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Alumina (Al;03) monoliths with well-defined macropores and mesostructured skeletons have been
synthesized via a spontaneous route from the aqueous and ethanolic solution of aluminum salts in the
presence of propylene oxide and poly(ethylene oxide) (PEO). The addition of propylene oxide to the
starting solution controls the gelation, whereas the addition of PEO induces the phase separation.
Appropriate choice of the starting composition, by which the phase separation and gelation concur, allows
the production of bicontinuous macroporous@d monoliths in large dimensions (10 10 x 10 mnt).

The size of macropores is controlled in the range of 400 nm tauih3depending on the PEO content

in starting solutions. The dried gel is amorphous, whereas heating at temperatures abt@dez@(3 to

the formation of crystalline phases without spoiling the macroporous morphology; nanocrystalig@;

is precipitated at 800C, a-Al,O; starts to form at 1000C, and complete transformation int6 Al,O3

is achieved at 1108C for 5 h. Nitrogen adsorptiondesorption measurements revealed that the skeletons

of dried gels possess the mesostructure with a median pore size of about 2.6 nm and a surface area as
high as 396 rfig. Heat treatment at 30TC increases the pore size and surface area to 3.5 nm and 512
m?/g, respectively. Even after heat treatment at 80Ppwhich results in the formation of nanocrystalline
y-Al,03, the surface area is 1822y, with the pore size being 4.5 nm.

Introduction Hierarchically porous materials, e.g., macroporous materi-
als with mesotexture, are highly desirable, especially in
applications that utilize liquid-phase reactions, such as
catalyst supports and separations. This is because the
interconnected macroporous channels facilitate transport of
the materials into mesopores where reactions can take place.
A surfactant-assisted synthesis route producg®Alith a
bimodal pore size distributioh? however, the integration

of dual porous structures into large-dimension monoliths is
still difficult to achieve; most hierarchically porous Al;

is dried to powders or highly cracked and fragile monoliths.
This limits their utility in areas where processing or applica-
tion dictates some structural form with moderate mechanical
strength.

Porous alumina (ADs) has attracted considerable attention
because of its potential applications in various fields such
as catalysis, adsorption, and separatidRor these applica-
tions, many attempts have been carried out to fabrica®aAl
that have structurally controlled pores on the length scale
from the nanometer to the micrometer. For example, meso-
porous AbO; can be prepared using self-organized arrays
of long-chain surfactants or amphiphilic block copolymers
as the templateks® Latex-sphere templating extends the
pore size up to the micrometer rarfg&nother approach is
anodic oxidation of aluminum,in which cylindrical uni-
formly sized nanoholes are hexagonally arranged in high

regularity. L . . .
9 y An exception is sotgel-derived porous silica (SR
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lg&aé’g?tg SJ‘;*“)‘;? gf:i'éﬂg'e”gﬁg”Tgé;Vn‘Jc}%;y”')@g% shape broaden the applicability of SiBased porous materi-
s Graduate School of Science, Kyoto University. als in the aforementioned diverse fields. A-sgel method
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polymerization reaction to produce a wet gel with a bicon- Table 1. Starting Compositions of Samples (in grams)

tinuous structure, in which both gel-rich and solvent-rich sample AIC}6H,0 PEO EtOH HO propylene oxide
phases are interconnected on the length scale of micrometer. pp 4.32 0.04012 435 4.00 311

After tailoring the micrometer-range structure, solvent MTP 4.32 0.12 237  7.00 3.11
exchange with a basic aqueous solution and subsequent heat

treatment yield mesopores with diameters efl® nm via In this paper, we demonstrate the preparation of hierarchi-
Ostwald ripening? leading to hierarchical dual pores ¢&l macre-mesoporous AD; by combining the phase
throughout a monolithic gel. The Si@onoliths with well- ~ Separation with the reliable and reproducible-sgél route

defined macropores and mesostructured skeletons exhibithat allows the fabrication of robust, large-dimensionG\|
some remarkable properties as the stationary phase of highmonoliths from the solution of aluminum salts in the presence

performance liquid chromatography (HPLC), compared to Of propylene oxide. The resultant A&); monoliths possess
the conventional particle-packed systefhs. precisely controllable macropores and the mesostructured

Because the preparation of macroporous monoliths via theSkeletons that ,y'e,ld a h|gh surface area. To the be;t of our
knowledge, this is the first report of the synthesis and

sol—gel route accompanied by phase separation requires a A
relatively high concentration of alkoxide precursors, the gharacterlzanon of ,SUCh MAacrmesoporous AD; mono-
reactivity of precursors significantly affects the feasibility liths. A lot of bgneﬁts are expecteq to arise from the dual
of producing uniform, crack-free monoliths. The successful POTe structure integrated in monoliths.

preparation of Si@monoliths is primarily due to the ease

of controlling the hydrolysis and polycondensation of silicon Experimental Section
alkoxides. In contrast, aluminum alkoxides such as aluminum
tri-isopropoxide or aluminum trsecbutoxide are highly Synthesis.The starting compositions of ADs gels prepared in

reactive, and thus, the structural development during the this study are listed in Table 1. AlgbH0 (Aldrich, 99%) was
hydrolysis and polycondensation is usually hard to control Used as an aluminum source, and a mixture of distille@ kind
because of the rapid polymerization; in fact, so far, there ethanol (EtOH) (Kishida Reagents Chemicals, 99.5%) as the
have been no reports of macroporous@monoliths using solvent. Propylene oxide (Aldricte99%) was added to initiate
the sol-gel method accompanied by phase separation Agelation, and poly(ethylene oxide) (PEO) (Aldrich) having viscosity-

Kle thi bl . d h averaged molecular weighti() of 1 x 10° was used as a polymer
common strategy to tackle this problem is to reduce the to induce the phase separation. All reagents were used as received.

reactivity of precursors either by using a strong acid or by he content of PEO (in grams) will hereafter be often denoted as
the addition of chelating agents such as ethylacetoacétén; . _,
however, the challenge remains as to how t,o induce the We prepared gels from two systems, denoted as HP and MTP.
h_omogeneous gelatlon_ throughout the S(_)Iutlon._ Another p ifference between HP and MTP is the volume ratio 6OHO
simpler but more straightforward route is desirable 10 gtoH; the HO/EtOH ratio is larger for the MTP system than for
fab”_Cate the porous AD; monoliths in a reproducible  the HP. The detail of gel preparation is as follows. First, A{CI
fashion. 6H,0 and PEO were dissolved in a mixture of®iand EtOH.
Gash and co-worke¥sté have recently developed alkox- Propylene oxi_d_e was then added _to_the transparent solution under
ide-free, sot-gel techniques for the synthesis of robust, ambient conditions _(250). After stirring f_or 1 min, the resultant
monolithic aerogels of various metal oxides including@l homoge?edous j?('Utlon VZ%SftraHSﬁer_red I,Tf? a glalls§ tubeh. The tube
The aerogels were prepared by the addition of epoxides tovas sealed and kept at or gelation. After gelation, the wet
. . gel was aged for 24 h and evaporation-dried at@0Some of the
aqueous and/or etanolic solutions of metal salts followed by ¥ - .
. . . . dried gels were heat-treated at various temperatures between 700
drying under supercritical conditions. The epoxides work as and 1100°C for 5 h in air
an acid scavenger to raise the solution pH gradually, which
drives the hydrolysis and condensation of hydrated metal

species. The slow and unlformllncrease in the SO|Utlon, pH Hitachi Ltd., Japan, Au coating). The size distribution of macropores

allows t_he hom(_)geneous gelation to produce a mo_r10I!th|c was measured by a mercury porosimetry (Poresizer9320, Mi-

gel. This technique would be very useful for designing cromeritics Co., USA). Micre mesoporous structure was character-

macroporous monoliths or hierarchical maeresoporous  jzeq by a nitrogen adsorptierdesorption isotherm (Tristar 3000,

monoliths as well as aerogels. Micromeritics Co., USA). The pore size distribution was calculated

from the adsorption branch of the isotherm by the Barrétlyner-

(11) ller, R.K.The Chemistry of Silica, Solubility, Polymerization, Colloids Halenda (BJH) method, and the surface area was obtained by the
and Surface Properties, and Biochemistyiley-Interscience: New Brunauer-Emmett-Teller (BET) method. For the purpose of
York, 1979. clarifying the phase-separation behavior of the solution, we also

12) Minakuchi, H.; Nakanishi, K.; Soga, N.; Ishizuka, N.; TanakaANal. . . . . .
12 Chem 1996 68, 3498; Tanaka,gN.; Kobayashi, H.; Nakanishi, K.; carried out thermogravimetry (TG) and differential thermal analysis

Characterization. Morphology of dried and heated gels was
observed by a scanning electron microscope (SEM; S-2600N,

Minakuchi, H.; Ishizuka, NAnal. Chem 2001, 73, 420A. ‘ (DTA) with a Thermo plus TG 8120 instrument (Rigaku Co.,
) f§§§ hleozd Citvage, J.; Henry, M.; Babonneau, Ron-Cryst Solids  japan). The measurements were performed at a heating rate of 10
(14) Tadanaga, K.; Iwami, T.; Tohge, N.; Minami, 3. SoGel Sci °C min~t in air. X-ray diffraction (XRD) analysis with Cu &

Technol 1994 3, 5. radiation £ = 0.154 nm; RINT2500, Rigaku, Japan) was performed

(15) Gash, A. E.; Tillotson, T. M.; Satcher, J. H., Jr.; Poco, J. F.; Hrubesh, iy order to identify the crystalline phases if precipitated. The
L. W.; Simpson, R. LChem Mater. 2001, 13, 999. fy the cry P preciprated.
(16) Baumann, T. F.; Gash, A. E.; Chinn, S. C.: Sawvel, A. M.; Mawell, Measurements were carried out for the powder specimens prepared

R. S.; Satcher, J. H., JEhem Mater. 2005 17, 395. by grinding macroporous monoliths.
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Figure 1. SEM photographs of dried AD3 gels prepared from the HP system with varied PEO contegto = (a) 0.04, (b) 0.05, (c) 0.06, (d) 0.07, (e)
0.08, (f) 0.09, (g) 0.10, (h) 0.11, and (i) 0.12.

through bicontinuous structure (Figure-igp), to particle
aggregates (Figure 1i). The gel morphology is determined
The starting solutions prepared from the compositions py the timing of the onset of phase separation relative to the
listed in Table 1 were initially homogeneous and transparent. gelation. The phase separation tendency is related to the
As time elapsed, the phase separation and the gelationmiscibility of a polymeric system, which can be estimated
proceeded spontaneously in a closed and static condition aby the Flory-Huggins formulatiort7-2° The Gibbs free
a constant temperature (4G). The gels prepared from the  energy change of mixing\G, can be described as follows
solution containing propylene oxide formed quite quickly
(~10 min), although gelation did not take place in the o &,
solution without propylene oxide. As Gash and co-workers AGO RT(E'” ¢+ 51N ¢+ 14162 1)
have previously shown, gelation of metal salts solution is ! 2
induced by using epoxides as gelation initiators. Epoxides wherey
act as an irreversible proton scavenger and cause the solutio
pH to increase gradually throughout the solutidrin the

Results and Discussion

is the interaction parametef, andP; are the volume
action and the degree of polymerization of comporignt

) X = 1 or 2), respectivelyR is the gas constant, aridis the
present HP synthesis, the solution pH was before the o\ haratyre. The former two terms in parenthesis represent
addition of propylene oxide, increased gradually with time, o “antropic contribution, and the last term the enthalpic
and reached 3 immediately before the gelation, i.e., at abo”tcontribution. In the Si@sol—gel system in the presence of

10 min. The slo_w and uniform pH rise drives_the hydrolysis poly(acrylic acid), the phase separation is driven by the
and condensation of the hydrated metal cations to form theentropy loss due to the polymerization of SiGligomers,

mhonol|th_|c gel.l Qn th? OtheL hand, tf;\e add't'o,n of PEO tﬁ whereas the enthalpy-driven phase separation is observed for
the s_tartlr?g SO Ut'Pn did not have sucha deep impact on t Cthe SIQ systems in the presence of PEO, where there exists
gelation time but induced the formation of phase-separating 5 e isive interaction between solvent mixture and PEO

structures. For the HP system, the appearance o_f the reSUIta_rﬁdsorbed on alkoxy-derived oligomers through hydrogen
gels depended on the PEO content in the starting COMPOSi- s As mentioned below, entropy loss contributes

tion. When the h'_DEO gontenlt was srrall, colobrle_ss dand essentially toAG in the present system, which causes the
transparent or white and translucent gels were obtained. ASy 2 <o cenaration. Namel; in eq 1 becomes large as a

the PEO content was increase_d, th.e gels bepame opaque. Agq it of the homogeneous condensation reaction gDAl

for the MTP system, the gel with high density settled down i mers due to the uniform increase in solution pH, which
because of the grawty e_ffect and macroscopically exhibited makesAG larger. Thus, the system phase-separates during
two phases, i.e., precipitated and supernatant phases. the condensation of hydrated aluminum species. When phase

Figure 1 shows the SEM images of dried gels prepared o4 ration occurs much later than gelation, transparent gels
from the HP system with varied PEO contents. The gel

morphology depends significantly on the PEO content. As (17) Floy, P. 3. Chem Phys 1942 10, 51

. . ory, P. JJ. Chem S , 51.
th_e PEO content is increased, the gel morpholqu in the (18) Hug?éin& M.J. Phys Chyem 1642 46,151,
micrometer range changes from nonporous (Figure 1a),(19) Huggins. M.J. Am Chem Soc 1942 64, 1712.
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Figure 2. TG-DTA curves of precipitated phase (solid lines) and

supernatant phase (dash lines) obtained from the MTP system. 0.1 1 10

Pore Diameter, D,/ um
with nanometer-sized pores, i.e., nonporous gels in theigyre 3. Pore size distributions of dried 4D gels prepared from the
micrometer range, can be obtained as monoliths (see FigureHP system withweeo = (2) 0.06, @) 0.07, (0) 0.08, ©) 0.09, and @)
1a). On the contrary, when phase separation takes place mucf-10:
earlier than gelation, the bicontinuous structure fragments
into spherical particles to reduce the interfacial energy (Figure
1i). Nearly concurrent selgel transition and phase separation
produce the bicontinuous monolithic structure (Figure-1b
h), in which each of the gel phase and the fluid phase is

three-dimensionally interconnected on the length scale of, . .
micrometers. After evaporation drying, the fluid phase interaction between solvent mixtures and PEO adsorbed on

composed mainly of solvent mixture turns into continuous alkoxy-derived oligomers (enthalpic contribution). In the

macropores, and the gel phase becomes skeletons. From thgr'esent system Where'the interaction between polymerizing
inset of Figure 1e, one can see the formation of monolithic °9oMers and PEO is very weak, however, the phase
circular cylinder of AbOs gel in large dimensions (the separation is dominated by the entropic co_ntrlbutlon rather
diameter of top and bottom faces-sL0 mm, the height is than enthalpic one. Namely, the increase in the degree of

~10 mm). Close looks at images g and h of Figure 1 reveal pglymerr:zatlzn, €., t?e large _\t/;;}!uebﬁﬁ n €q 1’| brlngs_
the existence of small particles in the continuous macroporousa out the reduction of compatibility between polymerizing

network. This kind of morphology is observed as a result of Alz0; oligomers and PEO chain, which leads to the phase

the secondary phase separation of the fluid phase. separation.

To clarify the role for PEO in phase separation, we carried ~ Figure 3 shows the pore size distributions measured for
out thermal analysis so that the distribution of PEO between bicontinuous macroporous AD; gels using mercury poro-
the gel and fluid phases during the phase separation couldSimetry. Each of the dried gels possesses a sharp pore size
be deduced. Measurements were performed for the precipitatélistribution, which implies that the phase-separated structure
and supernatant phases derived from the MTP system iniS formed via spinodal decomposition as proven in the
which the geletion time was prolonged by the increasg@/H preceding studie¥.The increase in pore size with an increase
EtOH volume ratio, and hence, the morphology of macro- in PEO content is ascribed to the increased phase-separation
scopically two phases was obtained because of too early onsetendency, because spinodal decomposition involves a coars-
of phase separation relative to gelation. TG and DTA curves €ning process in the course of the formation of phase-
for the precipitate and supernatant phases are shown in Figuréeparated structuré$in the present systems, the increase
2. The evaporation of residual solvent components takesin PEO content reduces the compatibility between polymer-
place at temperatures below 180 for both the precipitate  izing Al2Os oligomers and PEO significantly, and thus, the
and supernatant phases. The exothermic peak at aroun@nset of phase separation relative to gelation is accelerated
300 °C as observed for the precipitated phase is attributed 0 produce the coarsened bicontinuous structure, with the
to the pyrolysis of organic species, such as hangenated'arger macropores being left behind after drying. It is found
alcohol, generated by the ring-opening reaction of protonatedfrom Figure 3 that the pore size is controlled between 400
propylene oxide, because the peak is detected even in thé¥M to 1.8¢m. On the other hand, the pore volume is mainly
gels prepared in PEO-free conditions (not shown). The determined by the PEO content because PEO is distributed
decomposition of PEO is observed only for the supernatant in the fluid phase that turns into the macropores after drying.
phase as a pronounced weight loss between 200 an8ic300 Hence, the pore volume also increases with increasing PEO
accompanied by the large exothermic peak. This result content. The shrinkage of gels during the drying process may
indicates that PEO is preferentially distributed into the fluid contribute partly to the variation of pore volume, because
phase composed mainly of solvent mixtures, which suggeststhe gels prepared with lower PEO content exhibit the larger
that the interaction between polymerizing alumina oligomers degree of shrinkage.
and PEO is less attractive. This situation is quite different  Variation of XRD pattern with heat-treatment temperature
from those observed in PEO-incorporated alkoxy-derived is depicted in Figure 4. The measurements were performed

SiO, sol—gel systems, where PEO is preferentially distributed
into the precipitate phase when the morphology of macro-
scopic two phases is obtain&dThe driving force for the
phase separation in the Si€bl—gel systems in the presence
of PEO is ascribed to the hydrophobikydrophilic repulsive
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Figure 4. Variation of XRD pattern with heat-treatment temperature. The
measurements were carried out for the samples prepared from the HP system
with weeo = 0.09. Symbolsa andO represent the diffraction peaks ascribed

to y-Al,03 and a-Al 03 phases, respectively.

for the samples prepared from the HP system witho =
0.09. No discernible peaks are found for the dried gel,
indicating the amorphous structure. Crystalline phases such
as boehmite (AIOOH) or pseudo-boehmite (less-well-crystal-
lized boehmite, or gelatinous boehmite) were often observed
in the aerogels or xerogels derived from aluminum alkoxides E _ F
or Sa|tsz_0.—22 Th? degree of crystallinity 'S_ affected F’y several Figure 5. (a) Pore size distributions of samples heat-treated at 2000
factors, including precursor concentration, reaction pH, the The measurements were carried out for the samples prepared from the HP
amount and kind of solvents, temperature, and the presencégStgé“MW_':n“NPEo TtE]A) 0-%5'I(‘)r0-07rv g)fP'%SEhO):bog' 6}"% 9)_33-)19-

or absence of polymers in the starting solution. The formation (b) SEM Image of the sample prepared fiom the HP system it =

of amorphous AlO; gels in the present case is presumably ) ]

related to the gelation under the acid condition using a high 9rown during the heat treatment. A representative SEM
concentration of aluminum salts. The sample remains Image is shown for the sample prepared from the HP system
amorphous even after the heat treatment at“T@vhereas ~ With Weeo = 0.08 and then heat-treated at 1110. The

the diffraction peaks ascribed tp-Al,Os; appear upon bicontinuous macroporous structure is maintained without
heating at 800 and 90TC. The width of diffraction peaks  cracks, although the gel shrinks by about-&0% after the

is broad, indicating the precipitation of nanocrystalline heat treatment. _

y-Al,O3 from the amorphous phase. The crystallite size N contrast to the macroporous structure, miengesopo-
estimated by Scherrer's equation is approximately 3.9 andoUs structures are significantly altered by the heat treatment.
5.2 nm for the samples heat-treated at 800 and DO Nitrogen adsorptiorrdesorption isotherms of dried gel and
respectively. When the heat-treatment temperature is highe,those heat-treated at various temperatures are shown in Figure
than 1000°C, y-Al,05 phase diminishes gradually, and 6; the corresponding BJH pore size distributions are depicted
instead a-Al O3 phase appears. A single phaseefl,Os in the inset. The measurements were carried out for the
is obtained after heat treatment at 1180. Figure 5a  Samples prepared from the HP system wilio = 0.09.
demonstrates the pore size distributions measured for sampled N dried gel and that heat-treated at 3@ exhibit the
heat-treated at 1100 using the mercury intrusion method. ~ iSotherm of type IV according to the IUPAC classification,

A comparison with Figure 3 and Figure 5a reveals that the signifying the existence of mesopores. As revealed from the
size of macropores becomes slightly small because of theBJH pore size distribution, pores are distributed in the micro-
shrinkage of network upon heating at 170 while keeping ~ t© SmaII. mesopore region. The' relatiyely sharp pore size
the sharp pore size distribution. A close look at Figure 5a distributions originate from the interstices among primary
indicates that pore size distributions at around 50 nm, which Particles, implying the formation of a gel network with

is independent of the PEO content, are observed, in additionconsiderably fine mesh as a result of the homogeneous
to the pore size distribution in the micrometer range. Judging condensation of AD; oligomers. By heat treatment at
from the sharp peaks in XRD patterns for the sample heat- témperatures above 80CC, the adsorptiofrdesorption
treated at 1100°C, the appearance of relatively large Curvesare changed into H2-type, indicating that the materials

mesopores are caused by the interstices among the particle§ave the “ink bottle”™-type mesopores expected to occur from
the compaction of a globular or particulate gel structure. In
(20) Lippens, B. C. Ph.D. thesis. Delft University, Delft, The Netherlands, the present case, the shape of mesopores may be associated
o1 1961. W H Al « MaterialWilevAmeri with the sintering of nanoparticles comprising the skeleton.
(21) Gitzen, Sbcie'ty:um'x s @ Coramic MaterilWiley-American — peating at 800°C, which leads to the precipitation of
(22) Yoldas, B. EAm Ceram Soc Bull. 1975 54, 286. nanocrystalliney-Al,O; phase, increases the pore size
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L L A organic species, although the particle growth and/or sintering

O¢ as-dried during the heat treatment at higher temperatures reduces the
; zggg l surface area. Nevertheless, the surface area is still large
1000 °C (~182 n¥/g) when the heat-treatment temperature is raised
1 to 800°C, at which nanocrystalling-Al,O; phase appears.
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Macroporous AlO; with mesoporous skeletons has been
2001 . prepared from the aqueous and ethanolic solution of alumi-
num chloride in the presence of propylene oxide and PEO.
Polymerization-induced phase separation produces mono-
lithic gels with well-defined macroporous bicontinuous
structures. By adjusting the PEO content in the starting
solution, the size of the macropores of dried gels can be
controlled in the range of 400 nm to 1u8n. Even after heat
Naast treatment at 1106C, the macroporous structures are retained
0 02 04 06 08 1 without spoiling the sharp pore size distribution. The dried
P/P, gel possesses a BET surface area of 39 mnd a median
Figure 6. Nitrogen adsorptiorrdesorption isotherms of samples prepared pore size of 2.6 nm, whereas heating at 3@increases
from the HP system wittwpeo = 0.09 and then heat-treated at varied :
temperature. Inset shows the corresponding pore size distribution curvesthe Surface area a_nd pore size to Slﬂlgmr)d 3.5 _nm’
calculated by the BJH method using the adsorption branches. Symbols ~ respectively. The high surface area of 184gis obtained
@, O, and v represent the data for the dried gel and those heat-treated at i
300, 800, and 1006C, respectively. even _afte_r heat treatment_at 80CQ accompanied by the
precipitation of nanocrystalling-Al .05 from the amorphous
Table 2. Structural Properties of Dried and Heat-Treated HP phase. The synthetic technique as described here is very
Samples Prepared withwpeo = 0.09 . ' . o
simple and reproducible, so it is expected that the resultant
hierarchical macremesoporous ADs; monoliths find ap-

VOL ADSORBED (cc/g STP)

100

heat-treated (°C) BET surface area (#f[y) median pore size (nm)

;go(as'd”ed) 531%6 32.56 plications in fields such as separation media, catalyst
500 362 4.0 supports, and so forth. Also, the present method is readily
;88 igg i:g applicable to the fabrication of other hierarchical maero
900 117 6.1 mesoporous porous metal oxides, which will be reported
1000 63 12 elsewhere.

without disturbing a relatively sharp size distribution. In
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