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BIOHYDROGEN PRODUCTION FROM BAKER’S YEAST INDUSTRY
WASTEWATER USING ANAEROBIC MEMBRANE BIOREACTORS

SUMMARY
Hydrogen has the highest energy content in all fuels, and it is becoming increasingly
important as a clean and non-polluted fuel. Extensive research is being carried out for
the development of hydrogen production systems. Most of the existing hydrogenproducing plants are dependent on fossil fuels. Interest in hydrogen production
systems from renewable energy sources such as biomass, water and solar, is increasing
due to the importance of reducing dependence on fossil fuels known as hydrocarbon
fuels. Because energy resources are rapidly decreasing, the hydrogen production
potential of microorganisms is becoming a very attractive solution. If the hydrogen
production systems based on microorganisms are compared with each other, it is
determined anaerobic fermentation has highest hydrogen synthesis rate. However, the
hydrogen synthesis rate varies greatly. In theory while 1 mol glucose has the potential
to produce 12 mol H2, existing fermentation technologies can produce only 2-3 mol
H2. The reasons for this are lack of organic matter decomposition to acetate and
acetone and the use of hydrogen to reduce volatile fatty acids and alcohols. Therefore,
it is important to determine which environmental conditions would produce the
highest hydrogen production potential. Since the produced hydrogen is used for the
reduction of organic materials in anaerobic conditions, hydrogen production rates
usually remain at very low levels. The source of organic matter, pH, temperature,
organic load and hydraulic retention time are some factors which affect the hydrogen
production rate.
The subject of this thesis is to investigate the highest biohydrogen production from
baker’s yeast industry wastewater using anaerobic membrane technology. Numerous
studies are available in the literature related to biohydrogen production. According to
these studies, the common problem for the hydrogen production is related to the
development of the appropriate microbial community. However there is no
comprehensive study available in the literature to address this problem. In this study it
was targeted to determine which environmental conditions would enhance
biohydrogen production.
In this study, the combination of fermentor and membrane module treating baker’s
yeast industry wastewater has been operated for 7.5 months. Effective volume of the
reactors used in the system was 5L. The system was operated at 55°C. Three
polipropilen membranes which had 0.0053 m2 and 0.2 micron diameters were used in
the 2nd reactor for the first two months. After two months of operation, it was observed
that here was no purpose of using two reactors so that the system was changed to a
single bioreactor. Membranes in the membrane module was transferred to the
bioreactor. Besides, ultrafiltration membranes were used instead of microfiltration
membranes in this period of 3.5 months. It was decided that single bioreactor system
xix

was not effective enough because of the membrane breakdowns during continuos
operation. Then the system was replaced by external membrane system, which made
the total reactor volume as 9 L. During membrane cleaning and replacement of
membrane modules, the reactor operation was not affected, since the module was
decoupled from the reactor.
In this reactor configuration, pH, oxidation reduction potential (ORP) and temperature
was monitored online throughout the reactors operation. pH was kept around neutral
pH by dosing mostly bases. Influent COD and dissolved COD concentrations were
measured to observe the solubilization efficiency of the wastewater. Average COD
concentration of the influent of the bioreactor was 52,519 mg/L. Biomass
concentration was kept around 20,000 mg/L. Flushing was done according to pressure
changes in membranes, and nitrogen gas was given to system in certain periods. It was
aimed that the possible fouling in membranes might delay with nitrogen gas.
VFA production in the system also indicates production of biohydrogen in the system.
Consequently, VFA and hydrogen production were detected as end products of
fermentation process. The increase in the amount of acetic acid was observed at the
effluent of the system. This is an important indicator of improvement of acid
production in system. Butyric acid and propionic acid were also detected at the
effluent as well as acetic acid. While 45% of effluent COD consists of acetic acid, the
7% of effluent COD contained butyric acid.
Hydrogen gas production were achieved between 130th-170th days of the reactor
operation. CH4 production was not observed throughout the reactor operation. The
biogas produced was composed mainly of H2 and CO2. The average hydrogen
production rate achieved was 2.2 ml H2/L/day. This hydrogen production rate was
much lower than the values previously reported for hydrogen fermentation from
industrial wastewater.
It was observed that hydrogen production was not enough when compared with
volatile fatty acids production. Bakery yeast industrial wastewater has high level of
sulphate concentration because sulphate is used preferentially as an electron acceptor
in anaerobic wastewater treatment and converted to sulfide. During this process
hydrogen is the most attractive compound, which can be consumed. Effluent sulfide
concentration was 213 mg S-2/L and this was the reason for hydrogen production was
much lower than literature values.
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EKMEK MAYASI ENDÜSTRİSİ ATIKSUYUNDAN BİYOMEMBRAN
REAKTÖRDE BİYOHİDROJEN ÜRETİMİ

ÖZET
Hidrojen, tüm yakıtlar içerisinde en yüksek enerji içeriğine sahip yakıt olup, temiz ve
çevreyi kirletmeyen yakıt olarak giderek önem kazanmaktadır. Hidrojen üretim
sistemlerinin geliştirilmesi için çok sayıda araştırma yürütülmektedir. Mevcut hidrojen
üreten tesislerin çoğu fosil yakıtlara bağımlıdır. Hidrokarbonlu yakıt olarak bilinen
fosil yakıtlara olan bağımlılığı azaltmak için biyokütle, su ve solar gibi yenilenebilir
enerji kaynaklarından hidrojen üreten teknolojilere olan ilgi artmaktadır. Enerji
kaynaklarının hızla azaldığı gözönünde bulundurulursa mikroorganizmaların hidrojen
üretim potansiyellerinden faydalanmak oldukça cazip bir çözüm olarak karşımıza
çıkmaktadır. Mikroorganizmaya dayalı hidrojen üreten sistemler birbirleri ile
karşılaştırıldığında, hidrojen sentez hızının en yüksek olduğu sistem anaerobik
fermentasyon sistemidir. Ancak hidrojen sentez hızı oldukça geniş aralıkta
değişmektedir. Teorik olarak 1 mol glikoz 12 mol H2 üretme potansiyeline sahip iken
mevcut fermentasyon teknolojileri ile ancak 2-3 mol H2 üretilebilmektedir. Bunun
nedenleri organik maddenin asetat veya asetona kadar ayrışmaması ve hidrojenin
uçucu yağ asitleri ve alkollere indirgenmesi için kullanılmasıdır. Bu nedenle en yüksek
hidrojen üretim potansiyeline sahip ortam koşullarının belirlenmesi önemlidir.
Üretilen hidrojenin, anaerobik ortamda organik maddelerin indirgenmesinde
kullanılmasından dolayı, genelde hidrojen üretim oranları çok düşük seviyelerde
kalmaktadır. Organik madde kaynağı, pH, sıcaklık, organik yük ve hidrolik bekletme
süresi gibi faktörler hidrojen üretim oranını etkilemektedir.
Anaerobik arıtma sistemleri, biyolojik çamurların arıtımında yaygın olarak kullanıldığı
gibi günümüzde çeşitli endüstriyel atıksuların arıtımında da yaygın olarak
kullanılmaktadır. Aerobik proseslerle karşılaştırıldığında sistemin işletilmesinde
özellikle daha az enerjiye ihtiyaç duyulması, üretilen metan gazının ekonomik değere
sahip olması, daha az çamur üretmesi ve nütrient ihtiyacı duymalarından dolayı bu
sistemlerin kullanılması cazip hale gelmektedir. Günümüzde anaerobik sistemler
meyva suyu, bira, kimya, alkol destilasyonu, süt ve peynir, balık ve deniz ürünleri,
şeker, kağıt, ilaç vb. birçok endüstriye ait atıksuların arıtılmasında yoğun olarak
kullanılmaktadır. Anaerobik sistemlerin oksijen ihtiyacı yoktur, böylece oksijeni suda
çözmek için gerekli enerji ihtiyacı ortadan kalkmış olur. Üretilen gaz, enerji
ihtiyacının bir kısmını karşılamaktadır. Anaerobik sistemlerde çamur üretimin az
olması da önemli bir avantajdır. Bu sebeple anaerobik arıtma sistemlerine membran
modülleri eklenerek sistemde tutulan biyokütle konsantrasyonları arttırılması
amaçlanmaktadır.
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Temel besin maddesi ve iyi bir enerji kaynağı olması nedeni ile ekmek, gıda
tüketiminde çok önemli bir konuma sahiptir. Dünyada günlük kalorinin büyük bir
kısmı hububat ürünlerinden karşılanmaktadır. Ekmek mayası üretiminde kullanılan
maddeler saf maya kültürü ve melaslardır. Günümüzde yaklaşık olarak 600 adet maya
türü olmasına rağmen bunlardan sadece birkaçı ticari öneme sahiptir. Ekmek mayası
tek hücreli canlılar grubunda olup, “ Saccharomyces cerevisiae” nun saflaştırılması
sonucu elde edilmektedir. Maya endüstrisi atıksuları, düşük pH, yüksek kimyasal
oksijen ihtiyacı (KOİ), koyu kahverengi rengi, yüksek konsantrasyonda sülfat içermesi
gibi özelliklerle karakterize edilir. Kirliliği oluşturan bu maddeler atıksudan, bilinen
prosesler ile gideriminin zor olduğu yapılan çalışmalarla kanıtlanmıştır.
Bu tezin konusu, ekmek mayası endüstrisi atıksuyundan anaerobik membran
biyoreaktör teknolojisini kullanarak en yüksek biyohidrojen üretiminin
araştırılmasıdır. Biyohidrojen üretimi ile ilgili literatürde çok sayıda çalışma
mevcuttur. Bu çalışmalara göre hidrojen üretimindeki ortak sorun uygun
mikroorganizma topluluğunun geliştirilmesi ile ilgilidir. Bu çalışmada üstünlükleri
fazla olan membran biyoreaktör sistemi ile biyohidrojen üretimini arttırıcı çevresel
koşulların belirlenmesi hedeflenmiştir.
Bu çalışmada sunulan analiz sonuçları yaklaşık 7.5 aylık bir zaman dilimi içerisinde
laboratuar ortamında sürdürülen araştırmada kullanılan fermentör ve MBR reaktörleri
olmak üzere ardışık iki kademeli sistemden alınan örneklere dayanmaktadır. Sistemde
kullanılan reaktörlerin etkili hacmi 5L’dir. Sistem termofilik sıcaklıkta (55°C)
işletilmiştir. İlk 2 aylık dönemde, MBR reaktörde yüzey alanı 0.0053 m2 olan, 0.2
mikron gözenek çapına sahip, boşluklu lif yapıda 3 adet metaryeli polipropilen olan
membranlar kullanılmıştır. 2 aylık işletme periyodu sonucunda 2 reaktör işletilmesinin
herhangi bir avantaj sağlamadığı gözlenerek, tek reaktörlü sisteme geçilmiştir. Bunun
sonucunda da MBR reaktör devre dışı bırakılarak, MBR reaktörde bulunan
membranlar biyoreaktöre aktarılmıştır. Ayrıca 3.5 aylık dönemde mikrofiltrasyon
membranları yerine ultrafiltrasyon membranları kullanılmıştır. Yaklaşık 3.5 aylık tek
reaktörlü işletme sürecinde, membran tıkanmalarına ve kopmalarına bağlı olarak
reaktöre sürekli müdahele edilmesi ve reaktör hacminin efektif olarak
kullanılamamasından dolayı, tekli sistemin verimli olmadığına karar verilmiş, 5.5 ay
sonunda sistem değiştirilerek harici membran modülü uygulamasına geçilmiştir ve
reaktör toplam hacmi 9 L.’ye çıkarılmıştır. Harici membran modülü uygulaması ile
membranın temizlenmesi veya membran modüllerinin değiştirilmesi sırasında, modül
reaktörden ayrı olduğundan, reaktörün işletme koşulları korunmuştur.
Sistem sürekli olarak maya endüstrisi atıksuyu ile beslenmiştir. Reaktör içerisinde
bulunan pH, ORP ve sıcaklık probları ile bu parametreler online olarak kontrol
edilmiştir. Nötr pH sağlamak amacıyla, pH değişimine bağlı olarak sisteme asit veya
baz ilave edilmiştir. Sistem verimini gözlemlemek amacıyla biyoreaktör girişi KOİ ve
çözünmüş KOİ konsantrasyonu ölçülmüştür. Giriş akımında ortalama olarak KOİ
değerine bakıldığında 52,519 mg/L civarında olduğu görülmüştür. Biyokütle
konsantrasyonu 20,000 mg/L olarak hedeflenmiştir. Membranlardaki tıkanma
durumunu görmek amacıyla membran basıncı izlenmiştir. Membranlardaki basınç
değişimi belirlenen limit değerlerin üstüne çıkması halinde sistemde otomatik olarak
geri yıkama yapılmış ve sisteme belirli periyotlarda azot gazı verilmiştir. Böylece
membranlardaki tıkanma problemleri giderilmeye çalışılmıştır.
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Sistemde uçucu yağ asidi (UYA) üretimi, biyohidrojen üretiminin göstergesidir.
Fermantasyon sonucunda atıklar UYA’ya ve hidrojene dönüşmüştür. Çıkışta yüksek
asetik asit konsantrasyonu hidrojen veriminin daha yüksek olacağının göstergesidir.
Buna bağlı olarak sistemde düzenli UYA kompozisyonuna bakılmıştır. İşletme süresi
boyunca sistem çıkışında asetik asit miktarının düzenli olarak arttığı görülmüştür. Bu
durum sistemde asit üretim safhasında zamanla iyileşme olduğunu göstermiştir. Çıkış
akımında asetik asit dışında bütirik asite ve propiyonik asite de rastlanmıştır. Çıkış
akımındaki KOİ’nin 45%’i asetik asitten, 7.4%’ü ise bütirik asitten kaynaklamıştır.
Bunun yanı sıra üretilen gazın kompozisyonunu belirlemek amacıyla üretilen gaz
balonlarda biriktirilmiştir. Yapılan gaz ölçümleri sonucunda başlangıçta H2 üretimi
0,03 mL/L/gün iken 141. gün sonunda 7.92 mL/L/gün değerine kadar ulaşmıştır. 7.5
aylık yapılan çalışmalar süresinde sistemde meydana gelen membran tıkanmalarına ve
kopmalarına bağlı olarak reaktöre sürekli müdahele edilmesi nedeni ile gaz
kaçaklarının olması, sistemin sızdırmazlığının sağlanamamasından dolayı sistemde
üretilen hidrojen gazının kabul edilebilir sonuçları 130.- 170. günler arası alınmıştır.
Bu günler arasında sistemde herhangi bir kaçak olmadan üretilen gaz balonlarda
toplanabilmiştir. İşletme süresi boyunca yapılan ölçümler sonucunda toplanan gazın
içeriğinde metan gazına rastlanılmamıştır. Gazın içeriğinde genel olarak H2 ve CO2
gözlemlenmiştir. Ayrıca harici membran uygulamasına geçildikten sonra üretimin
arttığı ve ortalama olarak 2.2 mL/L/gün değerin de olduğu görülmüştür. Bu değer
literatürde endüstriyel atıksulardan biyohidrojen üretimi ile ilgili yapılan çalışmalar
düşüktür.
Yapılan analizler sonucu, sistemde uçucu yağ asit üretimine karşın hidrojen üretiminin
az olduğu görülmüştür. Ekmek mayası endüstrisi atıksuyunda yüksek miktarda sülfat
bulunması hidrojenin sistemde tüketilmesine neden olmaktadır. Sülfat
konsantrasyonunun yüksek olduğu atıksuların arıtılmasında sülfür üretimi sık
karlılaşılan bir durumdur. Sülfat anerobik arıtmada elektron alıcısı olarak kullanılarak
sülfüre (H2S, HS-, S-2) dönüşür. Sistemdeki çıkış sülfat ve sülfür değerlerine
bakıldığında ortalama olarak sülfat değerinin 653 mg SO4/L, sülfit değerinin ise 213
mg S-2/L olduğu görülmüştür. Bu da hidrojen üretiminin literatürle karşılaştırıldığında
düşük olmasına neden olmaktadır.
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1. INTRODUCTION
1.1 Significance of The Study
Global warming, acid rains, climate change and pollution which are caused by
conventional energy sources such as fossil fuels (coal, natural gas and petroleum) are
the most serious enviromental problems in today’s world. Kyoto protocol can be
considered as the most important step to prevent the effects of two major issues,
global warming and climate change. Kyoto protocol includes some restrictions on
carbon dioxide emission on countries and principles that regulates usage of fossil
fuels for each country. Current conditions directed us to search for alternative energy
sources to minimize the effects of the fossil fuels.
Hydrogen, having the highest energy per unit mass, is the most discussed source as
an alternative energy source. Hydrogen is clean energy source since water vapor
comes out when burnt. On the other hand, hydrogen is considered as one of the most
abundant element in the universe, the lightest of the fuel family and unlike electricity
it can be stored. Since hydrogen provides 3 times more energy than petroleum, it is
more effective in bringing energy solutions.
It is quite important to obtain hydrogen gas from renewable sources in order to
reduce carbon dioxide emission. Hydrogen gas production is obtained from thermo
catalytic and gasification processes using natural gas (50%), petroleum-derived
napthenes and distillates (30%), and coal (18%) with the remainder from electricity
(2%)(Mudhoo, 2010). One promising alternative is hydrogen produced biologically
which requires much less energy. Biohydrogen can be produced biologically by
biophotolysis (direct and indirect), photo-fermentation and dark- fermentation or by a
combination of these processes (such as integration of dark- and photo-fermentation,
or biocatalyzed electrolysis). As compared to other processes, dark fermentation has
more biohydrogen production output. Biohydrogen from dark fermentation has some
advantages as high production rate, low energy need, easy management and
sustainability among them. During hydrogen production from organic waste or
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biomass, production of those organic acids as acetate, butyrate, lactate, etc. is also
observed as lowering the hydrogen level. That is why it is critical to determine the
best hydrogen-production conditions.
On the other side, it is still not easy to use hydrogen in most cases. High pressure
storageand cryo-storageare not suitable ways for practical vehicular application due
to their low energy density and also safety reasons associated with it. Therefore,
tremendous efforts have been made to find solid materials which can hold and store
hydrogen. According to Department of Energy (DOE), USA, a solid hydrogen
storage material should have the following characteristics; (i) the storage material
should be at least 6.5% lighter than hydrogen, (ii) desorption temperature should be
between 60–120 , (iii) low cost and (iv) low toxicity.
Metal hydrides, carbon materials, activated charcoal are tested whether they fulfill
the above requirements, but none showed acceptable performance for commercial
vehicular application. Recently, complex hydrides offered a possibility to design a
potential hydrogen storage system due to their light weight and number of atoms per
metal atom. Complex hydride is termed as a group of materials which are a
combination of hydrogen and group 1, 2, 3 light metals. e.g. Li., Na., B and Al.
Typical complex hydrides include alanates, borohydrides, amides, imides, alane etc.
To optimize a material for hydrogen storage, its structural, thermo-dynamical and
kinetics of hydrogenation properties should be known (Jain, 2010).
When biohydrogen production systems are compared,the highest hydrogen synthesis
rate is obtained with dark fermentation. However the hydrogen synthesis rate for
dark fermentation varies widely. Theoretically 1 mol glucose has the potential to
produce 12 mol H2, while existing fermentation technologies produce only 2-3 mol
H2 due to incomplete decomposition of organic matter to acetate and acetone, and the
use of hydrogen to reduce volatile fatty acids and alcohols. Therefore, revealing the
favorable environmental conditions for the highest hydrogen production is important.
Since hydrogen produced is used for the reduction of organic matter in anaerobic
conditions ,hydrogen production rates usually remain at low levels. Factors such as
source of organic matter, pH, temperature, inoculum organic load and hydraulic
retention time affects the hydrogen production rate. In the last two decades, the
promising combination of a biological reactor with a membrane (a membrane
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bioreactor: MBR) is used in wastewater treatment and water reclamation
successfully. MBR has several advantages over conventional aerobic and anaerobic
biological processes in its high effluent quality, biomass retention, removal of solids
and organic matter and footprint reduction. The suspended cells’ retention in the
reactor using membrane technology provides a significant improvement in H2
production efficiency over the continuous stirred tank reactor (CSTR).
1.2 Aim and Scope
The subject of this thesis is to investigate the biohydrogen production from baker’s
yeast industry wastewater using anaerobic membrane bioreactor technology.
The aim of the thesis was to operate an anaerobic fermenter with a Suspended Solids
(SS) content around 20,000 mg/L, and a Hydraulic Retention Time (HRT) around 10
days, at 55°C. Based on latest literature value, the optimum pH of 7 was selected in
the entire period of reactor operation. Under these conditions high Volatile Fatty
Acid (VFA)s production were expected during fermentation process. Results of this
study were based on reactors operated in the laboratory environment for 7.5 month
time. MBR and fermentor reactors were set up for this research in laboratory
environment. Different membrane types and system configurations were applied in
four operating periods.
Moreover, to treat and recover the energy from the effluent of biohydrogen reactor
biomethane production was studied in batch tests.
Literature survey about biohydrogen production is presented in the 2nd chapter. In the
3rd chapter methods and materials used in these studies are given and the results of
these studies together with their discussions are presented in chapter 4. In the last
chapter conclusions and recommendations are given.
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2. REVIEW ON HYDROGEN PRODUCTION
Hydrogen is the most abundant element in the world but on the other hand it can only
be obtained from compounds which have hydrogen in their content such as fossil
fuels, biomass and water. In every production method, an energy source is needed
(for thermal processes heat electricity electrolysis). In other words, these methods all
need an external energy and therefore they are not economical and environment
friendly processes (Momirlane, 2002; Kotay, 2008). This means that biological
hydrogen production is very important.
2.1 Biohydrogen Production Methods
Biological methods can be listed as 6 different processes. These are;
 Direct biophotolysis
 Indirect biophotolysis
 Water-gas shift
 Photo fermentation
 Dark fermentation
 Microbial electrolysis cell
These processes are explained in details in coming sections.
2.1.1 Direct biophotolysis
This method is quite similar to the process seen in plants and algal photosynthesis. In
this process solar energy is directly converted to hydrogen via photosynthetic
reactions (2.1). This can be counted as a preferred process since solar energy is used
to convert a readily available substrate, water to oxygen and hydrogen.
2H2O + ‘light energy’ → 2H2 + O2

(2.1)

A direct biophotolysis process must operate at a partial pressure of near one
atmosphere of O2. Produced hydrogen ions converted into hydrogen gas with
hydrogenase enzyme, which is a thousand fold greater than the maximum likely to be
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tolerated. Thus the O2 sensitivity of the hydrogenase enzyme reaction remains the
key problem (Manish. 2008).
2.1.2 Indirect biophotolysis
Another method of producing hydrogen is with the help of a bacteria called
Cyanobacteria.

The

overall

mechanism

of

hydrogen

production

with

Cyanobacteriacan be represented by the following reactions (2.2), (2.3), (2.4), (2.5):
6CO2 +6H2O+light energy→C6H12O6 +6O2(microalgea)

(2.2)

C6H12O6 + 2H2O → 4H2 + 2CH3COOH + 2CO2(cyanobacteria)

(2.3)

2CH3COOH+4H2O+light energy →8H2 +4CO2

(2.4)

Overall reaction
12H2O+light energy→12H2+6O2

(2.5)

Cyanobacteria have the unique characteristics of using CO2 in the air as a carbon
source and solar energy as an energy source. The cells take up CO2 as a first step to
produce cellular substances, which are subsequently used for hydrogen production
(Denni, 2006 and Reith, 2003).
2.1.3 Water-gas-shift
A member of the super family Rhodospirillaceae, certain photo heterotrophic
bacteria can grow in the dark using CO as the sole carbon source to generate ATP
with the simultaneous release of H2 and CO2. The oxidation of CO to CO2 with the
release of H2 occurs via a water gas shift reaction as shown below (2.6) (Das, 2001).
CO + H2O →H2 + CO2

(2.6)

2.1.4 Photo-fermentation
Under nitrogen-deficient conditions using light energy and reduced compounds
(organic acids) photosynthetic bacteria evolve molecular hydrogen catalyzed by
nitrogenase. These bacteria themselves are not powerful enough to split water. However under anaerobic conditions these bacteria are able to use simple organic
acidslike acetic acid as electron donors. These electrons are transported to the
nitrogenase by ferredoxin using energy in the form of ATP. When nitrogen is not
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present, this nitrogenase enzyme can reduce proton into hydrogen gas again using
extra energy in the form of ATP (Manish, 2008).
The overall reaction of hydrogen production can be given as (2.7)
C6H12O6 + 6H2O + ‘light energy’ → 12H2 + 6CO2

(2.7)

The overall biochemical pathways for the photo fermentation process can be
expressed as follows (2.8):
(2.8)

(CH2O2)→Ferredoxin →Nitrogenase → H2
↑ATP

↑ATP

Carbon monoxide can also be used for the production of hydrogen using microbial
shift reaction by the photosynthetic bacteria as follows (2.9):
(2.9)

CO+H2O→CO2 +H2
The major benefits are noted below:
(1) High theoretical conversion yields.

(2) Lack of O2-evolving activity which causes problem of O2 inactivation of different
biological systems.
(3) Ability to use wide spectrum of light and
(4) Ability to consume organic substrates derivable from wastes and then, for their
potential to be used in association with wastewater treatment (Das, 2001)
2.1.5 Microbial electrolysis cell
The Microbial electrolysis cells (MEC) is an emerging technology that combines
bacterial metabolism with electro chemistry to achieve H2 production. As shown in
Figure 2.1. anode-respiring bacteria (ARB) for example from genera of Geobacter,
Shewanella,

Pseudomonas,

Clostridium,

Desulfuromonas,

Escherichia

and

Klebsiella are attached to the anode where they oxidize simple organic compounds
(i.e. acetate, ethanol, lactate, butyrate and propionate) and transfer the electrons to
the conductive solid. By conducting through an external electrical circuit the
electrons reach the cathode, where they react with H2O to produce H2, which evolves
out of the cathode section. A power supply is needed to boost the voltage of the
electrons reaching the cathode so that they have sufficient energy to reduce H2O to
H2. Because the standard potential of the electron donor (e.g. Eacetate = -0.28 V) is
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more positive than for H2 (

= -0.41 V), the theoretical applied voltage needed for

H2 production is -0.13 V. which is nine fold less than the voltage required for water
electrolysis (

= +0.82 V). However, due to energy losses occurring in the MEC.

the actual applied voltage mustbe greater than 0.13 V and typically is in the range of
0.6–1.2 V. A major advantage of an MEC is that it can give high H2 yields as H2
capture efficiencies ranged from 67% to 91% from diverse donor substrates (e.g.
cellulose, glucose, butyrate, lactate, propionate, ethanol or acetate) (Lee, 2010).

Figure 2.1: Schematic illustration of a typical MEC (Lee, 2010).
2.1.6 Dark fermentation
Dark-fermentation is one of the most powerful processes because of a relatively
higher rate of hydrogen production. Dark hydrogen fermentation is a ubiquitous
phenomenon under anoxic conditions (i.e. no oxygen present as an electron
acceptor). Hydrogen production is a result of fermentation process from organic
material. During this process volatile fatty acids such as acetate, butyrate, lactic acids
etc. are produced. Figure 2.2 shown that microbial pathways in an ecosystem
degrading agricultural waste. In which bold arrows indicate hydrogen-producing
pathways and dotted arrows hydrogen-consuming pathways. The first stages in
anaerobic digestion (AD) are hydrolysis and acidogenesis, in which dark
fermentation is involved with hydrogen producers. Then hydrogen as a key
intermediate step can be rapidly consumed by other microorganisms in mixed culture
mainly by homoacetogens, methanogens and sulfate-reducing bacteria (Guo, 2010).
The generation of biohydrogen via dark fermentation is achieved mainly by strictly
anaerobic or facultative anaerobic bacteria under anaerobic conditions. Although
different organic substances; such as carbohydrates, sugars, proteins and lipids can
be used as substrates in principle.
8

Figure 2.2: Microbial pathways in an ecosystem degrading organic matter.
For the estimation of the theoretical yields of fermentative hydrogen the reaction of
glucose biotransformation towards acetate is widely accepted as reference.
According to that reaction (2.10) the maximum theoretical yield of biohydrogen from
glucose fermentation is 4 mol of H2 per mol of consumed glucose:
C6H12O6+ 2H2O

2CH3COOH+4H++ 4H2+2CO2

(2.10)

In the case that instead of acetate, butyrate is the sole organic byproduct. The
maximum hydrogen theoretical yield becomes 2 H2 per mol of consumed glucose
according to reaction (2.11) (Ntaikou, 2010).
C6H12O6 → CH3CH2CH2COOH + 2CO2 + 2H2

(2.11)

Therefore in the production of acetate as the end product of fermentation, a higher
rate of H2 production can be obtained. The formation of the end product of
fermentation is completely different depending on the type of bacteria and it varies
according to environmental conditions.
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2.2 Importance of Dark Fermentation in Biohydrogen Production
In comparison to other options of producing BioH2 the most prominent advantage of
dark fermentation is that the H2 production rate (H2 volume/reactor volume-time) can
be orders of magnitude larger than those achieved by other means. These systems
compared with each other hydrogen has the highest rate of synthesis of the darkfermentation system is in Table 2.1 are observed. Theoretically 1 mole of glucose
turns into 12 mol H2 but existing fermentation technologies have the potential to
produce 2-3 mol H2. Main reason behind this is that decomposition of organic matter
to the entire acetate or acetone and the use of hydrogen for the reduction of volatile
fatty acids and alcohols.
Despite a great research interest in extreme-thermophilic dark fermentation most
studies have only focused on the effect of individual factors (pH, HRT) biohydrogen
production.
Table 2.1: Hydrogen production rate of different types of biohydrogen
processes (Holladay, 2009).
Bio-hydrogen system

Direct photolysis
Indirect photolysis
Photo-fermentation
Water –Gas shift
Dark Fermentation
Microbial electrolysis
cell

H2
synthesis
ratemmol
H2/L.h
00.7
0.355
0.16
96
8.2–121

Bio-reactor
volume
(m3)for 5
kW energy
1,707
337
747
1.24
1-14.75

5.8

21

The evolution of hydrogen by fermentation has several advantages for industrial
productionsuch as:
(a) Fermentative bacteria have very high evolution rate of hydrogen.
(b) They can produce hydrogen constantly through day and night from organic
substrates.
(c) They can have growth rate good for supply of microorganisms to the production
system.
Therefore the fermentative evolution is more advantageous than photochemical
evolution for mass production of hydrogen by microorganisms. Fermentative
hydrogen production can be maximized through the effective coupling of the
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following factors:
(1) An accessible and rich source of electron and biochemical electron pump.
(2) An active hydrogenase (Das, 2001).
2.3 Effect of Enviromental Factors
There are several main factors effecting fermentative hydrogen production. These
factors included substrate, pH, temperature, inoculums, organic loading rate (OLR)
and hydraulic retention time (HRT).
2.3.1 Substrate
The survey on waste-related hydrogen production above show that the main
emphasis has been (and still is) given to the fermentation of the carbohydrate fraction
of waste materials. This is likely due to the fact that less quantity of protein and fat
dominated wastes suitable as substrates for the production of biogas are available
compared to carbohydrate wastes. Nevertheless both protein and fat are potential
feeds for the dark fermentation of organic wastes to hydrogen. Both are subjected to
the same constraints as are the carbohydrates which are their degradation is
dependent on a low partial pressure of hydrogen and they give rise to fermentation
products with the same restriction (Table 2.2).
Therefore in view of the theoretical yields waste substrates with high fat content
should be aimed at for dark fermentative production of hydrogen. However due to
the thermodynamics of the degradation of fat via the β-oxidation pathway, hydrogen
production via this route would call for an efficient hydrogen sink. This is also valid
for proteins, due to the low partial pressure of hydrogen needed for oxidative
deamination and the degradation of the dicarboxy acids resulting from the
deamination of amino acids (Svesson, 2005).
There are three different kinds of biomass, which can be used as raw materials for
thermophilic fermentation.
 Sucrose containing biomass (i.e. sugar beet, sugar cane, sweet sorghum).
 Starchy biomass (i.e. potato, cereals).
 Lignocellulosic biomass (i.e. grass, wood, straw).
A part from various kinds of crops by products from biomass processing industries
(beet pulp, molasses, potato peels, apple pulp, wheat bran, brewer’s grain etc.) can be
11

used for hydrogen production (Urbaniec, 2009).
Table 2.2: Hydrogen expected from carbonhydrates, proteins and fats based on
model monomer units containing six carbons(Svesson, 2005).

Carbohydrate
Protein
Fat

Monomer

Reaction

H2/C

Glucose

C6H12O6+ 6H2O → 6CO2+ 12H2

2

Average
6[CN0.23H1.9O0.51] + 8.9H2O→ 6CO2 +
amino
1.4NH3 + 12.5H2
acid*
Caproic
acid

C6H12O2+ 10H2O → 6CO2+ 16H2

2.1
2.7

*The average molecular formula given for casein

Substrates are existing in very large quantities both as products or wastes from
agriculture, crop residues, the food industry, market waste, animal waste and organic
matter of municipal solid waste (Mudhoo, 2010).
Substrates used for biohydrogen production have ranged from simple sugars such as
glucose, sucrose, cellulose, sugar factory wastewater, rice winery wastewater, sugar
beet wastewater, food processing and domestic wastewater, sweet potato starch
residue and food waste. These substrates for biohydrogen production are listed in
Table 2.3.
Batch tests using various wastes and wastewaters suggest that hydrogen production is
from carbohydrates more efficient than other materials. Simple sugars such as
sucrose and glucose are converted to hydrogen at elevated temperature with high
conversion efficiencies. Yields of 28% were obtained with glucose and 26% with
sucrose at 30°C, while hydrogen produced from molasses, lactate and cellulose were
15%, 0.5% and 0.075%, respectively. These results indicate that high-carbohydrate
wastewaters will be seemingly the most useful for industrial production of hydrogen
(Mudhoo, 2010).
Wu and Lin (2004) have conducted batch experiments to convert molasses
wastewater (10–160g chemical oxygen demand (COD)/L) into hydrogen at 35 °C at
various pHs (4–8). The maximum hydrogen productivity (HP) and hydrogen
production rate (HPR) reached 47.1 mmol H2/g COD and 97.5 mmol H2/L/d.
Respectively, at a substrate concentration of 40 g COD/L and pH 6 and the methanefree biogas contained up to 50% (v/v) of hydrogen. O-Thong (2007) seeded
thermophilic microflora into an anaerobic sequencing batch reactor for hydrogen
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production from palm oil mill effluent (POME) and supplemented the reaction
mixture with nitrogen, phosphorus, and iron sources for biostimulants. O-Thong et.
al. (2007) noted that the nutrient supplementation strategy had increased the bacterial
diversity in the reactor and promoted in particular the growth of the hydrogen
producing bacteria Thermosaccharolyticum which ultimately increased the hydrogen
production yield from 1.6 to 2.24 mol H2/mol hexose and hydrogen production rate
from 4.4 to 6.1 l H2/L POME/d (Mudhoo, 2010).
Table 2.3: Substrates for biohydrogen production (Li, 2007).
Substrates

Temperature (0C)

Glucose
Sucrose
Cellulose
Strach
Sugar Factory
wastewater
Rice Winery
wastewater
Sugarbeet
wastewater
Food processing
and Domestic
wastewater
Food Waste

35
35
60
37

Maximum
volumetric rate
(L H2/L/d)
5.9
7.6
0.7a
1.5

60

4.8a

55

3.8

32

3.0a

23

3.0a

37

3.6

a Calculated from provided data assuming temperature of 25◦C.

2.3.2 Inoculum
The bacteria which are capable of producing hydrogen widely exist in natural
environments such as soil wastewater sludge, compost and soon. Thus these
materials can be used as inoculum for fermentative hydrogen production.
Fermentative hydrogen production processes using mixed cultures are more practical
than those using pure cultures, because the former are simpler to operate and easier
to control and may have a broader source of feedstock. On the other hand in a
fermentative hydrogen production process using mixed cultures, the hydrogen
produced by hydrogen producing bacteria may be consumed by hydrogen consuming
bacteria as well. In addition to that when mixed cultures are treated under harsh
conditions hydrogen-producing bacteria would have a better chance than some
hydrogen-consuming bacteria to survive. Thus in order to harness hydrogen from a
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fermentative hydrogen production process. The mixed cultures can be pretreated by
certain methods to suppress as much hydrogen-consuming bacterial activity as
possible while still preserving the activity of the hydrogen-producing bacteria
(Wang, 2009).
Advantages of mixed cultures in terms of the economical viability of a process. Their
use always hides the possible predominance of non-hydrogen producing species such
as methanogens, homoacetogens and lactic acid bacteria; a case which could
eventually lead to the dramatic failure of the viability of process. The strategy
followed in order to minimise such a possibility includes on the one hand an initial
pretreatment of the seed so as to remove to the highest possible degree the undesired
microorganisms. On the other hand the maintenance of such environmental and
operational conditions that favour the predominance of the desired hydrogen
producing species. In terms of the seed pretreatment. Heat treatment is generally the
most common practice. By subjecting seed cultures to high temperatures only the
spore-forming acidogenic microorganisms survive the thermal shock, whereas the
methanogenic non-spore-forming bacteria die (Ntaikou, 2010). The pretreatment
methods reported for enriching hydrogen-producing bacteria from mixed cultures
mainly include heat-shock, acid, base, aeration, freezing and thawing, chloroform,
sodium 2-bromoethanesulfonate or 2-bro-moethanesulfonic acid and iodopropane
(Table 2.4).
Coenzyme M (CoM; HSCH2CH2SO3−) is a cofactor which is found in all
methanogens but not in other bacteria or archaea. CoM is involved in the terminal
step of methane biosynthesis, where the methyl group carried by CoM is reduced to
methane by methyl-CoM reductase. The methanogenic inhibitors involved in this
group usually include 2-bromo ethanesulfonate (BES), 2-chloroethanesulfonate
(CES), 2-mercaptoethanesulfonate (MES) and lumazine. They can competitively
inhibit the methyl transfer reaction at the terminal reductive step during methane
formation in methanogens using H2 and CO2. Normally, these substances can
specifically inhibit all the groups of methanogens at a relatively low concentration.
Therefore, they are usually regarded as “specific” methanogenic inhibitors. As a
classic structural analog of CoM, BES has been used widely and regarded as a
methanogen-specific inhibitor in microbiological studies. The effective inhibition
concentrations are different from the various application systems. For example,
Conrad (2000) reported that 10 mM BES is the optimum concentration to inhibit the
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anaerobic methanogens in the rice roots systems. In the thermophilic anaerobic
digester, the complete inhibition of the methanogenesis required at least 50 mM BES
and a higher BES concentration was needed for the inhibition of the
hydrogenotrophic methanogens than the acetoclastic methanogens. However, in the
similar system, only 10 mM concentration BES can inhibit the methanogenesis.
There are also reports about the application concentrations at 5–20 mM in the soil
and <1 mM in the rumen environment (Liu, 2011).
Table 2.4: The comparison of various pretreatment methods for enriching hydrogen
producing bacteria from mixed culture inoculum (Wang, 2009).
Inoculum

Digested
sludge

Cattle
manure
sludge
Methanoge
nic granules
Digested
wastewater
sludge

Anaerobic
sludge

Inoculum
pretreatment
method studied
Acid, base.
heat-shock.
aeration and
chloroform
Freezing and
thawing, acid.
heat-shock, and
sodium 2bromoethanesul
fonate
Acid, heatshock
and chloroform
Heatshock.Aeration,
acid,Base, 2bromoethanesul
fonic acid and
iodopropane
Sodium 2bromoethanesul
fonate, acid,
heat-shock and
their four
combinations

Substrates

Reactor Maximum
type
hydrogen
yield

Optimal
Pretretment
method

Batch

1.8
mol/mol
glucose

Heat-shock

Glucose

Batch

1.0
mol/mol
glucose

Acid

Glucose

Batch

1.2
mol/mol
glucose

Chloroform

Sucrose

Batch

6.12
mol/mol
sucrose

Base

Dairy
wastewater

Batch

0.0317
mmol/g
COD

Sodium2bromoethan
esulfonate

Glucose

2.3.3 Temperature
Dark hydrogen fermentation can be performed at different temperatures:
mesophilic(25–40 ), thermophilic (40–65 ), extreme-thermophilic (65–80 ) or
hyper-thermophilic (>80

) (Liu, 2008).
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Temperature is one of the most important factors that influence the activities of
hydrogen-producing bacteria and the fermentative hydrogen production. It has been
shown that increasing temperature could increase the ability of hydrogen-producing
bacteria to produce hydrogen during fermentative hydrogen production, but after
some point; temperature at much higher levels could decrease it with increasing
levels.
Thermophilic hydrogen production has some general advantages of performing
processes at elevated temperature, such as a lower viscosity, better mixing, less risk
of contamination, higher reaction rates and no need for reactor cooling. In addition,
the hydrolytic capacity of especially thermophilic bacteria and the thermodynamics
of the reactions at elevated temperatures play an important role (Verhaart, 2010).
The hydrogen fermentation under extreme-thermophilic conditions has the advantage
of following the most favorable metabolism resulting in acetate as the main byproduct, which corresponds to theoretical maximum hydrogen production of 4 moleH2/ mole glucose (2.12) (Liu, 2008).
Glucose + 4H2O 2 Asetate + 2HCO3-+4H++4H2

(2.12)

Figure 2.3 shows the combined effect of temperature and P(H2). If we then assume
that approximately 70–75 kJ per mole of ATP is needed and that for the total reaction
four moles of ATP will be produced, the total amount of free energy has to be lower
than −280 to −300 kJ (indicated as the grey area in Figure 2.3). The indicated arrows
then show that at 25 °C, the P(H2) needs to be as low as 0.022 kPa to make the
reaction feasiblein contrast to only 2.2 kPa at 100 °C (Verhaart, 2010).
Thermophilic fermentations have several advantages:
(1) Many industrial organic wastewaters such as those arising from food processing
facilities are discharged atelevated temperatures;
(2) Elevated culture temperatures depress growth of contaminant bacteria and
decrease or negate the need for sterilization of media and equipment;
(3) Thermophilic fermentation pathways tend to have fewer end-products and greater
H2 production rate;
(4) Large scale fermentations generate excess heat that requires cooling for
mesophilic cultures.
Hyperthermophilic fermentations can make use of the biological heat generation to
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raise temperature of media to culture temperature.

Figure 2.3: The combined effect of temperature and P(H2) (Verhaart, 2010).
2.3.4 pH
pH is another important factor that influences the activities of hydrogen-producing
bacteria and the fermentative hydrogen production since it may affect the
hydrogenase activity as well as the metabolism pathway. It has been demonstrated
that in an appropriate range, increasing pH could increase the ability of hydrogen
producing bacteria to produce hydrogen during fermentative hydrogen production.
but pH at much higher levels could decrease it with increasing levels (Wang, 2009).
Inaddition to H2 these fermentations result in the formation of a variety of organic
acids such as acetate, butyrate, lactate or propionate along with lesser amounts of
alcohols such as ethanol. The amounts and rates of formation of each of these
products depends on the organism and substrate used as well as culture conditions
such as dissolved H2 concentration, pH and culture temperature.
Intermediate products which are acetate, butyrate, ethanol, propionate are quite
important to examine hydrogen production utility and persistence. For example; at
pH=5 level it is seen that hydrogen and acetate production is quite high where at
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pH=4-4.5 level butyrate production is seen with hydrogen production. Theoretically
it is known that best hydrogen production occurs at pH=4.5-5 level with ethanol but
it is indicated best hydrogen production level is acetate level in practical terms. There
is a common belief that hydrogen production is higher in low pH levels but it is also
shown that in pH= 7-7.5 level also it is possible to produce hydrogen in high rate.
For example;the highest hydrogen production of 257

25 mL/gVSadded was obtained

when the pH was 7.0. At pH higher than7.0 the hydrogen yield decreased and the
yield at pH 8.5 was153

25 mL/gVSadded. However for pH lower than 7.0 the

hydrogen yield decreased more drastically. For example, at pH 5.0 the hydrogen
yield was only 86

26 mL/gVS added (Liu, 2008).

Yokoyama (2007) found their study the optimum pHs for hydrogen production from
the slurries at 60 and 75°C were around neutral (Figure 2.4).

Figure 2.4: pH changes for hydrogen production (Yokoyama, 2007).
The amounts of hydrogen production from the slurries at 60 and 75°C were
significantly decreased at pH 6.0. The amounts of hydrogen production at 37 and
50°C at pH 6.0 were also lower than those obtained under neutral conditions (data
not shown). Therefore pH control between pH 6.5 and 7.5 may be necessary for
practical hydrogen production under both culture conditions 60 and 75°C.
2.3.5 Organic loading rate and hyraulic retention time
The organic loading rate (OLR) and hydraulic retention time (HRT) are important
design parameters in biological processes. It has been demonstrated that in an
appropriate range, increasing HRT could increase the ability of hydrogen-producing
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bacteria to produce hydrogen during fermentative hydrogen production but HRT at
much higher levels could decrease it with increasing levels.
Hydraulic retention time (HRT) is another factor potentially affecting both hydrogen
production rates and yields in different continuous reactor systems. For example, an
upflow anaerobic reactor with rice winery wastewater as substrate was used to study
the effect of varying HRTs on hydrogen production. It was demonstrated that H2
yield increased with HRT while the specific hydrogen production rate (SHPR)
decreased. Additionally HRT was shown to influence the product composition during
fermentation of substrates that are more recalcitrant to biodegradation (Hallenbeck,
2009).
Volatile fatty acid (VFA) concentrations increased with increasing HRT with ethanol
being the major alcohol produced with especially high concentrations at lower HRTs.
In reality a wide range of optimal HRTs ranging from 2 hours to 18 hours have been
observed in various studies. This suggests not surprisingly that optimal HRT is a
specific characteristic of each system dependent upon a multitude of factors
including; reactor configuration substrate used and the particular organism or
microbial consortia.
2.4 Anaerobic Membran Bioreactors
Anaerobic processes have been successfully used to treat industrial food processing
and agricultural wastewaters for a long time. Anaerobic processes are also widely
used totreat sludges from municipal wastewater treatment plants and successfully
treat animal manures and the organic fraction of municipal solid waste. But
application of AnMBR for dilute wastewaters is suitable for countries with warmer
climates.
Anaerobic processes offer several widely known advantages over conventional
aerobic processes. First, no oxygen is required. so the challenge expense and energy
required to dissolve oxygen into water are eliminated. Second, methane is produced
and serves as a renewable energy source. Where the economics are favorable this
methane may be combusted to produce electricity and heat. Finally, less biomass is
produced. In the absence of oxygen as an electron acceptor anaerobic microbial
systems discard the electrons on to methane instead of using them to grow more
microorganisms. These advantages are offset by the slow growth rates ofthe
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methanogenic organisms and the microbial complexity of the systems. Biomass
retention is critical to provide sufficient solids retention time (SRT) for the
methanogens, but even so the low effluent concentrations achieved by aerobic
processes are difficult to achieve (Liao, 2006).
Most of the high-rateanaerobic reactor based on the biofilm or granular sludge
formation. Thus high concentrations of biomass retention in the system are provided
case of failure of the biofilm or granule formation membrane modules can used to
acceess the same goal. Also membrane separation increases system efficiency.
Therefore MBR could be a promising alternative of bioprocess for H2 production
from organic substrates. Surprisingly there is little information in the literature
regarding the use of MBRs for fermentative H2 production. In the only relevant
report Oh et al.2004 showed that HPR was enhanced 27% by a MBR operation at a
short HRT of 3.3 h. while 164% increase in biomass concentration was achieved.
This demonstration pointed out the possibility of using MBR to improve the
performance of biohydrogen production that has motivated us to develop a more
efficient MBR H2-producing system. In this study, a hollow-fiber microfiltration
membrane module was connected with a conventional CSTR process for dark H2
fermentation using three different carbon substrates (glucose, sucrose and fructose).
The feasibility of using MBR operation as a strategy to facilitate biohydrogen
production was also assessed.
An AnMBR can be simply defined as a biological treatment process operated
without oxygen and using a membrane to provide complete solid-liquid separation.
The application of anaerobic processes to more dilute waste streams may
nevertheless be appropriate. Recently Shizas and Bagley (2004) measured the
potential energy in the organics of municipal wastewater to be upto nine times
greater than the electricity needed to operate a municipal wastewater treatment plant.
The methane-rich biogas produced from anaerobic sludge digestion can be
combusted to produce a significant fraction of the electricity needed to run the plant.
To achieve energy sustainability. However, anaerobic treatment must be applied to
the wastewater directly.
The descriptive characteristic of different anaerobic processes is whether there is
biomass retention. Commercial high-rate anaerobic reactors are feasible because
biomass is retained, either by the formation of granular sludge or by attachment to a
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fixed or mobile support material thereby decouplingthe SRT from the HRT. The
most common reactor designs that providebiomass retention are the upflow
anaerobic sludge bed (UASB), hybrid UASB, anaerobic filter (AF), expanded
granular sludge bed (EGSB) and fluidizedbed (FB). When biomass is retained, the
effluent suspendedsolids concentration is significantly lower than the biomass
concentration in the reaction zone.
Design parameters for AnMBRs and aerobic MBRs are given in Table 2.5. As shown
in Table 2.5. the membrane flux of external sistems are higher than that of immersed
dydtems because of high velocities applied in external systems. Anaerobic MBR
systems are more suitible for high temperatures and less energy requirements make
anaerobic systems more preferable.
Table 2.5: Comparison of filtration for AnMBRs and aerobic MBRs (Liao, 2006).
Parameter

Unit

Anaerobic MBR
External
Submerged
cross-

Aerobic MBR
External
Submerged
cross-

Design flux

L/m2/h

10–40

15

50–100

20–50

Applied pressure

kPa

150-450

15-50

400

20-50

Cross- flow
velocity

m/s

2-5

n/a

3-5

n/a

3-7.3

0.25-1.0

4-12

0.3-0.6

20-50

20-50

20-30

20-30

Energy for
filtration
Temperature

kWh/m3
°C

2.5 Configuration
There are two principle approaches to membrane design and operation. The
membrane may be operated under pressure or it may be operated under vacuum
(Figure 2.5). In the first approach the membrane is separatefrom the bioreactor and a
pump is required to push bioreactor effluent intothe membrane unit and permeate
through the membrane (Figure 2.5). This configuration is often called an external
cross-flow membrane although this can occasionally lead to confusion, as noted later.
The cross-flow velocity of the liquid across the membrane surface serves as the
principle mechanism to disrupt cake formation on the membrane. When the
membrane is operated under a vacuum instead of direct pressure the configuration is
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often called submerged or immersed because the membrane is placed directly into
the liquid.

Figure 2.5: External membrane configuration.
A pump or gravity is used to pull the permeate through the membrane. Because the
velocity of the liquid across the membrane cannot be as readily controlled cake
formation can be disrupted by vigorously bubbling gas across the membrane surface.
For aerobic MBRs the air used also provides aeration while for AnMBRs biogas
must be used.
The

vacuum-driven

immersed

membrane

approachmay

be

used

in

two

configurations. The membrane may be immersed directly into the bioreactor (Figure
2.6) or immersed in a separate chamber (Figure 2.7). The latter configuration now
looks like an external membrane and will likely require a pump to return retentate to
the bioreactor. However, unlike the external cross-flow membrane, the membrane
here is operated under a vacuum instead of under pressure.

Figure 2.6: Immersed membrane configuration.
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The external chamber configuration (Figure 2.7) is used for full-scale wastewater
treatment plants becauseit provides for easier cleaning of the submerged membranes
because external cross-flow membrane. Vacuum-driven submerged membrane with
the membrane immersed directly into the reactor. Vacuum-driven submerged
membrane with the membrane immersed in an external chamber. The chambers can
be isolated instead of the membranes being physically removed.

Figure 2.7: Submerged membrane into an external chamber.
2.6 Membrane Properties
2.6.1 Membrane material
Membranes may be composed Membranes may be composed of natural (e.g
modified natural cellulose polymers) or synthetic polymers (plastic materials) or
inorganic ceramic materials.
Cellulosic membranes have many advantages. They are easy to manufacture provide
high flux and have high salt rejection properties. But there are several problems with
these membranes like limited temperature range (max 30°C), limited pH range (pH
3-6) – problem for cleaning with detergents poor resistance to chlorine as a sanitiser,
poor membrane properties at high operating pressures susceptibility to microbial
attack due to their natural origin.
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Membranes made from synthetic polymers widely used for UF and they have wide
tolerance to pH, temperature and chlorin. Generally polyamide and polysulphone are
used for this kind membranes.
Ceramic membrane are made from mineral materials such as glass, aluminium oxide
and zirconium oxide. These materials have high resistance to chemical degradation,
and tolerate wide pH and temperature ranges. Hovewer, those kind of material are
expensive and can be brittle. Excellent durability longer service life especially with
the more rigid processes maken organic membranes more favorable compared to
polymeric membranes.
2.6.2 Pore size
2.6.2.1 Microfiltration (MF)
Microfiltration (MF) is used to separate suspended solids from dissolved substances
in a process stream or to concentrate fine colloidal suspensions. Generally,
Microfiltration membranes separate or reject particles from about 0.05-0.1 micron to
about 1 micron. On a molecular weight basis these membranes can separate or reject
macromolecules generally less than 100,000 MW pass through. The separation
mechanism of microfiltration is commonly attributed to geometry; i.e. passage
through the membrane is a function of particle size relative to opening or pore
dimensions of the membrane. Pore size studied in anaerobic membrane systems are
given in Table 2.6.
Table 2.6: Pore size studied in anaerobic systems.
Waste

COD
(mg/L)

Membrane
type
Ceramic
tubular

Synthetic wastewater (glucose. pepton
and yeast extract)

Polymeric
tubular

27,000

Polymeric flat
sheet
Low strength wastewater

450

Waste activated sludge
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Membrane
poresize. m

Reference

0.14
0.2

Choo, 2000

0.1

Polymeric flat
sheet

0.4

Aquino, 2006

Polymeric
tubular

0.2

Pillay, 1994

Table 2.6(continue): Pore size studied in anaerobic systems.
Waste

Mixture of WAS. food waste and
lifestock waste

COD
(mg/L)

Membrane type

29,000

Synthetic wastewater

Synthetic wastewater (glucose. fruktose.
sukrose)

20,000

Synthetic wastewater

Membrane
poresize. m

Reference

Polyethilene
hollow fiber

0.45

Jeong, 2010

Polyethilene flat
sheet

0.45

Lee, 2009

Polyethilene
hollow fiber

0.2

Lee,2006

Polyethilene
hollow fiber

0.1

Kim, 2006

Synthetic wastewater
(acetate:propionate:butyrate 2:1:1)

5,000

PES tubular

0.45

Jeison, 2008

Synthetic wastewater
(acetate:propionate:butyrate. 1:1:1)

10,000

Polisulfon
tubular

0.45

Jeison, 2008

Mixture of WAS. food waste and
lifestock waste

29,000

Polyethilene
hollow fiber

0.45

Jeong, 2010

Polyethilene flat
sheet

0.45

Lee, 2009

Polyethilene
hollow fiber

0.2

Lee, 2006

Polyethilene
hollow fiber

0.1

Kim, 2006

15,00020,000

Polyethilene flat
sheet

0.4

Trzcinski, 2009

18,700

Polyethilene flat
sheet

0.4

Trzcinski, 2010

Slautgherhouse wastewater

64,600

Ceramic tubular

0.2

Fuchs, 2003

Synthetic wastewater (40% gelatine.
40% starch. 20% ethanole)

14,000

Ceramic tubular

0.2

Jeison, 2008

Four mill industry wastewater

4,500

PES flat sheet

0.01

He, 2005

Synthetic wastewater. (cellulose. asetate)

5,043

PES flat sheet

0.01

Harada, 1994

Mixture of WAS. food waste and
lifestock waste

29,000

Polyethilene
hollow fiber

0.45

Jeong, 2010

Polyethilene flat
sheet

0.45

Lee, 2009

Polyethilene
hollow fiber

0.2

Lee,2006

Polyethilene
hollow fiber

0.1

Kim, 2006

Synthetic wastewater

Synthetic wastewater (glucose. fruktose.
sukrose)

20,000

Synthetic wastewater

Household waste

Household waste

Synthetic wastewater

Synthetic wastewater (glucose. fruktose.
sukrose)

20,000

Synthetic wastewater
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2.6.2.2 Ultrafiltration (UF)
Ultrafiltration (UF) refers to a scale of separation between microfiltration and
nanofiltration used to purify concentrate or fractionate macromolecules. Asshown in
Table 2.7 the most preferred pore diameter is 0.01 μ in the anaerobic UF membrane
applications. The region between MF and ultrafiltration is a some what grey area; it
is generally considered to be in the 0.01-micron range. It is difficult to determine the
diameter of the particles held in filtaration so in order to identify the involved
substances molecular weight is used. This value represents molecular weight of 9095% of substances which are kept and expressed as "molecular weight cut-off
(MWCO)".
The viabilityof treating high-concentration food wastewater by an anaerobic
membrane bioreactor (AMBR) was studied using polyethersulfone (PES)
ultrafiltration membranes PES200, PES300, PES500 and PES700 with norminal
molecular weight cut off (MWCO) ranging from 20,000 to 70,000 Da. Table 2.7
summarizes the rejection performance of the within the MWCO range of 20,000–
70,000 Da. all the four membranes exhibited high efficiency in removal of
particulate matter and bacteria. The removal rates of SS and bacteria were above
99.9% and 5.14 log units respectively. Meanwhile total COD in the influent were
also rejected by 87%. respectively (He, 2005).
Table 2.7: Summarizes the rejection performance of the within the MWCO (He,
2005).
COD (mg/L)
Membrane

Influent

PES200
PES300
PES500
PES700

4245.3
4245.3
4245.3
4245.3

Effluent Removal
(%)
412.0
90.3
467.2
89.0
527.5
87.6
550.0
87.0

SS (mg/L)
Influent

Effluent

920
920
920
920

1<
1<
1<
1<

Total bacteria number (/mL)
Removal
(%)
99.9<
99.9<
99.9<
99.9<

Influent

Effluent

1.8x106
1.8x106
1.8x106
1.8x106

4
7
11
13

Removal
(%)
5.65
5.41
5.21
5.14

2.7 Operational Temperature
Anaerobic processes are often operated at mesophilic (35 ) and thermophilic(55 )
temperatures. These temperatures are particularly important for the treatment of
high-solids-content material such as municipal wastewater sludges where the SRT
and HRT are equal and the increased reactionrates at the higher temperatures lead to
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decreased reactor sizes. Increasing the temperature also increases the attainable
membrane flux because theliquid viscosity decreases at higher temperatures as
discussed later. Often the heating requirement for treating these streams can be
metby the produced methane. However, for wastewaters with a low organic content
(e.g. municipal wastewater) the methane production cannot coverthe heating
requirement and operation must be at ambient temperatures.Thus, anaerobic sewage
treatment has traditionally only been conducted in warm climates. Operation at
ambient temperatures appears technically feasible although SRTs as much as double
those for mesophilic operation may be required and hydrolysis of solids slows
significantly. An AnMBR can maintain solids retention across a range of
temperatures which can allow an increase in the SRT and a decrease in the HRT
because biomass is retained.
In a study done by Jeison (2008) mesophilic and a thermophilic reactors were
operated with a synthetic wastewater. The thermophilic reactor achieved higher
volumetric loading rates than the mesophilic reactor reaching 14 g COD/L d (0.47 g
COD/gVSSd). AnMBR technology offers the possibility of total solids retention
enhancing the treatment of particulate organic matter. Furthermore, anaerobic
treatment of wastewaters with a high organic fraction of suspended solids can be
enhanced applying thermophilic conditions which provides higher reaction rates and
therefore higher organic loading potentials.
The temperature also had important influence on anaerobic digestion and membrane
separation. During the experiments done with high-concentration food wastewater
when the temperature was increased from 33 to 39 °C. The permeate flux was
increased by 44.3% from 13.1 to 18.9 L/(m2 h), whereas the COD removal rate
increased slightly from 84.7% to 85.0% (Table 2.8). The relatively high temperature
was conducive to the AnMBR. Temperature improvement could accelerate the
decomposition of organic pollutants, reduce the viscosity of anaerobic mixed liquid
and increase the water flux of UF separation. The experimental results showed that
the membrane flux was more sensitive to temperature than the COD removal rate
(He, 2005).
In a study of Wijekoon (2011), the two stage AnMBR treating high strength
molasses-based synthetic wastewater was operated under a side-stream partial
sedimentation. This study shows that the reactor achieved high BOD removal (90%)
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efficiency signifying a higher potential in thermophilic high strength anaerobic
wastewater treatment.
Table 2.8: Different operational temperature (He, 2005).
Inlet and outlet pressure (Mpa)
0.2
0.2
0.2

0.03
0.03
0.03

Temperature
(°C)
39
37
33

COD removal
rate (%)
85.0
84.8
84.7

Membrane flux
(L/m2 h)
18.9
15.6
13.1

2.8 pH and Alkalinity
pH value in the anaerobic reactors is very important in terms of achievement
maximum efficiency. Methanogens are very sensitive to the pH, so it is important to
run systhem in a neutral pH. At low pH, volatile fatty acid production and only a
portion of these acids are converted to methane. The rest accumulates in the system
and cause decrease of pH to even lower levels, which inhibits the methane bacteria.
As the UF membranes could not reject alkalinity CO3/HCO3 ions crossed through the
membranes with permeate. The alkalinity decline affected the total buffering
capacityof the anaerobic system so the AMBR could not maintain a steady organic
removal. In this study on-line pH monitoring was installed to keep pH at 7.0 by
adding NaHCO3 solution automatically. A less basic solution was added overthe
system running and gradually stabilized to a small amount.
2.9 Hydraulic Retention Time and Sludge Age
Hydraulic retention time (HRT) and sludge retention time (SRT) are important
parameters for the operation of anaerobic membrane
He (2005) found that a decrease in membrane flux in the reactor increases average
HRT. The COD removal rate depended upon HRT increasing approximately linearly
with HRT and remaining above 82% at HRT>50 h. Longer SRT was found resulting
in an increase in the viscosity of the anaerobic mixed sludge liquid. Consequently the
resistance force of membrane surface increased rapidly and the water flux reduced
significantly (He, 2005).
In order to prevent the wash out of microorganisms and untreated organic particles,
acidogenesis requires sufficient time for biodegradation by HRT adjustment.
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Effective HRT for acidogenesis varies from 0.25 to 2 days owing to the use of
different substrates reactor configurations, and due to other environmental
conditions. Jeong (2010) investigated a research to find optimum HRT for maximum
MPR value in AnMBR system. As shown in Figure 2.8 the average MPR at a steady
state was increased as the HRT decreased: 0.10, 0.15 and 0.28 m3/m3/d at HRT 20,
16 and 14 days respectively.

Figure 2.8: Profile of CH4 production rates (MPR) in SAMBRs at different
HRTs (Jeong, 2010).
Previous researchers showed that the performance of an anaerobic membrane
bioreactor can be affected by operating conditionsof the membrane morphology,
substrate characteristics, microorganisms. OLR and other factors He (2005) attained
a MPR valueof 0.63 m3/m3/d with a COD removal rate of 81–94% from food factory
wastewater using a UF membrane. Hu and Stuckey (2006) reported a low MPR value
of 0.07 m3/m3/d using a polyethylene SAMBR. Saddoud et al. (2007) operated a
side-stream anaerobic membrane bioreactor for treating municipal wastewater with
anOLR of 2 kg COD/m3/d; they recorded a MPR value of 0.54 m3/m3/d. Considering
these earlier anaerobic membrane bioreactor studies the present SAMBR shows a
comparable MPR under a short HRT when treating optimized acidogenic effluent.
Figure 2.9 shows profiles of the COD removal efficiency for all of the SAMBRs at
different HRTs. Clearly all achieved a high COD removal efficiency of over 99%
regard less of the HRT.
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Figure 2.9: Profile of COD removal efficiency and flux at different HRTs
(Jeong, 2010).
Although the COD removal efficiency tended to fluctuate at a shorter HRT it
stabilized within 60 days of acclimation. This fluctuation may be due to the
microbial stress at a low HRT which can lead to increases of soluble microbial
products (SMP) and extracellular polymeric substances (EPS) (Aquino, 2006; Meng,
2007). SMP and EPS can be expressed as soluble cellular macromolecules such as
carbohydrates, proteins and nucleic acids, which are released to liquid. In addition,
colloidal particles originated from hydrolysis and acidogenesis processes can be
another source affecting the performance fluctuation Aquino (2006).
2.10 Organic Loading Rate
The bioreactor COD, OLR and effectively the operating SRT will dictate treatment
performance. During operation if occurs flux decline volumetric loading rate should
be reduced. Other wise the yield decline would observe in the reactor.
Study of Fucsh (2005) report a research done sing a cross-flow membrane bioreactor
high anaerobic conversion rates of three different types of wastewater with varying
organic content were achieved. Loading rates obtained were as follows: 20
gCOD/L/d for artificial wastewater, approximately 8 g COD/L/d from vegetable
processing industry (sauerkraut brine) and 6–8 gCOD/L/d for wastewater from an
animal slaughterhouse. At stable conditions COD-removal rates in all three
wastewaters were higher than 90%. Methane yields from the treatment of artificial
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wastewater, sauerkraut brine, and animal slaughterhouse wastewater were in the
range of 0.17–0.30, 0.20–0.34. and 0.12- 0.32 L/gCOD fed respectively. The
complete retention of biomass and suspended solids is a unique feature of this
treatment process, which combines a high loading capacity and at the same time high
COD removal rates even for complex wastewater containing high concentrations of
particulate matter.
Maximum loading rates for the two types of industrial wastewater were 6–8 g
COD/L/d. Inboth cases, COD removal rates were higher than 97% at stable operation
conditions with only a minimal decrease towards higher loading rates. Corresponding
residual COD values in the effluent were in a range of 100–400 mg/L for
slaughterhouse wastewater and between 500 and 1000 mg COD/L when using
sauerkraut brine which contained very high concentrations of organic matter.
Moreover, high biogas yields were obtained. The high biogas yield also gives
evidence that the suspended organic matter was not simply retained by the membrane
filtration but it was actually biologically degraded in the reactor.
The distinct advantages of the investigated process are seen for the treatment of
wastewater with high particulate matter. Raw slaughterhouse wastewater contains
high concentrations of insoluble, slowly biodegradable solids often representing over
50% of the polluting charge. Table 2.9 gives acomparison of results from different
anaerobic processesused for the treatment of slaughterhouse wastes. In general, the
application of high loading rates leads to significant drop in the COD reduction rate.
Moreover, process failure was reported frequently due to excessive accumulation of
substrate material resulting in reactor clogging or sludge flotation. With the MBR
high loading rates in combination with increased COD elimination rates were
achieved.
According to He (2005), 4.5 kg/m3 d was the maximum VLR to maintain a steadystate operationof the AMBR in treating food processing wastewater. Given the
feedwater composition. This VLR value was comparable to the operational VLR of
an AMBR reported by another group. Fuchs (2003) reported the COD loading rates
of three types of wastewater for COD removal rates above 90%. The artificial water
containing peptone, yeast, glucose and acetate,which was easily biodegradable,
reached a COD loading rateof 20 kg/m3 d while wastewater from the vegetable
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processing industry and animal slaughter house only had COD loading rates of 8 and
6–8 kg/m3 d, respectively.
When the OLR increased from 10 to 15 g COD/L/d a growing accumulation of VFA
was observed, which demanded an OLR reduction to 10 g COD/Ld, in order to
achieve system recovery. Propionate accumulation was responsible for the permeate
VFA increase observed which shows the effluent propionate contribution to total the
VFA concentration (Jeison, 2009).
Table 2.9: Comparison of results from different anaerobic processes (Oh, 2004).
Type of reactor

VLR

HRT (d)

(g COD/L/d)
Anaerobic

SS

COD

Concentration(%)

Removal(%)

2- 18.5

0.5-5

45

30-85

3.5- 6.5

0.3-1.2

15-50

70-90

11

0.5-0.6

40-50

55

3.5

0.42

55

70

15

0.2

55

90

UASB

5-32

0.1-0.5

10

45-98

Two stage

35

0.1-0.3

4

85

5.3-15.8

0.2

45

54-80

Fluidized bed

4.7

0.1

Expanded

2.0-4.9

2

52

90-96

6-8

1.2

45-55

97

2- 18.5

0.5-5

45

30-85

3.5- 6.5

0.3-1.2

15-50

70-90

filter
Anaerobic
filter
Flocculent
UASB
Granular
UASB
Flocculent
UASB

UASB
Integrated
UASB-AF
75

granular sludge
bed
Anaerobic
baffled reactor
Sequencing
batch reactor
MBR
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According to Wijekoon (2011) achieving butyric and acetic acid as major VFA and
no propionic acid accumulation implied the suitability of this reactor configuration in
propionic acid inhibition and in thermophilic anaerobic treatment of molasses-based
synthetic wastewater. Increase of OLR changed the predominant VFA type from
acetic acid to n-butyric acid and the total VFA concentration was increased with
increased OLR. In addition, increased OLR increases organic matter removal
efficiency up to second loading rate and dropped in third loading rate. Hydrolytic and
methanogenic biological activity increased with the increasing loading rate.
However, increasing rates of biological activities decreased with loading rates
implying its approach to its maximum level. The reactor achieved high BOD removal
efficiency signifying a higher potential in thermophilic high strength anaerobic
wastewater treatment. AnMBR showed optimum COD removal efficiencies at 8 ±
0.3 kg COD/m3/ d loading rate.
2.11 Biomass Concentration
Biomass concentration is one of the crucial parameters effecting the performance of
anaerobic membrane bioreactors. Growth rate of anaerobic microorganisms is lower,
so there is a need to hold large amounts of biomass in reactors. High biomass
concentrations can be reached by using membrane systems.
Temperatures the one of the factors affecting the biomass concentration in the
system. Biomass concentration varies according to temperature changes Jeison
(2008) denoted that while SS concenntration in mesophilic temperature was rised
from 35 g/L to 40 g/L. SS concentration in thermophilic reactor was rised from 10
g/L to 30 g/L.
Liquid recirculation through the membrane pump has resulted in a substantial
decrease in the observed mean particle size. Circulation of the biomass through the
membrane pump has in some instances resulted in a decrease in microbial activity
(Liao,2006).
2.12 Transmembrane Pressure
The permeate flux in an anaerobic MBR is governed by different mechanisms when
the membrane is operated at low or at a high TMPs. At a relatively low TMP the
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permeate flux is governed by the TMP. Under such pressure-limited conditions the
permeate flux increases linearly with the applied TMP (Beaubien, 1996). At a
relatively high TMP the permeate flux is governed by the mass transfer of material
away from the membrane surface. When filtering a digested sludge Saw (1986) also
observed that at very high operating TMPs the permeate flux in an MF membrane
decreased with an increase in the TMP. However they also observed that when using
UF membranes (MW cut-off 8.000 to 20.000 daltons) the permeate flux remained
constant with an increase in the TMP (Hall, 2006).
2.13 Flux
The proper design flux is a very important parameter for the operation of MBR
systems. However there is a wide range of flux values in literature. Flux ranges
between 4-250 L/m2/ha for external systems and 3 to 80 L/m2/ha for submerged
systems. In a study the optimum flux is given as 5 L/m2/ha for submerged membrane
systems (Hall, 2006). In another study this value is given as 10 L/m2/saat (Hu, 2006).
On the other hand van Lier and Jeison indicate that if wastewater content high solids
(SW of 4%) flux would be 20 L/m2/ha (Jeison, 2006). Spagni, (2010) denoted that
the critical flux was influenced by the biomass concentration and organic loading
rates. According to their study the critical flux was observed around 10 L/m2/hr. The
flux values take place in literature are given in table Table 2.10.
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Table 2.10: The flux value in literature.
Reference Feed

Aquino,
2006
Choo, 2000
Elmaleh,
1998
Fuchs,
2003

Organic
Loading
Rate (g
COD/L/d)

Low strenght
wastewater
Synthetic wastewater
glucose.
pepton.yeast extract
Acetic acid

Synthetic wastewater
Sauerkrout brine
wastewater
Slaughterhouse
Harada,1994 Synthetic wastewater
Cellulose. acetate
He, 2005
Flour processing
wastewater
Jeison,
Synthetic wastewater
2006
(acetate:propionate:
butyrate) – 2:1:!
Jeison,2006 Industrial
wastewater
Jeison,
Synthetic wastewater
2008
(acetate:propionate:
butyrate.2:1:1)
Jeison,
2008

VS %

COD
(mg/
L)

HRT Gas
Membrane
day sparging material and
module type
L/min

Pore
size
µm

Flux.
(L/m2/h)

0.2

450

0.25

10

0.2

27,000

Temper
ature.
°C

TMP.
mbar

35

100

55

6002,000
500

5

PE flat sheet

0.4

0.015

Ceramic tubular
Polymeric tubular
Polymeric flat sheet
PS tubular

72

35

5-10

30

20-25
gVSS/L
60 g/L

64,600

1.2

Ceramic tubular

0.14
0.2
0.1
0.20.14
0.080.015
0.2

3
1.5- 2.5

1.2

5043

2.6

PS flat sheet

0.01

1-2.5

35

490

4.5

0.6

4,500

1

PES flat sheet

0.01

13.1-18.9

37

300

15 - 20

1.6; 2.5:
3.4

5,000

1.23

PS tubular

0.2

2 -3

30. 55

200

15

55

500
150

8- 20
4.2-6.3

10,000
20

2.7

5,000

PS tubular
5

17.5
20

35

PS tubular

0.45

15- 6

55

Rubber mesh

1150u
m

3
0.5-3

50
30
30

2.14 Biohydrogen Production Using Membrane Bioreactors
Membrane filtration system is a important process in organic matter. Membrane
filtration kept low hydraulic retention times for long sludge ages by increasing the
biomass concentration. However the most important disadvantage of the anaerobic
MBR is observation of H2 consuming or nonH2 producing bacteria (methanogens,
acidogenes) formation (Omstead, 1980, Hawkes, 2006, Kim, 2008). CH4 production
process is attributed to an increase in the hydrogen-consuming microorganisms.
Methane-producing bacteria can be inhibited with addition of chemicals to inhibit the
activity (eg. Chloroform, 2-bromoethane Sulfonate [BES] or fluoroacetate). Also
heat treatment can be used to inactivate methanogenes (Lay, 1999) (Nollet, 1997.
Wolin, 2006).
Membrane bioreactors (MBRs) have recently emerged as an effective means for
performance improvement in wastewater treatment due to their capability of
increasing biomass retention. Compared with other cell retention approaches such as
cell immobilization utilizing membrane separation to retain biomass would not cause
mass transfer limitation and is thus of great interest in practical application. MBR
could be a promising alternative of bioprocess for H2 production from organic
substrates. Surprisingly there is little information in the literature regarding the use of
MBRs for fermentative H2 production. According to Oh (2004) showed that HPR
was enhanced 27% by a MBR operation at a short HRT of 3.3 h. while 164%
increase in biomass concentration was achieved.
Kim (2006) run a lab scale system in two phases. The first phase of the study
completely mixed reactor system is operated and the second phase membrane
module was used in conjunction with the CSTR and these systems were compared.
Both systems are operated in mesophilic conditions (37°C) with hydraulic retention
time of 4.69 h. Hydrogen production rate for CSTR was 0.23 L H2/L/h and glucose
removal efficiency was about 95% and biomass concentration of the reactor is 1.3
g/L.membrane coupled CSTR system reached biomass concentration of 2 g/L and
this ivreasment did not cause a negative impact on biohydrogen production.
Differences between two systems are shown in Figure 2.10
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Figure 2.10: H2 production using a CSTR without (A) and with (B) hollowfiber membrane filtration unit (Kim, 2006).
HRT was fixed at 4.69 h. The effective surface area of membrane was 0.043 m2. Symbols:
total H2 production (). cell concentration (). glucose removal (). and pressure across
membrane ( ).

2.15 Comparison of Various H2-Producing Bioreactor
Various bioreactor systems have already been reported for the fermentative
production of H2. Table 2.11 summarized the performance of some selected reactors
including the MBR in the present study. Economics of fermentative H2 production
depends on many factors such as H2 production rate yield to carbon substrate longterm stability of the reactor scale-up etc. and it is not easy to compare various
reactors and draw a conclusion that a specific one is better than the others even under
a specific set of conditions. Especially the rate and yield of H2 production change
significantly depending on experimental conditions including temperature, pH, the
kind and concentration of substrateand HRT and these conditions have been poorly
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defined in many literatures. Nevertheless it can be indicated that the MBR has a
higher H2 production rate than most suspended and immobilized culture systems
(Oh, 2004; Chang, 2002; Rachman, 1998; Yokoi, 1997; Chang, 2003; Chen, 2001;
Mizuno, 2000; Lin, 1999; Nakamura, 1993; Lin, 2003). Some immobilized reactors
(Oh, 2004; Chang, 2002; Kumar, 2001; Rachman, 1998) have shown a high H2
production rate comparable to the MBR. However. in the study by Rachman (1998)
or Kumar (2001), a pure culture was used as a biocatalyst and is hard to maintain in a
large-scale H2 production. Chang, (2002) have used a mixed culture as a biocatalyst
but the H2 yield was very low as 1.1 mol H2/mol sucrose. Oh (2004) developed a
thermophilic (60oC) trickling biofilter reactor system, but thermophilic process can
increase energy costs. In comparison the MBR used in the present study exhibited a
high H2 production rate (1714 mmol H2/L.d) and yield (1.1 mol H2/mol glucose). We
suggest that the MBR is one of the most promising reactor systems for the
fermentative production of H2.
Table 2.11: Summarized the performance of some selected reactors (Kim, 2006).
Reactor type

Microorganism

Support
matrix
or membrane

HRT
(h)

Carbon
source
(g/l)

Biomass
(g VSS/l)

Volumetric
H2
production
rate(mmol
H2/l·d)

H2 yield
(mol
H2/mol
glucose)

MBR

Mixed culture

PVDF
membrane

0.79

Glucose
10

8.3 g/L

1,714

1.1

Thermophilic
trickling
biofilter

Mixed culture

Synthetic
polymer

2

Glucose
20.6

18- 24

1,050

1.1

Packed-bed

Mixed culture

Activated
carbon

1

Sucrose
17.8

14.6

1,188

1.1

Lignocellulosic
agroresidues

1.08

Glucose
10

44 g/L

1,814

17

1,392

1.1

803

0.73

Enterobacter
cloacae IITBT 08
E. aerogenes
mutant AY-2
E. aerogenes
strain HO-39

Self-flocculated
cells
Porous glass
bead

UASB

Mixed culture

Biogranules

8

CSTR

Mixed culture

-

13.3

CSTR

Mixed culture

-

8.5

Mixed culture

-

Mixed culture

Mixed culture

Packed-bed
Packed-bed
Packed-bed

Chemostattype
digester
Chemostattype
digester
Anaerobic
sequential
batch
reactor

Glucose
15
Glucose
10
Sucrose
17.8
Glucose
18.7
Glucose
10

3.6- 7.8

271

1.5

3.6

184

1.63

1.45

119

0.85

6

Glucose
18.7

1.2- 1.9

711

1.7

-

2

Glucose
11.7

47

-

-

4

Sucrose
17.8

470

1.4

1.49
1
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4.4- 7.6

2.16 Baker’s Yeast Industry
Baker’s yeast is obtained by replication of Saccharomyces Cerevisiae in aerobic
conditions. In our country raw material that is used to make baker’s yeast is a waste
product of sugar industry which is called sugar beet pulp and it includes almost %50
of sugar.The production of yeast mainly includes yeast preparationfermentation,
deposition, milk yeast separation, filtration and drying processes. The most unclean
step during production of yeast is due to yeast separators and rotary filter units
(Figure 2.11).

Figure 2.11: Baker’s yeast cells.
Baker’s yeast industry wastewater can be characterized with low pH values, high
chemical oxygen demand (COD) and dark brown color, high concentration of
nitrogen. Microorganisms are used as food for thousands of years. Fermentation of
various fruits and using them for viniculture using milk to produce yoghurt and
cheese are the first applications of microorganisms. Yeast is the most study done
microorganism throughout human history. It is used in the production of alcoholic
beverages and also production of bread. It exists in soil. plants and air (Keuler,
1993).
Pure culture and molass are used in the production of baker’s yeast. While
approximately 600 yeast speciesexist in the world only a few has commercial
importance and baker’s yeast is one of them. Baker’s yeast is a member of single
celled organisms and it is obtained by the purification of “Saccharomyces
Cerevisiae” (Stone, 1998).
In addition some nutrients and vitamins are also needed in the production of yeast.
Nitrogen, phosphate, potassium, magnesium, calcium, iron, copper, molybdenum and
manganese can be named among these nutrients (Table 2.12).
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Table 2.12: Baker’s yeast consumption.
%Consumption
Moisture
2-5
Crude Protein
50-52
Protein
42-46
Nucleic Acid
6-8
Minerals
7-8
Lipids
4-7
Carbohydrate
30-37
The amount of nitrogen in the molass is much less than the amount needed to
produce yeast. The need can be met by nitrogen in ammonium salts, ammonia
solution or addition of anhydrous ammonia to the material. The addition of
nitrogenous substances to the environment is not as influential as additions of sugar.
Nitrogenous substances all can be added the environment at the beginning of
fermentation.
The amount of calcium, potassium, sodium and sulfate in molass is sufficient for
production of yeast. It is known some other elements like iron, zinc, copper needed
for production is obtained form molassand operation wastewater.
Yeast industry wastewater can be characterized with low pH, high level of organic
pollution, high COD, dark color and high concentration of nitrogen. Basic pollutant
parameters are COD, SS, BOD and total nitrogen in yeast industry. The parameters
that are used in wastewater characterization are given in Table 2.13 (Tünay, 1996).
Table 2.13: The basic parameters using in the characterization of wastewaters.
Physical
Parameters
Colour
Odor
Radioactivity
Temperature
SS
Dissolved
Oxygen
Scum
Corrosion
Turbidity

Chemical Parameters
pH
COD
Total Organic Carbon
Inorganic compounds
Chlorine demand
Lipid
Hydrocarbons
Sulfate
Nitrogen
Phosphours

40

Biological Discharge
Parameters Information
BOD
The
average
daily flow
rate
Pathogenic
The
Organism
maximum
flow rate
Toxicity
Exchange
maximum
flow rate

3. MATERIAL AND METHOD
Full automated lab-scale fermentor and membrane bioreactor system was used for
biohydrogen production from baker’s yeast process wastewater. Flow diagram is
shown in Figure 3.1
Bioreactor system contains the following units:
1. The feed tank
2. Fermenter
3. Membrane Unit
4. Feed and vacuum pumps
5. Acid and base tanks
6. Filtrate tank
7. Nitrogen tank
8. Chemical flushing tank
9. pH, ORP, Temperature sensor
10. On-line level sensor
11. PLC and Board Unit
12. Acids, Base and Waste sludge pumps
13. Vacuum and pressure measurement system
14. Mixer
15. Solenoid valve
Lab-scale anaerobic membrane bioreactor system is shown in Figure 3.2.
The operation method of the system is given below:


Peristaltic pumps (Figure 3.3a) are used to feed the bioreactor from feed tank
(Figure 3.3b), to feed the membrane reactor and to suck the permeate from
membrane reactor. The flow rate is adjusted using Scada by controlling the
pumps either desired set value or reactor volume sensed by level sensor.
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Figure 3.1: General flow diagram of the Lab-scale system.
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The ORP (Ati model Q45R) measurements are recorded in excel spreadsheets by
5 sec. intervals.



Nitrogen, generated in situ (Figure 3.3c), is pumped through membrane surfaces
from perforated pipes, which is placed underneath of the membrane to wash the
biomass accumulated on the surface of membranes.



pH (Ati model Q45P) value is measured by using pH electrodes and recorded to
excel spreadsheet at each 5seconds. pH probe has the temperature sensor, which
automatically corrects the pH value according to temperature. pH value of the
bioreactor is controlled by acid and base chemicals added to the reactor by
diaphragm pumps (Figure 3.3e).



Back flushing is done regularly using peristaltic pump (Figure 3.3a) collected
filtrate is used for flushing. Flushing can be done in 2 different methods. It can be
done either in certain intervals of time or when pressure value falls below a
certain level.



Finally trans membrane pressure value is measured and recorded to follow
membrane performances.



Reactor process step, the values measured by reactor and the values set by user
can be followed from computer using instant watching soft wares.



All values can be seen in numeric instant graphics. Bargraphsand table formats.
At the same time all values are recorded. Therefore results can be displayed again
in tables and graphics and all values can be transferred into Excel.

Figure 3.2: Lab-scale anaerobic membrane bioreactor system.
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a)Peristaltic pump

b)Feed tank

c)Nitrogen generator

d)Air pump

e)Dosage pump
Figure 3.3: Components of the system.
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MBR and fermentor reactors were set up for this research in laboratory environment.
Effective volume of the reactors used in the system was 5L. System had been
operated in 4 different periods at 55

. 3 polipropilen membranes which have

0.0053 m2 and 0.2 mikron diameter were used in the MBR reactor for the first two
months during the first operation period. It was seen that operating 2 reactor together
did not show any advantage, hence singlereactor operating system was applied after
that point. During second operation period, 2nd reactor was out of action and
membranes of 2nd reactor were transferred to first reactor. New flow diagram of
system can be seen in Figure 3.4. It was decided that single reactor system was not
effective enough because of breakdowns of the membranes causing intervene of the
system. Since single reactor system was not effective which was applied at the
second operation period, system was adjusted by changing external membrane
system and reactor volume was increased to 9 L with this transition at the third
operation period. With this transition, cleaning and replacement of membrane
modules became easier and the system was operating properly since membranes
were working seperately from reactors. General flow diagram for external membrane
system can be seen in Figure 3.5. With external membranes system, the possibility of
occuring fouling problemsin the membranes was prevented and HRT value was
decreased to 9 days. This period, which external membrane system with 9 L reactor
volume and 9 days HRT value, was fourth and last operation period of the whole
system.
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Figure 3.4 : New general flow diagram of the Lab-scale system.
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Figure 3.5: Flow diagram for external membrane system.
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3.1 Laboratory- Scale MBR System To Be Used in The Preparation of
Membranes
300 hollow fiber membrane (surface area~ 0.047 m2) should be aranged in a such
way that are going to paced in bioreactor. Due to the fact that to stick 300 fibre
together efficiently and adapt to system is not that easy, so they are divided 3 groups
and adapted each reactor in 3 groups all have 100 fibre. Each fibre is almost 50 cm
length at the beginning and their length is reduced to 30 cm in the system by cutting.
All stages in the preparation of the membrane is explained in details in Figure 3.6.
50 cm length 100-membrane fibre (Figure 3.6a) become together as much as possible
by sticking edges in both sides. Left portions are cut to make sure they each have
same length. Two-component poly ethane based adhesive is used. 10 cm length
portion of membranes is put into that adhesive to provide adhesive will affect every
part of each fibre (Figure 3.6b and Figure 3.6c)
After that; parts that are adhesive carefully run through pneumatic hose (Figure
3.6d), which has 1 cm diameter and 5 cm length. Fibres are pulled until being
convinced that all taken from the other side (Figure 3.6e). By a syringe filled with
adhesive has been injected into all parts of hose from upper to bottom (Figure 3.6f).
All parts are taken away carefully from pneumatically hose in the following step
(Figure 3.6g). Then membranes were left to dry at room temperature for 2 days
(Figure 3.6h)
After 2 day drying period membranes put into a 1 L beaker (Figure 3.6i) to check
adhesived process is done successfully or not. When there is no water coming out it
is decided membranes are sealed. In order to use membranes in the system they are
put into 1+1 ethanol+distilled water mixture for 20 minutes to make their surface
hydrophilic (Figure 3.6j) for the following 10 minutes only water is imposed to the
membranes (Figure 3.6k).
It is observed that microfiltration membranes are blocked in a short time and
operations to prevent foulings are not efficient enough after 3 month time and it is
decided ultrafiltration membranes will be used for the remaining period. MF and UF
values used in membrane bioreactor is shown in Table 3.1, Table 3.2 and the
membrane operation program is listed in Table 3.3.
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(b) Ends of the combined membrane

(a) 50 cm length 100 membrane fibre

adhesion

(c) Adhesive was embeded in to membrane (d) To fit the membranes in pneumatic
hose

(e) Fibres are pulled until being convinced

(f) Adhesive was added by injector

that all taken from the other side
Figure 3.6: Preparation phases of the membrane.
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(g) Adhesive
membranes

(i) Leakage test

was

added

in (h) Drying of the membranes

(j) Ethyl alcohol + distilled water mixture

(k) Circulation with distilled water
Figure 3.6(continue): Preparation phases of the membrane.
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Table 3.1: MF membranes properties.
Propertie
Fiber ID
Fiber OD
Fiber thickness
Fiber length
Fiber pore size
Designed water
flux

Unit
Value
Mm
0.240
Mm
0.310
Mm
0.035
Cm
150
Mikron
0.2x0.7
L/m2/h
(1.0 bar.
25°C)
300
Polipropilene

Material

Table 3.2: UF membranes properties.
Propertie
Fiber ID
Fiber OD
Fiber thickness
Fiber length
Fiber pore size
Designed water
flux

Unit
Mm
Mm
Mm
Cm
Mikron
L/m2/h
(1.0 bar.
25°C)

Material

Value
0.65
1.15
0.035
152
0.05
40- 100
PES

Table 3.3: Operational periods for membrane bioreactors.
Operation Start Da End Date
Period

Membrane
Configuration

I

22/07/20 03/11/2011
(1stday) (105th day)

External
Membrane

II

04/11/20 23/01/2012
(106th da (186 th day)

Submerged
membrane

III

24/01/20 14/02/2012
(187th da (208 th day)

External
Membrane

IV

15/02/20 05/03/2012
(209h da (228 th day)

External
Membrane

51

Reactor
Number
and
Volume
Two 5L
reactors

Fouling
Control

HRT
(day)

Membrane
Type

Filtrate
back
washing
A 5L
Filtrate
reactor
back
washing
1st Reactor Filtrate
back
5L,
membrane washing
module 4
L
1st Reactor Filtrate
back
5L,
membrane washing
module
4L

3-222

Polipropilene
Microfiltration

5-78

PES
Ultrafiltration

5-20

PVDF,
Ultrafiltration,
0,05 μm

9

PVDF,
Ultrafiltration,
0,05 μm

3.2 Determination of Specific Methanogenic Activity
Collected filtrate from resid of biohydrogen production is rich for organic
compounds. During the biohydrogen production, organic matter is degraded to
hydrogen and volatile fatty acids. For this reason the collected filtrate is able to use
for methane production with anaerobic treatment. For this purpose batch experiments
(SMA test) were conducted to determine the potential of filtrate for methane
production. Experiments were run in termophilic (55 ) temperatures. Batch reactors
fed regularly with the filtrate and gas output was observed (Figure 3.7). Experiments
carried out with the seed acclimated for biomethane production from food and
animal wastes was taken from ITU Environmental Engineering Department Solid
Waste Laboratory.

Figure 3.7: Seed acclimation period.
The test set-up were prepared in 100 mL serum bottles. Medium which is necessary
for the anaerobic environment contains solutions that are listed in Table 3.4. Medium
was prepared with 15 mL/L Solution (I), 15mL/L Solution (II), 1 mL/L Acid Stock
Solution (I), 1mL/L Alkaline Stock Solution (II) and 1 mL/L resazurin edition. Then
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the media is boiled to remove O2. The next step was cooling down under an oxygen
free N2 flow to prevent oxygen diffusion into the medium. After cooling medium, it
was dispersed into serum bottles. The next step is to stopper and seal the bottles
using butyl rubber stoppers and aluminium crimp seals. Then gase phase is changed
and bottles are pressurized with 1.7 atm H2/CO2 mixture. After pressurizing the
bottles, 2.5 mL from 12.5 mL/L salt and 1 mL/L vitamin solution mixture injected to
the bottles. Finally 2.5 mL from 50 mL/L sodium bicarbonate and 1 mL/L reagent
was added to the bottles. Then bottles are invubated at 55°C constant temperature.
Prepared bottles were monitored by measuring the pressure increase with the help of
electronic manometer (Lutron AM-9107, Taiwan) at given time intervals.
Experiment ended when pressure increase was fixed and stopped. At the end of the
test, the biogas content was measured.
After determining the amount of total volatile suspended solids, specific
methanogenic activity values are given as mgCH4-COD/gVSS.day. Experiment setupis shown in Figure 3.8.

Figure 3.8: SMA test set-up.
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Table 3.4: Anaerobic medium content.
Concentration
mg/L

Constituents

408

Stock Solutions

Solutions (II)
Na2HPO4.2H2O

Concentration
mg/L

Acid Stock Solution
(I)
HCl

Solution(I)
KH2PO4

Constituents

534

Salt Solution

1.8

H3BO3

0.062

MnCl2

0.061

FeCl2

0.944

NH4Cl

360

CoCl2

0.065

NaCl

360

NiCl2

0.013

MgCl2.6H2O

120

ZnCl2

0.068

CaCl2.2H2O
Bicarbonate
Solution
NaHCO3

132

CuCl2

0.05

AlCl3

0.05
0.05

0.4
0.017

4,000

Biotin
Nicotinamid

0.02
0.2

(NH4)6Mo7O24
Alkaline Stock
Solution (II)
NaOH
Na2SeO3

p-Aminobenzoic asit

0.1

Na2WO4

0.029

Thiamin (Vitamin B1)
Panthotenic asit
Pyridoxamine
Cyanocobalamine
(Vitamin B12)
Riboflavine

0.2
0.1
0.5

Na2MoO4
Reducing reagent
Na2S.9H2O

0.021

Vitamin

0.1

240

Redox indicator

0.1

Resazurin
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3.3 Analytical Methods
The parameters measured in this study listed in Table 3.5
Table 3.5: Analytical Parameters.
Parameter
Total COD
Soluble
COD

Sampling location
Fermentor, MBR

SS

Fermentor, MBR

VSS

Fermentor, MBR

TKN

Fermentor, MBR(influent
effluent)

Fermentor, MBR

54

Method
5220 B Titrimetric method
5220 B Titrimetric method

Device
-

2540 D: 103-105oC Gravimetric
method
2540 E: 550oC Grivimetric
method
4500 B: Titrimetric method

Gerhardt

Table 3.5(continue): Analytical Parameters.
Parameter
NO2- ve
NO3PO43SO42ClNa+
Mg2+
K+
Ca2+
VFA
Alkalinity
Gas
Analysis
Gas
Pressure
S2-

Sampling location
Fermentor, MBR(influent
and effluent)
Fermentor, MBR(influent
and effluent)
Fermentor, MBR(influent
and effluent)
Fermentor, MBR(influent
and effluent)
Fermentor, MBR(influent
and effluent
Fermentor, MBR(influent
and effluent
Fermentor, MBR(influent
and effluent
Fermentor, MBR(influent
and effluent
Fermentor, MBR(influent
and effluent

Method
Ion Chromatography

Device
Dionex ICS – 3000

Ion Chromatography

Dionex ICS – 3000

Ion Chromatography

Dionex ICS – 3000

Ion Chromatography

Dionex ICS – 3000

Ion Chromatography

Dionex ICS – 3000

Ion Chromatography

Dionex ICS – 3000

Ion Chromatography

Dionex ICS – 3000

Ion Chromatography

Dionex ICS – 3000

Gas Chromatography

GC 1750 A Shimadzu2100
-

2320 B: Titrimetric
method
Gas Chromatography

Fermentor, MBR
Fermentor, MBR(influent
and effluent

Manometer

SMA

4500 F: Iodimetric
titration metod

Fermentor, Effluent

GC Perichrom P1525
ManometerLutron
PM-9107
-

3.4 Sulfide Balance Calculations
Sulfide balance calculations are as follows;
SO4-2 + 10H+ 8e1mole

H2S + 4H2O

(3.1)

1mole

as it seen in the equation H2S and SO4

-2

moles are same. There for the same amount

sulfate would be consumed H2S(3.1).
SO4-2 + 4H2 + H+
1mole
-

as it seen in the equation HS and SO4

HS-+ 4 H2O

(3.2)

1mole
-2

moles are same. There for the same amount

sulfate would be consumed HS-(3.2).
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Sulfide ıonizes in the water as follows (3.3), (3.4):
(3.3)

H2S

(3.4)

K1=

The fraction of un-ionized sulfide (H2S) is as follows (3.5), (3.6):
H2S (Fraction) =

=

H2S (Fraction) =

(3.5)
(3.6)

H2S Fraction for pH 7 (3.7), (3.8), (39)
Ionization constant K1=24.7
(3.7)
(3.8)

(3.9)
Total sulphide in liquid (3.10), (3.11), (3.12)
H2S+HS= 2.47H2S+H2S 213 mg/L

(3.10)

HS=151.6 mg/L

(3.11)

H2S= 61.4mg/L

(3.12)
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4. RESULTS
The operating conditions of the laboratory scale anaerobic membrane bioreactor and
results of the performance analyses during the operation period were presented in
this section. A lab-scale reactor fed with wastewater of baker yeast industry was
operated from 21/07/2011 until 05/03/2012 and the performance results contain that
228 days period.
4.1 Operating Parameters
Hydraulic Retention Time (HRT) is a factor that affects hydrogen production rate
and efficiency in continuous reactor systems. Changing parameters such as HRT and
Organic Loading Rate (OLR) can increase hydrogen production efficiency. Figure
4.1 shows variations in HRT and OLR during four different operating periods. Due
to fouling problem of membranes, it was not possible to feed the reactor at a fixed
flow rate; a stable OLR value could therefore not be observed. The average OLR
value of the system was 4.3 kg/m3/day and standart deviation value was 3.4. The
average HRT value for the first operational period was 42 days. However, after
membranes were changed from PP microfiltration to PES ultrafiltration in the second
operation period, average HRT value decreased to 22 days. With the application of
external membrane system by using PVDF ultrafiltration membranes, the average
HRT value decreased to 9 days as placement of an external unit provided an
increased membrane area. HRT value was then fixed to 9 days for the last period of
operation.
While a submerged membrane configuration was used in the second operating
period, an external membrane configuration was employed in the third period.
Average OLR of the system was 4 kg/m3/day in first 187 days , but it increased to 5
kg/m3/day in the third period with external membrane. HRT affects product
composition during substrate fermentation. Increasing HRT at appropriate intervals
increases the hydrogen production ability of bacteria, but at very high levels of HRT
the decrease in the hydrogen production was also reported (Wang, 2009). Hence, an
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optimum HRT value is required by changing system configuration and membrane
types.

Figure 4.1: Time course changes in HRT and OLR.
ORP value provides information about whether or not oxidation-reduction reactions
take place in the system. The changes in ORP value is given in Figure 4.2 where an
average ORP value was measured to be -528 mV with the standard deviation of 36
mV. ORP value was negative for the whole process, and these negative ORP values
indicate that system was operated in anaerobic conditions.

Figure 4.2: Change ORP value of the system.
Figure 4.3 shows the time course profile of pH in the system. Neutral pH values were
preferred in order to maximize hydrogen production. To provide neutral value, acid
and base were added to the system as needed.
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There is a common belief that hydrogen production is higher in low pH levels, but it
is also shown possibility of producing hydrogen in high rate at pH= 7-7.5.
pH is also an important factor for the hydrogen production due to its effect on
activity level of hydrogenase which is an indicator of hydrogen production rate as
high levels of pH generally leads to a decrease in hydrogen production.
Intermediate products such as acetate, butyrate, ethanol, propionate are also crucially
important for examining hydrogen production ability and its sustainability. For
example, while at pH=5, hydrogen and acetate production were quite high, at pH=44.5, butyrate production was observed with hydrogen production. Although, it is
theoretically expected that the most efficient hydrogen production should take place
at pH=4.5-5 with ethanol production, in practice the most efficient hydrogen
production seems to be during the acetate production. (Lay, 1999; Hwang, 2004).
Contrary to general belief that hydrogen production is only possible at low pH
values, it is also possible to have rather high hydrogen production rate at neutral pH
values (7-7.5).

Figure 4.3: Time course profile of pH.
The system was continuously fed during experimental period, and amounts of filtrate
collected were recorded regularly. While the amount of filtrate was high at the
beginning, it started decreasing over time due to membrane fouling. Flux gradually
decreased from 20 L/m2/h to 5 L/m2/h in the first 20 day of operating period similar
to values reported by Fuchs (2003) in a study of wastewater with similar
characteristics where flux was 5-10 L/m2/h in similar conditions to this study.
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Trans-membrane pressure also decreased depending on the degree of fouling in the
membrane modules. Decreases in membrane pressure cause backwash to take place,
leading to a temporary membrane fouling. Figure 4.4 and Figure 4.5 show changes in
average trans-membrane pressure and flux with respect to time. Average flux value
of the system for yeast production wastewater was calculated to be 0.47 L/m2/h.
Due to pressure changes in the system, filtrate flushing developed in the system at
specific intervals. Short-term flux increase was observed in the system as a result of
flushing. Chemical cleaning was employed when flux increase was not enough as a
result of flushing. However, chemical cleaning was not sufficient for a long term
healing process, where irreversible fouling occurred at microfiltration membranes.
Microfiltration membranes were changed with ultrafiltration membranes after 105th
day (1st operating period) because they were no longer efficient enough with the
cleaning processes.

Figure 4.4: Average TMP value during the operation of the AnMBR.
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Figure 4.5: Applied flux during the operation of the system.
4.2 Characteristics of Biomass and Wastewater
Although a 20 g/L of biomass concentration was aimed for this study in order to
evaluate and take advantage of benefits from high biomass concentration for
anaerobic MBR’s, only 11.5 g/L was reached on average due to problems in the
system. Figure 4.6 and 4.7 show concentrations of suspended solids (SS) and volatile
suspended solids (VSS) in bioreactor and membrane modules during the operation
period. The average SS value of the bioreactor was 11.5 g/L with the standard
deviation of 6.5, and the average VSS value of the bioreactor was 6.1 g/L with the
standard deviation of 3.5. The average SS and VSS values of the membrane module
of the same system were measured as 13.1 g/L ±6 and 7.4 ± 3.3, respectively.
Inoculum was added to the system on the 134thday of the study, and was one of the
reasons for subsequent increases in SS and VSS concentration values. Different VSS
values were reported in the literature. He et al. (2005) achieved a VSS value of 0.6- 1
g/L and Jeison et al. (2008) achieved a VSS value of 4.1g/L.
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Figure 4.6: SS and VSS concentrations in the bioreactor.

Figure 4.7: SS and VSS concentrations in membrane module.
Carbon is the basic component of the organic substances found in wastewaters. The
microorganisms use the carbon compounds to build their cell structures and to
generate energy. COD is also an indicator for treatment efficiency of the system. It
was assumed that total COD and soluble COD were at the same level in the effluent.
The influent COD concentration of yeast wastewater used in the reactors was 52,519
mg/L.
Baker’s yeast industry wastewater is a potential substrate for hydrogen production, as
it contains high-level organic matter. In the effluent of the bioreactor of the system
operated with yeast wastewater, a change in COD concentration dependent on the
biomass was observed. COD value of the effluent of the membrane was 48,953
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mg/L. The difference between influent and effluent was not large, and removal
efficiency was calculated as 7%. Low COD removal efficiency were also reported in
the literature. On the other hand, 90% COD removal efficiency for slaughterhouse
wastewater was achieved by Fucsh et. al. (2003).
Figure 4.8 shows the influent, bioreactor and effluent COD concentrations in the
system and Figure 4.9 shows soluble COD values in the reactor and influent. The
average solubilisation ratio was calculated as 92%. Total COD consisted of mainly
soluble COD.

Figure 4.8: Time course COD concentration in the reactor, influent and effluent.

Figure 4.9: Soluble COD values in the reactor and influent.
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4.3 Nutrient Removal Efficiency
Nitrogen is the main nutrient necessary for growth of biohydrogen producing
bacteria. Protein, nucleic acid and enzymes are main sources of nitrogen within the
structure of bacteria. Nitrogen forms found in wastewater are ammonia (NH3 as a gas
or NH4+ ions), organic nitrogen, nitrate (NO3-), nitrite (NO2-), and Total Kjeldahl
Nitrogen (TKN), which is the combination of ammonia and organic nitrogen.
Changes in total TKN concentration over time in the influent and effluent of the
system during the first two experimental periods with the baker’s yeast industry
wastewater are shown in Figure 4.10. The influent and effluent average TKN values
of the system were measured as 3.105 mg/L±507and 2.733 mg/L±765, respectively
different to studies reported in literature. For instance, Kalyuzhnyi et al. (2005)
reported an average TKN value of 1179 mg/l.

Figure 4.10: Initial and final TKN changes in the system.
Changes in ammonia nitrogen concentrations of samples collected from influent and
effluent of the system are shown in Figure 4.11. The effluent concentration was
measured to be higher than influent concentration of ammonia as organic nitrogen
was converted into ammonia by hydrolysis.
Average ammonia nitrogen concentration of the influent and effluent of the system
were measured as 949 mg/L±344 and 2123mg/L± 570, respectively. Zhu et al.
(2001) found that ammonia nitrogen concentrations of 0.14 g/L did not adversely
affect hydrogen production by Clostridium butyricum. High value of ammonia
nitrogen concentration in the system was one of the reasons having a negative effect
on the hydrogen production in this study.
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A decrease in nitrate concentration was also observed. Denitrification process
occurring in anaerobic conditions is the main reason of the decrease observed in
nitrate concentration. The average nitrate concentration values of influent and
effluent of the system were measured as 11 mg/L and 7 mg/L, respectively.

Figure 4.11: Changes of ammonia nitrogen concentration.
Phosphate has a nutritious value and is required for hydrogen production. It has been
demonstrated that in an appropriate range, increasing phosphate concentration could
increase the ability of hydrogen- producing bacteria to produce hydrogen during
fermentative hydrogen production. The decrease in the amount of phosphate should
be observed as well, since microorganisms use phosphate for growth. In addition to
that; phosphate and cations form salt precipitates. Salt precipitates are another reason
for decreases observed in phosphate concentration. The average phosphate values for
the influent and effluent of the system were measured as 163 amg/L and 38 mg/L,
respectively. Table 4.1 shows nitrate and phosphate concentration values in the
system.
Table 4.1: Nitrate and Phosphate concentration of system.

Influent
Effluent

Parameter

Mean

Median

Standard
Deviation

Max.

Min.

80%
Percentile

Nitrate

11

11

9.2

58

3

14

29

Phosphate

163

142

121.5

472

14

285

426

Nitrate

7

4

6.5

26

1

15

17

Phosphate

38

34

20.6

86

3

65

74

65

95%
Percentile

4.4 Changes in Ion Concentration
Cations play an important role in the oxidation of ATP and the reduction of NAD
and enzyme activities. Microbial metabolism is improved if levels are appropriate; if
cations exist in high levels, there might be a loss of cell activity since it causes high
osmotic pressure and inappropriate enzyme activity. Sodium is the most important
cation since it exists in most of the wastewater and chemicals that are used as
buffers. However, high levels of sodium also cause a decrease in hydrogen
production. Although baker’s yeast industry wastewater contains high amounts of
sodium, these values are not affecting the hydrogen activity. Higher amount of
sodium and chloride were also observed in the effluent than the influent of the
system as these elements accumulated in the system. Table 4.2 and Table 4.3 show
ion concentrations in the influent and effluent of the system.
Table 4.2: Ion concentration of system influent.
Parameter

Mean Median

Chloride
9,130
Sodium
4,142
Potassium 4,761
Magnesium 142
Calcium
1,046

8,778
3,670
4,029
117
990

Standard
Deviation
3,325
2,033
1,713
63.7
468.0

Max.

Min.

23,124 3,476
8,661 1,666
8,811 1,909
271
31
2,229
187

80%
%95%
Percentilel Percentile
11,279
11,960
8,150
8,633
8,787
9,133
162
192
1,520
1,622

Table 4.3: Ion concentration of system effluent.
Parameter

Mean

Median

Standard
Deviation

Max.

Min.

80%
Percentile

95%
Percentile

Chloride

10,138

9,536

3,340

23,790

863

9,528

20,706

Sodium

8,230
6,538
107

9,173
7,792
109

3,100
2,132
55.9

12,755 2,320
9,762 2,056
256
33

11,663
8,408
162

12,026
8,697
192

79

72

45.9

107

178

Potassium
Magnesium
Calcium

240

20

4.5 Acid Production
Theoretically; 1 mole of glucose has the potential to produce 12 moles of hydrogen,
but in practice only 2-3 moles of hydrogen can be produced with the existing
fermentation technologies. This may be due to the fact that the decomposition of
organic matter to acetate or acetone and hydrogen may not have been completed or
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hydrogen may have been used for the reduction of organic substances to volatile fatty
acids and alcohols. Consequently, the hydrogen production rate is higher in the case
of acetate production as the end product of the fermentation. Different end products
can be produced during fermentation depending on the type of bacteria and
environmental conditions.
Hydrogen production was observed when organic substances were converted into
acetate, butyrate, and lactic acid under anaerobic conditions. Hydrogen production
rates relative to the end products are given in the equations below:
If end product is acetate or acetone (4.1);
C6H12O6+ 2H2O→2CH3COOH + 4H2 + 2CO2

(4.1)

If end product is butyrate (4.2);
C6H12O6→CH3CH2CH2COOH + 2H2 + 2CO2

(4.2)

Samples from influent and effluent of the system as well as effluent of the bioreactor
were collected on a regular basis throughout the operation process (Periods 1 to 4).
Analyses of volatile fatty acids concentrations were made with respect to these
samples. Figure 4.12 shows acetic acid concentration in the influent, bioreactor,
membrane module and the effluent.

Figure 4.12: Acetic acid concentration in influent, bioreactor, MBR and effluent.
VFA production in the system indicates production of biohydrogen in the system.
Consequently, VFA and hydrogen production were detected as end products of the
fermentation process. The increase in the amount of acetic acid was observed at the
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effluent of the system. This was an important indicator of improvements in acid
production in the system. Butyric acid and propionic acid, as well as acetic acid,
were also detected at the effluent. While 45 % of effluent COD consists of acetic
acid, the 7% of effluent COD consisted of butyric acid (Figure 4.13). The average
effluent VFA concentration of the system was calculated as 31,590 mg COD/L.
Butyrate and acetate were major components of VFAs over the whole operation. The
available

hydrogen

during

the

fermentation

was

determined

using

the

butyrate/acetate (B/A) ratio. The optimal B/A ratios were varied in accordance with
the anaerobic cultures and substrate used. The average B/A ratio of system was
calculated to be 0.16.

Figure 4.13: COD and VFA concentration changes in the effluent.
After hydrolyzing reactor, VFAs and alcohols were in the effluent, and hydrogen was
in the biogas. VFA and COD were the two main parameters selected for monitoring
the performance of acidification. The acidification degree can be defined by the
quotient between the TVFA concentration (expressed as COD units, TVFACOD) and
the soluble chemical oxygen demand in the reactor. The average acidification degree
of the system was calculated as 26%. COD of the solubilized waste and VFA have
been suggested as indicator parameters to assess the performance of the acidification
process. The calculated acidification ratio, B/A, solubilisation ratio are given in
Table 4.4.
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Table 4.4: Comparison of results from different substrate.
Substrate
Baker
yeast
industry
w.w.
Rice
winery
wastewater
Food
Waste
Raw
Sludge

Acidification
Solubilisation
B/A
Ratio
Ratio

H2 Production

Reference

26%

0.16

92%

2.13 mL
H2/L/day

In This
Study

37%

0.7

89%

9.33LH2/VSSday

Yu, 2002

11.2%

0.1

49%

1.3 mL H2/g VS

64%

0.17

95%

0.35mLH2/gVS

Zhu,
2008
Xiao and
Liu, 2009

Alkalinity shows the buffer capacity of volatile and other acids, which is necessary to
prevent a decrease in pH below desired levels during decomposition. Alkalinity
increases with the dissolution of materials such as ammonium, which occurs after the
decomposition of organic matters in the baker’s yeast industry wastewater. Figure
4.14 shows changes in concentration of alkalinity in influent and effluent of system.
When the influent alkalinity values were about 8,859 mg CaCO3/L, it became 15,530
mg CaCO3/L in the effluent.

Figure 4.14: Alkalinity concentration changes from influent and effluent.
4.6 Sulfide Mass Balance
When Figure 4.12 is examined, it is seen that baker’s yeast industry wastewater
contained high amounts of sulfate. However, high sulfate content adversely affects
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anaerobic digestion. This high sulfate concentration observed in influent decreased at
the effluent, indicating the presence of sulfate-reducing microorganisms in the
system. These bacteria used the hydrogen produced, leading to decreased efficiency
of hydrogen production. Figure 4.15 shows the daily variations of sulfate
concentration in the influent and effluent. High sulfate concentration is a common
problem in anaerobic treatment of wastewaters because sulfate is used preferentially
as an electron acceptor in anaerobic wastewater treatment and converted to sulfide.
The sulfide produced in an anaerobic reactor is distributed among S2–, HS– and H2S
in solution and insoluble metallic sulfides according to chemical and physical
equilibria.

Figure 4.15: Daily variations of sulfate concentration.
Theoretically, 600 mg/l of sulfate produces 200 mg/l of sulfide. In reality, more
sulfates must be reduced for the production of 200 mg/l of sulfide, since two of the
chemical forms of sulfide are removed from the solution (Rittman, 2001). On
average 2353 mg/L sulfate was removed from the system, and as a result of that 213
mg/L sulfide was produced. Produced sulfide consisted of 151.6 mg/L HS- and 61.4
mg/L H2S. Figure 4.16 shows the daily variations in influent and effluent sulfide
concentration.
Under anaerobic environments, sulfate is reduced to sulfite and then to sulfide. The
type of sulfide compounds in water depends on pH:
H2S (low pH) ←→HS− (neutral pH) ←→S2− (high pH)
HS- and S2-, which occur at neutral and high pH respectively, are both water-soluble.
H2S is the predominant form at low pH (<6).
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Figure 4.16: Daily variations of sulfide concentration.
4.7 Gas Analysis
Total amount of gas produced in the reactor was measured by a gas chromatograph
(GC) device at certain intervals. Acceptable results achieved between 130th-170th
days corresponding to period II. Biogas produced was composed mainly of H2 and
CO2. The most significant finding was that CH4 was not detected in the produced
biogas. Table 4.5 lists various parameters for different wastewaters. The average
hydrogen production rate was achieved as 2.2 ml H2/L/day. This hydrogen
production rate was much lower than the values previously reported for hydrogen
fermentation from industrial wastewaters (Figures 4.17 and 4.18). For example, Yu
et. al. (2002), found a hydrogen production rate of 3.8 L H2/L/day from rice winery
wastewater at thermophilic temperature (55 ). Large amount of carbon dioxide
production was observed compared to hydrogen production; the average H2/ CO2
value of biogas was calculated 1.55.
Pure cultures and low COD content synthetic wastewater was mostly studied in the
literature when biohydrogen production in anaerobic membrane bioreactor was
considered.

71

Table 4.5: Biohydrogen production potential of differents wastewater parameters.
Substrates

Baker’s
Yeast
industry
wastewater
Sugar
Factory
wastewater
Rice Winery
wastewater
Sugarbeet
wastewater
Food
processing
and
Domestic
wastewater

pH

Temperature
(0C)

Reactor Type

Maximum
volumetric
rate
(L H2/L/d)

References

7

55

MBR

2.2

In
This Study

6.8

60

CSTR

4.8

5.5

55

PBR

3.8

5.2

32

CSTR

3.0

6.4

23

Batch

3.0

Figure 4.17: Hydrogen production rate.
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Ueno et al.,
1996
Yu et al.,
2002
Hussy et al.,
2005

Van Ginkel
et al., 2005

Figure 4.18: Specific hydrogen production rate.
4.8 Specific Methanogenic Activity (SMA)
Biomethane production potential of hydrolyzing reactor effluent was examined.
Batch samples of 1L from the efluent were used in a semi batch reactor at 55°C.
Activity tests were carried out after the first month of operation of the reactor.
Specific methane activity tests were made at the VSS level of 1,000 mg/L, where the
highest production was observed at the substrate concentration of 2,000 mg/L COD.
However, the highest methane production showed differences according to
conditions and biomass structure. The activity processes were therefore fixed at VSS
concentrations of 1000 mg/L to find the best VSS/COD ratio. Substrate amounts
were 500, 1,000, 2,000, 3,000, 4,000 and 5,000 mg/L and activity tests were made
for 14 days with biogas production in scope. Biomethane production from
wastewater occuring after biohydrogen production from baker’s yeast industry
wastewater with different substrate amounts is given in Figure 4.19. Highest
biomethane production was obtained at COD concentration of 1,000 mg/L (Figure
4.19). The amount of biomethane produced was lower in values higher than 1.000
mg/L. It is possible that the substrate inhibition was the reason for this decrease.
The calculated biomethane production rates are given in Table 4.6. The highest
biomethane production rate was obtained as 183 mgCH4-COD /g VSS. This low
value can be due to the acclimation period of biomass. It can be concluded that the
most appropriate starting COD concentration is 1,000 mg/L at 55°C.
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Figure 4.19: Biomethane production potential at 55

.

The headspace concentration of methane was 85% in the baker’s yeast industry
wastewater which is usually reported in literature as 70%, implying that production
levels are higher in this study than the ones reported.
Table 4.6: Biomethane production rate that are calculated after activity test.
COD Value.
mg/L

Baker’s Yeast Industry
Wastewater 55°C
mg CH4-COD /g VSS
500
0.9
1000
182.6
2000
16.5
3000
32.5
4000
86.7
5000
-: No methane production
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5. CONCLUSIONS AND RECOMMENDATIONS
The formation of hydrogen is accompanied with VFAs during an anaerobic digestion
process. Therefore, the concentration of VFA species and their fractions are useful
indicators for monitoring hydrogen production. The high acetate concentrations
reveal that the reaction was acetic acid fermentation type. Average acetic acid
concentration of the influent and effluent of the system were 12,257 mg/Land
22,165mg/L. In addition to that 45 % of effluent COD consisted of acetic acid. VFA
and COD were the two main parameters, which were selected for monitoring the
performance of acidification. Acidification produced VFAs and alcohols in the
effluent, plus hydrogen in the biogas. The average acidification degree of system was
calculated 26%. Butyrate and acetate were major components of VFAs over the
entire operation of the reactor. The available hydrogen during the fermentation was
determined using the B/A ratio. The optimal B/A ratios varied in accordance with
anaerobic cultures and substrate used. The average B/A ratio of system was
calculated 0.16.
Two different membrane types MF and UF were tried out in this study. Although UF
membrane had the higher flux than MF, still it was lower than the regular membranes
reported for anaerobic reactors. More stable Flux, HRT and OLR values were
achieved with using UF membranes.
Hydrogen can be rapidly consumed by other microorganisms in mixed culture,
mainly by homoacetogens, and sulfate-reducing bacteria. Among the large range of
end products generated by the various microbial metabolisms, acetic acid
accumulates from acetic fermentation as sole end product with a theoretical
production of 4 mole H2, while in the butyrate pathway, a lower molar hydrogen
yield is as observed with 2 mole H2. Although the acetic acid concentration
increased, hydrogen production was lower than expected in this study. This was
mainly attributed to the high content of sulfate in baker’s yeast industry wastewater.
This wastewater contain a organic matter that is a good source for biohydrogen
production. However, high sulfate content adversely affect anaerobic digestion.
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Average sulfate concentration of the influent and effluent of the system were 3,474
mg/Land 1,121mg/L. Biohydrogen production is usually efficient at pH 5.0–6.5
under low to moderate sulfate concentrations (up to 300 mg/L). However, hydrogen
production is significantly lowered at pH > 6.0 under relatively high sulfate
concentrations (500–3,000 mg/L) in the literature. Influent COD/

values were

15.1 and average sulfide concentration in the effluent 213 mg S2-/L. In an anaerobic
environment, sulfate is converted into hydrogen sulfide by sulfate reducing bacteria.
The average hydrogen production rate achieved as 2.2 ml H2/L/day.This hydrogen
production rate was much lower than the values previously reported for hydrogen
fermentation from industrial wastewater.
Based on the results of this study, the following recommendations can be made for
sustainable

biohydrogen

production.

Although

hydrogen

production

from

carbohydrate-rich wastewater is possible, this is essential to understand the
mechanisms of biomass degeneration during continuous bioreactor operation. Stable
condition was not achieved in this study due to the fouling problem in AnMBR
system. Hence, suitable fouling control methods should be applied to obtain better
results. System may be operated at lower biomass concentrations in order to prevent
fouling of membranes and different pH conditions is needed to examine for higher
biohydrogen production yield.
To increase biohydrogen production, some chemical and physicochemical processes
can be applied for sulfate removal from sulphate rich industrial wastewaters. The
separation techniques reverse osmosis, electro dialysis, or nanofiltration which are
relatively expensive. The solubility of BaSO4 is extremely low, which allows sulfate
removal by precipitation when the water is contacted with soluble barium salts
(BaCO3 or BaS). A more efficient removal can be obtained in the presence of Ca2+
ions. BaCO3 can be recovered by thermal treatment of the chemical sludge, thus
reducing the costs of the process and eliminating the need for disposal of the Bacontaminated slurry. The other option to recover hydrogen from sulphate rich
wastewater is by inhibiting the sulphate reducing microorganisms. For that there is a
need of some specific chemicals, which may increase the cost of reactor operation.
Sodium molybdate and Magnesium peroxide have been investigated as an inhibitor
during anaerobic digestion. Molybdate can act as an inhibitor of the key enzyme in
the pathway of sulphate reduction: ATP sulfurylase. The number of sulfate reducing
bacteria, the sulfide concentration and the sulfate-reducing rate were decreased.
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