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Abstract

Recovery of the desorption activation energy distribution from the experimental temperature programmed desorption (TPD) spectra is
among the most difficult problems of adsorption science. Since the heterogeneity effects strongly influence on transport, diffusion, and
catalytic reaction time, the estimation of their magnitude is very important for practical purposes. Up to the present, several theories have
been used for the interpretation of the TPD results. Almost all advanced theoretical approaches take into account the effect of surface disord
(heterogeneity in desorption activation energy); however, they ignore the numerical difficulties coming from the “ill-posed” character of the
linear Fredholm integral equations appearing in the theoretical description of the TPD results. Thus, there is a growing interest in developinc
novel methods supported by powerful numerical algorithms taking this into account. In the current study we propose a new approach anc
consider the theoretical aspect as well as numerical problems appearing in the TPD analysis. Our modeling is based on the well-know
and generally accepted “absolute rate theory,” which has been used extensively for the interpretation of TPD results. We propose and verif
(applying computer simulations) the new advanced numerical hybrid type algorithms taking into account the heterogeneity effects. They
seem to be very promising in TPD spectra analysis. The stability of the proposed advanced numerical methods is confirmed by the compute
simulation experiments, and the results are compared with those obtained from the condensation approximation (CA) method.
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1. Introduction sample are measured, usually by gas chromatography or
mass spectrometry-{g. 1). This is a simple view of much

Temperature-programmed desorption (TPD) techniques more _complicated_real processes gssociated with the TPD
are important methods for the determination of the kinet- €XPeriment. Inreality the interpretation of the TPD spectrum
ics and thermodynamic parameters of desorption processeé"e" the desorption profile) is very difficult since diffusion
or decomposition reactiorid—4]. In a TPD experiment a and readsorption effects may influence the observed rate of
sample is heated with a linear temperature increase and théiesorptlor{S,G]. Moreover, most real systems are energeti-

partial pressures of desorbed molecules evolving from the cally heterogeneous and therefore they show a very complex
TPD spectrum characterized by multiple peaks and shoul-

ders[7]. These peaks are ascribed to various sites charac-
" Corresponding author. terized by differenF activation energies_ for desorption. Opvi-
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vation energy is obtained from the Tikhonov’s iterative reg-
ularization method (TIRM]J27-31]and from the weighted
successive substitution algorithm (WSHAY-22] The va-
lidity of the proposed theoretical approaches and numerical
algorithms is confirmed by the simulation experiments. The
proposed theoretical background, as well as the numerical

Fig. 1. Schematic presentation of the TPD experiments from the hybrid-type methods. seem to be very excellent in the analy—
heterogeneous surface. Open circles—preadsorbed molecules; dot- !

ted arrows—nearest-neighbor adsorbate—adsorbate interactions; solidSIS of real surface hetemgenelty by means of TPD experi-
line—desorption/readsorption from a homogeneous patch of the surface. ments.

application of adsorbents, catalysts, and other matgBals )
In other words, it is important to obtain information about 2 Problem formulation

the strength and the composition of adsorption sites distrib- )
uted on real solid surfacg8]. So far, almost all theoretical According to the absolute rate theory (ART), the change

studies of TPD have been based on the absolute rate theon?f the surface coverage with time can be described as follows
(ART); however, the ART formulation for real existing more 32,33}
or less heterogeneous surfaces leads to a very difficult prob-dé (¢)

lem known in the literature as the “ill-posed” ofte0—14] dr §2a — $24
Moreover, contrary to classical adsorption equilibrium the- = Aa(®) p(1—0)" exp—Ea/RT]
ory, the TPD theory is more complicated since we have no — Ag(0)0" expl—Eq/RT) 1)

explicit formula describing the rate of desorption from a ho-
mogeneous patch of a surface. Consequently, a theoreticaHere the first term describes the adsorption whereas the
development with advanced numerical algorithms should be second describes the desorption rates. Both the adsorption
proposed for the proper interpretation of the TPD results. and desorption preexponential factors (i.&4(0), Ad(9),
Recently, RudZiski and co-workerd15] concluded that respectively) should be surface-coverage-depen§itit

the so-called simplified condensation approximation (CA) However, such dependence is not known exactly and prob-
methods, usually used on the ground of adsorption equilib- ably its real formula is not simple. In Eq1) T is the

rium theory, are in practice the only approximation methods temperaturep is the bulk pressureR is the universal gas
leading to stable evaluation of the desorption activation en- constant, and: denotes the number of adsorption sites
ergy from the TPD spectrum. It will be shown below that in an elementary adsorption/desorption process. In other
the CA gives only a general view of the real desorption ac- words, n describes the order of Eql). As usual,n = 1
tivation energy and CA-type methods seem to be perfect (i.e., one molecule occupies one adsorption site), at equi-
as an initial approximation (i.e., trial function). It can be librium dé(¢)/dr = 0, and Eq(1) with the assumption that
mentioned here that the CA method is often applied as the Ay4(9) = Ag andAa(0) = A, leads to the classical Langmuir

starting one in some advanced numerical algoritfi6sl 7] isotherm[35]. Clearly, it is possible to introduce lateral in-
(for example in the HILDA algorithm) to evaluate the initial  teractions between adsorbed molecules by (for example) the
energy distribution function from the adsorption data. Bragg—Williams approximation; however, in practice it is

It was established that ART does not explicitly give rather difficult to estimate the nearest-neighbor interaction
the coverage and temperature dependence necessary to prenergy[36,37] For this reason Eq1) is usually assumed
dict TPD spectra in several systems. Thus an alternativepy the simplest Langmuir approximation.
model called statistical rate theory (SRT) was formuldied Let us next assume that readsorption can be neglected and
18-21] This theory was successfully developed mainly by as a result the first term in E(L) tends to zero:

Rudzihski and Paczyk[20,22]. Moreover the ART was crit-

icized by Rudziski and Paczyk[23], who showed, base on ~ Aa(®)p(1—6)" expl—Ea/RT1=0. )

data on kinetics of C®adsorption on scandia, that some of Moreover, as in the majority of papers dealing with the
the ART parameters always exhibit a nonphysical meaning. Tpp results, we assume that the preexponential desorption
On the other hand, different authors still prefer ART and this factor slightly depends on the surface coverage and can be
theory is still being developegf@4—-26] Thus, in the present  approximated by a constant valugy(6) = A [38]. Finally,
study we limit our considerations to the ART due to its Sim- e are introducing a linear increasing of desorption tempera-

plicity. _ ture, T = To + Bt, and we transform Eq1) to the following
Consequently, we propose a theoretical background andgjn form:

numerical algorithms for the proper estimation of desorp- & (T) A
tion activation energy from TPD experiments. By analogy, =——0"exp(—Eq4/RT). (3)

in the developed algorithms the desorption activation energy d7 B

obtained by means of the CA method is used as an initial The nonlinear first-order differential equation given by
approximation of the real one. Next, the real desorption acti- Eq.(3) is known as the Polanyi—Wigner expressjd@—41]
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