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a b s t r a c t 

The thermal events typically encountered during the reactivation of inorganic catalytic supports have 

been investigated. For this, two relevant inorganic materials were studied; an amorphous silica and a 

gamma ( γ ) alumina. The materials were thermally treated in air at temperatures ranging 700 up to 

1100 °C and the structural and textural changes were assessed. The crystallinity was enhanced and the 

textural parameters decreased, but the most remarkable effect was the pore trajectory. This varies de- 

pending on the sintering mechanism, contractive sintering (silica) or coarsening (alumina), which was 

detected by high-resolution physisorption. The reduction in the surface area is not a good indicator of 

the pore changes; in addition to pore changes, the material can also suffer densification, and both effects 

determine the surface area. Finally, the study shows that thermal treatment is an easy way to modify the 

pore size of the studied materials; the γ -alumina showing more controllability. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Catalysis can be found almost everywhere, from the human 

ody up to industrial processes; both scale and environment vary 

ugely. Heterogeneous catalysis involves the application of solid 

aterials that act as catalysts; they enable the production of clean 

uels, many chemicals, purify water and mitigate hazardous emis- 

ions to the environment [1,2] . The variety of heterogeneous cat- 

lysts ranges from bulk materials, aggregates, metal clusters, non- 

tructured to structured porous materials and supported counter- 

arts. One group of heterogeneous catalysts refers to supported 

atalysts [3,4] , meaning that the active component is deposited 

nto a thermostable organic or inorganic material. Examples are 

d/Al 2 O 3 for methane combustion [5,6] , Pt/Al 2 O 3 for CO oxidation 

7,8] , Rh-Re/SiO 2 for hydrogenolysis of tetrahydrofurfuryl alcohol 

9] or renewable caprolactone [10] , to site a few. However, non- 

etals can also be deposited [11] . In some cases, the inorganic ma- 

erial is active by itself [12,13] , as shown for the oxidative hydro- 

enation of ethylbenzene. 

Most of these processes require reactivation of the catalyst due 

o the deposition of carbonaceous moieties during reaction. For 

his, calcination is applied at high temperatures using air. This pro- 

ess is able to oxidize such carbon deposits by combustion. Though 

ecent studies have shown the feasibility of non-thermal methods 
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14–17] , calcination is still the first choice though it is an energy- 

ntensive process. One of the key issues during such oxidative re- 

ctivation is that hot-spots can occur [18] , meaning that the tem- 

erature can be locally high. Therefore, the catalyst is exposed to 

emperatures that can be detrimental from the metal dispersion 

r inorganic support’s structure and texture point of view. The ef- 

ect of oxidative conditions on supported-metal catalysts has been 

idely studied [19,20] . An area that has received less attention is 

he inorganic support’s side; i.e. what is the effect of high temper- 

tures on the inorganic support. A point of concern is if such in- 

rganic materials can suffer irreversible changes both on structure 

nd texture. The motivation of this work is therefore to investigate 

he changes of relevant catalyst supports, silica and alumina, upon 

igh-temperature treatments. Such treatments aim to emulate the 

ocal hot-spots. To support the results, theoretical models from ce- 

amic thermal sintering were considered. It was surprisingly found 

hat the geometric trajectory of the pores upon high-temperature 

reatments is not an obvious phenomenon. 

As starting materials, two inorganic supports were investigated; 

 low-SiO 2 stabilized γ -Al 2 O 3 extrudates (Albemarle Catalysts BV, 

enoted as ALU) and an amorphous silica (61138, Saint-Gobain 

orPro, denoted as AS). The extrudates were crushed and sieved 

nto a 212-425 μm fraction, which was used for the thermal treat- 

ent experiments. Each material was thermally treated at temper- 

tures of 70 0, 90 0 and 110 0 °C in ceramic crucibles, using a box
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Fig. 1. Experimental XRD patterns for the silica (A) and alumina materials (B). The 

phase assignments correspond to: C (cristobalite), T (tridymite), γ (gamma alu- 

mina), γ τ (tetragonal gamma alumina), δ (delta alumina), θ (theta alumina) and 

α (alpha alumina). 
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Fig. 2. Nitrogen sorption isotherms of the silica (A) and alumina materials (B). 
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urnace in static air at a rate of 4 °C/min and held for 8 h in a

hallow-bed configuration. The resulting materials were labelled as 

LUX00 (alumina materials) or ASX00 (silica materials), where X00 

orresponds to the treatment temperature in degree Celsius. Ad- 

itional experimental information can be found in the Electronic 

upporting Information. 

We will first describe the results for the silica, and after that, 

he alumina’s section will be discussed. Ultimately, both systems 

ill be compared and a preliminary phenomenological interpreta- 

ion will be given. 

The silica materials were first evaluated by XRD analysis. Struc- 

urally, the bare silica consists of an amorphous phase (AS in 

ig. 1 A) displaying a broad reflection at ~22 degree. Upon ther- 

al treatment at 700 and 900 °C, the material remains amorphous 

hough the reflection at 22 degree becomes more pronounced. It is 

nly at 1100 °C when the material suffers a significant structural 

odification, with the appearance of crystalline phases. The re- 

ections were indexed to the cristobalite (JCPDS 39-1425) mainly, 

ith a minor contribution of tridymite (JCPDS 42-1401). This as- 

ignment agrees well with Zimmerman et al [21] , who indexed 

oth phases. Sometimes the tridymite phase is not indexed de- 

pite it has a different crystal structure and well-defined reflec- 

ions, as an example in [22] . The textural features were evaluated 

y N physisorption ( Fig. 2 A). The bare silica shows an isotherm 
2 

2 
ype IV with hysteresis H1, representing solids with cylindrical 

ore geometry – cylindrical, though the pores can be tortuous 

with relatively high pore size uniformity and facile pore con- 

ectivity [23] ; so they do not possess restrictions. Upon thermal 

reatment, the isotherms do not change their shape remaining type 

V-H1 ( Fig. 2 A), with the exception of AS1100 which does not ad- 

orb much (nearly flat isotherm). The porosity of these materials 

AS, AS700 and AS900) originates from the interparticle space of 

pherical or spheroidal domains. The surface area decreases with 

he applied temperature as can be seen in Fig. 3 A, though at 700 

C it does not change much with the major changes at 900 and 

100 °C (52 and 99% with respect to the AS). In the case of AS1100,

he experimentally determined S BET was below 1 m 

2 /g due to the 

igh crystallinity of the material obtained upon the thermal treat- 

ent. 

The alumina materials were also evaluated by XRD analysis 

 Fig. 1 B). The bare alumina corresponds to a gamma ( γ ) alumina 

JCPDS 10-0425) [24] , which is formed by rather broad bands. The 

hermal treatment produces some changes in the XRD patterns at 

0 0 and 90 0 °C, with the appearance of new reflections associ- 

ted to δ-alumina (JCPDS 46–1131). However, the pattern cannot 

e assigned to a pure alumina phase but to a mixture of γ and 

phases. At 700 °C, γ -alumina seems to be the dominant phase, 

y qualitative inspection, whereas at 900 °C the dominant phase 

s δ-alumina. Such a complexity in phase identification for the alu- 

ina has been reported by many groups, among others Boumaza 

t al as an example [24] . Grzybek et al [25] applied a Rietveld

efinement method and were able to detect a tetragonal gamma 

lumina, which is indicated in Fig. 1 B as γ τ . When the tempera- 

ure was increased up to 1100 °C, the changes in crystallinity were 
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Fig. 3. Evolution of the BET surface area of the silica (A) and alumina materials (B), 

upon the thermal treatments. 

Table 1 

Experimentally observed changes upon thermal treatment 

(70 0-110 0 °C) of two relevant catalytic inorganic supports. a 

Material Crystallinity Porosity ( S BET ) Pore size 

Silica Increases Decreases Reduces 

Alumina Increases Decreases Enlarges 

a Note that these trends correspond to the studied mate- 

rials. 
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Fig. 4. High-resolution BJH pore size distributions derived from N 2 adsorption data 

of the silica (A) and alumina materials (B). 
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ore obvious with the presence of θ-alumina (JCPDS 35–0121) and 

-alumina (JCPDS 42–1468) as main phases. The narrow nature of 

he reflections indicates the high crystallinity of the phases. A sim- 

lar effect occurred for the silica, where very crystalline cristobalite 

nd tridymite appeared at 1100 °C. The textural changes were as- 

essed by N 2 physisorption ( Fig. 2 B). The bare alumina shows an 

sotherm type IV with hysteresis H1, as was also observed for the 

are silica, with good pore connectivity and no restrictions [23] . 

he total adsorption capacity of the bare alumina is smaller than 

or the silica with a plateau at ca. 400 cm 

3 /g whereas the silica

hows it at ca. 550 cm 

3 /g. Upon thermal treatment, the isotherm 

oes not change its shape remaining type IV-H1. The porosity of 

hese alumina-based materials also originates from the interparti- 

le space. The surface area is reduced with the applied tempera- 

ure as shown in Fig. 3 B, but less severe compared to the silica. In

he case of ALU1100, the experimentally determined S BET was still 

onsiderable, with a value of ca. 50 m 

2 /g. 

The structural and textural changes observed upon the thermal 

reatments for both materials have been summarised in Table 1 . 

ince the porosity is interparticle – i.e. formed by the interspace 

etween the aggregates – the higher the crystallinity (larger crys- 

als) the lower the surface area; the space between large particles 

orresponds to large pores, and therefore a low surface area is ob- 

ained. This is seen in Table 1 for both systems; as the crystallinity 

ncreases, the surface area decreases. This is a general observa- 

ion that can be found for many other inorganic systems. How- 

ver, there is an aspect that is less obvious. It regards the pore 

ize; does it decrease or increase? And if it decreases, how can we 

xplain the lower surface area, as smaller pore sizes are expected 

o have a higher surface area? This will be rationalised in the next 

ections. 

To understand this aspect better, we looked at the high- 

esolution pore size distributions (PSD) for both systems, derived 
3 
rom the N 2 sorption data. These are represented in Fig. 4 . For the

ilica ( Fig. 4 A), the starting material shows a pore size centered at 

round 21 nm. Such a value agrees well with the geometric aver- 

ge value (Table 1 in Electronic Supporting Information), consider- 

ng that BJH provides an overestimation [26] . At 700 °C, the PSD 

emains at 21 nm, thus it seems that the pore structure is resis- 

ant to change. This agrees well with the BET surface area which 

s very similar to the AS case (4% variation only). This can be re- 

ated to the thermal history of the AS silica material that could 

ave been treated at temperatures around 700 °C. At 900 °C, the 

SD is flattened and the maximum shifts towards 17 nm. The geo- 

etrical pore size also shows the same trend (Table 1 in Electronic 

upporting Information). At 1100 °C, the PSD is fully flat at nil; 

he pore volume is below 0.005 cm 

3 /g and the BET surface area 

s below 1 m 

2 /g. That means that the material has been sintered, 

ecoming a continuous solid phase with only some residual poros- 

ty. Sintering is a well-known phenomenon that takes place below 

he melting point and is used in e.g. moulding to create different 

inds of micro- to macro-scale pieces. The textural data evidence 

hat the silica, upon thermal treatment, undergoes a pore contrac- 

ion until the porosity – using N 2 as probe molecule – disappears. 

his phenomenon can be explained due to the system having a 

igh particle coordination. When having a high number of contact 

oints, sintering is favoured rendering a system with a lower void 

pace. This can be seen in Table 2 with the mechanism denoted as 

ontractive sintering. Such a mechanism was deduced from Ger- 

an [27] , who provided theoretical basis for the pore reduction 

nd pore expansion during sintering. 

This finding of pore contraction in the silicas, makes the inter- 

retation of the surface area’s reduction non trivial. One would ex- 
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Table 2 

Interpretation of the pore trajectories upon thermal treatment by sintering of inorganic materials having interparticle porosity. To highlight the concept, spherical particles 

were employed. 

Mechanism Particle 

coordination 

Pore 

trajectory 

Model b Effect of surface area 

Contractive sintering a High Contraction Surface area (m 

2 /g) decreases despite 

the pores are smaller due to the 

density increase, i.e. more mass per 

unit of volume. 

Coarsening Low Expansion Surface area (m 

2 /g) decreases due to 

larger pores and density increase, i.e. 

more mass per unit of volume. 

a This term is often found in literature as ‘densification’ meaning that the change in porosity with sintering divided by the starting porosity [27] . However, it can get 

confused with the more conventional term for density. For both mechanisms, the density increases. 
b The contraction in volume due to density changes has not been considered in these models, for simplicity, due to the fact that the density was not analysed. 
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ect that smaller pores in AS900 would render a higher surface 

rea, whilst the opposite was found; a lower surface area than AS 

nd AS700, while those materials possess larger pores. The rea- 

on for this is that there seem to be two opposing effects: pore 

ize and density. The pores are smaller but the material density 

hanges; it increases with temperature based on experimental evi- 

ence [27] . Therefore, such a density increase dominates the BET 

urface area parameters. The overall interpretation of the silica 

ystems (see model in Table 2 ) is that a high particle coordina- 

ion during the thermal treatment favours the contractive sinter- 

ng, with a contraction of the pores until the almost-complete re- 

oval of the porosity. The density increase seems to dominate the 

ET values. 

The PSDs for the alumina materials are given in Fig. 4 B. The 

tarting material shows a pore size centered at around 8.6 nm. 

uch a value agrees well with the geometric average value (Table 

 in Electronic Supporting Information). Upon thermal treatment, 

he PSD moves towards larger pores, 10.1 nm (ALU700), 13.8 nm 

ALU900) and ~30 nm with a broad shoulder (ALU1100). The ef- 

ect is just the opposite to the silica’s behaviour. Here, the lower 

ET surface area is due to the larger pores but also to the den-

ity increase. In general, regardless the material suffers contractive 

intering or coarsening, the density increases with the treatment 

emperature [27] . 

The interpretation of the alumina systems (see model in 

able 2 ) considers that having a low particle coordination dur- 

ng the thermal treatment favours the coarsening, with a pore ex- 

ansion and the formation of a chain-like structure. Such a phe- 

omenon was observed for other alumina systems by López-Pérez 

t al [28] where the pore size distributions could be rationalised by 

he mesophase particle morphology; those mesophases having an 

eterogenous shape (i.e. low particle coordination) favouring the 

oarsening of the pores, resulted in a broad PSD. However, it must 

e stressed that López-Pérez et al [28] rationalised the PSD of the 

luminas, from various synthesis approaches, whilst temperature 

as maintained constant, so it is a different approach than this 

tudy. 

This rationalization is a preliminary interpretation and other ef- 

ects should not be ruled out yet. For instance, the presence of 

nternal gas from the decomposition (dehydroxylation in the case 

f the oxides) or the presence of additives can change the sin- 

ering process. German [27] indicated that additives modify the 

rain growth during sintering; some additives retard grain growth, 

hilst others accelerate it. As the alumina employed in this study 

as promoted with silica (1 wt. %), the effect of silica should not 

e ruled out as playing a role in the pore expansion as well. 
4 
As a conclusion, two relevant inorganic catalytic materials were 

tudied in relation to high-temperature treatments. The crys- 

allinity was enhanced with the formation of new phases and 

he textural features decreased, for both materials. However, the 

ore size trajectory behaved differently, depending on the sinter- 

ng mechanism. The main conclusion of this preliminary study is 

hat the pore trajectory, during thermal treatment for these inor- 

anic materials, can display a contractive sintering (pore contrac- 

ion) or a coarsening effect (pore expansion), depending on the 

ominating mechanism. Such information can only be obtained by 

igh-resolution textural analysis. The reduction of the S BET , a typ- 

cal shortcut approach, is not a good indicator of pore expansion, 

s shown in this study. From a practical point of view, this study 

hows that thermal treatment is an easy way to modify the pore 

ize of the studied materials, where γ -alumina shows more con- 

rollability. 
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