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Abstract 

Here, using liquid crystals as template, an EISA (evaporation-induced self-assembly) method 
has been used to synthesize amorphous mesostructured alumina. The effect of the synthesis 
parameters such as the presence of a chelating agent, the amounts of both porogen agent and 
alumina precursor on the materials properties have been investigated in details. Under the 
optimum conditions, after Soxhlet extraction, the obtained Al2O3 presents an HMS (Hexagonal 
Molecular Sieves) structure and a high specific surface area (≈ 400m²/g) with a mesopore size 
distribution centered around 8.3 nm.  
Investigation of the thermal stability shows that the crystallization into γ-Al2O3 of the 
amorphous alumina walls delimiting mesopores begins after heating at 800°C. We have also 
demonstrated that half of the carbon present in the as-synthesized material can be removed by 
washing with water or ethanol at room temperature instead of Soxhlet extraction. 
On the basis of SAXS, XRD and N2 adsorption-desorption analyses, we have shown that when 
treated into boiling water or exposed to water vapor the alteration of the mesostructure occurs 
quickly. Its collapse has been attributed to the crystallization of the amorphous alumina walls 
into aluminum hydroxides, mainly boehmite, upon the hydration of the alumina. 
Dual mesoporous alumina have been also obtained from micelles through a cooperative 
templating mechanism at low P123 amount and in the presence of citric acid. In that case both 
mesopores networks adopt a wormhole-like mesostructure. 
 
 
Keywords : Mesostructured Alumina; Soft Templating; Dual Mesoporosity; Thermal Stability; 
Hydrothermal Stability 
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1. Introduction 

Thanks to its properties in particular the acidic ones [1,2], alumina catalyzes a variety of 
reactions that are useful industrially [3,4]. For example, in its largest scale of applications, 
alumina is the catalyst in the Claus process for converting hydrogen sulfide waste gases into 
elemental sulfur in refineries [5,6], it is used for dehydration of alcohols to alkenes [6-9] and 
so on [6]…. Alumina also serves as a catalyst support for many industrial catalysts due to its 
ability to disperse the supported active phase, its high thermal stability as well as for its 
moderate price [6]. The good dispersion of the active phase is associated with the presence of 
acid/base sites on its surface (hydroxyls). For instance, it is used as support in petroleum 
industry for hydrotreating [4,10]. Moreover, alumina is usually prepared as fine divided powder 
with large surface area and thus with a large number of accessible active sites. So, it is more 
effective to use a finely divided form of catalyst in reaction. The most common crystalline phase 
of alumina is α-Al2O3 known as corundum , which is the thermodynamically stable form [11]. 
The oxygen ions form a nearly hexagonal close-packed structure with the aluminum ions filling 
two-thirds of the octahedral interstices. Each Al3+ center is octahedral. In terms of 
crystallography, corundum adopts a trigonal Bravais lattice with a space group of R-3�c (number 
167 in the International Tables). The primitive cell contains two formula units of alumina [11]. 
Alumina also exists in other metastable phases, including the cubic γ and η ones, the monoclinic 
θ, the hexagonal χ, the orthorhombic κ and the δ phases [6,11]. The latter one can be tetragonal 
or orthorhombic. Each phase has a unique crystal structure and properties. Among alumina 
crystalline phases γ-Al2O3 is the most used form for catalysis applications [12-15]. To develop 
the applications of alumina in catalysis, adsorption and so on, recently must efforts have been 
devoted to reduce the synthesis costs, to improve its properties and to simplify the synthesis 
procedures. Especially, increasing the specific surface area of alumina could potentially 
enhance the catalytic activity [16,17]. One way to increase the specific surface and reduce the 
costs consist in preparing mesoporous aluminosilicate [18-20] instead of pure alumina. In that 
case the use of composite template can contribute to reduce the synthesis cost. Another 
approach to increase the alumina specific surface area deals with the preparation of 
mesostructured Al2O3. Different strategies including, nano-casting, the sol-gel process 
associated with surfactant based-systems, the Evaporation Induced Self Assembly (EISA) or 
the mechanochemical solid-state route, have been developed to prepare mesoporous alumina 
(MA) or organized mesoporous alumina (OMA) [17, 21-41]. In the case of the nano-casting 
Al2O3 is the replica of a mold such as ordered mesoporous silica as hard template. But this 
procedure is time consuming, non-eco-friendly (it usually requires hydrofluoric acid to remove 
the hard template) and it is quite difficult to completely fulfill the mesopores of the hard 
template with the alumina precursor. The soft templating route, which is based on the co-
assembly of the alumina precursor and surfactant, as made for the synthesis of ordered 
mesoporous silica has also some drawbacks. First, the polymerization of the precursors is often 
incomplete. Second, the release of the porous network often goes through a calcination step, 
which can lead to the collapse of the mesostructure due to the crystallization of the walls. 
Finally, another difficulty is associated with the control of the reactivity of the inorganic 
precursor. Among the surfactant-based methods, the EISA method to get OMA through a one-
step approach is an efficiency tool. In that case organic solvents, mainly ethanol, act as reaction 
medium in presence of block copolymers used as templates, aluminum precursor and acid 
solution. Using this approach in 2008, Yuan et al. have reported the synthesis of ordered 
mesoporous γ-Al2O3 with specific surface area of 400 m²/g and high thermal stability [33]. 
Since this that a series of OMA have been prepared through EISA approach by different groups 
[35]. However, the EISA pathway requires strict control of the synthesis conditions such as the 
amount of water, the type of template and solvent, or solution acidity and it usually leads to 
OMA having high surface area but crystalline pore walls with large pore widths [35]. By 
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contrast, the mechanochemical synthesis of alumina does not required solvent and the method 
has been extended to the design of metal aluminate but pollution of the materials by the milling 
balls can occur. In that case a purification step is needed. 
Combining the EISA method and the liquid crystal templating pathway, in our group we have 
developed a synthesis procedure that allows to obtain amorphous mesostructured titania [42] 
and zirconia [43] with high specific surface area, high thermal and hydrothermal stability. The 
mesostructured TiO2 having a part of amorphous phase were used as supports for the 
preparation of CoMoS (Co‐promoted MoS2) hydrotreatment catalysts [44,45]. The catalysts 
were tested in the conversion of 46DMDBT. Obtained results, stand out from what has been 
reported in the past. Firstly, mesostructured titania present a high concentration of Brønsted 
acid sites on the surface. Secondly, a shift towards DDS selectivity in the conversion of 
46DMDBT, which is unprecedented in literature, was observed. The amorphous phase involves 
modifications in the properties of the oxide support material leading to significant changes in 
the catalytic properties (HYD/DDS selectivity ratio), which offers unexplored opportunities in 
catalyst development. Since alumina is one of the most important supports and catalysts, the 
synthesis of mesostructured alumina having amorphous walls with high thermal and 
hydrothermal stability is therefore still worth of investigation. Indeed, the presence of 
amorphous phase will affect the features of the active phase (size, morphology…) and the 
designed catalysts will have significantly modified activity and selectivity than the 
corresponding crystalline ones. Here, an extended investigation of our strategy for the synthesis 
of pure amorphous mesostructured alumina is reported in detail. Our aim is to explore in a 
rational way the relationships among the inorganic material preparation, and its stability.  
 
 
 
2. Experimental  

The amphiphilic triblock copolymer Pluronic P123 (EO)20(PO)70(EO)20 (EO = ethylene oxide, 
PO = propylene oxide) purchased from Aldrich was used as the porogen agent. Aluminum tri 
sec butoxide (Aldrich, 97%) was used as the inorganic precursor. Hydrochloric acid (ACS 
reagent, 37%, Aldrich), ethanol (99%, Aldrich) and citric Acid (Acros, 99%) were used to 
control the reactivity of the alumina precursor. Aqueous ammonia (28 wt.%) was purchased 
from Aldrich. 
 
2.1. Materials preparation: In a typical synthesis: 3 g of surfactant were dissolved under stirring 
at room temperature in 20 g of ethanol in the presence of 0.5 g of citric acid. Then 1.5 g of a 
hydrochloric acid solution and 4 g of aluminum tri sec butoxide were added. After stirring 
during 3 hours, 2 g of water were incorporated. The solvent of the mixture was then directly 
evaporated under vacuum. Recovered solids were dried in an oven at 40°C during 12 h. Then 
they were placed under an atmosphere of NH3 (≈ 0.5 atm) for 12 h. For that step, samples were 
placed during 12 hours in a well-closed glass vessel containing concentrated aqueous ammonia 
(28 wt.%) in a crystallizer without touching the sample to saturate the atmosphere in gaseous 
NH3. The mesostructured alumina was obtained after Soxhlet extraction of the porogen agent 
using ethanol as solvent during 16 hours. Recovered solids are dried in an oven at 40°C during 
12 h. 
 
2.2. Extraction by water or ethanol at room temperature: 0.5 g of the hybrid mesophase was 
introduced into a 100 mL flask in the presence of 20 g of distilled water or ethanol under stirring. 
After extraction times, varying from 1 to 48 h, samples were withdrawn by filtration from the 
solution. They were rinsed three times with 10 mL of distilled water or ethanol and dried in air 
at 40°C for 24 h in an oven. 
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2.3. Thermal stability: Mesostructured alumina, obtained after Soxhlet extraction and drying in 
air for 24 hours at ambient temperature, were heated in a muffle furnace under air. The samples 
were heated to 150°C, at a rate of 1 °C / min and kept at this temperature during one hour. 
Afterwards, the same program was applied to reach the final temperature, which was varied 
between 500 and 1100°C. They were kept at the final temperature during 2 hours and cooled 
down. 
 
2.4. Hydrothermal stability: In boiling water: 1.5 g of mesostructured Al2O3, previously 
calcined at 500, 700 or 900°C were placed under reflux at 120 °C in 200 mL of distilled water. 
The mixture was stirred continuously for 24 hours. Aliquots were taken at regular time intervals, 
between 30 minutes and 1 day. They were recovered by filtration and dried in air at 40°C for 
24 h in an oven. 
Exposure to water vapor: In order to investigate the hydrothermal stability of materials in the 
presence of water vapor, a glass support, composed of two parts, was home made (Scheme 1). 
50 mg of material were deposited in the upper part of the support and the lower part was filled 
with 3 g of distilled water. The support was then transferred into a Teflon autoclave, which was 
heated at 200°C for 24 hours in an oven. Then, the material was dried for 24 h at 40°C in oven. 
 

 
 
Scheme 1: Scheme of the home made glass support used for the investigation of the hydrothermal stability 

in the presence of water vapor. 
 
2.5. Characterization: SAXS experiments were performed on a SAXSess mc² instrument 
(Anton Paar), using a line collimation system. This instrument is attached to a ID 3003 
laboratory X-Ray generator (General Electric) equipped with a sealed X-Ray tube 
(PANalytical, λ Cu, Kα = 0.1542 nm) operating at 40 kV and 50 mA. A multilayer mirror and a 
block collimator provide a monochromatic primary beam. A translucent beam stop allows the 
measurement of an attenuated primary beam at q=0. Materials were put between two sheets of 
Kapton® placed in a powder cell before being introduced inside the evacuated chamber. All 
data were corrected for the background scattering from the Kapton® and for slit-smearing 
effects by a desmearing procedure from SAXSQuant software using the Lake method. Powder 
X-ray diffraction patterns were recorded using a PANalytical X'Pert PRO diffractometer 
equipped with a Cu X-ray tube (λCu(Kα) = 0.1542 nm) operating at 45 kV and 40 mA and a 
X'Celerator detector. Fixed divergence slit (1/16°), mask (10 mm) and antiscatter slit (1/8°) 
were used at primary beam for the current analysis. 
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N2 adsorption-desorption isotherms were determined on a Micromeritics TRISTAR 3000 
sorptometer at –196 °C. Prior analyses, samples were outgassed at 25°C under vacuum (0.13 
bar) for 16 hours. The specific surface area was obtained by using the BET model whereas the 
pore diameter and the pore size distribution were determined by the BJH (Barret, Joyner, 
Halenda) method applied to the adsorption branch [46].  
27Al MAS NMR spectra have been recorded at room temperature on a Bruker AVANCE NEO 
400WB spectrometer (B0=9,4T) operating at 104.23 MHz. Samples were packed in a 2.5 mm 
diameter cylindrical zirconia rotor fitted with Vespel end caps and spun at a spinning frequency 
of 25 kHz. 27Al MAS NMR experiments were collected with a π/12-pulse duration of 0.33 μs 
and a recycle delay of 1 s. The number of accumulations varied from 50000 to 90000. The 
chemical shifts were referenced to external [Al(H2O)6]3+ in AlCl3 aqueous solution. 
Infrared analyzes have been carried out with a Bruker Equinox IFS 55 spectrophotometer 
equipped with a DTGS detector. Materials (1 mg) were dispersed in a KBr matrix (100 mg) 
used as a reference before being compacted under 3.5 tons for 2 min in a pelletizer of 13 mm 
in diameter. The pellets were analyzed with a resolution of 4 cm-1 and an accumulation of 32 
scans. 
Scanning Electron microscopy (SEM) images were recorded with a JEOL JSM-7900F scanning 
electron microscope (SEM) equipped with a BRUKER QUANTAX spectrometer for the energy 
dispersive X-ray analyses (EDX).  
 
3. Results 

3.1. Effect of the synthesis parameters on the mesostructured alumina formation 
Following the EISA strategy, the synthesis of mesostructured alumina was investigated by 
using aluminum tri sec butoxide as alumina precursor and P123 triblock copolymer as porogen 
agent. The role played by the citric acid as well as the effect of the amount of both the alumina 
precursor and the surfactant were investigated. Samples have been characterized after Soxhlet 
extraction using ethanol as solvent during 16 hours. To start the total mass of acid has been 
fixed to 2g. When both hydrochloric acid and citric acid are used, their quantity has been chosen 
to be 1.5 and 0.5g, respectively.  
From Figure S1, which depicts the SAXS pattern of the extracted materials prepared in the 
presence or not of citric acid and by varying the amount of P123 and alumina precursor, it can 
be observed that no reflection line is detected for samples obtained by using 1 or 2 g of 
aluminum tri sec butoxide. This means that for these amounts whatever the other parameters, 
no mesostructure is formed.  
In the presence of citric acid, the nitrogen adsorption-desorption isotherms (not shown) are flat 
when the amount of alumina precursor is equal to 1g. Increasing the latter quantity to 2g, the 
isotherms are rather type II (Fig. S2). The adsorbed N2 volumes are low and they decrease with 
the amount of porogen agent. When detected, the pore size distributions are very broad with 
very low dV/dD values (insert of Fig. S2). Under these conditions, the obtained materials are 
almost non-porous. When the syntheses are performed with 1g of P123 and 3-5g of alumina 
precursor, two inflection points at relative pressure p/p0 around 0.50-0.6 and 0.75-0.80 are 
observed on the adsorption branch of the isotherm (Fig. S2A), suggesting that two pore systems 
with different diameters arranged in a three-dimensional pore structure are present. In these 
latter cases, the hysteresis at the desorption is type H2(a) indicating either to pore-
blocking/percolation in a narrow range of pore necks or to cavitation-induced evaporation [46]. 
Two components at 5.5 and 11. 2 nm for the materials prepared using 3 g of precursor are 
observed on the pore size distribution (Table 1, insert of Fig. S2A). For this sample, the 
coexistence of the two mesopores networks is further confirmed by the SAXS analysis, indeed 
two reflections lines at 19.7 and 9.3 nm are observed on the SAXS pattern (Fig. S1B). 
Increasing the aluminum tri sec butoxide quantity the second capillary condensation (p/p0 = 
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0.75) is less pronounced and it completely disappears for 6g of precursor. Looking at the pore 
size distribution (insert of Fig. S2A), the component at 5.5 nm is shifted towards lower values, 
while the second one progressively disappears and for 6g of precursor the material has a 
monomodal pore size distribution centered at around 4.2 nm. Meantime, a weak intense and 
broad reflection line at 13.1 nm is observed on the SAXS pattern (Fig. S1B). The dual 
mesoporosity is also detected for the sample prepared with 2g of P123 and 4g of aluminum tri 
sec butoxide (Fig. S1B and S2B). All other materials prepared in the presence of citric acid 
have a monomodal pore size distribution (insert of Fig. S2B and Fig. S2C). Type IV isotherms 
with high and steep condensation step and H1 hysteresis that characterize cylindrical mesopores 
were obtained for these materials. Their SAXS pattern mainly exhibit only one broad reflection 
characteristic of wormhole-like mesostructured [47,48]. It should be noted that on the SAXS 
pattern of the alumina synthesized using 3g of porogen agent and 4g of aluminum tri sec 
butoxide two diffraction peaks at 10.3 and 5.2 nm are clearly visible (Fig. S1B). The second 
peak is a harmonic of the first one and their presence characterize the formation of an HMS 
(Hexagonal Molecular Sieves) mesostructure of cylindrical mesopores [49]. As reported by 
Pinnavaia et al. for this kind of mesostructure higher order Bragg reflections are not resolved 
in the patterns [50]. They exhibit mainly a single reflection accompanied by more or less 
pronounced diffuse scattering at higher q values.  
 
Table 1: Variation of the specific surface area (SBET), of the pore volume (Vp) and of the mesopore diameter (∅) 
as a function of both the amount of P123 and aluminum tri sec butoxide. Materials have been prepared without 
addition or in the presence of citric acid. 

P123 (g) Al tri-sec butoxide (g) 
Ethanol + HCl Ethanol + HCl + citric acid 

SBET 
(m²/g) 

VP (cm3/g) ∅ (nm) SBET (m²/g) VP (cm3/g) ∅ (nm) 

1 

1 47 0.06 6.5 - - - 
2 67 0.08 5.1 47 0.13 10.3 
3 307 0.60 10.1 275 0.42 5.5/11.2 
4 235 0.59 12.3 259 0.37 5.1/12.7 
5 182 0.61 17.9 210 0.28 4.5/12.0 
6 211 0.49 11.1 203 0.25 4.2 

        

2 

1 92 0.13 4.7 - - - 
2 256 0.21 3.7 12 0.03 10.3 
3 246 0.29 5.1 203 0.39 8.2 
4 284 0.44 5.4 387 0.81 7.5/14.1 
5 315 0.94 13.0 383 0.72 6.9 
6 318 0.73 9.0 345 0.61 6.4 

        

3 

1 88 0.11 5.8 - - - 
2 76 0.25 7.5 2 - - 
3 62 0.11 6.5 45 0.07 8.4 

4 176 0.23 5.1 403 0.83 8.3 

5 318 0.73 6.4 387 0.71 7.5 
6 379 1.27 12.4 351 0.59 6.5 

-  Almost non porous materials 

 
For materials prepared without the addition of citric acid, no dual mesoporosity is detected by 
nitrogen adsorption-desorption analysis (Fig. S3). Except for materials synthesized with 2g of 
P123 and 5 or 6g of aluminum tri sec butoxide, the capillary condensation is spread out a wide 
range of relative pressure. The dV/dD values are lower than the ones obtained in the presence 
of citric acid. The isotherms are of type IV, but the pore size distributions are broader (insert of 



7 

Fig. S3) than those obtained in the presence of citric acid (insert of Fig. S2). SAXS patterns 
depicted in Figure S1B present either no reflection peak or broad and not well-defined reflection 
lines. Moreover, from Figure S1 it can be also deduced that in a general way, the presence of 
the citric acid, which acts as a chelating agent, has a beneficial effect on the mesostructuration. 
For example, while no reflection line is observed on the SAXS pattern of the alumina 
synthesized using 2g of P123 and 3g of aluminum tri sec butoxide (Fig. S1A), a peak at 12.4 
nm is observed when citric acid is added (Fig. S1B). 
Overall, considering the error on measurement, for a given quantity of P123, the specific surface 
area increases or remains constant with the quantity of aluminum tri sec butoxide (Table 1). 
The synthesis strategy is based on a combined LCT/EISA (LCT for Liquid Crystal Templating) 
route that has been successfully developed to produce mesostructured titania and zirconia 
[42,43]. The porogen agent is first dissolved in a large amount of ethanol then the alumina 
precursor is added. The large amount of ethanol prevents the formation of a gel and in order to 
control the reactivity of the inorganic precursor, materials have been prepared in the presence 
of hydrochloric acid. After addition of water the solvent is quickly extracted with rotating 
evaporator at 55°C. Regarding the amounts of P123, HCl solution and water, the materials have 
been prepared with a P123 concentration in the acidic solution of 22, 36 and 46 wt.%. Referring 
to the P123/water phase diagrams [51,52] the first value is located in the micellar domain (L1), 
the second and the third belong to the I1 and H1 phase, respectively. It should be noted that the 
limits of the liquid crystals’ domains of P123 in water are not modified in a hydrochloric acid 
solution [42].  
Considering materials prepared with 2 or 3 g of P123, during the evaporation step the liquid 
crystal is formed and it serves as a mold and with which the inorganic precursor interacts 
through electrostatic and/or van der Waals forces. The mesostructuration will be also affected 
by the rates of hydrolysis and condensation of the inorganic precursor, which can be slowed 
down by performing the synthesis under strong acidic conditions and possibly using a chelating 
agent. However, because of its volatility [38], a part of HCl is likely removed with the solvent 
during the evaporation step. This reduces the acidity of the medium and makes hydrolysis and 
condensation faster. Moreover, chloride ions can strongly coordinate with aluminum ones, 
preventing the interaction of aluminum species with the porogen agent. The combination of 
these two effects can explain why no mesostructuration is observed for materials prepared with 
1g and 2g of inorganic precursor.  
If the quantity of aluminum tri sec butoxide is raised, since the amount of HCl remains constant, 
more aluminum species are available to interact with the porogen agent and the inorganic-
organic interface is less affected by the presence of Cl-. As a consequence, the formation of the 
hybrid mesostructure is less disturbed and wormhole like mesostructured alumina are 
recovered. One way to counteract the negative effect of the Cl- ions on the mesostructuration is 
to introduce citric acid as a chelating agent [33,38]. The interactions between the citrate and 
aluminum ions will slow down the reactivity of aluminum species and then promote the 
formation of the hybrid mesophase. Another beneficial effect of the presence of the citric acid 
is that it will not be eliminated during the evaporation step since it is non-volatile [33,38]. As a 
result, it will contribute to maintain the acidity of the medium and therefore to better control 
the condensation of the inorganic precursor. Nevertheless, here even in the presence of citric 
acid at the best we obtain a HMS type structure. A possible reason may be the presence of 
water, which promotes the hydrolysis of the aluminum precursor and thus affects the 
homogeneity of the particles [53]. Indeed, in a paper dealing with the role of the solvent in the 
preparation of mesoporous alumina using aluminum isopropoxide, Wu et al. have reported that 
the use of an ethanol/water mixture instead of pure ethanol leads to the formation of less 
homogeneous particles with wormhole morphologies. An enlargement of the pore size 
distribution and a decrease of the specific surface area are also noted. The authors have 
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attributed this phenomenon to the faster hydrolysis of aluminum precursor due to the presence 
of water [53]. 
When materials are prepared with 1g of P123, i.e. 22% of P123 in the acidic solution, the 
situation is quite different since alumina are obtained from micelles and not from liquid crystals. 
In that case, the cooperative mechanism rather predominates. In the absence of citric acid, as 
observed for materials synthesized from I1 and H1, the interactions between the hydrolyzed 
precursor and the porogen agent are disturbed because of the reduction of the solution acidity 
caused by the partial evaporation of the hydrochloric acid but also by the coordination of Cl- 
with aluminum ions. As a result, monomodal wormhole-like mesostructure with rather broad 
mesopore size distribution are obtained.  In the presence of citric acid, we have also to consider 
the interaction of citrate ions with the porogen agent. Looking at the position of citrate ion in 
the Hofmeister series [54], this ion is known to have a salting out effect and the interactions 
between P123 and citrates ions involve a shift of the lower consolute boundary toward lower 
temperatures, i.e. the demixion temperature is decreases. It can thus be inferred that the 
evaporation at 55°C leads to a biphasic system and the alumina source polymerizes around 
surfactant aggregates, which have different sizes, as observed in the case of bimodal 
mesostructured silica prepared from micellar solution of fluorinated surfactants [55]. This leads 
to the formation of the dual mesostructured alumina. Increasing the aluminum precursor 
amount, more and more citrate ions are coordinated with aluminum ones and therefore there 
are fewer and fewer citrate ions available to interact with P123. The salting out effect diminishes 
and it completely disappeared when 6g of aluminum tri sec butoxide are used during the 
synthesis. Consequently, the second component in the mesopore distribution progressively 
disappears and the system becomes monomodal. Considering the SAXS and nitrogen 
adsorption-desorption results, the quantities of P123 and aluminum tri sec butoxide have been 
fixed to 3 and 4g, respectively, to investigate the effect of the amount of both the HCl and the 
citric acid on the properties of the mesostructured alumina.  
Keeping the amount of citric acid at 0.5 g, for an HCl content less than 1 g or greater than 2 g, 
no reflection line is detected on the SAXS pattern (Fig. S4Aa), meaning that materials adopt a 
completely random pores network. The corresponding nitrogen adsorption-desorption 
isotherms are rather type II (Fig. S4Ab) and no maximum (2.5 g and 3 g of citric acid) or large 
pore size distribution with very low dV/dD value are observed (Fig. S4Ac). In that case, in the 
absence of hydrochloric acid, or at a low amount, it is difficult to control the reactivity of the 
alumina precursor and no mesostructure is formed. For 1 g of HCl the appearance, around 19.4 
nm, of a not very intense broad peak on the SAXS pattern (Fig. S4Aa), indicates that the 
mesostructuration begins. The isotherm is type IV (Fig. S4Ab) with a H1 hysteresis loop in 
accordance with the wormhole-like mesostructure evidenced by SAXS. The pore size 
distribution is very broad (Fig. S4Ac). When 1.5 g of hydrochloric acid are introduced, the 
HMS structure is observed (2 diffraction peaks). The synergic effect of HCl and citric acid for 
mesostructuration seems to be maximum. When the content in HCl increases to 2 g, the broad 
peak at 5.2 nm is no longer visible on the SAXS pattern, and the broad peak at 10.3 nm reflects 
the formation of a wormhole-like mesostructured. Isotherms are type IV with a H1 loop, 
indicating an increase in the pore volume (Fig. S4Ab). The corresponding mesopores size 
distributions are more homogeneous (Fig. S4Ac). In this situation, the chloride ions are in 
excess and since they coordinate strongly with the aluminum ions, they disturb the porogen 
agent-inorganic precursor interactions. 
Fixing the quantity of hydrochloric acid to 1.5 g, a similar trend is noted by varying the amount 
of citric acid (Fig. S2B). Nevertheless, the negative effect of the variation of the amount of 
citric acid on the specific surface area and on the pore volume is more pronounced than for HCl. 
Indeed, SBET and VP abruptly decrease from 400 to 37 m²/g and from 0.87 to 0.05 cm3/g, 
respectively, when the mass of citric acid is raised from 0.5 to 1.5 g (Fig. 1). Without citric acid, 



9 

the presence of Cl- ions disrupts the self-assembly mechanism because they strongly coordinate 
with aluminum ions and, as explained above, a part of HCl is volatilizes, causing a rapid change 
in acidity of the medium and thereby making it more difficult to control the alumina precursor 
condensation. On the other hand, if the quantity of citric acid is too high, the citrate ions will 
disturb the interactions between the porogen agent and the inorganic precursor since these ions 
present in excess will interact with the P123 (salting out effect). 
From Figure 1, which depicts the effect of each acid on the specific surface and on the pore 
volume, it can be conclude that there is an optimal mass of 1.5 g of hydrochloric acid and 0.5 g 
of citric acid that leads to the highest values of specific surface (400 m²/g) and pore volume 
(0.87 cm3/g). 
 

 
 
Figure 1:  Variation of the specific surface area (A) and of the pore volume (B) as a function of the amount 

of both HCl and citric acid. Lines are just a guide for the eyes. 
 
3.2. Efficiency of surfactant removal 

According to the results reported above the best mesostructured alumina with an HMS 
mesopores arrangement has been synthesized using 3 g of P123, 4g of aluminum tri sec 
butoxide in the presence of 1.5 g of hydrochloric acid and 0.5 g of citric acid. The 
mesostucturation is further confirmed by TEM (Fig. S5A). After extraction of the porogen agent 
by Soxhlet using ethanol as solvent, a specific surface area of 403 m²/g, a pore volume of 0.83 
g/cm3 (Table 1) and a narrow pore size distribution centered around 8.3 nm have been obtained 
by nitrogen adsorption-desorption analysis. From TEM it can also be deduced that the 
mesoporosity is truly internal and regular (Fig. S5A). The XRD pattern (Fig. S5B) is 
characteristic of amorphous alumina [56]. To evaluate the efficiency of the elimination of 
organic molecules during the extraction, the amorphous mesostructured alumina was analyzed 
by infrared spectroscopy. In the 2500-4000 cm-1 range (Fig. 2Aa), the IR spectrum of the as-
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synthesized material (Fig. 2) presents vibrations at 2870, 2900, 2930, 2974 and 3030 cm-1. They 
can be attributed to the C-H stretchings of CH2 and CH3 s of the P123 alkyl chains [57]. The 
broad bands located around 3460 and 3170 cm-1 can be assigned to the O-H groups stretching 
and the N-H stretching of NH4Cl [58], which is likely formed during the treatment under NH3 
atmosphere from the chloride ions present in the medium, respectively. The formation of NH4Cl 
is further confirmed by the EDX mapping and spectrum of an as-synthesized alumina particle 
(Fig. 3A and Fig. S6A). Traces of nitrogen and chlorine are clearly visible on the surface of the 
particle. The locations of these two elements are very close, supporting the formation of NH4Cl. 
Considering the 800-2000 cm-1 domain (Fig. 2Ab), the vibration attributed to the CH, CH2 and 
CH3 bonds are observed from 846 to 935 cm-1, from 1253 to 1350 cm-1 and at 1377 cm-1, 
respectively [57]. Vibration arising from starching of C-C and C-O bonds and are detected 
between 1000 and 1200 cm-1 [57]. At 1403 cm-1 the symmetric deformation mode of NH4

+ in 
NH4Cl, the carbon–hydrogen (CH3), the carbon-carbon (C–C) and the carbon-oxygen (C=O) 
deformations are observed [56,58]. No band in the 1700-1850 cm-1 domain, assignable to C=O 
stretching mode of free citric acid is detected [59], thus no free citric acid remains in the as-
synthesized alumina. After extraction of the surfactant by Soxhlet, the vibrational bands of the 
porogen agent are still detected on the infrared spectra (Fig. 2A), but with less intensity, 
meaning that a part of the organic molecules has been removed. The vibrational band of the N-
H bond is also still detected with a lower intensity, meaning that not all of the salt is removed. 
Elementary analysis shows that 33% of carbon and 39% of nitrogen which are initially 
contained in the hybrid mesophase still remains in the mesostructured alumina after Soxhlet 
extraction (Table 2). To develop a lower energy consumer and an eco-friendlier process, the 
salt and the organics have been also removed by water or ethanol at room temperature. After 
immersion times, varying from 1 to 48 h, samples were withdrawn from the solution. They were 
dried in air at 40°C for 24 h in an oven. The powders obtained were then characterized. After 1 
hour of immersion in water or in ethanol, the first peak on the SAXS pattern is shifted from 
11.2 to 10.1 (Fig. S7A) or 10.3 nm (Fig. S7B), respectively. Increasing the immersion time, no 
significant change is noted in the SAXS pattern (Fig. S7). The contraction of the network is 
around 10% and it only occurs at the beginning of the extraction. Whatever the solvent and the 
immersion time a type IV isotherm with a H1 hysteresis loop, characteristic of mesoporous 
materials is obtained (Fig. S8). However, the volume of adsorbed nitrogen is higher when 
ethanol is used instead of water. Performing the extraction with water, the specific surface area 
first increases during the first four hours of extraction. It goes from 228 to 374 m²/g when the 
extraction time varies from 1 to 4 h, respectively. This suggest the formation of small boehmite 
particles due to the hydration of the surface [60]. For longer times, the specific surface area 
decreases, dropping from 365 m²/g after 8 hours of extraction to 264 m²/g after 48 h, likely 
because of the growth of the boehmite particles. The pore volume follows a similar trend to that 
of the specific surface (Table 2). With ethanol, the situation is quite different, after one hour of 
immersion, the specific surface and the pore volume are 391 m²/g and 0.99 cm3/g, respectively, 
and considering the error on the measurement, around 5%, both values remain almost constant 
when the immersion time is increased (Table 2). While no significant variation of the mesopore 
diameter is noted as a function of the immersion time when ethanol is used, the extraction by 
water leads to a slight decrease of its value (Table 2). For example, after 8 hours of immersion 
of water the mesopore diameter is 8.5 nm, whereas after the same time in ethanol its value is 
9.8 nm. For a given time, ethanol also gives higher values of specific surface area of pore 
volume (Table 2). The difference of behavior is due to the hydration of the framework, which 
does not occur in presence of ethanol.  
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Figure 2: Infrared spectra in the 2500-4000 cm-1 (a) and 800-2000 cm-1 (b) ranges of the as-synthesized 

and the Soxhlet extracted alumina (A) and evolution of the infrared spectra with the extraction 
time by water (B) or ethanol (C) at room temperature. 

 
Table 2: Variation of the specific surface area (SBET), the pore volume (Vp), the mesopore diameter (∅), the 
percentage of carbon and nitrogen removed as a function of extraction time. 

 Extraction time 
(h) 

SBET (m²/g) Vp (cm3/g) ∅ (nm) %C* %N* 

Immersion in 
water at room 
temperature 

1 228 0.48 9.4 48 95 
2 357 0.84 9.7 44 93 
4 374 0.82 9.1 50 98 
8 269 0.55 8.5 50 95 
24 338 0.70 8.5 51 97 
48 264 0.53 8.3 48 94 

Immersion in 
ethanol at room 

temperature 

1 391 0.99 9.6 46 53. 
2 389 0.95 9.5 48 63 
4 409 1.06 9.8 47 79 
8 386 0.99 9.8 47 75 
24 445 1.11 9.7 47 75 
48 356 0.89 9.8 49 81 

Ethanol 
extraction by 

Soxhlet 

16 403 0.83 8.3 67 61 

* Values determined by elementary analysis 
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Whatever the solvent used, the vibrations of the organic compounds are attenuated but they are 
still visible, meaning that the extraction of the porogen agent is not complete (Fig. 2B and C). 
The Raman spectra reported in Figure S9 confirm that a part of the P123 molecules can be 
removed from the mesopores by water (Fig. S9A) or ethanol (Fig. S9B) extraction at room 
temperature. Indeed, a strong decrease of the bands assigned to alkyl chains of P123 at 1430 
and 2800–3000 cm-1 [57] is noted after immersion in water (Fig. S9A) or in ethanol (Fig. S9B). 
Results obtained by elementary analysis shows that whatever the solvent, after 1 hour about 
50% of carbon remain in the mesostructured alumina (Table 2). Increasing the immersion time 
until 48 hours does not modify this value (Table 2). After immersion during 2 hours in water, 
no chlorine signal is detected on the SEM-EDX mapping and a good dispersion of the nitrogen 
remaining on the particle is noted (Fig. 3B and Fig. S6B), indicating that NH4Cl has been 
dissolved in water. This is further confirmed by the elementary analysis, which reveals that 
more than 90% of the initial nitrogen has been extracted from the material by water (Table 2). 
When ethanol is used, SEM-EDX mapping (Fig. 3C and Fig. S6C) always shows the presence 
of nitrogen and chlorine but the latter are better dispersed, indicating that a part of NH4Cl is 
dissolved in ethanol. Elementary analysis shows that 50% of nitrogen is removed after 1 hour.  
Increasing the immersion time has a beneficial effect of nitrogen removal however it cannot be 
completely extracted and around 20% remain in the mesostructured alumina. Presence of 
residual carbon with an inhomogeneous distribution on the EDX mapping after water (Fig. 3B 
and Fig. S6B) or ethanol (Fig. 3C and Fig. S6C) extraction supports the fact that the organic 
compounds are only partially extracted. 
 
3.3. Thermal stability of mesostructured Al2O3 

Whatever the considered extraction method, the organic compounds are not completely 
eliminated and a calcination step is needed to release the porosity. This step can modify the 
properties of the mesostructured Al2O3, we have thus investigated its thermal stability. Since 
the highest percentage of carbon extraction has been obtained upon ethanol extraction by 
Soxhlet, this study has been carried out for mesostructured alumina obtained after Soxhlet 
extraction. From the SAXS pattern reported in Figure 4A, it can be deduced that the 
mesostructuration is maintained until 900°C. However, with the increase of temperature the 
broad peak observed at 10.3 nm for the extracted Al2O3 decreases in intensity and it becomes 
less resolved, meaning that the mesopore network is partially damaged. Its position is shifted 
from 10.3 to 7.1 nm after calcination at 500°C and to 6.3 nm after calcination at 900°C. This 
variation indicates a contraction of the mesopore network probably due to the partial 
crystallization of the amorphous walls and/or to the condensation of the surface aluminols. TEM 
images (Fig. S10) also evidenced that the mesopores network with a wormhole-like structure is 
maintained in this range of temperature. Above 900°C, no reflection line is detected anymore 
on the SAXS pattern (Fig. 4A), the mesostructure has completely collapsed. After calcination 
at 1000°C, many dark areas are observed on the surface of the particle by TEM (Fig. S10), they 
can indicate the crystallization of the walls. In addition, after calcination at 1000 or 1100°C no 
mesopore network can be seen from the TEM images (Fig. S10), confirming the mesostructure 
collapse. At 1100°C, the TEM image is composed of large zones, which can be attributed to an 
assemblage of alumina crystallites. Crystallization of the walls upon calcination is supported 
by the XRD analysis (Fig. 4B). The diffractograms of the materials calcined from 500 to 700 
°C show amorphous materials. For calcination temperatures of 800 and 900°C, two reflections 
are visible at 2θ values of 45 and 67° corresponding respectively to the planes (400) and (440) 
of the γ-Al2O3 structure [56]. The peaks are of weak intensity and very widened, which reflects 
the presence of small crystallites. The crystallization of alumina correlates with the collapse of 
the mesostructure observed by SAXS.  
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Figure 3: Energy dispersive X-ray analyses of the as-synthesized alumina (A) and of mesostructured alumina 
obtained after surfactant extraction during 2 hours at room temperature by water (B) or ethanol (C). 
 
 
Increasing the temperature to 1000°C (Fig. 6B), the reflections at 2θ = 19, 32, 33, 37, 39, 45, 
60 and 67° are assigned to the (013), (020) (022), (122), (026), (220), (232) and (042) planes of 
δ-Al2O3 [61]. The peaks are widened indicating the existence of small crystallites. After 
calcination at 1100°C (Fig. 4B), the diffractogram shows fine peaks reflecting the 
crystallization of the material. Traces of the δ-Al2O3 phase are still detected but, the dominant 
phase is α-Al2O3 characterized by the (012), (104), (110), (113), (024), (116), (214) and (300) 
planes situated at 2θ = 25, 35, 37, 43, 52, 57, 66 and 68°, respectively [56].  
The type IV nitrogen adsorption-desorption isotherms are kept until a calcination temperature 
of 1000°C. However, increasing the temperature the hysteresis loop turns progressively from 
H1 to H2 and the volume of maximum adsorbed nitrogen decreases (Fig. 5A).  
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Figure 4: Variation of the SAXS (A) and XRD (B) patterns as a function of the calcination temperature. 
 

 
 
Figure 5: Variation of nitrogen adsorption-desorption isotherms (A) and pore size distribution (B) as a function of 
the calcination temperature. 
 
For example, at saturation the volume of N2 drops from 430 to 220 cm3/g-STP if the calcination 
temperature is raised from to 500 to 900°C. Meantime, the mesopore size distribution becomes 
broader with a decrease of the dV/dD value and globally, its maximum is shifted towards lower 
value (Fig. 5B). For example, after calcination at 500°C the mean mesopore diameter is 6.0 nm 
whereas its value becomes 4.7 nm after calcination at 900°C (Table 3). These variations reflect 
the contraction of the mesopores network, its loss of homogeneity and the beginning of its 
collapse. The values of specific surface area and pore volumes of the materials decrease from 
337 to 216 m²/g and from 0.65 to 0.33 cm3/g, respectively when the temperature varies from 
500 to 900°C (Table 3). After calcination at higher temperature the collapse of the 
mesostructured is more pronounced, resulting in lower specific surface and leading to non-
porous solids with total collapse of the mesostructure after calcination at 1100°C due to the 
crystallization of the walls as observed by XRD.  
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Table 3: Variation of the specific surface area (SBET), the pore volume (Vp), the mesopore diameter (∅), the 
percentage of carbon and nitrogen removed as a function of the calcination temperature. 

Calcination 

Temperature (°C)  
SBET (m²/g) Vp (cm3/g) ∅ (nm) %C* %N* 

500 337 0.65 6.0 96.6 > 98 

600 274 0.48 5.4 > 99.9 > 99.9 

700 194 0.36 6.3 > 99.9 > 99.9 

800 193 0.34 5.8 > 99.9 > 99.9 

900 216 0.33 4.7 > 99.9 > 99.9 

1000 62 0.17 - > 99.9 > 99.9 

1100 6 0.05 - > 99.9 > 99.9 

Extracted 403 0.83 8.3 67 61 

* Values determined by elementary analysis 
 
In that case a type II isotherm is obtained (Fig. 5A) and no maximum is noted in the mesopore 
size distribution (Fig. 5B). Nevertheless, a residual interparticle porosity persists after 
calcination at 1000°C. It should be noted that after calcination at 500°C almost all the organic 
compounds and the salt are removed. Indeed, from elementary analysis it can be seen that 
around 4% and less than 2% of carbon and nitrogen, respectively, remain in the amorphous 
mesostructured alumina. 
Modifying the calcination temperature also leads to a modification of the aluminum 
environment (Fig. 6). Indeed, 27Al RMN spectra of material calcined at 500 to 700°C show the 
presence of three different environments for aluminum. Octahedral (AlO6 ≈ 6.5 ppm), 
pentahedral (AlO5 ≈ 37.4 ppm) and tetrahedral (AlO4 ≈ 63 ppm) environments are detected 
[62,63]. The presence of these three contributions indicates a disordered aluminum 
organization, characteristic of an amorphous phase [64,65]. This observation is in coherence 
with SAXS and XRD analyses.  

 
Figure 6: Variation of 27Al NMR spectra as a function of the calcination temperature. 

The materials calcined at 800, 900 and 1000 °C contain aluminum atoms with tetrahedral and 
octahedral coordinations, which is in accordance with the appearance γ-Al2O3 and δ-Al2O3 
polymorphs detected by XRD [64,66]. Since both phases have similar Al environment it is not 
possible to distinguish them by 27Al NMR [65]. After calcination at 1100°C, the resonance 
peaks assigned to Al in the octahedral environment is shifted from 6.5 to 12.5 ppm. This 
variation confirms the appearance of the α-Al2O3 structure [67], which contains only octahedral 
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aluminum [65]. The weak resonance at 63 ppm (Al in tetrahedral environment) can be attributed 
to the remaining δ-Al2O3, as observed by XRD. 
 
3.4. Hydrothermal stability of mesostructured Al2O3 

Hydrothermal stability is an important property that should be considered before developing 
applications, especially in catalysis. To evaluate this property, the mesostructured alumina has 
been first directly immersed in boiling water for 24 hours. Aliquots were taken at regular 
intervals and analyze. Secondly, the materials were exposed to water vapor at 200°C for 24 h. 
Since the environment of aluminum is modified with the increasing temperature of the 
calcination, this study has been performed by considering mesostructured alumina calcined at 
500, 700 and 900°C. When immersed in boiling water or exposed to H2O vapor, no reflection 
line is detected on the SAXS pattern of the mesostructured alumina calcined at 500°C (Fig. 
S11A) or 700°C (Fig. S11B). In that case, the mesostructured collapses even after 30 minutes 
in boiling water. The behavior after immersion in boiling water is quite different for the sample 
initially calcined at 900°C. Indeed, the broad peak at 6.4 nm can still be distinguished after 4 
hours of immersion in boiling water (Fig. S11C). Initially, the nitrogen adsorption-desorption 
isotherms of all materials showed a sharp capillary condensation, after 0.5 h of immersion in 
boiling water this sharpness is drastically reduced. The hysteresis loop becomes H2. However, 
while it still persists after 24 hours of immersion in boiling water for the mesostructured 
alumina calcined at 500°C (Fig. 7A), it completely disappears after 9 hours or 4 hours of 
treatment of the mesostructured aluminas calcined at 700°C and at 900°C, respectively, and a 
H3 hysteresis loop is observed. In that latter cases, the samples exhibit an interparticular 
porosity. At the same time the isotherm is not type-IV anymore but rather type-II (Fig. 7B and 
C), according to the IUPAC classification, suggesting an interparticular porosity and the loss 
of the major part of the inner mesoporosity of the materials. This is further confirmed by the 
mesopore size distribution, which is very broad and presents low dV/dD values. After 24 hours 
in boiling water, the mesostructure collapses as observed for the other two materials.  
The materials initially calcined at 500 and 700°C behave in a similar way after exposure to 
water vapor. Their nitrogen adsorption-desorption isotherm is rather type II (Fig. 7A and 7B), 
whereas the material calcined at 900°C shows a type IV isotherm with an H3 type hysteresis 
after exposition to water vapor during 24 hours. The adsorption is therefore mainly 
interparticular. Anyway, whatever the calcination temperature of the started materials upon 
immersion in boiling water or after exposure to water vapor, the pore size distribution shows 
lower dV/dD values than the initial sample and it is also broader, reflecting the fact that the 
channels are progressively destroyed and that the mesostructure slowly collapses. 
When tested in boiling water, whatever the temperature at which the initial mesostructured 
alumina is calcined, the specific surface area increased after immersion during 0.5 h. This can 
be attributed to the hydration of the framework, which leads to the formation of small particles 
of boehmite (γ-AlOOH) or pseudo bohemite [60, 68,69], depending on the calcination 
temperature of the initial mesostructured Al2O3. If the immersion time is prolonged, the values 
of the specific surface area remain almost constant for the material initially calcined at 500°C 
or decreases for the two other samples, presumably due to the growth of particles of (γ-AlOOH) 
[69]. The decrease of SBET is accentuated with the increase in the calcination temperature (Fig. 
8A). Considering the pore volume, if the starting alumina has been calcined at 500 or 700°C, 
its value decreases after the first 0.5 hour of immersion from 0.52 cm3/ g to 0.40 cm3/g and it 
remains almost constant thereafter (Fig. 8B). If the calcination has been performed at 900°C, 
the mesopore volume is constant around 0.35 cm3/g during the first 2 hours of treatment in 
boiling water then it gradually drops to 0.19 cm3/g after 24 hours (Fig. 8B). It appears that the 
impact of treatment in boiling water on the decrease in the specific surface area and in the pore 
volume values is more pronounced with the increase in the calcination temperature.  
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Figure 7: Nitrogen adsorption-desorption isotherms with the corresponding mesopores size distribution (insert) as 
a function of the immersion time in boiling water and after of exposure to water vapor. The initial mesostructured 
alumina has been calcined at 500°C (A), 700°C (B) or 900°C (C). 
 
If the hydrothermal stability is evaluated by considering the exposure to water vapor during 24 
hours, the drop of specific surface area is more important than for immersion in boiling water 
for materials calcined at 500 or 700°C. In fact, after 24 hours of exposure to water vapor SBET 
is 122 and 149 m²/g, respectively, against 335 and 243 m²/g by considering the immersion in 
boiling water. The difference is much less significant, 149 versus 158 m²/g, when the material 
was initially calcined at 900°C.  
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Figure 8: Variation of the specific surface area (A) and of the pore volume (B) with the immersion time in boiling 
water. The initial mesostructured alumina has been calcined at 500°C (�), 700°C () or 900°C (�). Lines are 
just a guide for the eyes. 
 
Figure 9 depicts the evolution of the XRD pattern of the calcined mesostructured alumina and 
after its immersion in boiling water during 24 hours or its exposure to water vapor during 24 
hours. As observed previously, before immersion in boiling water or exposure to water vapor, 
materials calcined at 500 and 700°C are amorphous, no peak is detected on the XRD pattern. If 
calcination has been performed at 900°C only one peak at 2θ = 45°, which is assigned to the 
(400) reflection of γ-Al2O3 is observed. After 24 hours of immersion in boiling water, the XRD 
patterns of the mesostructured alumina show the presence of the (020), (120), (031), (200), 
(220) and (151) reflections of boehmite or pseudo-boehmite, depending on the heating 
temperature of the initial mesostructured alumina (Fig. 9). Indeed, the shift of the (020) 
reflections from 2θ = 13.9 to 14.5°, when the heating temperature is raised from 500 to 900°C, 
respectively, suggests that after 24 hours of immersion in boiling water pseudo boehmite is 
formed for the mesostructured Al2O3 initially calcined at 500°C (Fig. 9A). Whereas after the 
same period in boiling water boehmite is obtained for the material initially calcined at 900°C. 
XRD analysis thus confirms the presence of boehmite, which was assumed from the evolution 
of the specific surface area. In addition, for the sample initially heated at 900°C a more complex 
XRD pattern is obtained (Fig. 9C). Indeed, in addition to boehmite, the (010), (10-1), (-201), (-
1-12) and (121) reflections of bayerite (JCPDS 01-074-1119) are detected at 2θ = 18.6, 21.1, 
37.7, 39.9 and 45.0°, respectively. The (001), (110), (020), (011), (13-1), (22-1) and (13-2) 
reflections of nordstrandite (JCPDS 00-024-0006) appear at 2θ = 18.9, 20.4, 20.6, 21.4, 40.7, 
45.7 and 50.2, respectively. The presence of these last two phases is consistent with the 
formation of γ-Al2O3 after calcination at 900°C. Indeed, the hydration of γ-Al2O3 also implies 
the formation of new phases according to the following equation [60] :  
 γ-Al2O3 + 3 H2O = 2β-Al(OH)3 
 



19 

 
Figure 9: XRD pattern of the calcined mesostructured alumina and after its immersion in boiling water during 24 
hours or its exposure to water vapor during 24 hours. The initial mesostructured alumina has been calcined at 
500°C (A), 700°C (B) or 900°C (C). 
 
The presence of bayerite and nordstrandite was also observed by Szűcs et al. during the 
rehydratation processes of heat-treated aluminium hydroxides in water vapor medium [70]. 
Evaluating the hydrothermal stability in presence of water vapor, after 24 hours of exposure, 
all XRD patterns present peaks at 14.5, 28.3, 38.5, 49.3, 51.6 and 55.3° which are respectively 
attributed to the (020), (120), (031), (200), (220) and (151) reflection of Boehmite (Fig. 9). 
Thus, after exposure for 24 hours to water vapor all the mesopore walls crystallize into boehmite 
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regardless of the calcination temperature, involving the collapse of the mesostructure. 
Additionally, compared to immersion in boiling water, a higher degree of crystallization, 
reflected by more intense diffraction peaks, is noted. 
From the XRD results, it is reasonable to conclude that the collapse of the mesoporous 
framework is related to the crystallization of the amorphous walls. 
 
4. Conclusions 

Mesostructured amorphous Al2O3 has been synthesized in an alcoholic acidic media by a 
surfactant templating process using P123 as porogen agent and aluminum tri sec butoxide as 
alumina precursor. The role of ethanol, citric acid and hydrochloric acid is to control the 
reactivity of the alumina precursor. Chlorides and citrates ions are therefore present in the 
synthesis medium and depending on their quantity they can interact preferentially either with 
the surfactant or with the inorganic precursor, disrupting the interactions of aluminum species 
with the porogen agent. The influence of the synthesis conditions on the properties of 
mesoporous materials has been investigated. Results show that the best mesopore ordering is 
reached for 3g of porogen agent, 4g of aluminum tri sec butoxide, 0.5 of citric acid and 1.5g of 
HCl. However, even under these conditions only an HMS mesostructure is obtained. The 
reconstitution of the liquid crystal phase during the evaporation step is not complete likely 
because the presence of water, which favors the hydrolysis and thus affects the homogeneity of 
the particles. Probably, due to the salting out effect of citrates, dual mesoporous materials are 
obtained when the mesostructured alumina is synthesized from 1g of P123 in the presence of 
citric acid. 
The partial release of porosity was carried out by water or ethanol extraction at room 
temperature. The results show that even after 48 hours 50% of the carbon present in the hybrid 
mesophase still remain. When extraction is performed with Soxhlet, the percentage of 
remaining carbon after 16 hours is 33%. 
The investigation of the thermal stability shows that the mesostructure is maintained until 
900°C, temperature at which the γ-Al2O3 appear. Increasing the temperature, the walls of the 
mesopores framework crystallize into δ-Al2O3 and finally into α-Al2O3. The crystallization 
process involves the collapse of the mesostructure. 
The hydrothermal stability of mesostructured alumina calcined at 500, 700 and 900°C has been 
evaluated in boiling water or in the presence of water vapor. The results show that at the 
beginning of the treatment, due to the hydration of the Al2O3, small particles of boehmite are 
formed, involving an increase in the specific surface area. However, the crystallization into 
aluminum hydroxides involved the collapse of the mesostructure. 
Comparing with literature, the preparation method reported here is eco-friendlier since it allows 
the partially template removal by water at room temperature. It also allows to preserve the 
presence of amorphous phase in the materials upon thermal treatment at 700°C.  This open new 
opportunity for the design of CoMoS hydrotreating catalysts. Indeed, the presence of the 
amorphous phase can play an important role in enhancing the activity and durability of the 
catalysts because of its unique chemical properties (presence of defect, acidity, basicity….) 
which will affect the features of the active phase (size, morphology…). For the same reasons, 
the selectivity can also be modified. Undoubtedly, improved dispersion of the active phase can 
be achieved by integration into high surface area materials containing amorphous phase. In 
addition, one can expect that the interaction with Mo precursors and/or the MoS2 slabs would 
be drastically modified. This work is still in progress and will be reported elsewhere. 
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Appendix A. Supplementary data 

SAXS pattern as a function of the amount of both P123 and aluminum tri sec butoxide. 
Materials have been prepared without addition (A) or in the presence (B) of citric acid (S1). 
Nitrogen adsorption-desorption isotherms with the corresponding mesopores size distribution 
(insert) as a function of the amount of both P123 and aluminum tri sec butoxide. Materials have 
been prepared in the presence of citric acid (S2). 
Nitrogen adsorption-desorption isotherms and mesopores size distribution as a function of the 
amount of both P123 and aluminum tri sec butoxide of materials prepared without addition of 
citric acid (S3). 
SAXS patterns, nitrogen adsorption-desorption isotherms) and mesopores size distribution as a 
function of the amount of both HCl and citric acid (S4). 
TEM images and XRD after surfactant extraction by Soxhlet (S5). 
EDX spectra after surfactant extraction by water or ethanol at room temperature (S6). 
SAXS patterns as a function of the surfactant extraction by water or ethanol with time at room 
temperature (S7). 
Nitrogen adsorption-desorption isotherms and mesopores size distribution as a function of the 
surfactant extraction by water or ethanol with time at room temperature (S8). 
Raman spectra as a function of the extraction by water or ethanol with time at room temperature 
(S9). 
TEM images as a function of the calcination temperature (S10). 
SAXS pattern as a function of the immersion time in boiling water and after exposure to water 
vapor (S11). 
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Supporting Information 

 
Figure S1: Evolution of the SAXS pattern as a function of the amount of both P123 and 
aluminum tri sec butoxide. Materials have been prepared without addition (A) or in the presence 
(B) of citric acid. 
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Figure S2: Variation of the nitrogen adsorption-desorption isotherms with the corresponding 
mesopores size distribution (insert) as a function of the amount of both P123 and aluminum tri 
sec butoxide. Materials have been prepared in the presence of citric acid with 1 (A), 2 (B) and 
3 (C) g of P123. 
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Figure S3: Variation of the nitrogen adsorption-desorption isotherms with the corresponding 
mesopores size distribution (insert) as a function of the amount of both P123 and aluminum tri 
sec butoxide. Materials have been prepared without addition of citric acid in the presence of 1 
(A), 2 (B) and 3 (C) g of P123. 
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Figure S4: Variation of the SAXS patterns (a), the nitrogen adsorption-desorption isotherms 
(b) and the mesopores size distribution (c) as a function of the amount of both HCl (A) and 
citric acid (B). 
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Figure S5: TEM images (A) and XRD (B) of the mesostructured alumina obtained after 
surfactant extraction by Soxhlet. 
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Figure S6: EDX spectra of the as-synthesized alumina (A) and of mesostructured alumina 
obtained after surfactant extraction during 2 hours at room temperature by water (B) or ethanol 
(C). 
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Figure S8: Variation of the nitrogen adsorption-desorption isotherms with the corresponding 
mesopores size distribution (insert) as a function of the surfactant extraction by water (A) or 
ethanol (B) with time at room temperature. 
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Figure S9: Evolution of the Raman spectra in the 2500-3500 cm-1 (a) and 700-1600 cm-1 (b) 
ranges with the extraction time by water (A) or ethanol (B) at room temperature. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Raman Scattering Spectra were collected on a FT-Raman FRA106/S (Bruker) coupled to an 
Equinox IFS 55 FTIR spectrometer (Bruker). The device is equipped with a laser Nd:YAG at 
1064 nm and a high sensitivity germanium detector D418. The laser power varies between 100 
and 540 mW. The number of accumulations was 200 scans. 
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Figure S10: Evolution of the TEM images as a function of the calcination temperature. 
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Figure S11: Evolution of SAXS pattern as a function of the immersion time in boiling water 
and after of exposure to water vapor. The initial mesostructured alumina has been calcined at 
500°C (A), 700°C (B) or 900°C (C). 
 

 

 

 

 

 

 

 

 

 


