REAFEEBUKNSFY

Tohoku University Repository

Bro-hydrogen production from cellulosic
bromass by continuous dark fermentation

0ad Samir lbrahim Gadow

ooooon Tohoku University

Ooooono 00O 0800

URL http://hdl._handle.net/10097/58202




PI- TTTeL H—F
K 4 Samir Ibrahim Gadow
B 5 % f f#t GRERS
¥ i BB & &
FUEEEAB FHR2FE9A2BE
FOREOMIWER FUHAUE4FE 1H
e, %Iﬁ@%f’]‘ AL RZERZFRERFFAR (B5RE) BERYER
% 7 #% 3 B 5 Bio-hydrogen production from cellulosic biomass by continuous
dark fermentation
HIbRZEHEE ZE EX
A RIERFEEERE FE ER FIKREERE EE O OEE
FALRZZHE TR &
(I2EmrgeEh

m XN A E

Energy is one of the vital inputs to the socioeconomic development of any country. Compared to other
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current fuel to energy conversion technologies, the higher efficiency of the conversion of hydrogen to electrical
energy due to its high calorific value makes hydrogen a potential substitute for fossil fuels. Besides being energy
efficient, it is also carbon-free, non-poiluting, and recyclable. Over 95% of world’s hydrogen demand is now
being derived from fossil fuels. This presents a major problem since the same amount of CO, as is formed in the
combustion of fossil fuels is released. Biological processes have the potential to generate hydrogen from
renewable and/or recyclable feed-stocks. Therefore, this study provides a sustainable solution to generate
hydrogen from cellulosic materials which consider a major pollutant from different human activity sectors as a
sustainable and clean energy. The effect of temperature on the hydrogen fermentation of cellulose was evaluated
by a continuous experiment using a mixed culture without pretreatment. The experiments were conducted at three
different temperatures, which were mesophilic (371°C), thermophilic (551°C) and hyper-thermophilic (80+1°C),
with an influent concentration of cellulose of 5 g/l and a hydraulic retention time (HRT) of 10 days. A stable
hydrogen production was observed at each condition. At 37+1°C, the maximum hydrogen yield was 0.6 mmol
Ha/g cellulose. However, at 5521 °C and 80+1°C, the maximum hydrogen yields were 15.2 and 19.02 mmol Ha/e
cellulose, respectively. While 26% of the biogas was methane under the mesophilic temperature, no methane gas
was detected under both the thermophilic and hyper-thermophilic temperatures. The results show that operational
temperature is a key to sustainable bio-hydrogen production and that the thermophilic and hyper- thermophilic
conditions produced betier results than mesophilic condition. In industry, it is important for systems to be able to
cope with such unexpected interruptions as maintenance and power failure. Therefore, the previous systems were
operated for 164 days to investigate the effect of temperature and temperature shock on the cellulosic-dark
hydrogen fermentation by mixed microfiora. During steady state condition, the sudden decreases in the
fermentation temperature occurred twice in each condition for 24 h, The results show that the 55+1 and 80+1°C
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presented low hydrogen yield of 3.56 mmol/g cellulose and methane yield of 5.4 mmol/g cellulose. The reactor
performance under 55+1°C or 80:1°C appeared to be more resilient to the sudden decreases in the fermentation
temperature than 37£1°C. The experimental analysis results indicated that the changing in soluble by-products
could explain the effect of temperature and temperature shock, and the thermophilic temperature is expected
having a better economic performance for cellulosic-hydrogen fermentation. Based on our previous results, a
long-term continuous thermophilic (55£1°C) cellulosic-hydrogen fermentation using a continuous stirred tank
reactor (CSTR) by anaerobic mixed microflora was carried out. The results show that the system reached a steady
state condition after 60 days. A stable hydrogen yield of 10.9+0.23 mmolH./g cellulose was maintained for 190
days with acetate, butyrate and ethanol as main soluble byproducts. The microbial community structures during
the steady state were analyzed by 168 rRNA gene cloning and sequencing in the CSTR. The cloning results show
that a total of 21 OTUs were detected from a total 104 clones. According to analysis results, the 70% of the
microbial community were able to hydrolyze the cellulose effectively such as Pedobacter sp., T,
thermosaccharolyticum, Enterobacter cloacae and clostridium- sp. In particular, T thermosaccharolyticum
generates hydrogen from cellulose effectively because it has B-Glucosidase, which is an important enzyme in the
cellulase enzyme system. It also plays an important role in hydrolyzing cellobiose to fermentable glucose. The
purified B-Glucosidase enzyme is reported to be stable over a pH range of 5.2-7.6, had a 1 h half-life at 68°C, and
its optimal activity is at pH 6.4 and 70°C. The phylogenetic tree in Figure 3 illustrates that twenty one OTUs were
affiliated with the nine strains of T. thermosaccharolyticum, Enterobacter cloacae, Aeromonas salmonicidg,
Pedobacter sp, Delftia sp., Clostridium sp., Flavobacterium sp., Parabacteroides sp., and Acidovorax sp. The eight
OTUs form a cluster with 100% bootstrap value with the five known species of Thermoanaerobacterium,
Clostridium, Aeromonas and Delfiia. A cluster (76% bootstrap value) appeared with nine OUTs with the two
known species of Enterobacter and Acidovorax. The rest of OUTs form a cluster with 100% bootstrap value with
the three known species of Pedobacter, Flavobacterium, and Parabacteroides. The experimental results show that
the cellulolytic bacteria (Thermoanaerobacterium, Clostridium, Enterobacter and Flavobacterium) and none
cellulosic bacteria (Aeromonas, Delflia, Parabacteroides and Acidovorax) improved the system performance to
produce hydrogen and degrade the cellulose by co-metabolism effects. A total of twenty six batch experiments
were conducted to investigate the activity of thermophilic Hy producing mixed microflora to the temperature
variation. The experiment results show that the cellulosic-hydrogen mixed microflora utilized the cellulose or
glucose in a wide range of temperature from 35 to 65 °C, with a sharp increase was found with the maximum
activity of 521.4mL Hy/g VSS-d at 55 °C. However, the performance of HMPB was negatively affected by
increasing fermentation temperature after 55 °C and completely inhibited at 70 °C. The activation energy for
cellulose and glucose were estimated at 103 and 98.8 kJ/mol, respectively. A continuous stirred tank reactor was
used for the dark hydrogen fermentation of cellulose by mixed microflora at hyper-thermophilic temperature
(70x1°C) for 240 days. A total of twenty six batch experiments were conducted to investigate the effect of
temperature on the activity of cellulosic-hydrogen producing bacteria. The results show that the system reached a
steady state condition after 90 days. A stable hydrogen yield of 7.07+0.23 mmolHy/g cellulose was maintained for
150 days with acetate, butyrate, ethanol and propionate as main soluble byproducts. The cloning results show that

a total of 6 OTUs were detected from a total 100 clones. Eighty five clones of cellulose-degrading mixed culture



were composed of microbes closely affiliated to genus clostridium. The dominant cellulolytic bacterium was
Thermoanaerabacterium thermosacchavolyticum, This explains the ability of this microbial community to degrade
cellulose effectively to hydrogen gas. These results supported the data in the literature: the T
thermosaccharolvticum generates hydrogen from cellulose effectively because it has B-Glucosidase, which is an
important enzyme in the cellulase enzyme system. It also plays an important role in hydrolyzing cellobiose to
fermentable glucose. The purified B-Glucosidase enzyme is reported to be stable over a pH range of 5.2-7.6, had a
1 h half life at 68°C, and its optimal activity is at pH 6.4 and 70°C. This explains why the optimal temperatures
range was 60-70°C when using such mixed microflora. Thermoanaerobacter tengcongensis was detected with a
10% abundance in the microbial community structure. This organism had a unique combination of hydrogenases,
a ferredoxin-dependent [NiFe] hydrogenase and an NADH-dependent Fe-only hydrogenase for H, formation [40].
Additionally, T. tengcongensis growth occurred at temperatures between 50 and 80 °C, with an optimum around
75 °C; at pH values between 5.5 and 9.0. The ethanol produced during cellulose fermentation could be
attributable to a group of anaerobic bacteria known as Acetobacterium and several Clostridia such as Moorella sp,
which can grow autotrophically on H> and CO, with acetate production by the acetyl-CoA pathway. In fact,
Moorella thermoacetica was detected in the microbial community with 99% similarity and 10% abundance. This
behavior of Mooreila sp. has been confirmed by different reports where, when, isolated from a mud sample, it
produced acetate and ethanol from H; and CO; at a thermophilic temperature at pH 5. Our cloning results show
also the genus Enterobacter could grew at these conditions and that hydrogen was generated from cellulose
hydrolysate. The phylogenetic tree in Figure 4 illustrates that five OTUs were affiliated with the family
Thermoanaerobacteriaceae, which belongs to order Thermoanaerobacteriales of class Clostridia. The five
OTUs form a cluster with 90% bootstrap value with the three known species of Thermoanaercbacterium and
Moorella. The QTU-D_A11, OUT-C_GI11 and OUT-C_EO7 have 98% similarity with T. thermosaccharolyticum
and T. saccharolyticum. The optimum growth for all Thermoanaerobacterium species was reported at 5570 «C
and at pH values of 5.2-7.8.  Several species of Thermoanaerobacterium, including T. thermosaccharolyticum, T.
sacchavolyticum, Enterobacter sp, are known of their H, producing capabilities and ability to degrade cellufose.
The cellulosic-hydrogen producing bacteria were able to utilize the cellulose or glucose within a wide range of
fermentation temperatures (45-80°C) to produce hydrogen. The activation energy for cellulose and glucose were
estimated at 133.2 and 117.7 kJ/mol, respectively. Our results suggest that thermophilic or hyper-thermophilic
bacteria play an important role in increasing the effectiveness of cellulose degradation to hydrogen energy, those
systems are considered to have a good economic performance, and therefore has potential for future large-scale. A
seventy eight standardized batch experiments were used to determine hydrogen producing activity for three
different anaerobic mixed microfiora, which taken from three different running acidogenic reactors operated under
37+1°C, 55+1°C and 70+1°C, using cellulose and glucose as sole of carbon source. Analysis of 168 rRNA
sequences showed that the cellulolytic hydrogen-producing bacteria were close to Enferobacter genus in
mesophilic culture and Thermoanaerobacterium genus in thermophilic and hyper-thermophilic cultures. The MC
was able to utilize the cellulose to produce methane gas within a temperature range between 25 to 45 °C and
hydrogen gas from 35 to 60 °C with maximum hydrogen producing activity obtained at 55 °C. The TC utilized the

cellulose in a wide range of temperature from 35 to 65 °C, with a sharp increase was found between 50 and 55°C



and maximum activity of 521.4mL Hy/g VSS-d at 55 °C. However, the performance of HPB was negatively
affected by increasing fermentation temperature after 55 °C and completely inhibited at 70 °C. The HC was able to
utilize the cellulose within a wide range of fermentation temperatures (45-80 °C) with maximum activity of 489.4
ml Hay/g VSS-d at 65 °C. the activation energy is estimated using regression (Rz, 0.98 and 0.92) to be 118.7 and
86.8 kJ/mol by MCDB, (R?, 0.93 and 0.91) to be 103 and 98.8 kJ/mol by TCHPB and (R?, 0.93 and 0.94) to be
133.2 and 117.7 kJ/mol by HCHPB for cellulose and glucose, respectively. It is possible that fermentative
hydrogen production systems may be made more economical by combining different processes such as anaerobic
oxidation of fermentation byproducts (Acetate and Ethanol). The microorganisms are needed with hydrogen
productivity by microbial design strategies. To realize the potential of fermentative hydrogen production from
organic wastes, an enriched microbial culture of hydrogen producers needs to be developed. In addition, the
following technical barriers must be addressed; Understanding the competitive between hydrogen producers and
hydrogen consumers bacteria in the mixed culture environment; Understanding the biological pathways relevant
to hydrogen production; Improved microbial design by operation parameters to overcome biological limitations;
Characterization, identification and isolation of hydrogen producing microbes capable of fermenting organic

waste/wastewater
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