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Summary
Inorganic porous hollow fibers are interesting for various applications that could
benefit from a high surface-area-to-volume ratio, such as membranes, catalysts,
electrodes, or a combination of these.
The introduction in chapter 1 starts with an overview of conceivable materials
and applications for inorganic porous hollow fibers, followed by a brief account
of the major methods that are currently used to fabricate such fibers. Particular emphasis is given to the dry-wet spinning of polymer/solvent/particle
mixtures into a coagulation bath. Next, it discusses the intricacies of the thermal treatment that the spun fibers undergo to remove the polymeric binder
and to sinter the inorganic particles together. Finally, the chapter provides the
scope and outline of the thesis.
Chapter 2 describes a production method for the fabrication of silicon carbide
(SiC) hollow fibers by non-solvent induced phase separation. This method produces fibers with sufficient mechanical strength after thermal treatment at temperatures of 1500 ◦C in argon. The fibers still contain a substantial amount of
residual carbon that can be removed with additional thermal treatment at temperatures in the range of 1790-2075 ◦C. Removal of the residual carbon results
in a loss of mechanical strength. Only at extreme temperatures of 2075 ◦C, the
SiC particles sinter sufficiently together to obtain a mechanically robust silicon
carbide fiber. The fibers showed a 4-point bending strength of 30-40 MPa, together with extremely high clean water fluxes of 50 000 L m−2 h−1 bar−1 . These
silicon carbide fibers can be used directly as a microfiltration membrane, or as
a membrane support.
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Chapter 3 describes a production method for inorganic porous hollow fibers
that circumvents the use of organic solvents, such as N-methylpyrrolidone or
dimethyl sulfoxide. The method is based on ionic cross-linking of a sodium
alginate polymer in order to arrest the inorganic particles. This cross-linking
is carried out using multivalent cations such as Ca2+ , Mg2+ , Cu2+ and Al3+
that are supplied from the gelation bath. In contrast to non-solvent induced
phase separation, ionic cross-linking circumvents the formation of a polymerlean phase and the associated large macrovoids in the fiber wall. In addition,
the introduced multivalent ion persists in the fiber after thermal treatment,
allowing the facile incorporation of functional metal oxides on the pore surface
of the fiber.
Chapter 4 presents a modification of the ionic cross-linking that is discussed
in chapter 3. Here, the multivalent cations are added directly to the spinning
mixture in the form of an insoluble carbonate salt. This mixture is then spun
into an acidic gelation bath, where the low pH triggers the dissociation of
the carbonate into multivalent cations and carbon dioxide. The multivalent
ions cross-link the alginate, thereby consolidating the 3D structure. Adequate
gelation requires a sufficiently low pH of the acid bath and a sufficient buffering
capacity of the acid. In order to facilitate proper cross-linking, it is crucial
that the acid has a conjugated base with limited propensity for complexing the
cations. Lactic and acidic acid are shown to be suitable acids for this method.
The fibers prepared via this method show outstanding properties, such as high
mechanical strength, a homogeneous morphology, and a sharp distribution of
narrow pores.
Chapter 5 discusses the effect of different measurement geometries on the measured mechanical strength of Al2 O3 porous hollow fibers. The value obtained
for the mechanical strength depends strongly on the measurement method; values from 3-point bending tests are systematically lower as compared to values
from 4-point bending tests. The specimen size also influences the measured
value; a larger span size systematically results in lower strength values. A statistical analysis of the strength data has been conducted to attain the failure
probability of the fibers. It is found that fibers prepared using phase inversion
do not necessarily follow the Weibull model and other models (e.g., normal
or log-normal) have to be considered. In particular for systems design it is
important that the statistical representation of the strength distribution is accurate. An inappropriate distribution may predict the wrong design strength,
potentially resulting in premature failure.
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Chapter 6 continues on the statistics associated with the mechanical strength
of inorganic porous hollow fibers. It investigates the effect of production methods, and the resultant micro structures, on the mechanical strength using a
standardized 4-point bending test. Fibers were prepared using non-solvent induced phase separation (NIPS), internal, and external bio-ionic gelation (BIGI and BIG-E). Fibers prepared using BIG-I seem to have a larger bending
strength compared to fibers prepared using NIPS or BIG-E, yet have a larger
scatter in their strength data. This greater strength originates from better
stacking of the inorganic particles, caused by the low pH used during their
fabrication. The low pH results in a surface charge of the particles facilitating
a more homogenous stacking. To predict failure behavior, statistical models
are fitted to the measured strength data. All production methods result in
fibers of which the strength distribution appears to follows a Weibull model, in
which failure occurs at the weakest-link. The BIG-I fibers have a large scatter
in their strength data, which is likely due to surface deformations present in the
fiber wall that act as a weak link. If the strength data is re-analyzed with the
surface-deformed fibers excluded, the BIG-I fibers no longer follow the Weibull
model but start to follow a normal distribution. This shows that BIG-I based
fibers have great potential with respect to their mechanical strength. At this
moment, their strength is limited by deformations that occur during production, contrary to NIPS fibers where inherent macrovoids and less ideal stacking
of the particles cause the weakness.
Chapter 7 discusses the use of electrically conductive silicon carbide-carbon
fibers to adjust membrane selectivity and permeability. On the surface of this
fiber, thermo-responsive poly(N -vinylcaprolactam) (P-VCL) microgels have
been immobilized. The permeability and selectivity of the membrane can be
adjusted by controlling the applied electrical power to the membrane. The
thermo-responsiveness is reversible and stable in all the conducted experiments.
No change in permeability over time is observed, indicating inconsiderable microgel loss. Also during backwash the permeability remains constant. The
hydraulic resistance of the membrane is affected by the hydrodynamic radius
of the microgel. Electrical heating of the membrane is found to be 14 % more
energy efficient compared to heating of the whole feed stream, when operating
in crossflow conditions.
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Chapter 8 outlines the prerequisites in order to use inorganic porous hollow
fibers as a support material for thin films prepared by interfacial polymerization. By modification of the surface with multiple inorganic repair layers, a
(poly)amide layer is prepared on the outside of the fiber. Defect free films
are only obtained when the fiber is coated with γ-alumina, which increases
the amount of hydroxyl-groups on the surface and provides a large volume of
small pores for the aqueous phase. The hydroxyl groups allow for covalent
attachment of the film to the ceramic substrate. In the fabrication process,
the vertical drying step after immersion in the aqueous phase is identified to
be critical for obtaining a high quality layer. Inadequate drying (locally) results in excess of the aqueous phase on the outer wall of the fiber, causing
film formation to occur at a distance from the ceramic fiber and preventing
the hydroxyl groups to participate in the polymerization. The prepared fibers
showed acceptable clean water fluxes (2-4 L m−2 h−1 bar−1 ) and good retention
of Rose Bengal dye (1017 g mol−1 ).
The final chapter 9 reflects on the main findings of this thesis and attempts
to put the results in perspective. The chapter also suggests possible routes for
further research, focusing on functional fibers and the application thereof.
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Samenvatting
Poreuze anorganische holle vezels zijn interresant in toepassingen waar een
groot oppervlakte per volume eenheid is vereist, zoals membraantechnologie,
katalyse, elektrodes of een combinatie hiervan.
Het inleidende hoofdstuk 1 geeft een overicht van mogelijke materialen en
toepassingen van anorganise poreuze holle vezels. Het geeft uitleg over de, op
dit moment, belangrijkste fabrikagemethodes om deze vezels te maken. Hierbij wordt specifiek ingegaan op het ‘dry-wet’ spinnen van vezels, gemaakt van
standaard mengsels van polymeer/oplosmiddel/anorganische deeltjes. Daarnaast wordt de thermische behandeling om het polymeer te verwijderen en de
anorganische deeltjes aan elkaar te sinteren behandeld, gevolgd door een kort
overzicht van mogelijke toepassingen van deze vezels. Het hoofdstuk wordt
afgesloten door een uiteenzetting over het doel van dit proefschrift.
In hoofdstuk 2 word een productiemethode voor silicium carbide (SiC) holle
vezels beschreven waarin gebruik wordt gemaakt van fasescheiding. Uit deze
methode worden vezels met voldoende mechanische sterkte verkregen na een
thermische behandeling op 1500 ◦C in een argon atmosfeer. De resulterende
vezels bevatten nog een significante hoeveelheid achtergebleven koolstof. Om
dit te verwijderen is een thermische behandeling rond 1790-2075 ◦C vereist.
Echter sinteren de SiC deeltjes alleen bij een extreme temperatuur van 2075 ◦C
voldoende aan elkaar om een mechanisch robuuste vezel te verkrijgen. Deze
techniek levert vezels op met een 4-punts buigsterkte van 30-40 MPa op en een
extreem hoge schoonwaterpermeabiliteit van 50 000 L m−2 h−1 bar−1 . Deze silicium carbide vezels kunnen direct toegepast worden als microfiltratiemembraan
of als membraandrager voor andere scheidingen.
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Hoofdstuk 3 beschrijft een productiemethode voor anorganische poreuze holle
vezels die het gebruik van organische oplosmiddelen zoals N-methylpyrrolidon
of dimethylsulfoxide overbodig maakt. De werkwijze is gebaseerd ionische verknoping van natrium-alginaat polymeer om de anorganische deeltjes te consolideren in een vezelstructuur. De verknoping wordt uitgevoerd door multivalente kationen zoals Ca2+ Mg2+ , Cu2+ en Al3+ , welke worden aangeleverd
vanuit het gelatiebad. Door het gebruik van ionische verknoping zijn er geen
grote ‘macrovoids’ aanwezig in de vezelwand, die daardoor symmetrisch is. De
multivalente ionen blijven bovendien na de thermische behandeling als oxide
aanwezig in de vezel, waardoor op eenvoudige wijze functionele metaaloxiden
aan het porieoppervlak van de vezel kunnen worden toegevoegd.
In hoofdstuk 4 wordt een modificatie van de ionische verknoping gepresenteerd. Hier worden de multivalente kationen direct toegevoegd aan het alginaat/deeltjes mengsel, in de vorm van een onoplosbaar carbonaat. Het mengsel
wordt bij deze techniek gesponnen in een zuur gelatiebad, waarbij de lage
pH leidt tot de dissociatie van het carbonaat in de multivalente kationen en
kooldioxide. De multivalente ionen verknopen het alginaat, waarbij de 3Dstructuur vastgezet wordt. De gelering vereist een voldoende lage pH van het
zuurbad en buffercapaciteit van het zuur. Verder is het cruciaal dat het zuur
een geconjugeerde base heeft met beperkte neiging tot complexeren van de
kationen. Melkzuur en azijnzuur zijn hiervoor erg geschikt en vezels bereid
hiermee laten uitstekende eigenschappen zien. De bereidde vezels vertonen een
hoge mechanische sterkte, een homogene morfologie en een scherpe verdeling
van nauwe poriën.
Hoofdstuk 5 bespreekt het effect van verschillende meetgeometrien op de
gemeten mechanische sterkte van Al2 O3 poreuze holle vezels. De mechanische
sterkte is sterk afhankelijk van de meetmethode, zo blijken waardes verkregen
met een 3-punts buigtest systematisch lager te zijn in vergelijking tot waardes
verkregen door 4-punts buigtest. Het hoofdstuk benoemt ook het effect van
specimenlengte tijdens deze buigproeven; een grotere overspanning resulteert
in lagere sterktes. De met de verschillende methodes verkregen resultaten zijn
statistisch geanalyseerd om de faalkans van de vezels te beschrijven. Tijdens
deze analyse is gebleken dat vezels die bereid zijn met fasescheiding niet noodzakelijkerwijs een Weibull verdeling volgen, maar dat ook andere verdelingen zoals
de normale of log-normale verdeling moeten worden overwogen. Een foutieve
aanname over de verdeling zou kunnen leiden tot verkeerde ontwerpparameters,
met voortijdig falen als gevolg.
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Hoofdstuk 6 gaat verder in op de statistiek achter de mechanische sterkte
van anorganische poreuze holle vezels. Het beschrijft het effect van de productiemethode, en resultante microstructuur, op de mechanische sterkte, bepaald
met behulp van een gestandaardiseerde 4-punts buigtest. Hiervoor werden
vezels bereid met faseinversie (NIPS), interne– en externe bio-ionische gelering
(BIG-I en BIG-E). Vezels bereid met behulp van de BIG-I methode lijken een
hogere buigsterkte te hebben in vergelijking met vezels bereid via NIPS of BIGE, maar hebben een grote spreiding. De hogere sterkte komt vermoedelijk door
de betere stapeling van de anorganische deeltjes, onder invloed van de lage pH
tijdens de productie. Om faalgedrag te voorspellen zijn statistische modellen
gefit op de gemeten sterkte-data. Hieruit bleek dat alle productiemethoden resulteren in vezels waarvan de sterkte een Weibull verdeling volgt, waarin falen
optreedt bij de zwakste schakel. Vezels bereid door de BIG-I methode hebben
een grotere spreiding in vergelijking met vezels gemaakt met de NIPS methode. Dit komt door vervormingen in de wand van de vezel, die als een zwakke
schakel optreden. Als de sterkte opnieuw word geanalyseerd, met uitsluiting
van de vervormde vezels, dan volgen de BIG-I vezels geen Weibull verdeling
meer maar een normale verdeling. Dit toont aan dat op BIG-I gebaseerde vezels
een groot potentieel hebben met betrekking tot hun mechanische sterkte. Op
dit moment is de sterkte beperkt door vervormingen die optreden tijdens de
productie, en niet door de inherente macrovoids of minder goede stapeling van
de anorganische deeltjes, wat wel het geval is voor de NIPS vezels.
Hoofdstuk 7 bespreekt het gebruik van elektrisch geleidende siliciumcarbidekoolstofvezels om membraan- selectiviteit en permeabiliteit aan te passen. Op
het oppervlak van de vezel werden warmtegevoelige poly(N -vinylcaprolactam)
(P-VCL) microgels geı̈mmobiliseerd. Door aanpassing van de elektrische stroom
door het membraan kan de permeabiliteit en selectiviteit van het membraan
kan worden aangepast. De microgel coating blijft gedurende dit proces stabiel,
wat blijkt uit de onverandere permeabiliteit over tijd. Zelfs tijdens meerdere
terugspoel-cycli blijft de permeabiliteit constant. De warmte reactie blijft
bovendien omkeerbaar. De hydraulische weerstand van het membraan gedraagt
zich volgens de hydrodynamische straal van de microgel, die op zichzelf een
functie is van de temperatuur. De elektrische verwarming van het membraan is
energie efficiënter vergeleken met het opwarmen van de gehele voedingsstroom
onder cross-flow condities en levert een besparing van 14 %.
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Hoofdstuk 8 bespreekt de voorwaarden om dunne poly(amide) films op anorganische vezels te maken door grensvlakpolymerisatie. Door modificatie van
het oppervlak met meerdere anorganische reparatielagen kan een poly(amide)
film bereid worden op de buitenzijde van de vezel. Om defectvrije films te
verkrijgen moet de vezel bekleed worden met γ-alumina, die de hoeveelheid hydroxylgroepen aan het oppervlak vergroot en zorgt voor een voldoende porievolume voor de waterige reactiefase. De hydroxylgroepen zorgen voor een covalente binding tussen de film en het keramische substraat. De verticale droogstap,
na onderdompeling in de waterige reactantoplossing, is cruciaal voor het verkrijgen van een laag van hoge kwaliteit. Onvoldoende droging resulteert in plekken
met een overmaat aan reactantoplossing, met als resultaat dat de film zich op
een afstand van de wand zal vormen. Hierdoor kunnen de hydroxylgroepen
van de vezelwand niet participeren in de polymerisatie. De uiteindelijk gefabriceerde vezels laten een goede schoonwaterpermeatie (2-4 L m−2 h−1 bar−1 )
zien en hebben een retentie hoger dan 99% voor kleurstof met een molmasse
van 1017 g mol−1 .
Het laatste hoofdstuk 9 kijkt terug op de belangrijkste resultaten die in dit
proefschrift worden behandeld en probeert deze resultaten in een breder perspectief te plaatsen. Daarop aanvullend worden suggesties gedaan voor verder
onderzoek ten aanzien van functionele vezels.
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Chapter 1

Introduction to inorganic porous
hollow fibers
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1.1

Inorganic porous hollow fibers

Hollow fibers are defined as a capillary with an inside diameter larger than
25 µm and an outside diameter smaller than 1 mm [1]. Due to their small
radial dimensions, hollow fibers allow for a very large surface-to-volume ratio
(2000 m−1 to 16 000 m−1 ).
Polymeric hollow fibers were first reported in the 1960s and are omnipresent
today [2]. Major applications of polymeric fibers are in medical devices, in
water reclamation, or in gas separation [1, 3]. To illustrate the scale and
maturity of this technology, over 1 million hemodialysis membrane modules are
produced on a daily basis, and each of these modules holds over a kilometer of
hollow fiber [4].
Inorganic hollow fibers potentially outperform their polymeric counterparts in
terms of thermal and chemical stability. The first inorganic Al2 O3 hollow fibers
have been reported in 1991 by Okubo et al.[5]. Today, hollow fibers consisting
of a variety of inorganic materials are made with radial dimension down to
<0.25 mm [6, 7]. The broad variety in materials and dimensions is illustrated
in Figure 1.1.

Figure 1.1: A test tube showing a variety of inorganic porous hollow fibers,
including stainless steel, alumina, nickel, YSZ and SiC
One of the major envisioned applications of inorganic fibers is their use as membrane, given that inorganic porous hollow fibers have several advantages over
polymeric hollow fibers. For example, inorganic fibers have excellent chemical
and thermal stability which allows for a larger operating window in membrane
separations; examples include gas separation at high temperature [8], under
corrosive environments [9, 10], or high pressure [11]. The unique properties
of the inorganic fibers also allows for different applications, such as the use as
catalyst support [12, 13], as gas diffusing electrode [14] or microreactor [15–17]
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Despite their potential, these fibers are limited available on a commercial scale,
which might be attributed to their expensive and time consuming production
method. Widespread industrial application is not only limited due to availability, but also due to challenges with the mechanical strength of the fibers, with
fiber sealing, and with multi-fiber module design and construction.

1.2

Fabrication methods

Several processes for making single layer inorganic hollow fibers have been
reported in literature, including extrusion [7, 18], wet and dry-wet spinning
[5, 19–22], and template methods [23, 24]. All of these methods consist of
the generalized 4-step production process that is schematically outlined in Figure 1.2. In the first two steps the a so-called “green” hollow fiber is prepared.
In the first step an inorganic particle loaded mixture or paste is forced to take
on the shape of a hollow fiber. In the second step this geometry is consolidated.
The result is a hollow fiber loaded with inorganic particles. In the subsequent
steps three and four, all but the inorganic particles are removed by increasing
the temperature, followed by sintering of the inorganic particles at even higher
temperatures.

Structure
shaping

Structure
consolidation

Fabrication

Decomposition
of polymeric
binder

Inorganic
particle
sintering

Thermal treatment

Figure 1.2: Schematic representation of the steps present in the fabrication
process of inorganic porous hollow fibers.
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1.2.1

Extrusion

During extrusion, a mixture of inorganic particles, binder and additives such as
dispersant, plasticizer or pore formers is extruded through an extruder head to
form a fiber. Most extruder heads consist of a tip through which a bore-former
is co-extruded and an annulus through which the mixture is extruded, resulting
in a green body with a cylindrical and hollow shape. During thermal treatment,
the binder and additives are removed and the inorganic particles are sintered
together [25]. Usually, relatively high particle loadings are utilized, resulting
in little shrinkage upon removal of the binder. As a result, the porosity is often
low which can be increased by the addition of pore formers [26]. These pore
formers are removed in a later stage, and upon removal additional pores are
created. Removal is mostly done by thermal treatment or acid leaching. The
extrusion-derived hollow fibers generally have a relatively large outer diameter
(>1 mm), large pore size, and a symmetric wall structure [7, 18, 26, 27]. A
post treatment involving surface modification or coating is usually required to
reduce the pore size.

1.2.2

Spinning

Spinning is in many ways comparable to extrusion, including the use of a tipin-orifice spinneret to force a particle containing mixture into a hollow fiber
shape. In spinning, the inorganic particles are dispersed into a liquid polymer
solution or in a melted polymer. As the polymer exits the spinneret, it solidifies
into a hollow fiber by non-solvent induced phase separation (wet and dry-wet
spinning), by cross-linking (UV, ionic), or by cooling down (melt spinning).
In order to keep the fiber hollow, a second phase is introduced via the tip of
the spinneret, which can be air in the case of melt spinning, or a non-solvent
in the case of non-solvent induced phase separation. During solidification of
the structure a front passes through the fiber wall, which often results in a
a-symmetric structure [28].
Figure 1.3A shows a schematic representation of a dry-wet spinning setup.
A mixture of polymer and solvent is pressurized in a feed vessel and pressed
through the spinneret. Here, the bore-liquid is introduced to keep the fiber
hollow. Figure 1.3B shows the detail of the spinneret, in which the tip and
annulus are clearly visible. After the mixture exits the spinneret it travels
through an air gap, where a fraction of the solvent may evaporate vausing
the outside of the fiber to solidify. In the coagulation bath the mixture further
solidifies. In this step, the cross-sectional morphology of the green fiber is final.
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Figure 1.3: A schematic representation of a dry-wet spinning setup (A) and a
detailed photograph of a spinneret (B)

Spinning also allows the fabrication of multi-layered systems, by using a spinneret with additional annular openings. The use of multi-layer spinnerets for inorganic fibers comprising an inner and outer layer has been reported by de Jong
et al. [29]. The extra annular openings can also be used to introduce different
(non-)solvents, such as ethanol or glycerol, to delay the phase inversion process
of the outer region region of the fiber. This approach is also used for polymeric
hollow fibers to allow localized reactions in the outer region [30, 31].

1.2.3

Structure consolidation

After forcing the inorganic particle loaded mixture to take on the shape of a
hollow fiber, it requires a step to, temporarily, consolidate its shape before a
thermal treatment can be given. Various methods are used to consolidate a
structure, that are not limited to hollow fibers. Techniques such as UV crosslinking of a photopolymer [32], ionic cross-linking of a hydrogel [33–35] or freeze
drying [36, 37] were successfully modified by the addition of inorganic particles,
followed by a thermal treatment to obtain an inorganic structure. One of the
most used techniques to consolidate the structure is based on phase inversion
of a polymer/solvent mixture by means of a non-solvent [1, 38].
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Non-solvent induced phase separation
During non-solvent induced phase separation (NIPS), a polymer dissolved in
a suitable solvent is put into contact with a non-solvent. Upon contact with
the non-solvent, phase separation results in the formation of two phases, one
containing predominantly polymer, whereas the other contains mostly solvent
and non-solvent. A wide range of polymer structures can be obtained via phase
separation. The finally obtained structure depends on the thermodynamics as
well as the kinetics of phase separation.
This process has been extensively studied for the formation of polymeric membranes [1, 38, 39]. Figure 1.4 shows the phase diagram for a typical membrane
forming system based on non-solvent induced phase separation. The system is
based on three components; a polymer, a solvent, and a non-solvent, that is
miscible with the solvent but not with the polymer. The corners of the ternary
diagram represent pure components and the sides represent binary mixtures of
the two components connected.

Polymer
binodal
boundary

single phase
region

metastable
spinodal
boundary
unstable

typical starting
composition

Solvent

A

critical point

B

Non-solvent
tie-lines

Figure 1.4: Ternary phase diagram of a simple membrane forming system of
a polymer, solvent and a non-solvent. A and B indicate two possible paths
through which phase separation can occur.
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Figure 1.5: Scanning electron micrographs of polymeric fiber walls with a) large
macrovoids, b) sponge like structures, c) asymmetrical structure containing
regions with macrovoids and sponge like structures.

The binodal boundary divides the phase diagram into a single-phase region,
where the three components are miscible in all compositions, and a two-phase
region, where the system separates into two phases. The compositions of the
two different phases are connected by tie-lines. After phase separation, the
polymer-rich phase forms the solid part of the membrane, whereas the polymerlean phase forms the macro voids and pores. The two-phase region can be
further divided into a metastable region and an unstable region.
The metastable region is situated between the binodal and spinodal boundaries.
In this metastable region phase separation is thermodynamically favored but
the system is stable against small concentration fluctuations. Within this region, phase separation proceeds via nucleation and growth of one of the phases
(path A, Figure 1.4). In the spinodal region all compositions are unstable and
the phase transition is characterized by a fast and uniform separation of the
two phases (path B, Figure 1.4).
The exact path through the phase diagram is much more complicated and is
influenced by many factors, such as the spinning dope composition, the type of
non-solvent used or the spinning parameters. These factors strongly determine
the final morphology of the fiber, and a vast amount of structures can be
obtained. Figure 1.5 shows some typical structures that can be obtained with
non-solvent induced phase separation.
For membrane applications often an a-symmetrical structure is desired, with
a sponge-like or dense structure on the outside of the fiber, and a more open
structure with macro voids on the lumen side of the fiber wall. By altering the
composition and spinning conditions, the exact morphology of the fiber can be
modified [39].
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Non-solvent induced phase separation can also occur for polymer solutions that
contain inorganic particles. The result is a solid polymer structure in which
inorganic particles are embedded. During a thermal treatment the polymer is
removed and the particles are sintered together. During thermal treatment the
initial morphology of the polymer/particle fiber often persists. The addition
of particles to the polymer/solvent mixture strongly affects the rheology of the
mixture, and adding a large amount of particles often increases the viscosity
to such a value that spinning is no longer possible. In addition, the change
in rheology also limits the morphological structures that can be obtained by
phase-inversion. The highly viscous mixture also limits the choice in spinneret
diameter, making it difficult to obtain fibers with small radial dimensions [40].
In order to obtain small radial dimensions, Luiten-Olieman et al. lowered the
particle loading of the fibers followed by relaxation of the polymer above the
glass transition temperature Tg . As the polymer relaxes, the macro voids in the
structure reduce due to surface driven viscous flow, which results in significant
shrinkage of the fiber in radial dimensions. The new structure and low radial
dimension persist after sintering, resulting in inoganic fibers with an outer
diameter as small as 250 µm [6].
In addition to the particle loading, also the particle size and shape strongly
affect the rheological properties of the spinning mixture. The particle size
directly affects the pore size of the fiber after sintering, and in order to reduce
the pore size often smaller particles are used. This results in a higher viscosity
of the spinning mixture [41].
One of the first sources that described the use of phase separation to prepare
Al2 O3 hollow fibers was by Okubo et al. in 1991. Ever since, various materials
and types of inorganic fibers were produced and the majority of the methods
and recipes are inspired on the production methods used to produce organic
fibers [39, 42–44].
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1.3

Thermal treatment

All fabrication methods result in “green” fiber that consists of inorganic particles embedded in a matrix of a polymeric binder. In order to convert the green
fiber into a inorganic fiber, a thermal treatment step is employed to remove
the polymeric binder and to sinter the inorganic particles together to form a
rigid fiber.

1.3.1

Drying

The majority of fiber production methods result in a polymeric fiber with
embedded inorganic particles, immersed in a non-solvent. Removal of the nonsolvent and, if present, any residual solvent is key before further thermal treatment steps can be carried out. For these fibers, the drying rate and resultant
stresses are of importance. The drying rate determines the timespan to dry
the material and the resultant stresses have a large influence on, for example,
the shrinkage or collapse of the fiber [25]. Drying is a complex process that
can be divided into four main stages; (1) an initial stage, (2) a constant-rate
period (CRP), (3) a first falling-rate period (FRP1), and (4) a second fallingrate period (FRP2). During the initial stage and the constant-rate period,
the drying takes place mainly at the surface and the rate is close to that of a
free liquid surface. For every unit of liquid that evaporates, the volume of the
fiber decreases by one unit volume. This stage of constant evaporation and its
accompanied shrinkage lasts until the end of the constant-rate period. By this
time the solvent-gas interface recedes into the pores and the first falling-rate
period starts. In this period the most of the evaporation still takes place at the
surface. During the second falling-rate period the interface is receded so far
into the pores that the characteristics of the drying mechanism change [25, 45].
The rate of drying can be altered during the second stage, where the drying
is sensitive to external conditions such as flow rate of the gas over the fiber,
temperature, or humidity. During this stage, strong capillary forces introduce
large stresses in the system that can result in shrinkage or deformation of the
fiber, especially when high surface tension liquids such as water are used. To
avoid fiber collapse, solvent exchange with a solvent that has a lower surface
tension can be used [46–48]. During the fabrication of inorganic porous hollow
fibers by dry-wet spinning, drying is generally not the limiting step. After
dry-wet spinning, the green fibers are immersed in water and the fiber is dried
prior to sintering. In most cases the polymeric/inorganic fiber has sufficient
mechanical integrity to overcome the stresses that are introduced during the
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evaporation of water [43]. The majority of the water will be present in the
bore and in the large macrovoids, and is therefore easily removed from the
fiber. Further drying is carried out as part of the thermal treatment routine.
A proper drying strategy is more important when other fabrication methods
are used, such as ionic cross-linking of a hydrogel [49–51]. In this case the
system has a much higher water content, as these gels can incorporate large
amounts of water in their network. As a result, after the first falling-rate period, the amount of residual water is much higher and further removal of water
at elevated temperature results in significant shrinkage of the fiber [33].

1.3.2

Glass transition

The glass-liquid transition is the reversible transition in amorphous materials
(or in amorphous regions within semicrystalline materials) from a hard and relatively brittle ”glassy” state into a viscous or rubbery state as the temperature
is increased. Below the glass transition temperature (Tg ), polymer chains have
limited mobility. Above the Tg , the polymer chains have a significant higher
mobility, and relaxations tend to be much faster. The Tg of a polymer can have
a strong influence on the properties of the polymer. One of the most relevant
changes for the fabrication of inorganic porous hollow fibers is the reduction of
the polymer’s viscosity above the Tg .
The dynamics of surface energy driven viscous polymer flow can allow the
reduction of macrovoid volume, which results in a substantial shrinkage of the
fiber. The extent of viscous deformation is strongly related to the rheology
of the particle loaded polymer mixture. Therefore it depends largely on the
concentration and nature of the inorganic particles. This effect is used by
Luiten-Olieman et al., who adjusted the particle loading and rheology of the
mixture to fabricate fibers with small radial dimensions by controlled shrinkage
at temperatures around the Tg [6].

1.3.3

Polymer decomposition

Polymer decomposition is an extremely broad term including all irreversible
polymer degradation processes that involve a loss of weight from the material.
During polymer decomposition, the polymer is removed as vapor by heating at
ambient pressure in an oxidizing or non-oxidizing atmosphere, or under a partial vacuum. The decomposition of the polymer is influenced by both chemical
and physical factors. Chemically, the specific polymer used and the atmosphere
determine the decomposition temperature, pathway and decomposition prod26

ucts. Physically, the decomposition is controlled by heat transfer into the fiber
and mass transport of the decomposition products out of the body [25].
The selection of a suitable polymer is governed by multiple factors. To maintain
structural integrity it is preferred that the polymer burnout occurs gradually
and that the decomposition of the polymer is not be completed before initial
neck formation between the particles is obtained (see section 1.3.4). In addition, decomposition should not take place in a region where the polymer or
its decomposition products (e.g. carbon [52] or sulfur [53]) can react with the
inorganic particles [52, 54]. The decomposition process can be influenced by
the selection of a suitable polymer and atmosphere in which the decomposition
occurs [55].

1.3.4

Sintering

Sintering is a high-temperature densification process occurring in inorganic
materials. The atoms in the materials diffuse across the boundaries of the particles, fusing the particles together and creating one solid piece. For inorganic
fibers, this converts the loose particles, stacked in a certain orientation, into a
rigid inorganic fiber. This process is mainly limited by the low diffusion rate
of the atoms at low temperatures. To create sufficiently high diffusion rates, a
temperature of ≈ 2/3Tmelt is typically required.
Sintering can be considered to occur in three stages: the initial stage starts
when the atoms achieve sufficient mobility. As a result of this mobility neck
formation between the particles occurs, with only a limited densification of the
sample. In the intermediate stage the pore radii shrink, which results in further
densification of the sample. A percolative pathway remains present along the
particles. In the final stage, the sample further densifies leaving only single
pores with no percolative pathway [25].
During the sintering of inorganic porous hollow fibers, one has to balance the
mechanisms involved in the first and second stage in order to obtain the desired
pore size associated with only neck formation, but also the further densification
of the second stage in order to obtain mechanical strength. This is different for
fibers that require a non-porous layer, such a perovskites [56].
Pores are commonly present at the point where multiple particles are in contact,
and are typically found to be 1⁄3th of the size of the initial starting particles.
Depending on the exact sintering mechanism and conditions, these pores can
either grow or shrink. Pore growth is often the result of a process where larger
particles grow on the expense of the smaller particles, resulting in a larger
average pore size as compared to the starting material. This mechanism can
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also be employed to enhance the sintering of difficult to sinter materials, such as
silicon carbide [57]. Pore shrinkage is the result of intermediate stage sintering,
in which the sample densifies and shrinks at the expense of porosity [25].
The degree of sintering of inorganic porous fibers can be tuned by sintering
temperature, time, or a combination thereof. Insufficient sintering results in
a relatively weak fiber with a low mechanical strength, whereas over-sintering
often reduces porosity and pore size up to a state where an almost dense fiber
is obtained. Depending on the desired properties, the sintering conditions can
be altered.

1.3.5

Volatilization and inorganic reactions

During sintering, some inorganic components can have a non-negligible vapor
pressure. For most materials used to prepare inorganic fibers, a relatively low
sintering temperature is sufficient to fabricate a fiber with sufficient mechanical
strength. One of the exceptions is the sintering of silicon carbide, where temperatures in the range of 2000 to 2200 ◦C are used. These temperatures are well
above the melting point of silica (1700 ◦C), which result in a strong increase in
SiO2 vapor pressure [58]. In addition, at these very high temperatures solidstate reactions can also be present. For example, during the sintering of SiC,
excess carbon is removed from the fiber’s structure by a solid-state reaction
between carbon and silica [59].

1.4

Materials

This paragraph gives an overview of the materials used to fabricate inorganic
porous hollow fibers.

1.4.1

Metal oxides

Metal oxides are a class of materials that are extensively investigated in the
field of hollow fibers, mainly due to their good thermal and chemical stability
and the ease of fabrication. The incorporation of oxides allows the use of oxidative environments during thermal treatment, resulting in complete removal
of polymeric binders and additives.
The majority of research was done on Al2 O3 hollow fibers, utilizing a polymer/solvent system based on poly(ethersulfon)(PES), N -Methyl-2-pyrrolidone
(NMP), and various polymeric additives [19]. Liu et al. investigated the effect
of inorganic particle size distribution and the sintering temperatures on the
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final resulting fibers. Many systematic studies have focused on the effects of
spinning mixture composition and process conditions on the final morphology
of the inorganic fiber [5–7, 20, 40]. Most of these Al2 O3 fibers were directly
used as ultrafiltration (UF) or as microfiltration (MF) membrane, or were used
as membrane support for other functional layers.
Yttria stabilized zirconia (YSZ) has been used as material because it is the
most common electrolyte material in solid oxide fuel cells (SOFCs), and because of its better chemical stability in alkali environments as compared to
alumina [6, 60–62]. Fibers were prepared based on the common PES/NMP
polymer/solvent system and thermal treatment was carried out in air which
facilitates the full removal of the polymer at approximately 800 ◦C and subsequent sintering at temperatures of 1200 ◦C to 1590 ◦C [62]. In addition, zirconia
fibers were prepared without yttria stabilization by a template method [17, 23].
Titanium dioxide TiO2 is widely investigated for its photocatalytic activity.
Poly(etherimide) (PEI) and NMP were used to prepare TiO2 -loaded hollow
fibers with an outer diameter of 2 mm. These fibers were subsequently sintered
in the range of 700 ◦C to 1400 ◦C to obtain a TiO2 hollow fiber [63]. This
production method was later adapted to facilitate the fabrication of multi-bore
TiO2 fibers [63, 64].

1.4.2

Metals

Porous metal fibers receive increasing attention due to their desirable properties, such as their electrical conductivity, processability, and mechanical properties such as ductile behavior. One of the main challenges of sintering porous
metals is the complete removal of the polymer without the use of oxidative environments, such as air. Careful selection of the thermal treatment conditions
can not only prevent oxidation of the metal particles, but can also prevent the
formation of other unwanted species, such as nitrides (nitrogen environment)
or carbides (residual carbon).
Porous stainless steel is commonly used as a membrane support, for example
for Pd membranes used in H2 separation [11]. This, together with the improved
mechanical properties of a metallic fiber, drives the research into stainless steel
fibers. Stainless steel fibers often suffer from the formation of chromium carbides when thermally treated under a protective atmosphere, such as nitrogen
or argon. The formation of these chromium carbides is undesirable as the
chromium is a key component in the corrosion protection of the steel [65]. Due
to incomplete removal of the polymer, residual carbon is present at temperatures (500 ◦C to 600 ◦C) where these carbides can form, which significantly
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reduces the corrosion resistance of the steel [66–69]. Reducing the amount
of polymer used [67], or selecting a polymer which a suitable decomposition
temperature might solve this problem [55, 68].
Nickel is considered to be a possible alternative for the more expensive palladium membranes for hydrogen separation. This particular application requires
the fabrication of dense nickel fibers. By altering the sintering conditions, both
dense and porous nickel hollow fibers could be fabricated [70]. For these fibers
the decomposition of the poyler occurs in air, to allow lower temperatures
(450 ◦C), and subsequently the final sintering othe nickel is done in an argon
atmosphere. At temperatures in excess of 900 ◦C, liquid phase sintering occurs
and the particles fuse together to form a continuous, gas tight nickel fiber.
Titanium is used as electrode material in for example redox flow batteries
[71].Such systems benefit from the large surface area to volume ratio that the
fibers offer. The high reactivity of the titanium complicates the fabrication of
porous hollow fibers. Especially at elevated temperatures titanium readiliy reactis with a variety of organic and inorganic compounds. By sintering titanium
fibers at 700 to 1350 ◦C under argon, followed by electrochemical oxidation at a
anodic current of 0.2 A, pure titanium fibers were prepared. This multiple-step
thermal treatment indicates that oxidation of the titanium particles is still one
of the main challenges [72].

1.4.3

Other

In addition to traditional metal-oxide ceramics, also other inorganic materials are investigated. Perovskite fibers are often investigated for their excellent
oxygen transport characteristics, and scale up of these materials into a hollow
fiber geometry would be a large step towards industrial application [73]. Perovskite materials are very sensitive to sulfur impurities, limiting the amount
of polymers that can be used. In addition, in order to fabricate defect free
perovskite fibers, no percolative porous pathway can be present after sintering
[74].
Perovskite fibers have been prepared out of Ba0.5 Sr0.5 Co0.8 Fe0.2 O3-δ (BSCF).
This is one of the most studied materials because it can allow high oxygen fluxes. Fibers have been obtained from spinning mixtures based based
on NMP and various sulfur free polymers, such as low density polyethene
(LDPE), polyethylene terephthalate (PET), polyurethane (PU) and polyetherimide (PEI). After sintering at 1190 ◦C for 4 h, fibers with suitable properties
for oxygen permeation have been obtained [53].
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La0.6 Sr0.4 Co0.2 Fe0.8 O3-δ (LSCF), exhibits lower oxygen fluxes but has better
mechanical and chemical stability. Dense fibers have been prepared from spinning mixtures based on DMSO and cellulose acetate, followed by a two step
thermal treatment; macro voids were removed by keeping the fibers above the
Tg (200 ◦C) for 4 h, and further sintering has been carried out at temperatures
ranging from 1250 ◦C to 1350 ◦C [75].
In addition to perovskites, non-metal oxide ceramics such as silicon nitride
(Si3 N4 ) have been investigated. For example, in membrane distillation Si3 N4
ceramics are considered to be among the promising materials due to their
excellent resistance to oxidation, corrosion and thermal shock [76]. Zhang
et al. have used a system based on NMP and poly(ethersulfone) in which the
starting ceramic powders (α−Si3 N4 , ,Al2 O3 and Y2 O3 ) were dispersed. The
metal oxides acted as a sintering aid and promoted grain growth of rod-like
Si2 N4 grains. They were subsequently sintered at 1700 ◦C for 4 h in a graphite
furnace, under a nitrogen atmosphere [7, 76]. In order to lower the thermal
conductivity of the Si3 N4 fibers, β-Sialon (Si6-z Alz Oz N8-z , z = 1 - 4) fibers
were prepared. The lower thermal conductivity meets one of the requirements
of membrane distillation [77]. The multi-step thermal treatments indicate that
fabrication of non-oxide ceramics can be difficult, as sintering of these materials
is not straightforward.
Carbon hollow fibers are considered an interesting class of materials, for example as catalyst support [78]. Carbon fibers are prepared mainly by pyrolysis of different polymeric fibers. The polymers usually investigated are
poly(vinylidene chloride), cellulose, polyacrylonitrile (PAN), phenolic resins,
and polyimides [79] [80].
Structuring carbon hollow fibers is critical to their further advancement as a
membrane. Numerous approaches have been investigated to manipulate carbon nanotubes (CNTs) into macroscopic aligned CNT membranes. Carbon
nanotube (CNT) fibers have been prepared by spinning a mixture of CNT’S
dispersed in poly(vinylbutyral) and DMF. After calcination at 600 ◦C for 1 h
in argon, free-standing CNT hollow fiber membranes have been obtained that
show a high porosity, clean water flux, and pore sizes in the region of 100 nm
[81].
Depending on the material used, the fabrication process requires optimization.
In general, fabricating fibers by dry-wet spinning or extrusion is fairly straightforward, and often a generic approach can be used [6]. Thermal treatment of
these materials is often the limiting step, for instance when extreme temperatures, inert or reactive gas atmospheres, or sintering aids are required.
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1.5

Applications

Thin inorganic porous hollow fibers are used for a wide range of applications, mostly for their excellent mass-transfer properties combined with the
high surface-to-volume ratio. Traditionally, inorganic porous hollow fibers have
been used as membrane (supports), depending on the specific pore size of the
fiber. A wide range of membrane applications is envisioned, such as for example water desalination [76], membrane distillation [82, 83], pervaporation
[83–87], water treatment [88, 89], membrane extraction [90, 91], organic solvent nanofiltration [10, 84], microfiltration [19, 60, 63, 67, 92–94], gas separation
[27, 73–75, 80, 93, 95–97] or as a membrane bio reactor [17, 98].
Additionally, fibers have been used as a catalyst support by deposition of a
catalyst on the fiber’s surface [12]. For example, an oxygen selective perovskite
fiber has been modified by deposition of a Ni-based catalyst on the outer surface
for the partial oxidation of methane [73]. A different approach has been used
by Maneerung et al., who modified a Al2 O3 fiber by deposition of a Ni based
catalyst on the outer surface of the fiber and a dense Pd layer on the inner
surface of the fiber, for the production of hydrogen from methane [95]. In
addition to catalyst deposition, TiO2 fibers have been used for water treatment
where the photo catalytic activity of the TiO2 fiber aids removal of fouling from
the membrane surface [63, 64].
The combination of catalysis and separation is further extended to hollow fiber
micro reactors in which both reaction and separation take place in a small volume. One example is the use of an Al2 O3 fiber modified with a Cu/Zn/GaOX
catalyst for methanol steam reforming. The micro reactor results in high purity
COx free H2 in a single reaction step, working at significantly lower temperature and using less amount of catalyst as compared to a conventional fixed bed
reactor [16]. A second example includes the use of a modified Al2 O3 fiber by hydrophobization and Pd coating for catalytic hydrogenation of nitrite(NO2 )ions
in an aqueous environment [15]. Zirconia fibers have been used as microbial cell
reactor for the growth of E. Coli, where the fiber is used as growth substrate
and as a barrier against particle contamination. In addition, the porous nature
of the fiber allows for in-situ removal of generated by-products. This enhances
the growth of these bacteria [17].
Electrically conductive fibers can also be used as electrode in various applications. For example, fibers out of carbon nanotubes (CNT’s) have been used as
both anode and cathode to enhance the selectivity in gold nanoparticles separation, where the applied potential enhances electrostatic interactions between
these particles and the membrane wall [81]. Ni-YSZ fibers have been used as
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anode material for the production of a solid oxide fuel cell (SOFC). The Ni-YSZ
fiber was coated with an YSZ electrolyte layer followed by a LSM-YSZ cathode layer and showed acceptable power densities [99]. Porous titanium fibers
have been prepared for use as a tubular membrane-electrode assembly (MEA)
in a fuel cell, or as electrode in a tubular redox flow battery [72]. Catalysis
has also been combined with the use as an electrode and gas diffuser for the
electro-chemical conversion of CO2 into CO using porous copper hollow fibers,
with exceptionally high Faradaic efficiencies [14].

1.6

Scope of this thesis

The first inorganic porous hollow fibers have been reported in 1991, and have
been studied ever since. Several challenges are identified such as the availability
of the fibers that are not metal oxides, the fabrication of fibers with a sufficiently
small pore size, the use of an organic solvent during the production of these
fibers and the sealing and potting of these fibers for multi-fiber systems.

1.6.1

New materials

As discussed before, fibers are prepared using a wide range of materials, yet
some applications could benefit from fibers made from a specific material. The
fabrication of silicon carbide hollow fibers is useful for extreme environments
such as high temperature gas separation or liquid permeation where there is an
increased risk of fouling [100, 101]. Metallic fibers are produced sporadically
and are limited to stainless steel/iron [66–68], nickel [6, 70] and titanium [72].
Expanding this array with, for example, catalytically active metals, such as
aluminium, copper, or zinc could open up new applications in the field of
electro-catalysis or reactive separations.

1.6.2

Multi-layer systems

As a direct result from the production method of inorganic porous hollow fibers
it is difficult to obtain fibers with a very small pore size directly. Albeit effort
has been made to prepare dual-layer fibers directly, these fibers suffer from
a lack of mechanical strength or delamination of layers [29]. Post-fabrication
modifications are often done on fibers in order to lower the molecular weight
cutoff, for example by coating with one or more polymeric layers. This hampers
the application under harsh conditions, as these polymeric layers often lower
the thermal or chemical stability of the system [84].
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Some hybrid organic-inorganic separation layers with high thermal and chemical resistance were reported recently [102], and expanding these chemistries to
a hollow fiber geometry would allow for a combination of outstanding properties; a separation layer with a high thermal and chemical resistance on a
ceramic support with a high surface-to-volume ratio. To our knowledge, direct
interfacial polymerization on an inorganic porous hollow fiber has not been
carried out.

1.6.3

Polymer/Solvent systems

A major drawback in the fabrication of hollow fibers using phase separation
based methods is the use of organic solvents.These organic solvents are costly,
environmentally malignant or toxic [103]. Attempts have been made to replace
these polymer/solvent systems with more environmentally benign systems, but
only with limited success. Substituting the current solvent/polymer systems for
an aqueous based system would significantly lower the environmental footprint
of inorganic porous hollow fibers, and potentially lower production costs of
these fibers. Frequently used systems are based on the use of the polymer
polyethersulfon (PES) dissolved in N -Methyl-2-pyrrolidone (NMP) [20]. One
of the drawbacks of using a polysulfon is that it contains sulfur atoms that
may persist in the final inorganic fiber. Various sulfur-free polymers have been
investigated, such as PS, PMMA, PE, PU and PEI [6, 8, 53] with limited
success. These polymers indeed prevent the presence of sulfur but still require
an organic solvent such as NMP or dimethyl sulfoxide (DMSO) to be dissolved.

1.6.4

Mechanical strength

The mechanical strength of inorganic porous hollow fibers has often been investigated. It is one of the key parameters that defines the fibers usability;
fibers with insufficient mechanical integrity would be impossible to handle,
and cannot be incorporated into a module. As for all brittle ceramics, it is
impossible to describe the mechanical features of these fibers with one single
number [104]. Measuring a small amount of fibers and reporting an average
mechanical strength would disregard the underlying statistical strength distributions. Systems designed using only the average strength are likely to exhibit
premature failure [105].
In order to properly assess the mechanical strength of inorganic hollow fibers,
one should measure a large amount of samples in order to determine the underlying distribution. To determine the distribution, sample set sizes of 100
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or more samples are required. For mere quantification and comparison smaller
sample set sizes can be acceptable [106]. To the best of my knowledge, no extensive or systematic study of these mechanical properties of inorganic porous
hollow fibers is presented in the open literature.

1.6.5

Module design

In order to facilitate industrial application of inorganic fibers, fabrication of
multi-fiber modules is required. Sealing and potting for polymeric fibers is
often considered to be straightforward; one simply uses a low-viscosity glue to
seal a bundle of fibers into a module. Many modules are produced annually
this way, for example for kidney-dialysis where imperfect sealing would be
disastrous [3].
Inorganic fibers have high thermal and chemical resistance, and so should have
the module that encloses them. Most polymer based glues are unstable under
these demanding conditions, and suffer from thermal decomposition, swelling,
plasticization, or dissolution. Ceramic bonding or glass sealing are often used
for inorganic membranes [107–109], but these are not suitable for sealing a
bundle of closely packed fibers.
Sealing multiple inorganic fibers into a bundle also affects their mechanical
integrity, as the brittle nature of these fibers complicates the construction of
a module in which fibers are closely packed. Small stresses in radial direction
might already result in the failure of one single fiber, rendering the module
useless.

1.7

Thesis outline

In chapter 2 the fabrication of silicon carbide hollow fiber membrane discussed. sintering of these fibers requires requires temperatures in excess of
1800 ◦C in order to obtain sufficiently strong fibers that can be used in an
industrial application.
Chapter 3 discusses a method that circumvents the use of potentially harmful
organic solvents during the production of hollow fiber membranes, by using a
water soluble sodium alginate salt. Upon contact with a solution containing
divalent cations, these alginate form a gel which allows the formation of 3D
structures. By adding inorganic particles and subsequent thermal treatment
this technique is used to fabricate inorganic porous hollow fibers.
Chapter 4 presents an alternative method based on sodium alginate crosslinking for the production of inorganic porous hollow fibers. An insoluble carbon35

ate salt is added to the spinning mixture to act as the cation source. During
spinning the mixture is put in contact with an acid, liberating the multivalent cation from the carbonate and allowing crosslinking of the alginate gel.
This method produces very well defined fibers with an excellent stacking of the
inorganic particles.
In chapter 5 the effect of measurement method, geometry and sample set
size on the bending strength of inorganic porous hollow fibers discussed. The
chapter gives guidance on what a suitable measurement geometry is in order
to assess the mechanical strength of hollow fibers. By measuring large sample
sets, the underlying statistical models are investigated that are the bases for
ceramic component design. In addition, in this chapter the effect of sample set
size is discussed.
In chapter 6 a comparison is provided for the mechanical strength of fibers
prepared using three different production methods: non-solvent induced phase
separation, bio-ionic gelation with internal multivalent cation supply, and bioionic gelation with an external ion source. This chapter builds on the method
and analysis method explained in Chapter 5
Chapter 7 discusses the use of electrically conductive silicon carbide fibers as
membrane support for thermally responsive microgels. By applying a current
to the membrane, the silicon carbide fiber is heated above the volume phase
transition temperature of the microgel, which alters the size of the microgel. By
manipulating the temperature, thus the size of the microgel, the permeability
and selectivity of the membrane can be altered.
Chapter 8 discusses the use of inorganic porous hollow fibers as a substrate for
the fabrication of organic solvent resistant nanofiltration membranes prepared
using interfacial polymerization (IP). The chapter specifically discusses the
surface modifications required to allow good adhesion of the IP layer onto the
inorganic fiber.
In chapter 9 the results obtained in this thesis are discussed and the main
challenges that keep inorganic porous hollow fibers from widespread application
are discussed. This is followed by some perspectives for future work.

36

1.8

References

[1]

R. W. Baker, Membrane Technology and Applications, 2012.

[2]

H. K. Lonsdale, The growth of membrane technology, J. Memb. Sci. 10
(1982) 81–181.

[3]

I. Moch, Hollow-Fiber Membranes, in: Kirk-Othmer Encycl. Chem.
Technol., John Wiley & Sons, Inc., 2000.

[4]

M. Mulder, Basic principles of membrane technology, Kluwer Academic
Publisher, second edi edition, 1996.

[5]

T. Okubo, K. Haruta, K. Kusakabe, S. Morooka, H. Anzai, S. Akiyama,
Preparation of a sol-gel derived thin membrane on a porous ceramic hollow fiber by the filtration technique, J. Memb. Sci. 59 (1991) 73–80.

[6]

M. W. J. Luiten-Olieman, M. J. T. Raaijmakers, L. Winnubst, T. C.
Bor, M. Wessling, A. Nijmeijer, N. E. Benes, Towards a generic method
for inorganic porous hollow fibers preparation with shrinkage-controlled
small radial dimensions, applied to Al2 O3 , Ni, SiC, stainless steel, and
YSZ, J. Memb. Sci. 407-408 (2012) 155–163.

[7]

J. Smid, C. G. Avci, V. Günay, R. A. Terpstra, J. P. G. M. Van Eijk,
Preparation and characterization of microporous ceramic hollow fibre
membranes, J. Memb. Sci. 112 (1996) 85–90.

[8]

C. Buysse, a. Kovalevsky, F. Snijkers, A. Buekenhoudt, S. Mullens,
J. Luyten, J. Kretzschmar, S. Lenaerts, Development, performance and
stability of sulfur-free, macrovoid-free BSCF capillaries for high temperature oxygen separation from air, J. Memb. Sci. 372 (2011) 239–248.

[9]

C. Guizard, A. Ayral, A. Julbe, Potentiality of organic solvents filtration with ceramic membranes. A comparison with polymer membranes,
Desalination 147 (2002) 275–280.

[10]

S. Dutczak, M. Luiten-Olieman, H. Zwijnenberg, L. Bolhuis-Versteeg,
L. Winnubst, M. Hempenius, N. Benes, M. Wessling, D. Stamatialis,
Composite capillary membrane for solvent resistant nanofiltration, J.
Memb. Sci. 372 (2011) 182–190.
37

[11]

P. P. Mardilovich, Y. She, Y. H. Ma, M.-H. Rei, Defect-free palladium
membranes on porous stainless-steel support, AIChE J. 44 (1998) 310–
322.

[12]

X. Tan, K. Li, Inorganic hollow fibre membranes in catalytic processing,
Curr. Opin. Chem. Eng. 1 (2011) 69–76.

[13]

X. Xu, W. Yang, J. Liu, L. Lin, N. Stroh, H. Brunner, Synthesis of NaA
zeolite membrane on a ceramic hollow fiber, J. Memb. Sci. 229 (2004)
81–85.

[14]

R. Kas, K. K. Hummadi, R. Kortlever, P. de Wit, A. Milbrat, M. W. J.
Luiten-Olieman, N. E. Benes, M. T. M. Koper, G. Mul, Threedimensional porous hollow fibre copper electrodes for efficient and highrate electrochemical carbon dioxide reduction, Nat. Commun. 7 (2016)
10748.

[15]

H. C. Aran, J. K. Chinthaginjala, R. Groote, T. Roelofs, L. Lefferts,
M. Wessling, R. G. H. Lammertink, Porous ceramic mesoreactors: A
new approach for gas-liquid contacting in multiphase microreaction technology, Chem. Eng. J. 169 (2011) 239–246.

[16]

F. R. Garcia-Garcia, S. C. Tsang, K. Li, Hollow fibre based reactors for
an enhanced H2 production by methanol steam reforming, J. Memb. Sci.
455 (2014) 92–102.

[17]

L. Liu, S. Liu, X. Tan, Zirconia microbial hollow fibre bioreactor for
Escherichia coli culture, Ceram. Int. 36 (2010) 2087–2093.

[18]

R. A. Terpstra, P. G. M. Van Eijk, F. K. Feenstra, Method for the
production of ceramic hollow fibres, United States Pat. US 5707584 A
(1998) 38–41.

[19]

X. Tan, S. Liu, K. Li, Preparation and characterization of inorganic
hollow fiber membranes, J. Memb. Sci. 188 (2001) 87–95.

[20]

S. Liu, K. Li, R. Hughes, Preparation of porous aluminium oxide (Al2 O3 )
hollow fibre membranes by a combined phase-inversion and sintering
method, Ceram. Int. 29 (2003) 875–881.

[21]

K. Lee, Y. Kim, Asymmetric hollow inorganic membranes, Key Eng.
Mater. 61 (1991) 17–22.

38

[22]

J. Luyten, W. Adriansens, I. Genné, J. Cooymans, R. Leysen, Spinning
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S. Dutczak, C. Tanardi, K. Kopeć, M. Wessling, D. Stamatialis, “Chemistry in a spinneret” to fabricate hollow fibers for organic solvent filtration, Sep. Purif. Technol. 86 (2012) 183–189.

[31]

N. Awanis Hashim, F. Liu, M. R. Moghareh Abed, K. Li, Chemistry
in spinning solutions: Surface modification of PVDF membranes during
phase inversion, J. Memb. Sci. 415-416 (2012) 399–411.

[32]

B. C. Gross, J. L. Erkal, S. Y. Lockwood, C. Chen, D. M. Spence, Evaluation of 3D printing and its potential impact on biotechnology and the
chemical sciences, Anal. Chem. 86 (2014) 3240–3253.

[33]

A. S. Hoffman, Hydrogels for biomedical applications, Adv. Drug Deliv.
Rev. 64 (2012) 18–23.
39

[34]

C. K. Kuo, P. X. Ma, Ionically crosslinked alginate hydrogels as scaffolds
for tissue engineering: Part 1. Structure, gelation rate and mechanical
properties, Biomaterials 22 (2001) 511–521.

[35]

Z. P. Xie, X. Wang, Y. Jia, Y. Huang, Ceramic forming based on gelation
principle and process of sodium alginate, Mater. Lett. 57 (2003) 1635–
1641.

[36]

H. Mori, K. Aotani, N. Sano, H. Tamon, Synthesis of a hierarchically
micro-macroporous structured zeolite monolith by ice-templating, J.
Mater. Chem. 21 (2011) 5677.

[37]

J. Zheng, L. Winnubst, S. Fang, D. Salamon, Manipulation of Sintering
Behavior by Initial Freeze Pressing an Aqueous Alumina Suspension,
Adv. Eng. Mater. 13 (2011) 77–81.

[38]

H. Strathmann, K. Kock, The formation mechanism of phase inversion
membranes, Desalination 21 (1977) 241–255.

[39]

P. S. T. Machado, A. C. Habert, C. P. Borges, Membrane formation
mechanism based on precipitation kinetics and membrane morphology:
flat and hollow fiber polysulfone membranes, J. Memb. Sci. 155 (1999)
171–183.

[40]

B. Kingsbury, K. Li, A morphological study of ceramic hollow fibre
membranes, J. Memb. Sci. 328 (2009) 134–140.

[41]

C. C. Wei, O. Y. Chen, Y. Liu, K. Li, Ceramic asymmetric hollow fibre
membranes: One step fabrication process, J. Memb. Sci. 320 (2008)
191–197.

[42]

Y. Liu, G. H. Koops, H. Strathmann, Characterization of morphology
controlled polyethersulfone hollow fiber membranes by the addition of
polyethylene glycol to the dope and bore liquid solution, J. Memb. Sci.
223 (2003) 187–199.

[43]

I. M. Wienk, F. H. A. Olde Scholtenhuis, T. van den Boomgaard, C. A.
Smolders, Spinning of hollow fiber ultrafiltration membranes from a polymer blend, J. Memb. Sci. 106 (1995) 233–243.

[44]

S. Verı́ssimo, K.-V. Peinemann, J. Bordado, New composite hollow fiber
membrane for nanofiltration, Desalination 184 (2005) 1–11.

40

[45]

D. A. Brosnan, G. C. Robinson, Introduction to Drying of Ceramics,
Wiley-American Ceramic Society, 2003.

[46]

P. Manos, Membrane drying process, 1978.

[47]

R. Wang, L. Shi, C. Y. Tang, S. Chou, C. Qiu, A. G. Fane, Characterization of novel forward osmosis hollow fiber membranes, J. Memb. Sci.
355 (2010) 158–167.

[48]

K. Y. Wang, T. S. Chung, M. Gryta, Hydrophobic PVDF hollow fiber
membranes with narrow pore size distribution and ultra-thin skin for the
fresh water production through membrane distillation, Chem. Eng. Sci.
63 (2008) 2587–2594.

[49]
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Chapter 2

Highly permeable and
mechanically robust silicon
carbide hollow fiber membranes

This chapter is adapted from:
P. de Wit, E.J. Kappert, T. Lohaus, M. Wessling, A. Nijmeijer, N.E.
Benes, Highly permeable and mechanically robust silicon carbide hollow
fiber membranes, J. Membr. Sci., 475, pp. 480-487,
doi: 10.1016/j.memsci.2014.10.045

Abstract
Silicon carbide (SiC) membranes have shown large potential for applications in
water treatment. Being able to make these membranes in a hollow fiber geometry allows for higher surface-to-volume ratios. In this study, we present a thermal treatment procedure that is tuned to produce porous silicon carbide hollow
fiber membranes with sufficient mechanical strength. Thermal treatments up
to 1500 ◦C in either nitrogen or argon resulted in relatively strong fibers, that
were still contaminated with residual carbon from the polymer binder. After
treatment at a higher temperature of 1790 ◦C, the mechanical strength had
decreased as a result of carbon removal, but after treatments at even higher
temperature of 2075 ◦C the SiC-particles sinter together, resulting in fibers
with mechanical strengths of 30 MPa to 40 MPa and exceptionally high water
permeabilities of 50 000 L m−2 h−1 bar−1 . Combined with the unique chemical and thermal resistance of silicon carbide, these properties make the fibers
suitable microfiltration membranes or as a membrane support for application
under demanding conditions.
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2.1

Introduction

The outstanding mechanical integrity and chemical stability of silicon carbide
has resulted in its use in various applications in which the material has to
resist harsh conditions, such as diesel particulate filters [1], catalyst carriers
[2], and sensors that are used at extreme pHs [3]. Whereas silicon carbide
membranes also have been proposed for gas separation [4–8], the application of
silicon carbide membranes for liquid applications has received little attention
in literature. In 2011, Hofs et al demonstrated the superb fouling resistance
of silicon carbide membranes in the treatment of surface water [9]. Several
companies claimed that this low-fouling behaviour extents to the harsh conditions of oil/water separations [10–12]. Until now, silicon carbide membranes
have been limited to flat [13], tubular [4, 14] and multichannel [5] geometries.
All these geometries have a comparatively low surface-to-volume ratio in comparison with hollow fibers. The synthesis of inorganic hollow fibers has seen
increasing attention during the last decade [15–18], but the few silicon carbide
fibers that have been produced showed an undesirable pore structure [19, 20]
or poor mechanical stability [21]. In this chapter, we developed a procedure for
the fabrication of mechanically robust, porous silicon carbide hollow fibers via
dry-wet spinning. The paper elaborates on the effects of the thermal treatment
on the structure and properties of the obtained fibers, demonstrating that a
felicitous thermal treatment is of key importance for the successful synthesis
of highly permeable and mechanically robust silicon carbide hollow fibers.

2.2
2.2.1

Experimental
Materials

α-Silicon carbide powders with a mean size of 0.4 and 0.6 µm were supplied
by Liqtech International AS (Denmark). Polyethersulfone (PES, Ultrasonr E
6020 P, BASF), N-methyl-2-pyrrolidone (NMP, <99.5%, Sigma Aldrich) and
de-ionized water (>18.2 MΩ cm−1 , Milli-Q Advantage A10, Millipore) were
used for dry-wet spinning. Prior to use, PES was dried overnight at 80 ◦C;
all other chemicals were used as received. Sintering was carried out in argon
(4.5) or nitrogen (2.8) gas atmosphere (Praxair).
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Table 2.1: Spinning conditions

2.2.2

Condition

Value

Bore Liquid
Coagulation bath
Extrusion pressure
Air gap
Bore liquid flow rate
Diameter spinneret

H2 O
H2 O
2 bar
3 cm
7 mL min−1
OD/ID=2.0 mm/0.8 mm

Dry-wet spinning

The spinning dope composition was based on prior work [22]. Silicon carbide
powders were mixed in a 1:5 weight ratio (0.4:0.6 µm), added to NMP and
treated ultrasonically for 30 min. PES was added in multiple steps to this
mixture, allowing the PES to dissolve before the next amount was added. The
resulting spinning mixture was composed of 36 wt% of SiC, 50 wt% of NMP
and 14 wt% of PES. After stirring overnight, vacuum was applied for 30 min
and the mixture was left overnight to degas.
For the dry-wet spinning, the mixture was forced through a spinneret by pressuring a stainless-steel vessel with nitrogen. The spinning conditions are given
in Table 2.1; full details on the spinning setup can be found elsewhere [21]. After spinning, the fibers were stretched (1 cm m−1 ) and dried prior to sintering.

2.2.3

Thermal treatment

Thermal treatments up to 1500 ◦C were carried out in a STF 16/610 tubular
furnace (Carbolite) equipped with an alumina working tube. Samples were
loaded in SiC crucibles and thermally treated according to the programs given
in Table 2.2. Prior to sintering, the system was evacuated and refilled with
either argon or nitrogen three times, followed by sintering under a sweep flow
of 100 mL min−1 .
High-temperature sintering (1500 ◦C to 2075 ◦C) was carried out at Liqtech
Industries A/S, Denmark, where the fibers were co-sintered with a running
production batch. All high-temperature sintering was carried out under argon;
prior to shipping for high-temperature sintering, the samples were pre-sintered
at 1500 ◦C for 2 h in argon. Fiber mass (m), length (l) and diameter (d) were
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Table 2.2: Overview of the used sintering programs. For all experiments, a
5 ◦C min−1 heating rate was employed.
Name

Sintering

Atmosphere
◦

300-N2
1000-N2
1500-N2

1 h at 300 C
1 h at 300 ◦C, 3 h at 1000 ◦C
1 h at 300 ◦C, 3 h at 1500 ◦C

Nitrogen

300-Ar
1000-Ar
1500-Ar
1790-Ar*
2075-Ar*

1 h at 300 ◦C
1 h at 300 ◦C, 3 h at 1000 ◦C
1 h at 300 ◦C, 3 h at 1500 ◦C
6 h at 1790 ◦C
0.75 h at 2075 ◦C

Argon

*

Sample sintered at Liqtech, Denmark. Samples were
pre-sintered according to program 1500-Ar.

determined per fiber prior to and after thermal treatment to allow for paired
comparison.

2.2.4

Characterization

SEM-EDS
The cross section morphology, the wall thickness and semi-quantitative elemental analysis of green and sintered fibers were obtained with a JSM-6010LA
scanning electron microscope equipped with an energy dispersive spectrometer
(Jeol). To obtain a clean fracture, the green compacts were soaked in liquid
nitrogen before fracturing. The samples were gold-sputtered (13 mA, 3 min)
before SEM photos were taken. The EDS spectra were obtained from a crosssection of the non-sputtered fibers in low-vacuum mode.
TGA-MS
Thermogravimetric analysis (TGA) was performed on a STA 449 F3 Jupiterr
(Netzch) fitted with a TG-only sample holder. Measurements were performed
under 70 mL min−1 argon at a heating rate of 20 ◦C min−1 from room temperature to 1500 ◦C. Temperature correction by melting standard and a blank cor51

rection with an empty cup were carried out prior to the measurements. Small
fragments of dried fibers were used as sample and their mass was determined
externally.
Gases evolving during the thermogravimetric analysis were transferred to a
mass spectrometer (MS, QMS 403 D Aëolosr , Netzsch) by a glass capillary.
TGA and MS start times were synchronized; no correction was applied for the
time offset caused by the transfer line time (estimated <30 s, systematic offset).
First, a bar graph scan for m/z = 1—100 amu was performed to determine the
evolving m/z-numbers (data not included here). The detected m/z-numbers
(2, 12, 14—18, 20, 26-30, 32, 36, 38, 40, 44, 48—52, 56, 60—61, 64, 67—68)
were selected and recorded more accurately in multiple-ion-detection mode,
with a dwell of 0.5 s per m/z-value and a resolution of 50.
Clean water permeation
The clean water flux was measured using an OSMO Inspector 2 (Convergence,
Netherlands). Experiments were carried out in dead-end mode under constant
flux operation with three different flux settings for each fiber. Custom-made
single-fiber modules were used made out of Plexiglass tubing and sealed with
PUR435/PUR-N 2-component glue (Intercol, Germany).
The permeate flow Φv (L h−1 ) was recorded as a function of the transmembrane
pressure. The pressure drop over the fiber is assumed to be negligible. The
permeability was calculated using eq. 2.1, where A is the effective membrane
area.
Π=

Φv
(pfeed − ppermeate ) · A

(2.1)

Conductivity
Electrical conductivity was measured using a home-build 4-probe conductivity
meter. Current was applied at the outer probes that were 7 cm apart; the
voltage drop was measured with two inner probes 3 cm apart. Measurements
were performed at room temperature on three different spots at each fiber.
Mercury intrusion porosimetry
The volume of mercury intruded was measured as function of the pressure using
a Poremaster PM-33-14 (Quantachromer ). The helium density was measured
using an AccuPyc II 1340 gas displacement analyzer (Micromeritics). Pressure
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p and volume mercury intruded VHg were recorded and data processing was
performed using Matlabr [23]. The pore diameter corresponding to a certain
pressure is calculated using Washburn’s equation [24]. The volume based pore
size distribution is calculated via eq. 2.2.
Dv (r) =

p2
dVHg
dp 2γ cos θ

(2.2)

The porosity is computed by combining apparent density measured using helium ρHe and mercury ρHg and calculated using equation 2.3.


ρHg
ε = 100 1 −
(2.3)
ρHe
Mechanical strength
Mechanical testing (4-point bending test) was carried out according to ASTM
C1161-02 [25] using a 5564A mechanical testing bench (Instron). Sintered fibers
were cut to a length of 5 cm, and tested with a crosshead speed of 2 mm min−1
at room temperature. The force and deflection curves were measured and
subsequently the bending strength for sample j was calculated using
σj =

16Fj Kdo,j

π d4o,j − d4i,j

(2.4)

where Fj is the force at fracture, K half the difference between outer and inner
span (5 mm) and di,j and do,j are the inner and outer diameter of the hollow
fiber j at its fracture site. The error in the calculated bending strength was
estimated using ∆F = ±0.5%, ∆di = ∆do = 20 µm and ∆K = 50 µm. For
each fiber a minimum of 20 measurements were taken and the obtained bending
strengths were fitted by a Weibull cumulative probability function, where the
characteristic strength σθ and the shape parameter mshape are used as fitting
parameters.

2.3

Results and discussion

Figure 2.1 provides a set of pictures that show the fiber morphology before
and after thermal treatments at various temperatures. Figure 2.1B and 2.1C
display the fiber morphology of green hollow fibers after drying. The via drywet spinning prepared fiber consists of a PES network that is loaded with
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A: overview

D: 1500 °C argon

B: green

100 µm E: 1790 °C argon

500 µm C: green

100 µm

100 µm F: 2075 °C argon

100 µm

Figure 2.1: Photo of, from left to right, a green, sintered at 1500 ◦C, sintered
at 1790 ◦C, sintered fiber 2075 ◦C (A), and cross-sectional images of a green
(B), a green (C), 1500-Ar (D), 1790-Ar (E) and 2075-Ar (F) sintered fibers.

silicon carbide particles and has an asymmetric structure with finger-like voids
at the lumen side and a sponge-like outer layer. Such a morphology is typical
for inorganic fibers [15, 26]. Figure 2.1C shows the presence of 10 µmsized
particles dispersed throughout the fiber. A close-up of these particles (not
shown here) indicated that the grains are presumably aggregates/agglomerates
of smaller silicon carbide grains.
Figure 2.1D-F show that sintering at temperatures of 1500 ◦C to 2075 ◦C has
no apparent effect on the morphology of the silicon carbide fibers. The fingerlike voids and sponge-like structure are both preserved. However, at temperatures in excess of 1790 ◦C, the sponge-like layer develops into a more open
structure, in which the individual grains are clearly visible (see Figure 2.4 for
close-up SEM images). The minor changes in morphology also reflected in
the small changes in the radial dimensions between the green and the sintered
fibers. Prior to sintering, the dried fibers had an outer diameter of 1.78 mm
± 0.02 mm. The level of shrinkage in radial (dsintered /dgreen ) and longitudinal
(lsintered /lgreen ) directions as a result of sintering at 2075 ◦C was limited to less
than 5% and 8%, respectively. No difference was observed between sintering
in argon or nitrogen atmospheres.
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Figure 2.2: TGA-MS data of the thermal processing of SiC hollow fibers under
argon with (A) a heating rate of 20 ◦C/ min followed by (B) a 8 h dwell at
1500 ◦C.

2.3.1

Thermal treatment

The mass loss of the green hollow fibers upon heating and the gases that
have concurrently evolved are shown in Figure 2.2 for heating under argon
up to 1500 ◦C (left panel), and for a consecutive 8 h dwell at 1500 ◦C (right
panel). At lower temperatures (25 ◦C to 250 ◦C), minor mass loss is recorded
that is accompanied by the release of water. This mass loss is attributed to
the further drying of the SiC fibers. A second mass loss step is recorded at
intermediate temperatures (450 ◦C to 650 ◦C), where SO2 , CO, CO2 and water
are the main gases emitted, followed by a minor mass loss concurring with
release of methane, CO and CO2 at 750 ◦C. This observed decomposition
process matches closely to the reported decomposition of PES under an argon
atmosphere [27–29], indicating that the presence of the silicon carbide has had
no (apparent) effect on the decomposition of the PES.
Further mass loss is recorded at temperatures exceeding 1150 ◦C. This mass
loss continues up to 1500 ◦C and persists for a full 8 h dwell period at this
temperature. Mainly CO and CO2 evolve during this step. As the reaction
atmosphere is free of oxygen, the formation of CO and CO2 is attributed to
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Figure 2.3: (A) Final mass after thermal treatment (with 95% confidence interval) after sintering at certain temperatures and (B) conductivity after sintering
at certain temperature. A full explanation of the thermal treatment steps is
given in the text.

the following reaction [30, 31]:
SiO2 (g) + 3 C(s) −−→ SiC(s) + 2 CO(g)

(2.5)

The silica originates from impurities in the silicon carbide [32]. The production of CO2 would be the result of only two carbon atoms reacting with the
silica. The reaction between silica and silicon carbide is reported to be inhibited at these temperatures in the presence of free carbon [33]. The rate of
reaction (2.5) is controlled by the diffusion of CO through the SiC fiber wall
[31]. Among the main parameters that influence the rate of this process are the
porosity, tortuosity and sample thickness of the material. In this respect, the
fiber morphology — having a bore and large voids — would result in shorter
times required for the thermal treatment than those required for a dense or
mesoporous silicon carbide sample.
In Figure 2.3A, the mass of the fibers is shown after thermal treatment in nitrogen or argon. Because of the temperature limitations of the TG-apparatus and
tubular furnaces, the temperature treatments at higher temperatures (>1500 ◦C)
were performed in an industrial furnace, in which the fibers are co-fired along
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with the standard production batch. The results obtained up to 1500 ◦C are in
excellent agreement with the previously discussed TG-experiments. However,
at temperatures above 1500 ◦C, a deviation from the mass loss trend is observed. At these temperatures, the fiber mass increases slowly with increasing
sintering temperature. Mass conservation dictates that this increase in mass
results from reactions with the atmosphere in the furnace. This cannot be the
inert argon gas. It is known that the vapour pressure of silica is non-negligible
at these temperatures, and that silica originating from the co-fired samples
and/or the furnace can be deposited onto the samples. At the fiber, this silica
can then react with the free carbon through reaction (2.5), yielding silicon carbide and carbon monoxide. At these high temperatures, an opposite reaction,
in which silicon carbide reacts with the silica can occur as well [32]. The resulting silicon oxide will either be removed in the vapour phase, or disproportionate
into silica and silicon at room temperature [34]. To test this hypothesis, the
electrical conductivity of the silicon carbon fibers was measured after sintering.
The electrical conductivity of amorphous carbon (up to 106 S m−1 ) is multiple
orders of magnitude higher than that of silicon carbide (down to 10−4 S m−1
under a nitrogen atmosphere) or voids [35, 36]. Hence, the deposition of silicon
dioxide and the removal of carbon via reaction 2.5 should result in a sharp
decline in the conductivity of the fibers. In Figure 2.3B, the electrical conductivity is given for fibers that have been treated under nitrogen or argon at
various temperatures. The high electrical conductivity of the samples up to
1500 ◦C demonstrates that carbon is present and forms a percolative pathway
through the material. Fitting of the data with a Bruggeman Effective Medium
Approximation proved to be impossible, which demonstrates that the carbon
is not present in the form of spherical inclusions, but more likely forms a film
that surrounds the silicon carbide particles. Above 1500 ◦C, the large drop in
conductivity indicates the removal of the carbon from the fibers. To verify the
presence of carbon in the 1500-Ar fiber, and the absence of carbon in the 2075Ar fiber, these fibers were measured with TGA under air. The TGA-runs give
a clear indication for the presence of 13.5 wt% residual carbon in the 1500-Ar
fiber, and the absence of residual carbon in the 2075-Ar fiber (see Figure 2.8
in the supplementary information).
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2.3.2

Microstructure of the treated SiC fibers

Scanning Electron Micrographs
Figure 2.4 shows the microstructure of the hollow fibers as a function of sintering temperature 1500 ◦C to 2400 ◦C). The microstructures of the fibers sintered
at 1500 ◦C (Figure 2.4A and B) reveal submicron silicon carbide particles, still
bound together by the residual carbon. No significant sintering has taken place,
which is as expected for the comparatively short holding time of 2 h just above
the sintering temperature (TTamman ∼ 1250 ◦C). At higher temperatures, sintering is evident from the significant grain growth that is a consequence of
Ostwald ripening (1790 ◦C in Figure 2.4C and 2075 ◦C in Figure 2.4D). The
grains grow from loose grains, smaller than 0.5 µm in size, to strongly necked
particles of approximately 2 µm at 2075 ◦C, forming an interconnected pore
structure with large-sized pores. This degree of grain growth agrees well with
reported morphologies of synthesized SiC substrates at comparable temperatures and without the use sintering additives [1, 4].

Pore size distribution
Figure 2.5 shows the volume-based pore size distribution of fibers sintered
under argon. It can be seen that the median pore size increases with increasing
sintering temperature. The green fiber shows an apparent median pore size of
125 nm, consisting of both pores in the polymeric matrix and voids between
the ceramic particles. After sintering at 1500 ◦C many of the smaller pores
disappear as the polymer is converted into elemental carbon — leaving only
the voids between the ceramic particles. This results in a bell-shaped pore size
distribution with a median pore size of 500 nm. Still, a considerable amount of
residual carbon is present in this fiber, as a subsequent oxidation step further
opens up the pores in the 100 nm to 500 nm range.
At higher temperatures (1790 ◦C to 2075 ◦C), strong broadening of the pore size
is observed, combined with a shift of the poresize to larger pores (>1000 nm).
The increase in pore size agrees well with the observed increase in particle size
(Figure 2.4). The change in pore size does not result in a strong change in
the fiber’ porosity (Table 2.3), as the porosity indicates there is no significant
densification, even at higher sintering temperatures.
58

Figure 2.4: Cross section microstructure for sintered silicon carbide fibers.
Details about the heat treatment can be found in Table 2.2. 1500 ◦C sintered
fibers in nitrogen (A) and argon (B). 1790 ◦C (C), 2075 ◦C (D) were sintered
in argon atmosphere.

Table 2.3: Porosity for green and sintered fibers, including standard error
Sample

Porosity

Green
SiC1500Ar
SiC1790Ar
SiC2075Ar

62.8±9.7
64.4±6.5
70.0±4.7
63.5±4.8

%
%
%
%
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Figure 2.5: Volume—based pore size distribution by mercury intrusion for
various sintering temperatures under argon atmosphere.

2.3.3

Properties

Mechanical strength
Figure 2.6A shows the mechanical strength as result of the sintering temperature and sintering atmosphere. The lower and upper error bars indicate a
cumulative probability of failure of 5% and 95%, respectively. Figure 2.6B
demonstrates in detail how these values were obtained from a Weibull-fit of
the cumulative probability of failure to the bending strength.
From the data, it can be concluded that there is no strong influence of the
sintering atmosphere on the characteristic strength for the 1000 ◦C sintered
sample. A large reduction in the strength is observed between the fibers sintered up to 1500 ◦C and at 1790 ◦C. This loss of strength is attributed to the
removal of residual carbon at the higher processing temperatures. As only
minor neck formation is present between the silicon carbide particles at these
temperatures, the carbon is required to bind together the particles. Although
the increasing sintering temperature of 1790 ◦C increases the inherent strength
of the SiC-network through neck formation, this increased strength is offset by
the removal of the carbon. A higher sintering temperature of 2075 ◦C resulted
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Figure 2.6: Summary of measured mechanical strengths at different temperature and atmosphere. In A), the symbol (square for argon, triangle for nitrogen)
denotes the characteristic strength (σθ ) from Weibull fitting. The lower error
bar denotes the strength at which 5% of the fibers would fail. The upper error bar denotes strength at which 95% of the fibers would fail. B) shows the
weibull cumulative probability function for the 2075-Ar sample, showing the
measured mechanical strengths where the error bar denotes measurement error. The solid line is the fit based on the weibull function, whereas the dashed
lines represent the 95% confidence interval of the fit.

in progressive sintering of the silicon carbide particles, leading to an increasing
mechanical strength. At first glance the mechanical strength of these silicon carbide fibers appears to be low in comparison with other ceramic hollow
fibers [18, 37–39]. These values, however, cannot be directly compared as in
the present study the bending strength was obtained via a 4-point bending
test. This results in a lower value for the mechanical strength as compared
to an often-used 3-point bending test [40]. In addition, assessing the mechanical strength of a ceramic based on small sample numbers requires caution as
sample-to-sample differences might introduce large errors. Even though in this
study a limited sample size of 24 fibers is used [41–43], this method of testing provides a better insight in the mechanical behaviour of these fibers as
compared to other studies.
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Figure 2.7: Clean water permeability for silicon carbide fibers sintered at various temperatures. The open symbols represent fibers sintered in a nitrogen
atmosphere, the closed symbols represent the fibers sintered in an argon atmosphere. Each symbol represents a single fiber.

Clean water permeation
Figure 2.7 shows the clean water permeability for fibers sintered at various
temperatures. The fibers sintered at 1000 ◦C show a clean water permeability of approximately 500 L m−2 h−1 bar−1 for both sintering atmospheres. After sintering at 1500 ◦C an increase in permeability to values in the order of
1000 L m−2 h−1 bar−1 to 1200 L m−2 h−1 bar−1 is observed. The sintering atmosphere has little influence on the clean water permeability for these fibers.
After high temperature sintering the clean water permeability increases more
than tenfold to values in the order of 50 000 L m−2 h−1 bar−1 . Sintering at these
high temperatures not only removed the residual carbon but also resulted in
larger pores, yielding this increased clean water permeability. The observed
clean water permeability of the fibers in this study (pore size 0.5 µm to 3 µm)
is approximately a factor 50 higher than that reported for alumina (pore size
0.1 µm to 1.4 µm) [44, 45], a factor 5 higher than that reported for titanium
(pore size 1 µm to 3 µm) [39] and a factor 2 higher than that reported for
silicon nitride hollow fibers (pore size 0.5 µm to 0.9 µm) [37]. Burst pressure
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experiments were conducted up to a transmembrane pressure of 20 bar without
rupture of the fiber, further substantiating the mechanical robustness of the
fibers.

2.4

Conclusion

Porous silicon carbide hollow fiber membranes with outer diameters of 1.8 mm
were successfully prepared by dry-wet spinning, followed by thermal treatment
at various temperatures. Tuning of the microstructure by changing the sintering temperature allowed for the optimization of pore size and mechanical
strength of the fibers. Although sintering at 1500 ◦C yielded mechanically stable fibers, the carbon residue of the polymeric binder effectively blocked the
pores of the fiber, resulting in low water fluxes. The carbon binds the SiCparticles together, as is evident from the sharp decrease in mechanical strength
when carbon is removed upon heating to 1790 ◦C. A treatment at temperatures
as high as 2075 ◦C is required to sufficiently sinter together the silicon carbide
particles. The resulting fibers show exceptionally high clean water fluxes in the
order of 50 000 L m−2 h−1 bar−1 at a differential pressure of 1 bar. With pore
sizes in the order of microns, the membranes are directly applicable as a microfiltration membrane, or can be used as a substrate for UF or gas-separation
membranes.

2.5

Acknowledgments

The authors would like to thank Liqtech International A/S for using their high
temperature furnaces.

63

2.6
2.6.1

Supplementary information
Residual carbon in high temperature sintered fibers

To analyze the presence of residual carbon in fibers that were treated under
argon, these fibers were analyzed by TGA under air. Under air, residual carbon
will be burned out at temperatures between 500 and 700 ◦ C, resulting in a mass
loss. This process is easily distinguished from the oxidation of SiC, which takes
place and results in a mass increase, due to the substitution of 1 carbon atom
by 2 oxygen atoms. Figure 2.8 presents the results for a TGA-run on a 1500-Ar
and a 2075-Ar fiber. From the figure, it is clear that the 2075-Ar fiber only
shows a mass increase as a result of SiC oxidation. No burning of carbon was
detected. For the 1500-Ar fiber, the presence of a significant amount of residual
carbon is clear from the 13.5% mass loss between 500 and 700 ◦ C.
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Figure 2.8: TGA-run on a 1500-Ar and a 2075-Ar fiber. Gas atmosphere is
synthetic air.
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2.6.2

Clean water permeation

Clean water permeation experiments were carried out using a OSMO inspector
operated under constant flux settings in which a fiber was measured in a deadend operating mode. The following figures show the flux as function of the
transmembrane pressure for various fibers. The symbols in the graphs represent
the various fibers measured.
Figure 2.13, 2.15 and 2.14 show the clean water flux versus the transmembrane
pressure for silicon carbide fibers prepared under different sintering conditions.
Per graph, one sintering condition is give, and the different symbols represent different fibers prepared under identical conditions, as to demonstrate the
reproducibility of the fiber preparation. From the slopes of the graphs, the
permeability of the fibers was determined, these results are shown in the main
article.
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Figure 2.9: 1000-Ar (left) and 1500-Ar (right) clean water permeation data.
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Figure 2.10: 1790-Ar (left) and 2075-Ar (right) clean water permeation data.
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Figure 2.11: 1000-N2 (left) and 1500-N2 (right) clean water permeation data.
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2.6.3

Filtration experiments

To proof that the fibers have potential in filtration, a cross flow filtration experiment was performed using a silicon carbide fiber glued (Araldite 2000) into a
cross-flow module. A 0.1 wt-% aqueous solution of AKP-30 particles with 0.05
M HNO3 was used as the feed. Figure 2.12 (left panel) shows a photograph of
the feed, permeate and retentate (left, center and right vial respectively). The
absence of turbidity of the permeate solution implies that particles have been
retained by the fiber.
The right pane of Figure 2.12 shows the particle size distribution for the feed,
permeate and retentate determined using dynamic light scattering (Zetasizer
Nano, Malvern) as a qualitative measure of the separation performance. Results clearly show that the larger particles have been retained by the membrane,
resulting in a permeate that only contains particles of sizes well below the pore
size.
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Figure 2.12: Photographs of feed, permeate and retentate (left) and particle
size distribution of feed, permeate and retentate obtained with Dynamic Light
Scattering (right).
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2.6.4

Mechanical Strength

1,0
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0,8
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Probability of failure (-)
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Figures 2.13, 2.14 and 2.15 show the results of a 4-point bending test on
fibers prepared under different sintering conditions. Per condition, 25 bending
strength measurements were performed. The solid line gives the best cumulative Weibull-fit through the data, and the dashed lines indicate the lower and
upper boundaries of the fit. Table 2.4 and 2.5 summarize the data obtained
from the figures 2.13 to 2.15.
The results of ordering and fitting the mechanical strength data is shown in
the following figures.
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Figure 2.13: 1000-Ar (left) and 1500-Ar (right) mechanical strength data.
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Figure 2.14: 1790-Ar (left) and 2075-Ar (right) mechanical strength data.
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Figure 2.15: 1000-N2 (left) and 1500-N2r (right) mechanical strength data.
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10.4 ± 1.5
36 ± 2.3

10.7 ± 1.9
37 ± 3.8

1000-Ar
21
0.76 ± 0.02
1.72 ± 0.01
35 ± 1.8

9.2 ± 0.81
43 ± 2.7

10.3 ± 1.1
43 ± 2.9

1500-Ar
24
0.80 ± 0.01
1.70 ± 0.01
41 ± 2.0

5.5 ± 0.47
23 ± 1.5

5.4 ± 0.78
23 ± 4.1

1790-Ar
25
0.84 ± 0.01
1.67 ± 0.01
22 ± 2.1

5.5 ± 0.65
31 ± 2.0

6.7 ± 0.98
31 ± 4.3

2075-Ar
24
0.77 ± 0.01
1.64 ± 0.01
29 ± 2.1

Table 2.4: Mechanical strength summary for SiC fibers sintered in argon atmosphere
Number of specimens N (-)
Inner diameter di (mm)
Outer diameter do (mm)
Measured strength σ (MPa)
Derived from Weibull plot
Shape parameter m
Characteristic strength σo (MPa)
Derived from Pj vs σj
Shape parameter m
Characteristic strength σo (MPa)
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Number of specimens N (-)
Inner diameter di (mm)
Outer diameter do (mm)
Measured strength σ (MPa)
Derived from Weibull plot
Shape parameter m
Nominal Strength σ (MPa)
Derived from Pj vs σj
Shape parameter m
Characteristic strength σ (MPa)

1500N2
24
0.80 ± 0.02
1.71 ± 0.01
34 ± 2.1
7.7 ± 1.4
35 ± 5.2
8.2 ± 0.71
36 ± 2.3

1000N2
21
0.83 ± 0.01
1.71 ± 0.01
35 ± 1.5
13 ± 1.4
36 ± 1.7
11.6 ± 1.7
36 ± 2.3

Table 2.5: Mechanical strength summary for SiC fibers sintered in nitrogen atmosphere
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Chapter 3

Synthesis of porous inorganic
hollow fibers without harmful
solvents

This chapter is adapted from:
S. Shukla, P. de Wit, M.W.J. Luiten-Olieman, E.J. Kappert, A. Nijmeijer, N.E. Benes, Synthesis of Porous Inorganic Hollow Fibers without
Harmful Solvents, ChemSusChem, 8, pp. 251-254,
doi: 10.1002/cssc.201402483

Abstract
A solvent-free route is presented for the fabrication of porous inorganic hollow
fibers with high surface-area-to-volume ratio. The approach is based on bioionic gelation of an aqueous mixture of inorganic particles and sodium alginate
during wet spinning. In a subsequent thermal treatment, the bioorganic material is removed and the inorganic particles are sintered together. The method
is applicable to the fabrication of various inorganic fibers, including metals
and ceramics. The route completely avoids the use of organic solvents, such
as N-methyl-2-pyrrolidone, and additives associated with the currently used
fiber fabrication methods. In addition, it inherently avoids the manifestation
of so-called macro voids and allows the facile incorporation of additional metal
oxides in the inorganic hollow fibers.
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3.1

Introduction

Organic hollow fibers provide a high surface-area-to-volume ratio [1] and have
found application in, for instance, hemodialysis [2], filtration [3] desalination [4],
high-pressure gas separation [5] and microfluidic devices [6]. The high surface
area of the fibers results from their small radial dimensions, which are achieved
by the dry-wet spinning method. In this method, a polymer solution is pressed
through a spinneret and led into a coagulation bath, where a non-solvent causes
the polymer solution to separate into a solid polymer-rich phase and a liquid
polymer-lean phase. The dimensions and cross-sectional morphology of the
resulting fibers can be changed via the composition of the spinning solution
and the process conditions [7–9]. This method of production of organic hollow
fibers via non-solvent induced phase separation (NIPS) is very mature, as is
evident from the combined low cost and high quality of hemodialysis membrane
modules. Over 100 million of defect-free hemodialysis modules are marketed
annually at a selling price of 15 $ [10].
The application landscape of organic hollow fibers is limited by their thermochemical and mechanical stability. In this respect, inorganic materials provide
superior resistance to abrasion and thermo-chemical degradation and allow
greater usability in corrosive environments and under severe operating conditions [11–13]. In recent years, several inorganic hollow fibers have been synthesized, from materials including alumina [14, 15], yttria-stabilized zirconia16,
stainless steel[17], nickel[18], and perovskites[19]. All these fibers have been
prepared via a two-step approach. The first step is similar to that of the
production of organic hollow fibers and entails dry-wet spinning of a particleloaded polymer solution. In the second step, the organic polymer is burned
out and the inorganic particles are sintered together. Recipes for the particleloaded spinning solutions have been inspired by the wealth of knowledge that
exists for dry-wet spinning of organic fibers. An example of a typical solution in which the inorganic material is dispersed is polyethersulfone dissolved
in N-methyl-2-pyrrolidone. Polyethersulfone is an easily available and relatively cheap polymer that allows the use of water as a non-solvent to induce
phase separation. The decomposition temperature of polyethersulfone is sufficiently high to allow some necking of the inorganic particles before the polymer is removed. Other polymers are used as well but all require the use of
an organic solvent. Particularly suitable are aprotic solvents, such as dimethyl
formamide, N-methyl-2-pyrrolidone and dimethyl acetamide. These solvents
dissolve a wide variety of polymers and their spinning solutions readily coagulate upon contact with water. Yet, many of these solvents are toxic, hazardous,
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or environmentally malignant.
In this communication, we present an alternative approach for the synthesis of
inorganic hollow fibers. This novel method is based on ionic crosslinking of a
biopolymer, here referred to as bio-ionic gelation. The biopolymer is sodium
alginate, the sodium salt of the polysaccharide alginic acid that is produced
by brown algae and bacteria. It is a linear, unbranched block copolymer consisting of two C-5 epimer uronic acids: 1,4-(b-D)-mannuronic acid (M) and
1,4-(a-L)-guluronic acid (G). When the sodium ions in the polymer are replaced by di- or trivalent cations, the water-soluble alginate forms a stable,
water insoluble, three-dimensional gel network[20]. The gel formation involves
interaction between the cations and consecutive guluronate residues. Sodium
alginates find application in cellular and enzyme encapsulation, photocatalyst
immobilization[21], food industries[22] and drug delivery[23].
Bio-ionic gelation has several benefits over NIPS. Firstly, the biopolymer that
is used is water soluble, which avoids the use of undesirable organic solvents.
Secondly, the viscosity of the spinning solution can be directly regulated via the
concentration of the biopolymer, which makes the need for rheology-modifying
additives, such as polyvinylpyrrolidone, superfluous. Thirdly, the bio-ionic
gelation requires less polymer in comparison with the NIPS process.
Consequently, the resulting fibers contain less organic material, facilitating
a more effective thermal treatment. Fourthly, bio-ionic gelation inherently
circumvents the creation of so-called macro voids in the hollow fiber structure.
In NIPS, such macro voids result from the entrapment of the polymer-lean
phase in the fiber during the exchange of non-solvent and solvent. The presence
of macro voids is often considered to cause a reduced mechanical strength
of the fibers. In bio-ionic gelation, there is no creation of a new phase and
consequently a macro void free structure is obtained.

3.2
3.2.1

Experimental
Materials

AKP30 α1alumina powder (mean particle size of 0.3 µm) was purchased from
Sumitomo Chemicals Co LTD (Japan), alginic acid sodium salt and calcium
chloride were purchased from Sigma-Aldrich. Stainless steel powder (316L)
with a mean particle size of 4.17 µm was purchased from Epson Atmix Corporation (Japan). Deionized water (>18.2 MΩ cm−1 ) was obtained using a Milli-Q
Advantage A10 system (Millipore). Iron(III) nitrate nonahydrate, magnesium
nitrate hexahydrate and chromium nitrate nonahydrate were purchased from
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Table 3.1: Composition of the six different spinning mixtures
Material

Na-alg

H2 O

Al2 O3
Al2 O3
Al2 O3
Stainless steel
Stainless steel
Stainless steel

5
5
5
5
5
5

92.5
87.5
82.5
90.5
81.5
72

wt%
wt%
wt%
wt%
wt%
wt%

wt%
wt%
wt%
wt%
wt%
wt%

Particles

Particles in green fiber

2.5
7.5
12.5
4.5
13.5
23

17
38
50
17
38
50

wt%
wt%
wt%
wt%
wt%
wt%

vol%
vol%
vol%
vol%
vol%
vol%

Sigma Aldrich, cobalt nitrate hexahydrate was from obtained from Merck. All
the chemicals were used without any further treatment.

3.2.2

Preparation of mixtures

Inorganic particles were added to deionized water and the mixture was treated
ultrasonically for 30 minutes to break agglomerates of inorganic particles.
Sodium alginate powder was added under stirring in three steps, followed by
overnight stirring. A small portion of the mixtures was used “as is” for viscosity
measurements. Prior to spinning, mixtures were transferred to a stainless steel
vessel, degassed by applying vacuum (30 minutes) and left overnight. Table 3.1
shows the spinning mixture compositions used in the study.

3.2.3

Spinning procedure

The spinning vessel was pressurized (2 bar, nitrogen) and the mixture was
forced through a spinneret with the following dimensions: outer diameter/inner
diameter= 2.0/0.8 mm. A calcium chloride solution (10 wt%) was pumped
through the bore of the spinneret at speed of 17 mL min−1 and calcium chloride
solution of the same composition was used in the gelation bath. The air gap
was set at 1 cm. All the spinning experiments were carried out at ambient
temperature (20-21 ◦C. NIPS fibers were prepared following the procedures
and recipes that can be found elsewhere [17].
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3.2.4

Drying and thermal treatment

After spinning, the fibers were left in the gelation bath overnight, followed by
a brief rinse with deionized water. The fibers were dried and stretched in air
overnight. Alumina fibers were dried at 110 ◦C for 120 min to remove excess
water (heating rate 5 ◦C min−1 ). Thereafter, polymer removal and sintering
was carried out at 1500 ◦C for 300 minutes (heating rate of 5 ◦C min−1 ) and
fibers were cooled down at a rate of 10 ◦C min−1 . Air atmosphere was used for
all thermal treatment steps.
In case of stainless steel fibers, no drying step was included, but a polymer
removal step was carried out at temperature of 525 ◦C at a heating rate of
5 ◦C min−1 for 120 minutes, followed by the sintering of stainless steel particles
at 1100 C at the rate of 5 ◦C min−1 for 60 minutes, followed by cooling at a
rate of 10 ◦C min−1 . Thermal treatment of the stainless steel fibers was carried
out in a nitrogen atmosphere to avoid oxidation.

3.2.5

Analysis

The morphology, microstructure, composition, and thermal evolution of weight
of the samples were investigated by SEM (JEOL JSM 5600LV), XPS (Quantera
SXM (scanning XPS microprobe from Physical Electronics), and TGA-DTA
(Netzsch STA 449 F3). Water and nitrogen flux measurements were performed
in dead-end mode with atmospheric pressure at the permeate side. The flow
was determined using a balance (water) or a soap film flow meter (nitrogen).
For the flow-to-flux conversion, the fiber diameter was determined per batch
using SEM, and considered to be representative for the whole batch.

3.3

Results and discussion

Scanning Electron Micrographs (SEM) elucidate the morphology of stainless
steel particle loaded fibers that have been prepared by bio-ionic gelation and
NIPS prior to sintering (Figure 3.1). The images clearly show the entrapped
stainless-steel particles in the polymer matrix, appearing as bright spots in
the contrasting polymer materials. The fiber prepared via NIPS (left in Figure 3.11) possesses a cross-sectional morphology with distinct macro voids,
whereas the fiber prepared via bio-ionic crosslinking (right in Figure 3.1) exhibits a more homogeneous cross section (picture on right in Figure 3.1).
The feasibility of the continuous fabrication of hollow fibers by wet spinning
with bio-ionic gelation is further demonstrated in Figure 3.2. On the left side
82

Figure 3.1: Backscattered scanning electron micrographs of polymer hollow
fiber loaded with stainless steel particles prior to thermal treatment obtained
via phase separation (A) and obtained via bio-ionic gelation (B).

in Figure 3.2, fibers are presented that have been spun with an aqueous sodium
alginate solution containing stainless-steel particles (top panels in Figure 3.2)
or alumina particles (bottom panels in Figure 3.2). Details of the spinning
solution compositions are provided in Table 3.1.
For both types of particles, a round fiber with uniform cross-sectional morphology and an open lumen is obtained. The alumina fiber has a larger diameter
and a larger wall thickness in comparison with the stainless-steel fiber. These
differences in fiber dimensions are due to the differences in rheology of the two
spinning solutions that are caused by the different particle sizes. The alumina
particles are smaller, which results in a higher viscosity and a more pronounced
shear-thinning behavior of the spinning solution [17].
For both materials, the fiber geometry persists during thermal treatment (right
in Figure 3.2), except for a reduction in fiber diameter and in wall thickness due
to polymer burnout. These observations demonstrate the feasibility to produce
a variety of inorganic hollow fibers via wet spinning and bio-ionic gelation.
Potential applications of the inorganic fibers include (electro)catalysis, microfluidic devices, and membrane separations. For the last application field
the fibers can serve either as support for a thin selective film, or for microfiltration of fluids. The fluxes of liquid water and nitrogen gas through various
alumina fibers are presented in Figure 3. The fluxes show linear trends with
the inside-out pressure difference over the fiber wall. The water flux is measured up to a pressure difference of 20 bar. This substantiates that the fibers
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Figure 3.2: Scanning electron micrographs of hollow fibers obtained via bioionic gelation; prior to thermal treatment (a and c), and sintered (b and d).
The fibers have a 50 vol.% inorganic particle loading of stainless-steel particles
(a and b) or alumina particles (c and d).

can have sufficient strength to withstand this measured pressure difference.
The linear trend indicates that in this pressure range the fibers do not suffer
severely from mechanical deformation. The variations in flux, when comparing
different fibers, can presumably be attributed to lateral variations in the shape
and the inside and outside diameters of the fibers.
The alumina fibers are able to separate small particles from an aqueous solution
and the size of the particles that can be separated by sieving is directly related
to the pore size of the fibers, which in turn is directly determined by the size of
the inorganic particles used in the fiber synthesis. The pore sizes of the alumina
fibers obtained via bio-ionic gelation and NIPS are similar, in the range 200 to
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Figure 3.3: Alumina loaded alginate fibers obtained via bio-ionic gelation using
various cations, before and after thermal treatment (left and right fibers of
pairs, respectively). From left to right: calcium chloride, calcium nitrate, ferric
nitrate, cobalt nitrate and chromium nitrate. The insets show XPS spectra.

300 nm. The pore volume of the fiber obtained by bio-ionic gelation is lower
as compared to the NIPS derived fiber, due to the more homogeneous fiber
morphology that is inherent to the bio-ionic gelation procedure.
Bio-ionic gelation implicates the introduction of multivalent cations into the
inorganic particle loaded biopolymer. During the burnout of the biopolymer,
these cations may remain in the fiber, conceivably as an oxide when oxygen is
present during thermal treatment. By selecting a cation that is associated with
the inorganic particles, for instance Al3+ for alumina particles, the introduction
of the cation does not have implications for the final chemical composition of
the fiber. When other cations are used for gelation, the fiber (surface) chemistry
may be altered.
Figure 3.3 shows alumina fibers obtained by bio-ionic gelation, using different
multivalent cations. The different colors of the fibers indicate the presence
of the different cations. Before thermal treatment the color of the fiber is
resembling that of the ionic solution used for the gelation.
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A solution of CaCl2 or Ca(NO3 )2 is colorless and the oxide of calcium is white.
Before and after sintering the presence of calcium will not be apparent from the
color of the fiber, but is confirmed by X-ray Photoelectron Spectroscopy (XPS).
For the other fibers colorization persists upon thermal treatment, indicating
that cations remain in the fibers. The color changes of the fibers made with
cobalt and chromium are manifestations of the change in the oxidation state
of these cations. The XPS inserts of the fiber outer surface confirm that cobalt
and chromium are indeed present before and after sintering. These results
demonstrate that our method allows facile alteration of the surface chemistry
of the hollow fibers via the introduction of various elements in the bio-ionic
gelation process.

3.4

Conclusion

In conclusion, we demonstrate an organic solvent-free method for the fabrication of inorganic porous hollow fibers based on the gelation of a biopolymer.
This approach is simple and suitable to fabricate ceramic and metallic hollow
fibers and can be extended to different inorganic materials without extensive
alterations.
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Chapter 4

Sustainable route to inorganic
porous hollow fibers with
superior properties

This chapter is adapted from:
H. Qasim Hussein, P. de Wit, E.J. Kappert, N.E. Benes, A sustainable
route to inorganic porous hollow fibers with superior properties, Sustainable Chem. Eng., 3 (12), pp. 3454-3460,
doi: 10.1021/acssuschemeng.5b01248

Abstract
This chapter presents a method for the fabrication of inorganic porous hollow
fibers, using ecologically benign feed materials instead of organic solvents and
harmful additives. Our method is based on ionic cross-linking of an aqueous
mixture of sodium alginate, inorganic particles, and a carbonate. The mixture
is spun into an acidic coagulation bath, where the low pH triggers the dissociation of the carbonate into multivalent cations and carbon dioxide. The multivalent cations cross-link the alginate, thereby consolidating the 3D structure
and arresting the inorganic particles. In a subsequent thermal treatment the
polymer is removed and the particles are sintered together. Adequate gelation
requires a sufficiently low pH of the acid bath and a sufficing buffering capacity
of the acid. In addition, to facilitate thermal treatment, it appears to be crucial that the acid has a conjugated base with limited propensity for complexing
cations. The environmentally safe and sustainable lactic acid and acetic acid
are shown to be convenient acids. The fibers prepared via our method have
outstanding properties, such as high mechanical strength, homogeneous morphology, and sharp distribution of small pores. In addition, they are prepared
using sustainable chemicals such as lactic acid and calcium carbonate.
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4.1

Introduction

Inorganic porous hollow fibers provide large surface-area-to-volume ratios, due
to their small radial dimensions. As a result, these fibers are applied in a vast
array of applications, for example, in photocatalysis [1, 2], bio-reactor and sensors [3, 4], gas-liquid contactors [5–7], membranes for demanding separations
[8–10], and for combined chemical reaction and molecular separation in harsh
environments [11–13]. The small radial dimensions of the fibers are generally
achieved by using the dry-wet spinning method, in which a mixture of a polymer, solvent and inorganic particles is spun into a coagulation bath. In the
coagulation bath, non-solvent induced phase separation (NIPS) occurs and the
inorganic particles are arrested in a polymer matrix. In a subsequent thermal
treatment, the polymer is decomposed and the inorganic particles are sintered
together. This method is well understood and described in detail for a variety
of inorganic particles [14–16]. The major drawback of the NIPS-method is the
use of harmful solvents. Typically, aprotic solvents such as dimethyl formamide
(DMF), N-methyl-2-pyrrolidone (NMP) or dimethyl acetamide (DMAc) are
used, because these dissolve a wide variety of polymers and the obtained spinning solutions coagulate readily upon contact with water. We have recently
demonstrated bioionic gelation as a novel solvent-free alternative approach for
the fabrication of porous hollow fibers [17]. The concept is based on the solidification of a spinning mixture by the ionic cross-linking of a sodium alginate when it is spun into an aqueous solution containing multivalent cations
Mn+ , such as Ca2+ , Ba2+ , Cu2+ , or Fe3+ . The alginate is the sodium salt of
the polysaccharide alginic acid that is produced by brown algae and bacteria
and is a linear block copolymer consisting of 1,4-(β-D)-mannuronic acid and
1,4-(α-L)-guluronic acid. Upon entering the solution, the multivalent cations
diffuse into the spinning mixture and exchange with the sodium ions in the
polymer, thereby forming a stable water-insoluble three-dimensional gel network [18]. This concept is depicted in Figure 4.1, top right. During a subsequent thermal treatment the biopolymer is removed and the inorganic particles
are sintered together. Introducing the multivalent ions into the alginate from
a bath is known to have disadvantages. The gelation rate is hard to control
and the concentration gradients of the multivalent ions inside and outside the
alginate solution result in an inhomogeneous alginate gel [19–21]. As a result
of this, the mechanical integrity of the final fibers can be poor[17]. In addition,
in order to maintain stationary spinning conditions a regeneration of relatively
large volumes of the Mn+ solution is necessary. In the present paper, we propose a new method for cross-linking fibers that overcomes these limitations,
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Figure 4.1: Left: setup for dry-wet spinning; right, schematic representation
of the concept of external (top right) and internal (bottom right) gelation.
The spinning mixture is cross-linked with a solution of MCln in the case of
external gelation, whereas in the case of internal gelation the multivalent ion
is present as Mn+ (CO3 )0.5n in the spinning mixture, which is in turn liberated
upon contact with protons originating from the gelation bath.

by providing the multivalent ions as an inactive, insoluble salt in the spinning
mixture in the form of a carbonate. Carbonates have been used in the past
for the production of homogenous microspheres [22–24], hydrogels [25–27], and
thin films [28–30]. In our case, the mixture is spun into an acidic coagulation
bath, where the low pH triggers the dissociation of the carbonate into Mn+
and carbon dioxide [31]. The multivalent ions then form the ionic crosslinks
in the biopolymer. The bottom right part of Figure 4.1 schematically depicts
this concept. Gels prepared using the internal supply of multivalent ions are
found to be more homogenous as compared to those obtained using the external
supply [21].
To demonstrate the versatility of the proposed method, we compare different
types of carbonates and different types and concentrations of acids. Conforming to the literature and because it is considered a benign substance, most
experiments have been carried out with calcium carbonate. Cobalt carbonate
94

and copper carbonate have been used to prove that the method also works for
other multivalent ions. The particular focus of the study is on the importance
of the buffering properties of the acid and the propensity of its conjugated
base to form complexes with cations [32]. Hydrochloric and nitric acid have
been selected as strong inorganic acids, with minimal buffering capacity. Acetic
acid, citric acid, and lactic acid have been selected as weaker acids, with larger
buffering capacities. It should be noted that these acids can be obtained from
sustainable sources [33–35]. Glucono-delta-lactone (GDL) was selected as a
gluconic acid precursor [36], because the extensive buffering properties in the
CaCO3 -GDL system have been proven to result in a time-delayed release of
calcium ions that produces more homogenous alginate gels [37].
In this chapter, we show that the bio-ionic cross-linking, induced by the carbonateacid reaction, allows for facile and solvent/organic polymer-free fabrication of
inorganic porous hollow fiber membranes. The fibers have very thin walls, superior mechanical strengths, and more narrow distributions of smaller pores,
as compared to fibers obtained by previous methods.

4.2
4.2.1

Experimental
Chemicals

Alginic acid sodium salt from brown algae with medium viscosity (SigmaAldrich); calcium carbonate, cobalt carbonate, and copper carbonate (all SigmaAldrich); AKP-30 and AKP-50 αalumina powder with a mean particle size
of 0.3 and 0.1 µm respectively (Sumitomo Chemicals); and deionized water
(>18.2 MΩ cm−1 ) were used to prepare spinning mixtures. Acetic acid (Merck),
citric acid, glucono delta-lactone (GDL), hydrochloric acid, lactic acid, and nitric acid (All from Sigma-Aldrich) were used as proton source.

4.2.2

Preparation of spinning mixture

0.15 g calcium carbonate was added to 82.5 g de-ionized water in a two-neck
flask followed by mechanical stirring for 10 min. 12.5 g AKP-30 α-alumina was
added under continuous stirring and ultrasonic treatment, followed by stirring
and ultrasonic treatment for 20 minutes (Branson 1800, 10 min min, 40 kHz).
5.0 g sodium alginate was added in three steps to prevent the formation of
alginate lumps. The mixture was stirred overnight to obtain a homogeneous
slurry.
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4.2.3

Preparation of fibers

Non-hollow alumina fibers were prepared by extruding the spinning mixture
into solutions of acetic acid, citric acid, GDL, or lactic acid, with a pH of 1.7,
2, 3, and 4. For hydrochloric and nitric acid, a pH of 0.6, 1, 1.3, and 2 was
used. Upon contact with the acid gelation bath, cross-linking of the alginate
occurs. After extrusion, samples were left overnight in the acid gelation bath.
The cross-linked fibers were dried at room temperature for 24 h and were subsequently thermally treated in a STF16/610 tubular furnace (Carbolite) under
an airflow of 100 mL min−1 . Using a heating rate of 5 ◦C min−1 , the fibers were
kept at 110 ◦C for 60 min for drying, followed by further sintering at 1400 ◦C for
120 min. Hollow alumina fibers were prepared through a similar procedure by
spinning into a lactic acid solution with a pH of 1.7. The spinning mixture was
pressurized in a stainless steel vessel, degassed for 30 min and left overnight.
Spinning was carried out using a spinneret with dimensions OD/ID=2.0/0.8
mm, using 2 bar nitrogen pressure at ambient temperature. The air gap was
15 mm, and the bore liquid flow rate was 14 mL min−1 . The bore liquid was
taken from the gelation bath, which consists of lactic acid with a pH of 1.7.
After spinning, the fibers were left in the gelation bath overnight, dried, and
thermally treated following the procedure described above. In addition, fibers
were prepared using NIPS [14] and external gelation [17] as described elsewhere.

4.2.4

SEM

Scanning electron micrographs of the cross-section morphology and the wall
thickness of green and sintered fibers were obtained with a Zeiss Merlin FESEM or JEOL-JSM6010 scanning electron microscope. To obtain a flat crosssection, the green compacts were soaked in ethanol and submersed in liquid
nitrogen before fracturing. No further pretreatment was done on the samples.

4.2.5

TGA/DTA-MS

Thermogravimetric analysis combined with differential scanning calorimetry
analysis (TGA/DSC) was performed on a STA 449 F3 Jupiterr (Netzch) fitted with a TGA-DSC sample holder. Measurements were performed under a
flow of 70 mL min−1 synthetic air at a heating rate of 20 ◦C min−1 from room
temperature to 1000 ◦C. A temperature correction and sensitivity analysis using melting standards and a blank correction with an empty cup were carried
out prior to the measurements. Small fragments of fibers that had been dried
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overnight under vacuum at 50 ◦C were used as samples and their mass was
determined externally.

4.2.6

Mechanical Strength

The mechanical strength of the prepared hollow fibers was measured on a 5564A
mechanical testing bench (Instron). Sintered fibers were picked randomly and
broken to a length of approximately 5 cm, followed by tested using a 4 point
fixture, with an outer span (Lo ) of 20 mm and an inner span (Li ) of 10 mm.
The load was measured at constant extension rate (2 mm min−1 ) and the inner
and outer diameters of the fiber were measured after fracture, using a digital
caliper (Mitutoyo CD-15CPX, ∆d± 0.02 mm). A sample set size of 30 samples
was used. The maximum bending strength is computed using Equation 4.1,
where Fj is the force at fracture for specimen j, Lo the distance between the
two outer rollers, K is defined by half the distance between the inner and
outer span K = (Lo L)i)/2, and do,j and di,j the outer and inner diameters of
specimen j:
16Fj Kdo,j

σ(f,j) =
(4.1)
π d4o,j − d4i,j

4.2.7

Nitrogen gas permeation

Single-gas permeation was carried out using nitrogen (Linde Gas, Purity 4.0).
00
Fibers were potted into 1/4 stainless steel tubing and sealed with glue (Epoxy,
Araldite 2014) before they were mounted into a stainless steel module. The
inside-out nitrogen flow was measured using a soap-film flow meter, while the
feed pressure was regulated using a pressure-reducing valve (Genie, 0-10 bar).
The permeate side is assumed to be at atmospheric pressure.

4.2.8

Mercury intrusion

The volume of mercury intruded was measured as a function of the pressure
using a Poremaster PM-33-14 (Quantachromer ). The pore diameter corresponding to a certain pressure is calculated using Washburns equation from
the measured volume mercury intruded VHg versus pressure P using Matlab
(Mathworks, R2014b) . The volume based pore size distribution is calculated
via equation Equation 4.2.[38]
Dv (r) =

p2
dVHg
dp 2γ cos θ

(4.2)
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Figure 4.2: Left and middle panels: photos of nonhollow fibers obtained from
injecting a calcium carbonate/alginate/alumina solution into the different acids
at different pH. Right panels: scanning electron micrographs of the green and
sintered hollow fiber. Note: the contrast and brightness of the pictures has
been adjusted to improve visualization

4.3
4.3.1

Results and discussion
Fiber consolidation

Figure 4.2 shows the nonhollow fibers that result from injecting a calcium
carbonate/alginate/alumina solution from a syringe into the different gelation
baths. The characteristics of the gels that are formed and the extent to which
the inorganic particles are incorporated show a strong dependency on the pH
of the gelation bath and the acid strength. A maximum critical pH appears to
exist to induce effective gelation. Below this pH, a sufficient amount of calcium
is released to form a stable and insoluble network. It should be noted that these
critical pH values are below the pKa values of the sodium alginate building
blocks, β-D)-mannuronic acid (3.38) and (α-L)-guluronic (3.65). This implies
that the sodium alginate will be partly converted into alginic acid,[39, 40]
which is known to form gels that are stabilized by intermolecular hydrogen
bonds. This could further aid the cross-linking of the fibers[20]. In the strong
mineral acids, HCl and HNO3 , rigid shapes are obtained at pH values below
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1.3 [41]. At higher pH values, insufficient protons are available to liberate
calcium ions, inhibiting the cross-linking of the fiber. For the strong acids
the pH increases substantially when the sodium alginate mixture is injected
in the acid solution. For the weak acids, a pH of 1.7 is already sufficient to
obtain a rigid shape. The buffering properties of the weak acids allow for a
continuing release of protons and subsequent calcium release. For the weak
acids, the pH does not show a substantial increase when the sodium alginate
mixture is injected in the acid solution. For the weak acids, pH values in
excess of 2 result in only partially cross-linked alginate gels. This lesser extent
of crosslinking becomes more pronounced at higher pH values, until virtually
no cross-linking is observed for fibers spun into acids with a pH of 4. At a pH
of 3, rigid structures are obtained for the acetic and lactic acid, whereas the
structures for gluconic and citric acid result in a loosely packed gel that lacks
mechanical integrity. Using citric and gluconic acid there will be competition
between calcium uptake by the alginate and complexation of calcium ions by
the conjugated base [23, 42]. Fibers taken from an acid bath, with a pH
below the critical value, are flexible and have sufficient mechanical strength for
handling. The microstructure of the fibers reveals a dense matrix for the citric
and gluconic acid, whereas a more open structure is observed for acetic and
lactic acid (See Figure 4.9 in the Supplementary Information for the scanning
electron micrographs.) Upon drying, the fibers diameter and flexibility were
largely reduced.

4.3.2

Thermal treatment

All fibers have been subjected to identical thermal treatment. For the fibers
obtained from HCl, HNO3 , acetic acid, or lactic acid and below the critical pH,
the thermal treatment resulted in well-shaped and structurally intact fibers.
The fibers obtained from citric acid or GDL solutions, however, disintegrated
into powder during the thermal treatment. Figure 4.3 shows the results of the
TGA/DSC analysis of the dried fibers and powders (TGA/DSC data for HCl
and HNO3 are not shown here but show a similar pattern [41]). Up to 150 ◦C,
the mass loss is below 1% and can be attributed to the last stages of drying
of the fibers. Around 150 ◦C, the onset of mass loss is found for all fibers,
followed by a multi-step, exothermic mass loss. During these steps, the mass
loss is significantly higher for citric acid and gluconic acid than that for the
other acids.
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Figure 4.3: TGA (solid lines) and DSC (dashed lines) curves of the cross-linked
fibers obtained by spinning into an acid solution with pH of 1.7.

For all experiments, the spinning mixture consisted of 28.4 wt% alginate, 70.8
wt% alumina, and 0.8 wt% CaCO3 (on dry basis). For fully dried fibers, a
maximum theoretical mass loss of 28.7% would therefore be expected based on
the spinning mixture, assuming that the calcium remains in the fibers in the
form of CaO. Only for HCl (23.61 wt%), HNO3 (23.40 wt%) and acetic acid
(25.5 wt%), the experimental mass loss is lower than the theoretical expectation. For all other acids, the mass losses are higher: 43.6 wt% for lactic acid,
62.8 wt% for citric acid and 64.4 wt% for gluconic acid.
Co-diffusion of the conjugated base to balance the charge of the diffusing protons does not explain the mass difference between theory and experiment, as
this would result in a surplus mass loss of 0.4% (acetic acid), 0.7% (lactic acid),
and 1.9% (gluconic and citric acid). The adsorption of the acids onto the surface of alumina particles can also explain only a small amount of extra mass,
because of the low surface area of the particles[43]. Complexation of Ca2+ or
Na+ ions,[32] would result in only low extra mass for lactic acid and acetic
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acid, but potentially results in much higher masses for the citric acid and GDL
ions. In addition, the complexes formed would be able to hold a significant
amount of water that may be released at higher temperatures than normally
can be expected [44]. Indeed, SEM micrographs of the green citric acid and
GDL fibers (given in Figure 4.9 in the Supplementary Information) suggest the
presence of more non-alumina material. The higher water content that these
layers may hold, could rationalize the surplus mass loss[26, 45, 46]. At 250 ◦C,
the alginate starts to decompose[47, 48], inducing a further release of the water as seen in the mass spectrum of the gasses evolving the sample. Indeed,
the recorded heat flow is comparatively low, which could be the result of the
endothermic contribution water evaporation [41].

Figure 4.4: Pore size distribution obtained by mercury intrusion for a sintered
fiber. Fibers were prepared by internal gelation (lactic acid coagulation bath),
by external gelation (CaCl2 gelation bath), and by non-solvent induced phase
separation.
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Figure 4.4 shows the pore size distribution of fibers prepared via internal gelation, external gelation, and NIPS. The data clearly show that the fiber prepared
using internal gelation has smaller pore size as compared to fibers prepared using external gelation or NIPS. Pores in the range of 100 nm to 200 nm are
observed, which agrees well with the original powder size of approximately
300 nm and the assumption of dense sphere packing. For fibers prepared using
NIPS, it is known that the stacking of the particles is less dense, resulting in
larger pore sizes using equivalent starting materials[14] The porosities of the
internal, external and NIPS fibers are 29, 16 and 54% respectively. The combination of spatially uniform and slow gel formation will aid the formation of
a homogeneous and dense packed ceramic body. In addition, at the low pH
values the alumina particles have a substantial positive surface charge. It is
known that slow settling of charged alumina particles from a suspension allows
for obtaining well-defined homogeneous porous structures, with a narrow distribution of small pores[49] and may prevent the formation of agglomerates by
electrostatic stabilization[50].

4.3.3

Performance

The results for the consolidation and the thermal treatment of the non-hollow
fibers indicate that acetic acid and lactic acid are the best choices for the
acid bath. These acids have sufficient buffering capacity, are available from
sustainable sources, and generate fibers that show limited mass loss during
thermal treatment. Given the pungent odor of acetic acid, preference is given
to the use of lactic acid.
Thin (110 µm), flexible, and defect free hollow fibers were obtained by pressing
a CaCO3 /alginate/alumina solution through a spinneret into a lactic acid bath
with a pH of 1.7). The scanning electron micrographs in Figure 4.5 show that
homogeneous ceramic bodies are obtained that are virtually free from any large
defects that might negatively affect mechanical strength.
Figure 4.6 shows the 4-point bending strengths for 30 of these hollow fibers after sintering. Based on the measured strength values, an empirical cumulative
distribution is computed using Kaplan-Meijer estimates [51]. A lot of scatter is
present in the mechanical strength data. This scatter does not only originate
from the defect distribution, but is presumably also a result of lateral variations
in the dimensions and the structure of the fiber. Furthermore, two failure populations can be distinguished, suggesting different failure mechanisms [52]. The
presence of different failure populations might indicate distinctive microstructural features of the fibers, for instance the presence of small agglomerates[53].
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Figure 4.5: Cross-sectional scanning electron micrographs of green (A, B and
C) and sintered at 1400 C for 2 hr (D, E and F) hollow fibers prepared using
lactic acid, pH 1.7. Figures C and F show the microstructure of the fiber wall,
panel F clearly shows the removal of the polymer.

The presence of such small agglomerates is not apparent from the scanning
electron micrographs.
By fitting the strength data with a normal distribution an average strength of
232.7 ± 28.5 (95% CI) MPa is calculated, with a standard deviation of 77.6
± 15.6 (95% CI) MPa. These mechanical strength values are exceptionally
high for Al2 O3 hollow fibers. Typical values reported in literature range from
100 MPa to 150 MPa,[54–57] and are generally obtained using a 3-point bending
test. A direct comparison between strength numbers is in general not straightforward, because 3-point bending tests systematically result in higher strength
values in comparison with 4-point bending tests [58]. This further supports the
high mechanical strength of the prepared fibers, which is a direct result of the
elimination of the macro-voids that are inherently present in fibers prepared
using NIPS, and the controlled homogenous stacking of the alumina particles.
Figure 4.7 shows the normalized inside-out nitrogen permeance versus the arithmetic mean pressure inside the fiber wall [14]. Some fiber-to-fiber differences
are observed, likely due to slight variations in the wall thickness and diameter
over the fiber length. The estimated pore size dp and porosity-tortuosity ratio
/τ are in between 179-207 nm and 0.04-0.09, respectively (assuming cylindrical pores with unimodal pore size distribution). These obtained flow-average
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Figure 4.6: Observed mechanical strength of sintered hollow fibers (Lactic acid,
pH=1.7, sintered in air for 1400 ◦C, 2 h) ranked to their probability of failure.
The 30 different fibers are presented as spheres, whereas the solid line represents
a normal distribution fitted to this data.

pore sizes are in excellent agreement with the 100 nm to 200 nm pore diameter
values that were determined by mercury intrusion. The /τ values are slightly
lower than those typically obtained in our labs for high quality alumina supports obtained by colloidal filtration of peptized alumina particles, which are
∼0.1. For hollow fibers that are prepared by NIPS, much lower /τ values have
been reported. These low values have been rationalized by the less homogeneous microstructure of these fibers, further undermining the assumption of a
unimodal pore size distribution in these fibers[14]. Under the assumption of a
tortuosity of 3 [59–61], the porosity of the fibers obtained by internal gelation
is calculated to be in the range 13-28%, which agrees well with the value of
28.8% obtained using mercury intrusion.
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Figure 4.7: Nitrogen permeation for 6 different fibers as function of the average
pressure in the fiber wall (Pm = (Pf eed + Ppermeate ) / 2).

The hollow fibers have various potential applications, including their use as catalyst or membrane support, and their direct use as a microfiltration membrane.
The potential of these fibers as a microfiltration membrane is demonstrated by
the filtration of an aqueous dispersion of AKP-50 alumina particles with a
mean particle size of 100 nm, in dead-end mode. Figure 4.8 shows the feed and
permeate dispersions. The apparent difference in the turbidity of the solutions
confirms that the particles are retained by the membrane. The particle size
distribution of the feed and permeate shows that the peak is shifted significantly towards smaller particle sizes. The fact that only particles smaller than
10 nm are detected in the permeate shows the ability of the membrane to retain
the particles with larger sizes. The size of the particles that can be separated
is a direct result of the pore size of the fibers, which can be tuned by either
adjusting the particle size of the inorganic starting material or by adjusting
the thermal treatment program of the fiber.
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Figure 4.8: Feed (right vial) and permeate (left vial) of a separation experiment
with an aqueous feed containing AKP-50 particles (100 nm). The curve shows
the apparent particle diameter of the particles present in the feed and permeate.
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4.4

Conclusion

We developed a sustainable route for the fabrication of high performance inorganic porous hollow fibers without the use of harmful solvents and additives.
The route is based on pressing an aqueous mixture of a carbonate, a sodium
alginate, and inorganic particles through a spinneret into an acid bath. The
low pH triggers the dissociation of the carbonate into multivalent cations and
carbon dioxide. The multivalent cations are responsible for cross-linking of the
alginate, which in turn arrests the inorganic particles. During a subsequent
thermal treatment, the polymer is removed and the particles are sintered together. The acid in the coagulation bath is crucial for successful fiber preparation; not only is a sufficiently low pH of the acid bath required, it is also critical
to select an acid with appropriate buffering capacity, and a conjugated base
that has limited propensity to complexation with cations in order to fabricate
high quality fibers. By using this method, we are able to prepare alumina
hollow fibers with outstanding properties, such as high mechanical strength,
homogeneous morphology, and sharp distribution of small pores. These fibers
have an extensive application landscape; they can for instance be used directly
as a microfiltration membrane, or can be used as catalyst of membrane support
material. Our new method substantially reduces the environmental impact of
the fiber production process, because it only requires benign chemicals such as
sodium alginate, lactic acid, and calcium carbonate that can be obtained from
sustainable sources.
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4.5

Supplementary information

Figure 4.9: Scanning electron micrographs of fracture sites of dense extrudes.
Samples were prepared using different pHs and acids. The acid and its concentration is given in the image. All photos are taken after drying of the sample.
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Chapter 5

The mechanical strength of
inorganic porous hollow fibers:
The effect of measurement
method

This chapter is adapted from:
P. de Wit, F. S. van Daalen, N.E. Benes, The mechanical strength of a
ceramic porous hollow fiber, 2017, J. Membr. Sci., 524, pp. 721-728,
doi: 10.1016/j.memsci.2016.11.047

Abstract
The mechanical strength of inorganic porous hollow fibers is a critical constraint that limits their wide scale application. Various methods, including 3point bending, 4-point bending, and diametrical compression are used for the
quantification of the mechanical strength. Here, we show that these methods
cannot be used in an interchangeable manner. For large sets of alumina hollow
fibers, the parameters describing the cumulative probability of failure functions
depend on the type of measurement, i.e., 3 or 4-point, the span size, and the
measurement geometry. This implies that reporting data on mechanical properties of inorganic hollow fibers requires that extensive information about the
experimental details is provided, and that a direct quantitative comparison between datasets is unjustifiable. The mechanical strength of the alumina hollow
fibers tends to follow a normal distribution, or log-normal distribution, instead
of the often used Weibull distribution. Monte Carlo simulations demonstrate
that, especially at small sample set sizes, it is difficult to accurately determine
the shape of the probability distribution. However, detailed knowledge of the
type and the shape of this distribution function is essential when mechanical
strength values are to be used in further design.
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5.1

Introduction

The mechanical strength of porous inorganic hollow fibers prepared using nonsolvent induced phase inversion (NIPS) is often investigated. A poor mechanical strength affects the large-scale application of these hollow fibers as, for
example, microfiltration membrane, catalyst support, or (membrane) microreactor [1]. Many methods are used to assess the mechanical robustness of inorganic fibers; most commonly their flexural or bending strength is determined
via a 3-point [2–6] or 4-point bending test [7–10]. Alternatives include burst
pressure measurements [11, 12] or diametrical compression tests [13, 14].
The reported mechanical strength is a direct result of the measurement method
and the conditions used. As a result, comparison of strength data presented
in literature can be deceptive. In addition to the measurement method, the
amount of samples measured and the subsequent statistical analysis are of
great importance. The comparison of a 3-point versus a 4-point bending test
is described in literature for various applications, like advanced dense ceramics
[15–18] and polymers [19], but not for porous inorganic hollow fibers. In this
paper, we demonstrate the pronounced influence of the measurement method
on the reported strength value, and why it is crucial to not only report the
measurement method, but also sample geometry and sample set size to allow
comparison of reported strength values. In ceramic reliability engineering, one
often assumes a specific probability distribution. Based on the microstructure
of a ceramic –being porous or non-porous– different probability distributions
are assumed. In traditional non-porous ceramics the Weibull distribution is
mostly used, whereas recently the use of the log-normal or normal distributions
are proposed for porous ceramics [20]. We demonstrate why detailed knowledge of the probability distribution is relevant for the design of components
consisting of porous ceramic hollow fibers.

5.2
5.2.1

Theoretical background
Strength distributions

The result of fracture testing is usually reported as an average strength or mean
strength of the measured stress at failure, of a set of N samples.
P
σi =

i = 1N σi
N

(5.1)
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A drawback of the average strength is that it contains no information about
the spread of the strength values measured. In ceramics, defects are randomly
distributed over the sample and they will vary in position, size, and severity.
As a consequence, the strength of a fiber will vary from fiber to fiber, even
for apparent identical fibers. As a measure for this spread often the standard
deviation of the mechanical strength data is reported. In addition, if a small
amount of samples is measured, the average strength might not be a good
representation of the real strength number (this effect becomes more severe at
lower sample sizes, e.g. N <10 [21]). Therefore, the common interpretation
of fracture tests is based on a statistical models that predict a probability of
failure. It is often stated the one is required to measure at least 10-30 samples
if the statistical model is known [18, 22], others propose that a minimum of
150-200 samples is required for an unknown model [21, 23].
The distribution parameters are of utmost importance in the design of components that consist of ceramics. In design, an acceptable probability of failure
is selected, and the associated design stress is calculated using the statistical
distribution function. Especially the lower tail of the probability distribution
strongly affects the design stress [24]. Without appropriate characterization
and the use of the correct statistical distribution, the measured strengths cannot be applied in design and might lead to erroneous conclusions. [20, 25–27].
Weibull distribution
The Weibull distribution [28] is the generally applied distribution for strength
characterization of brittle ceramics with little defects. It is based on the socalled weakest link principle. In the majority of dense ceramics, only few defects
are present. If the ceramic fails, it is assumed to fail at its weakest defect. The
regular formulation of the Weibull distribution, used in measuring the strength
of ceramics, is written as:
  m 
σ
P (σ) = 1 − exp −
σθ

(5.2)

where P (σ) is the cumulative probability of failure, σ the applied stress, m
the Weibull modulus a measure for the spread of strength data and σθ is
the characteristic strength. The characteristic strength and estimate of the
Weibull modulus are often obtained via maximum likelihood fitting of the measured strength data. The Weibull characteristic strength depends on the test
geometry, such type and size; and it is a value specific to a certain test.
118

An alternative representation of the probability of failure is the more general
equation,
 Z  m

σ
P (σ, V ) = 1 − exp −
dV
(5.3)
σ0
V
where P (σ, V ) is the cumulative probability of failure, V is the volume of the
component, σ is the applied stress, m is the Weibull modulus and σ0 is the
Weibull material scale parameter. If the integration in the above-mentioned
equation is carried out the equation reduces to:

 m 
σ
P (σ) = 1 − exp −kV
σ0

(5.4)

Where k is a dimensionless constant that accounts for test specimen geometry
and stress gradients. In general, k is also a function of the estimated Weibull
modulus. The product kV is often referred to as the effective volume. Using
this effective volume, the characteristic Weibull strength σθ can be converted
into the Weibull material scale parameter using a relation such as
(σ0 )V = (kV )1/(m) (σθ )V
V

(5.5)

This approach is discussed in detail in various references [22, 29, 30]. Calculation of the effective volume of a porous ceramic hollow fiber with its defects,
pores, and macrovoids is problematic as the volume under stress is nearly impossible to estimate.
Mechanical strength testing combined with Weibull analysis are broadly standardized for dense ceramics, for example in ASTM C1161 [22] or DIN 843-5
[31]. Most methods recommend to measure at least 30 samples in order to accurately estimate the Weibull modulus and characteristic strength. The Weibull
distribution, depending on the weakest link theory with non-interacting defects,
is questioned to be suitable for certain ceramic strength data [26, 32–35]. For
example Danzer et al. [26] demonstrate that in certain situations a deviation of
the Weibull distribution is expected; when the material exhibits a multi-model
flaw size distribution (e.g., porosity), when defects interact, when R-curve behavior is observed or when subcritical crack growth is likely [36]. Inorganic
porous hollow fibers prepared by non-solvent induced phase inversion (NIPS)
have a high defect density with a large range of defects such as pores, large
finger like voids and agglomerates. This results in a questionable applicability
of the Weibull model and its underlying assumption. Therefore, other models
are also evaluated.
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Normal distribution
The normal distribution is one of the mostly used distributions in sciences for
real-valued random variables whose distributions are not known. Therefore,
a normal distribution is used to describe the strength of brittle ceramics, in
particular when these materials show a roughly symmetrical distribution and
when the amount of defects is large [33, 37, 38]. Its parameters σ̄ and α
represent the mean and standard deviation of the distribution. The cumulative
probability is given by:



1
σ − σ̄
√
P (σ) =
1 + erf
(5.6)
2
α 2
Log-normal distribution
Lu et al. proposed the log-normal distribution for porous ceramics with high
porosity. This assumes that the probability of a flaw being critical depends on a
lot of factors such as size, shape and pore-grain
interaction [20, 21]. The failure
Q
probability can be estimated by p = P
pi , where pi is the failure probability of
the i-th factor of influence. Via ln p =
ln pi this results in an overall probability that follows the log-normal distribution [39]. The cumulative probability
of a log-normal distribution is:



1
σ − σ̄
√
P (σ) =
1 + erf
(5.7)
2
α 2
If data is log-normally distributed with parameters σ̄ andα, the logarithm of
the data is distributed with the mean σ̄ ∗ = exp σ̄ + α2 /2 and multiplicative
standard deviation s∗ = exp(2σ̄ + α2 )[exp(α2 ) − 1]. Analog to the additive
transformation for the normal distribution σ̄ ± α, the multiplicative transformation of the lognormal distribution can be expressed as σ̄ ∗ · /s∗ , where ”·/”
indicates “times or divided” by [39].
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5.2.2

Minimum Information Criterion

The unknown parameters of the proposed distribution functions are obtained
by maximum likelihood method. Equation 5.8 shows the likelihood of a probability density function, where σi is the strength of the i-th sample, N is the total
number of samples, L is the likelihood, and f (σi ) is the probability density
function (pdf) of the proposed distribution [33].
ln (L) =

N
X

ln f (σi )

(5.8)

i=1

To compare the proposed models, the Akaike information criterion (AIC) [40] is
used; which is an estimate for the distance between the true and the estimated
distribution, and is defined as:
AIC = −2 ln (L) + 2k

(5.9)

In which ln (L) is the maximum log-likelihood for a given model and k is the
number of parameters to be fitted. The AIC values allow direct comparison,
and a lower value for a certain distribution would indicate that this distribution
is more likely, a difference in AIC value larger than 2 is considered statistically
significant [21, 41].

5.2.3

Anderson-Darling Goodness of Fit test

In addition to the Akaike Information Criterion, an Anderson-Darling goodness of fit test is conducted. The Anderson-Darling test (AD), is one of the
most powerful goodness of fit tests [42, 43] with critical values for various distributions being available in literature [44, 45]. The hypothesis regarding the
distributional form is rejected at the chosen confidence level (α=0.05) if the
test statistic is greater than the critical value.

5.2.4

Measurement methods

Various methods and geometries are used to assess the flexural strength of
ceramic hollow fiber membranes, all with their own distinct features. In current
literature the 3-point and 4-point bending test are used interchangeably, both
with various inner and outer span sizes [8, 46–48]. Recently the use of diametric
compression tests is reported to assess the strength of inorganic hollow fibers
[13, 49]. The reported strength value depends strongly on the measurement
method and span size [18, 22, 50].
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4-point bending test
In the 4-point bending test the maximum stress is constant over a relatively
large area between the two inner rollers, separated by distance Lin . The
maximum bending strength is computed using Equation 5.10, where Fj is
the force at fracture for specimen j, Louter the distance between the two
outer rollers, K being half the distance between the inner and outer roller
(K = 0.5 (Lout − Lin )) and dout,j and din,j the outer and inner diameter of
specimen j:
16Fj Kdout,j

σf,j =
(5.10)
π d4out,j − d4in,j
3-point bending test
The 3-point bending test exposes only a very small portion of the fiber to
the maximum stress [16]. Therefore, bending strengths obtained via 3-point
bending tests are likely to be larger as compared to ones obtained by means of
the 4-point bending tests [19]. The maximum bending strength is computed
using Equation 5.11, where Fj is the force at fracture for specimen j, Lout the
distance between the two outer rollers and dout,j and din,j the outer and inner
diameter of specimen j, respectively.
σf,j =

8Fj Lout dout,j

π d4out,j − d4in,j

(5.11)

The major difference between the 3 and 4-point bending test is the location
of the maximum bending moment and as a result the maximum stress. In a
4-point bending test a uniform stress profile is observed between the two inner
rollers, whilst during a 3-point bending test the stress is concentrated under
the loading roller. This influences the area under stress, which might result
in a higher chance of observing a defect in the sample. The 3-point bending
test has some advantages when compared to the 4-point bending test; it uses a
simpler test fixture –minimizing the chance of roller misalignment– and a lower
force to break the sample. Nonetheless, the ASTM recommends the 4-point
bending test for most characterization purposes, mainly because a larger area
is subjected to the maximum stress [18].
Diametrical compression test
In a diametrical compression test a compressive load is applied by two plates
parallel to the axis of the fiber. The expression for the stress distribution is
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derived from the curved beam theory; if a fiber is subjected to a load Fj over
a length Lout , the resultant hoop stress is a sum of the stress components
caused by axial and bending load. According to de With [51], the strength can
be computed using Equation 5.12 where Fj is the force at fracture, rm is the
mean radius (dout,j + din,j ) /4, and t is the wall thickness (dout,j − din,j ) /2.
σf,j =

2Fj rm (6rm − t)
πLout t2 (2rm − t)

(5.12)

Equation 5.12 assumes the fiber is a concentric ring structure and does not
account for any eccentricity of the fiber. Although this measurement method
is fairly simple to operate, the resultant strength values depend largely on the
fibers geometry. De With does not recommend the use of this test, but proposed
the use of a modified burst pressure [51–53]. The use of a burst pressure method
is considered to be beyond the scope of this paper. For comparison reasons the
diametrical compression test is included in this study, as it is recently used in
the field of porous inorganic hollow fibers [13].

5.3
5.3.1

Experimental
Hollow fiber fabrication

Alumina hollow fibers were prepared by non-solvent induced phase separation
(NIPS) using a mixture of AKP30 α-Al2 O3 powder (Al2 O3 , particle size of
0.3 µm, Sumitomo Chemicals Co. LTD. Japan), Polyethersulfone (PES, Ultrason, 6020P, BASF, Germany) and N-methylpyrrolidone (NMP, 99.5 wt%,
Sigma Aldrich, The Netherlands). Polyvinylpyrrolidone (Mw 1,300,000, Sigma
Aldrich, The Netherlands) was used as viscosity enhancer and de-ionized water (>18 MΩ cm−1 , Milli-Q Advantage A10, Millipore) was used as non-solvent.
Prior to use, PES and AKP-30 were dried overnight at 80 ◦C; all other chemicals were used as received. Table 5.1 describes the spinning conditions and
recipe and fibers were prepared using standard methods [7].
After drying, the fibers were thermally treated under air (100 mL min−1 ) using
a tubular furnace (STF16/610, Carbolite). The thermal treatment program
consisted of 60 min at 300 ◦C and 120 min at 1400 ◦C. A heating and cooling
rate of 5 ◦C min−1 was used. After thermal treatment, the fibers were cut to
the desired length.
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Figure 5.1: Schematic representation of the three different testing geometries.
A: 3-point bending setup, B: 4-point bending setup (Lin = 0.5Lout ), C: Diametrical compression setup
Table 5.1: Spinning conditions

5.3.2

Condition

Value

PES
NMP
AKP-30
PVP K-95
Water
Bore Liquid
Coagulation bath
Extrusion pressure
Air gap
Bore liquid flow rate
Diameter spinneret
Drying after spinning

9.40 %
40.0 %
48.9 %
0.70 %
1.00 %
H2 O
H2 O
2 bar
3 cm
7 mL min−1
OD/ID=2.0 mm/0.8 mm
>24 h

Experimental setup

The bending strength of the alumina hollow fibers was measured at room temperature (20 ± 2 ◦C) and a relative humidity of 40% ± 10%, using a 5564A
mechanical testing bench (Instron) equipped with a 100 N load cell. All testing
was carried out according to ASTM C1684-08 [18], which has been adapted at
the following points: 1) the rollers are not free to move laterally, b) a tube is
used instead of a rod, c) the ceramic material is porous.
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Figure 5.1 schematically displays the three different setups used. In order to
make a fair comparison Lout was kept constant for both the 3-point and the
4-point bending tests. For diametrical compression testing, the fibers length
was measured prior to each experiment.
A piece of hollow fiber was loaded into the test fixture. The load was measured
at constant extension rate (2 mm min−1 ). The inner and outer diameter of
the fiber were measured, after fracture, using a digital caliper (Mitutoyo CD15CPX, ∆d± 0.02 mm). All fibers were tested as-fabricated and no surface
treatment was carried out on the fibers. Fibers originated from one spinning
batch, but from different sintering batches. Fibers were taken randomly from
different sintering batches for the various experiments. A sample set size of
N =100 was used for the 20 mm outer span size and diametrical compression
measurements. For the 40 mm outer span size experiments, a sample set size
of N =50 was used. All fiber fragments were collected for post-failure analysis;
for various fibers the fracture surface was investigated using SEM. In order to
verify the accuracy of inner and outer diameter obtained by the digital caliper,
the inner and outer diameter were also estimated from the scanning electron
micrographs. Table 5.2 shows the result of this comparison, where it can be
seen that the differences in diameters were less than 5 percent.
Table 5.2: Comparison of inner and outer diameter using estimates from scanning electron micrographs and measurements with a digital caliper. Diameters
are given in mm

.

#

Geometry

1
2
3
4
5
6
7
8

4
4
4
4
3
3
3
3

*

point
point
point
point
point
point
point
point

10
10
20
20
40
40
40
40

- 20
- 20
- 40
- 40
mm
mm
mm
mm

mm
mm
mm
mm

SEM
din
dout

Caliper
din
dout

0.82
0.82
0.83
0.84
0.81
0.82
0.86
0.75

0.84
0.82
0.82
0.81
0.79
0.81
0.85
0.73

1.32
1.34
1.34
1.36
1.34
1.33
1.41
1.35

1.39
1.39
1.38
1.39
1.38
1.39
1.43
1.41

Difference*
din
dout
-4.99%
-3.83%
-3.05%
-2.38%
-2.70%
-4.66%
-1.70%
-4.21%

-2.31%
0.45%
1.44%
3.25%
2.91%
1.35%
0.69%
3.06%

Difference is defined as (1 − (dSEM /dCaliper )) × 100
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5.4

Results and discussion

Figure 5.2 shows a cross-sectional scanning electron micrograph of the Al2 O3
fiber after sintering, where it is clear that the wall of the fiber exhibits an
asymmetrical structure. Upon further magnification (Fig 5.2B and C) the
macro-voids in the wall and the porous structure in between the sintered
alumina grains can be seen. The fibers show an average pore diameter of
300 nm (Mercruy Intrusion), a porosity of approximately 50 percent (He and
Hg density measurement) and a clean water permeability of approximately
500 L m−2 h−1 bar−1 .

Figure 5.2: Cross-sectional scanning electron micrographs of a sintered aluminum oxide fiber used in mechanical testing. A: 50x magnification showing
the roundness of the fiber B: close-up of fiber wall showing the asymmetrical
wall structure with the presence of large macro-voids C: detail of individual
grains in the fiber wall.

5.4.1

Mechanical strength

Figure 5.3 shows the observed mechanical strengths obtained by the 3 different
methods; the 3-point bending test, the 4-point bending test and the diametrical compression. A detailed overview of all results, including inner and outer
diameter, location of fracture, and load/extension can be found in the Supplementary Datafile [54]. In Figure 5.3 the lower and upper error bar denote
the lowest and highest observed strength. The box indicates the inter quartile
range (IQR) of the observed mechanical strengths, with the horizontal line
representing the median value. For all experiments a large spread in the measured strength is observed. Furthermore, the difference between the 3-point
and 4-point bending test and the effect of the outer span size Lout is worth
mentioning.
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Figure 5.3: Summary of bending strengths measured using various methods.
The lower and upper error bar denote the minimal and maximal observed
mechanical strength, the boundaries of the box indicate the IQR, whereas the
horizontal line represents the median value.

For both outer spans, the 4-point bending test results in a significantly lower
observed strength as compared to the 3-point bending test. This effect is welldescribed in literature [15, 18, 19], where it is indicated that results obtained by
4-point bending test will be lower as compared to 3-point bending test results.
A larger span size (20 versus 40 mm) results in a significantly lower mechanical strength, this effect is visible for both 4 and 3-point bending tests. The
3-point bending test with an outer span of 20 mm results in a median strength
of ∼155 MPa, the same experiment with Lout = 40 mm results in a median
strength of approximately 120 MPa. This size effect is often described in literature, where an increased volume under stress (for example due to increased
span size) will result in lower strength numbers [55].
The diametrical compression test shows the lowest mechanical strength values of all tests, however a comparison to the bending tests is complicated. The
stress profile introduced in this method is rather different as compared to bending tests, and Figure 5.3 clearly shows that one should be extremely cautious
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when comparing results obtained by this method to the results of a bending
test.
Matlab is used to rank the measured strengths and to fit the three distributions to the data using maximum-likelihood methods. Table 5.3 displays the
fitted parameters for all tests –bending and compression– obtained by fitting
the measured strength to a Weibull, Normal or Log-normal distribution. Figure 5.4 visualizes the different probability models jointly with the measured
and ranked data of the four different bending tests (empirical cumulative probability of failure estimated using the Kaplan-Meier method [56]). Figure 5.4
shows that the strength distributions tend to follow a normal or log-normal
distribution. The Weibull distribution appears to be a lesser fit, especially at
the lower end of the distribution.
As shown by the parameter estimates in Table 5.3, the difference between the
mean value obtained from a normal distribution and the characteristic strength
from a Weibull distribution can clearly be seen for all test geometries; the
Weibull characteristic strength is always higher when compared to the mean
value. The parameter that describes the shape of the probability distribution
appears to independent of the span size of the test, with all shape parameters
(m for Weibull, α for normal and s∗ for lognormal) being the same order of
magnitude for the same type of test.
However, the shape values for a 3-point bending test are in disagreement with
the 4-point bending test, where the 4-point bending test suggests a more narrow
distribution. This might be explained by the fact that for a 4-point bending test
the area under stress is larger, hence a larger probability a specimen will fail,
possibly resulting in a more narrow distribution. This is also seen in the values
that represent the mean and characteristic strength; the larger the volume
subject to stress; the lower the observed strength value. For example, a 3-point
bending test with a span size of 20 mm displays a significantly larger strength
number as compared to a 3-point bending test with a span size of 40 mm, albeit
the shape factor is not strongly influenced by the span size. Table 5.3 again
demonstrates that values obtained using a diametrical compression test are an
order of magnitude smaller as compared to bending tests. This originates from
the different stress profile in the fiber.
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Figure 5.4: Cumulative probability of failure; empirical data (Kaplan-Meier
estimate) and the 3 different distributions (parameters see Table 3). A: 3-point
20mm, B: 3-point 40mm, C: 4-point 10-20mm, D: 4-point 20-40mm
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Figure 5.5: Effect of sample size on mean strength (a, left) and standard deviation (b, right) for 4-point bending, 20mm span, normal distribution. Error
bars represent observed minimal and maximal values for mean (a) and standard
deviation (b).

Table 5.4 shows the calculated AIC values for all 3 distributions. For all bending tests the Weibull distribution is the least likely distribution (maxAIC =
Weibull). For example Danzer [26], or Lu [20] predicted this behavior for porous
ceramics, as they state that a (log-) normal distribution can be expected. The
results of the Anderson-Darling goodness of fit test are shown in Table 5.5, and
indicate that the Weibull distribution appears to be the least likely distribution
for the bending tests.
The differences in AIC value between the Normal and Lognormal distribution
are usually below 2, making it impossible to determine whether the preferred
distribution is Normal or Lognormal [40, 41], as in certain cases the Lognormal
distribution is converges to the Normal distribution [39]. The same holds for the
diametrical compression test, where the difference in AIC values or the results
of the Anderson-Darling test are too small to state that any distribution is
more likely. In general, it is difficult to accurately assess the distribution of
these measurements, no specific distribution stands out nor is rejected.
130

131

10 - 20 mm
100
139.2 ± 3.2
8.93 ± 1.1
132.9 ±2.7
13.8 ± 1.7
132.2 ± 2.7
1.11 ± 0.01

20 mm
100
165.3 ± 3.5
9.45 ±1.2
154.8 ± 3.3
16.7 ± 2.0
153.8 ± 3.3
1.12 ± 0.01

Span size
N
Weibull
σθ
m
Normal
σ̄
α
Lognormal
σ¯∗
s∗

4 point

3 point

Type

121.0 ± 3.3
1.10 ± 0.01

121.5 ± 3.4
12.0 ± 1.9

127.1 ± 3.7
9.98 ± 1.8

40 mm
50

3 point

80.0 ± 2.8
1.13 ± 0.02

80.6 ± 2.8
10.0 ± 1.6

85.0 ± 2.8
8.73 ± 1.6

20 - 40 mm
50

4 point

46.8 ± 2.5
1.31 ± 0.04

48.5 ± 2.5
12.6 ± 1.5

53.3 ± 2.6
4.22 ± 0.6

N/A
100

Compression

Table 5.3: Fitted parameters for all 5 different tests using Weibull, Normal and Log-normal distributions.
All parameters are shown with their 95% confidence interval.

Table 5.4: The difference in AIC values calculated for the three distributions,
∆AIC is defined as max(AIC) - min(AIC)

5.4.2

Type

N

min(AIC)

max(AIC)

∆AIC

3-point 20 mm
3-point 40 mm
4 point 10-20 mm
4 point 20-40mm
Compression

100
50
100
50
100

Normal
LogNormal
LogNormal
Normal
Normal

Weibull
Weibull
Weibull
Weibull
LogNormal

11.23
11.12
26.00
3.24
2.44

Influence of sample set size

The parameters of the experimental data, which are estimated using maximum
likelihood method, are considered to be the ”true” parameters representing the
distribution. These values were used to generate virtual strength data using
Monte Carlo (MC) methods [21, 57]. This was done using Matlab .
Based on the parameter estimates in Table 5.3, virtual strength data was generated for a 4-point bending test (Lout = 20 mm), assuming a normal strength
distribution. Out of the virtual strength data; sample sets are taken with a
variable sample set size N . This is done 10.000 times, resulting in 10.000 sample sets of size N . These sample sets are used to determine new distribution
parameters (mean strength and standard deviation) that describe this specific
sample set of size N shows the effect of sample set size on the mean strength
(a) and standard deviation (b). The error bars represent the range of values
observed in 10,000 MC simulations.
The observed mean and standard deviation in the 10.000 virtual sample sets
varies substantially, especially for the lower sample set sizes. The variation on
the observed mean would result in an over- or underestimation of the average
strength of a fiber, however the variation of the observed standard deviation
would result in a different shape of the probability distribution. At larger sample set sizes, the observed mean and standard deviation converge to the ”true”
parameters representing the distribution. Nonetheless, even at fair sample set
sizes of N =100 the observed values differ significantly from the true parameters. This shows that the amount of samples measured is solely depending on
what is economically/practically viable [21]. If one would use the parameters
obtained by fitting 10 test specimens, Figure 5.6 shows the cumulative probability of failure a sample for two extreme cases, one where the lowest estimate

®

132

133

3-point 20 mm
3-point 40 mm
4 point 10-20 mm
4 point 20-40mm
Compression

0.5634
0.5186
0.1297
0.9758
0.1213

p-value

a

0.3140
0.3308
0.5765
0.1437
0.5925

Normal
TSa

b

1.0174
2.1802
1.4831
0.3781
0.7455

Weibull
TS

Critical Value

0.0112
<0.0005
0.0007
0.4156
0.0524

p-value

Test statistic,

0.7460
0.7460
0.7399
0.7399
0.7460

CVb
0.7538
0.7538
0.7478
0.7478
0.7538

CV
0.1564
0.6167
0.4078
0.6944
0.5549

p-value

0.5484
0.2948
0.3743
0.2663
0.3171

0.7460
0.7460
0.7399
0.7399
0.7460

Lognormal
TS
CV

Table 5.5: Anderson-Darling goodness-of-fit results for the various measurement methods.

Cumulative probability of failure (-)

1.0

σ = 154.8
α = 4.6
σ = 154.8
α = 32.2

0.8

0.6

0.4

0.2

0.0
75

100

125

150

175

200

225

Bending strength (MPa)

Figure 5.6: Cumulative probability of failure if the extreme values for the
standard deviation are used to predict failure behaviour

for the standard deviation is used, whereas the second one uses the highest
standard deviation estimate. The minimal and maximal values for the standard deviation are taken from Figure 5.5. For the mean strength the ”true”
mean strength is used. The large difference in standard deviation –which is
a measure for the spread of the distribution– results in tremendous over- or
underestimation of both the higher and lower end of the probability of failure. In the design of ceramic compounds an acceptable probability of failure
is selected prior to design, depending on the specific application and possible
consequences of failure. If one assumes an acceptable failure probability of 0.01
this would mean that at the corresponding stress, 1 out of 100 fibers is likely to
fail. From Figure 5.6 it shows that with an allowable probability of failure of
0.01, the stress would be 80 MPa or 148 MPa, depending on the used standard
deviation[24]. If one would erroneous estimate the type of distribution and its
associated parameters; it would lead to wrong assumptions in design and possibly premature failure of, for example, a membrane module. This demonstrates
that, especially for design, it is of key importance to measure sufficient samples
in order to accurately describe the shape of the distribution.
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5.5

Conclusion

The mechanical strength of porous alumina hollow fiber membranes was measured using different measurement geometries. The resultant mechanical strength
number is a direct result of the measurement method. Values obtained by 3point bending tests will be higher as compared to values obtained by 4-point
bending test. Mechanical strength numbers obtained by diametrical compression are nearly a factor 2 lower as compared to the bending test numbers.
All bending methods are suitable to characterize the mechanical strength of a
ceramic hollow fiber, however to allow a direct comparison it is highly recommended to stick to span sizes and geometries mentioned in various standards,
such as in the ASTM C1684-08 [18]. The utilized measurement method, span
size and sample set size should be reported, combined with the mean strength
and standard deviation. Only when these values are reported a comparison between different types of fibers can be made. The minimum required sample set
size depends largely on the purpose of the measurements, in order to characterize the mechanical strength and to make a comparison to other fibers, 20 to 30
samples will give reasonable estimates of the average mechanical strength and
standard deviation. If the values are used for design, detailed knowledge of the
underlying probability distribution is required. In order to determine this, 100
or even more samples should be measured. Only at these large sample set sizes
it is possible to determine the distribution type. Detailed knowledge about the
distribution type and distribution parameters is required as the specific shape
of this distribution largely affects the design strength.
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Chapter 6

The mechanical strength of
inorganic porous hollow fibers: A
comparison between production
methods

This chapter is adapted from:
P. de Wit, F.S. van Daalen and N.E. Benes, The effect of the production
method on the mechanical strength of an alumina porous hollow fiber,
2017, J. Eur. Ceram. Soc. 37 (10), pp 3453-3459
doi: 10.1016/j.jeurceramsoc.2017.03.062

Abstract
The mechanical strength of inorganic porous hollow fibers is often discussed and
measured and it impedes widespread application of these fibers. We show how
the production method can alter the mechanical properties of the hollow fibers.
Three different production methods are compared; non-solvent induced phase
separation (NIPS), bio-ionic gelation with an internal multivalent ion source
(BIG-I) and gelation with an external ion source (BIG-E). Fibers prepared
using BIG-I seem to have a higher strength as compared to fibers prepared using
NIPS or BIG-E. To predict failure behavior, statistical models are fitted to the
strength data. All production methods result in a strength distribution that
follows the Weibull model, in which failure occurs at the weakest-link. Fibers
prepared by BIG-I methods are less reliable as compared to NIPS fibers. This
is due to surface deformations present in the wall of the fibers, which can act as
a weak link. If the strength data is re-analyzed with the surface-deformed fibers
excluded, the BIG-I fibers do not longer follow the Weibull model, but start
to follow a normal distribution. This shows that BIG-I based fibers have great
potential with respect to their mechanical strength. At this moment, their
strength is limited by deformations and is not limited by inherent macrovoids
as is the case for the NIPS fibers.
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6.1

Introduction

Inorganic porous hollow fibers receive increasing attention due to their high
surface to volume ratio combined with unique features such as chemical and
thermal resistance, their porous structure or their catalytic and electrical properties [1]. Due to these properties, these fibers are used for applications such as;
membrane separation in challenging environments [2–5], integrated electrode
and/or catalyst [6–8], or as a micro reactor [9–11].
An important factor impeding the use of these fibers is their mechanical strength.
The design stress used depends strongly on the measurement method and subsequent statistical analysis, as was recently demonstrated by our group [12].
The mechanical strength of porous ceramics often follows a Weibull model,
which is based on a weakest-link hypothesis [13]. If a specimen fails, it is assumed to fail at its weakest link and by eliminating such a weaker link, one
could improve the mechanical strength of the specimen [14, 15]. Inorganic
porous hollow fibers have many features that could be regarded as a weak link,
examples are pores, macrovoids and surface scratches or deformations [15, 16].
When the amount of defects increases, the fibers might deviate from the weakest
link theory, for example when defects interact and grow into larger defects, or
when the amount of initial defects are large (such as pores). In this case the
fiber starts to follow a normal distribution [17].
Various production methods are used to fabricate inorganic porous hollow
fibers. The most common method is based on non-solvent induced phase separation, which results in a characteristic microstructure. This microstructure is
the result of the phase inversion process, where polymer lean and polymer rich
phases form, resulting in large macrovoids after sintering. Recently, methods
based on internal [18] or external [19] gelation of a sodium alginate were used
to fabricate inorganic porous hollow fibers. The alginate based method circumvents the formation of macrovoids completely, thus resulting in a different
microstructure.
In this chapter, it is shown that the three different production methods result
in different microstructures and how the three different microstructures affect
the mechanical strength of the fibers. We also include a detailed statistical
analysis of the underlying failure model and analyze the implications of these
models for system design.
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6.2

Experimental

Alumina hollow fibers were prepared by non-solvent induced phase separation
(NIPS) using a mixture of AKP30 α-Al2 O3 powder (Al2 O3 , particle size of
0.3 µm, Sumitomo Chemicals Co. LTD. Japan), Polyethersulfone (PES, Ultrason, 6020P, BASF, Germany) and N-methylpyrrolidone (NMP, 99.5 wt%,
Sigma Aldrich, The Netherlands). Polyvinylpyrrolidone (Mw 1,300,000, Sigma
Aldrich, The Netherlands) was used as viscosity enhancer and de-ionized water
(>18.2 MΩ cm−1 , Milli-Q Advantage A10, Millipore) was used as non-solvent.
Prior to use, PES and AKP-30 were dried overnight at 120 ◦C; all other chemicals were used as received. The fibers were prepared using a standard method
as described by Luiten-olieman et al.. The recipe for fibers prepared using
internal bio-ionic gelation (BIG-I) is based on earlier work [18]. A mixture
of de-ionized water, AKP-30 α-Al2 O3 powder, CaCO3 (Sigma Aldrich, The
Netherlands) and sodium alginate (From brown algae, medium viscosity, Sigma
Aldrich, The Netherlands) is spun into a coagulation bath consisting of lactic
acid (Sigma Aldrich, The Netherlands). The pH is adjusted to be below 1.5.
Fibers prepared via external bio-ionic gelation (BIG-E) were based on the work
of Shukla et al., in which a mixture of sodium alginate, AKP-30 α-Al2 O3 powder and demineralized water was spun into a coagulation bath of CaCl2 6 H2 O
(Sigma Aldrich, The Netherlands). The full mixture composition and spinning
conditions for all three recipes are given in Table 6.1

6.2.1

Thermal treatment

After drying under ambient conditions, the fibers were thermally treated under
air (100 mL/ min) using a tubular furnace (STF16/610, Carbolite). The fibers
prepared by NIPS were thermally treated at 300 ◦C for 1 hour and at 1400 ◦C
for 2 hours. The fibers prepared by the two bio-ionic gelation methods were
thermally treated at 110 ◦C for 1 hour and at 1400 ◦C for 2 hours. All heating
and cooling rates were 5 ◦C min−1 . After thermal treatment, the fibers were
cut to the desired length required for mechanical testing. For each production
method, various sintering batches were prepared from one single spinning batch.

6.2.2

Mechanical testing

The 4-point bending strength of fiber was measured at room temperature (20 ±
3 ◦C) and a relative humidity of 60% ± 20% using a 5564A mechanical testing
bench (Instron) equipped with a 100 N load cell. All testing was carried out
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Table 6.1: Spinning conditions
Parameter

NIPS

BIG-I

BIG-E

PES
NMP
PVP K-95
AKP-30
Na-Alg
CaCO3
Water
Bore Liquid
Coagulation bath
Extrusion pressure
Air gap
Bore liquid flow rate
Outer diameter spinneret
Inner diameter spinneret
Drying after spinning

10.0 %
38.9 %
1.0 %
49.1 %
1.0 %
H2 O
H2 O
2 bar
3 cm
7 mL min−1
2.0 mm
0.8 mm
>24 h

12.4 %
5.05 %
0.15 %
82.4 %
LA*
LA*
2 bar
1.5 cm
14 mL min−1
2.0 mm
0.8 mm
>24 h

12.6 %
5.02 %
82.4 %
CaCl2 (10 %)
CaCl2 (10 %)
2 bar
1.5 cm
17 mL min−1
2.0 mm
0.8 mm
>24 h

*

Lactic acid with a pH of 1.41.

according to ASTM C1684-08 [21], which has been adapted as follows; 1) the
rollers are not free to move laterally, 2) a tube is used instead of a rod, and 3) the
material is porous instead of dense. The outer and inner span are 20 and 10 mm
respectively. All fibers were tested as-fabricated and no surface treatment was
carried out on the fibers. The load was measured at a constant compression
rate of 0.5 mm min−1 and the maximum load at fracture was converted in the
bending strength using:
σf,j =

16Fj Kdout,j

π d4out,j − d4in,j

(6.1)

here, Fj is the force at fracture for specimen j, K being half the distance
between the inner and outer roller (K = 0.5 (Lout − Lin )), and dout,j and din,j
the outer and inner diameter of specimen j.
This equation is modified for elliptical fibers when the ratio of the major to
minor diameter is less than 0.95 [21]. In that case, either the minor or the major
axis of the sample is aligned with the direction of the load. In the equation
below, the subscript h and v refer to the horizontal and vertical axis.
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16Fj Kdout,h,j

σf,j =
π



d2out,h,j d2out,v,j

− d2in,h,j d2in,v,j



(6.2)

The full details of the mechanical strength measurements and subsequent calculations is described in detail elsewhere [12, 21, 22].

6.2.3

Fiber characterization

The morphology of the fibers is investigated using a SM-6010 (JEOL) scanning
electron microscope equipped with an EDS detector. Cross-sections of fibers
were sputtered with a 5nm chromium coating (Quorum Q150T ES). A Zeiss
Axiovert 40 MAT optical microscope was used to analyze the roundness, inner and outer diameter of the fibers prepared using BIG-I. The pore size and
porosity of the fibers were measured by mercury intrusion porosimetry with a
Poremaster PM-33 (Quantachrome Instruments).

6.3

Data analysis

Three different probability distributions were used to describe the measured
strength data. The data was fitted using a normal, lognormal and Weibull
distribution, the rationale behind these specific distributions is based on other
work [12, 17, 23, 24]. In short; the Weibull distribution is often used for brittle
ceramics and is based on the weakest link principle [13, 25]. The normal and
lognormal distributions are often proposed for, for example, porous ceramics
where defect interactions can occur. In that case the weakest-link assumption
is not long valid [15, 16, 26–28].
These three distributions all have 2 parameters that describe the shape and
location of the distribution. The parameters describing the distributions were
estimated using Matlabs fitdist function, which fits the Weibull function
using maximum likelihood methods, whereas for the normal and lognormal
distributions the parameter is the square root of the estimate of the variance
or the square root of the log of the variance respectively. Based on the parameter estimates, a cumulative distribution function is plotted together with
the empirical cumulative distribution function (using Matlabs ecdf) to allow
visual comparison of the measured data and the proposed distribution.
An Anderson-darling (AD) test is used to test if the data fits any of the proposed distributions. The AD-test can be used to assess whether the data is
likely to originate from a given distribution, but the downside is that it cannot
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be used to distinguish which distributions gives the best fit. This is assessed
using the Akaike Information Criterion (AIC)[29]
AIC = −2 ln (L) + 2k

(6.3)

The comparison of the three different production methods is done using a
Mann-Whitney test, which is a non-parametric test of the null hypothesis that
states that two samples come from the same population against an alternative
hypothesis that states that a particular population tends to have larger values
than the other. In addition to the Mann-Whitney test, where the two sample
sets are normally distributed, a one sided two-sample T test is used. In order
to assess the effect of different sintering batches on the mechanical strength, a
Kruskal-Wallis H-test is used. In this non-parametric test, the null hypothesis
is that the medians of all sintering groups are equal, whereas the alternative
hypothesis is that at least one of the medians differs significantly from the
others. For all tests, the significance threshold was set at 0.05.
The roundness of the fibers was assessed by measuring the inner and outer
diameter of the fiber multiple times. For NIPS fibers this was done using a
digital caliper (Mitutoyo CD-15CPX, ∆d± 0.02 mm), for BIG-I fibers this was
done via image analysis of optical microscopy images (See full details and script
in the supplementary information). The maximum and minimal measured
diameter of the inside and the outside of the fiber are used to compute the
inner and outer roundness respectively. A fiber was considered elliptical when
the one of the ratios (inner or outer) was more than 0.95.

6.4

Results and discussion

Figure 6.1 displays scanning electron micrographs of the fibers prepared via
the various production methods. Figure 1A and B show the fiber prepared by
NIPS, showing a good roundness (Average inner ratio: 0.95±0.02 , outer ratio
0.99±0.06) and a microstructure which is very well known for this type of fiber.
An a-symmetrical wall is obtained with large macrovoids near the inner and
outer wall. The center of the wall consists of an approximately 80 µm thick
sponge like structure with an total wall thickness of approximately 300 µm.
The outer diameter of the fiber is 1.5 mm. All fibers prepared using NIPS were
round and no surface deformations were observed.
Figure 6.1B and C show the fiber prepared by internal bio-ionic gelation. It
is shown that the fiber has a lower roundness compared to the NIPS fiber
(Average inner ratio: 0.85±0.24), outer ratio: 0.91±0.02). A densely packed
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porous wall was obtained and due to the nature of the bio-ionic gelation process,
no macrovoids were obtained [18, 19]. The fiber has a thin (∼240 µm) wall and
an outer diameter of approximately 1 mm. Overall, the total spinning batch had
pieces of fiber that were round and homogenous, but also deformations of the
inner and outer wall were observed, as Figure 5 displays. These deformations
are likely to originate from instabilities during spinning and drying. Further
optimization of the spinning process, including the drying step, is likely to
remove these deformations. The fibers with surface deformations are included
in the mechanical strength measurements.
In Figure 6.1D and E the result of the fibers prepared by external gelation
are shown. Figure 6.1D shows that the obtained fiber is not hollow and that
a very open, porous structure was obtained on the lumen side of the fiber.
The detailed image of the microstructure reveals a network of sintered Al2 O3
grains with large voids. Because of the open porous structure, we were unable
to measure the mechanical strength of these fibers. This indicates the mechanical strength is very low. In addition, SEM-EDX measurements show calcium
inclusions in the fiber originating from the very high calcium concentration of
the gelation bath. Calcium will strongly affect Al2 O3 sintering [30, 31], hence
lowering the mechanical strength. Shukla et al. also prepared fibers via this
method, but a higher sintering temperature (>1500 ◦C) was used to fully sinter
these fibers [19]. In this study the sintering temperature was not adjusted to
allow a fair comparison to the other production methods.
The prepared fibers are further characterized in terms of porosity and pore
size, a summary of these results is given in Table 5, whereas the full details
can be found in the supplementary information. The fibers prepared via the
external bio-ionic gelation method are excluded from further analysis due to
their low mechanical strength.

6.4.1

Mechanical strength

Figure 6.2 shows the mechanical strength for the two main methods; 228 pieces
of fibers prepared by NIPS and 222 fiber pieces prepared by BIG-I. In this plot,
the horizontal line in the box represents the median value, whereas the box itself represents the interquartile range (25th till 75th percentile). The error bar
represents the first and fourth quartile, the plus signs represent extreme values. All fibers per production method originate from one single spinning batch.
These batches were thermally treated in three different sintering batches due to
furnace size limitations. In order to verify that there is no significant influence
on the mechanical strength and strength distribution by using different sin148

Figure 6.1: Post-fracture scanning electron micrograph of; A and B: NIPS
based fiber showing its roundness and distinct microstructure, C and D: BIG-I
fiber showing the non-roundness and macrovoid free wall, E and F: A nonhollow BIG-E fiber with large voids throughout the structure due to insufficient
sintering and the presence of calcium.

tering batches, a non-parametric Kruskal-Wallis H-test was conducted. There
was no significant difference between sintering batches (see the Supplementary
information).
Figure 6.2 shows that there is a large difference between the median strength
of the fibers prepared by NIPS (82.42 MPa) and BIG-I (215.01 MPa); the distribution of the fibers prepared by the two methods differ significantly (MannWhitney U =523, P <0.001). In general, fibers prepared using BIG-I tend to
be stronger but there is a large spread of the strength data, having a range of
73.4 to 384.5 MPa, whereas the range for the NIPS fibers is 52.7 to 103.9 MPa.
This large spread might be the result of the wall defects that were described
earlier. A large part of the BIG-I fibers show a homogenous and round structure whereas some parts have a large deformation on the outer wall, which
might result in a lower or higher strength, thus creating a larger spread of the
strength data.
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Figure 6.2: A box plot showing the main difference in mechanical strength for
the two main production methods, NIPS and BIG-I. Note that the strength
of fibers prepared using BIG-E is omitted as these fibers were too weak to
measure.

Statistical analysis NIPS fibers
Figure 6.3 displays the empirical cumulative probability of failure for the fibers
prepared using non-solvent induced phase separation with a normal, lognormal
and Weibull distribution fitted to the measured strength data. As can be seen
from Figure 6.3, the log-normal and normal distribution seem to deviate from
the data, especially at the lower and upper end of the curve, whereas the
Weibull distribution seems to have a reasonable fit.
Table 6.2 shows the results of the Anderson-Darling (AD) goodness-of-fit test
and the Akaike Information Criterion (AIC). The AD-test has the null-hypothesis
that the data comes from the given distribution, which results in the rejection of
the normal and log-normal distribution as possible distributions that describe
the data. The AIC values show the same outcome, the Weibull distribution
has the lowest AIC value with a difference larger than 2 as compared to the
other distributions [32, 33].
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Figure 6.3: Empirical cumulative probability of failure for the NIPS prepared
fibers, combined with the cumulative distribution function (cdf) for the normal,
lognormal and the Weibull distribution. N = 228.

Table 6.2: Goodness of fit test results for NIPS fibers, N = 228.

Normal
Weibull
Lognormal
a

Anderson-Darling
P-value TSa
CVb

TSa

<0.0005
0.6730
<0.0005

1689.1
1677.4
1709.1

Test statistic

b

1.5783
0.2782
3.3370

0.7493
0.7587
0.7493

AIC
∆ AIC
11.6
0
31.6

Critical Value

The Weibull distribution [13] is the general applied distribution for strength
characterization of brittle ceramics with a low amount of defects, whereas the
lognormal distribution is proposed for porous ceramic with interacting defects
[17]. Despite the porous nature of these NIPS, they still seem to follow the
weakest-link principle described by Weibull. This means that the strength is
determined by the weakest link, in this case the largest void. Hence, having
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larger macrovoids would reduce the mechanical strength of these fibers and
eliminating these larger macrovoids could result in an improvement in mechanical strength.
Statistical analysis BIG-I fibers
The empirical cumulative distribution function (cdf) for the BIG-I fibers is
shown in Figure 6.4. Here, the log-normal distribution shows the poorest fit to
the measured data, but the normal and Weibull distribution seem to describe
the data accurately.

Figure 6.4: Empirical cumulative probability of failure for the BIG-I prepared
fibers, combined with the cdfs for the normal, lognormal and the Weibull distribution. N = 222.
This is also seen in the goodness-of-fit tests that are shown in Table 6.3, there
the Anderson-Darling test rejects the lognormal distribution, but not the normal or Weibull distribution. Also the AIC is not able to distinguish between
the normal or Weibull distribution.
During the bending tests large surface deformations are observed. If one would
omit the 47 samples with a large surface deformation which were detected using
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Table 6.3: Goodness of fit test results for BIG-I fibers, N = 222.

Normal
Weibull
Lognormal
a

Anderson-Darling
P-value TSa
CVb

TSa

0.1711
0.1968
<0.0005

2428.7
2429.1
2461.5

Test statistic

b

0.5349
0.5156
3.7187

0.7493
0.7586
0.7493

AIC
∆ AIC
0
0.4
32.7

Critical Value

image analysis on post-fracture optical microscopy images (see the supplementary dataset for optical microscope images), the results change significantly.
Figure 6.5 displays a box-plot of the mechanical strength of BIG-I fibers showing the difference for samples with or without a large surface deformation. The
fibers with a flaw at the surface (N =52, Mean=161.9, SD=61.6) have a significantly lower bending strength as compared to the fibers where no visible
deformation (N =175, Mean=226.8, SD=50.6) was present at the fracture site
(One sided two-sample T test, t(225)=7.7093, P <0.001). This suggests that
the large deformations at the outer side of the wall are associated with the
lower mechanical strength values. Eliminating the deformed samples results in
a dataset which has a smaller range.
Re-fitting the data with the surface deformed samples excluded, shows that the
Weibull model is no longer the model of choice. Table 6.4 shows the results of
the goodness-of-fit tests with the deformed samples excluded, both the AD-test
and the AIC suggest that the data are normally distributed.

Table 6.4: Goodness of fit test results for BIG-I fibers, excluding fibers that
where marked as having surface deformations, N = 175.
Anderson-Darling
P-value TSa
CVb
Normal
Weibull
Lognormal
a

Test statistic

0.7065
0.0226
0.0243
b

0.2646
0.8982
0.8741

0.7485
0.7573
0.7485

TSa

AIC
∆ AIC

1872.9
1881.0
1877.0

0
8.11
4.11

Critical Value
153

Figure 6.5: The effect of surface deformation on the mechanical strength of
BIG-I prepared fibers.

Elimination of the fibers with a large deformations at the outer wall, results
in normally distributed mechanical strength data of the fibers. This suggests
that the weakest-link failure mechanism is no longer present. This can be the
case in, for example, small specimens [34] or in specimens with porosity where
defects can interact and grow into a crack [15, 35, 36]. In Figure 6.6 it is
shown that crack formation could indeed be the case, but drawing conclusions
about the exact failure mechanism would require more research on the BIG-I
fibers, especially on optimized fibers with less deformations on the outer wall.
The difference between the fibers with and without the surface deformation
and the result of excluding the fibers with the surface deformation from the
mechanical analysis shows that the BIG-I fibers have room for optimization.
By optimizing the spinning and drying process, thus possibly eliminating the
surface deformations, the strength will be solely dependent on the stacking of
the inorganic particles. This is different as compared to the fibers prepared
using NIPS, where the strength is limited by the intrinsic macrovoids.
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Figure 6.6: An example of a post fracture scanning electron micrograph showing crack formation.

Implications of the statistical evaluation
The mechanical strength of a ceramic component is described by a probability
distribution function, where at a certain stress a ”probability of failure” is given.
This implies that at any given stress, there is always a (small) probability that
the specimen would fail under this stress. This is a direct result of the Weibull
weakest-link model, if a weak link is present in a given specimen, it might fail
at a lower stress as compared to a specimen where this weak link is not present.
Therefore, when designing a ceramic component one often selects an acceptable
failure probability; the value of 10−6 is often used [24].
Table 6.5 summarizes the main findings of this study, showing the Weibull
characteristic strength and modulus for fibers prepared using non-solvent induced phase separation and internal bio-ionic gelation. In addition, it shows
the stress at a probability of 10−6 , a value that could be used in the design of a
component. Although the BIG-I fibers seem to be stronger as compared to the
NIPS fibers at first glance, when comparing the design stress the NIPS fibers
have a higher value. This is the result of the large scatter of the BIG-I fibers
due to the surface deformations, which results in a lower Weibull modulus,
hence it elongates the tail at the lower end of the distribution.
When the surface deformations with the BIG-I fibers are excluded, the mechanical strength no longer follows the Weibull distribution but appears to be
normally distributed (See Table 6.4). This shows an increase in the stress at
a probability of 10−6 , which increases from 8.7 MPa to 13.7 MPa. Further optimization of the BIG-I fiber might result in an increase of this value. In this
study, the fibers with surface deformations were excluded from the analysis
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Table 6.5: Summary of key parameters describing the fibers prepared using the
three different production methods.

Weibull characteristic strength (MPa)
Weibull modulus
Stress at probability of 10−6 (MPa)
Min/Max outer diameter (mm)
Min/Max inner diameter (mm)
Wall thickness (mm)
Roundness outer diameter
Roundness inner diameter
Porosity (%)
Pore size (nm)
*

NIPS

BIG-I

BIG-E

85.4
9.9
21.1
1.52
0.89 0.94
0.30
0.99
0.95
54.5
216, 357∗

236.2
4.2
8.7
0.93 1.02
0.46 0.54
0.24
0.91
0.85
30.0
130

<10
1.0-1.1
76.7
200-1250

Bi-modal pore size distribution

post-fracture by image analyses, hence it is likely that not all deformed fibers
are removed, thus lowering this value even further.
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6.5

Conclusion

In this chapter the mechanical strength is measured and analyzed for Al2 O3
hollow fibers prepared by three different preparation methods. In terms of
absolute strength, bio-internal gelation with an internal ion source (BIG-I)
results in the strongest fibers followed by the fibers prepared via non-solvent
induced phase separation (NIPS). Bio-ionic gelation with an external ion source
(BIG-E) produces the weakest fibers and is excluded from statistical analysis.
Statistical analysis of these large datasets of strength data reveals that albeit
the strength number of the BIG-I fibers is high, they are less reliable as compared to the NIPS fibers. Both production methods result in fibers that follow
a Weibull model, which is based on a weakest-link theory. In the case of the
NIPS fibers, these weaker links seem to originate from the macrovoids that are
omnipresent in the structure result from the phase separation during production of these fibers. These macrovoids are hard to eliminate completely using
NIPS-related methods.
The NIPS prepared fibers have an acceptable average mechanical strength,
which is suitable for lab scale experiments were mechanical failure is inconvenient but acceptable. However, the design strength of these fibers is too low for
practical applications where multiple fibers would be used in e.g. a membrane
module. The BIG-I fibers show a homogenous wall without the presence of the
macrovoids, but some fibers have large deformations at the outer wall of the
fiber. These deformations are the result of instabilities during spinning and
drying; further optimization of the spinning process is likely to remove these
deformations. If the strength data is re-analyzed with the surface-deformed
fibers excluded, the BIG-I fibers do not longer follow the Weibull model, as the
weakest link is eliminated.
This shows that fibers prepared using internal bio-ionic gelation show great potential with respect to their mechanical strength. At this moment, the strength
is limited by deformations that occur during their production, and is not limited by inherent macrovoids as it is for NIPS fibers. Elimination of these weaker
links results in fibers with a higher mechanical strength, with also improved
reliability which is a key factor in further upscaling and system design.
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Chapter 7

Tunable permeability and
selectivity: Heatable ceramic
membranes with
thermo-responsive microgel
coating

This chapter is adapted from:
T. Lohaus, P. de Wit, M. Kather, D. Menne, N.E. Benes, A. Pich, M.
Wessling. Tunable permeability and selectivity: Heatable ceramic membranes with thermo-responsive microgel coating, 2017, J. Membr. Sci
doi: https://doi.org/10.1016/j.memsci.2017.05.052

Abstract
In recent years, the interest in responsive materials to design membranes with
tunable properties increased in order to customize membranes for adaptable
process requirements. The majority of development methods require external
adjustment of the feed stream temperature to achieve a responsiveness of the
membrane. In this study, we propose a concept in which the temperature of the
membrane itself can be directly controlled to initiate a response of the membrane surface. We use an electrically conductive membrane composed of silicon
carbide and carbon on which thermo-responsive poly(N -vinylcaprolactam) (PVCL) microgels have been immobilized. By controlling the applied electrical
power to the membrane, the permeability and selectivity of the membrane can
be adjusted.
Immobilization of the microgels on the membrane has been realized via filtration coating. The microgel coating is stable with no change in permeability,
hence no microgel loss, over time. Also during backwash, the permeability
remains constant. Thermo-responsiveness remains reversible and stable in all
conducted experiments. The controlled hydraulic resistance of the membrane
behaves according to the hydrodynamic radius of the microgel, as a function
of temperature. The electrical heating of the membrane shows to be more energy efficient compared to heating of the whole feed stream when operating in
crossflow conditions, saving 14 % of the consumed energy.
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7.1

Introduction

Our natural environment is a complex and highly efficient system of interacting
structures. One of its most preeminent characteristics is the ability of biological
materials to regenerate and reverse their behavior as a response to external
stimuli. Over the last decades, research interest in synthesis of smart or stimuliresponsive materials has expanded vastly.
Stimuli-responsive polymers achieve attention for undergoing physico-chemical
or structural changes when exposed to environmental changes such as temperature, pH, ionic strength, magnetic, and electric field or light [1, 2].
The response of the polymers can be reversibly triggered as it is caused by
changing interactions between solute and solvent without any chemical reaction. This results in a swollen, flexible polymer gel referred to as microgel [3, 4].
In aqueous solutions, the solubility of responsive polymers plays a key role,
because the polymer groups transit from hydrophobic to hydrophilic at a certain intensity of the stimuli, causing a switch in its solubility accompanied by
a volumetric expansion [5]. Due to their exceptional physico-chemical functionality they find applicability in areas such as drug delivery systems [6–8],
scavengers [9, 10], sensors [11–13], or as carrier systems for enzymes, metal
nanoparticles or nanoreactors [14–17].
One of the most prevalent types of stimuli-responsiveness of microgels is their
temperature sensitivity. When bonds between water and polymer are stronger
than bonds between the polymers, polymer chains are arranged in a random
cross-linked coil structure swollen with water molecules. When the temperature is raised above the volume phase transition temperature (VPTT), a transition takes place where bonds between water and polymer molecules break and
polymer chains rearrange to a collapsed globule state [18]. Entrapped solvent
molecules are expelled causing the particle to shrink. This process occurs over
a very small temperature range, so that the transition is observed as a sudden
shift in particle size [19].
Growing interest lies in developing membranes with tunable properties to customize membranes for adaptable process requirements. Membrane separation
properties, such as permeability and selectivity, are to a large extent dependent
on the micro-structure of the membranes. Functionalizing membranes with a
microgel that change its size offers the potential to tune separation properties
according to changing process conditions. Additionally, microgels offer a remarkably rapid response time to external stimuli in contrast to hydrogels or
bulk systems, allowing for a quicker and more controlled switching of the pore
size [20–22].
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To functionalize membranes, most studies either include responsive materials
during membrane synthesis or post-modify the surface with various graftingfrom methods [23–25]. Few studies use the ”grafting-to” method such as physical adsorption in a coating process. Recently, Menne et al. [26] showed switchable permeability of membranes infiltrated with thermo-responsive microgels.

Figure 7.1: Schematic drawing of a P-VCL coated SiC-C membrane with microgels in the swollen state at room temperature (top) and collapsed microgels
on an electrically heated membrane (bottom)

All of the developed thermo-responsive membranes depend on an external trigger, such as the feed stream temperature, to trigger responsiveness of the microgel size and thus permeability and selectivity. This limits the application
to feed stream temperature and environmental temperature. In this study, we
propose a concept in which the membrane itself can be controlled by electrical membrane heating. We use electrically conductive membranes composed
of silicon carbide and carbon to electrically heat the membrane on which we
immobilized thermo-responsive microgels.
The silicon carbide-carbon (SiC-C) fibers offer exceptionally high surface-tovolume ratio, anti-fouling behavior and electrical conductivity [27]. The heatable characteristics of the membrane enable responsiveness of permeability and
selectivity of the membrane to not be driven by changes in feed temperature,
but by the separate externally controlled applied voltage on the membrane.
166

Table 7.1: Properties of the hybrid silicon carbide-carbon membrane used in
this study.
Parameter

Value

Pore diameter
Inner fiber diameter
Outer fiber diameter
Conductivity
4 point bending strength
Clean water permeability

350 nm
0.76 mm
1.8 mm
742 kS m−1
35 MPa
230 L m−2 h−1 bar−1

Figure 7.1 shows the schematic principle of a microgel coated SiC-C membrane,
with microgels in the swollen state at room temperature where no voltage is
applied to the membrane (top), and an electrically heated membrane with collapsed microgels (bottom). Promising applications arise from the possibility of
tuning membrane resistance without pausing operation such as using different
flows for filtration and backwash. An enhanced permeability during backwash
might shorten backwash cycles or run backwashes more efficiently.

7.2
7.2.1

Experimental
Membranes and membrane modules

Hybrid SiC-C hollow fibers were prepared by dry-wet spinning of a PES, NMP,
and SiC mixture followed by thermal treatment at 1000 ◦C under an argon
atmosphere. The details on the fabrication method and a full characterization
of the fiber can be found elsewhere [27]. These fibers have a sufficient mechanical strength and suitable electrical conductivity to be used as a heatable
membrane support. Table 7.1 provides an overview of the key properties of the
membrane.
Copper wire (Conrad Electronics, Germany) with a diameter of 0.4 mm was
soldered directly onto both membrane ends, allowing equal current flow within
the membrane. The wire was wrapped around the complete outer wall of the
fibers. Single-fibers were glued with two component epoxy resin into custommade modules made out of two separate perspex tubes connected by a four-way
stainless steel connector that served as permeate outlet and connection to a
thermocouple. These modules were used for dead-end, crossflow, and backwash
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filtration.

7.2.2

Microgels

N -vinylcaprolactam (VCL) (98 %, Sigma-Aldrich) was purified by distillation
under vacuum and recrystallized in hexane (99 %, VWR). 2,2’-azobis(2-methylpropioamidine) dihydrochloride (AMPA) (97 %, Sigma-Aldrich) and N, N 0 methylenebis(acrylamide) (BIS) (99 %, Sigma-Aldrich) were used as received.
Aqueous microgels consisting of VCL as monomer, BIS as cross-linker, and
AMPA as initiator were synthesized using a RC1su reaction calorimeter with a
triple-walled 500 mL RTCAL glass reactor (Mettler-Toledo), equipped with a
mechanical stirrer, temperature sensor and a baffle. For the synthesis 3.6919 g
(26.52 mmol) monomer (VCL) and 0.1000 g (0.65 mmol) cross-linker (BIS) were
dissolved in 250 mL deionized water, then stirred at 300 rpm for 30 min while
heating to 70 ◦C and purged with nitrogen to remove oxygen from the system.
Afterwards, the reaction mixture was stirred for 90 min under nitrogen atmosphere and then 0.0833 g (0.31 mmol) of the initiator (AMPA) dissolved in 1 mL
deionized water was added. The polymerization lasted for 1 h and the P-VCL
microgel was cleaned by dialysis in deionized water with a regenerated cellulose dialysis tube with a cut-off between 12 kDa to 14 kDa (Carl Roth) from
monomers and side products. The polymerization was based on publications
by Boyko et al. [28] and Pich et al. [29].

7.2.3

Analysis

The temperature dependent hydrodynamic radii (Rh ) were calculated from
second order cumulant fits via the Stokes-Einstein equation using dynamic
light scattering (DLS) measurements with a laser light scattering spectrometer (ALV/DLS/SLS-5004, ALV-GmbH, Germany) with an ALV-5004/EPP
multiple digital τ correlator and laser goniometry system ALV/CGS-3 with a
helium-neon laser (Uniphase 1145P, output power of 22 mW and wavelength
of 632.8 nm) as a light source.
Scanning electron micrographs were taken using a Hitachi S4800. The fibers
were freeze dried by putting water immersed fibers in liquid nitrogen and
then dried overnight under vacuum with an Alpha 1-4 LD plus (Martin Christ
Gefriertrocknungsanlagen GmbH, Germany) and sputtered with tungsten.
168

7.2.4

Membrane coating

The microgel solution was mixed with deionized water until a concentration
of 2 g L−1 was reached. Membrane coating was performed using an OSMO
Inspector 2 (Convergence B.V., the Netherlands). The fibers were flushed
with demineralized water in crossflow and dead-end mode before coating of the
microgels. Flushing was done for 5 min per operating mode. The membranes
were coated with an inside-out filtration at a constant flux of 1350 L m−2 h−1 in
dead-end until a trans-membrane pressure (TMP) of 3 bar is reached. Assuming
full retention of filtrated microgels, the specific mass of adsorbed microgels m00
is calculated with
m00 = J˙00 · c · t
(7.1)
where J̇00 denotes the flow rate per area, t the coating time, and c feed concentration of the microgels. After coating, the membranes were cleaned by a
crossflow of pure water to wash out the residual microgel solution. The modules were filled with ultra pure water to prevent drying of the microgels during
storage.

7.2.5

Experimental set-up and procedure

A constant pressure set-up was used that allows to measure in dead-end, crossflow and backwash mode. Constant pressure was supplied by a nitrogen gas
bottle and was regulated with a MET cell (Evonik, Germany). In crossflow, a
MCP-Z pump (Ismatec, Germany) was used to adjust the crossflow rate. The
measured data of temperature, weight and pressure were recorded every second
with Daisylab (Measurement Computing Corporation, USA). The membranes
were connected via the copper wire to a voltage source (Manson HCS-3404,
Reichelt, Germany) to electrically heat the membrane. A k-type thermocouple
(PeakTech, Germany) is placed in the 4-way connector of the module to measure the temperature in the middle of the module.
Before a coated fiber was used in an experiment the fiber was flushed with
ultrapure water three times for ten minutes both with voltage applied and not
applied to wash the fiber. To measure pure water permeability of coated membranes, a constant trans membrane pressure of 1 bar, 2 bar and 3 bar was applied stepwise and the flux was measured for 15 min at each pressure step. The
measurements with increasing temperatures and backwash experiments were
all performed at a TMP of 2 bar and recorded for 10 min at every temperature
step. For retention measurements a mixture of 2 g L−1 dextrane (PSS Polymer Standard Service, Germany) in water and 0.2 g L−1 sodium azide (Sigma169

Aldrich) was used. The dextrane standard has a molecular size of 2.18 MDa
with a poly dispersity index (PDI) of 4.2. Retention measurements were obtained with a crossflow of 5.1 mL min−1 . The temperature was kept constant
for four minutes before taking a sample. Samples have been analyzed using
size exclusion chromatography (SEC) with water as the eluent.

7.3
7.3.1

Results and discussion
Characteristics of the coated membrane

The synthesis of the gel resulted in a size of 360 nm at 20 ◦C with a volume phase
transition temperature (VPTT) at 32 ◦C. The aqueous polymer microgels were
immobilized onto the SiC-C membranes via dead-end filtration. During the
coating the trans-membrane pressure (TMP) increases exponentially indicating
a deposition of microgels on the membrane and within its pores similar to the
coating procedure presented in Menne et al. [26]. The membrane permeability
decreases strongly during the coating processes due to adsorption of microgels.
The final permeability is (29 ± 6) L m−2 h−1 bar−1 . The immobilized mass of
microgels onto the membrane is (112.0 ± 3.5) g m−2 .
Figure 7.2a displays a scanning electron micrograph of a SiC-C hollow fiber
membrane with deposited polymer microgels, the picture was taken from a
membrane directly after coating. Due to their softness, the microgels form a
film on the membrane, seen as the dark area on top op the brighter membrane.
Figure 7.2b shows the adsorption of microgels on the surface of the membrane
after usage. Microgels were also observed within the pores of the membrane,
which can be attributed to the softness of the particles that allows them to
penetrate pores up to 10 times smaller than the actual size of the gel, depending
on their deformability [30, 31].
The size of the microgel is a function of temperature, with a decreasing diameter for an increasing temperature. To tune the microgel size on the heated
membrane, reliable measurement and control of the temperature is necessary,
as well as knowledge on the evolving temperature distribution over the length
of the membrane at varying flow conditions. The temperature of the fiber is
tuned by the applied power, which results in a the correlation between temperature and applied power. Figure 7.3 shows the temperature distribution
over the length of the hollow fiber for measurements in dead-end (black symbols) and crossflow mode (white symbols) for different specific energy inputs.
The temperature increases along the membrane since the residence time of the
water increases and water volume inside the hollow fiber decreases with per170

Figure 7.2: Scanning electron micrographs of the cross-section of a SiC-C hollow fiber coated with P-VCL microgels. (A) shows the fiber after the microgel
coating process and (B) shows the fiber after permeation tests. Images have
been adapted in brightness.

meation. The temperature gradient along the length of the module is more
pronounced in dead-end as compared to crossflow mode, due to additional removal of heat by convective transport in axial direction. Higher temperatures
evolve in dead-end at respective energy inputs, hence more energy is needed
in crossflow mode to exceed the volume phase transition temperature (VPTT)
due to enhanced heat loss. Using crossflow a nearly constant temperature profile along the length of the module forms. The nearly constant temperature
profile enables good control of the microgel size and a suitable temperature
estimate, when only measuring in the middle of the membrane module.

7.3.2

Tunable permeability

Figure 7.4 and Figure 7.5 display the switching characteristics of the membranes for dead-end and crossflow measurements, respectively. Each figure
includes two diagrams, the top one plotting the permeability and the bottom
one the corresponding temperature over time. A power of 30 W m−1 is applied
in dead-end experiments and 100 W m−1 in crossflow experiment for 10 minutes
in each cycle. The power is switched off for 10 minutes to let the membrane
cool and observe reversible behavior of the permeability and temperature.
In both diagrams, the correlation between temperature and permeability is
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Figure 7.3: Temperature distribution along the length of the fiber in dead-end
(black symbols) and crossflow (white symbols) clean water permeation for two
distinct power inputs. The membrane module visualizes the measuring spots.
The feed enters the module at distance 0 cm at room temperature (25 ◦C).

evitable with elevated permeabilities at higher temperatures. When power is
applied onto the membrane the temperature rises to its final level within two
minutes. The temperature increase causes the microgels to collapse, increasing
the pore size for water permeation. Permeability is around 5-10 times greater
in the heated state than without applied voltage.
Both permeability and temperature reach an almost constant value during an
applied power sequence where they stay stable during the time of heating.
Temperature and permeability return to their untuned state after removing
the applied voltage. During heating, temperature and permeability rise to
the same level with each cycle showing a reversible and stable switch of the
modified membrane. It should be mentioned, that the permeability reacts
without any delay on temperature changes since thermal switching of microgels is immediate [20]. However, the whole microgel-membrane assembly needs
two minutes reaction time to react on the applied power and to increase its
temperature to its final value. The changes from applied power to no power
occur faster in crossflow than in dead-end filtration due to the intense cooling
effect of the crossflow. The resulting switching curve for crossflow is sharper
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in the cool down period, while permeability and temperature level off more
slowly in dead-end cycles. Comparing the energy needed to fulfill the tuning
of the membrane in the crossflow mode to the energy that would have been
needed to heat up the whole feed stream, the electrical heating of the membrane is significantly more power-saving. Computing a simple energy balance
with the data from Figure 7.5 the electrical heating with 100 W m−1 consumes
only 86 % of the energy that would have been consumed heating up a water
stream by 21.5 ◦C. Membrane permeability is influenced by the permeating
fluid viscosity. As the viscosity of water decreases with increasing temperature, the increase in permeability is at least partially caused by the decrease
in viscosity of the water surrounding the membrane. In order to examine how
strong the switching characteristic is due to the decrease in viscosity, and to
put measurements into perspective, the hydraulic resistance of the membrane
is a more reliable parameter to assess the influence of temperature on the membrane performance. Figure 7.6 examines the hydraulic resistance switch of the
membrane between the swollen and collapsed state of the microgel in a broad
range of temperatures. In 6 min intervals, the applied voltage was increased
stepwise which is enough time for the coated membrane to reach steady state.
Black triangles in Figure 7.6 illustrate the hydrodynamic radius of the micro150
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Figure 7.4: Dead-end permeability over time for each 10 minutes cycles of
heating with 30 W m−1 and no applied voltage. The temperature was measured
in the middle of the module.
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gels dispersed in aqueous solution as a function of temperature measured by
dynamic light scattering (DLS). At temperatures below the VPTT (32 ◦C),
the polymer chains are well solvated by water molecules and microgels are in
swollen state with a radius of about 360 nm. At temperatures close to the
VPTT, the disruption of the hydrogen bonds leads to partial dehydration of
the polymer chains, and the microgels start to collapse and their radii decrease.
After exceeding the VPTT, the microgels are almost totally collapsed and the
decrease in size levels off and approaches a constant value of about 120 nm. Figure 7.6 correlates the decrease of the hydrodynamic radius of the microgels to
the hydraulic resistance of the membrane over temperature over a range of temperatures. The white triangles show crossflow measurements and white squares
dead-end measurements. The course of both decreasing radius and resistance is
in astonishingly good agreement. The resistance measured in crossflow agrees
well with the hydrodynamic radius showing a switch of membrane resistance
and radius at the VPTT of 32 ◦C. The dead-end measurement has an off-set
of around 5 ◦C to lower temperatures, showing a slight underestimation of the
measured temperature to the switch of the gels. The underestimation might
be attributed to different flow conditions on the inside of the membrane and
the more inhomogeneous temperature distribution shown in Figure 7.3. Under
crossflow conditions, the more homogeneous temperature distribution leads to
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Figure 7.5: Crossflow permeability over time for each 10 minutes cycles of heating with 100 W m−1 and no applied voltage. The temperature was measured
in the middle of the module.
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a better temperature estimation when only measuring the temperature in the
middle of the membrane module. It is still surprising to see how well also
measurements in dead-end mode fit to the hydrodynamic radius although the
temperature gradient along the membrane is large making a good temperature estimation difficult (see Figure 7.3). The difference in base resistance at
20 ◦C between both measurements comes from fiber-to-fiber differences as the
membrane permeability varies with different sintering batches.

7.3.3

Tunable selectivity

To analyze the retention characteristics of macromolecules, filtration experiments are conducted using a dextrane solution. Uncoated membranes let all
dextranes pass, resulting in a zero retention rate. Figure 7.7 displays the retention rate of the 200 kDa dextrane as a function of membrane temperature. The
microgel coating causes a significant increase in retention. While the uncoated
membrane allows all dextrane molecules to permeate, the membrane coated
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with larger microgels reaches a retention rate of 83 % at room temperatures.
A 90 % cut-off was not reached with the coating. With increasing membrane
temperature, the hydrodynamic radius of the microgel decreases, allowing an
increased amount of dextrane molecules to permeate. After reaching the final
temperature of 50 ◦C, electric power was turned off. When the temperature
decreases to room temperature, the retention rate reverts to 83 %, showing the
selectivity behavior of the membrane to be switchable. The curve of the decrease of retention over temperature shows a similar shape as the decrease of
hydraulic resistance.
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Figure 7.7: Retention of 200 kDa dextrane as a function of applied temperature
on the membrane. Temperature was increased stepwise after 10 mL filtrated
volume was collected at each step in steady state. The temperature was increased up to 50 ◦C and then cooled back to room temperature.

7.3.4

Stability of the coated membrane

The results presented in the previous sections show that coating heatable membranes with microgels enables reproducible tunability of permeability and selectivity. Since microgels are attached to the membrane only adsorptively and
not through chemical bonds, it is important to check for the stability of the
coating. We assume that the adsorption of the microgels on the membrane
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is a cooperative effect of electrostatic attraction forces and hydrophobic interactions. Weak electrostatic attraction forces may be expected because SiC-C
posseses weak negative surface charge and microgels exhibit weak positive surface charge due to the initiator fragments integrated into polymer chains during
precipitation polymerisation process. Hydrophobic attraction forces may originate from interactions between aliphatic segments of lactam rings of VCL and
carbon rich SiC-C surface. In addition, ability of microgels to deform and
spread at solid surfaces increases the adsorption strength due to the multiple
interactions and large contact area. The physical bonds between membrane
and microgel might be sensitive towards shear forces at the membrane surface
causing possible desorption and rinsing out of microgels during permeation or
backwashing.
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Figure 7.8: Permeability of a microgel coated membrane as a function of
Reynolds number applied as crossflow.

Figure 7.8 displays the permeability as a function of the Reynolds number
Re calculated from the applied crossflow velocity. The permeability is measured in dead-end mode before and after applying crossflow. The permeability at a Reynolds number of 830 and 1670 with the respective shear rates
τ = 17.000 s−1 and τ = 33.000 s−1 stays constant compared with the final one
measured in dead-end mode. The constant permeability implies that no microgels get washed off the membrane, otherwise the final permeability would
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be enhanced. At a Reynolds number of 2550 τ = 50.000 s−1 the permeability
is slightly lower, probably because the crossflow in the hollow fiber is turbulent and the permeability value is not corrected against pressure loss in the
fiber. To test the long term stability of the coating membrane modules they
were repeatedly permeated with ultrapure water without applied power over
the course of almost 30 days. Within measurements the membrane modules
were kept wet to prevent the microgels from drying. Figure 7.9 shows no increase in permeability with increasing time which confirms that microgels are
not released from the membrane surface.
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Figure 7.9: Permeability of a microgel coated membrane measured over a period
of 30 days.

To analyze a possible influence of the direction of permeation, the permeability
during backwashing cycles has been observed and is displayed in Figure 7.10.
Black squares are used for measurements where the membrane has been heated
with 35 W m−1 only during the backwashing cycles, while in regular filtration
no power was applied and permeation took place at room temperature. White
squares are used for measurements where both backwash and regular filtration took place at room temperature. Visible is the enhanced permeability in
backwash filtration due to the enhanced temperature. Microgels are stable in
backwash filtration even when power is applied. Some loss in permeability must
be considered, similarly to loss in permeability during the wash-in process.
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Figure 7.10: Stability of a microgel coated membrane for backwash and filtration cycles (white squares) and cycles where the membrane is heated during
backwashing cycles (black squares). FW denotes forward filtration and BW
backwash filtration.

7.4

Conclusion

In the present work, we designed thermo-responsive membranes by coating
heatable ceramic membranes with P-VCL microgels, allowing a switch in resistance and retention during operation. The microgel coated SiC-C membranes
are heatable due to their electrical conductivity, which allows tuning of their
permeability and selectivity. The developed membrane modification has advantages over existing tunable membranes. The membrane coating presents an
effective and feasible way to functionalize membranes. The properties of the
modified fiber can be tailored by the direct heating of the fibers independent
of the feed temperature. The tuning behaviour of the modified membrane was
proven to be stable and reproducible. The thermo-responsive size of the single
microgels in water translates surprisingly well into a thermo-resposive behavior
of the hydraulic resistance of the fiber. Crossflow measurements result in more
accurate temperature profiles and more reliable measurements as compared to
dead-end experiments. Electrical heating of the fiber shows to be 14 % more
energy efficient compared to heating of the feed stream in crossflow mode.
The microgel coating was tested to be stable without a loss in permeability
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for more than 30 days and up to Reynolds numbers of 2550. Also, during
backwash and backwash with heating, the modified membrane keeps a stable,
switchable behavior. Promising applications arise from the possibility of tuning membrane resistance without pausing operation. Variations of fluxes might
induce hydraulic instabilities, which in turn could prevent fouling. Also, tuning selectivity is interesting to incorporate, for example in varying purification
tasks with a membrane that can directly adapt to changing process conditions.
The variable permeability during backwash could be directly applied to filtration processes that are prone to fouling, with a more efficient cleaning cycle
when backwashing at higher permeabilities, which might decrease the necessary
cleaning duration while increasing cleaning results.
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Chapter 8

Inorganic porous hollow fibers as
support material for thin layers
by interfacial polymerization

This chapter has been submitted for publication:
E. Maaskant, P. de Wit and N.E. Benes, Direct interfacial polymerization onto stable high-a ceramic hollow fibers

Abstract
Membrane separation under harsh conditions, such as high-p,T or in the presence of aggressive chemicals, requires a robust membrane support. In academia
commonly ceramic disks are used for this purpose, but these disks provide a
too low surface-area-to-volume ratio for practical applications. Ceramic hollow
fibers potentially provide a much larger specific surface area, but applying a
defect free thin selective layer on such structures is more intricate. Here we
show the successful preparation of a thin poly(amide) layer on a porous hollow α-alumina fiber by interfacial polymerization of piperazine with trimesoyl
chloride. Two aspects of the fabrication method are identified as particularly
crucial for obtaining a high quality selective layer: in order to avoid delamination of the layer the ceramic surface should have a sufficient amount of hydroxyl
groups for covalent attachment, and controlled drying steps are necessary to
avoid local surplus or lack of liquid on the outer surface of the ceramic. To
increase the hydroxyl group concentration and to facilitate the presence of
sufficient reactants, the fibers have been coated with a layer of γ-alumina. Sufficiently long drying steps (20 min) have been employed to avoid uneven drying
over the length of the fiber. The obtained fibers show clean water fluxes in the
range of 2-5 L m−2 bar−1 h−1 combined with retention of Rose Bengal above
99%.
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8.1

Introduction

Interfacial polymerization (IP) is a well-known technique to fabricate extremely
thin separation layers on porous supporting structures and has been extensively
studied over the past decades [1, 2]. Research has been done on preparing thin
selective films on porous polymeric supports, such as poly(ethersulfone) or
poly(etherimide) [3–7]. The use of such membranes in harsh conditions can be
limited by the stability of the thin selective layer as well as by the stability of
the porous support. In applications involving high-p,T , or in the presence of
aggressive chemicals, polymer supports can suffer from plasticization, swelling,
or thermal degradation. The thermo-chemical stability of an inorganic porous
support evades such problems. Ceramics have been successfully used as support
for thin IP films, for example for hypercrosslinked networks that require an
thermal imidization step [8], or for pervaporation where the mechanical and
thermal stability of the ceramic is required [9, 10]
Commonly, in academia ceramic supports have the geometry of a flat disk,
with a far too low surface-area-to-volume ratio for viable industrial application.
Hollow fibers provide a much larger surface-area-to-volume ratio [7, 11, 12]
allowing for industrial application [13]. Inorganic porous hollow fibers can be
prepared from various materials, for example Al2 O3 [14], TiO2 [15] or SiC
[16]. The diameters of such fibers can be as small as ∼ 200 µm [17]. Limited
research is reported on IP films prepared directly atop of porous inorganic
hollow fibers. Nearly all IP films on inorganic porous hollow fibers involve
the use of a polymeric intermediate layer. For example, a poly(ethersulfon)
repair layer was coated onto a commercially available ceramic tube prior to the
IP fabrication of a PVA-Pip-TMC layer [18]. A polymeric coating of PDA or
PEI was applied onto an Al2 O3 fiber with a relatively large outer diameter of
3.7 mm in order to facilitate the IP fabrication of an MDP-TMC layer [9]. The
use of a polymeric repair layer inherently reduces the overall thermo-chemical
stability of the final membrane. Peters et al. coated ceramic fibers with an
inorganic (γ-Al2 O3 ) intermediate layer, prior to applying a micro porous silica
layer [19] or poly(vinylalcohol) layer [20] via dip-coating.
To our knowledge, entirely inorganic thin porous hollow fiber supports, without
polymeric intermediate layers, have never been modified by interfacial polymerization. In this work, we show that it is possible to fabricate a defect free layer
by interfacial polymerization onto an Al2 O3 hollow fiber with an outer diameter
of 1.5 mm, using an inorganic intermediate layer.
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8.2
8.2.1

Experimental
Chemicals

AKP-30 α-Al2 O3 powder (99.9 % Al2 O3 , particle size of 0.3 µm, Sumitomo
Chemicals Co. LTD. Japan), poly(ethersulfone) (PES, Ultrasonr E6020 P,
BASF), and de-ionized water (>18.2 MΩ cm−1 , Milli-Q Advantage A10, Millipore) were used for fiber preparation. Prior to use, PES was dried overnight
at 80 ◦C. Piperazine (Pip, 99%), n-hexane (anhydrous, 95%), trimesoyl chloride (TMC, 98%), Rose Bengal (RB, 95%), poly(vinyl alcohol) (PVA, Mowiol
8-88, MW 67 000 g mol−1 ), poly(vinyl pyrrolidone) (MW ∼ 1,300,000), and N methyl-2-pyrrolidone (NMP, <99.5%) were obtained from Sigma-Aldrich (the
Netherlands) and used as received. Nitric acid (1 M) was obtained from Merck
and diluted to 0.05 M for further use. Ethanol (99%) was obtained from Assink
Chemie (the Netherlands).

8.2.2

Fiber fabrication

Alumina hollow fiber membranes were prepared by dry-wet spinning based on
non-solvent induced phase separation (NIPS) using a well-established method
[17]. In short, a mixture of AKP-30 α-Al2 O3 powder, polyethersulfone, Nmethylpyrrolidone and polyvinylpyrrolidone was spun into a de-ionized water
bath functioning as non-solvent. The mixture composition and spinning parameters are listed in Table 8.1. After thermal treatment (300 ◦C for 1 h, 1400 ◦C
for 2 h, rate of 5 ◦C min−1 ) the fibers were coated with an AKP-30 Al2 O3 layer
in order to lower the surface roughness. A 50 wt% suspension of AKP-30 in
0.05 wt% PVA in 0.02 mol HNO3 solution is ultrasonic treated to disperse the
AKP-30 particles. Prior to coating, one end of the fiber was sealed with hot
melt adhesive (Dremel) and the fibers were vertically dip coated with a rate of
2.4 cm min−1 and a holding time of 30 s. After drying (1h, 25C, REL 50-80%)
the fibers are sintered for 1 h at 1000 ◦C with a heating rate of 5 ◦C min−1 .
Two layers of γ-alumina were applied on top of the α-alumina fiber to provide
enough hydroxyl-groups for covalent attachment of the poly(amide) layer to
the support. For each layer of γ-alumina, 20 mL of PVA solution (2.25 g PVA
in 75 mL 0.05M HNO3 ) and 30 mL of boehmite sol were mixed. The details of
the boehmite synthesis and coating procedure are described elsewhere [21].
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Table 8.1: Spinning conditions
Condition

Value

PES
NMP
AKP-30
PVP K95
Water
Bore Liquid
Coagulation bath
Extrusion pressure
Air gap
Bore liquid flow rate
Diameter spinneret
Drying after spinning

9.40 wt%
40.0 wt%
48.9 wt%
0.70 wt%
1.00 wt%
H2 O
H2 O
2 bar
3 cm
7 mL min−1
OD/ID=2.0 mm/0.8 mm
>24 h

The lower end of the fiber was sealed with hot melt adhesive and the fibers were
vertically dip coated with a rate of 9 cm min−1 . After drying (2 h, 25 ◦C, REL
50-80%) and removal of the hot melt adhesive, the γ-alumina layer is sintered
for 1 h at 600 ◦C with a heating rate of 5 ◦C min−1 .

8.2.3

Interfacial polymerization

Prior to dipcoating, the fibers were sealed at the lower end with a 1.5 cm long
glass tube filled with Araldite 2014-1 (Huntsman) and cured for 24 h. There was
no further pretreatment applied to the fibers. The fibers were inserted in the
aqueous phase containing 2 wt% piperazine for 1 minute, and withdrawn with
a vertical dipcoater (9 m min−1 ). The fibers were dried at ambient conditions
for 20 min, and inserted for 10 seconds in the organic phase (0.15 wt% TMC
in n-hexane). The fibers were withdrawn with a speed of 897 mm min−1 and
rinsed with acetone to remove any unreacted monomers. All fibers were stored
under ambient conditions until further use.
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8.2.4

Module fabrication

The final fiber was glued (Araldite 2014, Huntsman) in a 1/4” piece of metal
tubing that acts as the membrane outlet, whereas the other side of the fiber
was already glued using an Araldite filled glass cap. The fiber is enclosed
with a metal tube and connected to a T-piece for permeate/retentate streams.
Figure 8.1 shows a schematic overview of the potted fiber and how the module
assembly is connected to the setup for permeation experiments.

Figure 8.1: Schematic overview of membrane potting and assembly of the module

8.2.5

Characterization methods

Scanning electron micrographs of the cross-section and top view morphology
of green, sintered, and TFC fibers were obtained with a Zeiss Merlin FE-SEM
or JEOL-JSM6010 scanning electron microscope. Samples were coated with a
10 nm chromium layer (Quorum Q150T ES). The outer diameter of the fibers
was measured using a Nikon V-12 profile projector with a 50x objective lens
(Nippon Kogaku, Japan). 18 samples originating from 3 different fibers were
analyzed and the average diameter was taken for flux calculations. Clean water
fluxes were measured on a custom-build setup (Convergence, the Netherlands)
in dead-end operation, the permeate volume was measured over time volumetrically.
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Figure 8.2: Scanning electron micrographs (top view) of a TMC-Pip film on
an AKP-30 smoothed fiber. A poly(amide) film is present covering parts of the
surface, but also clear patches of the ceramic support are visible.

Rose Bengal retention (35 µmol in water or ethanol) was measured at a custommade dead-end filtration setup. The feed was pressurized with nitrogen to
18 bar applied to an outside-in geometry. Solute concentrations of the feed
and permeate streams were measured with an UV-VIS spectrophotometer at
549 nm (Varian Cary 300 scan). The retention was calculated using:
R=

8.3
8.3.1

cf − cp
· 100
cf

(8.1)

Results and discussion
Fiber fabrication and coating

The Al2 O3 fibers have pores in the range of 350 nm (not shown here, see [22]).
The surface smoothing via coating with AKP-30 reduces the pore size to approximately 100 nm. This pore size is sufficiently small to allow the formation
of a defect free TMC-Pip layer by interfacial polymerization [23].
Figure 8.2A and B show top-view scanning electron micrographs of a layer prepared directly on the AKP-30 smoothing layer. A poly(amide) film is present
covering parts of the surface, but also clear patches of the ceramic support are
visible. Two main factors are hypothesized to contribute to this delamination;
the lack of sufficient hydroxyl groups and insufficient drying of the fiber after
being in contact with the aqueous phase.
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A sufficiently long drying time is required to avoid that excess aqueous solution
is present on the outer surface of the fiber. This excess of aqueous solution may
shield of the fiber surface from the reactant in the organic phase, causing film
formation to occur at a slight distance from the fiber surface and prohibiting the
surface hydroxyl groups to partake in the polymerization reaction. The relative
large pores (100 nm) and low porosity (30%) of the AKP-30 intermediate layer
complicate controlled vertical drying of the outer surface of the fiber without
affecting the aqueous phase inside the porous structure. The capillary forces
in the pores are too small to disestablish the gravitational force. To increase
the amount of hydroxyl groups, and to allow for a large reactant reservoir in
∼ 5 nm small pores, the fibers were coated with two layers of γ-alumina [24].

Figure 8.3: Cross-section scanning electron micrographs of the wall of an αalumina fiber coated with the AKP-30 smoothing layer (A). Panel B shows
the γ-alumina layer. Panel C and D show the γ-alumina layer with (D) and
without (C) TMC-Pip film
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Figure 8.3A to D show the successful coating of a ceramic NIPS hollow fiber.
Panel A shows the outside of the fiber wall on which the AKP-30 smoothing
layer is coated. Panel B shows a detail of the γ-alumina layer on the smoothing
layer, where can be seen that the thickness is in the order of 200 nm. The layer
is found not to be defect free, possibly due to the non-clean room conditions of
the coating. Figure 8.3C and D show a high resolution image of the γ-alumina
layer, without (Panel C) and with (Panel D) the TMC-Pip layer present.
The γ-alumina coated fibers were submerged in the aqueous phase to fill the
porous structure with piperazine monomer. The drying procedure after this
step appears to be an important factor for successful preparation of membranes.
Figure 8.4 shows the influence of the drying time at ambient conditions on the
adhesion of the TMC-Pip layer to the support. Scanning electron micrographs
were taken at the top and bottom of the fiber. Because the fibers were vertically
dried, the amount of residual water is expected to be higher at the bottom of
the fiber. It can be clearly seen that there is a water film present on the
outer surface of the fiber after 10 minutes of drying, resulting in an unattached
freestanding TMC-Pip film. However, 20 minutes of drying results in a wellattached film on both the top and bottom side of the fiber.

8.3.2

Retention and Permeation

Using the optimized synthesis parameters, 13 fibers have been fabricated and
used for performance testing. Table 8.3.2 shows the results of these measurements. Out of 13 fibers, one of the fibers broke during potting. The remaining
12 fibers have been tested for their Rose Bengal retention. During these tests, 3
fibers showed such a poor retention and high flux that they were omitted from
further analysis. This indicates that even due to careful surface pre-treatment,
still minor defects can bee present. These defects might not necessarily be in
the TMC-Pip layer itself, but could also arise from fiber handling during the
coating steps, or from handling during potting of the fiber.
The clean water permeability and Rose Bengal retention have been measured
for the 9 fibers that showed acceptable fluxes. The clean water permeability is
in the order of 2-5 L m−2 h−1 bar−1 . This is in good agreement with previously
measured TMC-pip membranes that have been prepared on flat-sheet PAN
supports using a slightly different recipe [25]. All measured fibers show excellent
retention (>99%) for Rose Bengal in water, as compared to a retention of 61
% for a fiber with only the γ-alumina layer.
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Figure 8.4: Top-view scanning electron micrographs of the TMC-Pip
poly(amide) films. Micrographs were taken on the top (A and B) of the bottom
(C and D) of the hollow fiber. The fiber shown in A and C was dried for 10
minutes, the fiber in B and D for 20 minutes.
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Table 8.2: Summary of the results for 13 fibers prepared using the optimized
recipe. For comparison also the results of an γ-Al2 O3 fiber are shown.
#

Length (cm)

Retention (%)

CWPa (L m−2 h−1 bar−1 )

γ
1
2
3
4
5
6
7
8
9
10
11
12
13

10.2
14.1
13.7
13.6
13.9
brokenb
13.7
13.1
13.2
14.7
13.0
12.8
14.7
12.9

61 ± 1
n/mc
99.8 ± 1
97.9 ± 1
n/mc

17.41 ± 0.75
n/mc
3.88 ± 0.13
3.84 ± 0.31
n/mc

99.8 ± 1
99.7 ± 1
99.9 ± 1
99.8 ± 1
n/mc
99.9 ± 1
100.0 ± 1
99.6 ± 1

3.20 ±
2.32 ±
5.02 ±
4.08 ±
n/mc
3.31 ±
4.70 ±
4.03 ±

0.25
0.18
0.29
0.45
0.26
0.72
0.23

a

Clean Water Permeance with 95% confidence interval
This fiber broke during potting.
c
Flux was in the order of an unmodified fiber, omitted from
further analysis.
b

195

8.4

Conclusion

By modification of an AKP-30 Al2 O3 fiber, prepared by dry-wet spinning with
an AKP-30 repair layer using dip coating, a sufficiently smooth surface is obtained to allow the formation of TMC-pip thin films. In order to improve the
chemical bonding to the support, sufficient hydroxyl-groups are required that
can be obtained by coating two layers of γ-alumina onto the fiber. This, combined with appropriate drying of the fiber, after it has been soaked with the
aqueous phase, allows for defect free thin films to be obtained. The TFC fibers
show promising water permeance values (average 3.82 L m−2 h−1 bar−1 ) with
acceptable retention of Rose Bengal (1017 g mol−1 ).
Out of 12 tested fibers with a length over 12 cm, 9 fibers were completely defect
free, whereas other fibers showed a lower retention or high fluxes. Even due to
careful surface pre-treatment, still minor defects can be present. These defects
might not necessarily be in the TMC-Pip layer itself, but could also arise from
fiber handling or fiber potting and sealing.
To conclude, this study shows that thin inorganic porous hollow fibers can indeed be a suitable support for layers prepared by interfacial polymerization, but
it also shows that the pre-treatment of the fiber is of key importance to allow
proper adhesion of the layer. The results obtained in this study could be used
to fabricate thin films on inorganic porous hollow fibers with more advanced
chemistries. By doing so, it would open the road for industrial application of
these layers on a larger scale.
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Chapter 9

Reflections and perspectives

9.1

Reflections

This thesis presents various topics related to the fabrication and utilization
of inorganic porous hollow fibers (IPHF). This chapter reflects on the new
materials and methods that have been used to prepare these fibers, the surface
modifications that have been conducted to alter their separation performance,
and the investigation of their mechanical strength.

9.1.1

Reflections on new hollow fiber materials

Current developments in the field of chemical engineering call for porous hollow
fibers with additional functionality, for example to be used as microreactors,
catalyst supports, or electrodes. For membrane applications, most studies
focus on alumina or titania hollow fibers, but some applications can benefit
from the use of other materials. An example of a promising material is silicon
carbide (SiC), due to the low fouling tendency this material shows in oil/water
separations [1].
Chapter 2 describes a method for the fabrication of silicon carbide hollow fibers.
Via a two-step thermal treatment in argon, one is able to produce SiC fibers
that have sufficient mechanical strength to be used in a single fiber membrane
module. Although the mechanical strength of these fibers is acceptable, further
optimization of the mechanical strength is required to allow the construction
of larger, multi-fiber modules. By tuning the thermal treatment procedure,
and therefore regulating the amount of residual carbon, it is possible to tune
the electrical properties of SiC fibers. Fibers with a high amount of residual
carbon have been used as heatable membrane support in chapter 7. Depending
on the application, the residual carbon can either be advantageous, as it boosts
the electrical conductivity [2], or can be undesirable, for example when a true
SiC fiber is required because of its properties [1, 3–5].

9.1.2

Reflections on polymer/solvent systems

Major limitations of current polymer/solvent systems used to fabricate inorganic hollow fibers include the presence of sulfur in the polymer and the prerequisite of using organic solvents. The use of sulfur containing polymers can
be avoided by selecting polymers such as CA, PEI, or PS. These polymers allow phase separation induced by a non-solvent. One of the downsides of these
polymers can be the mismatch between the temperature of polymer decomposition and the required temperature for particle sintering. Most of these
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polymers decompose before initial sintering occurs. As a result, the structure
might collapse.
The sulfur free polymers still require the use of an organic solvent. These
solvents can be completely omitted by using a water-soluble polymer. Chapter
3 and chapter 4 describe two approaches of a new method that is based on
ionic cross-linking of a water soluble sodium alginate with multivalent ions. In
the first approach, referred to as external bio-ionic gelation (BIG-E), the multivalent ions are supplied from the solution in the coagulation bath. In the second
method, referred to as internal bio-ionic gelation (BIG-I), the multivalent ions
are present in the spinning mixture in the form of an insoluble carbonate salt.
The carbonate salt is decomposed by protons supplied from the coagulation
bath. The bio-ionic gelation avoids the use organic solvents and also prevents
the formation of macro voids that are typical for fibers prepared via NIPS.
Such macro voids are attributed to the formation of the polymer-lean phase
during the NIPS process. These macro voids can persist in the structure of
the fiber after thermal treatment and can have a significant impact on both
the mechanical properties and the pore size distribution of the fiber. During
bio-ionic gelation no polymer lean phase is formed and a symmetric fiber wall
is obtained. As such, the bio-ionic crosslinking allows for a narrow pore size
distribution and enhanced mechanical properties, as explained in chapter 6.
By selection of the multivalent ion, one can incorporate metal(oxide)s on the
pore surface of the fibers (chapter 3). For example, by incorporating cobalt,
catalytically active fibers can be prepared in a single step production process.
A major challenge in the production of fibers by ionic gelation is the emergence of deformations during the drying step. The highly-swollen alginate gels
contain large amounts of water. Removal of this water induces shrinkage in
both longitudinal as well as radial direction. The contraction in longitudinal
direction can be prevented, to a certain extent, by stretching the fibers during
drying. Due to the high capillary forces and thin fiber wall, collapse of the
fibers into a “flat” structure occurs quite readily. A possible solution to prevent this collapse would involve replacing the water by a more volatile solvent
[6, 7].

9.1.3

Reflections on multi-layer systems

In this thesis two multi-layer systems are discussed; the first is a silicon carbide support on which thermally responsive microgels are coated, the second
consists of an Al2 O3 fiber on which a polymeric separation layer is deposited
via interfacial polymerization.
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A electro-heatable membrane support allows for the fabrication of responsive
membranes with a permeability and a selectivity that can be tuned via an electrical current supplied to the fiber. Such functionality is obtained by coating
the silicon carbide fibers with poly(N -vinylcaprolactam)(P-VCL) microgels.
Switchable membranes can be beneficial for applications where, for example,
the feed stock might change from batch to batch, or when the product specifications might change. In addition, the temperature switch can allow for a more
efficient backwash. One of the major concerns of these responsive membranes is
their stability in acidic or non-aqueous environments; such conditions have been
demonstrated to be detrimental for the microgel [8]. So far, the temperature
switchable membranes have only been studied in single-fiber modules. Design
and construction of multi-fiber modules will be challenging, in particular with
respect to the required electrical connections.
The second discussed surface modification is based on interfacial polymerization (IP), an approach that is generally considered facile. At a stable interface
two reactants meet and polymerize to form a thin layer. The thin layer is
often supported by a porous organic or inorganic substrate. For applications
involving demanding conditions the support material should provide sufficient
stability. In this respect, ceramic substrates are often considered superior.
Generally, flat ceramic substrates are used for interfacial polymerization [9]
and scale-up to tubular geometries has received only limited attention [10–13].
Several factors are key to obtaining a high-quality thin layer on a large surface
area ceramic support. The surface of support should be smooth, it should allow
for wetting by one of the phases, it should have a sufficiently large pore volume
to act as reactant reservoir, and its surface should allow for covalent attachment
of the IP layer. In this thesis it is shown that for the fabrication of high-quality
thin film composite poly(amide)/alumina porous hollow fibers an intermediate
γ–alumina layer complies with these requirements; it is smooth and hydrophilic,
it has a high porosity (∼60%), and provides a large concentration of surface
hydroxyl groups that can participate in the interfacial polymerization reaction.
In addition to the properties of the hollow fibers that are requisite for obtaining a high-quality TFC membrane, a drying step in the fabrication process is
identified as crucial as well. After a fiber has been in contact with the aqueous
phase, a sufficiently long drying time is required to avoid that excess aqueous
solution is present on the outer surface of the fiber. This excess of aqueous
solution may shield the fiber surface from the reactant in the organic phase.
This will cause film formation to occur at a slight distance from the fiber surface, prohibiting the surface hydroxyl groups to partake in the polymerization
reaction. This problem is further amplified by the vertical orientation of the
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fibers during the drying step, allowing gravity to generate a gradient in the
amount of solution over the length of the fiber. This results in distinct film
formation characteristics at the top and bottom of the fiber. The small pores
in the γ–alumina layer provide high capillary forces that, combined with the
large number of surface hydroxyl groups, helps to negate these problems.

9.1.4

Reflections on measurement of the mechanical
strength

Mechanical characterization of inorganic porous fibers is not straightforward.
Generally, the mechanical characteristics of inorganic fibers are expressed in
terms of their bending strength, and this bending strength is determined from
measuring the force at failure for multiple samples in a 3-point or 4-point
bending test. The results obtained by such tests should be treated with caution
because they are strongly dependent on the specifics of the test (type of bending
test, exact geometry of the set-up, the size of sample, the amount of samples
measured, the method of data processing, etc.). Direct comparison between
strength data found in literature is therefore not justifiable. It is strongly
recommended to stick to published guidelines of, for example, the standards of
ASTM [14, 15]. Such a standard specifies many measurement parameters and
give guidelines on the measurement protocol and data processing. Conforming
to standards aids direct comparison of reported strength data.
Brittle failure processes in inorganic hollow fibers originate at weak points or
critical defects. Consequently, the type of test and the sample size are crucial.
A 4-point bending test is considered more appropriate than a 3-point bending
test because the volume of the sample under stress is larger in a 4-point bending
test there is a higher probability of finding a critical defect. Inherently, the
strength values obtained from a 4-point bending test are lower as compared
to a 3-point bending test. The distribution of weak points and defects is best
captured when a large number of samples is measured.
The minimum amount of samples measured depends on the purpose of the
measurement. A quick quantification of the average bending strength, within
a 95% confidence interval, requires a minimum of 10 samples [15]. To describe the underlying probability distribution function, a minimum amount of
30 measurements is proposed if the distribution is known. Typically, the mechanical strength of inorganic hollow fibers is considered to follow a Weibull
type distribution (with shape parameter m and characteristic strength σθ ), or
a Normal distribution (with mean µ and standard deviation s) [15, 16]. Obviously, the accuracy and usability of the derived values greatly improves by
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measuring larger amounts of samples [17]. When the underlying distribution
is not known, one has to measure many samples (∼ 300) in order to accurately
determine the type of distribution and to make reliable parameter estimates
[17].

9.1.5

Reflections on module design

In this thesis all characterization and application tests are carried out on single
fiber modules. In most cases, a single fiber is glued into a piece of tubing and
operated in a dead-end or semi cross-flow operating mode. This allows for quick
screening of hollow fiber properties. Such an approach is appropriate when
focus is on the properties of the fiber itself, rather than on the performance
of a module. Further scale up would not only require the conversion from
dead-end operation to cross-flow mode, but would also require the design of
multi-fiber modules.
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9.2

Perspectives

This chapter gives perspectives for future research in the field of inorganic
porous hollow fibers, mainly focusing on novel fiber materials and the gaps
that impede industrial application.

9.2.1

Perspectives on functional fibers

A wide range of materials is used to fabricate inorganic fibers. Extending this
range of materials is only required when a specific application calls for a certain
material. Many materials are suitable to act as high surface-area-to-volume
support or membrane, but only little materials are used that actively promote
reaction or separation. Extension of the array of fiber materials should be
based on materials that do incorporate additional functionality. If one wants
to optimize current fibers, one should focus on their mechanical properties,
pore size, or conductivity. Optimizing these parameters will result in more
versatile fibers that are easier to apply to many fields.
Aluminum
The use of aluminum as hollow fiber material could be a solution for the brittle nature of the fiber, that often hampers module building involving ceramic
fibers. A large number of fibers is currently produced out of Al2 O3 , but the
brittleness of this material makes the mechanical behavior of the fibers hard
to predict. Aluminum would be a good alternative due to its ductile behavior,
low weight, and with surface properties that resemble aluminum oxide.
Fabrication of these fibers is possible via the standard dry-wet spinning approach, using a mixture of aluminum particles, NMP and poly(EtherImide)
(PEI) is dissolved in NMP, and water is used as non-solvent. After dry-wet
spinning a PEI fiber loaded with aluminum particles is obtained [18, 19]. Figure 9.1A shows a scanning electron micro graph of such a fiber.
The main challenge in fabricating aluminum porous hollow fibers is the thermal
treatment, where the decomposition of PEI (550 ◦C to 650 ◦C) is close to the
melting point (660 ◦C) of the aluminum. In order to fully remove the PEI, an
oxidative environment is required, as thermal treatment in argon results in 40%
char residue. Obviously, this results in oxidation of the aluminum to aluminum
oxide, which can partially be overcome by using a reductive atmosphere such
as 4% H2 in Ar [20, 21]. By adjusting the thermal treatment program, we
were able to sinter aluminum pellets with little amount of polymeric binder.
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Figure 9.1: Scanning electron micrographs of aluminum hollow fibers before (A)
and after (B, C and D) thermal treatment. (C) and (D) show a cross-section
of the fiber wall, in which the individual aluminum particles are visible

Fibers, on the other hand, suffered from insufficient sintering, as Figure 9.1B, C
and D shows. This is mainly due to the residual carbon and the low sintering
temperature of 660 ◦C. As a result, the mechanical strength of these fibers
was low. Possible routes to overcome this would include the use of a polymer
with a lower decomposition temperature, or using a lower amount of polymer.
Bio-ionic gelation methods allow for lower polymer concentrations, down to 2.5
wt% [22].
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Copper
Large scale aqueous phase electrochemical conversion of carbon dioxide to carbon monoxide requires an active, earth abundant electrocatalyst. A porous
hollow fiber copper electrode with a compact 3-D geometry provides a large
area, three-phase boundary for gas-liquid reactions and is a promising candidate for carbon dioxide reduction. This concept is schematically depicted in
Figure 9.2, in which CO2 is forced to flow through the wall of a porous hollow
copper fiber. Such a fiber can easily be prepared by dry-wet spinning of a
PEI/NMP/Copper mixture.
Figure 9.2: Artist impression of a copper hollow fiber which acts as gas diffusing
electro-catalyst for the conversion of CO2 into CO

After drying, the fiber is thermally treated in a two-step process. In the first
step, the PEI is removed under air at 600 ◦C. As a result, the copper particles
are sintered and converted into copper oxide. In order to obtain a catalytically
active fiber, the copper oxide fiber is reduced to copper under a reducing (4%
H2 in Ar) atmosphere. The porous copper hollow fiber is subsequently tested
for its catalytic conversion of CO2 in CO
The performance of the copper electrode is unprecedented; at over-potentials
between 200 mV and 400 mV, faradaic efficiencies for CO2 reduction of up to
85% have been obtained. Moreover, the CO formation rate is at least one order
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of magnitude larger when compared to state-of-the-art nano-crystalline copper
electrodes.
Copper hollow fiber electrodes can be prepared via a facile method that is
compatible with existing large-scale production processes. The results of this
study may inspire the development of new types of hollow fiber electrodes for
electrochemical processes in which at least one gas phase reactant is involved,
such as in fuel cell technology [23].
Metal coated
For many applications, it is not necessary to use a fully metal fiber. For
catalytic or electrical applications, a (conductive) outer shell layer would be
sufficient. Post-modification of Al2 O3 fibers with electroless deposition allows
for the fabrication of such a fiber.
Nickel on Al2 O3
Electroless deposition of nickel/phosphorus or boron alloys is used for a number
of applications, such as in automotive, aircraft/aerospace, and chemical industry to improve wear resistance or corrosion protection. Furthermore, nickel
benefits from good electrical and thermal properties. The electroless deposition of nickel on non-conductive substrates has been extensively studied [24–26].
The method is based on electrochemical reduction of a metal complex using
a strong reductor. In order to allow electron transport on a non-conductive
support, such as a ceramic fiber, pre-treatment of the surface is required. The
most common method is based on seeding the surface with PdCl2 , followed by
reduction with sodium hypophosphite [25].
Using a system based on propionic acid and lactic acid used as complexing
agents, nickel(II) sulfate as nickel source, thiourea as stabilizer and sodium
hypophosphite as a reducing agent nickel layers were deposited on porous alumina hollow fibers. The pH of the plating bath was adjusted using sodium
hydroxide and hydrochloric acid [27]. Figure 9.3A shows the wall of an Al2 O3
fiber that has been plated with a nickel layer. The fiber was in contact with
the plating bath for 5 minutes. In B, a close-up of the wall is depicted, which
shows that the nickel deposition also occurs in the porous wall structure of the
fiber. By increasing the plating time, the nickel layer can be adjusted in terms
of porosity. After a plating time of 40 minutes, a dense nickel layer is obtained
on the wall of the fiber [22].
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Figure 9.3: An Al2 O3 porous hollow fiber with a nickel inner and outer layer.
The layer is obtained by 5 min electroless deposition. (B) shows a magnification
where the growth inside the porous structure is visible.

Nickel is often used as a catalyst, for example in hydrogenation of organic
compounds [28]. The high surface-to-volume ratio of the Al2 O3 fiber and its
excellent resistance to elevated temperature and pressure make this an interesting assembly for, for example, the construction of a microreactor. However, the
catalytic activity of the deposited nickel was not investigated and impurities of
the plating bath might be affecting its performance. Secondly, a dense nickel
layer could help in the sealing of inorganic hollow fibers, in which the nickelcoated part of the fiber is soldered into a module. Thirdly, a nickel coated layer
could be used to incorporate electrical functionality in the fiber, such as the
use as electrode or as heating element.
Cu on Al2 O3
Copper can be deposited in a similar way as nickel, using electroless decomposition of a copper complex and a suitable reducing agent. Using EDTA
and triethanolamine as complexing agents, copper sulfate as copper source and
formaldehyde as reducing agent, a layer of copper can be deposited on a Al2 O3
support [29].
In order to use copper coated Al2 O3 fibers for the conversion of CO2 in CO,
a highly porous copper layer is required. This is obtained by purging argon
through the fiber during electroless plating, which often results in a unstable plating bath. It is hypothesized that small particles present in the fiber’
structure are forced into the plating bath. These particles result as nucleus for
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rapid deposition of the copper plating bath. Fibers with a copper layer were
subsequently tested for their efficiency in CO2 reduction, but were found to
perform poorly. One of the main reasons is the lower poresize of the Al2 O3
support (100 nm) as compared to the fully copper fibers (1 µm to 3 µm). As a
result of this, only little CO2 is available for the reaction [30].

9.2.2

Perspectives on bio-ionic gelation

Bio-ionic gelation of a sodium alginate results in thin-walled fibers with a symmetrical wall, without the presence of large voids that are often present in
fibers derived from non-solvent induced phase separation.
As chapter 6 shows, BIG-I derived fibers suffer from deformations in present
in the outer wall of the fibers. These deformations could originate from agglomerates that are not fully removed during the preparation of the spinning
mixture, in which a mixture of water and inorganic particles is ultrasonically
treated for 30 minutes prior to alginate dosage. An alternative method that
might prevent the formation of these agglomerates could be ball-milling, which
is frequently used to fabricate spinning mixtures involving inorganic particles
[31–35].
A second hypothesis is that these deformations occur during drying of the
water swollen alginate gels. After spinning, the BIG-I fibers are stored in an
acid bath to allow full liberation of the M2+ CO3 salt, followed by rinsing with
deionized water and drying under ambient conditions. Upon further drying,
large stresses develop in the fiber that might result in deformation of the outer
wall. The degree of shrinkage depends on how well these fibers are dried. In
turn, the drying rate depends on the ambient conditions, as Figure 9.4 shows.
In this figure, the normalized longitudinal shrinkage is shown as function of
the time on the left-hand y-axis, whereas on the right-hand y-axis the relative
humidity is plotted over time. It is clear that after a short period the water
content of the fiber is in equilibrium with the surrounding air. Upon increase
of the ambient humidity, the dilation of the fiber suggests that it takes up
water. In the case of drying shrinkage would be expected. Up to now the
fibers have not been dried in a controlled environment, and conditions might
vary from experiment to experiment. Homogeneous drying under a controlled
environment might reduce the shrinkage observed during this step.
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Figure 9.4: Normalized length of a sodium alginate fiber (solid line) and the
relative humidity of the drying atmosphere (dashed line) over time.

The sodium alginate gel contains large amounts of water, and drying will cause
large changes in the dimensions of the fibers. If the changes in geometry are
too large or too fast, the structure might even deform or collapse. The structural collapse upon drying has been studied extensively for alginate-gel based
microspheres [7, 31, 36–48]. A method to fully dry the fiber, without inducing
large stresses in the fiber wall, can be based on exchanging the water for a
less bound solvent. This approach has been used previously in the drying of
sodium alginate microspheres.
Figure 9.5 shows a scanning electron micrograph of an alginate derived fiber
before thermal treatment. Figure A shows a fiber dried after a brief rinse
with deionized water after the gelation bath, figure B shows a fiber that was
rinsed with deionized water, stored in ethanol for 24 hours, and dried under
comparable conditions [49]. The difference in wall thickness is likely not the
result of the ethanol immersion, but could be a local variation in the fiber’s
wall thickness.
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Figure 9.5: A sodium alginate fiber dried directly after the gelation bath (A)
versus a fiber that was immersed in ethanol for 24 h prior to drying (B)

Fibers stored in ethanol prior to sintering show less deformations and do not
collapse that often. This suggests that solvent exchange prior to sintering could
overcome the deformations induced during drying. Another approach could
involve ethanol as co-solvent during spinning, which might limit the swelling
of the sodium alginate gel [6].

9.2.3

Perspectives on module design

At present, the quality of inorganic porous hollow fibers has advanced to a level
where further optimization of the fiber itself might not be beneficial. Major
factors that impede industrial application, such as lack of mechanical strength
and large pore sizes, have been eliminated. Ensuing challenges are the design
and construction of fiber systems/modules for large scale operation. Several
hollow fiber modules are identified:
 A single fiber, sealed with glue on one side for dead-end operation
 A single fiber, sealed with glue on two sides for cross-flow operation
 A single fiber, sealed with O-rings for dead-end or cross-flow operation
 Multiple fibers sealed with glue on both sides
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Single fiber glued on one side
Currently, the majority of modules is based on a single fiber with one end glued
into a tube, and the other end glued shut. The tube acts as inlet or outlet,
depending whether inside-out or outside-in tests are carried out. section 9.2.3
schematically shows such a module, which is operated in an inside-out fashion.
For outside-in, the inlet and outlet connections are reversed.

Figure 9.6: A schematic drawing of a single fiber module glued on one side.
The depicted module is operated in inside-out dead-end mode. For outside-in
operation, the inlet and outlet can be reversed.
In our labs, the fiber is generally potted in a 3 cm long 1⁄4 inch stainless steel
tube using a suitable glue. As outer tube, often a 1⁄2 inch metal tubing is used
and the fiber is inserted in the outer tube using a Swagelock connection (Part
no SS–810–6–4). The assembled module offers reasonable protection to the
brittle fiber and allows for quick connection of the module to, for example, a
clean water setup. These single fiber modules are excellent for quick screening
of fiber properties such as porometry, clean water fluxes or molecular weight
cutoff measurements. The major downside is the lack of support on one end
of the fiber, which might result in failure of the fiber upon rough handling. In
addition, the dead-end operation with its associated susceptibility for fouling
makes these modules impractical to study practical separations.
Single fiber glued on two sides
The method of putting a single fiber into a module has been extended by gluing
the fiber on both ends, which results in a module that is schematically shown
in Figure 9.7. A feed, permeate and retentate stream can be connected to
the module, and the module can be operated in inside-out cross-flow mode.
Variations of such a module exist, for example to allow outside-in cross-flow
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mode. In that case, a second T-piece is used to allow a feed and retentate to
flow along the membrane.

Figure 9.7: A schematic drawing of a single fiber module glued on two sides.
The depicted module can be operated in inside-out cross-flow mode.
The module is constructed in a similar way as the one-side-glued module, but
requires more care in assembling as the two ends of the fiber are easily rotated.
This results in a torsional force on the fiber which will lead to failure of the
fiber. Once assembled, the fiber is well protected and supported on both sides
and the module allows for easy connection to a membrane setup. By closing
the outlet the module can also be used in dead-end mode. Yet, the success
rate of assembling such a module is low, as fibers often break during module
assembly due to torsional forces. Circumventing the use of glue, for example
by an o-ring, would allow for fiber replacement upon failure.
Single fiber sealed with an O-ring
Gluing a fiber on both ends results in good support of the fiber on both ends,
but also limits the movement of the fiber during module assembly. In addition,
many glues have undesirable properties that result in a loss of sealing, for
instance swelling or embrittlement. Furthermore, a fiber glued into a module
is permanently fixed inside the module and can not be removed or replaced
when broken. A module has been designed based on a single o-ring sealing on
the outer side of the fiber, in such a way that torsional forces on the fiber would
be as low as possible. The module can be seen in section 9.2.3. By uni-axially
clamping the two parts together the fiber is well sealed and torsion is avoided.
The module is tested with an inorganic fiber with a pore size of 300 nm and
measuring a molecular weight cutoff for an aqueous Dextrane solution. The
MWCO value (26 000 kDa) of the system suggests that all Dextranes are retained by the fiber and that there is leakage from the feed side to the permeate
side of the module.
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Figure 9.8: (A) shows a schematic drawing with the concept of sealing the
fiber with an o-ring. (B) and (C) show the constructed module with the fiber
inserted into the module, in (C) the o-ring is clearly visible

Multiple fibers sealed with glue
In order to house multiple fibers into a single module the techniques used
for polymeric hollow fibers can serve as inspiration. Aligning multiple fibers
and gluing these into a piece of tubing is frequently done for polymeric fibers,
for example for the fabrication of dialysis modules [50–52]. This approach
is also used for inorganic fibers, Figure 9.9A shows 5 inorganic fibers glued
into a stainless steel tube, which are used for separation of olefin/parafin gas
mixtures. This shows the feasibility of the approach, but drawbacks remain.
Firstly, further scale-up is limited. When more fibers are stacked into the
bundle it becomes increasingly difficult for the glue to reach the core of the
bundle. This is seen in figure B and C, where 10+ silicon carbide fibers are
glued into a silicon carbide (Figure 9.9B) or in a PVC (Figure 9.9C) tube.
A possible solution would be the use of spacers to keep the fibers slightly
separated, but this would strongly complicate bundle fabrication.
Secondly, stacking many fibers into a closely packed bundle will inevitable result
to fracture of one or more fibers. As these fibers are not always completely
straight, and adjacent fibers might touch resulting in a point load on the fiber.
A local high force on the fiber might result in failure of the fiber, rendering the
entire bundle useless.
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Figure 9.9: Multiple ceramic fibers potted using glue into a stainless steel
tubing (A), a silion carbide tube (B), or PVC tube (C). Panel (A) is reprinted
(adapted) with permission from Faiz et al..

Thirdly, it is difficult to create a smooth cross-section after sealing of the fibers.
For polymeric fibers these glued bundles are usually cut, using a sharp knife,
to their desired length, leaving a smooth cross-section. When ceramic fibers
are used, cutting required more work often resulting in fragmentation of the
fibers used.
Fourthly, a bundle of fibers glued into a tube is not a module yet. Inserting
the module into a casing and ensuring sealing of the bundle itself into the
casing is not straightforward, as manipulation of the bundle poses a high risk
of fracturing the fibers.
Lastly, by gluing these fibers into a piece of tubing, the glue becomes the weak
link of the module, which might result in a module that is not suitable for its
intended use. Inorganic fibers are excellent in terms of thermal and chemical
resistance, contrary to most polymeric glues used to seal these bundles.

219

Glue stability
Even though inorganic fibers have a high thermal and chemical stability, this is
often not the case for the glues used to pot these fibers, making this one of the
weak points of the system. There are several factors of importance in selecting
a suitable glue;
1. The glue should be stable under operating conditions (T , P , solvents);
2. The glue should adhere properly to the material to ensure sealing;
3. The glue should be of appropriate viscosity.
With respect to the first item, most glues fail. Most polymer based glues are
unsuitable for use at temperatures in excess of 200 ◦C or elevated pressures.
In addition, a large range of glues shows swelling upon contact with various
solvents, such as toluene, acetone, or hexane. Table 9.1 shows the stability of
several commercial glues used in this thesis. The second item seems trivial, but
some glues do not completely adhere to the surface, possibly due to wetting
problems and the porous nature of the fiber. The third item can be explained
in multiple ways. A low viscosity is required for the glue to reach the core of a
bundle of fibers, but a too low viscosity results in flow of the glue. A too high
viscosity makes dispensing glue, e.g. from a syringe, impossible.
Out of the glues mentioned in Table 9.1, hot melt adhesive is used in our
laboratory to temporarily seal fibers to prevent the penetration of liquids into
the bore of the fiber, e.g. during dipcoating of an aquous solution. The major
downside of the hot melt adhesive is its lack of solvent resistance. Therefore,
when dipcoating in solvents such as hexane, often Araldite 2014-1 is used for its
better solvent resistance. The sealing capacity of Araldite 2014-1 is acceptable,
with good adhesion to porous Al2 O3 fibers.
The used poly(urethane) has a too low viscosity to be practical, as the glue
simply flows away from the interface. DW30 is a commercial cement which
as acceptable solvent resistance and is thermally resistant up to 400 ◦C. The
major downside is the low sealing capacity of the cement, which is attributed to
non-wetting of the pores, leaving a large percolative pathway along the sealing.
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Table 9.1: Overview of glue stability and applicability for various glues used in this thesis

Other sealing concepts
To add to fiber sealing by glue and o-ring, several alternative methods were
identified. To overcome the limitations of most, polymer based, glues the
use of ceramic sealants is considered. One strategy could involve using an
inorganic particle loaded polymer slurry as sealing, which is thermally treated
to remove the polymer and to sinter the inorganic particles. The main challenge
is shrinkage of the seal, which is inevitable upon removal of the polymer and
during densification of the inorganic material [54]. This would work for systems
that are thermally stable, e.g., that consist only out of inorganic materials that
sinter at elevated temperatures.
A second alternative would be to use a low temperature sinterable glass that
could be used to integrate the fibers in, for example, a glass module. Glass
modules comprising multiple fibers have been reported recently, but the production of these modules is cumbersome and requires multiple steps. Also, the
fragility of the glass module could be a concern for industrial application [55].
Close stacking of the fibers could lead to failure of individual fibers, due to
forces exerted by one fiber to another. This can be circumvented by the use
of spacers at the glue-site. A small spacer separating the fibers, e.g., 1 mm,
might be sufficient to keep the fibers separated throughout the entire module.
Another option could be based on 3D printing of a holder, which would also
allow the fibers to be stacked into a certain orientation. Additionally, the holder
could be tailored in such a way that it could simplify enclosing the bundle of
fibers by a module. Recently, solvent resistant polymers such as PEEK were
3D printed, which could also facilitate usage of such a holder under harsh
conditions [56].
Finally, for metal, or metal coated fibers, soldering of welding could be promising options in order to construct a module out of multiple fibers. Especially
for fibers that also require an electrical connection between the fiber and the
(outside) of the module this would be of interest.
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9.2.4

Perspectives on mechanical strength measurements

Detailed knowledge on the mechanical properties of inorganic porous hollow
fibers is of utmost important in the design of multi-fiber modules. Currently,
most research on mechanical properties focuses on the flexural strength of these
fibers, which gives reasonable estimates of the fiber’s mechanical integrity for
comparative purposes. In order to design a module, a more detailed mechanical
investigation is required.
During two-sided potting of a fiber, the fiber is subject to many more stresses.
Not only forces exerted on the fiber in the radial direction are importance, but
also torsional forces, pressure gradients with their resultant hoop stresses, and
the effect of flow along the fiber. Some of these forces are difficult to measure
on a fiber, whereas others are already used to quantify the strength of a fiber.
Torsional forces are found to be the largest contributing factor on potted fiber
failure.
Upon operation as a membrane, a pressure gradient over the wall of the fiber is
often used as a driving force. This gradient results in radial stresses in the fiber
that are not accounted for during, for example, a bending test. It is therefore
difficult to translate results obtained during a bending test to, for example,
the burst pressure of the fiber. Measurement of the burst pressure of these
fibers requires a high-pressure setup which is not easily accessible, but could
reveal valuable information on the mechanical properties that are relevant in
operation. On the contrary, in chapter 2 no failure was observed in SiC fibers
upon rapid pressurization up to pressures of 18 bar. This suggests that the burst
pressure of these fibers will probably be higher than what normally would be
required for most membrane processes.
What currently lacks are well-defined criteria on which the fiber’s mechanical
properties should be evaluated. This does not only depend on the specific design of the module or the sealing method used, but also strongly depends on
the acceptable probability of failure. The latter depends on the underlying
statistical model, which can only be determined by testing a large amount of
fibers for their mechanical properties. Based on an acceptable failure rate, a
design stress can be calculated which could be used for module design. Obviously, one should attempt to keep the stresses exhibited on the fiber below this
design value.
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