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Abstract The aim of this study is to investigate the
usability of sewage sludge, a waste from waste water
treatment facility, at constant temperature and different pH
conditions in the hydrogen production by dark fermentation.
It was understood from the results that hydrogen production
varies according to the characterization of activated sludge.
In the experiments performed at different pH values (pH
4-8) at 35°C, maximum hydrogen production was achieved
within the first 24 hours. Except for one performed at pH 8,
hydrogen gas release was observed at other pH values
within 2 hours. However, according to the results obtained
at the 24th hour, maximum hydrogen production (2489
mL/m3H2) was observed at pH 8.
Keywords

Biohydrogen
Production,
Dark
Fermentation, Mixed Microflora Inoculum, Renewable
Energy Sources, Sewage Sludge

1. Introduction
Hydrogen is known as a clean renewable energy source.
Combustion of hydrogen produces no greenhouse gases,
and has a high-energy yield of 142.35 kJ g-1, which is
2.75-fold greater than that of hydrocarbon fuels [1, 2].
Currently, hydrogen has been widely recognized as an ideal
alternative source of energy to substitute fossil fuels, as it is
renewable and zero-pollutant-emission energy [3].
Hydrogen generation can be classified into two ways:
chemical-physical
and
biological
methods.
The
chemical-physical methods are energy intensive and
expensive. In contrast, the biological methods are
environmentally favorable and consume less energy [1].
Sewage sludge from a wastewater treatment plant is rich
in carbohydrates and proteins and thus it is a potential
substrate for producing hydrogen [3-5]. Several publications
have reported that hydrogen can be biologically produced by
anaerobic dark fermentation of sludge [6]. Using sewage
sludge as the substrate for fermentative hydrogen

production offers several advantages over the use of other
biomass sources. It is available at little or no cost [7]. The
prime advantage is expensive management and disposal of
sewage sludge can be surmounted. The amount required for
disposal can be converted into a credit against the cost of
hydrogen production [8].
Anaerobic digestion is an appropriate technique for
reduction in the volume and weight of excess sludge before
final disposal, and it is employed worldwide as the oldest
and most important process for sludge stabilization.
Hydrogen is an intermediary metabolite of anaerobic
digestion, which is rapidly taken up and converted to other
products by the hydrogen consuming microorganisms in the
third stage of anaerobic digestion [9].
In this study, it is expected to address the problems
associated with waste activated sludge disposal through
simultaneous generation of clean gaseous energy in the
form of hydrogen. A synchronous objective was to
investigate the influence of different pH on the hydrogen
production using waste sludge by anaerobic fermentation.
Batch tests were carried out to analyze influence of the initial
fermentation pH value on hydrogen production from sewage
sludge at the stable temperature.

2. Materials and Methods
2.1. Sewage Sludge
Table 1. Mean characteristics of sewage sludge used in experiments
Item
pH
T protein
S protein
T carbohydrate
S carbohydrate
T COD
S COD
Total solid (TS)
Volatile solid (VS)

Value (mg/L)
6-7
5500
67.8
2171.4
8.4
15440
100
17785
12322
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Sewage sludge used in the study was obtained from return
sludge pumping station of the secondary sedimentation tank
of a biological municipal wastewater treatment plant located
in Samsun, Turkey and its characteristics are shown in Table
1. The sludge was first concentrated by settling at 4°C for
about 2-3 days, and the sediments were stored at 4°C before
being used [10].
2.2. Dark Fermentative Hydrogen Production

1a-1b). Before fermentation, the internal part of the reactor
was purged with nitrogen gas for 3 minutes to provide
anaerobic conditions. After quickly sealed, the reactor was
placed into an incubator operating at 35°C and 150 rpm. In
the whole process; pH, COD, protein and carbohydrate
concentrations of the influent and the effluent with the
hydrogen and methane concentration were monitored every
day. The anaerobic digestion was continued until hydrogen
production stopped or decreased.
2.3. Analytical Methods

a

b
Figure 1. a. Reactor used in fermentation experiments; b. Experimental
set-up

The sewage sludge was used as the substrate and the seed
without addition of pure hydrogen producer for hydrogen
production in the experiment. Experiments of biohydrogen
production from sewage sludge by fermentation were carried
out in a 2-liter bioreactor with a working volume of 750 mL.
Before the sludge samples were used to anaerobic
fermentation, the pH value of sludge samples was adjusted to
4, 5, 6, 7, 8 respectively by adding 2 M hydrochloric acid
(HCl) or 4 M sodium hydroxide (NaOH). The pH adjusted
sludge samples (750 mL) were added into 2-liter bioreactor,
respectively. No extra nutrients were added into the tested
sludge. The mixed culture seed microflora was obtained by
acclimating wasted activated sludge from Municipal Sewage
Treatment Plant in Samsun, Turkey. The bioreactor was
equipped with two ports for gas and sludge sampling (Figure.

During incubation, biogas production was measured
periodically by displacement of saturated aqueous 10% NaCl
with 2% H2SO4 in a graduated cylinder. The biogas in the
headspace of digesters was sampled with a 1 mL gastight
syringe. The hydrogen and methane contents of biogas were
analyzed by a gas chromatograph (Shimadzu, GC-2010)
equipped with a thermal conductivity detector (TCD) and
Rt® - Msieve 5A (19723) capillary column. The
temperatures of injector, detector and column were kept at
200°C, 200°C and 70°C, respectively. Helium gas was used
as the carrier gas with a flow rate of 19.3 mL min-1. The
concentration of hydrogen and methane was tested
frequently during fermentation and the biogas production
was also recorded during the whole examination. The
measured values were expressed as mL m-3 (ppmv = gas
gas-1). With the samples obtained at different times (before
and after fermentation), characteristics of the sludge in the
fermenter was identified.
The pH of sludge was measured by a pH meter (Sartorius
PB-20). The TCOD and SCOD concentrations of sludge
were determined with closed reflux titrimetric method
according to the standard method [11]. Total and soluble
proteins in the liquid phase were measured by the Lowry’s
method using bovine serum albumin as a standard solution
[12], total and soluble carbohydrates by the phenol-sulfuric
acid method using glucose as a standard solution [13]. The
samples were filtered through a 0.45 µm membrane and
centrifuged at 4000 rpm for 30 min before determining the
concentrations of SCOD, S protein, and S carbohydrate.

3 Results and Discussion
3.1. The Effect of pH on Biohydrogen Production of
Sewage Sludge Dark Fermentation
The data obtained from the experiments conducted at a
temperature of 35°C and the pH ranging from 4 to 8 clearly
demonstrated that biohydrogen production varies by the
characterization of the sewage sludge. Following
biohydrogen production via anaerobic fermentation,
organics absorbed by the sewage sludge start dissolving.
Since the degree of organic decomposition accelerates,
solute concentrations also increase. Plenty of carbon sources
were needed to maintain biological metabolism, so the
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anaerobic digestion speeded up, the organics was consumed
by anaerobic bacteria as nutrient, and the organics started to
decline. At the moment a large number of small bubbles
attached to the conical flask because of biohydrogen
bacterium starting to produce hydrogen [14]. This case
observed along with the change in the gas volume.
As a result of the experiments conducted at a temperature
of 35°C and pH ranging from 4 to 8, hydrogen and methane
concentrations which are read during fermentation are
presented in Fig. 2 and Fig. 3, respectively. As seen in Fig. 2,
the hydrogen production in the range of pH 4-8 first
increased with time extension, and then decreased with
further increase of fermentation time. It can also be seen
from Fig. 2 that when the fermentation initial pH changed,
the maximal hydrogen production varied. Maximum
hydrogen production was realized within the first 24 hours.
Except for one performed at pH 8, hydrogen gas release was
observed at other pH values within 2 hours. However,
according to the results obtained at the 24th hour, maximum
hydrogen production (2489 mL/m3H2) was observed at pH 8.
With the increase in methane bacteria in the medium,
hydrogen producing ability and hydrogen content of the
sludge gradually decreased. When hydrogen production in
the reactor decreased, hydrogen production period was
ended. In general, hydrogen production after the 48 hours
was less and in this study higher hydrogen production was
obtained at pH 8. Although in most literature, the production
of hydrogen was conduction under acidic pH values [15-17],
some researchers found higher pH could improve the
hydrogen production and the volatile fatty acids [6, 18].
Zhao et al. [6] performed their studies in a bottle (with 400
mL of the heat pretreated sludge each). They used sewage
sludge as the substrate without addition of pure hydrogen
producer and studied at 37±1°C at 120 rpm and pH 4-11.
They reported that higher hydrogen production was obtained
at higher pH (optimal at pH 11.0, 70 h, 18.8 mL/gVS or 13.5
mL/gCOD).

Figure 2. Hydrogen concentrations obtained at different pH values

Increase in methane concentration after the start of
fermentation shows over reproduction of methanogenic
bacteria in the medium (Figure. 3) which leads to hydrogen
consumption. Therefore, hydrogen concentration in the gas
phase shows fluctuations as shown in Figure. 2. In their
studies, Cheng et al. [19] and Wang et al. [10] observed
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similar hydrogen consumption phase to that in our study
during anaerobic fermentation [20]. Consumption of
hydrogen by methane bacteria in the sludge an important
barrier for hydrogen production from sludge and the main
objective of all studies is to eliminate or delay this inhibitory
factor.

Figure 3. Methane concentrations obtained at different pH values

3.2. Effect of pH on Solubilization of Sewage Sludge
Figure 4 depicts the rate of chance in total protein, total
carbohydrate and total chemical oxygen demand
concentrations occurring in the reactor after fermentation
experiments conducted at different pHs in waste sludge.
Necessary analyses were performed for sewage sludge in the
reactor before and after fermentation and the rate of change
in the concentration was calculated.
Organic materials in the sludge, unlike glucose or sucrose,
are mostly proteins. It was observed in the experiments that
the amount of total protein changed with time. Therefore, as
shown in Fig. 4, while protein consumption in the reactor
adjusted to pH 4, 6, 7 was founded; no consumption was
observed at pH 5 and 8, in contrast, protein concentration
probably increased due to hydrolysis. Increase in protein
concentration due to hydrolysis also leads to increase in
hydrogen gas concentration in the reactor adjusted to pH 8.
When Figs. 2 and 4 are considered together, it was
observed that there is a relationship between protein,
carbohydrate and COD concentrations in the medium and
hydrogen production. For the continuation of hydrogen
production, as mentioned above, proteins and carbohydrates
in the reactor should not be consumed by the
microorganisms, in contrast, they should be increased via
hydrolysis [4, 6-7, 10, 21]. For hydrogen evolution, it is
evident that nutritional needs of microorganisms should be
constantly met. As it is seen, while the least protein,
carbohydrate and COD consumption occur in the reactor
adjusted to pH 8 (Fig. 4), the highest hydrogen formation
was also observed with the initial pH value of 8 (Fig. 2).
Sludge organic matters are mainly present in the particle
form. During sludge fermentation for biohydrogen
production, these organic materials usually undergo
solubilization, hydrolysis and acidification. The changes of
soluble protein and carbohydrate were applied in the current
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study to express the solubilization of sludge main particulate
organic matters. As shown in Figure. 5. The solubilization of
protein and carbohydrate in sludge changed significantly
with pH.
Two mechanisms can be successful in increasing the
efficiency of anaerobic fermentation: i) reduction in the
competitive microbial load and ii) increase in the organic
availability [22]. As it is seen in Fig. 5 and Table 2, solubility
of all organic matters in sewage sludge was higher in pH 6 at
35°C in comparison to the experiments conducted at
different pHs. At pH 6, after fermentation, the amount of
dissolved COD, carbohydrate and protein increased much
more than that in other pH experiments. At the same time,
SCOD/TCOD (%) and Scarbohydrate/Tcarbohydrate (%)
ratios in analyses of sewage sludge obtained from the reactor
after fermentation also confirms this result.
Studies conducted in the literature have shown that the
increase in the amount of dissolved COD, carbohydrates and
protein positively affects hydrogen production. However, as
mentioned above, having dissolved organic matter that can
be easily used by the microorganisms in the environment is
not the only parameter affecting the efficiency of hydrogen
which results from the fermentation. Microbial species in
sewage sludge are also very important for the biological way
of hydrogen production. Therefore, although the reactor
adjusted to pH 6 seems to be more suitable for hydrogen
production in terms of total and soluble matter concentration,
the amount of hydrogen obtained in the reactor with the
initial pH of 8 is higher.

Figure 4. The change in the total matter concentration at the end of
fermentation

Table 2. SCOD / TCOD and Scarbohydrate / Tcarbohydrate (%) in the
mixture liquid before fermentation (I) and after fermentation (II)
Initial
pH

I
SCOD/
TCOD (%)

II
SCOD/
TCOD (%)

I
SCar./
TCar. (%)

II
SCar./
TCar. (%)

4

0.44

0.46

0.24

2.07

5

0.44

0.62

0.20

2.49

6

0.44

2.60

0.38

2.98

7

0.36

1.00

0.66

1.74

8

0.53

1.64

0.43

2.23

4. Conclusions
The experimental investigation indicated that
wastewater sewage sludge was preferred as a raw material
for biohydrogen production via anaerobic fermentation.
Total and dissolved substances are used to meet the
nutritional needs of microorganisms in the fermenter and
consequently this also increases its hydrogen production
efficiency. Especially, increase the amount of total and
soluble substance positively affected hydrogen production
within the first 24 hours.
Another important factor affecting hydrogen production
is SCOD/TCOD ratio. However, this increase is not directly
proportional. In this study, solubility was higher at pH 6 in
comparison to other pH values. Despite that, hydrogen
production at pH 8 was higher due to microbial activity in
sewage sludge.
In the experiments performed at different pH values at
35°C, maximum hydrogen production was achieved within
the first 24 hours. Except for one performed at pH 8,
hydrogen gas release was observed at other pH values within
2 hours. However, according to the results obtained at the
24th hour, maximum hydrogen production (2489 mL/m3H2)
was observed at pH 8. With the increase in methane bacteria
in the medium, hydrogen producing ability and hydrogen
content of the sludge gradually decreased. In general,
hydrogen production after the second day was less. In
addition, there was observed a relationship between protein,
carbohydrates and chemical oxygen demand concentration
in the medium and hydrogen production.
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