumably primarily due to the more intensive shear forces applied at the horn tip.  

As the 11 mm horn was more effective than 35 mm horn, it was used for further 

experiments. To investigate the influence of increased ultrasonic power on subsequent 

enzymatic hydrolysis of the food waste, two higher power density levels were compared 

(0.8 W/mL and 1.3 W/mL) for 3 min of pre-treatment using the 11 mm horn. The 

average diameters of particles in the control sample and the samples sonicated at 

0.8 W/mL and 1.3 W/mL were 575 µm, 105 µm and 62 µm, respectively. As expected, 

greater particle size reduction was obtained at the higher power level. Fig 4 shows the 

glucose release from control and pre-sonicated food waste samples during subsequent 

enzymatic hydrolysis using glucoamylase. The data obtained were fitted with a first-

order kinetics model [2].  

𝑦𝑦[𝐺𝐺]
𝑦𝑦𝑑𝑑

= [𝐺𝐺] = [𝐺𝐺𝐹𝐹](1 − 𝐺𝐺−𝑘𝑘𝐴𝐴) 

Where [G] is the glucose concentration at time t; 𝐺𝐺𝐹𝐹 is the final glucose concentration; 

k is the reaction rate constant. The modelling parameters derived at different power 

densities are shown in Table 3. The hydrolysis rate constants for the samples pre-treated 

with 1.3 W/mL and 0.8 W/mL were roughly 1.2 times of the control group. While there 

was no difference in the rate constants for the two power settings, the higher power 

level could reach higher final glucose yields. Although higher glucose concentrations 

could be obtained at 1.3 W/mL, the more intensive pretreatment required 50% more 

energy. Specific energy consumption is a crucial parameter that needs to be considered 



for the economic feasibility of ultrasound assisted enzymatic hydrolysis. To this effect, 

the energy input to the amount of additional glucose release ratio due to sonication was 

calculated, assuming a calorific value of 16 kJ/g for glucose. The energy input of 36.6 

kJ per gram of additional glucose released at the power level of 1.3 W/mL was roughly 

1.2 times of that for 0.8 W/mL, which is greater than the calorific value of the glucose 

released (16 kJ per gram of glucose). However, perhaps more importantly than offering 

a small increase in glucose yield, the increase in hydrolysis rate offered by ultrasonic 

pretreatment may provide considerable benefit. Half the amount of time was required 

to reach a glucose yield of 70 g/L for the sample pretreated with 0.8 W/mL of ultrasound 

(ca 9 hr) than for the untreated control (18 hr). Even less time was needed for the sample 

pretreated with 1.3 W/mL of ultrasound (ca 8 hr), although the reduction in time (11%) 

was less significant than the increase in energy (63%). The relative ineffectiveness of 

the more intensive ultrasonic treatment could be explained by excessive cavitation 

bubble generation that shields the ultrasonic energy being delivered to create strong 

shear forces. This results in the reduction of the transmission efficiency of energy from 

horn tip to solution. Subsequently, the power dissipation would increase with the 

increase in amplitude [10]. Therefore, the power level of 0.8 W/mL was selected for 

subsequent experiments to lessen the energy consumption. 

Table 3 First order enzymatic hydrolysis model parameters for food samples pretreated 

at different ultrasonic power densities. 

Power densities 𝐺𝐺𝐹𝐹 R (g/L) K (h-1) R2 



Control  70.0 0.28 0.9909 

0.8 W/mL 74.6 0.32 0.9976 

1.3 W/mL 76.4 0.32 0.9960 

 

  

3.3 Effect of sonication pretreatment time on glucose released from 
enzymatic hydrolysis of food waste 

In order to evaluate the effect of ultrasonic pretreatment time on subsequent glucose 

released from enzymatic hydrolysis of food waste, experiments were performed at a 

power input of 0.8 W/mL with the 11 mm horn. The average diameters of particles in 

the control sample and sonicated samples pretreated for 1 min, 3 min, 5 min and 10 min 

were 595 µm, 565 µm, 105 µm, 97 µm, and 90 µm, respectively. After 18 h enzymatic 

hydrolysis, the additional amount of glucose released from the food waste was 2.8, 5.3, 

7.1 and 6.9 g/L, for the samples pretreated with ultrasound for 1 min, 3 min, 5 min and 

10 min respectively, compared to control sample without sonication (Fig. 5). The 

glucose released from sonicated sample had a significant difference (p<0.05) compared 

with untreated sample. There was an upward trend in the glucose yield as a function of 

pretreatment time between 1 min to 5 min, consistent with the trend in particle size. 

The maximum glucose concentration was achieved for the sample receiving 5 min of 

sonication, for which there was a 10.4% increase in glucose compared to the untreated 

sample. Pretreatment for 10 min did not show any further increase in glucose yield. 



Coincidently, Nikolic et al. also reported that the optimal ultrasound treatment time was 

5 min, with longer treatments not resulting in further improvements in the subsequent 

enzymatic hydrolysis [27]. Huang et al. also found that the marginal effect of hydrolysis 

from pre-sonicated corn starch existed when continuing sonication beyond 9 min, 

which was attributed to the recalcitrance of crystalline regions of starch to ultrasound 

[28].  

3.4 Effect of temperature control on glucose released from enzymatic 
hydrolysis of food waste 

At increased temperatures, the viscosity of the food waste substrate will decrease, 

leading to stronger turbulence and increased rates of diffusion. However, cavitation is 

stronger at lower temperatures. This is possibly due to the increase in the evaporation 

pressure of the solvent resulting in the cavitation bubbles being filled with solvent vapor, 

cushioning the collapse of the bubbles, and reducing the sonication effects [9]. Hence, 

the temperature of the ultrasonic pretreatment should be investigated to obtain the most 

benefit. In order to evaluate the effect of temperature during ultrasonic pretreatment of 

food waste, sonication tests were conducted with a power input of 0.8 W/mL for 5 min 

at a frequency of 20 kHz using the 11 mm horn. The glucose concentrations obtained 

after 18 h of hydrolysis with glucoamylase from samples in which ultrasonic pre-

treatment was performed under various temperature regimes is shown in Table 4. The 

results showed that there was no significant change (p>0.05) in the glucose yielded after 

18 h of hydrolysis, regardless of the temperature during ultrasonication. This suggests 

that heat generated during sonication did not enhance the susceptibility of the food 

waste to subsequent hydrolysis by glucoamylase. Similarly, Khanal et al. concluded 



that an improvement in the enzymatic hydrolysis of corn following ultrasonic 

pretreatment was related to the reduction in particle size rather than any thermal effects 

[10]. As temperatures above about 65 ºC may denature proteins in the food waste, it is 

recommended that sufficient temperature control is applied to maintain the temperature 

below 65 ºC. 

Table 4 Temperature changes of samples during sonication in the presence and absence 

of temperature control, and corresponding glucose yields after 18 h of glucoamylase 

hydrolysis.  

Water jacker/ ice bath 

temperature (oC) 

Initial temperature 

(oC)  

Final temperature 

(oC) 

Glucose 

concentration 

(g/L) 

0 21-23 39-41 74.7 

20 21-23 35-37 75.6  

50 21-23 57-59 74.8 

No temperature 

control 

21-23 70-72 75.9 

Control / / 70.7 

4. Conclusions  

This study demonstrated that ultrasonic pretreatment of food waste can improve 

subsequent enzymatic hydrolysis by reducing the size of the food waste particles. The 

particle size reduction was directly related to the sonication power density and time. 

The effectiveness of ultrasonic technology on food waste was greater with increased 



power intensity by changing various sizes of horns. The hydrolysis rate was 

significantly enhanced for samples pretreated with ultrasound, with the time required 

to achieve high yields being halved. The most effective duration of sonication was 

found to be 5 min, and temperature control is suggested to maintain the nutrients in 

food waste and increased ultrasonication temperature provided no significant yield 

gains. This study consolidates the potential merit of using ultrasonic pretreatment as a 

clean technology for enhancing nutrient recovery from food waste. 
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Figure captions 

Fig. 1 Particle size distributions of untreated food waste (10% w/v solid concentration) 

and food waste pre-sonicated for 3 min at a frequency of 20 kHz and power densities 

of 0.39 W/mL (11 mm horn) and 0.34 W/mL (35 mm horn). 

Fig 2. SEM images of food waste samples: untreated food waste sample (control) at a 

magnification of 200 (a), food waste sample sonicated with a 35 mm horn (0.34 W/mL) 

at a magnification of 2,000 (b), food waste sample sonicated with a 11 mm horn 

(0.39 W/mL) at a magnification of 2,000 (c) or 10,000 (d). 

Fig. 3 Glucose release from untreated and sonicated food waste samples during 

hydrolysis by glucoamylase. Samples were sonicated at a frequency of 20 kHz for 3 min. 

Ultrasonic pretreatment power densities and intensities were 0.39 W/mL and 40.6 

W/cm2 (11 mm horn), and 0.34 W/mL and 3.5 W/cm2 (35 mm horn), respectively. 

Fig. 4 Glucose release of food waste samples during hydrolysis by glucoamylase. An 

untreated control sample is compared to samples pre-treated by ultrasound for 3 min 

with different power densities (0.8 W/mL and 1.3 W/mL) using a probe with a diameter 

of 11 mm. 

Fig. 5 Glucose release from food waste after 18 hr of hydrolysis by glucoamylase as a 

function of ultrasonic pretreatment time at 0.8 W/mL and 20 kHz using a 11 mm horn. 

Different letters represent statistically significant differences (p < 0.05). 
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