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Abstract 

The application of temperature-programmed desorption (TPD) to the characterization of porous, oxide catalysts is 
discussed. First, the theory underlying TPD from porous materials is presented briefly and used to demonstrate that 
adsorption energetics are difficult to measure using TPD. Then, arguments are made that TPD of reactive probe molecules, 
especially when used in vacuum with controlled exposures, provides much more useful information about the catalyst, 
including site densities of the active phase of supported oxide catalysts and reaction pathways. Several examples from the 
literature are used in demonstration of this fact, including the determination of titania surface area in silica-supported titania 
catalysts, the determination of Bronsted-acid site densities in solid acids, and the elucidation of the reaction intermediates for 
the reaction of 2-propen-l-01 in an H-ZSM-5 zeolite. 

1. Introduction 

Temperature-programmed desorption (TPD) 
is a very powerful technique for characterizing 
oxide catalysts and determining reaction path- 
ways on oxides. (Note: Depending on the tech- 
nique used to detect desorption and the particu- 
lar application, TPD is sometimes called ther- 
mal desorption spectroscopy (TDS), TP mass 
spectroscopy (TPMS), flash desorption, and 
other names. In this review, the term TPD will 
be used even when the adsorbate undergoes 
reaction prior to desorption.) TPD is a relatively 
inexpensive and simple experiment to set up 
and run. The sample is placed in either a vac- 
uum chamber or a tube through which an inert 
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gas can flow. Following exposure to the adsor- 
bate of interest, the temperature of the sample is 
ramped, usually with a constant heating rate, 
and the partial pressure of the gas above the 
sample is measured as a function of tempera- 
ture . 

Compared to many other analytical tech- 
niques, TPD provides information which is 
closely related to the catalytic properties and the 
reactions in question. With the proper choice of 
probe molecule, it is frequently possible to re- 
late TPD curves to the catalytic activity and 
selectivity of a particular catalyst and to deter- 
mine the probable state of the catalyst under 
working conditions. Surprisingly, many corpo- 
rate analytical departments are not equipped to 
carry out TPD measurements. When the tech- 
nique is available, it is usually used to measure 
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heats of adsorption, such as for ammonia on 
acid catalysts, an application for which, in the 
author’s opinion, the technique has questionable 
value [ 1.21. While most investigators tend to 
think of TPD as a means for measuring adsorp- 
tion enthalpies and desorption activation ener- 
gies, these parameters are actually very difficult, 
and sometimes impossible, to extract from TPD. 
In cases where the energetics of a particular 
molecule have been measured on similar sam- 
ples in different laboratories, such as ammonia 
from H-ZSM-5, the agreement between labora- 
tories is so poor that the adsorption energetics 
were uncertain to within a factor of two [3]. The 
problem results from the fact that a unique, 
mathematical analysis of the desorption process, 
along with all of the transport processes and 
readsorption phenomena that occur simultane- 
ously, becomes impossible. The assumptions 
typically used to analyze the data are often 
wrong [4]. However, TPD is well suited for 
measuring adsorbate coverages and initial reac- 
tion products, information which is actually 
more useful. 

A complete review of the literature on the 
use of TPD in catalysis is not the intent of this 
article and would, in any case, be almost as 
broad as the field of catalysis itself. Rather, this 
paper will describe some of the optimal applica- 
tions of TPD for oxide catalysts through a few 
brief examples to demonstrate the power of the 
technique and the best ways to use it. 

2. Background 

TPD was first described as a quantitative, 
analytical tool for surface characterization of 
low-surface-area samples by Redhead [5]. Using 
a simple material balance, he showed that the 
pressure in a vacuum chamber is proportional to 
the desorption rate for flat samples when the 
pumping speed is high enough, the usual case 
for ultrahigh vacuum systems. Furthermore, us- 
ing simple assumptions about the desorption 
kinetics, he showed that it may be possible to 

extract adsorption energetics from desorption 
curves. The desorption activation energy is ap- 
proximately equal to the heat of adsorption 
when the activation energy for adsorption is 
small, the case for many adsorbates, and can be 
estimated from the desorption peak temperature. 
Extracting desorption activation energies, in 
practice, is more complex than described by 
Redhead due to the fact that desorption can 
never be described by simple first- or second- 
order kinetics. Even simple systems, such as CO 
desorption from single-crystal metals, exhibit 
complex desorption kinetics due to molecular 
interactions [6]. (Note: The common practice of 
letting the rate constant be coverage dependent 
implies that the rate is not a simple, nth-order 
process.) However, there are methods, such as 
the use of variable sample heating rates [6], 
which provide unambiguous measurement of 
activation energies. There are even examples in 
the literature where heats of adsorption have 
been determined as a function of coverage for 
rather complex kinetic rate expressions [7]. 

The application of TPD to typical, high- 
surface-area catalysts was first discussed by 
Cvetanovich and Amenomiya [S]. Usually, but 
not always, desorption from these types of ma- 
terials is carried out in a carrier gas, with some 
kind of detector used to measure the concentra- 
tion of the gas leaving the sample compartment. 
Cvetanovich and Amenomiya recognized that 
the partial pressure is not directly related to the 
intrinsic desorption rate under these conditions 
and analyzed the results with several limiting 
circumstances. Most important for this discus- 
sion, they considered the cases where adsorp- 
tion and desorption are in local equilibrium and 
where diffusion limits the desorption process. 
Unfortunately, their mathematical description of 
diffusion was inadequate for the usual physical 
situation in which desorption and adsorption are 
occurring simultaneously with diffusion. As a 
result, many of their conclusions are incorrect. 
For example, they stated that increasing the 
flow rate of the carrier gas could limit the 
importance of readsorption, and even allow 
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readsorption to be neglected, a conclusion which 

can easily be shown to be wrong [4]. 
A better mathematical description of desorp- 

tion from porous catalysts was developed by 
Herz, et al. [9], whose equations considered 
simultaneous desorption, adsorption, and diffu- 
sion from a catalyst pellet, which in turn was 
inside a CSTR with a carrier gas flushing adsor- 
bate from the cell. Using typical physical pa- 
rameters, they demonstrated that the peak maxi- 
mum in the TPD curve could shift by hundreds 
of degrees due to readso~tion, coupled with 
diffusion, even when the sample was placed in 
ultrahigh vacuum. Proof that their calculations 
were valid came from their experimental obser- 
vations for CO from supported Pt catalysts. The 
equations developed by Nerz, et al. were later 
nondimensionalized and the effect of various 
experimental parameters analyzed, first by Gorte 
[4] and then by Demmin and Gorte [ 101. This 
analysis, which further extended the desorption 
model to consider the catalyst as making up a 
packed bed through which the carrier gas passes, 
resulted in six dimensionless groups of measur- 
able experimental variables. The dimensionless 
groups, which can be thought of as ratioes of 
characteristic rates in the system, are listed in 
Table 1. A complete discussion of the implica- 
tions of each parameter and what the partial 
pressures above the sample actually measure 
has been given [lo]. The number of rate pro- 
cesses which in~uence deso~tion for a porous 
catalyst demonstrate why the pressure above the 
sample is usually not proportional to the true, 
intrinsic desorption kinetics. For typical experi- 
mental conditions, adsorption and desorption 
rates are fast compared to diffusion, so that 
extraction of intrinsic adsorption and desorption 
rates is impossible. Under vacuum conditions, 
which are advantageous for many applications 
as will be discussed later, desorption is, by 
definition, in the diffusion-limited regime. 

To demonstrate how important transport limi- 
tations coupled with readsorption can be, con- 
sider the hypothetical TPD curve shown in Fig, 
I. For this example, the surface is assumed to 

Table 1 

Important parameters for characterizing TPD in porous materials 

Parameter Ratio 

Residence time in sample ceil 

QR 
3---- 

2 

6% 
B 

Characteristic u time ” for heating 

Characteristic diffusion time 

Characteristic ‘time” for heating 

Rate of moles removed by carrier gas 

Characteristic rate of diffusion 

Ch~acte~stic adsorption rate 

Characteristic rate of diffusion 

Characteristic adsomtion rate 

Rate of moles removed by carrier gas 

Rate of moles removed by carrier gas 

Rate of mixing in packed bed 

These parameters were derived from the equations describing 

desorption from a packed bed of catalyst particles. The variables 

making up the parameters are as fotlows: 

Ed = porosity of the catalyst bed (cm3/cm3). 

et, = porosity of each particle (cm3/cm3). 

V = Volume of the bed icm3). 

/3 = heating rate (K/set). 

Q = carrier-gas flow rate tcm3/sec). 

R = radius of catalyst particles (cm). 

5r, = diffusivity in catalyst particle (cm’/sec). 

Da - dispersion along the catalyst bed (cm’/sec). 

p = density of catalyst (g./cm3). 

u = specific surface area (m’/g). 

k,, = adsorption rate constant, s( RT/2n( MW ))‘/’ (cm/see). 

W = mass of catalyst bed (g). 

L = length of catalyst bed (cm), 

consist of identica1 sites with the deso~tion rate 
described by a simple, first-order process, a 
reasonable preexponential (lO”/s), and a con- 
stant desorption activation energy (25 
kcal/mol). The diffusion coefficient is assumed 
to be typical of that for Knudsen flow in meso- 
pores and micropores, 0.01 cm2/s, and is much 
larger than that found in catalysts where one 
expects diffusion to be limiting, such as in 
molecular sieves. Desorption is pictured as oc- 
curring into a vacuum chamber with a pumping 
speed of 1.5 liter/s, using a relatively slow 
heating rate of 6 K/s. The only pathological 
aspect of the hypothetical system is that half of 
the sample weight is assumed to consist of 



408 R.J. Gorte/ Catalysis Today 28 (1996) 405-414 

particles which are 100 km in diameter and half 
which are 10 p,rn in diameter. 

The TPD curve shows two peaks, separated 
by almost 100 K, with the peak at higher tem- 
peratures resulting from the larger particles and 
the one at lower temperatures from the smaller 
particles. While it is true that the conditions 
used in the calculation of Fig. 1 were chosen to 
ensure that two peaks would be observed from a 
simple desorption process, the parameters used 
in the calculation are physically realistic and 
demonstate that even a simple desorption pro- 
cess can result in a complex TPD curve. Since 
nature almost never obliges by making the sur- 
face homogeneous or the desorption process 
simple, by providing uniform pores throughout 
the material so that diffusion can be treated with 
a single constant, or by providing a uniform 
particle size throughout the sample, calculating 
the surface energetics from data is clearly risky 
and usually model dependent. Even qualitative 
observations about the desorption process on 

300.0 400.0 500.0 600.0 700.0 

T/K 

Fig. 1. Calculated TPD curve for desorption from a bed of 

catalyst, using equations from Ref. [ 101. Desorption is assumed to 

be first order, with a desorption rate constant of 10” X exp{ - (25 
kcal/mol)/RT) s-’ . The sample is assumed to be made up of 

spherical particles, with half the sample mass consisting of parti- 

cles with a diameter of 100 pm and half with a diameter of 10 

pm. Other parameters used in the calculation are as follows: 

sticking coefficient = 0.1; active surface area = 30 m*/g; catalyst 

density = 1 g/cma; diffusivity = 0.01 cm*/sec; total sample 

mass = 20 mg; pumping speed = 15 l/set; heating rate = 6 

K/min. 

porous materials must be interpreted cautiously 
(e.g. the two peaks in the TPD curve of Fig. 1 

do not imply two types of sites). 
Admittedly, it is possible to measure adsorp- 

tion energetics using TPD under some circum- 
stances, at least if all the sites in the sample are 
energetically equivalent. Dumesic and co- 
workers obtained the heat of adsorption for 
ammonia in a zeolite H-ZSM-5, in good agree- 
ment with calorimetric measurements, by mea- 
suring TPD curves using different flow rates for 
the carrier gas [ 111. By carefully choosing con- 
ditions in which diffusion was not limiting 
(Parameter 3) in Table 1 is small.), they achieved 
conditions in which the gas above the sample 
was in equilibrium with the adsorption sites. By 
varying the carrier-gas flow rate (within a lim- 
ited range set by parameter 3) in Table l.), the 
equilibrium pressure could be obtained for a 
given coverage at different temperatures. Fi- 
nally, the heat of adsorption was calculated 
from the ‘isotherms’ and the Clausius- 
Clapeyron equation. However, this same paper 
demonstrated that diffusion limitations for pyri- 
dine desorption from the zeolite were essentially 
unavoidable with their experimental setup. Fi- 
nally, the approach used by these investigators 
would be difficult to apply in more complex 
materials in which the heat of adsorption varies 
with coverage. Given the many other studies of 
NH, desorption in H-ZSM-5 in which dramati- 
cally different heats were reported [3], it is not 
clear that measurement of adsorption energetics 
is the best application of TPD. 

Before describing specific examples of cat- 
alytic problems where TPD has been found to 
provide useful and unambiguous information, 
two additional points should be made. First, 
there are significant advantages to using probe 
molecules which, when adsorbed at catalytic 
sites, react prior to desorption. This prevents 
noncatalytic sites from being counted. For ex- 
ample, ammonia is frequently used to titrate 
acid sites in solid acids; however, ammonia 
adsorbs strongly on many oxides, including 
CaO, which are not normally thought to be 
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acidic. [2] Furthermore, as we have just shown, 
desorption temperatures, and even the presence 

of multiple peaks, are determined as much by 
transport properties as by desorption properties. 

Second, for reactive molecules, desorption 
from small samples in a vacuum is advanta- 
geous for minimizing secondary chemistry and 
migration from noncatalytic sites to catalytic 
sites. Due to the fact that pore dimensions in 
typical catalysts are much smaller than the 
mean-free path of the molecule in the gas phase 
at pressures near atmospheric, convection (i.e. 
The ‘forcing’ of molecules out of the sample by 
means of a carrier gas.) is ulways much slower 
than removal of desorbing species by evacua- 
tion. Even in vacuum, there are no guarantees 
that readsorption will not complicate the inter- 
pretation, as shown in the example in Fig. 1. 
For purposes of calculating the amounts which 
desorb from the sample by means of a mass 
balance on the system, the carrier-gas flow rate 
is equivalent to the pumping speed of the vac- 
uum system [4,9,10]; and coverages can be de- 
termined by integrating the features in the TPD 
curves, so long as parameter 1) in Table 1 is 
small [lo]. Since typical pumping speeds in 
vacuum are of order 10 liter/s or higher, com- 
pared to 1 ml/s for carrier-gas flow rates, the 
effect of evacuation on peak temperatures and 
minimizing secondary reactions, due to the de- 
creased partial pressure of adsorbate above the 

sample, can be dramatic. For unreactive 
molecules like NH, in H-ZSM-5, a recent ex- 
ample showed that the use of vacuum rather 
than a carrier gas can shift desorption by more 
than 150 K [I]. For reactive molecules, a com- 
parison of TPD curves for methanol and acetone 
from H-ZSM-5 in high vacuum [12,13] and in a 
carrier gas [14,15] shows that both molecules 
desorb largely intact in vacuum, but react to a 
wide range of hydrocarbon products when des- 
orption is carried out using a carrier gas. 

In the next sections, several examples will be 
provided which demonstrate the types of infor- 
mation which can be obtained using TPD on 
oxides. 

3. Optimal uses of TPD: A few examples 

3.1. Surface area of catalytic oxides 

Selective adsorption is widely used for mea- 
suring active surface areas with supported-metal 
catalysts. For example, with oxide-supported 
metals like Pt, Rh, or Ni, CO or H, adsorbs 
selectively on the metals and not on the support 
[16]. Reaction rates are often reported in terms 
of the metal surface area, or number of sites, 
since these specific rates are often constant for a 
given set of reaction conditions. 

This is not usually done for oxides, even 
though many catalytic oxides are supported on a 
second, inert oxide. Even for acid catalysts, 
where discrete sites are likely, rates are usually 
reported in terms of catalyst mass or total, BET 
surface areas. The primary reason for not report- 
ing rates in terms of active surface areas, or 
sites, is that determination of these quantities is 
difficult and frequently ambiguous. TPD ap- 
pears to provide an excellent method for deter- 
mining the active surface area. One case where 
TPD has been successfully applied to measuring 
specific surface areas is that of titania on silica 
supports [17,18]. Among other applications, tita- 
nia silicates can be used as a support for vana- 
dia in selective catalytic reduction of NO,, in 
which application it is vital to maximize the 
surface area of the titania [17]. The methodol- 
ogy used in these studies is also of interest, 
since the approach can probably be applied to 
other catalysts as well, if one can find an appro- 
priate probe molecule. 

The particular property which allows the sur- 
face of titania to be distinguished from that of 
silica is that titania is a stronger Lewis acid. For 
adsorption of 2-propanol, this acidity leads to 
dehydration in TPD at considerably lower tem- 
peratures on titania, as demonstrated in Fig. 2 
which shows the TPD curves, monitoring only 
the m/e = 41 peak, for pure titania (prepared 
by precipitation of titanyl sulfate) and pure sil- 
ica. For this particular titania, dehydration oc- 
curs at 2OO”C, while the peak dehydration tem- 
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Fig. 2. TPD curves for 2-propanol from titania and silica; only the 

peak intensity for m/e = 41 is shown in arbitray units. The 

dramatic difference in the ability of these two oxides to dehydrate 

2-propanol can be used to discriminate how much of the surface is 

covered by titania. (The figure is taken from Ref. [17].) 

perature for silica was above 450°C [17]. Swain, 
et al. examined a whole series of mechanically 
blended and chemically dispersed, titania sili- 
cates in which the chemically dispersed materi- 
als were prepared by precipitation of titanyl 
sulfate in the presence of silica. In each case, 
the TPD curves were found to show desorption 
features in the same temperature ranges, with 
the relative amounts reacting at the lower tem- 
peratures corresponding the fraction of the sam- 
ple that was titania. Based on several other 
techniques, including measurement of the cata- 
lyst activity for NO, reduction after incorpora- 
tion of vanadia, the authors of this study con- 
cluded that the propene formed at lower temper- 
atures in TPD was an effective measure of the 
titania surface area. From data reported in their 
paper, the specific coverage of 2-propanol on 
titania is approximately 1.8 x lOI 
molecules/m’. 

In the study of Swain et al., the structure of 
the titania in the mixed oxides was likely to be 
very similar to pure titania because of the way 
in which the samples were made. Obviously, 
other methods of preparation could lead to ma- 
terials with different reactivities and specific 

coverages for the alcohol [19]. While these 
complications must be recognized, the general 
approach still appears to work, even for mono- 
layer forms of titania on silica [ 181. In conclu- 
sion, TPD measurements with 2-propanol on 
titania silicates appear to be a very useful method 
for determining the surface areas of the titania 
component. The amount of 2-propanol which 
reacts at lower temperatures in TPD is propor- 
tional to the surface area of the titania, while 
2-propanol interacts much more weakly on the 
silica. 

3.2. Determination of Brp+uted-acid sites 

The most useful probe molecules for measur- 
ing BrQnsted-acid, site concentrations are sim- 
ple alkyl amines, other than methylamine. These 
molecules are protonated to form ammonium 
ions by the acid sites and decompose, via a 
reaction similar to the Hoffman elimination, to 
olefin and ammonia products [2,13]. (Methyl- 
amine is not a good probe molecule because it 
cannot decompose to an olefin product without 
at first going through a bimolecular reaction 
[20].) The strength of the acid site does not 
influence the temperature at which decomposi- 
tion of the amine takes place, which implies that 
the reactivity of the alkylammonium ion is not 
strongly influenced by the solid anion but is 
simply a function of the alkylammonium ion 
itself. Because the reaction temperature is rela- 
tively high, above 575 K for isopropylamine, 
‘physisorbed’ species and molecules adsorbed 
at Lewis sites have left the sample prior to the 
decomposition event, preventing the overcount- 
ing of sites by readsorption of amines from 
noncatalytic sites to the Br@nsted sites. 

Typical results for a TPD-TGA measure- 
ment of isopropylamine in an H-ZSM-5 zeolite 
are shown in Fig. 3. H-ZSM-5 is an ideal 
sample for demonstrating the technique because 
it contains one Bronsted-acid site for each 
framework Al. In Fig. 3, this 1: 1 adsorption 
complex is clearly visible as the desorption of 
propene and ammonia between 575 and 650 K. 
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Fig. 3. TPD-TGA CLIW~S for isopropylamine from an H-ZSM-5 

catalyst containing approximately SO0 pmoI/g of Brensted-acid 

sates. A mass spectrometer was used to determine the products, 

with signals for isopropylamine (m/e = 30 and 411, propene 

(m/e = 41). and ammonia (m/e = 17). 

TGA indicates that the amount desorbing from 
this region is close to the Al content of the 
sample. The amount of unreacted amine desorb- 
ing at lower temperatures, below 500 K in Fig. 
3, depends on the evacuation time, the pumping 
speed, and the particular sample; however, the 
1: 1 adsorption complex is relatively unaffected 
by the experimental parameters used in the 
study. The technique works equally well for 
amorphous silica-aluminas 1211, fluid-catalytic 
cracking catalysts [22], and sulfonated zirconias 
1231. It is insensitive to Lewis-acid sites 
[2,21,24]. Furthermore, the concentrations one 
obtains for a given material are insensitive to 
the particular amine which is chosen to probe 
the sites, so long as the sites are physically 
accessible to the amine [25]. 

Finally, it should be noted that the amine 
desorption technique is extremely sensitive to 
very small Bronsted-site concentrations, having 
been used to quantify site densities down to 2 
kmol/g [26], a site density equivalent to an 

H-ZSM-5 catalyst with a %/Al, ratio of w 

16,000. Given the high sensitivity of this tech- 
nique, and its ability to discriminate between 

Bronsted- and Lewis-acid sites, it would appear 
that TPD of amines should find wide applica- 
tion to the characte~zation of solid acids. [2] 

3.3. Cu exchange in ZSM-5 

In the case of Cu exchange in high-silica 
zeolites, one again forms discrete sites with 
unique catalytic properties [27]. Quantification 
of these sites can again be dete~ined by TPD 
measurements of amines [28,29]. The chemistry 
in this case is quite different from the Hoffman 
elimination found with acidic materials, but 
well-defined, stoichiometric adsorption com- 
plexes are again distinguishable by the unique 
chemistry observed at these sites. Due to simi- 
larities in the approach to that used for deter- 
mining Bronsted-acid sites, the details will not 
be discussed here. However, the fact that one 
can identify different types of sites with TPD, 
from Cu-exchanged sites to Bronsted-acid sites 
to titania sites, does suggest that the approach is 
quite general and can probably be applied to a 
range of catalytic materials, including oxidation 
catalysts [26]. 

3.4. 2-Propen-1-d in H-ZSM-5 

TPD is also useful for gaining information 
about reaction mechanisms, and an interesting 
example for demonstrating this is that of 2-pro- 
pen-l-01 (ally1 alcohol) in H-ZSM-5 [30]. In 
addition to showing the type of info~ation that 
can be gained, this example demonstrates some 
of the difficulties that one can encounter in the 
study of the adsorption of reactive molecules 
and the utility of combining TGA with mass 
spectral analysis of the gas-phase species. The 
example also demonstrates that great care must 
be used during adso~tion of reactive molecules 
in order to avoid missing the important chem- 
istry during the initial exposure of the catalyst. 
The steady-state reaction of ally1 alcohol in 
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H-ZSM-5 is quite complex. A wide variety of 
products can be formed, from aldehydes to aro- 
matics, depending on the reaction conditions 
which include the catalyst time on stream [31]. 
Ascertaining the reaction mechanisms from the 
reaction products is therefore very difficult. 

TPD-TGA curves for 2-propen-l-01 on H- 
ZSM-5 following high and low initial exposures 
are shown in Fig. 4 and Fig. 5. In Fig. 4, the 
zeolite was saturated briefly with 2-propen- l-01 
using 10 torr of vapor and then evacuated for 
two hours [30]. The coverage after evacuation 
was still two molecules/site. (While determina- 
tion of all products formed in TPD is nontrivial 
from the mass spectral data due to the complex 
fragmentation patterns of most hydrocarbons, a 
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Fig. 4. TPD-TGA curves for 2-propen-l-01 in H-ZSM-5 follow- 

ing a saturation exposure. The peaks in the mass spectrum corre- 

spond to 2-propen-l-01 (m/e = 29, 57, 41, and 58) and olefins 

(m/e = 41). Only those molecules in excess of one per site 

desorb unreacted, with significant condensation reactions occur- 

ring for the molecules at the acid sites. (Figure taken from Ref. 

[301.) 
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Fig. 5. TPD-TGA curves for 2-propen-l-01 in H-ZSM-5. follow- 

ing a low ( < 1 molecule/site) initial exposure. The peaks in the 

mass spectrum correspond to 2-propen-l-01 (m/e = 29, 57, 41, 

and 581, propanal (m/e = 29, 58, and 57) and olefins (m/e = 

41). Differences between these results and those shown in Fig. 4 

demonstrate how important are the conditions at which the cata- 

lyst is exposed to the adsorbate. (Figure taken from Ref. [30].) 

preliminary scan of the entire mass spectrum at 
regular temperature intervals allowed most of 
the initial products to be identified. More defini- 
tive identification required the products to be 
collected in a trap for analysis by chromatogra- 
phy [32].) Some of the 2-propen-l-01 (m/e = 
29,57,41, and 58) above a coverage of one 
molecule/Bronsted site desorbs from the sam- 
ple below 400 K; however, essentially all of the 
molecules at the acid sites react. Beginning at 
N 425 K, a number of hydrocarbon products are 
observed, all exhibiting a peak at m/e = 41 in 
their mass spectrum. Analysis by gas chro- 
matography showed that the products include a 
range of olefins and aromatics [32] as complex 
as that observed in the steady-state reaction. 
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The importance of carrying out the measure- 
ment in a microbalance is demonstrated by the 
fact that the sample weight did not return to its 
initial value, even after heating to 750 K, indi- 
cating that some coke is formed in the sample. 

The results for a low exposure are quite 
different. For the TPD-TGA curves shown in 
Fig. 5, 2-propen-l-01 was slowly dosed onto the 
sample while monitoring the sample weight. 
Dosing was stopped before reaching a coverage 
of one/site. While about half of the 2-propen-l- 
01 leaves the sample below 400 K, as shown by 
the fragmentation pattern in the mass spectrum, 
the first product formed in the reaction, between 
400 and 475 K, is propanal. (The relative inten- 
sities of the m/e = 57 and 58 peaks are re- 
versed for 2-propen-l-01 and propanal, even 
though they have identical molecular weights.) 
At higher temperatures, one starts to observe 
other hydrocarbon products, including aromatics 
and other olefins. 

The observation that propanal is the first 
product formed by the unimolecular reaction of 
2-propen-l-01 at the acid sites of H-ZSM-5 lead 
to a further study of adsorption of propanal [30]. 
Not surprisingly, saturation of the zeolite with 
propanal gave very similar products to that ob- 
served for 2-propen- l-01 in TPD. Furthermore, 
13C NMR showed that similar surface species 
were formed following the adsorption of 
propanal and 2-propen- l-01. Therefore, reac- 
tions of 2-propen-l-01 in the zeolite appear to 
procede through the aldehyde, and aldol-con- 
densation reactions are largely responsible for 
the products which are formed. 

Clearly, the observation of propanal in the 
TPD measurements was instrumental in identi- 
fying this reaction pathway. Unfortunately, it 
was necessary to control the exposure of 2-pro- 
pen-l-01 in order to see this initial product; and 
additional reactions of the propanal tended to 
mask the observation of the initial product. It is 
for these reasons that working in vacuum, rather 
than a packed tube through which a carrier gas 
is passed, is so important. Even in vacuum, 
bimolecular reactions are difficult to avoid. 

3.5. Alcohols, thiols, and olejins in H-ZSM-5 

While the example of 2-propen-l-01 is good 
for showing the utility of TPD because the 
reaction is relatively complex and a number of 
reaction pathways are feasible, there are other 
examples which show how much information 
on reactions can be obtained from TPD. Infor- 
mation on the dehydration of alcohols [12], on 
hydrodesulfurization of thiols [33], and on the 
oligomerization of ethene and propene [34] has 
also been obtained using TPD. TPD was partic- 
ularly useful for explaining the nature of olefin 
oligomerization in zeolites and the difficulty of 
obtaining simple products in this reaction. How- 
ever, it is not the purpose of this paper to 
review all applications where TPD has been 
instrumental in understanding a particular reac- 
tion, but rather to demonstrate the types of 
information that can be obtained. The reader 
should realize that TPD can and has been used 
in a wide variety of other reactions. Hopefully, 
even more laboratories will take advantage of 
TPD for understanding surface-catalyzed reac- 
tions. 

4. Summary 

TPD is a powerful technique, with widely 
ranging applications for determining site densi- 
ties and elucidating reaction pathways on typi- 
cal oxide catalysts. However, while TPD is 
often applied to measuring adsorption energet- 
its, the complexity of desorption from porous 
catalysts suggests that TPD is not well suited 
for this. The best ways of using TPD are still 
being developed; and, given the relative sim- 
plicity and low cost of the technique, TPD will 
almost certainly continue to find more applica- 
tions in the future. 
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