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Utilizing pressure as a process parameter can make biotechnological processes more
efficient and attractive compared to established ones. This paper presents a high-
pressure reactor setup for enzymatically catalyzed gas-liquid reactions, which can
be operated up to 15.0 MPa. The reactor is equipped with optical measurement
technology for inline and in situ monitoring of the oxygen concentration under
high-pressure conditions. The setup is characterized by assessing the influence
of the process parameter pressure on the conversion of the glucose oxidation to
D-glucono-3-lactone by immobilized glucose oxidase. The study demonstrates that
the increased oxygen availability due to higher solubility reduces the reaction time

in a batch reactor from 270 to 90 min.
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1 Introduction

In response to growing environmental consciousness, biotech-
nology has gained significance in fine chemical production.
Leveraging pressure as a process parameter can further advance
this trend. Although the impact of temperature on enzyme sta-
bility and catalytic activity is well known [1, 2], recent research
highlights the potential impact of pressure to intensify processes
[3, 4], influencing enzyme stability, activity [5, 6], and selectivity
[7]. Despite pressure being used for enzyme deactivation in food
industry, its process-intensifying potential faces underutilization
due to challenges. These include the need for detailed research
on pressure effects and limited technology for online monitoring
and effective control under pressure.

This study introduces a reactor concept addressing these chal-
lenges, facilitating in-depth investigation of enzyme-catalyzed
reactions under high pressure. The development of this reactor
system involves the incorporation of optical sensors for mon-
itoring the oxygen concentration and the pH of the reaction
medium. The functionality of this reactor and measurement
technique is demonstrated through the investigation of the
oxidation reaction of p-glucose to D-glucono-§-lactone using
immobilized glucose oxidase.

1.1 Enzymatic Reactions under Pressure

Pressure induces changes in enzyme activity, stability, and selec-
tivity, typically attributed to alterations in enzyme conformation,
reaction mechanism, or the physical properties of the substrate.
Scientific exploration of the impact of pressure on enzyme struc-
ture dates back to Bridgman in 1914 [8], studying egg coagulation
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under pressure. Although high pressure in biotechnology is
mostly employed in the food industry for enzyme inactivation
to increase the shelf life of food [9, 10], conformational changes
induced by pressure also affect catalytic activity by altering the
shape and function of the active site. Furthermore, pressure can
affect the reaction equilibrium, which is characterized by nega-
tive values of activation volumes (AV7). Pressure also enhances
the thermal stability of certain enzymes [11].

Numerous factors acting on distinct parts of enzyme structure
make predicting pressure effects challenging. Ongoing research
aims to identify molecular and process-level factors influenced
both negatively and positively by pressure [3, 4, 12]. Addition-
ally, pressure can influence the enantioselectivity and various
substrate and solvent properties, including pH, viscosity, and
density, as well as gas solubility being of key interest in gas-liquid
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reactions [13, 14]. As Chapman [15] points out in particular,
oxidases are often subject to limitations due to the available dis-
solved oxygen; therefore, glucose oxidase is investigated as a
model reaction system. An approach to describe gas solubility
is Henry’s law. It describes gas solubility for systems in equilib-
rium as a function of partial pressure and temperature according
to the following equation:

¢ = Ky (T) p; W

Henry’s law links the maximum solubility of a gas ¢; in a liquid
to the gas’s partial pressure p;, incorporating a temperature-
dependent, substance-specific solubility coefficient Ky. Appli-
cable at low pressures, it assumes no interaction between the
dissolved gas and solvent.

1.2 Mass Transfer in Aerated Reactors

The mass transfer of oxygen can be calculated according to the
two-film theory of Lewis and Whitman [16]:

dC()2
dt

The theory describes the change in oxygen concentration us-
ing the mass transfer coefficient k;, the difference between the
bulk concentration ¢ and the saturation concentration cj, as
well as the volume-specific mass transfer area a. The area for
mass transfer can be calculated via the gas hold-up ¢ and the
Sauter mean diameter ds, of the gas bubbles according to

=ka x (sz -, (t)) 2

6eg

a 7 (3)

Eqgs. 2 and 3 reveal two key factors driving increased mass
transfer under pressure. First, the maximum solubility of oxygen
¢5,- An increase in pressure leads to an increase in maximum
oxygen solubility. Second, according to Wilkinson [17], a reduc-
tion in the bubble diameter ds, and an increase in the gas hold-up
&g can be observed, and thus, a significant increase in the mass
transfer area can be achieved.

2 Materials and Methods

The reactor concept in this study spatially separates aeration
and enzymatic reaction, countering the negative impacts of di-
rect aeration on enzyme stability [18]. Previous studies highlight
shear forces [19] and enzyme-gas-liquid interaction [20, 21] as
key factors causing denaturation in aerated systems. Achieving
spatial separation addresses both issues.

The aeration unit and the bioreactor with immobilized en-
zymes are interconnected, forming a circulation loop. Via the
periphery, a liquid flow with constant temperature, pH, and op-
erating pressure can be established during continuous aeration.
Optical oxygen sensors (SP-PST3, PreSens Precision Sensing
GmbH, Regensburg, Germany) in the circuit monitor oxy-
gen concentration inline and in situ. In addition, samples are
withdrawn from the system and analyzed offline using high-
performance liquid chromatography (HPLC). All data from
sensors are recorded via the process control system WinErs (In-

genieurbiiro Dr.-Ing. Schoop GmbH, Hamburg, Germany). The
pipe and instrumentation flow diagram of the reactor is shown
in Fig. 1.

2.1 Aeration Unit

The aeration unit saturates the liquid with oxygen for the
enzymatic reaction. The aeration unit is a bubble column
(Ve = 38 mL) operated in counter-current flow (Fig. 2a). The
unit is equipped with an observation window for optical exam-
inations under pressure. The liquid enters from the top of the
cell and flows out at the bottom. The gaseous phase, consist-
ing of technical compressed air (79 % N,, 21 % O, oil-free),
is injected at the bottom of the aeration unit via a capillary
(d; = 1.9 mm). This non-moving-parts design is preferred for
high-pressure applications and scalable operations [22].

The gas inlet flow is regulated by a mass flow meter
(EL-FLOW FI111B, Bronkhorst, Kamen, Germany), providing a
standard volume flow rate of 3.5-85.0 mL s™'. The headspace
of the bubble column is filled with gas, and a back pressure
regulator (Pressure Control Solutions, Veenendaal, The Nether-
lands) allows a precise pressure adjustment of the headspace
within the range of 0.2-15.0 & 0.01 MPa, regulating the entire
system’s pressure. To characterize the aeration unit, optical anal-
ysis determines the bubble size distribution. Using these data,
the Sauter mean diameter and gas hold-up are calculated, con-
sidering operating pressure and superficial gas velocity u,. The
velocity is derived from the injected gas volume flow rate V, and
the cross-sectional area of the bubble column A, as follows:
w=

be

4)

2.2 Bioreactor

The enzymes are immobilized within a separate cylindrical
bioreactor (Fig. 2b) with an internal diameter of 41 mm, of-
fering a 150 mL total volume. A gear pump (GA 180, Axflow
GmbH, Disseldorf, Germany) ensures a controlled flow rate
of oxygen-saturated liquid phase (between 0.15 and 1.5 mL s™)
through the bioreactor. Positioned at the bottom of the aera-
tion cell, the pump draws in the liquid phase and circulates
it through the bioreactor, returning it to the top of the aera-
tion cell. The flow is measured by a coriolis mass flow meter
(CORI-FLOW, M14, Bronkhorst, Kamen, Germany) and main-
tained constant through a control loop adjusting the pump’s
rotational speed. For the experiments, the reactor is filled with
glucose oxidase immobilized on epoxy-functionalized porous
polymethacrylate particles (ReliZyme™ HFA-403, Resindion).
Retained within the bioreactor by sinter stone filters at both ends,
these enzyme-immobilized particles facilitate the experimental
procedure.

23 Optical Measurement Technique

The setup employs fluorescence-based optical sensors for real-
time, in situ monitoring of dissolved oxygen concentration and
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Figure 1. Tube and instrumentation flow diagram of the reactor setup. The optical oxygen sensors integrated within the setup are indicated
by the blue markers, and the pH probe used is indicated by the red marker.

pH (SP-PST3 and SP HP5, PreSens Precision Sensing GmbH, Re-
gensburg, Germany). These sensors utilize dynamic fluorescence
quenching, involving the interaction of a metalloporphyrin in
a polymer with a quencher (e.g., oxygen). pH determination
uses dual-lifetime referencing, measuring intensity deviation
from a reference fluorophore [23]. Oxygen measurement relies
on frequency-domain principles, capturing the decay time-
dependent phase shift ¢ between the excitation signal and
fluorescence decay. This is quantitatively correlated to the oxygen
concentration through the Stern-Volmer relationship [24]. Eq. 5
defines the Stern-Volmer relationship, where the ratio of fluores-
cence intensity in the unquenched state I, to the quenched state
I'is described by the Stern-Volmer constant Ky and the concen-
tration of the quencher (Q). The Stern—Volmer constant can be
expressed as the product of the bimolecular quenching constant
kq and the lifetime of fluorescence in the unquenched state 7.
Graphical representation of the Stern-Volmer equation is shown
in Fig. 3:

i
7 = 1+kon[Q = 1+ Ky [Q] ()

The optical dissolved oxygen sensors used here offer ad-
vantages over established methods like Winkler titration or
electrodes. Titration would require direct substrate access and
consistent pressure conditions to prevent oxygen outgassing.
Electrodes also possess certain characteristics that hinder their
suitability for high-pressure environments. In contrast to op-
todes, they need a cable duct through the outer shell of the
high-pressure reactor. Additionally, the electrode introduces
an external potential and alters the dissolved oxygen during
measurement. Equally important is the boundary layer at the
electrode, which significantly impacts the precision and speed
of the measurement. This necessitates calibration based on the
prevailing flow conditions. If flow conditions vary over time,
it affects the measurement behavior of the electrode [25]. The
parameter 7, represents the decay time, an intrinsic property
of the fluorescent dye, and is determined in our study by sinu-
soidal modulation of the excitation light and measurement of the
phase angle ¢, which corresponds to the time delay of the fluo-
rescence waves relative to the excitation light waves. 7, is free
from intensity-dependent disturbances and can thus be directly
utilized as a raw measurement result.
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Figure 2. Sectional view (a) through the viewing cell and (b) the bioreactor with particle retention.
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Figure 3. Quenching behavior of a fluorophore as a function of oxygen saturation (atmospheric conditions) and its linearization by the

Stern-Volmer equation.
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Figure 4. Reaction scheme of the chemoenzymatic synthesis of d-gluconic acid from d-glucose and molecular O, by glucose oxidase and

H,O, depletion by catalase.

Concerning optical oxygen measurements under pressure,
past studies have shown the Stern-Volmer equation having
a non-linear behavior under pressure [26, 27]. Optodes have
been utilized for high-pressure oxygen measurements in deep-
sea conditions [28, 29], where low-oxygen concentrations are
encountered. Although optodes demonstrate commendable dy-
namic response in these conditions (Fig. 3a), this study focuses
on measurements well above atmospheric saturation, where op-
todes show modest dynamic performance (Fig. 3b). A crucial
point of this study is to evaluate whether optical oxygen measure-
ments can accurately monitor the enzymatic reaction’s progress
under these conditions.

2.4 Hydrodynamic Characterization

The hydrodynamic parameters crucial for the mass transfer area,
the mean Sauter diameter ds, and the gas hold-up &, were as-
sessed by optical investigation of the bubble size distribution. To
assess the distribution, the setup was filled with deionized wa-
ter and aerated with technical compressed air (oil-free, Westfalen
AG, Minster, Germany) at different pressures and volume flow
rates. Utilizing a Nikon D 90 digital camera and a Macro Nikkor
lens with a 105 mm focal length, 300 images (#;,,) were captured
at each measuring point with an 8 Hz acquisition frequency. The
used lens provided a spatial resolution of 9.12 pm pix~". To en-
hance contrast at the bubble interface, a high-power LED panel
was positioned at the back of the viewing cell.

The images were analyzed, and the bubble size distribution
was determined using Smart Online Particle Analysis Technol-
ogy’s (SOPAT’) evaluation software (v2.1.17.1623), featuring a
trainable algorithm for detecting particles and bubbles. This
enables the detection and determination of the bubble size distri-
bution in the images. Based on the bubble size distribution, the
Sauter mean diameter ds, can be calculated according to

ndy
dyy = 2 ©6)

> mid;

With a visible cell depth of less than 1 cm and nearly spherical
bubbles under increased pressure, the gas hold-up ¢, is deter-
mined. This involves multiplying the number of bubbles by their
respective volumes based on the bubble diameter (d;). This calcu-
lation, following Eq. 7 across the entire size spectrum, yields the
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gas volume, which is then related to the designated liquid volume
( th):

_imi X (34))

Vbc Nim

@)

¢

2.5 Model Reaction System

To investigate the behavior of the enzymatic reaction under pres-
sure, the oxidation of glucose to D-gluconic acid catalyzed by
glucose oxidase, as depicted in Fig. 4, is chosen as a model re-
action. The reaction scheme includes the enzymatic oxidation
of glucose by molecular oxygen to p-glucono-§-lactone as well
as the subsequent non-enzymatic hydrolysis of the lactone to p-
gluconic acid. Furthermore, catalase is required in the system to
avoid H,0, accumulation. Under atmospheric conditions, mass
transfer limitations dominate the reaction system due to low oxy-
gen solubility in aqueous media. Increased pressure enhances
oxygen solubility, having the potential to enhance the activity of
glucose oxidase [18, 30, 31].

2.5.1 Enzyme Immobilization

Glucose oxidase from Aspergillus niger was covalently immo-
bilized on porous polymethacrylate carrier particles with an
epoxy-functionalized surface (ReliZyme™ HFA-403 by Resin-
dion). Following the method outlined by Perg¢in et al. [32], this
involves a covalent multipoint immobilization, creating chemical
bonds between amino-groups of the enzyme and exposed epoxy-
groups on the carrier particle surface. A solution of glucose
oxidase in sodium acetate buffer (100 mM, pH 5.4) was prepared,
and 10 g of dry carrier particles were added, reaching a final
enzyme loading of 2.9 mg of enzyme per g of carrier particles.

2.6 Process Control

To measure enzyme activity, immobilized enzymes were inserted
into the bioreactor. Before the experiment, the setup was evacu-
ated and charged with the substrate, which was a 0.1 M glucose
solution in sodium acetate buffer (100 mM). To start up the op-
eration and to reach the desired point of operation, the substrate
was circulated at 1.33 mL s~ while being flushed with nitrogen.

www.cet-journal.com

85U8017 SUOWILLOD dAIERID qedtjdde au Aq pausech a/e eI YO 38N JO S3IN1 404 ARIQIT BUIIUO AB]IM UO (SUOHIPUOD-PUR-SWLISIL0Y B | 1M AR.q) U UO//SANL) SUORIPUOD PUB SWB L 3L} 885 *[1Z02/2T/0T] U0 AriqITauliuO A1 SPUOIQIGSTEISRAILN BinquH 1ISIBAIIN 8UdSIUYe L Ad E7000720Z 1B20/200T OT/I0p/W00" A3 1M AReiq 1 jeu1|uo//Sdny Wwouy pepeoiumod ‘0 ‘SeTTeST


http://www.cet-journal.com

Chemical Engineering Research Article 6 of 10
Technology
(a) (b)
2r 15
Temperature T: 20+ 1 °C ¥ p=5MPa
181 Medium: Water/Pressurised Air B p=10MPa
16 1.25 1 Volume Bubble Colum Vg 38ml 3 p=15MPa
c § Sparger type: Open Tube; ds: 1.9 mm
14
% [] b £ 17
T 121 x @
[ (=%
Q
3 1l x % X 2 075
£ = o
o hd L] I
0 08r Py R & s
5 pay § = ©
2 O o5 A
2 0l 1t
7]
Temperature 7:20+ 1 °C E E §
04 Medium: Water/Pressurised Air ¥ p=-5MPa 0.25 - Fay §
o2l Volume Bubble Colum V;: 38 ml # p=10MPa
Sparger Type: Open Tube; ds: 1.9 mm A p=15MPa A E
0 I I | 0 . . I I : |
0 0.02 0.04 0.06 0.08 0.1 0.12 0 0.02 0.04 0.06 0.08 0.1 0.12

Superficial Gas Velocity ug/ cm st

Superficial Gas Velocity ug/ em-s”!

Figure 5. Sauter mean diameter (a) and gas hold-up (b) as a function of the superficial gas velocity and the operating pressures.

The liquid medium was heated to 35 °C, the temperature op-
timum for glucose oxidase. The backpressure regulator was
employed to set the desired pressure (0.3-15.0 MPa). When the
chosen operating pressure and temperature were achieved, the
gas supply shifted from nitrogen to compressed air, with a con-
stant gas flow rate. During the experiment, the temperature was
kept at 35 °C and the pH-value at 5.4. These values have proven
to be the optimal operating conditions for the glucose oxidase
used, ensuring high activity [33-35].

To maintain pH when buffer capacity is surpassed, a pH
sensor and syringe pump acted as an autotitrator to shift the
equilibrium from D-glucono-§-lactone to the side of the glu-
conic acid. A 2N NaOH solution is dosed at the bioreactor outlet.
The Dosage of the solution is monitored automatically and con-
tinuously via a PI controller integrated into the process control
system. Recirculation via the aeration cell ensures proper mix-
ing and dilution of the concentrated base, preventing enzyme
deactivation from pH fluctuations.

2.7 Analytics and Data Evaluation

The setup features four optical oxygen sensors, QR 1-2 and QR
4-5, monitoring the gaseous reactant, a primary limiting factor.
By comparing sensors QR 4 and QR 5 at the bioreactor inlet and
outlet, oxygen consumption by the enzyme is tracked. When the
reaction stops, e.g., by complete substrate consumption or after
reaching chemical equilibrium, the oxygen concentration at both
measurement points equalizes.

To validate sensor data, liquid samples are drawn every
2.5 min during the reaction using a bypass and an HPLC valve
(6 Port 2 Pos, VICI Valco Instruments, Houston, USA). The valve
has a sampling loop with a volume of 250 uL. The sample volume
is displaced with sodium acetate buffer (100 mM, pH 5.4) via an
additional syringe pump and filled into a vial. The samples are
analyzed by HPLC usinga NUCLEODUR® column (3 um, 110 A,
RP Cl18, Macherey-Nagel, Diiren, DE) to track the formation of
D-gluconic acid. The analysis was performed at 25 °C using an
aqueous mobile phase that contained 20 mM phosphoric acid

(pH 2.0). The flow rate was 1.0 mL min~?, and the retention time
of gluconic acid was 0.8 min, detected by a DAD detector at
210 nm. The samples were reinjected after 10 and 24 h from the
initial injection without any noticeable change in the obtained
signals. This was an indicator that no measurable enzyme leach-
ing occurred during the reaction. The gluconic acid progress
curve was used to calculate the initial reaction rate, determining
the activity of the immobilized enzyme.

3 Hydrodynamic Characterization

Oxygen availability is pivotal for the characterization of the en-
zymatic reaction under pressure. The behavior of the open tube
sparger is analyzed at varying pressure (0.3-15.0 MPa) and super-
ficial gas velocity (0-0.12 cm s™'). Eq. 2 highlights the crucial role
of mass transfer area a, determined by the Sauter mean diameter
and gas hold-up (Eq. 3). Fig. 5 illustrates how the Sauter mean
diameter and gas hold-up vary with pressure and superficial gas
velocity.

The Sauter diameter ranges from 1.2 to 1.6 mm at superficial
gas velocities below 0.02 cm s~ for all considered pressures. With
increasing superficial gas velocity, the diameter significantly de-
creases to a certain level. This level is dependent on the operating
pressure—1 mm at 5.0 MPa, 0.85 mm at 10.0 MPa, and 0.75 mm
at 15.0 MPa. The increase between 10.0 and 15.0 MPa is notably
smaller than between 5.0 and 10.0 MPa.

This trend is mirrored in the gas hold-up, determined by Eq. 7.
The hold-up increases across all pressure levels with rising su-
perficial gas velocity. At 0.02 cm s™', a clear jump in the hold-up
is observed. As Fig. 6 shows, this change results from a shift in
the bubble regime. Single-ascending bubbles dominate at low ve-
locities (Fig. 6a), whereas jet gassing becomes predominant at
higher velocities (Fig. 6b). Fig. 6¢ displays bubble detection by
the SOPAT algorithm marked in green, recognizing almost all
bubbles; however, smaller bubbles may go unnoticed, as the res-
olution limit for bubbles is approximately 0.1 mm. Tests at higher
superficial velocities reveal smaller secondary bubbles, limiting
optical evaluation techniques efficacy.
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Figure 6. Bubble regime in the aeration cell at 15.0 MPa and
a superficial gas velocity of (a) 0.01 cm s7'; (b) 0.025 cm s7';
(c)image b analyzed by SOPAT with detected bubbles being color-
coded. Reaction conditions: T = 20 °C, deionized water/technical

compressed air.

Eq. 3 calculates the volume-specific mass transfer area (a) us-
ing gas hold-up and the Sauter mean diameter. At superficial
gas velocities below 0.02 cm s7', the graph shows consistently
low interfacial areas, remaining below 10 m? m~ across differ-
ent pressures. This is attributed to single-bubble rise and larger
Sauter mean diameter. Above 0.04 cm s, within the range of
10.0-15.0 MPa, a relatively stable interfacial area
between 20 and 30 m* m™ is achieved (Fig 7).

10 g of carrier particles). Glucose oxidase was acquired as a
lyophilized powder by Sigma-Aldrich. Glucose oxidation was
tested across the entire pressure range from 0.3 to 15.0 MPa under
constant experimental conditions. Parameters, including tem-
perature at 35 °C, standard volume flow of 5 mL s™', and a pH
of 5.4, were kept constant throughout the experiments. Cata-
lase from Corynebacterium glutamicum (<1 kU) was added in
its free form to the reaction medium in the form of an enzyme
solution—as acquired by Sigma-Aldrich—in a sufficient amount
so as to prevent H,O, accumulation. Analytical-grade chemicals
were sourced from Roth (Karlsruhe, Germany) or Sigma-Aldrich
(Vienna, Austria).

The monitoring of the oxygen concentration during the ex-
periment was of particular interest due to the limiting character
of the dissolved oxygen. Fig. 8 shows the course of the phase
angle, the primary measured variable, during a test run at an op-
erating pressure of 5.0 MPa. The data at the inlet (black) and the
outlet (grey) of the bioreactor are shown here.

As expected, the initial phase angle is at 58°, which indicates
a low oxygen concentration in the solution. Aeration initiates
oxygen saturation, reflected in a decreasing phase angle at the
bioreactor inlet. After the start-up phase, a nearly constant phase
angle (¢ siat) is observed. Oxygen concentration and phase an-
gle are inversely related. Since the oxygen saturation is increased
with pressure, the measured phase angles range from 14° at
0.3 MPa, 10° at 10.0 MPa, to around 9° at 15.0 MPa. Exact de-
termination of absolute oxygen concentration is challenging.
Within the range of 58°-25° (white background) in Fig. 8, the
linear Stern-Volmer equation (Eq. 4) reliably approximates the
relationship between phase angle and oxygen concentration.
Calibration experiments have demonstrated that the oxygen con-
centration in the liquid can be measured until a detection limit
of minimum 4° phase angle (light gray background color), cor-
responding to a solubility of about 250 mg L™ O, (7.81 mM). As

To optimize mass transfer, a superficial gas ve- 80 | . 3 —5MP
locity exceeding 0.02 cm s™' is recommended. Temper?wm r20£1°C - [ ;,:;10 M;a
Below this value, only individual bubbles rise, ‘e 70k vx#’:év::éleeﬂzzz:r:ssdgg mi KX p=15MPa
especially evident at lower pressures. Increasing ) 5
pressure slightly decreases the Sauter mean di- E Sparger Type: Open Tube; d: 1.9 mm
ameter, influenced by changes in bubble coales- ® 60r
cence and disintegration behavior. Elevated gas &:} ¥
density intensifies instabilities, resulting in more < 50T
bubble ruptures and reduced coalescence, produc- .g
ing a narrower bubble size distribution [36]. Our < 40
findings align with studies indicating a pressure (=
plateau, beyond which further increase minimally § 3071 % % E
impacts the bubble diameter [37, 38]. This plateau s E %
is evident in our data, with marginal differences in £ 20 % %
bubble size between 10.0 and 15.0 MPa. 9 -

& 10t
4  Study of Enzymatic Reaction 0 a8 . . - . .
under Pressure 0 0.02 0.04 0.06 0.08 0.1 0.12

The setup and optical measurement technique are
validated using immobilized glucose oxidase from

Superficial Gas Velocity ugl em - s

Figure 7. Mass transfer area as a function of the superficial gas velocity and the

A. niger (<8 kU of free enzyme immobilized on  operating pressure.
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80 r | The glucose conversion over time supports the hy-
Temperature T35+ 1°C Reactor Inlet pothesis derived from the oxygen measurement. In
70 | Pressure p:5+0.01 MPa - - = -Reactor Outlet Fig. 10, it is evident that pressure significantly impacts
Enzyme : Glucose Oxidase; EC: 1.1.3.4 the initial reaction rate and the time to reach a spe-
.| cific conversion. Under the described conditions, the
1 D et L deenikiad hedindbatnd ol inatntiien N initial reaction rate of glucose oxidase increases by a
o “ factor of 4.3 between 0.3 and 10.0 MPa, and by a factor
S50 | Vo~ of 1.7 between 10.0 and 15.0 MPa.
Q@ LI o)
D i \
S 404 ro
2 =3 5 Conclusion
230} L
a 1 This paper introduces an aerated high-pressure biore-
20 H 1 actor. Within the scope of the paper, the hydro-
Pin St \ dynamics and the reaction rate of glucose oxidase
10k L. were analyzed in the pressurized reactor. As part
™~ of the hydrodynamic investigation, parameters such
| | | | | . as the Sauter mean diameter, gas hold-up, and re-
00 25 50 75 100 125 150  sulting mass transfer area were investigated. Batch
Titne: #f min experiments with glucose oxidase were carried out

to show the impact of pressure on the reaction

Figure 8. Time course of the phase angle before (gray dashed line) and after rate. The batch experiments demonstrate that in-
(black solid line) the bioreactor during an experimental run at 5.0 MPa. Con- creasing the pressure, which enhances the saturation
version of glucose over time at 5.0 MPa. Reaction Conditions: T =35 °C, filling  concentration and thereby the availability of oxy-

volume: 170 mL, 100 mM sodium acetate buffer at

PH 5.4, enzyme loading of  gen, significantly reduces the reaction time from

glucose oxidase: 2.9 Mge Jearrier ', V2 80 mL min~", Vg: 300 mLy min~". approximately 270 min to just under 90 min. Optical

oxygen sensors were used with which the course
shown in Fig. 3, the linearity and sensitivity of the measurement of the reaction could be monitored in a time-resolved manner
technology decrease with increasing oxygen concentration. Be- based on the oxygen concentration. The combined kinetic and
low a phase angle of 4°, the sensitivity diminishes to a level that hydrodynamic analysis revealed a bottleneck in oxygen provision
falls below the measurement error of the hardware used. Beyond by the aeration unit. Although higher pressure increases max-
this point, further differentiation becomes unfeasible (dark gray imum oxygen solubility, the mass transfer area decreases from
background).

The disparity between measurements at the in-
let and outlet of the bioreactor indicates oxygen
consumption facilitated by glucose oxidase. Fur-
thermore, a constant phase angle of 58° at the
reactor outlet suggests that a significant portion
of the oxygen is consumed after passing through
the bioreactor. Toward the end of the experiment,
convergence of the sensor readings at the inlet
and outlet of the bioreactor can be observed. This
implies a diminishing oxygen consumption across
the bioreactor until no further consumption is de-
tected. Consequently, a criterion of less than 3°
difference between the two sensors was applied to
stop the experiment and determine the total re-
action time (t,). Fig. 9 illustrates the relationship
between pressure and reaction time.

The graph shows a decrease in the experimen-
tal duration (f;) with increasing pressure. The
most significant reduction occurs from 0.3 to
2.5 MPa, decreasing from approximately 230 to un-
der 150 min. Between 5.0 and 15.0 MPa, the reaction
time further decreases to just under 80 min. This
shows that a higher dissolved oxygen concentration
at elevated pressure accelerates the reaction. To val-
idate this conclusion, liquid samples were analyzed
by HPLC. Results are shown in Fig. 10.

250
{ Temperature T: 35+ 1 °C
Enzyme : Glucose Oxidase; EC: 1.1.3.4

200
£
S
e
S 150
ie]
B ()
=
: } !
€
© 100+
E s d
5 ¢
3
L

50 -
0 1 : \ | . i
0 25 5 75 10 125 15

Pressure p/ MPa

Figure 9. Dependence of the reaction time t; on the operating pressure p. Re-
action conditions: T = 35 °C, filling volume: 170 mL, 100 mM d-glucose substrate
in sodium acetate buffer (100 mM, pH 5.4), enzyme loading of glucose oxidase:
2.9 Mge Yearrier ', Vi: 80 mL min~", V;: 300 mLy min~".
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100 1 .
" u [ms™] velocity
90 r se0e \Y [m?] volume
St
80 o
- 5 . ol 2 Greek letters
E *_'.p_'.-. - o, Wes le. e [m* m™] gas hold-up
B 60F & "~ oo
g . o~ o« T [s] lifetime of the emissive excited state
g sor . oo’ of fluorophore
[&] - LA p
L]
2 40w ®e e 2e20 ) [°] phase angle
g : .. . .
(_D 30 - .'.. -
. . Sub- and superscripts
20 e .y —
L]
ol e . 100 bar 0 unquenched state
[ L]
Le ¢ 150bar 32 Sauter diameter
0 . - - : . )
0 50 100 150 200 250 300 * saturated state
Experiment Duration/ min 00 bulk
bc bubble column
Figure 10. Conversion of glucose over time at 0.3, 10.0, and capillary
15.0 MPa. Reaction Conditions: T = 35 °C, filling volume: 170 mL, enzyme
100 mM d-glucose sqbstrate in sodlun_w acetate buffer (1007r1n!\./|, gaseous phase
pH 5.4), gnz1yme loading of.g|u1cose oxidase: 2.9 Mge Yearrier ' Vit 1 liquid phase
80 mL min~, V: 300 mLy min~". im image
N standard volume flow
0O, oxygen

25.0 to 1.5 m*/m” at a constant air mass flow rate. This finding
underscores the need for optimizing the aeration unit to improve
oxygen transfer efficiency in high-pressure bioreactors.
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Symbols used

a [m? m™3] specific surface area

A [m?] surface area

d [m] diameter

c [kg m~3] concentration

I [mV] luminescence intensity

ki [ms™] mass transfer coefficient
kq [Imol!s™] bimolecular quenching constant
Ky [mol 17! pa~']  Henry solubility constant
Ksy [1 mol™'] Stern-Volmer constant

n [-] quantity

P [Pa] pressure

Q [mol I71] quencher concentration

t [s or min] time

T [°C] temperature
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CPA Cube Plus Association (Equation of State)

DLR dual-lifetime referencing
HPLC  high-performance liquid chromatography
PR Peng Robinson

SOPAT  Smart Online Particle Analysis Technology
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