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Abstract

Objectives. The work set out to develop a bioreactor that incorporates a carbon dioxide removal unit within the apparatus gas phase,
which is capable of operating without the need for supplementary compression apparatus. As part of testing the developed equipment
in order to ascertain its capacity for enhanced biomass production, the principal fermentation system parameters that facilitate the
optimal bioreactor productivity in conditions of carbon dioxide removal from the apparatus gas phase were identified.

Methods. A series of tests were conducted on the fermentation unit with the objective of controlling the oxygen and carbon dioxide
content in the gas phase of the bioreactor. This was achieved using an in-line gas analyzer fitted with electrochemical sensors. The
oxygen and carbon dioxide content in the gas phase was determined by means of gas chromatography. The oxygen and natural gas flow
rates were determined using a thermal electronic flow controller equipped with thermoresistive elements. The oxygen content of the
cultural liquid was determined by means of an optical oxygen sensor with integrated transducer. The pH level in the bioreactor was
monitored and maintained using an electrochemical pH sensor.

Results. The efficacy of the newly devised jet-type bioreactor design, which permits the incorporation of a carbon dioxide removal unit
into the fermentation system without requiring supplementary compression apparatus, was evaluated through experimentation. The
system was tested with the carbon dioxide removal unit included in the design, resulting in a 64% increase in bioreactor productivity and
a 18% reduction in oxygen consumption as a component of the gas supply.

Conclusions. The operational parameters of a technological bioreactor that facilitate a stable continuous process of bacterial cultivation
were identified.
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HAYYHAA CTATbA

MoBbilwmeHne aPpPeKTMBHOCTU padboTbl OMOpeaKkTopa
ONA KYJIbTUBUPOBAHUA MEeTaHOKUCNAIOLWMNX OaKkTepui
3a CYET CHUXXEHUNA KOHLUEeHTpauuu yriekucsioro rasa
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AHHOTaUUuA

esn. Pa3paborarh KOHCTPYKIMIO OHOPEAKTOPA, ITO3BOJISIOLLYIO BKIIOUMTh B CBOM COCTaB y3€J YaJIeHUs YIIICKUCIIOrO Ta3a U3 ra30Boii
(basbl anmapara, (yHKIHOHUPYIOLIMIT 6€3 UCIOIb30BaHUS JONOIHUTEILHOTO KOMIIPECCHOHHOTO 000pYI0BaHNU; IPOBECTH HCIIBITAHMS
pa3paboTaHHOTO 00OPYNOBAHUS C LIEIbIO YBEIMUCHHUS €r0 IIPOU3BOJUTEIFHOCTH O OOMACCe; ONPEISIUTh OCHOBHBIC TAPAMETPhI pa-
60ThI pepMEHTALMOHHON CUCTEMBI, IIPU KOTOPBIX JIOCTUTAETCs MAKCUMAJIbHAS TPOAYKTHBHOCTh OMOPEAaKTOpa B YCIOBUAX U3BICUCHUS
YIVIEKHMCIIOTO r'a3a U3 ra3oBoii (hasbl anmapara.

Mertons!. [IpoBesena cepust HCTIBITAHUH (PEPMEHTAIIMOHHON YCTaHOBKH C OCYIIECTBICHUEM KOHTPOJISI COJEPIKaHMsI KUCIOPOIA U yIlie-
KHUCJIOTO Ta3a B ra30Boi (asze OMoOpeakTopa MOTOUHBIM Ia30HAIN3ATOPOM C NEKTPOXUMHYECKHMH ceHcopaMu. KoHTponsHOe onpeere-
HHE COJICPXKAaHMS B ra30BoH (ha3e KMCIOPO/a U YIIICKUCIOTHI TPOBOAMIOCH METOIOM Ta30BOi Xpomarorpaduu. Pacxos ra3oBbIX KOMIIO-
HEHTOB (KHCJIOPOZa U IPUPOJHOTO ra3a) U3MEPSUICS C IOMOIIBIO TEIIOBOTO JIEKTPOHHOTO PETyIISTOPa Pacxosia ¢ TePMOPE3UCTHBHBIMU
anemenTamu. CoziepskaHuE PACTBOPEHHOTO B KyJIBTYpPalIbHON KHUAKOCTH KHCIOPOJA ONMPEEANoCch ONTHYECKUM JaTYNKOM KHUCIOPOaa
€O BCTPOEHHBIM Ipeobpa3oBarenieM. YpoBeHb pH B OHOpeakTope KOHTPOIMPOBAIICS U MOJJIEPHKHUBAIICS C TIOMOLIBIO HIEKTPOXUMUYECKO-
ro pH-naruuka.

Pe3y.]Il)TaTI~J. Pa3pa60TaH " UCIIBITaH 6H0peaKTop CprﬁHOFO THIA. 32 CYET UCIIOJIH30BAHUS BHYTPEHHUX PCHUPKYJIALIUOHHBIX IIOTOKOB
B q)epMeHTaIII/IOHHy}O CHUCTEMY MHTCI'PHUPOBAH Y3€J1 YAAJICHUS YIIICKUCJIOrO ra3a oe3 MPUMEHCHUS JOIMOJIHUTEIbHOIO KOMIIPECCUOHHOI'O
060pyz[013aH1/m. B mpouecce HCIIBITAHUN CUCTEMbI C BKIIFOUYCHHBIM B KOHCTPYKIUIO Y3JIOM U3BJICHYCHUSA YITICKHUCIIOTO ra3da JOCTUIHYTa
YBEJIMYCHHAs Ha 64% MPOAYKTUBHOCTDb 6H0peaKTOpa u cHKeH Ha 18% pacxoq KUcCjaopoaa, Kak KOMIIOHEHTa ra30BOro nNUTaHus.

BeiBoabl. OnpeneneHs! TEXHOIOTHYECKHE TapaMeTphl paboThl OMopeakTopa, MU KOTOPBIX MPOXOANT CTAOMIIBHEIN ITPOLECC HEMPEPHIB-

HOTO KYJIBTHBHPOBAHHS OaKTepHiA.
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INTRODUCTION

The process of obtaining bacterial biomass from
natural gas is currently under active consideration by
both research organizations that study the properties
of methane-oxidizing bacteria and industry technology
companies [2-3]. In the context of current trends of
establishing Russian protein and vitamin concentrate
production facilities, it is necessary to pay particular
attention to the hardware design of the process, since this
will ultimately determine the scalability boundaries of

the process along with desired volumes of feed protein
synthesis.

The technological line for the production of protein
from natural gas employs a combination of standard and
specialized equipment, including centrifugal and dosing
pumps, capacitive equipment, and specialized food
equipment. The line utilizes centrifugal separators, spray
dryers, and high-temperature product processing systems
that act as a pasteurizer. However, the most important
equipment in the technological chain of bioprotein
production is the bioreactor.
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The process of cultivating methane-oxidizing
bacteria is conducted on a gas substrate, which has
considerable influence on the bioreactor design. The
primary characteristics of the fermentation equipment
designs, along with an overview of the majority of the
documented bioreactor models for protein production
from natural gas, are presented in [4]. Furthermore, it is
essential to address the matter of carbon dioxide present
in the gas phase of the fermenter, which is released by
methane-oxidizing microorganisms.

The effect of carbon dioxide on bacterial growth has
attracted the attention of researchers since the beginning
of the 20th century [5]. With the accumulation of material
subjected to analysis, two main areas were identified
in which this issue became of paramount importance:
food preservation and management of microbiological
processes [6]. From a practical standpoint, the inhibitory
effect of carbon dioxide on bacterial growth is most
relevant to the question of food preservation [7]. The scope
of challenges confronting researchers was considerably
extended with the advancement and intensification of
biotechnological procedures. In [8], the issues related
to the presence of carbon dioxide in bioreactors are
considered from two distinct perspectives: firstly, in
terms of its effect on microorganisms, and secondly, in
terms of solubility and diffusion in an aqueous medium.
In this context, the advancement of fermentation
apparatus for technological procedures wherein carbon
dioxide is dispersed into the operational volume, which
is generated as a consequence of microbial metabolic
processes involved in the cultivation of methane-
oxidizing bacteria, is a significant undertaking. This
is primarily due to the necessity of guaranteeing the
solubility of both oxygen-containing and natural gas in
the presence of carbon dioxide in the cultural liquid (CL),
which is continuously released by bacteria.

Observing that the data on the impact of carbon
dioxide on the growth of methanotrophs are inconclusive,
V.V. Lalov! noted the need for further investigation into
the question of whether this component of the gas phase
inhibits bacterial culture growth. The most interesting
results concerning the effect of limiting and inhibitory
concentrations of components of the gas phase and mineral
medium on the growth of Methylococcus capsulatus
are presented in the publication of R.R. Gayazov?.
The growth of a Methylococcus capsulatus methane-
oxidizing bacteria culture (strain VSB-874) obtained at
the VNIISINTEZBELOK Institute (Russia) was shown

Moscow, 1991. 416 p. (in Russ.).

to be inhibited with an increase in the partial pressure
of carbon dioxide in the gas phase of the bioreactor. The
publication [9] presents a method for cultivating bacteria
of the genus Methylococcus, which is of practical
importance in studying the effect of carbon dioxide on
the growth of microorganisms. The authors propose
the use of compression equipment for the removal of
a portion of the carbon dioxide from the gas phase of the
bioreactor and its partial return to the liquid phase of the
apparatus.

The GIPROBIOSINTEZ scientific and technical center
considered the results of previous studies on the impact
of carbon dioxide on methane-oxidizing bacteria. During
the commissioning of pilot plants for the production of
protein from natural gas, modifications were made to the
bioreactor in order to facilitate the return of the carbon
dioxide-free components of the gas supply to the process
without the use of compression equipment. Furthermore,
tests were conducted on the modified apparatus to obtain
empirical data regarding the impact of the purification
system for the gas phase of the bioreactor on its overall
productivity.

EXPERIMENTAL

Schematic diagram
of the fermentation unit

In order to demonstrate the technical feasibility of
removing carbon dioxide from the gas phase of the
bioreactor, a fermentation system is proposed. The
details of this system are outlined in the patent [10]. The
schematic diagram of the fermentation unit is shown in
Figure.

The unit comprises a fermenter (/) with a working
volume of 15 L, a centrifugal pump (2), an ejector (4),
a tank for CL recovery (7) and a carbon dioxide removal
unit comprising two adsorbers (5a, 5b). A centrifugal
pump installed on the circulation circuit of the bioreactor
is used to pump the CL into the ejector. The gas phase
emerging from the upper portion of the bioreactor, which
is carried along by the process medium (CL), also enters
the ejector. The gas—liquid mixture is introduced into the
lower section of the bioreactor working volume via the
ejector. The primary technical solution of the proposed
fermentation system is the installation of a purification
system, specifically a carbon dioxide removal unit,
on the gas phase outlet line from the bioreactor to the
ejector. This system consists of two alternately operating

Lalov V.V. Analysis and synthesis of energy-technological systems for the production of fodder protein from natural gas. Diss. Dr. Sci. (Eng.).

2 Gayazov R.R. Limitation and inhibition of METHYLOCOCCUS CAPSULATUS growth by components of mineral medium and gas phase.
Diss. Cand. Sci. (Biol.). Russian Academy of Sciences. Institute of Biochemistry and Physiology of Microorganisms. Pushchino, 1992. 127 p.

(in Russ.).

510 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(6):508-516



Increasing the efficiency of bioreactor operation for cultivation of methane-oxidizing bacteria

Vladimir M. Kochetkov,

under conditions of decreasing carbon dioxide concentration in the cultural liquid etal.

6 M Gas output

Y

Cultural liquid

sampling /_

Supply of mineral ..
and gas power components o

Sampling

A
A

Sa 5b

O

b
>

Fig. Modified fermentation unit for methane production from natural gas: (/) bioreactor; (2) centrifugal pump; (3) heat exchanger;
(4) ejector; (5a, 5b) adsorbers; (6) condenser; (7) cultural liquid collector; (8) upstream pressure regulator [10]

adsorbers. The principal benefit of this configuration
is the capacity to link the purification apparatus to the
gas recirculation circuit in advance of the pressure jet
ejector. This enables the return of the gas phase purified
from carbon dioxide to the fermenter without the need
for supplementary compression apparatus.

Carbon dioxide removal unit

The gas recirculation line incorporates a bypass
line with control valves for ascertaining the ratio of
gas directed to the adsorbers for purification to the
quantity of gas entering the ejector directly from
the fermenter for mixing with the CL. In the carbon
dioxide removal unit, which is situated within the
fermentation unit and used to separate gases present
in the gas phase, a variety of purification techniques
may be employed. These include the use of amine
solutions for absorption, aqueous potassium carbonate
solutions, and membranes for the selective gas
separation. In order to exhibit the parametric values
of the fermentation process obtained for the modified
bioreactor design, a more cost-effective adsorption
process is proposed in the purification unit. A group
of adsorbents with selective affinity for carbon dioxide
was selected based on their absorption capacity at
a gas phase pressure in the bioreactor (p,., ) of 2 barg.
Values of carbon dioxide capacity at given pressures
and absorption temperature 7, ;. are given in Table 1.

In light of the aforementioned parameters, the
adsorbent AMSORB® PLUS was identified as the
optimal choice. The composition of the adsorbent is
presented in Table 2.

When selecting an adsorbent, it is essential to
consider not only the capacity and selectivity of the
material in question, but also its chemical composition.
The proposed adsorbent comprises components and
solutions that are employed as calcium sources and
introduced into the bioreactor to facilitate the bacterial
cultivation process.

Bioreactor operating modes

In order to evaluate the efficiency of the fermentation
system, its operation was tested in two modes: firstly,
without a purification system, and secondly, with the use
of a carbon dioxide removal unit, which was represented
by two adsorbers.

In order to achieve the first mode of operation
(Mode No. 1), the gas phase from the bioreactor was fed
into the ejector via a bypass line by which means it was
mixed with the CL. This bypass line circumvented the
adsorbers. The apparatus was supplied with gas supply
components: natural gas, oxygen and air in the ratio of
1:0.9 : 1. The process gas flow rate was regulated by
means of electronic mass flow rate controllers (F-201CV)
produced by Bronkhorst High-Tech (Netherlands). These
controllers comprise a thermal electronic flow rate

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(6):508-516 511



Increasing the efficiency of bioreactor operation for cultivation of methane-oxidizing bacteria

Vladimir M. Kochetkov,

under conditions of decreasing carbon dioxide concentration in the cultural liquid etal.
Table 1. Absorption capacity of adsorbents

Adsorbent Manufacturer s “C Preace Sl @leda (L0)) sapnsly Reference

ity barg mmol/g (mgCO,/g)

Molecular sieve X13 Zeochem (Switzerland) 30 2 4.6 (202.4) [11]
Zeolite NaY UOP (USA) 25 2 5.0 (220.0) [12]
Activated carbon Samchunri (Korea) 45 2 3.0 (132.0) [13]
Calcium hydroxide Ca(OH), fé‘é”:)h Chemical Company 650 - 10.7 (470.8) [14]
AMSORB® (Ca(OH),-based) | Armstrong (United Kingdom) 36.1 - 4.0 (176.9) [15]
AMSORB® PLUS Armstrong (United Kingdom) 3540 - 7.8 (345) [16], [17]

Table 2. Composition of AMSORB® PLUS adsorbent

Component Content, wt %
Calcium hydroxide Ca(OH), 77.0-88.0
Calcium sulfate pentahydrate CaSO,-5H,0 0.6-1.5
Calcium chloride CaCl, 2.0-3.5
Water H,O 10.0-18.0

controller with thermoresistive elements. The process
was conducted at a temperature of 42°C. The bioreactor
was provided with a solution of essential mineral
nutrients required for optimal culture growth, as well as
a continuous flow of ammonia water to maintain a pH range
of'5.6-5.8 for CL. The pH in the bioreactor was measured
using an EasyFerm Plus ARC 225 electrochemical
sensor developed by Hamilton (USA). The content
of dissolved oxygen in CL was determined using
a VisiFerm DO Arc 225 H2 optical oxygen sensor
(Hamilton, USA). The requisite flow velocity within
the apparatus (in excess of 0.25 h™!) was achieved by
introducing process water into the apparatus. The reactor
was pressurized at 2 barg to ensure that the carbon
dioxide content in the circulating gas phase—and,
consequently, in dissolved form in the CL—would not
lead to disturbance of the cultivation regime by inhibiting
the growth of methane-oxidizing bacteria (Footnote 2).
Upon identifying the second operational mode (Mode
No. 2) of the fermentation system, the gas phase from the
bioreactor was directed to the ejector via the purification

3

unit. The apparatus was provided with the gas supply
components comprising natural gas, oxygen and air. The
flow rateratio ofthe fed components was modified to values
of 1.0 : 0.7 : 1.6 throughout the course of the experiment.
The reactor is pressurized to 4 barg while maintaining the
other process conditions. The carbon dioxide removal
unit was constructed in such a way as to regulate the ratio
of circulating gas entering directly into the ejector and
being subsequently directed to the adsorbers. The control
mechanism enables the delivery of a target load (gas flow
with CO, content) to each operational adsorber, while
ensuring that the carbon dioxide content in the gas phase
does not exceed the required value for a pre-determined
period of adsorber operation. The composition of the gas
phase in the bioreactor was monitored using a MAG-6
gas analyzer (Russia, TU 26.51.53-016-70203816-20217)
with built-in sensors to determine the volume fraction
of oxygen and carbon dioxide. The content of the
methane, oxygen and carbon dioxide components was
continuously recorded. In accordance with the data given
in Gayazov’s work (Footnote 2), the volume content of
carbon dioxide in the gas phase was selected to be 3%
to exclude its inhibiting effect on plant growth at a set
apparatus pressure of 4 barg. Chromatography was used
to determine the content of the gas phase components.
Twice a day, a sample was taken from the gas phase of
the bioreactor and analyzed on a chromatograph of the
Chromatec-Crystal 5000.2 brand (Chromatec, Russia)
using a column Mss. 316 2 m x 3 mm NaX 60/80
(Chromatec, Russia). Helium was used as a carrier
gas; the detector temperature was 180°C; the column
temperature was 60/180°C. Each sample was analyzed at
least twice.

TU 26.51.53-016-70203816-2021. Description of the measuring instrument type. MAG-6 multicomponent gas analysers. Moscow: Federal

Agency for Technical Regulation and Metrology. Order No. 1984 of 10 August 2022.
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The carbon dioxide purification unit was commissioned
in a working fermentation system at a volume content
of carbon dioxide in the gas phase of the bioreactor of
3 vol %. A portion amount of AMSORB® PLUS adsorbent
(United Kingdom) was added to two pre-washed and
drained adsorbers, one of which had been commissioned.
The operating time of the adsorbent placed in the volume
of the apparatus was determined by the level of carbon
dioxide in the gas phase of the bioreactor. When the
carbon dioxide content in the gas phase of the bioreactor
rose above 3% by volume, the gas flow was switched to
a parallel adsorber filled with a fresh portion of adsorbent.
The spent adsorbent was replaced in the adsorber. The
adsorber was started up with a new batch of adsorbent
according to the work cycle.

RESULTS AND DISCUSSION

The above-described technical solution has been tested and
confirmed to work in fermenters that incorporate jet devices
as part of their design. The location of the purification
unit on the internal gas recirculation line allows the ratio
of the amount of gas entering the purifier and via the
bypass line directly into the bioreactor to be adjusted using
control valves. By means of this control mechanism the

Table 3. Fermentation system operation parameters for two modes

purification system can be operated in several bioreactor
operating modes characterized by variable values such
as the pressure in the apparatus, the composition of the
oxygenated gas, and the circulation rate of CL.

According to a comparative analysis of the bioreactor
operation modes, the maintenance of consistent
performance within the cultivation system is achieved
by integrating a gas purification unit into the operational
process even with an increase in pressure from 2 to 4 barg.

The parameters of the fermentation system in two
comparative modes of operation are presented in Table 3.

As evidenced by the data, the implementation of
Mode No. 2 resulted in a notable increase in biomass
concentration within the bioreactor, reaching 15.5 g/L at
an elevated flow rate from 0.27 to 0.3 h™!. The operation
of the fermentation plant in carbon dioxide removal mode
allowed the fermentation system’s productivity to be
increased to a value of 4.6 g/(L-h) (including an increase
in system pressure). Accordingly, the enhancement
in productivity in comparison to Mode No. 1 reached
a level exceeding 64%.

The implementation of Mode No. 2 of operation
reduced the oxygen supply to the process by 18% while
simultaneously increasing air consumption by 60%. In
Mode No. 1, when air flow was provided to the fermenter

Parameter

System parameters without using a carbon
dioxide removal system (adsorber)

Mode No. 1 Mode No. 2
System parameters using a carbon

dioxide removal system

Input parameters

Fermenter pressure, barg 2.0 4.0
Air flow rate, nL/h 250 400
Natural gas flow rate (96 vol % methane), nL/h 250 250
Oxygen flow rate (93 vol %), nL/h 220 180
Dilution rate, h™! 0.27 0.3

Output parameters

The content of oxygen and carbon dioxide
in the gas phase, vol %

Oxygen 22.7 23.2
Carbon dioxide 3.9 32
Productivity, g/(L-h) 2.8 4.6
Biomass concentration, g/L 10.4 15.5
Dissolved oxygen content, mg/L 1.2 6.6
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at a flow rate exceeding 400 nL/h, productivity did not
exceed 2.8 g/(L-h).

CONCLUSIONS

The proposed fermentation plant design, which
incorporates a carbon dioxide purification unit in the
internal circulating gas line, allows the cultivation of
methane-oxidizing bacteria with increasing pressure in
the bioreactor without the need for additional energy
consumption to return purified gas to the system. From
the perspective of enhancing the solubility of the gas
components of nutrition (methane and oxygen), it is
recommended to investigate the impact of elevated
pressure within the fermenter on the process productivity.
This approach will also optimize the consumption
indicators for the gas components of the power supply
to ensure a stable process of protein production from
natural gas.
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