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The temperature-programmed desorption (tpd) of the amount of ammonia which is 
preadsorbed at about 373 K at HZSM-5 zeolites yields a complex desorption curve consisting 
of two overlapped peaks (fl and ~,lPeak). Parts of the ammonia desorbed can be attributed to 
SiOHAI groups considering also H-MAS NMR measurements. 

The course of the desorption of both peaks is describable by a rate equation which con- 
siders a dependence of the desorption energy on the degree of coverage or an energy dis- 
tribution, as could be shown by various methods of evaluation. The calculated dependence of 
the desorption energy on the ammonia amount adsorbed well agrees with data of literature 
of adsorption heats determined miero-calorimetrieally. 

T e m p e r a t u r e - p r o g r a m m e d  desorp t ion  ( tpd)  of  bases [3, 4-7, 20-31] is, be- 
side of  IR spec t roscopy  [1-9], 1H-MAS-NMR spec t roscopy [10-16] and 
mic roca lo r ime t ry  [2, 8, 9, 17-20] a me thod  f requent ly  used for the charac- 
ter izat ion of acidic p roper t i es  of  HZSM-5  zeolites.  

T p d  of  ammonia  adso rbed  at low t empera tu re  provides 3 peaks more  or 
less strongly over lapped  (a, fl or LT, and 7 or H T  peak [7, 20]), which are 
ascr ibed  to acidic cent res  of different  strength. The  a peak  is ascr ibed in 
this case to the phys isorpt ion  of ammonia.  The  reason for the ~ peak is the 
NH3 deso rp t ion  f rom strongly acidic O H  groups,  which can be charac- 
t e r i zed  in the IR spec t rum by the vibrat ion band at about  3600 cm -1. The  fl 
peak  is explained in different  manner  by several authors: Tops0e [7] ascribes 
this peak  to desorp t ion  f rom weak acidic centres  according to a IR band  in 
the 3720...3740 cm -1 region or to the adsbrpt ion on Na + and Hidalgo [5] to 
a b r o a d  IR band  at 3350...3650 cm -1. Lok  [3] in te rpre tes  the peak by split- 
t ing of  phys isorbed  ammonia  and Schnabel  et al. [6] discuss a desorpt ion 
f rom ext ra- f ramework  aluminium. 
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About the kinetics of NH3 desorption with respect to the fl peak only a 
few data are available in literature [7, 20, 29]. The aim of this work therefore 
was a complex kinetic analysis of the fl and y peak using results of earlier 
work [30]. 

Experimental 

rpa 

All investigations were carried out using He as carrier gas (3 l/hour). A 
heat conductivity detector and a flame ionization detector serve as detec- 
tors. The NH3 amount desorbed additionally was analysed in some cases by 
absorption in 0.05 m H2SO4 and back titration by NaOH. Desorption of 
NH3 occurs by means of several heating schedules (T = To + at, a = 2...20 

K per rain and 1/7 -3 = 1/T3o--1.03xl0-1~ Two HZSM-5 zeolites of different 

Si/A1 ratio (see Table 1) were used in various amounts (125...500 rag), 
diluted by 1 g of quartz of the same grain size (0.2...0.4 ram). Pretreatment 
occurs in a helium stream of 3 l/hour using a heating rate of 10 K per min up 
to temperatures of 823...1123 K and then holding the system at the cor- 
responding temperature for 1...4 hours. For ammonia adsorption the 
samples were saturated by a pulse of ammonia at room temperature and 
then the excess of NH3 isothermally desorbed at various temperatures by 
flushing with helium. Moreover, a helium stream of 3 1/hour containing 5 Vol 
- % of ammonia was used for some experiments in order to preadsorb NH3 
at various temperatures. Both methods of preadsorption resulted in identi- 
cal tpd curves if considering the same amounts of ammonia. Repeated ad- 
sorption/tpd experiments using the same sample did not show any change in 
the desorption curve. 

1H-MAS NMR 

1H-MAS NMR measurements were carried out at room temperature on a 
Bruker MSL-300 spectrometer. Sealed samples were spun in a homemade 
MAS probe at 3 kHz. Using an external standard, the accuracy of concentra- 
tion is --- 10%. The samples were pretreated according to shallow-bed ac- 
tivation conditions in a glass tube of 5.5 mm inner diameter and with 10 mm 
bed-depth of zeolite. The temperature was increased at a rate of 10 K per 
hour. The samples were kept at the final activation temperature of 670 K 
under a pressure below lxl0 -2 Pa for 24 hours, and then cooled and sealed. 

J. Thermal Anal., 36, 1990 
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T a b l e  I Composition of the zeolites and desorbed amount of ammonia 

HZSM-51 HZSM-52 
Si/AI (27A1 MAS NMR) 28 15 

Si/A1 (ESCA) 13• 20• 

1H-MAS NMR: 

SiOHAI (4.2 ppm), mmol/g 0.55 • 0.81• 
SiOH (2.1 ppm), mmol/g 0.17 0.10 

Tpd: 
desorbed NH3 after adsorption at 423 K, mmol/g 0.61+0.06 0.89 • 

fl peak, mmol/g 0.54 0.45 
7 peak~ mmol/g 0.28 0.60 

Results and discussion 

Figure 1 shows tpd curves for the HZSM-51 zeolite after preadsorption 
of different amounts of ammonia. The fl peak raises and its maximum shifts 
to lower temperatures with increasing ammonia amount as can be seen from 
the figure. Curve 4 thereby represents the NH3 amount where the low- 
temperature flank shows no shoulder. Thus, this NH3 amount as well as that 
of curve 1 and 2 in Fig. 3 for the HZSM-52 zeolite can be attributed to the 
sum of the fl and 7 peak. The determination of the amounts of the individual 
peaks (see Table 1) was carried out by stepwise alteration of the pread- 
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Fig. 1 Tpd curves for different amounts of ammonia on the I-IZSM-51 (250 rag, 10 deg/min): 
1:0.28 retool/g, 2:0.42 retool/g, 3:0.61 retool/g, 4:0.82 mmol/g 
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Fig. 2 Tpd curves after different pretreatment temperatures of HZSM-51 (125 mg, 10 
deg/min): 1:2 h, 823 K, 2:2 h, 1073 K, 3:6 h, 1073 K 
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Fig. 3 Tpd curves of the HZSM-52 (200 rag): (pretreatment temperature, NH3 amount, 

temperature programme/heating rate) 1:2 h, 823 K, 1.05 mmol/g, l/T3 = 1 / ~ o - -  
1.03x10-1~ 2:2 h, 823 K, 1.05 mmol/g, 10 deg/min; 3:2 h, 823 K, 0.89 retool/g, 10 
deg/min; 4:1 h, 1073 K, 10 deg/min; 5:1 h, 1073 K and 1 h 1123 K, 10 deg/min 
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sorbed NH3 amount (about adequate to the }, peak) up to an amount at 
which at the low-temperature flank of the peak no more shoulder was 
visible, or, respectively, from the complex desorption curve using a non- 
linear heating programme (see, for example, curve 1 in Fig. 3). 

Figure 4 shows 1H-MAS NMR spectra for both zeolites. From the inten- 
sity (area) of the line at a chemical shift of 4.2 ppm the number of bridging 
OH groups (SiOHA1) and from that at 2.1 ppm the number of SiOH groups 
could be estimated [16] (see Table 1). 

A 

I I m- 
2.1 4.2 
5H, pprn 

I I m 
2.1 4.3 
5 H , ppm 

Fig. 4 1H-MAS NMR spectra of the zeolites: 1: HZSM-51; 2:HZSM52 

Desorpt ion of the ammonia amount corresponding about to the number 
of SiOHAI groups results for both zeolites in tpd curves which comprise the 
y peak and parts of the fl peak (Fig. 1, curve 3, and Fig. 3, curve 3), but the 
portions of both peaks being different (Table 1). Therefore, a part of the fl 
peak should also represent  desorption from acidic OH groups of the 
zeolites. This is in agreement with numerous tpd and microcalorimetric 
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studies [2, 4, 5, 9, 18, 19, 21, 23] even though the comparison is difficult in 
some cases. 

Moreover, this assumption is supported by the fact that after pretreat- 
ment at higher temperatures (dehydroxylation of the zeolite) the intensity of 
both peaks decreases as shown in Figs 2 and 3 but this effect is lower for 
both zeolites in case of the fl peak. The reason for the fact that in case of the 
HZSM-51 zeolite a greater portion of the acidic OH groups (SiOHA1) cor- 
responds to the ammonia desorption of the fl peak could be the more 
heterogeneous distribution of A1, shown by the large differences in Si/A1 
ratio when comparing the 27A1-MAS NMR and ESCA results. In order to 
answer the question why ammonia is bound at the bridging OH groups with 
different strength further studies are necessary, even though theoretical con- 
siderations show that possible different kinds of SiOHA1 groups at HZSM-5 
zeolites exist [32]. 

At first a kinetic analysis of the complex desorption curve (fl and y peak) 
for the HZSM-51 was made assuming a rate equation of 1 st order without 
readsorption by means of the equation of the variation of the peak-maximum 
temperature in dependence on the heating rate: 

2 in T2m - ln a = ln (Ed / A R  ) + Ed / RTm (1) 

Tm : temperature of the peak maximum, a: heating rate of the linear 
temperature programme, A : preexponential factor, Ed : energy of activa- 
tion. 

For all amounts of samples a relatively good linear plot is obtained (see 
Fig. 5), for the fl peak no dependence on the sample amount is perceptible. 
However, in the case of the 7 peak different straigth lines result in depend- 
ence on the sample amount, but the activation energy calculated from the 
slope doesn't change systematically in the limits of the experimental error 
(see Table 2). A reason for the change of the peak-maximum temperature of 
the y peak in dependence of the sample amount could be an influence of 
readsorption as discussed by Kapustin et al. [20]: 

2 In T2m - lnvs = In [(aAH (1 - Om )2Va ) / (RFAads)] + A H / R T m  (2) 

Vs : sample amount, F : flow rate of the carrier gas, Ora : degree of coverage 
at the peak-maximum, AH : heat of adsorption, Aads : preexponential factor, 
Va : adsorbed amount. 

.I. Thermal AnaL, 34 1990 
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An evaluation using Eq. (2) showed, however, no linear relation and, at 
low heating rate (2...3 deg/min) indeed a straigth line but with an unrealistic 
high slope. Moreover,  the desorption curve using the linearized rate equa- 
tion for i st order desorption with readsorption did not provide reasonable 
results. On the other hand Trouconi and Forzatti [34] could show by means 
of model  calculations that desorption from an energetic heterogeneous sur- 
face with readsorption and diffusional influence can be described nearly by 
a rate equation which was the base of Eq. (1). Ed should be an effective 
value in this case containing the heat of adsorption and the activation ener- 
gy of diffusion. Thus an influence of readsorption cannot be excluded even 
though Eq. (1) is valid. 
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Fig. 5 Plots of In (T2m/a) against 1~Tin for the ~ and y peak:A: 500 rag; o: 250 mg;, o: 125 mg 

In a previous work [30] we could show that the y peak of ammonia tpd 
from a HZSM-5 zeolite is describable with a rate equation of 1 st order if a 
dependence of the desorption energy on the degree of coverage is con- 
sidered: 

- dO/dt = 0.,4 exp [ - E ( O ) / R T ]  (3) 

In this case an evaluation according Eq. (1) provides the desorption 
energy at the coverage degree of the peak maximum (Era) if the dependence 
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of the coverage degree is not so great [30]. Therefore the determination of 
the dependence of the desorption energy on the degree of coverage is pos- 
sible either via approximate estimation of the preexponential factor [30] or 
from the relation of Forzatti et al. [35] for the normalized desorption curve: 

E ( O ) = R T [ E m / R T m + l n ( O / O m ) - l n ( - d O / d t ) + l n ( - d O / d t ) m ]  (4) 

"• 75 

d 
70 

6 

60 
0 02 0.4 0.6 0.8 0 1.0 

Fig. 6 Energy of desorption in dependence on the degree of coverage of the fl peak: o: 0o=1, 
o: Oo= 0.59, A: 0o=0.1, ~ :  calculated according E = 60000-4100 In 0 

In Figs 6 and 7 the calculated desorption energies are shown in depend- 
ence on the degree of coverage for the/5 peak separated by subtraction of 
curve 1 from curve 4 (Fig. 1) and for the y peak in case of different sample 
amounts, heating rates and initial coverage. For the fl peak this dependence 
can be described by (see Table 2): 

(o )  = E1 in o (5) 

El: Energy at 0 = 1 
The course of desorption calculated so (A was estimated from Era, Tm Om 

and (-dO/dt)m) agrees relatively well with the experimental curve (see Fig. 
8). As earlier shown [30] a description of the course of the desorption of the 
y peak with a linear dependence of the desorption energy in a range of 
coverage degree 1...0.2 is well possible: 

s Ttmrmat AnaL, 3~ 1990 
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Fig. 7 Energy of desorption in dependence on the degree of coverage of the 7 peak: : 500 m ~  
Oo= 1, 20 dcg/min; �9 : 500 rag, 8o-- 1, 2 dcg/min; &" 500 rag, 0o= 0.51, 1 deg/min; e: 
500 mg, (~o = 1, 4 deg/min; o: 500 rag, 8o = 1, 1, 10 deg/min; &: 2.50 rag, Oo = 1, 10 
deg/min 
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Fig. 8 Calculated fl peak in comparison with the experimental data (e): 

-dO / dt = 0 6.24 x 105 exp [ - (60000-4130  x In O ) / R T ]  

Thomal AnaL, 3(~ 1990 



1 3 8 8  HUNGER et al.: TEMPERATURE-PROGRAMMED DESORPTION 

r (o )  = y o (6) 

Eo:: energy at 0 = 0 

The  d i f fe rence  of E(O) for  250 and  500 mg samples  (see Fig. 7) cor-  

r e sponds  a lmost  only to the d i f fe rence  of the ca lcu la ted  E m  values (see 

Table 2), t he re fo re  the shape  of the peaks  doesn ' t  change  in d e p e n d e n c e  of  
the sample  amount .  

Table 2 Results of kinetic evaluation 

According to Eq. (1) 
Peak v.,, EdlEm, A, 

mg kJ/moi rain -1 
125 

/5 250 62.5_+8 1.46x106 

125 139.7--.9.8 2.25x10 l~ 
y 250 137.8+9.2 7.65x109 

500 145.5 - 15.1 2.04x10 l~ 

/5 peak: according to Eqs (4) and (5) 
El, fl A, 

k J/tool kJ/mol rain -1 
125,250 mg 
0o: 1, 0.59 60.0 4.1 6.24x105 

? peak: according to Eqs (4) and_(.6) 
v,, Oo a ,  Eo, 7, A, 
mg K/rain k J/tool k J/tool rain 
250 1 10 143.9 13.8 4.89x109 
500 1 2 151.1 13.0 1.07x101~ 
500 1 4 150.4 10.6 1.07x10 l~ 
500 1 10 153.6 15.7 1.07x101~ 
500 1 20 157.8 18.8 1.07x101~ 
500 0.51 10 154.5 14.7 1.07x10 i~ 

For  fur ther  in te rpre ta t ion  of the ca lcula ted  d e p e n d e n c e  of the deso rp t ion  

energy  on the degree  of coverage  in the sense of  deso rp t ion  f r o m  an ener-  
getic he t e rogeneous  surface  ( adso rp t ion  cen t res  of  d i f fe ren t  s t rength)  a 
Mon te -Ca r lo -S imu la t i on  of the deso rp t ion  curves was ca r r i ed  out  assuming 
var ious  energy  dis t r ibut ions for a square  lat t ice wi th  100xl00 sites and two 
kinds of  sites [36, 37]. The  p a r a m e t e r s  were  chosen  accord ing  to the  resul ts  
ob ta ined  by approx imate  evaluation.  I t  could be  shown that  the  course  of  

.1. Thermal AnaL, 36, 1990 



HUNGER et al.: TEMPERATURE-PROGRAMMED DESORPTION 1389 

7c.~: 0"06 1 

I I I , - - - ,  ~ 0 | 

400 500 600 700 800 
Temperature, K 

Fig. 9 Simulated tpd curve ( �9 ) in comparison with the experimental data ( - - ) :  fl peak: Ewn 
= 63.5 kJ/mol, cr = 0.08, A = 7x105 min ;1 ; 7 _~ak: E = 137.0 ld/mol, a = 8.2, A = 

8xlO rain- 

~ 15C " - - "  

_ 

100- 

50 I I I I 
0 I 2 3 4 

NH31u.c. 

Fig. 10 Calculated energy of desorption in dependence on the adsorbed amount of ammonia: 
e :  according equation (4), (5) and ( 6 ) ; - - :  Monte-Carlo-Simulation: - o - :  heats of 

adsorption according ref. [18] 

desorption of the fl peak is well describable assuming a logarithmic energy 
distribution: 

f ( E )  = l [ c rE(2a r )  1/2 ] exp [ -  ( In  E -  In  E g m ) 2 / o  21 (7)  

Egm: geometric mean, (r = standard deviation 
while in case ofthe y peak a normal distribution: 

f ( E )  = 1/[t7 (27r)Vz] e x p [ - ( E -  ~ ' ) 2 / 2 0 2 ]  (8) 

Z Thermal Anal, 36, 1990 
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/~ m e a n  va lue ,  cr : s t a n d a r d  d e v i a t i o n  

fu l f i l  t h e  d e s o r p t i o n  r e su l t s  bes t .  F i g u r e  9 shows  the  s i m u l a t e d  c u r v e  in c o m -  

p a r i s o n  wi th  the  e x p e r i m e n t a l  d a t a .  A n  a d v a n t a g e  o f  M o n t e - C a r l o - S i m u l a -  

t i on  c o n s i d e r i n g  a n  e n e r g y  d i s t r i b u t i o n  is t h e  p o s s i b i l i t y  to  c a l c u l a t e  t h e  

a v e r a g e  d e s o r p t i o n  e n e r g y  at  e a c h  d e g r e e  o f  c o v e r a g e  ve ry  s i m p l e .  In  F ig .  10 

t h e  c a l c u l a t e d  d e p e n d e n c e  t o g e t h e r  wi th  t he  d e p e n d e n c e  o f  d e s o r p t i o n  

e n e r g y  on  the  d e g r e e  o f  c o v e r a g e  a c c o r d i n g  E q s  (5)  a n d  (6)  is  p r e s e n t e d .  

T h e  c h a n g e  o f  t he  d e s o r p t i o n  e n e r g y  in  d e p e n d e n c e  on  t h e  a m m o n i a  a m o u n t  

a d s o r b e d  a g r e e s  r e l a t i v e l y  we l l  w i th  m i c r o - c a l o r i m e t r i c a l l y  m e a s u r e d  a d -  

s o r p t i o n  h e a t s  o f  a s im i l a r  H Z S M - 5  z e o l i t e  [18]. T h e r e f o r e  t h e  e v a l u a t i o n  

u s e d  h e r e  s e e m s  to  b e  r e a s o n a b l y .  T o g e t h e r  wi th  t h e  c o n s i d e r a t i o n  o f  a n o n -  

n e g l i g i b l e  i n f l u e n c e  o f  p h y s i s o r p t i o n  c a u s e d  b y  s u r f a c e  c u r v a t u r e  e f f ec t s  [38] 

i t  s e e m s  p o s s i b l e  b y  m e a n s  o f  t p d  to  y i e l d  i n f o r m a t i o n  a b o u t  t h e  s t r e n g t h  o f  

i n t e r a c t i o n  o f  a m m o n i a  wi th  t h e  a c i d i c  O H  g r o u p s .  

For ESCA measurement we have to thank Dr. IL Szargan. 
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Zusammenfassung  - -  Die temperatarprogrammierte  Desorption (TPD) einer Menge Am- 
moniak, die bei 373 K an einem HZSM-5 Zeoli then voradsorbiert wurde, ergibt eine aus zwei 
einander fiberlappenden Peaks (7 und 13 Peak) bestehende komplexe Desorptionskurve. Das 
desorbierte Ammoniak kann unter Berficksichtigung yon 1H-MAS NMR Messungen auf 
SiOHAI-Gruppen zurfickgeffihrt werden. 

Der  Verlauf  der Desorption kann ffir beide Peaks mittels einer Geschwindig- 
keitsgleiehung beschrieben werden, die eine Abh/ingigkeit der Desorptionsenergie vom 
Bedeekungsgrad oder eine Energieverteilung beriicksichtigt, wie dutch verschiedene 
Wertbest immungsmethoden gezeigt werden konnte. Die berechnete Abh/ingigkeit der 
Desorptionsenergie yon der adsorbierten Ammoniakmenge stimmt gut mit Literaturangaben 
fiber mikrokalorimetrisch bestimmte Adsorptionsw~irmen iiberein. 
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