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TPD studies on the kinetics of deammoniation of an NH4NaY zeolite showed that the
use of a hyperbolic temperature programme led to kinetic parameters agreeing with those
resulting from a linear heating process. Because of the progressive increase of the heating
rate in the case of hyperbolic heating schedules, the parameters can be considered as inde-
pendent of the heating rate within certain timits. The better resolution of complex desorp-
tion spectra with hyperbolic programmes is an additional reason for their use.

The thermal activation of NH4NaY zeolites is connected with the desorption of
water and ammonia, the latter occurring in the temperature interval from 473 to
673 K and resulting in two overlapping peaks [1--3]:

NH4NaY —> HNaY + NH3 7

Desorption of the high-temperature form of the sorbed NH3 can be well described
over a relatively large range of coverage by a rate equation of first order without
readsorption [3]. The activation energies of the desorption process on zeolites with
different ammonium contents are very suitable for characterizing the acidity of the
appropriate H forms [3], provided, however, that the activation energies calculated
are widely independent of the experimental conditions and of the method of evalua-
tion.

On the other hand, besides other influences, the literature reports on the depen-
dence of the kinetic parameters on the heating rate in thermoanalytical studies on
other desorption processes by means of linear heating schedules [4—6].

The application of non-linear, especially hyperbolic, temperature programmes could
be very useful to obtain information about the influence of the heating rate:
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—E — . 1
T, Bt m
Furthermore, this kind of temperature guidance would permit a correction-free
integral evaluation [7, 8]. In comparison with linear heating schedules, the shape

index would advantageously be a function of reaction order only or of the mechanism
of the desorption process in the case of hyperbolic temperature programmes [9, 10],
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thereby offering an opportunity for the fast and exact determination of the concentra-
tion function of undisturbed desorption curves using the shape index.

The subject of these studies using a hyperbolic temperature programme therefore
was the checking of the kinetic parameters obtained for the deammoniation process
by means of a linear temperature programme.

Experimental

The apparatus ''sed was reported elsewhere [11, 12]. A thermal conductivity cell
(TCC), followed by a flame ionization detector (FID), were used as detectors, in this
was permitting the separate recording of concentration curves of water and ammonia
by forming the difference of the two detector signals.

The flow rate of dry helium used as carrier gas was 3 | per hour.

The hyperbolic temperature programme was realized by means of a special pro-
grammer and a thermocouple of extremely low inertia. The hyperbolic heating con-
stant was $=1-10-5 -3+ 10—5 K—Tmin—1. In each case 50 mg of 0.88 NH4NaY
zeolite (Si/Al ratio 2.6), pelleted to grains 0.2—0.4 mm in diameter, water-equilibrated
over a saturated Ca{NQO3)s solution and diluted with 1 g of quartz of equal pellet size,
was used.

In order to separate the peak of the high-temperature form of the desorbing am-
monia, the temperature programme was stopped at the peak maximum of the low-
temperature form and the ammonia desorption was continued until the zero-line of
the recorder was reached. The temperature programme was then started again.

Results and discussion

Figure 1 shows TPD curves of water and ammonia resulting from the use of dif-
ferent temperature programmes. The heating constant of the hyperbolic tempera-
ture programme was chosen so that the complex desorption curve developed in
about the same time as for a linear heating schedule of 10 deg/min. Application
of the hyperbolic programme led to a substantially better resolution, which was
obviously brought about by the progressive increase of the heating rate in the case;
it likewise led to a shift to other temperature ranges of the desorption of molecules
relating to different surface conditions (as compared with experiments at constant
heating rate). ‘

It is necessary to mention here that an improvement in the resolution of com-
plex desorption spectra is also possible to a certain degree when using a relatively
slow heating programme of linear type. However, in this case the amount of
gas desorbed per unit time is low and it may therefore be difficult to detect the
desorbed substances quantitatively (e.g. in curve 2 of Fig. 1 the two maxima are
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Fig. 1 TPD curves of water and ammonia for different temperature programmes. 1: T = To+ 10t;
2:T=Tqo+4;3:1/T = 1/Tg— 3+ 10— 5¢; solid line: water; dashed line: ammonia

nearly inperceptible). Furthermore, the duration of one experiment is substantially
longer.

Kinetic evaluation of the separated high-temperature peak of the deammoniation
process was carried out on the basis of a rate equation of first order without read-
sorption:

d
_,__G)‘_\J_HE:@NH *A -exp (- E/RT) {(2)
dt 3

9NH3 being the coverage degree, A the pre-exponential factor and £ the activation
energy.

In the case of the hyperbolic temperature programme the evaluation was performed
by various methods:

1. by means of the differential rate equation:

n[(~ quH3

dt

) —L—] =InA—E/RT (3)
ONH3,

J. Thermal Anal. 27, 1983
7*



356 HUNGER, HOFFMANN: TEMPERATURE-PROGRAMMED DESORPTION

2. by means of the integrated rate equation:

NH3 AR
In (|n~éNH) In g - E/RT (4)

3. by means of the method of Freeman and Carroll {13]:
1
) E A(?)

Aln (—-
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Aln @NH3 R AInGnn, t6)

dG‘)NH3

For the purpose of tomparison, experiments using linear temperature programmes

were also carried out. In these cases the activation energy of desorption was calculated

either on the basis of the differential rate equation (Eq. {3}) or by using the relation-

ship between the peak-maximum temperature and the heating rate « (Eq. (6)) [14]:

E E

21 ha=———=+In—-— 6

NTm—Ine=gr—+InaR (6)

Results of the evaluation are shown in Table 1. A statistical comparison of the

activation energies (¢ test with regression coefficients; significance level = 2 per cent)
showed the calculated values not to be significantly different.

Table 1 Results of kinetic evaluation

Temperature Method of Range of

3 £, kd/mol inA Corr. coeff.
programme evaluation coverage
T=Tg+ 10t equation (3) 0.45-0.36 88.4:1.7 15.44:0.24 0.9995
T=Tg+at equation {6) - 905+3.6 16.42+1.65 0.9984

a=1...20K/min

equation (4) 0.43-0.10 88.0:+1.0 15.40:0.17 0.9997
T=1/Tg— 1.88+10-5t equation {3) 0.85-0.35 80.7:1.8 14.06:0.26 0.9984
equation (5) 0.73-0.15 82.8+2.2 - 0.9980

With the exception of the use of the integrated rate equation, the optimum adap-
tion to the appropriate linear equation was possible in almost identical ranges of
coverage. A reason for deviation could be the somewhat different sensitivity of the
methaod.

As the entite desorption peak could not be described by means of a single rate
equation in any case, the use of the shape index to calculate the dependence of the
coverage degree involves relatively great difficulties. This method of evaluation was
therefore not used here.

Evaluation according to Freeman and Carroll resulted in a reaction order of
1.09£0.03, supporting the assumption of a rate equation of first order.

To summarize, it can be stated that the kinetic studies on the deammoniation of
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NH4NaY zeolites, usirig a hyperbolic temperature programme on the one hand and a
linear one on the other, led to identical findings. However, hyperbolic programmes
have the advantage of the relative non-dependence of the kinetic parameters on the
heating rate, resulting from the progressive increase of the latter.

The correction-free use of the integrated rate equation as an additional possibility
of evaluation of TPD results should permit more certain findings with respect to the
correct model. By reason of the better resolution of complex desorption spectra,
hyperbolic temperature guidance should also be of advantageous when used to study
complex desorption processes. In particular, the use of stronger non-linear heating
schedules gives reason to expect greater effects with respect to the resolution of
overlapping peaks. The advantages of hyperbolic programmes should in each case
justify the higher experimental expense.
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2usammenfassung — Bei TPD-Untersuchungen zur Kinetik der Deammonisierung eines NH4NaY-
Zeolithen konnte gezeigt werden, dass die Verwendung eines hyperbolischen Temperaturprogram-
mes zu mit der linearen Temperaturfiihrung (bereinstimmenden kinetischen Parametern fiihrt.
Wegen der progressiven Zunahme der Aufheizgeschwindigkeit bei diesem Temperaturprogramm
kénnen somit die Parameter als in gewissen Grenzen unabhangig davon betrachtet werden.

Und nicht zuletzt sollte die beobachtete bessere Auflésung komplexer Desorptionsspektren
Grund dafiir sein, diese nichtlineare Temperaturfiihrung bei TPD-Untersuchungen mit zu berlick-
sichtigen.

Peslome — B vCCNEAOBaHNAX METOAOM TepMoaecopbuunm KuHeTuku aecopbunn ammunaka ¢
NH4NaY-ueonura 6bI10 NOKa3aHO, 4TO NpUMeHeHne runep6onuvecKoit TemnepaTypHOn npor-
pamMbl RPUBOAUT K KUHETUYECKUM RNapameTpam, COOTBETCTBYHOWUM NUHENHON nporpamMmme.
W3-3a Nporpeccupyilouiero pocra CKOpoCcTW nporpesa npu TaKoit TemnepaTypHOW Nporpamme,
napameTpbl MOryT 6biTb PacCMOTPeHbl B ONpeaefieHHblX Npedenax HesaBucumbIMU OT 8uAa
nporpammet. Ha6nioaaemoe snyuvwee paspewieHne KOMNIEKCHbLIX AECOPOBUMOHHBIX CMEKTPOS,
He 8 NMOCNEAHIOID O4Yepeab, ABNAETCA NOBOAOM, HTOOLI 06PATUTL BHUMaHUE Ha TaKOW HEeNUHEeNHbIA
TemMnepaTypHbIf PEXMM NPU NCCNEA0BaHUAX METOA0M TepmoaecopGunu.
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