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Abstract: This article combines a systematic literature review on the fabrication of macroporous
a-Al,O3 with increased specific surface area with recent results from our group. Publications
claiming the fabrication of x-Al,O3 with high specific surface areas (HSSA) are comprehensively
assessed and critically reviewed. An account of all major routes towards HSSA «-Al,Oj3 is
given, including hydrothermal methods, pore protection approaches, dopants, anodically oxidized
alumina membranes, and sol-gel syntheses. Furthermore, limitations of these routes are disclosed,
as thermodynamic calculations suggest that y-Al,O3; may be the more stable alumina modification
for Ager > 175 m?/g. In fact, the highest specific surface area unobjectionably reported to date for
o-Al,03 amounts to 16-24 m?/g and was attained via a sol-gel process. In a second part, we report on
some of our own results, including a novel sol-gel synthesis, designated as mutual cross-hydrolysis.
Besides, the Mn-assisted a-transition appears to be a promising approach for some alumina materials,
whereas pore protection by carbon filling kinetically inhibits the formation of x-Al,O3 seeds. These
experimental results are substantiated by attempts to theoretically calculate and predict the specific
surface areas of both porous materials and nanopowders.

Keywords: high surface area x-alumina; macroporosity; calculation of specific surface areas; sol-gel;
AAO membranes; solid solutions of Mn in alumina; pore protection

1. Preface

Aluminum oxide Al,O3 exists in a variety of modifications [1]. The so-called transition alumina,
such as y-, k-, 11-, 8-, or 6-Al,O3, are all easily moldable and exhibit a certain porosity, rendering
these modifications suitable for various applications, for instance, in the field of heterogeneous catalysis.
Corundum, as x-Al,O3 is commonly designated, is the thermodynamically stable modification,
for p < 400 GPa [2-4]. However, it is intrinsically non-porous and hence inapt for any catalytical
application, apart from being used as a support material [5]. Introducing porosity into «-Al,O3 materials
is a major challenge, having given rise to a considerable quantity of scientific and patent literature.
Apart from representing a major scientific and technological progress, porous «-Al,O3 could be
employed in different highly relevant fields of application, including catalytic cracking and steam
reforming [6], filtration of hot gases [7], and ultrafiltration membranes [8].

This article provides a comprehensive literature review of attempts towards high specific surface
area or porous x-Al,O3, which by material constraints will always be macroporous. The authors
believe to have gathered and assessed information on all major routes for the preparation of porous
a-Al,O3 published to date.
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In a second part, calculations of specific surface areas for both porous materials and nanopowder
are suggested and applied to results from our group. Lastly, recent results from our laboratory are
presented, showing both new possibilities to obtain «-Al,O3 with enhanced porosity and limitations
of certain routes.

2. Literature Review: Synthesis Routes for «-Al,O3; with Increased Specific Surface Area

2.1. Introduction

Two main pathways lead to x-Al,Os, starting from alumina phases of low crystallinity, such
as aluminum hydroxides, aluminum oxide hydroxides, or transition alumina. These two paths can
be discriminated by the crystal structure of the respective oxide hydroxide (cf. Figure 1). Diaspore,
commonly designated x-AlO(OH), crystallizes in a hexagonal structure, while y-AIO(OH), known
as boehmite, exhibits a crystal structure with O?>~-ions in cubic packing [1]. Although this difference
in crystal structure of the oxide hydroxide modifications might not seem very important, it causes a
significant and major divergence in the course of phase transformations with rising temperature. While
(hexagonal) diaspore transforms directly into (hexagonal) x-Al,Oj3 at relatively low temperatures of
about 450-600 °C, all other phase transformation cascades pass from various aluminum hydroxides
through boehmite and various (cubic) transition alumina. Their respective enthalpies of formation
(AHy) and transition to a-Al,O3 (AH-,) are listed in Table 1, illustrating their transient nature [2,3]. In
a penultimate step, 8-Al,Os3 is usually attained, which then transforms into thermodynamically stable
«-AlyO3 at about 1000-1200 °C [9]. This 6—«-transition marks the final drop in enthalpy to attain the
thermodynamic pit in the Al O3 system [2,3]. It also usually brings about a significant loss in porosity
and, consequently, specific surface area. Chang et al. published a review on critical (6-Al,O3) and
primary («-Al,Og3) crystallite sizes during the 6 — «-transition in 2001 [10]. Their own experiments
showed a critical crystallite size of 22 nm for 0-Al,O3 in order to undergo phase transformation to
x-Al, O3 with resulting primary crystallite sizes of 17 nm. This dependence on the transition alumina
crystallite size originates in the pseudomorphic character of the boehmite—+y-transition: One boehmite
crystallite subdivides into several y-Al,O3 crystallites, yet the eventual a-Al,Oj3 crystallite resumes
the dimensions of the original boehmite grain, as illustrated in Figure 2 [11]. Schaper et al. provided
another study of the corresponding y— «-transition mechanism in 1985, postulating that the loss of
specific surface area is not necessarily a result of but usually precedes the formation of x-Al,O3 at
elevated temperatures [12]. They draw their conclusion upon the “entirely different” values obtained
for activation energies of sintering (E4 = 250 kJ/mol, corresponding to surface diffusion, i.e., loss
of specific surface area) and nucleation (E4 = 600 kJ/mol, corresponding to formation of «-Al,O3),
respectively. This theorem is strongly backed by the findings of numerous groups on low temperature
formation of corundum from diaspore, i.e., without sintering effects and the like, as shall be explicated
in the following section.

Table 1. Enthalpy of formation (AHy) and enthalpy of transition to a-Al,O3 (AH-,), for different cubic
alumina modification, as compiled from [2,3].

Alumina Modification AHf/k]/mol [2] AH_,,/k]J/mol [2] AH_,;,/k]J/mol [3]
v-AL O3 ~1656.9 -18.8 -222
k-AL O3 ~1662.3 ~134 ~15.1
§5-Al,O4 ~1666.5 —9.2 -11.3

a-Al,O3 -1675.7 n/a n/a
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Figure 1. Phase transformations in the alumina system according to [9].
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Figure 2. Correlation between boehmite and corundum crystallite sizes adapted from [11].

In fact, a superior stability of transition alumina for smaller particle sizes, i.e., higher specific
surface areas, was already suggested by McPherson in 1973 [13]. In a more general manner, McHale,
Perrotta, and Navrotsky illuminated the thermodynamic stability of nanocrystalline y- vs. «-Al,O3
with respect to the specific surface area in 1997 [14,15]. Their findings and calculations suggest that
for Aggr > 175 m2/g, v-Al,O3 might in fact be the thermodynamically stable modification of Al;Os.
This would in turn imply an impossibility for a-Al,O3 to exhibit specific surface areas larger than
175 m?/g above a certain threshold temperature, which is not explicated but likely below the formation
temperature of either Al,O3 modification. In an extension of this work published in 2015, Navrotsky
even postulates that this limiting specific surface area amounts to only 130 m?/g for a-Al,O3, and
that for Agpr > 370 mz/g, i.e., very small particle sizes, amorphous alumina is more stable than either
crystalline modification [16]. All but one of the articles cited in the following section seem to prove her
and her co-workers right.

2.2. Diaspore-Derived Corundum

The literature treating diaspore syntheses dates back to 1943, when Laubengayer and Weisz
first reported on the successful preparation of diaspore in the laboratory [17]. They synthesized
diaspore under various hydrothermal conditions, starting from boehmite, y-Al,O3, or corundum.
However, they were only able to obtain diaspore when seeding the starting material with naturally
occurring diaspore crystals. In 1960, Torkar then claimed the first synthesis of diaspore without seeding
crystals [18]. Wefers prepared diaspore hydrothermally at only 100 °C by coprecipitating iron and
aluminum hydroxide gels, reducing the nucleation energy for diaspore [19]. However, synthesizing
diaspore with or without seeding crystals remains a challenging and oftentimes protracted undertaking,
as evidenced by the small number of publications thereunto and the elaborate experimental descriptions
therein [20,21].

Having successfully synthesized diaspore, one may transform it into a-Al,O3; by thermal
decomposition at about 500 °C, i.e., relatively mild conditions [21-27]. Specific surface areas as
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high as 150 mz/g [26] or even 160 mz/g [28] can be obtained in the resultant high specific surface area
(HSSA) a-Al,O3. Mitchell even claims specific surface areas of up to 600 m?/g in his 1977 patent, though
without giving a concrete example thereto [29]. However, when thermal decomposition of diaspore
into corundum is executed at only slightly higher temperatures (> 600 °C), Appr decreases to values
below 10 mz/g [22,26,28]. In fact, Wefers contested complete transformation of diaspore into corundum
at lower temperatures, postulating a certain fraction of less well-ordered Al,Os in diaspore-derived
corundum up to temperatures of 1000 °C [30]. So, despite its thermodynamically stable crystal
structure, its porosity is not inert towards sintering effects at relatively low temperatures. This renders
diaspore-derived low temperature HSSA unsuitable for most catalytic applications, since the difficulties
occurring in practice are similar to those one encounters with transition alumina, e.g., loss of specific
surface area and porosity, sintering and consecutive deactivation, or loss of washcoat material due to
thermal stress [5,31].

2.3. Hydrothermal Syntheses

Hydrothermal methods represent a straightforward and relatively green way to synthesize
inorganic materials. Perrotta provided a review on the efforts made on nanosized corundum synthesis,
including hydrothermal methods [28] in 1998. In 2010, Suchanek published a number of articles on
hydrothermal syntheses of x-Al,O3 powders [32], nanosheets [33,34], and nanoneedles [33]. The
conditions were 430—450 °C at 10.3 MPa in order to circumvent diaspore formation [32]. Boehmite
powders were converted into pure x-Al,Os assisted by commercial «-Al,O3 seeds. While the
Apgr of the produced powders diminished to 7 m?/g upon heating to 1000 °C, while nanosheets,
whose morphology was modified by addition of nanosized colloidal silica, preserved their specific
surface area of 20 m?/g even upon heating.

Ghanizadeh et al. then followed with a comparative study on hydrothermal and precipitation
routes [35]. Unsurprisingly, their seeded precipitates converted into «-Al,O3 at lower temperatures,
while they managed to convert seeded boehmite powder into corundum under hydrothermal conditions
at 220 °C for 24 h. However, this does not hold true for unseeded boehmite; specific surface areas
for these samples are not included. Precipitated powder calcined to pure x-Al,O3 at 1200 °C for
1 h exhibits a specific surface area of 8.1 m?/g, with intraparticular voids around 200 nm. Similar
results had already been presented by Sharma et al., claiming specific surface areas of 245 m?/g for
seeded o-Al,O3 powder hydrothermally synthesized at 190 °C [36]. Their XRD data clearly show an
incomplete conversion into corundum, which explains the unrealistically large specific surface area.

Even more recently, Yamamura et al. reported a hydrothermal method combined with a seeding
technique, showing x-Al,Oj reflexes in XRD at temperatures as low as 400 °C, yet without reaching
complete conversion to «-Al,O3 even for 5 wt.% seeding crystals [37]. A second publication shortly
after shows XRD reflexes for a-Al,Oj3 starting from 600 °C [38]. However, complete conversion to
a-Al,Oj is still not achieved until annealing temperatures reach at least 900 °C. The obtained particle
sizes are in the sub-micrometer range, whereof relatively large specific surface areas may be inferred,
although numbers are not presented.

Different approaches using aluminum precursors with carbonaceous anions also may yield
porous x-Al;O3. Lee at al. obtained «-Al,O3 with an Agpr of 25 mz/g at 900 °C with hydrothermally
synthesized aluminum oxalate hydroxide precursors [39], while Ahmad et al. recently reported
on x-Al,O3 from hydrothermally prepared ammonium aluminum carbonate hydroxide whiskers
with distinct pore diameters of 260 nm, yet without precisely determining the corresponding pore
volume [40,41].

2.4. Pore Protection by Carbon Filling

A different approach towards porous «-Al,Oj3 is found in the attempt to prevent pore collapse
upon high temperature calcination by infiltrating porous y-Al,O3 with a carbonaceous precursor
solution. Carbon filling of porous materials is usually employed in syntheses of porous carbon materials
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and can easily be realized with different carbonaceous precursors [42-44]. Utilizing this method not
to template a porous carbon but to protect the pores of a ceramic material such as Al;O3 has been
patented by Shell in 1971 [45] and seconded by Exxon in 1978 [46]. Both inventors claim specific
surface areas in «-Al,O3 of 20-70 m?/g, though without providing XRD data to prove complete
transformation of the previously infiltrated y-Al,O3. An observed decrease in specific surface area
upon heat treatment at 1100 °C is argued to be due to the “surface area stability of the alpha alumina”
lying between about 1000 °C and 1100 °C. We consider an incomplete 6 — «-transition much more likely
to be the cause thereof, as is also observed by the patent holders themselves on other samples [46]. In
a similar process, Holler (also from Shell) claimed to attain specific surface areas of at least 40 m?/g
by thermally decomposing a porous polymeric carboxylate chain-bridged by aluminum ions [47].
Wen et al. patented a route using oleic acid as carbon precursor to manufacture ultrafine x-Al,O3
powder with particle sizes d < 60 nm [48]. A biomimetic approach towards HSSA «x-Al,O3 was chosen
by Benitez Guerrero et al., using lignocellulosic materials both as templates and carbon source, claiming
specific surface areas of 100 m2/g [49]. This article also contains a recommendable review on HSSA
a-AlyO3 (written in Spanish). Niu et al. introduced carbon nanotubes as templates into their alumina
sol [50]. Consequently, they also followed a similar procedure as in described in the above-mentioned
patents, i.e., the alleged transformation from y-Al,O3 into «-Al,O3 was performed under N, flow at
1150-1300 °C, followed by pyrolytic carbon removal by oxidation at 500-750 °C. Products obtained
via this method are certainly porous, and likely alumina, despite the possibility of aluminum nitride
formation above 900 °C [51-54]. However, the authors of this review contest the formation of 100%
pure corundum under the conditions described. Inconclusive XRD data from other groups using
sucrose as carbon precursor support our reasonable doubts [55,56], as do constraints formulated by
patent holders [46], results obtained by Schiith et al. [57], and in our own laboratories (cf. Section 5.5).
These doubts are reasonable, as the free surface energy ys of y-Al;O3 amounts to only 1.5-1.7 J/m?,
compared to 2.64 J/m? for o-Al,O3 [16]. This difference in free surface energy impairs the conversion
of transition alumina to corundum at specific surface areas > 175 mz/g [14,15], even at temperatures
above 1200 °C, if the microstructure and hence the specific surface area are to be conserved. Also,
kinetic hindrance [57] due to the generally much smaller crystallite grain size in y-Al,O3 compared to
x-AlpO3 [10,13] suggests that even calcination in vacuo at temperatures as high as 1300 °C does not
necessarily result in conversion of carbon-filled porous transition alumina to corundum.

2.5. Introducing Porosity via Soft Templating in Sol-Gel Syntheses

A well-established and versatile approach to introduce tailor-made pore structures into metal
oxides is found in sol-gel syntheses [58—60]. For alumina, alkoxides have been employed as precursors
for almost a century [61,62]. The use of aluminum salts with an epoxide-assisted route was first
presented by Baumann, Gash and co-workers 15 years ago [63] and has since developed into a
well-established method [64-69]. Ultimately, porosity of the synthesized gels much depends on
the chosen drying conditions. Xerogel granules can be obtained by evaporative drying methods,
cryogels by freeze-drying [70,71], or aerogel monoliths by drying under supercritical conditions,
respectively [65,72]. Whichever drying method is chosen, it cannot effectively prevent the collapse
of mesopores originating from the sol-gel process upon high temperature calcination, which is necessary
to accomplish the phase transition from 6- to «-Al,O3. (Phase transformation in the routes discussed
here follows the boehmite path, including cubic transition alumina forms, as shown in Figure 3 [68] (cf.
also Figure 1, adapted from [9].).

300 °C 600 °C  1000°C 1200 °C
amorphous Al(OH)x — boehmite AIO(OH) — v-ALOs — 0-AlLOs — a-Al2O3

Figure 3. Phase transformations following the boehmite path, adapted from [68].
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Polymer induced phase separation is a widely used strategy in sol-gel syntheses [73-75].
Generally speaking, it enables introduction of macroporosity into otherwise mesoporous or even
non-porous materials, and for a relatively precise adjustment of macropore size. Common
phase separating agents in alumina synthesis are polymers such as polyethylene oxide [64],
polyacrylamide [76], or Pluronic P123 [77,78]. With the aid of P123 and additional tetrabutyl ammonium
hydroxide, Lopez Pérez et al. were able to obtain pure «-Al,O3 with Appr in the range of 16-24 mz/g
by evaporation induced self-assembly [79], while Zhang et al. report a value of 18 m?/g with additional
PEG8000 after calcination at 1200 °C [80,81]. Other approaches include EDTA, leading to «x-Al,O3
powder with up to 14 m?/g [82], a combination of chelating agents with acrylamide [83], or other
surfactants, for instance [84,85]. We recently reported on the use of citric acid as a phase separating
agent [68], which has been known to act as a template in alumina sol-gel syntheses [86-90] but never
brought to comparable porosity values in «-Al,O3 before. Not only does it enable pore volumes of up
to 1.2 cm3/g with macropores ranging from 0.1-5.3 um but Appr were also increased up to 12 m?/g
with the aid of citric acid. Similar effects can be achieved by addition of dicarboxylic acids, though
with even better tunability of pore widths [91].

2.6. Porous Membrane Preparation via Anodic Oxidation of Aluminum

Self-ordered anodized aluminum oxide (AAO) is a highly ordered porous alumina with hexagonal
tubular pores. It can be produced via an anodization process under specific reaction conditions, yielding
pore sizes in the range of 10400 nm. Masuda et al. first presented a two-step anodization process
to obtain these ordered membranes in 1995 [92,93]. Hillebrand et al. presented a methodology
for analyzing and quantifying the grain morphology of self-ordered porous AAO membranes
based on interpore distance and angular order [94]. Other publications treat the fabrication of
tubular membranes [95], thin films (50 pm thickness) [96], or three-step anodization [97]. Lee and Park
provided a comprehensive review on the matter of AAO in 2014 [98]. These as-synthesized membranes
are amorphous and hence highly labile to both acid and base attacks. Heat induced crystallization
of porous AAO leads to changes of mechanical properties but also in morphology of the porous
system [99-101]. There is no acknowledged routine thermal treatment for the conversion of amorphous
AAO membranes into x-Al,O3; without serious mechanical deformation [99,100,102]. Chang et al.
prevented severe deformation of the porous system by removing the acid-anion contaminated outer
pore wall oxide before annealing at high temperatures [103]. This selective removal of the outer pore
walls tremendously increases the pore diameter, while simultaneously reducing the walls” thickness. A
successful approach of transforming amorphous membranes into porous «-Al,O3 was published in
2018 by Hashimoto et al. [104,105]. They preserved the initial pore structure of d, ~ 220 nm, introduced
by anodization with phosphoric acid, after calcination at 1400 °C, and, moreover, were also able to
subsequently remove AIPO4 nanoparticles from the pore walls, leaving behind a second pore system
in the mesopore range (d, ~ 20 nm). This increased the specific surface area from 3.5 m?/g in the
as-synthesized membranes to 11.7 m?/g in the heat- and HCl-treated ones.

2.7. Ultrafine a-AlyO3 Powders with High Specific Surface Area

Instead of aiming for porous x-Al,O3, one may also attempt to render particle sizes as small as
possible in order to maximize the specific surface area of a material, which in this case is not exactly
congruent with the internal surface area, as is often suggested in literature. We provide an algebraic
estimate of attainable specific surface areas via this approach in Section 4.2.

For a-Al, O3, there have been a number of different methods suggested to this end in literature. In
1963, the Allied Chemical Corporation of New York patented an elaborate process involving direct
oxidation of aluminum chloride vapors. The resulting «-Al,O3 particles are claimed to not exceed
5000 nm in size, yielding a specific surface area of 6.2 m?/g [106]. Degussa AG patented a process
starting from y-Al,O3; powder, yielding x-Al,O3 particles of 100-200 nm only, and specific surface
areas of some 40 mZ/g. However, the a-Al,O3 content in the final product is claimed to amount to
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only 70%-90% [107]. A third patent by the Taiwanese National Science Council utilizes oleic acid as an
additive to obtain x-Al,O3 particles of d < 60 nm; Apgr values are not provided [48].

By combustion of a pasty mixture of AI(NO3); 9 H,O and urea at 500 °C, Kingsley and Patil
obtained a foam-like mass which spontaneously “ruptures with flame and glows to incandescence”,
with temperatures of 1600 °C [108]. The resultant product is a voluminous and foamy «-Al,O3; with
an Aggr of 8.3 m?/g, wherefrom they calculate a particle size of 220 nm. Ogihara et al. presented
their precipitation route starting from an aluminum alkoxide in different solvents in 1991, yielding
particle sizes down to 250 nm [109]. Zeng et al. prepared x-Al,O3 of only 25-30 nm by precipitating
boehmite from an aqueous solution of AICl; with NH3 and acetic acid as peptizing agent, followed by
freeze-drying of the resulting powder [110]. They measured a specific surface area of 51 m?/g for their
essentially pure x-Al,O3 powder.

Since the turn of the century, a number of different studies have been published, including
emulsion evaporation [27,111,112], precipitation methods [35,113-115], solution combustion [116],
even attaining a value of 54 mZ/g for Appr [117] (but incomplete x-transition), also using a microwave
oven [118], microwave-assisted [119] or x-seeded sol-gel synthesis [120], or direct combustion of
aluminum hydroxide acetate [121], for instance. Sharma et al. studied the role of pH in alumina sol-gel
synthesis [122]. They were able to obtain small particles (55-70 nm) at pH 2.5 and identify x-Al,O3 by
XRD at 930 °C already. Since phase transformation appears to be incomplete, the reported specific
surface area of 130 m?/g seems to be unlikely, though. Zhang et al. were able to synthesize «-nanorods
with diameters as small as 5 nm [123,124]. However, despite this extremely favorable morphology,
they only obtained a specific surface area of 8.2 m?/g. Zaki et al. also reported cylindrical particles
of 100-200 nm in length and less than 25 nm in diameter, yielding 18 mz/g for Agpr [125]. They
used citric acid and acrylic acid in a modified Pechini process, yet obtaining not entirely pure
a-Al,Oj3 particles at 900 °C. Recently, Petrakli et al. published a route for the obtention of x-Al;,O3
nanospheres < 10 nm from aqueous suspensions of nano-boehmite, stabilized by hyperbranched
dendritic poly(ethylene)imine [126]. By calcination at 1050 °C, they attained a specific surface area of
14 m?/g in their pure «-Al,O3 powder.

2.8. Miscellaneous Methods

Standard synthesis options of x-Al,O3 naturally include direct conversion of boehmite without
any special precautions. There are again sol-gel syntheses, one example yielding an A of 9 m?/g [127],
or supposedly even 12 m?/g after calcination in nitrogen [128], although both cited results do not
provide definitive proof of a complete x-transition and should be challenged.

Drying gels in a supercritical fluid such as methanol or ethanol may result in pure o-Al,O3
aerogel monoliths with specific surface areas of 10 m?/g [129]. Kinstle and Heasley even claim
30-100 m?/g in their 1989 patent, yet the provided XRD data suggest an incomplete a-transition [130].

Less often encountered are molten salt syntheses to produce platelets of about 2 um x 0.1 pm by
thermal decomposition of a precursor salt such as polyaluminum chloride, ammonium aluminum
carbonate hydroxide, or NaAlO, [131-134]. However, BET surface areas attainable for these dimensions
would still be relatively low.

An extremely high and overall plausible Agrr of 41 m?/g was recently reported by
Bhattacharyya et al. [135,136]. By acid leaching of Indian kaolin, a mineral containing 30%—-40%
AlyO3, they obtained a solution rich in aluminum. Further concentration and addition of PVA lead to
the formation of alumina beads of 2-3 mm by within oil droplets. These beads were then calcined at
1100 °C to yield XRD-pure x-Al,O3, supposedly containing mesopores of d, = 8 nm. While all data on
phase composition and porosity seem to confirm this extraordinary result, the provided SEM images
show much larger pores in the x-Al,O3 beads.

Another rarely mentioned method represents the mechanochemical transformation of alumina
powders into «-Al,O3 [137-139]. Mechanochemical approaches are generally underrepresented with
respect to photochemistry and thermochemistry, which is most often the method of choice. Yet



Materials 2020, 13, 1787 8 of 37

by physically grinding powders, or mixtures thereof, phase transitions or chemical reactions may
be induced under relatively mild conditions [140]. Applying this concept to transition alumina
powders permits the obtention of x-Al,O3 by high energy milling, conveying the necessary energy for
phase transitions purely in a mechanical manner. Progression of phase transitions as well as specific
surface areas then become functions of milling speed and duration, as Dynys and Halloran reported,
for instance [141]. It goes without saying that this is not a proper means to introduce or preserve
porosity, however.

For the sake of completeness, just a brief glance shall be taken on molding procedures enabling the
fabrication of monolithic high specific surface area o-Al,Oj3 carrier materials. This matter would in fact
require a separate review article. Sintered extrudates by Wang et al. still exhibit porosities of some 50%,
although no numeric evaluation of the pores is given [142]. Direct foaming of x-Al,O3 powder with
polyurethane precursors led to monoliths with porosities < 90% and preservation of pre-existent pores
in the alumina grains in the range of 300-500 nm in our group [143]. Nettleship and Sampathkumar
produced porous compacts with specific surface areas of 20-80 m?/g from diaspore-derived «-Al,O3
powders by Alcoa [144], similar to the process patented later by the Japanese Yazaki Corporation [145].
Vijayan et al. used the same precursor to fabricate alumina foams by thermo-foaming of powder
dispersions in molten sucrose [146,147]. Recently, we first reported the successful transformation of
porous sol-gel x-Al,Oj into reticulated ceramic foams with strut porosities in the sub-micrometer
range by a replica route [148].

2.9. Dopants Favoring or Inhibiting a-Transition

Although this article focusses on pure x-Al,O3, we shall not leave the potential of dopant metals
unmentioned. Mainly due to lattice distortion effects, a number of different metals may attain quite
diverse effects regarding the 6— x-transition.

Lanthanum and cerium are probably the most well-known dopants that are even applied
industrially to retain large y-Al,Os specific surface areas at elevated temperatures [12,149-159]. The
doping atoms are incorporated into the alumina structure and generate structures with aluminum ions
in tetrahedral symmetry, hence stabilizing the y-Al,Oj spinel structure and shifting its phase transition
to higher temperatures [155,160]. Similar results can be obtained by adding calcium, thorium [160],
silicon [161] or zirconium [160,162-164], although these two will not readily integrate into the alumina
structure but rather form a distinct second phase. Nonetheless this secondary phase postpones
a-transition to higher temperatures, retaining larger specific surface areas, as well.

On the other hand, a contrary effect is observed for manganese [165-169], iron [170-172],
indium, and gallium [160]. Tsyrulnikov’s group suggests a solid solution of Mn3* in a-Al,O3,
significantly lowering the temperature required for a complete 8 — «-transition [169]. This mechanism
has been studied in detail and transferred to the preparation of highly ordered porous anodized
a-Al,O3 membranes [168], and sol-gel alumina (cf. Sections 3.1.1, 3.1.4 and 5.4) in our group.

2.10. Pure a-Alumina with Pores in the Sub-Micrometer Range

Only a few publications were identified showing pure o-Al,O3 with properly characterized macropore
systems, some of which were already mentioned. Sokolov et al. were the first to provide a
remarkable route for macroporous x-Al,O3 powder in 2003 via a sol-gel route and templating with
poly(methyl-methacrylate) colloidal crystals [173]. They attained pore diameters from 300-1000 nm
and Apgr values from 10-24 m?/g. Ten years later, Wang et al. investigated photoluminescence in their
porous monolithic a-Al,O3 prepared by a modified polyacrylamide gel route, finding pore diameters
of 80-500 nm [83]. Topuz et al. reported pore diameters of 110 nm in macroporous « -alumina
supports prepared by using vacuum assisted filtration of x-Al,O3 suspensions [174]. Finally, three
articles were published in 2019: Ahmad et al. reported on x-Al;,O3 from hydrothermally prepared
ammonium aluminum carbonate hydroxide whiskers with distinct pore diameters of 260 nm, yet
without precisely determining the corresponding pore volume [41]. Quite an interesting morphology
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in sol-gel a-Al,O3 was reported very recently by Roque-Ruiz et al. They obtained fibers with diameters
of 230-900 nm by electrospinning an aluminum nitrate precursor solution [175]. After sintering at
1600 °C, the alumina presented macropores in the sub-micrometer range, though with small pore
volumes and negligible Agrr. Two of this paper’s authors earlier shared their results on macroporous
a-Al,O3 via a citric acid-assisted sol-gel synthesis, yielding pore diameters in the range of 115 nm to
6 um, with corresponding pore volumes between 0.17 and 1.19 cm®/g. Aggr values attained up to
12 m?/g [68].

3. Materials and Methods

3.1. Syntheses of Macroporous a-AlyO3

Several methods were employed to introduce macroporosity into high temperature stable
alumina. Sol-gel routes and anodic oxidation start from precursors containing Al, generating the
aluminum oxide in situ (Sections 3.1.1-3.1.3). In other approaches, already available y-Al,O3 samples
(from industrial provenance or synthesized in our group) were treated by either carbon infiltration
(Section 3.1.5), or impregnation with precursor solutions containing Mn or Fe, and subsequent
calcination (Section 3.1.4).

Unless stated otherwise, reagents were used as received, without further purification or treatment.
Ethanol and distilled water were taken from domestic lines. AICl3-6H,O (99% purity) was purchased
from Alfa Aesar (Haverhill, MA, USA), citric acid (food quality) from Purux (Schwarzmann GmbH,
Laaber, Germany), and all employed dicarboxylic acids from Merck (Darmstadt, Germany). Aluminum
tri-iso-propoxide, propylene oxide (99%) and polyethylene oxide (PEO, My 900,000) were delivered by
Acros Organics (Geel, Belgium). Ultra-pure (>99.999%) aluminum chips were provided by EVOCHEM
Advanced Materials (Offenbach am Main, Germany).

3.1.1. Epoxide-Mediated Sol-Gel Synthesis of Porous «-Al;Osye

For a standard procedure synthesis, 7.80 g of AICl3-6H,0O and 6.98 g of distilled water were placed
in the reaction vessel and dissolved in 7.90 g of ethanol, resulting in an r-value (ratio of water molecules
to Al-ions) of 18. Different additives were used as porogenes: PEO (M, 900,000) was dissolved with the
educts, while di- and tricarboxylic acids were added immediately before the reaction. The respective
amounts are listed inor can be drawn from [68] and [91]. The solution was placed in an ice bath
and cooled down to 4 °C while stirring. Propylene oxide (7 mL) was then added with a syringe
under vigorous stirring. The ice bath was removed after three minutes. After a total reaction time
of 10 minutes, the stirring bar was taken out of the reaction vessel, which was then placed in a 40 °C
water bath for 24 h to allow for gelation and gel ageing. Subsequently, solvent exchange took place in
an ethanol bath for 3 days succeeded by an acetone bath for another 3 days. After drying at 70 °C for 7
days, calcination followed at 1200 °C (heating rate 3 K/min) for 6 h to obtain pure porous «-Al,Os.

Samples prepared via the epoxide-mediated sol-gel process are designated SG-, followed by a
specification of the additives used, and in two cases a modified ageing temperature of 80 °C.

3.1.2. Mutual Cross-Hydrolysis in Combined Sol-Gel Synthesis

This synthesis route is inspired by a bimetallic sol-gel synthesis of yttria—alumina [176], which uses
an aluminum alkoxide and yttrium salts. We transferred this approach to the synthesis of pure alumina,
also employing an aluminum salt along with the alkoxide. As both reagents simultaneously hydrolyze
each other, the use of an epoxide or base becomes unnecessary.

Two different approaches were tested to this end. On the one hand, samples with added water,
designated MCH-w, were prepared by mixing the standard reaction solution employed for the
epoxide-mediated sol-gel process with an aluminum alkoxide. For a standard MCH-w sample, 3.43 g
AlCl3-6HyO were dissolved in 3.07 g distilled water and 3.48 g ethanol. A mass of 2.90 g of aluminum
tri-iso-propoxide Al(OC3Hjy); (AIP), corresponding to 1.0 molar equivalents, were added and stirred
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vigorously until complete dissolution. The stirring bar was removed, and the closed vessel was then
placed in an oven set to 80 °C. Gelation occurred under static conditions within a few hours. After
opening the vessels, samples were left in the oven for ageing for 3 days.

In contrast, samples prepared only in organic solvents, designated MCH-o, were synthesized
by first preparing a solution of 3.00 g AI(NO3)3-9H,0 in 7.5 g ethanol, and a solution of 2.97 g of
aluminum tri-sec-butoxide AI(OC4Hg)s (ASB) in 7.5 g iso-propanol, corresponding to a molar ratio of
3:2 for ASB/AI(NO3)s. Both solutions were combined under vigorous stirring for three minutes, then
placed in an oven at 80 °C for gelation. Samples were dried for 1 day in the same oven.

All obtained gels were then calcined at 1200 °C for 6 h, yielding pure porous «-Al,Os.

3.1.3. Anodic Oxidation of Aluminum Chips

The typical process for the formation of self-ordered anodic aluminum specimen via two-step mild
anodization of ultra-pure (>99.999%) aluminum chips has been described in literature [92,177,178].
Ultra-pure aluminum chips provided by EVOCHEM Advanced Materials, with a thickness of 0.5 mm
and a diameter of 20.0 mm, were pretreated by several washings with ultra-pure solvents like ethanol,
iso-propanol, acetone and deionized water. The cleaned chips were annealed in a furnace for 3 h at
500 °C. Before being mounted onto the anodization setup, with the aluminum chip serving as anode
and a platin wire as cathode. The surfaces of the chips were electro-polished at room temperature
under moderate stirring for 20 minutes at 25 V in a mixture of a 60% HClO4 aqueous solution and
ethanol. To start the anodization process, the setup was rinsed with deionized water and refilled
with the electrolyte solution (0.3 M oxalic acid). Afterwards the setup was cooled down and voltage
was applied (40 V). After 24 h anodization and a constant current flow (15-25 mA) the voltage
was stopped, the anodized surface was washed with deionized water and treated with a solution
of CrOj3 in aqueous H3POy to selectively remove the alumina from the aluminum chip. A second
anodization step was started with fresh electrolyte solution under the same conditions as applied
previously. Depending on the anodization duration, various thicknesses of alumina can be obtained [92].
Remaining aluminum was removed by an etching process with a solution of CuCl, and concentrated
aqueous HCI. After completion of the reaction, opaque alumina membranes without metal residues
were obtained, which were washed in deionized water and dried before further treatment [168].

3.1.4. Solid Solutions Concept

Manganese-assisted «-transition of alumina samples was inspired by Tsyrulnikov’s work [169].
The manganese precursor was deposited on AAO membranes or sol-gel samples by immersing in 1 M
Mn(NO3); solution for 5 minutes. Excess solution was removed, and the membrane was pre-annealed
at 200 °C at 1 K/min to combust the nitrates and obtain a homogenous surface coverage of manganese
oxides. Calcination at higher temperatures (=900 °C) led to phase transition, with an earlier onset of
a-alumina formation. The same procedure was executed using a 1 M solution of Fe(NO3)s3.

Manganiferous species formed during this procedure were extracted afterwards by acid leaching.
Calcined samples were placed in concentrated aqueous HCI and stirred for four hours, until their color
had changed from brown to a light rose.

For comparison, sol-gel syntheses were also executed but with 5 mol-% of MnCl,-4H,0O (and
adjustment of water content), or FeCl3-6H,O, respectively. The remaining 95 mol-% were accounted for
by AlCl3-6H,0, as described above in Section 3.1.1. The degree of phase transition was then evaluated
after calcination at 950 and 1050 °C.

3.1.5. Pore Protection by Carbon Filling

Two different kinds of 8-Al,O3 samples served as starting materials for this route: extruded pellets
by Alfa Aesar, and sol-gel granules (2-5 mm) synthesized in our lab, as described in Section 3.1.1.
They were converted into pure 6-Al,O3 by calcination at 1000 °C for 6 h, and were treated as follows:
Firstly, sucrose was dissolved in water to yield a solution of 68 wt.%. This concentration is just
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below the point of saturation, in order to ensure proper flowing behavior of the solution. Alumina
samples were then placed in a flask and covered with sucrose solution. During evacuation of the
flask, pores filled with sucrose solution. Drying at 120 °C for 1 h was followed by carbonization at
650 °C for 1 h under constant nitrogen flow. This step was repeated until mass constancy. Samples
with carbon-filled pores were then calcined at temperatures between 1150 and 1350 °C under vacuum
(12 mbar). These temperatures are sufficient to enable phase transition to x-Al,O3; under standard
conditions. Remaining carbon was removed by pyrolysis in an oven at 700 °C.

3.1.6. List of Samples

Table 2 below gives an overview of all samples from our own labortatory discussed in the
calculation and results sections, with references to the experimental and discussion sections.

Table 2. List of all samples discussed in the calculation and results sections of this review article.

Discussed in

Exp. Section  Preparation Method Sample Name Short Description Sections Ref.
SG-Ref0 without additive 41,5.1,5.2 [68,91]
SG-Ref0-(80) SG-Ref0, aged at 80 °C 5.1,5.2 n/a
SG-Ref100 with PEO 900,000 41,51 [68]
SG-CAxx with 0.xx g citric acid 41,51 [68]
. . SG-C2#1 with oxalic acid 5.1 [91]
epoxide-mediated
311 sol-gel SG-C2#2 with oxalic acid (double) 41,51 [91]
SG-C3 with malonic acid 4.1,51 [91]
SG-C3-(80) SG-C3, aged at 80 °C 5.1 n/a
SG-C4 with succinic acid 4.1,5.1 [91]
SG-C5 with glutaric acid 5.1 [91]
SG-Cé6 with adipic acid 5.1 [91]
MCH-w mutual cross-hydrolysis + 50 n/a
water
312 sol-gel mutual cross-hydrolysis in
MCH-o . ’, V 5.2 n/a
organic solvents (“water-free”)
AAO-0 pristine 5.3 [168]
313 o AAO-1100 calcined at 1100 °C 53 [168]
anodic oxidation
3.14 N impregnation with 1 M
AAO-Mn-900 Mn(NOj3),, calcined at 900 °C 53,54 [168]
SG-Mn-imp SG-Ref0, 1 M Mn(NO3), 5.4 n/a
SG-Fe-imp SG-Ref0, 1 M Fe(NO3)3 54 n/a
calcination after .
-Refi d with 5%
314 impregnation SG-Mn05 SG-Ref0, p]f/i}:g: with 5% 5.4 n/a
SG-Fe05 SG-Ref0, prepared with 5% 5.4 n/a
FeCl;
Mn extraction SG-Mn-ex SG-Mn-imp leached in HCl1 54 n/a
0-alumina from SG route,
SG-pp pore-protected with carbon 55 n/a
3.1.5 carbon filling ot SG-pp, 10 w't. %o o-Aly O3 55 n/a
particles
pellets pore-protected commercial 55 n/a

0-alumina pellets

3.2. Characterization Techniques

Structural and textural characterization of the samples discussed below was conducted by mercury
intrusion, scanning electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy
(EDX), and nitrogen sorption, as well as X-ray diffraction (XRD). For manganese-impregnated samples,
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inductively coupled plasma optical emission spectroscopy (ICP-OES) was also used to determine the
Mn fraction.

Mercury intrusion was performed with a Pascal 440 porosimeter by ThermoScientific/Porotec with
pressures ranging from 0.2 mbar to 4000 bar. Mercury surface tension was assumed to be 0.484 N/m, its
contact angle was set to 141.3°. Samples were outgassed at 0.2 mbar for 10 minutes at room temperature
prior to filling the dilatometer with mercury.

SEM images were obtained using two different devices, a Leo Gemini 1530 by Zeiss (Oberkochen,
Germany) with an Everhart-Thornley detector, and a Nova Nanolab 200 with a TLD Elstar detector
(both by FEIL, Hillsboro, OR, USA) for collecting secondary electrons, respectively. EDX measurements
were also carried out on the latter device, using a SUTW-Sapphire detector (EDAX Inc., Mahwah, NJ,
USA). Samples were fixated on a carbon foil and vapor coated with a gold film. Accelerating voltage
was 10 kV for both devices.

SEM images of AAO membranes were also subject to image analysis with Image] (Version 1.52,
retrieved 24/05/19, National Institute of Health, Bethesda, MD, USA) for pore detection and MATLAB
(Version R2017a, retrieved 03/05/19, T.M.Inc., Natick, MA, USA) for calculation and data analysis. An
in-depth description of these analyses is omitted here for reasons of conciseness but will be given
in [168].

Nitrogen sorption (ASAP 2000, Micromeritics, Norcross, GA, USA) was used exclusively to
determine the specific surface area (Apgr). Prior to examination, the samples were dried and activated
at 300 °C under ultrahigh vacuum. The determination of specific surface areas was conducted using
the linearized form of the BET equation in the range of 0.05 < p/py < 0.30 [179].

The degree of transformation to x-Al;O3 and phase composition were confirmed by XRD, either
on a D8 Discover by Bruker (Billerica, MA, USA) with a VANTEC500-2D GADDS detector, using
CuK at 40 kV and 40 mA, or on a SmartLab by Rigaku with a HyPix-3000 2D HPAD detector, also
using CuKy. Interpretation and phase identification were conducted using Match! software by Crystal
Impact, Bonn Germany.

ICP-OES samples were pre-treated in a mixture of strong acids in a Multiwave 3000 microwave
oven by Anton Paar at 1300 W. ICP-OES analysis was then carried out using an OPTIMA 8000 by
Perkin Elmer (Waltham, MA, USA).

4. Calculation of Theoretical Porosity Limits

This section gives some theoretical calculations as to which values of pore diameters and volumes,
or particle sizes, are required to attain a certain internal surface area, i.e., Agppr. We consider two
different possibilities of maximizing the specific surface area, namely rendering a bulk material as
porous as possible, or minimizing the particle size of a (non-porous) powder sample.

These estimative calculations are then related to values that have actually been reported. We also
provide a projection of what Aprr values can realistically be expected for «-Al,Os3.

4.1. Porous Material

The following assumptions shall be made:

e the pore diameter corresponds to the modal pore diameter, d, 04,
e the pore diameter is constant over the entire length of a pore, meaning that
e the pore is a perfect cylinder with

V = mthr?, orh =

)

T2

where V is the volume, / is the height, and r is the radius of the cylinder,
e all pores of a mode have the same diameter.
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We can now calculate a theoretical internal surface area Ay, taking the sum of all pore lengths as
the height of a single cylinder with d,, 04, and using the pore volume V), (cf. Equation (2)). Since the
pores are open towards the surface, we do not need to consider the areas of the circular lids. (NB: In
any case, these areas would be negligible next to the length of the pores.)

1% 4v,

A =2nhr =2n—r =
ir2 dp,mod

@

The density p of the material in question is already included in this calculation via the pore volume,
given in [cm3/g] and hence normalized to the sample mass. (For x-Al,O3, p = 3.997 g/crn3 [180]).

Table 3 gives an overview of calculated internal surface areas for several x-alumina samples
from Section 5.1. Experimental Appr are juxtaposed and their ratio is calculated, giving an account
of how close the respective sample is to the calculation of the ideal system. In evaluating the results,
we need to consider that even small errors have a large effect on BET calculations from nitrogen
sorption measurements at such low values. In view of the limit of the method, which is commonly
supposed to be around values of 10 m?/g, the accordance of calculated and BET surface areas is in an
acceptable range. This is also indicated by the deviation ratios |AggT — Aheol/ApeT, Which remain below
0.20 for most samples. The three samples listed at the bottom of 3 do not seem to comply with the
theory. The deviations for samples SG-C2#1 and SG-C6 are still within a range that can be explained
by experimental errors, due to the extremely low Agpr values. In sample SG-CA19, there must be a
different effect, possibly the tortuosity and superficial roughness within the pores. Nonetheless, our
calculations appear to be apt to predict the specific surface area of sol-gel x-alumina samples within a
certain margin.

Table 3. Exemplary specific surface areas as a function of d,, oy and V), as obtained by mercury
intrusion, and corresponding Aggr calculated from nitrogen sorption. Sample names are explained in
Section 5.1 below. However, their signification is not relevant for this consideration. Samples appear in
order of the deviation ratio |Ager — Atneol/ABET-

Sample Name dy/nm Vp/cm3/g Atheo/mz/g ABET/mZ/g |ABET — Atheol ABET

SG-C5 195 0.38 7.8 8 0.03
SG-Ref100 135; 1345 0.18; 0.34 6.3 6 0.05
SG-CA91 140; 5320 1.14 5.4 5 0.08
SG-CA27 326 0.67 8.2 9 0.09
SG-CA45 137; 2000 0.14; 0.90 6.3 7 0.10
SG-C3 259 0.75 11.6 10 0.16
SG-CA68 158; 3700 0.23;1.09 7.0 6 0.17
SG-CA23 197 0.41 8.3 10 0.17
SG-Ref0 116 0.12 4.1 5 0.18
SG-C4 182 0.43 9.5 8 0.19
SG-CA14 150 0.17 45 6 0.25
SG-CA34 916 0.79 35 5 0.30
SG-C2#2 147; 2530 0.18;1.35 7.0 5 0.40
SG-CA19 164 0.25 6.1 12 0.49
SG-Cé6 138 0.18 52 3 0.73
SG-C2#1 838 1.18 5.6 3 0.87

As demonstrated below in Section 5.4, the minimum pore diameter attained in x-Al,O3 is 44 nm,
whereas the largest volume amounted to 1.53 cm3/g for sample SG-C2#2 Section 5.1. If it were possible
to achieve a product combining these two optimized values, the internal surface area would amount to
139 m?/g. Although this value is an unsustainable overestimate, it suggests that a specific surface area
of 100 m?/g is not entirely impossible. However, we would like to propose a more realistic estimate,
considering 150 nm as a reasonably attainable pore diameter in «-Al,O3, with a pore volume of
no more than 1.0 cm3/g at this value (cf. Sections 2.10, 5.1 and 5.2). The resulting internal surface area
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would amount to 27 m?/g, a value that has almost been reached by Sokolov et al. with their reported
24 m?/g [173]. Any combination of smaller pore diameters with even larger pore volumes appears
infeasible. Based upon an extensive literature research, years of laboratory work, and estimative
calculations, the authors hence project that there will likely be no porous pure «-Al,O3 item significantly
exceeding these values.

4.2. Nanopowder

For nanopowder, we shall consider two different models as to the assumed particle shape. Firstly,
we will demonstrate how spherical particles, having the lowest possible specific surface area for a
certain particle size, would affect the overall specific surface area of a powder. In a second step,
particles will be considered to be tetrahedral, exhibiting the highest specific surface area of the Platonic
solids [181], normalized to the same particle mass.

The following assumptions shall be made:

e  particles are entirely non-porous,
e  all particles exhibit the same diameter, implying a perfectly monomodal size distribution,
e  particles are either

a perfect sphere with A; = 4mr? = nd? (©)]
4
and V, = 57‘(1’3 = gd3 4)
or a perfect tetrahedron with A; = V3a? 5)
P
and Vy = —— (6)

62

e comparison between the two models is based on uniform particle volume, i.e., constant mass.

In order to normalize with respect to the mass of a particle, we shall now determine the
particle mass 1, as a function of its diameter d (sphere, Equation (7)), or edge length a (tetrahedron,
Equation (9)), respectively:

1st case: sphere
ns
mprszf(d):VSXp:gd X p (7)

By dividing the surface area of a spherical particle by its mass, we obtain from Equation (7)
the specific surface area of the material made up of spherical particles with diameter 4, as given in
Equation (8):

ASPec As > L

= — = — = 8
s mps  Edxp o dxp @®

2nd case: tetrahedron

mp,t:f(a):VtXp:;—\/EXp (9)

By dividing the surface area of a tetrahedral particle by its mass, we obtain from Equation (10) the
specific surface area of the material made up of tetrahedral particles with edge length a:

Aspec_ At _ \/5112 o 6\/6
t Caxp

(10)

Ty
pto B <P
Since d and a are not directly interchangeable, we opt for tetrahedral and spherical particles of the
same mass (Equation (11)):
mp,t = mp,s (11)
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a TC
—xp=—-dx (12)
P Rl
a® = V2nd® (13)
0= N Varxd ~ 1.644 x d (14)

After inserting the known material density of «-Al,O3 from [180]
P = pa =3.997 g/cm> ~ 4x10°¢/m> (15)

we are now able to calculate the specific surface areas both for spherical (Equation (16) follows from
Equation (8)) and tetrahedral (Equation (17) follows from Equation (10)) particles of identic mass as a
function of the diameter of a spherical particle:

6 1
spec ~ = -6 .2
s __pr dx1.5><10 m=/g (16)

AT = 6;/6 = 6 V6 ~ L x20x107 m?/g (17)
P \ V2md-p

d

For a-Al,O3 particles with d = 1000 nm = 107° m, we then obtain specific surface areas from
1.5-2.2 m?/g, and for particles with d = 10 nm = 1078 m, these values go up to 150-220 m?/g.

These estimates are in good agreement with experimental results from Suchanek, for example,
who reports specific surface areas of 9-27 mz/g for grain sizes of 100-250 nm [32]. (cf. also Section 2.3)
Assuming non-porous spherical particles, our calculations predict specific surface areas of 6-15 m?/g,
or 8.8-22 m?/g for tetrahedral particles, respectively. Our slight underestimation compared to the
literature data may well be due to a not perfectly even and non-porous surface of the particles

in question.
5. Recent Results and Discussion

5.1. Epoxide-Mediated Sol-Gel Synthesis of Porous a-AlyO3

The sol-gel process is probably the most versatile approach to rendering «-Al,O3 porous. The
concept of epoxide-mediated gelation of aluminiferous sols was first published in 2005 by Gash,
Baumann and co-workers [63] as an adaption of their previously reported novel synthesis route for
iron oxides from dissolved Fe(IIl) salts [72]. Tokudome et al. extended this route to polymer-induced
phase separation, thus yielding alumina monoliths with increased porosity and a hierarchical pore
structure [64]. Further improvements in terms of pore size control and increasing porosities along with
a greener route have been published recently by our group [68,91]. In this sub-section, we present an
overview of the new possibilities offered by using di- and tricarboxylic acids as porogenes, as well as
some new results concerning the influence of the gel-ageing temperature. Other parameters influencing
the final x-Al,O3 pore structure include concentrations and solvents in the original reaction mixture,
or the drying procedure. These are not included in our discussion.

As a starting point for our inquiries, we chose the synthesis presented by Baumann et al. [63],
designated SG-Ref0, and its extension to hierarchical alumina materials via phase separation [64],
designated SG-Ref100. Both samples were calcined at 1200 °C for 6 h to yield pure x-Al,O3, as shown
in Figure 4. This procedure is applied to all samples in this section, unless otherwise indicated. The
respective porosities are illustrated by SEM images and mercury intrusion histograms in Figure 5. The
phase separation effects become obvious: the pore volume is more than tripled by generation of a
secondary pore domain around 1300 nm. A hierarchical structure forms, granting access to the smaller
pore domain centered around 130 nm.
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Figure 4. XRD pattern of sample SG-Ref0 after calcination at 1200 °C for 6 h confirms complete
transformation to a-Al;O3 (®). All other samples display the same diffraction pattern.
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Figure 5. Mercury instruction histograms and SEM images of the starting point syntheses SG-Ref0 (left,
without polyethylene oxide [PEO]), and SG-Ref100 (right, with addition of PEO of Mm 900,000). Both
samples were calcined at 1200 °C for 6 h.

In an effort to decrease costs, broaden the attainable range of pore sizes, and render the synthesis
route more environmentally friendly, we replaced the phase separating agent PEO by di- and
tricarboxylic acids, as published recently. We observed a change in phase separation regime from
an entropy-driven mechanism (with PEO) to an enthalpy-driven one (with carboxylic acids). For a
detailed study of this phenomenon, please refer to [68].

The use of di- and tricarboxylic acids also enables control over a broader range of pore sizes, from =
110nm up to several um. Exemplary pore diameters are listed in Table 4. Selected SEM images in Figure 6
illustrate the structure directing properties of different additives. (For these new porogenes, the molar
ratio of AI**/additive is henceforth designated as ¢,;). While dicarboxylic acids with longer carbon
chains, such as adipic (C6) or glutaric acid (C5), have almost no influence on the «-Al,O3 microstructure,
this effect becomes very strong for malonic (C3) and oxalic acid (C2). Pore diameters increase due to
enlarged primary particles, which are formed by dicarboxylate-Al(Ill)-oligomers. Eventually, when
doubling the amount of oxalic acid to attain ¢ 4; = 5, phase separation occurs, yielding a bimodal pore
system. Smaller macropores of d, ~ 150 nm result from the sol-gel process itself, while a secondary
pore domain with larger macropores > 1 pm emerges between the spherical super-particles that form
during phase separation.
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Likewise, citric acid can be used to first enlarge primary pore diameters, and to induce phase
separation when employed in sufficient amounts. Since it possesses an additional carboxylic acid
functional group, one molecule of citric acid can link three instead of two Al(III)-nuclei. The amount
of CA needed is hence smaller than the amount of a dicarboxylic acid necessary for a comparable
result, regarding porosity values. However, pore sizes can be adjusted far better with dicarboxylic
acids, with much narrower pore size distributions. The reason thereof can be found in the mechanism,
proceeding via dicarboxylate-Al(Ill)-oligomers. Branched molecules like citric acid form larger
but also more irregular primary particles than linearly composed dicarboxylic acids. Although
this mechanism hypothesis cannot be proven with absolute certainty, it is strongly supported by
several analyses [68,91]. The most definite and significant results are found in SEM imaging in Figure 6.
Comparison of samples C3 (¢ 4; = 10) and CA34 (p4; = 20) reveals the impact on the resulting Agrr. For
a slightly smaller V), (0.75 vs. 0.79 cm3/g), sample C3 exhibits an Aggr of 10 mz/g due to its smaller d),
of only 259 nm, while for sample CA34, larger primary particles resulting in larger pores (d, = 916 nm)
lead to a reduced Aggr of 5 m?%/g.

A) SG-Refo i g -

C) SG-CA34 D) SG-C2#1
®a=20 =10

E) SG-CA68 F) SG-C2#2
®a=10 ©Qa=5

Figure 6. SEM images of sol-gel samples reveal the influence of different additives (A) SG-Ref0: none,
(B) SG-C6: adipic acid, (C) SG-CA34 and (E) SG-CA68: citric acid, (D) SG-C2#1 and (F) SG-C2#2: oxalic
acid) and their respective amount on the microstructure. ¢4; designates the molar ratio of AP+ /additive.
All samples were calcined at 1200 °C for 6 h to yield «-Al,Oj3 (cf. Figure 4) [91].
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Two samples listed in Table 4 are presented here for the first time to exemplarily illustrate the
influence of the gel ageing temperature. By raising the same from 40 to 80 °C, we were able to
significantly increase the porosity of sample SG-Ref0 by 200%, with a pore volume of 0.34 cm3/g and
now two pore domains centered at 151 and 332 nm after calcination at 1200 °C, i.e., in «-Al,O3. The
perfect bimodal pore structure of sample SG-Ref0-(80), depicted by the red mercury intrusion curves in
Figure 7, is not a result of phase separation, however, but arises from accelerated Ostwald ripening at
the elevated ageing temperature of 80 °C. This promotes the formation of larger particles along with
the smaller ones that can already be observed at lower ageing temperatures. The other two intrusion
curves in Figure 7 support this hypothesis. There are distinct mesopore domains, centered at 8 nm
after calcination at 600 °C, or 15 nm after calcination at 950 °C, respectively. The macropores then
display a broad distribution of pore sizes ranging up to 300, or 600 nm, respectively. Due to sintering
effects during calcination to o-Al,O3, the pore domains eventually form two separate modes.

Table 4. Pore diameters and volumes for different amounts of selected additives in the sol-gel synthesis
of macroporous a-Al,Oj3 after calcination at 1200 °C. Most data are adapted from [68] and [91]. Samples
SG-Ref0-(80) and SG-C3-(80) are presented here for the first time.

Sample Additive @@ V, Pl/emd/g dy PYnm Apgr [l/m?/g
SG-Ref0 [68] none n/a 0.12 116 5
SG-Ref0-(80) none n/a 0.34 151; 332 n.d.

SG-Ref100 [68] PEO n/a 0.52 135; 1345 6
SG-CA91 [68] citric acid 7.5 1.14 140; 5320 5
SG-CA68 [08] citric acid 10 1.19 157; 3730 6
SG-CA45 [68] citric acid 15 1.04 137; 2000 7
SG-CA34 [68] citric acid 20 0.79 916 5
SG-CA27 [68] citric acid 25 0.67 326 9
SG-CA23 68l citric acid 30 0.41 197 10
SG-CA19 [68] citric acid 35 0.25 164 12
SG-CA14 [68] citric acid 50 0.17 150 6
SG-C2#1 911 oxalic acid 10 1.18 838 3
SG-C2#2 1] oxalic acid 5 1.53 147; 2530 5

SG-c3 1 malonic acid 10 0.75 259 10
SG-C3-(80) malonic acid 10 1.39 786 n.d.
SG-C4 1 succinic acid 10 0.43 182 8
SG-C5 1] glutaric acid 10 0.38 195 8
SG-C6 1] adipic acid 10 0.18 138 3

[a] ratio AI3*/ additive

[b] calculated from mercury intrusion
[c] calculated from nitrogen sorption
n.d. not determined

Interestingly, malonic acid seems to suppress the development of a bimodal pore structure also at
an elevated gel ageing temperature, as can be observed for sample SG-C3-(80), aged at 80 °C. Mercury
intrusion revealed perfectly monomodal pore size distributions for both malonic acid samples, centered
at modal pore diameters of 259 nm for SG-C3 (aged at 40 °C), or 786 nm for SG-C3-(80), respectively. This
is yet another piece of evidence supporting our hypothesis of dicarboxylate-Al(IlI)-oligomers. These
intermediate species act conjointly with the elevated ageing temperature, ergo increased hydrolysis
rate, to favor the formation of larger particles, leaving no smaller primary particles to develop a second
pore domain in the small mesopore range.
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Figure 7. Superimposed mercury intrusion data of sample SG-Ref0-(80), aged at 80 °C, and calcined at
600 °C (gray), 950 °C (blue), and 1200 °C (red).

In summary, the epoxide-mediated sol-gel process starting from AlCl3-6H,O offers many ways of
controlling the pore diameter and pore volume in the resulting o-Al,O3 material. The prevailing method
of determining these values is mercury intrusion, due to its range of analysis and the nature of a-Al,Os.
While pore volumes can be boosted up to 1.4 cm3/g (and possibly even higher), pore diameters attain
values of 110 nm and larger, despite all efforts presented here in reducing the same. This implies that
for maximizing Aprr, we are above all restricted by the lower pore diameter limit, as calculations in
Section 4.1 demonstrate.

5.2. Mutual Cross-Hydrolysis in Combined Sol-Gel Synthesis

The route employed for the mutual cross-hydrolysis has been briefly reported as a means to
synthesize yttria—alumina [176]. While several other publications also report syntheses starting from
these two types of precursors, at least one of the two is peptized or hydrolyzed prior to combining
both precursors [163,164,182-186].

By combining an aluminum alkoxide and an aluminum salt, we disclose at this point a
novel way of preparing porous alumina gels. Upon dissolution, the aluminum salt dissociates
into solvated anions and [Al(HzO)6]3+—comp1exes. In a concerted, simultaneous cross-hydrolysis,
the Al-hexaaqua-complexes are then hydrolyzed by the much more reactive alkoxide, while at the
same time the alkoxide is also hydrolyzed in the strongly acidic medium by nucleophilic substitutions
of protonated OR-groups by water. It hence dispropotionates into [Al(OH),(H,0)s_,]®™-complexes
and solvent molecules (isopropanol). This holds also true for assays designated as “water-free”,
since the crystal water of the aluminum salt is still present. The Al-complexes undergo hydrolytic
oxolation, yielding an alumina network quite similar to the one obtained during the classic sol-gel
process. While it might seem redundant to use two different precursors for the same metal, the great
benefit arising from this approach is that this novel synthesis route does not necessitate the use of a
carcinogenic epoxide.

In this section, we discuss two representative samples prepared via the novel mutual
cross-hydrolysis approach. MCH-w samples were prepared with equimolar amounts of aluminum salt
AlCl3-6H,0) and aluminum alkoxide (AIP) in a solvent mixture of water and ethanol at 80 °C in a
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laboratory furnace. Mercury intrusion data in Figure 8 illustrate the evolution of the pore system for
MCH-w samples calcined at 600 °C or 1200 °C, to yield amorphous or «-Al,O3, respectively, as shown
in Figure 9.
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Figure 8. Superimposed mercury intrusion data of samples MCH-w (left) and MCH-o (right), calcined
at 600 °C (gray) and 1200 °C (red), respectively. NB: For better legibility, scales are adjusted to the
requirements of the data.
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Figure 9. XRD patterns of sample MCH-w, calcined at 600 °C (gray) and 1200 °C (black), respectively.
Red dotted lines indicate «-Al,O5 reflexes.

In a “water-free” assay, MCH-o samples were prepared with three parts of aluminum alkoxide
(ASB) and two equivalents of aluminum salt AI(NO3)3-9H,0O in a solvent mixture of iso-propanol and
ethanol, hence containing only the crystal water of the AI(NOj3)3-9H,0. MCH-o0 samples were also
placed in a laboratory furnace at 80 °C.

The expected effect of elevated calcination temperatures on the pores is similar for both MCH
assays, and comparable to the epoxide-mediated route. When attaining the x-modification at 1200 °C,
pore diameters grow to values > 100 nm, since smaller pores collapse to merge with the larger ones
due to sintering effects [187,188]. This process can be regarded as a temperature-promoted Ostwald
ripening [189].

The pore volume V), remains virtually unchanged for MCH-w samples, dropping from 0.47 to
0.42 cm®/g. With approximately 0.21 cm?/g, half of the total pore volume V, can be assigned to the
dp,mod Of 160 nm for MCH-w. This is twice as much as for sample SG-Ref0, which exhibits a V), of
0.10 cms/g for the d}, ;4 of 116 nm. When carried out as a “water-free” synthesis in organic solvents,
pore size distributions become narrower but at the expense of diminishing pore volumes (cf. Figure 8).
For a standard MCH-o sample, V), decreases from initially 0.76 to 0.22 Cm3/g, with dp,mod increased to
130 nm, still with an extremely narrow pore size distribution. While this also marks an improvement
compared to the epoxide-mediated SG-Ref0, attempts to increase the pore volume by additives were
not successful to date.
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SEM images in Figure 10 illustrate the a-Al,O3 porosity obtained by the novel route in comparison
with the additive-free SG-Ref0-(80) (aged at 80 °C, calcined at 1200 °C). Most importantly, this novel
route replaces the carcinogenic epoxide by a proton scavenger that not only decomposes into harmless
solvent molecules but additionally contributes to the formation of the desired alumina network.

1pm 1 pm

Figure 10. Comparison of SEM images of samples MCH-w (left), MCH-o (center), and SG-Ref0-(80)
(right, epoxide-mediated), all calcined at 1200 °C, illustrate the increased pore volume obtained
via mutual cross-hydrolysis.

Ongoing studies in our laboratories are treating the influence of several reaction parameters that
have hitherto not been investigated. A follow-up publication is in preparation.

5.3. Manganese-Assisted a-Transition in AAO Membranes

The results presented in this sub-section are excerpted from a publication, which is currently being
prepared in our group [168]. Evidently, those results do not claim to be comprehensive but merely
represent a preview of the full article, to be published in the near future.

Combination of Tsyrulnikov’s solid solutions concept [169] with highly ordered porous membranes
prepared via anodic oxidation of aluminum chips (AAO membranes) yields thermally and chemically
stable membranes consisting of XRD-pure «-Al,O3, with preservation of the delicate hexagonal pore
system. However, to this end, impregnation of AAO membranes with a manganiferous solution is
imperative prior to calcination.

SEM images in Figure 11 show the tremendous effect of this treatment regarding the preservation
of the pore system. Calcination of pure AAO membranes yields o-Al,O3 only at 1100 °C, at the expense
of a fatal deterioration of the membrane structure and its overall intactness. By impregnation with
the manganiferous solution, the a-transition temperature can be lowered by about 200 °C. Figure 12
presents a scheme suggested by Tsyrulnikov et al. [169] to explain the effect added Mn has on the phase
transition in the alumina system. Their concept is based on the idea of a solid solution of Mn(III)-ions
within the alumina lattice, wherein Mn-doped «-Al,Oj already appears at 900 °C. This reduction of
the a-transition temperature enables complete preservation of the delicate pore structure.
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Figure 11. SEM images of anodized aluminum oxide (AAO) membranes having undergone different
treatment: (A) AAO-0 pristine, (B) AAO-1100 after calcination at 1100 °C, and (C) AAO-900-Mn
calcined at 900 °C after impregnation with a manganiferous solution [168].

500-800C : —— 7-ALOs + B-MnOy —  [y-Al,0;- Mn %] + o-Mny04
900(': —_— [B- ‘\‘[1130]“ - ‘\1‘3] + [6"{1203 = 3[]1’3] + [Ot-Al.eOg = )[]]’3]
1000C:  — [B-MngO, - AI'?] 4 [6-A1,05- M0 + [0-ALyO5 - Mn™?]

1100C:  —— Mny Al O 4 [a-Al,Oz- Mn™?]

Figure 12. Suggested mechanism of phase transitions in the Mn-doped alumina system, adapted
from [169].

Image analysis of the obtained membranes showed a remarkable regularity of the pore system (cf.
Figure 13). Hexagonal pore centers exhibit almost perfect inter-pore angles of 60°, which corresponds
to the optimum distribution in a closest packing. Likewise, the regularity of the respective inter-pore
distances, with a first neighbor distance of 100 nm, corresponds to the optimum distribution. Only when
looking at the long-range order, some irregularities become apparent. We observe a polycrystalline
array of intrinsically very homogeneous pore domains, at the boundaries of which defects occur due to
differing orientation of the individual crystallites. Pore sizes as analyzed from SEM images are listed
in Table 5, illustrating the extremely narrow pore size distribution that can be obtained with the aid of
Mn-assisted phase transformation in AAO membranes.
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Figure 13. Automatized image analysis of SEM images (A) of porous AAO membranes, transformed
into a-Al,O3 by Mn-impregnation, with Pore Distribution Function (B) and Angle Distribution

Function (C) [168].

Table 5. Pore diameters of AAO membranes as determined by SEM imaging.

Sample Name Oxalic Acid AAO Treatment Pore Size/nm (SEM)
AAO-0 (A) pristine 32-49
AAO-1100 (B) 1100 °C 29-47

AAO-Mn-900 (C) 900 °C, Mn-impregnated 42-46
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This pore diameter of 44 nm (with an extremely small deviation of approximately +2 nm) is
the smallest one published for pure a-Al,O3 published hitherto. We hence included this finding
in our calculations of the theoretically attainable porosities and corresponding Appr of porous
a«-Al,O3 materials in Section 4.1. There are, however, two major restraints regarding this issue.
Firstly, comparing pore diameters calculated by different methods—in this case SEM image analysis
vs. mercury intrusion—is not entirely accurate. More importantly, the astonishingly small pore
diameter of 44 nm was only determined on the surface of a highly organized x-Al,O3; material, with
information lacking about the bulk phase. Since AAO membranes do not withstand the pressure
necessary for mercury intrusion analysis, we cannot provide reliable values thereof. This value is hence
not a sound basis for calculating theoretically attainable specific surface areas in materials synthesized
via a completely different approach.

5.4. Application of Solid Solutions Concept to Sol-Gel Materials

Having proven the above described solid solutions concept, we strove to transfer the Mn-assisted
a-transition to classic sol-gel materials. Samples were prepared according to the modified standard
synthesis described in Section 3.1.1, and impregnated with 1 M aqueous solution of Mn(NO3), or
Fe(NOg3)3, as described in Section 3.1.4, prior to calcination at temperatures ranging from 900 to 1050 °C.
For comparison, blank sol-gel samples and sol-gel samples prepared from 95 mol-% Al- and 5 mol-%
Mn- or Fe-precursors, respectively, were also subjected to the same calcination program.

In Figure 14, XRD patterns of blank and impregnated samples are shown, both for the sol-gel and
the AAO approach. Both Mn-impregnated AAO membranes and sol-gel samples can be converted
into x-Al,O3 at temperatures as low as 900 °C (Figure 14A,B). While for the AAO membrane, y-Al,O3
reflexes are still present, the sol-gel sample SG-Mn-imp-900-6 contains a considerable amount of
hausmannite Mn3O,4. Nonetheless, its Aggr amounts to 23 mz/g, which is a remarkably high value for
an x-Al,O3 sample without any transition alumina; the only moderately crystalline y-Al, O3 reference
SG-Ref-900 exhibts an Aggt of 152 m?/g. Despite this expectable shortfall, the specific surface area of the
Mn-impregnated sol-gel sample is still 64% higher than the 14 m?/g obtained for the Mn-impregnated
AAOQO sample (A), which also still contains y-Al,Os.

After intensifying the calcination conditions to 950 °C for 168 h, comparative XRD patterns
in Figure 15 show no significant improvement in the degree of x-conversion of the impregnated
sol-gel material, with hausmannite Mn3Oy still present (Figure 15A, sample SG-Mn-imp-950-168).
Interestingly, the Mn-doped sol-gel sample SG-Mn05-950-168 (synthesized from 95 mol-% AICl;
and 5 mol-% MnCl,) does not show any tendency of forming «-Al,O3 at 950 °C (B) but exhibits
almost the same reflection pattern of a poorly crystallized 8-Al,O3 as the undoped reference sample
SG-Ref0-950-168 (C). The Mn-ions appear to be immobilized within the alumina matrix, as they are
undetectable by XRD, rendering them unable to facilitate an earlier c-transition. This is mainly due to
the crystal structure of manganese oxides. While many transition metal oxides adopt the hexagonal
corundum structure, both manganese oxides expected at 950 °C (bixbyite Mn,O3; and hausmannite
Mn30y) crystallize in a defect spinel structure, which is closely related to the structure of y-Al,Os.
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Figure 14. XRD patterns of AAO (A,D) and sol-gel samples (B,C) calcined at 900 °C for 6 h. Impregnation
with manganiferous precursor solution yields almost pure x-Al,O3 for AAO samples (A), with
some y-Al,O3;. Mn-impregnated sol-gel material (B) shows only «-Al,O3 reflexes, along with some

hausmannite. Patterns (C,D) arise from the reference samples without impregnation. Red dotted lines
indicate «-Al,Oj3, black dotted lines indicate y-Al,O3, hausmannite reflexes are marked in blue.

By raising the calcination temperature to 1050 °C, however, a similarly pure x-Al,O3 can be
obtained by doping (sample SG-Mn05-1050-12) as for impregnated alumina SG-Mn-imp-1050-12,
containing reduced amounts of hausmannite, next to the «-Al,O; (cf. Figure 16B,C). Both samples differ
significantly from the reference sample SG-Ref0-1050-12, which shows a poorly crystallized mixture of
v-Al,O3 and 6-Al,O5 (cf. Figure 16F).

Attempts to rid converted «-Al,O3 of remaining manganiferous species were hence carried out
on the impregnated sample SG-Mn-imp-1050-12. After impregnation and calcination, its Mn content
amounted to 7.7 wt.%, as determined by ICP-OES, or 8.6 wt.% (SEM-EDX). This share could be reduced
to ~ 1.4 wt.% by acid leaching. Results were virtually identical, whether leaching was carried out
in concentrated HCl at ambient temperature, or in aqua regia under reflux for 4 h. In view of the
applied conditions, further reduction is highly unlikely. We hence conclude that after Mn-assisted
a-conversion, ~ 0.5 mol.-% of Mn remain within the x-Al,Oj3. Since this value is below the detection
limit of X-ray diffraction, the corresponding pattern of sample SG-Mn-ex, given in Figure 16A, shows
pure «-Al,O3. Its Agpr amounts to 10 m?/g, which is the same value as for sample SG-C3, synthesized
using the same amount of the same additive (oxalic acid, ¢4; = 10) but converted into «-Al,O3 by
standard calcination at 1200 °C for 6 h. Again, the considerably higher Apgr of 82 m?/g for the undoped
reference, which exhibits no «-Al,O3 reflexes, is in good agreement with our expectations.



Materials 2020, 13, 1787 25 of 37

1 A) SG-Mn-imp-950-168 LN A..JN e L.JL\/ L

| B) SG-Mn05-950-168 o/ w}‘\, J | | i

C) SG-Ref-950-168

20/ °

Figure 15. XRD patterns of sol-gel samples calcined at 950 °C for 168 h. Sample SG-Mn-imp950-168 (A),
impregnated with manganiferous precursor exhibits all reflexes of x-Al,O3, along with hausmannite
Mnz0Oy, and some remaining 8-Al,O3, while the pure alumina sample SG-Ref0-950-168 (C) shows
a pattern of a poorly crystallized 6-Al;,O3. The same holds true for sample SG-Mn05-950-168 (B),
synthesized from 95 mol-% Al- and 5 mol-% Mn-precursors. Red dotted lines indicate x-Al,O3, black
dotted lines indicate 8-Al,O3 hausmannite reflexes are marked in blue.

For Fe-doping, an effect contrary to Mn-doping can be observed. Hematite o-Fe, O3 crystallizes in
the hexagonal corundum structure [170]. When introduced into sol-gel alumina via Fe-precursors,
the dopant Fe(IIl)-ions direct the surrounding alumina network into the (thermodynamically favorable)
corundum structure [171]. This enables a facilitated «-transition at temperatures lowered by more
than 100 °C, as the XRD pattern in Figure 16D illustrates, yet at the expense of losing much of the
specific surface area: Sample SG-Fe05-1050-12 exhibits an Aggr of only 2 m?/g. Impregnation with
a ferreous precursor solution does not yield the same effect as with Mn, although the «-transition is
also facilitated by the only surficial presence of Fe(Ill)-ions (sample SG-Fe-imp-1050-12, Figure 16E).
This enhancing effect of Mn can be explained by the formation of solid solutions of highly mobile
Mn-ions on the alumina surface [169]. Although Fe has also been reported to form solid solutions with
corundum [172], this effect apparently is not as potent for superficially distributed Fe.
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Figure 16. XRD patterns of sol-gel samples calcined at 1050 °C for 12 h. The undoped reference
sample SG-Ref0-1050-12 (F) shows a pattern of poorly crystallized 8-Al,O3. Impregnation with ferreous
precursor solution (E) has a much weaker effect than the one observed for Mn (B), which contains
only x-Al,O3 and hausmannite Mn3Oy4. Much of the hausmannite can be dissolved by acid leaching,
giving an XRD-pure x-Al,O3 pattern (A). Sample SG-Mn05-1050-12 (C), synthesized from 95 mol-%
Al- and 5 mol-% Mn-precursors, gives a similar pattern to the impregnated sampe (B), while
incorporation of hexagonal a-Fe,O3; from ferreous precursors enables a facilitated «-transition (D,
sample SG-Fe05-1050-12), with no detectable ferreous crystal phases. Red dotted lines indicate o-Al,O3
reflexes, black dotted lines indicate 6-Al,O3 reflexes. Hausmannite reflexes are marked in blue.

In conclusion, an even distribution throughout the whole sample implies a low ion mobility for
dopants. Due to the crystal structures of their respective oxides, this immobility favors the formation
of a-Al>O3 in the case of Fe-doping but does not have any effect for Mn-doping. «-Fe,O3 will impose
the corundum structure upon the transition alumina, while manganese oxides retain the (defect) spinel
structure. In contrast, impregnation with manganiferous or ferreous solution results in only superficial
distribution of the dopant ions, along with a high mobility. This enables Mn(IIl)-ions to form the solid
solutions described above (Figure 12) and thus favor the formation of «-Al,O3, while Fe(Ill)-ions are
trapped on the surface and can hence not impose the corundum structure onto the transition alumina
with its defect spinel structure.

Moreover, 84% of manganiferous species can be extracted after x-conversion by acid leaching
in aqua regia under reflux. This results in an essentially pure x-Al;O3 containing only 0.5 mol.-% of
Mn, with a significantly higher specific surface area of 23 m?/g, which is more than double the Aggr
obtained after standard calcination at 1200 °C.
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5.5. Pore Protection by Carbon Filling

The meso- and macropores of 6-Al,O3; materials were filled with carbon with the intent of
preventing their collapse during the 6— a-transition, which takes place at temperatures around 1200 °C.
To this end, two different kinds of 8-Al,O3 samples were impregnated with near-saturated sucrose
solution, which was then carbonized under nitrogen flow. These two steps were repeated until mass
constancy, prior to calcination in vacuo.

NB: A few attempts were also made using a nitrogen gas flow during calcination at 1250 °C,
yielding a mixture of y-Al,O3 and aluminum nitride (XRD not shown). This result leads us to contest
any publications stating conversion of y- into x-Al,O3 under such conditions.

For impregnated samples, carbon content ranged from 34%—43% after the final carbonization step,
which is significantly higher than the 7% attained by Murrell et al. in their 1978 patent [46]. The degree
of conversion into x-AlyO3, which is decisive for the assessment of this route, was monitored by X-ray
diffraction. The corresponding diffraction patterns are shown in Figure 17, with in vacuo calcination
conditions indicated. It becomes apparent that a complete 6 — x-transition is difficult to attain by this
pore-protection approach. Both industrial pellets and sol-gel alumina are only partially converted into
x-Al,O3 even after calcination at 1250 °C for 12 h followed by a second calcination step at 1350 °C for
2 h, with significant amounts of 8-Al,Oj; still remaining. Sol-gel (SG-pp) samples appear to be less
inclined to undergo a-transition than extruded commercial pellets, presumably due to less residual
surficial OH-groups and a better pre-organization in the latter ones. Specific surface areas amount
to 54 m?/g for industrial pellets, and 64 m?/g for sol-gel alumina, respectively, which also indicates a
poorer degree of a-conversion for the sol-gel samples.

4 2% calcination of a* 1200 °C, 6 h; Aser 5 m?/g i

pellets, 1250 °C, 12 h + 1350 °C, 2 h; Aper 54 m?/g
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Figure 17. XRD patterns of pore-protected 8-alumina samples with indicated calcination conditions and
Aggr determined from Nj sorption measurements. The three bottom patterns arise from o-doped sol-gel
alumina (o*). Red dotted lines indicate «-Al, O3 reflexes, black dotted lines indicate 0-Al,O3 reflexes.
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Interestingly, even doping with 10 wt.% «-Al,O3 seeds cannot induce complete 6— x-transition
in sol-gel alumina samples (designated o* in Figure 17). Moreover, their specific surface areas seem
to be irrespective of the calcination conditions, yielding of 76-81 m?/g. However, for these samples,
the second calcination step at 1350 °C was omitted, since x-seeding had previously been shown to
reduce the 06— o-transition temperature to 1100 °C for calcination in air of porous samples without
carbon filling.

Considering all results presented above, we conclude that carbon is indeed an apt material for
protecting pores in transition alumina, as numerous publications and patents state, thus generating
HSSA alumina. However, this preservation of (meso) porosity happens at the expense of an incomplete
conversion into a-Al,O3 by preserving the transition alumina crystal structure.

Moreover, upon a second calcination after carbon removal, these materials are then eventually
converted into x-Al,O3, as shown by the corresponding XRD pattern in Figure 17. At the same time
the beforehand increased specific surface area drops to about 5 m?/g.

We thus believe to have provided strongly supportive arguments of our reasonable doubts
regarding the feasibility of completely transforming pore-protected transition alumina into the x-phase.
Our findings second the ones reported by Schiith et al. [57], stating that pure x-Al,O3 can hardly be
obtained via this route.

6. Conclusions

Several different routes supposedly yielding macroporous x-Al,O3; were investigated both by
assessment of available literature and experimental approaches. Regarding the general possibility of
obtaining high specific surface area «-Al,O3, literature data on thermodynamics suggest that for Aggr >
175 m?/g, y-Al,O3 might in fact be the thermodynamically stable modification of Al,O3. Investigation
of the respective crystallite sizes shows that one boehmite crystallite subdivides into several y-Al,O3
crystallites, yet the eventual a-Al,O3 crystallite resumes the dimensions of the original boehmite
grain. There is hence also a considerable kinetic barrier for the conversion of transition alumina
into corundum.

Keeping in mind these difficulties, the diversity of methods used to impose porosity on this
intrinsically non-porous material is remarkable. Best results in terms of maximizing the specific surface
area were reported by employing sol-gel methods (Appr 16-24 m?/g). This also applies to our own
experimental results of sol-gel syntheses with simple di- and tricarboxylic acids as novel porogenes
(Appr of up to 12 m2/g). Moreover, we report on the novel concept of mutual cross-hydrolysis,
combining an aluminum salt and an alkoxide to obtain porous gels without the use of cancerogenic
epoxides. Controlling the pore size and pore volume via this synthesis route is part of ongoing research
and will be published separately.

Despite several patents on preservation of high specific surface areas by carbon-filling of pores, most
of the reported processes raise questions regarding the complete «-transition, or the authors even
proceed to qualify their own results. Our experimental findings confirm these difficulties, arising from
kinetic barriers in terms of differences in free surface energy and crystallite size incongruence, manifested
by blocked pores. These impair the formation of x-Al,O3 seeds from much smaller y-Al,Os crystallites
with lower free surface energy.

This kinetic barrier can be abolished by avoiding the corundum formation sequence proceeding via
v-AL, O3, i.e., preparing x-Al,O3 from diaspore x-AlO(OH). Thus, it is undoubtedly possible to generate
a-Al,O3 with an Aprr as large as 160 mz/g but most likely not exceeding 175 mz/g, as thermodynamic
calculations suggest. Despite the still very high specific surface area attainable in diaspore-derived
corundum, there are two major drawbacks. Firstly, the preparation process of diaspore is extremely
energy intensive and almost always necessitates diaspore seeding crystals, and secondly, the elevated
specific surface area drastically drops when low-temperature corundum is heated above 600-800 °C.

Another way of obtaining alumina with enhanced specific surface areas at elevated temperatures
consists of adding certain dopant ions. While rare earths tend to stabilize y-Al,O3 even at temperatures
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> 1000 °C, manganese has a different effect on the y— a-transition. When introduced into transition
alumina, Mn forms solid solutions of Al(Ill)-ions within hausmannite and, more importantly, of
Mn(IIl)-ions within corundum at 900 °C. This permits the obtainment of x-Al,O3 at a relatively
low temperature, implying the preservation of porosity to a much larger extent. Subsequently,
all manganiferous species can be extracted by acid leaching, yielding pure porous x-Al,O3. We
demonstrated that this mechanism does not only work for anodically oxidized alumina membranes
but also for highly porous sol-gel alumina, hence enabling us to preserve a considerable part of the
previously generated porosity during the o-transition. By Mn-impregnation, we obtained a remarkable
Aggr of 23 m?/g for a sol-gel derived 99.5% pure a-Al,O3 at 900 °C, which is among the highest values
reported to date.

In conclusion, the synthesis of porous «-Al,O3 remains a challenging field of research. Due to
the strict thermodynamic constraints, advances in increasing the specific surface area move slowly.
While certain strategies, such as pore protection by carbon-filling, have proven to be unfeasible due to
kinetic barriers, sol-gel routes, possibly in combination with a Mn-assisted «-transition, look promising.
Further efforts will be needed from the scientific community to achieve the goal of a temperature-stable
corundum with high specific surface area.

Author Contributions: Conceptualization, S.C.; validation, S.C., RM. and D.E.; formal analysis, R.M.;
investigation, S.C. and R.M.; resources, D.E.; data curation, S.C. and R.M.; writing—original draft preparation,
S.C.; writing—review and editing, S.C. and D.E.; visualization, S.C.; supervision, D.E. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This work was rendered possible by a scholarship from Evangelisches Studienwerk Villigst e.V.
We also acknowledge support from Universitdt Leipzig for Open Access Publishing.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Wefers, K.; Misra, C. Oxides and Hydroxides of Aluminum; Alcoa Technical Paper No. 19, Revised; Alcoa
Laboratories: Pittsburgh, PA, USA, 1987.

2. Chase, M.W., Jr. NIST-JANAF Themochemical Tables: Part I, Al-Co, 4th ed.; American Institute of Physics:
Gaithersburg, MD, USA, 1998.

3. Yokokawa, T,; Kleppa, O.J. A Calorimetric Study of the Transformation of Some Metastable Modifications of
Alumina to «-Alumina. J. Phys. Chem. 1964, 68, 3246-3249. [CrossRef]

4. Liu, Y; Oganov, A.R; Wang, S.; Zhu, Q.; Dong, X.; Kresse, G. Prediction of new thermodynamically stable
aluminum oxides. Sci. Rep. 2015, 5, 9518. [CrossRef] [PubMed]

5. Bartholomew, C.H.; Farrauto, R.J. Fundamentals of Industrial Catalytic Processes, 2nd ed.; Wiley & Sons: New
York, NY, USA, 2006.

6. Faure, R.; Rossignol, F.; Chartier, T.; Bonhomme, C.; Maitre, A.; Etchegoyen, G.; Del Gallo, P.; Gary, D.
Alumina foam catalyst supports for industrial steam reforming processes. J. Eur. Cer. Soc. 2011, 31, 303-312.
[CrossRef]

7.  Zievers, ].E; Zievers, E.C.; Eggerstedt, P.; Universal Porosics, Inc; Industrial Filter & Pump Mfg. Co. Hot Gas
Filters. U.S. Patent 5,256,175, 6 November 1990.

8. Hay, R.A.; Norton Company. Fine Alpha Alumina Ultrafiltration Membranes. U.S. Patent 4,968,426,
6 November 1989.

9.  Cesteros, Y.; Salagre, P.; Medina, F; Sueiras, ].E. Several Factors Affecting Faster Rates of Gibbsite Formation.
Chem. Mater. 1999, 11, 123-129. [CrossRef]

10. Chang, P-L.; Yen, E-S.; Cheng, K.-C.; Wen, H.-L. Examinations on the Critical and Primary Crystallite Sizes
during 8- to a-Phase Transformation of Ultrafine Alumina Powders. Nano Lett. 2001, 1, 253-261. [CrossRef]

11. Guzmaén-Castillo, M.L.; Bokhimi, X.; Toledo-Antonio, A.; Salmones-Blasquez, J.; Hernandez-Beltran, F. Effect
of Boehmite Crystallite Size and Steaming on Alumina Properties. J. Phys. Chem. B 2001, 105, 2099-2106.
[CrossRef]


http://dx.doi.org/10.1021/j100793a028
http://dx.doi.org/10.1038/srep09518
http://www.ncbi.nlm.nih.gov/pubmed/25830780
http://dx.doi.org/10.1016/j.jeurceramsoc.2010.10.009
http://dx.doi.org/10.1021/cm980527z
http://dx.doi.org/10.1021/nl015501c
http://dx.doi.org/10.1021/jp001024v

Materials 2020, 13, 1787 30 of 37

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

Schaper, H.; Doesburg, E.B.M.; de Korte, PH.M.; van Reijen, L.L. Thermal stabilization of high surface area
alumina. Solid State Ion. 1985, 16, 261-266. [CrossRef]

McPherson, R. Formation of metastable phases in flame- and plasma-prepared alumina. J. Mater. Sci. 1973, 8,
851-858. [CrossRef]

McHale, ].M.; Auroux, A.; Perrotta, A.]J.; Navrotsky, A. Surface Energies and Thermodynamic Phase Stability
in Nanocrystalline Aluminas. Science 1997, 277, 788-791. [CrossRef]

McHale, ].M.; Navrotsky, A.; Perrotta, A.J. Effects of Increased Surface Area and Chemisorbed H,O on the
Relative Stability of Nanocrystalline y-Al,O3 and «-Al,Og3. J. Phys. Chem. B 1997, 101, 603-613. [CrossRef]
Tavakoli, A.-H.; Maram, P.S.; Widgeon, S.J.; Rufner, J.; van Benthem, K.; Ushakov, S.; Sen, S.; Navrotsky, A.
Amorphous Alumina Nanoparticles: Structure, Surface Energy, and Thermodynamic Phase Stability. J. Phys.
Chem. C 2013, 117,17123-17130. [CrossRef]

Laubengayer, A.W.; Weisz, R.S. A Hydrothermal Study of Equilibria in the System Alumina—Water. J. Am.
Chem. Soc. 1943, 65, 247-250. [CrossRef]

Torkar, K. Untersuchungen tiber Aluminiumhydroxyde und-oxyde, 5. Mitt. Monatshefte fiir Chemie 1960, 91,
757-763. [CrossRef]

Wefers, K. Phasenbeziehungen im System Al,O3-Fe,O3-H,O. Z. Erzbergbau Met. 1967, 20, 13-19 & 71-75.
Tsuchida, T.; Kodaira, K. Hydrothermal synthesis and characterization of diaspore, 3-Al,O3 - HyO. J. Mater.
Sci. 1990, 25, 4423-4426. [CrossRef]

Krause, A.; Skupinowa, W.; Nowacki, A. Preparation of x-alumina at temperature 500.deg. Roczniki Chemii
1970, 44, 1337-1338.

Tsuchida, T. Preparation of high surface area x-Al,O3 and its surface properties. Appl. Catal. A 1993, 105,
L141-1L146. [CrossRef]

Vannice, M.A.; Mao, C.-F. High surface area x-alumina. Appl. Catal. A 1994, 111, 151-173.

Contescu, C.; Schwarz, J.A. Another view of the surface properties of high surface area x-alumina.
Appl. Catal. A1994, 118, L5-L10. [CrossRef]

Smith, R.L.; Rohrer, G.S.; Perrotta, A.J. Influence of Diaspore Seeding and Chloride Concentration on the
Transformation of “Diasporic” Precursors to Corundum. J. Am. Cer. Soc. 2001, 84, 1896-1902. [CrossRef]
Smith, R.L.; Yanina, S.V.; Rohrer, G.S.; Perrotta, A.]. Inhibition of Sintering and Surface Area Loss in
Phosphorus-Doped Corundum Derived from Diaspore. J. Am. Chem. Soc. 2002, 85, 2325-2330. [CrossRef]
Sarikaya, Y.; Seving, I.; Aking, M. The effect of calcination temperature on some of the adsorptive properties
of fine alumina powders obtained by emulsion evaporation technique. Powder Technol. 2001, 116, 109-114.
[CrossRef]

Perrotta, A.J. Nanosized corundum synthesis. Mater. Res. Innov. 1998, 2, 33-38. [CrossRef]

Mitchell, H.L.; Exxon Research & Engineering Co. High Surface Area alpHa Aluminas. U.S. Patent 4,012,337,
15 March 1975.

Wefers, K. Uber die thermische Umwandlung des Diaspors. Z. Erzbergbau Met. 1962, 15, 339-343.

Heck, R.M,; Farrauto, R.J.; Gulati, S.T. Catalytic Air Pollution Control: Commercial Technology, 3rd ed.; Wiley:
Hoboken, NJ, USA, 2009.

Suchanek, W.L. Hydrothermal Synthesis of Alpha Alumina (x-Al,O3) Powders. J. Am. Cer. Soc. 2010, 93,
399-412. [CrossRef]

Suchanek, W.L.; Garcés, ].M. Hydrothermal synthesis of novel alpha alumina nano-materials with
controlled morphologies and high thermal stabilities. CrystEngComm 2010, 12, 2996. [CrossRef]

Suchanek, W.L.; Garcés, ].M.; Fulvio, PF,; Jaroniec, M. Hydrothermal Synthesis and Surface Characteristics of
Novel Alpha Alumina Nanosheets with Controlled Chemical Composition. Chem. Mater. 2010, 22, 6564—-6574.
[CrossRef]

Ghanizadeh, S.; Bao, X.; Vaidhyanathan, B.; Binner, J. Synthesis of nano «-alumina powders using
hydrothermal and precipitation routes. Cer. Int. 2014, 40, 1311-1319. [CrossRef]

Sharma, PK.; Jilavi, M.H.; Burgard, D.; Nass, R.; Schmidt, H. Hydrothermal Synthesis of Nanosize o-Al;O3
from Seeded Aluminum Hydroxide. J. Am. Cer. Soc. 1998, 81, 2732-2734. [CrossRef]

Yamamura, K.; Kobayashi, Y.; Yasuda, Y.; Morita, T. Low temperature synthesis of « -alumina through a
hydrothermal process combined with a seeding technique. Mater. Res. Innov. 2017, 23, 166-171. [CrossRef]
Yamamura, K.; Kobayashi, Y.; Yasuda, Y.; Morita, T. Fabrication of a-alumina by a combination of a
hydrothermal process and a seeding technique. Funct. Mater. Lett. 2018, 11, 1850042. [CrossRef]


http://dx.doi.org/10.1016/0167-2738(85)90050-5
http://dx.doi.org/10.1007/BF02397914
http://dx.doi.org/10.1126/science.277.5327.788
http://dx.doi.org/10.1021/jp9627584
http://dx.doi.org/10.1021/jp405820g
http://dx.doi.org/10.1021/ja01242a031
http://dx.doi.org/10.1007/BF00929547
http://dx.doi.org/10.1007/BF00581103
http://dx.doi.org/10.1016/0926-860X(93)80244-K
http://dx.doi.org/10.1016/0926-860X(94)80083-9
http://dx.doi.org/10.1111/j.1151-2916.2001.tb00933.x
http://dx.doi.org/10.1111/j.1151-2916.2002.tb00455.x
http://dx.doi.org/10.1016/S0032-5910(00)00365-X
http://dx.doi.org/10.1007/s100190050058
http://dx.doi.org/10.1111/j.1551-2916.2009.03399.x
http://dx.doi.org/10.1039/b927192a
http://dx.doi.org/10.1021/cm102158w
http://dx.doi.org/10.1016/j.ceramint.2013.07.011
http://dx.doi.org/10.1111/j.1151-2916.1998.tb02687.x
http://dx.doi.org/10.1080/14328917.2017.1405561
http://dx.doi.org/10.1142/S179360471850042X

Materials 2020, 13, 1787 31 of 37

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Lee, J.S.; Kim, H.S,; Park, N.-K; Lee, T.J.; Kang, M. Low temperature synthesis of x-alumina from aluminum
hydroxide hydrothermally synthesized using [Al(C;04)x(OH)y] complexes. Chem. Eng. J. 2013, 230, 351-360.
[CrossRef]

Abdullah, M.; Mehmood, M.; Ahmad, J. Single step hydrothermal synthesis of 3D urchin like structures of
AACH and aluminum oxide with thin nano-spikes. Cer. Int. 2012, 38, 3741-3745. [CrossRef]

Ahmad, J.; Tariq, M.I.; Ahmad, R.; ul-Hassan, S.M.; Mehmood, M.; Khan, A.F.; Waseem, S.; Mehboob, S.;
Tanvir, M.T. Formation of porous x-alumina from ammonium aluminum carbonate hydroxide whiskers. Cer.
Int. 2019, 45, 4645-4652. [CrossRef]

Jian, K,; Truong, T.C.; Hoffman, W.P.; Hurt, R. H. Mesoporous carbons with self-assembled surfaces of defined
crystal orientation. Microporous Mesoporous Mater. 2008, 113, 143-151. [CrossRef]

Kiister, C.; Reinhardt, B.; Froba, M.; Enke, D. Hierarchically Structured MCM-41 Silica Beads via Nanocasting
in Combination with “Pore-protected” Pseudomorphic Transformation. Z. Anorg. Allg. Chem. 2014, 640,
565-569. [CrossRef]

Taubert, M.; Beckmann, J.; Lange, A.; Enke, D.; Klepel, O. Attempts to design porous carbon monoliths using
porous concrete as a template. Microporous Mesoporous Mater. 2014, 197, 58-62. [CrossRef]

Toombs, A.J.L.; Armstrong, W.E.; Shell Oil Company. Production of Catalyst or Catalyst Support. U.S. Patent
3,726,811, 7 May 1971.

Murrell, L.L.; Grenoble, D.C.; DeLuca, J.P.; Exxon Research & Engineering Co. Process for Preparing
Ultra-Stable, High Surface Area Alpha-Alumina. U.S. Patent 4,169,883, 2 October 1978.

Holler, H.V.; Shell Oil Company. Production of Alpha Alumina. U.S. Patent 3,908,002, 24 June 1972.

Wen, S.-B.; Lin, C.-P; National Science Council, Taipei. Process of Making «-Alumina Powder. U.S. Patent
6,461,584, 8 October 2002.

Benitez Guerrero, M.; Pérez-Maqueda, L.A.; Pena Castro, P.; Pascual-Cosp, J. Porous Aluminas: The
biotemplate method for the synthesis of stable high surface area aluminas. Boletin de la Sociedad Espafiola de
Cerdmica y Vidrio 2013, 52, 251-267. [CrossRef]

Niu, T.; Shen, L.M.; Liu, Y. Preparation of meso-macroporous «-alumina using carbon nanotube as the
template for the mesopore and their application to the preferential oxidation of CO in H;-rich gases. J. Porous
Mater. 2013, 20, 789-798. [CrossRef]

Angappan, S.; Jeneafer, R.A.; Visuvasam, A.; Berchmans, L.J. Synthesis of AIN—Presence and absence of
additive. Estonian ]. Eng. 2013, 19, 239. [CrossRef]

Jung, W.-S.; Dunn, B. Conversion of Alumina to Aluminum Nitride Using Polymeric Carbon Nitride as a
Nitridation Reagent. J. Am. Cer. Soc. 2016, 99, 1520-1524. [CrossRef]

Lee, ].W.; Radu, I.; Alexe, M. Oxidation behavior of AIN substrate at low temperature. J. Mater. Sci. Mater.
Eletron. 2002, 13, 131-137. [CrossRef]

Yeh, C.-T.; Tuan, W.-H. Oxidation mechanism of aluminum nitride revisited. J. Adv. Cer. 2017, 6, 27-32.
[CrossRef]

Das, R.N.; Bandyopadhyay, A.; Bose, S. Nanocrystalline o-Al,O3 Using Sucrose. J. Am. Cer. Soc. 2001, 84,
2421-2423. [CrossRef]

Wang, P.; Wang, C.; Lin, L.; Zhu, Y.; Xie, Y. Efficient Preparation of Submicrometer alpha-Alumina Powders
by Calcining Carbon-Covered Alumina. J. Am. Cer. Soc. 2006, 89, 2744-2748. [CrossRef]

Schiith, F. Endo- and exotemplating to create high-surface-area inorganic materials. Angew. Chem. Lnt.
Ed. Engl. 2003, 42, 3604-3622. [CrossRef]

Livage, J.; Henry, M.; Sanchez, C. Sol-Gel Chemistry of Transition Metal Oxides. Progr. Solid State Chem.
1988, 18, 259-341. [CrossRef]

Hakim, S.H.; Shanks, B.H. A Comparative Study of Macroporous Metal Oxides Synthesized via a Unified
Approach. Chem. Mater. 2009, 21, 2027-2038. [CrossRef]

Feinle, A ; Elsaesser, M.S.; Hiising, N. Sol-gel synthesis of monolithic materials with hierarchical porosity.
Chem. Soc. Rev. 2016, 45, 3377-3399. [CrossRef]

Thiessen, P.A.; Thater, K.L. Reines Aluminiumorthohydroxyd in gallertiger und feinpulveriger Form. Z.
Anorg. Allg. Chem. 1929, 181, 417—-424. [CrossRef]

Yoldas, B.E. Alumina gels that form porous transparent Al;O3. J. Mater. Sci. 1975, 10, 1856-1860. [CrossRef]


http://dx.doi.org/10.1016/j.cej.2013.06.099
http://dx.doi.org/10.1016/j.ceramint.2012.01.019
http://dx.doi.org/10.1016/j.ceramint.2018.11.154
http://dx.doi.org/10.1016/j.micromeso.2007.04.055
http://dx.doi.org/10.1002/zaac.201300456
http://dx.doi.org/10.1016/j.micromeso.2014.06.005
http://dx.doi.org/10.3989/cyv.322013
http://dx.doi.org/10.1007/s10934-012-9654-2
http://dx.doi.org/10.3176/eng.2013.3.05
http://dx.doi.org/10.1111/jace.14152
http://dx.doi.org/10.1023/A:1014377132233
http://dx.doi.org/10.1007/s40145-016-0213-1
http://dx.doi.org/10.1111/j.1151-2916.2001.tb01024.x
http://dx.doi.org/10.1111/j.1551-2916.2006.01154.x
http://dx.doi.org/10.1002/anie.200300593
http://dx.doi.org/10.1016/0079-6786(88)90005-2
http://dx.doi.org/10.1021/cm801691g
http://dx.doi.org/10.1039/C5CS00710K
http://dx.doi.org/10.1002/zaac.19291810139
http://dx.doi.org/10.1007/BF00754473

Materials 2020, 13, 1787 32 of 37

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Baumann, T.E; Gash, A.E.; Chinn, S.C.; Sawvel, AM.; Maxwell, R.S.; Satcher, J.H. Synthesis of High-
Surface-Area Alumina Aerogels without the Use of Alkoxide Precursors. Chem. Mater. 2005, 17, 395-401.
[CrossRef]

Tokudome, Y.; Fujita, K.; Nakanishi, K.; Miura, K.; Hirao, K. Synthesis of Monolithic Al;O3 with Well-Defined
Macropores and Mesostructured Skeletons via the Sol-Gel Process Accompanied by Phase Separation.
Chem. Mater. 2007, 19, 3393-3398. [CrossRef]

Tokudome, Y.; Nakanishi, K.; Kanamori, K.; Fujita, K.; Akamatsu, H.; Hanada, T. Structural characterization
of hierarchically porous alumina aerogel and xerogel monoliths. J. Colloid Interface Sci. 2009, 338, 506-513.
[CrossRef]

Tokudome, Y.; Nakanishi, K.; Kanamori, K.; Hanada, T. In situ SAXS observation on metal-salt-derived
alumina sol-gel system accompanied by phase separation. J]. Colloid Interface Sci. 2010, 352, 303-308.
[CrossRef]

Kullmann, J. Hierarchisch strukturierte Mischoxide auf Basis von TiO, und Al,O3. Ph.D. Thesis, Universitat
Leipzig, Leipzig, Germany, 2015.

Carstens, S.; Enke, D. Investigation of the formation process of highly porous x-Al,O3 via citric acid-assisted
sol-gel synthesis. J. Eur. Cer. Soc. 2019, 39, 2493-2502. [CrossRef]

Herwig, J.; Titus, J.; Kullmann, J.; Wilde, N.; Hahn, T.; Glaser, R.; Enke, D. Hierarchically Structured Porous
Spinels via an Epoxide-Mediated Sol-Gel Process Accompanied by Polymerization-Induced Phase Separation.
ACS Omega 2018, 3, 1201-1212. [CrossRef]

Sinko, K.; Kobzi, B.; Sinclaire, J.; Baris, A.; Temesi, O. Influence of cryogenic drying conditions on hierarchical
porous structure of aluminum oxide systems. Microporous Mesoporous Mater. 2015, 218, 7-14. [CrossRef]
Sinké, K. Absorbability of Highly Porous Aluminum Oxide Ceramics. J. Mater. Sci. Eng. A 2017, 7, 37-43.
Gash, A.E,; Tillotson, T.M.; Satcher, ].H.; Poco, J.F.; Hrubesh, L.W.; Simpson, R.L. Use of Epoxides in the
Sol-Gel Synthesis of Porous Iron(IIT) Oxide Monoliths from Fe(III) Salts. Chem. Mater. 2001, 13, 999-1007.
[CrossRef]

Nakanishi, K;; Sato, Y.; Ruyat, Y.; Hirao, K. Supramolecular Templating of Mesopores in Phase-Separating
Silica Sol-Gels Incorporated with Cationic Surfactant. J. Sol-Gel Sci. Technol. 2003, 26, 567-570. [CrossRef]
Nakanishi, K.; Tanaka, N. Sol-gel with phase separation. Hierarchically porous materials optimized for
high-performance liquid chromatography separations. Acc. Chem. Res. 2007, 40, 863-873. [CrossRef]
[PubMed]

Triantafillidis, C.; Elsaesser, M.S.; Hiising, N. Chemical phase separation strategies towards silica monoliths
with hierarchical porosity. Chem. Soc. Rev. 2013, 42, 3833-3846. [CrossRef]

Gao, X.-L.; Wang, S.-F; Xiang, X.; Liu, C.-M.; Zu, X.-T. Photoluminescence of macroporous x-alumina
prepared by polyacrylamide gel technique. Acta Phys. Sin. 2013, 62, 1-6.

El-Nadjar, W.; Bonne, M.; Trela, E.; Rouleau, L.; Mino, A.; Hocine, S.; Payen, E.; Lancelot, C.; Lamonier, C.;
Blanchard, P; et al. Infrared investigation on surface properties of alumina obtained using recent templating
routes. Microporous Mesoporous Mater. 2012, 158, 88-98. [CrossRef]

Wu, W.; Wan, Z.; Chen, W.; Zhu, M.; Zhang, D. Synthesis of mesoporous alumina with tunable structural
properties. Microporous Mesoporous Mater. 2015, 217, 12-20. [CrossRef]

Lopez Pérez, L.; Zarubina, V.; Heeres, H.J.; Melian-Cabrera, I. Condensation-Enhanced Self-Assembly as a
Route to High Surface Area o-Aluminas. Chem. Mater. 2013, 25, 3971-3978. [CrossRef]

Zhang, K.; Fu, Z.; Nakayama, T.; Suzuki, T, Suematsu, H.; Niihara, K. One-pot synthesis of
hierarchically macro/mesoporous Al,O3 monoliths from a facile sol-gel process. Mater. Res. Bull. 2011, 46,
2155-2162. [CrossRef]

Zhang, K.; Fu, Z.; Nakayama, T.; Niihara, K. Structural evolution of hierarchically macro/mesoporous
Al,O3; monoliths under heat-treatment. Microporous Mesoporous Mater. 2012, 153, 41-46. [CrossRef]

Kang, M.; Lee, T].; Lee, ].S.; Kim, H.S.; Lee, ].S.; Park, N.-K. Synthesis of x-Al,O3 at mild temperatures by
controlling aluminum precursor, pH, and ethylene diamine chelating additive. Cer. Int. 2012, 38, 6685-6691.
Wang, S.-F,; Xiang, X; Ding, Q.-P; Gao, X.-L.; Liu, C.-M.; Li, Z.-].; Zu, X.-T. Size-controlled synthesis and
photoluminescence of porous monolithic x-alumina. Cer. Int. 2013, 39, 2943-2948. [CrossRef]

Gawet, B.; Gawel, K.; Oye, G. Sol-Gel Synthesis of Non-Silica Monolithic Materials. Materials 2010, 3,
2815-2833. [CrossRef]


http://dx.doi.org/10.1021/cm048800m
http://dx.doi.org/10.1021/cm063051p
http://dx.doi.org/10.1016/j.jcis.2009.06.042
http://dx.doi.org/10.1016/j.jcis.2010.08.041
http://dx.doi.org/10.1016/j.jeurceramsoc.2019.01.043
http://dx.doi.org/10.1021/acsomega.7b01621
http://dx.doi.org/10.1016/j.micromeso.2015.06.018
http://dx.doi.org/10.1021/cm0007611
http://dx.doi.org/10.1023/A:1020767820079
http://dx.doi.org/10.1021/ar600034p
http://www.ncbi.nlm.nih.gov/pubmed/17650924
http://dx.doi.org/10.1039/c3cs35345a
http://dx.doi.org/10.1016/j.micromeso.2012.03.006
http://dx.doi.org/10.1016/j.micromeso.2015.06.002
http://dx.doi.org/10.1021/cm401443b
http://dx.doi.org/10.1016/j.materresbull.2011.04.015
http://dx.doi.org/10.1016/j.micromeso.2011.12.014
http://dx.doi.org/10.1016/j.ceramint.2012.09.068
http://dx.doi.org/10.3390/ma3042815

Materials 2020, 13, 1787 33 of 37

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.
99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Petrolini, D.D.; Pulcinelli, S.H.; Santilli, C.V.; Martins, L. Textured macro- and mesoporous alumina samples
designed in the presence of different surfactant types. J. Sol-Gel Sci. Technol. 2014, 71, 9-15. [CrossRef]
Kuan, WH.; Wang, M.K,; Huang, PM.; Wu, C.W,; Chang, C.M.; Wang, S.L. Effect of citric acid on aluminum
hydrolytic speciation. Water Res. 2005, 39, 3457-3466. [CrossRef]

Liu, Q.; Wang, A.; Wang, X.; Zhang, T. Mesoporous y-alumina synthesized by hydro-carboxylic acid as
structure-directing agent. Microporous Mesoporous Mater. 2006, 92, 10-21. [CrossRef]

Rajaeiyan, A.; Bagheri-Mohagheghi, M.M. Comparison of Urea and Citric Acid Complexing Agents and
Annealing Temperature Effect on the Structural Properties of y- and «-Alumina Nanoparticles Synthesized
by Sol-Gel Method. Adv. Mater. Sci. Eng. 2013, 2013, 1-9. [CrossRef]

Shiau, F-S.; Fang, T.-T. Low-temperature synthesis of a-alumina using citrate process with x-alumina seeding.
Mater. Chem. Phys. 1999, 60, 91-94. [CrossRef]

Suhasinee Behera, P; Bhattacharyya, S.; Sarkar, R. Effect of citrate to nitrate ratio on the sol-gel synthesis of
nanosized x-Al,O3 powder. Cer. Int. 2017, 43, 15221-15226. [CrossRef]

Carstens, S.; Splith, C.; Enke, D. Sol-gel synthesis of a-Al,O3 with enhanced porosity via dicarboxylic acid
templating. Sci. Rep. 2019, 9, 19982. [CrossRef]

Masuda, H.; Fukuda, K. Ordered Metal Nanohole Arrays Made by a Two-Step Replication of Honeycomb
Structures of Anodic Alumina. Science 1995, 268, 1466-1468. [CrossRef]

Masuda, H.; Satoh, M. Fabrication of Gold Nanodot Array Using Anodic Porous Alumina as an Evaporation
Mask. Jpn. J. Appl. Phys. 1996, 36, L126-1L129. [CrossRef]

Hillebrand, R.; Miiller, F.; Schwirn, K.; Lee, W.; Steinhart, M. Quantitative analysis of the grain morphology
in self-assembled hexagonal lattices. ACS Nano 2008, 2, 913-920. [CrossRef]

Belwalkar, A.; Grasing, E.; van Geertruyden, W.; Huang, Z.; Misiolek, W.Z. Effect of Processing Parameters
on Pore Structure and Thickness of Anodic Aluminum Oxide (AAO) Tubular Membranes. |. Membr. Sci.
2008, 319, 192-198. [CrossRef]

Zhao, Y.; Chen, M.; Zhang, Y.; Xu, T.; Liu, W. A facile approach to formation of through-hole porous anodic
aluminum oxide film. Mater. Lett. 2005, 59, 40-43. [CrossRef]

Nasirpouri, F.; Abdollahzadeh, M.; Almasi, M.J.; Parvini-Ahmadi, N. A comparison between self-ordering of
nanopores in aluminium oxide films achieved by two- and three-step anodic oxidation. Curr. Appl. Phys.
2009, 9, S91-594. [CrossRef]

Lee, W.; Park, S.-J. Porous anodic aluminum oxide. Chem. Rev. 2014, 114, 7487-7556. [CrossRef]
Mardilovich, PP; Govyadinov, A.N.; Mukhurov, N.I; Rzhevski, A.M.; Paterson, R. New and modified anodic
alumina membranes. |. Membr. Sci. 1995, 98, 131-142. [CrossRef]

Brown, LW.M.; Bowden, M.E.; Kemmitt, T.; MacKenzie, K.J.D. Structural and thermal characterisation of
nanostructured alumina templates. Curr. Appl. Phys. 2006, 6, 557-566. [CrossRef]

McQuaig, M.K,; Toro, A.; van Geertruyden, W.; Misiolek, W.Z. The effect of high temperature heat treatment
on the structure and properties of anodic aluminum oxide. J. Mater. Sci. 2011, 46, 243-253. [CrossRef]
Ozao, R.; Ochiai, M.; Ichimura, N.; Takahashi, H.; Inada, T. DSC study of alumina materials—Applicability
of transient DSC (Tr-DSC) to anodic alumina (AA) and thermoanalytical study of AA. Thermochim. Acta
2000, 352-353, 91-97. [CrossRef]

Chang, Y.; Ling, Z.; Liu, Y,; Hu, X,; Li, Y. A simple method for fabrication of highly ordered porous «-alumina
ceramic membranes. J. Mater. Chem. 2012, 22, 7445. [CrossRef]

Hashimoto, H.; Kojima, S.; Sasaki, T.; Asoh, H. a-Alumina membrane having a hierarchical structure of
straight macropores and mesopores inside the pore wall. J. Eur. Cer. Soc. 2018, 38, 1836-1840. [CrossRef]
Hashimoto, H.; Shigehara, Y.; Ono, S.; Asoh, H. Heat-induced structural transformations of anodic porous
alumina formed in phosphoric acid. Microporous Mesoporous Mater. 2018, 265, 77-83. [CrossRef]

Lauder, W.B.; Copson, R.L.; Allied Chemical Corporation. Production of Ultra-fina alpha Alumina and Such
Alpha Alumina. U.S. Patent 3,264,124, 2 August 1963.

Sextl, G.; Zimmermann, R.; Kleinschmitt, P.; Schwarz, R.; Degussa AG. Alpha-Aluminiumoxid sowie
Verfahren zur Herstellung von Alpha-Aluminiumoxid. European Patent 0355481 A1, 31 July 1989.
Kingsley, J.J.; Patil, K.C. A novel combustion process for the synthesis of fine particle x-alumina and related
oxide materials. Mater. Lett. 1988, 6, 427-432. [CrossRef]

Ogihara, T.; Nakajima, H.; Yanagawa, T.; Ogata, N.; Yoshida, K.; Matsushita, N. Preparation of Monodisperse,
Spherical Alumina Powders from Alkoxides. J. Am. Cer. Soc. 1991, 74, 2263-2269. [CrossRef]


http://dx.doi.org/10.1007/s10971-014-3323-7
http://dx.doi.org/10.1016/j.watres.2005.05.052
http://dx.doi.org/10.1016/j.micromeso.2005.12.012
http://dx.doi.org/10.1155/2013/791641
http://dx.doi.org/10.1016/S0254-0584(99)00068-1
http://dx.doi.org/10.1016/j.ceramint.2017.08.057
http://dx.doi.org/10.1038/s41598-019-56294-1
http://dx.doi.org/10.1126/science.268.5216.1466
http://dx.doi.org/10.1143/JJAP.35.L126
http://dx.doi.org/10.1021/nn700318v
http://dx.doi.org/10.1016/j.memsci.2008.03.044
http://dx.doi.org/10.1016/j.matlet.2004.09.018
http://dx.doi.org/10.1016/j.cap.2008.08.025
http://dx.doi.org/10.1021/cr500002z
http://dx.doi.org/10.1016/0376-7388(94)00184-Z
http://dx.doi.org/10.1016/j.cap.2005.11.060
http://dx.doi.org/10.1007/s10853-010-4966-6
http://dx.doi.org/10.1016/S0040-6031(99)00443-8
http://dx.doi.org/10.1039/c2jm15279g
http://dx.doi.org/10.1016/j.jeurceramsoc.2017.11.032
http://dx.doi.org/10.1016/j.micromeso.2018.01.008
http://dx.doi.org/10.1016/0167-577X(88)90045-6
http://dx.doi.org/10.1111/j.1151-2916.1991.tb08294.x

Materials 2020, 13, 1787 34 of 37

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Zeng, WM.; Gao, L.; Guo, ] K. A new sol-gel route using inorganic salt for synthesizing Al,O3 nanopowders.
NanoStruct. Mater. 1998, 10, 543-550. [CrossRef]

Sarikaya, Y.; Alemdaroglu, T.; Onal, M. Determination of the shape, size and porosity of fine x-Al,O3
powders prepared by emulsion evaporation. J. Eur. Cer. Soc. 2002, 22, 305-309. [CrossRef]

Seving, L; Sarikaya, Y.; Akinc, M. Adsorption characteristics of alumina powders produced by emulsion
evaporation. Cer. Int. 1991, 17, 1-4. [CrossRef]

Hassanzadeh-Tabrizi, S.A.; Taheri-Nassaj, E. Economical synthesis of Al,O3; nanopowder using a
precipitation method. Mater. Lett. 2009, 63, 2274-2276. [CrossRef]

Liu, H.; Ning, G.; Gan, Z.; Lin, Y. Emulsion-based synthesis of unaggregated, spherical alpha alumina.
Mater. Lett. 2008, 67, 1685-1688. [CrossRef]

Xiao, J.; Qin, Q.; Wan, Y.; Zhou, E; Chen, Y.-B.; Li, J.; Liu, Y.-X. Effect of anions on preparation of ultrafine
a-Al,O3 powder. J. Cent. South Univ. Technol. 2007, 14, 773-778. [CrossRef]

Prabhakar, R.; Samadder, S.R. Low cost and easy synthesis of aluminium oxide nanoparticles for arsenite
removal from groundwater. J. Mol. Lig. 2018, 250, 192-201. [CrossRef]

Zhuravlev, V.D.; Bamburov, V.G.; Beketov, A.R.; Perelyaeva, L.A.; Baklanova, 1.V,; Sivtsova, O.V,; Vasilev, V.G.;
Vladimirova, E.V.; Shevchenko, V.G.; Grigorov, L.G. Solution combustion synthesis of «-Al,O3 using urea.
Cer. Int. 2013, 39, 1379-1384. [CrossRef]

Laishram, K.; Mann, R.; Malhan, N. A novel microwave combustion approach for single step synthesis of
x-Al,O3 nanopowders. Cer. Int. 2012, 38, 1703-1706. [CrossRef]

Sharifi, L.; Beyhaghi, M.; Ebadzadeh, T.; Ghasemi, E. Microwave-assisted sol-gel synthesis of alpha alumina
nanopowder and study of the rheological behavior. Cer. Int. 2013, 39, 1227-1232. [CrossRef]

Yan, T.; Guo, X.; Zhang, X.; Wang, Z.; Shi, ]. Low temperature synthesis of nano alpha-alumina powder by
two-step hydrolysis. Mater. Res. Bull. 2016, 73, 21-28. [CrossRef]

Kiyohara, P.K.; Souza Santos, H.; Vieira Coelho, A.C.; de Souza Santos, P. Structure, Surface Area and
Morphology of Aluminas from thermal decomposition of AI(OH)(CH3COO)2 Crystals. An. Acad. Bras. Ci.
2000, 72, 471-495. [CrossRef]

Sharma, PK.; Varadan, V.V,; Varadan, VK. A critical role of pH in the colloidal synthesis and phase
transformation of nano size o-Al,O3 with high surface area. J. Eur. Cer. Soc. 2003, 23, 659-666. [CrossRef]
Zhang, X.; Ge, Y.; Hannula, S.-P; Levénen, E.; Mantyld, T. Nanocrystalline -alumina with novel morphology
at 1000 °C. J. Mater. Chem. 2008, 18, 2423. [CrossRef]

Zhang, X.; Ge, Y.; Hannula, S.-P.,; Levidnen, E.; Miantyld, T. Process study on the formation of nanocrystalline
a-alumina with novel morphology at 1000 °C. J. Mater. Chem. 2009, 19, 1915. [CrossRef]

Zaki, T.; Kabel, K.I.; Hassan, H. Using modified Pechini method to synthesize x-Al,O3 nanoparticles of high
surface area. Cer. Int. 2012, 38, 4861-4866. [CrossRef]

Petrakli, E; Arkas, M.; Tsetsekou, A. x-Alumina nanospheres from nano-dispersed boehmite synthesized by
a wet chemical route. J. Am. Cer. Soc. 2018, 101, 3508-3519. [CrossRef]

Kim, S.-M,; Lee, Y.-].; Jun, K.-W.; Park, J.-Y.; Potdar, H.S. Synthesis of thermo-stable high surface area alumina
powder from sol-gel derived boehmite. Mater. Chem. Phys. 2007, 104, 56-61. [CrossRef]

Martin-Ruiz, M.M.; Pérez-Maqueda, L.A.; Cordero, T.; Balek, V.; Subrt, J.; Murafa, N.; Pascual-Cosp, J. High
surface area x-alumina preparation by using urban waste. Cer. Int. 2009, 35, 2111-2117. [CrossRef]
Horiuchi, T.; Osaki, T.; Sugiyama, T.; Masuda, H.; Horio, M.; Suzuki, K.; Mori, T.; Sago, T. High Surface Area
Alumina Aerogel at Elevated Temperatures. |. Chem. Soc. Faraday Trans. 1994, 90, 2573-2578. [CrossRef]
Kinstle, G.P.; Heasley, ].H. High Surface Area alpha-Alumina and Supercritical Fluid Synthesis Thereof; WO9003331
(A1); FERRO Corporation: Mayfield Heights, OH, USA, 1989.

Billik, P; Caploviéové, M.; Caplovié, L.; Horvéth, B. Mechanochemical-molten salt synthesis of «-Al,O3
platelets. Cer. Int. 2015, 41, 8742-8747. [CrossRef]

Huang, Y,; Xia, Y.; Liao, S.; Tong, Z.; Liu, G.; Li, Y.; Chen, Z. Synthesis of x-Al,Oj3 platelets and kinetics study
for thermal decomposition of its precursor in molten salt. Cer. Int. 2014, 40, 8071-8079. [CrossRef]

Zhu, L.-H.; Huang, Q.-W. Morphology control of «-Al,O3 platelets by molten salt synthesis. Cer. Int. 2011,
37,249-255.

Zhu, L.-H,; Tu, R.-R.; Huang, Q.-W. Molten salt synthesis of x-Al,O3 platelets using NaAlO; as raw material.
Cer. Int. 2012, 38,901-908. [CrossRef]


http://dx.doi.org/10.1016/S0965-9773(98)00095-6
http://dx.doi.org/10.1016/S0955-2219(01)00294-1
http://dx.doi.org/10.1016/0272-8842(91)90002-H
http://dx.doi.org/10.1016/j.matlet.2009.07.035
http://dx.doi.org/10.1016/j.matlet.2007.09.059
http://dx.doi.org/10.1007/s11771-007-0147-4
http://dx.doi.org/10.1016/j.molliq.2017.11.173
http://dx.doi.org/10.1016/j.ceramint.2012.07.078
http://dx.doi.org/10.1016/j.ceramint.2011.08.044
http://dx.doi.org/10.1016/j.ceramint.2012.07.050
http://dx.doi.org/10.1016/j.materresbull.2015.08.021
http://dx.doi.org/10.1590/S0001-37652000000400003
http://dx.doi.org/10.1016/S0955-2219(02)00191-7
http://dx.doi.org/10.1039/b803997f
http://dx.doi.org/10.1039/b819592g
http://dx.doi.org/10.1016/j.ceramint.2012.02.076
http://dx.doi.org/10.1111/jace.15487
http://dx.doi.org/10.1016/j.matchemphys.2007.02.044
http://dx.doi.org/10.1016/j.ceramint.2008.11.011
http://dx.doi.org/10.1039/ft9949002573
http://dx.doi.org/10.1016/j.ceramint.2015.03.095
http://dx.doi.org/10.1016/j.ceramint.2013.12.161
http://dx.doi.org/10.1016/j.ceramint.2011.08.008

Materials 2020, 13, 1787 35 of 37

135.

136.

137.

138.

139.

140.
141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Bhattacharyya, S.; Behera, P.S. Synthesis and characterization of nano-sized x-alumina powder from kaolin
by acid leaching process. Appl. Clay Sci. 2017, 146, 286-290. [CrossRef]

Yadav, A.K.; Bhattacharyya, S. A new approach for the fabrication of porous alumina beads using acid
leachate of kaolin. Microporous Mesoporous Mater. 2019, 293, 109795. [CrossRef]

Zielinski, P.A.; Schulz, R.; Kaliaguine, S.; van Neste, A. Structural transformations of alumina by high energy
ball milling. J. Mater. Res. 1993, 8, 2985-2992. [CrossRef]

Karagedov, G.R.; Lyakhov, N.Z. Preparation and sintering of nanosized x-Al,O3 powder. NanoStruct. Mater.
1999, 11, 559-572. [CrossRef]

Kosti¢, E.; Kiss, S.J.; Zec, S.; Boskovi¢, S. Transition of y-Al,O3 into a-Al,O3 during vibro milling.
Powder Technol. 2000, 107, 48-53. [CrossRef]

Friczic, T. Metal-Organic Frameworks: Mechanochemistry; Materials and Minerals: Dresden, Germany, 2019.
Dynys, EW.; Halloran, ].W. Alpha Alumina Formation in Alum-Derived Gamma Alumina. J. Am. Cer. Soc.
1982, 65, 442-448. [CrossRef]

Wang, H.-T,; Liu, X.-Q.; Chen, F-L.; Meng, G.-Y.; Toft Serensen, O. Kinetics and Mechanism of a Sintering
Process for Macroporous Alumina Ceramics by Extrusion. J. Am. Cer. Soc. 1998, 81, 781-784. [CrossRef]
Dvoracek, D. Festkorper-, Metathese- und Thermit-Reaktion. Neue Wege zu pordsen Metall-bzw.
Mischmetalloxid Monolithen. Ph.D. Thesis, Universitit Leipzig, Leipzig, Germany, 2015.

Nettleship, I.; Sampathkumar, R. Coarsening of Mesoporous «-Al,O3 Ceramics. ]. Porous Mater. 1997, 3,
157-163. [CrossRef]

Jeng, D.-Y; Chen, C.-].; Suzuki, T.; Yazaki Corporation. Monolithic Alpha-Alumina Articles having Controlled
Porosity, and Sol-gel Process for Making Them. WO 01/38252 A2. U.S. Patent 6,383,443, 7 May 2000.
Vijayan, S.; Narasimman, R.; Pruvdji, C.; Prabhakaran, K. Preparation of alumina foams by the thermo-foaming
of powder dispersions in molten sucrose. J. Eur. Cer. Soc. 2014, 34, 425-433. [CrossRef]

Vijayan, S.; Wilson, P.; Prabhakaran, K. Porosity and cell size control in alumina foam preparation by
thermo-foaming of powder dispersions in molten sucrose. J. Asian Cer. Soc. 2018, 4, 344-350. [CrossRef]
Carstens, S.; Dammler, K.; Scheffler, M.; Enke, D. Reticulated Alumina Replica Foams with Additional
Sub-Micrometer Strut Porosity. Adv. Eng. Mater. 2019, 89, 1900791. [CrossRef]

Araujo, J.C.S.; Zanchet, D.; Rinaldi, R.; Schuchardt, U.; Hori, C.E.; Fierro, ].L.G.; Bueno, ] M.C. The effects
of La;O3 on the structural properties of LayO3-Al,O3 prepared by the sol-gel method and on the catalytic
performance of Pt/LayO3-Al,O3 towards steam reforming and partial oxidation of methane. Appl. Catal. B
2008, 84, 552-562. [CrossRef]

Barrera, A.; Fuentes, S.; Viniegra, M.; Avalos-Borja, M.; Bogdanchikova, N.; Campa-Molina, J. Structural
properties of Al,O3-Lap;O3 binary oxides prepared by sol-gel. Mater. Res. Bull. 2007, 42, 640-648. [CrossRef]
Chen, X.; Liu, Y;; Niu, G.; Yang, Z.; Bian, M.; He, A. High temperature thermal stabilization of alumina modified
by lanthanum species. Appl. Catal. A 2001, 205, 159-172. [CrossRef]

Jung, M.-W.; Lee, M.-H. Characterization of Alumina Doped with Lanthanum and Pluronic P123 via Sol-Gel
Process. J. Korean Cer. Soc. 2008, 45, 297-302. [CrossRef]

Novakovic, T.; Rozic, L.; Petrovic, S.; Vukovic, Z.; Dondur, V. Pore surface fractal analysis of PEG and
La(III)-doped mesoporous alumina obtained by the sol-gel method. . Serb. Chem. Soc. 2010, 75, 833-843.
[CrossRef]

Yang, J.; Wang, Q.; Wang, T.; Liang, Y. Rapid preparation process, structure and thermal stability of lanthanum
doped alumina aerogels with a high specific surface area. RSC Adv. 2016, 6, 26271-26279. [CrossRef]
Vézquez, A.; Lopez, T.; Gémez, R.; Morales, A.; Novaro, O. X-Ray Diffraction, FTIR, and NMR
Characterization of Sol-Gel Alumina Doped with Lanthanum and Cerium. J. Solid State Chem. 1997,
128, 161-168. [CrossRef]

Tokudome, Y.; Nakanishi, K.; Hanada, T. Effect of La addition on thermal microstructural evolution
of macroporous alumina monolith prepared from ionic precursors. J. Cer. Soc. Jpn. 2009, 117, 351-355.
[CrossRef]

Sun, Q.; Zheng, Y.; Zheng, Y.; Xiao, Y.; Cai, G.; Wei, K. Synthesis of highly thermally stable lanthanum-doped
ordered mesoporous alumina. Scr. Mater. 2011, 65, 1026-1029. [CrossRef]

Khaleel, A.; Nawaz, M.; Al-Hadrami, S.; Greish, Y.; Saeed, T. The effect of metal ion dopants (V3+, Cr3+, Fe3™,
Mn?*, Ce3*) and their concentration on the morphology and the texture of doped y-alumina. Microporous
Mesoporous Mater. 2013, 168, 7-14. [CrossRef]


http://dx.doi.org/10.1016/j.clay.2017.06.017
http://dx.doi.org/10.1016/j.micromeso.2019.109795
http://dx.doi.org/10.1557/JMR.1993.2985
http://dx.doi.org/10.1016/S0965-9773(99)00331-1
http://dx.doi.org/10.1016/S0032-5910(99)00087-X
http://dx.doi.org/10.1111/j.1151-2916.1982.tb10511.x
http://dx.doi.org/10.1111/j.1151-2916.1998.tb02412.x
http://dx.doi.org/10.1023/A:1009658716112
http://dx.doi.org/10.1016/j.jeurceramsoc.2013.08.023
http://dx.doi.org/10.1016/j.jascer.2016.06.007
http://dx.doi.org/10.1002/adem.201900791
http://dx.doi.org/10.1016/j.apcatb.2008.05.011
http://dx.doi.org/10.1016/j.materresbull.2006.08.001
http://dx.doi.org/10.1016/S0926-860X(00)00575-5
http://dx.doi.org/10.4191/KCERS.2008.45.5.297
http://dx.doi.org/10.2298/JSC090922053N
http://dx.doi.org/10.1039/C5RA28053B
http://dx.doi.org/10.1006/jssc.1996.7135
http://dx.doi.org/10.2109/jcersj2.117.351
http://dx.doi.org/10.1016/j.scriptamat.2011.09.013
http://dx.doi.org/10.1016/j.micromeso.2012.09.019

Materials 2020, 13, 1787 36 of 37

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.
182.

Sun, Q.; Zheng, Y.; Li, Z.; Zheng, Y.; Xiao, Y.; Cai, G.; Wei, K. Studies on the improved thermal stability for
doped ordered mesoporous y-alumina. Phys. Chem. Chem. Phys. 2013, 15, 5670-5676. [CrossRef] [PubMed]
Burtin, P.; Brunelle, J.P,; Pijolat, M.; Soustelle, M. Influence of surface area and additives on the thermal
stability of transition alumina catalyst supports. Appl. Catal. 1987, 34, 225-238. [CrossRef]

Horiuchi, T.; Osaki, T.; Sugiyama, T.; Suzuki, K.; Mori, T. Maintenance of large surface area of alumina
heated at elevated temperatures above 1300 °C by preparing silica-containing pseudoboehmite aerogel.
J. Non-Cryst. Sol. 2001, 291, 187-198. [CrossRef]

Deng, Z.-Y.; Fukasawa, T.; Ando, M.; Zhang, G.-J.; Ohji, T. High-Surface-Area Alumina Ceramics Fabricated
by the Decomposition of AI(OH);. J. Am. Cer. Soc. 2001, 84, 485-491. [CrossRef]

Ergu, O.; Giirii, M.; Cabbar, C. Preparation and characterization of alumina-zirconia composite material with
different acid ratios by the sol-gel method. Open Chem. 2008, 6, 482-487. [CrossRef]

Jayaseelan, D.; Nishikawa, T.; Awaji, H.; Gnanam, F.D. Pressureless sintering of sol-gel derived alumina—
zirconia composites. Mater. Sci. Eng. A 1998, 256, 265-270. [CrossRef]

Dekker, E.-H.L.J.; Rieck, G.D. Revised phase diagram and X-ray data of the Mn3O4-Al,O3 System in air.
Z. Anorg. Allg. Chem. 1975, 6, 69-80. [CrossRef]

Krieger, T.A.; Tsybulya, S.V.; Tsyrulnikov, P.G. High-temperature XRD studies of the phase transformations
in a MnOy/Al,Oj catalyst for deep oxidation of hydrocarbons. React. Kinet. Catal. Lett. 2002, 75, 141-146.
[CrossRef]

Lopez-Benitez, A.; Berhault, G.; Burel, L.; Guevara-Lara, A. Novel NiW hydrodesulfurization catalysts
supported on Sol-Gel Mn-Al,Os3. J. Catal. 2017, 354, 197-212. [CrossRef]

Meyer, R.; Meyerhofer, E; Dvoracek, D.; Grimm, S.; Enke, D.; Steinhart, M. Manganese assisted phase
transformation of highly ordered porous anodized alumina. 2020; publication in preparation.

Tsyrulnikov, P.G.; Tsybulya, S.V.; Kryukova, G.N.; Boronin, A.L; Koscheev, S.V.; Starostina, T.G.; Bubnov, A.V,;
Kudrya, E.N. Phase transformations in the thermoactivated MnOy-Al,Oj3 catalytic system. J. Mol. Catal.
2002, 179, 213-220. [CrossRef]

Polli, A.D.; Lange, FF; Levi, C.G.; Mayer, ]J. Crystallization Behavior and Microstructure Evolution of
(AL Fe),O3 Synthesized from Liquid Precursors. J. Am. Cer. Soc. 1996, 79, 1745-1755. [CrossRef]

StoRer, R.; Nofz, M.; Feist, M.; Scholz, G. Fe*-assisted formation of a-Al,O3, starting from sol-gel precursors.
J. Solid State Chem. 2006, 179, 652—664. [CrossRef]

Takai, S.; Sawada, E.; Harada, J.; Park, S.; Oda, M.; Esaki, S.; Nishijima, M.; Yoshie, T.; Yabutsuka, T.; Yao, T.
Synthesis and anode properties of corundum-type structured (Fe;O3)1_x(Al,O3)x solid solutions in the
whole compositional range. Solid State Ion. 2017, 313, 1-6. [CrossRef]

Sokolov, S.; Bell, D.; Stein, A. Preparation and Characterization of Macroporous x-Alumina. J. Am. Cer. Soc.
2003, 86, 1481-1486. [CrossRef]

Topuz, B.; Yurttas, A.S.; Altunsoy, A. Preparation of Al,O3Supports for Thin Membrane Fabrication. J. Turk.
Chem. Soc. A 2017, 191-204. [CrossRef]

Roque-Ruiz, ].H.; Medellin-Castillo, N.A.; Reyes-Lopez, S.Y. Fabrication of a-alumina fibers by sol-gel and
electrospinning of aluminum nitrate precursor solutions. Res. Phys. 2019, 12, 193-204. [CrossRef]
Grinberg, E.E.; Baranova, G.V,; Strelnikova, L.E. Influence of hydrolysis method on the sol-gel formation of
the yttria-alumina system with use of alcoholates. Russ. |. Appl. Chem. 2013, 86, 11-14. [CrossRef]
Jessensky, O. Untersuchung zum Porenwachstum in 6h-Siliziumkarbid und Anodischem Aluminiumoxid.
Ph.D. Thesis, Martin Luther University, Halle, Germany, 1997.

Rauf, A.; Mehmood, M.; Asim Rasheed, M.; Aslam, M. The effects of electropolishing on the nanochannel
ordering of the porous anodic alumina prepared in oxalic acid. J. Solid State Electrochem. 2009, 13, 321-332.
[CrossRef]

Brunauer, S.; Emmett, PH.; Teller, E. Adsorption of Gases in Multimolecular Layers. J. Am. Chem. Soc. 1938,
60, 309-319. [CrossRef]

Anthony, ].W.; Bideau, R.A; Bladh, K.W.; Nichols, M.C. Handbook of Mineralogy: Corundum; Mineralogical
Society of America: Washington, DC, USA, 2001.

Gardner, M. Diversions which involve the five Platonic solids. Sci. Am. 1958, 199, 126-132. [CrossRef]
Balasubramanian, M.; Malhotra, S.K.; Gokularathnam, C.V. Sintering and mechanical properties of sol-gel
derived alumina-zirconia composites. J. Mater. Process. Technol. 1997, 67, 67-70. [CrossRef]


http://dx.doi.org/10.1039/c3cp50190f
http://www.ncbi.nlm.nih.gov/pubmed/23475050
http://dx.doi.org/10.1016/S0166-9834(00)82458-6
http://dx.doi.org/10.1016/S0022-3093(01)00817-1
http://dx.doi.org/10.1111/j.1151-2916.2001.tb00687.x
http://dx.doi.org/10.2478/s11532-008-0047-y
http://dx.doi.org/10.1016/S0921-5093(98)00801-6
http://dx.doi.org/10.1002/zaac.19754150110
http://dx.doi.org/10.1023/A:1014814021564
http://dx.doi.org/10.1016/j.jcat.2017.08.027
http://dx.doi.org/10.1016/S1381-1169(01)00327-2
http://dx.doi.org/10.1111/j.1151-2916.1996.tb07991.x
http://dx.doi.org/10.1016/j.jssc.2005.11.026
http://dx.doi.org/10.1016/j.ssi.2017.10.026
http://dx.doi.org/10.1111/j.1151-2916.2003.tb03500.x
http://dx.doi.org/10.18596/jotcsa.351708
http://dx.doi.org/10.1016/j.rinp.2018.11.068
http://dx.doi.org/10.1134/S1070427213010035
http://dx.doi.org/10.1007/s10008-008-0550-2
http://dx.doi.org/10.1021/ja01269a023
http://dx.doi.org/10.1038/scientificamerican1258-126
http://dx.doi.org/10.1016/S0924-0136(96)02820-8

Materials 2020, 13, 1787 37 of 37

183.

184.

185.

186.

187.

188.

189.

Pacurariu, C.; Lazdu, I; Ecsedi, Z.; Lazdu, R.; Barvinschi, P.; Marginean, G. New synthesis methods of
MgAl,Oy spinel. . Eur. Cer. Soc. 2007, 27, 707-710. [CrossRef]

Sharma, R K.; Ghose, R. Synthesis and characterization of nanocrystalline zinc aluminate spinel powder by
sol-gel method. Cer. Int. 2014, 40, 3209-3214. [CrossRef]

Duan, X.; Yuan, D.; Wang, X.; Xu, H. Synthesis and characterization of nanocrystalline zinc aluminum spinel
by a new sol-gel method. J. Sol-Gel Sci. Technol. 2005, 35, 221-224. [CrossRef]

Kurihara, L.K.; Suib, S.L. Sol-gel synthesis of ternary metal oxides. 1. Synthesis and characterization of
MAIL,O4 M = Mg, Ni, Co, Cu, Fe, Zn, Mn, Cd, Ca, Hg, Sr, and Ba) and lead aluminum oxide (Pb,Al,Os).
Chem. Mater. 1993, 5, 609-613. [CrossRef]

Tammann, G. Die Temperatur des Beginns innerer Diffusion in Kristallen. Z. Anorg. Allg. Chem. 1926, 157,
321-325. [CrossRef]

Tammann, G. Uber chemische Reaktionen in Gemengen fester Stoffe bei erhdhter Temperatur. Angew. Chem.
1926, 39, 869-875. [CrossRef]

Ostwald, W. Uber die vermeintliche Isomerie des roten und gelben Quecksilberoxyds und die
Oberflichenspannung fester Korper. Z. Phys. Chem. 1900, 34, 495-503. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.jeurceramsoc.2006.04.050
http://dx.doi.org/10.1016/j.ceramint.2013.09.121
http://dx.doi.org/10.1007/s10971-005-2359-0
http://dx.doi.org/10.1021/cm00029a006
http://dx.doi.org/10.1002/zaac.19261570123
http://dx.doi.org/10.1002/ange.19260392902
http://dx.doi.org/10.1515/zpch-1900-3431
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Preface 
	Literature Review: Synthesis Routes for -Al2O3 with Increased Specific Surface Area 
	Introduction 
	Diaspore-Derived Corundum 
	Hydrothermal Syntheses 
	Pore Protection by Carbon Filling 
	Introducing Porosity via Soft Templating in Sol-Gel Syntheses 
	Porous Membrane Preparation via Anodic Oxidation of Aluminum 
	Ultrafine -Al2O3 Powders with High Specific Surface Area 
	Miscellaneous Methods 
	Dopants Favoring or Inhibiting -Transition 
	Pure -Alumina with Pores in the Sub-Micrometer Range 

	Materials and Methods 
	Syntheses of Macroporous -Al2O3 
	Epoxide-Mediated Sol-Gel Synthesis of Porous -Al2O3re 
	Mutual Cross-Hydrolysis in Combined Sol-Gel Synthesis 
	Anodic Oxidation of Aluminum Chips 
	Solid Solutions Concept 
	Pore Protection by Carbon Filling 
	List of Samples 

	Characterization Techniques 

	Calculation of Theoretical Porosity Limits 
	Porous Material 
	Nanopowder 

	Recent Results and Discussion 
	Epoxide-Mediated Sol-Gel Synthesis of Porous -Al2O3 
	Mutual Cross-Hydrolysis in Combined Sol-Gel Synthesis 
	Manganese-Assisted -Transition in AAO Membranes 
	Application of Solid Solutions Concept to Sol-Gel Materials 
	Pore Protection by Carbon Filling 

	Conclusions 
	References

