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A Berty reactor modification is presented allowing kinetic investigations of catalyst plates or thin-film catalysts. Due to
the narrow and defined spacing and high residence times, DaII numbers below 0.001 can be achieved, excluding external
mass transport. The reactor was tested in the methanol synthesis with wash-coated catalyst plates. Reaction parameters
were varied over a large range proving the versatility of this system. The obtained activation energies for MeOH and CO
formation are in good agreement with similar systems. At high pressures, the stirrer can homogenize the reaction mix-
ture quite easily; above 500 rpm no effect of the stirrer on the performance can be observed. Even at ambient pressures,
homogenization can be achieved, however, only at very high stirring speeds exceeding 4000 rpm.
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1 Introduction

Obtaining proper kinetic data is key to simulate and develop
a process based on a catalyzed chemical reaction. Espe-
cially in heterogeneous catalysis, this sometimes can be quite
challenging, needing to account for pressure drops along
the catalyst bed, temperature profiles due to the heat of
reaction, or external and internal mass transport. While
the latter is a function of the catalyst morphology, try-
ing to exclude the first three effects is most desirable for
investigating catalysts and producing unperturbed kinetic
data. Several different designs were proposed attempting
to minimize these effects, resulting in an almost gradient-
free reactor configuration. A prominent group of those
are recirculation reactors. Whereas external recirculation
devices are often challenging in their operation, especially in
high-temperature applications with low vapor pressure com-
ponents, internal recirculation reactors have been proven to
be advantageous [1, 2]. While spinning basket reactors such
as the Carberry reactor applies a high torque on the catalyst,
making it a less desirable configuration for catalysts with low
mechanical stability, the Berty reactor is more commonly
used in a wide range of kinetic studies on powder catalysts
[3–5] or monoliths [6] and also further improved allowing
for applications at low pressures [7].
In this work, a commercial Berty reactor is adapted allow-

ing for kinetic studies on film catalysts on flat substrates

in the absence of external mass transport. The here chosen
geometry of flat substrates aims to help building a bridge
between studies based on a thin-film approach with per-
formance catalytic materials employed in industry. The flat
geometries are not limited to be exploited by alternative
synthesis methods based on physical vapor deposition tech-
niques applied in microelectronic, solar cell industry, or
even catalytic model studies [8], it can also be used to study
industrial performance catalysts under highly controlled
conditions.
Manipulating the film properties of a catalytically active

layer can have major effects on its performance. Finding
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the optimum thickness of a wash-coated layer is not only
important to optimize the Thiele modulus [9] but can also
affect the selectivity of the reaction [10]. Especially in tan-
dem systems, tailoring the individual catalyst layers properly
to achieve peak performance can be a demanding task and
be simplified by employing stacked film structure instead of
core-shell nanoparticles [11–13].
While this reactor concept cannot be scaled up, using

microreactors for this purpose is often also challenging.
Catalyst plates used in μ-reactors are often welded and
therefore single-use. To optimize flow and mass transport
in these systems, pre-existing knowledge of reaction param-
eters is needed for scaling in terms of, e.g., Re,DaII, and heat
transport [14]. A Bert-type reactor can be a reusable alter-
native for kinetic studies on such systems. To validate this
concept, the reactor was tested in the methanol synthesis
reaction from CO2 using Kanthal plates wash-coated with
a copper zinc alumina catalyst.

2 Experimental

2.1 Catalyst Synthesis

The copper-zinc-alumina catalyst was reproduced using
a coprecipitation procedure reported before [15]. The
metal solution was prepared by dissolving 164.29 g
Cu(NO3)2·3H2O, 86.56 g Zn(NO3)2·6H2O, 11.22 g
Al(NO3)3·9H2O, and 10 mL HNO3 (65 %) in 1000 mL
Millipore R© water and the base solution by dissolving
171.32 g of anhydrous Na2CO3 in 1000 mL Millipore R© water.
The synthesis was performed in a semi-batch mode by
adding 600.1 g of the metal solution to 400 mL water over
a period of 30 min. The temperature was kept at 65 °C
and the pH at 6.5 by dosing the base accordingly (in total
424.1 g). The obtained blue suspension was aged for 50 min
at 65 °C, then filtered and washed four times with 1 L
Millipore R© water. The obtained solid was then suspended
in 600 mL Millipore R© water and spray-dried applying an
inlet temperature of 180 °C, an outlet temperature of 80 °C,
and a flow rate of 45 mL min−1. A turquoise powder was
received (internal ID S32774).

2.2 Catalyst Immobilization

The synthesized powder precursor was wash-coated on
Kanthal R© strips using an adapted procedure from the lit-
erature [16]. Kanthal R© AF strips (1 mm thickness) were cut
into pieces of around 15×10 mm2, washed and cleaned thor-
oughly with water and isopropanol. Afterwards they were
placed in a crucible and heated in a tube furnace applying
a rate of 20 °C min−1 to a final temperature of 1100 °C in
a constant flow of 80 mL min−1 oxygen and 320 mL min−1

argon (both from Air Liquide, 99.999 % purity). After 4 h
at the final temperature, the furnace was cooled down also

applying a rate of 20 °C min−1. The appearance of the pieces
changed to a matt grey (internal ID S36214).

A wash-coat mixture was prepared by dissolving 0.8 g
polyvinyl alcohol (alquera; PVA) in 20 g water in a heated
water bath. After complete dissolution of the PVA, 20 g
glycerol (Fisher Scientific, reagent grade) was added to the
mixture (internal ID S36211). An amount of 1.18 g of the
washcoat mixture was mixed with 250mg of the catalyst pre-
cursor material and stirred with a magnetic stirrer for two
days. Nine of the oxidized Kanthal R© pieces were placed on a
plate and heated to 350 °C. The catalyst precursor washcoat
mixture was filled in a commercial airbrush pistol equipped
with a 200-μm nozzle supplied by 2 bar of argon. Using the
airbrush, the whole catalyst precursor was slowly applied
allowing the surface to dry and oxidize after each appli-
cation. Once the whole solution was used up, the coated
pieces were placed in a preheated muffle furnace at 300 °C
for 2 h (internal ID S36215). Weighing of the plates before
and after coating resulted in a mass gain of about 2 mg per
150 mm2, which should result in layer thicknesses of around
10–30 μm assuming similar catalyst densities as compara-
ble washcoats. Using such thin layers, internal mass transfer
can be assumed to be negligible [17]. XRD pattern and SEM
images of the samples can be found in Figs. S1–5 in the
Supporting Information (SI).

2.3 Catalytic Tests

The setup for the catalytic testing is described in the next
section. Six catalyst wafers were loaded in the sample holder
pressurized with argon to 40 bar and heated to reaction tem-
perature in a mixture of 33 % hydrogen and argon (both
Westfalen AG, 99.999 % purity) under constant stirring at
a speed of 3000 rpm. Upon reaching the reaction temper-
ature, the feed is switched to 3:1:0.5 H2:CO2:Ar. Over the
course of several days, the reaction parameters were varied
to study the functionality of the reaction. The temperature
was altered between 200 °C and 300 °C, the stirring speed
between 0 and 5000 rpm, the pressure between 0 and 40 bar,
and the total gas flow rate between 10 and 200 mL min−1.
The dataset and variations can be found in the support-
ing information Figs. S7–12. The conversion (X), selectivity
(S), and yield (Y) were calculated by Eqs. (1), (2), and (3),
respectively.

X =
∑

nProducts
∑

nProducts + ∑
nEducts

(1)

Si = ni
∑

nProducts
(2)

Yi = X · Si (3)

As products, only carbon monoxide and methanol were
considered. Methane was usually below the detection limit
of the used GC and when detected in the ppm range, not
affecting the calculation. The apparent activation energy was
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Figure 1. Flow chart of the here described Berty setup. The carbon monoxide line is equipped with a small heated fixed-bed reactor
acting as a carbonyl trap. At the outlet an equilibar® is used to control the reactor pressure.

determined using the Arrhenius equation (Eq. (4)).

ln (r0) ∼ − 1
T

· Ea

R
(4)

Under the assumption and ignoring the thermal expan-
sion of the gas can be neglected (Eqs. (5) and (6)), the
equation simplifies to Eq. (7).

r = nin − nout
τ

∼ X, f orsmall X (5)

τ = const . (6)

ln (X ) ∼ − 1
T

· Ea

R
(7)

3 Setup

The here described setup was built around a commercial μ-
Berty reactor supplied by Parker Autoclave Engineers; the
flow chart is depicted in Fig. 1. For dosing the gases, mass
flow controllers from the Bronkhorst R© El-Flow R© series are
used for hydrogen, argon, and carbon monoxide; for carbon
dioxide a Bronkhorst R© MFC of the EL-Flow R© Prestige series
is applied, accounting for the changes of the thermodynamic
properties of CO2 at pressures close to its condensation pres-
sure. The pressure control of the setup is realized by means
of an equilibar R© controlled by a Bronkhorst R© pressure con-
troller of the P-800 series. Using a steel membrane for the
equilibar R©, high temperatures can be applied in the down-
stream part of the reactor, avoiding condensation of the
expected wet products streams from the CO2 hydrogenation
reaction. The feed consisting of hydrogen, carbon monox-
ide, carbon dioxide, and argon as an internal standard is
split, using the hydrogen feed to purge the stirrer shaft, while
the rest of the gases are fed over the common inlet. With

hydrogen usually being the gas with the highest flow rate
during hydrogenation reactions, as well the gas in the mix-
ture with the lowest density, a de-mixing of the gases at high
contact times in the stirrer shaft, or at worst, a condensation
of reaction products can thus be efficiently prevented.
With the Berty reactor being a recycle reactor with high

recycling rates [18], the here rather low applied flow rates
and the two gas streams meeting above the stirrer, homoge-
neous mixing of the reactants in the reaction section is still
expected. To avoid contamination by carbonyls in long-term
experiments, a carbonyl trap is considered in the carbon
monoxide line. All reaction products are kept in the gas
phase to ensure an analysis of all the reaction products
via online GC measurements. To prevent condensation, the
downstream part of the setup in the high-pressure part can
be heated up to 250 °C and the ambient pressure part up to
200 °C.
To account for an automated operation of the setup,

several safety features are implemented. Normally open
pneumatic valves in combination with restrictions allow a
controlled pressure release in case of emergency, normally
closed valves the immediate closing of the hazardous gases.
Additionally, the setup is equipped with a purge line to effi-
ciently remove toxic gases from the reactor. A gas warning
system is coupled with the electronic controllers, automati-
cally shutting the system off in case of strong leakages.
The autoclave and all its parts including the sample holder

are made of Inconel R© X-750. To facilitate the use of plate-
like catalysts, the original sample holder of the Berty reactor
(Fig. 2A) had to be re-created and adapted for the use with
multiple plates (Figs. 2B–E). Using sink erosion, the chal-
lenging outer and inner structures could be manufactured
with high precision, allowing a precise placement of the
samples. For fixing the samples, recesses for exchangeable
inserts were designed, allowing a defined distancing and
adaption of the holder to work with changing sample sizes.

www.cit-journal.com © 2025 The Author(s). Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. , , No. 8–9, 890–898
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Figure 2. Photographs and schemes of the sample holders: the filled original sample holder (A), the filled adapted sample holder for
plates (B) here, both shownwithout the fixing ring andmesh to secure the catalysts during operation, a scheme for the adapted holder
with inserts for sample widths below 1200 μm (C), with inserts for samples widths below 700 μm (D), and the assembled reactor (E).

For initial tests, the gaps between the wafers were chosen
to be directly relatable to the porosity of conventional cat-
alyst beds [19]. With wafer sizes in the range of 600 μm to
1 mm, the filled sample holder has a porosity of 0.39–0.45,
which is in the region of regular packed beds (Eqs. (8)–(10)).

ε = 1 − Vcat

Vreactor
(8)

Vreactor = 10.3 mm · 9.5 mm · 15 mm = 1468 mm3 (9)

Vcat = [9 × 0.6 mm; 6 × 1.0 mm] · 15 mm · 10 mm

= 810−900 mm3 (10)

Using parallel wafers instead of packed beds, the forma-
tion of a laminar flow profile between the wafers cannot be
excluded. In this case, to evaluate the possibility of diffusion
limitations, without the application of elaborate DFT simu-
lations, the Damköhler number of the second order can be
determined. When the diffusion time of the gas in the chan-
nels tD is significantly lower than the reaction time tR, the
influence of the diffusion on the measured reaction rate can

be neglected (Eqs. (11) and (12)) [14].

DaII = tD
tR

(11)

tD = l2

2D
(12)

The diffusion coefficient for gases under standard condi-
tions can be generally approximated with 10−5 m2s−1 [14].
Temperature and pressure dependence can be corrected
using Eq. (13) [20].

D ∼ T 3
2

p
(13)

Since in catalytic studies the reaction rates are often
unknown and can change drastically with the investigated
reaction, a general reaction time cannot be determined
and has therefore to be evaluated individually for each
case. However, in the here used setup, the range of possible
residence times can be determined by the capacity of the
installed mass flow controllers. Assuming a high internal
circulation velocity induced by the stirrer, under optimal
conditions the Berty reactor can be approximated with an
ideal CSTR, meaning concentration gradients along the
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Figure 3. Estimation of the diffusion time as a function of the wafer distance (left); the blue area indicates the parameters fitting the
configuration of the reactor used in this paper. Damköhler number of the second order at different reaction times (right), blue.

catalyst bed and the vessel below the stirrer are negligible.
Therefore, as volume for calculating the residence time
used for determining the Damköhler number, the whole
circulated volume of the Berty autoclave can be considered.
An estimation of theDaII of the here conducted methanol

synthesis is illustrated in Fig. 3. The blue lines and areas
mark the temperature range and flow range applied in this
study. Since the nominal flow ranges of the mass flow con-
trollers (MFCs) are fixed, reducing the working pressure
results in a proportional shift of the reaction time. How-
ever, since the diffusion rate is also reciprocally related to the
pressure, the diffusion time would shift in the same man-
ner, resulting in identical Damköhler numbers. As expected
from the narrow geometries with values for the DaII of
around 10−3, external diffusion should play no role in this
geometry.

4 Results and Discussion

As a proof-of-concept, the reactor setup was tested in the
CO2 hydrogenation reaction to methanol. Catalyst plates
for the tests were obtained by spray-coating applying a
CuZnAlOx precursor material on pre-oxidized Kanthal R©

plates and subsequent oxidation. XRD patterns of the oxi-
dized coated plates show good agreement with the oxidized
individual components (Fig. S1). After oxidation, the cata-
lyst forms a porous film consisting of particle agglomerates
with a homogeneous metal distribution (Figs. S2–5). SEM
imaging after catalysis reveals the formation of fissures, indi-
cating a limited stability of the produced washcoat, however,
a sufficient stability was reached to verify the functional-
ity of the setup, allowing time-on-stream experiments and
several parameter variations over more than a ten days
of experiments (Figs. S7 and S9). Kanthal R© is an iron-

chromium-aluminum alloy, which is often used as catalyst
support in high-temperature applications, due to its high
thermal stability and ability to form an inert, stable alu-
minum oxide layer on the surface via thermal treatment [21].
Its resistance and magnetic properties also such supports
to be deployed in direct electrically heated applications, as,
e.g., resistive heater, or as susceptor for induction heating;
however, this is not in the scope of this work.
The key feature of the Berty reactor is the internal gas

circulation induced by mechanical stirring. By changing
the catalyst basket to an arrangement to vertically arranged
plates, the pressure drop through the catalyst “bed” is signif-
icantly altered, which has a direct impact on the efficiency
of stirring. Even though with the open rectangular slits
resulting from the parallel arrangement of the samples the
pressure drop will be significantly lower compared to a
conventional packed bed (see Fig. S13 Ergun vs. Darcy-
Weisbach equation in the SI), one must also consider the
reduced overall cross section, resulting from changing the
original round geometry to a rectangular one (compare
Figs. 2A and 2B). The best way to verify the mixing behav-
ior of the Berty reactor would be to observe the transient
respond from a step-change in the gas concentration, which
is, however, at low flow rates, low volumes, and elevated
pressures not so easily performed [22].
Alternatively, the effect of the stirring rate on the mea-

sured kinetics of a chemical reaction can be investigated
(Fig. 4). Without stirring on entering the reaction zone, the
gas is expected to split according to the pressure drop ratio
between the catalyst bed and the gap between reactor wall
and sample holder and then exits the reactor through the
bottom outlet. Only parts of the gas will be in contact with
the catalyst and reactor to the products, therefore a low
conversion and thus low production formation is expected.
By stirring, the gas will experience an annular acceleration,
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Figure 4. Impact of the stirring rate on the product formation at 180 mL min−1 gas feed, 6:2:1, H2:CO2:Ar, 240 °C applying different
pressures (left). Schemes of the gas flow through the reactor at different stirring rates, with from left to right increasing stirring rates
(right).

forcing it around the sample holder to the bottom of the
autoclave. At the same time, the stirrer creates an upwards
directed suction inducing an inverted flow from the bottom
to the top of the catalyst bed. In case the induced momen-
tum on the gas is very low, instead of improving the contact
of the gas with the catalysts, even further decreasing the con-
version of the chemical reaction, by preventing the gas to
convectively enter the catalyst zone. Only when the stirrer
represses a sufficient volume of gas, a high internal circula-
tion can be reached and the fraction of gas bypassing the
catalyst bed becomes negligible. In this case, a maximum
yield is achieved and cannot be further improved by increas-
ing the rotation rate of the stirrer (Fig. 4, right, Fig. S6 in
the SI).
Fig. 4 (left) shows the methanol concentration versus the

agitation rate during the methanol synthesis from CO2 at
40 bar and ambient pressure. In the case of 40 bar, the
impact of the stirrer levels out at rather low rotation rates.
Already 500 rpm is sufficient to homogenize the reaction
mixture, meaning the internal circulation rate far exceeds
the external flow rate through the reactor. At low pres-
sure, this looks quite different. The determined conversion
hardly levels out at the maximum rotation rate of 5000 rpm,
meaning that the bypassing gas cannot be ignored and the
simplified assumption of a CSTR cannot be used. Applying
the same standard flow rate at 40 bar compared to ambient
pressure results in a factor 40 less velocity of the gas in the
pressurized case, also requiring proportionally lower recycle
rates to homogenize the system. Additionally, at higher pres-
sures, the density of the reaction medium increases propor-
tionally. Assuming, the stirrer, per rotation, always represses
the same volume of a medium, at higher pressures, more
mass is being moved, and the introduced momentum is pro-
portionally increased. The impeller of the here used μ-Berty

reactor from Autoclave Engineers has straight blades with a
height of only 2.5 mm, explaining that only a small volume
is moved per rotation, limiting this model to applications
at elevated pressures [3]. For low-pressure application, the
impeller speeds and shape have to be optimized to achieve
the necessary high recycle rates [4, 22, 23].

For further validation of the usefulness of this design, a
series of parameter variations were performed, varying tem-
perature, pressure, and residence time, simulating diverse
conditions applied in extensive kinetic investigations. The
Berty reactor, in comparison to common plug-flow reactors,
has the major advantage that the internal circulation rate
by far exceeds the external feeding rate, allowing measure-
ments over a broad range of residence times with negligible
to no impact on the internal gas transport. Additionally,
using high recirculation rates, a homogeneous catalyst tem-
perature can, most of the time, be assumed. Provided that
the catalyst is stable over the whole course of experimenta-
tion, the Berty reactor with only loading it once can provide
data for full kinetic modeling. However, since this work
aims to show the benefits of this Berty design for applica-
tions using catalyst films and the here used catalytic system
is well known, profound kinetic modeling requiring a full
experimental design is not performed in this study. In Fig. 5
the results of the parameter variation are presented; addi-
tional data of the performed experiments can be found in
the SI.

With increasing temperature from 200 °C to 240 °C, more
conversion is observed with both increasing the yield of
CO from the reversed water-gas shift reaction (RWGS) as
well as the methanol yield. With its stronger dependence
on temperature, the activation energy for the CO formation
was found to be significantly higher than the one for the
methanol formation. The here determined values are in very
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Figure 5. Arrhenius plots of the consumption of CO2 and formation of the two products (top, left), and yields versus temperature (top,
right). The experiments were conducted between 200 °C and 240 °C at 40 bar, applying a flow rate of 135 mL min−1 of 6:2:1 H2:CO2:Ar.
Bottom graphs GHSV variation.

good agreement with those previously reported on a cata-
lyst prepared in the same way before [15]. In Figs. 5B and 5D
contact time variations are shown, producing clean S-X plots
over a broad conversion range at different pressures with a
single catalyst loading. The methanol-to-carbon monoxide
ratio is best at pressures above 30 bar, while additional 10 bar
pressure still increases the conversion; the selectivity does
not change too much anymore, which is in line with other
studies performed in Berty reactors [24]. Especially in the
dataset collected at higher pressures, the data can get a little
bit noisy.
There are several aspects to that, one being the MFCs.

Working at a constant supply pressure of about 50 bar, the
downstream pressure is varied between 1 and 40 bar. It was
not possible to find suitable PID controlling parameters for
this set of MFC working well in the whole range. A way to
solve this could be the installation of a pressure stage directly
behind the MFCs, allowing those to always work against

a constant downstream pressure. A second problem is the
vibration of the reactor itself. Though being mounted on
vibration dampeners, parts of the vibration, especially along
the steel lines, were still transferred to the MFCs, causing
those sometimes to fluctuate. Further improvements can be
done by installing more flexible gas lines to decouple the
vibrations from the stirrer and the controllers. Over long-
term experiments though, the Berty reactor performs very
stable (Fig. S9 in the SI).

5 Conclusion

A catalytic test setup was designed around a μ-Berty reac-
tor, allowing for kinetic characterization of catalyst plates. Its
special geometry enables employment for studies on thin-
film catalysts as well as performance materials in regard of
optimizing washcoats in absence of external mass transport.
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The reactor is a well-defined, re-usable alternative for often
applied single-use plate reactors and microreactors, requir-
ing pre-existing knowledge of the kinetic parameters for
proper scaling. Though there is still room for improvement,
CO2 hydrogenation experiments under elevated pressure
prove the applicability of this system for these kinds of
studies.
The reactor performs well over a course of several days

and allows the application of a broad range of reaction
parameters with a single catalyst loading. Currently, this sys-
tem does not operate well for applications close to ambient
pressure. Nevertheless, the here developed sample holder
can be easily adapted to fit other Berty reactors capable of
operating under such conditions.

Supporting Information

Supporting information for this article can be found under
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Symbols used

ci [mol L−1] concentration
D [m2s−1] diffusion coefficient
DaII [–] second-order Damköhler

number
Ea [kJ mol−1] activation energy
GHSV [h−1] gas hourly space velocity
l [m] lateral distance
ni [mol] amount of material
p [bar] pressure
R [J K−1mol−1] gas constant (8.314)
r [mol L−1s−1] reaction rate
r0 [mol L−1s−1] initial reaction rate
Re [–] Reynolds number
S [%] selectivity
T [K, °C] temperature
tD [s] diffusion time
TOS [h] time-on-stream
tR [s] reaction time
Vi [L] volume
X [%] conversion
Y [%] yield

Greek letters

ε [–] porosity
Τ [s] residence time

Sub- and superscripts

i reaction species
in inlet
out outlet

Abbreviations

cat catalyst
CSTR continuously stirred tank reactor
FIC flow indicator controller
GC gas chromatograph
MeOH methanol
MFC mass flow controller
PIC pressure indicator controller
PVA polyvinyl alcohol
SEM scanning electron microscopy
TIC temperature indicator controller
XRD X-ray diffraction
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