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Through simulation of TPD model curves for desorption from adsorption sites of dif- 
ferent strength could be shown that the use of non-linear temperature programmes in- 
fluences the complex desorption process in such a manner that the appearing desorption 
maxima are better visible. 

Because in case of using non-linear temperature programmes the overlapping of different 
desorption processes is smaller it is possible to evaluate approximately the activation param- 
eters for the single steps from the complex desorption curve. 

The temperature-programmed desorption of NH 3 and H20 from variously modified 
X and Y zeolites in most cases provides complex desorption spectra resulting from the 

presence of adsorption sites of different strengths [1, 2]. When a linear temperature 
schedule is used, single desorption maxima are often di f f icul t  to perceive. 

In the case of NH 3 and H20 desorption from HY zeolites, it could be shown that 
the use of a hyperbolic temperature programme led to a better distinction of different 

adsorption sites [3]. 
The aim of this work was therefore to test the suitabil ity of non-linear temperature 

programmes of the common form 

d T = Qn ~ Tn ( 1 ) 
d t  

(Qn = constant, n = 1, 2, 3 . . . .  ) for a simple model by simulation of the desorption 
curves with respect to the improvement of the resolution of variously occurring de- 

sorption processes from porous catalysts. 
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Kinetic modelling and simulation procedure 

According to CvetanoviE and Amenomiya [4], the amount of  gas desorbed per un i t  
t ime is proport ional to the decrease in the degree of coverage if all the adsorption sites 
are of equal strength: 

C =  vs " Vm d~ 

where vs = volume of catalyst, v m = volume of the adsorbed gas at a degree of coy- 
erage of  one, C = gas concentration, F = f l ow  rate of  the carrier gas, and O = degree 
of  coverage. 

I f  it is assumed that desorption from two sites of  d i f ferent  strengths occurs inde- 
pendently, it holds that: 

where ~ . i=p ropo r t i ona l i t y  factors. Furthermore, assuming a first-order process 
w i thou t  readsorption, i t  fo l lows that:  

dOi - e/A/exp (-- R - R - R ~ ) d t  (i= 1,2) (4) 

Simulation of the TPD model curves C(t) was carried out by means of a step procedure 
[5] with Eqs (3) and (4) for the following non-linear programmes: 

1 1 
n = 2, T 300 Q2t (5) 

1 1 
n = 4, - - -  3 0 4 t  (6) 

T 3 3003 

1 ,1 
n = 5, 4Q5t (7) 

T 4 3004 

the step w id th  being chosen very small (0.002 and 0.01 rain). 

Results and discussion 

Figure 1 shows desorption curves calculated for several temperature programmes 
according to Eqs (3) and (4) using 

E 1 = 80 k J/mole, A1 = 6 �9 10 6 rain - 1 ,  ;k 1 = 1, 

E 2 = 95 k J/mole,  A2 = 1.24 �9 107 min -1  , ),2 = 0.5. 

A l l  desorption processes based on the above data occur at dT/d t  value which are 
usual in the case of  real TPD experiments. I t  can be seen clearly that the desorption 
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|rain 

Time; min 

Fig. 1 Desorption curves for El=80kJ/mole , A t = 6 . 1 0 6 m i n  - ] ,  ~1=1, and E2= 
=95kJlmole, A2=1 .24 .107min  -1, ~.2=0.5. 1: T=300+4t ,  2: T=300+10t ,  
3: 1 / T = 1 1 3 0 0 - 3 .  10-~t, 4: 1 / T 3 = I / 3 0 0 3 - 2 . 6 . 1 0 - l O t ,  5:1/T4=11300 4 -  
- 7 . 7  �9 10-13t 

maximum at the higher temperature becomes better visible with increasing non- 
linearity of the temperature programme. However, even at low non-linearity (hyper- 
bolic programme), which allows an approximation-free integral kinetic evaluation 
[6, 7], this desorption maximum is also better perceptible than in the case of linear 
heating. 

When the same temperature function is used but at different heating rates, Qn, 
the shape of the desorption curve hardly changes, bringing about an equally percep- 

c 

2 1 

Time ~ rain 

Fig. 2 Desorption curves for E]=80kJ/mote, A l = 6 - 1 0 6 m i n  - ] ,  ~1=1, and E2= 
=95k J/mole, A2=1.24.  107rain-1 ~2 =0.5 with 1/T 3=1/3003-3Q4t  ' 1: Q4= 
=0.87 �9 10 -10 , 2:Q4 = 1.2 �9 10 -10, 3: Q4--- 1.53,10 -10 
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t ib i l i ty  in all cases. Figure 2 shows this fact for the case with 

E 1 = 80 k J/mole, A1 = 6 �9 10 6 min -1  , ;kl = 1, 

E2 = 95 k J/mole, A2 = 1.24 �9 107 m in -1 ,  ;k2 = 0.5, 

using a temperature programme 1/T3 = 1/300 3 - 3Q4t. 
For a hyperbolic temperature programme, Anderson, Witte and Haberland [8] 

showed that the shape index of the desorption curve should be independent not only 
of E and A,  but also of the parameter Qn. 

The maximum for the desorption at the higher temperature is relatively well 
perceptible even when the desorption at the higher temperature occurs wi th lower 
activation energy and there is therefore a stronger overlapping of the two processes, 
as shown in Fig. 3 for the example with 

E 1 = 80 k J/mole, A1 = 6 �9 10 6 rain - 1 ,  ;k 1 = 1, 

E 2 = 70 k J/mole, A2 = 1.134 �9 105 rain - 1 ,  ;k 2 = 1. 

C 

Time, mln 

Fig. 3 Desorption curves for El=8OkJ/mole , A t = 6 . t 0 6 m i n  - ] ,  ~.]=1, and E2= 
=70kJ/mole,A 2=1.134- 105min-],,~ 2=1 .  1: T = 3 0 0 +  10t, 2: 1/T 4 = 1 / 3 0 0 4 -  
- 7 . 7  �9 10-13t 

The reason for the different courses of desorption for the two examples of a 
complex desorption process using non-linear temperature programmes should be the 
change of the asymmetry of the desorption curves for the single steps of the process. 

Vdrhegyi [9] and Anderson, Witte and Haberland [8] demonstrated the desorption 
vs. time curve exhibits a different shape for a hyperbolic than for a linear temperature 
programme. Calculation of the shape index from modelling curves [8] resulted in 
lower values for the hyperbolic programme than for the linear one, which means that 
the falling side of the desorption curve is steeper in the non-linear case. 

A simple measure of the asymmetry of a desorption curve is the ratio of the widths 
of the decreasing and increasing sides at one-tenth of the maximum height of the 
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Table 1 Factor SO. 1 for the desorption with E 1 = 80 k J/mole 
and A 1 = 6 .  106 rain-1 for different temperature 
programmes 

Temperature programme SO. 1 

T = 300 + 4t 0.638 
T = 300 + 10t 0,602 
1 / T =  1/300 - 3 �9 10-5t  0.459 
1 /T  3 = 1/300 3 -- 2.6 �9 10-  J0t 0.374 
I / T  4 = 1/300 4 - 7 .7  �9 10-~3t 0.322 

desorption curve. In Table 1 these values are listed for the temperature programmes 
of Fig, 1, using E1 = 8 0  k J /mole and A 1 = 6 -  10 6 min - 1 .  The decrease in this 

ratio wi th  increasing non-l inearity of the temperature funct ion clearly shows the 

change in the asymmetry of the desorption curve: the increasing side becomes progres- 
sively less steep and the decreasing side more steep. This means the weaker overlapping 
of the two desorption processes, and therefore the better v is ibi l i ty of  the high-tem- 

perature maximum. 
The activation energy of the high-temperature process can be calculated relatively 

simply because of  the smaller overlapping of  the two desorption processes in the case 

of non-linear temperature schedules, by considering the posit ion of  the desorption 

maximum as a funct ion of the temperature programme and of  the heating rate at the 

maximum in the desorption curve. 
Similar ly as given by Cvetanovid and Amenomiya [4], for  the maximum tempera- 

ture we have 

m m R T m  

Figure 4 shows this linear relation for the desorption process w i th  E = 95 k J/mole.  

The maximum temperature has been calculated from the complex desorption curve. 

.~. io.5 

c I0.0 

9.5 

m 

L45 1.50 1.55 
l /T in  ; xiO 3 K -1 

Fig. 4 Linear relation according to Eq. (8) for E 2 = 95 kMmole and A 2 = 1.24 �9 107 min -1 
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The activation energy value calculated by linear regression, 89.6+-2.6 k J /mole (corr. 
coeff. =0 .9979) ,  can be considered relatively good. When a linear temperature 

programme is used, this possibil i ty of  calculation of  E does not exist because of the 
stronger overlapping of the two processes. 

To summarize, it can be stated that the use of  non-linear temperature programmes 
influences the complex desorption process: the desorption maxima which can be 

assigned to the desorption from di f ferent sites are better visible. 
Moreover, TPD studies should be carried out  by means of non-linear temperature 

programmes, because of the addit ional possibil i ty of the approximate evaluation of 
the activation energy. The experimental realization of  several non-linear programmes 

is easy by using a microprocessor and a suitable heating system. 
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Zu,=mmenfa=ung - Durch Simulationsrechnungen for ein einfaches Modell der Oesorption von 
Adsorptionspl~itzen verschiedener St~irke kann gezeigt warden, dal~ bei Verwendung nichtlinearer 
Temperaturprogramme auftretende Desorptionsmaxima der komplexen Desorptionskurve besser 
erkennbar sind. Da bei nichtlinearer TemperaturfiJhrung die 0berlagerung mehrerer Prozesse ge- 
ringer ist, k6nnen die Aktivierungsparameter der einzelnen Prozesse neherungsweise aus der kom- 
plexefl Desorptiorlskurve ermittelt warden. 

PesmMe --  FIocpe/~CTBOM MoAenHpOBeHHR Tn~ MoAenbHblX Kpl4BblX AeoDp~I, HH /]SIR aD, cop6- 
M=HOHHblX yqaCTKOB p~3nHqHO~ cHnl=l, 5blno noKaaaHo, qTO HcnOJlb3OBaHHe HeXlHHe~HblX TeMne- 
paTypHblX nporpaMM 3aTparHBaeT cnOX<HbI~ aAcopTu, HOHHbI#I npoLI, ecc "reKI4M o6pa3OM, qTO 
nORBRRIOLB,14ecR AecopSu, HOHHble MeKCI4MyMbl CTaHOBRTCR ~on~ BHAHMblMH. Hcrlonb30BaHHe 
Henl4HeFIHblX TeMnepaTypHblX nporpaMM npt4BOAHT K MeHbLUeMy nepeKpblBaHHIO pa3nHqHbtX 
,I~cOp()LliHOHHblX npou, eccoB, BcReACTBHI4 qero npeAcTaBnReTCR BO3MO)KHblM, HCXOAR H3 
KoMnneKCHO~ KpHBOI~ AeCOp6LLHH, flpH~nH~14TenbHO oU, eHHTb aKTI4Bau, HOHHble napaMeTpbl 
OTAWlbHblX CraAH~ p~KU,14H. 
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