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Preface

This thesis summarizes the topics and results of my PhD project entitled New concepts
for efficient immobilization of enzymes in inorganic membrane reactors.

The project was a collaboration between DTU Chemical Engineering and DTU Energy,
which consisted of two PhD students, three supervisors, and two researchers. My project
was supervised by Associate Professor Manuel Pinelo from DTU Chemical Engineering
and co-supervised by Associate Professor Andreas Kaiser from DTU Energy and Asso-
ciate Professor Wenijing (Angela) Zhang from DTU Environment.

The work was supported by The Danish Council for Independent Research, Grant no.:
6111-00232B

The work corresponds to 180 ECTS points and includes course work, conference partic-
ipations, supervision of students, external research stay, and own research. The work
was carried out from June 2017 to May 2020, initially at the Center for Bioprocess Engi-
neering (BioEng) and later at the Process and Systems Engineering Centre (PROSYS),
Department of Chemical and Biochemical Engineering, DTU. A part of the work was con-
ducted at Yale University, in the research group of Professor Menachem Elimelech at the
Department of Chemical and Environmental Engineering (January 2019 — April 2019).

The PhD thesis is based on three scientific papers that were published in connection with
the project. Furthermore, results from ongoing work are reported and discussed. The
thesis is organized as follows:

Chapter 1 is an introduction to the topic and the scope of the project. The background
and motivation for applying enzyme immobilization are discussed, the project is defined,
and the different project phases are described.

Chapter 2 describes the state-of-the-art in enzyme immobilization techniques and is based
on Paper 1, which is a review about enzyme immobilization on inorganic surfaces for mem-
brane reactor applications. A special introduction to aluminosilicate nanofiber membranes
as support for enzyme immobilization is given, as well as to enzyme immobilization by
polyelectrolyte layer-by-layer assembly and interfacial polymerization, as these materials
and methods are involved in the experimental part.

Chapter 3 describes the experimental results involving the immobilization of alcohol de-
hydrogenase (ADH). The discussion is divided into three parts involving the immobiliza-
tion of ADH on i) inorganic raw powders and ii) aluminosilicate nanofiber membranes by
covalent bonding and physical adsorption, and iii) on polymeric membranes by the poly-
electrolyte layer-by-layer assembly method and interfacial polymerization. The chapter is
partly based on Paper 2, which is a research paper about the immobilization of ADH on
inorganic raw powders. The interactions between ADH and different inorganic raw ma-
terials was investigated, as well as the effects of different immobilization methods on the
catalytic properties of the immobilized enzyme.

Chapter 4 is based on Paper 3, which reports the results of the project | worked on dur-
ing my external research stay at Yale University. The project involved the use of poly-
electrolyte LbL assembly for the fabrication of nanofiltration membranes with controllable
properties and the investigation of solute transport and energy barriers to anion transport
through the membranes.

Chapter 5 includes concluding remarks and future perspectives.
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and for his limitless encouragement and excellent guidance and supervision throughout
the process. Similarly, | appreciate the guidance and supervision of my co-supervisors
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Abstract

On the path towards a sustainable society, enzyme catalysis becomes ever more impor-
tant as an environmentally friendly alternative for the industrial production of chemicals.
Enzyme immobilization is a principal technique to facilitate the widespread implementation
of enzymes in the industry. Enzyme immobilization enables enzyme reuse and enzyme
stabilization for increased viability in continuous operations.

Enzyme immobilization involves the attachment of enzymes to a solid support by physical
or chemical interactions. The immobilization method and support are decisive factors in
the success of enzyme immobilization systems (i.e., the activity retention, stability, and
reusability of the immobilized enzyme). The objective of this project was to investigate
enzyme immobilization for applications in inorganic membrane reactors using a holistic
approach, where we studied enzyme immobilization techniques and membrane fabrica-
tion together to guide the design of immobilization methods and inorganic membranes
with properties tailored for enzyme immobilization. Inorganic membranes were supplied
by project collaborators, who applied the principles of material science and ceramic en-
gineering for the development and fabrication of the inorganic membranes in a parallel
project.

The main motivation for utilizing inorganic support materials for enzyme immobilization
is the high stability of the materials, including chemical, thermal, and mechanical stabil-
ity, which allows a stable operation and enables support regeneration when the process
efficiency decreases due to fouling of the support or enzyme deactivation. Besides high
stability, inorganic membranes offer several other advantages, such as high permeability
and long service life. Furthermore, inorganic membranes have high microbial stability and
are well-suited for enzyme immobilization. We started our investigations by studying the
interactions between enzymes and different inorganic raw materials that are commonly
used for membrane fabrication to identify suitable materials and important design param-
eters for membrane fabrication. Alcohol dehydrogenase (ADH) was used as a model
enzyme and was immobilized on raw powders of aluminum oxide, silicon carbide, tita-
nium oxide, and yttria stabilized zirconia by physical adsorption and covalent bonding.
The stability and activity of the immobilized ADH were evaluated based on the properties
of the inorganic powders (i.e., surface area, particle size distribution, and surface charge).
Enzyme loading on the particles and enzyme activity were greatly affected by the surface
area and surface charge of the powders. Aluminum oxide and silicon carbide powders
provided suitable conditions for the immobilization of ADH.

Subsequently, aluminosilicate nanofiber membranes were fabricated by project collabo-
rators using electrospinning. The nanofiber membranes offered a large surface area (11.7
m? g™), a high porosity, and pore sizes fit for the immobilization of ADH. These properties
combined ensured high permeability and high enzyme loading in the membranes —the
enzymes could penetrate the membranes but were retained within the nanofiber struc-
ture. Similarly, the membranes offered favorable conditions for enzyme immobilization.
Up to 96% immobilization efficiency was observed when the enzyme immobilization was
conducted in filtration mode, which resulted in enzyme entrapment in the nanofiber mem-
branes. The immobilized enzymes showed high activity, with near-complete substrate
conversion in a single pass through the biocatalytic membranes, however, the enzyme
stability was limited by leakage from the membranes. Moreover, the nanofiber mem-
branes were extremely fragile, which limited their applications in general. It was proposed
to seal the membranes by depositing a layer of polyelectrolytes on the membranes, for
example by the layer-by-layer (LbL) assembly method, to prevent enzyme leakage from
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the membranes and thus maintain high enzyme activity.

We demonstrated how polyelectrolyte LbL assembly could be used to tailor the prop-
erties of nanofiltration membranes, including the pore size, membrane thickness, and
surface charge, and could thus be used to promote favorable conditions for enzyme im-
mobilization. We studied solute transport in polyelectrolyte multilayer membranes of dif-
ferent thicknesses and pore sizes to evaluate the effects of membrane thickness on solute
transport in the membranes, which could have possible implications for enzyme immobi-
lization. We investigated alternative methods for enzyme immobilization on membranes
that could simultaneously be used to control the transport properties of the membranes,
including immobilization by polyelectrolyte LbL assembly and interfacial polymerization.
We described how the polyelectrolyte LbL assembly method could be used as a versa-
tile and reversible method for enzyme immobilization. Similarly, we described how im-
mobilization by interfacial polymerization provided a facile method for the fabrication of
stable biocatalytic membranes with controllable properties. In experiments involving the
immobilization of ADH on polymeric ultrafiltration membranes by interfacial polymeriza-
tion, we observed a decrease in water permeability by increasing the polymerization time
and thus the degree of cross-linking of the biocatalytic membrane. Furthermore, we ob-
served 100% immobilization efficiency and up to 70% substrate conversion in a single
pass through the biocatalytic membranes.

In summary, we investigated the possibility of fabricating inorganic membranes with prop-
erties tailored for enzyme immobilization. We applied inorganic nanofiber membranes for
the immobilization of ADH and found that the membranes offered excellent conditions
for the immobilization of the enzyme, with high enzyme loading and activity. However,
the fragility of the membranes limited their applications at this stage. Nevertheless, the
promising results should be an encouragement to continue the development of inorganic
nanofiber membranes with higher stability and mechanical flexibility. We further demon-
strated how membranes surface modification could be used to promote favorable condi-
tions for enzyme immobilization.
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Dansk sammenfatning

Med aget fokus pa gran omstilling bliver enzymkatalyse et vigtigere alternativ i industriel
produktion af kemikalier. Enzymimmobilisering faciliterer implementering af enzymer i
industrielle processer ved at stabilisere enzymerne og muliggare deres genanvendelse i
kemiske processer.

Ved enzymimmobilisering bliver enzymet forbundet til en understgtning via fysiske eller
kemiske interaktioner. Immobiliseringsmetoden og understatningen er afggrende fak-
torer for succesen af enzymimmobiliseringssystemet (dvs. enzymaktivitet, stabilitet og
genanvendelighed efter immobilisering).

Formalet med dette projekt var, at undersege enzymimmobilisering for anvendelse i uor-
ganiske membranreaktorer ved en holistisk tilgang. Enzymimmobiliseringsmetoder og
membranfremstilling blev studeret side om side for at udvikle uorganiske membraner med
egenskaber skraeddersyet til enzymimmobilisering. Uorganiske membraner blev leveret
af samarbejdspartnere, der anvendte principper for materialevidenskab og keramikteknik
til udvikling og fremstilling af de uorganiske membraner i et samarbejdsprojekt.

Motivationen for, at anvende uorganiske materialer til enzymimmobilisering er den hgje
kemiske, termiske, og mekaniske stabilitet af disse materialer, hvilket tillader stabil drift og
muligger regenerering af understatningen, nar proceseffektiviteten falder pa grund af be-
groning af understgtningen eller enzym deaktivering. Udover hgj stabilitet tilbyder uorgan-
iske membraner flere andre fordele, sasom hgj permeabilitet og lang levetid. Desuden har
uorganiske membraner hgj mikrobiel stabilitet og er velegnede til enzymimmobilisering. Vi
startede vores undersggelser med at studere interaktioner mellem enzymer og forskellige
uorganiske ramaterialer, der ofte bruges til membranfremstilling, for at identificere egnede
materialer og vigtige designparametre til membranfremstilling. Alkoholdehydrogenase
(ADH) blev anvendt som et modelenzym og blev immobiliseret pa partikler af aluminiu-
moxid, siliciumcarbid, titaniumoxid og yttria-stabiliserede zirkonier ved fysisk adsorbering
og kovalent binding. Stabiliteten og aktiviteten af det immobiliserede ADH blev evalueret
baseret pa egenskaberne af de uorganiske partikler (dvs. overfladeareal, partikelstar-
relsesfordeling, og overfladeladning). Immobiliseringseffektiviteten og enzymaktiviteten
blev staerkt pavirket af partiklernes overfladeareal og overfladeladning. Aluminiumoxid-
og siliciumcarbid viste passende betingelser for immobilisering af ADH.

Efterfelgende blev aluminiumsilicat-nanofibermembraner fremstillet af projektsamarbe-
jdspartnere ved anvendelse af elektrospinning. Nanofibermembranerne havde et stort
overfladeareal (11.7 m? g'), en hgj porgsitet og porestarrelser, der var egnet til immo-
bilisering af ADH. Disse egenskaber sikrede hgj membranpermeabilitet og haj immaobilis-
eringseffektivitet —enzymerne kunne traenge ind i membranen, men sad fast i nonifiber-
strukturen. Tilsvarende tilbad membranerne gunstige betingelser for enzymimmobiliser-
ing. Op til 96% immobiliseringseffektivitet blev observeret, nar enzymimmobiliseringen
blev udfert i filtreringsmodus, hvilket resulterede i, at enzymerne sad fast i nanofiber-
membranerne. De immobiliserede enzymer udviste hgj aktivitet, men enzymstabiliteten
var begraenset af enzymlaekage fra membranerne. Derudover var nanofibermembran-
erne ekstremt skrgbelige, hvilket begreensede deres anvendelser. Det blev saledes fores-
laet at forsegle membranerne ved at afsaette et lag af polyelektrolytter pA membranerne,
for eksempel ved layer-by-layer (LbL) samlingsmetode, for at forhindre enzymlzekage fra
membranerne og derved opretholde hgj enzymaktivitet.

Videmonstrerede hvordan polyelektrolyt LbL-samling kunne bruges til fremstilling af nanofil-
treringsmembraner med skraeddersyede egenskaber, herunder porestgrrelse, membran-
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tykkelse og overfladeladning, og kunne saledes bruges til at fremme gunstige betingelser
for enzymimmobilisering. Vi studerede transport i polyelektrolyt flerlagsmembraner med
forskellige tykkelser og porestgrrelser for at evaluere inflydelsen af membrantykkelse
pa transport i membranerne, hvilket kunne muligvis have implikationer for enzymimmo-
bilisering. Vi undersggte alternative metoder til enzymimmobilisering pa4 membraner,
der samtidig kunne bruges til at kontrollere membranernes transportegenskaber, herun-
der immobilisering ved hjeelp af polyelektrolyt LbL-samling og graensefladepolymerisa-
tion. Vi beskrev, hvordan polyelektrolyt LbL-metoden kunne bruges som en alsidig og
reversibel metode for enzymimmobilisering. Ligeledes beskrev vi, hvordan immobilis-
ering ved grensefladepolymerisation kunne anvendes som en simpel metode til frem-
stilling af stabile biokatalytiske membraner med kontrollerbare egenskaber. | forelgbige
eksperimenter med immobilisering af ADH pa polymeriske ultrafiltreringsmembraner ved
graensefladepolymerisation observerede vi et fald i vandpermeabilitet ved at @ge poly-
merisationstiden og dermed graden af tveerbinding af den biokatalytiske membran. Deru-
dover observerede vi 100% immobiliseringseffektivitet og op til 70% substratkonvertering
i en enkelt gennemgang gennem de biokatalytiske membraner.

Sammenfattende undersggte vi muligheden for at fremstille uorganiske membraner med
egenskaber, der er skraeddersyet til enzymimmobilisering. Vi anvendte uorganiske nano-
fibermembraner til immobilisering af ADH og fandt, at membranerne sikrede passende
betingelser for immobiliseringen af enzymet med hgj immobiliseringseffektivitet og en-
zymeaktivitet. Dog begraensede membranernes skrgbelighed deres anvendelser. |kke
desto mindre ber de lovende resultater vaere en opmuntring til at fortseette udviklingen af
uorganiske nanofibermembraner med hgjere stabilitet og mekanisk fleksibilitet. Vi demon-
strerede yderligere, hvordan membranoverflademodifikation kunne bruges til at fremme
gunstige betingelser for enzymimmobilisering.
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1 Introduction

1.1 Enzyme immobilization for applications in membrane
reactors

1.1.1 Enzyme catalysis

Enzymes are bioactive molecules that were developed by nature to catalyze reactions
vital to sustaining life. With millions of years of evolution behind them, enzymes have
remarkable catalytic efficiency. Enzymes can speed up reactions many million-fold, with
record rate-enhancements reported as 102'-fold [1]. Furthermore, they present excep-
tional specificity and selectivity due to the precise enzyme architecture, which is a result
of the sequence and folding of the amino acid chain making up the enzyme [2], [3].

Scientists have long been intrigued by the catalytic power of enzymes and have imple-
mented them in various processes and applications. The main applications of enzymes
are in food and beverage processing, technical applications (e.g., detergents, textile, pulp
and paper, production of biofuels), and in animal feed [4], [5]. The use of enzymes in or-
ganic synthesis is likewise an important and growing application, following continuous
advances in biotechnology [6], [7]. The increasing importance of enzymes is reflected in
the global market for industrial enzymes, which has grown from US$ 0.6 billion in 1989
to an estimated US$ 7 billion in 2021 [8]. The demand for industrial enzymes is expected
to increase even further in the coming years, in line with the shift of focus towards a sus-
tainable society.

Enzyme catalysis is highly relevant for the development of sustainable processes. It com-
plies with the twelve principles of green chemistry [9], and it can contribute to the realiza-
tion of many of the United Nations Sustainable Developments Goals (e.g., goals number
6, 7, and 12-15, regarding clean water and energy, responsible production, and more)
[10]. As the native role of enzymes is in reaction mechanisms in natural systems, the
optimal reaction conditions are usually in aqueous environments, at ambient temperature
and pressure [11], [12]. These factors render enzyme catalysis less hazardous and more
energy-efficient than conventional thermochemical processes [11], [13]. Moreover, en-
zymes are biodegradable and safe catalysts and the high catalytic efficiency allows the
synthesis of complex products by short and simple biocatalytic routes, often replacing
multi-step chemical routes that require harsh process conditions, specialized equipment,
use of organic solvents, and substantial waste disposal [3], [6], [8], [14].

The use of enzymes is an environmentally friendly and economical alternative for the in-
dustrial production of chemicals [13], [15]. Nevertheless, the record of enzyme catalysis in
organic synthesis and industrial production of chemicals is relatively short [6]. Historically,
the application of natural enzymes in industrial catalysis was limited by low stability, lack
of availability, and high cost of such enzymes [15]. Starting in the 1970s, the advent of
and subsequent progress in enzyme engineering and recombinant DNA techniques have
been key factors in making enzymes a relevant option in industrial catalysis [6], [8], [15].
Today, engineered enzymes with improved catalytic properties and stability can be pro-
duced cost-effectively on an industrial scale by recombinant DNA technology [2], [8], [15].
The target properties of enzymes that are commonly manipulated by enzyme engineering
include thermostability, pH tolerance, and substrate specificity [16]. Microbial biotechnol-
ogy is an active research field, and modern biotechnology tools are widely applied for the
discovery and development of new and better enzymes for biocatalytic processes [12].
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1.1.2 Enzyme immobilization

As enzymes have become widely available at a competitive price, a following decisive
factor in their successful implementation in industrial processes is process design. Here,
a critical objective is to design for enzyme stabilization and reusability to ensure efficient
and long-term use of the enzymes. Enzyme immobilization is a predominant technique
to stabilize enzymes and facilitate their reuse in industrial processes [17], [18]. The in-
creased stability and reusability of immobilized enzymes have a positive effect on product
quality, as well as on the process economy and environmental footprint [6].

Enzyme immobilization has a long history both in academia and industry. The modern
history of enzyme immobilization goes hand-in-hand with the rise in biotechnology and
increasing interest in using enzymes in industrial applications [19], [20]. Immobilized en-
zymes are applied in several well-established industrial processes, ranging from the pro-
duction of bulk chemicals to complex pharmaceutical compounds, of which the production
of high fructose corn syrup by immobilized glucose isomerase is the most important, with
an annual production of 107 tons [3], [21]. Commercial processes applying immobilized
enzymes represent only a small fraction of enzyme-catalyzed processes in general, but
the number is increasing steadily, motivated by the potential of economic and environ-
mental sustainability [21].

By immobilization, enzymes are attached to a support (e.g., organic or inorganic nanopar-
ticles, beads, resins, or membranes) or to other enzymes to form cross-linked enzyme
crystals or aggregates [22]. The enzymes are made insoluble upon immobilization, and
the increased size of the enzyme-support complex enables a simple recovery from the
process medium. Furthermore, immobilization generally results in enhanced enzyme sta-
bility by preventing enzyme unfolding and denaturation due to heat, pH, organic solvent,
and other process parameters [6], [15], [22]. On the other hand, enzyme immobilization
can result in loss of enzyme activity and increased mass transfer limitations due to con-
formational changes in the enzyme structure and restricted substrate accessibility upon
confining the enzyme to a carrier [19], [22]. The balance between enzyme stability and
activity upon immobilization depends on several parameters of the respective immobiliza-
tion system, including the immobilization method, support, and reactor configuration [22],
[23]. Consequently, a vast number of immobilization strategies have been proposed in
academic and industrial research, with the aim of optimizing the performance of immo-
bilization systems. The most common enzyme immobilization methods and their effects
on the catalytic properties of enzymes upon immobilization on inorganic carriers were
reviewed and reported in Paper 1 (Appendix A1).

1.1.3 Immobilization supports

Decades of research have led to the development of a variety of immobilization supports
that come in different materials, morphologies, and structures. The support becomes an
integral part of the catalyst upon immobilization, so it must be stable in a process medium
and fulfill specific criteria to provide high enzyme loading and a suitable microenviron-
ment for the enzymes. The surface properties are particularly important for a successful
immobilization, as the immobilization occurs through physical and chemical interactions
between the enzyme and support material. The ideal surface properties depend on the
enzyme and immobilization method in question, and the support material and morphol-
ogy must be selected accordingly [22]. Support materials are broadly categorized as
organic (e.g., synthetic polymers, biopolymers, resins) and inorganic (e.g., ceramics, met-
als, graphene oxide), whereas hybrid materials are becoming more widely available [24].
Ceramic support materials offer the advantage of high chemical, thermal, and mechan-
ical stability over organic materials, and thereby prolonged service life and the ability of
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support regeneration by harsh chemical and thermal cleaning methods [25]. Ceramics
can be produced in various structures, and their material and surface properties can be
tuned by an appropriate selection of raw materials and processing conditions [26]. The
surface properties of the ready-made ceramic materials may be further modified by dif-
ferent surface treatments to promote favorable conditions for enzyme immobilization [27],
[28].

The selection of a suitable support structure depends mainly on the given application and
reactor configuration. Support structures range from nanomaterials to membranes. Nano-
materials have a high surface-to-volume ratio and introduce little mass transfer limitations
to the process, whereas larger support structures allow easy recovery and different config-
urations, such as fluidized bed reactors [15], [29]. Reactor configuration is a fundamental
part of process design and has a large effect on the process efficiency. Processes involv-
ing immobilized enzymes have been operated in various reactor types, including stirred
tank reactors, packed bed reactors, and membrane reactors [15], [21].

Enzyme immobilization on membranes is a practical solution for biocatalytic reactions.
Membranes offer a large surface area for immobilization, both on the membrane sur-
face as well as inside the membrane pores, which can afford high enzyme loading [30].
Furthermore, the contact between the substrate and enzyme is aided by the controlled,
pressure-driven convection of the substrate through the biocatalytic membrane, where the
reaction occurs without diffusion limitations [31]. Membranes with immobilized enzymes
are operated in enzymatic membrane reactors (EMRs).

1.1.4 Enzymatic membrane reactors

The EMR is a particularly advantageous unit for biocatalytic reactions employing immobi-
lized enzymes. The EMR is the combination of a bioreaction and a membrane operation
[32], where the primary role of the membrane is to retain the enzyme within the process
[33]. The unit offers a high degree of operational flexibility and can accommodate both
free and immobilized enzymes. The enzymes can be suspended in the reactor (in free or
immobilized form) and retained by the membrane, or they can be immobilized directly on
the membrane, where the membrane functions as a selective barrier and a scaffold for
the enzymes [33], [34]. The EMR leads to process intensification by combining reaction
and separation in one unit and it aids the reaction efficiency by continuously removing
products upon conversion, thereby shifting the reaction equilibrium and reducing product
inhibition. Furthermore, the EMR gives a product stream free of enzymes, which elim-
inates the steps of deactivating and removing the enzymes from the products, which is
costly and can have a negative impact on product quality [35], [36]. The EMR offers many
important solutions in the development of sustainable processes. Research in the field is
focused on optimizing conditions, including immobilization methods and supports, for the
myriad of potential applications.

Various types of membrane modules have been operated as EMRSs, including hollow fiber,
spiral wound, tubular, and plate-and-frame, using polymeric and ceramic membranes [34],
[37]. Hollow fiber membranes generally offer the highest surface area and packing den-
sity, and have been found favorable for enzyme immobilization for that reason [38], [39].
However, hollow fibers are especially susceptible to membrane fouling, which complicates
their applications [40]. Membrane fouling and enzyme activity decay are the main chal-
lenges involved in EMR operations [33], [41], [42]. As biomolecules, enzymes inevitably
lose their activity with time, even though enzyme immobilization may serve to stabilize the
enzymes. These challenges call for the development of stable and robust membrane ma-
terials that can withstand strategies for fouling mitigation (e.g., membrane vibration and
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backshocking) and chemical, thermal, and mechanical cleaning methods for the removal
of fouling and deactivated enzymes [22]. Similarly, reversible immobilization methods
are advantageous regarding the removal of deactivated enzymes from the immobilization
support to reuse the support with fresh enzymes.

Permeate/

Feed Retentate Products Advantages

Enzyme reuse

Enzyme stabilization

Process intensification

Reduced product/substrate inhibition
Reduced mass transfer limitations

Enzyme free product
Disadvantages

Loss of enzyme activity

Cost of immobilization
(materials/time)

Need for support regeneration

Figure 1.1: Schematic illustration of an enzymatic membrane reactor employing immobi-
lized enzymes

Enzyme immobilization can be extended to multiple enzymes for cascade enzyme reac-
tions. Cascade reactions are inspired by nature’s intra-cellular processes and have re-
ceived considerable attention recently as potential sustainable processes [15], [43], [44].
In cascade catalysis, multiple process steps are conducted together in one unit without
the need to recover and purify intermediate products. The design saves both energy,
auxiliaries, space, and time, and simultaneously, it enhances product yield by shifting
the reaction equilibrium towards the product side, as well as by reducing product inhibi-
tion and loss of intermediates [45], [46]. Intra-cellular cascade reactions are often aided
by inherent enzyme immobilization schemes, including compartmentalization to prevent
product inhibition and separate competing reactions, and formation of multi-enzyme com-
plexes to promote substrate channeling between subsequent enzymes in a pathway [47],
[48]. Scientists have mimicked nature’s immobilization schemes to facilitate both single
and multi-enzyme catalysis, for instance, by the formation of fusion enzymes and poly-
mersomes, and by polyelectrolyte layer-by-layer (LbL) assembly [49], [50].

1.1.5 Enzyme immobilization by polyelectrolyte layer-by-layer assembly

Enzyme immobilization by polyelectrolyte LbL assembly is based on enzyme entrapment
inside polyelectrolyte multilayer (PEM) films or electrostatic attachment to a PEM surface
[51]-[53]. Alternatively, enzymes can be encapsulated inside polyelectrolyte capsules
fabricated by LbL assembly on a sacrificial template [54]. The properties of PEM films
can be controlled to a considerable extent by controlling the deposition conditions (e.g.,
types and concentrations of polyelectrolytes, background ionic strength, deposition times,
and the number of layers) [55], [56]. The deposition conditions can thus be selected to
promote favorable conditions for enzyme immobilization. Polyelectrolyte LbL assembly is
particularly advantageous for multi-enzyme immobilization, as the sequence and spatial
confinement of the enzymes can be controlled by immobilizing different enzymes in con-
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secutive layers [57]. Furthermore, the immobilization may be reversed by applying a high
salt concentration or an acidic solution to the biocatalytic PEM membrane to regenerate
the immobilization carrier [52], [58].

1.1.6 Scope of the research project

In this work, enzyme immobilization and membrane fabrication were investigated together
for the development of membranes, notably ceramic membranes, with properties tailored
for enzyme immobilization. Materials and methods were selected and developed to en-
sure both high enzyme loading and activity retention, as well as long-term stability of
the immobilized enzyme and the ability of support regeneration. Alcohol dehydrogenase
(ADH) was selected as a model enzyme. This enzyme is a part of a three enzyme cascade
process for the conversion of CO, to methanol [59]. The industrial applications of ADH
are generally hampered by instability of the free enzyme, and they are likewise compli-
cated by the need for a cofactor [3], [60]. Immobilization is a promising method to stabilize
ADH.

The state-of-the-art in enzyme immobilization techniques, with a special emphasis on
inorganic support materials and membranes, was explored through recently published lit-
erature and reviewed in Paper 1 (Appendix A1). The literature research gave an overview
of conventional materials and methods used for enzyme immobilization, as well as recent
advances in the field, and guided further research in this project. In the experimental
part, the interactions between ADH and different inorganic raw materials were investi-
gated by immobilizing ADH on the materials by two common immobilization methods,
namely, physical adsorption and covalent bonding. The results were used to identify suit-
able materials and other design parameters for membrane fabrication. The results were
reported in Paper 2 (Appendix A2). Subsequently, ceramic membranes were fabricated
by project collaborators and used for the immobilization of ADH by the common immobi-
lization methods (i.e., physical adsorption and covalent bonding). Additionally, alternative
immobilization methods, including enzyme immobilization by polyelectrolyte LbL assem-
bly and interfacial polymerization, were investigated and applied for the immobilization
of ADH on polymeric membrane substrates. The ability to tailor the properties of PEM
membranes by controlling the polyelectrolyte deposition conditions was studied and then
PEM membranes with controlled thickness and pore sizes were fabricated and applied in
transport studies to evaluate the effect of membrane thickness on solute transport through
the membranes (e.g., solute rejection and energy barriers to anion transport through the
membranes). The results of transport studies in PEM membranes were reported in Paper
3 (Appendix A3).

1.2 Defining the research project

1.2.1 Problem statement

Despite the many benefits of enzyme immobilization and extensive research efforts within
the field, the method is comparatively rarely applied in industrial biocatalysis. The main
obstacles to implementing immobilized enzymes in industry include the cost and com-
plexity of the catalyst preparation, which is sometimes followed by a decrease in enzyme
activity. For enzyme immobilization to be feasible, it must have a positive outcome for the
process economy. The economic benefits of stabilization and reusability of the enzymes
and the accompanying process intensification, must thus surpass the cost of immobiliza-
tion (i.e., cost of the support, chemicals, and utilities used for immobilization, labor hours,
and potential loss of specific enzyme activity). Consequently, the design of an immobi-
lization system comprises two main considerations:
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+ Catalytic properties of the enzymes: Design for high enzyme stability, reusability,
and activity retention

» Immobilization method and support: Design for simplicity and low cost

The two considerations listed above are interdependent, as the catalytic properties and
the balance between them depend on the immobilization method and support used. While
a more simple immobilization method might be favorable for high activity retention, it typi-
cally results in less stabilization, and vice versa for a more complex immobilization method
[22]. Similarly, simplicity implies lower cost of immobilization, as a simpler procedure of
catalyst preparation requires less use of chemicals, fewer steps, and less active time of
preparation. The cost of the immobilization system may further be reduced by reusing the
support. Reversible immobilization methods, such as polyelectrolyte LbL assembly, and
stable support materials, such as ceramics, are advantageous in that regard [52], [58].

1.2.2 Research question

The design criteria listed previously led to the research question driving this project: Is it
feasible to promote conditions for enzyme immobilization on membranes by fabricating
membranes with properties tailored to the enzyme in question?

1.2.3 Hypotheses
Based on the aforementioned, the following hypotheses were formulated:

H1. The properties of the support material and the immobilization method affect the cat-
alytic properties of enzymes upon immobilization

H2. Ceramic membranes can be fabricated as stable and robust immobilization supports
with properties specifically designed for enzyme immobilization

H3. Membrane surface properties may be modified to provide conditions fit for enzyme
immobilization

H4. Membrane thickness may be increased without affecting solute rejection by the
membrane

1.2.4 Objectives

The hypotheses were tested by means of several main objectives. ADH was used a model
enzyme in the investigations, where relevant. However, the results could potentially be
extrapolated to other enzymes. The objectives included:

O1. To study the effects of support material properties and immobilization methods on
the catalytic properties of ADH by immobilization on inorganic raw powders using
two different immobilization methods

02. To identify materials and design parameters for the fabrication of ceramic mem-
branes for the immobilization of ADH

03. To study the effects of ceramic processing conditions during membrane fabrication
on the success of immobilization of ADH on the ceramic membranes

O4. To investigate alternative immobilization methods and membrane modification tech-
niques for single- and multi enzyme immobilization

O5. To fabricate membranes with controllable properties by altering polyelectrolyte LbL
deposition condition
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06. To calculate energy barriers to anion transport through membranes of different thick-
nesses to evaluate the effect of membrane thickness on the membrane transport
properties

1.2.5 Project phases

To realize the project objectives, the work was divided into phases dealing with specific
parts of the project. Phases A1, A2, and A3 were conducted in series and were built on one
another, while phase B was a parallel project that was connected to the research question.
The methods developed in phase B could further be applied to phase A, particularly phase
A3. A project diagram describing the different project phases and research outputs in
connection to the phases is presented in Figure 1.2 and a further description of the phases
is given below.

RESEARCH QUESTION:
Is it feasible to promote conditions for enzyme immobilization on membranes by
fabricating membranes with properties tailored to the enzyme in question?

Phase Al:
State-of-the-art in enzyme
immobilization on inorganic
surfaces

Phase B:
Fabrication of biocatalytic
membranes by polyelectrolyte
layer-by-layer assembly and
interfacial polymerization

Phase A2:
Immobilization of ADH on
inorganic powders

Controlling membrane
properties by polyelectrolyte
layer-by-layer assembly for
transport studies

Phase A3:
Immobilization of ADH on
aluminosilicate nanofiber
membranes

I' Paper4
'(contribution),
’

‘\
\ /
\~~_—’,

Figure 1.2: Project diagram describing the different project phases and research outputs
in connection to the phases

Phase A1: Literature research on enzyme immobilization on inorganic support materials.
The knowledge gathered was used for familiarizing with the state-of-the-art within the field
of enzyme immobilization. A special emphasis was put on inorganic support materials,
notably ceramic membranes. The effects of different immobilization methods and support
materials on the catalytic properties of the enzyme were evaluated, as well as enzyme
leakage, and the ability to regenerate and reuse the immobilization support.

Phase A2: Immobilization of ADH on inorganic raw powders by covalent bonding and
physical adsorption. The objective was to study the effects of the material properties and
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immobilization methods on the activity and stability of the immobilized enzyme. Materials
and design parameters for membrane fabrication were identified.

Phase A3: Immobilization of ADH on electrospun ceramic nanofiber membranes. The
membranes were fabricated by project collaborators at DTU Energy. The results of the
experiments with the immobilization of ADH on inorganic raw powders were taken into
account for material selection. ADH was immobilized on the membranes by similar proto-
cols as on the inorganic raw powders to evaluate the effects of different support structures
and ceramic processing conditions on the success of immobilization.

Phase B: Investigating alternative methods for enzyme immobilization on membranes that
can simultaneously be used to control the transport properties of the membranes. Immobi-
lization by polyelectrolyte LbL assembly and interfacial polymerization were investigated
through literature research and experimentally. Furthermore, the ability to control the
properties of PEM membranes by altering conditions during polyelectrolyte LbL assembly
was investigated. Membranes of different thicknesses and pore sizes were fabricated and
used in transport studies to evaluate the effect of membrane thickness on the separation
properties of the membranes.
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2 Enzyme immobilization on inorganic
surfaces

The first example of enzyme immobilization was reported in 1916 when invertase was
adsorbed onto charcoal and aluminium hydroxide [61]. Much progress has been made
within the field of enzyme immaobilization ever since, and countless immobilization strate-
gies have been proposed for a myriad of different applications [20]. Early on, research
in the field could be divided into distinct phases, starting with the development of differ-
ent immobilization methods, then focusing investigations on new immobilization supports,
and finally, designing immobilization systems for improved catalyst properties [19], [62].
Today, all these factors are under continuous development in parallel with advances in
related fields of technology, such as biotechnology, membrane technology, material sci-
ence, and nanotechnology [63]. Furthermore, research is influenced by potential appli-
cations of immobilized enzymes, including biofuel cells for clean energy production, in-
dustrial biocatalysis for sustainable production of chemicals, biosensors, and waste-water
treatment. At the same time, even the immobilization of glucose isomerase, which is the
most successful and widely applied immobilized enzyme, is under continuous develop-
ment to bring the technology up to date with the latest scientific advancements [21]. The
system configurations vary depending on the intended application, but equally important
for any application is the immobilization method and support.

Different immobilization systems (immobilization methods and supports) were reviewed
in Paper 1, Enzyme Immobilization on Inorganic Surfaces for Membrane Reactor Appli-
cations: Mass Transfer Challenges, Enzyme Leakage and Reuse of Materials (Appendix
A1). The systems were described and evaluated in terms of their performance, includ-
ing enzyme activity, stability, reusability, and leakage. A comprehensive discussion on
inorganic supports was given, including a description of the properties of inorganic sup-
port materials and their influences on enzyme immobilization. The main topics of Paper 1
are briefly presented below, along with an introduction of aluminosilicate nanofiber mem-
branes, as well as enzyme immobilization by polyelectrolyte LbL assembly and interfacial
polymerization, which are materials and methods that are involved in the experimental
part of the project.

2.1 Immobilization supports

The immobilization support plays a critical role in a successful enzyme immobilization
system. Both the material, morphology, and structure of the support are important factors
regarding the stability and catalytic properties of the immobilized enzyme and must be
selected carefully for a given application. Common types of enzyme immobilization sup-
ports and their properties and considerations that influence enzyme immobilization are
listed in Table 2.1.

A support must meet several requirements to be eligible for enzyme immobilization. First
of all, the support must be compatible with the given enzyme to allow the immobilization to
occur through physical or chemical interactions, while it must be stable and inert towards
the reaction medium. A high surface area permits high enzyme loading, while a proper
pore size of porous materials is important for protection and mass transfer. Enzymes
can be protected from the external process conditions inside porous supports, whereas
access to the enzyme’s active site can be limited, especially when bulky substrates are
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Table 2.1: Common types of enzyme immobilization supports and their properties and
considerations that influence enzyme immobilization (non-exhaustive list)

Support Type Properties/Considerations
Material Organic Surface charge
Inorganic Functional groups
Hydrophobicity

Stability (thermal, pH, microbial, etc.)
Regenerability

Morphology Pore size Surface area
Porosity Protection (within pores)
Roughness Mass transfer limitations
Fouling

Enzyme leakage

Structure Particles (nano/micro)  Surface area
Magnetic nanoparticles Surface-to-volume ratio
Beads Mass transfer limitations
Nanofibers Ease of recovery
Nanotubes Reactor configuration
Membranes

involved. The stability of the support material is important for a stable operation as well
as for regeneration and reuse of the material in multiple operation cycles [22]. Finally,
the support should preferably be available at a low cost and impart a low environmental
footprint to the process.

Ceramic materials present exceptional thermal, chemical, mechanical, and microbial sta-
bility. Moreover, the structure and properties of ceramics may be controlled by the se-
lected raw materials and processing methods. Besides being robust and versatile en-
zyme carriers, ceramic materials are particularly advantageous regarding carrier reusabil-
ity. The high stability of ceramic materials allows regeneration of their native properties by
harsh chemical and thermal cleaning methods when the process becomes hampered by
fouling or enzyme deactivation [22]. Carrier reusability is an important aspect of enzyme
immobilization, considering both the economic viability and environmental impact of the
process since carriers can be costly, and the production thereof can have a large environ-
mental footprint, as revealed by life cycle assessment (LCA) studies [21]. Better utilization
of the carriers (i.e., carrier reuse) would improve these factors and simultaneously reduce
waste generation.

Alumina and silica-based materials are some of the most commonly used inorganic mem-
brane materials, yielding ceramic membranes with excellent chemical, thermal, and me-
chanical properties, as well as high mass transfer rates [25], [64], [65]. Alumina and silica-
based membranes include x-alumina, y-alumina, silicon carbide, silicon nitride, porous
glass, and zeolite membranes [64]. Additionally, aluminosilicate materials offer outstand-
ing properties for membranes, such as high thermostability, mechanical and chemical
stability, high surface area, and tuneable pore structure [66]-[68], they can be fabricated
from low-cost raw materials [69], [70], and they have been used as support materials for
enzyme immobilization with good success [68], [71]-[73]. Aluminosilicate membranes
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may be fabricated by conventional ceramic processing methods, such as tape casting
and extrusion [69], or by more novel methods such as electrospinning.

Electrospinning is a simple and cost-effective technique for the fabrication of nanofibers.
The procedure involves loading an electrospinning solution of the desired fiber material
in a syringe equipped with a feed pump, ejecting the solution under high voltage, and
collecting the fibers on a grounded fiber collector at a fixed distance from the needle tip
[74]. The fiber diameters vary from a few nanometers to several micrometers, result-
ing in nanofiber membranes with large surface areas and high porosity [74], [75]. Elec-
trospinning is mainly used for the fabrication of polymeric nanofibers, whereas ceramic
nanofibers are attracting increasing attention [76]. Numerous examples of enzyme im-
mobilization on nanofiber membranes have been reported [65], [75], [77]. Besides immo-
bilizing enzymes on nanofiber membranes by standard immobilization methods such as
physical adsorption and covalent bonding, enzymes have been mixed with the electro-
spinning solution so they become a consolidated part of the nanofiber membrane mate-
rial [78], [79]. The latter method is mostly restricted to polymeric nanofiber membranes
as the required high-temperature calcination of ceramic nanofibers would inactivate the
enzymes.

2.2 Immobilization methods

The first reported method of enzyme immobilization was physical adsorption, where it
was found that the adsorption of invertase onto charcoal did not affect the activity of the
enzyme [61]. Indeed, physical adsorption is the simplest immobilization method, it is
reversible and it is found to have little effects on enzyme activity in general. On the other
hand, physical adsorption has limited stabilizing effects on the enzymes, and processes
involving physically adsorbed enzymes are often hampered by enzyme leakage. Physical
adsorption occurs through physical or electrostatic interactions between the enzymes and
the support, such as Van der Waals forces, hydrogen bonds, ionic bonds, and hydrophobic
interactions [80], [81].

In an attempt to improve the performance of immobilized enzyme systems, alternative im-
mobilization methods were proposed. One of those methods is covalent bonding, where
the enzymes are attached to the support via covalent bonds, which provide a stable at-
tachment to the support and thereby reduced enzyme leakage. Covalent bonding thus
favors a stable operation, however, it typically results in loss of enzyme activity due to
conformational changes in the enzyme structure induced by the chemical modification
of the enzyme. Covalent bonding often requires modification of the support to promote
functional groups on the support surface, through which the enzymes are attached. Such
modification techniques include functionalization by amine or epoxy groups and activa-
tion with aldehydes that can react with specific amino acid residues on the surface of the
enzyme [22], [80], [81].

The trade-off between enzyme activity and stability is a common consequence of any im-
mobilization method. In addition to physical adsorption and covalent bonding, other well-
known immobilization methods include entrapment (e.g., fouling induced entrapment in
membranes [82] and entrapment in polyelectrolyte multilayers (PEMs) [51]), encapsula-
tion (e.g., in polyelectrolyte capsules [83] and micelles [84]), affinity attachment (e.g. via
biotin-avidin affinity binding [85]), and enzyme cross-linking (e.g., cross-linked enzyme
crystals [86] or aggregates [87]). The methods differ in their complexity as well as in their
effects on the activity and stability of the immobilized enzymes.

Enzyme immobilization on membranes is commonly achieved with physical adsorption,
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covalent bonding, or entrapment (Figure 2.1). Alternatively, enzymes can be incorporated
in the membrane fabrication process so they become an integrated part of the separation
layer of the membrane. These methods include immobilization by polyelectrolyte LbL as-
sembly [52], [63] and the recently proposed enzyme immobilization by interfacial polymer-
ization [88], [89]. In the latter method, the enzyme polymerizes with an organic monomer
on a membrane surface to form a biocatalytic membrane skin layer. The polyelectrolyte
LbL assembly method has been widely used for single and multi-enzyme immobilization
[90]-[96], whereas interfacial polymerization is a novel method for enzyme immobiliza-
tion with only two published studies (to the best of the author’s knowledge), both of which
report single-enzyme immobilization [88], [89]. Both of these methods show the poten-
tial to tune the properties of the membrane separation layer to a certain extent, and thus
present interesting opportunities for the fabrication of membranes with properties tailored
for enzyme immobilization, as described in the following two subsections.

(A) (B) ©)

Figure 2.1: Schematic illustration of common methods for enzyme immobilization on/in
membranes: (A) Physical adsorption, (B) covalent bonding, and (C) entrapment.

2.21 Enzyme immobilization by polyelectrolyte layer-by-layer assembly
Polyelectrolyte LbL assembly is based on the alternating deposition of anionic and cationic
polyelectrolytes onto a substrate to form a PEM film [97]. The polyelectrolytes assemble
by means of electrostatic interactions and entropy gain that results from releasing salt
counterions associated with fixed charges of the polyelectrolytes [55], [98], [99]. Enzyme
immobilization by polyelectrolyte LbL assembly is based on the entrapment of enzymes
between layers of polyelectrolytes or electrostatic attachment to the PEM surface (Fig-
ure 2.2) [51]-[53]. Enzyme immobilization by entrapment and physical interactions gen-
erally means that the enzymes have high activity retention, whereas the long-term stability
may be hampered by enzyme leakage from the support [22], [80]. Enzyme immobiliza-
tion by polyelectrolyte LbL assembly has been combined with cross-linking in attempts to
prevent enzyme leakage from the PEM [57], [99], [100].

The activity and stability of enzymes immobilized in PEM films are largely decided by the
position of the enzyme layers in the PEM films, as suggested by Guedidi et al. [53]. They
found that when enzymes were immobilized as the top-layer of PEM films prepared by
the deposition of polyelthylenimine (PEI) and alginate onto polyacrylonitrile membrane
substrates, the enzymes exhibited higher activity than enzymes that were covered by
additional layers of polyelectrolytes. On the contrary, the stability of enzymes immobi-
lized inside the PEM was higher than the stability of enzymes attached as the top-layer
of the PEM. When the enzymes were immobilized inside the PEM, the additional lay-
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ers of polyelectrolytes covering the enzyme layer prevented enzyme leakage but induced
mass transfer limitation, thereby resulting in higher stability and lower activity. The ac-
tivity of the immobilized enzymes in the study was only 1-10% of the activity of the free
enzyme since the reactions were conducted in soaking mode (without substrate convec-
tion through the membrane). Hence, the contact between the enzymes and substrates
was restricted by diffusion limitations. Efficient mass transfer plays a critical role in re-
actions with immobilized enzymes. Datta et al. [52] described how the activity of glu-
cose oxidase immobilized inside the pores of polyelectrolyte LbL modified microfiltration
(MF) membranes increased from 0.1-21 mM min"' mg enzyme™ when the reaction con-
figuration was changed from soaking mode to convective mode. The membranes were
modified by the deposition of one layer of poly-L-lysine (PLL), followed by three bilay-
ers of poly(sodium 4-styrenesulfonate) (PSS) and poly(allylamine hydrochloride) (PAH)
(i.e., PLL-(PSS-PAH)3) inside the pores of an MF membrane. They further found that
the enzyme activity was lower when the enzymes were immobilized on a three-layer PEM
(PLL-PSS-PAH) than on a seven-layer PEM (PLL-(PSS-PAH)3) since the three-layer PEM
left a larger core-region in the membrane pores (the region in the pore center that is void
of polyelectrolytes and enzymes) and thus a considerable amount of substrate was con-
vected through the core region without coming into contact with the enzyme. The mass
transfer was also influenced by the permeate flow. An optimal permeate flow-substrate
conversion relationship existed —a too high flow resulted in decreased conversion due to
insufficient residence time, while a too low permeate flow would decrease the conversion
due to reduced mass transfer [52].

E] Anionic polyelectrolyte solution B Cationic polyelectrolyte solution @ Enzyme solution ‘ Enzyme

Figure 2.2: lllustration of enzyme immobilization by polyelectrolye layer-by-layer assem-
bly on a porous membrane substrate

Permeate flow is readily controllable in PEM membranes, both by deposition conditions
and by operating conditions. The water permeability decreases by the addition of poly-
electrolyte layers and by changing the polyelectrolyte concentrations of the deposition
solutions [56]. To match the permeability and enzyme activity, enzyme loading can be
controlled by immobilizing the enzymes in multiple layers [51], [57], [101]. The water per-
meability in stimuli-responsive PEM membranes can be controlled by changing the pH or
temperature during operation, thus inducing swelling, or shrinking of the PEM films [95],
[96]. Furthermore, the water permeability can be tuned to some extent by altering the
concentrations of polyelectrolytes and background ionic strength of the depositions solu-
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tions, since these parameters are found to influence the pore size and thickness of PEM
films [55].

The polyelectrolyte-salt balance is an important consideration in polyelectrolyte LbL as-
sembly. Besides influencing the structure of the PEM film (pore size and thickness), the
surface charge is likewise affected. Against intuition, PEM membranes terminated with
an anionic polyelectrolyte, such as PSS, are not necessarily negatively charged, notably
when the PEM is built up of the common polyelectrolyte pair PDADMAC/PSS [56], [102].
This effect is caused by an overcompensation of PDADMAC in the PEM film, which yields
a positively charged membrane. Salt annealing (exposing the PEM film to high salt con-
centration) has been proposed and applied as a method to revert the surface charge
of PEM films [56], [102], [103]. Salt annealing can thus become an important tool for
controlling the surface charge of PEM membranes to mediate an efficient electrostatic
attachment of enzymes to the PEMs.

Not only can salt concentration and electrostatic conditions influence the surface charge
and immobilization efficiency of biocatalytic PEM membranes, these factors can also be
used to reverse the immobilization and thereby remove deactivated enzymes from the
PEM membranes to load the membranes with fresh enzymes or remove the PEM film
entirely [52], [58]. Datta et al. [52] removed glucose oxidase from a seven-layer poly-
electrolyte LbL modified nylon membrane (PLL-(PSS/PAH);3) by filtering water at pH 3
through the membrane. The electrostatic interactions between the enzyme (isoelectric
point of 4.2) and the outer PAH layer (isoelectric point of 9.5) were reduced at pH 3 so the
enzymes were released from the PEM membrane. The enzymes were reloaded onto the
same membrane without significant loss of activity. Ceramic alumina membranes mod-
ified by the LbL deposition of three bilayers of PDADMAC/PSS were regenerated using
high salt concentrations (5 M NaCl) in combination with cationic and anionic surfactants to
dissolve the PEM film [58]. The high salt concentration screened the charges of the poly-
electrolytes while the surfactants formed complexes with the polyelectrolytes of opposite
charge so the interactions between the polyelectrolytes were weakened. The PEM film
was thus gradually dissolved with a near-complete recovery of the water permeability of
the pristine membrane (1100 and 1040 L m2 h™" bar™!, for the pristine ceramic membrane
and the ceramic membrane after PEM dissolution, respectively).

The preceding examples described some of the many features of the polyelectrolyte LbL
assembly method. The examples demonstrated the versatility of the method and the
opportunities to selectively tune the properties of PEM films, which can be extended to
enzyme immobilization to provide favorable conditions for a wide variety of enzymes.
The ability to remove and reload the enzymes and regenerate the pristine membranes
are particularly important given the complications with fouling and enzyme deactivation
involved in biocatalytic membrane operations. An additional benefit of polyelectrolyte LbL
assembly is the use of safe chemicals and procedures during PEM fabrication. However,
the procedure is relatively slow, it requires many steps of preparation, and often large
volumes of chemicals are wasted. Optimization can likewise prove difficult due to the
large number of interacting parameters involved in the procedure.

2.2.2 Enzyme immobilization by interfacial polymerization

A novel and facile approach to enzyme immobilization on membranes was proposed by
Raaijmakers et al. [88] in a recent study. By this approach, an ultra-thin pepsin mem-
brane was fabricated by polycondensation of pepsin (an enzyme) and trimesoylchloride
(TMC, an organic monomer) on the surface of a porous polyacrylonitrile membrane sub-
strate. The procedure was inspired by interfacial polymerization, a well-known method for
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the fabrication of thin film composite membranes by the polymerization of aqueous and
organic monomers at the interface of two immiscible solvents on the surface of a porous
support membrane [104]. The resulting pepsin membrane was obtained by a simple and
fast procedure, and the enzyme retained high enzyme activity and showed little enzyme
deactivation in two reaction cycles of 30h.

Interfacial polymerization is the principal method for the fabrication of the separation layer
of NF and reverse osmosis membranes. Briefly, a porous membrane substrate is wet-
ted with an aqueous monomer (diamine), which is dissolved in an aqueous solvent, and
then an organic monomer (polyacyl chloride) dissolved in an organic solvent is applied
to the membrane substrate and the polymerization occurs at the interface between the
two immiscible solvents [104]-[106]. The enzyme can be used as the aqueous monomer,
whereby it becomes integrated into the skin layer of the membrane (Figure 2.3).

Raaijmakers et al. [88], investigated the effect of TMC concentration on the preparation
and performance of polymerized pepsin-TMC membranes and found that when the TMC
concentration was increased from 0.2-0.5 wt%, the degree of cross-linking decreased
from 40-5 TMC molecules per enzyme. The decrease in cross-linking at higher TMC
concentration was explained by acidification of the aqueous solution due to the release of
hydrogen chloride upon polymerization, which hampered the reactivity of amine groups of
the pepsin. The more cross-linked membrane (0.2 wt% TMC) presented higher enzyme
activity, indicating that the high degree of covalent bonding did not compromise enzyme
activity. The lower activity of the less cross-linked membrane (0.5 wt% TMC) was ex-
plained by the acidification of the aqueous solution upon polymerization. A higher degree
of cross-linking resulted in higher retention of large molecules, the molecular weight cut
off of the membrane prepared with 0.2 wt% TMC was measured as 9.5 kDa [88].

Figure 2.3: lllustration of enzyme immobilization by interfacial polymerization on a porous
support membrane

Wang et al. [89] fabricated lysozyme membranes by the interfacial polymerization of
lysozyme and TMC on a polyethersulfone membrane substrate with 10 kDa molecular
weight cut off. The authors observed a higher degree of cross-linking with higher TMC
concentration, which contradicted the study of Raaijmakers et al [88], but was explained
by the different enzymes involved and their different resistance to changes in acidity. The
lysozyme membranes maintained the activity of the native enzyme and showed good an-
timicrobial and separation properties. The solute rejection values and water flux varied
based on the lysozyme and TMC concentrations used for the fabrication, which suggested
that the membrane properties could be tailored by controlling these parameters.

Enzyme immobilization by interfacial polymerization can potentially provide a more stable
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and simple alternative to immobilization in PEMs. The downside to immobilization by in-
terfacial polymerization compared with immobilization in PEMs includes the use of organic
solvents and the non-reversibility of the method. However, it could be feasible to regener-
ate ceramic membrane substrates by thermal treatments to remove the biocatalytic skin
layer upon membrane fouling and enzyme deactivation.

2.3 Reusability of immobilized enzymes

The principal motivation for enzyme immobilization is to enable enzyme reuse in multiple
reaction cycles or in continuous operations. These goals can be reached via three main
solutions offered by enzyme immobilization. First, the stabilization of enzymes resulting
from enzyme immobilization allows an efficient and long-term use of the enzymes, sec-
ond, the increased size brought about by attaching the enzyme to a carrier facilitates the
recovery and reuse of the enzyme-carrier complex, and finally, the immobilization of en-
zymes on stationary supports allows their use in continuous operations (e.g., in packed
bed or membrane reactors).

For continuous operations, relevant reactor configurations depend on the support struc-
ture. Thus, magnetic nanoparticles and particles of sufficient density are suited for (mag-
netically stabilized) fluidized bed reactors, while various supports structures, ranging from
nano- to macro-sized, are applicable in packed bed and membrane reactors [15], [107]-
[109]. Membrane reactors can be operated with suspended enzymes (free or immobi-
lized) circulating on the feed side of the membrane or with enzymes immobilized directly
on/inside the membrane, where the reaction occurs as the substrate passes through the
membrane [31]. The membrane unit can be either submerged in the bioreactor or external
to the reactor [39] (Figure 2.4). In batch mode, immobilized enzymes are easily recov-
ered by filtration or centrifugation, or by applying a magnetic field, in the case of magnetic
supports [110].

G ®) oy

“'ﬁ;:,

®/ L .s;ﬁ
. !’,f’(,{‘f

LK ﬁé"

‘ Enzyme @®  Substrate Product

Figure 2.4: Configurations of enzymatic membrane reactors (EMRs) with free or immobi-
lized enzymes. (A) EMR with an external membrane module, (B) EMR with a submerged
membrane module, (a) EMR with enzymes immobilized on the membrane, and (b) EMR
with free or immobilized enzymes suspended in the reactor and recirculated at the feed
side of the membrane.

The reusability of immobilized enzymes depends on the reactor configuration, support
structure, and the immobilization method. Hence, all three factors must be evaluated
together to ensure an effective and stable enzyme immobilization system.
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3 Immobilization of alcohol
dehydrogenase for applications in
membrane reactors

The immobilization of ADH for applications in EMRs was investigated. Two main aspects
of the immobilization were considered, i) the interactions between ADH and different in-
organic support materials were studied for the development of inorganic membranes with
properties tailored to the immobilization of ADH, and ii) the investigation of methods for the
immobilization of ADH on membranes with tunable surface and transport properties. For
these purposes, ADH was immobilized on i) inorganic raw powders and inorganic (alu-
minosilicate) nanofiber membranes by physical adsorption and covalent bonding, and ii)
by polyelectrolyte LbL assembly and interfacial polymerization on polymeric membrane
substrates. The discussion herein is divided into three parts involving the immobilization
of ADH on inorganic powders, inorganic membranes, and on polymeric membranes.

First, ADH was immobilized on inorganic powders of different materials to identify suitable
materials for the fabrication of ceramic membranes with properties tailored for enzyme
immobilization. The selected supports were raw powders of common membrane materi-
als, namely aluminum oxide, silicon carbide, titanium oxide, and yttria stabilized zirconia.
The inorganic materials were characterized to understand which properties influenced the
immobilization of ADH and how the respective properties influenced the immobilization.
Thus, the activity of ADH immobilized on the different inorganic powders was explained
considering the surface area, particle size, and surface charge of the inorganic materi-
als. ADH was immobilized on the inorganic powders by two different methods, physi-
cal adsorption and covalent bonding, to investigate the effects of the two immobilization
methods on enzyme activity, recyclability, and storage stability. For covalent bonding,
the inorganic powders were modified using (3-aminopropyl)triethoxysilane (APTES) and
glutaraldehyde prior to immobilization. The commonly used functionalizing and activating
agents were selected based on reports from the literature that describe successful cova-
lent enzyme immobilization using the agents. The results of this study were presented in
Paper 2, Alcohol dehydrogenase on inorganic powders: Zeta potential and particle ag-
glomeration as main factors determining activity during immobilization, which is attached
in Appendix A2.

In the study with the immobilizatio of ADH on inorganic powders, Al,O3; and SiC pow-
ders were found to provide favorable conditions for the immobilization of ADH. Subse-
quently, aluminosilicate nanofiber membranes were fabricated and supplied by project
collaborators and were then applied for the immobilization of ADH by physical adsorption
and covalent bonding. Electrospinning was used for the fabrication of the membranes
and the effects of processing conditions during membrane fabrication on the membrane
properties and their implications for enzyme immobilization were studied. The results of
this part of the study were produced as a contribution to the manuscript Influences of
fabrication parameters on electrospun Al>Os/SiO, nanofibers and their impact on the im-
mobilization of alcohol dehydrogenase, which is in preparation. The focus of the paper
is on membrane fabrication, specifically, the development of procedures for the fabrica-
tion of ceramic membranes with high surface area and properties tailored for enzyme
immobilization. The development of the membrane fabrication procedures was not a part
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of this PhD project, but a separate, collaborative PhD project. Hence, the details about
the material science and processing conditions are left out of the discussion given here,
and the discussion is restricted to the immobilization of alcohol dehydrogenase (ADH) on
the nanofiber membranes. The investigation conducted in this part was limited by low
availability and extremely high fragility of the aluminosilicate nanofiber membranes. The
membranes would easily fracture and break when pressure was applied to them during
filtration experiments. Nevertheless, the membranes were used as scaffolds for enzyme
immobilization to test different parameters of the immobilization. The immobilization of
ADH on the nanofibers membranes was compared to the immobilization of ADH on in-
organic raw powders to investigate the effects of the support structure and processing
conditions on the immobilization. ADH was immobilized on the aluminosilicate nanofibers
with and without filtration to test the immobilization efficiency by different modes of immo-
bilization. The storage stability of physically adsorbed and covalently bonded ADH was
investigated.

The imobilization of ADH on inorganic raw powders and aluminosilicate nanofiber mem-
branes revealed that the immobilization of ADH was hampered by the fragility of the alumi-
nosilicate nanofiber membranes and by low storage stability. The storage stability of ADH
immobilized on inorganic particles was hampered by particle agglomeration, whereas the
storage stability of ADH immobilized on inorganic nanofiber membranes was hampered
by enzyme leakage from the membranes. It was proposed that the enzyme leakage could
be reduced by sealing the membranes with a layer of polyelectrolytes applied to the mem-
brane surface via polyelectrolyte LbL assembly. Polyelectrolyte LbL assembly and interfa-
cial polymerization were introduced as immobilization methods with controllable surface
and transport properties. The use of polyelectrolyte LbL assembly and interfacial poly-
merization for the immobilization of ADH was investigated.

The different studies involved some of the main objectives of the project, including objec-
tives O1-04, regarding the effect of the support material and immobilization method on the
catalytic properties of the immobilized ADH, the fabrication of ceramic membranes and
membranes surface modification for the immobilization of ADH, and thus simultaneously
address hypotheses H1-H3.

3.1 Materials and methods

3.1.1 Immobilization of alcohol dehydrogenase on inorganic powders
ADH was immobilized on four different inorganic raw powders of common membrane
materials, namely aluminum oxide, silicon carbide, titanium oxide, and yttria stabilized
zirconia, by physical adsorption and covalent bonding. APTES and glutaraldehyde were
used as functionalizing and activating agents for the covalent bonding of ADH to the pow-
ders. The reader is referred to the Materials and methods section of Paper 2, in Appendix
A2, for further information.

3.1.2 Immobilization of alcohol dehydrogenase on aluminosilicate
nanofiber membranes

Membranes and materials
Aluminosilicate nanofiber membranes were provided by project collaborators from DTU

Energy. The membranes were fabricated by electrospinning using a mixture of polymer
solution and inorganic precursor sol. The electrospinning solution contained 5.5 wt%
Polyvinylpyrrolidone 1.3M (PVP), 14 mmol AICl3-6H,0, and 7 mmol tetraethyl orthosili-
cate (TEOS). The electrospinning was done at 35 kV applied voltage and and calcining
of the nanofibers was conducted at 1100°C. GRMO0.1PP microfiltration (MF) membrane
(polysulfone, 0.1 um pore diameter) was from Danish Separation Systems AS.
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Alcohol dehydrogenase from Saccharomyces cerevisiae (yeast ADH, EC 1.1.1.1), B-
nicotinamide adenine dinucleotide reduced disodium salt hydrate (NADH, 297%), formalde-
hyde (37% in H,O), (3-aminopropyl)triethoxysilane (APTES, 99%), glutaraldehyde (25%
in H,0), 2-(N-Morpholino)ethanesulfonic (MES) acid, MES potassium salt, sodium hy-
droxide, Bradford reagent and albumin standard (BSA, 2 mg/mL) were purchased from
Sigma-Aldrich (Steinheim, Germany). Ethanol (99%) was purchased from WVR (Sgborg,
Denmark). All chemicals were used as received. Ultrapure water was used for solution
preparation and cleaning of membranes and equipment.

Immobilization procedures

The following solutions were used for immobilization on each membrane: 10 mL of 4%
APTES in 90% ethanol and 10 mL of 2.5% glutaraldehyde in MilliQ water was used for
functionalization and activation, respectively, for covalent bonding. 10 mL of 20 mg L™
ADH in MES buffer (40 mM, pH 6.5) was used for immobilization. The membranes were
soaked in ultrapure water before first use. Membranes with immobilized ADH were stored
in MES buffer at 4°C.

For covalent bonding, the membranes were first exposed to the APTES solution for 90
min at 70°C, and then washed three times with 90% ethanol and subsequently dried in an
oven (BINDER, Germany) at 60°C for 60 min. Next, the membranes were exposed to the
glutaraldehyde solution for 30 min at room temperature. The membranes were washed
three times with water afterwards and then dried at 60°C for 90 min. For immobilization,
the pristine (physical adsorption) or surface modified (covalent bonding) membranes were
exposed to the enzyme solution for 90 min, at room temperature, and 100 rpm agitation.
After the immobilization, the enzyme solutions were removed and the membranes were
washed three times with buffer. The enzyme and wash solutions were stored for protein
concentration measurements.

Two different procedures were used for the immobilization - immobilization by soaking
and by filtration. By soaking, the membranes were immersed in the immobilization solu-
tions in 50 mL falcon tubes, which were placed in a water bath shaker (JULABO Gmbh,
Germany). After the immobilization, the solutions were removed by pouring them from
the tubes, and then the membranes were washed in a similar manner. By filtration, the
immobilization was conducted in a 10 mL ultrafiltration cell (Amicon 8010, Millipore Corp.,
USA), the solutions were removed from the cell by filtration at 1 bar applied pressure, and
the membranes were washed by filtering the washing solutions through the membranes
at 1 bar pressure. When the nanofiber membranes were used in the filtration cell, a poly-
sulfone MF membrane (GRMO0.1PP) was placed underneath the ceramic membrane as
a support to prevent fracturing of the ceramic membranes. The polysulfone membrane
was pretreated by soaking in 0.1% NaOH for 30 min at 30 rpm rotation on a rotary shaker,
followed by three similar 30-min washing cycles in water. The GRMO0.1PP membranes
were previously found not to retain ADH and were thus assumed not to interfere with the
immobilization. The polysulfone membranes showed no enzyme activity when the ce-
ramic membranes were removed from the filtration cell and normal reaction procedures
were tested with the polysulfone support membranes.

Additionally, ADH was immobilized on aluminosilicate nanofiber membrane fractions by
physical adsorption. The immobilization was conducted in 2 mL Eppendorf tubes, with 4.0
mg of membrane fractions mixed with 2 mL of enzyme solution (100 mg L' ADH in MES
buffer) for 1.5, 4, and 24h at 4°C. The enzyme solutions were removed with a pipette, and
the membranes were washed three times with 2 mL MES buffer.
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Immobilization efficiency
Immobilization efficiency was calculated from protein concentrations of the ADH feed so-

lutions before and after enzyme immobilization and of the washing solutions. Protein
concentrations were measured using a Bradford microassay. The protein samples were
mixed with Bradford reagent in a 1:1 ratio, vortexed, and incubated for five min before
measuring the absorbance at 595 nm on a SHIMADZU UV-1280 spectrophotometer (SHI-
MADZU Corp., Japan). The protein concentration of the samples was read from a stan-
dard curve, which was made with BSA.

Reactions

Reactions with the biocatalytic membranes were conducted in a 10 mL ultrafiltration cell.
The reaction involved the ADH catalyzed conversion of formaldehyde to methanol with
simultaneous oxidation of NADH to NAD™. The reactions were initiated by adding 4 mL of
substrate solution (30 mM formaldehyde and 100 uM NADH in MES buffer) to the reactor,
the substrate solution was stirred at 150 rpm and the filtration cell was pressurized to 1
bar by nitrogen gas to filter the substrate solution through the biocatalytic membrane. The
filtration was stopped when 2 mL permeate was collected. The NADH concentrations of
the feed, retentate, and permeate were calculated from absorbance measurements at
340 nm and were used to calculate the conversion of NADH during a single pass through
the membrane and potential retention of NADH in the reactor. The membranes were
rinsed after the reactions by filtering MilliQ water through them to remove any substrate
remaining inside the membrane pores. The membranes were stored in MES buffer at 4°C
until the next use.

3.1.3 Immobilization of alcohol dehydrogenase by polyelectrolyte
layer-by-layer assembly and interfacial polymerization

Membranes and materials
GRMO0.1PP MF membrane (polysulfone, 0.1 um) and GR61PP, GR51PP, and GR40PP

ultrafiltration (UF) membranes (polysulfone, 20, 50, and 100 kDa, respectively) were from
Danish Separation Systems AS.

Alcohol dehydrogenase from Saccharomyces cerevisiae (yeast ADH, EC 1.1.1.1), B-
nicotinamide adenine dinucleotide reduced disodium salt hydrate (NADH, 297%), formalde-
hyde (37% in H,0O), sodium hydroxide, sodium chloride, 2-(N-Morpholino)ethanesulfonic
(MES) acid, MES potassium salt, Trizma base, hydrochloric acid (37%), dopamine hy-
drochloride, poly(diallyldimethylammonium chloride) (PDADMAC, 20 wt% in H,O), poly(sodium
4-styrenesulfonate) (PSS, ~ 70.000 Da), polyethylenimine (PEI, 50wt% in H,O, 270.000
Da), trimesoylchloride (TMC), hexane, Bradford reagent, and albumin standard (BSA, 2
mg/mL) were purchased from Sigma-Aldrich (Steinheim, Germany). All chemicals were
used as received. Ultrapure water was used for solution preparation and cleaning of
membranes and equipment.

Immobilization procedures

The parameters that were tested for the immobilization of ADH by polyelectrolyte LbL as-
sembly included polyelectrolyte concentrations (0.01-1 wt%), the mode of immobilization
(static or filtration mode), number of polyelectrolyte layers (0-7 layers), different polysul-
fone UF and MF support membranes (20, 50, and 100 kDa, 0.1 ym), membrane surface
modification prior to LbL assembly (i.e., deposition of a polydopamine (PDA)/PEI layer
on the support membrane), and the pH of the enzyme feed solution during immobiliza-
tion (pH 6.5-8.5). For the immobilization by interfacial polymerization, tested parameters
included aqueous solvents for the enzyme feed solution (water, MES buffer, Tris buffer),
polymerization time (2-30 min), different polysulfone UF membrane substrates (20 and 50
kDa), reactant concentrations (100-571 mg L-1 ADH, 0.05-0.5 wt% TMC in hexane), and
different modes of immobilization (with and without filtration of the enzyme feed solution).
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Selected experimental results with the immobilization of ADH by polyelectrolyte LbL as-
sembly and interfacial polymerization are presented here. The water permeability of the
membranes was measured gravimetrically, and the immobilization efficiency and the cat-
alytic activity of the immobilized enzymes were measured by Bradford assay and in reac-
tions with formaldehyde and NADH, similarly to the methods explained in Section 3.1.2,
with the immobilization of ADH on aluminosilicate membranes. Due to the variation in
immobilization procedures between different experiments, the experimental procedures
are described in the respective figure and table captions.

3.2 Results and discussion
3.2.1 Immobilization of alcohol dehydrogenase on inorganic powders
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Figure 3.1: Graphical abstract of Paper 2. ADH was immobilized on inorganic raw pow-
ders of common membrane materials (aluminum oxide, silicon carbide, titanium oxide,
and yttria stabilized zirconia) by physical adsorption and covalent bonding. The activ-
ity, stability, and recyclability of the immobilized enzymes were evaluated based on the
properties of the support materials and the immobilization method [111].

The results obtained from the immobilization of ADH on inorganic powders highlighted not
only the important effects of the immobilization method and support material on the activity
and stability of the immobilized enzyme but also the importance of the conditions during
reaction and storage. The buffer selection proved critical in the present case. Preliminary
experiments revealed that the use of Tris-HCI buffer (pH 7, 100 mM) was problematic
due to interactions with the substrate, formaldehyde, which led to a decrease in the pH
of the reaction mixture from pH 7 to around pH 5. The low pH was detrimental to the en-
zyme activity and likewise increased the spontaneous degradation of the cofactor, NADH.
Different biological buffers were tested for the ADH catalyzed reaction of formaldehyde
to methanol, of which MES buffer (pH 6.5, 40 mM) was found to provide stable reaction
conditions with high enzyme activity.

Besides affecting reaction conditions, the buffer affected the storage stability of silicon
carbide powder with immobilized ADH, presumably due to particle agglomeration. The
surface zeta potential of the silicon carbide was low in the MES buffer (around 3 mV),
which is considerably lower than that required to ensure a stable particle suspension,
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which is found to be around +30 mV [22]. Although the chemical modification and ad-
sorption of enzymes onto a support introduce new charges to the support, which leads to
changes in the surface zeta potential, it was assumed that the surface zeta potential of
the silicon carbide powder with immobilized ADH was well within +30 mV. In the current
system, the immobilization of ADH (isoelectric point (IEP) of 5.4-5.8) introduced negative
charges to the silicon carbide powder in the MES buffer at pH 6.5, however, a relatively
little amount of enzyme was immobilized and the IEP of the enzyme was relatively close to
the pH of the storage buffer. Consequently, the particles agglomerated in the MES buffer
during storage, which hindered mass transfer and impeded enzyme activity in following
reaction cycles.

The surface zeta potential measurements helped to elucidate the influences of electro-
static forces on the immobilization, notably when physical adsorption was applied as the
immobilization method. The TiO, powder was the only powder with a negative surface
zeta potential in the MES buffer, while the Al, O3, SiC, and YSZ-8 (yttria stabilized zirconia)
powders were positively charged in the MES buffer. The activity of physically adsorbed
ADH was considerably lower on TiO, than on the other three powders (Figure 3.2). ADH
had an overall negative surface charge in the MES buffer at pH 6.5, and thus the immo-
bilization of ADH on TiO, was likely hampered by electrostatic repulsion. However, elec-
trostatic attraction is one of many mechanisms involved in physical adsorption, and the
adsorption of charged enzymes onto similarly charged supports is not uncommon [112].
The highly negative surface of the TiO, powder may also have provided an unfavorable
microenvironment for the enzymes by attracting hydrogen ions from the solution into the
electrical double layer surrounding the particles, and thereby increasing local acidity at
the surface of the particles [53]. It was previously observed that increasing the acidity
of the reaction mixture had detrimental effects on the activity of ADH. The effects of the
zeta potential of the raw powders on the activity of covalently immobilized enzymes were
less clear. In this case, the introduction of functionalizing and activating agents to the
support surface likely altered the surface charge, so the surface zeta potential became
more similar between the different powders.

The enzyme activity was generally lower when covalent bonding was applied as the im-
mobilization method, than when physical adsorption was used. The activity of physically
adsorbed ADH was similar between ADH immobilized on Al,O3, SiC, and YSZ-8 pow-
ders. The enzyme loading was lower on Al,O3 than on SiC and YSZ-8, possibly due to
lower surface area, which suggested that the specific activity was higher on the Al,O5
powder. It was noteworthy that the immobilization efficiency was always lower by cova-
lent bonding than by physical adsorption. This effect was likely caused by cross-linking
of the inorganic particles during activation with glutaraldehyde, thus increasing the size
of the cross-linked particles and lowering the surface area available for immobilization.
Particle size distribution measurements of silicon carbide powder with immobilized ADH
revealed that the particles with covalently bonded ADH were larger than the particles with
physically adsorbed ADH. Guedidi et al. [53] discussed the importance of the available
surface area for high enzyme loading. The authors observed a much higher maximum
immobilization concentration of trypsin (23.8 kDa) than urease (545 kDa) on polyacryloni-
trile membranes, which they explained by a larger surface area being available to trypsin
than urease since trypsin could penetrate the membrane pores and thus adsorb to the ex-
ternal membrane surface and inside the membrane pores, while the larger urease could
only adsorb to the external membrane surface. Similarly, de Cazes et al. [113] observed
a higher laccase loading in «-alumina membranes with pore sizes of 1.4 ym than 0.2 ym
since the enzyme, which was covalently bonded to a gelatin layer deposited on the mem-
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brane surface, could penetrate the pores of the membranes with the larger pores but not
the membranes with the smaller pores, and thus a larger surface area was available for
the enzymes in the 1.4 ym membranes.
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Figure 3.2: Immobilization of ADH on inorganic raw powders of aluminum oxide, silicon
carbide, titanium oxide, and yttria stabilized zirconia by covalent bonding and physical ad-

sorption. NADH conversion rate (activity of immobilized enzyme) compared to the surface
zeta potential of the inorganic raw powders.
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3.2.2 Immobilization of alcohol dehydrogenase on aluminosilicate
nanofiber membranes

Properties of aluminosilicate nanofiber membranes
The calcination of the electrospun nanofiber membranes at 1100°C yielded a mullite crys-

tal structure with the chemical formula 3Al,03-2Si0,. The membranes were 25 mm in di-
ameter with an average weight of 0.0175 g 4+ 0.0031 (Figure 3.3). The average fiber diam-
eter was 129 nm and the specific BET surface areawas 11.7 m? g™'. The surface area was
higher or comparable to the surface area of the raw inorganic powders used previously
(e.g., the BET surface area of Al,O3 powder was 5.4 m? g™'), even though the nanofiber
membranes were shaped into ordered structures, as opposed to discrete particles. The
high surface area of the nanofiber membranes was resutled from the nanometer-sized
fiber diameters and mesopores (2-50 nm pore diameters) inside the fibers and confirmed
that electrospinning can be used to fabricate membranes with an ultra-high surface area.
Immobilization efficiency on aluminosilicate nanofibers

ADH was immobilized on the aluminosilicate nanofiber membranes by physical adsorption
and covalent bonding. The immobilization was conducted in filtration mode (with filtration
of the enzyme feed solution through the membrane after a predefined immobilization time)
and soaking mode (without filtration of the enzyme feed solution through the membrane).
The immobilization efficiency was much higher in filtration mode than in soaking mode.
When the enzyme feed solution was filtered through the membranes after 90 min immo-
bilization time, the immobilization efficiency reached 80-96% (membrane with filtration,
Figure 3.4A), whereas the immobilization efficiency was 11-17% when the enzyme feed
solution was removed by pouring it off of the membranes after 90 min of immobilization
(membrane without filtration, Figure 3.4A). The results suggested that the enzymes were
entrapped in the membranes upon filtration, and thus the immobilization with filtration was
a combination of physical adsorption/covalent bonding and entrapment. Considering the
large difference in immobilization efficiency with and without filtration, a large proportion
of the enzymes was likely entrapped inside the nanofiber membranes upon filtration.

During filtration, the rate of mass transfer through the membranes was limited by the poly-
meric support membrane, rather than the ceramic nanofiber membrane. Nevertheless,
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Figure 3.3:
eter of 25 mm. Right: An SEM image of an aluminosilcate membrane. The nanofibers
on the SEM image were produced using 6 wt% PVP, instead of 5.5 wt% PVP as in the
membranes used for immobilization, resulting in average fiber diameter and surface area
of 185 nm and 13.7 m? g, respectively. Processing conditions were otherwise similar.

the ADH was immobilized in the nanofiber membrane, as could be confirmed by measur-
ing the catalytic activity of the polymeric support membrane, which showed no catalytic
activity in the absence of the ceramic nanofiber membranes. ADH was thus retained
inside the porous and entangled nanofiber structure.

The low immobilization efficiency on the nanofiber membranes without filtration was likely
due to insufficient mass transfer. This observation can be supported by comparing the
difference in immobilization efficiencies on the nanofiber membranes without filtration on
one hand and on raw Al,O3 and SiC powders on the other, which were measured as
34-75% in a previous study. The immobilization conditions were similar for the nanofiber
membranes and the powders (10 mL of 20 mg L' ADH in 40 mM MES buffer at pH
6.5, 90 min, room temperature, 100 rpm agitation) and the surface area of the powders
was lower than that of the nanofiber membranes (the BET surface area of the powders
was 5.4 and 13.0 m? g™! for Al,O3 and SiC, respectively, while it was 11.7 m? g for
the nanofibers membranes, and the amount of powder used in each experiment was
10 mg while the nanofiber membranes weighed on average 17.5 mg). However, the
powders were well dispersed in the enzyme feed solutions during immobilization, whereas
the bulkier nanofiber membranes were confined to the bottom of the falcon tubes. The
good mixing of the particle dispersion aided the mass transfer and may have resulted
in higher immobilization efficiency. The activity of membrane immobilized enzymes has
been found to be severely impeded by mass transfer limitation when the reactions are
operated in soaking mode (membrane soaked in the substrate solution) as compared
with convective mode (substrate solution filtered through the membrane) [52]. Here, the
immobilization of ADH in soaking mode was likely hampered by poor contact between the
enzymes and the nanofiber membrane, resulting in low immobilization efficiency.

The immobilization efficiency of physically adsorbed ADH immobilized on aluminosilicate
nanofibers in soaking mode increased from 22-54% by increasing the adsorption time
from 1.5-24h (Figure 3.4B), which further suggested that the adsorption of ADH on the
nanofibers was hampered by diffusion limitations. The lower immobilization efficiency on
the nanofiber membranes compared with the powders may also have been caused by
the elimination of hydroxyl and other functional groups from the surface of the nanofibers
upon calcination at 1100°C [114], [115]. However, the immobilization efficiency on the
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Figure 3.4: Immobilization efficiency on aluminosilicate nanofiber membranes and inor-
ganic raw powders. (A) Immobilization efficiency on nanofiber membranes, with and with-
out filtration of the enzyme feed solution through the membrane and on raw powders of
Al,O3 and SiC. The membranes and powders were soaked in 10 mL 20 mg L' ADH
solution in MES buffer for 90 min at room temperature and 100 rpm agitation. (B) The
effects of adsorption time on immobilization efficiency. ADH was physically adsorbed on
aluminosilicate nanofiber membranes. The immobilization was conducted in 2 mL Ep-
pendorf tubes with 4 mg of membrane fractions and 2 mL of 100 mg L™ ADH solution in
MES buffer, at 4°C for 1.5, 4, and 24h, without agitation. Note that only one replicate of
immobilization efficiency for covalent bonding with filtration was available since two out of
three membranes broke during the experiments. The error bars in the other cases report
the standard deviations of two independent experiments.

nanofiber membranes without filtration was higher with covalently bonded enzymes than
with physically adsorbed enzymes, which indicated the presence of surface groups on
the nanofiber surface through which the functionalizing and activating agents were suc-
cessfully attached and thus provided linkers for the covalent attachment of the ADH to
the surface of the nanofiber membranes. The presence of molecular linkers on the sup-
port surface does not restrain the enzymes from physically adsorbing to the surface, too,
so the immobilization with covalent bonding can be a combination of covalent bonding
and physical adsorption. Better mixing and longer reaction times between the nanofiber
membranes and the functionalizing and activating agents might be required to increase
the number of molecular linkers on the nanofiber surface and thus provide higher immo-
bilization efficiency.

Performace of alcohol dehydrogenase immobilized on aluminosilicate nanofiber
membranes

The activity and storage stability of ADH immobilized on aluminosilicate nanofiber mem-
branes was investigated by measuring the activity of the biocatalytic membranes imme-
diately upon immobilization and after storage in MES buffer at 4°C for up to 12 days with
repeated reaction cycles (Figure 3.5). The membranes prepared by immobilization with
filtration were used in this study. Note that only one replicate of the membrane with co-
valently bonded ADH is provided, as two out of three membranes with covalently bonded
ADH broke during the experiments.

The initial activity of the biocatalytic membranes (Day 0) was high for both physically
adsorbed and covalently bonded ADH, with almost 100% conversion of NADH in a sin-
gle pass through the membranes. The substrate solutions were filtered through the bio-
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Figure 3.5: Activity and storage stability of ADH immobilized on aluminosilicate nanofiber
membranes by physical adsorption and covalent bonding. The enzyme feed solutions
were filtered through the membranes after 90 min of immobilization. The membranes
were stored in MES buffer at 4°C between use. Reactions were initiated by adding 4 mL
of substrate solution (30 mM formaldehyde, 100 uM NADH in MES buffer) to the reactor,
the solution was agitated at 150 rpm and the filtration cell was pressurized to 1 bar by
nitrogen gas, the filtration was stopped when 2 mL permeate was collected. Note that
only one replicate for covalent bonding was available since two out of three membranes
were broken during the process. The error bars for physical adsorption report the standard
deviation of two independent experiments.

catalytic membranes at 1 bar applied pressure and 2 mL of permeate was collected in
approximately 1.5 minutes. The NADH concentration of the retentate was similar to the
initial NADH concentration of the substrate solution, which showed that NADH was not re-
tained in the reactor and the conversion of NADH primarily occurred as the NADH passed
through the membrane. This observation indicated that the ADH was mostly immobilized
inside the nanofiber membranes, rather than on the surface [52], which agrees with the
immobilization being a combination of physical adsorption/covalent bonding and entrap-
ment, with a large contribution from enzyme entrapment. The high immobilization effi-
ciency ensured high conversion in the reactions.

The activity of the biocatalytic membranes was measured every three days after the initial
reaction to investigate the storage stability of the biocatalytic membranes. The mem-
branes were removed from the filtration cells and stored in MES buffer at 4°C between
reactions. The activity decreased gradually with storage time, which was presumably
mostly due to leakage of the entrapped and physically adsorbed enzymes from the mem-
branes during storage [116]. The decrease in enzyme activity was similar between the
physically adsorbed and covalently bonded enzymes, which suggested that enzyme en-
trapment was the main immobilization mechanism in both membranes. The covalently
bonded enzymes seemingly retained a higher activity than the physically adsorbed en-
zyme on day 12. Covalent bonding is known to provide higher stability than physical
adsorption and entrapment [80], [117], so the activity remaining after 12 days of storage
was likely higher with the covalently bonded enzymes since at this point the entrapped
enzymes and much of the physically adsorbed enzymes had leaked from the membranes
and thus a higher enzyme loading remained in the membrane with covalently bonded en-
zymes than the membranes with physically adsorbed enzymes. Although immobilization
by physical adsorption is known to retain a higher enzyme activity than covalent bonding
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[22], it should be kept in mind that the membranes with covalently bonded enzymes can
have physically adsorbed enzymes on them too, and the catalytic activity of the mem-
branes provided by physically adsorbed enzymes and covalently bonded enzymes are
additive. However, the discussion provided here must be taken with a grain of salt, given
the lack of replicates.

To increase the storage stability of the biocatalytic membranes, the membranes could po-
tentially be coated with a layer of polyelectrolytes by the layer-by-layer assembly method
[118], or the enzymes could be cross-linked post immobilization to prevent enzyme leak-
age [119]. The effects of polyelectrolyte coating on enzyme stability were observed in a
study involving the immobilization of trypsin and urease by polyelectrolyte layer-by-layer
assembly on polyacrylonitrile membranes. The residual activity of trypsin after 100 days
of storage and repeated reaction cycles increased from approximately 60% when trypsin
was immobilized as the top layer of the membrane, to 95% when the trypsin layer was
coated with an additional layer of alginate. Similarly, the stability of urease was improved
by coating the enzyme with a layer of polyethylenimine. The residual urease activity in-
creased from approximately 25% after 25 days of storage and repeated reaction cycles,
to approximately 50% after 28 days of storage and reactions by coating the urease with
a layer of polyethylenimine [53].

The aluminosilicate nanofiber membranes provided suitable conditions for the immobiliza-
tion of ADH with high enzyme loading and high activity retention. However, the fragility of
the aluminosilicate nanofiber membranes was a major issue in handling the membranes
and applying them in filtration experiments. Patel et al. [120] reported the immobilization
of horseradish peroxidase in mesoporous silica-based nanofibers with excellent catalytic
properties, high thermal stability, and good mechanical flexibility. The silica sol-gel precur-
sor was made of tetramethyl orthosilicate and polyvinyl alcohol and contained glucose as
pore former and to increase the viscosity of the electrospinning solution. The enzyme was
mixed in the electrospinning solution and was thereby immobilized inside the nanofibers.
However, instead of calcining the fibers upon electrospinning, the polymer and glucose
template was removed by extraction using phosphate buffer. In a different study, TiO,
nanofiber membranes were prepared by coating a glass filter substrate with electrospun
TiO, nanofibers by vacuum filtration. The membrane was subsequently compressed by
hot pressing at 5 bar and 120°C. The resulting membrane performed well in pressure-
driven filtration [121]. The two examples describe two very different approaches to the
fabrication of ceramic nanofiber membranes with favorable properties. It would be worth
exploring more options for the fabrication of ceramic nanofiber membranes with higher
stability and flexibility for enzyme immobilization.

3.2.3 Immobilization of alcohol dehydrogenase by polyelectrolyte
layer-by-layer assembly and interfacial polymerization

ADH was immobilized on PEM membranes prepared by the deposition of seven layers
of polyelectrolytes (one layer of PDA/PEI followed by three bilayers of PDADMAC and
PSS) on a polysulofne MF substrate. The water permeability decreased by 86-92% upon
the deposition of seven layers of polyelectrolytes and one layer of ADH due to increased
mass transfer resistance exerted by the polyelectrolytes and enzymes (Figure 3.6). The
immobilization of ADH on the PEM membranes resulted in a 204+9% decrease in water
permeability. Similar values were reported by Datta et al. [52], who observed a 96%
decrease in water permeability after the deposition of seven layers of polyelectrolytes and
one layer of glucose oxidase. The decrease in water permeability was more pronounced
with the additions of the first layers of polyelectrolytes, likely since the first few layers were
deposited inside the membrane pores and thus caused pore narrowing. As the pores were
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filled up, the layers started building up on the membrane surface with less distinct effects
on the water permeability.
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Figure 3.6: Water permeability of PEM membranes prepared by the deposition of layers of
PDADMAC and PSS onto a GRM0.1PP MF membrane substrate (polysulfone, 0.1 um).
The water permeability of the virgin membrane was measured before modifying the mem-
brane, then a layer of PDA/PEI was applied to the membrane as the first layer (10 mL of
2 mg/mL dopamine-HCI and 0.1 mg/mL PEI, 100 rpm, room temperature, 1h) followed by
thorough rinsing with water and water permeability measurements. Layers of PSS and
PDADMAC were then added to the membrane in an alternating fashion. 5 mL of 0.01-
0.1wt% polyelectrolyte (PE) solutions in 20 mM NaCl were applied to the substrate for 20
min, at room temperature, without stirring. The polyelectrolyte solutions were discarded
and the membranes were washed thoroughly with water between layers, followed by wa-
ter permeability measurements. The water permeability was measured gravimetrically.
The enzyme layer was immobilized by applying 5 mL of 10 mg L' ADH in Tris buffer, pH
8.5, to the PEM membrane for 30 min, at 4°C. The enzyme solution was filtered through
membrane at 1 bar after the immobilization.

The effects of polyelectrolyte deposition on the water permeability and transport proper-
ties of the PEM membrane must be taken into consideration for the selection of a suitable
membrane substrate to ensure efficient process conditions during operations with the
PEM membranes. We observed that polyelecrolyte LbL assembly on a polysulfone UF
membrane substrate with 20 kDa pore size would result in low water permeability and
retention of NADH by the biocatalytic PEM membrane (Table 3.1). The cofactor was thus
partially hindered from entering the membrane, which hampered the reaction efficiency.
Increasing the pore size of the UF membrane substrate from 20 to 100 kDa resulted in a
biocatalytic PEM membrane with much higher water permeability and no observed reten-
tion of NADH by the membrane. The enzyme loading on the 100 kDa membranes was
increased considerably by changing the enzyme feed solution buffer from MES buffer at
pH 6.5 to Tris buffer at pH 8.5. The increased enzyme loading was not reflected in higher
NADH conversion upon passing through the membranes, possibly due to an unfavor-
able orientation of the adsorbed enzymes at a higher pH. Given the electrostatic nature
of enzyme immobilization by polyelectrolyte LbL assembly, the electrostatic conditions
are extremely important for an efficient immobilization. We further observed that the im-
mobilization efficiency of ADH on PEM membranes could be increased from 17-86% by
changing the enzyme feed solution buffer from MES buffer at pH 6.5 to Tris buffer at pH
8.5 (Figure A1 in Appendix A4).
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Table 3.1: Immobilization of ADH by polyelectrolyte LbL assembly on UF membrane sub-
strates. The effects of UF membrane pore size and enzyme feed solution pH on the
success of immobilization were tested. The PEM membranes were prepared by deposit-
ing three layers of polyelectrolytes (PDADMAC-PSS-PDADMAC, 20 mM polyelectrolyte
concentration in 0.5 M NaCl) onto polysulfone UF membranes of different pore sizes. The
polyelectrolytes were applied to the membranes for 10 min, followed by two 5-min rinsing
cycles with 0.5 M NaCl. Subsequently 4 mL of 100 mg L-' ADH in MES buffer at pH 6.5 or
Tris buffer at pH 8.5 were applied to the membranes for 1.5h. The enzyme feed solutions
were poured off of the membranes after the predefined adsorption time and the mem-
branes were washed three times with the feed solution buffer. Immobilization efficiency
was determined using Bradford microassay. Protein concentrations of the enzyme feed
solution before and after immobilization, as well as the enzyme washing solutions, were
calculated from absorbance measurements at 595 nm and were used to calculate the
immobilization efficiency. Water permeability was measured gravimetrically. The activity
of the catalytic membranes was measured by adding 4 mL of substrate solution (30 mM
formaldehyde and 100 uM NADH in MES buffer at pH 6.5) to the reactor and collecting 2
mL of permeate by filtration at 1 bar applied pressure. The NADH concentrations of the
feed, retentate, and permeate were calculated from absorbance measurements at 340
nm, and were used to calculate the conversion and retention of NADH in the reactor.

Tested variables

Membrane GR61PP GR40PP GR40PP
Pore size (kDa) 20 100 100
Immobilization solvent MES pH6.5 MESpH 6.5 Tris pH 8.5
Biocatalytic membrane performance

Water permeability (L m? h™' bar') 3.0 213.2 113.7
NADH conversion per pass (%) 19.9 37.5 10.9
Immobilization efficiency (%) 8.2 4.1 25.8
Retention of NADH (yes/no) yes no no

The water permeability of biocatalytic membranes prepared by interfacial polymerization
was likewise affected by the pore size of the UF membrane substrate (Figure 3.7), as
well as by the polymerization time between ADH and TMC (Figure A2 in Appendix A4).
When ADH was polymerized on a 20 kDa UF substrate, the water permeability ranged
from 8-29 L m? h' bar™, depending on the polymerization time and the mode of immo-
bilization (with or without filtration of the enzyme feed solution). The water permeability
decreased as the polymerization time increased, which indicated a successful film growth
due to polymerization between ADH and TMC and the degree of cross-linking increased
with time. Wang et al. [89] reported similar values in their study where lysozyme was
polymerized with TMC on a 20 kDa polyethersulfone UF membrane. The authors found
the water flux through the membranes to be 44-60 L m h™' at 4 bar, depending on the
concentrations of TMC and lysozyme used during fabrication.

We observed an increase in water permeability of ADH membranes when the substrate
was changed from a 20 kDa membrane to a 50 kDa membrane. The water permeabil-
ity increased without compromising the conversion of NADH (Figure 3.7). Up to 70%
conversion of NADH was observed during a single pass through the biocatalytic mem-
branes, which was higher than what was observed in experiments with biocatalytic PEM
membranes, but lower than with the biocatalytic aluminosilicate nanofiber membranes.

PhD Thesis 29



- 2] water Permeability
R Conversion of NADH

o
=1

©

S

(0/00)

o
=]

—
=
©
Qo
<
<
o 705
€
40 160 <
S 602
2 {50 G
= 30 c
Qo
[ 4408
GEJ 4
©
20 30
3 g
= 20 O
S 10} T
0

GR61PP (20 kDa) GR51PP (50 kDa)
Membrane Substrate

Figure 3.7: Water permeability and NADH conversion per pass through biocatalytic mem-
branes prepared by interfacial polymerization of ADH and TMC. GR61PP and GR51PP
UF membranes (polysulfone, 20 and 50 kDa, respecively) were used as substrates for the
polymerization. ADH (3 mL 133 mg L™" in MES buffer at pH 6.5) was applied to the mem-
brane for 30 min, followed by filtration at 2 bar, subsequently 3 mL of 0.075 wt% TMC in
hexane was added to the membrane surface for 10 min. The TMC solution was dumped
off of the membranes, the membranes were air-dried and then washed thoroughly with
water. The activity of the catalytic membranes was measured by adding 4 mL of substrate
solution (30 mM formaldehyde and 100 uM NADH in MES buffer at pH 6.5) to the reactor
and collecting 2 mL of permeate by filtration at 4 bar applied pressure. The NADH con-
centrations of the feed, retentate, and permeate were calculated from absorbance mea-
surements at 340 nm, and were used to calculate the conversion and retention of NADH
in the reactor. Water permeability was measured gravimetrically. Protein concentration
of the permeate from filtration of the enzyme feed solution was measured by Bradford
assay, no enzyme was detected in the permeate which indicated that the immobilization
efficiency was 100%.

30 PhD Thesis



4 Investigating solute transport in
polyelectrolyte multilayer membranes
with controllable properties

From the previous discussion and experimental observations, it is clear that the poly-
electrolyte LbL assembly method is an interesting option for enzyme immobilization on
membranes, as well as on other supports structures. When the immobilization is con-
ducted on membranes, the polyelectrolyte LbL assembly serves to provide conditions fit
for enzyme immobilization, and simultaneously, it can be used to control the rate of trans-
port through the membrane to provide favorable operating conditions during the enzyme
catalyzed reactions [52]. In Section 3.2.3, we saw that the water permeability in PEM
membranes decreased steadily upon addition of layers of polyelectrolytes and enzymes
to a polymeric MF membrane substrate. Similarly, it has been described how enzyme
loading can be increased by immobilizing the enzymes in multiple layers, and further-
more, how enzyme activity and permeate flux can be matched by controlling the number
of layers of enzymes and polyelectrolytes deposited on a membrane substrate to ensure
optimal substrate conversion upon passing through the membrane (i.e, to match the en-
zyme activity and substrate retention time in the membrane) [51], [57], [101]. However,
while the effect of increasing the number of layers of enzymes and polyelectrolytes in
PEM films on the water permeability is well-known, the effects of increasing the number
of layers in PEM films, and thereby increasing the thickness of the PEM film, on other
membrane properties (e.g., membrane pore size and solute rejection by the membrane)
are not well described. Such effects could have important implications for the reaction
efficiency in biocatalytic PEM membranes.

We investigated the effects of membrane thickness on solute transport in PEM mem-
branes. To achieve this purpose, it was critical to fabricate PEM membranes where only
the thickness of the PEM film was changed, while other properties, such as membrane
pore size and surface charge were kept constant. We investigated methods for membrane
surface modification by polyelectrolyte LbL assembly for the fabrication of membranes
with the desired properties (i.e., membrane thickness, pore size, and surface charge).
We then fabricated PEM nanofiltration (NF) membranes with different thicknesses, but
similar pore size and surface charge, and studied the transport of neutral and charged
solutes through the membranes, as well as the energy barriers to anion transport through
the membranes. Energy barriers arise during transport through membranes due to the
hindrance imposed by the membranes on the transported solute and solvent molecules.
The energy barrier is composed of contributions from all transport mechanisms involved
in the transport of a solute through the membrane, but the apparent energy barrier (or
the largest energy barrier), which can be calculated from and Arrhenius-type equation,
describes the rate-limiting step during transport [56]. Energy barriers to ion transport in
NF membranes and membranes with pore sizes similar to the hydrated size of the ions
are found to be highly affected by the hydration energy of the ion and the membrane
pore size, since the dehydration of the ions at the membrane pore entry is found to be
the main contribution to the energy barrier to ion transport through the membranes [122].
By studying the energy barriers to anion transport in membranes of different thicknesses
but with similar pore sizes, we could evaluate the importance of ion diffusion inside the
membrane pore relative to the ion diffusion into the membrane pore (ion partitioning into
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the membrane). The results of this study were reported in Paper 3, Energy barriers to
anion transport in polyelectrolyte multilayer nanofiltration membranes: Role of intra-pore
diffusion, which is attached in Appendix A3.

The objective of the study was to exploit the polyelectrolyte LbL assembly method to fab-
ricate membranes with controlled separation properties (i.e., membrane thickness, pore
size, and surface charge) and to calculate energy barriers to ion transport through the
membranes to evaluate the effect of membrane thickness on the membrane transport
properties. We thus addressed the main objectives O5 and O6 and simultaneously, we
tested hypothesis H4, which stated that membrane thickness may be increased without
affecting solute rejection by the membrane. While the main objective was to fabricate
membranes for solute transport studies in the membranes, the results could be extended
to enzyme immobilization and objective O4, regarding membrane modification techniques
for enzyme immobilization.

<«<—Membrane, d—
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Figure 4.1: Graphical abstract of Paper 3. PEM NF membranes were fabricated by LbL
deposition of oppositely charged polyeletroclytes onto UF membrane substrates. The
properties of the multilayers were tuned by varying conditions during the multilayer as-
sembly. Energy barriers to anion transport through the membranes were calculated from
an Arrhenius-type equation to investigate the effects of membrane thickness and pore
size on the energy barriers [56].

4.1 Materials and methods

PEM NF membranes were fabricated by depositing alternating layers of positively and
negatively charged polyelectrolytes onto UF membrane substrates by the LbL assembly
method. The resulting NF membranes were thin film composite membranes, where the
PEM formed the selective layer, and the porous UF substrate formed the support layer.
The properties of the selective layer were varied by varying conditions during polyelec-
trolyte deposition. The membrane thickness was controlled by the number of polyelec-
trolyte layers, the pore size was decreased by decreasing the concentration of polyelec-
trolytes in the deposition solutions, and salt annealing was used to control the surface
charge. We were thus able to fabricate membranes where one variable was changed
(i.e., membrane thickness or pore size), while other variables were kept constant. We
used the membranes to study the transport of anions through the membranes, specifi-
cally, the effect of membrane thickness on the energy barriers to anion transport through
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the membranes. The reader is referred to the Materials and methods section of Paper 3,
in Appendix A3, for a detailed description of the experimental procedures.

4.2 Results and discussion

Membrane characterization (membrane thickness, pore size, and surface charge) re-
vealed that we were able to fabricate NF membranes where we changed one membrane
property (membrane thickness or pore size) while keeping other membrane properties
constant. The membranes could thus be used to investigate the respective effects of
membrane thickness and pore size on anion transport through the membranes and the
energy barriers to anion transport through the membranes. Furthermore, we applied salt
annealing to modify the membrane surface charge, and were able to invert the surface
charge of the PEM NF membranes (change it from positive to negative) by applying a
high concentration electrolyte solution to the membranes. The membrane characteriza-
tion confirmed the versatility of the polyelectrolyte LbL assembly method, and showed
that it is useful for the fabrication of NF membranes with tunable surface properties.

By increasing the number of bilayers of PDADMAC/PSS from four to ten, the membrane
thickness increased from 27.6-76.6 nm, whereas the pore size was not significantly af-
fected and variations in the pore sizes did not follow the increase in membrane thickness.
Water permeability of the membranes decreased with increasing membrane thickness,
due to increased resistance to transport through thicker membranes. The rejection of
glucose and bromide was not significantly affected by the increased membrane thickness
on the other hand (Table 4.1). Membrane thickness thus influenced the rate of transport
through the membranes, but did not affect the selectivity of the membranes. Solute re-
jection was mainly decided by the membrane pore size and the properties of the solute,
whereas membrane thickness did not influence solute rejection.

Table 4.1: Characterization of PEM NF membranes with different number of bilayers of
PDADMAC/PSS fabricated by the alternating deposition of 20 mM polyelectrolyte solu-
tions in 0.5 M NaCl on a UF membrane substrate and transport properties in the mem-
branes

4 Bilayers 7 Bilayers 10 Bilayers

Thickness (nm) 276+32 61681 76.6+14.3
Pore radius (nm) 0.73+0.09 0.70+0.06 0.74+0.09
Water permeability (L m? h™' bar’) 9.01+1.13 8.46+0.91 6.61+0.47
Glucose rejection, Rops (%) 396 £101 435+45 43.2+221
Bromide rejection, Rgps (%) 16.3 £ 4.2 12.9.3.2 179+ 2.7

Energy barriers to bromide and fluoride transport through the NF membranes were calcu-
lated from an Arrhenius-type equation. The results showed that membrane pore size and
ion hydration energy (the energy released upon hydration of an ion) significantly affected
the energy barriers to ion transport through the membranes, whereas a significant effect
of membrane thickness on the energy barriers was not observed. The effects of pore
size and ion hydration energy were explained by the ions undergoing dehydration at the
solution-membrane interface as they partitioned from the solution and into the membrane
material. lon dehydration at the membrane pore entry has been found to pose the highest
energy barrier to ion transport through membranes with pore sizes similar to the hydrated
size of the ion, and be the rate-limiting step during transport through such membranes.
More ion dehydration is needed for ions to fit into smaller pores and the energetic cost of
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dehydration increases as the hydration energy of the ion increases, which explains the
significant effect of membrane pore size and ion hydration energy on the energy barriers.
Dehydration is relevant in diffusion controlled transport, but less important in convection
controlled transport.

We described the mechanism of ion transport through NF membranes as a series of
energy barriers arising due to ion dehydration at the solution-membrane interface and
due to diffusion along the thickness of the membrane. The apparent energy barrier is
governed by the highest energy barrier arising during transport, which also reveales the
rate-limiting step during transport. lon partitioning into the NF membrane was the rate-
limiting step during transport of ions through the membranes, whereas intra-pore diffusion
seemingly had negligible effects on anion transport in comparison.
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5 Conclusion and future perspectives

5.1 Conclusion

Enzyme immobilization techniques are under continuous development today, more than
100 years after the first report on the topic was published. Research in the field is inspired
by current societal and technology trends, as well as potential applications. Likewise, a
broader selection of new and improved enzymes and novel immobilization supports are
continuously emerging, which provides new opportunities for the development of success-
ful enzyme immobilization systems. The current focus on sustainability is a motivation to
continue the development of enzyme immobilization systems.

Enzyme catalysis, employing soluble orimmobilized enzymes, is conveniently operated in
enzymatic membrane reactors. The membrane retains the enzymes within the process,
while substrates and products can freely pass through the membrane, thereby offering
reaction mediation by shifting the reaction equilibrium and limiting substrate and product
inhibition. Immobilizing enzymes directly on membranes brings several important advan-
tages to the process. First, mass transfer is aided by the pressure-driven convection of
substrates through the biocatalytic membrane, thus eliminating diffusion limitations. Fur-
thermore, the membrane offers a large surface area for enzyme immobilization, which
affords high enzyme loading, the immobilization inside membrane pores can provide a
protective environment for the enzymes, and multi-enzyme immobilization can be done
in a spatially controlled manner on the membrane to increase the efficiency of sequen-
tial enzyme reactions. Lastly, immobilizing enzymes on membranes is an environmen-
tally friendly and economical option as it brings about process intensification that leads to
increased energy-efficiency and reduced waste production, and simultaneously, it elimi-
nates the need for a specific material for enzyme support.

In a pressure-driven membrane operation, substrate transport through the membrane is
a single-time event. Therefore, it is critical to consider the enzyme activity and substrate
retention time in the membrane to achieve high substrate conversion. Here, the focus
should be turned to membranes with high surface area and immobilization methods that
allow high enzyme loading for an efficient substrate conversion. Nanofiber membranes,
such as the aluminosilicate nanofiber membranes applied in this project, offer advantages
in this regard, given their high surface area and porosity which facilitates high enzyme
loading. Similarly, the polyelectrolyte LbL assembly method is practical for the ability of
controlling enzyme loading and transport properties through such membranes.

Enzymatic membrane reactor operations are faced with the same challenges as mem-
brane operations and enzyme catalysis in general, namely, membrane fouling and loss
of enzyme activity with time, respectively. Although enzyme immobilization generally re-
sults in enzyme stabilization and prolonged life-time, the useful life of the catalyst is gen-
erally shorter than of the membrane, which calls for the regeneration and reuse of the
membrane. Some immobilization methods are reversible (e.g., physical adsorption and
polyelectrolyte LbL assembly) and allow the removal of deactivated enzymes from the
membrane support to reload the membranes with fresh enzymes. Other immobilization
methods (which generally offer higher enzyme stability) are irreversible so more drastic
methods are needed for the removal of the deactivated enzymes, such as chemical or
thermal cleaning methods. Inorganic membrane materials are advantageous in the latter
case due to their inherent chemical, thermal, and mechanical stability. Inorganic mem-
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branes with immobilized enzymes can be effectively regenerated by harsh chemical and
thermal cleaning methods to restore their native properties.

We investigated enzyme immobilization on inorganic materials and the possibility of fab-
ricating inorganic membranes with properties tailored for enzyme immobilization. The
immobilization of ADH on inorganic raw materials that are commonly used for membrane
fabrication revealed that the enzyme activity and stability were greatly affected by the pro-
cess conditions as well as the support material and morphology. The buffer selection was
important to maintain favorable conditions during reaction and storage. The pH of the
reaction mixture was critical for enzyme activity while the electrostatic conditions during
storage proved important for colloid stability. The storage stability of silicon carbide pow-
der with immobilized ADH was hampered by agglomeration of the particles during storage
due to low colloid stability in the storage buffer used. We observed that the surface area
and surface charge of the support were important parameters for high enzyme loading,
and the surface charge of the support further affected the enzyme activity by influencing
the microenvironment of the enzymes on the support (i.e., negatively charged TiO, pow-
der induced local acidification at the surface of the powder, which hampered the activity
of physically adsorbed ADH). The inorganic powders were susceptible to surface modi-
fication by APTES and glutaraldehyde. The surface modification was advantageous for
the immobilization of ADH on TiO, due to changes in surface charge by the introduction
of new chemical groups to the surface, which provided more favorable conditions for the
ADH. The comparison between the activity of physically adsorbed ADH and covalently
bonded ADH on TiO, indicated the ability to promote conditions for enzyme immobiliza-
tion by surface modification.

Electrospinning was used for the fabrication of aluminosilicate nanofiber membranes for
the immobilization of ADH. The membranes offered a high surface area, high porosity,
and a suitable pore size for the immobilization of ADH. High enzyme loading resulted
from immobilization in filtration mode (80-96% immobilization efficiency), partially due to
the entrapment of enzymes in the nanofibers. The immobilization of ADH on the nanofiber
membranes in soaking mode was hampered by mass transfer limitations, resulting in 11-
17% immobilization efficiency. The activity and stability of the ADH immobilized in fil-
tration mode was typical for enzyme immobilization by entrapment, that is, we observed
high activity retention but low enzyme stability due to enzyme leakage from the mem-
brane. High enzyme activity could potentially be maintained by sealing the membranes
by different post-immobilization treatments to prevent enzyme leakage. The aluminosil-
icate membranes offered favorable conditions for the immobilization of ADH, with high
enzyme loading and high activity retention, but the membranes were extremely fragile,
which limited their applications. Methods for increasing the stability and flexibility of the
membranes would be required to make the membranes useful in pressure-driven filtra-
tion. More stable and flexible aluminosilicate nanofiber membranes would have a high
potential for the immobilization of ADH and potentially other enzymes.

The immobilization of ADH on polymeric membranes by polyelectrolyte LbL assembly
and interfacial polymerization was investigated. We found that the properties of PEM
membranes prepared by LbL assembly could be tuned by altering the polyelectrolyte de-
position conditions. We varied the pore size, membrane thickness, and surface charge
of PEM membranes by varying the number of polyelectrolyte layers, the polyelectrolyte
concentrations of the deposition solutions, and by applying salt annealing, respectively.
Subsequently, the membranes were used in transport studies to evaluate the effects of
membrane thickness and pore size on solute transport in the membranes. We found that
the rate of transport was dependent on membrane thickness whereas solute rejection and
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energy barriers to anion transport in the membranes were not affected by membrane thick-
ness. The results suggested that the selectivity of the membranes was mainly decided by
the relative pore size and properties of the solute, rather than membrane thickness, and
that additions of layers of polyelectrolytes to the PEM membranes did not affect solute
rejection by the membranes. The results could be extended to enzyme immobilizaiton,
as enzyme loading in PEM membranes can be increased by adding layers of enzymes
and polyelectrolytes to the membrane, and although the addition would result in increased
membranes thickness, it should not influence the selectivity of the membrane.

A novel and facile approach to enzyme immobilization was introduced as immobiliza-
tion by interfacial polymerization. We tested the immobilization of ADH by polyelectrolyte
LbL assembly and interfacial polymerization and found that the success of immobilization
changed dramatically by changing the immobilization conditions. We observed up to 70%
substrate conversion with biocatalytic membranes prepared by interfacial polymerization
and 37.5% conversion with the biocatalytic PEM membranes. These values were lower
than what was observed with the aluminosilicate membranes, even at lower permeate
flow and thus longer residence times. Nonetheless, the experimental observations and
reported studies provided interesting results, which should encourage further research on
the subjects.

To summarize, the feasibility of fabricating membranes with properties tailored to the im-
mobilization of ADH was investigated. Two main aspect were considered, i) the fabri-
cation of inorganic membranes with properties tailored for enzyme immobilization, and
ii) applying immobilization methods for enzyme immobilization on membranes that could
simultaneously be used to control the transport properties of the membranes. The ob-
jectives included studying the effects of support material properties and immobilization
methods on the catalytic properties of ADH to identify materials and design parameters
for the fabrication of membranes with properties tailored to the immobilization of ADH.
We found that the surface area and surface charge of the support were particularly impor-
tant for an efficient enzyme immobilization, and that efficient mass transfer was a critical
factor during immobilization to ensure high enzyme loading. Another objective was to
study the effects of membrane surface modification on the efficiency of enzyme immobi-
lization as well as on the transport properties of the modified membranes. We observed
how surface modification could be applied to promote favorable conditions for enzyme
immobilization. For instance, the introduction of functionalizing and activating agents to
the surface of TiO, powder provided more favorable electrostatic conditions for the im-
mobilization of ADH than on the untreated surface. Furthermore, we demonstrated how
the properties of PEM membranes (membrane pore size, thickness, and surface charge)
could be modified by controlling the polelectrolyte deposition conditions, which could be
exploited to promote favorable conditions for enzyme immobilization. Solute transport
and energy barriers to solute transport in PEM membranes of different thicknesses and
pore sizes were studied to evaluate the effects of the surface modification and membrane
properties on solute transport in the membranes.

The hypotheses were tested by means of the objectives described above. We found
that the material properties of the immobilization support and immobilization methods af-
fected the catalytic properties of immobilized enzymes (H1) and that surface modification
could be used to provide suitable conditions for enzyme immobilization (H3). Further-
more, we found that membrane thickness could be increased by addition of layers of
polyelectrolytes to a membrane substrate without affecting solute rejection by the mem-
brane (H4). Lastly, we hypothesized that ceramic membranes could be designed and
fabricated to provide stable and robust membranes with properties tailored for enzyme
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immobilization (H2). The aluminosilicate nanofiber membranes that were fabricated for
the project provided favorable conditions for the immobilization of ADH, with high enzyme
loading and high activity retention. However, the enzyme stability was hampered by en-
zyme leakage from the support, and the membranes were very fragile, which limited their
applications in pressure-driven operations. Future research should focus on improving the
mechanical flexibility of the ceramic membranes and developing immobilization methods
with high enzyme stability.

5.2 Future perspectives

The results provided in this study can be used to inspire further research for the devel-
opment of immobilization supports and immobilization methods for the immobilization of
ADH, with potential extrapolation to various other enzymes. Regarding the immobiliza-
tion support, the inorganic nanofiber membranes provided ideal conditions for efficient
enzyme immobilization, namely, a large surface area for high enzyme loading and high
porosity for high permeability (and thereby limited mass transfer challenges). For the
development of inorganic nanofiber membranes with increased stability and mechanical
flexibility, it could be suggested to modify the raw material composition of the electro-
spinning solution and the processing conditions (e.g., investigate conditions during high
temperature calcining or use alternative methods to remove the organic template, such
as liquid extraction). Polymeric nanofiber membranes could provide the mechanical flex-
ibility that ceramic nanofibers are lacking, but at the cost of a lower ability of membrane
regeneration.

Regarding the immobilization methods, enzyme stability is a key parameter for the wide-
spread implementation of enzymes in industrial processes. Immobilization by polyelec-
trolyte LbL assembly and interfacial polymerization presented high potential for the prepa-
ration of stable biocatalytic membranes with tunable properties. Methods for tuning the
surface properties of PEM membranes (i.e., membrane thickness, pore size, and surface
charge) were demonstrated and can be used to promote conditions for enzyme immobi-
lization by polyelectrolyte LbL assembly (e.g., favorable pore size and surface charge).
The ability to control the properties of biocatalytic membranes prepared by interfacial poly-
merization is a relatively unexplored avenue, which could provide promising opportunities
for the immobilization of a variety of different enzymes. It was further proposed to combine
different immobilization methods to enhance the performance of immobilization systems
(e.g., to combine entrapment and polyelectrolyte LbL assembly or interfacial polymeriza-
tion for high enzyme loading and high stability), which affords many possibilities for future
investigations.
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Abstract: Enzyme immobilization is an established
method for the enhancement of enzyme stability and
reusability, two factors that are of great importance
for industrial biocatalytic applications. Immobilization
can be achieved by different methods and on a variety
of carrier materials, both organic and inorganic. Inor-
ganic materials provide the advantage of high stability
and long service life which, together with the pro-
longed service life of the immobilized enzyme, can
benefit the process economy. However, enzyme immo-
bilization and increased stability often come at the
cost of decreased enzyme activity. The main challeng-
es involved in the design of an efficient immobilized
enzyme system is to obtain both retention of high
enzyme activity, enhanced stability and reusability,
which is a complicated task, given the many variables
involved, and the large numbers of methods and mate-
rials available. Simultaneously, new carrier materials
and morphologies are constantly being developed. An
investigation of enzyme immobilization systems on in-
organic materials, with special emphasis on inorganic
membranes, has been conducted in order to evaluate
the effects of the immobilization system on the
enzyme properties upon immobilization, i.e., activity,
stability and reusability. The material properties of the
enzyme carriers (particles and membranes) and their
effects on the success of immobilization are described
here. Furthermore, the reuse of inorganic membranes
as enzyme carriers has been investigated and the re-
ported examples show high ability of regeneration. To
the best of our knowledge, this is the first review on
enzyme immobilization focusing on the three funda-
mental aspects to consider when dealing with the
topic: catalytic properties, enzyme leakage and reusa-
bility.

Abbreviations: [3-Gal: [3-p-galactosidase; ADH: alco-
hol dehydrogenase; AFM: atomic force microscopy;
APTES: 3-aminopropyltriethoxysilane; APTMS: 3-
aminopropyltrimethoxysilane; BPA: bisphenol A;
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BSA: bovine serum albumin; CA: carbonic anhy-
drase; CALB: Candida antartica lipase B; CD: circu-
lar dichroism; CDI: carbonyldiimidazole; CLEA:
cross-linked enzyme aggregates; CLSM: confocal laser
scanning microscopy; CNT: carbon nanotube; CPG:
controlled pore glass; CRL: Candida rugosa lipase;
DMeDMOS: dimethyldimethoxysilane; DRIFT: dif-
fuse reflectance Fourier transform infrared; E2: 17f-
estradiol; EDC: N-(3-dimethylaminopropyl)-N'-ethyl-
carbodiimide hydrochloride; EDS: electron dispersive
spectroscopy; FDH: formate dehydrogenase; FESEM:
field emission scanning microscopy; FT-IR: Fourier
transform infrared spectroscopy; GA: glutaraldehyde;
GCSZn: coal fly ashes glass-ceramic zinc sulfate;
GOD: glucose oxidase; GPS: 3-(glycidyloxypropyl)tri-
methoxysilane; HDMI: hexamethylene diisocyanate;
HRP: horseradish peroxidase; IEP: isoelectric point;
IPTES: (3-isocyanatopropyl)triethoxysilane; IR: infra-
red spectroscopy; LbL: layer-by-layer: MCP: metallic
ceramic powder; MeTEOS: methyltriethoxysilane;
MF: microfiltration; MML: Mucor miehei lipase;
MNP: magnetic nanoparticle; MPTMS: 3-mercapto-
propyltrimethoxysilane; NHS: N-hydroxysuccinimidyl;
PAH: poly(allylamine hydrochloride); PEI: polyethy-
leneimine; PEG: polyethylene glycol; PES: polyether
sulfone; PM-IRRAS: polarization modulation infrared
reflection absorption spectroscopy; pNPA: para-nitro-
phenyl acetate; pNPP: para-nitrophenyl palmitate;
PSS: polystyrene sulfonate; PTMS: phenyltrimethoxy-
silane; ROL: Rhizopus oryzae lipase; SCAD: Saccha-
romyces cerevisiae alcohol dehydrogenase; SDS:
sodium dodecyl sulfate; SDS-2: sodium dodecyl sulfo-
nate; SEM: scanning electron microscopy; TEM:
transmission electron microscopy; TEOS: tetraethoxy-
silane; TGA: thermogravimetric analysis; TLL: Ther-
momyces lanuginosa lipase; TMP: transmembrane
pressure; TTIP: titanium tetraisoproxide; TVL: Tra-
metes versicolor laccase; UF: ultrafiltration; VIMS:
vinyltrimethylsilane
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1 Introduction

Enzyme immobilization is a well-known technique
that has been practiced for decades already, finding
applications in various fields, ranging from biosensors
and bone implants to waste-water treatment facilities,
for the degradation of pollutants and bacteria and in
organic synthesis."® Inorganic membranes have been
used as carriers in many of these applications. Immo-
bilizing enzymes on membranes is an attractive
option to combine the advantages of both enzymes
and membranes; the excellent efficiency of the biocat-
alyst and the process intensification brought about by
the membrane.”®! Moreover, both enzymatic and
membrane processes are usually operated under mod-
erate process conditions, resulting in energy efficient
and environmentally friendly processes. The advan-
tages of immobilization are exploited as well, i.e., in-
creased enzyme stability and reusability in multiple
reaction cycles.* !

A number of different methods for enzyme immo-
bilization exist, which all have their advantages and
disadvantages. These have been reviewed comprehen-
sively before.'*>®l Enzymes are made insoluble
upon immobilization, which greatly facilitates the re-
covery and reuse of the enzyme, but also introduces
the mass transfer challenges of heterogeneous cataly-
sis to the process. Immobilized enzymes often show
increased resistance to process conditions as well as
improved productivity, they allow continuous process-
es and cause limited product contamination.?"??! With
these advantages, the technique can offer improved
stability and economy of industrial processes. A few
important industrial applications of immobilized en-
zymes include beverage clarification and the produc-
tion of high-fructose corn syrup, enzymes immobilized
on celite can be obtained commercially for the latter
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Figure 1. Three configurations of enzymatic membrane reac-
tors with enzymes immobilized on inorganic carriers; inor-
ganic powders or particles with immobilized enzymes sus-
pended in solution and retained by the membrane (A), inor-
ganic powders with immobilized enzymes impregnated/im-
mobilized on a polymeric membrane (B), enzymes immobi-
lized directly on inorganic membranes (C).

process.”! Nevertheless, the number of commercial
processes involving immobilized enzymes does not re-
flect the huge research efforts within the field.*%!
The reluctance of the industry to applying immobi-
lized enzymes has to do with the drawbacks of the
techniques, i.e., loss of activity and cost of fabrication.
Enzyme activity is often hampered by immobilization
due to conformational changes in the enzyme struc-
ture and due to the previously mentioned mass trans-
fer limitations.*""*2% Likewise, the immobilization
methods can negatively affect the enzyme activity,
since they generally involve several steps where the
enzyme is subject to, e.g., different reagents, shear
forces and varied temperatures for shorter or longer
periods, which can be detrimental to the enzyme ac-
tivity. The effects of immobilization on the enzyme
properties, i.e., activity, stability and reusability, vary

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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with the method applied, as well as the enzyme, sup-
port and process conditions in question.'” There is
usually a balance between the stability and activity
upon immobilization, and it must be evaluated for
each application which immobilization method and
carrier are most suitable, considering both the effects
on the enzyme properties as well as the cost of immo-
bilization and any specific restrictions/requirements
related to the intended application, e.g., in the food
or pharmaceutical industries.”>***"=]

The aim of this review is to investigate enzyme im-
mobilization on inorganic carriers, with a special em-
phasis on ceramic membranes, and to evaluate the ef-
fects of different immobilization systems on the
enzyme properties (Figure 1). Inorganic support ma-
terials present important advantages over organic ma-
terials, such as increased chemical, mechanical and
thermal resistance as well as enhanced reusability.?*”!
Besides membranes, inorganic nanomaterials are of
high interest as immobilization support given their
high surface-to-volume ratio, which allows high
enzyme loadings and minimized mass transfer resist-
ance in the reaction medium.['"*

In order to better understand the interactions be-
tween enzymes and inorganic support materials, the
important material properties regarding enzyme im-
mobilization, such as pore size and surface charge, are
discussed, followed by a discussion on membrane fab-
rication methods and their effects on the material
properties. The different immobilization techniques
are briefly introduced, as well as techniques for char-
acterization of the carriers and the immobilized en-
zymes. Finally, the enzyme properties upon immobili-
zation and reuse of the ceramic membranes are dis-
cussed. Numerous examples of enzyme immobiliza-
tion on different inorganic support materials and by
different immobilization methods have been reported
in recent papers and have been evaluated here. The
focus on the catalytic properties of the immobilized
enzyme, enzyme leakage and reusability allows the
comparison between the respective methods as well
as between the reported results and the general un-
derstanding of the different immobilization methods.

2 Inorganic Support Materials for Enzyme
Immobilization

The general requirements of support materials for
enzyme immobilization have been described else-
wherel116203334 and the most important properties
are briefly summarized below:

(i) Functional groups: A material’s functional
groups enable the covalent bonding of enzymes;
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(ii) Physical parameters: Particle size, pore structure

and active surface area are of great importance,

this subject will be explored in detail in the fol-
lowing sections;

Chemical stability: The material should be inert

towards the enzyme and unaffected by the reac-

tion media after immobilization. This is critical
for the cleaning processes for the reuse of ceram-
ic membranes;

(iv) Microbial resistance: The material should be re-
sistant to contamination by microbial growth;

(v) Thermal stability: The material should be resist-
ant to chemical or physical changes caused by in-
creased temperature;

(vi) Mechanical stability: The material should be ap-
plicable under different working conditions with-
out deforming or breaking.

(iii)

Immobilization support materials are usually placed
in two categories: organic and inorganic. The focus of
this review is on inorganic materials as they do pres-
ent the required properties mentioned above. Vast
numbers of different inorganic support materials and
morphologies have been suggested for enzyme immo-
bilization.’>" Traditionally, various silica-based ma-
terials have been preferred as inorganic carriers for
enzyme immobilization. In that sense, immobilization
on celite and controlled pore glass (CPG) have been
commonly reported,”?'! and commercial processes in-
volving celite as enzyme carrier have been estab-
lished.”” Nevertheless, new materials are constantly
being developed, which offer new opportunities for a
more efficient immobilization. There is a great inter-
est in highly porous nanoparticles with ultra-high sur-
face area, and therefore silica is still commonly
used.! Mesoporous silica, for instance, can offer sur-
face areas larger than 700 m*g .2l Other commonly
used inorganic particles include titania and zirco-
nia.?>*?%! Iron oxide nanoparticles are currently of
high interest due to their magnetic properties. The
magnetic properties can simplify the cleaning and sep-
aration of particles from solution. The separation is
achieved by applying a magnetic field to the particle
dispersion, which will attract the magnetic nanoparti-
cles (MNPs). MNPs are useful for avoiding the harsh
and time-consuming centrifugation steps normally
used after enzyme immobilization.* MNPs usually
consist of iron oxide coated with a thin layer of silica
to avoid agglomeration and to improve the chemical
stability.***! Details of the mentioned examples and
other recent examples are listed in Table 1. The active
research of enzyme immobilization has led to the de-
velopment and improvement of new materials used
for immobilization of enzymes. While the primary
focus of this review is on inorganic membranes, it is
still important to review the current state of immobili-
zation on inorganic particles as the research can be
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Material Properties Enzyme Application Ref.
silica particle size (nm): 40-1000 lipase hydrolysis of 4-nitrophenyl L4l
surface area (m?/g): 463-606 acetate to 4-nitrophenol
pore width (nm): 9.1-9.4
total pore volume (cm?/g): 0.91—
1.18
silica particle size (nm): 1000-20000 Candida rugosa lipase (CRL)  hydrolysis of p-nitriphenyl 47
surface area: (m%/g): 641 palmitate (pNPP)
pore width (nm): 2-25
silica particle size (nm): 40 glucose oxidase (GOD) or cascade reaction forming (48]
pore width (nm): 9 horseradish peroxidase (HRP) 2,3-diaminophenazine
silica particle size (nm): 288-480 formaldehyde dehydrogenase  detection of formaldehyde 2l
surface area (m?%/g): 292-723
pore width (nm): 13.2-14.4
pore volume (cm¥g): 0.9-1.8
zirconia  particle size (nm): 500 CRL hydrolysis of pNPP 47
surface area (m%/g): 14
pore width (nm): >50
zirconia  particle size (nm): 275 formaldehyde dehydrogenase  detection of formaldehyde 2l
surface area (m%g): 70.55
pore width (nm): 12.2
pore volume (cm?/g): 0.2
titania particle size (nm): 20 Trametes versicolor laccase biocatalytic degradation of (33
surface area (m%g): 60 (TVL) recalcitrant micropollutants
titania particle size (nm): 20 P. ostreatus laccase viocatalytic degradation of 3]
recalcitrant micropollutants
iron particle size (nm): <30 laccase decolorization of phenolic 431
oxide azo dyes
iron particle size (nm): 25 CRL synthesis of pentyl valerate in cyclo- 4
oxide surface area (m%g): 42 hexane

useful for membrane applications. The materials of
the inorganic particles considered for enzyme immo-
bilization exhibit different properties, which result in
specific advantages and disadvantages, depending on
the interactions between the specific inorganic materi-
al and the enzyme.

2.1 Material Surface Properties for Enzyme
Immobilization on Inorganic Powders

An interesting concept for enzyme immobilization is
to not only look at the materials used, but also the
possibilities for altering the physical parameters of
the materials in order to create an optimal environ-
ment for the enzymes. There are many different sur-
face properties that affect the success of immobiliza-
tion including (i) electrostatic forces, (ii) particle size,
and (iii) pore size. These properties have to be specifi-
cally tailored towards the enzyme in question as a
particular parameter may lead to a successful immobi-
lization of one enzyme while being incompatible with
another enzyme, as discussed in the following sec-
tions.
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2.1.1 Electrostatic Forces

It is critical to consider the electrostatic forces of the
support material and the enzyme because these forces
have an impact on the efficiency of the immobiliza-
tion process. The surface chemistry of inorganic parti-
cles changes when functionalization agents (Sec-
tion 3.4.2) and enzymes are attached to the particles,
which is a research area that has not yet been fully
explored.””*" The pH value at which an enzyme or a
particle has an overall neutral charge (zeta potential
is zero, {=0) is known as the isoelectric point
(IEP).P! The zeta potential is the potential difference
across a particle-liquid phase boundary and it is a key
element for indicating the stability of colloidal disper-
sions. The separation of the zeta potential from the
IEP expresses the amount of electrostatic repulsion
between particles. At =0 the repulsion is very small
and the dispersed particles or enzymes will rapidly ag-
glomerate. For a colloidal dispersion to be moderately
stable in water and other polar media, a potential of
+30 mV is required.[*”]

The electrostatic forces are crucial for immobiliza-
tion of enzymes on particles by physical adsorption.
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During physical adsorption of enzymes a new surface
is formed, which shifts the IEP of the inorganic parti-
cle towards the IEP of the enzyme. Once a monolayer
of enzyme is adsorbed on the inorganic particle sur-
face, the IEP will be identical to that of the enzyme,
as demonstrated by Rezwan et al.”"! In this research,
bovine serum albumin (BSA) was physically adsorbed
onto alumina particles. By repeating the immobiliza-
tion process with an increasing amount of enzyme, it
could be seen how the IEP is shifted until it became
constant as a monolayer of BSA had been formed.
Further adsorption was still possible, but not visible
by zeta potential measurements.

The zeta potential may also be used as a tool for
evaluating the extent of enzyme immobilization. Ziv-
kovic et al.””! immobilized CRL onto silica and zirco-
nia powders by physical adsorption using different
buffer solutions. By changing the pH of the disper-
sion, it was possible to change the zeta potential of
the particle and enzyme. It was discovered that a
higher absolute zeta potential of the particles resulted
in a larger amount of adsorbed lipase. Therefore,
knowledge of the zeta potential may help in predict-
ing immobilization efficiency. Oppositely charged par-
ticles and enzymes should create electrostatically fa-
vorable conditions, whereas particles and enzymes of
similar charge should lead to repulsion. However, this
does not mean that a negatively charged enzyme is
unable to attach to a negatively charged particle.*”)
Gustafsson et al.l**! immobilized two different lipases,
from Mucor miehei (MML) and Rhizopus oryzae
(ROL), onto mesoporous silica and found that the
enzyme loading of MML was 20% higher compared
to that of ROL at pH 6, but lower at a higher pH, in-
dicating that MML loading was more dependent on
pH compared to ROL. The support material was mes-
oporous silica with IEP=ca. 2, whereas the IEPs of
MML and ROL are 3.8 and 7.6, respectively. Both
silica and MML are thus negatively charged at pH
values 5-8, i.e., under the experimental conditions. By
increasing the pH, both silica and MML become
more negatively charged, resulting in lower enzyme
loading. In contrast, ROL loading on silica did not
show the same dependence on pH. This could be due
to ROL being positively charged or slightly negative
(at pH 8) and silica being negatively charged at pH 5-
8. However, it is important to note that this example
focuses only on enzyme loading and zeta potential,
but this is not necessarily the only influential factor.

2.1.2 Particle Size

Particle size can have a great impact on enzyme im-
mobilization. A smaller particle yields a higher sur-
face area which, in principle, translates into more pos-
sible space for enzymes to attach. However, the con-
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cept is much more complicated. Vertegel et al. dem-
onstrated the influence of particle size in their re-
search where chicken egg lysozyme was physically
adsorbed on the surface of silica nanoparticles with
three different particles sizes, 4, 20 and 100 nm, under
otherwise similar conditions. Enzyme adsorption be-
haved vastly differently depending on the particle
size. For 4 nm silica particles the enzyme was not able
to effectively form a layer on the surface, which could
be due to the fact that the colloidal particle is around
the same size as the enzyme. For 20 nm silica particles
the enzyme was effectively immobilized, forming a
thin monolayer on the surface. The 20 nm particles
also resulted in the highest enzyme activity. The
100 nm silica particles showed the highest enzyme
loading, but lower enzyme activity compared to the
20 nm silica particles. As the particle size increases
the surface curvature decreases, which can affect the
physical adsorption of enzymes. A low surface curva-
ture means that the parts of the enzyme that are not
in direct contact with the particle are closer to the
surface and thereby more affected by the electrostatic
forces. This can cause the enzyme to stretch out on
the particle surface resulting in deactivation of the
enzyme. It can even lead to multiple layers of en-
zymes being attached to the surface, which would
result in more inactive enzymes. In conclusion, the
enzyme immobilization yields different results de-
pending on the particle size.”” To support the results
Vertegel et al. analyzed the oa-helix content of the
enzyme, which is a secondary structure located in pro-
teins. The o-helix content was found to decrease with
increased particle size. It was concluded that the
20 nm particles had the highest activity as they pro-
vided the best combination of sufficiently high
enzyme load and a-helix content.

2.1.3 Pore Size of Porous Inorganic Particles

Just like the particle size, smaller pore size results in a
higher surface area. However, a pore that is smaller
than the enzyme is ineffective as the enzyme cannot
be immobilized inside the pore. A suitable pore size
also depends on the specific enzyme, some enzymes
are more active in compact spaces whereas other en-
zymes may need bigger pores to unfold. Gustafsson
et al.”¥ studied mesoporous silica particles with the
same particle size, but with varying pore sizes. In
their research, silica particles with pore diameters of
5, 6 and 8.9 nm were used as carriers for the immobi-
lization of either trypsin from bovine pancreas or
lipase from Mucor miehei by encapsulation. It was
discovered that the 6 nm pores were most fitting for
trypsin. The diameter of trypsin in this research is
3.8 nm and the 5 nm pores were too narrow, resulting
in a decreased diffusion rate. The enzyme loading for
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pore sizes 6 and 8.9 nm was almost identical and im-
mobilization occurred instantly. The rapid immobiliza-
tion could be due to the electrostatic forces since the
immobilization was carried out at pH 7.6, meaning
that there was a high attraction between the silica par-
ticles (IEP around 2) and trypsin (IEP 10.5). While
the enzyme loading of trypsin was similar for pore
sizes of 6 and 8.9 nm the activity was much higher
with the 6 nm pores. An explanation for this could be
that the confined space of 6 nm provided the best pro-
tection for trypsin, which is required as trypsin under-
goes autolysis, i.e., a self-reaction within the enzyme.
Performing the same immobilization but with lipase
instead of trypsin completely changed the immobiliza-
tion. The lipase used here is a slightly bigger enzyme,
with a diameter of 4.5 nm, compared to the 3.8 nm of
the trypsin used. This resulted in poor immobilization
for the pore sizes of 5 and 6 nm, as the pores were
too narrow. With the 8.9 nm pores the catalytic activi-
ty of immobilized lipase actually surpassed that of
free lipase, yielding more than double the activity. It
is believed that lipase was activated by the hydropho-
bic/hydrophilic surface interface inside the pores. The
surface consists of many hydrophilic silanol groups,
however, some of these are converted into hydropho-
bic siloxanes during the calcination steps of the
powder processing. The active sites of lipase are cov-
ered by a surface loop. As the enzyme is immobilized
it unfolds causing the surface loop to move away
from the active sites creating more access to the
active sites. Additionally, Gustafsson et al.l*l immobi-
lized two types of lipase, from Mucor miehei and Rhi-
zopus oryzae, onto mesoporous silica with the same
pore size of 9 nm but with particle sizes of 300 and
1000 nm. It was discovered that the enzyme loading
(mg enzyme g~ particle) was almost identical for both
particle sizes, but the enzyme activity differed greatly,
with the 300 nm particles having higher specific activi-
ty. With bigger particles the length of the pores in-
creases and, according to Gustafsson etal., lipase
exerts its catalytic action close to the pore openings
so that enzymes located further inside the particle
may not contribute to the activity. This underlines the
importance of choosing the correct geometric proper-
ties of the particles, as they vary depending on the
specific enzyme. Even small changes in the geometry
can greatly affect the activity of the enzyme. The
pores have to be large enough to allow diffusion of
enzymes into the pores, but not so large that enzyme
unfolding or leakage becomes an issue.>>>’)

2.2 Processing of Inorganic Membranes and Concepts
for Enzyme Immobilization

To combine the good immobilization properties of an
inorganic powder with a separation technique, the
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powder may be processed into a membrane. Enzyme
immobilization on membranes allows for continuous
processes where the enzymes are immobilized in/on
the membrane and thus kept separated from the end
product.”*®l The following section provides a short
description of the use and implementation of inorgan-
ic materials in membranes and the techniques for fab-
rication of ceramic membranes with different geome-
tries.

Inorganic membrane materials: Membranes may be
processed from polymers,* inorganic materials®™ or
a composite mixture where the inorganic powder is
implemented as part of a polymer solution.*] For this
review, the focus is on inorganic membranes. Exam-
ples of the most common inorganic materials used for
inorganic membranes are alumina, titania, zirconia,
silica and silicon carbide.® In fact, these are the
same materials as the ones used for enzyme immobili-
zation on inorganic powders, as discussed in the previ-
ous section. The important properties of the powders
regarding enzyme immobilization also apply to the
membranes.

Inorganic membrane geometries: Inorganic mem-
branes have two distinct structures with respect to the
morphology through the thickness of the membrane;
symmetric and asymmetric. Symmetric membranes
have a uniform cross section whereas asymmetric
membranes consist of a relatively thick, porous sup-
port layer and thinner and denser separation layer(s).
Inorganic membrane geometries are commonly either
planar, tubular or hollow fibre, as illustrated in
Figure 2. For microscopic images of asymmetric struc-
tures, the work of Tsuru et al.® is referred to for
multi-layered structures and Kingsbury et al.® for
hollow fibres. It is also possible to combine geome-
tries as seen in many commercial membranes where
tubes are embedded in a planar structure. The rele-
vant membrane configuration for enzyme immobiliza-
tion is an asymmetric membrane in the range of mi-
crofiltration (MF) or ultrafiltration (UF).

2.2.1 Steps in the Fabrication of Inorganic
Membranes

As described before, inorganic membranes usually re-
quire an asymmetric structure, consisting of a relative-
ly thick, porous support layer with a large pore size
(usual thickness several millimeters and pore size in
the micron range) and thinner, finely porous separa-
tion layers. For example, for a UF membrane with a
final separation layer thickness of a few hundred
nanometers and a pore size of a few tenths of nano-
meters, usually, a stepwise addition of layers with de-
creasing thickness and pore size on top of the porous
support is required to reduce excessive pressure drops
and to avoid the formation of processing defects in
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Figure 2. Typical geometries of symmetric and asymmetric
membranes.

the final separation layer. The fabrication of such
multilayer structures can be achieved by different ce-
ramic processing techniques depending on the final
membrane type [micro-/ultra- or nanofiltration (NF)]
and on the desired geometry. In the following, the
fabrication of ceramic membranes is briefly intro-
duced and the implications are explained on specific
geometries.

Inorganic membranes consisting of metal oxides
are prepared by methods based on ceramic process-

Inorganic porous support structure

Particle paste

(Material preparation)

Separation layer(s)

Drying &

Sintering

Extrusion
(Shaping)

Dip-coating

(Shaping)

ing.®™ This involves the following steps: ceramic

powder preparation, shaping, drying, and sintering.
The procedure is illustrated in Figure 3, where a sche-
matic for the fabrication of tubular membranes is
shown as an example, but the general process is also
applicable to other geometries. Normally, fabrication
starts with a particle slurry or paste consisting of the
inorganic material as a powder mixed with solvent,
organic additives and binders. Organic additives are
added in order to obtain a stable dispersion and de-
sired rheology of the slurry. Binders are for cohesion
between particles and provide strength to avoid crack
formation during drying and sintering. The mixture is
shaped to form the green body, which is then dried to
remove solvents and organic additives and finally sin-
tered. Sintering is the appliance of thermal energy to
the powder compact after the shaping step in order to
induce grain growth and densification.”! Sintering of
solids occurs over three stages: initial, intermediate
and final. During the initial sintering step, neck for-
mation between particles occurs, the particles merge
through diffusion throughout the intermediate stages,
and the final sintering stage is the densification and
elimination of isolated pores. By controlling the sin-
tering, it is possible to control the microstructural
changes and the porosity of the ceramic membrane. A
higher temperature leads to more rapid grain growth
and densification, which results in a support structure
with large particles and a low surface area. To follow
up on the general procedure, three specific processes
will be discussed further: fabrication of the inorganic
porous support structure, the separation layer(s) and
hollow fibres.

Inorganic porous support structure: For inorganic
porous supports, the material of choice is usually a-

Drying &
Sintering

Particle slurry/
sol-gel

(Material preparation)

Repetition for each additional layer

Gradually decrease

- Pore size

- Particle size

- Sintering temperature

Figure 3. Schematic diagram for the fabrication of inorganic asymmetric tubular membranes.
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aluminal! and processing starts with raw powder con-
ditioning for alumina. Aluminum is mainly occurring
naturally as bauxite [Al(OH);], extracted from the
earth by mining, and processed to produce alumina
powder. Powder properties are important, as large
pores (1-15 um) are a requirement to avoid pressure
drops.®! To achieve this, the particles must be rela-
tively large since the pore sizes are around three
times smaller than the particles. The support must
also be sufficiently thick in order to provide mechani-
cal strength. When the powder has been prepared, it
is made into a slurry or paste and shaped. To shape
the support structure, techniques such as extrusion
are used to create tubular structures. The shaping
methods for planar shapes are casting or pressing.
When the precursor formation is obtained, it is dried
followed by high temperature sintering.

Separation layer(s): As the porous support struc-
ture has been prepared, one or more separation
layers may be deposited on top to achieve MF/UF
membranes. Particle and pore sizes of the separation
layers are reduced gradually in order to avoid the
coating layers from collapsing and sinking into the
larger pores of the support. With normal powder
processing, it is possible to achieve pore diameters
down to 100 nm."”) A controlled particle size and
narrow particle size distribution of the powder is re-
quired, which is achieved by mechanical milling to
break down agglomerates. For pore sizes below
100 nm, much finer particles and very narrow particle
size distributions are required, the pore size range of
1-50 nm can be more easily obtained by a sol-gel pro-
cess.®2 In this process, metal alkoxides or inorganic
salts are hydrolyzed followed by condensation to
form a sol (nanoparticles in solution). An example of
this is given here for the preparation of TiO, nanopar-
ticles.[” Titanium tetraisoproxide (TTIP) is mixed in
an aqueous solution with an acid such as HCI. Hy-
drolysis and condensation results in the TiO, sol. The
particle size depends on the concentration of TTIP,
the water/acid ratio and duration of hydrolysis. A suit-
able porous support structure can then be coated with
the TiO, sol by an appropriate coating technique, for
example by dip-coating. Subsequently, the coating is
dried and sintered. The sol preparation, the drying
and sintering (temperature) of the applied layer must
be controlled carefully to achieve a defect-free coat-
ing with a very narrow pore size distribution. Lower-
ing the sintering temperature reduces the pore size
and increases the porosity.® In conclusion, the fabri-
cation of inorganic multilayer membranes requires an
increasing number of complex coating and firing steps
if the pore size of the membrane separation layer is
to be reduced from MF to UF and NF.

Hollow fibres: Fabrication of hollow fibres differs
from the procedures seen for planar and tubular
membranes. Here, a combined phase inversion and
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sintering technique is used. An example was given by
Kingsbury et al. for alumina hollow fibres.[”l A sus-
pension consisting of alumina particles of three differ-
ent sizes was prepared, the suspension was extruded
through a tube-in-orifice spinneret and into a coagula-
tion bath where the hollow fibres were left in order to
complete phase inversion. The fibres were immersed
in water to remove N-methyl-2-pyrrolidone that was
used in the suspension. Finally, the fibres were cal-
cined and sintered to create alumina hollow fibres.
This differs from the methods of systematically
adding layers as seen for the fabrication of tubular
and planar membranes, since asymmetry can be ach-
ieved in a single process for hollow fibres. Phase in-
version has furthermore the advantage that it creates
a structure within the membrane, which consists of an
outer sponge-like region with large finger-like voids
with low tortuosity.

2.2.2 Effects of Fabrication on Membrane Properties

An important aspect to consider is the structural
changes of the ceramic materials caused by the sinter-
ing steps. The crystal structure changes depending on
the particle size and sintering temperature. A specific
example of this would be to look at the crystal struc-
ture of titania, which is one of the common materials
of inorganic membranes. Ding etal.l’” investigated
the phase transformation of titania from anatase to
rutile with three different particle sizes. It was discov-
ered that smaller particles undergo phase changes at
lower temperatures compared to bigger particles. This
is important for determining the sintering steps and
the possibility to either retain or change the crystal
structure. Different crystal structures may also show
different hydration behavior. The surface hydroxy
density is an important factor in enzyme immobiliza-
tion since the hydroxy groups are used to bind linking
agents that can covalently bond with enzymes, which
is a topic explained in the upcoming section. The hy-
droxy groups on inorganic surfaces are eliminated
through temperature increase./®®®! It is however possi-
ble to reacquire the hydroxy groups that are lost after
sintering. Hydroxy groups are naturally formed by hy-
dration of water vapor in the atmosphere,”™ however,
this is a slow process. Hummer et al.”! investigated
the hydration behavior of anatase and rutile and
found that 96% of water molecules remained stable
on anatase, whereas rutile had a higher tendency to
dissociate water to form hydroxy groups and only
75% of the water molecules remained stable on the
surface. Instead, the membrane surface may be acti-
vated by reaction with chemicals such as hydrogen
peroxide in order to form hydroxy groups on the sur-
face.
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Locations for enzyme immobilization in asymmetric
membrane structures: Depending on the membrane
morphology, enzymes can be immobilized in different
locations of the asymmetric inorganic membrane
structure. As described above, an asymmetric UF/MF
inorganic membrane consists of multiple layers where
an enzyme could be attached, i.e., the support layer
and the separation layer(s), as shown in Figure 4.

The separation layers (a) are very thin, resulting in
low overall open pore volume, even though the sur-
face area is high. The support layer (b) on the other
hand, is relatively thick giving a high overall pore
volume, whereas the surface area is very small be-
cause of the large sintered particles. Immobilizing en-
zymes in area (a) is very likely to result in pore block-
age, fouling and a heavily reduced flux as the enzymes
are attached to very narrow pores, which is also a
problem experienced with polymeric membranes.!
Similar issues were also discussed in the previous sec-
tion on mesoporous particles. Enzymes immobilized
in area (b) should not cause any significant reduction
in flux as the pore diameter in this layer is sufficiently
high. However, with such a low surface area, the
enzyme loading is expected to be low and larger
pores offer less protection to the enzyme, which can
result in heavy enzyme leakage. This leads to differ-
ent options for enzyme immobilization in inorganic
membranes. One option is enzyme immobilization in
the inorganic membrane as just described, which will
likely result in low enzyme loading. Another option is
to modify the surface through surface treatment or
the previously mentioned activation, for example,
with impregnation of a highly active, high surface
area powder. The overall surface area may be in-
creased considerably by this method, which simulta-
neously increases the enzyme loading potential and
provides small narrow spaces for protection of the
enzyme and minimized leakage. The inorganic surface
of membranes, powders and particles can be made
more susceptible to enzyme immobilization by differ-
ent activation methods, as will be described in the
coming section.

Separation layer(s) [

Support structure

3 Techniques for Enzyme Immobilization
on Inorganic Materials

Enzyme immobilization is achieved by different phys-
ical and chemical methods. The common methods in-
clude physical adsorption, entrapment/encapsulation,
covalent bonding, affinity attachment and self-immo-
bilization by cross-linking. These methods are illus-
trated in Figure 5. The last method differs from the
others in that it does not require a carrier for the im-
mobilization."*’? The other methods are applicable to
inorganic surfaces.

E s %z

+
¥

gf%te ¢¢.

Figure 5. The most common enzyme immobilization tech-
niques illustrated; covalent bonding (A), physical adsorption
(B), cross-linking (C), entrapment (D) and encapsulation

(E).

3.1 Physical Adsorption

Physical adsorption is one of the most simple immobi-
lization techniques. It is based on physical interactions
of the carrier and enzyme such as dipole-dipole, ionic
forces, hydrophobic/hydrophilic, van der Waals forces,
hydrogen bonding and electrostatic forces. Electro-

‘|4 a) High surface area
| small pore diameter
low overall volume

4= b) Low surface area
large pore diameter
high overall volume

Figure 4. Two distinct areas where enzymes may attach on an inorganic membrane.
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static forces play an important role in the physical ad-
sorption onto ceramic materials, since both the ceram-
ic materials and the enzymes are typically charged in
aqueous solutions and the degree of adsorption can
thereby be controlled by the pH of the solution and/
or by the right pairing of enzyme and support materi-
al based on their TEPs.>” The immobilization can be
carried out simply by immersing the carrier in the
enzyme solution. The enzyme retains much of its ac-
tivity but typically gains little stability and is easily
lost as it leaches from the support.'*!*?**] This can
particularly be seen in studies where different immo-
bilization methods have been compared, for instance,
TVL physically adsorbed onto TiO, nanoparticles lost
50% of its activity after being immersed in buffer for
six days, while both covalently bonded and cross-
linked TVL on the same carrier retained over 90%
activity after the same treatment.” Similarly, the ac-
tivity retention after eight batches of reaction cata-
lyzed by adenosine deaminase either physically ad-
sorbed or covalently bonded onto TiO, microparticles
was 10% and 80%, respectively.””! On the other hand,
the higher activity retention of physically adsorbed
enzyme compared to covalently bonded enzyme was
seen in a study where the enzyme Esterase EreB
from genetically modified E. coli was immobilized on
TiO, membranes, the adsorbed enzyme showed an
almost 30% higher pollutant degradation rate than
the covalently bonded enzyme, even at lower enzyme
loading, or 4.4mgL™' physically adsorbed vs.
7.7 mgL~" covalently bonded enzyme."* In addition to
TiO, particles and membranes, various types of inor-
ganic supports have been used for enzyme immobili-
zation by physical adsorption, for example, silica, alu-

mina and zirconia membranes, particles and pow-
ders [43547.76-78]

3.2 Affinity Attachment

Affinity attachment is an alternative immobilization
method, which is based on strong, non-covalent bonds
that are more specific than the bonds formed in physi-
cal adsorption. The specific bonds are formed be-
tween affinity tags on the enzyme and carrier, e.g.,
biotin and avidin/streptavidin or polyhistidine and bi-
valent metal ions."*? The affinity tags are either
found in the enzyme naturally or they must be at-
tached to the enzyme by genetic engineering."®! The
strong, yet non-covalent bonds offer both reversibility,
high stability and high activity, but a drawback of this
method is the often high degree of complexity.'*1?l A
more simple approach to affinity attachment has been
described in recent papers, where the enzyme is im-
mobilized by affinity interactions between the enzyme
and bivalent metal ions that have been mixed with
the enzyme carrier, for example, metal ceramic

Adv. Synth. Catal. 2018, 360, 2578 —2607

58

powder (MCP) or ceramic hydroxyapatite. The results
still show high enzyme activity and stability.*7*%!

3.3 Entrapment/Encapsulation

Enzymes can be entrapped or encapsulated within
solid structures, e.g., in membranes and sol-gels,
either by incorporating them in the manufacturing
process, or by filtering an enzyme solution through a
membrane so that the enzymes will be trapped in the
pores.?!l Alternatively, enzymes can be entrapped in a
network of polyelectrolytes of alternating charges as-
sembled using a layer-by-layer (LbL) method. For the
latter, charged polymers such as polyethyleneimine
(PEI), poly(allylamine hydrochloride) (PAH), poly-
styrene sulfonate (PSS) and chitosan have been ap-
plied to grow LbL films on solid supports, e.g., silicon
wafers, polymeric and polycarbonate membranes and
glass slides. The enzyme is introduced into the grow-
ing LbL film by exploiting the electrostatic charges of
the enzyme, so that a layer of enzymes is formed and
entrapped between the layers of oppositely charged
polymers."**!l Entrapment and encapsulation provide
a protective microenvironment within the solid sup-
ports and have little effect on the enzyme structure,
the catalytic efficiency is however often hampered by
mass transport limitations."S***?! Likewise, the en-
zymes are easily lost due to leakage from the support,
therefore, the method is often combined with other
methods, such as cross-linking, to enhance the reusa-
bility of the enzyme."”!

3.4 Covalent Bonding

Covalent bonding provides the strongest interactions
between enzyme and carrier and is one of the most
widely used immobilization methods."*** Covalent
bonding is a multi-step process that generally requires
the promotion of reactive groups on the inorganic sur-
face as a first step, followed by functionalization and
activation and lastly reaction with the enzyme. For
the purpose of enzyme immobilization, surface activa-
tion and functionalization provide the link between
the surface and the enzyme in the form of functional-
izing and activating agents. The enzyme is then at-
tached to the activating agent, typically through the &-
amino group of lysine, the thiol group of cysteine or
the carboxylic group of aspartic and glutamic acids.')
The procedure and the terminology used here are il-
lustrated in Figure 6, the commonly used functionaliz-
ing and activating agents, 3-aminopropyltriethoxysi-
lane (APTES) and glutaraldehyde (GA) are shown.
The covalent methods are complicated in practice,
as they require multiple, time-consuming steps and
often expensive and/or toxic reagents. The enzyme ac-
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Figure 6. A schematic diagram of the multi-step procedure for covalent immobilization on a ceramic surface. The example
shows (i) the promotion of reactive groups on the ceramic surface, (ii) functionalization with APTES (EtOH stands for etha-
nol), (iii) activation with GA and (iv) immobilization of the enzyme.

tivity often decreases upon covalent immobilization
due to conformational changes of the enzyme and/or
decreased mobility but, in return, the covalent bonds
give high stability and reusability of the catalyst.l1>3*
The properties of the immobilized enzyme can be
controlled to a certain extent by the choice of reac-
tion conditions, the functionalizing and activating
agents and other factors. A number of functionalizing
and activating agents has been successfully used for
covalent enzyme immobilization, such as organosi-
lanes, gelatin and PEI for functionalization and GA,
carbodiimides and carbonyldiimidazole (CDI) for ac-
tivation. APTES and GA are without a doubt the
most widely used agents.’**! A detailed description
of the methods and the chemistry of functionalization
by the above-mentioned and more agents on inorgan-
ic surfaces, notably silica surfaces, can be found in a
recent review by Zucca and Sanjust.’* The different
steps of surface functionalization prior to immobiliza-
tion are briefly described below.

3.4.1 Promotion of Reactive Groups on Ceramic
Surfaces

Unlike most inorganic surfaces, which naturally exhib-
it a high degree of hydroxylation,* ceramic materials
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generally require the promotion of reactive groups, or
surface activation, as a first step of the covalent im-
mobilization strategy. This is due to the absence or
lack of reactive groups on the untreated surface,'**!
since ceramic materials undergo a decrease in surface
area and activity during the fabrication process, e.g.,
calcining and high temperature sintering.>75% Sur-
face activation of ceramic materials entails the pro-
motion of hydroxy groups on the surface. This can be
achieved by chemical and physical methods, such as
by treatment with acids or bases, or with thermal
treatments.**”! A common practice is to combine dif-
ferent methods, notably using chemical methods in
conjunction with, e.g., sonication,?**/ elevated tem-
peratures®*" and/or microwave assistance.”**?

One of the most commonly encountered surface ac-
tivation agents in the literature is piranha solution
(H,0, and H,SO,, ca. 1/3 v/v). The support, for exam-
ple, silica, alumina and zirconia, is immersed in the pi-
ranha solution for up to an hour, sometimes with
heating.#*3%1 Kroll et al.”” compared four different
surface treatments for the hydroxylation of a zirconia
membrane; piranha solution at room temperature and
95°C, NaOH at 95°C and a hydrothermal treatment
using steam. The highest loading capacity of hydroxy
groups was obtained by using piranha solution; the
number of OH groups on the surface increased from
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0.5 to 1.2 OH/nm?, or by a factor of 2.4, as compared
to the untreated surface. The piranha solution was
more effective than the NaOH and hydrothermal
treatments, but the temperature did not affect the
loading capacity, as similar loading capacities were
obtained with piranha solution at room temperature
and 95°C. Other acidic and chemical treatments are
also commonly used, e.g., using concentrated or
dilute acids,’**" acetone and/or ethanol.?3>*%%1 Al-
ternatively, water can be used for surface hydroxyl-
ation, as has been successfully applied on alumina
and titania surfaces.[*!1%!

3.4.2 Functionalization

Functionalization is the introduction of a functionaliz-
ing agent to a surface to tailor the surface properties
for a specific purpose. The functional groups, for ex-
ample, hydroxy, epoxy or amine groups, are attached
to the surface either covalently or by physisorption.™*”!
Enzyme immobilization is one important objective of
functionalization, but by far not the only one, the
technique is also used for fouling mitigation and to
change the adsorptive or hydrophilic character of a
surface for removal of heavy metals, gas separation or
impregnation of metal catalysts onto surfaces, to
name but a few alternatives.”**'"'""'%! Common func-
tionalizing agents for enzyme immobilization include
organic compounds such as organosilanes and poly-
mers such as PEI, polyethylene glycol (PEG) and gel-
atin."%

Functionalization using polymers is obtained by
coating the support with the polymer rather than by
forming direct covalent bonds between the polymer
and support. The polymers, usually gelatin or PEI,
are water soluble (the branched PEI polymer, not the
linear) and contain amino groups that can be further
derivatized by the activating agents which are used to
attach the enzyme. The polymers are thus activated to
form covalent bonds with the enzyme, unlike in the
entrapment method where the enzyme is entrapped
between polymer layers due to electrostatic
forces.'17] This method is conveniently applied to
membranes, which can be coated with biopolymers in
a simple procedure where a polymer solution is fil-
tered through the membrane. A thin polymer layer
can be obtained which is compacted under the pres-
sure applied during filtration.*'*3] PEI is found to
provide a hydrophilic environment for the enzyme,
has protein stabilizing effects and offers multi-point
attachment of the enzyme.'"!”’l The polymer layer,
even though very thin, inevitably affects the permea-
bility of the membrane. Chea et al.®™ found the water
permeability of a 0.2 um alumina membrane to de-
crease from 1000 L (hm?bar)™' for the native mem-
brane, to 20 and 4.5 L (hm?bar) ™' for the biocatalytic
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membranes prepared with 1 and 10 gL' gelatin solu-
tions, respectively. Likewise, the biocatalytic mem-
branes prepared by Cazes et al.”) showed a decrease
in permeability of 4244 L (hm?bar)™" for the raw sup-
port to below 400 L (hm*bar)™" for the gelatin coated
membranes. In their work, laccase was immobilized
on 02pum and 1.4 pum alumina membranes which
were functionalized with a gelatin coating and activat-
ed with GA. The permeability decreased to 38 and
346 L (hm*bar)™ for the 0.2 um and 1.4 um mem-
branes, respectively, using 1 gL™' gelatin solution. By
increasing the gelatin concentration to 10 gL™", the
permeability further decreased to 10 L (hm?bar)™! for
the 0.2um membrane while it was steady at
346 L (hm*bar)™! for the 1.4 um membrane. As seen
from these numbers, it is important to be able to pre-
dict the effects of the immobilization method on the
permeability, the separation factor and various other
parameters, and to select the support accordingly.
Functionalization by organosilanes is generally ach-
ieved by grafting, a process in which the support is
treated with the organosilanes, typically trialkoxysi-
lanes, that form a coating of covalently bonded silanes
on the surface with an organic functional group ex-
tending out into the liquid media.’"! Trialkoxysilanes
have a similar backbone structure of (RO);-Si-
(CH,),-X where R is commonly methyl or ethyl
group, n is 3 and X is a functional group. The silicon
atom of the trialkoxysilane forms covalent bonds with
the hydroxy groups of the carrier surface, releasing
one, two or three ROH molecules in the process. The
functional group, X, is further derivatized by the acti-
vating agent in the following step. Alternative func-
tionalization routes by organosilanes are co-condensa-
tion and oligomer hydrolysis, but these are of less im-
portance for enzyme immobilization, especially on
membranes.?*1%1% Co-condensation and oligomer
hydrolysis are mainly used for orthosilicate particles
formed by means of sol-gel synthesis. In co-condensa-
tion, the functionalization and sol-gel synthesis are
obtained in a one-step process where an even distri-
bution of organic functional groups is obtained in the
structure of growing sol-gel particles.'""” Hartono
et al."'% described the preparation of functionalized
mesoporous silica carriers by co-condensation of tet-
raethoxysilane (TEOS) with either APTES, 3-mercap-
topropyltrimethoxysilane (MPTMS), vinyltrimethoxy-
silane (VIMS) or phenyltrimethoxysilane (PTMS).
The amino-functionalized carrier showed the highest
cellulase (from Tricoderma reesei) loading capacity
while the vinyl-functionalized carrier resulted in
higher cellulase activity retention. The higher enzyme
loading observed was explained by the stronger elec-
trostatic interactions between the negatively charged
proteins and positively charged amino-functionalized
carrier, as opposed to negatively charged vinyl-func-
tionalized carrier, while the lower activity retention
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was explained by the formation of covalent amide
bonds between the amine of the APTES and carbox-
ylic acid residues of the proteins, which lead to con-
formational changes in the enzyme structure and de-
formation and/or blocking of the active sites of the
enzyme. The immobilization on the vinyl-functional-
ized carrier was primarily by physical (hydrophobic)
interactions between the vinyl functional groups and
the enzyme, which provided a suitable microenviron-
ment for the enzyme. A few examples of trialkoxysi-
lanes that have been reported for use in enzyme im-
mobilization are listed in Table 2.

APTES is a popular choice as a functionalizing
agent for enzyme immobilization. APTES has been
used for the functionalization of several different in-
organic carriers, such as ceramics (TiO,, Al,O; and
Si0,),23548 coal-fly ash,™ glass™™! and nanosili-
calite."" The common choice of APTES can further
be seen in Table 5, where a number of recent exam-
ples of enzyme immobilization on inorganic carriers
has been listed.

Kroll et al.”! found that the APTES loading capaci-
ty on a ZrO, microtube membrane increased with
APTES concentration, temperature and incubation
time, both in toluene and DI water as solvents. The
APTES loading capacity varied from 1.0 to
50.1 ugm * under the operating conditions investigat-
ed. Higher APTES loading resulted in higher enzyme
loading, and significantly higher, up to 8.5-fold higher,
than unspecific enzyme adsorption onto the untreated
membrane surface. On the other hand, the permeabil-
ity of an alumina membrane upon functionalization
with APTES was reported by Ranieri et al.:*!! the
functionalization resulted in an APTES loading of
1.26 umolcm > which caused a 37% decrease in the
water permeability compared to the native mem-
brane. The water permeability further decreased to

53% of the original permeability by activation with
GA and to 12% by the immobilization of lipase.

3.4.3 Activation

Activation is the final step prior to the enzyme immo-
bilization. Activation is the generation of electrophilic
groups on the support, which will react with the
strong nucleophiles on the proteins. A few examples
of activating agents include GA, N-(3-dimethylamino-
propyl)-N'-ethylcarbodiimide hydrochloride (EDC),
N-hydroxysuccinimidyl (NHS), hexamethylene diiso-
cyanate (HDMI) and CDI.[' 861181211

Glutaraldehyde is an inexpensive activation agent,
and a popular choice for enzyme immobilization. The
reaction between the aldehyde group of GA and an
amino group of the enzyme is pH dependent and
found to take place through either the formation of a
Schiff base or Michael-type addition. The formation
of a Schiff base is often described, but it is also debat-
ed if Schiff base formation is the actual route for acti-
vation with GA, given the low stability of the ob-
tained Schiff base under acidic conditions.6-27:29349%122]
The Schiff base route is generally accepted for other
aldehydes, e.g., benzaldehyde.'”! GA provides a
rather long spacer between the enzyme and support,
the exact length of the spacer can be controlled with
temperature and pH, among other factors, since the
monomer is known to exist in equilibrium with at
least 12 other di-/oligo- and polymeric forms,*!>*!1%]
A comparison of two activating agents, namely GA
and HDMI, could be seen in a study where GA and
HDMI were used for the activation of PEI-functional-
ized silica spheres for the subsequent immobilization
of lipase from Thermomyces lanuginosus. Activation
by GA showed the overall best performance, both in

Table 2. Examples of trialkoxysilanes used for the functionalization of inorganic supports in enzyme immobilization.

Functionalizing agent Organic functional group Ref.
(3-aminopropyl)triethoxysilane (APTES) -NH, [113]
[3-(methylamino)propyl]triethoxysilane -NH-CH;, [14]
(3-mercaptopropyl)trimethoxysilane (MPTMS) -SH lllfl
(3-isocyanatopropyl)triethoxysilane (IPTES) N=C=0O [115]
(3-chloropropyl)triethoxysilane —Cl el
vinyltrimethoxysilane (VTMS) -CH=CH, [110]
phenyltrimethoxysilane (PTMS) [110]
3-(glycidyloxypropyl)trimethoxysilane (GPS) \O X [117]
(0]
3-(trimethoxysilyl)propyl methacrylate \o CH, [11s]
CHs,
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terms of immobilization efficiency and yield (82%
and 88%, respectively, for GA vs. 68% and 73% for
HDMI) as well as stability and reusability."*!]

4 Techniques for Characterization of
Enzymes on Inorganic Particles

Characterization of enzymes on particles is an impor-
tant technique to gain understanding and to deter-
mine the success of the immobilization process. Char-
acterization may also provide knowledge on the cor-
relation between enzyme immobilization and activity.
A wide variety of techniques exists that not only can
be used to detect enzymes, but also characterize their
structural behavior and distribution on the surface of
the inorganic particles. These are important parame-
ters for optimization of enzyme immobilization but
many different techniques are required in order to
thoroughly analyze the immobilized enzyme. The
characterization techniques have been split into two
categories: (i) detection and visualization of enzymes
and (ii) enzyme structural behavior on inorganic parti-
cles, which will be discussed in the following sections.
While the focus in this section is on inorganic parti-
cles, it should be mentioned that possibilities for uti-
lizing some of the techniques for characterization of
enzymes on ceramic membranes also exist. It is also
important to consider that most of the characteriza-
tion techniques are only useful when comparing the
free enzyme to the immobilized enzyme or a free ma-
terial with the immobilized material.

4.1 Detection and Visualization of Enzymes on
Inorganic Particles

Detection and visualization of enzymes on inorganic
particles revolves around using a large variety of mi-
croscopic or spectroscopic methods. Being able to vis-
ualize the immobilized enzymes may give insight into
their distribution behavior on the surface or inside
the pores. Microscopy can also be used to analyze the
stability of inorganic materials when exposed to en-
zymes. Some of the most interesting methods are dis-
cussed in the following section, but for an in-depth
list of characterization methods, see Table 3. The
table highlights examples of methods used to detect
specific enzymes. These methods can obviously be ap-
plied to other enzymes and inorganic materials as
well.

Fluorescence microscopy: Fluorescence microscopy
is a technique that involves a microscope that utilizes
fluorescence to generate an image. This can be effec-
tively used for the detection of enzymes that have
been tagged with a dye before immobilization on a
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support. Matsuura et al. have done extensive research
in applying fluorescence microscopy for visual distri-
bution of enzymes on mesoporous silica.?>**!*! An in-
teresting approach for detecting multiple enzymes is
to apply different dyes to different enzymes. This
method enabled the direct visualization of lipase
(from Phycomyces nitens) and trypsin (from porcine
pancreas) on mesoporous silica, and revealed a uni-
form distribution of the enzymes by fluorescence de-
tection of each individual enzyme and additionally by
merging the images.

Confocal laser scanning microscopy: Confocal laser
scanning microscopy (CLSM) is a technique that ena-
bles the visualization of enzymes inside the inorganic
pore structures of porous powders. This is done by op-
tical sectioning, which makes it possible to observe
fluorescence-tagged enzyme distribution inside the
particle by 3D reconstruction of 2D images at differ-
ent depths.™ As with fluorescence microscopy the
enzymes must first be fluorescence-tagged. This tech-
nique is used effectively for detecting enzymes inside
particles but also for optimization of the pore diame-
ter by comparing microscopic images of samples with
different pore diameters.[**"*1?"1%81 A good example of
using this technique was reported by Suh et al.,®
who investigated the immobilization of BSA on nano-
porous silica particles with different pore sizes and
used CLSM to visualize the success of immobilization
inside the pores.

Scanning electron microscopy and transmission
electron microscopy: Electron microscopy is a
common technique for surface characterization and is
regularly used for surface characterization of the inor-
ganic supports used for enzyme immobilization. Scan-
ning electron microscopy and field emission scanning
electron microscopy (SEM and FESEM) are highly
efficient for surface characterization — such as particle
size, morphology, shape and distribution. Further-
more, it is possible to make a comparison of the inor-
ganic particles before and after immobilization to
better visualize the surface morphological changes or
if the particles start to agglomerate due to enzyme
immobilization.P*#"7*12*13% Tt should be noted that
while SEM is excellent for surface characterization, it
is unable to directly observe the enzyme. Wu et al.’”)
immobilized amylase onto Cu-MCP and used SEM
imaging in order to characterize the enzyme distribu-
tion. The fabricated Cu-MCP contained many cracks
and characterization showed that enzyme immobiliza-
tion occurred on the surface, including in the cracks.
A decrease in surface area confirmed the immobiliza-
tion on Cu-MCP and that the enzymes filled the
cracks. Hou et al.®! complemented SEM analysis with
the use of electron dispersive spectroscopy (EDS). In
this research, titania nanoparticles were implemented
in a polyether sulfone (PES) membrane followed by
immobilization of TVL. A cross section of the mem-
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Table 3. Methods for the detection and visualization of enzymes on inorganic materials.
Method Enzyme/Protein Material Characterization useful for Ref.
AFM GOD, HRP, cellulase, titania, gold, silica direct qualitative characterization, (133,128,136,137]
CALB," subtilisin Carls- agglomeration characterization,
berg, TLL"! height distribution
SEM lipase, laccase, amylase, MNP, silica, MCP, titania,  surface visualization, particle sta- [35.47.79,128-130,138]
ADH"4+FDH,"Y CALB, zirconium, zirconia bility and morphology, not directly
subtilisin Carlsberg, TLL able to see the enzyme
EDS laccase titania elemental composition (3
TEM streptavidin, lipase, titania, zirconia, magnetite, surface visualization, particle sta- [45,127.129,131-133]
SCAD," lysozyme, cellu- silica, MNP, carbon nano-  bility and morphology. Enzyme dis-
lase, laccase tube, silica/iron oxide tribution for tagged-enzymes
fluorescence lipase, trypsin, glutaminase  silica direct enzyme distribution visuali- 3¢
microscopy zation. fluorescence-tagged en-
zymes required
CLSM bovine serum albumin, silica, titania, silica/iron direct enzyme distribution visuali- 15951271281
streptavidin, laccase, CALB, oxide zation. fluorescence-tagged en-
subtilisin Carlsberg, TLL zymes required
N, adsorp-  lysozyme, a-amylase, hemo- silica, alumina, zirconia, ti- surface area measurements, indi- 771271
tion iso- globin, streptavidin tania rect quantitative characterization
therm inside pores
zeta poten-  BSA, lipase alumina, silica, zirconia indirect qualitative characteriza- 7
tial tion, changes in electrostatic poten-
tial after immobilization
XPS GOD, HRP, lipase titania, gold, silica, MNP,  elemental composition (129,134,136,137]
carbon nanotube
XRD lysozyme, cytochrome C, silica, alumina, zirconia, indirect qualitative surface charac- *71¥)
myoglobin, a-amylase, lac-  silica/iron oxide terization, strain development
case caused by enzyme interaction
Bradford BSA, lysozyme silica enzyme load determination by (52381
assay measurement of supernatant
TGA lipase zirconia destructive enzyme determination 13!
quartz crys- HRP, GOD silica, in-situ monitoring of enzyme im- 4]

tal microba-
lance

mobilization

®

| Candida antartica lipase B.

| Thermomyces lanuginosa lipase.

1 Alcohol dehydrogenase.

| Formate dehydrogenase.

¢l Saccharomyces cerevisiae alcohol dehydrogenase.

T =25 T

brane was made by fracturing the membranes and
coating with chromium. SEM combined with atomic
mapping of titanium using EDS resulted in direct vis-
ualization of the titania distribution. The analysis con-
cluded that adding 4% titania inside the membranes
gave a good distribution of particles on the surface
and inside the membrane. Increasing the amount of
titania to 6% showed clear signs of agglomeration.
Another commonly used electron microscopy
method is the transmission electron microscope
(TEM) [$12719.315135] TEM allows imaging at a much
greater resolution than SEM, with the limitation that
it provides two-dimensional projections of the struc-
tures as the image is created by the transmitting elec-
trons going through the sample. This also means that
the sample must be very thin. TEM imaging can be
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used to directly visualize any changes that occur to
the particles after enzyme immobilization, such as
size, shape and agglomeration. Ye et al.'"”! used TEM
in order to visualize how the size of titania nanoparti-
cles increased after aminosilanization for 4, 16 and
26 hours. Furthermore, a similar procedure was con-
ducted by Li et al.,® who used TEM to analyze iron
oxide nanoparticles before and after binding to
SCAD. The results showed that the particles were still
well dispersed after immobilization, and that the
mean diameter increased from 25 nm to 30 nm. Just
like with SEM, direct observation of individual en-
zymes is not possible with TEM. However, an inter-
esting use of TEM is the immunogold staining proce-
dure, where the enzymes are tagged with gold nano-
particles, making direct observation through TEM
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possible. This allows the exact location and visualiza-
tion of individual enzyme molecules on the surface.
Piras et al.'*?l embedded human lysozyme immobi-
lized on SBA-15 mesoporous silica with an LR gold
resin and cut it into thin sections of 60-80 nm. After-
wards, two incubation steps were carried out: one
with an unlabeled primary antibody followed by a
secondary colloidal gold conjugated antibody. The
result is gold particles attached to lysozyme and TEM
imaging is able to detect the individual gold particles.
Atomic force microscopy: An additional method of
visualization of individual molecules is atomic force
microscopy (AFM). AFM is a microscopic technique
that allows visualization at a single-molecule level
with sub-nanometer accuracy. AFM is an effective
technique for surface characterization of as-received,
functionalized and enzyme-immobilized inorganic
particles as it allows precise surface measurements for
enzyme distribution, agglomeration and height meas-
urements.**1%13017 Ahmad et al.'* used AFM as a
way to analyze the distribution of cellulase from As-
pergillus niger onto titania nanoparticles by either
physical adsorption or covalent bonding. This was
done by creating 2D and 3D imaging showing the
height distribution of titania nanoparticles before and
after immobilization. The titania nanoparticles re-
vealed a very smooth surface with almost no peaks in
the height distribution. However, the physically ad-
sorbed cellulase was visible by the presence of large
height increases in localized areas, indicating that the
enzyme was not uniformly adsorbed onto the surface,
but rather agglomerated on the surface. Covalently
bonded cellulase showed much more promising re-
sults, with an overall increase in height compared to
the original surface, indicating the presence of
enzyme but with a more uniform distribution with
only few signs of agglomeration. Furthermore, analy-
sis of the enzyme activity revealed that the covalently
immobilized enzyme performed much better, which
could be due to the improved distribution and there-
by fewer inactive enzymes caused by agglomeration.

4.2 Methods for Characterization of Enzyme
Structure

Enzymes are macromolecules and their shape/confor-
mation is influenced by their environment. Conforma-
tional changes of enzymes can be induced by many
factors, such as differences in temperature or pH, as
well as by interactions and bonding between the
enzyme and a support material. Therefore, a structur-
al characterization of the enzymes after immobiliza-
tion can provide important information about the suc-
cess of immobilization and enzyme activity."*! In the
materials section it was described how the enzyme
structure can change due to strong interactions with
inorganic particles. Some of the most interesting
methods for characterization of the structure of im-
mobilized enzymes are discussed in the coming sec-
tion, but for an in-depth list of methods, see Table 4.
The table highlights examples of methods used to
detect conformational changes of specific enzymes.
These methods can obviously be applied to other en-
zymes and inorganic materials as well.

Circular dichroism: Circular dichroism (CD) is a
spectroscopic technique that has been used for struc-
tural analysis of enzymes.P>>*71313l CD can be used
to detect the secondary structures of enzymes, such as
a-helices and f-sheets. By comparing the contents of
secondary structures between free and immobilized
enzymes, it is possible to estimate the structural loss
caused by immobilization. These structures have
highly defined bands in the CD spectrum and any in-
tensity decrease will signal the loss of structure. Ver-
tegel et al.’”) immobilized chicken egg lysozyme on
silica nanoparticles of different sizes by physical ad-
sorption. Using CD, they were able to see the effect
of particle size and pH on the enzyme secondary a-
helix structure. The intensity of the bands was con-
verted to the content of a-helicity for direct compari-
son between the different experiments. Similarly,
Sang et al.’¥ investigated how the pore diameter of
silica particles affected the secondary structure of
chicken egg lysozyme and equine heart myoglobin. It

Table 4. Characterization of enzyme structures on inorganic particles.

Method Enzyme Material Characterization useful for Ref.
Raman laccase gold, silver, thiols structural characterization (144]
spectroscopy
CD lysozyme, cytochrome silica, carbon nanotube structural characterization of [52:54.57.134.139]
C, myoglobin, hemo- active sites on enzymes
globin, lipase
IR a-amylase, lysozyme, ~ zirconia, silica, alumina,  characterization of functional ~ [¥#475459.77.79.127.131133.135.142.143]

streptavidin, lipase,
SCAD, lysozyme, my-
oglobin, cellulase, lac-
case

ite, silica metal ceramic

tals

titania, zirconia, magnet-

powder, germanium crys-

groups of the particle and
enzyme. qualitative confirma-
tion of enzyme immobilized on
to particle

Adv. Synth. Catal. 2018, 360, 2578 —2607

64

2594

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

PhD Thesis



asc.wiley-vch.de

Adva
Synthesis &
Catalysis

was discovered that for lysozyme, a-helix and pB-turn
were mostly unaffected by increasing the pore diame-
ter, and they saw an increase in the f-sheet content.
For myoglobin there was a significant loss of a-helix
content with increasing pore diameter, indicating that
myoglobin preferred a confined space close to its own
dimensions. The relative activity decreased with
higher pore diameter, and the loss of structure charac-
terized with CD is a useful tool to help understand
why the enzyme activity decreases.

Infrared spectroscopy: Infrared spectroscopy (IR)
is a spectroscopic characterization technique that is
widely used for characterization and identification of
enzymes on inorganic supports. The different types
that are used are diffuse reflectance Fourier transform
infrared (DRIFT),” polarization modulation infrared
reflection absorption spectroscopy (PM-TRRAS),!'!
and the most commonly used Fourier transform infra-
red spectroscopy (FT—IR).[44’47’54‘79’127’131’133’135’142’143] FT
IR is an excellent way to follow the success of func-
tionalization and immobilization. By enzyme immobi-
lization, the vibration bands change and new vibration
bands, corresponding to the newly formed bonds be-
tween enzyme and support, appear. It is thus possible
to follow the structural changes caused by enzyme im-
mobilization. A good example is provided by Ye
et al.,l"”l who attached biotin to functionalized titania
nanoparticles. The process was followed by FT-IR
after each step in order to characterize the presence
of functional groups and biotin.

S Evaluation of Enzyme Properties upon
Immobilization

As indicated in previous chapters, the immobilization
of enzymes can have positive or negative effects on
the enzyme activity, stability and reusability. In gener-
al, covalent attachment is found to enhance stability
and reusability while it often leads to decreased activ-
ity. The opposite is observed for physical adsorption,
in which the activity retention is generally high, but
the enzyme is easily lost as it leaches from the sup-
port.*123] Shorter spacers and multi-point attachment
increase the rigidity of the immobilized enzyme and
immobilization inside porous structures provides a
protective environment for the enzymes. These fac-
tors can enhance the stability of the immobilized
enzyme while the activity is more likely to be nega-
tively affected.'213101%]1° A vast number of different
immobilization strategies has been described in recent
papers, these strategies and their influences on the
enzyme properties were investigated and are summar-
ized below.
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5.1 Activity

Enzyme immobilization can result in enhanced
enzyme activity,®>! although a decrease in enzyme ac-
tivity is more common. The activity is affected by
conformational changes of the enzyme, decreased mo-
bility and mass transfer limitation within the nano-/
microporous structures of the carriers, as well as by
the conditions of the immobilization procedure.” In
addition to the immobilization method applied, the
activity retention is strongly influenced by the proper-
ties of the carrier, such as surface charge, particle size
and pore size.

Pore size and mass transfer: The relation between
enzyme activity and pore size of the carrier can be
seen in studies where enzymes have been immobilized
onto carriers of different pore sizes, under otherwise
similar conditions. For instance, bovine liver catalase
was covalently immobilized via APTES and GA onto
controlled pore glass (CPG) beads of different pore
sizes; 70, 100 and 214 nm. The highest enzyme loading
and specific activity was obtained on the surface of
the 70nm CPG beads, which presented the highest
surface area and thereby availability for enzyme im-
mobilization.”™ On the contrary, silica graphite ma-
trices of different pore sizes; 7, 14 and 21 nm, were
used as carriers for the immobilization of GOD for
the fabrication of a biosensor. The enzyme was cova-
lently immobilized using aminopropyltrimethoxysi-
lane (APTMS) and GA. The enzyme loading was
highest for the largest pores, 21 nm, and decreased
with decreasing pore size. The enzymes (7.0x5.5x
8.0 nm) could more readily diffuse into the larger
pores than the smaller ones, explaining the higher
enzyme loading despite smaller surface area.l'! In ad-
dition to enzyme loading, the pore size is also impor-
tant regarding the accessibility of the substrates to the
enzyme, as the substrates and products are subject to
increased mass transfer limitations within smaller
pore structures. The effects of mass transfer limita-
tions on the activity of immobilized carbonic anhy-
drase (CA) from bovine erythrocytes could be seen
by comparing the reaction efficiency with two differ-
ent substrates; CO, on the one hand and para-nitro-
phenyl acetate (pNPA) on the other hand. The CA
was immobilized in an LbL film composed of PEI,
PAH, PSS and the enzyme. By increasing the number
of layers in the film, and thereby the enzyme loading,
the hydrolysis rate of pNPA remained steady while
the hydrolysis rate of CO, increased linearly, indicat-
ing that the larger pNPA molecules were limited by
mass transfer through the polymer network so that
they could only reach the enzyme in the most superfi-
cial layer, while the smaller, gaseous CO, could readi-
ly diffuse through the network.®!l The effects of the
pore size on mass transfer were also seen in a study
by Biro et al.,® who studied the entrapment of B-p-
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galactosidase (-Gal) from Kluyveromyces lactis in an
organic-inorganic sol-gel where they varied the com-
position of the sol-gel. No activity was detected when
B-Gal was entrapped in a sol-gel obtained solely from
methoxysilanes while high activity retention could be
obtained in sol-gels obtained from ethoxysilanes. The
difference was explained by the more compact struc-
ture of the methoxysilane-obtained sol-gel than the
ethoxysilane one, and thereby more mass transfer lim-
itations. The importance of the composition of the
sol-gel was further demonstrated by introducing alky-
lated silanes, dimethyldimethoxysilane (DMeDMOS)
and methyltriethoxysilane (MeTEOS), to the sol-gel
preparation, and varying the ratios of TEOS:DMeD-
MOS and TEOS:MeTEOS, the resulting activity
varied from ca. 0-84 Ug™". The optimal composition
was found to be 7:1 TEOS:MeTEOS. The presence of
the alkyl groups resulted in larger pores but also led
to hydrophobization of the sol-gel, so the optimal
ratio was a balance between mass transfer limitations
and hydrophobicity. The effects of pore size are thus
a balance between surface area and mass transfer re-
sistance, but also depend on the specific enzyme. A
suitable pore size for a successful immobilization has
been reported to be in the range of 3-9 times that of
the enzyme dimensions,'*” or in the upper limit of
the mesoporous range, around 10-50 nm,**™ and the
lower limit of the macroporous range, 50-70 nm.['*")
Covalent immobilization is favored when the pore
size is considerably larger (around five times) than
the enzyme dimensions.'”™ When membranes are
used as immobilization support, the situation is some-
what different, since the permeability of the mem-
brane must be taken into account. Hence, the pore
sizes of membranes used as support for enzyme im-
mobilization have been reported in the range of 200-
1400 nm. The mass transfer is aided by the fact that
the biocatalyst is stationary in/on the membrane
where it comes in contact with the substrate as the
substrate is forced through the membrane under ap-
plied pressure.

Immobilization on ceramic membranes: This proce-
dure has been widely practiced, as this set-up allows a
continuous operation with simultaneous product re-
moval.l*¥l A few studies involving covalent immobili-
zation on ceramic membranes show both increased,
decreased and unaffected enzyme activity upon im-
mobilization.****! For instance, covalently immobi-
lized CRL retained nearly all of its activity when im-
mobilized on an alumina hollow fibre membrane
through APTES and GA. Under optimal immobiliza-
tion conditions, the enzyme retained 93% of its ob-
served specific activity compared to the free
enzyme.!! Thomsen et al."*! immobilized a thermo-
philic p-glycosidase CelB from Pyrococcus furiosus
on the y-aluminum coated walls of a microreactor via
APTES and GA. The immobilized enzyme retained
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50% of the activity of the soluble enzyme. An even
greater decrease in activity was seen when esterase
EreB from genetically modified E. coli was immobi-
lized on TiO, tubular membranes. In this study, Cazes
et al. compared two immobilization methods and a
free enzyme set-up for the enzymatic degradation of
erythromycin, a pollutant found in some waste-waters.
The enzyme was immobilized by adsorption onto the
untreated membrane and by covalent attachment via
gelatin and GA. The activity decreased sharply upon
immobilization — less than 20% of the substrate was
converted after five minutes reaction, while all the
substrate was converted within one minute by the
free enzyme under similar process conditions. The re-
sults showed that the activity of the covalently immo-
bilized enzyme was lower, but more stable during
multiple reaction cycles than the activity of the ad-
sorbed enzyme. The same was seen with chicken egg
lysozyme immobilized on zirconia membranes by co-
valent bonding through APTES and EDC on the one
hand and physical adsorption on the other hand. The
enzyme loading was around six times higher for the
covalently immobilized enzyme than the adsorbed
enzyme, however, the activity retention was higher
for the adsorbed enzyme, which had an about four
times higher specific activity than the covalently im-
mobilized enzyme.”! Cazes et al”*! immobilized
TVL on an a-alumina tubular membrane (pore size
of 0.2 um) using gelatin and GA for covalent attach-
ment. The activity of the immobilized enzyme was
higher than that of the free enzyme, the Michaelis
constant, K,, was about 4-5 times lower for the im-
mobilized enzyme in activity assays with two different
substrates. In a reaction with tetracycline, degradation
yields of 30% and 56% were reached with the free
and immobilized laccase, respectively.'"*”) On the same
subject, the effect of the membrane pore size was in-
vestigated by comparing the degradation rate on
membranes with pore sizes 0.2 and 1.4 um. It was
found that the degradation rate was always higher
with the larger pore-size membrane. Characterization
of the enzyme-grafted membranes revealed that the
gelatin, and thus the enzymes, were only found on the
surface of the 0.2 pum membrane, while for the 1.4 pm
membrane, the gelatin and the enzymes were found
on the surface as well as inside the membrane pores,
thus allowing higher enzyme loading.”’ The higher ac-
tivity of the 1.4 um membrane could also be explained
by higher flux through the membrane, and thereby re-
duced mass transfer limitations.

Enzyme loading: This is another one of many im-
portant aspects of enzyme immobilization, as high
enzyme loading generally results in high activity. A
carrier with high surface area and availability for
enzyme immobilization is favorable regarding high
enzyme loading. There is, however, an optimal
enzyme concentration for a given support, above
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which the relative activity decreases since a too high
enzyme concentration can result in enzyme aggrega-
tion, crowding within pores or formation of multi-
layers on the carrier surface with subsequent mass
transfer challenges.”"™! Several reports of optimal
enzyme activity at intermediate enzyme loading are
found in the literature.l*7>882150 Eor instance, the ac-
tivity of f-Gal entrapped in a silica sol-gel was inves-
tigated under different enzyme concentrations (4—
10 mg proteinmmol ! silane). The highest activity was
observed with intermediate protein loadings, 6.22 ¢
proteinmmol ' silane.®™ Pectinex 3XL, a commercial
mixture of pectinases, xylanases and cellulases, was
covalently immobilized onto magnetic nanoparticles.
All three enzyme showed highest activity at inter-
mediate enzyme loadings, or 55 U of the investigated
range of 25-75 U™ Similar results were seen in the
study on immobilized laccase by Cazes et al.,”) the en-
zymatic activity was investigated at enzyme concen-
trations of 1-20 gL', and for both membranes, 0.2
and 1.4 pm pore size, the highest activity was seen at
a concentration of 5 gL™". In the study with CA im-
mobilized by entrapment in an LbL film, the enzyme
loading could be increased by a factor of around 140.
This was achieved by immobilizing the CA on meso-
porous silica nanoparticles, 110 nm in diameter, in the
LbL film. The high enzyme loading resulted in in-
creased absolute activity, however, the specific activi-
ty decreased from 3.5 to 0.067 pmolmin 'ug ' CA for
the enzyme entrapped in the LbL film in the absence
and presence of silica particles, respectively. The de-
crease in specific activity was explained by diffusion
limitations within the mesoporous silica nanoparti-
cles.® Enzyme loading is an important consideration
in terms of optimal utilization of the enzyme.

The activity retention of the immobilized enzyme
varies from low to high. Physical adsorption tends to
result in higher activity retention than covalent bond-
ing, likewise, high activity retention is obtained by en-
trapment, which is consistent with the common de-
scriptions of these methods. The role of the carrier is
evident, as seen from the variation in enzyme activity
depending on the pore size, hydrophobicity and other
parameters of the carrier. Fortunately, there is a large
number of carriers available, and likewise, the proper-
ties can often be tailored to fit the needs of the specif-
ic enzyme, as seen with the sol-gel entrapped B-Gal.

5.2 Stability

Enzyme immobilization generally results in enhanced
enzyme stability, regardless the immobilization
method used. The stability can be seen as increased
half-life and increased activity retention with varying
temperature and pH, as compared to the free
enzyme. The increased thermal and pH stability can
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be explained by the enzyme becoming more rigid
upon binding to a support. The covalent or physical
bonds prevent, to a certain extent, the deformation of
the enzyme’s active sites and enzyme denaturation. A
high enzyme stability is of paramount importance for
industrial applications.

Ranieri et al.l*!l covalently immobilized CRL on an
alumina hollow fibre membrane with APTES and
GA, the immobilized enzyme was highly stable, no
apparent decrease in activity was seen after six reac-
tion cycles over 18 days. Kjellander et al."®! covalent-
ly immobilized glutathione transferase from Droso-
phila melanogaster on nanoporous alumina mem-
branes with APTES and CDI as functionalizing and
activating agents, respectively. The immobilization re-
sulted in a slight decrease in activity compared to the
free enzyme due to mass transport limitations, but the
stability of the immobilization was high, with about
70% activity remaining after six days of storage and
multiple reaction cycles. The immobilization allowed
multiple reuse of the enzyme and simultaneous sterili-
zation of the product. Immobilization of the thermo-
philic pB-glycosidase CelB from Pyrococcus furiosus
on the y-aluminum coated walls of a microreactor via
APTES and GA resulted in high stability. The immo-
bilized enzyme could be operated in a continuous re-
action at 80°C for several days at a stable conversion
of lactose (about 70%).'*! The immobilization of
lipase from porcine pancreas on MCP (ceramic
powder mixed with metal hydroxide precipitates)
with Ni** ions as chelating agents resulted in im-
proved thermal and storage stability compared to the
free enzyme.!! The thermal and pH stability of Kleb-
siella pneumonia pullulanase was improved upon im-
mobilization by entrapment in a silica sol-gel in the
presence of magnetic chitosan/Fe;O, particles, where
the enzyme was either free in the sol-gel or covalently
bonded on the magnetic particles. The half-life at
60°C increased from about 75 minutes for the free
enzyme to more than 300 minutes for the immobilized
enzymes; the activity retention of the immobilized en-
zymes was 52% and 69% at the end of reaction after
300 minutes, for the free enzyme in sol-gel and the
enzyme covalently bonded on magnetic particles in
the sol-gel, respectively.””

The sol-gel entrapped B-Gal showed increased ther-
mal and pH stability as compared to the soluble
enzyme. The soluble enzyme was completely inacti-
vated after 2 hours incubation at 50°C while the im-
mobilized enzyme was fully active after 8 hours incu-
bation at the same temperature. The pH optima shift-
ed from pH 7.5 to pH 8 after immobilization, and the
immobilized enzyme had higher activity at a wider
pH range than the soluble enzyme. The immobilized
enzyme showed overall high stability, with over 90%
activity retention after 20 days of storage at 4°C and
60% activity retention after five reaction cycles. The
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largest decrease in activity was seen after the first
cycle, which is most likely due to loss of enzymes that
were already poorly entrapped, 30% of the initial ac-
tivity was lost in the first cycle while the activity de-
creased only by about 10% in the next four cycles.™”!

The thermal stability of CRL was enhanced upon
immobilization by physical adsorption on silica and
zirconia powders. The half-life at 60°C increased from
10 minutes for the free enzyme to 40 and 120 minutes
for the enzyme immobilized on silica and zirconia, re-
spectively. The enzyme-support interactions, electro-
static attractions and hydrophobic interactions could
prevent unfolding of the enzyme at elevated tempera-
ture and restrict the enzyme movements, resulting in
higher thermal stability. The same factor, that is, in-
creased rigidity, caused a decrease in activity of the
same immobilized enzyme, as mentioned previously.
The high thermal stability of lipase immobilized on
zirconia was further explained by the morphology of
the zirconia particles, the characterization of the par-
ticles revealed a hollow spherical structure. The en-
zymes were adsorbed inside the spheres, which pro-
vided a protective environment for the enzyme. The
stability of the immobilized lipase could also be seen
on the high reusability, more than 90% activity re-
tained after eight reuse cycles on both supports, and
still around 40-60% activity retained after 20 recy-
cles.*”)

The higher enzyme stability achieved by covalent
immobilization compared to physical adsorption
could be seen in a study by Hou et al.,” who com-
pared different immobilization techniques for the
preparation of biocatalytic membranes for pollutant
degradation in waste-water treatment. They immobi-
lized TVL on TiO, nanoparticles, which they subse-
quently loaded onto polymeric membranes. The im-
mobilization was done by (i) physical adsorption onto
untreated TiO, nanoparticles and (ii) physical adsorp-
tion onto APTES-functionalized TiO, nanoparticles,
(iii) covalent bonding through APTES and GA and fi-
nally (iv) by physical adsorption onto APTES-func-
tionalized TiO, nanoparticles, followed by cross-link-
ing of the enzymes with GA.

Regarding immobilization on the particles, the
highest activity retention and lowest enzyme loading
was obtained by covalent immobilization, the oppo-
site was seen for the cross-linked enzymes and inter-
mediate activity recovery and enzyme loading for
physical adsorption. The higher activity recovery of
the covalently bonded laccase than the physically ad-
sorbed laccase was explained by the use of centrifuga-
tion during the immobilization procedure. The shear
stress posed on the enzyme can have detrimental ef-
fects on the enzyme activity, due to possible changes
in the enzyme conformation. The increased rigidity of
the covalently immobilized laccase proves beneficial
in this case as it protects the enzyme when subject to
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high shear stress. The higher stability of covalently
immobilized laccase was also seen by investigating
the residual activity after storing in a buffer for sever-
al days. After six days of storage, the activity reten-
tion of the physically adsorbed enzyme was around
50% while for the covalently bonded and cross-linked
enzymes, more than 90% activity was retained after
20 days.

Immobilization is an effective method to increase
the stability of enzymes and thereby prolong their
useful life-time, as seen from the examples above.
Again, the immobilization method and the carrier in-
fluence the stability, whereby covalent immobilization
is the most efficient method in terms of enhanced
enzyme stability.

5.3 Reusability and Leakage

Efficient immobilization will minimize loss of enzyme
due to leakage from the support. Covalent immobili-
zation generally provides the strongest bonds between
enzyme and support and thereby the lowest degree of
leakage. Many examples of prolonged enzyme activity
and multiple reuses have been described in the litera-
ture. For instance, covalently immobilized B-glucosi-
dase showed 81% glucose yield after six reaction
cycles of 18 hours, compared to 100% in the first
cycle. The enzyme was covalently immobilized on sili-
calite nanoparticles through APTES and GA. The
strong, covalent bond prevented enzyme leakage, and
the decrease in glucose yield was assigned to the natu-
ral decay in enzyme activity rather than enzyme leak-
age.'"” Glutathione transferase was covalently immo-
bilized on a nanoporous alumina membrane through
APTES and CDI. No sign of enzyme leakage was ob-
served in the system. Kjellander et al.''®! could dem-
onstrate this by real-time monitoring of the product
formation in a flow-through set-up. A steady rate of
product formation was detected as long as there was
a flow of substrates through the membrane, but as
soon as the flow was stopped, the product formation
stopped as well, meaning that no enzymes leaked
through the membrane that could otherwise continue
the conversion of substrates. The comparison between
covalently bonded and physically adsorbed enzyme
could be seen in a study on chicken egg lysozyme im-
mobilized on a zirconia membrane. The loss of lyso-
zyme in a dead-end flow was 1.2 ugh™! for the cova-
lently immobilized lysozyme whereas it was 4.2 ugh™
for the physically adsorbed lysozyme. Furthermore,
the enzyme loading was considerably higher for the
covalently immobilized lysozyme, so the relative loss
was 0.2% of the covalently immobilized and 2.5% of
the physically adsorbed enzyme per hour of filtration.
The loss of enzyme increased by increasing the flow
rate through the membrane.”™ Similarly, the effects of
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different enzyme-carrier interactions on enzyme leak-
age were observed in a study where Tricoderma reesei
cellulase was immobilized onto non-, amino-, and
vinyl-functionalized mesoporous silica particles. The
primary interactions between the enzyme and the
three carriers were hydrogen bonds (physical), amide
bond (covalent) and hydrophobic interactions (physi-
cal), respectively. The enzyme leakage varied from
non-detectable for the covalently immobilized
enzyme, to approximately 2% with the hydrophobic
interactions and 7% with the hydrogen bonding. It
was also observed that enzyme leakage increased with
higher enzyme loading, regardless of the carrier used,
which was explained by the higher enzyme concentra-
tion gradient between the carrier and the surrounding
media at higher enzyme loadings."'” Several studies
have shown that enzyme leakage is often more pro-
nounced in the first reaction cycle and becomes lower
and more stable in the subsequent reaction cycles,
since the enzymes that are already poorly immobi-
lized will be lost in the first reaction or washing
cycle 7890100 Fyrthermore, the enzyme concentration
gradient between the carrier and surrounding media
decreases with the loss of enzyme, which also affects
the rate of enzyme leakage."'"”

Enzyme reusability is one of the most important
objectives of enzyme immobilization, therefore great
efforts have been made in order to minimize enzyme
leakage. For this matter, it can be beneficial to com-
bine different immobilization methods for their ad-
vantages. Long et al.””) demonstrated this with a sol-
gel entrapped pullulanase. The enzyme was immobi-
lized in a silica sol-gel in the presence of magnetic
chitosan/Fe;O, particles. By adding a covalent step to
the immobilization, the enzyme was covalently
bonded to the magnetic particles via APTES prior to
entrapment within the sol-gel. This strategy resulted
in increased operational stability and decreased leak-
age. The residual activity after six reaction cycles in-
creased from 72 to 81% by adding the cross-linking
step to the immobilization. The relative activity of ad-
enosine deaminase after eight batches increased from
below 10% to around 80% by adding GA to the im-
mobilization strategy.””! The enzyme was immobilized
on APTES functionalized TiO, microparticles by
three different methods; physical adsorption, covalent
attachment through GA and finally covalent attach-
ment through GA followed by cross-linking of the en-
zymes with GA. The relative enzyme activity after
eight batches was approximately 10%, 50% and 80%
with the three different methods, respectively. The
physically immobilized enzyme retained the highest
activity compared to the free enzyme, 84.4%, which
was around 7.8% higher than the activity retained by
the covalently immobilized enzyme. The GA prevent-
ed enzyme leaching and loss of activity by stabilizing
the enzyme through multi-point attachments. In a
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more specific approach, Xu et al.'®!l used ConA, a
protein that agglutinates glycoproteins, to immobilize
two commonly used glycoenzymes, HRP and laccase,
onto activated carbon. In this two-step immobilization
method, the ConA was adsorbed onto activated
carbon and then the enzyme was attached to ConA
through affinity attachment. The enzyme leakage and
deactivation were significantly reduced by the pres-
ence of ConA and furthermore, the activity was en-
hanced compared to the enzyme adsorbed directly
onto the support. The activity retention for laccase
immobilized in the presence of ConA was 98% after
10 cycles of incubation, filtration and activity assay
and still 80% after 25 cycles, while the laccase ad-
sorbed onto activated carbon in the absence of ConA
lost all its activity after 22 cycles. The activity reten-
tion of HRP immobilized on activated carbon with
and without ConA was 50% after 25 cycles and zero
after 12 cycles, respectively. The effect of ConA was
compared to that of cross-linking with GA. The im-
mobilization with GA resulted in similar reusability,
that is, both methods could efficiently prevent
enzyme leakage, but the immobilization with GA re-
sulted in a considerable loss of activity. The balance
between leakage prevention and activity retention
upon cross-linking with GA was reported in a study
by Bhange etal.,™” who investigated the effect of
GA concentration for the immobilization of bile salt
hydrolase on APTES-functionalized mesoporous
silica, SBA-15. By increasing the GA concentration
from 0.025-1%, both leakage and activity decreased.
In this case, the activity decreased steeply from 0.1-
1% GA, it was therefore concluded that the minimum
amount of GA should be used that offers sufficient
stability with minimum loss of activity.

The examples provided above are listed in Table 5,
along with other recently reported enzyme immobili-
zations on inorganic supports. From this discussion, it
can be concluded that enzyme stability and reusability
can be significantly increased by immobilization. The
common immobilization methods have been covered
in numerous examples and the results mostly support
the general understanding of enzyme immobilization,
for example, the higher activity retention by physical
immobilization and higher stability of covalently im-
mobilized enzymes. The popular choice of APTES
and GA is clearly seen, as these agents have been
used with a number of different enzymes and support
materials. Still, the variety of different methods and
materials used and their different effects on the
enzyme properties only highlight the complications
involved in choosing the right immobilization method
and carrier for a given enzyme and adjustment of the
various parameters involved. The discussion has been
restricted to inorganic support materials and it has
been shown that ceramic materials provide a suitable
support for enzyme immobilization. Although immo-
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bilization allows the use of enzymes in continuous
processes, the different lifetimes of the enzymes and
the ceramic material calls for the reuse of the ceramic
material.

6 Reuse of Ceramic Membranes as
Supports for Immobilization

One of the main advantages of ceramic materials and
membranes is their relatively long service life, despite
the inevitable fouling and loss of catalytic activity in
the case of immobilized enzymes. Fouling is one of
the main challenges of membrane processes. Fouling
is the reversible or irreversible deposition of solutes
on the membrane, gel- or cake-layer formation and
pore blocking, which lead to decreased flux through
the membrane and thereby decreased process effi-
ciency. Enzymes and proteins in general are especially
known to cause fouling due to their size and adsorp-
tion on the membrane.'"1%1% The relative size of
the enzymes and the membrane pores plays an impor-
tant role in fouling, as do the characteristics of the en-
zymes and the membrane surface, e.g., surface charge
and hydrophobicity. An enzyme of dimensions small-
er or comparable to the membrane pore is more
likely to cause pore narrowing and pore blocking as it
can diffuse into the pore and adsorb to the pore walls,
or simply be stuck in the pore under the convective
flux through the membrane. Cake-layer formation
occurs when the enzyme is larger than the nominal
pore size. This relation is not exclusive to enzymes,
rather it is general for all foulants.'””! Fouling due to
enzyme adsorption is mainly a problem with free en-
zymes, while the adsorption can in fact be exploited
as an immobilization method.™ In that sense, the
gel-layer formation caused by fructosyl transferase
was exploited to immobilize the enzyme on a TiO,
membrane, initially, the enzyme passed through to the
permeate, but with the build-up of a gel-layer, it
could be immobilized in the gel-layer and thereby re-
tained within the bioreactor.™ For a successful im-
mobilization, the membrane pore size and the size of
the enzyme as well as immobilization method must be
considered together so that enzyme loading and activ-
ity retention are maximized, while the loss of mem-
brane permeability is minimized. The permeability is
less affected by immobilization in larger pore size
membranes since the immobilized enzymes (and func-
tionalizing/activating agents) fill up relatively less
volume of larger pores than smaller pores.”'* The
activity retention is particularly important regarding
immobilization on membranes, since inactive enzymes
end up as membrane fouling. Many methods for foul-
ing mitigation have been established, such as tailoring
of the chemical and surface properties of the mem-
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branes, as well as mechanical methods such as back-
flushing and membrane vibration.?*!1%! Increasing
the feed temperature can also result in decreased
fouling of ceramic membranes due to the lower vis-
cosity and mass transfer coefficient of the feed solu-
tion.””! When immobilized enzymes are involved,
they pose an additional challenge on the membrane
reusability, as the enzymes will eventually lose their
catalytic activity and must be replaced by fresh en-
zymes. However, the high chemical, mechanical and
thermal resistance of the ceramic material makes it
possible to restore the native properties of the materi-
al by different cleaning and thermal treatments.!''*!]
The foulants are thus removed and the catalytic mem-
brane can be regenerated by repeating the immobili-
zation with fresh enzymes.

6.1 Chemical Cleaning

Chemical cleaning with NaOH as cleaning agent is
commonly used in order to remove proteins and en-
zymes from membranes.” Alkaline cleaning agents,
often combined with oxidizing agents such as NaClO
for oxidation decomposition, promote the disintegra-
tion of large organic particles and colloids and their
detachment from the membrane. As these particles
are broken down to smaller subunits, they can perme-
ate through the membrane and thereby be removed
from the feed."”'*! Acid cleaning, using strong inor-
ganic acids, is often used to remove metal ion deposits
from membranes. The order of the alkali and acid
cleaning procedures is important with respect to the
nature of the foulants that are removed by the differ-
ent procedures. The alkali cleaning is used first to
remove proteins, polysaccharides and other organic
foulants that are usually larger molecules forming a
cake-layer on the membrane surface. Subsequently
the acid-cleaning is applied for the removal of metal
ions that are attached to the membrane surface and
inside the membrane pores, and are only exposed
after the organic fouling has been removed."™! Sever-
al examples of efficient membrane regeneration by
chemical cleaning have been reported. Ranieri
et al® immobilized CALB on an alumina hollow
fibre membrane, they were able to restore the native
membrane flux completely after removal of the
enzyme by a cleaning procedure. A basic detergent
solution, containing NaOH and NaOCI, was filtered
through the membrane at elevated temperature
(80°C), followed by rinsing with water. Ameur
et al.'"'! immobilized CALB on TiO, and AlLO; tubu-
lar membranes by covalent attachment. The mem-
branes were firstly coated with a gelatin layer and
then GA acted as a cross-linker between the enzyme
and the membrane. In their work, the ceramic mem-
branes were regenerated by a two-step washing proce-
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dure, first using NaOH and then HNO; at elevated
temperature (60-80°C). The membranes were first
soaked in the solutions for some time and then trans-
membrane pressure was applied to clean the mem-
brane pores. After the cleaning procedure, the catalyt-
ic membrane could be regenerated using the same im-
mobilization procedure as before. The effects of
chemical cleaning of a ceramic membrane utilized in
an anaerobic membrane bioreactor were investigated
by Mei et al.'® In an ex-situ cleaning test, the fouled
membrane could be efficiently cleaned by alkali and
acid cleaning, using NaOH and HCI, so that the origi-
nal membrane resistance was restored. The chemical
cleaning was integrated into the anaerobic process by
back-flushing. The effects of using NaOH were seen
by comparing the increase in transmembrane pressure
(TMP) where in-situ back-flushing was performed
with NaOH on the one hand and DI water on the
other. The rate of increase in TMP was approximately
5.5 times higher using DI water compared to
NaOH.!'"!

The removal of physically adsorbed enzymes from
inorganic supports can be carried out by a simple pro-
cedure using eluents, where the enzyme is desorbed
from the carrier and into the solvent solution. Liu
et al."" used three different eluents, sodium dodecyl
sulfate (SDS), sodium dodecyl sulfonate (SDS-2) and
NaCl, to elute lysozyme from a zeolitic imidazolate
framework (ZIF-8). They found SDS to be the most
efficient eluent, the adsorption efficiency was practi-
cally unaffected in four lysozyme reloading cycles,
while the adsorption efficiency decreased using SDS-2
and NaCl as eluents, and no enzyme was adsorbed in
the fourth cycle using these two eluents. Similarly, Ji
et al.'” used SDS for the detachment of laccase phys-
ically adsorbed onto carbon nanotubes (CNTs) that
had been loaded and cross-linked onto a polymeric
membrane. The laccase removal efficiency was 85%,
which was reached by soaking the membrane in the
SDS solution for 24 h under orbital shaking. The
membrane was subsequently dried at 100°C for 5 min
and reloaded with fresh laccase solution by the same
immobilization procedure as before. High reloading
capacity was obtained, with 70% of the initial laccase
activity remaining after the fourth reloading cycle,
which proved the efficiency of the CNT-coated mem-
brane regeneration.

6.2 Thermal Removal of Fouling

In addition to chemical cleaning, thermal treatments
can be applied for the regeneration of ceramic mem-
branes as a result of their high thermal resistance.
Such methods have been demonstrated by Benito
etal.,'®! who were able to regenerate two alumina
membranes, a-alumina with a pore size of 98 nm and
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v-alumina with a pore size of 6 nm, by high tempera-
ture treatment at 500°C. The membranes were subject
to calcination after filtration of oily waste-water, for
the volatilization of the oil adsorbed on the mem-
brane. The thermal treatment, calcination at 500°C
for two hours, allowed the regeneration of the mem-
branes, eliminating the external fouling on the surface
as well as the internal fouling in the membrane pores,
without altering their native properties. Dafinov
et al." were able to regenerate the original water
permeability of an alumina membrane by heating at
250°C for one hour. The membranes, a composite
tubular membrane with y-alumina skin layer and o-
alumina support, had been functionalized with differ-
ent alcohols for hydrophobization, making them more
suitable for filtration under acidic conditions.

The regeneration of the ceramic membranes can be
carried out by these harsh chemical and thermal
methods without causing membrane swelling or other
damage owing to the inherent properties of the ce-
ramic materials. The regeneration is essential in order
to exploit the full service life of the membrane and
hence allowing a more cost-effective use, as the capi-
tal cost of ceramic membranes is relatively high in
comparison to polymeric membranes.”*!

7 Conclusions

The immobilization of enzymes on inorganic materi-
als, with special emphasis on ceramic membranes, has
been surveyed through numerous recent examples
from the literature. One of the main motivations to
use inorganic materials, as opposed to organic materi-
als, for example, polymeric membranes, is their long
service life and capability of regeneration. This was
supported by examples of chemical and thermal treat-
ments for the regeneration of ceramic membranes,
which showed efficient restoration of the native mem-
brane properties. Besides the capability of regenera-
tion, inorganic materials prove suitable as carriers for
enzyme immobilization, as high enzyme activity re-
tention, enhanced stability and reusability can be ob-
tained. The complications involved with enzyme im-
mobilization are the balance between the enzyme
properties upon immobilization, notably activity and
stability, while the large number of parameters in-
volved, as well as methods and materials available
make optimization a difficult task. Some general con-
clusions can be derived from the discussion conducted
here, such as that physical adsorption proves better in
obtaining high enzyme activity while covalent bond-
ing results in higher stability, which is consistent with
the general description of these methods.**! Like-
wise, the preferred pore size for enzyme immobiliza-
tion on nanostructural materials and particles lies in
the range of 10-70 nm, these dimensions can provide
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a high surface area, a protective environment within
the pores yet limited mass transfer limitations.F*14"]
Immobilization on membranes usually requires larger
pore sizes to compensate for the requirements of high
flux. Pore sizes in the range of 0.2-1.4 ym have been
commonly reported.*""8 Although enzyme immobi-
lization has been practiced for a long time, the lack of
generalization leaves space for improvement, new
methods as well as new carrier materials and mor-
phologies are constantly emerging and enzyme immo-
bilization is still an active research field.
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ARTICLE INFO ABSTRACT

Alcohol dehydrogenase from Saccharomyces cerevisiae was immobilized on different inorganic support materials,
i.e. powders of Al,03, SiC, TiO, and YSZ-8, by covalent bonding and physical adsorption. The raw powders were
characterized by scanning electron microscopy, BET surface area, particle size distribution and {-potential
measurements. Enzyme activity retention, storage stability and recyclability were evaluated on the basis of the
measured support material properties. Preliminary experiments showed that the buffer selection was a critical
factor. The properties of both the enzyme and the powders varied considerably between the buffers used; namely
Tris-HCI (100 mM, pH 7) and MES (40 mM, pH 6.5) buffers. The enzyme activity was higher and more stable in
the MES buffer, whereas the commonly used Tris buffer was problematic due to apparent incompatibility with
formaldehyde. In MES, the order of decreasing activity of covalently bonded enzyme was on SiC > YSZ-
8 > Al,03 > TiO,. The lower performance of TiO, was ascribed to the negative {-potential of the material,
which impeded an efficient immobilization. Particle agglomeration, caused by low colloidal stability of the
particles in MES buffer, hampered the storage stability of the immobilized systems. The results from this study
show the advantages and limitations of using nanoparticles as immobilization supports, and highlight which
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Inorganic powders
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Colloid stability

properties of nanoparticles must be considered to ensure an efficient immobilization.

1. Introduction

A common approach to stabilize enzymes for their viable applica-
tions in industrial processes is to immobilize them on solid supports
[1,2]. Using inorganic materials as immobilization support has many
advantages, including superior thermal, mechanical and microbial
stability, prolonged service life and ability of regeneration of their na-
tive properties by thermal and chemical cleaning methods. Various
inorganic support structures and morphologies have been proposed for
enzyme immobilization, including nanoparticles and membranes [3].
Nanomaterials provide the advantages of high surface-to-volume ratio
and limited mass transfer resistance, which allows both high enzyme
loading and high activity retention [4-6]. Nevertheless, the design of an
optimized immobilized enzyme system still faces the challenge of
pairing the enzyme with a suitable support and a suitable im-
mobilization method, as the success of immobilization is highly de-
pendent on these factors. For instance, the effects of the nature and
properties of the support material on enzyme activity and stability was
demonstrated by Masuda et al. [7,8], who immobilized formaldehyde
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dehydrogenase (FaldDH) on mesoporous silica and zirconia particles.
The catalytic properties of FaldDH immobilized on mesoporous silica
varied with the pore size of the support and the functionalization agent
used. Of the seven pore sizes investigated, the highest activity of phy-
sically adsorbed enzyme was observed on particles with pores of similar
size as the enzyme dimensions. The activity was further enhanced by
functionalizing the support with phenyltriethoxysilane, owing to fa-
vorable hydrophobic interactions between the enzyme and the func-
tionalized support [7]. In a subsequent study by the same group, the
catalytic activity and thermal stability of FaldDH were further im-
proved by immobilization on mesoporous zirconia, instead of silica [8].
Silica is one of the most commonly used materials for enzyme im-
mobilization [9]. Other inorganic nanoparticles have however attracted
high interest recently, e.g. magnetic nanoparticles for their ease of se-
paration from a medium [3], and gold nanoparticles (AuNPs) for their
high biocompatibility [10]. The latter were applied for the im-
mobilization of bovine serum amine oxidase on core-shell AuNPs,
consisting of a gold core and polymeric shell. The particle-enzyme
complex finds potential applications in cancer therapy. Both enzyme
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activity and loading were highly dependent on pH; enzyme loading
increased at acidic conditions due to more favorable electrostatic in-
teractions, while activity was highest at neutral conditions where the
enzyme structure was intact [10]. The importance of selecting the right
immobilization method for a given enzyme is likewise important, and
was clearly seen in a recent study by Zhang et al. [11], who used three
different immobilization methods for five different enzymes on three
different polymeric membranes. Electrostatic adsorption resulted in the
highest activity retention for four out of five enzymes, while hydro-
phobic adsorption was suitable for only two out of five enzymes.
Covalent bonding resulted in high enzyme loading but lower activity
retention due to conformational changes posed on the enzymes. The
results can be used as a platform for the selection of immobilization
method to ensure high enzyme activity and stability.

Alcohol dehydrogenase (ADH) is an enzyme whose industrial ap-
plications are hampered by its instability [12], e.g. free ADH employed
in an enzymatic membrane reactor was almost completely deactivated
after 90 min (4 cycles) of operation [13]. ADH catalyzes the reversible
oxidation of alcohols to aldehydes/ketones [14]. One important appli-
cation of ADH is in the cascade conversion of CO, to methanol (MeOH),
a conversion route that is of high interest nowadays for its ability to
produce MeOH as fuel or a building block chemical, while simulta-
neously contributing to the sequestration of CO, from the atmosphere
[15-17]. In this enzymatic conversion, CO, is converted to MeOH by
formate dehydrogenase (FateDH), FaldDH and ADH, with formic acid
and formaldehyde (Fald) as intermediate products, and the simulta-
neous oxidation of the cofactor NADH in each step. This route was al-
ready suggested two decades ago by Obert and Dave [18], and has been
widely studied since. The unfavorable thermodynamic of the reverse
combustion can be overcome by the enzymatic catalysis [19], but not
without complications. In addition to the consumption of the costly
cofactor, NADH, the process suffers from low activity and stability of
the enzymes involved, which has been the main factor in yet preventing
the scale-up of the process [12,15]. Consequently, the immobilization
of ADH has been the subject of numerous recent studies, in attempts to
enhance its stability and other catalytic parameters [20-26].

The aim of this study is to investigate the interactions between ADH
and different inorganic support materials, based on the fundamental
properties of these materials. For this purpose, we used four inorganic
raw powders of materials that are commonly used for enzyme im-
mobilization, namely Al,O3, SiC, TiO, and yttria stabilized zirconia
(YSZ-8). ADH was immobilized on the powders by two different
methods; physical adsorption (PA) and covalent bonding (CB). The
activity and stability of the immobilized enzymes are explained based
on different powder properties, i.e., {-potential, surface area and par-
ticle size distribution. Moreover, the effects of two different buffers on
enzyme- and powder colloidal stabilities are discussed, just as the in-
teractions between the two. Low colloidal stability influences the de-
gree of particle agglomeration, which has negative effects on the en-
zyme stability. The final objective of this work is to identify the main
characteristics of inorganic raw materials in an enzyme environment
that promotes optimal enzyme catalytic properties and stability. Such
information can be of guidance for the optimization and utilization of
other enzyme-material systems to ensure high enzyme performance.

2. Materials and methods
2.1. Chemicals and enzymes

Alcohol dehydrogenase from Saccharomyces cerevisiae (yeast ADH,
EC 1.1.1.1), B-nicotinamide adenine dinucleotide reduced disodium salt
hydrate (NADH, =97%), Anatase-TiO,, Fald (37% in H,0), (3-amino-
propyDtriethoxysilane (APTES, 99%), glutaraldehyde (GA, 25% in
H,0), 2-(N-Morpholino)ethanesulfonic acid, MES potassium salt,
Trizma® base, hydrochloric acid (37%) were purchased from Sigma-
Aldrich (Steinheim, Germany). Ethanol (EtOH, 99%) was from WVR
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(Spborg, Denmark). Roti’-Nanoquant 5x concentrate was purchased
from Carl Roth GmbH (Karlsruhe, Germany). Non-commercial SiC
ceramic powder was provided by LiqTech Intl. (Ballerup, Denmark), a-
Al,O3 from Nanostructured and Amorphous Materials inc. (Texas, USA)
and YSZ-8 from Tosoh Corporation (Tokyo, Japan).

2.2. Powder characterization

Particle size distribution (PSD) was analyzed using a Beckman Coulter
LS13320 (Beckman Coulter Inc., USA). The powder concentration of the
suspensions was 1 wt%, using deionized (DI) water as solvent. The
suspensions were continuously kept in motion before entering the
equipment to avoid potential sedimentation. Surface area was calcu-
lated from BET (Brunauer-Emmett-Teller) measurements using an
Autosorb 1 (Quantachrome Instruments, USA). The powder was de-
gassed for 3h at 300 °C, followed by 1 h of measurements in N,-gas. (-
Potential was calculated using a Zetaprobe Analyzer (Colloidal
Dynamics LLC, USA). The equipment was calibrated before each ex-
periment to ensure high quality results. The powders were analyzed
under mild stirring of 150 rpm, using single-point measurements and
1 wt% concentration in two different buffers; 100 mM Tris-HCI at pH 7
and 40 mM MES at pH 6.5 (hereinafter called Tris and MES buffers,
respectively). The setting calculates {-potential over time at the pH
values of the buffers. Powder morphology was characterized by scanning
electron microscopy (SEM) using a Zeiss Merlin microscope (Carl Zeiss,
Germany) with an accelerating voltage of 5kV, generating the image
from secondary electrons.

2.3. Immobilization procedures

ADH was immobilized on the powders by PA (ADH-PA) and CB
(ADH-CB). For PA, 10mg of powder and 10 mL of enzyme solution
(20mg/L) were mixed for 90 min, at room temperature (RT) and
100 rpm. For CB, 10 mg of powder was first functionalized with APTES
(90 min, 70 °C, 700 rpm) and activated with GA (30 min, RT, 700 rpm)
before immobilization. The activated powder was then mixed with
10 mL of enzyme solution for 90 min, at RT and 100 rpm. A detailed
description is given in Supplementary material. A detailed scheme of
the immobilization protocols is given in Fig. 1.

2.4. Activity of free and immobilized enzyme

Enzyme activity was assessed by the catalyzed conversion of Fald to
MeOH with simultaneous oxidation of the cofactor NADH to NAD ™.
The reaction was monitored by measuring the absorbance of NADH at
340 nm throughout the reaction, since NADH has an absorbance max-
imum at this wavelength whereas NAD™ does not. A decrease in ab-
sorbance is observed as NADH is oxidized and Fald is converted to
MeOH. The reaction conditions were as follows: 10 mL reaction volume,
30mM Fald, 100 uM NADH, 1 g/L powder in MES buffer, pH 6.5, RT
and 100 rpm. The reactions were initiated by the addition of NADH to
the reactor. Samples were filtered with a 0.22 um syringe filter to re-
move the powder and transferred to a semi-micro UV-cuvette for ab-
sorbance measurements on a UV-1280 spectrophotometer (SHIMADZU
Corp., Japan). The activity of free enzyme was measured at enzyme
concentrations of 0-20 mg/L in MES buffer, with 30 mM Fald and
100 uM NADH. The free enzyme reactions were conducted on a Corning
96-well flat bottom UV microplate, the absorbance at 340 nm was
measured on a Tecan Infinite” M200 plate reader (Tecan Trading AG,
Switzerland).

2.5. Storage stability
Storage stability of ADH-PA and ADH-CB on SiC powder was in-

vestigated. The immobilized enzyme was suspended in MES buffer and
stored in 2 mL aliquots at 4 °C. A free enzyme solution in MES buffer
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Fig. 1. Scheme of immobilization protocols, steps 1-7 for CB, steps 5-7 for PA.

was prepared and stored at 4°C. The activity of the free and im-
mobilized enzymes was measured after 0-40 days storage in the buffer.
The storage buffer was filtered from the powder with a GRMO,1PP
membrane before the reactions, the permeate was stored for protein
determination and investigation of enzyme leakage. The reactions were
conducted by the same procedure as the activity studies described
above.

2.6. Recyclability

The activity retention of ADH-PA and ADH-CB on SiC powder in
multiple reaction cycles was investigated. The enzyme activity was
measured in eight consecutive reaction cycles. The reaction conditions
were similar as described above. Samples were collected after 10 min of
reaction. After each reaction cycle, the reaction mixture was filtered
from the powder and the powder was washed once with 10 mL of MES
buffer. The subsequent reaction cycle was initiated by adding fresh
reaction mixture to the reactor.

2.7. Protein determination

Enzyme loading and leakage were determined with Roti Nanoquant
assay, which is a modified Bradford assay that can be used for detection
of extremely low protein amounts, down to 200 ng according to the
manufacturer. The absorbance at 590 nm and 450 nm is measured, and
the quotient of the two gives linearity. The sample concentration can
thus be read from a standard curve, which was made with ADH.
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3. Results and discussion
3.1. Buffer selection

Tris-HCI buffer is a commonly used buffer in enzyme catalyzed re-
actions at physiological pH, including reactions with ADH
[16,21,23,24]. In our initial experiments with the immobilized ADH
catalyzed conversion of Fald to MeOH in Tris buffer, the enzyme sta-
bility was very low. pH measurements of the reaction mixtures revealed
that upon adding Fald to the Tris buffer for the preparation of a 30 mM
solution, the pH dropped to around 5, rendering the enzyme more or
less inactive. Evers et al. mentioned a similar drop in pH upon mixing
Fald in a Tris buffered solution at a neutral pH, and deemed it critical to
avoid using Tris buffer for the Fald fixation of RNA [27]. The above
results suggested that the buffer capacity of the Tris buffer was ham-
pered by reaction with Fald. Tris can react with Fald to make stable
intramolecular cyclic products, and this reactivity is indeed commonly
exploited to quench Fald reactivity and cross-linking activity [28,29].
In light of these complications, a different buffer was suggested, and of
the tested MES and MOPS (4-Morpholinepropanesulfonic acid) buffers
at pH 5.5-7.5, the MES buffer at pH 6.5 was found to provide suitable
conditions for the reactions and the highest enzyme activity. pH 6.5 was
elsewhere found to be the optimal pH for the three enzyme cascade
reaction of CO, to MeOH, catalyzed by FateDH, FaldDH and ADH [30].
The pH of the reaction mixture in MES buffer was unaffected by Fald.
Furthermore, the spontaneous degradation of NADH was much lower in
a 30 mM Fald mixture prepared in MES buffer than in Tris buffer, or
0.04 + 0.01 and 0.56 + 0.10 pM/min in MES and Tris, respectively.
This is likely since NADH is generally more unstable at lower pH [31].
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Fig. 2. (Left) Spontaneous degradation of NADH in Tris and MES buffers. Solution concentrations: 30 mM Fald, 100 pM NADH, no enzyme. (Right) Changes in pH of
MES and Tris buffers upon addition of Fald. Error bars report standard deviation of three independent measurements.
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Fig. 3. (A) SEM figures and (B) PSD of raw Al,O3, SiC, TiO, and YSZ-8 powders. PSD was measured at 1 wt% powder concentration in DI water.

The degradation is especially important considering that NADH is
commonly used to monitor reactions, and the spontaneous degradation
must be accounted for in activity measurements [21,24]. The ob-
servations just discussed are illustrated in Fig. 2 and highlight the im-
portance of carefully selecting all process conditions for optimized
performance. Considering these results, the MES buffer was selected for
further experiments with ADH.

3.2. Powder characterization

The properties of the support largely decide the success of im-
mobilization. The powder properties investigated here were the PSD,
BET surface area and {-potential, in addition to visualization by SEM.
The PSD and BET surface area contain information about the available
surface area for immobilization while the {-potential is important re-
garding the electrostatic interactions between the enzyme and support.

3.2.1. Powder morphology

The SEM images of Al,O3, SiC, TiO, and YSZ-8 powders are shown
in Fig. 3A. The figures reveal the different morphologies of the powders.
The TiO, and YSZ-8 powders seem to have similar morphologies,
composed of fine, spherical particles with a narrow PSD. The SiC par-
ticles are relatively fine, but with irregular sizes and shapes and coarse
surfaces. The Al,O3 particles are likewise irregular in size and shape,
large particles with flat surfaces are observed on the SEM figure of
ALOs.

The observations from the SEM images are supported by PSD
measurements (Fig. 3B). From the PSD, the Al,O5 particles measure an
order of magnitude bigger than the other particles, with an average
particle diameter of 46.0 um, compared to 0.7-3.7 um for the other
particles (Table 1). However, given the irregular and flat surfaces of the
Al,03 particles, it is likely that the particle size is overestimated due to
assumption of spherical particles. The SiC powder has a somewhat wide

Table 1

PSD - in addition to the average particle diameter of 3.7 um, there is a
considerable amount of larger particles, up to 40 pm in size, indicating
that SiC could be prone to agglomeration. Small particles provide nu-
merous advantages for immobilization over large particles, notably,
higher surface area and higher particle concentration in a suspension.
Furthermore, mass transfer limitations are reduced, both regarding
particle mobility in solution, i.e. increased Brownian motion, [32,33] as
well as regarding diffusion of species within the particles [34,35].

The BET surface areas of the four powders are given in Table 1, and
mostly reflect the results of the PSD measurements. The Al,O3; powder
has the lowest BET surface area, or 5.4 mz/g, compared to
11.5-13.4m?/g for the other powders. This difference is rather small,
considering the difference in PSD, which supports the suggestion that
the size of the Al,O3 powder is overestimated due to the flat shapes of
the particles. The finest powder, YSZ-8, has the largest BET surface
area, followed by SiC and TiO,. The irregular surfaces and presence of
very small SiC particles, down to 0.1 um as revealed by the PSD, could
explain the higher surface area of SiC than of TiO,, despite larger
average particle size.

3.2.2. {-Potential

In addition to the morphology, the electrostatic properties of the
support materials play an important role in enzyme immobilization.
The ¢-potential of the powders were measured in both Tris and MES
buffers and the results are given in Table 1. The results vary con-
siderably between the two buffers; the {-potential is generally higher in
the Tris buffer than in the MES bulffer, except for TiO,. TiO, is the only
powder resulting in a negative {-potential and a higher absolute value
in MES than Tris, or —42.25 and —35.02mV, respectively. The ob-
served change in {-potential of the TiO, is most likely a result of a lower
salt concentration of the MES buffer as compared to the Tris buffer.
Generally, the {-potential decreases with increasing salt concentration
since the electrical double layer (fixed and diffuse layer of counter ions

Properties of Al,O3, SiC, TiO, and YSZ-8 powders. Where applicable, values are means + SD (n = at least 2).

Powder IEP from literature [38] C-potential (Tris) [mV] {-potential (MES) [mV] BET surface area [mz/g] Average particle diameter from PSD [pum]
Al,03 8-9 324 + 0.2 125 £ 0.3 5.4 46.0
SiC 2.5-3.5 63.4 = 0.6 2.8 £ 0.1 13.0 3.7
TiO, 5-7 —35.0 £ 2.8 —423 £ 1.5 11.5 1.2
YSZ-8 7.5-9.5 33.5 £ 0.2 8.1 = 0.1 13.4 0.7
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around a surface) is compressed in the presence of salts [36]. However,
the opposite is seen for the other powders - the Al,Os, SiC and YSZ-8
powders are only slightly positively charged in the MES buffer, with ¢-
potentials of 12.51, 2.08 and 8.09, respectively, whereas the {-poten-
tials of these powders are 32.44, 63.41 and 33.45mV in the Tris buffer.
A possible explanation for the drop in {-potential, despite a lower ionic
concentration, can be found in the nature of the ionic compounds of the
two buffers. As the Al,O3, SiC and YSZ-8 powders are positively charged
in both buffers, the counter ions in the Tris and MES buffers are Cl~ and
MES™ (CeH;oNO4S7), respectively. Weak electrolytes, such as the
MES ™, can adsorb to particle surfaces by hydrogen and van der Waals
bonds, in addition to electrostatic forces [36,37]. At the same time, the
diffusion of MES- ions back to the bulk is slower than of the Cl™ ions
due to their size. Hence, the adsorption of MES- ions on the surface of
the positively charged powders might explain the low {-potential of
these powders in the MES buffer.

3.3. Properties of free and immobilized ADH

3.3.1. Activity of ADH immobilized on inorganic powders

The activity of ADH immobilized on the four powders by PA and CB
is shown in Fig. 4, where a faster consumption of NADH means higher
enzyme activity. The activity retention is generally high, except for
TiO,. Regarding the Al,O3, SiC and YSZ-8 powders, the activity reten-
tion of ADH-PA is higher than that of ADH-CB, which is consistent with
what is generally seen when comparing these two immobilization
methods [3]. The lower activity retention of ADH-CB can be caused by a
number of reasons, notably conformational changes in the enzyme
structure by the formation of covalent bonds and increased mass
transfer limitations [39,40]. The latter arises since the particles can
undergo cross-linking in the activation step with GA, thereby de-
creasing the available surface area and increasing the mass transfer
limitations within the particle clusters. Moreover, the covalent attach-
ment by GA can result in unfavorable orientation of the enzyme, so that
the active sites are blocked [16]. Despite these negative effects on the
enzyme activity, covalent bonds generally provide robustness, and
therefore, CB is often favored in terms of increased operational stability
and decreased enzyme leaching. From Fig. 4, it may be observed how
the enzyme activity is lower on the Al,O3 particles than on SiC and YSZ-
8, which can be explained by the lower BET surface area of the Al,O3
particles.

The special case here is the TiO, powder, where the immobilization
results in low activity retention, especially with ADH-PA. This is likely
explained by the negative {-potential of TiO, in the MES buffer at pH

Physical immobilization

Covalent immobilization
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6.5. ADH is likewise negatively charged at pH 6.5 (IEP 5.4-5.8), which
leads to electrostatic repulsion between the TiO, powder and the ADH,
and thereby low enzyme loading. This is especially important for PA,
where the electrostatic forces play a central role in the immobilization
[41]. Consistently, the results here show almost zero activity retention
of ADH-PA on TiO,. The other three powders had a slight positive
surface charge, thereby providing favorable electrostatic conditions for
ADH-PA. The electrostatic forces are less important for CB. The surface
chemistry of the support is altered by functionalization and activation,
as new functional groups and new charges are introduced to the surface
[42,43]. The introduction of GA would typically result in increased
positive charge on the surface under the conditions at hand. This
change in surface charge was demonstrated by Vasconcellos et al. [42],
who measured the {-potential of six different nanozeolite supports for
enzyme immobilization, both untreated supports, as well as amino-
functionalized (with aminopropyltrimethoxysilane) and GA activated.
The introduction of the functionalizing and activating agents resulted in
increased positive (-potential, for instance, the (-potential of an un-
treated zeolite composed of SiO,, TiO, and Na,O in DI water was
-34.4mV, while the amino-functionalized surface had a (-potential
of + 19.6mV and the further GA activated surface had a (-potential
of + 30.2mV [42]. The shift in {-potential from negative to positive
allows a more efficient immobilization of ADH on the surface of the
activated TiO, particles than on the raw TiO, particles, as can be seen
by comparing the two reaction curves for TiO, in Fig. 4.

3.3.2. Storage stability of free and immobilized ADH

The storage stability of ADH was investigated by measuring the
enzyme activity after storage in MES buffer for up to 40 days. For these
experiments, ADH was immobilized on SiC, which was chosen from the
four powders based on the performance in the activity studies. The
results for free and immobilized enzymes are shown in Fig. 5A. The
results are presented as relative activity, compared to the activity of
freshly prepared enzyme solution or immobilized enzyme (day 0). The
free enzyme seems to be highly stable, since the relative activity was
still 85 = 4% at day 40, which is much higher than for the im-
mobilized enzymes, where the relative activity at day 40 was
30 = 22% and 3 * 4% for ADH-PA and ADH-CB, respectively. It must
be noted that the activity retention of ADH-PA was still high after 21
days, or 94 = 12%. With ADH-CB on the other hand, the activity re-
tention decreases steadily and the enzyme was more or less inactive
after 21 days. These results are in apparent contradiction to what is
generally observed, where CB normally provides higher stability than
PA [44-47]. However, the behavior of the CB samples observed here

Fig. 4. Activity of ADH-PA (left) and ADH-CB
(right) immobilized on Al,0s, SiC, TiO, and

YSZ-8 powders. Activity was measured as the
o % {7 A ALO, o A AlLO; decrease in NADH concentration, which was
e o SiC 2 o Sic measured by absorbance at 340 nm. Reaction
& v TiO, \{7 v TiO, conditions: 10mL reaction volume, 30 mM
8 & YSZ-8 8 <& YSZ-8 Fald, 100 uM NADH, RT, 100 rpm, MES buffer,
% PH 6.5. Error bars report standard deviation of
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Fig. 5. (A) Effects of storage in MES buffer on activity of free ADH, ADH-PA and ADH-CB immobilized on SiC powder. Reaction conditions: 10 mL reaction volume,
30 mM Fald, 100 uM NADH, RT, 100 rpm, MES buffer, pH 6.5. (B) PSD of raw SiC and SiC with ADH-PA and ADH-CB showing effects of storage in MES buffer on
particle agglomeration. Error bars report standard deviation of at least two independent measurements.

may be explained by the particularities of the employed system, espe-
cially the use of fine powders as immobilization supports.

Considering the free ADH, the MES buffer seems to generally pro-
vide a good environment, as seen by the high storage stability in the
buffer. Similar experiments in the Tris buffer showed a much more
pronounced decrease in enzyme activity with storage. ADH is nega-
tively charged in both buffers, which might induce the interactions
between the enzyme and the positively charged Tris molecules
(NH5C(CH,0H)3 ™), while resulting in better dispersion in the presence
of the negatively charged MES™ molecules and lower ionic concentra-
tion. This hypothesis can be supported by the findings of Cugia et al.
[37] who measured the mobility of positively charged lysozyme in
different buffers and found the highest mobility to be in Tris buffer, the
only positively charged buffer investigated.

Regarding the immobilized enzymes, the observed decrease in ac-
tivity was mainly caused by enzyme leakage and mass transfer limita-
tions. The enzyme loss due to leakage was calculated from protein
concentration measurements of the storage buffer, and was found to be
around 3-8% for both ADH-PA and ADH-CB. Mass transfer limitations
seemed to be a more critical factor here. This was detected by the
formation of particle agglomerates in the buffer during storage. The
mass transfer limitations increase with the size of the agglomerates,
thereby resulting in decreased activity. This observation was in-
vestigated further by measuring the PSD of the powder with im-
mobilized enzyme after storing in buffer for 1-28 days. The results are
presented in Fig. 5B, and clearly show the agglomeration of the parti-
cles, notably the particles with ADH-CB. The mean particle diameter
increased from 3.7 pum for the raw powder to 4.4 and 7.0 um for powder
with ADH-PA and ADH-CB, respectively, after one day of storage in
MES buffer. The particles with ADH-CB immediately formed large ag-
glomerates, likely due to cross-linking of the particles during the GA
activation step, which helps explaining the immediate and dramatic
decrease in the activity of ADH-CB. The particles with ADH-PA formed
smaller agglomerates that increased in size during storage.

In addition to the agglomeration, the observed difference in activity
retention of the enzymes might be explained by the immobilization
efficiency (IE). The IE of ADH-PA and ADH-CB was 65.2% and 39.5%,
respectively. With a smaller initial amount of enzyme to catalyze the
reactions (lower IE of ADH-CB than ADH-PA), the decrease in activity
due to natural decay, leakage, mass transfer limitations etc., will be
more pronounced.
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3.3.3. Recyclability of ADH on SiC

One of the main objectives of enzyme immobilization is to extend
the lifetime of the catalyst to allow its repeated use in multiple reaction
cycles and/or in continuous processes. To investigate the recyclability
performance of ADH immobilized on SiC powder, the immobilized
enzyme was used in eight consecutive reaction cycles. The results are
presented in Fig. S1. After the eight reaction cycles, the activity re-
tentions of ADH-PA and ADH-CB were 49 + 4% and 32 + 18%, re-
spectively. The decrease in enzyme activity is mainly explained by the
mechanical stress on the enzyme in the reaction set-up. Furthermore,
the repeated agitation and filtration could induce the aggregation of the
powder particles with subsequent mass transfer restrictions, as was also
suggested by Gao et al. [45] who used a similar recycling and washing
procedure for the recycling of carbonic anhydrase immobilized on TiO,
nanoparticles. The residual activity of ADH-CB is somewhat lower than
of ADH-PA. On the other hand, the rate of decrease in activity is similar
for the two immobilization methods, except the decrease in activity is
only detected after the third cycle for ADH-PA instead of after the first
cycle for ADH-CB. This could indicate that the enzyme is mostly im-
mobilized on the outer surface of the particles, and is thereby equally
exposed to the external conditions. Immobilization on outer surfaces
does not result in as high stabilization as immobilization inside porous
structures [15]. The delay observed here is likely because of the higher
IE of ADH-PA than ADH-CB, which in these experiments were measured
to be 76.6% and 25.1%, respectively.

4. Conclusions

The results obtained here have confirmed some fundamental aspects
of enzyme immobilization on solid surfaces. The importance of elec-
trostatic forces for physical adsorption of enzymes was seen by the
different activity retention of ADH on the four inorganic powders in-
vestigated, i.e. high activity retention was achieved where the powder
and enzyme had opposite surface charge while the activity retention
was low in the case of similar surface charges. The surface area is
likewise an important factor, the lower surface area of the Al,O3
powder as compared to the SiC and YSZ-8 powders resulted in lower
observed activity. Furthermore, the immobilization efficiency by CB
was considerably lower than by PA, which was presumably due to
cross-linking of the particles in the activation step with GA, resulting in
decreased surface area available for immobilization. The results ob-
tained revealed both advantages and disadvantages of using nano-
particles as support for enzyme immobilization. The nanoparticles
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proved to be good immobilization supports regarding high Brownian
motion and high activity retention. Furthermore, the nanoparticles
were easily recovered from a reaction medium by filtration, which fa-
cilitates their use in multiple reaction cycles. On the other hand, the
storage stability of the immobilized enzyme suffered from agglomera-
tion of the nanoparticles in the MES buffer. This highlighted the ne-
cessity to find a suitable buffer, considering both the reaction condi-
tions and suspension stability, in order to fully exploit the advantages of
nanoparticles in future applications.
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We investigated the relative contributions of intra-pore diffusion (via membrane thickness) and partitioning into
nanofiltration (NF) membrane pores (via membrane pore size and ion hydration energy) to the apparent energy
barriers for ion transport in NF membranes. Using polyelectrolyte layer-by-layer assembly, we independently
altered NF membrane thickness as well as membrane pore size and then determined the apparent energy barriers
to bromide and fluoride transport through the fabricated membranes. Membrane thickness and pore size were
estimated using an AFM scratch technique and the hydrodynamic pore transport model, respectively. By
increasing the number of polyelectrolyte bilayers from four to ten, the polyelectrolyte film thickness increased
from 28 to 77 nm, while the apparent energy barriers to bromide transport through the membranes with four,
seven, and ten bilayers were negligibly affected (4.4, 3.4, and 3.9 kcal mol 1, respectively, at 1.7 bar). Instead,
we found that solute flux and the apparent energy barriers to ion transport were significantly affected by both
membrane pore size and ion hydration energy. Overall, our results support the traditional energy barrier-based
models for ion transport in membranes and the recently proposed notion that ion dehydration at the solution-

membrane interface is the rate-limiting step during transport through NF membranes.

1. Introduction

Nanofiltration (NF) is a pressure-driven membrane separation pro-
cess in which a semi-permeable membrane acts as a selective barrier that
separates salts and low molecular-weight solutes from a solution [1-3].
The separation properties of NF membranes lie between those of reverse
osmosis (RO) and ultrafiltration (UF) membranes, and thus the solute
transport mechanism in NF membranes is based on both diffusion and
convection, as well as electromigration [4,5]. The most recognized so-
lute rejection mechanisms of NF membranes are Donnan (charge) and
steric (size) exclusion [6-8], which can be exploited for the removal of
target solutes, product concentration, and solvent recovery from a feed
stream [9-11]. Applications of NF (e.g., in the textile, food, pharma-
ceutical, and biorefinery industries) focus mainly on water softening and
wastewater treatment [12-20].

As solute rejection in NF is mainly controlled by the size and charge
of the membrane pores and the species passing through the pores [4], it

* Corresponding author.
** Corresponding author. Technion - Israel Institute of Technology, Israel.

follows that selectivity for species of similar size and charge is often
limited [7,21-24]. Nevertheless, certain selectivity trends have been
observed during the separation of ions of similar hydrated size and
charge [22,25], which have mainly been ascribed to the respective hy-
dration energies of the ions [22,26]. A higher hydration energy implies a
higher energetic cost of ion dehydration, while the need for ion dehy-
dration increases as the pore size decreases [22,25,27-33]. Numerous
studies have demonstrated how higher hydration energy can enhance
steric exclusion of an ion when the hydrated size of the ion is similar to
the membrane pore size, since the water shells surrounding the ion are
less easily removed or distorted during passage through the membrane
pores [4,25,27,34-37]. Ton dehydration, as an ion-specific effect, can
thus be considered an additional mechanism involved in ion selectivity.

Besides influencing ion rejection, ion hydration energy and dehy-
dration are also reflected in the energy barrier to ion transport through
NF membranes [37]. Energy barriers arise when a membrane imposes a
hindrance to transport. The energy barriers amount to the energy
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required for solute transport to occur, which includes contributions from
all transport mechanisms involved (convection, diffusion, and electrical
mobility) [20,25]. Furthermore, the energy barriers due to diffusion
depend on the respective rate constants for diffusion at the
solution-membrane interface (solute partitioning into the membrane)
and inside the membrane [38].

The transport of solutes through membranes with pore sizes similar
to the size of the hydrated solute involves partitioning of the solutes into
the membrane, followed by diffusion through the membrane [22,39].
The diffusion step can be described as solutes hopping between equi-
librium positions, such as vacant sites [38,40] and sites of favorable
chemical/electrostatic interactions [41-44]. Notably, the diffusion of
dehydrated ions inside membrane pores is strongly influenced by local
charge stabilization, as the point charge of the ions is exposed upon
dehydration and thereby interacts more strongly with electrically
charged sites of the pore walls. This transport has been described as
jump diffusion and can lead to slower ion permeation through the
membrane [44].

With the series of hindrances offered by the membrane pore entry
and interior, the solutes can be considered to traverse multiple transition
states during transport — i.e., momentary high-potential-energy
and unstable configurations — much like those described by the
transition-state theory for chemical reactions [40,45]. The energy
barriers associated with the individual transition-states cannot be
evaluated separately due to the limited number of measurable param-
eters involved in transport [38]. However, an apparent representative
energy barrier to solute transport through membranes can be quantified
experimentally using a single-barrier Arrhenius-type equation, which
describes the solute flux (analogous to a chemical reaction rate constant)
as a function of temperature [22,37,46].

Molecular dynamics simulations and ion transport experiments
reveal that when the membrane pore size is similar to the hydrated size
of the ion (such as in NF membranes), ion dehydration at the pore entry
is the main contribution to the apparent energy barrier [22,25,46]. For
instance, Corry et al. [28,29] investigated energy barriers to ion
-transport in carbon nanotubes (CNTs) using molecular dynamics
s-imulations, and showed that the energy barriers were controlled by the
CNT diameter and the hydration energy of the ions, whereas the energy
barriers were unaffected by the length of the CNTs. Unlike the
frictionless transport in CNTs, polymeric NF membranes are tortuous,
and the local chemical properties may vary throughout the length of the
pores. Solutes experience various resistances during transport through
such membranes, such as physical and chemical interactions with the
pore walls [29], and they are assumed to overcome numerous
transport-related energy barriers inside the membrane pores [29,38].
The contribution of these intra-pore energy barriers to the apparent
energy barrier in NF membranes has yet to be shown experimentally.
Notably, while energy barriers arise due to a series of local hindrances,
the question whether the energy barrier for ion transport accumulates
along the membrane thickness has not been answered. Hence, the
contribution of the intra-pore energy barriers may be evaluated by
investigating the effect of membrane thickness on the apparent energy
barriers to transport in NF membranes.

NF membranes are generally composed of a thin, selective separation
layer, and a thicker, porous support layer. The separation layer
primarily controls transport through the membrane and is where energy
barriers arise. The separation layer in commercial membranes is most
commonly fabricated by interfacial polymerization, a technique where a
polymeric film is synthesized at an aqueous-organic interface [5,14,18].
An alternative method for the fabrication of the separation layer is
polyelectrolyte (PE) layer-by-layer (LbL) assembly. In this method, a
polyelectrolyte multilayer (PEM) is assembled on top of the porous
support by alternating deposition of oppositely charged PEs to form a
film with separation performance in the range of NF membranes [6,8,47,
48]. The LbL assembly method has gained attention for its simplicity and
versatility [49].
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The properties of PEM films can be controlled by numerous
fabrication parameters. For instance, the pore size and layer thickness
can be tuned by controlling the concentrations of PEs and background
ionic strength of the deposition solutions [6], the film thickness can be
increased by addition of layers [43,47,49-52], and the surface charge
can be controlled by the terminating PE [7,16,43]. Moreover, the
surface charge can be dramatically changed, or even reversed, by
incorporating salt annealing in the fabrication procedure [41,53-55].
Given the highly controllable properties of PEM films, PE LbL assembly
is a practical method for fabrication of tailor-made membranes for
specific applications, such as investigating the effects of membrane
thickness on the apparent energy barriers to ion transport through NF
membranes.

In this work, we used PE LbL assembly to study energy barriers to ion
transport in NF membranes of different thicknesses. By carefully con-
trolling the LbL deposition conditions, we first fabricated PEM NF
membranes of various thicknesses but similar pore size and surface
charge. We then measured experimental energy barriers to ion transport
through the membranes and found that (i) increased membrane
thickness does not result in significantly higher energy barriers to ion
permeation and (ii) the intra-pore diffusion creates a relatively low
barrier. Conversely, we found that energy barriers are dependent on ion
hydration energy as well as NF membranes pore size, corroborating
previous experimental and molecular dynamics studies. Our work pro-
vides experimental evidence that energy barriers to ion transport in NF
arise primarily due to ion dehydration effects at the water-membrane
interface and can be used to guide the design of selective membrane
materials.

2. Materials and methods
2.1. Materials and chemicals

Commercial polysulfone (PSf) ultrafiltration (UF) membranes
(Sepro Membranes, Oceanside, CA, USA) with molecular weight cut-off
of 20 kDa were used as the substrate for PE LbL self-assembly. Poly
(diallyldimethylammoniumchloride) (PDADMAC; MW 150,000-200,
000 g mol’l; 20% wt. in water), poly(sodium 4-styrenesulfonate)
(PSS; MW 70,000 g mol™ 1), erythritol, glucose, xylose, sodium
bromide (NaBr), and sodium fluoride (NaF) were purchased from Sigma
Aldrich (St. Louis, MO, USA). Sodium chloride (NaCl), isopropanol, and
glycerol were purchased from J.T. Baker Chemicals (Phillipsburg, NJ,
USA); hydrochloric acid (HCl) from AmericanBio (Natick, Massachu-
setts, USA); and sodium hydroxide (NaOH) from Avantor (Center Valley,
Pennsylvania, USA). Silicon wafers (Mechanical Grade 1996) were
provided by UniversityWafer, Inc. (South Boston, MA, USA). Deionized
(DI) water (MilliPore, Billerica, MA, USA) was used for solution prepa-
ration, membrane compaction, and cleaning the filtration system.

2.2. Fabrication of NF membranes by LbL assembly

Before deposition of the PEs onto the PSf UF membrane substrate, the
PSf membrane was immersed in 25% isopropanol and shaken at 60 rpm
for 30 min, followed by thorough rinsing with DI water in three 30-min
cycles. The pretreated PSf membrane was stored in DI water at 4°C
overnight before use. For LbL assembly, the pretreated PSf membrane
was clamped between a glass plate and a polytetrafluoroethylene (PTFE)
frame with the active side facing up (the exposed membrane area was
approximately 40 cm?) [6,47]. The frame was placed on a rotary shaker,
which was set to 60 rpm, and then 10 mL of cationic and anionic PE
solutions were deposited onto the PSf membrane in an alternating
fashion with intermediate rinsing cycles. PDADMAC and PSS were
chosen as cationic and anionic PEs, respectively, because they are both
charged over the normal operational pH [8,37].

The PE concentration of the deposition solutions used was either 0.8
or 20 mM, calculated with respect to the monomer molar mass. The PE
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concentration was decreased to fabricate membranes with smaller pore
sizes, as described in our previous work [6]. In both cases, the PEs were
dissolved in DI water with 0.5 M NaCl as the background ionic strength,
and a 0.5 M NacCl solution was used for rinsing. As the pristine PSf
membrane has a negative surface zeta potential (Fig. S2), LbL assembly
was initiated by the deposition of cationic PDADMAC onto the substrate.
The PSf membrane was exposed to the PDADMAC solution for 10 min,
followed by two 5-min rinsing cycles to remove any loosely adsorbed
PDADMALC. Subsequently, the PSS solution was applied to the substrate
for 10 min, followed by two 5-min rinsing cycles. These six steps
concluded the first bilayer. PEM NF membranes with four, seven, and
ten bilayers were fabricated to produce PEM NF membranes of different
thicknesses. The subsequent bilayers were fabricated in a similar
manner as described above, except for the top bilayer, where salt
annealing was introduced [53,55]. The PEM was annealed by applying
10 mL of 2 M NaCl for 30 min to the membrane prior to depositing the
terminating PSS layer. After LbL assembly, the PEM NF membranes were
immersed in 15% wt. glycerol for 4 h, and then air-dried overnight at
room temperature. The membranes were thoroughly rinsed with DI
water before use.

2.3. NF system, water flux and solute rejection measurements

Filtration experiments were conducted in a bench-scale crossflow
system, with flat-sheet membranes placed in plate-and-frame cells. The
effective membrane surface area was 20.02 cm?. Feed solution recircu-
lated between the membrane cells and a feed tank at a crossflow velocity
of 0.21 m s~ 1. The temperature of the feed solution was controlled by a
heater/chiller system (£1 °C). The membranes were compacted over-
night at high pressure—9.7 bar (140 psi) before filtrations of salt solu-
tions and 13.8 bar (200 psi) before filtrations of organic
solutions—using DI water. Pure water flux was measured gravimetri-
cally at the beginning of each experiment and then a concentrated stock
solution was added to the feed tank to reach either 4 mM NaF/NaBr or
50 mg L' total organic carbon (TOC) (glucose/erythritol/xylose).
Additionally, filtration of a mixed anion solution containing 2 mM of
each NaCl, NaF, and NaBr was conducted. Filtrations of salt solutions
were conducted at 1.7, 5.2, and 6.9 bar (25, 75, and 100 psi), and at 22,
28, 34, and 40 °C for each operational pressure. Filtrations of organic
solutions were conducted at 4.1, 6.2, 8.3, and 10.3 bar (60, 90, 120, and
150 psi), and 25 °C. The system was stabilized for 30 min at each
pressure and temperature, after which samples of the feed and permeate
were collected to determine membrane water flux (gravimetrically) and
solute rejection. Ion concentration of single salt solutions was measured
using an electrical conductivity meter (Oakton Instruments, Vernon
Hills, IL, USA) and mixed salt solutions were measured with ion chro-
matography (Dionex DX-500 with an AS14A IonPac column). Organic
concentration was measured using a TOC analyzer (TOCV-CSH, Shi-
madzu Corp., Japan). The observed rejection, Ry, was calculated using
the equation:

Ry = <1 —i> X 100% o
<

where ¢, and cf are the solute concentrations of the permeate and feed,
respectively. Water permeability of the PEM NF membranes was
calculated from water flux measured during filtrations of 4 mM NaBr at
22 °C, and at 1.7, 5.2, and 6.9 bar (25, 75, and 100 psi).

2.4. Membrane characterization

PEM film thickness was evaluated using atomic force microscopy
(AFM). For this purpose, the PEM films were fabricated on atomically
smooth silicon wafers, with 1 mL of PE and rinse solutions applied to the
substrate using small PTFE frames. Similar to the procedure described in
Section 2.2, the PEM films were formed by alternating deposition of
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PDADMAC and PSS to the substrate for 10 min, with two 5-min inter-
mediate rinsing cycles, and salt annealing to the terminating bilayer.
The PEM samples were rinsed with DI water and air-dried overnight.
Before AFM scanning, the dry PEM films were scratched with a needle
without damaging the silicon wafer. PEM samples were measured using
a Bruker Dimension FastScan AFM (Santa Barbara, CA, USA) equipped
with a Bruker FastScan-B cantilever (5 nm tip radius) in ScanAsyst
mode. AFM images of the edge of the scratch were captured at a scan
rate of 3 Hz. Height profiles across the scratch were obtained by an
image analysis software, NanoScope Analysis v1.9 (Bruker), using the
section tool. The height difference between the PEM film and the bare
silicon wafer revealed the dry PEM film thickness. PEM thicknesses are
reported as the average and standard deviation of six measurements
(three scratches on two PEM films). Statistical difference was assessed
using one-way ANOVA and the results are reported as p-values.

An estimation of the average pore size of the PEM NF membranes
was calculated using the hydrodynamic pore transport model [56]. The
model assumes the membrane to be a bundle of cylindrical capillary
tubes of constant radii and uses rejection data of neutral organic solutes
for the pore size estimation, as was described previously by our group [6,
18,57]. Solute flux and rejection data for erythritol (MW 122 g mol’l),
xylose (MW 150 g mol 1) and glucose (MW 180 g mol ) were collected
during single solute filtrations using the crossflow system, filtration
conditions, and analytical methods described in Section 2.3. These data
were fed to the hydrodynamic pore transport model, and the average
membrane pore radius was estimated from transport data for each
organic solute. Estimated pore sizes and standard deviations are re-
ported based on the results obtained from erythritol, xylose and glucose
rejections. Statistical difference was assessed using one-way ANOVA and
the results are reported as p-values. The model has been described in
detail by Deen [56] and Nghiem et al. [57], and a short description of the
method is provided in the Supplementary Material.

The surface zeta potential of the PEM NF membranes was calculated
from streaming potential measurements using an electro-kinetic
analyzer with an asymmetric clamping cell (EKA, Brookhaven In-
struments, Holtsville, NY, USA) as described elsewhere [8,14]. The
surface zeta potential was determined at pH 5, 7, and 9 using a constant
background electrolyte concentration of 1 mM KCl and 0.1 mM KHCOs.
PEM NF membranes were prepared on PSf UF substrate by the method
described in Section 2.2, except using a bigger PTFE frame and 20 mL of
PE and rinse solutions. The results are reported as the average and
standard deviation of two independent samples, with eight streaming
potential measurements per sample.

2.5. Determination of energy barriers to ion transport

Experimental energy barriers to ion transport through the PEM NF
membranes were determined from an Arrhenius-type equation:

Jy=A exp( — %) (2)

where J; is the ion flux through the membrane, A is a pre-exponential
factor, Eq is the experimental energy barrier, R is the universal gas
constant, and T is the absolute temperature. A linearized form of Eq. (2)
describes the natural logarithm of ion flux through the membrane as a
function of the inverse of the absolute temperature:

E
InJ,=InA — == 3)
RT

Energy barriers to ion transport through the PEM NF membranes
were calculated from the slope of the line resulting from Eq. (3). The ion
flux, Js, was calculated at different feed temperatures from experimental
data according to:

Jo=Jucy (€]
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where J,, is the water flux through the membrane and ¢, is the ion
concentration in the permeate. The ion flux was normalized to the feed
concentration at each sampling to eliminate any effect of feed concen-
tration variability due to sampling and solvent evaporation at elevated
temperatures. Energy barriers to water transport were calculated in a
similar manner as for ion transport, except using water flux instead of
solute flux in Eq. (3).

Water flux and rejection data for fluoride, bromide, and chloride
were collected in single and mixed sodium salt filtrations, using the
crossflow system, filtration conditions, and analytical methods
described in Section 2.3. The experimental energy barriers to water and
ion transport in the PEM NF membranes with four, seven, and ten
bilayers were calculated from these data. The average and standard
deviation are reported from at least three independently fabricated
membranes. Statistical difference was assessed using one-way ANOVA
and Welch two-sample t-tests, and the results are reported as p-values.

3. Results and discussion
3.1. Characterization of PEM NF membranes

The aim of this study was to investigate the effect of intra-pore ion
transport on energy barriers in NF membranes. To do so, we fabricated
PEM NF membranes of different thicknesses by changing the number of
bilayers of PDADMAC/PSS deposited on a PSf UF substrate. The PEM
fabrication conditions were selected so that only the thickness of the
PEM NF membranes changed by addition of bilayers, while changes in
membrane pore size and surface charge were minimized. We estimated
the PEM thickness, average pore size, and surface zeta potential using
AFM, the hydrodynamic pore transport model, and an electro kinetic
analyzer, respectively, to quantify variations in these membrane
properties.

For thickness measurements, PEMs with four, seven, and ten bilayers
of PDADMAC/PSS were fabricated on atomically smooth silicon wafers.
After assembly, the PEM films were dried and then scratched with a
needle before imaging with AFM (Fig. S1). A scan of the edge of the
scratch revealed the height difference between the PEM and the bare
silicon wafer, which corresponded to the dry PEM thickness (Fig. 1A-C).
The PEM thickness increased from 28 to 77 nm for PEMs with four to ten
bilayers (p < 0.001, Fig. 1C). The observed PEM film growth was linear
with an average bilayer thickness of 7.9 nm, which is in good agreement
with results reported elsewhere for similar systems [6,50,52,58]. The
measured PEM thickness indicates the increase in thickness of the sep-
aration layers of the PEM NF membranes with addition of bilayers,
although the thickness may not be directly comparable to the PEMs on
porous UF membranes. When PEMs are assembled on porous substrates,
the PEM growth begins in a pore regime (filling of the pores) before it
reaches the film regime (increasing film thickness) [50,53]. Here, we
deposited at least four bilayers onto the PSf UF substrate to be within the
film regime across all experiments.

The average pore sizes of the PEM NF membranes were estimated
using the hydrodynamic pore transport model. Membranes with four,
seven, and ten bilayers of PDADMAC/PSS were fabricated on PSf UF
substrates and applied in filtrations of neutral organic solutes (eryth-
ritol, xylose, and glucose). The pore size calculations were based on
rejection data for the solutes (Table S2), as described elsewhere [6,57].
Pore sizes were seemingly not affected by the number of bilayers in the
PEM films, as the average estimated pore radii were calculated to be
0.73, 0.70, and 0.74 nm for the PEM NF membranes with four, seven,
and ten bilayers, respectively (p = 0.76, Fig. 1C). Similarly, the variation
in surface zeta potential among the PEM NF membranes with different
number of bilayers was small and assumed not to affect the energy
barrier measurements (Fig. 1D). The control over surface charge was
achieved by applying salt annealing to the PEM NF membranes during
fabrication. Preliminary experiments showed that the surface zeta
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potential of PEM NF membranes with two, four, and eight bilayers of
PDADMAC/PSS fabricated without salt annealing became increasingly
positive with addition of bilayers, even with PSS (anionic) as the ter-
minating PE (Fig. S2). This phenomenon has been commonly explained
by overcompensation of PDADMAC in the PEM due to an uneven
adsorption of PDADMAC and PSS to the film, which results in accu-
mulation of excess PDADMAC with addition of bilayers [51,53,58]. Salt
annealing has been proposed as a method to restore the stoichiometric
balance between PDADMAC and PSS in PEM films [55]. Briefly, the
mobility of the PEs within the PEM is enhanced by exposure to high salt
concentration (>1.5 M NaCl), whereby the excess, extrinsic PDADMAC
sites (charge-neutralized by salt counter-ions from the deposition solu-
tion) are evenly dispersed through the PEM, allowing a higher uptake of
PSS at the surface in the following deposition cycle [55]. By applying
salt annealing, we were able to produce membranes with different
number of bilayers but similar, negative surface charges (Fig. 1D).

The filtration performance of the PEM NF membranes (water
permeability and solute rejection, Table 1) supports the results obtained
from characterization. Water permeability decreased from 9.01 to 6.61
L m~2h~! bar~! upon increasing the number of bilayers from four to ten
(p < 0.01), which can be explained by higher resistance to water flux in
thicker membranes [12]. Notably, the decrease in water flux was not
inversely proportional to the increase in membrane thickness, which
indicates that partitioning into the membrane imposed a higher resis-
tance to transport than diffusion inside the membrane [38]. Glucose and
bromide rejection remained similar for the three membranes (p > 0.57
for both solutes), which is in agreement with results from the
hydrodynamic pore transport model and electro kinetic analyzer,
respectively. The similarity in the rejection values is also consistent with
predictions of a pore transport model proposed by Bowen and Welfoot
[59], who showed that rejection of uncharged solutes and ions is
independent of membrane thickness.

Membrane thickness increased significantly with the addition of
bilayers to the PEMs while pore size and surface zeta potential were
comparatively unaffected (Fig. 1). The similarity in pore size was
particularly important for measurements of energy barriers to ion
transport through the membranes, given the reported effect of steric
hindrance on ion dehydration (i.e., greater need for ion dehydration
when ions pass through smaller membrane pores) [25]. Thus, the
characterization proves the usefulness of the PEM NF membranes for
studying the effect of membrane thickness on energy barriers to ion
transport in NF membranes.

3.2. Effects of membrane thickness on apparent energy barriers to ion
transport

We applied PEM NF membranes of varying thicknesses (with four,
seven, and ten bilayers of PDADMAC/PSS) in filtrations of ionic solu-
tions and calculated the energy barriers to ion transport through the
membranes, according to the linearized Arrhenius equation (Eq. (3)). In
an attempt to limit the dominating effect of ion dehydration at the pore

Table 1
Water permeability and solute rejection of PEM NF membranes.

4 Bilayers 7 Bilayers 10
20mMPE 20mMPE  Bilayers
20 mM PE
Water permeability® (L m~2 9.01 + 8.46 + 6.61 +
h™' bar ™) 1.13 0.91 0.47
Bromide rejection, Robs” (%) 16.3 £ 4.2 129 £ 3.2 17.9 £ 2.7
Glucose rejection, Rops (%) 39.6 + 43.5 + 4.5 43.2 + 2.1
10.1

2 Filtration of bromide solution (4 mM NaBr), at 22 °C, pH 5.7, and 1.7, 5.2,
and 6.9 bar.

b Measured at 22 °C, 6.9 bar, and pH 5.7, feed concentration 4 mM NaBr.

¢ Measured at 25 °C, 6.2 bar, and pH 5.7, feed concentration 50 mg L' ToC.
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Fig. 1. Characterization of PEM films and PEM NF
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entry on the apparent energy barrier, we used bromide ions with rela-
tively low hydration energy and PEM NF membranes with average pore
sizes larger than the hydrated size of the ions in our study. By using such
a system, the potential effect of membrane thickness, i.e., the
contribution of the transport resistance arising within the membrane, on
the apparent energy barrier should have become more evident.
Bromide flux through the membranes was measured at temperatures
ranging from 22 to 40 °C and operating pressures of 1.7-6.9 bar (Fig. 2).
An increase in the two operating parameters led to an increase in
bromide flux. Generally, solute flux increases at higher pressure (up to a
certain critical pressure) mostly due to enhanced convective flow
[25,60], while higher temperature leads to increased diffusion,
decreased water viscosity, and potentially altered membrane pore
structure (e.g., due to fusion of adjacent pores) [61-63]. The effect of
temperature on the PEM pore sizes and water viscosity was investigated
by comparing the calculated energy barriers for water and ion transport
through the membranes (Fig. S3). The energy barriers for water were
always lower than for ions, so the observed increase in bromide flux at
higher temperatures cannot be explained entirely by increased pore size
or decreased water viscosity. Rather, an additional ion-specific mecha-
nism (i.e., ion dehydration) was involved in bromide transport in
addition to convection, which resulted in higher energy barriers to
bromide transport than water transport. The relatively small difference
between the energy barriers for water and bromide transport (especially
in the membranes with larger pore size) suggests, however, that bromide
transport through the membranes was significantly affected by con-
vection. In addition to the influence of pressure and temperature, bro-
mide flux decreased with membrane thickness, which can be explained
by increased resistance to convective and diffusive transport [12].
However, the reduction in bromide flux was comparatively lower than
the increase in membrane thickness, suggesting that hindrance to
transport was composed of another major barrier than intra-pore
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streaming potential measurements on two indepen-
dent coupons using a constant background electrolyte
concentration of 1 mM KCl and 0.1 mM KHCOs. The
pH was adjusted using hydrochloric acid (HCI) and
sodium hydroxide (NaOH). (For interpretation of the
references to colour in this figure legend, the reader is
referred to the Web version of this article.)

diffusion, such as ion dehydration at the solution-membrane interface.

Arrhenius plots were produced from bromide fluxes at different
temperatures by plotting the natural logarithm of the bromide flux
against the inverse of the absolute temperature (Fig. 3A). The linearity
of the Arrhenius plots verifies the occurrence of thermally activated
transport through the membranes, and the slopes of the Arrhenius plots
were thus used to calculate the apparent energy barriers (Fig. 3B) [38].
The energy barriers to bromide transport in PEM NF membranes of
different thicknesses ranged from 3.4 to 4.4 kcal mol!; these barriers
are comparable to energy barriers calculated elsewhere for commercial
NF and ion-exchange membranes [22,37]. Notably, the data do not show
a relationship between the energy barriers and membrane thickness.
More specifically, the energy barriers do not increase with increased
membrane thickness, suggesting that the apparent energy barrier is not
an accumulative parameter with respect to membrane thickness;
instead, it represents the local energy barrier of the rate-limiting step.
Our results thus support previously published models on diffusion in
membranes describing solute transport as sequential (and local) barriers
in series, rather than a single accumulative barrier over the membrane
[38].

Similar observations have been described previously by Epsztein
et al. [22,37] who found energy barriers to ion transport in ion-exchange
membranes to be comparable to those for NF membranes, despite
ion-exchange membranes being much thicker than NF membranes. The
authors concluded that the energy barriers were mainly due to ion
dehydration at the pore entry, in agreement with previous studies [22,
25,46]. According to transport models based on the transition-state
theory [38], if the energy barrier due to intra-pore diffusion is signifi-
cant, solute flux will depend inversely on membrane thickness. Here, the
relatively minor effect of thickness on solute flux (Fig. 2) suggests that
the barrier at the solution-membrane interface is the rate-limiting step
and therefore poses the most significant barrier for solute transport.
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Fig. 2. Bromide flux through PEM NF membranes with (A) four, (B) seven, and
(C) 10 bilayers of PDADMAC/PSS. Membranes were prepared by deposition of
20 mM polyelectrolyte solutions onto a PSf UF substrate. Bromide flux was
measured during filtration of 4 mM NaBr solutions at 1.7, 5.2, and 6.9 bar (25,
75, and 100 psi). Rejection was calculated from conductivity measurements of
the feed and permeate. Experimental conditions: crossflow velocity of 0.21 m
s7!, pH 5.7. Error bars report standard deviations of four independently
fabricated membranes.

Although the average pore size was relatively large in our experiments
and transport was dominated by convection rather than diffusion, some
pores may still force bromide ions to partially dehydrate or, at least,
rearrange their hydration shells at the pore entrance.

3.3. Effect of hydration energy, pore size, and pressure on apparent
energy barriers to ion transport

To verify that ion dehydration governs the apparent energy barrier,
we studied the effects of ion hydration energy and membrane pore size
on energy barriers to ion transport in PEM NF membranes. We fabricated
PEM NF membranes with different pore sizes by varying the concen-
trations of PEs in the deposition solutions from 0.8 to 20 mM, which
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resulted in membranes with average estimated pore radii of 0.62 and
0.70 nm, respectively, as estimated from the hydrodynamic pore
transport model. We then determined the energy barriers to bromide
transport through those membranes (Fig. 4B). The effect of ion hydra-
tion energy on energy barriers was investigated by comparing bromide
and fluoride transport (hydration energies of 75.3 and 111.1 kcal mol ™,
respectively [22]) in PEM NF membranes with seven bilayers of
PDADMAC/PSS and an average estimated pore radius of 0.62 nm
(Fig. 4A).

Both higher ion hydration energy (fluoride) and smaller membrane
pore size (0.8 mM PE) resulted in increased energy barriers to ion
transport through the PEM NF membranes (Fig. 4 and Fig. S4), in
contrast to increased membrane thickness (Fig. 3B). As such, hydration
energy and pore size had a greater effect on energy barriers than
membrane thickness, which suggests that partial ion dehydration con-
trols the apparent energy barrier to ion transport in NF membranes.
Welch two-sample t-tests showed significant differences in energy bar-
riers for bromide and fluoride ions (p = 0.01-0.05) as well as for the pore
sizes (p = 0.02-0.16), where the p-values vary depending on the applied
pressure. Larger differences may have been observed in membranes with
pore sizes more comparable to the hydrated size of the ions, where
diffusive transport is relatively more important in comparison to
convective transport.

Energy barriers to ion transport in membranes have been found to
decrease to some extent upon increasing the operating pressure, notably
when the ions experience a high resistance to partitioning into the
membrane due to high ion hydration energy and narrow pores [25].
Considering that the apparent energy barrier is calculated from the
Arrhenius-type equation where solute flux is described as a function of
temperature, the decrease in energy barriers at higher pressure (or
higher water permeation velocity) may be the result of increased
contribution of convective transport over diffusive transport at higher
pressure [1,20]. The temperature dependence of diffusion thereby be-
comes comparatively less important for solute flux, which can be
observed as a decrease in the apparent energy barrier at higher pressure.
We evaluated the effects of pressure on the energy barriers and found
that pressure effects were generally not apparent, with the exception of
fluoride transport through the denser membrane studied (pore radius of
0.62 nm, Fig. 4A). The pressure effect was thus more pronounced as the
need for ion dehydration was higher, in agreement with reported ob-
servations [25,62]. The energy barrier to fluoride transport decreased
significantly with pressure (p < 0.001), while no pressure effects on the
energy barriers to bromide transport were observed at the operating
pressures applied here, suggesting that bromide transport was largely
convection-controlled. Based on these observations, pressure may
potentially be exploited to tune the selectivity of NF membranes towards
ions of similar hydrated size and charge.

3.4. Mechanisms of ion transport through PEM NF membranes

The apparent energy barrier to solute transport in membranes was
originally described by a membrane diffusion model derived from the
transition-state theory [38]. According to this model, the apparent en-
ergy barrier is dependent on both the energy barriers to intra-pore
diffusion and the energy barrier due to solute partitioning into the
membrane. Similarly, the transport of ions through a PEM NF membrane
may be described as a sequence of energy barriers that arise due to ion
partitioning into the membrane pores and diffusion across the mem-
brane thickness (Fig. 5) [38,64]. Although the apparent energy barrier
theoretically depends on both steps, it is governed by the rate-limiting
step during transport, or the step that imposes a higher energy barrier
[38]. We found that membrane thickness did not affect the apparent
energy barriers calculated here, indicating that the apparent energy
barrier is not an accumulative parameter with respect to thickness.
Instead, the apparent energy barrier represents a single local barrier as
described by the membrane diffusion model [38]. Notably, the relatively
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Fig. 3. (A) Arrhenius plots and (B) experimental en-
ergy barriers to bromide transport through PEM NF
membranes with four, seven, and ten bilayers of
PDADMAC/PSS. Membranes were prepared by depo-
sition of 20 mM PE solutions onto a PSf UF substrate.
(A) Bromide flux was determined during filtration of
4 mM NaBr at 22, 28, 34, and 40 °C; 5.2 bar (75 psi);
crossflow velocity of 0.21 m s~!; and pH 5.7. The
bromide flux was normalized to the flux at 22 °C (295
K) and the natural logarithm of the normalized flux
was plotted against the inverse of the absolute tem-
perature, according to the linearized Arrhenius
equation. (B) Energy barriers were calculated from
the slopes of the Arrhenius plots at applied pressures
of 1.7, 5.2, and 6.9 bar (25, 75, and 100 psi), under
the same conditions as in (A) (p = 0.23, 0.41, and 0.32
for 1.7, 5.2, and 6.9 bar, respectively). Error bars
report standard deviations of four independently
fabricated membranes.

Fig. 4. (A) Experimental energy barriers to transport
of anions of different hydration energies (Br~ = 75.3
keal mol™%; F~ = 111.1 kcal mol!) through PEM NF
membranes with seven bilayers of PDADMAC/PSS
(Welch two-sample t-tests; p = 0.05, 0.01, and 0.02
for 1.7, 5.2, and 6.9 bar, respectively). Membranes
were prepared by deposition of 0.8 mM PE solutions
onto a PSf UF substrate. (B) Experimental energy
barriers to bromide transport through PEM NF mem-
branes of different pore sizes (Welch two-sample t-
tests; p = 0.02, 0.16, and 0.03 for 1.7, 5.2, and 6.9
bar, respectively). PEM NF membranes were prepared
by deposition of seven bilayers of 20 mM (pore radius
= 0.70 nm) and 0.8 mM (pore radius = 0.62 nm)
PDADMAC/PSS onto a PSf UF substrate. The energy
barriers were calculated from flux and rejection data
from filtration of single salt solutions (4 mM NaBr or
4 mM NaF) at 22, 28, 34, and 40 °C; crossflow ve-
locity of 0.21 m s~ '; and pH 5.7. The energy barriers

were calculated from the slope of Arrhenius plots,
where the natural logarithm of ion flux through the
membranes was plotted against the inverse of the
absolute temperature. Error bars report standard de-
viations  of
membranes.

three  independently fabricated

= Anion @ Water molecule

Fig. 5. Schematic description of energy barriers to anion transport through PEM NF membranes. The main energy barrier arises at the membrane-water interface,
where ions undergo dehydration, or deformation of their hydration shells, before they enter the pore. The ions overcome further energy barriers as they move
through the membrane and hop between vacant sites and between charged groups of the membrane.
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small effect of thickness on ion flux, even with the local charge stabili-
zation of the dehydrated ion during diffusion through the membranes,
suggests that transport was mainly controlled by ion partitioning into
the membrane, i.e. ion dehydration at the solution-membrane interface,
and not by diffusion inside the membrane.

While ion rejection and the apparent energy barriers to ion transport
were unaffected by increasing membrane thickness, water permeability
and solute flux decreased to some extent due to a greater resistance to
water transport. Membrane thickness thus somewhat influenced the rate
of transport through the membranes but did not play a role in ion
selectivity. The selectivity of the membranes was solely dictated by the
pore size of the membrane and properties of the ions. Once a solute has
crossed the largest energy barrier at the pore entry, the solute traverses
the membrane without being significantly affected by the pore interior
[38].

4. Conclusion

We investigated the role of intra-pore diffusion in the apparent en-
ergy barriers to ion transport in NF membranes. PEM NF membranes
were prepared using PE LbL assembly, where one membrane property
(either membrane thickness or pore size) was varied while other mem-
brane properties were kept constant. The apparent energy barriers to
bromide and fluoride transport through the membranes were calculated
from an Arrhenius-type equation. We found no distinguishable effect on
the apparent energy barriers to bromide transport when changing
membrane thickness, whereas both ion hydration energy and membrane
pore size significantly affected the apparent energy barriers. The results
indicate that the apparent energy barriers to ion transport were mainly
controlled by ion dehydration at the water-membrane interface (i.e., in
entering or partitioning into the pore) rather than intra-pore diffusion.
This observation was supported by predictions of a membrane diffusion
model previously derived from the transition-state theory, which shows
that solute permeation (translated to the apparent energy barrier here) is
independent of membrane thickness when transport is controlled by
partitioning of the solute into the membrane. The results highlight the
important role of ion dehydration at the water-membrane interface in
controlling ion rejection by NF membranes and simultaneously elimi-
nate membrane thickness as a parameter involved in ion dehydration-
based selectivity.
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A4 Experimental results of immobilization of alcohol
dehydrogenase by polyelectrolyte layer-by-layer

assembly and interfacial polymerization

Selected results of experiments with the immobilization of ADH by polyelectrolyte LbL
assembly and interfacial polymerization are presented below.

The effect of the pH of the enzyme feed solution on the immobilization efficiency when
ADH was immobilized on PEM membranes is shown in Figure A1. The adsorption of ADH
onto the PEM membranes increased by increasing the pH of the enzyme feed solution
from pH 6.5 to pH 8.5, presumably due to more favorable electrostatic conditions between
the ADH and the positively charged membrane. The effect of polymerization time between
ADH and TMC on water permeability and NADH conversion in biocatalytic membranes
prepared by interfacial polymerization are presented in Figure A2. The water permeabil-
ity decreased as the polymerization time between ADH and TMC was increased, which
indicated a successful film growth due to polymerization between ADH and TMC. The
NADH conversion upon passing through the biocatalytic membranes increased slightly
with polymerization time, possibly since the lower water permeability resulted in longer
retention time within the membrane.
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Figure A1: Effects of the pH of the enzyme feed solution on the immobilization of ADH on
PEM membranes. The membranes were prepared by depositing polystyrene sulfonate
(PSS) and Poly(diallyldimethylammonium chloride) (PDADMAC) onto a GRMO0.1PP MF
membrane substrate. For enzyme immobilization at pH 6.5 and 7.6, the PEM membranes
were prepared by filtering 10 mL of 0.01% PDADMAC in 0.2 M NaCl through the mem-
branes at 1 bar, followed by static deposition of one layer of PSS (10 mL, 0.1 wt%, 20 min)
and one layer of PDADMAC (10 mL, 0.1 wt%, 20 min), with two 5-min rinsing cycles with
0.2 M NaCl between layers. Enzyme immobilization on the membranes was conducted
by applying 5 mL of 10 mg L' ADH in MES buffer at pH 6.5 (or pH 7.6, where the pH
was raised by adding drops of 1M NaOH to the enzyme solution) for 30 minutes followed
by filtration at 1 bar. For enzyme immobilization at pH 8.5, the GRM0.1PP membrane
was first treated with PDA and PEI by applying 10 mL of a 1,82 g/L dopamine-HCI and
0,09 g/L PEI solution in 50 mM Tris buffer at pH 8.5, at 100 rpm, room temperature, for
1h. Subsequently, 10 mL of a 0.01% PSS solution in 0.2 M NaCl was filtered through
the membranes at 1 bar, followed by 20-min static deposition of one layer of PDADMAC
(10 mL, 0.1 wt%), with two five minutes rinsing cycles with 0.2 M NaCl between layers.
Enzyme immobilization on the membrane was conducted by applying 5 mL of 10 mg L
ADH in Tris buffer at pH 8.5 for 30 minutes followed by filtration at 1 bar.
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Figure A2: Water permeability and NADH conversion per pass through biocatalytic mem-
branes prepared by interfacial polymerization of ADH and TMC. GR61PP UF membrane
(polysulfone, 20 kDa) was used as a substrate for the polymerization. ADH (0.7 mL 571
mg L' in MES buffer at pH 6.5) was applied to the membrane for 30 min, subsequently,
3 mL of 0.075 wt% TMC in hexane was added to the membrane surface and the ADH
and TMC were left to polymerize for 2, 5, and 10 min. The TMC solution was dumped off
of the membranes, the membranes were air-dried for 2 min and then washed thoroughly
with water. The activity of the catalytic membranes was measured by adding 4 mL of sub-
strate solution (30 mM formaldehyde and 100 uM NADH in MES buffer at pH 6.5) to the
reactor and collecting 2 mL of permeate by filtration at 4 bar applied pressure. The NADH
concentrations of the feed, retentate, and permeate were calculated from absorbance
measurements at 340 nm, and were used to calculate the conversion and retention of
NADH in the reactor. Water permeability was measured gravimetrically.
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A5 Supplementary material

Electronic supplementary material for papers 2 and 3 is provided below.
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Immobilization of alcohol dehydrogenase on inorganic powders: Zeta potential, surface area and
particle agglomeration as main factors determining activity

Sigyn Bjork Sigurdardéttir?, Jonas Lehmann®, Jean-Claude Grivel®?, Wenjing Zhang®, Andreas Kaiser®,
Manuel Pinelo®*

2Technical University of Denmark, DTU Chemical Engineering, Sgltofts Plads, Building 229, 2800 Kgs.
Lyngby, Denmark, ® Technical University of Denmark, DTU Energy, Frederiksborgvej 399, 4000
Roskilde, Denmark. *Corresponding author

Supplementary material

S1. Immobilization procedures

The immobilization was conducted in an Amicon 2010 stirred cell (Millipore, USA), with 10 mL working
volume and membrane projection area of 4.1 cm?. First, a GRMO,1PP microfiltration membrane
(polysulfone, 0.1 um pore diameter) was prepared by immersing in 50% EtOH for 5 minutes, after which
it was mounted in the cell and washed twice with 10 mL of DI water. Subsequently, powder and enzyme
solution (10 mL of 20 mg/L ADH in MES buffer) were added to the cell, where the immobilization was
conducted for 90 min at room temperature (RT) and 100 rpm. After immobilization, the enzyme solution
was removed by filtration and the powder was washed three times with 10 mL of MES buffer to ensure
complete removal of any non-immobilized enzyme. The filtration permeates were collected for protein
determination. For PA, 10 mg of as-received powder and 10 mL of a freshly prepared enzyme solution
were added to the cell and the immobilization was proceeded as just described. For CB, the powder was
functionalized and activated before immobilization. These two steps were conducted in 1.5 mL
microcentrifuge tubes and mixing was done on a Thermomixer Compact (Eppendorf, Germany). For
functionalization, 10 mg of as-received powder and 1.5 mL of 4% APTES in 90% EtOH were mixed for 90
min at 70°C and 700 rpm. Subsequently, the powder suspension was centrifuged at 14000 rpm for 3 min
on a Sigma 1-15 microcentrifuge (DJB labcare, UK), the APTES solution was removed and the powder
was washed five times by re-suspending in 90% EtOH with intermediate centrifugation cycles (3 min at
14000 rpm). After washing, the powder was dried for 1h at 60°C in an incubator (BINDER, Germany). For
activation, the powder was suspended in 1.5 mL of 2.5% GA in H,0 and mixed for 30 min at RT and 700
rpm. GA was removed by centrifugation and the powder was washed with MilliQ water in a similar
manner as after functionalization. The powder was dried for 1.5h at 60°C in the incubator. Finally, the
powder was transferred to the filtration cell and the immobilization was conducted by the same
procedure as described above.

S2. Recyclability of ADH on SiC
The activity of ADH-PA and ADH-CB on SiC in eight consecutive reaction cycles is shown in Figure S1.
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Figure S1: Relative activity of ADH-PA and ADH-CB immobilized on SiC as a function of reuse cycle. Reaction conditions: 10 mL
reaction volume, 30 mM Fald, 100 uM NADH, RT, 100 rom, MES buffer, pH 6.5. Each reaction cycle lasted 10 minutes, after
which the NADH concentration was measured. Error bars report standard deviation of at least two independent measurements.
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Hydrodynamic pore transport model. In the model described by Deen [1] and Nghiem et al. [2], we
assume neutral, spherical solutes to enter the membrane pores, which are described as a bundle of
capillaries of the same radii. When only steric interactions are considered, the ratio of the solute radius
(rs) and pore radius (rp) is described by the distribution coefficient (@) according to the equation [3]:

0==(1-2) = -2 @

c

Where (c') is the average solute concentration inside the pore and c is the solute concentration at the pore

entrance. Knowing @ and the solute radius, the pore radius can be solved from Eq. S1.

The distribution coefficient (@) is involved in the real rejection (Rr) by the membrane, which describes
the difference in solute concentrations just outside the membrane pores on the feed and permeate sides.
The real rejection is described by the following equation:

—1_ SL_q_ DK
Rr =1 Co 1 1-exp(—Pe)(1— ® K,)

(82)

Where co and ¢ are the solute concentrations at the membrane surfaces facing the feed and permeate,
respectively, K is a hydrodynamic hindrance coefficient for convection and Pe is the Peclet number of

the membrane [3]. The calculation of K¢ and Pe is described elsewhere [2].

The real rejection can be calculated from the observed rejection, which is measured from the bulk feed
concentration, by applying film theory that takes concentration polarization at the membrane surface into
account. The relation between the real and observed rejections according to film theory is given by Eq.
S3:

1-R,
Ry

1-R,

() = () = 2 (89)

Where J, is the water flux and k; is the mass transfer coefficient for the solute.

The real rejection, Ry, can be obtained from Eq. S3 using data collected in filtrations of neutral organic
solutes (water flux and observed rejection). Subsequently, Ry is used in Eq. S2 to solve for ®K. and Pe,
using an iterative procedure (Solver, Microsoft Excel). The ratio of rs and r,, (1) can then be solved for
knowing ®K¢ and Pe, since these parameters are functions of A. Finally, the pore radius can be found
from Eq. S1. The pore radius is calculated for each organic solute used, and the average estimated pore
radius for each membrane is found as the average pore radius calculated for each solute. The results are

presented in table S2.
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Fig. S1. Sample AFM images (20 x 20 um) used for thickness measurements of dry PEM films.
PEM films with four, seven, and ten bilayers of PDADMAC/PSS were fabricated by depositing
(A) 0.8 mM and (B) 20 mM polyelectrolyte solutions onto a silicon wafer. Before imaging, a
scratch was generated by dragging a needle across the dry PEM film. The images show the

topology of the PEM film and the bare silicon wafer around one edge of the scratch.
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Fig. S2. Surface zeta potential of PSf UF substrate and PEM NF membranes with two, four, and
eight bilayers of PDADMAC/PSS (20 mM) fabricated on PSf UF substrate with and without salt
annealing. By salt annealing, the PEM films were subjected to 2 M NaCl for 30 minutes prior to
the deposition of the terminating PSS layer. The surface zeta potential was calculated from eight
streaming potential measurements using a constant background electrolyte concentration of 1 mM
KCI and 0.1 mM KHCOs. The pH was adjusted using hydrochloric acid (HCI) and sodium
hydroxide (NaOH).

PhD Thesis

105



106

0.8 mM PE| 20 mM PE H,0
10¢ o

Br

Energy Barrier, E, (kcal mol™)

7 Bilayers 4 Bilayers 7 Bilayers 10 Bilayers

Fig. S3. Energy barriers to water and anion transport through PEM NF membranes with four,
seven, and ten bilayers of PDADMAC/PSS. Membranes were prepared by deposition of 0.8 mM
or 20 mM polyelectrolyte solutions onto a PSf UF substrate. Experimental conditions: single salt
solutions of 4 mM NaF (H20, F) or 4 mM NaBr (Br’), 1.7 bar (25 psi), crossflow velocity of 0.21

ms%, pH 5.7. Error bars report standard deviations of three independently fabricated membranes.
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Fig. S4. Energy barriers to transport of different anions through PEM NF membranes of different
thicknesses and pore sizes. Membranes were fabricated by depositing either four or seven bilayers
of 0.8 mM or 20 mM PDADMAC/PSS onto a PSf UF substrate. Membranes fabricated with
deposition solutions of 0.8 mM (pore radius = 0.62 nm) and 20 mM (pore radius = 0.70 nm)
polyelectrolyte (PE) represent small and large pores, respectively. Hydration energies of ions are:
F~ (111.1 kcal mol™), CI (81.3 kcal mol™), and Br (75.3 kcal mol™?). Experimental conditions:
mixed ion solution with 2 mM of each NaF, NaCl, and NaBr; 6.9 bar (100 psi); crossflow velocity

of 0.21 m s%; pH 5.7. Rejection of anions was measured by anion chromatography.
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Table S1. Characterization of PEM films and PEM NF membranes.

4 Bilayers 7 Bilayers 10 Bilayers 4 Bilayers 7 Bilayers 10 Bilayers
0.8mMMPE 0.8 mM PE 0.8 mM PE 20 mM PE 20 mM PE 20 mM PE
Thickness (nm) 13.6+0.7 63.5+8.6 123.0+4.7 27.6+3.2 61.6+8.1 76.6 +14.3
E’nor':; radius 0.64+008 062+005 070+007 073+009 070+0.06  0.74+0.09
Zeta potential 2.1+0.12 45+1.1° 5.6 +0.52 -2.1+0.12 -5.2+£0.02 -5.4+£1.02
(mV)p -20+0.4° 21+1.7° 22+06° -4.3+0.1b -7.6+05° -7.2+0.8°
-3.0 £ 0.4¢ 15+2.1° 03+0.7¢ -6.4 £ 0.4° -9.0 £ 0.5°¢ -9.0£0.6°¢
Water
permeability 6.98¢ 5.42+0.24 3.644 9.01+£1.13 8.46 £0.91 6.61 £ 0.47
(L m? h?'bar?)
"pH5
bpH7
‘pH9

d Filtration of mixed ion solution (2 mM of each NaCl, NaF, NaBr), at 22°C; 1.7, 5.2, and 6.9 bar.
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Table S2. Properties of organic solutes and outputs (A, pore radius) from the hydrodynamic pore

transport model. The average estimated pore sizes were calculated in an optimization process using

flux and rejection data from filtrations of organic solutes.

Organic tracer MW (g mol?) Diffusivity? Stokes Radius®, A=r1drp Pore radius, rp
(10°m2s?) rs (Nnm) (nm)
Membrane: 4 Bilayers (20 mM PE)
Erythritol 122 8.4 0.263 0.317 0.831
Xylose 150 7.5 0.290 0.422 0.687
Glucose 180 6.8 0.324 0.490 0.661
Average 0.726
Membrane: 4 Bilayers (0.8 mM PE)
Erythritol 122 8.4 0.263 0.357 0.737
Xylose 150 7.5 0.290 0.484 0.599
Glucose 180 6.8 0.324 0.554 0.585
Average 0.640
Membrane: 7 Bilayers (20 mM PE)
Erythritol 122 8.4 0.263 0.349 0.754
Xylose 150 7.5 0.290 0.414 0.701
Glucose 180 6.8 0.324 0.511 0.634
Average 0.696
Membrane: 7 Bilayers (0.8 mM PE)
Erythritol 122 8.4 0.263 0.391 0.673
Xylose 150 7.5 0.290 0.464 0.626
Glucose 180 6.8 0.324 0.567 0.571
Average 0.623
Membrane: 10 Bilayers (20 mM PE)
Erythritol 122 8.4 0.263 0.312 0.844
Xylose 150 75 0.290 0.417 0.696
Glucose 180 6.8 0.324 0.479 0.676
Average 0.739
Membrane: 10 Bilayers (0.8 mM PE)
Erythritol 122 8.4 0.263 0.337 0.779
Xylose 150 7.5 0.290 0.429 0.676
Glucose 180 6.8 0.324 0.495 0.655
Average 0.703

2 Calculated using the Wilke and Chang equation.
b Calculated using Stokes-Einstein equation
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