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Effect of hydrogen treatment on the porous structure of
Al;O3-SnO; system
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The results of an investigation of the porous structure of the A1,03—SnO; system and its
properties after hydrogen treatment are presented. Pore size distribution was determined on
the basis of low temperature nitrogen adsorption measurements. Reduction of the system by
H, leads to a decrease of the parameters defining porous structure. We conclude that this is due
to the reduction of Sn(IV) species to oxidation state II.
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1. Introduction

The porosity and specific surface area of oxide supports are of great importance
in applications such as catalysis or ion exchange. For such uses, polycrystalline or
gel forms of the oxides are used [1]. These oxide forms are usually obtained by the
hydrolysis route. The particular method of preparation, together with the subse-
quent thermal treatment, is critical in determining the chemical behavior. The
availability of the active centers as well as the transport of the reactant and product
molecules to and from the active centers are determined by the specific pore size dis-
tributions. The porosity and concomitant specific surface area of transition alumi-
nas is the result of the rapid loss of water molecules which is not accompanied by
a decrease of external dimensions of hydroxide particles [2]. The modification of
transition aluminas results in the formation of new forms of alumina of specific
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physico-chemical properties, including specific porous structures. Much work has
been done [2-4] to relate specific surface area, size and shape of pores, as well as
pore volume to the properties of the starting material, and the conditions of the
dehydration, aging and calcination processes.

The total pore volume of transition aluminas having maximal specific surface
area is in the range of 0.3 cm®/g AL Os. If the calcination temperature is raised
above 650-700 K, the surface area diminishes, but the pore volume increases
slightly. The smallest pores contribute the major part of the large specific surface
areas formed below 650 K, however above this temperature, the small domains of
solid coalesce into larger, more stable areas of oxide.

A decrease in the calcination time results in a decrease in the pore volume and
the mean pore radius. This can be a serious drawback with regard to the use of these
materials as catalyst carriers at higher temperatures where the calcination process
leads to a significant decrease in the specific surface area (ten times or more) and,
hence, to a decrease in the catalytic activity. Control of this undesirable property of
transition aluminas can, however, be had through the introduction of inorganic ele-
ments such as Ca [5-7], Ba [5,6,8], Sr [8], Th [S], Sn [9] or rare earths [10-12] which
cause a decrease in the transformation rate of y-Al,O3 to a-Al,O;. In contrast, the
introduction of V(V), Mo(VI) or Fe(IIl) [6,12] leads to an increase in the rate of
this transformation.

The amount of the particular element introduced as well as the way it is intro-
duced, also affects other properties including a textural change in the matrix of the
transition aluminas. In halo-carbon conversion on catalysts, H, is normally pres-
ent. This also brings about the reduction of an added second component (for exam-
ple Sn species) present in an alumina matrix and leads not only to changes of the
physico-chemical behavior of the surface [13], but can also change the textural
properties.

In a previous paper we described the effect of the method of preparation on the
porosity of Pt-Sn/y-Al,O3 catalyst where Sn was introduced by an impregnation
technique [14] and by coprecipitation [15]. We determined also that the texture of
these catalysts changes during reforming reactions as a result of coke deposition
[16].

The aim of the current work was to investigate the changes in the surface area
and the porous pattern of the Al03-SnO; system after hydrogen treatment.

2. Experimental
2.1. PREPARATION
The method of preparation of the Al,O;—SnO, systems is described in detail in

previous papers [9,17]. Briefly, the binary composition Al03;—-SnO, with molar
ratios between 1 : 0 and 1 : 1, was synthesized by coprecipitation methods. A solu-
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tion of tin(IV) acetate in carbon tetrachloride, and a solution of aluminum isoprop-
oxide in isopropanol were used as starting materials. Homogeneous mixtures of
these reagents were subject to hydrolysis at 363 K with the pH maintained between
7.0 and 7.5. Under these conditions a precipitate formed, and this was aged for
one week in the solution mix. The aged precipitate was filtered, washed (with iso-
propanol and distilled water), and dried at 373 K for 48 h, after which the product
was annealed in air at 773 K for 8 h. These same samples have been treated with
hydrogen at a temperature of 623 K for 5 h. This temperature was chosen so as to be
within the experimental temperature range (400-650 K) of most catalytic reac-
tions in the presence of Hy. The symbols and results of the pore structure determina-
tion are summarized in table 1.

2.2. DETERMINATION OF PORE SIZE DISTRIBUTION

Low temperature (77 K) nitrogen adsorption measurements were carried out
using a Sartorius microbalance (Gravimat, type 4133). Each adsorption isotherm
was made from 28 measurement points. All the conditions were the same for both
series, i.e. treated and non-treated with hydrogen. The pore size distribution
was calculated from the adsorption branch of the isotherm by the CI method
(Cranston-Inkley [18]). From these calculations, the cumulative pore volume Ve,

Table 1
Analysis of nitrogen adsorption data: cumulative pore volume (Veum), cumulative pore surface area
(Scum), specific surface area (Sper), and mean statistical pore radius (,y)

Sample Molar ratio | £ Scum SBET Tay

cum
ALO; : SnO, (10'cm?g™) (m?g™) (m?g™) A)
Al 1:0 3.95 278 275 28
Al/H? 1:0 4.02 283 280 28
Sn-0.01 1:0.01 421 326 325 26
Sn-0.01/H 1:0.01 4.21 260 203 32
Sn-0.02 1:0.02 5.20 293 271 32
Sn-0.02/H 1:0.02 4.57 265 248 34
Sn-0.05 1:0.05 5.27 349 307 28
Sn-0.05/H 1:0.05 4.99 300 264 33
Sn-0.075 1:0.075 6.05 347 299 31
Sn-0.075/H 1:0.075 5.42 319 277 34
Sn-0.1 1:0.1 5.47 335 293 30
Sn-0.1/H 1:01 5.34 319 269 34
Sn-0.2 1:02 5.60 331 287 30
Sn-0.2/H 1:02 4.82 285 265 34
Sn-0.5 1:05 3.88 221 192 32
Sn-0.5/H 1:0.5 2.01 144 154 28
Sn-1.0 1:1 3.28 229 209 30
Sn-1.0/H 1:1 3.62 194 168 37
Sn 0:1 0.38 32 44 24
Sn/H 0:1 0.19 19 15 21

# Samples designated with /H refer to hydrogen treated system.
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the cumulative surface area Sgum, and the mean pore radius r,,, were obtained.
Thus plots of the pore volume and pore surface area distributions as functions of
the pore diameter d, could be obtained.

3. Results and discussion

In the case of boehmite-derived alumina, control of microporosity, surface
area, pore distribution, and pore volume can be finely tuned, each aspect almost
independently, through the size, the morphology, and the packing of the oxyhydr-
oxide crystallites. High surface area and close pore-size distribution rely on the
ability to create and maintain, respectively, small and monodispersed crystallites.
This may be achieved by controlling the nucleation and crystallization processes.
The two processes are readily affected by introduced contamination. Our studies
[14] proved better structural parameters were obtained for the systems in which the
tin modifier was introduced via coprecipitation with an alumina precursor. The
introduced tin admixture in the concentration range up to 10 mol% SnO; promotes
the generation of micro- and mesopores at the expense of macropores [15].

Based on the DTA and XRD [9] investigations, we were not able to detect the
formation of any new phase resulting from the interaction between SnO, and
Al,Oj; in the many binary systems studied. The high resolution solid state MAS/CP
NMR data [19] do, however, show strong dipole interactions between Sn and Al.
This observation difference may well be due to the difference in detection limits for
the methods used to detect any tin—aluminate complex which could be formed.

Alumina is a much more stable oxide than those of Sn. In the latter case Sn(IV)
may readily be reduced to Sn(II) (the difference between the two oxidation states is
quite small — the electrochemical reduction potential for the reaction Sn?* + 2e
— Sn*t is 0.1364 V [20]). Thus during the treatment of the samples with H; changes
in the physico-chemical character as well as the porous structure of the Al,O3/
SnO,, may occur.

The contribution of both components, and the results of pore structure determi-
nation are summarized in table 1. The values of cumulative pore volume (Veyy),
cumulative pore surface area (Seum), specific surface area (Sggr), and average pore
radius (ray) for reduced samples are compared with those parameters for samples
not exposed to hydrogen.

The nature of the various adsorption—desorption isotherms observed are repre-
sented by the behaviour shown in the figs. 1a—3a which include pre and post H; trea-
ted samples. These are generally of type IV according to the ITUPAC
nomenclature [21], thus revealing the porous character of the samples except for
the sample with an equimolar ratio of both ingredients (fig. 3a, Sn-1 and Sn-1/
H) #! where the isotherm shape is of type I which conforms to a non-porous or
macroporous structure of the adsorbent.

#1 Sample designated with /H refer to hydrogen treated systems.
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Fig. 1. Nitrogen adsorption—desorption isotherms (a) and pore volume distribution (b) as a function
of pore diameter for samples Sn-0.02 and Sn-0.02/H.
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Fig. 2. Nitrogen adsorption—desorption isotherms (a) and pore volume distribution (b) as a function
of pore diameter for samples Sn-0.2 and Sn-0.2/H.
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Fig. 3. Nitrogen adsorption—desorption isotherms (a) and pore volume distribution (b) as a function
of pore diameter for samples Sn-1 and Sn-1/H.

The total amount of the adsorbed nitrogen increases regularly with the increase
of concentration of the tin admixture, reaching a maximum value for the sample
Sn-0.075 after which the trend is reversed. This behavior is observed both for sam-
ples calcinated in air and samples treated with hydrogen. A sample of pure SnO,
(or SnO for the hydrogenated sample) shows that the adsorbed nitrogen is one
order of magnitude lower in comparison to admixture samples containing Al,Os.

Comparing the course of the isotherms, a shift of the shoulder points of hyster-
esis occurs towards higher values of p/pg as the amount of Sn increases. In the case
of air calcined samples the changes occur from a value of p/py = 0.42 for pure
AL O; to a value of p/py = 0.54 for the Sn-0.5 sample. This trend is stronger in the
case of hydrogen treated samples where for the sample Sn-0.075/H, the shoulder
point of the hysteresis curve reaches a value of p/py = 0.60. This does not change
for succeeding samples with a higher loading of tin. In both cases this indicates the
development of large pores.

A change in the quantitative relation in the Al;O3 : SnO; system is also reflected
in the change of the shape of the hysteresis loop. In this respect the samples studied
(for both series) may be divided into two groups. One group is made of systems in
which the dominating influence of the shape of the hysteresis loop may be assigned
to the presence of y-AlO3 because of the similarity to the loop for a pure y-Al,03
matrix, which is a loop of the H2 type using the IUPAC classification [21]. This
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suggests that the majority of pores are ink bottle capillaries and tubular capillaries
with wide and narrow parts. This group includes samples from Sn-0.001 to
Sn-0.1 and their reduced analogs (as an example Sn-0.002, fig. 1a). For this range
(0.001-0.1) reduction treatment did not change the characteristic of the hysteresis
loop in comparison to air calcined precursors. Another group of samples beginning
with the Sn-0.2 sample (fig. 2a) yielded a mixed type hysteresis loop (H2 and H3)
rarely observed, however, for this same sample treated with hydrogen (Sn-0.2/H)
we found only a type H2 hysteresis loop.

A similar course in the changes of the hysteresis loop (e.g. mixed type H2 and
H3) is observed for the sample Sn-0.5, and independent as to whether the sample
was treated with hydrogen or not. The only difference being that the H2 loop is in
residual form. This may be due to a decreasing contribution of pores originating
from or formed from the oxygen matrix of y-Al,Os. This also indicates that beside
the pores of the ink bottle type related to the porous structure of y-Al,O3, pores of
another type are generated. They are characteristic of the system where the assem-
blage of plate-like particles is loosely coherent, giving rise to slit-shaped pores.

For the bi-component sample containing a maximum amount of tin (Sn-1 and
Sn-1/H, fig. 3a) the hysteresis loop of type H3 is very regular, although for sample
Sn-1/H this loop is very small. The type H3 shape of the hysteresis loop reflects
the high concentration of the tin component. Neither SnO; nor SnO [15] pure sam-
ples formed a hysteresis loop on the adsorption—desorption curve, which indicates
that in this case the process of capillary condensation does not take place in meso-
pore structures.

The above results seem to suggest that the changes in the shape of the hysteresis
loop results from the quantitative dominance of one of the two forms present in
the surface layer (that is Al;O3 or SnO; or SnO for reduced samples) and thus the
porous structure is connected with a particular oxide component rather than by the
formation of a new phase with a different type of pore. This is in agreement with
the X-ray studies [9] which show the presence of only these two destined phases are
the whole concentration range of the bicomponent system.

With respect to air calcined samples, the hydrogen treated series did not show
opening towards micropores as is observed with pure Al,03. Unfortunately, this
range is not covered by a low temperature N, adsorption method and therefore it is
not taken into account in the calculation. As a rule these curves have a monodisper-
sive distribution, and the major volume of the pores results from diameters less
than 150 A. In all cases hydrogen treatment causes a decrease in the pore volume in
comparison to the air treated precursors. The reverse phenomenon was observed
above this diameter, where the volume of the pores of hydrogen reduced samples
was higher. The only exception is the sample containing the maximum amount of
tin where the contribution to Veym of mesopores of a diameter above 150 Ais signif-
icant for the air calcined sample (fig. 3b). This testifies to the fact that within this
concentration range the SnO; phase in the case of air calcined samples fundamen-
tally changes the texture of the samples.
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In both cases (air and hydrogen) for the samples with a smaller amount of tin
admixture, one can observe that the maximum of the pore volume distribution falls
within a range similar to that for Al,O3, although for hydrogen treated samples
this maximum is wider and shifted to higher pore diameter. For both series this
implies that y-Al,O3 is a primary matrix for the porous structure formed.

To better illustrate the changes of porous structure figs. 4 and 5 show that the
contribution of pores of a given diameter range to the total volume (¥¢um), depends
on the concentration of the admixture for both types of sample, i.e. air and hydro-
gen calcined. The contribution of pores within the diameter ranges 30-40, 40-60
and 60-100 A in the total volume ¥, for all samples (regardless of the amount of
introduced admixture of tin) is lower after hydrogen treatment. The reverse is the
characteristic for pores in the ranges 150-200 and 200-300 A. This implies, that
hydrogen treatment causes the generation of a medium size mesopore.

The characteristic parameters measured for the porous structures are compiled
in table 1. The values of these parameters for pure y-Al,O; are in very good agree-
ment with literature data [22]. In the case of SnO; specific surface area, cumulative
pore volume as well as mean statistical pore radius are slightly lower than the litera-
ture values [23]. These differences in surface area and porous structure of tin(IV)
oxide are due to a crystallization process in which primary crystallites crosslink via
condensation of surface hydroxyl groups to produce porous secondary particles.
Thus the method of preparation of SnO, will be reflected in differences in the values
of the parameters defining the porous structure.
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Fig. 4. Contribution of pores of a diameter of 30-40, 40-60 and 60100 A in the total volume Veym.
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Fig. 5. Contribution of pores of a diameter of 150200 and 200-300 A in the total volume Viyp.

In contrast, it would appear from the observed properties that the mixed oxides
Al,03;-Sn0, do not comprise random arrays of interlinked {SnO¢} and alumina
units, but rather are composed of separate primary particles of the individual com-
ponents. Once formed, these primary particles can undergo heterolytic condensa-
tion with the formation of interparticle bridging Sn—O-Al bonds on the surface to
form a so called tin aluminate [19]. Structural differences between SnO, and Al,O;
however, prevents their heterolytic sintering in bulk at 623 K, and this accounts
for the observed resistance of the mixed oxides to thermal sintering.

Information on mixed tin(IV) oxide materials is sparse, although some surface
area data have been reported for the systems SnO,—-PdO [24], SnO,-V;,0s, SnO,—
P,0s, and SnO,-MoOj3 [25] but only the SnO,-SiO; system has been studied in any
depth [26]. It is, however, difficult to compare the Al,03;—SnO; system with the
Sn0,-Si0; system, because alumina stabilizes the Sn(IT) oxidation state whereas in
the case Sn0,-Si0; hydrogen treatment causes the reduction of Sn to the Sn(0) oxi-
dation state.

4, Conclusion

The hydrogen treatment of samples of Al;03/SnO; leads to lower values of the
porous structure parameters ( Veum, Scum, Sper) compared with those samples trea-
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ted in air. This is due to the reduction of Sn(IV) species. The changes in the param-
eters do not, however, destroy the porosity of the material after H, treatment.
Thus the catalytic activity of the Al,03/SnO, system is retained to a significant
extent even under H, reduction conditions.
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