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Abstract
Dark fermentation of food leftovers for hydrogen production has been studied using a two-stage upflow anaerobic biofilter 
reactor. To determine the optimum temperature for hydrogen production, the two reactors were operated in parallel at two 
different temperatures: 35 °C and 45 °C as suitable for prevailing ambient temperature in Egypt. The results indicated that 
hydrogen production at 45 °C was higher than that at 35 °C. To determine the optimum organic loading rate, a comparative 
study was carried out using two different OLRs: 10- and 20-g COD/L day. The system was run in a consecutive manner. 
The first bioreactor for H2 production and the second for CH4 production. Under optimal temperature (45 °C), the hydrogen 
production rates were 51.9 mL/L day and 10 mL/L day for OLRs 20- and 10-g COD/L day, respectively. When a drop in H2 
production occurred, in situ aeration for 24 h was carried out to deactivate methanogens. The total energy production was 
improved by combining H2 and CH4 bioreactors.
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Introduction

World economic growth and rapid urbanization require more 
energy to fuel increasing levels of activities [1]. World pri-
mary energy consumption increased from the 2000 annual 
figure of 9400 million tons of oil to over 13,000 million 
tons of oil in 2015 [2]. At the same time, the reserves of 
primary energy can hardly meet the quick-growing demand. 
This crisis forces decision-makers and scientists to search for 
renewable energy resources. It has been planned to increase 
the share of renewable energy from around 3% today to 9% 
in the next 20 years [2]. A variety of resources has been 
used for renewable energy production. One of the most 
reliable resources is municipal solid waste (MSW). The 
amount of generation of this resource is increasing due to 
rapid population growth and change in consumption pat-
terns [3, 4]. According to the World Bank report in 2012, 
3 billion urban residents all over the world generated 1.3 
billion tons of MSWs per year. The World Bank (2012) [5] 

reported that this quantity is expected to increase to 2.2 bil-
lion tons by the year 2025. Egypt generates around 20.5 
million tons of MSW per year, which is expected to exceed 
30 million tons by the year 2025 [6]. In Egypt, food waste 
(FW) usually represents 56% of MSW [7]. A small part of 
this valuable resource is treated through sanitary landfilling. 
The rest is burnt or end up in open dumpsites creating severe 
health and environmental problems [8]. With the growing 
concern over environmental issues and the escalating cost 
of fossil fuel, there has never been a greater need for sus-
tainable and affordable methods to recycle organic wastes 
than today. Conversion of organic wastes into hydrogen has 
emerged as one of the most promising techniques. Hydrogen 
is considered an ideal energy source with no carbon diox-
ide emissions; water is the only by-product when it burns 
[9]. Hydrogen has a high heating value of 285.8 kJ/mol and 
maximum electricity production of 237.2 kJ/mol, which can 
be generated by a fuel cell [10]. At the same time, it does not 
contribute to greenhouse-gas production [11].

Hydrogen is produced via methods such as biological fer-
mentation of organic substrates through a metabolic route. 
These methods are either light dependent (photo-fermenta-
tion; e.g., photosynthetic bacteria) or light independent (dark 
fermentation: e.g., anaerobic bacteria) [12]. In photo-fer-
mentation, hydrogen gas is produced by anaerobic bacteria, 
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which metabolize volatile organic acids, including lactic 
acid, acetic acid, and butyric acid in the presence of light. 
These volatile acids are used by the microbes as a carbon 
source for their metabolism thereby releasing hydrogen as 
a by-product [13]. Algae, cyanobacteria and photosynthetic 
bacteria are able to perform photo-fermentation. The draw-
back of this technique is the difficulty of having a reactor 
design, which allows and maintains sunlight penetration into 
a highly turbid bioreactor. This situation leads to low rates 
of hydrogen production from photo-fermentation bioreactors 
[14]. Dark fermentation can produce hydrogen by anaero-
bic bacteria grown in the absence of light [15]. Compared 
to photo-fermentation, dark fermentation has an enhanced 
process economy for lower energy requirements, utilization 
of low-value waste as raw materials [14] and high hydro-
gen yield [15]. Recently, anaerobic fermentation of wastes 
is generally gaining the attention of many researchers due 
to its capability of production of biogases as well as biofu-
els [16]. Biogases and biohythane produced from anaerobic 
fermentation has a great potential in terms of organic waste 
utilization by reducing negative environmental impacts and 
supplying renewable energy sources as well [17, 18].

A variety of bioreactors have been used for hydrogen 
production via dark fermentation. Continuous stirred tank 
reactor (CSTR) has been used by Ren et al. [19] to produce 
hydrogen from molasses, where the hydrogen production 
yield reached 26.13 mol/kg CODremoved within OLR range 
of 35–55 kg COD/m3

reactor/day. Hussy et al. [20] obtained a 
hydrogen yield of 1.3 mol of hydrogen per mole of glucose 
using CSTR. One of the drawbacks of CSTR is the wash-
out of solids. To overcome this problem, Gomes et al. [21] 
designed a multiple-PVC tube fixed-bed reactor. A hydrogen 
production rate of up to 610 mL/h has been reported. Car-
rillo-Reyes et al. [22] used upflow anaerobic sludge blanket 
(UASB) to produce 0.37 L H2/L/day from cheese whey.

Using two-stage bioreactors is becoming more popular 
due to its advantages regarding the degradation of most 
of the wastes and more energy production as well. Kyazze 
et al. [23] used two-stage CSTR for digestion of 10 g/L of 
Sucrose to produce hydrogen from the first stage and meth-
ane from the second stage. He reported that hydrogen and 
methane yields were 0.2 mol H2/mol hexose added and 
323 mL CH4/g COD added; however, the two-stage upflow 
anaerobic biofilter reactor (UABR) used in this study was 
more simpler and did not need impeller for stirring. Minale 
et al. [24] used UABR for biogas production from sanitary 
wastewater mixed with kitchen solid waste. He reported that 
the average of COD and BOD of his study was 59.8 g/L and 
31.1 g/L; however, food leftovers used in this study were 
characterized by average COD of (181.8 g/L) and average 
BOD of (96.5 g/L) which indicate that this food leftovers are 
richer in carbon content and, therefore, able to produce more 
hydrogen and methane gases. Minale et al. [24] reported that 

methane gas percent in the biogas was ranged from 19.8 to 
52.8%. Another researcher, Fufa et al. [25] used the UABR 
for methane production from sewage sludge mixed with 
abattoir wastes, and he reported that the methane percent in 
the biogases reached 56.9%.

In the current research, the aim was using UABR for 
bio-hydrogen production from food leftovers (FL) that is 
improper for human consumption from restaurants. The 
main objectives were: (1) to investigate the effect of different 
temperatures and OLRs for H2 yield and FL treatment using 
UABR, (2) to study the impact of in situ aeration manage-
ment interval on biohydrogen production, and (3) to evaluate 
the impact of methane production on the total energy yield 
as a second stage.

Material and methods

Feedstock preparation and characterization

The feed used for the present study was FL collected from 
a near-by restaurant in Cairo-Egypt. FL was sorted manu-
ally for the removal of any inert components. It consisted 
of a mixture of grains, bread, vegetables, fruits, rice, and 
meat and it was homogenized using an electric blender, 
sieved through a standard sieve (0.6-mm opening), then 
diluted with water according to the required concentration. 
The inoculum sludge used for all experiments was collected 
from an anaerobic sludge digester from a wastewater treat-
ment facility. The total solids (TS) and total volatile solids 
(TVS) content of the sludge were 9.0 and 7.2 g/L, respec-
tively. Table 1, shows the average characteristics of the raw 
FL, indicating, as would be expected, that the FL is mostly 
organic and, therefore, a potentially biodegradable substrate. 

Table 1   Average properties of the FL before using as feed stock in 
this study

Number Unit Min Max Average ± SD

pH – 4.5 5.2 4.8 ± 0.21
CODtot g/L 97.5 296.5 181.8 ± 47.7
BODtot g/L 41 170 96.5 ± 31.4
Ammonia g N/L N.D 0.58 0.2 ± 0.13
TKN g N/L 2.04 11.83 6.5 ± 3.2
Organic nitrogen g N/L 1.704 11.661 6.3 ± 3.2
Protein tot g N/L 10.65 72.88125 39.5 ± 20.4
TSS (105 °C) g/L 26.36 143.6 78.4 ± 34.7
VSS (550 °C) g/L 19.6 124.4 56.4 ± 28.7
VFA g/L 2.04 17.64 5.5 ± 3.0
Carbohydratestot g/L 57.76 140.3815 87.6 ± 21.0
Oil and grease g/L 4.82 83 34.1 ± 17.0
PO4-p g P/L 0.35 1.76 0.9 ± 0.25
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Before starting the experimental runs, the inoculum sludge 
was heated at 100 °C for one hour, so that hydrogen auto-
trophic methanogens could be deactivated and this thermal 
treatment will enrich the spore-forming hydrogen-producing 
bacteria [26].

Experimental setup

A schematic diagram of the experimental set-up is presented 
in Fig. 1. It consists of two Upflow Anaerobic Biofilter Reac-
tor (UABR) with a working volume of 4.5 L each. The sys-
tem is provided with continuous feed supply and temperature 
control facilities, which allow the separate adjustment of 
the two reactors. The biogas produced from each reactor 
is collected separately in a volumetrically calibrated gas 
collector by 3-M sodium hydroxide displacement for CO2 
scrubbing. The sodium hydroxide solution was replaced 
when its pH dropped below 9.5–10, as shown by an indica-
tor solution (thymolphthalein 0.2% w/v). The two reactors 
were consecutively connected but, at the same time, can be 
separately operated. The system was operated in a continu-
ous mode using peristaltic pumps (model: W8 anaerobic 
digester, Armfield, UK).

Strategy of UABR operation

First run: impact of temperature on hydrogen production

During this run, the two upflow anaerobic bioreactors were 
operated in parallel and fed continuously with the same feed 

at the same HRT (17 h). The temperature was adjusted at 
35 °C ± 0.5 °C in the first reactor and at 45 °C ± 0.5 °C in 
the second one, as shown in Fig. 2. When a drop in H2 pro-
duction occurred, in situ aeration for 24 h was carried out.

Second run: impact of organic loading rate (OLR)

The impact of increasing the applied organic loading rate 
from 10 g COD/L day to 20 g COD/L day on hydrogen 
production has been investigated. Based on the results of 
the first run, the high temperature (45 °C) was selected and 
kept constant by an electric heating mat wrapped around the 
external wall of the reactor for this run. The pH of the influ-
ent (the feed to the H2 reactor) was adjusted to be around 5.5. 
The pH of the effluent of the H2 reactor (the feed to the CH4 
reactor) was adjusted to be around 8.0. The HRT was kept 
constant throughout the whole experimental period at 17 h, 
in each reactor. For hydrogen reactor, when a drop in H2 pro-
duction occurred, in situ aeration for 24 h was carried out.

Analytical methods and calculations

The performance of the system was monitored by measur-
ing the following set of parameters: chemical oxygen demand 
(COD), biological oxygen demand (BOD5), total suspended 
solids (TSS), volatile suspended solids (VSS), carbohydrates, 
and volatile fatty acids (VFA) as acetate for the raw FL and 
effluents of each reactor. Carbohydrates were measured 
according to the phenol–sulfuric acid method, using glucose 
as standard [27]. Biogas composition including H2, CH4, H2S, 

Fig. 1   Schematic diagram of two-stage UABR for dark fermentation of FL
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CO2, and O2 was determined using portable biogas 5000 gas 
analyzer (Geotech, Geotechnical Instruments (UK) Ltd, Eng-
land). The rest of the parameters were measured according to 
APHA [28].

Bacterial isolation and identification from hydrogen 
and methane reactors

Isolation of the most prevalent bacterial microorganisms 
found in the reactor at optimum conditions was carried out. 
Selected colonies were identified using the Biolog GEN III 
system (BIOLOG, USA). The Micro Plate™ test panel pro-
vides a standardized micro-method using 94 biochemical tests 
to profile and identify a broad range of Gram-negative and 
Gram-positive bacteria. The microbial identification systems 
software was used to identify the bacterial isolates from its 
phenotypic pattern in the GEN III Micro Plate. The suspected 
colonies were streaked onto the Trypticase Soya Agar (TSA, 
Sigma-Aldrich, UK) plate and incubated at 37 °C for 24 h. 
Overnight, the microplates were incubated at 37 °C [29].

Results and discussions

Hydrogen and methane production at different 
temperatures with in situ aeration after hydrogen 
drop

Variations in hydrogen and methane percent production at 
the two temperatures investigated are depicted in Fig. 3. 
Available data indicated that the hydrogen and methane 

Fig. 2   Different operating conditions of UABR used in this study a H2 production from one-stage UABR at 35 °C and b 45 °C. c H2 and CH4 
productions from two-stage UABR at OLRs 10-g COD/L day and d 20-g COD/L day

Fig. 3   Impact of temperature and in situ aeration on H2 and CH4 per-
cent production (moving average 2 days)
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percent in the biogas produced from the two reactors was 
the same for up to 30 days. From day 30 till day 89, the 
hydrogen percentage ranged from 4 to 12% and from 14 to 
28% for temperatures 35 °C and 45 °C, respectively. The 
methane percent ranged from 88 to 96% and from 72 to 
86% for temperatures 35 °C and 45 °C, respectively, for the 
same period. Then, a drop in hydrogen production has been 
reported. To deactivate methanogenic organisms, the air was 
injected in the bioreactors. At day 90 after aeration, hydro-
gen production increased from 4 to 14% and from 14 to 40% 
for temperatures 35 °C and 45 °C, respectively. Correspond-
ing methane percent values decreased from 96 to 86% and 
from 86 to 60% at temperatures 35 °C and 45 °C, respec-
tively. At day 120, hydrogen content in the biogas dropped to 
4% and 14% at temperatures 35 °C and 45 °C, respectively. 
Thus, aeration was repeated. After this, hydrogen percent 
increased from 4 to 14% and from 14 to 40% for tempera-
tures 35 °C and 45 °C, respectively. Corresponding methane 
production decreased from 96 to 86% and from 86 to 60% at 
temperatures 35 °C and 45 °C, respectively. This recovery 
period lasted for 15 days. Similar results have been reported 

by Zhu et al. [30]. Variations in daily biogases production 
at the two temperatures investigated are presented in Fig. 4. 
Average daily biogas production at 35 °C was 105.6 mL/day. 
Corresponding value at 45 °C was 290.8 mL/day. At high 
temperature, the average hydrogen production and hydrogen 
production rate (HPR) were 59.2 mL/day and 13.2 mL/L day. 
At low temperature, average hydrogen production and HPR 
were 49.6 mL/day and 11 mL/L day. This period lasted for 
140 days to evaluate the impact of aeration on the bioreactor.

Treatment efficiency and production of VFAs in bioreactors

Characteristics of the effluents of the two reactors operated 
at the two different temperatures (35 °C and 45 °C) and 
constant HRT (17 h) are presented in Table 2. The results 
show that COD values were reduced by 61.5% and 77.3% 
at temperatures 35 °C and 45 °C, respectively. Carbohy-
drates concentrations were reduced from 4.58 to 2.19 and 
1.10 g/L at the low and high temperatures. Corresponding 
TSS reduction values were 89.4% and 89.5%, respectively. 
Such obtained values of the current investigation are higher 
than those obtained by Nazlina et al. [31] who reported only 
12% removal for low temperature and 24% for high tem-
perature for using 20% sludge: 80% food waste. The average 
concentrations of VFAs were 755- and 1041-mg acetate/L 
for 35 °C and 45 °C, respectively. Increasing temperatures 
lead to increasing VFAs as well.

Hydrogen and methane production at different 
OLRs

For this run, the two UABR were operated in a consecutive 
mode. The effluent of the first reactor was fed to the second 
reactor after pH adjustment at 8.0 using 1-M sodium hydrox-
ide solution. The temperature was kept constant in the two 
reactors at 45 °C. The first reactor was operated to produce 
H2 and the second for CH4 production. The HRT was kept 
constant at 17 h in the H2 reactor as well as in the CH4 reac-
tor. The system was operated using two organic loads of 10 
and 20-g COD/L day.

Fig. 4   Total daily biogas at different temperature (moving average 
2 days)

Table 2   Performance of the 
UABR fed with diluted FL at 
different temperatures (1-kg 
food waste: 20-kg water)

a Low temperature (35 °C)
b High temperature (45 °C)

Parameter Unit influent Effluent Ra % Removal Ra Effluent Rb % Removal Rb

pH – 5.5 5.3 – 5.5 –
COD gO2/L 9.46 ± 2.04 3.64 ± 0.65 61.5 ± 4.4 2.15 ± 0.42 77.3 ± 4.9
BOD gO2/L 5.07 ± 1.71 1.84 ± 0.51 63.7 ± 5.4 0.91 ± 0.54 82 ± 6.1
TSS g/L 4.59 ± 1.15 0.48 ± 0.15 89.4 ± 7.1 0.47 ± 0.15 89.5 ± 7.0
VSS g/L 3.88 ± 1.37 0.41 ± 0.12 89.3 ± 11.7 0.40 ± 0.12 89.4 ± 11.0
VFA mg acetate/L 218.2 ± 78.1 755 ± 211 – 1041 ± 165 –
Carbohydrates g glucose/L 4.58 ± 0.96 2.19 ± 0.43 52.2 ± 6.2 1.10 ± 0.36 76 ± 5.7
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Performance of first‑stage: hydrogen reactor with in situ 
aeration after hydrogen drop

Figure 5 shows the variations in H2 and CH4 production as 
a function of the organic loading rate (OLR). The results 
obtained indicated that after reaching the steady state, the 
biogas was the only hydrogen for the two OLRs. This situa-
tion lasted for 10 days for the two OLRs, after which meth-
ane started to be produced and hydrogen content dropped 
gradually till day 24. This decrease pushed us to inject air in 
the bioreactors. After aeration, hydrogen percent increased 
from day 24 till day 34 for the OLR of 20-g COD/L day and 
an increase in H2 production up to 250 mL/day has been 
reported, after which a gradual decline took place. For OLR 
10-g COD/L day, H2 production remained more or less con-
stant up to day 50 when almost no hydrogen was produced. 
These results are in agreement with those reported by Lee 
et al. [32]. Hydrogen production and HPR were 233.6 mL/
day and 51.9 mL/L day and 46.1 mL/day and 10.2 mL/L day 
for OLRs 20- and 10-g COD/L day, respectively. Fermenta-
tion of food waste produces a maximum theoretical yield 

of 4.0 mol H2 per mole glucose sugar converted, although 
reported yields are typically below this due to thermody-
namic limitation and the generation of by-products [33]. At 
optimum operating conditions of the present study (tempera-
ture of 45 °C and OLR of 20-g COD /L day), hydrogen yield 
equates to 0.22 mol H2/mol Glucose, which indicates that 
our data are below the limit (4.0 mol H2/mol glucose). In 
the first stage, methane production and methane production 
rate (MPR) were 127 mL/day, 28.2 mL/L day and 51 mL/
day, 11.3 mL/L day for OLRs 20- and 10-g COD/L day, 
respectively.

Performance of second stage: methane reactor

Effluents of the hydrogen reactor, operated at the two 
OLRs investigated (10- and 20-g COD/L day), were fed 
continuously to the methane reactor after pH adjustment 
at 8.0. The effluent of OLR of 10-g COD/L day was equal 
to OLR of 2.5-g COD/L day and was fed to the second 
stage. The monitoring of biogas production indicated that 
average daily methane gas production was 40.7 mL/day, 
representing 90% of the total biogas produced. Doubling 
the OLR applied to the system (20-g COD/L day) raised 
residual COD of the effluent of the first bioreactor, conse-
quently, the OLR applied to the second one (4.5-g COD/L 
day). Under this condition, total methane production rose 
to 100.3 mL/day (Fig. 6). Also, methane concentration in 
the biogas produced increased by two percentage points. 
This is compatible with the findings of Zhu et al. [30]. 
The MPR of 9.0 and 22.3 mL/L day was found at the 
OLRs of 2.5- and 4.5-g COD/L day, respectively. This 
increase in methane gas production could be due to the 

Fig. 5   Impact of OLR and in situ aeration on a H2 and b CH4 produc-
tion in the hydrogen reactor (first stage) (moving average 2 days)

Fig. 6   Daily CH4 production from the second stage at two different 
OLRs (moving average 2 days)
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increase in hydrogen production, which acts as a substrate 
for methane production.

Treatment efficiency and production of VFAs in the first‑ 
and second‑stage bioreactors

The hydrogen reactor was fed by FL for around 30 days 
for both OLRs. The effluent of the hydrogen reactor was 
fed to the methane reactor. COD removal values of the 
two reactors were monitored by analyzing the effluents of 
the H2 and CH4 reactors. The results presented in Table 3 
show that the average COD reduction in the hydrogen 
reactor was around 73.2% and 76.7% for OLRs 10- and 
20-g COD/L day, respectively. Over 90% of the remain-
ing COD was removed in the methane reactor for both 
OLRs. These results are higher than those reported by Lee 
et al. [32] who found 20% removal for COD at an OLR 
of 20-g COD/L day. Carbohydrates removal efficiencies 
were 61.8% and 81.6% at OLRs 10-g COD/L day and 20-g 
COD/L day, respectively. Corresponding TSS reduction 
in the first-stage values were 94% and 75%, respectively. 
The VFAs concentrations of the first-stage effluents were 
1003 and 1191 mg/L, respectively. The application of the 
second stage did not only increase energy production but 
also reduced the accumulation of the VFAs in the bioreac-
tor.  The average VFAs concentration were 336 mg/L and 
225 mg/L for OLRs 10-g COD/L day and 20-g COD/L 
day respectively . Previous investigations reported similar 
trends [34].

Microbiological examination of sludge at optimum 
temperature and OLR

Among the many methods that have been developed for 
hydrogen production, the utilization of hydrogen-producing 
microbes is one of the most effective and sustainable meth-
ods. Currently, microbial fermentative hydrogen production 
is achieved mainly in two ways: one utilizes pure microbial 
strains and the other employs a mixed microbial consor-
tium [35]. For the present study, the second option has been 
implemented. Examination of bacterial isolates taken from 
sludge in the optimum condition for the bioreactor, using 
Biolog GEN III confirmed the presence of two bacterial spe-
cies (Bacillus licheniformis and Bacillus pseudomycoides). 
The obtained results are compatible with Shah et al. [36] 
who found that two Bacillus sp. strains, namely F2.5 and 
F2.8, exhibited high H2 yield and were used as a pure culture 
to convert the organic fraction of MSW into hydrogen. These 
bacterial strains could produce up to 61-mL H2/g-VS and 
were considered as excellent candidates towards the devel-
opment of relevant H2-producing inoculants.

Hydrogen, methane and energy bio‑yields 
via single‑stage and double‑stage fermentation 
at optimum conditions

Table 4, shows the average energy bio-yield of the FL using 
the heating values of 120 and 50.0 kJ/g for hydrogen and 
methane [37]. At OLR 20-g COD/L day and Temperature 
45 °C, hydrogen production from FL represented 16.1%, of 
the total energy produced from the two-stage fermentation. 

Table 3   Performance of the 
two-stage UABR fed with FL at 
different OLRs

a First stage
b Second stage

Parameter Unit Influent Effluent Ra % Removala Effluent Rb % Removalb

A—(OLR = 10-g COD/L day)
 pH – 5.5 5.4 – 7.5 –
 COD 6.95 ± 0.3 1.8 ± 0.02 73.2 ± 3.0 0.30 ± 0.03 83 ± 2.0
 BOD gO2/L 3.6 ± 0.11 0.68 ± 0.14 81 ± 4.6 0.19 ± 0.03 71 ± 4.0
 TSS g/L 3.9 ± 0.05 0.2 ± 0.06 94 ± 3.0 0.07 ± 0.01 57.8 ± 17.4
 VSS g/L 2.2 ± 0.02 0.11 ± 0.02 94 ± 3.0 0.06 ± 0.01 37.7 ± 11.6
 VFA 274 ± 5 1003 ± 129 – 336 ± 10 65.9 ± 5.0
 Carbohydrates 3.3 ± 0.04 1.3 ± 0.43 61.8 ± 12.7 0.20 ± 0.08 82.4 ± 4.8

B—(OLR = 20-g COD/L day)
 pH – 5.5 5.4 – 7.5 –
 COD gO2/L 13.65 ± 0.6 3.2 ± 0.51 76.6 ± 4.3 0.79 ± 0.05 74.1 ± 5.9
 BOD gO2/L 7.5 ± 0.03 1.9 ± 0.59 74 ± 7.9 0.72 ± 0.02 60.2 ± 16.3
 TSS g/L 7.9 ± 0.08 1.95 ± 0.66 75 ± 8.6 272 ± 98 85.8 ± 3.0
 VSS g/L 4.6 ± 0.08 1.63 ± 0.54 64.1 ± 11.2 252 ± 100 84.7 ± 2.0
 VFA mg acetate/L 488 ± 81.6 1191 ± 81 – 225 ± 50 79.1 ± 5.9
 Carbohydrates g glucose/L 9.5 ± 0.81 1.7 ± 0.14 81.6 ± 2.5 0.24 ± 0.01 86.3 ± 5.0
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The hydrogen and methane yields of 22.7-mL/g CODconsumed 
and 12.2-mL/g CODconsumed were observed for the first stage 
at the optimum conditions. The methane yield of 30-mL/g 
CODconsumed was observed for the second stage of the same 
conditions. The energy yields of 577.5-kJ /g CODconsumed 
and 909.4-kJ /g CODconsumed were observed using the first 
stage alone and dual stage alone, respectively. Therefore, it 
can be stated that combining the first stage with the second 
stage showed a positive impact on increasing energy effi-
ciency using FL by 61.2%. This finding shows the success 
of the two-stage system. Similar trends were reported in the 
literature [38].

Conclusions

HPR of approximately 51.9 mL/L day was attained using 
food leftovers from restaurants as the substrate in a con-
tinuous flow lab-scale UABR and this maximum hydrogen 
production was attained at temperature 45 °C and OLR 20-g 
COD/L day. Increasing the temperature in the hydrogen 
reactor from 35 to 45 °C increased the biogas produced by 
2.75 times. Microorganisms that can produce biohydrogen 
were isolated and identified in the biomass of the hydrogen 
reactor; thus, food leftovers have the biotechnological poten-
tial for producing hydrogen gas as fuel and/or as a source of 
clean and renewable energy at high temperature. This study 
confirms that the total energy bio-yield increased using a 
two-stage fermentation system.
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