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Abstract

Synthesis gas fermentation with anaerobic microorganisms such as C. ljungdahlii
enables highly selective conversion of substrate gases such as CO, COs and Hs to high
value intermediates like organic acids and alcohols. By using a biomass retention system
with the aid of cross-flow ultrafiltration in an external circuit for biomass retention at a
CSTR, we have succeeded in retaining the biocatalyst in the reactor and in increasing
the cell density by more than 160 % and the space-time yield of Co products by 46 %. In
addition, we found that the use of a cell retention system promoted ethanol formation
and decreased the acetic acid to ethanol product ratio. Low partial pressures of CO in
the exhaust gas were found to promote hydrogen uptake and ethanol formation. The
space-time yield of ethanol, 8.71mmol L~'h~!, is the highest yield measured to date

with an unmodified strain of C. [jungdahlis.



Introduction

The possibility of using synthesis gas fermentation to convert hydrogen and carbonaceous
gases such as CO and COs into chemicals, fuels and other valuable products could be of great
importance to a future circular economy.!? The advantages of syngas fermentation over het-
erogeneous catalysis are low process pressures and process temperatures, self-regeneration
of the biocatalyst, and complete gas conversion without the need for a recirculation loop.?
Hy, CO and CO, can be obtained e.g. by (co-)electrolysis,*5 gasification of biomass,® from

" or air capture® and could be converted to Cy — Cg compounds by

industrial waste gases
acetogenic bacteria.?'? Anaerobic acetogenic bacteria convert CO, to acetyl-CoA via the
Wood-Ljungdahl pathway and they produce acetic acid and ethanol in a first process step. '3
Both Hy and CO serve as reducing agents.*'5 A major bottleneck for the commercialization
of syngas fermentation is the low space-time yield, which is up to three orders of magni-
tude lower than of heterogeneous catalysis.® Due to low product concentrations, product
separation and purification is associated with high costs. Therefore, an increase of the cell
density, which means an increase of the density of the biocatalyst in the reactor, represents
an essential key variable in order to increase the space-time yield as part of the process
development.® By using a biomass retention system, the outflow of the biocatalyst in the
product stream during continuous operation can be avoided and thus an increase in cell
density can be achieved. Centrifugation, filtration, or solid/liquid separators can be used to
retain biomass. ' Higher cell densities and an increase of space-time yield through the use of a
biomass retention system have already been demonstrated in numerous studies on acetogenic
microorganisms, see de Medeiros et al.,'” Kantzow et al.,'® Richter et al.,'® Gaddy et al.,!®
Phillips et al.,?° Abubackar et al.,?! Mayer et al.?? and Molitor et al..?* However, to the best
of our knowledge, detailed studies on the influence of cell retention on syngas fermentation
are missing: (1.) Is the space-time yield proportional to cell density? (2.) Does cell retention
affect the product ratio? (3.) Does total cell retention lead to an accumulation of carbon in

the reactor? In order to answer these questions, we are investigating the influence of total



cell retention on syngas fermentation in continuous operation by switching the external cir-
cuit for biomass retention on or off as desired during experimental operation. Furthermore,
the influence of increasing gas flow and nutrient medium supply on fermentation at high cell

densities is investigated.

Material and methods

Microorganism, cultivation and nutrient medium

The anaerobic, acetogenic bacterium Clostridium ljungdahlic (DSM 13528) is used as the bio-
catalyst. The composition of the culture medium for pre-cultivation and process is adapted
from the culture medium of Stoll et al.,?* the components are: 20g/L 2-(N-morpholino)
ethanesulfonic acid (MES), 0.5 g/L yeast extract, 2g/L NaCl, 0.33¢g/L NH,Cl, 0.25g/L KCI,
0.25g/L KHyPOy, 0.5g/L MgSO, - TH50, 0.1g/L CaCl, - 2H50, 0.001 g/L resazurin and
10 ml solution each of vitamins and trace elements per liter of medium. The components of
the vitamin solution are: 0.002 g/L biotin, 0.002 g/L folic acid, 0.01 g/L pyridoxine, 0.005 g/L
thiamine-HCI, 0.005 g/L riboflavin, 0.005 g/L niacin, 0.005g/L Ca-pantothenate, 0.005g/L
cobalamin, 0.005g/L 4-aminobenzoic acid and 0.005g/L liponic acid. The components of
the trace element solution are: 2g/L nitrilotriacetic acid, 1g/L. MnSO, - H,O, 0.567 g/L
FeSO, - TH,0, 0.2g/L CoCl, - 6H,0, 0.2 g/L ZnSO, - TH,0, 0.02 g/L CuCl, - 2H,0, 0.02g/L
NiCl; - 6H50, 0.02 g/L NagMoOy - 2H50, 0.02 g/L NagSeOs - 56H,O and 0.022 g/L Nag WO, - 2H50.
The pH of the culture medium is adjusted to the desired value of 5.9 by adding KOH pel-
lets. The culture medium is first anaerobized by intensive sparkling with nitrogen and in
a further step with a gas mixture of 80 vol.% Ny and 20 vol.% CO, and then sterilized at
121°C for 20 min. For pre-cultivation, 1 g/L cysteine-HCI - HyO is sterilely injected into the
culture medium, and 0.3 g/L for the experimental run. Pre-cultivation is performed strictly

anaerobically in three steps at 37°C as described in Stoll et al..?*



Experimental setup
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Figure 1: Experimental setup for a continuous fermentation including cross-flow filtration
with a hollow fiber (HF) membrane (reference: repligen.com) in an external circle for biomass

retention.

The experimental setup for continuous fermentation is shown in Fig. 1. The experimental
unit includes a stainless steel CSTR (4 liter, inner diameter 126 mm) with double jacket and
thermostat for temperature control, a gas mixing station (Bronkhorst, Netherlands) to adjust
gas flow rate and gas composition of the four gases Ny, Hy, CO and CO,, a syringe pump
unit (CETONI, Germany) to deliver the nutrient medium, a HPLC pump (BISCHOFF,
Germany) to deliver the base and a peristaltic pump (Albin Pump, France) for the external
circuit of cross-flow filtration with a hollow fiber membrane (REPLIGEN, Netherlands, PES
membrane, pore size 0.2 um, specific surface 470 cm?) for biomass retention during continuous
operation. The gas inlet is at the bottom of the reactor via two gas frits (bbi-biotech,
Germany, pore size 20 um) and distributed via two six-bladed disk impellers (Buddeberg,
Germany) mounted on the stirrer shaft. An impeller (C3 Prozess- und Analysentechnik,
Germany, outer diameter 94 mm) for mechanical foam destruction is also located on the
stirrer shaft above the filling level. Chemical additives for foam destruction are not used

since they are expected to influence the gas-liquid mass transfer.?> A high-pressure/high-



temperature pH electrode (Walchem, USA) is located in the reactor connected to the HPLC
pump to dose the base. Via a magnetic valve (RCT, Germany), fermentation broth can
either be drained directly from the reactor or via the filtrate outlet at the hollow filter
membrane; this allows the experimental plant to be operated even without the external
circuit for biomass retention. A level probe in a communicating vessel (dead volume 270 ml,
without aeration) is used to detect the level in the reactor and is linked to the magnetic valve
to keep the level of the fermentation broth constant. The reactor with periphery is sterilized
with 0.5 % peracetic acid and superheated steam (120-130 °C) just before the beginning of the
experiment. Sterile filters (pore size 0.2 um) in the gas supply pipe, in the feed supply pipe

and in the exhaust gas prevent external contamination during operation of the experiment.

Process parameters

The measured data presented in this work were generated during two long-term experi-
ments (experiment A: total process time of 1683 h and experiment B: total process time of
3097h). For the evaluation, only measurement data from steady-state intervals were con-
sidered. Areas with steady state behavior are those areas in which gas uptake rates and
productivities neither increase nor decrease continuously, but remain constant and fluctuate
around an average value. The standard deviation in these areas is less than 10%. The
following parameters apply to all experiments: the temperature in the reactor is 37°C, at-
mospheric pressure conditions are present and the reaction volume in the 4-liter reactor is 2.2
liters excluding the volumes of the circuits for level detection (269 ml) and biomass retention
(126 ml). The specific energy input P/V] into the CSTR through the stirrer (600 rpm) is
1.36 kW/m?. The volume flow of the peristaltic pump in the external circuit for biomass
retention is 10L/h, the average residence time of the liquid phase in the external circuit
is 45 seconds. In the external circuit for biomass retention, there is no external supply of
substrate gas. Further process parameters can be taken from Tab. 1 and Tab. 2. For the

composition of the substrate gas, it was ensured that hydrogen was present in excess for the



stoichiometrically complete conversion of CO and CO; to ethanol. Slight differences in the
gas composition between experiments A and B are based on further investigations, which

are not part of this study.

Table 1: Experimental parameters of experiment A. The intervals CR, CR, CRVGT and
CRVGTT represent steady-state areas from experiment A and differ in the selected experimental

parameters. CR: the fermentation process is operated without a cell retention (CR) system.
CR: fermentation process operated with a cell retention system. CR'VGT: increase of substrate
gas flow while cell retention is still activated. CRVGTT: second increase of substrate gas flow
while cell retention is still activated.

CR CR CRy, CR

Vart

Cell retention X v v v

Ve / mLmin™! +—80 — 105 123
Hy/CO/CO2/Ny / vol. % «+—48/16/4/32— 61/20/5/14
Hy : CO : CO,q — 70.5: 23.5: 6 —
D /h! — 0.03 —
7 /h — 33.3 o
pH — 5.8b —
duration of interval /h 52 55 31 129
number of gas samples 208 217 122 516
number of liquid samples 3 4 3 7

Table 2: Experimental parameters of experiment B. The intervals CRp—g03, CRp—0.04,
CRp-oos and CRp represent steady-state areas from experiment B and differ in the se-
lected experimental parameters. The dilution rate D is increased from 0.03h™! (CRp—g.03)
to 0.04h™! (CRp—o.04) to 0.05h~* (CRp—gs). Finally, cell retention is deactivated (CRg).

Cl%D:0.03 CRD:0.04 CI{DZO.OS ﬁB

Cell retention v v v X

Ve / mLmin~! 126 — 111 — 62
H,/CO/CO5/Ny / vol. % 65/18/7/9 65/18/7/11 59/16/7/19
Hy, : CO: COs / % — 72:20: 8 —
D /h! 0.03 0.04 0.05 0.03

7 /h 33.3 25 20 33.3

pH — 5.9 —
duration of interval /h 85 75 53 64

number of gas samples 406 360 253 306
number of liquid samples 4 4 3 3




Analytical methods

The composition of the exhaust gas is analyzed via a 2-channel micro gas chromatograph
(INFICON, USA) every 15 minutes, the measurement time is three minutes, the carrier
gases are argon and helium. Since gaseous nitrogen is not utilized by the bacteria, the
volume fraction of nitrogen in the exhaust gas together with the supplied nitrogen volume
flow through the substrate gas can be used to calculate the off-gas volume flow and the
individual gas uptake rates, see Oswald et al..?® A sample can be taken from the reactor via
a valve for offline measurement of cell density, carbon content and product concentrations.
Cell density is determined using a UV-VIS spectrometer (VWR, Germany) via optical density
at a wavelength of 600 nm. For measured values ODgoo > 0.45, samples are diluted with a
NaCl solution (9g/L) and the measurement is repeated. Cell separation is achieved by
centrifugation at 12,000g for 15min. In the cell-free samples, the concentration of formic
acid, acetic acid and ethanol is determined by HPLC using an Aminex HPX-87H column
(Hitachi, Japan) and HySO, as eluent (4 mmol/L). The total organic carbon content TOC
was determined by combustion catalytic oxidation and difference method TC-IC (DIMATEC,

Germany).

Results

Influence of cell retention

The first experiment (experiment A interval CR) was performed without cell retention.
The dilution rate was 0.03h™! and the resulted cell density 1.19gL~!. By activating cell
retention (experiment A interval C'R), cell density increases by 160 % to 3.15g L™}, see Fig. 2
E. Biomass-specific H, uptake decreases from 14.16 mmolg='h~! to 9.54 mmolg~'h~!, that
of CO decreases from 10.96 mmol g~ h=! by more than 50 % to 4.48 mmol g~' h~!, while qco,

increases from 0.14mmolg ' h™! to 1mmolg='h™!, see Fig. 2 A.



In contrast to the biomass-specific gas uptake rate, the gas uptake rate r increases
for all three substrate gases: from 0.17mmolL='h~! to 3.17mmol L=*h~! for CO,, from
13.09mmol L= h=! to 14.14 mmol L= h~! for CO and from 16.91 mmol L=*h~! t0 30.09 mmol L=* h~!
for Ho, see Fig. 2 B. As the gas volume flow is not changed in the interval C'R, the increased
gas uptake leads to an increase in gas conversions (see Tab. S1), resulting in a nearly complete
conversion of CO with Xco= 0.97.

The biomass-specific formation of acetic acid and ethanol and their sum as Cy components
are shown in Fig. 2 C. By activating the biomass retention, the biomass-specific formation of
acetic acid decreases from 3.73mmol g~ h™! to 1.32 mmol g~ ' h™!, while qgiop is not affected
by cell retention (1.60 mmolg~'h~! without cell retention and 1.63mmolg~'h~! with cell
retention). Due to the decreased acetic acid formation with cell retention, Cy productivity
decreases by 45% from 5.33mmolg 'h~! to 2.95mmolg~'h~!. However, as cell density
increases by 160 %, there is still a 46 % increase of space-time yield of Cy products during
operation with cell retention (9.31 mmol L='h~! for CR compared to 6.36 mmol L~'h~! for
CR), see Fig. 2 D. This increase is a result entirely of the increased space-time yield of
ethanol (5.14mmolL~*h~! for CR compared to 1.91mmol L='h~! for CR). The space-
time yield of acetic acid is not significantly affected by cell retention and takes a value of
4.45mmol L~ h=! (CR) and 4.17mmol L~ h~! (CR), respectively. As the space-time yield
of ethanol increases, the acetic acid to ethanol product ratio reverses, from 2.33 without cell
retention (C'R) to 0.81 with cell retention (C'R), see Fig. 2 F. This leads to a lower effort of
neutralization of the C, product stream: the amount of potassium hydroxide decreases by
more than 35 % from 0.7 mmolkogn mmol@1 without cell retention to 0.45 mmolkon mmola21
with cell retention, see Tab. S1.

This shift in the product ratio can be seen clearly in the selectivity in Fig. 3: without
cell retention (CR), two-thirds of the carbon uptake is converted to acetic acid, with cell
retention (C'R) it is 48 %, while 59 % is converted to ethanol. In addition, without biomass

retention (C'R), cells are continuously washed out with the product stream, so 10 % of the
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Figure 2: Influence of cell retention (CR) vs. no cell retention (CR) and increase of substrate
gas with activated cell retention (CRVGT7 CR'VGTT)' Averaged measured data of steady-state
areas. A: biomass-specific gas consumption rate; B: gas consumption rate; C: biomass-
specific productivity; D: space-time yield; E: concentration of cell dry weight; F: product

ratio.



carbon uptake is used to continuously build up new biomass. With total cell retention
(CR), a continuous build up of new biomass is not necessary, so the fraction for biomass
is not required. Total selectivities greater than 100 % are presumably due to measurement

inaccuracies, see also carbon balance in Tab. S1.

CR CR

Figure 3: Carbon-based selectivity S with standard deviation averaged in the steady-state
intervals CR (without cell retention) and CR (cell retention activated).

Influence of an increased substrate gas flow with activated cell re-

tention

As already shown, the activation of cell retention leads to an increase of the gas conversions
(see Tab. S1 intervals CR and CR). This leads to a nearly complete conversion of CO,
resulting in CO; serving as the sole additional carbon source. To rule out the possibility
that the increased space-time yield of ethanol and the shift in the product ratio are the results
of these gas limitations and not a consequence of cell retention, the gas feed is increased in
two steps to 105mLmin~" (interval CRy, ) and finally to 123 mLmin~" (interval CRy,_ )
with a constant ratio of Hy: CO: COs.

Increasing the gas volume flow by 25 mlmin~!, corresponding to 31 %, leads to increased

biomass-specific gas uptake: ¢y, increases by 4% to 9.96mmolg™'h™! gco by 9% to

4.88mmolg~*h™! and gco, by 13% to 1.13mmolg ' h™! see Fig. 2 A. In addition, the
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increase in gas volume flow leads to an increase in cell density by 19% to 3.75gL™" (see
Fig. 2 E), so that the gas uptake rate r for all three gases increases significantly: ry,
by 24% to 37.36mmolL*h™!, rco by 29% to 18.31mmolL=*h™! and rco, by 33% to
4.22mmol L~th™!, see Fig. 2 B. The increase in the average gas uptake rate of all three
substrate gases is 26 %, which is 5 percentage points below the increase in gas volume flow
of 31%. Biomass-specific ethanol formation decreases by 9% to 1.48mmolg='h™!, while
geton increases by 7% to 1.41mmolg='h™!, see Fig. 2 C. In contrast to biomass-specific
ethanol formation, there is an increase in the space-time yield of ethanol due to an increase
in cell density: STYgion increases by 8 % to 5.56 mmol L= h™t, STYa.on increases by 27 %
to 5.28mmol L= h™?, see Fig. 2 D. The increase in the gas flow leads to an overall increase
of Cy space-time yield by 16 % to 10.84 mmolL='h™!. The product ratio of acetic acid to
ethanol increases slightly, from 0.81 to 0.95, and is still significantly smaller compared to the
product ratio of 2.33 without the operation of a cell retention system (CR), see Fig. 2 F.
The second increase in gas flow (CRVGTT> leads to a doubling of the biomass-specific
gas uptake rate of CO to 9.62mmolg='h™! and to a reduction of ¢y, and gco, by 13% to
8.68mmolg~th™! and 88 % to —1.00mmol g~ h™!, respectively, see Fig. 2 A. With that for
the first time more COy is formed than taken up by the microorganisms, responsible for this is
the oxidation of CO to CO,. In contrast to the first gas flow increase (CRyy, ), there is no fur-
ther increase in cell density, but a reduction of 34 % to 2.48 g L™}, see Fig. 2 E. The gas uptake
rate 7go increases by 30 % to 23.83 mmol L™ h™!, ry, and rco, decrease by 42 % and 159 % to
21.50mmol L~ h~! and —2.48 mmol L' h~!, respectively, see Fig. 2 B. The biomass-specific
ethanol formation decreases by 52 % to 0.71mmolg~'h™!, while ga.on increases by 119 %
to 3.09mmol g~ h~!, see Fig. 2 C. The space-time yield of acetic acid increases by 45 % to
7.64mmol L=t h~!, STYgon decreases by 68 % to 1.75 mmol L= h~! and the total space-time
yield of C; products decreases for the first time, by 13 % to 9.39 mmol L='h~!, see Fig. 2 D.
In addition, the second gas flow increase leads to a significant shift in the product ratio from

0.95 to 4.37: the concentration of acetic acid is thus more than four times higher than that
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of ethanol, see Fig. 2 F.

Influence of an increased dilution rate with activated cell retention

As already shown, by activating cell retention, cell density increases significantly, see interval
CR compared to CR in Fig. 2 E. The supply of liquid nutrient medium (D = 0.03h~!) kept at
a constant rate in this experiment could by now represent a limitation due to the increased
cell density. Therefore, to investigate the influence of dilution rate on the fermentation
process, the dilution rate is gradually increased in the following experiment from D = 0.03h~!
(CRp=o.03) to D= 0.04h™! (CRp—g.04) and then to D= 0.05h~! (CRp—q.05), see Fig. 4.

Increasing the dilution rate from 0.03h~! to 0.04h™!, i.e., a reduction of the liquid re-
tention time 7 of 24 %, leads to a significant decrease in biomass-specific gas uptake rates:
qu, decreases by 38 % to 3.67mmolg 'h™!, goo by 36 % to 1.34mmolg~'h~! and gco, by
33% to 0.79 mmol g~ ' h~!, see Fig. 4 A. The second increase in dilution rate from 0.04h~! to
0.05h~!, i.e., a reduction of 7 of 20 %, leads to a further, slight decrease in biomass-specific
gas uptake rates: gg, drops by 6 % to 3.46 mmolg=*h™', goo by 7% to 1.24 mmolg~' h~! and
qco, by 6% to 0.74mmol g~! h=1. Cell density, on the other hand, increases with increasing
dilution rate: by 29% to 12.91gL~! and by 9% to 14.11gL~! for CRp—g.04 and CRp—g.05,
respectively, see Fig. 4 E. The gas uptake rates at CRp—g.04 decrease compared to CRp—g.03
by 19%, 17% and 13 % to 47.45mmol L='h~!, 17.33 mmol L=*h~! and 10.24 mmol L='h~!
for Hy, CO and CO,, respectively, see Fig. 4 B. A further increase in the dilution rate
to 0.05h~! does not lead to a reduction in the gas uptake rates; instead, the gas uptake
rates increase slightly by 3%, 1%, and 2% to 48.86 mmol L~'h™!, 17.52mmol L= *h~! and
10.47mmol L='h~! for Hy, CO and CO,, respectively.

The biomass-specific ethanol formation, see Fig. 4 C, decreases significantly by 54 % to
0.40mmolg~'h~! in case of CRp—g.o4 and increases slightly by 2.5% to 0.41 mmolg—'h™!
in case of CRp—g.05, while qacon remains unchanged at 0.57 mmolg=!'h™! for CRp_g s and

decreases by 11 % to 0.51 mmolg=th~! for CRp_g.5. Overall, as the dilution rate increases,
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Figure 4: Increase of the dilution rate starting from D = 0.03h™! (CRp—g3) to D= 0.04h~!
(CRp=o.04) to D=0.05h"1 (CRp—qs5). Averaged measured data of steady-state areas. A:
biomass-specific gas consumption rate; B: gas consumption rate; C: biomass-specific produc-
tivity; D: space-time yield; E: concentration of cell dry weight; F: product ratio.

the sum of specific ethanol and acetic acid formation, qc,, decreases by 33% and 5% to
0.97mmol g ' h~! and 0.92mmol g~ ' h~! for CRp_¢.04 and CRp_o.05, respectively. The space-
time yield of ethanol decreases by 40 % to 5.19 mmol L= h~! after increasing the dilution rate
to 0.04h~!, while STYacon increases by 28 % to 7.35 mmol L='h~!, see Fig. 4 D. A further

increase of the dilution rate to 0.05h™! causes a slight increase in the space-time yield of
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ethanol by 13% to 5.86 mmol L~'h™!, while for acetic acid it remains almost constant at
7.25mmol L~ h~! within the standard deviation. Overall, the space-time yield of acetic acid
becomes larger than that of ethanol by increasing the dilution rate, thus the product ratio of
acetic acid to ethanol reverses from 0.66 (CRp—g3) to 1.42 (CRp=g.04) and 1.24 (CRp—.05),

respectively, see Fig. 4 F.

Deactivation of cell retention - reversibility

Microorganisms can change and adapt over long experimental runs. When evaluating mea-
surement data, a distinction must therefore be made between the influence of parameter
changes and the influence of adaptation processes on the fermentation process. To inves-
tigate whether the microorganisms have changed by switching on the external circuit for
biomass retention, for example by adaptation, three intervals are considered: CR, CR and
CRpg. In the interval CR, as a reference, the fermentation process is started without the op-
eration of a biomass retention system, then the biomass retention system is activated in the
interval CR (experiment A, for measurement data see Tab. S1). In another experiment B,
biomass retention is deactivated from the on-going operation after 2700 h of operation with
cell retention (interval CRp, for measurement data see Tab. S2). If the microorganisms have
changed due to the use of biomass retention, the measured values should differ significantly
from those of the reference process CR after deactivation of cell retention.

By activating the biomass retention in the interval C'R, the product ratio acetic acid
to ethanol decreases from 2.33 to 0.81. After deactivation of biomass retention, this prod-
uct ratio increases again significantly to 7.24; as in the interval C'R, more acetic acid is
formed than ethanol. The cell densities of both intervals without biomass retention are
similar: 1.19gL~! in the interval CR and 1.08gL~"! in the interval CRp. Furthermore,
after deactivation of biomass retention (CRp), there is a space-time yield of Cy products
of 5.6740.24mmol L' h~! and is thus comparable to the space-time yield of the interval

CR of 6.36£0.53mmol L~'h~!, taking into account the standard deviation. In addition,
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biomass retention leads to significantly reduced specific gas uptake rates: from qcotco, =
11.10 mmol g~* h=! without cell retention (C'R) to 5.48 mmol g~ h~! with cell retention (CR)
and from gy, = 14.16 mmol g~* h=! without cell retention (CR) to 9.54 mmol g~* h=! with cell
retention (CR). After deactivation of biomass retention in the interval C'Rp, again, specific
gas uptake rates increase to gcorco, = 11.80mmolg=*h™! and ¢y, = 17.60mmolg ' h~!

and are comparable to the specific gas uptake rates before activation of biomass retention

(CR).

Accumulation of carbon by using a total cell retention system

By using a total cell retention system with a pore size of the hollow fiber of 0.2 yum and
by not using a bleed flow, an accumulation of carbon could occur in the reactor over time.
Therefore, as part of another long-term experiment, a total of 23 samples were taken from
the reactor over a period of 2000 h and the total carbon content of these non-centrifuged
samples was determined by TOC analysis (Ciotalmeasured)- Samples were then centrifuged
and both cell density and product concentrations of ethanol and acetic acid were determined
so that the carbon content of each product Copw, Cacon, and Cgion can be calculated.
A value of 0.44 was assumed for the carbon mass fraction of the biomass.?” The carbon
fraction of the supplied nutrient medium Cyy was determined by TOC analysis. Then the
ratio of the measured total carbon content to the sum of the individual carbon amounts can

be calculated:

Ototal measured
AC = d —1 1
Cxm + Copw + Cacon + Crron (1)

Positive values of AC' indicate that the measured total carbon content is greater than the
sum of the recorded individual components, whereas the other way around is the case for
negative values. Fig. 5 presents the values for AC' over the duration of the experiment. The
average is -6.63 percentage points and the median is -5.18 percentage points; consequently,

the sum of the carbon from the culture medium, biomass, acetic acid and ethanol is greater

15



than the total carbon measured. This is due to both measurement inaccuracies and simpli-
fications made, such as assuming a carbon content of 0.44 of the biomass. If carbon were
to accumulate, AC would have to increase and take positive values, but this is not evident
in Fig. 5. Accumulation of carbon in the fermentation broth due to the use of total cell

retention can therefore be ruled out for our experimental setup.
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Figure 5: Relative difference between measured total carbon content and sum of calculated
individual carbon contents over time with total cell retention.

Discussion

The experimental measurement results have shown that the use of a total biomass retention
system increases the cell density by a factor of 2.6, while the total space-time yield is increased
by a factor of 1.5. In addition, the product ratio reverses: without cell retention, more
acetic acid is formed compared to ethanol, and with the use of a biomass retention system,
more ethanol is formed compared to acetic acid. These observations are in contrast to the
hypothesis established before the start of the experiments that cell retention would lead to
an increase in cell density, but also to an increase in space-time yield proportional to cell
density and to a product ratio that would remain constant. A shift in the product ratio
due to adaptation of the microorganisms during operation of a biomass retention system is

unlikely based on the measured data, see section Deactivation of cell retention - reversibility.
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Rather, another regulatory mechanism might have been responsible for the product shift.
Therefore, in this section, three possible reasons that could lead to a product shift and to
a decrease in biomass-specific product formation are discussed: (1.) Limitation of substrate
gas and nutrients, (2.) Reduced biomass-specific partial pressure of CO and (3.) Growth
stagnation. Furthermore, it is discussed why the use of a total cell retention system does not
lead to a steadily increasing cell density but to a biomass concentration with steady-state

areas in all performed experiments.

Limitation of substrate gas and nutrients

At high cell densities, substrate gases could be limited. However, the gas flow increase has
shown that the biomass-specific gas uptake rates increase for all gases, including CO, but
not linearly with the gas flow increase. A further, second gas increase led to a decrease in cell
density, reduced conversion of CO and, for the first time, net CO4 production. We therefore
conclude that although gas limitation was present prior to the gas flow increase at high cell
densities, this was not responsible for the greatly reduced biomass-specific gas uptake rates,
particularly for CO. However, reduced viability could be a possible cause, e.g. triggered by
the peristaltic pump in the external circuit for biomass retention or by the absence of gas
supply in this circuit. Therefore, determining viability could be important for future studies.

High cell densities with a constant supply of liquid nutrient medium can lead to limi-
tations of individual nutrients.?® The measured data on the effect of dilution rate, see Fig.
4, show a significant increase in cell density of 29 % after increasing the dilution rate from
D=0.03h"! to D=0.04h~!. This indicates a limitation of cell growth at a dilution rate
of 0.03h~!. Furthermore, the product ratio reverses, the molar fraction of ethanol after in-
creasing the dilution rate is 0.41 instead of 0.6 before, and that of acetic acid is 0.59 instead
of 0.4 before, see Fig. 6 CRp—p.03 and CRp—g.04.

Richter et al.?® have shown by proteomic analysis that a lack of sulfur supply in terms

of cysteine leads to reduced growth and the resulting excess of reduction potential leads to
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Figure 6: Mole fraction of ethanol (zgion) and acetic acid (zacon) of the product stream for
three different dilution rates (0.03h™*, 0.04h™!, 0.05h™") with activated cell retention (CR).

increased ethanol formation. Gaddy et al.!® have described in their patent the possibility of
a reduction of calcium pantothenate and cobalt in the culture medium to slow down both the
acetyl-CoA cycle relative to the carbonyl branch and the THF cycle rate. This also leads to
increased reduction potential and eventually increased ethanol formation. Wan et al.3° have
observed reduced growth of Clostridium carboxidivorans during yeast extract limitation. In
a study by Phillips et al.,3! the product ratio of ethanol to acetic acid increased during
phosphate limitation. Considering these experimental results, our measured data indicate
that at a dilution rate of D= 0.03h~! and activated cell retention, there is a limitation of
biomass growth caused by the nutrient medium, resulting in an excess of reduction potential
that is converted to ethanol. In contrast, a further increase in the dilution rate to 0.05h~!
leads just to a slight increase in cell density and to no significant change in the product
ratio, see Fig. 6 CRp—g.05. It can be concluded that there is sufficient nutrient supply to the
microorganisms already at a dilution rate of D= 0.04h~!. Further increasing the dilution
rate, contrary to the assumption of Richter et al.,'® does not lead to an increase in product
formation.

The experimental investigations on the influence of cell retention (CR vs. CR, see Fig. 2
and Tab. S1) were performed at a constant dilution rate of D= 0.03h~!. Based on the
above findings on the influence of the dilution rate, it must therefore be assumed that there
was a limitation due to the nutrient medium after activation of the biomass retention. For

this reason, the influence of this limiting effect on the measurement results will be discussed
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in the following. Activation of the biomass retention leads to increased biomass and to a
reduced product ratio of acetic acid to ethanol from 2.33 to 0.81, and ethanol formation is
thus favored at high cell densities (experiment A). Increasing the dilution rate in order to
overcome the limitation of the nutrient medium leads to an increase of the product ratio
from initially 0.66 (CRp=go3) to 1.42 (CRp=g04) (experiment B). Thus, more acetic acid
is again formed than ethanol, but this surplus of 42 % is significantly smaller compared to
133 % without cell retention. Furthermore, the biomass-specific productivities gac.on and
grton decrease significantly with the use of biomass retention and do not increase again by
increasing the dilution rate. Therefore, it is unlikely that limitation by the nutrient medium
when biomass retention is used is the only reason for the significant shift in the product ratio

and for the decrease in biomass-specific productivities.

Partial pressure of CO in the off-gas as well as cell density are crucial

influencing parameters

As already shown, the operation of a biomass retention system increases the cell density
from initially 1.19g L~ and 1.08 gL™! to an average value of 3.13g L' (experiment A) and
12.33gL~! (experiment B), respectively. Fig. 7 shows all measured data from experiments
A and B, where both CO and CO, were taken up simultaneously. It is clear that as the
biomass-specific partial pressure of CO in the off-gas increases, the product ratio of acetic
acid to ethanol increases proportionally, and the trend can be approximated by the following

linear fit:

Cacon © o = 0.3531 JPW PCO | o569 and R? = 0.9424 2)
mbar mcpw

It is remarkable that all measurement points sampled with a cell retention system are in the
range of low biomass-specific partial pressures of CO (< 3 mbar ggfyy ), whereas the measure-

ment points without cell retention are assigned to significantly higher biomass-specific partial
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Figure 7: Hydrogen uptake ratio and product ratio as a function of biomass-specific CO
partial pressure in the off-gas. The hydrogen uptake ratio takes into account that twice the
molar amount of hydrogen is required for the complete conversion of CO to ethanol and
three times the molar amount of hydrogen is required for the complete conversion of CO4 to
ethanol. This ratio is valid for data containing positive gas uptake rates. In addition to the
measured points, linear fit of product ratio and hydrogen uptake ratio are shown.
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pressures of CO (8.91 mbar g¢[y, from experiment A in the interval CR and 18.43 mbar gy
from experiment B in the interval CRp). However, there is no clear tendency for the partial
pressure of CO in the exhaust gas to decrease with higher cell density: e.g., at a cell density
of 1.08 gL' in the interval CRg, the partial pressure of CO in the exhaust gas is 43.9 mbar,
while at a higher cell density of 9.98 gL' in the interval CRp_g 3 the partial pressure of
CO in the exhaust gas is not smaller, but even higher with 51.4mbar. Furthermore, the
measured data shown in Fig. 7 indicate that a high CO gas conversion alone does not neces-
sarily lead to a low biomass-specific partial pressure of CO in the exhaust gas: for example,
at a CO conversion of 0.9 (interval CR, see Tab. S1), the biomass-specific partial pressure
of CO in the exhaust gas is 8.91 mbar ggpyy, while at a slightly lower CO conversion of 0.87
(interval CRp—g.04, see Tab. S2), the biomass-specific partial pressure of CO in the off-gas is
not higher, but significantly lower by 76 % at 2.13 mbar gy Of particular importance for
the biomass-specific partial pressure of CO in the exhaust gas is therefore the cell density:
only at high cell densities as realized in experiment A and B by the use of a biomass retention
system, there are low biomass-specific partial pressures of CO in the off-gas as well as low
product ratios of acetic acid to ethanol in the fermentation broth. In their studies, Valgepea
et al.32 have observed lower acetic acid to ethanol product ratios at higher cell densities,
too, and they attribute this to the maintenance of ATP homeostasis at elevated concentra-
tions of extracellular acetic acid. Mock et al.?® have a similar explanation approach and
attribute high ethanol concentrations as a consequence of high acetic acid concentrations, as
this could increase the intracellular acetic acid concentration compared to the intracellular
acetaldehyde concentration, thus promoting ethanol formation via the AOR. Mayer et al.??
observed in their studies with the microorganism C. aceticum an inhibitory effect of acetic
acid exceeding a concentration of 10 g L™, Kantzow et al.!8 for Acetobacterium woodii from
8 —12gL~!. Moreover, an inhibitory effect of high acetic acid concentrations on the growth
of microorganisms would explain the stagnation of cell growth despite total cell retention

in experiments A and B. Thus, the decrease in biomass-specific productivity of acetic acid
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after activation of cell retention in Fig. 2 C would be explained by the fact that the decrease
in biomass-specific productivity of acetic acid would counteract a further increase in intra-
cellular acetic acid concentration. The graph in Fig. 8 would be in agreement with this as
well: A significant increase in ethanol concentration to 5gL~! or more is not observed until
acetic acid concentrations are at least 8 g L=!. Therefore, from Fig. 8, it becomes clear that
high ethanol concentrations only occur at high acetic acid concentrations. This can usually
be achieved only with high cell densities due to the limited biomass-specific productivity of
the microorganisms. This is consistent with Valgepea et al.3? and Mock et al..3? According
to their findings, high ethanol concentrations were a consequence of high acetic acid concen-
trations. In contrast to acetic acid, ethanol concentrations up to 15gL~! do not have an

inhibitory effect on the growth of C. ljungdahlii.>*
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Figure 8: Product concentrations of acetic acid and ethanol as a function of cell density.
Measured data of experiment A and B are compared with those from Stoll®® (chemostat,
D =0.03h™!, C. ljungdahlii DSM 13528) and Valgepea et al.3? (chemostat, D = 0.04h™!, C.
autoethanogenum DSM 19630). Cell densities of 12.91gL~! and 14.11 gL~! were obtained
at higher dilution rates of 0.04h~! and 0.05h~!. Adapted with permission from.3? Copyright
2017 Elsevier Inc.

In addition, Valgepea et al.3? found that with the increase in cell density, the ratio
qu,/qco decreased from 0.67 to 0.39, metabolic modeling demonstrated that the fraction of
reduced ferredoxin generated by oxidation of CO to CO, increased by 19 %. In contrast, our

measured data show that the ratio gu,/qco increases from 1.29 to 2.13 when cell density is
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increased by activation of biomass retention. Therefore, it is likely that reduced ferredoxin
was increasingly formed by hydrogen uptake and hydrogenase activity. Accordingly, both
CO and Hj serve as reducing agents for ferredoxin. This is consistent with studies by Bertsch
and Miiller,?¢ Liew et al.3” and Schuchmann and Miiller. '

In addition, a linear relationship between the hydrogen-specific gas uptake and the
biomass-specific partial pressure of CO in the exhaust gas is shown in Fig. 7. The hydrogen-
specific gas uptake takes into account that twice the molar amount of Hs is required for the
complete conversion of CO to ethanol, and three times the molar amount of Hy is required
for the complete conversion of CO,. The hydrogen-specific gas uptake therefore represents
a stoichiometric ratio. The course of this ratio as a function of the biomass-specific partial

pressure of CO in the exhaust gas can be approximated by the following linear fit:

ri, = —0.0108 SN PO L 7707 and R? = 0.8598 (3)
mbar mecpw

From Fig. 7, it can be seen that at low biomass-specific partial pressures of CO in the
off-gas, the specific hydrogen uptake is high, while at large biomass-specific CO partial
pressures, it is low. This relationship can be explained by the inhibitory effect of CO on
hydrogenase. The CO-induced inhibition of hydrogenase has already been investigated in
various studies, see. 2?3840 For example, Bertsch and Miiller 3 were able to observe hydrogen
uptake only above a conversion of CO of 90%. We also see from our measurement data
that after a gas flow increase (interval CRVGTT see Fig. 2), which resulted in a decrease of
CO conversion to 84 %, the biomass-specific hydrogen uptake rate decreases significantly by
13 % from 9.96 mmol g~ h~! to 8.68 mmol g~ h™!. Therefore, taking into account the studies
mentioned previously, it is likely that the second gas flow increase resulted in an increase in
CO-induced inhibition of hydrogenase.

In addition, the product ratio of acetic acid to ethanol decreases with an increase in spe-

cific hydrogen uptake, see Fig. 7. This could be a result of excess reduction potential in the
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form of reduced ferredoxin and NADP due to increased activity of electron-bifurcating hy-
drogenase (Hyt). This excess can be reduced by the formation of ethanol via aldehyde ferre-
doxin oxidoreductase (AOR) or bifunctional acetaldehyde/alcohol dehydrogenase (AdhE),

with AOR being the thermodynamically more favorable pathway.3336:4!

Redirection of reducing equivalents as a consequence of growth stag-

nation

Despite total cell retention in the intervals CR, CRVGT and CRVGTT in experiment A and
CRp=0.03, CRp—0.04, and CRp—g.05 in experiment B, there has not been a continuous increase
in cell density; instead, constant cell densities have occurred in the intervals. Therefore,
in the following discussion, we assume that cell retention, together with the other process
conditions, led to a stagnation of cell growth.

With cell retention, the energy efficiency increases from 80 % to 89 %, see Tab. 3. The
reason for the increased energy efficiency may be the reduced energy requirement of the
microorganisms due to stagnation of cell growth, requiring only energy for maintenance
metabolism.

Table 3: Energy efficiency of the process without cell retention (CR) and with cell re-
tention (CR). The energy efficiency is calculated by the lower heating value of products
(AHLnv,,op = 869.4kJmol™ % AHpv,, o = 1242kJ mol~143) divided by the lower heat-
ing value of reactants (AHLHVH2 = 241.84kJmol ™', ** AHy v, = 282.99kJ mol™!*?). Idea
of LHV-calculation is based on Kopke and Simpson.44

Interval Measured substrate uptake and product formation in mmolh™! Energy efficiency

CR 37.2H,y + 28.81 CO + 0.38 CO5 —» 9.79 AcOH + 4.21 EtOH 80 %
CR 66.20 Hy + 31.10 CO + 6.97CO5 — 9.18 AcOH + 11.30 EtOH  89%

In operation without cell retention, 80 % of AHy gy taken up is captured in the products
ethanol and acetic acid. It is now assumed that the remaining 20 %, i.e., the difference
between the heating value of the reactant stream (> AHppv, - ng) and the heating value of

the product stream (Y AHppy, -np), are necessary for the growth (Scpw-Viv-D-ep) and the
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maintenance metabolism (Scpw - Vv - pu) of the microorganisms. Here, Scpw represents the
biomass concentration, Viy the working volume, D the dilution rate, eg the specific energy

to synthesize biomass and py; represents the specific power for the maintenance metabolism:

CR CR
Z AHpavy - g — Z AHpuy, - np = Bepw - Vw - D - eg + Bepw - Vv - (4)

With the operation of cell retention, the term describing the specific energy to synthesize

biomass can be neglected due to growth stagnation, thus Eq. 4 is simplified:

CR CR
Z AHppv, - g — Z AHiuv, - np = Bepw - Vv - Pu (5)

Using Eq. 5, after inserting the values for heating value, biomass concentration and
working volume, the necessary energy for maintenance metabolism py; = 402.41J g th™! is
obtained. In comparison, for another organism, Rhodospirillum rubrum, Karmann et al.?
reported a minimum supply necessary for maintenance metabolism of 0.2 gco gopw h ™! Tak-
ing into account the lower heating value of CO, this results in a value for py; of 2021 J gt h=!.

After inserting the value of py = 402.41Jg 'h™! together with the other values into
Eq. 4, a value of eg = 29.808kJ g~ ! is obtained for the amount of energy required to build
up the biomass (for comparison: AHppve,.... = 14.47kJg™). As a comparison, if, on the
other hand, the energy required to build up the biomass is estimated assuming an average
biomass composition of CH;g;0¢52Ng21 according to Villadsen et al.*® and by the use of

1.,43 a value of

the method of calculating the lower heating value according to Grote et a
eg = 20.64kJ g~! is obtained.

At a dilution rate of D = 0.03h~! and with the experimentally determined amount of
energy for biomass growth of eg = 29.808kJ g™!, a specific power for biomass synthesis of
pp = 894.24J g th~! is calculated. Hence, the power to synthesize biomass pp is twice

as high as for maintenance metabolism py = 402.41Jg *h™!. Due to stagnation of cell

growth triggered by the use of biomass retention, no buildup of new biomass occurs. As a
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consequence, energy is directed entirely to the less energy-intensive maintenance metabolism,
which leads to the increase in energy efficiency calculated in Tab. 3.

Furthermore, 4.77 electrons per mole of biomass are required for the synthesis of biomass. 4"
Therefore, for operation without cell retention in the interval CR, 6.81 - 1073 electrons per
liter and hour are required for biomass buildup (at a dilution rate of D = 0.03h™! and
with Mcpw = 25.1 gmol~146). If cell growth is stagnating, as in the interval CR due to the
operation of a cell retention system, the electrons required to build up biomass are no longer
needed. As a result, the electrons can be used elsewhere, e.g. for the reduction of acetic acid
to ethanol, see Fig. 9, with the product ratio shifting towards ethanol. For this reason, in
the following section, the influence on the product ratio will be estimated if in the interval
CR, i.e., during operation without biomass retention, the electrons were used entirely for the
reduction of acetic acid to ethanol and not for the synthesis of biomass.
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Figure 9: Reduction of acetate to ethanol in the WLP. Acetic acid is reduced to acetaldehyde
via the AOR (I) and finally to ethanol via the AdhE (II). Four electrons are required for the
reduction of acetate to ethanol, which can be provided, for example, via hydrogen uptake
and electron-bifurcating hydrogenase (Hyt) with the carriers ferredoxin (Fd) and NADP.

Without cell retention, the product ratio of acetic acid to ethanol is 2.33. Eight electrons
are required per mole of acetic acid, and 12 electrons are required per mole of ethanol, so by
using the space-time yields from Tab. S1, the amount of electrons required can be calculated:
35.6 - 1073 electrons per liter and hour for acetic acid formation and 23 - 1073 electrons per

liter and hour for ethanol formation. We now assume that the 6.81-1072 electrons per
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liter and hour initially required to build the biomass could be used to reduce acetic acid
to ethanol. Four electrons are needed to reduce one mole of acetic acid to one mole of
ethanol, see Fig. 9, thus 6.81-1072/4 = 1.7 millimoles of ethanol per liter and hour could
be additionally built by reducing acetic acid to ethanol. Theoretically, this would increase
the space-time yield for ethanol by 1.7mmolL~'h~! to a total of 3.6l mmolL~'h~! and
reduce it for acetic acid to 2.75mmol L~'h™!. Thus, the product ratio would decrease from
initially 2.33 to 0.76, being comparable to the product ratio of 0.81 in the interval CR when
operating a biomass retention system. This theoretical calculation demonstrates that the
continuous synthesis of biomass during the operation of a CSTR without biomass retention
is associated with considerable electron demand. The experimentally measured product shift
towards the more reduced product ethanol when using a biomass retention system could be a
consequence of the reduced electron demand of non-growing cells. This would be consistent
with the results of Richter et al.? that excess reduction potential as a result of reduced
cell growth is dissipated by increased ethanol formation via solventogenesis. In addition,

1.48

studies by Liu et al.*® in the context of a genome-scale model indicate ethanol formation as

a consequence of excess reduction potential.

Conclusion

By using biomass retention with wild-type strain Clostridium ljungdahliic (DSM 13528),
biomass increases significantly leading to an overall increase of the C,; product titer to
24.83gL~! and to an increase of the Cy space-time yield to 0.75gL~'h~!. Furthermore,
space-time yield of ethanol with a value of 8.71 mmolL='h~! becomes greater than the
space-time yield of acetic acid, leading to a shift in the product ratio towards ethanol.

In addition, we found that the biomass-specific partial pressure of CO in the off-gas is
an important tool for influencing hydrogen uptake and product ratio. Furthermore, we have

shown that the continuous growth of the biocatalyst is associated with a high demand for

27



electrons. The product shift towards ethanol at high cell densities through the usage of a
biomass retention system is the result of an excess of reduction potential as a consequence
of reduced or stagnated cell growth.

The measurement data from our long-term experiments of continuously operated fermen-
tation both with and without biomass retention have therefore made an important contribu-
tion to identifying and characterizing the influencing factors that promote ethanol formation.
By taking measurements in steady state, we have achieved to build up a valuable database

for future kinetic modeling.

28



Symbols

B gL~

G mmol L™!
AC %

D h™!

B kJ gcpw

AHLHV kJ mol~!

M gmol ™!

m g

n mmol

n mmol min~—*
P W

i mbar

PB Jecpwh ™!
PMm Jgepw h!
qq mmol g~ h~!
qp mmol g~ h!
R? -

r mmol L='h~!
T, -

S ,

STY mmol L~ h~!

T °C

t h

T h

V m?

1% mL min~!
Xi -

mass concentration of product i
concentration of product i

deviation of carbon content

dilution rate

specific energy to synthesize biomass
lower heating value

molar mass

mass

amount of substance

molar flow rate

power

partial pressure of component i
specific power for the biomass synthesis
specific power for the maintenance metabolism
biomass-specific gas uptake rate
biomass-specific productivity
coefficient of determination

gas uptake rate

gas uptake ratio of hydrogen to carbon
selectivity

space-time yield

temperature

time

liquid retention time

volume

volume flow

conversion of i
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Abbreviation

AcOH acetic acid

AdhE  bifunctional acetaldehyde/alcohol deydrogenase
AOR  aldehyde ferredoxin oxidoreductase
CDW  cell dry weight

CR cell retention

CR without cell retention

CSTR  continuous stirred-tank reactor

EtOH  ethanol

Fd ferredoxin

GC gas chromatograph

HF hollow fiber

HPLC high performance liquid chromatography
Hyt electron-bifurcating hydrogenases

IC inorganic carbon

KOH  potassium hydroxide

NADP nicotinamide adenine dinucleotide phosphate
NM nutrient medium

PES polyethersulfone

rpm revolutions per minute

TC total carbon

TOC  total organic carbon

vol. volume

WLP  Wood-Ljungdahl pathway

30



Sub- and Superscripts

experiment A
experiment B
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off off-gas
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product
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