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ABSTRACT  

 

In the context of steering product formation in anaerobic digestion systems, the present 
thesis work elaborates on the potential role of elevated CO2 partial pressures as an 
environmental driver that may influence end-product selectivity from methane towards 
compounds from the carboxylic platform. As an emerging field of research, organic acid 
production via mixed culture fermentation is currently in an exploratory phase and the 
understanding of basic functional principles driving each of the biochemical conversions 
of interest is of vital importance. 

The present investigation forms part of a series of studies conjunctively aimed at 
elucidating the effect of elevated CO2 partial pressures on glucose fermentation, which 
consists of a complex network of several metabolic routes. Specifically, this thesis work 
focuses on the effects of CO2 partial pressure on the degradation of two key metabolites 
that are central and/or highly relevant to the glucose conversion pathways, namely 
pyruvate and butyrate. While butyrate is one of the common metabolites in the 
fermentative conversion of a range of complex organic compounds –including glucose-, 
pyruvate is the branching-point of the metabolic pathways in glucose fermentation. In 
this sense, the degradation of pyruvate may lead to the formation of butyrate and/or a 
wide range of different intermediate/end-products, as dictated by the prevailing 
biological, environmental, thermodynamic and kinetic conditions of the anaerobic 
system under consideration.  

For the purpose of evaluating the faith of both pyruvate and butyrate fermentations 
under different CO2 conditions, a series of batch experiments at CO2 partial pressures of 
0.2,  1.0,  3.0,  5.0 and  8.0 bar were conducted for each of these substrates. Using a 
flocculent  mixed  microbial  consortium  as  the  inoculum, pyruvate  and  butyrate  
were provided  at  initial  concentrations  of  approximately  1 g Pyruvate-COD.l-1 and 
1.1 g Buyrate-COD.l-1. In following the biochemical conversions taking place in each 
case, the relative concentrations of the main metabolites and final products being 
consumed and/or formed in each of the experiments were monitored and measured in 
time. Based on the identification of the concentrations of the predominant compounds 
present in the reactors, COD balances were constructed in each case.  

In further elucidating the effects of elevated CO2 partial pressures -up to 8.0 bar- on the 
fermentation of pyruvate and butyrate, the stoichiometries of the main biochemical 
reactions that were involved in the degradation of these organic acids were derived as 
part of this study. Based on these balanced stoichiometries, an evaluation of indicative 
thermodynamic potentials were also derived for the main conversion steps. Indicative 
analyses of the reaction energetics were subsequently complemented with the 
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determination of indicative kinetic quantities, including substrate/metabolite 
consumption and/or production rates for specific metabolites of concern. The outcomes 
from these thermodynamic and kinetic analyses were essential in understanding the 
response of pyruvate and butyrate degrading bacteria/archaea to increasing CO2 levels. 
In general terms, it was found that the prevailing CO2 partial pressures in the reactors 
had a role in promoting or inhibiting specific metabolic routes. In addition to the role of 
CO2 as a substrate or a product in carboxylation or decarboxylation reactions, 
respectively, varying CO2 partial pressures had an impact on the pH of the liquid broth. 
Specifically, in the presence of a buffering capacity of 100 mM NaHCO3, pH’s in the 
reactors were estimated at 6.9, 6.6, 6.5, 6.4 and 6.2, corresponding to operation at CO2 

partial pressures of 0.2, 1.0, 3.0, 5.0 and 8.0 bar, respectively.    

According to the experimental outcomes, methane was the dominant end product in both 
the pyruvate and butyrate degradation experiments. Regarding the pyruvate trials, CH4 
accounted for between 35 ± 22% and 68 ± 3.0% of the COD by the end of the 3.0 and 
0.2 pCO2 experiments, while acetate and methane formation followed a downward 
trend. Thus, higher CO2 partial pressures in the pyruvate experiments were coincident 
with enhanced formation of alternative metabolites, predominantly propionate. 
According  to  the  experimental  data,  propionate  formation  yields  increased  from 
0.24 ± 0.01 mg Propionate-COD.mg-1 Pyruvate-COD up to 0.34 ± 0.01 Propionate-
COD.mg-1 Pyruvate-COD during the 0.2 and 8.0 bar pCO2 experiments, respectively. In 
contrast, the results from the butyrate experiments indicate that methane production 
tended to increase in response to elevated pCO2’s, with the fraction of CH4-COD 
increasing from 42 ± 1.7% to 74 ± 19% when operating at 0.2 and 3.0 bar pCO2, 
respectively. While CH4 formation by hydrogenotrophic archaea was promoted at 
increasing pCO2’s, with the occurrence of a lag phase, the degradation of butyrate via 
either acetate or propionate formation was negatively impacted by elevated pCO2’s. 
Thus, in line with the findings for both the pyruvate and butyrate experiments, it was 
found that while elevated pCO2’s promoted formation of products that are a result of 
carboxylation reactions, it correlated with a decrease in the formation of products that 
are a result of a decarboxylation step.   

Following identification of the main product spectrums, indicative ∆G values were 
estimated for the main biochemical conversions in the pyruvate and butyrate metabolic 
networks. In absence of precise information on the actual concentrations for all relevant 
intermediate metabolites, including succinate, these thermodynamic calculations were 
based on a concentration of 1mM, as a physiologically plausible concentration for this 
intermediate metabolite, as reported in the literature [63, 64]. Similarly, with H2 partial 
pressures remaining below the equipment’s detection limit of 60 Pa for all experiments, 
energy yield calculations were based on H2 partial pressures of 1 and 60 Pa, which 
correspond to the average pH2 expected in properly functioning anaerobic digesters [15] 
and the equipment’s detection limit, respectively.      
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With indicative ∆G values ranging between approximately -105 kJ/mol and -88 kJ/mol 
at all pCO2 conditions tested and pH2’s of between 1 and 60 Pa, the conversion of 
pyruvate into acetate was the most thermodynamically favorable reaction in the pyruvate 
fermentation experiments. The energetic viability of this conversion did however 
decrease in response to increasing CO2 partial pressures. Although all other reactions 
were exergonic at the conditions of these experiments, their energy yields were lower 
with indicative ∆G values ranging between -60 kJ/mol and -10 kJ/mol. In agreement 
with the propensity for more propionate formation at increasing pCO2’s, the indicative 
thermodynamic favorability of the conversion of pyruvate to propionate at an indicative 
pH2 of 60 Pa evidenced an increase from -50 kJ/mol to -60 kJ/mol for the experiments 
conducted at 0.2 and 8.0 bar pCO2, respectively. While the oxidation of butyrate into 
acetate was the most thermodynamically favorable reaction at all the pCO2’s conditions 
tested during the butyrate fermentation experiments (i.e. indicative Gibbs free energy 
changes ranging between -61 kJ/mol and -36 kJ/mol at pCO2’s of between 0.2 and 8.0 
bar and H2 partial pressures of between 1 and 60 Pa), the energy yields from the 
conversion of butyrate into acetate also followed a downward trend with increasing 
pCO2’s.This trend for decreased acetate formation from butyrate was a consequence of 
high CO2 partial pressures leading to a corresponding decrease in the operating pH’s, 
from a pH of 6.9 for the 0.2 pCO2 experiments down to a pH of 6.2 during the 8.0 bar 
batch tests. Similarly, the indicative energy yields associated with the degradation of 
butyrate into propionate appeared less negative in response to elevated CO2 partial 
pressures, with indicative energy yields decreasing from -52 kJ/mol to -45 kJ/mol and 
from -21 kJ/mol to -13 kJ/mol between 0.2 and 8.0 bar pCO2’s at the assumed boundary 
H2 partial pressures of 1 Pa and 60 Pa, respectively. This trend for lower energy yields at 
increasing pCO2’s was a result of the conversion of butyrate to propionate corresponding 
to a decarboxylation step. 

Estimates of the apparent degradation rates for pyruvate indicated that increasingly high 
CO2  partial  pressures  correlated  with  a  decrease  in  the rates of pyruvate conversion. 
In particular, while the consumption rate for pyruvate was estimated at approximately 
435 mg Pyruvate.l-1.d-1 when operating at a pCO2 of 0.2 bar, the indicative degradation 
rate of this substrate was determined as approximately 181 mg Pyruvate.l-1.d-1 for the 8.0 
bar pCO2 trials, corresponding to a reduction in this rate of approximately 58%. 
Regarding the indicative degradation rates for butyrate, increasingly high CO2 partial 
pressures correlated with an apparent reduction in the conversion rates for this substrate, 
with rates decreasing from 86 mg Butyrate.l-1.d-1 at a pCO2 of 0.2 bar down to 
approximately 15 mg Butyrate.l-1.d-1 when operating at 8.0 bar pCO2, which 
corresponded to a decline in this conversion rate in excess of 80%. Thus, it appears that 
elevated CO2 availability in the systems may have led to a certain extent of inhibition of 
the activity of (-potentially) rate limiting enzymes catalyzing pyruvate and/or butyrate 
degradation. With no formal measurements of enzymatic activities, this hypothesis was 
however not confirmed as part of this study.………………………………………..
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1. INTRODUCTION 
 

1.1. Background and problem description 
	

Fundamental and applied research in (waste-) water treatment lays at the core of 
innovative and successful technological developments that can path the way towards the 
achievement of the circular economy goals [49, 50]. One such technological 
development, the well-known anaerobic digestion process, although widely and 
successfully applied in the treatment of a range of industrial and municipal (waste-) 
waters, is a biotechnological process well worth exploring further [42, 43].  

While current anaerobic digestion applications are effective units for energy recovery 
via complete mineralization of organic compounds into methane, an increasing interest 
exists in evaluating the potential of anaerobic processes for the recovery of alternative, 
higher added-value compounds, in the form of e.g. short chain carboxylates/organic 
acids [22, 50]. 

In the context of steering product formation in anaerobic digestion systems, the 
prospects of mixed culture fermentation for the production of chemical building-blocks 
from a range of organic feedstocks are promising, and significant efforts have been 
directed towards research at a proof of principle level [24]. While the outcomes from 
these studies have provided very valuable insight into the great potential of this 
technology, the need for a detailed evaluation of the biochemical mechanisms and 
environmental conditions that govern value-added product accumulation is to be further 
explored [17, 52, 53].  

In this sense, achieving an adequate understanding of the mechanistic implications of 
certain environmental parameters, of which pH, temperature, salinity and/or composition 
of the headspace may be significant in increasing the selectivity of undefined mixed 
culture fermentations, is a key pre-requisite in optimizing organic acid accumulation and 
recovery from anaerobic digestion [22, 24]. 

As observed by several authors [24, 22, 59], one parameter with a potential influence on 
steering product formation in fermentative degradation applications corresponds to the 
prevailing CO2 partial pressures in the headspace of anaerobic configurations. In 
particular, one direct implication of the addition of CO2 that may contribute to a shift in 
the product spectrum in fermentative degradation systems corresponds to its effect on 
the liquid’s phase pH. Of relevance for the present investigation, as per the calculations 
presented in Section 3.3., in the presence of a buffering capacity of 100mM NaHCO3, 
increasingly high CO2 partial pressures of 0.2, 1.0, 3.0, 5.0 and 8.0 bar led to a 



	14	

corresponding acidification of the fermentative broth, with pH values estimated at  6.9, 
6.6, 6.5, 6.4 and 6.2, respectively. 

In view of the potentially interesting effects that elevated CO2 partial pressures may 
have as a mechanisms that can be used to influence product selectivity in fermentative 
applications, the present thesis work seeks to contribute to the body of knowledge on 
this specific topic, through an investigation of the effects of elevated CO2 partial 
pressures on the fermentative degradation of two specific organic acids, namely 
pyruvate and butyrate. In the context of evaluating the impact of pCO2 as a potential 
driver in the fermentation of e.g. glucose, pyruvate and butyrate were chosen as the 
substrates of concern considering that the microorganisms that are involved in either 
pyruvate and/or butyrate fermentation are expected to react differently to varying pCO2 
levels in the system. In particular, while pyruvate is a focal metabolite which 
degradation routes directly involve carboxylation and/or decarboxylation steps (i.e. 
consumption and/or release of CO2 in the formation of either propionate and/or acetate, 
respectively) [60, 61], butyrate is an intermediate compound which main degradation 
route does not directly involve consumption and/or release of CO2 (i.e. oxidation of 
butyrate into 2 moles of acetate) [16, 62].  

In contributing towards the elucidation of the effects of varying CO2 partial pressures on 
the fermentative degradation of pyruvate and butyrate, the research and analysis that was 
conducted as part of this thesis work was guided by the research questions and 
hypothesis that have been formulated in Section 1.2 below. 

 

1.2. Research Questions 
	

The main objectives of the present investigation can be delineated via the following 
three main research questions: 
 

1. Will the selectivity of key end/intermediate metabolites in pyruvate and butyrate 
fermentation change in response to elevated CO2 partial pressures?  

Hypothesis: operating at increasingly higher CO2 partial pressures may lead to a shift in 
the product spectrum of pyruvate degradation towards preferential formation of 
metabolites that result from carboxylation reactions (e.g. propionate). On the other hand, 
considering that CO2 is neither consumed nor produced in the fermentative degradation 
of butyrate into e.g. acetate, it is expected that the product spectrum associated to 
butyrate fermentation will remain relatively unchanged at all pCO2’s conditions tested.   
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2. Can operating at elevated pCO2’s up to 8.0 bar have an effect on the energetic 
viability of specific metabolic pathways involved in the anaerobic degradation of 
pyruvate and butyrate? 

Hypothesis: while increasing CO2 partial pressures will lead to a decreased 
thermodynamic viability of pyruvate decarboxylation reactions, the change of Gibbs free 
energy associated to pyruvate conversions that involve a carboxylation step will become 
more negative. Regarding the energetic viability of butyrate conversion, it is 
hypothesized that no substantial change will be observed due to varying pCO2 
conditions.   

3. Are the specific degradation and/or conversion rates of pyruvate, butyrate and/or 
their associated intermediate metabolites affected by operation at elevated CO2 partial 
pressures? 

Hypothesis: it is expected that the conversion rates of pyruvate, butyrate and associated 
intermediate metabolites can potentially be negatively impacted by elevated CO2 partial 
pressures, as this operating variable could have an inhibitory effect on the metabolic 
activities of the microorganisms involved in the degradation of these compounds. 
 

 

1.3. Research Approach and Thesis Lay-out 
	

As a first step to undertaking the present research work, a targeted literature review was 
conducted that allowed an understanding of the fundamental principles of anaerobic 
degradation of organic compounds, with particular emphasis on the implications of 
operating these systems at elevated pCO2’s. Additionally, current information on the use 
of fermentative technologies towards targeted production of organic acids, as well as 
detailed research reporting on the degradation routes of pyruvate and butyrate have also 
been reviewed and considered. In this sense, Chapter 2 provides a summary of the key 
theoretical concepts that are relevant to identifying the impacts of elevated CO2 partial 
pressures on pyruvate and butyrate fermentation, in terms of its indicative effect on the 
product spectrum, thermodynamic and kinetic viability of the main metabolic routes 
involved in the degradation of these compounds, as per the scope of this investigation.  

Chapter 3 provides an overview of the materials and analytical methods that were used 
in conducting the laboratory scale batch experiments carried out as part of this research 
work, including the experimental set-up, analytical techniques, as well as the most 
relevant details on the design and operation of the batch reactor configurations.  
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Based on the analysis of the experimental data, the product spectrums associated with 
the anaerobic degradation of pyruvate and butyrate at initial pCO2’s of 0.2, 1.0. 3.0, 5.0 
and 8.0 bar (i.e. equilibrium pCO2’s of approximately 0.2, 1.0, 1.5, 2.0 and 3.5, 
respectively), are presented in Section 4.1 of Chapter 4. Once the product spectrums 
were derived, the main metabolic routes that lead to the formation of these products in 
pyruvate and butyrate fermentation are presented in Section 4.2. 

Sections 4.3 and 4.4 provide an overview of the outcomes of a high-level assessment of 
the indicative effect that elevated pCO2’s may have on the energetic and kinetic 
viabilities of the main anaerobic conversions taking place in pyruvate and butyrate 
fermentations, respectively. 

Following the results and discussion presented in Chapter 4, Chapter 5 provides key 
concluding remarks highlighting the most relevant findings on the use of CO2 as a 
potential mechanisms to influence product formation in pyruvate and butyrate 
fermentation processes, as evaluated in this investigation.   
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2. THEORETICAL BACKGROUND 
 

2.1. Anaerobic degradation of complex organic 
compounds 

	

Anaerobic degradation of organic matter to CO2 and CH4, the most oxidized and 
reduced forms of carbon, respectively, is a multi-step process where intermediate 
metabolites constitute the input for subsequent biochemical conversions [15].  

This multi-step conversion is the result of the interaction of different physiological types 
of bacteria and archaea, namely fermentative, acetogenic and methanogenic 
microorganisms. Such synthrophic microbial consortia are thus able to effectively 
mineralize complex organic compounds in a process initiated by the hydrolysis and 
fermentation of these compounds into H2, CO2, formate, acetate and reduced organic 
compounds, including propionate, butyrate, lactate, succinate and ethanol. These 
reduced compounds can also be subsequently oxidized to acetate, H2 and CO2 by 
acetogenic bacteria. As a last step, methanogenic archaea utilize acetate, H2 plus 
carbonate, formate or methanol to produce CH4, CO2 and new cell material [16].  

Within this metabolic network, acetogenic bacteria are heavily reliant on synthrophic 
mechanisms that ensure biochemical conversion of short-chain fatty acids (e.g. butyrate 
and propionate) into acetate, CO2, formate and hydrogen is energetically favorable [17, 
30, 31, 32].  

The importance of acetogenesis and the corresponding occurrence of synthrophic 
interactions in the complete mineralization of organic compounds is further made 
evident when considering that approximately 76% of the energy flow that is involved in 
methane production from complex organic sources proceeds via the oxidation of 
reduced organic intermediates [18, 19, 20, 21]. An overview of the relative distribution 
of the energy flow in the mineralization of complex organic matter towards methane 
formation is provided in Figure 2-1.    
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Figure 2-1. Methanogenic mineralization of complex organic matter and the distribution of the 
energy content involved in complex matter to methane formation                                        

(Adapted from: McCarty, 1982) 

 

In anaerobic environments however, methanogenic archaea maintain low H2, formate 
and acetate concentrations, which in turn make e.g. propionate and butyrate degradation 
feasible [22, 29].  

 

2.1.1. Relevance of pyruvate as a central metabolite in fermentation 
processes  

Pyruvate, an organic compound containing a carboxylic acid group (R-COOH) and a 
ketone group (RC(=O)R', with R and R' being carbon-containing substituents), is an 
alpha-keto (α-keto) acid with a significant importance in biological systems. As an α-
keto acid, the structure of pyruvate consists of a carbonyl group (C=O) that is located at 
the alpha site of its carboxylic group [47].  

As the product of glycolysis, pyruvate is a central organic compound in the mixed-acid 
fermentation of glucose [48]. That is, this key intermediate metabolite is effectively a 
branching-point that can enter several different metabolic pathways and will thus lead to 
the formation of different intermediate/end-products, as dictated by the prevailing 
biological, environmental, thermodynamic and kinetic conditions of the system [49]. 
The central role of pyruvate in the mixed culture fermentation of complex organic 
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compounds can be appreciated in Figure 2-2.  As per this figure, the range of potential 
intermediate products arriving from the primary fermentation of pyruvate may consist of 
oxidized and/or reduced metabolites, including the organic compounds acetate, 
propionate, lactate, n-butyrate and/or ethanol, as well as H2 and/or CO2 [49].    

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-2. Pyruvate as a central metabolite in the fermentation of solid polymers by undefined 
mixed cultures (Source: Agler et al., 2011) 

 

As a metabolic step that is coupled to re-oxidation of NADH via H+ reduction, the flow 
of electrons in the primary fermentation of pyruvate may proceed either (a) NADH 
oxidation; or (b) NADH oxidation via reduction of pyruvate or its oxidized organic 
derivatives, depending upon the hydrogen partial pressure [50]. At increasing hydrogen 
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partial pressures, the flow of electron from NADH shifts from H2, acetate and CO2 
production towards formation of increasingly reduced fermentation products [51]. CO2 
and H2 are produced in the pyruvate oxidation reaction that is catalyzed by 
pyruvate:ferredoxin oxidoreductase [49].  

As depicted in Figure 2-2, the products of primary fermentation can react further within 
undefined mixed cultures through several secondary fermentation reactions: (c) 
autotrophic homoacetogenesis, (d) hydrogenotrophic methanogenesis, (e) carboxylate 
reduction to alcohols with hydrogen or ethanol, (f) acetoclastic methanogenesis, (g) 
chain elongation of carboxylates with ethanol, (h) electricigenesis, (i) lactate oxidation 
to n-butyrate (acetate and H+ as electron acceptor), and (j) lactate reduction to 
propionate (oxidation to acetate for energy conservation) [49].  

In this sense, elucidating the main drivers that influence the faith of pyruvate in mixed 
culture fermentation is of high scientific relevance in further exploring the potentials of 
anaerobic digestion technology, particularly in the development of applications aimed at 
steering end-product formation within these complex biochemical systems.  

 

2.1.2. Relevance of butyrate as an intermediate metabolite in 
fermentation processes 

	

While butyrate is one of the common products in the primary fermentation of a range of 
complex organic compounds –including glucose-, this carboxylic acid is also a key 
substrate that can be further degraded via secondary fermentation/acetogenesis and 
methanogenesis. Because understanding the potential faith of all target end products is 
an essential pre-requisite to maximizing production of VFA’s via glucose fermentation, 
an assessment of the energetics and kinetics of the metabolic routes involved in butyrate 
degradation is a fundamental aspect of this study.  

As presented in Eq. 2-1, the fermentative degradation of butyrate into acetate and 
hydrogen  is  energetically  unfavorable  under  standard  conditions  and  a  pH  of  7 
(i.e. substrate and product concentrations of 1M, temperature 298 K, gas partial 
pressures of 1 atm): 

        

CH!CH!CH!COO! + 2H!O → 2CH!COO! + H! + 2H!      ∆𝐺!! = + 48.1 kJ.mol!!       Eq. 2-1 
 

However, with efficient consumption of acetate and hydrogen by methanogenic archaea 
working in syntrophy with acetogenic bacteria, the biochemical oxidation of butyrate 
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into acetate and hydrogen becomes exergonic.	 For example, in anaerobic sludge 
digesters, while butyrate concentrations may amount to approximately 0.5 mM, actual 
acetate and H2 concentrations are kept at around 1 mM and 2 Pa, respectively, which 
results in an actual Gibbs free energy change of -21 kJ.mol-1 for the reaction presented in 
Eq. 2-1 [29]. 

Although the fermentative oxidation of butyrate may be exergonic due to syntrophic 
bacterial/archaea interactions, the yield of energy of approximately -21 kJ.mol-1, as 

obtained by substrate level phosphorylation, is still not sufficient to drive the synthesis 
of 1 ATP per mol of butyrate converted. In fact, under physiological conditions, and 
assuming a thermodynamic efficiency of 70% and ATP, ADP and Pi concentrations of 
10 mM, 1 mM and 10 mM respectively, the free energy change needed for ATP 
synthesis has been suggested to amount to approximately 70 kJ.mol-ATP-1 [30].  

According to Thauer and Morris (1984), in order to overcome this energetic limitation, a 
portion  of  the  metabolic energy that is generated by substrate level phosphorylation 
(i.e. ATP) may be used to create a transmembrane electrochemical potential, which 
drives the thermodynamically unfavorable oxidation of butyryl-CoA to crotonyl-CoA, 
an important intermediate step in the oxidative conversion of butyrate to acetate.  This 
mechanism, which corresponds to the occurrence of reverse electron transport (RET) 
coupled to butyryl-CoA oxidation, has been evidenced in the metabolism of e.g. the 
butyrate oxidizing bacteria Syntrophomonas wolfei [33].    

While studies by Schink (1992, 1997) postulated that the minimum free energy quantum 
that would sustain microbial activity is in the order of -23 kJ.mol-1 [30, 31], various in 
situ measurements performed in lake sediments and anaerobic digesters with either 
defined cultures or anaerobic sludge have suggested that anaerobic fermentation of 
butyrate  may  proceed  at  free  energy  changes  close to thermodynamic equilibrium 
(i.e. ∆G’ close to 0 kJ.mol-1 butyrate) [34]. In proceeding close to thermodynamic 
equilibrium however, these biochemical conversions are highly susceptible to potential 
product inhibition; a form of negative feedback that impacts enzymatic activity and that 
has been recognized extensively in the literature [35, 36, 37, 38, 39, 40, 41, 42, 44, 45, 
46, 47].   
 

	

2.2. Anaerobic digestion for non-methane 
fermentations 

CH4 has been generally regarded as the most readily usable resource that can be 
recovered from the anaerobic degradation of complex organic wastes. In fact, anaerobic 
digestion for the production of methane is an excellent example of a process that is able 
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to combine stabilization of organic matter/waste with the production of a valuable end-
product [22].  

As an alternative to methane recovery, the process of anaerobic digestion of low value 
particulate feedstocks and/or wastewater may be shifted towards controlled 
accumulation and recovery of short chain fatty acids, the intermediate metabolites that 
are produced during the fermentation step [53]. These short chain fatty acids include 
volatile fatty acids (mainly acetate, propionate, butyrate), as well as lactate, and are 
conjunctively referred to as carboxylates. While the broth of unprocessed short-chain 
fatty acids does not hold a substantial economic value per se, after processing, these 
organic acids are intermediate building blocks that can be used in the production of 
higher value end-products [22]. According to the specific processing method, which 
may include organic acid concentration via membrane separation and/or further 
(bio)conversion to products that are more easily separated from the liquid stream, these 
building blocks may lead to attractive end-products including polyhydroxyalkanoates 
(PHA) and/or medium chain length fatty acids that have important industrial 
applications for the production of e.g. bio-plastic, lubricants, and fuels [52]. 

In order for anaerobic digestion to be effectively steered towards optimized production 
of organic acids, it is fundamental to consider that VFA’s and other valuable medium-
chain organic compounds may only dominate as end products provided methanogenesis 
is effectively inhibited. An example of an application where inhibition of methanogenic 
archaea is effectively achieved is the corn or sugar cane based production of bioethanol. 
In this specific case, production of biogas is prevented by very high concentrations of 
ethanol (the end product) [23].  

In addition to end product inhibition, other environmental conditions may have a 
fundamental effect on steering end-product formation in anaerobic fermentation 
technologies from methane to other compounds, including carboxylates, and are worth 
evaluating in detail. Among others, parameters including pH [24], substrate 
concentration and feeding regime [23], temperature, oxygen availability, salinity or 
headspace composition may play a significant role in increasing the selectivity of 
undefined mixed culture fermentation [25].  

Given anaerobic organic acid production relies on the fermentation of carbohydrates and 
protein derived amino acids, glucose, the model compound of cellulose, is one of the 
most important starting components for bio-based chemical synthesis. Thus, glucose can 
be considered as an adequate model feedstock in elucidating the mechanisms behind the 
product selectivity of mixed culture fermentations under a specific set of environmental 
variables [54]. Additionally, as a widely studied substrate, the metabolic pathways 
involved in glucose fermentation are well documented, allowing for further in-depth 
thermodynamic and kinetic analyses to be performed. In this sense, Figure 2-3 illustrates 
the major metabolic pathways involved in mixed culture glucose fermentation, including 
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the corresponding electron flows, key fermentation products, as well as formation of 
NADH2, NAD+, ADP and ATP [24]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-3. Metabolic pathways of mixed-acid fermentation of glucose. (Prescott et al., 2002) 
*Note: ATP yields are based on 1 mol of the reaction product. 

 

 

2.3. Anaerobic digestion at elevated pressure 
	

2.3.1. Carbonate equilibrium and gas solubility at elevated CO2 partial 
pressures  

 

As described by Henry’s law, the solubility of a given gas is directly proportional to the 
partial pressure of the gas in question. For example, for a given partial pressure of CO2, 
the theoretical amount of dissolved CO2 can be determined with Eq. 2-2. 
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𝐻!𝐶𝑂! = 𝐾!,!!! ∗ 𝑝𝐶𝑂!																																																																																							Eq. 2-2	

	

	

	

As   implied   by   Eq. 2-2,  when  dissolved  CO2  reacts  with   water, carbonic   acid 
(i.e. H2CO3) is formed. Thus, it can be deduced that elevated CO2 partial pressures can 
lead to a decrease in the solution’s pH and a certain extent of broth acidification, with 
the potential to hinder the occurrence of pH dependent biochemical conversions, 
including methanogenesis [24].  

The  relative  activities  of  each  of  the  species of relevance in the carbonate system 
(i.e. CO2 and/or H2CO3, HCO3

-, CO3
2-) are described by the following apparent 

dissociation constants: 

 

 𝐾! =
[!!!!!∗]
[!!!]

= 10!!.!"                                                                                           Eq. 2-3 

 

𝐾! =
!! ∗[!"!!!]
[!!!!!∗]

= 10!!.!                                                                                       Eq. 2-4 

 

  𝐾! =
!! ∗[!!!!!]
[!"!!!]

= 10!!".!"                                                                                  Eq. 2-5 

 

   𝐾! =
!! ∗[!!!]
[!!!]

= 10!!!                                                                                     Eq. 2-6 

	

In addition to the carbonate equilibrium taking place in accordance with these 
dissociation constants, the alkalinity or acid neutralizing capacity (ANC) of the solution 
is an extra parameter that dictates the overall reactor acidity under elevated CO2 partial 
pressures. As presented in Eq. 2-7, this acid neutralizing capacity can be defined as the 
excess of cations of strong bases in relation to the concentration of anions of strong 
acids in solution [55, 56]. Alternatively, this alkalinity/ANC can be expressed in terms 
of the concentration of the ions in Equations 2-4, 2-5 and 2-6, plus the concentration of 
any dissociated organic acids (i.e. [OA-] ) that may be present in solution (Eq. 2-8). 

 

[𝐴𝑁𝐶!] = 𝑁𝑎! + 𝐾! + 2 𝐶𝑎!! + 2 𝑀𝑔!! + [𝑁𝐻!!] − 𝐶𝑙! − 2 𝑆𝑂!!! − 3[𝑃𝑂!!!] Eq. 2-7 

Where: 

• [H2CO3] : Concentration of dissolved CO2 [mol.l-1] 
•  KH,CO2 : Henry’s law solubility constant for CO2  

 [ = 0.318 mol.l-1.MPa-1 at 298 K] 
•  pCO2 : partial pressure of CO2 in the gas phase  
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𝐴𝑁𝐶! + 𝐻! = 𝐻𝐶𝑂!! + 2 𝐶𝑂!!! + 𝑂𝐻! + [𝑂𝐴!]                                               Eq. 2-8 

 

From Eq. 2-7 and Eq. 2-8, it can be deduced that the acid neutralizing capacity is a 
quantity that is intrinsically related to the solution’s charge balance. Thus, it is expected 
that a useful expression that relates the concentration of ions of strong bases/acids, to the 
concentration of dissociated organic acids in solution can be derived by combining these 
two expressions. As a means of simplifying Eq. 2-8, it is of relevance to note that in 
developing the present experiments the pH values ranged between 6-8 under all 
conditions tested. With pH values within this range, the relative concentrations of CO3

2-, 
OH- and H+ were more or less negligible. Under these operational conditions, Eq. 2-8 
can be simplified to: 

 

𝐴𝑁𝐶! = 𝐻𝐶𝑂!! + [𝑂𝐴!]                                                                                               Eq. 2-9 

 

Similarly, with consideration to the composition of the basal medium that was used in 
these experiments, as described in Section 3.3, the charge due to ions other than Na+ was 
negligible. As such, Eq. 2-7 can be simplified to: 
 

[𝐴𝑁𝐶!] = 𝑁𝑎!                                                                                                                Eq. 2-10 

 

Combining Eq. 2-9 and Eq. 2-10, and replacing [OA-] by the concentrations of either 
pyruvate or butyrate as the organic acids of concern in the present investigation yields: 
 

𝑁𝑎! = 𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒! + [𝐻𝐶𝑂!!]                                                                        Eq. 2-11 
 

𝑁𝑎! = 𝐵𝑢𝑡𝑦𝑟𝑎𝑡𝑒! + [𝐻𝐶𝑂!!]                                                                         Eq. 2-12 

 

Hence, after full conversion of pyruvate and/or butyrate in each of the experiments, the 
ANC is only dictated by the bicarbonate concentration in each case. 

An expression for the total inorganic carbon (TIC) balance, as a function of the ANC 
and the solution’s pH, can be thus derived by combining Eq. 2-11/Eq. 2-12 with the 
expressions for the carbonate equilibrium in Eq. 2-2 through Eq. 2-6. With pH values in 
the range 6-8, the TIC balance would correspond to: 
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𝑇𝐼𝐶 = 𝐻𝐶𝑂!! + 𝐶𝑂! 𝑎𝑞. + 𝐶𝑂!(𝑔)                                                                    Eq. 2-13 
 

or, equivalently: 

 

𝑇𝐼𝐶 = 𝐴𝑁𝐶 + !"# ∗!"!!"

!!
+ !"# ∗!"!!" !!

!! !!"!!  !!∗!∗!
                                                   Eq. 2-14 

 

Where, ANC is given in meq.l-1, K1 = 10-pKa, KHCO2 = 10-6.55 mol.l-1.Pa-1, Vl = liquid 
volume in l, Vg = gas volume in l, T = 308.15 K and R = 8.3145 103 l.Pa.K-1.mol-1. 

 
2.4. Thermodynamics of (bio)chemical reactions 

	

	

A broad theoretical assessment of the feasibility of a specific biochemical conversion 
can be easily achieved by calculating the change in Gibbs free energy of the reaction in 
question. Under standard conditions (i.e. 298K, 1 M substrates and products, 1 atm. gas 
pressure), this thermodynamic potential can be determined via Eq. 2-15. 
	

	
∆𝐺! =  𝑌! ∗ 𝐺!!!

!!! 																																																																																															Eq. 2-15	
	
	
 
 
 
 
 
In order to assess the thermodynamic favorability of a biochemical reaction at 
physiologically viable conditions, the change in Gibbs free energy at standard conditions 
but a pH of 7 [H+] = 1 x 10-7 M instead of 1 M) can be calculated via Eq. 2-16. 
 
 

Where: 

• ∆G0: free energy change at standard conditions 
• Yi: stoichiometric coefficient of the substrates (-) and 

products (+) in the reaction 
• ∆Gf

0: standard free energy of formation of the 
compounds in the reaction 
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Where: 

• ∆G: actual free energy change 
• R: gas constant (8.314 J.mol-1.K-1) 
• T: temperature in Kelvin 
• pCH4, pCO2: gas pressure of CH4 and CO2  
• [Ac-], [H+]: molar concentrations of acetate  

and hydrogen ions 

 

 
∆𝐺!" =  ∆𝐺! + 𝑅.𝑇! . ln 1 ∗ 10!! !!                                                                  Eq. 2-16 
 
 
 
 
 
 
 
 
 
 
Based on the Gibbs free energy change at the standard environmental conditions (∆G0, 
with [H+] = 1M), and taking aceticlastic methanogenesis as an example, the 
corresponding driving force at actual conditions of temperature, pH and activities of 
substrates and products can be determined with Eq.  2-17. 
	

	
	

∆𝐺 =  ∆𝐺! + 𝑅𝑇 𝑙𝑛 !"!!∗!"!!
!!! ∗[!!]

																																																																														Eq. 2-17	
	

	

	

	

	

	

	

	

	

	

	

	

	

Where: 

• ∆G0’: free energy change at standard  
          conditions but pH 7 

• ∆G0: free energy change at standard  
         conditions 

• R: gas constant (8.314 J.mol-1.K-1) 
• Ts: Standard temperature in Kelvin = 298K 
•YH: stoichiometric coefficient of the H+ ion                                     

((-) if substrate and (+) if product in the reaction) 
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3. MATERIALS AND METHODS 

 

3.1. Inoculum 
The microbial culture used in these experiments consisted of flocculent anaerobic sludge 
sourced from a full-scale anMBR application treating wastewater from the food 
industry.  

This particular mixed culture of fermentative, acetogenic and methanogenic bacteria and 
archaea evidenced a relative tolerance for elevated pressures as high as 8.0 bar, as tested 
in the present set of experiments. A summary of the main characteristics of this mixed 
culture consortium is provided in Table 3-1.  

 

Table 3-1. Physico-chemical characterization of the Inoculum 
	

	

Parameter UoM 
Value 

Range Mean SD 
 
TCOD 

 
g/l 

 
21.88 – 22.82 

 
22.22 

 
0.52 

SCOD g/l 1.87 – 1.94 1.92 0.04 
TOC g/l 7.13 – 8.66 7.72 0.83 
TSS g/l 15.81 – 15.95 15.87 0.07 
VSS g/l 13.56 – 13.67 13.62 0.06 
VSS/TSS % 85.73 – 85.90 85.80 0.09 
NH4-N mg/l 105 – 109 107 2.00 
TP mg/l 111 – 113 112 0.90 
pH - - 7.3 - 

	

	
	

3.2. Experimental set-up 
	

The present laboratory scale trials were conducted as two sets of 5 experimental 
treatments in batch mode, aimed at evaluating the degradation of 2 specific substrates 
(i.e. butyrate and pyruvate). Each of these sets of experiments evaluated butyrate and 
pyruvate degradation at 5 different initial CO2 partial pressures, namely 0.2, 1.0, 3.0, 5.0 
and 8.0 bar. Following Henry’s Law, varying amounts of CO2 migrated and dissolved 
into the liquid phase in each case, until the corresponding equilibrium pressures 
presented on Table 3-2 were reached. 
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Table 3-2. Experimental CO2 partial pressures at equilibrium 
 

Set of Experiments 
pCO2  [Initial / Equilibrium] 

[bar] 
0.2 1.0 3.0 5.0 8.0 

Pyruvate Experiments 0.2 1.0 1.3 1.9 3.3 
Butyrate Experiments 0.2 1.0 1.5 2.0 3.5 

 

All experiments were conducted at mesophilic conditions and at a constant temperature 
of 35 ±1˚C (i.e. 308.15 K). Constant temperature and homogeneous mixing were 
achieved by means of  either  an  incubator  shaker  operated  at  approximately  115 rpm 
(i.e.  Brunswick  Innova®  44/44R, Eppendorf, United States),  or  a  static  incubator 
(i.e.  Thermo  Scientific,  France) fitted  with   a  rotary  shaker, which was operated at 
70 rpm (i.e. LAB Associates, The Netherlands).   

According to the gas pressure at start-up (i.e. pCO2 tested), two different types of 
experimental set-ups were implemented:     
 

i. Experiments at atmospheric pressure (i.e. batch trials at 0.2 and 1.0 bar pCO2): 
these sets of experiments were performed in 250 ml Duran glass bottles, air-tight 
sealed with rubber stoppers. With consideration to the physico-chemical 
characteristics of the anaerobic biomass, the reactors were operated at liquid 
working volumes of 150 ml. Figure 3-1 provides a schematic representation of 
the experimental set-up that was used in developing the batch experiments at 
atmospheric pressure. 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 3-1. Schematic representation of the experimental set-up for batch experiments conducted 
at 0.2 and 1 bar pCO2 
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ii. Experiments at pressurized conditions (i.e. batch trials at 3.0, 5.0 and 8.0 bar 
pCO2): these experiments were conducted in pressure resistant stainless-steel 
vessels with a total volume of 200 ml. These reactors were fitted with liquid and 
gas sampling ports, as well as either manual glycerin manometers (T-meter®, 
France) or digital pressure sensors (B+B Thermo-Techniek, Germany). The 
pressurized  experiments  were  conducted  with  a  liquid  working  volume  of 
either 120  or 150 ml. A schematic representation of the corresponding set-ups 
that were implemented in conducting batch experiments at 3.0, 5.0 and 8.0 bar 
pCO2 is provided in Figure 3-2.  
 
 

 
 
 

 
 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Figure 3-2. Schematic representation of the experimental set-up for batch experiments conducted 
at 3.0, 5.0 and 8.0 bar pCO2. (A) Reactors fitted with glycerin manometers.                               

(B) Reactors fitted with pressure sensors. 

A	

B	
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3.3. Reactor operation 
	

The present batch experiments were performed at  liquid to gas ratios of 1.5:1 or 3:1. 
Similarly, a constant substrate to biomass ratio of 1:2 (i.e. COD:VSS) was used in all of 
the trials. Based on these ratios, as well as on the working liquid volumes for the 
atmospheric and pressurized experiments, the VS fraction of the inoculum and a target 
substrate concentration of approximately 1 g COD.l-1, the corresponding quantities of 
inoculum and substrate that were used in each of the experiments were determined and 
have been summarized in Table 3-3. Additionally, in order to promote adequate bacterial 
metabolic activity, the substrate medium was provided with 6 ml.l-1 of a macro-nutrient 
solution as described in Table 3-4, as well as 0.6 ml.l-1 of a trace element solution with a 
composition as shown in this table. 
 

Table 3-3. Overview of the experimental trials 
	

Set of 
Experiments 

Exp. 
Nr*. 

pCO2 [bar] Exp. 
Duration 

[h] 

Initial 
Substrate 

Concentration 
[g COD.l-1] 

Liquid Volume [l] Gas 
Volume** 

[l] Start-up Equil. Substrate 
Medium Biomass 

Pyruvate 
Experiments 

1 0.2 0.2 377 1.0 0.13 0.02 0.10 
2 1.0 1.0 140 1.0 0.13 0.02 0.10 
3 3.0 1.3 377 1.0 0.13 0.02 0.05 
4 5.0 1.9 377 1.0 0.13 0.02 0.05 
5 8.0 3.3 377 1.0 0.13 0.02 0.05 

Butyrate 
Experiments 

6 0.2 0.2 281 1.1 0.13 0.02 0.10 
7 1.0 1.0 281 1.1 0.13 0.02 0.10 
8 3.0 1.5 305 1.1 0.10 0.02 0.08 
9 5.0 2.0 332 1.1 0.10 0.02 0.08 

10 8.0 3.5 332 1.1 0.10 0.02 0.08 

 

* In order to allow evaluation of the statistical significance of the experimental outputs, each of 
the 10 substrate/pCO2 scenarios were run in triplicate. In this sense, a total of 30 experimental 
units were set-up and monitored during the course of this investigation. 
 

** Water is assumed uncompressible and thus the gas volume corresponds to the total reactor 
volume minus the working liquid volume. 
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Table 3-4. Composition of the macro and micro-nutrient stock solutions 
	

Macronutrients (6 ml.l-1) Trace Elements (0.6 ml.l-1) 

Compound Concentration 
(g.l-1) Compound Concentration 

(g.l-1) Compound Concentration 
(g.l-1) 

NH4Cl 170 FeCl3.4H2O 2 NiCl2.6H2O 0.05 

CaCl2.2H2O 8 CoCl2.6H2O 2 EDTA 1 

MgSO4.7H2O 9 MnCl2.4H2O 0.5 ZnCl2 50 

  CuCl2.2H2O 30 HBO3 0.05 

  (NH4)6Mo7O2.4H2O 0.09 HCl 36% 1 ml.l-1 

  Na2SeO3.5H2O 0.1   
 

* Additionally, the trace element stock solution contains yeast extract and resazurine at 
concentrations of 2 g.l-1 and 0.5 g.l-1, respectively.   

 

In order to limit acidification in the reactors, the liquid medium for all of the 
experiments was also provided with a concentration of 100 mM of sodium bicarbonate 
(NaHCO3).  

Based  on  the  equilibrium  pCO2  presented  in  Table 3-2,  the  addition  of  this 
amount  of  NaHCO3 (i.e. 0.1 M),  the  apparent  dissociation  constant  of  carbonic  
acid  (i.e.  K1  in  Eq. 2-4)  corrected   for   the   experimental   temperature  of  35˚C  
(i.e. K1, (35˚C) = 5.5x10-7),  Henry’s  solubility  constant  for  CO2  (i.e.  KH  in  Eq.  2-2)  
at  35˚C (i.e. KH, (35˚C) = 0.026 mol.l-1.bar-1) and an initial pH of the un-buffered liquid 
medium equal to 7.0 (i.e. [H+] = 1.0 x 10-7 M), the equilibrium pH for each of the batch 
experiment were determined via Eq. 3-1/Eq. 3-2 below and are presented in Table 3-5.  

 

𝑝𝐻 = (− log!" 𝑘!,_!"˚!)+ (log!"
!"!!!

!!!!!∗
)                                                             Eq. 3-1 

 

with, 
 

𝐻!𝐶𝑂!∗ = 𝑝𝐶𝑂!_!"#$#%&#'( ∗ 𝐾!,35˚C + !! ∗ !"!!!

!
!, ˚35 C

                                          Eq. 3-2 
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Table 3-5. Initial/equilibrium pH of the liquid broth with addition of 100 mM NaHCO3 
	

Set of 
Experiments 

Exp. 
Nr*. 

NaHCO3 
[M] 

K1 
(35 ˚C) 

KH 
(35 ˚C) 

[mol.l-1.bar-1] 

[H+] 
(pH = 7) 

[M] 

pCO2 
[bar] 

Equilibrium 
pCO2 [bar] 

Equilibrium 
pH 

Pyruvate  
Experiments 

1 

0.1 5.54 x 10-7 0.026 1.0 x 10-7 

0.2 0.2 6.9 
2  1.0 1.0 6.6 
3  3.0 1.3 6.5 
4  5.0 1.9 6.4 
5  8.0 3.3 6.2 

Butyrate 
Experiments 

6 

0.1 5.54 x 10-7 0.026 1.0 x 10-7 

0.2 0.2 6.9 
7 1.0 1.0 6.6 
8 3.0 1.5 6.5 
9 5.0 2.0 6.4 

10 8.0 3.5 6.2 
 

 

Figure 3-3 below provides a graphical depiction of the influence of increasing CO2 
partial pressures on the pH of the liquid broth, as per the values that have been presented 
in Table 3-5. 

 

 

 

 

 

 

 

 

 

Figure 3-3. Changes in the liquid broth’s pH in response to the operating/equilibrium CO2 partial 
pressures 
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3.4. Analytical methods 
	

	

3.4.1. Composition of the liquid phase 

In order to monitor the conversion of the substrate in time, 2 ml liquid samples were 
collected from each of the reactors twice a day on the first day of the experiments, daily 
between  days  of  operation  2  and  4, and then once every 2 days from day of operation 
5 until experiment completion.  

Each of the samples was prepared for further analysis by centrifugation at 14,500 rpm 
for 5 minutes, followed by filtration with 0.45 µm polyethersulfone filters (Chromafil®, 
Germany). The filtered samples were refrigerated for a maximum of 5-8 days before 
being diluted 1:1 with pentanol and acidified with formic acid, in accordance with the 
protocol by Zhang et al. [57]. Acidified samples were then analyzed for their content of 
VFA’s by gas chromatography (7890A GC, Agilent Technologies with flame ionization 
detector (FID) operated at 240˚C, oven temperature of 80˚C, injection temperature of 
120˚C and an Agilent 19091F-112 (25m x 0.32mm x 0.5µm) glass column. Helium was 
used as the carrier gas at a constant flow of 2.4575 ml.min-1).  

 

3.4.2. Composition of the gas phase 

Gas samples of 5 ml were collected from each of the reactors using air-tight syringes 
every 3 to 5 days starting from the moment of pCO2 equilibration, 1 to 2 hours after 
experiment start-up. Relative gas composition at atmospheric conditions was 
subsequently determined via gas chromatography (7890A GC, Agilent Technologies), 
operated at an oven temperature of 45˚C, by directing the samples over an Agilent HP-
PLOT Molesieve GC column (30m x 0.53 mm x 25 µm) with helium as the carrier gas, 
which was provided at a constant flow of 10 ml.min-1. Detection took place by a thermal 
conductivity detector (TCD) operated at 200˚C.  

	

3.4.3. Total and volatile suspended solids 

Determination of total and volatile suspended solids (i.e. TSS and VSS) of the inoculum 
prior to reactor inoculation and of the liquid broth at the end of the experiments were 
measured following Standard Methods [58].  
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3.4.4. Chemical Oxygen Demand  

	

Determination  of  the  soluble  COD  was  performed  on  pre-filtered  liquid  samples 
(i.e. 0.45 µm polyethersulfone filters, Chromafil®, Germany) collected at the end of 
each of the batch experiments. COD analyses were conducted in accordance to standard 
ISO 6060-1989 and DIN 38409-H41-H44 methods using HACH COD cuvette tests and 
a DR 3900 bench top spectrophotometer.  

COD balances were determined by means of Eq. 3-3. With consideration to the 
relatively short duration of the batch experiments, biomass growth was expected to be 
very limited and this term was thus not considered in formulating the COD balances.  

  

𝐶𝑂𝐷!"#!$%&$' = 𝐶𝑂𝐷!"#$ + 𝐶𝑂𝐷!!! + [𝐶𝑂𝐷!"#$%#& − 𝐶𝑂𝐷!"#$]                         Eq. 3-3. 
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4. RESULTS AND DISCUSSION 

	
 
Methane, one of the common end products in the anaerobic degradation of organic 
compounds, was observed as a predominant electron sink in all of the experiments 
conducted  as  part  of  this  study. While  methane  production  accounted  for 35 ± 22% 
- 68 ± 3.0% of the COD in the pyruvate experiments at pCO2’s of 3.0 and 0.2 bar 
respectively, between 11 ± 2.0% - 74 ± 19% of the initial COD in the butyrate trials was 
mineralized into CH4 by the end of the 8.0 and 3.0 bar pCO2 experiments, respectively. 
Even though CH4 was a dominant end compound in all of the pyruvate and butyrate 
degradation tests, the results from this investigation suggest that increasing pCO2 
conditions in the reactors steered, to a great extent, product formation towards the 
prevalence of intermediate compounds arriving from CO2 consuming (-carboxylation-) 
steps.  
 
Thus, in addition to acetate and hydrogen formation, as the main precursors to methane 
formation in these experiments, prevailing CO2 partial pressures appear to have had an 
influence on the yield and/or accumulation of other organic compounds, particularly 
propionate.  
 

	
	
	
	
	
	
	
	

	

		

4.1. Product Spectrum 
	

4.1.1. End products and intermediate metabolites in pyruvate 
degradation 

	

Figure 4-1 provides an overview of the key (intermediate) products of the fermentative 
degradation of pyruvate that were identified under the experimental conditions tested, 
corresponding to variable CO2 partial pressures of between 0.2 – 8.0 bar. The relative 
abundance of the main metabolites that were recorded over the course of the 
experiments were quantified in terms of their average COD equivalence, as a fraction of 
the initial COD-pyruvate that was provided at start-up.  

While a total of five different CO2 partial pressures were tested, namely 0.2, 1.0, 3.0, 5.0 
and 8.0 bar, following Henry’s Law, these partial pressures of CO2 equilibrated rapidly 
to 0.2, 1.0, 1.3, 1.9 and 3.3 bar, respectively. With the equilibrium pCO2’s as the starting 
point, variations in the CO2 partial pressures were recorded over time and are also 
presented in these figures. Having performed each of the batch experiments in triplicate, 
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the standard deviations of the most abundant compounds that were identified are also 
shown in Figure 4-1.  With a headspace composition of 80% N2 : 20% CO2, the batch 
experiments that were run at 0.2 pCO2 were used as the experimental blanks. Thus, the 
results from this set of experiments served as a base for comparison and assessment of 
the outputs from all other pCO2 conditions evaluated.   

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

A. 

B. 



	38	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

 

Figure 4-1. Product spectrum in the fermentative degradation of pyruvate at 5 different CO2 

partial pressures: (A). 0.2 bar; (B). 1.0 bar; (C). 3.0 bar; (D). 5.0 bar; (E). 8.0 bar 

C. 

D. 

E. 
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Table 4-1 provides an overview of the relative abundance of the main electron sinks that 
were identified at the end of the pyruvate experiments, for each of the CO2 partial 
pressures tested.  This information has also been depicted in Figure 4-2. 

	

Table 4-1. Fractions of electron sinks at different pCO2 conditions at the end of the pyruvate 
degradation experiments 

Compound 

 
Initial pCO2  [pH] 

 
0.2 [6.9] 1.0 [6.6] 3.0 [6.5] 5.0 [6.4] 8.0 [6.2] 

% CH4 68 ± 3.0 55 ± 6.0 35 ± 22.0 48 ± 18.0 54 ± 16.0 

% Acetate FD* 5 ± 1.9 FD 1 ± 0.5 1 ± 0.4 

% Propionate FD 12 ± 5.6 20 ± 4.8 23 ± 4.0 31 ± 9.0 

% Butyrate FD FD - - <1 ± 0.1 

% Isobutyrate - <1 ± 0.1 - <1 ± 0.1 <1 ± 0.1 

% Valerate - 2 ± 0.2 - - - 

% Isovalerate - 2 ± 0.2 FD 1 ± 0.8 2 ± 0.2 

% Caproate FD - - - - 

% Isocaproate 1 ± 0.8 - - - 1 ± 0.1 

% Residual pyruvate** 20 ± 4.7 17 ± 8.0 35 ± 14.0 18 ± 7.0 19 ± 12.0 

% Unidentified COD 
(e.g. new biomass) 

11 ± 4.6 7 ± 2.8 10 ± 4.5 9 ± 4.5 FD 

	

*FD = Fully Degraded (This metabolite was fully degraded by the end of the experiment). 

**Although the data provided in Table 4-1 suggests an apparent persistence of an amount of un-
degraded pyruvate by the end of all of this set of experiments, it is believed that the amounts of 
pyruvate recorded by the end of the trials may reflect a systematic measurement error in the 
HPLC, as opposed to reflecting an actual trend for the occurrence of incomplete pyruvate 
degradation. 

*** Although H2 was an additional intermediate electron sink formed via oxidation of pyruvate 
into acetate, H2 partial pressures remained below the GC’s detection limit at all times for all of 
the experiments (< 60 Pa pH2). H2 was consumed effectively via the formation of propionate, 
butyrate and/or methane in the pyruvate experiments.    
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Figure 4-2. Overview of the product spectrums at 5 different CO2 partial pressures at the end of 
the pyruvate experiments 

 

In assessing the range of products that were formed at different pCO2’s against the 
outputs of the “blank”/0.2 pCO2 experiments, increasing CO2 partial pressures up to 8.0 
bar appear to have had a discrete detrimental impact on the formation of acetate -via 
acetogenesis-, with the flow of electrons in pyruvate shifting away from this 
decarboxylation  step  towards  preferential  CO2  utilizing  metabolic  routes. In this 
sense, excess CO2 availability in  the  system  promoted  enhanced  propionate  
formation  via succinate, as a carboxylation step that consumes CO2 (i.e. the proportion 
of Propionate-COD that accumulated in the reactors by the end of the experiments 
increased from 12 ± 5.6% when operating at 1.0 bar pCO2 up to 31 ± 9.0% for the 
experiments conducted at 8.0 bar pCO2). Thus, the yields of propionate formation via 
pyruvate fermentation exhibited an increasing trend in response to elevated CO2 partial 
pressures, with values for these yields estimated at 0.24 ± 0.01, 0.24 ± 0.01, 0.26 ± 0.01 
and 0.34 ± 0.01 mgPropionate-COD.mg-1Pyruvate-COD for pCO2’s of 0.2, 3.0, 5.0 and 
8.0 bar, respectively.  

As observed from Figure 4-1, while the amounts of propionate that were formed at low 
CO2 partial pressures of 0.2 bar further degraded into acetate and CH4, higher levels of 
dissolved CO2 in the reactors (i.e. pCO2’s of 3.0, 5.0 and 8.0 bar) led to propionate 
accumulation in the systems. Considering that the degradation of propionate via acetate 
formation also constitutes a decarboxylation step and thus not provide a mechanism for 
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effective use of excess CO2, higher dissolved CO2 concentrations appear to have 
hindered the propionate degradation pathway thus leading to the accumulation of this 
metabolite in the reactors.  

While very limited amounts of butyrate were formed during the pyruvate fermentation 
experiments at pCO2’s of 0.2, 1.0 and 8.0 bar, no clear trend was observed that allows 
the derivation of hard conclusions regarding the impact of elevated CO2 partial pressures 
on the metabolic route of pyruvate into butyrate.   

 
4.1.1.1. Main catabolic pathways in the fermentative degradation of 

pyruvate 

	

Based on the range of products that were identified in the pyruvate experiments, it is 
hypothesized that the major catabolic pathways that were involved in the anaerobic 
degradation of pyruvate at varying pCO2’s are as presented in Figure 4-3.  
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Figure 4-3. Major catabolic pathways involved in the anaerobic degradation of pyruvate at 
varying CO2 partial pressures 
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As presented in Figure 4-3, ATP is only synthesized within two of the main pyruvate 
fermentation pathways, namely during the formation of acetate and butyrate. With very 
limited butyrate produced (i.e. <0.1 mM), it can be inferred that substantial amounts of 
ATP in the pyruvate experiments were only synthesized via acetate formation, by means 
of substrate level phosphorylation. Similarly, synthesis of reducing power (i.e. denoted 
as H2 in Figure 4-3) in the pyruvate experiments solely took place during oxidation of 
pyruvate into acetate via Acetyl-CoA.  

Based on these observations, it appears that in the absence of any other external electron 
donors/source of reducing power, the fermentative degradation of pyruvate into either 
propionate or butyrate will be necessarily coupled to pyruvate oxidation via acetate 
production. Thus, in the presence of elevated pCO2’s, any available reducing power, 
however limited, was increasingly steered towards propionate production, as a 
carboxylation reaction that allows consumption of excess CO2.  
 

 

4.1.2. End products and intermediate metabolites in butyrate degradation 

	

Figure 4-4 provides an overview of the product spectrum of the anaerobic degradation of 
butyrate under different CO2 partial pressures of 0.2, 1.0, 3.0, 5.0 and 8.0 bar, as 
recorded over the course of the batch experiments. Shortly after start-up, and in 
accordance with Henry’s Law, these initial CO2 partial pressures equilibrated to 0.2, 1.0, 
1.5, 2.0 and 3.5 bar, respectively.  In addition to the evolution of the relative pCO2 over 
time, standard deviations of the main metabolites and/or end products have also been 
depicted in Figure 4-4. The butyrate batch experiments that were run at 0.2 pCO2 (i.e. 
headspace composition of 80% N2 : 20% CO2) were used as the experimental blanks.  
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Figure 4-4. Product spectrum in the fermentative degradation of butyrate at 5 different CO2 

partial pressures: (A). 0.2 bar; (B). 1.0 bar; (C). 3.0 bar; (D). 5.0 bar; (E). 8.0 bar 

 
As per the information provided in Figure 4-4, a proportion of the metabolites that were 
formed during the butyrate fermentation experiments, particularly at lower CO2 partial 
pressures, could not be measured by gas chromatography (i.e. areas shaded in gray in 
Figure 4-4).  

D. 

E. 
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As a common metabolite and potential mechanism for energy conservation in the 
butyrate degradation pathway, as reported in the literature, it can be hypothesized that a 
proportion of this unidentified COD may correspond to formate [21]. This hypothesis 
has however not been confirmed as part of this investigation. Similarly, although not 
measured as part of this study, a proportion of this unidentified COD fraction may have 
been utilized for microbial growth, although biomass growth is expected to have been 
negligible at the experimental conditions tested (i.e. short duration batch tests with 
substrate concentrations below 13 mM).  

Table 4-2 provides an overview of the relative abundance of the main electron sinks that 
were identified at the end of the butyrate experiments, for each of the CO2 partial 
pressures tested.  This information has also been depicted in Figure 4-5. 

 

 

Table 4-2. Fractions of electron sinks at different pCO2 conditions at the end of the butyrate 
degradation experiments 

Compound 

 

 

Initial pCO2  [pH] 
 

0.2 [6.9] 1.0 [6.6] 3.0 [6.5] 5.0 [6.4] 8.0 [6.2] 
% CH4 42 ± 1.7 51 ± 2.0 74 ± 19 16 ± 2.4 11 ± 2.0 

% Acetate 1 ± 0.1 1 ± 0.3 3 ± 1.0 25 ± 8.5 14 ± 2.4 

% Propionate 3 ± 0.3 3 ± 0.2 3 ± 0.4 2 ± 0.2 2 ± 0.2 

% Isobutyrate FD  FD FD 2 ± 0.1 2 ± 0.1 

% Valerate FD FD - FD FD 

% Isovalerate 1 ± 0.1 1 ± 0.1 2 ± 0.1 3 ± 0.2 3 ± 0.1  

% Isocaproate - - FD - - 

% Residual butyrate   FD FD FD FD 47 ±  4.4 

% Unidentified COD 
(e.g. Formate,  
new biomass) 

53 ± 5.8 44 ± 4.0 17 ± 6.3 50 ± 17 20 ± 3.8 

	

*FD = Fully Degraded (This metabolite was fully degraded by the end of the experiment).  

*** Although H2 was an additional intermediate electron sink formed via oxidation of butyrate 
into acetate and propionate, H2 partial pressures remained below the GC’s detection limit at all 
times for all of the experiments (< 60 Pa pH2). H2 was consumed effectively via the formation of 
methane in the butyrate experiments.    
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Figure 4-5. Overview of the product spectrums at 5 different CO2 partial pressures at the end of 
the butyrate experiments 

 

 

An assessment of the relative abundance of the range of metabolites that were measured 
by the end of the butyrate experiments, as presented in Figure 4-5, appears to indicate 
that elevated CO2 partial pressures led to decreased butyrate degradation via either 
acetate and/or propionate formation. When considering that none of these butyrate 
oxidation routes involves any carboxylation step, it was expected that increasing 
availability of dissolve CO2 in the reactors, with no route allowing consumption of this 
excess CO2, would have a detrimental impact in the overall degradation of butyrate.  

Additionally, increasingly higher pCO2’s appear to have correlated with the occurrence 
of a lag phase that led to incomplete butyrate degradation during the experiments 
conducted at 8.0 bar pCO2 (i.e. 47 ± 4.4% of the Butyrate-COD fed at the start of the 8.0 
bar pCO2 experiments remained undegraded after 14 days of operation). Alternatively, 
and/or in addition to the potential detrimental effects of CO2, limited butyrate 
degradation and the occurrence of a lag phase could have been related to toxicity based 
inhibition by elevated concentrations of undissociated butyrate in the reactors. In 
assessing this hypothesis, estimates of the concentrations of undissociated butyrate at the 
range of pH values of these experiments were calculated via Eq. 4-1 [66]. These 
calculations were based on the initial concentration of butyrate added to the reactors as 
substrate (i.e. 7 mM), the acid dissociation constant (pKa) for butyric acid of 4.83 and 
the pH in the reactors at different CO2 partial pressures, as calculated in Section 3.3. An 



	48	

overview of the undissociated butyrate concentrations at the range of pCO2 ‘s of these 
trials is presented in Table 4-3.  

 

 

𝐶!" =
!!"#$%

!!!"!"!!"#
                                                                                                     Eq. 4-1              

 

 

 

 

Table 4-3. Concentration of undissociated butyric acid in the butyrate degradation experiments 
at different pCO2’s/pH 

pH 
[Equil. pCO2] 

Undissociated Butyrate 
[mM] 

6.9 
[0.2] 0.06 

6.6 
[1.0] 0.12 

6.5 
[1.5] 0.15 

6.4 
[2.0] 0.18 

6.2 
[3.5] 0.29 

 

 

As reported by van den Heuvel et al. [67], the critical inhibitory concentration of 
undissociated butyric acid is in the order of 50 mM. Other authors [68] indicate that 
inhibition or toxicity by undissociated butyric acid may arise when concentrations of this 
compound rise to approximately 13 mM. With an initial butyrate concentration of 7 mM 
and a minimum pH in the order of 6.2 for trials conducted at 8 bar pCO2, the 
concentrations of undissociated butyrate estimated for the present set of experiments lay 
well below this toxic levels, at a maximum of approximately 0.3 mM. In this sense, it is 
believed that the limited butyrate degradation and the occurrence of a lag phase that 
were observed in this study may not be associated with toxicity due to elevated 
concentrations of undissociated butyrate but may be related to elevated CO2 itself.      

Where: 

• CUB: concentration of undissociated butyrate 
• CTotal: initial concentration of butyrate as substrate 

(i.e. 7 mM) 
• pKa: 4.83 for butyric acid 
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While the fermentative oxidation of butyrate was overall negatively impacted by 
elevated pCO2’s, provided some extent of butyrate degradation had already taken place 
and considering that H2 was effectively consumed (H2 partial pressures remained below 
the detection limit of 60 Pa) throughout the experiments, it is hypothesized that 
hydrogenotrophic methanogenesis was promoted by elevated pCO2’s. Considering that 
hydrogenotrophic methanogenesis is indeed a CO2 consuming reaction, it is very 
plausible that higher CO2 availability in the systems may have led to increased CH4 
formation from H2 utilizing archaea. 

The trend for increased CH4 production by H2 consuming methanogens at higher pCO2’s 
can be readily confirmed by evaluating the results from the 0.2 – 3.0 bar experiments, 
which  indicate  that  final  Methane-COD  fractions  increased  from  42 ± 1.7% up to 
74 ± 19% during these experiments, respectively. Although, as a result of a lag period of 
at least 3 days, the 5.0 and 8.0 bar pCO2 experiments did not reach complete acetate 
and/or butyrate degradation and, consequently, do not necessarily reflect the trend for 
increased hydrogenotrophic methanogenesis at increasing pCO2’s, it is hypothesized that 
had these tests been allowed to run for a longer period of time, correspondingly higher 
fractions of CH4 would have been observed from these experiments as well. 

Following a similar trend to that reported for the pyruvate degradation experiments, with 
small amounts of propionate accumulating in the presence of all CO2 partial pressures 
tested, further decarboxylation+oxidation of propionate into acetate appears to have 
been inhibited as a consequence of elevated pCO2’s in the reactors.  

 
4.1.2.1. Main catabolic pathways in the fermentative degradation of 

butyrate 

 

Based on the range of products that were identified over the course of the butyrate 
experiments, it is hypothesized that the major catabolic pathways that were involved in 
the anaerobic degradation of this substrate are as presented in Figure 4-6.  
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Figure 4-6. Major catabolic pathways involved in the anaerobic degradation of butyrate at 
varying CO2 partial pressures 
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While the degradation of butyrate associated with the production of propionate involves 
a decarboxylation step (see Figure 4-6), it is interesting to note that butyrate degradation 
via acetate production neither involves CO2 production nor CO2 consumption directly. In 
this sense, elevated CO2 partial pressures were expected to have a larger effect on the 
butyrate to propionate degradation pathway, while the butyrate to acetate degradation 
route was expected to remain relatively unchanged. From observation of Figure 4-4 
however, both propionate and acetate formation from butyrate appear to have decreased 
with increasing pCO2’s, which suggests that excess dissolved CO2 concentrations may 
have also impacted the metabolic activity of butyrate consuming bacteria at a more 
fundamental functional level, as opposed to only relating to end-product inhibition.     

	

4.2. Thermodynamic Analyses 
 

Following the preliminary identification of the product spectrums and the catabolic 
pathways involved in the pyruvate and butyrate degradation experiments, an assessment 
of the thermodynamic viability of the predominant reactions involved in these metabolic 
networks was conducted as part of this study. After the stoichiometries for each of the 
main reactions identified in the pyruvate and butyrate fermentation trials were 
determined, the ∆G0’ values, or the free energy changes at standard conditions and a pH 
of 7  (i.e. concentrations of aqueous species except H+: 1 M, [H+] = 1x10-7 M, gaseous 
species: 1 atm, temperature 298.15 K) were calculated with Eq. 2-15 and Eq. 2-16 
presented in Section 2.4. The Gf

0 (i.e. standard free energy of formation from the 
elements) used in Eq. 2-15 were sourced from tabulated values, as reported in the 
literature [65].  

Subsequently, Gibbs free energy changes at actual conditions of temperature (i.e. 35°C), 
metabolite concentrations, gas partial pressures and pH, denoted as ∆G, were determined 
via Eq. 2-15 and Eq. 2-17, presented in Section 2.4. However, given the limitations 
associated with the impossibility to measure e.g. H2 partial pressures below the detection 
limit of the equipment used in conducting this research (i.e. 60 Pa), as well as the 
difficulty of acquiring a highly accurate and complete dataset of all the intracellular 
metabolite concentrations that are also of relevance in conducting a precise 
quantification of reaction energetics in this study (e.g. succinate), most of the free 
energies calculated as part of this thesis work are indicative values only. While the 
calculation of the Gibbs free energy changes presented in this section and Tables A.1 
through A.6 in Appendix A are based on the actual concentrations -as measured from 
these batch experiments- for most of the compounds that are involved in the 
fermentative degradation of pyruvate and butyrate, the concentrations of other relevant 
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metabolites used in estimating these ∆G values correspond to typical quantities that have 
been sourced from the literature. While the concentrations of the different metabolites 
varied in time, as each metabolite was either produced and/or consumed over the course 
of the trial, the concentrations that were used for the calculations of the ∆G values for 
each reaction correspond to those that would make each of these reactions as favorable 
as possible. That is, the concentrations at the specific moment in time with the highest 
concentrations of reactants and the lowest concentrations of products, as relevant for 
each individual reaction.  

In the absence of a precise measurement for the actual H2 partial pressure in the reactors, 
each of the Gibbs free energy calculations that have been undertaken in this study were 
performed using two different pH2 values, namely at an minimum boundary value of 
pH2 =  1 Pa, that corresponds to the average H2 partial pressure in properly functioning 
anaerobic digestion applications [15], and a maximum boundary value of pH2 =  60 Pa, 
corresponding to the detection limit of the equipment that was used in measuring the gas 
composition in the present experiments. In this sense, these calculations provide an 
indication of the range of plausible Gibbs free energy changes (i.e. maximum and 
minimum plausible energy yields, as dictated by the prevailing H2 partial pressure) 
associated to each of the metabolic routes of pyruvate and butyrate fermentation that 
were considered as part of this study. 

For reference, Table 4-4 provides a summary of the metabolite concentrations that have 
been used in these thermodynamic calculations, as well as information on the source of 
the data. 
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Table 4-4. Metabolite concentrations used in the thermodynamic calculations 

Compound 

 

 
Pyruvate  

Experiments 
 

 

Butyrate 
Experiments 

Data Source 

Acetate [mM] 

 

 

0.35 ± 0.1   (Rxn I and II) 
0.12 ± 0.05 (Rxn IV) 
1.50 ± 0.5   (Rxn V) 

 

0.3 ± 0.05  (Rxn I) 
3.4  ± 2.0   (Rxn IV) 

Measured in this 
experiment (GC) 

Propionate [mM] 0.13 ± 0.02  (Rxn II and IIIb) 
2.00 ± 1.0    (Rxn IV) 0.12  ± 0.04 Measured in this 

experiment (GC) 

Pyruvate  [mM] 12.5 ± 1.6 - Measured in this 
experiment (HPLC) 

Butyrate  [mM] - 7.0 ± 1.5 Measured in this 
experiment (GC) 

Succinate  [mM] 1.0 - Flamholz et al., 2012 [64] 

pH2    [bar] 1 x 10-5    ( 1 Pa) 
6 x 10-4   (60 Pa) 

1 x 10-5    ( 1 Pa) 
6 x 10-4   (60 Pa) 

Van Lier et al., 2008 [15] 
GC Detection Limit  

Equil. pCO2  
[bar] 0.2, 1.0, 1.3, 1.9, 3.3 0.2, 1.0, 1.5, 2.0, 3.5 

Measured in this 
experiment (manometer 
or pressure sensor + GC)  

pCH4   [bar] 0.02 ± 0.01 0.003 ± 0.002 (Rxn III) 
0.06 ± 0.05 (Rxn IV) 

Measured in this 
experiment (manometer 
or pressure sensor + GC) 

 

Although, in light of these limitations, the thermodynamic quantities that are presented 
in this study are indicative values, they still provide an adequate base for inferring 
general trends that can contribute to elucidating the effects of elevated CO2 partial 
pressures on the fermentative degradation of pyruvate and butyrate.   

	

4.2.1. Energetics of pyruvate conversions 

For the purpose of assessing the thermodynamic feasibility of the main metabolic routes 
in pyruvate fermentation, the stoichiometries of the overall reactions that were most 
predominantly observed in the pyruvate degradation experiments were defined and have 
been summarized in Table 4-5. The  Gibbs  free energy  changes  presented  in  this  
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table correspond  to  the  free  energy  changes  at  standard  conditions  and  a  pH  of  7  
(i.e. concentrations of aqueous species except H+: 1 M, [H+] = 1x10-7 M, gaseous 
species: 1  atm, temperature  298.15 K), denoted  as  ∆G0’, and  were  calculated  with 
Eq. 2-15 and Eq. 2-16 in Section 2.4. 
 

Table 4-5. Stoichiometries for the main reactions in the pyruvate degradation experiments 
 

Reaction                               Reaction Stoichiometry 
    No. 

 

 

∆𝑮°! 
[𝐤𝐉/𝐫𝐞𝐚𝐜𝐭𝐢𝐨𝐧] 

 

 

Fermentation/Acetogenesis 
 

 

I.                     Pyruvate to Acetate 
                           CH!COCOO!  +  H!O →  CH!COO!  +  H!  +  CO! 
 

 

-52.0 

 

 

II.                    Pyruvate to Acetate and Propionate  
                            CH!COCOO!   +  !

!
 H!O → !

!
 CH!COO!   +  !

!
 CO!   + !

!
 CH!CH!COO! 

 

 

-75.9 

 

IIIa.                 Pyruvate to Succinate 
                            CH!COCOO!  +  2H!  +  CO!  → 1!OOCCH!CH!COO!  + H!O +  H! 
 

 

-98.4 

 

IIIb.                  Succinate to Propionate 
                             !OOCCH!CH!COO!  +  H! →   CH!CH!COO!  +  CO! 

 

-25.3 
 

 

IV.                   Propionate to Acetate 
                             CH!CH!COO!  +  2H!O →   CH!COO!  +  3H!  +  CO! 

 

+71.7 

 

Methanogenesis 
 

 

V.                     Acetate to Methane 
                             CH!COO!  +  H!  →    CH!  +  CO! 
 

 

-35.7 

 

Based on these reaction stoichiometries, the operating temperature of 35°C and the 
concentrations for reactants and products as provided in Table 4-4, the corresponding 
Gibbs free energy changes (∆G) for these biochemical conversions have been 
determined for the range of CO2 partial pressures and corresponding equilibrium pH’s 
evaluated as part of this research. As per the example calculation provided in Appendix 
A and the supplementary Excel® spreadsheet that has been provided with this document, 
these ∆G values have been determined via Eq. 2-15 and Eq. 2-17 in Section 2.4. 

Figure 4-7 below provides a graphical depiction of these Gibbs free energy changes 
(∆G), as calculated for each of the reactions presented in Table 4-5, against the 
equilibrium CO2 partial pressures and corresponding pH values examined in this study. 
Note that these figures provide plausible maximum and minimum energy yields for each 
reaction, as calculated using assumed boundary values for the H2 partial pressure of 1 Pa 
(red markers) and 60 Pa (blue markers).   
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Figure 4-7. Effect of increasing pCO2’s on the energy yields for the main catabolic reactions in 
pyruvate fermentation: (A). Reaction I: Pyruvate to Acetate; (B). Reaction II: Pyruvate to 

Acetate and Propionate; (C). Reaction IIIa: Pyruvate to Succinate; (D). Reaction IIIb: Succinate 
to Propionate; (E). Reaction IV: Propionate to Acetate; (F). Reaction V: Acetate to Methane. 

A. B. 

 C. D. 

E. F. 
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As indicated by the arrows in Figure 4-7, most of the energy yields associated with the 
fermentation routes of pyruvate, as observed in this study, followed a downward trend in 
response to increasingly higher CO2 partial pressures. As expected, it can be observed 
that the trend for less negative ∆G values at elevated pCO2’s coincided with 
decarboxylation/CO2 releasing reactions (i.e. conversion of pyruvate to acetate, 
succinate to propionate, propionate to acetate and acetate to methane). On the other 
hand, the reductive step from pyruvate to succinate, which corresponds to a 
carboxylation/CO2 consuming reaction, evidenced a trend for higher energy yields at 
increasingly higher CO2 partial pressures.  

With indicative ∆G values ranging between approximately -105 kJ/mol and -88 kJ/mol 
at all pCO2 conditions tested and pH2’s of between 1 and 60 Pa, the conversion of 
pyruvate into acetate was the most thermodynamically favorable reaction in the pyruvate 
fermentation experiments. Additionally, considering that the quantum  of  energy  that  
is  needed  for  the synthesis  of  1 mol of ATP  is   approximately  -70 kJ.mol-ATP-1  
[30]  (i.e. indicated by the green lines in Figure 4-7), the oxidation + decarboxylation of 
pyruvate into acetate was the only ATP yielding conversion, synthesizing approximately 
1 mol-ATP.mol-Acetate-1. As presented in Figure 4-7, although all other reactions were 
exergonic at the conditions of these experiments and assumed H2 partial pressures of 
between 1 and 60 Pa, their energy yields were lower with indicative ∆G values ranging 
between -60 and -10 kJ/mol.  

With acetate, propionate and methane as the main metabolites/end products observed 
during the pyruvate degradation experiments (see Figure 4-1), it was expected that the 
metabolic routes leading to these products were to be exergonic at the experimental 
conditions tested, as confirmed by the outputs of the indicative thermodynamic analyses 
conducted in this study.  

With the apparent accumulation of propionate at pCO2’s above 3 bar, as observed in 
Figure 4-2, it appears that the oxidation of propionate into acetate was somewhat 
inhibited at these higher CO2 partial pressures. While a complete analysis of the 
influence of elevated CO2 partial pressures on the degradation of propionate was out of 
the scope of this study, it is interesting to observe that, in comparison to the ∆G values 
calculated at a H2 partial pressure of 1 Pa (i.e. between -49 and -42 kJ/mol), the ∆G 
estimates at relatively high H2 partial pressures of 60 Pa (i.e. between -17 to -10 kJ/mol) 
indicate that this conversion is highly sensitive to the prevailing H2 partial pressure in 
the system. Assuming that the H2 partial pressure in the reactors was close to the 
equipment’s detection limit of 60 Pa, it is plausible that one of the factors leading to 
propionate accumulation may be related to the energetic limitations associated with 
potentially high H2 partial pressures in the reactors (i.e. in the vicinity of 60 Pa).   
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4.2.2. Energetics of butyrate conversions  

For the purpose of assessing the thermodynamic feasibility of the main metabolic routes 
in butyrate fermentation, the stoichiometries of the overall reactions that were most 
predominantly observed in the butyrate degradation experiments were defined and have 
been summarized in Table 4-6. The  Gibbs  free  energy  changes  presented  in  this 
table correspond  to  the  free  energy  changes  at  standard  conditions  and  a  pH  of  7  
(i.e. concentrations of aqueous species except H+: 1 M, [H+] = 1x10-7 M, gaseous 
species: 1  atm, temperature  298.15 K), denoted as ∆G0’,  and  were  calculated  with  
Eq. 2-15 and Eq. 2-16 in Section 2.4. 

 

Table 4-6. Stoichiometries for the main reactions in the butyrate degradation experiments 
 

Reaction                               Reaction Stoichiometry 
    No. 

 

 

∆𝑮°! 
[𝐤𝐉/𝐫𝐞𝐚𝐜𝐭𝐢𝐨𝐧] 

 

 

Fermentation/Acetogenesis 
 

 

I.                     Butyrate to Acetate 
      CH!CH!CH!COO!  +  2H!O →    2CH!COO!  +  H!  +  2H! 

 

 

+48.1 

 

 

II.                    Butyrate to Propionate  
                           CH!CH!CH!COO! + 2H!O →   CH!CH!COO! +  CO! + 3H! 
 

 

+71.5 

 

Methanogenesis 
 

III.                  Hydrogen to Methane 
                           4H!  +  CO!  →   CH!  +  2H!O 
 

 

-130.7 

 

IV.                  Acetate to Methane 
                            CH!COO!  +  H!  →   CH!  +  CO!    

 

-35.7 

 

Based on these reaction stoichiometries, the operating temperature of 35°C and the 
concentrations for reactants and products as provided in Table 4-4, the corresponding 
Gibbs free energy changes (∆G) for these biochemical conversions have been 
determined for the range of CO2 partial pressures and corresponding equilibrium pH’s 
evaluated as part of this research. As per the example calculation provided in Appendix 
A and the supplementary Excel® spreadsheet that has been provided with this document, 
these ∆G values have been determined via Eq. 2-15 and Eq. 2-17 in Section 2.4. 
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Figure 4-8 below provides a graphical depiction of these Gibbs free energy changes 
(∆G), as calculated for each of the reactions presented in Table 4-6, against the 
equilibrium CO2 partial pressures and corresponding pH values examined in this study. 
Note that these figures provide plausible maximum and minimum energy yields for each 
reaction, as calculated using assumed boundary values for the H2 partial pressure of 1 Pa 
(red markers) and 60 Pa (blue markers).   

 

 

 		

	

	

	

	

	

	

	

	

	

	

 

 

 

 

 

 

 

Figure 4-8. Effect of increasing pCO2’s on the energy yields for the main catabolic reactions in 
butyrate fermentation: (A). Reaction I: Butyrate to Acetate; (B). Reaction II: Butyrate to 

Propionate; (C). Reaction III: Hydrogen to Methane; (D). Reaction IV: Acetate to Methane. 

A. B. 

C. D. 
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According to the indicative range of ∆G values for the different metabolic routes of 
butyrate, as provided in Figure 4-8, with the exception of the CO2 consuming conversion 
of H2 into methane by hydrogenotrophic archae, the energy yields associated with the 
metabolic routes of butyrate, as observed in this study, followed a downward trend in 
response to increasingly higher CO2 partial pressures (as indicated by the arrows in 
Figure 4-8). Additionally, from evaluation of the changes in the energy yields estimated 
at the boundary pH2 values of 1 Pa and 60 Pa, it appears evident that butyrate 
degradation via either acetate and/or propionate formation is strongly dependent on the 
prevailing H2 concentrations in the systems. 

While the oxidation of butyrate into acetate was the most thermodynamically favorable 
reaction at all the pCO2’s conditions tested (i.e. indicative Gibbs free energy changes 
ranging between -61 kJ/mol and -36 kJ/mol at pCO2’s of between 0.2 and 8 bar and H2 

partial pressures of between 1 and 60 Pa), the energy yields from the conversion of 
butyrate into acetate also followed a downward trend with increasing pCO2’s. Although 
CO2 is neither a substrate nor a product in the oxidative fermentation of butyrate into 
acetate, and thus the detrimental effects of elevated pCO2’s on the energetics of this 
metabolic pathway may not be readily discernible, increasingly higher CO2 partial 
pressures led to a corresponding decrease in the operating pH’s, as determined in 
Section 3.3. In this sense, while the pH of the 0.2 bar pCO2 experiments was estimated 
at 6.9, operating at elevated CO2 partial pressures led to a substantial pH drop, with a pH 
of 6.2 estimated for the 8.0 bar pCO2 trials. Considering H+ ions are a by-product in the 
conversion of butyrate into acetate and H2, it is hypothesized that lower energetic yields 
at higher CO2 partial pressures were the result of increasingly high concentrations of H+ 
ions in the liquid broth, which were associated to the lower pH values at increasing 
pCO2’s. 

Similarly, the indicative energy yields associated with the degradation of butyrate into 
propionate appeared less negative in response to elevated CO2 partial pressures, with 
indicative energy yields decreasing from -52 kJ/mol to -45 kJ/mol and from -21 kJ/mol 
to -13 kJ/mol between 0.2 and 8.0 bar pCO2’s at the assumed boundary H2 partial 
pressures of 1 Pa and 60 Pa, respectively. This trend for lower energy yields at 
increasing pCO2’s is however not unexpected in this metabolic route, considering that 
the oxidation of butyrate into propionate corresponds to a decarboxylation step, with 
CO2 being released during this conversion, as depicted in Figure 4-6. 

With acetate, propionate and methane as the main metabolites/end products observed 
during the butyrate degradation experiments (see Figure 4-4), it was expected that the 
metabolic routes leading to these products were to be exergonic at the experimental 
conditions tested, as confirmed by the outputs of the indicative thermodynamic analyses 
conducted in this study. 
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However, according to Figure 4-8, and in comparison to the results from the 
fermentative degradation of pyruvate (Figure 4-7), it appears that the biochemical 
conversions that took place in the butyrate fermentation experiments proceeded at much 
more limited energy yields (i.e. closer to thermodynamic equilibrium). In particular, it 
can be observed that none of these reactions appeared to have yielded sufficient energy 
for effective synthesis of ATP (i.e. ∆G values were below the energy quantum for 
synthesis of 1 mol of ATP of -70 kJ for all conversions). Thus, although all reactions 
appeared exergonic at the conditions of these experiments, their energy yields were 
relatively low at ∆G values ranging between a potential maximum of -60 kJ/mol and a 
potential minimum of -3 kJ/mol.  

As reported in the literature [29], a consequence of operating in close proximity to this 
thermodynamic boundary condition is that these conversions may proceed at very low 
conversion rates. Thus, the occurrence of a lag phase during the butyrate degradation 
experiments, which was particularly noticeable at elevated pCO2’s above 3.0 bar, may 
have been linked to these energetic limitations.  

 

4.3. Kinetic Analyses 
	

In addition to the effects of varying pCO2’s on the thermodynamic viability of the main 
metabolic pathways in the pyruvate and butyrate degradation experiments, elevated CO2 
partial pressures appear to have had an impact on the conversion rates of pyruvate, 
butyrate and/or the main intermediate metabolites that were formed during these 
anaerobic conversions, as discussed in Sections 4.3.1 and 4.3.2 below. 

In performing these kinetic analyses, all degradation and/or production rates have been 
estimated by means of linear regressions that were fitted to observed data on the 
evolution of the substrate/metabolite concentrations over time, as measured from the 
experiments. While the information that was derived from these linear model fittings 
allowed an assessment of the general variations in these conversion rates in response to 
increasing CO2 partial pressures, it is important to note that these linear models are 
unable to precisely incorporate the effects of lag phases and/or the effects of 
simultaneous production and consumption of metabolites, which may be better 
represented by non-linear fitting models (e.g. a Gompertz function). In light of these 
limitations, the conversion rates that have been determined as part of this investigation 
correspond to indicative, apparent consumption/production rates only.	
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4.3.1. Conversion rates in pyruvate fermentation 

As a first step to estimating the indicative rates of conversion for the main metabolites in 
the pyruvate degradation experiments at different CO2 partial pressures, the average 
concentrations of pyruvate, acetate and propionate, as measures from the batch 
experiments, were plotted against time and are as presented in Figure 4-9. 

 

 

 

 

	

	

	

	

	

	

	

	

	

	

	

	

	

	

 

 

Figure 4-9. Changes in the concentrations of the main metabolites in the pyruvate experiments 
over time: (A). Pyruvate  (B). Acetate and (C). Propionate 

 A. 

 B. 

  C. 
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From observation of Figure 4-9, while changes in the concentrations of pyruvate and 
propionate followed a more or less discernable trend over the course of the experiments, 
identification of the patterns associated with variations in the concentration of acetate 
were less clear, in response to the occurrence of simultaneous production and 
consumption of this metabolite (i.e. further conversion of acetate into methane).  

Table 4-7 and Table 4-8 below provide an overview of the indicative degradation rates 
for pyruvate and propionate that were determined via these linear fittings at the different 
set of pCO2’s conditions examined in this investigation. 

	

Table 4-7. Indicative degradation rates for pyruvate at different CO2 partial pressures 

 

Initial pCO2   /  [Equil. pCO2] 

 

Pyruvate Degradation Rate 
[mg .l-1.d-1] 

% Reduction 
 

0.2 / [0.2]  
 

 
5 

435    
 

- 
 
 

1.0 / [1.0]  
 
 

 
 
 

468     
 

- 

3.0 / [1.3]  
 

 

413   
 

5.0 
 

5.0 / [1.9]   
 

 

362  
 

17.0 
 
 

8.0 / [3.3]  
 
 

 
 
 

181   
 

58.0 

 
 

Table 4-8. Indicative degradation rates for propionate at different CO2 partial pressures 

 

Initial pCO2   /  [Equil. pCO2] 

 

Propionate Oxidation Rate 
[mg .l-1.d-1] 

% Reduction 

 

0.2 / [0.2]  
 

 
5 

145  
X 

- 
 
 

1.0 / [1.0]  
 
 

 
 
 

24 
 

83.0 

3.0 / [1.3]  
 

 

1.2  
 

99.1 
 

5.0 / [1.9]   
 

 

1.16  99.2 
 
 

8.0 / [3.3]  
 
 

 
 
 

0.4 
 

99.7 

 

The estimates of the apparent degradation rates for pyruvate that were observed in these 
experiments indicate that increasingly high CO2 partial pressures correlated with a 
decrease in the rates of pyruvate conversion. In particular, while the consumption rate 
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for pyruvate was estimated at approximately 435 mg Pyruvate.l-1.d-1 when operating at a 
pCO2 of 0.2 bar, the indicative degradation rate of this substrate was determined as 
approximately 181 mg Pyruvate.l-1.d-1 for the 8.0 bar pCO2 trials. Thus, with an 
indicative decrease in the pyruvate degradation rate of up to -58% when shifting the 
operating pCO2 from 0,2 to 8.0 bar, it appears that elevated CO2 availability in the 
system may have led to a certain extent of inhibition of the activity of (-potentially) rate 
limiting enzymes that catalyze pyruvate carboxylation and/or pyruvate decarboxylation 
(i.e. pyruvate carboxylase and/or the enzymes from the pyruvate dehydrogenase 
complex, respectively). However, with no formal measurements or analyses on the 
activities of specific enzymes conducted as part of this study, any potential influence of 
elevated CO2 partial pressures on the activity of these catalysts could not be established. 

Similarly, with an indicative decrease in the rate of propionate degradation of  
approximately -99%, when  comparing  the  degradation  rates  for  propionate  at  a  
pCO2   of   0.2  bar  (i.e. 145 mg Propionate.l-1.d-1)  against  this  rate at 8.0 bar pCO2 

(i.e. < 1 mg Propionate.l-1.d-1), it is plausible that excess CO2 availability may have had 
an impact on the enzymatic activity of e.g. propionate CoA-transferase, a key enzyme 
catalyzing the conversion of propionate into acetate. However, with no formal 
measurements or analyses on the activities of specific enzymes conducted as part of this 
study, any potential influence of elevated CO2 partial pressures on the activity of these 
catalysts could not be established. 

In this sense, although the identification of the specific mechanistic drivers behind the 
apparent detrimental effects of elevated CO2 partial pressures on the rates of conversion 
of pyruvate and/or propionate were out of the scope of this study, it appears that one of 
the mechanisms leading to e.g. propionate accumulation in the reactors may have been 
related to the kinetic limitations of this reaction, which may have been linked to elevated 
CO2 partial pressures.  

 
 

4.3.2. Conversion rates in butyrate fermentation 

	

As a first step to understanding the rates of conversion of substrates and metabolites 
taking place in the butyrate fermentation experiments, changes in the concentrations of 
butyrate,  acetate  and  propionate  were  plotted  against  time  and  are  presented  in 
Figure 4-10.  
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Figure 4-10. Changes in the concentration of the main metabolites in the butyrate experiments 
over time:  (A). Butyrate, (B). Acetate and (C). Propionate 

A. 

B. 

C. 



PAGE		 65	

From inspection of these graphs, and in correspondence with the outputs from the 
pyruvate degradation experiments, while changes in the concentrations of butyrate 
followed a more or less discernable trend, identification of a clear pattern for changes in 
the concentration of acetate over the course of the experiments was unfeasible due to the 
occurrence of simultaneous production and consumption of this metabolite (i.e. further 
conversion of acetate into methane). Similarly, with very limited amounts of propionate 
produced during the butyrate degradation tests, as well as the occurrence of a lag phase 
during the experiments conducted at 3.0, 5.0 and 8.0 bar pCO2, changes in the 
concentration of propionate over time could not be effectively fitted via the linear 
regression model used in this study. 

Table 4-9 below provides a summary of the indicative butyrate degradation rates that 
were estimated for each of the pCO2 conditions tested. 
 

 

Table 4-9. Indicative rates for butyrate degradation at different CO2 partial pressures 

 

Initial pCO2   /  [Equil. pCO2] 

 

Butyrate Degradation Rate 
[mg .l-1.d-1] 

% Reduction 
 

0.2 / [0.2]  
 

 
5 

86 
 

- 
 
 

1.0 / [1.0]  
 
 

 
 
 

70     19 

3.0 / [1.5]  
 

 

54   
 

37 
 

5.0 / [2.0]   
 

 

39  
 

55 
 
 

8.0 / [3.5]  
 
 

 
 
 

15   
 

83 

 
 

According to these indicative degradation rates for butyrate, it can be observed that 
increasingly high CO2 partial pressures correlated with an apparent reduction in the 
conversion rates for this substrate, with rates decreasing from 86 mg Butyrate.l-1.d-1 at a 
pCO2 of 0.2 bar down to approximately 15 mg Butyrate.l-1.d-1 when operating at 8 bar 
pCO2, which corresponds to a decline in this conversion rate in excess of -80%.  

Based on this outcome, it is plausible that certain key enzymes that are associated with 
the fermentative degradation of butyrate may have been inhibited in response to the 
harsh environmental conditions associated to increasingly high pCO2’s. Because these 
enzymes are catalysts that effectively decrease the activation energy (EA) required for 
butyrate oxidation, with potentially higher activations energies and presumably limited 
energy availability, as per the thermodynamic analysis presented in Section 4.2.2., a 
decrease in the rate of butyrate consumption may have been related to such lower 
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enzymatic activities. As such, it is hypothesized that the microbial consortium that was 
involved in the fermentative degradation of butyrate had to undergo continuous 
adaptation to the prevailing environmental conditions in the reactors, which may 
explain, to a certain extent, the occurrence of a lag phase, as evidenced during the trials 
at 3.0, 5.0 and 8.0 bar pCO2. However, with no formal measurements or analyses on the 
activities of specific enzymes conducted as part of this study, any potential influence of 
elevated CO2 partial pressures on the activity of these catalysts could not be established. 

Although the identification of the specific mechanistic drivers behind the apparent 
detrimental effects of elevated CO2 partial pressures on the rates of conversion of 
butyrate were out of the scope of this study, it appears that one of the mechanisms 
leading to e.g. the occurrence of a lag phase in the butyrate degradation experiments 
may have been related to these kinetic limitations, which may have been linked to 
elevated CO2 partial pressures.  

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



PAGE		 67	

5. GENERAL DISCUSSION AND CONCLUSIONS  
 

In light of the outcomes of the present thesis work, it is proposed that exerting control 
over the operating CO2 partial pressures can have a distinct effect in regulating the 
product spectrum in pyruvate and butyrate fermentation systems. In this sense, these 
findings tend to support the potential role of elevated pCO2’s as one control mechanism 
for targeted production of organic acids from the carboxylic platform that is worthwhile 
exploring further.  
 
As the subject matter of this thesis, it was shown that both the faith of pyruvate and 
butyrate fermentations, two intermediate metabolites that are relevant in the anaerobic 
degradation of a range of complex organic compounds -including glucose, can be 
influenced via increasingly high operational CO2 partial pressures.  
 
In accordance to Henry’s Law, a direct result of operating at pressurized CO2 conditions 
was a certain extent of acidification of the liquid broth, via an increased migration of 
CO2 from the gas phase and the formation of carbonic acid and increased concentration 
of weak acids in the liquid phase. Specifically, in the presence of a buffering capacity of 
100 mM NaHCO3, operating at CO2 partial pressures of between 0.2 and 8.0 bar led to a 
drop in the pH from 6.9 to approximately 6.2, respectively. Although the activity of 
methanogenic archaea is susceptible to pH conditions below neutrality, substantial 
amounts of CH4 were however still observed across all pCO2’s conditions tested, 
including at pH’s of 6.2 (i.e. 8.0 bar pCO2).  
 
In relation to the pyruvate fermentation experiments, increasingly higher operating CO2 
partial pressures did however correlate with reduced acetate and CH4 formation, while 
simultaneously leading to more propionate production and accumulation. In this sense, 
the outputs from these experiments suggest that while the main metabolic pathways that 
involve decarboxylation reactions (i.e. conversion of pyruvate into acetate, acetate into 
methane and propionate into acetate) were hindered at elevated pCO2’s, the pyruvate 
degradation routes that include a carboxylation step were promoted in the presence of 
higher availability of CO2 in the reactors (i.e. conversion of pyruvate into propionate via 
succinate). Also in line with these findings, as a fermentative route that proceeds via a 
decarboxylation step, while butyrate was absent at elevated pCO2’s above 3.0 bar, 
limited amounts of butyrate (i.e. less than 2% of the Pyruvate-COD that was fed to the 
reactors) was formed at pCO2’s of 0.2 and 1.0 bar. Considering that the main metabolic 
route for synthesis of reducing power and ATP in the fermentative degradation of 
pyruvate corresponds to the oxidation of pyruvate into acetate, the reduction of pyruvate 
into propionate and/or butyrate was thus coupled to acetate formation in all cases.  
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In agreement with the findings from the pyruvate batch trials, the outcomes from the 
butyrate degradation experiments also suggest that higher CO2 availability in the 
reactors hindered the formation of metabolites that are the result of decarboxylation 
steps. In the specific case of butyrate fermentation, this corresponded to a decrease in the 
formation of propionate from butyrate at increasingly higher pCO2’s. While the 
oxidation of butyrate into acetate is not directly linked to CO2 consumption nor release, 
the outcomes from this study indicate that acetate formation appeared less favorable at 
elevated pCO2’s. The impact of CO2 on this particular metabolic pathway appears more 
evident when considering that the oxidation of butyrate into acetate leads to the release 
of H+ ions, and is thus sensitive to excess H+ concentrations in the liquid broth.  Because 
increasingly higher CO2 dissolution led to a drop in the pH from 6.9 down to a minimum 
of 6.2 during the 8.0 bar pCO2 experiments, higher concentrations of H+ were present at 
increasing pCO2 conditions and were thus detrimental for the conversion of butyrate into 
acetate. On the other hand, as a CO2 consuming conversion, the production of CH4 by 
hydrogenotrophic archaea was favored at elevated pCO2’s, as evidenced from increased 
methane formation in the butyrate experiments at increasingly higher pCO2’s up to 3.0 
bar.  
 
The observations on the role of elevated CO2 partial pressures as a potential mechanism 
to steer product formation in the fermentation of pyruvate and butyrate were supported 
by the outcomes of the indicative thermodynamic and kinetic analyses conducted in this 
study. In general, indicative thermodynamic calculations -based on assumed pH2’s of 
between 1 and 60 Pa- suggest that increasing CO2 partial pressures led to a trend for 
increasing energy yields for the conversions of pyruvate into propionate -via succinate- 
and H2 into CH4, both of which are CO2 consuming routes. On the other hand, while all 
main pathways remained exergonic at the conditions of these experiments, fermentation 
of pyruvate via acetate and methane and of butyrate via propionate (i.e. CO2 releasing 
reactions) appeared less thermodynamically viable in response to increasing pCO2’s.  
 
Similarly, indicative calculations of the Gibbs free energy changes for the conversion of 
propionate into acetate, which may be a relevant step for both the fermentative 
degradation of pyruvate and butyrate, indicated that this conversion tended to become 
less energetically favorable at increasing pCO2’s. Additionally, the thermodynamic 
viability of the conversion of propionate into acetate was shown to be highly sensitive to 
the prevailing H2 partial pressures in the reactors, which, in the absence of a precise 
measurement available for these experiments, could have laid anywhere between 1 and 
60 Pa. According to the indicative thermodynamic calculations, in the event that the 
actual  H2  partial  pressures  in the reactors were just below the GC’s detection limit of 
60  Pa, the  oxidation  of  propionate  into  acetate  was  highly  energetically  limited 
(i.e. energy yields decreasing from -17 kJ/mol to -10 kJ/mol in response to changes in 
the CO2 partial pressure from 0.2 to 8.0 bar). Similarly, the degradation of butyrate via 
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acetate and/or propionate was shown to be energetically limited at elevated pCO2’s; 
these energy yields were also very sensitive to H2 partial pressures. In particular, in the 
event the actual pH2 in the reactors was in the order of 60 Pa, the indicative Gibbs free 
energy changes calculated for the conversion of butyrate into propionate indicated a 
decrease from -20 kJ/mol down to -13 kJ/mol in response to an increase in the pCO2’s 
from 0.2 to 8.0 bar. With H2 partial pressures potentially in the order of 60 Pa, it is 
plausible that interspecies hydrogen transfer between the H2 producing and the H2 
consuming microorganisms that were present in the mixed culture (e.g. acetogens and 
hydrogenotrophic methanogens) was not effectively achieved s a consequence of e.g. the 
flocculent/disaggregated nature of the inoculum. In turn, it is plausible that these low 
energy yields may have not been sufficient to support the metabolic requirements of 
either the propionate degrading or the butyrate fermenting bacteria in the mixed culture, 
thus leading to the accumulation of propionate in the pyruvate degradation experiments 
and the occurrence of a lag phase and limited degradation of butyrate in the butyrate 
fermentation trials.   
 
According to the indicative analysis on the kinetics of pyruvate and butyrate 
degradation, increasing CO2 partial pressures correlated with a decrease in these 
conversion rates by more than -50% and -80% when operating at a pCO2 of 8.0 bar. It is 
plausible that this substantial decrease in the overall degradation rates of both pyruvate 
and butyrate be associated with inhibition of potentially rate limiting enzymes that are 
associated with the fermentation of these metabolites, as a response to the harsh 
environmental conditions associated to increasingly high pCO2’s. 
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APPENDIX A - THERMODYNAMIC  CALCULATIONS 
	

 

A.1. Thermodynamic Calculations for the Pyruvate Experiments 

 
 

Table A-1. Overview of the stoichiometries of the main catabolic reactions in the pyruvate 
degradation experiments 

 

 

Reaction                               Reaction Stoichiometry 
    No. 

 

 

∆𝑮°!   
[𝐤𝐉/𝐫𝐞𝐚𝐜𝐭𝐢𝐨𝐧] 

 

 

Fermentation/Acetogenesis 
 

 

I.                     Pyruvate to Acetate 
                           CH!COCOO!  +  H!O →  CH!COO!  +  H!  +  CO! 
 

 

-52.0 * 

 

 

II.                    Pyruvate to Acetate and Propionate  
                            CH!COCOO!   +  !

!
 H!O → !

!
 CH!COO!   +  !

!
 CO!   + !

!
 CH!CH!COO! 

 

 

-75.9 

 

IIIa.                 Pyruvate to Succinate 
                            CH!COCOO!  +  2H!  +  CO!  → 1!OOCCH!CH!COO!  + H!O +  H! 
 

 

-98.4 

 

IIIb.                  Succinate to Propionate 
                             !OOCCH!CH!COO!  +  H! →   CH!CH!COO!  +  CO! 

 

-25.3 
 

 

IV.                   Propionate to Acetate 
                             CH!CH!COO!  +  2H!O →   CH!COO!  +  3H!  +  CO! 

 

+71.7 

 

Methanogenesis 
 

 

V.                     Acetate to Methane 
                             CH!COO!  +  H!  →    CH!  +  CO! 
 

 

-35.7 

 
 
 

* Example calculation ∆G0’ for reaction I (Pyruvate to Acetate): 
 

∆𝐺! =  𝑌! ∗ 𝐺!!
!

!!!

= 

        ∆𝐺! = −1 ∗ −474.6 + −1 ∗ −237.18 + 1 ∗ −369.41 + 1 ∗ 0 + 1 ∗ −394.36  = -52.0 
	

 
∆𝐺!" =  ∆𝐺! + 𝑅.𝑇! . ln 1 ∗ 10!! !!  

 
∆𝑮𝟎! = (−52) + (8.314 ∗ 10!!). (298.15) . ln 1 ∗ 10!! !  = -52.0 
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Table A-2. Gibbs free energy changes for the main catabolic reactions in the pyruvate 
degradation experiments assuming 1 Pa H2 partial pressure 

 

∆𝑮      
 [𝐤𝐉/𝐫𝐞𝐚𝐜𝐭𝐢𝐨𝐧] 

 

Reaction No. 
 

 

Equilibrium pCO2   
[pH] 

 

0.2  
[6.9] 

1.0 
[6.6] 

1.3 
[6.5] 

1.9 
[6.4] 

3.3 
[6.2] 

Fermentation/Acetogenesis  

I.  Pyruvate to Acetate -105.1 ** -100.9 -100.3 -99.3 
 

-97.9 

II. Pyruvate to Acetate and Propionate -92.1 -89.3 -88.9 
 

-88.2 -87.3 

IIIa. Pyruvate to  Succinate -32.2 
 

-34.5 
 

-34.6 
 

-35.0 -35.3 

IIIb. Succinate to Propionate -33.9 -31.5 -31.4 
 

-31.1 
 

-30.8 
 

IV. Propionate to Acetate -48.7 
 

-44.6 
 

-43.9 
 

-43.0 
 

-41.5 
 

Methanogenesis  
 

V. Acetate to Methane -32.5 
 

-30.1 -30.0 
 

-29.7 
 

-29.4 
 

 

** Example calculation ∆G for reaction I (Pyruvate to Acetate), pCO2 of 0.2 bar and pH2 
of 1 Pa (Note: metabolite concentrations are as described in Section 4.2 and presented in 
Table 4-4): 
 

∆𝐺! =  𝑌! ∗ 𝐺!!
!

!!!

= 

	

        ∆𝐺! = −1 ∗ −474.6 + −1 ∗ −237.18 + 1 ∗ −369.41 + 1 ∗ 0 + 1 ∗ −394.36  = -52.0 
 
	

∆𝐺 =  ∆𝐺! + 𝑅𝑇 𝑙𝑛
𝐴𝑐𝑒! ! ∗ 𝑝𝐻! ! ∗ 𝑝𝐶𝑂! !

𝑃𝑦𝑟! ! ∗ 𝐻!𝑂 ! 	

	

 

∆𝐺 =  −52 + 8.314 ∗ 10!! ∗ 308.15 ∗  𝑙𝑛
0.35 ∗ 10!! ! ∗ 1 ∗ 10!! ! ∗ 0.2 !

12.5 ∗ 10!! ! ∗ 55.39 !  

 
 

∆𝑮 =  −52 + 8.314 ∗ 10−3 ∗ 308.15 ∗  𝑙𝑛 0.35∗10−3
1
∗ 1∗10−5

1
∗ 0.2 1

12.5∗10−3
1
∗ 55.39 1

 = -105.1 
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Table A-3. Gibbs free energy changes for the main catabolic reactions in the pyruvate 
degradation experiments assuming 60 Pa H2 partial pressure 

	

 

∆𝑮     
 [𝐤𝐉/𝐫𝐞𝐚𝐜𝐭𝐢𝐨𝐧] 

 

Reaction No. 
 

 

Equilibrium pCO2   
[pH] 

 

0.2  
[6.9] 

1.0 
[6.6] 

1.3 
[6.5] 

1.9 
[6.4] 

3.3 
[6.2] 

Fermentation/Acetogenesis  

I.  Pyruvate to Acetate 
 

-94.6 -90.4 -89.8 -88.8 -87.4 

II. Pyruvate to Acetate and Propionate -92.1 -89.3 -88.9 
 

-88.2 -87.3 

IIIa. Pyruvate to  Succinate 
 

-53.2 
 

-55.5 
 

-55.6 
 

-56.0 -56.2 

IIIb. Succinate to Propionate -33.9 -31.5 -31.4 
 

-31.1 
 

-30.8 
 

IV. Propionate to Acetate -17.3 -13.1 
 

-12.5 
 

-11.5 
 

-10.1 
 

Methanogenesis  
 

V. Acetate to Methane -32.5 
 

-30.1 -30.0 
 

-29.7 
 

-29.4 
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A.2. Thermodynamic Calculations for the Butyrate Experiments 

 

Table A-4. Overview of the stoichiometries of the main catabolic reactions in the butyrate 
degradation experiments 

 

 

Reaction                               Reaction Stoichiometry 
    No. 

 

 

∆𝑮°! 
[𝐤𝐉/𝐫𝐞𝐚𝐜𝐭𝐢𝐨𝐧] 

 

 

Fermentation/Acetogenesis 
 

 

I.                     Butyrate to Acetate 
      CH!CH!CH!COO!  +  2H!O →    2CH!COO!  +  H!  +  2H! 

 

 

+48.1 

 

 

II.                    Butyrate to Propionate  
                           CH!CH!CH!COO! + 2H!O →   CH!CH!COO! +  CO! + 3H! 
 

 

+71.5 

 

Methanogenesis 
 

III.                  Hydrogen to Methane 
                           4H!  +  CO!  →   CH!  +  2H!O 
 

 

-130.7 

 

IV.                  Acetate to Methane 
                            CH!COO!  +  H!  →   CH!  +  CO!    

 

-35.7 
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Table A-5. Gibbs free energy changes for the main catabolic reactions in the butyrate 
degradation experiments assuming 1 Pa H2 partial pressure 

	

 

∆𝑮      
 [𝐤𝐉/𝐫𝐞𝐚𝐜𝐭𝐢𝐨𝐧] 

 

Reaction No. 
 

 

Equilibrium pCO2   
[pH] 

 

0.2  
[6.9] 

1.0 
[6.6] 

1.5 
[6.5] 

2.0 
[6.4] 

3.5 
[6.2] 

Fermentation/Acetogenesis  

I.  Butyrate to Acetate -60.9 -59.2 -58.6 -58.0 
 

-56.8 

II. Butyrate to Propionate -52.1 -47.9 -46.9 
 

-46.2 -44.7 

Methanogenesis 
 

 
 

III. Hydrogen to Methane 
 

-3.0 -7.1 -8.1 -8.9 -10.3 

IV. Acetate to Methane -31.8 
 

-29.4 -29.0 
 

-28.8 
 

-28.6 
 

 

 

Table A-6. Gibbs free energy changes for the main catabolic reactions in the butyrate 
degradation experiments assuming 60 Pa H2 partial pressure 

	

 

∆𝑮      
 [𝐤𝐉/𝐫𝐞𝐚𝐜𝐭𝐢𝐨𝐧] 

 

Reaction No. 
 

 

Equilibrium pCO2   
[pH] 

 

0.2  
[6.9] 

1.0 
[6.6] 

1.5 
[6.5] 

2.0 
[6.4] 

3.5 
[6.2] 

Fermentation/Acetogenesis  

I.  Butyrate to Acetate -40.0 -38.2 -37.6 -37.0 
 

-35.8 

II. Butyrate to Propionate -20.6 -16.5 -15.4 
 

-14.7 -13.3 

Methanogenesis 
 

 
 

III. Hydrogen to Methane 
 

-44.9 -49.0 -50.1 -50.8 -52.3 

IV. Acetate to Methane -31.8 
 

-29.4 -29.0 
 

-28.8 
 

-28.6 
 

 


