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ABSTRACT

In this paper we emphasise the important role of Pluronic F127 on the porosity of mesoporous alumina
prepared from boehmite colloids. By focusing on the F127/boehmite interactions we show how the con-
cepts of interface science may help to predict and improve the textural characteristics of mesoporous alu-
mina. By varying the synthetic parameters, in particular the copolymer content, we show that the porosity
of y-Al,05 can be enhanced by 400% and the average pore diameter can be expanded from 5 to 14 nm. These
results are discussed in terms of interactions between the Pluronic F127 and boehmite colloids, and are
correlated to the critical micelle concentration (CMC) of the copolymer. The textural characteristics of
the mesoporous alumina can be further improved either by introducing hydrocarbons in the preformed
boehmite/copolymer sols or by concentrating the sols. In comparison with as-synthesised alumina, those
prepared with F127 showed improved thermal stability. Furthermore, boehmite/copolymer sols were
stable for all surfactant concentrations investigated and can give high quality coatings suitable for catalytic

applications.

1. Introduction

Mesoporous y-alumina (y-Al,03) with a crystalline framework,
large porosity and high surface area has been the subject of inten-
sive academic and industrial research [1-8]. Because of its thermal,
chemical, and mechanical stability, this material finds potential
applications in automotive and petroleum industries [1] as well
as in catalysis [9].

Mesoporous alumina may be prepared by the supramolecular
template mechanism [10-13] which uses simultaneously the
condensation of metal ions and the self-assembly of surfactant
molecules to form a hybrid organic-inorganic mesophase. “Nano-
particle route” is another approach [14-16] which consists in
introducing the surfactant in a pre-synthesised colloidal sol to
ensure the interconnection of nanoparticles in a hybrid network
where nanoparticles act as a hard inorganic precursor [15].

The nanoparticle route conducted in aqueous medium has been
reviewed elsewhere [17]. This method has the advantage of pro-
ducing colloidal sols with controlled viscosity and high stability
(i.e. against precipitation or phase separation) which would be of
interest for a large scale production of coatings. Additionally, be-
cause the hydrolysis of alkoxides and the self-assembly process
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do not occur simultaneously, this route gives highly reproducible
results.

The catalytic performance of alumina supported catalyst is,
however, highly dependant on the structural and textural proper-
ties of the support, both of which depend on the synthesis proce-
dure. Well-crystallized boehmite usually gives y-Al,O3 with low
surface area, whereas poorly crystallized boehmite, often called
pseudoboehmite, gives the highest surface areas and is the most
frequently employed in catalysis.

The first mesostructured aluminas prepared by supramolecular
synthesis in 1996 [11,13,18] presented surface areas as high as
800 m?g~! [19-21]. However, those materials were comprised
mainly of amorphous framework walls and had low thermal stabil-
ity which greatly limits their applications in catalysis. A major
improvement was made when it was found that, by using alumin-
ium alkoxides in aqueous medium and nonionic poly(ethylene
oxide) (PEO) surfactants as structure directors, crystalline meso-
porous y-Al,03 with high surface areas could be obtained [22].
The formation of an intermediate boehmite/surfactant nanocom-
posite was expected to occur upon the hydrolysis of the alumina
precursor in the presence of the surfactant.

The most frequently used templates for the elaboration of mes-
oporous alumina are the primary amine surfactants [15] and the
triblock copolymer P123 [23]. A hydrothermal treatment is often
used to achieve a fine control of boehmite crystallinity [24]. In
addition to the surfactant path, ordered mesoporous alumina
may be prepared by other approaches including nanocasting [25]
or precipitation of inorganic aluminium salts [26,27].



A surfactant-induced fibre formation (SIFF) mechanism was pro-
posed by Zhu and co-workers [28] to explain the role of the surfac-
tant in the formation of highly porous y-Al,03 nanofibres. According
to this mechanism, the H-bond interaction between the PEO surfac-
tant (Tergitol 15S-n) and the AIO(OH) surface allows the boehmite
crystallites to grow along one direction. By operating under moder-
ate hydrothermal conditions, this mechanism led to lath-shaped
nanocrystallites with high surface areas and enhanced porosity.

More recently, Jaroniec and co-workers [29] reported the syn-
thesis of mesoporous alumina from commercial boehmite dispersed
in acidified aqueous solution by using the triblock copolymer P123
as structure director to ensure the connection of nanoparticles in
solution. Those materials presented improved textural characteris-
tics compared to the soft templated mesoporous alumina obtained
from alkoxide precursors. The mechanism proposed by the authors
involves the copolymer assisted agglomeration of boehmite into
sandwich-type structures followed by the connectivity of these
species to form larger pseudo-boehmite nanoparticles in solution.

From the viewpoint of synthesis, it is still a significant challenge
to synthesise y-Al,O3 with larger pores and higher surface areas,
but also to modulate the pore size in order to attain a high selectiv-
ity in heterogeneous catalysis, for example.

Similarly to P123, F127 is another amphiphilic molecule which
belongs to the poly(ethylene oxide)-b-poly(propylene oxide)-b-
poly(ethylene oxide) PEO-PPO-PEO family. In aqueous solution,
F127 molecules self-assemble to form micelles which basically
consist of a PPO core and a corona with hydrated PEO segments
[30]. In colloidal suspensions, these molecules have the ability to
adsorb onto the nanoparticle surface forming a densely packed
layer [31].

In the present work, we employ the triblock copolymer F127 as
the soft template and boehmite colloids as the hard alumina pre-
cursor. We investigate, through a systematic study, the different
factors that affect the characteristics of mesoporous y-Al,03 pre-
pared from the nanoparticle route.

Our results provide quantitative evidence that the enhanced
porosity is due to the adsorption of the Pluronic F127 onto the
boehmite surface below the critical micelle concentration (CMC)
of F127, and to the formation of micelles acting as space fillers
above the CMC. Furthermore, this study emphasises the beneficial
effect of copolymer in enhancing the thermal stability of mesopor-
ous alumina.

This paper contributes in the fundamental understanding of
how copolymer/nanoparticle interactions affect the textural char-
acteristics of mesoporous materials. If these interactions are better
understood, strategies to manipulate the molecular structure of the
copolymer may be leveraged to design advanced materials with
tailored properties.

2. Experimental
2.1. Synthesis of boehmite colloids

Boehmite nanoparticles were synthesised by a sol-gel method
reported by Yoldas [32-35]. In a dry 250 mL flask, 185 mL hot dis-
tilled water (85 °C) was added fast to 25.3 g (0.1 mol) aluminium
tri-sec-butoxide (ASB) [AI(OC(CHs)3)3, Acros Organics] at a hydroly-
sis ratio, h = [H,0]/[Al] ~ 100. After 15 min, the hydroxide precipi-
tate was peptized by adding dropwise 0.474 mL (0.1 mol) of nitric
acid (HNOs, 68%, Fluka) (JHNOs]/[Al] = 0.07). The white precipitate
was stirred at 85 °C for 24 h. The final product was a transparent
suspension of boehmite nanoparticles at pH 4.4-4.8. The alumin-
ium concentration in the sol was 0.55 mol L™! as determined by
weight loss on ignition at 1000 °C for 2 h [36]. Subsequently,
poly(ethylene oxide);os—poly(propylene oxide);o—poly(ethylene

oxide)og triblock copolymer (Pluronic F127, Sigma) was introduced
in the nanoparticle sol and the mixture was stirred for 3 h at room
temperature. The ratio between the number of ethoxy units and
the number of aluminium atoms (EO/Al) was varied from 0.6 to
3.0. In some experiments, prior to copolymer addition, the sol was
concentrated up to 1 mol L~! by water evaporation. In some other
experiments, different hydrocarbons (n-hexane, p-xylene, and
dodecane) were added in the preformed F127/boehmite sol (EO/
Al =1.5) at a concentration of 2-10 wt.%. Xerogels were recovered
after drying 20-mL samples by evaporation at 40-80 °C for 48 h in
Teflon plates, after which time they were calcined in a furnace at
400 °C (6 h), 500 °C (4 h), 800 °C (1 h), 900 °C (1 h), and 1000 °C
(1 h) using a heating ramp of 2 °C min~!. Samples were identified
according to this notation: Al(molarity)-F(EO/Al)-Hydrocar-
bon(wt.%)-calcination temperature. For example, Al0.55-T500 indi-
cates an aluminium concentration of 0.55 mol L™}, no surfactant, no
hydrocarbon, and a calcination temperature of 500 °C, whereas
Al0.55-F1.5-D2-T500 indicates an aluminium concentration of
0.55 mol L', an EO/Al ratio of 1.5, 2 wt.% dodecane and a calcina-
tion temperature of 500 °C.

2.2. Characterisation methods

Thermogravimetry (TG) and differential thermal analysis (DTA)
were carried out on 20 mg xerogel using a Setaram TG-DTA 92
microbalance and platinum crucibles. The experiments were per-
formed under air using a heating ramp of 5 °C min~!, from room
temperature to 800 °C. Powder X-ray diffraction (PXRD) data were
collected on a Bruker D4 Endeavour X-ray diffractometer in a Bragg
Brentano configuration with Cu Ko radiation source at 40 kV and
40 mA. Scans were run over the angular domain 10° < 20 < 80° with
a step size of 0.016°. Crystalline phases were identified by compar-
ing the experimental diffraction patterns to Joint Committee on
Powder Diffraction Standards (JCPDS) files for AIO(OH), y-Al,04
and 0-Al,0s. Nitrogen adsorption-desorption isotherms were col-
lected at 77 K using an adsorption analyzer Micromeritics Tristar
3020. Prior to analysis, 200-400 mg samples were outgassed at
300 °C overnight (approximately 15h) to remove the species
adsorbed on the surface. From N, isotherms, specific surface areas
were determined by the BET method [37] and pore size distribu-
tion was calculated by the NLDFT (nonlocal density functional the-
ory) [38] model assuming a cylindrical pore structure (software
Autosorb 1 from Quantachrome Instruments). The quality of the
agreement between experimental and calculated isotherms was
evaluated by the profile factor Rp:

RD = 100Zy;, — Yicl/ Vo

Pore volume (Pv) was calculated from the adsorbed volume (V,)
at a relative pressure of 0.995 by:

N, gas density

Pv = N, liq density

x V, =0.00155 x V,

The relative errors associated with adsorption-desorption anal-
ysis were estimated to be the followings: Sger, 5%; pore volume
(Pv), 5%; Scum (DFT), 5%; Veum (DFT), 5%; pore size (Ps) (DFT), 20%.
Transmission electron microscopy (TEM) observations were per-
formed with a JEOL-JEM-1400 microscope operating at 120 kV at
medium magnification.

3. Results and discussion
3.1. Thermal analysis

The temperature at which the complete decomposition of
organics occurs can be determined by TG/DTA analysis. Fig. 1



shows the thermograms recorded for xerogels prepared without
(a) and with F127 (EO/Al = 0.5) (b).

The shape of the TG-DTA curves has been found to be closely
related to the crystal size of boehmite [39,40]. In a previous study
[41], the kinetic simulations of the non-isothermal experiments at
constant heating rates showed that the thermally stimulated trans-
formation of nanocrystalline boehmite into alumina can be mod-
elled by a 4-reaction mechanism involving: (1) the loss of
physisorbed water (peak at about 90 °C), (2) the loss of chemi-
sorbed water (peak starting from 200 °C), (3) the conversion of
boehmite into transition alumina (peak at about 380 °C), (4) the
dehydration of transition alumina (loss of residual hydroxyl groups
ending with crystallization in o-alumina).

In this study, we noted that the addition of F127 has a marked
effect on the thermal decomposition process. The first endothermic
step, corresponding to the loss of physisorbed water, represents
only a weight loss of about 7% compared to 18% without copoly-
mer. This can be explained by the fact that when polymer adsorbs
on the crystallite surface, it prevents water adsorption. The main
feature of the DTA curve is a strong exothermic peak at 213 °C pre-
senting a shoulder at 240 °C. This peak can be attributed to the oxi-
dation of the embedded F127. This combustion is accelerated by
the decomposition of nitrate groups, producing in situ NO and
NO, which are strong oxidants. When all those NO, species have
reacted, the reaction rate slows down, limited by oxygen diffusion,
and this corresponds to the second part of the peak. The conversion
of boehmite into transition alumina starts from 300 °C giving a
broad endothermic peak. The maximum of the DTG curve for this
process is observed at a lower temperature (~330 °C) compared
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Fig. 1. TGA and DTA curves of (a) AIO(OH) and (b) F-AIO(OH) (EO/AI = 0.5) xerogels
dried in air.

to the sample without polymer (~380 °C). Finally, the last step, giv-
ing no thermal event, but a continuous mass loss, corresponds to
the removal of residual hydroxyl groups.

3.2. Effect of the calcination temperature

Several studies demonstrate the close relationship between the
microstructural features of boehmite and the structure and texture
of the resulting transition alumina [39,42-45]. Since the oxygen
sublattice of boehmite is cubic packing, boehmite dehydration in-
volves only short-range rearrangements of atoms in the crystal
structure. Because these conversions require only a small energy,
the temperatures at which they are observed are variable and
depend on the crystallinity of the boehmite precursor.

In the present study, the hydrolysis of aluminium tri sec-
butoxide was performed in excess of water with a hydrolysis ratio
h ~ 100. This leads to the formation of nanocrystalline boehmite
colloids with crystallites that are platelets averaging 5 by 9 nm in
length and 2-3 nm in thickness [36]. Because boehmite nanoparti-
cles are small and characterised by the presence of a high fraction
of hydroxyl groups on the surface, peptization can be done under
dilute acidic conditions (p=HNOs3/Al=0.07). Yoldas [34] has
shown that at least 0.03 mol of acid per mole of alkoxide must
be added to obtain a clear and stable sol.

As can be seen in Fig. 2a, the initial colloidal sol, before any
thermal treatment, is composed of crystallized boehmite (JCPDS
Card 21-1307). When the boehmite precursor was heated at
400 °C for 6 h, the transformation into y-Al,03 (JCPDS Card 10-04
25) occurred. However, such transformation was not accomplished
completely since boehmite reflexions were still visible in the diffrac-
tion pattern. Only after calcination at 500 °C for 4 h, boehmite was
completely transformed in y-Al,0s. Calcination at 800, 900 and
1000 °C for 1 h revealed the appearance of additional diffraction
lines associated to the formation of a new alumina phase, 0-Al,03
(JCPDS Card 35-0121) coexisting with y-Al;0s.

Nitrogen adsorption isotherms for samples calcined at different
temperatures, from 400 to 1000 °C, (Fig. 2b) are of type IV, with a
type H1 hysteresis loop [46], characteristic of mesoporous materi-
als. The general tendency with calcination is that it produces shrink-
age of the pore volume, an increase of the pore diameter and a
broadening of the pore size distribution. The sample heated at
400 °C showed a pore size in the range 2-6 nm. The large N, uptake
at low relative pressures revealed also the presence of microporos-
ity. When this sample was further heated at 500 °C, a narrowing of
the pore size distribution was observed as well as the disappearance
of the porosity below 3 nm. The pore volume increased from 0.25 to
0.31 cm® g~ ! (Table 1, Supplementary material) as a result of the
loss of water which occurs without a large rearrangement of the
oxygen network (topotactic transformation). Calcination at 800 °C
and above caused a significant broadening of the pore size distribu-
tions and an increase of the pore size as the result of densification
and sintering. This was accompanied by a marked decrease of the
BET surface area (~300%) from 300 m? g~ at 500 °C to 100 m? g~!
at 1000 °C. This result corroborates well with the previous TG/DTA
results (Fig. 1a). Indeed, at 400 °C, the transformation of boehmite
to y-alumina is not fully achieved which can explain the presence
of micropores and small mesopores.

TEM images of as-synthesised boehmite colloids (Fig. 2c) and
v-Al,05 calcined at 500 °C (Fig. 2d) shows that the size of the
elementary nanocrystals is in agreement with the size found in a
previous work [36]. Prior to calcination, boehmite crystallites orga-
nise in monodimensional objects (flat rods or laths) whereas after
annealing at 500 °C, y-Al,03 nanoparticles show no regular shape
and they become more or less rounded as the result of neck forma-
tion between grains and sintering.
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Fig. 2. (a) XRD patterns of boehmite and alumina nanoparticles prepared without copolymer and heated at increasing temperatures. JCPDS Cards: boehmite (21-1307),
v-Aly05 (10-0425), and 0-Al,05 (35-0121). (b) Evolution of adsorption-desorption isotherms and the corresponding pore size distributions (inset). (c) TEM image of boehmite.

(d) TEM image of y-Al,05 calcined at 500 °C.

3.3. Addition of triblock copolymer

3.3.1. Effect of EO/Al ratio

The use of surfactants that adsorb onto the nanoparticle surface
is probably the most common approach to controlling the nanopar-
ticle size and morphology. In regard to silica nanotubes [47,48] and
alumina [28], it has been shown that the surfactant efficiently direct
the nanoparticle growth along a specific crystallographic direction.

Fig. 3 illustrates nitrogen adsorption-desorption isotherms (a)
with the corresponding pore size distributions (inset) for the sam-
ples synthesised with different EO/Al ratios. According to the phase
diagram of F127 in water, the isotropic micellar (L1) solution is sta-
ble up to 20 wt.% copolymer. As the EO/Al ratio used in the present
study was varied between 0 and 3 (0-10 wt.% copolymer), we can
assume that in all our samples copolymer molecules either exist as
monomers or self-assemble into micelles.

All annealed samples displayed a typical type IV isotherm with
an H1 hysteresis loop. The addition of a small amount of copolymer
(EO/Al=0.6) induced already a great change on the textural
characteristics of alumina. Isotherms showed a greater condensa-
tion step, indicating a larger volume of mesopores. Thus, the pore
volume and the specific surface area increased from 0.31 to
0.52 cm? g! and from 310 to 370 m? g~ ! respectively, and the pore
size expanded from 5 to 6 nm.

Even more significant changes were observed by further increas-
ing the copolymer content. For instance, the pore volume was almost
quintupled when EO/Al ratio was increased from 0 (0.31 cm® g~ ') to

2 (1.49 cm?® g 1) (Table 2, Supplementary material). The pore size
distributions (PSDs) (Fig. 3a, inset) became much broader and the
mean pore diameter expanded from 6 nm (EO/Al = 0.6) to 14 nm
(EO/Al = 2). Furthermore, it is interesting to note that, from EO/
Al = 1.2, the copolymer caused the total disappearance of the small
mesopores which formed all the porosity in the as-synthesised y-
Al,03. These small pores result from voids between close packed
crystallites, because their size is similar to the particle size observed
by TEM (Fig. 2d) and their porosity is in the range 0.31-0.52 cm> g !
[36]. The disappearance of these small pores in favour of larger pores
means that the copolymer induces an arrangement of the boehmite
crystallites in larger objects and porosity results only from the voids
between these objects. TEM image (Fig. 3b) shows that these objects
are lath-like.

Above a limit of EO/Al =2, copolymer showed a detrimental
effect on the final textural characteristics. The pore volume shrunk
from 1.49 cm® g~ ! (EO/Al=2) to 1.21 cm®> g~ ! (EO/Al = 3) and the
specific surface areas decreased from 450 m? g~! (EO/Al=2) to
430 m? g ! (EO/Al=3). Such behaviour with increasing F127
content was also observed with TiO, in our previous study [17]
and can be explained by assuming that, if the copolymer amount
becomes too large, this excess, not evenly distributed, may lead
to some shrinkage of the pore structure during calcination.

Although remarkable differences in porosity have been observed
between y-Al,03 samples prepared with and without added copoly-
mer, the XRD diffraction patterns of these two samples were almost
identical (Fig. 3b inset). Therefore, the introduction of F127 in the
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boehmite colloidal sol does not affect the crystalline microstructure
of the resulting y-alumina, but only acts on the crystallite organisa-
tion, as it was also observed with the Pluronic P123 [27].

3.3.2. Effect of addition of hydrocarbons

Solubilisation of hydrocarbons (e.g. mesitylene) within the
micellar core is a well-known strategy used for the expansion of
the pore size in mesoporous silica [49,50]. Furthermore, oil-in-water
microemulsions of cetyltrimethylammonium bromide (CTAB) have
been proven to be efficient templates for the synthesis of large pore
mesoporous alumina [51]. In order to improve our understanding on
the role of the swollen micelles in the expansion of the pore size, we
introduced several hydrocarbons which contain between 6 and 12
carbon atoms and have different boiling points: 69 °C (n-hexane),
140 °C (p-xylene), and 216 °C (dodecane).

Nitrogen adsorption-desorption isotherms for y-Al,03 samples
prepared with 2 wt.% hydrocarbon (Fig. 4) are of type IV indicative
of mesoporosity. Pore size distributions (inset) indicate an increase
of the average pore size from 13 nm (with hexane) to 14 nm (with
p-xylene) and 15 nm (with dodecane). Similarly, the pore volume
increases in the same order as the boiling point of the hydro
carbon, from 1.19 cm? g~! (hexane) to 1.35 cm® g~! (p-xylene) and
1.50 cm® g~ ! (dodecane) while the specific surface areas are in the
range 380-390 m? g~ ! (Table 3, Supplementary material). The col-
loidal sols presented a single-phase state indicating that all hydro-
carbon has been solubilised within the micellar core. A change
from a single-phase to a two-phase state occurred when the hydro-
carbon concentration was increased to 5wt.% and 10 wt.%. As
expected, the textural characteristics of the resulting materials were
not further improved because the hydrocarbon concentration used
here exceeds the limit of its solubilisation within the micellar core.
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Fig. 4. N, adsorption-desorption isotherms and corresponding pore size
distributions (inset) for the samples prepared with different hydrocarbons (n-hexane
H, p-xylene X, and dodecane D). EO/Al = 1.5 and T = 500 °C. Al0.55-F1.5-T500 sample
is added for comparison.

3.3.3. Effect of the aluminium concentration

Fig. 5a shows the N, adsorption isotherms of samples prepared
with EO/Al equal to 1.5 and two different aluminium concentration
(0.55 and 1 mol L~"). The increase of the aluminium concentration
led to the enhancement of the pore volume by ~30% (Table 4, Sup-
plementary material). However, it can also be noticed that the pore
size remained centred at about 14 nm whereas Sggr increased
slightly from 400 to 450 m? g '. In the representative TEM image
of the alumina prepared with [Al] =1 mol L™! after calcination at
500 °C for 4 h (Fig. 5b), one can observe that this highly porous
structure is due to the entanglement of nanolaths.
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Fig. 5. (a) N, adsorption-desorption isotherms and pore size distributions (inset)
for the samples prepared with [Al] = 0.55 M and [Al] = 1 M with EO/AI = 1.5. (b) TEM
image of Al1-F1.5-T500 sample.



3.4. Thermal stability

Doping the mesoporous materials with transition metal ions is a
common approach to blocking the diffusion path of the material
during annealing process, which efficiently reduces sintering. The
doping effect on the thermal stability has been evidenced among
others by Lin and co-workers [52-54] for boehmite, y-Al,05, and
TiO, doped with lanthanum and for ZrO, doped with yttrium. In
the present study, we show that y-alumina nanofibres prepared
from the nanoparticle route present a strong resistance to sintering
when heated at high temperatures, as well.

Previously, we showed that in as-synthesised alumina, sintering
causes an important loss of specific surface area and porosity (Fig. 2).
Introducing the copolymer at EO/Al = 1.5 (Fig. 6) involves at 800 °C
an enhancement of the pore volume from 0.29 to 1.56 cm® g ! and
an increase of the specific surface area from 200 to 330 m?g~!
(Tables 1 and 5, Supplementary material). Even more striking is the
difference between the samples calcined at 1000 °C, 1.10 cm® g~!
and 200 m? g~ ! with F127 compared to 0.23 cm®g 'and 110 m? g~
without copolymer. This result may be explained both by the stabilis-
ing effect of the densely packed polymeric shell coating the nanopar-
ticles and by the fibre-like configuration adopted by the nanoparticles.
Below 500 °C, when organics are not yet fully decomposed, the poly-
meric shell stabilizes the nanoparticles from sintering. Nanoparticles
retain their fibre-like morphology, similarly to boehmite. Above
500 °C, there is no more copolymer on the nanoparticle surface and
in this case, the high stability of the material may be interpreted as
being mainly due to the reduced contact area between nanoparticles
when objects are fibres aggregated in arrangements like “pick-up
sticks”.

4. Discussion

A DFT study [55] has shown that the surface energy of AIO(OH)
strongly depends on the crystalline planes. The interfacial tension
of the basal (010) faces is the lowest and is independent on the pH,
therefore this basal surface tends to attain the highest develop-
ment. This explains why the thickness of the boehmite particles
is low (close to 3 nm, which corresponds to two unit cells along
the b axis).

The electrostatic surface charge density depends on the acidity
and on the ionic strength which govern the protonation/deproto-
nation of the surface oxygen atoms. Thus, when the pH departs
from the PZC, the interfacial tension is lowered which explains
why the particle morphology changes according to the pH [56-58].
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Fig. 6. N, adsorption-desorption isotherms and pore size distributions (inset) of y-
Al,05 synthesised with EO/AIl = 1.5 and calcined at 500 °C (4 h) and at 800, 900 and
1000 °C (1 h).

When boehmite sols are dried, the volume fraction of nanopar-
ticles increases leading to the aggregation of primary particles and
finally to gel formation. The PZC for boehmite reported in literature
is close to 9 [59-61]. When the pH is near the PZC, the surface
charge is low and particles aggregate to build flat objects (plate,
sheet) in order to maximise the basal (010) surface.

The pH of our sols at the end of peptization is in the range
4.4-48, thus the surface charge is high, leading to electrostatic
repulsion between the particles. Under these conditions, particles
aggregate to form linear objects (flat rods, laths) in order to mini-
mise electrostatic repulsion and maximise the basal (010) surface.
These kinds of objects can be clearly seen in the TEM image of a
dried sol (Fig. 7). When the particles lie with their (010) sides on
the TEM grid, they appear almost transparent. When they are per-
pendicular to the grid, they appear darker and it can be seen that
their thickness is ~3 nm.

It is known that transparent films with long range structural
order can be obtained from acidic sols dried at room temperature
and under atmospheric pressure [62-64]. The gel texture is ex-
plained by the formation of nematic domains where particles
adopt a preferential lateral orientation resulting from a combined
action of an excluded volume effect and electrostatic repulsion
[64]. Drying ends with the formation of an oriented porous mem-
brane with a “card-pack” microstructure [64,65].

When copolymer F127 was added in the boehmite sol, the tex-
tural characteristics of the final y-Al,05; material were significantly
improved. Similarly, the solubilisation of hydrocarbons within the
micellar core as well as the increase of the aluminium concentra-
tion in the sol led to larger pores. We will examine these three sit-
uations successively and will discuss how the copolymer, the
hydrocarbons and the aluminium concentration affect the struc-
tural and textural characteristics of mesoporous alumina.

4.1. Effect of copolymer

To the best of our knowledge, no investigation has been reported
in the literature on the interactions between PEO-PPO-PEO poly-
mers and boehmite nanoparticles. The only study concerns the
use of a polyol(xylitol) and suggests weak interactions between
the polyol and the nanoparticle surface [66].

When the copolymer F127 is introduced in the boehmite sols, it
probably weakly interacts through hydrogen bonding with the sur-
face hydroxyl groups. Moreover, the copolymer should take the
configuration in which the poly(ethylene oxide) (PEO) groups lie
on the nanoparticle surface while the poly(propylene oxide)
(PPO) chains head away from the surface.

Fig. 7. TEM image of mesoporous boehmite synthesised with EO/Al = 1.5.



Comparison between TEM images of dried sols prepared with
(Fig. 7) and without copolymer (Fig. 2c) reveals that the particle
aggregation is slightly different. The objects observed on the as-syn-
thesised boehmite have dimensions of about 20-40 nm, much larger
than the characteristic size of primary crystallites (5 x 9 x 2-3 nm)
determined by XRD [36]. This suggests that these objects are formed
by the assembly of several primary crystallites. In fact, these objects
are anhedral laths build-up by several fibre-like nanoparticles show-
ing a local packing. Furthermore, we note that locally, the primary
crystallites stick together to form bigger aggregates without any
preferential orientation. Interestingly, with copolymer, these
objects appear more fibre-like. This can be explained by assuming
that the densely packed polymeric shell formed onto the nanoparti-
cle surface probably prevents sticking. The objects are less flats and
this decreases their preferential orientation with the b-axis normal
to the TEM grid. When boehmite sols containing copolymer are
dried, the copolymer would maintain the particles in a linear config-
uration, preventing their compact rearrangement in a ‘“card-pack”
microstructure, as schematically shown in Fig. 8.

After calcination at 500 °C, the copolymer is completely decom-
posed leaving a porous network. An abrupt expansion of the pore
diameter and a broadening of the pore size distribution occur for
EO/AI between 0.6 and 1.2. We associate this change to the forma-
tion of micelles. Micelles most likely form in the boehmite sol for
an EO/Al ratio close to 1.2. This ratio is equivalent to a molar concen-
tration of 3.1 mmol L' F127 which is very close to the CMC of F127
(3.2 mmol L~ at 20 °C) [30]. Based on this result, we explain the
enhancement of porosity in mesoporous alumina as follows: Below
the CMC (EO/Al < 1.2), F127 molecules adsorb onto the nanoparticle
surface and contribute to the growth of boehmite crystallites in a
fibre-like morphology implying that PEO groups prefer AIO(OH)
surface rather than water. On the other hand, when the concentra-
tion is increased above the CMC (EO/AI > 1.2), copolymer molecules
self-assemble to form micelles which occupy the space between
nanoparticles, restricting the shrinkage of pore size after annealing.
The size of F127 micelles reported in the literature by SANS and DLS
analysis is ~ 23 nm [67], much larger than the size of boehmite
crystallites determined by XRD (5 x 9 x 2-3 nm) [36]. Therefore,
we believe that only the presence of micelles in the boehmite sol
may explain the expansion of the y-Al,05 pore size up to 14 nm. This
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value is however smaller than the micelle diameter because of the
shrinkage of the hybrid network after annealing.

Compared with the results provided by Jaroniec and co-workers
[29] who used the Pluronic P123 and the microwave irradiation pro-
cedure to disperse boehmite, the porosity of our materials is higher
(1.60 vs. 1.13 cm?® g ). However, this result can be explained not
only by the fact that the templating micelles of P123 are smaller
than those of F127, but also by the high calcination temperature
(700 °C) that the authors apply to convert boehmite to crystalline
v-Al,05. On the other hand, compared with the mesoporous
alumina reported by Zhu and co-workers [28], the porosity of our
samples is lower (1.60 vs. 1.95 cm? g~!). The authors use the Tergi-
tol 15S-n as the template and apply a hydrothermal treatment
(100 °C, 48 h) before annealing at 500 °C. It is well-known that the
hydrothermal treatment greatly improves the porosity of the sam-
ple but it also leads to precipitates or gels which, contrary to our
sols, can be hardly used for coating applications.

4.2. Effect of hydrocarbons

In copolymer/boehmite sols, when nanoparticles are fully cov-
ered and micelles form (EO/Al ~ 1.2), hydrocarbons solubilise
within the hydrophobic core of the micelles producing swelled
micelles and/or microemulsions. The effect of hydrocarbons was
investigated by preparing series of samples at a fixed EO/AI ratio
(1.5) by varying the hydrocarbon concentration from 2 to 10 wt.%.
Visual examination revealed that the colloidal sols prepared with
2 wt.% hydrocarbon were optically transparent and stables, indicat-
ing that hydrocarbons have been successfully incorporated within
the micellar core. This observation is in agreement with the ternary
phase diagram of F127/water/xylene system which indicates that
the isotropic micellar solution, which is stable up to 20 wt.% copoly-
mer, can solubilise less than 5 wt.% xylene [68]. Accordingly, the
mesoporous y-alumina prepared from microemulsion/boehmite
sols presented a pore size which increases in the same order as the
hydrocarbon size: n-hexane (13 nm) < p-xylene (14 nm) < dode-
cane (15 nm) (Fig. 4 and Table 3 in Supplementary material).

We can make a general remark on the impact of these three
hydrocarbons. These molecules differ from their structural point
of view (chain length and rigidity) as well as from their electronic

e

Fig. 8. Schematic illustration of the nanoparticles assembly process that takes place in boehmite and y-alumina. In the absence of copolymer, boehmite forms mostly
anhedral laths which assemble into a compact “card-pack” microstructure upon annealing. When F127 is introduced in the boehmite sol, it favours the alignment of particles
in a fibre-like configuration. After annealing, the porous network is created through the assembly of those fibres into arrangements like “pick-up sticks” where micelles act as
space fillers. Micelles form for EO/Al close to 1.2 which is consistent with the CMC of F127.



point of view (aromaticity, aliphaticity). In the case of short chain
length hydrocarbons (hexane and p-xylene), there is no real swell-
ing effect, i.e. hydrocarbon does not significantly modify the tex-
tural characteristics of the material. Xylene, in addition of being
small, is aromatic and thus highly polarizable (due to the presence
of the phenyl ring) and this renders this molecule less compatible
with the surfactant. By contrast, when the hydrocarbon chain is
long (dodecane), the solubilisation in the hydrophobic core causes
swelling of the micelles and this leads to an increase of the pore
volume (by about 20%) and an expansion of the pore diameter
(from 13 to 15 nm). Such a swelling effect may be interpreted as
a hydrophobic interaction between the poly(propylene oxide)
chains of F127 and the hydrocarbon molecule in the hydrophobic
core of the micelles, and such effect is more favourable when the
carbon chain is long.

The addition of hydrocarbons at higher contents (5 wt.% and
10 wt.%) resulted in the formation of a two-phase system where
the excess oil coexists with the microemulsion. This excess oil,
which is not incorporated within the micelles, is probably located
between the microemulsion globules and the aqueous phase.
Therefore, it is presumably made of emulsion droplets distributed
in a continuous phase of microemulsion. The textural characteris-
tics of the mesoporous aluminas prepared from those two-phase
systems were not further improved, neither significantly deterio-
rated, compared to the samples prepared from transparent micro-
emulsions (Table 3 Supplementary material). Thus, hydrocarbons
act as “swelling agents” only when they are fully solubilised in
the micelles of surfactant. At higher concentrations, beyond their
limit of solubilisation within the micelles, they do not further
improve the textural characteristics of the resulting material.

4.3. Effect of aluminium concentration

When boehmite sols, initially at [Al] = 0.55 M, were concentrated
to [Al] =1 M, the pore volume was increased by ~30%. We also
observed that the concentrated sols became thixotropic. Boehmite
is known to present unusual properties like streaming birefringence
and thixotropic rheological behaviour which can be explained by
the building of long-range structures between the fibre-like objects
in order to minimise the repulsions [69,70]. When the sol contains
copolymer, it is possible that during drying, copolymer could main-
tain some parts of these long-range structures, thus enhancing the
xerogel porosity.

5. Conclusions

Mesoporous y-Al,05 with tailored porosity was prepared from
boehmite colloids and Pluronic F127. An abrupt increase of the pore
size took place for an EO/AI ratio between 0.6 and 1.2 which was
associated to the micelle formation, in agreement with the CMC of
F127 [30]. A mechanism for copolymer adsorption onto boehmite
surface was proposed to explain the improvement of the textural
characteristics of mesoporous y-Al,05. This mechanism includes
adsorption of copolymer onto boehmite nanoparticles, below the
CMC of F127, and the formation of micelles which act as space fillers,
above the CMC. Furthermore, copolymer maintains the nanoparti-
cles aligned in a fibre-like configuration, preventing their compact
rearrangement in a “card-pack” microstructure during the drying
step. The porous network is created through the assembly of these
fibres into arrangements like “pick-up sticks” where micelles act
as space fillers.

It is very interesting to note that such material exhibits strong
resistance to sintering when heated at a temperature as high as
1000 °C. We interpret this stability as being mainly due to the
densely packed polymeric shell which protects nanoparticles from

sintering up to 500 °C. Above 500 °C, when copolymer is completely
decomposed, the fibre-like configuration probably minimises the
contact area between nanoparticles leading to enhanced stability.

Because of its unique textural characteristics and its high ther-
mal stability, such material may be a valuable support for catalysts
working at high temperatures.

This study may contribute towards improved understanding on
the challenging area of mesoporous material chemistry, which is a
highly developed field. Understanding how the interfacial interac-
tions boehmite/F127 affect the characteristics of the resulting mes-
oporous alumina may enable more accurate predictions of porosity
in mesoporous oxides prepared from other colloids (ZrO,, SnO,,
CeO,, ...) and perhaps may lead to strategies for improving their
performance.
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