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A new method of analysing temperature-programmed desorp-
tion (TPD) profiles is suggested. Taking into account desorption
curves of different heating rates it is shown that the desorption en-
ergy distribution function can be calculated by using an extended
integral equation without any limiting assumptions about the dis-
tribution function and the preexponential factor. The method is
demonstrated with simulated data and tested for TPD of different
molecules on zeolites.  © 1997 Academic Press

INTRODUCTION

Temperature-programmed desorption (TPD) is a freg-
uently used method to investigate the interaction of differ-
ent adsorbate molecules with catalyst surfaces. However, in
the case of porous catalysts a quantitative interpretation of
desorption profiles is difficult because diffusion and read-
sorption effects may influence the observed rate of desorp-
tion. By means of model calculations it could be shown that
in this case the observed overall desorption rate rq(T) for
a desorption step of first order on a homogeneous surface
can be described by the approximation (1-3)

ra(T) = —— = Keti) = —— 14
a(T) T ff Revmke

where 6 is the average degree of coverage and K is the
effective desorption rate constant. D is the effective dif-
fusion coefficient, R, is the mean particle radius of the
catalyst pellets, vy, is the initial concentration of the probe
molecule adsorbed, and kq and k, are the rate constants for
desorption and adsorption, respectively. The temperature
dependence of the effective desorption rate constant can
be expressed in terms of an Arrhenius equation:

0, (1]

ket = Aexp(—E/RT). 2]

It contains contributions from the effective diffusion co-
efficient (activation energy of diffusion) and the adsorp-
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tion equilibrium constant (heat of adsorption). By means
of NMR diffusion measurements on zeolitic adsorbate-
adsorbent systems it was proved that the activation energy
of long-range self-diffusion and the isosteric heat of adsorp-
tion coincide (4). From these results it may be concluded
that the temperature dependence of the effective desorp-
tion rate constant is mainly determined by the heat of ad-
sorption (in the following designated as desorption energy
E). This agreement was found, e.g., for the desorption of
different molecules on zeolites (e.g., (5-7)). In Eq. [2] Ais
an effective preexponential factor.

Most of the real catalyst systems are energetically het-
erogeneous and therefore they show complex desorption
profiles with multiple peaks and shoulders. This energetic
heterogeneity is often taken into account by assuming a
dependence of the desorption energy and the preexponen-
tial factor on the coverage (e.g., (8-10)). For that various
algorithms of analysis were developed, resulting from dif-
ferentassumptions or requiring different experimental data
(e.g., (11-14)). Another possibility to describe desorption
from an energetically heterogeneous surface is to introduce
a distribution function f(E) of the desorption energy (e.g.,
(15-17)). Considering a desorption of first order with a des-
orption energy E as the local desorption model the overall
desorption rate rq(T) can be expressed by

Emax
rd<T>=A/ oo (E. T) exp(—E/RT) f(E)dE,  [3]
E

min

where 6o is the local coverage on sites characterized by
a desorption energy E; Enin and Enax are the limits of the
range of desorption energy. The estimation of the distribu-
tion function can be carried out by several methods. Beside
the curve fitting of model distributions (15), and model cal-
culations by means of the Monte-Carlo method (18, 19), a
direct numerical determination based on the regularization
method is applicable (20, 21). This method does not require
any limiting assumptions about the distribution function. In
a recent paper (22), it was shown that, if the preexponen-
tial factor A (assumed to be constant) is known, this nu-
merical technique allows the calculation of the distribution
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function of the desorption energy resulting in an adequate
description of the experimentally observed course of des-
orption. However, in most cases the preexponential factor
is unknown. Therefore, it is the aim of this contribution to
suggest a new method for the estimation of the desorption
energy distribution function f(E) which does not require
the determination of the preexponential factor A by means
of other methods or model calculations.

THEORY

The desorption integral equation [3] can be written in the
form

Emax

rd(T):/ K(E, T)f(E)dE. [4]
Emin

From the mathematical point of view this is a linear

Fredholm integral equation of the first kind with a general

expression like (23)

b
mw=/menmm. [5]

The function K(x, y) is called the kernel function of the
integral equation. In our case this is the local desorption
model, g(y) is the experimentally determined overall des-
orption rate rq(T), and f(x) is the desorption energy dis-
tribution function f(E) which is the interesting quantity to
characterize the catalyst surface.

Numerical solution of Eq. [5] requires its discretization
by an appropriate quadrature method (24). This provides
the system of linear equations

b n
g(yi)i=1...m=/ K(X,yi)f(X)dX’:ijKij fi,  [6]

j=1

where g(Vi)i—1..m is the vector of experimental data, m is
the number of points, n is the number of quadrature inter-
vals, X = (Xj)1..n is the vector of interpolation nodes of the
integration range [a, bJand w = (w;)1._n are the quadrature
weights. Kjj = K(xj, yi) and f; = f(x;) are the discretized
kernel and distribution function, respectively. Introducing
w = diag(w), K = (Kij), B = Kw, [7]

one obtains the matrix formulation of the linear system
g = Bf. [8]

Usually such problems are solved by the Gaussian algo-
rithm by means of minimization of the least squares,

//Bf —g//?

where //---// denotes the Euclidian vector norm. Within
this approach one obtains the well-known solution

f =(B'B)"!BTg.

minimize with respect to f, [9]

[10]
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Unfortunately, this simple principle is, in general, not ap-
propriate for the solution of Fredholm integral equations,
because we are concerned with a so-called “ill-posed” prob-
lem (21). This means that errors in the measured values g(y)
and numerical uncertainties in the calculation lead to dis-
turbances of the solution function f(x) in such a way that it
is impossible to extract any useful information.

One possibility to overcome this problem is to utilize
the regularization method (21, 25). Within this method the
minimizing condition is extendend as

J/Bf —g//>+ y//Cf//> minimize with respect to f.

[11]

l.e., in addition to the minimum of the least squares there
is another restriction for the solution. In the simplest case
C is the unit matrix. Then the sum of the square of the
target function is minimized, leading to a suppression of
the disturbances. Another type of matrices used for C is the
discretized differential matrix of second order. This leads
to a minimization of the curvature of the function f and
thus to a smooth solution. The regularization parameter y
adjusts the weight of the smoothing and has to be chosen
carefully with respect to the experimental data (21, 26). The
derivation of the solution equation results in

f =B'B+yC'C)"'BTg. [12]
This equation can be solved usefully by means of the sin-
gular value decomposition (27).

The estimation of the desorption energy distribution
function from experimental TPD data, i.e., solution of
Eqg. [3], requires the calculation of the integral kernel
K(E,T) defined in Eq. [4]. For that the preexponential fac-
tor A must be known (20-22). In this paper we propose a
new method which allows the calculation of the distribution
function without any a priori knowledge about A. Our new
method is based on the following consideration: Accepting
that the residual r = //Bf —g//? characterizes the deviation
of the calculated overall desorption rate, represented by Bf,
from the measured desorption rate (g), r should be a mini-
mum for an “optimal” preexponential factor. By varying A
over a certain range and calculating the desorption energy
distribution function and the residual r, the minimum of r
should occur at the optimum of A.

The smoothing of the data by regularization which is nec-
essary because of the ill-posedness of the problem leads to
difficulties in finding the minimum of r. These problems
can be solved by an improved method for the solution of
the desorption integral equation which is based on an ex-
tended data basis analogous to the determination of adsorp-
tion energy distributions using adsorption measurements at
different temperatures (28). By using simultaneously sev-
eral desorption curves with k different heating rates Q, (lin-
ear temperature program: T=To+ Qit; 1 =1,2,...,Kk) itis
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possible to use the integral equation which is a direct ex-
tension of Eq. [3],

Emax
ra(Mo, = A/ Oioc(E, T)a, eXp(—E/RT) f(E)dE.
Emin
[13]

In this equation an array of k desorption curves is used
for rg(T). The kernel function K(E,T) has to be calculated
for the appropriate values of Q. For the calculation of the
energy distribution function the following system of linear
equations has to be solved:

ra(Ma B(E1q, B(E2q, B(En)q,

ra(Mq B(Evg, B(Exq, B(En)o; |

fa(Ma B(Evo, B(Exq, B(En),
[14]

The resulting desorption energy distribution function f(E)
has to describe all k-measured desorption curves.

RESULTS AND DISCUSSION

At first we have tested the above proposed approach
using simulated data. For that a constant preexponential
factor of A=1 x 10° min~! and a desorption energy distri-
bution consisting of two Gaussian peaks (E; =55 kJ mol ™,
standard deviation =5 kJ mol~, relative frequency = 80%,
E,=70 kJ mol~?, standard deviation=5 kJ mol~%, rela-
tive frequency = 20%) were used. Considering a desorption
of first-order, desorption curves for different heating rates
(1---20 K min~1) were calculated by use of Eq. [3]. To the
theoretically calculated desorption curves random errors of
about 1% were added. For all calculations the regulariza-
tion parameter y was taken to 5 x 1072,

6x10°| o
o Ax10°F e,
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2x10° Tteee.
............
0 ! \ M 1 I 1 aal
10t 10° 10° 100 10° 100 10"
A/min"
FIG.1. Dependenceofthe residual //Bf —g//? onthe preexponential

factor A using a single desorption curve (2 K min~1).
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FIG. 2. Calculated desorption curves in dependence on the preexpo-
nential factor (2 K min~: @, simulated data; , calculated data).
1LA=1x10*min"} 2. A=1x10*min~%; 3. A=1 x 10 min~%.

Using only a single desorption curve the calculation of
f(E) was carried out for the range of A from 1 x 10* to
1 x 10 min~%. Figure 1 shows that for a heating rate of
2 K min~! an increase of A results in a decreasing resid-
ual, but there is no minimum. From these results it may be
concluded that the complex form of the energy distribution
allows a fairly accurate description of the measured data
with increasing A (Fig. 2), but no additional information
can be obtained regarding the preexponential factor from
a single desorption curve.

However, if desorption curves with different heating rate
are analyzed simultaneously with the model of the desorp-
tion energy distribution functions (Eg. [13]), the result is
different. As can be seen from Fig. 3, the dependence of
the residual on the value of the preexponential factor A
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tion profiles the minimum becomes deeper. The location 0.00 . . . . ;
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value for the simulated data, remains unchanged. Only with T/K

this A and the calculated desorption energy distribution
(see Fig. 4), which is in quantitative agreement with the
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FIG. 4. Calculated desorption energy distribution for
108 min—2.

FIG.5. Calculated desorption curves in dependence on the preex-
ponential factor (@, simulated data; , calculated data). 1. A=1x
10*min"5 2. A=1x10°min"} 3. A=1x 10 min"} a. 2 Kmin~%; b. 4 K
min~t c.6 Kmin~!; d. 8 K min~! e. 10 K min~%.

initially assumed distribution function, it was possible to
reproduce optimally the course of desorption for all used
heating rates, as can be seen from Fig. 5.

Further, the proposed analysis was tested for TPD of dif-
ferent molecules on zeolites: H,O/NaX(Si/Al = 1.18), NH3/
HZSM-5(Si/Al =28) and N-methyl-pyrrolidine/HNaY (Si/
Al =2.6, exchange degree =88%). The experiments were
performed in a flow device with helium as carrier gas
(3 liters h™1). For evolved gas detection a thermal conduc-
tivity detector (H,O, N-methyl-pyrrolidine) and a flame
ionization detector (NH3) were used. The zeolites were
loaded at different temperatures (H,O: 300 K, N-methyI-
pyrrolidine: 323 K, NHj: 523 K) and flushed with he-
lium until no further desorption could be observed at this
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FIG.6. Dependence of the residual //Bf —g//? on the preexponential
factor using different desorption curves for water desorption on NaX.
1.15Kmin7%2.15,3,7.8,13.2, 19.8 K min~%.

temperature. TPD was carried out with a linear tempera-
ture program and different heating rates (1-20 K min™b).
Further details are given in (19, 29).

Beside the residual curve obtained by using a sin-
gle TPD profile of water on NaX (desorbed amount:
104+1 mmol g7Y) in Fig. 6 an example with five differ-
ent heating rates is shown. As for the simulated data,
only in case of an analysis including curves with sev-
eral heating rates a minimum of the residual appears at
A =2.5x10" min~!. The relatively flat shape of this min-
imum is probably caused by the limited accuracy of the
experimentally determined desorption profiles. Figure 7
shows the calculated desorption curves in comparison with
the experimental data for three selected values of the
preexponential factors. It can be seen clearly that only
for an A value corresponding to the residual minimum
an optimal representation of all desorption curves with
the calculated desorption energy distribution function of
Fig. 8 is possible. For other A values larger deviations
from the experimental curves appear, especially at lower
heating rates. Taking into account the error of these in-
vestigations, the obtained value of A (2.5 x 10" min™%)
corresponds to the range of A (7 x 10°-2 x 10’ min—) which
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was approximately estimated by means of the dependence
of the peak temperature (main peak) on the heating rate
(29). The energy range of about 45 kJ mol~! to 90 kJ mol !
of the calculated desorption energy distribution in Fig. 8
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FIG. 7. Calculated desorption curves of water desorption on NaX in
dependence on the preexponential factor (@, experimental data;
calculated data). 1. A=1x10* min~%, 2. A=25x10" min7%; 3. A=
1x10"min~% a. 1.5 Kmin~%; b. 3K min~%; ¢. 7.8 K min~%;d. 13.2 K min%;
e. 19.8 Kmin~t.
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FIG. 8. Calculated desorption energy distribution of water desorption
on NaX (A=2.5 x 10" min™Y).

is in good agreement with heats of adsorption determined
with microcalorimetry (e.g., (30)), and it shows clearly the
energetic heterogeneity of interaction of water with this
zeolite.

The new method was tested with two further examples.
Figures 9-11 show the results for TPD of ammonia on a
HZSM-5 zeolite (desorbed amount: 0.28 mmol g*) and
Fig. 12 presents the calculated desorption energy distribu-
tion for TPD of N-methyl-pyrrolidine on a HNaY zeolite
(desorbed amount: 1.2 mmol g~1) by use of three heating
rates (2, 4, and 10 K min~1). For both examples (see Figs. 9
and 12), the dependence of the residual on the value of the
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FIG.9. Dependence of the residual //Bf — g//? on the preexponen-

tial factor using different desorption curves for ammonia desorption on
HZSM-5 (2, 4, and 10 K min™1).

FIG. 10. Calculated desorption curves of ammonia desorption on
HZSM-5 (A=3x 10° min~!: @, experimental data; , calculated
data); a. 2 K min~% b. 4 Kmin~% ¢. 10 K min~™.

preexponential factor shows a minimum. This result indi-
cates that in each case the course of desorption of all used
heating rates can be described optimally with a constant
value of A.

The estimated preexponential factor (A =3 x 10° min™?)
and the shape and the position of the desorption energy
distribution of ammonia desorption on HZSM-5, which can
be attributed to the interaction of ammonia with the bridg-
ing SIOHAI groups of the zeolite, are in good agreement
with our previous results (A=4.9 x 10°-2 x 10'° min~1)
(19, 22). The energy range of the distribution function
(120-160 kJ mol~Y) is in accordance with results of calori-
metric studies at comparable loadings (e.g., (31, 32)).
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=
=
g 2
= 2x10
)
=
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100 120 140 160 180
E/kImol™
FIG. 11. Calculated desorption energy distribution of ammonia des-

orption on HZSM-5 (A =3 x 10° min™Y).
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FIG.12. Calculated desorption energy distribution of N-methyl-

pyrrolidine desorption on HNaY.

In case of TPD of N-methyl-pyrrolidine on HNaY
the obtained value of the preexponential factor (A=
1 x 10 min~1) corresponds to the results of our previous
studies (A =1 x 10'® min~1) (33). The deviations are in the
range of the errors. It follows that the position of the max-
imum of the distribution function shifts about 10 kJ mol 2.
However, up to now, no adsorption heats are for compari-
son of these results available.

The proposed method should be a useful tool to ob-
tain information about the interaction strength of adsor-
bate molecules from TPD experiments, easily and quickly,
and without further assumptions. Using about 3-5 different
heating rates, the accuracy of the experiments allows the es-
timation of the preexponential factor in the range of about
one order of magnitude. An improvement of this analy-
sis could consist in considering a distribution or coverage
dependence, respectively, of the preexponential factor A,
because an assumption of a constant value should not be ad-
equate in many cases (e.g., (10)). Using the relationship be-
tween the preexponential factor and the desorption energy
according to the compensation effect (InA(9) =bE(9) + c,
where b and c are constants) (9, 34), we have carried out
some test calculations. These investigations have shown that
the resulting A is an effective value located in the assumed
range of the preexponential factor. However, an estimation
of the dependence of the preexponential factor on the cov-
erage or on the desorption energy, respectively, needs fur-
ther experimental information about the desorption pro-
cess, e.g., experiments using different initial coverages for
each set of heating rates. In this context further investiga-
tions are necessary.
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