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Acidity and basicity of alumina-boria catalysts supported on porous or non-porous alumina 
have been studied by adsorption microcalorimetry of probe molecules (ammonia, pyridine and sul- 
phur dioxide). Despite decreasing in initial heats, the total acidity as determined by ammonia ad- 
sorption increased in number and strength as a function of percentage of boron oxide. Ammonia, as 
a strong base, was shown to cover all types sites from strong to weak acid sites. Pyridine, as a 
weaker probe, was shown to dose only the stronger sites of the samples which stay nearly constant 
after B203 coverage approaching the monolayer. The basic sites of the amphoteric alumina support 
are neutralized by 10 wt% of boron oxide on non-porous aJumina and 20 wt% of B203 on porous 
alumina. The catalytic activity for partial oxidation of ethane increased with acidity and reached a 
maximum constant value above 20 wt% of boron oxide. 
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Introduction 

Adsorption microcalorimetry of probe molecules has been widely used for 
determination of surface acidity and basicity of catalysts [1-3]. This method al- 
lows characterization of the number of sites, energy distribution, differential and 
integral heats, and differential molar entropies. All these parameters are related to 
coverage of the catalyst surface by the adsorbed molecules. Different probe 
molecules can be used: ammonia and pyridine for the determination of the acid 
sites and sulphur dioxide for the determination of the basic sites. 

To our knowledge, this type of characterization has not yet been applied to 
alumina-boria catalysts used in the partial oxidation of ethane [4]. The study of 
the acid-base behaviour is also very important for determining the mechanism of 
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the catalytic reaction, since these catalysts are characterized by a lack of redox 
property [5]. This simultaneous TG-DSC investigation was undertaken to deter- 
mine the thermal stability and water content of these new catalysts. 

Materials  and methods 

Samples 

Alumina-boria catalysts with various percentages of boron oxide (10, 20, 
30 wt%) were prepared by impregnation of porous (Rh6ne-Poulenc) and non- 
porous (Degussa) alumina, from a solution of boric acid (Merck). After dehydra- 
tion, the catalysts were calcined for four hours in air at 873 K. After calcination, 
atomic absorption spectroscopy~lnd atomic plasma emission spectroscopy were 
used for chemical analysis of the samples. 

Surface area of the catalysts were determined by the BET method from N2 ad- 
sorption and desorption isotherms. 

Physico-chemical data are summarized in Table 1. 

Table 1 Physico-chemical properties of the samples 

B203 / wt% Surface area / H20 / 
Samples 

Theoretical Chem. anal. m2g -I wt% loss 
773 K 

Porous alumina 

Non-porousalumina 

0 0 325 8 

10 9 287 10 

20 19 192 12 

30 29 70 14 

0 0 103 6 

10 11 105 6 

20 18 100 13 

30 25 58 13 

100 - 0.4 

Simultaneous TG-DSC 

Differential scanning calorimetry (DSC) and thermogravimetry (TG) experi- 
ments were used for thermal stability and water content determinations. These ex- 
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periments were performed on the same known amount of sample in a simul- 
taneous Setaram TG-DSC 111 under air flow (30 ml/min) and at 5 deg.min -~ from 
ambient to 873 K. 

Adsorption calorimetry 

Heats of adsorption of the probe molecules were measured using a heat-flow 
microcalorimeter of the Tian-Calvet type (Setaram C80) maintained at 353 K, 
linked to a glass volumetric line which allows introduction of successive small 
doses of gas or vapour. The equilibrium pressure relative to each adsorbed 
amount was measured by means of a differential pressure gauge (Datametrics). 
Successive doses were introduced on the samples until a final equilibrium pres- 
sure of 133 Pa was obtained. Both calorimetric and volumetric data were stored 
and analysed with the aid of a microcomputer. 

Probe molecules 

Three different probe molecules were used: ammonia (pKa = 9.24, from Air Li- 
quide) and pyridine (pKa = 9.24, from Aldrich) as basic probes, sulphur dioxide 
(pKa = 9.24, from Air Liquide) as an acid probe. All the probe molecules used 
were of analytical grade >99.5 purity. Ammonia was dried on sodium wires and 
all the probes were submitted to successive freeze-thaw pumping cycles and 
stored on zeolites. 

Results 

Assuming that a B203 molecule can be represented as a 17 A diameter sphere, 
it was possible to calculate the quantity of boron oxide theoretically required to 
form a monolayer on porous and non-porous alumina [6-7]. This amount is 
around 21 wt% of B203 for porous alumina and 7 wt% B203 for non-porous 
samples, which means that samples prepared on non-porous alumina with 20 wt% 
of boron oxide content can show only B203 on their surface and that porous 
alumina can be partially uncovered under 20 wt% B203. 

Thermal behaviour 

From Table 1, it can be seen that all the samples are hydrated. Dehydration is 
an endothermic process and the thermal curves appeared to be highly dependent 
on the amount of boron oxide [8]. Following this thermal behaviour study, the 
samples were all calcined at 873 K and activated under vacuum (ca 10 -3 Pa) over- 
night at 773 K before any calorimetry or BET experiments, as these temperatures 
were considered high enough to ensure complete dehydration without any weight 
loss of B203 by vaporization. 
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Acidity 

Acidity studies have been performed by means of a strong base: ammonia and 
a weaker one, pyridine. In Fig. 1A, differential heats are plotted as a function of 
ammonia coverage for samples prepared with porous alumina. The initial heats 
corresponding to the first dose of ammonia decrease as a function of the percent- 
age of boron oxide from 230kJ.mol-' for pure alumina to 140kJ.moF ~ for the 
30 wt% of boron oxide. The samples show much variation in shapes of differen- 
tial heat curves. The volumes of ammonia irreversibly (V~,) adsorbed on the sur- 
face at 353 K are given in Table 2 (from the difference between primary and 
secondary isotherms) and the corresponding integral heat of adsorption (Q~t) 
which represents the total heat evolved for this given adsorbed amount is also 
given in Table 2. The amount of ammonia required to saturate all acid sites in- 
creases gradually with boron oxide content but increases drastically with the 
30 wt% B2Os sample. 

eat {kJl   A 

P o r o u s / d u m J n a  

--I-. 10% B~31Alumina 
�9 -',i- 20X B203/A}umina 

30X B203DJumlna 

! 

01 i i i i i 

0 2 4 6 8 iO 12 
Ammonia  sorbed Volume 

Fig. IA Differential heat (kJ.moF I) of adsorption of ammonia on B203/porous alumina samples vs. 

amount of adsorbed ammonia (pmol.m -z) 

On porous alumina and 10 wt% B203 supported on alumina, a plateau cor- 
responding to 140 kJ-mol-' occurs, which can be assigned to the population of ac- 
tive acid sites of non-covered alumina. This plateau disappears for the samples 
containing 20 and 30 wt% of boron oxide. For catalysts supported on non-porous 
alumina the initial heats for the first dose shift to lower values (180-135 kJ-mol-') 
(Fig. 1B). Values of integral heat and volume irreversibily adsorbed are very 
similar to those obtained for the series prepared with porous alumina as support 
(Table 2). 

For comparison, bulk boron oxide displays an initial heat of 80 kJ.mor' and a 
large amount of ammonia which is irreversibly adsorbed. 
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Flg. ]B Differential heat (kJ.moF l) of adsorption of ammonia on B203/non-porous alumina 
samples vs. amount of adsorbed ammonia (IJnlol-m -2) 

The differential heats of pyridine adsorption as a function of the coverage of 
the alumina-boria catalysts on porous alumina are given in Fig. 2A. Using this 
probe the initial heat and the shape of the curves do not appear to be highly de- 
pendent on the boron oxide content. The number of active sites determined by 
pyridine remains nearly constant on catalysts where the surface is completely 
covered by boron oxide (20 or 30 wt%); in contrast values obtained for pure 
alumina and 10 wt% B203 are lower (Table 2). Similar data are also obtained for 
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Fig. 2A Differential heat (kJ, moF 1) of adsorption of pyridine on B203/-porous alumina samples 

vs. amount of adsorbed pyridine (I.tmol-m -2) 
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samples prepared on non-porous alumina (Fig. 2B and Table 2). The initial heat 
obtained on pure alumina (243kJ-mol -~) is much higher than for any B203 
catalysts and the shape of the curves varies slightly with percentage of boron 
oxide. On pure boron oxide the number of active sites determined by pyridine and 
the corresponding integral heat are much lower than those determined by using 
ammonia. 

25oHeat (kdlrnoll 
k ~ Non Porous AJumma 

s + t0x I~:~l/Juumina 

I I 

B 

0 05 1 1.5 2 2.5 3 3.5 
~ridine Adsorbed Volume ~um01/~l 

Fig. 2B Differential heat (kJ.moF 1) of adsorption of pyridine on B2Os/non-porous alumina 

samples vs. amount of adsorbed pyridine (~mol.rn -2) 

Basicity 

Both types of support (porous and non-porous) show high initial heats of sul- 
phur dioxide adsorption (191 and 196kJ.mo1-1) (Fig. 3A and 3B) and a high num- 
ber of basic sites depending to the amphotericity of alumina (Table 2). On the 
non-porous support, with 10 wt% B203, no basic sites are observed, but some 
physisorption occurs. On porous alumina supported catalysts, up to 20 wt% of 
boron oxide is necessary before the basic sites vanish. These catalysts have been 
used in the partial oxidation of ethane in ethylene, and a clear correlation between 
acidity and ethane conversion for the partial oxidation reaction at 823 K can be 
observed in Fig. 4. In fact, increase of boron oxide on the alumina markedly in- 
creases the acidity of the catalysts and also its conversion capacity, up to 20 wt% 
B203. 
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Fig. 3A Differential heat (kJ.mo1-1) of adsorption of sulphur dioxide on B203/porous alumina 

samples vs. amount of adsorbed sulphur dioxide (~mol.m -2) 
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Fig. 3B Differential heat {kJ.moF 1) of adsorption of sulphur dioxide on B203/non-porous alumina 

samples vs. amount of adsorbed sulphur dioxide (p.mol.m -2) 

Conclusion 

These alumina-boria catalysts reversibly adsorb water, as shown by TG-DSC 
[8], and under the operating conditions of the calorimetric measurements and 
catalytic tests, the samples are completely dehydrated and fully stable. Results of 
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ammonia adsorption microcalorimetry show that the two series of catalysts 
present a number of strong acid sites which remain nearly constant up to a con- 
centration of 20 wt% of boron oxide; on the 30 wt% B~O3 sample the number of 
sites is much higher. The number of acid sites determined using pyridine as probe 
molecule remains constant whatever the quantity of boron oxide. Pyridine, per- 
haps because of a steric hindrance, seems to dose only a certain kind of acid sites; 
in comparison ammonia appears to be adsorbed at three times the volume of 
pyridine on the 30 wt% catalyst. 
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Fig. 4 Conversion of ethane ( - - )  (%), acid strength distribution in number (/~mol.m -2) from 
ammonia adsorption ( - - - )  and from pyridine adsorption ( . . . .  ) vs. B203 contents (wt%) 
on samples prepared on porous alumina 

Heats of adsorption of pyridine for all samples are higher than for ammonia. 
This is due to the large differences in their pKa values. Thus pyridine would be 
more accurate than ammonia for titration of the strongest acid sites of neighbour- 
ing strength. On the other hand, at the same temperature of adsorption, physisorp- 
tion of pyridine is favoured by a lower vapor pressure and a higher enthalpy of 
vaporization. Therefore, it can be considered that chemisorption of pyridine is 
complete at a partial pressure much lower than 66.7 Pa which usually corresponds 
to the end of ammonia chemisorption. 

The results clearly show that boron oxide progressively neutralizes all the 
basic sites of the amphoteric alumina support. The acid sites determined by 
pyridine adsorption follow approximately the shape of the curve of catalytic ac- 
tivity. Samples with 20 wt% or 30 wt% of boron oxide which show a constant 
catalytic activity, have also the same type and the same number of acid sites as 
determined by pyridine adsorption. However the large increase in ethane conver- 
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sion at >_20 wt% B203 is not well shown on the acidity curve. The strength or 
strength distribution of acid sites could more probably be responsible for the 
catalytic activity than the number. The number of sites as determined by ammonia 
adsorption increases linearly with boron oxide content up to 25 wt%; the large in- 
crease at 30 wt% can be attributed to weak sites due to rearrangement of the sur- 
face close to boric acid or perborates. Similar calorimetric behaviour is observed 
for the sample with 30 wt% B203 and bulk boron oxide; a monolayer of highly 
dispersed boron oxide on the surface of the alumina appears to be mainly respon- 
sible for the high conversion and selectivity of the catalysts. 
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Zusammenfassung Mittels Adsorptions-Mikrokalorimetrie yon Probemolekiilen (Ammoniak, 
Pyridin und Schwefeldioxid) wurde die Azidit/it und die Basizit~it yon Aluminiumoxid-Boroxid- 
Katalysatoren auf por6sem oder nichtpor6sem Aluminiumoxid-Tr~igermaterial untersucht. Trotz 
Abnahme der Anfangsw~irme nimmt die mittels Ammoniakadsorption ermittelte Gesamtazidit~it 
zahlenm~il]ig und der St[irke nach als eine Funktion des prozentuellen Gehaltes an Boroxid zu. 
Ammoniak deckt als starke Base alle Arten yon Stellen (stark und schwach saure) ab. Das 
schw~ichere Probemolekfil Pyridin deckt nur die st/irkeren ProbensteUen ab. Die basischen Stellen 
des amphoteren Tr~,germateriales Aluminiumoxid werden durch 10 Gew% Boroxid auf nicht- 
por6sem und durch 20 Gew% B203 auf por6sem Aluminiumoxid neutralisiert. Die katalytische 
Aktivit~it fiir die partielle Oxidation yon Ethan steigt mit der Azidit~it und erreicht bei 20 Gew% 
Boroxid einen konstanten H6chstwert. 
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