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Abstract

Syngas fermentation effectively converts CO, H,, and CO, into valuable biofuels and chemicals. This study investigated
the effects of fluctuating syngas composition and kLa as the critical operational parameters on microbial fermentation
performance, with a focus on ethanol, acetic acid, and biomass production. Modeling results demonstrated that
increasing CO concentration significantly enhanced metabolite production, whereas increases in H, and CO,
concentrations yielded limited improvements. The findings revealed that a higher H,/CO ratio tent to reduce metabolite
production, while a higher CO/CO,, ratio significantly improved fermentation outcomes. Additionally, higher kLa values
were observed to promote metabolite production, though diminishing returns were evident at very high kLa levels.
Further study on the impact of syngas composition disturbances (5% to +£20%) and fluctuation durations (0.5, 1, 2, and
4 days) indicated that larger disturbances and longer fluctuation durations led to greater deviations in metabolite
concentrations, with ethanol being the most sensitive, followed by acetic acid and biomass. Despite these fluctuations,
the microbial system displayed resilience, stabilizing once gas composition returned to normal levels. These insights
underscored the adaptability and robustness of syngas fermentation systems, making them viable for industrial
applications where gas composition variability is inevitable. The ability to tolerate moderate fluctuations offers
opportunities to reduce gas pretreatment costs and process syngas from diverse sources, benefiting industries such as
steel manufacturing, oil refining, and biomass gasification.
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1. Introduction pathway, biomass undergoes pretreatment with
acid, alkali, or steam to disrupt the cellulose-
hemicellulose-lignin ~ bond, enhancing  its
accessibility to enzymes. This pretreated biomass
is then hydrolyzed to produce fermentable sugars,
which are fermented to yield ethanol [6]. The
biochemical pathway offers high selectivity of
biocatalyst products [7], a relatively simple

Global demand for fossil fuels has surged
alongside population growth [1,2]. Biofuel
production, especially ethanol from lignocellulose,
follows two primary pathways: biochemical and
thermochemical [3-5]. In the biochemical
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reactor design, and the ability to operate at
ambient temperature and pressure [8]. However,
it also faces challenges, including high costs for
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pretreatment and enzymes, a slower process, and
the production of lignin as a by-product.
Additionally, pretreatment can release inhibitory
compounds (such as acetic acid, furfural, 5-
hydroxymethylfurfural, and phenolic compounds)
that may hinder hydrolysis and fermentation
[9,10].

The thermochemical pathway converts
biomass into syngas (a mixture of CO and Hz) [11—
13], which is then transformed into biofuels using
the Fischer-Tropsch (FT) catalyst. The FT process
can utilize various raw materials, including
lignin, and operates quickly. However, it faces
challenges such as substantial infrastructure
requirements, high metal catalyst costs, and the
necessity for elevated temperatures, pressures,
consistent gas quality, and a stable CO/H: ratio
[14].

The third pathway, syngas fermentation,
integrates the benefits of biochemical and
thermochemical methods. Biomass feedstock is
first thermochemically converted into syngas,
which then serves as the carbon source for
microbial biocatalysts that produce ethanol [15].
Potential microbes for this process are acetogenic
bacteria capable of converting organic acids into
alcohol [16], such as Clostridium ljungdahlii,
Clostridium  autoethanogenum,  Clostridium
carboxidivorans P7, and Acetobacterium woodii
[17]. Acetogens can utilize Hz, CO, sugars, one-
carbon compounds, methoxylated aromatic
compounds, and alcohols [18].

Microbes convert syngas into metabolic
products via the Wood-Ljungdahl pathway, also
known as the reductive acetyl-CoA pathway [19].
The fermentation process consists of two stages:
acidogenesis and solventogenesis [20]. During
acidogenesis, cell growth occurs alongside the
production of acetate and butyrate, while in
solventogenesis, these products are transformed
into ethanol. Thermodynamically, producing
ethanol and acetic acid from CO is more favorable
than using CO:2 and Hz, as CO:z requires H:z to
serve as a substrate [21]. However, CO's solubility
in aqueous solutions is much lower than that of
COs2 [22].

Syngas fermentation success depends on the
microorganism used for ethanol production, the
bioreactor type for gas-liquid mass transfer, and
syngas composition [23]. Syngas fermentation
offers an advantage over chemical processes by
not relying on a fixed H2/CO ratio, as acetogenic
bacteria can adapt their metabolic pathways to
different ratios [24,25]. However, varying Ha2/CO
ratios may lead to fluctuations in bioethanol
productivity.

Syngas composition varies due to biomass
feedstock composition, gasifier, gasification agent,
and process temperature [26]. However, in syngas
fermentation for ethanol production research
often a constant syngas substrate composition was

used. In developing countries, the applied simple
gasification methods and the use of various
biomass types can result in inconsistent syngas
compositions, affecting microbial conversion
efficiency in syngas fermentation. In large-scale
syngas fermentation, changes in dissolved gas
concentrations (CO, Hs, CO2) are likely due to
local differences in mass transfer and convection
rates [27-31]. Research indicates that H2/CO ratio
variations affect fermentation outcomes: a ratio of
2.0 yields more acetate than ethanol, while a ratio
of 0.5 favors ethanol production [32]. This
variability in gas composition raises concerns
regarding the effectiveness of microorganisms in
converting syngas to desired products.

Laboratory experiments are crucial for
assessing how changes in syngas composition
influence metabolism, but they demand
significant resources. Model simulation can be
used to predict fermentation dynamics to address
the effect of fluctuations in syngas composition.
This research investigates the impact of syngas
composition on batch fermentation and analyzes
how fluctuations and disturbances in syngas
composition affect continuous fermentation
through modeling. Key parameters include cell
concentration, ethanol levels, acetic acid, and gas
utilization (CO, COgz, and H2). The experiment
employs a kinetic model to examine how syngas
variability influences fermentation efficiency,
focusing on factors such as mass transfer rate
(kLa), fluctuation of syngas composition, and
duration of fluctuations.

This study highlited the significance of
understanding how fluctuations in inlet gas
composition affect the optimization of the syngas
fermentation process, particularly in the use of
COz and CO, as well as the production of biomass,
ethanol, and acetate. Improving the efficiency of
syngas fermentation can lead to cleaner energy
alternatives, reduced greenhouse gas emissions,
and the promotion of bio-based products, all of
which are crucial for transitioning to a low-carbon
economy and advancing sustainable industrial
practices.

2. Methods

The built model includes dissolution of CO,
COg, and H: gas from the feed gas into the liquid
medium of the fermentation broth, the conversion
of dissolved CO and COsg/H: into acetate and
biomass (acetogenesis phase), the process of
converting acetate into ethanol (solventogenesis
phase). Clostridium ljungdahlii produces acetic
acid and biomass following a growth-associated
mechanism during the acetogenesis phase and
produces ethanol following a non-growth-
associated mechanism during the solventogenesis
phase. Ethanol can also be formed along with
biomass growth following the mix-growth-
associated mechanism.
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The model for the batch system (Figure 1a)
examines the effects of kLa and syngas
composition changes on fermentation.
Additionally, the model is simulated continuously
(Figure 1b) to analyze the impacts of fluctuation
magnitude and duration in the inlet gas
composition on fermentation. Both systems
operate under the same reaction kinetics and
liquid medium composition, including gas flow
and agitation rates.

The assumptions of this simulation are as
follows: (1) The simulation employs a kinetic
model developed by Medeiros et al. [33] in which
kinetic parameters were fitted from Phillips et al.
[34]; (2) The kinetic equation includes 11
variables: CO), COq, COs2yg, CO21, Hze), Haq),
ethanolg, ethanolg, acetatew, acetateq, and
biomass; (3) The effects of synthesis gas
composition and kza on batch fermentation were
analyzed over 14 days to ensure its effects
solventogenesis and acetogenesis processes were
covered; (4) The process is assumed to operate
isothermally and isobarically, with constant
homogeneity and volume of liquid and gas in the
reactor; (5) The influence of variations in syngas

composition fluctuations during fermentation
varies according to the magnitude of the
disturbance and the duration of the disturbance
analyzed for 16 days starting on the day of
fermentation operations producing ethanol and
acetic acid at steady state conditions on continue
fermentation.

The kinetic model adheres to the
stoichiometry of reactions 1-4, which represent
cell-catalyzed chemical reactions:

4 CO + 2 H20 > CH3COOH + 2 CO2 (1)
4 Hs + 2 CO2 > CH3COOH + 2 H20 (2)
CHsCOOH + 2 CO + H20 > C2H50H + 2 CO:z (3)
CH3COOH + 2 H2 » C2H50H + 2 H20 (4)

The specific consumption rate CO (vy) and
Hs (vy,) follow Monod kinetics with inhibition by
substrate and product (Equations 5 and 6). C;, ¢, is
concentration of CO in the liquid phase. C; 4, is
concentration of Hz in the liquid phase. The values
of maximum specific consumption rates of CO and
H2 (Vmax co (Vmaxnz) and the Monod constants
(Ksco dan K 5 ) are taken from Medeiros [35].
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Figure 1. System model: (a) Batch, (b) Continuous
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_ Vmaxco- CLco

Ksco +CLco
_ YmaxH2- CLH2

KsHz + CLH2

. IEC'IAC'ICO (5)
B P O (6)

The inhibitions of ethanol, acetic acid, and CO
uptake follow standard inhibition Kkinetics
(Equations 7-9). The values of the inhibitor
constants (K;) for ethanol (K;z), acetic acid
(K;4), and CO substrate (K;co) are taken from
Medeiros [35].

1

Ige = —1+ CLEt (7)
{(IE

Ipc = 1+ CLac ®)
11<1A

Ico = ~—<Cico )
1+ L0
Kico

The specific growth rate of biomass (u) is a
function of the specific rates of CO and H2 via yield
coefficients Yy oo and Yy ., (Equations 10), and the
death rate r; is a function of cell concentration
(Cy) (Equations 11). The values of Yy ¢, Yy, and
the death constant (k;) are taken from Medeiros
[35].

U= —vco-Yxco — Vu, Yxm, (10)
Tq = kq.Cy (11)

Acetic acid is produced from CO (Equation 1)
and H2/CO2 (Equations 2). Ethanol is produced
exlusively through reduction of acetic acid
(Equations 3 and 4). The terms Fy.g co and Fycg yo
are included solely for clarity in the equations and
do not represent model parameters. The idea
behind this set of equations is that acetic acid 1s
reduced by its concentration (Equations 12 and
13). The values of V52, acr s Viaracr » Keqer and

co
F _ Vmax,AcR-CLAc (12)
AcR,CO — KCO +C

s,AcRTVL,Ac

H2
Vmax,AcR-CL Ac
P ek Cute (13)
s,AcRTCLAc

Fpcruz =
The corresponding reaction rates for the
production of ethanol and acetic acid are
calculated using (Equations 14-17).

R — (L)(__2Facrco
Vs = (2> (ZFAcR,co+ IVCOI) Ivcol (14)
R _ (1) (__2FacrH2
Ve = (2) (2FACR,H2+ IVH2|> V| (15)
R
v{e - _ (”co:Zlﬂs) (16)
R
77§ [ (VH2+2V4) (17)

4

The total production rates of other components
are calculated using (Equations 18-20):

Veo, = 2V5 — 2v5 + 20§ (18)
Vor = vE + 20F (19)
Vye = VR + v — 08 — uR (20)

The concentration fields, except for biomass
concentration, refer to the gas phase (Cs;) or
liquid phase (C,; ), and species type (non-
condensable [NC] or condensable [C]), with V; and
V, representing the volumes of gas and liquid
inside the reactor (mL, L, or m3), respectively.
Qq,in and Qg oy¢ are the gas volumetric flow rates
(L/h) into and out of the vessel, @, is the liquid
volumetric flow rate (L/h), k;a; are mass transfer
coefficients, and XP is the cell purge fraction, i.e.,
the fraction of cells that are not recycled to the

vessel. The mass balance is shown in Equations
21— 24 as follows:

K12 o are taken from Medeiros [35]. dGcii phafe.
' 7 = (E) . (QG,inCG,j,in - QG,outCG,j) -
kua; (Cmi]f - CLJ-) (&) 1)

Table 1. The parameters used in the modeling

Component .

Data CO CO: Hs Ethanol  Acetic Acid Water Unit

H; (36°C) 4.97e9 1.21e8 6.69e9 Pa
kLa 300.5 425.9 277.1 - - - h-1
Psat - 1.52e4 4.05e3 4.05e3 Pa
Yi - - - 7.6 3.5 -
Umax 0.0463 - 0.0316 mol.g-1.h-!
K 1,15e-5 - 6,75e-4 - - mol.L!
K 1.36e-4 - - 0.217 0.962 mol.L1
Y« 0.754 - 0.201 g.mol-!
VAR 0.0242 - 1.76e-3 mol.gL.h1
KACR 0.388 - 0.464 mol.L1
Ka 0.00697 h-t
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Liquid phase:
dCL" _ CG,'
7] = kLa]- (m—]] - CL,]') + Uj. Cx +
Q
() (Cuim = €uy) 22)
acCrr _ CLk
PP —kLak (m_k - CG,k) + vj-Cx +
Q
() (Curin = Cui) (23)

Biomass concentration:

o (%) (=Cy.XP) + uCy — 14 (24)

The volumetric exit gas flow is determined
using a mole balance in the gas and liquid phases
under isobaric conditions. The total moles of gas
exiting the reactor are calculated using Equation
25, while the exit gas flow, @, is calculated using
the ideal gas law assumption in Equation 26.

l Cgj
Ng out (%) = Qg,inZiCs,jin — Zjenc (kLaj (mj‘::m -
o
Cug) Vi) + Sjec Uy (2L = €5, ) V) (25)
jec
3 NG outRT
QG,out [T:_T] = G'OTt (26)

The value of the gas-liquid equilibrium
factors, m; and m, , can be calculated using
Equations 27 and 28, where R is the ideal gas
constant (8.314 Pa.m3/mol.K), MM, and p, refer to
liquid phase molar mass (kg/mol) and density
(kg/m?3), respectively, assuming pure water at 36
°C, H; is Henry’s law constant (Pa), Psqy are the
saturation pressures (Pa), and y, are the infinite-
dilution activity coefficients. Symbol j for CO,
COg2, Hz, while k for ethanol and acetic acid.

o H;MMj,
j = rron 27
PLRT
m, =————— 28
kT MMLykPsatk 28

The dynamic fermentation model is defined
by the ODEs in Equations 5-9. This model was
simulated by wusing Matlab R2019b. The
parameters used in the modeling are listed in
Table 1 and Table 2 are operation condition. The
effect of inlet syngas composition on fermentation
metabolite-biomassa, acetic acid, and ethanol-was
simulated using the inlet syngas composition
outlined in Table 3 run A-E. The effect of kLa on
fermentation metabolite-biomassa, acetic acid,
and ethanol-was simulated using the variations in
Table 3 run F-J. The standard gas composition
consists of 55% CO, 10% COz, dan 20% Hs [34].

The effect of fluctuation magnitude in inlet
gas composition on the concentration of ethanol,
acetic acid, and biomass was studied using
Pattern 1 and 2, in which Pattern 1 gave an
opposite fluctuation trend of Pattern 2. Pattern 1:
CO and H, decrease during the first 4 days,
remain standard for 4 days, increase for 4 days,
and return to standard levels. CO, fluctuates
inversely to CO and H, in both cases. Magnitude
of fluctuation composition from the standard are

Table 2. Operating conditions (Dcont = Dilution
rate continous operation; Chiom = Concentration
of biomass in recycle process.

Parameters Unit Values
1% L 1
Ve L 0.5
QG in L.ht 1.2
T K 310
P atm 1
R atm.L.mol-1.K-! 0.082
Deont h-1 0.0035
Chiom gLl 1.187

Table 3. Variation of model simulation (kLa for CO2 and Hz is determined by comparing their values to
CO, yielding 1.42 and 0.92, respectively.)

Gas composition

RN
A 55 10 20 15 [34] 300.5
B 36 11 28 25 [42] 300.5
C 25 20 15 40 [41] 300.5 [41]
D 19 19 41 21 [42] 300.5
E 12 17 12 59 [29] 300.5
F 55 10 20 15 40 [15]
G 55 10 20 159 108 [43]
H 55 10 20 15 [34] 216 [44]
I 55 10 20 15 300.5 [45]
J 55 10 20 15 1096.2 [46]
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+5%, +£10%, +15%, and +20%. The effect of
fluctuation duration in inlet gas composition on
the concentration of ethanol, acetic acid, and
biomass was analyzed for fluctuation duration
variation 0.5, 1, 2, and 4 days. For this simulation
the biggest flutuation magnitude (£20% from
standard) was used in these simulation.

3. Results and Discussion

3.1 Effect of Syngas Composition Changes on
Fermentation

The impact of syngas composition on batch
fermentation was determined by altering the inlet
gas composition, following Tabel 3 run A-E. The
time profile of the batch fermentation is provided
in the supplementary material for further
reference. Because the total composition must
equal 100%, changes in CO automatically affect
CO:z and Hg2, therefore a gas ratio analysis is

performed. The effect of inlet syngas composition
on syngas fermentation performance was
ilustrated in Figure 2.

3.1.1 CO Composition

Figure 2a shows that an increased CO
concentration significantly boosts the production
of these compounds. Indeed the calculated
correlation coefficient for CO with ethanol, acetic
acid, and biomass was very high (0.99 for ethanol
and biomass, and 0.98 for acetic acid).

CO was the primary substrate in syngas
fermentation. Thereby it was expected that
increase in CO enhances the production of
ethanol, acetic acid, and biomass. Carbon
monoxide dehydrogenase (CODH) absorbed CO,
converting it into CO, and electrons. These
electrons were then transferred to ferredoxin (Fd)
for ATP generation via the proton motive force
(chemiosmotic coupling). The Acetyl-CoA pathway
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Figure 2. The effect of inlet syngas composition on syngas fermentation performance. m represents

ethanol,

represents acetic acid, and e represents biomass.
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produced acetyl-CoA, the precursor for ethanol
and acetic acid. As CO serves as both a carbon and
electron donor, elevated CO levels directly
facilitated the synthesis of ethanol and acetic acid
[36].

3.1.2 H2 Composition

Figure 2b shows that while a peak in ethanol
concentration was observed at 15-20% H,, the
overall trends indicated that product formation
was not significantly enhanced by increasing H,
composition. The correlation coefficients for H,
with ethanol (0.02), acetic acid (0.10), and biomass
(0.01) were all very low, indicating that a
negligible relationship exists between H,
composition and the production of these
metabolites. These correlation data, along with
the observed trends, suggested that other factors,
rather than H; composition, were considered more
critical in determining fermentation performance.

Hydrogen contributed to the reduction of CO,
to acetyl-CoA, facilitating the production of
valuable products such as acetic acid and ethanol.
However, the weak correlations indicated that H,
did not effectively promote acetyl-CoA formation
in the presence of CO, likely due to inefficient
electron transfer at high CO levels. H, did not
significantly boost production, as microbes prefer
CO as their main carbon and electron source [37].
Overall, H, did not enhance fermentation
performance, highlighting its lower -electron
transfer efficiency compared to CO-derived
pathways.

3.1.3 CO2 Composition

Figure 2¢ shows that while ethanol and acetic
acid concentrations increased with CO,
composition, the overall trends indicated that
further increases in CO, do not significantly
enhance production. The correlation coefficients
for CO, with ethanol (-0.853), acetic acid (-0.828),
and biomass (-0.848) suggested a moderate to
weak relationship, further indicating that CO,
composition played a less critical role in the
production of these metabolites. These trends and
correlation data suggested that other factors,
might be more influential in determining
fermentation performance.

CO, could not provide reducing power on its
own; 1t required H, as an electron donor.
Insufficient H, levels hindered CO,'s effectiveness
in fermentation. The reduction of CO, to acetyl-
CoA depended on H,, facilitated by the
hydrogenase enzyme complex [38]. When CO,
level was high and H, was low, acetogens
struggled to reduce CO, to acetate or ethanol,
which explained the negative correlation with
CO, concentration.

3.1.4 Hs/CO Ratio

Figure 2d shows that as the H,/CO ratio
increases, the production of ethanol, acetic acid,
and biomass decreases. These trends were
consistent with the correlation coefficients for the
H,/CO ratio with ethanol (-0.59), acetic acid (-
0.55), and biomass (-0.6), which indicated
moderate negative relationships. This suggested
that as the H,/CO ratio increases, the production
of these metabolites tent to decrease, reinforcing
the idea that a higher H; proportion relative to CO
may not be optimal for fermentation performance.

At an H,/CO ratio of 1 or lower, CO
availability might be insufficient for efficient
acetyl-CoA  synthesis. Acetogenic  bacteria
preferentially used CO over H; since CO provided
both carbon and energy [36]. When H, level
increased relative to CO without significant CO
limitation, metabolism could become less efficient
due to poor redox balance. Additionally, CO was
crucial for energy conservation in acetogens, and
its limitation at this ratio could decrease ATP
production, thus slowing down ethanol production
[39].

As the H,/CO ratio exceeds 2, bacteria might
undergo metabolic shifts to utilize H, more
effectively as an electron donor, despite its lower
efficiency compared to CO. While acetogens
prefered CO, adequate H, facilitates CO,
reduction via the Wood-Ljungdahl Pathway,
aiding in ethanol production. This indicated that
at higher H,/CO ratios, microbes adapted their
metabolism to increase H, use while sustaining
ethanol output. Unlike Fischer-Tropsch synthesis,
fermentation showed flexibility in H,/CO ratios,
allowing microbes to switch between CO
utilization and H,-mediated CO, reduction,
though it still required sufficient CO availability
[32].

3.1.5 CO/COz2 Ratio

Figure 2e shows the relationship between the
CO/CO; ratio and the production of ethanol, acetic
acid, and biomass in syngas fermentation. As the
CO/CO, ratio increased, the production of ethanol
and acetic acid rose sharply. These trends were
strongly supported by the high correlation
coefficients of 0.99 for ethanol, 0.98 for acetic acid,
and 0.99 for biomass. The high positive
correlations indicated a strong relationship
between the CO/CO, ratio and the production of
these metabolites, suggesting that increasing the
CO/CO, ratio significantly enhanced fermentation
performance. This ratio ensured adequate CO for
the Wood-Ljungdahl pathway, maximizing
product formation. Thus, the CO/CO, ratio was
crucial, emphasizing that CO availability was
vital for optimal fermentation performance [36].

Copyright © 2025, ISSN 1978-2993



Bulletin of Chemical Reaction Engineering & Catalysis, 20 (2), 2025, 338

3.2. Effect of kra on Fermentation

The efficiency of syngas fermentation relied
on the effective dissolution and diffusion of CO,
H,, and CO, in the liquid phase. Table 4 presents
data on the diffusivity and solubility of these
gases. CO has a low solubility in water; thus,
increasing mass transfer (higher kLa) enhanced
its bioavailability, leading to better substrate
utilization, increased biomass growth, and greater
ethanol production. At low kLa values (40-108
h™'), inadequate gas transfer limited CO
availability, inhibiting microbial metabolism and
resulting in lower biomass, acetate, and ethanol
yields.

The experiment, conducted at 37 °C, benefited
from higher gas diffusivity due to reduced water
viscosity, facilitating faster gas movement.
However, gas solubility decreased with rising
temperatures, as molecules escaped the liquid
phase more easily. Consequently, while elevated
temperatures enhanced mass transfer, they also
decreased the dissolved gas available for microbial
metabolism.

At higher temperatures, the low solubility of
CO, H;, and CO; posed challenges for gas-liquid
mass transfer in syngas fermentation. CO
experienced greater mass transfer but reduced
solubility, leading to  lower dissolved
concentrations and requiring increased kLa to
maintain its availability. H,, with its rapid
diffusion yet low solubility, further complicated
effective transfer. While CO, was the most
soluble, its significant solubility declined at 37 °C
could impact pH stability during fermentation. To
counteract these effects, optimizing kLa was
essential to ensure sufficient gas availability for
microbial metabolism, ultimately supporting
efficient ethanol production.

The effect of kLa on the batch syngas
fermentation process was analyzed by varying
kLa based on the bioreactor's configuration and
operating conditions, as indicated in various
studies, to predict ethanol production. The
influence of kLa on metabolites is illustrated in
Figure 3.

Figure 3 shows that higher kLa values
enhanced metabolite production, indicating more
active fermentation. This trend was supported by

Table 4. Table 4. Data of diffusivity and solubility
of CO, COg, and Hz in water [47]. The diffusivity
data at 25 °C, solubility data at 20 °C for CO and
COg, and at 80 °C for Hos.

Gas Diffusivity (cm2.s'1)  Solubility (mg.L1)

CcO 1.8 x 103 23.2
He 4.4x10% 8.5
CO2 1.96 x 10 901

the correlation coefficients, with values of 0.80 for
ethanol, 0.72 for acetic acid, and 0.86 for biomass,
demonstrating a positive relationship between
kLa and metabolite concentrations (Figure 3d).
However, although increasing kLa significantly
improved ethanol production during syngas
fermentation, the results demonstrated that
raising kLa from 300.5 h-! to 1096.2 h-!1 (a 3.5-fold
increase) resulted in only a modest improvement
in ethanol concentration, from approximately 24
gLl to 28 g.Il, rather than a proportional
increase.

At lower kLa values, gas-liquid mass transfer
was the primary limiting factor. In this condition,
insufficient CO and H, were transferred into the
liquid phase, leading to limited microbial growth
and product formation [15]. However, beyond a
certain threshold (around kLa 300 h'l), the
limitation shifted from mass transfer to microbial
uptake and metabolism.

At high kLa levels, the increased substrate
concentration led to saturation of the enzymes
responsible for processing CO and H,. Microbial
enzymes, such as carbon monoxide dehydrogenase
and hydrogenase, followed typical Michaelis-
Menten kinetics. When substrate concentrations
were low, increasing substrate availability
increased the reaction rate. However, at high
concentrations, these enzymes reached their
maximum catalytic capacity (Vmax), and further
increased in substrate availability did not
enhance reaction rates [40].

3.3. Effects of Fluctuating Inlet Gas Composition
in Syngas Fermentation

In the continuous fermentation method, the
pH and temperature parameters were controlled,
fresh substrate was continuously added to the
bioreactor, while the resulting acetic acid and
ethanol products were removed at the same rate,
keeping the volume in the system constant. The
initial phase of the simulation aimed to identify
steady state conditions for ethanol and acetic acid,
which were then set as initial values to assess the
impact of syngas fluctuations on the fermentation
process over 16 days. The continuous syngas
fermentation process profile i1s illustrated in
Figure 4. This research aimed to investigate the
effects of fluctuating input syngas compositions on
the continuous fermentation process. The
disturbance included the magnitude and duration
in inlet gas composition. According to Figure 4, the
steady-state phase of ethanol and acetic acid was
reached by the 40th day. However, in this
simulation, day 50 (11.9 residence times) was used
as the initial condition, with ethanol at 19.27 g/L,
acetic acid at 2.28 g/L,, and biomass at 0.96 g/L.
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3.3.1 Effect of Fluctuation Magnitude

The disturbances imposed were 5%, 10%,
15%, and 20% from standard composition, which
last over 4 days. Each disturbance magnitude
followed a specific pattern: in Pattern 1, CO and
H2 decreased from days 4 to 8, return to normal
from days 9 to 12, and then increased. Conversely,
CO:z was managed in the opposite manner.
Pattern 2 operated inversely to Pattern 1, as
illustrated in Figure 5a and b. The impact of the
disturbance levels was depicted in Figure 5c-k.

The impact of disturbance levels in syngas
composition on metabolite concentrations was
illustrated in Figure 5. For ethanol production
(Figure 5c-e), the results revealed that decreased
CO availability in Pattern 1 led to a reduction in
ethanol concentration, particularly prominent at
higher disturbance levels (up to +20%). Ethanol
levels recovered as syngas composition returns to
normal. In contrast, Pattern 2 showed an increase
in ethanol production with higher CO and H,
concentrations. The bar chart summary confirmed
that ethanol concentration was positively
influenced by increased CO availability and
negatively impacted by CO reduction.
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Similarly, acetic acid production followed the
same trend (Figure 5f-h): reduced CO and H,
concentrations in Pattern 1 resulted in lower
acetic acid levels, while increased CO in Pattern
2 enhanced production. Biomass concentration
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trends were consistent but display less sensitivity
(Figure 5i-k). The percentage change in
metabolite production increased or decreased
proportionally with the magnitude of the
disturbance in inlet gas composition, suggesting
that larger fluctuations in gas composition had a
greater impact on fermentation outcomes.

Across all metabolite profiles, the system did
not achieve a steady state within the 4-day
disturbance period. There was a clear delay in the
system's response and recovery, and stabilization
occured only after day 12 when syngas
composition returned to normal. These findings
highlighted the system's resilience to fluctuating

sufficient stabilization time. These observations
aligned with previous studies emphasizing that
gas composition fluctuations significantly affected
syngas fermentation outcomes [19].

3.3.2 Effect of Fluctuation Duration in Inlet Gas
Composition on Fermentation

The impact of the duration of gas composition
fluctuations on metabolite concentrations was
illustrated in Figure 6. The duration varied at 0.5,
1, 2, and 4 days, with a maximum deviation of
+20% from the standard composition. Two
fluctuation patterns were applied: Pattern 1,

L. . where CO and H, concentrations initiall
feed conditions but also emphasized the need for 2 Y
z, z,
(a) (b)
Y —~———7F | I —— N i
wa n:y ,;...n‘q. "
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Figure 5. Effect of changes in syngas composition on concentration. (a) Composition of CO — Pattern 1,
(b) Composition of CO — Pattern 2, (c) Ethanol — Pattern 1, (d) Ethanol — Pattern 2, (e¢) Ethanol — changes
(orange pattern 1, grey pattern 2), (f) Acetic acid — Pattern 1, (g) Acetic acid — Pattern 2, (h) Acetic acid —
changes (orange pattern 1, grey pattern 2), (i) Biomass — Pattern 1, (j) Biomass — Pattern 2, (k) Biomass
— changes (orange pattern 1, grey pattern 2). Disturbance in syngas composition from standard
composition: £5% (=), £10% (=), £15% (=), £20% (=), and standard composition (=).
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decreased, returned to standard levels, then
increased before stabilizing again; and Pattern 2,
which operated inversely.

For ethanol production (Figure 6c-e), the
results showed that shorter fluctuation durations
(0.5 and 1 day) caused more frequent but smaller
variations in concentration. Longer durations (4
days) resulted in larger amplitude changes, with
ethanol levels decreasing during CO reduction
phases in Pattern 1 and increasing during CO
enrichment phases in Pattern 2. Figure 6e
confirmed that longer fluctuation durations led to
higher ethanol concentration, while shorter
durations resulted in lower ethanol concentration.

Acetic acid production followed a similar
trend. Reduced CO and H, concentrations in
Pattern 1 led to lower acetic acid levels, while
increased concentrations in Pattern 2 enhanced
production. Larger acetic acid concentrations
were observed for longer fluctuation durations,
while shorter durations showed smaller
concentration (Figure 6h). Biomass concentration
trends were consistent with those of ethanol and
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acetic acid, though biomass showed less
sensitivity (Figure 6i-k).
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- : Hz, - - : CO2), (b) Gas composition changes every 2 days — Pattern 2 (- - : CO, - - : Hs, - - : COy), (c)
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durations allowed the system to adjust more
rapidly, resulting in more stable fermentation
outcomes. These findings aligned with previous
studies emphasizing the importance of stable
operating conditions and control strategies to
mitigate the effects of fluctuating gas
compositions [19].

Industries such as steel manufacturing, oil
refining, and biomass gasification produce syngas
with inherently variable compositions. The
results suggest that syngas fermentation systems
can be optimized to handle moderate fluctuations,
improving cost-effectiveness by minimizing the
need for gas stabilization. Additionally, microbial
adaptability to different fluctuation patterns
implies that a single fermentation system can
process diverse gas sources, benefiting
biorefineries that utilize various waste gases,
including landfill gases, biomass-derived syngas,
and industrial emissions, while maintaining
consistent productivity.

4. Conclusion

This study examined the effects of syngas
composition and its fluctuations on syngas
fermentation performance using a kinetic model.
In batch fermentation, increasing CO
concentration was found to enhance ethanol,
acetic acid, and biomass production, while higher
H,/CO ratios tended to reduce metabolite yields.
Additionally, a higher CO/CO, ratio improved
fermentation  performance. In  continuous
fermentation, both the magnitude and duration of
fluctuations in syngas composition influenced
product concentrations, with larger and longer
fluctuations causing more pronounced changes.
However, the system demonstrated the ability to
recover once the gas composition stabilized. These
findings confirm that syngas composition and gas-
liquid mass transfer (kLa) significantly affect
fermentation outcomes, and that microbial
systems exhibit resilience to temporary variations
in gas input.
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