
Journal of Thermal Analysis, Vol. 4 (1972) 451--459 

I N F L U E N C E  OF COMPOSITION A N D  OF ACTIVATION 

T E M P E R A T U R E  UPON THE ADSORPTION 

A N D  T H E R M O D E S O R P T I O N  OF A M M O N I A  

ON A L U M I N I U M  OXIDE-SILICA GELS 

A. PoP, P. KR6BL and P. JOZSA 

Department o f  Chemistry, Babes.-Bolyai University, Cluj, Rumania 

(Received June 3, 1971; in revised form December 15, 1971) 

Aluminium oxide gel and aluminium oxide-silica gels of different compositions 
were prepared and activated at different temperatures. The adsorption of NH3 was 
studied in a McBain type balance at 20 torr and 5x l0 -a torr at 25 ~ The thermo- 
desorption of NH3 was studied at 5• 10 .3 torr between 25 and 550 ~ at a constant 
heating rate of 4~ The desorption was followed by recording the thermogravi- 
metric curve and the pressure oscillations in the system (p -- T curve). The influence 
of composition and activation temperature is discussed. Chemisorption of a mono- 
molecular layer is assumed in three main types of pores, together with the formation 
of a second monomolecular layer held by hydrogen bonds. 

Basic vapours (quinoline) were first used for the deternfination of  the acidity 
of solid catalysts, by Mills and coworkers [1 ]. Trimethylamine and pyridine were 
later applied by Richardson and Benson [2]. Ammonia is also frequently used 
for the quantitative and qualitative characterization of the catalyst acidity and 
a considerable number of papers have recently dealt with the interaction of NH3 
and acid catalysts. 

This interaction has been studied by means of IR  spectroscopy [3 -17] ,  grav- 
imetry [5, 16, 18-24] ,  calorimetry [25 -35 ]  and gas chromatography [36]. 

In the present paper an attempt has been made to elucidate the influence of  the 
composition and of activation temperature (Tact.) on  the adsorption and thermo- 
desorption of  NH3 on aluminimn oxide-silica gel systems (A1SiG) by using a 
thermogravimetric method combined with pressure oscillation measurements. 

Experimental 

Preparation of  the systems studied. AISiG systems were obtained by co-precip- 
itation. Solutions containing silicic acid (4 wt % SiO2) and aluminium nitrate 
were treated with ammonium carbonate solution at pH = 5.0-5.5 .  The precip- 
itate was filtered, washed with water and dried a t  105 ~ . The dried precipitate 
was subjected to a preliminary heat treatment at 400 for30 min in order to remove 
any ammonium carbonate and nitrate.  

Chemical analyses 'were carried out after calcination of the samples at 1100 ~ 
for 3 hrs. The results obtained are presented in Table  1. 
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Table 1 

Compositions of the systems studied 

System 

AISiG-I 
AISiG-II 
AISiG-III 
AISiG-IV 
A1SiG-V 

AI~O3 I SiO2 

87.9 
74.2 
50.0 
37.5 
10.2 

wt. % 

12.1 
25.8 
50.0 
62.5 
89.8 

Molar ratio 
AI,O3 : SiO2 

1 : 0.25 
1 : 0.60 
1 : 1.70 
1 : 2.80 
1 : 15.00 

The aluminium oxide gel (A1G) was obtained and submitted to thermal treat- 
ment exactly as the A1SiG systems. 

Apparatus. Measurements were carried out in a McBain type balance connected 
to a vacuum pump able to attain 5 �9 10-3 torr, and to a Jenaglas reservoir of  NH3. 
The ammonia was prepared in this reservoir by means of  the thermal decompo- 
sition of carefully dried diammonium hydrogen phosphate (Merck, p.a.). Drying 
of  the salt was performed in vacuo and by heating up to 70 ~ 

Procedure. 200-500  mg samples of  the unactivated material were introduced 
into the apparatus at atmospheric pressure and 25 ~ . At this temperature the pres- 
sure was reduced to 5 �9 10 -3 torr, and meanwhile physically adsorbed water 
was removed. By ensuring a heating rate of 4~ the temperature was raised 
up to the first Tact., still under vacuum. Owing to the thermodesorption of  water 
an increase of the pressure occurs. In order to activate the sample, it was kept 
at T, ct" for 2 hrs and the pressure again reduced to 5 �9 10.3 torr. After the acti- 
vation the sample was cooled in vacuo and weighed at 25 ~ Dry NHa was intro- 
duced till the pressure reached 20 torr, and the total NHa adsorbed was deter- 
mined. At the same temperature the pressure was reduced to 5 �9 10-3 torr and the 
observed weight loss corresponded to the first physically sorbed NH3. By ensuring a 
constant heating rate of 4~ the thermodesorption of  NHa proceeded in two 
independent ways. The sample weight was recorded as a function of temperature 
(TG curve), and in addition the pressure was recorded by using a VIT apparatus 
(made in USSR) with a lamp with thermo cross. Since the vacuum pump worked 
continuously, the pressure changed only between 5 �9 10 .3 and 1 �9 10 -2 torr. The 
magnitude of these changes was proportional to the thermal decomposition rate. 
Thus, the p - T curve was something like the first derivative of  the T G  curve, 
and it was observed to give useful information. Heating of the sample was per- 
formed up to the second T, ct., and the second activation was then carried out 
by maintaining a constant temperature for 2 hrs. After cooling a new adsorption- 
thermodesorption run could be carried out. 

This procedure enabled us to perform 4 - 5  activations of a single sample at 
different temperatures, and to carry out the corresponding adsorption-thermo- 
desorption experiments without removing the sample from the apparatus, thus 
completely avoiding the contact of  the AlSiG systems with the atmosphere. 
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Results and discussion 

The total amount  of  NHz adsorbed at 25 ~ and p = 20 torr is given in Table 2. 
The decrease of  the amount  of  NH3 adsorbed with increasing T~et. is obvious 

from the this Table. I t  means the diminishing of  the specific surface area with 
increasing T,~t. The influence of the SiO2 content is interesting. Small amounts 
of  SiO2 diminish the number  of  active sites. This number  has a clear maximum 
at AISiG-II,  containing 25.8 % SiO2. 

At 25 ~ and 5 �9 10-a torr more than half of  the adsorbed NH3 is desorbed. This 
NHz  is weakly bound by physical sorption. Its amount  is given in Table 3. 

Table 2 

Total NH~ adsorbed, m.e./g 

System 
Tact. A1G 

I I I  I I I  IV  V 

465 
550 
620 
720 
820 

2.22 

2.01 
1.69 
1.36 

1.72 
1.46 
1.36 
1.21 
0.95 i 

3.02 
2.47 
2.26 
1.99 
1.59 

2.45 
2.25 
2.05 
1.75 
1.59 

2.53 
1.94 
1.84 
1.64 

Table 3 

NH 3 desorbed in vacuo at 25~ m.e./g 

2.66 
2.11 
1.86 
1.65 
1.12 

System 
Tact. A I G  

1 I I  I I I  IV  V 

465 
550 
620 
720 
820 

1.26 

1.18 
0.95 
0.72 

0.99 
0.79 
0.75 
0.68 
0.49 

1.49 
1.37 
1.26 
1.16 
0.74 

1.45 
1.32 
1.21 
1.01 
0.96 

1.32 
1.12 
1.10 
1.00 

1.51 
1.16 
1.11 
1.03 
0.65 

The difference between the amounts given in Tables 2 and 3 represents the more 
strongly adsorbed NH3. Its quantity is given in Fig. 1. As seen, the higher Tact. , 
the less NH3 is adsorbed, while the composition of the sample has a considerable 
influence on the adsorption capacity. The highest values were obtained with 
AISiG-II. 

T O  and p - T curves were obtained for the thermal desorption of  NH3 in 
vacuo. One of  these curve pairs, for the A1SiG-IV system activated at 550 ~ 
is given in Fig. 2. The shape of the p - T curves suggests that the thermal desorp- 
tion occurs in four stages corresponding to the temperature intervals 2 5 - 1 5 5 ,  
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155-165,  265 -385  and 385 -550  ~ All the p - T  curves have a similar shape 
and they are not significantly influenced by the temperature of  activation or the 
composition of  the system. This is obvious from Figs 3 and 4. 

- t 50  

-l- 
Z 

1.25 
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0 I0 20 30 ~0 50 60 70 80 90 100 
SiOz ~'I. 

-',ofo 9b 8; go go 20 ;o ,to o I 
Ale 03~*/* 

Fig. 1. NH~ thermodesorbed between 25 and 550 ~ as a function of the composition and 
activation temperature 

The peaks on these p - T curves might be evidence for the existence of acid 
centres of  differing strengths. A quantitative picture of  these centres can be 
obtained on the basis of  the NH3 thermally desorbe~in  the corresponding tem- 
perature ranges. In Table 4 are presented the amounts of  NHa desorbed between 
2 5 - 1 5 5  and 155-550  ~ , respectively, and the ratio 

R = 
NH3 desorbed between 2 5 - 1 5 5  ~ 

NH3 desorbed between 1 5 5 -  550 ~ 

Since R is near 1, it can be assumed that on the surface of  the solid there is 
a chemisorbed monomolecular  layer and on this a second one, perhaps hydrogen- 
bonded and it is this second monomolecular  hydrogen-bonded layer which is 
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desorbed up to about  155 ~ In this temperature range, in the main a single peak 
appears on the p - T curves, but there are sometimes two, close to one another. 
In the other three temperature renges, there are several peaks corresponding to 
the chemisorbed NHz in each range. This general picture is consistent with the 
above assumption. 

Temperature 7 ~ 
~00 200 300 400 500 

0 I 

0 2g 
P 

o ~8 ~ ~ % . ~ J ~ 4 o  ~ 

E 5o 

g 
.13 

> TG 

s P 
z .I 

Fig. 2. The TG plot (NH~ thermodesorption) and p -- T curves of the A1SiG-IV system for 
T.c~. = 550 ~ 

In Table 5 the desorption of the chemisorbed NH3 is presented for the three 

main temperature ranges. 
The amount  desorbed can be seen to decrease systematically in the order 

a > b > c. On the other hand, with increasing T,~t. a shows a tendency towards 
increasing relative weight, and b a decreasing one. The decrease of  the relative 
contribution of  c to the overall chemisorbed NH3 is very obvious in the case 
of  A1SiG-II. These facts suggest that the acid centres responsible for the chemi- 
sorption are of  the same strength, but they are disposed in pores of  different sizes. 
There are presumably three main types of  pores, corresponding to the three 
temperature ranges. The bulk of N H z  chemisorbed is in the large pores (desorp- 
tion between 155 and 265~ With increasing T~ct. the number  of  pores is reduced 
and especially the number of  the narrow ones. This is why the relative weights 
of  b and c decrease with increasing Tact. 

& Thermal Anal. 4, 1972 
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It is very important that all data presented in Tables 2 - 5  and Fig. 3 have 
a maximum value for A1SiG-II. The only exceptions are the c values in Table 5, 
but this is not important, since it can be explained by the effects of experimental 

155 265 385 

Ph f 

'i55 265 385 
I I r 

I l I AIO 

100 200 300 400 500 - -  
Temperoture7 ~ Temperalure ~oc 

Fig .  3. p - -  T c u r v e s  o f  A I S i G - I I  f o r  
d i f f e r e n t  a c t i v a t i o n  t e m p e r a t u r e s  

F i g .  4. p - -  T c u r v e s  o f  d i f f e r en t  s y s t e m s .  

TaCt. = 550 ~ ( fo r  A1G Tact. = 620 ~ 

errors on their very small values. All these data suggest that the adsorption capac- 
ity has a well-defined maximum near the molar ratio AltOs : SiO2 = 1 : l. 

C o n c l u s i o n s  

1. Increase of T~ct. leads to the decrease of  the adsorbed NHs. 
2. The composition of the solid system has a considerable influence on the 

adsorptive capacity, and irrespective of Tact. a well-defined maximum is observed 
near the molar ratio AI2Oa : SiOe  = 1 : 1. 
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3. A t  p = 20 to r r  more  than  ha l f  o f  the NH3 a d s o r b e d  is weakly,  physical ly  
so rbed  and  this is d e s o r b e d  in vacuo  a t  25 ~ 

4. In  vacuo  the N H 3  a d s o r b e d  p re sumab ly  forms two monomole c u l a r  layers.  
The  first one is chemisorbed  on the ac id  centres, the  second layer  is s t rongly  
phys ica l ly  sorbed  on  the first one, pe rhaps  t h rough  hydrogen  bonds .  This  second 
layer  is deso rbed  thermal ly  up  to  a b o u t  155 ~ 

5. The chemisorbed  pa r t  is a d s o r b e d  p re sumab ly  on  acid  centres o f  the same 
s t rength,  d i sposed  in three  ma in  types  o f  pores  o f  different  sizes. 

6. Increase  o f  T,~,a" diminishes  the number  o f  all  pores,  bu t  the  n u m b e r  o f  
n a r r o w  pores  decreases more  r ap id ly  than  the number  o f  larger  ones. 

7. Measu remen t  o f  the  pressure  osci l la t ion under  dynamic  t empera tu re  condi-  
t ions a n d  con t inuous  func t ion ing  o f  the vacuum p u m p  al lows the record ing  o f  
a der ivat ive  type  p - T curve very  sensitive to smal l  changes in the thermal  de- 

so rp t ion  rate.  
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R~suM~ -- On a pr6par6 des gels d'oxyde d'aluminium et des gels de silice et d 'oxyde d'alu- 
minium de diverses compositions; les pr6parations ont ensuite 6t6 activ6es ~t diff6rentes 
temp6ratures. On a 6tudi6 l 'adsorption de NHa ~ l'aide d 'une balance de type McBain ~t 25 ~ 
sous des pressions de 20 et de 5.10 ~ to r t  ainsi que la d6sorption thermique sous 5.10 -~ torr  
entre 25 et 550 ~ avec une vitesse de chauffage de 4~ On a suivi la d6sorption en enre- 
gistrant les courbes thermogravim6triques et les oscillations de pression dans le syst6me (cour- 
bes p --  T). On a discut6 l'influence de la composition et de la temp6rature d'activation. 
On suppose une chemisorptmn d'une couche monomol6culaire dans trois types principaux 
de pores ainsi que d 'une seconde couche monomol6culaire maintenue par ponts d 'hydro-  
g~ne. 

ZUSAMM~FASSUN~ -- Aluminiumoxyd und Aluminiumoxyd-Kiesels~iure Gele yon verschie- 
dener Zusammensetzung wurden erzeugt und bei unterschiedlichen Temperaturen aktiviert. 
Die Adsorption yon NH3 wurde mit Hilfe einer McBain Waage unter 20 und 5 �9 10 -~ Torr 
Druck bei 25 ~ weiterhin die Thermodesorption yon NH:, unter 5 �9 10 -z Torr Druck zwiscben 
25 und 550 ~ mit 4~ Aufheizungsgeschwindigkeit untersucht. Die Desorption wurde 
durch die thermogravimetrische Kurve und durch Registrieren der Druckschwankungen in 
dem System (p -- T Kurve) verfolgt. Man diskutiert den EinfluB yon Zusammensetzung und 
Aktivierungstemperatur. Man nimmt eine Chemisorption einer rnonomolekularen Schicht 
in drei Porenhaupttypen gemeinsam mit der Ausbildung einer zweiten durch Wasserstoff- 
bindungen gebundenen monomolekularen Schicht an. 

P e 3 r o M e -  l-IprIroToB~err rest~orncg a~OMaH~I~ a Ord~Cb a~ioMnH~Lq-Cnnr~rare~_si pa3~nm~oro 
COCTaBa H a~TnB~IpoBaHb~ npn pa3stI, rq_H~ix TeMnepaTypax. I/I3y~eHa a~cop6~H~r aMMrtaKa (NHa) 
aa Becax Trma Max ]3ea nprI 20 MM pT. CT. n 5 �9 10 -z MM pT. CT. a TeMrlepaTypa 25 ~ I/I3y,~erm 
TepMo~ecop6~7~Ia npl.i 5 �9 10 -a MM pT. CT. ~ npe~le~ax TeMnepaTyp 25 ~ --  550 ~ npn noczoari- 
n o r  cKopocTrt narpeBa 4~ ~ecop6un~ conpoBog~aeTca peracTpnpoBaarleM TepMorpaarI- 
MeTpnqecKo~ ~prmo~ ~t octmJI~a~ne_~ ~aBne~na B CaCTeMe (19---T rprmaa). O 6 c y ~ e n o  aanamte 
COCTaBa H TeM~epaTyp~,i aKT~IBaLIH~I. BblCKa3ano npe~no~ogenne o ~ia;tHqr~i MOnOMOnery~ap- 
Horo C:~Oa B ~pex FYlaBttblX Trmax hop, DMeCTC C o6pa3oBaa~eM BTOpOFO MOr~OMO~e~ynap- 
HOrO CJ~Ofl, y~ep~KHBaeMoro BO)IOpO~HI, IMH CBIt3~tMkI. 
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