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Chapter 1

1.1 Introduction

Energy crisis and environmental pollution are highlighted to be one of the major global
problems in the 21% century. Over past centuries, massive increase in human population and
industrial revolution has resulted in energy crisis, global climate change, environmental
degradation and health problems (Kumari and Das, 2017). Therefore, greatest challenge for
the researchers is to find alternative sources of energy and means to prevent and reduce
environmental degradation. Due to which biotechnological products and processes using
renewable resources have gained attraction during recent time. This study, therefore, focused

on biological CO conversion for biohydrogen production and environmental applications.

Although CO is harmful, it is an excellent industrial feedstock for producing a wide range of
useful products such as ethanol, methanol, diesel, hydrogen, acetic acid etc. The conventional
process for CO conversion is catalytic or thermochemical, either utilize direct route such as
Fischer-Tropsch process or indirect route like methanol carbonylation (methanol/CO/H,)
reaction water gas shift (WGS) reaction (Mahmoudi et al., 2018; LeValley et al., 2014). The
WGS reaction is the basis for most of the industrial H, produced in the world from methane
(CH,) in natural gas through steam-methane reforming (Zhu and Wachs, 2015; Petrus and
Noordermeer, 2006). Although catalytic process serves as a rapid route with high product
yield, the process has its own disadvantages such as very high operating cost, restricted
choice of metallic catalyst, perishable nature of the catalyst, high energy requirement, etc.

(Venvik and Yang, 2017; Ail and Dasappa, 2016; Hahn-Héagerdal et. al., 2006).

Due to these limitations, cost-effective and novel technologies for CO conversion are the
need of the hour. Also from an environmental and economical point of view, biological
methods of CO conversion are of great interest. Over the past two decades various

carboxydotrophic bacteria/archia capable of effective CO conversion have been reported
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(Henstra et al., 2007). These bacteria are not only able to grow chemolithotrophically on CO
but can also convert CO into commercially important compounds, such as hydrogen, ethanol,
butanol, acetic acid, etc., under both thermophilic and mesophilic temperature conditions
(Bender, 2011; Munasinghe and Khanal, 2010a). Among those products H; is attractive as it
potentially provides an abundant, clean, secure and flexible energy carrier (Kalamaras and
Efstathiou, 2013). H, is high in energy and yet engine using pure H, does produce any
pollution. Use of H; in fuel cell where H, and O, combines to produce electricity makes its
application more futuristic (Hallenbeck and Benemann, 2002). However, as fuel it is not yet
competitive with fossil fuel economically and storage, performance, and reliability is still

questionable (Kumar et al., 2017).

Another lesser explored application of biological CO conversion is the biodesulfurization,
where H, rich gas produced from the process can directly be utilized as carbon source and
electron donor by sulfate reducing bacteria (SRB). Sulfate rich wastewater generated by
different industries, such as metal processing industry, mining industry, galvanic processes,
flue gas desulfurization processes etc. are generally low in organic content (Hao et al., 2014;
Sun et al., 2018). Hence, an efficient electron donor is necessary to enable the activity of
SRB. Over the past decade, a lot of research has been undertaken to find cheap and efficient
electron donors for biological treatment of inorganic sulfate rich wastewater (Liu et al.,
2015). Many types of organic waste materials have been investigated as potential substrate
for the SRB which includes molasses, whey, tannery effluents, dried algal biomass, solid
waste materials, and sheep and poultry manures (Liamleam and Annachhatre, 2007; Sipma
et. al., 2006). Despite the fact that all these organic substrates have been shown to stimulate
sulfate reduction, their use in high-rate bioreactors is rather complicated due to their largely

undefined composition and structure. Hence, organic waste materials seems to be less
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suitable as electron donors; besides, they as their use would result in an additional pollution

of the wastewater and this would require a supplementary treatment (Lens et al., 1998).

On the other hand, any H, produced through hydrogenogenic CO conversion may be
consumed during the process start, particularly when using mixed microbial populations as
the inoculum. Successful application of biohydrogen production implies the need to minimize
undesired H, consumption (Sipma et. al., 2006). For practical applications, therefore, H,
production combined with a desired H, consumption process, such as for biological sulfate
reduction, might result in maximal utilization of H;, provided the sulfate reducers can out-
compete the other H, consuming microorganisms (Kumar et al., 2018). Only problem with
this technology seems to be from CO toxicity towards SRB. However, several strains of SRB
have been recently reported to be able to use CO as the sole carbon and energy source for

biological sulfate reduction without much difficulty (Parshina et al., 2010).

Most of these carboxydotrophic sulfate reducers are extremophilies (Parshina et al., 2010)
and therefore have high energy requirements to maintain suitable environmental condition,
which makes the process scaleup and its commercialization rather difficult. Moreover, it is
reported that mixed microbial consortium compared to pure culture are better in terms of CO
utilization and resistance to CO toxicity. The poor aqueous solubility of CO is also a major

concern as it limits its utilization by carboxydotrophic microorganisms.

Hence, there is a need to explore hydrogenogenic CO utilizing mesophilic organisms capable
of sulfate reduction, which can convert CO as well as reduce sulfate present in wastewater
utilizing the in situ produced H,. Also, the effect of different process parameters, such as
initial CO concentration, sulfate concentration, temperature, etc. on sulfate reduction using
CO as the sole carbon and energy source should be evaluated in detail. The CO solubility

improvement strategies also need to be looked into for achieving high process efficiency.
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Moreover, to examine the scale up potential of this process suitable bioreactor system with

gas liquid mass transfer of CO needs to be evaluated.

1.2 Aim and objectives

This study was aimed at biological carbon monoxide conversion for hydrogen production and

environmental applications.

To accomplish this aim, the following investigations were carried out:

I.  Screening, pathway elucidation, metagenomic analysis of anaerobic biomass and

batch process parameter optimization for CO bioconversion and sulfate reduction

ii.  Kinetics of biomass growth, substrate utilization and biohydrogen production from

CO by anaerobic biomass

iii.  Simultaneous removal of heavy metal and sulfate using CO as the sole carbon and

energy source

iv.  Evaluation of biologically synthesized nanoparticles for enhanced CO bioavailability

for improving CO bioconversion and sulfate reduction

v.  Performance evaluation of gas lift and moving bed biofilm bioreactor systems for
hydrogenogenic CO conversion and sulfate reduction under continuous operation

mode

1.3 Organization of thesis

The present work has been divided into seven chapters. The first chapter gives a general
introduction, aim and objectives of this work. The Chapter 2 presents the available literatures
on sources and properties of CO, conventional methods of CO conversion, biological CO

conversion methods, different applications of CO bioconversion, bioreactors for CO

4
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conversion, effect of various process conditions, methods to enhance CO solubility, etc. In
Chapter 3, details on screening of anaerobic biomass capable of CO conversion, CO
conversion pathway elucidation, effect of process parameters on CO conversion and sulfate
reduction in batch system, microbial community analysis of the biomass are reported. In
Chapter 4, the kinetics of biohydrogen production from CO, substrate utilization and biomass
growth using anaerobic biomass is described. Chapter 5 describes the simultaneous removal
of heavy metals and sulfate using CO as the sole carbon and energy source. Synthesis and
characterization of GT-INP using green tea extract, and its effect on CO solubility,
hydrogenogenic CO conversion and sulfate reduction are described in detail in Chapter 6.
Chapter 7 reports the performance evaluation of gas lift reactor and moving bed biofilm
reactor for hydrogenogenic CO conversion and sulfate reduction under continuous operation
mode. The effect of different process parameters on reactor performance are also discussed in
this chapter. Chapter 8 draws summary and appropriate conclusions based on the previous
chapters. This chapter also provides some useful recommendations for future research in the

relevant area.
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2.1 Carbon monoxide
2.1.1 Properties and uses of CO

Carbon monoxide has properties that are similar to Hy, i.e. high reactivity, low solubility,
high flammability and strong reducing potential (Bender et al., 2011). CO is highly
combustible when mixed with air and, to a certain extent, it is even referred to as an
explosive. Flammability of CO in the air ranges from 12.5 - 74 % by volume. Like any other
gas the solubility of CO greatly depends on the surrounding temperature and partial pressure
exerted on the headspace of the system. For instance, 22.66 ml kg™ (1 mM) of CO is soluble
in water at 20 °C and 1 atm. Carbon monoxide is simply CO, short of two moles of electron.
In most cases, incomplete combustion of any organic material leads to the formation of
carbon monoxide. CO is often considered as an electron donor and a strong reducing agent in
heavy metal processing industry (O'Leary, 2000; Haynes, 2012). CO can cause harmful
health effects by reducing oxygen delivery to the body’s vital organs and tissues. Upon
inhalation, CO displaces oxygen from the blood stream, thereby leaving the vital organs to
oxygen deficit condition, a state often referred to as hypoxia (Ernst and Zibrak, 1998).
Exposure to lower levels of CO is most serious for those who suffer from heart disease, and
can cause chest pain, reduce the ability to exercise, or with repeated exposures, may
contribute to other cardiovascular effects (Ndisang et al., 2004). Even healthy people can get
affected by high levels of CO. People who breathe high levels of CO can develop vision
problems, reduced ability to work or learn, reduced manual dexterity, and difficulty
performing complex tasks. At very high levels, CO is poisonous and can cause death. The
environmental protection agency (EPA) guidelines restrict the maximum allowed
concentration of CO as 9 ppm for an eight hour exposure period and 35 ppm for one hour

exposure period (OSHA, 2002). Although CO is toxic to most organisms, anaerobic bacteria,
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particularly carboxydotrophs, are well known for their ability to utilize CO as the sole source

of carbon and energy.

2.1.2 Natural sources

In nature, methane oxidation due to the hydroxyl radicals present in the atmosphere is one of
the main source of CO, which mostly occurs on the surface of the soil. Oxidation of organic
compounds such as phenolics and humic acids in the absence of light can also lead to the
formation of CO. CO formation is affected due to temperature fluctuations in the atmosphere.
For example, the process of organics conversion to CO is higher at 60°C than at 20°C
(Tranvik, 1996). Another important natural source of CO is volcanic eruption, during which
eruption gases may contain 1-2% of CO. Other natural sources of CO emission include
numerous reactions occuring in the world’s oceans and forest fires. Further, it is speculated
that unless a major CO degradation could take place in the atmosphere the ambient
concentration of CO present in the atmosphere will multiply after every half a decade

(Conrad, 1988; Conrad and Seiler, 1985).

There are varieties of biotic factors in the environment which are responsible for carbon
monoxide emission to the biosphere. Predominantly, heme oxygenase and heme oxygenase-
like activity in mammals, plants and lower animals are evident for CO emission. Further,
through developmental genetics, it is understood that these enzymes are found to be
ubiquitous in nature and conserved across millions of organisms during its evolution from
their direct ancestors (O'Leary, 2000). Some other few biotic factors include biological
oxidation and auto-oxidation of organic compounds, such as phenols, halomethanes and
flavenoids along with the lipid peroxidation of membrane lipids. It is observed that each
molecule of heme degrades to give one molecule of bilirubin and one mole of CO. The

evolved CO is then transported to the blood and excreted in the lungs. Hence, measuring the
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exhaled CO is an indirect measure of end-tidal CO concentration and blood COHb levels

(Rodgers, 1994).

Few thermophilic acetogenic species under the bacterial kingdom and some methanogenic
species under the archaea kingdom are known to produce fewer amounts of carbon
monoxide. Lupton et al. (1984) in their study found that a small quantity of CO is produced
by Desulfovibrio vulgaris and Desulfovibrio desulfuricans when grown under heterotrophic
conditions. The CO production was observed during the analysis of vent gas from an
anaerobic digester fed with waste activated sludge. Further, the produced CO was found to be
consumed by the organisms when the substrate in the digester was almost depleted. The CO
produced during the anaerobic digestion process was solely due to the action of CO
dehydrogenase enzyme found in few methanogens. However, a considerable amount of CO
production cannot be observed in anaerobic digestion as most of the methanogens are found

to be devoid of CO dehydrogenase activity (Bander, 2011; Conrad, 1988).

2.1.3 Anthropogenic sources

In addition to a few production processes and laboratory activities, the major intervention of
humans in carbon monoxide emission is through combustion of solid, liquid and gaseous
fuels (Sipma et al., 2010). An excess amount of air/oxygen in the combustion process
completes the burning of fuels, which results in the formation of carbon dioxide, water and
other oxides. Whereas, incomplete combustion of fuels due to inadequate air/oxygen supply
results in the emission of CO. Major anthropogenic sources of CO include exhaust from
vehicles, portable generators, natural gas space heaters, gasoline-powered tools (for example,
chop saws), Kkilns, furnaces, and boilers, fires and explosions, welding and even by smoking

of cigarettes (Fig. 2.1) (Webster et al., 1999).
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Several industrial processes also produce CO as a waste. But there are few industries, which
use CO as the main stream feedstock: fuel gas mixtures - water gas (44% CO), producer gas
(34% CO), blast furnace gas (30% CO), coal gas or illuminating gas (7.4% CO); hydrocarbon
synthesis; ethylene, esters, alcohols and aldehydes, acids, recovery of metals from ores,
reducing oxides, metals of high purity and hydrogenation of fats and oils, etc (IAPA, 2008).
Among these different anthropogenic sources of CO, synthesis gas is important as it is
cheaply available, renewable and can be produced onsite from any type of carbonaceous
materials. Fig. 2.1 shows the typical CO emission at different natural and anthropogenic

sources.

UBiological activity,
Atmospheric concentration

UAgriculture, forestry, Fisheries

L Other non key categories

Residual

OManufacturing industries and
construction

Metal Production

ORoad transport, Vehicular
emission

OWood fire

QO Waste incineration

Fig. 2.1 Typical CO emission from different sources (US EPA, 2015).

2.1.4 Synthesis gas

Synthesis gas is mainly composed of carbon monoxide (CO), methane (CH,), hydrogen (H>),

carbon dioxide (CO), nitrogen (N,) and some higher hydrocarbons. Among these gases, CO
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is the major component, due to which syngas is often referred to as a strong source of CO.
Usually the CO concentration in the syngas mixture ranges from 5-60%, which can be further
steam reformed to get H, upto some extent (Datar et al., 2004). Since, the biomass
gasification is an endothermic process and requires heat energy as an input, gasification of
organic compounds is often carried out at an elevated temperature of 750 - 800 °C (Alauddin
et al., 2010). Coal, petroleum, coke, lignocellulosic biomass and even municipal waste are
considered as the feedstock for biomass gasification process (Mohammadi et al., 2011). For
an efficient gasifier operation, a certain amount of feedstock homogeneity should be
maintained. If the feedstock is heterogeneous in nature, then the product composition may
change widely. In order to overcome this drawbacks a few pre-treatment and post-treatment
steps need to be included in the gasification process, which make the process more
uneconomical (Ganigue et al., 2016). For this reason, fossil fuels, waste plastics and
homogeneous lignocellulosic materials, such as timber industry waste, paper mill waste and
agricultural residues, etc., were used as the potent feedstock for biomass gasification. Usage
of municipal waste is still under consideration as it comes with a variety of materials mixed

with it (Alauddin et al., 2010).

2.2 Thermocatalytic CO conversion

A number of thermo-chemical catalytic processes such as water gas shift reaction, Fischer—
Tropsch (FT) synthesis, etc. can be applied for converting CO to valuable products, as shown
in Fig. 2.2. Most of these methods operate at high temperature and pressure conditions and

need catalysts. Some of these important methods are discussed further.
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Fisher-tropsch
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Fig. 2.2 Thermo-chemical catalytic CO conversion to different products (Subramani and

Gangwal, 2008).
2.2.1 Water-gas shift reaction

CO is most often used as the feed source for hydrogen production and this process of
converting CO to H, is called water-gas shift (WGS) reaction (RJ et al., 2010). In this
reaction, the carbon monoxide (CO) upon reacting with water (H,O) in presence of a metallic
catalyst gives hydrogen (Hz) and carbon dioxide (CO,) as the main product (Mendes et al.,

2010). The water-gas shift reaction is represented as follows (Eq. 2.1).
CO+H,O—>CO2+H; ..oovine... (2.1)

The aforementioned reaction is mostly preferred when removal of CO from the gas stream is
required along with the H, production. The reaction is found to be exothermic, which means
that the reaction can spontaneously move towards the forward direction even at lower
temperatures (Lin et al., 2013). This reaction is also widely known for H, production using
methane, wherein the methane is first reformed to CO, H, and CO; in presence of a catalyst

(Pakhare and Spivey, 2014). Later, a conventional water-gas shift reaction is carried out in
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presence of a metallic catalyst as per eq. 2.1. which enriches the H;, concentration and
removes CO from the inlet. Though the process is referred as exothermic and tangible at
lower temperatures, the reaction is carried out at an elevated temperature to increase the rate
of CO conversion and H; production. The reactor in which these reactions are carried out is
called as high-temperature shift (HTS) reactor and the temperature in this reactor often ranges
from 350-370°C. Almost 90% of CO is converted to H; in this process, whereas a small
amount of unreacted CO left out from the HTS process is converted in a low-temperature
shift (LTS) reactor operated at 200-220°C (Mendes et al., 2010). The exhaust coming out of
the entire process is composed of mainly H; leaving only traces of CO (Kirk-Othmer, 1995;

Ulllman’s, 1989).

These traces of CO are removed and purified H; is produced by passing the gas through a
CO, scrubbing tower, which removes all the CO,, and the residual CO upon reaction with H,

forms methane. This reaction is called as methanation reaction and it is shown in Eq. 2.2:

CO+3H,—> CHs+H0O ..cooonn, (2.2)

Usually most of the CO left out in the HTS will be converted in the LTS. Otherwise, in the
metahanation process, each mole of remaining CO will consume 3 moles of H,, thereby
leaving the product less concentrated with H,. Instead of methanation, pressure-swing
adsorption (PSA) process could be carried out in which both the remaining CO and CO, are
cleaned without the necessity for a methanation reaction, as it enhances the product purity

and reduces the overall system cost.

2.2.2 Fischer-Tropsch (FT) reaction

A wide range of useful hydrocarbons can be produced from a gas mixture of CO and H; by

Fischer—Tropsch (FT) reaction as shown in Eq. 2.3. (Tsakoumis et al., 2010)
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CO+2H;,—»-CHy-+H,O ............... (23)

This —CH— acts as a precursor for producing other long-chain hydrocarbons such as diesel,
kerosene, gasoline, etc. A number of industries in different countries employing this
technology for commercial production of liquid fuel from coal or natural gas derived syngas
(Yang et al., 2014). But this reaction takes place at high pressure (20 to 40 bar) and high
temperature (180 and 250 °C) conditions and in the presence of cobalt catalyst. Besides, the
process requires a very specific H, to CO ratio of 2:1, which is quite difficult to achieve as
syngas contains H, and CO in the ratio in the range 0.45 - 2 depending upon gasification
method and substrate used (Jahangiri et al., 2014). In case of this ratio being too low, an
additional step of water-gas shift reaction may be necessary to improve H;, concentration in

syngas (Ail and Dasappa, 2016).

2.2.3 Hydrogenation reaction

Methanol can be produced by hydrogenation reaction of CO or CO;, as shown in the

following reactions (Bonura et. al., 2014; Breen et al., 1999) (Eqgs. 2.4 & 2.5)

CO +2H;—» CHsOH ..o (2.4)
CO; + 3H,—» CHsOH + H,O oo (2.5)

Apart from being a clean fuel methanol can used for producing biodiesel by reacting it with
triacylglycerols. Dimethyl ether (DME) is synthesized by further dehydration of methanol as

per the following reaction (Eqg. 2.6) (Ogawa et. al., 2004)

2CH3;0H—» CH30CH3z + H,O  .............. (2.6)

The molar ratios of H,/CO and CO,/CO also play a critical role in these reactions and hence
need to be optimized. Various researchers have reported use of different Cu, Zn, Al, Cr based

catalyst to improve methanol or DME yield from syngas (Iwasa et al., 1998).
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2.2.4 Ethanol production

The chemical reaction for producing ethanol form syngas is similar to that for methanol
production and it occurs at a high pressure and high temperature condition. But it requires
different catalyst than that for methanol; conventional sulfide-type mixed alcohol catalyst and
Rh-based catalyst give optimum results (Kharas and Durand, 2011). Extensive gas cleaning is
required before using any feed gas as some of these catalysts are extremely sensitive to CO,
(>7% viv). The reactor effluent consists of mixed alcohols (including higher alcohols such as
propanol and butanol), gaseous byproducts such as CH4 and CO,, and unconverted syngas
(Gong et. al., 2012). This hot stream is cooled to condense out the alcohols for separation and
the unreacted syngas can be used either as a fuel, or recycled back to any gas reformers, or
recycled back to the alcohol synthesis reactor (after any required cleaning or compression)

(Fernando et. al., 2006).

Though the thermo-catalytic process has been commercialized and works successfully in all
installed plants, it has several disadvantages such as high operating cost, limited choice of
metallic catalysts, perishable nature of the catalyst, huge requirement of heat energy,
environmental concern, etc. (Clark, 2007). Furthermore, these catalyst based processes are
often prone to catalyst poisoning due to generation of unwanted gases such as hydrogen
sulfide and other inhibitory substances (Huang et. al., 2008). All these disadvantages have
resulted in the need for better alternative technologies. Biological methods using different
carboxydotrophic bacteria seems to be a good alternative as it offer certain advantages such

as high tolerance to trace contaminants, high product specificity and environmental friendly.

2.3 Biological CO conversion methods

Carboxydotrophic microorganisms are a special kind of microorganisms with an inherent

capability to utilize CO as both carbon and energy source. These bacteria are known to
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produce a variety of products from CO, which include hydrogen, methane, carbon dioxide,
butanol, ethanol, acetic acid, etc. In addition, these biocatalysts are not prone to poisoning
effect as in the case of chemical catalyst. Unlike chemical catalyst, these biocatalyst can resist
the poisoning effect posed by trace contaminants as they are metabolized further for product
formation. For instance, sulphur compounds present in the gas stream can be used as a
nutrient source to lower the redox potential of the culture medium, enhance the biomass
growth and finally resulting in acetic acid production (Vega et al., 1990). Irreversibility and
very high specificity of biological CO conversion make this process more attractive than the

chemical processes (Klasson et al., 1992).

CO conversion can be carried out by a wide variety of microorganisms, which can be broadly
classified as aerobic and anaerobic species; this classification is based on the enzyme system
used for CO biotransformation. The aerobic CO utilizing microorganisms can further be
classified into metabolic and co-metabolic groups. The metabolic group of CO utilizing
organism uses CO as an energy source for its growth. Whereas in the case of co-metabolic
group of CO utilizing organism the CO is used as a pseudo-substrate for its enzyme system

(Hanstra et al., 2010).

Incase of an energy yielding CO metabolism, the aerobic CO converting organisms oxidize
CO and results in the formation of CO, and biomass. Whereas, anaerobic CO converting
organisms convert CO through a complex pathway resulting in a variety of valuable
compounds (Morsdorf et al., 1992; Meyer et al., 1990). The key enzyme involved in the
process of CO conversion is commonly referred as carbon monoxide dehydrogenase

(CODH). The reversible reaction catalysed by the CODH is as follows (Eq. 2.7):

CO+H0 = 2H +CO+ 28 vvein. (2.7)
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Different carboxydotrophic bacteria, which can utilize CO as the sole source of carbon and

energy are presented along with their products and biochemical reactions in Table 2.1.

There are several other classes of anaerobic bacteria known to metabolize CO using a distinct
pathway, which include hydrogenogens, homoacetogens, sulfate reducers and methanogens.
The homoacetogens follow the reductive acetyl-CoA pathway to convert CO into acetate
involving CO, as an electron acceptor, as shown in Fig. 2.3 (Wood et al., 1991). In this
pathway, two moles of CO, combine to form an acetyl portion of the acetyl-CoA and the
main product is acetate. But homoacetogens are also known to produce a wide range of

compounds, including butanol, ethanol and butyrate from CO conversion.

Similar to homoacetogens, methanogens are also reported to fix CO via the reductive acetyl-
CoA pathway. This pathway has an assimilatory role in autotrophic methanogens, in which a
part of the CO, reduction steps is employed for methanogenesis. Unlike the other classes of
organisms, a very less number of methanogenic species are studied to grow on CO as the sole
source of energy. In methanogens, CO conversion takes place with the production of H, and

CO; as the intermediates (Sipma et al., 2006; Davidova et al., 1994).

Sulfate reducing bacteria are well known for H, production from CO, which is indirectly used
for sulfate reduction. This type of sulfate reduction through hydrogen production is
advantageous as in the absence of sulfate the process of CO to CO, and H, probably acts as a
CO detoxification pathway. This is because the process of H, generation does not result in
ATP synthesis, due to which there is no growth on utilizing CO as the carbon source

(Parshina et al., 2010).
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Table 2.1 Various classes of CO utilizing bacteria, their products and biochemical reactions

Type of organism Example Biochemical reaction Product Reference

Homoacetogen Clostridium ljungdabhlii, 6CO + 3H,0—» CH3CH,0H + 4CO; Ethanol, Younesi et al.,
Clostridium carboxidivorans, 2C0O; + 6H,—» CH3CH,0H + 3H,0 butanol, acetic ~ 2005; Hurst and
Clostridium autoethanogenum, 4CO + 2H,O0—* CH3COOH + 2CO; acid, butyric Lewis, 2010;
Clostridium ragsdalei, 2C0O;,+ 4H, — CH3COOH + 2H,0 acid Abubackar et al.,
Alkalibaculum bacchii, 6CO + 6H,—> 2CH3;CH,0OH + 2CO; 2016; Kundiyana et
Clostridium thermoaceticum al., 2011a

Hydrogenogen Rhodospirillum rubrum , CO + H,O0—» CO; + H; Hydrogen Najafpour et al.,
Rubrivivax gelatinosus, 2004; Pakpour et
Citrobacter sp. Y19, al., 2014; Haddad
Rhodopseudomonas palustris P4, et al., 2014;
Carboxydothermus Weghoff et al.,
hydrogenoformans, 2016
Carboxydocella
thermautotrophica

Methanogen Methanobacterium formicicum, 4H; + CO—»CH, + H,0 Methane Daniels et al.,
Methanobrevibacter smithu, 4CO + 2H,0 —» CH4 + 3CO; 1977; Ferry, 1999
Methanosarcina barkeri,
Methanobacterium
thermoautotrophicum

Sulfate reducers Desulfovibrio africanus, 4CO + SO,* + 4H,0 —»HCO; + HS + 3H*  Sulfide, Parshina et al.,
Desulfovibrio baculatus, hydrogen 2010; Sipma et al.,

Desulfosporosinus orientis,
Desulfovibrio desulfuricans

4H, + SO,* + H— HS + H,0

2006
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Fig. 2.3 Biochemical pathway for CO bioconversion to different products (CH-THF:

methylenetetrahydrofolate, CH,-THF: methenyltetrahydrofolate,

methyltetrahydrofolate).

2.4 Potential applications of CO bioconversion

2.4.1 Bioenergy applications

CH3-THF:

Most of the research work on fermentation of CO or CO rich syngas has focused on ethanol

production, but other products such as butanol, hydrogen, methane, etc. can also be obtained

by using suitable CO converting microorganisms. Integration of these biofuels and other

TH-2241_136106020
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value added products with waste resources as feedstock would improve the commercial
viability of the CO conversion process. Fig. 2.4 provides a general schematic of CO
bioconversion for biofuel production.

‘Waste feed stock .

(Agri waste, woody Biomass pre-

biomass, municipal solid treatment
waste etc.)
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CO fermentation purification and
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coal, mining etc.)

Fig. 2.4 Process outline of biofuel production from CO.

2.4.1.1 Hydrogen production from CO

Hydrogenogenic microorganisms use CO as the sole source of carbon and energy to form
equimolar amounts of CO, and H, similar to the catalytic water gas-shift reaction described
earlier. However, the H,/CO, does not support growth of the organisms (Sipma et al., 2006).
Over the past decade, a number of hydrogenogens have been reported (Table 2.2), which are
mainly classified into three different groups: mesophilic Gram-negative bacteria,

thermophilic Gram-positive bacteria and thermophilic archaea.

Gram negative mesophilic bacteria are facultative in nature, but produce H, from CO strictly
under anaerobic environment. These are mostly non-sulfur purple photosynthetic bacteria,
including Rhodopseudomonas gelatinosa, Rhodocyclus gelatinosa, Rubrivivax gelatinosus,

Rhodospirillum rubrum, etc.

Among these bacteria, R. rubrum is well studied including its genetic makeup, enzyme

system and even employing suitable reactor systems. The optimum temperature and pH for
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growth of this organism are in the range of 34-40 °C and 6.5-7.5, respectively. In general,
high levels of CO are inhibitory to this class of bacteria. Another problem is the additional
cost due to light requirement. Other than these phototrophic organisms, certain
nonphototrophic gram negative anaerobes capable of converting CO to H, have been
reported. These are Citrobacter strain Y19, isolated from an activated sludge plant (Jung et
al., 1999), anaerobic microbial consortia predominantly Petrobacter sp. (Pakshirajan and

Mal, 2014).

A large number of carboxydotrophic hydrogenogenic bacteria are extremophilies, isolated
from extreme environmental conditions such as hot spring, submarine hot vent, etc. This
group of bacteria is mainly anaerobic prokaryotes of Bacillus/Clostridium subclass. Some
examples of these bacteria are Carboxydothermus hydrogenoformans, Carboxydobrachium
pacificum, Thermincola carboxydophila, Thermosinus carboxydivorans, etc. The optimum
temperature and pH for the bacteria are in the range of 50-90 °C and 6.8-8.0, respectively.
The use of thermophilic organism is more advantageous for using syngas as substrate, as the

temperature of syngas exiting a gasifier is around 700 to 800 °C.

The cost of bringing down the temperature of syngas to moderate range can be avoided in this
case, though the high energy requirement of maintaining large scale reactor at elevated
temperature is still not economically feasible. Though a large number of archaea have been
isolated from extreme temperature environments, only a few of these are capable of
chemolithotrophic growth on CO and can produce H,, which includes Thermococcus AM4,

Thermofilum carboxyditrophus (Sokolova et al., 2009).

20
TH-2241_136106020



Chapter 2

Table 2.2 Hydrogen production by different organisms from CO

Organisms Experimental conditions Substrate Products References
Experiment Temp pH Agitation Initial CO Extra H, production Other products
al setup °C (rpm) conc. carbon rate /yield
source
Rhodospirillum Batch serum 30 6.9 200 55 % (v/v)  Acetate 85.7 % mol/mol NR Najafpour et
rubrum bottle CcoO of CO al., 2004
Rhodospirillum Continuous 30 6.5 NR Pco=0.55  Acetate 16 mmol Hy/h NR Najafpour et
rubrum stirred tank atm al., 2003
reactor
Rhodospirillum Continuous 30 6.9 350-800  55% (v/v)  Malic acid/ 9.6 mmol Hy/h NR Ismail et al.,
rubrum stirred tank Cco sodium 2008
reactor acetate
Rhodospirillum Continuous 30 6.9 150-500 55 % (v/v)  Malic acid/ 80 % mol/mol of NR Younesi et
rubrum stirred tank CcoO sodium CO al., 2008
reactor acetate
Rhodospirillum Continuous 30 7.0 400-750 17.2% CO  Acetate 0.75 mol H,/day  Poly-pB- Do et al.,
rubrum stirred tank hydroxyalkanoate 2007
reactor
Thermoanaerobacter Batch serum 60 75 NR 100 % (v/iv) NR 45 mmol/L Acetic acid Weghoff and
Kivui bottle Cco Mdller,
2016
Rubrivivax gelatinosus  Batch serum 30 7.0 250 20 % (v/v)  Sodium 0.9 mmol/ minfg NR Vanzin et al.,
bottle CcoO malate cell 2002
Rubrivivax gelatinosus Batch serum 30 7.0 250 20 % (v/v)  Sodium 1.0 mmol/ min/g NR Maness et
bottle CO malate cell al., 2005
Rubrivivax gelatinosus Batch serum 30 7.0 NR 17% (vIv) NR 263 mmol of H, NR Maness et
bottle CO /min / mg of cells al., 2002
DW
Rhodopseudomonas Batch serum 30 7.0 NR 60 % (v/v)  Sodium 7 mmol/L NR Pakpour et
palustris P4 bottle CO acetate al., 2014
Rhodopseudomonas Batch serum 30 NR NR 20% (v/iv) NR 25 mmol/g cell/h  NR Jung et al.,
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palustris P4 bottle coO 1999a
Rhodopseudomonas Continuous 30 7.0 500-700 20% (v/v) NR 41 mmol/gcell/lh  NR Ohetal.,
palustris P4 stirred tank CO 2005
reactor
Citrobacter sp. Y19 Batch serum  25-40 5-9 250 NR Glucose 32.3 mmol H,/g ethanol, acetic Oh et al.,
bottle cell/ h acid 2003
Citrobacter sp. Y19 Batch serum  30-40 5-8 250 20 % (v/v)  Sucrose 27.1 mmol H,/g NR Jung et al.,
bottle CO cell/ h 2002
Citrobacter sp. Y19 Batch stirred 30 7 300-700 2.5-10% Sucrose 20 mmol/g cell/lh  NR Jung et al.,
tank reactor (v/v) CO 2002
(two stage)
Carboxydocella Batch serum  50-70 6.8 NR 100 % (v/iv) NR 0.2 mmol/ml NR Sokolova et
thermautotrophica bottle CcO al., 2002
Carboxydothermus Continuous 70 6.8-7.2 NR 0.05t00.46 bacto- 95 % mol/mol of NR Haddad et
hydrogenoformans gas-lift mol/L peptone co al., 2014
reactor reactor /day
Carboxydothermus hollow fiber  60-70  6.8-7.0 Nil 100 % (v/iv) NR 92% mol/mol of  Acetic acid Zhao et al.,
hydrogenoformans membrane CO CO 2013
bioreactor
Carboxydothermus Batch serum 65 7.0 100 100% (v/v) NR NR Acetic acid Henstra and
hydrogenoformans bottle CcoO Stams, 2011
Carboxydothermus Batch serum 70 6.8-7.0 100 100% (v/v) NR 90.9% mol/mol of NR Zhao et al.,
hydrogenoformans bottle CO (6{0) 2011a
Carboxydothermus Batch serum 70 6.8-7.0 100 100% (v/v) NR 98% mol/mol of NR Zhao et al.,
hydrogenoformans bottle CoO CoO 2011b
Carboxydothermus Batch serum 50-70 6.0-6.5 NR 100% (v/v)  Ferric citrate  NR NR Yoneda et
pertinax bottle CoO al., 2012
Moorella stamsii Batch serum 65 7.5 NR 100% (v/v) NR NR NR Alves et al.,
bottle CO 2013
Anaerobic granular Batch serum 55 7.5 300 Pco=10.2 NR 0.25+0.05 Acetate and Liu et al.,
sludge biomass bottle atm mmol/L methane 2016
NR: Not reported
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2.4.1.2 Alcohol production from CO

Some of the carboxydotrophic acetogens are capable of producing alcohols along with
volatile fatty acids from CO. These classes of bacteria are obligate anaerobes and can utilize
CO or CO; as the sole carbon and energy source. Some of such solventogenic
carboxydotrophic bacteria are Clostridium ljungdahlii, Clostridium carboxidivorans,
Clostridium autoethanogenum, Clostridium ragsdalei, Alkalibaculum bacchi, Eubacterium
limosum, Butyribacterium methylotrophicum, Clostridium thermoaceticum and Clostridium
formicoaceticum, etc. Table 2.3 provides a list of various alcohol producing homoacetogens
along with their characteristics and culture conditions. Most of these microorganisms can
grow on multiple carbon sources, but their potential to utilize gaseous substrates, such as CO,
CO; and H, and produce useful products make them commercially important. All of these
strains are capable of producing ethanol, butanol and acetic acid, utilizing CO as the sole

carbon substrate.

Some strains such as Clostridium ragsdalei and Clostridium propionicum are reported to
produce propanol from syngas. The biochemical pathway used by these bacteria for the
production of ethanol is reductive acetyl-CoA pathway or Wood-Ljungdahl pathway (Fig.
2.3). The Wood-Ljungdahl pathway is followed by several organisms including
homoacetogenic bacteria and methanogenic archea. It consists of two branches, eastern
branch and western branch. The eastern branch has a number of reductive steps where CO, is
reduced to produce the methyl group of acetyl-CoA. Whereas, in the western branch, CO is

obtained from CO; or directly from carbonyl group for the acetyl-CoA synthesis.
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Table 2.3 Ethanol production by different organisms using CO

Organisms Experimental Substrate Products References
conditions
Exp. setup Temp pH  Agitation Initial CO Any other Ethanol Other products
(rpm) conc. carbon concentration
substrate lyield
Clostridium Batch serum 37 NR 180 55% Fructose 0.41 g/g of Acetic acid Younesi et
ljungdahlii bottle CO al., 2005
Clostridium CSTR 37 NR 450 55% Fructose NR Acetic acid Aghbashlo et
ljungdahlii al., 2016
Clostridium Batch serum 37 NR 200 20% NR 0.5¢g/L Acetic acid
ljungdahlii bottle
Clostridium
carboxidivorans P7
Clostridium Batch stirred 37 6.15 120 80% NR 2.6 g/g of Acetic acid Hurst and
carboxidivorans reactor cells Lewis, 2010
Clostridium Monolithic 37 6.0 NR 20% Fructose 0.17 mole/ Acetic acid Shen et al.
carboxidivorans biofilm mole of CO 2014
reactor
Clostridium Horizontal 37 6.0 NR 20% Fructose 7 g/L and Acetic acid Shen et al.,
carboxidivorans rotating 6.7 g/L/d 2017
packed bed
biofilm
reactor
Clostridium Batch serum 37 6.0 150 70% NR 3.0g/L Butanol and Phillips et
carboxidivorans bottle hexanol al., 2015
Clostridium Batch serum 37 6.0 100 70% acetic acid, NR Acetic acid, Zhang et al.,
carboxidivorans bottle butyric acid, butanol 2016
hexanoic acid,
ethanol or
butanol
Clostridium Batch serum 37 6.0 100 56% NR 4.07 g/L Butanol and Shen et al.,
carboxidivorans bottle hexanol 2017
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Clostridium CSTR 30 6.0 250 100% Xylose 7.143 g/L Acetic acid Abubackar et
autoethanogenum (under al., 2016
mixotrophic
condition)
Clostridium CSTR 30 6.0 250 30% NR 2.22 g/l Acetic acid and Lagoa-Costa
autoethanogenum 2,3-butanediol etal., 2017
Clostridium CSTR 30 6.0 250 100% NR 907.72mg/L  Acetic acid Abubackar et
autoethanogenum al., 2015
Clostridium Batch serum 30 6.0 150 100% NR 0.65 g/L Acetic acid Abubackar et
autoethanogenum bottle al., 2012
Clostridium Batch serum 32 6.0 150 20% NR 1.89 g/L Acetic acid Kundiyana et
ragsdalei bottle al., 2011a
Clostridium Two stage 32 6.0 NR 40% NR 14.74 g/g of Acetic acid Kundiyana et
ragsdalei CSTR cells al., 2011b
Clostridium Batch serum 37 55 150 20% NR 11 g/g of cells  Acetic acid Gaoetal.,
ragsdalei bottle 2013
Clostridium CSTR 37 6.1 150 20% NR 9.6 g/L Acetic acid Maddipati et
ragsdalei al., 2011
Clostridium trickle bed 37 5.8 NR 38% NR 5.7 g/L Acetic acid Devarapalli
ragsdalei reactor etal., 2016
Clostridium CSTR (pilot 37 6.0 150 20% NR 25.26 g/L 2-propanol, Kundiyana et
ragsdalei scale 100L) Acetic acid, 1- al., 2010
butanol
Alkalibaculum Serum bottle 37 8.0- 150 20% and NR 1.75 g/L Acetic acid Liu et al.,
bacchi — fed batch 8.5 40% 2012
mode
Alkalibaculum Batch serum 37 8.0 150 20 % Corn steep 6 g/L Acetic acid Liu et al.,
bacchi bottle liquor 2014a
Alkalibaculum CSTR 37 8.0 NR 20-40% Corn steep 8 g/L Acetic acid, n- Liu et al.,
bacchi liquor propanol and n- 2014b
butanol

Anaerobic mixed Batch serum 37 6.0 100 Pco=2 NR 2.2 g/L Acetic acid Singla et al.,
consortium bottle kg/cm? 2014
NR: Not reported
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There are two ways to generate reducing equivalent for the pathway. Most commonly,
hydrogenase enzyme supplies the reducing equivalent from H, using the following reaction

(Eq. 2.8).
Ho—»2H"+2e" .............. (2.8)

However, when there is inadequate amount of H; gas available or inhibition of hydrogenase
enzyme occurs, CODH enzyme generates reducing equivalent by oxidation of CO to CO; as

per the following reaction (Eqg. 2.9).
CO +H,0—»CO, +2H " +2¢° .............. (2.9)

Almost all these organisms are mesophilic in nature, but media pH is found to have a great
impact on the product formation. In most cases, low pH range tends to favour solventogensis
over acetogenesis. Hence, recent research work is focused on examining different ways to
increase the alcohol production over acids and on the culture stability throughout its growth

on syngas.
2.4.1.3 Methane production from CO

Methane can be produced under anaerobic condition from any carbonaceous material,
including acetate, lactate, formate, lignocellulosic matter, gaseous substrate such as H,/COs,
etc. But a few methanogenic organisms capable of utilizing CO as the sole carbon and energy
source have been reported. From the literature, it is evident that CO is not a very efficient
substrate for methane production, as only three pure strains namely Methanobacterium
Thermoautotrophicus, Methanosarcina acetivorans and Methanosarcina barkeri are capable
of methane production from CO. Methanogenic metabolism can be of two type, i.e.,
hydrogenotrophic and aceticlastic methanogenesis. In both the types of metabolic pathway

CO is an intermediate and hence, CODH enzyme is commonly present in these methanogenic
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organisms. In some of the organisms, such as Methanococcu jannaschii the gene coding
CODH is located on the same operon as that of hydrogenase, signifying its potential for
hydrogenogenic carboxydotrophic metabolism. However, many such organisms have not
been tested for CO utilization, and therefore, their growth potential on CO or product
formation capabilities is mostly unknown. Some researchers have studied undefined mixed
consortium for their capability of CO utilization and methane production. For example,
Sipma et al. (2003) studied CO conversion using seven different anaerobic sludges isolated
from wastewater treatment plants. Results showed that all the sludges were capable of
converting CO to methane and acetate at 30 °C, and the methane production is via acetate not
H,. Whereas, at a high temperature, CO was converted rapidly into hydrogen or methane, and

for the second case it is via H» as the intermediate.

2.4.2 Biological sulfate reduction using CO

Another lesser explored application of biological CO conversion is the biodesulfurization, in
which CO, either directly or via H, produced from hydrogenogenic CO conversion, can be
utilized as electron donor for sulfate reduction process. A number of sulfate reducing bacteria
(SRB) are capable of utilizing CO as the sole source of carbon and energy. Although SRB
can utilize CO, for most of them it is toxic at a certain concentration. Both thermophilic and
mesophilic carboxydotrophic sulfate reducers are reported in the literature. For example,
Desulfotomaculum thermoacetoxidans strain CAMZ, Thermodesulfovibrio yellowstonii,
Desulfotomaculum  kuznetsovii and Desulfotomaculum thermobenzoicum sub  sp.
Thermosyntrophicum are moderately thermophilic with an optimum temperature in the range
55-60 °C, whereas, for extremophilies such as Archaeoglobus fulgidus VC 16 strain it is 75-
80 °C. Some of the mesophilic strains with optimum temperature in the range 30-37 °C are
Desulfovibrio vulgaris str.  Madison, Desulfovibrio baarsii  2stl4, Desulfovibrio

desulfuricans, Desulfovibrio baculatus, Desulfovibrio africanus, Desulfosporosinus orientis.
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Majority of these strains do not grow in the absence of sulfate. The major products from CO
metabolism by sulfate reducers are H,, acetate, formate and other volatile fatty acids. Both
pure culture and co-culture strategies for effective sulfate reduction using CO have been
reported (Table 2.4). But co-culture systems seem to be superior in terms of avoiding CO
toxicity and high CO utilization efficiency. For instance, Svetlichny et al. (1991) found that
Desulfotomaculum  kuznetsovii and Desulfotomaculum thermobenzoicum sub  sp.
Thermosyntrophicum can grow with 100 % CO when cultivated with the hydrogenogenic
carboxydotrophic bacterium C. hydrogenoformans compared to pure culture, which can
tolerate only upto 50-70% of CO. Sipma et al. (2003) reported that the CO toxicity to SRB
can be reduced by growing these organisms together with other CO utilizing bacteria, for
example homo-acetogenic bacteria that are capable of performing biological water-gas shift
reaction. Therefore, in such a mixed culture system, sulfate is reduced to sulfide along with

an effective utilization of CO.
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Table 2.4 Sulfate reduction by different organisms using CO or syngas

Organisms Experimental conditions Substrate Sulfate conc. Sulfate References
used reduction
efficiency
Exp. setup Temp pH Agitation  CO conc. Extra
°C (rpm) used carbon
source
PVA and sodium alginate Packed bed 30 7 NA 100% NR 250-1000 61-94% Kumar et
immobilized anaerobic reactor mg/L sulfate al., 2018
sludge biomass
Anaerobic granular sludge Batch serum 55 7 NR 160 kPa NR NR NR Sipma et
bottle al., 2004
Anaerobic granular sludge Gas lift reactor 55 7 NA 100-250 Ethanol 30-37 NR Sipma et
mmol/L/d (initial 7d)  mmol/L/d al., 2006
Anaerobic aggregated Gas lift reactor 30 7 NA 1% NR 4.97 g/L 12-14 & 6-8  van Houten
biomass sodium g SO/ /L/d  etal, 1996
sulfate
Archaeoglobus fulgidus Batch serum 80 6.8 NR 80 % NR 2.2 g/L NR Hocking et
bottle sodium al., 2015
sulfate
Anaerobic sludge biomass 500 m® full 30-35 7-7.5 NA NR Acetate 5-30 g/L 295 kg Van
scale gas lift sulfate sulfate/h Houten et
reactor al., 2009
Anaerobic granular sludge Gas lift reactor 55 6.9 NA 18-110 NR 20-60 mmol/ 17 mmol/ Sipma et
mmol/L/d L/d L/d al., 2007
Carboxydothermus pertinax ~ Batch serum 65 6-6.5 NR 100% NR NR NR Yoneda et
bottle al., 2012
Desulfotomaculum Batch serum 55 6.8-7.2 NR 100% NR NR NR Parshina et
carboxydivorans bottle al., 2005
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Co-culture of Batch serum 60 7 150 50-70% NR 20 mM NR Parshina et
Desulfotomaculum bottle al., 2005
thermoacetoxidans,

Thermodesulfovibrio

yellowstonii,

Desulfotomaculum

kuznetsovii,

Desulfotomaculumthermobe

nzoicum subsp.

Thermosyntrophicum,

Carboxydothermus

hydrogenoformans

NR: Not reported
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2.5 Factors influencing CO bioconversion

A number of important factors such as media constituents, pH, temperature, CO
concentration, presence of inhibitory compounds, product concentration, agitation, etc.
influence both CO bioconversion and formation of useful products. Table 2.5 compares all

the afore-mentioned important process parameters and their effects.
2.5.1 Microbial growth media

Macro and micro nutrients, such as minerals, trace elements and vitamins added in the form
of growth media, are not only responsible for bacterial growth but are also essential for
enzymatic bioconversion of CO by microorganism. However, the type and concentration of
media component depend upon the type of organism. For example, American Type Culture
Collection media (ATCC Medium 112 and ATCC Medium 18) is used for R. rubrum, the
most common bacteria for biological CO conversion to H,. But, in case of new isolates
optimization of media components plays an important role. Pakshirajan and Mal (2014)
reported that compared with temperature, pH, inocculum size, nitrogen to phosphorus ratio,
Fe?* and Ni?* in the media played a significant role in biohydrogen production from CO. The
authors suggested that iron and nickel can improve the hydrogen production by influencing
the activity of the two key enzymes carbon monoxide dehydrogenase and hydrogenases
involved in CO bioconversion. In another study, it was reported that among the media
components, calcium, magnesium, phosphate and bicarbonate were important for microbial
activity and H, production from CO using Carboxydothermus hydrogenoformans (Zhao et
al., 2011). Similarly, for ethanol production by Clostridium autoethanogenum, MgSO;,
NH,4CI showed significant positive impact among all the nutrients studied (Guo et al., 2010).
Abubackar et al. (2015) found that addition of a small amount of tungsten (0.75uM)

increased ethanol production from CO by 128%.
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Kundiyana et al. (2011) found that under limiting condition of three nutrients namely,
calcium pantothenate, vitamin Bi, and CoCl,, Clostridium ragsdalei showed enhanced
product yield in a two-stage fermentation system. Shen et al. (2017) optimized trace metal
concentration present in ATCC medium 1754 for enhanced alcohol fermentation by
Clostridium carboxidivorans P7 strain and reported the optimum levels were higher than that

provided in the defined medium.

Addition of extra organic carbon source such as sodium acetate to the media has significant
positive impact on Dbacterial growth, CO wuptake and hydrogen production by
Rhodopseudomonas palustris PT strain in batch system (Pakpour et al., 2014). Similar
findings were reported by Najafpour et al. (2004) that suggest addition of 1-2 g/L of acetate

significantly enhanced the H, production from CO by Rhodospirillum rubrum.

Economics of alcohol fermentation from CO can also be kept low by replacing or removing
some of the media components, as reported in the literature. For instance, Gao et al., (2013)
reduced the cost of ethanol fermentation from syngas by eliminating morpholinoethane
sulfonic acid (MES) buffer and KCI, and reducing the levels of yeast extract by 50%, NH,CI
by 98%, KH,PO, by 88%, MgSQ, by 95% and CaCl, by 87.5% in the medium. All these
changes resulted in 29% higher ethanol yield from CO at only 3% of the original cost for C.
ragsdalei bacteria. Liu et al. (2014) found that replacing yeast extract with corn steep liquor
reduced the medium cost by 27% and produced 78% more ethanol using Alkalibaculum
bacchi strain CP15 in batch fermentations. Similarly, Saxena and Tanner (2012) reported that
by replacing yeast extract, vitamins and minerals with corn steep liquor in the medium and
thus could improve the overall cost of ethanol production from syngas by C. ragsdalei.
Maddipati et al. (2011) reported that ethanol production by Clostridium strain P11 increased
by 32% by replacing yeast extract with cheaply available corn steep liquor. Phillips et al.

(2015) optimized the concentration of nitrogen, phosphate and trace metals and omitted other
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media components, such as yeast extract, MES buffer and minimal complex chemicals to

reduce ethanol production cost by a native strain of Clostridium carboxidivorans.

Table 2.5 Important parameters influencing CO bioconversion and strategies to improve the

process efficiency

Parameter Effect
Growth media e Essential for biomass growth and enzyme
activity
Temperature e Influences the biomass growth and

metabolic pathway
e Affects CO solubility in aqueous medium

pH e Influences the biomass growth and
metabolic pathway
e Low pH favours solventogenesis over
acetogenesis

CO concentration e Low concentration limits the conversion
efficiency
e Toxic at high concentration

Product e Inhibition at high concentration
concentration
Inhibitory e Toxic to biomass
compounds e Enzyme inhibition
Agitation e Influences gas liquid mass transfer
e High agitation speed causes shear stress on
bacteria

2.5.2 Temperature

The temperature has two main effects on biological CO conversion and product formation.
First, it influences the biomass growth and metabolic pathway; second, it alters the CO
solubility in aqueous medium. Based on optimum temperature condition, carboxydotrophic
bacteria are classified into mesophilic and thermophilic organisms with optimum temperature
in the range 30 - 40 °C and 50 - 80 °C, respectively. Kundiyana et al. (2011) reported that the

solubility of CO decreases with an increase in the temperature, and therefore reduce the
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bioavailability of CO to bacteria. Moreover, an increase in the temperature resulted in
Clostridium ragsdalei to switch from acetogenesis to solventogenesis. Shen et al. (2017)
reported that alcohol production increased from 4.40 g/L to 6.97 g/L by C. carboxidivorans
with temperature control in a time bound manner, i.e. maintaining temperature of 37 °C for

first 24 h followed by 25 °C for rest of the fermentation period.

2.5.3 pH

pH is one of the most important factor, slightest variation of which can significantly influence
biomass and product yield (Table 2.5). Optimum pH for most of the hydrogenogenic
carboxydotrophic bacteria is reported to be in a neutral range (pH ~7.0); however, for
organisms like Citrobacter sp Y19, Rubrivivax gelatinosus, etc. the optimum pH is slightly
acidic. But in case of homoacetogenic bacteria producing ethanol, butanol or acetic acid, pH
modulation can often change the primary product. According to Fernandez-Naveira et al.
(2016a) a high pH is favourable for CO conversion to fatty acids rather than alcohol,
whereas, low pH value enhances the alcohol production but significantly inhibits biomass
growth. A 110 % increase in the ethanol concentration in media at pH 6.8 than that at pH 5.5
was reported by Cotter et al. (2009) using Clostridium ljungdahlii and Clostridium
autoethanogenum strains. Abubackar et al. (2016a) reported that pH change from 5.75 to 4.75
provides reducing equivalents to cells which helps in increased CO consumption for ethanol
fermentation by Clostridium autoethanogenum. It also enabled the consumption of acetic acid
produced in the reactor for ethanol production. These results indicate that for C.
autoethanogenum media pH need to be initially kept at an optimum for biomass growth, and
following which when the pH lowered, ethanol production in enhanced without acetic acid
accumulation. Mohammadi et al. (2012) also reported a drop in the cell dry weight and CO
consumption rate with a decrease in the media pH during continuous ethanol production from

syngas using Clostridium ljungdabhlii. In case of Clostridium ragsdalei low pH (<5.0) and
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morpholinoethanesulfonic acid addition as media buffer increased the lag time for ethanol

production (Kundiyana et al., 2011).

2.5.4 Initial CO concentration

Carboxydotrophic bacteria are capable of utilizing CO as the sole substrate, but a high CO
concentration is inhibitory to both CO utilization and product formation by the bacteria.
However, different microorganisms have different optimum CO concentrations for its
utilization (Tables 2.2 & 2.3). Most of the thermophilic extremophiles such as
Carboxydothermus  hydrogenoformans (Haddad et al., 2014), Carboxydocella
thermautotrophica (Sokolova et al., 2002), Carboxydothermus pertinax (Yoneda et al., 2012),
Thermoanaerobacter Kivui (Weghoff et al., 2016), Clostridium thermoaceticum (Martin et
al., 1983) are capable of withstanding high Pco (100% v/v) in the medium. But there are other
moderately tolerant bacteria that cannot grow beyond even 20 % (v/v) CO concentration.
Sinharoy et al. (2015) reported the highest pmax Value at 90 KPa of Pco, above which the
specific growth rate reduces according to Halden’s model. Product yield from CO as well
depends on intial CO concentration. For example, Younesi et al. (2005) studied ethanol
production from synthesis gas using the autotrophic bacterium Clostridium ljungdahlii, and
reported a maximum ethanol titer of 0.6 g/L for an initial total syngas partial pressure of 1.8
atm. The cell and ethanol yields were 0.3 and 0.41 g/g of CO, respectively. The CO partial
pressure did not significantly affect acetate production, but ethanol production increased with
an increase in H, and CO concentration in the culture medium. The inhibitory concentration
of CO for this study was estimated to be 2 mmol/L from Andrew’s model. In another study,
cell concentration of C. ljungdahlii increased with an increase in CO percentage in the gas
phase reaching 2 g/L cell concentration with 70% CO containing syngas at 14 ml/min of gas
flow rate in a CSTR bioreactor (Younesi et al., 2006). In a similar study, the effect of partial

pressure of CO on ethanol production by Clostridium carboxidivorans P7 was assessed, and a
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440% increase in the cell concentration with an increase in Pco from 0.35 to 2.0 atm was
reported (Hursta and Lewis, 2010). Also, the ethanol production significantly increased to a
maximum value of 2 g/L at 2 atm Pco. On the other hand, the acetic acid production
decreased with an increase in CO partial pressure. The authors found that Pco and Pco/Pco2
ratio largely affected the metabolic pathway of the organism, particularly on electron and
ATP production, which in turn affected the ethanol and acetic acid production. In another
study, ethanol yield Alkalibaculum bacchi increased by 11 % by changing CO concentration
from 20 to 40 % (Liu et al., 2012). Weghoff et al. (2016) found that H, production by
Thermoanaerobacter kivui improved from 6.8 to 44.9 mmol/L when CO was increased from

30 to 70 %.

2.5.5 Product concentration

Inhibition of CO conversion due to product accumulation is a key factor and needs significant
consideration for proper design of the process. In case of continuous H; production from CO
it is well known that hydrogenase, the key enzyme in H, production pathway, is highly
sensitive to H, concentrations and shows typical end product inhibition. The inhibition due to
H, is mainly dependent on the type of microorganism and the metabolic pathway followed. A
thorough study of the enzymatic system and metabolomics involved will help in
understanding the inhibition problem for increasing the H, yield. An effective alternative is
the quick recovery of product as soon it is produced in the reactor, which avoids shift in
metabolic pathway and production of more reduced products such as acetate, lactate, etc.
(Kumar et al., 2018). Skidmore et al. (2013) studied the effect of H, partial pressure on
Clostridium P11 hydrogenase enzyme activity, which revealed that H, utilization rate is
maximum for a H, partial pressure of 30 kPa. In order to study the effect of various end
products on CO conversion by Clostridium carboxidivorans P7, Zhang et al. (2016) added

acetic acid, butyric acid, hexanoic acid, ethanol and butanol in fermentation medium. The
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results showed that addition of fatty acids at slightly high temperature (37 °C) resulted in
production of corresponding alcohol, whereas, at low temperature (25 °C) only fatty acids
accumulated in the medium. Alcohol addition in the medium resulted in increased fatty acid
production at both low and high temperature. Fernandez-Naveira et al. (2016b) studied the
effect of butanol, ethanol and their mixtures on CO conversion by C. carboxidivorans.
Butanol showed higher inhibitory effect than ethanol on cell growth and CO utilization.
Butanol concentration in the range 14 - 14.50 g/L reduced cell growth by 50 % and at a
concentration more than 20% it completely inhibited the bacterial growth. In case of ethanol,
35 g/L concentration decreased the final biomass concentration by 50 %. Similar results an
inhibition of biomass growth were obtained for a mixture containing both ethanol and butanol
with a least growth rate of 0.014 h™* obtained at a maximum total alcohol concentration of 25

g/L.
2.5.6 Inhibitory compounds in feed gas

Obtaining CO in the pure form is difficult, and therefore, syngas derived from biomass
gasification is used as the feed gas for the production of different value added products. The
concentration of CO in syngas ranges between 5 and 60 %. In addition to CH,4, CO; and a
small amount of H,, other gases such as SOx, NOx, ethylene (C,Hj), ethane (C;Hp),
acetylene (C;Hy) are present in different concentration depending upon the feedstock used.
These gases along with tar, char, ash particles can inhibit biological CO conversion to useful
products. The exact mechanism by which these compounds inhibit CO conversion and
product formation is largely unknown, but inhibition due to reduced enzyme activity has been
reported in the literature (Ahmed et al., 2006). Xu and Lewis (2012) found that ammonia
(NHs) inhibits hydrogenase activity that plays an important role in the syngas fermentation.
Ahmed and Lewis (2007) studied the effect of nitric oxide (NO) on hydrogenase inhibition in

C. carboxidivorans and found that at a NO concentration above 40 ppm inhibited
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hydrogenase activity, cell growth and product formation. Hence, it is suggested to remove

these compounds or reduce their concentrations for a successful CO bioconversion.

2.5.7 Agitation

Agitation is another important factor for CO utilization and product formation as it influences
the CO-water volumetric mass transfer and it, therefore, indirectly enhances the
bioavailability of CO to microorganisms (Table 2.5). In bioreactor systems, sufficient
agitation is achieved with the help of impellers. But at a high agitation speed, microorganisms
may experience cell damage, further inhibiting microbial growth and product formation.
Hence, agitation speed needs to be optimized for achieving a maximum CO conversion and
product formation. Other important parameters such as gas liquid mass transfer and

bioreactor system and are discussed further in detail in sections 2.6 and 2.7.

2.6 Strategies to overcome gas liquid mass transfer problems for CO bioconversion

In a system involving gas phase substrate such as CO, a high product yield directly depends
upon its high mass transfer rate (Liu et al., 2014). The high cell concentration necessary for
the high yield is also dependent on the mass transfer rate of gaseous substrates, as low mass
transfer rates lead to reduced cell concentrations in the fermentation media (Yasin et al.,
2015). Experimental studies have shown that the most rate limiting factor in fermentations of
gaseous substrate is typically gas-to-liquid mass transfer, similar to aerobic fermentations
where oxygen mass transfer is the rate limiting step (Worden et al., 1997). The limitation of
gas liquid mass transfer are more problematic for CO or synthesis gas fermentations
compared to that of aerobic fermentations, because the solubility of CO is only 60% of O,
solubility (on a mass basis). Hence, in order to get an equivalent product yield on substrate,

sufficiently large amount of CO needs to be transferred per carbon equivalent consumed in
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this case than in aerobic fermentations that utilizes easily substrates like glucose (Zhu et al.,

2009; Abubackar et al., 2011; Munasinghe and Khanal, 2010b).

Hence, for this technology to be economically viable and commercially successful, the CO-
water mass transfer rate must be improved. The different strategies suggested to improve CO

solubility and CO-water mass transfer are discussed further.
2.6.1 Agitation speed and impeller configuration

The easiest way to improve the gas liquid mass transfer is by enhancing the agitation speed
(rpm). Bredwell et al. (1999) reported a high K.a value of 101 h™ for CO at 450 rpm
agitation speed. In another study, an increase in the agitation speed upto 700 rpm is reported
to enhance the CO liquid mass transfer (Klasson et al., 1993). For achieving a high
mechanical agitation speed, a high power input is required, and, therefore, a high ratio of
power required to reactor volume makes this strategy economically weak for large scale
industrial reactors, merely because of the excessive power costs (Yasin et al., 2014). A
different strategy to improve the mass transfer employing different impeller design was
studied by Ungerman and Heindel (2007). The effect of six different impeller configurations,
namely Rushton-type, Philadelphia Mixing concave (hollow blade) turbine, Philadelphia
Mixing pitched blade turbine (PBT), Philadelphia Mixing LS hydrofoil, Lightnin A315
fluidfoil and Lightnin A310, on gas liquid mass transfer rate was analyzed. The Rushton-type
impeller performed better compared with the other five impeller types; also, the dual Rushton
type showed a 27% higher gas liquid mass transfer compared with the conventional single
Rushton type impeller. However, its performance in terms of the ratio of volumetric mass
transfer coefficient to power input was poor. Hence, it could be concluded that improved gas
liguid mass transfer in a stirred system requires a high power consumption and cost

associated with it. Also, increase in the agitation speed to enhance gas liquid mass transfer
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may be damaging to shear sensitive microorganisms, thereby hampering microbial growth in

the bioreactor (Munasinghe and Khanal, 2012).

2.6.2 Additives

The use of additives such as electrolytes, surfactants, alcohols, nano particles, with or without
surface modification, has been reported to enhance the gas liquid mass transfer. The effect of
various electrolytes, such as sulfate, nitrate and chloride on CO water mass transfer was
studied, and the results show an enhancement of 1.5 to 4.7 times due to these electrolytes
compared to that without any added electrolytes (Zhu et al., 2009). It is also reported that
among the different metal ions, viz. copper, cobalt, nickel, iron, manganese and magnesium,
copper containing electrolyte is the best for enhancing the volumetric gas liquid mass
transfer. This is attributed to an increase in the gas-liquid interfacial area and a reduction in
the gas bubble coalescence in the liquid phase. These findings on enhancement in gas liquid
mass transfer due to the addition of electrolyte or metallic salts are also valid for aerobic
systems. For example, Zuidervaart et al. (2000) reported a 250% enhancement in the oxygen
water mass transfer rate when metal sulfate based electrolytes (e.g., CuSO,4, FeSQy4, ZnSQy,
and Al(SO4)3) were added to the liguid media. Use of surfactants, e.g. Tween
(polyoxyethylene sorbitans) and Brij (polyoxyethylene alcohols), for enhancing the CO water

mass transfer is also reported (Bredwell et al., 1997).

The increase in CO water mass transfer due to addition of nano or micro particles was
reported by Zhu et al. (2008). Nano particles made of mesoporous silica materials and coated
with different hydroxyl groups, mercaptopropyl groups and organic groups enhanced the gas
liguid mass transfer, and the mercaptopropyl groups grafted nano particles yielded the
maximum CO water mass transfer (upto 1.9 times increase). The presence of functional

groups on nano particles and their hydrophobicity is reported to significantly enhance the CO
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water mass transfer (Zhu et al., 2008). Similarly, in aerobic systems, a 600% increase in
oxygen water mass transfer rate upon addition of magnetite (FesO4) nanoparticles coated with
oleic acid is reported (Olle et al., 2006). Beenackers and Swaaij (1993) reviewed five
different mechanisms of gas liquid mass transfer enhancement due to small particle addition,
which included physical adsorption, homogeneous reactions in a slurry, dissolved reactive
particles, reactive particles in heterogeneous reactive systems, etc. According to these
authors, small sized particles in the system transport an additional amount of gas to the bulk
liquid through adsorption from the gas liquid diffusion layer to desorption in the liquid,
which is referred to as the shuttle or grazing effect. This method of enhancement is

influenced greatly by particle size and surface characteristics.

2.6.3 Use of microbubble dispersion system

Microbubbles differ from regular bubbles in having a multilayered “shell” entrapping water
and gas in the different layers. Microbubbles are created by high shear zone at the gas liquid
interface with a spinning-disk microbubble generator (Bredwell et al., 1999). This equipment
is essentially a modification of an electrical motor driven stirred reactor system, with a high-
speed spinning disk rotated at several thousand rpm for creating a high shear force. Small-
sized bubbles are created from the bigger ones in the high-shear zone of the equipment. A
surfactant is added in the liquid, which stabilizes the microbubbles against coalescence by
creating ionic and/ or steric repulsion between adjacent bubbles at the gas liquid interface
(Bredwell et al., 1999). Other similar equipment, such as emulsion phase contactor, shear
mixing apparatus, etc. are also reported to produce microbubbles (Shirtum et al., 1998; Scott
et al., 1994). Instead of introducing gas directly into the reactor in microbubble dispersion

systems, microbubbles of gases are generated separately prior to its sparging into the reactor.
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Bredwell et al. (1998) reported six fold increase in the CO mass transfer in such microbubble
disparaging systems compared to that in a conventional gas sparging system. A similar study,
involving an aerobic system, achieved four fold high volumetric mass transfer value for
oxygen using microbubble sparging mechanism (Kaster et al., 1990). The exact mechanism
of mass transfer enhancement in microbubble disparging system is two way; first, a decrease
in the bubble size increases the driving force due to increased internal pressure in gas
bubbles. Second, the liquid phase concentration gradient for the gas is inversely proportional
to the bubble diameter. Therefore, as the bubble size decreases the flux increases, enhancing
the overall gas liquid mass transfer (Munasinghe and Khanal, 2010; Bredwell et al., 1999).
However, special care must be taken to avoid coalescence of microbubbles. This problem
occurs following the transfer of consumable gases into the liquid phase and if the inert and
waste gases (CO,) containing spent microbubbles are not removed from the reactor. Larger
sized bubbles rise to the surface of the liquid and get released due to coalescence, reducing

the overall K_a values and gas conversion (Bredwell et al., 1999; Tsouris et al., 1994).

2.7 Reactor consideration

Proper design of bioreactor and its mode of operation is one of the main concerns for
successful scale up of CO bioconversion to useful products (Yasin et al., 2015). The key
parameters necessary while considering a suitable bioreactor are mainly related to CO gas-
liguid mass transfer, which includes agitation speed, impeller design, power consumption,
temperature, pressure conditions, bioreaction Kinetics, etc. Both batch and continuously
operated bioreactors have been employed for CO conversion to useful products. Under batch
operation mode, bioreactor is operated as a closed system with the introduction of gaseous
CO at the start of the batch; whereas, in continuous operation mode the gaseous substrate is
supplied continuously. Both liquid and gaseous samples are withdrawn periodically at a set

time interval during the operation and analyzed for CO conversion, product formation, cell
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concentration, etc. Continuous stirred-tank reactor (CSTR) is the most commonly used
bioreactor system for CO bioconversion, but other types of reactor such as bubble column
reactor (BCR), trickling bed reactor (TBR), packed bed bioreactor (PBR), gas lift reactor
(GLR) and membrane bioreactor (MBR), etc., have also been examined under both batch and
continuous operation modes. Fig. 2.5 shows schematic of the different bioreactors used for
CO bioconversion. Table 2.6 compares the commonly used bioreactors for CO conversion
along with their volumetric gas liquid mass transfer coefficient (K a) values. The volumetric
mass-transfer rate is defined as the product of volumetric mass-transfer coefficient (KLa) and
mass-transfer driving force (C* - C), where C is the liquid-phase concentration of the
transferred gas and C* is the liquid-phase concentration that is in equilibrium with the gas
phase (Bredwell et al., 1999). Different types of bioreactor configurations studied for CO
bioconversion to useful products are discussed further in the following sub-sections. Also, the
advantages and disadvantages of different bioreactors for CO conversion are summarized in

Table 2.7.

2.7.1 Continuous stirred tank reactor

The CSTR is the most common type of bioreactor employed at the laboratory scale. Stirred-
tank reactors are often used when high K a values are desired. The mixing of gaseous
substrate is carried out by baffled impellers which enhance the mass transfer between the
substrate and microbes inside the reactor (Munasinghe and Khanal, 2010). The hydrodynamic
shear force generated by a high level of agitation or mixing creates small sized bubbles from
bigger ones, which increases the interfacial area for mass transfer and subsequently the
bioavailability of gaseous substrates (Bredwell et al., 1999). In addition, slow rising velocity
of finer gas bubbles leads to a prolonged retention time in the liquid media, which leads to
high mass transfer rates. In this type of reactor, gaseous substrate is supplied continuously

and liquid media containing the nutrients is fed into the bioreactor to support microbial
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growth and metabolism (Klasson et al., 1992; Vega et al., 1990). The product formed in the
reactor by microbial conversion is drawn out from the system at the same flow rate as the
feed to maintain a steadystate in a continuous mode of operation. Younesi et al. (2008)
studied the bioconversion of CO rich syngas to hydrogen using a continuous stirred tank
bioreactor with an anaerobic photosynthetic bacterium, Rhodospirillum rubrum, capable of
performing biological water-gas shift reaction. The effect of different agitation speed and gas
flow rate was evaluated over a period of two months. The best performance was achieved at
500 rpm agitation speed and 14 ml/min gas flow rate, with a hydrogen production rate and
yield of 16 + 1.1 mmol g™ cell h™ and 87 + 2.4%, respectively. Ismail et al. (2008) using the
same organism reported the optimum conditions for H, production from CO in a two-litre
bioreactor as 700 rpm agitation speed, 0.44 + 0.023 atm Pco and a K.a of 86.4 + 3.5 h™,
which also yielded a maximum CO conversion of 81 + 5.6% and H, production rate of 9.6
mmol/h. These studies clearly demonstrate that a high agitation rate in CSTR is required to
achieve high gas liquid mass transfer and for a maximum conversion of CO to H,. Najafpour
et al. (2003) reported H, production from syngas using R. rubrum in a continuously operated
CSTR equipped with a dual-impeller agitation and microsparger system for achieving a high
gas liquid mass transfer. The bacterial growth kinetics on CO was described using the Monod
model, which gave pmax and Ks values of 0.0225 h™ and 0.0135 g/L, respectively. The H,

production rate and yield were observed to be 16 mmol H; /g cell. h and 80%, respectively.

Aghbashlo et al. (2016) used Clostridium ljungdahlii in a continuous stirred tank bioreactor
for syngas fermentation to produce ethanol and acetate. The authors mainly focused on
studying the effect of different operational parameters, such as agitation speed, media flow
rate, syngas flow rate and its composition on the sustainability and renewability of the
process using a thermodynamic model. Younesi et al. (2006) found that CO conversion

increased with an increase in the gas flow rate and agitation speed during continuous syngas
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bioconversion to ethanol and acetate using Clostridium ljungdahlii in a continuous tank
bioreactor. For a gas flow rate of 14 ml/min and an agitation rate of 550 rpm, the cell
concentration and conversion of pure CO were 1.92 g/l and 80%, respectively. The total
amount of ethanol and acetate produced during the fermentation is around 11 g/L. Kundiyana
et al. (2010) achieved six fold increase in ethanol concentration by Clostridium ragsdalei in a
pilot scale study using 100 L stirred tank reactor compared to that in batch serum bottle. The
ethanol concentration reached highest 25.26 g/L along with the co-products 2-propanol, 1-
butanol and acetic acid. Fernandez-Naveira et al. (2016) studied CO fermentation by
Clostridium carboxidivorans in a 2 L bioreactor. Maximum ethanol and butanol
concentrations in the study were 5.55 and 2.66 g/L, respectively. In addition to the conversion
of CO to alcohols, the acetic and butyric acids were also utilized for alcohol production
which resulted in low residual concentrations of these acids at the end of the bioreactor
operation. The average CO utilization was around 50 % and reached its highest value (80 %)

during the continuous bioreactor study.

Two-stage CSTR has also been studied for ethanol production from CO. Abubackar et al.
(2018) studied syngas fermentation to produce ethanol using Clostridium carboxidivorans in
a two-stage continuous system with two stirred tank reactors arranged in series. The pH of the
two reactors was maintained different: the first one was maintained at pH 6 for acidogenesis
and the second one at pH 5 for solventogenesis. The second reactor had a provision of cell
recycling in order to maintain an optical density (at 600 nm) of 1 in the second bioreactor.
The bacterial growth rate in the second reactor was negligible due to low pH condition. Thus,
maximum ethanol concentration of 1.51 g/L with an alcohol to acetic acid ratio of 0.32 was

achieved in this two-stage continious system.
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Table 2.6 Commonly used bioreactor systems for biological CO conversion and their
volumetric mass transfer coefficients

Reactor type Agitation Volumetric mass Substrate Reference
speed transfer coefficient
(rpm) Kia (h?)

CSTR 700 35.5 CO Klasson et al., (1993)

CSTR 200 14.2 CO Bredwell et al., (1999)

CSTR 300 35 Syngas Bredwell et al., (1999)

CSTR 450 101 Syngas Bredwell et al., (1999)

CSTR 700 86.4 CO Ismail et al., (2008)

STR 600 154.8 CO Riggs and Heindel,
(2006)

STR 700 192.8 Syngas Kapic et al., (2006)

STR 300 14.9 CO Klasson et al., (1993)

STR 400 21.5 CO Klasson et al., (1993)

TBR NA 137 Syngas Cowger et al., (1992)

TBR NA 121 Syngas Bredwell et al., (1999)

BCR NA 72 CO Chang et al., (2001)

BCR NA 94.3 CO Park et al., (2013)

BCR NA 400 CO Shenet al., (2014)

PBR NA 21 Syngas Bredwell et al., (1999)

GLR NA 129.6 CO Munasinghe and
Khanal, (2014)

GLR NA 1.5-2.0 CO Haddad et al., (2014)

GLR NA 91.08 CO Munasinghe and
Khanal, (2001)

STR with 200 90.6 CO Bredwell et al., (1999)

microbubble

sparger

STR with 300 104.0 Syngas Bredwell et al., (1999)

microbubble

sparger

CSTR: Continuous stirred tank reactor, STR: Stirred tank reactor, PBR: Packed bed reactor,
TBR: Trickle bed reactor, BCR: Bubble column reactor, GLR: Gas lift reactor NA: Not
applicable

2.7.2 Bubble column reactors
Bubble column reactors offer a high gas-liquid mass transfer by providing high surface area

for mass transfer and increased turbulence as the bubbles rise through the column of liquid.

Small-sized finer bubbles produced in this type of reactor have high surface-to-volume ratios
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and low rise-velocities through the liquid, resulting in long residence times in the reactor. The
short residence time of gas and high pressure drop in the bubble reactor are some drawbacks
limiting its scale-up and commercialization. Other drawbacks include back-mixing and
coalescence in bubble column (Datar et al., 2004). But the main attraction of this type of
reactor is the ease of obtaining desired cell biomass amount in the reactor. Amos (2004)
studied the CO conversion to H using a bubble column reactor with or without gas recycle,
and found that between the two types, the reactor with gas recycle performed better with an
overall conversion efficiency of over 50% at 10:1 recycle-to-feed ratio. The authors attributed
the performance of the bubble column reactor to a long residence time, high cell mass,
buffering capacity of the liquid and low inlet CO concentration to the reactor. Rajagopalan et
al. (2002) studied CO conversion to ethanol using Clostridium carboxidivorans in a
continuous 4.5 L bubble column bioreactor. Under steadystate condition, ethanol, butanol,
and acetic acid yields were 0.15, 0.075 and 0.025 g/mol CO, respectively. The authors further
suggest different approaches to improve performance of the bubble column reactor such as
cell recycling to increase cell concentration without altering the ethanol yield, adding H; in
gas stream to improve CO conversion to ethanol, optimizing nutrient supplements in media,

etc.

2.7.3 Packed bed bioreactor/ trickle-bed bioreactor

The trickle-bed bioreactor or trickling filter consists of a tubular reactor with solid support for
biomass to grow and attach to. The cells can either be immobilized on the solid packing or
suspended in the liquid medium (Bredwell et al., 1999). Though, in general, this type of
reactor is operated under counter current flow of liquid to gas, where gaseous substrate rises
upwards and the water flows down through the packed bed, it can also be operated in a co-
current mode. Special care need to be taken to maintain a low water flow rate to prevent

flooding in the column. The liquid flow is mainly provided to keep the cells moist along with
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nutrients supplementation for cell growth. Various packing materials have been tested,
including wood, activated carbon, lava rock, plastic and porous ceramic supports for effective
conversion of CO to H, (Amos, 2004). The main advantage of this reactor is increased gas-
transfer area with a minimal pressure drop. Also, it is easy to improve the mass transfer by
controlling the liquid flow rates. Wolfrum and Watt (2001) studied the effect of reactor
packing material on CO conversion by the photosynthetic bacterium Rubrivivax gelatinosus
using two reactors with different volumes (1 and 5 litre) of same geometry. Devarapalli et al.
(2016) used trickle bed bioreactor with 6 mm size soda lime glass beads as packing material
for ethanol fermentation from syngas. The study found that increased amount of biomass in
the packing and biofilm formed over the beads reduced CO inhibition and enhanced the H;
conversion and uptake by 1.9 times. It is also found that co-current mode of gas and liquid
flows in the reactor reduced the gas channelling effect and reactor flooding problems that

were encountered in counter-current operation mode.
2.7.4 Gas lift reactor

Gas lift reactor is simply air-lift bioreactor with gas flowing into it rather than air (Sipma et
al., 2007), and is similar to the bubble column reactor, but it differs by the fact that it contains
a draft tube. The draft tube is always an inner tube (called gas lift bioreactor with an internal
loop) or an external tube (called gas lift bioreactor with an external loop) which improves
circulation and gas liquid mass transfer and equalizes shear forces in the reactor. The major
advantages of gas lift bioreactor are simple design with no moving parts or agitators, zero
energy requirement, homogeneous distribution of nutrient and shear force. Gas stream
facilitates the exchange of material between gas phase and media, thus enhancing the
effective mass transfer (Table 2.6). Munasinghe and Khanal (2001) reported a very high mass
transfer coefficient of 91.08 h™ for CO in a gas lift reactor combined with a 20 mm bubble

diffuser compared to other reactor configurations. Haddad et al. (2014) studied CO
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conversion to H, by Carboxydothermus hydrogenoformans in a 35 L gas lift reactor. The
effect of different operational conditions, namely gas recirculation rate, CO feeding rate and
addition of bacto-peptone to the media, was also evaluated. The ratio of gas recirculation over
CO feeding rate was observed to be the most important parameter affected the reactor
performance that kinetically limit both the CO conversion and H; production rates. Overall, a
high H, yield of 95% and CO conversion rate of 3.79 L of CO/L.day were reported in this
study. Hydrogenogenic CO conversion for biological sulfate reduction was studied by Sipma
et al. (2007) using a gas lift reactor and the effect of different HRT was investigated under
thermophilic (55°C) condition. The authors reported that at a high retention time (>5.5 h) the
CO conversion resulted in hydrogenotrophic methane production, whereas at a short HRT the

H, production was higher. Overall a CO conversion of 85 % was achieved in this study.

2.7.5 Membrane bioreactor

Membrane bioreactors (MBR) basically consist of membrane module that is partially or
completely submerged in liquid media. The CO gas is diffused through the walls of
membranes without forming bubbles. The bacteria/biomass grows on the outer wall of the
membranes as a biofilm, converting CO to useful product. Several recent studies on hollow
fiber membrane (HFM) bioreactor have suggested that the membrane bioreactors (MBR)
have the potential to replace the commonly used bioreactors for gas liquid mass transfer
applications (Yasin et al., 2015). A number of choice for membrane materials is available,
among which hydrophobic membrane materials such as polypropylene (PP), polyethylene
(PE) and polyvinylidene fluoride (PVDF) are used most commonly. The advantage of MBR
over traditional reactor systems are effective gas liquid mass transfer and low energy
requirement; moreover, it provides a high product yield, high reaction rate and increased
tolerance to toxic compounds (tar, acetylene, NOx, O,, etc). Besides, these types of reactors

can be operated under high pressure (Pco) conditions (Munasinghe and Khanal, 2010). Main
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disadvantages are clogging and biofouling of the membrane due to excessive biomass growth
(YYasin et al., 2014). Membrane bioreactor system has not been specifically used for H;
production form CO, but it has been evaluated for other products, for example, continuous
fermentation of ethanol, butanol and acetic acid from syngas. It has also been studied for
enhancing hydrogen and oxygen mass transfer in water treatment applications (Lee and
Rittmann, 2001; Nerenberg and Rittmann, 2004). Shen et al. (2014a) studied ethanol
fermentation from syngas in hollow fiber membrane biofilm reactor using Clostridium
carboxidivorans P7. The K a value was found to be higher than most of the commonly used
bioreactors. A very high ethanol concentration of 23.93 g/L was achieved with ethanol to

acetic acid ratio of 4.79.

2.7.6 Novel bioreactors

Shen et al., (2017) studied ethanol production by Clostridium carboxidivorans P7 in a
horizontal rotating packed bed (h-RPB) reactor using syngas as the substrate. In this reactor,
the reactor is the biosupport packing material is half submerged and half exposed in the
headspace, and due to continuous rotation, the biofilm is in alternate contact with liquid
media and headspace gas. Using this reactor, a high ethanol titer of 7.0 g/L and a productivity
of 6.7 g/L/d was achieved. The K,a of the h-RPB reactor was lower than that in a
conventional CSTR, indicating poor mass transfer in the liquid phase of h-PRB, and the mass

transfer in the headspace phase played an important role in syngas fermentation.

In another study, ethanol production from syngas was carried out using a monolithic biofilm
reactor (MBFR) with C. carboxidivorans P7 (Shen et al., 2014a). This study revealed that at
optimum process conditions, i.e. 300 mL/min of syngas flow rate, 500 mL/min of liquid flow

rate and 0.48/d of dilution rate, etanol concentration and productivity were 4.89 g/L and 2.35
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g/L/d, respectively. The syngas utilization and product formation were much higher than that

obtained using a conventional bubble column reactor.

Table 2.7 Comparison of different bioreactors used for CO bioconversion

Reactor type Advantages Disadvantages
Continuous stirred e Simple to operate e High agitation causes
tank reactor e Mixing improve gas-liquid shear stress on microbes

mass transfer e Large power requirement
e (Gaseous substrates are e High operating cost
more accessible to
microbes due to breaking
down of large bubbles into
finer ones by increasing
rotational speed of
impellers
Bubble column e High gas-liquid mass e Back mixing and
reactor transfer rates coalescence
e Low operating and
maintaining cost
e Low shear stress
Trickle bed/ e Gas and liquid flow could e Clogging of bed

packed bed reactor

Membrane .

bioreactor

be either in co-current or
counter-current direction
No need of mechanical
agitation

Power requirement is less
Gases easily diffuses
through wall of the
membranes

Membrane wall provides

excellent support for

Not yet commercially
used for CO conversion
or syngas fermentation
High installation cost

Clogging problems
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Gas lift reactor

microbial growth and
improves biomass retention
High product yield, high
reaction rate, high tolerance
to toxic elements
Mechanical simplicity
Low energy requirement
No focal points for energy
dissipation

Low shear stress

Suitable for process with
variable gas feeding

requirements

Not suitable for viscous
broths

Minimum process
volume

Dead zones inside the
reactor

Insufficient mixing at

high biomass densities

From the detailed literature review it is clear that only a few previous studies have reported
about organisms capable of growing on 100% (v/v) CO as most of them could only tolerate <
20% (v/v) CO. Also, most of the carboxydotrophic organisms are thermophilic in nature and
therefore would require large amount of energy to maintain high temperature during
bioreactor operation. The poor solubility of CO in aqueous media is another hurdle for its
utilization by microorganisms. Further, any attempt to successfully scale up or commercialize
this technology requires continuous operation using bioreactors. Furthermore, suitable
applications of CO conversion technology such as biohydrogen production, biological sulfate
reduction, heavy metal removal and selenite reduction, etc. could improve its commercial

viability.
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Carbon monoxide conversion by anaerobic biomass:
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ABSTRACT
Anaerobic mixed microbial consortia from five different sources were initially examined for
their biological CO conversion potential. Among the different biomass, the biomass from a
large scale upflow anaerobic sludge blanket reactor treating wastewater, located in Kavoor,
Karnataka, India, showed a maximum CO conversion efficiency. The CO conversion
pathway by the anaerobic biomass was elucidated using methanogenic inhibitor 2-
bromoethanosulfonete. The predominantly present microorganisms in the anaerobic biomass
were identified to be Methanomicrobia, Anaerolineae, Proteobacteria, Clostridia,
Caldisericia, Desulfovibrio sp. etc. The effect of three main culture parameters, i.e. inoculum
size, initial CO concentration and temperature on simultaneous CO conversion and sulphate
reduction was assessed employing the Taguchi experimental design technique. A maximum
CO conversion of 85.62% and a maximum sulphate reduction of 56.6% were achieved under
the optimum condition of 10 % (v/v) inoculums size, 1.8 mmol/L initial CO concentration

and 45 °C with raw anaerobic biomass.
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3.1 Introduction

Carbon monoxide (CO) rich synthesis gas is used for producing wide range of valuable
products including H, gas. Due to the limitations of conventional CO conversion processes
cost-effective and novel technologies for CO conversion, such as biological methods using
microorganisms that are beneficial from environmental and economical point of view, are the
need of the hour. Since 1980’s a number of carboxydotrophic bacteria/archia capable of
effective biological CO conversion have been reported. These bacteria are not only able to
grow chemolithotrophically on CO but can also convert CO into commercially important
compounds such as hydrogen, ethanol, butanol, acetic acid, etc. under ambient temperature
and pressure conditions (Bender, 2011; Sipma et al., 2007). Furthermore, some pure strains
and microbial consortium are reported to be able to perform biological sulfate reduction using

CO as the sole carbon and energy source (Parshina et al., 2010).

Such eco-friendly and sustainable solutions for CO conversion are feasible on small as well
as commercial scales owing to the economics of the process (Parshina et al., 2010). Very
little amount of literature is available on suitable applications of this technology to improve
its commercial viability. Moreover, integrating biological CO conversion with environmental
or biofuel applications have not been sufficiently addressed, particularly with respect to
continuous CO conversion employing suitable bioreactor system.

Microorganisms that are robust and sturdy are essential for industrial scaleup and commercial
success of this technology. From the reported literature, it is evident that only a few numbers
of microorganisms have been studied for biological CO conversion to useful products. Most
of these available strains have low tolerability to CO, and majority of them cannot survive on
more than 20% (v/v) CO. There are two ways to solve this problem: firstly, genetic
engineering approach for strain improvement and secondly isolation of new organism.

Genetic engineering approaches can be utilized to either construct a recombinant strain
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capable of high product yield and more tolerance to CO concentration, or using metabolic
engineering to reduce multiple product formation and avoid low yield of the desired product.
However, a pre-requisite for such an approach is the identification and molecular
characterization of catabolic genes involved in the process. From the available literature it is
clear that very little is known about the mechanism(s) of CO tolerance in such
carboxydotrophs, which will require more detailed research to understand the molecular
mechanisms involved and to achieve strains with desired traits, such as growth on CO, high
rate of microbial reaction, high product yield and, most importantly, suitability for industrial
scaleup (Dragosits and Mattanovich, 2013, Maness et al., 2002). Further, stability of such
genetically engineered strains are questionable as there is every possibility of turing back to

wild type during large scale operating condition.

On the other hand, a number of recent studies indicate the potential of new organisms from
extreme environmental conditions, e.g. hot springs, which may be better suited for CO
conversion (Parshina et al., 2010). However, operating large volume reactors at an elevated
temperature is both energy consuming and cost intensive. Hence, the research focus needs to
be shifted towards exploring mesophilic organisms capable of CO conversion. Recently, a
few scientific reports suggests that compared to pure organisms mixed microbial consortium
are better suited to handle CO toxicity and are more effective in utilizing CO for their growth

and product formation (Liu et al., 2016).

Therefore, the aim of this study was to screen different anaerobic biomass capable of CO
conversion to biohydrogen and subsequent sulphate reduction using the in situ produced H..
In addition, identification of the microbes present in the biomass that yielded a maximum CO
conversion efficiency and elucidation of the CO bioconversion pathway was examined.

Furthermore, the effect of biomass pretreatment and other process conditions viz.
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temperature, initial CO concentration and inoculum size on CO conversion and sulfate
reduction was studied in detail.

3.2 Materials and methods

3.2.1 Screening of anaerobic biomass for carbon monoxide conversion

3.2.1.1 Collection of anaerobic sludge biomass from different sources

Anaerobic sludge biomass samples were collected from five different sources (Table 3.1).
Among these five biomass samples, three were collected from different large scale upflow
anaerobic sludge blanket reactors treating domestic wastewater, whereas the other two
biomass types were collected from sewage treatment plant (STP) located at IIT Guwahati
(ITG) and a lab scale packed bed anaerobic reactor treating sulfate rich wastewater,
respectively. While collecting the biomass samples, contact with air was avoided to ensure
anaerobic condition, and after collection, the biomass samples were stored in a refrigerator at

4 °C until further use.

Table 3.1 Source and type of anaerobic biomass collected to examine CO conversion in this

study

Source

Biomass

Kavoor sewage treatment plant, Mangalore
(43.5 MLD)

Jakkur sewage treatment plant, Bangalore
(10 MLD)

K.R Puram sewage treatment plant,
Bangalore (20 MLD)

IITG sewage treatment plant, Guwahati

Lab scale packed bed reactor treating
sulfate rich waste water

Anaerobic granular sludge

Anaerobic granular sludge
Anaerobic granular sludge
anaerobic sludge

anaerobic sludge

MLD = million litre per day
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3.2.1.2 CO conversion experiments

Tests for assessing CO conversion by biomass samples collected from different sources were
performed under anaerobic condition using 120 ml serum bottles (Sigma Aldrich, India)
sealed with polytetrafluoroethylene (PTFE) septum. The serum bottles were filled with 50 ml
mineral salt medium (MSM) of pH 7.0 along with 0.2% w/v of the respective biomass as the
inoculum. The bottles were purged with N, gas to remove O, prior to supplying CO. The
initial CO concentration in the bottles was 1.8 mmol/L. The bottles were incubated at 30°C
and 150 rpm on a rotating orbital incubator shaker. All these experiments to test CO

conversion were carried out in triplicate.

The composition of the MSM (g/l) is as follows: NaCl (0.3), NH4CI (0.2), CaCl,.2H,0
(0.11), MgCl,.6H,0 (0.1), KH,PO, (0.1), FeCl; (0.945), CuCl; (0.013), ZnCl, (0.07), CoCl,
(0.065), Na;MoOy (0.021), MnCl, (0.63), NiCl, (0.13) and yeast extract (0.5). The MSM was
buffered using K;HPO, to maintain the pH at 7.0. Bottles without any added biomass or with

autoclaved biomass served as the control in these CO conversion experiments.

3.2.2 CO conversion pathway elucidation

In order to understand the CO conversion pathway followed by the microorganisms present,
methanogenic inhibitor was added in the batch serum bottles. CO conversion experiments
similar to that described in the previous section were performed with bromoethanesulfonate
(BES) addition in the range 5-20 mmol/L as inhibitor of methanogenic activity in the
anaerobic biomass from Kavoor STP, which showed the best results among the different

biomass types with maximum CO conversion efficiency.
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3.2.3 Microbial community analysis

For microbial community analysis of the biomass that showed the best results for CO
conversion was chosen i.e. anaerobic biomass from Kavoor STP was used. The biomass
samples were withdrawn from serum bottles and were immediately transferred to sealed
container to maintain anaerobic environment and later sent to AgriGenome Labs Private

Limited, Cochin, Kerala, India for metagenomics sequencing and analysis.

3.2.4 Effect of process parameters and biomass pretreatment on CO conversion and

sulfate reduction

To examine the effect of different process parameters viz. temperature, inoculum size, CO
concentration and biomass pretreatment on CO conversion and sulfate reduction by the
anaerobic biomass from Kavoor STP, experiments were performed as per the Taguchi
experimental design. The design comprised of nine experimental runs with four main
variables, viz. initial CO concentration, inoculum volume, temperature and biomass type.
Each variable in these experiments was evaluated at three different levels, and all
experiments were conducted in triplicate using serum bottles with MSM containing 1000
mg/L sulfate added as Na,SO,. Other conditions followed were the same as mentioned
earlier. The three types of biomass pretreatment considered were: heat treated, autoclaved and
raw biomass. For heat-pretreatment, the biomass was subjected to a temperature of 60 °C for
15 min in a boiling water bath. In case of autoclaved biomass, it was subjected to 120 °C at
15 psi for 20 min in an autoclave. Table 3.2 presents the combination level of the parameters
in each experimental run, as per the design. Both CO removal and sulfate reduction were
considered as response in each experimental run, and the corresponding signal-to-noise (S/N)

ratio was calculated using the following equation (Eg. 3.1):

%: —10 [log (1/71—},2)] ............... (3.1
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where Y is the response and n is the number of experimental runs. For statistical analysis of

the results, the statistical software Minitab (version 16, PA, USA) was used.

Table 3.2 Taguchi experimental design showing the combinations of the variables and their

levels in each experimental run

Exp. Temperature Initial CO Inoculum size Biomass
Run No (°C) concentration (% viv) pretreatment
(mmol/L)

1 30 1.8 5 Heat treated
2 30 2.4 10 Autoclaved

3 30 3.1 15 Raw

4 45 1.8 10 Raw

5 45 2.4 15 Heat treated
6 45 3.1 5 Autoclaved

7 60 1.8 15 Autoclaved

8 60 2.4 5 Raw

9 60 3.1 10 Heat treated

3.2.5 Analytical methods

The head space biogas composition in the serum bottles was examined by a gas
chromatograph (GC, Varian 450, The Netherlands) fitted with thermal conductivity detector
and a molecular sieve column (Mole strainer 5A, work 80/100, 72 in x 1/8 in). Nitrogen gas
(99.9%) was utilized as the injector gas at a steady stream rate of 30 mL/h, and the
temperature of injector, column and detector were 50 °C, 90 °C and 105 °C, respectively.
Biomass was estimated as mixed liquor volatile suspended solids (MLVSS) as per the

method described in the American Public Health Association (APHA, 2005).

Sulfate concentration was determined using the standard barium chloride based turbidimetric
method (APHA, 2005). Samples prior to the determination of sulfate were pretreated with
ZnCH3COONa (1IN) and NaOH (6N) in order to fix the sulfide present (Sabumon, 2008)

followed by centrifugation at 8000 x g for 5 minutes. Buffer solution prepared using
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deionized water with KNOs, MgCl,-:6H,O, CH3;COONa and 99% glacial acetic acid was
added to a suitable portion of the diluted supernatant solution along with 1 ml of 0.5 M
BaCl,. The mixture was continuously stirred before measuring its absorbance using a UV-

visible spectrophotometer (Cary 100, Varian, Australia).

For sulfide measurement, 0.05 ml sample was taken into 1.95 ml copper reagent with rapid
stirring (1000 rpm). Immediately after mixing for 5s, absorption of the mixture was measured
at 480 nm. A mixture containing 0.05 ml sample and 1.95 ml HCI (50 mmol/L) served as the
blank (Cord-Ruwisch, 1985). Sulfide concentration in the samples was determined from a
calibration curve prepared using different concentrations of standard sulfide versus

absorbance at 480 nm.

For volatile fatty acids (VFA) analysis 0.5 ml sample was taken into a dry test-tube and
added with 1.5 ml ethylene glycol reagent and 0.2 ml of 19.5N sulphuric acid; the mixture
was then heated for 3 min in a boiling water bath. After allowing the contents in the test tube
to cool down, 0.5 ml of 10% hydroxylamine hydrochloride solution, 2 ml of 4.5 N NaOH
solution and 10 ml of 10% ferric chloride solution were added. The absorbance was measured
at 495 nm using a spectrophotometer (Cary 100, Varian, Australia). Biomass was estimated

as MLVSS as per the American Public Health Association (APHA, 2005).

3.3 Results and discussion

The main motivation behind this study is to find a suitable anaerobic mesophilic microbial
consortium capable of performing CO conversion to H, and to integrate it with sulfate
reduction in wastewater. In this context, some native anaerobic microbial consortia were

screened and the effect of important process parameters on their performance was evaluated.
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3.3.1 Screening of anaerobic biomass for hydrogenogenic CO conversion

Anaerobic biomass samples from five different sources were screened on the basis of their
CO conversion capabilities. Among five sources three were large scale UASB plant treating
combination of industrial and domestic wastewater, one was a sewage treatment plant located
at 11T Guwahati, Guwahati, Assam, India, and another one was a lab-scale upflow anaerobic
packed bed reactor treating sulfate rich wastewater. Fig. 3.1 shows the time profile of CO

conversion by anaerobic biomass samples collected from different sources.

3.0

2.5

2.0

1.5

—&— Kavoor STP

1.0 9| —o— Jakkur STP

v— KR Puram STP

A |ITG STP

0.5 41| —=— ENV Lab

—— Heat sterilized
4 Control

0.0 T
0 2 4 6 8

Time (d)

CO concentration (mmol/L)

Fig. 3.1 Time profile of CO conversion by anaerobic biomass samples collected from

different sources.

These results revealed that although none of the tested biomass samples were previously

acclimatized to utilize CO as the sole carbon source, all the three anaerobic biomass collected
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from their respective large scale UASB reactors treating wastewater were capable of CO
conversion. The other two anaerobic biomass samples, however, did not utilize CO as the
sole carbon source (Fig. 3.1). Among the three anaerobic biomass samples, the best CO
conversion efficiency was shown by the biomass collected from the Kavoor STP, which
showed complete utilization of CO within the eight day incubation period. The other two
anaerobic biomass samples from Jakkur and KR Puram STPs, were able to utilize only 77%
and 70% of the initial CO content, respectively. The CO conversion is attributed to the
metabolic activity of the microorganisms present in the anaerobic biomass as no conversion
was observed in the absence of biomass (control) or with heat-sterilized biomass, which
served as the control in these experiments (Fig. 3.1). Fig. 3.2 shows the headspace gas

composition in the serum bottles added with anaerobic biomass capable of CO conversion.

The granular anaerobic biomass, in general, was more effective in utilizing CO than the
simple sludge biomass, which suggests that a certain CO conversion capacity is ubiquitous in
such granular biomass from UASB reactor, probably due to the exposure to other toxic gases
including CO and CO in such reactors. Granular nature of the anaerobic biomass is another
advantage for CO utilization, as reported in an earlier study (Sipma et al, 2003). From the
results shown in Fig. 3.2, it is clear that CO was converted to methane and carbon dioxide
along with hydrogen at a low initial CO concentration. The production of methane as a major
product of CO conversion suggests that the anaerobic biomass contains actively metabolizing
methanogenic bacteria. As methanogens are known to utilize the in-situ produced H, for
methane production, H, production was thus small compared to methane and carbon dioxide
from CO. The methanogenic bacteria are also well known for utilizing CO by a different

pathway which can be either acetotrophic or hydrogenotrophic (Mérsdorf et al., 1992).
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Fig. 3.2 Headspace gas composition in the bottles treating CO with anaerobic biomass from

different STPs (a) Kavoor, (b) Jakkur and (c) K.R Puram.
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Furthermore, from the results of headspace gas composition obtained at different biomass and
at different time periods (Fig. 3.2), it can be well said that the anaerobic biomass converts CO
to methane via the hydrogenotrophic pathway. Thus, the following equations (Eg. 3.2 & 3.3)
can be used to describe the anaerobic CO conversion by anaerobic biomass in this study

(Sipma et al., 2006):

CO+H,O—» CO,+Hy .o (3.2)

CO+3H,—»CHs+H0 oo (3.3)

3.3.2 CO conversion pathway

The CO conversion by anaerobic biomass could follow many pathways due to the presence of
different classes of bacteria/archea. Some of the microorganisms can even utilize product of
CO conversion for their growth and maintenance rather than utilizing CO directly. As the
earlier results showed methane to be the main product of CO bioconversion, methanogenic
inhibitor BES was added to the batch experiments to illustrate the CO conversion pathway

used by anaerobic biomass.

Fig. 3.3 shows the effect of BES addition on headspace biogas composition after five days
incubation. The results showed that the final H, concentration increased with increase in BES
concentration in the media whereas the final CH4 concentration was reduced. Thus, 10
mmol/L BES concentration was found to be optimum as a higher concentration of 20 mmol/L
did not yield any better results. Furthermore, the time profile of CO, H, and CH, with 10
mmol/L BES revealed that final H, concentration increased by 78% due to complete

inhibition of methanogenic activity in the biomass with BES addition (Fig. 3.4).
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Fig. 3.3 Effect of methanogenic inhibitor on headspace biogas composition.

BES is a widely used methanogen-specific inhibitor and analogous to Coenzyme M (CoM).
CoM is a cofactor of methyl - CoM reductase, present in all methanogenic bacteria and
archea and performs a key function by carrying methyl group during methane biosynthesis
(Liu and Whitman 2008). BES is known to competitively inhibit this methyl group transfer
reaction, particularly in hydrogenotrophic methane production system, even at a very low
concentration. However, optimum inhibition concentration of BES varies widely depending
upon the type of microorganism. Conrad et al. (2000) reported 10 mM as the optimum
concentration of BES to inhibit anaerobic methanogens in the rice roots systems. Zinder et al.
(1984) found that optimum BES concentration required to inhibit hydrogenotrophic methane
production is higher (50 mM) than that required for acetoclastic methane production (1 mM).
In this study, a low BES concentration of 10 mM could successfully inhibit hydrogenotrophic
methane production, which is in agreement with previous reports (Sipma et al., 2004,

Siriwongrungson et al., 2007).

66
TH-2241_136106020



Chapter 3

120

(a) —e— CO

100

80 -

60

40 A

Headspace gas composition (%)

20 4

0
0 20 40 60 80 100 120 140
Time (h)
120
(b) ~e— o
- —e— CH
Y 100 ¢
N % Hz
C
o
‘w80 A
o
o
£
o
[&] 60 -
[72]
©
(@)]
(]
g 40
73
S % v
®©
£ 20 {
Av4
0 & T ; T O T J T T

0 20 40 60 80 100 120 140
Time (h)
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Hence, from this investigation and from the literature, the probable CO conversion pathways

could be illustrated in Fig. 3.5. There are three possible products from CO conversion by

anaerobic biomass, i.e. Hy, acetic acid and CHa. In this study, it is observed that only the H,

concentration increased when methanogenic activity was inhibited. The acetic acid

concentration did not change significantly and remained at a minimal level in the aqueous

media even with BES addition (results not shown). This clearly illustrates that the methane

production by the anaerobic biomass was mainly by hydrogenotrophic route. As discussed

earlier BES inhibition is not substrate specific, but it rather inhibits the key enzyme methyl -

CoM reductase necessary for producing methane; hence, the possible inhibition mechanism

due to addition of BES can be confirmed as shown in the schematic.

Carbon
monoxide

O+ H,0—> (O, +H,

>Hz

32C0,+ 6H;—> CH,CH,OH + 3H,0 p &
2C'0,+ 4H,—> CH,COOH + 2H,0

4CO +2H,0—> CH,COOH +2CO,

X

CH,

4CO+2H,0—> CH, + 3CO,

Acetic acid

CH,COOH —> CH, + CO,

6CO + 3H,0—> CH,CH,OH + 4CO,

BES mediated
inhibition

Fig. 3.5 Possible CO conversion pathways and mechanism of BES mediated inhibition.

3.3.3 Microbial community analysis

The 16S small ribosomal subunit gene (16S rRNA), in particular, has been widely used to

study and characterize bacterial community compositions in a variety of environmental

samples including host associated communities, such as the endogenous human microbiome,

and host-free communities, such as soil and ocean environments, etc. Several aspects of the
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16S rRNA gene make it optimal as a marker for these types of studies. First, it is ubiquitous
among prokaryotic life. Second, its size and high degree of functional conservation result in
clock-like mutation rates throughout prokaryotic evolution. Third, and most importantly, the
16S rRNA gene includes both conserved regions, which can be used for designing
amplification primers across taxa, as well as nine hyper-variable regions (V1-V9), which can

be effectively used to distinguish between taxa.

With the advent of massively parallel sequencing technologies, which generally yield short
reads, focus has shifted from sequencing the full 16S rRNA gene to sequencing shorter sub-
regions of the gene at great depth. By calculating the geodesic distance between different
regions, the phylogenetic relationships based on the V4 sequences were closest to those based
on the full-length sequences. This analysis suggests that V4 ranks first in sensitivity as a
marker for bacterial and phylogenetic analysis, which is same as taxonomic results obtained
using the RDP (Ribosomal Database Project) classifier. In addition, V1-V3 was also highly
recommended, and therefore, a combination of VV3-V4 region of 16S rRNA gene was selected

for this analysis.

Fig. 3.6 shows the relative abundance of different microbes present in the anaerobic biomass
samples in Phylum, class, order, family, genus and species level excluding the unknown and
unculturable organisms. These sequence reads were assigned to a total of 559201 operational
taxonomic units (OTUs). From the results it is found that Methanomicrobia (28.61%),

Anaerolineae  (24.18%), Proteobacteria (7.17%) are major classes of microorganisms
along with small quantities of Clostridia, Caldisericia, Acidobacteria, Bacteroidia, etc. are
present in the anaerobic biomass. In this analysis, the ‘other’ indicates organisms that did not

make it to in the top 10 category and are estimated to be around 22.63%.
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Fig. 3.6 Taxonomic classification of OTUs present in the sludge sample at the level of (a) phylum,
(b) class, (c) order, (d) family, (e) genus, (f) species and their relative abundance. For each

taxonomic level, only top 10 enriched categories are shown in the figure. Taxa other than top 10 are

cumulatively categorized as ‘others’.
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At the phylum level, Firmicutes and Proteobacteria sp. were found to be dominant and are
well known to be present in anaerobic digestion process treating organic wastes (Sundberg et
al., 2013). From the other figures, it can be clearly seen that common anaerobic organisms
such as methanogenic, proteobacteria and acidophilic organisms are mainly present in the
anaerobic biomass. At the species level more than 90% organisms are within others category
at very low numbers in the biomass. Similar finding is also reported earlier by Liu et al.
(2016). At the genus level Desulfovibrio sp. was detected in samples indicating its potential
suitability in biological sulfate reduction using CO as the substrate. None of the identified
species present were earlier reported to utilize CO for their growth. The low abundance of
CO relating sequences might be due to the possible presence of unknown hydrogenogenic
CO-utilizing mesophilic bacteria, as indicated by the higher percentage of unclassified

sequences in the anaerobic biomass.

Similar result was reported in a previous study by Luo et al. (2013), in which the absence of
known CO-utilizing bacteria and high percentage of unclassified sequences were observed
from the bacterial sequences in a continuous reactor converting both CO and sewage sludge
to CH,4. The above results strongly indicate the need for more efforts to identify unknown
CO-utilizing bacteria, especially from mixed anaerobic culture enriched using CO as the

substrate.

3.3.4 Effect of process parameters and biomass pretreatment on CO conversion and

sulfate reduction

Fig. 3.7 shows the CO conversion and sulfate reduction efficiencies obtained in the
experiments performed as per the Taguchi experimental design (Table 3.2). From the figure,
the experimental run 4 gave the best results in terms of sulfate reduction (56.6%) and CO

removal (85.62%) compared to other combinations of the variables.
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Fig. 3.7 Sulfate reduction and CO conversion efficiencies obtained in the different

experimental runs performed as per the Taguchi experimental design.

Based on this observation, optimum levels of the variables were chosen as: 10% (w/v)
inoculum size (= 0.5 g/L VSS), 1.8 mmol/L initial CO concentration and 45°C temperature. A
verification experiment performed at these optimum values of the parameters further revealed
a maximum sulfate reduction (58.17 %) as well as a maximum CO removal (86.24%) by the

raw biomass.

Fig. 3.8 illustrates the effect of the four variables on CO conversion and sulfate reduction. It
can be seen that for each of the variables tested at three different levels, particular levels of
the parameters resulted in a significant increase in the mean response compared to other
levels of the variables. For e.g., level 2 of each of the variables (inoculum size, CO partial
pressure (Pco) and temperature) was the most significant for both CO conversion and sulfate

reduction by the raw anaerobic biomass.
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Fig. 3.8 Mean effect plot of the different parameters on (a) sulfate reduction and (b) CO

utilization by the anaerobic biomass.

In order to further understand which of these variables affected sulfate reduction in a

significant manner, the variables were ranked based on their calculated delta S/N ratio. In

general, delta S/N value for a factor, which is calculated by measuring the difference between

the maximum and minimum characteristic average S/N ratio of the factor, indicates its

relative significance over other factors on a given response; a high delta S/N value of a factor

denotes larger significance over the other factors. Whereas S/N ratio of a factor indicates the
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effect on a given response, delta S/N ratio can be used as a criterion for ranking factors of
their effects on the response (Daverey and Pakshirajan, 2010). In this study, based on the
delta S/N ratio obtained for each factor, the four variables were ranked accordingly, and the
results are presented in Table 3.3. This ranking suggests that the raw biomass had the
maximum effect, whereas initial CO concentration had the least effect on CO conversion and

sulfate reduction by the anaerobic biomass from Kavoor STP.

Table 3.3 Values of average signal to noise (S/N) ratio for different variables and their levels,

and their ranking based on delta S/N ratio for (a) sulfate reduction and (b) CO conversion

(@)
Level Temp. Initial CO Inoculum Biomass
concentration size pretreatment
1 1.805 2.0347 2.890 12.460
2 6.111 9.1726 12.844 -0.273
3 13.153 9.862 5.334 8.882
a
Delta 11.348 7.828 9.954 12.733
Rank 2 4 3 1
(b)
Level Temp. Initial CO Inoculum Biomass
concentration size pretreatment
1 25.900 29.377 5.778 7.557
2 36.870 12.168 37.717 10.787
3 7.821 29.047 27.097 52.248
Delta® 29.049 17.209 31.939 44.691
Rank 3 4 2 1

4Difference between maximum and minimum S/N ratio values
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Sipma et al. (2003) suggested heat pretreatment of the granular structure of such
methanogenic granular biomass for inhibition of methane formation. However, sulfate
reduction efficiencies for different experimental runs revealed that the raw biomass was the
most effective among the different parameters as autoclaved or heat treated biomass yielded
least CO conversion efficiency. This indicates that though the anaerobic biomass from
Kavoor STP is capable of surviving at 45°C temperature, it is, however, inactivated by heat
treatment at 60 °C for 15 min. The experimental results further reveal that the raw biomass is

highly robust and tolerant to CO levels for effective sulfate reduction in wastewater.

3.4 Significant findings

Among the anaerobic biomass collected from different sources, the biomass from Kavoor
STP yielded the maximum CO conversion efficiency along with hydrogen production. BES
could completely inhibit methanogenic activity by the CO utilizing anaerobic biomass, thus
revealing that the CO conversion to CH4 by the anaerobic biomass was mainly by
hydrogenotrophic route. The predominant microorganisms present in the biomass were
identified to be Methanomicrobia, Anaerolineae, Proteobacteria, Clostridia, Caldisericia,
Desulfovibrio sp., etc. Among the different process parameters, biomass pretreatment and
temperature were found to be most significant for both CO conversion and sulfate reduction.
The raw anaerobic biomass from Kavoor STP showed a high tolerance towards CO

concentration for its conversion.
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ABSTRACT

In this chapter kinetics of biomass growth, biohydrogen production and CO utilization under
batch mode using anaerobic sludge biomass is reported. Experiments were conducted at
various initial CO concentrations in the range 1.8-5.12 mmol/L over a period of 144 h in
order to assess the effect of CO concentration on biomass growth, substrate utilization and H,
production. Complete utilization (100 %) of CO was achieved up to an initial concentration
of 3.8 mmol/L and it gradually decreased to 84.5% for 4.4 mmol/L and 83.7 % for 5.12
mmol/L. The result of CO utilization were fitted to substrate utilization kinetic models
reported in the literature and among the different models the kinetic was best described by
growth associated model modified Gompertz model. A maximum yield of H, on CO was
found to be 70.8% and a maximum H; production of 29.9 mmol/L was obtained for an initial
CO concentration of 5.12 mmol/L. The experimental results on biohydrogen production
matched well with the values predicted using modified Gompertz model. Furthermore, the
experimental data on specific growth rate of the ananerobic biomass at different H,
concentration was fitted to different product inhibition models and the best fit was obtained
with Aiba model. This study showed product inhibition on both specific growth rate of
biomass and H, production due to H, accumulation in the gas phase. A very good correlation
between the experimental specific growth rate and the Han-Levenspiel model predicted

values were obtained with a high determination coefficient (R?) value of more than 0.96.
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4.1 Introduction

Biological hydrogen production technologies are recognized to have more ecological benefits
and less energy requirements than the physic-chemical techniques such as thermo-chemical
catalytic methods. The available biological routes are dark fermentation, photo fermentation,
direct and indirect bio-photolysis and water-gas shift reaction (Levin et al., 2004; Lahijani et
al., 2015). Thus, a variety of substrates including glucose, sucrose, starch and waste materials
containing these sugars can be used for bio-hydrogen production. However, soluble
substrates derived from renewable biomass such as lignocellulosic materials often need
processing and pretreatment before it could be utilized by microorganisms. In most cases, it
causes loss of valuable biomass and increases the cost of production. In contrast, the carbon
monoxide (CO) rich syngas may be a viable alternative to encounter the above problem
which is produced from a variety of carbonaceous materials, including waste substartes
(Pakshirajan and Mal, 2013; Parshina et al., 2010). The CO content in syngas varies from 10
to 50% (v/v) (Grady and Chen, 1998). Despite its toxic effect, CO can be considered as a new
and interesting substrate for biological H, production through the water-gas shift reaction as

shown in equation (4.1) below,
CO + H,0 = CO, + H, AGY=-20.1kdmol ... (4.1)

CO is thermodynamically converted to H, and CO, under strong equilibrium and the process
can be operated at ambient operating conditions which makes it less energy intensive with the
use of CO converting microorganisms. The required energy for conversion is supplied by
electrochemical reactions involved in the transfer of electrons from CO to H,O. However,
there are key enzymes that are involved in CO conversion to H; as follows (Munasinghe and
Khanal, 2010): (1) carbon monoxide dehydrogenase (CODH) which oxidizes CO to CO, with

the production of reducing equivalent in an anaerobic process, (2) CODH-dependent
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hydrogenase which causes the reduction of protons to H; by using the electrons donated from

the previous step mediated by CODH.

Certain bacteria such as purple non-sulfur photosynthetic bacteria and anaerobic
carboxydotrophic hydrogenogenic bacteria are shown to catalyze the waste-gas shift reaction.
Compared with the photosynthetic bacteria, anaerobic hydrogenogenic bacteria are
advantageous for inexpensive production of H, as it requires no light and its growth
requirements are very simple (Levin et al., 2004). Recently, Rhodopseudomonas palustris-P4
(Oh et al., 2005; Pakpour et al., 2014), Caldicellulosirupter saccharolyticus (Ljunggren et al.,
2011) and Petrobacter succinatimandens (Pakshirajan and Mal, 2013) have been reported to
be involved in bio-hydrogen production from CO as the carbon substrate. However, using a
mixed consortium of organisms especially in the form of anaerobic granular sludge biomass
seems to be more productive owing to their robust biomass structure and efficient conversion
of CO to biohydrogen. Hydrogen produced by microorganisms are known to inhibit biomass
growth and reduce the product formation; kinetic models prove useful to investigate such
inhibitory effects (Bundhoo and Mohee, 2016). Monod model has been reported to describe
the effect of substrate concentration on biomass growth of H; generating bacteria, but it does
not consider inhibition effect due to substrate/product. The literature is also very limited with
regard to information on models that considers inhibitory effect of substrate or product on
biohydrogen production, which is highly essential for a better understanding of Kinetics of the

production process.

Moreover, there are no reports available on biokinetics of inhibition and product formation
with CO as a primary substrate. Hence, there is a need to study in detail the kinetics of
biohydrogen production from CO and apply suitable models for estimating the biokinetic
parameters, which will be helpful in better understanding of the production process. In the

previous chapter, anaerobic sludge biomass from five different sources was screened for their
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capability to convert CO to H,. Among the different biomass types, the granular sludge
biomass from Kavoor STP proved the best for both CO utilization and H, production.
However, gaseous substrate concentration can significantly impact the biomass growth and
H, production. Hence, this study was aimed at investigating the kinetics of biomass growth,
CO utilization and H; production and its kinetic modeling for a better understanding of

biohydrogen production from CO.

4.2 Material and Methods

4.2.1 Kinetics of CO utilization, biomass growth and H; formation

The kinetics of CO utilization, biomass growth and H, production by anaerobic biomass
using CO as the sole carbon and energy source was analyzed for different initial CO
concentration in the range 1.8 - 5.12 mmol/L. In these batch experiments, the anaerobic
biomass from Kavoor STP was added as the inoculum. All experiments were conducted using
120 ml serum bottles containing MSM as mentioned in the previous chapter (Chapter 3).
Following inoculation, the bottles were incubated at 30 °C temperature in an incubator shaker
set at 150 rpm. Biomass dry weight expressed as volatile suspended solids (VSS, g/L), was
measured at every 12 h time interval and the biomass specific growth rate () was calculated

as per the following Eq. (4.2)

where x is the biomass specific growth rate (h™'), X is the biomass concentration (g/L)

corresponding to the time t (h).

The kinetics of CO utilization by anaerobic biomass was analyzed by using four different
models: first order, logarithmic, logistic and modified Gompertz model. These model

equations are presented in Table 4.1,
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Table 4.1 Details of bio-kinetic models tested to study CO utilization at different initial CO

concentrations

Sl. Kinetic Equation Estimable References
No. model parameters

1. Firstorder S = Sy e(=Kt) So, K Saravanan
etal, 2011

2. Logarithmic  § = S, + X,[1 — e(Umax8)] So, Xo, Unmax Saravanan
etal, 2011

3. Logistic So + Xo So, X0, Umax, Ks  Saravanan
S= Umax et al., 2011

1+% e<(’<—s)(s°+x°)t>]
So
4. MOdifiEd [_e[(W)(A—O+1]] Smax Umax, /1 MU et al,
Gompertz So — S = Spax€ 2007

In these model equations, S and Sy, are the instantaneous and initial CO concentrations
(mmol/L), respectively. X is the initial biomass concentration (g/L), K is the first order rate
constant (h™), Unax is the maximum CO utilization rate (mmol/L/h), Ks is the half saturation
constant (mmol/L), Snax IS the maximum concentration of CO utilization (mmol/L) and A is

time of lag phase (h).

Furthermore, in order to study the specific CO utilization rate with different initial CO
concentrations, experimental data was fitted to seven biokinetic models reported in the

literature (Table 4.2),
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Table 4.2 Details of bio-kinetic models tested to study specific CO utilization

SI.  Kinetic model Equation Estimable References
No. parameters
1. Monod U= ImaxS Omaxs Ks Mitra et al.,
K+ S 2017
2. Haldane U= ImaxS Omaxs Ks, Ki Mitra et al.,
=T g2 2017
Ks+ S+ %
4
3. Han- s [1 i] Omax, Ks, Sm Mitra et al.,
Levenspiel U = Imax S 2017
Ks+5|1- i]
m -
4. Edward AmaxS Omax, Ks, Ki Mitra et al.,
U=
2017
Ks+5+ (%) (1+
5. Moser U = QmaxS™ Omax, Ks, N Mitra et al.,
Ks + 5™ 2017
6. Yano and U= ImaxS Omax, Ks, K1, n Mitra et al.,
Koga L S2 2017
K+s+(3)
1
7. Luong _ Gmax Qmax, Ks, Sm, N, M Mitra et al.,
= el

In these models, U is the specific CO utilization rate (h™"), gmax is the maximum specific CO
utilization rate (h™*), S is the CO concentration (mmol/L), S, is the CO concentration above
which net biomass growth ceases (mmol/L), K; is the half saturation constant (mmol/L), Ki; is
the inhibition coefficient (mmol/L), K; is the positive constant and n and m are empirical

constants.

Following the CO utilization kinetics, biomass growth on CO was modeled using modified

Gompertz and Logistic kinetic models (Table 4.3),
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Table 4.3 Modified Gompertz and Logistic models tested to study biomass growth on CO

SI. Kinetic Equation Estimable References
No. model parameters
1. Gompertz [_e[(%gm)u_oﬂ]] Xmax Rmax, 4 Mu et al.,
X —Xo = Xmaxe 2007
2. Logistic ¥ _x — Xmax Xmax Rmax, 4 Saravanan
- 0~ [ 4Rmax (l t)+2] et al, 2011
1+e

Where, Xnax IS the maximum biomass concentration (g/L), Rmax iS the maximum rate of

biomass growth (mmol/L/h) and A is the time of lag phase (h).

In order to study the biohydrogen production from CO by anaerobic biomass experimental
data was fitted to modified Gompertz model equation, which is widely used to study
hydrogen production or biogas production from a variety of substrates (Lin and Lay, 2004).

The equation is as follows:

[(RmaxX2-71828)u_t)+1]
—e Pmax

P=Puget L (4.3)

where, P is cumulative H, production (mmol/L), Pmax IS maximum hydrogen production
(mmol/L), Rmax is maximum rate of H, production (mmol/L/h) and A is the time lag phase in

H, production (h).

All biokinetic parameters from the reported models were estimated by minimizing the sum of
squared errors (SSE) between the experimental and predictable data by using the ‘Solver’

function tool in Excel 2016.

4.2.2 Kinetics of substrate inhibition on biomass growth
The classical Monod model is used to describe the effect of substrate concentrations on
specific growth rate of biomass. However, at a high concentration, this model is found to be

unsatisfactory because of substrate inhibition on bacteria. Hence, nine different substrate
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inhibition models that are widely reported in the literature were used to describe the effect of
substrate concentration on specific growth rate of anaerobic biomass in this study and the

equation are given in Table 4.4:

Table 4.4 Substrate inhibition models applied to study biomass specific growth rate at

different initial CO concentration

Sl.  Kinetic model Equation Estimable References
No. parameters
1. Andrews _ HmaxS Hmax, Ks, Ki Saravanan
N 52 etal,, 2011
4
2. Aiba HmaxS (;(_5) Mmax, Ks, Ki Agarry et
H2K5+Se y al., 2010
3. Hanand s 1 _i'" Mmax, Sm, Ks, N, m  Saravanan
Levenspiel Hmax= | S etal., 2011
l’t = = S _m
Ks+S|1-— o
L m _
4.  Luong- UmaxS [ sm Mmax, Sm, Ks, m Mitra et al.,
inhibition H=k +sliTs 2017
5. Tiessier -_5) (—_5) Mmax, Ks, Ki Mitra et al.,
U= Umax | € Ki/ — e'Ks 2017
6. Edward _ HmaxS Hmax, Ks, Ki Saravanan
H= torst (SN (123 etal., 2011
s+5+ (%) (14 x)
7. Webb S Mmax, Ks, Ki, K1 Agarry et
HmaxS (1 + (7)) al., 2010
u= n
5‘2
K, +S + (E)
8. Tsengand S Mmax, Ks, Ki, Sm Mitra et al.,
Wayman u= (/’Lmax (m)) - (Ki (S - Sm)) 2017
9.  Yanoand _ HmaxS Hmax, Ks, K1 Mitra et al.,
Koga g2\ 2017
K, +S + (F)
1

4.2.3 Product inhibition kinetics

In order to investigate the product inhibition due to H, on the biomass growth and
biohydrogen production by the anaerobic biomass, experiments were carried out at different

H, concentrations (0.5, 1.2, 1.8, 2.5, 3.2 and 4.5 mmol/L) under a fixed initial CO

83
TH-2241_136106020



Chapter 4

concentration of 3.1 mmol/L. The other experimental conditions and the media used were the
same as described earlier in section 4.2.1. At respective time intervals CO and H,
concentration from the headspace and biomass (dry weight basis) were measured using
standard procedure as previously described. The experimental data on biomass growth and H,

production was fitted to four biokinetic models presented in Table 4.5:

Table 4.5 Bio-kinetic models used to study product inhibition on biomass growth and

biohydrogen production

Sl. Kinetic model Equation Estimable References
No. parameters
1. Modified Han- C \" Mmax, Cerit, N Saravanan
Levenspiel H = Umax (1 - CCrit> etal., 2011
2. Non-competitive® ot Mmax, Kc, N Wang et al.,
1+(Kic) 2008
3. Non-competitive® , — #mazKc Hmax, Kc Liu et al.,
Ke+c 2006
4. Competitive b HmaxC Mmaxs Cerit, Ks, Saravanan

Cerit Kc et al., 2008
Ks(1+ R )+C

where, C is the inhibitor concentration (mmol/L), Ccr: is the critical inhibitor
concentration(mmol/L), K¢ is the inhibition constant (mmol/L) and n is the degree of
inhibition. For describing the inhibitory effect due to H, on its own production by anaerobic
biomass, the biomass specific growth rate and maximum specific growth rate were replaced
by H, production rate (mmol/L/h) and maximum H; production rate (mmol/L/h), respectively.
The polynomial regression technique was used to estimate the model kinetic parameters of

biomass growth rate and H; production rate models using Excell 2016.

4.2.4 Analytical methods
Head space biogas composition in the serum bottles was analyzed using a gas chromatograph

(GC, Varian 450, The Netherlands) equipped with a thermal conductivity detector (TCD) and
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a molecular sieve column (Mole sieve 5A, mesh 80/100, 72 in x 1/8 in). Pure nitrogen was
used as the carrier gas at a constant flow rate of 30 ml/min and the temperature of the
injector, column and detector were 50 °C, 90 °C and 105 °C, respectively. Anaerobic biomass
as volatile suspended solids (VSS) was measured following the standards methods (APHA,

1995). The details of all these methods were provided in Chapter 3.

4.3 Results and discussion

The present study was aimed at elucidating the potential capacity of the anaerobic biomass to
uptake CO for H, production through the water-gas shift reaction. A separate set of
experiments were conducted to analyze the product (H) inhibition on H, fermentation from
CO. Furthermore, different biokinetic models were used to describe the substrate utilization,
biomass growth, product formation and inhibition due to the substrate (CO) and accumulation

of Ho.

4.3.1 Kinetics of substrate utilization

Fig. 4.1 shows the time course of CO utilization by the anaerobic biomass at different initial
CO concentrations; which reveals that the CO was completely utilized (100 %) for an initial
concentration up to 3.8 mmol/L; at concentrations 4.4-5.12 mmol/L CO was moderately
utilized by the anaerobic biomass (80-85 %). From the CO utilization profile, it is also clear
that the time taken by the anaerobic biomass to utilize CO was dependent upon its initial
concentration. Furthermore, CO utilization time at a high initial concentration may be divided
into two phases: initial lag phase and active degradation phase, no significant lag phase could
be observed at low initial CO concentration though. Pakpaur et al. (2014) reported 68 % of
initial concentraton of CO was converted into biohydrogen by ananerobic biomass within a
short time of 72 h, whereas in this study 100% CO utilization was observed within 84 h. The

difference in results could be due to acclimatization of the ananerobic biomass for CO
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conversion. Moreover, BES addition to the culture medium ensured the inhibition of

methanogenic activity, thereby improving the biohydrogen production level.
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Fig. 4.1 CO utilization profile for different initial CO concentration.
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Fig. 4.2 compares the experimental and predicted values of CO utilization by anaerobic

biomass using different biokinetic models (Table 4.1). This is the first report on kinetics of

CO utilization by anaerobic biomass, where different biokinetic models such as a non-growth

associated model based on simple first order Kinetic and growth associated models

(logarithmic, logistic and modified Gompertz models) were applied for describing the CO

utilization by the anaerobic biomass at different initial CO concentrations. The estimated

values of biokinetic parameters obtained from these models are presented in Table 4.6.
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Fig. 4.2 Experimental and predicted values of CO utilization due to (a) First order Kinetic (b) Logarithmic (c) Logistic kinetic and (d) modified

Gompertz models.
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Among the four different models tested, the modified Gompertz model could fit the
experimental data (Fig. 4.2d) with a coefficient of determination (R?) value greater than 0.95
for all initial CO concentrations. It is reported that compared with other kinetic models
modified Gompertz model is best suited for explaining biohydrogen production using soluble
substrate (Pakpaur et al., 2014; Mu et al., 2007). Compared with non growth associated
model based on first order kinetic model both the growth associated models fitted the
experimental data well, indicating that the CO utilization was indeed growth associated. From
the biokinetics parameters estimated values using the modified Gompertz model, it is
observed that the maximum CO utilization increased with increase in the initial CO
concentration, which indicated the robust nature of the biomass to utilize CO even at a high
concentration. However, the lag phase time (A) also increased with increase in initial CO
concentration indicating need for longer incubation time for complete CO utilization at a high
initial CO concentration. The maximum CO utilization rate varied in the range 0.0307 - 0.041
mmol/L/h. The model constant values obtained in this study matched well with the values
reported by Mu et al. (2007) for H, production using mixed anaerobic culture and organic
waste as substrate. These results confirm that the anaerobic biomass is well capabale of

utilizing CO as the sole substrate.
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Table 4.6 Estimated biokinetic parameters for substrate utilization in the study

Initial CO concentration (mmol/L)
Model parameters

1.8 2.4 3.1 3.8 4.4 5.12
First order
So (mmol/L) 2.0448  2.7852 3.5036 45642  4.9072 5.8532
K (h™) 0.0268  0.0213 0.0204 0.0173  0.0120 0.0109
R2 0.8355  0.9410 0.8249 0.9749  0.9221 0.9308
Logarithmic
So (mmol/L) 1.4716 2.1041 2.8246 3.6374 45152 5.3920
Xo (g/L) 86.0110  69.0034 102.4321  76.6743 27.5509  7.7442
Umax (Mmol/L/h) 0.0001 0.0002 0.0001 0.0003  0.0009  0.0003
R? 0.5931 0.6845 0.6957 0.7751 0.9719 0.9873
Logistics
So (mmol/L) 1.7962 2.4034 3.0786 3.7556 4.4080 5.2047
Xo (g/L) 0.1311 0.5898 0.3750 0.5282 0.5625 0.4120
Umax (mmol/L/h) 0.1219 0.1911 0.1971 0.0520 0.0647 0.0736
Ks (mmol/L) 3.2394 6.6086 5.5621 5.5914 11.5321 13.9323
R2 0.9789 0.9406 0.9560 0.9635 0.9703 0.9797
Modified Gompertz model
S (MMOI/L) 1.8379 2.5226 3.2822 41111 44373 5.3499
Unex (Mmol/L/h) 0.0361 0.0307 0.0410 0.0417 0.0372 0.0331
A (h) 11.9491 5.2905 8.1212 9.3935 19.429 29.4569
R2 0.9991 0.9544 0.9942 0.9794 0.9909 0.9913
89
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Furthermore, the effect of initial CO concentration on its specific utilization rate is shown in,
Fig. 4.3. It is clear from the figure that the specific substrate utilization rate decreased at
higher concentration of the CO, which indicates substrate inhibition on the specific utilization
rate similar to biomass growth rate inhibition at a high substrate concentration. The variation
specific substrate utilization rate at different initial CO concentrations was modeled in order
to describe the inhibition pattern due to CO as its own utilization. There are various different
kinetic models used to predict the utilization rate which are originally developed for substrate
inhibition on the specific growth rate of biomass. The experimental data obtained in this
study was fitted to some well-known models such as Monod, Haldane, Han-Levenspiel,
Edward, Moser, Yano-Koga and Luong models. From Fig. 4.3, it is clear that most of these
models could accurately fit the experimental data, except the Han-Levenspiel and Monod

models.

0.07 4 .
" o 0.06
g
ﬁ 0.05
=
-§ B Experimental
3 0.04 Monod
= Haldane
=1 i Han-Levenspiel
; 05 Edward
&) Moser
v 0.02 - ——Yano and Koga
= Luong
2
c% 0.01
0.00 T T T T
0 1 2 3 4 6

Initial CO concentrations, mmol/L

Fig. 4.3 Experimental and predicted values of specific CO utilization rate at different initial
CO concentration.
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Table 4.7 presents the values of the biokinetic constants obtained from the different specific

substrate utilization rate models. From Edward model, which yielded a maximum R, value of

0.9987, the values of half saturation constant and inhibition constant 3.5 mmol/L and 6.1

mmol/L, respectively. However, the predicted specific CO utilization rate (0.1871 h™) was

very high compared to the experimental data. Overall, the estimated values of the model

kinetic parameters clearly indicate the effectiveness of this anaerobic biomass in utilizing CO

even at a high initial concentration.

Table 4.7 Estimated values of biokinetic parameters obtained from the different specific

substrate utilization rate models

Model ¥ 4 Ks Ki & Ky R?
parameters  (h')  (MMOIL) (mmol/L) (mmol/L) U m (mmol/L)
Monod 0.0628 0.36 - - - - - 0.9877
Haldane 2.0143 54.5 0.2 - - - - 0.9905
Han and

i 0.4086  13.61 - 5.72 3.01 1455 - 0.8801
Levenspiel
Edward 0.1871 3.5 6.1 - - - - 0.9987
Moser 0.0583  26.97 - - 7.93 - - 0.9912
Yano and

0.3124 10.1 - - 2.15 - 6.9 0.9985

Koga
Luong 1.9318  59.43 - 6.79 1.34 - - 0.9978

4.3.2 Kinetics of biomass growth on CO

Fig. 4.4 shows the influence of different CO concentration on the anaerobic biomass growth,

which clearly reveals that the cells quickly entered stationary phase following a very brief

TH-2241_136106020

91



Chapter 4

period of growth phase. However, the maximum biomass growth value was low compared to
the values obtained using soluble substrate (acetate, lactate, etc.) (Oh et al., 2005; Mu et al.,
2007). A maximum biomass growth is obtained within 120 h for all initial CO concentrations
before it reached a steady state value. Maximum biomass concentration was found to be
0.423 g/L at 84 h for a CO concentration of 3.1 mmol/L. Oh et al. (2005) reported a biomass
concentration of 1 g/L due to Rhodopsedomonas palustris P4 within 50 h of culture from 1
mmol/L of CO. However, compared with soluble substrates, such as acetate, lactate, etc., CO
as a substrate yielded a low biomass growth which is in agreement with this study. For
estimating the biokinetic parameters involved in biomass growth from CO the experimental
data was fitted to the modified Gompertz and Logistic model reported in the literature (Wang

et al., 2009).

Fig. 4.4 shows the experimental and predicated values using the two different models. The
Kinetic parameters estimated by fitting the data to the two models for different initial CO
concentrations are presented in Table 4.8. The modified Gompertz model fitted the
experimental data more accurately than the Logistic model with a R? value greater than 0.99.
The biomass growth rate increased with an increase in the initial CO concentration from 1.8
to 2.4 mmol/L; however, after 2.4 mmol/L initial CO concentration the biomass growth rate
was reduced. The estimated biokinetic parameters of Xmax and Rmax values are lower than
those reported by Mu et al. (2006) who used simple acetate as the carbon source in their
study; these values reported by Mu et al. (2006) were 9.46 g vss/L and 0.07 g vss/L/h,
respectively. The differences in the values of these parameters could be attributed to the fact
that CO as a substrate did not strongly promote the growth of the anaerobic biomass, but
leads to formation of intermediate products, such as H,. Hence, further investigations were
carried out to ascertain the kinetics of H, production from CO as the substrate using the

anaerobic biomass.
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Fig. 4.4 Experimental and predicted biomass growth profile at different initial CO

concentration using (a) modified Gompertz (b) Logistic models.
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Table 4.8 Estimated biomass growth kinetic parameters obtained using modified Gompertz

Logistic models

Initial CO concentration (mmol/L)

Model parameters

1.8 2.4 3.1 3.8 4.4 5.12

Modified Gompertz

Xmax( /L) 0.3169 0.3541  0.4198 0.3944  0.3509  0.4031
Rmax (mmol/L/h) 0.0075 0.0076  0.0065  0.0045  0.0041  0.0037
A (h) 8.1074  20.0211 17.0749  19.951  26.6369 30.1902
R? 0.9924 0.9946  0.9998 0.9912  0.9952  0.9913
Logistic

Xmax (9/L) 0.3138 0.3506  0.4085 0.3711  0.3281  0.3535
Rmax (mmol/L/h) 0.0072 0.0074  0.0067  0.0047  0.0043  0.0041
A (h) 9.3141  23.0704 19.7450 23.9438 30.6903 36.5139
R? 0.9519 0.9779 0.9726  0.9542  0.9565  0.9686

4.3.3 Kinetics of biohydrogen production

Fig. 4.5 clearly establishes that the anaerobic biomass was capable of metabolizing the
gaseous substrate CO to form H,. The hydrogen produced, however, varied depending upon
the initial CO levels. Moreover, no methane or any other volatile compounds were detected in
the biogas. A maximum biohydrogen values of 3.63 mmol/L was produced for an initial CO
concentration of 5.12 mmol/L and without any substrate inhibition. However, the biomass
took a prolonged time period to convert CO to H, at high initial CO concentrations. The CO
bioconversion to H; involves two main enzymes: CO dehydrogenase (CODH) which oxidizes
CO to CO, along with the production of reducing equivalents. The secondary CODH enzyme
is CODH-dependent hydrogenase which reduces protons to H; by using the electrons donated

from the CODH mediated reaction (Kim et al., 2003).
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Fig. 4.5 Biohydrogen production and cumulative bio-hydrogen production at different initial

CO concentration.
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The values of H; yield from CO are presented in Table 4.9, which shows that a maximum
yield of 70.8 % is achieved for an initial CO concentration of 5.12 mmol/L. In the literature,
Najapour et al. (2006) reported 88% of yield of H, using CO rich syngas with R. rubrum
which is higher than the yield obtained in this study. Pakpour et al (2014) reported a
maximum yield of 86% but using 1.5 g/L of sodium acetate as a primary carbon source with
R. palustris. However, in all these studies, pure culture and sometimes additional carbon
sbstarte supplemented media were used, whereas in this study anaerobic biomass that
contains a mixed consortium of organisms was used. The difference in the H;, yield may also
be due to the different culture conditions followed, which need to be optimized for achieving
a maximum H, yield from CO, particularly when using such mixed consortium of
microorganisms. Analysis of the kinetics of cumulative H, production at different initial CO
concentration shown in Fig 4.5b revealed that the H, concentration increased gradually with
an increase in the cultivation time followed by a rapid increase until it reached a saturation
value. Thus, the modified Gompertz model could successfully predict the cumulative
hydrogen production behavior by the anaerobic biomass at the different initial CO

concentrations.

The determination coefficient (R?) values between the experimental and the model predicted
hydrogen values were found to be high (R? > 0.94) (Table 4.9). The estimated values of H,
production (Pmax) and H, production rate from the model were found to be 29.9 mmol/L and
0.14 mmol/L/h, respectively, for an initial CO concentration of 5.12 mmol/L. Moreover, the
specific H, production rate values correlated well with the corresponding initial CO
concentration used. In the literature, Chen et al. (2006) reported a Pmax value of 178 mi/L for
an initial substrate concentration of 32.3 g COD/L with food waste as the substrate. These
results suggests that H, production rate using simple sugar is higher than that obtained using a

gaseous substrate, such as CO. Hence, based on the low vyield of H, from CO using the
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anaerobic biomass containing mixed consortium of bacteria it could be suggested that the H,
produced could be diverted to the formation of other intermediates products such as acetate,
formic acid, etc. which need to be further confirmed by analyzing the VFA contents in the
liquid media.

Table 4.9 Estimated values of kinetic parameters for hydrogen production using modified
Gompertz Model

Initial CO concentration (mmol/L)
Model parameters

1.8 2.4 3.1 3.8 4.4 5.12
Hydrogen yield (%) 5.4 66.6 58.7 59.1 672  70.8
Prmax (MMOl/L) 8.8350 10.4778 13.3832 15.6271  23.4913 29.9888
Rumax (mmol/L/h) 0.0489 0.0643 0.0759 0.0820 0.1137 0.1423
A (h) 64.080 45.036 37.075 36.279 34.557  39.053
Specific hydrogen
production rate 8.6524  13.6187 151496  18.3743 29.4752 33.4831
(mmol/g/h)
R’ 0.9991 0.9552 0.9665 0.9708 0.9446  0.9559

4.3.4 Kinetics of substrate inhibition on biomass growth

It is well known that substrates provide necessary energy for hydrogen producing bacteria,
thereby influencing the biomass growth and fermentative hydrogen production. Monod
model is the most commonly used kinetic model for describing the effect of substrate on
specific growth rate of microorganisms. But, this model is unsatisfactory as substrate at high
concentration inhibits the biomass growth. The effect of maintenance energy on biomass
growth and metabolism is also ignored throughout the process. Goswami et al. (2012)
suggested that a decrease in the value of specific growth rate with respect to time during

exponential phase is an indication of inhibition due to intracellular product accumulation. In

97
TH-2241_136106020



Chapter 4

such cases, kinetic models that provide correction for substrate inhibition can be used to
study the growth kinetics of microorganisms during fermentation process. In this study,
different unstructured models, viz. Andrews and Noack, Aiba and Edwards, Han and
Levenspiel, Luong inhibition, Tiessier-type substrate inhibition, Edward and Jackson, Webb,
Tseng and Wayman and Yano and Wayman models were examined to study the substrate
inhibition due to CO on the anaerobic biomass growth. All these models were fitted to the
experimental data for varying initial CO concentrations. Fig. 4.6 compares the experimental
vs model predicted biomass specific growth rate at different initial CO concentrations and

Table 4.10 presents the estimated biokinetic parameters from these models.
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=
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Fig. 4.6 Experimental and model predicted biomass specific growth rate at different initial
CO concentrations.

Among the various substrate inhibition models tested in this study, the Aiba model was found

to be the best (R? = 0.976) to describe inhibitory effect of CO on specific biomass growth
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rate. This model has been widely used to describe the inhibitory effect of substrate
concentration on specific growth rate of biomass particularly hydrogen producing bacteria.
This model is based on a non-linear relationship between specific growth rate of biomass and
substrate concentration. The specific growth rate increased with increase in initial CO
concentration for low concentration values up to 3.1 mmol/L and above which the value
decreased. From Aiba model, values of the biokinetic parameters (Umax, Ks and K;) were to be

0.0135 h, 3.1488 mmol/L and 6.1247 mmol/L, respectively (Table 4.10).

Table 4.10 Estimated biokinetic parameters from different substrate inhibition models

examined in this study

parameter (h™) (mmol/L) (mmol/L) (mmol/L) (mmol/L)
Andrews 0-0088  1.2399 3.8000 - - - - 0.9742
Aiba 0.0135 3.1488 6.1217 - - - - 0.9760
Han and' 0.0062 1.3655 - 6.3187 032 - - 0.9750
Levenspiel

Luong- 5007 13304 63404 - - 028 - 0.9702
inhibition

Tiessier 0.0199 2.3781 4.1831 - - - - 0.9713
Edward 0.0128 4.8056 4.5899 - - - - 0.4879
Webb 0.0033 0.2321 - - 566 - 4.30 0.4850
Tsengand 0.0002 2.4837 3.7987 10.2543 - - - 0.5098
Wayman

Yanoand 00088 1.2399 - - - - 3.80 0.5096
Koga

The maximum specific growth rate was found to be 0.0135 h™ for an initial 3.1 mmol/L CO
concentration. This value is significantly low compared with that reported by van Niel et al.

(2003) which reported a maximum specific growth rate of 0.27 h™ but using sucrose as the

99
TH-2241_136106020



Chapter 4

substrate. The low value of . obtained in this study due to the conversion of CO to H; and
other intermediates/products than for biomass formation, as noted previously. Inhibition of
biomass growth by substrate at a high initial substrate concentration is quite common in
fermentation, but the level of tolerance varies among microbial species and it also depends on
the nature of the substrate (Lasko et al., 2000). The estimated value of the inhibition constant
Ki (6.1247 mmol/L) due to CO in this study indicates very good tolerance of the anaerobic

biomass towards the gaseous substrate.

4.3.5 Kinetics of product inhibition on biomass growth and biohydrogen production

The effect of different H, concentration on biomass growth, biohydrogen production and CO
utilization can be seen from Fig. 4.7. From Fig. 4.7a, the biomass concentration decreased
when the H, concentration increased from 0.5 to 4.5 mmol/L, and a maximum biomass
concentration was found to be 0.81 g/L for an initial H, concentration of 0.5 mmol/L. Fig.
4.7b reveals that the CO utilization by the anaerobic biomass is also affected due to an
increase in the H, concentration, and H, concentration after 3.2 mmol/L is found to inhibit
CO utilization by the anaerobic biomass. For initial H, concentrations lower than 3.2 mmol/L
bacterial growth was strongly inhibited, and it is more severe at a high H, concentration in
the range 3.2 - 4.5 mmol/L. These results indicate a significant H, induced inhibition on the
growth of the anaerobic biomass. It is known that accumulation of H, can lead to changes in
intracellular pH of bacteria, increase the energy for maintenance and it can also inhibit
enzymes such as hydrogenase and CODH (Mu et al., 2007). All these factors are therefore

attributed to H, inhibition on biomass growth and CO utilization by the anaerobic biomass.

Furthermore, the experimental data on specific biomass growth and H, production rates were
fitted to biokinetic models (Table 4.5) reported in the literature to study product (Hy)

inhibition on specific growth rate of biomass and product formation.
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Fig. 4.8 shows the experimental and predicted values of specific biomass growth rate and H;
production due to the different models. Table 4.11 shows the estimated model parameters for
H; inhibition on biomass growth and product formation. From Fig. 4.8a, it is found that the
experimental data on inhibitory effect of H, on biomass specific growth rate could be well
described by the modified Han-Levenspiel model; the estimated values of the model
parameters pmax, Ccrir and n were found to be 0.0056 h™, 5.62 mmol/L and 1.92, respectively.
The experimentally determined critical concentration of H, above which the biomass was
inhibited matched well with the model predicted value of 5.62 mmol/L. The specific growth
rate of biomass is also in good agreement with the value reported by Goncalves et al. (1991).
The inhibitory effect of H, on the biohydrogen production rate was also investigated by
replacing the specific biomass growth rate in the model equations with H, production rate. A
plot of H, production rate at different initial H, concentrations (Fig. 4.8b) clearly revealed
that the H, production rate decreased with increase in the initial H, concentration. The Kinetic
parameters pmax, Ccrit and n for H, production were determined to be 0.0218 mmol/L h, 5.11

mmol/L and 0.46, respectively.

A number of literature reports are available on inhibition of product formation and biomass
growth due to H, accumulation in the system. For example, van Niel et al. (2003) reported
that the H, inhibition on biohydrogen production rate with the critical inhibition H,
concentration of 5.11mmol/L, which matching the results obtained in the present study.
Adams, (1990) reported H, to restrict the growth of microorganisms and inhibit its own
production at a high concentration of 3.2 mmol/L by inhibiting the hydrogenase enzyme
activity of the microorganisms. Based on Henry’s law constant for Hy, the critical dissolved
H, concentration is found to be 26.9 uM for the 0.021 mmol/L h of gas phase maximum H,

production in this study.
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Table 4.11 Estimated values of different model parameters on H, inhibition on biomass

growth and hydrogen production by anaerobic biomass

Cecrit Ks Kc
Model parameters  pmax (h™) n R?
(mmol/L) (mmol/L) (mmol/L)

Specific growth rate of biomass

Modified Han-

0.0056 5.6192 - - 1.9153 0.9694
Levenspiel
Non-competitive? 0.0016 - - 490288 -0.438 0.4846
Non-competitive® 0.0020 - - 4.5 - 0.1566
Competitive 0.0035 5.1534 -0.1041 6.0158 0.2892
H, production rate*
Modified Han-

0.0218 5.1119 - - 0.4649 0.9680
Levenspiel
Non-competitive® 0.0020 - - 4.5706 -0.8 0.6730
Non-competitive® 0.0255 - - 0.7117 - 0.7048
Competitive 0.0048 3.6353 -0.2294 7.7291 - 0.5136

* Unit of pmax is mmol/L/h for H, production rate in estimation of model parameters

Ljunggren et al. (2011) reported product inhibition due to H, for fermentative biohydrogen
production using glucose as the substrate and values of the kinetic parameters pmax, Ccrit and
n were determined to be 8.4 mmol/L/h, 4.78 mol/mol and 0.46, respectively, which are
comparable with the current study. However, the unique aspect of this study is kinetic
analysis of biohydrogen production using the gaseous substrate CO. The results obtained in
this study further confirm that a high H, concentration value is inhibitory to H, production
and biomass growth. Hence, it is suggested that H, production in CO fed bioreactor should be

carefully monitored so as to recover the product as soon as it is produced in the system.
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4.4 Significant findings

Detailed kinetics of CO conversion by the anaerobic biomass revealed that it is well-capable
of utilizing CO as the substrate for H2 and other products/intermediates formation. The CO
utilization by anaerobic biomass was affected at a high initial concentration and was best
described by growth associated modified Gompertz model. A high initial CO concentration
was found to be inhibitory to both specific CO utilization rate and specific biomass growth
rate, and the Kinetics of these two rates were best described by Edward and Aiba models,
respectively. Similarly, the effect of CO concentration on biohydrogen production was well
described by modified Gompertz kinetic model. H, as a product was found to be inhibitory
for both biohydrogen production and specific growth rate at a high concentration, and the
inhibition kinetics could be described using modified Han-Levenspiel model. Thus, the study
revealed that to achieve high CO conversion efficiency, H, need to be recovered quickly
without allowing it to accumulate in the system, or, there need to be some H; utilization
mechanism such as H, production coupled to sulfate reduction using CO as the sole carbon

source.

105
TH-2241_136106020



Chapter 5

Simultaneous removal of heavy metal and sulfate
using CO as the sole carbon and energy source
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ABSTRACT

This chapter investigated the effect of heavy metals as a co-pollutant on biological sulfate
reduction using CO as the sole carbon and energy source. The effect of difficult heavy
metals, viz. Cu, Zn, Cd and Pb at initial concentrations in the range 5-100 mg/L was
investigated. Among these metals, Pb showed a maximum inhibitory effect on sulfate
reduction and CO utilization by the anaerobic biomass. The biological sulfate reduction was
unaffected in the presence of Cu and Zn with more than 60 % sulfate reduction even at a high
initial metal concentration of 100 mg/L. In the presence lead, CO utilization efficiency
reduced from 92.54 to 67.32 % with an increase in the initial metal concentration from 5 to
100 mg/L. Due to sulfate reduction by anaerobic biomass, heavy metals were removed by
sulfide precipitation, but the metal removal efficiency largely depended upon the type of
heavy metal and its initial concentration. Fourier-transform infrared spectroscopy (FTIR),
TEM-EDS, and Field-emission transmission electron microscope (FETEM) and field-
emission scanning electron microscopy (FESEM) with energy dispersive X-ray spectroscopy
(EDX). Field-emission scanning electron microscopy microscopy (FESEM) with energy
dispersive X-ray spectroscopy (EDX) and fourier transform infrared spectroscopy (FTIR)
spectra of the metal loaded biomass confirmed that the precipitates formed during the process
consisted of mainly the metal sulfides. Field-emission transmission electron microscope
(FETEM) image of the metal loaded biomass revealed that the metal sulfide precipitates were
formed outside the cell surface. The results have significant implications in the biological

treatment of sulfate rich wastewaters using CO the carbon and energy source.
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5.1 Introduction

Sulfate rich wastewater released from industrial sources contains other inorganic pollutants
such as heavy metals. For example, Mining and metallurgical industries produces a large
volume of wastewater containing both sulfate and heavy metals at very high concentrations
(Roy et. al., 2015; Hazarika et. al., 2015). However, the type of heavy metals present and its
concentrations largely depend upon the industrial source, geographical location and process
involved. Durand (2012) reported the presence of Al, Ca, Co, Fe, Mg, Mn, Ni and Zn along
with a high amount of sulfate in wastewater released from gold mines in Gauteng and North
West Province in South Africa. Santa Cruz et al. (2013) found SO,*, Mn, Zn, Al, Cu, Ni, Co,
U in acid mine drainage in Western Spain. Equeenuddin et al. (2010) reported discharges
from coal mines in Makum coal field, Assam, India, are highly enriched with SO,*, Fe, Al,
Mn, Ni, Pb and Cd, whereas Cr, Cu, Zn and Co are also present in small amounts. Tutu et al.
(2008) studied the composition of acid mine drainage in Witwatersrand Basin, South Africa
and found high amount SO,%, Al, Fe, Cu, Mn, whereas Co, Ni and Zn were present below the

permissible limit for these heavy metals.

From these above mentioned studies it is clear that irrespective of its varied sources and
geographical location different heavy metals are present in sulfate containing wastewater, and
any serious effort to treat it biologically need to consider their effect on process efficiency.
On the other hand simultaneous removal of these heavy metals along with sulfate is also
necessary to achieve the effluent standards set by regulatory bodies. Biological sulfate
reduction process can be useful in this context as metal removal by converting it to their
insoluble metal sulfide form by SRBs is well reported in the literature (Kiran et. al., 2017,
Simate and Ndlovu, 2014). Also, use of this technology makes it possible for recovery of

heavy metals from wastewater, which could improve economic viability of the process.

107
TH-2241_136106020



Chapter 5

However, heavy metals exert toxic effect on almost all of the living organisms including
SRBs. Due to absence of organics in such wastewaters biological treatment requires external
addition of suitable carbon source and electron donor. An ideal carbon source should be
renewable and cheaply available, such as those derived from waste resources. In this present
study, CO is explored as an alternative carbon source for biological treatment of sulfate rich
wastewater containing heavy metals as co-pollutants. The individual effect of Cu, Zn, Cd and
Pb, which are commonly found in sulfate rich wastewater on biological sulfate reduction
using CO as the sole carbon and energy source using anaerobic biomass was examined.
Removal of these heavy metals by sulfide precipitation and its detailed characterization using

various instrumental techniques were also studied.

5.2 Materials and methods

5.2.1 Experimental methodology

In order to study the effect of heavy metals on biological sulfate reduction and CO utilization
by anaerobic biomass experiments were performed using 120 ml serum bottles (Sigma
Aldrich, India) sealed with polytetrafluoroethylene (PTFE) septum and filled with 50 mi
mineral salt media (MSM) medium of pH 7.0 along with 0.2% w/v biomass as the inoculum.
The composition of the MSM media was the same as given in Chapter 2. The bottles were
purged with N, gas to remove O, prior to introducing CO. The initial CO and sulfate
concentration in the bottles were kept at 3.1 mmol/L and 1000 mg/L, respectively, for all the
experiments. To inhibit any methanogenic activity 10 mM concentration of 2-
bromoethanosulfonate (BES) was added in all the serum bottles. The heavy metals Cu, Zn,
Cd and Pb were added individually as CuCl,-2H,0, ZnSO47H20, CdSO4-3H,O and
Pb(NO3), to the serum bottles from their respective stock solutions (1000 mg/L) so as to give

a desired concentration in the range 5-100 mg/L. Bottles without any added heavy metals
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served as the control in the experiments. The bottles were incubated at 30°C and 150 rpm on
a rotating orbital incubator shaker for 6 days. Both gas phase and liquid samples were
withdrawn at regular time interval from the serum bottles for analysis of the heavy metals,
sulfate and CO, etc. All the experiments were carried out in triplicates and results were
represented in the mean + standard deviation format. The removal efficiency of sulfate, CO

and the metals were calculated using the following equation

% removal = “=Lx 100 ...ooovvn.. (5.1)

where, C; and Cs are the initial and final concentrations of the individual parameters (sulfate

(mg/L), CO (mmol/L), metal (mg/L), etc.)

5.2.2 Morphological analysis and characterization of metal bioprecipitates

For characterizing the metal precipitates formed due to biological sulfate reduction by
anaerobic biomass using CO as the sole carbon and energy source, the precipitates were
analyzed using Fourier-transform infrared spectroscopy (FTIR), field-emission transmission
electron microscopy (FETEM) and field-emission scanning electron microscopy (FESEM)
with energy dispersive X-ray spectroscopy (EDX). FTIR analysis was carried out to
understand the changes in functional groups of the anaerobic biomass due to sulfate reduction
for heavy metal removal. For the FTIR analysis, biomass samples taken during the
experiments were obtained by centrifuging the samples at 37,000xg for 15 min, followed by
washing with distilled water, and the pellets obtained were vacuum dried and analyzed using
a FTIR spectroscope (IR Affinity-1, SHIMADZU, Japan). For FETEM analysis, samples of
metal laden biomass was loaded on a copper grid coated with carbon and observed under
FETEM (JEOL, 2100F, Japan). For FESEM analysis, the metal bioprecipitates were oven-
dried at 30°C for overnight, gold coated in a sputter coater and then analyzed for its

morphology and elemental composition using FESEM-EDX (Zeiss, Sigma, Germany).
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5.2.3 Analytical methods

The head space biogas composition in the serum bottles was analyzed using a gas
chromatograph (GC, Varian 450, The Netherlands) equipped with a thermal conductivity
detector (TCD) and a molecular sieve column (Mole sieve 5A, mesh 80/100, 72 in x 1/8 in)
using methods as described earlier in Chapter 3. Volatile suspended solids (VSS) were
measured following the standards methods (APHA, 1995). Sulfate concentration was
determined using the standard barium chloride based turbidimetric method (APHA, 2005).
Metal concentration in the samples was determined using an atomic absorption spectrometer
(Varian, AA240, Netherlands) as per the APHA (2005). Sulfide concentration in the samples
was measured as per the method described by Cord-Ruwisch (1985). All these methods were

described in detail in Chapter 3.

5.3 Results and discussion

Sulfate rich wastewater, particularly from the mining industry, contains other inorganic
pollutants, and among which heavy metals are predominant. In this investigation, effect of
four most commonly found heavy metals viz. Cu, Cd, Zn and Pb as co-pollutant on biological
sulfate reduction using CO as the sole carbon and energy source was evaluated. Also,
simultaneous removal of heavy metals along with sulfate and the metal removal mechanism

were examined in detail.

5.3.1 Effect of heavy metals on sulfate reduction and CO utilization

The effect of heavy metals as co-pollutants on biological sulfate reduction and CO utilization
was studied using the anaerobic sludge biomass from Kavoor STP, which showed efficient
CO bioconversion and sulfate reduction (Chapter 3). Fig. 5.1 shows the sulfate removal

profile in the presence of different individual heavy metals i.e Cu, Zn, Cd and Pb at various
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initial metal concentrations. It is evident that a low initial concentration (5-10 mg/L) of Cu
and Zn did not affect the sulfate reduction efficiency, which varied between 84 and 88 %.
However, an increase in the intial metal concentration after 10 mg/L decreased the sulfate
reduction efficiency (66.4 and 60.25 % at 100 mg/L in case of Cu and Zn, respectively). In
the case of Cd, the inhibitory effect on sulfate reduction was moderate and it ranged between
59.3 and 82.56% for an initial concentration in the range 5-100 mg/L. Pb showed the most
significant inhibition on sulfate reduction with only 50.38% sulfate removal at a high initial

concentration of 100 mg/L.

Fig. 5.2 shows the CO utilization profile by anaerobic biomass in the presence of different
heavy metals at different initial concentrations used in this study. The CO utilization was
more than 98% in case of control without any heavy metal addition in the media. However,
CO was less utilized in the presence of heavy metal and the performance deteriorated with an
increase in the metal concentration in the media. Similar to sulfate reduction results, Cu and
Zn showed the least inhibition on CO utilization. Even at 100 mg/L concentration the CO
utilization efficiency was more than 80%. Whereas, in the case of Cd and Pb the CO

utilization efficiency ranged from 71.5 to 92.58% and 67.32 to 92.54%, respectively.

Fig. 5.3 presents the effect of heavy metal presence as a co-pollutant on sulfate reduction and
CO utilization rates. From the results it is clear that heavy metals significantly affected both
the rate of sulfate reduction and CO utilization. The differential effect due to different heavy
metals is similar to the findings of sulfate reduction and CO utilization efficiencies, wherein,

Pb showed the maximum inhibition followed by Cd, Cu and Zn.
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Fig. 5.1 Sulfate reduction by the anaerobic biomass in the presence of heavy metals; (a) Cu, (b) Zn, (c) Cd and (d) Pb.
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Fig. 5.2 CO utilization by anaerobic biomass in the presence of heavy metal: (a) Cu, (b) Zn, (c) Cd and (d) Pb.
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Fig. 5.3 Effect of heavy metals on (a) sulfate removal rate and (b) CO utilization rate.
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The toxic effect of heavy metals on different macro and microorganisms is well reported in
the literature (Kiran et. al., 2017). In general, heavy metals are capable of deactivating key
enzymes, denature essential proteins, and compete with micronutrients and other necessary
cations in the growth media, thereby decreasing the cellular activity and prolonging the lag
phase (Teclua et al., 2009). It is also reported that formation of metal sulfide precipitates
around cell surface could hinder transport of sulfate and essential ions inside the cell
(Barbosa et al. 2014). In the present study the formation of metal sulfide bioprecipitates were
confirmed by FETEM analysis of the biomass samples taken during the experiments. Similar
findings have been reported in many other previous studies (Kiran et al., 2016; Utgikar et al.

2002; Jong and Parry 2003).

Both the sulfate reduction and CO utilization efficiencies decreased with an increase of heavy
metal concentration in the media, suggesting that inhibition of SRB activity due to the heavy
metals at an dissolved heavy metal concentration (Velasco et al., 2008). Moreover, a strong
inhibitory effect due to a high concentration of Cd or Pb compared with Cu and Zn confirm
the highly toxic toxic nature of Cd and Pb on the metabolism of SRB (Guo et al., 2010). It is
reported that toxicity of heavy metals depends upon the metal type and speciation, type of
microorganisms, their defence mechanisms, presence or absence of other co-pollutants and
culture conditions (Mal et al., 2016; Ayano et al., 2013; Kieu et al., 2011). For example,
Kiran et al (2016) studied simultaneous sulfate reduction and heavy metal removal using
anaerobic biomass from three different sources, and found Cd and Zn to be more toxic at 50
mg/L concentration on biomass growth, sulfate reduction and substrate (COD) utilization
compared to Fe, Pb, Ni, Cu for all the three biomass types. Costa et al. (2017) reported a
significant decrease in sulfate reduction efficiency due to presence of heavy metals (Cu and
Zn) in a sequential batch reactor treating sulfate rich wastewater using ethanol as the carbon

source. Guo et al. (2017) found that the sulfate reduction was significantly inhibited even
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when the concentration of Cr®* exceeded 20 mg/L. In order to avoid heavy metal toxicity,
different techniques such as immobilization of anaerobic biomass are suggested to improve
sulfate reduction and CO utilization efficiency even at high initial metal concentration

(Mothe et al., 2018).

However, there are no studies reported thus far on the effect of heavy metals on sulfate
reduction using CO as the carbon and energy source. Moreover, from the results obtained in
this study, it is observed that although heavy metal as a co-pollutant decreased the sulfate
reduction and CO utilization by the anaerobic biomass, the values are relatively better than
those reported in the literature. In fact, for certain metals and concentrations, the values are
much higher than the results found in the literature on SRB activity (sulfate reduction and

COD removal).

5.3.2 Heavy metal removal

Due to their high water solubility and bioaccumulation potential, heavy metals discharged
from industries can adversely affect the ecosystem by entering into the food chain. Once it
enters the food chain high concentrations of heavy metals could accumulate in the human or
other animal body, damaging their internal organ and can cause serious danger to their life
(Babel and Kurniawan, 2004). Therefore, it is necessary to treat metal containing wastewater
prior to its discharge to the environment. In this context, biological sulfate reduction by SRB
used in this study is advantageous as it could simultaneously remove heavy metal by sulfide
precipitation. Other advantages of biological heavy metal removal by sulfide precipitation
includes efficient removal even at a low pH, low sludge production (Gallegos-Garcia et al.,
2009), low cost over physico-chemical treatment methods, and possible recovery of metals

from wastewater (Bijmans et al., 2011).
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Fig. 5.4 shows the results of heavy metal removal by anaerobic biomass at the end of the six
day experimental period. For all the heavy metals, removal efficiency decreased with an
increase in initial metal concentration. From the figure it can be seen that Cu removal was the
best among all the heavy metals studied, which ranged between 76.2 and 95.35%. The Pb and
Cd removal efficiencies were moderate (more than 70 %) except at 100 mg/L initial Cd
concentration, and in which case it was 62.78%. Zn showed the least removal efficiencies,
which was 86.5 and 58.63% at 5 to 100 mg/L initial concentration, respectively. There was
no considerable difference in removal rates of the different heavy metals at a low initial metal
concentration in the range 5-25 mg/L (Fig. 5.5). The removal rate values were about 0.75, 1.5
and 3.5 mg/L/d for 5, 10 and 25 mg/L of initial metal concentrations, respectively. However,
for the high initial metal concentrations of 50 and 100 mg/L, the removal rate values
significantly varied and ranged from 5.5 to 6.9 mg/L/d and 9.7 to 12.53 mg/L/d, respectively.

Both removal efficiency and removal rate of the metals were in the order Cu>Pb>Cd>Zn.

The mechanism of heavy metal removal by biological sulfate reduction process is well
known, in which sulfide produced by SRB react with metal ions to form insoluble metal
sulfide precipitates. The variations in the removal efficiency of the different heavy metals are
attributed to their different solubility product values with sulfide. The metal removal
efficiency values found in this study closely followed the solubility product values of the
respective individual metals. For example, the reason for best removal efficiency in case of
Cu compared to other heavy metals used in this study could be explained by its low solubility
product value of 6 x 10’ (Johnson and Hallberg, 2005). The heavy metal removal efficiency
values were comparable with the values reported in the literature (Kiran et al., 2016; Mal et

al., 2016; Sahinkaya et al., 2013).
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Kiran et al. (2016) reported more than 95% removal of Cu at a low metal concentration of 10
mg/L, whereas the removal efficiency dropped to 85% for 50 mg/L of initial concentration of
the metal. Guo et al. (2017) found ~99% removal of Zn and Mn, and 80% Cr removal at 10
mg/L of initial heavy metal concentration by sulfate reduction process. Similar to these
literature reports this current study also found a very high (<90%) metal removal efficiency at
a low initial concentration. Even at a high initial metal concentration though the sulfate
reduction efficiency was low, enough sulfide was produced to successfully precipitate metals

from solution.

5.3.3 Morphological analysis and characterization of the metal bioprecipitates

Techniques such as FTIR, FESEM-EDX, FETEM provides an insight into the mechanism of
heavy metal stress on biomass and the metal removal process. The FTIR analysis was carried
out to observe changes in the functional groups present on the anaerobic biomass due to
metal bioprecipitation by sulfate reduction. Fig. 5.6 shows the FTIR spectra of the different
heavy metal loaded anaerobic biomass along with that of the control biomass, which was
treated in the absence of any added heavy metal in the media. Sharp peaks at 565, 913, 1028,
1109, 1250 and 1450 cm™ are mainly due to the presence of sulfate or sulfide functional
groups indicating the formation of metal sulfide bioprecipitates (Kiran et al., 2015; Collman
et al., 2009). Presence of peak at 1536 cm™ is due to N-H stretching of amine group
(\Vaitheeswari et al., 2015; Feio Maria et al., 2004). Bands corresponding to the neutral C=0
complex stretching is observed at 1643 cm™. From the figure a large stretch at 2854, 2925
and 3436 cm™ is observed due to symmetric and asymmetric O-H stretching of hydroxyl

groups (Kiran et al., 2015; Singh et al. 2011).

To study and compare the morphology of the metal loaded biomass with that of the control

biomass, FESEM and FETEM analyses were carried out. From FESEM images (Fig. 5.7)
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morphological difference in the microbial cell due to the presence of heavy metal is apparent.
Some of the bacterial cell even shows clear sign of cell wall disintegration, probably due to
the metal toxicity. FETEM image shows the presence of cell associated metal sulfides, which
are formed due to the reaction of hydrogen sulfide formed with heavy metals present in the

media (Fig. 5.8b). In the control biomass no such precipitate is observed (Fig. 5.8a).
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Fig. 5.6 FTIR spectra of the metal loaded biomass and control biomass.

Elemental composition of the metal loaded biomass is analysed using EDX spectrum
combined with FESEM. Fig. 5.9 presents the EDX spectrum of the individual metal loaded
biomass along with the corresponding FESEM image; Fig. 5.9e shows the EDX spectrum of

the control biomass. The presence of different metals in the EDX spectrum confirmed the
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metal sulfide precipitation. Along with heavy metals other elements such as carbon, oxygen,

nitrogen, sulfur, sodium, phosphorous, chlorine, calcium, magnesium, potassium and iron in

the bioprecipitates were mainly contributed by MSM.
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Fig. 5.7 FESEM image of (a) control biomass and (b) Pb loaded biomass.
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Fig. 5.8 FETEM image of (a) control biomass and (b) Pb loaded biomass.
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(b)

Fig. 5.9 EDX of bioprecipitate along with FESEM images for (a) Cu loaded biomass, (b) Cd

loaded biomass, (¢) Zn loaded biomass, (d) Pb loaded biomass and (e) control biomass.

5.4 Significant findings

Simultaneous metal removal and sulfate reduction using CO as the sole carbon and energy
source was achieved by the anaerobic biomass. The metal removal efficiency followed the
order Cu > Pb > Cd > Zn. This study showed significant inhibitory effect of Cu, Cd, Zn and
Pb on sulfate reduction and CO utilization by the anaerobic biomass particularly at high
initial concentration. Among the heavy metals, Pb showed the maximum inhibitory effect.

The heavy metal removal mechanism is due to biological reduction of sulfate to sulfide,
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followed by formation of metal sulfide precipitates. Formation of metal sulfide precipitates

was confirmed by instrumental techniques such as FTIR, FESEM-EDX.
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ABSTRACT

This chapter details the synthesis and characterization of green tea synthesized iron
nanoparticle (GT-INP) and its effect on biohydrogen production from CO and on biological
sulfate reduction by anaerobic biomass. Analysis of the GT-INP by UV-visible spectroscopy
revealed spherical or quasi-spherical shape of the iron oxide nanoparticles. The XRD analysis
confirmed the presence of iron oxide (Fe3sO4) and iron(l11) oxide-hydroxide (FeO(OH)) in the
GT-INP. The appearance of strong vibrational bands in the FTIR spectra indicated the
presence of amide, C-N and hydroxyl groups due to flavonoids, alkaloids and polyphenols as
capping agent in the GT-INP. The FESEM and FETEM analyses revealed that the GT-INP
were within 50-90 nm range with a spherical shaped aggregated structure. In the presence of
GT-INP at 1000 mg/L, a maximum enhancement (56%) in aqueous solubility of CO was
achieved along with a maximum H, production of 1.58 mmol/L by anaerobic biomass, which
is nearly 44 % more than that obtained without any GT-INP addition. For all initial sulfate
concentrations (250-1000 mg/L) used in this study, very high CO utilization and sulphate
reduction efficiencies were obtained due to GT-INP addition, and in some cases the reaction

rates improved.
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6.1 Introduction

Rampant industrial development combined with ever growing population not only caused
stress on the available resources, but also contributed to a high level of environmental
pollution. Available water resources are often polluted by release of industrial effluent which
contains both organic and inorganic contaminants. Contamination of drinking water supplies
from industrial waste is a result of various types of industrial processes and disposal
practices. Industries that use large amounts of water for processing have the potential to
pollute waterways through the discharge of their waste into streams and rivers, or by run-off
and seepage of stored wastes into nearby water sources. Sulfur containing compounds are one
such pollutants in wastewater which when discharged untreated pose a serious threat to the
environment. Many industries such as food processing (molasses, seafood, edible oil, etc.),
pharmaceutical, and pulp and paper, generate wastewater with a high initial sulfate
concentration. Despite a there are number of physico-chemical methods available for sulfate
rich wastewater treatment, biological methods are more sustainable and less energy-cost
incentive. In order to keep the process cost even further low, waste resources such as high
chemical oxygen demand (COD) containing wastewater or waste gases (CO/CO,/flue gas

etc.) can be used as an alternative source for carbon and energy.

CO is emitted in large amount by incomplete combustion of fossil fuels during domestic and
industrial processes. For example blast furnace gas contains 25% (v/v) CO, whereas
automobile exhaust gas contains CO in the range 0.5 to 12%. CO is also a known toxic
pollutant, which adversely affects human, animals and environment alike. However, CO can
also serve as an alternative substrate for carboxydotrophic sulphate reducers for treatment of
sulphate rich wastewater. In Chapter 3 an anaerobic biomass obtained from large scale
upflow anaerobic sludge blanket reactor was shown to reduce sulfate with CO as the sole

carbon and energy source. But the process is limited by low solubility of CO in water i.e
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0.025 g per kg of water at 30 °C. This low solubility and gas-liquid mass transfer (k_a) of CO
reduces the process efficiency by lowering the bioavailibilty of CO to microorganisms.
Modification in reactor agitation system or increase in agitation speed can be a possible
solution to this CO bioavailability problem, but it requires additional power input which
invariably increases the process cost. Different researchers have taken a number of other
approaches including addition of surfactant, alcohol, metal salts, small particles, etc. to
enhance the CO solubility. Among these different additives, nanoparticles seems to be more
attractive as not only it is effective in small amount but also different surface modification
can further increase the CO solubility. Zhu et al. (2008) studied mesoporous silica nano
particles coated with hydroxyl groups, mercaptopropyl groups and organic groups to enhance
gas liquid mass transfer. It was observed that surface activated nano particles enhanced the
CO-water mass transfer, and the mercaptopropyl groups grafted nano particles yielded a
maximum CO-water mass transfer (upto 1.9 times increase). The presence of functional
groups on nano particles and their hydrophobicity is reported to significantly enhance the CO
water mass transfer (Kim and Lee, 2016; Zhu et al., 2008). Similarly, in aerobic systems,
increase in dissolved oxygen concentration in water due to addition of magnetite (FesO,)

nanoparticles coated with oleic acid is reported (Olle et al., 2006).

In this present study in order to improve the aqueous solubility of CO by enhancing the gas-
liquid mass transfer coefficient, biologically reduced iron nano particles were used. Green tea
extract was chosen for synthesizing iron nanoparticle as it is reported to contain a number of
phytochemicals namely flavins, catechin, flavonoids, tannins, caffeine, polyphenols, gallic
acid, boheic acid, etc. which impart hydrophobic functional groups on nanoparticles for
binding with the solution, thereby increasing the CO-water mass transfer. Besides
characterization, effect of green tea based nanoparticle on H, production from CO and

subsequent sulphate reduction by anaerobic biomass was examined.
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6.2 Materials and methods

6.2.1 Synthesis of iron nanopatrticles

For synthesis of green tea iron nanoparticle (GT-INP), procedure as described by Wang et al.
(2014) was followed. Green tea was obtained from a local market in Guwahati, Assam,
India. Green tea extract was first prepared by boiling 24 g of green tea in 400 ml of distilled
water at 80 °C for 1 hour, followed by filtration. The extract was then added to 0.1 M FeSO,
at 2:1 ratio to form GT-INP, which was indicated by an immediate appearance of black
colour precipitate. The GT-INP was finally separated by vacuum filtration, washed with
ethanol and dried overnight before use in the experiments. Fig 6.1 is a the schematic of the

nanoparticle synthesis procedure followed in this study.

Boiling 60.0 g/LL
a o« 0,
green tea at 80 °C 0.1 M Fe solution was
added to green tea
extractin 1:2 ratio
Green tea extract Spectrophotometer
FTIR
FESEM
FETEM
EDX
XRD
Characterization of
GT-INP
Formation of black Vacuum filtration &
precipitate S drying
indicates GT-INP
formation

Fig. 6.1 Schematic of GT-INP synthesis procedure.
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6.2.2 Characterization of GT-INP

The GT-INPs were characterized by UV-Vis spectroscopy, field emission scanning electron
microscopy (FESEM), field-emission scanning electron microscopy - energy dispersive X-
ray spectroscopy (FESEM-EDX), field-emission transmission electron microscopy (FETEM)
(XRD) and fourier transform infrared spectroscopy (FTIR) analysis. For morphology and
elemental composition analysis of the GT-INP, a sample of the GT-INP was affixed onto
adhesive tapes supported on metallic disks and gold coated using a sputter coater, followed
by observation under FESEM-EDX (Zeiss, Sigma, Germany). For FETEM analysis, GT-INP
was loaded on a copper grid coated with carbon and observed under FETEM (JEOL, 2100F,
Japan). For FTIR analysis, samples were prepared by mixing 1 % (w/w) GT-INP with 100
mg of KBr powder and the pellet obtained was analyzed using a FTIR spectroscope

(PerkinElmer, Spectrum Two, Singapore).

6.2.3 Effect of GT-INP on CO solubility in water

Aqueous solubility of CO was measured using a 100 ml sealed serum bottles filled with
deionized water. To measure enhancement in CO solubility by GT-INP addition, required
amount of nanoparticles were added in the bottle, the bottles were then purged with nitrogen
to create oxygen-free environment. CO was then injected into the bottle until the internal
pressure reached to 120 kPa. The solution was agitated at 200 rpm for 20 min and 5 ml of
liquid sample was withdrawn for measuring the dissolved CO concentration by using a
spectrophotometer based myoglobin assay (Zhu et al., 2009). In this assay, shift in absorption
spectra of deoxy-myoglobin (MbFe(Il)) due to its reaction with CO to form carbonmonoxy-

myoblobin (MbCO) is indicative of CO concentration in liquid samples.
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6.2.4 Effect of GT-INP on CO bioconversion to H, and sulfate reduction

The effect of GT-INP addition on biohydrogen production from CO and sulfate reduction
was studied in batch system consisting of 120 ml serum bottles (Sigma Aldrich, India) sealed
with polytetrafluoroethylene (PTFE) septum with 50 ml MSM media. Composition of the
MSM and other experimental conditions followed were given earlier in Chapter 3. The
concentration of GT-INP was taken in the range from 0 to 1500 mg/L for evaluating its effect
of biohydrogen production by anaerobic biomass. The pH was maintained at 7.0 and an
inocculum of 0.2% wi/v of the anaerobic sludge biomass was added to every bottle. The
bottles were purged with N, gas to remove O, prior to supplying CO. The initial CO
concentration in the bottles was 3.1 mmol/L. 2-Bromoethanosulfonate (BES) in the
concentration of 10 mmol/L was added to serum bottles to inhibit any methanogenic activity.
The bottles were incubated at 30°C and 150 rpm on a rotating orbital incubator shaker. All

these experiments were carried out in triplicate.

Further to check the effect of GT-INP on sulfate reduction different concentration of GT-INP
ranged from 0-1500 mg/L were added to the serum bottles. As the 1000 mg/L of GT-INP
concentration showed maximum biohydrogen production and sulfate reduction, the effect of
different initial sulfate concentrations (250-1000 mg/L) on sulfate reduction at the same GT-

INP concentration was examined.

6.2.5 Analytical methods

The head space gas composition in the serum bottles was analyzed using a gas
chromatograph (GC, Varian 450, The Netherlands) equipped with a thermal conductivity
detector (TCD) and a molecular sieve column (Mole sieve 5A, mesh 80/100, 72 in x 1/8 in)

using methods as described earlier in Chapter 3. Sulfate concentration was determined using
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the standard barium chloride based turbidimetric method (APHA, 2005). All these methods

were described in detail in Chapter 3.
5.3 Results and discussion

This study explored iron nanoparticle synthesized using green tea extract for enhancing CO
utilization and sulfate reduction by anaerobic biomass by improving the CO-water mass

transfer and its bioavailability.
5.3.1 Characterization of GT-INP

The formation of GT-INP In solution was confirmed by change in colour of the solution to
black colour, which was subsequently characterized using different technique. Fig. 6.2a
shows UV - visible spectra of the GT-INP, which reveals an absorption peak at 280 nm due
to spherical or quasi-spherical shaped iron oxide nanoparticles (Mohanraj et al., 2014).
According to Mie’s theory, spherical or quasi-spherical nanocrystals exhibit a single surface
plasmon resonance (SPR) band, whereas anisotropic particles show two or three bands,

depending on their shape (Mohanraj et al., 2014).

X-ray diffraction (XRD) pattern of dried GT-INP is shown in Fig. 6.2b. Relatively sharp
peaks in the figure are due to small size of the particles, and the peaks were assigned to iron
oxide (Fe3O4) and Iron(l11) oxide-hydroxide (FeO(OH)). According to Shahwan et al. (2011),
sharp peaks at 17, 20, 22, 32, 41, 42, 48, 49, 61 are due to FeO(OH) and at 30, 37, 43, 52, 57,
58, 59, 64, 69 are due to Fe;O,. Previous studies report that Fe® and a-Fe crystalline type
structures are found when zero valent iron is synthesized following the borohydride reduction
method (Uzum et al., 2009); it is also reported that Fe® produced by reduction with extracts
obtained green tea or sorghum bran (Hoag et al., 2009; Njagi et al., 2011) are amorphous in

nature with no diffraction lines for Fe° in XRD pattern.
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Table 6.1 Different functional groups on GT-INP

Frequency (cm™) Functional group Band observed due

to GT-INP
3300-3450 -OH, -NH stretching 3413
2910-2920 -CH stretching 2919
1600-1640 -COO0O, C=0 stretching 1620
1300-1450 Amide or sulfamide bond 1362
1270 -C-O stretching 1206
1030-1070 S=0 stretching 1112
580 Fe-O 585

FTIR spectra (Fig. 6.2c) of the GT-INP shows bands at 586, 1112, 1206, 1362, 1620, 2919

and 3423 cm* which correspond to different functional groups present on the surface of GT-
INP; and these functional groups serves as the reducing and capping agent for GT-INP
synthesis (Table 6.1). The bands at 3423 and 1620 cm " are assigned to the hydroxyl group
and proteins, respectively. The absorption peak at 2919 cm* is designated to C—H stretching
vibration modes in the hydrocarbon chains. The band at 1362 cm * is due to C-N stretching
or the O-H bending. The band at 1112 cm* is attributed to the C-N stretching vibration of
aliphatic amines. The presence of iron oxide nanoparticles is further confirmed by the strong
absorption band seen at 586 cm*, which is assigned to the Fe—O bond of Fe,O; (Togashi et

al., 2011). These findings indicate that the GT-INP are coated with polyphenols, proteins and
amines available in the green tea extract used during the synthesis of GT-INP. The same

groups also served as reducing and capping agents for the GT-INP.

The other properties, such as size, structure and surface morphology of the GT-INP were
studied using FESEM analysis. The FESEM images (Fig. 6.3a) reveal that the GT-INP were
spherical in shape with size ranging from 50 to 90 nm. The surface was found to be rough

and often formed aggregated irregular structures. Li et al. (2006) reported that the iron
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nanoparticles are colloidal in nature and exhibit a strong tendency to aggregate as well as
adhere to the surfaces of natural materials, e.g. soil and sediment. The morphology and
structure of the GT-INP were similar to those reported in the literature (Kla¢anova et al.,

2012; Huang et al., 2014).

From FESEM-EDX analysis of GT-INP, shown in Fig. 6.3b, it is found to be composed of C,
O, N, Fe, S, Na and K atoms. The atoms other than Fe in the GT-INP were contributed by the
green tea extract, which indicates successful capping due to biomolecules present in the

extract.

Fig. 6.3c shows FETEM micrograph of the GT-INP. It can be seen from the figure that the
nanoparticles are mostly spherical in shape and exist as chain-like aggregated structure.
According to a study by Li et al. (2006), size distribution of over 400 iron nanoparticles
revealed that the size of more than 80 % of the particles are less than 100 nm size whereas 50
% of the particles are less than 60 nm. The size of the GT-INP in this study is below 100 nm

confirming the findings of the literatures.
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Fig. 6.3 Micrograph analysis of GT-INP (a) FESEM, (b) FESEM-EDX and (c) FETEM

analysis.
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6.3.2 Effect of GT-INP on CO aqueous solubility of CO

From the literature it can be found that few studies have reported about the ability of surface
modified nanoparticles in enhancing CO-water solubility; but this current study for the first
time have used biologically synthesized nanoparticle for enhancing the aqueous solubility of
CO. Hence, this study was focused on evaluating the GT-INP for CO bioconversion to H,

and sulfate reduction by improving CO-water mass transfer.

Fig. 6.4 shows the effect of GT-INP addition on CO solubility in water. It is evident that the
dissolved CO concentration significantly increased with an increase in the GT-INP
concentration. A maximum enhancement in CO solubility, i.e 51.6 %, is observed with the
addition of 1000 mg/L of GT-INP compared to that without any added nanoparticles.
Increase in gas solubility due to addition of chemically synthesized nanoparticles is widely
reported in the literature. For instance, Kim and Lee (2016) found 224 % increase in CO

solubility by the addition of functionalized cobalt ferrite-silica nanoparticles.

The authors concluded that the mesoporous structure of silica increased the specific surface
area of the nanoparticles. In another study by the same authors, methyl functionalized silica
nanoparticles were evaluated for enhancing the CO solubility (Kim et al., 2014), and 273 %
and 156 % increase in soluble CO and H, concentrations, respectively, were reported due to

the addition of methyl-functionalized silica nanoparticles.

The increase in CO solubility due to nanoparticles involves three main mechanisms. First is
the shuttling or grazing effect where excess amount of gas from gas phase is supplied to bulk
liquid by adsorption-desorption; second is reduction in the gas-liquid boundary, and third is
increase in the specific gas-liquid interfacial area. Ruthiya et al. (2005) attributed all these
three mechanisms for enhancing mass transfer coefficient by gas phase reactant adhesion of

gas bubbles on nanoparticles at the gas - liquid interface (Fig. 6.5).
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Fig. 6.5 Mechanism involved in GT-INP mediated CO solubility enhancement.

The enhancement in CO solubility obtained in this study using GT-INP are lower as
compared with those reported in the literature. This difference in the CO solubility

enhancement due to nanoparticles is attributed to different functional groups present on the
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nanoparticles. In this study, hydrophobic functional groups, such as amides, polyphenols,
proteins, etc. obtained from green tea extract were present on the nanoparticle surface, are
less effective than the functional groups, such as oleic acid, methyl etc. used by other authors
for surface modification of chemically synthesized nanoparticles reported in the literature for
enhancing the aqueous solubility of CO. These findings highlight the importance of surface
modification of nanoparticles with hydrophobic functional groups, e.g. methyl and isopropyl,

for further enhancing in CO solubility water.

6.3.3 Effect of GT-INP on CO bioconversion to H,

In the previous chapter it was seen that the product formation, i.e. Hz, production, is directly
proportional to the CO utilized. Hence, the effect of GT-INP on H, production by improving

the CO utilization was examined in detail.

Fig. 6.6a shows H, production profile by the anaerobic biomass in the presence of GT-INP.
In the experiments without any added nanoparticles, a lag phase in H, production was seen
for initial 24 h time, followed by a gradual increase in H, concentration upto 0.92 mmol/L.
Whereas, in the experiments with GT-INP added to the media the H, production was rapid
without any lag phase and continued upto 96 h and after which it remained constant. A
maximum H; production of 1.58 mmol/L in the experiments was obtained at 1000 mg/L
concentration of GT-INP, which is nearly 44 % more than that obtained without any GT-INP
addition. Similarly, in the previous experiments a maximum CO solubility was achieved due
to addition of 1000 mg/L of GT-INP in the media. These results clearly demonstrate the
potential of GT-INP for enhancing biohydrogen production from CO by improving CO

solubility in aqueous media, and, therefore, its bioavailability.

138
TH-2241_136106020



Chapter 6

60
—e— GT-INP=0 mg/L (@)
50 | | ~O— GT-INP=250 mg/L
v— GT-INP=500 mg/L
A GT-INP=750 mg/L
—&— GT-INP=1000 mg/L
40 —1— GT-INP=1500 mg/L

30

20

Hydrogen concentration (mmol/L)

10

0 20 40 60 80 100 120 140
Time (h)

T (b) —o— GT-INP=0 mg/L
—O— GT-INP=250 mg/L
¥— GT-INP=500 mg/L
A GT-INP=750 mg/L
—— GT-INP=1000 mg/L
—0O— GT-INP=1500 mg/L

CO concentration (mmol/L)

0 20 40 60 80 100 120 140

Fig. 6.6 Effect of GT-INP addition at different concentrations in the media on: (a) H.

production and (b) CO conversion.

139
TH-2241_136106020



Chapter 6

The CO utilization profile matched well with that of the H, production (Fig. 6.6b), and the
CO utilization was in the range 97.2 to 100 % due to GT-INP addition in the media. Thus, a
high concentration of GT-INP in the media resulted in very high and quick utilization of CO,

which is similar to the results of H, production.

In addition to improving the CO gas-liquid mass transfer, iron naoparticles are known to
influence the metabolic pathway involved in H, fermentation. Yang and Wang (2018)
reported change in microbial community from Enterobacter sp. to Clostridium sp. due to
addition of iron nanoparticle which improved fermentative H, production from grass. Also,
the authors observed enhanced electron transfer between ferredoxin and hydrogenase due to

iron nanoparticle, which improved the enzyme activity by the necessary Fe?*.

Mohanraj et al. (2014) reported changes in metabolic products from acetate/butyrate type to
hydrogen from glucose by Clostridium acetobutylicum due to iron nanoparticle addition,
which resulted in enhanced biohydrogen production. However, contrary to this literature
report, VFA production in this study (Fig. 6.7) increased four-fold due to the addition of GT-
INP at a high concentration (1000-1500 mg/L) when compared to that of control (Fig. 6.7).
The VFA production did not vary significantly at a low GT-INP concentration (250-750
mg/L). A probable reason for this increase in the VFA production could be due to the high
amount of H, produced that was channelized towards VFA production rather than towards
methane production as BES was added as an inhibitor of methanogenic activity. The VFA
concentrations ranged between 2-10 mg/L, which is very low as compared with H, produced

by the anaerobic biomass in the presence of GT-INP.
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Fig. 6.7 Effect of GT-INP addition on VFA production.

6.3.4 Effect of GT-INP on biological sulfate reduction

The need for alternative carbon source and electron donor for biological sulfate reduction had
lead to use of waste substrates such as CO. However, due to poor solubility of CO there is a
need to improve the process efficiency, and, therefore, GT-INP was used to improve CO

solubility in aqueous media and its bioconversion to H; for sulfate reduction.

Fig. 6.8 depicts the effect of different concentrations of GT-INP on sulfate reduction and CO
utilization by the anaerobic biomass. Sulfate reduction as well as CO utilization were better
in presence of GT-INP than those without any nanoparticle addition in the media, 1000 mg/L
of GT-INP addition resulted in a maximum sulfate reduction efficiency. Further experiments
with different initial sulfate concentrations with GT-INP added to the media showed

improved results of both sulfate reduction and CO utilization (Fig. 6.9). Complete sulfate
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reduction and CO utilization were observed for low initial sulfate concentrations of 250 and
500 mg/L. Although the sulfate reduction efficiency values for these two initial
concentrations were similar in both presence or absence of GT-INP in the media, a clear
difference in the time taken for sulfate reduction confirmed the strong positive effect due to

GT-INP on biohydrogen production from CO.
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Fig. 6.8 Effect of GT-INP addition on sulfate reduction and CO utilization.
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In case of 750 mg/L of initial sulfate concentration and in the absence of GT-INP the sulfate
reduction was 84 %, whereas the value was slightly high (89 %) in the presence of GT-INP.
At 1000 mg/L of initial sulfate concentration, the sulfate reduction values were low (78 %
and 84.5 %) in absence and in presence of GT-INP, respectively. However, the CO utilization
was maximum in all these cases (Fig. 6.9). These results indicate that although the CO was
efficiently converted it was insufficient for reducing the sulfate at a high initial
concentrations i.e due to low COD to sulfate ratio. From the literature, it is known that an
optimum COD to sulfate ratio of 0.67 is essential for achieving a maximum sulfate reduction
efficiency with soluble carbon source such as lactate, acetate, glucose, etc. However, in case

of gaseous substrates, e.g. CO, CO,, H; etc. the ratio needs to be optimized.

6.4 Significant findings

Characterization of the biologically synthesized GT-INP revealed spherical or semi spherical
shaped aggregated nanoparticle with a size range of 50-90 nm. From FTIR and FESEM-EDX
analyses presence of amide, hydroxyl groups on the nanoparticle surface was detected,
moreover, it was confirmed that the nanoparticle is coated with flavonoids, alkaloids and
polyphenols, etc. from green tea extract. Addition of GT-INP in the liquid media increased
the CO solubility, with a maximum enhancement of 56 % at 1000 mg/L of GT-INP. The
effect of GT-INP synthesized using green tea extract on hydrogenogenic CO conversion and
sulfate reduction was studied. Hydrogen production and sulphate reduction profile showed
improved results with GT-INP addition when compared with that of experiments without
adding nanoparticle. Moreover, from the experimental results it is clear that GT-INP is
effective in not only enhancing hydrogenogic CO conversion and biological sulfate reduction

but also reducing the reaction time.
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ABSTRACT

This chapter reports hydrogenogenic CO conversion and sulfate reduction under continuous
operation mode using an internal loop gas lift bioreactor (GLR) and a moving bed biofilm
reactor (MBBR). The results showed that with increase in the CO flow rate the H, production
increased; however, the CO conversion efficiency reduced. A maximum H, concentration of
8.5 mmol/L was obtained for 36 mmol/L of inlet CO concentration. Biodesulfuruization
using CO as the sole carbon and energy source was further studied using the anaerobic
biomass in the two bioreactor systems. The effect of hydraulic retention time (HRT), sulfate
loading rate and CO loading rate on sulfate reduction and CO conversion was examined. The
results revealed that among three different HRT (72, 48 and 24 h), 48 h HRT gives best
results with 97.2 % and 95.6 % sulfate reduction for GLR and MBBR, respectively. Best
results in terms of sulphate reduction were obtained for low inlet sulphate and high CO
loading conditions. The CO utilization was very high at 80 % during the first two phase of the
study; however, further increase in inlet CO concentration reduced its utilization. The sulfate
removal rates correlated well with the different sulfate loading rates used in the study, thus
revealing a stable performance of both the reactor systems. Compared with GLR, MBBR

system proved better in terms of stable performance for a prolonged operation period.
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7.1 Introduction

Sulfate rich wastewater, generated and discharged from many industrial processes, including
mining activity, thermal power plants, coal burning, pulp and paper processing, agricultural
activity, edible oil production, molasses fermentation, tannery operations and food processing
wastewater, is a major source of environmental pollution (Cao et al., 2012; Moosa et al.,
2002; Shin et al., 1997). Sulfate presence in the environment can affect public water supplies
and pose health threat to life forms (Speece, 1996). In the absence of dissolved oxygen and
nitrate, sulfate acts as a source of oxygen or electron acceptor and is converted to sulphide
(H2S). This phenomenon creates odor and corrosion problems (Sawyer et al., 2003). The
recommended upper concentration limit of sulfate in water intended for human consumption
is 250 mg/L (Sawyer et al., 2003). Therefore, it is essential to treat sulfate rich wastewater
prior to its discharge into the environment.

Conventional physicochemical methods for treating sulfate rich wastewater have certain
limitations such as need for solid-liquid separation, disposal of the solid phase and relatively
high cost and energy consumption (Sarti and Zaiat, 2011). To overcome such limitations,
focus has been shifted to biological sulfate removal using sulfate reducing bacteria (SRB).
Under anaerobic conditions, sulfate can be used as a terminal electron acceptor by SRB that
couple oxidation of a substrate (organic or inorganic) to the reduction of sulfate and use the
energy produced for its growth and maintenance (Liamleam and Annachhatre, 2007).
However, the process requires an external carbon and energy source, which is based on its
suitability for the process and its availability at a reasonable cost (Dries et al., 1998). From
the literature, it is understood that compared to simple alcohols (e.g. ethanol) and short chain
volatile fatty acids (e.g. lactate, butyrate, propionate and acetate) H, is more attractive
because of its free energy of sulfate reduction is highly favorable over that of methanogenesis

(Weijma et al., 2002). However, the use of pure H; is neither feasible nor economical for
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sulphate reduction, thus necessitating the use of much cheaper and easily available source of
H>. In this context, use of CO derived H; can be considered a very good alternative to pure H;
(Parshina et al., 2010).

Proper design of bioreactor and its mode of operation is one of the main challenges for
successful scale up of sulfate reduction process using CO as the sole carbon and energy
source (Yasin et al., 2015; Parshina et al., 2010). The key parameters necessary while
considering a suitable bioreactor are mainly related to CO gas-liquid mass transfer, which
includes agitation speed, impeller design, power consumption, temperature, pressure
conditions, bioreaction Kinetics, etc. Both batch and continuously operated bioreactors have
been employed for CO conversion to useful products, but very less literature reports are

available on sulfate reduction using CO or any other gaseous substrate.

In this study, two bioreactor systems: suspended and attached growth reactor systems, namely
gas lift reactor (GLR) and moving bed biofilm reactor (MBBR), were evaluated for their
performance to remove sulfate by using CO as the sole carbon and energy source. The GLR
is one of the most commonly used bioreactor for CO conversion owing to its proven
advantages such as high gas liquid mass transfer without causing shear stress on the
microorganism, mechanical simplicity and low energy requirement, etc. On the other hand
biofilm based systems provides high biomass retention, high tolerance towards toxic
substrates by having a layered biomass structure, etc. Moreover, the bed clogging problem
faced by conventional biofilm reactors, viz. trickling bed reactor and/or packed bed reactor,
can be overcome in a MBBR. The GLR and MBBR systems were chosen for this study as

they are highly suited for processes with variable gas feeding requirements.

Hence, this study mainly focused on sulfate reduction and CO conversion using MBBR and

GLR under different operating conditions and optimization of key process parameters,
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namely hydraulic retention time (HRT), influent sulfate concentration and inlet CO

concentration.

7.2 Materials and methods

7.2.1 Rector setup

7.2.1.1 Gas lift reactor

An indigenous internal loop gas lift reactor made of perspex material was evaluated for CO
conversion to biohydrogen and sulfate reduction under continuous mode of operation. The
effective volume of the reactor was 2.7 L with a removable draft tube located concentrically
inside the reactor. For introducing CO into the reactor a single nozzle was placed at the
bottom of the draft tube. The nozzle and the other parts used in fabricating the reactor were
made of acrylic material. The gas flow into the reactor was measured and controlled by a
rotameter with a needle valve. The schematic of the experimental set-up is shown in Fig. 7.1
and photographs of the reactor are shown in Fig. 7.2. The dimensions of the different reactor

parts are presented in Table 7.1.

Table 7.1 Dimensions of the gas lift reactor used in this study

Reactor part Dimension

External tube diameter Outer dia: 90 mm
Inner dia: 80 mm

Internal tube diameter Outer dia: 60 mm
Inner dia: 50 mm

External tube height 600 mm
Internal tube height 350 mm
Top clearance 15 mm
Bottom clearance 15 mm
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7.2.1.2 Moving bed biofilm reactor

The MBBR was fabricated indigenously using perspex made column of 600 mm height and

10 mm thickness to evaluate the CO conversion and sulfate reduction under continuous mode

of operation. The bioreactor had an effective volume of 2.7 L and a reaction volume of 2.5 L,

with a nozzle type gas diffuser at the bottom for introducing CO into the reactor. The gas

flow into the reactor was measured and controlled by a rotameter with a needle valve. The

MBBR was filled with 20 mm x 20 mm x 10 mm size Kaldness K1 media as biosupport

material at 30 % by volume. Provisions for introducing and withdrawing liquid media from

the bottom and top, respectively, were made using peristaltic pump. The schematic of the

experimental set-up and photographs of the reactor are shown in Fig 7.3 and 7.4, respectively.
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(b) s

Fig. 7.4 Photograph of experimental setup showing (a) MBBR with the biosupport material,

(b) empty biosupport material and (c) MBBR with biofilm formed on the biosupport material.

7.2.2 Startup operation and hydrogenogenic CO conversion

For initial biofilm development over the biosupport material, MBBR was operated with
MSM supplemented with 1 g/L of lactate. In addition, CO was provided into the reactor at a
low flowrate of 0.01 L/h to acclimatize the anaerobic sludge to grow and metabolize using
CO as a substrate. For inoculum 250 ml of anaerobic biomass was directly added to the
reactor prior to the startup operation. This startup operation was carried out for 30 days,
following which the CO was used as the sole carbon source. The biofilm formed over the
biosupport material was characterized using field-emission scanning electron microscopy
(FESEM). The results were reported using CO as the sole carbon and energy source in the
experiments. In case of GLR, there were no such startup operation required and experiments

were immediately carried out with the anaerobic biomass for hydrogenogenic CO conversion.

The effect of inlet CO concentration on hydrogen production and CO utilization was studied

at a fixed hydraulic retention time of 48 h using both the reactors. The inlet CO concentration
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in the experiments was initially 9.06 mmol/L and it was gradually increased to 15, 21.5, 29
and 36 mmol/L. Composition of the MSM was the same as described in earlier chapter
(Chapter 3). Samples were collected at regular time intervals to analyze gas composition and
VFA concentration in the reactor outlet. The percentage CO conversion was calculated using

the following equation (eq. 7.1)

% CO conversion = % X100 rriiireen, (7.1)

2

where, Cj and C, are the inlet and outlet CO concentrations (mmol/L), respectively.

7.2.3 Biological sulfate reduction using CO as the sole carbon source

For studying biological sulfate reduction using CO fed reactor under continuous operation
mode, experiments were carried out in three phases (I, 1l and Ill) by varying hydraulic
retention time (HRT), inlet sulfate concentration and CO flow rate, respectively. In the first
phase, the HRT was varied from 72 h to 48 h and finally to 24 h, whereas the inlet sulfate
concentration and CO concentration were kept constant at 250 mg/L and 15.0 mmol/L,
respectively. In Phase Il, the influent sulfate concentration was increased to 500, 750 and
finally to 1000 mg/L, whereas the CO concentration and HRT were maintained at 15.0
mmol/L and 48 h HRT, respectively. For evaluating the effect of high inlet CO concentration
at a high inlet sulfate concentration of 2000 mg/L in Phase IlI, the inlet CO concentration was
first fixed at 21.5 mmol/L and later increased to 29 mmol/L. All these experimental
conditions were same for both the reactors, but during Phase 1 (24 h HRT) of MBBR
operation biofilm formed on the biosupport material got damaged and disintegrated, and due
to which extra time was provided for the biofilm to recover and before the reactor could be
further operated. Table 7.2 provides the experimental details followed during the continuous
bioreactor operation. Each sample was analyzed in triplicate and the results presented are in

meanz standard deviation format.
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Table 7.2 Operating conditions followed for studying sulfate reduction and CO utilization
using GLR and MBBR system

Operation period (d)  Phase HRT (h) Influent sulfate Inlet CO
concentration concentration
(mg/L) (mmol/L)

GLR MBBR

1-17 1-12 I 72 250 15
18-33 13-22 48 250 15
34-48 23-30 24 250 15

- 31-41 48 250 15
49-63 42-51 I 48 500 15
64-76 52-65 48 750 15
77-89 66-77 48 1000 15
90-101  78-90 i 48 1000 215
102-114 91-106 48 1000 29.0

The following equations were used to calculate loading rate, removal rate and percentage

removal of sulfate, respectively, in the study:

Inlet loading rate (ILR) = % .............. (7.2)
Removal rate (RR) = @ .............. (7.3)
% removal = (Cl;—c") x 100 ...l (7.4)

1

where, Q is the inlet flow rate (L/h), Ci and C, are the inlet and outlet sulfate concentrations

(mg/L), respectively, and V is the working volume of the reactor.

7.2.4 Analytical methods

The gas composition at the inlet and outlet of the bioreactor was analyzed using a gas
chromatograph (GC, Varian 450, The Netherlands) equipped with a thermal conductivity
detector (TCD) and a molecular sieve column (Mole sieve 5A, mesh 80/100, 72 in x 1/8 in)

using methods as described earlier in Chapter 3. Sulfate concentration was determined using
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the standard barium chloride based turbidimetric method (APHA, 2005). Sulfide
concentration in the samples was measured as per the method described by Cord-Ruwisch
(1985). For volatile fatty acids (VFA) analysis hydroxylamine hydrochloride based
spectrophotometric method was used (APHA, 2005). Detailed methodology of all these

procedures was provided previously in Chapter 3.

7.3 Results and discussion

For a successful large scale application of biological sulfate reduction using CO, the choice
of a suitable reactor system is essential. In the previous chapters CO conversion and sulfate
reduction using anaerobic biomass from Kavoor STP under batch condition showed very
promising results. In order to evaluate the performance of a bioreactor with the anaerobic
biomass, a gas lift reactor and a moving bed biofilm reactor were chosen. The results
obtained during continuous operation using both the reactors are presented herein.

7.3.1 Biofilm characterization

FESEM analysis was used to characterize biofilm formed over support materials in MBBR
(Fig. 7.5) which clearly revealed profuse growth of the anaerobic bacteria onto the biosupport
material. No efforts were made to measure the thickness or composition of the biofilm
formed on support materials, which itself could be an independent study and could help in

better understanding of the biofilm formation.

154
TH-2241_136106020



Chapter 7

| | EHT = 2.00 kV Mag= 1000KX WD= 64mm Signal A=Inlens [

2 pm*

EHT = 2.00 kV Mag= BO00KX WD=63mm Signal A=lInLens W

Fig. 7.5 FESEM images of the biofilm formed over biosupport material at its different

positions.
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7.3.2 Hydrogenogenic CO conversion

Initial experiments to study CO conversion to H; using GLR and MBBR were performed at
different inlet CO concentrations and without any sulfate addition in the influent in order to
avoid competition of H, by SBRs for sulfate reduction. In addition, methanogenic inhibitor

BES was added in the media to prevent any methanogenic activity in the bioreactor systems.

Fig. 7.6 depicts the H, and VFA produced at different inlet CO concentrations for both the
reactor systems. The H; concentration was initially low at 5.4 and 5.7 mmol/L for MBBR and
GLR, respectively, for inlet CO concentration of 9.6 mmol/L. In case of GLR, the value
gradually increased upto 7.6, 12.1, 15.6 and 20.5 mmol/L for 15, 21.5, 29 and 36 mmol/L of
inlet CO concentrations, respectively (Fig. 6.6a). Similar observation was also made in the
case of MBBR, which yielded H, concentration values of 5.6, 9.1, 13.25, 17.4 and 19.5 for

the different inlet CO concentrations (Fig. 7.6b).

The VFA concentration was below 2 mg/L for the first 20 days of operating the GLR under
hydrogenogenic phase and after which it ranged between 5 and10 mg/L; later it reached a
maximum concentration of 20 mg/L towards the end of this phase. In case of MBBR, the
VFA concentration gradually increased with an increase in inlet CO concentration until it
reached 20 mg/L. However, the VFA concentration in both the reactor systems was
significantly low than that reported in the literature for fermentative H, production using
different soluble substrates. Moreover, due to BES addition in this study, no methane
production was observed during the continuous operation at different inlet CO
concentrations. These results clearly showed that the maximum carbon flux is directed
towards H, production, without forming undesired products, such as VFA or CHy, in this

study.
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Fig. 7.6 Time profile of H, and VFA production from CO using the continuously operated (a)

GLR and (b) MBBR.
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Overall, the performance of both the reactor systems was satisfactory at all different inlet CO
concentrations; however, GLR proved to be better in terms of H, production values compared
to that of MBBR particularly at high inlet CO concentrations. On the contrary, MBBR
performance was more stable than that of the GLR at low inlet CO concentrations, as high
inlet flowrate resulted in turbulent mixing in the MBBR system leading to loss of attached
biomass and biomass washout, which however could not be causing some of the attached

biomass to be disintegrated.

Fig. 7.7 shows the CO concentration in inlet and outlet gas stream along with % CO
conversion obtained using the continuously operated GLR and MBBR. The reactor operation
was started with 9.05 mmol/L of influent CO concentration, in which the CO conversion rate
was initially low at 52 and 65 % for GLR and MBBR, respectively, and the values gradually
reached up to 92 and 95 %, respectively. The CO feed was then step wise increased to 15,
21.5, 29, and 36 mmol/L concentration. The % CO conversion decreased with each increase
in the inlet CO concentrations and the values were 80, 73, 66 and 48 % for GLR, and for
MBBR the values were 82, 72, 52 and 43% at different inlet CO concentrations. However,
from the figure it is clear that the CO utilization profile was more stable in MBBR compared
to GLR for most of the concentrations. The main reason behind this is high biomass retention
capacity in MBBR, which contained both suspended and immobilized anaerobic biomass in

the form of biofilm.

The reactor performance in terms of both CO conversion and H, production in this study is
found to be better when compared with those reported in the literature. For example, Liu et
al. (2016) investigated H, production using a UASB reactor with anaerobic granular sludge
biomass, and reported only 38.8 % CO conversion even at a low CO loading of 45 mmol/d.

With gas recirculation in the reactor, the CO conversion efficiency reached a maximum of
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85.9 %. The H, concentration obtained in the outlet gas stream was also low compared to that

obtained in the present study.
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7.3.3 Sulfate reduction

In order to study sulfate reduction in wastewater using CO as the sole carbon and energy
source continuous experiments were carried out using the two reactor systems in three
different phases, as detailed earlier. The effect of process parameters such as HRT (24-72 h),
influent sulfate concentration (250-1000 mg/L) and inlet CO concentration (15-29) on sulfate
reduction and CO bioconversion was examined.

Fig. 7.8 shows the time profile of influent/effluent sulfate concentration and % sulfate
removal obtained in this study. During phase | of the reactor operation to study the effect of
HRT, the influent sulfate concentration and inlet CO concentration were kept constant at 250
mg/L and 15 mmol/L, respectively. During this phase of the reactor operation at 72 h HRT a
maximum sulfate removal efficiency of ~ 97.2 % and 95.6 % for GLR and MBBR,
respectively, was achieved. When the HRT was reduced to 48 h, a sudden drop in the sulfate
removal efficiency was observed; however the removal efficiency improved to more than 94
% in case of GLR within a time period of 16 days. When the HRT was further reduced to 24
h, the reactor performance deteriorated and the sulfate removal efficiency was only 62 %. In
case of MBBR, the sulfate reduction efficiencies were 92.3 % and 78.5% for 48 and 24 h
HRT, respectively. These results clearly reveal a significant effect due to HRT on the reactor
performance for sulfate removal, which is mainly because of insufficient time available for
the SRB to utilize the in situ produced H, at a low HRT value.

During phase Il of the reactor operation to study the effect of influent sulfate concentration,
the inlet CO concentration and HRT were kept constant at 15 mmol/L and 48 h, respectively.
With an increase in the influent sulfate concentration, the sulfate reduction efficiency initially
reduced but it gradually improved to reach 89.2 % and 85.66 % for GLR and MBBR,

respectively (Fig. 7.8).
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The sulfate concentration was further increased to 750 mg/L and reactor performance
stabilized after 13 days with 83% sulfate reduction efficiency for GLR. Similarly, the sulfate
reduction efficiency with the MBBR reached a stable value of 81.21 % but only after a
prolonged period of operation, i.e. after 60 days. When the influent sulfate concentration was
increased to 1000 mg/L, a very low sulfate removal efficiency was obtained in case of both
the reactor systems, the values were 71.3 % and 66.5% for GLR and MBBR, respectively.
During phase Ill, the reactor performance improved with an increase in the inlet CO
concentration. Thus, the low sulfate removal obtained at very high influent sulfate
concentrations during Phase Il of the reactor operation is attributed to the excess amount of
sulfate in relation to CO amount in the reactor, i.e., a low CO to sulfate ratio resulted in the
poor performance of the bioreactor system. At 1000 mg/L influent sulfate concentration and
48 h HRT, the sulfate reduction efficiency gradually increased with an increase in the CO
flow rate and the value was ~ 77 % for GLR, whereas for MBBR it was 74.5%. The sulfate
removal efficiency further increased to 86.2 % and 81.7 % for GLR and MBBR, respectively,
with an increase in inlet CO concentration to 29 mmol/L.

Fig. 7.9 shows the value of inlet and outlet CO concentration along with CO conversion
efficiency during the continuous experiments using MBBR and GLR. The inlet CO
concentrations was the same during the first two phases of the study but some variation in the
CO utilization and outlet CO concentration could be seen from the figure. However,
variations in the CO utilization were minimum and ranged between 80 and 95 % with both
the bioreactors, which indicates a superior capability of the anaerobic biomass to utilize CO
at a low inlet concentration. During the later phase (Phase I11) of the reactor operation, an
increase in the inlet CO concentration upto 29 mmol/L slightly lowered the CO utilization
from 75 % and 71 % for GLR and MBBR, respectively. This could be attributed to the

reduced CO gas residence time in the reactor with increase in the inlet CO flow rate.
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However, H, produced from CO, even at a high inlet CO concentration was sufficient for
sulfate removal from the inlet stream (Fig. 7.8). Thus, it could be concluded that among the
different process parameters - HRT, inlet sulfate and CO concentrations, the effect due to
inlet CO concentrations in the bioreactor system was highly significant on continuous CO
utilization by the anaerobic biomass.

The results of CO conversion and sulfate reduction obtained in this study are in agreement
with those reported in the literature (Sipma et al., 2007; van Houten et al., 2009; van Houten
et al, 1996). For example, Sipma et al. (2007) reported a stable sulfate reduction of
17 mmol/L/d using a CO fed gas lift bioreactor operated at an elevated temperature of 50-55
°C. The authors found that lowering the HRT reduced the chance of H, utilization for
methane production. Contrary to this literature report, a low HRT of 24 h is found to be
detrimental to sulfate reduction in this study, which could be due to a low rate of H;
formation under mesophillic condition. Hence, a slightly high HRT required for sulfate
reduction with CO as the substrate when using mesophillic microorganisms in continuously
operated bioreactor.

Hao et al. (2014) reviewed the utility of pure Hy, CO derived H,, mixture of CO/H, for
continuous sulfate reduction with the main advantage that no organic residual is present in the
reactor effluent. On the other hand, major disadvantages with these substrates are CO toxicity
and poor mass transfer of both CO and H,. However, these drawbacks were not seen in the
present study, as the bioreactor was mostly operated at a low CO flow rate that is well below
its inhibitory limits. Also, it is reported in the literature that granular biomass and layered
biofilm structures are highly resistant towards toxic substrates as different classes of bacteria
could proliferate at different layers inside the biomass structure. Hence, it could be well said

that the bioreactor systems with anaerobic biomass used in the study were highly efficient in
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treating sulfate rich wastewater via in situ produced H, from CO under continuous loading

condition.
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Fig. 7.9 Time profile of CO conversion in the continuously operated (a) GLR and (b) MBBR.
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Fig. 7.10 depicts the soluble sulfide and VFA concentrations during the different phases of
the bioreactor operation. The VFA concentration was initially around 2.5-5.0 mg/L probably
due to incomplete conversion of CO. However, in case of GLR, VFA production increased to
~10 mg/L at a the later time period of the Phase | of reactor operation. Further increase in the
influent sulfate concentration during Phase Il operation lowered the VFA production to
around 5.0-6.0 mg/L. In case of MBBR, the VFA concentration was low (< 5 mg/L) during
the initial two phases probably due to a high biomass activity; only during the last phase
when substrate (CO) concentration was in excess the amount reached nearly 20 mg/L.
Similarly, in case of GLR, when the CO flow rate was increased during Phase I1I, VFA
concentration increased to almost 19.3 mg/L. This is mainly due to the high amount of H, and
CO;, produced in this phase; high VFA production often occurs due to homoacetogenic
bacteria present in the anaerobic biomass. However, compared with other literature reports
the overall VFA concentration was quite low in this study.

A low VFA concentration profile during the continuous bioreactor operation is also attributed
to the high inlet sulfate concentration in the reactor to the available CO as it is known that
sulfate reduction at a high sulfate concentration requires additional carbon source such as
VFA other than the in situ produced H, from CO (Ozuolmez et al., 2015; Sanchez-Andrea et
al., 2014).

Soluble sulfide concentration profile shown in Fig. 7.10 correlated well with the inlet sulfate
concentration and sulfate reduction efficiency. Low effluent soluble sulfide concentrations of
28, 42.5, 51.3 mg/L were observed during Phases I, Il and Il1, respectively in case of GLR.
The soluble sulfide values were 22, 33.5 and 42 mg/L for MBBR during three different
phases for reactor operation. These results strongly suggest that the sulfate was mostly
converted to gaseous sulfide (e.g H,S) that escaped along with the exit gas stream from the

bioreactor systems.
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Fig. 7.10 Continuous profile of dissolved sulfide and VFA production during the different

phases of reactor operation using (a) GLR and (b) MBBR.
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Fig. 7.11 shows the performance of the continuously operated bioreactor systems in terms of
sulfate removal rate with respect to different sulfate loading rates. The line passing through
the origin of the figure indicates a stable performance of the system at different input
conditions. It can be seen from the figure that at low sulfate loading rates of 3.42, 5.21 and
10.42 mg/L/h, sulfate removal rates were stable for both the reactors. However, at a loading
rate above 10.42 mg/L/h, sulfate removal rate values were offset from the line passing
through the origin indicating that sulfate loading rates beyond this point are inhibitory to the
reactor performance. Therefore, in order to achieve satisfactory performance, it is desirable to
operate the bioreactor at less than 10.42 mg/L/h sulfate loading rate. Sipma et al. (2007)
achieved sulfate reduction rate as high as 17 mmol/L/d in a CO fed gas lift rector with
thermophilic biomass and at a 3 h HRT. These results indicate that very high sulfate removal

rate could be achieved with CO using the GLR system with the anaerobic biomass.
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Fig. 7.11 Sulfate reduction rate as function of inlet sulfate loading rate in the bioreactors.
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7.4 Significant findings

Continuous CO bioconversion was studied using two different bioreactor systems: a GLR
with suspended anaerobic biomass and a MBBR with both attached and suspended anaerobic
biomass. Both the reactors showed stable performance in terms of hydrogenogenic CO
conversion for different inlet CO concentration. However, GLR was slightly better in terms
of H, production and CO utilization, particularly at high inlet CO concentrations. With
increase in the inlet CO concentration the H, production increased for both the reactors,

however, the CO conversion efficiency reduced.

Similar to the hydrogenogenic CO conversion 48 h HRT yielded the maximum sulfate
removal efficiency with both GLR and MBBR. Best results in term of sulphate reduction
were however obtained at low inlet sulfate concentration and high CO loading conditions
with both the bioreactor systems. The GLR performance was from the MBBR for both sulfate
reduction and CO utilization; however, due to high biomass retention, MBBR performance
was more stable than that of GLR, which contained only the suspended biomass. Overall,
this study demonstrated scale up potential of the MBBR system for continuous CO

bioconversion, which has not been reported so far in the literature.

168
TH-2241_136106020



Chapter 8

Summary and conclusions
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Syngas, contains a rich amount of CO and it is an excellent feed stock for producing a wide
range of useful chemicals such as ethanol, methanol, hydrogen, acetate, acetone, diesel, etc.
The conventional methods for CO conversion to useful products rely on thermochemical-
catalytic processes. But, disadvantages such as very high operating cost, limited choice of
metallic catalyst, perishable nature of the catalyst, high energy requirement, etc. have led to
the search for alternative, sustainable and green methods such as biological conversion.
Carboxydotrophic bacteria and archia are not only able to grow on CO but can also convert
CO into biohydrogen and other commercially important compounds such as ethanol, butanol,
acetic acid methane, etc. However, application of CO bioconversion to hydrogen and its
application in reductive processes, e.g. biological sulfate reduction, is less known. Sulfate
rich wastewater generated by various industries needs to be treated prior to its discharge into
environment owing to its serious environmental health effects. Biological sulfate reduction by
sulfate reducing bacteria requires an efficient and cheap carbon source and electron donor. In
this context, CO or CO rich syngas could be very useful from the perspective of wastewater
treatment and recovery of resources. Hence, this study is focused on biological CO

conversion to H, and environmental applications.

Initially, the inherent capability of anaerobic biomass from five different sources to utilize
CO as the sole carbon source was examined. These different anaerobic biomass were
screened for their ability to utilize CO at pH 7 and temperature 30°C. The results revealed
that among the five different sources three anaerobic granular sludge biomass form large
scale UASB plant treating sewage were capable of converting CO to methane and carbon
dioxide as the main products along with small amount of hydrogen. Addition of 2-
bromoethanosulfonate in the media completely inhibited hydrogenotrophic methanogenesis
activity of the biomass and resulted in considerable increase in the final H, concentration.

The effect of initial CO concentration, temperature, inoculum size and biomass pretreatment
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on CO conversion and sulfate reduction using anaerobic biomass revealed maximum CO
utilization and sulfate reduction with the raw anaerobic biomass. Metagenomic analysis of
the anaerobic biomass showed that bacteria were present in the anaerobic biomass that
belonged to Methanomicrobia, Clostridia, Acidobacteria, Gammaproteobacter, Bacteroidia
classes; moreover bacteria belonging to Desulfovibrio sp. were present which were
responsible for sulfate reduction using CO. Lack of any known CO relating sequences was
attributed to the presence of large unknown hydrogenogenic CO-utilizing mesophilic
bacteria, as specified by the high percentage of unclassified sequences in the anaerobic

biomass.

Detailed kinetics of CO conversion by anaerobic biomass at different initial CO
concentrations revealed an efficient utilization of CO as the sole substrate for biohydrogen
production. However, the CO utilization reduced, whereas, H, production increased with
increase in initial CO concentration. Both the CO utilization and H; production were best
described by using the modified Gompertz kinetic model. The specific CO utilization rate and
specific biomass growth rate profiles were well fitted to different substrate inhibition kinetic
models and the best fit was obtained using Edward and Aiba model, respectively, these two
parameters. The results revealed that increase in initial CO concentration above 3.1 mmol/L
of CO is inhibitory to both specific CO utilization and specific biomass growth. The
biokinetic parameters from these models showed that CO as a substrate did not strongly
promote the growth of the anaerobic biomass, but it leads to formation of intermediate
products, such as H,. From, the results obtained in this study it was further confirmed that a
high H, concentration value is inhibitory to H, production and biomass growth, and the
inhibition Kkinetics due to H, was best described using the modified Han-Levenspiel model.
Based on these kinetic studies, it was suggested that H, production in a CO fed bioreactor

should be carefully monitored so as to recover the product as soon as it is produced in the
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system. Moreover, the H, production could be coupled with an immediate H; utilization step,
such as sulfate reduction using CO as the sole carbon source, in order to avoid H;

accumulation in the system.

Simultaneous heavy metal removal and sulfate reduction with CO as the sole carbon and
energy source was achieved using the anaerobic biomass. The heavy metal removal
efficiency values closely followed the solubility product values of the individual metal
sulfides. The metal removal mechanism was confirmed to be due to formation of insoluble
metal sulfide precipitates using different instrumental techniques such as FTIR, FESEM-
EDX and FETEM. However, the presence of heavy metal was found to both CO utilization
and sulfate reduction by anaerobic biomass. Among the different metals tested Pb showed a
maximum negative impact due to its well known toxicity towards microorganisms including

SRBs present in anaerobic biomass.

The effect of iron nanoparticle (GT-INP) synthesized using green tea extract on CO solubility
and hydrogenogenic CO conversion was further studied. Characterization of the GT-INP
revealed spherical or semi spherical shaped aggregated nanoparticle with a size in the range
between 50-90 nm. By FTIR analysis, presence of active compounds such as amide,
hydroxyl, flavonoids, alkaloids and polyphenols, etc. from green tea extract over GT-INP was
confirmed. The enhancement in CO aqueous solubility due to addition of GT-INP was mainly
due to ‘grazing effect’ by which small-sized particle enhanced gas-liquid mass transfer by
repetitive adsorption and desorption of gas bubbles on the particles. Compared with previous
studies reported in the literature on using nanoparticles for CO-water mass transfer
enhancement, this study demonstrated for the first time the utility of biologically synthesized
nanoparticle for enhancing aqueous solubility of CO. Biohydrogen production and sulphate

reduction profile with nanoparticle addition were found to be higher when compared with the
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results obtained without nanoparticle addition in the media. The mechanism of action was
attributed to an improved bioavailability of CO to the anaerobic biomass.

Finally, in order to examine the scale up potential of the CO bioconversion process two
bioreactor systems, namely an internal loop GLR and a MBBR, were used. The results
showed that the H; production gradually increased with an increase in the inlet CO
concentration for both the bioreactor systems. However, The CO utilization profile reduced
due to low CO residence time at a high inlet CO concentration. Production of volatile fatty
acids, mainly acetate, was also observed in the bioreactor systems; however, the VFA
concentration in the effluent was low and it did not affect the biohydrogen production from

CO.

Using the two bioreactor systems, best results in terms of sulfate reduction using CO as the
sole carbon source were obtained for low inlet sulfate, high CO loading conditions and a
minimum HRT of 48 h. The CO utilization was mostly unaffected during the continuous
bioreactor operation, but at a high inlet CO concentration the CO utilization was slightly low.
It was observed that the sulfide produced due to sulfate reduction in the bioreactor systems
was in gaseous form, which, therefore, needs to be removed from the exit gas stream before
releasing it into the environment. Compared to MBBR the GLR performance was better at
high loading conditions; however, the MBBR showed more stable performance over the
different operating conditions, indicating its application for large scale CO bioconversion.
Overall, this study demonstrated the excellent potential of the indigenous mesophilic
anaerobic biomass for not only CO conversion to H, but also for environmental applications

such as sulfate reduction and heavy metal removal from wastewater.

The industrial scale application of such CO utilizing organisms for biological sulfate
reduction has not been demonstrated yet, and therefore, it could be adopted by industries such

as coal, thermal power stations and oil-natural gas reforming industries for treating sulfate
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containing waste streams by utilizing CO-rich synthesis gas or other waste gases as
wastewater from these industries are generally low in chemical oxygen demand and require
the addition of organic matter or carbon source for effective sulfate removal, synthesis gas
produced by these industries can, therefore, serve as an inexpensive substitute to other carbon
source for biological sulfate reduction. Moreover, the operational costs involved could be
greatly reduced in case of on-site production of synthesis gas from coal, thus minimizing the
transportation costs involved. Fig. 8.1 shows a proposed scheme of process outline for

biological sulfate reduction using CO in such industries.

Heat
=
= e
Industry = s
(Coal, petro- é co . g Treated
» chemical) . = o reate
2 W natural gas s f’-‘% ‘ water
Y
2
=
\—T'A
= sulfate rich
wastewater <
Biosolids
Solid waste
4

Fig. 8.1 Schematic showing a proposed process outline for biological sulfate reduction using

CO.

In addition to the above, following are some more suggestions for future work based on this
thesis:
1) Genetic engineering or metabolic engineering of the CO utilizing anaerobic biomass

for enhancing the biohydrogen production
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2) Scaled up of the MBBR system to treat sulfate rich wastewater using CO rich syngas
as the substrate

3) Long-term reactor performance prediction using machine learning techniques such as
artificial neural networks

4) Techno-economic feasibility of the CO bioconversion to H, and its environmental

applications
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