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We have examined series of partially ion-exchanged H,Na-Y zeolites using temperature-pro-
grammed desorption (TPD) and thermogravimetric analysis (TGA) of isopropylamine and n-pro-
pylamine in order to examine the acid sites in H-Y zeolites as a function of Na poisoning. Both
amines desorbed from Na-Y, unreacted, below 500 K; however, samples containing protonic sites
exhibited two additional desorption features. First, unreacted amine molecules were observed
leaving the samples between ~500 and 600 K. Second, reaction features appeared which were
observed as the simultaneous desorption of propene and ammonia between 575 and 650 K for
isopropylamine and between 625 and 700 K for #-propylamine. For a given sample, the number
of both isopropylamine and n-propylamine molecules which desorbed in both features was identical.
Furthermore, the number of molecules desorbing from the two high-temperature features was
found to be equal to the number of protonic sites for the entire series, which indicates that both
desorption features are associated with protonic sites. This finding was confirmed by infrared
spectroscopy, which also demonstrated that the unreacting desorption feature was associated with
the low-frequency, hydroxyl stretch at 3540 cm™' and that the reacting amine molecules were
adsorbed at the high-frequency, hydroxyl stretch near 3640 cm . The implications of these results
for understanding the use of TPD-TGA of amines for the characterization of acidity is discussed.

€ 1993 Academic Press, Inc.

INTRODUCTION

A number of relatively recent studies
have demonstrated the utility of tempera-
ture-programmed desorption (TPD) and
thermogravimetric analysis (TGA) of simple
amines for the characterization of Brgnsted
acidity in zeolites and other solid acids
(I-7). These studies have shown that al-
kylamines are protonated by strongacid sites
and that the protonated amines decompose
to ammonia and olefin products at elevated
temperatures (/-7). Therefore, the concen-
tration of strong Brgnsted-acid sites can be
calculated from the number of alkylamine
molecules which decompose during the tem-
perature ramp. For example, in high-silica
zeolites like H-ZSM-5 and H-ZSM-12, the
concentration of sites which decompose ei-
ther isopropylamine or n-propylamine to
propene and ammonia is equal to the frame-
work Al concentration of the zeolites (3, 4).
It has also been pointed out that monitoring

amine decomposition during TPD has sig-
nificant advantages over standard TPD mea-
surements with ammonia for determination
of acid-site concentrations. Ammoniacanin-
teract strongly with sites that are not nor-
mally thought to be acidic, such as those
present on CaO (8). Also, there are ambigu-
ities in the choice of the temperature used to
discriminate weakly and strongly adsorbed
species in ammonia adsorption, a problem
which is severe due to the fact that this tem-
perature is a strong function of the experi-
mental parameters, including carrier-gas
flow rate, particle size of the catalyst, sample
weight, and site density of the sample (9, /0).

However, there are unanswered ques-
tions regarding the use of amine desorption
for faujasites. In one study which showed
a good correlation between the activity of
fluid-catalytic-cracking (FCC) catalysts and
the concentration of sites determined from
TPD measurements of isopropylamine, the
site concentrations appeared to be consider-
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ably lower than the framework Al content
of the faujasite phase (/). Later studies with
pure faujasites made similar observations
2, 3, 9). For example, a standard US-Y
with a framework, Si/Al ratio of 6.45
(Al; = 25.8/unit cell, or 2580 umol Al/g)
was reported to have only 900 to 950 umol/g
of Brgnsted-acid sites, depending on the
choice of amine used in the measurement
(2). In similar studies, Juskelis et al. re-
ported almost identical site concentrations
using isopropylamine to characterize a fresh
US-Y (8). There are a number of factors
which could explain why the site concentra-
tions measured using amine desorption are
less than the framework Al concentrations
in faujasites, including incomplete exchange
of Na (/1, 12), inaccessible protons in the
sodalite cages (/3-16), nonframework Al
balancing the charge of framework species
(/7), and proximity of neighboring Al caus-
ing weaker acid strengths (/8-20). How-
ever, the effect of these factors on amine
desorption has not yet been examined sys-
tematically.

In this paper, we will study two of these
factors by measuring TPD-TGA curves for
isopropylamine and n-propylamine ona Y
zeolite as a function of Na exchange. It will
be shown that both amines desorb unreacted
at low temperatures from Na sites and react
to propene and ammonia at only a fraction
of the protonic sites. IR measurements of
the hydroxyl region suggest that the pro-
tonic sites associated with the low-fre-
quency band centered at 3540 cm ' do not
cause the reaction of either amine in TPD
and that the sites associated with this low-
frequency hydroxyl band are only weakly
acidic.

EXPERIMENTAL

The starting material for this work was
Valfor CP300-63 Na-Y provided by the PQ
Corporation. Measurements of the O, sorp-
tion capacity, measured at P/P, = 0.4 and
77 K, showed that it had a pore volume
of 0.321 cm’/g, and the X-ray diffraction
patterns indicated that the material was
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TABLE 1

Preparation Conditions for the Samples Used in the
TPD-TGA Studies

Sample IE solution Degree of
concentration* exchange?
[NH{] [Na™]
Na-Y —_ — 0.00
H,Na-Y (0.05) 0.0032 0.097 0.05
H,Na-Y (0.10) 0.0066 0.093 0.10 (0.18)"
H,Na-Y (0.20) 0.013 0.087 0.20 (0.27)
H,Na-Y (0.30) 0.020 0.080 0.30
H,Na-Y (0.40) 0.031 0.069 0.40 (0.44)
H,Na-Y (0.55) 0.050 0.050 0.55
H,Na-Y (0.62) 0.10 0.000 0.62

“ In units of equivalents per liter. Total ionic strength
was 0.10 N.

? Determined from literature exchange isotherms and
reported as mol NH; per mol (NH; + Na*).

“ Values in parenthesis were obtained from Na~ con-
tents measured using atomic absorption spectroscopy.

highly crystalline. After conversion of the
sample to H,Na-Y (0.62) by NH, exchange,
followed by heating to 700 K in 10~7 Torr,
the unit cell size was 24.730 A, indicating a
framework Al content of 52.6 Al/unit cell
using the correlation of Sohn ez al. (21) (The
value in parenthesis indicates the percent of
Na which had been exchanged. Using our
experimental conditions, the maximum ex-
change was ~62%.) The bulk Si/Al, ratio
reported by PQ was 5.3, which corresponds
to 53 Al/u.c., in close agreement with the
framework Al content, indicating that
calcination and pretreatment did not result
in sample steaming.

To form materials with varying degrees of
ion exchange, we prepared several solutions
having the concentrations listed in Table 1.
The concentrations were chosen by tar-
geting the desired exchange level, using
equilibrium data from the literature (//, 12).
The total ionic strength of each solution was
0.10 N and less than 50 mg of hydrated
Na-Y (~25 wt% H,0) were added to 300
mi of each solution so that concentrations
of the solutions did not change significantly
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upon addition of the zeolite. For all solu-
tions, the counterion was Cl~. As a check
that the addition of zeolite did not signifi-
cantly change the ionic concentrations, the
amount of zeolites added to the ion-ex-
change solutions was decreased on selected
samples and it was shown that the
TPD-TGA measurements did not change
with sample size. During the exchange, the
samples were allowed to equilibrate for 1
h at room temperature while being stirred.
Although the equilibrium constants for the
NH,—Na exchange have been reproduced
by a number of groups without variation (//,
12), the sodium level for the most highly
exchanged sample was measured by de-
termining the Na® content of the solution
above the zeolite with sodium-specific con-
ductivity measurements. For this experi-
ment, a 42.431-mg sample of NaY was
weighed in 10-7 Torr after heating to 700
K using the Cahn microbalance described
below. The sample was then added to 250.00
ml of 0.100 n NH,CI solution at room tem-
perature for 1 h. After removal of the zeo-
lite, the Na* content of the solution was
measured with a sodium-specific, conduc-
tivity electrode, and the results showed that
56% of the Na” had been exchanged from
sample, in excellent agreement with the
equilibrium predictions. Multiple exchanges
did not result in substantially higher ex-
change percentages. As a final check of the
Na™* contents, atomic absorption spectros-
copy was used to measure several samples
and the exchange values calculated from
these are listed in Table 1 in parenthesis.
The Na™ contents from atomic absorption
were in reasonable agreement with the iso-
therm measurements, although they tended
to be consistently lower. Because the devia-
tions in the measurements from atomic ab-
sorption were larger, we chose to work with
NH, contents from the isotherm.

The equipment and procedures used in
the TPD-TGA experiments are described
elsewhere (3). The apparatus consists of a
Cahn microbalance which is mounted inside
a high vacuum chamber equipped with a
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quadrupole mass spectrometer. Approxi-
mately 5-10 mg of sample were spread in a
thin layer over a flat sample pan in order to
minimize bed effects in desorption (9, 10).
Each sample was first cleaned by heating to
700 K in vacuum and then exposed at 300
K to ~5 Torr of one of the amines until
no further weight changes were observed.
After dosing, the sample was evacuated for
~2 h in order to remove some of the weakly
adsorbed species, after which the desorp-
tion experiments were performed with a
heating rate of 10 K/min (20 K/min for n-
propylamine). The sample weight returned
to its original value for each adsorbate on
each sample, demonstrating that there were
no undetected products remaining after the
TPD-TGA measurement.

All of the TPD curves reported in this
paper are arbitrarily scaled. In order to
quantify the amounts of each product leav-
ing a given sample, we used the TPD curve
to determine the temperature range in which
the product desorbed, while the amounts
were determined from the mass changes in
TGA. The peaks in the mass spectra that
were used to identify products are given as
follows: isopropylamine (m/e = 44, 41, and
17), n-propylamine (m/e = 30), pro-
pene (m/e = 41), and ammonia (m/e = 17).

Infrared spectra were obtained in a vac-
uum cell which has also been described else-
where (22). The cell could be evacuated to
10~* Torr with a liquid-nitrogen-trapped,
mechanical pump and the sample could be
heated to 750 K. The zeolite samples were
pressed into an IR-transparent, stainless-
steel mesh supplied by Buckbee—Mears
Corp. and examined using a Mattson Instru-
ments 2020 Galaxy Series FT-IR spec-
trometer.

RESULTS

The effect of ion exchange on the
TPD-TGA results for each of the probe mol-
ecules was dramatic. This is demonstrated
for isopropylamine by the desorption curves
shown in Fig. 1, which were taken from
H,Na-Y samples with three different levels
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FiG. 1. TPD-TGA of isopropylamine on (a) Na-Y, (b) H,Na-Y (0.20), and (c) H,Na-Y (0.62).
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of exchange. In this figure, the sample
weights in TGA have been converted to
moles of isopropylamine per gram of zeolite
on the left and molecules per unit cell on
the right and the weights are referenced to
the weight of the zeolite prior to adsorption.
Figure la was obtained on an unexchanged
Na-Y and demonstrates that all of the iso-
propylamine is weakly held. The sample
weight in this experiment had reverted to
its original value by 500 K and the mass
spectrum of the products leaving the sample
below this temperature are indicative of
only unreacted isopropylamine. In contrast
to this, results from the samples shown in
Figs. 1b and 1c, which had been partially
exchanged with hydrogen, exhibited two ad-
ditional desorption features: a second, unre-
acted-amine feature between 450 and 600 K
and a reaction peak between 575 and 650 K
for which only propene and ammonia are
observed. The reaction feature between 575
and 650 K has been observed previously on
other solid acids and has been assigned to
the reaction of the amine at strong,
Bregnsted-acid sites (/-8). As mentioned
earlier, the concentration of sites which
cause the decomposition of the amine on
high-silica zeolites is equal to the Al content
(3-6).

The unreacted feature between 450 and
600 K had not been observed on high-silica
zeolites. We assign it here to protonic sites
which are weaker than those which cause
the decomposition of the amine. The sites
corresponding to this feature are either not
able to protonate the amine or else they are
too weak to hold the amine at the site up to
the temperature at which reaction occurs.
This assignment is based on several obser-
vations. First, since the unreacted feature
is not present on the Na-Y sample, it must
be associated with the protonic sites. Sec-
ond, we ruled out the possibility that the
unreacted feature between 450 and 600 K
and the reacted feature above 575 K are due
to the same species based on an additional
experiment. Conceivably, isopropylamine
could begin to desorb at 500 K with a second
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FiG. 2. TPD-TGA of isopropylamine on H,Na-Y
(0.62) after heating the sample to 525 K for 2 h to
remove molecules from sites which do not cause reac-
tion.

competing process, the decomposition of
the amine, taking over above 575 K before
desorption could completely remove isopro-
pylamine. However, we performed an addi-
tional TPD measurement, shown in Fig. 2,
in which the temperature ramp was stopped
at 525 K for 2 h before continuing. During
the second half of the TPD-TGA experi-
ment, only propene and ammonia were ob-
served leaving the sample and the amount
of these products was the same as that ob-
served in a normal TPD-TGA experiment.
Therefore, we conclude that the reacted and
unreacted desorption features are due to
molecules at two different types of sites.
[t is informative to examine the concen-
trations of molecules corresponding to each
type of site as a function of exchange level.
These concentrations, given in Table 2, are
approximate since they were obtained from
the gravimetric results at specified tempera-
tures and not from integration of the desorp-
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TABLE 2
Summary of TPD-TGA Results for [sopropylamine

Sample [Total Site] [Strong Sites]”
(mmol/g) (mmol/g)

Na-Y 0.000 0.00
H,Na-Y (0.05) 0.240 0.24
H,Na-Y (0.10) 0.474 0.37
H,Na-Y (0.20) 0.812 0.49
H,Na-Y (0.30) 1.03 0.74
H,Na-Y (0.40) 1.56 0.98
H.Na-Y (0.55) 2.15 [.1

H,Na-Y (0.62) 2.88 1.4

4 Measured from 575 to 650 K.

tion features. They have been plotted as a
function of protons/unit cell in Fig. 3, from
which several important conclusions be-
come apparent. First, the total amount of
isopropylamine which desorbs above S00 K,
corresponding to the sum of both types of
sites, increases linearly, in a one-to-one
manner, with the concentration of protonic
sites per unit cell. This is further indication
that all of the isopropylamine desorbing
from the sample above 500 K in our mea-
surements is interacting with protonic sites.
Second, the concentration of sites which

cause the reaction of isopropylamine
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FiG. 3. Summary of the amounts of isopropylamine
which desorbed in each of the two high-temperature
states in TPD-TGA as a function of the proton ex-
change level.
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Fi1G. 4. IR spectra of the hydroxyl region on selected
samples H,Na-Y samples.

reaches a plateau near a concentration of 20
protons/unit cell. Further increases in the
exchange level do not cause substantial in-
creases in the number of sites which lead to
reaction.

Figure 3 is reminiscent of similar plots
of the IR intensities of the two hydroxyls
observed in H-Y as a function of exchange
levels (/4, 23). The IR spectra of these hy-
droxyls have been reproduced on our sam-
ples in Fig. 4. Excluding silanols which ter-
minate the zeolite crystals (24) and other
bands which occur on steamed samples (25),
there are two hydroxyls corresponding to
the protonic sites and these occur at ~3640
and 3540 cm~!. Starting from Na-Y with
increasing proton exchange, the 3640-cm !
peak grows in first, followed by the 3540-
cm™! peak. The correspondence between
the desorption and IR results suggest that
the reaction feature in TPD is due to mole-
cules associated with the high-frequency hy-
droxyl, while the unreacted species is due
to the low-frequency hydroxyl. This is con-
firmed by IR measurements of the hydroxyl
region following adsorption of isopropylam-
ine on the most highly exchanged sample,
shown in Fig. 5. At low temperatures, both
hydroxyls disappear upon adsorption of the
amine, but the low-frequency band reap-
pears first during desorption.



CHARACTERIZATION OF H,Na-Y USING AMINE DESORPTION

T

T T T
3800 3600 3400 3200 3000

Cl’ﬂ1

FiG. 5. IR spectra of the hydroxyl region on H . Na-Y
(0.62) following isopropylamine adsorption and heating
in vacuum to the indicated temperature.

The origin of the two types of hydroxls
has been discussed extensively in the litera-
ture (26). The high-frequency peak is gener-
ally assigned to hydroxyls in the supercages,
while the low frequency band is due to hy-
droxyls in the sodalite cages. This second
type of hydroxyls presumeably has enough
mobility to interact with strong bases, al-
though earlier studies have also demon-
strated that the sites corresponding to these
hydroxyls are much weaker acid sites.
There is even some question whether the
low-frequency hydroxyls are able to pro-
tonate pyridine to form a pyridinium ion or
whether pyridine interacts with these sites
via hydrogen bonding. Our results are com-
pletely consistent with this previous work
and suggest that the reaction of isopro-
pylamine occurs only at the 3640-cm ™! sites,
which clearly are Brgnsted-acid sites.

In order to further test our assignment of
the two isopropylamine desorption features,
we also examined the adsorption of n-pro-
pylamine on selected samples. In previous
studies of n-propylamine adsorption, it was
demonstrated that this molecule also under-
goes decomposition to propene and ammo-
nia at Brgnsted-acid sites, but that the de-
composition of n-propylamine occurs at
slightly higher temperatures, between 625
and 700 K (7). If the two-site model for iso-
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propylamine desorption is incorrect, the rel-
ative amounts of n-propylamine which do or
do not react might be very different. Figure 6
shows the TPD-TGA results for n-pro-
pylamine on Na-Y and H,Na-Y (0.62). On
Na-Y, all of the amine molecules again de-
sorb unreacted below 500 K. In contrast,
one again observes an unreacted feature at
higher temperatures on the H,Na-Y sample
and a second reaction feature between 625
and 675 K. Since the mass-spectrometer in-
tensities are arbitrary, one must use the
TGA results in the appropriate temperature
region to determine the concentration of
sites which are responsible for each type of
desorption event. Within experimental er-
ror, the concentrations of both types of sites
are identical to that corresponding to the
results for isopropylamine desorption from
the same sample, 1380 umol/g of weak sites
and 920 umol/g of strong, Brgnsted-acid
sites.

DISCUSSION

The TPD-TGA results for isopropylam-
ine and n-propylamine on the samples stud-
ied in this paper further demonstrate the
utility of using temperature-programmed
desorption of reactive probe molecules for
characterizing the acidity of zeolites. The
amounts of both isopropylamine and n-pro-
pylamine which decompose in TPD give a
very reasonable value for the concentration
of strong, Brgnsted-acid sites in these mate-
rials. Sodium-poisoned samples, which do
not contain Brgnsted-acid sites, do not
cause the decomposition of amines. This
eliminates problems associated with unreac-
tive probe molecules for which overlap be-
tween the catalytic sites and other adsorbed
states complicate the analysis.

Furthermore, the results from this study
help explain why the strong Brgnsted-acid-
site concentrations measured from amine
decomposition in TPD are frequently lower
than the framework Al content of at least
some faujasites. In agreement with conclu-
sions of previous studies on the hydroxyls
in H~Y, our measurements suggest that not
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FiG. 6. TPD-TGA results for n-propylamine

all protonic sites in H-Y lead to strong,
Brgnsted-acid sites. Amine decomposition
is apparently not sensitive to the weak sites
associated with the hydroxyl feature at 3540
cm™! in infrared spectroscopy.

In our measurements, we were able to
associate the desorption of unreacted amine
molecules above 500 K with the weaker pro-
tonic sites by comparison to results obtained
on the unexchanged Na-Y. However, due
to the fact that desorption temperatures are
strongly altered by the experimental appara-
tus and the conditions used for the measure-
ments (9, /10), it may not be possible to
separate weakly adsorbed species which de-
sorbed below 500 K in our measurements
from the unreacted species which desorbed
between 500 and 600 K. It is likely that, if
the measurements were carried out using a
carrier gas or with a larger sample size, these
features would have been convoluted.

In our study, we intentionally examined
a zeolite which had not been steamed in
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adsorbed on (a) Na-Y and (b) H,Na-Y (0.62).

order to avoid issues associated with non-
framework Al species. It is well known that
steaming results in sites with much higher
catalytic activities, and some have specu-
lated that only those framework sites which
are associated with nonframework species
are actually active in hydrocarbon cracking
(17, 25, 27). Based on previous studies of
isopropylamine decomposition in Fe- and
Ga-substituted, ZSM-5, the decomposition
temperature for isopropylamine does not
appear to be sensitive to the strength of the
acid sites, so that our measurements cannot
say anything about the relative strengths of
sites which cause the decomposition of the
amines (5, 6). However, it should be noted
that a recent study of H-D exchange with
n-hexane on a faujasite catalyst has shown
that isotopic exchange occurs at much lower
temperatures than that necessary for crack-
ing. This may imply that steps other than
the protonation of the alkane may limit the
reaction (28). For example, the presence
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of nonframework species may create sites
which facilitate the transfer of a hydride spe-
cies to allow bond scission in the hydrocar-
bon (15, 27, 29, 30). Given that the mecha-
nism for the formation of carbenium ions
and the subsequent cracking reactions are
not clearly understood, questions concern-
ing the strength of the sites are difficult to
address. Clearly, there is much to learn
about the detailed nature of the catalytic
sites in H-Y.

CONCLUSIONS

In this work, we have demonstrated the
utility of TPD-TGA of simple amines for
the characterization of high-Al faujasites.
Strong Brgnsted-acid sites associated with
protons balancing the charge on framework
Al sites cause isopropylamine and n-pro-
pylamine to decompose in well defined tem-
perature regions. Furthermore, only the
strong Brgnsted-acid sites associated with
the high-frequency, hydroxyl stretch at 3640
cm™! are observed to cause amine decom-
position, suggesting that the protons associ-
ated with the low-frequency, hydroxyl
stretch at 3540 cm ™! are not capable of pro-
tonating the amines.
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