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An analysis of TPD data relating to the desorption of ammonia from two different samples of 
partially decationated Y-zeolite is reported, assuming various chemical or physical steps to be rate- 
determining. The process is shown to be controlled by intracrystalline surface diffusion, with 
values of the apparent activation energy E, = 30.8 and 27.1 kcalimol, respectively, for the two 
zeolite samples. These values include the retardation effect associated with the hindering interac- 
tion of the diffusing ammonia molecules with the acid sites of the zeolite. Values of the apparent 
effective diffusion coefficient ranging from ca. 3 lo-Ix to ca. 4 lo-l4 cm% have been calculated for 
the 423-573 K temperature range. o 19% Academic P~CSS, IX. 

INTRODUCTION 

Zeolites are among the most important 
solid acid catalysts. They are extensively 
employed in many large-scale industrial 
processes involving molecular transforma- 
tion of hydrocarbons, such as reforming, 
isomerization, alkylation and dispropor- 
tionation (Z-4). The activity of these cata- 
lysts is due to the presence of surface acid 
centers of Brgnsted and/or Lewis type and 
many methods have been proposed and 
commonly employed for determining their 
strength and concentration &II). 

In Part I (12) of the present work, the 
theory of the TPD technique and its appli- 
cation to the use of ammonia for the charac- 
terization of acid zeolites has been exten- 
sively discussed. The equations describing 
the TPD process have been derived for the 
most important cases, i.e., when desorp- 
tion of the base (with no readsorption or 
with free readsorption of the latter) or diffu- 
sion of the desorbed ammonia within the 

I To whom correspondence should be addressed. 

zeolite pores is the controlling step. In this 
paper (Part II) we report on the application 
of such equations to the study of ammonia 
TPD from two differently decationated Y- 
zeolites, previously employed as effective 
and selective catalysts for the alkylation of 
thiophene with methanol (13) and for the 
isomerization of 1 -methylnaphthalene to 2- 
methylnaphthalene (14), respectively. 

EXPERIMENTAL 

Materials. Ultrapure (299.9999 ~01%) 
He was used as carrier gas. It was further 
purified by passing through a glass trap, 
cooled in liquid N2, and filled with 13X zeo- 
lite particles (60-80 mesh), frequently re- 
generated by calcination overnight at 823 K 
in a slow flow of dry air (299.999 ~01% 
pure). Gaseous ammonia, ~99.9995 ~01% 
pure, was used as supplied. 

Zedite. The partially decationated zeo- 
lite was prepared from Union Carbide 
LZY-52 powder cake, by ion exchange with 
NHrCl solution, followed by drying and cal- 
cination at 823 K in slowly flowing dry air. 
Analysis by atomic absorption spectrome- 
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try showed that ca. 30 or ca. 55%, respec- 
tively, of the original Na+ content had been 
exchanged by H+, the following being the 
chemical composition (wt%) of the final 
solid: Na20 9.35, Al203 23.5, Si02 65.5, and 
6.10, 24.1, 67.1, respectively, for the two 
samples, denoted HNaY-30 and HNaY-55. 
XRD analysis (Debye method, CuKa radia- 
tion, Ni-filtered) of both samples, before 
and after the complete series of TPD exper- 
iments, showed a pattern identical with that 
of the original, unexchanged zeolite. The 
dimensions of the zeolitic microcrystals, 
measured on several micrographs obtained 
by SEM, were of the order of 1 pm. 

Apparatus and procedure. A conven- 
tional TPD apparatus was employed, 
equipped with a quartz microreactor (1 cm 
i.d.) and a Philips Thermocoax miniature 
thermocouple, inserted in a 0.25mm-o.d. 
Inconel sheath. A sketch is given in Fig. 1. 
Both the signals, that from the thermocou- 
ple embedded in the zeolite particles and 
that from the thermal conductivity (TC) de- 
tector, were sent to a multichannel AD 
converter and the data were collected, 
preliminarily processed, and stored on 
minicassette by a small Epson HX20 com- 
puter. Further processing was made after 
transferring the data to a Gould SEL 32/90 
computer. 

Before the experiment, the zeolite sam- 
ple (So-100 mg) was purged by heating 
overnight at 823 K in a slow flow (l-2 cm3/ 
min) of dry air and then kept at the same 
temperature for 24 h in a similar flow of He. 
To keep the zeolite clean between succes- 
sive TPD runs, it was continuously main- 
tained at 823 K in slowly flowing He. 

All the TPD runs were carried out with a 
He flow rate of 30 cm3/min and by increas- 
ing the temperature at a rate /I = 10 K/min. 
These conditions were chosen after a series 
of preliminary experiments as the best com- 
promise, allowing perfect reproducibility of 
the experimental data (15). Presaturation of 
the sample was made using the gas sam- 
pling valve by injecting a sufficient number 
of pulses of gaseous ammonia into the He 

NH3 

FIG. 1. Sketch of the TPD apparatus. V, shut-off 
valve; FC, flow controller; GP, gas purifier; TCD, 
thermal conductivity detector; FI, F2, hot filaments; 
GSV, gas sampling valve; R, reactor; FM, soap-bubble 
flow meter; TP, temperature programmer; REC, multi- 
pen strip-chart recorder: ADC, analog-to-digital con- 
verter; PC, computer. 

carrier (5 cm3/min) before the sample, kept 
at the chosen starting temperature To of the 
actual TPD run. The zeolite was then left at 
To under a He flow rate of 30 cm3/min until 
the physically adsorbed base was com- 
pletely removed. This isothermal desorp- 
tion time tid was determined for each value 
of To through a series of experiments by 
progressively increasing tid until the amount 
of NH3 desorbed during a subsequent TPD 
run did not change further. The signal of the 
TC detector was always corrected by sub- 
tracting point by point the signal collected 
by a corresponding blank run carried out 
under the same conditions, but in the ab- 
sence of zeolite. 

RESULTS 

In the present work, the lower tempera- 
ture limit of the TPD runs was set at 423 
and 448 K for HNaY-30 and HNaY-55, re- 
spectively. The upper limit was set at 823 K 
for both samples. This was done by consid- 
ering that under the usual working condi- 
tions of the zeolite as a catalyst, all the very 
weak sites remain free, while the strongest 
ones are permanently occupied. As a con- 
sequence, only the medium-strength sites 
are involved in the catalytic reaction. An- 
other reason for the upper temperature 
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FIG. 2. Experimental determination of the isother- 
mal desorption time, t,d, at varying temperatures. 
HNaY-30 zeolite. 

limit is that Y-zeolite tends to lose some 
water irreversibly at temperatures in excess 
of 843 K, with a progressive modification of 
the original framework structure (26). As a 
consequence, we define as 8 = 1 and 8 = 0 
the surface coverage at 423 (or 448) and 823 
K, respectively. Thus, 0 = 1 does not cor- 
respond to the overall number of acid sites 
present on our sample, but it refers to the 
sites permanently occupied by ammonia at 
423 (or 448) K, minus the sites permanently 
occupied at 823 K. Similarly, 13 = 0 refers to 
the fact that the sites remaining occupied at 
T > 823 K are not considered. Hence, 8(T) 
is the coverage at temperature T, referred 
to 8(423, or 448) = 1 and 13(823) = 0. 

Amount of undesorbed base at varying 
temperatures. The data for the determina- 
tion of the ammonia chemically held at dif- 
ferent temperatures, collected as men- 
tioned, are shown in Figs. 2 and 3, for the 
two zeolite samples, respectively. It can be 
seen immediately that the lower the tem- 
perature, the longer is the isothermal de- 
sorption time Iid. The latter may eZiSily 

reach many hours, up to almost 2 days for 
T = 423 K and more than 1 day for T = 
448 K. As a consequence, the amount N, of 
ammonia chemically adsorbed at different 
temperatures was determined by carrying 
out a series of TPD runs with different 
starting temperatures, 2.5 K apart, after the 
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FIG. 3. As Fig. 2, but for HNaY-55 zeolite. 

proper lid had passed. The results are col- 
lected in Table 1. 

Experimental TPD data. The experimen- 
tal TPD curves, collected for each zeolite, 
are shown in Figs. 4 and 5, respectively. In 
Figs. 6 and 7, the difference peaks are 
shown, these being obtained by subtracting 
point by point the values of the (Toi + AT) 
curve from those of the Toi curve of Figs. 4 
and 5, respectively. 

ANALYSIS OF DATA 

Evaluation of the N,(T) function. Five 
different simple interpolating functions 
were tried for the purpose of correlating the 
experimental data of Table 1 and searching 

TABLE 1 

Amount of Ammonia Chemically Held as a Function 
of Temperature (Experimental Data) 

T (K) 

423 

448 
473 
498 
523 
548 
573 

N, (mmol/g zeolite) 

HNaY-30 HNaY-55 

0.195 - 

0.106 0.145 
0.051 0.091 
0.034 0.055 
0.021 0.037 
0.013 0.026 
0.008 - 
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FIG. 4. Experimental TPD curves (1 K steps) for FIG. 6. Experimental difference peaks for HNaY-30 
HNaY-30. Linear temperature increase: 10 K/min, He zeohte. 
flow rate F = 30 cmYmin. Values corrected by sub- 
tracting the corresponding blank run data (see text). 

1 
for the form of the function N, = N,(T): (2) 

these were four polynomials of increasing 

A4 ln(Aq&o) d(Aq),dj- = eXp(EdlRT)z 

order (from the parabola up to the fifth-or- 
der equation) and the simple exponential 

z = i:, exp( -Ed/RT)dT (3) 

N, = exp(At + AZ/T). (1) 

The latter gave the best result and the val- 

1 4W 
A = -eXp(Ed/RT) - - 

hq dt ’ 
(4) 

ues of the parameters A, and AZ, deter- (ii) For the same situation, a much sim- 

mined by the least-squares procedure, are pler and safer approach (12) is based on the 

collected in Table 2. equation 

Equations employed. The equations de- 
rived in Part I (12) for the determination of 

-d(Aq)ldt = A Aq eXp(-Ed/RT). (5) 

kinetic or thermodynamic parameters are (iii) When readsorption of the base oc- 

the following. curs freely, 

(i) If desorption of ammonia is controlling Aqo ln(Aq’Aqo) + Aqo - Aq 
and readsorption of the desorbed base does = ((&a - AsYAs)(d(Aq)ldt) 
not occur significantly, X exp(htid/RT)Z’ (6) 

2w, ~__-~ ~-~~ ~~~~~~ 

400 ~- .I80 

FIG. 5. As Fig. 4, but for HNaY-55. 
FIG. 7. Experimental difference peaks for HNaY-55 

zeolite. 
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TABLE 2 

Parameters of the Function N, = exp(A, + A21T), as 
Determined by the Least-Squares Procedure 

Zeolite AI Carrel. 
coeff. 

HNaY-30 -13.6 r 0.2 5059. ? 107. 0.9989 
HNaY-55 -11.5 k 0.1 4273. f 73. 0.9996 

I’ = 
I 

z exp( - AHdlRT)dT. 

(iv) Finally, the equation 

(7) 

where 

-dNldt = M,,lAt, (8) 

Mhri = (N(TJ - N,(T;))(l - (6/?r2) 

2 (lln2) exp(-(D,/R3(T*)n2m2AtJ) (9) 

in which 

N(TI) = N&TI) (i= 1) 

N(TJ = N(Ti-1) + MA~~_~ (i > 1) 
(10) 

must be employed if intracrystalline diffu- 
sion of the base within the zeolite pores is 
rate-controlling. 

In Eqs. (2)-(6), Aq (mmol/g of solid) rep- 
resents the amount of ammonia held by en- 
ergetically homogeneous acid centers at 
temperature T and Aqo is Aq at temperature 
To; A and Ed are the preexponential factor 
and the apparent activation energy for the 
process of ammonia desorption from such 
centers. In Eqs. (6) and (7), AH, is the en- 
thalpy change associated with the desorp- 
tion process. In Eq. (9), Mhri (mmol/g of 
solid) represents the amount of ammonia 
coming out of the zeolite during the time 
interval Ati, R, (cm) is the radius of the zeo- 
lite crystals, assumed spherical, D,(Ti), 
(cm%) is the apparent effective diffusion 
coefficient, N(TJ is the amount of ammonia 
still present in the solid at T = Ti, and 
N,(Til() is the amount of ammonia that will 
not leave the solid at T = TT = (Ti-1 + 0.5) 

K, i.e., the ammonia chemically held by the 
zeolite at such a temperature. 

Desorption controlling with no readsorp- 
tion. A first analysis was carried out on the 
basis of Eqs. (2)-(4) and of the data of Figs. 
6 and 7. Following this procedure, the value 
of Ed was first optimized by nonlinear re- 
gression on Eqs. (2) and (3) and then A was 
evaluated by averaging the values calcu- 
lated point by point through Eq. (4). The 
results obtained in this way are shown in 
Table 3, columns 3 and 4. The integral Z 
(Eq. (3)) has been calculated numerically by 
inserting a subroutine based on Simpson’s 
rule in the main nonlinear regression pro- 
gram. As described in detail in Part I (12), 
three improvements have thereby been 
made with respect to the original procedure 
(II). The first is the mentioned numerical 
solution of the analytically unsolvable inte- 
gral I, with respect to the graphical solution 
proposed there. The second is that the dif- 
ference AT between the initial temperatures 
TO of two successive TPD curves has been 
halved, by putting AT = 25 K (instead of 50 
K), so to consider as much more homoge- 
neous the energy of the sites characterized 
by a given pair of Ed and A values. The third 
is that the values of Ed and A are obtained 
by making use of the whole set of the exper- 
imental data describing the TPD peak, in- 
stead of referring only to the peak maxi- 
mum. 

However, this procedure is based on the 
direct optimization of only one kinetic pa- 
rameter (Ed). The other (A) is calculated out 
of the optimization routine, so that, when 
drawing the calculated difference peak, by 
employing the values of Ed and A so ob- 
tained, a poor fit was noted in most cases 
(see, e.g., Fig. 8). 

A much better fit was obtained by em- 
ploying our modified procedure (12), in 
which the simultaneous optimization of 
both kinetic parameters, by nonlinear re- 
gression, is based on Eq. (5). A typical ex- 
ample is shown in Fig. 9, referring to the 
same difference curve of Fig. 8. The opti- 
mized values of the parameters, as obtained 
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TABLE 3 

Optimized Kinetic Parameters of Eqs. (2)-(S) 

TO T,, + AT Ed A Ed A 

(kcal/mol) (s-1) (kcal/mol) (s-1) 

(K) 
(through Eqs. (2)-(4)) (through Eq. (5)) 

HNaY-30 
423 448 21.0 1.33E + 06 16.9 2.65E + 04 
448 413 22.4 3.04E + 06 18.5 8.07E + 04 

473 498 23.7 9.36E + 06 19.8 2.30E + 0.5 
498 523 26.0 5.00E + 07 20.7 3.76E + 05 

523 548 25.0 7.90E + 06 19.9 8.71E + 04 
548 513 23.2 9.21E + 05 18.4 1.52E + 04 

448 473 18.5 
473 498 18.8 
498 523 20.4 
523 548 24.8 

HNaY-55 
1.19E + 05 15.3 5.678 + 03 
1.49E + 04 15.6 3.88E + 03 
2.90E + 05 16.0 5.03E + 03 
5.69E + 06 19.1 3.55E + 04 

through this modified procedure, are col- 
lected in Table 3, columns 5 and 6. 

Desorption controlling with free read- 
sorption. If the desorbed base can readsorb 
freely, Eqs. (6) and (7) may be employed 
for the evaluation of AHd. The procedure 
followed here was to analyze each differ- 
ence peak in several points. The evaluation 
of the integral I’ was carried out numeri- 
cally, as for I, by Simpson’s rule. 

Similar results were obtained with this 

procedure for the whole set of difference 
peaks of both zeolites. A typical example is 
shown in Table 4. 

Intracrystalline diffusion controlling. In 
this case, Eqs. (8)-(10) are employed for 
the direct analysis of the primary TPD data 
(curves of Figs. 4 and 5). Of course, the 
apparent effective diffusion coefficient, ap- 
pearing in Eq. (9), in addition to the physi- 
cal restriction due to the narrowness of 
zeolitic pores, must also take into account 

FIG. 8. Typical example of poor fit between the ex- FIG. 9. Typical fit between experimental difference 
perimental difference peak and the corresponding peak and the corresponding curve, calculated through 
curve, calculated through Eqs. (2)-(4) and the opti- Eq. (5) and the optimized parameters of Table 3, 
mized parameters of Table 3, columns 3 and 4. T, = columns 5 and 6. T,, = 448 K, To + AT = 473 K, 
448 K, T,, + AT = 473 K, HNaY-30 zeohte. HNaY-30 zeolite 
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TABLE 4 .A00 

,360 

Typical Results Obtained When Assuming 
Desorption Controlling with Free Readsorption 

(Eqs. (6) and (7)) 

Point (T (K)) considered AH* (kcal/mol) 

448 94.8 
473 57.0 
498 45.3 
523 37.4 
544” 33.1 
548 31.8 
573 26.4 
598 24.9 

080’ 
,040 

Note. Zeolite HNaY-30. T0 = 423 K; To + AT = 
448 K. 

a Peak maximum. 

FIG. 10. Typical fit between experimental TPD data 
and the corresponding curve, calculated through Eqs. 
(9) and (10) (together with Eqs. (1) and (11)) and the 
optimized parameters of Tables 2 and 5. T, = 448 K, 
HNaY-55 zeolite. 

the additional slowing phenomena con- 
nected with the interaction of the base with 
the surface acid sites which are covering 
the pore walls of the zeolite. 

The best function expressing the depen- 
dence of (De/R E) on temperature was found 
to be of the form proposed elsewhere (17): 

D,lRz = A, exp(-EJT). (11) 

A subroutine for the solution of Eq. (11) 
was then inserted in the nonlinear regres- 
sion-optimization routine based on Eq. (9). 
As for the values of IV, at the varying tem- 
peratures, Eq. (1) was employed, together 
with the optimized parameters Al and AZ, 
collected in Table 2. 

Equations (2)-(4) or, better, Eq. (5), re- 
ferring to desorption controlling with no 
readsorption, must lead to different values 
of the kinetic parameters Ed and A, when 
applied to the various difference peaks, rel- 
ative to the same zeolite and obtained by 
increasing progressively the starting tem- 
perature To of the TPD run. Indeed, by in- 
creasing the latter parameter, only stronger 
and stronger sites may still hold the base, 
the weaker ones becoming progressively 

Optimized Kinetic Parameters of Eq. (11) 

The values of kinetic parameters E, and 
A,, obtained from the analysis of the whole 
set of our TPD curves, are collected in Ta- 
ble 5. A typical example of the fit between 
the experimental data and the calculated 
curve is shown in Fig. 10. 

To W 

423 
448 
473 
498 
523 
548 
573 

DISCUSSION 

The results of the present analysis may 
be discussed on the basis of a comparison 
between what is expected from the calcula- 
tion, based on every mechanism assumed, 
and what has been actually obtained. 

448 
473 
498 
523 
548 

1.0 

TABLE 5 

E, (kcal/mol) A, (s-l) 

HNaY-30 
32.6 
36.2 
31.4 
33.2 
31.6 
22.8 
27.7 

1.8OE + 01 
2.09E + 01 
1.60E + 01 
1.73E + 01 
1.52E + 01 
6.62E + 00 
9.49E + 00 

HNaY-55 
24.4 
26.4 
24.3 
31.7 
28.6 

l.OlE + 01 
1.12E + 01 
8.76E + 00 
1.46E + 01 
l.lOE + 01 
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free. As a consequence, higher and higher 
values of Ed are expected, with increas- 
ing To. 

When assuming free readsorption (Eqs. 
(6) and (7), provided the temperature differ- 
ence AT between the starting temperature 
To of two TPD curves (whose difference 
gave the actual difference peak) is suffi- 
ciently small, one expects the same value of 
A& for the whole set of points forming a 
given difference peak. Indeed, a small AT 
corresponds to a given group of energeti- 
cally homogenous sites, with which a com- 
mon value of the desorption enthalpy 
change is associated. 

Finally, the last mechanism considered, 
namely that assuming intracrystalline diffu- 
sion to be controlling, is the only one refer- 
ring to a physical rather than to a chemical 
phenomenon as the rate-determining step 
of the overall process. In this case, a com- 
mon value of the apparent kinetic parame- 
ters E, and A, is expected for the whole set 
of TPD curves, referring to the same zeo- 
lite, the diffusion process being practically 
independent of the strength of surface acid 
sites. 

The data of Tables 3 and 4 point to exclu- 
sion of both desorption-controlled mecha- 
nisms as rate-determining. Indeed, in the 
first case (Table 3), the values of Ed and A 
are practically constant for each zeolite. In 
the second case (Table 4), the values of AHd 
decrease monotonically with increasing 
temperature of the point considered along 
the difference peak curve. No casual distri- 
bution of the data around a common aver- 
age value was ever observed for any of our 
difference peaks. As a consequence, both 
models for which Eqs. (2)-(7) were derived 
must be discarded as incapable of repre- 
senting the phenomena analyzed. 

Our data are certainly much better inter- 
preted assuming the intracrystalline diffu- 
sion (Eq. (9)) to be the controlling step. In- 
deed, the data of Table 5 show that a 
common, average value of E, = 30.8 ? 4.0 
and 27.1 ? 2.8 kcal/mol can be calculated 

for HNaY-30 and HNaY-55 zeolites, re- 
spectively , and no particular trend of the E, 
values can be noted with increasing To. The 
corresponding average values of A, are 
14.8 -+ 4.6 and 11.1 -+ 1.9 SC’, respectively. 
By inserting these average values of E, and 
A, in Eq. (11) and assuming R, = 10e4 cm, 
values of the apparent effective diffusion 
coefficient D, (cm%) ranging from 2.9 x 

lo-i8 to 4.3 x lo-l4 for HNaY-30 and from 
5.9 X 1O-‘8 to 2.8 X lo-l4 for HNaY-55 can 
be calculated for the 423-573 K tempera- 
ture range. 

These results show that, as expected, the 
higher the temperature the easier is the dif- 
fusion of ammonia molecules through the 
zeolite channels. Furthermore, the pres- 
ence of the mentioned retardation effect on 
surface diffusion (associated with the hin- 
dering interaction of the diffusing basic 
molecules with the acid sites of the solid) is 
confirmed by the low values of D, obtained 
and by the high values of tid required for 
good reproducibility of the experimental 
data. 
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