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ABSTRACT

The structure formation process of hierarchicalbyous alumina gels has been investigated by in-situ
small angle X-ray scattering (SAXS). The measur@meas performed on the sol-gel solution
containing aluminum chloride hexahydrate (AGHO), poly(ethylene oxide) (PEO), and propylene
oxide (PO). The temporal divergence of scattenmensity in the lowg regime was observed in the
early stage of reaction, indicating that the ocenice of spinodal-decomposition-type phase sepatatio
Detailed analysis of the SAXS profiles revealed titease separation occurs between weakly branched
polymerizing aluminum hydroxide (AH) and PEO. et progress of the condensation reaction
forms phase-separated two phases, that is, AH-ptlase and PEO-rich phase with the
micrometer-range heterogeneity. The growth andreggion of primary particles occurs in the
phase-separated AH-rich domain, and therefore,attdition of PEO influences on the structure in

nanometer regime as well as micrometer regime. nibeerate stability of oligomeric species allows



homogeneous condensation reaction parallel to plssgmration and successful formation of

hierarchically porous alumina gel.
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1. Introduction

Monolithic porous materials possess various benefitsing from its structural features, and
have drawn considerable attention especially irfitlds where a liquid phase reaction is involvé].

As well as the considerable mechanical strengththatmal shock resistance, these materials afford
thin wall (low concentration of solid phase) andyhiporosity compared to particle-packed bed,
resulting in very low resistance to fluid flow ahdnce low pressure drop [3]. The lower pressupe dr
allows high speed operations without requiring &ddal energy consumption. Moreover, a desirable
structure which is suitable for an intended appilicacan be flexibly designed owing to the widely
controllable porosity and pore size. In fact, maofew reports have proven that monolithic porous
materials show high reaction efficien@s a whole system when being employed in the fields
catalysis and separation [4-9].

Phase separation accompanied by sol-gel transisioone of the promising methodologies
established for monolithic porous silica [10]. Bgntrolling the miscibility between alkoxy-derived
condensates and solvent (additives are also indludsome cases), phase separation can be induced i
parallel with the sol-gel transition, which freezbe transient phase-separated structures and ggedu
various morphologies with micrometer-range hetenegg. Further progress of polycondensation
forms distinct phase-separated two phases, i.¢riofpeand fluid-rich phases, and various porous
structures in micrometer regime are obtained aéwsroval of the fluid-rich phase. The silica galgh

obtained shows high efficiency as a separationnenléor liquid chromatography [5,11]. However, it



has still been an appreciable challenge to exteadynthesis route to diverse sol-gel systems lsecau
most metal alkoxides, such as transitional metadxadles, are highly reactive and are not stablann
agueous solvent. Although the employment of chedatigents and strong acids are successful
strategies for controlling the hydrolysis and polydensation reactions, the too-high reactivity also
causes the serious problem. The problem is thtlrakkoxides in some cases are highly expensive or
commercially unavailable [12-14].

Recently, we have reported the alternative routiehwvould overcome these problems by using
metal salts as an inorganic precursor. Monoligthienina with tailored macropores can be synthesized
from aluminum chloride hexahydrate (AK¥H,O) and poly(ethylene oxide) (PEO) dissolved in an
aqueous solvent, followed by the addition of prepg@ oxide (PO) [15]. This synthesis route is
potentially applicable not only to transitional mlebxide but also to mixed metal oxides and metal
phosphates, because the mixing of multiple methlk sa readily achieved even in the case that
concentration of metal salts are relatively highActually, the synthesis of macroporous materisds w
successfully demonstrated in yttrium aluminum gafNeAls012) and dicalcium phosphate anhydrous
(CaHPQ) systems [16,17].

Despite its considerable importance, the strucfarmation process of inorganic gels in the
above-mentioned metal-salt-derived sol-gel systeassnot been demonstrated and information during
the reaction is scarce. In this contribution, ve@éhemployed an in-situ small angle X-ray scatterin
(SAXS) technique to investigate the structure fdromaprocess of alumina gel. In-situ SAXS is
suitable technique for the analysis of structumestie nanometer scale corresponding to primary
particles and aggregates in the domains undergayage separation during the reaction. Although
small angle light scattering (SALS) is also a welbwn approach for the structural evolution of
phase-separated domains, the size scale of intardss study is much smaller, and hence we adopt
situ SAXS for characterization. The better knowledf the structure formation process of alumina

gels would allow a better design of well-defined cnea and mesoporous structures with highly



controlled surface properties. Additionally, thergeption in the structure formation process in the
alumina system would give a valuable guide to otmetal-salt-derived sol-gel systems, including
transition metal oxides, mixed metal oxides, andspihates. The feasibility of the present readson
defined by the size and structure of polymerizaplecies in the early stage of the reaction, andehen
understanding of the structure formation procesparbus alumina gel provides definitive clues to

morphology control in the diverse sol-gel systenmsclv involve metal salts and additive polymers.

2. Experimental

2.1 Materials

Aluminum chloride hexahydrate (Al&B6H,O: Aldrich, 99%) was used as an aluminum source,
and a mixture of distilled water and ethanol (EtQd&ishida Chemical, 99.5%) as solvent. Propylene
oxide (PO: Aldrich> 99%) was added to initiate the condensation reactnd poly(ethylene oxide)
(PEO: Aldrich) with viscosity averaged molecularigi& (M,) of 1,000,000 was used as a polymer for
inducing phase separation. All reagents were asedceived.

2.2 Synthesis and Characterization

First, 4.32 g of AICd:6H,0 andwpeo g of PEO \pec= 0 or 0.07 g) were dissolved in a mixture
of 6.00 g of distilled HO and 2.77 g of EtOH. Then, under the ambient it@md(25 °C), 3.11 g of
propylene oxide was added. After being stirred Yomin, the resultant homogeneous solution was
injected into copper vessel with a polyimide windasegaled and kept at 40 °C for the in-situ SAXS
measurement. The SAXS measurement was carrieétoBt40B2 at SPring-8 using the incident
synchrotron X-ray with the wavelength, of 0.10 nm. Scattered X-ray was detected bynaeging
plate (IP, R-AXIS VII, Rigaku Corp., Japan) undee taccumulation time of 45 s on each measurement
point. The instrument was operated with a sampigetector distance of 1649.08 mm. After the
background was subtracted, the scattering profitese circular-averaged and plotted against the

scattering vectong, according to the following relation:



q = (4] A)sin@ ®
Where the Zis scattering angle. On the other hand, theafettte injected samples were also reacted
in a closed glass vessel for the purpose of théhegis of bulk alumina gels. After gelation, thetw
gel was aged for 24 h at 40 °C. Subsequentlywitegels were subjected to solvent exchange with
2-propanol at 60 °C. Supercritical drying was ieatrout in a custom-built autoclave (Mitsubishi
Material Techno Corp., Japan) using supercritiGabon dioxide at 80 °C and 14.0 MPa, yielding
aerogels that preserved the dimensions of the smoreling wet gel. The morphologies of synthesized
aerogels were observed with a scanning electrorosgope (SEM: JSM-6060, JEOL Ltd, Japan, with a
Pt-Pd coating). Micro-mesoporous characters ofogeds were investigated by a >N
adsorption-desorption apparatus (BELSORP-mini &, Bapan Inc., Japan). Before each measurement,

the sample was outgassed under vacuum at 200 °C.

3. Results and Discussion
Utilization of propylene oxide as a proton scavengas first reported by Itoh et al. in

silica-alumina sol-gel system, where tetraethoxysl (TEOS) and AlIGI6H,O were used as silica

source and sources, respectively [18]. Gash etfuather extended this method to the non
alkoxy-derived sol-gel systems [19]. Using stafletal salts such as metal chlorides and nitrates as
starting materials, the homogeneous gelation ggéred by the addition of epoxides and leads to the
robust and monolithic metal oxide aerogels. Epesidct as proton scavengers through protonation of
the epoxide oxygen and subsequent ring-openingioeacbrought about by the nucleophilic anionic
conjugate base, such agHor CI'[18,19]. The moderate and uniform increase intsmiupH allows

the homogeneous hydrolysis and condensation react® produce monolithic gels in various sol-gel
systems including alumina [20]. In the previoupa®, we modified the above procedure and
demonstrated the synthesis of hierarchically maar@ mesoporous alumina by the addition of PEO

[15]. When an appropriate amount of PEO is inatlde the sol-gel system, phase separation and



sol-gel transition concur, which results in thenfiation of macropores and mesotextured alumina
skeletons after the removal of the fluid-rich phaseFig. 1 shows the SEM images of
supercritically-dried gels prepared with (@eo= 0 g and (bWeeo = 0.07 g.  Without the addition of
PEO, no structure was formed in micrometer ranget [{@)], and the appearance of monolithic gel was
translucent. On the other hand, the addition o©R&duced phase separation in parallel with the
sol-gel transition, and an opaque gel with striectiar the micrometer range was obtained [part (b)].

The occurrence of phase separation is relatedeantscibility of a polymeric system, which can be

Fig. 1. Scanning electron microscope images of superalliyicried samples prepared with (@80 =
0 g and (bWpeo= 0.07 g.

estimated by the Flory-Huggins formulation [21-23]The Gibbs free energy change on mixiaAg,

can be described as follows:
AG [ RT(ﬂln@ +ﬁln¢2 +)(¢l¢2j, 2
P P>

wherey is the interaction parametap,andP; are the volume fraction and the degree of polyraéion
of component (i = 1 or 2), respectivel\R is the gas constant, afdis the temperature. Volume

fractions @ and @ are related withp + @ = 1. The former two terms in parenthesis repreten
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Fig. 2. Log-log plotted time evolution of Fig. 3. Log-log plotted time evolution of

SAXS profiles for the sample prepared with SAXS profiles for the sample prepared with
Wpeo= 0 g; (a) 208 s, (b) 508 s, (c) 808 s, (d) Weeo = 0.07 g; (a) 245 s, (b) 540 s, (c) 840 s,
1108 s, (e) 1408 s, (f) 1708 s after the additior (d) 1140 s, (e) 1440 s, (f) 1740 s after the

of propylene oxide. The intensity is addition of propylene oxide. The intensity is
arbitrarily shifted for clarity. Gelation time arbitrarily shifted for clarity. Gelation time
was 1200 s. was 1440 s.

entropic contribution, and the last term the ermicatontribution. In the present alumina system,
phase separation occurs due to the loss of mixmigp@y [15]. Namely, eitheP; or P, in eq. (2)
becomes large as a result of the homogeneous ceatd®En reaction of aluminum hydroxide (AH)
oligomers, which maked\G larger. Thus, the system phase-separates into ickHyhase and
PEO-rich phase during the condensation of hydrali@sinum species. Since the coexistent solvent is
distributed in both phases, the present alumingesysan be regard as a quasi-binary system, he., t
AH-PEO system.

Figs. 2 and 3 represent the time evolution of SAXS6files in double-logarithmic scale for
samples prepared withipeo = 0 andwpeo = 0.07 g, respectively. In the early stage of ribection, a
significant difference can be seen between the Emmprepared with and without PEO. For the
sample prepared withpeo= 0.07 g shown in Fig. 3, the scattering intenstgeply increases in the low

g range before gelation. This phenomenon is closetyated to the occurrence of



spinodal-decomposition-type phase separation. héndase of light scattering from an ideal binary
polymer mixture, the inverse scattering intendityq), can be written as follows [24]:

1, 1 _
a9,(R,q) @9,(R,,q)

1 (q) = 2X, ©)

wherey is the interaction parameter, ags{P;, q) is the Debye function. Whemapproaches zero, the

Debye function can be expanded into

9,(R,q - 0) = F?(l—%quéj (aR;; <1), @)

where, Rg; is radius of gyration of component On the other hand, second-order derivative ef th
Gibbs free energy change of mixing equals zero gpirzgodal line in a phase diagram;

0°AG
- = = 0’ 5
g ©)

Upon substituting eq. (2) into eq. (X)can be related tg andP; as

—+ = 2/Y ’ (6)
Pa Pg

Consequently, if a system is on the spinodal lstattering intensity in the loglimit can be described
from egs. (3), (4) and (6) as
imi*@=0, (7

This relation indicates that the scattering intgngi the lowq limit increases and diverges when a
system approaches and crosses the spinodal Ispeatevely. The present alumina sol-gel system can
be regarded as a quasi-binary polymeric systempdseed of polymerizing AH and PEO, and therefore
the discussion above would be also valid in thislgt Thus, the divergence of scattering intenisity
Fig. 3 before gelation signifies that the systemmsses the spinodal line and thrusts into the spinod
region in the early stage of the reaction.

In order to analyze experimentally SAXS curves,engloyed an unified equation proposed by

Beaucage and Schaefer [25,26], which was develdpedescribe scattering from objects with a
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hierarchical structure. The unified equation fo¥ hierarchical structure with multiple structuealels

is described as follows:

n

Ha)=3 (G‘ extl-aR5 13)+ B extl- 0°R3 13t (R, 1677 1of j ©)

i=1

wheren is the number of structure levelBy is the radius of gyration of thih level, P; is the
power-law exponeng; is the Guinier prefactor, arig is the prefactor specific to the type of power-law
scattering falls. As an example, let us consideiesarchical structure comprised of primary p#esc
and aggregates [27]. The number of structure |evyat two and we obtain four terms from eq. (8).
Two terms withi = 1 corresponds to the contributions from largeripled, i.e., aggregates of primary
particles, andRy; and P1 correspond to the radius of gyration and the pdesrexponent of the
aggregates, respectively. Also, the other two $emithi = 2 corresponds to the smaller particles, i.e.,
primary particles, an&;, andP, correspond to the radius of gyration and the pdawrexponent of the
primary particles, respectively. Our previous mpevealed that the supercritically-dried alumged
prepared via the present synthesis route posséssestructural levels in the phase-separated AH

domains; one corresponds to the primary partieled,the other the secondary aggregated partiaids, a

(a)508's (1=1)

Intensity /arb. units

ol 05 1T
Scattering vector, g /nm™

Fig. 4. Typical SAXS profiles (open circles) and fittingreas (solid lines) for the sample prepared
without PEO. Fitted with (ah=1 at 245 s and (b)=2 at 1708 s. The dashed lines in (b)
represent the individual contributions freal and 2 terms in eq. (8).



hencen = 2 [28]. However, it is reasonable to set 1 at the beginning of the reaction because the
secondary particles form after the reaction prosdedsome extent. In this study, we first examined
the fitting the SAXS curves with eq. (8) under ttmndition ofn = 1, and if the fitting parameters, i.e.,
Ry1 andP1, were not convergent, then we tried the fittingmi= 2. Typical SAXS profiles and fitting

curves for the sample prepared without PEO are showig. 4.
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Fig. 5. Time evolutions oRy1, Ry, andP; for the samples prepared with {@eo= 0 g and (b) 0.07 g.
Reaction time is defined as elapsed time from tiditen of PO. Symbols represent following

values, open circléRy,, open triangleRy;, closed circleP;.

Time evolutions ofRy1, Ry, and P, for the samples prepared wittbeo = 0 g and 0.07 g are
plotted in Fig. 5. The SAXS curves for the sanpepared withwpeo= 0 g could be fitted witim = 1
from the beginning of the reaction to 508 s [segsFi4(a)]. However, the fitting could not be
preformed well at > 508 s [see Figs. 4(b)] becaokdhe formation of the secondary particles.

Therefore, the fitting witn = 2 was employed for the analysis of data from @& shown in Fig. 5a.
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For the sample prepar&gec = 0.07, on the other hand, the divergence of ecgag intensity in the low
g regime prevented the fitting witih= 1 even in the early stage of reaction. Heneeparformed the
fitting with n = 2 for the total stage of reaction in this sampl@ctually, it is highly unlikely that the
secondary particles are formed just after the i@adttarts. The values & are mainlyderived from
the divergence of scattering intensity, that i€ tlalues ofRy; are not corresponding to the size of
secondary particles and not physically meaningfuthie early stage of reaction. The divergence of
scattering intensity results in the appearance aximum inRy at 300 s for the PEO-incorporated
system as observed in Fig. 5b. The appearandeeahaximum irRy was also observed in the initial
stage of reaction in alkoxy-derived silica sol-ggstem, where TEOS was utilized as silica sourck an
PEO as phase separation inducer [29]. In Figh& values oRy.at gelation point are a little smaller
than those for aerogelR{~ 3.2 nm) [28]. Additionally, the values & at the gelation point, are
2.35 and 2.34 for the samples prepared with andowtt PEO, respectively, indicating that a primary
particle has mass fractal dimension dissimilarh® ¢ase of the aerogel. Alumina aerogels prepared
via the present synthesis route possess smootacsuwith the surface fractal dimension of 4.0 [28].
These differences are presumably due to the pregoéscondensation and subsequent structural
ordering during aging and drying processes. It besn reported that at moderate temperature, a
highly acidic condition and/or a high Al concenivat are favorable for the formation of alumina sols
comprised of AJs04(OH),4(H-0)."* (denoted as Ab) [30-32]. The Als in alumina sols is well
known to transform into aluminum hydroxides andniera dense and packed structure during aging
[32,33]. Considering the high Al concentration §Al= 1.08 mol/L) and the low pH (< 3) in the
present study, the transformation fromAto aluminum hydroxide is likely to occur duringiag and
drying process, which accounts for the changeerfridctal dimensions.

It is noteworthy in Fig. 5 thathe values oRyare almost constant from the beginning of the
reaction, while the values & become large with time. For the PEO-incorporatesiesn, the copious

polymeric species, having weakly branched struaigse= 1.01,t = 245 s), are formed just after the PO

11



addition and those shape changes into more branstinecture P, = 2.06,t = 660 s). Subsequent
particles growth into further ramified structui® € 2.34,t = 1740 s) and the simultaneous aggregation
of primary particles result in the sol-gel trarmiti At the onset of the divergence of scattering
intensity, polymeric species possess weakly brahdteucture, indicating phase separation occurs
between PEO and the growing AH both of which areaeerage linear molecules in the early stage of
the reaction. With an evolution of phase sepanatfd polymeric species become concentrated in the
phase-separated AH domain, which would bring alibat progressive growth and aggregation of
primary particles with increasing branches. Thismanifested by the fact th& for the sample
prepared withwpeo = 0.07 g changes more rapidly compared to thatHersample prepared without
PEO. Based on the above discussion, the scheithagitations of the structure formation process in

PEO-incorporated system are represented in Fig. 6.

(@) Just after PO addition (b) A =1.01, t= 345 s
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Fig. 6. The schematic illustrations of the structure foloraprocess in PE@corporated systen
The dashed line shows boundary of respective pbagarated domains. (a) a copious amount of
oligomeric species are formed just after the PQtiaafgl (b) phase separation occurs between PEO
and the growing AH, (c) the growing AH become mdmanched and concentrated in the
phase-separated AH domain, (d) the simultaneoustgrand aggregation of primary particles (the
growing AH) result in the sol-gel transition.
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Fig. 7 shows the nitrogen adsorption-desorptiortheans and the corresponding pore size
distribution curves for the supercritically-drieelg prepared with and without PEO. The addition of
PEO decreases the mesopore volume as well as thepores size [28]. As discussed above, the
present system can be regarded as the quasi-tEpstem and the phase separation occurs between AH
and PEO, where the solvent is distributed in thia Iplhases. The mesopores in the alumina skeletons
are filled with solvent before being dried, andréfere, the decrease in mesopore volume indichtds t
the fraction of the solvent distributed in AH phadecreases with increasing PEO. The addition of
PEO excludes the solvent from the AH domain, legdonthe condensed Al polymeric species in AH
domain and the formation of small mesopores.

The results obtained for the PEO-incorporated systethis study reveals that phase separation

occurs in the early stage of the reaction whereptimary particle is not a rigid particle but oligeric
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Fig. 7. Nitrogen adsorption-desorption isotherms of samplepared with and without PEO. Inset
shows the corresponding pore size distribution esirecalculated by the BJH method using the
adsorption brancheSymbolso ande represent the data for the samples preparedwyith= 0 g and
Wpeo = 0.07 g, respectively.
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species. The successful demonstration of the egrgtlof porous alumina is presumably due to the
moderate stability of oligomeric species becausdribtability of oligomeric species would resultire
extensive growth of primary particles and the faiora of precipitates rather than a monolithic gel.
Thus, the inhibition of extensive growth of therpary particles is considerably important in theeoth
sol-gel systems as well. In fact, we have poirdatithe significance of size and number of primary
particles in the Ca-P-O system [17]. The presemtyssupports this fact more strongly by usingitn-s

SAXS measurements.

4. Conclusions
The structure formation process of hierarchicallyqus alumina gel has been investigated by in-situ
SAXS measurement. The measurement was perform#éteaol-gel solution containing AIEBH0,
PEO, and PO. A significant difference can be deetween the samples prepared with and without
PEO. For the PEO-incorporated sample, the divesyenh scattering intensity in the logwegime was
observed in the early stage of reaction, indicatimg spinodal-decomposition-type phase separation
occurs in the presence of PECDetailed analysis of the SAXS profiles revealed fhfzase separation
occurs between weakly branched polymerizing alumirnydroxide (AH) P, = 1.01,t = 245 s) and
PEO. The growth and aggregation of primary particlesuosdn the phase-separated AH-rich domain,
and therefore, the addition of PEO influences oe s$itructure in nanometer regime as well as
micrometer regime. The moderate stability of oligomeric species alldvesnogeneous condensation
reaction in parallel with phase separation andessfal formation of hierarchically porous alumiredsy
The inhibition of extensive growth of the primararpicles is considerably important also for the

synthesis of monolithic porous materials in oth@rgel systems from ionic precursors and epoxides.
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List of Figure Captions

Fig. 1. Scanning electron microscope images of superallgidried samples prepared with (@eo=0

g and (bwpego= 0.07 g.

Fig. 2. Log-log plotted time evolution of SAXS profilesrfthe sample prepared withbeo= 0 g; (a)
208 s, (b) 508 s, (c) 808 s, (d) 1108 s, (e) 14@B 4708 s after the addition of propylene oxidd.he

intensity is arbitrarily shifted for clarity. Geian time was 1200 s.

Fig. 3. Log-log plotted time evolution of SAXS profiles ftre sample prepared witheo= 0.07 g; (a)

17



245 s, (b) 540 s, (c) 840 s, (d) 1140 s, (e) 1440 4740 s after the addition of propylene oxidlae

intensity is arbitrarily shifted for clarity. Geian time was 1440 s.

Fig. 4. Typical SAXS profiles (open circles) and fittingreas (solid lines) for the sample prepared
without PEO. Fitted with (aj=1 at 245 s and (In)=2 at 1708 s. The dashed lines in (b) represent

the individual contributions fron¥1 and 2 terms in eq. (8).

Fig. 5. Time evolutions oRy1, Ry2, andP; for the samples prepared with (@eo= 0 g and (b) 0.07 g.
Reaction time is defined as elapsed time from tibtn of PO. Symbols represent following values,

open circleRy,, open triangleRy:, closed circleP,.

Fig. 6. The schematic illustrations of the structure foipraprocess in PEO-incorporated system. The
dashed line shows boundary of respective phasestedadomains. (a) a copious amount of
oligomeric species are formed just after the PQtiafgl (b) phase separation occurs between PEO and
the growing AH, (c) the growing AH become more lofa@d and concentrated in the phase-separated
AH domain, (d) the simultaneous growth and aggregatf primary particles (the growing AH) result

in the sol-gel transition.

Fig. 7. Nitrogen adsorption-desorption isotherms of samplepared with and without PEO. Inset
shows the corresponding pore size distribution esirecalculated by the BJH method using the
adsorption brancheSymbolso ande represent the data for the samples preparedwgith = 0 g and

wpeo = 0.07 g, respectively.
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