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A B S T R A C T

Biotechnological processes have a high potential to make industrial processes more sustainable. However, 
biotechnological processes often have low product concentrations and production rates. This is where process 
intensification can help to make these processes competitive. Using the example of the multi-enzymatic synthesis 
of natural cinnamyl cinnamate, it is shown how an existing multi-enzymatic process can be intensified by using 
an enzyme membrane reactor. The individual enzymatic reactions are first characterised in laboratory scale and 
then combined in a mini plant. In addition, a process model of the mini plant is developed. It is shown that the 
use of an enzyme membrane reactor can increase the production rate of the multi-enzymatic process by a factor 
of 10 compared to a previously investigated set-up.

1. Introduction

Biotechnology is undoubtedly one of the most promising scientific 
fields of our time and is considered to be one of the key technologies of 
the 21st century [1–4]. It has the potential to make a major contribution 
to solving global environmental and economic challenges. It enables us 
to harness living organisms and biological processes for a wide range of 
applications, from medicine and food production to the manufacture of 
bioplastics and environmental remediation. As with any breakthrough 
technology, biotechnology is not without its limitations. One of the key 
challenges in biotechnology is to intensify these processes to make them 
more efficient and thus economically competitive with existing chemical 
processes [5–7]. As biotechnological processes depend on a high number 
of process parameters, model-based process design is a good tool for 
designing the best possible process to save time and effort during process 
synthesis [8]. Therefore, all individual steps in a biotechnological pro
cess require a representative mathematical description.

Fragrances and flavourings are typical representatives of biotech
nological products, as they can be claimed as ‘natural’ due to the use of 
biocatalysts. However, the product concentration of natural flavours 
and fragrances in biotechnological processes can be very low [9,10]. 
This study will investigate the kinetic parameters for an enzyme cascade 

reaction for the reaction of natural flavour cinnamyl cinnamate [11,12]. 
As first reaction, cinnamyl aldehyde is converted to cinnamyl alcohol by 
an alcohol dehydrogenase (ADH). As this reaction consumes NADH, a 
formate dehydrogenase (FDH) is used for cofactor regeneration in a 
second reaction. These reactions occur in an aqueous phase in the 
Enzyme Membrane Reactor (EMR). In the following, cinnamyl alcohol is 
extracted by an organic phase, namely xylene, and is esterified with 
cinnamic acid by a lipase to form cinnamyl cinnamate, e.g. by the use of 
a reactive extraction centrifuge (REC) [13]. As enzymes can be very 
expensive, immobilisation for reuse is a suitable option to increase 
economics [14,15]. However, the immobilization of ADH and FDH can 
cause a significant decrease in activity [16] and represent the rate 
limiting step in this cascade reaction [11]. Therefore, this study is 
particularly focussing on the process intensification of the reactions in 
the aqueous phase. To maintain the activity of a native enzyme, a reactor 
is used where enzymes are restrained by the use of a membrane. The 
membrane in this case fulfils the purpose of retaining the enzyme and 
therefore separates the product from the native enzymes by ultrafiltra
tion. The reactants are not separated. The process is operated in a cir
cular flow, which provides a continuous operation of the reactions in the 
EMR and REC. The overall process scheme is shown in Fig. 1a while 
Fig. 1b represent the reaction sequence.
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This study investigates the temperature dependence of enzymatic 
reactions using the Arrhenius equation to model the relationship be
tween temperature and reaction kinetics. The temperature dependence 
of the maximum reaction rate vmax will be quantified directly. For the 
affinity parameters KM and Ki, which are lumped kinetic constants, their 
temperature dependence will also be analyzed, although this is more 
complex and controversially discussed in the literature [17,18]. There
fore, we hypothesis that: the elementary rate constants in enzymatic 
mechanisms follow the Arrhenius law; if KM or Ki reflect dissociation 
constants in rapid equilibrium reactions, they should also exhibit 
Arrhenius-type behavior [17,18]; if KM is a composite of multiple rate 
constants under steady-state conditions, its temperature dependency 
may be only an apparent effect [18]; and enzyme conformation changes 
at different temperatures can further affect substrate interactions and 
thereby influence KM and Ki [17].

In enzyme kinetics, accurate temperature-dependent parameteriza
tion is essential for process design, as both the reaction rate and energy 
requirements scale with temperature. While higher temperatures typi
cally accelerate reactions, they also increase energy demand and may 
eventually lead to enzyme denaturation. This study focuses on condi
tions below the enzyme’s denaturation threshold, but if denaturation 
proves relevant, a multimodel approach might be an alternative [19]. 
Given the complex and partially unresolved nature of how KM and Ki, 
behave with temperature, a purely mechanistic description is very 
challenging. This work proposes a grey-box modeling approach to 
describe the temperature dependence of KM and Ki. This approach al
lows for practical interpolation of these parameters while acknowl
edging the theoretical limitations of assigning strict Arrhenius behavior 
to lumped constants. It provides a flexible yet structured framework for 
incorporating uncertain or non-elementary temperature effects into ki
netic models — a key step toward more robust and economically opti
mized process design.

2. Materials and methods

In the first section of this chapter, the experiments in lab-scale as well 
as the mathematical description of the kinetics are explained, which are 
necessary for the modelling of the process. The second section describes 
the procedure for model validation, also in lab-scale experiments. In the 
third section, the final process, according to Fig. 1 is explained in detail.

2.1. Membrane screening

For the screening of the membranes five different polymer mem
branes were studied at 25 ◦C. The used membranes consist of poly 
(octylmethylsiloxane) (POMS), irradiated and not-irradiated poly 
(dimethylsiloxane) (PDMS), polymers of intrinsic microporosity (PIM), 
poly(ether-b-amide) (PEBAX®), all coated onto a porous poly
acrylonitrile support (PAN). The screening is conducted in a laboratory 
set-up with three circular membrane modules by Evonik MET, described 
in detail by SCHLÜTER et al. [20]. Each of them is equipped with a mem
brane cut-out of 14 cm2. As test conditions a fixed feed flow of 30 Lh-1 in 
order to achieve comparable results and pressures between 0 and 20 bar 
are used. Within this pressure range a safe operation in the miniplant 
scale is possible.

The used membranes were of the thin-film-composite type. Detailed 
information on this type of membrane and how the membrane used in 
this study are produced can be found in [21]. The composite consists of a 
non-woven made from polyester on top of which a porous support layer 
made from polyacrylo nitrile (PAN) is cast. The asymmetric pore 
structure of the PAN layer is generated by the phase inversion process, 
described by Scharnagl and Buschatz [22]. The result is in itself a porous 
micro- or ultrafiltration membrane. The support membrane was pro
duced pilot scale infrastructure at Hereon. It is however available on a 
commercial basis, e.g. by GMT Membrantechnik GmbH, Rheinfelden, 

Fig. 1. a) Scheme of the mini plant for the synthesis of cinnamyl cinnamate by a multi-enzymatic cascade. In the aqueous phase with the Enzyme Membrane Reactor 
(EMR), cinnamyl aldehyde is converted to cinnamyl alcohol by the use of an alcohol dehydrogenase and formate dehydrogenase. In the organic phase the alcohol is 
esterified with cinnamic acid to form cinnamyl cinnamate in a Reactive Extraction Centrifuge (REC). b) Reaction cascade sequence of the whole process.
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Germany. The membranes employed in this study had an additional, 
dense separation layer. The separation mechanism in this layer adheres 
to the solution-diffusion mechanism. The layers were applied by a roller 
coating process, described by Brennecke et al. [23] with subsequent 
drying and optional cross linking stages. This production was also car
ried out using Hereon’s pilot scale membrane infrastructure. The com
posite membranes using poly(octylmethylsiloxane) (POMS), irradiated 
and not-irradiated poly(dimethylsiloxane) (PDMS) as a selective layer 
are also commercially available via GMT Membrantechnik GmbH, 
Rheinfelden, Germany. PIM-1 was synthesized by reacting with an 
equimolar amount of 5,5′,6,6′-tetrahydroxy-3,3,3′,3′-tetramethyl-1, 
1′-spirobisindane (TTSBI) and 2,3,5,6-tetrafluoroterephthalo-nitrile 
(TFTPN) with an excess of K2CO3 [24,25]. PEBAX® is a commercially 
available thermoplastic elastomers poly(ether-block-amide) having 
flexible polyether and rigid polyamide segments (purchased from 
Arkema).

2.2. Characterization of the dehydrogenases in lab scale experiment

For the FDH catalyzed reaction progress curves for 20, 30 and 40 ◦C 
with different initial substrate concentrations are recorded. The exper
iments were carried out as a triplet. For formate (Carl Roth GmbH) the 
initial concentration was 100 mM, 200 mM or 300 mM. NAD+ (Carl 
Roth GmbH) was varied in the range of 0.1 mM to 5 mM. A 50 mM 
phosphate buffer with pH 8.0 was used. FDH from candida boidinii 
(Megazyme Ltd., 75 U mL-1) was diluted to a standard activity of 4 U mL- 

1. The total reaction volume was 1 mL. The analysis is conducted with 
UV/VIS spectroscopy at a wave length of 340 nm and a measure interval 
of 4 s for a maximum of 6 min. This wave length is suitable to determine 
the NADH concentration, which is one of the products.

For the ADH (Sigma Aldrich GmbH) catalyzed reaction, progress 
curves with two initial substrate concentrations for 20, 30 and 40 ◦C 
were recorded. The experiments were carried out as triplets. The initial 
concentration of the cinnamyl aldehyde (Sigma Aldrich GmbH) was 0.3 
or 1.5 mM, while the NADH (Carl Roth GmbH) concentration was varied 
over all experiments to be 1 mM, 3 mM or 5 mM. Again a 50 mM 
phosphate buffer with pH 8.0 was used. 0.35 mg ADH was used. The 
total reaction volume was 35 mL. Samples were taken every minute for 
the first 10 min, afterwards every 10 min until a total reaction time of 40 
min. The analysis is conducted via gas chromatography with a 0.25 mm 
× 0.25 μm cross section 30 m SLB SUPELCO® (Supelco, Inc.) column in a 
Perkin Elmer Clarus 500® gas chromatograph (PerkinElmer Inc.).

2.3. Modelling the temperature dependency of kinetic parameters

In order to determine the temperature dependent kinetic parameters 
for the ADH and FDH catalyzed reactions, experimental progress curves 
on a laboratory scale are generated as described above. Both reactions 
can be described by an irreversible bi-bi mechanism including a product 
inhibition as described by Eq. (1). It includes the maximal reaction rate 
vmax, the Michaelis-Menten constants KM and the inhibition constant Ki. 

v = vmax⋅
[A]⋅[B]

Km,A⋅Km,B⋅
(

1 +
[P]
Ki,P

)

+ Km,A⋅[B]⋅
(

1 +
[P]
Ki,P

)

+ Km,B⋅[A] + [A]⋅[B]

(1) 

For the FDH catalyzed reaction the substrates A and B are NAD+ and 
formate and the inhibiting product P is NADH. For the ADH catalyzed 
reaction, cinnamyl aldehyde and NADH correspond to substrate A and B 
and the product cinnamyl alcohol is the inhibitor P.

To describe the temperature dependency the Arrhenius approach 
[26] is used, cf. Eq. (2). 

k(T) = k0⋅e−
EA
R⋅T (2) 

It is applied for each kinetic parameter individually [27]. Here, k 

represents the individual kinetic parameter, with k0 representing the 
pre-exponential factor, EA for the activation Energy, R for the universal 
gas constant and T for the absolute temperature. For the maximum re
action rate this implies the assumption that a higher temperature leads 
to a higher reaction rate [28]. Furthermore, it is assumed that no ther
mal deactivation occurs, which should be valid for the studied temper
ature range between 20 ◦C till 40 ◦C [29,30]. The parameter estimation 
is conducted by using a Matlab script. Spline interpolation is used to 
smooth and differentiate the experimental progress curves [31]. The 
concentration dependent reaction rates are fitted to the kinetic equation 
using lsqcurvefit. Here, the lower boundary for all parameters set to 0, 
while the upper boundary for all parameters were set to inf. No further 
options were applied. The kinetic parameters in Eq. (1) are substituted 
with temperature dependent parameters in Eq. (2). The fit is conducted 
with the resulting equation for all temperatures simultaneously [32]. 
The standard error is calculated manually from the covariance matrix of 
the parameter estimates, which is obtained by scaling the inverse normal 
equation matrix with the mean squared deviation.

2.4. Model validation in a lab scale membrane reactor

For the validation of the temperature dependent kinetic parameters 
and as a proof of concept for the enzyme membrane reactor for this 
reaction system, further experimental studies on a laboratory scale are 
conducted and compared with the data from the simulation.

The experimental setup is similar to the membrane screening set up 
described above. It is operated as a dead-end filtration and the permeate 
stream is led back into the feed tank. A PEBAX® on PAN membrane is 
used with a feed flow of 30 L h-1. A temperature of 35 ◦C is chosen, which 
is suitable to verify the temperature dependent reaction kinetic and 
corresponds with the temperature for the operation on miniplant scale. 
The volume of the three membrane cells with the pipe volumes in be
tween is 0.1 L. Additionally a volume in the feed tank of 0.2 L is required 
for a continuous operation. The ADH and FDH catalyzed reactions are 
studied individually. For the FDH reaction, 100 mM formate and 3 mM 
NAD with 1 mg of FDH were used. For the ADH reaction, 20 mg of 
enzyme has been used and 2.5 mM cinnamyl aldehyde and 3.3 mM 
NADH as initial concentration.

For the modeling of the enzyme membrane reactor Python 3.9 is 
used. The model is implemented as a dynamic model with discrete time 
steps of one minute. It is assumed that no concentration gradient over 
the membrane area occurs as the molecular weight cut-off (MWCO) of 
the membrane allows the substrates and products to pass freely. Further, 
a dead-end filtration is applied, because of which no retentate flow is 
considered. The enzyme membrane reactor is considered as a continu
ously stirred tank membrane reactor (CST-MR). The molar balance for 
each component i within the enzyme membrane reactor is described as 
shown in Eq. (3). The reaction rates vADH and vFDH are considered 
depending on the stochiometric factor υi,ADH for each component. The 
product inhibition for the ADH and FDH catalyzed reaction are 
considered in the rate equations (Eq. (1)). 

dni, EMR

dt
= ṅi,Feed − ṅi,Permeate + υi,ADH⋅vADH + υi,FDH⋅vFDH (3) 

Similarly, a molar balance for the feed and storage tank is set up as 
shown in Eq. (4). 

dni, Tank

dt
= ṅi,Permeate − ṅ i,Feed (4) 

Further, a precipitation term is introduced for each component if the 
solubility concentration of this component is exceeded. It is assumed 
that this precipitation does not influence the membrane performance. As 
an autooxidation of NADH to NAD+ occurs [11], the term in Eq. (5) is 
added or subtracted to the molar balances, respectively. 
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dnoxidation

dt
= [NADH]t− 1⋅

(
1 − 0.66⋅e− 0.00179) (5) 

2.5. Experiments and simulation of the process in a miniplant

The technical realization of the membrane is realized as an envelope 
type membrane module, described mainly for gas separation processes 
in literature [33–35]. It allows an individual selection of the membrane 
area by adding or removing envelopes and flexible application as the 
membranes can be changed easily compared to spiral wound modules. 
The mixing was ensured by the usage of spacers between the envelopes. 
The studied setup consists of a feed tank, three pumps and the enzyme 
membrane reactor (cf. Fig. 1). It is operated in a cycle. The tank can store 
a volume of up to 2 L and functions as the feed tank and storage for the 
permeate flow. With a centrifugal pump the feed stream is pumped from 
the tank towards the enzyme membrane reactor. Using a piston pump, 
the pressure is increased to 20 bar. A high flow over the membrane to 
prevent unwanted accumulation at the membrane is provided by 
another centrifugal pump. The envelope membrane module has a vol
ume of 1.5 L and a total membrane area of 798 cm2. The miniplant is 
operated at a temperature of 35 ◦C. For model validation the ADH and 
FDH catalyzed reaction are studied in parallel. Here 43.5 mg of ADH and 
7.5 mg of FDH were used. The initial concentration for NADH was 4 mM. 
As in the context of the whole multi-enzymatic cascade the FDH cata
lyzed reaction is used to regenerate the produced NAD+, initially no 
NAD+ was added., while no NAD+ was used as initial condition. 300 mM 
of formate as initial concentration was set, as well as 8 mM of cinnamyl 
aldehyde. As the miniplate had been used previously, a residual con
centration of 0.5 mM cinnamic alcohol remained despite rinsing. For the 
simulative study of the miniplant, the enzyme membrane reactor is 
modeled similar as described in chapter 2.3 with adjusted volumes for 
the storage tank and the reactor volume. For the comparison with 
immobilized ADH and FDH on silica beads an already published model 
and experimental results are used, where also a deactivation coefficient 
for ADH of 0.7 is considered, as this reaction is running several hours 
[11].

3. Results and discussion

Following the previous chapter, the first section will present and 
discuss the experiments in lab-scale for the membrane screening and 
characterisation of the enzymes. The second section will show the re
sults for the model validation, while in the last section the results of the 
miniplant are discussed.

3.1. Membrane selection

The membrane selection is conducted based on three criteria: a 
suitable molecular weight cut-off (MWCO), resistance for the organic 
solvent xylene and a high permeate flow. As in the enzyme membrane 
reactor the membrane is required to restrain the enzymes and allow all 
other components to pass the membrane a MWCO between the size of 
the ADH or FDH of approximately 41 kDa [36] and 141–151 kDa [37] 
and the size of next largest component (cinnamyl alcohol) of 134 g •
mol-1 has to be chosen. As this correlates with size range for ultrafil
tration [38], the membranes investigated in this study are suitable for 
this separation. All of the studied membranes are multilayer composite 
membranes having a dense separation layer and hence definitely a 
suitable MWCO. The next screening criterion is the resistance for the 
organic solvent xylene. As the aqueous phase is constantly in contact 
with the organic phase and therefore, saturated with xylene, the chosen 
membrane needs to be xylene-resistant to guarantee a stable operation. 
For ultrafiltration in the presence of organic solvents polymer mem
branes rather than inorganic, e.g. ceramic, membranes are used due to 
their lower production costs and higher flexibility [39]. To test the 
chemical resistance the polymer membranes screened in this study are 

stored in xylene for 24 hours. Except for the POMS membrane, no visible 
changes on the surface were detected. For the POMS membrane a 
turbidity of the xylene resulting from a detachment of the surface was 
visible. Therefore, this membrane is not included into the further 
screening. The third criterion is the permeate flow. Implemented in the 
process, the permeate flux determines volume flux for the in-situ inter
mediate removal. Therefore, a high permeate flux is favorable. Fig. 2
shows the results of the membrane screening concerning the permeate 
flux. The permeate flux is measured over a pressure range of 0 to 20 bar 
over atmospheric pressure which matches the safety requirements for 
operation in the laboratory. The PIM membranes, show a low permeate 
flux over the whole pressure range. The irradiated PDMS and PEBAX® 
on PAN membranes allow a similar permeate flux of about 30 L • h-1 

•m2
membrane at 20 bar. As the permeate flux of the PEBAX® on PAN 

membrane shows a steadier flux between 25 and 32 L • h-1 • m2
membrane 

over the range of 6 to 20 bar, this membrane was chosen to be most 
suitable for the application in the enzyme membrane reactor for this 
reaction system.

3.2. Determination of the kinetic parameters

Based on all experiments with FDH the estimated kinetic parameters 
in respect to Eq. (1) and Eq. (2) are listed in Table 1. A moderate 
dependence on temperature of the vmax and Ki,NADH values was detected, 
where the KM values show no significant dependency. For the KM,NAD 
value of FDH from candida boidinii the reported values in literature range 
from 0.015 – 3.4 mM [40,41], depending on individual reaction con
ditions. For a comparable system a value of 0.04 mM is reported in 
literature [42], which fits well to the value of 0.053 mM estimated in this 
study. In literature the value for KM,formate is reported to be much lower 
[42], however in this study we see a high uncertainty for this value for 
the fundamental pre-exponential factor. This may be because the 
applied concentration range could be unsensitive. But the high formate 
concentration applied in this study is necessary as it ensures a high ac
tivity for cofactor regeneration in the whole cascade reaction. For Ki, 

NADH values of 0.020 mM and 0.032 mM have been reported [43], which 
also fits well to the estimated values of this study, which range from 
0.020 mM till 0.029 mM. The estimated vmax values of 4.09 till 5.54 U 
mL-1 agree very good with the standard activity, given by the suppliers 
for a temperature of 25 ◦C (cf. section 2.1.2).

Fig. 3 shows an example of the good agreement between the exper
imental data and the model functions at 30 ◦C obtained using global 
regression over all temperatures. As can be seen, in experiments with 
high initial NAD+ concentrations (1 – 5 mM), the applicable measuring 
range of the photometer is exceeded after less than 2 min. In contrast, 
the entire course of the reaction can be measured in experiments with 
low initial NAD+ concentrations (0.1 – 0.3 mM). Comparable results are 
obtained for 20 ◦C and 40 ◦C.

For the reaction of ADH, the kinetic parameters listed in Table 2 are 
obtained. With the exception of KM,aldehyde a moderate temperature 
dependency can be observed. For the KM,NADH values between 0.025 – 
0.177 mM have been reported in literature [44–46], which fits to the 
rage of the estimated value in this study, which is 0.194 – 0.203 mM. For 
the reduction of cinnamyl aldehyde the KM,aldehyde values in literature 
range from 0.01 – 0.39 mM [42], which is at least one order of magni
tude below the estimated value in this study, which is 4.147 mM. Unlike 
KM,formate, whose influence is limited due to the high concentration 
range used, this is not the case for cinnamyl aldehyde. However, as 
shown in Eq. (1), KM,aldehyde appears only in a term in combination with 
the inhibition constant Ki,alcohol. Therefore, an overestimation of KM, 

aldehyde can be compensated by a corresponding overestimation of Ki, 

alcohol. For the Ki,alcohol values of 1.3 – 1.6 mM have been estimated, 
depending on the temperature. In literature, we were not able to identify 
another Ki,alcohol value. However for the reverse reaction a KM,alcohol 
value for cinnamyl alcohol is reported to be 1.2 mM [47]. If we assume 
that the product inhibition constant is analogue to the affinity constant 
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of the reverse reaction, this value can explain partially the over
estimation of the Km and is nevertheless itself in the appropriate order of 
magnitude. For trans-cinnamyl aldehyhde a vmax value of 1.1 U mg-1 has 
been reported in literature [48] (where no information on the temper
ature is given) which is in the same order of magnitude than the esti
mated values in this study. Overall, the standard errors show that the 
calculated parameters for the ADH reaction are uncertain, which may be 
due to an over-parametrization.

Fig. 4 shows an example of the good agreement between the exper
imental data and the model functions at 30 ◦C obtained using global 
regression over all temperatures. Both, the beginning of the reaction 
with an increased reaction rate as well as the end of the reaction are well 
reflected by the obtained parameter. Red data represents an experiment 
with comparably low initial substrate concentrations of 3 mM and 1 mM 
of NADH and aldehyde, respectively. Blue data represents an experiment 
with higher initial substrate concentrations of 5 mM and 1.3 mM of 
NADH and aldehyde, respectively. Comparable results are obtained for 
20 ◦C and 40 ◦C.

3.3. Results of model validation

The kinetic model parameters for the FDH reaction as well as for the 
ADH reactions are validated experimentally independently (non- 
coupled) in a laboratory scale enzyme membrane reactor as described in 
section 2.2. The kinetic parameters for 35 ◦C are calculated on the basis 

of the pre-exponential factors, as they are listed in Table 1 and Table 2. 
Fig. 5 shows the comparison of simulation data (lines) based on the 
estimated parameters and experimental data (circles). The left side 
represents the FDH reaction, while the right side represents ADH 
reaction.

For the FDH reaction, NADH was measured in the permeate and 
retentate. As can be seen, there is a very good agreement between 
experimental und simulated data. For the ADH reaction the cinnamyl 
aldehyde and the cinnamyl alcohol concentration was measured in the 
retentate of the membrane. As observed, the experimental and simulated 
data align very closely for the first 200 min. Subsequently, the reaction 
rate is slightly overestimated, which is shown by the fact that the 
experimental cinnamyl aldehyde values are higher than the simulation 
predictions and the cinnamyl alcohol values are lower than the simu
lated values. To summarise, it can be stated that the model validation 
was successful and that the interpolation approach for calculating the 
parameters at 35 ◦C also reflects the measured values well.

3.4. Application of an enzyme membrane reactor in a miniplant scale for 
debottlenecking

In the final set-up the enzymatic reactions are coupled. As described 
in section 1, ADH is used for the production of cinnamyl alcohol from 
cinnamyl aldehyde, while FDH provides regenerated cofactor by 
oxidizing formate. The mixing is ensured by the usage of spacers be
tween the membrane envelopes. The results of the coupled reaction in an 
enzyme membrane reactor as well as a comparison to previous experi
ments with enzymes immobilized on silica are shown in Fig. 6. As can be 
seen, in both experiments a final alcohol yield of approximately 45 % is 
reached. While this equilibrium is achieved within 5 hours with an 
Enzyme Membrane Reactor (EMR), the set-up with enzymes immobi
lized on silica need up to 48 h to reach a comparable concentration. 
Therefore, the efficiency of the coupled reaction is increased by the 
factor of approximately 10. This effect is due to the immobilisation of 
the enzyme in the former setup on silica beads, drastically reducing the 
activity [16]. An immobilisation can lead to a significant reduction of 
the remaining activity, leading to a lower reaction rate and therefore 
longer reaction time. This effect of a reduced activity because of 
immobilisation is also known from several examples in literature. Boli
var et al. [49] studied the immobilisation of FDH on different carriers 
with the aim of increasing the stability. This aim was accomplished, but 
with the drawback of a remaining activity of 15 %. The immobilization 
of cyclomaltodextrin glucanotransferase enzyme on agarose beads 
showed a remaining activity of 32 % [50]. Bolivar et al. [51] also 
investigated the immobilization of ADH, showing a lower activity loss of 

Fig. 2. Results of the membrane screening at 25 ◦C for four polymer membranes, showing the achieved flux based on different applied pressures. Error bars rep
resents average absolute deviation.

Table 1 
Kinetic Data with standard error based on parameter estimation for the FDH 
reaction based on a holistic parameter estimation from experiments at 20◦, 30◦

and 40 ◦C in 50 mM phosphate buffer, pH 8.0.

Parameter pre-exponential 
factor

Parameter 20 ◦C 30 ◦C 40 ◦C

vmax0 484 ± 103 U •
mL-1

vmax [U mL- 

1]
4.09 ±
2.10

4.78 ±
2.41

5.54 ±
2.74

EA0,vmax 11,630 ± 541 J 
• mol-1

KM0,NAD 0.053 ± 0.032 
mM

KM,NAD 

[mM]
0.053 ±
0.105

0.053 ±
0.102

0.053 ±
0.099

EA0,NAD 2 ± 1531 J •
mol-1

KM0,format 115 ± 65 mM KM,format 

[mM]
112 ±
205

112 ±
199

112 ±
193EA0,format 59 ± 1432 J •

mol-1

Ki0,NADH 12.251 ±
11.202 mM

Ki,NADH 

[mM]
0.020 ±
0.077

0.024 ±
0.092

0.029 ±
0.108

EA0,NADH 15,697 ± 2320 
• mol-1
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10 % compared to the other examples.
The simulation of the EMR show a good agreement between exper

imental and simulated data. The simulation shows systematically a 
slight overestimation of the concentration. This may be due to undefined 
interactions of the enzymes with each other or with the non native re
actants, as our models only consider product inhibition but no reverse 
reaction or other inhibitions. Based on the BRENDA – The Compre
hensive Enzyme Information System database [52], for ADH there is no 
interaction with formate reported and for the FDH there is no interaction 
with a cinnamyl reactant reported. However, this is not an exclusion 
criterion, but merely indicates that such interactions might not have 
been investigated yet. In general, the time course of the reaction in this 
study is represented well and the interpolation of temperature de
pendency is described satisfactorily.

4. Summary and outlook

In this work, an enzyme membrane reactor was successfully used to 
retain the enzyme, as an alternative to enzyme immobilization on solid 
silica particle, to intensify a co-factor coupled reaction. Initially, a 
suitable membrane, with a PEBAX® separation layer on a PAN porous 
support, was identified, which met the requirements of enzyme reten
tion, chemical stability against all used chemicals, and high flux. The 
individual enzymatic reactions were carried out at different tempera
tures in lab scale experiments, and the kinetic parameters were modelled 
as a function of temperature. The validation of the parameters was 
conducted in a lab scale membrane reactor. For model validation, a 
temperature was chosen at which the experimental characterization had 
not been conducted. It was ensured that only interpolation occurred, as 
unpredictable interactions may arise outside the measurement range. 
For the validation, the reactions were conducted individually. The 
estimated kinetic parameters for the two reactions could be validated 
well by experimental values. Finally, the coupled reaction was con
ducted in a miniplant and the measured data were compared with the 
developed models and with previous experimental data achieved with 
immobilized enzymes. Here, a good agreement between experimental 
data and the model was achieved. Additionally, it was demonstrated 
that using a membrane reactor and native enzymes could intensify the 
coupled reaction and reduce the reaction time by a factor of 10.

The study presented herein constitutes a segment of a more intricate 
multi-enzyme cascade operating within a biphasic system. Future 
research efforts will focus on the experimental realization of the com
plete process. In this regard, the developed models offer a valuable 
contribution for the preliminary determination of optimal operating 
parameters and serve as a foundation for systematic process 
optimization.

Data statement

Experimental data are available at TORE (TUHH Open Research) 
https://doi.org/10.15480/882.14605.

Fig. 3. NADH concentration over time for an FDH reaction at 30 ◦C with different initial concentration of formate and NAD+ in a 50 mM phosphate buffer, pH 8.0. 
Dots represents experimental data based on UV/VIS at 340 nm, solid line represents model function based on experimental data.

Table 2 
Kinetic Data for the ADH reaction based on a holistic parameter estimation at 
20◦, 30◦ and 40 ◦C in 50 mM phosphate buffer, pH 8.0.

Parameter pre- 
exponential 
factor

Parameter 20 ◦C 30 ◦C 40 ◦C

vmax0 91.850 ± 1654 
U • mg-1

vmax [U mL- 

1]
4.138 ±
1.1 •
1010

4.584 ±
6.3 • 109

5.044 ±
3.9 • 109

EA0,vmax 7551 ± 45,594 
J • mol-1

KM0,NADH 0.385 ± 1.930 
mM

KM,NADH 

[mM]
0.194 ±
1.7 • 102

0.199 ±
1.5 • 102

0.203 ±
1.3 • 102

EA0,NADH 1662 ± 12,222 
J • mol-1

KM0, 

aldehyde

4.148 ± 82 
mM

KM,aldehyde 

[mM]
4.147 ±
8.4 •
1010

4.147 ±
4.2 •
1010

4.147 ±
2.2 •
1010EA0, 

aldehyde

0.125 ±
50,396 J • mol- 
1

Ki0,alcohol 22.833 ± 180 
mM

Ki,alcohol 

[mM]l
1.321 ±
4.4 • 104

1.451 ±
3.7 • 104

1.585 ±
3.1 • 104

EA0,alcool 6942 ± 20,050 
J • mol-1
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Fig. 5. Experimental data and simulation of the membrane reactor. Left: NADH concentration over time for an FDH reaction at 35 ◦C, 50 mM phosphate buffer, pH 
8.0. Right: Cinnamyl alcohol (COH) and cinnamyl aldehyde (CAL) concentration over time for an ADH reaction at 35 ◦C, 50 mM phosphate buffer, pH 8.0. Initial 
concentrations are described in section 2.2.

Fig. 6. Experimental data and simulation of the mini plant. Black coloured data for this study with a membrane for immibilization. Grey coloured data for 
immobilized set-up taken from [11].
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