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Abstract

Temperature-programmed desorption (TPD) is addressed as a transient ki-
netic tool to understand chemical and physical processes on heterogeneous
catalysts. The two main implementations of TPD (atmospheric flow-through
TPD and vacuum TPD) require different considerations and models. In this
work a systematized process of TPD modeling is presented, a set of pre-
liminary experiments is proposed for collecting data free of artifacts, and a
scheme for selecting a suitable reactor/cell model is developed. The reactor
model selection and mathematical modeling are demonstrated for interaction
of toluene with H-ZSM-5 catalyst measured in both types of setups. Novel
models for interpreting TPD data are presented and applied to determine pa-
rameters for sorption and diffusion in a zeolite pellet. Intrinsic descriptions
and determined parameters agree for different TPD systems, underlining the
significance of valid reactor/cell models.
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1. Introduction

Temperature-programmed desorption (TPD) or flash desorption was first
described as a quantitative analytical tool for surface characterization of low-
surface-area solid materials under high vacuum by Redhead (1962). Soon
after that TPD was proposed for use in the study of high-surface-area cata-
lysts under carrier gas and ambient pressure by Amenomiya and Cvetanović
(1963). A vacuum TPD setup is customarily used for surface science studies,
whereas both flow and vacuum setups are used for catalysis studies. Fig-
ure 1 displays the schematic of both types of TPD setup, but other kinds of
configurations also exist.

(a) Flow-through TPD
reactor. (b) Vacuum TPD cell.

Figure 1: Ambient and vacuum TPD setups.

As a catalyst characterization method TPD reveals the temperature range
in which surface species are released from solid material, provides informa-
tion on the homogeneity/heterogeneity of that gas–solid interaction, and
gives desorbed amounts via the integration of the calibrated TPD curve.
There are numerous methods to determine the kinetics of desorption for low-
surface-area materials where the TPD signal is directly proportional to the
rate of one-directional desorption, as reviewed by de Jong and Niemantsver-
driet (1990). Determining the kinetics for high-surface-area materials is more
complex than for single crystals because, in addition to the intrinsic rate of
desorption, other phenomena (e.g., reactor/cell mass transfer pattern and
readsorption) also contribute to the observable TPD response. To be able to
trace back the intrinsic kinetics for the experimental data of high-surface-area
materials, these other phenomena need to be accounted for in the modeling.
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Various methodological aspects of TPD for high-surface-area catalysts have
been addressed in the literature (Falconer and Schwarz, 1983; Demmin and
Gorte, 1984; Herz et al., 1982; Rieck and Bell, 1984; Tronconi and Forzatti,
1985, 1986; Huang et al., 1988; Ioannides and Verykios, 1989; Hinrichsen
et al., 1997; Kanervo et al., 2006). Despite that and the wide-spread applica-
tion of TPD for catalyst characterization, TPD data of porous catalysts has
been relatively seldom utilized for kinetic determinations. TPD techniques
have been applied to characterize adsorption and desorption kinetics in the
context of NH3 SCR catalysts for NOx emission control for stationary (Lietti
et al., 1997) and automotive applications (Ciardelli et al., 2004; Wilken et al.,
2004; Sjövall et al., 2009, 2010; Colombo et al., 2012). Kinetics derived this
way contribute to design of urea-dosage strategies.

In using TPD for kinetic determinations the applied methods and mod-
els, as well as the quantity and quality of the experimental data have often
been inadequate. This has lead to results without generality and has con-
sumed the credibility of TPD for kinetic modeling (Gorte, 1996). However,
several factors advocate transient kinetic modeling of TPD data. First, most
commercial and home-made experimental TPD setups involve small-scale re-
actor/cell systems with well-defined characteristics, for which ideal reactor
assumptions, well-known in general reaction kinetic modeling (Fogler, 2005;
Beller et al., 2012), are valid. Second, kinetic analysis of TPD data does
not essentially deviate much from that of other transient response data (step
or pulse response experiments, steady state isotopic transient kinetic analy-
sis (SSITKA), etc.) while transient experiments are generally acknowledged
to provide more profound kinetic information than steady-state experiments
(Berger et al., 2008). Third, the advantages of temperature-programmed
methods, compared to other transient kinetic methods, are that TPD devices
are commonly available in catalysis research laboratories; unlike in SSITKA,
no expensive isotopically-labeled gases are necessary and the equipment re-
quirements are moderate. However, certain kinetic modeling capabilities are
required to properly treat the TPD data in the spirit of transient response
methods. Our aim is to point out some of the key aspects of TPD mod-
eling, which are generic for all porous catalyst materials. The objective of
this paper is to draw attention to methodological issues and the potential
of TPD, and to promote valid kinetic modeling of both flow-through and
vacuum TPD data. We demonstrate these by addressing toluene/H-ZSM-5
system in both types of experimental TPD arrangements, and via transient
kinetic modeling.
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2. Materials and methods

Toluene-TPD experiments on H-ZSM-5 zeolite (Si/Al=45) were carried
out in both vacuum and atmospheric flow-through systems. Two particle
diameter fractions were used, 0.212-0.5 mm and 0.71-1.12 mm. The vacuum
experiments were performed in a thermogravimetric setup (Setaram TG-DSC
111) equipped with a mass spectrometer (Pfeiffer QMS 200). The sample
amounts used were ca. 6.3 mg and 13.8 mg, corresponding to half and full
bed length, respectively. The sample was first activated with vacuum at
350 ◦C for 1h, then cooled down to 40 ◦C. Toluene was applied at 0.276 mbar
at 40 ◦C for 1 hour. Thereafter the sample was vacuumed for 90 min and
then heated in vacuum at 7 − 17 ◦C/min up to 325 ◦C. The MS data was
calibrated using the thermogravimetric response.

The flow-through TPD experiments were carried out using a commercial
AMI-200R setup (Altamira Instruments, Inc.) equipped with a Hiden QIC-
20 mass spectrometer. The sample amounts used were ca. 25 mg and 50
mg. The applied conditions were the same as in the vacuum experiments,
except that vacuuming was replaced with an inert gas flow (helium, 50 sccm),
toluene feed with a mixture of 743 ppm toluene in helium (supplied by Oy
Aga Ab) and toluene adsorption time was 2h. Flushing time between adsorp-
tion and temperature-programmed heating was 90 min. The applied heating
rates were 7 and 17 ◦C/min. The MS data were calibrated using the known
concentration in the gas mixture during the adsorption step.

Numerics required for TPD modeling were implemented in MATLAB
R2014a (MathWorks inc.). The coupled partial differential equations were
solved with difference method by approximating the diffusion-related deriva-
tives by three-point central differences in pellet’s radial direction and the
convection-related derivatives by three-point backward differences in reac-
tor’s axial direction. The resulting set of coupled ordinary differential equa-
tions was solved by MATLAB function ’ode15s’. Nonlinear regression anal-
ysis was carried out utilizing ’fminsearch’ function with Nelder-Mead opti-
mization method.

3. Results and discussion

3.1. General characteristics of flow and vacuum TPD setups

To draw parallels between flow and vacuum TPD systems, similar porous
high-surface-area particulate material samples (from a few to hundreds of
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milligrams) can be analyzed in both systems with a reasonable detection ac-
curacy. The applied heating rates are of the same order of magnitude for high-
surface-area materials in the systems (typically 0.1–20 K/min (Niemantsver-
driet, 2007)), whereas in flash desorption for nonporous samples consider-
ably higher heating rates are applied (even up to 25 K/s (Niemantsverdriet,
2007)). The analysis of a reactor/cell outlet is best performed by a mass spec-
trometer unless a binary mixture is guaranteed and in which case a thermal
conductivity detector (TCD) can be applied for flow-through experiments.
Quantitative utilization of TPD data naturally requires a calibrated signal
with an acceptable signal-to-noise ratio and baseline behavior. Both exper-
imental approaches benefit from controlled/measured dosing of adsorbate
prior to the TPD, which allows comparing the adsorbed amounts against the
desorbed amounts.

The main difference between the two experimental arrangements is the
prevailing pressure in the system and the mechanism of external mass trans-
port: in a vacuum system the gas molecules evolving to the gas phase from
the outer boundary of solid particles are transferred by effective Knudsen dif-
fusion, whereas in an atmospheric system the evolved gas is transferred along
with the continuously flowing inert carrier gas. If the three classical gaps be-
tween model and real catalytic systems (material gap, temperature gap, and
pressure gap) are considered, it can be noticed that flow-through TPD is
free of all gaps, whereas vacuum TPD suffers only from the pressure gap.
Thus flow-through TPD provides information on gas–solid interactions un-
der more realistic conditions than vacuum TPD. However, vacuum TPD has
a potential strength: it enables the extraction of intraparticle mass transfer
parameters (Kouva et al., 2013). TPD of a solid catalyst, performed in either
a flow-through or a vacuum setup, can be classified as being a slow-dynamics
transient experiment, as the thermal perturbation is very slow compared to
the space time (τ) of the reactor/cell (typically τ << 1s). The perturba-
tion dynamics affect the time resolution and identifiability of the underlying
chemical/physical processes.

One of these underlying processes is readsorption of the probe molecules
upon the solid sample surface, either within the particle or along the bed of
particles. Most often the readsorption of probe molecules emerges within the
solid porous particles in both vacuum TPD and flow-through TPD systems
(Demmin and Gorte, 1984; Kanervo et al., 2006). Therefore readsorption
needs to be accounted for in the modeling; often to the extent of allow-
ing quasiequilibrium between adsorption and desorption that slowly shifts
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with the thermal perturbation. If the adsorption/desorption quasiequilib-
rium prevails during the whole temperature program, then only equilibrium
parameters can be determined from the TPD data instead of independent
adsorption and desorption rate parameters. Experimental conditions cannot
be adjusted to achieve completely readsorption-free TPD responses of porous
catalysts in either type of TPD systems. A rare one-directional desorption
situation in TPD for porous samples may arise in the context of highly ac-
tivated adsorption (Peter et al., 2012). In this case the adsorption prior to
TPD is achieved at temperatures higher than the end temperature of TPD.
Another case for one-directional desorption arises when a pre-existing surface
complex (e.g., a functionalized surface site) decomposes irreversibly (Kundu
et al., 2008). Readsorption may also occur along the bed of solid particles:
species desorbed upstream in the reactor readsorb repeatedly downstream.
This phenomenon (bed-depth effect) is manifested as broadening and tailing
of the TPD curve. Bed-depth effects are predominant in flow systems with
the exception of the previously mentioned highly activated adsorption (Peter
et al., 2012). Vacuum TPD may be operated free of bed-depth effects, even
though readsorption might take place inside the particles. Another consider-
ation in kinetic modeling of TPD is the possible intraparticle mass transfer
resistance. In the context of flow-through TPD and macro- or mesoporous
materials, intraparticle mass transfer resistance can typically be excluded by
proper selection of experimental parameters (Demmin and Gorte, 1984; Kan-
ervo et al., 2006). In contrast, vacuum TPD responses are almost invariably
affected by the mass transfer resistance, which arises from the coupling of
readsorption and pore diffusion combined with effective external mass trans-
fer (Kanervo et al., 2006; Kouva et al., 2013).

3.2. Requirements for transient kinetic analysis of TPD data

3.2.1. Objectives of kinetic analysis of TPD

The objective of transient kinetic analysis of TPD can be defined as find-
ing out a model and fundamental parameters to describe the intrinsic chem-
ical and physical processes. The intrinsic kinetic model preferably originates
from a reaction mechanistic hypothesis with molecular-level understanding.
Kinetic analysis requires an overall simulation model that can produce out-
puts to be compared to a set of measured TPD curves. The main dynamic
features, i.e., mass transfer patterns in the reactor/cell and inside the solid
particle affecting the measured TPD response, must be included in the simu-
lation model. Hypotheses on the intrinsic kinetics term in the model (=func-
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tional form + parameters) are tested by fitting the simulated outputs to the
measured ones and by determining the unknown parameters using nonlinear
regression analysis. Two different stages are iterative: 1) finding the best-
fitting functional form of the kinetic model by testing and rejecting or accept-
ing hypotheses and 2) determining the parameters of a particular intrinsic
kinetics model by nonlinear regression. Information of several complete TPD
curves needs to be utilized in the modeling process.

3.2.2. Quantity and quality of data and exclusion of artifacts

TPD data is valid for transient kinetic modeling if the dynamic char-
acteristics (mass transfer patterns in the reactor/cell and inside the solid
particle) are well-defined. The initial state of the solid material is controlled
by standardized stabilization pretreatments followed by the adsorption and
flushing/evacuation stages being carried out in a constant manner. The tem-
perature of any pretreatment step should not be exceeded during the actual
TPD run. Preliminary experiments to ascertain that the intended interac-
tion between the adsorbate and the solid material is measured instead of
artifacts are listed as Blanks I–III in Table 1. These blank experiments are
useful even for conventional TPD characterization purposes. TPD experi-
ments with 2–3 different heating rates and 1–3 different initial coverages are
typically required to be able to identify the functional form of intrinsic ki-
netics and to determine the corresponding kinetic parameters. The different
initial coverages should be uniform in the particle bed as well as within each
particle. Hence, when varying the initial coverage, applying different adsorp-
tion temperatures is preferable over changing the adsorbate dosage to avoid
an uneven, poorly-defined initial coverage.

The occurrence of intraparticle mass transfer limitations in the measured
TPD response necessitates independent data sets with at least two different
well-controlled particle size fractions to be able to distinguish the intraparti-
cle mass transfer from the intrinsic adsorption/desorption kinetics and to
identify the models and parameters of mass transfer processes accordingly.
There are often claims that a single TPD curve is sufficient for kinetic mod-
eling. This is correct only for those TPD systems where either the functional
form of the kinetic model or the parameters are known a priori, provided that
mass transfer patterns and the reactor model have already been established.
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Experiment Implementation Information
Blank I Adsorption + TPD, no solid sample Does equipment interact with adsor-

bate?
Blank II TPD without adsorption, solid sample Emergence of desorption unrelated

to probe molecule
Blank III TPD without adsorption, no solid sample Signal quality, noise, baseline behav-

ior

Table 1: Useful preliminary experiments.

3.2.3. Selection of a valid reactor model

The elements of the TPD system model, along with possible simplifica-
tions, can be validated with experimental tests and calculated criteria (Dem-
min and Gorte, 1984; Kanervo et al., 2006). The disadvantage of using these
criteria is that the values of some of their parameters are not readily acces-
sible. Still, the least complicated, valid model formulation is sought after,
as the choice influences the technicalities of numerical computations. The
main questions to answer are 1) Is the description of mass transfer dynamics
inside a solid particle included (the heterogeneous model) or not (the pseudo-
homogeneous model)? and 2) Are bed-depth effects significant (an integral
reactor) or not (a differential reactor)? Figure 2 presents the general selec-
tion rules of a reactor model applicable for valid transient kinetic analysis of
both atmospheric and vacuum TPD.

First the models are divided into pseudohomogeneous and heterogeneous
models and then, within these two categories, into differential and integral
ones. A reasoned selection can be made using as few as 3–5 experiments and
2–3 straightforward comparisons of the measured TPD data. The only re-
quirements for the experiments are the availability of catalysts with different
particle sizes and the possibility to vary sample mass and flow/pumping rate.
Some of the experiments made to select the reactor model can be utilized in
kinetic modeling later.

Table 2 lists typical physico-chemical characteristics of flow and vacuum
TPD setups and consequent elements in modeling. PFR stands for plug flow
reactor and PDE for partial differential equation. The relevant mathematical
descriptions can be found in Demmin and Gorte (1984); Kanervo et al. (2006)
for flow TPD and in Kouva et al. (2013) for vacuum TPD.
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Figure 2: Selection of reactor/cell model for transient kinetic modeling of TPD.

Flow-through TPD Vacuum TPD
Readsorption In particle and along bed In particle
Intraparticle concentration gradient Can be avoided Present
Concentration gradient along bed Present Can be avoided
Applicable cell/reactor model PFR Differential reactor
Mathematical model PDE for PFR dynamics PDE for particle dynamics

Table 2: The most likely results of selecting a reactor model for the two TPD setups.
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3.3. Interpretation of TPD of toluene from H-ZSM-5 measured in flow-through
and in vacuum setup

3.3.1. Experimental data of toluene-TPD

We hereby demonstrate the potential of TPD by addressing toluene/H-
ZSM-5 system in both types of experimental arrangements, and via transient
kinetic modeling. Preliminary TPD experiments were carried out as out-
lined in the previous section (see Table 1) to rule out artifacts in the TPD
responses. The adsorption of toluene was carried out at 40 ◦C. As the sorp-
tion interaction between toluene and H-ZSM-5 is relatively weak, the flush-
ing/evacuation time between the pre-adsorption and TPD stages influences
the toluene loading and distribution within the pellets, and it is not possible
to have the toluene signal to return to the baseline prior to TPD. These
characteristics pose specific requirements for kinetic analysis to be described
later. Figure 3 displays examples of TPD responses measured in flow-through
and vacuum TPD setups with equal heating rates. It is observed that the
responses differ: the atmospheric TPD exhibits a broken toluene-TPD peak,
whereas that of the vacuum setup corresponds better an ideal single peak.
The temperatures for complete net desorption were somewhat lower for vac-
uum experiments than for the atmospheric ones. These differences in main
characteristics were seen in a number of experiments without exception. The
total desorbed amounts were 0.28 μmol/mg for atmospheric experiments and
0.15 μmol/mg for vacuum experiments, respectively. The total adsorption
capacity reported for toluene in a similar zeolite is 0.86 μmol/mg, including
capacity of 0.12 μmol/mg for a slightly stronger interaction (Mukti et al.,
2007). The interpretation of sorption sites is that the majority sites repre-
sent nonspecific interaction with the pore walls whereas the minority sites
are presumably Brønsted-acidic SiOHAl groups (Mukti et al., 2007). Thus
the qualitative difference seen in Fig. 3 is attributed to more pronounced
bed-depth effect and higher initial loading of toluene in the flow-through
TPD experiments. The higher initial loading involves occupation on both
types of sites whereas the initial loading in vacuum TPD setup is low enough
allowing uniform occupation on the minority type of adsorption sites. The
different initial loadings are due to different external mass transport mech-
anisms in TPD setups, the evacuation of the crucible being more effective
than the convective transport along with the inert flow during the pre-flush.
It is to be noted that the heterogeneity among the majority and minority
sites is slight, described by only approximately 10 kJ/mol difference in the
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adsorption enthalpy (Mukti et al., 2007).

Figure 3: Toluene TPD responses in flow-through and vacuum setups at equal heating
rates and pellet diameters.

3.3.2. Models to describe the systems

Experiments for the selection of a valid cell model for each type of data
were carried out in accordance with the procedure introduced in Figure 2.
Figure 4 displays the outcome based on experiments shown in the insets.
Both the systems were thus diffusion-limited and the reactors behaved in-
tegrally, exhibiting bed-depth effects. The integral behavior of the vacuum
cell was somewhat unexpected. The mesopore diffusion limitation was minor
in the flow-through experiments but was distinguishable with the highest
heating rates. These findings were taken into consideration in formulating
the mathematical descriptions for the systems and in selecting additional
experiments to be included in the modeling. Data sets for kinetic analysis
covered experiments with two pellet size categories, two bed lengths achieved
by varying zeolite sample weights, and three heating rates to ensure model
and parameter identifiability. Interpretation of the TPD curves was done
in the spirit of transient kinetics: by constructing continuum-type mathe-
matical models to describe the mass transport in the reactor cells coupled
with pellet dynamics, which includes diffusional mass transport and sorption
interaction with two kinds of sites. The simulated reactor responses were
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compared and fitted to the measured ones in nonlinear regression analysis to
determine the model parameters. The variety of physical and chemical phe-
nomena in the model was limited in order to capture the key dynamics and
to exclude redundant ones. The elements of the models were: entrance and
sorption into the primary particle described as a combined quasi-equilibrated
process, sorption heterogeneity accounted for by two parallel sorption pro-
cesses described with distinct parameters, mass transport by diffusion in the
mesopore void of the pellet, pellet exterior dynamically coupled to either a
plug flow reactor model (for the flow-through setup) or integral diffusion cell
model (for the vacuum setup). Both the models are new as explicit quasiequi-
librium sorption formalism is concerned. The vacuum cell description is new
in the context of TPD: the integral behavior of vacuum TPD cell was ac-
counted for by assuming mass transport to take place by effective Knudsen
diffusion in the interparticle void of the crucible. The diffusion coefficient for
this transport process became an additional parameter to be estimated. For
strongly interacting species, vacuum cell can often be described as a differ-
ential reactor, which greatly simplifies the analysis (Kouva et al., 2013).

Mathematical descriptions for both kinds of experimental arrangements
result in coupled partial differential equations, but considering the complex
underlying molecular-level phenomenology involved, they can be considered
rather simple. Especially the number of adjustable parameters is very mod-
erate. Capacity values for the majority and minority sorption sites were fixed
in this study according to (Mukti et al., 2007). The model formulations for
flow-through and vacuum setups are displayed in Fig. 5. The detailed deriva-
tions of models, additional conditions and assumptions made can be found
in Supplementary material.

3.3.3. TPD modeling results and discussion

The derived models were implemented in MATLAB 2014a R©(MathWorks
Inc.). The details of numerics have been reported in Materials and methods
section. TPD responses are to a certain degree sensitive to the initial state
assigned. The initial loading of toluene in the system was not uniform in
the beginning of TPD. Therefore the model was simulated to describe the
isothermal preflushing/evacuation stage between the end of pre-adsorption
stage and the beginning of TPD. The toluene coverage was considered well-
defined and uniform at the end of pre-adsorption stage as the system had
been exposed for a long time to a known constant concentration of toluene.
This way the initial non-uniform loading of toluene prior to TPD was received
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Figure 4: Reactor model selection process: preliminary experiments for both flow-through
and vacuum setups.
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Figure 5: Schematic and mathematical formulation to describe vacuum and atmospheric
TPD.
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in a self-consistent manner for both the flow-through and vacuum systems.
TPD responses measured in both types of systems could be adequately

accounted for by the mathematical models summarized in Figure 5. Exam-
ples of fit of the model to data are shown in Figure 6 for the flow-through
case and in Figure 7 for the vacuum case respectively. The estimated param-
eters are displayed in Table 3. The sorption parameters determined based on
the data measured in different systems agreed fairly well with each other as
well as with data reported for sorption energetics (Mukti et al., 2007). The
diffusion coefficients, De, in the pellet are of meaningful order of magnitude
and they agree between alternative setups. Completely identical values were
not expected, as the vacuum system concerns a single mobile component and
the flow-through system contains an inert carrier gas (He) with a potential
slight effect on the transport processes. An example with a similar order of
magnitude for mesopore diffusion coefficients in the flow and vacuum sys-
tems is provided by Maguire et al. (2013). The diffusion coefficient, Dm, for
mass transport in the evacuated packed crucible is in a meaningful order of
magnitude for effective Knudsen diffusion. Diffusion constant of toluene in
air is 0.084 cm3/μmol at 25 ◦C, 1 atm for comparison (Coulson et al., 1999).

Figure 6: Modeling results of flow-through TPD containing the pre-flush. Contunuous line
corresponds to the model and dashed line to the experiment. a) 17 ◦C/min and smaller
pellets; b) 7 ◦C/min and larger pellets.

Based on experiences with toluene/H-ZSM-5 system, the atmospheric
TPD arrangement is adequate for determining the sorption energetics, whereas
the vacuum data is more suitable for determining also the mesopore diffusion
parameters. This is simply because in the vacuum system the pellet dynamics
proceed in a more diffusion-limited regime, whereas the atmospheric system
is only slightly diffusion-limited and mainly governed by sorption thermody-
namics. Only the highest applied heating rates allowed identification of the
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Figure 7: Modeling results of vacuum TPD during ramp. Contunuous line corresponds to
the model and dashed line to the experiment. Heating rates from left to right: 17, 12, 7
◦C/min and upper row: smaller pellets, lower row: larger pellets.

pellet diffusion process for the atmospheric TPD system. Heterogeneity of
sorption was more obvious in the atmospheric TPD data, whereas vacuum
TPD data concerned mainly the minority type of species that remained after
the 90-minute evacuation at 40 ◦C. However, both types of sites were also
needed for describing the vacuum TPD data. Simulating the vacuum system
from the end of the adsorption stage (high loading) via the evacuation stage
until the beginning of the TPD stage clearly required accounting for the site
diversity of sorption. Altogether, vacuum TPD appears a potential tool for
determining diffusion coefficients for mass transport in pellets composed of

Table 3: Estimated adsorption enthalpies, pre-exponentials and diffusion coefficients
within flow-through and vacuum setups.

Parameter Unit Flow-through Vacuum

ΔH1 kJ/mol 79 80
A1 cm3/μmol 1.33 · 10−11 0.52 · 10−12

ΔH2 kJ/mol 96 95
A2 cm3/μmol 1.92 · 10−11 0.48 · 10−12

De cm2/s 3.4 · 10−5 5.3 · 10−5

Dm cm2/s 0.027
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microporous material. Flow-through TPD allows determining sorption en-
ergetics if diffusion limitations have been ruled out or are accounted for by
a valid model. Application of different heating rates is vital to be able to
distinguish transport and sorption processes from each other in the modeling.

3.4. The significance and potential of the TPD technique in catalysis research

TPD thermograms are easily used for fingerprinting catalysts and for
determining desorbed amounts. In addition to these applications, already
used in the early stages of TPD methodology development, several meth-
ods for quantitative evaluation of TPD experiments have been introduced,
e.g., for finding out the existence of readsorption, the reaction order, and
the number of adsorption site types (Falconer and Schwarz, 1983). These
early methodological developments unfortunately assumed gradientless and
pseudohomogeneous reactor/cell operation. To date, quite often the TPD
data of porous materials have been treated by overlooking the bed-depth
and intraparticle mass transfer effects and implicitly resorting to a gradient-
less reactor/cell model. Relying on the information content of several com-
plete experimental TPD curves and acknowledging the flow-through TPD
setup as a small-scale packed bed reactor and the vacuum TPD setup as an
intraparticle-diffusion-limited arrangement paves the way for a more sound
transient kinetic modeling of TPD. Validating the reactor assumptions by
straightforward preliminary experiments and selecting the reactor/cell model
accordingly allows focusing on modeling the intrinsic adsorption/desorption
kinetics/energetics. The intraparticle mass transport limitation present in
vacuum TPD for microporous materials can be considered an asset, enabling
the modeling of mass transport along sorption.

Inadequate TPD modeling and ‘deconvolution’ examples possibly out-
number the well-established ones. The application of the methods suitable
for treating TPD data of low-surface-area materials and the ‘deconvolution’
of multi-peak TPD data by, e.g., Gaussian curves are some examples of the
unfruitful treatment of TPD data of high-surface-area catalysts. Existing
Arrhenius-plot type and shape index type methods suitable for interpreting
the flash desorption data of single crystals are not appropriate for intrepret-
ing the TPD data of porous catalysts measured either in flow-through or
vacuum setups. The spectral deconvolution of TPD data by explicit, prede-
termined functions is undermined by the fact that subprocesses behind the
multi-peak TPD patterns are usually not independent one-directional pro-
cesses, but mutually interconnected via readsorption. In addition, symmetric
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functions (like Gaussian curves) are not realistic TPD reactor responses and
should be avoided.

Most catalysis research groups have TPD capabilities. Extracting mean-
ingful kinetic/energetic information on catalysts based on TPD experiments
is not exceedingly straightforward, but requires reasonable kinetic model-
ing capabilities. State-of-the-art chemical kinetics focus on temporal anal-
ysis of products (TAP) and SSITKA (Marin and Yablonsky, 2011; Berger
et al., 2008) as leading transient response techniques, whereas the possibil-
ities of temperature-programming for kinetics have been less acknowledged.
By combining TPD experiments with valid microkinetic modeling, valuable
kinetic/energetic information can be obtained with a small number of ex-
periments due to the transient nature of temperature-programmed methods.
Along with its conventional application for characterization, TPD is a poten-
tially valuable microkinetic tool in decoding the complexity in heterogeneous
catalysis. Using the reactants, the intermediates and the products of a cat-
alytic reaction, acid/base probes or other inventive probe molecules, TPD has
the potential to participate in elucidating reaction pathways, the stability of
surface species, and the kinetics of elementary surface reactions.

4. Conclusions

TPD is conventionally used for solid material characterization, yet as
a transient kinetic technique it is underutilized. The characteristics of the
solid material, the strength of sorption interaction as well as the experi-
mental TPD arrangement determine how to interpret TPD data in terms
of mathematical models. We propose a set of preliminary experiments for
excluding artifacts and for selecting a valid TPD cell/reactor model. The
guidelines are applicable for both flow-through and vacuum type of TPD set
ups. The selection chart and transient kinetic analysis of TPD were demon-
strated in addressing the interaction of toluene with pelletized H-ZSM-5 in
both types of TPD systems. Novel continuum-type mathematical models ac-
counting for mass transport and quasiequilibrated sorption inside the pellets
were introduced for each system. Modeling along with diffusion and sorption
parameter determination were demonstrated successfully. The intrinsic mod-
els and parameters found for the flow-through and vacuum TPD data agreed
with each other despite different experimental arrangements and seemingly
different TPD data. Utility of TPD analysis is hereby extended to cover
diffusion modeling for pelletized microporous materials.
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Amenomiya, Y., Cvetanović, R. J., 1963. Application of flash-desorption
method to catalyst studies. I. Ethylene-alumina system. J. Phys. Chem.
67 (1), 144–147.

Beller, M., Renken, A., van Santen, R., 2012. Catalysis – From Principles to
Applications. Wiley-VCH.

Berger, R. J., Kapteijn, F., Moulijn, J. A., Marin, G. B., Wilde, J. D., Olea,
M., Chen, D., Holmen, A., Lietti, L., Tronconi, E., Schuurman, Y., 2008.
Dynamic methods for catalytic kinetics. Appl. Catal., A 342 (1-2), 3–28.

Ciardelli, C., Nova, I., Tronconi, E., Konrad, B., Chatterjee, D., Ecke, K.,
Weibel, M., 2004. SCR-DeNOx for diesel engine exhaust aftertreatment:
Unsteady-state kinetic study and monolith reactor modelling. Chem. Eng.
Sci. 59, 5301–5309.

Colombo, M., Koltsakis, G., Nova, I., Tronconi, E., 2012. Modeling the am-
monia adsorption-desorption process over an Fe-zeolite catalyst for SCR
automotive applications. Catal. Today 188, 42–52.

Coulson, J., Richardson, J., Blackhurst, J., Harker, J., 1999. Fluid Flow, Heat
Transfer and Mass Transfer. Vol. 1 of Coulson and Richardson’s Chemical
Engineering. Elsevier.

de Jong, A. M., Niemantsverdriet, J. W., 1990. Thermal desorption analysis:
Comparative test of ten commonly applied procedures. Surf. Sci. 233 (3),
355–365.

Demmin, R. A., Gorte, R. J., 1984. Design parameters for temperature-
programmed desorption from packed bed. J. Catal. 90 (1), 32–39.

Falconer, J. L., Schwarz, J. A., 1983. Temperature-programmed desorption
and reaction: Applications to supported catalysts. Catal. Rev. 25 (2), 141–
227.

Fogler, H. S., 2005. Elements of Chemical Reaction Engineering. Prentice-
Hall.

19



Gorte, R. J., 1996. Temperature-programmed desorption for the characteri-
zation of oxide catalysts. Catal. Today 28 (4), 405–414.

Herz, R. K., Kiela, J. B., Marin, S. P., 1982. Adsorption effects during
temperature-programmed desorption of carbon monoxide from supported
platinum. J. Catal. 73 (1), 66–75.

Hinrichsen, O., Rosowski, F., Muhler, M., Ertl, G., 1997. Microkinetic analy-
sis of temperature-programmed experiments in a microreactor flow system.
Vol. 109 of Studies in Surface Science and Catalysis. Elsevier.

Huang, Y.-J., Xue, J., Schwarz, J. A., 1988. Experimental procedures for the
analysis of intraparticle diffusion during temperature-programmed desorp-
tion from porous catalysts in a flow system. J. Catal. 109 (2), 396–406.

Ioannides, T., Verykios, X. E., 1989. Effects of degree of mixing on quanti-
tative interpretation of TPD spectra. J. Catal. 120 (1), 157–169.

Kanervo, J. M., Keskitalo, T. J., Slioor, R. I., Krause, A. O. I., 2006.
Temperature-programmed desorption as a tool to extract quantitative ki-
netic or energetic information for porous catalysts. J. Catal. 238 (2), 382–
393.
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