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The process of desorption of a gas from a catalyst surface, especially when temperature- 
programmed, can be affected by the occurrence of other chemical or physical processes. 

On the basis of a simple method of analysis, which makes possible the examination of 
definite fractional areas of a peak, and therefore the examination of definite ranges of sur- 
face coverage during desorption, this paper examines two experimental cases of tempera- 
ture-programmed desorption, relating to propylene metathesis on the practical catalysts, 
WO3/SiO 2 and Re20-//AI20 3. 

Some particular methods and procedures for collecting TPD data and obtaining reliable 
kinetic results in the presence of multiple peaks, and therefore in the case of the overlapping 
of other physical phenomena, are developed: the results on the adsorptive and desorptive 
properties of the two catalysts are compared with the results reported in the literature, 
obtained from kinetic studies concerning propylene metathesis on the same catalysts. 

Among the techniques for investigating and characterizing practical catalysts, tem- 
perature-programmed desorption (TPD) has become widespread in recent years. 
However, the obtaining of informat ion on the nature of the interactions between 
adsorbed species and a catalyst surface requires the determinat ion of reliable kinetic 
parameters and, in spite of the simplicity of the method, TPD spectra can be affected 

by many experimental factors (surface heterogeneity, dif fusional resistances, desorp- 
t ion wi th  readsorption or wi th  reaction) in addi t ion to those problems which derive 
from the use of a non-isothermal technique. 

Many desorption processes are very complex and require a careful choice of the 

experimental condit ions in order to obtain meaningful results: TPD is a typical non- 
isothermal method and has retained the "ph i losophy"  of flash desorption, f rom which 

it was derived. However, much attent ion must be paid to the heating rate, the sample 
mass, the adsorption temperature and the carrier gas f low rate, which not only 
influence the occurrence of heat and mass transfer l imitat ions and readsorption, mass 
transfer l imitat ions and readsorption, but also determine the possibil i ty of overlapping 
or separation of di f ferent desorption processes. 

Many methods have been suggested [ 1 -3 ] ,  as far as the analysis procedure of the 
TPD spectra is concerned, to  overcome these dif f icult ies and to relate the kinetic 
parameters unambiguously and reliably to the rate-l imiting process. 
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These methods are based on the analysis, from many spectra, of the shift of a TPD 
peak with changing heating rate, or on the analysis of the shape of a TPD peak in a 
single spectrum. 

There is also the possibility of performing an analysis based on a differential 
method, similar to that used in differential scanning calorimetry [4], which has the 
advantages of simplicity and the possibility of examining even definite portions of 
a peak, and therefore of paying better attention to the possible variation of the kinetic 
parameters during the desorption process [5]. 

Experimental 

The experiments were carried out in the apparatus shown in Fig. 1, whereby it is 
possible to perform pulse or continuous adsorption and to keep constant the flow 
rate of adsorbate and carrier gas both during adsorption and during desorption. 

The reactor was a quartz tubular one, 1/4" in o.d., and the temperature was con- 
trolled by a coaxial thermocouple encased in a quartz tube inside the catalyst; the 
temperature was linearly programmed to a tubular furnace containing the reactor. 
The desorbed gas was monitored by means of a Dani hot wire detector provided 
with an HWD control. 

The 7% WO3/SiO 2 gel catalyst was prepared by impregnating silica gel (RP ACS C. 
Erba) 80-100 mesh, BET surface area 350 m2/g, with an aqueous solution of am- 
monium tungstate (RP ACS C. Erba), followed by drying at 823 K for 3 h. 

The 15% Re207/AI203 catalyst was prepared by impregnating alumina (Akzo 
Chemie) 80-100 mesh, BET surface area 307 m2/g, with an aqueous solution of 
ammonium perrhenate (Ventron), followed by drying at 373 K and calcining at 
'823 K in dry air for 3 h. 

The gases used were propylene N20 (SIO) and helium N45 (SIO): they were 
filtered on molecular sieve and helium was passed through a trap at liquid nitrogen 
temperature in order to dry it effectively. 

Before every adsorption-desorption run the catalyst sample was pretreated "in situ" 
according to procedures reported in the literature [6, 7], which ensure the highest 
activity and selectivity for the metathesis of propylene: 

2 C3H 6 > C2H 4 + C4H 8 

The samples were then cooled down to the adsorption temperature, evacuated for 
1 h at 2.5 �9 10 - 4  Tort for better cleaning of the surface, and afterwards adsorption 
was allowed by means of a mixture of helium and propylene flowing continuously 
for 1/2 h through the catalyst bed. 

The sample mass was kept to a minimum (0.1 g) to avoid temperature gradients 
within the catalyst bed. During desorption, the gas flow was trapped immediately 
after the detector and analyzed by means of a Hewlett Packard 5750 gas chromato- 
graph, to characterize the recorded peaks. It must be stressed that the dead space 
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Fig. 1 A schematic diagram of the TPD apparatus: A = upstream mass flow controller; A' = down- 
stream mass flow controller; B = rotameters; C = on-off valve; C' = on-off valve for vacuum; 
D -= three-way valve; E -----" four-way valve; F = gas sampling loop; G = hot wire detector; 
H = trap for GC analysis; L = thermocouple; I = reactor; M = furnace; (traps for con- 
densing impurities in gases are inserted before upstream mass flow controllers) 

between the reactor and detector was taken into account, as well as the thermocouple 

lag, in order to obtain correct temperature values. 
On the other hand, the absence of mass transfer l imitat ions was prel iminar i ly  

checked by means of runs at d i f ferent  grain sizes of the catalyst powders; the absence 
of  heat transfer l imitat ions was prel iminar i ly checked by determining the lowest 

heating rate at which variations of  the sample mass did not cause variations in the 
shape of the considered peak and in its posit ion on the temperature scale, 

Results and discussion 

The greatest part of  the discussion wi l l  be devoted to the results obtained from 
desorption runs on W03/SiO 2 gel catalyst, because of the peculiarities o f  the results. 

The init ial runs were performed using room temperature as adsorption temperature, 

and a high carrier gas f low rate during desorption to avoid readsorption phenomena; 
the features of  the corresponding desorptograms are shown in Fig. 2. 

The presence of two shoulders near the maximum of the first peak does not al low 
any conclusion from the symmetry and from the shape of this peak. 

On the other hand, the gas-chromatographic analysis o f  the ef f luent showed that 
on ly  propylene desorbs, f rom the catalyst when this peak is recorded. It is therefore 
possible to deduce that this peak monitors three di f ferent  forms of  adsorbed 
propylene: the desorption processes of  the second and third forms of  adsorbed 
propylene overlap at a high heating rate. 
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Fig. 2 TPD spectrum obtained by means of high carrier gas flow rate after room temperature 
adsorption of propylene on WO3/SiO 2 ( . . . . .  high heating rate; ~ low heating 
rate) 
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Fig. 3 TPD spectrum obtained by means of low carrier gas flow rate after room temperature 
adsorption of propylene on WO 3/SiO 2 

Subsequently, runs were performed by decreasing the carrier gas f l ow rate, to  check 

i f  readsorption had to be taken into account; however, as shown in Fig. 3, the maxi- 
mum of  the first peak and its two shoulders are not signif icantly shifted on the tem- 
peratures scale at corresponding heating rates, and this seems to conf irm the absence 

of  readsorption phenomena. 
The features of the spectra in the range of higher temperatures are similar, aside 

f rom the experimental condit ions: a low and broad peak wi th a maximum at about 
673 K, and another peak wi th a max imum at about 973 K, are shown. 

Gas-chromatographic analysis shows that both are related to desorption processes 

wi th  reaction, and indeed metathesis products are associated wi th the first of  these 
two peaks: 673 K is a typical mean temperature for  the metathesis of propylene over 
WO3/SiO 2 gel. Products of metathesis, dimerizat ion and cyclodimerizat ion, and also 

carbon dioxide,  are associated wi th  the second of these two peaks. 
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Fig. 4 TPD spectrum obtained after isothermal desorption at 52.5~ related to adsorption of 
propylene on WO 3/SiO 2 
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Fig. 5 TPD spectrum obtained by means of adsorption at 128~ of propylene on WO3/SiO 2 and 
using high carrier gas flow rate 

In order to perform as complete as possible a kinetic analysis on the first peak 
(at lower temperatures), it was terefore useless to work only at low heating rates, 
because overlapping was only reduced (this choice must be recommended, however, 
to avoid heat transfer limitations and large temperature lags). 

The desorption of adsorbed propylene of form I was therefore studied by means 
of adsorption runs at temperatures of about 313 K, and by a subsequent temperature- 
programmed desorption (see Fig. 4). 

Runs were then performed to study the desorption of adsorbed propylene of form 
III by means of adsorption at higher temperatures (about 403 K), followed by tem- 
perature-programmed desorption at a high carrier gas flow rate to avoid readsorption 
(see Fig. 5). 

(It is obvious that it was impossible to characterize in a reliable way the kinetic 
parameters relating to the desorption of adsorbed propylene of form II, because it 
was impossible to avoid even a minimum overlapping with the other desorption 
processes.) 

By means of the already mentioned procedure [5] now applied to isothermal 
desorption, and considering that: 
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where O = surface coverage, we obtain 

In ( d( l ~tt O) } = ln k + n ln O 

Thus, a plot of In (d ( ld~  t O))  vs In O wil l give a straight line with slope n and inter- 

cept In k. This plot and the subsequent Arrhenius plot show that this desorption 
process follows first-order kinetics with an activation energy of 52.5 k J/mole and a 
pre-exponential factor of 2.7 �9 106 s - 1  As far as the peak relating to adsorbed 
propylene of form III is concerned, we checked above all the possible presence of 
a surface heterogeneity. 

It is shown, that starting from the same initial coverage, a particular value of the 
actual surface coverage is reached at different temperatures if different heating rates 
are used. Arrhenius plots can therefore be drawn [8, 9] for fixed values of the surface 
coverage, obtaining the activation energy corresponding to those values of the surface 
coverage, with subsequent checking of the dependence of the activation energy on the 
surface coverage: in this case no variation has been observed. 

We checked which law (first or second-order law with or without readsorption, 
diffusion law) gives the best Arrhenius plot when the logarithm of the rate at deter- 
mined temperature values T (deduced from the height of the peak at that temperature) 
is plotted 1/T. 

In Fig. 6 an Arrhenius plot is given to show that, over a large range of surface 
coverage, desorption follows second-order kinetics: the activation energy is 116.5 
kJ mole and the pre-exponential factor is 1.5 �9 1012 s -1 .  

As far as propylene desorption over Re207/AI203 is concerned, we must note that 
the most important characteristics of its TPD spectrum can be studied by varying the 
partial pressure of propylene in the adsorption gas mixture, thereby varying the initial 
surface coverage. Figure 7 shows two typical desorptograms, starting from low and 
from higher initial surface coverage: in the second instance a shoulder appears near the 
maximum of the first peak. However, it is very diff icult to obtain kinetic parameters 
relating to the desorption process for in this instance the gas-chromatographic analysis 
monitors the presence of metathesis products in the gaseous stream coming from the 
reactor. 

(We must stress here that the optimum temperature range for the metathesis reac- 
tion over Re207/AI203 is 323-353 K.) 

Therefore, only in the first instance it was possible to extract meaningful kinetic 
parameters, and it was found that desorption follows second-order kinetics, charac- 
terized by two distinct intervals: the first (0.95 < O < 0.85) with an activation energy 
of 43.7 k J/mole, and the second (0.85 < O < 0.09) with an activation energy of 
35.5 k J/mole. We are therefore dealing first with a more activated mechanism, and 
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Fig. 6 Arrhenius plot related to the TPD peak of the form I I I  of propylene previously adsorbed 
at 128~ on WO3/SiO 2 
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Fig. 7 TPD spectrum of propylene adsorbed on Re2OT/AI20 3 with low (a) and high (b) initial 
surface coverage 

subsequently with a less activated one, but both can be described by second-order 
kinetics (see Fig. 8).  

It is to be stressed, however, that  in the first interval uncertain evidence of a 

rectilinear plot of second-order kinetics wi th  readsorption seems to justify these 

conclusiohs. 

J. Thermal Anal. 27, 1983 



398 SPINICCI, TOFANARI: EXPERIMENTAL ASPECTS OF KINETIC PARAMETE RS 

2.0 
I 

-2 - -  �9 

"o 

. r  

-5 

-~ -6 

xlO 3 1/T 

2.5 3.0 

"o 

\ 

Fig. 8 Arrhenius plot related to the TPD peak of Fig. 7a at lower temperature 

Conc lus ions  

Temperature-programmed desorption was introduced as a complementary tech- 
nique in catalysis studies, to characterize catalysts and allow a deeper insight into their 
active centres: the results of the analysis of a TPD spectrum must therefore be of use 
towards a better understanding of the mechanism of activity and selectivity of the 
catalyst in a well-determined reaction. As far as the WO3/SiO 2 gel catalyst is con- 
cerned, adsorbed propylene of form III appears to be the most important, because 
the peaks at higher temperatures (desorption with reaction) seem to be related to this 
form: indeed, these peaks disappear only when the adsorption temperatures are fixed 
above the desorption temperatures of this form of propylene. 

Moreover, the area of the two peaks at higher temperatures (and therefore the 
volume of the desorbed gases) is practically constant when forms I and II are adsorbed 
and when these forms are not adsorbed. 

For both catalysts, the most important peak relating to desorption without reaction 
shows a general trend to follow second-order kinetics. 

This is surely related to the manner of adsorption of propylene on these catalysts, 
which is dissociative adsorption with formation of an allylic fragment, leading to 
associative desorption. 
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Zusammenfassung -- Der Vorgang der E)esorption eines Gases yon einer Katalysatoroberfl~che, 
besonders wenn er temperaturprogrammiert ist, kann durch das Vorkommen von anderen che- 
mischen oder physikalischen Vorg~ngen beeinflusst werden. 

Au f  Grund einer einfachen, analytischen Methode, die die Untersuchung bestimmter Teilge- 
biete eines Peaks, und dadurch die Untersuchung bestimmter Bereiche der Oberfl~chendeckung 
ww der Desorption erm~glicht, untersucht diese Arbeit  zwei Versuchsf~lle der temperatur- 
programmierten Desorption, bez~glich der Propylen-Austauschreaktion mit den praktischen 
Katalysatoren WO3/SiO 2 und Re20? /A I20  3. 

Einige spezielle Methoden und Verfahren zum Sammeln der TPD-Daten, und um vertrauens- 
wOrdige kinetische Ergebnisse in der Anwesenheit von mehreren Peaks und dadurch im Falle der 
0berdeckung anderer physikalischer Erscheinungen zu erhalten, wurden entwickelt: Die Ergebnisse 
Liber die adsorptiven und desorptiven Eigenschaften der zwei Katalysatoren wurden mit denjenigen 
in der Literatur mitgeteilten Ergebnissen verglichen, die w~hrend kinetischer Untersuchungen be- 
zLiglich der Propylen-Austauschreaktion mit denselben Katalysatoren erhalten wurden. 

Pe31oMe - npo~ecc Aecop6t~HH ra3a c nOBepXHOCTH KaTanH3aTopa, ocoSeHHO B cnyqae 3anpor- 
paMMHpoI~aHHO~ TeMnepaWpbl, Mo)KeT 3aTpaFHBaTbCR HanHqHeM ApyrHx XHMHNeCKHX H 
(~H3HNecKHx npou, eccoB. Ha OCHOBe npocToro MeTo~a aHanH3a, RpeACTaBnRK)U4HR BO3MO)KHblM 
HCC, Jle/IOBaTb onpeAegeHHble qaCTHqHble nnoLu, aAH nHKOB, B pe3ynbTaTe qel'o H HCCJleAOBaHHe 
onpe~,eneHHblX 06nacTeR noBepxHOCTH OXBaTa BO BpeMR Aecop6u.HH, B CTaTbe Hccne/~y~0TCR 
ABa 3KcnepH MeHTaJlbH blX cnyqaR TeM nepaTypHo-3anporpaM MHpOBaHHO H /lecop6uHH, 
KacalouJ, eRCR peaKuHUl 06MeHa nponHneHa Ha KaTanH3aTopax WO3/SiO 2 H Re20- / /AI20 3. 
Pa3pa6OTaHb! cneLtHanbHble MeTOAbl H MeTo/~HKH c60pa AaHHblX TI-I~ H nonyqeHHR HaAe)KHblX 
KHHeTHqeCKHX pe3ynbTaTOB B npHCyTCTBHI4 MHoroqHcneHHblX RHKOB 14 B cny~ae HaJlo)KeHHR 
~pyl'HX d~IH3HqeCKHX RBneHHI~. I']onyqeHHble pe3ynbTaTbl no a~cop(~U, HOHHblM H Aecop6M,14OHHblM 
CBOHCTBaM ~ByX KaTanH3aTOpOB conocTaBneHbl C nHTepaTypHblMH /~aHHblMH, nOJlyqeHHbtMH 
npH H3yqeHHH KHHeTHKH peaKU, HH O6MeHa nponHneHa Ha TeX ~Ke CaMblX KaTa,qH3aTopax. 

J. Thermal Anal. 27, 1983 


