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Abstract 
BACKGROUND: Enzyme immobilization in porous membranes often improves enzyme performance. This work 
reports the preparation and characterization of robust and scalable asymmetric metal-ceramic microfiltration 
membrane. The surface of the porous metal-ceramic membrane was treated by impregnation with a ceramic 
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oxide for enzyme adsorption and corrosion protection. Finally, enzyme immobilization in the support was 
investigated.  
RESULTS: The bilayer membrane was successfully fabricated by combining a ceramic microfiltration layer with a 
metal support by tape casting, lamination and co-sintering. A pore size in the ceramic microfiltration layer of 0.4 
μm resulted in high water permeability (12000 L/(m2 h bar)). Two different surface treatments were compared: 
heat treatment and Y2O3 impregnation. Corrosion stability tests under enzyme-relevant conditions gave no 
detectable chemical or structural changes.  Alcohol dehydrogenase (EC 1.1.1.1) was immobilized in the 
membrane by physical adsorption and by two covalent immobilization methods. Covalent immobilization 
significantly improved enzyme loading, activity, and recyclability. Membrane reuse by heat treatment removed 
fouling, but decreased immobilization performance.  
CONCLUSION: The improved microstructure obtained by Y2O3-impregnation had a significant effect on enzyme 
loading yield and activity. This indicates the potential of this surface modification method and of these metal-
supported ceramic membranes in enzyme immobilization. Covalent immobilization was superior. 
 
Keywords: metal-ceramic membranes, alcohol dehydrogenase, enzyme immobilization, chromia scale, yttria 
surface modification, membrane reuse 
 
Introduction 
Enzymatic membrane reactors (EMRs) have been studied and successfully employed in the past decades for 
enzyme recovery and product separation in biocatalytic reactions.1–3 Numerous publications have also proven 
the advantages of enzyme immobilization in porous membranes, where the pores act as micro-reactors and the 
substrate is transformed into products when it comes into contact with the immobilized enzyme.4 Besides the 
possibility of operating in continuous mode and easy scale-up, the EMR allows control of the reaction rates and 
kinetics. Moreover, a more protected environment for the enzyme and controlled conditions may prolong the 
biocatalyst lifetime and its activity.2 In this context, the use of inorganic membranes as support for enzymatic 
reactions offers the additional advantage of a prolonged membrane lifetime. Appropriately chosen inorganic 
membrane materials are chemically and mechanically stable, and therefore resistant and durable even when 
subjected to the harsh conditions used during the reactor cleaning procedures (high temperature, fouling 
removal and disinfection).5,6 Furthermore, the mechanical strength of the membrane layer ensures that the 
membrane pore size is not changed under high pressure, backwashing or even in supercritical conditions.  

The most commonly investigated inorganic membrane materials are alumina, zirconia, silica and titania. 
Metal supported ceramic membranes represent an interesting alternative because of their significantly improved 
toughness, lower brittleness, and for the opportunity of welding or brazing. Recent research in this field shows 
the possibility of producing ceramic-metallic composite microporous membranes for filtration applications.7–10 It 
is worth noting that a porous stainless steel with a large and irregular surface area is exposed to corrosion and 
corrosion rates are larger than those reported for dense layers.11 In the current work, two approaches were 

This article is protected by copyright. All rights reserved.



 
 

pursued to achieve corrosion protection of FeCr-based metal alloys: heat treatment and impregnation with 
yttrium (Y) salts to form a protective oxide. The corrosion resistance of FeCr-based metal alloys strongly depends 
on the heat treatment temperature: above 700°C, heat treatments promote the formation of a continuous 
chromium oxide (Cr2O3) scale that functions as an effective corrosion protection layer; below 700°C a FeCr-spinel 
scale with lower protection performance forms.12 Furthermore, it has been shown that yttrium oxide (Y2O3) and 
other metal oxides (e.g. Ti, Ce, La or Zr) provide corrosion protection.13  

To investigate the performance of the developed metal-ceramic membranes as supports for enzyme 
immobilization, alcohol dehydrogenase (ADH; EC 1.1.1.1) was used as a model enzyme. ADH has been 
investigated as part of a three-step enzymatic cascade for production of methanol (CH3OH) from CO2. Using 
NADH as co-factor, ADH catalyzes the reduction of formaldehyde to methanol which is the last reaction in this 
designed three-step cascade reaction.14 The commercially available ADH enzyme from Saccharomyces cerevisiae 
yeast is not a very stable enzyme for industrial use. Thus, various enzyme immobilization techniques have been 
investigated for enhanced enzyme stability and efficiency of this three-step cascade.15,16 While free ADH lost its 
activity completely within 2 hours of reaction, the biocatalytic productivity of ADH immobilized by physical 
adsorption on a polysulphone/polypropylene membrane was 73% of the original even after five 30-minute 
reaction cycles.17 In another study, ADH became more robust towards changes in pH and temperature upon 
immobilization on alginate-chitosan beads cross-linked with glutaraldehyde (GA).18  

In this work, metal-supported ceramic membranes were fabricated and optimized according to cheap, 
robust, and scalable fabrication processes, namely tape casting, lamination and co-sintering under reducing 
atmosphere. The success criterion for the development of the membrane structure was to achieve a re-
producible and scalable multilayer membrane fabrication method with high water permeability without 
optimization of the actual enzyme separation. The resulting membrane consisted of a stainless steel metal 
support layer and an yttria-stabilized zirconia (YSZ) ceramic layer (Figure 1). Two surface modification methods 
were tested for corrosion protection. Enzyme immobilization by physical adsorption was tested on the best 
membrane candidates obtained. The surface modification is likely to affect not only corrosion but also enzyme 
immobilization as recently shown for organic polymeric membranes.19 In addition to physical adsorption, which 
is the simplest immobilization method, two different immobilization techniques were examined: 1) coating of 
the membranes with polyethylenimine (PEI) followed by glutaraldehyde (GA) activation and subsequent covalent 
attachment of the enzyme, and 2) grafting of the YSZ and stainless steel surfaces with (3-
aminopropyl)triethoxysilane (APTES) followed by GA activation and covalent enzyme attachment. Especially the 
latter method is commonly used for enzyme immobilization on inorganic supports.6 Finally, reuse of the metal-
ceramic membranes was tested in an explorative study, where the used membranes were heat-treated at 350°C 
to remove organics and reused for ADH immobilization.  
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Materials and methods 
Materials and membrane design 
Metal-ceramic membranes were prepared by tape casting,20 lamination and co-sintering. The two porous tapes 
were casted separately: a stainless steel layer used a support and an YSZ ceramic layer as a microporous 
membrane layer. The metal support slurry consisted of 59 wt% Fe22Cr fraction -38 µm (Sandvik Osprey Ltd, UK), 
8 wt% graphite fractions d50 = 8.5-11 µm and d50 = 9-14 µm (Graphit Kropfmühl GmbH, Germany), 6 wt% ethanol, 
and 27 wt% polyvinyl butyral (PVB) binder system. The ceramic slurry consisted of 30 wt% 8YSZ BET fraction 16 
m2/g (Tosoh, Japan), 11 wt% poly(methyl methacrylate (PMMA) fraction 1.8 µm (MX 180TA, Esprix Technologies, 
USA), 32 wt% isopropyl alcohol, 5 wt% PEI dissolved in isopropyl alcohol (0.22 g/g ratio) and 29 wt% PVB solution. 
The ceramic slurry was ball-milled for 72 h until d50 = 0.15 µm. The metal slurry was only ball-milled for 24 h. A 
double doctor-blade system was used for tape casting and the casting height was controlled to prepare tapes 
with different thicknesses. The final membrane was prepared by laminating the two tapes together in a double 
roll lamination at 130°C before it was de-binded in air followed by sintering in reducing atmosphere at 
temperatures between 1100°C and 1300°C. The resulting sintered samples were squares of 140 x 140 mm2 
without cracks or any deformation; only a few mm were slightly curled at the plate edge, giving an actual useful 
membrane surface area of 120 x 120 mm2. In order to fit the equipment available for gas and water permeability 
measurements and enzyme immobilization testing, smaller circular pieces with a diameter of 25 mm were laser 
cut from the membranes after sintering. For future applications, the full membrane area could be employed. 
 
Surface treatments  
Two different routes were considered to improve corrosion resistance, water permeability and enzyme 
immobilization performance of the metal-ceramic membrane: i) Growth of a Cr2O3 layer with heat treatment 
and ii) introduction of Y2O3 oxide coating by impregnation. The heat treatment was performed at 800°C for 2 
hours in air, which induced a controlled oxidation of the metal surface to form Cr2O3 scales (these samples are 
further named as C-HT800, where C-HT800 means ceramic membrane heat-treated at 800°C). The Y2O3 coating 
on the surface of the metal support and the YSZ layer was produced through impregnation with Y(NO3)3 (purity 
99.8%, Sigma-Aldrich, Germany) in aqueous solution. The following heat treatment at 350°C ensured the 
degradation of the nitrate with oxide formation. The samples with Y2O3 coating are further named as C-YxM, 
where C stands for ceramic membrane, x stands for the Y(NO3)3 impregnation solution molar concentration (M). 
The surfactant Pluronic P123 (BASF, Germany), which is a triblock copolymer comprising poly(ethylene oxide) 
and poly(propylene oxide), was added to improve the surface wetting and the filling of the pores during 
impregnation. Various impregnation repetitions and salt concentrations (2.7 M, 0.25 M, 0.1 M and 0.05 M) were 
tested to find the best conditions for producing a uniform thin protecting layer without clogging the membrane 
pores. The Y(NO3)3 concentration range was based on previous work on infiltration of porous ceramics and metal 
alloys.21,22 The Y(NO3)3 impregnation solution was dripped uniformly on the metal support surface and the excess 
solution was gently removed with a paper towel. The procedure was repeated up to three times. In case of 

This article is protected by copyright. All rights reserved.

https://en.wikipedia.org/wiki/Ethylene_oxide
https://en.wikipedia.org/wiki/Propylene_oxide


 
 

multiple step of impregnation, after each step the samples were placed into a furnace at 350°C for 30 minutes 
and after the final impregnation step into a furnace at 350°C for 2 hours. A similar procedure with complete 
immersions of the membrane for 1 minute in a 2.7 M Y(NO3)3 solution was also attempted, but it led to severe 
clogging. 
 
Membrane characterization 
Microscopy and porosity 
Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) were used to characterize the 
inorganic membrane microstructure and composition, to follow the effect of surface modification, and to verify 
the efficiency of the corrosion protection treatments. Microstructure of the sintered membranes including top 
view, bottom view, and polished cross-sections were investigated with SEM and EDS by using a microscope 
(Hitachi TM3000 tabletop SEM; Hitachi, Japan) and a higher resolution field-emission scanning electron 
microscope of the type Merlin FE-SEM (Carl Zeiss, Germany). The total porosity of different layers of the structure 
was determined from several SEM images using in-house developed software based on MATLAB. The open 
porosity and the pore-neck size distribution of the as-sintered membrane sample was characterized by mercury 
intrusion (Autopore IV 9500V1.05, Micromeritics Instrument Corporation, USA).  
 
Gas and water permeation 
Gas permeability was measured with an in-house built measurement set-up combined with a mass flow meter 
(Brooks, USA). The sample was prepared by gluing the membrane (diameter of 25 mm) with the YSZ layer facing 
the sample holder. The exposed surface area (Am) of the membrane, which was not covered by adhesive, was 
precisely determined after the gas permeability measurements. The metal support side of the membrane was 
pressurized with pressures up to 5 bars and the YSZ layer side was connected to the mass flow meter. Different 
pressure gradients (∆p) were applied across the membrane and measured with pressure gauges, and the 
corresponding gas flow (QV) through the membrane was measured. The gas permeance Jg was calculated using 
Eq. 1 

𝐽𝐽𝑔𝑔 = 𝑄𝑄𝑉𝑉
∆𝑝𝑝 𝐴𝐴𝑚𝑚

   (Eq.1) 

The water permeability tests were carried out in an Amicon 10 mL stirred ultrafiltration cell 8010 
(Millipore, USA) as described below. Before being mounted in the cell, the membranes was initially washed in 
50% ethanol. Water permeability was determined by measuring the flux of 10 mL MilliQ water across the 
membrane when applying a pressure of 0.2 bar above atmospheric pressure (barg). The water permeability, Lp, 
was calculated as:  

𝐿𝐿𝑝𝑝 = 𝑚𝑚𝑤𝑤
𝜌𝜌𝑤𝑤 𝐴𝐴𝑚𝑚 𝑡𝑡 ∆𝑝𝑝

  (Eq.2) 

where mw is the measured weight of water permeate, ρw is the density of water, and t is the filtration time.  
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Surface wettability and stability 
In order to observe possible variations in wettability as effect of different surface treatments of the membranes, 
qualitative observations of the contact angle were performed. The sample of as-sintered membrane was 
compared with homologues after heat treatment (C-HT800), and after Y impregnation (C-Y2.7M). For this 
experiment, drops of 0.1 M Tris-HCl buffer (pH 7) were added on the metal support side. The drop shape was 
recorded with pictures just after deposition (Figure S2). 

Three types of membranes (as-sintered, C-HT800, and C-Y0.25M) were submerged in 0.1 M Tris-HCl buffer 
with 330 mg Cl-/L for 1 year at room temperature to study the microstructural stability of the membranes in an 
environment commonly used for enzymatic reactions. 
 
Experimental setup for enzyme immobilization and reactions  
All experiments were carried out as dead-end batch filtrations in an Amicon 8010 stirred cell (Millipore, USA) 
following the same procedures for water permeability measurements, enzyme immobilization, protein 
concentration measurement, and activity assay as described previously.23 The working volume of the stirred cell 
was 10 mL, and it was equipped with a membrane which was 25 mm in diameter and had an active membrane 
area of 4.1 cm2. Constant pressure across the membrane was applied by feeding nitrogen gas to the cell. All 
filtrations took place at 22 ± 1°C. 
 
Enzyme immobilization 
Enzyme and chemicals 
Lyophilized powder of alcohol dehydrogenase (ADH; EC 1.1.1.1; ≥ 90%) from Saccharomyces cerevisiae, 
formaldehyde (37% CH2O in H2O), β-nicotinamide adenine dinucleotide reduced disodium salt hydrate (NADH, 
≥97%), (3-aminopropyl)triethoxysilane (APTES, 99%), polyethylenimine (PEI, 50% in H2O, average molecular 
weight 60 kDa), bovine serum albumin (BSA, ≥98%), Bradford reagent, and all other chemicals were obtained 
from Sigma-Aldrich (Steinheim, Germany). 10% glutaraldehyde (GA) in H2O was supplied by Novozymes A/S 
(Bagsværd, Denmark).   
 
Enzyme immobilization 
The ADH immobilization was done from the YSZ layer side of the membranes (Figure 1). For immobilization by 
physical adsorption, a solution of 20 mg ADH/L was prepared in 0.1 M Tris-HCl buffer (pH 7.0), and 10 mL of this 
solution was filtered through the membrane in an Amicon 10 mL stirred ultrafiltration cell 8010 (Millipore, USA) 
without applied pressure. Afterwards, the membrane was washed by filtering 10 mL of 0.1 M Tris-HCl buffer (pH 
7.0) through at an applied pressure of 0.2 barg. Samples of the feed, the permeate, any remaining retentate, and 
the wash were kept for determining enzyme loading.  

APTES functionalization was carried out by submersion of the membranes in 10 mL of 2% (v/v) APTES at 
70°C for 90 min followed by dead-end filtration of the hot APTES through the membrane in the stirred cell 
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without applying pressure. The procedure was based on an optimization study on APTES grafting on magnetic 
iron oxide nanoparticles.24 Excess APTES was washed away with 50 mL of Milli-Q water at 0.2 barg. For activation, 
10 mL of 2.5% (v/v) GA was filtered through the membrane without applied pressure followed by a rinse with 50 
mL of Milli-Q water at 0.2 barg. This concentration of GA is commonly used for protein immobilization using 
functionalization with APTES or PEI (below).25–27 Enzyme immobilization was completed as described for physical 
adsorption. This method is denoted the APTES-GA method. 

PEI functionalization was carried out by filtration of 10 mL 0.1% (v/v) PEI solution with no applied 
pressure; PEI concentrations in this range are commonly used for enzyme immobilization.25,26 Excess PEI was 
removed by filtration of 50 mL of Milli-Q water at 0.2 barg. Activation with GA, enzyme immobilization, and the 
subsequent wash were carried out as described for APTES-GA above. This method is denoted the PEI-GA method.  
 
Enzyme loading determination 
Protein concentration in the feed solution, permeate, and wash solutions was determined by mixing the samples 
1:1 with Bradford reagent. Samples were mixed and the absorbance was measured at 595 nm after 5 minutes of 
incubation at room temperature. External standards of bovine serum albumin (BSA) in 100 mM Tris-HCl buffer 
(pH 7.0) were used for protein quantification. Amount of immobilized enzyme and enzyme loading yield (ELY), 
i.e. the percentage of the enzyme in the feed solution which was immobilized on the metal-supported YSZ 
membrane, were determined from a mass balance as described previously.28 

 
Immobilized enzyme activity 
The activity of free or immobilized ADH was measured using a substrate solution containing 30 mM 
formaldehyde (CH2O) and 100 μM NADH in 100 mM Tris-HCl buffer (pH 7.0) at 22±1°C. The reduction of 
formaldehyde to methanol takes place with concomitant, stoichiometric oxidation of NADH to NAD+. The 
nicotinamide moiety has a specific absorbance maximum at 340 nm, but only when protonated. Thus, ADH 
activity was measured as NADH conversion at 340 nm using a molar extinction coefficient for NADH of 6220 M-1 
cm-1. However, since NADH also spontaneously decomposes,29 great care was taken to include appropriate 
control measurements, e.g. measurement of the NADH concentration in the feed solution immediately prior to 
placing it in the stirred cell. The NADH solution was freshly prepared every day. For immobilized ADH, 10 mL of 
substrate solution was placed in the stirred cell with the YSZ layer on the feed side and metal support on the 
permeate site (Figure 1). A pressure of 0.2 barg was applied and permeate collection was started immediately. 
The filtration time was recorded and the NADH concentration in the permeate was determined by 
spectrophotometry. When enzyme recycling studies were performed, the assay was continued with additional 
10 mL of reactant solution for several cycles. The NADH conversion (%) catalyzed by immobilized ADH, Ximm, was 
calculated from the concentration in the feed solution (cf) and permeate (cp) as described previously:28  

𝑋𝑋𝑖𝑖𝑚𝑚𝑚𝑚 = 𝑐𝑐𝑓𝑓−𝑐𝑐𝑝𝑝
𝑐𝑐𝑓𝑓

∙ 100% (Eq.3) 
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The immobilized enzyme activity was compared to that of free ADH at enzyme concentrations of 0-14 
mg/L. ADH, 30 mM formaldehyde, and 100 µM NADH were dissolved in 100 mM Tris-HCl buffer (pH 7.0) just 
prior to the reaction in 96-well UV microplates and the absorbance at 340 nm was measured every 11 s for 10 
min in a Tecan Infinite® M200 plate reader (Tecan Trading AG, Switzerland). From this, the activity of free ADH, 
Xfree, was estimated from a 3D plot of free ADH activity at 0-14 mg ADH/L and 0-609 s reaction time, at the 
enzyme dosage and reaction time corresponding to those of the immobilized enzyme (Figure 6). To compare the 
activity of immobilized ADH, Ximm, to that of the free enzyme, Xfree, the residual activity η (%) was calculated:  

𝜂𝜂 = 𝑋𝑋𝑖𝑖𝑚𝑚𝑚𝑚
𝑋𝑋𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

∙ 100% (Eq.4) 

As a negative control, the effect of the metal-supported ceramic membrane material on the NADH 
degradation was investigated. Each type of membrane (as-sintered membranes, C-Y0.05M, and C-Y0.10M) 
without immobilized enzyme was incubated in the substrate solution (30 mM formaldehyde and 100 μM NADH 
in 0.1 M Tris-HCl buffer, pH 7.0) and monitored for 50 min (a time span corresponding to the 15 reaction cycles 
in the recycling study of the physically adsorbed enzyme). 
 
Re-burning for membrane reuse 
The YSZ membranes – both heat-treated and Y2O3-coated – were heat-treated at 350°C after ADH 
immobilizations by physical adsorption, APTES-GA and PEI-GA and the subsequent reactions in order to explore 
the potential of this method for membrane reuse. The membranes were heat-treated at 350°C in air in four 
different stages, giving a total heating time of 6-11 hours (Table 1). After each re-burn stage, the water 
permeability of the membranes was measured. As a part of the exploratory study, a set of membranes was 
selected to investigate the reusability of them for enzyme immobilization. The same method of immobilization 
as prior to the re-burning was used, and the ADH activity and enzyme loading yield were determined.  
 
Statistics  
One-way ANOVA for determination of statistical significance was performed with JMP®, version 13 (SAS 
Institute Inc., USA). Statistical significance was established at p < 0.05.  
 
Results and discussion 
Membranes architecture 
To ensure processing procedures that are cost-efficient, scalable, and with minimum number of processing steps, 
tape casting was chosen as a processing technique for the bilayer structure preparation. In order to prove 
robustness and upscaling possibilities, the bilayer membranes were co-sintered in large pieces in a single step 
(Figure 2). The metal-ceramic membranes with an membrane surface area of 120 x 120 mm2 (Figure 2) were 
successfully fabricated by combining layers with compatible shrinkage. The metal support layer with a thickness 
of 290 µm had porosity of 21 ± 2% and the thin YSZ ceramic layer with a thickness 7 ± 1 µm had porosity of 44 ± 
5%. The layer porosity and thickness demonstrated a good reproducibility in the layer production with respect 
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to both parameters as demonstrated by SEM images (Figure S1). The porosity distribution measured by mercury 
intrusion porosimetry showed Gaussian distribution with average bottlenecks of 10±1 µm in the metal support 
and 0.41±0.08 µm in the YSZ layer, and is in good agreement with the membrane microstructure (Figure S1). The 
water permeability of the metal-ceramic membranes was 12000 ± 1300 L/(m2 h bar). Similar work has been 
reported by Lin et al.,30 where the TiO2 membrane layer with a pore size of 380 nm was directly sprayed on the 
Ti support with a pore size of 13 µm. In that case, a water permeability of 1150 L/(m2 h bar) was measured. In 
most other cases where metal or alloy supports have been used, the microfiltration membranes consist of several 
layers with a gradual decrease in pore size towards the feed side of the membrane.8,9 
 
Surface modifications of membranes 
Two different surface treatments were applied to the metal-supported membranes with the dual purpose of 
studying their effect on the enzyme immobilization and activity and testing their efficiency in corrosion 
protection in Tris/HCl buffer solution: 1) Yttrium nitrate (Y(NO3)3) impregnation for the formation of an Y2O3 layer 
after calcination; 2) Heat treatment for the formation of Cr2O3 protective scales. Both treatments can potentially 
improve the enzyme immobilization if the proteins have special affinity for Cr2O3 or Y2O3.  
 
 Y(NO3)3 impregnation 
Impregnation experiments performed with different numbers of impregnation steps and varying Y(NO3)3 
concentrations were necessary for finding the ideal conditions for preparing a Y2O3 protective coating thin 
enough to preserve the good water permeability achieved with the as-sintered membranes. The preserved open 
porosity of the membranes and quantitative discrimination between different procedures were evaluated by gas 
permeability measurements as a means of screening the samples before water permeability measurements and 
enzyme immobilization. These tests highlighted the strong influence of the impregnation solution concentration. 
The gas permeance increased linearly with the pressure gradient for the as-sintered membranes, the heat-
treated membranes and the impregnated membranes with low concentration of Y(NO3)3 solutions (≤ 0.25 M; 
Figure 3). In contrast, for the membranes impregnated with the high concentration of Y(NO3)3 solution (2.7 M), 
the gas permeation was much lower and it was almost independent on the pressure gradient. In general, the gas 
permeance depends on the membrane thickness, open porosity and pore size distribution. The Y2O3 coating lies 
mainly in the membrane pores modifying the porosity and/or the pore size distribution, but does not alter the 
layers’ thickness, as visible in the SEM images (Figure 4). Therefore, the observed reduction of the gas permeance 
as a function of Y(NO3)3 concentration and repeated impregnation steps (1x, 2x, 3x)  is due to larger amount of 
Y2O3 coating in the membrane.  

The water permeability measurements confirmed the membrane clogging at high Y(NO3)3 concentration, 
where the water permeation was 0 L/(m2h bar) for the C-Y2.7M membrane and 7800 L/(m2h bar) for the C-
Y0.25M. For the membranes impregnated with the low Y(NO3)3 concentrations (C-Y0.10M and C-Y0.05M) the 
water permeation was in the same range of the non-impregnated membrane (as-sintered) around 13000 L/(m2h 
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bar) (Table 3). Therefore, the surface modification and anti-corrosion treatment via Y impregnation suitable for 
enzyme immobilization was defined with one impregnation cycle and Y(NO3)3 concentration ≤ 0.25 M.  

High resolution SEM and chemical mapping obtained by EDS analyses were performed on the membrane 
cross section (as-sintered) after a single impregnation cycle with two different salt concentrations, 0.25M and 
2.7M Y (Figure 4). As Y is a structural element in the YSZ layer, the EDS analysis could only highlight differences 
in the metal support. The visualized Y2O3 distribution in the metal-ceramic membrane was Y(NO3)3 concentration 
dependent. In fact, the decreased salt concentration in the Y(NO3)3 impregnation solution reduced the Y content 
in the metal support pores and its distribution became more homogeneous (Figure 4a-b).  

The high-resolution SEM images display the Y distribution both in the metal support (Figure 4c-d) and in 
the YSZ layer (Figure 4e-f). The arrows point at Y2O3 bridges reducing the pore size in the metal support. Y2O3 was 
also visibly located in the high curvature porosity (for example, Y is represented in light blue in the insert of Figure 
4d). The amount of Y on the rest of the metal support surface was at the limit of EDS sensitivity. In the YSZ layer, 
segregated Y2O3 was clearly observed in the SEM images  as darker nano-sized inserts within the pores for the 
high Y(NO3)3 concentration (2.7 M; arrows, Figure 4e). On the other hand, the medium Y(NO3)3 concentration 
(0.25 M) showed no Y2O3 segregation in the pores of the YSZ layer (Figure 4f). Both Y2O3 segregation and Y2O3-
bridges can explain the observed membrane clogging measured by gas and water permeation at high Y(NO3)3 
concentration. For the 0.25 M Y(NO3)3 impregnation solution, the reduced permeation can be clearly connected 
to the observed Y2O3-bridges in the metal support. However, the absence of Y2O3 segregation in the YSZ layer 
results in unaltered permeation through this layer. Most likely, Y2O3 segregation and Y2O3-bridges is even further 
reduced at low Y(NO3)3 concentration (0.05-0.1 M) as supported by the increased gas permeance and water 
permeability (Figure 3; Table 3).  

The other effect of Y2O3 impregnation is the pore surface modification in the metal support and in the 
YSZ layer. In the latter, the formation of small nano-sized yttria particles can increase the surface area of the YSZ 
layer, and therefore the number of available sites for the adsorption of enzymes. 

 
Heat treatment of membranes 
The curves of gas permeance before and after heat treatments follow each other very closely, showing that heat 
treatment at 800°C does not affect the porosity and pore size in the metal support and in the YSZ layer (Figure 
3). On the other hand, the water permeability increased after the heat treatment to 15300 L/(m2h bar) (Table 3). 
This finding indicates that small changes in the microstructure occurred. At the same time, hydrophilicity of the 
metal is increased, as supported by qualitative contact angle observations performed on the metal side before 
and after surface treatments (Figure S2).  

The high temperature heat treatment induced the formation of a protecting Cr2O3-rich thin layer on the 
pore surface in the metal support, visible as a darker layer indicated with arrows in Figure 5. The thickness of the 
layer is around 100 nm and it is homogeneous across the entire surface, i.e. at the interface between metal 
support and the YSZ layer (Figure 5a) as well as at the pore surface of the metal support (Figure 5c). For all 
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samples, the EDS analysis was repeated several times on three different sites of the metal support: In the bulk, 
on the pore surface, and on the fractured oxide layer (Figure 5c insert). In the original as-sintered sample, the 
amount of Cr was the same in all three different sites (Table 2), showing a uniform alloy composition. After heat 
treatment the formation of the Cr2O3-rich layer was proven by an increased amount of Cr in the pore surface 
layer (60%) compared to the bulk (22%) (Table 2). 

 
Membrane stability in Tris-HCl buffer  
As a corrosion test, the membranes were exposed for 1 year to a Tris-HCl buffer solution (pH 7) with 330 mg Cl-

/L, which is commonly used for enzymatic reactions. After 1 year of submersion, the SEM micrographs collected 
on the membranes did not indicate any significant change in the tested samples (Figure 5a-b). In addition, the 
thickness of the Cr2O3-rich layer on the pore surface of the metal support of the heat-treated sample (C-HT800) 
remained the same as before the exposure (Figure 5a-b). In general, the corresponding EDS analysis showed no 
significant difference between the original samples and the 1-year exposed samples (Table 2). The Fe/Cr ratios 
of most of the samples were the same before and after buffer exposure corresponding to the 22% of Cr in steel. 
This agrees well with reported passivation properties of the high Cr content steels.31 Lack of the reports about 
enzymatic reactors with immobilized enzymes on metal supports disables the direct comparison of their stability. 
However, for long-term operation the corrosion cannot be completely excluded, as it was recently reported that 
a slightly different steel with high Cr content (18%) did not withstand the corrosion after 12 years of servicing in 
a reclaimed water plant with a similar chlorine concentration as used here (261 mg/L).11 
 
Enzyme immobilization by physical adsorption 
As a first means of comparison between the membrane surface treatments, ADH was immobilized by simple 
physical adsorption. The reduction in water permeability after enzyme immobilization was identical for the as-
sintered and Y2O3-coated membranes (52-58%), whereas it was lower for the heat-treated ones (36%; Table 3).  

Due to large standard deviations, no statistically significant differences were observed between the 
enzyme loadings obtained in the different membranes (Table 3). Nevertheless, some general tendencies were 
observed: The lowest enzyme loading yield (ELY; 17%) was observed for the membranes C-Y0.25M (Table 3). This 
may be explained by the Y2O3 coating blocking some of the pores, thus decreasing the membrane porosity and 
making the available immobilization area smaller (Figure 3). In contrast, the membranes C-Y0.1M showed the 
highest ELY (33%) indicating that moderate amount of the Y2O3 coating is beneficial for ADH immobilization by 
physical adsorption (Table 3). In turn, the membranes C-Y0.05M showed an ELY (29%) comparable to that of the 
untreated membrane (as-sintered; 28%), whereas the immobilization efficiency was slightly lower (23%) for the 
heat-treated membrane (Table 3). These loading yields were slightly lower but still comparable to those reported 
for a laccase immobilized by physical adsorption onto titania and silica nanoparticles (53% and 33%, 
respectively).32  
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As the reaction time of the enzymatic reaction is defined as the time it takes for 10 mL substrate solution 
to pass through the membrane, this parameter is strongly linked to the water permeability of the samples 
investigated. In the case of the membranes C-Y0.25M, the reaction time was approx. 3 times longer than the 
other samples, giving rise to higher NADH conversion, since the reaction yield is indeed time dependent (Table 
3).  

The residual activity η of the immobilized ADH was calculated by Eq. 4 taking into account the NADH 
conversion measured for each type of membrane and the corresponding NADH conversion of the free enzyme 
(Xfree). The corresponding Xfree was estimated at the same enzyme concentration as in the membranes and the 
same reaction time (Figure 6, left). In all cases, the activity of the immobilized enzyme was lower than that of the 
free enzyme as is often observed in enzyme immobilization – also for ADH.18,33 The residual activity was similar 
for as-sintered, heat-treated (C-HT800), C-Y0.10M and C-Y0.05M membranes, but significantly higher for the C-
Y0.25M membranes (Table 3).  

In conclusion, the heat treatment increased the water permeability of the membrane, but did not 
improve its performance as immobilization support. On the other hand, Y2O3-coating did improve the 
immobilization performance, but Y(NO3)3 concentration was an important factor. Indeed, while C-Y0.25M gave 
the highest NADH conversion and residual activity due to a higher reaction time caused by decreased water 
permeability, its ELY was lower than that obtained with C-Y0.10M (Table 3). Thus, the right Y(NO3)3 concentration 
will depend on the desired parameter to be optimized. The increased amount of immobilized enzyme at C-
Y0.10M compared to as-sintered membrane and C-HT800 can be due to differences in the surface charge, 
besides the increased surface area due to formation of Y2O3 nanoparticles. The as-sintered membrane is 
expected to have a relatively pure metal surface due to preparation method. The heat treatment (C-HT800) 
oxidizes the metal surface and forms a Cr2O3 scale. The oxidation decreases the isoelectric point (IEP) as was 
observed for stainless steel heat-treated at 1000°C in air, where the IEP was reduced from 4.2 to 2.8.34 In C-
Y0.10M, the Y2O3-coating formed on both the YSZ layer and the metal support is expected to have the opposite 
effect and will increase the IEP. As reported by Kagawa et al.35 the IEP of YSZ was 6.5, whereas the IEP of Y2O3 is 
8.8.35 Therefore, at pH 7 the zeta potential of the Y2O3-coating will be positive, whereas that of YSZ will be slightly 
negative and that of the metal and the heat-treated metal will be negative. Since the highest amount of 
immobilized enzyme was measured on C-Y0.10M and the IEP of ADH is 5.4-5.8 (product information, Sigma 
Aldrich) it can be speculated that the enzyme prefers a positively charged surface under the conditions studied 
here. 

ADH immobilized on the membranes C-Y0.05M, C-Y0.1M, and on the as-sintered membrane was tested for 
activity over 15 consecutive reaction cycles (Figure 7). The ADH activity decreased during the first few cycles but 
even after 7 cycles the enzyme was stable with residual activity of 6%. From cycle 7 to cycle 15 the activity level 
remained fairly constant for the as-sintered and C-Y0.10M, whereas it kept decreasing for the C-Y0.05M (Figure 
7). After the 15th cycle the enzyme was still active with the residual activity of 4-5% for all tested samples. Since 
the ADH activity was measured by NADH conversion, the NADH stability in a blank sample was evaluated. NADH 
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exhibited a slight, linear degradation over time when present in the substrate solution without ADH, which was 
accounted for in all experiments. The degree of this NADH decay in the absence of ADH was unaffected by the 
presence of the metal-supported ceramic membranes regardless of their surface coating, the coefficient of 
variation between the decay slopes being below 4% (Figure S3). Thus, the maintained conversion was not 
catalyzed by the membrane material, but rather by ADH. A decrease in immobilized ADH activity over time is to 
be expected, but often less dramatic than observed here.17,18 It was recently discovered that the use of Tris-HCl 
buffer in the ADH-formaldehyde system has a detrimental effect on ADH activity.29 Thus, it is likely that the low 
activity obtained here during recycling – as well as the results obtained in previous works on which the operating 
conditions were based – could be improved by exchanging the buffer in future work. While the results can stem 
from a combination of enzyme leakage and inactivation, they emphasize the need of a more robust 
immobilization solution. Indeed, silanization of YSZ and stainless steel surfaces to create anchor points for 
covalent immobilization of enzymes is commonly used.36–39 Less leaching from the YSZ support was found for 
covalently immobilized lysozyme as compared to lysozyme immobilized by simple adsorption.36 Consequently, 
membranes subjected to either kind of surface treatment – heat treatment (C-HT800) and impregnation with 
0.25M Y(NO3)3 – were selected for covalent immobilization studies.  
 
Covalent enzyme immobilization  
Only few studies report the use of YSZ as a support for enzyme immobilization.36–38,40 Often, acidic or 
hydrothermal hydroxylation is employed to generate more hydroxyl groups on the surface for silanization with 
APTES or other organosilanes.36,37,40 Subsequently, activation with e.g. N-hydroxysuccinimide (NHS) or 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimid (EDC) is followed by covalent enzyme attachment.36,38,40  Since the majority 
of the material in these metal-supported ceramic membranes is in fact the stainless steel support, it is likely that 
ADH will also be immobilized in the support layer. In literature, reports on enzyme immobilization on stainless 
steel include successful covalent immobilization by APTES functionalization or by coating of the stainless steel 
support with PEI.39,41 However, efficient functionalization of stainless steel with APTES or PEI also often requires 
introduction of hydroxyl groups on its surface, e.g. by etching or by coating with a titania-based material.39,41,42 
Both support functionalization methods were investigated in the current work and compared to the simplest 
enzyme immobilization method, physical adsorption (Table 4).  

As established above, the initial water permeability of the C-Y0.25M membranes was 57% of the water 
permeability of the heat-treated membranes, indicating that the Y2O3-coating reduced the open porosity and 
pore-neck size resulting in a lower water flux (Table 4). In addition, the reduction in water permeability upon 
immobilization was significantly more pronounced for the Y2O3-coated membranes than for the heat-treated 
ones, irrespective of the immobilization method (Table 4). The different immobilization methods also affected 
the water permeability differently. For both membrane types, physical adsorption had the least impact on water 
permeability, resulting in a reduction of 36% and 58%, respectively, for the heat-treated and the Y2O3-coated 
membranes, which was significantly less than obtained with the covalent immobilization methods (Table 4). 
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Indeed, APTES-GA caused water permeability reduction of 62% for the heat-treated membranes and 87% for the 
Y2O3-coated ones. Coating with PEI followed by GA activation and ADH immobilization resulted in water 
permeability decreases of 72% for the heat-treated membranes and as much as 94% for the Y2O3-coated one 
(Table 4). A water permeability reduction of 94% had severe consequences for the flux across the membrane. 
Therefore, the effect of PEI concentration in the solution used for functionalization of the Y2O3-coated 
membranes was tested by using 10-times and 100-times lower concentrations of PEI. A 10 times lower PEI 
concentration of 0.01% (w/v) resulted in a water permeability reduction of 86%, which was comparable to that 
obtained with APTES-GA, and a water flux which was almost doubled as evidenced by the reaction time which is 
equal to the filtration time (Table 4). The enzyme loading at 0.01% (w/v) PEI was the same as obtained with 0.1% 
(w/v) PEI (Table 4). Decreasing the PEI concentration for another 10 times to 0.001% (w/v) did not have any 
significant effect on water permeability, enzyme loading or activity compared to the 0.01% (w/v) PEI solution 
(Table 4). This indicates that all the investigated concentrations of PEI are sufficient to coat the entire membrane. 
The data emphasize that the thickness of the PEI layer should be fine-tuned in order to maintain the highest 
possible water permeability without compromising immobilization efficiency or enzyme activity.  

The amount of immobilized enzyme and the corresponding enzyme loading yield was more dependent 
on the immobilization method than on the membrane type. For physical adsorption and PEI-GA, no significant 
difference was found between the membrane types, whereas there was a dramatic influence of applying a 
covalent immobilization method: the enzyme loading yield was 17-23% for physical adsorption and 53-58% for 
PEI-GA (Table 4). For APTES-GA, which also showed a significantly higher immobilization efficiency than physical 
adsorption, the enzyme loading yield of 49% for the heat-treated membranes was significantly higher than that 
of 38% observed for the Y2O3-coated ones (Table 4). APTES grafting is particularly dependent on the presence of 
hydroxyl groups on the surface. It can be speculated that the thin Cr2O3-rich layer formed on the stainless steel 
surface during the heat treatment at 800°C can provide more hydroxyl groups than the inhomogeneous Y2O3 
coating on the metal support, which was found to also form Y2O3-bridges blocking part of the pores in the 
structure (Figure 4d).  

As mentioned, the reduction in water permeability observed for the Y2O3-coated membranes – 
particularly for the ones subjected to the two covalent immobilization methods – had a direct influence on the 
reaction time, since this was identical to the filtration time. The reaction time in the heat-treated membrane was 
much shorter than in the Y2O3-coated membranes. In turn, significantly higher NADH conversions were observed 
for the Y2O3-coated membranes when comparing to the heat-treated membranes. Besides, for the Y2O3-coated 
membranes the reaction time, and consequently the NADH conversion, was higher for the covalently 
immobilized ADH when comparing to those with ADH immobilized by physical adsorption (Table 4). For ADH 
immobilized by APTES-GA or PEI-GA on the Y2O3-coated membranes, NADH conversions of 90% and 98%, 
respectively, were observed. The differences in NADH conversion were not significant between the two covalent 
immobilization methods (Table 4). In contrast, the NADH conversion was only 41% for the physically adsorbed 
ADH. For the heat-treated membranes, NADH conversions of 13%, 37%, and 44%, respectively, were observed 
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for physical adsorption, APTES-GA, and PEI-GA. Using the same immobilization techniques on ceramic silicon 
carbide membranes, it was previously shown that reaction time and water permeability were inversely 
proportional.23 This implies that the effect of water permeability on reaction time is particularly pronounced at 
low water permeability values such as the ones observed in the Y2O3-coated membranes with covalently 
immobilized ADH. 

The residual activity η relates the observed immobilized activity to that of the free enzyme at the 
corresponding enzyme dosage and reaction time (Figure 6, right). Thus, apart from comparing free and 
immobilized ADH this is also a means of taking into account both the enzyme loading and the reaction time 
(caused by the resulting water permeability). For APTES-GA and PEI-GA the reaction times in the Y2O3-coated 
membranes were so long, that the reaction had plenty of time to run to reactant depletion and the resulting 
residual activities were high and similar to each other despite significant differences in the enzyme loading 
(Figure 6, right; Table 4). This makes it hard to distinguish the effect of the surface modification from the effect 
of reaction time. However, it is evident that the two covalent immobilization methods had a positive effect on 
the residual activity (Table 4; Figure 6, right). Significantly higher enzyme loadings, substrate conversion, and in 
turn residual activity were obtained with APTES-GA and PEI-GA compared to physical adsorption: the enzyme 
loading was doubled with the covalent methods, while the substrate conversion was tripled (Table 4). In terms 
of substrate conversion and residual activity, there were no significant differences between the two covalent 
methods (Table 4).  

Several studies report higher immobilization efficiency when using one of these covalent methods on 
stainless steel, YSZ, or other ceramic materials as compared to physical adsorption. Grafting APTES to etched 
stainless steel and in turn immobilizing lysozyme by GA cross-linking resulted in a 4-fold higher activity compared 
to physical adsorption.39 Similarly, a 4 times higher loading of β-fructofuranosidase was obtained through 
silanization with the very similar organosilane (3-aminopropyl)trimethoxysilane (APTMS) and GA activation on 
acid-treated ceramic membranes of an undisclosed material.43 APTES-GA immobilization of laccase on titania 
particles resulted in a 1-6 times higher enzyme loading than obtained with physical adsorption.32 APTES grafting 
of YSZ microtubes followed by activation with EDC to immobilize lysozyme resulted in an enzyme loading which 
was approx. 6 times higher than that obtained with physical adsorption. In turn, this resulted in activities which 
were approx. 2 times higher. However, the specific activity was approx. 4 times lower for the covalently 
immobilized enzyme, indicating that the covalent immobilization may distort the three-dimensional structure of 
the enzyme, cause steric hindrances, or in other ways reduce its activity.36  

The greater enzyme loadings obtained with the PEI-GA compared to APTES-GA (Table 4) could be due to 
the PEI network having a relatively higher surface functional group density than APTES, i.e. more anchor points 
for GA activation and enzyme linkage.44 However, the PEI-GA method was also more prone to block the pores 
thus reducing the permeability of the membrane. The reduction in permeability could in some cases be 
considered an advantage, if a process with high reaction times is to be preferred; however, huge reductions in 
the water permeability are disadvantageous for continuous flow processes. In another study, the use of PEI-GA 
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as an immobilization method on etched stainless steel resulted in an improvement in immobilization efficiency 
compared to physical adsorption, which was enzyme-dependent.41 The enzyme activity was particularly 
improved when employing two consecutive rounds of PEI coating and GA activation – especially with NaCNBH3 
imine reduction. Furthermore, the use of PEI without GA activation did not improve immobilization yields or 
activity over physical adsorption, indicating the need for both agents in successful enzyme immobilization.41   
 
Membrane reuse 
Following the immobilization of ADH by physical adsorption, APTES-GA, or PEI-GA on the metal-supported 
ceramic membranes, an exploratory study was conducted in order to evaluate the reusability of the membranes, 
once the enzyme is completely inactive. While purely ceramic membranes may be cleaned from fouling by 
alternately soaking in acid and alkaline solutions,45 this method was not deemed viable here since the acid 
treatment could dissolve the Cr2O3-rich layer as well as Y2O3. Instead, the membranes were heated at 350°C to 
remove all organics including the enzyme and immobilization agents46,47 and the water permeability was 
measured at regular intervals up to 11 h (Figure 8).  

For all membranes, the re-burning resulted in an increase in water permeability compared to their state 
after the first use for immobilized ADH catalysis, where the membranes were partially blocked by enzyme and 
immobilization agents (Figure 8). For the membranes initially heat-treated at 800°C, the water permeability 
initially recovered faster for those where ADH had been immobilized by physical adsorption, which was 
reasonable since no immobilization agents needed to be removed (Figure 8). For all C-HT800 membranes, the 
water permeability was highest after 7 hours of re-burning, after which it appeared to decrease (Figure 8). At 
their peak values, the water permeabilities were recovered by 129%, 109%, and 84% of the initial value for 
physical adsorption, PEI-GA, and APTES-GA, respectively. For the Y2O3-coated membranes, the recovery of water 
permeability appeared to peak at 7 hours for physical adsorption only, whereas the highest water permeabilities 
for APTES-GA and PEI-GA were obtained at the last sample point, i.e. after 11 hours (Figure 8). At their peak 
values, the water permeability was recovered 105%, 81%, and 78% of the initial value for physical adsorption, 
PEI-GA, and APTES-GA, respectively, following the same trend as the initially heat-treated membranes although 
the general level of recovery was lower.  

The fact that the water permeability was regenerated past 100% for some of the membranes may be 
explained by introduction of additional hydroxyl groups upon exposure to moisture and subsequent heating at 
moderate temperatures (350°C), which would in turn improve the membrane hydrophilicity resulting in higher 
water flux.48,49 Indeed, hydrothermal treatment has been found to significantly increase the amount of surface 
hydroxyl groups on YSZ.36,37 However, for the APTES-GA membranes where functionalization is dependent on 
surface hydroxyl groups, this water permeability improvement beyond 100% was not found. The observed slight 
decrease in water permeability beyond 7 hours could be due to measurement errors (single replicates).  

As the water permeability reached levels close to the original by this simple recovery method, 
membranes were selected for a second round of ADH immobilization using the same immobilization method as 
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in the first round in order to evaluate the full membrane reusability potential. In general, the reduction in water 
permeability upon immobilization was comparable to that obtained in the first immobilization (Table 5). 
Generally, the performance in terms of enzyme loading and activity seemed to follow the trend of water 
permeability recovery observed for the membranes, namely physical adsorption > PEI-GA > APTES-GA (Table 5; 
Figure 8). Since this was an exploratory study, only single replicates were made and the data should therefore 
be interpreted with caution. Nevertheless, the data indicate that the re-burning was a viable recovery method 
for membranes where ADH was immobilized by physical adsorption: The enzyme loading, NADH conversion, and 
residual activity were similar to those obtained in the first immobilization (Table 5; Table 4). However, for the 
covalent immobilization methods, the immobilization yields and activity obtained in the first immobilization were 
not recovered in the second round. Only in the case of the Y-coated membrane re-burnt for 11 h at 350°C, where 
ADH was immobilized APTES-GA, was the enzyme loading similar to that obtained previously (Table 5; Table 4). 
However, the obtained reaction time was only one third of that obtained in the first round, resulting in 
significantly lower substrate conversion (Table 5; Table 4). The results prove that the heat treatment at 350°C 
indeed unplugged the pores of the membrane and was efficient in removing fouling, but as a side effect the 
chemistry of the surface was modified as demonstrated by the different immobilization results. Possibly, residual 
carbon from the functionalization agents is left on the surface. Further studies of the chemical phenomena 
occurring during heat treatment is advisable for future work, which could also include optimization of 
temperature or even humidity for improving the thermal regeneration procedure. Alternatively, alkaline surface 
activation could also be an option for improved immobilization as recently reported for ceramic silicon carbide 
membranes in a similar system.23 Importantly, future studies should include more replicates in order to draw 
more firm conclusions. Similarly, the mechanical stability of the membranes should be tested in a four-point 
bending test or similar.50  

Finally, the membranes re-immobilized with ADH were used in nine consecutive reaction cycles in order 
to evaluate the recycling potential of the active biocatalyst (Figure 9). The highest initial substrate conversion 
was obtained with APTES-GA on membranes re-burnt at 350°C for 7 hours (Figure 9). In all cases, ADH activity 
decreased relatively fast. As previously found when using the same immobilization methods for ADH on silicon 
carbide membranes, total loss of activity was fastest for physical adsorption, while PEI-GA appeared to maintain 
ADH activity longest (Figure 9).23 Immobilizing enzymes on etched stainless steel, it was previously found that 
the bonds formed between APTES and the alloy were labile in aqueous medium, whereas PEI coating was more 
stable.41 Thus, although the conversions were generally lower on the recovered membranes than on the virgin 
ones, the data on biocatalyst recycling still indicate that the recycling potential increases when using covalent 
immobilization techniques, especially the PEI-GA method.  
 
Conclusions 
Microfiltration membranes were prepared by tape casting, lamination and co-sintering of a metal support 
structure and ceramic membrane layer. The membranes had a direct contact of the ceramic microfiltration layer 
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(pore size of 0.4 μm) on the highly porous metal support (pore size of 10 µm), which gave a very high water 
permeability of 12000 L/m2 h bar. No signs of delamination or corrosion were observed. Surface modifications 
of those membranes by heat treatment and Y2O3 impregnation show different affinity for the enzyme 
immobilization by physical adsorption as well as for the two covalent immobilization methods. Enzyme loading 
was often higher in the heat-treated membranes than in the Y-coated ones, but coating with 0.25M Y(NO3)3 led 
to adequately decreased WP and thereby increased reaction time, which in turn led to higher conversion and 
higher residual activity of the immobilized enzyme. The use of covalent immobilization methods (coating with 
PEI or grafting with APTES followed by GA activation and covalent ADH attachment) significantly improved the 
immobilization efficiency and resulting activity for membranes of both surface treatments. Hopefully, an 
exchange of buffer in future works can remedy the rapid loss of ADH activity in the biocatalyst recycling studies.29 
Membrane reuse by heat treatment at 350°C unplugged the pores of the membrane and was efficient in 
removing fouling, but as a side effect the chemistry of the surface appeared to be modified as the immobilization 
results obtained on the virgin membranes could not be re-obtained. For biocatalyst recycling on the reused 
membranes, it was clear that the recycling potential increases when using covalent immobilization techniques, 
especially the PEI-GA method. 
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Tables 
 

Table 1. In an exploratory study of membrane reusability, YSZ membranes were heat-treated (re-burnt) at 350°C in four 
stages. The immobilization technique used on the virgin membranes is indicated. Each row denotes a separate replicate and 
‘X’ indicates that the particular membrane was included in a re-burn stage. The combined heating time of the re-burn stages 
is displayed in the last column.  
 

Membrane 
type 

Immobilization 
technique 

1st re-burn 
(1 h) 

2nd re-burn 
(1 h) 

3rd re-burn 
(5 h) 

4th re-burn 
(5 h) 

Total heating 
time [h] 

Heat-treated 
(C-HT800) 

Physical adsorption X X  X 7 
X  X X 11 

PEI-GA 
X X  X 7 
X  X X 11 
X   X 6 

APTES-GA X X  X 7 
X  X X 11 

Y2O3-coated 
(C-Y0.25M) 

Physical adsportion 
X X  X 7 
X  X X 11 
X   X 6 

PEI-GA 
X X  X 7 
X  X X 11 
X   X 6 

APTES-GA X X  X 7 
X  X X 11 
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Table 2. Fe/Cr ratios obtained by EDS analysis on the as-sintered, Y2O3-impregnated and heat-treated samples before 
(original) and after 1 year of immersion in Tris-HCl buffer. The analyzed sites are illustrated on the EDS map inserted in Figure 
5c for the C-HT800 membrane: bulk corresponds to areas 1-4, surface to areas 5-7 and 10, and fractured to areas 8 and 9 
(the oxide layer cracked during the sample preparation for microscopy, due to the shrinkage of the epoxy resin embedding 
the samples). Standard deviations represent variations between different measurements. Superscript letters (a, b, c) indicate 
significant difference between the values for each parameter (p < 0.05).  
 

 Fe/Cr ratio (original) Fe/Cr ratio (1 year) 
 Bulk Surface Fractured Bulk Surface Fractured 

as-sintered 3.5 ± 0.1a 3.6 ± 0.2a 3.6 ± 0.2a 3.4 ± 0.1a 3.5 ± 0.1a 3.7 ± 0.1a 
C-Y0.25M 3.4 ± 0.1a 3.5 ± 0.1a / 3.7 ± 0.5a 3.6 ± 0.2a 3.5 ± 0.3a 
C-HT800 3.6 ± 0.1a 0.7 ± 0.4c 1.0 ± 0.1bc 3.5 ± 0.1a 1.4 ± 0.3b 1.4 ± 0.3b 
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Table 3. Data on water permeability (WP), immobilization efficiency including amount of immobilized enzyme and enzyme 
loading yield (ELY), reaction time, NADH conversion, and residual activity as compared to the free enzyme when immobilizing 
ADH by physical adsorption on metal-supported ceramic membranes as-sintered, heat-treated, or coated with varying 
concentrations of Y(NO3)3. Standard deviation of duplicates (triplicates for as sintered) is given. Superscript letters (a, b, c) 
indicate significant difference between the values for each parameter (p < 0.05).  
 

 As-sintered C-HT800 C-Y0.05M C-Y0.10M C-Y0.25M 

Initial WP [L/(m2 h bar)] 12000 ± 1300b 15300 ± 800a 13000 ± 1200b 14000 ± 500ab 7800 ± 250c 

Reduction in WP after 
immobilization [%] 52 ± 5a 36 ± 2b 55 ± 5a 52 ± 1a 58 ± 4a 

Enzyme immobilized 
[mg/m2] 114 ± 51a 109 ± 10a 133 ± 31a 157 ± 1a 91 ± 9a 

ELY [%] 28 ± 12a 23 ± 2a 29 ± 6a 33 ± 0.3a 17 ± 1a 

Reaction time [s] 86 ± 6a 90 ± 1a 68 ± 18a 67 ± 7a 236 ± 23b 

NADH conversion [%] 19 ± 2a 13 ± 1a 17 ± 1a 17 ± 5a 41 ± 5b 

Residual activity, η [%] 25 ± 5a 16 ± 1a 22 ± 1a 19 ± 6a 46 ± 6b 
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Table 4. Data on water permeability (WP), immobilization efficiency including amount of immobilized enzyme and enzyme 
loading yield (ELY), reaction time, NADH conversion, and residual activity (i.e. immobilized activity compared to free enzyme 
activity, η) for ADH immobilized by physical adsorption, PEI-GA, or APTES-GA on metal-supported ceramic membranes, which 
were either heat-treated (C-HT800) or Y2O3-coated with 0.25M Y(NO3)3 (C-Y0.25M) prior to immobilization. Data on physical 
adsorption are from Table 3. For immobilization via PEI-GA on Y2O3-coated membranes, the PEI concentration was optimized 
as part of the study, and only single replicates were made. All other experiments were carried out in duplicates. Superscript 
letters indicate significant difference between values for each parameter (p < 0.05).  
 

  Physical adsorption APTES-GA PEI-GA 

 Membrane C-HT800 C-Y0.25M C-HT800 C-Y0.25M C-HT800 C-Y0.25M 

PEI conc. [% w/v]     0.1% 0.1%  0.01% 0.001% 

Initial WP  

[L/(m2 h bar)] 

15300 ± 

800a 
7800 ± 250c 

13200 ± 

800b 
7900 ± 150c 

13200 ± 

550b 
8000c 8300c 7650c 

Reduction in WP after 

immobilization [%] 
36 ± 2d 58 ± 4c 62 ± 1c 87 ± 3a 72 ± 3b 94a 86a 86a 

Enzyme immobilized 

[mg/m2] 
109 ± 10c 91 ± 9c 252 ± 23a 173 ± 21b 252 ± 17a 290a 283a 271a 

ELY [%] 23 ± 2d 17 ± 1d 49 ± 4b 38 ± 4c 53 ± 2ab 58a 58a 56a 

Reaction time [s] 90 ± 1d 236 ± 23c 119 ± 6d 686 ± 35b 97 ± 4d 1095a 592b 603b 

NADH conversion [%] 13 ± 1c 41 ± 5b 37 ± 1b 90 ± 7a 44 ± 1b 98a 86a 87a 

Residual activity, η [%] 16 ± 1c 46 ± 6b 43 ± 1b 97 ± 7a 51 ± 0.3b 105a 92a 94a 
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Table 5. Reduction in water permeability (WP), enzyme loading, reaction time (i.e. filtration time), NADH conversion, and 
residual activity (i.e. immobilized activity compared to free enzyme activity, η) in the second immobilization on metal-
supported ceramic membranes that had been re-burnt at 350°C to remove the first immobilization. The same immobilization 
was employed in the first and second immobilization. As this was an explorative study, only one replicate was made per 
observation. 
  

Membrane surface treatment C-HT800 C-Y0.25M 
Immobilization method Phys. ads. PEI-GA APTES-GA APTES-GA APTES-GA APTES-GA 
Re-burning time [h] 11 11 11 7 11 7 
WP reduction after immobilization [%] 52 64 55 65 72 75 
Enzyme immobilized [mg/m2] 115 83 11 69 162 93 
ELY [%] 28 20 3 16 36 21 
Reaction time [s] 66 137 102 68 235 271 
NADH conversion [%] 12 11 7 13 24 32 
Residual activity, η [%] 15 14 57 26 27 36 
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Figures 
 

 

 
Figure 1. Schematics illustration of the membrane design, including type of layers (materials), enzyme immobilization, 

substrate and product flow (formaldehyde converted to methanol). 
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Figure 2. Picture of a sintered 140 x 140 mm2 metal supported membrane. 
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Figure 3. Gas permeance as a function of applied pressure gradient for different membranes: as-sintered, heat-treated (C-

HT800) and yttria impregnated membranes (a x C-YbM), where a is the number of impregnation steps and b is the 
concentration of the Y(NO3)3 solution.  
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Figure 4: SEM cross sections and EDS maps (inserts) of the metal supported membranes (as-sintered) after the Y2O3 

impregnation at different Y(NO3)3 concentration: a, c, e) 2.7 M and b, d, f) 0.25 M. Y (purple) and Fe (green) distributions 
are shown in the insets of a and b. The enlarged microstructures of the metal support in (b) and (d) (with inset in (d) 

showing Y, Fe, and Cr EDS maps). The enlarged microstructures of the YSZ layer in (e) and (f). Arrows in (b, d) point to Y2O3-
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bridges, in (e) to Y2O3 segregation. The dark phase represents pores and the bright phase is the membrane with a thick 
metal support and a thin YSZ layer. 
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Figure 5: SEM micrographs of heat-treated samples (C-HT800): a) original and b) after 1 year in the Tris-HCl buffer solution 

(arrows point to the Cr2O3-rich layer), and c) micrograph with EDS map (Cr and Fe) superimposed on SEM picture of the 
heat-treated metal support with EDS analysis areas marked by green profiles. 

  

This article is protected by copyright. All rights reserved.



 
 

 
Figure 6. Activity of free ADH given as NADH conversion, X (mesh). Free ADH was used at concentrations of 0-14 mg/L. 

Absorbance was measured every 11 seconds, i.e. data points resulting from triplicates are at all the line intersections in the 
mesh. For each metal-supported ceramic membrane with immobilized ADH, a certain set of enzyme loading (enzyme 

dosage) and reaction time was recorded alongside a resulting NADH conversion catalyzed by the immobilized ADH, Ximm 
(Table 3; Table 4). The NADH conversion obtained with free ADH (Xfree) was interpolated for all these combinations of 
reaction time and enzyme loading obtained with immobilized ADH (black crosses). From that, the residual activity η = 
(Ximm/Xfree) x 100% was calculated; the dotted-dashed lines indicate the distance between Xfree (black crosses) and Ximm 

(filled symbols) as a guide to the eye. Left: Physical adsorption on as-sintered and all surface-treated membranes. Right: All 
three immobilization methods (physical adsorption, APTES-GA, and PEI-GA) on selected membranes (C-HT800 and C-

Y0.25M). For the two APTES-GA (C-Y0.25M) replicates and for one replicate of PEI-GA (C-Y0.25M), the reaction time was 
set to the maximum time measured in the free enzyme assay (609 s), although the actual reaction times were 661, 710, 
and 1095 seconds, respectively. These data points are on a part of the curve, where time has little effect on the NADH 

conversion level. 
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Figure 7. Activity of immobilized ADH given as NADH conversion (%) over 15 cycles of reaction. ADH was immobilized by 

physical adsorption on metal-supported YSZ membranes: as-sintered or coated with 0.05-0.10 M Y(NO3)3. Error bars 
indicate standard deviation of duplicate samples (triplicates for as-sintered). The waiting time between each cycle was 

approx. 2 minutes, and the reaction time 1.1-1.4 minutes (Table 3). 
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Figure 8. Water permeabilities obtained after re-burning at 350 °C for up to 11 hours of membranes that were initially 
surface-modified by heat-treatment at 800°C (left; C-HT800) and by Y-coating (right; C-Y0.25M) and then used for ADH 
immobilization by the indicated methods (physical adsorption, PEI-GA, or APTES-GA). The value at 0 hours indicates the water 
permeability obtained after immobilization by the indicated immobilization methods. Dashed horizontal lines indicate the 
average water permeability of the virgin membranes (black) and its standard deviation (grey) before functionalization and 
immobilization. Error bars designate standard deviations of 2-3 replicates. Where no error bars are shown, only one replicate 
was made.  
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Figure 9. ADH activity measured as NADH conversion when immobilized on metal-supported YSZ membranes recovered by 
re-burning at 350°C for 7-11 h. Originally, the membranes were surface modified either by heat treatment at 800°C (left; C-
HT800) or by Y-coating with 0.25 M Y(NO3)3 (right; C-Y0.25M). The same immobilization method (physical adsorption, PEI-
GA, or APTES-GA) was used in both the first and second immobilization. Upon the second immobilization, the membranes 

with immobilized ADH were re-used for 9 reaction cycles. The average reaction time ranged from 1 to 5 minutes depending 
on the membrane and immobilization method (see Table 5) and the waiting time between each cycle was approx. 2 

minutes. Each data series represent a single replicate. 
  

0

5

10

15

20

25

30

35

1 2 3 4 5 6 7 8 9

N
AD

H 
co

nv
er

si
on

 [%
]

Cycle no.

Physical adsorption (11 h)

PEI-GA (11 h)

APTES-GA (11 h)

APTES-GA (7 h)

0

5

10

15

20

25

30

35

1 2 3 4 5 6 7 8 9

N
AD

H 
co

nv
er

si
on

 [%
]

Cycle no.

APTES-GA (11 h)

APTES-GA (7 h)

This article is protected by copyright. All rights reserved.


	Introduction
	Materials and methods
	Materials and membrane design
	Surface treatments
	Membrane characterization
	Microscopy and porosity
	Gas and water permeation
	Surface wettability and stability

	Enzyme immobilization
	Immobilized enzyme activity
	Re-burning for membrane reuse
	Statistics

	Results and discussion
	Membranes architecture
	Surface modifications of membranes
	Y(NO3)3 impregnation
	Heat treatment of membranes
	Membrane stability in Tris-HCl buffer

	Enzyme immobilization by physical adsorption
	Covalent enzyme immobilization

	Conclusions



