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Abstract 

Highly porous ceramic γ‒Al2O3 monoliths are important in many applications, e.g., 
catalysis, thermal insulation and adsorption, yet they still have a lot of unrecognized 
potential. There is a lot of incentive to employ simple and green fabrication processes for 
the preparation of such porous ceramic materials; however, many challenges, especially the 
loss of mechanical strength and rigidity due to the increase of porosity, remain unresolved. 
The presented doctoral thesis was set to establish an unconventional but genuine 
fabrication approach of highly hierarchically macro-mesoporous alumina (HMMA) 
monoliths prepared from hierarchically assembled, mesoporous AlN-powder-hydrolysis-
derived γ‒Al2O3 (MA) powder of high surface area (~180 m2/g) and mesoporosity (0.47 
mL/g).  

In the first part of the doctoral thesis, the objective was to prepare stable aqueous 
suspensions containing MA powder and to understand the suspensions’ electrokinetic, 
rheological and sedimentation properties. The evaluation of rheological and sedimentation 
behaviour of aqueous suspensions containing MA particles dispersed with sodium 
polyacrylate (NaPAA) showed their proneness to undesired sedimentation and segregation 
and were as such not suitable for further green body consolidation. Thus, two mechanisms 
of stabilization were tested in order to delay or completely prevent sedimentation and 
segregation. The addition of divalent cations (Mg2+, Ca2+) or cellulose nanofibers (CNF) 
triggered the formation of interparticle association networks in the suspensions via bridging 
flocculation. While the former only partially prevented sedimentation, in the latter case, 
long-term stability lasting more than 12 weeks was achieved.  

In the second part of the thesis the focus was shifted to the consolidation of as-prepared 
suspensions into structurally stable and highly-porous MA ceramic monoliths (or foams) 
with hierarchically distributed pores, high specific surface area, high permeability and low 
thermal conductivity. For this purpose, freeze casting (FC) was employed as a simple but 
powerful technique commonly used for fabrication of highly porous, columnar monolithic 
materials. By unidirectional freezing of aqueous suspension containing NaPAA-dispersed 
MA powder and CNF hierarchically macro-mesoporous alumina monoliths were 
successfully prepared. As-prepared, freeze-cast monoliths possessed relatively high surface 
areas (91‒134 m2/g) and high hierarchical porosity (93.1‒99.2 %). Owing to the columnar 
porosity HMMA monoliths also exhibited high permeability (k1 =2.39‒4.31×10-12 m2 and k2 

=2.23‒9.15×10-7 m) and low, anisotropic thermal conductivity ranging from 0.039 W/m∙K 
to 0.071 W/m∙K that depended on the pore orientation. Despite their high porosity, 
monoliths still displayed remarkable Young’s modulus and high compressive strengths (up 
to 52.0 kPa).  

The bridging flocculation of suspensions with divalent cations did not provide sufficient 
stability after freeze casting. On the other hand, the CNF turned out to be a superior 
nanofiller not only in terms of making MA containing suspensions stable but also gave rise 
to remarkable compressive strengths and rigidness rarely seen in green bodies of such high 
porosity.  
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The results of the thesis also showed for the first time how freeze-casting of stable 
aqueous suspensions containing MA particles can be appropriate for fabrication of 
hierarchical and highly porous HMMA monoliths that are pivotal in advancing many 
prominent applications, such as Li-ion batteries separators and inductively heated catalyst 
reactors. 
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Povzetek 

Visokoporozni keramični monoliti γ₋Al2O3 so pomembni za številne aplikacije, ki vključujejo 
katalizo, toplotno izolacijo in adsorpcijo. Kljub temu imajo še vedno veliko neizkoriščenega 
potenciala. Za razvoj enostavnih in ekološko prijaznih postopkov namenjenih izdelavi 
poroznih materialov je bilo v preteklosti že veliko pobude. Številni izzivi, zlasti slabše 
mehanske lastnosti, ki so rezultat povečanja poroznosti v monolitu, ostajajo nerešeni. 

Eden od namenov doktorske disertacije je bila vzpostavitev novega, nekonvencionalnega 
pristopa k izdelavi hierarhično poroznih monolitov iz aluminijevega oksida (HMMA) z 
visoko vsebnostjo mezo in makro por. Osnovna surovina za pripravo takih monolitov je bil 
hierarhično strukturiran mezoporozen prah γ₋Al2O3 (MA). Prah, ki je imel visoko specifično 
površino (~180 m2/g) in mezoporoznost (0.47 mL/g), je bil sintetiziran z izkoriščanjem 
hidrolize AlN prahu v razredčenih vodnih suspenzijah. 

Cilj prvega dela doktorske disertacije je bila priprava stabilnih vodnih suspenzij, ki 
vsebujejo prah MA ter razumevanje elektrokinetičnih, reoloških in sedimentacijskih 
lastnosti pripravljenih suspenzij.  

Karakterizacija reološkega in sedimentacijskega obnašanja vodnih suspenzij MA, ki so 
vsebovale dispergiran natrijev poliakrilat (NaPAA), je pokazala, da so le-te nagnjene k 
takojšnji sedimentaciji in segregaciji. Posledično niso bile primerne za nadaljnjo 
konsolidacijo in pripravo monolitov. Z namenom upočasnitve ali popolne preprečitve 
neželene sedimentacije in segregacije sta bila uporabljena dva mehanizma stabilizacije, in 
sicer dodajanje divalentnih kationov (Mg2+, Ca2+) in celuloznih nanovlaken (CNF). 
Dodatek omenjenih stabilizatorjev je sprožil nastanek meddelčnih asociacij v suspenzijah 
preko t. i. povezovalne (“bridging”) flokulacije. Medtem ko je dodatek divalentnih kationov 
le delno preprečil posedanje, je dodatek CNF sprožil dolgotrajno stabilizacijo brez opazne 
sedimentacije tudi po več kot 12 tednih.  

Poudarek drugega dela doktorske disertacije je bil na konsolidaciji ter oblikovanju 
suspenzij v visokoporozne in mehansko stabilne keramične monolite MA, ki jih lahko 
poimenujemo tudi pene. Pene so imele hierarhično porazdeljene pore, visoko specifično 
površino ter visoko permeabilnost. V ta namen je bilo uporabljeno kontrolirano 
zamrzovanje kot preprosta, a zmogljiva tehnika, ki se pogosto uporablja za izdelavo 
visokoporoznih, cevastih monolitnih materialov z odprto poroznostjo. Z usmerjenim 
zamrzovanjem vodnih suspenzij, ki so vsebovale NaPAA-dispergiran prah MA in CNF, so 
bili uspešno pripravljeni hierarhično makro-mezoporozni monoliti na osnovi aluminijevega 
oksida. Monoliti pripravljeni s kontroliranim zamrzovanjem so imeli relativno visoko 
specifično površino (91‒134 m2/g) in visoko hierarhično poroznost (93,1‒99,2 %). Zaradi 
cevaste poroznosti so monoliti HMMA imeli tudi visoko permeabilnost (k1 = 2,39‒4,31×10-

12 m2 in k2 = 2,23‒9,15×10-7 m). Usmerjena visoka poroznost je hkrati botrovala k izredno 
nizki anizotropni toplotni prevodnosti v območju od 0,039 W/m ∙ K do 0,071 W/m ∙ K, 
odvisno od orientacije por. Kljub visoki poroznosti so imeli monoliti še vedno znaten modul 
elastičnosti in spodobne tlačne trdnosti (do 52,0 kPa). 

Povezovalna flokulacija suspenzij, dosežena skozi dodatek divalentnih kationov, ni 
zagotovila zadostne stabilnosti kontrolirano zamrznjenim zelencem. Po drugi strani pa se 
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je izkazalo, da je CNF perspektivno nanopolnilo, ne le v smislu izboljšanja stabilnosti 
suspenzij, ki vsebujejo mikronske MA delce, temveč tudi botruje izjemni tlačni trdnosti in 
togosti, kakršne redko zasledimo pri visokoporoznih monolitih brez postopka sintranja. 

Rezultati doktorske disertacije so tudi pokazali, da so lahko enostavne tehnike 
oblikovanja, kot je kontrolirano zamrzovanje stabilnih suspenzij prahov MA, primerne za 
izdelavo hierarhično visokoporoznih monolitov. Le-ti bi lahko postali ključni materiali pri 
izboljšavah številnih tehnoloških aplikacij, kot so na primer separatorji litij-ionskih baterij 
in indukcijsko ogrevani katalitski reaktorji. 
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Chapter 1 

1 Introduction 

1.1 Highly Porous Ceramics 

The simplest definition of porous ceramics describes them as two-phased materials, 
where continuous gas phase or pores are dispersed in solid ceramic phase or matrix [1]. 
Pores are to some extent present in all ceramics materials. In many cases, their presence is 
undesired since they are viewed as defects and considered problematic. In several other 
cases, however, the introduction of pores is the prime focus of the ceramic material design 
[1], [2]. For quite some time the interest in porous ceramics was more focused on those that 
are classified as mesoporous and microporous materials. Mesoporous materials have pores 
in the size range 2-50 nm while microporous materials have pores with diameter below 2 
nm. The presence of such pores in ceramic materials results in enlarged surface area [3]. 
With the prospect of developing adsorbents and catalysts in the form of monoliths, the 
interest in the macroporous materials, that is materials with pore sizes above 50 nm, was 
renewed, not only among material scientists but also in the industry [4].  

Highly porous ceramic materials are ceramics with pore volume exceeding 70 % of total 
material’s volume and can be classified as cellular ceramics (with open porosity). Ceramic 
foams are a subgroup of the latter with a 3D array of voids [5]. The most commonly studied 
cellular ceramics are alumina, zirconia, titania, silicon nitride, hydroxyapatite, calcium 
phosphates and silica [6].  

In recent years ceramic foams have become increasingly important, since there are 
numerous applications where the introduction of porosity into a ceramic matrix is necessary 
[5]. Based on the type of porosity, i.e., pore size, shape and orientation, pore 
interconnectivity, homogeneity/heterogeneity of porosity [7], ceramic foams find 
applications in various fields ranging from catalysts, catalyst support, adsorption, thermal 
insulation, separation and filtration to light-weight structural components [1], [8], [9]. 
Ceramic foams are also used as bone implants, since the porous structure promotes bone 
ingrowth and at the same time ensures vascularization [5]. The applicability of a specific 
porous ceramic material for the above-mentioned applications is governed by a combination 
of intrinsic (chemical) properties of a ceramic material along with the type of incorporated 
porosity. The former includes parameters like corrosion, wear, erosion and heat resistances, 
electronic properties and biocompatibility, while the latter includes surface area, small 
weight to volume ratio (low density), good thermal insulation properties, permeability and 
low dielectric constant. [2], [7], [8]. 

Physical and structural properties of porous ceramics are strongly influenced by the 
type of porosity [6]. For example, based on the pore structure ceramic foams can be divided 
into open- and closed-pore foams [2], [10]. If the pore structure is opened, the individual 
pores are interconnected and such porous ceramics are permeable for air (or fluid) being 
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suitable as membranes, sensors and majority of catalytic systems [5], [8], [10]. In the case 
of a closed-pore structure the fluid cannot flow freely through a material. Consequently 
such porous ceramics are more suitable for applications where the fluid transport is not a 
prerequisite, such as thermal insulation materials [10]. However, the presence of porosity 
decreases material’s strength, thus the main function of porous materials is seldom of 
structural nature. In many applications a high mechanical stability is required and often a 
compromise between strength and degree of porosity must be made [5]. Hence, the 
characterization of the mechanical properties of porous ceramics is of prime importance 
[11]. Still, the presence of pores, though deteriorating mechanical properties, can, if 
carefully tailored, result in a material with unique mechanical properties, which cannot be 
achieved in dense ceramics [8]. An example of such mechanical property is plastic 
deformation and collapse of structure in ceramic foams during compression, which makes 

porous ceramics superior in absorption of impact energy [12]. 

1.2 Fabrication of Highly Porous Ceramics  

Porous ceramics possess a wide range of functional properties for many applications, but 
there are some (micro)structural requirements [11]. In order to control the microstructure  
and ceramics’ properties, a variety of fabrication routes were developed, since no single 
processing technique is flexible enough to enable preparation of all the structural variants 
[6], [7]. The routes can be roughly divided into four groups, where each group consists of a 
number of variations of a basic process [7]. These general approaches are: (i) partial 
sintering, (ii) replica templates, (iii) sacrificial fugitives, and (iv) direct foaming [7], [8].  

(i) Partial sintering is the most frequently used technique for the preparation of 
porous ceramics and enables preparation of homogeneously distributed pores with narrow 
size distribution [8]. The size of the pores is controlled by the particle size of the starting 
ceramic powder. On the other hand, material’s porosity depends on the sintering 
conditions, where with increasing forming pressure, time and temperature of sintering, the 
final porosity decreases [8]. However, this approach is not suitable for the preparation of 
cellular ceramics since the final porosity is in most cases below 50 % [8].  

(ii) Replica template approach is one of the oldest approaches for the fabrication of 
porous ceramics. It relies on impregnation of a highly porous replica structure with a 
ceramic slurry [7], [8]. Various synthetic or natural cellular replica templates can be used. 
The most commonly used are porous polymeric sponges, for example polyurethane [8]. 
When the ceramic slurry-impregnated template is dry, the organic phase is burnt out. The 
remaining ceramic layers in contact are sintered and the pores remain in the shape of 
replica template [7], [8]. As a result, highly porous ceramics (90 %) with interconnected, 
open-pore structure and large pore sizes are obtained [6], [8]. The pore sizes range from 
several hundred micrometers up to a few millimeters [8]. The main drawback of this 
technique is the polymer burning-out phase during which cracking of ceramic struts can 
occur. This process can diminish the mechanical properties of the final ceramics [7]. A 
precise control over ceramic slurry’s viscosity is required to obtain a uniform ceramic layer 
covering the template’s walls [8]. Irrespective of these challenges, the replica template 
technique is largely used in industry for the preparation of filters for molten metals [7]. 

(iii) Sacrificial fugitive technique is based on the addition of sacrificial additives to a 
ceramic powder, with the former acting as a pore forming agent [8]. In a thermal treatment 
the sacrificial fugitive is removed and in its place the pores are created. The sacrificial 
agents are commonly in the form of polymer beads or organic fibers. Other materials such 
as graphite, salicylic acid and liquid paraffin are also used [8]. The shape and size of the 
sacrificial fugitive determines the size and shape of pores, while its content controls the 
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final porosity of a material. This technique enables preparation of ceramic foams with pore 
volumes in the range of 70 to 80 %. The technique is particularly useful for the preparation 
of materials with open porosity [8]. It also enables preparation of materials with closed 
porosity. The nature of final porosity depends on the quantity of the sacrificial fugitive 
added [7]. Yet the challenges of this approach should not be overlooked. The sacrificial 
template must be homogeneously mixed with ceramic powder in order to obtain uniform 
pore distribution. The pyrolysis is then used to remove the pore-forming fugitives, which 
can result in harmful, vaporized by-products. Pyrolysis is a long-termed, energy-consuming 
process. It is challenging for materials with lower porosities or more closed-pore structure 
[1], [8]. 

 (iv) Foaming technique is based on mechanical agitation of a ceramic slurry by (in 
situ) incorporation of gases [7], [8]. The critical step in foaming is stabilization of gas 
bubbles, also known as pickering stabilization to prevent fusion of the latter and the 
formation of larger pores. A variety of novel techniques have been developed for 
stabilization [8]. The slurry containing bubbles is dried and sintered to obtain porous 
material [8]. The porosity of a ceramic foam can be as high as 95 % with the pore sizes 
ranging from 10 micrometers up to a few millimeters [8], [13], [14]. However, the pore size 
distribution can be very wide. Commonly the difference between the smallest and the 
largest pores in a single foam is more than ten folds [14], [15]. The pore structure of a 
foamed ceramic is usually less open than in the case of the replica template approach [7]. 
The foaming process is thus more suitable for the preparation of materials, where more 
closed porosity is desired, for example in thermal insulation applications [6].  

In the last couple of decades efforts have been invested into development and 
improvement of new processing approaches for the preparation of cellular ceramic 
materials, which would enable better control over the pore structure and lead to a 
considerable improvement of material’s properties [8]. Some of these new approaches are 
freeze-casting (sacrificial fugitive approach) and wood ceramics (replica template approach) 
[6], [8]. 

1.3 Freeze-Casting 

Freeze-casting (FC) also known as ice-templating [11] is an efficient and cost-effective 
technique for the preparation of highly porous ceramic materials. It enables tailoring of the 
pore structure [16]. The materials prepared possess a wide range of porosities ranging from 
25 to 90 % [17], [18]. Ceramics with even higher porosities were also reported [19], [20]. FC 
is used for the preparation of macroporous ceramics, but there are also a few studies 
demonstrating the preparation of ceramics with hierarchical porosity, that is combining 
macro and microporosity [21], [22] or macro and mesoporosity [20], [23], [24]. 

FC is essentially a variation of the sacrificial fugitive approach [8], whereas the only 
difference is in using ice crystals during freezing instead of polymer beads. FC has been 
one of the most studied processes in recent years [8], [17], [25]. Likewise, the number of 
potential applications for as-prepared ceramics and other materials grew significantly. 
Among proposed applications are batteries, supercapacitors, variety of sensors and 
biomaterials, with the latter being the most predominantly investigated application [17].    

A major advantage of this technique is its universality. It can be used for consolidation 
of metals, ceramics and polymers [17] as well as their combinations [19], [20], [26]. However, 
FC is still the most widely used for the preparation of porous ceramics. Mostly used ceramic 
systems are alumina, hydroxyapatite, yttria-stabilized zirconia, titanium dioxide, mullite 
and others [17], [18]. FC technique was initially developed using water as a dispersion 
medium [18]. Yet in later years, a few alternative mediums such as camphene and tert-
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butanol were also used in order to further modify the pore structure [16], [17]. Another 
major advantage of FC is the fact that macropores are formed from a dispersion medium, 
which eliminates the burn-out step of pore-forming organics added as a sacrificial fugitive 
or replica template. This benefit is especially appealing for the field of biomaterials, where 
thermally unstable compounds like enzymes and similar biologically active molecules are 
used [11]. 

FC technique is based on a solidification of a slurry through freezing. It is crucial that 
a stable slurry, not prone to sedimentation or segregation, is prepared. This slurry is poured 
into a PTFE mold, or similar, that acts as a thermal insulator and container, and then is 
frozen (Figure 1.1). During freezing, liquid dispersion medium is transformed into solid 
crystals creating the so-called solidification or freezing front. Growing crystals in the 
freezing front reject any other particles present in the slurry. The particles are entrapped 
and concentrated between individual crystals, forming solid walls [17], [18]. After the slurry 
is completely frozen, the dispersion medium is sublimated in the freeze-drying process 
operating at low temperature and under reduced pressure. After freeze-drying, the ceramic 
green body is obtained. Sintering is then employed in order to consolidate and densify the 
ceramic particles which form the pore walls [18]. Both green body as well as sintered 
monolith possess a pore structure that replicates the shape of the frozen solid crystals [17], 
[18].  

The pore structure obtained by FC can be homogeneous (random) or heterogeneous 
(directional) depending on the freezing mode which is either isotropic or anisotropic, 
respectively [16], [18]. Depending on the freezing mode, the microstructure of as-shaped 
monoliths thus varies greatly. The microstructure is generally quantitatively described for 
both types by total porosity, pore size, thickness of the pore walls and the structure 
wavelength. The  structure wavelength represents an average width of a single pore and 
its adjacent wall [27]. However, when the structure is anisotropic, pore and wall sizes are 
generally described in the terms of width, while for isotropic structure, sizes are given in 
terms of a diameter [17]. 

To obtain a homogeneous structure with non-aligned porosity, isotropic FC must be 
carried out, as illustrated in Figure 1.1A [17]. In this variation of the FC process, slurry is 
poured into a thermally insulating mold and put into a freezer. There is no directional 
thermal gradient so the nucleation occurs at random sites throughout the entire slurry. 
Consequently the crystals grow in random directions with no preferential growth observed 
(Figure 1.1A) [17]. The pore structure of green and sintered porous ceramic bodies is more 
or less isotropic [17] ranging from closed, equiaxed pores [28] to a more open-pore, reticular 
structure [29].  
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Figure 1.1: Illustration of the consolidation steps of (A) an isotropic freeze-casting and (B) 
a unidirectional freeze-casting of aqueous ceramic slurries. 

On the other hand, aligned or directional porosity is obtained by anisotropic FC of 
slurries (Figure 1.1B). It is most commonly unidirectional meaning the slurries are cooled 
vertically from the bottom to the top. This variation of FC is much more widely 
implemented and researched than the isotropic variation [17]. In a typical FC set-up for 
unidirectional freezing, the mold is in the shape of a hollow cylinder or a similar shape 
composed of thermally insulating material. The mold is placed on top of a thermally 
conductive material (copper rod), which is immersed in cooling medium (liquid nitrogen or 
dry ice). The temperature at the upper surface of the copper rod directly affects the rate 
of freezing and is controlled with the help of a heating ring coupled to a thermocouple. A 
typical freeze-casting set-up for unidirectional freezing is illustrated in Figure 1.2. 
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Figure 1.2: Illustration of a setup for the unidirectional freeze-casting process. 

On rapid cooling of the copper rod vertical thermal gradient is induced in the slurry 
causing nucleation and directional growth of the freezing front [17] as illustrated in Figure 
1.1B. The most commonly observed anisotropic pore structures are lamellar, dendritic and 
honeycomb [17] (Figure 1.3), although some other shapes such as columnar [30], [31] and 
needle-like [32] were also reported.  

The pore structure obtained by directional FC process causes anisotropy of material’s 
properties regardless of its shape. The influence of anisotropy is especially noticeable in 
mechanical properties [11]. However, anisotropic pore structure also results in anisotropy 
of some other functional properties such as thermal conductivity, permeability, 
piezoelectric properties and electric conductivity [11], [25]. 

1.3.1 Processing parameters 

FC is a very flexible technique enabling the preparation of porous (ceramic) materials with 
a wide variety of pore volumes, pore sizes, morphologies and orientations. To obtain a 
material with desired porosity an appropriate slurry formulation such as type of dispersion 
medium, solid volume fraction, additives and size of ceramic particles, as well as 
appropriate freezing conditions must be carefully chosen [18]. Determination of the 
appropriate processing parameters for FC of a given system is challenging, but some general 
trends can be observed [11]. 

Many parameters influence the total porosity and pore structure of the freeze-cast 
materials. One should not overlook the most important processing parameter, which is 
slurry’s stability. Stability should be carefully controlled to prevent sedimentation and 
segregation effects throughout the entire duration of the freezing process, since both cause 
non-homogeneous structure, i.e., unequally distributed density and porosity, which lead to 
different properties across the final material [16], [18].  
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1.3.1.1 Dispersion medium 

A suitable dispersion medium must have an appropriate freezing temperature, and high 
vapor pressure to enable sublimation under acceptable conditions [18]. In FC, three 
dispersion mediums are commonly used; these are water, tert-butanol and camphene. 
Water is the most widely used dispersive medium in FC [18]. Tert-butanol and camphene 
are less commonly used, although more literature exists, where the former is used [17].  

The choice of dispersion medium affects the pore morphology evolution [18], as shown 
in Figure 1.3, where different anisotropic pore structures are illustrated. When aqueous 
ceramic slurries are unidirectionally frozen, in most cases lamellar porosity is obtained [31], 
[33]–[35]. Anisotropic lamellar structure consists of plate-like ceramic walls with lamellar 
channels between them aligned parallel to the freezing direction [18]. Lamellar structures 
are usually observed and represent around 60 % of all reported anisotropic FC structures 
[17]. When lamellas exhibit tree-like branching in the form of dendrites, we speak about 
dendritic pore shapes (Figure 1.3B) [17]. Such structures are characteristic for materials 
prepared by a directional FC of camphene-based slurries [36]–[40]. 

The third anisotropic pore structure encountered is a honeycomb structure, where pores 
in the shape of hexagonal columns can be observed (Figure 1.3C) [17]. One of the possible 
ways of obtaining a ceramic honeycomb structure is to disperse the ceramic particles in 
tert-butanol [41]–[43].  

 

Figure 1.3: Illustration of different types of (anisotropic) structures formed during 
unidirectional freezing of slurries prepared with different dispersion mediums [17]. 

1.3.1.2 Solid volume fraction 

Volume fraction of ceramic powder in a slurry has the highest impact on the amount of 
final porosity. Higher solid volume fraction lowers the amount of dispersion medium that 
transforms into pores [11], [18]. This direct correlation is observed for all dispersion 
mediums [11]. However, an enormous scattering of final porosities values can be observed 
for a single solid volume fraction. For example, with volume fraction of 20 % materials 
with porosities ranging from 25 to 80 % were reported [11]. Therefore, a number of other 
parameters must also be tuned to obtain a desired final porosity.  

In the FC process, moderate solid volume fractions are generally used, ranging from 10 
to 40 vol% [11], [18]. When volume fractions outside of this range are used, two problems 
arise: i) lower volume fractions result in green bodies with low strength [11], ii) solid volume 
fractions exceeding 40 vol% increase the viscosity resulting in atypical pore morphologies 
[11]. At high volume fractions, particle redistribution is extremely hindered, and the 
crystals cannot grow continuously along the direction of the temperature gradient [11], 
[27].  
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1.3.1.3 Properties of ceramic powder 

The properties of ceramic powder, for example particle size and size distribution, particle 
shape and surface roughness, influence the outcome of the FC process. Each property 
modifies the pore structure to a different extent, but the influence of particle size is the 
most commonly discussed [18]. It has been reported that the anisotropic pore morphology 
is less likely to disappear at higher freezing rates when slurries with smaller ceramic 
particles are used [44]. The same study also demonstrated that with smaller particles well 
defined, dense lamellar walls were obtained, while bigger particles resulted in walls (or 
struts) with higher porosity. 

1.3.1.4 Additives 

Inclusion of certain additives during slurry preparation is necessary for a successful 
performance of the FC process. These additives are of organic nature, such as 
polyelectrolytes, which are used as dispersants or a variety of binders which prevent the 
freeze-cast green bodies to collapse during the freeze-drying stage [11], [18].  

 Additives represent from 5 to 10 % of the solid fraction and can help in the formation 
of meso- or microporosity. However, the majority of these pores are then removed together 
with all of the organic matter during the sintering step [11].   

Additives also affect the shape of macropores.  For instance the addition of zirconium 
acetate [45], [46] or cellulose, polytetrafluoroethylene and polyacrylic acid [20], [47], [48] 
changed the pore structure from lamellar to a honeycomb-like ceramic structure. The same 
effect was also observed after the addition of gelatin prior to the freezing step [49], [50]. 

1.3.1.5 Freezing conditions 

The most critical step in determining the pore structure are the freezing conditions of the 
slurry, since they dictate the shape of the growing dispersion medium crystals. It follows 
that the majority of the porosity’s final features are created during this stage [18]. For 
example, if the freezing temperature is carefully controlled, pore channels can run 
throughout the entire length of the material, but only in the direction of the imposed 
temperature gradient [18]. 

Freezing conditions include parameters like non-directional or directional freezing, 
starting freezing temperature and freezing kinetics (freezing rate) [17], [18]. Each of these 
conditions has a unique influence on the pore structure. 

Freezing technique determines whether the pore structure will be non-directional or 
directional. The former is achieved when slurries are frozen without an imposed 
temperature gradient, resulting in pore structures with no specific orientation or long-range 
order. Directional pore structure is on the other hand obtained with temperature-gradient-
imposed freezing. Directional freezing yields pore structures oriented along the direction of 
the temperature gradient [18]. 

The starting and the final freezing temperatures have little effect on the pore structure 
and are roughly dictated by the choice of the dispersion medium [18]. Aqueous ceramic 
particle slurries are solidified (frozen) at temperatures below 0 °C, while tert-butanol and 
camphene are solidified at higher temperatures, around  8 °C and 50 °C, respectively [18].   

Freezing rate is a kinetic parameter with a major role in the determination of the final 
pore structure. The freezing rate is controlled by a heating ring placed beneath the top of 
a copper rod (Figure 1.2) or the type of coolant used (liquid nitrogen or mixture of 
ethanol/dry ice). With increasing freezing rate, the speed of freezing front’s growth 
increases. This leads to a faster growth of crystals resulting in a finer crystal structure, 
which further leads to a finer microstructure of resulting pores. For example, thinner cell 
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walls and considerably narrower channels are obtained at higher freezing rates [51] as seen 
in Figure 1.4. 

 

Figure 1.4: SEM images of freeze-cast zeolites frozen at 0.5 °C/min (A) and 5 °C/min (B). 
Images are adopted from Ojuva et. al. [22]. 

It is important to know that in a unidirectional FC process the freezing front velocity 
decreases with increasing the distance from the freezing surface. As a result, wall thickness 
and pore size may vary with the monolith height [52], [53]. 

1.3.1.6 Sintering conditions 

Sintering is a final stage of the consolidation of FC body, where ceramic particles in the 
struts/walls are densified leading to an increase of the strength of the freeze-cast porous 
ceramics. However, the densification of ceramic walls also means that micro- and mesopores 
are removed. Consequently, only macropores created by a frozen dispersion medium 
(crystals) remain in the microstructure [18].    

Conventional sintering techniques are applied for freeze-cast green monoliths, since their 
strength is too low to allow the use of pressure-assisted sintering techniques [18]. The effects 
of sintering on the final porosity are yet to be systematically studied, where the mechanism 
leading to monolith’s shrinkage still need to be determined [18]. Additionally, optimization 
of sintering conditions offers some control over the pores and over the density of sintered 
material [21]. 

1.4 Stabilization of Particles in Aqueous Media 

Aqueous suspensions are heterogeneous systems consisting of a water phase in which solid 
particles are dispersed. When these particles are in a sub-micron size region (1 – 1000 nm) 
the system is referred to as colloid suspensions. In principle, these particles are too small 
for their mass to be pulled by the gravitational force and such systems are able to resist 
the sedimentation in longer time periods and thus remain homogenious over longer time 
periods. On the other hand, in suspensions containing larger particles, exceeding diameter 
of 1 μm, the gravitational pull on the particles is considerable and such systems undergo 
sedimentation.  

When a ceramic particle is immersed in a polar liquid such as water, a charge is formed 
on its surface. There are many mechanisms for the development of surface charge, like ion 
adsorption, ion dissolution and ionization of surface groups, e.g., carboxyl groups (‒
COOH), amine groups (‒NH2), sulfonic acid groups (‒SO3H) and hydroxyl groups (‒OH) 
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[54]. For example, in the case of metal-oxide ceramic materials, the surface groups 
ionization is the prevailing mechanism of surface charge formation [55]. The hydroxyl 
groups on the particles surface in contact with water either become protonated or 
deprotonated depending on the pH and develop surface charge according to the following 
reactions [56]: 

𝑀 − 𝑂𝐻 + 𝐻+        𝑀 − 𝑂𝐻2
+    (1.1) 

𝑀 − 𝑂𝐻 + 𝑂𝐻−         𝑀 − 𝑂− + 𝐻2𝑂        (1.2) 

Controlling the behavior of suspensions, such as their stability, is an important 
industrially relevant scientific field [57]. Dispersed particles are considered stable when the 
agglomeration is prevented or at least prolonged [58]. Stability depends on the balance 
between short-range Van der Waals forces, which are always attractive between like-
particles [59] and repulsive forces. When the former prevail over the latter, flocculation or 
coagulation occurs, which leads to particle agglomeration causing formation of clusters [60]. 
On the other hand, when repulsive interactions prevail (kinetically), stable suspensions are 
obtained [61].  

Sedimentation is another process that must not occur in order for a suspension to be 
considered stable. Sedimentation causes unequal distribution of solid phase throughout the 
dispersion medium, leading to a non-homogenous system. This parameter must however 
be controlled only in suspensions, since sub-micron particles in colloid suspensions are not 
affected by the gravitational pull due to their small size. 

Stability of particles dispersed in a polar media governed by the relationship between 
the attractive Van der Walls forces and the repulsive electrostatic interactions is predicted 
by the DLVO theory. The theory is named after its authors Derjaguin, Landau, Verwey 
and Overbeek [57], [60]. DLVO theory is widely accepted as the foundation of the modern 
colloid science [57], [59], though it should be emphasized that the DLVO theory has been 
developed for diluted systems. Therefore, if DLVO theory is applied to a concentrated 
system, some modifications should be made [60].  

Van der Walls forces are always present between dispersed particles and occur due to 
the (high) positive Gibbs energy of the interfaces. On the contrary, the repulsive forces 
have many origins such as electrostatic potential, steric barrier or a combination of both 
[59], [61], [62].  

The repulsive forces can be modified through suspension’s parameters such as pH, ionic 
strengths or addition of surface-active agents. These modifications are exploited as a way 
of suspension stabilization. There are three main approaches for stabilization, namely, 
electrostatic stabilization, steric stabilization and electrosteric stabilization. 

1.4.1 Electrostatic stabilization (DLVO theory) 

Electrostatic stabilization is based on the development of a charge on the surface of a 
particle dispersed in a polar medium. Due to this charge a reorganization of ions in the 
dispersion medium occurs in order to ensure electrical neutrality of the suspension [61]. 
Therefore, a layer of ions known as electric double layer (EDL) forms around each particle. 
EDL is composed from an excess of ions charged oppositely as the particle surface and a 
deficiency of ions carrying the charge of the same sign [61], [63]. The development and 
composition of EDL is described in detail in Appendix C.2. Here only a quick overview is 
given. As the name indicates, EDL is composed of two layers: Stern layer and diffusive 
layer. The Stern develops right next to the particle surface and consists of ions that are 
assumed to be immobilized [64]. On the other hand, the diffusive layer consists of the inner 
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part where ions are also assumed to be immobilized and the outer part where ions are 
mobile. The inner and outer part of diffusive layer are separated by a sharp boundary 
named slip plane [65]. The potential on the surface of particles cannot be measured, while 
the potential on the slip plane, known as zeta potential (ζ), can be successfully determined 
[59], [65].  

Since like-charged particles repel each other, a generation of a surface charge of 
sufficient magnitude should in principle prevent particle agglomeration. Zeta potential can 
thus be used as a tool for the estimation of surface charge that can reflect on the suspensions 
stability [66]. A general rule states that when the value of zeta potential exceeds ±30 mV, 
dispersed particles repel each other enough to prevent agglomeration. Such suspensions are 
considered stable [67], [68]. The charge on the particles surface can be modified by several 
factors. The most commonly used one is a change of suspension’s pH, hence enabling the 
control over suspension’s stability. 

The original DLVO theory was developed for electrostatically stabilized systems. It 
combined the Van der Waals attraction potential (GA) with the electric double-layer 
repulsion potential (GE). The change of the total energy of interaction (GT) with the 
interparticle distance (h) is shown in Figure 1.5 [57], [60]. This curve describes the 
conditions of suspension’s (in)stability [57]. 

 

Figure 1.5: Schematic representation of the potential energy‒interparticle distance curves 
(GT‒h), showing the variation of the Van der Waals potential energy (GA), the electric 
double-layer repulsion potential (GE) and the total potential energy (GT) with interparticle 
distance (h) according to the DLVO theory. 

According to the DLVO theory, the total potential energy of interaction between two 
particles (GT) is determined by the sum of GE and GA at all interparticle distances as 
represented by Equation 1.3 [57]: 

𝐺𝑇 = 𝐺𝐴 + 𝐺𝐸     (1.3) 
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As can be seen from Figure 1.5, the double layer repulsion potential GE shows an 
exponential decay with an increasing interparticle distance, approaching zero at large 
particles separations [57]. The exponential function order depends on the properties of EDL 
[60]. 

On the other hand, the function describing the negative potential occurring due to the 
attractive Van der Walls potential (GA) exhibits an inverse power-law dependence from 
the particle distance. Its strength is a function of the Hamaker constant of matter 
(particles) and the dispersion medium [59]. As can be seen from Figure 1.5, Van der Waals 
force becomes significant at short interparticle distances (≤10 nm), where the potential 
energy reaches large negative values [57], [60]. However, unlike GE, GA does not reach zero 
even at long interparticle distances [57].  

The form of the total potential energy (GT) - interparticle distance (h) curve shown in 
Figure 1.5 exhibits one maximum (Gmax) and two minimums (Gprimary and Gsec). The 
maximum occurs at intermediate distances and is also referred to as the energy barrier [57]. 
The higher the value of the energy barrier Gmax, the higher the force needed for the particles 
to overcome it and fall into primary minimum. The consequence is the transition from 
dispersed state to the strongly flocculated state (Fig. 1.5). A general rule is that if particle 
flocculation is to be avoided, this barrier should be higher than 25kT (kT stands for thermal 
energy of a particle, where k is the Boltzmann constant and T the temperature) [57], [69].  

The value Gmax depends on the value of surface potential and the concentration and 
valency of the ions in the suspension. With increasing electrolyte concentration, EDL starts 
to compress resulting in a reduction of GE. As a consequence, Gmax also starts to decrease. 
When the value of Gmax eventually becomes lower than 5 kT, a slow flocculation starts. 
However, if the energy barrier entirely disappears, a rapid flocculation occurs [60], [70]. 
The former occurs when GE is so low that the value of GA exceeds it. Regardless of the 
electrolyte concentration, Gmax will always decrease if the electrolyte valency is increased. 
In order to prevent flocculation of electrostatically stabilized particles, the value of zeta 
potential should be increased above the absolute value of 40 mV and the concentration of 
electrolyte (preferably with the valence of 1) should be decreased below 0.01 mol/L [57].  

The primary minimum (Gprimary) occurs at very short interparticle distances. It is much 
deeper as the shallow secondary minimum (Gsec) occurring at larger particle separations 
[57]. The latter occurs because at large interparticle distances GA decays much slower than 
GE. The depth of Gsec depends on the shape and size of dispersed particles and the Hamaker 
constant [57], [60]. Electrolyte concentration also affects the depth of the secondary 
minimum, namely the higher the electrolyte concentration, the deeper the minimum [60]. 
Under specific conditions this secondary minimum can become sufficiently deep (reaching 
2-20 kT units) to enable weak flocculation of the suspension [57], [59]. Unlike strong 
flocculation, the former is reversible. By changing suspension parameters, for example, 
diluting the electrolyte concentration, can increase the GE and the particles return back to 
the dispersed state. 

If interparticle forces in an electrostatically stabilized system are carefully controlled 
through parameters such as pH, electrolyte concentration and electrolyte valency, 
suspensions can be prepared in three forms as depicted in Figure 1.5. One is a strongly 
flocculated state, where particles form “touching” aggregates. The second is a dispersed 
state, where particles repel one another on close approach thus existing as individual 
entities. The last is a weakly flocculated state, where particles are connected into loosely 
aggregated flocs or particle networks that can be readily broken under sufficient stress 
(yield stress) [59].   
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1.4.2 Steric stabilization 

The steric stabilization is based on the adsorption of organic molecules such as long polymer 
chains on the surface of dispersed particles [70]. These molecules, when adsorbed, represent 
a steric barrier preventing particles to approach each other on a close enough distance 
where attractive Van der Waals forces would operate to trigger flocculation.  

In order to achieve adequate steric stabilization, a couple criteria must be met. Firstly, 
the adsorbed layer must be sufficiently thick (at least 5 nm) and dense enough to 
completely cover the particles surface. Any “bare” zones can cause flocculation [57], [59]. 
Secondly, the polymer must be strongly adsorbed on the particle surface [57]. Thirdly, the 
chains must be highly soluble and solvated by the dispersion medium [57], [70]. 

The DLVO theory was later extended to also explain the origin of stability resulting 
from adsorption of polymer chains [57]. When steric forces are combined with Van der 
Waals attraction forces, a modified version of the classical DLVO potential energy – 
interparticle distance curve is obtained [57]. The modified GT‒h curve for sterically 
stabilized systems is shown in Figure 1.6. It can be seen that the shape of GT curve differs 
significantly from the shape of the GT curve predicted by the original DVLO theory. 

 

Figure 1.6: Schematic representation of the potential energy‒interparticle distance curves 
(GT‒h) according to the extended DLVO theory for sterically stabilized particles. δ 
represents thickness of the adsorbed layer, Gmix the variation potential energy of the mixing 
interactions and Gel the variation of free potential energy of interaction with the 
interparticle distance. 

When two particles with an adsorbed polymer layer of thickness δ come to an 
interparticle distance of twice the thickness of the adsorbed layer (2δ) or less, polymer 
layers interact with each other causing the repulsive steric interactions [57], [59]. In the 
interaction zone, a local increase in the density of the polymer chains occurs. The result is 
a strong repulsion described by the potential energy of the mixing interactions curve (Gmix) 
[57]. The latter curve increases very steeply when interparticle distance becomes smaller 
than 2δ. 

Due to the overlapping (or compression) of polymer layers, the volume available to an 
individual chain decreases. This volume restriction results in a repulsive interaction 
described by the free potential energy of interaction (Gel) [57]. Similar as Gmix curve also 
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Gel curve increases abruptly when particles come too close together. However, unlike in the 
former case, this distance must be shorter than the thickness of a single adsorbed layer (δ) 
[57]. 

The sum of contributions of Gmix and Gel is referred to as the potential energy of steric 
interaction GS (Equation 1.4): [57] 

𝐺𝑆 = 𝐺𝑒𝑙 + 𝐺𝑚𝑖𝑥           (1.4) 

If the potential energy of steric interaction GS is combined with the attractive Van der 
Waals potential GA, the total energy of interaction GT is obtained (Equation 1.5): [57] 

𝐺𝑇 = 𝐺𝑆 + 𝐺𝐴              (1.5) 

GT‒h curve exhibits a steep increase when h < 2δ, due to the repulsion forces occurring 
as a consequence of the overlapping of adsorption layers [60]. At distances of few tens of 
nanometers, the Van der Waals forces are still relatively weak [60]. 

Unlike the curve illustrating the GT‒h relationship predicted by the original DLVO 
theory, the curve describing the GT‒h relationship in a sterically stabilized system has only 
one (shallow) minimum (Gmin). The latter occurs at interparticle distances slightly larger 
than 2δ, with the depth usually not exceeding a few kT units [57], [60]. The depth of Gmin 
is determined by three parameters: particle size (radius), Hamaker constant and thickness 
of the adsorbed layer. If the latter is decreased by decreasing the molecular weight of the 
stabilizing chains, the Gmin will increase [57]. For example, calculations have shown that if 
polymers with a high enough molecular weight are used, the Gmin will be shallow to the 
extent of not being visible on the GT‒h curve. Such suspensions approach thermodynamic 
stability. On the other hand, if the molecular weight is so low that the layer thickness falls 
below 5 nm, the Gmin will be deep enough for the weak flocculation to occur [57].  

1.4.3 Electrosterical stabilization 

Electrosterical stabilization is the third most common type of stabilization. The repulsion 
between two particles is caused by the sterical hindrance as well as the electrostatical 
repulsion [59]. It is achieved by adsorption of polyelectrolytes, which are charged polymeric 
species containing at least one type of ionizable group [60], [71]. This group can be either 
cationic, for example amino (‒NH3) groups, or anionic, for example carboxylic (‒COOH) 
or sulfonic (‒SO3H) acid groups [59], [72]. Polyelectrolytes with only one type of ionizable 
group are known as homopolymers, for example polyacrylic acid (PAA), while in the case 
of polyelectrolytes containing several different types of ionizable groups we are speaking 
about block copolymers [59]. In adsorption, a general rule applies that the negatively 
charged polyelectrolytes adsorb on positively charged particle surface and vice versa [59]. 
Yet some polyelectrolites can also attach on the surface where the predominate charge is 
of the same sign [56]. For example, adsorption of PAA on the negatively charged surface 
of alumina particles [72], [73].  

The shape of the GT‒h curve for electrosterically stabilized particles is shown in Figure 
1.7. Here the total energy of interaction (GT) is given by Equation 1.6: 

𝐺𝑇 = 𝐺𝐸 + 𝐺𝑆 + 𝐺𝐴             (1.6) 

The GT‒h curve possesses one shallow minimum (Gmin) at larger interparticle distances 
and one poorly defined maximum (Gmax) at intermediate distances. The latter arises due to 
the electrostatic type of interactions. At small interparticle distances a steep increase of GT 
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can be observed as a contribution of steric interactions. Essentially the GT‒h curve for 
electrosterically stabilized particles is a combination of the features of GT curves for 
electrostatically and sterically stabilized systems [60]. 

 

Figure 1.7: Schematic representation of the potential energy‒interparticle distance curves 
(GT‒h), according to the extended DLVO theory for electrosterically stabilized particles. 
GE represents the variation of electric double-layer repulsion potential and GS the variation 
of potential energy of steric interaction with the interparticle distance. 

When exploiting polyelectrolytes for stabilization of ceramic particle suspensions, the 
influences on their stabilization capacity should be considered. Stabilization capacity is 
mainly a function of the polyelectrolyte chains conformation, but other parameters such as 
the strength of adsorption and the adsorption density also play a significant role. A 
polyelectrolyte chain has many possible conformations, with a coiled (compact) and an 
extended (open) conformation representing the two borderline possibilities [59], as 
illustrated in Figure 1.8. With the change in the chain conformation the thickness of the 
adsorbed polymer layer (δ) also changes. The lowest δ is obtained for the coiled 
conformation. Aside from the chains conformation, the adsorbed polymer layer thickness 
is also determined by the polyelectrolyte’s molecular weight [57]. 

 

Figure 1.8: Illustration of the influence dispersion medium’s ionic strength and pH have on 
the conformation of negatively charged polyelectrolyte chains adsorbed on the particle 
surface. 
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The conformation of polyelectrolyte chains depends on pH and ionic strength of the 
dispersion medium [59]. At high ionic strengths the charge on polyelectrolyte chains is 
shielded by the ions present in the dispersion medium. Due to the lack of repulsion between 
like-charged groups on the polyelectrolyte chains, the conformation of the latter changes 
from extended to coiled.  

A similar effect can be observed with the change in the pH value. For an anionic 
polyelectrolyte the degree of ionization (deprotonation) is low at acidic pH values and high 
in the alkaline pH region. The opposite trend of pH dependence can be observed in the 
case of cationic polyelectrolytes. In both cases at low ionization the lack of charged groups 
and the repulsion between same-charged species result in a coiled chains conformation. 
With varying the pH value, the degree of ionization can be increased and the polyelectrolyte 
chains will unfold [59]. An extended, charged polyelectrolyte conformation provides both 
the electrostatic and steric stabilization. Hence, the suspension’s pH and ionic strength 
should be carefully monitored to obtain the highest possible level of stabilization [59].    

Another aspect when using polyelectrolyte stabilization that has to be considered is the 
amount of added polyelectrolyte. When the added amount is insufficient, polyelectrolytes 
can adsorb on more than one particle resulting in the formation of agglomerates via the 
phenomena known as bridging flocculation [59]. On the other hand, an excessive amount 
of added polyelectrolyte can have adverse effects on the suspension’s rheological properties 
[59], [74]. 

The three above-mentioned stabilization mechanisms are highly efficient in endowing 
the colloid suspensions with required stability. In such suspensions, particle agglomeration 
and subsequent sedimentation are prolonged over extended time periods. The former is 
however not true in the case of suspensions, which contain micron-sized particles.   

1.4.4 Sedimentation behavior of aqueous suspensions 

In the case of suspensions containing sub-micron particles (colloid suspensions), 
gravitational pull on the particles is negligible and cannot induce particle sedimentation. 
It follows that the above-described stabilization mechanisms are sufficient to prepare 
reasonably stable colloids. However, in the case of suspensions containing particles with 
sizes exceeding one micrometer, gravitational pull on the particles is considerable and can 
cause fast sedimentation rates. In such cases, additional stabilization mechanisms can be 
employed in order to hinder gravitational pull and slow down or completely prevent 
sedimentation. 

In the past, activation of interparticle associations in the aqueous ceramic suspensions 
proved beneficial. Suspensions in which interparticle associations are triggered possess a 
type of structure or particle network capable of efficient resistance towards suspension 
sedimentation and particle size segregation. This is the most commonly achieved by a weak 
flocculation of electrostatically and electrosterically stabilized suspensions [59], [69], [75]. 
In the latter case, the existence of a Gmin (Figure 1.7) is a requirement for the onset of 
interparticle association [69]. However, when dealing with systems where particles are 
electrosterically stabilized with long polymer molecules, such as polyacrylic acid (PAA), 
this minimum no longer exists. In such suspensions, alternative approaches for the 
minimization of sedimentation should be implemented. Two mechanisms are especially 
suitable for the triggering of interparticle associations between micron-sized particles 
stabilized by long polyelectrolytes, namely the addition of multivalent cations and the 
addition of secondary fibrous phases.  
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1.4.4.1 Addition of divalent cations 

Addition of divalent (M2+) or trivalent (M3+) cations can prevent sedimentation in 
electrosterically stabilized aqueous ceramic suspensions. This phenomenon has been 
extensively studied, but its mechanism is still not entirely clear [76]–[79]. The most likely 
mechanism involves a non-covalent cross-linking, also known as (salt) bridging flocculation. 
It was proposed that two or three negatively charged groups, mostly carboxylic (R‒COO‾) 
or sulfonic (R‒SO3‾) groups, from the different polyelectrolyte chains coordinate on a 
positively charged multivalent cation as illustrated in Figure 1.9 [75]–[78], [80]–[82].  

 

Figure 1.9: Illustration of cross-linking (salt-bridging) of different polyacrylic acid (PAA) 
chains through divalent cation addition (left) or trivalent cation addition (right). 

Consequently, a network consisting of interconnected polymer chains, adhered to 
ceramic particles, is formed. The as-formed network minimizes any potential size 
segregation and decreases sedimentation rates, due to the formation of a structure able to 
resist the gravitational pull [75], [76], [80]–[82]. 

It has been reported that the presence of multivalent cations enhances the adsorption 
of polyelectrolyte chains on the surface of a ceramic particle when pH is above the particle’s 
IEP. The majority of the ceramic materials possess negative surface charge above the IEP, 
hence the adsorption of negatively charged polyelectrolytes is hindered. Multivalent 
cations, on the other hand, provide a sort of bridges between negatively charged surface of 
ceramic particles and negatively charged functional groups on the polyelectrolyte chains. 
As a result, the amount of adsorbed polyelectrolyte is increased [83]–[85].  

While in smaller amounts multivalent cations enhance the adsorption of polyelectrolyte 
on the particle surface, in higher concentrations the same cations trigger a formation of a 
3D gel network. The latter can considerably improve suspension’s resistance toward 
sedimentation, resulting in an enhanced long-term storage capacity. 

However, while the formation of a cation-polyelectrolyte network has been widely 
studied in pure polyelectrolyte-cations systems [77], [78], [86], there is a limited number of 
studies on the systems containing polyelectrolytes, cations and ceramic particles [83], [87]. 
Further studies are needed in order to better understand the benefits of this approach in 
regards to the minimization of sedimentation and consequent assurance of long-term 
homogeneity of suspensions.  

1.4.4.2 Addition of a secondary fibrous phase 

Sedimentation can also be limited if a suspension is sufficiently viscous. The addition of a 
secondary (fibrous) phase can be employed to prevent sedimentation of bigger particles 
[88]. As secondary phase polymeric agents such as cellulose or other polysaccharides such 
as latex and xanthan are usually added [88]–[91]. Especially cellulose has a long history of 
use as a rheological modifier in the food industry [92].  



18 Chapter 1. Introduction  

 The polymeric agents work as thickeners producing high zero shear rate viscosity which 
then hinders the gravitational force [90]. Aside from increasing the viscosity at zero shear 
rate thickeners also commonly work as flocculants, causing the formation of a 3D gel 
network by bridging flocculation throughout the entire suspension. As a result such 
suspensions are endowed with good resistance toward sedimentation [89], [90].   

In recent years, the interest of scientific community in nanocellulose has greatly 
increased. Nanocellulose is a type of cellulose where at least one of the material’s dimensions 
is in the nanometer range. Nanocellulose combines the beneficial properties of cellulose with 
the advantages of nanomaterials, such as high surface area, low density and improved 
mechanical properties [92], [93].  

There are three main subgroups of nanocellulose, namely bacterial nanocellulose (BNC), 
cellulose nanofibers (CNF), and cellulose nanocrystals (CNC) [94]. Different subgroups of 
nanocellulose also possess a different set of properties [92]. For example, CNF usually 
possess a cross-section diameter between 5 and 60 nm, while the length of a single fiber 
stretches from a hundred nanometers up to a several micrometers [92]. 

However, it has to be emphasized that cellulose nanoparticles have a strong tendency 
for agglomeration, due to the inter-particle interactions through surface hydroxyl groups 
[95]. Such aggregation can have undesirable effects on the properties of the final material. 
For example it can limit the mechanical reinforcement nanocellulose could provide in an 
un-aggregated form [95]. 

Yet the flocculation of nanocellulose can be controlled either by the addition of other 
polymers, which if adsorbed can provide steric stabilization [92], or by various surface 
chemical modifications [95]–[97]. Among many possible chemical modifications oxidation 
with 2,2,6,6-tetramethylpiperidinyloxyl, also known as TEMPO–oxidation, is among the 
most frequently used [96]–[98]. TEMPO–oxidation under alkaline aqueous conditions is a 
process developed by de Nooy et al. [97], which turns the primary hydroxyl group on C6 
atom into carboxylate groups (Figure 1.10). Consequently nanocellulose with a high 
negative charge is obtained (500-1500 μmol/g) [98], which results in a strong repulsive 
effect between individual nanocellulose fiber, preventing their agglomeration [98]. 

 

Figure 1.10: Ilustration of the TEMPO–oxidation process of cellulose nanofibers. 

In recent years a number of research projects demonstrated a great potential of CNF 
in various fields (especially when TEMPO–oxidized), among which is also the area of wet-
forming aids [96], [99]–[101]. For example it was shown that CNF is a superior aqueous 
dispersing agent for a variety of materials, able to endow suspensions with stability by 
providing a high negative ζ on the particles [96], [99]–[102]. Furthermore, advantageous 
properties of CNF such as their sustainability, gel-forming ability, high aspect ratio and 
excellent ability to form hydrogen bonds have further boosted its wide applicability [92], 
[99], [103]–[105]. 

 It was shown that CNF incorporation has a great potential in the field of preparation 
of advanced lightweight cellular-structured ceramic monoliths and foams [94], [96], [106], 
[107]. CNF has also shown a great promise as a green body reinforcement due to their 
ability to considerably improve the mechanical properties of the latter [19], [96], [105]. 
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1.5 Mesoporous Alumina (MA) Ceramics 

Mesoporous γ‒Al2O3 (MA) is one of the most important transition aluminas [108], since it 
exhibits nanocrystallite size, high (meso)porosity, large surface area and a high surface 
density of the hydroxyl groups [109] [110]–[112]. The convenient combination of properties 
makes it an important precursor for the fabrication of catalysts, catalyst support, filtration 
membranes and adsorption components [113]. More recently, its potential use in medicine 
as biomaterial, with increased osteoblast cytocompatibility properties [114] or as carriers 
and adjuvants [115], was also recognized. However, due to a slightly poorer chemical and 
hydrothermal stability, wide applicability of MA, especially in catalysis, is still rather 
limited [108]. 

MA powders are typically obtained through the thermal dehydration of aluminum 
oxyhydroxide (γ‒AlOOH, boehmite), retaining the latter’s morphological and surface 
features due to a topotactical transformation [110]. In as-prepared MA powders, a 
hierarchical structure is obtained. Several morphologies of hierarchically assembled 
boehmite and consequently MA powders were reported, e.g., nanofibers and nanotubes 
[116], nanorods or nanoplates [117]–[120] and hollow nanospheres [121]. The literature is 
full of a variety of different terms for the building blocks of hierarchically assembled MA 
entities, such as nanosheets or nanoleaves [122], nanoflakes [123] and nanoflowers [124], 
but essentially having similar morphologies to those already mentioned.  

Controlled hierarchical assembly on the mesoscale has been recognized as a powerful 
strategy to obtain superstructures with various morphologies and sizes [125], [126] these 
can improve the catalytic, selective and adsorptive properties of hierarchically assembled 
MA [127], [128]. It should be emphasized that hierarchically assembled materials retain 
their intrinsic nanoscale properties, but are environmentally friendlier, less hazardous [129] 
and easier to handle [130]. Additional benefit of the hierarchically assembled powders is 
easier processing in comparison to classical nano-powders. Unlike nanopowders, where the 
occurrence of agglomerates and aggregates is very common, hierarchically assembled 
supraparticles display a uniform shape and size distribution, making them superior 
candidates, especially in sintering applications [131]. Additionally, hierarchically assembled 
particles also have a wide variety of characteristics, and a broader spectrum of 
functionalities and possible applications than their bulk form.  

1.5.1 Synthesis of MA powder  

Two ultimate goals are being followed in the synthesis of MA hierarchical structures: i) to 
prepare a finely porous and crystalline hierarchical structures, which result in increased 
specific surface area and pore volume, and ii) to employ a facile-like, energy-efficient and 
environmentally friendly synthesis. However, these two goals are rarely achievable at the 
same time. 

Hierarchical MA powder is obtained by dehydration/decomposition of an aluminum 
oxihydroxide, known as boehmite (γ-AlOOH) [111]. Transformation between both forms is 
topotactic, meaning the characteristics such as crystallographic orientations of as-obtained 
γ-Al2O3 are very similar to the characteristics of the starting boehmite powder [110], [111]. 
Thereby, the evolved texture and porosity of MA are mainly influenced by the nature of 
the boehmite precursor. Thus the first step in the preparation of MA powder is the 
synthesis of boehmite which possess properties, desired in the MA powder. 

There are several well established synthesis routes for the preparation of hierarchically 
assembled boehmite of high purity and high surface area, for example hydrolysis of 
aluminium alkoxides (sol-gel method) [132]–[138] and hydrothermal/solvothermal 
transformation of gibbsite (Al(OH)3) [139], [140] or other aluminum salts, such as Al(NO3)3 
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[123], [141]–[148], AlCl3 [122], [149]–[153] and aluminum alkoxide [154]–[157]. A few studies 
on the preparation of highly pure hierarchically assembled boehmite by homogeneous 
precipitation from Al(NO3)3 [158]–[162] and Al(OH)3 [163], [164] have also been reported.   

However, these γ-Al2O3 synthesis routes include either lengthy and complex multiple-
step synthesis routes or require the usage of alkoxides and organic solvents along with the 
addition of various surfactants or structure-directing agents for the purpose of gelation 
initiation or phase separation. Aqueous methods also require additional extensive washing 
of the precipitated cake due to the presence of cationic and anionic impurities (Na+, K+, 
Mg2+, Cl-, SO4

2-, NO3
-, etc.), formed as a side-product of neutralization of aluminum salts 

[110], [113]. Furthermore, in mentioned synthesis paths not only limited amounts of γ-
AlOOH are obtained, but also physical characteristics, such as particle size distribution 
and degree of agglomeration, are rarely reported. However, these properties are of crucial 
importance for further processes and ultimately determine the possible applicability of as-
synthesized MA powder [110].   

1.5.1.1 Hydrolysis of AlN powder 

At the beginning of the 21st century, an alternative, straight-forward and versatile aqueous 
synthesis route for the preparation of abundant amounts of γ-AlOOH powder of high purity 
was explored and characterized by Kocjan et al., that is exploiting the peculiar process of 
AlN powder hydrolysis in diluted aqueous suspensions at elevated temperatures (<90 °C) 
[165], [166]. Beforehand Kosmač et al. showed how AlN hydrolysis process can also be 
exploited for hydrolysis-assisted solidification process [167], [168] of aqueous ceramic 
slurries or for the synthesis of nanostructured coatings [169], [170].  

In the past, AlN powder hydrolysis used to be exploited for the production of ammonia 
by the Serpek process before the invention of the Haber-Bosch process at the beginning of 
the 20th century [166]. Ever since the hydrolysis of AlN powder has been mostly regarded 
as an undesired process, which only deteriorates properties of AlN-based materials [166]. 
Therefore, the majority of research regarding AlN hydrolysis was conducted in the light of 
the inhibition of the latter [171]–[173].  

Bowen et al. carried out the pioneering work on the mechanisms of AlN powder 
degradation during hydrolysis and established the process kinetics [174]. According to the 
experimental results, they proposed the following reaction model for diluted AlN powder 
aqueous suspensions:  

 

According to their findings, after AlN powder reacts with water, an amorphous aluminum 
oxide hydroxide (AlOOH) known as pseude is formed (Eq. 1.7).  

The kinetics of AlN hydrolysis represented by Equation (1.7) were described by the 
unreacted core model proposed by Levenspiel [175]. According to this model, the chemical 
reaction starts on the outmost layer of a solid particle and then continues towards the most 
inner part of a particle. Accordingly, the hydrolysis reaction takes place at the interface 
between unreacted AlN core and the reaction-product (boehmite) layer. This stage is the 
rate-controlling-step [166], [176].  

From the chemical perspective, the reaction converting AlN to boehmite occurs at the 
surface of the AlN particles by binding of hydroxyl anion to aluminum cation and 
consequent displacement of the afore bonded nitrogen anion. The latter reacts with 
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remaining hydroxyl cations, forming ammonia (Equation 1.7). It thus follows that the 
reaction of AlN hydrolysis is basic-catalyzed. The hydroxyl anions, formed after the 
dissociation of ammonia (Equation 1.8) will accelerate the further conversion of AlN to 
AlOOH. This means the reaction is self-catalyzed [166], [177]. The latter was additionally 
confirmed by observations of hydrolysis at room temperature, where at elevated pH values 
(≈11) the rate of the reaction increased, while at acidic pH values (pH≈1), the conversion 
did practically not occur [178].   

In the last, so-called ageing step, the formation of bayerite (Al(OH)3) occurs. Reaction 
of crystalline bayerite formation, given by Equation (1.9), assumes the dissolution-
precipitation process of pseudoboehmite to bayerite [166], [176], [179]. However, the precise 
crystallization course during the AlN hydrolysis and subsequential ageing of the 
precipitated γ–AlOOH remains unclear [180]. 

It should be noted that Bowen et al. [174] conducted their experiments at room 
temperature. Consequently, the proposed mechanism and the corresponding reaction 
kinetics cannot be generalized for hydrolysis reactions carried out at elevated temperatures, 
especially above 80 °C [166]. For example, the research carried out by Fukumoto et al. 
[178] and Yoldas [181] demonstrated that at higher temperatures (above 80 °C) crystalline 
bayerite is not formed, but rather precipitation of crystalline boehmite is the predominant 
process.  

It was also shown that ammonia’s temperature-dependent solubility, which is reversibly 
proportional to the temperature, ensures that the pH of the suspension throughout the 
hydrolysis remains below 10. As a result, the formation of a single-phased γ-AlOOH with 
no aluminum trihydroxides residues is facilitated [180].  

Kocjan et al., who conducted an in-depth study of AlN powder hydrolysis at room and 
at elevated temperatures, suggested that the course of AlN hydrolysis consists of three 
main stages: the induction period (first stage), the growth of boehmite (second stage) and 
the growth of bayerite (third stage). When hydrolysis was performed at lower 
temperatures, i.e., 22 °C and 50 °C, all three stages were observed. On the other hand, 
when the process was carried out at temperatures above 90 °C, only the second stage 
(growth of boehmite) was observed.  

The induction stage, where the reaction rate is slow, occurs due to the formation of a 
thin aluminum hydroxide gel (Al(OH)3(H2O)) layer. The latter forms on the surface of AlN 
particles [166], [177]. This layer was observed only if the reaction temperature was kept 
below 70 °C [177]. The absence of the induction period at higher temperatures (above 90 
°C) was ascribed to the aluminum hydroxide gel’s thermodynamic instability. 
Consequently, at such temperatures, the formation of boehmite starts immediately after 
the AlN surface is exposed to the hot water [166], [177].  

The onset of the second hydrolysis stage, where the growth of boehmite is the 
predominant process, can be observed after the supersaturation of [Al(OH)4]− in the 
suspension is achieved [177]. The supersaturation is reached as a consequence of the 
dissolution of aluminum hydroxide gel layer, formed on the surface of AlN particles during 
the induction period, or via direct Al-N bond decoupling at elevated temperatures. 
Supersaturation of [Al(OH)4]− then triggers the nucleation and subsequent growth of poorly 
crystalline boehmite particles in the shape of porous 2D nanosheets. As-formed boehmite 
nanosheets form a porous shell layer on the surface of AlN particles [166].  

The kinetics of AlN hydrolysis are mechanistically described by an un-reacted-core 
model [175], [177]. The proposed model can however only adequately describe the hydrolysis 
mechanism in the second reaction step, where boehmite forms and grows on the surface of 
a shrinking AlN particle [177]. During the second stage, the reaction’s rate is limited by 
either the kinetics of the reaction between AlN and water or by the diffusion of the 
reactants (hydroxyls) through the product layer of boehmite [177]. The diffusion of species 
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is the rate-controlling step in the case of suspensions with temperature between 22 °C and 
70 °C, while the reaction itself determines the conversion rate in the case of suspensions 
where the temperature is above 90 °C [177].  

For the third and last stage of the AlN hydrolysis, the recrystallization of boehmite to 
bayerite takes place [166]. This step was only observed if the reaction temperature was 
below 90 °C [177]. Above this temperature in the research carried out by Kocjan et.al. no 
bayerite was observed even after more than 12 days of suspension aging [180]. 

Kocjan et al. [166] also reported that an increase of the starting hydrolysis temperature 
immensely accelerated the hydrolysis rate. For example, a 50 % conversion rate was 
achieved more than 500 times faster at 90 °C in comparison to 20 °C. Aside from the 
temperature it was also observed by the same research group [177] that the initial pH value 
can also fasten the rate of the hydrolysis. While the pH value cannot accelerate the rate of 
hydrolysis per se, it was observed that when the initial pH value of suspensions was around 
10, the induction period could be avoided even at temperatures below 90 °C. This was 
ascribed to the instability of the aluminum hydroxide (Al(H2O)(OH)3) gel layer at such 
high pH values. 

All of the carried out work demonstrates that the hydrolysis of AlN powder is indeed a 
suitable path for the preparation of hierarchically assembled MA. It therefore represents a 
promising alternative to the already established synthesis paths. Additionally, the 
experimental results suggest that the temperature is the only critical parameter 
determining whether the predominant product will be in the form of bayerite or boehmite. 
Hence, the temperature should be carefully controlled throughout the entire synthesis 
process.  

 

Figure 1.11: The proposed mechanism of hierarchical assembly of γ‒AlOOH nanocrystals 
to secondary particles.  

MA powder obtained through the calcination of boehmite prepared by AlN hydrolysis 
is of high purity, has a controlled (meso)porosity with pore sizes around 4 nm and mesopore 
volume of ≈ 0.65 mL/g, and a high surface area exceeding 200 m2/g. An individual MA 
particle has a hierarchical structure, where a secondary entity is composed of micron-sized, 
aggregated globular spheres with a flower-like structure formed through a repeatable self-
assembly of nanocrystalline 2D nanosheets (Figure 1.11) [110], [166], [177]. Additionally, 



1.5. Mesoporous Alumina (MA) Ceramics 23 

unlike the traditional processes for the production of γ‒Al2O3 of high purity, where reaction 
yields are relatively low, the AlN powder hydrolysis enables preparation of abundant 
amounts of MA powder in a single reaction step [177], [182]. It should also be noted that 
AlN hydrolysis approach does not require any organic solvents, hazardous surfactants, 
lengthy ageing steps or hydrothermal/solvothermal treatments, needed in alternative 
synthesis paths to obtain similar hierarchically structured MA powders [116], [122], [123], 
[177]. 

1.5.2 Hierarchically macro-mesoporous alumina (HMMA) 

The benefits of hierarchical porosity, i.e., presence of micro- and macropores or meso- and 
macropores inside a single ceramic monolith have been recognized [4], [23], [183], [184]. 
Advantage of hierarchically porous ceramic monoliths lies in the balance between two pore 
size groups, each providing or improving different material’s advantageous properties [8]. 
The presence of macropores considerably enhances material’s mass transport capacity and 
diffusion properties [23], [185], [186]. On the other hand, the presence of micro- and 
mesoporosity substantially increases the accessible surface area of the material and 
consequently the number of active sites [22], [183], [186], [187]. When a hierarchically 
macro-mesoporous material is to be used in a flow-catalysis application, the macropores 
will ensure a good fluid permeability. Mesopores will be the active sites where chemical 
reaction occurs [165]. 

Various methods for the preparation of hierarchically porous materials have already 
been reported, such as freeze casting [23], sol-gel processing [184], polymer foam filling 
[188], and phase separation [189]. Attempts at a simplified consolidation path for 
preparation of hierarchically porous ceramics have also been made. An example is a one-
pot synthesis like single step pyrolysis [8]. 

Mesoporous alumina is one of the materials that has already received a lot of attention 
as a prosperous candidate for the fabrication of hierarchically macro-mesoporous materials 
[183], [184], [188]–[192]. The great potential of MA powders for the preparation of 
hierarchically porous materials lies in its intrinsic mesoporosity and hierarchical structure. 
When MA is consolidated with a technique enabling the formation of macropores, a 
hierarchically maco-mesoporous material can be readily obtained [111], [193], [194]. The 
non-spherical shape of MA powders may offer an advantage in the formation of porous 
materials [195].   

However, despite the abundance of literature on the preparation of HMMA monoliths, 
structural properties, such as mechanical strength, thermal properties, pore size 
distribution or permeability are rarely reported [165].  

In the fabrication of HMMA monoliths, two procedures are commonly used. In the first 
approach a sol-gel MA synthesis is combined with the phase separation process by the 
addition of porogen [136], [138]. Macropores are generated when porogen is mixed together 
with the aluminum sol-gel precursor [183], [189]. The second procedure consists of 
impregnation of macroporous polymer template with alumina hydrosol [188], [191]. Both 
procedures have some drawbacks. Cracking of monolith during the drying phase may occur 
in the sol-gel process [146], while the second route requires a burn-out step to remove the 
sacrificial template. The latter can have adverse effects on the final material’s surface area 
and porosity. In addition, the control over macropore insertion via second route is usually 
rather difficult.  

A limited number of suitable techniques for the preparation of HMMA monoliths 
derives from the relatively low thermal stability of MA. At temperatures above 700 °C the 
high surface area and mesoporosity start to gradually disappear. Both properties 
completely vanish above the temperature of 1200 °C, where the transformation to α₋Al2O3 



24 Chapter 1. Introduction  

occurs [109]. The relatively low temperature stability means that HMMA monoliths cannot 
be sintered like traditional porous ceramics without loosening of the surface properties. 
This greatly limits the number of techniques suitable for the preparation of HMMA 
materials. A method for the preparation of HMMAs that would not require any sintering 
steps is therefore needed. 

Aside from a very limited number of suitable techniques, some other challenges are yet 
to be met in the preparation of HMMA monoliths [165]. One problem is the already 
mentioned limited synthesis strategies to obtain abundant amounts of MA powder with 
controlled surface properties. The second problem lies in the installation of macropores into 
the HMMA material. Although the latter enhances the mass transport properties, it also 
causes a considerable loss of the mechanical strength [165]. Therefore, to the best of our 
knowledge a suitable highly porous ceramic material, where incorporation of macropores 
would not cause a too discernable deterioration of mechanical properties, is yet to be 
fabricated.  
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2 Aims and Hypothesis 

2.1 Aims 

The first aim of this doctoral dissertation was to adjust the AlN powder hydrolysis process 
to facilitate production of larger amounts of hierarchically assembled MA powder. For this 
purpose, different hydrolysis parameters were investigated and adjusted to obtain the 
highest yield of boehmite powder (MA precursor). The as-prepared powder was thoroughly 
characterized in order to determine crystal the structure, porosity, bulk and apparent 
density, particles size distribution, particle shape and surface area. 

The second aim was to study the dispersibility behavior of as-synthesized MA powder 
in water using NaPAA. Suspensions were characterized for zeta potential, rheological 
properties and sedimentation behavior.  

The third aim was to study different mechanisms for inducing weak (bridging) 
flocculation to facilitate long-term stability of the suspensions, which were prone to 
immediate sedimentation and segregation after MA suspension. A possibility of achieving 
long-term stability by the addition of divalent cations (Mg2+ and Ca2+) or fibrous second 
phase (CNF) to NaPAA dispersed MA particles was investigated. The effectiveness of both 
mechanisms was evaluated in detail through zeta-potential and rheological characterization 
and determination of sedimentation behavior.  

The fourth and the last objective of this dissertation was to employ freeze-casting for 
consolidation of aqueous suspensions containing NaPAA dispersed MA powder to prepare 
highly-porous MA monoliths. The main focus was on the improvement of poor mechanical 
properties (fragility) commonly observed in highly porous materials. This problem was by 
incorporation of divalent cations or CNF into NaPAA-dispersed-MA-powder suspensions, 
serving as a green body reinforcement. HMMA monoliths were tested for porosity, surface 
area, permeability, thermal conductivity and compressive strength. The nature of triggered 
associations (weak bridging flocculation) was also investigated by FTIR analysis. 

2.2 Hypothesis 

The following hypotheses were set for this doctoral dissertation: 
 Hydrolysis of the AlN powder in diluted aqueous suspensions can be used as a 

simple synthesis method for the preparation of abundant amounts of pure, micron-
sized, mesoporous boehmite powder hierarchically assembled from 2D nanosheets 

that can be readily re-dispersed in water as γ‒Al2O3 after dehydration.   

 Aqueous suspensions containing hierarchically assembled, micron-sized MA 
particles must be dispersed and stabilized prior to consolidation. Otherwise 
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sedimentation and particle segregation occur, both leading towards undesired 
properties of final material. We hypothesize that polyacrylic acid (PAA) with MW 
225 000 g/mol will adequately disperse and sufficiently stabilize MA particles. 

 Triggering interparticle associations (bridging flocculation) in aqueous suspensions 
containing PAA-dispersed MA particles via the addition of divalent cations (Mg2+ 
and Ca2+) or cellulose nanofibers (CNF) will endow the suspensions with long-term 
stability, i.e., prevent sedimentation and segregation through bridging flocculation.  

 Addition of divalent cations (Mg2+ and Ca2+) or cellulose nanofibers (CNF) to 
NaPAA-dispersed MA powder suspensions will also provide mechanical rigidness 
to the consolidated MA green bodies. We hypothesize that provided stability will 
be high enough to avoid sintering, which would have adverse effects on material 
porosity and surface area. 
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3 Materials and Methods 

3.1 Chemicals 

 Aluminium nitride powder, AlN (Grade C, H.C. Starck, Goslar, Germany).  

 Isopropanol, CH3‒CH(OH)‒CH3 (99.8 %, pure for analysis, Sigma–Aldrich 
GmbH, Germany)  

 Sodium polyacrylate, ‒[‒CH2‒CH‒COONa‒]‒n (molecular weight 225 000 g/mol, 
20 wt% aqueous solution, Polysciences Europe GmbH, Germany), denoted as 
NaPAA.  

 Magnesium nitrate hexahydrate, Mg(NO3)2·6H2O (ACS reagent grade, Merck 
& Co., Kenilworth, New Jersey, USA).  

 Magnesium chloride hexahydrate, MgCl2·6H2O (ACS reagent grade, Sigma–
Aldrich, St. Louis, Missouri, USA). 

 Magnesium acetate tetrahydrate, Mg(CH3COO)2·4H2O (98 %, Sigma–Aldrich, 
St. Louis, Missouri, USA). 

 Calcium chloride, CaCl2 (97 %, Sigma–Aldrich, St. Louis, Missouri, USA).  

 Hydrochloric acid, HCl (37 %, Carlo Erba Reagents, Barcelona, Spain). 

 Sodium hydroxide, NaOH (99 %, Neolab Migge GmbH, Heidelberg, Germany).  

3.1.1 Preparation and characterization of cellulose nanofibers gel  

Cellulose nanofibers (CNF) were provided by the Instituto de Ciencia de Materiales de 
Madrid [50]. According to their procedure CNF were obtained from the bleached 
Eucalyptus globulus kraft pulp. An aqueous suspension of wood pulp was subjected to 
chemical nanofibrillation by TEMPO-mediated oxidation and a subsequent mechanical 
defibrillation in a high-pressure microfluidizer (Microfluidics Corp., USA). As a result, a 
1.55 wt% CNF gel was obtained with an approximate fiber thickness of 2 nm. Due to the 
TEMPO-mediated oxidation, the cellulose nanofibers were carboxylated (900 μmol/g 
charge) [98].  

CNF were characterized by atomic force microscopy (AFM) using a Cervantes 
instrument (Nanotec electrónica S.L., Spain). The microscope was equipped with PPP-
FMR cantilevers (Nanosensors, Switzerland), with a 75-kHz resonance frequency and a 1.5-
N/m spring constant. Images were acquired under ambient conditions in a modulated 
amplitude mode. Detailed process of CNF synthesis and characterization is described 
elsewhere [50]. 
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3.2 MA Powder Synthesis and Characterization 

3.2.1 Hydrolysis of AlN 

Hydrolysis of commercially available AlN with a 2.54 µm mean particle size was used to 
prepare the MA powder. Firstly, distilled water was heated to a temperature above 95 °C 
in a glass beaker. Then during constant mixing 10 wt% of AlN powder was added. The 
glass beaker was covered with aluminium foil, placed in an oven and left to boil for 7h. 

During this time, hot water was added to the reaction mixture several times in order 
to maintain the suspension concentration. After 7 hours the conversion of AlN to boehmite 
was completed. The reaction mixture was then filtered through filter paper (Grade 393, 
Sartorius AG, Germany), washed with isopropanol and dried in an oven at 120 °C for 24 
h. The dried powder was sieved through 230 mesh to eliminate any larger aggregates formed 
during hydrolysis. The as-synthesised powder was finally treated at 500 °C for 1 hour 
(heating rate 10 °C/min) in an oven with air to achieve the conversion of boehmite to γ‒

Al2O3. 

3.2.2 Powder characterization methods 

3.2.2.1 X-ray diffraction 

Intermediate (boehmite) and final (MA) powders were characterized by X-ray diffraction 
(XRD). To obtain XRD patterns, a Bruker diffractometer (AXS-D4 Endeavor, Bruker, 
USA) using a Cu–Kα1 radiation source with a wavelength of 1.542 Å was used. The machine 
was set to a continuous mode in the 2θ range 10–70°, with a 0.02° step and an integration 
time of 3 seconds. For the processing of XRD spectra the Eva software (version 12.0) and 
the PDF-2 database (released 2006) were used. ICDD-JCPDS card number 83-2384 was 
used to identify boehmite, while card number 74-2206 was used for the identification of 
MA powder. To estimate average crystallite sizes, the Scherrer equation was applied.  

3.2.2.2 Particle-size distribution 

For AlN and MA powder particle size determination, a laser-scattering particle-size-
distribution analyser (LA-920, Horiba, Japan) was used. Measurements of AlN powder 
were conducted in isopropanol, while for all the measurements of MA deionized water was 
used as a dispersion medium. Before the addition of MA powder, 3-basic ammonium citrate 
was added to the water as a dispersion agent. No dispersant was used in the case of 
isopropanol-based suspensions. Prior to all the measurements, the suspensions in the 
measuring chamber were stirred and ultra-sonicated for 5 minutes. 

3.2.2.3 Scanning and transmission electron microscopy 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were 
used to characterize the morphology of a pure MA powder. Additionally, SEM was also 
used to characterize the MA powder with added NaPAA and CNF. Scanning electron 
microscopy (SEM) was carried out on the ULTRA plus microscope by Carl Zeiss SMT, 
Germany, at an accelerating voltage of 2 kV. TEM analyses were carried out on a JEM 
2100 microscope by Jeol, Japan. Due to the low electron conductivity, the MA powder was 
sputtered with gold prior to the analyses. 

3.2.2.4 Nitrogen sorption 

A Nova 2000e (Quantachrome GmbH & Co. KG, USA) nitrogen-sorption analyser was 
employed to obtain nitrogen adsorption/desorption isotherms. Before the measurement 
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powders were degassed at 200 °C in a vacuum for at least 12 h. The specific surface areas 
were calculated using the Brunauer–Emmett–Teller (BET) equation with the data in the 
P/P0 range 0.05–0.3. The pore size distributions and pore volumes were obtained using 
the Barrett–Joyner–Halenda (BJH) model from the desorption curve of the isotherms.  

3.2.2.5 Mercury porosimetry 

The bulk, envelope and apparent densities of the MA powder along with the MA powder’s 
total porosity and pore size distribution were determined using mercury-intrusion 
porosimetry (Pascal 140 and Pascal 440, Thermo Fisher Scientific, USA), with pressures 
ranging from 10 kPa to 400 MPa. The surface tension and the contact angle of mercury 
were set to standard values (0.485 mN/m and 130°, respectively). Prior to the measurement 
powders were dried in an air oven at 200 °C for at least 12 h. 

3.3 Preparation and Characterization of MA Powder 

Aqueous Suspensions  

3.3.1 Suspensions preparation 

All of the MA powder quantities in the aqueous suspensions are expressed as apparent 
volume fractions φA, unless otherwise stated. For the calculation of the latter MA powder’s 
apparent density (ρA), determined by mercury intrusion porosimetry, was used.  

3.3.1.1 Rheological properties 

Aqueous suspensions of different compositions were prepared for the determination of 
rheological properties. Sodium polyacrylate (NaPAA) in the quantity of 0.16‒7 wt% (based 
on the mass of the MA powder) and predetermined quantity of water were placed into a 
glass bottle and mixed with a magnetic stirrer. Next, the MA powder was slowly added to 
the solution during constant mixing. For the purpose of studying the influence the addition 
of different amounts of NaPAA or the addition of divalent cations have on suspension’s 
properties, the MA powder volume fraction (φA) was set to 0.082. For the determination 
of the influence the amount of added MA powder has on rheological behaviour of 
suspensions volume fractions between 0.013 and 0.126 were tested. If not otherwise stated, 
the volume fractions of the MA powder in the suspensions are expressed as apparent volume 
fractions φA (calculated using apparent powder density ρA).  

For the determination of the influence divalent cations have on suspension’s properties, 
Mg(NO3)2, MgCl2·6H2O, Mg(CH3COO)2·4H2O or CaCl2 in amounts of 1–70 mmol/mol 
were added during intense mixing to the suspensions already containing 1.4 wt% NaPAA-
dispersed MA powder. The quantity of cations is given in mmol of M2+ per 1 mol of MA 
powder.  

The influence of CNF addition to the aqueous suspensions containing 1.4 wt% NaPAA-
dispersed MA powder was also studied. For this purpose, the CNF in amounts of 0.5 to 10 
wt% based on the mass of the dry MA powder was added prior to MA powder addition 
and thoroughly mixed. Subsequently, into this suspension, the MA powder was slowly 
added during mixing. The MA volume fractions (φA) were between 0.013 and 0.097.  

The pH value of the suspensions was set to either 6 or 9 (SevenMulti pH meter equipped 
with an InLab expert pro electrode, Mettler Toledo, International Inc., USA) with HCl or 
NaOH, respectively. The influences of the addition of divalent cations and CNF were only 
determined at pH value of 9. On the other hand, for the purpose of studying the influence 
of optimal NaPAA addition and the influence of MA volume fraction on suspensions 
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properties two separate sets of suspensions were prepared. The pH value of one part was 
set to 6 and of the other to 9.  

In the last step, the suspensions were homogenized with a 24-hour ball milling. YTZ 
(yttria-stabilized zirconia) balls (purchased from Tosoh Europe B.V.) with 3 mm diameter 
were used in the amount of approximately 12 balls per 1 g of dry MA powder. After 
homogenization the pH of suspensions was checked again and if necessary corrections to 
the pH value were made. 

3.3.1.2 Sedimentation rates 

Sedimentation rates of selected suspensions were determined in order to establish how the 
addition of NaPAA, divalent cations, CNF or pH influence settling of MA particles over 
predetermined time periods.  

For this purpose, suspensions containing 1.4NaPAA dispersed MA powder in volume 
fraction (φA) of 0.027 and pH value of 9 were prepared. One suspension was prepared 
without NaPAA addition (contained only MA powder) in order to determine the influence 
NaPAA has on sedimentation rates.  

To determine the influence of divalent cations Mg2+ ions (as MgCl2·6H2O) in quantities 
of 30 and 70 mmol/mol were added.  

Influence of CNF addition was determined by letting suspensions containing 1.4NaPAA 
dispersed MA powder and from 0.5 to 5 wt% of CNF to settle.  

To determine the influence of pH, two suspensions containing MA powder (φA = 0.027) 
with pH 6 were prepared. One contained only MA powder while to the other prior to MA 
powder 2.5 wt% of NaPAA was added.  

Prior to the sedimentation test, the suspensions were homogenized with a 24-hour ball 
milling. YTZ balls with 3 mm diameter were used in the amount of approximately 12 balls 
per 1 g of dry MA powder. After homogenization, the pH of suspensions was checked again 
and where necessary corrected to the predetermined value. 

3.3.1.3 Zeta potential 

For the determination of zeta potential diluted suspensions with a MA volume fraction 
(φA) of only 0.00005 (0.017 wt%) were prepared. Prior to all of the measurements, the 
suspensions were mixed with a magnetic stirrer, while the pH was adjusted with HCl or 
NaOH. 

Firstly, the zeta potential of MA particles was measured in the pH range from 2 to 12. 
To determine the influence, the NaPAA addition has on the zeta potential of dispersed 
MA particles, NaPAA in five different amounts ranging from 0.4 to 2.2 wt% was added. 
The zeta potential for all five suspensions was determined inside the pH range 2–6. The 
exception was the suspension containing 1.4 wt% NaPAA, where additional points were 
determined in order to characterize the zeta potential inside pH range from 2 to 12.  

To other suspensions either MgCl2·6H2O in amounts of 5–70 mmol/mol or CNF in 
amounts of 0.5–7 wt% was added. The zeta potential of suspensions containing either Mg2+ 

cations or CNF was measured only at the pH value of 9. The exception was the suspension 
containing 5 wt% of CNF, where the zeta potential was determined in the pH range 3.5–
12.  

For the determination of zeta potential of pure CNF and the mixture containing only 
CNF and NaPAA, firstly the diluted suspension of CNF with a mass fraction of 0.04 wt% 
was prepared. After thorough mixing with magnetic stirrer, the suspension was divided 
into two parts. To the first part of the suspension, pH was set to 9 with the addition of 
NaOH, followed by a zeta potential measurement. To the second part, NaPAA was added 
(28 wt% of the CNF mass). After mixing, pH was set to 9 and zeta potential measured. 
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The mass ratio between CNF and NaPAA was the same as in the case of suspension 
containing 1.4NaPAA‒MA and 5 wt% of CNF.  

3.3.2 Suspensions characterization methods 

3.3.2.1 Rheological properties 

The rheological properties were determined on a rotational rheometer (Physica MCR 301, 
Anton Paar, GmbH, Graz, Austria). For the MA suspensions with φA ≤ 0.119 and distilled 
water a CC 17 cylindrical system was used, while the suspensions with φA = 0.126 was 
measured using a CP 50-2 con-plate system with a diameter of 50 mm and an angle of 2°. 
The viscosity of the suspensions was measured in the shear-rate range of 1 s-1 to 200 s-1 at 
a constant temperature (23 ± 0.1 °C).  

3.3.2.2 Sedimentation tests 

For the determination of sedimentation rates 17 mL of selected suspensions were poured 
into glass test tubes with a diameter of 1.2 cm and left to settle for 12 weeks. The readings 
of sediments height were performed at predetermined times ranging from 5 minutes to 12 
weeks. 

3.3.2.3 Zeta-potential  

Zeta-potential measurements were performed at room temperature on the ZetaPALS Zeta 
Potential Analyzer (Brookhaven Instruments Ltd, USA). The calculations were made 
according to the Smoluchowski model.  

3.4 Freeze-Casting  

3.4.1 Preparation of MA powder aqueous suspensions without or with 

added Mg2+ 

1.4 wt% of NaPAA (based on the mass of the MA powder) and a predetermined quantity 
of distilled water were added to a plastic bottle and mixed with a magnetic stirrer. Then 
MA powder (φA = 0.082) was slowly added during constant mixing. Suspension was 
thoroughly mixed, divided into two parts and placed into two plastic bottles. To one part, 
no additional components were added. To the remaining part, a solution of MgCl2 (3.5 M) 
was added dropwise. The final amount of Mg2+ cations was 30 mmol/1 mol of MA powder. 

3.4.2 Freeze-casting of MA powder aqueous suspensions without or 

with added Mg2+ 

Approximately 16 mL of aqueous suspension was poured into a cylindrical PTFE mold 
with an inner diameter of 25 mm. The PTFE mold was placed on top of a copper rod 
immersed in liquid nitrogen (Figure 1.2). At the beginning of the freezing process, the 
temperature at the top of the rod was set to 5 °C. The suspensions were freeze-cast at 6 
K/min (linear freezing regime) till the final temperature of ‒50°C was reached. Throughout 
the freezing process, the temperature was controlled by a thermometer and a heating ring.  

After the suspensions were completely frozen, the freeze-cast samples were taken from 
the mold and placed in a freeze dryer (2‒4 LSCbasic, Martin Christ 
Gefriertrocknungsanlagen GmbH, Germany) set to T = ‒80 °C and p = 0.001 mbar for 
approximately 72 h for the ice to sublimate. 
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3.4.3 Preparation of MA-CNF aqueous suspensions 

1.4 wt% of NaPAA (based on the mass of the MA powder) and a predetermined quantity 
of distilled water were added to a plastic bottle and mixed with a magnetic stirrer. Next, 
the CNF in mass fractions (wCNF) between 1 and 10 % (based on the mass of the MA 
powder) was added to the aqueous solution of NaPAA and thoroughly mixed again. In the 
third step, MA powder in volume fractions (φA) between 0.013 and 0.082 was added during 
mixing. The suspensions were homogenized with a 24-hour ball milling using YTZ balls of 
10 mm diameter (approximately 2 balls per 10 mL of suspension). In the last step, if 
needed, NaOH was added to set the pH value to 9. 

For all suspensions, the amounts of NaPAA and CNF were calculated based on the dry 
MA powder mass. The exception was suspension used for consolidation of monolith FZC‒

1 (prepared without MA powder), where the components amounts, i.e., mass fractions of 
NaPAA and CNF were calculated based on the mass of water instead of MA powder. The 
suspension FZC‒1 was prepared according to the above-described process with the 
following components ratio: per 10 mL of water 0.013 g of NaPAA and 0.066 g of CNF 
were added (masses of CNF and NaPAA per 10 mL of suspension were the same as in the 
case of monolith FZC‒5).  

3.4.4 Freeze-casting of MA-CNF aqueous suspensions 

For freeze-casting, suspensions were poured into three differently shaped PTFE molds, 
namely a cylindrical mold with an inner diameter of 25 mm, a cylindrical mold with an 
inner diameter of 10 mm or in a square-shaped mold with a side length of 20 mm. For the 
first type of mold, a suspension volume of approximately 16 mL was needed, while for the 
second and the third type of mold volumes of suspensions were either 1.5 or 10 mL, 
respectively. 

 

Figure 3.1: Illustration of the preparation of HMMA monoliths by freeze-casting. 
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The PTFE mold was placed on top of a copper rod immersed in liquid nitrogen. The 
temperature at the top of the rod was controlled by a thermometer and a heating ring. 
The suspensions were freeze-cast at two different (linear) freezing regimes, i.e., 1 K/min or 
6 K/min. The temperature of the top of the copper rod at the beginning of the freezing 
process was 5 °C, while the end temperature was ‒50°C. After the suspensions were 
completely frozen, the freeze-cast samples were taken from the mold and placed in a freeze 
dryer (2‒4 LSCbasic, Martin Christ Gefriertrocknungsanlagen GmbH, Germany) set to T 
= ‒80 °C and p = 0.001 mbar for approximately 72 h for the ice to sublimate. 

In Table 3.1 an overview of the suspensions parameters used in the freeze-casting is 
given. Since the monoliths FZC‒1 were prepared without MA powder, and thus the 
amounts of individual components could not be calculated based on MA powder weight 
the preparation parameters for this suspension are not part of Table 3.1.  

Table 3.1: Overview of suspension parameters and consolidation conditions used in freeze-
casting of cellulose-nanofiber-reinforced MA monoliths. 

Monolith 

MA 
volume 
fraction 

(φA) 

γMA 
(mg/mL)‡ 

γCNF 
(mg/mL)‡ 

wCNF 
(wt%)§ 

MA/CNF 
(mass) 
ratio 

Freezing 
rate 

(°C/min) 

FZC‒1 / / / / / 1 

FZC‒2 0.013 46.0 4.6 10.0 10:1 1 

FZC‒3 0.013 46.0 4.6 10.0 10:1 6 

FZC‒4 0.027 92.0 4.6 5.0 20:1 1 

FZC‒5 0.027 92.0 6.6 7.0 14:1 1 

FZC‒6 0.027 92.0 6.6 7.0 14:1 6 

FZC‒7 0.054 190.0 4.0 2.0 50:1 1 

FZC‒8 0.054 0190.0 4.0 2.0 50:1 6 

FZC‒9 0.082 289.0 3.0 1.0 100:1 1 

‡ γMA and γCNF are mass concentrations of MA powder and CNF, respectively (CNF mass 
per 1 mL of suspension).  

§Mass fraction of CNF was determined according to the equation: wCNF = mCNF/(mCNF + 
mMA)∙100. 

3.4.5 Cold isostatic pressing 

Dry-pressing was used to prepare disk-shaped HMMA specimens according to the 
following procedure: firstly, the MA powder was dried at 200°C. Then either 2.4 or 5 g of 
powder was placed in a steel die with 25 mm diameter and uniaxially dry-pressed at 100 
MPa, followed by a subsequent cold isostatic pressing (CIP) step using a final pressure of 
200 MPa (MA‒CIP200). Preparation and characterization of monoliths via CIP of 
hydrolysis-derived-MA powder was already reported elsewhere [110].  

3.4.6 Characterization of HMMA monoliths  

All monoliths were conditioned in a vacuum dryer at 40 °C for at least 24 h prior to all 
the measurements. If not otherwise stated aside from drying, no sample treatment was 
carried out prior to the below analyses. 
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To describe the orientation of pores inside the monoliths, the terms axial and radial 
direction are used. The term axial direction refers to the direction parallel to the orientation 
of columnar pores, i.e., parallel to the direction of freezing, while the term radial direction 
refers to the direction perpendicular to the orientation of columnar pores. 

3.4.6.1 Scanning electron microscopy 

Scanning electron microscopy (SEM; ULTRA plus, Carl Zeiss SMT, Germany) was used 
to determine the approximate size and shape of the macropores evolved during the freeze-
casting process. To reduce the electric charging, the samples were coated with gold particles 
prior to analysis. The analysis was performed at an accelerating voltage of 5 kV. Samples 
were prepared by cutting thin sections from the middle part of monoliths with a sharp 
scalpel perpendicular and parallel to the ice growth direction.  

3.4.6.2 Nitrogen sorption 

The nitrogen adsorption/desorption isotherms were obtained using a Nova 2000e 
(Quantachrome GmbH & Co. KG, USA) nitrogen-sorption analyser. The Brunauer–
Emmett–Teller (BET) equation with the data in the P/P0 range of 0.01–0.3 was used for 
the calculations of a specific surface area of individual monoliths. For analyses cylindrical 
monoliths with a diameter of 10 mm and a height of approximately 20 mm were firstly cut 
in half in the radial direction and then each half was additionally cut into four pieces in 
the axial direction to accommodate the dimensions of measuring cells. All pieces were 
transferred into a measuring cell and degassed at 150 °C for 24 h prior to the measurement.  

3.4.6.3 Mercury porosimetry 

Mercury-intrusion porosimetry (Pascal 140 and Pascal 440, Thermo Fisher Scientific, USA) 
was used to determine the total porosities and pore size distribution of HMMA green 
bodies. The measurements were performed inside the pressure range 10 kPa‒400 MPa. This 
pressure interval enables the characterization of pores with diameters ranging from 115 μm 
to 3.2 nm. The surface tension and the contact angle of the mercury were set to the 
standard values of 0.485 mN/m and 130°, respectively. Two measurements per sample were 
carried out and the results are given as an average value. The mass of monoliths used for 
one analysis had to be adjusted so that the approximate volume of pores was between 250 
and 350 mm3. To obtain the needed amounts, the cylinders (diameter of 10 mm) were 
firstly cut to adjust their height to 14 mm (equal parts were cut from the upper and bottom 
side of the cylinders). Then the samples were cut in the axial direction into three 
approximately equal parts. For the analysis of monoliths FZC‒1, FZC‒2 and FZC‒3 all 
three parts had to be placed into the measuring cell to achieve the adequate volume of 
pores, while for other monoliths, only one third of the cylinder was enough.  

3.4.6.4 Geometrical density 

Geometric densities (ρG) were determined based on the relationship between the weight of 
the dried monoliths (weighing was performed with a precision of ±0.001 g) and their 
volume. The volume was calculated from the monoliths height and diameter measured 
using a digital caliper with a precision of ±0.01 mm. 

For each monolith composition the mass and volume of two samples were measured, 
namely of one cylindrical monolith with a diameter of 25 mm and one cubic monolith with 
a side of 20 mm. Where needed, the upper surface of monolith was gently polished using 
silicon carbide grinding paper (2400 grit) to make it parallel to the bottom plate. The 
average value of both calculated ρG is given as a result. 
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3.4.6.5 μ‒CT  

X-ray micro-computed tomography (μ‒CT) was performed with the XRadia MicroXCT-
400 tomograph (XRadia, Concord,CA, USA) in order to investigate the characteristics of 
the pore structure of freeze-cast monoliths. For this analysis monoliths with a diameter of 
10 mm and approximate height of 15 mm were used. The beam energy was set to 40 kV, 
while the beam's intensity was set to 176 µA. A filter was not used. A charge-coupled 
device (CCD) camera acquired 500 projection images at an exposure time of 5 s per 
projection. The resolution of scanned samples using macro objective (0.39x) was 10.6 µm 
per pixel. 

3.4.6.6 Thermal conductivity 

Thermal conductivity (λ) and specific heat capacity (cp) were measured on a Hot Disk 
thermal constant analyzer TPS 2500 S (HotDisk AB, Gothenburg, Sweden). Freeze-cast as 
well as CIP consolidated monoliths were characterized. A Kapton sensor with a diameter 
of 6.4 mm, sandwiched between a pair of samples, was used for the determination of λ. If 
needed, the upper surface of a monolith was gently polished using silicon carbide grinding 
paper (2400 grit) to make it parallel to the bottom plate. The measurements were 
performed in an anisotropic module. Monoliths of cylindrical shape were used for the 
determination of thermal conductivity in axial direction (λa), while cubical monoliths were 
used to determine thermal conductivity perpendicular to the pore orientation, i.e., in radial 
direction (λr) as illustrated in Figure 3.2. Cylinders with a diameter of 25 mm and minimum 
height of 20 mm were used in the case of freeze-cast monoliths, while the height was 12 
mm in the case of monoliths MA‒CIP200. For the determination of radial thermal 
conductivity (only for freeze-cast monoliths) cubes with a side dimension of 20 mm were 
used.  

 

Figure 3.2: Illustration of a measurement setup for the determination of axial (A) and 
radial (B) thermal conductivity. Arrows in the left figure indicate an in-plane (xy) and 
out-of-plane (xz) measuring direction.  

The determination of specific heat capacity of monoliths was performed using a special 
sensor-cell, consisting of a hollow gold cylinder. Firstly, a reference measurement was 
performed, where an empty cylinder was thermally insulated with polyurethane foam and 
carefully heated with an applied power of 90 mW for 80 seconds. Under these conditions, 
the temperature inside the empty cylinder increased from 22.2 °C to 30.1 °C. Then the 
polyurethane thermal insulation was removed and the cylinder was left to cool down. In 
the next step, a sample of known mass was placed inside it, and then the cylinder was 
again thermally insulated with polyurethane foams and heated. Electrical heating power 
was adjusted, so that the temperature increase was the same as in the reference 
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measurement (≈ 8 °C). Five independent measurements with a 2-hour conditioning time 
between measurements were performed.  

All of the results are given as an average value of five measurements per sample with a 
1-hour conditioning time between individual measurements for thermal conductivity and 
2-hour conditioning time for heat capacity measurements.  

3.4.6.7 Thermographic imaging 

An infrared thermal camera from Fluke (Ti55FT IR FlexCam) with a thermal sensitivity 
of 0.05 °C was used to capture thermographic images. Cylindrical samples with a 25-mm 
diameter and approximate height of 25 mm were placed on a plate made of mullite fiber 
wool as illustrated in Figure 3.3. Through a round hole in the middle of the plate, a heating 
source in the shape of a small copper cylinder with a 10 mm diameter was placed. The 
temperature at the top of the copper cylinder was approximately 180 °C.  

 

Figure 3.3: Illustration of a measurement setup used to capture thermographic images. 

3.4.6.8 Permeability 

Cylindrical samples with a 10-mm diameter and a height (L) between 25 and 30 mm were 
used to perform permeability testing. The latter were conducted at room temperature using 
filtered compressed air as fluid. The specimens were radially sealed using a heat shrink 
tubing. The volumetric gas flow (Q) was recorded as a function of the differential pressure 
(Δp) between upstream (pi) and downstream (po) side of the specimen. A minimum of 12 
sets of pressure drop and Q values were recorded per sample. The measurements were 
performed inside the Δp range 0.6 and 2.4 bar, with the maximum pressure depending on 
the monolith tested, i.e., the samples integrity during testing. Three samples were tested 
per batch.  

Forchheimer’s equation for compressible fluids (Eq. 3.1) [196] was used to determine 
the Darcian (k1) and non-Darcian permeability (k2): 
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An air’s viscosity η of 1.84×10-5 Pa·s and air density ρ of 1.16 kg·m-3 were assumed (p = 
1004 mbar and T = 22 °C). In order to determine k1 and k2, a quadratic function was fitted 
to (pi

2-po
2/2pL) versus Q/A, using the least-squares method. 

3.4.6.9 Compressive testing 

To determine the compressive strength of freeze-cast monoliths Quasar 100 (Galdabini, 
Cardano al Campo, Italy) with a 100 N load cell was used. Cylinders with a diameter of 
25 mm and an approximate height of 25 mm were used to determine compressive behaviour 
in the axial direction, while cubic monoliths with a side of 20 mm were used to determine 



3.5. FTIR Analyses 37 

compressive behaviour in the radial direction (Figure 3.4). The monoliths were compressed 
at a constant speed of 0.5 mm/min.  

 

Figure 3.4: Illustration of a measurement setup for the determination of axial (left) and 
radial (right) compressive properties of freeze-cast monoliths. 

A maximum of two samples per batch were tested and the results were averaged. 
Results where only one sample per batch was compressed are marked. Thus the obtained 
results should be regarded as an estimation. However, the results are sufficient to evaluate 
the influence of individual processing parameters on compressive properties. 

3.5 FTIR Analyses 

FTIR spectra of pure MA powder, freeze-dried CNF gel (1.55 wt%), a sample containing 
only CNF and NaPAA (FTIR–1) and sample containing only CNF and MA powder 
(FTIR–2) were recorded. Prior to the FTIR analyses, all samples were treated at 120 °C 
for 12 h to remove any water residues. The exception was pure MA powder, which was 
treated at 200 °C. 

FTIR was performed on Spectrum 100 (Perkin Elmer, Waltham, Massachusetts, USA). 
The spectra were recorded in the range 500‒4000 cm-1 with a resolution of 4 cm-1. Eight 
scans were collected for each measurement.  

3.5.1 Sample preparation for FTIR measurements 

Sample FTIR–1 was prepared by mixing of 0.02 g of NaPAA, 6.5 g of 1.55 wt% CNF gel 
and 15.5 mL of distilled water in a plastic bottle with a magnetic stirrer. To prepare the 
sample FTIR–2 6.5 g of CNF gel (1.55 wt%) and 15.5 mL of distilled water were placed in 
a plastic bottle and mixed with a magnetic stirrer. Then 1.0 g of MA powder (φA = 0.013) 
was slowly added during mixing. Both suspensions were homogenized with a 24-hour ball 
milling. YTZ balls of 10 mm diameter were used (approximately 5 balls). In the last step, 
a small amount of NaOH (Neolab Migge GmbH, Germany) was added to set the pH value 
to 9 (SevenMulti pH meter equipped with an InLab expert pro electrode, Mettler Toledo, 
International Inc., USA). After ball milling plastic bottles containing suspension were 
immersed into liquid nitrogen for 5 minutes and then placed into a freeze dryer (2‒4 
LSCbasic, Martin Christ Gefriertrocknungsanlagen GmbH, Germany) set to T = ‒80 °C 
and p = 0.001 mbar for the ice to sublimate.  
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Chapter 4 

4 Results and Discussion 

4.1 Outline of the Research 

I. MA powder synthesis and characterization: Hydrolysis of AlN powder was 
exploited to prepare abundant amounts of hierarchically assembled MA powder. As-
prepared powder was characterized in detail by determining its crystal structure, particles 
size distribution, porosity, bulk, envelope and apparent density, particle shape and surface 
area.  

Description of synthesis path and detailed powder characterization is part of Chapter 
4.2 and research article: H. Hudelja, B. Wicklein, D. Kuščer and A. Kocjan: Triggering the 
aqueous interparticle association of γ-Al2O3 hierarchical assemblies using divalent cations 
and cellulose nanofibers. J. Eur. Ceram. Soc., 41, 590–598 (2021). 

II. Preparation of stable MA powder aqueous suspensions: In the first step, the 
dispersibility of AlN-hydrolysis-derived-MA powder in water using NaPAA was optimized 
through characterization of zeta potential, rheological properties and sedimentation 
behavior. In the second step, interparticle interactions between NaPAA-dispersed MA 
particles (bridging flocculation) were triggered. The latter was achieved via the addition of 
divalent cations (Mg2+ and Ca2+) or cellulose nanofibers (CNF). The effectiveness of both 
mechanisms was evaluated in detail.  

This topic is addressed in Chapter 4.2 and research article: H. Hudelja, B. Wicklein, 
D. Kuščer and A. Kocjan: Triggering the aqueous interparticle association of γ-Al2O3 
hierarchical assemblies using divalent cations and cellulose nanofibers. J. Eur. Ceram. Soc., 
41, 590–598 (2021).  

III. Processing of stabilized MA powder aqueous suspensions: Hierarchically 
macro-mesoporous alumina monoliths were prepared for the first time by freeze-casting of 
MA powder suspensions stabilized by the addition of NaPAA and Mg2+ or CNF.  

Further on, the suspensions containing different amounts of NaPAA-dispersed MA 
powder and CNF were frozen at two different freezing rates. The influence of process 
parameters (MA powder volume fraction, CNF content and freezing rate) on density 
(porosity), permeability, thermal and mechanical properties were studied in detail. 

The preparation of hierarchically porous monoliths from MA powder and CNF via 
freeze-casting, enhancement of their mechanical properties and detailed characterization of 
as-shaped monoliths is addressed in Chapter 4.4 and research article: H. Hudelja, T. 
Konegger, B. Wicklein, J. Čretnik, F. Akhtar, A. Kocjan: Freeze-casting of highly porous 
cellulose-nanofiber-reinforced γ˗Al2O3 monoliths. Open Ceram., 5, 100069 (2021).  

The nature of interactions between MA powder, NaPAA and CNF were investigated 
by FTIR (Chapter 4.4.1). An attempt to define the nature of interactions between NaPAA-
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dispersed MA particles and CNF was made in order to establish whether any new chemical 
or hydrogen bonds are formed or if the interactions are only of a mechanical origin 
(entrapment).  

4.2 AlN-Hydrolysis Derived MA Powder 

The hydrolysis of AlN powder in diluted aqueous suspension was used to prepare MA 
powder, as already demonstrated by Kocjan et al. [110], [166]. However, slight changes of 
the described synthesis conditions had to be made. Firstly, the concentration of AlN powder 
in the suspension was increased from the originally suggested 3 wt% to 10 wt% to obtain 
larger quantities of MA powder. Secondly, the time of hydrolysis had to be increased from 
4 to 7 hours in order to achieve a complete conversion of AlN to boehmite. This increase 
was needed due to the slightly larger size of AlN particles used in the present doctoral 
dissertation [197]. Although the material was provided by the same manufacturer, the mean 
particle size of AlN powder was 2.54 μm in comparison to the 1.2 μm average particle size 
used by Kocjan et al. [110], [166]. 

 

Figure 4.1: An illustration of MA powder synthesis process through hydrolysis of AlN 
powder. 

The hydrolysis was conducted by dispersing AlN powder in boiling water and tempered 
for the required amount of time, as illustrated in Figure 4.1. A complete conversion of the 
AlN to single-phase boehmite was achieved after 7 hours, as can be seen from the XRD 
pattern of a filtered and dried powder shown in Figure 4.2A, where no peaks of AlN nor 
aluminum trihydroxides were present. The obtained boehmite powder was then calcined at 
500 °C for 1 hour in air, where a topotactic transformation to mesoporous γ‒Al2O3 (MA) 
occurred (Figure 4.2A) [198].  

According to the Scherrer equation, the average crystallite size of the boehmite powder 
was 9.5 nm (d010), while a smaller size of 4.2 nm (d100) was obtained for MA powder. The 
nanocrystallinity was additionally supported by the TEM analysis (Figure 4.2B). As can 
be seen from the TEM micrograph, a MA particle consisted of stacked 2D nanosheets with 
the thickness of approximately 6 nm. The presence of mesopores in a single nanosheet can 
be observed in Figure 4.2C.  
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Figure 4.2: A) XRD patterns of the AlN-hydrolysis-derived boehmite and MA powder 
obtained after the calcination of boehmite at 500 °C. B) TEM micrograph of a part of 
hierarchically assembled MA particle. Arrows mark the thickness of a single 2D nanosheet.  

High mesoporosity of the as-synthesized MA powder was confirmed by the nitrogen 
adsorption/desorption measurements. The obtained type-IV isotherm, shown in Figure 4.3, 
is representative of mesoporous materials. When BJH method was implemented to the 
desorption part of the isotherm, pore volume of 0.47 mL/g and an average pore size opening 
of 2.4 nm were obtained. The MA powder also possessed a relatively high BET surface 
area of ≈180 m2/g.  

 

Figure 4.3: Nitrogen adsorption and desorption isotherms of MA powder. Inset: Size 
distribution of mesopores in MA powder.  
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To determine the size and shape of the secondary MA particles consisting of aggregated 
2D nanosheets, the SEM and particle-size-distribution analyses were performed, 
respectively (Figure 4.4A and 4.4B). The MA powder had the average particle size of 8.9 
µm and possessed a negatively skewed normal particle size distribution with sizes ranging 
from 0.5 μm and up to around 30.0 μm. In more detail, the d10, d50 and d90 diameters of the 
particle size distribution were equal to 3.4 μm, 8.6 μm and 14.5 μm, respectively (Figure 
4.4A). The SEM imaging confirmed that the MA powder was composed of spherical 
particles with a diameter of a few micrometers, i.e., entities hierarchically assembled from 
2D nanosheets (Figure 4.4B) forming a “hedgehog”- or “flower-like”-shaped secondary 
particles. A number of these entities further aggregated forming a more complex secondary 
MA particle as illustrated in the hierarchical assembly process of a single MA particle 
(Figure 4.4C).  

 

Figure 4.4: A) SEM micrograph of MA powder. B) Particle size distribution of MA powder. 
C) Illustration of proposed mechanism of γ‒AlOOH nanocrystals assembly to a hierarchical 
particle.  

The MA powder was further characterized by mercury-intrusion porosimetry (Figure 
4.5) yielding pore size distribution with respect to the distribution of pores opening 
diameter. The distinction between pore diameter and pore’s opening diameter is explained 
in Appendix’s Section A.3. The intrusion curve showed two distinctive peaks, one in the 
mesopore region at around 3 nm and the other in the macropore region around 6 μm. While 
the latter peak is characteristic for the mercury volume intruded into inter-particle space, 
the former points towards intra-particle intrusion again corroborating the mesoporous 
nature of a single MA entity.  

Mercury intrusion curve was also used to obtain the MA powder’s bulk (ρB) and 
apparent (ρA) density. The values were 0.42 mL/g and 3.35 mL/g, respectively. Envelope 
density (ρE) was also estimated in order to account for the porosity of individual particles. 
To obtain ρE the volume of mercury intruded into the interparticle space was first 
determined as indicated by the cross-section of the dashed lines in Figure 4.5. Accordingly, 
the mercury intrusion volume obtained inside the pressure interval 0.014–0.42 MPa 
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(corresponding to the pore sizes between 103.0‒3.5 μm) corresponded to the interparticle 
porosity. Then the latter value was subtracted from the total intruded volume of mercury. 
As a result, the mercury volume intruded into intra-particle space, i.e., pure particles 
porosity, was obtained. The as-calculated ρE was 0.92 mL/g, which was more than 3-times 
lower than the value of ρA and corresponded to ≈23 % of the alumina’s theoretical density. 

 

Figure 4.5: Pore size distribution and total porosity of MA powder determined by mercury-
intrusion porosimetry. Dashed lines approximately divide the pores by their size into the 
inter-particle porosity and intra-particle porosity. Inset: Total mercury-intrusion and 
extrusion volumes. Dashed lines approximately divide the total intruded volume into the 
volume intruded into the inter-particle and into the intra-particle space.  

The characterization of surface and structural properties of the MA powder proved that 
AlN powder hydrolysis is an interesting and simple synthesis procedure for hierarchically 
assembled MA powder.  

4.3 MA Powder Aqueous Suspensions and Their 

Stabilization 

Aqueous suspensions containing dispersed AlN-hydrolysis-derived MA powder were 
prepared. In order to prevent uncontrolled suspensions flocculation and thus pronounced 
sedimentation rates the MA particles were firstly dispersed by the electro-steric 
stabilization. The latter was achieved by the addition of sodium polyacrylate (NaPAA) 
with molecular weight of 225 000 g/mol. Since MA particles were in micro-size range 
additional mechanisms had to be implemented to hinder the gravitational pull on individual 
particles. Suitability of two mechanisms was evaluated, namely, the addition of divalent 
cations (M2+) and the addition of cellulose nanofibers (CNF) to NaPAA dispersed MA 
particles as illustrated in Figure 4.6. 
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Figure 4.6: An overview of mechanisms implemented against sedimentation and size 
segregation of aqueous MA powder suspensions. 

4.3.1 Aqueous suspensions containing NaPAA-dispersed MA particles  

NaPAA was used to endow suspended MA particles with higher surface charge and to 
provide sterical barrier between individual particles, thus hindering their agglomeration. 
The pH value of 9 was chosen as the main suspensions pH, since at this value NaPAA 
chains are extended and highly charged (degree of dissociation αd is approximately  
0.99998) [199], thus yielding a better electrosterical repulsion and a better dispersion in 
comparison to lower pH values [59]. To experimentally confirm that pH value of 9 was 
indeed a more suitable choice than lower pH values, suspensions containing NaPAA-
dispersed MA particles at pH 6 were also characterized.  

 

Figure 4.7: Viscosity of MA aqueous suspensions (φA=0.068) at pH 6 and 9, dispersed with 
different amounts of NaPAA measured at a shear rate of 50 s–1. 

Different amounts of NaPAA were added to the MA powder aqueous suspensions and 
the pH value was set to either 9 or 6. An optimal amount of added NaPAA was determined 
by measuring the viscosity of suspensions at a constant MA powder’s apparent volume 
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fraction φA of 0.068. The suspension containing optimal amount of NaPAA, i.e., where a 
monolayer surface coverage is achieved [200], is the one with the lowest viscosity. The 
results for both chosen pH values are presented in Figure 4.7. 

At pH 9, the lowest viscosity (≈ 6 mPa∙s) was obtained when suspension contained MA 
particles dispersed with 1.4 wt% of NaPAA (1.4NaPAA‒MA). For comparison the viscosity 
of suspension containing only MA particles of the same volume fraction was 2.1 mPa∙s (at 
shear rate of 50 s-1). Addition of NaPAA increased viscosity, since the extended 
polyelectrolyte tails, together with the unbound NaPAA hinder particle movement and 
therefore increase suspension’s viscosity. In the case of lower NaPAA concentrations (< 
1.4 wt%), a more than twofold increase of the viscosity value was observed. It can be 
ascribed to the bridging flocculation. The latter occurs when the concentration of added 
polymer (dispersant) is below the amount needed for monolayer coverage, i.e., the surface 
of the particles is only partially covered. In such cases a single molecule of dispersant can 
adhere to two particles simultaneously, thus connecting them together and causing 
flocculation [201]. On the other hand, when the addition of NaPAA was above 1.5 wt%, 
an even steeper increase in the viscosity of the suspension could be observed. The reason 
lies in excess NaPAA molecules which were not bound to the surface of the particles, but 
remained free-flowing. These molecules forced the particles closer together, causing 
depletion flocculation, which was manifested as an increase of the suspensions viscosity 
[59], [74]. 

For pH 6, the lowest viscosity (≈ 3 mPa∙s) was achieved at the addition of 2.8 wt% of 
NaPAA. The viscosity of suspension (φA=0.068) containing only MA particles at pH 6 was 
1.4 mPa∙s (at shear rate of 50 s-1). The optimal addition of NaPAA was twice as high as 
in the case of suspensions with pH value of 9. The difference occurred due to the MA 
particles surface charge, which is pH dependent. At pH values above the isoelectric point 
(IEP for γ‒Al2O3 is around 7.5) predominant charge on the surface of MA particles was 
negative, while below IEP positive charge prevailed. Therefore, at pH 9, negatively charged 
NaPAA chains were repulsed by negatively charged surface of the MA particles. NaPAA 
chains could thus only attach on a limited amount of positively charged sites on the MA 
surface [72], [202]. On the other hand, positively charged MA surface at pH 6 offered many 
areas where polymer chains could adsorb readily. Consequently, the amount of NaPAA 
needed to achieve a complete monolayer surface coverage was larger at pH 6.  

While an excess addition of NaPAA at pH 9 led to an abrupt increase of viscosity, due 
to the unbound chains of NaPAA, moving freely in suspension and causing additional 
interferences of particle movement, at pH 6 practically no increase of viscosity could be 
observed after the addition of over twice the optimal amount. This was ascribed to the pH-
dependent conformation of PAA chains. At pH 9, chains were highly charged, while at pH 
6 the degree of dissociation was slightly lower, i.e., at pH 6 αd is 0.9693, which is 
considerably lower than at pH 9 [199]. This led to notable differences in the 3D 
configuration of polymer chains. At pH 9, the chains were extended and stretched into the 
suspension, due to the charged carboxylate groups. On the other hand, the configuration 
of PAA chains at slightly acidic pH value of 6 was more coiled, since the chains carry less 
charge, due to fewer deprotonated carboxylic groups [59], [203], [204]. Extended PAA 
chains caused more hindrance of particle movement than PAA chains in coiled 
conformation, thus explaining why at pH 9 an abrupt increase in viscosity was observed 
after the addition of excess NaPAA. A more or less constant viscosity could be observed 
in the case of suspensions with pH 6.  

The optimal amount of NaPAA added at pH 9 was additionally determined by 
measuring zeta-potential (ζ) of diluted MA suspensions (φA = 0.00005) containing different 
amounts of NaPAA. As seen in Figure 4.8A an increasing amount of NaPAA caused IEP 
to steadily shift towards lower pH values until at NaPAA addition >1.4 wt% a constant 
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value of approximately 3.0 was reached. With even higher addition of NaPAA, the values 
of zeta-potential were comparable throughout the entire investigated pH range. The 
amount of NaPAA needed for optimal dispersion determined with ζ measurements was 
thus in accordance with rheologically obtained results.  

 

Figure 4.8: A) Zeta-potential of MA particles in diluted suspensions at different additions 
of NaPAA amounts and at different pH values. B) Comparison of zeta-potential curves of 
MA particles in diluted suspensions with and without the addition of 1.4 wt% NaPAA as 
a function of pH. 

The ζ of the suspended MA particles without added NaPAA was also determined and 
compared with the ζ of the particles dispersed with 1.4 wt% of NaPAA. Results are shown 
in Figure 4.8B. A positive ζ of ≈ 23 mV was measured for the MA particles in the acidic 
pH range (from 2 to 5), while in the alkaline pH region (8.5‒12) a negative potential 
between -25 and -30 mV was measured. The IEP was positioned between pH values 7.5 
and 8, which was in accordance with the literature [203], [205]. On the other hand, after 
the addition of 1.4 wt% of NaPAA, the IEP shifted to considerably lower pH values (pH 
≈ 3), while the absolute values of ζ considerably increased throughout the alkaline pH range 
(8‒10), exceeding -50 mV indicating on a strong negative repulsive potential of the NaPAA-
coated-MA particles.  

4.3.2 Influence of MA volume fraction on the rheological behavior 

The influence of MA powder volume fraction φ on viscosity and rheological behavior of 
1.4NaPAA‒MA suspensions (pH=9) and 2.8NaPAA‒MA suspensions (pH=6) was 
evaluated. Suspensions in the MA volume fraction range (φA) from 0.013 to 0.126 were 
tested. Results are shown in Figures 4.9 and 4.10.  

An almost linear increase of the viscosity values with an increasing MA powder volume 
fraction up to φA = 0.112 for pH 9 can be observed, while at pH 6, the linear increase could 
be observed to even higher MA volume fractions, i.e., φA = 0.119. Above these volume 
fractions, the viscosity began to increase abruptly (Figure 4.9).  

Viscosities obtained for suspensions with pH 6 were lower than the values obtained for 
optimally dispersed MA particles at pH 9 for all MA volume fractions. The reason for the 
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difference could lie in i) the pH-dependent conformation of NaPAA chains and ii) the pH-
dependent mechanism of NaPAA adsorption. As already mentioned at high pH values, 
PAA chains exist in extended conformation and at lower values (pH = 6) in more coiled 
conformation. PAA chain tails that extend into the suspension cause more hindrance of 
particle movement than the coiled ones, thus resulting in a higher increase of viscosity.  

 

Figure 4.9: Viscosity (at 50 s–1 shear rate) versus volume fraction of MA powder in water, 
dispersed with either 2.8 wt% NaPAA (pH=6) or 1.4 wt% NaPAA (pH=9).  

Higher viscosity at pH 9 can also be explained by the type of NaPAA adsorption, which 
is pH-dependent. At high pH values, PAA adsorb through hydrogen bonds, while in the 
case of lower pH electrostatic adsorption is possible [74], [206]. At the lower pH, there is 
the so-called high-affinity type of PAA adsorption, where PAA is completely adsorbed on 
the particle’s surface. In the case of higher pH 9 value (above IEP), an adsorption barrier 
occurs due to the same charge on the surface of particles and PAA chains. Consequently, 
high-affinity type adsorption is not possible and an equilibrium between adsorbed and non-
adsorbed, free-moving polymer chains is established. In the suspension with pH 9, where 
the equilibrium existed, the unabsorbed NaPAA hindered particles movement causing 
higher viscosities than in the case of suspensions with pH 6 where practically no free-
flowing PAA chains were present [74].   

A volume fraction φA =0.126 represented the maximum volume fraction (φm) of aqueous 
suspension experimentally achievable with this MA powder. The low maximum volume 
fraction can be ascribed to the high porosity of MA particles. To account for the MA 
particles intrinsic porosity predetermined ρE (0.92 g/mL) was used to calculate the envelope 
solid volume fractions (φE), which gave a rough estimation of the solid volume fractions 
the prepared suspensions would possess in case MA particles were non-porous (Table 4.1).  

A porous secondary MA particle (Figures 4.4B and 4.4C) was able to accommodate 
substantial amounts of water, i.e., approximately 0.5 mL of water per 1 g of MA powder. 
This part of the total water’s volume could not contribute to the suspension’s fluid 
dynamics.  

A rough approximation of the MA powder’s volume fractions, where the volume of 
water contained inside the MA particles was subtracted from the total water’s volume, 
yielded the envelope volume fractions φE in the range from 0.048 to 0.453 (corresponding 
to φA =0.013-0.126) as can be seen in Table 4.1. If envelope density was used for the 
calculation of the maximum MA powder’s volume fraction φm, the value was considerably 
higher, i.e., 0.453 (φE) instead of 0.123 (φA).   
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Table 4.1: Comparison between MA powder’s volume fractions calculated by using 
apparent density (apparent volume fraction, φA), envelope density (envelope volume 
fractions, φE), bulk density (bulk volume fraction, φB) and the corresponding mass fractions 
(wMA). 

Apparent volume 
fraction 

(φA) 

Envelope volume 
fraction 

(φE) 

Bulk volume 
fraction 

(φB) 

Mass 
fraction 
(wMA) 

0.013 0.048 0.097 0.043 

0.027 0.097 0.179 0.084 

0.054 0.196 0.251 0.161 

0.068 0.247 0.313 0.197 

0.083 0.298 0.368 0.231 

0.097 0.349 0.417 0.264 

0.112 0.401 0.460 0.296 

0.119 0.427 0.500 0.311 

0.126 0.453 0.518 0.326 

*ρA = 3.347 g/mL, ρE = 0.917 g/mL, ρB = 0.421 g/mL 

Even when the maximum solid volume fraction was expressed as φE, the maximum 
volume fraction of MA powder experimentally achievable (φm=0.453) was still lower than 
the maximum volume fractions reported for aqueous suspensions containing spherical, 
dense α‒Al2O3 particles, where φm was approximately 0.65 [207], [208]. However, the 
obtained φm for MA powder was similar to the maximum solid loadings already reported 
for spheroid-like particles (φm = 0.32 – 0.58) [209]. Higher maximum volume fraction 
obtainable in the case of spherical particles in comparison to the φm of MA particles can 
be explained by the irregular shape of the latter, i.e., randomly staked globular particles 
as seen in Figure 4.4B. The non-spherical particle’s shape led to a poorer space filling 
efficiency and consequently the maximum volume fraction was lower [210].  

The φm for the AlN-hydrolysis-derived MA powder was also slightly lower than the 
values reported for similar MA powders. Zamorategui et al. used fibrillar MA particles to 
prepared aqueous suspensions with 35 wt%, while in the case of MA powder consisting of 
spherical particles a slightly higher maximum solid fraction of 45 wt% was obtained. If 
aforementioned mass fractions are expressed as apparent volume fractions φA (calculated 
using 3.4 g/mL as the apparent density) values of 0.137 and 0.194 were obtained, 
respectively [211]. 

The rheological behaviour inside the shear rate range 1‒200 s-1 of suspensions containing 
different volume fractions of MA powder dispersed at different pH values is presented in 
Figure 4.10. Note that for suspensions with volume fractions (φA) below 0.082 rheological 
behaviour at shear rates below 10 s-1 was not determined, due to the limitations of the 
measurement system used.  

The viscosities of the suspensions with the MA volume fractions between 0.013 and 
0.097 for suspensions at pH 9 and volume fractions from 0.013 to 0.112 for suspensions 
with pH 6 were more or less constant and exhibited near-Newtonian behavior. Above these 
volume fractions, a change of the rheological behaviour was observed. In the case of 
suspensions with pH 9, the behaviour changed from a near-Newtonian to shear thickening, 
while at pH 6, the rheological behavior changed to shear-thinning. 
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Shear-thickening occurred at low shear rates, while at slightly higher shear rates, a 
plateau value was reached (Figure 4.10A). Shear thickening mostly occurs at shear rates 
above 100 s-1, even when suspensions contain a high solid volume fraction [212]. However, 
in the present case, shear thickening occurred at considerably lower shear rate values, e.g., 
at 40 s-1 when φA was 0.112. The on-set of shear thickening shifted to even lower shear 
rates with an increase in the MA volume fractions, occurring at approximately 1 s-1 at φA 

=0.126. Shear thickening observed at low shear rates can be ascribed to the friction between 
the MA particles occurring due to the high solid contents. The interactions were most 
likely additionally enhanced due to the non-spherical shape of MA particles and their rough 
surface area [213]. However, the phenomenon of shear-thickening at low shear rates could 
also be caused by the entanglement of the unabsorbed NaPAA chains in the MA particles 
at higher volume fractions [214].  

 

Figure 4.10: A) Rheological behaviour of the suspensions with different volume fractions of 
MA powder dispersed with 1.4 wt% NaPAA at pH 9. B) Rheological behaviour of the 
suspensions with different volume fractions of MA powder dispersed with 2.8 wt% NaPAA 
at pH 6.  

On the other hand, a transition to shear-thinning at low shear rates (< 100 s–1) observed 
for suspensions with pH 6 could be related to an agglomerate break-down and the 
orientation of particles in the direction of the flow [215], [216]. Unlike in the case of 
suspensions with pH 9, the NaPAA chains were in coiled conformation and were almost in 
its entirety adsorbed on the surface of MA particles (“high-affinity” type of adsorption). 
Consequently, the formerly mentioned entanglement between MA particles and NaPAA 
chains occurring at pH 9 was not possible in the systems with lower pH values.  

It was evident that the pH value played a significant role in the type of rheological 
behavior. Since at the same high enough MA volume fractions but at different pH values 
two types of rheological behavior were observed, it can be stated that the shear-thickening 
of suspensions at pH 9 was not so much a consequence of friction between rough surface of 
non-spherical particles, but occurred mainly due to the entanglement of the unabsorbed, 
extended NaPAA chains and MA particles. 

4.3.2.1 Krieger-Dougherty model  

For the suspensions containing either 1.4NaPAA‒MA powder (pH=9) or 2.8NaPAA‒MA 
powder (pH=6), the Krieger-Dougherty model was used (Figure 4.11 and 4.12, respectively) 
in combination with the least-square method to predict the maximum MA volume fraction 
φm in aqueous suspensions and to establish whether the pH value carries any significant 
influence on the latter. Furthermore, a comparison between the theoretical viscosity values 
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calculated from the Krieger-Dougherty model and the experimentally determined values 
was performed in order to establish the suitability of Krieger-Daugherty model for the 
aqueous NaPAA-MA systems.  

The Krieger-Dougherty model is used to predict the suspension’s viscosity () at a 
specific solid volume fraction (Equation 4.1) [217]. 



0

= (1 −
𝜑

𝜑𝑚
)

−[]∙𝜑𝑚
       (4.1) 

In the Krieger-Dougherty equation, η0 represents the viscosity of the chosen solvent, 
i.e., in the case of distilled water at 23°C, sheared at 50 s-1, the value is 0.79 mPa∙s. φ is 
the actual solid volume fraction, while φm is the maximum achievable solid volume fraction. 
Parameter [] is known as the intrinsic viscosity and accounts for the influence of particle’s 
shape on the viscosity.  

Krieger-Dougherty model was already used for the theoretical predictions of intrinsic 
viscosity and maximum solid fractions of aqueous suspensions containing non-porous, 
spherical particles with monomodal, narrow particle size distribution [217], [218]. On the 
other hand, an accurate theoretical prediction of [] and φm for systems containing particles 
with a complex shape in addition to a broad particle size distribution is not possible.  

Still, values of [] and φm can be estimated through the implementation of the Krieger-
Dougherty equation on the experimentally obtained data. The goal is to obtain the best fit 
between viscosity calculated through Equation 4.1 and experimentally obtained viscosity 
at different solid volume fractions [219], [220].  

Results of the Krieger-Dougherty model implementation for suspensions containing 
either 1.4NaPAA‒MA powder (pH=9) or 2.8NaPAA‒MA powder (pH=6) are presented in 
Figures 4.11 and 4.12, respectively. The best fit between experimentally determined 
viscosity values and the Krieger-Dougherty calculated results was obtained by the least-
square method. 

 

Figure 4.11: Viscosity versus volume fraction of 1.4NaPAA‒MA powder in water at pH 9 
(50 s-1 shear rate) as predicted by the Krieger-Dougherty model. Spheres mark the 
experimentally determined viscosity values. 

For the aqueous suspensions containing 1.4NaPAA‒MA particles, the least square 
method yielded the best fit (R2 = 0.993) when maximum solid volume fraction (φm) was 
set to 0.136. Additionally, the best fit was obtained when intrinsic viscosity was set to 
either 0.056 if MA was expressed in envelope volume fractions (φE) or 19.9 if MA volume 
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fractions were expressed as apparent volume fractions (φA). Apparently, the particle 
density used for the determination of solid volume fraction also has an influence on the 
intrinsic viscosity. Thus, the latter parameter should not be used as an absolute but rather 
as a relative value. For example, the values of [] obtained for dense spherical α₋Al2O3 
should not be compared to the values obtained for porous, non-spherical MA particles in 
order to determine the influence particle’s shape has on the intrinsic viscosity. Valid 
comparisons can only be made between [] obtained for slurries containing particles of at 
least similar densities, e.g., two suspensions containing α₋Al2O3 particles of a different 
shape.   

Comparison between experimentally obtained and theoretically calculated viscosity 
values at different MA volume fractions (pH=9) is given in Table 4.2. As can be seen from 
Figure 4.11, a slightly higher maximum volume fraction in comparison to the one 
determined experimentally was obtained, i.e., φm = 0.136 in comparison to 0.126 
determined experimentally. Still the values were very similar, suggesting a satisfactory fit 
between theoretically predicted and experimentally obtained viscosity behavior of 
1.4NaPAA‒MA suspensions. 

Table 4.2: Comparison of viscosities obtained experimentally and by implementation of the 
Krieger-Dougherty model at different 1.4NaPAA‒MA powder volume fractions in 
suspensions with pH 9. 

MA volume 
fraction 

(φA) 

exp
* 

[mPa∙s] 
cal

** 

[mPa∙s] 
Δn sqr2 

0.013 1.34 1.06 0.1 

0.027 2.80 1.47 1.8 

0.054 6.16 3.27 8.4 

0.068 10.20 5.48 22.3 

0.083 13.60 10.47 9.8 

0.097 21.10 24.73 13.1 

0.112 36.60 88.69 2713.3 

0.119 259.00 235.28 562.4 

0.126 1040.00 1100.12 3614.5 

*Experimentally determined viscosity. 
**Viscosity calculated using Equation 4.1. 

Results in Table 4.2 show that the best fit between experimental and theoretical 
viscosity values was obtained at MA volume fractions (φA) lower than 0.097. Still in the 
case of lower MA volume fractions, calculated viscosity was lower than the experimentally 
obtained values. The Krieger-Daughterly model only accounts for particle shape. It does 
not consider the impact of particle’s surface roughness or the surface charge. It follows that 
the deviations of the predicted viscosity values from the experimental results could be 
attributed to the rough surface of MA particles and a considerable surface charge that 
develops when suspended in water. However, the deviations of the experimentally obtained 
results from the Krieger-Daughterly model predicted values could also be caused by the 
unbound NaPAA molecules, which hinder particle movement and thus cause higher 
viscosity than theoretically predicted.  



52 Chapter 4. Results and Discussion  

On the other hand, in the case of suspensions containing 2.8NaPAA‒MA particles 
(pH=6) the situation was slightly different. As can be seen from Figure 4.12 two sets of 
values were predicted by the Krieger-Daugherty model. To obtain the first set of values all 
of the experimentally determined viscosity values were used in the determination of the 
best fit by the least square prediction method (Figure 4.12A). The second set of values was 
obtained when only viscosity obtained for MA volume fractions including 0.119 was used 
(the viscosity obtained at the highest MA volume fraction, i.e., 0.126, was excluded from 
the model) as can be seen in Figure 4.12B.  

 

Figure 4.12: A) Viscosity versus volume fraction of 2.8NaPAA‒MA powder in water at pH 
6 (50 s-1 shear rate) as predicted by the Krieger-Dougherty model, when all of the nine 
experimentally determined viscosity values were considered (first set of data). B) Viscosity 
versus volume fraction of 2.8NaPAA‒MA powder in water at pH 6 (50 s-1 shear rate) as 
predicted by the Krieger-Dougherty model, when only eight out of nine experimentally 
determined viscosity values were considered (second set of data). Spheres mark the 
experimentally determined viscosity values.  

Interestingly, in both cases, the best fit was obtained when maximum solid volume 
fraction of φm = 0.136 was used, which is the same as in the case of suspensions with pH 
9. It can be claimed that pH value (and with it connected conformation of NaPAA chains) 
has a negligible effect on the maximum amount of MA powder that can be dispersed in a 
given volume of water.  

However, the values of intrinsic viscosity [] (determined if MA content was expressed 
as φA) differed considerably between both sets, i.e., the value of 0.049 yielded the best fit 
in the case of the first set of calculated data, while the value of 0.029 resulted in the best 
fit for the second set of data. If MA was expressed in envelope volume fractions, intrinsic 
viscosity values of 18.0 and 10.5 were obtained for the first and second set of data, 
respectively.  

The match between experimentally obtained viscosity and the first set of the Krieger-
Daughterly model predicted values (Figure 4.12A and Table 4.3) was considerably poorer 
in comparison to the match with the second set of calculated data (Figure 4.12B and Table 
4.3). The obtained R2 was only 0.938 for the first set of values, while the values were 
significantly higher (R2=0.994) for the second set of calculated viscosity values. As can be 
seen from Table 4.3, the second set of calculated values was practically the same as the 
experimentally obtained viscosity values. However, the first set of data much more 
accurately predicted the viscosity at the highest MA volume fraction. According to the 
second set of calculated data, viscosity at MA volume fraction of 0.126 should be around 
35 mPa∙s (Figure 4.12B) which is almost 20 times lower than the experimentally 
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determined value (≈516 mPa∙s). The most likely reason for the misfit between both values 
is the rough surface of MA particles. As already stated, the Krieger-Daughterly model does 
not account for the particle surface roughness. Yet at the highest volume fractions where 
the friction between particles is greater, the rough particle surface could contribute to the 
overall increase of the suspension’s viscosity. Accordingly, we propose that the deviation 
observed between experimental and calculated viscosity at the highest MA volume fraction 
was most likely a consequence of an increased friction between MA particles due to the 
rough surface which is not considered by the Krieger-Daughterly model.   

Table 4.3: Comparison of viscosity values obtained experimentally and by implementation 
of the Krieger-Dougherty model at different 2.8NaPAA‒MA powder volume fractions in 
suspensions with pH 6. 

MA volume 
fraction 

(φA) 

exp
* 

[mPa∙s] 

cal
** 

 [mPa∙s] 
Δn sqr2  

cal
** 

 [mPa∙s] Δn sqr2  

First set of data‡ Second set of data § 

0.013 1.05 1.02 0.0 0.92 0.0 

0.027 1.10 1.35 0.1 1.08 0.0 

0.054 1.83 2.74 0.8 1.63 0.0 

0.068 2.14 4.34 4.9 2.13 0.0 

0.083 3.23 7.75 20.5 2.99 0.1 

0.097 4.72 16.71 143.7 4.68 0.0 

0.112 8.25 52.46 1954.8 9.13 0.8 

0.119 15.70 126.52 12280.9 15.26 0.2 

0.126 516.00 519.91 15.3 / / 

*Experimentally determined viscosity. 
**Viscosity calculated using Equation 4.1. 
‡ The first set of values was calculated based on the parameters obtained for the best fit of 
the Krieger-Dougherty model when all of the nine experimentally determined viscosity 
values were considered.  
§The second set of values was calculated based on the parameters obtained for the best fit 
of the Krieger-Dougherty model when only eight out of nine experimentally determined 
viscosity values were considered (the viscosity obtained at the highest MA volume fraction 
was excluded from the calculations). 

When comparing the fits between theoretical and experimental values obtained at 
pH=6 (second set of calculated data) and pH=9 an interesting observation can be made. 
Namely, the Krieger-Daughterly model more accurately described the values obtained at 
the lower pH. This suggests that the misfit between experimental and theoretical values 
observed at pH 9 was not a consequence of either the rough particle surface or a complex 
particle shape. The same model gave a perfect fit between the experimental and the 
theoretical values for the same particles at pH= 6 (exception is the highest MA volume 
fraction). Accordingly, it can be claimed that the deviations from the model at pH 9 are a 
sole consequence of the NaPAA chains conformation and the unabsorbed NaPAA chains 
which hinder the particles movement.  
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4.3.2.2 Sedimentation behavior of aqueous MA suspensions 

Observing the proneness of suspensions towards sedimentation is the most straightforward 
merit for the evaluation of suspensions’ stability. The influences of the pH value and 
NaPAA addition on the sedimentation behavior (kinetics and possible segregation) at three 
different times of 1 h, 6 h and 24 h were monitored. Suspensions containing particles 
without added dispersant and suspensions containing MA particles dispersed with NaPAA 
were studied at two different pH values.  

 

Figure 4.13: A) Pictures of sedimentation tests of φA = 0.054 MA aqueous suspensions at 
pH 6 without (left) and with (right) added NaPAA. B) Pictures of sedimentation tests of 
φA = 0.054 MA aqueous suspensions at pH 9 without (left) and with (right) added NaPAA. 

At pH=6, the pure MA suspension was more stable (up to 6 h) than the suspension 
with added NaPAA (Figure 4.13A), as in accordance with Chibowski et al. who studied 
PAA-Al2O3 systems [203]. After 6 h, the suspension containing 2.8NaPAA–MA particles 
exhibited a phase separation between sedimented particles and turbid supernatant 
(indicated in Figure 4.13A by a dotted line). Pure MA particles suspension appeared 
homogeneous. For both suspensions, the supernatant was cloudy even after 24 h due to the 
presence of fully stabilized MA particles of colloidal size, indicating the absence of 
flocculation. However, after 24 h the sediment height was lower in the suspension without 
added NaPAA (29 % of the initial suspension’s height) in comparison to the suspension 
containing NaPAA (53 % of the initial suspension’s height). The higher sediment height 
indicated a less efficient packing of particles, which can be explained by the higher surface 
charge of NaPAA-dispersed MA particles (Figure 4.8) and the presence of NaPAA chains 
preventing MA particles to come in close contact, thus enabling efficient packing.  

At pH=9, the situation was reversed. The MA particles dispersed with NaPAA showed 
a better resistance towards sedimentation than the pure MA suspension (Figure 4.13B). 
At pH 9, despite their relatively high measured zeta potential (-28 mV, Figure 4.8), pure 
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MA particles underwent immediate agglomeration, which resulted in the complete 
sedimentation after 6 h. A clear supernatant was a result of flocculation. The suspended 
particles were apparently too close to their IEP (7.5-8) (Figure 4.8) and obviously ended 
in the IEP soon after dispersion. Zeta potential was determined in a very diluted system 
(φA=0.00005). In a more concentrated system, as used for sedimentation experiments, a 
shift of the pH towards lower values or an increase in ionic strength of suspension could 
have taken place due to the powder’s characteristics (adsorbed residues, hydroxylation) 
and due to potential dissolution of MA, which becomes meaningful at pH values of 9 or 
greater [221]. In contrast, 1.4NaPAA–MA suspension consisting of MA particles, which 
were far removed from their IEP (≈3) exhibited a superior stability [68] compared to all 
conditions tested.  

On the other hand, when comparing suspensions at different pH values after NaPAA 
addition, the more stable suspension was obtained at pH=9. Even after 24 h no phase 
separation (clear sediment line) could be observed. The latter indicated that the smallest 
(colloidal) MA particles stayed dispersed over a longer time-period. NaPAA dispersed MA 
particles in suspension with pH=6 possessed lower absolute value of ζ (-25 mV) than the 
particles dispersed with NaPAA at pH=9 (-55 mV). Additionally, at pH=9, the NaPAA 
chains were in a more extended conformation in comparison to pH=6. Consequently, the 
steric stabilization provided by NaPAA was better in the case of suspension with pH=9. 
Correspondingly, NaPAA provided poorer stabilization of MA particles at pH=6, therefore 
explaining the faster sedimentation observed in the case of 2.8NaPAA–MA particles in 
comparison to 1.4NaPAA–MA particles.  

Based on the above results, the suspension containing 1.4NaPAA–MA particles at 
pH=9 was chosen for further studies of the possible additional stabilization. Sedimentation 
behaviour in terms of sedimentation rates (Figures 4.14A and 4.14B) and segregation 
(sediment versus supernatant, Figure 4.14C) were then studied in more detail.  

 

Figure 4.14: A) Sedimentation rates of φA = 0.027 MA aqueous suspensions (pH = 9) 
without the NaPAA addition. B) Sedimentation rates of φA = 0.027 MA aqueous 
suspensions (pH = 9) with added 1.4 wt% NaPAA. C) Pictures of sedimentation tests of 
φA = 0.027 MA aqueous suspensions at pH 9 without added NaPAA (left) and with 1.4 
wt% of NaPAA addition (right). 
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At lower MA volume fractions (φA=0.027), the more or less instantaneous 
sedimentation of pure MA particles was even more obvious (Figures 4.14A and 4.14C) than 
in the case of higher volume fraction (Figure 4.13B). At lower MA volume fraction, the 
supernatant was only slightly turbid after 1 hour, with the sediment reaching 
approximately 24 % of the initial suspension’s height. From relatively clear supernatant 
after 24 h it can be concluded that even the smallest MA particles had agglomerated and 
consequently sedimented due to the gravitational force.  

On the other hand, 1.4NaPAA‒MA particles exhibited a much slower sedimentation 
rate, reaching final sediment height after more than 36 hours (Figure 4.14B). However, 
unlike in the case of pure MA powder suspension, which sedimented into a two-phased 
system consisting of a sediment and a more or less transparent supernatant, the suspension 
containing 1.4NaPAA‒MA particles segregated into three distinct phases after around 10 
minutes. The three phases were represented by a transparent supernatant, a turbid 
supernatant and a denser sediment. The turbid supernatant was formed from the stable 
fraction of the smallest MA particles. Although, in both suspensions (with and without 
added NaPAA), the supernatant was still turbid after 24 hours, the transparency was 
considerably lower for the 1.4NaPAA‒MA suspension (Figure 4.14C). In the case of pure 
MA particles, the supernatant was only slightly turbid.  

Based on the observed sedimentation behaviour it can be concluded that the MA 
particles dispersed with NaPAA possessed a better resistance towards sedimentation than 
the pure MA particles. The improved stability and thus slower sedimentation rate of 
1.4NaPAA‒MA suspension was a result of a higher absolute value of ζ (-55 mV in 
comparison to –28mV for pure MA particles at pH=9; Figure 4.8B). A higher absolute 
value of ζ together with the sterical barrier provided by the extended NaPAA chains 
hindered the agglomeration of dispersed 1.4NaPAA MA particles. It was expected for even 
the smallest of pure MA particles (with sizes in the colloid range) to agglomerate and 
therefore readily sediment in comparison to the more stable 1.4NaPAA‒MA colloid 
particles [68].  

When MA particles were dispersed with NaPAA, the final sediment height was also 
considerably lower, i.e., 15 % of the initial suspension’s height in comparison to 21 % 
obtained after sedimentation of MA powder without added NaPAA. The latter can be 
readily explained by the lower stability of the MA particles dispersed without the addition 
of NaPAA. Consequently, the rate of agglomeration was substantially faster, resulting in 
a faster sedimentation rate, causing lower particle packing density.  

 

4.3.3 Addition of divalent cations 

To minimize or even prevent sedimentation and particle size segregation by inducing 
interparticle association, divalent cations (Mg2+ and Ca2+) were added to 1.4NaPAA‒MA 
aqueous suspensions at pH 9. Effectiveness of cations addition against sedimentation was 
then evaluated through characterization of rheological properties and sedimentation rates 
determination. Results are shown in Figures 4.15 and 4.16, respectively. 

The addition of divalent cations that differed in the size, such as Mg2+ and Ca2+, when 
added in small amounts (< 20 mmol/mol), decreased the viscosity regardless of the cations 
size, as is clearly evident from Figure 4.15A. The viscosity also exhibited a decreasing trend 
for different anion sizes in the case of magnesium salts (Figure 4.15B). The observed can 
be explained by either of the two possible mechanisms. Firstly, the addition of divalent 
cations caused the maximum amount of NaPAA adsorbed on the surface of MA particles 
to increase. Secondly, the 3D structure of the NaPAA chains changed from extended to 
coiled after divalent cations were added. Both mechanisms most likely occurred 
simultaneously and thus each partly contributed to the decrease of the viscosity.   
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Divalent cations can create bridges between the negatively charged carboxylate groups 
on polyacrylate’s chains and negatively charged sites on the surface of suspended MA 
particles, causing an increase in the maximum amount of NaPAA able to adsorb on the 
particles surface [83]. As a consequence, the amount of unadsorbed NaPAA chains, moving 
freely through the dispersion medium, was decreased, thus lowering the depletion forces 
and causing a reduction of the viscosity [74]. Divalent cations also caused a more or less 
effective shielding of the carboxylic group’s negative charge. The latter resulted in a change 
of the NaPAA chains conformation from an extended shape to a more coiled form. A coiled 
NaPAA chain caused less steric hindrance than an extended form, and as a consequence 
the particle movement was less obstructed, leading to a decrease of the viscosity [222].  

 

Figure 4.15: A) Viscosity as a function of divalent cations addition to 1.4NaPAA‒MA 
aqueous suspension (φA = 0.082) at pH 9, measured at a shear rate of 50 s-1. B) Influence 
of type and amount of monovalent anions on the viscosity 1.4NaPAA‒MA aqueous 
suspension with added Mg2+ cations. Volume fraction φA was set to 0.082 and pH to 9, 
while shear rate was 50 s-1. C) Effect of different amounts of MgCl2 on rheological behaviour 
of 1.4NaPAA‒MA suspensions (φA = 0.082, pH = 9) at different shear rates.  

A minimum viscosity value was reached at 20 mmol/mol for Mg2+ cations (≈3.2 mPa∙s) 
and 16 mmol/mol for Ca2+ cations (≈2.3 mPa∙s). With an additional increase of the amount 
of divalent cations the viscosity increased abruptly. In parallel, the rheological behaviour 
changed from a near-Newtonian to a shear thinning behaviour (Figure 4.15C).  

Evidently, a critical value of divalent cations was needed to trigger the formation of 
salt bridges, triggering bridging flocculation. The latter occurs when two carboxylate 
groups coordinate on one divalent cation: 2R‒COO‾ + M²⁺ ⇌ (R‒COO)2M. When Mg2+ 
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cations were used, salt bridges started to form at a threshold value of 22 mmol/mol (Figures 
4.14A and 4.14C). The viscosity continued to increase even after the onset of bridging, 
until a maximum value (≈107.0 mPa∙s) was reached after the addition of 30 mmol/mol of 
magnesium cations.  

After reaching the maximum values, the viscosity started to decrease again with 
viscosity values after the addition of Mg2+ in molar fraction of 70 mmol/mol approaching 
the values obtained for the system prior to the addition of divalent cations yielding (≈26.0 
mPa∙s). This last transition can be explained by the dissolution of formed salt-bridges 
caused by an excessive addition of divalent cations, which decreased short-range 
electrostatic attractions by a more effective charge screening [78]. 

The amount of Ca2+ cations needed for the on-set of bridging flocculation as well as to 
reach the maximum viscosity (≈82.9 mPa∙s) was lower in comparison to the Mg2+, 
i.e., 20 mmol/mol and 25 mmol/mol, respectively (Figure 4.15A). This is in agreement 
with the literature data for pure polyacrylate aqueous systems, where it was also 
demonstrated that an increase of the cation size resulted in a lower amount of cations 
needed for the onset of salt-bridging [77], [222].  

On the other hand, the size of anions did not exhibit any effect on the bridging 
initiation. It did however affect viscosity values after the onset of the latter and determine 
the maximum value of viscosity. The viscosity values and anion sizes were reversibly 
proportional to the size of the anions, that is Cl‾ < NO3‾ < CH3COO‾, as can be clearly 
seen in Figure 4.15B. The effect of anion size on the overall viscosity after the beginning 
of bridging can be explained by a better effectiveness in screening of the cations positive 
charge by larger anions. Better screening resulted in a weaker repulsion between individual 
cations and consequently in a more compact and less extended configuration of NaPAA 
chains. As mentioned earlier, the more coiled are the chains, the less steric hindrance of 
particle movement is invoked, leading to a smaller increase of the viscosity [223].  

In addition to the rheological measurements, the effectiveness of the bridging triggered 
by the addition of divalent cations was evaluated by the sedimentation tests, where 30 
mmol/mol or 70 mmol/mol of MgCl2 was added to 1.4NaPAA‒MA suspensions (Figure 
4.16).  

When sedimentation rates of suspensions containing only 1.4NaPAA‒MA particles 
(Figure 4.14B) were compared to the rates obtained for suspensions containing 1.4NaPAA‒

MA and Mg2+ cations (Figure 4.16), it was clear that in the latter case initial sedimentation 
was considerably faster. However, the final sediment height, achieved after 24 hours, was 
more than three times higher when Mg2+ cations were added. The formation of salt bridges 
prevented the MA particles from settling into a more densely packed sediment.  

It is worth mentioning that after the addition of Mg2+ cations no “phase” separation, 
i.e., occurrence of a turbid supernatant caused by a severe particle size segregation was 
observed (Figure 4.16C) like in the case of suspension containing only 1.4NaPAA‒MA 
particles (Figure 4.14C). The supernatant was completely transparent when Mg2+ cations 
were added. This indicated that particle association was achieved between 1.4NaPAA‒MA 
particles within the suspension. 

When the amount of Mg2+ was increased from 30 mmol/mol to 70 mmol/mol, the initial 
sedimentation was even faster, while the height of sediment after 24 h decreased by 
approximately 30 %. This decrease could be explained by a re-dissolution of a segment of 
the formed salt-bridges, since a lower number of these bridges could indeed cause a decrease 
of the final sediment height. This observation corroborated with the rheological 
observations, demonstrating that an excess of divalent cations caused a partial re-
dissolution of salt-bridges.  
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Figure 4.16: A) Sedimentation rates of φA = 0.027 1.4NaPAA‒MA aqueous suspensions 
(pH = 9) with added 30 mmol/mol of Mg2+ cations. B) Sedimentation rates of φA = 0.027 
1.4NaPAA‒MA aqueous suspensions (pH = 9) with added 70 mmol/mol of Mg2+ cations. 
C) Pictures of sedimentation test of φA = 0.027 MA aqueous suspensions dispersed with 
1.4 wt% of NaPAA at pH 9 and added 30 mmol/mol of Mg2+ cations. 

The final sediment height of both tested suspensions was re-checked three months after 
the on-set of sedimentation, and it must be noted that it has not changed, indicating that 
the formed network indeed prevented complete sedimentation in the long time periods.   

Findings gathered by the sedimentation testing imply that after the addition of divalent 
cations 1.4NaPAA‒MA particles were no longer individual entities, but rather formed an 
interconnected ceramic-polymer-divalent cation network.  

4.3.4 Addition of cellulose nanofibers (CNF) 

Another promising additive that can prevent sedimentation and segregation of micron-
sized particles in aqueous suspensions by the formation of a fibre network is CNF. CNF 
was added to the aqueous 1.4NaPAA‒MA suspensions. The CNF used for this purpose was 
TEMPO-oxidized to ensure a better dispersion in the aqueous medium [96], [97]. An 
approximate thickness of a single fibre was estimated by AFM to be around 2 nm (Inset 
of Figure. 4.17A). 

A strong dependence between the viscosity of the 1.4NaPAA‒MA suspensions and 
different CNF contents and MA volume fractions can be discerned from Figure 4.17B. A 
connection can be observed between the maximum amount of CNF and MA powder that 
could be added to the suspension prior to the viscosity reaching an infinite value. The 
amount of added CNF decreased gradually with an increasing MA volume faction, i.e., if 
the volume fraction was increased from 0.013 to 0.082, the maximum CNF amount that 
could be added decreased from 10 wt% to 1 wt% (of the MA powder’s mass). 

Viscosity of suspensions containing MA powder in the volume fraction of φA = 0.013 
increased from approximately 1.5 mPa∙s to over 1200 mPa∙s after 10 wt% of CNF was 
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added. Such viscosity was close to the value observed in the suspension containing the 
maximum volume fraction (φA=0.126) of 1.4NaPAA‒MA (Figure 4.9A). It can be observed 
that the viscosity was more influenced by the amount of added CNF than by the increase 
of MA powder’s volume fraction.  

 

Figure 4.17: A) Viscosity of 1.4NaPAA‒MA aqueous suspensions (pH = 9) with different 
powder volume fractions as a function of CNF addition measured at a shear rate of 50 s-1. 
B) SEM image of 1.4NaPAA‒MA particle with added CNF. Inset: AFM image showing a 
single cellulose nanofiber. C) Effect of the CNF amount on rheological behaviour of 
1.4NaPAA‒MA suspensions (φA = 0.027) at pH 9 as a function of shear rate.  

At the lowest MA volume fractions, i.e., 0.013 and 0.027, the viscosity was increasing 
gradually until the CNF amount exceeded 7 wt% or 3 wt%, respectively. Afterwards, the 
viscosity started to increase abruptly. At lower MA volume fractions (φA ≤ 0.054), a 
threshold occurred at the viscosity around 100 mPa∙s. Above it, the viscosity also began 
to increase abruptly, following the trend − the higher the MA volume fraction, the steeper 
the increase of the viscosity. In addition, the amount of CNF at which this threshold was 
reached was MA-volume-fraction-dependent: the higher the volume fractions, the lower the 
amount of CNF needed to reach this threshold.  

At lower shear rates, i.e., below 100 s-1, the viscosity values grow a few orders-of-
magnitude when the CNF amount was increased (Figure 4.17C), displaying the strong 
effect CNF had on the rheological properties. Addition of CNF also caused a change of the 
rheological behaviour from near-Newtonian to shear thinning, as was already reported by 
Liu et al. [224]. On the curve depicting the viscosity’s dependence from shear rate (Figure 
4.17C) of suspension containing MA powder (φA=0.027) and 7 wt% of CNF, a short plateau 
region can be discerned at the approximate shear rate of 30 s-1. This phenomenon was 
already observed and described in the literature as breakdown of CNF structure occurring 
at a critical shear rate and high enough CNF concentrations [107]. 
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Sedimentation tests (Figure 4.18) showed that the addition of CNF improved 
suspensions resistance towards sedimentation and particle segregation. However, the 
addition of only 0.5 wt% of CNF was not sufficient to prepare a suspension able to resist 
sedimentation or segregation for longer time periods. As can be seen from the pictures 
taken during sedimentation testing (Figures 4.18A and 4.18E), after only 10 minutes, a 
clear sediment boundary was visible, while the supernatant was notably turbid, indicating 
the smaller particles remained dispersed. On the other hand, a turbid supernatant could 
not be observed in suspensions containing 1 wt% or more of CNF. In the latter cases, the 
supernatant was completely clear and transparent. This suggested that smaller, colloidally 
stable particles were trapped inside the CNF network. It is surmised that MA particles are 
entrapped/adhered into CNF network which acts as a scaffold. Consequently, an 
interconnected CNF₋MA particle network is created through bridging flocculation, which 
in turn helps to limit or even entirely prevent sedimentation over longer time-periods.  

 

Figure 4.18: Sedimentation rates of φA = 0.027 1.4NaPAA‒MA aqueous suspensions (pH 
= 9) with added A) 0.5 wt% of CNF, B) 1 wt% of CNF, C) 2 wt% of CNF, D) 5 wt% of 
CNF. Pictures of sedimentation test of φA = 0.027 MA aqueous suspensions dispersed with 
1.4 wt% of NaPAA at pH 9 and added 0.5 wt% of CNF (left), 1 wt% of CNF (middle) and 
2 wt% CNF (right). 
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Additional increase of the CNF content further improved suspensions resistance 
towards sedimentation exhibiting significantly lower sedimentation rates. For example, 
suspension containing 1 wt % of CNF showed the first visible signs of sedimentation after 
4 h (Figure 4.18B), while after the addition of CNF in the amount of 5 wt% of MA powder, 
no sedimentation could be observed for the first three weeks (Figure 4.18D). After 3 
months, the same suspension barely sedimented, retaining over 90 % of its initial height.     

4.3.5 Influence of Mg2+ and CNF addition on the zeta potential 

The influence of addition of different amounts of Mg2+ cations or CNF on the zeta potential 
(ζ) of MA-containing suspensions at pH 9 was evaluated (Figures 4.19 and 4.20, 
respectively). In the case of CNF also the ζ at different pH values, but at constant amount 
of CNF (5 wt%) was determined (Figure 4.20B).  

4.3.5.1 Influence of Mg2+ addition on the zeta potential 

Addition of divalent cations (Mg2+) to the suspension containing 1.4NaPAA‒MA powder 
resulted in an interesting trend, which appeared to be reversed to the trend observed for 
viscosity values of the same suspensions (Figure 4.19). The absolute ζ value was the lowest 
at the same content of Mg2+ cations, where the viscosity was the lowest and vice versa. 

 At lower contents of Mg2+ cations (up to 20 mmol/mol), the absolute value ζ was 
decreasing almost linearly with the increasing Mg2+ content. The ζ increased from ≈ -55 
mV before the addition of divalent cations to ≈ -20 mV after the addition of 20 mmol/mol 
of Mg2+. This initial increase was followed by an increase of absolute ζ value (≈ –30 mV). 
The beginning of the latter decrease coincided with the onset of bridging flocculation, which 
occurred when the content of Mg2+ cations exceeded 22 mmol/mol (marked by a sharp 
increase of viscosity). On the other hand, when the content exceeded 40 mmol/mol, the 
absolute value of ζ started to decrease again (≈ –26.5 mV).  

 

Figure 4.19: Zeta-potential curve of 1.4NaPAA‒MA powder in diluted suspension at pH 9 
with added different amounts of MgCl2. For comparison, a curve showing viscosity (at 50 
s–1 shear rate) as a function of MgCl2 addition to φA=0.082 1.4NaPAA‒MA aqueous 
suspension at pH 9 is also shown.  
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With regards to the obtained ζ and rheological data, we propose the following 
explanation of the ζ trend: the initial decrease of absolute ζ was caused by the shielding of 
negative charge of carboxylate groups on the PAA chains by the Mg2+ cations [84], [85]. 
Due to this charge shielding the coiling of PAA chains took place. Consequently, the 
thickness of polymer layer decreased, the shear plane moved closer to the surface of MA 
particle and the absolute value of ζ decreased [83]. The presence of divalent cations 
promotes the adsorption of PAA on the MA surface by creating bridges between the 
negatively charged surface of MA particles and the negatively charged NaPAA’s 
carboxylate groups (Al‒O‾ + R‒COO‾ + Mg²⁺ ⇌ Al‒O⋯Mg⋯OOC‒R) [83], [84], [225], 
[226]. Consequently, the decrease of absolute value of ζ could also be partially ascribed to 
the shielding of MA particles negative surface charge by Mg2+. When Mg2+ content exceeded 
22 mmol/mol, the bridging flocculation was initiated and complexes of neutral salts were 
formed (2R‒COO‾ + Mg²⁺ ⇌ (R‒COO)2Mg). Formation of these complexes meant that 
the carboxylate groups, which prior to the bridging carried positive charge (R‒COOMg+), 
were now neutral and attributed to the slight increase of the of absolute ζ value. Above a 
certain content of divalent cations (Mg2+ > 40 mmol/mol), the dissolution of formed salt 
bridges started [78]. As a consequence, the of absolute value of ζ again decreased 
approaching the ζ value 1.4NaPAA‒MA particles had before the onset of bridging 
flocculation (at 20 mmol/mol of MgCl2 added). 

4.3.5.2 Influence of CNF addition on the zeta potential 

1.4NaPAA‒MA suspension containing CNF in the range of 0.5–7 wt% exhibited an average 
ζ of –35.9±2.7 mV (marked by the dashed line in Figure 4.20A). This was slightly more 
negative in comparison to pure MA particles (-28 mV) [182]. On the other hand, a more 
negative ζ was observed for 1.4NaPAA‒MA particles (≈ -55 mV). Since the absolute value 
of ζ was higher than 30 mV, the secondary particles (agglomerated clusters) repelled each 
other, meaning the suspensions had a more or less high degree of stability [68]. The 
scattering of results obtained for individual CNF contents showed no dependence from the 
amount of added CNF. The scattering was ascribed to the slight deviations in the 
suspensions properties, such as clustering/association of CNF after dispersion, occurring 
due to the hydrophobic interactions [227], degree of CNF swelling [228] or the amount of 
MA powder surface covered by the CNF network [20], [229].  

To determine the effect of individual components, ζ of pure CNF and mixture of CNF 
and NaPAA at pH=9 was also determined. The value obtained for pure CNF was 
‑43.8±0.74 mV. The value obtained after NaPAA was added to CNF was almost the same 
as in the case of pure CNF, i.e., -39.1±1.2 mV, indicating that NaPAA addition had little 
effect on the ζ of CNF fibres.  

The difference between the ζ values for pure CNF or CNF/NaPAA system and the 
values of ζ obtained for systems containing 1.4NaPAA‒MA and CNF could be a 
consequence of the difference in the suspensions concentrations. The concentration of CNF 
and NaPAA used for the determination of ζ was between 50 and 30 times higher in the 
suspensions without MA powder than in the suspensions containing MA powder. It was 
previously shown that an increase of the polysaccharide concentration lowers the absolute 
value of ζ [227]. However, the measurements of ζ could not be performed if the 
concentration of pure CNF or NaPAA/CNF was equal to the one used for the 
determination of ζ in the 1.4NaPAA‒MA/CNF system. The number of particles was either 
under the detection limit or the concentration was too high to perform a valid 
measurement. Consequently, it was not possible to conclude if the ζ of pure CNF fibres 
was the same, higher or lower as the one obtained for the 1.4NaPAA‒MA and CNF 
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systems. In other words, it was not possible to discern how and if the addition of 
1.4NaPAA‒MA particles affected CNF’s ζ.  

 

Figure 4.20: A) ζ curve of 1.4NaPAA‒MA powder in diluted suspension at pH 9 and 
different amounts of CNF. The dashed line marks the average value of ζ. B) ζ curves of 
1.4NaPAA‒MA powder in diluted suspension at pH 9 with or without added CNF.  

Still assuming that the difference in the suspensions concentration had a negligible 
effect on the measured ζ value the following explanation of the difference between individual 
values can be offered. The most plausible explanation of the decreased absolute ζ value of 
1.4NaPAA‒MA particles after the addition of CNF is that it occurred due to the CNF 
network partially covering the surface of NaPAA-dispersed MA particles. NaPAA 
molecules carry approximately 12 times more charge per unit of mass than CNF fibres. 
Thus when CNF covered MA surface, previously occupied by adsorbed NaPAA molecules, 
the absolute value of ζ decreased due to the adsorption of polymer with lower number of 
charged groups. Yet in order to confirm the validity of this explanation, the thickness of 
CNF layer, coating the MA particles, should be determined. The ζ of polymer-coated 
particles is influenced by the coating’s thickness. In the case of a thick polymer layer, the 
ζ of the underlying particle is concealed and the measured ζ is only the potential of the 
coating layer. On the other hand, for thinner polymer layers, the value of ζ is the sum of 
both potentials, i.e., of the coating polymer and the underlying particle [229]. 

In the case of CNF also the ζ of 1.4NaPAA‒MA at different pH values, but at a constant 
amount of CNF (5 wt%), was determined (Figure 4.20B). The most prominent change 
noticeable after the addition of CNF was an occurrence of a near-plateau region in the 
approximate pH range from 5 to 10. Occurrence of a plateau in this pH range is common 
for cellulose materials [228], [230], [231], and was ascribed to the fully dissociated carboxyl 
groups (pKa ≈ 3.9) [228], [232]. The highest absolute ζ was obtained at pH values between 
9 and 10. This slight increase could be ascribed to the contribution of MA particles negative 
surface charge to the overall potential. As can be seen from the grey line in Figure 4.20B, 
the absolute value of ζ of 1.4NaPAA‒MA particles was also the highest at this pH value. 
At even more alkaline values (pH >10) the absolute ζ slightly decreased. This decrease 
presumably occurred due to the compression of the electric double layer caused by the 
increased ionic strength. The latter occurred due to the increased concentration of NaOH, 
added to adjust the pH value [58]. When pH was lowered to neutral or acidic values (pH< 
5), a step decrease of absolute value of ζ was observed. The decrease was ascribed to the 
protonation of carboxylate group (R‒COO‾ ⇌ R‒COOH). Due to this neutralization of 
negative charge, the absolute ζ decreased. Afterwards, the CNF were not stable and tended 
to agglomerate if the pH was lowered below 3.5 (IEP). The IEP was slightly shifted after 
the addition of CNF, i.e., from 3.0 for 1.4NaPAA‒MA system [182] to 3.5. The resemblance 
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between both IEPs is a consequence of the similarities in the chemical structure of NaPAA 
and cellulose [231]. Both substances contain carboxylate groups and possess similar pKa 
values, i.e., 3.9 for TEMPO-mediated cellulose [232] and 4.4 for NaPAA [233].  

After the addition of CNF or Mg2+ the absolute value of ζ decreased in respect to the 
ζ value of 1.4NaPAA‒MA particles, yet the decrease was more substantial after the 
addition of cations. The addition of CNF to 1.4NaPAA‒MA aqueous suspensions decreased 
the absolute value of ζ (from ‑55 mV to approximately ‑36 mV). The former change was 
ascribed to the formed CNF coating on the MA particle surface. However, the ζ was not 
affected by the change of CNF concentration at constant 1.4NaPAA‒MA content. On the 
other hand, the amount of added divalent cations had a pronounced influence on the ζ, 
which varied in the range of -40 mV and -20 mV. 

4.4 Freeze-Casting of HMMA Monoliths 

Three aqueous suspensions containing AlN-hydrolysis derived MA powder dispersed with 
NaPAA at pH of 9 were freeze-cast. One suspension contained only 1.4NaPAA‒MA 
powder, while the other two were additionally stabilized by the addition of either Mg2+ 
cations or CNF.   

Freeze-casting of aqueous suspensions containing only 1.4NaPAA‒MA powder resulted 
in very fragile green bodies. As can be seen in Figure 4.21A, the monolith fragmented to 
pieces already during handling. Monolith prepared from aqueous suspension containing 
1.4NaPAA‒MA powder additionally stabilized through the triggering of interparticle 
associations (bridging flocculation) by the addition of divalent Mg2+ cations resulted in a 
green body with even poorer mechanical properties. The monoliths were extremely fragile, 
since they broke down into smaller pieces already during the freeze-drying stage (Figure 
4.21B). Although interparticle associations were present in the suspension (interactions 
were formed between Mg2+ cations and carboxylate groups on the NaPAA chains adsorbed 
on the surface of MA particles), results suggest these interactions were not strong enough 
to produce rigid and self-standing green bodies. A more efficient binder is apparently 
needed in order to provide sufficient support to unsintered highly porous MA freeze-cast 
monoliths. 

 

Figure 4.21: HMMA monolith prepared by freeze casting of A) aqueous suspension 
containing only 1.4NaPAA‒MA powder (φA = 0.082), B) aqueous suspension containing 
1.4NaPAA‒MA powder (φA = 0.082) and 30 mmol/mol of Mg2+ cations, C) aqueous 
suspension containing 1.4NaPAA‒MA powder (φA = 0.082) and 1 wt% of CNF.  

On the other hand, monolith prepared by the addition of CNF to the suspension 
containing 1.4NaPAA‒MA powder resulted in a stable green body (Figure 4.21C), showing 
potential for further studies, unlike the green bodies prepared from suspension stabilized 
by the addition of Mg2+ cations. 
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4.4.1 Fourier transform infrared spectroscopy (FTIR) 

Fourier transform infrared spectroscopy (FTIR) was employed to study the nature of 
interactions between MA particles, NaPAA and CNF, owing to which the freeze-cast 
monoliths exhibited sufficiently high rigidness. Spectra of pure components, i.e., MA 
powder and freeze-dried CNF (Figure 4.22) were compared to the spectra of samples 
containing different mixtures of MA powder, NaPAA and CNF (Figures 4.24 and 4.25) in 
order to determine what type of interactions were formed between individual components 
in the final materials. 

4.4.1.1 Spectra of pure components 

In Figure 4.22A the bands of pure MA powder (γ–Al2O3) are shown. The band at 3294 
cm-1 is characteristic for asymmetric stretching (νas) of (Al)O–H bonds [234], while the band 
at 3089 cm-1 belongs to the symmetric stretching (νs)  of the same bonds  [235]–[237]. Bands 
at 1145 and 1069 cm-1 can be assigned to the deformation of (Al)O–H bonds, i.e., δas and 
δs, respectively [235], [237]. The bands in the region below 1000 cm-1, i.e., the bands at 731 
and 566 cm-1, can correspond to the stretching and bending vibrations of Al–O bonds from 
the octahedrally coordinated aluminum–oxygen complex (AlO6) [238]. The band at 1641 
cm-1 belongs to the vibrations (stretching) of O–H bond from adsorbed water molecules 
[235], [238], [239]. When water molecules are present a second band at ≈3490 cm-1 also 
appears [235], [238]. In the present case, this band might be deconvoluted from the wide 
band at 3294 cm-1. 

The weak bands at 2981 cm-1 and 1389 cm-1 could be ascribed to the stretching of C–H 
bond, indicative of a presence of residues of organic matter from the possible 
contamination, for example from ethanol used for cleaning of the FTIR set-up. The wide 
band occurring at ≈2100 cm-1 seen on the inset of Figure 4.22A was a combination band 
[238]. 

 

Figure 4.22: FTIR spectrum of A) MA powder and B) freeze-dried CNF. 

Based on the chemical structure of cellulose (Figure 4.23) vibrations for hydroxyl group 
(–OH) of secondary alcohol, for carboxylate anion (R–COO‾) and for cyclohexane were 
expected. The connection between two individual rings forms an acetal bond (R–O–CH–
O–R’), so bands for this group are also expected. The stretching and bending vibrations of 
these bonds frequently overlap, making band assignment a challenging task. 
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The wide band at 3342 cm-1 can be ascribed to the stretch of the O–H bond. The band’s 
width at half maximum exceeds 300 cm-1 and its position between 3400 and 3300 cm-1 
suggested that between individual OH groups intermolecular polymeric hydrogen bonds 
were formed [240]. In cellulose intra-molecular hydrogen bonds can also form between two 
OH groups [241]. The stretching vibration for intra-molecular hydrogen bond occurs 
between 3600 and 3500 cm-1 as a band of medium intensity. In CNF spectrum this band 
was most likely overlapping with the wide, more intense band for vibrations of inter-
molecular hydrogen bonds.  

 

Figure 4.23: The structure of a monomer comprising TEMPO-mediated cellulose. The 
orange asterisks mark secondary carbon atoms (R2–CH2), while the blue asterisks mark 
tertiary carbon atoms (R3–CH). 

A much weaker band at 2899 cm-1 occurred due to the asymmetric and symmetric 
stretching of C–H bond [240], [242]. The vibrations appeared at a slightly higher frequency 
than in the unsubstituted CH2 group. The shift occurred due to the presence of electron 
withdrawing groups, i.e., negative inductive effect of hydroxyl and also ether groups bound 
to the carbon atoms [242]. The sharp and strong band appearing at 1604 cm-1 belonged to 
the asymmetric stretching of the carboxylate anion (R–COO‾), while the band at 1412 cm-

1 corresponded to the symmetric stretching of the same bonds [240], [242].  
Bands at 1371 and 1336 cm-1 are characteristic for cellulose and occurred due to the in-

plane deformations of C–H and O–H bonds, respectively [242], [243]. The weak band at 
1315 cm-1 corresponded to the wagging of the CH2 group [243]. The other band for vibration 
of C–H bond, either from secondary or tertiary carbon atom, occurred between 1422 and 
719 cm-1 [242], yet their intensities are mostly weak and are thus commonly covered by 
other, more intense bands. The band at 1159 cm-1 occurred due to the asymmetric 
stretching of acetal bond, i.e., the “bridge” between two glucopyranose rings [240], [244], 
[245]. At lower wavelengths, vibrations of bonds between carbon and oxygen can be 
observed. The bands at 1106 and 793 cm-1 were attributed to the out-of-phase and in-phase 
stretching of C–C–O bonds, respectively [240], [242]. The vibrations at 1055, 1035 and 897 
cm-1 can be ascribed to the C–O–H stretching, C–O–C ring skeletal vibration and 
asymmetric ring breathing, respectively [240], [242], [243]. The band for symmetric ring 
breathing, which usually occurs between 785 and 755 cm-1 [242], was overlapping with the 
band at 658 cm-1. Bands at lowest wavelengths, i.e., 658 and 524 cm-1 are characteristic of 
the acetal bond deformation [240], [242]. The former could be overlapping with the band 
for O–H out-of-phase deformation [243]. The remaining bands at 614 and 560 cm-1 can be 
ascribed to the carboxylic anion scissoring and wagging deformation, respectively [242].  

4.4.1.2 Spectra of composite samples 

Spectrum of pure components, i.e., MA powder and CNF, were then compared to the 
spectrum of sample containing either only CNF and NaPAA (Figure 4.24) or to a spectrum 
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of a sample containing MA powder and CNF (Figure 4.25) to determine what type of 
interactions were formed between individual components in the final material.  

 

Figure 4.24: Comparison of FTIR spectrum of freeze-dried CNF and FTIR–1 to establish 
the type of interactions between CNF and NaPAA. 

The chemical structure of NaPAA is much simpler in comparison to the structure of 
cellulose. In the NaPAA molecule, only vibrations of carboxylate anion and C–H vibrations 
for secondary and tertiary carbon atom are expected. However, the C–C skeletal vibration 
modes are usually weak and thus of little use in mid-infrared spectroscopy [242].  

In the region below 1400 cm-1, the spectra of CNF and sample containing CNF and 
NaPAA (FTIR–1) were practically identical. In Figure 4.24, the red dashed lines mark the 
bands not present or appearing at slightly different wavenumbers than in the spectrum of 
pure CNF. These bands occurred at 3336, 1567 and 1405 cm-1. The band at 3336 cm-1 was 
shifted to a slightly lower wavenumber in comparison to the band’s position in the spectrum 
of pure CNF (3342 cm-1). Since the position and width of this band depends strongly on 
the type of hydrogen bond, it can be assumed that after the addition of NaPAA new 
hydrogen bonds between the oxygen atoms on NaPAA chains and hydroxyl groups on CNF 
were formed, thus lowering the band’s wavenumber [240].  

The bands occurring at 1567 and 1405 cm-1 corresponded to νas and νs of the carbon–
oxygen bonds in carboxylate anion (R–COO‾), respectively. These vibrations could also be 
observed in the spectrum of pure CNF, but at slightly higher wavenumbers, i.e., 1604 and 
1414 cm-1. Both bands occurred at slightly lower wavenumbers in the spectrum of FTIR‒

1 due to the absence of electron withdrawing groups, i.e., hydroxyl and ether groups in the 
molecule of NaPAA. The bands for νas and νs of the carboxylate anion from CNF and from 
NaPAA were overlapping due to a very similar wavelength of both bond vibrations as can 
be seen in Figure 4.24. From the absence of newly formed bands, e.g., a strong band for 
the vibration of C=O (carbonyl) bond of the ester group, appearing between 1750 and 1735 
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cm-1 [240] it could be concluded that during suspension preparation, freezing or drying no 
reaction between CNF and NaPAA took place. However, individual molecules most likely 
interacted with each other via hydrogen bonding.  

 

Figure 4.25: Comparison of FTIR spectrum of freeze-dried CNF, MA powder and FTIR–2 
to establish the type of interactions between CNF and MA powder. 

The interactions between MA and CNF were also studied by FTIR (Figure 4.25). On 
the spectrum of FTIR–2 (sample containing MA powder and CNF), no new bands could 
be observed, though two bands, i.e., at 2912 and 1060 cm-1, appeared at slightly shifted 
wavelengths. The band at 2912 cm-1 could only be seen in the spectrum of pure CNF 
(Figure 4.22B), where it appeared at lower wavelength (2899 cm-1). In CNF this band was 
ascribed to the asymmetric and symmetric stretching of the C–H bond. The shift to higher 
wavenumbers could be a consequence of the changes in the strength of hydrogen bonding 
and thus changes in the strength of negative inductive effect of hydroxyl groups, which 
cause the shift of this band to higher wavelengths [242]. On the other hand, the band at 
1060 cm-1 (ascribed to vibrations of the –O–H bond) could be seen in both pure MA powder 
and pure CNF spectrum. However, both bands appeared at slightly different wavelengths, 
i.e., 1069 cm-1 (MA powder) and 1055 cm-1(CNF). This observation can be explained by 
the presence of hydrogen bonds, which slightly decrease the vibration’s frequency, with the 
decrease being proportional to the strength of the formed bonds [242]. Thus it can be 
postulated that the slight difference in the positions of all three –O–H bond vibration 
frequencies occurred due to the formation of different hydrogen bonds. In pure MA sample 
these bonds were formed between individual hydroxyl groups on the surface of MA 
particles. In pure CNF sample hydrogen bonds were formed between hydroxyl groups from 
individual CNF molecules. On the other hand, in the composite sample also hydrogen 
bonds between hydroxyl groups present on MA surface and hydroxyl groups from CNF 
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molecules could also be formed. This new type of hydrogen bonds could explain the shift 
of –O–H bond vibration band.  

The –O–H bond vibration occurred at a lower wavelength in case of pure CNF, 
indicating that the hydrogen bonds between individual molecules of CNF were stronger 
than the hydrogen bonds formed between the OH group from a MA particle and the OH 
group from a CNF molecule. On the other hand, the position of –O–H vibration band at 
higher wavelength in the case of MA powder indicates that the strength of hydrogen bonds 
between two hydroxyl groups from MA powder was lower than the strength of hydrogen 
bonds formed between MA and CNF. 

The FTIR measurements confirmed that interactions were formed between MA 
particles, NaPAA and CNF. While no chemical reaction took place, the components were 
to some degree interconnected through hydrogen bonding.   

4.4.2 Freeze-casting of CNF-stabilized HMMA monoliths   

Hierarchically macro-mesoporous alumina (HMMA) monoliths were prepared by employing 
freeze-casting of aqueous suspensions containing MA powder dispersed with NaPAA 
(1.4NaPAA‒MA) and cellulose nanofibers. CNF were added in order to endow HMMA 
monoliths with mechanical stability as well as to prevent sedimentation and particle 
segregation during freezing [182]. The process of monoliths preparation is summarized in 
Chapter 3.4 and Figure 3.1.   

In order to evaluate the influence of freezing rate (1 °C/min or 6 °C/min) and the ratio 
between water, MA powder and CNF on the final properties of freeze-cast HMMA 
monoliths, surface area, porosity, permeability, thermal conductivity and mechanical 
properties under compression were studied in detail. 

4.4.2.1 Microstructural characterization  

The main characteristic of porous materials prepared by unidirectional freezing of aqueous 
suspensions is the evolution of pore channels, a replica of the ice crystals formed during 
freezing [18], [51].   

 

Figure 4.26: SEM of HMMA monolith containing φA = 0.027 of MA powder and 7 wt% 
CNF (FZC‒5) viewed in A) axial direction (top view) and B) radial direction (side view). 

HMMA monoliths prepared via freeze-casting possessed columnar-like porosity running 
parallel to the freezing direction as shown in Figure 4.26. The struts were composed of the 
CNF network in which MA particles were entangled in. The latter endowed the struts with 
mesoporosity. If a directional temperature gradient is applied to a suspension, the growth 
of solid crystals is directional rather than random, i.e., the crystals grow alongside the 
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direction of the temperature gradient [18]. Consequently, pore channels run continuously 
along one of the monolith’s axis, mostly from the bottom to the top, resulting in a material 
with a long-range ordered porosity [27]. 

 

Figure 4.27: A) μ‒CT image of monolith FZC‒5 viewed in 3D. B) μ‒CT image of monolith 
FZC‒5 viewed in axial direction. C) μ‒CT image of monolith FZC‒5 viewed in radial 
direction. 

The presence and the extent of the columnar-type of porosity in the HMMAs monoliths 
was inspected with the μ‒CT analysis (Figure 4.27). In the direction parallel to the ice 
growth (axial direction, Figure 3.1), pores exhibited long-range order (Figure 4.27B). 
However, this was not the case in the direction perpendicular to the ice-growth front (radial 
direction, Figure 3.1), where the distribution and shape of pores looked rather random 
(Figure 4.27C). Yet a closer examination of these μ‒CT images revealed that the 
distribution was not entirely random, but rather demonstrated some short-range order. 
Sections where pore walls were locally aligned were present, however no true long-range 
order could be observed. These randomly oriented, limited domains, consisting of organized 
channels/lamellae are characteristic for materials prepared by unidirectional freezing on a 
cold smooth plate, like the surface of a copper rod [18], [246]. 
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The specific surface area (SSA) of freeze-cast monoliths containing MA powder 
(monoliths from FZC‒2 to FZC‒9; for composition see Table 3.1) was between 91 m2/g 
and 134 m2/g, while the freeze-cast monolith containing only CNF and NaPAA (FZC‒1) 
had a much lower SSA of only 45 m2/g. Although the SSA of monoliths containing MA 
powder was high compared to freeze-cast alpha-alumina porous ceramics [247] it was still 
lower than the surface area of the pure MA powder (180 m2/g). A segment of the MA 
powder’s surface area was lost presumably due to a partial coverage of the MA particle’s 
surface with the CNF network as can be seen in Figure 4.28. Thus, the HMMA`s surface 
area (SSA) was irreversibly proportional to the amount of CNF (MA/CNF ratio). The 
higher the amount of CNF (lower MA/CNF ratio), the lower the SSA (Table 4.4). The 
freezing rate affected the SSA as well. SSA of two monoliths containing the same MA/CNF 
ratio frozen at two different rates, namely monoliths pairs FZC‒5/FZC‒6 (MA:CNF = 
14:1) and FZC‒7/FZC‒8 (MA:CNF = 50:1), were compared. A higher surface area was 
observed for the monoliths frozen at the faster rate. The higher SSA of fast frozen monoliths 
was in accordance with the theoretical expectations, since a more rapid freezing rate results 
in the formation of a higher number of smaller pores. Thus a greater surface area of pore 
walls is formed, leading to a higher HMMA monolith’s pore surface area [22].  

 

Figure 4.28: SEM image of MA particles entrapped in the CNF network. 

SEM imaging fractions were performed to evaluate the influence of MA powder volume 
content in the freeze-cast slurries on the pore shape and the pore size of the HMMA 
monoliths. The results (Figure 4.29) showed that pore sizes started to decrease with 
increasing MA powder volume fraction (φA), while pore walls began to thicken. Also, when 
MA volume fraction was increased, the columnar structure became less distinctive. While 
at φA = 0.054 (Figure 4.29D) columnar porosity could still be distinguished, although its 
shape started to resemble a layer-like structure. It was also no longer as well defined as in 
HMMA monoliths with lower fractions of MA powder (Figure 4.29B and 4.29C). 
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Figure 4.29: SEM images of freeze-cast monoliths A) FZC‒1, B) FZC‒2, C) FZC‒5, D) 
FZC‒7, and E) FZC‒9, viewed in axial direction, i.e., perpendicular to the freezing 
direction. Arrows mark pores with a diameter above 115 μm.  

When φA reached 0.082, the pores no longer exhibited long-range order (Figure 4.29E). 
The gradual transition, from well-defined columnar porosity present in monoliths FZC‒1, 
FZC‒2 and FZC‒5, through poorly defined columnar-like pores present in monolith FZC‒

7, to the randomly shaped pores in monolith FZC‒9, was ascribed to the insufficient 
mobility of the suspended MA particles. The insufficient mobility led to early entrapment 
of particles in the advancing freezing front [27] resulting in randomly shaped pores. The 
MA powder volume fraction was too high to enable undisturbed growth of ice crystals and 
thus a successful formation of columnar porosity. 
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Table 4.4: Summary of specific surface areas and porosities of HMMA monoliths prepared 
by freeze-casting. 

Monolith 

Geometric 

density ρgeom 

(g/mL) 

Geometric 

porosity* 

(%) 

Mercury 

intrusion 

porosity 

(%) 

Specific surface 

area 

(m2/g) 

FZC‒1 0.011±0.001 99.2±0.1 96.6±0.3 45 

FZC‒2 0.056±0.002 98.5±0.1 96.5±0.3 91 

FZC‒3 0.056±0.001 98.5±0.0 96.1±0.1 / 

FZC‒4 0.097±0.002 97.5±0.1 96.2±0.6 105 

FZC‒5 0.108±0.007 97.1±0.2 96.8±0.2 100 

FZC‒6 0.109±0.010 97.1±0.3 96.2±0.4 117 

FZC‒7 0.172±0.006 95.6±0.2 94.4±0.5 128 

FZC‒8 0.177±0.003 95.4±0.1 94.3±0.1 138 

FZC‒9 0.272±0.002 93.1±0.1 90.8±0.9‡ 134 

MA‒CIP200 1.158±0.003 70.7±0.1 71.0±0.1 138 

*Geometrical porosity was calculated as: (1‒ ρgeom/ρtheor)∙100%, where ρtheor was the 
theoretical density, estimated from mass fractions and densities of the components. For 
calculation of ρtheor values ρCNF = 1.46 g/mL and ρMA = 3.95 g/mL were used.  
‡Sample was in part crushed during measurement. Accordingly, the results should be 
interpreted with care. 

4.4.2.1.1 Influence of MA volume fraction on pore structure 

Geometric and mercury-intrusion-based porosities were determined for all the freeze-cast 
HMMA monoliths presented in Table 4.4. The geometric density (ρG) of MA-powder-free 
FZC‒1 sample was only 0.011 g/mL and comparable to the CNF aerogels densities already 
reported in the literature [248], [249]. On the other hand, the geometric densities of 
monoliths containing the lowest MA powder volume fraction, FZC‒2 and FZC‒3, were 5-
times higher than the density of monolith FZC‒1 with the value of 0.056 g/mL, which is 
equivalent to 98.5 % of the total geometric porosity. A further increase in the MA volume 
fraction caused the expected trend of increasing ρG and decreasing total porosity. The 
highest MA volume fraction in monolith FZC‒9 reached the highest density of 0.272 g/mL.  

The anticipated trend of total porosity decrease with the increase of MA volume fraction 
was also confirmed with mercury porosimetry. The results are presented in Table 4.4 and 
Figure 4.30. Deviations at volume fractions below 0.054 are observed. As-determined 
porosities appeared higher at higher MA volume fractions, while they should have decreased 
with increasing solid content [250]. A detailed examination of the intrusion curves at the 
lowest pressures/biggest pore sizes revealed a sharp increase of the dV/dlog(D) curve at 
pore diameters above 100 μm in the case of MA volume fraction below 0.054 (Figure 4.30A). 
Such increase indicates that pores larger than 115 μm (larger than the detection limit) are 
present in the sample. As a consequence, total porosities determined by Hg intrusion 
porosimetry for monoliths FZC‒1, FZC‒2 and FZC‒3 were lower from the actual values. 
The presence of the pores bigger than 115 μm was also evident from the SEM images in 
Figures 4.30A‒C. The ascent of the dV/dlog(D) curve at low pressures (pore diameters 
above 115 μm) was, on the other hand, not observed in the Hg intrusion measurements of 
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monoliths FZC‒7 and FZC‒9, thus suggesting that these monoliths did not possess pores 
with diameter exceeding 115 μm. Absence of the latter was also evident from the SEM 
images in Figures 4.29D and 4.29E. 

While Hg-intrusion-determined porosities did not follow the expected decreasing trend 
with an increase of the MA solid volume fraction, the geometrical porosities (Table 4.4) 
changed with MA solid fraction per expectations. Due to the absence of pores with 
diameters exceeding 115 μm at higher φA also a close match between geometrical porosities 
and Hg-intrusion determined porosities was observed. On the other hand, substantial 
differences could be observed at lower volume fractions due to the fact that part of the 
total porosity was above the mercury-intrusion detection limit. Thus geometric porosities 
of monoliths FZC‒1, FZC‒2 and FZC‒3 were closer to the real values and also followed 
the expected trend. 

 

Figure 4.30: A) Pore size distribution in monoliths containing different volume fractions of 
MA powder all frozen at the rate of 1 °C/min. B) Hg intrusion (solid line) and extrusion 
(dashed line) curves of selected monoliths. 

The MA powder volume fraction had an impact on the width of pore size distribution 
of monoliths frozen at the rate of 1 °C/min. Monolith FZC‒1, which was prepared without 
MA powder, had the widest pore size distribution. Pore sizes were in the range from 1 μm 
to well over 115 μm (Figure 4.30A), with the biggest pores exceeding 300 μm as can be 
seen in Figure 4.29A. The pore size distribution in monolith FZC‒2 was still very broad. 
The range was comparable to FZC‒1. However, the pores were slightly smaller, especially 
the largest ones, which reached sizes of around 180 μm (Figure 4.29B). On the other hand, 
in the three monoliths with MA content of φA ≥ 0.054, a much narrower pore size 
distribution was observed. In monolith FZC‒5, the modal pore diameter was at 40.5 μm, 
while in FZC‒7, which possessed even narrower pore size distribution, modal pore diameter 
appeared at 29.7 μm. The smallest modal pore diameter of 7.8 μm and the narrowest pore 
size distribution was detected in monolith FZC‒9, which possessed the highest MA volume 
fraction. With increasing MA volume fraction, the number of pores exceeding 115 μm 
decreased together with their diameter until the solid content was high enough (φA ≥ 0.054) 
to entirely prevent their formation.  

Due to the intrinsic mesoporosity of MA particles, all freeze-cast monoliths (except 
FZC‒1) beside macropores also possessed a substantial amount of mesoporosity, making 
them hierarchically porous as can be seen on the inset of Figure 4.30A. The approximate 
volume of mesopores was 0.12 mL/g and an average pore diameter was 6 nm. CNF on the 
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other hand is not mesoporous on its own as can be seen from the FZC‒1 intrusion curve 
in the inset of Figure 4.30A. The volume of pores smaller than 50 nm determined in 
monolith FZC‒1 was approximately 0.03 mL/g. Thus the addition of CNF and the 
consequent coverage of MA’s surface and intrinsic mesopores was responsible for the 
decrease in mesoporosity of HMMA monoliths in comparison to the pure MA powder. Ma 
powder had a mesopore volume of 0.27 mL/g as determined by mercury intrusion 
porosimetry. 

4.4.2.1.2 Influence of freezing rate on pore structure 

The influence of the freezing rate on the porosity and pore size distribution was evaluated. 
The freezing rate (1 °C/min versus 6 °C/min) had no measurable influence on the total 
porosity when comparing samples containing the same MA/ CNF ratio (monoliths pairs 
FZC‒5/FZC‒6 and FZC‒7/FZC‒8; Table 4.4). However, the freezing rate still had a strong 
influence on the pore size distribution, as can be seen from the mercury intrusion 
porosimetry curves (Figure 4.31) and SEM images (Figure 4.32). 

At the same MA/CNF ratio bigger pores with narrower, monomodal size distribution 
were formed in monoliths frozen at a slower rate. The modal pore diameters of slowly 
frozen monoliths were 40.5 and 29.7 μm for FZC‒5 and FZC‒7, respectively (Figure 4.31).  

 

Figure 4.31: A) Pore size distribution of monoliths FZC‒5 and FZC‒6 containing the same 
MA/CNF ratio (MA:CNF = 14:1), frozen at different rates (1 °C/min or 6 °C/min, 
respectively). B) Hg intrusion (solid line) and extrusion (dashed line) curves for monoliths 
FZC‒5 and FZC‒6. C) Pore size distribution of monoliths FZC‒7 and FZC‒8 containing 
the same MA/CNF ratio (MA:CNF = 50:1), frozen at different rates (1 °C/min or 6 
°C/min, respectively). D) Hg intrusion (solid line) and extrusion (dashed line) curves for 
monoliths FZC‒7 and FZC‒8. 
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On the other hand, when a faster freezing regime of 6 °C/min was used, a broader pore 
size distribution with bimodal nature evolved in both fast-frozen monoliths FZC‒6 and 
FZC‒8. The reason for the latter lies in water’s crystallization process. At faster cooling 
rates, where ice formation is governed by the nucleation rather than crystal growth, the 
formation of smaller ice crystals is promoted [18]. Since the size of ice crystals determines 
the size of macropores in the final monolith, the faster freezing rates result in finer pore 
sizes. While modal pore diameters of 40.5 μm and 29.7 μm were determined in monoliths 
FZC‒5 and FZC‒7, respectively, the majority of macropores in monoliths FZC‒6 and FZC‒

8 were in the size range of only a few micrometres, i.e., between 3 and 11 μm. The pore 
size distributions of fast-frozen monoliths FZC‒6 and FZC‒8 were quite similar. The 
clearest difference was in the modal diameter of pores above 20 μm, i.e., in the monolith 
FZC‒6, the modal diameter was larger. This was in accordance with results obtained at a 
slow freezing rate, where with an increasing MA volume fraction modal diameter also 
decreased.  

A predominating finer pore structure of monoliths frozen with a faster rate in 
comparison to pores formed at slower rates was also clearly evident from the SEM images 
in Figure 4.32.  

 

Figure 4.32: A) SEM images of HMMA monolith FZC‒5. Arrows indicate pores with the 
diameter bigger than 115 μm. B) SEM images of HMMA monolith FZC‒6. 

However, bigger pores with the modal diameter at 48.4 μm (FZC‒8) and 62.9 μm (FZC‒

6) could also be observed at a faster freezing regime (Figures 4.31A and 4.31C). It seems 
that the chosen rate was not fast enough to completely inhibit extensive ice crystal growth, 
resulting in the evolution of bimodal pore size distribution. The faster freezing was still too 
slow to entirely prevent the formation of pores with diameters above 10 microns, but it 
was apparently too fast to promote extensive crystal growth needed for the formation of 
ice columns with diameters exceeding 100 μm, present in monolith FZC‒5 as indicated by 
the increase of dV/dlog(D) curve at low pressures (Figure 4.30 and 4.31A). In addition, 
the freezing rate had also affected the thickness of pore walls, which were considerably 
thinner in monoliths frozen at faster rates, as can be seen from the magnifications of SEM 
images in Figure 4.32 [251].  

4.4.2.2 Permeability 

Highly porous materials with columnar porosity possess good gas permeation properties 
(up to approximately 1×10-11 m2 for Darcian permeability and up to approximately 1×10-

5 m for non-Darcian permeability) [49], [252], [253]. Due to the latter freeze-cast materials 
are especially useful in high flow/pressure applications, since low pore tortuosity reduces 
the pressure drop. 



78 Chapter 4. Results and Discussion  

FZC‒5 and FZC‒7 were tested for permeation properties in order to determine if MA 
powder volume fraction and CNF content influence the gas permeability. Results are shown 
in Figure 4.33. When pressure differences were plotted agains different air flows (Q/A), a 
higher pressure drop could be observed for monoliths FZC‒5. Results suggest that FZC‒7 
had a slightly better overall gas permeability. 

 

Figure 4.33: Specific air flow through monoliths versus pressure differential, shown for 
monoliths FZC‒5 and FZC‒7.  

The permeability for both monoliths was calculated based on Forchheimer’s equation 
for compressible fluids [196] described by Equation 3.1. There are two contributions to the 
overall permeability according to the Forchheimer’s equation: Darcian permeability (k1) 
and Non-Darcian permeability (k2). Darcian permeability (k1) arises due to viscous flow 
regime, while Non-Darcian permeability (k2) corresponds to the inertial flow effects. 

The decision to use Forchheimer’s equation instead of Darcy’s law [252] was based on 
the better fit between experimentally obtained and calculated data obtained by the least 
square method. The least square method yielded a better fit between pressure drop and 
gas velocity Q/A when quadric relationship (Forchheimer’s equation) was used in contrast 
to when a linear equation (Darcy’s law) was applied. The quadric relationship between the 
pressure drop and gas velocity (Figure 4.33) indicated that the inertia or Non-Darcian 
effects on the overall permeability should not be neglected.  

Table 4.5: Summary of air permeability characteristics of freeze-cast HMMA monoliths. 

HMMA 

monolith 

Number of 

measurements 

k1 

(×10-12 m2) 

k2 

(×10-7 m) 

FZC-5 3 2.39 ± 0.19 9.15 ± 6.51 

FZC-7 3 4.31 ± 0.47 2.23 ± 0.26 

Permeability parameters k1 and k2 obtained for the two inspected HMMA monoliths 
were comparable to the values reported for freeze cast, sintered alumina monoliths [254], 
as well as to the typical values found for fibrous filters [196]. Obtained permeability 
properties were significantly better from the properties reported for alumina foams [255] or 
HMMA monoliths prepared by cold isostatic pressing of AlN-hydrolysis-derived-MA 
powder (k1 = 0.08 – 22.1×10-16 m2, k2 = 0.03 – 5390×10-15 m) [110]. 
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The Darcian permeabilities (k1) for FZC‒5 and FZC‒7 were 2.39×10-12 m2 and 4.31× 
10-12 m2, respectively (Table 4.5).  Parameters that influence the k1 are material’s porosity 
and size of individual pores. The similarity of both latter parameters in tested monoliths 
(Table 4.4 and Figures 4.29C, 4.29D and 4.30A) explains the small difference between k1 

values.  
On the other hand, the Non-Darcian permeability contribution was with 9.15×10-7 m 

higher for monolith FZC‒5 in comparison to 2.23×10-7 m observed for monoliths FZC‒7, 
accounting for a more than 300 % difference between Non-Darcian permeability. Unlike k1 
which is mostly determined by porosity and pore size, parameter k2 is also susceptible to 
the changes of gas molecules velocity and flow [254]. On the SEM images on Figures 4.29C 
and 4.29D, an obvious transition from a columnar pore structure in monolith FZC‒5 to 
more randomly shaped pores in monolith FZC‒7 can be observed. Due to a higher 
alignment of the pores in monolith FZC‒5, with the pore structure less tortuous, the air 
flow was not as obstructed as in the monolith FZC‒7. Thus the resulting permeability in 
the former case was higher.  

The variation of k1 values between the measurements of identical HMMA monoliths 
was relatively low, indicating permeability characteristics have an acceptable 
reproducibility. However, for monolith FZC‒5 a relatively high error between individual 
values of k2 has to be addressed. This error could be ascribed to the limited strength of 
pore walls in the monoliths, since it was evident from the SEM images (Figures 4.29C and 
4.29D) that the pore walls were considerably thinner in monolith FZC‒5 in comparison to 
the monolith FZC‒7. Thinner walls could have led to the warping or degradation of 
monolith’s pore structure, consequently affecting the flow and velocity of gas molecules, 
which in turn affected k2. 

4.4.2.3 Compressive properties 

The influence of MA volume fraction, CNF content and freezing rate on the stress-strain 
response of freeze-cast HMMA monoliths under compression in axial direction as well as 
radial direction were studied. The latter was carried out in order to establish the influence 
pore orientation has on mechanical behavior.   

Table 4.6: Summary of compressive properties of freeze-cast HMMA monoliths. 

HMMA 
monolith 

Axial direction Radial direction 

Yield point 
(kPa) 

Young’s modulus 
(kPa) 

Yield point 
(kPa) 

Young’s modulus 
(kPa) 

FZC‒1* 4 130 1±0 20±10 

FZC‒2 20±2 590±20 2±0 70±10 

FZC‒3 5±1 610±40 / / 

FZC‒4* 28 930 / / 

FZC‒5 52±6 1080±430 14±0 410±40 

FZC‒6* 40 1000 / / 

FZC‒7 13±1 670±190 12±1 510±110 

FZC‒8* 14 620 / / 

FZC‒9 2±0 150±40 2±0 130±60 

*Axial compressive properties were determined from one measurement per batch. 
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4.4.2.3.1 Influence of MA/CNF ratio 

The stress-strain curves of HMMA monoliths containing different MA/CNF ratios are 
shown in Figure 4.34. The shape of these curves is typically observed in compression of 
porous monoliths containing cellulose [256]. At low strains, a linear region stretching to 
various strains representing elastic deformation can be observed. In this region, the applied 
stress was predominantly caused by elastic bending of pore walls [257]. At the end of this 
region, yield point values were estimated and from them the compressive modulus 
calculated (Table 4.6) [257]. In the plateau region, which followed the linear zone, the 
porous structure, or more precisely pore walls collapsed under the constantly increasing 
stress.  

Stress-strain curves and pictures taken during compression in axial direction at two 
different strains, i.e., 5 % and 15 % (images in Figure 4.34) show that MA/CNF ratio 
determined the compression behavior.  

 

Figure 4.34: Stress-strain curves of monoliths containing different amounts of MA powder 
and CNF, compressed in the axial direction. Pictures 1-10 show compression of monoliths 
in the axial direction at 5 % and 15 % strain as indicated by the arrows on graph.  

FZC‒1 exhibited a yield point of 4 kPa, indicating that mechanical properties of CNF 
freeze-cast without containing MA powder possessed a relatively low compressive strength. 
However, after reinforcement of the CNF network with small amounts of MA powder (φA 

= 0.013), the yield point values were considerably increased to 20 kPa suggesting that MA 
particles endow CNF walls with strength as well as stiffness. The monoliths FZC‒7 and 
FCZ‒9 which contained 4.0 mg/1 mL or less of CNF in the suspension cracked during 
compression. On the other hand, FZC‒1 and FCZ‒2 containing 0.013 or less volume 
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fractions of MA powder caved in during compression. It can thus be concluded that a 
certain ratio between MA powder and CNF was required to achieve the stiffest response 
of such highly porous HMMA monolith. The stress-strain curve of FZC‒5 exhibited the 
steepest linear region, while the images taken during compression show no visible exterior 
changes. Accordingly, the mass ratio between MA powder and CNF used to prepare FZC‒

5 (approximately 14:1) was apparently the closest to an optimal one in the view of the 
mechanical properties. Deviations from this mass ratio either in the favor of MA powder 
or CNF amount yielded monoliths with diminished compressive properties. 

When comparing the results for axially compressed HMMA monoliths, a trend of 
decreasing yield point values with the decrease in the total CNF amount was observed 
(Fig. 4.32 and Table 4.6). The highest yield point value (52 kPa) was noticed for monoliths 
FZC‒5, since they contained the highest CNF mass of 6.6 mg per 1 mL of suspension. In 
accordance with the observed trend, the lowest yield point value of 2 kPa was observed 
when the monoliths containing the lowest CNF mass (FZC‒9), i.e., 3.0 mg/mL of 
suspension (Table 3.1), were compressed. Highest and lowest values of Young’s moduli (E) 
were also observed for the same monoliths. The highest value of 1080 kPa was determined 
for the FZC‒5, while FZC‒9 exhibited the lowest value of Young’s modulus of 150 kPa. 

However, unlike yield point values that decreased directly with the decrease of the CNF 
content, Young’s modulus values were also affected by the content of MA powder. 
Consequently, monoliths FZC‒7 were with Young’s modulus of 670 kPa more stiff than 
FZC‒2, which with 590 kPa exhibited a slightly lower value due to lower content of MA 
powder. On the other hand, FZC‒2 had a higher yield point value than FZC‒7, i.e., 20 
kPa in comparison to 13 kPa, due to a higher CNF content.  

 

Figure 4.35: Influence of individual parameters, i.e., CNF content and MA volume fraction 
on compressive behavior of monoliths in the axial direction. Amount of CNF is given as 
mass of CNF (mg) per 1 mL of suspension. 

  In addition, the influence of the MA volume fraction and the CNF amount on the 
compressive properties were also evaluated (Figure 4.35). Stress-strain curves obtained for 
monoliths containing the same amount of MA powder (FZC‒4 and FZC‒5; φA=0.027) or 
the same amount of CNF (FZC‒2 and FZC‒4; mCNF=4.6 mg/1 mL) were compared. A 100 
% increase of the volume fraction (φA), i.e., from 0.013 (FZC‒2) to 0.027 (FZC‒4), 
increased the compressive yield point for 35 % (Table 4.6). On the other hand, when only 
CNF amount was increased by less than 50%, i.e., from 4.6 mg (FZC‒4) to 6.6 mg (FZC‒

5) per 1 mL of suspension, the HMMA monoliths exhibited 90 % higher compressive 
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stresses, where the yield point was estimated to be ≈52 kPa. It follows that the contribution 
of CNF content to the overall compressive strength of freeze-cast HMMA monoliths was 
much more significant than the contribution of MA powder content. However, MA powder 
must still be added to reinforce the CNF walls. 

Porous ceramic materials with anisotropic pore structure exhibit different mechanical 
properties perpendicular to pore orientation as opposed to the direction parallel to it [17], 
[258]. Since HMMA monoliths possessed a distinct anisotropic pore structure (Figures 4.26, 
4.27 and 4.29), compressive properties of selected monoliths were also evaluated in the 
radial direction to study the influence of pore orientation on the compressive strength 
(Figure 4.36). It can be observed from the pictures taken during compression in radial 
direction (pictures in Figure 4.36) that the monoliths FZC‒7 and FCZ‒9 cracked and that 
the monoliths FZC‒1 and FCZ‒2 caved in, similar as when compressed in the axial 
direction. Thus, same conclusions regarding the composition of monoliths can be drawn – 
when a MA powder/CNF ratio of approximately 15:1 is achieved, the best possible 
compressive properties will be achieved in both axial as well as radial direction.  

 

Figure 4.36: Stress-strain curves of monoliths containing different amounts of MA powder 
and CNF, compressed in the radial direction. Pictures 1-5 show compression of monoliths 
in the radial direction at 20 % strain as indicated by the arrows on graph.  

Comparison of yield point values obtained in the axial and radial direction for the same 
monoliths showed yield point decrease with increasing MA volume fraction (Table 4.6). 
The differences between the axial and radial compressive strength were observed for 
monoliths with a more pronounced anisotropic structure (FZC‒1, FZC‒2, and FZC‒5). On 
the other hand, for monoliths FZC‒7 and FZC‒9, which contained higher MA volume 
fractions, where a well-defined columnar porosity could not evolve and thus exhibited a 
less distinctive structural anisotropy, the obtained stress-strain curves and yield points 
values were more similar in both directions (Figure 4.29 and Table 4.6). Comparable 
observations for materials with anisotropic pores structures were already reported for other 
materials with columnar porosity [17]. The monoliths containing lower MA powder volume 
fractions (φA below 0.054), which resulted in distinctively columnar pore structure, 
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exhibited notably better mechanical properties in the direction parallel to the pore walls. 
For example, monoliths FZC‒5 prepared with φA = 0.027 having yield point values of 52 
kPa in the axial direction and 14 kPa in the radial direction were determined. However, 
there was almost no difference between yield point values for monoliths FZC‒7 obtained 
in the axial direction (13 kPa) and the radial direction (12 kPa).  

Due to the distinctive anisotropy there were substantial differences between the axial 
and the radial Young’s modulus. In monoliths FZC‒5, the Young’s modulus determined 
with axial compression (1080 kPa) was more than 50% higher than in the radial direction 
(410 kPa). In contrast, there was a considerably smaller difference between axial and radial 
Young’s modulus in monoliths containing higher MA volume fractions, e.g., monoliths 
FZC‒7 exhibited values of 670 kPa (axially) and 510 kPa (radially). The disappearance of 
differences between radial and axial mechanical properties can be ascribed to the 
disappearing of structure’s anisotropy with increasing MA volume fraction.  

 

Figure 4.37: A) Stress-strain curves of monolith pair FZC‒2/FZC‒3, B) stress-strain curves 
of monolith pair FZC‒5/FZC‒6, C) stress-strain curves of monolith pair FZC‒7/FZC‒8. 
All monolith pairs contain the same amount of MA powder and CNF, but were frozen at 
two different rates. 

The influence of freezing rate on compressive properties was also studied. It was found 
out that it had a considerable effect on compressive properties in the axial direction as can 
be seen form the stress-strain curves in Figure 4.37 and Table 4.6. When comparing 
monolith pairs in Figures 4.37A, 4.37B and 4.37C (monoliths containing same MA/CNF 
ratios, yet frozen at different rates), a clear trend of disappearing differences between slow 
and fast frozen monoliths with increasing MA powder volume fraction between monoliths 
frozen at different regimes can be discerned. For example, HMMA monoliths containing 
lower MA volume fractions (φA = 0.013) exhibited higher yield points if consolidated at a 
slower freezing rate (1 °C/min) as is clearly visible in Figure 4.37A. When volume fraction 
was increased from 0.013 to 0.054, the differences between yield points of slowly and fast 
frozen monoliths notably decreased (Figure 4.37B). The influence of freezing rate was not 
discernable after MA powder content reached the volume fraction of 0.054 (Figure 4.37C). 
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Improved compressive properties of monoliths FZC‒2 and FZC‒5 frozen at a slower rate 
can be explained by the greater thickness of monolith pore walls, formed at slower freezing 
rates (Figure 4.32). Consequently, these monoliths could withstand higher compressive 
loads.  

4.4.2.4 Thermal properties 

To monoliths prepared by freeze-casting thermal properties were determined. Additionally, 
HMMA monoliths were prepared by cold isostatic pressing (CIP), for the purpose of 
comparing the thermal properties of dry-pressed specimens with the properties of samples 
prepared via freeze-casting.  

As was the case in mechanical properties evaluation, the anisotropic structure of freeze-
cast HMMA monoliths had also led to direction-dependent thermal properties. While Hot 
Disk indeed enables simultaneous determination of thermal conductivity in-plane (axial) 
and through the plane (radial) of an anisotropic material, the as-determined radial thermal 
conductivity (λr) is only valid if the material’s structure is homogeneous, consisting of 
evenly shaped and distributed pores along x- and z-axis, as marked in Figure 3.2. As can 
be seen from SEM and μ‒CT images in Figures 4.26 and 4.27, that was not the case for 
freeze-cast HMMA monoliths. Consequently, the λa and λr had to be determined in separate 
measurements. An exception was the monolith MA‒CIP200, which possessed a 
homogeneous pore structure, and thus the axial and radial thermal conductivity could be 
determined in a single measurement. 

 

Figure 4.38: Effective thermal conductivity of selected HMMA monoliths measured in the 
axial direction (λa) and radial direction (λr).  

In the axial direction, a relatively low thermal conductivity (λa) of HMMA monoliths 
of 0.068±0.009 W/m∙K was measured, which is about 30 % lower when compared to the 
thermal conductivity of freeze-cast and sintered α‒Al2O3 porous ceramicw of similar 
porosity [259]. However, this is still higher than the reported λ of highly porous pure CNF 
aerogels (≈ 0.04 W/m∙K) [260]. 

As can be seen in Figure 4.38, an increase in the volume fraction of MA powder from 
0.013 to 0.082 had negligible effect on the axial thermal conductivity. Thermal conductivity 
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increased from 0.065 W/m∙K to 0.077 W/m∙K (Table 4.7). On the other hand, thermal 
conductivity in the radial direction displayed a more distinctive dependence on the MA 
powder volume fraction. An increase of λr from 0.037 W/m∙K (FZC‒5) to 0.057 W/m∙K 
(FZC‒7) could be observed if φA was increased from 0.027 to 0.054. The different sensitivity 
of λa and λr from the MA volume fraction  can be explained by solid conduction of the pore 
walls [261]. A higher volume fraction resulted in an increased content of MA particle in the 
pore walls. As a consequence, the walls were thicker, while pore diameters decreased, 
leading to a higher solid conduction in the radial direction and thus to a higher radial 
thermal conductivity. While MA volume fraction did affect thermal conductivity, any 
dependence of λa and λr on the MA/CNF ratio could not be observed. An increase in the 
MA/CNF ratio from MA:CNF = 10:1 to MA:CNF = 20:1 (monoliths FZC‒2, FZC‒4 and 
FZC‒5) caused practically no change of the thermal conductivity in any of the tested 
directions (Table 4.7). Consequently, it was observed that the increase in thermal 
conductivity was not MA/CNF-ratio-dependent, but was dependent on the increase of MA 
powder content when exceeding φA > 0.054.  

Table 4.7: Summary of thermal properties of selected HMMA monoliths. 

HMMA 

monolith 

λa λr cp 

W/m∙K W/m∙K kJ/kg∙K 

FZC‒2 0.065±0.002 0.037±0.001 1.288±0.007 

FZC‒4 0.065±0.001 0.038±0.001 1.224±0.007 

FZC‒5 0.059±0.003 0.037±0.001 1.343±0.015 

FZC‒7 0.072±0.003 0.057±0.002 1.223±0.008 

FZC‒9 0.077±0.002 0.069±0.001 1.139±0.008 

MA‒CIP200 0.327±0.004 0.356±0.006 1.000±0.022 

When comparing axial and radial thermal conductivities of FZC‒2 and FZC‒5, it was 
observed that the thermal conductivity in the axial direction was almost twice as high as 
in the radial direction (Table 4.7). The reason for these differences lies in the anisotropy 
of the structure of monoliths FZC‒2 and FZC‒5 (Figure 4.29). The solid conduction of the 
pore walls in the axial direction and perhaps even natural convection along the same 
direction, caused the value λa to be higher than the value λr. On the other hand, the 
differences between λa and λr of monoliths containing larger amounts of MA powder, namely 
FZC‒7 and FZC‒9, were much smaller. With increasing MA volume fraction, the pore 
walls thickened and pore diameters decreased, causing the structure to become more 
isotropic (monoliths FZC‒7 and FCZ‒9) and consequently much smaller differences 
between λa and λr could be observed. 

4.4.2.4.1 Thermal imaging 

For the purpose of comparing the thermal properties of highly porous freeze-cast HMMA 
monoliths with the thermal properties of HMMA monoliths of intermediate porosity, the 
latter were consolidated by CIP (MA‒CIP200). 

As-prepared monoliths had a porosity of 70.8 % (which is 25 % lower than the porosity 
of freeze-cast HMMA monoliths) and possessed a thermal conductivity of 0.327 W/m∙K 
(Tables 4.4 and 4.7), which was more than 5-times higher than the thermal conductivity 
observed in monolith FZC‒5. This higher thermal conductivity possessed by CIP-
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consolidated HMMA monoliths can be explained by a lower total porosity in comparison 
to the freeze-cast HMMA monoliths. 

Thermographic imaging was performed in order to provide a visual representation of 
the differences between thermal conductivity of CIP-consolidated (MA‒CIP200) and 
freeze-cast HMMA (FZC‒5) monoliths (Figure 4.39). As seen from Figure 4.39, the outer 
layer of MA‒CIP200 was heated to a much higher temperature than the outer layer of the 
freeze-cast monolith in the same time interval of 30 min, i.e., more than 94 °C in 
comparison to 64.5 °C. On the other hand, after cooling down for 10 min only minor 
differences between the outer layer temperatures of the two monoliths could be observed, 
with both monoliths reaching an almost room temperature (≈ 22 °C). 

 

Figure 4.39: Thermographic images of freeze-cast monolith FZC‒5 and CIP consolidated 
monoliths MA‒CIP200 after heating for 30 min and after subsequent cooling down for 10 
min. The colors in the images represent the temperature distribution on the monolith’s 
surface.  
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5 Conclusions  

The research presented in the doctoral dissertation was focused on the understanding of 
the dispersive properties of AlN-powder-hydrolysis-derived γ‒Al2O3 (MA) powder, the 
behavior of aqueous suspensions containing such hierarchically assembled, mesoporous MA 
powder, the behavior of suspension consolidation by using the freeze casting method, and 
the several properties of freeze-cast monoliths relevant for highly porous ceramics.  

In conclusion, by exploiting AlN powder hydrolysis hierarchically assembled, micro-
sized, globular MA particles with flower-like structure of high surface area (≈180 m2/g) 
and high mesoporosity (0.47 mL/g) were prepared. MA powder was then dispersed in water 
with NaPAA used as dispersant. The optimal amount of NaPAA was determined with 
viscosity measurements and proved to be pH-dependent. Namely, 1.4 wt% of dry MA 
powder mass when pH of suspension was set to 9 and 2.8 wt% when pH was set to 6. The 
suspension containing a solid volume fraction φA=0.126, at both tested pH values, 
represented the maximum solid volume fraction achievable. The maximum volume fraction 
was relatively low due to the particles’ irregular (non-spherical) shape and their high 
porosity. However, if the envelope volume fraction φE, assuming non-porous particles, was 

considered, the maximum volume fraction was considerably higher (φm = 0.453). 

Due to the size of MA particles (average particle size of 8.9 μm), it was not possible to 
prepare stable MA suspensions. The suspensions were prone to immediate sedimentation 
and segregation. Two mechanisms for triggering interparticle associations through bridging 
flocculation for limiting or even preventing suspension sedimentation and segregation were 
investigated. Namely, the addition of divalent cations (Mg2+, Ca2+) or a secondary fibrous 
phase (CNF): 

 Addition of ≥ 20 mmol/mol of Mg2+ cations only partially prevented 
sedimentation, but it completely prevented segregation on the account of 
bridging between NaPAA carboxylate groups and divalent cations.  

 Addition of cellulose nanofibers (> 1 wt% of MA powder mass) completely 
prevented both sedimentation and segregation over longer periods of time. A 
clear supernatant and ≈90 % of the initial suspension’s height could be observed 
after 12 weeks as a result of the interparticle bridging and through MA particle 
entrapment.  

Rheological measurements and sedimentation tests showed CNF was a superior additive 
for the stabilization of suspensions containing MA particles. 

Hierarchically macro-mesoporous alumina (HMMA) monoliths were prepared by 
exploiting freeze-casting as a consolidation technique. The weak interparticle associations 
triggered by the addition of divalent cations were not sufficiently strong to yield stable 
porous MA green bodies, which collapsed during the freeze-drying stage. On the other 
hand, the addition of CNF endowed highly porous MA green bodies with remarkable 
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mechanical strength. FTIR studies showed, that MA powder, NaPAA and CNF interacted 
through intermolecular bonds, most probably hydrogen. Thus, the enhanced mechanical 
stability could be almost exclusively attributed to the entrapment of MA particles into the 
CNF network.   

HMMA monoliths containing 1.4NaPAA–MA powder and CNF possessed anisotropic 
structure, displayed high, hierarchical porosity (93.1‒99.2 %), with macropores shaped as 
columnar structures of diameter varying from approximately 1 to 300 µm, depending on 
the consolidation parameters. The average diameter of mesopores, however, was much more 
uniform (≈ 6 nm), being the result of intrinsic MA powder properties and as such was not 
affected by the consolidation parameters. A relatively high surface area (91-138 m2/g) was 
obtained owing to beneficial surface properties of the MA powder. The surface area was 
affected by the processing parameters, especially the MA/CNF ratio. The high content of 
columnar-shaped pores contributed to a high permeability (k1 = 2.39‒4.31×10-12 m2 in k2 
= 2.23‒9.15×10-7 m) and low, anisotropic thermal conductivity (0.036-0.077 W/m∙K) of 
the HMMA monoliths. Selected monoliths (FZC‒5 and FZC‒6) exhibited high insulative 
properties and compressive strengths (up to 52 kPa) rarely seen in highly porous and green 
(not sintered or thermally treated) ceramic materials.  

The following conclusions were drawn with respect to studying the influence of 
processing parameters (MA powder volume fraction, MA/CNF ratio and freezing rate) on 
density (porosity), permeability, thermal and mechanical properties of HMMA: 

 The MA/CNF ratio only affected compressive properties. MA/CNF ratio of 14:1 
yielded the best compressive strength (FZC‒5). 

 The freezing rate had a pronounced effect on the surface area, marco-pore size 
distribution as well as compressive properties, when MA content (φA) was ≤ 

0.054. Surface area was lower, when a slower freezing rate was used. On the 
other hand, higher compressive strengths were observed at a slower freezing rate.  

 MA volume fraction had a pronounced effect on the surface area, which increased 
with increasing MA content. It also affected total porosity and pore size. Both 
parameters decreased with increasing MA volume fraction. Additionally, MA 
powder content was the only parameter that had influenced the thermal 
conductivity. A slight increase of λ was observed only after a certain, high 
enough increase in the MA volume fraction (φA > 0.054). 

In perspective, the addition of CNF to MA suspensions prior to consolidation not only 
prevented sedimentation and segregation during the freezing process but also endowed 
green bodies with high permeability, low thermal conductivity and sufficient mechanical 
stability, thus eliminating any need for additional calcination or sintering steps.  
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Appendix A Characterization Methods  

A.1 Rheology  

Rheology is an interdisciplinary field concerned with the deformation of matter and 
behavior of its flow [262]. Its usefulness is vast, ranging from scientific research to industrial 
applications. It is mostly used for basic applications, such as prediction of pressure drop in 
the pipes during flow and determination of quality of input materials and final products. 
It is also a helpful tool in the developments of products with more complicated flow 
characteristics, such as paints, cements or chocolate [263]–[265].  

When a fluid begins to move, layers are formed inside the flow. Individual layers move 
with different velocities as illustrated in Figure A.1, where a fluid is placed between two 
parallel plates. When the upper plate is pushed with a force F, the fluid is split into layers 
that move at different velocities (v). The topmost layer, which is in contact with the upper 
plate’s surface moves with the same velocity as the plate. Each following layer moves a bit 
slower. Reducing speed is a consequence of friction between two adjacent layers, and the 
viscosity is a measure of this friction.  

 

Figure A.1: Illustration of a fluid between two parallel plates at rest (left) and flowing 
under the influence of externally applied force (right). 

Viscosity is therefore a measure of a fluid’s resistance to flow [266]. Based on Figure 
A.1, viscosity can be defined as the ratio between the product of force (F) and thickness 
of fluid (L) and the product of area of the moving plate (A) and velocity of the fluid’s 
topmost layer (v):  

𝜂 =
𝐹∙𝐿

𝑣∙𝐴
   (A.1) 

The ratio between the force F and the plate’s area A is known as shear stress (τ): 

𝜏 =
𝐹

𝐴
  (A.2) 
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and the ratio between fluid’s thickness L and topmost layer’s velocity v defines shear rate 
(γ̇):  

𝛾̇ =
𝑣

𝐿
  (A.3) 

When Eq. (A.2) and (A.3) are inserted into Eq. (A.1), Equation A.4 is obtained. The 
latter defines the viscosity as a ratio between shear stress τ and shear rate γ̇ [262]:   

𝜂 =
τ

𝛾̇
    (A.4) 

Viscosity of individual fluids differs greatly, with the reasons varying from chemical 
composition to size and shape of particles in the case of suspensions. Additionally, influence 
of measuring parameters such as temperature and time of shearing should be taken into 
account [262]. Based on rheological behaviour materials can be roughly divided into one of 
the three groups: [267] 

 viscous materials (liquids that flow at low stress) 
 elastic materials (solids that deform under applied external stress, but return to 

the original state once the stress is removed) 
 viscoelastic materials (materials that exhibit both viscous and elastic 

characteristics. For example, they behave as liquids as well as solids, but one 
type of behaviour prevails).  

When rheological properties are studied, relationship between shear rate and viscosity 
(or shear stress) is the most commonly investigated. Based on these relationships fluids 
can be divided into two subgroups: 

 Newtonian fluids: the ratio between shear stress and shear rate is linear and 
viscosity is independent from shear rate. This type of behaviour is typical for 
pure liquids (e.g., water, glycerol, petrol, mineral oils etc.) and some diluted 
suspensions [69], [268].  

 Non-Newtonian fluids: the ratio between shear stress and shear rate is not 
linear and the viscosity is shear rate or shear time dependent. Into this group, 
the majority of fluids can be classified, for example, cements, concentrated 
suspensions, paints, pastes, gels, etc. [268], [269].  

Non-Newtonian fluids exhibit different shear-dependent behaviors. When viscosity 
changes with shear rate we talk about plastic, pseudo-plastic or dilatant flow behavior 
(Figure A.2A). If shear stress and viscosity change with time at a constant shear rate, we 
talk about thixotropic or rheopectic fluids (Figure A.2B) [262]. Shear rate dependent flow 
behavior is very common, while fluids with shear-time dependent behavior are much rarer.         

For pseudo-plastic fluids shear stress increases with shear rate and viscosity decreases. 
The so-called shear-thinning behavior can be observed. Plastic fluids exhibit same 
dependency from shear rate as pseudo-plastic. However, unlike pseudo-plastic fluids which 
flow at low shear stress, plastic fluids do not. In the latter, critical value of shear stress, 
known as yield stress (τ0), must first be achieved before the flow can occur [262]. A special 
subgroup of plastic fluids is the so-called Bingham plastics. These fluids also exhibit yield 
stress, but unlike for plastic fluids the relationship between shear stress and shear rate is 
linear [268].   

The behavior of dilatant fluids is the opposite of the pseudo-plastic behavior. With 
increasing shear rate, the viscosity also increases, due to a phenomenon known as shear-
thickening. Like in pseudo-plastic fluids, flow occurs at low shear stress. Unlike shear-
thinning, the occurrence of shear-thickening is in most applications unwanted, since it 
causes problems like blockage of pipes during pumping, inhomogeneous pouring of slurries, 
etc. [267].   
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Figure A.2: Rheograms of Newtonian and non-Newtonian fluids with shear time-
independent (A) and shear time-dependent (B) flow.  

As already mentioned, the viscosity and shear stress of some fluids also change with 
shearing time at a constant shear rate. If with time viscosity decreases, then we are talking 
about thixotropic fluids. If viscosity increases with shearing time (shear-thickening), the 
fluid exhibits rheopectic behavior. After the applied shear forces are removed, thixotropic 
and rheopectic fluids return back to its original state.  

A.1.1 Influence of particles on rheological properties 

If particles are dispersed in a liquid, the flow of the latter is obstructed. A spherical particle 
will force the liquid to flow around it, elongating the streamlines (Figure A.3) and as a 
result the friction is higher. Consequently, the viscosity of such suspensions increases in 
comparison to a pure liquid [269]. In suspensions, aside from standard parameters 
determining viscosity such as temperature and type of liquid, parameters like particle 
concentration, interactions, shape, size and size distribution have a pronounced effect on 
the viscosity.  

Addition of particles to the liquid will increase its resistance to flow. The higher the 
number of particles (higher solid volume fractions), the less space is available for particles 
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to glide pass each other. Hence the number of mechanical interactions is increased, resulting 
in a higher friction and a higher viscosity (Figure A.4A) [269]. At low particle 
concentrations (diluted suspensions), there are practically no mechanical interactions 
between individual particles. Aside from a slight increase in viscosity in comparison to pure 
liquid, no major changes in rheological behavior are observed. For example, a liquid that 
exhibits Newtonian type of flow will behave the same after the addition of low 
concentrations of particles. On the other hand, when there is a high concentration of 
particles dispersed in a fluid, not only an increase of viscosity is observed, but also the 
behavior of the flow changes. Typically, a change to shear-thinning behavior is observed 
when the particles are able to arrange in layers perpendicular to the shear plane [69]. 
However, in some concentrated suspensions particles are not able to rearrange in such 
formation and as a result shear-thickening behavior is observed [262].    

 

Figure A.3: Streamlines formed around a spherical particle dispersed in a liquid medium. 

Interparticle interactions also have a substantial influence on rheology. In diluted 
suspensions, their contribution is negligible, since the distances between individual particles 
are too big in order for interactions to develop. However, in the case of concentrated 
suspensions type and strength of interactions play an important role. Viscosity of stable 
suspensions, where repulse interactions are predominant, will be lower in comparison to a 
suspension in which interactions are mostly attractive. The latter will lead to particle 
agglomeration and thus to a more obstructed movement [267], [270].  

Another parameter that changes the viscosity of suspensions is particle size. At the 
same number of particles, the ones with bigger size will cause higher increase in viscosity 
(Figure A.4B) due to the higher solid volume fraction. Therefore, the friction between 
individual particles is more pronounced. On the other hand, if two suspensions contain the 
same solid volume fraction, the suspension with smaller particles will possess higher 
viscosity, since the number of particles and consequently the number of interactions will 
be higher. The particle size distribution also affects viscosity. If particles size is 
polydispersed, the space packing is much more effective, since smaller particles fill the 
space between bigger particles. Consequently, at the same volume fraction suspensions with 
monodispersed particles, where packing is less effective (regardless of particle size), possess 
higher viscosity than suspensions with polymodal distribution (Figure A.4C). 

Particle shape also has a pronounced and complex effect on rheological behavior, 
especially in concentrated suspensions [267]. Any deviation from spherical shape causes 
changes in rheological behavior. Based on the orientation of non-spherical particles the flow 
can be more or less obstructed. For example, if we have oval-shaped particles, the viscosity 
at low shear rates will be higher than in the case of spherical particles, due to a random 
orientation of particles. On the other hand, at higher shear rates oval-shaped particles 
orient easier in the direction of the flow than spherical particles, the phenomena known as 
preferential orientation (Figure A.4D). Consequently, the shear-thinning is much more 
pronounced. At higher shear rates the viscosity of suspensions containing oval-shaped 
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particles is noticeably lower than the viscosity of suspensions containing spherical particles. 
Apart from flow obstruction, the shape of particles also indirectly changes flow behavior.  

Additionally, the non-spherical particles have a higher surface area than spherical 
particles and thus there are more physical as well as more mechanical interactions between 
the former. For example, the friction due to sharp edges causes the viscosity to increase in 
comparison to suspensions containing smooth spherical particles (Figure A.4E).    

 

Figure A.4: Illustrations showing the change of viscosity with shear rate as influenced by 
A) different volume fractions, B) particle size at the same solid volume fraction, C) particle 
size distribution at the same solid volume fraction, D) preferential orientation of particles 
on viscosity and rheological behavior of suspensions at the same solid volume fraction, and 
E) particle shape at the same solid volume fraction.  

A.1.2 Rheometry 

Rheometry is an experimental technique used for characterization of rheological properties 
[216]. Rheological measuring instruments can be divided into relative and absolute. In 
relative measurements, the viscosity is determined based on comparison to a standard value 
(falling ball viscosity, penetrometers, Ford cup, etc.). In absolute measurements rheological 
data can be determined based on the measurement parameters and geometry of measuring 
cell. This group includes viscometers and rheometers.  

Two basic principles of absolute measurements exist: rotational (transient) and 
oscillatory (dynamic) [60], illustrated in Figure A.5. In the first principle, the rheological 
data is collected in a short time period (usually a couple of minutes or a couple of dozen 
minutes) during which shear is continuously applied. The applied shear can be constant or 
a function of time. In oscillatory measurements, the fluid is not subjected to continuous 
shear, but is rather exposed to it in well-defined periodic short time intervals, mostly 
sinusoid [216]. The two principles look fairly similar, yet they provide different rheological 
information about the investigated material. 
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Figure A.5: A) Rotational measurement principle. B) Oscillatory measurement principle. 

Rotational measurements are performed at so-called destructive shear conditions, where 
due to a continuous shearing at relatively high shear rates the inner structure of a fluid is 
deformed or even destroyed [60], [269]. As a result, a shear rate and shear stress or viscosity 
relationship is obtained. From the latter, also the type of rheological behavior and potential 
yield stress can be determined. During the measurement, either shear rate or shear stress 
is controlled, where the first principle is used for fluids with no yield stress (Newtonian, 
dilatant or pseudo-plastic fluids), while the shear stress controlled measurement is used 
when determining the yield point (pseudo-plastic flow behavior) [216]. However, not all 
materials can be characterized with the rotational test. The method can be used only on 
materials with prevailing viscous component.   

Oscillatory tests are performed at low shear forces, where the inner structure is only 
slightly perturbed and not deformed or destroyed like in the case of rotational tests. 
Oscillatory measurements are mostly used to obtain information about the structure of 
fluid, like interactions between molecules or particles [60]. Rotational tests enable only 
characterization of materials with a prevailing viscous component, while oscillatory 
measurements enable characterization of a broader material spectra including those with a 
prevailing elastic component. As a result of oscillatory measurement, a complex shear 
modulus (G*), storage modulus (G’) and loss modulus (G’’) are obtained [216]. Storage 
modulus describes the elastic (solid-like) materials, and the loss modulus represents the 
viscous (liquid) part [268]. Since G* is the vector sum of G’ and G’’, it describes the 
complete rheological behavior, composed of both viscous and elastic part.  

Aside from the measurement principle (rotational and oscillatory), the geometry of 
measuring system (MS) also plays an important role. The most common measuring systems 
are concentric cylinder (CC), cone-and-plate (CP) and parallel-plate (PP) [216] illustrated 
on Figure A.6. CC‒MS consists of an inner and outer cylinder, with the latter being hollow 
as seen in Figure A.6A. It is especially useful for characterization of liquids, since unlike in 
CP and PP systems, in the former, liquid cannot flow from the MS, even at high shear 
rates. However, for CC‒MS, a rather large amount of sample is needed and also the method 
is less appropriate for the testing of past-like fluids [216]. CP‒MS system is composed of a 
stationary horizontal plate and a nearly flat cone. Its main advantage is a small amount of 
sample needed for the analysis. Additionally, throughout the entire shear gap (the distance 
between rotating and static part of MS), shearing conditions are homogeneous. On the 
other hand, CP‒MS cannot be used for suspensions containing particles above a certain 
size. Also dispersion medium evaporation, flow inhomogeneity, discharge of the gap etc. 
can occur at the edge of the cone [216]. PP‒MS consist of two parallel horizontal plates, 
where the lower plate is stationary like in the case of CP system, while the upper plate 
represents the rotating part. With PP‒MS characterization of rheological properties of 
suspensions containing larger particles, hardening materials and samples exhibiting 3D 
structures is possible. The same unwanted events as in CP‒MS can occur at the edge of 
the upper plate. Additionally, unlike in CP‒MS, the shear conditions are not constant 
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throughout the shear gap but rather a shear gradient evolves. In PP‒MS shear rate 
increases from zero in the center of the upper plate to the maximum value at its edge.  

 

Figure A.6: Illustrations of A) concentric cylinder measuring system (CC‒MS), B) cone-
and-plate measuring system (CP‒MS) and C) parallel-plate measuring system (PP‒MS). 

The choice of an appropriate measuring system geometry thus depends on many factors. 
Parameters like fluid’s viscosity, the available amount of sample, desired shear rate, 
required precision in temperature control, particle size, possibility of a dispersion medium 
evaporation or sedimentation should be considered when planning a rheological experiment 
[269].   

A.2 Zeta Potential  

When particles, either colloidal or non-colloidal, are dispersed in polar liquid media, such 
as water, a charge will develop on the surface of particles. This charge can be either positive 
or negative, although the latter is more common [271]. Due to the charged surface, a 
reorganization of ions in the dispersion medium occurs to ensure electrical neutrality of the 
system as a whole [61]. As a consequence, an ionic layer forms around each particle known 
as electric double layer (EDL). EDL consists of an excess of ions charged oppositely as the 
particle surface and a deficiency of ions carrying the charge of the same sign [61], [63]. 
With the distance from the particle the repulsive interactions between its surface and same-
charged ions starts to fade until at a long enough distance (some 10 nanometers) they 
completely disappear. At such distance, the number of positively and negatively charged 
ions is again the same.  

As the name indicates, two layers are formed around a dispersed particle, namely Stern 
layer and diffusive layer. The former exists right next to the particle surface and is 
separated from the diffusive layer by the Stern plane (Figure A.7) [64]. Ions in Stern layer 
are assumed to be immobilized, due to the strong interactions with the charged surface. 
Part of these ions can even adsorb on the surface. Ions located in the inner part of the 
diffuse layer are also assumed to be immobilized. They are separated from the movable 
part of the diffuse layer by a sharp boundary named slip plane [65]. It represents the 
boundary between the part of dispersion medium and the containing ions that moves with 
the particle and the part that moves independently from the particle [66]. However, the 
location of the slip plane is not accurately known. It is assumed that its location is only 
little further from the surface than the Stern plane (Figure A.7) [61].   

Based on the distance from the particle surface the potential changes. On the particle 
surface, the potential, known as the Nernst potential (ψ0), has the highest value [67]. This 
value decreases linearly through the Stern layer, reaching the value known as the Stern 
potential (ψd) on the Stern plane [65], [67]. From this point onwards, the potential 
decreases exponentially with the distance from the particle surface [56]. The surface 
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(Nernst) potential cannot be measured [67]. It can however be estimated from the 
measurement of potential on the slip plane, known as electrokinetic or zeta potential (ζ) 
[59], [65]. The specific distribution of ions around a charged particle thus enables the 
assessment of an approximate charge on its surface [66]. 

 

Figure A.7: Structure of an electrical double layer formed around a negatively charged 
particle. 

Zeta potential is defined as a difference between the potential of EDL of 
electrophoretically mobile particles and the potential of dispersant surrounding them. In 
other words, it is the difference between the potentials of layers inside and outside of the 
slip plane, when the particles and the liquid phase move tangentially in respect to each 
other [56], [61], [67].  

Zeta potential can be obtained from electrokinetic measurements by three main 
measuring principles, namely streaming potential, electro-osmosis and electrophoresis. The 
latter principle is the most widely applied [61], [70]. In electrophoresis, the dispersion 
medium (liquid) is at rest, while the particles move under the influence of externally applied 
electric field, in the direction of the oppositely charged electrode [61], [66]. This movement 
of charged particles (electrophoretic mobility) or more precisely their velocity is mostly 
measured using light scattering detection (detector used in the majority of commercially 
available instruments, e.g., Malvern, Zetasizer®) [67]. Considering some assumptions, the ζ 
can then be calculated from particle mobility [61].  
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The value of ζ depends on many factors, such as particle surface, concentration and 
type of ions present in the liquid phase, type of liquid used for dispersion, etc. [66]. 
Especially important is the concentration of ions, which depends on the suspension’s pH. 
Therefore, the ζ is always given as a value at specific pH. One of the most important values 
is the isoelectric point (IEP), which is defined as the pH value where the ζ is equal to zero. 
Dispersed particles will, due to the absence of charge, agglomerate when pH of a suspension 
is close to the value of IEP. In order to prepare stable suspensions, their pH should be 
either higher or lower than IEP.  

The value of isoelectric point depends on surface properties. For example, materials 
with acidic groups on the surface will have IEP at low pH values, while the presence of 
alkaline groups moves IEP to higher pH values (Figure A.8). However, the determination 
of isoelectric point is not an easy task. The best method is through the titration of 
suspension with acid and alkaline solutions, i.e., measurement of a selected number of ζ 
throughout the entire pH range [271]. As a result, a dependence of ζ from solution’s pH is 
obtained (Figure A.8). As depicted in Figure A.8, when pH value is moved to higher or 
lower values in respect to the IEP, the absolute value of ζ starts to increase. After a certain 
pH, where ζ reaches its maximum value, a consequent decrease in its absolute value can 
be observed at very acidic and very alkaline pH. At these values, due to a high ionic 
strengths, the EDL is more compressed, which results in lower absolute ζ values [58]. 

 

Figure A.8: Zeta potential in dependence from solution pH for particles with present acidic 
surface groups (a), for amphoteric particles (b) and particles with basic surface groups (c). 

Since a lot of suspension’s properties are directly or indirectly related to the charge on 
the surface of particles, determination of ζ has become extremely useful, providing 
information such as suspension stability, influence of dispersant addition, type of 
interparticle interactions, etc. [271].  Its use in the estimation of suspension’s stability is 
especially popular [67]. For example, particles with ζ between 0 and ±10 mV are in most 
cases highly unstable and agglomerate quickly, while the particles with ζ between ±10 and 
±30 mV are reasonably stable. They will remain dispersed over shorter time periods, but 
will agglomerate eventually. On the other hand, when ζ exceeds ±30 mV, particles are 
highly stable and not likely to agglomerate [67], [68].  

A.3 Mercury Intrusion Porosimetry 

Mercury intrusion porosimetry (MIP) is a routinely used technique for characterization of 
materials, especially porous [272]. It enables determination of a wide range of pore sizes 
from approximately 3.5 nm and up to several hundred micrometers [4], [273]. MIP is 
considered as a standard method for the characterization of macroporous materials. All of 
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the alternative techniques, like liquid porosimetry, X-ray tomography, theoretical modeling 
etc., are less suitable for the characterization of pores in macro range [4].  

MIP is in itself relatively easy to perform, the analysis time is short and results generally 
have a good reproducibility, with under 1% standard deviation [274]. This technique 
provides a wide range of information obtainable from a single run, such as bulk and skeletal 
density, pore size distribution and total pore volume [274].  

Some additional parameters like surface area, compressibility and permeability or, in 
the case of powder materials, particle size distribution can also be obtained. Yet, these 
data analyses are more complex and require an experienced user [4], [274]. Additionally, 
noticeable deviations from the actual state can easily arise due to numerical models used 
in calculation, e.g., particle size can be estimated from pore sizes by predicting powder 
particle packing structure. However, any deviations of the particle shape from spherical 
will lead to a false result [274]. Alternative techniques, such as gas sorption for 
determination of surface area or dynamic light scattering used for characterization of 
particle size, should be used to verify the exactness of the results obtained with the 
advanced modeling of MIP data.  

MIP exploits the non-wetting nature of mercury (contact angle > 90º), which means 
that the pressure must be applied in order to force the intrusion of mercury into pores. 
With increasing pressure mercury can intrude into smaller and smaller pores. This inverse 
relationship between the pore diameter (dpore) and mercury intrusion/extrusion at applied 
pressure is described in Eq. (A.5) and is known as Washburn equation [4], [273], [274]: 

𝑝 = −
4∙𝛾∙𝑐𝑜𝑠𝜃

𝑑𝑝𝑜𝑟𝑒
                                         (A.5) 

where p is the applied pressure, dpore the diameter of the pore, γ the surface tension of 
mercury and θ the contact angle between the solid surface and mercury. For the surface 
tension, a value of 0.485 Nm-1 at 25 °C is generally accepted [274]. 

To solve Eq. (A.5), surface tension of mercury and contact angle for the sample tested 
must be known. Analysis parameters (temperature and pressure) have little effect on the 
value of γ [275], causing insignificant errors in the determination of pore sizes. The contact 
angle, on the other hand, has a bigger impact on the results, since its value depends on the 
surface properties of tested material [4], [274]. The value of θ can be evaluated 
experimentally, yet even little differences in material’s composition, such as the presence 
of impurities or differences in crystalline structure, have a substantial influence on the 
contact angle. Thus it is recommended that for a general porosity evaluation, a standard 
value of 140° is used, regardless of the sample material. Standard value of θ enables easier 
comparison between mercury intrusion obtained porosities from the different studies [4], 
[274].     

All mercury porosimetry machines work on the same principle, as illustrated in Figure 
A.9. First the dilatometer containing a sample is evacuated to avoid the presence of 
moisture or any air pocket formation during mercury filling. Then the dilatometer (cell and 
stem) is filled with mercury. When pressure is increased, mercury starts to penetrate into 
the pores and as a consequence the height of the mercury in the capillary stem decreases. 
After the pressure is decreased, extrusion of mercury occurs and the height of the mercury 
column in the stem starts to increase. The change in the mercury column height is 
monitored through capacitance measurements between a metal coating on the outer side 
of glass stem and mercury column inside the stem [274]. Since the stem’s inner diameter is 
precisely defined, the change in mercury column height can be used to calculate the 
intruded volume. The intrusion and extrusion volumes at specific pressures are monitored 
and then converted into pore size – pore volume relation [274].  
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Figure A.9: Illustration of a typical penetrometer (dilatometer) and the principle of 
mercury intrusion measurement, with an illustration of pore filling sequence.   

Since the intrusion of mercury is pressure-controlled, also the pore size range that can 
be determined with this technique is limited by the achievable pressures [273]. 
Commercially available porosimeters enable measurements in the pressure range of 3 kPa 
to 400 MPa, corresponding to a cylindrical pore diameter of a little below 500 μm to 3.6 
nm, for θ = 140° [4], [274]. The upper pressure limit is set to 400 MPa by the majority of 
manufacturers in order to avoid safety issues [273]. On the other hand, the lower limit is 
set by the head pressure of mercury on the material tested [274]. Due to its height, the 
sample is subjected to a certain starting pressure caused by mercury. This head pressure 
also depends on the geometry of the penetrometer (also called dilatometer). Different 
positions of mercury capillary in regards to the cup containing sample are possible [276], 
[277]. The above-mentioned upper pore diameter of 500 μm cannot be measured for all 
samples or with every machine. Thermo Fischer Scientific specifies the upper pore size limit 
at 116 μm, other producers like Micromeritics® claim the upper limit to be 500 μm or over 
900 μm as claimed by Anton Paar. Although the latter limit is very questionable since the 
mercury head pressure limits measurable range to 500 μm or lower [274].  

In order to avoid complex mathematical problems, a cylindrical shape of pores is 
assumed when modeling MIP data [273], [274]. Since the real pore shape is usually rather 
different, the former postulation is in many cases the main reason for substantial differences 
between real and experimentally determined pore sizes. Postulation of a cylindrical shape 
is especially problematic in the case of so-called “ink-bottle” pores, in which the opening is 
much narrower than the inner part (Figure A.10). Mercury porosimetry can only measure 
the largest opening connecting the pore to the material surface [274]. Consequently, the 
differences arise between the measured and actual (inner) diameter, with the measured 
diameter being much smaller than the inner diameter (Figure A.10A). This difference 
occurs due to much higher pressures, which is needed for mercury to intrude an “ink-
bottle” pore in comparison to a cylindrical pore of the same inner diameter (Figure A.10B). 
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Figure A.10: A) Influence of the pore shape on the relationship between the diameter 
measured with mercury intrusion porosimetry (dmeas.) and the inner diameter of the pore 
(dinner). B) “Ink-bottle” pores with the same inner diameter as cylindrical pores are filled at 
much higher pressures than the latter. 

Due to the above-mentioned assumption and the considerable influence of the preset 
experimental parameters on the results, MIP is more of a comparative technique than an 
absolute method [4], [274]. The results and conclusions made from this technique should 
be regarded accordingly.  

Results of MIP are usually shown as intrusion and extrusion volumes as a function of 
applied pressure (Figure A.11). The volume of intruded mercury can be plotted as a 
cumulative (total) volume (Vcum.), which tells us the volume of all pores filled at a certain 
pressure. Intruded volume can also be plotted as incremental volume (Vincr.), which denotes 
the volume of pores with a specific diameter [4]. It is calculated by subtracting the 
cumulative volume at specific pressure from the cumulative volume determined at a slightly 
higher pressure.  

The shape of an intrusion-extrusion curve depends on many factors, such as sample 
type (powder or bulk materials), pore size, pore volume, etc. The most common curve 
shapes are shown in Figure A.11.  

When a powder material is analyzed, the curve can be divided into several regions 
(Figure A.11A). The increase of the Vcum. in the region I occurs due to particle 
rearrangement within the powder bed. A much more prominent increase in the region II is 
the consequence of mercury intrusion into interparticle voids. Intrusion in region III 
happens due to the presence of intraparticle porosity. In Figure A.11A, there is a clear 
distinction between inter- and intraparticle pores, allowing for a precise distinction between 
both pore types. Determination of particle size as well as envelope density (density of 
particles including closed and open pores) is thus possible [273], [274]. In the majority of 
cases this demarcation is rather distinct, since the size of interpores greatly exceeds the 
size of intraparticle pores. However, some materials possess inter- and intrapores of the 
same proportions. In such cases, the demarcation is not possible and porosity of particles 
or particle size cannot be determined accurately [273]. 
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Figure A.11: Mercury intrusion and extrusion curves showing cumulative volume as a 
function of pressure for powder sample (A) and for bulk sample (B). Inset shows 
intrusion/extrusion curve for a bulk sample with bimodal pore size distribution. 

At the highest pressures, a small increase at the end of the intrusion curve can occur 
(IV). This increase indicates that the sample was compressed. For most solids, the 
contribution due to the compressibility is negligible. Yet it should not be disregarded in 
the case of polymers or sol-gel materials [274]. For such samples, a correction for 
compressibility should be implemented [273].  

When the pressure is decreased, the extrusion of mercury starts. A hysteresis loop 
occurs (V), since extrusion and intrusion do not occur at the same pressure. Also some of 
the mercury usually remains trapped in the sample pores, hence the loop is not closed (VI) 
[4].  

Intrusion-extrusion curve for bulk samples is similar to the one observed in powder 
samples, except no intrusion due to particles rearrangement or filling of interparticle voids 
occurs.   

As illustrated in Figure A.11, hysteresis between intrusion and extrusion curve is 
observed in practically all sample types. There are several explanations of this phenomena, 
but three of them are accepted by the majority of the research community. These theories 
are contact angle hysteresis, “ink-bottle” theory and the percolation-connectivity model 
[274]. The first one postulates that hysteresis occurs due to a difference in the contact angle 
of mercury during intrusion and extrusion. The validity of this theory is however somewhat 
questionable, since it cannot explain all of the observations. “Ink-bottle” theory is based 
on the assumption that the pore opening is narrower than the diameter of the cavity (as 
shown in Figure A.10A). Consequently, the pressure needed to force mercury intrusion is 
controlled by the pore opening and not the diameter of the cavity. When extrusion starts, 
the mercury network breaks at the pore neck (narrow paths), and consequently a significant 
amount of the mercury remains trapped inside such pores. This theory adequately explains 
why after extrusion Vcum. is not equal or close to zero. Yet it cannot explain the shift 
between the pressure at which the intrusion starts and the pressure needed for extrusion 
from the same pores. In an ideal system, where pores have a uniform, cylindrical shape 
intrusion and extrusion should occur at the same pressure [274]. The percolation-
connectivity model is in a way an improved “ink-bottle” theory. This theory’s main 
assumption is that a network of interconnected pores exists. Unlike in intrusion, where 
there is a continuous flow of mercury during pore filling, during extrusion, some of the 
mercury remains trapped. This means that a new interface must be formed when mercury 
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is retracting from the pores. Since the formation of an interface requires energy, occurrence 
of an energy-barrier is to be expected. Thus for extrusion to start, the pressure must be 
lower in comparison to the pressure needed for intrusion, in order to compensate for the 
energy needed to form a new mercury surface [274].         

In summary, mercury intrusion porosimetry is currently still the main method for the 
analysis of macropores due to its simplicity, short analysis times, good reproducibility and 
extensive information that can be obtained from a single measurement. However, some 
drawbacks and limitations should be emphasized [4], [273], [274]: 

 MIP is only capable of determining the largest pore entrance, but not the actual 
pore size (problem of “ink-bottle” pores). 

 Pores with a diameter smaller than 3.5 nm (assuming θ = 140°) cannot be 
determined. The technique is therefore not suitable for characterization of 
micropores.  

 The largest measurable pore size is limited by the sample height and the 
measurement setup (mercury “head-pressure”). 

 Some metals, such as gold or silver, and some alloys can react with mercury 
forming amalgams. This can lead to an immense change of contact angle.   

 Mercury is a hazardous chemical and should be handled with care.    
Despite the mentioned drawbacks mercury porosimetry remains the main method for 

the characterization of macro-porous materials, since a comparable alternative technique 
is yet to be established [4]. 

A.4 Gas Adsorption  

Gas adsorption is one of the most commonly used techniques for the determination of 
(large) specific surface areas and characterization of meso- and microporous samples [278], 
[279]. This technique is based on the coverage of the material’s surface with a gaseous film, 
which enables a detailed determination of surface morphology and pore shape at the atomic 
level [280].   

When a clean solid surface comes into contact with gas (or vapors), adsorption will 
always occur to some degree. Gas molecules (adsorbate) adsorb on the surface of a solid 
material (adsorbent). The adsorbed amount depends on the interaction potential between 
the adsorbate and the adsorbent and temperature and pressure [280]. Adsorption can be 
chemical (irreversible) or physical (reversible), depending on the strength of the 
interactions. In the case of chemical adsorption (chemisorption), the interaction potential 
between gas molecules and solid surface is rather high, and in most cases chemical bonds 
are formed. On the other hand, in the case of physical adsorption (physisorption), 
interaction potential is much lower and van der Waals forces are the predominant type of 
interactions. Molecules of gas are more localized in the case of chemisorption and cannot 
freely migrate about the surface, while physisorbed molecules are not bound to a specific 
site and can cover an entire surface. Also their adsorption process is fully reversible, 
meaning the adsorption as well as the desorption process can be studied [280]. Due to a 
more suitable characteristics of physisorption, gas adsorption is mainly based on the latter 
principle, yet for characterization of some materials chemisorption is used [276], [280].  

A number of gases can be used as adsorbates, e.g., nitrogen, hydrogen, carbon 
monoxide, helium, krypton, argon etc., yet nitrogen is the most widely used [276], [278], 
[279]. Also, since physical adsorption of gases is more pronounced at lower temperatures, 
the adsorption measurements are conducted in liquid nitrogen (≈77 K) [281].  

Prior to any gas adsorption measurement, any contaminating molecule physisorbed to 
the sample’s surface must be removed. Most commonly this is accomplished by a vacuum 
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treatment of a sample material or by purging it with an inert gas. Both procedures are 
carried out at elevated temperatures [280].  

Gas adsorption technique can be carried out in two different modes: static and flow. 
The majority of commercially available machines are based on the static mode [276], [279]. 
Flow mode is a modification of a conventional gas chromatography. The amount of 
adsorbed gas is measured by passing the gas phase through a thermal conductivity cell 
[276], [279]. In the static approach, the quantity of adsorbed gas can be measured by a 
volumetric or a gravimetric method [279]. Especially when nitrogen is used, the amount of 
adsorbed gas is mainly determined by the volumetric method [279]. In this variation, a 
known volume of gas is supplied to the measuring cell containing sample. After the gas is 
added the adsorption starts. The latter is always accompanied by a pressure drop; thus the 
system must be allowed to equilibrate. When the equilibrium state is reached, i.e., when 
the rate of gas adsorption is the same as the rate of desorption, the amount of gas adsorbed 
is calculated. The adsorbed volume is the difference between the total volume of gas added 
and the volume of gas needed to fill the “dead space” (the volume of the measuring cell 
from which the volume of a sample is subtracted) [278], [281]. The gravimetric 
determination, on the other hand, is based on measuring the difference in sample mass 
prior to and after the adsorption. The major advantage in comparison to the volumetric 
approach is that the cell calibration (determination of the “dead space”) is eliminated. Yet, 
the principle is less popular than the volumetric method, due to a delicate nature of the 
gravimetric apparatus [276]. 

The process of adsorption is repeated point-by-point at multiple different 
volumes/pressures of adsorbate gas and before each measurement the system is allowed to 
reach equilibrium. When the highest (preset) value of relative pressure is reached, the 
process is repeated in reverse. The amount of added adsorbate gas is gradually (step-wise) 
decreased and information about the desorption process is obtained.  

Results are plotted as an adsorption-desorption isotherm, where the amounts of 
adsorbed gas are given as a function of equilibrium pressure of the adsorbate gas or as the 
function of partial gas pressure (P/P0) at the equilibrium state [279]. P0 being the saturation 
pressure of the adsorbate gas. By implementation of a suitable theoretical model surface 
area and pore volumes can then be calculated [280].  

When an isotherm is obtained the first step is the identification of the isotherm type 
[279]. From it, the basic material characteristics can be established. For example, is the 
sample porous or nonporous, is the porosity in micro or meso range, etc. It can also be 
established whether the adsorbed molecules form one or multiple layers. In monolayer 
adsorption all adsorbed molecules are in contact with the surface or adsorbent, while in 
multilayer adsorption, some of the adsorbed molecules are only in contact with other 
adsorbed molecules and not in the direct contact with the solid surface [279]. 

The categorization into types is especially important when choosing the appropriate 
theoretical model for further processing of the obtained data [282]. The type of isotherm is 
determined by the nature of solid material tested and also by the properties of adsorbate 
gas [281]. By current IUPAC classification, which is based on a prior classification system 
established by Brunauer [283], there are six types of isotherms in the gas-solid systems 
(Figure A.12) [279]. The majority of adsorption isotherms can be allocated into one of these 
six classes, some systems, for example supercritical gases, are not similar to any of the 
standard isotherm types [282]. The current classification only consists of adsorption 
isotherms behaving as monotonic functions of pressure. This means that through the entire 
pressure range, the function is either increasing or decreasing. Yet some experimentally 
obtained isotherms of supercritical gases are not monotonic but show a maximum [282].  
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Figure A.12: IUPAC classification of adsorption isotherms in gas-solid systems. 

Type I isotherm can be recognized by a pronounced initial adsorption (at low relative 
pressures), followed by a plateau region. This shape is characteristic for gas adsorption on 
microporous substrates, where the adsorbed layer is no more than a few molecular layers 
thick [276]. The increase at low pressures is due to the filling of micropores. The following 
plateau region indicates that little to none adsorption occurs once the micropores are filled. 
This means that the exposed surface area of such materials consists almost exclusively of 
micropores, and there is practically no external surface area [280].  

Type II is characteristic for nonporous or macroporous materials. The curve has an 
inflection point at low relative pressures, which usually marks that monolayer surface 
coverage is complete. With further increase of pressure multilayer adsorption starts [279], 
[280].   

Systems that exhibit isotherm of type III are not common. Two conditions must be met 
in order to obtain type III isotherm, namely the substrate must be non-porous and the 
interactions between adsorbent and adsorbate must be much weaker than between 
individual molecules of adsorbate [279]. In such materials, the adsorption is much faster at 
higher pressures where monolayer coverage is complete and multilayer adsorption starts 
[276]. 

For type IV, a (closed) hysteresis loop is a characteristic feature. The desorption and 
adsorption branches differ due to the presence of mesopores [276], [279]. Just like in the 
case of type II, also for type IV there is an inflection point that marks the pressure where 
monolayer surface coverage is finished. The notable increase in the adsorbed amount at 
higher pressures as well as the appearance of hysteresis loop indicate that the filling of 
mesopores has started.  

Systems with type V isotherm have similar properties as systems described with type 
III, i.e., weak adsorbate-adsorbent interactions. Yet type V isotherm exhibits a hysteresis 
loop similar to type IV, indicating the substrate must be mesoporous and not non-porous 
as in the case of type III [279], [280]. Just like class III also class V materials are not 
common [279].   
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Type VI isotherm is characteristic for multilayer adsorption. The substrate must be 
non-porous and its surface of uniform shape. The height of each step is an indication of the 
monolayer capacity of individual adsorbed layers [279]. 

A.4.1 Surface area determination 

Surface area is by its definition the accessible area of solid material’s surface per unit mass 
and is usually given in square meters per gram [3]. There are a number of gas adsorption 
methods for the determination of the surface area, yet the Brunauer, Emmett and Teller 
(BET) method is the most commonly used [276], [281]. This theory is an extension of 
Langmuir’s theory [284] for the calculation of adsorbate monolayer capacity (Vm) from the 
adsorption isotherm [276]. The main limitation of Langmuir’s model is that the adsorption 
is restricted to a monolayer. Yet in real systems, there is no pressure value at which the 
surface would be completely covered with precisely one layer [280]. Usually a second and 
higher layers start to form before the monolayer coverage is complete [276]. The 
assumptions made by the BET model enable the experimental determination of Vm despite 
the fact that a complete monolayer coverage is never accomplished without at least partial 
formation of multilayers. BET is thus an extension of Langmuir’s theory to multilayer 
adsorption [280]. Eq. (A.6) presents the BET equation:  

𝑃

𝑉𝑎(𝑃0−𝑃)
=

1

𝑉𝑚∙𝐶
+

𝐶−1

𝑉𝑚∙𝐶
∙ (

𝑃

𝑃0
)                            (A.6) 

where P0 is the saturation pressure of the gas, P is the pressure of the adsorbate at 
equilibrium, Va is the volume of gas adsorbed at pressure P, C is a constant and Vm is the 
volume of gas needed to achieve monolayer surface coverage [281]. 

In most cases, if P/(Va∙(P0 – P)) is plotted versus P/P0, a straight line is obtained 
within the partial pressure range 0.05 to 0.35. For accurate determination of the surface 
area five or more points should be measured inside this range of partial pressures. From 
the slope and intercept of this line the volume of a monolayer Vm can be determined. 
Specific surface area (SSA) of the sample can then be calculated from Eq. A.7 [281]: 

𝑆𝑆𝐴 =
𝑁𝐴∙𝑉𝑚∙𝐴𝑁

𝑉0∙𝑚
     (A.7) 

where NA is the Avogadro constant, AN the molecular cross-sectional area, V0 the molar 
volume of gas and m sample mass. For nitrogen, which is the most commonly used 
adsorbate, the molecular cross-sectional area of 16.2 × 10−20 m2 is assumed [279][281]. The 
majority of the commercial machines available today use BET method for the calculation 
of SSA and usually enable its determination in the range from 0.01 m2/g up to a couple of 
thousands m2/g [276]. 

However, not all types of isotherms are suitable for the BET analysis. It is unlikely to 
obtain a correct SSA value from type I and III isotherms. On the other hand, BET-
determined surface areas from types II and IV are close to the actual values [279]. 

A.4.2 Pore volume and pore size distribution 

While mercury porosimetry is the first choice for characterization of macroporous materials, 
gas adsorption is the most widely used technique for the characterization of micro- meso- 
and very small macropores [285]. If nitrogen is used as an adsorbate gas, the pores with 
sizes ranging from 0.5 nm and up to 200 nm can be characterized [285], [286].  

When pore sizes and pore volumes are determined by gas adsorption, the choice of the 
appropriate theoretical model for isotherm analysis is of paramount importance. Different 
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models should be applied for microporous and mesoporous materials. The reason lies in the 
pore filling mechanism. In mesopores, the prevailing mechanism is capillary condensation, 
which occurs at higher relative pressures. On the other hand, micropores are filled at lower 
relative pressures by a volume-filling process [287].  

For the determination of pore size distribution in meso range the most widely used 
model is the one developed by Barret, Joyner and Halenda [288], known as the BJH model. 
The BJH model is based on Kelvin equation, with the applied correction for multilayer 
adsorption. The model also assumes a cylindrical pore shape [281]. However, the computed 
results obtained by applying this model are only valid for type IV isotherms [279]. The 
decision which branch of the isotherm (adsorption or desorption) should be selected for 
BJH calculations is more or less a matter of personal choice [279]. Yet, the desorption part 
of an isotherm is closer to the thermodynamically stable system than the adsorption part, 
and is consequently used more often [278]. Even though several authors reported 
considerable errors resulting from the implementation of the BJH model, with mesopore 
sizes being mostly underestimated [289], [290], it is still widely used due to its accessibility 
in the commercially available software programs [285].  

BJH model is widely applied, yet it is limited to the pores with diameters larger than 
2 nm, since the model cannot accurately predict the diameters and volumes of micropores 
[291]. Thus a number of alternative theoretical models able to determine micropore volume 
from adsorption isotherm of type I were developed [280], [292]. Among the most widely 
used are the t-method [293] and αs-method [294]. 

A.5 Thermal Conductivity  

Heat transfer occurs through one of three modes: radiation, convection, and gas conduction. 
All three modes are present simultaneously when the temperature gradient occurs, but 
usually one predominates. Also at room temperatures radiation can be neglected [295]. For 
solid material conduction is the primary heat transfer mechanism [296]. Consequently, 
among a variety of thermal properties of solid materials thermal conductivity (λ) and 
thermal diffusivity (κ) are the most commonly determined. Another important 
characteristic is specific heat capacity (cp) [296].  

A number of different experimental methods have been developed for characterization 
of above-mentioned properties [297]. There are five main methods for the determination of 
thermal conductivity: radial heat flow method, calorimeter method, hot wire method, 
guarded hot-plate method and flash method [298]. 

In all techniques, a temperature gradient is established and the response of the material 
to this gradient monitored. However, between techniques, parameters such as sample size 
and measurement time differ [296]. Based on measurement principle thermal conductivity 
determination methods can be divided into two main categories: transient and steady-state.  
If the temperature is independent of the recording time, the method is categorized as 
steady-state, while in the transient state measurement recorded temperatures vary with 
time [297]. The radial heat flow, calorimetry and the guarded hot-plate are examples of 
steady-state methods, whereas the flash and hot-wire methods are based on the transient 
state measurement principle [297]–[299].   

Transient state techniques present several advantages in comparison to steady-state 
methods. In transient state experimental times needed to determine thermal transport 
properties are considerably shorter [296], [297], with the measurements completed in 
seconds rather than minutes or hours needed for steady-state techniques [296]. Also a 
broader range of the thermal conductivity can be measured in transient-state (from 0.01 
to 400 Wm‒1K‒1) [300].  
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Additionally, in a steady-state experiment the thermal conductivity and thermal 
diffusivity cannot be determined in a single measurement. Contrarily with transient 
methods both parameters can be measured simultaneously. 

A.5.1 Transient plane source technique 

Transient plane source (TPS) techniques are an improved modification of the hot-wire 
transient state method [301], [302].  

The experimental setup for both techniques (hot wire and TPS) is similar. The electrical 
heating element which also serves as a temperature monitor is placed between two identical 
flat pieces of the material under investigation. A small constant electrical power is supplied 
to the heating element, which emits it as heat in all directions into the surrounding 
investigated material. The change in the temperature of the heating element is accurately 
determined by measuring its electrical resistance [299]. Through the monitoring of the 
temperature increase it is possible to determine the thermal conductivity and thermal 
diffusivity of the tested material [299], [303]. If the investigated material is highly thermally 
conductive, the temperature increase will be lower than if the material is thermally 
insulative [298].  

However, in the hot-wire method, a thin refractory wire (e.g., platinum or nickel-
chrome) is used as a heating element [298]. In TPS methods, the heat flow originates from 
a plane heating element, such as a rectangular metal foil [304]–[306] or a thin metal foil 
disk with a bifilar spiral pattern [297], [302]. The first one is called the hot strip technique, 
while the second one is known as the hot disk.  

The advantage of TPS methods over hot wire is that when using TPS, both thermal 
conductivity and thermal diffusivity can be determined with a good accuracy. On the other 
hand, with the hot-wire method, only thermal conductivity is determined with high 
accuracy, whilst the thermal diffusivity is estimated with lower precision [297], [302].  

Additionally, there are also differences between the applicability of mentioned TPS 
techniques, namely hot disk technique possesses two main advantages over the hot strip 
method. Firstly, due to the sensor design, the resistance in the hot disk sensor is higher 
than in the hot strip sensor. Consequently, the temperature change is recorded with higher 
sensitivity and accuracy [299]. The second advantage is that the hot disk technique allows 
the use of samples with smaller dimensions. Theoretical model used in the hot strip method 
assumes the infinitely long strip. This means that samples must have a large length‒to‒
width ratio (up to the ratio of 20:1), so the required sample dimensions are much larger 
than in the case of the hot disk method [299]. Consequently, the hot disk technique is now-
adays commercially available and widely used in academic research for the characterization 
of new materials as well as on the industrial level [299] for optimization of the production 
process and for on-line monitoring of the quality control during production [296].  

As already stated, the hot disk technique uses a thin metal disk as a continuous plane 
heat source [299]. Such sensor consists of a nickel double spiral, which is approximately 10 
μm thick with a diameter ranging from 0.5 to 30 mm depending on the sensor type [302]. 
The metal spiral is sandwiched between two thin sheets of electrically insulating material, 
typically polyimide (Kapton) or mica. The choice of insulating material depends on the 
measurement temperature range. For temperatures from 30 K to 450 K, a Kapton insulated 
sensor is used, while for higher temperatures (450 K‒1200 K), mica sensors are more 
appropriate [297]. The schematics of experimental configuration and of a Kapton sensor 
are shown in Figure A.13A and A.13B, respectively. 
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Figure A.13: A) Illustration of the hot disk measurement setup for the determination of 
thermal conductivity. B) Schematic of a Kapton sensor with a diameter of 6.4 mm. The 
image was obtained from the HotDisk® website (https://www.hotdiskinstruments.com).  

This commercially available technique can be used over a wide temperature range [299], 
[303], and on a variety of sample shapes and sizes. Samples can be relatively small, ranging 
from 3 millimeters on, while the thickness can range from thin films to bulk materials [296], 
[297], [301]. Aside from bulk and thin film materials, hot disk can also be used to determine 
thermal properties of liquids [307], [308], powders [309] and anisotropic materials [19], [310]. 

This technique also enables the determination of a broad range of thermal properties 
from 0.005 W/mK to 500 W/mK for thermal conductivity and from 5×10−8 m2 s−1 to 10−4 
m2 s−1 for thermal diffusivity.  

Anisotropic properties can be found in many materials and products, such as wood, 
fibrous foams, and Li-ion batteries [19], [311], [312]. Thermal properties of such materials 
are direction-dependent. Hot disk enables simultaneous characterization of thermal 
properties in-plane (axial) and through the plane (radial) of a sample. As a result, two 
thermal conductivities are obtained, one for each direction. The measurement is based on 
the same principle as isotropic measurement, but the specific heat capacity of the material 
must be determined beforehand due to the applied mathematical model [310]. However, 
the as-determined radial λ is only accurate for orthotropic materials, that is materials with 
homogeneous structure in one plane but different from the structure in the other plane. In 
other words, properties along the x- and z-axes must be identical, but differ from those in 
the y-axis (Figure 3.2), 

However, despite the many advantages of the hot disk technique, its accuracy in the 
determination of low thermal conductivity is limited. It has been pointed out that due to 
the insulative layer on the sensor, the experimental error can be significant when thermally 
insulative materials are tested. Especially if thermal conductivity is lower than 0.05 W/mK 
[313], [314]. For such materials thermal conductivity determined with the hot disk method 
was up to 50 % higher from the value determined with steady-state methods [314]. 

The hot disk technique also offers an additional option of specific heat capacity 
determination in a separate measurement (Figure A.14A). Heat capacity specifies the 
material’s ability to store heat [315], with low cp indicating a material with high thermal 
conductivity and vice versa. It is especially important to know its exact value when thermal 
properties are being determined to the materials with anisotropic structure [316]. For the 
determination of specific heat capacity, a special sensor with a golden cylinder is needed 
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(Figure A.14B). When measuring cp, first a reference measurement is performed, where an 
empty cylinder, thermally insulated with polystyrene, is heated, and the temperature 
recorded continuously. Then the cylinder must be left to cool down, after which a sample 
of known mass and volume is placed inside it. The cylinder containing sample is again 
thermally insulated with polystyrene and heated over the same time interval as the 
reference measurement. Electrical heating power must be adjusted, so that the temperature 
increase is as similar as possible to the one recorded during reference measurement. Again 
the temperature increase is recorded. From the known mass and volume of the sample and 
the information about the difference between temperature increase in empty golden 
cylinder and the one containing sample, cp can be calculated.  

 

Figure A.14: A) Illustration of the hot disk measurement setup for the determination of 
specific heat capacity. B) Schematic of a cell-sensor for the determination of material’s 
specific heat capacity. 

A.6 Permeability 

Permeability is a property that defines the easiness with which a fluid can flow under 
pressure gradient through the pores in a material [196]. Permeability is of great importance 
in porous ceramics, especially if the material is to be used in (gas)filtration, or as 
membranes where larger pressure drops should be prevented [252], [317].  

In order to pass a fluid through a material, the latter has to possess a suitable number 
of pore channels. Thus permeability is mainly a function of material porosity and shape 
and size of pores [252]. Among porous materials, the ones with aligned pore channels, 
running unidirectionally throughout the entire material, usually exhibit the highest 
permeability [317]. 

Darcy’s law, discovered in the middle of the 19th century, was the first equation to 
describe the flow of a fluid through a porous media. From it Eq. (A.8) for the determination 
of permeability (for compressible fluids) can be derived: [196], [252] 

𝑝𝑖
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where pi and p0 are the inlet and outlet fluid pressures, respectively. η is the fluid’s viscosity, 
Q the volumetric air flow rate at the sample exit and S is the cross-sectional area normal 
to the flow. The quotient between Q and S is the fluid’s superficial velocity vs. L is the 
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thickness of the material, p is the fluid’s pressure at which μ and vs are determined (usually 
it is the same as pi or po) and k1 the Darcian permeability.  

According to Eq. (A.8), the flow velocity is linearly proportional to the decrease of 
pressure [252]. Yet the latter equation was derived from results of experiments conducted 
at low flow velocities, where the pressure drop (the left side of Equation A.8) is almost 
entirely the consequence of viscous effects. Viscous effects occur due to the friction between 
fluid layers and the pore walls [252], [318], and are defined by constant k1 [252]. However, 
if the velocity of a fluid is increased, the flow velocity and the pressure drop are no longer 
in linear dependence and deviations from Darcy’s law occur [252].  

Forchheimer noticed that at high flow velocities, when the flow changes from laminar 
to turbulent, the relationship between pressure and velocity drop is a parabolic function 
[319]. Hence he proposed a modified version of Eq. (A.8): 
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where ρ is the density of a compressible fluid and k2 the non-Darcian permeability [320].  
The Forchheimer equation takes into consideration that the pressure loss occurs due to 

the viscous (k1) and the inertial effects [252]. The latter is described by the non-Darcian 
permeability k2. The non-linear behavior observed by Forchheimer is the consequence of 
the contribution of inertial effects which arise at higher fluid velocities [321]. Inertial effects 
occur when fluid flow is disturbed and changes direction, for example when the pore 
structure is tortuous (the pore channels have many turns) [196]. 

The main limitation of Darcy’s law is hence that the reliable permeability values are 
only obtained at low flow velocity when the flow is laminar [319]. On the other hand, the 
Forchheimer’s equation enables the determination of permeability in a wider range of fluid’s 
velocities and for turbulent flows [320]. Still, due to its simplicity, Darcy’s law is still widely 
used, especially for measurements conducted at low pressures [252]. 

It should be noted that the form of Equations (A.8) and (A.9) only applies for 
compressible fluids, like air. The expressions on the left side of both equations have to be 
modified in the case an incompressible fluid is used for conducting the experiments [318]. 
Unlike incompressible fluids (liquids), compressible fluids (gases) expand during flow 
through a porous material. The velocity of fluid exiting the material is therefore higher 
than the velocity at material’s entrance. Consequently, the pressure profile of liquids and 
gases differs and modifications of Eq. (A.8) and Eq. (A.9) are needed in order to account 
for the different flow behavior [196]. 

Experimentally the permeability is determined in a test where a fluid is forced to flow 
through a porous material [196]. A sample, which is mostly in the shape of a cylinder or 
disk of thickness L and exposed surface area S, is sealed between two chambers as 
illustrated in Figure A.14. The inlet (pi) and outlet (po) pressures and volumetric flow rate 
(Q) are measured. The superficial fluid velocity can be determined by dividing the flow 
rate with the exposed surface area (vs= Q/S) [196].  

After the results are obtained, the pressure drop is plotted against fluid’s velocity. If 
the relationship is linear, Darcy’s model is used, and if the dependence follows a parabolic 
curve, the Forchheimer’s equation should be implemented. In the latter case, the data 
should be fitted by the least-square method to a parabolic function y = ax + bx2, where y 
is (pi

2–po
2)/2pL (for compressible fluids), and x the vs. Parameters a and b are the Darcian 

and non-Darcian permeability, respectively, and are calculated from the fitted curve [196]. 



A.7. X-Ray Microtomography 111 

 

Figure A.15: Illustration of a basic permeability test set-up. The depicted set-up is for gas 
permeability testing.   

Permeability tests can be performed in several different set-ups, with Figure A.15 
illustrating one of the simplest, most commonly used set-ups for the characterization of 
ceramic foams [196], [322]. Naturally the most appropriate test configuration depends on 
the properties of the material tested.    

A.7 X-Ray Microtomography 

X-ray microtomography is a non-destructive imaging technique used for obtaining 3D 
images of materials. The combination of X-ray scanning and data processing enables 
reconstruction of the internal structure. The technique’s formal name is actually electronic 
computed X-ray tomography, but it is more commonly known as computed tomography 
(CT) [278]. In the past, CT has been mostly used in medicine, where the resolution of 300 
μm was sufficient. On the other hand, for material science much higher resolutions are 
needed, so this technique was not suitable until the emergence of the third generation of 
synchrotron radiation facilities. Then the resolutions could be pushed to the micrometer 
level, and it was possible to routinely obtain resolutions as low as 1 μm [278], [323]. When 
the resolution is lower than 20 μm, we are talking about micro computed tomography (μ‒
CT) [324]. 

Today μ‒CT enables characterization of microstructural features, such as pores and 
cracks, and detection of other phases [323]. It is especially useful in the characterization of 
porous materials [324], where parameters like porosity, pore shape, average pore size and 
pore interconnectivity can be estimated from the reconstructed 3D images [278]. μ‒CT is 
also very useful for the evaluation of the impact of deformation on pore structure. For 
example, individual μ‒CT images of the internal structure of highly porous materials, e.g., 
foams, can be recorded prior, during and after the compression test. Resulting images show 
how the pore structure changes under externally applied forces [278][325]. 

There is a variety of different setups, yet they all include a source of X-rays, a rotating 
platform on which the sample is fixed, an X-ray detector and a computer to process the 
obtained data and to show the reconstructed images [278], [323], [324]. The basic principle 
of X-ray tomography is layer-by-layer scanning of a material. X-rays transmitted through 
different layers are recorded by X-ray detector, converted into digital image recordings. 
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Then with the help of computer processing, images of individual layers are configured into 
a 3D image [278].  

A μ‒CT image consists of a number of pixels in different shades of gray. The pixel’s 
shade indicates the X-ray absorption coefficient. The darker the shade, the lower the 
absorption in this area, while brighter shades represent parts with high absorption. The 
pores and other low density areas are dark, with the high density areas such as pore walls 
represented by the whiter shades [278].   

A.8 Fourier-Transform Infrared Spectroscopy 

Infrared (IR) spectroscopy is a study of interaction between material and infrared light. 
Infrared light has a wide range of wavelengths. Between wavenumbers 14000 and 4000 cm-

1 is the near IR light spectrum, 4000 and 400 cm-1 is the mid IR and from 400 to 4 cm-1 the 
far IR spectrum. The majority of the molecules have a strong absorbance especially in the 
mid IR region, which is why these wavelengths are the most commonly used in IR 
spectroscopy.  

Absorbance at a specific wavelength (A(λ)) is calculated from the intensity of the 
background spectrum (I0) and the intensity of the sample spectrum (I) according to the 
following Equation (A.10): 

𝐴(𝜆) = 𝑙𝑜𝑔 (
𝐼0

𝐼
)    (A.10) 

In absorbance spectrum, absorbance is plotted as a function of wavenumbers. The latter 
appear in a descending trend from the left to the right side of the x-axis. In such spectrum 
the bands point upwards and the topmost point denotes their wavenumber. Instead of the 
absorbance, percent transmittance (%T) can also be plotted on the y-axis. %T is a measure 
for the amount of light that was transmitted by the sample. It is calculated by Equation 
(A.11): 

%𝑇 =  100 ∙ (
𝐼

𝐼0
)    (A.11) 

Unlike in the absorbance spectrum, the bands in %T spectrum point downwards and 
the lowest point of the band determines the wavelength. For the identification of unknown 
samples either absorbance or %T spectrum can be used, with the decision between the two 
being almost entirely a matter of personal preferences.  

Absorbance spectrum can also be used for quantitative analysis. Concentration of 
individual components in the sample can be determined, since the area of a band is 
proportional to its concentration. In order to perform quantitative analysis, first a number 
of samples with known concentrations must be measured to prepare a calibration line 
relating absorbance to concentration [83]. The concentration can then be calculated from 
Equation (A.12), known as the Beer’s Law: 

𝐴(𝜆) = 𝜀(𝜆) ∙ 𝑙 ∙ 𝑐             (A.12) 

where A(λ) and ε(λ) are the absorbance and the absorptivity at some specific wavelength, 

respectively, l the path length and c the concentration.  

An absorbance spectrum can be used for both, quantitative and qualitative analysis. 
The transmittance spectrum is on the other hand only suitable for qualitative analysis, 
since the size of transmittance bands is not linearly proportional to concentration [83]. 
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The wide use of IR is mainly due to its simplicity, relatively inexpensive equipment, 
short analysis times and good sensitivity. Additional advantage is the strong absorbance, 
especially in mid IR spectrum [83]. Among the most widely used is the Fourier-transform 
infrared (FTIR) spectroscopy, which is a variation of IR spectroscopy using a mathematical 
function known as Fourier transformation to convert the raw data into a spectrum [83].    

There are some limitations of IR spectroscopy. The main issue represents 
characterization of samples consisting of a number of different molecules. The more 
complex the sample, the more difficult it is to ascribe individual bands to a specific molecule 
in order to identify it. Another disadvantage is that a chemical species without bond 
vibrations (such as noble gases, monatomic ions, homonuclear diatomic molecules, e.g., 
nitrogen and oxygen) will not produce an infrared spectrum. Also the IR spectroscopy is 
very sensitive to the presence of water. Even in small quantities its broad and intense 
absorption bands conceal the majority of the bands indicative of other molecules present 
in the sample [83]. 

Analysis of infrared spectrum provides a lot of information about the molecular 
composition of sample. Bands positions are indicative of the molecular structure. Almost 
every chemical bond/functional group absorbs IR light of different wavelengths, where the 
absorption bands then appear [240]. The majority of chemical bonds will produce multiple 
bands at different wavelengths after the absorption of IR radiation, since there are several 
possible vibration modes [326]. The number of different vibrational modes increases with 
complexity of the molecule in question. For each possible vibration mode, a band at a 
specific wavelength will appear. A specific vibration requires a specific amount of energy, 
provided by absorption of IR radiation of specific wavelength. Vibration modes are divided 
into two main groups, namely bond stretching and bond bending (Figure A.16) [326].  

 

Figure A.16: Schematic representation of bond vibration modes in a tetravalent atom (e.g., 
R2CH2). 
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In the stretching mode, only the bond length is changed and this change can be either 
symmetrical (νs) or asymmetrical (νas). In the former mode, two (or more) bonds stretch 
out and contract at the same time. If the stretching is asymmetrical then while one bond 
stretches, the other gets shorter. On the other hand, in the bond bending vibrations, the 
angle between two bonds changes. There are four main types of bond bending, namely 
scissoring (δb.v.), rocking (ρb.v.), wagging (ωb.v.) and twisting (τb.v.) deformation. In scissoring 
vibration, two atoms move towards and away from each other. In rocking vibration, on 
the other hand, two atoms move simultaneously in two directions, like a pendulum. These 
two types of vibration are also known as in-plane deformations or bending modes [242]. In 
wagging and twisting, the two atoms move out of the plane in which the bonds are located. 
These two types of bending are also known as out-of-plate deformations. In wagging, both 
atoms move out or behind the plane simultaneously. In twisting mode, one atom moves 
out of the plane, while the other simultaneously moves behind the bond plane.   

A.9 Compressive Strength 

Strength is a measure of the amount of load a material can withstand before failure [327] 
and is one of key material properties. If the strength is not sufficiently high, other material’s 
properties are irrelevant, since the material cannot be used in practically any application 
[328]. Depending on the loading type, four main strengths are defined: compressive, tensile, 
bending and shear [328].   

Compressive strength is determined in compression tests, where the most simple is a 
uniaxial compression test (Figure A.17) [329]. Yet in order to perform a valid compression 
test special care must be taken to ensure compression is not encompassed by shear [330]. 
Occurrence of shearing can be minimized by planar compression, where the load is applied 
only in downward direction. For such tests the sample must have a smooth surface. The 
presence of any bumps or dents would lead to a non-uniformly distributed stress across 
material’s surface and consequently the results would not reflect the true compressive 
properties [330].     

 

Figure A.17: Illustration of an uniaxial compression test setup. 

As a result of a compression test, a stress-strain curve is obtained. In compressive testing 
the stress (σ) occurs as a consequence of applied load (force) and is defined as the ratio 
between the load (force) applied (F) and the contact surface area of the sample (A) as 
presented in Eq. (A.13): [331] 

𝜎 =
𝐹

𝐴
  (A.13) 

Strain on the other hand is a measure of deformation caused by the applied load and 
is expressed by Eq. (A.14): 
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𝜀 =
𝑋

𝑙
  (A.14) 

where ε is the strain, X the decrease in the sample length due to compression and l the 
original sample length. Strain is dimensionless and could be elastic or plastic. The former 
denotes a reversible deformation, where after the load is removed, the sample returns to 
its original shape. On the other hand, if the strain is plastic, the deformation is permanent 
[328].   

 

Figure A.18: A) Compression strain-stress curves for different types of material. B) Typical 
regions of a compression stress-strain curve. C) Compression stress-strain curve of a porous 
material. 

The shape of the stress-strain curve obtained by compression tests depends on the type 
of material. Typical curve shapes for ceramic, metal and polymer with a detailed 
description of stress-strain curve segments can be seen in Figures A.18A and A.18B, 
respectively. Regardless of the material’s type there are some similarities in the shape of 
stress-strain curves. Initial part of the graph is always linear, where the stress and strain 
are proportional. In this section, the deformation is elastic. Also for all types the yield point 
marks the end of elastic region, where the strain becomes plastic and the deformation 
permanent. The end of the stress-strain curve is the point of failure, where the material 
can no longer withstand the load and breaks. This point determines the compressive 
strength of a given material. Although the stress-strain relationship is linear for all material 
types at lower strains, there are big differences in the lines slope, pointing to big differences 
in compressive properties. For example, ceramics have a much higher yield point than 
polymers, yet unlike in polymers the plastic region in ceramics is virtually non-existent 
(Figure A.18A).  

In the linear region, Hooke’s law may be applied to determine Young’s modulus or 
modulus of elasticity (E). The latter is a measure of the extent of strain that arises due to 
a given stress, as defined by Eq. (A.15) [328]:   

𝐸 =
𝜎

𝜀
  (A.15) 

When Eq. (A.13) and (A.14) are inserted into Eq. (A.15), the Young’s modulus can be 
calculated by Equation (A.16): 

𝐸 =
𝐹∙𝑋

𝐴∙𝑙
  (A.16) 

The curves in Figure A.18A are characteristic for the non-porous materials. For porous 
material however, the shape of the stress-strain curve is different [327], as can be seen in 
Figure A.18C. The degree of porosity, pore shape and pore size as well as their spatial 
distribution have a great influence not only on the strength of material but also on the 
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slope of the linear part in the stress-strain curve. Through the latter also the Young’s 
modulus is affected [257], [332]. When porous materials like foams are compressed, three 
characteristic regions in the stress-strain curve can be observed. The shape is similar in all 
types of materials and also their composites [256], [257], [333], [334]. Like in dense materials 
the dependence between stress and strain is firstly linear until reaching a yield point. The 
linear (elastic) region is in majority limited to small strains of 5 % or less [333]. The 
deformation in this region mostly manifests as an elastic bending of pore walls [257]. After 
the yield point is reached, a plateau zone starts, where the stress is more or less constant. 
The plateau zone is a manifestation of the pore walls collapse [257], [333]. The length of 
constant-stress zone depends on the degree of porosity, where a material with high porosity 
exhibits a longer and a more flat plateau than a less porous material [334]. The third part 
of the curve is a densification region, where the pore walls crush together [333]. In this 
region, the stress increases abruptly with small increases in the strain. 
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