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ABSTRACT

The activation energy for desorption of propene from a metathesis catalyst has been
determined using temperature-programmed desorption. Existing formulas for calculating the
activation energy for desorption are extended, resulting in a new skilful method, which uses
the half-width of the peak, and gives fast and accurate results.

NOTATION

A frequency factor (s~ ')

b heating rate (K s~ )

E activation energy for desorption (kJ mole™')
E, exponential integral

F flow rate of the carrier gas (m® s!)

Planck constant (J s)

adsorption enthalpy (kJ mole ™ ")

Boltzmann constant (J K~1)

rate constant for elementary process i (s ' kg™ ")
order of desorption

P./ Py relative pressure of the desorbing gas

=

I xS

r, rate of elementary process / (m* s~ ! kg™ !)

R universal gas constant (J mole™! K')

AS, standard entropy change for elementary process i (J mole ™' K~ 1)
AS*  activation entropy for desorption (J mole™! K1)

t time (s)

T temperature (K)

T..ax temperature at maximum peak height (K)
Ty,, temperature at half peak height for the high-temperature side of the peak (K)
T(,, temperature at half peak height for the low-temperature side of the peak (K)

Oy volume of the reactant per unity of catalyst mass (m® kg~™')
w mass of catalyst (kg)
4 surface coverage of the catalyst
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INTRODUCTION

Temperature-programmed desorption (TPD) was first used by Amenomiya
[1,2] as a means of understanding interactions between reactants and cata-
lysts. By this method a reactant is desorbed from a catalyst surface in a
stream of carrier gas, while the temperature of the catalyst is increased. Thus,
various parameters, such as the activation energy and entropy for desorp-
tion, can be determined.

For a homogeneous catalyst surface the n-th order reaction rates for
adsorption (r,) and desorption (r,) of the reactant are given by

ro= Wonk,22(1-6)" (1)
Po

and

ry= Wo, k0" (2)

where W is the mass of the catalyst, v is the volume of the reactant that can
adsorb on the catalyst per unity of mass, k, and &, are the rate constants for
adsorption and desorption, p,/p, is the relative pressure of the desorbed gas
above the catalyst, and 8 is the surface coverage of the catalyst.

From eqns. (1) and (2), a mass balance can be obtained

F2 — wo k07— Wo_k,22(1-6)" (3)
Po Po

If no reaction takes place at the catalyst surface
Pa dé

FP_0= - D"'E?

(4)

Substitution in eqn. (3) gives
Woub d8 Wo, k0"
F AT F+ wo k, (1-8)"

(5)

where F is the flow rate of the carrier gas, T is the temperature, and b is the
heating rate. For desorption without readsorption, eqn. (5) becomes

—b% = ky0" = Ae™E/RTY" (6)

This equation has been solved for d6,/dT at the temperature with maximum
desorption rate and a homogeneous catalyst surface [3] to give

E E n—1
T x+lnAR—ln"0""“" (7)

ma

2InT, ,,—Inb=

where E is the activation energy for desorption and A is the frequency
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factor. For desorption with free readsorption [4,5] we get

AH (1-6_,.)"Wo AH né, m-1
— =——+1 max m - _ " 7max 8
20 Tnan = In b= R =+ 1 “FR exp(8S/R) ] “[ =6, ®

where AH is the adsorption enthalpy and AS is the entropy loss. Equations
(7) and (8) show that E or AH can be calculated by plotting 1/7_,, vs. (2In
T_..— In b), assuming that 8_,, is independent of T, ,,. Another possibility
for calculating E or AH is to assume that 4 = 10"* s, so only one value of
T,... would be required if »n is known [6-9].

In this article we will describe a method for calculating the activation
energy for desorption from the peak half-width. Moreover, we present results
from TPD of propene from alumina and a Re,0,/y-Al,0; metathesis

catalyst. The metathesis of propene is given by
2 CH,=CH-CH, = CH,=CH, + CH;-CH=CH-CH,

EXPERIMENTAL

Figure 1 shows a flow diagram of the TPD system. The pressure, flow rate
and temperature could be accurately controlled. Since the catalysts are very
sensitive to impurities, a purification section was installed to remove water
and oxygen from the carrier gas. The reactor itself was made of glass and
placed in an electric oven. The flow rate was measured by thermal mass flow
sensors. The temperature in the reactor was measured with calibrated
chromel-alumel thermo-elements. The desorbed gas was detected by a flame
ionization detector (FID), and identified by a mass spectrometer (MS).

1 2 3 4
Pi
—b—@— Fiy~{Fc Vent
Helium
1 3 Pi
Pi i]5
—»—@-— Fi)={Fc
Air

Fig. 1. Flow diagram of the TPD system. 1, Pressure controller; 2, column packed with
Cu/Al,O, catalyst (to remove oxygen); 3, column packed with molecular sieves (to remove
water); 4, vacuum pump; 5, injection point; 6, oven and cooling unit with glass reactor; 7,
temperature programming unit.
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Catalyst samples with nominal Re,O, contents of 6 and 18 wt.% were
prepared by impregnation of y-alumina (Ketjen CK-300, 180-230 pm, surface
area 195 m? g~'! BET nitrogen) with an aqueous solution of ammonium
perrhenate, followed by drying at 390 K and heating at 830 K in a stream of
dry air.

The procedure for a TPD experiment was as described. The catalyst was
activated in a stream of air at 820 K for 2 h, followed by a stream of helium
at the same temperature for 2 h to remove the oxygen. After cooling under
helium to 190 K, the system was evacuated and then propene was added.
Subsequently, the catalyst was cooled to 77 K in a helium flow and the
temperature-programmed heating of the catalyst was started at a chosen
programming rate.

THEORY

When temperature-programmed desorption is described by the
transition-state model, not only the activation energy for desorption is
considered, but also the energy of the transition state. In the case of no
readsorption, the adsorbed molecules are in equilibrium with the transition
state.

Many investigators [6-9] assume that the frequency factor, A, in the
Arrhenius equation is a constant, independent of the temperature, having a
value of 10" 5! for unimolecular reactions in the gas phase [10]. However, 4
can change several orders of magnitute [10] and can be much less in the case
of a negative AS*. If we compare Eyring’s transition-state theory with the
Arrhenius equation, it follows that 4 depends on the temperature: for a
first-order desorption

= XL exp(as?/R) (9)
AS* is built up from the internal entropy of the molecules (rotation, vibra-
tion) and the translational entropy [11]. Vibrational entropy is neglected.
The activation entropy can be negative if during the formation of the
transition state the decrease of the configuration and translational energy is
larger than the increase of the internal entropy.

A theoretical calculation of the contributions of translation and rotation
to the activation entropy for adsorbed propene yields a value of 123 J
mole™! K~! (a loss of two translations) and a value of 94 J mole™' K™ (a
loss of all rotations) when the transition state is considered to be immobile
[12]. In our calculations, we assume that AS* is constant for a TPD peak.

Now, we will discuss a new way of solving the equations for the desorp-
tion by means of measuring temperatures at maximal peak heights and at
half peak heights.
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For a first-order desorption without readsorption, integration of eqn. (6)
gives

br, T,
me| = —f 4 exp(— E/RT)dT (10)
1 0 b
or for E/RT =x
b7, T AE e™* AE ~e™”
=—| Tr =—-——7 =1 — 11
1n01 _ IR xzdx bRooxzdx (11)
Using the exponential integral [13]
ooe—f
Ez(x)=x]; S di (12)
eqn. (11) becomes
AE E,(x) B AE E,(x)
ln0~—ﬁ—x—or0—exp—ﬁ x (]3)

d#/dT is coupled with df/dx
do _R ,d8 4 [_ifzgzg_)_x]

(14)

ar EX¥ dx” " b PPl R x

For the peak at half height we get
dé 1(dé
(7).~ 2(aF ). )

and substitution in eqn. (14) gives

E,(x,,,) 1 E,(x_..)
2 man 22 V/27 - — 2 man —22 T max/
CXP[—XmaX gtm X _Xl/2 _2 EXPl ~ X max e’ X ~ Xmax
1/2 max
(16)
After rearranging, we obtain
E,(x,,,) E (X ay)
2 . 2\*1/2 2 _
X € - PR X~ Xppay =10 2 (17)
x1/2 xmax

There are two solutions for the peak at half height: one at a lower
temperature (7, ,,) and one at a higher temperature (T,,) than the maximal
peak height.

Assuming that

Ez(xi_/z) < E2(xmax)

xl/2 xmax

for Ty, < Ty, (18)

and assuming that the approximation for E,(x) for x > 10 is given by

e"X
Ez(x) = x

(19)
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eqn. (17) becomes
X152~ Xmax=1+1n2 (20)

and the expression for the activation energy becomes
P (1+In2)R 0.01401
1/7-'1_/2 - 1/Tmax 1/T]—/2 - 1/T'max

Even though the assumptions may not be justified, the shape of eqn. (21) is
useful [a linear relation between the activation energy and (1/7y,,—
1/T,..)"']. This relationship together with values of E calculated for
(1/1y,,-1/T,,,) from eqn. (17) give

0.0120

/T~ 1/ Thax

For the high-temperature part of the TPD peak, a similar expression can be
derived

(kJ mole™ ) (21)

E —2.045 (kJ mole™") _ (22)

E——Q00788 1 ies (k3 mole!) (23)

1/:rmax - 1/T1+/2

For a second-order desorption without readsorption we can write
2

dé A _, 1
aT” " ¢ { 1+ [AE/Rb][E,(x)/x] } 24
For y= —AE/Rb and (d6/dT), ,, = ;(d8/dT),,,,, we obtain
2
— 1 +y[E2(xmax)/xmax] }
(Xpmax—X1,2) =1 2 25
© { 1+y[E2(x]/2)/x1/2] / )

Analogous procedures as in the case of the first-order desorption lead to
0.0143

E= - —2.539 (kJ mole™! 26
1/T‘I/Z - 1/T‘max ( ) ( )

and

E= 0.0139 —~ 4.464 (kJ mole™ ") (27)

l/Tmax - 1/T1+/2
Equations (22), (23), (26) and (27) are given in Figs. 2, 3, 4 and 5,
respectively. When E has been found, A4 can be calculated from
AE__E?
bR  R272

max

e&/RTwun (first order) (28)

-1

§£ — 2 e_E/RTm“ _ EZ(E/RTmax)
bR \(E/RT,,,)  E/RTmu

(second order) (29)



367
The results from plotting (2 In 7,,,, —In b) vs. 1 /T, ., {eqns. (7) and (8)]
are often used for calculation of E and A. Here we will show that this
method is not so reliable, especially not for calculation of A4.

103 -
e
(kd/mol) [
’-
102 - AT:
E 10
20
[ 30 /
b 40 60
10 N D e N AN

1 5 10

Tmax /100 (K)

Fig. 2. Activation energy for a first-order desorption as a function of the maximum peak
temperature for several values of AT =T, . —Ty .
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Fig. 3. Activation energy for a first-order desorption as a function of the maximum peak
temperature for several values of AT =T}, — T,
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Developing In T and 1/T as a Taylor series around temperature T,, where
T=T,+ AT gives

AT AT?
In(AT + 7;)=ln 7;-*—7;— 2T, (30)
3
10
:
(kd/mol)  F
102 b AT=
=10
- 20
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40’ /60
10 I Y NN
1 5 10
Tmax /100 (K)

Fig. 4. Activation energy for a second-order desorption as a function of the maximum peak
temperature for several values of AT=7, — T 5.
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Fig. 5. Activation energy for a second-order desorption as a function of the maximum peak

temperature for several values of AT =T7,, - T, ..
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SO
T
InT=1In Ta+7—1+R,(T) (31)
and for 1/T
1 1 AT AT
Y A (32)
so
i 1 T 1
? 7,;—?324- Ta + RZ(T) (33)
Combining eqns. (31) and (33) gives
In T=Ta(lT)+lnTa+1+R3(T) (34)

When R;(T) is small, In T is linear with respect to 1/7. For example,
between 375 and 425 K the error is less than 0.5% if we linearize In T with
1/T. In many TPD studies, a plot of 1 /7 vs. In T gives a good fit, but only
E can be determined satisfactorily. It should be noted, however, that the
goodness of the fit is sometimes overvalued because the mathematical
correlation between 1/T and In T is neglected.

For first-order processes Grosswiener [14] deduced an empirical formula
from the thermoluminiscence (glow curves): this has been corrected by
Dussel and Bube [15], such that it resembles the formulas shown before
[egns. (22) and (26)], i.e.

E=141 HnaxT1/2 (eV) (35)
= 1. - \¢€
Tmax - TI/Z

and for second-order processes

E=1 68M (eV) (36)

’ Tmax - Tl—/2
Chen [16] also presented an empirical relation for a first-order process

kT, .02
E=15—"%— — 158(2kT,,,) (eV) (37)
Tmax - T1/2
and for a second-order process
kT
= 1.813 22— _ (24T, \Y

E=1813 Too— T 2(2kT,,,,) (eV) (38)

For the high-temperature part of the peak, similar formulas were given. In
Table 1 the formulas for glow curves in the thermoluminiscence as well as
formulas derived in this paper are used for the calculation of E from
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theoretical TPD curves and compared with the theoretical values of E.
Equations (22), (23), (26) and (27) give especially good results over a broad
temperature range. Moreover, Figs. 4-7, which are the graphical representa-
tion of these formulas, can serve as reference charts for a fast determination
of the activation energy for desorption. Only one TPD experiment is
necessary if the order of desorption is known: on the other hand, if the order
is not known it can be determined by using the half-widths for both the low
and high temperature sides of the peak, which, for the right order, must give
the same value for the activation energy for desorption.

EXPERIMENTAL

Temperature-programmed desorption of propene

v-Al,0;

Different amounts of propene were added to the alumina. At a heating
rate of 8.1 K min~!, a primary peak is seen at about 510 K, which shifts to a
higher temperature if the amount of propene decreases (Fig. 6). The second
peak, occurring at about 625 K, results from the dimerization of propene on
the alumina. This peak decreases with decreasing amount of adsorbed
propene, and with increasing heating rate. The dimer peak is only found on
pure alumina.

Re,0, on v-Al,0;
For catalysts with 6 and 18 wt.% Re,0,, the TPD spectra were recorded
with different heating rates and with different amounts of adsorbed propene.

10 p
recorder
response
(mv)
05 F
b
a
1 '] 'y F 'l J
200 400 600
T (K)

Fig. 6. Desorption spectrum of propene on Al,O;. Heating rate =8.1 K min~'. Propene
added: a, 0.6 umole; b, 3 umole.
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10

recorder
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(mV)

05

T (K)

Fig. 7. Desorption spectrum of propene on a 18 wt.% Re,0,/y-Al,0; catalyst. Heating
rate = 8.1 K min~!. Amount of propene added (pmole): a, 0.2; b, 0.6; c, 4.

Figure 7 shows the influence of the amount of adsorbed propene on an 18
wt.% Re,0,/v-Al,O, catalyst. Two different peaks can be observed: one
below 370 K, whose intensity increases with increasing amount of adsorbed
propene, and one at about 390 K, which is independent of the amount of
adsorbed propene. The same picture is obtained with a 6 wt.% catalyst.
Figure 8§ shows the TPD spectrum for the pure alumina (a) and for the 6 and
18 wt.% Re,0,/y-Al,O, catalysts (b and c), all at the same heating rate (8.1
K min~"). Only the Re,O,-containing catalysts show two adsorption peaks
for propene, whereas the alumina shows only one propene peak besides the

10 pr

recorder
response
(mv)

1 i L k. 3 H
200 400 600
T (K)
Fig. 8. Desorption spectrum of propene on: a, Al,0;, 3 umole propene added; b, 6 wt.%

Re,0,/v-Al,03, 0.6 pmole propene added; c, 18 wt.% Re,0,/y-Al,0;, 0.2 pmole propene
added. Heating rate = 8.1 K min~ !,
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Fig. 9. Desorption of propene on a 6 wt.% Re,0,/y-Al,0, catalyst with 0.6 pmole of
propene added. Heating rates (K min~'): a, 1.6 (recorder response X 2); b, 3.2; c, 8.1; d, 15.8;
e, 26.6.

dimer peak. Figure 9 shows the TPD spectrum for the 6 wt.% Re,0,/y-Al,0O,
catalyst; here the heating rate is varied and the adsorbed amount of propene
is kept constant. With increasing heating rate, T, ,, shifts to higher tempera-
tures.

DISCUSSION

The shift of the peak maximum with increasing amount of adsorbed
propene on the pure alumina shows that the surface of the alumina is
heterogeneous with respect to propene adsorption. When small amounts of
propene are added, the adsorption sites with the highest desorption tempera-
ture (strongest adsorption) are occupied first. As our model is only valid for
homogeneous surfaces, it is not possible to calculate the activation energy of
desorption in this case. The formation of the dimer only occurs on the
alumina.

From data published by Kapteyn [12] we could calculate that the read-
sorption of propene under our experimental conditions can be neglected
compared with desorption. From Fig. 7 it is clear that adding too much
propene disturbs the TPD spectrum. This can be attributed to physical
adsorption of the propene, i.e. the peak below 370 K. To lower this
influence, only small amounts of propene were added to the catalyst, but, for
example, for the 18 wt.% Re,0,/y-Al,O, the physically adsorbed propene is
still present (Fig. 8).

According to the literature, a monolayer of Re, O, will be formed on the
catalyst during calcination for Re,O, loadings smaller than about 18 wt.%
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[18,19]. For the 6 wt.% loading, the alumina is not completely covered with
Re,0, and adsorption of propene on alumina is still possible. Therefore, the
peak at about 510 K in curve b of Fig. 8 is attributed to adsorbed propene
on alumina. Because of the heterogeneity of the alumina, the activation
energy is not calculated.

Both the peak at about 420 K (curve b) of the 6 wt.% catalyst and the
peak at about 390 K for the 18 wt.% catalyst (curve c) are contributed to by
propene desorption from the Re,O,. At higher Re,O, contents the peak
shifts to lower desorption temperatures and thus corresponds with a lower
activation energy of desorption.

In Table 2 the desorption activation energy calculated with the formulas
postulated here is compared with the (2In 7,,,, — In b) vs. 1/7, ., method.
Table 2 shows hardly any difference between the different methods used; in
the case of the (2In 7., —In b) vs. 1 /T, ., method, more experiments are
required than for the half-width method to get reliable results.

Figure 10 compares, as a typical example, the peak calculated with eqn.
(14) with the measured peak. Because of the disturbance of the adsorption
on alumina for the 6 wt.% Re,O,-catalyst, we have fitted a first-order
desorption for the second peak. The figure shows good agreement between
the values calculated with our model and the experimental results.

The values for the activation entropy for desorption are in good agree-

TABLE 2

Values for the activation energy of desorption of propene and the entropy, calculated for the
6 wt. % and the 18 wt. % Re,0,/y-Al,0, catalyst

b T, ax Half peak width method 2InT,,, —Inb)vs.
1/T,.« method
T,, E A AS?
(kJ ™" d
mole™ ') mole ™!
K™
6 wt. % Re,0,/v-Al,0;
1.6 391 361 54.5 22x10* -179
3.2 418 390 67.9 7.6x10°  —150 E = 63.6 kJ mole™!
8.1 424 396 70.0 2.7x10%  —140 A =35%x10%s""
15.8 437 406 66.7 1.0x 108 —148 AS* =—-156J mole”' K™!
266 453 419 65.0 53x10° —154
18 wt. % Re,0,/v-Al,0,
1.6 317 337 36.0 952 -204
3.1 352 378 345 227 —216 E =22.9 kJ mole™!
8.1 393 427 33.2 89 —225 A =2235"!
16.9 415 448 38.1 467 -212 AS* = -217Jmole ' K™!

25.6 416 450 37.2 517 -211




375

075 p

recorder /\ /
response /
() \\/
050 P
025 F
1 L
450 500
T (K)
Fig. 10. Typical recorded TPD spectrum (—————) compared with the calculated (----- - )

curve for a 6 wt.% Re,0,/v-Al,0, catalyst.

ment with the value reported by Kapteyn [12] for the overall metathesis of
propene on a Re,0,/v-Al,0O, catalyst. The values of —156 and —217 J
mole™! K™} for AS* (Table 2) are very close to Kapteyn’s theoretically
predicted value, i.e. between — 123 and —217 J mole™! K~ '. For the 6 wt.%
Re,0, content, AS* for propene in the transition state corresponds with the
theoretical translational entropy and for the 18 wt.% Re,O, content with
both the translational and rotational entropy.

The amount of adsorbed propene is very small; propene is adsorbed on
only 0.2% of the Re,O, of the 18 wt.% Re,0,/y-Al,O, catalyst: for the 6
wt.% catalyst, propene is adsorbed on only 1%. This is in agreement with
data for the number of rhenium atoms that are catalytically active which
have been reported for a similar catalyst. From NO adsorption experiments,
this number was established to be less than 0.3% [20], while calculated values
from a kinetic study of the metathesis of propene resulted in less than 1%
[17].

Kapteyn [12] observed that the initial reaction rate for the metathesis of
propene increases sharply as a function of the Re,O, content of the catalyst.
Two different areas were observed: below about 6 wt.% Re,O, the reaction
rate is almost linear as a function of the Re,O, content, whereas above about
10% Re,O, the reaction rate is proportional to a higher power of the Re,0,
content. It seems, therefore, that with increasing Re,O, content the nature of
the catalyst is changing, as is also shown by the peak temperature shift in the
TPD spectra (Fig. 8). In this respect, it is noted that Nakamura et al. [21]
suggested that the low-loading Re,0,/y-Al,O, metathesis catalysts have
only monomeric surface rhenium species, and the high-loading catalysts have
ligated dimeric rhenium species as the active sites.
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