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HIGHLIGHTS:  9 

• Chain elongation in C. kluyveri is optimal at near neutral pH values   10 

• Mixtures of acetic and butyric acids allow efficient hexanoic acid 11 

production 12 

• Ethanol, acetic and/or butyric acids from syngas fermentation are 13 

suitable for chain elongation 14 

 15 

BACKGROUND: The most common electron donor and electron acceptor 16 

for the production of hexanoic acid through chain elongation are ethanol 17 

and acetic acid, although they are not the only suitable ones. Acetic acid, 18 

and sometimes ethanol, can be obtained through different bioconversion 19 

processes such as the anaerobic digestion of solid waste (Chen et al., 2017), 20 

wastewater (Wu et al., 2018), or other feedstocks. The presence of other 21 

metabolites is not unusual, while some ethanol may need to be added if its 22 

concentration is limiting. Alternatively, the acetogenic bioconversion of 23 

syngas, as well as industrial emissions containing C1 gases, such as CO and 24 

CO2, will also yield acetic acid as an end metabolite. A limited number of 25 

anaerobic bacteria can also produce ethanol from C1 gases, besides acetic 26 

acid (van Groenestijn et al., 2013). Occasionally, it has been observed that 27 

butyric acid and even some hexanoic acid may also be obtained directly 28 

from C1 gas fermentation by enriched anaerobic sludge (Chakraborty et al., 29 

2019) or by some pure acetogenic bacteria (Fernández-Naveira et al., 30 

2017a). Optimizing aspects such as the pH of the medium (Fernández-31 

Naveira et al., 2017b), the composition of the fermentation broth or the 32 

nature and concentration of trace metals (Fernández-Naveira et al., 2019) 33 

allows to select for the preferred end metabolites. Volatile fatty acids (VFA) 34 

such as butyric acid may thus be present, besides acetic acid, in such type 35 

of primary gas fermentation process, depending on aspects such as the 36 

nature of the biocatalyst, the pH, or the composition of the culture broth. 37 

Therefore, it is worth evaluating the effect of both acetic acid and butyric 38 

acid, individually or in mixture, as electron acceptors, as well as the effect 39 

of the composition of the culture medium and its pH, on chain elongation. 40 

Few recent studies have reported about the possibility to combine syngas 41 

fermentation with chain elongation (Gildemyn et al., 2017), and it is thus 42 

also worth to study the effect of such parameters in integrated syngas 43 

fermentation and chain elongation processes. Therefore, the afore 44 

mentioned goals were the main objectives of the present research. 45 



RESULTS & DISCUSSION: A first set of experiments was performed in 46 

automated suspended-growth bioreactors, under mesophilic conditions, 47 

with constant pH adjustment. With ethanol as electron donor, either acetic 48 

acid or butyric acid, individually, or their mixtures, all allowed the 49 

production of hexanoic acid through chain elongation with Clostridium 50 

kluyveri, using similar molar alcohol/acid ratios around 3.5 in all cases and 51 

initial ethanol concentrations around 15 g/L. However, the efficiencies in 52 

terms of growth rates and bioconversion were the highest with the mixture 53 

of acids and they were the lowest with pure butyric acid as single VFA. 54 

Typical growth rates of 0.039 h-1 were found with the mixture of VFA, while 55 

it dropped to 0.010 h-1 with butyric acid as single electron acceptor. There 56 

was no large difference between pure acetic acid (µmax = 0.031 h-1) and the 57 

mixture of VFA though. On the other hand, increasing the initial available 58 

amount of electron donor (ethanol) to 25 g/L, while maintaining the same 59 

initial concentrations of VFA, did not improve the process and basically 60 

similar maximum concentrations of hexanoic acid, of about 18 g/L, were 61 

obtained at each initial ethanol concentration; simply a larger unused 62 

amount of electron donor remained in the medium at the end of the process 63 

when its concentration was initially higher. Besides, near neutral pH values 64 

were optimal compared to slightly acidic or basic conditions. Slightly acidic 65 

conditions (e.g., pH = 6.4) had a clear negative effect on bacterial growth 66 

and chain elongation with C. kluyveri. Instead, regulating the pH with an 67 

inorganic carbon source such as NaHCO3, rather than simply using 68 

HCl/NaOH, had a somewhat positive effect on that chain elongation process. 69 

On the other hand, poorer culture media, e.g. without yeast extract, led to 70 

lower concentrations of end product, compared to reacher media.   71 

A second set of, still on-going, experiments was setup in order to evaluate 72 

the bioconversion of syngas fermented media containing different ratios of 73 

acids and alcohols, at different pH values, showing the feasibility of such 74 

approach and reaching different efficiencies, depending on the 75 

characteristics of each fermented medium. Either mixed cultures (Angenent 76 

et al., 2016) or pure cultures (San Valero et al., 2020) can be used for chain 77 

elongation. A pure culture of C. kluyveri was used in the present study. 78 

Since C1 gas fermenting acetogens are better producers of acids than 79 

alcohols, it appeared that the addition of exogenous ethanol may, 80 

occasionally, be useful or even necessary in order to ensure chain 81 

elongation at suitable alcohol/acid ratios. Besides, maintaining a near 82 

neutral, constant, pH value of the syngas fermented broth around 6.8 is 83 

useful for an optimal bioconversion process.  84 

CONCLUSIONS: Chain elongation in C. kluyveri is most efficient with 85 

mixtures of both acetic and butyric acids as electron acceptors, with optimal 86 

conditions at near neutral pH and in a rich medium. Syngas fermented 87 

broth, containing any or both of those acids can then efficiently be used for 88 

chain elongation. A limited number of cultures will also generate ethanol 89 

from syngas fermentation, although its concentration may need to be 90 

adjusted, i.e. increased, in order to reach the required alcohol/acid ratios. 91 
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