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Abstract: The recycling of low-cost resources from waste biomass is a promising 

strategy towards circular bioeconomy. Food waste is an ideal candidate to produce 

cost-effective glucose. However several problems such as insolubility of 

macromolecular substances hindered the valorization of food waste. To overcome the 

obstacle, a platform for the recovery of glucose from food wastes using enzymatic 

hydrolysis was developed. Results showed that the enzymatic method was more 

efficient and sustainable in comparison with acidic and alkali hydrolysis. The 

optimum pH and dosage for alpha-amylase and glucoamylase were determined to be 

5.5 and 150 U/g total solid (TS), and 4.0 and 150 U/g-TS, respectively. The hybrid 

hydrolysis was more effective in catalyzing starch into glucose, obtaining the highest 

glucose concentration of 204.2 g/L. The analysis on the physicochemical structures 

indicated that the solid granules could be seriously broken by the two enzymes, 

resulting in remarkable decrease on the particle size and viscosity compared with the 

control. The economic assessment proved the feasibility and profitability of 

enzymatic method in food waste hydrolysis. These features of the platform widened 

the door to the further production of value-added biochemicals using the sugars 

recovered from food wastes.  

 

Keywords: Food waste; Enzymatic hydrolysis; Glucoamylase; Glucose recovery; 

Bioeconomy 
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Nomenclature and abbreviation list TS Total solid 

DNS Dinitrosalicylic acid 

AH Acidic hydrolysis XRD X-ray diffraction 

ALH Alkali hydrolysis θ Angle of diffraction 

EH Enzymatic hydrolysis VFAs Volatile fatty acids 

SEM Scanning electron microscope RC Relative crystallinity 

FT-IR Fourier transform infrared 

spectroscopy 

NADPH  Nicotinamide adenine 

dinucleotide phosphate 

HPLC High performance liquid 

chromatography 

KBr Kalium bromatum 

 

1. Introduction  

For the sustainable development of society, the recycling of organic wastes is 

gaining more and more attention. According to a report of Food and Agricultural 

Organization FAO, about 1/3rd of the food was wasted in the food supply chain, 

corresponding to approximately 1.3 billion tons annually [9]. The major chemical 

components of food waste are starch, protein, and lipid. Especially starch has 

extensively attracted research attention because it is a polymer of glucose which can 

be utilized as substrate for many biochemicals production [7, 8]. These substrates are 

easily biodegradable and will bring environmental problems without effective 

disposal [2, 42]. Compared with the traditional disposal approaches of landfill and 

incineration, biological technology seems to be a promising way to valorize food 

waste for the production of various value-added biochemicals [3, 4, 40]. Food waste 

in the past decade was mainly used in fermentation for the production of fuels such as 
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hydrogen and ethanol [3, 15]. By contrast, more recent attentions have been attracted 

to produce value-added products such as enzymes and bioplastics [4, 5, 41]. 

Nevertheless, several obstacles should be overcome prior to the application of food 

waste. Firstly, lots of impurities in food waste such as plastics and metals ought to be 

removed because they will negatively affect the process operation. Secondly, most of 

the organic substances exist in the form of solid fraction with large particle size which 

can not be used directly [6]. Thirdly, soluble reducing sugars rather than solid fraction 

are expected for the production of value-added chemicals [4, 40, 43]. Thus it is utterly 

essential to develop an effective and economically viable platform for food waste 

hydrolysis. 

Currently many pretreatment stretagies have been developed to recover reducing 

sugar from food waste, including physical, chemical, biological, and enzymatic 

hydrolysis [38, 42]. Physical treatments were usually used to convert solid organic 

substances into soluble compounds by changing their morphological structures [6, 7]. 

Chemical treatments were the common way to break down the chemical structure of 

macromolecule substances with strong effects of acid and alkali [36]. This treatment 

methods have received larger attention due to their advantages of simple operation 

and high efficiency in degrading complex organic materials [11]. However, the 

disadvantages of chemical treatment were also observed, i.e., the addition of 

chemicals and the incidental pH adjustment resulted in the increase of cation 

concentration of hydrolysate [12]. In addition, the generation of by-products such as 

phenylic compounds and furans occurred easily when strong acids were used. The 

increase of these chemical components will negatively affect the further utilization of 

sugars. By contrast, the enzymatic hydrolysis exhibited several advantages on the 

mild reaction condition and high purity of the product [13]. The chemical compounds 
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can be catalyzed precisely by enzymes, resulting in high concentration of sugars. 

Nevertheless, there is a hesitation to use enzymatic treatments due to the high cost of 

commercial enzymes. Thus an economic assessment needs to be conducted to verify 

the feasibility of this technology [44].  

Generally, a preferable hydrolysis platform with the following advantages are 

expected: (1) high sugar concentration; (2) high sugar purity; (3) less by-products and 

(4) low cost. Unfortunately there was not a suitable hydrolysis technology meeting 

this demand this far. Recently, enzymatic approaches have attracted more and more 

attention in hydrolyzing food waste [42]. In order to obtain an efficient hydrolysis 

process, the combinations of enzymatic hydrolysis with other treatments were tested 

in many studies [36]. For instance, Li et al. [7] used a physical-enzymatic hydrolysis 

method to hydrolyze food waste, where ultrasonic treatment was firstly used and the 

enzymatic hydrolysis followed. The glucose concentration was improved by 10% and 

the hydrolysis time was halved with ultrasonic treatment. Similar findings were also 

reported by Taheri et al. [9], in which five different treatment methods such as 

sonolysis and electrolysis were applied in the first step and the enzymatic hydrolysis 

was used in the second step. In a study investigated by Kwan et al. [8], two enzymes 

of glucoamylase and sucrose were utilized to catalyze food and beverage wastes and 

the high concentrations of sugars (228.1 g/L glucose and 55.7 g/L fructose) were 

obtained with the synergistic action of the two enzymes. These studies cast an insight 

that the hydrolysis efficiency and sugar concentration can be improved by the 

two-stage hydrolysis platform.  

The selection of suitable enzyme with respect to food waste composition can 

promote the hydrolysis process [39]. Among the various enzymes, amylase is the most 
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popular one because it can catalyst starch into glucose precisely and effectively. For 

instance, alpha-amylase can randomly cut alpha-1, 4-glucoside bonds of amylose or 

amylopectin, resulting in the production of short-chain dextrin and maltose [14], 

while glucoamylase can cut alpha-1, 6-glucoside bonds in amylopectin which 

alpha-amylase cannot attack [13]. The precise function of amylase on the starch 

would lead to a high purity of glucose. To date, there has been little research on the 

two-stage enzymatic hydrolysis of food waste using alpha-amylase and glucoamylase. 

Most of the previous studies primarily focused on the improvement of sugar 

concentration and hydrolysis efficiency. Investigation on the physicochemical 

structure of the solid fraction and the fluidic property of hydrolysate are deficient, 

which are closely associated with the process operation and efficiency of the 

downstream process [9].  

This study aimed to develop a stable platform for efficient reducing sugar recovery 

from food waste with deep understanding of the variation of physicochemical 

property of food waste. To this end, seven hydrolysis approaches of acidic, alkali and 

enzymatic hydrolysis and their combinations (acidic-enzymatic, alkali-enzymatic, 

enzymatic-acidic, enzymatic-alkali hydrolysis) were examined to determine the 

optimum hydrolysis method, and then two effective enzymes of alpha-amylase and 

glucoamylase with complementary functions were selected in a two-stage enzymatic 

hydrolysis platform to maximize glucose release. To our best knowledge, this is the 

first study that focuses on the variation of physicochemical structures of solid fraction 

and the pasting property of hydrolysate. Moreover, the economic evaluation was 

conducted to verify the feasibility of reducing sugar recovery from food waste using 

enzymatic hydrolysis.  
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2. Material and methods 

2.1 Food waste collection and pretreatment 

The native food waste which mainly contained organic leftovers such as rice, meats, 

noodles, and vegetables was collected from the students’ canteen of Jiangsu 

University at lunch time. The inorganic and hard materials such as plastics, napkins, 

and bones were firstly removed, and most of the superficial cooked oil was also 

removed. Thereafter, the residual organic material was crushed to pieces (< 3 mm) 

using an electronic grinder. Then the food waste was autoclaved at 121 ℃ for 15 min 

and chloroform with a concentration of 0.1% TS was added after it cooled to room 

temperature to inhibit the activity of the methane-producing microorganism. Finally, 

the pretreated food waste which was used as the control in this study was stored in a 

fridge with a temperature of -20 oC. The enzymes of alpha-amylase (4000 U/g) and 

glucoamylase (1.0 × 105 U/g) were purchased from Lehong Science and Technology 

Ltd. (Shanghai, China).  

2.2 Selection of hydrolysis approach 

Three different approaches and four of their combinations were initially chosen for 

food waste hydrolysis including the following: (i) acidic hydrolysis (AH), adjusted the 

pH of food waste to 1.0 and kept for 24 h; (ii) alkali hydrolysis (ALH), adjusted the 

pH of food waste to 12.0 and kept for 24 h; (iii) enzymatic hydrolysis (EH), adjusted 

the pH of food waste to 6.2 and added 100 U/g-TS alpha-amylase at 50 ℃ for 24 h; 

and (iv) four combination methods of hydrolysis, including AH-EH, ALH-EH, 

EH-AH, and EH-ALH, respectively. All the hydrolysis processes were conducted in 

the 500-mL serum bottle with an effective volume of 300 mL, which was put on a 

shaker with a rotation rate of 150 rpm. All the experiments were carried out in 

duplicate.  
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2.3 Enzymatic hydrolysis of food waste 

Enzymatic hydrolysis using alpha-amylase was proved to be the optimum method 

for food waste hydrolysis in section 3.1. The optimization of enzymatic conditions 

and the type of enzymes were extremely important to obtain high efficiency of 

hydrolysis as well as a high concentration of reducing sugar. Besides alpha-amylase, 

glucoamylase is another effective amylase for starch hydrolysis whose mechanism  

is different with alpha-amylase in decomposing starch. Thus the alpha-amylase, 

glucoamylase and their combination were chosen for hydrolyzing food waste. To 

determine the optimum enzymatic conditions, the range of pH and dosage for 

alpha-amylase and glucoamylase were designed to be 5.0-6.5, 50-200 U/g-TS and 

3.5-5.0, 100-250 U/g-TS, respectively. The corresponding temperature and hydrolysis 

time were 50 ℃, 16 h, and 60 ℃, 8 h, respectively, which were determined according 

to preliminary experiments. With the optimized enzymatic conditions, the 

combination of two enzymes were applied in the two-stage enzymatic hydrolysis 

platform where the alpha-amylase was used at the first stage and the glucoamylase 

was followed.  

2.4 Analytical methods 

2.4.1 Volatile fatty acids (VFAs) detection 

The VFAs were measured using a gas chromatograph (Shimadzu, GC-2010 Plus, 

Japan) equipped with a capillary column (Agilent DB-FFAP, 30 m × 0.530 mm) and a 

flame ionization detector. Nitrogen gas was used as the carrier gas with a flow rate of 

30 mL/min, and the temperatures of the column, injector, and detector were 230 ℃, 

240 ℃, and 280 ℃, respectively.  

2.4.2 Surface structure observation 

The surface morphology and fractures of all samples were imaged by a scanning 
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electron microscope (Gemini 500, ZEISS, Germany). The powder of the samples was 

fixed on a holder using cuprum tape and then coated with gold in a vacuum 

evaporator.  

2.4.3 Particle size and viscosity measurement 

The particle size of the solid fraction was measured using a granularity analyzer 

(Mastersizer 3000, Malvern Instruments Ltd., UK). The viscosity was measured by a 

Rotational Rheometer (DHR-1, TA, USA), and the flow behavior of the sample was 

obtained with a shear scan from 0.1 to 100 s-1 over 3 min at an ordinary state.  

2.4.4 Bond structure observation 

Fourier transform infrared spectroscopy (FT-IR) of all samples were analyzed using 

a Vertex 70 infrared spectrometer (Bruker, Germany). Each dried sample was finely 

mixed with dried KBr (1:100, w/w). The spectrum was acquired over the wavenumber 

scope of 4000 - 400 cm-1 at a 4 cm-1 resolution for 32 scans. The spectra were baseline 

corrected automatically, normalized and deconvoluted with a half band range of 19 

cm-1 and an enhancement factor of 1.9. 

2.4.5 Crystalline structure detection 

The crystalline structure of all samples were analyzed using X-ray diffraction 

(XRD) equipped with Cu-Kα radiation (D8 Advance, Bruker, Madison, USA). The 

diffraction was operated at 40 kV and 40 mA with a scanning range of 5 - 40 ° (2θ) 

and a scanning rate of 5 °/min. The relative crystallinity (RC) was calculated 

according to Eq (1). 

100%c

c a

ARC
A A

= ×
+                                             (1) 

where Ac is the area of the crystalline region and Aa is the area of amorphous 

region. 
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2.4.6 Chemical analysis 

The content of metal elements was determined using atomic absorption 

spectrophotometer (contrAA 300, Jean, Germany). The reducing sugar was 

determined by the 3, 5 - dinitrosalicylic acid (DNS) method. The contents of starch, 

protein, and ammonia nitrogen were detected according to acid hydrolysis, Kjeldahl 

and Nessler's reagent methods, respectively.  

3. Results and discussion  

3.1 Food waste hydrolysis with different approaches 

It was observed in Fig. 1 that the concentration of reducing sugar obtained with 

enzymatic hydrolysis was higher than those with acid and alkali approaches. The 

corresponding concentration of reducing sugar was 133.3 g/L with EH, which was 3.8 

times higher than the control, implying that the enzymatic hydrolysis using 

alpha-amylase was an effective way to hydrolyze starch into reducing sugar. It was 

noteworthy that the highest sugar concentration of 133.8 g/L was obtained in the 

group with A-EH, which was slightly higher than the data of EH group. However, 

shorter hydrolysis time and less chemicals were used and the process operation was 

more simple in the group of EH. In view of these advantages, the enzymatic 

hydrolysis was selected for food waste hydrolysis.  

Fig. 1 showed that no remarkable release on the reducing sugar and even decrease 

(alkali group) were observed with addition of strong chemicals. It was known that 

strong acidic and alkali pretreatments can break down the sturctures of organic 

substrates [34]. For starch hydrolysis, the short-chain dextrin and maltose would be 

produced if its structure was not degraded thoroughly [14], which explained the low 

sugar concentrations of AH and ALH groups. Noted was that there was a dilution of 

food waste with addition of lots of alkali solution in the ALH group. Less sugar 

javascript:;
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released and the dilution of food waste might be the main reason for the decrease of 

reducing sugar concentration. Compared with chemical hydrolysis, enzymatic 

hydrolysis was more efficient in reducing sugar release because alpha-amylase can cut 

the starch precisely [14], which explained the high concentration of reducing sugar.  
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Fig. 1. Comparison of the reducing sugar of hydrolysate with different hydrolysis 

approaches. (AH: acidic hydrolysis; ALH: alkali hydrolysis; EH: enzymatic 

hydrolysis; A-EH: acidic-enzymatic hydrolysis; AL-EH: alkali-enzymatic hydrolysis; 

E-AH: enzymatic-acidic hydrolysis; E-ALH: enzymatic-alkali hydrolysis) 

3.2 Optimization of enzymatic hydrolysis for reducing sugar production 

The influence of pH and enzyme dosage on food waste hydrolysis are shown in Fig. 

2. The optimum pH and enzyme dosage for alpha-amylase and glucoamylase 

production was 5.5, 150 U/g-TS and 4.0, 150 U/g-TS, respectively. Comparatively, 

high reducing sugar concentration was obtained in the group with glucoamylase 

hydrolysis. For instance, the highest reducing sugar concentration was 181.7 g/L with 

150 U/g-TS glucoamylase addition (Fig. 2d), while it was 138.8 g/L with 150 U/g-TS 
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alpha-amylase addition (Fig. 2b). These results indicated it was essential to provide 

the proper enzyme dosage and pH for food waste hydrolysis.  
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Fig. 2. Profile of reducing sugar with different pH and enzyme concentrations. (a) and 

(b) refer to alpha-amylase; (c) and (d) refer to glucoamylase. 

The activity of the enzyme can be affected by various environmental factors such as 

pH, the dosage of enzyme and temperatures. Among the factors, pH was one of the 

most important parameters influencing enzyme activity. For instance, the structure of 

the enzyme would alter with an extreme surrounding pH, and the improper pH was 

likely to hinder the dissociation state of the substrate or prevent the substrate from 

interacting with the enzyme [14]. In this study, the reducing sugar concentration 

increased when the enzyme concentration increased to 150 U/g-TS. A majority of 

active sites of enzymes were available to interact with substrates, making the 

biocatalysis process more efficient. However, there was not enough space left for the 
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interaction of the enzyme with starch granules in the case amylase was in a saturated 

state. It was noteworthy that a slight decrease in reducing sugar concentration was 

observed when the enzyme dosage exceeded 150 U/g-TS. The possible reason for this 

phenomenon might be the caramelization reaction where the reducing sugar reacted 

with the ammonium at acidic condition since high concentration of ammonia was 

observed in the hydrolysate (Table 1) as well.  

Apart from pH and enzyme dosage, a thermophilic condition is also required to 

maximize the activity of enzymes. These requirements will lead to the increase of 

energy consumtion and cost of enzymatic hydrolysis. For example more nergy will be 

required to heat food waste from ordinary to enzymatic temperature. However, an 

extra profit will be generated due to the high concentration of reducing sugar. Thus 

the feasibility of enzymatic hydrolysis depends on the economic balance of extra cost 

and the profit of glucose.  

3.3 Analysis of the chemical components of hydrolysate 

As shown in Table 1, the starch conversion ratios of the groups with alpha-amylase, 

glucoamylase, and their combination were 52.6%, 94.3%, and 98.5%, respectively, 

which were in positive correlation with the concentration of reducing sugar. This 

phenomenon indicated that the reducing sugar was released from starch of food waste. 

The protein concentrations of the groups with alpha-amylase, glucoamylase and their 

combination decreased by 9.2%, 17.7%, and 12.1%, respectively, compared with the 

control. Moreover, the ammonia concentrations of food waste increased after 

hydrolysis. With the hydrolysis of starch, the structure of protein tended to reduce its 

compactness and some of them would dissolve in the aqueous phase. Generally, the 

protein in the free state is easier to be degraded to produce ammonia [37]. In this 

study the enzymatic hydrolysis was conducted in the reactors without hermetical and 
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amicrobic environment. Although chloroform was added to avoid the consumption of 

reducing sugar by methanogen, it was impossible for chloroform to limit the growth 

of all bacteria. It was supposed that some of the dissolved protein was decomposed 

into ammonia by microorganism with the conversion of starch to glucose.  

Table 1 Characteristics of food waste with/without enzymatic hydrolysis (means ± 

standard deviations) 

Items Control 
alpha-amylase 

hydrolysis 

Glucoamylase 

hydrolysis 

Hybrid 

hydrolysis 

Starch, % * 40.1 ± 0.4 19.0 ± 0.4 2.3 ± 0.3 0.6 ± 0.1 

Reducing sugar, g/L 27.8 ± 0.7 152.5 ± 0.1 186.2 ± 0.3 204.2 ± 1.8 

Protein, % * 14.1 ± 0.7 12.8 ± 0.1 11.6 ± 0.3 12.4 ± 0.2 

Ammonia, mg/L 308.6 ± 5.9 1183.7 ± 6.3 1292.7 ± 4.1 1390.3 ± 3.7 

Acetate, g/L 2.0 ± 0.1 2.0 ± 0.1 2.7 ± 0.1 2.1 ± 0.2 

Propionate, g/L 0.3 ± 0.04 0.2 ± 0.01 0.1 ± 0.01 0.2 ± 0.03 

Butyrate, g/L 0.1 ± 0.01 0.2 ± 0.02 0.3 ± 0.01 0.4 ± 0.03 

K+, mg/L 1452.9 ± 3.4 1518.3 ± 2.3 1542.8 ± 0.9 1494.4 ± 1.1 

Na+, mg/L 3555.9 ± 3.1 3876.6 ± 2.7 3822.7 ± 3.0 3843.0 ± 2.2 

Ca2+, mg/L 485.7 ± 2.1 385.1 ± 1.8 376.8 ± 0.1 374.5 ± 1.4 

Mg2+, mg/L 244.6 ± 0.7 348.7 ± 0.8 255.4 ± 1.0 359.6 ± 1.6 

Fe2+, mg/L 27.5 ± 0.1 47.6 ± 1.7 27.7 ± 0.8 55.8 ± 1.1 

Zn2+, mg/L 25.0 ± 0.6 30.6 ± 0.5 22.7 ± 0.6 26.2 ± 0.6 

* - on the dry basis. 

The VFAs were mainly composed of acetate, propionate, and butyrate. No 

remarkable increase on the VFAs was observed in the hydrolysate, illustrating that the 
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reducing sugar was not utilized by the methanogen during the hydrolysis process. 

Moreover, it was observed that the potassium and sodium were the main mineral 

elements of food waste. An increase in sodium was observed in the hydrolysate. It is 

well known that there is a high concentration of sodium chloride in the Chinese 

cooked and salted food, which was in the solid-state before hydrolysis. With the 

hydrolysis of food waste, the sodium was released to the aqueous phase, explaining 

the increase of sodium in the hydrolysate.  

3.4 Reducing sugar production from the two-stage enzymatic hydrolysis platform 

With the optimum enzymatic conditions of alpha-amylase and glucoamylase, a 

two-stage enzymatic hydrolysis platform was established, where alpha-amylase was 

used at the first stage and glucoamylase was applied at the second stage. With the 

two-stage hydrolysis, the highest reducing sugar concentration of 204.2 g/L was 

obtained (Table 1). Further measurement by HPLC proved that glucose accounted for 

more than 99% of reducing sugar in the hydrolysate (results are not shown). These 

results indicated the two-stage platform favors the hydrolysis of starch to glucose, 

where some of the starch was firstly biocatalyzed by alpha-amylase into short-chain 

products which were further hydrolyzed into glucose by glucoamylase at the second 

stage, resulting in a high conversion ratio of starch as well as the high glucose 

concentration.  
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Table 2 Comparison of the enzymatic hydrolysis of this study with previous reports.  

Enzymatic 

method 

Enzyme dosage (U/g-TS) Temperature 

(℃) 

pH Time (h) Reducing 

sugar (g/L) 

Ref. 

Two-stage alpha-amylase 150 a; glucoamylase 150 b 50 a; 60 b 5.5 a; 5.5 b 16 a; 5 b 204.2 This study 

Mono-stage  Glucoamylase 142.2 55 4.82 2.48 164.8  [16] 

Mono-stage  Carbohydrase (10%) 35 - 12 102.7-119.7 [17] 

Mono-stage  fungal mash (5%) 50 - 10 141.5 [18] 

Two-stage Amylase 11.7 a; cellulase 69.0 b 65 a; 50 b - 1.0 a; 5.0 b 216.6 * [9] 

Two-stage Mixture (45% alpha amylase, 45% 

gamma amylase, 10% pectinase) 

60 a; 30 b 4.6 a; 5.5 b 24 a; 24 b 210.1 [15] 

* - calculation based on the assumed density of food waste of 1000 kg/m3; a - the first stage; b - the second stage. 
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Table 2 listed some enzymatic examples of food waste hydrolysis with high sugar 

production. Earlier research mainly focused on enzymatic hydrolysis usding mono 

enzyme. To make the process more efficient, recent studies tended to use the 

multienzyme system to obtain high concentration of reducing sugar, i.e., Magyar et al. 

[15] obtained a high concentration of 210.1 g/L with addition of a mixture of 45% 

alpha amylase, 45% gamma amylase and 10% pectinase. Other studies investigated 

the integrated system where physical and chemical hydrolysis was applied prior to 

enzymatic hydrolysis [7, 9], obtaining high concentration of reducing sugar and high 

process efficiency. All these studies proved the feasibility of the two-stage platform in 

food waste hydrolysis. Our study was in strong agreement with these reports. In this 

study, the highest reducing sugar production using mono enzyme was 181.7 g/L with 

addition of glucoamylase, while the concentration of reducing sugar achieved 204.2 

g/L in the two-stage platform. These results further proved that the combination of the 

two hydrolytic enzymes was more effective than mono enzyme.  

3.5 Performance of the physical and chemical structures of the solid fraction  

3.5.1 Physical structure of the solid fraction 

As shown in Fig. 3a, the granules of a solid fraction without hydrolysis displayed 

an irregular and intact polygon. With enzymatic hydrolysis, the original intact state 

was broken and the granule tended to be loose, resulted in small particle size of the 

granules (Fig. 3b-d). By contrast, the solid samples subjected to the combined 

enzymatic hydrolysis exhibited more fragments and looser structure. These results 

were further proved by the distribution of the particle size of the solid fraction, as 

shown in Fig. 4. The curve with enzymatic hydrolysis moved from right to left side, 

implying the granules were degraded from macro to micro ones. Compared with the 

control, the mean particle size of food waste hydrolyzed by alpha-amylase, 
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glucoamylase, and their combination decreased by 38.6%, 7.3%, and 41.2%, 

respectively (Table 3). These results indicated that the combined enzymatic hydrolysis 

performed a high capacity in decomposing starch granules.  

 

Fig. 3. The surface of the solid fraction of food waste. (a: control; b: alpha-amylase 

hydrolysis; c: glucoamylase hydrolysis; d: combined hydrolysis) 

Table 3 The properties of the solid fraction of food waste with/without hydrolysis 

(means ± standard deviations) 

Items  Mean particle size 

(μm) 

R1045/1022 Crystallinity (%) 

Control 222.6 ± 2.8  0.84 ± 0.01 15.04 

alpha-amylase hydrolysis 136.7 ± 4.2 0.89 ± 0.01 18.29 

Glucoamylase hydrolysis 206.4 ± 3.5 1.07 ± 0.11 18.21 

Hybrid hydrolysis 130.8 ± 3.4 1.40 ± 0.01 18.95 

During the enzymatic hydrolysis, continuous heating led to the swelling and 
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melting of starch granules. In this case, granular starch was developed to an 

amorphous and adjacent starch couple with a spongy structure [19]. The uneven 

grooves with subtle holes on the surface opened the possibility of the access of 

enzymes into the loosely organized region in the center of starch. Hence, the variation 

of starch structure with high temperatures helped to hydrolysis starch to glucose.  
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Fig. 4. Distribution of particle size of food waste with/without enzymatic hydrolysis.  

Alpha-amylase can not hydrolyze starch into glucose thoroughly because some of 

the starch was converted into intermediate products known as dextrin and maltose, 

which might be the reason for the low concentration of reducing sugar (152.5 g/L in 

Table 1) of the group with alpha-amylase hydrolysis. Different with alpha-amylase, 

glucoamylase was more efficient in hydrolyzing starch, i.e., only five hours were 

required by glucoamylase which was 11 hours shorter than that of alpha-amylase 

(Table 2). Noted was that in Fig. 4, the particles with the size of 600 - 1050 μm 

increased in the group with alpha-amylase, which can be further hydrolyzed 

completely by glucoamylase in the two-stage system. It was assumed that the 
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increased particles were the reunion of dextrin, because the newly produced dextrin 

particles can adhere together with van der Waals force and electrostatic attraction [20]. 

Generally starch can be hydrolyzed thoroughly to soluble glucose by glucoamylase, 

yet more particles with the size of 600-1050 μm generated and the mean particle size 

of the group with glucoamylase exhibited higher values than that with alpha-amylase 

(Table 3). One explanation for this phenomenon was the reunion of protein, because 

there was no remarkable peaks of starch in the results of FT-IR show in Fig. 5a. With 

the rapid hydrolysis of starch, lots of protein coupling with starch would be loose and 

release [1]. The protein with unstable structure polymerized together and formed these 

large particles. The changes of particle structure were in strong agreement with the 

results shown in Fig. 3. These results further proved that the two-stage hydrolysis 

platform was advantageous in hydrolyzing food waste compared with mono enzyme.  

3.5.2 Chemical structure of the solid fraction 

To explore the variation of the chemical structure of the solid fraction of food waste, 

the FT-IR and XRD were employed, as shown in Fig. 5. No new FT-IR peaks were 

observed in the solid fraction in comparison with the control (Fig. 5a), demonstrating 

that no new functional groups were generated during the hydrolysis process. The 

absorption band at approximately 3400 cm-1 represents the O-H stretching vibration 

of alcohol groups and the peaks at 2912 cm-1 and 2857 cm-1 were attributed to the 

C-H stretching vibration of methylene groups [21, 22]. The absorption peaks at 

approximately 1155 cm-1, 1080 cm-1, and 1022 cm-1 were ascribed to C-O stretching 

vibration [21]. These peaks characterized the chemical bonds of starch. Compared 

with the control, a remarkable decrease in the peaks at 3400 cm-1, 2912 cm-1, 2857 

cm-1, 1155 cm-1, 1080 cm-1, and 1022 cm-1 were observed in the groups with 

glucoamylase and hybrid hydrolysis. These results indicated that a majority of the 
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starch was hydrolyzed to glucose through glucoamylase and hybrid hydrolysis, which 

had been proved by the data in Table 1. By contrast, the characteristic functional 

groups of starch can be detected in the group with alpha-amylase hydrolysis. This 

phenomenon was attributed to the existence of dextrin and maltose which were 

produced when alpha-amylase was used as catalyzer. Moreover, the wavenumber ratio 

of 1045 cm-1/1022 cm-1 (R1045/1022) was generally considered as an indicator of the 

amount of ordered crystallinity structure, where a high ratio represented high content 

of short-range molecule structure [23]. Table 3 shows that the R1045/1022 values of food 

waste with alpha-amylase, glucoamylase, and hybrid hydrolysis were 0.89, 1.07 and 

1.40, respectively, which was higher than the data (0.84) of the control. These results 

indicated that more short-chain molecule substrates were produced with enzymatic 

hydrolysis. Especially the hybrid enzymatic hydrolysis exhibited a higher capability 

in breaking the solid fraction. 

Fig. 5b shows the XRD patterns and relative crystallinity of the solid fraction of the 

native food waste with/without hydrolysis. No diffraction peak representing A-, B- 

and C-types of starch were observed in the native food waste and hydrolysate [24]. 

Only two little diffraction peaks at 2θ values of 13.0 ° and 24.2 °, and one strong peak 

at 2θ value of 20.0 ° were observed in the native food waste. Two small peaks at 

13.0 ° and 21.3 ° 2θ were observed in the food waste hydrolyzed by alpha-amylase 

and glucoamylase, and one small peak at 21.3 ° 2θ was observed in the food waste 

hydrolyzed by hybrid hydrolysis. The peaks at 2θ values of 13.0 ° and 20.0 ° were 

identified as the characteristic of V-type crystallites formed between starch and fatty 

acids [22, 25], and the peaks at 2θ values of 21.3 ° and 24.2 ° were ascribed to the 

crystalline pattern of free fatty acid [26]. Thus, these observed diffraction peaks 

indicated that most of the starch in food waste was completely hydrolyzed by 
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enzymes, resulted in the disappear of 20.0 ° 2θ in the solid fraction of hydrolysate. 
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Fig. 5. Results of FT-IR (a) and XRD patterns (b) of the solid fraction of food waste 

with/without of enzymatic hydrolysis. 

3.5.3 Pasting property of hydrolysate 

The non-Newtonian and shear-thinning behavior are shown on the flow curves of 
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Fig. 6. The viscosity of the native food waste and hydrolysate decreased exponentially 

with the increase of shear rate. It was obvious that enzymatic hydrolysis promoted a 

decrease of viscosity. By contrast, the group with glucoamylase hydrolysis exhibited a 

higher viscosity than those of alpha-amylase and hybrid hydrolysis. The viscosity was 

associated with the size of particles in the hydrolysate. An et al. [27] found that the 

viscosity increases with the number of particle granules. In this study, the mean 

particle size of the group with glucoamylase was 206.4 μm, which was higher than 

those of alpha-amylase and hybrid hydrolysis (Table 3). Thus the high viscosity of the 

hydrolysate with glucoamylase was attributed to the larger particle size. The lowest 

viscosity and mean particle size were obtained in the group with hybrid hydrolysis, 

further proving the strong action of the two enzymes on starch.  
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Fig. 6. The viscosity of the native food waste and its hydrolysate at the shear rate of 

1.0 to 95 s-1.  

The low viscosity of hydrolysate can bring lots of benefits to the downstream 

process. Firstly, the transportation of substrates will be viable in the pipeline, which 
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will make the process operation more easier. Secondly, the efficiency of mass and 

energy transfer will be high when the hydrolysate is used in reactors. In this case, the 

economic performance of the downstream process can be improved by saving energy. 

Thirdly, the soluble glucose can be easily separated from hydrolysate to obtain 

glucose solution with high purity which can be used for value-added chemicals 

production. The sharp decrease on the viscosity was achieved with hybrid hydrolysis , 

providing an insight that it was technical feasible to hydrolyze food waste using the 

two-stage hydrolysis platform. 

3.6 Mass balance and economic evaluation  

Mass balance was conducted on the basis of one ton treated food waste to evaluate 

the economic performance of acidic, alkali and enzymatic hydrolysis, as show in Fig. 

7. Compared with enzymatic hydrolysis, acidic and alkali hydrolysis exhibited lots of 

advantages because only strong acidic and alkali conditions were required without of 

addition of costly enzymes, where lots of cost can be saved. However, the glucose 

production of chemical hydrolysis was extremely lower than that of enzymatic 

hydrolysis, i.e., the glucose production of one ton treated food waste for acidic and 

alkali hydrolysis were 38.2 and 17.4 kg, respectively, while it was 174.5 kg for 

enzymatic hydrolysis. The low glucose production made the prospects of acidic and 

alkali hydrolysis faint for further utilization. Thus an economic balance was needed to 

evaluate the feasibility and profitability of different hydrolysis methods.  
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Native food waste
1117 ± 29.5 kg

Treated food 
waste

1000 ± 34.4 kg

Acidic hydrolysis
1000 ± 2.3 kg food waste

Alkali hydrolysis
Food waste: 1000 ± 2.3 kg 

First stage
Food waste:1000 ± 2.3 kg

Second stage
Hydrolyzed food waste: 1000 ± 2.3 kg  

Residual chloroform: 1.0 ± 0.01 kg 
Alpha-amylase: 27.8 ± 0.2 kg 

Hydrolysate 1
Total: 1091.1 ± 1.5 kg
Glucose: 38.2 ± 0.7 kg

Solid fraction: 302.1 ± 1.1 kg  

Hydrolysate 2
Total: 1057.5 ± 2.4 kg;
Glucose: 17.4 ± 0.3 kg;

Solid fraction: 298.0 ± 1.4 kg

Hydrolysate 3
Total: 1054.9 ± 4.6 kg;

Glucose: 174.5 ± 2.7 kg;
Solid fraction: 200.2  ± 3.7 kg

Impurities
55 ± 15.1 kg

Scope of economic balance

Waste oil 
62 ± 27.1 kg

Separation

Two-stage enzymatic  hydrolysis

Chloroform
1.0 ± 0.01 kg

Alpha-amylase
27.8 ± 0.2 kg Glucoamylase

5.5 ± 0.12 kg

NaOH: 6.5 ± 0.1 kg
Water: 29.35 ± 0.3 kg HCl: 10.84 ± 0.05 kg;

Water: 10.84 ± 0.05 kg

HCl: 23.34 ± 0.12 kg; 
Water: 23.34 ± 0.12 kg NaOH: 8.6 ± 0.1 kg

Water: 35.83 ± 0.4 kg

HCl: 3.05 ± 0.05 kg;
Water: 3.05 ± 0.05 kg

NaOH: 2.8 ± 0.02 kg;
Water: 11.67  ± 0.08 kg

 

Fig. 7. Mass balance of acidic, alkali and enzymatic hydrolysis of food waste. 
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Table 4 Economic evaluation of acidic, alkali and enzymatic hydrolysis of food waste 

($/t treated food waste)  

Item Acidic 

hydrolysis 

Alkali 

hydrolysis 

Enzymatic 

hydrolysis 

Cost of electricity  0 0 11.93 

Cost of enzymes 0 0 5.79 

Cost of chemicals 3.64 2.40 0.31 

Profit of glucose 12.14 4.97 49.85 

Balance of outcome and income 8.50 2.57 31.82 

 

The evaluation of economic performance of three different hydrolysis is shown in 

Table 4. Compared with chemical approaches, enzymes and more electricity 

(supplementary information) were required by enzymatic hydrolysis, reducing the 

economic performance of enzymatic method. For instance, more cost of electricity 

($ 11.93 /t treated food waste) and enzymes ($ 5.79 /t treated food waste) was 

expended with enzymatic hydrolysis, which was obviously higher than the cost of 

acidic hydrolysis ($ 3.64 /t treated food waste). However, it was noteworthy that the 

economic performance of enzymatic hydrolysis was remarkably improved with the 

profit of high glucose production ($ 49.85 /t treated food waste). With the outstanding 

profit, an economic balance was obtained ($ 31.82 /t treated food waste) with 

enzymatic hydrolysis, which was remarkably higher that that of acidic ($ 8.5 /t treated 

food waste) and alkali hydrolysis ($ 2.57 /t treated food waste). These results implied 

that an extra profit was produced with covering the high cost of enzymes and 

electricity using enzymatic hydrolysis.  



27 

3.7 Discussion  

The increasing production of food waste makes it feasible to develop a platform for 

food waste hydrolysis to obtain high concentration of glucose which can be 

subsequently used in manly fields: (1) biological fermentation to produce 

biochemicals such as bioethanol [34]; (2) chemical industry to produce chemical 

products such as plastics, adhesive, etc [35, 36]. For the platform, high hydrolysis 

efficiency is essential because food waste is easily biodegradable at ordinary 

temperature. Moreover, high concentration and purity of glucose in the hydrolysate is 

important to satisfy the manufacturing demand. To achieve this goal, it is necessary to 

provide physical pretreatment for separating the impurities from organic substrates 

and shattering the massive organic materials into small pieces, which can provide 

larger surface for enzymes and organic granules. More importantly, a proper 

hydrolysis condition can help to improve the concentration of glucose, where the 

combination of alpha-amylase and glucoamylase was suggested in this study. Among 

the sequential steps of food waste treatment, the enzymatic hydrolysis of starch to 

glucose is the most critical step. The specificity of the enzymes makes the component 

of hydrolysate more pure than that of the physical and chemical hydrolysis, where 

glucose dominated the reducing sugar. The high purity and high concentration of 

glucose enhanced the feasibility of value-added chemicals production from food 

waste.  

The existing of some chemicals in hydrolysate, such as ammonia, sodium and free 

oil, will influence the further application of food waste, which can be significantly 

affected by physical pretreatment. With the hydrolysis of food waste, the coalition 

between starch and protein molecules which mainly exists in the cereal products was 

broken and some of the protein dissolved in the aqueous phase. The soluble protein 
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was easily degraded into ammonia, resulting in the increase of ammonia concentration. 

Moreover, high concentration of sodium was usually observed in Chinese cooked and 

salted food, which was released with enzymatic hydrolysis, leading to the 

improvement of sodium in the aqueous phase of hydrolysate. However, excessive 

ammonia and sodium will negatively influence the downstream processes. For 

instance, when the hydrolysate is used as feedstock for biomethane production, the 

synthesis of adenosine triphosphate and the oxidation of NADPH in the 

methanogenesis step can be promoted with low concentration of sodium, while it will 

be inhibited by high concentration of sodium [28]. In addition, it was noteworthy that 

most of the superficial oils was removed prior to enzymatic hydrolysis in this study. 

Thus no remarkable influence of lipid on the food waste hydrolysis was observed. 

However, the free oil which accounts for about 0.5% of the native food waste has an 

outstanding application prospect [29]. Theoretically, a high methane production of 

1014 mL/g can be obtained when the lipid is used as substrate, which is 2.7 times 

higher than that of glucose [30]. Thus it is unnecessary to separate the free oil out of 

the food waste when the food waste is used for biomethane production. Nevertheless, 

it is indispensable to separate the free oil from food waste with the purpose of 

obtaining high purity of glucose for the production of some value-added biochemicals 

such as enzymes, because the lipid will negatively influence production of these 

biochemicals [31]. Hence, the selection of physical pretreatment depends on the 

product of the downstream process.  

Most of the organic substrates experienced a cooking process with high 

temperature before food waste was formed. During the process, the gelatinization of 

starch occurred and the starch swelled with the action of water. Thereafter, the 

amylose and amylopectin regrouped by hydrogen bonding, and the starch structure 



29 

became stable from disorder to an order structure when it cooled down [32]. The SEM 

analysis showed that the granule pattern of the control was different with the native 

starch reported previously [33]. A spongy structure was formed by the adjacent starch, 

which can be explained by the adherence between starch and other materials such as 

fatty acids. The glycosidic bond was ruptured with enzymatic hydrolysis, leading to 

the reveal of amorphous region which was more susceptible to enzymatic hydrolysis 

than the crystalline region, which explained the increase of crystalline region. With 

the hydrolysis of starch, the size of particles decreased and the insoluble starch was 

converted into soluble glucose, leading to the reduction of the viscosity of hydrolysate. 

It is essential for the hydrolysate to reduce viscosity, because it can widen the 

application space for glucose utilization.  

Our study provided a two-stage platform for food waste valorization to produce 

high concentration and high purity of glucose. However, the electricity used for 

heating food waste and the commercial enzymes took a large proportion of the cost of 

enzymatic hydrolysis. To reduce the cost of enzymatic hydrolysis, more works in the 

future need to focus on the development of new enzymes using ordinary temperature 

to save more electricity. Moreover, the recovery of enzymes is another trend to reduce 

the dosage of enzymes. Besides, there was a majority of microorganisms in food 

waste which will negatively influence hydrolysis. Thus the sterilization was used in 

this study for the long-term storage of food waste. Nevertheless, in the future practical 

application, it is unnecessary to use sterilization with addition of little amount of 

chloroform to kill the methanogen which can save a lot of expense. In addition, for 

the further application of glucose, more values can be created by the production of 

biodegradable plastics ($ 1500 - 3000 /t biomass) and enzymes ($ 1000/t biomass) to 

gain a more higher economic income [4, 5].  
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4. Conclusions 

In this study, the two-stage enzymatic hydrolysis platform was developed to 

improve the hydrolysis efficiency and reducing sugar production, with deep 

understanding of the changes of physical and chemical structures of the solid fraction 

and pasting property of liquid. The solid starch, dextrin as well as maltose were 

hydrolyzed thoroughly by alpha-amylase and glucoamylase and the highest reducing 

sugar concentration of 204.2 g/L was obtained in the two-stage platform. High purity 

of glucose (> 99%) was produced according to HPLC analysis, which can be used for 

the production of value-added chemicals. Moreover, results of SEM, FT-IR and XRD 

demonstrated that the solid fraction was completely broken by enzymes, resulting in a 

sharp decrease on the particle size and a quite low viscosity of hydrolysate, which 

benefited for the operation of the downstream process. In addition, mass balance and 

economic evaluation illustrated that high expense will be spent on electricity heating 

food waste and commercial enzymes with hybrid hydrolysis. However, the two-stage 

enzymatic hydrolysis exhibited high feasibility and profitability than the chemical 

hydrolysis due to the remarkable profit of the high concentration of glucose.   
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