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ABSTRACT 

Continuous increase in the environmental concentration green house gases (GHG’s) chiefly 

CO2(g) from anthropogenic sources results in global warming and climate change. Currently, 

CO2 concentration in Earth's atmosphere has reached to 405 ppm. The world community has 

taken different steps such as carbon capture and sequestration (CCS), carbon capture and 

utilization (CCU), development of processes having zero carbon discharge, etc. to reduce the 

emissions of CO2 into the Earth atmosphere. Out of these, CCU via biological route employing 

photoautotrophs is found to be the attractive solution and has got immense attention in the past 

decade. Most of the studies are dedicated for the development of CO2 bio-mitigation system and 

production of valuable metabolites using photoautotrophs. However, the limitations such as low 

tolerance to CO2, low biomass productivity, costly downstream processing, lower rate of CO2 

etc. are associated with photoautotrophs and has lead researchers to search for other biological 

alternatives. Thus, the focus was shifted towards chemoautotrophic microorganisms. These 

microorganism by virtue of their faster growth rate, use inorganic salt as energy source, 

adaptability under harsh conditions, capability to produce valuable metabolites, are able to utilize 

CO2 and has high CO2 tolerance capability to replace photoautotrophs for the development of 

sustainable and efficient CO2 bio-mitigation system. The necessity of future prespective of CCU 

via biological route explored in the present work. 

Bacterium B. cereus, mixed microbial population, E. cloacae, P. putida obtained from 

sewage treatment plant (STP) and P. aeruginosa and H. stevensii obtained from Sambhar salt 

lake (SSL) were subjected to carry out extensive batch CO2(g) bio-mitigation studies at different 

concentrations of Fe[II] or S2O3
2-

 as an energy substrate. Among all microbial cultures used in 

the present study, H. stevensii has shown maximum CO2(g) removal efficiency [ƞCO2(g)], 

biomass productivity per day (P, g L
-1

 d
-1

), biomass produced (XMax, g L
-1

), CO2(g) utilization 

per day (RCO2, gCO2 L
-1

 d
-1

) as 98.4%,  0.174 (±0.016), 1.05 (±0.07) and 0.215 (±0.02), 

respectively at 100 mM S2O3
2-

 concentration.  

Leachate (biomass & supernatant) obtained from CO2 bio-mitigation batch studies were 

analyzed using Fourier-Transform Infrared Spectroscopy (FT-IR) and Gas Chromatography - 

Mass Spectroscopy (GC-MS). The obtained results revealed the presence of fatty acids, 

hydrocarbons for STP cultures and fatty alcohols for SSL cultures in extractable amount. The 

elemental carbon balance and thermodynamic analysis of the CO2 bio-mitigation batch studies 
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w.r.t electron acceptor/donor component were carried out to estimate the actual CO2 removal 

efficiency (R.RCO2) and thermodynamic feasibility of the process. 

Based on the CO2(g) utilization capability of H. stevensii additional experiments  were 

performed using H. stevensii for understanding the possible assimilation of CO2(g) into cellular 

biomass and its allocation among different cellular organic pool. The optimum salt 

concentration, pH and temperature for CO2 utilization of H. stevensii were found as 0.5 M, 8 and 

37 
o
C, respectively. The studies have indicated that the fatty alcohols were produced at the 

expense of cellular carbohydrates and protein content and their concentrations increase with 

increase in the concentration of CO2.  

Scale up studies were also carried out in a lab scale bioreactor by continuous supply of 

15% (v/v) CO2(g) concentration for 72 h using H. stevensii. The calculated values of P (g L
-1

d
-1

), 

µ (d
-1

) and RCO2 were found as 1.55 (± 0.035), 0.19 (± 0.034) and 1.94 (± 0.044), respectively for 

semi-continuous studies which were found to be better than the values obtained during batch 

studies. The downstream bio-processing strategy was tested and biomass obtained from filtration 

and direct recovery of metabolites using solvent extraction from wet biomass was found as an 

efficient and cost effective downstream processing strategy. Economic feasibility analysis of the 

developed downstream bio-processing method suggested that it can be utilized for the production 

of dodecanol as compared to the tetradecanol.  

Packed bed column was developed using mixture of coal and matured compost and 

biofilm was developed by inoculating the column with mixed population of B. cereus, E. 

cloacae, P. putida, P. aeruginosa and H. stevensii for the total duration of 7 days. The column 

was operated for 77 days at three different inlet CO2 concentrations of 5, 10 and 15 % (v/v).  The 

maximum steady CO2(g) removal efficiency was observed as 100% (v/v) at inlet CO2(g) 

concentration of 5, 10 and 15% (v/v). The obtained results of sudden change in inlet CO2(g) 

concentration indicated that biofilm developed in the bioreactor was quite stable. 

 

Keywords: Approximate material balance; Biodiesel; CO2 bio-mitigation; Downstream bio-

processing strategy; Energy substrate; Fatty acids; Fatty alcohol; FT-IR; GC-MS; Halomonas 

stevensii; Mixed microbial population; Process economics; packed bed bioreactor; Scale-up 

studies SSL; STP; Thermodynamic assessment. 
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MCin,CO2(g) Mass of CO2(g) present in the head space of flask g 

MCin,CO2(l)  CO2 present in dissolved form in the liquid media  g 

MCO2 Molecular weight of CO2 g mole
-1

 

PT Total production cost Rs. 

PR    Cost of raw material as coconut oil Rs. 

PMax Biomass productivity g L
-1

 d
-1

 

R Experimentally obtained product recovery % 

R.RCO2 Actual CO2 removal efficiency % w/w 

R
2
 Co-relation factor  

RCO2 CO2(g) fixation rate gCO2 L
-1

 d
-1

 

W(Fatty alcohol obtained)  Weight of Fatty alcohol obtained mg 

WBiomass Weight of Biomass taken mg 

WFAME  Weight of FAME obtained mg 

XMax Maximum biomass obtained in terms of dry weight g L
-1

 

Y Factor correcting for the differences in the solvent recovery 

costs 

 

yin  Initial concentration of CO2(g) atm 

yCO2, final  Initial (t = 0) head space CO2 concentration,  % v/v 

yCO2, in  Final (t = tx) head space CO2 concentration,  % v/v 

yCO2out Final concentration of CO2,  % v/v 

z   Mass fraction of fatty alcohol in the biomass  

S Salt concentration % w/v 

T Temperature 
o
C 

t Time  

 

Greek Symbols 

 

 

µMax Specific growth rate d
-1

 

ƞCO2 CO2(g) removal efficiency % v/v 
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Chapter 1 

 

Introduction 
 

 

 

A brief background of the origin of problem statement, carbon capture utilization, algal 

and cyanobacteria system limitations, motivation, hypothesis as well as research objectives 

of the present work are presented in this chapter. 
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1.1 Green House gases (GHGs) and their environmental impact 

Energy is indispensable for human well-being and for sustainable economic growth. The 

exploitation of easy-to-transform fossil fuel for human comfort and to meet sustainable energy 

demand result’s to the addition of green house gases (GHGs) into the atmosphere (Kais and 

Sami, 2016). The gases which are categorized as GHGs, include carbon dioxide (CO2), nitrous 

oxide (N2O), methane (CH4), water vapor (H2O), fluorocarbons (CFs) and chlorofluorocarbons 

(CFCs). GHGs have ability to trap the outgoing solar radiation, which results in global rise in 

environmental temperature, a phenomenon known as global warming (IPCC, 2014). The impact 

of increasing GHGs concentration in the Earth’s atmosphere may lead to adverse phenomena 

such as climate change, rising of sea level, melting of glacier, droughts, floods, etc (IPCC, 2014). 

Considering the importance of the issue of global warming and climate change, the international 

community adopted United Nation Framework on Climate Change Convention (UNFCCC) in 

Rio (Brazil) Earth summit in 1992. The frame work was focused on stabilizing the concentration 

of GHGs in the Earth's atmosphere, which was outpaced due to anthropogenic intervention. 

Presently, UNFCCC has 195 countries as members. At 22
nd

 Conference of the Parties (COP22) 

(UNFCCC Marrakech, Morocco, 2016), members were reasserting to limit the increase in global 

temperature below 2 
o
C and were insisting for attempts to limit the rise below 1.5 

o
C 

(Johannsdottir, 2016). Carbon dioxide (CO2) is one of the chief GHGs having lowest global 

warming potential. However, its concentration in the atmosphere is increasing at more alarming 

rate as compared to other GHGs. CO2(g) was comprising 78% of the total GHGs emitted 

globally during the period 1970 to 2015 (IPCC, 2014). 

The accumulation of CO2(g) into the Earth's atmosphere is understood by the existing 

balance between CO2(g) source and sink. The extensive uses of fossil fuels and change of land 
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uses (deforestation, logging and intensive cultivation of crop land soils) are the major 

anthropogenic CO2 sources (Le Quéré et al., 2009). The combined CO2(g) emission due to 

extensive fossil fuels and change of land uses was approximately 9.9±0.9 Pg C/ yr (1 Pg C = 1 

petagram or 10
9
 metric tons of carbon) in the year 2008. The CO2(g) emission due to the uses of 

fossil fuels increased at the rate of 3.4 % yr
-1

 during the period of 2000 to 2008 as compared to 1 

% yr
-1

 from 1990 to 2000 (Le Quéré et al., 2009). Cement industry is one of the important 

contributors of CO2 emission in the atmosphere (Peters et al., 2012). The terrestrial plantation, 

inland water systems and oceans are the largest CO2(g) sink. The green plants assimilate CO2(g) 

as a product of photosynthesis into the plant biomass. The planktons and phytoplankton present 

in different water bodies (including oceans) are capable of assimilating CO2(g) as biomass. 

Various phenomena such as the dissolution of CO2(g) into the oceans, acid base reactions and 

carbonate forming capability of many micro-organisms also act as sink for CO2(g) (Battin  et al., 

2009). Out of 9.1 PgC yr
-1

 of CO2(g) emitted from anthropogenic sources during period of 2000 

to 2006, 4.1 PgC yr
-1 

was accumulated to atmosphere, 2.2 PgC yr
-1

 was sequestered into marine 

ecosystem and 2.8 PgC yr
-1

 mitigated within terrestrial biosphere (Battin  et al., 2009). 

Therefore, the emission of CO2(g) from anthropogenic sources has outpaced the existing balance 

between CO2 source and sink. This resulted in the accumulation of CO2(g) and thus increase in 

CO2(g) concentration in the Earth's atmosphere. 

The higher CO2(g) concentration in the Earth's atmosphere has physical, ecological and 

biological impact (Rosenzweig et al., 2008). Increase of CO2(g) concentration up to the level of 

450 ppmv - 600 ppmv (parts per million volumes) would result in an irreversible dry climate. 

In 21
st
 century, if the CO2(g) concentration reaches upto the value of 600 ppm that would result 

in the rise in the sea level from 0.4 to 1 m (Solomon et al., 2009). The accumulation of CO2(g) 
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into oceans resulted in ocean acidification, which is another mankind induced problem due to 

increased CO2(g) concentration in Earth’s atmosphere. The changing pH of ocean has not only 

adversely affected the climate but has also affected the marine biota to a larger extent (Baumann 

et al., 2012). Currently, CO2(g) in the Earth's atmosphere is at a concentration of 406.42 ppm 

which is 40% higher as compared to pre-industrial level of 285 ppm (www.co2.earth). The 

increasing dependency on fossil fuels to meet energy requirement has forecasted further increase 

in CO2(g) concentration in the Earth's atmosphere.  

Hence, the anthropogenic induction of CO2(g) into the atmosphere resulted in global 

warming, which has further lead to climate change. Therefore, CO2(g) mitigation from 

anthropogenic sources is the prime focus of the present work. 

 

1.2 Existing solution (Carbon Capture and Sequestration) and their limitations 

The escalating level of CO2(g) in the Earth’s atmosphere and its related adverse effects have 

propelled the researchers to look into the options for curbing down the CO2(g) emissions. The 

options include: (1) switching to renewable sources of energy, (2) development of manufacturing 

processes having zero CO2(g) emission and (3) restricting the emission of CO2(g) from 

anthropogenic sources into the atmosphere (Lal, 2008; Shukla et al, 2010). Switching to 

renewable energy sources and development of zero CO2 emission processes are the acute CO2(g) 

controlling options and are still in their developing stage (Lal, 2008). Thus, in the past decades, 

option of reducing the anthropogenic CO2(g) emission into the environment was practiced by 

industries in the name of Carbon Capture and Storage (CCS).  

CCS is an "end of the pipe" technique, allowing the utilization of fossil fuels while 

simultaneously restricting the emissions of CO2(g) into the Earth's atmosphere. CCS includes the 
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separation of CO2(g) from point sources (power plant, natural gas production, synthetic fuel 

plants etc.), transportation to the storage site and storage in isolation from the Earth's atmosphere 

(e.g., geological formation, ocean storage) [IPCC, 2014; Mikkelsen et al., 2009; Anderson, 

2003]. Therefore, CCS is a direct sequestration option, avoiding the atmospheric emission of 

CO2(g) altogether. CCS has three distinct strategies, which include: (1) post combustion capture 

system, (2) pre combustion capture system and (3) oxygen fired combustion system 

(MacDowell, 2010). 

The disadvantages associated with these three CCS strategies include: high capital cost, 

energy penalty associated with separation unit, energy penalty of (15%) associated with the 

regeneration of sorbent, high operating cost for connected sorption system, handling of low 

CO2(g) concentration flue gas processing, energy associated with compression of CO2(g) and its 

transportation, extensive equipment requirements, control of generated waste, extra energy 

penalty associated with cryogenic air separation unit and air leakage problems (MacDowell et 

al., 2010; de Visser et al., 2008; Ramdin et al., 2012; Leung et al., 2014; Kumar et al., 2015). 

Looking into the disadvantages, CCS still has to overcome associated technical and 

economic barriers to become a feasible CO2 mitigation solution. Hence, the CCS strategy for 

CO2 sequestration is still in the development phase and alone it would not be able to control the 

addition of CO2(g) into the Earth’s atmosphere.  

 

1.3 Carbon capture and utilization (CCU) 

In the past decades, despite of considerable research, drawbacks associated with CCS technology 

and its inefficacy in delivering a sustainable economic solution for CO2 mitigation problem led 

researchers to look for the alternative CO2 mitigation technologies. Carbon capture and 



6 

 

utilization (CCU) is one such technology, which involves the conversion of waste CO2(g) into 

valuable molecules such as chemicals, fuels etc., and in process contributing significantly 

towards CO2 mitigation. Thus, CCU provides value addition to the waste CO2(g), rather being 

treated as garbage in CCS. Furthermore, CO2(g) can be considered as low-cost available 

feedstock for the production of different chemicals as long as it is emitted from different 

anthropogenic sources (Cue´ llar-Franca et al., 2015; Mikkelsen et al., 2009). Different means for 

CO2(g) utilization are further categorized into chemical, physical and biological means.  

Chemically, CO2(g) is utilized as a feedstock for the commercial production of compounds such 

as urea, methanol and salicylic acid (Aresta et al., 2004). Different high commercial value 

chemicals that can be produced using CO2(g) as a feedstock are shown in Fig. 1.1 (Sakakura et 

al., 2007). 

The physical means of CO2(g) utilization include application as a coolant and refrigerant, 

use in fire extinguishers, extraction of residual oil and gas for Enhanced Oil Recovery (EOR) and 

Enhanced Gas Recovery (EGR), extraction of natural materials, processing and recycling of 

polymer and rubber products, and the impregnation of wood (Aresta and Dibenedetto, 2007; 

Markewitz, 2012; Leung et al., 2014). 

The conversion of CO2(g) into other compounds via chemical and physical schemes as 

described above required three basic steps: (1) separation, (2) transportation, and (3) utilization. 

The cost associated with CO2(g) separation and its compression up to 110 bar is estimated to be 

$30 - 50 per ton of CO2. The estimated transportation cost was $1 - 3 per ton of CO2(g) per 100 

km  and utilization or conversion cost is $1 - 3 per ton of CO2(g), respectively (Gupta and Fan 

2002; Shi and Shen 2003). CO2 is an inert molecule, due to which its chemical conversion into 
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other compounds requires high input of energy and cost, which makes the mitigation benefits 

marginal (Mikkelsen, 2009).  

Thus, the limitations such as energy penalty, associated separation cost, transportation 

and utilization costs associated with the chemical and physical means of CO2(g) utilization have 

compelled researchers to look out for more sustainable and economical solution for CO2 

mitigation problem. 

On the lines of CCU, biological route for CO2 mitigation has gained much attention in the 

present decade. Biological route ensures the natural assimilation of CO2(g) into biomass at the 

expense of very less energy penalty. Biological utilization of CO2(g) has occurred via natural 

processes known as photoautotrophy and chemolithotrophy (Mikkelsen, 2009). Bio-mitigation of 

CO2 via photoautotrophy route (terrestrial plants, micro-alga and cyanobacteria) has found its 

way back to year 1991 and research continues till today. On the virtue of their faster growth rate 

and higher solar energy utilization efficiency (10 - 50 times of terrestrial plants), microalgae and 

cyanobacteria become the first choice for the development of CO2 bio-mitigation system (Wang 

et al., 2008; Li et al., 2008). Microalgae and cyanobacteria were able to utilize CO2(g) released 

from anthropogenic sources and assimilate it further into biomass and valuable bio-molecules 

having high commercial values such as lipids, pigments, cosmetics, pharmaceuticals, bio-

polymers, coenzymes, etc. Thus bio-mitigation of CO2 has satisfactorily fulfilled the CCU 

requirements (Yen et al., 2013; Skjånes et al., 2013).  

Therefore, in the past decades, CO2 bio-mitigation employing photoautotrophic micro-

organisms has gained an immense attraction as a feasible solution. Immense work has been 

carried out using different microalgal and cyanobacterial strains to check their ability to bio-

mitigate CO2(g) from various sources (Table 1.1). Various micro-algal and cyanobacterial strains 
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were isolated, identified and characterized from habitat ranging from natural to man-made. 

Extensive batch studies have been carried out using isolated microalgal and cyanobacterial 

strains to optimize their cultivation conditions such as CO2(g) tolerance, nutritional 

requirements, light intensity/photo-inhibition, temperature, pH, light to dark cycle, photo-

quantum efficiency, tolerance to SOx and NOx etc (Wang et al., 2008; Li et al., 2008). Biological 

parameters such as maximum biomass productivity (XMax), specific growth rate (µMax), CO2 

fixation rate (RCO2) were estimated using either different growth kinetic models or developed 

mathematical correlation by fitting the biomass growth data (Kumar et al., 2011; Ho et al., 2011). 

The biomass obtained from CO2(g) fixation batch studies was further utilized for the 

characterization of metabolites using different analytical techniques (FT-IR, GC-MS, etc). 

Quantification of metabolites was carried out in terms of yield, which is defined as amount of 

product recovered per gram of biomass (Li et al., 2008; Ho et al., 2011; Kumar et al., 2011).  

The results obtained from batch studies were utilized for the development of different 

types of laboratory scale cultivation systems. The cultivation systems were broadly classified 

into two categories (1) open pond system and (2) closed system. On the basis of their specific 

design and gas sparging strategy, closed systems were further classified as (1) Tubular, (2) Flat-

plate, (3) Air-lift and (4) Bubble column (Chisti, 2007). The lab scale cultivation system would 

be further scaled-up to pilot plant scale (Ho et al., 2011).  

Some of the studies have highlighted not only the CO2 mitigation problem but also the 

eutrophication problem. Recently, bio-refinery approach works on the integration and utilization 

of flue gas as carbon source, waste water from industrial effluent plant as growth medium and 

extraction of bio-molecules (Cuellar-Bermudeza et al., 2015). The recent literature related to 
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CO2 bio-mitigation experimental studies employing photoautotrophs (microalgae/cyanobacteria) 

are summerized in Table 1.1. 

Thus, the development of CO2 bio-mitigation system utilizing photoautotrophic 

microorganisms was studied extensively by scientific community. The major hurdles faced in the 

implementation of CO2 bio-mitigation system using photoautotrophs at real time industrial 

scenario include: (1) growth inhibition at high CO2(g) concentration [> 8% CO2 (% v/v)], (2) low 

CO2(g) utilization, (3)  tolerance to NOx & SOx presence in flue gas, (4) photoinhibition, (5) 

decrease in valuable metabolite content at high CO2(g) concentration, (6) high capital and 

operating costs of cultivation system, (7) contamination risk in open cultivation system, (8) 

heavy metal ion tolerance, (9) difficulties in scale up of bioreactor system and (10) higher 

downstream processing cost. Hence, the work is still in its development phase to become reality 

in the near future. Most of the studies were limited to the use of photoautotrophs for CO2 

mitigation. These studies were mainly focused on answering the question: "how to make CO2 

bio-mitigation system more realistic, sustainable and economic?". However, along with the bio-

mitigation convention, the limitations associated with photoautotrophs can be overcome by the 

use of chemolihtotrophic organisms. 

  

1.4 Motivation 

Energy required for the conversion of CO2(g) into the cellular organic carbon can be obtained 

either from light or inorganic compounds depending on the type of organisms (Berg, 2011). 

Chemoautotrophic fixation of CO2(g) is represented by catalyzing thermodynamically favored 

but kinetically inhibited oxidation-reduction or electron donor-acceptor scheme of dissolved 

inorganic compounds. The compounds such as H2, Fe [II], H2S, S2O3
2-

, S4O6
2-

, sulfide mineral, 
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CH4, various mono, di, tri and hydroxy carboxylic acid, alcohols, amino acids, and complex 

organic substrate are major electron donors whereas, O2, Fe[III], CO2, CO, NO3
-
, NO2

-
, NO, 

N2O, SO4
2-

, SO3
2-

, S2O3
2-

 and sulfur are major electron acceptors (Fdz-Polanco et al., 2001). 

Chemolithotrophs harness the required energy from redox reactions for metabolizing the 

inorganic form of carbon [CO2(g)] to accomplish their cellular demand. Hence, in contrast to 

photoautotrophs, if a chemolithotrophic bacterium is able to assimilate CO2(g) at high CO2(g) 

concentration and at room temperatures (less energy penalty), then it would be economically 

viable and an efficient route for bio-mitigation of CO2.  

Few recent studies have investigated the prokaryotes for their ability to capture CO2(g) in 

the absence of light and its simultaneous conversion into valuable products (Alonso-Sáez et al., 

2010; Saini et al. 2011; García et al., 2016). One study has shown the fixation of CO2 by 

Sulfurovum lithotrophicum 42BKT
T
 under high pressure of CO2 + N2 [ (atm) 8:2   : 

22
o

N

o

CO pp ] at 

29 
o
C. The study confirmed the utilization of 37% of total CO2(g) and its fixation into 

metabolites such as glutamate and pyroglutamate (Kwon et al., 2015). The other study has 

reported the fixation of dissolved CO2 into lipids by chemolithotrophic bacterium, Serratia sp. 

ISTD04 and 94% conversion of obtained lipids to fatty acid methyl esters (Bharti et al., 2014). 

Significant advantages such as faster life cycle, rapid growth rate, ability to sustain in 

highly-dense culture and ability to utilize CO2(g) in the absence of light and rapid adaptability to 

the changing environment associated with bacterium make them an attractive choice over 

photoautotrophs (Bharti et al., 2014). Different bacterium strains are known for the production of 

enzymes, metabolites, solutes, exopolysachharides, surfactants, fatty alcohols, hydrocarbons, 

lipids and pigments, which are valuable products (Khan et al., 2014; Ladingya et al., 2006; 

Bharti et al., 2014). Thus, the above mentioned major challenges associated with 
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photoautotrophs may be overcome by chemolithotrophic bacteria. Presently, development of 

CO2 mitigation system using bacteria, in dark, for direct conversion of CO2(g) from point source 

into cellular biomass and recovery of commercial valued molecules is the most untouched area. 

This can be utilized for the development of cost effective and sustainable CO2 bio-mitigation 

system. Therefore, for the development of sustainable CO2 mitigation process, the understanding 

of CO2 bio-mitigation potential of bacteria belonging to different habitat was necessary. Hence, 

there is need to study the CO2(g) utilizing capability of bacteria, isolated from different habitats, 

utilizing reduced inorganic compound as an energy source.  

The mixed microbial population utilization was found to be suitable for long term 

industrial use. However, the utilization of mixed microbial population for CO2 bio-mitigation in 

dark is yet to be investigated. On the line of CCU, to give economic value to the mitigation 

process, the analysis of by-products obtained from CO2 mitigation studies is an exciting area to 

think of and required serious attention. In recent years, no work has been discussed on the 

development of downstream processing strategy for the economic recovery of primary 

metabolites from CO2(g) utilizing bacteria. Further, the development of continuous system for 

bio-mitigation of CO2(g) in the absence of light is not reported. 

 

1.5 Research Objectives 

Thus, the objectives of the present study are: 

1. To isolate and characterize the microbial species obtained from different habitats which are 

capable of utilizing CO2(g). 

2. To carry out CO2 bio-mitigation studies utilizing isolated bacterium and mixed microbial 

population using inorganic energy substrates.  
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3. To identify and characterize the valuable metabolites produced through microbial utilization 

of CO2(g). 

4. To carry out the semi-continuous studies in bioreactor for the product recovery from leachate 

obtained and process economic feasibility analysis. 

5. To develop packed bed bio-reactor studies at laboratory scale and determine its performance 

for the mitigation of CO2(g) by conducting experiments. 
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Fig. 1.1 Chemical conversion of CO2(g) into commodity chemicals 
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Table 1.1: CO2 bio-mitigation studies incorporating different species of microalgae and 

cyanobacteria from 2007 to 2016 

S. No. Microalgae/Cyanobacteria 

Inlet CO2(g) 

concentration  

(% v/v) 

References 

1. 
Scenedesmus obliquus, Chlorella 

Kessleri 
6  & 12 

deMorais and Costa, 

(2007) 

2. Chlorogleopsis sp. (SC2) 5 Ono and Cuello (2007) 

3. Chlorocuccum littorale 5 Ota et al., (2009) 

4. 
Scenedesmus obliquus CNW-N and AS-

6-1 
20 Ho et al., (2010) 

5. 

Dunaliella tertiolecta SAD-13.86, 

Chlorella vulgaris LEB-104, 

Spirulina platensis LEB-52 and 

Botryococcus braunii SAG-30.81. 

5 Sydney et al., (2010) 

6. 
Scenedesmus obliquus SJTU-3 & 

Chlorella pyrenoidosa 

0.03, 5, 10, 20 , 

30 and 50 
Tang et al., (2011) 

7. Anabarna sp. CH1 15 Chiang et al., (2011) 

8. Cyanothece sp. ATCC 51142 0.5 Sinetova et al., (2012) 

9. Synechocystis aquatilis TISTR8612 5 & 10 
Kaiwan-arporn et al., 

(2012) 

10. Mutate Chlorella sp. 15 Cheng et al., (2013) 

11. Scenedesmus obliquus SA1 13(±1) Basu et al., (2013) 

12. Chlorella vulgaris 2 , 6  & 10 Anjos et al., (2013) 

13. Scenedesmus obtusiusculus 10 
Toledo-Cervantes et al., 

(2013) 

14. Ettlia sp. YC001 5 Yoo et al., (2013) 

15. Thermosynechococcus elongates TA-1 10 and 20 Leu et al., (2013) 

16. Chaetoceros muelleri 
0.03, 10, 20, and 

30 
Wang et al., (2014) 

17. Chlamydomonas sp. JSC4 0.04, 2, 4 and 8 Nakanishi et al., (2014) 

18. Chlorella sp. MTF-15 22 - 28 Kao et al., (2014) 

19. Desmodesmus sp. 3Dp86E-1 20 
Solovchenko et al., 

(2015) 

20. Chlorella sp. 5 Yadav et al., (2015) 

21. Rhizoclonium hieroglyphicum JUCHE2 5 - 25 Pradhan et al., (2015) 

22. 

Chlorella vulgaris, Pseudokirchneriella 

subcapitata, Synechocystis salina, 

Microcystis aeruginosa 

10 Gonçalves et al., (2016) 

23. 
Chlorella vulgaris & Guzmania 

membranacea 
5  - 15 

Mohsenpour and 

Willoughby, (2016) 

24. Mutant Chlorella PY-ZU1 15 Cheng et al., (2017 (a)) 

25. Mutant Haematococcus pluvialis 15 Cheng et al., (2017 (b)) 
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1.6 Thesis organization 

The objectives are achieved by initially carrying out the detailed literature review on available 

batch studies for CO2 bio-mitigation, by-products analyzing technique, carbon concentrating 

mechanism in bacteria, different CO2 fixing pathways and thermodynamic feasibility analysis of 

chemoautotrophic growth, which is given in chapter 2. The details on growth media formulation, 

batch studies, by-product analysis techniques, product yield quantification, downstream 

processing strategy and design of bio-filter column are described in chapter 3. The methodology 

followed for estimating the economic analysis of product recovery is reported in chapter 4. The 

results pertaining to CO2 bio-mitigation batch studies using bacteria and mixed microbial 

population, downstream processing strategy and bio-filter column are discussed in chapter 5. 

Chapter 6 deals with the summary of the work and important conclusions drawn from the present 

study. 
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Chapter 2 

 

Literature Review 

 
CO2 bio-mitigation studies employing microalgae and cyanobacteria, micro-algal and 

cyanobacteria CO2 mitigation systems, bacteria CO2 utilization, energetic requirement, 

gaps and scope of present work are described in this chapter. 

 

 

 

 

 

  



17 

 

In the past decades, exhaustive studies have been carried out for the development of sustainable 

phototrophic and chemotrophic CO2 bio-mitigation systems. The previous studies reporting the 

use of photoautotrophs and chemoautotrophs for CO2 bio-mitigation are discussed in following 

sections. 

 

2.1 Phototrophic CO2 bio-mitigation 

Photoautotrophs utilize solar energy to assimilate CO2(g) into cellular biomass at expense of 

very less thermodynamic energy penalty. The kinetics of photosynthetic CO2(g) reduction 

reaction by plants (mainly larger trees) is slow and inefficient. However, the efficiency of 

photosynthesis reaction increases as the plant size decreases. It is found that microalgae are an 

unicellular plant like organism which are 10 times more efficient than terrestrial plants in CO2(g) 

fixation using solar energy (Mikkelsen et al., 2009; Wang et al., 2008; Li et al., 2008). Therefore, 

in the past decades many studies have been reported for the development of photoautotrophic 

based CO2 mitigation system. Several studies have also discussed the production of value-added 

chemicals such as bio-diesel, pigments, food supplements, cosmetics, fine chemicals, etc from 

photoautotrophs. Hence, the uses of photoautotrophic microorganisms for CO2 bio-mitigation 

were based on two major perspectives: (1) CO2 mitigation and (2) conversion into other 

products. Recent studies have highlighted not only the CO2 mitigation problem but also the 

eutrophication problem. The studies related to the above mentioned perspectives are discussed in 

following sub-sections. 
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2.1.1 CO2 mitigation batch studies 

De Morais and Costa (2007) isolated Scenedesmus obliquus and Chlorella kessleri from effluent 

treatment plant of coal fired thermoelectric power plant and their growth characteristics were 

studied under 6%, 12 % and 18% (v/v) of CO2(g) stress. The maximum biomass productivities of 

C. kessleri and S. obliquus were observed as 0.090 (±0.002) g L
-1

 d
-1

 and 0.085 (±0.002) g L
-1

 d
-1

 

at 0.038% and 6% (v/v) CO2 stresses, respectively. C. kessleri and S. obliquus were also found to 

grow well under 18% (v/v) CO2 stress. However, C. kessleri and S. obliquus have shown the 

decrease in biomass productivity with increase in CO2 concentration from 6% (v/v) to 18% (v/v).  

Ono and Cuello (2007) studied the CO2 bio-fixation capabilities of Chlorogleopsis sp. 

(thermophilic microalgae), isolated from Yellowstone National park. Chlorogleopsis sp. was 

found to grow at 5% (v/v) CO2(g) for the luminance value of 200 µmol m
-2 

s
-1

 with maximum 

carbon fixation rate of 20.45 mg(C) L
-1

 d
-1

.  

Seven Scenedesmus obliquus strains from fresh water lake (Taiwan) were isolated by Ho 

et al., (2010) and there CO2 bio-mitigation capabilities were evaluated. The strains have shown 

promising growth under 20% (v/v) CO2(g) concentration in the 12 days of batch study. The 

maximum biomass concentration (XMax) values were obtained in the range of 1.13 - 2.63 g L
-1

. 

Maximum XMax values for S. obliquus strains CNW-N and AS-6-1 were obtained as 2.63 g L
-1

 

and 1.90 g L
-1

, respectively. Thus, S. obliquus strains CNW-N and AS-6-1 were found to be 

suitable candidates for CO2 bio-mitigation process. 

  Growth characteristics of four microalgal species namely Dunaliella tertiolecta SAD-

13.86, Chlorella vulgaris LEB-104, Spirulina platensis LEB-52 and Botryococcus braunii SAG-

30.81 were studied at 5% (v/v) CO2(g) concentration for total 15 days of cultivation period by 

Sydney et al., (2010). CO2 fixation rate (RCO2) was obtained as 496.98 mg L
-1 

d
-1

, 318.61 mg L
-1 
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d
-1

, 272.4 mg L
-1 

d
-1

 and 251.64 mg L
-1 

d
-1

 for B. braunii SAG-30.81, S. platensis LEB-52, D. 

tertiolecta SAD-13.86 and C. vulgaris LEB-104, respectively. 

Tang et al., (2011) studied the effect of CO2(g) concentration on the biomass growth of 

Scenedesmus obliquus SJTU-3 and Chlorella pyrenoidosa SJTU-2 at different CO2 

concentrations [0.03, 5, 10, 20 and 50% (v/v)]. This study suggested that the increasing CO2(g) 

concentration has an inhibitory effect on the microalgal growth. The highest value of biomass 

was obtained at 5 and 10% (v/v) CO2(g) concentrations, which implies that 10% CO2 

concentration was suitable for the microalgal growth.  

The shake flask and photobioreactor experiments using Spirulina platensis microalgal 

species was carried out by Zeng et al., (2012) to investigate the effect of various 

physicochemical parameters such as pH, flow rate and CO2(g) concentration on growth of 

microalgal species. Shake flask studies revealed that the maximum biomass concentration was 

observed at pH value of 9. Utilization of CO2(g) as HCO3
-
 and uptake of nitrate by microalgae to 

produce ammonia (NH3) may be the main reasons to increase in pH values. Low biomass 

productivity was observed at pH values of 10 and 11 were mainly due to the agglomeration of 

microalgal cells as a result of pH or electromotive burst.  

The change in the cellular metabolite composition of Chlorella vulgaris (UTEX 259), 

Chlorella sorokiniana (UTEX 2805), Chlorella minutissima (UTEX 2341) and Chlorella 

variabilis (NC64A) due to CO2(g) induction was studied by Cheng et al., (2014). The obtained 

results have shown that with increase in CO2(g) concentration from ambient supply (330 ppm) to 

2% (v/v), there was a increase in cellular starch composition of C. vulgaris and C. variabilis. 

This accumulation of cellular lipid was found to be more at 2% (v/v) CO2(g) concentration as 

compared to the ambient supply (330 ppm) for C. minutissima and C. vulgaris. The 
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polysaccharide composition of cell wall for all four Chlorella strains revealed the presence of  

higher concentration of uronic acids and lower concentration of neutral sugars at 2% (v/v) 

CO2(g) concentration. 

The investigation of the CO2 mitigation capability of Chlorella pyrenoidosa (FACHB 9) 

was carried out by cultivating it at different CO2(g) concentrations [air, 1, 5, 10, 20 and 100% 

(v/v)] (Fan et al., 2015). The obtained result indicates that increase in CO2(g) concentration has 

an inhibitory effect on the growth of Chlorella pyrenoidosa (FACHB 9). The maximum biomass 

concentration and maximum lipid productivity of Chlorella pyrenoidosa (FACHB 9)  were 

observed as 4.3 g L
-1

 and 107 mg L
-1

 d
-1

 at 5% (v/v) CO2(g) concentration, respectively.  

Gonçalves et al., (2016) performed laboratory scale batch cultivation studies utilizing C. 

vulgaris, Pseudokirchneriella subcapitata, Synechocystis salina and Microcystis aeruginosa 

microagal species to check their CO2(g) fixation ability, nutrient utilization capability and 

biomass productivity. The obtained results indicated that the increasing CO2(g) concentration 

beyond 5% (v/v) has an inhibitory effect on the biomass production. This study also estimated 

that mathematically CO2 concentration of 5.35 (±0.34)% (v/v) was optimum for microalgal 

growth.  

Shene et al., (2016) discussed the biomass productivity of Nannochloropsis oculata 

with/without pH control strategy under varying CO2 concentration. The highest specific growth 

was observed without controlling the pH of growth media. The microbial growth might be 

hindered due to high pH (6.5 - 8), which has limited the nitrate utilization rate under pH control 

strategy. However, during nitrate limiting phase, with pH control strategy (pH = 8.0), specific 

growth rate was found to be the highest. This study concluded that pH not only decides the bio-
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usable CO2 availability (HCO3
-
) but also governs the nitrogen source (NO3

-
) uptake [Shene et al., 

2016]. 

 

2.1.2 Value added products from microalgae 

Microalgae, which is a source of various chemicals having economic values is also a promising 

CO2 bio-mitigation candidate. Downstream processing of the microalgal biomass produces 

pigments, vitamins, proteins, cosmetics, fine chemicals, etc. Biodiesel derived from Microalgae 

has found capability to replace fossil based transportation fuels (Chisti, 2007). The production of 

chemicals from the microalgae biomass depends on the distribution of elemental carbon (C) and 

nitrogen (N) among different cellular metabolites (Geider et al., 2002; Fernandes et al., 2016). In 

nutrient deficient environment, to achieve homeostasis, cell starts producing molecules, which 

required no or very less amount of undersupplied nutrients (Lynn et al., 2000; Hu et al., 2008). 

Hence, if there is an inadequate nitrogen supply, microalgae would try to accumulate 

polysaccharides and fatty acids. On the contrary, the reduction in nitrogen utilization was 

observed in limited carbon supply due to less availability of carbon chain for the synthesis of 

amino acids (Geider et al., 2002; Hu et al., 2008).  

Ota et al. (2009) reported a sharp increase in cellular fatty acid content of Chlorocuccum 

littorale with decrease in CO2(g) concentration after nitrate (NO3
-
) depletion. Maximum fatty 

acid accumulation was obtained as 34% (w/w) in the biomass of C. littorale at 5% (v/v) CO2(g) 

concentration. The study also reported the higher tolerance of CO2 for C. littorale. 

The effect of different nitrogen sources such as ammonium carbonate [(NH4)2CO3], urea 

(CH4N2O), sodium nitrate (NaNO3) and mixture of urea and NaNO3 on biomass generation and 

fatty acid accumulation of S. rubescens was studied by Lin and Lin (2011). Their study utilized 
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different cultivation systems such as photo-bioreactors and outdoor raceway ponds. The 

microalgal fatty acid content was found to be increase during nitrogen limiting phase.  

Ota et al. (2011) found that the lipid accumulation in C. littorale at 5% (v/v) CO2(g) was 

strongly dependent on gas phase oxygen (O2) concentration. The results obtained in this study 

revealed that O2(g) plays an important role in the accumulation of cellular lipids when nitrogen 

concentration was limiting.  

Scenedesmus sp. AMDD was isolated from municipal waste water and its nutrient 

utilization capability was investigated in 2 L chemostat. The complete utilization of nitrogen and 

phosphorus sources from the waste water was observed along with approximate generation of 5.3 

- 6.1 MJ m
-3

 d
-1

 of bio-energy. The study reported the near complete biosorption of iron (Fe), 

zinc (Zn) and cadmium (Cd) from the municipal wastewater using Scenedesmus sp. AMDD 

strain (McGinn et al., 2012). 

Wu et al. (2013) isolated the microalgae Monoraphidium sp. SB2 from Taiwan ponds and 

studied the effect of changing temperature on there cellular lipid accumulation. The experiments 

were carried out by cultivating microalgae Monoraphidium sp. SB2 at different temperature 

values. The obtained results suggested that there was different cellular lipid composition at 

different values of temperature. The optimum temperature for the growth of microalgae was 

found to be in the range of 25 - 35 
o
C.  

The nutrient requirement, light intensity and PBR strategy for the growth of Chlorella 

PY-ZU1, cultivated in flue gas obtained from coal-fired power plants was optimized by Cheng at 

al. (2013a). The obtained results revealed that there was 125% increase in Chlorella PY-ZU1 

biomass production in sequential bioreactor at optimum nutrient molar ratio of N:C (0.69), P:C 

(0.096) and Mg:C (0.03). The biomass growth of Chlorella PY-ZU1 was found to increase with 
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increase in light intensity and maximum biomass growth of strain was observed as 0.95 g L
-1

 d
-1

 

at light intensity of 6000 lux. CO2 fixation efficiency of Chlorella PY-ZU1 was observed as 

85.6% using multi-stage sequential bioreactor. 

Yvon-Durocher et al. (2015) illustrated the temperature dependency of the cellular 

biochemical composition of the microalgae. The increase in temperature resulted in increase in 

N:P and C:P ratio. This has indicated the rise in the formation of N- rich proteins in place of P-

rich ribosomes.  

The effect of temperature on the growth, lipid accumulation and nutrient removal ability 

of Chlorella sp. HQ was studied by Zhang et al. (2016). The obtained results revealed that the 

Chlorella sp. HQ was able to grow up to temperature value of 38 
o
C. The values of maximum 

biomass growth and lipid content of Chlorella sp. HQ were observed as 68.8 (±15.9) mg L
-1

 and 

23.8 mg L
-1

 at temperature value of 18 
o
C, respectively. The optimum temperature range for the 

treatment of wastewater using Chlorella sp. HQ was found to be in the range of 18 - 25 
o
C.  

Yang et al. (2016) found that the Chlorella strains isolated from three distinct natural 

habitats (arctic glacier, desert soil and native soil) have optimum growth at different temperature 

ranges. This study concluded that the cellular biochemical compositions (proteins, carbohydrates 

and lipids) of all Chlorella strains were affected by fluctuating temperature range. 

   

2.1.3 Continuous studies 

The capabilities of microalgae to utilize CO2 as sole carbon source and its conversion into 

valuable chemicals have attracted researchers to investigate the development of suitable 

microalgal cultivation system. (Chisti, 2007; Mata et al., 2010).  
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The systems which are utilized for the cultivation of microalgae include: open system and 

closed system. The open system is the one in which the growth of microalgae was carried out in 

predetermined growth media (Ugwu et al., 2008).  

The growth of microalgae in an open pond for the purpose of CO2 mitigation was 

extensively investigated. Open pond systems are inexpensive, require low energy penalty and 

associated with less capital expenditure. The performance of open pond system depends on the 

factors such as availability of sunlight, light transmission across the depth, temperature, mixing 

and CO2(g) diffusion rate. Many studies have been conducted in an open pond system for CO2 

mitigation in order to investigate the system performance.  

Ketheesan and Nirmalakhandan (2012) adopted an air-lift system to supply CO2(g) in 

raceway pond for the cultivation of microalgae. This study illustrated the advantages of the 

present design over traditional designs of raceway ponds and PBRs in terms of energy penalty 

and CO2 utilization efficiency. Nannochloropsis salina and Scenedesmus sp. were utilized as test 

species from microalgae. The mathmatical model for predicting the biomass growth in airlift 

raceway pond was developed and validated with experimental results. The coefficient of 

correlation (r
2
) value was found in the range of 0.96-0.98 with p<0.001. 

Chiaramonti et al. (2013) reported the energy penalty associated with a raceway pond and 

suggested the ways by which the energy penalties of system can be reduced. This study 

demonstrated the development of new design for 5 m
2
 raceway pond by incorporating the 

changes which include propeller in place of paddle wheel, reduction of the water depth and 

installation of baffle boards at the curve. The application of new design avoided the photo-

inhibition and photo-limitation which resulted in the improved biomass productivity. 
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Li et al. (2014) studied the power requirements of four different paddle wheel 

arrangements in 2.2 m
2 

raceway pond. The obtained results indicate that flat blades were the 

superior arrangement for paddle wheel in terms of energy utilization. The power consumption, 

fluid velocity and paddle wheel efficiency were found to increase with increase in culture depth. 

At similar conditions of water head and rotational speed, the value of power consumption was 

found in the order of blade arrangement as zigzag > flat > forward-curved > backward-curved. 

Pawlowski et al. (2014) investigated the CO2(g) utilization efficiency in raceway ponds at 

controlled pH. The Generalized Predictive Controller (GPC) with actuator deadband was utilized 

in their study for controlling the changing pH value of the growth media in the raceway pond. 

The obtained results revealed that the improved CO2(g) utilization efficiency was achieved by 

controlling the pH through GPC controller. 

Few studies have also reported the installation of devices such as sumps and mixing 

columns in raceway pond for increasing the gas/liquid contact time and the CO2 absorption 

efficiency (de Godos et al., 2014, Mendoza et al., 2013 and Putt et al., 2011).  

Zhang et al. (2015) developed a new design of raceway ponds using flow deflectors and 

wing baffles for reducing the dead zone and improving the flashing light effect. In this study, the 

decrease in pressure loss by 14.58%, increase in average fluid velocity by 26.89% and reduction 

in dead zone by 60.42% were observed for raceway pond installed with flow deflectors and wing 

baffles. In newly developed raceway pond, the Chlorella sp. was utilized as a test species and the 

biomass growth of strain was observed to increase by 30.11%.  

The drawbacks related to open pond system such as low productivity, high risk of 

contamination, low CO2(g) utilization, low cell density, large area requirement and loss of water 
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due to evaporation have led researchers to look for the development of low cost closed 

cultivation systems (Ugwu et al., 2008; Ho et al., 2011).  

Closed systems provide better monitoring and controlling over different physicochemical 

parameters which have considerable effect on the growth of microalgae. The advantages of 

closed system include: higher rate of CO2(g) fixation, lower risk of contamination, controlled 

hydrodynamics, better control over the operating temperature and reduction in water loss. The 

reproducibility of the desired cultivation conditions was easy to achieve in closed systems 

(Fernandes et al., 2015). Closed systems are generally referred as PBRs and various designs of 

PBRs have been reported in previous studies. PBRs can be categorized as (1) tubular, (2) flat 

plate and (3) column. The production of valuable products from microalgae has applications in 

pharmaceutical, cosmetics and food industry which are required to be grown in a contamination 

free environment. Hence, there is a scope to carry out the research for the development of PBRs. 

The criteria for good PBRs employed for CO2 mitigation and biomass production are proficient 

mixing, high CO2/O2(g) mass transfer rate and even distribution of light. The comprehensive 

works reported by earlier studies for enhancing the efficiency of PBRs are discussed in the 

following paragraphs.  

Kumar and Das (2012) have studied the CO2 bio-mitigation potential of Chlorella 

sorokiniana in terms of biomass productivity using airlift and bubble column PBR. The growth 

of C. sorokiniana was found to be better in airlift PBR at inlet CO2(g) load of 5% (v/v). The 

mixing time pattern in airlift PBR was observed constant as compared to random pattern for 

bubble column PBR. 
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  Xue et al. (2013) developed novel PBR to address the issue of flashing light effect by 

placing optical fibers as internal source of light. The higher biomass productivity was reported 

for developed airlift PBR as compared to the PBR without optical fibre as internal light source.  

The design and development of a novel vertical external loop air-lift PBR to overcome 

the problems of longer mixing time and higher power consumption was reported by Pirouzi et al. 

(2014). The suggested design used two spargers, one which was placed at the bottom of 

downcomer and the other one was at the bottom of riser for gas feeding. This design resulted in 

the shorter mixing time and has lowered the overall power consumption.  

Raeesossadati et al., (2014) reviewed the growth response and CO2(g) utilization 

efficiency of photoautotrophic microorganisms cultivated under different CO2(g) concentration. 

The effect of different physicochemical parameters such as temperature, light intensity and PBR 

design on CO2(g) removal efficiency of photoautotrophic microorganisms was discussed. It was 

reported that the membrane PBRs has the higher CO2(g) fixation rate as compared to other 

PBRs. The study concluded that CO2 removal efficiency of photoautotrophic microorganisms 

was strongly affected by the geometry of PBR, input CO2(g) load, light intensity and 

temperature. 

The utilization of thin polyethylene film as a manufacturing material for vertical flat-

panel PBRs was discussed by Cue´ llar-Franca and Azapagic (2015). This modification resulted 

in the lower capital cost and energy requirements. They have presumed that the future of PBRs 

may be dependent on the use of thin polyethylene film as material for the construction of PBRs.  

Yadav et al. (2015) have investigated the capability of Chlorella sp. for mitigating 

CO2(g) from flue gas using bubble column PBRs. The obtained results indicated that Chlorella 

sp. was able to tolerate 5% (v/v) CO2(g) concentration. The use of pure flue gas as CO2(g) inlet 
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feed has shown inhibitory effect on the growth of microalgae. The obtained biomass from 

CO2(g) mitigation study was utilized for identification and characterization of value added by-

products in terms of lipids, proteins, polysaccharides and pigment contents. It was found that 

increase in CO2(g) concentration has decreased the cellular lipid accumulation. However, 

carbohydrate and protein contents were found to increase with increase in CO2(g) concentration.   

Sun et al. (2016a) investigated the use of hollow polymethyl methacrylate (PMMA) tubes 

as secondary light source in flat plate PBR to cultivate Chlorella vulgaris. The proposed design 

of flat plate PBR has shown the even distribution of light for cell growth, which has resulted in 

the significant increase in biomass growth of C. vulgaris by 23.42%. Sun et al. (2016b) improved 

the flat plate PBR design with the use of planar waveguides doped with light scattering nano-

particles. This resulted in homogeneous light distribution and higher biomass production. 

The CO2 bio-fixation efficiency of microalgae Chlorella fusca LEB 111 cultivated using 

flue gas was studied by Duarte et al. (2016). The specific growth rate of Chlorella fusca LEB 

111 was observed as 0.18 (±0.01) d
−1 

at 10% (v/v) CO2(g), 200 ppm SO2 and 200 ppm NO and 

40 ppm ash concentration. The biomass productivity was found to decrease with increase in NO 

(g), SO2 (g) and ash concentration. 

 

2.2 Bacterium CO2 fixation 

The employment of microalgal CO2 bio-mitigation system in the real time industrial application 

is yet to be explored (Cheah et al., 2015). The major hurdles faced in the implementation of CO2 

bio-mitigation system using photoautotroph include: lower tolerance to NOx & SOx, growth 

inhibition at higher CO2 concentration (> 8% CO2(g) (v/v)), lower CO2(g) utilization efficiency, 

photoinhibition, higher capital and operating costs, risk of contamination, and higher 
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downstream processing cost (Cheah et al., 2015; Moreira and Pires, 2016). The above issues may 

be addressed by utilizing bacteria in the absence of light for CO2 fixation (Chemoautotrophy). 

Recently, the prokaryotic CO2 fixation in the absence of light (chemosynthesis) has started 

gaining attention (Bharti et al., 2014). The chemosynthetic microorganisms due to their faster 

growth rate and ability to resist higher CO2(g) concentration may prove to be a prominent 

alternative to microalgae (Bharti et al., 2014; VenkataMohan et al., 2016).  

Three major steps involved in the CO2(g) utilization mechanism of bacterium in the 

absence of light are: (1) the anabolism of CO2(g) by utilizing the generated energy (carbon fixing 

pathways), (2) accumulation of CO2(g) into the bacterium cellular micro-compartments 

(carboxysome) known as carbon concentrating mechanism (CCM) and (3) catabolism of 

inorganic compounds to generate energy. The studies reporting the uses of above three 

mechanisms for CO2(g) fixation are discussed in following sub-sections. 

 

2.2.1 Carbon concentrating mechanism (CCM) 

CCM deals with the direct transport of CO2(g) across the cell of the microorganisms (Alonso-

Sa´ez et al., 2010). CO2(g) was dissolved in aqueous phase and part of it existed as CO2(aq) or 

free CO2. The other part gets reacted with water to form carbonic acid (H2CO3). H2CO3 is a weak 

acid and its dissociation scheme is represented by pH dependent equilibrium and is given by Eq. 

2.1 with apparent pKa [HCO3
-
/ CO2] = 6.3 (Prabhu et al., 2011). 

CO2 + H2O  H2CO3  H
+
 + HCO3

-
  2H

+
 + CO3

2-
     (2.1) 

This bicarbonate ion (HCO3
-
) was utilized by micro-organisms as carbon source (Alonso-

Sa´ez et al., 2010). The concentration of HCO3
-
 in aqueous phase depends on the solubility of 

CO2(g) in the aqueous phase, which in turn relied on the factors such as temperature, pH and 
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pressure (Lower, 1999). The bacterial cell accumulates the HCO3
-
 in the cellular cytosolic pool. 

HCO3
-
 is a charged molecule and hence, was unable to diffuse out through the phospholipid layer 

of plasma membrane. This accumulation of HCO3
-
 ion into the cell was facilitated by the 

carboxylating enzyme carbonic anhydrase (CA), present in polyhedral protein micro-

compartments (Cannon et al., 2010). The micro-compartment carboxysome was found to be 

present in all cyanobacteria and non-photosynthetic bacteria (Smith and Ferry, 2000; Cannon et 

al., 2010). CA catalyzes the reversible conversion of cytosolic HCO3
-
 into CO2(g) within the 

carboxysome and hence has locally increased the concentration of CO2(g) much above that was 

required for the efficient working of CO2 fixing enzyme (Prabhu et al., 2011). However, the very 

rapid conversion of HCO3
-
 into CO2(g) and vice-versa (Eq. 2.2) is required as high CO2(g) 

concentration within the cell may damage the cell and higher intracellular HCO3
-
 concentration 

may disturb the intracellular pH stability (Supuran, 2016).  

  HHCOOHCO CA       322         (2.2) 

Therefore, the carbon concentrating mechanism (CCM) or carbon assimilation into the 

cell was facilitated by the enzyme CA. Presently, six different classes of CA enzyme are reported 

and are classified as α, β, γ, δ, ζ and η (Supuran, 2016). The α, β, γ classes of CA were found to 

be present in all prokaryotes while δ, ζ were present in marine diatoms and η was found only in 

protozoa. Thus, CA was ubiquitous in nature and found in diverse groups of eukaryotes as well 

as prokaryotes (Supuran, 2016). Apart from catalyzing the conversion of CO2(g) and HCO3
-
, the 

other functions of CA include pH homeostasis, diffusion of CO2(g) within the cell and ion 

transport across the cell (Supuran, 2016).  

Thus, in order to fulfill the cellular demand of carbon via CCM, prokaryotes are able to 

accumulate inorganic carbon [CO2(g)] in the form of bicarbonate (HCO3
-
) into the cell and thus 
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fixing atmospheric CO2(g) in the process. Prior to 1963, it was believed that the green plants and 

some bacterial and cyanobacterial species are capable of fixing CO2(g) via autotrophy. However, 

few studies have demonstrated CO2(g) utilization capability of heterotrophic micro-organisms 

via CCMs. 

Sharma et al. (2008) screened the various groups of bacteria on the basis of their 

intracellular CA activity. The obtained results revealed that the different isolated strains related 

to the group Enterobacter have significant intracellular CA activity. This study suggested that 

the E. taylorae can be utilized for the development of an effective CO2 mitigation bioreactor 

system.  

Eminoglu et al. (2015) isolated Enterobacter sp. B13 from a riverside near to Trabzon, 

Sürmene, Turkey and purified a new enzyme B13-CA. The purified enzyme was found to belong 

to β-class CA and significant catalytic activity of the enzyme was observed for hydration of 

CO2(g) to HCO3
-
 and H

+
. The obtained results demonstrated the capability of strain for 

assimilating CO2(g) as HCO3
-
 ion within the cell.  

The chemoautotrophic growth ability of bacterium belongs to group Pseudomonas was 

also known to the researchers for long time. Ilialetdinov and Abdrashitova (1981) isolated the P. 

arsenitoxidans from the water of a gold-arsenic deposit and the ability of strain to grow 

chemoautotrophically was studied. In this study, the strain was found to utilize arsenite as 

electron donor and O2 as electron acceptor and assimilate 41.2 - 41.7% carbonate as carbon 

source. Thus, this study confirmed the autotrophic growth of P. arsenitoxidans. 

Lotlikar et al. (2013) reported the presence of three functionally active β-classes CAs in 

P. aeruginosa PAO1, which helped in the survival of the bacterium under environments of 

fluctuating CO2(g) concentration.  
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Aggarwal et al. (2015) investigated the adaptability of P. aeruginosa PAO1 in the 

changing environment of CO2(g) [0.03 - 5% (v/v)]. The proteins PAO102, PA2053 and PA4676 

were purified and were found to belong to the β-class CA. The catalytic activity of the enzymes 

was observed at pH value of 7.5 and 8.3 and was found to be significant. The adaptation of the 

strain to the CO2(g) was studied by growing the strain in the ambient environment and in the 

environment of 5% (v/v) concentration. The obtained results revealed that in the environment of 

different CO2(g) concentration, enzyme POA1 (β-class CA) was responsible for the growth of 

the P. aeruginosa PAO1. 

The cultures from arctic sea water were obtained by Alonso-Sa´ez et al. (2010) and were 

investigated for the possibility of chemotrophic and heterotrophic assimilation of HCO3
-
 in 

absence of light. The obtained results indicated that mostly heterotroph belongs to the genera β 

and γ-proteobacteria which are responsible for the cellular assimilation of HCO3
-
.  

Prabhu et al. (2011) partially purified the enzyme CA from microorganisms 

(heterotrophs) such as Bacillus pumilus, Pseudomonas fragi, and Micrococcus lylae. The 

microorganisms were isolated from river Ganges and soil present around CaCO3 kiln. The 

obtained results indicate that the significant CA enzyme activity was present in all three isolates. 

The CA enzyme activity was found to be highest for B. pumilus and lowest for M. lylae. The 

ability of CA enzyme to convert CO2(g) into carbonate was investigated and better CO2 

sequestration capacity was found as compared to the CO2 sequestration capacity of pure CA 

purchased (Sigma-Aldrich Co., St. Louis, USA). This study has further strengthened the CO2(g) 

utilization capability of Bacillus pumilus, Pseudomonas fragi, and Micrococcus lylae. 

Serratia sp. ISTD04 was isolated from the marble rock and its CO2 bio-mitigation 

capability and biodiesel production was investigated. The obtained results indicate that the 
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Serratia sp. ISTD04 was able to assimilate HCO3
-
 ion into cellular biomass using enzyme CA. 

Furhther, assimilated HCO3
-
 was metabolized into different cellular component using enzyme 

ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO). The production of 0.487 and 

0.647 mg of hydrocarbons (C13 - C24) and lipids (C15 - C20) per mg of biomass was also reported 

in the study. The obtained lipids were converted into the fatty acid methyl ester via 

transestrification. The obtained biodiesel has relevant components and their composition can be 

directly utilized as fuel (Bharti et al., 2014). 

Sundaram and Thakur (2015) isolated the chemolithotrophic bacterium, Bacillus sp. 

ISTS2 from marble mining rocks and evaluated its potential to produce biosurfactant using 

different carbon sources such as 5% (v/v) CO2(g), 100 mM NaHCO3 and 2% (v/v) hexadecane. 

The obtained results revealed that the strain was able to assimilate and metabolize CO2 using 

enzymes CA and ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) and can be 

utilized for the development of CO2 bio-mitigation system. 

The CO2 bio-mitigation potential of deep sea sulfur oxidizing bacterium Sulfurovum 

lithotrophicum 42BKT
T
, at higher partial pressure of CO2(g) was studied by Kwon et al. (2015). 

The strain was able to assimilate approximately 0.42 g CO2 g
-1

 h
-1

 at 2 atm CO2 partial pressure. 

The assimilated cellular CO2(g) was majorly fixed (~37 %) into the biomass as glutamate and 

pyroglutamate. The study concluded that an efficient and sustainable CO2 bio-mitigation system 

can be developed using Sulfurovum lithotrophicum 42BKT
T
. 

The above studies revealed the fact that prokaryotes were able to assimilate CO2(g) via 

CCM and CA is the key enzyme responsible for CCM. The presence of CCM was not only 

limited to autotrophs but also found to be present in heterotrophs. However, the heterotrophic 

metabolism of assimilated CO2 is under investigation and yet to be fully understood.  
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2.2.2 Energy requirements in the absence of light (chemotrophic way of life) 

Chemoautotrophy is the metabolic process in which microorganism reduces CO2(g) into the 

cellular biomass by utilizing the energy gained from reduced inorganic compounds such as 

Fe[II], S2O3
2-

, H2, H2S, CH4, etc. (Amend and Shock, 2001). The redox scheme of 

chemoautotrophic CO2(g) assimilation was accompanied by the loss of electrons from reduced 

molecules such as Ferrous ion (Fe [II]), thiosulfate (S2O3
2-

), ammonium ion (NH4
+
), etc. with 

simultaneous electron gain by molecules like oxygen (O2), nitrate (NO3
-
), hydrogen sulfide 

(H2S), etc. The energy evolved during the process is utilized for the CO2 fixation (Amend et al., 

2003).  

The bio-mass yield of chemoautotrophic microorganism is governed by the supply of 

adequate amount of reduced inorganic compound in bio-usable form (Mccollom and Amend, 

2005). The cellular growth and multiplication of chemoautotrophic microorganism are dependent 

on the effective utilization of the available energy to reduce CO2(g) into the cellular biomass. 

The microorganisms will follow thermodynamically efficient metabolic pathway for CO2(g) 

fixation to minimize the energy loss. Therefore, the presence of electron donors and electrons 

acceptors in bio-usable state and in adequate amount is necessary to meet the energetic 

requirement of CO2 metabolization (Mccollom and Amend, 2005).  

The bio-usable form of inorganic chemical species is goverened by different 

physicochemical parameters such as aerobic/anaerobic environment, pH, temperature and 

pressure. Fe[II] and Fe[III] are the inorganic species, which are utilized by different bacterial 

species for their autotrophic growth (Mignone and Donati, 2004). However, the stability of Fe[II] 

and Fe[III] depends on the pH and the redox potential of that environment. In presence of O2 and 

at pH value > 6, Fe[II] readily oxidizes to give Fe[III]. In presence of water, Fe[III] hydrolyzes to 



35 

 

form precipitate. Therefore, there is a limited availability of bio-usable form of iron in oxic 

environment having value of pH ~ 7 (Tekerlekopoulou et al., 2006).  

The rate of reaction was found to increase with increase in temperature. Abiotic reaction 

rates are so fast at elevated temperature that there is no benefit to an organism, if it catalyzes the 

reaction. Hence, chemical reaction should be thermodynamically favored but kinetically 

inhibited to serve as an energy source (Amend et al., 2003). The fate of CO2(g) as carbon source 

to the micro-organisms is decided by prevailing pH, temperature and pressure. The bio-usable 

form of CO2(g) is HCO3
-
 and is found to be stable in the pH range of 6 - 10. The solubility of 

CO2(g) in aqueous phase decreases with increase in temperature. The solubility of CO2(g) 

increases with increase in CO2(g) partial pressure at any constant temperature (Carrol et al., 

1991; Amend et al., 2003). Thus, the chemoautotrophy requires the presence of adequate amount 

of inorganic compound as an energy source in bio-usable form in the absence of light. The 

availability of energy source determines the extent of CO2(g) fixation and biomass yield. It was 

found that the various physicochemical parameters govern the availability of energy source and 

the amount of CO2(g) in soluble form, which are necessary for the survival of microorganisms. 

 

2.2.3 Carbon fixation general view and pathways 

The basic features of the fixation of CO2(g) into the cellular biomass include: (1) requirement of 

4 reducing equivalent [the oxidation state of carbon was changed from +4 [CO2(g)] to 0 

(carbohydrate)], (2) energy requirement provided by the hydrolysis of ATP, (3) presence of 

carboxylating enzyme such as CA, which associates CO2(g) or HCO3
-
 directly to the organic 

acceptor molecule and (4) presence of low potential electron donor or reductant such as reduced 

ferredoxin (Eo = - 400 mV) in anaerobes and NAD(P)H (Eo = - 320 mV) in aerobes (Buckel and 
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Thauer, 2013). The products obtained from the metabolism of CO2(g) are the primary 

metabolites through which other cellular components like nucleic acid, carbohydrate, proteins 

and lipids are derived. However, the distribution of cellular organic pool (nucleic acid, 

carbohydrate, proteins and lipids) was dependent on the environmental conditions (T, pH, Salt 

concentration), nutrient supplies (NPK availability, energy source availability) & habitat (natural 

or extreme) and also varies from organism to organism as per there metabolic requirement. At 

present, following six autotrophic CO2(g) fixation pathways are known (Berg, 2011): 

 Reductive pentose phosphate pathway or Calvin-Benson-Bassham pathway (CBB pathway) 

 Reductive citric acid cycle or Arnon-Buchanan cycle (rTCA cycle)  

 Reductive acetyl-coenzyme A (CoA) pathway (Wood-Ljungdahl pathway)  

 3-Hydroxypropionate cycle (Fuchs-Holo (bi-)cycle)  

 3-Hydroxypropionate/4-hydroxybutyrate (Hydroxypropionate/Hydroxybutyrate)  

(HP/HB) cycle  

 Dicarboxylate/4-hydroxybutyrate (dicarboxylate/hydroxybutyrate) (DC/HB) cycle 

 

2.3 Gaps 

Most of the studies carried out in the field of CO2 bio-mitigation were limited to the use of 

photoautotrophs. The major focuses of the reported studies were to make CO2 bio-mitigation 

system more realistic, sustainable and economic. The major drawbacks associated with 

photoautotrophs as mentioned in section 2.2 limit their use for the development of efficient CO2 

bio-mitigation system. 

Industrial scale CO2 bio-mitigation system using photoautotrophs are facing the 

limitations such as low utilization of light, circulation of biomass, accumulation of O2(g) within 
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the system, lower mass transfer rates and difficulty in controlling the growth parameters. Direct 

utilization of flue gas as CO2(g) source has shown the adverse effect on the growth for 

microalgae, which has also changed the characteristics of chemicals extracted from biomass.  

The limitations associated with photoautotrophs led the researchers to check the 

possibility of chemoautotroph for CO2 bio-mitigation. The importance of chemoautotrophs 

cannot be ignored in carbon cycle as it is demonstrated that their role of CO2(g) utilization is 

more than the terrestrial plants (Cardoso et al., 2014). Faster life cycle, rapid growth rates, ability 

to sustain in highly-dense culture and ability to utilize CO2(g) in the absence of light are the 

advantages associated with bacteria that make them attractive choice over photoautotrophs 

(Bharti et al., 2014; Kwon et al., 2015). 

Few recent studies reported the use of chemoautotrophs for their ability to capture CO2 in 

the absence of light and its simultaneous conversion into valuable products (Alonso-Sáez, L. et 

al., 2010, Saini R., 2011, Bharti, 2014; Garcĭa et al., 2015; Kwon et al., 2015; Sundaram et al., 

2015). These reported studies were focused on the characterization of bacterium strains which 

have shown an ability to sequester CO2(g) and use sodium bicarbonate (NaHCO3) as an 

inorganic carbon source. Even though the bacterium CO2(g) utilization capability was known for 

long time, the employment of bacterium for the development of CO2 bio-mitigation system and 

value addition is the most untouched area. 

One limitation with the above studies is the use of pure strain, which might not be able to 

sustain the industrial environment. It has been observed in several studies, that in most of the 

industrial based applications (engineering based applications) mixed cultures are preferred over 

pure strains during long term operations (Raghuvanshi and Babu, 2009; Jabeen et al., 2016; 

Majumder et al., 2016). The reason is the adaptability of mixed culture in any environment 
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unlike pure strain where certain specified conditions are to be maintained throughout 

(Subashchandrabose et al., 2011).  

The reported studies have not considered the quantification of CO2(g) fixation in terms of 

cellular biomass and CO2(g) fixation efficiency. These studies are necessary for the design and 

development of sustainable large scale CO2 bio-mitigation systems. The presence of adequate 

amount of energy substrate is necessary to get a desired amount of CO2(g) fixation.  The studies 

have ignored to investigate the effect of energy source on CO2 bio-mitigation ability of 

microorganism.  

Thermodynamic analysis of the possible CO2(g) metabolic reactions helps in 

understanding the suitable mechanism for CO2(g) utilization using bacterial strains and assists in 

designing the growth medium to meet the energy requirements for batch and continuous 

experiments. The reported studies have not carried out the thermodynamic analysis of the overall 

CO2(g) metabolic processes, which is an important aspect to check the feasibility of CO2(g) 

fixation. 

Few studies have reported the production of valuable chemicals from chemoautotrophic 

microorganisms utilizing CO2(g) as substrate (Bharti, 2014; Kwon et al., 2015; Sundaram et al., 

2015). However, there is very limited literature available, which has reported the utilization of 

CO2(g) as substrate for the production of valuable chemicals. 

Therefore, the capability of chemoautotroph for utilizing CO2(g) in dark and the 

production of valuable chemicals within the framework of CCU was an exciting area to think 

and requires serious attention. If the CO2 utilization capability of chemoautotrophic bacteria was 

exploited well, then it was possible to develop a cost effective and sustainable CO2 bio-

mitigation system.   
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2.4 Scope of present study 

CO2 bio-mitigation potential of bacteria in the absence of light is the most ignored area of 

research. Thus, there is a need to investigate the CO2 mitigation potential of bacteria in the 

absence of light. The industrial application requires the robustness of bacterium towards harsh 

environment, which may be fulfilled by the bacteria obtained from the extreme habitat. 

Therefore, there is need to investigate the different habitats such as man-made and extreme to 

obtain the strains capable of utilizing CO2(g). Hence, selecting site for obtaining the microbial 

culture was necessary to obtained microorganisms capable of utilizing CO2(g). The batch studies 

were required for the enrichment of culture to obtain microorganisms, which are capable of 

utilizing CO2(g). The screening of strains comprising the enriched culture was necessary for 

comparative CO2(g) bio-mitigation studies and further, the discovery of new strains gives a 

perspective for the production of new bio-molecules. Hence, the identification of the screened 

bacterial strains is to be carried out by following 16S rRNA analysis. The experiments were 

required to understand the effect of energy substrate concentration on the CO2 bio-mitigation 

ability of mixed microbial population and isolated strains. This study is further necessary for the 

comparative evaluation of CO2(g) utilization potential of mixed microbial population and 

isolated strains. 

The biomass and the leachate obtained from CO2 bio-mitigation studies are needed to be 

analyzed for value addition. Thus, there is a necessity to carry out identification and 

characterization of valuable metabolic products present in the biomass and leachate obtained 

from CO2 bio-mitigation studies using FT-IR and GC-MS. The thermodynamic assessment of 

the overall CO2 bio-mitigation process gives theoretical aspects on which the performance of the 

real process can be evaluated. Hence, there is scope to assess the overall CO2 bio-mitigation 
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process thermodynamically by calculating the values of overall Gibb’s free energy (ΔGreaction) of 

possible overall CO2 bio-fixation reaction.  

There is very limited or almost no literature available, which considered the development 

of continuous system for the bio-mitigation of CO2 using bacteria in the absence of light. Packed 

bed columns have already established there importance for the long term industrial applications. 

However, till date no study has reported the development of packed bed column for CO2 

mitigation using microorganisms. Thus, there is scope for the development of packed bed 

column using the microbial culture trained for the mitigation of CO2(g) obtained from batch 

studies. The bio-filtration experiments need to be carried out for evaluating the column 

performance. 

60% of the production cost of products obtained from bio-based processes depends on 

downstream processing strategy. Further, the production of valuable chemicals using bacterial 

strain utilizing CO2(g) as substrate will solve simultaneously two problems: (1) depleting 

petroleum feed stock and (2) control of GHGs emissions. Therefore, there is scope in the 

development of economic downstream bio-processing strategy for the production of valuable 

compound. 
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Chapter 3 

 

Materials and Methods 

 

Sample collection sites, bacterial species isolation and identification, growth medium 

formulation, cultivation systems, analytical and measurement techniques, calculation 

equations, statistical analysis and experimental steps are described in this chapter. 
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The present chapter provides the details of experimental methodology adopted for the 

enrichment, isolation and identification of CO2 utilizing bacteria from different habitats. It also 

describes the details of batch, semi-continuous and continuous studies. The different analytical 

techniques used for the analysis of results are also discussed. 

 

3.1 Glasswares and chemicals utilized 

Glasswares (conical flask, beaker, petriplate, test tube, measuring cylinder etc.) used in the 

present work are reported in Table 3.1. The chemicals used in the present work were of 

analytical grade and are listed in Table 3.2. 

 

3.2 Microbial culture 

3.2.1 Site selection 

In the present work two different habitats which resembled to neutral environment (sewage 

treatment plant) and extreme environment (Sambhar salt lake) were considered. The details of 

the sampling sites are described in the following sub-sections. 

 

3.2.1.1 Sewage treatment plant (STP) 

Activated sludge samples were obtained from the secondary clarifier unit of the sewage 

treatment plant (STP) located at Birla Institute of Technology and Science (BITS), Pilani (28° 

22' 0" N, 75° 36' 0" E), Rajasthan, India. STP comprises the application of physical, chemical 

and biological processes for the removal of various contaminants such as organic compounds, 

heavy metal ions, etc. from the waste water and hence represents extreme environment. 

Therefore, it is a natural habitat for microorganisms ranging from microalgae to bacteria which 



43 

 

are capable to survive under harsh environmental condition. These microorganisms may utilizes 

the contaminants such as organic compounds, heavy metal ions (Fe[II], Cr[III], Pb[II], etc.) and 

different inorganic salts present in waste water for their survival. Therefore, the chance of 

obtaining a microorganism which was capable of utilizing CO2 is very high. Further, the 

successful investigation of STP for the presence of CO2 utilizing strains may demonstrate its 

capability to be converted into a possible carbon sink. Hence, it was chosen as a sampling site. 

The sample (sludge) was collected at the start of the dry season and kept in sterile 

polypropylene sampling bottle and was immediately transported in ice cooled environment to the 

laboratory for further enrichment. 

 

3.2.1.2 Extreme environment of Sambhar salt lake (SSL) 

The present industrial need is the improvement of the bio-based-method, that can 

withstand the extreme industrial environment and extremophilic bacterium isolated from soda 

salt lake can satisfied the need. The extremophiles does not just skilled to adjust the great 

ecological condition but also require compelling condition for their survival. The Soda salt lakes 

are depicted as great common natural surroundings for extremophiles on account of their high 

saltiness and high alkalinity. Sambhal Salt Lake (SSL) is one such haloalkaophilic habitat and 

was chosen as a sample collecting site. The extreme environment of high alkalinity, salt 

concentration and presence of high bicarbonate concentration signifies the possibility of 

obtaining CO2 utilizing extremophilic strain that can withstand in industrial scenario. 

In April 2013, sediment and water samples were collected from the hypersaline 

environment located at Sambhar salt lake, Rajasthan, India (26.9667° N, 75.0833° E). Total salt 

concentration of the lake was found in the range of 7% (w/v) to 30% (w/v). Major contributors to 
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salt concentration are sulfates, carbonates, bicarbonates, chlorides, sodium salts and lesser 

amounts of potassium salts. pH of Sambhar lake is in the range of 9.5-10. Presence of total 

suspended solids is in the range of 0.7-2.8% (w/v) (Gupta et al., 2014). The obtained samples 

were kept in the dark at ambient temperature and were transported to the laboratory in 

autoclaved sample vials. Later, these samples were stored at 4 
o
C. 

 

3.2.2 Media preparation 

In the present work, de-ionized water (Milli-Q Millipore 15.2 MΩ cm
-1

) was used to conduct 

experiments and analysis. All solutions were sterilized in a vertical autoclave (MSW-101, Macro 

Scientific Works, India) at 15 kPa and 120 
o
C for 30 min prior to their use. The operating 

conditions for sterilization were maintained throughout the experimental studies unless otherwise 

specified. Based upon the characteristics of microbial samples, four different types of minimal 

salt media were used in the present study. The details of MSM compositions are given in Table 

3.3.  

1000 ppm stock solution of Fe[II] was prepared using filter sterilization technique by 

dissolving 4.96 g of FeSO4.7H2O in distilled water and volume of the solution was made up to 1 

L. The pH of stock Fe[II] solution was maintained as 3.5 using 0.1 M HCl solution. The medium 

for plating was prepared by adding 2% agar to the nutrient broth for culture obtained from STP. 

However, MSM supplemented with 2% agar was used as plate medium for culture obtained from 

SSL. NaHCO3 stock solution (500 mL) of 1 M concentration was prepared by dissolving 

appropriate amount of NaHCO3 in deionized water and was sterilized using filter sterilization 

technique. 
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Table 3.1: Details of glasswares used in present study 

S. No. Glasswares Make 

1. Beakers (100 mL, 500 mL, 1L) Borosil® 

2. Burette Borosil® 

3. Conical flask (50 mL, 100 mL, 250 mL, 500mL, 1 L and 2L ) Borosil® 

4. Funnel Borosil® 

5. Measuring cylinder (10 mL, 50 mL, 100 mL, 250 mL) Borosil® 

6. Pipette (10 mL, 25 mL, 50 mL ) Borosil® 

7. Petriplates Borosil® 

8. Separating funnel (100 mL, 250 mL) Borosil® 

9. Test-tubes (10 mL, 100 mL) Borosil® 

 

Table 3.2: Details of chemicals used in present work 

S. No Chemicals Make Use 

1. Agar A Hi-media® Solidifying agent 

2. Ammonium sulphate ((NH4)2SO4) Merck® 

Minimal salt media 

(MSM) preparation 

3. Ammonium chloride (NH4Cl) Merck® 

4. Calcium sulphate (CaSO4) Merck® 

5. 
Di-potassium hydrogen orthophosphate 

(K2HPO4) 
Merck® 

6. 
Ferrous sulphate heptahydrate 

(FeSO4.7H2O) 
Merck® 

7. 
Magnesium sulphate heptahydrate 

(MgSO4.7H2O) 
Merck® 

8. 
Magnesium chloride hexahydrate 

(MgCl2.6H2O) 
Merck® 

9. 
Potassium dihydrogen phosphate 

(KH2PO4) 
Merck® 

10. Potassium nitrate (KNO3) Merck® 

11. Potassium chloride (KCl) Merck® 

12. Sodium chloride (NaCl) Merck® 

13. 

DL-Dithiothreitol (DL-DTT) 

(Antioxidants and Reducing Agents for 

Protein Stabilization) 

Hi-media® 

Component of cell- lysis 

buffer 

14. 
Lysozyme (Bacterial cell wall lytic 

enzyme) 
Hi-media® 

15. 

Phenylmethanesulfonyl fluoride 

(C7H7FO2S) 

(Protease inhibitor) 

Hi-media® 

16. 
Tris, Free base (Permeabilizes outer 

membranes) 
Hi-media® 

17. Tris-Cl (1 M, pH 7.6) (Permeabilizes Hi-media® 
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outer membranes) 

18. 

Triton X-100 

(For prevention of aggregation of 

hydrophobic and membrane proteins) 

Hi-media® 

19. Nutrient Broth Hi-media® Growth media 

20. Chloroform (CHCl3) Merck®  

Extractant and solvent 

 
21. Methanol (CH3OH) Merck® 

22. Acetone (C3H6O) Merck® 
Cleaning 

23. Ethanol (C2H5OH) Merck® 

24. Potassium hydroxide (KOH) Merck® Transestrification 

reaction 

 
25. Sulfuric acid (H2SO4) Merck® 

26. Sodium thiosulfate (Na2S2O3) Hi-media® Energy substrate 

27. Sodium carbonate (Na2CO3) Merck® 
Buffer 

 28. 
Sodium bi-carbonate (NaHCO3)  

(C-source) 
Merck® 

29. Hexane (C6H14) Merck® Solvent 

30. Dodecanol Alfa Aesar® 

Standard 

 

31. Tetradecanol Alfa Aesar® 

32. Pentadecanol Alfa Aesar® 

33. Octadecanol Alfa Aesar® 

34. FAME mix (C8-C24) Supelco® 

 

Table 3.3: Composition of MSM for different microbial culture 

S.No. Component 

Iron (Fe[II]) utilizing bacteria 

from STP and SSL 

Sulfur oxidizing bacterium 

from SSL 

STP 

(g L
-1

) 

SSL 

(g L
-1

) 

Isolation 

medium 

(g L
-1

) 

MSM 

(g L
-1

) 

1. K2HPO4 0.8 0.5 1 1 

2. KH2PO4 0.2 0.2 - - 

3. CaSO4.2H2O 0.05 - - - 

4. MgSO4.7H2O 0.5 - - - 

5. (NH4)2SO4 1 - - - 

6. NaCl - 29.22 16 35 

7. KCl - 0.2 - - 

8. KNO3 - 0.1 1 1 

9. NH4Cl - 0.2 3 mM 3 mM 

10. MgCl2.6H2O - 0.2 1 mM - 

11. Na2CO3 - - 95 - 

12. NaHCO3 - - 15 - 
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3.2.3 Enrichment, isolation and identification 

3.2.3.1 Culture obtained from STP 

Selective enrichment culture technique described in literature with modifications was used to 

obtain the mixed microbial population, which was capable of utilizing CO2 as carbon source 

(Raghuvanshi et al., 2009). In a 500 mL beaker, 50 mL of sludge sample was taken and 

thoroughly mixed with 100 mL of de-ionized water. The resulting mixture was left to settle for 4 

h at 37 
o
C. After 4 h, 25 mL of supernatant was collected using pipette and mixed with 50 mL of 

deionized water in separate 100 mL beaker. This mixture was allowed to settle for 2 min at 37 

o
C. Later, 10 mL of sample was withdrawn carefully using pipette, and mixed with 100 mL 

MSM in 500 mL Erlenmeyer flask. 10 mM concentration of NaHCO3 as carbon source and 100 

ppm of Fe[II] concentration as energy source were maintained in the flask by adding appropriate 

amount of NaHCO3 and Fe[II] stock solutions, respectively. Final pH of the solution was 

obtained as 6.7. Further, the flask was kept in the orbital shaking incubator (MSW-132, 

Macroscientific Work Pvt. Ltd., India) for the duration of 48 h at 37 
o
C and at 120 rpm. After 48 

h, 5 mL of grown culture was taken and mixed with 100 mL fresh MSM in a 500 mL flask. 

NaHCO3 concentration was increased and was kept as 50 mM. The Fe[II] concentration was kept 

constant as 100 ppm. Further, the flask was kept in an orbital shaking incubator under similar 

condition for the duration of next 48 h. The same procedure was repeated twice by gradually 

increasing the NaHCO3 concentration to 100 mM and 150 mM. The culture obtained after eight 

day was preserved at 4 
o
C and was further utilized for the enrichment studies. 

Fully grown culture obtained from NaHCO3 as carbon source was further enriched by 

using CO2(g) as carbon source. The obtained culture (2 mL) was mixed with 100 mL of MSM in 

500 mL volume Erlenmeyer flask for the further enrichment. The appropriate amount of stock 
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Fe[II] solution was added to maintain 50 ppm of Fe[II] concentration in the 500 mL flask. The 

flask was sealed from the top using the two port assembly as shown in Fig. 3.1. CO2-air mixture 

[2% (v/v)] was then allowed to pass through a capsule air filter at the flow rate of 1 L min
-1

 (Fig. 

3.1). The concentration of CO2 was monitored at the outlet port at regular intervals of time using 

CO2(g) analyzer (906, Quantek instruments, USA) in terms of volume percent (% v/v). The ports 

were closed and the flask was airtight, when the concentration of CO2 reached 2% (v/v) at the 

outlet. It ensured the required concentration of CO2 in the gaseous phase. The flask was kept in 

an orbital shaking incubator and the culture was grown at 37 
o
C and 120 rpm for 3 days. After 3 

days, the 2 mL of grown culture were taken and the same procedure was repeated for another 3 

days by increasing the CO2 concentration from 2 to 5% (v/v). The fully grown 6th day culture at 

5% (v/v) CO2 concentration was used for the species isolation and identification. Five different 

microbial species (SM1, 2, 3, 4, 5) were present in the culture obtained and were isolated using 

the streak plate method (Dailey et al., 2014).  

Batch experiments were conducted using each isolated species individually by 

maintaining 5% (v/v) inlet CO2 concentration to check their CO2 fixation capability for total 

period of 4 days. Gaseous and liquid phase samples for all experiments were analyzed on the 

per-day basis. Out of the five isolated species, the isolates were selected on the basis of their CO2 

fixing ability. A-biotic control flask was kept in each experiment under similar conditions. 

 

3.2.3.2 Culture obtained from SSL 

The experimental methodology of enrichment, isolation, identification and abiotic tolerance 

assay for CO2 fixing strains obtained from sample of Sambhar salt lake, Rajasthan, India, is 

discussed below (Raghuvanshi et al., 2009; Dailey et al., 2014). 
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10 g sediment and 20 mL of water sample obtained from Sambhar lake, Rajasthan, India 

were mixed thoroughly with 50 mL of autoclaved distilled water and allowed to settle for 4 h. 25 

mL of supernatant of this mixture was centrifuged (CPR-24 plus, REMI laboratory instruments, 

India) at 15,000 rpm for 10 min at 4 
o
C. After centrifugation, supernatant was removed and the 

obtained pellet was used for the enrichment of microbial culture using CO2(g) as carbon source 

as per the method described in paragraph 2 of section 3.2.3.1. However, the enrichment was 

carried in the presence of 100 ppm of Fe[II] concentration and 50 mM S2O3
2-

 concentration in 

two separate flasks. The study was carried out at 37 
o
C and 120 rpm in an orbital shaking 

incubator. The isolates obtained from enrichment process were named as SSL4 for iron utilizing 

bacterium and SSL5 for S2O3
2-

 utilizing bacterium. The glycerol stocks of the pure isolates were 

prepared and preserved at -20 
o
C for the further experimental studies. 

 

3.3 Identification of isolated strains 

The slants of the pure strains (SM1, SM3, SM4, SSL4 and SSL5) were prepared and were sent to 

Xceleris Genomic Labs, Ahmedabad, India for 16S rRNA gene sequencing. The obtained gene 

sequence was further analyzed by the BLAST-N tool available at the National Center for 

Biotechnology Information (NCBI) (www.ncbi.nlm.nih.gov). The taxonomic affiliations of the 

selected isolates were assigned based on the closest match obtained on pair-wise alignment in 

BLAST results. Pair wise alignment giving closest match was chosen and phylogenetic tree was 

drawn and aligned using the MEGA 4.0 software for individual strains and were aligned using 

CLUSTAL-X software (Tamura et al., 2007). 
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Fig. 3.1 Schematic diagram of experimental setup for batch studies. 
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3.4 Batch studies 

3.4.1 CO2 utilization ability at varying energy substrate concentration 

CO2(g) bio-mitigation batch studies are one of the most significant studies carried out in present 

work. The study gives a thorough understanding of CO2 utilization ability of mixed microbial 

population and isolated strains (SM1, SM3, SM4, SSL4 and SSL5). Experimental conditions 

used in different batch studies are summarized in Table 3.4. Each batch study was conducted in 

250 mL flasks and number of flasks was selected on the basis of the period of batch study. Flasks 

were divided into groups (G1, G2, G3 and G4) and an equal number of flasks were present in 

each group as per details given in Table 3.4. Group G1, G2, G3 and G4 were having the energy 

substrate concentration of 0 (biotic control), 50, 100 and 200 in their respective units. 

Every flask was added with 40 mL of MSM along with 2 mL of fully fresh grown culture 

which has shown the optical density of 0.80. The required energy substrate concentration was 

maintained in each flask as per the detail given in Table 3.4. pH value of the solution in each 

flask was maintained as 7 and 10 for iron utilizing and S2O3
2-

 utilizing bacteria, respectively. The 

flasks were sealed at the top and required CO2(g) concentration (% v/v) was maintained in the 

head space of each flask as per method described in Section 3.2.3.1 (paragraph 2). The 

percentage of initial CO2(g) concentration was chosen on the basis of percentage of CO2(g) 

present in different flue gases (Muradov, 2014). The flasks were kept in orbital shaking incubator 

programmed at 37 
o
C and at 120 rpm. After every 24 hours, one flask was taken from each group 

for the analysis of gaseous and liquid samples. The control flask was kept without inoculum to 

ensure that there was no loss of CO2 during the study and also the bacterium was responsible for 

the decrease in CO2(g) concentration from the head space.  
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3.4.2 Analytical methods 

The analytical techniques used for measuring the CO2(g) concentration, biomass growth, 

dissolved CO2 concentration and product analysis are described in following sections. 

 

3.4.2.1 CO2 (g) measurement 

The concentration of CO2(g) was measured using CO2 gas analyzer in terms of % v/v. CO2(g) 

removal efficiency (ƞCO2) is estimated using Eq. (3.1) (Chen et al., 2016). 

% 100  
 - 

  
inCO2,

CO2,finalin CO2,

CO2


y

yy
         (3.1) 

Where, yCO2, in and yCO2, final are the initial (t = 0) and final (t = tx) head space CO2 concentration 

(% v/v), respectively. 

 

3.4.2.2 Biomass concentration measurement 

Biomass growth was determined in terms of dry weight and optical density (absorbance). 

Measurement of dry weight in terms of g L
-1

 was carried out on the per day basis by filtration 

method as reported in the literature (Majumdar et al., 2016). Optical density (OD) was also 

measured using UV-Vis spectrophotometer (Evolution 201, Thermo scientific, USA) on a per-

day basis at a wavelength of 600 nm for the culture obtained from the CO2 bio-mitigation 

studies. The relation between OD (y) and dry weight [x (g L
-`1

)] was obtained for all isolates and 

mixed microbial population using calibration plots and the mathematical co-relations are given in 

Table 3.5. 

Biomass productivity (PMax, g L
-1

 d
-1

) on perday basis is calculated using Eq. (3.2):  

o1

ot
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 - 

) - (
  

tt

XX
P            (3.2) 
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Where, Xo and Xt are the biomass concentration (g L
-1

) at the initial (to) and at the end of 

the cultivation period (t1), respectively.  

Specific growth rate (µ, d
-1

) was calculated using Eq. (3.3) (Chandra et al., 2016). 

ott

 X X

 - 

ln - ln
  

1

o1t           (3.3) 

The maximum biomass concentration obtained for each microbial culture is represented 

as XMax. Empirical formula for biomass was taken as C6H12O7N as described in the literature and 

fraction of carbon content (CC) in the biomass was estimated as 0.34. These values are further 

utilized to calculate CO2 fixation rate (RCO2) as given by Eq. (3.4) (Ritmann and McCarty, 2012): 

C

CO

MaxCO
2

2
      

M

M
PCR C           (3.4) 

Where, MCO2 is the molecular weight of CO2 and MC is the atomic weight of carbon.  

Actual CO2(g) utilization efficiency (R.RCO2) at varying energy source concentration (Fe[II] and 

S2O3
2-

) is given by Eq. (3.5): 

100 
initially supplied (g)CO of Moles

biomassin  C as fixed (g)CO Moles
  .

2

2

2
CORR       (3.5) 
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Table 3.4: Strains, associated energy substrate concentration, duration of batch study and 

conditions employed. 

 

Culture 

CO2(g) 

concentration 

(% v/v) 

Period of batch 

study 

(days) 

Number of 

flask (Groups) 

Energy 

substrate 

SM1 13 (±1) 5 
20 (4) 

 

Fe [II] 

(ppm) 

Mixed microbial 

population 
15 (±1) 6 

18 (3) 

 

SM3 15 (±1) 6 
18 (3) 

 

SM4 15 (±1) 6 
18 (3) 

 

SSL-4 17 (± 0.8) 8 
24 (8) 

 

SSL-5 15 (±1) 6 
18 (3) 

 

S2O3
2-

 

(mM) 

 

Table 3.5: Mathematical correlations obtained for dry weight vs optical density 

S. No. Bacterial Culture Mathematical correlations R
2
 value 

1. SM1 y = 0.03928 x + 0.24 0.9787 

2. Mixed microbial population y = 0.47 x + 0.025 0.9438 

3. SM3 y = 0.31 x + 0.062 0.88 

4. SM4 y = 0.47 x - 0.014 0.964 

5. SSL-4 y = 0.00119 x + 0.000494 0.9393 

6. SSL-5 y = 0.93343 x + 0.07911 0.946 
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3.4.3 Product analysis 

3.4.3.1 Extraction procedure 

Cultures of mixed microbial population and isolated species (SM1, SM3, SM4, SSL4 and SSL5) 

obtained after the CO2 bio-mitigation studies from group G3 were used to analyze the metabolite 

(valuable products) formed during CO2 bio-mitigation studies. Recovery of metabolites from 

biomass and the supernatant was carried out by following the procedure given in literature 

(Zheng et al., 2012; Bharti et al., 2014). The culture obtained from CO2 bio-mitigation batch 

studies was centrifuged at 10,000 rpm for 20 minutes at 4 
o
C and the obtained supernatant was 

preserved for extracellular (cell free) metabolite extraction. The obtained cell pellet was washed 

twice with de-ionized water and was centrifuged again. The obtained pellet was re-suspended in 

cell lysis buffer [50 mM Tris-HCl, pH = 7.5, 1 mM Phenyl methane sulfonyl fluoride (PMSF) 

and 0.2% lysozyme] and the cells were lyzed through sonication for 5 min with 5 s intervals at 

15,000 Hz and at 4 
o
C. The lysate was centrifuged at 10,000 rpm for 20 min at 4 

o
C and 

supernatant obtained was utilized for the cellular primary metabolite extraction. The obtained 

extracted samples of cell free supernatant and cell lysate were concentrated on rotary evaporator 

(R-210, BUCHI, Switzerland). 

 

3.4.3.2 FT-IR analysis 

The samples obtained from extraction of cell lysate and cell free supernatant were investigated 

using FT-IR (Frontier, Perkin Elmer, India) equipped with Attenuated Total Reflectance (ATR) 

accessory (GladiATR, PIKE Technologies, Inc.). The diamond plate was used as an internal 

reflection element in ATR (Jiang et al., 2012; Meng et al., 2014).  
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3.4.3.3 GC-MS procedure 

Concentrated samples of cell lysate obtained from rotary evaporator were further analyzed using 

gas chromatography-mass spectroscopy (GC-MS) (QP-2010 Plus, Shimadzu, Japan) for value 

added products. The dimension of the column DB-5 MS used was (film thickness = 0.25 µm, i.d. 

= 0.25 mm, length = 30 m). 1 µL of each concentrated sample (cell lysate and cell free 

supernatant) was analyzed and helium (He) (head pressure = 86.5 kPa; flow rate = 1.21 mL min
-

1
; split ratio = 10) was used as a carrier gas into the column. The variation of oven temperature 

with time was programmed. Initially, oven temperature was kept at 80 
o
C with holding time of 2 

min while starting the characterization. The temperature was set to increase linearly at a rate of 

10 
o
C min

-1
 with 5 min holding time up to 250 

o
C. The temperature was further set to increase 

from 250 
o
C to 280 

o
C with linear rate of 15 

o
C min

-1
 and was maintained constant for 24 min at 

280 
o
C. The operational conditions employed for MS were: scan mode, start m/z 40.00, end m/z 

650.00 and scan speed of 1250 with event time of 0.5 s. The analysis time started at 3.00 min and 

ended at 49.99 min. The obtained data were compared with the inbuilt standard mass spectra 

library system (NIST-05 and Wiley-8) of GC-MS (Bharti et al., 2014). 

 

3.4.4 Product quantification 

The products obtained from the cultures of mixed microbial population and isolates (SM1, SM3, 

SM4, SSL4 and SSL5) were identified and characterized using the analysis of the results 

obtained during FT-IR and GC-MS analysis. The obtained results indicated the presence of 

different chemicals as valuable metabolites in the culture of STP and SSL. The quantification 

procedure of these chemicals is discussed in following sub-sections. 
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3.4.4.1 Transestrification and quantification of biodiesel 

The cultures obtained for mixed microbial population, SM1, SM3, and SM4 from CO2 mitigation 

studies of group G3 were converted to fatty acid methyl ester (FAME) via transestrification 

(O’Fallon et al., 2007). The products of cell lysate (after sonication) and supernatant obtained 

from the batch study at 100 ppm Fe[II] concentration as per the method described in the section 

3.4.3.1, were mixed together for the transesterification reaction. 2 mL of mixed sample was 

placed in 25 mL conical flask and was mixed with 20 µL of methyl tridecanoate, which was used 

as an internal standard for this study. 1 mL of 10 N KOH along with 5 mL of methanol were 

added in the same flask. The conical flask was incubated in a water bath (55 
o
C) for 1.5 h at 120 

rpm. After incubation, the conical flask was cooled below the room temperature in a cold tap 

water and it was added with 1 mL of 24 N H2SO4. The conical flask was incubated again at 55 

o
C in water bath for 1.5 h at 120 rpm in order to complete the FAME synthesis reaction.  

The conical flask was cooled in a cold tap water bath after the completion of FAME 

reaction and mixture was transferred to the 50 mL centrifuge tube. 20 mL of hexane was added 

to the existing FAME mixture in the centrifuge tube and it was vortex-mixed for 5 min on a 

multi-tube vortex mixer.  The separation of phases was carried out at 1000 rpm and at 4 
o
C by 

centrifugation for 5 min in a centrifuge. The layer of hexane was concentrated on rotary 

evaporator, which contained the FAME and was placed into a GC vial for the further analysis 

(section 3.4.3.3).  

The final concentrated hexane phase (rich in ester) was utilized to obtain product yield. 

The yield was calculated in terms of the productivity of FAME, which was quantified using 

standard FAME mix (C8-C24) obtained from Supelco (USA) by following the method described 
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by Van Wychen and Laurens (Wychen and Laurens, 2013). The product yield is estimated by the 

following Eq. (3.6). 

100   
Biomass

FAME 
W

W
Yield (%)         (3.6) 

Where, WFAME and WBiomass are weight of FAME obtained and weight of biomass taken, 

respectively. 

 

3.4.4.2 Fatty alcohol quantification and product yield of targeted by-products 

Products yield estimation for the isolate SSL-4 and SSL-5 are based on the fatty alcohols (C12-

C18) as targeted compounds. The quantification was carried out by following the external 

multipoint calibration method for GC analysis and 0.05 mg of 1-octanol was added as an internal 

standard. The targeted compounds were procured from Alfa aesar (Hyderabad, Andhra Pradesh, 

India) of purity > 98% and standard plot (Peak area vs. concentration) was prepared for each 

compound. The organic phase which was concentrated over rotary evaporator and later re-

dissolved in chloroform was subjected to quantification via gas chromatography under similar 

conditions described in section 3.4.3.3. The product yield is defined by Eq. 3.7: 

100   
Biomass

obtained) alcohol(Fatty 


W

W
Yield (%)         (3.7) 

Where, W(Fatty alcohol obtained) = weight of Fatty alcohol obtained 

 

3.4.5 Abiotic tolerance assay 

As per the characteristics of isolated strains, SSL4 and SSL5, were further tested for different 

abiotic stress tolerance such as salt concentration (S), pH and temperature (T). These studies 

were conducted by considering sodium chloride (NaCl) concentration in medium as total salt 
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concentration. SSL4 and SSL5 strains were freshly inoculated in the peptone broth (pH = 7) and 

kept for 24 h at 120 rpm and at 37 
o
C in an orbital shaking incubator. 10µL aliquot of the fully 

grown cultures of SSL4 and SSL5 were inoculated into peptone broth (pH = 7) and were 

supplemented with various concentrations of salt [1-6% (w/v) for SSL4 & 2-12% (w/v) for 

SSL5] for the salt tolerance test. Three samples were kept in the shaker for incubation time (t) of 

48 h at 120 rpm and at 37 
o
C. An aliquots of freshly prepared culture of SSL4 and SSL5 were 

inoculated into the peptone broth (pH = 8) at 3% (w/v) and 6% (w/v) salt concentration for SSL4 

and SSl5, respectively and were kept in the orbital shaker for 48 h at different temperatures of 

30-60 
o
C and10-60 

o
C for SSL4 and SSL5, respectively to evaluate temperature tolerance 

capability. Isolated strain SSL5 was also tested for there pH tolerance by growing it at different 

pH values in the range of 2-12 for 48 h at 6% (w/v) salt concentration and at 37 
o
C. The 

measurements of the dry weight and absorbance (at 600 nm) were carried out after every 12 h 

interval for the total incubation period of 48 h. Medium without inoculum was used as a blank 

during the absorbance measurement. 

 

3.4.6 Growth response, product yield, DIC, and carbon allocation 

Among all the isolates and mixed microbial population, SSL5 was found as superior candidate to 

be employed for the development of the CO2 bio-mitigation system. Therefore, in order to 

understand CO2 utilization mechanism and effect of physicochemical parameters on product 

yield, additional experiments were carried out for isolate SSL5. The detailed experimental 

methodology was followed and is discussed in subsequent subsections. 
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3.4.6.1 Growth response and product yield  

The shake flask studies were conducted to observe the effect of different parameters such as 

initial CO2 concentration, salt concentration, pH and temperature on CO2 bio-mitigation ability 

of SSL5. The values of different parameters taken along with experimental conditions employed 

are given in Table 3.6. SSL5 was cultivated under different CO2 environment as given in Table 

3.6 for the total duration of 6 days to study the effect of inlet CO2 concentration. Three flasks of 

500 mL were taken and each flask was added with 100 mL of MSM along with 2 mL of culture. 

The concentration of S2O3
2-

 was maintained as 100 mM in each flask. Flasks were sealed at the 

top using two port assembly and respective CO2 concentrations were maintained in the head 

space of each flask by the method described in 2
nd

 paragraph of section 3.2.3.1. Similarly, the 

influence of pH and temperature on CO2 bio-mitigation process was studied by cultivating the 

bacterium SSL5 at different initial pH, temperature and NaCl values as given in Table 3.6 by 

keeping the other parameters constant. Headspace CO2 concentration of 15% (v/v) was 

maintained in each flask for the study of effects of salt concentration, pH and temperature by 

SSL5 following the procedure described in 2
nd

 paragraph of section 3.2.3.1. Flasks were kept in 

an orbital shaking incubator at 37 
o
C and at 120 rpm for the total duration of 6 days. At the end 

of 6
th

 day, flasks were withdrawn for the analysis of gaseous and liquid phases. CO2(g) 

concentration was measured using CO2 analyzer in terms of volume percent (% v/v). The 

biomass obtained from liquid phase was separated and dry weight (g L
-1

) was measured using 

filtration method as described in section 3.3.2.2. 

The biomass obtained from the batch studies related to the effect of salt concentration, 

pH and temperature on bacterium growth was studied for obtaining the product yield in terms of 

primary metabolites. The sixth day culture obtained from the batch studies was utilized for 
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product extraction and quantification using gas chromatography (GC) as described previously in 

section 3.4.3.1 and 3.4.4.2. 

 

3.4.6.2 Dissolved Inorganic carbon utilization (DIC)  

The culture obtained from CO2 bio-mitigation batch studies at 50 mM and 100 mM S2O3
2-

 ion 

concentration was utilized for estimating the dissolved CO2 concentration on per day basis 

(section 3.4.1). The biomass obtained in the experiment was separated from liquid phase by 

centrifugation. Obtained supernatant (liquid sample) of each flask was analysed for the 

estimation of dissolved CO2 by following the standard procedure as given in the literature 

(Swarnalatha et al, 2015, APHA). 

 

3.4.6.3 Effect of initial CO2 concentration on cellular carbon allocation  

The biomass obtained from studies of inlet CO2 concentration [5, 10 and 15% (v/v)] on SSL-5 

(section 3.4.6.1) was utilized for the cellular biochemical analysis in terms of protein, 

carbohydrate and total primary metabolite. 

 

3.4.6.3.1 Semi- quantification using FT-IR 

The biochemical composition of the cells cultivated at different CO2 concentration (5%, 10% and 

15%) was investigated using FT-IR by following the methodology described in section 3.4.3.2. 

Approximately, 10 mg of finely powdered freeze-dried biomass obtained at different CO2 

concentration (5%, 10% and 15%) was loaded onto the ATR crystal and FT-IR signals were 

collected in the spectral region between 400 and 4000 cm
-1

, at a resolution of 4 cm
-1

. The spectra 

for each sample were acquired in duplicate and obtained peak area was determined and averaged. 
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The initial spectrum without sample was taken as background and was auto subtracted from the 

sample spectra. Ethanol was used to clean the diamond ATR between samples. All acquired 

spectra were subjected to baseline correction algorithm of the software. This was done in order to 

minimize differences between the recorded spectra due to the baseline shifts and to minimize 

effect of the absolute amount of sample used for spectra acquisition. 

Different functional groups present in the compound on exposure to infrared (IR) 

radiation gives spectrum having distinct frequency, intensity and bandwidth, which facilitate 

there identification and quantification. Hence, the bandwidth was attributed to cellular organic 

pool as given in literature for the identification of functional groups presents in the sample (Jiang 

et al., 2012; Vasileva et al., 2013). FT-IR spectrum of biomass obtained at different CO2 

concentration has shown the difference in ratios of various organic cellular constituents which 

can be estimated by semi-quantification. Hence, in the present study, cellular carbohydrate 

content was semi-quantified according to the Palmucci et al. (2011) and cellular primary 

metabolite content relative to protein was evaluated as per the methodology given by Meng et al. 

(2014) using absorption spectrum of FT-IR analysis (Palmucci et al., 2011; Meng et al., 2014). 

 

3.4.6.3.2 Estimation of cellular organic pool 

Experimental studies were also carried out to quantify the cellular protein and carbohydrate 

contents of the biomass obtained at different CO2 concentration. The pellet was obtained from 

culture sample collected at the end of 6
th

 day of experiment as described in section 3.4.3.1. It was 

freeze dried (SCANVAC, Coolsafe, 55-4 pro, Bionics Asia, New Delhi, India) for 24 h. The 

cellular protein (Lowry protein method) and carbohydrate contents were estimated by phenol 

assay method as described in literature (Giordano et al., 2001; Palmucci et al., 2011 Memmola et 
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al., 2014). The total primary metabolite was extracted according to the procedure described in 

section 3.4.3.1 for the extraction of fatty alcohols. The obtained organic phase was concentrated 

on rotary evaporator and was further quantified by GC for the estimation of the product yield by 

following the methodology given in section 3.4.4.2. 

 

3.5 Semi-continuous study 

The strain SSL5 was evaluated for its CO2 utilization capability and profitable extraction of 

valuable chemicals in a large scale laboratory bioreactor. The detailed experimental procedure 

was followed which is discussed in present section. 

The schematic diagram of the bioreactor is shown in Fig. 3.2 and photograph is shown in 

Plate 3.1. The bioreactor (Bio-age, Bangluru, India) is jacketed type having a working volume of 

3 L and a head space of 2 L. It is made up of stainless steel, equipped with micro control (PLC) 

system. The accessories associated with bioreactor include:  dissolved oxygen (DO) probe, 

antifoam, aeration, temperature, stirrer and pH. The pH meter (Mettler Toledo, USA) was 

calibrated using buffer at pH 4 and 7.0 (VWR, Canada). DO probe was calibrated to zero using 

sodium sulfate and to 100% by purging air in distilled water. The enriched culture of 250 mL 

volume having an optical density of 0.8 was utilized as bacterium innoculum (Section 3.2.3.2). 

The bioreactor run was carried out on the semi-continuous mode. CO2(g) concentration of 15% 

(v/v) was achieved by premixing the air and pure CO2. A mixture of CO2(g) (15%) and air (85%) 

was supplied continuously at the gas inlet port of the bioreactor with an aeration rate of 1 LPH. 

The bioreactor was programmed at 120 rpm and at 37 
o
C and the study was continued for the 

total period of 3 days. In the semi-continuous study, pH and dissolved oxygen concentration 

values were collected at regular time intervals of 12 h. CO2 mitigation efficiency of SSL5 was 
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evaluated by observing CO2(g) concentration at the outlet of bioreactor and by estimating the 

concentration of dissolved CO2 in every 12 h as described in section 3.4.2.1 and 3.4.6.2. 50 mL 

sample was withdrawn aseptically from the reactor at every time intervals of 12 h and out of 

which 30 mL was utilized for calculating the biomass in terms of dry weight (g L
-1

) and optical 

density was calculated as per the method described in section 3.4.2.2.  

The biomass growth rate depicted in terms of biomass productivity per day (P, g L
-1

 d
-1

), 

specific growth rate (µ, per day), and CO2 removal rate (RCO2) were calculated as per Eq. 3.2, 

3.3, and 3.4. 
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Table 3.6: Different experimental condition employed on SSL5 during study the effect of 

different physicochemical parameters  
 

Parameters (units) Values  Values of other parameters  

Initial CO2 concentration  

(% v/v) 
5, 10 and 15 T = 37 

o
C, S = 0.5 M, S2O3

2-
 = 100 mM 

pH 6, 8 and 10 
T = 37 

o
C, S = 0.5 M, S2O3

2-
 = 100 mM 

and CO2 (g) = 15 % (v/v) 

Temperature (
o
C) 20, 30 and 50 

S = 0.5 M, pH=7, S2O3
2-

 = 100 mM and 

CO2 (g) = 15 % (v/v) 

Salt (M) 0, 0.5 and 1 
CO2 (g) = 15 % (v/v), pH =7, S2O3

2-
 = 100 

mM and T = 37 
o
C 
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Fig. 3.2 Schematic diagram of bioreactor used for semi-continuous studies. 

 

 

 

 

 

 

 

 

 

Motor 

1 
2 3 

4 

Gas/Air In-let 

Air out-let 

Harvesting pipe 

Steam In-let 

Steam/Water In/out 
Gas/Air Sparger 

Steam/Water In/out 

Jacket Impeller 

5 

6 

1: Inoculants/Nutrient port, 2: Anti-foam, 3: Acid/Base, 4: Sampling port, 5: pH probe, 6: 

Dissolved O2 or DO probe 



67 

 

 

Plate 3.1 Experimental setup used for semicontinuous studies. 
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3.5.1 Biomass harvesting and fatty alcohol recovery  

Third day culture (~ 2.5 L) obtained from the bioreactor was utilized for harvesting the biomass 

and for the recovery of fatty alcohols. The experimental methodology followed is given in Fig. 

3.3. The culture was divided into two equal parts and one part was subjected to filtration method 

while other part was subjected to centrifugation method for the biomass recovery. The 

supernatants obtained from method were preserved at 4 
o
C for the recovery of products. The 

obtained biomass from each method was further divided into two equal parts. One part was 

subjected to cell lysis and other one was kept as it is, for the extraction of fatty alcohols.  

The extraction of fatty alcohols from cell lysate and wet biomass was carried out by both 

solvent extraction and reactive extraction methods. The recovery of fatty alcohols from wet 

biomass was carried using chloroform and methanol (2:1) extractant system using the solvent 

extraction. Solvents were added to wet biomass and the mixture was kept in an orbital shaker for 

a period of 2 h at 120 rpm and at 37 
o
C for phase separation. After reaching equilibrium, mixture 

was filtered, concentrated on the rotary evaporator and preserved at 4 
o
C for GC-MS analysis. 

The solvent system used for reactive extraction was cyclohexane, decanol and Tri-octyl amine in 

the ratio of 1:1:1. Solvents were added to wet biomass and were kept in an orbital shaker for the 

period of 8 h for the separation of phases at 120 rpm and at 37 
o
C. The mixture was filtered, 

concentrated on rotary evaporator and preserved at 4 
o
C for GC-MS analysis. 

The fatty alcohol recovery from cell lysate was carried out by following the same method 

adopted for wet biomass using solvent extraction and reactive extraction methods. The obtained 

supernatant was subjected only for solvent extraction methodology by following the same 

methodology utilized for wet biomass. 



69 

 

 

Fig. 3.3 Flow sheet for downstream processing strategy used during semi-continuous 

studies. 
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3.5.2 Analysis of primary metabolite recovery via GC-MS 

The concentrated samples obtained after extraction processes for wet biomass and cell lysate 

were analyzed using GC-MS as per the method described in section 3.4.3.3. 

 

3.5.3 Fatty alcohol quantification 

The quantification of various fatty alcohols was carried out by following the procedure described 

in section 3.4.4.2. The actual product recovery was estimated using Eq. 3.8: 

100  
  

cov
    

nthols contefatty alcocellularTotal

eredhols reFatty alco
Yield (%)productActual    (3.8) 

 

3.6 Continuous study 

3.6.1 Packed bed bioreactor setup 

In the present study, the packed bed bioreactor was developed and utilized for the CO2 bio-

mitigation studies. The schematic diagram of the experimental setup is given in Fig. 3.4. A 

snapshot of laboratory experimental setup is shown in Plate 3.2. The packed bed bioreactor is 

made of stainless steel of 0.3 m inner diameter and 1.6 m length.  

The column was packed with the mixture of compost and coal taken in the weight ratio of 

(4:1). Coal was procured from the local market of Pilani, India. It was crushed and sieved 

through 8-10 mm mesh screen. The particle size of coal was obtained as approximately 3 mm. 

The coal particles were washed with deionized water to remove impurities and after that it were 

dried in hot air oven at 100 
o
C for duration of 24 h.  The matured compost was obtained from the 

Amrit Dairy farm, Jhunjhunu, Rajasthan, India. The moisture content of the packing material 

was analyzed and found as 58%. The column was packed with this mixture. The total amount of 

coal and compost utilized in present study was 0.88 kg and 3.52 kg, respectively. The 



71 

 

macronutrients (nitrogen, phosphorus, potassium) and organic matters are present in the 

compost, which supports the microbial growth (Delhomenie ans Heitz, 2005). Due to this reason 

the mixture of coal and compost was utilized in present study. The bed was supported by two 

stainless steel meshes fixed at the top and bottom of the column. The height of the packing was 

90 cm. The liquid distributer was attached at 15 cm from bottom of the bio-reactor. 

CO2(g) at desired concentration was prepared by diluting pure CO2(g) with air. The flow 

rates of CO2(g) and air were measured using rotameters. The air flow rate was maintained at 1 

LPM and CO2 flow rate was varied from 0.05-0.2 LPM to maintain the CO2(g) concentration in 

the range of 5 - 20% (v/v) at normal room temperature and pressure. CO2(g) + air mixture is fed 

at the bottom of the column through ring type gas sparger having inner diameter of 1 mm.  The 

gas sparger was placed 15 cm from the bottom of the column. The MSM was supplied to the 

column from the top at the rate of 5 mL min
-1

 for the duration of 15-30 minutes on daily basis to 

provide necessary nutrient supply for the growth of the microorganism. The column has six 

sampling ports along the length of the packed bed and placed at an interval of 15 cm from the 

bottom of the packing. 

 

3.6.2 Culture preparation and column development 

The mixed microbial culture obtained from STP along with SSL4 and SSL5 were used as a 

seeding culture for packed bed bioreactor. Seeding culture was grown in bulk in a fermenter. The 

enriched fully grown mixed microbial population was fed into the column from the top and the 

leachate was collected from the bottom after 2 h. The obtained leachate was re-circulated 

manually into the bioreactor. The procedure was carried out twice in a day and was continued for 

the total period of 15 days. MSM was inducted into the bioreactor from the top at 5 mL min
-1
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flow rate for the duration of 30 minutes once in a day to provide necessary nutrient supply for the 

growth of the microorganism. After 15 days, the investigation of packing material was carried 

out for ensuring the development of bio-film using biomass concentration. 

 

3.6.3 Biomass concentration 

Biomass concentration was measured in terms of colony forming of units (CFU) g
-1

 of packing 

material. At the end of acclimation period one gram of moist packing material was collected 

from the first sampling port (numbering bottom to top). Similarly, at the end of the packed bed 

bioreactor operation same amount of moist packing material was collected from different 

sampling ports (i.e. first, second, third, fourth, fifth and sixth or 15, 30, 45, 60, 75 and 90 cm 

from bottom of packd bed) located along the length of packed bed to analyze the variation of 

biomass concentration with height of packed bed. Moist packing material was added with 0.8% 

of NaCl solution and kept in a shaker for 15 min and then serially diluted with sterilized water to 

isolate the bacteria from packing material. Spread plating technique was used to estimate the 

CFU values (CFU g
-1

 of packing material). 

 

3.6.4 Column operating conditions 

The entire continuous study is divided into three phases based upon the acclimatization period 

and inlet CO2(g) concentration to the column. The first phase of the bioreactor operation is 

acclimatization period, which was continued for the total period of 31 days. The CO2(g) and air 

mixture at concentration of 5% (v/v) is fed through the bottom of column with a flow rate of 1.05 

LPM. The CO2 concentration was monitored at the outlet of column on perday basis using CO2 

gas analyzer. The sample from each port was collected for estimating the biomass growth as 
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described in section 3.6.3 at the end of 31 days. The inlet CO2 load to the column was increased 

to 10% (v/v) and 20% (v/v) for the next 26 days and 20 days, respectively. The CO2(g) and air 

stream were fed to the column at flow rate of 1.1 LPM. The outlet CO2 concentration was 

measured on perday basis by following the procedure described above. The biomass growth was 

estimated from each sample port after 26 and 20 days by following the similar methodology 

described in section 3.6.3. The column was operated for total duration of 77 days. 
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Fig. 3.4 Schematic diagram of packed bed bioreactor used for continuous studies. 
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Plate 3.2 Experimental setup used for continuous studies. 
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Chapter 4 

Theoretical Studies 

 

 

The material balance and thermodynamic assessment of the overall CO2 fixation, 

development of downstream methodology for the production of fatty alcohols, having 

carbon chain length in the range of C12-C18, utilizing bacterium having highest CO2 

utilization efficiency and economic analysis of the product recovery are described in this 

chapter. 
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This chapter provides the detailed strategy adopted to carry out approximate material balance 

and thermodynamic analysis for the CO2 fixation using microbial species used in the present 

study. The development of downstream processing strategy for the recovery of valuable 

chemicals using the bacterium having highest CO2 utilization efficiency is illustrated in the 

present chapter of this thesis. The chapter also includes the economic assessment of developed 

downstream processing strategy in comparison to existing processes. 

 

4.1 Approximate Material balance  

The general material balance equation for any system includes the terms such as input, output, 

accumulation and generation of material. The material balance in the present CO2 bio-mitigation 

system would be helpful in estimating the actual amount of CO2 assimilated as carbon into the 

biomass. This would also help in the calculation of actual CO2(g) utilization efficiency of the 

microorganisms. The experimental system under investigation is 250 mL conical flask 

containing 40 mL of MSM along with 2 mL of fully grown enriched microbial culture at 

particular concentration of energy substrate (Fig. 3.1). In the present system, carbon (C) supplied 

to the system as CO2(g) was utilized by microorganisms and assimilated as biomass. At the end 

of experiment, unutilized CO2 was present as CO2 in gaseous form and dissolved CO2 in liquid. 

Hence, the total elemental carbon balance is given by Eq. 4.1: 

)(C,CO ,go , Cin C, 2
   lboC  MM MM          (4.1) 

Where, M C, in = mass of C supplied as CO2(g) , M C, go  = C left in gaseous phase as CO2 at 

the end of batch study, M C,bo = C assimilated as biomass and MC,CO2(l) = dissolved CO2 in 

aqueous phase.  

M C, in is calculated using Eq. 4.2: 
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M C, in =  MCin,CO2(g) + MCin,CO2(l)        (4.2) 

Where, MCin,CO2(g) is the mass of CO2(g) present in the head space of flask and MCin,CO2(l) 

is the CO2 present in dissolved form in the liquid media. 

MCin,CO2(g) was calculated using ideal gas law given by Eq. 4.3 

RT

wtMPy
M 22

2in

COCOin

(g),COC

V.   
  


         (4.3) 

Where, yin is the initial concentration of CO2 and P is the total pressure assumed as 1 atm. 

The final CO2 concentrations in gaseous and liquid phases were assumed in equilibrium. 

Final dissolved CO2(l) is calculated using Henry’s law for all microbial cultures. However, 

titration method was used to estimate the initial and final CO2(l) concentration in case of SSL5 

(H. stevensii) as the pH of the solution was changing with CO2 concentration (Swarnalatha et al, 

2015, APHA). Henry's constant for CO2 is 29.41 atm L Mole
-1

 as given in the literature 

(McCollom and Amend, 2005). MC,bo was calculated using the empirical formula of biomass 

given in the literature (Rittman and Mccarty, 2012). It was taken as C6H12O7N and the fraction of 

carbon content (CC) in the biomass was estimated as 0.34. Thus, M C,bo is given by Eq. 4.4: 

M C,bo = 0.34 × biomass obtained       (4.4) 

MC,go   was estimated as per the final concentration (yCO2out) of CO2(g) by utilizing the Eq. 

4.3. 

 

4.2 Thermodynamic assessment 

Considering constant temperature and pressure for a biological system, it is possible to predict 

the fate of bio-chemical reaction by estimating the change in Gibb’s free energy (ΔG). The 

chemical reaction is thermodynamically unfavorable, if ΔG > 0. In such cases, cells are able to 

carry out reaction by coupling it to a reaction which has a negative ΔG of larger magnitude, so 
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that the sum of the ΔG values for two reactions would have a negative ΔG. This way 

thermodynamic assessment of the microbial system w.r.t electron acceptor/donor component 

helps in the development of an appropriate mitigation strategy (Inskeep et al., 2005). The 

information w.r.t electron donor/electron acceptor scheme may be helpful in quantifying the 

products being formed during biological reactions (McCollom and Amend, 2005). Hence, in the 

present study, ΔG was estimated for all biological reactions involved in CO2 fixation using the 

cultures obtained from STP and SSL. Hence, the present work was focused on the 

thermodynamic assessment of the biological systems by varying the concentration of an electron 

donor (Fe[II] or S2O3
2-

).  

The metabolic energy is obtained from the aerobic oxidation of Fe[II] to Fe[III] and the 

reduction of Fe[III] to Fe[II] with H2 for isolates of STP and SSL4. The reaction scheme for 

oxidation and reduction reaction is given by Eq. 4.5 and 4.6. 

    H 6  3Fe  OH 3  O 0.5  3Fe 3

22

2          (4.5) 

   O4H  3Fe  H 6  H  3Fe 2

2

2

3          (4.6) 

Overall reaction for the reduction of CO2 into cellular biomass as hexadecanoic acid is 

given by Eq. 4.7 for the cultures obtained from STP. 

 OH 30  Fe  OOHHC H 91  e 90  Fe  CO 16 2

3

3016

-2

2       (4.7) 

The reduction of CO2 into cellular biomass as dodecanol for SSL4 is represented by the 

following overall reaction (Eq. 4.8): 

OH 23  Fe  OHC H 72  e 71  Fe  CO 12 2

3

2612

-2

2        (4.8) 

Overall reaction for the reduction of CO2 into cellular biomass using S2O3
2-

 as an energy 

source by considering dodecanol as major product is given by Eqs. 4.9 for isolate SSL5. 

      OH18 2SO  OHC  62H  64e OS  12CO 2

2

42612

-2

322 


    (4.9) 
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Furthermore, in terms of adenosine triphosphate (ATP) generation, the thermodynamic 

assessment of the overall mechanism of autotrophic assimilation of CO2 into the cellular biomass 

up to the level of carbohydrate (fructose) by sulfur oxidizing bacterium was studied and is given 

by Eq. 4.10 (Kelly, 1999): 

i612622 P 18  NAD 12  ADP 18  C  H 12  H 12  NADH 12  ATP 18  CO6   OHO   (4.10) 

Where, iP  is H3PO4. The free energy change (
oG ) for the Eq. 4.10 was calculated as 

+114 kJ (mol of CO2 fixed)
-1

.  

Considering the S2O3
2-

 oxidation reaction, the coupled overall reaction using S2O3
2-

 as an 

electron donor and CO2 as electron acceptor is given by Eq. 4.11: 

 H 6  SO 6  OHC  OH 9  OS 3  CO 6 2-

461262

2-

322      (4.11) 

oG value for the Eq. 4.11 was calculated as + 101.3 kJ (mol of CO2 fixed)
-1

 (Kelly, 1999). 

During semi-contineous studies the GC-MS analysis and the product yield calculations 

have revealed the tetradecanol as primary metabolite. Hence, tetradecanol was considered as one 

of the main products for the estimation of Gibb`s free energy for the fixation of CO2 into the 

cellular biomass. Overall reaction of reduction of CO2 into cellular biomass such as tetradecanol 

(major product obtained in this study) is given by Eq. 4.12 

      O22 2SO  OHC  74  76e S  14CO 2

2

43014

-2

322 HHO 


    (4.12) 

The emphasis is given on the overall reaction rather than the stepwise reactions of CO2 

metabolic process. The general equation of thermodynamic evaluation is given by Eq. 4.13. 

o

Reactant

o

Product

o

Reaction  -   GGG          (4.13) 

Where, o

ReactionG  = Gibb’s free energy change of the reaction, o

ProductG  = standard 

Gibb’s free energy of formation of products and o

ReactantG  = standard Gibb’s free energy of 
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formation of reactant. The values of standard Gibb’s free energy of formation ( o

FormationG ) were 

taken from the literature (Ritmann and McCarty, 2012). Thermodynamic assessment was carried 

out by considering the system temperature at 25 
o
C. Gibb’s free energy change of product and 

reactant was calculated using the standard Gibb’s free energy of formation values of various 

compounds as reported in literature (Ritmann and McCarty, 2012). 

 

4.3 Economic feasibility of downstream processing 

The biomass obtained from semi-continuous studies (section 3.6) can be utilized for the recovery 

of products by downstream bio-processing. The major challenges in the development of 

downstream bio-processing strategy include: (1) efficient separation of biomass from the broth 

and (2) higher yield of targeted compounds from the obtained biomass. Therefore, there is a need 

for the development of efficient downstream bio-process methodology for the recovery of 

valuable compounds. The developed downstream bio-processing strategy involves five major 

steps:  

 Chemoautotrophic growth of isolate SSL5 in bioreactor at 15% (v/v) inlet CO2 concentration. 

 Identification and characterization of bio-molecules.  

 Investigation of the product recovery options from biomass: with/without cell disruption.  

 Identification of the suitable option available for product extraction: reactive/solvent-solvent 

extraction. 

 Quantification of yield by identified extraction strategy.  

Hence, in the present work, the economic feasibility of the developed downstream processing 

method (section 3.5) was carried out and is discussed in following sections. 
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The economic analysis was carried out for the production of fatty alcohols without cell lysis 

as per the process scheme illustrated in Fig. 3.3. The proposed downstream process methodology 

will be acceptable only if the product recovery cost for the present case would fall within the 

range of cost of existing bio-based processes. The total cost of any process for fatty alcohol 

production is mainly comprised of the cost of raw material and cost of downstream processing. 

In order to compete with the existing bio-based processes of fatty alcohol production (coconut 

oil), the cost of proposed methodology should be lower or comparable to total cost of existing 

processes (coconut oil). Production of 1 kg of fatty alcohols having carbon chain length in range 

of C12 and C14 was taken as basis for total cost estimation.  The total cost (PT) for the production 

of fatty alcohols from coconut oil is calculated as procedure described by Belrabi et al. (2000) 

and is given by Eq. 4.14: 

TRT      PfPP            (4.14) 

Where, PR is the cost of raw material (coconut oil) and f is the fraction of cost which 

represents the downstream processing costs. The f is typically in the range of 0 to 1 for all 

processes. However, it is taken in between 0.7 to 0.8 for bio-processes (Belrabi et al., 2000). 

Thus, the total cost for the recovery of 1 kg of fatty alcohol from coconut oil is calculated by 

using the Eq. 4.15: 

f

P
P

 - 1
  R

T             (4.15) 

In order to produce 1 kg fatty alcohol from bacterium biomass, the total production cost 

is calculated from Eq. 4.16: 

TRM       PfyPP            (4.16) 
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Where, PM is the total cost for the process using biomass as raw material, y is factor 

correcting for the differences in the solvent recovery costs and was taken as 0.325 (Belrabi et al., 

2000).  

The biomass required to produce 1 kg of fatty alcohol may not be available at the same 

cost of PR. Hence, the maximum acceptable price for biomass is necessary to calculate for 

proposed process. The total cost difference between the proposed process and existing process 

for producing 1 kg of fatty alcohol from coconut oil is added to the PR and resulting value is 

divided by the amount of biomass required (MA). Thus, the cost of biomass (C) is given by Eq. 

4.17: 

A

RT    - 
  

M

PPP
C M 

           (4.17) 

From Eq. 4.16, the value of PM was substituted in Eq. 4.17 and resulting equation is 

given by Eq. 4.18:  

A

T )]  ( - 1[  
  

M

fyP
C


           (4.18) 

The maximum acceptable biomass cost (CM) is given by Eq. 4.19: 

)]( - 1[  M fyRzPC            (4.19) 

Where, R = experimentally obtained product recovery, z = mass fraction of fatty alcohol 

in the biomass (Belrabi et al., 2000). 
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Chapter 5 

Results and Discussion 

 

In this chapter, the results of strain identification and the CO2 mitigation batch studies results 

using mixed microbial population and isolates (SM1. SM3, SM4, SSL4 and SSL5) at different 

concentrations of energy source are discussed. The by-products formed during CO2 bio-

mitigation shake flasks studies were analyzed using FT-IR and GC-MS and are illustrated. The 

present chapter also describe the product yield of valuable chemicals. The strain is chosen on the 

basis of its CO2(g) removal efficiency and was investigated further for better CO2 fixing ability 

and development of economic downstream processing strategy. The results of these experiments 

are presented in this chapter of the thesis. The outcome of the CO2 mitigation studies using 

packed bed column is also discussed in this chapter. 

The results from this work have been published and accepted in Bioprocess and Biosystems 

Engineering Journal -: DOI:10.1007/s00449-016-1603-z, Process Biochemistry Journal -: 

DOI:10.1016/j.procbio.2017.01.019, Process Safety and Environmental Protection -: 

Available Online & in Press  
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This chapter deals with the detailed analysis and discussion of the results obtained from 

experimental studies of CO2 bio-mitigation using microorganisms isolated from different habitats 

(STP and SSL). 

 

5.1 Isolation and identification of CO2 utilizing bacterium 

5.1.1 Culture obtained from STP 

Total five strains namely SM1, SM2, SM3, SM4 and SM5 were isolated from the mixed 

microbial population (Plate 5.1) obtained from STP and were enriched under head space CO2 

concentration of 5% (v/v). Out of five strains, isolates SM1, SM3 and SM4 were found better as 

compared to other strains (SM2 and SM5) for CO2 utilization and have shown the stable growth.  

Hence, isolates SM1, SM3 and SM4 were selected for further experimental batch studies. The 

molecular analysis based on 16S rRNA gene homology has shown 99% similarity which 

belonged to the group of γ-Proteobacteria with the existing sequences of Bacillus cereus, 

Enterobacter cloacae and Pseudomonas putida for SM1, SM3 and SM4, respectively in NCBI 

database. The nucleotide sequences have been submitted to NCBI GenBank database for 

Bacillus cereus SM1, Enterobacter cloacae PP1 and Pseudomonas putida SM2 under the 

accession no. of KJ755083, KJ55082 and KJ55084, respectively.  Phylogenetic tree for each 

isolate was constructed using the gene sequence of the isolate and the representative bacteria of 

related taxonomy are shown in Figs. 5.1 - 5.3. The isolates SM1, SM3 and SM4 have shown 

their closest match on the basis of their phylogenetic analysis with B. cereus OKF01, E. sp. 

SCU-B225 and P. monteilii CSR2, respectively. 
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5.1.2 Culture obtained from SSL  

Two strains namely SSL4 and SSL5 have been isolated from the culture obtained from SSL. The 

streak plate of SSL4 and SSL5 were shown in Plate 5.2. Phylogenetic analysis based on 16S 

rRNA gene sequence comparisons revealed the strains SSL4 and SSL5 are belonged to the genus 

of Pseudomonas and Halomonas and were most close to Pseudomonas aeruginosa and 

Halomonas stevensii (99% 16S rRNA gene sequence similarity). P. aeruginosa SSL4 and H. 

stevensii SSL5 were deposited in NCBI GenBank database under the accession number 

KP163922 and KP163920, respectively. The phylogenetic relationship among different bacterial 

species for P. aeruginosa and H. stevensii are shown in Figs. 5.4 - 5.5, respectively.  

P. aeruginosa and H. stevensii are gram negative bacteria and belongs to the class γ-

proteobacteria. P. aeruginosa is found in a wide variety of habitats (soil, marshes, marine 

habitats, plants and animal tissues) and has evolved a mechanism for thriving in environments at 

different CO2 concentrations. Halomonas was initially found in hypersaline environments such 

as the Dead Sea, hypersaline lakes, hypersaline soils and solar salterns. However, later studies 

confirmed that the members of the genus Halomonas are widespread in the biosphere and they 

colonized themselves in extreme environments (Stover et al., 2000; Gaboyer et al., 2014; 

Aggarwal et al., 2015). This widespread distribution of the species Pseudomonas and Halomonas 

suggested that the bacteria are exhibited a varied physiological flexibility and metabolic 

versatility. Thus, they have developed a specific adaptation technique which allowed them to 

grow under extreme habitat. The versatility in bacteria towards changing environmental 

conditions has made it an attractive choice for their utilization in the real scenario. 
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Plate 5.1 Mixed microbial population (STP) on petriplates  

 

Plate 5.2 Streak Plate of SSL4 and SSL5 
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Fig. 5.1 Phylogenetic tree of isolate SM1 based on 16S rRNA gene sequences comparison. 

 

 

Fig. 5.2 Phylogenetic tree of isolate SM3 based on 16S rRNA gene sequences comparison. 

  

 E. ludwigii strain B-15 gi|444438263|

 E. cloacae strain GR9 gi|429143565|

 E. sp. JW191 gi|469832107|

 E. cloacae strain KKU-09 gi|541129269|

 E. sp. TV47Nov gi|619324773|

 E. sp. Ls104 gi|663265263|

 E. cloacae strain O325 gi|667346716|

 E. sp. CAB 1099 gi|607837692|

 E. sp. SCU-B225 gi|595250758|

 E. cloacae strain PP1 gi|659225612|

0.0005
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Fig. 5.3 Phylogenetic tree of isolate SM2 based on 16S rRNA gene sequences comparison. 

 

 

 

Fig. 5.4 Phylogenetic tree of isolate SSL4 based on 16S rRNA gene sequences comparison. 

 P. taiwanensis gi|393827458|

 P. sp. SRI 360 gi|374430961|

 P. sp. 4111 gi|410184996|

 P. monteilii strain RS163 gi|443404521|

 P. putida strain LJS75 gi|451535269|

 P. putida strain XZ14 gi|451535270|

 P. putida strain XZ15 gi|451535271|

 P. putida strain XZ16 gi|451535272|

 P. putida strain Pf11 gi|480542320|

 P. monteilii strain CSR2 gi|630366305|

 P. putida strain SM2 gi|659225614|

0.0005

 Pseudomonas sp. ARLB49 gi|485077415|

 P. aeruginosa G2 gi|384372073|

 Pseudomonas sp. LM gi|388596013|

 P. aeruginosa AMB AS7 gi|483125036|

 P. aeruginosa FA02 gi|575426399|

 P. aeruginosa RI-1 gi|385867190|

 Pseudomonas sp. ARLB50B gi|485077407|

 Pseudomonas sp. SJTD-1 gi|399145350|

 Pseudomonas sp. CEBP1 gi|392056007|

 P. aeruginosa GRM-3 gi|655248429|

 P. aeruginosa G1 gi|531874235|

 P. aeruginosa nsm gi|315434518|

 P. aeruginosa gi| KP163922|

54
53

64

0.0005
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Fig. 5.5 Phylogenetic tree of isolate SSL5 based on 16S rRNA gene sequences comparison. 

 

 

 

  

 Halomonas stevensii S18214 gi|636559031|

 Halomonas sp. NBSL12 gi|238800432|

 Halomonas stevensii F22171 gi|312386614|

 Halomonas sp. HE0.1.1 gi|281398241|

 Halomonas stevensii F22157 gi|312386608|

 Halomonas sp. HB.3 gi|281398240|

 Halomonas sp. SD23124 gi|403219028|

 Halomonas stevensii gi| KP163920|

 Halomonas stevensii T68674 gi|312386609|

 Halomonas stevensii T68679 gi|312386610|

 Halomonas stevensii F22135 gi|312386611|

 Halomonas sp. LAR6R1 gi|428274256|

0.0002
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5.2 CO2 bio-mitigation studies  

5.2.1 Iron utilizing strains from STP and SSL 

Results obtained for CO2 bio-mitigation studies using B. cereus, mixed microbial population, E. 

cloacae, P. putida and P. aeruginosa are shown in Figs. 5.6 - 5.10. All the data was reported 

everywhere as mean ± standard deviation (SD). In the Figures statistically significant differences 

among duplicate groups, analyzed using t - test, are represented as p < 0.05 denoted by (*). 

Figures represent the effect of time on final CO2(g) concentration. The corresponding CO2(g) 

removal efficiency (ηCO2) was estimated and was reported in Table 5.1. There was no significant 

change in CO2(g) concentration observed for abiotic control and at 0 ppm Fe[II] concentration 

for all five studies (Figs. 5.6 - 5.10).  

CO2 bio-mitigation results of B. cereus indicated a significant decrease in CO2(g) 

concentration from 13 (±1) to 0.5 (±0.84)% and 1.5 (±1.4)% (v/v) for 100 and 200 ppm of Fe[II] 

concentration, respectively for the first 3 days and thereafter it became almost constant (Fig. 5.6). 

This may be due to the availability of more CO2 to be fixed by B. cereus and higher Fe[II] 

concentration (energy source) in the initial period of CO2 fixation. The results obtained for 

mixed microbial population, E. cloacae and P. putida showed continuous decrease in CO2(g) 

concentration on the perday basis at 50 ppm and 100 ppm of Fe[II] concentration (Figs. 5.7- 5.9). 

Fixation of CO2 using P. aeruginosa was obtained at different Fe[II] concentration (0, 50 and 

100 ppm) on a perday basis and is shown in Fig. 5.10. CO2(g) concentration was found to 

decrease for first 5 days at 50 and 100 ppm Fe[II] concentration and later it became constant 

(Fig. 5.10). These results confirmed that Fe[II] (energy substrate) plays a major role in CO2 

fixation. 
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The ηCO2(g) values for B. cereus were obtained as 10.66 (±1.23), 29.76 (±0.44), 84.6 

(±5.76) and 80 (±9.45)%  at 0, 50, 100 and 200 ppm Fe[II] concentration, respectively. There 

was no significant increase in ƞCO2(g) value as observed with increase in Fe[II] concentration 

from 100 to 200 ppm. Hence, Fe[II] concentration was kept upto 100 ppm for CO2 bio-

mitigation studies using other species. ƞCO2(g) at 0, 50 and 100 ppm of Fe[II] concentration, for 

mixed microbial population, E. cloacae and P. putida indicated that the ƞCO2(g) increased with 

increase in energy substrate concentration (Table 5.1). However, at 50 ppm Fe[II] concentration, 

approximately similar ƞCO2(g) values were observed for mixed microbial population, E. cloacae 

and P. putida. P. aeruginosa showed the maximum ƞCO2(g) of 92.37 (±2.46)% at 100 ppm Fe[II] 

concentration on the 5
th

 day of the experiment. ηCO2(g) of 55.66 (±3.6)% was obtained at 50 ppm 

of Fe[II] concentration which was significantly lower than the removal efficiency obtained for 

100 ppm Fe[II] concentration. This may be due to the fact that more amount of energy substrate 

was available at 100 ppm Fe[II] concentration as compared to 50 ppm Fe[II] concentration which 

lead to more amount of CO2 fixation. Among all the iron oxidizing microbial cultures, P. 

aeruginosa isolated from SSL has shown the maximum ηCO2(g). Hence, P. aeruginosa, a robust 

strain obtained from extreme habitat is proved to be a superior candidate for CO2(g) mitigation.  

The obtained results can be understood by the chemistry of the available CO2 and Fe[II] 

in bio-usable form. The solubility of CO2(g) in aqueous phase is governed by Henry’s law. 

Solubility of CO2(g) is found to decrease with increase in temperature and with decrease in pH 

and pressure. Bio-availability of CO2 as a carbon source depends on the equilibrium between 

CO2(g) concentration and dissolved CO2(l) concentration. The portion of dissolved CO2 in 

aqueous phase reacts to form weak carbonic acid (H2CO3) which further dissociates to give 

biocarbonate (HCO3
-
) ion (Eq. 5.1).  
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  HHCOCOH     332          (5.1) 

This HCO3
-
 ion was utilized by the micro-organisms as an inorganic carbon source and 

its accumulation into cytosole and carboxyzome  is facilitated by the enzyme known as CA (Eq. 

5.2) (Supuran, 2016). 

  HHCOOHCO CA       322         (5.2) 

The bacteria belong to the genera Bacillus, Enterobacter and Pseudomonas are already 

known for the presence of carboxylating enzyme CA (Santini et al., 2000; Sharma et al., 2008; 

Prabhu et al., 2011; Lotlikar et al., 2013; Sundaram et al., 2015; Eminoglu et al., 2015; Aggarwal 

et al., 2015). The initial CO2 partial pressure of 0.13 atm was used for Bacillus, 0.15 atm was 

used for mixed microbial population, Enterobacter & Pseudomonas and 0.17 atm was used for 

P. aerugonisa. CO2(g) from the head space of the flask gets dissolved in water to give HCO3
-
. 

The equilibrium was attained between gas phase and liquid phase CO2 concentrations. The 

microbial utilization of HCO3
-
 resulted in the reduction of liquid phase CO2 concentration at 

equilibrium. More amount of CO2(g) would dissolve to increase CO2(l) concentration due to the 

shift in equilibrium. This may be one of the possible reasons for the decrease in head space CO2 

concentration on the per day basis (Alonso-Sa´ez et al., 2010; Swarnalatha, 2015). 

The principal and necessary requirement for the survival of the non-photosynthetic 

microorganisms in dark is the presence of inorganic molecules in bio-usable form as an energy 

substrate and that too in an adequate amount. Non-photosynthetic microbes microorganisms gain 

energy by catalyzing redox reactions of the reduced inorganic molecules such as Fe[II], S2O3
2-

, 

S8 etc (Amend and Shock, 2001). Energy gained by catalyzing a particular redox reaction is 

governed by the type of reactants participating in the reaction, which in turns decides the redox 

potential of the system. Also, the cultivation environments (aerobic or anaerobic) will decide the 



94 

 

amount of energy that can be harnessed by redox reaction (Amend and Shock, 2001; McCollom 

and Amend, 2005). Generally, in an aerobic environment, oxygen (O2) acts as an electron 

acceptor species (Hedrich et al., 2011). The loss of electron by Fe[II] was gained by O2 and the 

energy gained in this process was utilized for the reduction of CO2 into the cellular biomass. 

Different studies have reported the utilization of Fe[II] by Bacillus, Pseudomonas and 

Enterobacter (Tiel-Menkveld et al., 1982; Segond et al., 2014; Molina et al., 2016; Daas et al., 

2017).  The less amount of energy substrate (Fe[II]) concentration, i.e. 50 ppm has signified the 

availability of less amount of energy that can be harnessed for the reduction of CO2 into the 

cellular biomass. Fe[II] form was susceptible to oxidize chemically in the presence of O2 and 

was stable only at solution pH value < 5. Fe[III] was stable in the aerobic environment and it 

hydrolyzed in the aqueous solution to form insoluble compounds at pH 7. Thus, in order to meet 

the energy requirement under inadequate supply of iron, microbes have developed certain 

strategies such as (1) production of siderophores for iron solubilization, (2) surface reduction, (3) 

lowering of pH and (4) reduction of Fe[III] to Fe[II] by enzyme reductases followed by cellular 

transportation (Andrews and Robinson, 2003; Miethke et al., 2013). 

In the present system, the pH was near to neutral and throughout the period of study, on 

an average 15% CO2 concentration was maintained in the headspace of each flask which 

eventually make the system micro-aerobic. Thus, system conditions signify the less availability 

of the bio-usable form of iron (Fe[II], Fe[III]) which decreases with decrease in iron 

concentrations (Fe[II]). Hence, the lesser availability and inadequate supply of iron in bio-usable 

form may be the possible reason for the lower CO2(g) removal efficiency at lower Fe[II] 

concentration. Fe[II] may be present in the form of Fe[II] (unutilized) and Fe [III] (produced by 

redox reaction) at the end of the CO2 bio-mitigation studies.  
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Fig. 5.6 CO2 fixation by B. cereus SM1 on per day basis at different Fe[II] concentration. 
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Fig. 5.7 CO2 fixation per day basis of mixed microbial population at different Fe[II] 

concentration.  
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Fig. 5.8 CO2 fixation per day basis of E. cloacae at different Fe[II concentration. 
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Fig. 5.9 CO2 fixation per day basis of P. putida at different Fe[II] concentration.  
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Fig. 5.10 CO2 fixation by P. aerugonisa on per day basis at different Fe[II] concentration. 
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5.2.2 Sulfur oxidizing strain from SSL 

Sulfur oxidizing strain obtained from SSL was H. stevensii which was cultivated using S2O3
2-

 as 

an energy substrate. Out of different reduced sulfur compounds the oxidation of thiosulfates was 

the most energetically favored and thus it is a most important substrate for sulfur oxidizing 

bacteria (SOB) (Sorokin et al., 2005). When thiosulphate is used as electron donor, it is split into 

elemental sulphur and sulphite, both of which are then oxidized to sulphate. In different studies, 

researchers have utilized thiosulfate to isolate SOB’s from haloalkalophilic environment (Teske 

et al., 2000; Sorokin et al., 2003; Sorokin et al., 2005). Based on the literature, thiosulfate was 

utilized as energy substrate in present work.   

H. stevensii was examined for its CO2 fixation capability on the perday basis at 0, 50 and 

100 mM S2O3
2- 

concentrations. The cells were grown in the absence of light under CO2 as a sole 

carbon source. Abiotic control flask was also kept without the inoculum by maintaining the same 

CO2 concentration (%v/v) and 100 mM of S2O3
2-

 concentration. The obtained results indicated 

that there was a decrease in the CO2(g) concentration in G1, G2 and G3 (Fig. 5.11). At the end of 

6
th

 day of batch study, minimum CO2(g) concentrations of 14.3 (±0.14), 0.15 (±0.07) and 0.16 

(±0.09)% (v/v) were observed in G1, G2 and G3, respectively (Table 5.1). Continuous decrease 

in CO2(g)  concentration was observed in G2 and G3 (Fig. 5.11). However, in G1, the CO2(g)  

concentration was decreases from 15 (±1) to 14.3 (±0.14)% up to day 3 and became constant 

afterwards. This indicated that the concentration of S2O3
2-

 has a significant effect on the CO2 

utilization capability of H. stevensii. CO2(g) concentration (%v/v) in the control flask was found 

to be unchanged with time which revealed that the removal of CO2(g) was due to the presence of 

H. stevensii. Higher removal of CO2 was observed at 50 and 100 mM S2O3
2-

 concentrations as 

compared to 0 mM S2O3
2-

 concentration. This may be due to the availability of adequate amount 
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of S2O3
2-

 ion as an energy source which was required for the fixation of given amount of bio-

available CO2. Bio-availability of CO2 can be understood by the transfer of CO2 from gaseous 

phase to liquid phase and its pH dependency as discussed in section 5.2.1, paragraph 4.  

  



100 

 

 

0 1 2 3 4 5 6

0

2

4

6

8

10

12

14

16

18

20

22

24

26
C

O
2
 c

o
n

c
e
n

tr
a

ti
o

n
 (

%
 v

/v
)

Time (days)

 Control

 0 mM S
2
O

2-

3

 50 mM S
2
O

2-

3

 100 mM S
2
O

2-

3

 

Fig. 5.11 CO2 fixation per day basis of Halomonas stevensii at different S2O3
2-

 

concentration. 
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Table 5.1: Final headspace CO2 concentration (% v/v) and CO2 removal efficiency (ƞCO2) 

values obtained for B. cereus, mixed microbial population, E. cloacae, P. putida, P. 

aeruginosa and H. stevensii at different energy substrate concentrations (Fe[II] or S2O3
2-

).  

 

Species 

Initial CO2(g)  

concentration 

(% v/v) 

CO2(g) concentration 

(% v/v) 

 

CO2(g)  removal efficiency 

(ƞCO2) 

 

Fe[II] (ppm) or S2O3
2-

 (mM) concentration 

 

0 50 100 0 50 100 

B. Cereus 13 (±1) 
11.65 

(±0.54) 

9.1 

(±0.65) 

0.5 

(±0.84) 

10.66 

(±1.23) 

29.76 

(±0.44) 

84.6 

(±5.76) 

Mixed 

Microbial 

population 

15 (±1) 
14 

(±0.16) 

10.35 

(±0.21) 

3.3 

(±0.14) 

 

6.66 

(±0.16) 

31.445 

(±2.04) 

78.07 

(±0.014) 

E. cloacae 15 (±1) 
13.8 

(±0.1) 

10.94 

(±0.19) 

6.35 

(±0.21) 

8.0 

(±0.1) 

25.79 

(±3.12) 

56.44 

(±2.68) 

P. putida 15 (±1) 
14 

(±0.14) 

11.32 

(±0.12) 

4.65 

(±0.35) 

6.66 

(±0.14) 

26.2 

(±1.55) 

67.44 

(±2.44) 

P. 

aeruginosa 
17 (±1) 

14.2 

(±0.3) 

6.9 

(±0.09) 

1 

(±0.13) 

11.26 

(±0.74) 

55.66 

(±0.35) 

92.37 

(±2.47) 

H. stevensii 15 (±1) 
14.3 

(±0.14) 

0.15 

(±0.072) 

0.16 

(±0.09) 

6.82 

(±0.2) 

98.97 

(±0.53) 

98.59 

(±0.59) 
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5.3 Biomass concentration, CO2(g) fixation rate (RCO2) and CO2(g) removal rate (R.RCO2) 

5.3.1 Growth response of iron utilizing bacterium 

After determining the head space CO2 concentration, the estimation of biomass growth in terms 

of dry weight (g L
-1

) and absorbance (600 nm) was carried out on the perday basis. The dry 

weight values of B. cereus, mixed microbial population, E. cloacae, P. putida and P. aeruginosa 

at different time intervals are shown in Figs. 5.12 - 5.16, respectively.  

The obtained results indicated that the biomass concentration of B. cereus, mixed 

microbial population, E. cloacae, P. putida and P. aeruginosa were found to increase with time 

for all concentrations of Fe[II] (Figs. 5.12 - 5.16). XMax value of B. cereus was estimated as 0.187 

(±0.003), 0.256 (±0.008), and 0.386 (±0.002) g L
-1

 at 50, 100, and 200 ppm of Fe[II] 

concentration, respectively (Table 5.2). XMax obtained for 50 ppm Fe[II] concentration was 

nearly 73% and 48.33% as compared to the XMax values  obtained at 100 ppm and 200 ppm of 

Fe[II] concentration, respectively.  

XMax values of mixed microbial population, E. cloacae and P. putida were observed as 

0.48 (±0.02) g L
-1

, 0.248 (±0.022) g L
-1

 and 0.355 (±0.03) g L
-1

, respectively at 100 ppm Fe[II] 

ion concentration (Table 5.2). XMax values, for 50 ppm Fe[II] concentration, of mixed microbial 

population, E. cloacae and P. putida were found to be 70%, 92.74% and 64.78%, respectively of 

the XMax values obtained at 100 ppm of Fe[II] concentration (Table 5.2). The growth of P. 

aeruginosa was found to increase till 8
th

 day and corresponding XMax value was obtained as 0.21 

g L
-1

 at 100 ppm Fe[II] concentration. XMax value was observed as 0.1306 g L
-1

 for 50 ppm Fe[II] 

concentration which was 62.19% of the XMax value obtained at 100 ppm of Fe[II] concentration 

(Table 5.2).  
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The more realistic growth response of microorganisms can be understood by estimating 

the biological parameters such as biomass productivity per day (P, g L
-1

d
-1

), CO2(g) fixation rate 

(RCO2) and CO2 removal rate (R.RCO2). These parameters were estimated at different energy 

substrate concentrations for all the iron oxidizing species and are reported in Table 5.2. The 

obtained results indicated that increase in concentration of Fe[II] resulted in the improved values 

of P, RCO2 and R.RCO2. There was no significant difference in ηCO2 as observed at 100 and 200 

ppm Fe[II] concentration. However, the highest values of P, RCO2 and R.RCO2 of B. cereus were 

observed as 0.0772 (±0.00056), 0.0638 (±0.003) and 66.6 (±0.0014)%, respectively at 200 ppm 

of Fe[II] concentration. The increase in dry weight values of biomass may be due to the possible 

precipitation of excess Fe[III] at neutral pH. This may be the reason for obtaining the higher 

values of P, RCO2 and R.RCO2 at 200 ppm Fe[II] concentration as compared to 100 ppm Fe[II] 

concentration. 

The maximum values of P, RCO2 and R.RCO2 for mixed microbial population were 

obtained as 0.078 (±0.004)%, 0.107 (±0.018)% and 57.67 (±0.04)%, respectively at 100 ppm of 

Fe[II] ion concentration (Table 5.2). These respective parameters for mixed microbial population 

were found to be better when compared with the isolated pure strains of B. cereus, E. cloacae, P. 

putida and P. aeruginosa in terms of CO2 utilization ability (Table 5.2).  Hence, the superior 

performance of mixed microbial population for CO2 bio-mitigation has paved a pathway which 

could lead to the development of sustainable and economic CO2 bio-mitigation system. 

The obtained results revealed that the increased Fe[II] concentration from 50 to 100 ppm 

has not only increased the CO2 removal efficiency but also has approximately doubled the 

biomass obtained. As discussed in section 5.2, amount of CO2 that can be reduced into the 

cellular biomass was relied upon the adequate supply of energy substrate Fe[II] in bio-usable 
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form. The lower value of energy substrate concentration (50 ppm) resulted in lesser amount of 

CO2 fixation into the cellular biomass. Due to this reason, obtained values of P, RCO2 and R.RCO2 

at 50 ppm Fe[II] concentration were found to be lower in comparison to the values obtained at 

100 ppm Fe[II] concentration. Various studies reported the presence of minerals like pyrites, 

greigite, goethite, chlorite which are rich in Fe[III] (Sinha and Raymahashay, 2004; McBeth et 

al., 2011). Therefore, the possibility of metabolization of iron is quite high in haloalkalophilic 

environment. Hence, P. aeruginosa, obtained from Sambhar lake has a capability to utilize Fe[II] 

as energy source for assimilating CO2 which is also confirmed by the results obtained in the 

present study. 

 

5.3.2 Growth response of S2O3
2-

 utilizing bacterium 

Biomass growth in terms of dry weight (g L
-1

) at respective S2O3
2-

 concentration is shown in Fig. 

5.17. Growth of H. stevensii was found to increase up to day 5 and it became nearly constant 

afterwards. Maximum biomass was obtained as 0.845 (±0.025) g L
-1

 and 1.05 (±0.07) g L
-1

 for 

50 and 100 mM S2O3
2-

 concentration, respectively (Table 5.2). It was also observed that the 

increase in S2O3
2-

 concentration from 50 to 100 mM resulted in the increased biomass 

concentration by approximately 20%. However, no significant change was observed in the 

removal efficiency of CO2 with the increase in S2O3
2- 

from 50 mM [98.97 (±0.53)%] to 100 mM 

[98.59 (±0.59)%] (Table 5.1). The removal of CO2 from the gaseous phase depends on the 

solubility of CO2 in liquid media and also on the equilibrium which existed between gaseous and 

liquid phase CO2 concentrations.  

The values of PMax, µMax and XMax for H. stevensii were obtained as 0.14 g L
-1 

d
-1

, 0.21 d
-1

 

and 0.845 g L
-1

, respectively for 50 mM S2O3
2-

 concentration and 0.175 g L
-1 

d
-1

, 0.25 d
-1

 and 
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1.05 g L
-1

, respectively for 100 mM S2O3
2-

 concentration. RCO2 values of 0.174 g L
-1 

d
-1

 and 

0.218 g L
-1 

d
-1

 were obtained at 50 and 100 mM S2O3
2-

 concentrations, respectively. This also 

indicated that increase in S2O3
2-

 concentration resulted in the increased CO2 fixation rate.  

It is a well known fact that the energy required for the reduction of CO2 into cellular 

biomass was exploited either from light or inorganic compounds depending on the type of 

organisms. As discussed earlier in section 5.2.1, S2O3
2-

 is one such inorganic compound in which 

sulfur is present in its reduced state and was oxidized by bacterium for CO2 fixation. Sambhar 

salt lake represents the natural habitat for haloalkalophilic prokaryotes. Sulfide reacts with the 

insoluble sulfur present in the lake to form soluble polysulfide which is rapidly oxidized to 

S2O3
2-

 under aerobic conditions (Gosh and Dam, 2009; Sorokin et al., 2011). Also, the 

dominance of NaHCO3 over Na2CO3 in the lake as pH value of the lake is below 10. This has 

shown more probability for the presence of micro-organisms capable of fixing CO2 (Gosh and 

Dam, 2009; Sorokin et al., 2011). Therefore, H. stevensii which was isolated from Sambhar salt 

lake, was found capable of fixing CO2 as cellular biomass by oxidizing S2O3
2-

 ion to SO4
2-

 

(Sulfate) ion.  
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Fig. 5.12 Biomass growth (g L

-1
) of Bacillus cereus at different Fe[II] concentration. 
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Fig. 5.13 Biomass growth (g L

-1
) of mixed microbial population at different Fe[II] 

concentration.
1
 

                                                 
1
 “*” -: Denotes statistically significant differences for duplicates (t - test, P < 0.05) 
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Fig. 5.14 Biomass growth of E. cloacae at different Fe[II] concentration.
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Fig. 5.15 Biomass growth (g L

-1
) of P. putida at different Fe[II] concentration.
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Fig. 5.16 Biomass growth (g L
-1

) of P. aeruginosa at different Fe[II] concentration.
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Fig. 5.17 Biomass growth (g L
-1

) of H. stevensii at different S2O3
2-

 concentration.
1 
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Table 5.2: P (g L
-1

 d
-1

), XMax (g L
-1

), RCO2 (gCO2 L
-1

 d
-1

) and R.RCO2 values estimated for B. 

cereus, mixed microbial population, E. cloacae, P. putida, P. aeruginosa and H. stevensii at 

different energy substrate concentrations (Fe[II] or S2O3
2-

).  

 

Species 

Fe[II] (ppm) or 

S2O3
2-

 

concentration 

(mM) 

 

P  

(g L
-1

 d
-1

) 

XMax  

(g L
-1

) 

RCO2  

(gCO2 L
-1

 d
-1

) 

R.RCO2  

(%) 

B. cereus 

50 
0.0374 

(±0.0006) 

0.187 

(±0.003) 

0.0466 

(±0.0003) 

32.3 

(±0.0071) 

100 
0.0512 

(±0.002) 

0.256 

(±0.008) 

0.0638 

(±0.003) 

44 

(±0.02) 

200 
0.0772 

(±0.00056) 

0.386 

(±0.002) 

0.0962 

(±0.00071) 

66.6 

(±0.0014) 

Mixed 

microbial 

population 

50 
0.054 

(±0.0014) 

0.336 

(±0.01) 

0.0675 

(±0.0021) 

40.13 

(±0.101) 

100 
0.078 

(±0.004) 

0.48 

(±0.02) 

0.107 

(±0.018) 

57.67 

(±0.04) 

E. cloacae 

50 
0.0305 

(±0.0035) 

0.23 

(±0.014) 

0.038 

(±0.004) 

27.64 

(±0.17) 

100 
0.036 

(±0.0042) 

0.248 

(±0.022) 

0.0445 

(±0.005) 

29.77 

(±0.28) 

P. putida 

50 
0.0495 

(±0.004) 

0.3 

(±0.028) 

0.0617 

(±0.006) 

36.47 

(±0.7) 

100 
0.056 

(±0.0056) 

0.355 

(±0.03) 

0.07 

(±0.007) 

42.66 

(±0.54) 

P. 

aeruginosa 

50 
0.0172 

(±0.001) 

0.131 

(±0.005) 

0.0214 

(±0.001) 

13.8 

(±0.7) 

100 
0.024 

(±0.0025) 

0.21 

(±0.015) 

0.0302 

(±0.0031) 

22.16 

(±1.14) 

H. stevensii 

50 
0.14 

(±0.006) 

0.845 

(±0.025) 

0.174 

(±0.007) 

67.79 

(±1.2) 

100 
0.174 

(±0.016) 

1.05 

(±0.07) 

0.215 

(±0.02) 

84.18 

(±2.1) 
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5.3.3 Screening of best CO2 utilizing strain 

The results obtained for the CO2 bio-mitigation batch studies of different microbial species 

isolated from STP and SSL using different energy substrate concentrations are summarized in 

Tables 5.1 and 5.2. It was observed that the ηCO2 value was found to decrease in the order of 

microorganisms H. stevensii > P. aeruginosa > B. Cereus > Mixed Microbial population > P. 

putida > E. cloacae at approximately similar initial head space CO2(g) concentration (Table 5.1). 

The growth response of H. stevensii in terms of P, XMax, RCO2 and R.RCO2 was found to be better 

than the growth response of other microbial species used in the present study (Table 5.2). The net 

energy gained by oxidizing S2O3
2-

 was found to be many times higher than the energy gained by 

oxidizing Fe[II]. This may be one of the reasons for the higher values of ηCO2(g) in case of H. 

stevensii (Ritmann and McCarty, 2012).  

Thus, H. stevensii emerged as a superior candidate than mixed microbial population and 

other isolates on the basis of CO2(g) utilization. Hence, H. stevensii can be employed for the 

development of sustainable and cost effective CO2 bio-mitigation system. 

 

5.4 Product analysis 

Preliminary identification and characterization of the substances present in the cell lysate and 

supernatant obtained from CO2 fixation batch studies were carried out using FT-IR and GC-MS. 

 

5.4.1 Culture obtained from STP 

5.4.1.1 FT-IR analysis 

The knowledge of functional group present in the compound is sufficient to confirm that the 

compound belongs to a particular group and hence, helps in identification and characterization. 
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Thus, peak attribution was carried out according to the available literature for the identification 

of functional group (Jiang et al., 2012; Meng et al., 2014; Basu et al., 2015). 

FT-IR spectra observed for the cell lysate extract and cell free supernatant extract of B. 

cereus, mixed microbial population, E. cloacae and P. putida obtained from CO2 bio-mitigation 

shake flask studies at 100 ppm Fe[II] concentration have shown distinct peaks in the region of 

4000 - 500 cm
-1

 (Figs.5.18 - 5.25). The specific values of the wave number related to different 

peaks for cell lysate extract and cell free supernatant extract of respective species are given in 

Table 5.3.   

In the spectra obtained for all species, the major peaks were found in the region of 3600 - 

3000 cm
-1

, 3000 - 2800 cm
-1

, 1700 -1600 cm
-1

, 1500 -1400 cm
-1

, 1300 -1000 cm
-1

 and 800 - 600 

cm
-1

 (Table 5.3). The spectra obtained for cell lysate extract and cell free supernatant extract of 

B. cereus, mixed microbial population, E. cloacae and P. putida have shown the wide and strong 

peak in the region of 3600 - 3000 cm
-1

 which refers to the hydroxyl group (-OH) of carboxylic 

acid (Table 5.3). The peaks obtained in region 3000 - 2800 cm
-1

 indicated the -CH stretching of 

long chain fatty acids. Sometimes, the wider peak of -OH group would superimpose the peaks of 

sharp -CH stretching and hence they are difficult to differentiate. In the case of mixed microbial 

culture and E. cloacae cell lysate, it was difficult to differentiate –OH and –CH groups (Figs. 

5.20 and 5.22). The characteristic peak of –C=O group, represents either the cell bound fatty 

acids or the amide (I) band of proteins and was confirmed by the peaks obtained in the region of 

1700 - 1600 cm
-1

. The presence of peak in the region of wave number 1500 - 1400 cm
-1

 has 

indicated either the -C=O group of carbonate ion formed due to the CO2 fixation or due to the 

bending of -CH present in aliphatic group and -OH bending of COOH group (Table 5.3). The 

occurrences of peaks in the region of wave number 1300 - 1100 cm
-1

 have represented CN group 
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and -C-O group of proteins. The C-O-C and C-O Stretching of COOH group from lipids or 

polysaccharides was confirmed by the presence of peaks obtained in the region of wave number 

1100 - 1000 cm
-1

. The presence of compounds having un-saturation (double bond) and C-H rock 

of long chain alkanes were observed by the peaks obtained in the region of wave number 800 - 

600 cm
-1

. Thus, FT-IR analysis of the cell lysate and cell free supernatant extract obtained from 

B. cereus, mixed microbial population, E. cloacae and P. putida have revealed the presence of 

organic compounds having functional groups such as C=O, -OH, C-O, C=C.  

FT-IR spectrum alone was not sufficient to provide the qualitative and quantitative 

information of organic compounds present in the sample. Hence, the cell lysate extract and cell 

free supernatant extract of all species were further characterized using GC-MS and the results 

obtained are given in subsequent subsection. 

 

5.4.1.2 GC-MS analysis 

GC-MS analysis of the cell lysate extracts obtained from B. cereus, mixed microbial population, 

E. cloacae and P. putida has revealed the presence of fatty acids and hydrocarbons (Tables 5.4 - 

5.7). The carbon chain lengths present in the fatty acids were found in the range of C11 to C19. 

Benzoic acid, tetradecanoic acid, hexadecanoic acid, octadecanoic acid and 9-octadecanoic acid 

are the major fatty acids present in the cell lysate extract of all four species (Tables 5.4 - 5.7). 

The cell lysate extracts of B. cereus and mixed microbial population have shown the presence of 

aromatic and unsaturated fatty acids (Tables 5.4 and 5.5). The total fatty acids contents of the 

cell lysate extracts for B. cereus, mixed microbial population, E. cloacae and P. putida were 

obtained as 3.74%, 2.76%, 1% and 0.54%, respectively. The smaller size of the prokaryotic cell 

in comparison to eukaryotic cell may be the possible reason for lesser cellular fatty acid content 
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(Bharti et al., 2014). Most of the fatty acids present in the cell lysate extract falls in the range of 

carbon chain length C14-C18 (Tables 5.4 - 5.7). The obtained fatty acids can be suitably converted 

into biodiesel via transestrification reaction (Bharti et al., 2014).  

The cell lysate extracts of all four species have shown the presence of hydrocarbons 

having carbon chain length in the range of C10-C24 (Tables 5.4 - 5.7). The hydrocarbon content of 

cell lysate extracts of mixed microbial population and E. cloacae are comprised of saturated, 

unsaturated and branched hydrocarbons (Tables 5.5 and 5.6). However, the cell lysate extracts of 

B. cereus and P. putida were found to contain only saturated hydrocarbons (Tables 5.4 and 5.7). 

The total hydrocarbon content for the cell lysate extracts of B. cereus, mixed microbial 

population, E. cloacae and P. putida were observed as 2.55%, 10.71%, 10.64% and 2.1%, 

respectively (Tables 5.4 - 5.7). These hydrocarbons are having compositions equivalent to light 

oil or kerosene and hence, can be utilized as a fuel. The cell lysate extracts of mixed microbial 

population and E. cloacae have shown the presence of unsaturated hydrocarbons in considerable 

amount. This can be used as a precursor for the production of compounds such as higher 

alcohols, alkanes, halides, polymer products, etc. 

The cell free supernatant extracts obtained from CO2 bio-mitigation studies of all four 

species were analyzed using GC-MS. This analysis confirmed the presence of fatty acids and 

hydrocarbon in extractable form (Tables 5.4 - 5.7). The fatty acids were found to have carbon 

chain length in the range of C5-C19 which mainly comprised of saturated, unsaturated and 

branched hydrocarbons (Tables 5.4 - 5.7). Analysis of cell free supernatant of B. cereus and 

mixed microbial population revealed the presence of 16.24% and 22.17% fatty acids of the total 

supernatant extract, respectively (Tables 5.4 - 5.7). B. cereus extract has revealed the presence of 

maximum amount of unsaturated fatty acids (Table 5.4). The fatty acids contents of cell free 
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supernatant extracts of E. cloacae and P. putida were found to be 0.93% and 6.32%, respectively 

which was less in comparison to fatty acid content of B. cereus and mixed microbial population 

(Tables 5.4 - 5.7). The obtained results indicated that the fatty acids composition of the cell free 

supernatant extract of all four species can be utilized for the biodiesel production via 

transestrification. 

GC-MS analysis of cell free supernatant extract also revealed the presence of 

hydrocarbons having carbon chain length in the range of C10-C24. The hydrocarbons content of 

the cell free supernatant extracts for B. cereus, mixed microbial population, E. cloacae and P. 

putida were found as 6.78%, 22.38% (4.35% unsaturated & branched), 24.62% (23.86% 

unsaturated & branched) and 6.9% (1.15% unsaturated & branched), respectively (Tables 5.4 - 

5.7). The composition of hydrocarbons was found to be similar to that of light oil or kerosene oil 

and hence, it can be utilized as fuels. Presence of higher unsaturated hydrocarbons in cell free 

supernatant extract of E. cloacae makes it an excellent candidate for the production of chemicals 

such as higher alcohols, alkanes, halides, polymer products, etc. 
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Fig. 5.18 FT-IR spectrum of cell lysate extract of B. cereus SM1. 
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Fig. 5.19 FT-IR spectrum of cell free supernatant extract of B. cereus SM1. 
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Fig. 5.20 FT-IR spectrum of cell lysate extract of mixed microbial population. 
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Fig. 5.21 FT-IR spectrum of cell free supernatant extract of mixed microbial population.  
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Fig. 5.22 FT-IR spectrum of cell lysate extract of E. cloacae. 
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Fig. 5.23 FT-IR spectrum of cell free supernatant extract of E. cloacae.  
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Fig. 5.24 FT-IR spectrum of cell lysate extract of P. putida. 
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Fig. 5.25 FT-IR spectrum of cell free supernatant extract of P. putida.  
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Table 5.3: Band assignments to peaks obtained for cell lysate extract and cell free 

supernatant extract of B. cereus, mixed microbial population, P. putida and E. cloacae 

 

 
B. 

cereus 

(cm
-1

) 

Mixed 

Microbial 

Population 

(cm
-1

) 

E. 

cloacae 

(cm
-1

) 

P. putida 

(cm
-1

) 

Group 

attribution 

Bio-molecule 

representation 

Cell lysate 

extract 

3304.55 3338.76 3292.22 3304.95 
OH 

stretching 

Carbohydrates, 

proteins, lipids 

(sterols and 

fatty acids), 

nucleic acids 

2946.40, 

2834.37 
3000-2800 

3000-

2800 

2949.06, 

2838.23 

CH 

stretching 

 

Long chain 

hydrocarbons 

1654.38 1637.93 1638.06 1646.99 
C=O 

stretch 
Lipids, proteins 

 

1449.25, 

1412.45 

 

1500-1400 

 

1500-

1400 

 

1449.23, 

1407.26 

C=O, CH 

bending , 

OH bending 

Carbonate ion, 

Aliphatic group, 

COOH group 

1114.42 
1248.17, 

1214.71 
1214.99 

1300-

1100 
C-N, C-O Protein 

 

1017.76 

 

1016.33 

 

1016.73 

 

1112.51, 

1012.87 

C-O-C, C-O 

Stretching of 

COOH 

Lipids, 

polysaccharides 

595.04 
751.16, 

667.05 

748.21, 

666.63 
- 

C=C 

bending 
Alkenes 

Cell free 

supernatant 

extract 

3271.27 3250 3199.99 3298.12 
OH 

stretching 

Carbohydrates, 

proteins, lipids 

(sterols and 

fatty acids), 

nucleic acids 

2900, 

2800 
3000-2800 

3000-

2800 

2947.97, 

2836.74 

CH 

stretching 

 

Long chain 

hydrocarbons 

1645.34 1750, 1600 1638.06 1654.71 
C=O 

stretch 
Lipids, proteins 

 

1410.65 

 

1500 -1400 

 

1500 -

1400 

 

1449.48, 

1411.64 

C=O, CH 

bending , 

OH bending 

Carbonate ion, 

Aliphatic group, 

COOH group 

1241.92 1237.75 1155.80 1114.23 C-N, C-O Protein 

 

1014.05 

 

1100-1000 

 

1015.69 

 

1015.15, 

1086.50 

C-O-C, C-O 

Stretching of 

COOH 

Lipids, 

polysaccharides 
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Table 5.4: GC-MS analysis of cell lysate extract and cell free supernatant extract of 

Bacillus cereus  

 

 
Run 

time 

(min) 

Formulae Compound 
% 

Area 

Relative 

molecular 

mass 

Match 

quality 

(%) 

Cell lysate 

extract 

14.6 C11H14O3 benzoic acid 0.76 194 89 

19.017 C17H34O2 hexadecanoic acid 0.29 270 89 

20.717 C19H36O2 9-octadecanoic acid (z)- 0.97 296 86 

20.9 C18H36O2 heptadecanoic acid 0.22 284 86 

12.979 C15H32 pentadecane 1.76 212 95 

14.2 C17H36 heptadecande 0.66 240 92 

15.4 C11H24 nonane 0.13 156 87 

Cell free 

supernatant 

extract 

4.429 C5H10O2 butanoic acid 4.03 102 95 

14.698 C11H14O3 benzoic acid 5.53 194 94 

17.303 C14H28O2 tetradecanoic acid 3.45 228 94 

19.015 C18H36O2 hexadecanoic acid 2.00 284 90 

27.2 C21H42O2 ecosanoic acid 0.41 326 73 

27.483 C21H30O2 dehydroabietic acid 0.35 314 67 

7.359 C10H22 decane 0.31 142 86 

7.942 C22H46 docosane 0.35 310 89 

12.982 C14H30 tetradecane 4.24 198 94 

14.259 C15H32 pentadecane 1.62 212 92 

15.467 C11H24 nonane 0.26 156 88 

Total saturated fatty acid 10.4 % 

Total unsaturated fatty acid 7.61 % 

Total fatty acid 18.01 % 

 

Table 5.5: GC-MS analysis of cell lysate and cell free supernatant extract obtained from 

mixed microbial population 

 

 

Run 

Time 

(min) 

Formula Compound 
% 

Area 

Relative 

molecular 

mass 

Match 

quality 

(%) 

Cell lysate 

extract 

8.249 C16H34 n-hexadecane 0.12 226 92 

8.631 C12H24 7-methyl-1-undecene 0.12 168 89 

8.869 C12H24 7-methyl-1-undecene 0.14 168 87 

9.882 C12H26 n-dodecane 0.12 170 94 

10.893 C13H26 1-tridecene 4.36 182 95 

11.618 C9H10O3 4-ethoxybenzoic acid 0.15 166 80 

12.372 C15H32 pentadecane 0.18 212 95 

13.311 C18H36 3-octadecene 3.64 252 95 

13.646 C18H38 octadecane 0.17 254 92 

14.276 C14H28O2 tetradecanoic acid 1.69 228 96 
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14.602 C21H44 heptadecane 0.19 296 94 

15.031 C11H22 3-methyl-2-decene 0.11 154 79 

15.420 C18H36 9-octadecene 0.26 252 95 

15.493 C20H40 9-eicosene 0.52 280 94 

16.312 C16H32O2 n-hexadecanoic acid 0.92 256 94 

 

Cell free 

supernatant 

extract 

4.170 C10H22 decane 0.46 142 96 

4.991 C16H34 n-hexadecane 0.34 226 94 

7.090 C12H26 dodecane 0.86 170 97 

8.015 C14H30 tetradecane 0.31 198 92 

8.250 C13H28 5-isobutylnonane 0.71 184 94 

8.366 C19H40 nonadecane 0.28 268 93 

8.632 C12H24 7-methyl-1-undecene 0.6 168 91 

9.884 C14H30 tetradecane 1.39 198 97 

10.685 C15H32 
2,6,10-

trimethyldodecane 
0.55 212 94 

11.047 C18H38 octadecane 0.54 254 92 

11.125 C17H36 heptadecane 1.39 240 94 

11.243 C14H30 
2,3,5,8-tetramethyl- 

decane 
0.27 198 74 

12.374 C24H50 tetracosane 1.74 338 96 

12.933 C18H38 
2,6,10-

trimethylpentadecane 
0.47 254 93 

13.058 C21H44 
2,6,10,15-

tetramethylheptadecane 
0.37 296 91 

13.514 C23H48 tricosane 1.29 324 78 

13.932 C10H19 2-methyl-2-nonene 3.53 141 77 

14.321 C14H28O2 tetradecanoic acid 10.23 228 97 

14.605 C21H44 n-heneicosane 1.82 296 96 

15.636 C20H42 eicosane 0.46 282 94 

15.902 C29H60 n-nonacosane 0.93 408 91 

16.348 C16H32O2 n-hexadecanoic acid 7.12 256 87 

16.624 C20H42 
2,6,10,14-

tetramethylhexadecane 
0.92 282 95 

17.470 C20H40 3-eicosene 0.22 280 92 

17.808 C34H70 tetratriacontane 0.25 478 90 

17.933 C18H38 8-methylheptadecane 0.70 254 91 

18.209 C18H36O2 octadecanoic acid 2.06 284 93 

18.467 C21H44 n-heneicosane 0.77 296 96 

19.859 C44H90 tetratetracontane 0.65 618 90 

25.551 C32H66 n-dotriacontane 0.19 450 87 

25.914 C27H56 n-heptacosane 0.37 380 90 
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4.170 C10H22 decane 0.46 142 96 

Total saturated fatty acid 22.02 % 

Total unsaturated fatty acid 0.15 % 

Total fatty acid 22.17 % 

 

Table 5.6: GC-MS analysis of E. cloacae cell lysate and cell free supernatant extract 

 

Run 

Time 

(min) 

Formula Compound 
% 

Area 

Relative 

molecular 

mass 

Match 

quality 

(%) 

Cell lysate 

extract 

8.015 C12H26 dodecane 0.08 170 90 

8.250 C14H30 tetradecane 0.17 198 92 

8.632 C12H24 1-undecene 0.17 168 89 

8.749 C12H24 2-undecen 0.08 168 87 

10.894 C13H26 1-tridecene 4.65 182 94 

13.314 C18H36 3-octadecene 3.99 252 94 

13.509 C23H48 tricosane 0.15 324 74 

14.268 C18H34O2 9-octadecenoic acid 0.42 282 94 

15.027 C11H22 3-methyl-2-decene 0.43 154 77 

15.502 C22H44 1-docosene 0.60 308 92 

15.900 C20H42 eicosane 0.14 282 91 

16.314 C18H34O2 octadecenoic acid 0.58 282 90 

Cell free 

supernatant 

extract 

9.878 C17H36 heptadecane 0.12 240 89 

10.899 C17H34 heptadec-8-ene 0.43 238 89 

12.370 C14H30 n-tetradecane 0.30 198 93 

13.316 C19H38 1-nonadecene 0.40 266 89 

13.945 C12H24 2-undecene 5.51 168 77 

14.228 C10H19 2-methyl-2-nonene 0.53 141 75 

15.108 C11H22 3-methyl-2-decene 16.88 154 76 

16.567 C20H40 9-eicosene 0.11 280 88 

16.622 C24H50 n-tetracosane 0.22 338 94 

21.836 C19H38O4 hexadecanoic acid 0.37 330 87 

22.379 C24H38O4 
1,2-benzenedicarboxylic 

acid 
0.56 390 93 

9.878 C17H36 heptadecane 0.12 240 89 

Total saturated fatty acid 0.95 % 

Total unsaturated fatty acid 1.01 % 

Total fatty acid 1.96 % 
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Table 5.7: GC-MS analysis of P. putida cell lysate and cell free supernatant extract 

 

Run 

Time 

(min) 

Formula Compound 
% 

Area 

Relative 

molecular 

mass 

Match 

quality 

(%) 

Cell lysate 

extract 

12.979 C15H32 pentadecane 1.45 212 94 

14.257 C17H36 heptadecane 0.54 240 91 

15.467 C11H24 3-methyldecane 0.11 156 84 

17.348 C16H32O2 hexadecanoic acid 0.54 256 84 

Cell free 

supernatant 

extract 

7.360 C9H20 2,2,3-trimethylhexane 0.43 128 87 

12.984 C13H28 n-tridecane 4.07 184 93 

14.259 C17H36 heptadecane 1.68 240 93 

15.467 C11H24 3,7-dimethylnonane 0.29 156 88 

17.306 C14H28O2 n-tetradecanoic acid 2.85 228 92 

19.367 C16H32O2 n-hexadecanoic acid 3.47 256 85 

7.360 C9H20 2,2,3-trimethylhexane 0.43 128 87 

Total saturated fatty acid 6.86 % 

Total unsaturated fatty acid - 

Total fatty acid 6.86 % 
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5.4.2. Culture obtained from SSL 

5.4.2.1 FT-IR analysis  

Preliminary identification and characterization of substances present in the cell lysate and cell 

free supernatant extracts of P. aeruginosa and H. stevensii obtained from CO2 fixation batch 

studies were carried out using FT-IR spectroscopy. The specific values of the wave numbers 

related to different peaks for cell lysate extracts and cell free supernatant extracts of P. 

aeruginosa and H. stevensii were observed in the specific region of the spectrum and are given in 

Table 5.8.   

FT-IR spectra of cell lysate extracts of P. aeruginosa and H. stevensii obtained after CO2 

mitigation batch studies displayed absorption spectrum in the range of  3700 - 2800 cm
-1

, 2000 - 

1300 cm
-1

 and 1200 - 1000 cm
-1

 (Figs. 5.26 and 5.27). Peaks obtained at 3280.27 cm
-1

 for P. 

aeruginosa and at 3257.62 cm
-1

 for H. stevensii indicated the presence of -OH stretching. This 

belongs to the alcoholic compounds which are having free or intermolecular hydrogen bonding 

(Kalsi, 2004). Peaks obtained between 3000 cm
-1

 and 2800 cm
-1

 represented the -CH stretching 

of long chain hydrocarbons (Table 5.8). Peaks observed at 1647.12 cm
-1

 and 1654.18 cm
-1

 for 

cell lysate extracts of P. aeruginosa and H. stevensii, respectively indicated the characteristic 

peak of –C=O group due to the cell bound fatty acids or the amide (I) band of proteins or the 

C=C stretching of alkenes (Kalsi, 2004). Peaks observed between 1500 and 1400 cm
-1

 revealed 

the presence of C=O group of carbonate ion. The presence of carbonate ion may be due to the 

CO2 fixation or -CH bend of aliphatic group or C-O-H bend and O-H bend in the same plane 

(Table 5.8). Occurrence of peak between 1200 cm
-1

 and 1100 cm
-1

 represented C-C-C bending in 

the long chain hydrocarbons and has confirmed the presence of C-O stretch of alcoholic 

compounds (Table 5.8) (Kalsi, 2004).  
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FT-IR spectra for the cell free supernatant extracts of P. aeruginosa and H. stevensii 

obtained from the batch studies are also shown in Figs. 5.28 and 5.29, respectively and reported 

in Table 5.8. The spectra can be divided into two ranges as 3700 - 2800 cm
-1

 and 2000 - 1000 

cm
-1

. The peaks obtained at 3252.23 cm
-1

 for P. aeruginosa and at 3323.97 cm
-1

 for H. stevensii 

represented the -OH stretching of alcoholic compounds which were free of hydrogen bonding. 

The presence of peak at 1634.22 cm
-1

 and 1637.71 cm
-1

 in the spectra of P. aeruginosa and H. 

stevensii, respectively  indicated the presence of C=C stretching of alkenes. The occurrence of 

peak between 1100 cm
-1

 and 1000 cm
-1

 in the spectra of P. aeruginosa and H. stevensii, 

represented the -C-O stretch of alcoholic compounds (Fig. 5.28 and 5.29). Absence of -CH 

stretch of long chain hydrocarbons may be due to the overlapping of strong -OH stretch (Kalsi, 

2004). Thus, the FT-IR spectra of cell lysate and supernatant extracts have revealed the presence 

of compounds having -OH, -CH, C=C and C-O as major functional groups (Kalsi, 2004). Hence, 

the cell lysate and supernatant extract obtained from CO2 bio-mitigation studies were consist of 

different organic compounds such as fatty alcohols and hydrocarbons. 

 

5.4.2.2 GC-MS analysis 

The obtained cell lysate extracts and cell free supernatant extracts from CO2 fixation batch 

studies were further analyzed using GC-MS for the identification and confirmation of different 

compounds. Identification of an individual compound present in the sample to its closest match 

is helpful in developing the strategy for the recovery of the same compound.  

GC-MS analysis of the cell lysate extracts obtained from P. aeruginosa and H. stevensii 

have revealed the presence of fatty alcohols in considerable amount with match quality ranging 

from 89% to 98% (Tables 5.9 and 5.10). GC spectrum area obtained for P. aeruginosa and H. 
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stevensii was comprised of approximately 40% and 27.84% fatty alcohols, respectively. The 

fatty alcohols were found to have carbon chain length in the range of C12-C18.  

The fatty alcohols mainly present in the cell lysate extract of P. aeruginosa were 

dodecanol (24.90%), tetradecanol (13.0%), pentadecanol (2.26%) and octadecanol (0.52%). The 

results for P. aeruginosa have also shown the presence of fatty acids such as tetradecanoic acid, 

hexadecanoic acid and fatty aldehyde cis-9-hexadecenal (match quality 89%) in trace amounts 

(Table 5.9). 

The fatty alcohols present in the cell lysate extract of H. stevensii were mainly comprised 

of compounds such as dodecanol (17.76%), tetradecanol (8.66%), pentadecanol (1.08%), 

octadecanol (0.34%), etc. Other compounds such as fatty aldehyde, cis-9-hexadecenal (match 

quality of 90%), myristic acid (match quality 95%), n-hexadecanoic acid (match quality 95%), 

etc. were also found in trace amount in the cell lysate extract of H. stevensii (Table 5.10).  

The cell free supernatant extracts of P. aeruginosa and H. stevensii have confirmed the 

presence of alkanes, alkenes and fatty alcohols with the match quality ranging from 78% to 98% 

(Tables 5.9 and 5.10). Fatty alcohols obtained from P. aeruginosa and H. stevensii were 

accounted for 39.68% and 10.16% of total area of the supernatant extracts, respectively.  

The major compound of fatty alcohols obtained from P. aeruginosa cell free supernatant 

extract were dodecanol (19.60%), 2,4-di-tert-butylphenol (1.69%), tetradecanol (10.36%), 

octadecanol (2.51%), heneicosanol (2.21%), lignoceric alcohol (1.89%) and octacosanol 

(1.42%). Saturated, unsaturated and branched hydrocarbons were comprise of 7.36% of the total 

supernatant extract. Trace amounts of fatty acids such as myristic acid (1.04%), cis-vaccenic acid 

(0.21%), etc. were also present in the supernatant extract (Table 5.9). 
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The fatty alcohol obtained from cell free supernatant extract of H. stevensii comprised of 

3, 5-di-t-butylphenol (3.12%), heneicosanol (3.45%), octacosanol (3.45%), etc. The obtained 

results indicated the presence of saturated, unsaturated and branched hydrocarbons which consist 

of 20.9% of the total area of the cell free supernatant extract. Fatty acids such as stearic acid 

(3.07 %) and cis-vaccenic acid (0.35%) were also present in the cell free supernatant extract in 

trace amount (Table 5.10).  

Thus, the total cell extract (cell lysate & supernatant) obtained from P. aeruginosa and H. 

stevensii was found to be composed of approximately 80% and 38% fatty alcohols, respectively. 

This included the compounds having carbon chain length in the range of C12-C28. The obtained 

fatty alcohols were mainly composed of dodecanol (51.86%) and tetradecanol (23.36%) for P. 

aeruginosa and dodecanol (17.76%) for H. stevensii. Hence, the results of GC-MS analysis 

confirmed that P. aeruginosa and H. stevensii have assimilated CO2 as fatty alcohols. 
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Fig. 5.26 FT-IR spectrum of cell lysate extract of P. aeruginosa. 
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Fig. 5.27 FT-IR spectrum of cell lysate extract of H. stevensii.  
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Fig. 5.28 FT-IR spectrum of cell free supernatant extract of P. aeruginosa. 
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Fig. 5.29 FT-IR spectrum of cell free supernatant extract of H. stevensii.  
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Table 5.8 Band assignments to peaks obtained for cell lysate extracts and cell free 

supernatant extracts of P. aeruginosa and H. stevensii 

 

 
P. aeruginosa 

(cm
-1

) 

H. Stevensii 

(cm
-1

) 
Group attribution Compounds 

Cell lysate 

extract 

3280.27 3257.62 OH stretching 

Fatty alcohols, 

Carbohydrates, proteins, 

lipids and nucleic acids 

2949.13, 

2837.90 

2949.80, 

2839.97 
-CH stretching Long chain hydrocarbons 

1647.12 
1637.71, 

1654.18 

C=O stretch 

C=C stretching 
Proteins, lipids and alkenes 

1449.22, 

1404.28 
1409.24 

C-O-H bending or 

O-H bending 

Carbonate ion, fatty 

alcohol 

1111.19 1112.33 C-C-C bending Long chain hydrocarbons 

1013.06 
1014.93, 

1013.50 

C-O stretch of 

alcoholic products 
Fatty alcohol 

 

Cell free 

supernatant 

extract 

3252.23 3323.97 OH stretching 
Fatty alcohols, 

Carbohydrates, and lipids  

1634.22 1637.71 C=C stretching Alkenes 

Around 1100 1014.93 
C-O stretch of 

alcoholic products 
Fatty alcohol 

 

Table 5.9: GC-MS analysis of cell lysate extract products and of cell free supernatant 

extract products extracted in chloroform-methanol of P. aeruginosa 
 

 

Run 

Time 

(min) 

Formula Compound 
% 

Area 

Relative 

Molecular 

mass 

Match 

quality 

Cell lysate 

extract 

8.204 C10H22O decanol 0.08 158 94 

11.014 C12H26O dodecanol 24.90 186 98 

13.383 C14H30O tetradecanol 13.00 214 98 

14.282 C14H28O2 tetradecanoic acid 0.07 228 92 

15.499 C15H32O pentadecanol 2.26 228 97 

16.329 C16H32O2 hexadecanoic acid 0.21 256 95 

17.472 C18H38O octadecanol 0.52 270 97 

18.055 C18H34O2 cis-9-hexadecenal 0.25 282 89 

 

 

 

 

 

4.151 C11H24 undecane 0.13 156 95 

4.607 C8H18O 2-ethylhexan-1-ol 0.30 130 95 

6.953 C11H22 n-1-undecene 0.57 154 97 

7.068 C13H28 n-tridecane 0.30 184 97 

8.227 C14H30 4,6- 0.19 198 94 
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Cell free 

supernatant 

extract 

dimethyldodecane 

9.772 C14H28 1-tetradecene 1.27 196 98 

9.867 C17H36 heptadecane 0.17 240 97 

10.670 C13H28 
3,8-

dimethylundecane 
0.14 184 92 

10.950 C12H26O dodecanol 19.60 186 98 

12.288 C16H32 hexadecene 1.99 224 98 

13.346 C14H30O tetradecanol 10.36 214 98 

13.636 C17H36 n-heptadecane 0.25 240 93 

14.326 C14H28O2 tetradecanoic acid 1.04 228 96 

14.537 C18H36 octadecene 2.60 252 97 

15.507 C18H38O octadecanol 2.51 270 96 

16.574 C21H44O heneicosanol 2.21 312 97 

17.488 C19H40O nonadecanol 0.26 284 96 

18.078 C18H34O2 
cis- octadec-11-

enoic acid 
0.21 282 88 

18.428 C24H50O tetracosanol 1.89 354 96 

20.295 C28H58O octacosanol 1.42 410 97 

 

Table 5.10: GC-MS analysis of cell lysate extract products and of cell free supernatant 

extract products extracted in chloroform-methanol of H. stevensii 
 

 

Run 

time 

(min) 

Formula Compound 
% 

Area 

Relative 

molecular 

mass 

Match 

quality 

(%) 

 

Cell lysate 

extract  

11.014 C12H26O dodecanol 17.76 186 98 

13.377 C14H30O tetradecanol 8.66 214 97 

14.290 C14H28O2 myristic acid 0.1 228 95 

15.498 C15H32O pentadecanol 1.08 228 97 

16.334 C16H32O2 n-hexadecanoic acid 0.17 256 95 

17.471 C18H38O octadecanol 0.34 270 97 

18.096 C16H30O cis-9-hexadecenal 0.14 238 90 

 

Cell free 

supernatant 

extract  

6.951 C12H24 1-dodecene 0.64 168 96 

8.227 C14H30 
4,6-

dimethyldodecane 
0.28 198 93 

8.869 C12H26 3,7-dimethyldecane 0.22 170 91 

9.772 C13H26 1-tridecene 1.63 182 97 

9.868 C17H36 n-heptadecane 0.20 240 96 

11.487 C14H22O 3,5-di-t-butylphenol 3.12 206 94 

12.285 C15H30 1-pentadecene 3.05 210 97 

12.363 C15H32 pentadecane 0.27 212 96 

14.323 C18H36O2 stearic acid 3.07 284 78 
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14.534 C19H38 1-nonadecene 3.37 266 97 

15.631 C19H40 n-nonadecane 0.25 268 94 

15.890 C20H42 n-eicosane 0.54 282 92 

16.572 C21H44O henicosan-1-ol 3.45 312 97 

18.050 C18H34O2 cis-vaccenic acid 0.35 282 87 

18.427 C28H58O octacosanol 3.59 410 96 
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5.5 Transestrification of fatty acids obtained from STP culture 

Product analysis of the cultures obtained from CO2 bio-mitigation batch studies for B. cereus, 

mixed microbial population, E. cloacae and P. putida have shown the presence of fatty acids in 

the extractable amount (section 5.4.1). These acids were further converted to biodiesel via 

transestrification by following the methodology described in literature (O'Fallon et al., 2007). 

The fatty acids present in extracts having carbon chain length in the range of C14-C18 were found 

suitable for the biodiesel production. Therefore, the fatty acids having carbon chain length in the 

range of C14-C18 were considered as targeted compounds for determining the product yield. The 

FAME standard (FAME mix from C8-C24, Supelco, Sigma Aldrich, Bangluru, India) was 

acquired and external point calibration methodology was followed to quantify the biodiesel 

product yield (Cuadros-Rodrìguez et al., 2007). Different concentrations of FAME were 

prepared using the FAME standard and at each concentration, peak area was acquired in 

duplicates, averaged and calibration plots were generated. The obtained mathematical best fit 

equations for tetradecanoic methyl ester, hexadecanoic acid methyl ester, octadecanoic acid 

methyl ester and cis-9-oleic methyl ester calibration curves along with their R
2
 values are given 

by Eqs. 5.3 - 5.6: 

      608312  .x - .Y     R
2
 = 0.922      (5.3) 

0.56 - 11.9 xY     R
2
 = 0.803      (5.4)  

0.466 - 3817.6 xY     R
2
 = 0.77      (5.5) 

1.067 - 55.17 xY     R
2
 = 0.81      (5.6) 

The identification of the FAME present in the sample was carried out using FAME 

standard by following retention time comparison methodology (Lee at el., 2010). The individual 
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and total quantified values of FAME obtained from B. cereus, mixed microbial population, E. 

cloacae and P. putida are reported in Table 5.11. 

The results revealed that the FAME obtained from all the extracts has shown the presence 

of both saturated and unsaturated FAMEs. The highest concentration of unsaturated FAME was 

observed in the extract of mixed microbial population followed by B. cereus and then E. cloacae 

(Table 5.11). Saturated FAME has high cetane number and oxidative stability, however it 

possesses poor flow quality at low temperature. On the other hand, unsaturated FAME has better 

flow quality at low temperature but has low cetane numbers and oxidative stability. Thus, the 

presence of monounsaturated fatty acid esters along with saturated fatty acid esters was 

necessary for quality of FAME to be utilized as fuel (Knothe, 2008). Hence, due to the presence 

of saturation and unsaturation in definite proportion, the FAME obtained from mixed microbial 

population, B. cereus and E. cloacae was qualified to be utilized as fuel. The quality of FAME 

obtained from mixed microbial population was superior as compared to FAME obtained from 

other species. The product yield in terms of biodiesel production was found highest for mixed 

microbial population (Table 5.11). It may be due to the higher fatty acid content for mixed 

microbial population as revealed by GC-MS analysis (Table 5.5). 

 

5.6 Fatty alcohol production obtained from SSL culture 

GC-MS analysis of total cell extracts of P. aeruginosa and H. stevensii has confirmed the 

presence of fatty alcohols. The major fatty alcohols found in the GC-MS analysis were 

dodecanol, tetradecanol, pentadecanol in both species and octadecanol in only P. aeruginosa. 

The obtained leachates of P. aeruginosa at 17% (v/v) CO2 concentration and of H. 

stevensii at 5, 10 and 15% (v/v) CO2 concentrations were analyzed using GC for the 
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quantification of fatty alcohols. This quantification was limited to the four products as per the 

results suggested by GC-MS analysis. The quantification was carried out by following the 

procedure of multipoint external standard method for GC quantification. Pure compounds were 

procured and calibration plots for all the analytes were prepared in the range of 0.001 - 0.008 mg, 

by dissolving 0.1 g of each analyte in 10 mL of chloroform and diluting the mixture to their 

respective concentrations. The calibration plots of dodecanol, tetradecanol, pentadecanol and 

octadecanol were fitted linearly and are given by Eqs. 5.7 - 5.10, respectively. The samples were 

analyzed in triplicates and an average value of peak area is used to generate the calibration plot. 

Dodecanol  Y = 4.4×10
7
 X - 50860.5  R

2
 = 0.86   (5.7) 

Tetradecanol  Y = 4.7×10
7
 X - 53741.9  R

2
 = 0.87   (5.8) 

Pentadecanol  Y = 4.5×10
7 
X - 51139.2  R

2
 = 0.87   (5.9) 

Octadecanol  Y = 4.3×10
7 
X - 49752.05  R

2
 = 0.87   (5.10) 

The fatty alcohols obtained from the biomass of P. aeruginosa were found to be 

comprised of 2.62 (±0.024) mg dodecanol, 4.00 (±0.04) mg tetradecanol, 2.62 (±0.085) mg 

pentadecanol and 2.56 (±0.046) mg octadecanol. Hence, total fatty alcohols in terms of product 

yield were calculated as 0.392 (±0.14) g g
-1

 (biomass). The study revealed that P. aeruginosa has 

shown the potential to be used as a source for the production of fatty alcohols via CO2 fixation. 

GC analysis for the quantification of dodecanol, tetradecanol and pentadecanol in 

leachate of H. stevensii obtained at different CO2 concentrations is reported in Table 5.12. The 

analysis has revealed the presence of dodecanol, tetradecanol and pentadecanol as primary 

metabolites. As the CO2 concentration was increased from 5% to 15% (v/v), concentrations of 

dodecanol and tetradecanol have also increased from 2.5 (±0.1) mg to 3.43 (±0.05) mg and 2.28 

(±0.15) mg to 2.96 (±0.18) mg, respectively (Table 5.12). However, the concentration of 
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pentadecanol was found to be approximately same at 5% and 10% CO2 concentrations (v/v). 

Presence of pentadecanol was not observed at 15% (v/v) inlet CO2 concentration. It was 

observed, that with the increase in CO2 inlet concentration from 5% to 15%, formation of fatty 

alcohols having odd chain length decreased and those of even chain length increased. Total fatty 

alcohols in terms of product yield were obtained as 0.355 (±0.01), 0.377 (±0.06) and 0.32 

(±0.016) g g
-1

 of biomass at 5%, 10% and 15% CO2 concentration (v/v), respectively (Table 

5.13). At 15% CO2 concentration, the obtained values of total fatty alcohols [0.32 (± 0.016) g g
-1

 

(biomass)] were lower than the value [0.377 (± 0.06) g g
-1

 (biomass)] obtained at 10% CO2 

concentration (v/v). The possible reason for this was the limitation of the availability of pure 

compounds for GC quantification as GC-MS results showed the presence of higher fatty alcohols 

(Table 5.12). 
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Table 5.11: Individual FAME concentration (mg per 100 mg of biomass) obtained from the 

extracts of B. cereus, mixed microbial population, E. cloacae and P. putida. Data are shown 

as mean ± SD (mean ± standard deviation) 

 

 

 

Species 

Tetradecanoic 

methyl ester 

 

Hexadecanoic 

acid methyl 

ester 

 

Octadecanoic 

acid methyl 

ester 

 

cis-9-Oleic 

methyl ester 

Total yield 

of biodiesel 

production 

 

B. cereus 
13.95 

(±0.002) 

38.36 

(±0.04) 

18.7 

(±0.02) 

15.49 

(±0.01) 

86.5 

(±0.048) 

Mixed 

microbial 

population 

17.79 

(±0.94) 

31.44 

(±0.91) 

23.22 

(±0.0.64) 

19.1 

(±0.51) 

91.55 

(±0.198) 

E. cloacae  
16.2 

(±0.67) 

17.05 

(±0.168) 

22.48 

(±0.105) 

14.1 

(±0.51) 

77.49 

(±0.1) 

P. putida 
8.68 

(±0.34) 

12.97 

(±1.09) 

17.03 

(±0.24) 
- 

38.69 

(±1.66) 

 

Table 5.12:  Dodecanol, tetradecanol and pentadecanol contents and total product yield of 

P. aeruginosa and H. stevensii under different CO2 concentrations. Values are represented 

with the mean (±) standard deviation (mean ± SD) 

 

S.No. Compounds Product recovery 

(mg per 50 mL) 

P. aeruginosa H. stevensii 

15% 

CO2 

(%v/v) 

5% 

CO2 

(%v/v) 

10% 

CO2 

(%v/v) 

15% 

CO2 

(%v/v) 

1. Dodecanol 2.62 

(±0.024) 

2.5 

(±0.1) 

2.78 

(±0.2) 

3.43 

(±0.05) 

2. Tetradecanol 4.00 

(±0.04) 

2.28 

(±0.15) 

2.44 

(±0.06) 

2.96 

(±0.18) 

3. Pentadecanol 2.62 

(±0.085) 

2.31 

(±0.03) 

2.32 

(±1.6) 

- 

4. Octadecanol 2.56 

(±0.046) 

- - - 

Total fatty alcohol content     11.82 

(±0.15) 

7.09 

(±0.18) 

7.54 

(±1.27) 

6.39 

(±0.33) 

Total Product yield 

(g g
-1

of biomass)   
0.392  

(±0.14) 

0.3545 

(±0.01) 

0.377 

(±0.06) 

0.3195 

(±0.016) 
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5.7 Aboitic stress tolerance of SSL cultures 

The growth of the microorganisms was governed by different physicochemical parameters such 

as salt, pH and temperature. These parameters not only regulate the transport of nutrient across 

cells but also determine cellular organic pool compositions. Therefore, the response of P. 

aeruginosa for varying salt and temperature stress and H. stevensii for varying salt, pH and 

temperature stress are studied. The maximum specific growth rate (µMax, h
-1

) of the isolate P. 

aeruginosa and H. stevensii was calculated at different physicochemical stresses. The obtained 

results of P. aeruginosa and H. stevensii are shown in Fig. 5.30 and 5.31, respectively. 

The effect of varying salt concentration and temperature on growth of P. aeruginosa is 

shown in Fig. 5.30(a) and (b), respectively. It was observed that the P. aeruginosa was able to 

tolerate the salt concentration up to 6% (w/v). The maximum specific growth (µMax, h
-1

) of P. 

aeruginosa was found to be 0.425 (±0.0025) h
-1

 at 3% (w/v) salt concentration [Fig. 5.30(a)]. 

The obtained result revealed that the P. aeruginosa was able to tolerate the temperature up to 60 

o
C. The µMax was observed as 0.34 (±0.0063) h

-1
 at 35 

o
C for P. aeruginosa [Fig. 5.30(b)]. Thus, 

P. aeruginosa was able to adopt to varying environmental conditions of salinity and temperature. 

Hence, P. aeruginosa was found to be one of the suitable candidates for the development of CO2 

mitigation system which can be utilized at extreme environment conditions.  

The effects of salt concentration, pH and temperature on the growth of H. stevensii in 

terms of maximum specific growth are shown in Fig. 5.31 (a), (b) and (c), respectively. A 

significant growth of H. stevensii was observed under various salt concentrations in the range of 

2-12% (w/v). Maximum specific growth rate has substantially decreased with the increase in salt 

concentration beyond 11% (w/v). At 6% (w/v) salt concentration, highest µMax value of 0.42 

(±0.001) d
-1 

was observed [Fig. 5.31(a)]. H. stevensii was able to grow in the pH range of 6.0-

12.0 and µMax was obtained as 0.42 (±0.014) d
-1

 at pH 8 [Fig. 5.31(b)]. The temperature tolerance 



139 

 

results have revealed that H. stevensii was growing in a temperature range of 25-60 
o
C. The 

value of µMax was found to increase from 0.07 (±0.02) d
-1

 to 0.625 (±0.03) d
-1

 with increase in 

temperature from 10 to 50 
o
C, respectively and was further decreased to 0.305 (± 0.023) d

-1
 with 

increase in temperature up to 60 
o
C [Fig. 5.31(c)]. Thus, H. stevensii has shown the capability to 

grow at temperature greater than 45 
o
C while other bacterial species of same genera (closest 

relatives) were not able to grow (Gaboyer et al., 2014). Hence, the isolate was found to be 

thermophilic euryhaline phenotype and the traits suggested that it has an ability to withstand the 

changes in various operational conditions in industrial systems. 
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Fig. 5.30 (a) Salt and (b) Temperature tolerance of P. aeruginosa. 
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Fig. 5.31 Tolerance of H. stevensii towards different parameters including (a) Salt 

concentration (% w/v) ( (b) pH and (c) Temperature (
o
C).  
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5.8 Detailed study using H. stevensii for CO2 utilization 

5.8.1 Effect of physicochemical parameters 

The bacterium was cultivated at different CO2(g) concentration (%v/v) of 5%, 10% and 15%. 

The effect of inlet CO2(g) concentration on the growth of H. stevensii was studied. The 

percentage removal of CO2(g) was obtained as 98.6 (±0.02)%, 97.8 (±0.014)% and 98.59 

(±0.59)%  (v/v) for 5, 10 and 15% (v/v) initial CO2(g)  concentrations. As approximately same 

CO2(g) removal efficiency was observed, the optimum concentration for further studies was 

selected based on maximum biomass obtained. The maximum biomass (in terms of dry weight) 

of 1.12 (± 0.036) g L
-1

 was observed at 15% (v/v) CO2(g) concentration. The obtained result was 

obvious as more carbon was supplied at 15% CO2(g) concentration which eventually got 

assimilated into the cellular biomass. Hence, further studies were carried out at 15% initial 

CO2(g) concentration.  

The growth of H. stevensii was carried out for the total duration of 6 days at different salt 

concentration of 0 M, 0.5 M and 1 M by maintaining the initial CO2(g) concentration of 15% 

(v/v). The maximum growth was obtained as 0.82 (±0.14), 1.02 (±0.02) and 0.58 (±0.014) at 0, 

0.5 and 1 M salt concentration, respectively. The maximum growth in terms of dry weight [1.02 

(±0.02) g L
-1

] was observed at 0.5 M salt concentration. In order to survive under higher or lower 

salt concentrations, cells have to pay extra energy penalty which is referred as osmotic stress. 

Therefore, for microorganisms isolated from halophilic environment, an optimum osmotic stress 

was necessary for their cellular growth (Oren, 2002). Thus, the excessive osmotic stress and 

related energy penalty are the reasons for the lower growth observed for H. stevensii at 0 M and 

1 M salt concentrations.  
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The effect of pH on the growth of H. stevensii was studied by growing the bacterium 

under different pH values of 6, 8 and 10. The initial headspace CO2 concentration and S2O3
2-

 

concentration were maintained as 15% (v/v) and 100 mM, respectively. The results have shown 

that the maximum dry weight of 0.96 (±0.006) g L
-1

 was observed for H. stevensii at pH value of 

8 as compared to the dry weight values of 0.78 (±0.022) and 0.88(±0.028) g L
-1

 at 6 and 10 pH, 

respectively. HCO3
-
 is the bio-usable form as inorganic carbon source and its concentration was 

found dominating in the pH range of 7 - 10 in the present study. Hence, this may be the reason 

for obtaining maximum biomass at pH value of 8 (Prabhu et al., 2011).  

H. stvensii was grown at different temperatures of 20 
o
C, 30 

o
C, 37 

o
C and 50 

o
C for 

investigating the temperature effect on bacterium growth. The maximum dry weight values of 

0.3 (±0.002), 0.85 (±0.03), 1.21 (±0.04) and 0.54 (±0.028) g L
-1

 were observed at temperature 

values of 20 
o
C, 30 

o
C, 37 

o
C and 50 

o
C, respectively.  Maximum growth in terms of dry weight 

was found as 1.21 (±0.04) g L
-1

 at temperature of 37 
o
C. Temperature is one of the important 

parameter which is responsible for the cellular growth and also decides the availability of CO2 in 

the growth medium. A decrease in solubility of CO2 was observed with increase in temperature 

and hence its bio-availability follows the same trend (Lower, 1999). Thus, in the present study, 

lower biomass growth was observed at 50 
o
C. The values of biomass concentrations are 

summarized in terms of dry weight in Table 5.13 for various parameters. The optimum values of 

salt concentration, pH and temperature obtained in the present study were 0.5 M, 8 and 37 
o
C, 

respectively for the growth of H. stevensii. 
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Table 5.13: Maximum biomass productivity values at different physicochemical 

parameters 

 

Parameters studied Values  Maximum Biomass Productivity (g L
-1

) 

CO2 concentration 

(%v/v) 

5 0.7 (±0.014) 

10 0.86 (±0.02) 

15 1.12 (±0.036) 

Salt concentration 

(NaCl) (M) 

 

0 0.82 (±0.14) 

0.5 1.02 (±0.02) 

1 0.58 (±0.014) 

pH 

6 0.78 (±0.022) 

8 0.96 (±0.006) 

10 0.88 (±0.028) 

Temperature 

(
o
C) 

20 0.3 (±0.002) 

30 0.85 (±0.03) 

37 1.21 (±0.04) 

50 0.54 (±0.028) 
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5.8.2 Product yield at different physicochemical parameters 

The product yield in terms of fatty alcohols (dodecanol, tetradecanol and pentadecanol) was 

estimated from biomass obtained at different values of salt concentration (0 M, 0.5 M and 1 M 

NaCl), pH (6, 8 and 10) and Temperature (20 
o
C, 30 

o
C, 37 

o
C and 50 

o
C) and the results 

obtained are reported in Table 5.14.  

Total fatty alcohol content and total product yield (g of fatty alcohol per g of biomass) 

were found as 0.14 (±0.014), 0.143 (±1.13) & 0.144 (±0.11) g L
-1

 and 0.35 (±0.014), 0.396 

(±0.056) & 0.358 (±0.11) g g
-1

 of biomass at 0, 0.5 and 1 M salt concentrations, respectively. 

The product yield was found to increase with increasing salt concentration from 0 M to 0.5 M 

and was found to decrease with further increase in salt concentration up to 1 M. This may be due 

to the fact that the results obtained from GC-MS analysis (section 5.4.2.2) have shown the 

possibility of the synthesis of higher chain fatty alcohols (>C15) by H. stevensii at higher salt 

concentration. The possible reason for this was the limitation of availability of higher fatty 

alcohols pure compounds for GC quantification as GC-MS results showed the presence of higher 

fatty alcohols.  

The higher salt concentration habitat imposes extra energetic constraints on 

microorganisms for their survival. These energetic constraints were referred as osmotic stress 

present in the immediate cellular surrounding. Thus, in order to prevent osmotic stress, cells start 

synthesizing or accumulating organic osmotic solute such as derivatives of amino acid, 

carbohydrates, or fatty alcohols (Mudge, 2005; Gosh and Dam, 2009). Therefore, increased total 

cellular fatty alcohol content with increased salt concentration indicated that H. stevensii was 

synthesizing and accumulating fatty alcohols in order to regulate osmotic stress. Dodecanol 

concentration was observed to be approximately same at 0 M [0.0472 (±0.014) g L
-1

] and 0.5 M 
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[0.0472 (±0.014) g L
-1

] salt concentration and was found to increase with further increase in salt 

concentration up to 1 M [0.0488 (±0.028) g L
-1

] (Table 5.14). The product yields of tetradecanol 

and pentadecaonol were found to increase with increasing salt concentration from 0 M to 0.5 M. 

Afterwards, approximately the same value of product yield was observed at 1 M salt 

concentration for tetradecanol and further decrease was observed as salt concentration increased 

up to 1 M for pentadecanol (Table 5.14).  

Bacteria were capable of synthesizing and accumulating mostly even chain length fatty 

acids with trace amount of odd chain length fatty acids into their cellular organic pool (Bharti et 

al.,, 2014). The mechanism for the conversion of fatty acids into fatty alcohols was also reported 

for bacteria (Hofvander et al., 2011; Willis et al., 2011). Since, the bacterium synthesizes the 

fatty alcohol at the expense of fatty acids and therefore, in the present study, the formation of 

fatty alcohols having even number of carbon chain length was found to increase with increase in 

salt concentration. Thus, salt concentration not only regulates the fatty alcohols product yield but 

also determines the constituents of cellular organic pool. 

H. stevensii was cultivated at three different initial pH values of 6, 8 and 10 and the 

obtained results for the product recovery at different pH are reported in Table 5.14. The product 

recovery was estimated as 0.146 (±0.042), 0.147 (±0.014) and 0.1426 (0.046) g L
-1

 for pH values 

of 6, 8 and 10, respectively. Total fatty alcohol recovery was found to be approximately same at 

all pH values. Individual product recovery was found to increase when pH was increased from 6 

to 8. There was a slight increase in tetradecanol content of total fatty alcohols but a decrease in 

content was observed with further increase in pH up to 10. Dodecanol and pentadecanol contents 

were found to decrease continuously with increase in pH values from 6 - 10 (Table 5.15). The 

accumulation of fatty alcohols was also observed at lower pH value of 6. However, the highest 
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product yield in terms of dodecanol, tetradecanol and pentadecanol was observed at pH value of 

8, though the holding capacity of medium for CO2 was higher at higher pH. However, this has no 

significant effect on the yield of fatty alcohols.  Thus, from the obtained results it was concluded 

that the pH had no significant effect on the production of fatty alcohols. 

The product yield was obtained as 0.236 (±0.007), 0.2404 (±0.0034), 0.396 (± 0.056) and 

0.128 (±0.0028) g g
-1

 of biomass at different temperature of 20 
o
C, 30 

o
C, 37 

o
C and 50 

o
C, 

respectively. Total product yield (g L
-1

) was found to increase with increase in temperature from 

20 
o
C to 37 

o
C and the highest product yield of fatty alcohols was observed at 37 

o
C. One such 

study has suggested that the role of fatty alcohol in bacterium can also be considered as thermal 

insulators that give them protection from fluctuating temperature environment (Mudge, 2005). 

Thus, the accumulation of fatty alcohols into cellular biomass can be considered as the outcome 

of the changing temperature conditions. However, the product yield was found to decrease with a 

further rise in temperature from 37 
o
C to 50 

o
C (Table 5.14).  

The same value of dodecanol was observed as temperature was increased from 20 
o
C to 

37 
o
C. As temperature increased from 37 

o
C to 50 

o
C, dodecanol concentration was also found to 

increase from 0.0472 (±0.0014) g L
-1

 to 0.0512 (±0.05656) g L
-1

, respectively. Tetradecanol 

content of the total fatty alcohols was only observed at temperature 30 
o
C and 37 

o
C (Table 

5.14). Pentadecanol was observed only at temperature of 20 
o
C and 37 

o
C. Hence, increasing 

temperature supported the formation of fatty alcohols having higher even number chain length 

(Table 5.14).  

This study suggested that the production of fatty alcohols having carbon chain length of 

C12, C14 and C15 via CO2 fixation route would be higher for the temperature in the range of 30 
o
C 

to 40 
o
C. At higher temperature of 50 

o
C, inhibition was observed in the synthesis of fatty 
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alcohols having chain length of C14 and C15. This implies that the cell has started the formation of 

higher chain length fatty alcohols at higher temperature as suggested by GC-MS analysis in 

section 5.4.2.2. Therefore, from the above discussion, it was concluded that the temperature was 

not only controlling the fatty alcohol synthesis but also played a significant role in deciding the 

constituents of total pool of fatty alcohols produced. 

 

5.8.3 Dissolved CO2 concentration at different S2O3
2-

 concentration 

pH and the dissolved inorganic carbon of the cultured media (batch studies for G2 and G3 as 

described in Section (3.5.1) were monitored on the per-day basis and the obtained results are 

shown in Fig. 5.32. It was difficult to measure the free CO2 concentration by titration method as 

pH value has increased above 8 after 24 h. Hence, in the present study, the dissolved inorganic 

carbon was monitored in terms of carbonate and bicarbonate alkalinities. It was found that the 

bicarbonate alkalinity decreased from 113.5 (±0.5) mg L
-1

 to 51 (±0.005) mg L
-1

 and 144 (±0. 4) 

mg L
-1

 to 20 (±0.1) mg L
-1

 for 50 and 100 mM S2O3
2-

 concentrations, respectively (Fig. 5.32). 

Carbonate alkalinity at 50 mM and 100 mM S2O3
2-

 concentrations was found to increase from 11 

(±0.1) to 35.5 (±0.5) mg L
-1

 and 7 (±0.1) to 38 (±0.2) mg L
-1

, respectively (Fig. 5.32). Also, the 

pH value on the per day basis of the liquid medium was found to increase from 6 to 8 in 24 h (up 

to day 1). Later, it increased gradually and reached to 9.18 (±0.2) and 9.45 (±0.04) at 50 mM and 

100 mM S2O3
2-

 concentrations at the end of 6 days batch period (Fig. 5.32).  

In the present study, dissolved inorganic carbon (DIC) was well correlated to pH profile 

of the liquid medium. An initial decrease in pH due to the increase in concentration of 

bicarbonate ions was observed for the samples obtained from G2 & G3. After 24 h, pH remained 

high (>8) and bicarbonate levels remained low throughout the course of the batch study. This has 
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ensured the utilization of DIC as HCO3
-
 by isolated bacterium H. stevensii.  Therefore, the 

gaseous phase removal of CO2 and utilization of DIC were interdependent and H. stevensii has 

utilized S2O3
2-

 ion (an electron donor) as an energy source for the assimilation of CO2 into the 

cellular biomass. 
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Table 5.14: Product yield of H. stevensii cultivated under different physiochemical stress of 

salt concentration (NaCl), pH and temperature.  

 

Metabolites 

 
Dodecanol 

(g L
-1

) 

Tetradecanol 

(g L
-1

) 

Pentadecanol 

(g L
-1

) 
Product 

Recovery 

(g L
-1

) 

 

Total 

Product 

yield 

( g g
-1

of 

biomass) 

Physicochemical 

Parameters 

 

 

Salt concentration (NaCl) (M, Molar) [ T= 37 
o
C, pH = 7, CO2 = 15% (v/v)] 

0 
0.0472 

(±0.014) 

0.0464 

(±0.042) 

0.046 

(±0.07) 

0.14 

(±0.014) 

0.35 

(±0.014) 

0.5 
0.0472 

(±0.014) 

0.0478 

(±1.13) 

0.0476 

(±0.014) 

0.143 

(±1.13) 

0.396 

(±0.056) 

1.0 
0.0488 

(±0.028) 

0.0476 

(±0.028) 

0.0472 

(±0.056) 

0.144 

(±0.11) 

0.358 

(±0.11) 

pH [ T= 37 
o
C, Salt concentration = 0.5 M, CO2 = 15% (v/v)] 

6 
0.0488 

(±0.014) 

0.0476 

(±0.014) 

0.05 

(±0.042) 

0.146 

(±0.042) 

0.3645 

(±0.0021) 

8 
0.0476 

(±0.028) 

0.0492 

(±0.014) 

0.05 

(±0.028) 

0.147 

(±0.014) 

0.3665 

(±0.0007) 

10 
0.04776 

(±0.004) 

0.0472 

(±0.028) 

0.0476 

(±0.014) 

0.1426 

(±0.046) 

0.35 

(±0.002) 

Temperature (
o
C) [ pH = 7, Salt concentration = 0.5 M, CO2 = 15% (v/v)] 

20 
o
C 

0.0472 

(±0.0014) 
- 

0.04728 

(±0.0028) 

0.0944 

(±0.0014) 

0.236 

(±0.007) 

30 
o
C 

0.0472 

(±0.003) 

0.0492 

(±0.07) 
- 

0.0964 

(±0.068) 

0.2404 

(±0.0034) 

37 
o
C 

0.0472 

(± 0.014) 

0.0478 

(± 1.13) 

0.0476 

(± 0.014) 

0.143 

(± 1.13) 

0.396 

(± 0.056) 

50 
o
C 

0.0512 

(±0.05656) 
- - 

0.0512 

(±0.05656) 

0.128 

(±0.0028) 
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Fig. 5.32 Time course profile of dissolved inorganic carbon (DIC) and pH at different 

S2O3
2-

 concentration (50 mM, 100 mM). 
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5.8.4 Cellular carbon allocation 

The biomass obtained at different inlet CO2 load of 5%, 10% and 15% (v/v) (section 3.5.6.1) was 

studied for the allocation of assimilated CO2 as cellular organic carbon of H. stevensii. The 

estimation of the cellular organic pool (carbohydrates, proteins and fatty alcohols) was carried 

out by following both chemical and analytical techniques (semi-quantification using FT-IR). The 

study was intended to give more insight on the assimilation of CO2 by H. stevensii into its 

cellular biomass and its allocation as carbon among different cellular organic pool of 

carbohydrates, proteins and fatty alcohols. 

The biomass obtained at different CO2 concentration was analyzed using FT-IR spectrum 

acquired via ATR. The spectrum analysis of the biomass obtained under various CO2 stress 

indicated that the absorption strengths of the peaks were in the range of 3500 to 3000 cm
-1

 for 

fatty alcohols, 1724 to1585 cm
-1

 for proteins [amide (I), as reference] and 1200 to 950 cm
-1

 for 

carbohydrates and were quantified relative to proteins [amide (I)] by following the methadology 

given in literature (Palmucci et al., 2011, Meng et al., 2014). Fatty alcohols were relatively 

quantified as the ratio of the respective peak area obtained at various CO2 stresses to the 

corresponding peak area of protein (amide I). The obtained values of carbohydrates were 6.325 

(±0.1) mg L
-1

, 5.93 (±0.18) mg L
-1

 and 3.665 (±0.26) mg L
-1

 and the relative quantified values 

for fatty alcohols were calculated as 2.19 (±0.01), 2.24 (±0.07) and 2.98 (±0.32) at 5, 10 and 15% 

CO2 concentration (v/v), respectively. Thus, the analysis of the FT-IR spectrum revealed that the 

increase in CO2 concentration resulted in the increase in cellular fatty alcohol content. Also, the 

decreased carbohydrates and protein concentrations were observed under increased CO2 stress. 

Semi-quantified results obtained from FT-IR spectrum analysis were further validated by 

the chemical quantification of the cellular organic pool (carbohydrates and proteins) at different 
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CO2 stress. The carbohydrate content was found to be 0.62 (±0.014) g g
-1

 (biomass), 0.4(±0.007) 

g g
-1

(biomass) and 0.168 (±0.007) g g
-1

 (biomass) at 5, 10 and 15% (v/v) CO2 concentration, 

respectively. The value of protein concentration was found as 0.85 (±0.02) mg L
-1

, 0.831 (±0.03) 

mg L
-1

 and 0.485 (±0.053) mg L
-1

 at 5, 10 and 15% CO2 concentration (v/v), respectively. 

Hence, chemical quantification also confirmed that the cellular carbohydrates and protein 

concentrations were decreased as the CO2 concentration increased from 5 to 15 % (v/v). 

 

5.9 Approximate material balance and thermodynamic analysis 

In the present work, the actual CO2 utilization efficiency and CO2 fixation mechanism of all 

microbial culture are demonstrated by approximate material balance and thermodynamic analysis 

which are discussed in following sections. 

 

5.9.1 Approximate material balance  

Approximate material balance for B. cereus was carried out as per Eq. 4.1 and is discussed below 

in detail. The mass of C in the form of CO2 supplied to the system was calculated by ideal gas 

law and was obtained as 0.0123 g. By considering 84.6 % fixation, the amount of C present in 

gaseous phase after fixation was obtained as 0.00189 g. The biomass obtained for 84.6% 

removal at 100 ppm of Fe[II] concentration was 0.0132 g. Mass of C in biomass was estimated 

based on the molecular formula of biomass (C6H12O7N) (Rittman and McCarty, 2012). Based on 

the molecular formula of biomass, the mass of C in biomass was estimated as 7.26 × 10
-3

 g. The 

dissolved C in aqueous phase was calculated using Henry's law at the end of 5
th

 day. The 

dissolved C was obtained as 2.65 × 10
-3

 g at 0.13 atm partial pressure using Henry's law. The 

values were substituted in Eq. 4.1. L.H.S. and R.H.S. of Eq. 4.1 were calculated and are obtained 
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as 0.0123 g and 0.0118 g, respectively. These values of MC,in and MC,out were approximately 

same which indicated that the gaseous phase CO2 was mainly fixed by the biological activity of 

B. cereus SM1. Similar material balance calculations were carried out for other isolates and 

mixed microbial culture and the obtained results are given in Table 5.15. For all the species, Min 

and Mout are found approximately same. Hence, approximate material balance calculations 

confirmed the fixation of CO2(g) into cellular biomass. 

In terms of molar units, total moles of CO2 supplied to the system of B. cereus were 1.025 

× 10
-3

 moles. Out of which 4.51 x 10
-4

 was assimilated by B. cereus as per carbon balance 

calculations. Therefore, the actual CO2 utilization efficiency (R.RCO2) was observed as 44.00 

(±0.02)% using Eq. 3.5. Similar calculations were carried out for mixed microbial population 

and other isolates and the obtained results are reported in Table 5.15. The obtained results 

revealed that the value of R.RCO2 was found to decrease in order of H. stevensii > mixed 

microbial population > B. cereus > P. putida > E. cloacae > P. aeruginosa (Table 5.15). This 

implies that H. stevensii utilized more CO2 in comparison to other isolates and hence, has shown 

better CO2 utilization performance. Hence, it can be said that the R.RCO2 value estimated using 

approximate material balance is in agreement with value obtained from experiments. 

 

5.9.2 Thermodynamic analysis  

Energy required to fix available CO2 in the batch system was estimated and compared with the 

available energy in terms of energy substrate (Fe[II] or S2O3
2-

). The thermodynamic feasibility 

study was carried out for all microbial cultures used in the present study and are described in 

following sections. 
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5.9.2.1 Cultures obtained from STP 

GC-MS analysis result suggested that CO2(g) was assimilated mainly in the form of fatty acids in 

the biomass of STP cultures (section 5.4.1). As per GC-MS spectrum, hexadecanoic acid is 

found to have maximum area as compared to the area obtained for other fatty acids. Thus, it was 

assumed that CO2(g) was assimilated into the biomass and metabolizes to form hexadecanoic 

acid for ΔG calculations. The Gibb's free energy of reaction (ΔGreaction) of CO2 assimilation 

reaction for B. cereus was calculated using Eqs. 4.5 - 4.7 and is discussed below. 

The Gibb’s free energy estimated for product and reactant was obtained as -7425.6 kJ 

mol
-1

 and -6255.19 kJ mol
-1

 respectively. These values were substituted in Eq. 4.13 and the value 

of Gibb’s free energy of reaction calculated was -1170.41 kJ mol
-1

. Therefore, the energy 

required to fix 4.51 x 10
-4

 mole of CO2 as hexadecanoic acid was estimated as 0.033 kJ which 

was less as compared to the energy available (0.133 kJ for 100 ppm of Fe[II]) in form of Fe[II]. 

Thus, energy supplied to the system at 100 ppm Fe[II] concentration was sufficient for the 

fixation of respective CO2 concentration. The calculation of ΔGreaction values for Eqs. 4.5 and 4.6 

revealed that the energy supplied to the system was only 0.066 kJ at 50 ppm of Fe[II] 

concentration. This was insufficient to meet the energy requirement for corresponding CO2 

fixation.  

The similar thermodynamic assessment calculations were carried out for mixed microbial 

population, P. putida and E. cloacae and the obtained result are given in Table 5.16. It indicates 

that the energy supplied to the system was adequate to meet the energy requirement for the 

fixation of CO2 as hexadecanoic acid into the cellular biomass.  

Therefore, the thermodynamic assessment of the CO2 assimilation process has 

established the fact that the experimental values of XMax, P, ƞCO2, RCO2 and R.RCO2 obtained at 50 
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ppm Fe[II] concentration were less in comparison to the values obtained at 100 ppm Fe[II] 

concentration.  

Hence, the results obtained from approximate material balance and thermodynamic 

assessments of the CO2 bio-mitigation system have confirmed the assimilation of CO2 as cellular 

biomass. Fe[II] concentration have played a major role in CO2 fixation and governs the biomass 

productivity that eventually decides the product yield and hence, the profitability of the CO2 bio-

mitigation system. 

 

5.9.2.2 Cultures obtained from SSL 

GC-MS analysis of the obtained cell lysate and supernatant, after CO2 fixation studies, revealed 

the presence of fatty alcohols having carbon chain length ranging from C12-C28. The analysis also 

revealed that 80% and 38% area of GC spectrum obtained for P. aeruginosa and H. stevensii, 

respectively is represented by fatty alcohols. Out of which, 44.5% and 17.76% of spectrum area 

obtained for P. aeruginosa and H. stevensii, respectively is characterized by dodecanol (Tables 

5.9 and 5.10). Hence, dodecanol was considered as one of the main products for the estimation of 

Gibb`s free energy for the fixation of CO2 into the cellular biomass.  

Gibb`s free energy calculations were carried out to obtain the Gibbs free energy of 

products and reactants for P. aeruginosa. These values were obtained as -6463.14 kJ mol
-1

 and -

4711.11 kJ mol
-1

 for products and reactants, respectively (Eq. 4.8). Thus, the Gibbs free energy 

change was obtained as -1752.03 kJ mol
-1

 using Eq. 4.8. These calculations show that, 0.043 kJ 

of energy was required to fix 2.97 × 10
-4

 moles of CO2 as dodecanol. At 100 ppm Fe[II], energy 

present in the system for complete Fe[II] oxidation was 0.133 kJ but, the energy required for 

fixation of given amount of CO2 was 0.043 kJ. Hence energy supplied was greater than energy 
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required for the fixation. The calculation at 50 ppm Fe[II] concentration revealed that the energy 

supplied to the system was only 0.065 kJ which is at the thermodynamics limit and thus, 

inadequate to meet the requirement (0.043 kJ). Therefore, the removal efficiency at 50 ppm 

Fe[II] concentration was less as compared to 100 ppm fe[II] concentration which was also 

supported by experimental results. 

Gibb`s free energy calculations were carried out to obtain the Gibb’s free energy of 

products and reactants and were obtained as - 6760.86 kJ mol
-1

 and - 5145.64 kJ mol
-1

, 

respectively. Thus, for the fixation of 12 moles of CO2 into dodecanol, the change in Gibb’s free 

energy was obtained as - 1615.22 kJ mol
-1

 (Eq. 4.9). Hence, 0.2 kJ of energy was required to fix 

0.00149 moles of CO2 as dodecanol. In the present study, for 100 mM S2O3
2-

, energy available in 

the system was obtained as -200.266 kJ due to complete S2O3
2-

 oxidation. This was much higher 

than the energy requirement for the fixation of given amount of CO2 (0.2 kJ). The energy 

supplied to the system was sufficient to meet the energy demand of Eqs. (4.9 - 4.11). Similar 

energy assessment was performed for 50 mM S2O3
2-

 concentration. The obtained result 

suggested that the energy supplied to the system was 100.133 kJ which was also adequate to 

meet the energy requirements of 0.2 kJ Eqs. (4.9 - 4.11). Therefore, the energy available at 100 

mM and 50 mM S2O3
2-

 concentration was sufficient to meet the requirements of CO2 fixation 

and its further metabolism into cellular biomass as fatty alcohols. Energy assessment calculations 

supported the experimentally obtained higher removal efficiency (≈ 98%) of CO2 (g) at 50 mM 

and 100 mM S2O3
2-

 concentrations. Hence, the thermodynamic analysis also confirmed the 

gaseous phase CO2 fixation in the presence of S2O3
2-

 as an energy source and its conversion into 

the value added products. 
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Table: 5.15 Values of different parameters estimated for material balance equation 

 

Species 
MC, in 

(g) 

MC, go   

(g) 

MC,bo 

(g) 
MC,CO2(l) 

MC, out 

(g) 
R.RCO2 (%) 

B. cereus 0.0123 0.00189 0.0054 0.00265 0.0118 44.00 (±0.02) 

Mixed microbial population 0.014 0.00312 0.00816 0.00316 0.014 57.67 (±0.04) 

E. cloacae 0.014 0.0062 0.004216 0.00316 0.0135 29.77 (±0.28) 

P. putida 0.014 0.0046 0.006035 0.00316 0.0137 42.66 (±0.54) 

P. aeruginosa 0.016 0.001 0.0036 0.00922 0.014 22.16 (±1.14) 

H. stevensii 0.0215 0.0001 0.0178 0.00295 0.021 84.18 (±2.1) 

 

Table 5.16 ΔG values of products and reactants  

 

Species 
ΔGProducts 

(kJ mol
-1

) 

ΔGReactant 

(kJ mol
-1

) 

ΔGReaction 

(kJ mol
-1

) 

Energy 

Required  

(kJ) 

Energy 

supplied 

(kJ) 

B. cereus -7425.6 -6255.19 -1170.41 0.033 kJ 0.133 kJ 

Mixed microbial 

population 
-7425.6 -6255.19 -1170.41 0.0497 0.133 kJ 

E. cloacae -7425.6 -6255.19 -1170.41 0.0256 0.133 kJ 

P. putida -7425.6 -6255.19 -1170.41 0.0367 0.133 kJ 

P. aeruginosa -6463.14 -4711.11 -1752.03 0.043 0.133 kJ 

H. stevensii - 6760.86 -5145.64 -1615.22 0.2 200.266 
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5.10 Comparison with existing literature 

In the recent years, CO2 bio-mitigation studies within the framework of carbon capture 

utilization (CCU) have mostly employed the phototrophic microorganisms. Therefore, in order to 

authenticate the implementation of present work for the development of CO2 bio-mitigation 

system, the work was compared with some existing CO2 bio-mitigation studies using 

photoautotrophs. The comparison of present work with other studies is tabulated in Tables 5. 17, 

5.18, 5.19 and 5.20. 

 

5.10.1 CO2 (g) removal efficiency (ηCO2) and biomass productivity 

CO2 bio-mitigation potential of different isolates and mixed microbial population used in present 

work was compared in terms of CO2 removal efficiency (ƞCO2) with some reported literature and 

is given in Table 5.17. The ƞCO2 values of H. stevensii [98.59 (±0.59) %], P. aeruginosa 

[92.37(±2.47) %], B. cereus [84.6 (±5.76) %] and mixed microbial population [78.07 (±0.014) 

%] were found to be superior to the reported microalgal strains which were utilized for the 

development of CO2 bio-mitigation system [Table 5.17]. The ƞCO2 values of E. cloacae and P. 

putida were observed as 56.44 (±2.68) and 67.44 (±2.44) %, respectively and fell well within the 

range of reported species for CO2 mitigation. The present bio-mitigation experiment was carried 

out for CO2 concentration of 15 % (v/v). This was higher than the CO2 concentrations used in the 

reported studies. Therefore, the microorganisms used in the present work were able to survive 

under higher CO2 concentration and have more ƞCO2 values. Hence, these microorganisms can be 

utilized for the development of cost effective and sustainable CO2 bio-mitigation system. 

It can be observed that the CO2 fixation rate (RCO2) and biomass productivity (PMax) of 

microorganisms used in the present study were found competitive to those from the other 
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reported studies (Table 5.18). RCO2 and PMax values obtained for mixed microbial population 

[0.078 (±0.004), 0.107 (±0.018)] and P. aeruginosa [0.195 (±0.0025), 0.0302 (±0.0031)] were 

found comparable to the species reported for CO2 bio-mitigation.  RCO2 and PMax values of H. 

stevensii [0.174 (±0.016), 0.218(±0.021)] were found superior to most of isolates reported in 

Table 5.18 except Chlorella sp. [0.171, 0.857] and Isochrysis galbana [0.51, 0.933]. Thus, H. 

stevensii showed a promising growth in the environment of higher CO2 concentration [15% 

(v/v)] which was found to be much higher than the reported studies (Tables 5.17 and 5.18). 

Hence, the isolate H. stevensii can be seen as a promising candidate for CO2 mitigation in the 

absence of light. 

 

5.10.2 Bio-diesel and fatty alcohol production yield 

The product yield obtained for bio-diesel and fatty alcohols was compared with few available 

reported studies and are given in Tables 5.19 and 5.20. The total FAME obtained per g biomass 

of B. cereus, mixed microbial population and E. cloacae was 86.5 (±0.048), 91.55 (±0.198) and 

77.49 (±0.1) mg, respectively. These values were higher than the reported values of total FAME 

for microalgae except Scenedesmus sp. ISTGA1 (179.86 mg g
-1

 biomass) (Table 5.19). The total 

FAME obtained per g biomass of P. putida was 38.69 (±1.66) which was comparable with the 

reported FAME yield except for Tetraselmis elliptica (77.36 mg g
-1

 biomass) and Scenedesmus 

sp. ISTGA1 (179.86 mg g
-1

 biomass) (Table 5.19). 

Total fatty alcohols obtained from the biomass of P. aeruginosa and H. stevensii were 

392 mg and 310 mg, respectively. Thus, the product yield of 39.2 (±0.14) % and 31(±0.28)% 

was observed for P. aeruginosa and H. stevensii, respectively from fixation of CO2 (Table 5.20). 

The total fatty alcohol production yield of 540 mg of fatty alcohol per g biomass was observed 
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for Chelorella sorokinianna 21 (Table 5.20). Synechocystis sp. PCC has shown the total fatty 

alcohol production of 0.00287 mg of fatty alcohol per g of biomass (Table 5.20). E. coli was 

engineered for the production of fatty alcohols and the product yield was obtained as 0.067, 

0.5986 and 0.75 g L
-1

 in different studies (Table 5.20). Thus, it can be seen from the reported 

studies in Table 5.20 that product yield obtained for fatty alcohols production from CO2 utilizing 

bacteria P. aeruginosa and H. stevensii was equivalent to those of the reported studies.  

Hence, it can be seen from the reported studies that product yield obtained for bio-diesel 

and fatty alcohols production from cultures of STP and SSL is comparable to those of the 

reported studies. The production of biodiesel was mainly focused on the photoautotrophs and 

few or almost no study has reported the production of biodiesel from CO2 utilizing bacterium 

(Bharti et al., 2014). The reported studies for enhanced fatty alcohol production were mainly 

focused on the engineered bacterial strain.  

Present study has demonstrated that the microorganisms utilizing CO2 were found to 

produce biodiesel and fatty alcohols in extractable amount in the absence of light. The isolates 

from SSL were found to produce fatty alcohols naturally and hence, ease the complications 

associated with experiments using genetically engineered microorganism. Thus, the 

microorganisms have shown the potential to be used as a source for production of valuable 

products such as biodiesel and fatty alcohols via CO2 fixation which can give commercial value 

to the CO2 bio-mitigation system. 
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Table 5.17: Comparison of CO2(g) removal efficiency [ƞCO2(g)] obtained from STP and SSL 

cultures among reported studies 

 

Species Initial CO2 

concentration 

(%v/v) 

Cultivation 

Mode 

Gas phase CO2 

removal 

efficiency  

[ƞCO2(g), % v/v] 

References 

Chlorella sp. 1, 5 and 10 Shake-flask 

study 

59 , 51 and 46 Ramanan et al., 

(2010) 

Spirulina 

platensis 

1, 5 and 10 Shake-flask 

study 

53, 41 and 39 Ramanan et al., 

(2010) 

Mixed culture 

comprised of 

Chlorella sp., 

Scenedesmus 

sp., and 

Ankistrodesmus 

sp. 

10 Photobioreactor 63.10  

Rinanti et al., 

(2014) 

Chlorella strains 

(FACHB-484, 

FACHB-729, 

FACHB-752 

and ESP-6) 

10 Photobioreactor  

35.51, 32.26, 

26.14 and 26.14 

Hu et al., (2016) 

B. cereus 13 (±1) Shake-flask 

study 

84.6 (± 5.76)  

 

 

 

 

 

Present study 

Mixed microbial 

population 

15 (±1) Shake-flask 

study 

78.07 (± 0.014) 

E. cloacae 15 (±1) Shake-flask 

study 

56.44 (± 2.68) 

P. putida 15 (±1) Shake-flask 

study 

67.44 (± 2.44) 

P. aeruginosa 17 (±1) Shake-flask 

study 

92.37(± 2.47) 

H. stevensii 15 (±0.8) Shake-flask 

study 

98.59 (±0.59) 
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Table 5.18: Comparison of biomass productivity on per day basis (P, g L
-1

 d
-1

) and CO2 

fixation rate (RCO2) obtained from STP and SSL cultures among reported studies 

 

Species 

CO2 

concentration 

(%v/v) 

Biomass 

productivity per 

day  

(P, g L
-1

 d
-1

) 

CO2 fixaton rate 

(RCO2, g L
-1

 d
-1

) 
References 

Chlorella 

kessleri 
6 0.087 0.16 

deMorais et al., 

(2007) 

Scenedesmus 

obliquus 
12 0.076 0.14 

deMorais et al., 

(2007) 

Chlorella sp. 2 0.171 0.857 
Chiu et al., 

(2008) 

Chlorella 

vulgaris 
6 (Approx.) 0.025 0.04575 

Chinnasamy et 

al., (2009) 

Isochrysis 

galbana 
5 0.51 0.933 

Picardo et al., 

(2013) 

B. cereus 13 (±1) 0.0512 (±0.002) 0.0638 (± 0.003) 

Present study 

 

Mixed microbial 

population 
15 (±1) 0.078 (±0.004) 0.107 (± 0.018) 

E. cloacae 15 (±1) 0.036 (±0.0042) 0.0445 (± 0.005) 

P. putida 15 (±1) 0.056 (±0.0056) 0.07 (± 0.007) 

P. aeruginosa 17 (±1) 0.195 (±0.0025) 0.0302 (± 0.0031) 

H. stevensii 15 (±0.8) 0.174 (±0.016) 0.218 

 

Table 5.19: Comparison of bio-diesel productivity obtained from STP cultures among 

reported studies 

 

Species 
CO2 concentration 

(% v/v) 

Biodiesel production 

(mg g
-1

 biomass) 
References 

Tetraselmis elliptica 1.5  77.36 
Abomohra et al., 

(2017) 

Leptolyngbya sp. NaHCO3 16 - 21 Singh et al., (2014) 

Scenedesmus sp. 

ISTGA1 
15  179.86 Tripathi et al., (2015) 

Botryococcus braunii 10  31.8 (±1.23) 
Nascimento et al., 

(2015) 
Botryococcus 

terribilis 
20  29.7 (±1.38) 

B. cereus 13 (±1)  86.5 (±0.048) 

Present study 

 

Mixed microbial 

population 
15 (±1)  91.55 (±0.198) 

E. cloacae 15 (±1) 77.49 (±0.1) 

P. putida 15 (±1)  38.69 (±1.66) 

  



164 

 

Table 5.20: Comparison of fatty alcohols productivity of culture obtained from SSL among 

reported studies 

 

Species 

Fatty alcohol production 

(mg of fatty alcohol per g biomass or g 

L
-1

) 

 

Reference 

Engineered Escherichia coli 0.060 g L
-1 

Steen et al., (2010) 

Engineered E. coli 0.5986 g L
-1 

Zheng et al., (2012) 

Chelorella sorokinianna 21 540 mg of fatty alcohol per g of biomass Yang et al., (2013) 

Engineered E. coli 0.75 g L
-1

 Liu et al., (2014) 

Synechocystis sp. PCC 
0.00287 mg of fatty alcohol per g of 

biomass 
Yao et al., (2014) 

P. aeruginosa 392 mg of fatty alcohol per g biomass 
Present study 

 H. stevensii 
310 mg of fatty alcohol per g biomass  

& 0.13 g L
-1
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5.11 CO2 fixation mechanism 

On the basis of theoretical and experimental evidences, the possible CO2 fixation and its 

metabolic mechanism present in isolates of STP and SSL are described in following sections. 

 

5.11.1 Microorganisms obtained from STP  

 In various studies, Bacillus, Enterobacter and Pseudomonas were found to be equipped with 

enzyme called as carbonic anhydrase (CA) which makes them capable of assimilating CO2 into 

their cellular biomass (Santini et al., 2000; Sharma et al., 2008; Prabhu et al., 2011). Hence, CO2 

assimilation mechanism of the bacteria belonging to the group Bacillus, Enterobacter and 

Pseudomonas was very well established and reported in earlier studies (Lotlikar et al., 2013; 

Eminoglu et al., 2015; Aggarwal et al., 2015; Sundaram and Thakur, 2015).  

The fatty acid production of bacteria was well established and rigorously studied by 

many researchers (Moazami et al., 2011; Bharti et al., 2014). The synthesis of fatty acids in 

bacteria involves: (1) initiation and (2) chain elongation. The initiation step involves the 

simultaneous condensation of primer acyl-CoA and malonyl-ACP with ATP as energy source 

and NADPH as source of reducing equivalent. The enzyme malonyl-COA:ACP transacylase 

catalyses the conversion of malonyl-CoA and bicarbonate to malonyl-ACP. The malonyl-ACP is 

the major building block of fatty acids. The branched acids synthesis is initiated by isovaleryl-

CoA, isobutryl-CoA, or 2-methylbutryl-CoA (Wallace et al., 1995; Bharti et al., 2014). The 

branched keto acid dehydrogenase complex is responsible for the formation of these acyl-CoAs 

(Cropp et. al., 2000). The unsaturated fatty acid synthesis involves 3-hydroxydecanoyl-ACP 

dehydratase (FabA) catalyzing the dehydration of 3-hydroxydecanoyl- ACP to a mixture of 

trans-2-decenoyl-ACP and cis-3-decenoyl-ACP. The trans-intermediate is converted to saturated 
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fatty acids. The cis-intermediate is elongated, double bond is preserved and unsaturated fatty 

acids are formed (Leesong et al., 1996). 

Thus, B. cereus, mixed microbial population, E. cloacae and P. putida are found capable 

of growth in a chemoautotrophic manner. These microorganisms may be following the above 

discussed mechanism for the production of saturated and unsaturated fatty acids using CO2 as 

carbon source. 

 

5.11.2 Microorganisms obtained from SSL  

The overall metabolism of CO2 fixation can be understood from the obtained experimental 

results. GC-MS analysis of cell lysate extract of P. aeruginosa and H. stevensii has shown the 

presence of fatty aldehyde cis-9-hexadecenal having match quality of 89% and 90%, 

respectively. The analysis further revealed that the cell lysate extract of P. aeruginosa and H. 

stevensii was comprised of fatty acids such as tetradecanoic acid (match quality of 92 % and 

95%) and n-hexadecanoic acid (match quality of 96% and 95%) in trace amounts (Table 5.9 - 

5.10).  

Bacterial conversion of cellular fatty acids to fatty alcohols involves two step reaction 

mechanisms: (1) reduction of fatty acyl-CoA to the corresponding fatty aldehyde catalyzed by 

acyl-CoA reductase then, (2) the reduction of fatty aldehyde to the corresponding fatty alcohol 

catalyzed by fatty aldehyde reductase (Hofvander, et al., 2011). Few studies have shown that an 

enzyme (Fatty acid reductase) which is analogous to fatty acyl reductase (in eukaryotes) and is 

isolated from bacterium Marinobacter aquaeolei VT8 has shown the possibility of single step 

fatty alcohol production (Willis et al., 2011). These studies have suggested that bacteria are 

capable of synthesizing long chain fatty alcohols. Thus in the present work, based on GC-MS 
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and FT-IR results, it may be concluded that P. aeruginosa and H. stevensii were following the 

above mentioned pathways for converting the assimilated fatty acids into fatty alcohol when 

cultivated under high concentration of CO2 (Tables 5.9 - 5.10). 

 

5.12. Semi-continuous studies using H. stevensii 

5.12.1 CO2 utilization studies 

The culture of H. stevensii was cultivated for the total duration of 72 h in a laboratory scale 

bioreactor by continuous supply of CO2 at concentration of 15 (±1)% (v/v). pH and dissolved 

oxygen (DO) of the culture medium were obtained in regular time interval of 12 h. The changes 

in pH and DO with time were plotted and are shown in Fig. 5.33. The pH of the medium was 

found to decrease from 10 to 6.05 in the 24 h of cultivation time. Further, it got increased up to 

7.48 with increase in the cultivation period till the end. CO2(g) supplied to the system 

(bioreactor) got dissolved into the culture medium and existed in the form of free CO2 and 

carbonic acid (H2CO3).  

The concentrations of HCO3
-
, CO3

2-
 and free CO2 were estimated using titration method 

in the regular time interval of 12 h and are shown in Fig. 5.34. The obtained results indicated that 

initially the concentration of HCO3
-
 was approximately constant for the first 24 h of study. Later, 

the concentration of HCO3
- 
decreased with time for the next 48 h of cultivation period. However, 

the continuous increase in concentration of CO3
2-

 was observed with time. The concentration of 

free CO2 was found to increase from 83 (±7) to 148 (±1.5) mg L
-1

 and then became 

approximately constant (Fig. 5.34). Initially pH of the culture medium was 10 and it started to 

decrease as CO2 was induced into the medium. Due to this dissolved CO2 concentration in the 

culture medium got increased. The microorganisms take time in adjusting to its changing 
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environment and hence, no change in HCO3
-
 concentration was observed in the first 24 h of 

cultivation period. However, a decrease in HCO3
-
 ion concentration, increase in CO3

2-
 

concentration and an increase in pH were observed as soon as the rate of biological utilization of 

CO2 superseded the rate of dissolution of CO2. The obtained results of HCO3
-
, CO3

2-
 and free 

CO2 concentration supported the obtained pH profile of the culture medium (Figs. 5.33 and 

5.34). CO2(g) concentration was monitored in regular interval of 24 h at the outlet of the 

bioreactor and no trace of CO2(g) was observed in the outlet stream. This indicated that CO2 

supplied to the system was totally dissolved in the culture medium and its continuous supply into 

the system resulted in increase in the free CO2 concentration. The evaluation of parameters such 

as PMax, µMax and RCO2 are required for understanding the actual CO2 utilization efficiency of H. 

stevensii in semi-continuous bioreactor. 

The biomass growth of H. stevensii was determined in terms of dry weight (g L
-1

) at 

regular interval of 12 h and the results are shown in Fig. 5.34. A continuous increase in biomass 

concentration was observed for the total period of cultivation. The maximum biomass 

concentration (XMax) was obtained as 4.675 (±0.11) g L
-1

 at the end of cultivation period. CO2 

assimilated into the cellular biomass depends upon the availability of adequate amount of energy 

substrate (McCollom and Amend, 2005).  Thiosulfate ion (S2O3
2-

) was utilized as an energy 

source and CO2 was continuously supplied to the system as carbon source in the present study. 

Hence, a continuous increase in the biomass was observed due to the presence of sufficient 

amount of energy substrate and carbon source. CO2 utilization capability of H. stevensii was 

evaluated by estimating P (g L
-1

 d
-1

), µ (d
-1

) and RCO2. The calculated values of P (g L
-1

 d
-1

), µ (d
-

1
) and RCO2 were found as 1.55 (± 0.035), 0.19 (± 0.034) and 1.94 (± 0.044), respectively for 

semi-continuous studies. However, the obtained values of P (g L
-1

 d
-1

), µ (d
-1

) and RCO2 for H. 
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stevensii from batch studies at 100 mM S2O3
2-

 were calculated as 0.175 g L
-1 

d
-1

, 0.25 d
-1

 and 

0.218 g L
-1 

d
-1

, respectively (section 5.3.2). The higher values of P and RCO2 obtained in 

continuous study as comparison to batch study signifies the good response of H. stevensii in the 

changing environment of pH and high CO2 concentration at laboratory semi-continuous 

bioreactor. The higher biomass productivity was the primary requirement of CCU for the 

profitable product recovery. 

 

5.12.2 Downstream processing strategy  

Biomass harvesting was carried out by following both centrifugation and filtration techniques 

(3.6.1). The maximum biomass concentrations of 6.5 (±0.34) g L
-1

 and 4.675 (±0.11) g L
-1 

were 

obtained by centrifugation and filtration methods, respectively. Hence, better harvesting 

efficiency and biomass yield were observed using centrifugation method. Energy required for 

centrifugation is significantly higher which makes this process expensive. Low biomass yield 

obtained from filtration process can be compensated by lower operating cost of the process 

(Grima et al., 2003; Kim et al., 2013). There was a scope in enhancing the efficiency of filtration 

process by combining it with flocculation method as described in previous literature (Grima et 

al., 2003; Kim et al., 2013). Hence, in the present study filtration method was used. 

The fatty alcohols were extracted by following the two different strategies i.e. (1) directly 

from the wet biomass and (2) by cell disruption. The extraction methodologies of solvent-solvent 

extraction and reactive extraction were applied and the obtained organic phase was analyzed 

using GC-MS. The analysis results along with compound and their match quality are reported in 

Tables 5.21 - 5.22, respectively.  
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The extraction of the metabolites from the wet biomass and cell disruption followed by 

solvent extraction has shown the presence of fatty alcohols, hydrocarbons and fatty acids in the 

considerable amount (Table 5.21). The fatty alcohols and fatty acids contents were found as 

8.96% and 17.43% from the wet biomass as compared to 5.27% of fatty alcohols and 0.44% fatty 

acids from cell lysate. The obtained results indicated that the strategy of direct extraction from 

the wet biomass was found to be superior to the strategy of cell disruption followed by 

extraction. The extraction of metabolites after de-watering the biomass along with the cell 

disruption is an energy intensive process that would add extra downstream processing cost. Few 

studies have demonstrated the direct extraction of valuable metabolites from the wet biomass. In 

general, the lower yield of metabolite is expected from wet biomass as compared to cell 

disruption (Kim et al., 2013). However, in the present study, the better recovery of metabolites 

from wet biomass was may be due to the thin cellular membrane of bacteria as compared to thick 

cellular membrane of microalgae (Kim et al., 2013; Nelson and Viamajala, 2016). 

The GC-MS results obtained from reactive extraction of primary metabolite from cell 

disruption and wet biomass have shown the presence of fatty alcohols and hydrocarbons and are 

reported in Table 5.22. Fatty alcohols are comprised of 1.22 % of the total cell lyste extract and 

no traces of fatty acids were observed in the cell lysate extract (Table 5.22). The extraction of 

products using reactive extraction directly from wet biomass gave the fatty alcohol content as 

1.31 % (Table 5.22). The contents of fatty alcohols and fatty acids obtained from cell disruption 

and wet biomass using reactive extraction were found to be approximately same. The recovered 

amounts of fatty alcohols and fatty acid were significantly less than the amounts obtained from 

solvent extraction. The lower yield by reactive extraction may be due to the extractant system 

considered for the recovery of metabolites. This system is mainly utilized to recover short chain 
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carboxylic acids and lower molecular weight alcohols from aqueous phase (Datta et al., 2015). 

The presence of long chain of hydrocarbons in the biomass was may be one of the reasons for the 

inefficacy of reactive extraction.  

Based on the above discussion, biomass obtained from filtration and direct recovery of 

metabolites using solvent extraction from wet biomass can be an efficient and cost effective 

downstream processing strategy. 

 

5.12.3 Product yield  

The biomass and supernatant obtained from the solvent extraction of wet biomass were utilized 

for the quantifications of targeted compounds. Eqs. 5.7 - 5.9 are utilized to quantify the 

dodecanol, tetradecanol and pentadecanol, respectively.  

The fatty alcohols obtained from biomass consist of 2.57 (±0.28) mg dodecanol, 2.72 

(±0.14) mg tetradecanol and 2.97 (±0.007) mg pentadecanol. The quantities of dodecanol, 

tetradecanol and pentadecanol in supernatant extract were obtained as 190.9 (±0.14), 379.5 

(±0.21), 28.06 (±0.035) mg, respectively. Hence, the leachate (biomass + supernatant) contained 

193.47 (±0.19) mg of dodecanol, 382.22 (±0.6) mg of tetradecanol and 31.03 (±0.14) mg of 

pentadecanol. The total amount of fatty alcohols was obtained as 606.72 (± 0.35) mg with 

product recovery of 30.33 (±0.02)% per gram of biomass. This study concludes that the 

integration of CO2 bio-mitigation with appropriate downstream processing of product recovery 

would be an economically viable solution for curbing down the CO2 level from atmosphere. 
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Fig. 5.33 pH and dissolved oxygen value obtained during semi-continuous studies using H. 

stevensii. 
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Fig. 5.34 Dissolved inorganic carbon (mg L

-1
) and dry weight (g L

-1
) of H. stevensii.  
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Table 5.21: GC-MS analysis results obtained for cell lysate extract product and wet 

biomass product extract using solvent-solvent extraction 

 

Cell lysate 

solvent-

solvent 

extract 

products 

Run 

time 

(min) 

Formula Compound 
% 

Area 

Relative 

molecular 

mass 

Match 

quality 

(%) 

6.916 C12H26O 1-dodecanol 3.09 186 95 

11.069 C15H32O n-pentadecanol 0.28 228 95 

13.354 C18H38O 1-octadecanol 0.37 270 94 

15.204 C16H32O2 
hexadecanoic 

acid 
0.44 256 84 

15.419 C21H44O 1-heneicosanol 0.57 312 91 

17.308 C20H42O 1-eicosanol 0.49 298 91 

19.538 C27H56O 1-heptacosanol 0.47 396 94 

Total fatty alcohol 5.27% 

Wet biomass 

solvent-

solvent 

extract 

products 

11.156 C17H36 heptadecane 3.30 240 96 

13.169 C14H28O2 tetradecanoic acid 10.44 228 93 

15.244 C16H32O2 
hexadecanoic 

acid 
6.99 256 84 

15.421 C19H40O n-nonadecanol-1 1.18 284 87 

17.155 C18H36O2 octadecanoic acid 2.68 284 83 

17.309 C20H42O 1-eicosanol 2.05 298 91 

19.541 C27H56O 1-heptacosanol 2.51 396 90 

22.763 C24H50O n-Tetracosanol-1 1.69 354 85 

Total fatty alcohol 8.96% 

 

Table 5.22: GC-MS analysis results obtained for cell lysate extract product and wet 

biomass product extract using reactive extraction system 

 

Cell lysate 

products 

extract  

Run 

time 

(min) 

Formula Compound 
% 

Area 

Relative 

molecular 

mass 

Match 

quality 

(%) 

5.512 C11H24O 1-undecanol 0.02 172 93 

5.864 C12H26 n-dodecane 0.01 170 95 

10.126 C12H26O 1-dodecanol 1.16 186 98 

12.169 C14H30O 1-tetradecanol 0.04 214 91 

Total fatty alcohol 1.22% 

Wet biomass 

products 

extract  

5.509 C11H24O 1-undecanol 0.02 172 94 

5.862 C12H26 n-dodecane 0.01 170 96 

10.126 C12H26O 1-dodecanol 1.26 186 96 

11.302 C16H34 hexadecane 0.02 226 96 

12.152 C14H30O 1-tetradecanol 0.03 214 92 

Total fatty alcohol 1.31% 
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5.12.4 Carbon balance and thermodynamic analysis 

The actual CO2 utilization efficiency of H. stevensii in laboratory scale reactor was demonstrated 

by applying approximate carbon balance on the bioreactor. The procedure adopted for 

approximate material balance and thermodynamic assessment was same as described in section 

4.1 and 4.13, respectively. 

The total amount of CO2 supplied to the system (MC,in) during cultivation period was 

calculated as 4.63 g. The CO2 concentration at the outlet of bioreactor is monitored in regular 

interval of 12 h and no trace of CO2 was observed. Therefore, the value of CO2(g) in the outlet 

stream (MC,go) was taken as 0. The amount of CO2 assimilated as biomass in into the cellular 

biomass (MC, bo) was found as 3.66 g (Ritmann and Mackarty, 2012). At the end of the study, the 

total carbon present in the liquid phase (MC,CO2(l)) as CO3
2-

, HCO3
-
, free CO2and fatty alcohols 

was estimated as 0.826 g using titration method and GC quantification, respectively. After 

substituting the above obtained values in Eq. 4.1, the RHS and LHS of the equation were found 

as 4.63 g and 4.48 g, respectively. Thus, material balance calculations revealed that out of total 

4.63 g of carbon supplied to the bio-reactor, 3.66 g of carbon was assimilated into the cellular 

biomass of H. stevensii. Based on this the actual CO2 utilization efficiency (R.RCO2) of the 

process was obtained as 79.04 %. 

Gibb’s free energy of products and reactants was estimated as -6777.48 and -5917.68 kJ 

mol
-1

, respectively. The change in Gibb’s free energy for the Eq. 4.12 was obtained as -859.8 kJ 

mol
-1

. As the fixation of 14 moles of CO2 requires -859.8 kJ of energy then in present case 0.29 

moles of CO2 would require 17.81 kJ of energy for the fixation of CO2 as tetradecanol. 

The energy available in the system as S2O3
2- 

was -440.58 kJ due to complete S2O3
2-

 

oxidation. This was much higher than the energy required (17.81 kJ) for the fixation of CO2. 
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Therefore, the energy available in the system was sufficient to meet the requirement of CO2 

fixation and to further metabolize the same into cellular biomass as fatty alcohols. Hence, the 

approximate material balance and thermodynamic analysis confirmed the gaseous phase CO2 

fixation in the presence of S2O3
2-

 as an energy source and its conversion into value added 

products. 

 

5.12.5 Comparison with existing literature 

Most of the studies in CCU have reported the production of valued chemicals by utilizing 

photoautotrophs (microalgae and cyanobacteria). Hence, the performance of present system in 

terms of P and RCO2 is compared with reported studies and given in Tables 5.23 and 5.24. P and 

RCO2 values for the reported microalgal strains were found in the range of 0.189 - 0.338 g L
-1

 d
-1

 

and 0.12 - 1.21 g L
-1

, respectively (Table 5.23). In present study, P and RCO2 values were 

obtained as 1.55 (±0.04) and 1.94 (±0.044), respectively. Thus, the results indicated that P and 

RCO2 values for H. stevensii were found to be higher as compared to the values obtained for other 

microbial strains (Table 5.23). Therefore, the higher CO2 utilizing capability of H. stevensii 

makes it a promising candidate for the CO2 mitigation from the industrial environment. 

The amount of fatty alcohol content in per unit mass or volume of biomass or leachate 

should be higher for economically feasible process. Few studies are listed in Table 5.24 which 

have reported the production of fatty alcohols from different microorganisms such as bacteria, 

yeast, microalgae etc. The total fatty alcohol production yield of 540 mg of fatty alcohol per g 

biomass was observed for Chelorella sorokinianna 21 (Table 5.24). Synechocystis sp. PCC has 

shown the total fatty alcohol production of 0.00287 mg of fatty alcohol per g of biomass (Table 

5.24). The E. coli was engineered for the production of fatty alcohols and the product yield was 
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obtained as 0.067, 0.5986 and 0.75 g L
-1

 in different studies (Table 5.24). In present study, the 

yield of fatty alcohol was observed as 606.72 (±0.35) mg per g of biomass of H. stevensii by CO2 

bio-mitigation in semi-continuous studies. The yield of fatty alcohols obtained in the present 

study was significantly higher as compared to reported studies except engineered E. coli (Table 

5.24). Further, the studies related to the biological fatty alcohols production were mostly 

dependent on the engineered bacterial strain (Table 5.24). However, H. stevensii (pure isolate) 

was found capable to utilize CO2(g) as a carbon source. 

 

5.12.6 Process economics 

The raw materials for the production of dodecanol and tetradecanol were lauric acid (C12) (46% - 

51%) and myristic acid (C14) (17% - 19%,) obtained from coconut oil. Therefore, by material 

balance, approximately 2.5 kg and 5.5 kg virgin coconut oil was required, respectively for perkg
 

production of dodecanol and tetradecanol. The virgin coconut oil is available at the market price 

of Rs 114.324 per kg (indexmundi.com). Thus, the cost of feedstock required for the production 

of 1 kg of dodecanol and tetradecanol was Rs 285.81 and Rs 628.78, respectively. The effect of 

factor “f” on the total cost for the production of dodecanol and tetradecanol using coconut oil as 

feedstock was calculated using Eq. 4.15 and is shown in Fig. 5.35. The market price of 

dodecanol and tetradecanol produced from coconut oil as raw material was estimated as 1143.24 

Rs kg
-1

 and 2515.12 Rs kg
-1

, respectively for the “f” factor value in between 0.7 and 0.8 (Fig. 

5.35). These prices
 
fall in accordance with the current market price of dodecanol (Rs. 1300.00) 

and tetradecanol (Rs. 2450.00), respectively (Fig. 5.36). The obtained “f” factor value for market 

price of coconut oil was in accordance with the reported values for bioprocesses in literature 

(Belrabi et al., 2000). 
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The maximum acceptable price of raw material i.e. bacterium biomass (C) was calculated 

using Eq. 4.18. The effect of factor “f” on C is shown in Fig. 5.36 and was estimated using Eq. 

4.15. The maximum acceptable price of biomass was estimated by considering the “f” value in 

the range of 0.7 to 0.8. The obtained values of C were observed as 617.96 Rs kg
-1

 and 2687.91 

Rs kg
-1

 for dodecanol and 2687.91 Rs kg
-1

 and 3263.89 Rs kg
-1

 for tetradecanol, respectively. 

The value of C for dodecanol production was well below the current market price of dodecanol 

and there is scope for the addition of extra separation, purification and energy cost. However, the 

obtained value of C for the production of tetradecanol was found to be higher than the current 

market price. The obtained value of C for tetradecanol production has to be further lowered in 

order to account for additional separation, purification and energy cost. The lower value of C for 

the dodecanol confirms that the H. stevensii can be utilized for the production of dodecanol.  

In the above analysis, same fraction of dodecanol and tetradecanol was considered in the 

biomass of H. stevensii and coconut oil. However, the fraction of dodecanol and tetradecanol 

present in the biomass of H. stevensii was obtained as 9.1% and 19.5%, respectively which was 

quite low as compared to coconut oil. Therefore, it is necessary to evaluate the effect of the 

fraction of fatty alcohols on the value of C. This effect was calculated using Eq. 4.19 and was 

plotted in Figs. 5.37 and 5.38. The obtained results are shown in Fig. 5.37 and Fig. 5.38 at factor 

“f” value of 0.7 and 0.8 for dodecanol and tetradecanol, respectively. The result estimated the 

cost of biomass which was obtained from H. stevensii for perkg production of dodecanol and 

tetradecanol as Rs kg
-1

 58.52, 121.60 and Rs kg
-1

 271.81, 256.71 at factor “f” value of 0.7 and 

0.8, respectively. These costs are acceptable or competitive with coconut oil at the obtained 

values. The acceptable price of the biomass depends on the factor “f” and was found to increase 

with increase in value of factor “f”. This suggested that in order to maintain the factor between 
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0.7 and 0.8, the biomass price has to decrease. Study of process economics suggested the 

feasibility of downstream process for the production of dodecanol as compared to the 

tetradecanol. 
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Table 5.23: Comparison of P (g L
-1

 d
-1

) and RCO2 of few reported studies with semi-

continuos study using H. stevensii  

 

Species Mode 

CO2 

concentration 

(% v/v) 

Biomass 

productivity 

(P, g L
-1

 d
-1

) 

CO2 fixaton 

rate 

(RCO2, g L
-1

 d
-1

) 

References 

Chlorella 

sorokiniana 

Air-lift 

PBR 
5 0.338 1.21 

Kumar and 

Das, (2012) 

Chaetoceros 

muelleri 

Flask 

study 
10 0.272 0.428 

Wang et al., 

(2014) 

Chlorella sp. 

Bubble 

column 

PBR 

10 
0.271  

(±0.07) 

0.249  

(±0.11) 

Yadav et al., 

(2015) 

Chlorella 

vulgaris 

Bubble 

column 

PBR 

15 0.282 
Between 

0.35 - 4.0 

Mohsenpour 

and 

Willoughby, 

(2016) 

Guzmania 

membranacea 

Bubble 

column 

PBR 

15 0.189 
Between 

0.12 - 0.15 

Mohsenpour 

and 

Willoughby, 

(2016) 

Chlorella PY-

ZU1 

Bubble 

column 

PBR  

15 0.518 0.94 
Cheng et al., 

(2016b) 

H. stevensii 

Laboratory 

scale 

bioreactor 

15 (±1) 
1.55  

(±0.04) 
1.94 (±0.044) Present study 

 

Table 5.24: Comparison of fatty alcohols productivity of few reported studies with H. 

stevensii during scale-up study 

 

Species 

Fatty alcohol production 

(mg of fatty alcohol per g 

biomass & g L
-1

) 

Reference 

Engineered Escherichia coli 0.060 g L
-1 

Steen et al., (2010) 

Engineered E. coli 0.5986 g L
-1 

Zheng et al., (2012) 

Chelorella sorokinianna 21 
540 mg of fatty alcohol per g 

of biomass 
Yang et al., (2013) 

Engineered E. coli 0.75 g L
-1

 Liu et al., (2014) 

Synechocystis sp. PCC 
0.00287 mg of fatty alcohol 

per g of biomass 
Yao et al., (2014) 

H. stevensii 
606.72 (± 0.35) mg per g of 

biomass 
Present study 
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Fig. 5.35 Effect of factor “f” on the total cost of production of dodecanol and tetradecanol 

using coconut oil. 
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Fig. 5.36 Effect of factor “f” on the maximum acceptable cost of H. stevensii biomass.  
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Fig. 5.37 Effect of dodecanol content on the maximum acceptable price of H. stevensii. 
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Fig. 5.38 Effect of dodecanol content on the maximum acceptable price of H. stevensii. 
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5.13 Performance of packed bed bioreactor for CO2 mitigation 

The removal of CO2(g) from the mixture of CO2(g) and air was investigated using continuous 

bioreactor packed with a mixture of coal and matured compost. The packed bed was inoculated 

with the mixed population of B. cereus, E. cloacae, P. putida, P. aeruginosa and H. stevensii for 

seven days. The effect of time on the performance of packed bed bioreactor was investigated at 

changing inlet concentration of CO2(g). The performance of the column was measured in terms 

of CO2(g) removal efficiency and biomass growth rate (CFU g
-1

 of packing material). 

The effect of time on the inlet concentration, outlet concentration and removal efficiency 

of CO2(g) at different inlet concentration was plotted and shown in Fig. 5.39. The packed bed 

bioreactor was operated for the duration of 77 days and the duration was divided into three 

phases according to packed bed bioreactor operating conditions. The biomass in terms of CFUg
-1

 

of packing material was also estimated at different heights of the packed bed (15, 30, 45, 60, 75 

and 90 cm from the bottom of the packing) for different values of inlet CO2(g) concentration and 

is reported in Table 5.25.  

In phase I (acclimation period), CO2(g) concentration was found to be more at the 

column outlet than the CO2(g) supplied to the packed bed bioreactor for first 15 days of its 

operation. This may be due to the lower rate of microbial utilization of CO2 as compared to the 

CO2(g) supplied to the packed bed bioreactor during initial days of acclimation period. Thus, un-

utilized CO2(g) was accumulated in the upper part of the packed bed bioreactor as inlet flow rate 

of CO2(g) to the packed bed bio-reactor was not equal to the outlet packed bed bioreactor flow 

rate. This resulted in the increased concentration of CO2(g) on top of the reactor. However, the 

CO2 removal efficiency was found to increase with increase in number of days and reached 100 

% at the end of phase I (30 days) (Fig. 5.34). This may be due to the fact that microbial consortia 
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took some time to get acclimated in the changed environment of CO2. The increase in CO2(g) 

removal efficiency with increase in time may also be justified with the larger value of CFU (704 

× 10
8
 CFU g

-1
 of packing material, 15 cm from bottom) at the end of acclimation period. The 

value of CFU was found to decrease from 704 × 10
8
 to 25 × 10

8
 CFU g

-1
 of packing material 

with increase in height from 15 cm to 90 cm, respectively.  

Inlet CO2(g) concentration to the column was sudden changed to 10 and 15% (v/v) at the 

start of phase II and phase III, respectively. The removal efficiency was found to decrease with 

change in inlet CO2 concentration in the initial days of phase II and phase III. This may be due to 

the fact that microbial consortia took time to adjust in the changed environment. The increase in 

biomass growth with time may be one of the possible reasons for obtaining 100% CO2(g) 

removal efficiency at higher inlet CO2(g) concentration. The obtained results of sudden change 

in inlet CO2(g) concentration indicate that biofilm developed in the packed bed bioreactor was 

quite stable. Hence, one set of continuous bio-mitigation studies using CO2(g) has shown that the 

mixed microbial culture was responding well in the continuous mode as well. 
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Fig. 5.39 Performance of packed bed bioreactor under shock loading condition for CO2(g) 

removal. 
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Table 5.25: Biomass growth in terms of CFU g
-1

  

Sample port (from 

the bottom) 

Phase I Phase II Phase III 

CFU g
-1

 

1 704 × 10
8
 1384 × 10

8
 1402 × 10

8
 

2 656 × 10
8
 976 × 10

8
 987 × 10

8
 

3 136 × 10
8
 328 × 10

8
 411 × 10

8
 

4 103 × 10
8
 177 × 10

8
 208 × 10

8
 

5 38 × 10
8
 131 × 10

8
 156 × 10

8
 

6 25 × 10
8
 144 × 10

8
 148 × 10

8
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Chapter 6 

 

Concluding Remarks 

 

In present chapter, conclusions, major contributions and future scope for research are 

discussed. 
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6.1 Conclusions 

The following conclusions are drawn based on the results obtained in the present study: 

1. Strains B. cereus SM1, P. putida SM2 and E. cloacae PP1 obtained from STP and strains 

P. aeruginosa SSL4 and H. stevensii SSL5 from SSL were successfully utilized for the 

bio-mitigation studies using CO2. 

2. P. aeruginosa SSL4 showed maximum ƞCO2(g) value as 92.37 (±2.47)% among all iron 

utilizing bacterium at 100 ppm of Fe[II] concentration and among all microbial cultures 

used in the present study, H. stevensii showed maximum ƞCO2(g) as 98.59 (±0.59)% at 

100 mM S2O3
2-

 concentration.  

3. CO2 fixation capability was found to increase with increase in Fe[II] concentration for B. 

cereus SM1, Mixed microbial population P. putida SM2, E. cloacae PP1 and P. 

aeruginosa SSL4 and also increased with S2O3
2-

 for H. stevensii.  

4. Optimum energy substrate concentration was obtained as 100 ppm Fe[II] for iron 

utilizing bacterium and 100 mM S2O3
2-

 for sulfur oxidizing bacterium. 

5. Maximum values for P, RCO2 and R.RCO2 were obtained at 100 ppm for Fe[II] for iron 

utilizing bacterium and100 mM S2O3
2-

 concentration for sulfur oxidizing bacterium. 

6. As per the values obtained for ƞCO2(g), P, RCO2 and R.RCO2, H. stevensii was found to be a 

superior candidate for CO2 fixation among all other species used in the present study. 

7. FT-IR and GC-MS analysis of cell lysate and cell free supernatant extract of B. cereus 

SM1, mixed microbial population, P. putida SM2 and E. cloacae PP1, confirmed the 

presence of fatty acids and hydrocarbons comprised of carbon chain length in the range 

of C5-C19 and C10-C24, respectively. 

8. Fatty acids obtained from CO2 fixation of STP cultures were successfully converted to 

biodiesel using transestrification reaction. 
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9. Biodiesel yield of 86.5 (±0.048), 91.55(±0.198), 77.49 (±0.1) and 38.69 (±1.66)% was 

observed for B. cereus, mixed microbial population, E. cloacae and P. putida, 

respectively. 

10. Hydrocarbon obtained from CO2 bio-fixation of STP cultures were comprised of 

saturated, unsaturated and branched hydrocarbons which could be utilized as a precursor 

for the production of compounds such as higher alcohols, alkanes, halides, polymer 

products, etc. 

11. FT-IR and GC-MS analysis of cell lysate and cell free supernatant extract of P. 

aeruginosa SSL4 and H. stevensii SSL5 revealed the presence of fatty alcohols and 

hydrocarbons in considerable amount and fatty acids in trace amount. 

12. Yield of fatty alcohols for the biomass obtained from CO2 fixation using P. aeruginosa 

SSL4 and H. stevensii SSL5 was found as 0.392 (±0.14) and 0.32 (±0.016) g of fatty 

alcohols g
-1

 of biomass, respectively. 

13. Values of salt concentration and temperature for maximum specific growth of P. 

aeruginosa SSL4 were found as 3% (w/v) and 37 
o
C, respectively. 

14. Optimum growth parameters for the fixation of CO2 using H. stevensii were obtained as 

0.5 M salt concentration, pH of 8 and a temperature of 37 
o
C. 

15. Product yield of fatty alcohols obtained from the leachate of H. stevensii was found to be 

significantly influenced by the physicochemical parameters such as inlet CO2(g) 

concentration, salt concentration, pH and temperature. 

16. Semi-quantification and quantification studies of carbon allocation established the fact 

that CO2 was utilized to produce fatty alcohols at the expense of cellular carbohydrate 

and protein content. 
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17. Approximate material balance and thermodynamic assessment of the CO2 bio-mitigation 

process of STP and SSL cultures supported CO2(g) fixation in the presence of energy 

substrate [Fe[II] or S2O3
2-

] into cellular biomass and its conversion into value added 

products. 

18. Actual CO2(g) utilization estimated from approximate material balance was found to 

decrease in order of H. stevensii > mixed microbial population > B. cereus > P. putida > 

P. aeruginosa > E. cloacae. 

19. Higher values of P and RCO2 obtained from semi-continuous bioreactor in comparison to 

batch study proved a good response of H. stevensii in the changing environment of pH 

and higher CO2 concentration. 

20. Downstream processing results revealed that the biomass obtained from filtration and 

direct recovery of metabolites using solvent extraction from wet biomass may be an 

efficient and cost effective downstream processing strategy. 

21. Product yields of fatty alcohols and R.RCO2 were obtained as 79.81 (±0.014)% and 

79.04%, respectively from semi-continuous studies of CO2 fixation using H. stevensii. 

22. Process economic study on semi-continuous study for fixation of CO2 suggested the 

feasibility of downstream process for the production of dodecanol as compared to 

tetradecanol. 

23. Packed bed bioreactor was developed and effectively utilized for the continuous 

mitigation of CO2(g) from 15% (v/v) CO2 and air mixture for 77 days of bioreactor 

operation. 

24. Packed bed bioreactor was found stable at fluctuating inlet CO2(g) concentration and 

confirmed its suitability for further scale-up. 
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6.2 Major contributions 

1. Bacterial strains were identified as B. cereus SM1, P. putida SM2 and E. cloacae PP1 

obtained from STP culture and strains P. aeruginosa SSL4 and H. stevensii SSL5 from 

SSL culture for bio-mitigation of CO2(g) studies. 

2. CO2(g) fixation was carried out by microbial culture in absence of light by use of 

inorganic compounds [Fe[II] or S2O3
2-

] as energy source. 

3. Identification and utilization of extremophilic bacteria (P. aeruginosa SSL4 and H. 

stevensii SSL5) for the CO2 fixation in extreme environmental conditions. 

4. Successful demonstration of the conversion of CO2(g) into valuable chemicals such as 

fatty acids, hydrocarbons, fatty alcohols, etc. by microbial culture. 

5. Development of cost effective downstream process for the recovery of fatty alcohols 

from the culture obtained from semi-continuous fixation of CO2 using H. stevensii. 

6. Economic feasibility analysis of developed downstream process for the recovery of fatty 

alcohols with existing bio-based fatty alcohol processes. 

7. Development of packed bed bioreactor for the continuous mitigation of CO2 from CO2 – 

air mixture. 

 

6.3 Future scope 

1. CO2 bio-mitigation experiments can be performed with mixed microbial culture and 

isolated strains in the simulated environment having resemblance to flue gas. 

2. Development of mixed microbial consortium from the species obtained in the present 

study and utilizing them for bio-mitigation studies of CO2(g). 
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3. CO2 bio-mitigation studies can be performed to evaluate the effect of utilization of 

industrial effluent containing inorganic chemicals [Fe[II],  S2O3
2-

, heavy metal ions in 

reduced form, NO3
-
, etc.] as growth media. 

4. Cultivation strategy using CO2(g) as carbon source needs to be investigated for increasing 

targeted metabolite contents in the leachate. 

5. Exhaustive experimental studies on continuous bioreactor need to be performed for 

efficient scale-up of the process 
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