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_ ABSTRACT 

By means of a kinetic evaluation using several methods it could be shown that the 
high-temperature peak of the temperature programmed desorption (TPD) of ammonia 

(y-peak) is well described by a rate equation of first order considering a linear dependence of 
the activation energy on the degree of coverage (Ed = Ed0 - ye). The activation energies 
obtained for different amounts of ammonia agree well with differential heats of adsorption of 
NH, given in the literature. 

INTRODUCTION 

TPD of ammonia is a useful method for characterizing the acidic proper- 
ties of HZSM-5 zeolites [l-8]. The kinetics of this desorption process have 
received little attention up to now [3,4]. For HNaY zeolites it has been 
shown that the activation energy for the desorption process of ammonia 
from the acidic OH groups located inside the supercage represented a 
suitable measure of acid strength of the latter [9]. The aim of the present 
work was, therefore, to obtain detailed information about the kinetics of 
ammonia desorption on HZSM-5 by means of more extensive TPD studies. 

EXPERIMENTAL 

The apparatus used was similar to that of Cvetanovic and Amenomiya 
[lo] and has been described earlier [l&12]. Heat conductivity and flame 
ionization detectors together served as detectors. Before adsorption of 
ammonia the HZSM-5 (H,,,,(A10,)3.84(Si02)92,16, water content 6%, amount 
of the sample 0.5 g), mixed with 1 g of quartz of equal grain size (0.2-0.4 
mm), was pretreated in He flow (3 1 h-‘) at 820 K for 2 h. The adsorption of 
NH, was carried out at different temperatures with 5 ~01% NH, in He flow 
(3 1 h-‘) for 30 min. Finally the zeolite was flushed with He for 1 h at the 
adsorption temperature. The desorption using He as carrier gas (3 1 h-‘) was 
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brought about by various temperature programmes (linear 2-20 K min-‘, 
hyperbolic l/T = l/T, - 3 x 10e5 t). In order to detect the total ammonia 
desorbed, the stream of helium was led through 0.2 M H,SO, in some 
experiments and the content of NH, determined by back titration. 

RESULTS AND DISCUSSION 

As Fig. 1 shows the HZSM-5 zeolite investigated adsorbs NH, up to 770 
K irreversibly under the conditions described. TPD yields differently struc- 
tured desorption curves depending upon the amount of NH, adsorbed (see 
Fig. 2), representing three typical ranges of desorption (a-, p- and y-peaks) 
in agreement with the literature [2,3,7&Q These three ranges also result in the 
case of non-linear heating (see Fig. 3), indicating a desorption from adsorp- 
tion centres of different strength. The position of the desorption maxima 
and the amount of NH, desorbed at the different ranges strongly depends 
on the amount preadsorbed. Both desorption maxima, resulting from that 
amount of ammonia (curve 4 in Fig. 2) which accords closest to the H+ 
content of the zeolite (0.66 mmol g-l), are ascribed to the desorption from 
different strength acid sites (Briinsted and Lewis acid sites) as supported by 
IR studies [1,3]. 

The catalytic properties of HZSM-5 zeolites are determined first by acid 
sites which correspond to the high-temperature bonded form of the NH, 
(y-peak) [2,4]. In th is case a non-structured TPD curve is also obtained 
when using several linear temperature programmes (Fig. 4). Kinetic evalua- 
tion was therefore carried out’only in the case of this peak. 

Assuming the validity of a first-order desorption process [4], calculation 
of the activation energy of desorption, 
A, is possible in the following ways: 

Ed, and of them-e-exponential factor, 

. .- 
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Fig. 1. Irreversibly adsorbed amount of ammonia in dependence on temperature. 
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Fig. 2. TPD curves (10 K min-‘) for different amounts of ammonia (mm01 g-l): (1) 1.70, (2) 

1.05, (3) 0.83, (4) 0.63, (5) 0.48, (6) 0.30, (7) 0.16. 

(1) Dependence of the peak-maximum temperature T, on the heating 
rate a [lo]: 
2 In T, - In (Y = ln(&/AR) + E,/RT, 0) 

323 373 513 613 773 

Fig. 3. TPD curves for different heating schedules (1.70 mmol g-’ NHs): (1) l/T= l/T, - 3 
x10-st; (2) T=T,+lo t. 

0 20 40 60 80 100 

Time [mm] 

Fig. 4. TPD curves of the y-peak for different linear heating rates: (1) 20 K mm’, (2) 10 K 

min-‘; (3) 4 K min-‘, (4) 2 K mint. 
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TABLE 1 

Results of kinetic evaluation using - dfl/dt = &4 exp( - E,/RT) 

Heating rate 
(K rnin-‘) 

2-20 
10 
10 
10 

2 
2 

Method of 
evaluation 

ew. (1) 

eqn. (2) 

ew (3) 

ew (4) 

ew (3) 

ew (4) 

A 
mol-‘) (min-‘) 

145.5 2.04 x 10” 
66.4 1.43 x lo4 
73.6 5.42~10” 
68.0 1.92~10” 
85.8 2.35 x 10’ 
77.7 5.00 x lo4 

(2) Linearizing the differential rate equation: 

ln[ -d8/dt(1/8)] = In A - E,/RT (4 
where 8 = degree of coverage of the y-peak, 8 = 1 corresponds to 0.30 + 0.04 
mmol g-’ NH,. 

(3) Width of the peak at half (AI%‘,,,) or, respectively, at three-quarters 
(AW,,,) of the maximum height [13]: 

(3) 

(4) 

The parameters calculated by these methods (Table 1) depend on the 
method used and show a systematic change in the case of Ed taken from 
eqns. (3) and (4). However,, in no case is the description of the whole 
desorption curve possible, as shown in Fig. 5 for the example (Y = 10 K 
mm-‘. A reason for this could be that the activation energy depends on the 
degree of coverage resulting from the desorption from centres of different 
strength, viz; 

- de/dt = &I exp[ - Ed( 8)/RT] (5) 
with: 

Ed(0)=E,O+f(B) (6) 
where Ed0 = activation energy at 8 = 0. 

For the dependence of the peak-maximum temperature on the heating 
rate one obtains, therefore: 

21n T,-lncr=ln 
+ EdO + f(e), 

RG 
(7) 

and for the slope: 

d[ln(T:/d] = E: + f(e), _ 
d(l/T’m) R 
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Fig. 5. Calculated TPD curves for the y-peak (10 K min -‘; B,=l): (1) -df?/dt=Bx2,04x 

10” exp( - 145 500/RT), (2) - d@/dt = 8 X 1.43 X lo4 exp( - 66400/RT), (0) digitized ex- 

perimental data. 

Assuming 0, to be independent of T, and the second term on the right-hand 
side of eqn. (8) to be relatively small [14], one may calculate Ed0 + f( 0), and 
A from the resulting linear relation (see Fig. 6). Using the transposed eqn. 

(5): 

-RT[ln(-:A)] =Ei+f(e) (9) 

the dependence of the activation energy of the degree of coverage can be 
determined. In Fig. 7 this relationship is shown for 10 K min-’ and the 
initial degree of coverage 0, = 1. A good linear relation in the range 
0 = 0.2-0.95, 

Ei+f(e)=Ei-ye (10) 

is obtained at other heating rates and, respectively, for lower initial degrees 
of coverage (see Table 2). An estimation of the second term on the 
right-hand side of eqn. (8) using the values obtained shows that this term 
represented only - 3% of the slope, and therefore ignoring it seems to be 

14 l&S 15 

l/T,,, lo3 [l/K] 

Fig. 6. 21n T, -In LY versus l/T, for the y-peak. 
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160 t. 

Fig. 7. - RT[ln( -de/dt(l/Ae))] versus 0 for the y-peak (10 K mm-‘). 

reasonable. The calculation of A from this dependence (T’,(a)) by this 
method is novel. 

The calculation of y is also possible from isothermal desorption experi- 
ments [15]. For an isothermal desorption one obtains from eqns. (5) and 
(10): 

By plotting ln[ - de/dt(l/O)] a g ainst 8 the value of y may be calculated 

from the slope. The calculation of A and Ed0 is then possible via TPD 
experiments, i.e: 

ln(-$f)-&O=lnA--g 

From Table 2 one can see that the results of both methods 
agree well. By means of these parameters the description 

(12) 

of evaluation 
of the whole 

desorption course is possible (Fig. 8). Therefore, the rate equation obtained 

TABLE 2 

Results of kinetic evaluation using - d0/dt = 8A exp( - (Ed0 - yB)/RT) 

Heating rate ell Ed0 
;kJ 

A 

(K min-‘) (kJ mol-‘) mol-‘) (mm’) 

Method I: A by eqn. (7) Ed0 and y by eqn. (9) 
2 1 154.9 13.7 2.04 x 10” 

10 1 157.8 16.5 2.04 x 10” 
10 0.51 158.8 15.9 2.04 x 10” 

Method 2: y by eqn. (11) (isothermal desorption at 670 K), Ed0 and A by eqn. (12) 
2 1 163.7 15.3 8.68 x 1o’O 

10 1 151.5 15.3 7.73 x 1o’O 
10 0.51 156.8 15.3 1.52 x 10” 
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Fig. 8. Calculated TPD curves for the 
10” exp[ - (154900 - 13 7008)/RT]; .^ 

y-peak: (1) 2 K mm-‘, 0, =l, -df3/dt = 8 ~2.04~ 
(2) 10 K min-‘, 0, = 1, -dB/dt = 0 x2.04x 

10’” exp[ - 157 800-16 5008)/RT]; (3) 10 K min-‘, e. = 0.51, -dB/dl = 8 X 2.04 x 
10” exp[ - (158 800-15 9OOB)/RT]; (0) digitized experimental data. 

by this method could represent a useful relation for the description of the 
kinetics of the desorption process. 

Assuming the activation energy of the adsorption to be very small the 
calculated activation energies of desorption should be comparable with 
adsorption energies determined experimentally. Differential heats of adsorp- 
tion of ammonia on similarly pretreated HZSM-5 zeolites with a Si/Al ratio 
close to the zeolite used in this work have been determined by Auroux et al. 
[16,17] by means of microcalorimetric measurements. These adsorption heats 
decrease nearly linearly in the range of coverage of O-6.5 ml g-’ from about 
154 to 138 kJ mol-‘, which is in good agreement with the linear decrease of 
the activation energies from 157.9 f 5.0 to 141.9 + 5.0 kJ mol-’ obtained in 
our work. From a coverage of 6.5 ml g-’ up to about 14 ml g-’ the 
adsorption heat decreases more strongly. This range of coverage, however, 
corresponds to the NH, amount desorbed in connection with the P-peak, 
thus it should be reasonable to assign this desorption to less acidic sites 
which obviously represent a broader spectrum of acid strengths than in the 
case of the y-peak. A kinetic analysis of the P-peak, however, involves 
serious difficulties because of a relatively strong overlapping with the a-peak 
and was not the object of this work. 
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