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A hierarchical structure of mesoporeusiacroporous phosphated aluminum (oxyhydr)oxide (PAl)
materials was prepared via a simple self-assembly process with the use of precursor als@éenum
butoxide in a mixed solution of #0, and NaHPO,. Direct phosphation resulted in the incorporation
of phosphorus into the inorganic framework of aluminum (oxyhydr)oxides by theOAIP bonds. The
X-ray diffraction (XRD) patterns revealed that, despite slight phosphorus incorporation or phosphation,
the frameworks of the as-synthesized autoclaved PAI samples remained in a crystalline phase of boehmite
AIOOH-type, and their calcined products had a phase-81,0s-type. The macroporous structures are
uniform, with sizes of 5081800 nm, and the macropore walls are composed of accessible mesopores of
a scaffold-like nanoparticle assembly. It is shown that the direct incorporation of phosphorus from a
phosphate solution of the synthesis system can stabilize the framework of meseposmusporous
aluminum oxides with high surface areas and acidic properties. The present study also demonstrated that
the surfactant (Brij 56) did not seem to have a direct role in the formation of macroporous structures, but
significantly influenced the textural properties of the resultant PAI materials. The surface areas of surfactant-
synthesized PAI exceeded 700/g) which is almost two times of that of surfactantless-synthesized
samples. The synthesized hierarchical PAI exhibited high thermal stability (at leaS€C308ossessing
surface hydroxyl groups and acid sites, which may attract much interest for practical applications, including
catalysis.

Introduction cause the collapse of mesoporous framework and the loss
of surface area, because of the facile crystallization of
alumina and the subsequent crystal growth. It is still a
challenge to synthesize mesoporous alumina with a control-
lable crystalline phase, high crystallinity, hierarchical poros-

Activated aluminum oxides are technically important
materials with a broad range of utilities not only in catalysis
(as catalyst and catalyst support), but also adsorption and
separatiort,the performances of which are, to a great extent, .

) . . . - ity, and a large surface area.
basically relying on their surface area and porosity. Organized ) i - _ )
mesoporous aluminas are thus synthesized via the utilization N Practical catalytic applications, doping with small

of supramolecular templating methods in the presence ofamounts of foreign anions or cations is often empirically
ionic or nonionic surfactants or co-polyméris, view of the observed to improve the overall performance of the catalytic

industrial demand of a narrow pore size distribution with a @lumina and supposed to act as a crystal phase and/or surface
high surface area and large pore volume. However, the €2 stab|I|ze?.Phqs_phates have been clf':um.ed to play the
amorphous and semicrystalline nature of the prepared role of support stabilizers, and als_o to modify, in a potentllally
mesoporous aluminum oxides would limit their hydrothermal Convenient way, some of the aeibase surface properties
stability and greatly compromise their usefulness in catalytic ©f the active carrie?,” although the role of the phosphate

applications$# because calcination at high temperature may SPeCies, either as a support stabilizer or as a chemical
promoter, is still not totally known. It has been shown that,
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over, the introduction of small amounts of POions has the regularly arrayed macropores. Initial work suggested that
been determined to enhance the surface acidity property ofthe single surfactant would direct the formation of inorganic
alumina remarkably? leading to the improved catalytic phases with multidimensional pore systef¥:2'However,
activities of the resultant phosphated alumina catalysts in other experiments revealed that the similar macroporous
several acid-catalyzed reactions. structures could be spontaneously formed in the absence of
The conventional method to introduce the phosphoric ions @ surfactant?-2> Although the formation mechanism of such
is post-treatment (wet impregnation) with phosphate com- hierarchical macroporous structures is not totally understood,
pounds, e.g., (NEHPQy, (NH,)H:PQ,, and HPQ;, in which their practical applications in catalysis have been emef§ing.
HsPO, has been observed to be an excellent candidate to Thus, it is significant to develop one facile and effective
improve the thermal stability and acidity of mesoporous method to synthesize phosphated aluminum oxide-based
materials greatly® 1?2 The P-OH bond in HPQ, can react materials with controlled multiscale porosity. Herein, we
with the uncondensed surface hydroxyl groups of the report the self-formation of phosphated nanocrystalline
mesoporous materials, leading to complete cross-linking. aluminum (oxyhydr)oxide materials with a uniform macro-
Furthermore, BPQ, can be polymerized to polyphosphoric  porous system with mesoporous walls. The effects of phos-
acid with a network structure at high temperatures. This phates on mesoporotsacroporous aluminum oxides,
network structure, which is tightly attached to the surface from the point of view of the structural, morphological, and
of mesoporous materials, can effectively resist the shrinkagesurface chemical features, and the influence of the surfactant
of pore channels during thermal or hydrothermal treatrent. on the formation of the hierarchical porous structures were
However, to the best of our knowledge, there is no report examined.
on the synthesis of phosphated mesoporous aluminum
(oxyhydr)oxides by directly incorporating phosphorus from Experimental Section
phosphate compounds in the synthesis systems of meso-

porous materials. o . .
. . . further purification. In a typical synthesis procedure for phosphated

_Recen_t interest is being devoted to the deve_lopment of aluminum (oxyhydr)oxides (designated as PAl), 6 or 12 mL of-Na
hierarchically ordered porous structures at multiple length ypq, solution (0.1 mol/L) was mixed in 55 mL of adAO, aqueous
scalesi®'*because hierarchical materials with different pore solution (pH 2) to form a buffer solution in the presence or absence
sizes integrated in one body can be expected to combineof 6.67 g (0.01 mol) surfactant Brij 56 (gH33(OCH,CH,),OH, n
reduced resistance to diffusion and high surface areas fora 10, Aldrich) at 40°C under stirring, followed by the addition of
yielding improved overall reaction and adsorption/separation aluminumsecbutoxide (Fluka, 5.0 g) with phosphate/aluminum
performances and can be extended to biological applicationsmolar ratio of 1:2 or 2:2 (the resulted samples were denoted as
Very recently, bimodal macroporotisnesoporous aluminum  P1Al2 or PAI, respectively). A buffer solution is used to stabilize
oxide material$16 have been prepared in the presence of the pH value and av0|q a sudden change |n_pH vall_Je that WOL_JId
one single surfactant without needing the secondary template§’e d#e fo the hﬁdm'ysfﬁand pﬁly?ndens‘fﬂ'on@dﬁrmg the entire
such as colloid crystals*® or emulsion/vesicle droplets?® synthesis procedure. After a further stirrind at room

for the f - f . heati temperature, the obtained mixture was separated into two parts:
or the formation of macropores. Microwave heating was one was transferred into a Teflon-lined autoclave and heated

also used to produce hierarchically mesoporauacroporous  staically in an oven at 86C for 24 h, and another was directly
crystalline aluminum (oxyhydr)oxides of good quality with filtered, washed with water, and dried at 80 for comparison.
high surface areas and large pore voluitd@he synthesized  The autoclaved products were then calcined at SDdor 4 h to
aluminum (oxyhydr)oxide particles have parallel arrays of remove the occupied organic species and further calcined at 650
channel-like macropores that are interconnected with meso-or 800°C for 1 h toinvestigate their thermal stabilities. The resultant
pores, which are of considerable interest for their potential samples were denoted as PAIl-d and PAI-h for the as-synthesized
applications in catalysis and separation processes, becausgonautoclaved and autoclaved products, respectively, and PAI-c500,

of the enhanced access to the mesopores, as provided b Al-c650, and PAI-c800 for the calcined products of PAI-h at 500,
' 50, and 800C, respectively.
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3653-3658. N, adsorption and desorption isotherms were obtained on a
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Figure 1. Wide-angle X-ray diffraction (XRD) patterns of the PAl samples synthesized in the absence of Brij 56AlaiP(b) RAl»-h, (c) RAI»-c500,
(d) PLAI-c650, (€) RAI-c800, (f) RAI>-d, (g) PAl-h, (h) PAI>-c500, (i) RAI>-c650, and (j) RAI»-c800.

distribution was obtained from the ,Nadsorption branch of Results and Discussion
isotherms, using the Barretjoyner-Halenda (BJH) method, as ) ] )
commonly suggestett:16 X-ray Diffraction. Both the wide-angle and low-angle

Scanning electron microscopy (SEM) and transmission electron powder XRD patterns were measured to_determlne th? crystal
microscopy (TEM) analyses were conducted with a Philips XL-20 and structural phases of the as-s_ynthe5|zed and calcined PAI
system at 15 keV and a Philips TECNAI-10 system at 100 kv, Samples. Figure 1 shows the wide-angle XRD patterns of
respectively. The specimens for TEM observation were prepared the PAl samples synthesized in the absence of a surfactant.
using epoxy-resin-imbedded microsectioning and mounting on a The samples synthesized in the presence of a surfactant
copper grid. Thermogravimetry (TG) analysis was performed in a presented similar patterns. The nonautoclaved samptes P
dry flowing air on a SETARAM TG-DSC 111 thermoanalyzer at Al,-d and BAl,-d are almost amorphous, although their
a heating rate of 2C/min using alumina as the reference. diffractions seem to be similar to that of the boehmite phase.

Solid-state?’Al and 3P magic angle spinning (MAS) nuclear The autoclaved samples/At.-h and BAl-h exhibited good
magnetic resonance (NMR) spectra were recorded on a Brukerdiffraction lines that were assignable to the boehmite phase
model MSL-400 spectrometer operating at resonance frequenciesAlOOH (JCPDS Card No. 21-1307), which was consistent
of 104.3 and 161.9 MHz, and 145 (6 = #/12) and 2.5us (0 = with the surfactant-directed (macroporeysiesoporous
7/6) pulses with repetition times of 0.2 and 10 s, respectively. materials resulting from the assembly of AIOOH nanopar-
Chemical shifts were referenced to [A{BI)]*" for #Al and to  tjcles316 The weak and broad diffraction peaks indicate that
HsPO, (85%) for *1P. the samples were composed of small crystals with a

X-ray photoelectron spectroscopy (XPS) measurements werenanometer-scale crystalline size and/or relatively low crystal-
realized on a HewlettPackard model 5950A spectrometer that was |inity, and the calculation by the Scherrer equation, despite
equipped with a monochromatic Al & source (1486.6 eV). s accuracy, revealed crystalline grain sizes of-28L nm.
Charging effects were neutralized using a flood gun typically afier calcination at 500°C, the boehmite structure disap-
operated at 2 eV. The take-off angle analysis, relative to the surface,peared and one broadened diffractogram was presented that
was 52. All the spectra s_howed_ a small shift due to charging and could correspond to the-structure of alumina (ADs) (see
were therefore calibrated in relation to the @eak of contamination . L

d panels ¢ and h of Figure 1). Furthermore, calcination at

(285.0 eV). The photoemission peaks were fitted with mixe hiah 80C. did he hiah
Gaussiar-Lorentzian functions using a home-developed (LISE) igher temperature, even » did not cause the higher

least-squares curve-fitting program (Winspec). Both linear and degree of crystallization of the resultant PAI samples (see

Shirley backgrounds were used, depending on the shape of spectra@@neéls e and j of Figure 1), and no detectable AJROIk

The surface atomic composition was calculated by the integration Phase was found in all cases. It is reported thatyti#e ,Os

of the peak areas on the basis of the Scofield’s sensitivity factors. phase is formed upon the dehydration of the aluminum
Fourier transform infrared (FT-IR) spectroscopy was performed ©XyNydroxide boehmite at temperatures in the range 0400

with a Perkin-Elmer Spectrum 2000 spectrometer. The KBr pellet /00 °C.?” Moreover, the diffraction peaks of our previous

technique was used for the framework vibration characterization. 'eported mesoporotusnacroporousy-Al,O; (the calcined

For the study of the surface acidity, a self-supported wafer of sample product of mesoporousmacroporous boehmite AIOOH at

(10—20 mg) was evacuated in situ (£0Torr) at 450°C for 3 h, 400-500 °C)*® are quite stronger than those of the present
followed by adsorption of Nklat room temperature for 15 min,
and desorption at different temperatures (2800°C) for 15 min, (27) Misra, C.Industrial Alumina Chemica)sACS Monograph 184;

respectively. American Chemical Society: Washington, DC, 1986.
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a hysteresis loop of type H2 (Figure 3), which is indicative
b of mesoporosity, good pore connectivity, and the presence
of pores with narrow mouths (ink-bottle poré8)lso, one
B single narrow peak centered at 44.5 nm was observed in
| e, their corresponding pore size distribution curves (determined
| Wi st PoAL,=C500 by the BJH method from the adsorption branch of the
| R ' i isotherms). This porosity should be as a result of the
\ it I g Ao P_Al-h organized aggregation of alumina nanoparticles that was the
' S hydrolysis product of aluminum alkoxide. It is noted that
l\WPﬂQ-d the isotherms of these PAI-d samples presented a strong
uptake at very high relative pressui@/®, > 0.9), which
WWWMWWEIAlz'CSOO could suggest an appreciable amount of secondary porosity
Mgy of very large pores (macropores). Nevertheless, their BET
o '»'h‘”\"‘i\.-.u surface areas are relative low (189/gifor PAl.-d and 223
M U i i P AL m?/g for PAl-d).
However, the surfactant-synthesized PAI-h samples show
A L L R B adsorption-desorption isotherms that have a very strong
increase of nitrogen-adsorbed volumePR#P, higher than
26 (degree) 0.85, and their corresponding pore size distributions present
Figure 2. Low-angle XRD'_patterns of the PAl samples synthesized in the one broad peak in the range of85 nm, besides one narrow
presence of surfactant Brij 56. peak at~3 nm. Moreover, very high surface areas and large
pore volumes are obtained (73Z2/mand 3.4 crilg for P;-
I-h, and 643 rfig and 2.7 crilg for PAl-h, respectively).
his is really different with the pure AIOOH mesoporeus
macroporous structures synthesized with the same surfac-
tant!® indicating the effect of phosphation on the structural
and textural properties of the hierarchical aluminum oxides.

Intensity (a.u.)

PAl samples that were calcined at 56800 °C. This may
suggest that the phosphation of alumina prevents nanocryst
growth during high-temperature calcination.
Surfactant-templated mesoporous materials are normally
supposed to show one or more diffraction peaks at low-angle

range. Thus, the low-angle XRD patterns of the PAI samples Calcination of these PAI-h samples leads to a decrease in

synthesized in the presence of surfactant Brij 56 were ,, . ; . .
A their surface areas and the broadening of their pore size
measured, and the results are presented in Figure 2. The,. . . .
. distributions (Table 1), and the surface areas decrease and
nonautoclaved samples PAI-d, regardless of the P/Al ratios . S . .
. : ; . e ) pore size distributions broaden with the increase of the
in their synthesis gel, did not exhibit any low-angle diffrac- calcination temperature. Interestingly, very high surface areas
tion peaks in the 2 range of 2—10°, whereas the autoclaved P ) gy, very g

e . (>359 nt/g) can still be obtained after calcination at 800
s?mpoles PAL-h displayed one br.oad peak in thedhge of . °C, indicating the high thermal stability of these surfactant-
2°—5°, Such very broad diffractions were also observed in

the autoclaved and 50C-calcined samples PAI-c500, but synthesized PAI samples. It i.s particglarly noteworthy that
with very low intensity. These low-angle diffractions,may the present phosphated aIummulmErEoEmde samples (P.Al'h and
result more from the packing of regularly sized alumina ;’?I;:??hognh?ﬁfszug;afheear?:\iéusl feﬁé?t)ezugséggtlif”gus
nanoparticles than from the so-called surfactant-templated g > P uSly TEport b
mesostructure® No narrow peaks in the 2 range of macroporous pllJGre aluminum oxide (boehmite aradumina,
1°—3°, that is characteristic of an ordered mesostructure, 380_43_5 /). ] )
were observed in the synthesized PAI samples; therefore, it The isotherms of the PAI samples synthesized in the
is believed that there is no long-range order of mesopores@bsence of a surfactant, regardless of whether the synthesis
in these PAI materials, although we cannot exclude the occurred before and after calcination, are all type IV with a
possibility of the peaks at ag2angle of<1.3°, because of ~ hysteresis loop of H2 type (Figure 4), which are similar with
the limit of our diffractometer. Nevertheless, in regard to Surfactant-synthesized PAI-d, and previously reported pure
the PAI samples synthesized in the absence of a surfactantC'ystalline mesoporousmacroporous aluminum oxidés.
no low-angle diffractions were observed in all samples. ~ 1he PAl-h samples show narrower pore size distributions
Nitrogen Adsorption Analysis. The nitrogen adsorption ~ (centered 2.42.7 nm) than the PAI-d samples (4-3.0 nm).
desorption isotherms, and the corresponding pore sizeAfter calcination at 500°C, the pore sizes of PAI-h were
distributions, of the PAI samples synthesized in the presence€nlarged to 3.63.7 nm, which were further enlarged with
and absence of a surfactant are shown in Figures 3 and 4NCreasing calcination temperature, accompanying the broad-
and in the Supporting Information; their textural properties €ning of the pore size distributions. The BET surface areas
are listed in Table 1. An identical evolution was revealed as Of PAl-h are higher than those of PAl-d, and decrease with
a function of different treatment for both the/A?, and B- the increase of calcination temperature, as similar as the case

Al, series. The isotherms of the PAI-d samples synthesized©f the surfactant-synthesized PAI samples. However, the
in the presence of a surfactant are of classical type IV with surface areas of these nonsurfactant-synthesized PAI-h and

(28) Vantomme, A.; Yuan, Z. Y.; Su, B. INew J. Chen2004 28, 1083 (29) Gregg, S. J.; Sing, K. S. WAdsorption, Surface Area and Porosity
1085. Academic Press: London, 1997; pp H1194.
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Figure 3. (left) N, adsorptior-desorption isotherms and (right) the corresponding pore size distribution curves ofAthes®@mples synthesized in the
presence of Brij 56: (a) #Al.-d, (b) RAl2-h, (¢) RAI»-c500, (d) RAI,-c650, and (e) FAl,-c800. Inset is the re-scaled adsorptiatesorption isotherms of
the plots for data set a. The volume adsorbed was shifted by 600, 1600, 2600 anddiberdlue was shifted by 0.065, 0.15, and 0.25 for the curves of
data sets €e, respectively.
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Figure 4. (left) N, adsorptior-desorption isotherms and (right) the corresponding pore size distribution curves ofAthesBmples synthesized in the
absence of Brij 56: (a)#Al,-d, (b) RAl,-h, (c) RAI,-c500, (d) RAI>-c650, and (e) Al-c800. The volume adsorbed was shifted by 60, 170, 350, and 500
and the &/dD value was shifted by 0.025, 0.07, 0.115, 0.15 for the curves of data setsréspectively.

their calcination products are lower than those of surfactant- m?g can still be seen in the nonsurfactant-synthesized PAI-
synthesized PAl samples, although the surface areas of PAI-dc800 samples. This indicates that the autoclaving synthesis
are slight higher than those of surfactant-synthesized sampleswith a surfactant could efficiently result in the improvement
probably because of the surfactant occupation in the surfacef surface areas and pore volumes of the resultant PAI
of surfactant-synthesized PAI-d. High surface areas20 samples, as well as their thermal stability.
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Table 1. Textural Properties of the Synthesized PAI Samples

Average Pore Diameter, from BJH Analysis (nm)

BET surface area, nitrogen pore volume, DgJH-add adsorption, desorption,
sample SseT (mzlg) Vpord® (Cﬁ?’/g) (nm) Day-ads Day—des
Synthesized without Surfactant
P:Al>-d 270 0.50 4.3 4.4 3.9
PiAl2-h 367 0.46 2.7 4.0 3.6
P1Al>-c500 349 0.59 3.7 4.7 4.2
P1Al -c650 273 0.57 7.1 6.8 5.8
P1Al-c800 235 0.52 8.2 7.3 6.4
PAl >-d 276 0.44 5.0 4.9 4.3
P,Al2-h 377 0.44 2.4 3.7 3.5
P,Al -c500 361 0.58 3.6 4.4 4.0
P,Al -c650 265 0.49 6.7 6.1 5.2
P2Al2-c800 207 0.47 9.0 7.6 6.1
Synthesized with Surfactant

P:Al-d 189 0.47 4.1 5.3 4.3
P1Al2-h 732 341 3.0,16.8 145 8.3
P1Al2-c500 659 3.73 22.6 17.0 9.1
P1Al2-c650 473 291 24.0 20.5 18.6
P1Al>-c800 392 2.60 30.1 22.7 19.9
PAl>-d 223 0.55 4.5 5.3 4.4
P2Al2-h 643 2.65 29,194 13.2 8.1
P,Al -c500 495 2.61 23.0 16.1 9.2
PAl »-c650 375 2.30 245 20.8 17.9
P>Al »-c800 360 2.37 30.2 22,6 19.4
Al-hd 381 0.68 3.0 55 55
Al-c500¢ 424 1.01 8.8 7.3 6.3
Al-c650¢ 285 0.78 11.2 8.6 7.6
Al-c800¢ 234 0.75 12.2 9.9 8.4

a At P/Pg = 0.993.° Maximum of BJH pore diameter distribution as determined from the adsorption braBdhl average pore diameter (4V/A)Pure
aluminum oxide has been reported in ref 16; as-synthesized Al-h is boehmite, ari@-®@fcined Al-c500 is/-alumina.

Scanning and Transmission Electron MicroscopyFig- The well-defined macroporous structures were further
ure 5 shows the representative scanning electron microscopyconfirmed using the TEM images of the microtomed
(SEM) images of the PAI samples synthesized with or specimens. Figure 6 shows the TEM images of surfactant-
without surfactant, revealing a uniform macroporous structure synthesized fAl,-d, P,Al,-h, and RAI,-c500 samples, being
in all the samples, autoclaved or nonautoclaved, synthesizedaken as representative. The wall thickness between the
with or without surfactant, before or after calcination. The macropores with circular openingsigt00—1000 nm. High-
macropores are channel-like with sizes in the range 0f500 magnification TEM images make it obvious that the macropore
1800 nm. The macrochannels are mainly of one-dimensionalwalls of the nonautoclaved PAI-d specimens have a disor-
orientation, parallel to each other, perforative through almost dered wormhole-like mesopore structure formed by the
the entire particle, which could be clearly seen from the side agglomeration of granular nanoparticles, lacking discernible
view of the samples (panels c and d of Figure 5). This is long-range order in the pore arrangement among the nano-
consistent with those observed in mesoporauacroporous  particles (see Figure 6¢). Although the macroporous frame-
boehmite AIOOH and/-Al O3 synthesized in the presence works of both the autoclaved PAI-h and its calcination
of a surfactant® Moreover, careful examination of these products are all composed of sheetlike or fibrous nanopar-
SEM micrographs reveals that the walls of the macroporesticles of PAI with a scaffold-like array of hierarchical
are composed of small interconnected PAI granular particles.ordering, and the scaffold-like aggregation and intergrowth
The fine particulate morphology indicates that the meso- of the nanofibers/nanosheets create the accessible meso-
porosity is probably partially due to the intraparticle porosity porous structures (see panels f and i of Figure 6), which are
and partially due to the interparticle porostfyBecause no  in agreement with those of the reported mesoporous
long-range ordered mesostructures are revealed by XRD, themacroporous pure boehmite AIOOH apehluminat® This
mesoporosity observed fromplddsorption analysis is mainly  difference in the macroporous frameworks is consistent with
due to the interparticle porosity. the crystalline phases observed in the XRD patterns (PAI-d

The channel-like macroporous structures can be mostly IS @morphous, and PAI-h and PAI-c are crystalline). Itis also
preserved after calcination at elevated temperatures<(500 indicated that the topochemical transformation of macro-
800 °C). The surfaces of the sample particles became Structured-mesostructured boehmite jealumina did not
smoother after calcination (see panels f and g of Figure 5), "esult in the macro-mesostructural change upon such high-
bceause of the sintering and solidification of the macroporous {emperature treatment, as revealed by the retainability of the
framework and the boehmite-toalumina phase transition ~ Scaffold-like mesostructure and well-defined macroporous
during the high-temperature treatment. Furthermore, thereStructure in the calcined products of PAI-h.
is almost no evident shrinkage of macropore sizes observed X-ray Photoelectron SpectroscopyThe surface stoichi-
in the calcined PAI samples. ometry characterization was performed by XPS. Figure 7
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Figure 5. Scanning electron microscopy (SEM) images of the PAI samples synthesized in the presence of Brij 58l {{d) ®, c) RAl.-h, (d) RAIl-d,
and (e) BAI-h), and the samples synthesized in the absence of Brij56 {f);#500 and (g) FAl>-c500).

shows the high-resolution XPS spectra of Al 2p, P 2p, and heat treatment. The surface atomic compositions of the PAI
O 1s, taken on the surface of theAP,-h and RAI-c500 samples are summarized in Table 2. Only a small change is
samples synthesized in the presence of a surfactant, whiclobserved in the surface atomic compositions of the synthe-
is taken as being representative. The binding energy of Al sized samples before and after calcination, in which the
2p and O 1s is~74.3 eV and~531.8 eV, respectively, = measured carbon component and the excess oxygen are from
corresponding to characteristic regions of aluminum offde. the surface-absorbed organic contaminant and the surface
The P 2p binding energy of,RI,-h is observed at 133.6 absorbed water, respectively. The Al/P ratios of the PAI
eV, which is characteristic of*P,3%32and this signal shifts =~ samples are in the range of-83, regardless of whether the
to 134.1 eV after 500C calcination of the sample. The broad P/Al molar ratio of the initial gel was 1:2 or 2:2, which
O 1s line might be fitted by three components, situated at indicates stable phosphation by a similar quantity of phos-
the binding energies of 530:80.1, 532.14- 0.1, and 533.6  phorus. This may be the effect of a buffer solution. Except
+ 0.1 eV with contributions of 35%, 52%, and 13% for P for the surfactantless-synthesizegAR sample, the Al/P
Al,-h, and 49%, 37%, and 14% foiM ,-c500, respectively. ratios of the PAI-h and PAI-c500 samples are higher than
The peaks at 530.8 and 533.6 eV may correspond to oxygenthat of PAI-d.
combined with aluminum and carbon, respectivéland Solid-State NMR SpectroscopyThe local structure and
main component of 532.1 eV may be the co-contribution of environments in these samples were investigated by the
P—O bands and hydroxyl groups. The quantity of-A&b solid-state MAS NMR technique, and the result&Al and
increased after calcination, and the total quantity efCP 31P MAS NMR spectra are shown in Figures 8 and 9,
and OH decreased, which is the result of dehydration during respectively. Data concerning the spectra are summarized
in Table 2. In regard to theiRl, samples synthesized in
(30) Fundamental XPS Data from Pure Elements, Pure Oxides, and the presence of a surfactant, tHal NMR spectrum of a
Chemical Compounds, http://www.xpsdata.com/fundxps.pdf. nonautoclaved fAl,-d sample shows one broad peak-at
(31) Moulder, J. F.; Stickle, P. E.; Sobol, P. E.; Bomben, KHandbook ppm, whereas the autoclaveg®¥P,-h gives one strong peak

of X-ray Photoelectron Spectroscofyerkin—-Elmer: Eden Prairie, -
MN, 1992. at 7 ppm, with two shoulder peaks at 0 and4 ppm, and
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Figure 6. Cross-sectional transmission electron microscopy (TEM) images of the PAlI samples synthesized in the presence of Brij 56, presented in different
magnifications: (a, b, c) Rl>-d, (d, e, f) RAl>-h, and (g, h, i) PAI>-c500.

its 500 °C-calcined product fAl,-c500 presents one broad signals of AI(OP)(OH,), sites at the chemical shift between
peak at~67 ppm and one very weak peak aB3 ppm, —9.5 and—12 ppm38 The BAI, samples synthesized in the
besides the main peak at 6 ppm (see Figure 8). The mainpresence of surfactant exhibit tA&l signals with higher
peak of 6-7 ppm can be assigned to a six-coordinated Al intensity than PAl, samples. However, the reverse case is
species, and the broad peak at 67 ppm is attributed to four-observed in the samples synthesized in the absence of a
coordinated Al, which are similar to the spectra of pure surfactant, i.e., higher intensity of tRéAl signals in RAI,
mesoporous macroporous boehmite apdaluminat®3¥The samples, where the spectrum gfAR-c500 is exceptional.
weak peak of 33 ppm is normally attributed to five- All calcined samples present the tetrahedrally coordinated
coordinated AP2 although signals in the range of 388 Al species, which suggests the further cross-linking and
ppm were reported as characteristic of tetrahedral aluminumcondensation of the frameworks during the calcination
surrounded by four PQgroups in microporous AlIPO process, which is in agreement with the structural phase
materials’*3°The shoulder peaks of 0 anell4 ppm can be  transformation from boehmite tp-alumina observed by
assigned to octahedral species with water and phosphate ion¥RD in the calcined products.

in different environment2%¢Previous work has shown that The RAl,-d sample synthesized in the presence of a
the chemical shift of six-coordinated Al ChangeS almost surfactant presents two over|app€ﬂ NMR peaks’ at6
linearly with the number of phosphate groups in its coordi- and—10 ppm, and BAl.-h shows one strong peak a#.5
nated shell, starting from 0 for Al(#®)s*" and reaching-18 ppm, whereas fAl,-c500 gives a spectrum similar to that
ppm for aluminum metaphosphate, where aluminum is of pP,Al,-d but with lower intensity (see Figure 9). TR#®
coordinated to six POgroups?’ Rocha et al. observed the  NMR spectra of the surfactant-synthesizedlR-d and B-
Al-c500 are also similar, although the signal intensity of

(32) Yuan, Z.Y.; Ren, T. Z.; Azioune, A.; Pireaux, J. J.; Su, BCatal. the latter is significantly low. However, the surfactant-
Today2005 105 647—654. synthesized fAl,-h exhibits one peak at3.5 ppm, with
(33) Yuan, Z.Y.;Ren, T. Z,; Vantomme, A.; Su, B. Chem. Mater2004 Yy 2 p -2 ppm,
16, 5096-5106. two shoulders at 3 ane11 ppm. Although the surfactantless-
(34) Muller, D.; Jahn, E.; Ladwig, G.; HaubenreisserChem. Phys. Lett.
1984 109, 332.
(35) Mortlock, R. F.; Bell, A. T.; Radke, C. J. Phys. Chem1993 97, (37) Moudrakovski, I. L.; Schmachlova, V. P.; Katsarenko, N. S.; Mastikhin,
775-785. V. M. J. Phys. Chem. Solids987, 47, 335.
(36) Sayari, A.; Moudrakovski, |.; Reddy, J. Shem. Mater.1996 8, (38) Rocha, J.; Kolodziejski, W.; He, H.; Klinowski, J. Am. Chem. Soc.

2080-2088. 1992 114, 4884.
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Figure 7. High-resolution X-ray photoelectron spectroscopy (XPS) spectra of the Al 2p, P 2p, and O 1s regions, taken on the surfAtgeh ah@
P1Al-c500 samples synthesized in the presence of a surfactant.

synthesized FAl, and BAl, samples show?'P signals
between—4 and —12 ppm that are similar to those of

high magnetic fields, depending on the number of Al atoms
that are bonded to PQinits3® and the3'P NMR peak at 3

surfactant-synthesized samples, it is interesting that the peako 5 ppm is assigned to an isolated R@it (PO, HPQ?™,
intensity increased after calcination, which is contrary to the
case of the surfactant-synthesized samples. It has beensg) \oriock, R. F.: Bell, A. T.; Radke, C. 3. Phys. Chem1993 97

reported that the chemical shifts of P atoms change toward

767-774.
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Table 2. Surface Atomic Compositions Determined by XPS, and’Al and 3P NMR Chemical Shifts of the Synthesized PAI Samples

Compositioft (%) Chemical Shift (ppm)
sample e} Al P C Al/P ratio 2ip[b s1ip
Synthesized with Surfactant
PiAl>-d 33.70 10.38 1.09 54.84 9.56 7 —6,—10
P1Al2-h 50.47 17.76 1.77 30.00 10.05 7,014 —4.5
P1Al2-c500 45.40 18.85 1.77 33.98 10.67 67, (33),6 -5,—-11
PAl -d 44.50 14.23 1.89 39.39 7.55 6,014 -7
PoAl2-h 50.74 17.46 1.78 30.02 9.79 7 33.5,—-11
P,Al,-c500 39.04 14.18 1.25 45.53 11.36 67, (33),6 —6.3
Synthesized without Surfactant

P1Al>-d 59.98 21.91 1.65 16.46 13.30 67, 35,6 -7
P1Al>-h 49.74 16.63 1.27 32.36 13.06 6 -5,—-11
P1Al-c500 33.31 10.77 0.99 54.92 10.85 67, (33),6 —-11
PoAl >-d 57.62 20.82 2.53 19.03 8.22 (33), 6/113.7 —-6,—11
PoAl>-h 51.59 18.48 1.66 28.27 11.10 7 —4.3
P,Al -c500 44.08 16.98 157 37.36 10.81 65, (33), 6;14 -11.8

aBased on XPS line areas of the O 1s, Al 2p, P 2p, and C 1s pedks values in parentheses are the chemical shifts of the very weak signals.

surfactant-synthesized

T T T T 1
150 100 50 0] -50 -100
S (ppm)

surfactantless-synthesized

B * (b)

a

1(|}0 50 0 S50 A1 ;)0
3 (ppm)

I
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Figure 8. 27Al magic angle spinning nuclear magnetic resonance (MAS NMR) spectra of the PAI samples synthesized in the presence (left) and absence
(right) of a surfactant: fAl>-d (spectrum a), fAlo-h (spectrum b), FAl>-c500 (spectrum c), 4Al>-d (spectrum d), FAl>-h (spectrum e), and,RI-c500

(spectrum f). The asterisk symbol (*) indicates spinning sidebands.

H.PQO,~, or HsPQy), the peak at-3.5 to—5.5 ppm is assigned
to P nuclei in acid dimers (§,0g and HP.O; ) bonded to
one Al atom, the peak at8.5 to —11 ppm is assigned to
H,PO,~ ions bonded to one Al atom, the peak-all to
—13 ppm is assigned todRO, molecules bonded to one Al
atom, and the peak at15 to —22 ppm is assigned to P
nuclei bridging two Al monomer&.3° Thus, the’'P signals
at —4 to —7 ppm in our PAI samples can be attributed to
polymeric P ligands bonded with one Al atom of the sample
surface, e.g., [Al(HO)s(H:POy) ]™ (wheren = 2 andm is
undetermined) or [Al(EO)4(H.PQy)2] ™, and the peaks at11

to —12 ppm are attributed to P nuclei in [AlgB)s(H-PQOy)]2*
and/or [Al(HO)s(HsPOy)]3". The shoulder peak at 3 ppm
observed in surfactant-synthesizeghR-h is attributed to
isolated PQ(OH), groups“® forming the surface layers of
the surfactant-phosphoric acid compféxyhich disappeared

in the calcined product. Compared with the spectra of PAI-h
samples and their calcined products PAI-c500 3tRepeaks
shift toward higher magnetic field after calcination, indicating
that the calcination process promotes the further condensation
of the frameworks.

Fourier Transform Infrared Spectroscopy. The FT-IR
spectra of the KBr-supported phosphated samples/Albm
and RAI,-c500 synthesized in the presence and absence of
a surfactant are shown in Figure 10. The spectra of the
surfactant-synthesized samples are similar to the surfactant-
less-synthesized samples. The absorption bands at 3430 and
1630 cm?, possessed by all the samples, correspond to the
specificity of water molecules adsorbed on OH groups and
bending vibrations of these surface-adsorbed water mol-

(40) Hartman, P.; Vogel, J.; Schnabel,BMagn. Resorll994 111, 110.
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Figure 9. 3P MAS NMR spectra of the PAI samples synthesized in the presence (left) and absence (right) of a surfaétait:(fpectrum a), Alx-h

(spectrum b), FAlI>-c500 (spectrum c),4Al,-d (spectrum d), JAl>-h (spectrum e), and,RI,-c500 (spectrum f). The asterisk symbol (*) indicates spinning
sidebands.

present two strong adsorption bands, at 620 and 490,cm
as well as a small band at 890 chand a shoulder band at
~730 cnt!. The bands at 620 and 490 chare assigned to
the Al—0O vibrations of boehmite AIOOH*4which trans-
formed to one unsplit and broad band centered at 59¢,cm
which is characteristic of pure-Al,Os, after a calcination
of the samples. The small band at 890¢émay be due to
the AlI-O—Al and/or AlI-O—P vibrations, which intensity
increased in the calcined samples. The shoulder bands at
~730 cnt?, which correspond to PO—P deformation
vibrations?# are not observed in the IR spectra of calcined
samples.

Absorbance (a.u.)

To get insight into the surface structure and acidity of the
synthesized PAI samples, the-HR spectra in vacuo of the
S — materials were taken at room temperature after outgassing
4000 3500 3000 2500 2000 1500 1000 500 at the temperature of 400C over 3 h, following the
Wavenumber (cm'1) adsorption of ammonia molecules at room temperature and

. . o
Figure 10. Fourier transform infrared (FT-IR) spectra ofAP.-h and R- desorption at VaI’IOU.S temperatures from .ZEQI)'[O 300°C;
Al-c500 synthesized in the absence of surfactant (spectra a and b,these are shown in Figure 11 (a series of surfactant-

respectively), and Al>-h and RAI2>-c500 synthesized in the presence of a synthesized fAl, samples are only taken as being repre-
surfactant (spectra ¢ and d, respectively). .

sentative). The spectrum of the outgassadlf sample
ecules, respectivel{t. The weak shoulder bands a£3110 POSSESSES 10ne :_albsorption band "_"t 3670 evith a shoulder
cmLin the spectra of the;RI-h samples could be attributed 2t 3735 ¢, which has been assigned to the surfac€©pi
to the organic species adsorbed in the samples, whichand A-OH groups respectivelff, superimposed on one
disappeared after calcination at 5UD. The bands at 1110 broad band at~3580 cnt! corresponding to hydrogen-
1070 cm?! are due to PO bond vibrationd? which
broadened in the calcined samples. Th&lIRh samples also  (43) gllﬁsic, S.; Dragcevic, D.; Popovic, $later. Lett. 1999 40, 269—

(44) Geiculescu, A. C.; Strange, T. Fhin Solid Films2003 426, 160—

(41) Ren, T.-Z.; Yuan, Z.-Y.; Su, B.-IChem. Phys. Let2003 374, 170— 171.

175. (45) Busca, G.; Lorenzelli, V.; Galli, P.; Ginestra, A. L.; Patrono,JP.
(42) Steger, E.; Schmidt, \Ber. BunserGes. Phys. Chenl964 68, Chem. Soc., Faraday Trans.1P87, 83, 853.

102.

(46) Peri, J. BDiscuss Faraday Sod.971 52, 55-65.
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the interparticle surface of the sample or reside the channels)
and the desorption and even partial decomposition of the
adsorbed organic species originated from the alkoxide
hydrolysis, and the third weight loss (1), which is super-
imposed with a fourth weight loss (1V), with a total weight
loss of 27.1%, between 200 and 500, attributed to the
decomposition of the surfactant, and to the dehydration of
AIOOH to Al,05,274950 respectively. However, only two
evident weight losses of the surfactantless-synthesized P
Al-h can be detected: the weight loss (1) of ca. 14% below
200 °C, which is due to the desorption of water, and the
weight loss (IV) of 11.0% between 200 and 50D, which

is due to the structural transformation of AIOOH to,@%.
This is in agreement with the XRD observation that a 500
— °C calcination can completely convert AIOOH $8Al;0s.
4000 3500 3000 2500 2000 1500 It also suggests that the surfactant molecules can be
completely removed at the calcination temperature (00

_ , , used in this work, and the synthesized PAIs are thermally
Figure 11. In situ FT-IR spectra of the surfactant-synthesizadlizh

samples: after evacuation at 400 for 3 h (spectrum a), and then after stable. . . . .
adsorption of NH at room temperature for 15 min (spectrum b), desorption Storageability. It is known that zeolite-like molecular

(astpgé?rsﬁ g;r ;r?d nc]ienso(fp?t?ocrt]n:tnz% fgfsfg‘?ﬂ%”(ﬁéeﬁ?ﬁrﬁ(’;_ﬁ min sieves and mesoporous materials are mostly metastable, and
' difficult to be stored for a long time. Thus, it may be
significant to further investigate the storageability of the
present mesoporousnacroporous PAl materials. After 16
acid sites? After in situ adsorption of Nk the bands of months of s_to_rage, the PAI samples sti!l exhibited isotherms
the Al-OH and P-OH groups almost disappear, and one that were similar to the freshly synthesized samples (see the
new band at 3361 cm and a shoulder at3270 cnt?, Supporting Information), although their porosities and tex-
stemming from the interaction of NHwith Al—OH and tural prqperties have degenerated (Table 3). The surfactant-
P—OH groups at 3735 and 3670 ctarespectively, that can ~ Synthesized PAl-d samples show two overlapped peaks, at
be shifted toward lower wavenumbéefsand two new bands 3.6 and 6.8 nm, in their pore size distribution curves, with
(at ~1620 and 1465 cm, corresponding to the surface the Iow_er surface areas and pore volum_es than the fresh-
adsorbed NH groups), appear (see Figure 11b). Thus, it is synthe_5|z_ed PAI-d. The_surfactant-synthesaed_PAI-h samples
believed that the Nkimolecules are indeed absorbed on the @€ still bimodal, but with the enlarged pore sizes {35
acid sites where AFOH and P-OH groups are presented. nm and 19.5-23.2 nm) and reduced surface.areas anq pore
The following desorption at 108C led to the emergence of ~Volumes (-420 n¥/g and~2.3 cni¥/g, respectively), which
the bands of 3735 and 3670 chagain, and the weakening are comparable with the freshly synthe_S|zed pure aluminum
of the bands at 34663260 cnt! and 1656-1450 cntl. oxides yet. The surfactantless-synthesized PAI samples also

Further desorption at the elevated temperatures conductecXhibited the reduced surface areas and pore volumes and
to the recovery of the intensity of the bands of&H and the enlarged pore sizes after 16 months of storage (see Table

P—OH groups, and the decrease, even disappearance ir3)- This observation indicates that the long-term storage
intensity of the bands of NH groups (see Figure 11e) would damage the mesoporous structures of the PAl samples,

indicating that the ammonia adsorption and desorption ' & manner S|m|_lalr tl(—)| the casr? of IT(?S;‘t a;—synthesmed
processes are reversible. mesoporous materials. However, the well-defined macroporous

Thermal Analysis. Thermogravimetric analysis of the as- structures can be observed significantly in these 16-month-

synthesized PAl samples was performed to understand theStorfad PA! samples. ) L )
Discussion.A panoramic examination of the synthesized

thermal properties of the obtained materials. Figure 12 i )
presents the thermogravimetrgifferential scanning calo- Al samples via SEM has revealed a larger quantity of
fimetry (TG-DSC) profiles of the surfactant-synthesized P macroporous particles in the surfacFant—synthes,lzed samples
Al-d and surfactantless-synthesizegAR-h, showing a than in the surfactantless—synthesllzed samples, and more
particles of macroporous structures in the autoclaved samples

continuous weight loss of 47.6 and 26.5 wt % from room han in th laved This ob ion is indeed
temperature to 600C, respectively. Taking into account the than in the nonautop aved ones. This o servqt|on IS Indee
supported by the nitrogen adsorption analysis. It is well-

combination of differential thermogravimetry (DTG), four _ X
known that the macroporosity can be certainly reflected on

weight losses of surfactant-synthesizedAIR-d can be o X
the N, adsorption isotherms at the hi§#P, range, although

observed: the first two weight losses (I and 11)-©19.5% _ ) :
below ~200 °C, which may be assigned to the desorption the most direct evidence may be from the mercury extrusion

of water (that may be physical or chemical adsorption on

Absorbance (a.u.)

Wavenumber (cm™)

bonded (associated) hydroxyl groudg.he presence of the
P—OH groups is normally indicative of the weak Bisted

(49) Wells, A. F.Structural Inorganic Chemistryith Edition; Clarendon
Press: Oxford, U.K., 1975.

(47) Ballinger, T. H.; Yetes, T., Jtangmuir1991, 7, 3041. (50) Lee, J. D.Concise Inorganic Chemistry5th Edition; Blackwell

(48) Su, B. L.; Barthomeuf, DJ. Catal.1993 139 81-92. Science: Oxford, U.K., 1998.
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Figure 12. Thermogravimetry-differential scanning calorimetry (TE€DSC) profiles of (a) the surfactant-synthesizedIp-d sample and (b) the surfactantless-
synthesized fAl-h sample.
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Table 3. Textural Properties of the PAlI Samples after 16 Months of Storage

Average Pore Diameter, from BJH Analysis (nm)

BET surface area, nitrogen pore volume, DBiH—ad? absorption, desorption,
sample SgeT (mZ/g) Vporé (Cnﬁ/g) (nm) Day-ad$ Dav-des
Synthesized without Surfactant
P.Al>-d 130 0.29 7.6 6.8 5.6
PiAl-h 263 0.41 3.4 5.1 4.4
PoAl,-d 131 0.32 8.2 7.7 6.1
P,Al -h 262 0.36 3.6 4.6 3.9
Synthesized with Surfactant
P.Al >-d 107 0.28 3.6,6.8 7.0 5.4
PiAl-h 415 231 35,195 18.5 16.1
PAl >-d 138 0.36 3.6,6.8 7.1 5.8
P2Al>-h 427 2.28 3.2,23.2 17.8 15.2

aAt P/Py = 0.993. Maximum of BJH pore diameter distribution as determined from the adsorption braBdhi average pore diameter (4V/A).

technology and/or electron microscopy. The strong uptake samples. In addition, the macroporosity of the surfactant-
in N, adsorbed volume aP/P, > 0.85 is the result of  synthesized PAI-h is even larger than the reported meso-
macroporosity. Such an uptake is quite strong in the porous-macroporous pure aluminum oxides, as revealed by
isotherms of the surfactant-synthesized PAI-h and their the comparison of the isotherms with the surfactant-

calcined products, in comparison with the PAI-d prepared synthesized autoclaved pure aluminum oxitfes.

in the presence of surfactant, and the PAI samples synthe- Furthermore, the direct phosphation and autoclaving take
sized in the absence of a surfactant, indicating the very largesignificant roles in not only the macroporosity but also the

macroporosity in the surfactant-synthesized autoclaved PAltextural properties of the resultant PAI samples. In compari-
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son with the specific surface areas of PAl-h and PAI-d, it is anymore. The hydrolysis of aluminum alkoxide precursors
observed that the surface areas of PAI-h are higher than thain the acidic solution would result in the rapid formation of
of PAI-d, regardless of whether it was synthesized with or nanometer-sized AIOOH particles via the reaction of Al-
without a surfactant. The surface areas of the surfactant-(OR); + 2H,O — AIOOH + 3ROH. Because the presence
synthesized PAI-h and their calcined products are also higherof HzPQ, and HPQ?™ in the solution should lead to the
than those of pure aluminum oxide materials synthesized formation of a buffer solution, which may drive the gentle
under similar conditions but without phosphatésThe formation of phosphated AIOOH nanoparticles with good
mesopore sizes and surface areas of the PAI-d samplesize and homogeneity and promote the regular assembly of
synthesized with surfactant are lower than those preparedthe nanoparticle, a network of narrow mesoporous channels
without a surfactant. This may be due to the existence of acould be created in the aggregation of the nanopatrticles.
small quantity of organic surfactant species in the pore Meanwhile, many butanol molecules were generated quickly
channels of the surfactant-synthesized PAI-d samples, whichby the hydrolysis of aluminunsecbutoxide in phosphatic
was evidenced by the TG analysis (see Figure 12). However,solution and polycondensation, which might produce mi-
the surfactant-synthesized PAI-h samples exhibit very high crophase-separated domains of PAl-based nanoparticles and
surface areas and large pore volume330 nt/g and>3.4 water/alcohol channels that are the initiators and the driving
cm?g, respectively) with bimodal mesopore size distributions force for the formation of the macrochann&l$? Thus, a

(~3 nm and 16.819.4 nm), distinct from the surfactantless- hierarchical structure of uniform macrochannels with
synthesized PAI-h (which exhibits a surface area of 3%gm  mesoporous walls of nanoparticle assembly would form
and unimodal mesopores 2:2.7 nm in size), as well as  during the synergistic packing of the nanoparticles and rapid
pure AIOOH synthesized with surfactant (which has a surface release of alkanol molecules. Autoclaving would consolidate
area of 381 rfig and mesopore size of 3.0 n#f)Such the regular self-assembly of the nanopatrticles to create a well-
hierarchical trimodal mesoporoumacroporous PAl materi-  connected network of mesoporeusmicroporous walls be-

als should be of great interest, from the technological point tween macrochannels and, meanwhile, contribute to the phase
of view, although the 3-nm-sized mesopore structure of transformation from amorphous/noncrystalline to crystalline
surfactant-synthesized PAI-h would be more or less damaged(boehmite), which is evident by the XRD patterns.

after calcination at 500C or above. After calcination at N, adsorption analysis and TEM images also demonstrated
elevated temperatures, the surface areas decrease as thgat uniform mesoporous structures could be obtained even
calcination temperature increases, while the mesopore sizesn the absence of a surfactant, although previous work with
increase, regardless of whether the PAI-h samples werethe mesostructured alumina synthesis accentuated the role
synthesized with or without a surfactant. This trend is similar of the surfactant in the nanoparticle assembly process of
to the case of mesoporous materials that have been obtaineghesostructured:* Thus, the surfactant did not seem to have
via a nanoparticle assembly mechanisti!->!It is remark-  any directing role in the generation of both macroporous and
able that the exceedingly high surface areas of- 382 nt/g mesoporous structures. However, the surfactant-synthesized
and large pore volumes of 2.32.60 cn/g can still be  pa| samples have higher surface areas and larger pore
obtained after calcination of the SUrfaCtant'SyntheSized PAI volumes than the Surfactanuess_synthesized Samp|es' as well
samples at 808C, which is quite attractive, considering their a5 the distinct mesoporous size distributions. In addition,
application potential. Moreover, in regard to the surfactant- greater macroporosity is observed in the surfactant-synthe-
less-synthesized PAl samples, the calcination of PAl-h at 500sjzed samples. This suggests that the surfactant molecules
and 800°C led to the pore size enlargement of onky 1.2 may affect the precipitation and aggregation of the phos-
nm and 5.5-6.6 nm, respectively. A mesopore size enlarge- phated AIOOH nanopatrticles, leading to an indirect influence

ment of 5.8 and 9.2 nm was observed for the surfactant- on the generation of a hierarchical mesoporemsicroporous
synthesized pure aluminum oxide after calcination at 500 strycture.

and 800°C, respectively. However, the step of mesopore
size enlargement of the surfactant-synthesized PAI sample
is also substantially small. Thus, it is evident that the direct
phosphation resulted in the considerable improvement of the
thermal stability, and the surfactant contributed to the
improvement of the surface areas and porosities during the
PAI formation.

Because macroporous structures could be found in the
PAI-d samples, even in the surfactant-free synthesis, the
formation of the macroporous structures with nanostructured
walls is considered to be spontaneous. No templates or
structure-directing agents are necessary for the creation of
hierarchical mesoporousnacroporous structure. The pre- o , ) ,
proposed mechanism of a surfactant supermicelle-induced Although t_he initial gel involved different P/Al ratios f_or
macrostructure formatidh2Lis not applicable in this work "€ Synthesis of fAl, and BAl, the surface atomic

Note that the initial pH values of the mixed solution of
*H:PQ, and NaHPO; in the RAI, and BAI, synthesis system
were 2 and 3, respectively, which almost did not change in
the synthesis process with a surfactant during the hydrolysis
of aluminumsecbutoxide; however, these pH values changed
to ~6 in the surfactant-free synthesis process. Thus, the
difference in the textural properties of the surfactant-
synthesized and surfactantless-synthesized PAIl samples
should be related to this pH change, although we do still
not totally understand the reason the pH system of buffer
solution could be preserved when in the presence of
%urfactant molecules.
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compositions of the obtained samples are similar (Al/P ratios logical promise in application$.Our synthesized phosphated
of 8—13), as revealed by XPS data. This indicates that the aluminum (oxyhydr)oxide materials are crystalline or sem-
quantity of phosphorus in the phosphation is inflexible. Most icrystalline with high surface areas and thermal stability,
of the detected P atoms may be on the surface of aluminumpossessing not only the hierarchical macroporous structures
(oxyhydr)oxide particles, but mainly link with Al via O in  with mesoporous walls but also a large number of surface
the form of P-O—Al, which is further confirmed by FT-IR  hydroxyl groups and acid sites. Such a hierarchical porous
and solid-state NMR spectroscopy. Such a formed thin layer structure enables our synthesized PAI samples to efficiently
of aluminum phosphate should be amorphous, even afterreduce diffusion resistance of molecules for yielding im-
calcination at high temperature, because no detectable,AIPO proved overall reaction, which are really desirable catalysts
phase was observed in the XRD patterns. or catalyst supports for the design of structured catalysts, or
The IR peaks at 11001250 cn1! are often the charac- one-pot reactors. This work has demonstrated the self-
teristic frequencies of PO, and the broadening of this band assembly of hierarchically mesoporeusacroporous nano-
is the result of reducing the symmetry in the free,PQTd crystalline PAl-based materials with a uniform macropore
point group). Although one peak, at1100 cn1?!, was array and narrow mesopore size distribution, without the use
observed in our PAlI samples, the absence of the phosphorylof polymer latex spheres, as usually reported for the creation
(P=0) band at 130061400 cm' does not support the of macropores. The direct incorporation of phosphorus has
presence of PE ions in the particle surface. Thus, we enabled the stabilization of the mesoporeusacroporous
believe that the phosphorus exists as—@—P in the structure of aluminum oxides, offering a homogeneous
obtained PAI sample’. Most of the phosphorus is in the distribution of phosphorus in the form of surface ®—Al
form of H,PO, bonded with one Al atom through O atoms, bonding. This method can be applicable for the preparation
besides a small quantity of polymeric phophorus ligands (i.e., of various hierarchical composite materials with multiscaled

acid dimers) due to the presence of a weak band-¢DPP porosity.

deformation vibration at the~730 cmi® bond. This is _

consistent with thé’Al and 3P NMR results. Most of the Conclusions

Al atoms exist in an octahedral coordination, and the four- Hierarchically mesoporoasmacroporous phosphated alu-
coordinated Al can be seen in the calcined samples. minum (oxyhydr)oxide materials with very high surface areas

Calcination at elevated temperature could lead to the ng thermal stability have been prepared. The macroporous
topochemical transformation from aluminum oxyhydroxide framework is (semi)crystalline with accessible mesopores of
boehmite toy-AlOs. However, as revealed by XRD,2N 3 scaffold-like nanoparticle assembly. The use of surfactant
adsorption, and electron microscopy, the direct phosphation,, 55 determined to influence the textural properties and
has improved the thermal stability, as a result of the inhibition 1 qsity of the resultant PAI materials, but not to direct the
of grain growth of the embedded alumina by the interspersed,rmation of macroporous structures. The direct phosphation
amorphous aluminum phosphate matrix during thermal in the PO, and HPQ?~ solution of the synthesis system
treatment. The mesoporodmacroporous structure with a g4 to the incorporation of phosphorus into the framework
high surface area and porosity can be retained during theqt the mesoporousmacroporous structure of aluminum
transformation process from boehmite jtealumina upon  (5xyhydr)oxides, improving their thermal stability. The grain
calcination at 800C. _ growth is inhibited and the surface area is increased

FT-IR spectra also revealed the existence of a large gignificantly, because a thin layer of amorphous aluminum
quantity of surface hydroxyl groups, including-ADH and phosphate was formed, which is attached on the surface of
P—OH, even after evacuation at 400. The spectra of Nkl e (semi)crystalline alumina nanoparticles. Moreover, these
adsorption did indicate the presence of theriited acid  gynthesized mesoporoumacroporous PAI samples possess
sites in these hierarchical PAI samples, although they are a¢iq sites and surface hydroxyl groups, which are believed
weaker than zeolitic hydroxyf$:°>**The large number of {4 pe significant and find practical application potential in
surface hydroxyl groups is really significant to be used as e fields of catalysis and materials science.
active sites in catalysis or binding sites for surface modifica-
tion in the multifunctionalization of the sample surface, to  Acknowledgment. This work was supported by the Euro-
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The hierarchical porous materials are indeed of great
significance, because of their important role in the systematic
study of structure property relationships and their techno-
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