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13C Fourier transform pulsed field gradient NMR was applied
for the first time for the in situ observation of the self-diffusion of
reactant and product molecules during a zeolite-catalyzed reaction.
The conversion of isopropanol in LiNaX-51, NaX, CsNaX-60, and
CsNaX-60 - 8CsOH either to acetone, as the product of base cata-
lysis, or to propene, as the product of acid catalysis, was chosen as
a model reaction. In NaX and CsNaX-60, the self-diffusivities of
isopropanol and propene were shown to depend explicitly on the
reaction time. In the considered cases any limitation of the over-
all reaction by intracrystalline diffusion could be excluded. It was
found that, in CsNaX-60 - 8CsOH, the isopropanol conversion prob-
ably follows the base-catalyzed reaction pathway, while in the other
cases formation of propene is indicative of a substantial contribution
of acid catalysis.  © 1997 Academic Press

INTRODUCTION

Over the past 30 years many studies have been devoted
to the acid properties of zeolites because of their impor-
tant applications in catalysis, especially in petroleum re-
fining. By contrast, the use of zeolites as basis catalysts is
an underdeveloped area (1, 2). Basic zeolites are attractive
microporous materials for both economic and environmen-
tal reasons (3), since they replace corrosive liquid bases in
chemical plants and eliminate the problems associated with
their disposal.

In zeolites, the presence of basic sites was first shown
in the alkylation of toluene with methanol on alkali metal
cation exchanged faujasites (4-11). The nature of these ba-
sic sites was further investigated in detail and related to
the framework oxygen atoms (5). A clear influence of the
framework oxygen basicity was observed in the transfor-
mation of isopropanol on X- and Y-type zeolites exchanged
with different alkali metal cations (12, 13). Isopropanol is
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dehydrated to propene on acid catalysts. With decreasing
acidity of the catalyst (density and/or strength of acid sites)
dehydrogenation of isopropanol to acetone becomes in-
creasingly important. Many other examples of acid-base
catalysis in zeolites are described elsewhere (14-21).

A variety of other catalytic reactions have been pro-
posed for testing the basic versus the acidic and basic
properties of zeolites. Huang and Kaliaguine describe the
reaction of methylbutynol on alkali-exchanged zeolites
(22) and the vapor-phase reaction of methanol with ace-
tone (16). Berkani et al. investigated the transformation
of cyclopentanol in the presence of cyclohexanone (23),
while Burger (24) studied the reaction of acetonylacetone.
The catalytic transformations in the “dimethylamine-
formaldehyde-water” system were described by Roman-
nikov (25). In all these reactions the yield of the corre-
sponding products has been claimed to reveal the acidic
or basic properties of oxide catalysts. Beside catalytic test
reactions, the O1s bonding energies obtained from X-ray
photoelectron spectroscopy may be used as another mea-
sure of the basicity of zeolites (26, 27). This method was
applied to zeolites by Grinert et al. (28).

In zeolite catalysis mass transfer may play a decisive role
(29, 30). Diffusional effects may contribute to the observed
reaction rate, selectivity, or both. Understanding diffusion
in zeolites is therefore crucial for the development of pro-
cesses using zeolite catalysts. Nevertheless, direct in situ
measurements of diffusion under reaction conditions are
nearly nonexistent in the literature. Hong et al. (31) demon-
strated that proton Fourier transform pulsed field gradient
(FT PFG) NMR spectroscopy allows, under certain con-
ditions, the direct measurement of the self-diffusivities of
the individual reactant and product species during catalytic
reactions. They applied this technique to the investigation
of the conversion of cyclopropane to propene in NaX. The
self-diffusivities of both molecules were simultaneously de-
termined as a function of conversion as the reaction pro-
ceeded. For this system, the self-diffusivities of the reactant
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and product species were found to be essentially the same,
and they remained constant during the course of the reac-
tion. As a consequence of the small chemical shifts and the
large linewidths, the possibilities of the *H FT PFG NMR
technique for selective multicomponent self-diffusion mea-
surements during catalytic reactions are limited. Hong et al.
(31) proposed the use of *C FT PFG NMR, because of its
larger chemical shifts. The experimental conditions for this
method are the same as for those in the in situ *H FT PFG
NMR technique.

13C nuclear magnetic resonance is a well-established
technique in zeolite catalysis (32—-40). The advantage of this
method is the possibility to study highly reactive adsorbates
on catalysts in considerable detail. Beside this, one may be
able to look at the sequence of reaction steps that occur
after the adsorption of molecules on zeolites.

Snurr et al. (41) reported *F PFG NMR measurements
of the self-diffusivity of tetrafluoromethane (CF;) during
the conversion of ethene in H-ZSM-5. CF, did not partic-
ipate in the reaction but served as an inert probe species,
whose mobility could be considered to be representative
for that of small molecules in the system. This approach,
however, did not provide a direct measurement of reactant
and product diffusivities as described by Hong et al. (31).

In the present study, in situ **C Fourier transform pulsed
field gradient NMR was applied for the first time to study
the self-diffusivities of reactant and product molecules dur-
ing a catalytic reaction. As a model reaction, the conversion
of isopropanol either to propene or to acetone in X-type ze-
olites was chosen.

EXPERIMENTAL

Zeolite NaX with asilicon-to-aluminiumratioof1.3and a
crystallite size in the range from 10 to 30 um was synthesized
according to the method of Charnell (42). After excessive
ion exchange of this material with an aqueous solution of ce-
sium chloride at 353 K, 60% of the initially present sodium
ions was replaced by cesium ions. The resulting material
was denoted as CsNaX-60. This zeolite was further impreg-
nated with an aqueous solution of CsOH - H,O such as to
achieve a loading of eight molecules CsOH per unit cell.
This zeolite was designated as CsNaX-60 - 8CsOH. Further-
more, NaX was excessively ion exchanged with an aqueous
solution of lithium chloride at ambient temperature. The
degree of ion exchange of the resulting zeolite amounted
to 51% of the initially present sodium ions. This zeolite,
denoted as LiNaX-51, was synthesized in an endeavor to
achieve higher catalytic activity, thus enabling reaction tem-
peratures below the 473 K i.e., the maximum temperature
applicable in our PFG NMR spectrometer (43).

Samples for the NMR measurements were prepared
by heating 9-mm-high layers of zeolites in glass tubes
of 8 mm diameter. The temperature was increased at a
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rate of 10 K h™! under vacuum. After maintaining the
samples at 673 K and at a pressure lower than 0.01
Pa for 24 h, the samples were loaded with a known
amount of adsorbate and sealed off. For the character-
ization of LiNaX-51 the intracrystalline self-diffusivities
of propane (>99.5%, Merck Schuchardt, Hohenbrunn,
Germany), propene (>98%, Fluka Chemie AG, Basel,
Switzerland), isopropanol (>99.5%, Fluka Chemie AG,
Basel, Switzerland), and acetone (>99.5%, Fluka Chemie
AG, Basel, Switzerland) were measured by proton pulsed
field gradient NMR, which is described in detail in (29).
The concentration of these adsorbates amounted to 16
molecules per unit cell in the case of propane and 24
molecules per unit cell in all other cases.

The reaction of isopropanol in LiNaX-51, NaX, CsNaX-
60, and CsNaX-60 - 8CsOH was followed by *C-NMR. Af-
ter activation of the zeolites as described above, the four ze-
olites were loaded with 24 molecules of isopropanol-2-13C;
(>99 atom% 3C, IC Chemikalien, Ismaning, Germany)
per unit cell. To ensure that the diffusion measurements
can be carried out under well-defined conditions, the time
of measurement must be kept sufficiently small in compar-
ison with the time of reaction. Therefore, in a first step, a
suitable reaction temperature had to be found by investi-
gating the conversion kinetics of isopropanol.

These preliminary investigations and the in situ **C FT
PFG NMR self-diffusion measurements were carried out
on the home-built spectrometer Fegris 400 (43) at a reso-
nance frequency of v(**C) =100.63 MHz. For the investi-
gation of reaction kinetics several NMR samples were tem-
pered at various temperatures over different time intervals.
After cooling to ambient temperature, single-pulse excita-
tions (Bloch decays) were performed at ambient tempera-
ture with a repetition time of 20 s and a 7/2-pulse length
of 14.5 us. In view of 3C T, values of the order of 4 s this
repetition time proved to be large enough to ensure an un-
biased spectra accumulation. All spectra were Bloch decay
spectra obtained by Fourier transformation of the free in-
duction decays. One-hundred eighty transients were aver-
aged so that the signal-to-noise ratio was sufficient to allow
measurements of the chemical shifts within an uncertainty
of 0.1 ppm. [*3Cg] Benzene (128.5 ppm) was used as an ex-
ternal chemical shift standard, and all shifts are reported
relative to tetramethylsilane. The intensity of the signals
in the 3 C-NMR spectra were used for the determination
of the concentration of isopropanol and propene/acetone
within the sample as a function of reaction time. Hence,
the temperature dependence of the intrinsic reaction rate
constants could be determined.

During all in situ 3C FT PFG NMR measurements, a
free induction decay was first performed in order to con-
firm the conversion rate of isopropanol as a function of
reaction time. Thereafter, the pulse sequence of the pri-
mary spin echo (/2-t--t-spin echo) (29, 44) with a fixed
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pulse duration of § =2.2 ms and a fixed observation time
for diffusion A with A =4 ms was applied. Each diffusion
measurement was performed by varying the gradient am-
plitude g from 0 to 24 T - m~1. Given the repetition time and
the number of accumulation needed, the duration of such
an in situ 3C FT PFG NMR measurement amounts nearly
to 15 h. Between two subsequent in situ 3C FT PFG NMR
measurements each NMR probe was tempered for a time
interval between 10 and 15 h in an oven at the reaction tem-
peratures. After this procedure the samples were storedina
refrigerator until the next *C FT PFG NMR measurement
in order to avoid uncontrolled further reactions. The spec-
tra obtained by Fourier transformation of the primary spin
echo were used for the separate determination of the self-
diffusivities of the reactant and product molecules. These
self-diffusivities D were obtained from the attenuation of
the area of the signal W (8g, A) with increasing amplitude g
of the pulsed field gradients

(89, A) = exp[—y?8°g°D(A — §/3)], [1]

where y is the gyromagnetic ratio of the necleus under ob-
servation (29).

RESULTS AND DISCUSSION

Characterization of LiNaX-51

Figure 1 presents the Arrhenius plots of the intracrys-
talline diffusion coefficients of acetone, isopropanol, and
propene in LiNaX-51. Within the accuracy of the measure-
ments, the intracrystalline self-diffusion coefficients of ace-
tone and isopropanol are equal. The diffusivity of propene
is seen to be remarkably larger than that of isopropanol or
acetone. This trend in the diffusivities was also observed in
NaX, CsNaX-60, and CsNaX-60-8CsOH (45). If the acid
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FIG. 1. Intracrystalline diffusion coefficients of acetone, isopropanol,

and propene in LiNaX-51.
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FIG. 2. Intracrystalline diffusion coefficients of propene in LiNaX-51,

NaX, CsNaX-60, and CsNaX-60 - 8CsOH.

and base catalyzed reactions occurred in parallel, the faster
diffusion of propene could favor the macroscopically ob-
servable production of this species in the case that the pro-
cess is diffusion limited.

Figure 2 presents a comparison of the intracrystalline dif-
fusivities of propene in all four X-type zeolites. Consider-
ing only the nonimpregnated zeolites (LiNaX-51, NaX, and
CsNaX-60) an increasing self-diffusivity of propene with
increasing size of the cations is observable. This may be ex-
plained by the specific interaction of the 7-electron-cloud of
propene with the empty valence orbital of the cations in the
supercages of the zeolites. This explanation is confirmed by
complementary diffusion studies with propane. The molec-
ular volume of propane is comparable to that of the reactant
and product molecules under study, but it is expected to un-
dergo no specific interactions with the cations nor with the
zeolitic framework. Correspondingly, the intracrystalline
self-diffusion coefficients of propane increase with decreas-
ing size of the cations Cs* (D(300 K) ~ 2.7 x 1071 m? s7%),
Na* (D(300 K) ~ 7.1 x 1071 m? s~1), and Li* (D(300 K) ~
2.4 x107° m? s71). The lower diffusivities of propene in
the impregnated zeolite CsNaX-60 - 8CsOH in comparison
with CsNaX-60 may be explained by steric hindrance due
to the existence of cesium oxide or hydroxide particles in
the supercages of CsNaX-60.

Table 1 presents the activation energies E, and the pre-
exponential factors Dg of the diffusivities for the molecules
under consideration in LiNaX-51 resulting from the evalu-
ation of the Arrhenius plots.

Preliminary Investigation of the Reaction
Behaviour of Isopropanol

It is well known (29, 46, 47) that the diffusivity of
molecules depends on their concentration. In order to
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TABLE 1

Results from the Evaluation of the Arrhenius Plots

Zeolite Adsorbate  E, (kJ mol™) Do (M?s™1)

LiNaX-51 Acetone 18.1+0.8 (48+1.2) x107°
Isopropanol 18.44+1.8 (4.9+25)x107°
Propane 91404 (9.1+1.1) x 1078
Propene 8.4+0.1 (7.2+£0.2) x 1070

Note. E,, activation energy; Do, preexponential factor.

determine the intracrystalline self-diffusion coefficients of
the reactants during chemical reaction under well-defined
conditions, a reaction temperature must therefore be cho-
sen at which the change in the concentration during the time
of measurement is negligibly small. On the other hand, the
temperature cannot be chosen too small since in this case
too large reaction times would become necessary. In order
to find a suitable reaction temperature for the in situ >*C FT
PFG NMR measurements, the conversion of isopropanol at
various temperatures was monitored in a preliminary study
by recording the 3 C-NMR spectra as a function of the reac-
tion time. As an example, Fig. 3 shows a typical plot of the
BC-NMR spectra of [**C]2-isopropanol in NaX at a reac-
tiontemperature of541 K, as following from transformation
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FIG.3. CFT NMR spectra of [**C;]2-isopropanol in NaX at 541 K

as a function of the reaction time.
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FIG. 4. Semilogarithmic plot of the relative concentration of [**C;]
2-isopropanol in NaX at 541 K as a function of the reaction time.

of the free induction decays. In each spectrum two peaks
appear. The peak at a chemical shift §; =63.1 ppm is due to
[*3C,]2-isopropanol (48), while the peak at §, = 139.9 ppm
is due to [**Cy]2-propene (48).

Figure 4 shows the relative concentration of isopropanol
(i.e., the intensity of the line at 63.1 ppm in Fig. 3) in a
semilogarithmic representation against the reaction time.
As expected, the catalytic conversion of isopropanol to
propene is found to be a first-order reaction. The estimated
reaction rate constant is approximately 8 x 10™° s~%, Sim-
ilar investigations with the other X-type zeolites yielded
the following sequence in the reaction rates of isopropanol
conversion at 473 K:

r (LiNaX-51) > r (NaX) > r (CsNaX-60).

This observation is in good agreement with the trend in the
strength of the Lewis acidity of the different zeolites. On
the basis of the results of these preliminary investigations,
the in situ 3C FT PFG NMR measurements have been
carried out at 463 K in the case of LiNaX-51 and at 473 K
in the case of NaX, CsNaX-60, and CsNaX-60 - 8CsOH.

PFG NMR Diffusion Measurements during
Catalytic Reactions

Figure 5 shows the in situ 3C FT PFG NMR spectra for
the conversion of isopropanol in CsNaX-60 at a reaction
time of 164 h. At this time, the propene conversion was
about 38%. At the beginning of this measurement, i.e. at
g=0 T m™%, two signals appeared: one signal at 63.1 ppm
corresponding to isopropanol-2-13C; and another signal at
139.9 ppm due to [**C;]2-propene (48). With increasing
pulsed field gradient strength a decrease in the intensity
of both signals due to diffusion is visible. The signal at
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FIG.5. In situ *C FT PFG NMR spectra during the reaction of

[®C,]2-isopropanol in CsNaX-60 at 473 K as a function of the pulsed
field gradient amplitude g (time of reaction, 164 h).

139.9 ppm vanished faster than the signal at 63.1 ppm cor-
responding to the faster diffusion of propene relative to
isopropanol (45).

Figures 6 and 7 show the time dependence of the
concentration of isopropanol and propene and their in-
tracrystalline diffusivities in NaX and CsNaX-60. In both
zeolites the diffusivity of isopropanol remained constant
during the whole process of conversion. Simultaneously,
the diffusivity of propene increased with the reaction
time. This may be explained by the decrease in the hin-
drance by the less-mobile isopropanol molecules. From
the measurements a mean self-diffusion coefficient of
(2.1 £ 0.3) x 107 m? s* for isopropanol in CsNaX-60
and a value of (4.8 &+ 1.8) x 107** m?s~! for isopropanol
in NaX could be determined. For comparative *H- and
B¥C-PFG NMR measurements, a second NMR sample of
NaX and CsNaX-60 with the same amount of isopropanol-
2-13C, was prepared and studied via 'H- and C-PFG
NMR at 473 K. [**Cs]Benzene and poly-dimethyl-siloxane
were used as calibrating substances for both measurements.
Figure 8 shows the attenuation plots of the relative spin echo
W intensity as a function of the expression y2g?8%(A — §/3)
for both nuclei for CsNaX-60. Inagreementwith Eq. [1], the
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attenuation plots are found to be essentially independent
of the probe nucleus, yielding intracrystalline self-diffusion
coefficients of (2.0 & 0.5) x 1071 m? s~* in the case of 'H-
PFG NMR and (1.9 + 0.1) x 107 m?s~! in the case of
1BC-PFG NMR. These data are in a very good agreement
with the results of the in situ **C Fourier transform pulsed
field gradient NMR method. A similar result was obtained
for NaX. It is interesting to note that, in the *H-PFG NMR
measurements, a first steep decay in the spin echo attenua-
tion plots, corresponding to the water molecules generated
during the conversion process, was in no case observed. This
may be explained by the fact that at the reaction tempera-
ture of 473 K the water concentration in the adsorbed phase
is negligibly small in comparison with the other molecules
involved in the reaction.
Via the relation

RZ
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with R? denoting the mean square crystallite radius, the
measured diffusivities might be used to determine the mean
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FIG.6. Time dependence of the relative amount of isopropanol
and propene during the conversion of isopropanol in NaX and their
self-diffusivities at 473 K (open symbols, propene; closed symbols, iso-
propanol).
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lifetime it inra Of the reactant and product molecules
within the individual crystallites assuming that the molec-
ular exchange is exclusively controlled by intracrystalline
diffusion (29). These values can be compared with the mean
intrinsic reaction time t eaction. FOr a reaction order of one,
the mean intrinsic reaction time is related to the intrinsic
rate constant Kintrinsic by

1
Tintrinsic = —k .
intrinsic

3]

For isopropanol, the mean lifetime and the mean intrinsic
reaction time were calculated for reaction temperatures of
463 and 473 K. These values are listed in Table 2. The mean
lifetime of isopropanol was about seven orders of magni-
tude lower than its reaction time. Any limitation of the over-
all reaction by intracrystalline diffusion could therefore be
excluded.

Attempts were made to perform in situ diffusion
measurements also for the conversion of isopropanol in
CsNaX-60-8CsOH at 473 K. Unfortunately, however, the
intensity of the NMR signals decreased very rapidly in
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TABLE 2

Intrinsic Reaction-Rate Constants (Kintrinsic), Intracrystalline
Diffusion Coefficient (Dinwa), Intracrystalline Mean Lifetime
(zditf. intra), and Reaction Time (T reaction) Of Isopropanol in Various
X-Type Zeolites at 463 and 473 K

Crystallite
size T I(intrinsic Dintra Tdiff., intra Treaction
Zeolite um  (K) Y (m?s7Y) ) O]
LiNaX-51 10 463 1.0x107° 41x107" 40x1072 1.0x10°
NaX 10 473 1.3x10°% 43x107" 39x1072? 7.7x10°
CsNaX-60 10 473 81x1077 54x 107" 3.1x1072 1.2 x10°
CsNaX-60 10 473 71x10°% 29x 107" 57x1072 1.4 x10°

-8CsOH

the beginning of the measurements. Furthermore, an un-
expected line broadening occured after a very short time
of reaction. Therefore, the measurements were stopped in
the hope that further investigations will clarify these prob-
lems. Nevertheless, we present here some preliminary ob-
servations from the in situ **C FT PFG NMR study in the
zeolite CsNaX-60 - 8CsOH. During the measurement this
sample became pale yellow, and the intensity of this color
increased with the reaction time. In a previous publication,
a similar effect was described for the same zeolite loaded
with [**C3]1,2,3-acetone (45). In this earlier publication no
direct evidence could be obtained to show that isopropanol
is converted to acetone in CsNaX-60 - 8CsOH; however, the
formation of acetone from isopropanol could not be con-
clusively excluded, because acetone, once formed, could
undergo rapid consecutive reactions (37, 49, 50). Xu et al.
(37) suggested a consecutive reaction of acetone in a CsX

60
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FIG. 8. Semilogarithmic plot of the relative spin echo amplitude

Wagainst y2g?82(A — §/3) for [*C,]2-isopropanol in CsNaX-60 at 473 K
(open symbols, *C-PFG NMR; closed symbols, 'H-PFG NMR).
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FIG.9. BC FT NMR spectrum of [**C,]2-isopropanol in CsNaX-
60 -8CsOH at 541 K and at a reaction time of 40 min.

zeolite, in which acetone is converted into diacetone alco-
hol, mesityl oxide, phorone, isophorone, and various iso-
meric aromatics. Phoron is a yellow crystalline substance
(51), which might give rise to the observed coloration of
CsNaX-60 - 8CsOH. Roser etal. (52) reported an increasing
selectivity of acetone in CsNaY-68 at 673 K with increasing
amount of additional cesium acetate present. Obviously, an
impregnation of zeolites with alkali metal oxide in the form
of alkali metal acetate or alkali metal hydroxide enhances
the zeolite basicity.

Figure 9 presents one *C-NMR spectrum in a se-
ries of many *C-NMR spectra which were measured
to study the reaction Kinetics of isopropanol in CsNaX-
60-8CsOH at 541 K. Four signals located at §; =35 ppm
(-C=C-CHo,-region, **C-enriched at the methylene group),
8, =63 ppm (-CHOH-, [**C,]2-isopropanol), §3 = 140 ppm
(-HC=CH-), and 84, =220 ppm (carbonyl group) could be
identified.

CONCLUSIONS

For the first time the diffusion of reactant and product
molecules in zeolites during a catalytic reaction was inves-
tigated directly via in situ *3C Fourier transform pulsed field
gradient NMR spectroscopy. As a model reaction the con-
version of isopropanol to propene (acid catalysis) or to ace-
tone (base catalysis) was chosen. The catalysts under study
were large-crystal zeolites of the faujasite type, namely
LiNaX-51, NaX, CsNaX-60, and CsNaX-60-8CsOH. The
main results of this contribution can be summarized as
follows:

1. It could be shown that in situ **C Fourier transform
pulsed field gradient NMR spectroscopy is an ideal tech-
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nique for studying the diffusivity of molecules during a cata-
lytic reaction.

2. LiNaX-51was characterized by investigation of the dif-
fusive behavior of selected molecules. The diffusion mea-
surements with isopropanol, acetone, and propene led to
nearly the same diffusivities for acetone and isopropanol,
while the self-diffusivity of propene was significantly larger
than that of the other two molecules.

3. Preliminary **C-NMR studies of the reaction behavior
of isopropanol led to the following results:

—LiNaX-51, NaX, and CsNaX-60 behave like acid
catalysts leading to a conversion of isopropanol to propene.
CsNaX-60 - 8CsOH seemed to be a base catalyst.

—At 473 K the sequence of the reaction rate r of the
three acid catalysts is arranged as

r (LiNaX-51) > r (NaX) > r (CsNaX-60).

This observation may be correlated with the strength of the
Lewis acidity of these zeolites.

—The catalytic conversion of isopropanol in all zeo-
lites under study followed a first-order reaction.

4. In contrast to propene, the self-diffusivity of iso-
propanol in NaX and CsNaX-60 did not depend on the re-
action time. The increase of the self-diffusivity of propene
with increasing conversion of isopropanol to propene could
be explained in terms of the greater diffusivity of propene
in comparison with that of isopropanol.

5. In NaX and CsNaX-60 any limitation of the overall
reaction by intracrystalline diffusion can be excluded.
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