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Thermogravimetry was applied to the investigation of the phenomena of adsorption,  
chemisorption, desorption and surface reactions on solid catalysts. The measurements 
were carried out  with 13 N aX  and NaY type zeolites and with silica gels treated with 
sodium hydroxide, in the presence of cumene and methanol .  On the basis of the 
quantitative results it is possible to give an interpretation of surface phenomena and 
to establish the existence of various active centres on the surface of the catalysts. 

Thermogravimetric measurements have been made on solid catalysts for 
a number of years. "Fresh" catalysts, that have not taken part in any reaction, 
and catalysts after reactivation or reaction exhibit quite different characteristics 
as regards their weight and enthalpy changes. These differences are brought about 
on the whole by the loss of water and by the precipitation of polymerized, carbon- 
ized or irreversibly adsorbed substances on the surface. 

In this work, thermogravimetry was selected as the method of studying sorption 
and chemical processes on the surfaces of catalysts during catalytic reactions. 
It was assumed necessary to measure simultaneously the weight and enthalpy 
changes of the system under investigation and to use conditions which could 
reveal individual phases and elemental processes. This was found possible after 
changes were made in the measurement techniques. This article presents the first 
results obtained for reactions of cumene or methanol on zeolites of NaX and 
NaY type, and on silica gels treated with sodium hydroxide. 

Experimental 
Apparatus 

The measurements were carried out with a Pau l ik -Paul ik -Erdey  type "Deri- 
vatograph" Model 1969 manufactured by MOM, Budapest. 

Catalysts 

Pure NaX zeolites produced by Inowroctawskie Zaktady Sodowe (Soda Works 
at Inowroclaw) and NaY produced by Linde were used. The zeolites were initially 
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stored in air over saturated ammonium chloride solution to attain the standard 
degree of hydration. 

The second series of measurements was performed on silica gels treated with 
0.1 or 0.2 mmole of Na+(NaOH) per g of catalyst. The method of preparing the 
latter has been described previously [1]. 

Reagents 

Analytical grade cumene was first purified from peroxides by column chromatog- 
raphy on silica gel and then by distillation in vacuum in a nitrogen atmosphere. 

Analytical grade methanol was used without additional purification. 

Thermogravimetric measurements 

Before starting the measurements proper, preliminary investigations were carried 
out for each catalyst separately in order to establish its behaviour under the same 
conditions as for the later measurements in the presence of organic reagents. 

The measurements were carried out under standard conditions: 500 mg samples 
of catalysts, in ceramic crucibles, were heated to 600 ~ for 100 minutes in an oxidiz- 
ing (air or oxygen) or neutral (nitrogen or argon) atmosphere. 

The same catalyst as that in the sample investigated, but calcined previously 
at 1100 ~ was used as the reference substance. This ensured the smallest possible 
differences in the courses of the reference curves. At the same time there were no 
sorption effects. 

For  each sample the following quantities were recorded: total change in weight 
(TG), first derivative of the change in weight (DTG) and differential thermo- 
analytical curve (DTA) as a function of temperature (T). 

The investigation of surface phenomena during the contact of the catalyst with 
the organic reagents was carried out in three variants, depending on the properties 
and activity of the catalyst and on the physical properties of the substances being 
tested. 

a) Catalyst samples were heated preliminarily in the Derivatograph to the 
highest temperature of the range within which the measurements were subsequently 
carried out. The samples thus prepared were cooled to room temperature, and 
liquid reagents were poured onto them from a pipette in amounts corresponding 
to the loss of weight during the preliminary calcinations. The heating cycle was 
then repeated. Several peaks were normally found on the DTA and D TG  curves; 
these corresponded to the surface phenomena under investigation. 

b) The samples of starting catalysts or those preliminarily activated were heated 
in the Derivatograph in an atmosphere of the vapours of the appropriate reagents. 
The vaporization was performed in one of the following ways : 1. by blowing the 
carrier gas saturated with vapours of the chosen compounds onto the sample; or 
2. by placing an additional crucible containing the substance investigated into the 
heating zone of the apparatus, the substance being evaporated during the measure- 
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ments. The latter method was particularly suitable for investigating high-boiling 
substances of low vapour pressure. 

c) The catalyst samples were first calcinated with reagents under conditions 
where sorption took place, but the catalytic reaction did not. The method gave 
particularly good results with low-activity catalysts on which the sorption pro- 
cesses occurred slowly. That is why in these instances no phenomena were found 
when variants a) and b) were used. 

Results and discussion 

A series of measurements was made of surface phenomena occurring on NaX 
and NaY type zeolites with methanol and cumene. In order to determine the 
behaviour of the zeolites themselves they were heated preliminarily to 500 ~ The 
calcinated samples were then placed over a saturated solution of ammonium 
chloride for 48 hours. During the repeated heating to 550 ~ it was established that 
the courses of the DTA, DTG and TG curves were exactly the same as for the 
starting zeolite. This indicated that during heating to 550 ~ the zeolites did not 
undergo any irreversible transformations, and also that the dehydration process 
was completely reversible (Fig. 1). 

The freshly activated samples of zeolite catalysts, after being cooled to room 
temperature, were heated to 550 ~ once more to find out whether or not any further 
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changes occurred during the repeated heating. These changes were quite negligible 
(Fig. 2). The resulting curves were then used as reference curves for further 
measurements. 

The samples were heated for the third time, but no further changes were found 
(if hydration did not take place between the measurements). Within the range 
studied, the TG, DTA and DTG plots were straight lines. 
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Fig. 2. The second calcination of NaX and NaY zeolites 

When the organic reagents under study were poured onto samples of catalysts 
prepared in this way, it could be assumed that every thermal process observed 
on the DTA curves was connected with sorption processes and catalytic reactions, 
if any. 

When methanol was poured onto the NaX type zeolite (according to variant a) 
and subsequently heated, two weight losses were observed as well as the endo- 
and exothermal effects connected with them (Fig. 3a). 

In an oxygen atmosphere the endothermic effects were quite weak, but from 
about 175 ~ there began a strong exothermal effect (with its maximum at about 
250~ This effect was at first attributed to an oxidation reaction, but when an 
oxygen-free atmosphere was used the endothermal effects increased. At the same 
time the exothermic peak was shifted to about 220 ~ (maximum about 300~ Hence, 
in air or oxygen there was a simultaneous oxidation reaction which hid the endo- 
thermal processes. The exothermic peaks in the case of a nitrogen atmosphere were 
attributed to a surface reaction. A considerable loss of weight occurred, demon- 
strating that the reaction products were volatile and underwent desorption. 
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In numerous parallel experiments [2] the presence of  dimethylether and aliphat- 
ic hydrocarbons was established. An analysis of  the D T A  and TG curves (Fig. 3a) 
revealed a visible decrease in weight and enthalpy o f  the system at temperature 
below 60 ~ . This corresponded to the evaporation of  the methanol excess from 
the surface of  the sample. The endothermic peak within the range 7 0 - 1 3 0  ~ 

220 ~ 

600 - o 

o=.___ ,oo  
i=oD- I i\V" 

= & _  F' 
1oo F ",~ ~ . ' - - , - 4 ~  ~ l , ~  

JT 30~165 ~ "~ I 450 ~ DT,~ 
o -~-= '=~"L ~ V~so 

80 - 145a "~,N260 o 

120 - - - i n  air 
- -  in nitrogen 4450 

160 

a) 

200 
Time, rain 

600 

'5 5O0 
"5 

~" 400 

300 

200 

100 

40 

BO 

120 
E 

160 

200 

-- DTG 110 ~ 

b)  

170 ~ 

120 ~ 

Time, rnin 

Fig. 3. Sorption of methanol on the surface of NaX zeolite, a) Zeolite over which liquid 
methanol has been poured (variant a); b) zeolite in methanol vapour (variant b) 

(maximum at 90 ~ probabJy corresponded to the desorption of  methanol bound 
physically to the surface. It might be supposed that this was a process limited 
by diffusion, because within the range 35 - 100 ~ the gradient of  the weight loss was 
constant. Starting at 110 ~ a rapid weight loss began, its maximum coinciding at 
220 ~ with the maximum of  the endothermic peak. It is presumed that this was con- 
nected with the desorption of  chemisorbed methanol. 

When variant b) was applied the picture was quite different (Fig. 3b). 
At first, while heating up to 100 ~ a constant increase of  weight could be observ- 

ed, due to adsorption. In the D T A  curve there was an initial exothermic effect 
up to 40 ~ then plateau up to 85 ~ and again an exothermic effect up to 100% This 
suggests that two kinds of  sorption occurred - a physical one and chemisorption. 
In addition, there was a certain intermediate state. Above 120 ~ and up to about 
200 ~ the weight decreased, at first slowly, but later more rapidly and at the same 
time the endothermic effect was observed. 
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Fig. 4. Sorption of  methanol on the surface of  N a Y  zeolite, a) Zeolite with variant a; 
b) zeolite with variant b 
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Fig. 5. Sorption of  liquid cumene on the surface of  N a X  zeolite (variant a) 
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Within the range 240-300  ~ there was a sudden shift from the endothermic to 
the exothermic effect. It is presumed that this was connected with the initial 
desorption and the endothermic dehydration reaction of methanol. In the latter 
stage it was connected with the exothermic reaction of the decomposed systems. 
When the temperature was further increased, the products were desorbed. 
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Fig. 6. SorptJon of cumene vapour on the surface of N a X  and N a Y  zeo]ites (variant b) 

In case of the NaY zeolite with methanol poured onto it, the effects were analog- 
ous. The effect of  air was much weaker here, and the exothermic peaks were almost 
identical in the case of air and nitrogen; in nitrogen, however, the endothermic 
effect was more marked at 210 ~ , probably due to oxidation in air. The range of 
desorption at about 100 ~ was less marked (Fig. 4a). 

The results of measurements by variant b) on NaY with methanol ale shown 
in Fig. 4b, and can be seen to agree well with the variant a) results (except for 
the initial period of physical sorption or desorption). On the other hand, marked 
differences from the NaY measurements are seen. In the latter a much larger endo- 
thermic effect is observed within the range 180-260 ~ 

Parallel measurements on cumene were also carried out. They shorted that 
a number of endo- and exothermic processes took place. The results, presented 
in Fig. 5, were obtained by spreading cumene onto dehydrated zeolite catalyst 
of  the NaY type (variant a). 
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The plots are almost identical for a neutral gas atmosphere and for air. When 
the temperature is raised a rapid decrease in weight is observed. 

Within the range 140-200  ~ (maximum at 160 ~ ) there developed an inhibition 
of the weight decrease, but there wias a small exothermic peak, which can be 
attributed to the adsorption of cumene on the zeolite surface. Within the range 
240-535  ~ a number of partly overlapping effects occurred, with a rapid decrease 
of  weight. These must be surface effects and desorption of cumene and its reaction 
products. It has been established in catalytic investigations that from 350 ~ up- 
wards catalytic cracking occurs on the same catalysts, Among the products are 
benzene, propylene, ethylbenzene, and styrene. 

600 

soo 

& ~oo 

300 

200 

100 

0 

40 

80 

120 
E 

i 
160 

200 

DTG 285o / ' ~  

180o 

230 o 

~ 3 0 0  o 

Time j min 

Fig. 7. Sorption of cumene vapour on the surface of NaY zeolite. 
Period of heating 600 minutes 

It has not yet proved possible to separate the individual phases of the compli- 
cated process by means of the thermogravimetric method. Since the overall pro- 
cess is exothermal, it is clear that it is not pure cracking, but other strongly exo- 
thermal reactions taking place simultaneously (the details will be published else- 
where). 

The possibility had to be considered that by dropping cumene onto the catalyst 
there may be an excess of  the reagent which could partly mask the surface phe- 
nomena. Consequently, a series of measurements was carried out on the same 
catalysts, but by means of  vaporizing the hydrocarbon during the heating process 

(method b). 
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In this case the picture obtained is simpler and complementary at the same time 
(Fig. 6). Whereas in the dropping method there is a rapid decrease in weight 
within the range from room temperature to 120 ~ , the decrease corresponding to 
the endothermic effect, in the vaporizing method a weak exothermic effect and 
a weight increase can be observed. The latter indicates sorption of a physical or 
transition type. The exothermal peak at about  150 ~ together with the weight 
increase indicates the maximum of the sorption of this type. At about 260 ~ there 
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Fig. 8. Desorption of cumene from the surface of silica gel containing 0.2 millimole of Na + 
per g (variant c) 

are a sudden weight increase and an exothermal peak. Both these phenomena are 
presumed to be connected with chemisorption. At higher temperatures the surface 
reaction of  the chemisorbed substrate can be observed, with a simultaneous, rapid 
weight decrease. The shapes of the curves depend largely on the conditions of the 
analysis. 

Figure 7 represents the same course as in Fig. 6, but using a far smaller heating 
rate, 1 degree per minute, compared with the previous 6 degrees per minute. 

The plots are analogous, but a more distinct separation of the individual 
phenomena is observed, as well as a lowering of the temperatures at which they 
occur. The values obtained seem to be more realistic and more precise. 

An analysis of  N a X  dehydration under the same conditions showed that  the 
decrease in weight (water) was constant up to 400 ~ and no thermal effects were 
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observed. This proves that heat was probably dispersed and that the sensitivity 
of the apparatus is lower under these conditions of measurements. 

This is only one of the parameters which influence the results. The problems 
concerning the position of the thermocouples, the kind of crucibles, etc. have 
been presented in detail, for example, in reference [3]. 

In the case of low-activity catalysts on whose surface sorption phenomena 
occurred relatively slowly, both methods presented above failed and did not give 
any idea of what took place on the surface. In these cases the method of heating 
the catalyst samples with the reagents was used (variant c), 
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Fig .  9. Desorption of  cumene from the surface of  silica gel containing 0.2 millimole of  N a  + 

per g in oxidizing and oxygen-free atmospheres 

Results have been reported for the reaction of cumene on silicate with 
sodium hydroxide [1]. 

With the methods of dropping-in, dropping-on and vaporization, no effects 
could be observed. 

On the other hand, after heating with cumene for 24 hours at about 350 ~ and 
distilling away the excess of cumene in vacuum in the hot, the results presented 
in Figs 8 and 9 were obtained. On heating to about 200 ~ a rapid weight decrease 
and an endothermal peak were observed (maximum at about 150~ These are 
attributed to the desorption of physically adsorbed cumene. 
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At about 200 ~ the process was stopped and one or two endothermic peaks 
occurred caused by very slight changes. These phenomena are ascribed to the 
desorption of cumene adsorbed chemically on various centres of the surface. 

At about 500 ~ there was a slight break in the curve indicating that the most 
strongly bound cumene underwent cracking, this having been determined by 
a chemical method [2]. 

On the other hand, there was an interesting finding that in samples prepared 
by method c), slight, reproducible quantities of adsorbed cumene were obtained. 
In the case of gels containing 0.2 mmole of Na + per g of gel, the quantity amounted 
to 3 mg of cumene per g of catalyst. In contrast, in measurements performed 
according to variants a) or b), the quantities were variable, depending on a number 
of factors, primarily on the amount of cumene. 

In this case it was also observed that the conditions of  analysis had an observ- 
able effect on the results. The more rapid the heating, the more dispersed and 
inaccurate were the results. 

Conclusions 

The investigations presented qualitatively show the possibility of studying sorp- 
tion and surface phenomena on catalysts under conditions similar to those of 
a chemical reaction. The notable advantage is that changes in thermal effects and 
changes in weight are observed simultaneously. The method permits forecasts of 
whether a given catalyst has any chance of being active, without making time- 
consuming measurements of catalytic activity. It is also possible to establish 
whether or not various kinds of active centres occur on its surface, this being done 
on the basis of various conditions of desorption. The higher the desorption tem- 
perature of the chemisorbed compound, the stronger is the bonding between the 
surface and the compound studied. 

The results of  measurements may be a valuable supplement of information 
obtained by means of such methods as Temperature Programmed Desorption or 
Frontal Gas Chromatography. 

A great deal of information could be obtained from the quantitative determina- 
tion of the heats of adsorption and reaction from the areas of the endo- and exo- 
thermal peaks in the DTA curves. However, this involves numerous difficulties 
and the necessity of  making parallel measurements by various methods. 

Attempts at this are now being made and will be the subject of the next publica- 
tion. 

The authors express their gratitude to Prof. S. Malinowski for help and discussion and 
to Mr. W, Dzikliflski for his technical help. 
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RI~SUMI,~ - -  O n  a appl iqu6 la m 6 t h o d e  t h e r m o g r a v i m 6 t r i q u e  5. l '6 tude  des p h d n o m 6 n e s  d ' ad -  
sorp t ion ,  de c h e m i s o r p t i o n  et de d6sorp t ion  ainsi  q u ' a u x  r6act ions  de sur face  sur  des cata ly-  
seurs  solides.  Les  mesu re s  on t  6t6 effectu6es sur  z6olites de type 13 N a X  et N a Y  et sur  des 
sil icagels trai t6s pa r  la soude  en  pr6sence de cum~ne  et de m~thanoI .  Des  r6sul ta ts  quan t i t a t i f s  
pe rme t t en t  de d o n n e r  une  in te rpr6 ta t ion  des p h d n o m b n e s  de sur face  et d '6 tabl i r  / ' exis tence 
de divers  cent res  actifs 5, la sur face  des ca ta lyseurs .  

Z U S A M M E N F A S S U N G  - -  Adsorp t ions - ,  C h e m i s o r p t i o n s -  u n d  D e s o r p t i o n s e r s c h e i n u n g e n ,  sowie 
Ober f i / i chenreak t ionen  an  fes ten  K a t a l y s a t o r e n  w u r d e n  t h e r m o g r a v i m e t r i s c h  un te r such t .  
Die  M e s s u n g e n  wurden  an  Zeol i ten  der  T y p e n  13 N a X  u n d  N a Y  u n d  an  mi t  N a t r i u m -  
h y d r o x i d  b e h a n d e l t e n  Sil ikagelen in G e g e n w a r t  yon  C u m o l  a n d  M e t h a n o l  durehgeff ihr t .  
A u f g r u n d  der  quan t i t a t i ven  Ergehn i sse  war  es mOglich, die Oberf l~ichenerscheinungen zu 
deu ten  u n d  das  V o r h a n d e n s e i n  yon  ve r sch iedenen  ak t iven  Zen t r en  an  der K a t a l y s a t o r o h e r -  
ft/tche n a c h z u w e i s e m  

Pe3mMe - -  OrmcaHo ncnoYzb3oBaHne TepMorpaBnMeTpn'aecKoro Me~oaa ~a~ r~ccneAoBannn an-  
cop6tti~H, xeMocop6tlrm, ~ecop6ttHrI H peaKrauJ?, npoucxo2lamHX Ha noBepx~ocTn TBep/lblX 
~aTaJln3aTopoB. ~rOT Mero~l, XOrn H HMeer HeXoTopbIe neaoc:raTgu, no  o6nazmeT TeM n p e n ~ -  
LIIeCTBOM, ~ITO ~ ae r  BO3MO)KI-IOCTb onpe~ie~aTI, O/1HoBpeMeItHO It3MeHeHH~I MaccBI U TenJIoBbIX 
3~eI(TOB, n p o n c x o ~ n m n e  B ~ICCY~e~IOBaH]~O~ CHC'I-eMe. ];;[3MepetlHfl 17poBe)IeHt,i c LleoJxrtTaMa TU- 
na  13 N a N  H N a Y  n CH~HKarer o6pa6oTagHbIM rH)IpooKI, ICt, tO BaTpH~ B llpHcyTCTBH!,I KyMetIa 
H MeyaHo37a. H a  OCHOBaHHU Uo33y'~CHHbIX KOZItlqeCTBeHHBIX pe3yJIt, TaTOB BO3MO3KHa H~IYep~pe- 
TaHrffr uoBepxttocrHlolx ~lBYlettl,l_~ ~ ycraHOB.rleHge ga2lHql,IIt pa3JIa~IUbIX aKTIIBItt,IX IIeI-ITpOB Ha 
lioBepxtlocru ~aTa~r~3aTopa. 
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