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Abstract. The thermal frequency response and pulsed field gradient NMR methods are applied in a comparative
study of water diffusion in zeolite NaX under non-equilibrium and equilibrium conditions. The obtained results are
found to be in satisfactory agreement with each other, indicating that by applying the thermal frequency response
method, complications due to uncontrolled water adsorption at the chamber walls inherent in conventional frequency
response measurements may be circumvented.
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Introduction

In many cases, intracrystalline molecular propagation
is one of the controlling mechanisms in zeolite mass
transfer. Moreover, zeolitic adsorbent-adsorbate sys-
tems are considered to be an ideal model system for
the study of molecules in contact with solid surfaces,
in particular for the study of their dynamic behaviour.
Numerous investigations have been carried out to study
molecular diffusion in zeolites (Weisz, 1975; Ruthven,
1984; Barrer, 1978; Kirger and Ruthven, 1992; Chen
et al., 1994; Billow and Micke, 1995). Researchers in
the field of zeolitic diffusion were particularly intrigued
by the fact that occasionally the information about in-
tracrystalline mobility, as deduced from microscopic

equilibrium measurements, was in conflict with the
data obtained in macroscopic non-equilibrium exper-
iments. There are examples where the diffusivities
obtained by these two different methods are in good
agreement (e.g., n-paraffins, xenon and carbon diox-
ide in NaCaA (Heink et al., 1992; Ruthven, 1993),
ethane in ZSM-5 (Van den Begin and Rees, 1989) and
methanol in NaX (Grenier et al., 1994)), while in other
cases substantial differences were observed (e.g. n-
paraffins in NaX (Ruthven et al., 1991). The clari-
fication of the origin of this discrepancy is a current
topic of zeolite research (Kdrger and Ruthven, 1992;
Garcia and Weisz, 1990; Rees, 1994), and there is
a great need for accurate diffusion data for a large
spectrum of well-defined adsorbent-adsorbate systems,
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obtained by both equilibrium and non-equilibrium
methods.

It is interesting to note that with the exception
of the very first systematic studies of zeolitic dif-
fusion (Tiselius, 1934; Barrer and Fender, 1961),
water has not been the subject of comparative dif-
fusion experiments either under equilibrium or non-
equilibrium conditions. This is rather surprising since,
in view of the particular role of water in nature,
water diffusion studies are of substantial relevance
for both fundamental research and practical appli-
cations. This lack of experimental evidence is most
likely due to difficulties which are encountered when
studying water diffusion in zeolites. Firstly, it cannot
be excluded that under the influence of consecutive
cycles of water adsorption and thermal reactivation
there may be a partial damage of the crystalline struc-
ture which eventually affects the intracrystalline dif-
fusivities. Secondly, non-equilibrium measurements
with water are complicated by the possibility of
water adsorption on the walls of the adsorption
vessel.

In the present study we have tried to reduce possi-
ble complications due to these two reasons. We have
employed the recently proposed thermal frequency
response method (Bourdin et al., 1996) as a non-
equilibrium technique. Correlating the responses of
the pressure and temperature to a peroidic change of
the volume of the adsorption vessel, this technique
proved not to be affected by water adsorption on the
walls. Moreover, by using the thermal frequency re-
sponse method it is much easier to decide whether the
observed adsorption/desorption behaviour is controlled
by thermal relaxation or by transport effects (i.e., dif-
fusion or permeation through surfaces). Since the rate
of molecular adsorption/desorption may be affected by
any of these processes in roughly the same way, uptake
retardation by the finite rate of adsorption heat release
may be misinterpreted as an effect of the reduced mo-
bility (Kirger and Ruthven, 1992). In fact, in many
cases the finite rate of heat release seems to provide
the explanation for the discrepancy between the pre-
vious non-equilibrium and equilibrium diffusion mea-
surements. Direct measurement of the sample tempera-
ture in the thermal frequency response method provides
the means of analyzing the influence of heat and trans-
port effects on the adsorption/desorption rates. The fun-
damentals of this technique are described in Bourdin
et al. (to be published) and summarized in the follow-
ing section.

Pulsed field gradient (PFG) NMR method has proved
to be a rather sensitive tool for studying structure-
related transport properties of adsorbent-adsorbate
systems (K'irger and Ruthven, 1992). We applied this
technique in order to estimate the range and the trends
of the water diffusivities in zeolite NaX using sam-
ples obtained from different batches and under differ-
ent pretreatments conditions. The thermal frequency
response method gives an access to the mass transfer
characteristic time, and thus requires the use of zeolite
crystallites with diameters as large as possible when
fast mass transfer kinetics is involved. Only a limited
quantity of the large crystals (100 tm) was available
in this study, a quantity which was not sufficient for the
use of PFG NMR measurements.

Fundamentals of the Thermal Frequency
Response Method

The thermal frequency response (TFR) method is a
modification of the conventional frequency response
method (Rees, 1994; Yasuda, 1994). In this method an
adsorbent sample is placed in a chamber whose volume
V varies periodically at an angular frequency :

V = V(1 - veiot) (1)

The subscript e indicates the mean value of the given
parameter. The modulation amplitude of the volume,
v, is kept constant when varying o). After a transient
period, the pressure becomes a periodical function of
the time at the same frequency. Wemay write therefore:

P = Pe[1 + pei'( t +f)] (2)

or

AP/AV = P e i (3)

where AV = (Ve - V)/Ve and AP = (P - Pe)/Pe
are respectively the relative volume and pressure vari-
ations around their mean values. The ratio AP/AV
is independent of time and the response is quasi-
stationary. The relative amplitude p and the phase V
of the pressure response are functions of the frequency
o and are determined by the thermodynamic and ki-
netic properties of the sample. In general, the experi-
mental results are represented in terms of the so-called
in-phase and out-of-phase functions 8i, and Sout defined
by the following relation:

AV/AP - 1 = Si, - iut (4)
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In the TFR method both temperature and pressure are
measured. The change of the pressure due to the vol-
ume change induces a change of the adsorbed amount.
The heat of sorption released or consumed during this
process leads to a change of the sample temperature
which is measured by infrared detection. Like pres-
sure, temperature is also a periodic function of time:

T = Te + ATe i( °t+~) (5)

which may also be written as:

AT/AV = ATei (6)

with AT = T - Te denoting the temperature varia-
tion around the constant temperature of the wall. The
in-phase and out-of-phase functions 0i, and 0,ut of the
TFR method (Bourdin et al., 1996) are defined as the
real and imaginary parts of this complex ratio multi-
plied by the volume amplitude v:

Oi + ouv = vAT/AVin 0out (7)

This ratio is again independent of time, and the ampli-
tude AT and phase qo of the temperature response are
functions of the frequency.

The variation of the sample temperature is due to
the thermal effects associated with the change of the
adsorbed amount as a consequence of the pressure
change. Ideally, the pressure variation as induced by
the volume variation is only a function of the adsorp-
tion properties of the sample. In reality, however, the
pressure change may be influenced by additional fac-
tors like adsorption by the chamber walls and tempera-
ture effects by non-isothermal compression. It is often
advisable, therefore, to express the temperature as a
function of the pressure. By combining Eqs. (3) and
(6) one obtain:

vAT/AP = OiP + iPt = ATei(w-v) (8)

The characteristic functions OiP and oPut may be directly
obtained from the experimental temperature data, tak-
ing the experimental pressure data as a reference. They
are very useful since they describe the intrinsic be-
havior of the sample, independently of all side ef-
fects.

The sample considered thereafter is assumed to con-
sist of crystals of uniform size subjected to the same

physical conditions. For the calculation of the time
dependence of the temperature and pressure variation
we use a non-isothermal model described elsewhere
(Sun et al., 1993). It assumes that the mass transfer
is subjected to Fickian diffusion in the intracrystalline
bulk phase and/or to surface barriers at the gas-crystal
interface. The equations of heat and mass transfer may
be written as follows.

Overall mass balance:

(9)
dt PV + Vsc) = 0
dt RT Vq=

where V, is the sample volume, is the average con-
centration of the sorbate and R is the gas constant.

Mass balance in the crystal, with accompanying
boundary and initial conditions:

aq_ DT a ( rcBq 
at rcg arc arcJ

-DT q = k(qlr=R -q*);

aq =0
arc Ir=O

(10)

where a is a shape factor (a = 0, 1 or 2 for sheet, cylin-
der or sphere, respectively), DT is the intracrystalline
diffusion coefficient, k is the surface barrier coefficient
and R is the crystal radius. Since the amplitude of
the volume change is small (0.02), the adsorption
isotherm may be linearized and the amount adsorbed
at equilibrium (q*) is given by:

q* -qe = Kp(P - Pe) - KT(T - Te) (11)

where qe is the concentration at thermodynamic equi-
librium for P = Pe and T = Te. Energy balance in the
crystal:

C dt + 1)h(T - Te) = dHI d (12)

where C. is the volumetric heat capacity of the crystals,
h the heat transfer coefficient and AH the enthalpy of
sorption.

In our investigation, the temperature is considered to
be uniform across the crystals. This assumption may
be justified by an order-of-magnitude estimate of the
characteristic time of heat dissipation within the crys-
tal. With reasonable assumptions for the overall heat
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capacity (Cs "- 2 x 106 Jm-3 K- 1) and the heat conduc-
tivity (X > 0.4 Wm-'K- 1) of the zeolite crystallites
(Sahnoune and Grenier, 1989) one obtains a value of
less than 1 ms, which is the smallest characteristic re-
sponse time in our experiment.

For visualising the fundamentals of the TFR method,
we will first consider the evolution of the temperature
and pressure after a single step. Starting from equi-
librium at pressure Po and temperature To the bellows
is suddenly compressed at time t = 0. The pressure
rises instantaneously to its maximum value PM and
decreases monotonically towards the final pressure Pf
due to the adsorption in the sample. The adsorption
occurs at first under the concentration gradient caused
by the pressure change and then by the temperature de-
crease due to the dissipation of the heat of adsorption
("thermal relaxation"). The temperature behaviour is
different: at first the temperature rises due to the heat
released by the adsorption. After passing a maximum,
the temperature again decreases and approaches its ini-
tial value To. Figure 1 shows a typical time dependency
of the pressure and the temperature after a single step.

We will now consider that the bellows is decom-
pressed after a time interval 0/2 = r/w and com-
pressed again at time 0, and so on, i.e., the volume is
assumed to change by square waves with periodicity

). The overall response may be constructed by adding
the response while the bellows is compressed and by
subtracting the response while it is expanded. After a
transient time the response is quasi-stationary and has
the same absolute value during the last half period as
during the first one, but with opposite signs. Thus it is
sufficient to analyse the response during the first half
period.
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Figure 1. Typical volume step response. (* * *) temperature and
(o o o) pressure. The data are taken from an experiment on NaX
1 mm pellets (2 gm crystals binded with a clay) with water.

Figure 2. Square wave half period response of pressure (top) and
temperature (bottom) in the low frequency (left, period 800 s) and
high frequency (right, period 0.32 s) modes. (*) is the mean co-
ordinates point averaged over the half period. (_) Fundamental
harmonic of the pressure or temperature response and (-- -) fun-
damental harmonic of the square wave volume variation.

Let us first consider the case of low frequencies, i.e.,
we suppose that is very large compared with the
overall characteristic time of the sample response. In
this case, over almost the total first half period 0- 0E/2
the pressure is equal to Pf as shown in Fig. 2a. Con-
sequently, the mean value Y of the pressure response
during this interval is close to Pf and the mean value X
of the time weighted by the pressure amplitude is in the
middle of the interval. In the figure, the point G (co-
ordinates X, Y) is marked by an asterisk. Its position
relative to the middle of the interval indicates roughly
the phase shift between the pressure and the volume
(with opposite sign). It turns out that the phase shift of
the pressure change is close to zero.

For the temperature change the reasoning must be
different because the mean amplitude is close to 0, and
the signal is concentrated at the beginning. That means
that, at very low frequencies, the amplitude of the tem-
perature response is close to 0 and that the phase is
close to +Jr/2, i.e., the temperature response is in ad-
vance with respect to the volume (Fig. 2b). As the
frequency increases a thermal response appears and in
case of equilibrium adsorption, its amplitude tends to-
ward a limit AM which is the change of the sample
temperature when the chamber volume is subjected to
an adiabatic compression of amplitude v. In such con-
ditions, the phase decreases and tends towards 0. That
means that the in-phase and the out-of-phase functions
are positive. The out-of-phase function passes through
a maximum at a frequency depending on the thermal
relaxation time.
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Let us now suppose that the time ) is reduced to
a value which is smaller than the characteristic time
of mass transfer within the sample. /2 is therefore
smaller than the time at which the maximum temper-
ature occurs. The pressure response for such a case
is presented by Fig. 2c. One can see that the mean
value of the pressure is close to PM. That means that
the amplitude of the pressure variation is greater than
the amplitude at low frequency. Moreover, the pres-
sure is greater at the beginning than at the end of the
half period: thus the phase is still positive. On the con-
trary, the temperature response is minimum at the be-
ginning and increases during the half period as shown
in Fig. 2d. The phase is therefore negative as indi-
cated by the position of G. With increasing frequency
the amplitude will decrease and tends towards zero.
That means that the out-of-phase function is negative
and passes through a minimum depending on the mass
transfer characteristic time.

Let us now consider a sinusoidal volume variation
instead of a square wave one. In fact, the sinusoidal
volume variation may be considered as the fundamen-
tal harmonic of the square wave volume variation.
Figure 2 also contains the fundamental harmonic of
the pressure or temperature responses (full lines) and
the fundamental harmonic of the square wave volume
modulation (dashed lines). The preceding conclusions
clearly remain valid for the fundamental harmonics,
i.e., the phase of the pressure is always positive and
the phase of the temperature is positive at low frequen-
cies and negative at high frequencies. Figure 3 shows
an actual plot of the volume, pressure and temperature
changes during a typical thermal frequency response
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Figure 3. Recorded data duringExperiment No. 3. ( ) Volume.
(- -) pressure. (- - -) temperature. The phase lag between
volume and temperature responses is clearly visible.

experiment: the temperature phase lag is clearly visi-
ble. The pressure phase lag is much smaller and be-
comes apparent only by numerical treatment.

As pointed out previously, an extremum of the out-
of-phase function of the temperature response appear-
ing at an angular frequency w corresponds to a char-
acteristic time t which is related to the frequency w, at
which this extremum is observed (wt - 1). The char-
acteristic time corresponding to the maximum depends
on the heat transfer coefficient h, while the characteris-
tic time corresponding to the minimum depends on the
mass transfer kinetic parameters DT and/or k. Thus,
each kinetic parameter corresponds to a window in the
frequency domain in which this parameter affects the
shape of the characteristic functions, and this influence
is different depending on the nature of the parameter.
A thermal effect always corresponds to an increase of
the response amplitude and a mass transfer resistance
corresponds to a decrease of the response amplitude
when the frequency increases. Moreover, the shape of
the in-phase and out-of-phase functions is different in
case of Fickian diffusion and in case of surface barrier
resistance as shown in Fig. 4. Thus it is quite easy to
identify these parameters separately.

The characteristic times which affect the in-phase
and out-of-phase functions depend on the ratio of the
adsorbed mass variation over the gas mass variation in
the chamber for a given variation of the pressure. This
ratio (the "adsorptive capacity coefficient" K) is given
by the relation:

K = PRT, (13)

Frequency (Hz)

Figure 4. Characteristic temperature functions for rh = 1000 s:
(___) pure Fickian diffusion with rD, = 10 s, (-- -) pure surface

barrier with rk, = 10 s.



210 Bourdin et al.

where R is the gas constant. The larger the adsorptive
capacity, the faster the kinetics.

For spherical crystals, the most useful characteristic
times to describe the shape of the characteristic func-
tions are:

(1 + K + y) RC,
Th =

(1 + K) 3h
1 Rc

(1 + K) 3k

1 R2

(1 + K) 15DT

(14)

where y = IA HI KT / C is the non-isothermality coef-
ficient. In the case where mass transfer resistances are
negligible, the maximum of the out-of-phase function
occurs at a frequency o given by the relation woTh = 1.
Similarly, in the adiabatic case (h = oc) where only
surface barrier resistance exists, the frequency w at
which the minimum of the out-of-phase function oc-
curs is given by the relation owr, = 1. In the adiabatic
case where the mass transfer is a pure Fickian diffusion,
the relation between the frequency of the minimum of
the out-of-phase function and the characteristic time
TD is not so simple and is approximately given by the
relation wrtD - 0.8 + 0.3 (K + y).

Experimental

We used zeolite specimens of type NaX with Si/Al
ratio of about 1.2 with mean crystallite diameters of 30
tim, 45 Am and 100 gim, which were synthesized by
S.P. Zhdanov and co-workers in St. Petersburg, Russia,
according to the procedure described in Zhdanov et al.
(1981).

The PFG NMR self-diffusion experiments were car-
ried out with loose beds of zeolite crystallites (about
300 mg) contained in NMR glass tubes with an outer
diameter of 8 mm. We have applied different modes
of zeolite activation, which differed from each other in
the conditions of dehydration during the heating pro-
cedure as summarized in Table 1. Obviously, during
activation mode 1, the "self steaming" intensity dur-
ing the activation procedure is smallest, while mode 5
effects an intense hydrothermal treatment of the sam-
ple. In any of these procedures, the sample was kept
for about 10 hours at the final temperature of 400°C
under continuous evacuation. The final pressure was
less than 10-2 Pa. After cooling to room temperature
under continued evacuation, a well-defined amount of
water molecules was introduced into the sample by ad-
sorbing at low temperature the water vapour contained

Table . Different modes of sample activation used for the prepa-
ration of the PFG NMR samples. The activation of the thermal FR
sample corresponds to mode 2.

Mode of Heating Bed Condition of water
activation rate height vapour release

1 -10 K/h <1 mm Continuous evacuation

2 -100 K/h <1 mm Continuous evacuation

3 --10 K/h -20 mm Continuous evacuation

4 -100 K/h -20 mm Open vessel in contact with
air

5 -100 K/h -20 mm Closed vessel, vapour release
through a small orifice

in a calibrated volume at known pressure. Afterwards
the sample was sealed.

The conditions for the application of PFG NMR
worsen with decreasing transverse nuclear magnetic re-
laxation times (T2). In the present system T2 was found
to decrease with decreasing concentration. As a con-
sequence, for water concentrations below 6 molecules
per cavity, PFG NMR measurements of molecular dif-
fusion turned out to be impossible. Best measuring
conditions were attained close to the saturation capac-
ity at a sorbate concentration of about 25 molecules
per cavity. The TFR and PFG NMR diffusivities were
compared in these conditions.

The self-diffusion measurements were carried out
on the home-built PFG NMR spectrometer FEGRIS
60 operating at a proton resonance frequency of
60 MHz (Heink et al., 1995). The coefficients of
self-diffusion have been determined in the conven-
tional way (Kirger and Ruthven, 1992) by comparing
the decay of the NMR signal intensity (of the "spin
echo") with increasing gradient intensity with that of
a standard (water, D = 2.04 10- 9 m2 s-' at 293 K
(Weing'.rtner, 1982)). The temperature of the sample
was controlled by a stream of evaporating liquid nitro-
gen or preheated air.

The TFR measurements were carried out by means
of the device schematically shown in Fig. 5. Details
may be found in Bourdin et al. (1996). The pres-
sure is measured by a fast Baratron gauge. The tem-
perature is measured by infrared detection. The lower
limit of the amplitude of the pressure and temperature
response detectable by the device is on the order of
0.03 Pa and 0.1 mK, respectively. The smallest time
constant of the pressure gauge and the infrared detec-
tor is 1 ms.

For the TFR measurements, exclusively zeolite spec-
imens with a mean crystallite diameter of 100 [tm were
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Figure 6. NaX-water isotherms for the temperatures (expressed in
Kelvin) in TFR experiments. Asterisks indicate the pressure and the
corresponding loading for each experiment.

Figure 5. Experimental set up. 1: Infrared detector. 2: Sample. 3:
Temperature controlled black body. 4: Pressure gauge. 5: Bellows.
6: Position gauge. Results and Discussion

PFG-NMR Results

used. The experiments were performed with two dif-
ferent samples: a "fresh" sample of 23.5 mg with a bed
height of approximately 0.15 mm subjected to a proce-
dure corresponding to mode 2 (Sample I) and a sample
which was previously used in adsorption/desorption
studies with methanol (bed height - 0.5 mm) (Sample
II). Since this sample showed some coke depositions,
it had been regenerated under an atmosphere of oxygen
at 380°C before it was activated in essentially the same
way as Sample I. With each sample the measurements
were carried out at three different temperatures: Sam-
ple I at 288 K, 297 K and 328 K (Experiments 1, 2
and 3), with the water vapours adjusted to 58 Pa, 103
Pa and 660 Pa, respectively, and Sample II at 283 K,
304 K and 343 K (Experiments 4, 5 and 6) at 37 Pa,
153 Pa and 830 Pa respectively. Figure 6 shows the
adsorption isotherms of the NaX-water system as de-
termined in this laboratory (Rios, 1984) for the tem-
peratures of the experiments. The asterisks correspond
to the experimental conditions. One can see that in all
experiments the mean sorbate concentration essentially
remained constant, corresponding to a loading of -25
water molecules per cavity.

It was not possible to perform experiments at lower
loadings at the ambient temperature with the present
equipment, due to the loss of sensitivity of the pressure
gauge (104 Pa full scale) and to the difficulty of main-
taining the chamber at very low pressure. A new design
of the chamber will permit us to reduce the working
pressure to a very low value (-1 Pa).

The water diffusivities in zeolite NaX at 293 K as de-
termined by PFG NMR for different specimens and af-
ter different modes of sample activation are plotted in
Fig. 7 as a function of the sorbate concentration. In all
cases, the observed mean diffusion paths were much
smaller than the mean crystallites diameters, so that
the obtained diffusivities represent genuine intracrys-
talline diffusivities. Moreover, the attenuations of the

10
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Figure 7. Concentration dependence of the diffusivity of water in
zeolite NaX obtained by PFG NMR for samples stemming from
different batches and for different activation procedures: () 45 m
crystallite diameter, activation mode 1; (o): 45 m, mode 1 (different
batch); (*): 30 am, mode 3, data from Karger (1971); (+): 30 Am,
material used in Kirger (1971), reactivated, mode 1; (A): 45 tim,
mode 4; (): 45 Am, mode 5.
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NMR signal were found to be monoexponential so that
there is in fact only one mode of molecular transport
observed in these experiments.

It is interesting to note that for the 45 jim sample
even a moderate hydrothermal pretreatment (activation
mode 4) leads to essentially the same diffusivities as
in the case of the rather "mild" activation mode 1. For
these samples an increase of the diffusivities with in-
creasing concentration is observed. This behaviour is
in agreement with previous nuclear magnetic relaxation
studies (Pfeifer, 1976; Pfeifer et al., 1978), where the
first water molecules have been found to be captured
by the sodalite cages and by the most intense adsorp-
tion sites (mainly cations). Since PFG NMR is ob-
serving the mobility of all molecules contributing to
the spin echo, any enhancement of the concentration
will lead to an enhancement of the fraction of mobile
molecules and hence to an increasing overall mobility.
With respect to the time scale of the PFG NMR ex-
periment (a few milliseconds), there is a fast exchange
between the molecules in these different state of mo-
bility (Pfeifer, 1976; Pfeifer et al., 1978). A distinction
between the modes of mobility in the sodalite cages
and in large cavities of the NaX structure is therefore
impossible.

While the diffusivities remained constant for the
45 jum samples between medium concentration and
saturation, a slight decrease with increasing concentra-
tion was observed for the 30 jim sample. The same
behaviour was observed for the 45 jim sample, when
it had been activated according to mode 5. In an ad-
ditional series of experiments the intensity of the hy-
drothermal pretreatment was further enhanced by keep-
ing the sample at the final temperature of 400°C over
24 hours without releasing the water vapour. In this
case, a distinct deviation from a monoexponential be-
haviour of the NMR signal attenuation was observed
indicating that this type of pretreatment had caused
a partial destruction of the zeolite framework. Since
Sample 3 showed a similar pattern of concentration
dependence, it is most likely that also this zeolite
specimen contains slight structural defects. Corre-
spondingly, X-ray diffraction studies of this sample
revealed a large contribution of amorphous material
within the sample. It is remarkable that the water
diffusivities measured in this very sample more than
twenty years ago (Kirger, 1971) could be reproduced
in the present study. This means that over such a
large period of time the zeolite structure remained un-
changed.

The results presented in Fig. 7 show that even after
rather different modes of zeolite activation as well as
for zeolite specimens from different batches, the scat-
tering in the NMR diffusivities remains within a factor
of 2. This confirms earlier diffusion results with zeo-
lite crystallites of a mean diameter of 3 Am in Kirger,
(1971), where essentially the same diffusivities as for
the 35 /xm sample were observed, when the measur-
ing temperature was low enough (<270 K) to permit
the measurement of intracrystalline diffusion. There-
fore it should be justified to compare the TFR mea-
surements on 100 Aim crystallites with the PFG NMR
measurements with any other of the considered zeo-
lites of type NaX if a possible difference of the absolute
values by a factor of two is taken into consideration.
For this purpose, we have chosen the PFG NMR water
diffusivity data for the 35 jim sample after activation
mode 3.

TFR Results

The volume, pressure and temperature data are treated
in order to obtain either the characteristic functions Oi
and 0out obtained taken the volume as reference, or the
characteristic functions 0iPt and oPut obtained taken the
pressure as reference. As an example, Fig. 8 shows
the characteristic functions Oi, and 0out (cf. Eq. (7))
determined from the TFR measurements with Sample
I at a temperature of 288 K. It turned out that it was
not possible to fit the experimentally determined char-
acteristic functions by model calculations involving

0.05-
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Figure 8. Experimental complex temperature characteristic func-
tion: (* * *) in-phase (real part) Oin and (o o o) out-of-phase (imagi-

nary part) O.ut for the Experiment No. 1 (volume taken as reference).
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Figure 9. Normalized experimental characteristic functions: Oi0
(empty symbol) and oPut (full symbol): (o o o) Experiment No. 1.
(1 [1 01) Experiment No. 2. (* * *) Experiment No. 3. The thermal
relaxation kinetic domain (maximum of the out-of-phase function)
is well separated from the mass transfer kinetic domain (minimum
of the out-of-phase function).

intracrystalline diffusion, surface barrier permeation
and heat dissipation as possible rate determining pro-
cesses. We have attributed this discrepancy to water ad-
sorption at the chamber walls. This explanation could
be confirmed by blank experiments revealing a pressure
response even in the absence of the adsorbent. In such
a case the temperature response should be expressed as
a function of the measured pressure rather than of the
volume with the corresponding characteristic functions
given by Eq. (8). Figure 9 shows the pressure related
(normalized) characteristic functions 0Oi and OPu exper-
imentally determined in the TFR measurements with
Sample I at 288 K, 297 K and 328 K. These functions
are clearly different from the functions in and 0out and
are well fitted by the model (see below). This means
that such a treatment avoids the need for a blank ex-
periment: in fact, the pressure measurement takes the
place of the blank experiment.

The shift of the high frequency part of these func-
tions to higher frequencies with increasing temperature
reflects the corresponding decrease of the characteris-
tic times of mass transfer. A quantitative determination
of the mass transfer coefficients, via the diffusion co-
efficient DT and the surface barrier permeability k, is
based on a curve fitting procedure. Figures 10 and 11
show the results obtained for the Sample I at 328 K with
the parameters given in the figure legend. By varying
the fitting parameters DT (Fig. 10) and k (Fig. 11), one
may also deduce information about the parameter range
compatible with the measured response. A summary

a)
N

o0

5.vZ

Frequency (Hz)

Figure 10. Curve fitting of the Experiment No. 3. Experiment
varying DT alone: (* * *) in-phase. (o o o) out-of-phase. Model:
k = 7.5 10- 4 ms - 1. (--) DT = 4.5 10- 9 m2s - 1. ( ) DT =
3.0 10- 9 m2s - 1. (__) DT = 2.0 10- 9 m2s-.

tQN

O0
.

,Z

Frequency (Hz)

Figure 11. Curve fitting of the Experiment No. 3. Experiment
varying k alone: (* * *) in-phase. (o o o) out-of-phase. Model:

DT = 3.0 10- 9 m2s-1 . (- -) k = 1.2 10- 3 ms- 1. ( ) k =
7.5 10- 4 ms - 1. (_) k = 5.0 10- 4 ms- 1.

of the relevant parameters of the TFR experiments and
of the kinetic parameters identified by a fitting proce-
dure is given in Tables 2 and 3. It may be observed
that the results obtained with different sample thick-
nesses are not significantly different. This important
result can be explained as follows: at sufficient fre-
quency, the crystallites situated inside the bed are not
affected by the external pressure variation. The tem-
perature response, as measured by infrared detection,
is the response of the surface crystallites, which is thus
independent of the bed thickness in first approximation.

For comparison with the diffusivities measured un-
der equilibrium (self-diffusivities D), the diffusivities
determined under non-equilibrium conditions ("trans-
port" diffusivities DT) are generally transferred to

%5 rlB~oo s*0

00 *

i·,·· ''I .8000

5 0 0~~~~·
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Table 2. Main relevant parameters of the TFR experiments.

Mass Pe Te qe AH Kp KT Darken
Experiment Sample mg Pa K kgm- 3 Jkg- 1 kgm-3Pa- 1 kgm-3Pa-t K y factor

1 I 23.5 58 288 426 3.1 106 0.64 -3.06 2.0 3.4 0.087

2 I 23.5 103 297 420 3.1 106 0.39 -3.13 1.3 3.5 0.096

3 I 23.5 660 328 403 3.1 106 0.076 -3.22 0.3 3.8 0.124

4 II 73 37 283 425 3.1 106 0.99 -3.14 9.5 3.5 0.087

5 II 73 153 304 415 3.1 106 0.28 -3.23 2.9 3.7 0.104

6 II 73 830 342 364 3.2 106 0.080 -4.06 0.9 5.2 0.184

Table 3. Identified kinetic parameters from the TFR experiments.

Dr Do k rD rT
Experiment 10-1 ° m2 s- 1 10- l° m2 s- 1 1 0-4 ms- 1 s s

1 5.0 0.44 1.3 0.11 0.043

2 7.0 0.67 2.6 0.10 0.028

3 30 3.7 7.5 0.043 0.017

4 3.0 0.26 2.0 0.053 0.008

5 6.8 0.72 12 0.064 0.004

6 16 3.0 8.5 0.053 0.011

"corrected" diffusivities Do by using the Darken re-
lation (Kirger and Ruthven, 1992):

°= In q] D (15)

with q denoting the adsorbate concentration in equilib-
rium with sorbate pressure p at temperature T. For
small and medium concentrations, Do may be ex-
pected to be close to the self-diffusivity D (Kiirger and
Ruthven, 1992; Maginn et al., 1993). For loadings
close to saturation the "Darken factor" a lnq/ lnp
may become substantial. The values of a Inq/a lnp
as calculated from the adsorption isotherms for the rel-
evant experimental conditions are included in Table 2.

Comparison of the Results

Figure 12 provides a comparison between the corrected
diffusivities determined from the TFR measurements
and the PFG NMR self-diffusivities for water in zeolite
NaX. It appears from the representation that the diffu-
sivities determined by both techniques are comparable
with each other within the margin of experimental er-
rors. One has to conclude, therefore, that for water
in NaX in contrast to the results obtained for some

10 -·

.

10

2.

I

I - I _ _ I I i I I
7 2.8 2.9 3.0 3.1 .2 3.3 3.4

10 /T
3.5 3.6 3.7

Figure 12. Comparison of the diffusivities ("corrected" diffusivi-
ties Do ) of water in NaX obtained by TFR measurements (crystallite
diameter 100 gm, activation mode 2 (see Table 1), -25 molecules
per cavity) with PFG NMR diffusivities Din,,tra (crystallite diame-
ter 35 ilm, activation mode 3, 26 molecules per cavity-data from
(Kiirger, 1971)): (o o o) TFR measurements with Sample I. (000)
TFR measurements with Sample II. (***) PFG.NMR measurements.

n-paraffins in NaX (Ruthven et al., 1991), there is no
striking discrepancy in the information about intracrys-
talline molecular mobility between the equilibrium and
non-equilibrium measurements.

The comparison of the temperature dependence of
the diffusivities and, thus, of the activation energies,
leads to less good agreement. The activation energy as
deduced from the PFG NMR data is 19 i 2 kJ/mole
and is 35 ± 11 kJ/mole for the TFR measurements.
The uncertainties are the variances of the linear regres-
sions obtained from the experimental data. The value
of the activation energy as deduced from PFG-NMR
measurements is in good agreement with the activa-
tion energy of molecular reorientation in NaX (Pfeifer,
1976) as well as with the activation energy of diffu-
sion in neat water (Weingirtner, 1982). The informa-
tion about the temperature dependence of the diffu-
sivities from the TFR measurements is less accurate
than the results obtained by PFG NMR method since

l
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the temperature interval in the TFR measurements can-
not be as large as in PFG NMR measurements and the
number of experiments is small. Although the results
are not strictly incompatible, it seems that tempera-
ture dependence of the diffusivity as given by the TFR
method is significantly larger than those given by the
PFG-NMR method. Thus it cannot be excluded that the
non-equilibrium corrected diffusivity data indicated in
Fig. 12 are affected by an inaccuracy in the Darken
factors (Eq. 15). It can also not be excluded that the
Darken correction gives not an exact correspondence
between transport and equilibrium diffusivities, espe-
cially at high loadings.

The results given Table 3 show that the best fit of
the TFR experimental data is obtained when a small
surface barrier is added to the diffusion process. So
far it is also not possible to say whether the surface
permeability introduced into the mathematical model
is anything more than a mere fitting parameter. At
present, one could only speculate about the structural
and/or microdynamic origin of a surface barrier effect
in the sample under study.

Conclusion

The recently introduced thermal frequency response
method has been successfully applied to the study of
water diffusion in zeolite NaX. It was shown that in
this way complications due to water adsorption on the
chamber walls may be circumvented. The zeolite sam-
ples used in the TFR measurements were not avail-
able in an amount large enough to allow PFG NMR
self-diffusion measurements. In a complementary PFG
NMR study the influence of sample preparation and of
the zeolite genesis on the intracrystalline diffusion of
water was investigated using NaX samples of smaller
crystal size. It was found that for zeolites from differ-
ent batches, as well as after different modes of sam-
ple preparation, the water diffusivities did not differ
from each other by more than a factor of about two.
Only after a severe hydrothermal pretreatment was a
significant change in the diffusion behaviour observed.
For moderate sample activation it could be justified,
therefore, to compare the diffusivities obtained by PFG
NMR and TFR even though it was impossible to use
identical zeolite specimens. Within the limits of exper-
imental accuracy, excellent agreement was found be-
tween TFR diffusivities determination and PFG-NMR
results.

Nomenclature

AT Temperature response
amplitude

AM Adiabatic maxima
temperature response
amplitude

Cs Volumetric heat capacity of
the crystals

DT Transport diffusivity
Do Corrected diffusivity by the

Darken law
Dintra Intracrystalline self

diffusivity
h Heat transfer coefficient

between sample and
surroundings

k Surface transfer coefficient
K Adsorptive capacity

coefficient, dimensionless
KP Derivative of the isotherm

with respect to the pressure
KT Derivative of the isotherm

with respect to the
temperature

P Pressure
Pe Mean pressure
p Relative pressure response

amplitude, dimensionless
q Sorbate concentration
R Gas constant
R, Crystal radius
T Sample temperature
Te Temperature of the wall
V Chamber volume
Ve Mean chamber volume
Vs Sample volume
v Relative volume amplitude

dimensionless

Greek Letters

y Non-isothermality
coefficient

3in, out In-phase and out-of-phase
pressure response functions

A H Enthalpy of sorption
(p Phase of the temperature

response
Phase of the pressure
response

K

K

J/m3 K
m2s-1

m2 s- 1

W/m2K
ms-1

kg/m3 Pa

kg/m3 K
Pa
Pa

kg/m3

J/K
m
K
K
m3

m3

m3

J/kg

rad

rad
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a Shape factor: 0,1 or 2 for
sheet, cylinder and sphere
respectively

0 Period of the volume
modulation

0ivn,out In-phase and out-of-phase
temperature response
functions, expressed
with respect to the volume

OiP,out In-phase and out-of-phase
temperature response
functions, expressed
with respect to the pressure

'TD Characteristic time of
isothermal diffusion

Th Characteristic time of
thermal relaxation

Ts Characteristic time of mass
surface transfer

co Angular frequency

s

s

s

s
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