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a b s t r a c t

In this study, the feasibility of hydrogen production from food waste using a combined bioprocess of
solid-state fermentation (SSF) and dark fermentation was investigated. Food waste was first used to
produce glucoamylase and protease enzymes via SSF using Aspergillus awamori and Aspergillus oryzae.
The produced enzymes were then used to release glucose and free amino nitrogen (FAN) from the food
waste. Both glucose and FAN increased with increasing of food waste mass ratio from 5% to 15% (w/v).
However, the glucose yield and starch conversion decreased from 0.434 g glucose/g food waste and 96.2%
to 0.307 g glucose/g food waste and 68.1%, respectively, when the food waste mass ratio increased from
5% to 15% (w/v) probably because of the deactivation caused by high temperature or protease. The food
waste hydrolysate was then used as the nutrient source for dark fermentative hydrogen production by
Biohydrogenbacterium R3. The best hydrogen yield of 52.4 mL H2/g food waste was achieved at food
waste mass ratio of 5% (w/v). The modified Gompertz model could be used to describe the cumulative
hydrogen production for the food waste hydrolysate. The results demonstrated a promising combined
bioprocess for hydrogen production from food waste.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Due to the emission of greenhouse gas and depletion of fossil
fuel, interest in the development of sustainable and non-pollution
energy is increasing (Urbaniec et al., 2010). Hydrogen is consid-
ered to be one of the most promising alternative energy carriers of
the future since it is clean and renewable. Furthermore, the energy
yield of hydrogen is 122 kJ/g which is 2.75 times higher than that of
fossil fuel (Sharma et al., 2011). Biological hydrogen production
which could deal with the conversion of low cost residues or
organic waste/wastewater to hydrogen has attracted considerable
attention by the researchers (Miltner et al., 2010). Dark fermenta-
tion and photosynthesis are the two main biological methods for
hydrogen production (Lay et al., 2012). Dark fermentation could
produce hydrogen without light limitation which is considered to
be a promising way (Sagnak et al., 2011). However, it is difficult to
realize dark fermentative hydrogen production for industrial scale
since the problem of low hydrogen yield and high cost should be

overcome (Han et al., 2012). Waste and wastewater show great
potential for economical production of hydrogen because produc-
ing a valuable product from waste could reduce disposal cost and
enhance the economic benefit (Kim et al., 2009; Urbaniec and
Grabarczyk, 2014).

Every year, nearly 1.3 billion ton of food waste is produced
which accounts for 40% of the total municipal solid waste. The food
waste consists of around 60% carbohydrates and 20% proteins
which make it a promising source of nutrient for the production of
high value products, such as hydrogen and methane (Han et al.,
2015a). However, the nutrients need to be broken into ferment-
able forms before utilized for hydrogen production. Therefore, the
hydrolysis of macromolecules (starch and protein) to micro-
molecules (glucose and free amino nitrogen) is considered to be the
limiting step for dark fermentative hydrogen production (Zhang
et al., 2012). Physical and chemical pre-treatments could convert
the macromolecules into utilizable forms, but various inhibitory
products (such as furfural) could also be produced (Gustavo et al.,
2009). Enzymatic hydrolysis would be a promising way because it
could release the nutrients (glucose and free amino nitrogen) from
food waste with advantage of high hydrolysis speed (Leung et al.,
2012). However, studies on dark fermentative hydrogen produc-
tion from enzymatic hydrolysis of food waste are limited.
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Therefore, the purpose of this study is to investigate the po-
tential of a combined bioprocess of solid-state fermentation (SSF)
and dark fermentation for hydrogen production from food waste.
Aspergillus awamori and Aspergillus oryzaewere utilized to produce
glucoamylase and protease via SSF, respectively. Food waste at
three different values of the mass ratio was hydrolyzed by the
obtained enzymes to produce the food waste hydrolysate rich in
glucose and free amino nitrogen (FAN). The food waste hydrolysate
was then used as substrate for dark fermentative hydrogen pro-
duction by Biohydrogenbacterium R3. The effect of the glucose
concentration in the food waste hydrolysate on the performance of
hydrogen production was also examined.

2. Materials and methods

2.1. Microorganisms

The microorganisms of A. awamori and A. oryzae used in this
study were purchased from Shanghai Beinuo Biotechnology Co.,
Ltd. Prior to the experimental work, they were prepared according
to the previous publication (Pleissner et al., 2014) and stored
at �80 �C until used for SSF. The hydrogen-producing bacteria of
Biohydrogenbacterium R3 were isolated from anaerobic sludge of a
fermentative hydrogen production fermenter and stored in cryo-
preservation vials at �80 �C. The 16S rRNA gene sequence of Bio-
hydrogenbacterium R3 has been deposited in the NCBI nucleotide
sequence database with the accession number of AY363375 (Ren
et al., 2012). The defined medium used for Biohydrogenbacterium
R3 culture and fermentative hydrogen production was prepared
according to Ren et al. (2012) except the carbon and nitrogen
sources were replaced with food waste hydrolysate. The microor-
ganism was cultivated in a 250 mL shake flask containing 150 mL
defined medium at 37 �C. In order to ensure anaerobic condition,
the culture flaskwas purgedwith N2 for 10min prior to inoculation.
The rotation speed of incubator for seed culture was 200 rpm. The
active culture in the mid-log phase was stored at �80 �C and used
as inoculum for fermentative hydrogen production.

2.2. Solid-state fermentation and food waste hydrolysate

Food waste was collected from the canteen of Hangzhou Dianzi
University and immediately brought to laboratory for processing. It
was mixed thoroughly in a blender after removing bones and shells
by hand. Table 1 showed the composition of food waste which was
measured according to Standard Method (APHA et al., 1998). Solid-
state fermentation was performed in two Petri dishes containing
15 g blended food waste with 1 mL of spore solution of A. awamori
(4 � 106 spores per mL) and A. oryzae (1 � 106 spores per mL),
respectively. The plates were then incubated under static condition
at 30 �C for 4 days to obtain the fermented solid mashes of glu-
coamylase and protease.

Enzymatic hydrolysis of food waste was carried out in a 3 L
bioreactor with the fermented solid mashes at agitation speed of
500 rpm and temperature of 55 �C. The total volume of the blend
was adjusted to 1 L by addition of demineralized water. After the

hydrolysis process, solid content of the paste was centrifuged at
10,000 rpm for 30min and filtered byWhatman No.1 filter paper to
produce the food waste hydrolysate. Small amount of oil was also
removed. The aqueous food waste hydrolysate was kept frozen
at �20 �C until used as the substrate for dark fermentative
hydrogen production.

The solid-state fermentation for enzymes production and sub-
sequent enzymatic hydrolysis of food waste were performed in
triplicate.

2.3. Dark fermentative hydrogen production

Dark fermentative hydrogen production was performed at 37 �C
in a 3 L fermentor with working volume of 500mL using foodwaste
hydrolysate. The inoculum size of bacteria (Biohydrogenbacterium
R3) was 2% (v/v). Dark fermentation was conducted with external
N2 sparging into the broth at a rate of 0.5 vvm and agitated at
300 rpm by magnetic stirrer. Fermentation pH was automatically
controlled between 4.0 and 4.6 using 5 M NaHCO3 and 0.005 M
H2SO4. The fermentative hydrogen production from food waste
hydrolysate was carried out in duplicate.

2.4. Analytical methods

The cell dry mass (CDM) was determined from the steady state
of the optical densities at each initial glucose concentration using
Eq. (1) for Biohydrogenbacterium R3. The procedure of glucose and
FAN measurements were described by our earlier publication
(Pleissner et al., 2013; Han et al., 2015b).

CDMðg=LÞ ¼ ð0:258� Optical Density600Þ þ 0:001 (1)

The gas products (mainly H2 and CO2) were analyzed by gas
chromatography (GC) equipped with a thermal conductivity de-
tector (TCD) and a stainless steel column (2 m � 5 mm) filled with
Porapak Q (50e80 meshes). Nitrogen was used as the carrier gas at
a flow rate of 30mL/min. A dose of injected samplewas 0.5 mL each
time.

The soluble microbial products (SMPs) (including ethanol, ace-
tate, butyrate and propionate) in the fermentation solution were
analyzed by another GC using flame ionization detector (FID). A 2-
m stainless steel column was packed with the supporter GDX-103
(60e80 meshes). The temperatures of the injection port, oven
and detector were 220 �C, 190 �C and 220 �C, respectively. The
carrier gas was nitrogen at a flow rate of 30 mL/min.

2.5. Kinetic analysis

The starch and protein hydrolysis by glucoamylase and protease
with different initial food wastemass ratios (5%, 10% and 15%) (w/v)
followed the first-order (Eq. (2)) reaction rate equation.

CðtÞ ¼ C∞
�
1� e�kt

�
(2)

where C(t) is the glucose/FAN concentration at time t, C∞ is the
saturation concentration of glucose/FAN and k is the kinetic con-
stant (1/s).

Amodified Gompertz equation (Eq. (3)) was used to describe the
cumulative hydrogen production curve.

CHP ¼ Pexpf � exp½ðRme=PÞðl� tÞ þ 1�g (3)

where CHP is the cumulative hydrogen production (L), P is the
maximum potential hydrogen production (L), Rm is the maximum
hydrogen production rate (L/h), l is the lag-phase time (h), e is

Table 1
Composition of food waste used in this study (per 100 g food waste).

Component Value (g) Component Value (g)

Moisture 78.3 ± 1.5 Starch (dry basis) 40.6 ± 0.6
Total solid (TS) 19.6 ± 1.2 Protein (dry basis) 10.5 ± 0.5
Volatile solid (VS) 17.8 ± 0.9 Total phosphorus

(dry basis)
1.6 ± 0.06

Carbohydrate (dry basis) 42.7 ± 0.8 Lipid 6.2 ± 0.7
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