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The preparation of a steam-based hydrothermally stable transition alumina is reported. The gel is derived 
from a synthetic sol-gel route where Al-tri-sec-butoxide is hydrolysed in the presence of a non-ionic 
surfactant (EO20PO70EO20), HCl as catalyst and water (H2O/Al=6); the condensation is strengthened by 10 

treating the hydrolysed gel with tetrabutyl ammonium hydroxide (TBAOH) and it is dried afterwards at 
60°C by solvent evaporation. The so-obtained mesophase is crystallized under Argon at 1200°C (1 h) 
giving rise to a transitional alumina containing δ/α, and possibly θ, alumina. Due to the surface acidity, 
the pyrolysis conditions transform the block copolymer into a cross-linked char that embeds the alumina 
crystallites. Calcination at 650°C fully generates the porosity by burning the char; a residual carbon of 0.2 15 

wt.% was found, attributed to the formation of surface (oxy)carbides. As a result, this route produces a 
transition alumina formed by nanoparticles of about 30 nm on average, surface areas ranging 59-76 m2 g-1 
with well-defined mesopores centered at 14 nm. The material withstands steam at 900°C with a relative 
surface area rate loss lower than δ-aluminas, state-of-the art MSU-X γ-alumina and those reported for 
other pure γ-aluminas. The hydrothermal stability is confirmed under relevant CH4 steam reforming 20 

conditions, after adding Ni; a much lower surface area decay and higher CH4 conversion was found when 
compared to a state-of-the-art MSU-X based Ni-catalyst. Two effects are important to explain the 
properties of such an alumina; the char protects the particles against sintering, however, the dominant 
effect is provided by the TBAOH treatment that makes the mesophase more resistant to coarsening and 
sintering.   25 

Introduction 

In heterogeneous catalysis and separation processes (a.o. 
adsorption, chromatography) transition aluminas are by far the 
most used inorganic material. Industrially, alumina precursors are 
generally produced by four routes; flask calcination, aluminate 30 

acidi-fication, neutralization of Al salts and alkoxide hydrolysis.1 

Typical precursors are gibbsite, bayerite, boehmite (pseudo-
boehmite, crystalline and highly crystallized) and diaspore; the 
latter is normally produced from gibbsite, bayerite or boehmite at 
pressures larger than 140 atm in the presence of steam. These 35 

precursors are thermally dehydrated into various crystalline forms 

that depend on the applied temperature and starting precursors.2 

Thermally activated alumina phases comprise: ρ (150-250 oC); 
η (250−500 οC), χ (300−500 οC ), γ (300−850 οC), δ (600−1000 ο

C), κ (800−1150 oC), θ ( 850−1150 οC) and finally the thermo-40 

dynamically stable α phase (>1150 oC), with the exception of the 
diaspore route where α-alumina can crystallize from 500 oC. 
These temperatures are strongly influenced by the presence of 
impurities or additives.  
 Due to the surface acidity and relatively high surface area, γ-45 

alumina is the preferable crystalline phase as catalyst support or 
adsorbent; business examples can be found in catalytic reforming 
and hydro-processing in oil refinery.3,4 Despite its maturity, there 
are still aspects for improvement. From a material stand point, 
enhancing its surface area and overcoming the limited 50 

hydrothermal steam-based stability have been technical 
challenges. Regarding the first aspect, the limited interparticle 
space between the crystallites gives rise to relatively low surface 
areas. Most of the research has been focused on enhancing the 
surface area while keeping a relatively narrow pore size 55 

distribution. Sol-gel routes have succeeded in obtaining γ-
aluminas with well-defined mesopores by means of supra-
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molecular surfactants in combination with sol-gel alkoxide 
routes.5 Presently, organized mesporous aluminas can be synthe-
sized with partially6-9 and well-crystallized γ-alumina walls.10-25 

 The hydrothermal stability has been the second aspect of 
attention. For high-temperature catalytic applications in the 5 

presence of steam, such as steam reforming, CH4 combustion or 
exhaust gas converters, the reactivity and hydrothermal stability 
of the γ-alumina has been a very relevant drawback. Such 
reactivity leads to catalyst deactivation by loss of surface area, 
rehydration, formation of surface or bulky spinels and sintering of 10 

the supported metals. A well-known undesirable effect is the 
reduction of Rh dispersion in three-way catalyst converters by the 
formation of a RhAl2O4 spinel.26 The above mentioned 
applications have found catalysts based on stabilized aluminas or 
hexaaluminates27-29; to less extent alternative refractory materials 15 

have been proposed as well.30,31  
The simplest way for stabilizing a transition alumina against 
hydrothermal conditions is the introduction of structural 
promoters. This can be done either during the preparation of the 
support itself or by surface modifications of commercially 20 

available aluminas. Among these promoters, silica32-41 

lanthanum42,43 and barium44 are the most effective to withstand 
hydrothermal conditions; many others have been investigated as 
well.44,45 The effect of these promoters has been identified: silica 
forms a layer firmly bonded to the alumina surface34; lanthanum 25 

forms aluminate microdomains42 while barium generates a 
surface hexaalu-minate.44 The result is the restriction of the metal 
oxide sintering with temperature and steam, with a slow rate of 
surface area loss. Typical surface areas rate losses for pure γ-
alumina lies within 5-20 m2.g-1.h-1 while those for stabilized 30 

aluminas range 0.1-3 m2.g-1.h-1 at 600°C and 0.1 atm H2O.33 
 It is clear from the above that the hydrothermal stabilization of 
aluminas has relied almost exclusively on the addition of a 
second component, as promoters or by forming a different 
crystalline phase. This prevents sintering at expense of modifying 35 

the surface properties of the alumina; see for instance the effect of 
silica on the acidity that was thoroughly studied by Daniel et al.37  
 An alternative to the use of promoters would consist of 
modifying the sol-gel synthesis route of the alumina mesophases 
itself, aiming to obtain more hydrothermally stable transitional 40 

aluminas after the thermal activation. This option, to the best of 
our knowledge, has not been reported. 
 In this paper we will report a transition alumina derived from a 
synthetic three-step sol-gel route, where the condensation step is 
improved by raising the pH, in combination with high-45 

temperature pyrolysis that produces a carbon-embedded transition 
alumina. Calcination afterwards at lower temperature generates 
fully the porosity. The alumina so-obtained possesses well-
defined and relatively narrow mesopores and can withstand 
steaming conditions at 900°C; the surface area rate loss is lower 50 

than those reported for pure aluminas and comparable to promo-
ters-based counterparts. The synthesis protocol, structural and 
textural characteristics of this material is discussed thoroughly. 

Experimental 

Chemicals 55 

Aluminum tri-sec-butoxide (97%), Pluronic P123 (M=5800, 

EO20PO70EO20) from Sigma-Aldrich; hydrochloric acid (37 wt.%) 
from Merck; sec-butyl alcohol (99%) from Acros Organics; 
tetrabutyl ammonium hydroxide (TBAOH, 1.0 M in methanol) 
supplied by Sigma-Aldrich were used in this study. A commercial 60 

γ-alumina was acquired from Merck and used as reference 
material for the high temperature treatments. A hydrotreatment γ-
Al2O3 (SBET=270 m2.g-1) was used as reference material for the 
acidity tests. MSU-X was acquired from Sigma-Aldrich. 

Synthesis of the mesophase 65 

The hydrolysis of the base mesophase (TBAOH-EISA) is carried 
out using a procedure reported by López-Pérez et al46 in acidic 
medium (HCl) with a non-ionic surfactant (Pluronic P123, 
EO20PO70 EO20), aluminum tri-sec-butoxide in sec-butanol at 60 
oC; the amount of water was fixed to H2O/Al=6 (mol); the gel 70 

before evaporation was condensed by increasing the pH up to 5 
adding TBAOH solution. Further details can be found in López-
Pérez et al46. For comparison, an alumina mesophase without the 
TBAOH treatment was studied as well, corresponding to the 
TAN-3a material after thermal activation. Table 1 summarizes 75 

the samples prepared with their stabilization and thermal 
activation protocol. 

High temperature activation 

The novelty of this work relies mostly on the thermal activation 
protocol. The activation was carried out in two steps: high-80 

temperature pyrolysis and low-temperature calcination. In the 
pyrolysis step, the dried mesophase was heated in a Entech ETF 
15 tube furnace using argon flow (100 mL.min-1 STP) at 1200 oC 
with a heating rate of 2 °C.min-1 and maintained for 1 or 8 h. The 
sample was placed into a 10 mL-Coors® crucible (Sigma Aldrich) 85 

that was positioned at the centre of the heating zone. These 
treatments produce a black hybrid material containing a char as 
well as the alumina phases. In the second step, the organic 
material is burnt by oxidation in a LT9/11 Nabertherm box 
furnace at 650 oC for 6 h at 5 °C.min-1 using static air. The 90 

calcination temperature was deduced from the TGA patterns of 
the intermediate pyrolyzed material, which is given in Fig. 5.  

HYDROLYSIS 

CONDENSATION 

THERMAL ACTIVATION 

1 Al3+: 0.017 Pluronic P123 : 30 sec-BuOH : 6 H2O : 1.8 HCl. 

T = 60 oC, N2 flow (30 mL.min-1 STP), 100 rpm, 72 h. 

TBAOH (pH=5), 60 oC, 24 h. 
    

EVAPORATION  
T = 60 oC, N2 flow (200 mL.min-1 STP), 250 rpm until dryness 

Pyrolysis Crystallization 

Argon flow  (100 mL.min-1 STP) at 2oC.min-1 up to 1200 oC 

and maintained for 1 or 8 h. 

Carbon removal by air calcination 

box-furnace 650 oC for 6 h at 5oC.min-1 

MESOPHASE 

 
Figure 1. Synthesis protocol including sol-gel and thermal steps. 
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The complete sol-gel synthesis route and activation protocol are 
summarized in Figure 1. A control experiment (sample TAN-4) 
was carried out where the mesophase was calcined in air, using 
the same heating parameters as for TAN-1.  

Steaming tests 5 

The hydrothermal stability was evaluated by exposing the sample 
under 100% steam at 900 oC for 4 and 24 h. The sample was 
loaded in a flat quartz crucible and placed in a quartz-tube housed 
tubular oven (Nabertherm RT 50/250-11). The temperature was 
increased up to 200 oC at a heating rate of 5 °C.min-1. At this 10 

temperature the sample was exposed to steam and further heated 
up to 900 oC (5 °C.min-1) and kept for 4 and 24 h.  

Characterization of the pyrolyzed materials 

The burnable organic content of the pyrolyzed materials was  
quantified by thermogravimetric analysis (TGA) on a Mettler-15 

Toledo analyzer (TGA/SDTA851e) using a flow of synthetic air 
of 100 mL.min-1 STP. The temperature was increased from 30 to 
900 °C at 10 °C.min-1. Blank curve subtraction using an empty 
crucible was taken into account. Powder X-ray diffraction (XRD) 
measurements were carried out on a Bruker D8 powder X-ray 20 

diffractometer using CuKα radiation, λ=0.154056 nm. The 
spectra were recorded with a step size of 0.02° for 3 s accumu-
lation time, in the 2θ angle range of 20-80°.  

Characterization of the activated materials 

Nitrogen physisorption analyses at −196 oC were carried out in a 25 

Micromeritics ASAP 2420. The samples were degassed in 
vacuum at 350 oC for 10 h. The surface area was calculated using 
the standard BET method (SBET, m

2.g-1).47 For surface areas below 
10 m2.g-1 a decimal is given. The single point pore volume (VT, 

cm3.g-1) was estimated from the amount of gas adsorbed at a 30 

relative pressure of 0.98 in the desorption branch. The pore size 
distributions (PSD) were obtained from the BJH method48 using 
the adsorption branch of the isotherms; the PSD maxima are 
reported as ΦBJH. The t-plot method was employed to quantify the 
micropore volume (Vµ, cm3.g-1).49 The particle size, dBET, was 35 

calculated by using the equation dBET = 6⋅106/(ρ.SBET) where ρ is 
the particle skeletal density; ρδ=3.20⋅103 kg.m-3 and ρθ=3.56⋅103 
kg.m-3.50 NH3-TPD experiments were carried out in a 
Micromeritics Auto-Chem II following a protocol described 
elsewhere.51 Elemental carbon was analysed in a EuroVector 40 

3000 CHNS analyzer. Approximately 2 mg of sample was 
weighed in a 6-digit analytic balance (Mettler Toledo). The 

samples were burnt at 1800 oC in the presence of an oxidation 
catalyst and decomposed into CO2, H2O, and N2. These gases are 
then separated in a Porapak QS column at 80 oC and quantified 45 

with a TCD detector. Acetonitrile (99.9%) was used as an 
external standard. TEM and dark-field TEM (DF-TEM) images 

Table 1. Structural and textural data derived from N2 adsorption at -196 oC and XRD. 

Material Stabilization Activation Phase a SBET (m
2.g-1)  b VT (cm

3.g-1) ΦΦΦΦBJH(nm)  

TAN-1 TBAOH 1200 oC, Ar 1h δ,θ,α 64 c 0.176 13.6 

TAN-2 TBAOH 1200 oC, Ar 8h α,θ 23 0.107 27, 60 f 

TAN-3a d none 1200 oC, Ar 1h α 10 0.070 >60 

TAN-4 TBAOH 1200 oC, air 1h θ,α 39 0.140 15, 32 f 

COM e none 1200 oC, Ar 1h α 7.5 0.018 >100 

a. Major to minor phases detected; b. After removing the char in air at 650 oC for 6 h; c. The surface area fluctuates, this corresponds to an 

intermediate value (see Fig. S-3); d. Suffix ‘a’ makes emphasis that this material contains pure alpha alumina; e. Thermally treated commercial γ-

alumina (Merck); f. Bimodal pore size distributions having a shoulder at higher pore sizes. 
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Figure 2. XRD patterns for the pyrolyzed materials at 1200 oC: a) TAN-l; b) 
TAN-2; c) TAN-3a; d) thermally treated commercially alumina (COM) and 
e) TAN-l after steaming at 900 oC for 24 h. Phase notation: Alpha (�)56; 
theta (�)57 and delta (+)58. Patterns b, c and d have a small contribution () 
that is an artefact (W-aberration)46. The patterns are offset in Y-axis. 
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were taken on a Philips CM30T transmission electron 
microscope. The sample was suspended in isopropanol and then 
deposited on a holey carbon grid until dryness. 

Catalyst preparation and catalytic testing 

A nickel catalyst supported on TAN-1 was prepared by wet 5 

impregnation of nickel nitrate (Ni(NO3)2·6H2O, Sigma–Aldrich) 
using a double amount of water with respect to the pore volume 
obtained by N2 physisorption. The wet slurry was shaken at 500 
rpm for 30 min (VWR, digital DVX-2500). The loading was set 
at 5 wt.%. After impregnation, the sample was dried at 120 oC for 10 

24 h and then calcined at 600 oC at a heating rate of 5 oC/min for 
3 h. The as-prepared catalyst was denoted as Ni5/TAN-1. For 
comparison, a nickel catalyst supported on a commercial MSU-X 
(denoted as Ni5/MSU-X) was prepared by the same impregnation 
method. The resulting powders were pelletized, crushed and 15 

sieved into a 212-425 µm fraction for the catalytic tests. Steam 
reforming of CH4 was carried out in a continuous flow fixed-bed 
reactor at 850 oC under atmospheric pressure. Prior to the 
catalytic reaction, the catalyst (ca. 100 mg) was reduced with a 
flow of pure H2 (16 ml/min NTP) at 850 oC for 1 h. The total feed 20 

rate with respect to catalyst weight was 14280 ml/h·g NTP, with 
a feed composition of CH4:H2O:N2=1:2:0.3. The reaction 
products were periodically analyzed using an on-line gas 
chromatograph (Varian 450-GC) equipped with a thermal 
conductivity (TCD) and flame ionization (FID) detectors. 25 

Results 

Structural and textural properties of the transitional alumina 

The TBAOH mesophase was thermally crystallized under 
pyrolysis conditions at 1200 oC for various durations. The so-
obtained materials were characterized by XRD and the patterns 30 

are compiled in Figure 2; the crystalline phases detected are 
summarized in Table l. It was found that when subjecting the 
mesophase at l h pyrolysis time (TAN-l), besides well-
crystallized α-alumina, a transition alumina formed by broad 
reflections was observed. At the temperature applied α−alu-35 

mina, with some residues of θ depending on the crystallization 
time and heating rate,2,52-55 are the expected phases. 
 The amplification of the XRD pattern for TAN-l is given in 
Figure 2, top. Taking into account the high temperature applied, a 
θ phase57 would be expected as it is the typical thermal precursor 40 

for α-alumina in the (pseudo)boehmite route.2,52-55 However, a 
closer look at the pattern evidences that the phase appears to be 
delta (δ) because of some specific features. Three characteristic 
reflections between 60 and 65° for θ are missing. The crys-
tallographic changes from δ to θ are thoroughly described by 45 

Rane et al.;59 where the reflection at ca. 45.6° typically drops at 
expense of the one at 32.7° that becomes sharper when the θ 
phase is formed. These three aspects are missing for the TAN-1 
material. Nevertheless, if only δ alumina is present, the reflection 
at 32.7° should be relatively less intense compared to that at 50 

60 nm 

60 nm 

200 nm 

200 nm 

DF DF DF 

60 nm 

60 nm 

a b c 

 
Figure 3. TEM pictures of the TAN-1 material at various magnifications under bright and dark field (DF-TEM, bottom). A high-resolution image can be 
found in Fig. S-1. 
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45.6°.60 Based on that, it seems that dispersed θ nuclei can be 
present as well. We propose that the TAN-1 material is formed by 
a complex mixture of well-dispersed δ and crystalline α-alumina, 
and possibly well dispersed θ.  
 Due to the broad reflections, it is expected that TAN-1 will 5 

exhibit a moderately high surface area. 
 When the pyrolysis temperature was increased to 8 h (TAN-2) 
the material is formed by well-crystallized α and a residue of θ 
(Fig. 2, and b). 
 Figure 3 (top) shows the TEM pictures of various TAN-l 10 

agglomerates. The texture is formed by a random packing of 
nanoparticles (Fig. 3-a, -b, top and Fig. S-1) that are highly 
connected. Using DF-TEM, more crystalline particles can be 
distinguished, seen as bright spots (arrows in Fig. 3-a, b, bottom), 
mostly of ca. 15-25 nm, that we assign to θ or α alumina 15 

domains52-55 due to the higher bulk density (3.56⋅103 and 3.98⋅103 

kg.m-3 for θ and α) compared to δ-alumina (3.20⋅103 kg.m-3).50 
When an overview picture of an agglomerate is considered (Fig. 
3-c, top and bottom), the DF-TEM shows very crystalline 
domains ranging 100-300 nm (indicated as circles) attributed to 20 

α-alumina due to the high crystallinity of this phase shown by the 
narrow XRD reflections (Fig. 2-top, pattern a). Smaller 
crystalline domains (around 50-100 nm) are also seen in the 
overview picture that are ascribed to α phase; θ seems to be 
unfeasible because the θ to α phase transformation52-55 takes 25 

place via a critical size of around 20 nm for the θ nuclei. 
 Therefore, the TEM is consistent with the previous XRD 
interpretation; TAN-l is formed by a complex mixture of 
nanosized δ and more crystalline α-alumina, and possibly θ. 
 Application of a similar thermal protocol to the TBAOH-free 30 

mesophase gives rise to a material composed by pure α-alumina 
(TAN-3a; Fig. 2 pattern c). A similar phase was found when 
starting with a commercial alumina (COM, pattern d). This 
contrasts remarkably with TAN-l and points out that the 
condensation with TBAOH makes the material more resistant to 35 

the thermal sintering/coarsening. Furthermore, when the thermal 
treatment of the TBAOH mesophase is carried out in air, instead 
of Ar, a mixture of more crystalline α/θ aluminas is formed 
(TAN-4, Fig. S-2) with lower surface area as will be discussed 
later. Hence the combined effects of the TBAOH-condensation 40 

and the pyrolysis crystallization are essential to retain the 

nanosized transitional alumina phases. 
 The textural properties of the calcined materials were charac-
terized by N2 physisorption. The adsorption-desorption isotherms 
and corresponding pore size distributions are shown in Figure 4. 45 

The specific BET surface area, pore volume and maxima of the 
PSD are compiled in Table l. The shape of the isotherms for the 
thermally treated commercial (COM), TAN-2 and TAN-3a is of 
type IV with hysteresis H3;61,62 that is found for solids composed 
of aggregates or agglomerates of particles forming slit-shaped 50 

pores. This is consistent with the presence of crystalline large α-
alumina particles mainly, as found by XRD. The specific surface 
area (and pore volume) are relatively low with 7.5 and 10 m2.g-1 
for COM and TAN-3a because they are composed by well-
crystallized α-alumina. When the transition θ alumina is present, 55 

TAN-2, the surface area is significantly higher with 23 m2.g-1. 
The highest surface area was found for TAN-1 with 64 m2.g-1 and 
0.176 cm3.g-1 due to the high content of dispersed transitional 
aluminas. The shape of the isotherm is different, showing the 
typical adsorption-desorption of a truly mesoporous material, 60 

type IV with hysteresis H1;61,62 representing solids with 
cylindrical pore geometry with relatively high pore size 
uniformity and facile pore connectivity. This is also manifested 
by the relatively narrow pore size distribution (PSD) centred at 
13.6 nm as compared to the much wider PSD for the α-alumina-65 

rich materials (Figure 4, inset). The average particle size of the 
TAN-1 was calculated assuming the particles to be spherical 
using the SBET and the density for pure δ-alumina (3.20⋅103 kg.m-

3).50 The particle size was found to be around 30 nm that is 
consistent with the visualization by TEM (Fig. S-1), notwith-70 

standing that the crystallites have a high degree of aggregation. 
This comparison proves that the transitional alumina is the major 
phase present in TAN-1. 
 The directly air-calcined material (TAN-4) has an isotherm 
type IV, hysteresis H1 with 39 m2.g-1 and a bimodal PSD. The 75 

lower specific surface area is in agreement with the presence of 
more crystalline θ and α phases (Fig. S-2) that contribute less to 
the surface area. 
 The reproducibility of the TAN-l preparation was verified by 
comparing the XRD patterns and SBET values for three different 80 

batches (Fig. S-3). In all cases, a relatively similar pattern is 
observed formed by a broad contribution of the transition alumina 
and narrower α-alumina reflections. There are some fluctuation 
in the surface area, that is attributed to changes in the relative 
proportion of the transition phases, as these phases contribute 85 

substantially to the surface area.63,64  
 The acidic properties of TAN-l were assessed by NH3-TPD in 
order to quantify the acid types and density. The TPD profile is 
shown in Figure 5 (left) and compared to a commercial 
hydrotreatment γ-alumina. The TPD shows two broad desorption 90 

peaks centred at ca. 250 and 600 oC ascribed to weak and 
stronger acid sites. The shape of the profile coincides with the 
commercial hydrotreatment alumina; therefore the acid sites 
resemble those in a γ-alumina. The specific density of acidic sites 
by integration of the TPD pattern was found to be 434 given as 95 

a.u./g (compared to 637 for the hydrotreatment γ-alumina). This 
value is relatively high and indicates that the surface nature of the 
TAN-l is relatively acidic. 
The material has a light greyish colour due to a residual carbon, 
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Figure 4. Nitrogen sorption isotherms at -196 oC and corresponding BJH 
pore size distribution deduced from the adsorption branches (inset): a) COM; 
b) TAN-3a; c) TAN-2; d) TAN-4 and e) TAN-l. Samples codes are given in 
Table 1. The isotherms are offset in Y-axis. 
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that was found to be of 0.20 wt.%. Thus the calcination at 650 oC 
is not able to fully oxidize the char. This carbon comes from the 
formation of aluminium (oxy)carbides65 arising from the reac-
tivity of the char with the alumina during the pyrolysis.                                                                                                                                                                      

Hydrothermal stability under pure steam and relevant 5 

catalytic conditions 

The hydrothermal stability was evaluated by treating the material 
in a flow of pure steam at 900 oC for 4 and 24 h. XRD patterns 
for the as-prepared and 24 h-steamed sample are compared in 
Figure 2, top (patterns a and e). The reflections of the α-alumina 10 

become sharper indicating sintering of this phase into larger 
particles or transformation of the δ(θ)-phases into more 
crystalline α; the δ(θ) phases were characterized by broad 
reflections. The samples were also analysed by gas adsorption 
(Fig. 6). The steamed samples show almost identical isotherm 15 

shape (type IV-H1) and pore size distributions characteristic of a 
mesoporous material coming from the δ(θ) nanoparticles, centred 
at the same position as the fresh TAN-1. Comparison of the 
specific surface area shows a limited reduction (Table S-1, values 
are plotted in Fig. 6-bottom); a drop was found from 64 to 61 20 

m2.g-1 in 4 h; this represents a surface area rate loss of 0.8 m2.g-

1.h–1 in the first 4 h, which drops to 0.3 m2.g-1.h–1 in the period 4-
24 h. Reported deactivation data for pure γ-aluminas lie within 2-
20 m2.g-1.h–1 and stabilized aluminas (e.g. Si-, Ba-, La-based) are 
between 0.1-3 m2.g-1.h–1.33 This comparison points out that the 25 

hydrothermal stability of the TAN-1 appears to be comparable to 
the additive-stabilized γ-aluminas.  

To highlight the impact of the results further, a comparison was 
done with relevant reference materials, in particular δ-alumina 
and MSU-X, which were subjected to similar steaming 30 

conditions. A pure δ-alumina was prepared according to S. Rane 
et al.59 The results are compared in Figure 6-bottom (raw data are 
given in Table S-l). It was found that the initial surface area of the 
δ-alumina is higher than TAN-l; it however drops severely under 
steam, with an initial surface area loss of 9.8 m2.g-1.h–1 in the 4 h 35 

that is almost 12 times higher than TAN-l. The surface area loss 
in the period 4-24 h was 0.4 m2.g-1.h–1 that is 33% higher than 
TAN-l. The surface area at the end of the tests is lower than the 
TAN-l. Furthermore, a state-of-the-art γ-alumina (MSU-X) was 
subjected to similar hydrothermal conditions and compared with 40 

TAN-1 as well. The results shown in Fig. S-4 indicate a surface 
area rate loss of 51 m2.g-1.h–1 in the first 4 h, and 2 m2.g-1.h–1 

between 4 and 24 h, that are 64 and 7 times higher than TAN-1. 
The stability was also evaluated as the decay of surface area 

relative to the initial surface area. The relative decay in the period 45 

0-24 h was found to be 6.7×10-3 h-1 (TAN-1), 0.020 h-1 (δ-Al2O3) 
and 0.029 h-1 (MSU-X), which means that δ-Al2O3 deactivates 
under steam nearly 3 times faster and MSU-X 4.3 times faster 
than TAN-1. 

The hydrothermal stability of TAN-1 was also investigated 50 

under relevant conditions; the steam reforming of CH4 (SRM) 
was measured and compared to MSU-X. For this, Ni was 
incorporated by impregnation and the final activated catalyst was 
tested in the SRM at 850oC for 24 h time on stream (TOS). After 
24 h TOS, the Ni5/TAN-1 catalyst shows 3.3 % higher CH4 55 

conversion than the reference Ni5/MSU-X catalyst (Fig. 7); on 
average the conversion was ca. 2% higher (Fig. S-5). The spent 
Ni5/TAN-1 catalyst also revealed a lower relative decay of the 
surface area (40% lower) than the reference catalyst (Fig. 7). 
These results are consistent with the steam-based hydrothermal 60 
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Figure 7. CH4 conversion (%) after 24 h time on stream and relative surface 
area decay (h-1) between the fresh and spent catalyst. 
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Figure 5. Left) NH3-TPD patterns for the TAN-1 material (a) compared to 
the commercial hydrotreatment γ-alumina (b); the patterns are offset in Y-
axis. Right) TGA pattern in air and derivative for the pyrolyzed TAN-l.  

0

20

40

60

80

100

0 4 24

64 61 
56 

94 

55 
48 

TAN-1 Delta-alumina

0.0 0.2 0.4 0.6 0.8 1.0

 

Q
u
a
n
ti
ty
 A
d
s
o
rb
e
d
 /
 a
.u
.

Relative Pressure  /  p/p
o

20 100 1000

0.0

0.1

0.2

0.3

0.4

 

 

d
V
/d
lo
g
(w

) 
P
o
re
 V
o
lu
m
e
 (
c
m
3
/g
 Å
)

Pore Width (Å)

a 

b 

c 

Steaming time / h

S
B
E
T

(m
2
.g

-1
)

 
Figure 6. Stability under steaming (100 vol.%, 900 oC) for TAN-l. Top) N2 
physisorption isotherms at −196 oC and BJH pore size distributions (inset): 
a) as-prepared material, b) after steaming 4 h and c) 24 h. The ísotherms are 
offset in Y-axis. Bottom) Representation of the SBET as a function of the 
steaming time for TAN-1 and a pure δ-alumina. Raw data are in Table S-l. 
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tests and confirm the potential of this novel TAN-1 alumina 
support, which was prepared without additives. 

Formation pathway 

The TAN-1 mesophase is formed by an amorphous alumina 
precursor containing around 90 wt.% of organic template that is 5 

combusted in air between 200-400 oC.46 The TEM and SAXS 
pattern of the mesophase calcined at 400 oC show a wormhole 
structure indicating that the block copolymer was embedded 
within the alumina precursor before calcination, similarly to the 
TBAOH-free mesophase.25,46 Figure 5 (right) shows the typical 10 

air-TGA pattern of the pyrolyzed TAN-l indicating that it has 4.9 
wt.% of char that is decomposed at relatively high temperature, 
between 550-700 oC. The formation of char by pyrolysis of a 
block copolymer EO20PO70EO20 requires the presence of surface 
acidity that catalyses cyclation and aromatization reactions. Such 15 

acidity is available on the TAN-1 as shown by the TPD pattern 
(Fig. 5 left) and it becomes available during the thermal transfor-
mation of the amorphous mesophase into the crystalline phases.  
Based on the above, a formation scheme for TAN-1 is proposed 
in Figure 8. The starting mesophase is an amorphous alumina 20 

composed by a random distribution of nanoparticles embedded 
into the block copolymer (Fig. 7, left). After pyrolysis at 1200 oC 
for 1 h, the block copolymer is transformed into a cross-linked 
char structure that is in contact with the crystalized alumina 
particles (Figure 8, middle). The crystallites that are surrounded 25 

by carbon are protected, do not sinter/coarse much and are 
formed by a well-dispersed δ phase (and possibly θ to less 
extent). The aggregates that are deficient in char do sinter more 
and are transformed into the highly crystalline α phase, showing 
sharp XRD reflections. This step is illustrated in Figure 8, 30 

middle. The transformation of the carbon-deficient particles into 
crystalline α-alumina is explained with a control experiment, 
TAN-4; this mesophase was treated in air and therefore no 
protective carbon is present because the template burns between 
200-400 oC.46 Very crystalline α/θ phases were detected with 39 35 

m2.g-1 that is 40% lower surface area than TAN-1. In this context, 
some examples where the retention of the organic groups was key 
to induce (hydro)thermal stability can be cited. The preservation 
of the organic surfactant during the hydrothermal ageing, was 
important to induce a high hydrothermal stability for silicas.66 

40 

Porous films of polymer-stabilized Al2O3 nanoparticles have been 
recently reported according to the breath figure technique, having 
thermal and chemical stability,67 that resembles to our approach. 
 In our protocol, the most important effect is nevertheless the 
TBAOH condensation. When the mesophase is not stabilized 45 

(TAN-3a), pure α-alumina was obtained with 10 m2.g-1 that is 

80% lower surface area than TAN-1. Hence, the stabilization 
method presented in this study is two-fold; the TBAOH-based 
condensation produces the largest impact on the surface area and 
the pyrolysis enables a protective carbon during the crysta-50 

llization that enhances additionally the surface area. Both make 
the mesophase more resistant to coarsening/sintering. 

Conclusions 

A transitional alumina having high steam-based hydrothermal 
stability has been prepared in three steps: 1) sol-gel hydrolysis of 55 

Al-tri-sec-butoxide in the presence of EO20PO70EO20 where the 
condensation step is carried out by treating the gel with tetrabutyl 
ammonium hydroxide; 2) pyrolysis at 1200 oC for 1 h that 
produces a char embedding the crystallites and 3) calcination to 
remove the carbon. 60 

 The material is formed by a complex mixture of δ, α and 
possibly θ aluminas; it has well-defined mesopores with surface 
areas ranging 59-76 m2.g-1 that can withstand steam conditions at 
900 oC with low surface area rate loss. The hydrothermal stability 
is also confirmed after adding Ni under relevant methane steam 65 

reforming conditions; a decreased surface area decay and superior 
performance than a state-of-the art MSU-X support was found. 
 The key aspects to obtain such material are the TBAOH 
condensation that makes the final material more stable against 
thermal sintering, reducing the formation of crystalline θ/α 70 

aluminas; secondly, in minor proportion, the protective effect of 
the char formed during the pyrolysis, which embeds the 
crystallites and reduces the thermal sintering as well.  
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