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This paper deals with the analysis of the desorption curves for heterogeneous surfaces, where the activation

energy of desorption, E4, linearly depends on surface coverage, 0, i.e., Eq=E}+«(1—0).

Computer simulation

resulted in a characteristic change of curve shapes corresponding to the variation of desorption rate parameters, EJ,

A, and a.

By means of empirical parameters characterizing the peak shapes such as peak temperature, half

width and symmetry factor, we were able to obtain a set convenient and valid equations for estimating the rate

parameters.

The curve fitting method was also investigated and found to be more precise, the equations

obtained being very useful for giving an initial set of values for this method. The two methods were applied to
the thermal desorption curves of CO, on TiO,, and found to be useful and reliable.

The thermal desorption technique, employing a con-
tinuous rise of temperature, has been widely used for
studies of chemisorbed states on metal surfaces. Ther-
mal desorption curves have been discussed in terms of
the reaction order and the activation energy of desorp-
tion from the different surface sites or crystal planes.

The technique has been getting familiar in the field
of catalysis on oxides and others. The variations of
temperature, area and number of the thermal desorp-
tion peaks before and after certain treatments and/or
chemical reactions were studied, and discussed quali-
tatively in relation to the nature of reaction sites and the
reaction mechanism. Halpern and Germain!) have
reported interesting results in which the values of
activation energy obtained from the thermal desorp-
tion curves of oxygen on transition metal oxides are
correlated to the catalytic activities for oxidation on
the oxides. Although their method for analysis is
not so reliable, this kind of application is of interest
from the viewpoint of characterization of catalysts.

The thermal desorption curves usually show some
multiple peaks and complicated shapes, which is
supposed to be due to surface heterogeneity, induced
or intrinsic. The surface heterogeneity is expected to
play an important role in catalysis. It is desirable to
express the desorption energy as a function of surface
coverage by quantitative analysis of the thermal desorp-
tion curves.

The analyses for homogeneous surface have been re-
ported by Redhead,? Cvetanovi¢, and Amenomiya3
and Lord and Kittelberger.¥ An accurate method,
discussed in detail by Cvetanovié, is to compare the
shifts of the peak maximum temperatures, 7T, of the
thermal desorption curves with widely differing heating
rates, f, where the slope of In(T.:/8) against T gives
the activation energy of desorption E, for the first order
desorption.

There are a few reports on the analysis of thermal
desorption curves for heterogeneous surface. Hobert
and Knappe® simulated the desorption curves in the
case where E; changes linearly with coverage. Dawson
and Peng® assumed the same kind of heterogeneity
for the 1 state nitrogen on tungsten surface, and deter-
mined the rate parameters by the curve fitting method,
but there remains a problem about the uniqueness of
their solution.

We have investigated how the shapes of the desorp-

tion curves change by varying the rate parameters
widely and systematically in the heterogeneous case
where E, decreases linearly with coverage. The varia-
tion of rate parameters leads to the characteristic change
of the curve shapes. In turn, the empirical curve
parameters can be correlated well with the rate param-
eters. The relation gives convenient equations to
estimate the rate parameters from experimental desorp-
tion curves. The curve fitting method was also exam-
ined to determine the rate parameters on the hetero-
geneous surface with the linear variation of the activa-
tion energy of desorption. The analyses were verified
to be useful and reliable by applying them to the thermal
desorption curves of carbon dioxide on titanium di-
oxide.

Calculations

In the case where a single adsorbed state exists and
no readsorption occurs, the desorption rate is expressed
by

—d6/dT = (A(0)/B)-6-exp (—E4(0)/RT), (1)

where f is the heating rate (7= T,+ft), 0 the surface
coverage, i.c., the fraction of the adsorbed species re-
maining on the surface, n the order of desorption,
A(0) the frequency factor and E,(f) the activation
energy of desorption. In a flow system for thermal
desorption, the left side term of Eq. | is equivalent to
the partial pressure or concentration of desorbed mol-
ecules normalized by the experimental constants such
as the saturated amount of adsorption, the catalyst
volume and the carrier gas flow rate.?

In the present paper, we deal with the simple case in
which desorption follows the first order kinetics and
surface heterogeneity is reflected only in the activation
energy of desorption, i.., A(f) is independent of 0,
and E,(0) changes with 6 as follows:

Eq = ES + a(1-0). o)

This indicates that the activation energy of desorption
has a value of E§ at saturation coverage and increases
with desorption in proportion to (1—§). Equation 1,
in which E4(0) is given by Eq. 2, is an ordinary differ-
ential equation, which can be solved numerically for
different sets of values of 4/8, Ei and «. Though B
is an experimental parameter independent of A4, the
reciprocal of § makes an essentially equivalent contribu-
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tion in Eq. 1. Thus 4/f is treated as an independent -
parameter. Calculations were carried out to simulate S 4t a
the thermal desorption curve with 4/8 from 108 to 1018 é-—l- 3l
K-1 at 102 K-! intervals, Eq from 10 to 45 kcal*/mol oM ol
in increments of 5 kcal/mol and « from 0 to 20 kcal/mol 3
in increments of 5 kcal/mol. The starting values of 7 roor A /\
and 6 in the calculation were usually 100 K and 1.0, re- o
spectively. The value of 4 is expected to be close to S 2 b
hlkT =101 s~ according to the simple rate theory, but [:( "|'
it was changed in the wide range above, the reported oMl
values of 4 for desorption being scattered in the range 3
10+—1015-13 Calculations were made on a HITAC ' /\
8700/8800 computer. The simulated curves, —df/dT o
vs. T, will be shown in the later section. = 7
&
Experimental SN T
b
The thermal desorption curves were obtained by lincar I ) ] . )

temperature increase of the sample using a thermal conduct- 273 373 473 573 673 773 873
ivity cell as a detector. The sample was titanium dioxide T, K
(Junsei Kagaku Co.), which had been calcined for 5 h at Fig. 1. Simulated thermal desorption curves with

500 °C in the air. The pre-adsorption was carried out by
letting low pressure carbon dioxide in He flow through the
sample bed at room temperature. The gases desorbed from
the sample into the carrier gas stream were confirmed to
consist of only carbon dioxide with a quadrupole mass spec-
trometer.

Results and Discussion

Estimation of Rate Parameters. Some simulated
curves with a wide range of values of 4/8, E{, and «
are shown in Fig. 1. The effect of 4/f on the curves
when E{ and o remain constant is given in Fig. 1(a);
as the value of 4/f decreases, peak temperature shifts
to a higher one, and peak width becomes broader. As
the value of E§ increases when 4/8 and « are constant,
the peak shifts to higher temperature, and its width
becomes slightly broader (Fig. 1(b)). The effect of
« on the curves when A4/ and E§ are kept constant
is given in Fig. 1(c). With increase in the value of «,
the peak temperature does not change so much but
its shape changes remarkably into a broad and flat
one. The behavior is in accord with the results of
Hobert and Knappe.®

The temperature and shape of the peak are charac-
teristic of a set of values of 4/, Ei and «. This, in
turn, affords the possibility that the rate parameters
A[B, Ei, and « can be determined from the experimental
desorption curves, if we choose adequate empirical
parameters which characterize their peak shapes.

The peak maximum temperature 7, the half width
D and the symmetry factor y were chosen as the
parameters. The parameter y is defined as the ratio
of the area after and before the peak maximum, and
is equivalent to 0,/(1—0,), where 8 is the surface
coverage at the peak maximum temperature.

Thermal desorption curves can take almost the same
value of T, with multiple sets of different values of
AlB, E§ and « as shown in Table 1. The rate param-
eters A/, Ei, and « can not be analytically deter-

* 1caly,=4.184].

various rate parameters. Desorption was treated with
the first order kinetics. Numbers in the figures corre-
spond to the rate parameters listed below.

Curve No. log (4/B)» E} D o)

1 16 30 0

a 42 12 30 0

3 8 30 0

b 4 12 30 0

5 12 45 0

6 12 30 0

¢ {7 12 30 10

a) A/f, K-1. b) kcal/mol. c) kcal/mol.

TaBLe 1. COMPARISON OF CALCULATED PEAK MAXIMUM

TEMPERATURES WITH DIFFERENT SETS OF RATE PARAMETERS

T® E}® «®) log (4/B)®
601 40.0 20.0 14.0
601 31.1 5.0 9.9
601 25.0 10.0 8.1
600 35.1 15.1 12.1

a) K. b) kcal/mol. c¢) kcal/mol. d) 4/, K-L

mined by only one empirical parameter, e.g. T,.
The effect of the rate parameters on the curves leads
to the following results.

T, changes approximately in proportion to the value
of Ei and in inverse proportion to that of log(4/8).
The plot, T, vs. Ed/log(A4/p) gives a roughly linear
relation. In the same way, D can be related propor-
tionally to «/log(4/8), and y to «log(A4/8)/E3.

These relations hold only roughly with a wide range
of values of the rate parameters, and should be refined
by introducing other rate parameters and constants.
For this, we take the following equations:

T = (a,Ei+ayx+ay)/log (4/B) + ay, 3
= (D|Tw)"* = (biEa+byx+by)[log (AB) + by, (4)
y = (aelog (4/B) +cxx+ ) [Eq + ¢4- ©®)
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Equation 3 and 4 have the same from, but the coeffi-
cients of £§ and « differ a great deal from each other.
D’ in Eq. 4 is used instead of D for correcting the regular
deviation from the linear relation in the range of higher
T,. The coefficients of these equations were deter-
mined by the least square method. Their values are
given in Table 2.

T,., D', and y are plotted in Figs. 2, 3, and 4, re-
spectively, against the right side terms of Egs. 3, 4,

TaBLE 2. CokerriciEnTs IN Egs. 3, 4, anD 5

Coeflicients a, a, ag a,
in Eq. 3 191.2 10.8 —811.9 92.2
Coeflicients by by by b,
in Eq. 4 2.2 308.5 —85.4 3.6
Coefficients ¢ o 3 Cy
in Eq. 5 0.2405 1.4666 —1.7301 0.6524
1200
1000f~
800
M
3]
600
&
400 &
200 1 1 1 !
200 400 600 800 1000 1200
(191.2E3410.8x¢—811.9)/log (4/)+92.2
Fig. 2. Correlation of T, with the right side terms of
Eq. 3.
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Fig. 3.
Eq. 4.
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(0.2405x log (A/B) +1.4666a—1.7301)/E3 +0.6524

Fig. 4. Correlation of y with the right side terms of
Eq. 5.

and 5 calculated by use of the coefficients in Table 2.
The figures show satisfactory straight lines in the range
of the given values of the rate parameters. This indi-
cates that the equations are a good approximation to
connect the rate parameters with the empirical ones
of the desorption curves.

The rate parameters should be explicilty expressed
by solving these equations. Equations 3, 4, and 5
lead to the relation

[log (4/B)]* + dylog (4/B) + dy = 0, (6)

where d, and d, are given by Eqgs. 7 and 8, respectively,
d; = (308.5y'T,,—10.8y’D""+3.2T,—280.4D"

—3502.8)/(0.522T"—45.98D"), @

d, = (2495007 —80640)/(0.522T";,—45.98D"). (8)

The terms y’, Tw, and D" are defined as y'=y—0.652,
T,=T,—92.2, and D"=D'—3.6. In the range of
values of the rate parameters used for the simulations,
the following relations hold. 300< T, <1100, 100<D’
<800, 1<y<6, d;>0, and 4,<0. Consequently, the
rate parameters can be estimated by Egs. 9—11 using
the empirical parameters T, D’, and y.

log (4/B) = (—dy+V di—4d;)[2 )

E? = (5.232X10-3T%+1.84 X 10-4D") log (4/p)
+3.97,  (10)

o« = (—3.68X10-°T%+3.243 X 10-3D") log (4/B)
+0.25. (1)

The values of the rate parameters thus estimated are
compared with the true ones used for the simulations.
Some examples are given in Table 3. The deviations
of the estimated values from the true ones are less than
10%. Thus, Egs. 9—11 afford a convenient and re-
liable method for the estimation of the rate parameters
from a single desorption curve.

Two restrictions should be pointed out concerning
the applicability of the equations. (1) The equations
were derived on the basis of first order desorption of a
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TABLE 3. COMPARISON OF THE TRUE VALUES OF
THE RATE PARAMETERS WITH THOSE ESTIMATED

BY Egs. 9—11

True values
E;» 15.0 20.0 25.0 30.0 35.0 40.0
o® 10.0 15.0 10.0 20.0 15.0 10.0
log (4/)® 10.0 12.0 16.0 14.0 8.0 12.0
Empirical parameters

Tn® 313 353 336 457 831 679
De) 207 259 141 302 280 196
y 3.12 3.88 2.77 3.78 1.59 1.69
Estimated values

) 16.5 21.1 25.4 30.4 37.1 42.1
o®) 10.2 15.0 9.9 19.5 15.1 10.1
log (4/8)® 10.4 11.9 16.4 13.3 8.3 12.2
Percentage error
ES, % +10.0 +5.5 +1.6 +1.3 +6.0 +5.3
o % +2.0 0.0 —-1.0 -2.5 +0.7 +1.0
Pe(UP): 140 —0.8 +2.5 -5.0 +3.8 +1.7

o

a) kcal/mol. b) kcal/mol. c) 4/8, K-1. d) K. e) K.

single adsorbed state from the heterogeneous surface
with the linear variation of the activation energy of
desorption. (2) The values of the rate parameters
were examined in such range as 10<E} <45 kcal/mol,
5<a<20 kcal/mol and 108<4/8<101¢ K1,

When the thermal desorption curve has multiple
peaks, high resolution between peaks is required for
the application of this analysis. It is possible to resolve
peaks to a certain extent by large increase of , although
some practical difficulties are encountered.

The desorption order can be determined by the sym-
metry of the peak in the case of a homogeneous surface,
but there are no such means in the case of a hetero-
geneous one. It is necessary to confirm the desorption
order by other measurements.

Curve Fitting Method. The curve fitting method
was also investigated for obtaining a more accurate
solution. We used the Powell method in order to solve
a number of simultaneous equations derived after in-
tegration of the differential Eq. 1, the convergence
being judged by the summation of squares of differences
between the observed and calculated curves.

Even if the summation reaches a minimum in such
a nonlinear least square method, it does not always
mean the global minimum. In order to get the real
solution, a global minimum should be found by widely
changing the initial values of the rate parameters.
This is the case for thermal desorption, since nearly
the same curve could be sometimes reproduced with
multiple sets of different values of the rate parameters.

The estimated values would be useful as the initial
input values for the application of the curve fitting
method, since they are very close to the true values.
The curve fitting method was applied to several sim-
ulated curves with the result that the values of the rate
parameters obtained agreed satisfactorily with the true
ones. When the estimated values were used as initial
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inputs, the calculated result converged more easily to
the global minimum. This demonstrates that Egs. 9—
11 are effective not only as a simple method for estima-
tion but also as a method giving good initial input
values for the curve fitting calculation.

Application to the Desorption of Carbon Dioxide on Titanium
Dioxide. The thermal desorption curve of carbon
dioxide from titanium dioxide is shown in Fig. 5. De-
sorption of carbon dioxide should follow first order
kinetics since its dissociative adsorption is very unlikely.
The first order thermal desorption from a homogeneous
surface is known to give an unsymmetrically shaped
curve, but the observed curve has a nearly symmetrical

shape. This indicates that the desorption should be
treated as one from the heterogeneous surface. The
above two methods were applied to this case. The

values of the rate parameters obtained by the analysis
are compared in Table 4. The two methods give
almost the same results, and the calculated curves using
the above values reproduce the observed one as shown
in Fig. 5.

As a result, the two methods were verified to be
effective for getting reliable values of the rate parameters
by analyzing a single desorption curve.

There are many complicated cases which can not be
treated as such simple heterogeneity. The methods
should be extended to analyze a more general hetero-
geneous surface.
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273 323 373 753 773
T, K

Fig. 5. Observed and calculated thermal desorption

curves of carbon dioxide on titanium dioxide: ( )

observed; (—-—) calculated using estimated values;
(-—-) calculated by curve fitting method.

TABLE 4. RATE PARAMETERS OBTAINED FROM THE
THERMAL DESORPTION CURVE OF CARBON DIOXIDE
ON TITANIUM DIOXIDE (f=0.3°C/s) By Egs.
9—11 AND THE CURVE FITTING METHOD

Estimated Curve fitting

values method
E{® 24.4 22 .4
ab 3.2 2.7
log 4® 12.4 11.1

The observed values of T,,, D, and y are 393K, 66 K,
and 1.128, respectively. a) kcal/mol. b) kcal/mol.
c) 4, 1s.
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