=H fermentation ﬁw\p\py

Article

Side-by-Side Comparison of Clean and
Biomass-Derived, Impurity-Containing Syngas
as Substrate for Acetogenic Fermentation with
Clostridium ljungdahlii

Alba Infantes 1'*, Michaela Kugel 1 Klaus Raffelt 2 and Anke Neumann 1'*

1 Technical Biology, Institute of Process Engineering in Life Science 2, Karlsruhe Institute of Technology (KIT),

76131 Karlsruhe, Germany; michaela.kugel@kit.edu

Institute of Catalysis Research and Technology (IKFT), Karlsruhe Institute of Technology (KIT),
76344 Eggenstein-Leopoldshafen, Germany; klaus.raffelt@kit.edu

*  Correspondence: alba.infantes@kit.edu (A.L); anke.neumann@kit.edu (A.N.)

check for
Received: 26 June 2020; Accepted: 15 August 2020; Published: 19 August 2020 updates

Abstract: Syngas, the product of biomass gasification, can play an important role in moving towards
the production of renewable chemical commodities, by using acetogenic bacteria to ferment those
gaseous mixtures. Due to the complex and changing nature of biomass, the composition and the
impurities present in the final biomass-derived syngas will vary. Because of this, it is important to
assess the impact of these factors on the fermentation outcome, in terms of yields, productivity, and
product formation and ratio. In this study, Clostridium ljungdahlii was used in a fed-batch fermentation
system to analyze the effect of three different biomass-derived syngases, and to compare them to
equivalent, clean syngas mixtures. Additionally, four other clean syngas mixtures were used, and
the effects on product ratio, productivity, yield, and growth were documented. All biomass-derived
syngases were suitable to be used as substrates, without experiencing any complete inhibitory effects.
From the obtained results, it is clear that the type of syngas, biomass-derived or clean, had the greatest
impact on product formation ratios, with all biomass-derived syngases producing more ethanol,
albeit with lesser total productivity.

Keywords: syngas fermentation; acetogen; Clostridium ljungdahlii; biomass-derived syngas;
syngas impurities; acetate; ethanol

1. Introduction

Nowadays, there is a growing interest and increased research efforts towards finding more
environmentally friendly and renewable energy sources. Fossil fuels are still the main source of energy,
and the source of a great proportion of widely use industrial commodities [1]. This, combined with
the population growth, is causing a rise in the release of CO; into the atmosphere [2]. At the same
time, reducing the CO, emissions has been identified as a much needed measure to prevent the global
temperature increase [3].

Biomass is seen as an important source for renewable commodity chemicals and some liquid
hydrocarbon fuels: it can be gasified, including lignocellulosic biomass, waste and non-food crops,
to produce syngas, which is composed mainly by CO, CO,, and Hj [4]. This gasification technology
is well-established and has been broadly studied [5]. Carboxydotrophic, acetogenic microorganisms
possess the ability to ferment such a gaseous mixture, using it as energy and carbon source via the
reductive acetyl-coenzyme A pathway (or Wood-Ljundahl pathway, WLP) [6]. The fermentation
products are mainly acetate, but ethanol and other longer-chain products, such as butyrate, butanol,
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hexanoate, or hexanol can also be produced by selected strains [7]. Acetogenic fermentation of syngas
has been lately gaining ever more attention, since commercial syngas or waste gas fermentation plants
are being developed, or are already operational [8,9]. By implementing syngas fermentation, using
carboxydotrophic bacteria as biocatalysts, to obtain the aforementioned commodities, the food or fuel
dilemma can be overcome.

Moreover, an additional advantage includes the robustness against impurities and varying
CO:CO,:Hj; ratios compared to the more delicate traditional catalysts [10-12]. This gives the acetogenic
fermentation of syngas an advantage since different biomass sources and gasification techniques will
inevitably produce different gas compositions and impurities [13,14]. An important point that needs to
be considered, and addressed, for the success of the syngas fermentation technology is the effect of
the different gas compositions. In the aqueous fermentation broth, CO; is 48 times more soluble than
CO (at 273.15 K and 101.33 kPa), and 80 times more soluble than H; (at 273.15 K and 101.33 kPa) [15].
CO and H; are the electron and reducing equivalent supply, and are needed for producing more
reduced compounds, such as ethanol, rather than acetate. The partial pressures of the gases will, hence,
influence the product distribution, as well as the yield [16].

Clostridium ljungdahlii, the model acetogen used in this study, produces acetate as the main
fermentation product, but is also able to generate ethanol. The stoichiometry of the WLP reactions
implies that, when using CO alone, 50% of the carbon could be fixed into acetate, producing 0.5 mol
of CO, per mol of CO used. Considering ethanol as the only end product, only 33% of the carbon
would be fixed, releasing the remaining amount as CO,. If Hj is present at an equimolar ratio to CO,
then theoretically all carbon would be fixed to acetate, or 67% of the carbon would be converted to
ethanol. For a mixture of CO; and Hy, complete fixation into acetate would require a 1:2 molar ratio; for
ethanol, it would need to be 1:3 [17-19]. These stoichiometric ratios do not apply for the growing phase
though, since the carbon and reducing equivalents needed for biomass increase are not contemplated.
Only with resting cells can these ratios be balanced, and only in the case of homoacetogenesis. This
represents a challenge of its own, since the result of a more realistic scenario of mixed products and
varying gas composition cannot be directly inferred.

In addition, the biomass-derived syngas can contain several impurities, such as volatile tars,
ethane (CyHg), benzene (CgHg) hydrogen sulfide (Hj;S), sulfur dioxide (SO3), carbonyl sulfide (COS),
ammonia (NH3), nitrogen (N,), hydrogen cyanide (HCN), nitrous oxide (N,O), methane (CHy),
acetylene (C,Hy), and ethylene (C,Hy). Their concentration can vary depending on the biomass source,
but can range from ppm to up to 15% [20,21]. Many studies have been conducted on the effect of
syngas impurities on different acetogenic bacteria, but most of them dealt with single impurities, rather
than the complex mixture found in real biomass-derived syngas [21-24]. Some groups already did tests
with biomass-derived syngas, although in most cases with just one type of such syngas [18,23,25,26].
Besides, the reported impact of the impurities has been heterogeneous, thus a generalization is not
straightforward [21]. Since the cleaning and removal of the impurities represents an important part
of the gasification costs, it is of crucial importance to assess the extent of the cleaning needed for
syngas fermentation [27]. Studies performed for the cleaning of syngas which is intended to be used in
traditional chemical applications cannot be directly extrapolated in this case, due to the differences
mentioned above.

Due to the reasons stated above, the in-depth study of how impurities, gas composition, and
different biomass sources affect the fermentation process and its outcomes is of great relevance. Varying
biomass composition, as well as seasonal oscillations, are to be expected. Is the fermentation outcome
of biomass-derived syngas affected mainly by the CO, CO,, and H, composition, as it is in the case of
clean syngas, or will the impurities play a bigger role? Answering this question is of great importance
if an integrated bio-refinery concept is to be established. A fermentation system where a first screening
can be performed, in an easy and rapid manner can definitively help tackling this matter.
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In this study, a syngas fermentation screening system is used to detect and compare the differences
between several biomass-derived syngases, as well as model, clean syngases (commercially mixed,
and free of impurities). Three biomass-derived syngases have been compared side-by-side to clean,
commercially mixed ones, which contained the same composition minus the impurities. As well,
four different compositions of clean syngas were tested, from which two had been mixed to match
the composition of two different gasification processes. The examination of the gas usage, product
formation and growth, as well as yields, productivities, and product distribution profiles allowed for a
complete overview of the impact of the different syngases in this particular system, making this system
a valuable assessment tool for the evaluation of biomass-derived syngases as fermentation substrate.

2. Materials and Methods

2.1. Microorganism, Medium and Fermentation Conditions

The microorganism used in all fermentations was C. ljungdahlii DSM 13528. Both the pre-cultures
and the fermentation media were based on the one described by Tanner [28]. It contained MES
(2-(N-morpholino) ethanesulfonic acid) as buffer, and the pH was adjusted to 5.9 before autoclaving.

Pre-cultures for each experiment were freshly prepared from a single glycerol stock, stored at
—80 °C. Its full content was transferred to a 100 mL serum flask containing 50 mL of medium, with
10 g/L of fructose as carbon source, and was grown for 48 h at 37 °C. Two subsequent passages were
performed, following the same procedure described, using a 10% inoculum. For the last passage,
three 250 mL serum flasks, containing 150 mL final medium, were inoculated, one for each fermenter.
The fermenters were all inoculated simultaneously with a 10% inoculum volume, using the full content
(150 mL) of one of the 250 mL serum flasks for each fermenter. This is described in more detail
elsewhere, including the specific composition of the medium [29].

2.2. Experimental Set-Up

All experiments were conducted in triplicates (n = 3). The fermentation time for all set-ups was
approximately 93 h.

The syngas used for set-ups 1 and 3 was derived from gasified straw, and was produced and bottled
at the Bioliq® plant at KIT, Germany [30]. Set-ups 2 and 4 used a commercially-mixed, clean syngas
mixture which replicated the composition of the Bioliq® syngas. The impurities of the biomass-derived
Bioliq® syngas were reported to be: CHy (0%), CH3;OH (0%), HCI (0 ppm), HCN (0.91 ppm), NH;3
(150 ppm), H,S (54.1 ppb), COS (12.3 ppb). The analysis was done before CO; cleaning.

Set-ups 5 and 6 used clean, commercially-mixed syngas. These mixtures mimicked the composition
of the syngas produced from the gasification of beech wood or lignin, respectively, at the MILENA
indirect gasifier at TNO Energy Transition, Biomass and Energy Efficiency Unit, The Netherlands [13],
but no CH, was included in the mixture. The composition of the two original biomass-derived syngases
produced at the MILENA plant, its impurities and the outcome of its fermentation can be found in
Liakakou, Infantes et al. [31]. Set-ups 5 and 6 were performed under the same conditions as the beech
wood and lignin biomass-derived syngas, respectively.

The syngas used for set-ups 7 and 8 was clean, commercially-mixed. For set-up 7, its composition
was based on the syngas resulting from the gasification of lignin at 850 °C after limestone cleaning, at
LNEG (National Laboratory of Energy and Geology), Portugal [32,33]. For set-up 8, the composition
was equivalent to that of the syngas obtained by an updraft gasifier of lignin both using oxygen and
steam as gasification agents, at the ENEA Research Centre of Trisaia, Italy [32]. Both the original
biomass-derived syngas on which set-ups 7 and 8 are based contained only a small amount of Nj.
This means that the standard off-gas analysis, as described elsewhere [34], would not be possible,
since N is used in this fermentation system to calculate the total flow rate in the off-gas. The syngas
from LNEG and ENEA contained CHy, and since it has been proven to be inert [31] and can be easily
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detected by GC analysis, CHy was included in the custom-made gas mixture and used in place of Nj
to calculate the off-gas flow rate in the same manner.

Two other theoretical, clean syngas compositions were evaluated in set-up 9 and 10, named here
“custom mixture A” and “custom mixture B”. These two mixtures were chosen in order to include two
clean gases with a lower Hj content, and different CO,:CO ratios, to be able to compare between a
wider range of syngas compositions. The composition was chosen to be in accordance with a possible
syngas obtained from the gasification of biomass.

Figure 1 shows a schematic representation of the fermentations performed in this work.

Comparison between biomass-derived and clean syngas Clean syngas — composition effect

* Biomass-derived * Clean syngas « Based on real gasification products
Biolig® (KIT): straw Clean “Biolig®-like” 7 - LNEG (Portugal)
1- low flow 2 - clean, low flow 8 - ENEA (ltaly)
- high f -cl high fl

S-HgheR: e 4 Ll * Custom clean mixtures with identical H, but varying
co/co,

TNO (Netherlands) Clean “TNO-like” .
9 - Custom mixture A

beech wood [31] 5 - clean, “beech wood-like” 10 - Custom mixture B

lignin [31] 6 - clean, “lignin-like”

Figure 1. Schematic representation of the experiments performed. Each biomass-derived syngas was
compared to clean syngas containing the same composition, but without the impurities (set-ups 1 to 6).
The arrows denote pairs of fermentations that were compared side-by-side. Fermentations performed
with biomass-derived syngas from TNO Energy Transition, Biomass and Energy Efficiency Unit, the
Netherlands, were described elsewhere [31]. Different clean syngases were also tested individually
(set-ups 7 to 10), in order to assess the effect of the clean syngas composition on the fermentation
outcome. All clean syngases were commercially-mixed, containing only CO, CO,, H; and Nj. In the
case of set-ups 7 and 8, it additionally contained CHy.

2.3. Analytical Methods

For the fermenters’ off-gas analysis, a GC-2010 Plus AT gas chromatograph (GC) (Shimadzu,
Kyoto, Japan), with a ShinCarbon ST 80/100 Column (2 m X 0.53 mm ID, Restek, Germany) and an
Rtx-1 capillary column (1 um, 30 m X 0.25 mm ID, Restek, Bad Homburg, Germany) was used.

Four sampled were obtained from each fermenter daily, at 2-3 h intervals, with no samples
collected overnight. From this samples, optical density (OD), and acetate and ethanol concentration
were determined. Moreover, to detect any left-over fructose, this was also measured during the first
24 h. pH was measured on-line.

Detailed explanations for the analytical procedures and product formation parameters calculations
can be found elsewhere [29].

2.4. Gas Flow Rate Setting

Due to the differing gas composition of the gases tested, not all parameters could be kept constant
simultaneously. Table 1 shows the average composition and the gas flow fed into the fermenter for all
syngases. The values are given as the measured off-gas composition by the on-line GC after the reactor
reached equilibrium and under abiotic conditions (before inoculation). At that point, the gas flow fed
into the fermenter equals that which comes out at the off-gas.

To enable a comparison between them, the gas flow rate was adapted in each fermentation, in
order to have a fixed molar carbon flow or hydrogen carbon flow.
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Table 1. Composition of the gas, flow rate, and amount of substance fed for each set-up. The bioreactors were sparged with each gas before inoculation for at least
3 h. The syngas composition is given based on the average of the values detected in the off-gas measured during this time, after reaching equilibrium conditions in
the fermenter. In all cases, apart from CO, CO,, H;, and CHy, the remaining component of the syngas is N,. Cjj, refers to the sum of the amount of CO and CO;.
All fermentations were done as triplicates (n = 3), and the values given here are the corresponding averages. The syngas custom mixtures which were prepared with
the same composition as biomass-derived syngas are marked as such, with the source of the syngas they were based on in brackets. TNO BW: syngas produced at
TNO from beech wood; TNO LS: syngas produced at TNO from lignin; LNEG: syngas produced at LNEG, gasification at 850 °C, with limestone treatment; ENEA:
syngas produced at ENEA, gasification using O, and steam. Dashes (-) indicate substances not present in the mixture.

Custom Custom Custom Custom Custom Custom Custom Custom
Syngas Source Bioliq®-Straw Mixture Bioliq®-Straw Mixture Mixture Mixture Mixture Mixture Mixture A Mixture B
(Bioliq®) (Bioliq®) (TNOBW) (TNOLS) (LNEG) (ENEA)
Impurities Yes No Yes No No No No No No No
Set-up 1 2 3 4 5 6 7 8 9 10
S co 28.8 29.8 28.9 29.2 27.0 21.3 26.1 26.7 325 21.2
ynees CO, 2.8 2.6 2.8 2.7 18.3 20.6 16.7 26.4 11.9 137
Cm[!:zg(l).s‘; }°“ H, 295 29.1 284 283 233 254 30.4 345 21.9 219
? CH,4 - - - - - - 18.9 5.3 - -
Gas flow rate [mL/min] 26.3 26.3 18.0 18.0 18.0 23.0 20.0 16.0 18.0 23.0
Cin (COz + CO) [mmol/min] 0.37 0.38 0.25 0.26 0.37 0.43 0.38 0.38 0.36 0.36
Hj, in [mmol/min] 0.35 0.34 0.23 0.23 0.19 0.26 0.27 0.25 0.18 0.23
COjp, [mmol/min] 0.34 0.35 0.23 0.23 0.22 0.22 0.23 0.19 0.26 0.22
CO3, in [mmol/min] 0.03 0.03 0.02 0.02 0.15 0.21 0.15 0.19 0.10 0.14
CHy, in [mmol/min] - - - - - - 0.18 0.04 - -
HCN [ppm] 091 - 091 - - - - - - -
. NH; [ppm] 150 - 150 - - - - - - -
I t
MPUIIHES 1,8 [ppbl 54.1 - 54.1 - - - - - - -

COS [ppb] 12.3 - 12.3 - - - - - - -
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Both the flow of carbon or H; fed were established and chosen as standard conditions in previous
experiments developed in this group [35]. There, a standard fermentation was established with a
syngas containing 32.5% CO, 16% CO,, and 32.5% Hj (rest Ny), and 18 mL/min as the gas flow. The total
molar carbon flow (Cj,, the sum of CO, and CO) was 0.4 mmol/min, and the total molar hydrogen
flow, 0.26 mmol/min [35]. Here, for all experiments, except for set-ups 3 and 4 (Table 1) the total molar
flow of carbon fed into the fermenter was 0.4 mmol/min. In set-ups 3 and 4, to evaluate the effect of
lowering the carbon flow, but maintaining the H, flow, the total gas flow was adjusted so that the
molar flow of H; fed into the fermenter (H,,i,) was 0.26 mmol/min.

3. Results

All results are given as the average of a triplicate experiment (n = 3).

Product yields (acetic acid and ethanol) to total substrate fed (Yp/s, feq), to used substrate (Yps, ysed),
and to substrate fixed (Ypys, fixeq) calculated up to the endpoint are shown in Table 2. For the standard
deviations, refer to Table S1.

Table 2. Fermentation outcomes, yields, and productivities for the complete run. Ypss, [g/g] = gram
of products (acetate and ethanol) formed per gram of substrate (CO, CO,, and Hj). This has been
calculated per grams of substrate fed, used, and fixed. Ypjx [g/g] = gram of product (acetate and
ethanol) per gram of biomass (cell dry weight). Ec, tota1 [mol%] = percentage of carbon fixed, as the
sum of COygeq and COy, ygeq per total carbon fed (COgeq plus COy, oq). Values are given as the average
of a triplicate (n = 3). Total productivity includes all measured products, that is, ethanol and acetate.
For standard deviations, please see Supplementary Table S1.

Set-Up 1 2 3 4 5 6 7 8 9 10

Total process time [h] 93 93 93 93 93 93 94 95 93 94
Yp/s, used [8/8] 0.54 0.68 0.77 0.80 0.87 0.95 0.85 0.82 0.72 0.87
Yps, fed [g/g] 0.29 0.43 0.46 0.38 0.38 0.34 0.38 0.36 0.38 0.38
Ypss, fixed [8/8] 0.93 0.99 0.91 0.98 0.92 0.96 0.88 0.82 0.91 0.96
Yp/x [g/g] 2051 3236 2023 2809 3479 3254 2929 3101 2949 3349

Vgas, fed [L1] 147 148 100 101 100 129 112 91 100 128
acetate: ethanol [mol] 2.35 5.25 3.43 15.90 16.63 8.29 7.38 9.16 11.92 8.00

Acetate 0.10 0.18 0.12 0.12 0.19 0.20 0.19 0.19 0.17 0.18

v .
“’[‘;;‘LC:‘]’“Y Ethanol 003 003 003 0001 001 002 002 002 00l 002
Total 014 021 015 012 020 022 021 020 018 019

EC, total [mo1%] 3095 4465 5223 3987 4879 4253 4272 5088 4661 4775

The same parameters mentioned but calculated up to the point when maximum CO fixation
ended, are given in Table 3. In Table S2 the standard deviations for all values are included.
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Table 3. Fermentation outcomes, yields, and productivities calculated up to the point when maximum
CO fixation stopped. Yps, [g/g] = gram of products (acetate and ethanol) formed per gram of substrate
(CO, COy, and Hy). This has been calculated per grams of substrate fed, used, and fixed. Yp/x [g/g]
= gram of product (acetate and ethanol) per gram of biomass (cell dry weight). Ec tota1 [mol%] =
percentage of carbon fixed, as the sum of COygeq and COy, yseq per total carbon fed (COjeq plus COy, feq)-
Values are given as the average of a triplicate (n = 3). Total productivity includes all measured products,
that is, ethanol and acetate. Set-ups 1 and 2 did not achieve a CO fixation above 85% and are therefore
not included here. For standard deviations, please see Table S2. A yield slightly above 1 is deemed the
result of small analytical inexactitude.

Set-Up 3 4 5 6 7 8 9 10
Yp/s, used [8/8] 0.83 0.88 0.89 0.95 0.93 0.82 0.83 0.87
Ye/s, fea [8/g] 0.44 0.61 0.38 035 0.41 0.39 0.38 0.37
Yeys, fixed [g/8] 0.98 1.03 0.93 0.95 0.93 0.82 0.99 0.90
Yex [g/g] 13.82 15.24 21.67 2424 21.34 21.73 15.34 20.38

Vagas, fed [L] 79 52 77 103 87 71 55 93
acetate: ethanol [mol] 345 17.20 31.81 11.60 12.07 14.89 45.20 12.39
Productiviey  Acetate 0.12 0.20 0.20 0.21 022 021 0.19 0.18
[g/Lh] Ethanol 0.03 0.01 0.01 0.01 0.01 0.01 0.003 0.01
Total 0.15 0.21 0.20 023 0.23 0.23 0.19 0.20
EC, total [mol%] 4933 61.07 48.04 4327 5231 52.68 4472 4735

CO, CO,, and H; usage and CO fixation profiles for all set-ups are shown in Figure 2. Figure S1
shows the full profile of the gas usage and fixation for set-ups 1 to 4.

3.1. Comparison between Biomass-Derived and Impurity-Free Syngas

3.1.1. Bioliq® Syngas, Set-Ups 1 and 2

Substrate Usage and Carbon Fixation

In set-up 1, which used Bioliq® syngas containing impurities at a gas flow rate of 26.3 mL/min
(Table 1), the culture presents a lag phase lasting 8 h, after which CO usage started (Figure 2A).

Maximum CO usage (that is, when less than 0.05 mmol/min CO, corresponding to 85% of CO
usage, is detected in the off-gas) started 35 h after inoculation. It lasted for 34 h (Figure 3A). H, usage
started only after 23 h, when the off-gas flow of CO was 0.19 + 0.09 mmol/min. The lowest flow of
H; detected in the off-gas was 0.13 + 0.02 mmol/min at 47 h, corresponding to 62.20 + 6.27% usage.
This can be seen in Figures 1A and 2A.
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Figure 2. Substrate usage and fixation for set-ups 1 to 10. (A) to (J), in alphabetical order, refer to
each individual set-up, in numerical ascending order—(A) is set-up 1, (B) is set-up 2, etc. Usage is for
Hj (red line), CO; (green line), and CO (blue line). CO fixation is depicted by the dotted blue line.
The calculated difference between amount of substance flow rate fed into the bioreactor and the amount
of substance flow rate detected in the off-gas is shown here as a percentage. For CO fixation, if the
CO, usage was negative, the amount of CO, produced was subtracted from the amount of (perceived)
CO used. Lines show the average of a triplicate (n = 3), while the lighter colored areas depict the
standard deviation.



Fermentation 2020, 6, 84 9 of 26

A B
0.354 0.354
fa‘f:vw,\ /AW
0.304 0.30
0251 \“ N 0251
\
020 \\ 020
0.154 \ s 0.154
0.10 ~ 0.10
P
0.054 \ W s 0.054
_;__/’
0.00 T T T T T T T T v . 0.00
[
0351 035
0.304 0.30
0251 0.254
0204 :”M i 02047
0.154 \\ 0.154
0.10 \ 0.10
0.051 ™ 0.054
\\ f\\ ~,~,—-"fN,JJ
0.00 e e e 0100
035 R 035
334 5 gy |
T 030 030
E 025 0251
3
£ 0204 0.20
£ :
= 01547 0.15
0.104 \ 0.104
0.054 \\ ‘ 0.054
0.00 . \‘ s / L 0.00
G
0351 0.351
0.304 0.304
0251 0.251
o,zo«\\ 0.20
0154 0.154
0.104 \ 0.101
0.05 \k / 0.051
0.00 e 0.00
03s]' 035
0.304 0.304
0.251 025
. -
0.204 0204
0.15 Mﬂ\*\w 0.15 \\
0.10- \\ 0.10- \ /
0.05 1 \ 0.054 \ -~
A 8 A — B S -
0.00 . = e

T T T v v P T r » 0.00 T T g g T T T T 1
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100

process time |h|

[—H, co CO, ——CH,

Figure 3. Off-gas profile for set-ups 1 to 10. (A) to (J), in alphabetical order, refer to each individual
set-up, in numerical ascending order—(A) is set-up 1, (B) is set-up 2, etc. The molar flow rate is shown
here, as obtained from the measurements of the on-line GC, for Hj (red line), CO; (green line) and CO
(blue line). Lines show the average of a triplicate (1 = 3), while the lighter colored areas depict the
standard deviation.

No CO, usage was detected at any point; on the contrary, it was produced throughout the
fermentation (Figure 3A). This affected the maximum CO fixation obtained, since it stayed above
70% for only 7 h, reaching its maximum value (74.14 + 2.89%) at 47 h, simultaneously to the highest
consumption of Hy. The percentage of carbon fixed in products and biomass (Ec ota1) at the end of the
run was 30.95 + 2.05 mol% (Table 2).
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No maximum overall usage was detected during the fermentation. This term describes the
interval during which the sum of CO, CO,, and H; usage combined was above 85% of the maximum
achieved for the whole fermentation [29].

In set-up 2, with the same composition of syngas and at the same flow rate, but without impurities,
the lag phase was remarkably shorter, with CO usage starting almost immediately, after 1.5 h. Maximum
CO usage (above 85%) also happened earlier in this case, at 22 h of process-time, and lasted longer:
53 h (Figure 2B). The same trend is true for Hy, whose usage started after 7 h when the CO in the
off-gas was 0.33 + 0.01 mmol/min, which is higher than for the previous experiment. The lowest flow
of Hy and the corresponding maximum usage value were 0.08 + 0.02 mmol/min and 75.99 + 5.77%,
respectively, after 39 h (Figures 1B and 2B).

CO; usage did not happen in this set-up either (Figure 3B). Here, though, CO fixation was above
70% for 30.5 h, four times longer than for the former set-up. Its maximum was attained earlier, at 30 h,
with 81.14 + 0.29%, slightly before the maximum Hj consumption. E 1,151 Was also higher, as a result
of the improved CO fixation: 44.65 + 22.23 mol% (Table 2).

As with set-up 1, neither here any maximum overall usage was observed.

Biomass, Product Formation, Yield, and Productivity

As can be observed in Figure 4A, biomass increased continuously during the first 49 h in the
first set-up. A CDW (cell dry weight) of 0.60 + 0.12 g/L. was achieved at that point. Afterwards,
growth slowed down and eventually plateaued. Maximum CDW was reached its maximum at 69 h
(0.71 £ 0.12 g/L). Acetate production happened mostly between 20 h and 73 h.

At 25 h, the acetate concentration was 0.84 + 0.34 g/L, and the highest concentration was detected
at 91 h (10.27 + 1.19 g/L). Ethanol production was already detected after 21 h (0.20 + 0.12 g/L), and it
continued to increase throughout the fermentation, up to 3.29 + 0.42 g/L at the end of the run.

As can be observed in Figure 4A, biomass increased continuously during the first 49 h in set-up 1.
A CDW (cell dry weight) of 0.60 + 0.12 g/L. was achieved at that point. Afterwards, growth slowed down
and eventually plateaued. Maximum CDW was reached at 69 h (0.71 + 0.12 g/L). Acetate production
happened mostly between 20 h and 73 h. At 25 h, the acetate concentration was 0.84 + 0.34 g/L, and
the highest concentration was detected at 91 h (10.27 + 1.19 g/L). Ethanol production was already
detected after 21 h (0.20 + 0.12 g/L), and it continued to increase throughout the fermentation, up to
3.29 + 0.42 g/L at the end of the run.

In set-up 2, in the absence of impurities, more biomass could be generated during the first
51 h, with a CDW of 0.72 + 0.04 g/L at that time point. At 76 h, its measured maximum was met,
0.76 + 0.07 g/L. Thereafter, a decrease in biomass was seen (Figure 4B). Acetate production was faster
in this case, with 2.55 + 0.48 g/L produced after 26.5 h. The final concentration was 16.75 + 0.34 g/L,
a 63% increase compared to set-up 1. Contrarily, less ethanol was produced, with a final value of
2.47 +0.24 g/L, 25% less than set-up 1.

Product yields (acetic acid and ethanol) to total substrate fed (Yp/s, feq), to used substrate (Yp/s, used),
and to substrate fixed (Yps fixed) calculated up to the endpoint are shown in Table 2. No values are
given up to the point when maximum CO fixation ended due to the fact that no CO fixation above
85 mol% was detected.

It can be noted that set-up 2 achieved a better performance overall, with higher yields and
productivities, except for ethanol. Set-up 1 presented a lower acetate to ethanol ratio (2.35 compared to
5.25 in set-up 2), meaning more ethanol was produced per mol of acetate.

Yp/x at the end-point is higher in set-up 2: 32.36 £ 1.99 gproducts/8biomass, compared to
20.51 + 1.75 gproducts/Sbiomass for set-up 1, indicating that more grams of product per gram of biomass
were formed (Table 2).
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Figure 4. Growth and product formation of set-ups 1 to 10. (A) to (J), in alphabetical order, refer to each
individual set-up, in numerical ascending order—(A) is set-up 1, (B) is set-up 2, etc. Average values of
the triplicates (n = 3) for cell dry weight (CDW, black triangles), acetate (green squares) and ethanol
(red dots), with standard deviation. Points indicate actual measurements. Lines are only depicted for
clarity purposes.
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3.1.1.3. Biolig® Syngas, Set-Ups 3 and 4

Substrate Usage and Carbon Fixation

In set-up 3, which is analogous to set-up 1 except for the reduced gas flow (18 mL/min, Table 1),
CO usage started slightly later, at 10 h (Figure 2C). Maximum CO usage started after 35.8 h, similar to
set-up 1, but did not stop and lasted until the end of the fermentation.

H; usage started, in this case, after 31.3 h, a delay of 8 h compared to set-up 1. At that moment,
the CO flow in the off-gas was 0.10 + 0.05 mmol/min (Figure 3C). Maximum H; usage was remarkably
higher than set-up 1, 96.07 + 0.26% (0.01 £+ 0.001 mmol/min in the off-gas), at 59.5 h. For comparison,
H; consumption was already at 61.69 + 13.89% at 41 h, and 79.47 + 9.17% at 47 h (Figure 2C).

As seen in the previous experiment with lower gas flow, no CO, usage was detected here
either (Figure 3C). Nonetheless, more CO could be fixed: at 38 h CO fixation had already reached
70.91 + 13.79%. In contrast to set-up 1, CO fixation above 85% was detected between 44.5 h and 82.12 h
(Figure 2C). Ec ota] at the end of the run was, therefore, increased: 52.23 + 2.11 mol% (Table 2), 69%
higher than its corresponding higher-flow set-up. The maximum overall usage interval, where the sum
of CO, CO,, and H, combined was above 85% of the maximum achieved for the whole fermentation,
lasted 9 h, from 54.4 h to 63.2 h (Table 4).

Table 4. Gas consumption profiles. All values given as an average of a triplicate (n = 3). Maximum
overall usage interval was calculated as the time period where an 85% of the combined maximum total
usage (CO, CO;,, and Hj) was achieved for each individual fermentation. Similarly, the maximum
CO fixation for each experiment was calculated, and the last point where it was above 85% of this
maximum is given as the “time to end of maximum CO fixation.” Set-ups 1 and 2 did not reach a value
of maximum overall usage above 85%, nor did the CO fixation rise above that threshold.

Set-Up 1 2 3 4 5 6 7 8 9 10
Maximum Start [h] na. na 544 345 181 210 210 162 282 220
overall End [h] na. na 632 440 739 710 69.0 707 662 670
usage Duration[h] na. na 88 95 558 500 480 545 380 450

intervat :
Time to end of maximum

CO fixation (>85%) [h] na. na. 821 488 826 792 800 842 593 665

The gas composition for set-up 4 was the same as the one used for set-up 2, emulating the Bioliq®
syngas but without any impurity. The gas flow rate was the same as for set-up 3 (Table 1). From this
first group of fermentations, this was the one where CO usage started the earliest: immediately after
inoculation. After 15 h, maximum CO usage had been achieved, making this fermentation the fastest
here as well. In this instance, though, it behaved similarly to set-up 2, and decreased to 16.17 + 7.38%
at 63.08 h, stopping altogether at 80 h (Figure 2D). It lasted 65 h, 12 h longer than set-up 2. Some H,
usage was observed from the start, averaging to 1.89% for the first 9 h, reaching 20.06 + 5.85% at 15 h
of process-time, making this the earliest of the 4 set-ups for Bioliq® syngas. Afterwards, it increased
steadily and reached higher values than its higher flow counterpart. Values above 85% usage started at
36 h: 85.44 + 7.98%, corresponding to 0.03 + 0.02 mmol/min in the off-gas (Figure 3D), with maximum
usage lasting for 6 h (Figure 2D). Its maximum value was 85.73 + 6.34%, at 39 h.

In line with the previous runs, no CO; usage was seen (Figure 3D). Maximum CO fixation
started at 24.5 h and lasted for 24 h until process-time at 49 h (Table 4). Even if the maximum CO
fixation achieved was higher, interestingly, it stayed above 70% during 36 h, very similar to set-up 2.
Its maximum, 94.18 + 4.68%, at 39 h, happened simultaneously to the maximum Hj usage. Ec, a1 for
the complete run was 39.87 + 3.14 mol%, lower than both set-ups 2 and 3 (Table 2). The maximum
overall usage interval started 20 h earlier than in set-up 3, but lasted for a similar period of time, 9.5 h,
0.7 h longer (Table 4).
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Biomass, Product Formation, Yield, and Productivity

Acetate production and biomass growth started in set-up 3 after 19 h, as can be seen in Figure 4C.
After 71 h, the maximum CDW was obtained: 0.81 + 0.06 g/L, slowly decreasing after that. After the
first 19 h, acetate concentration in the broth increased constantly throughout the fermentation, up to
its final value of 12.25 + 1.59 g/L. Ethanol formation started also after 19 h, but its production rate
increased at the same time as the growth stopped (Figure 4C). By the end of the fermentation, it had
slowed down, reaching a final concertation of 2.43 + 0.01 g/L.

Regarding set-up 4, biomass increased faster, reaching 0.40 + 0.07 g/L at 19 h, steadily rising to
its maximum measured, 0.72 + 0.04 g/L at 50 h. After 66.5 h, a reduction in the CDW concentration
was detected, dropping to a final value of 0.47 + 0.03 g/L (Figure 4D). Even if biomass had increased
during the first 19 h, only 0.98 + 0.08 g/L of acetate was produced. Subsequently, the production of
acetate increased and reached the maximum measured concentration of 10.98 + 0.71 g/L at 66.5 h, when
growth had already haltered. Some increase still happened up to the end of the process, albeit slower.
The final concentration in the broth was 11.33 + 1.03 g/L. Contrasting with the other three set-ups, just
0.55 + 0.09 g/L of ethanol was formed in this case.

As mentioned above, in both set-ups 3 and 4 maximum CO consumption, above 85%, was
achieved (Table 4), so in this case yield and productivity are calculated for both the end-point and up
to the point where maximum CO fixation stopped, and are shown in Tables 2 and 4.

It can be seen that, as already observed for set-ups 1 and 2, the fermentation with clean syngas,
set-up 4, resulted in a much higher acetate to ethanol ratio compared to that of set-up 3, both at
the end of the process (Table 2), and up to the point where maximum CO fixation ended (Table 3),
being approximately 5 times higher in both cases. Concerning the yields, those of set-up 4 were
in all cases above the ones of set-up 3. As for the end-point Yp/x, it was higher for set-up 4
(28.09 £ 2.70 gproduct/Zbiomass, against 20.23 + 1.32 guroduct/Zbiomass for set-up 3). Up to the point
where CO fixation ended, even if Yp)x was also higher for set-up 4, the difference was much smaller:
13.82 + 0.62 for set-up 3, and 15.24 + 0.41 for set-up 4.

3.1.1.6. TNO Syngas, Set-Ups 5 and 6

The results of the fermentation of two biomass-derived syngas, following the gasification of beech
wood and lignin at the MILENA gasifier, TNO Energy Transition, Biomass and Energy Efficiency Unit
(Netherlands), were shown in Liakakou, Infantes et al. [31]. Some of the results obtained there were: for
the beech wood syngas, the maximum CDW obtained was 0.62 g/L at 66.5 h; the final acetate and ethanol
concentrations were 15.6 g/L and 1.6 g/L, respectively, with a total final productivity of 0.18 g/L-h. Final
Yp/s, used Was 0.83 gproduct/ substrate, and final Yp/s, fixed, 097 gproduct/ Ssubstrate. Maximum gas usage was
obtained between 17 and 38 h [31]. Regarding the lignin gas, the maximum CDW was 0.61 g/L at
66 h, similar to the beech wood syngas. The final product concentration was 14.9 g/L for acetate, and
2.2 g/L for ethanol. Total final productivity was 0.18 g/L-h. End-point Yp/s ysed and Ypss, fixed Were,
respectively, 0.79 8product/Zsubstrate and 0.92 product/Zsubstrate- FOT this syngas, maximum gas usage was
detected between 22 and 48 h [31].

Below, the results for the fermentations done with the same composition as each of the TNO
syngases, but without impurities, are given.

Substrate Usage and Carbon Fixation

In set-up 5, maximum CO usage was reached 14 h after inoculation (Figure 2E), with a detected
flow of CO in the off-gas of 0.03 + 0.01 mmol/min (Figure 3E). 3 h later, at 17 h of process-time,
maximum CO fixation was detected. This lasted for 66 h, averaging 94%. Maximum CO usage lasted
until the end of the fermentation.

H, usage started 9 h after inoculation of the fermenters, increasing thereafter, and reaching
the maximum threshold (>85%) after 18 h (Figure 2E), when the flow of H, detected in the off-gas
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had decreased to 0.03 + 0.01 mmol/min (Figure 3E). This maximum usage lasted 67 h, up to 85 h of
process-time, with an average of 95%.

Some marginal CO, usage was detected between 21 h and 49 h, with an average of 1% (Figure 2E).

Between 18 h and 74 h, maximum overall usage was achieved (Table 4). Ec tota] for the overall run
was 48.79 + 2.41 mol% (Table 2).

In set-up 6, maximum CO usage lasted for 79 h, between 15 h and the end of the fermentation.
The maximum CO fixation interval went from 18 h to 79 h, with an average of 95% (Figure 2F).

At 22 h Hy maximum usage started, lasting until 71 h of process-time. An average of 0.02 mmol/min,
or 92% usage, was detected between those two time points. CO, usage was detected starting from
20 h to 71 h, averaging 10%. Its maximum was met at 40 h, when 0.17 + 0.01 mmol/min of CO, were
measured in the off-gas, representing 17.72 + 1.50% usage (Figures 1F and 2F).

The interval of maximum overall usage started at 21 h and ended at 71 h of process-time (Table 2).
The Ec, tota1 for the complete run amounted in this case to 43.27 + 0.28 mol% (Table 2).

Biomass, Product Formation, Yield, and Productivity

Biomass, acetate, and ethanol profiles are shown in Figure 4E for set-up 5, and Figure 4F for
set-up 6.

On set-up 5, biomass reached 0.40 + 0.01 g/L 19 h after inoculation. The CDW continued to
increase up to 45 h, with an average of 0.71 g/L between 42 h and 50 h. Afterwards, it started to decline,
and the final recorded value was 0.60 + 0.11 g/L.

After the first 19 h, acetate was produced at a constant rate throughout the fermentation, reaching
a final value of 18.00 + 0.74 g/L. Ethanol, on the other hand, remained below 0.2 g/L up to 67 h, when it
reached 0.28 + 0.05 g/L. Its final concentration was 0.84 + 0.07 g/L.

The final molar acetate to ethanol ratio for this fermentation was 16.63 + 1.71 (Table 2), while
up to the end of maximum CO fixation, it was much higher, 31.82 + 2.22 g/I. (Table 3), as a result of
the later start in ethanol formation. The total, final productivity was 0.20 + 0.01 g/L-h, that the same
value as for the productivity calculated up to the end of maximum CO fixation. Regarding the yields,
Ypys, fixed Was very similar for the entire run and up to the end of maximum CO fixation, with values
0f 0.92 £ 0.03 gproduct/Gsubstrate and 0.93 £ 0.02 gproduct/Gsubstrate, respectively. Yp/x calculated at the
end-point was 34.79 + 7.47 gproduct/gbiomass- Up to the end of maximum CO fixation, this was lower,
21.67 £1.19 gproduct/ Ebiomass*

Concerning set-up 6, the biomass growth followed a similar trend to that of set-up 5, reaching
0.68 + 0.02 g/L 43 h after inoculation. It then slightly increased to its maximum, 0.73 + 0.07 g/L at 67 h,
remaining mostly constant until 90 h. A decrease in the cell dry weight was noticed in the last sample.

As with set-up 5, acetate was produced during the whole process, but in this case, after 67 h
its production slowed down slightly, coinciding to when the culture stopped growing. A noticeable
ethanol production only happened after approximately 50 h, when it reached 0.41 + 0.03 g/L. At 67 h, the
ethanol formed amounted to 0.77 + 0.11 g/L, and the final concentration measured was 1.76 + 0.23 g/L,
almost 1 g/L higher than set-up 6.

The molar ratio of acetate to ethanol at the end of the process was 8.29 + 1.07, half that of set-up
5. Also, when looking at the ratio obtained up to the end of maximum CO fixation, on set-up 6 it
was almost three times lower than set-up 5 (Table 3). The acetate and total productivities for both
calculated intervals are comparable to set-up 5, but is not so for ethanol, which were higher, as expected
by looking at the product formation mentioned above. Both Yp/sfeq and Ypys fixeq are comparable to
those of set-up 5, as can be seen in Tables 3 and 4. Yp/s used, though, was higher for this run. The final
Yp/x equated to 32.54 £ 1.50 gproduct/Sbiomass, Very close to that of the previous set-up, and so it was the
calculated up to the end of maximum CO fixation, 24.24 £ 0.77 gproduct/8biomass-
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3.1.2. Clean Syngas Fermentations
3.1.2.1. LNEG and ENEA Based Syngas, Set-Ups 7 and 8

Substrate Usage and Carbon Fixation

In set-up 7, CO usage started directly after inoculation, reaching 85% at 14 h. Maximum CO
fixation started shortly thereafter, at 17 h, and stopped at 80 h. Maximum usage lasted up to the
end of the fermentation, and during this time the average flow of CO detected in the off-gas was
0.007 mmol/min, representing a 96.97% average usage (Figure 2G).

H; usage started 11 h after inoculation, when the detected flow in the off-gas was
0.26 + 0.003 mmol/min (2.47 + 1.28% usage). It stayed above 85% for 53.5 h, from 21 h to 74.5 h.
The average usage during that time amounted to 93.75%. The lowest flow of H; detected in the off-gas
was 0.006 mmol/min (97.64 % usage), between 39 h and 45 h (Figure 3G).

CO;, usage started after 20 h, and lasted until 66 h. The average usage was 10.31%. Its maximum
was 18.31 + 3.64%, met at 41 h (Figure 2G), when 0.13 + 0.01 mmol/min were detected in the off-gas
(Figure 3G).

Between 21 h and 69 h, maximum overall usage was detected (Table 4). For the complete run, the
Ec total was 51.52 + 0.70 mol% (Table 2).

As can be seen in Figure 2H, the syngas which emulated ENEA, used in set-up 8, presented a very
similar profile regarding CO and H, usage and CO fixation, but an increased CO, usage: in fact, the
highest of all gases tested. Maximum CO usage was achieved at 12 h of process-time, while maximum
CO fixation happened just one hour later.

At 9 h of process-time, H; usage slowly started, and passed the 85% usage mark at 17 h, with
0.03 £ 0.005 mmol/min in the off-gas (Figure 3H). At 73 h, maximum H, usage stopped, and it kept
decreasing until the end of the fermentation. During the interval of maximum usage, its average was
95.77%, or 0.01 mmol/min detected in the waste gas stream.

CO,; usage was detected at 14 h, very closely in time with the starting of maximum CO fixation.
It reached its maximum, 37.08 + 4.07%, which corresponds to 0.12 + 0.01 mmol/min in the off-gas
(Figure 3H), shortly after, at 18 h. It lasted until 77.4 h, with an average of 23%, or 0.15 mmol/min in
the off-gas.

The interval of maximum overall usage started five hours earlier than in set-up 7, at 16 h,
and ended at 71 h (Table 4). The Ec tta) for the complete run was very similar to that of set-up 7,
50.88 + 1.71 mol%.

Biomass, Product Formation, Yield, and Productivity

Figure 4G shows the profiles for CDW and products throughout the fermentation for set-up 7,
while for set-up 8 this is depicted in Figure 4H.

For the LNEG-like syngas, biomass increased up to 67 h of process-time, moment at which its
maximum, 0.91 + 0.02 g/L was measured. Afterwards, and until the end of the fermentation, it
decreased continuously. Acetate formation started directly after inoculation, reaching 2.07 + 0.60 g/L
after 19 h. At74.5 h, its concentration was 14.46 + 1.54 g/L, and from there on, the production slowed
down. Its final concentration was 18.35 + 0.20 g/L. Up to 50 h of process-time, only 0.24 + 0.03 g/L of
ethanol could be measured. From 67 h, though, ethanol formation increased, reaching an end value of
1.91 £ 0.13 g/L.

The end-point molar acetate to ethanol ratio was in this case 7.38 + 0.42 (Table 2), while up to the
point when maximum CO fixation stopped, it was 12.07 + 1.37 (Table 3). The total productivities for
both intervals were 0.21 + 0.001 g/L-h (Table 2), and 0.23 + 0.01 g/L-h (Table 3), respectively. Up to
the end of maximum CO fixation, both Yp/s, ysed and Ypys, fixed Were 0.93 + 0.05. For the complete run,
both yields were also similar among them, but lower than the ones obtained at the end, reflecting
the slower product formation seen towards the end: 0.85 + 0.003 gproduct/8substrate fOT Yp/s, used and
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0.88 % 0.02 gproduct/8substrate fOT Yps, fixed- The amount of product per amount of biomass generated,
Yp/x, at the end of the process was 29.29 + 0.51 gproduct/8biomass- Up to the end of maximum CO fixation,
it was 21.34 £ 1.98 gproduct/8biomass-

The fermentation with ENEA-based syngas, set-up 8, resulted in less biomass formation. During
the first 26 h, a faster growth was detected. At 50 h, the measured biomass amounted to 0.80 + 0.06 g/L.
Its maximum was detected at 72 h, with 0.86 + 0.09 g/L. Afterwards, a decrease in the biomass
concentration was observed, with a final concentration of 0.69 + 0.06 g/L. Even so, acetate and ethanol
formation presented a very similar pattern to the previous fermentation, with 2.73 + 0.33 g/L of acetate
produced after 19 h. It slowed down slightly after 69 h, similarly to what is observed in set-up 8, and
coinciding with the halt in growth. Nonetheless, its concentration kept rising until the end of the
process, when it reached 18.02 + 0.43 g/L. Ethanol production, much like set-up 7, was very low for the
first 50 h, with 0.24 + 0.04 g/L detected at that time. Afterwards, its concentration in the fermenter
raised, getting to its end value of 1.51 + 0.05 g/L, lower than in the previous run.

The obtained molar acetate to ethanol ratio at the end of the fermentation was, as expected due to
the lower ethanol, somehow higher than for the previous set-up, 9.16 + 0.26 (Table 1). This is also true
for the value obtained up to the end of the maximum CO fixation, 14.89 + 1.99 (Table 3). Productivities,
both calculated at the end-point or up to the maximum CO fixation point, were slightly inferior for
set-up 8 (Tables 2 and 4). The total, end-point productivity was 0.20 + 0.004 g/L-h. The yields obtained
were also lower, especially when looking at the complete run. They were also very similar among them,
with 0.82 gproduct/Gsubstrate fOT Yp/s, used and Ypjs, fixed, both at the end of the process and up to the point
when maximum CO fixation ended. Finally, the end-point Yp/x resulted in 31.01 + 1.96 gproduct/8biomass,
very similar to that of set-up 7. As for the resulting Yp/x calculated to the point of maximum CO
fixation, it amounted to 21.73 + 0.58 gproduct/gbiomass, €quivalent to that of set-up 7.

3.1.2.4. Custom Mixtures A and B, Set-Ups 9 and 10

Substrate Usage and Carbon Fixation

As illustrated in Figure 21, CO usage started following inoculation on set-up 9, with 85% usage
after 21 h. It reached 97.61 + 0.31% five hours later, at 26 h, and its maximum, 98.90 + 0.98% at
48 h. Average CO usage only dropped below 85% shortly before the end of the experiment, at 92 h
of process-time, but the higher standard deviation shows some discrepancy between the individual
bioreactors. Concerning CO fixation, it first reached its maximum at 28 h, with 85.32 + 0.18%, when
0.006 + 0.001 mmol/min (Figure 3I) were leaving the fermenter with the off-gas. Maximum CO fixation
stopped at 59 h (Figure 2I and Table 4).

It took 19 h for Hj usage to rise above 3%: up to that point, it averaged 0.97%. Afterwards, it
increased rapidly, reaching 84.91 + 4.46% (Figure 2I), or 0.03 + 0.01 mmol/min in the off-gas (Figure 3I),
at 27 h. At71 hit had decreased to 83.75 + 6.04%, and it continued to sharply decline afterwards.

No CO; usage could be detected in this set-up 9 fermentation. At 19 h, the amount of CO, detected
in the waste gas stream peaked at 0.18 + 0.01 mmol/min (Figure 3I), which would be —88.35 + 4.87% in
terms of usage (or 88.35 + 4.87% production).

The period between 28 h and 66 h was that of maximum overall usage (Table 4). The resulting
Ec, total for this set-up at the end-point was determined to be 46.61 + 0.96 mol% (Table 2).

Moving on to set-up 10, CO usage started, as well, directly after inoculation (Figure 2J). It surpassed
85% at 16.5 h, with 85.92 + 11.12%, and reached its higher value, 99.18 + 1.42% at 47 h. From then
on, and until the end of the fermentation, it remained at an average of 96.32%, which means that an
average of 0.008 mmol/min (Figure 4]) of CO was living the reactor. Looking at the CO fixation, it
reached its maximum at 20 h, with 87.40 + 10.59%. At 75 h, it dropped below 85% and continued to do
so until the end-point.
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H, usage averaged 1.82% during the first 13 h, starting to increase from that point on to reach
86.68 + 5.95% at 23 h. At 46 h its maximum was met, with 0.006 + 0.002 mmol/min in the off-gas
(Figure 3]), and 97.14 + 1.01% usage (Figure 2]). At 71 h, maximum usage stopped.

CO,; usage was first detected after 23 h, coinciding with the moment when H, usage reached its
maximum, and lasted until 58 h of process-time. The average usage during this period was 6.93%,
with its maximum being 11.34 + 2.99% at 43 h, or 0.125 + 0.005 mmol/min in the off-gas (Figure 3J).
The maximum interval usage occurred in the period from 22 h to 67 h (Table 4). The Ec ot for the
complete run for set-up 10 was 47.75 + 1.49 mol% (Table 2).

Biomass, Product Formation, Yield, and Productivity

Products and biomass formation are shown in Figure 4I for set-up 9. As can be seen, biomass
increased the fastest during the first 26.5 h, when the measured concentration was 0.43 + 0.03 g/L. Later
on, growth slowed down, reaching 0.65 + 0.06 g/L at 50.5 h and finally its maximum, 0.69 + 0.01 g/L at
67.5 h. From that point on, biomass stagnated and eventually decreased.

At process-time 24 h, 2.17 + 0.34 g/L of acetate was measured. From there on, the acetate
concentration increased up to 43 h, remaining constant thereafter. The final concentration measured
was 16.28 + 1.09 g/L. The detected ethanol remained very low, and practically constant, with an
average of 0.22 g/L from 20 h to 50.5 h. At 67.5 h, an increase in its production was observed, reaching
0.41 £+ 0.05 g/L, totaling 1.05 + 0.07 g/L at the end of the fermentation.

The final molar ratio of acetate to ethanol was 11.92 + 0.85 (Table 2), while if calculated up to
the point when maximum CO fixation ended, it was 45.20 + 7.39, the highest value amongst all
fermentations (Table 3).

The total productivity up to the end of maximum CO fixation was 0.19 + 0.002 g/L-h (Table 3), and
0.18 + 0.01 g/L-h (Table 2) for the complete run.

YP/S, used and YP/S, fixed were 0.72 + 0.04 gproduct/ Ssubstrate and 091 + 0.04 gproduct/ Ssubstrate,
respectively, for the entire run (Table 2). Up to the end of CO fixation, these were
0.83 +0.01 gproduct/ substrate fOT Yp/s, used and 0.99 + 0.01 gproduct/ Ssubstrate fOT Yp/s, fixed- The obtained
end-point Yp/x was 29.49 + 1.01 gproduct/8biomass While up to the point when maximum CO fixation
ended was almost half, 15.34 + 1.16 gproduct/8biomass-

Figure 4] shows growth and acetate and ethanol production of set-up 10. In terms of growth, this
fermentation followed a very similar pattern to that of set-up 9. Biomass increased at a faster rate for the
first hours, reaching 0.48 + 0.02 g/L after 26 h, slowing down afterwards, and reaching 0.65 + 0.03 g/L
at 50 h. At 67 h, it had only increased slightly to 0.67 + 0.04 g/L, starting to decrease thereafter.

Acetate formation also followed an equivalent trend to that of the previous set-up, with a slower
production for the first 19 h, followed by a continuous production, reaching a final concentration of
15.65 +0.89 g/L.

Ethanol formation started earlier in this case. At 50 h 0.38 + 0.06 g/L were detected, increasing to
0.77 + 0.05 g/L, and finally 1.77 + 0.24 g/L at the last sample taken, at 93.5 h.

Regarding the productivity, taking into consideration the overall process, it was slightly higher to
set-up 9, 0.19 + 0.02 g/L-h. When calculated up to the point when maximum CO fixation ended, it was
0.20 = 0.01 g/L-h.

Finally, the yield at the end-point equaled to 0.87 + 0.07 gproduct/Ssubstrate fOT YP/s, used,
while Ypss fixed Was 0.96 + 0.03 gproduct/8substrate- YP/x as calculated from the final sample, was
33.49 + 2.30 gproduct/8biomass, and the same parameter calculated up to the point of maximum CO
fixation equaled 20.38 + 0.89 gproduct/8biomass-

3.1.3. Productivity and Product Ratio Comparison According to Syngas Type and Composition

The results for the fermentation of biomass-derived TNO gas from beech wood and lignin were
reported in Liakakou, Infantes et al. [31]. These are shown as stars (*) in Figure 4, Figure 5, Figure 6.
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Figure 5. End-point productivity for pairs of real and clean syngases. Numbers 1 to 6 indicate the
set-up, while stars (*) refer to TNO real gases (data published elsewhere, [31]). The productivity, as
measured at the end of the fermentation, is shown by the bars. Real, biomass-derived syngases are
represented by smooth orange bars, while clean, commercially-mixed syngases are shown by diagonally
striped green bars. All values are given as the average of a triplicate, with standard deviation.
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Figure 6. Productivity up to the end of maximum CO fixation for pairs of real and clean syngases.
Numbers 3 to 6 indicate the set-up, while stars (*) refer to TNO real gases (data published elsewhere, [31]).
The productivity, as measured at the end of the fermentation, is shown by the bars. Real, biomass-derived
syngases are represented by smooth orange bars, while clean, commercially-mixed syngases are shown
by diagonally striped green bars. All values are given as the average of a triplicate, with standard
deviation. No values are given for set-ups 1 and 2 due to the fact that no maximum CO fixation occurred.

As can be seen in Figure 5, for each pair of real and clean syngas tested under the same conditions,
and for which the flow of carbon-containing substrates (Cj,) was 0.4 mmol/min (Table 1), the end-point
productivity of the gas devoid of impurities was higher in all cases. Set-ups 1 and 2 present the highest
difference amongst the experiments.
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For set-ups 3 and 4, where the gas flow was lower, with Cj, fixed at 0.3 mmol/min and Hj j,
at 0.2 mmol/min (Table 1), the opposite is true: the biomass-derived syngas, containing impurities,
presented a higher final productivity.

When the productivity is calculated up to the end of maximum CO fixation, the clean gases
present a higher productivity in all cases (Figure 6). As mentioned above, set-ups 1 and 2 are not
included due to the fact that no maximum CO fixation (no CO fixation above 85%) was detected.

Figure 7 illustrates the molar ratio of acetate to ethanol for the pairs of experiments comparing clean
and real syngases. It can be seen that, depending on whether the syngas is “real” (biomass-derived), or
clean (that is, commercially mixed and free from impurities), the product profile changes. All clean
gases produce a higher acetate to ethanol ratio, while their biomass-derived counterparts generate a
greater amount of ethanol per mol of acetate.

20

15

10

71— — 7/ / ] real

(=l
N\
N\

T

0 !—H 7 clean

1 2 3 4 = 5 = 6

acetate : ethanol [mol/mol]

Bioliq® T TNO

(Straw) (iizfj? (Lignin)
Figure 7. Molar acetate to ethanol ratio for pairs of real and clean syngases. Numbers 1 to 6 indicate
the set-up, while stars (*) refer to TNO real gases (data published elsewhere, [31]). The ratio of
acetate to ethanol, in mol, as measured at the end of the fermentation, is shown by the bars. Real,
biomass-derived syngases are represented by smooth orange bars, while clean, commercially-mixed
syngases are shown by diagonally striped green bars. All values are given as the average of a triplicate,
with standard deviation.

A visual representation of the influence of the molar flow rate of each substance in the tested
clean syngases on the product distribution is shown in Figure 8. From the eight set-ups which were
performed with an impurity-free syngas, the ones with a lower H; flow, <0.23 mmol/min, appear to
generate the highest acetate to ethanol ratio. There is one exception, set-up 10, which had the same
H; molar flow as set-up 4, 0.23 mmol/min (Table 1), but did result in a much lower acetate to ethanol
ratio. The molar CO flow rate was also equivalent, 0.23 mmol/min for set-up 4 and 0.22 mmol/min for
set-up 10. The main difference here was the molar CO; flow, which in set-up 10 was 7 times higher
(0.14 mmol/min) than in set-up 4, with just 0.02 mmol/min.

The mid-range of the acetate-ethanol ratio for the syngases here tested were obtained with the
higher CO, molar flow rate, >0.14 mmol/min, and a molar flow rate of H, > 0.22 mmol/min.

The lower acetate to ethanol ratio, or the fermentation which produced a higher amount of ethanol
per amount of acetate, was achieved by the syngas containing the highest H, and CO molar flow,
together with the lowest molar flow of COs,.
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Figure 8. Molar acetate to ethanol ratio obtained from each combination of tested CO, CO,, and H;
molar substrate flow rate for clean syngases. The acetate to ethanol molar ratio for set-ups 2, 4, and
5 to 10 is shown according to the molar flow rate of each substance fed into the bioreactor. The size
and color of each bubble is proportional to the molar acetate to ethanol ratio. Smaller size and yellow
color denote a lower acetate to ethanol ratio. Bigger bubbles and green color, indicates a higher acetate
to ethanol ratio. Hj is represented on the Z axis, CO, on the Y axis and CO on the X axis. Blue dots
represent the YZ projection, red dots the XY projection, and green dots, the ZX projection. Drop lines
(dotted grey lines) are visual aids to assigning each bubble its value in each axis.

4. Discussion

4.1. Biomass, Product Formation, Yield and Productivity

Theoretical yield and carbon fixation calculations have to be re-considered when dealing with
biomass-derived syngas. The complexity of the impurities which are present in the gas mixture
highlight the necessity of having a system where each biomass-derived syngas can be tested before its
implementation in a continuous, bigger-scale system.

Besides, theoretical yields and ideal gas ratios only apply for resting cells, and it can be of interest
to know how the gas composition affects the growing phase of the cells, to try and optimize this stage
also: in one report it was stated that cells took up to 8 days for the OD to stabilize [25], and, in another
study, it was reported that even with bottled, clean syngas, a lag phase of 4 days was observed [18].

Even if the same amount of total carbon, 0.4 mol/min, was fed in all set-ups (except for set-ups 3
and 4) the different CO:CO,:H, ratio of the syngases clearly had an influence. This was to be expected,
as each component has a different solubility. Here, the precise impact of each syngas could be shown:
gas composition had, in some cases, a marked effect in growth, but not so significant in product
formation, especially up to the first half of the run. Except for set-up 4, all other clean gases achieved a
concentration of acetate of approximately 10 g/L at around 50 h, but this changed towards the second
half of the fermentation: the product ratio and its concentration were strongly affected by the syngas
composition, as shown in Figure 8.

In terms of growth, all biomass-derived syngases tested could successfully be used as a fermentation
substrate, offering proof that the level of clean-up of the syngases is enough for syngas fermentation.
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This is a critical point when assessing biomass-derived syngas: cells have been reported to stop
growing when biomass-derived syngas was supplied [18]. As well, Ahmed et al. [25] observed that
cells stopped growing when a 0.2 pm filter was applied on the biomass-derived syngas inlet, but this
was reversed when it was replaced by a 0.025 um filter.

When comparing each pair of clean and biomass-derived syngases, end productivities were
generally not greatly affected, even if a better performance was achieved in most cases with clean syngas.
The increased production of a more valuable product, ethanol, when biomass-derived syngas was used,
could counteract the lower productivity up to an extent, depending on the down-stream processing
requirements and the market value of the products. In case of set-up 4, the obtained yield for Yps fixed
calculated up to the end of maximum CO fixation was slightly above 1 (1.03 £ 0.04 gproduct/gsubstrate);
this is regarded as the result of small analytical inexactitudes and should be interpreted as being close
to1.

Focusing on set-up 3 and 4, the total productivity at the end of the fermentation of the
biomass-derived syngas (set-up 3) was higher than what was obtained with clean syngas (set-up 4),
despite the acetate productivity of both runs being equivalent. As happened for set-ups 1 and 2, the
ethanol productivity was higher in the set-up using biomass-derived syngas. For the values obtained
up to the end of maximum CO fixation, the opposite is true for total and acetate productivity: set-up 4
has higher values in this case. This difference can be explained because gas consumption ended much
earlier in set-up 4: in the calculation for the end of process values, a long time span where the culture
was not active is included, lowering the resulting productivity values.

4.2. Substrate Usage and Carbon Fixation

The gas composition had a big role in how long the maximum CO fixation lasted, as well as the
presence of impurities in the syngas. In all cases, clean, impurity-free syngases showed a prolonged
CO fixation when compared to their biomass-derived counterpart.

Another question encountered is whether simultaneous consumption of H, and CO can be
achieved for a given syngas composition—the inhibition kinetics of H or CO in acetogens are not
well understood so far [12]—and what influence the impurities in biomass-derived syngas will have.
Here, Hy usage was observed in all biomass-derived gases, albeit each of the respective clean syngas
presented a higher consumption of H,, except, as already explained, set-ups 3 and 4, the Bioliq®
syngas fermentations at a lower gas flow. The successful H;, usage is a very positive outcome for the
further usage, and optimization, of the biomass-derived syngases here tested. This point is not trivial:
according to Esquivel-Elizondo et al. [36], not many studies observe concomitant Hy, and CO usage,
and keeping an optimal ratio of the syngas components is key for the sustainability of the process.
In some cases, biomass-derived syngas has been shown to cause H, consumption to stop [25], while in
a study with Clostridium carboxidivorans P11, it was concluded that, at Hy partial pressures normally
occurring in biomass-derived syngas, the hydrogenase efficiency would not be at its optimum [37].

The simultaneous consumption of H, and CO started, in all cases, after the CO consumption had
increased, but in some cases, before it reached complete consumption. Due to the increasing biomass
concentration, the amount of dissolved CO in the medium decreases, enabling H, uptake [38,39]. This
can also explain why growth and H; usage were linked in all cases: when growth stopped, so did Hp
usage. As fewer cells are metabolically active, there is less competence for CO, and each remaining
active cell is exposed to a higher CO concentration, leading to a decline in H, consumption. This
observation agrees with what has been reported by Valgepea et al. [40], and it could be confirmed that
it is valid for both, clean, and biomass-derived syngas, as long as no hydrogenase-inhibiting compound
is present.

Regarding total carbon fixation (Ec tota1), it can be clearly seen that, for the same syngas composition,
this was negatively impacted by impurities in biomass-derived syngas. Predicting up to which extent, is,
nowadays, not possible, and it would need to be empirically determined by testing each biomass-derived
syngas in a fermentation system to assess its impact.
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4.3. Product Ratio Comparison According to the Type and Composition of Syngas

The complexity of the factors being involved in the outcome of different CO/CO,/H; syngas
mixtures is evident, and the obtained product ratios are not always in accordance with what is observed
when gas mixtures consisting of only two components are used (CO/CO,, Hy/CO,, CO/H;). There are
several reports on the effect of, mostly, only pairs of these syngas constituents, however, the combined
effect of CO/CO,/H; blends have not been widely considered.

Looking at the different clean, impurity-free syngases tested here, it can be seen that higher H,
together with very low amounts of CO, directs the cell metabolism towards the production of ethanol:
the highest Hy and CO, with very low CO,, produced the highest ethanol (Figure 8). This outcome
agrees with what was reported by Valgepea et al. [39]: if CO was supplied together with H,, more
ethanol was produced. Similar results were also documented by Hurst and Lewis [41], which used a
system fed with CO, and CO. Different CO partial pressures were tested, and at higher Pco, ethanol
increased. They postulated that, when cells stop growing, less ATP is needed, and the excess electrons
generated by the higher Pco can be directed towards ethanol.

Moreover, the data presented here show that when CO, is supplied in higher amounts, H; does
not seem to have such a significant impact, but if analyzing the runs with a similar CO gas flow rate
(between 0.20 and 0.25 mmol/min), the highest acetate to ethanol ratios were obtained with lower Hp
and CO, (Figure 8). Looking at the findings by Phillips et al. [42], it could be concluded that H, does
not contribute towards the product shift to ethanol, contrary to what is found here. In that report, when
comparing two gas mixtures, Hy/CO, and CO/CO,, the one containing CO resulted more favorable
for growth and ethanol production. It is important to note, though, that those experiments where
performed in bottles, in batch, where the gas was dispensed into the head-space without a continuous
supply. In yet another set of batch experiment, different mixtures of Hy/CO were investigated. Acetate
formation increased with increasing H, concentrations in the headspace of the serum bottles, and
more ethanol was produced when the CO concentration increased. [43]. These findings could also
lead to assuming that lower H, would cause the product ratio to shift towards ethanol, contrarily
to what has been shown here and in a study by Esquivel-Elizondo et al. [36]. There, both CO alone
and CO/H; produced more ethanol than CO/CO, and CO/CO,/H; mixtures. Yet, concluding that
lower CO, equals, in all cases, higher ethanol production would not be accurate, as already discussed
above. Syngas mixtures, composed of varying amounts of Hp/CO,/CO, present a much more complex
challenge, due to the combined effect of each component upon the others. A much more thorough
study would need to be conducted, in order to better understand this, and potentially predict the
outcome of different syngases.

Comparing clean and real biomass-derived syngas, the scenario changes drastically: gas
composition did not play the biggest role in terms of product distribution; rather, the nature of
the syngas did. All biomass-derived syngases produced a higher ethanol to acetate molar ratio, without
a direct correlation to their composition. A metabolic regulatory mechanism has been postulated
for Clostridium autoethanogenum, an organism which is closely related to C. l[jungdahlii [44]. In that
study, Valgepea et al. [40] reported that the increased acetic acid concentration in the medium, with
the subsequent proton translocation into the cell, causes an uncoupling of the proton motive force
(PMEF). At higher biomass and acetate concentrations, cells try to gain more ATP by forming acetate,
which causes the depletion of the acetyl-CoA pool due to the WLP not being able to function quickly
enough. Eventually, this causes a metabolic crash, where the ability to uptake H, is lost while the
cells try to counteract the PMF uncoupling. The subsequent result is that more CO is oxidized to CO,
to try and maintain the amounts of reduced ferredoxin. Since less carbon is available for the WLP,
the metabolism will eventually collapse. To counteract this, cells shift towards ethanol production in
order to prevent the further uncoupling of the PME, and still be able to conserve energy [40]. A similar
mechanism could potentially also explain the behavior when other stress factors are present, like
impurities in the syngas. Rather than the increased acetic acid concentration, the inhibitory effect of
the impurities on the WLP enzymes could also cause a slowdown of this pathway. This would have
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the same outcome, that is, a depleted acetyl-CoA pool, and less ATP formation. The ATP-maintenance
mechanism would then come into action, even at lower acetate concentrations in the broth, increasing
the ethanol production. This would prevent the early crash of the culture under the more challenging
conditions caused by the biomass-derived syngas.

When comparing set-ups 1 to 4, it can be observed that lowering the gas flow rate had some
opposite effects on biomass-derived and clean syngas. Set-up 1 and 3 (where biomass-derived syngas
was used) show much more similarities than set-ups 2 and 4 (impurity-free syngas). Comparing set-up
1 to set-up 3, the lowering of the gas flow resulted in a higher CDW and acetate concentration in set-up
3, and a slightly reduced ethanol production. One explanation for this could be that in set-up 3, due to
the lower gas flow, fewer impurities were introduced in the medium compared to set-up 1. Possibly,
due to the impurities in the syngas, the cells in set-up 1 were already limited and could not use the
excess substrate being supplied with the higher flow, as the gas usage and fixation graphs show.

In contrast, when looking at set-ups 2 and 4, a lower gas flow rate proved to be detrimental, with
a sharp decrease in gas usage as well as CDW concentration after 55 h, and a lower final product
concentration, with only traces of ethanol being produced. In set-up 2, when cells reached a CDW
of 0.7 g/L, the acetate concentration was still below 10 g/L. In set-up 4, at the same CDW, the acetate
concentration was already 10 g/L. As explained above, the crash seen in set-up 4 would agree to the
fact that, for the same syngas composition, at the same CDW, but with higher acetate, the ATP needs
cannot be met, and the culture crashes. The reason as to why ethanol was produced in set-up 2 but not
in set-up 4 cannot be exclusively caused by the acetate concentration, as proposed by Richter et al. [45],
since acetate production was higher in set-up 4 than in set-up 2. In this case, the reason behind
appears to be the Hy amount fed. The consumption of Hj also has the effect of driving protons into
the cell without ATP production [40], which, again, would cause the ATP maintenance system to
come into action in set-up 2. This agrees with the increase in CO, production observed. Moreover, in
a follow-up study, the same group reported that H, directed the metabolism towards an increased
ethanol production [39].

Looking at set-ups 3 and 4, apart from the already discussed higher ethanol, a higher CDW was
achieved in the former. This observation would support the ATP maintenance mechanism coming into
action in response to the impurities: due to the shift in the product ratio, resulting in a lower acetate
concentration and higher ethanol production, cells were able to prevent the crash, conserve energy
and generate ATD, even if impurities were present. Nonetheless, this does not imply that impurities
are beneficial, since the clean, impurity-free syngas achieved a higher Ec (ot as well as a higher total
productivity up to the point of maximum CO fixation. The perceived better performance of set-up 3
when considering the whole run is caused by the early crash of set-up 4 after approximately 50 h.

5. Conclusions

In this work, it could be seen that gas composition affected mainly growth. For clean syngases,
product formation profiles during the first half of the fermentation were not much influenced by the gas
composition. The second half of the process, though, was strongly affected by the syngas composition.
With clean syngas, high H; and low CO; shifts the product formation towards more ethanol. When
comparing clean and biomass-derived syngas, though, this is no longer true: the biggest influence was
caused by the nature of the syngas, rather than by its composition.

Regarding gas consumption, it stopped earlier in biomass-derived syngases. As well, carbon
fixation was negatively impacted by the biomass-derived syngas impurities.

Looking at each pair of clean and biomass-derived syngases compared here, the former achieved,
in general, a better performance, in terms of productivity, than their biomass-derived counterparts.
This could be counterbalanced, to an extent, by the increased production of the more valuable ethanol.

It is evident that a number of interacting factors, including metabolic regulatory mechanisms,
gas solubility and mass transfer effects all can play a role when dealing with syngas mixtures of
CO/CO,/Hjy, and the extrapolation of results from one gas mixture to another is not guaranteed to
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successfully predicting the behavior of the cells. The same syngas composition, but with different gas
flows, led to opposite results for the Bioliq® syngas, showcasing how important it is to be aware of the
complexity of the synergistic effects involved.

Productivities and overall yields were higher when clean syngas was used, but this cannot be seen
as a realistic scenario, especially considering the cost of syngas cleaning processes. Studies performed
with impurity-free syngas are necessary and valuable, but it is of great importance for the advance of
the syngas fermentation platform to further investigate the effect of biomass-derived syngas, if results
are to be applicable in real case scenarios.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-5637/6/3/84/s1,
Figure S1: Complete substrate usage and fixation for set-ups 1 to 4. Table S1: Fermentation outcomes, yields,
and productivities for the complete run with standard deviations, Table S2: Fermentation outcomes, yields, and
productivities calculated up to the point when maximum CO fixation stopped, with standard deviations.
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