
Experimental Study on the Separability 
of Reaction-Deactivation Kinetics: 
Thermal Desorption of Alcohols 
from Fresh and Na-poisoned r-Al,O, 

Temperature programmed desorption (TPD) of methanol and ethanol from fresh 
and Na-poisoned -y-A1203 has been employed to investigate experimentally the sepa- 
rability of reaction-deactivation kmetics. The analysis of the TPD spectra has pro- 
vided both an energetic characterization of the nonhomogeneous catalytic surface 
and the kinetic parameters of the desorption reaction, and has allowed quantitative 
discussion of the separability of the expression for the rate of desorption. The results 
obtained have been related to the chemical causes of nonseparability of reaction-de- 
activation kinetics; they also demonstrate the influence of catalyst decay on selectiv- 
ity. For the systems considered, it appears that the assumption of separable deactiva- 
tion kinetics is generally not a satisfactory approximation. 
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SCOPE 

A common approach to reaction-deactivation kinetics results in 
a “separable” rate expression, written as r = re(Ci,T)u, where r, is 
the rate on the fresh catalyst, while a is a multiplicative factor 
scaled between 0 and 1 accounting for the effects of catalyst de- 
cay. 

The feasibility of a separable treatment of reaction-deactiva- 
tion kinetics is addressed experimentally in this work by consider- 
ing temperature programmed desorption (TPD) of methanol and 
ethanol from fmh and Na-poisoned y-A1203, and assuming the 
desorption reaction as the model reaction. This seems a profitable 
approach, because TPD curve analysis is able in principle to pro- 

vide a complete energetic and kinetic description of the reacting 
system, which is required to evaluate overall desorption rates in 
their separable and nonseparable forms, (rJ, and (r&. Thus it 
becomes possible to investigate both qualitatively and quantita- 
tively, in terms of the ratio (rT),,J(rJS, the effects induced by poi- 
soning on the kinetic description of the thermal desorption reac- 
tion for methanol and ethanol. This represents the objective of the 
present work. Since desorption of ethanol from y-&03 is known 
to result in the evolution of ethanol as well as ethylene, the TPD 
approach also allows an analysis of the effect of poisoning on se- 
lectivity. 

CONCLUSIONS AND SIGNIFICANCE 

The question of how to model deactivation kinetics has been 
experimentally investigated. For TPD of methanol and ethanol 
fmm Na-poisoned y-Al2O3 a separable rate expression for the rate 
of desorption is generally incorred because of the occurrence of a 
selective form of poisoning. Besides, changes in selectivity occur 
independently of any assumption on the separability of reaction- 

Correspondence concerning this paper should be addrmed to Pio Farzatti. 

deactivation kinetics, so that they cannot be taken as conclusive 
evidence of nonseparability. It appears also that the separable 
representation provides a systematic overestimation of activity. 
These mults have been related to their chemical causes, and are 
expected to apply as well to other reacting systems exhibiting sim- 
ilar chemical behavior. Finally, TPD has proven to be a suitable 
technique for studying the separability of reaction-deactivation 
kinetics. 
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INTRODUCTION 

The kinetic analysis of catalyst deactivation phenomena has 
commonly been grounded on the assumption that the deactiva- 
tion rate may be separated from the rate of the main reaction 
(Szepe and Levenspiel, 1971). This approach has typically been 
applied to the study of deactivation by coking (Weekman, 1968; 
Wojchiechowski, 1974; Froment, 1980). A variety of reactions, 
such as dehydration, dehydrogenation, chlorination and crack- 
ing reactions, on catalysts including zeolites, silica-alumina, chro- 
mia, and supported metals, have been considered, separable de- 
activation models always providing a satisfactory description of 
the kinetics investigated. It has been n o t i d ,  however, that incon- 
sistencies associated with the form of the deactivation model may 
not be apparent due to the parameterization required by the very 
complex reaction kinetics and chemical reactor models adopted 
(Butt et al., 1978). Nonetheless, a separable approach might be 
expected to be consistent with a mechanism of catalyst decay due 
to a purely physical coverage of active sites, as the coking process 
may be regarded to a first approximation. Actually, deactivation 
by coking may sometimes be a remarkably more complex process 
(Forzattietal., 1981). AlongtheselinesBallivetetal. (1974) have 
explained the deactivation behavior of Si/Al catalysts with differ- 
ent Al content during cis-2-butene isomerization in terms of a 
preferential fouling of Lewis active sites with respect to Bronsted 
sites. On the other hand, separability of deactivation kinetics has 
led to difficulties when chemical poisoning is the mechanism of 
decay. Bakshi and Gavalas (1975) have investigated the dehydra- 
tion of methanol and ethanol over SilAl catalysts poisoned by n- 
butylamine. They have reported the following as specific effects 
of nomeparable kinetics: 

a. The ratio r(C,i)h(C,j), where i,i represent two different poi- 
soning states, varies as much as 40 % over the concentration range 
investigated, 

b. The selectivity (ethylene formation/ethanol consumption) 
increases twofold upon poisoning by butylamine. 

c. Ether and ethanol formation rates change by about 10 to 
30 % each upon flow reversal in a reactor with a poison gradient. 

d. The estimates for the constants appearing in their empirical 
rate expression vary significantly with the poison level. 

Indeed, point (b) does not seem to be a proof of nonseparable 
kinetics, as discussed later in this paper. Point (d) is only an indi- 
rect proof of nonseparability and is not fully conclusive, since cor- 
relation between kinetic parameters is likely to occur (Forzatti 
and Buzzi-Ferraris, 1982). Therefore any speculation about the 
values of single parameters may be misleading in principle. How- 
ever, the work by Bakshi and Gavalas seems to point to a situation 
where substantial deviations from separability occur; point (a) 
above is particularly significant. Weng et al. (1975) also experi- 
enced difficulties with the separable approach in interpreting the 
effect of thiophene poisoning on the kinetics of benzene hydro- 
genation over supportedNi. Later, Onal andButt (1981) reported 
that the estimated adsorption equilibrium constants in the de- 
nominator of a Langmuir-Hinshelwood rate expression varied 
substantially with the amount of poison, thus providing an indi- 
cationsimilar to that presented by Bakshi and Gavalas [point (d)]. 
Corado et al. (1975) showed Spectroscopic evidence that deactiva- 
tion by self-poisoning of y-A120, in the isomerization of 2,3-di- 
methyl-1-butene leads to a change in the reaction mechanism. 
Further evidence of nonseparable deactivation kinetics can be 
found in the area of structure-sensitive poisoning. Barbier (1980) 
has shown a dependence of deactivation upon crystallite size for 
the poisoning of benzene hydrogenation over Pt/Al,O, by NH,, 
while this reaction on Pt has been reported to be structure-insensi- 
tive. 

Butt et al. (1978) have suggested a theoretical approach for 
dealing quantitatively with the problem of separability. Non- 
ideal, heterogeneous surfaces are energetically characterized as- 

suming several different distribution patterns of the heat of 
chemisorption q, and a separable treatment is applied to each ho- 
mogeneous subunit of the surface by introducing a local activity 
factor, a,. The authors consider very simple kinetics for a classical 
isomerization reaction sequence. In all the cases examined, results 
are presented as the calculated ratio (rT)Ns/(rT)s, where (rT)Ns is the 
overall, nonseparable reaction rate obtained by summing up the 
contributions from all subunits, while (rJS is the corresponding 
separable reaction rate based on an activity factor averaged with 
respect to the q distribution. Such a ratio is found to differ from 
unity over a wide range of surface parameters and operating con- 
ditions. The authors’ conclusion is that the representation of deac- 
tivation kinetics over nonideal surfaces by a separable model is 
usually incorrect. The separable representation of poisoning ki- 
netics is shbwn to be valid only for ideal surfaces in the Langmuir 
sense with a single, coverage-independent heat of chemisorption. 

A method to test a reaction for obeying separable kinetics has 
been also proposed by Lowe (1980). 

It was the goal of the present work to carry out an experimental 
study designed to gain fundamental insight into the separability 
of deactivation kinetics. Following the approach of Butt et al. 
(1978), catalytic nonideal surfaces should be considered. Further- 
more, a complete kinetic and energetic description of the hetero- 
geneous catalytic surface is necessary for this purpose. Recently, 
methods of analysis of temperature programmed desorption 
(TPD) curves from nonhomogeneous surfaces have become avail- 
able in the literature. Such methods provide the distribution of 
the activation energy of dmrption, Ed, as a function of the sur- 
face merage 0 along with the other kinetic parameters for the 
rate of the desorption reaction. Therefore, TPD techniques ap- 
pear suitable to test quantitatively the separability of deactivation 
kinetics by comparing fresh and poisoned catalyst, if the thermal 
desorption reaction is regarded as the model reaction under inves- 
tigation. On the basis of previous work (Bakshi and Gavalas, 
1975), desorption of alcohols from y-A120, was chosen as the ex- 
perimental reaction-catalyst system. Since a proper inorganic 
poison was required toprevent poison desorption, and a basic nat- 
ure was necessary for the poisoning agent, the catalyst samples 
were impregn&ed by NaOH solutions. It was decided to study 
thermal desorption of both methanol and ethanol, as representa- 
tive of two different situations. In fact, while in the former case 
only methanol evolution is observed, both ethanol and ethylene 
are desorbed in the latter, so that an analysis of the effect of poi- 
soning on selectivity becomes possible. 

THEORY 

During TPD runs a sample of catalyst (typically a bed of cata- 
lyst particles) previously saturated with a volatile species is sub- 
jected to a programmed temperature rise, usually according to a 
linear heating schedule, under continuous flow of an inert gas. 
The desorbing molecules are carried to a detector whose response 
is recorded continuously during the experiment. In the resulting 
TPD curve, the abscissa is associated with the temperature of the 
catalyst sample, whereas the ordinate is proportional to the gas- 
phase concentration of the desorbing species, C, in the well- 
mixed sample cell. Assuming that diffusional resistances and 
readsorption of the desorbing gas within the porous sample are 
negligible, the rate of the desorption reaction per unit volume of 
the isothermal catalyst is expressed for first-order kinetics as (Cve- 
tanaic and Amenomyia, 1%7) 

where the desorption rate constant, kd, exhibits an Arrhenius- 
type temperature dependence, 
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k, - A exp( - Ed/RT) (2) 
For heterogeneous nonideal surfaces the dmrption activation en- 
ergy Ed is a function of surface coverage 6 (Taylor and Weinberg, 
1978). 

The rate of desorption during TPD runs is conveniently evalu- 
ated from the overall m a s  balance at steady state on the dmrb- 
ing species. Assuming differential conditions (Cvetanovic and 
Amenomyia, 1967), 

Q C  = V s u ,  (- $) (3) 

Based on Eqs. 1,2, and 3, procedures are available for analyzing 
the TPD spectra in order to derive the distribution of the cover- 
age-dependent activation energy of desorption, Ed@) (Taylor and 
Weinberg, 1978; Forzatti et al., 1984). 

For the purpose of studying reaction-deactivation kinetics, we 
have applied an approach originally presented for an ideal reac- 
tion (A-B) (Butt et al., 1978) to the experimental kinetics of the 
thermal desorption reaction. Hence, Eq. 1 provides the rate ex- 
pression for our model reaction, and the required energetic de- 
scription of the nonideal catalytic surface is given by the Ed@) 
profile resulting from the analysis of TPD spectra. Then, each 
value of dwrption energy, Ed, can be associated with a homoge- 
neous subunit of the heterogeneous surface. For each subunit, the 
separable representation of deactivation kinetics is appropriate 
(Butt et al., 1978), therefore we can define a local activity factor 
ai(Ed), corresponding to a desorption energy Ed on a catalyst with 
a level of poison i, 

An overall nonseparable rate of desorption is specified as 

Ed2 and Edl being the upper and lower h i t s  of the desorption en- 
ergy distribution. 

On the other hand, a separable form for the overall rate of de- 
sorption results from introducing an average activity, 

Then, 

(7) 

A comparison between a separable and a nonseparable rate 
form can be presented in terms of the ratio 

(8) == ' d l  

iii (Ed)eXp( - &/RT)dEd 

Deviations of this ratio from unity imply that the separable and 
nomeparable rate forms are not consistent. Notice that evaluation 
of the integrals appearing in Eq. 8 requires knowledge of the Ed@) 
distribution of the nonideal surface, as obtained from the analysis 
of the TPD curves. 

EXPERIMENTAL 

The apparatus used for TPD experiments is schematically shown in Fig- 
ure 1. Helium was used as the canier gas, with a typical flow rate of 2.5 
m 3 / s  at STP conditions. During a few runsthe flow rate was systematically 

Figure 1. Schematic diagram of the TPD apparatus. 
DO, deoxo unit F, furnace 
MI molecular sleve column 
FM, flowmeter GC, gas chromatograph 
S, six-way valve 
R, reactor 

SV, sampling valve 

EV, eight-way valve 
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TABLE 1. CATALYST PARAMETERS AND TPD OPERATING CONDITIONS FOR 
METHANOL AND ETHANOL DFSORPTION FROM FRESH AND N~-POISONED 

r-AW3 

Catalvst Parameten 
p____ 

Average particle radius, R, 
Porosity 0.56 
Surface area, a, 

3 . 7 ~  1 0 r ~ ~ m  

3.4 x lo6 cm2/g 

TPD Operating Conditions 

Catalyst load, W, 0.05 g 
Catalyst volume, V, 
Geometric surface area, S = 3VJR, 54 ern' 
Carrier gas flow rate, Q 
Heating rate, p 0.17 K/s 
Est. effective diffusivity, 0, 

(Knudsen) 
CH30H (T = 380 K) 
CzH50H (T = 3983) 

6.7 x lo-' cm3 

2.5 cm3/s 

LOX 10-~cm'/s 
0.9 x lop2 cm'/s 

decreased down to 0.5 cm3/s in order to determine the significance of read- 
sorption, as discussed in the following. Helium from a cylinder was passed 
through a Cu deoxo unit at  463 K and through a molecular sieve cooled 
with liquid nitrogen to remove traces of oxygen and water, respectively. A 
reactor design similar to that described by Cvetanwic and Amenomyia 
(1967) was adopted in order to ensure fully homogeneous conditions in the 
catalyst bed. The temperature of the catalyst bed was raised according to a 
linear heating schedule by use of a F'erkin Elmer programming controller, 
the heating rate p being 0.17 Kls during all runs. The temperature was 
measured by means of an iron-constantan thermocouple directly im- 
mersed in the catalyst bed. AU tubes and connections after the reactor were 
heated to prevent condensation of the dmrbed species. The quartz reactor, 
containing 0.05 g of catalyst, was c o ~ e c t e d  directly to a flame ionization 
detector from a Car10 Erba 2350 Fractwap gas chromatograph (CC) with 
no separation column inserted in the line. Thus, the concentration of the 
desorbed species in the carrier gas stream was continuously monitored, 
from which TPD spectra were obtained. 

Each TPD run was started with a fresh catalyst sample. A commercial 
y-A120, (Ketijen Grade B) was used. The relevant catalyst parameters are 
listed in Table 1. The procedure reported by Pines and Haag (1960) was fol- 

lowed to prepare the poisoned catalyst. y-Al,O, was impregnated with a 
solution of NaOH, the volume of water being equal to the volume of pores 
(1.8cm3/g). Twolevelsofpoison wereconsidered,theamountofNaadded 
being0.8 and 1.5 wt. % for levels 1 and$ respectively. Thesamples in the 
form of powder (200-230 mesh) were dried in air for two hours, and then 
pretrrated in situ at 773 K in flowing He for two hours, in order to remove 
physisorbed water. cooling to room temperature followed under flow of 
He. This procedure was designed in order to prevent dehydration of the 
catalyst surface during TPD runs, where a maximum temperature of 
about 723 K was reached. 

Then, a few pulses of alcohol were passed over the catalyst bed at mom 
temperature until saturation was achieved. The reactor, still at mom tem- 
perature, was then evacuated at 1.3 x 10- bar (0.13 x MPa) for 
10 min to remove the weakly physisorbed gases. A few experiments per- 
formed at higher partial pressure of the adsorbate in the pulses and with 
different vacuum conditions during the pretreatment confirmed that the 
initial coverage was always equal to unity. After adsorption and evacuation 
the carrier gas was allowed to flow over the catalyst bed for 30 min, then 
the TPD run was begun and the TPD trace recorded. After completion of 
the run, each TPD experiment was repeated with a fresh catalyst sample. 
In this case the camer gas line was modified so as to bypass the CC, and 
samples of the carrier gas containingthe desorbed species were periodically 
analyzed using a gas sampling valve and a Porapak T separation column 
1 m long (Be120 mesh) included in the GC and operated isothermally at 
423 K. Thus, the nature of the desorbing species could be checked. 

Reproducibility of TPD experiments was found satisfactory, based on 
replicated runs, Chromatographic helium, and methanol and ethanol 
Merck RP reagents were used druing all runs. An experiment with smaller 
catalyst particle size (300-320 mesh) was also performed in order to deter- 
mine whether diffwional limitations were present. 

RESULTS AND DISCUSSION 

Methanol Desorption 

TPD Spectra. Table 1 summarizes typical experimental condi- 
tions for methanol desorption from fresh y-A1203. The thermal 
desorption spectra of methanol from fresh and Na-poisoned y- 
M,O, are shown in Figure 2. The gas chromatographic analysis of 

----- dimethyl ether - methanol 

T (K) 

Figure 2. Thermal desorption curves of methanol from y-AI203. Poison level 0 = 0% Na; level 1 = 0.8% Na; level 2 = 1.5 % Na. 

Page 90 January, 1986 AlChE Journal (Vol. 32, No. 1) 



the desorbed species confirmed that the curves represent metha- 
nol desorption only, other compounds such as formaldehyde and 
decomposition products being practically absent. Small amounts 
of dimethyl ether were observed in the temperature range 450- 
550 K, but could safely be neglected in the analysis. No carbon 
deposition was observed. The complex shape of the TPD curve 
with two peak maxima and peak asymmetry is related to the he- 
terogeneity of the y-Al,O, surface with Bronsted and Lewis sites 
of different acidic strength. Actually, several investigators 
(Greenler, 1962; Deo and Dalla Lana, 1969; Deo et al., 1971; 
Hertl and Cuenca, 1973) have demonstrated by IR techniques 
that the adsorption of alcohols on y-Al,O, occurs through the in- 
teraction of the alcohol hydroxyl with either a surface hydroxyl or 
a Lewis site and an oxygen pair. This causes the formation of a li- 
quidlike methanol species or a methoxy surface compound. The 
impregnation of y-A120, with NaOH solutions reduces the 
amount of methanol desorbed at temperatures above 420 K, 
which indicates a preferential poisoning of the active sites with 
higher activation energy. This agrees with the observation that 
NaOH impregnation causes a preferential poisoning of the more 
acidic Lewis and Bronsted sites (Peri, 1965; Deo et al., 1971). 

A more detailed discussion of the chemistry of methanol de- 
sorption from y-Al,O, seems beyond the scope of the present 
work, where only an empirical description of the desorption ki- 
netics has been sought. Excellent references on the subject are 
Knozinger and Ratnasamy (1978), and Scokart and Rouxet 
(1982). 

RegimeAnaZysis. The feasibility of a steady state treatment was 
confirmed by application of theoretical criteria (Gorte, 1982) 
that compare the average residence time of the desorbed species in 
the sample cell, and the time for the desorbed species to diffuse 
out of the sample, with the total experiment time. 

The assumption of negligible m a s  transfer limitations was val- 
idated both by calculations and experimentally. Gorte's criterion 
111, which compares the time of intraparticle diffusion with the 
sample contact time, yields QRp/DeS = 1.7 x lo-' << 0.1. 
Refer to Table 1 for constants. Also, the TPD curves are unaf- 
fected by a 30 % reduction in particle size. In particular, no shift 
in the peak temperature was recorded, whereas it has been dem- 
onstrated, both theoretically (Hen et al., 1982; Gorte, 1982) and 
experimentally (Tronconi and Forzatti, 1985) that the peak tem- 
perature depends on the size of the catalyst particle in a diffusion- 
controlled regime. On the basis of both verifications above, our 
conclusion is that information derived from TPD spectra is not 
disguised by diffusional effects. 

To determine the significance of readsorption, both theoretical 
and experimental considerations were again invoked. We evalu- 
ated the dimensionless group (a,W,k,,/Q), representing the ratio 
of the readsorption rate to the net measured desorption rate. A 
crude estimate for the adsorption rate constant, k, = 8 x lo-' 
cm/s, was obtained from the amount of alcohol required to satu- 
rate the catalyst bed before the TPD run was started. Then, 

An experimental criterion for the absence of readsorption was 
also devised, as follows. The general form of Eq. 1, including 
readsorption effects, is (Cvetanaic and Amenomyia, 1967) 

o l , ~ k , / ~  = 5.4 x 10-~  << 0.1. 

On introducing Eq. 9 into Eq. 3, and rearranging, 

Suppose that a number of TPD spectra have been recorded cor- 
responding to diverse gas rates, Q. If readsorption is not signifi- 
cant, plots of 1/C against Q at fixed T and 6 values result in 

straight lines through the origin according to Eq. 10, the second 
term in the RHS being negligibly small. Figure 3 indicates that 
this is actually the case for our data. 

As a consequence of the treatment presented in this section, 
Eqs. 1-3 may be correctly used for the analysis of our TPD curves. 

Analysis of TPD Spectm. The kinetic analysis of the TPD 
curves for methanol desorption from fresh and Na-poisoned y- 
Al,O, was performed according to the procedure proposed by 
Forzatti et al. (1984). The results of the analysis are presented in 
Figure 4 as plots of desorption activation energy Ed against sur- 
face coverage B for the three levels of poison considered. The value 
of ranges approximately between 70 and 115 J h o l  in all 
cases, whereas the three curves mostly diverge in the range 0.2 < 
B < 0.85 owing to the existence of nonuniform poisoning. 

Sepambility of Deactivation Kinetics. In Figures 5 and 6 we 
present calculated values for the ratio (r7)Ns/(rT)s in the case of poi- 
son levels 1 and 2, respedively. Equation 8 was used to compute 
this ratio from the Ed(B) profiles of Figure 4. The effects of both 
temperature and initial surface coverage 0 O are illustrated. Devia- 
tion of (r7)Ns/(rT)s from unity is significant for methanol desorp- 
tion, and becomes more relevant for poison level 2, as the effect of 
selective poisoning is stronger in this case. The separable rate form 

Figure 3. Methanol desorption from 1.5 % Na-poisoned 
y-Ai20t. Plot of 1/Cvs. 0 at different 0 values for estimation 

of readsorption significance. 
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Flgure 4. Calculated distribution profiles of actlvatlon energy 
for methanol desorption from fresh and Na-poisoned y-AizOs. 
Poison level 0 = 0% Na; level 1 = 0.8% Na; level 2 = 1.5% 

Na. 

9'=1 

a*= 0.7 

a'= 0.27 
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r-' - 0.61 
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v 
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Figure 5. Methanol desorption from 0.8 % Na-polsoned 
y-AIZO9. Plots of Calculated ( rT)Ns/( rT)s vs. temperature, 

initial coverage 0" as a parameter. 

Figure 0. Methanol desorptlon from 1.5 % Na-poisoned 
y-Al2O3. Plots of calculated (rr)Ns/( rr)s vs. temperature, 

initial coverage 0" as a parameter. 

appears to overestimate the rate of the desorption recation; this 
agrees with the fact that the most active sites are those preferen- 
tially poisoned. Accordingly, local activities corresponding to 
higher desorption energies are much smaller than the average ac- 
tivity (see Eq. 8). Temperature has a limited effect, in agreement 
with previous simulation results (Butt et al., 1978). In order to ra- 
tionalize the effect of 0" it is worth considering that initial cover- 
ages corresponding to the region where the gap between the en- 
ergy profiles is wider emphasize the effect of nonuniform 
poisoning, so that an approximate separable rate form becomes 
less acceptable, and stronger deviations of ( T ~ ) ~ ~ / ( T &  from unity 
are expected. For very small initial coverages, however, Figure 4 
shows that it becomes more and more difficult to distinguish be- 
tween the poisoned and unpoisoned samples. Therefore, ( T ~ ) ~ ~ /  
(T& tends to a limiting value of one as 6 O approaches zero. 

Ethanol Desorption 

TPD Spectm. In Table 1 we give typical experimental condi- 
tions for ethanol desorption from fresh and poisoned r-A1,09. 
The thermal dmrption curves of ethanol for levels of poison 0 
and 2 are shown in Figure 7. On the basis of gas chromatographic 
analysis of the desorbed species, each curve can be resolved basi- 
cally into two components associated with ethanol and ethylene 
evolution, respectively. Small amounts of diethyl ether were de- 
tected in the temperature range 450550 K, but were neglected in 
this analysis. Also, no carbon deposition was observed. Two peaks 
are apparent in Figure 8 for ethanol desorption from fresh y- 
AlzO,, with maxima at 398 and 490 K. When y-A1203 is poisoned, 
the peak at 490 K almost disappears, the other peak being only re- 
duced in size. Therefore, existence of preferential poisoning is 
confirmed as in the case of methanol desorption, but a uniform 
poisoning process seems to be superimposed on it. Again, the pref- 
erential poisoning applies to active sites with higher energy of ac- 
tivation. 

Inspection of Figure 7 shows that Na acts as a poisoning agent 
as far as ethanol evolution is concerned, while it enhances the 
amount of ethylene dmrbed and shifts the ethylene desorption 
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Figure 7. Thermal desorption curves of ethanol and ethylene from y-AlpOt. poison level 0 = 0% Na.------ 
poison level 2 = 1.5% Na. 

o Poison Level 0 
o Poison Level  2 

Q Poison Level I 
 poison Level 

60 - 
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Fract ional  Coverage, 8 
Figure 8. Calculated distribution profiles of activation energy 

for ethanol and ethylene desorptlon from fresh and 
Na-poisoned y-Al,O,. Poison level 0 = 0% Na; level 

2 = 1.5% Na. 

peak to higher temperatures. The effect of Na poisoning on etha- 
nol desorption resembles that already discussed for methanol de- 
sorption. As for ethylene evolution, the observed results seem to 
be consistent with a proposed mechanism of alkene formation, 
which implies that the &hydrogen should be removed by interac- 
tion with a suitable basic site on the oxide surface uohn and Scur- 
rel, 1977; Pines and Manassen, 1966; Knozinger, 1976). If such an 
interaction does not occur in the adsorbed state, the alcohol is de- 
sorbed either unchanged or in the form of the corresponding 
ether, or as decomposition products. Actually, poisoning by Na 
results in transforming >Al-OH species into >Al-O-Na species 
(Deo and Dalla Lana, 1969). This accounts for a greater number 
of basic sites, as well as for a greater basicity of the new sites, so 
that both the greater amount of ethylene desorbed and the higher 
temperature of the desorption peak can be rationalized. This dis- 
cussion illustrates the complexity of the poisoning process even for 
such a relatively simple reaction pattern of the general form 
A-B-  C,  as ethanol thermal desorption can be regarded. Partic- 
ularly, the selectivity is surely altered in this case by the catalyst 
deactivation, but this result shows no direct relationship with the 
separability of the kinetics, contrary to what has been sometimes 
claimed in the literature. 

Regime Analysis. When ethanol replaces methanol as the ad- 
sorbed species, no relevant change occurs among the parameters 
governing TF’D. Hence, we have limited ourselves to check the ab- 
sence of diffusional effects and readsorption by theoretical calcu- 
lations. Refer to Table 1 for numerical values of the constants. 
Gorte’s criterion I11 applied to ethanol desorption yields QR,/ 
0,s - 1.9 x lo-’ << 0.1, so that intraparticle concentration 
gradients appear negligible in this case too. As for readsorption, 
an estimated k, = 6 x 10-9 cm/s yields W,a,k,/ 
Q = 4.1 x << 0.1. Again, readsorptionisnotsignificant. 
Analysis of TPD Spectra. The kinetic analysis of the two com- 

ponent curves in Figure 7 was camed out separately by consider- 
ing distinct characteristic rate parameters for the two dmrption 
processes of ethanol and ethylene. The effect of poisoning on the 
distribution of desorption activation energies for both ethanol 
and ethylene dmrption is presented in Figure 8. Ethylene de- 
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possible where the choice between separable and nonseparable 
rate expressions becomes less critical. Also, the ratio (rT)Ns/(rT)s 
was found significantly less than one over a wide range of temper- 
atures and initial coverages. It seems therefore that the separable 
rate form tends to provide a systematic overestimation of the cata- 
lyst activity as a result of an incorrect averaging process. In fact 
the strongest sites (high energy), which are those preferentially 
poisoned, exhibit lower local activities than the average activity 
appearing in the separable rate expression. Finally, the results of 
ethanol thermal desorption suggest that the poisoning process af- 
fects the selectivity of the reaction network independently of any 
assumption on the separability of deactivation kinetics. Na added 
to the catalyst acts as a poison as far as ethanol evolution is consid- 
ered, but it also promotes the formation of more sites for ethylene 
desorption. Hence, changes in selectivity do not appear to pro- 
vide conclusive evidence of nonseparable kinetics. 

Although most of these conclusions strictly refer to the systems 
investigated, it was possible to achieve rationalization in terms of 
chemical evidence, so that it is reasonable to expect similar results 
when other reacting systems exhibiting similar chemical behavior 
are considered. 

3 

Figure 9. Ethanol desorption from 1.5% Na-poisoned 
y-Al2O3. Plots of calculated ( f r ) N s / (  I r )s  vs. temperature, 

initial coverage 8" as a parameter. 

sorption is characterized by a roughly constant activation energy, 
corresponding to a peak shape for this product which closely re- 
sembles that from a homogeneous surface (see Figure 7). The in- 
creased Ed after poisoning is consistent with the higher tempera- 
ture of the ethylene desorption peak. For ethanol desorption, 
calculated activation energies of the desorption reaction are in the 
range W120 J/mol, while nonuniform poisoning is manifest in 
theinterval0.2 < 0 < 0.8. 

Sepambility of Deactivation Kinetics. Figure 9 is a plot of the 
calculated ratio (rT)Ns/(rT)s for ethanol demrption only, the overall 
separable and nonseparable rate forms being defined as in the 
case of methanol desorption. The results are in fact similar. Only 
a small temperature effect is evident, while the initial surface cov- 
erage significantly affects theseparability of the kinetics. The pre- 
dictions of the separable rate form seem to exceed those obtained 
from the nomeparable form in this case too. 

CONCLUSIONS 

It is worth pointing out that temperature programmed desorp- 
tion has proven to be a suitable experimental tool for investigating 
the separability of reaction-deactivation kinetics, as it is able in 
practice to provide a complete energetic and kinetic description of 
nonideal, heterogeneous catalytic surfaces, allowing for a direct 
study on the effect of poisoning processes upon the separability of 
the rate form. 

The assumption of separability turned out to be critical for our 
examples of methanol and ethanol desorption from y-A120, be- 
cause of the occurrence of a selective form of poisoning. Only for 
initial surface coverages close to one, when the preferentially poi- 
soned sites are a relatively small fraction of the total number of 
catalytic sites, did a separable form of deactivation kinetics, al- 
though incorrect in principle, represent the phenomena to a good 
approximation. Besides, a uniform poisoning was found superim- 
posed on a selective poisoning process for ethanol desorption. In 
such a case, separability of the kinetics depends on the relative 
weight of the two contributions, and in principle situations are 
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NOTATION 

A 

a 

a,@,) 

Lii  
C 

0, = effective diffusivity, cm2/s 
E d  = activation energy of the desorption reaction, 

i,i = levels of catalyst poison 
k. = rate constant for adsorption, cm/s 
kd = rate constant for dmrption, s-' 
4 = heat of chemisorption, kJlmol 

= carrier gas flow rate, cm3/s 
= gas constant, kJ/mol*K 

Q 
R 
RP = particle radius, cm 
r = rate of reaction, or rate of desorption, mol/ 

cm3*s 
(rT)NS,(rT)S = overall rate of reaction for nonseparable and 

separable kinetics, respectively, mol/cm3*s 
7" = rate of reaction on fresh catalyst, mol/cm3*s 
S = external geometric area of the solid phase, 

cm2 
t = time, s 
T = temperature, K 
urn 

v, 
WC = catalyst load, g 

Greek Letters 

a s  

B = heating rate, K/s 
e = fractional surface coverage 

= preexponential factor for the desorption rate 

= activity factor in a separable rate expression 
= activity of a homogeneous surface subunit 

= averaged activity for the level of poison i 
= concentration of the desorbed species in the 

constant, s-' 

for the level of poison i 

carrier gas, mol/cm3 

kJlmol 

= amount of volatile species adsorbed at satu- 
ration per catalyst unit volume, mol/cm3 

= volume of the solid phase, em3 

= catalyst active surface area, cm2/g 
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8” 

e,,oi 
= coverage of the desorbing surface a t  begin- 

ning of TPD run 
= fractional surface coverage at current tem- 

perature on fresh and poisoned (level i )  cata- 
lyst, respectively 

e,  = catalyst density, g/cm3 
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