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A Temperature Frequency Response Method for Adsorption
Kinetics Measurements
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grenier@limsi.fr

Abstract. A Frequency Response Method based on the infrared measurement of the sample temperature has
been developed for adsorption kinetics measurements. It consists in modulating the experimental chamber volume
at constant frequency. The complex ratio of the temperature response over the pressure response is independent
of time but is a function of the frequency depending on all the kinetics parameters of the system. This method

is accurate and allows to measure very fast kinetics. Its major drawback is that a spurious signal is observed at
high pressure in absence of adsorption. The results obtained with silicalite-propane and NaX-carbon dioxide are
compared with results obtained from other techniques (NMR, permeation, etc.).
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Introduction In order to contribute to the resolution of the diver-
gence that remains in certain cases of measurement,

To explain the very large discrepancies observed in the we need a macroscopic method covering a large range

past between the diffusivity values derived from mea- of time scales, with negligible external mass transfer

surement by macroscopic (e.g., “gravimetric uptake”) resistance. This has been achieved by the Thermal Fre-

and microscopic (e.g., NMR) methods, the influence of quency Response (TFR) method.

extracrystalline mass or heat transfer resistances have

been mentioned (&'ger and Ruthven, 1989, 1992). o

The most importafntgside effects that could perturb) a Principle of the TFR Method

kinetic measurement are: . ) )
Consider an adsorbent sample situated in a chamber

« the “heat effect” due to the limited heat exchange rate Whose volume varies periodically. The change of the
between the crystal and its surroundings (Ruthven Volume induces a change in the pressure. This pres-
et al, 1980; Sun and Meunier, 1987), sure change induces a change in the adsorbed amount

o the presence of a surface barrier slowing the mass @nd thus, due to the sorption enthalpy, a change in
exchange through the crystal surface (Do, 1989; the sample temperature. When steady state is reached,
Kocirik et al., 1990), the volumeV, the pressuré® and the temperaturé

o the finite transport rate in the gas phase surrounding @re periodic functions of time at the same frequency.
the crystal limited either by the macroporous diffu- Let us consider at first asmusmdal volumg variation
sivity, by the intergranular resistance (“bed effect”) at angular frequency, whose relative amplitudey,
or by the experimental apparatus itself (Ruckenstein 1S Small enough to ensure system linearity. The pres-
etal., 1971; Van-den-Begin and Rees, 1989; Zhong Suré changeAP, and the temperature changeT,
etal., 1993). around their mean values, respectivélyandT., may

be written:

Nevertheless, there are still a number of experi- ot
mental studies in which the discrepancy cannot be ac- AP =P — Pe= Ape )
counted for (Kirger and Ruthven, 1992). AT =T — Te = Are @9
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The complex ratiiAT/AP is independent of time but ~ where ks is the surface barrier transfer coefficient.

depends on the frequency. Thus we define a function When the diffusion resistance is negligitile; > 1),

characteristic of the system under study: the concentrationg, inside the pellet is uniform and
Egs. (5) and (6) can be reduced to:

0 (w) = vo PE,A—T 2

AP g _ @+

Where vy is a normalization factor independent of ot Re
the frequency, close to the mean value of the relative |n that case the model becomes identical to a linear
volume amplitudeyp. Its amplitudevy Pe At/ Ap, and driving force (LDF) model.
phase,p, depend on the thermodynamic and kinetic ~ The mass that would be adsorbed at equilibrium,
parameters of the adsorbent-adsorbate system. In theg« (P, T), is given by a linearized state equation
real domain that function is split up into an in-phase garound its mean valuge:
function and an out-of-phase function.

As the characteristic function is related to the mea- g — e = KpAP — KTAT (8)
sured pressure variation and not to the volume vari-
ation, many spurious effects are eliminated (Bourdin Ky and K are the slope at the equilibrium point for
et al., 1996a). Among them the possible adsorption the isotherm and isobar respectively.
by the chamber wall and the overpressure due to the AsV/(t) is a sinusoidal function of time, these equa-
non isothermal compression of the gas. In the simplest tions yield an explicit complex characteristic function
case of a monodispersed crystal sample, the relevantg (w):
equations of the system are:

ks(q — Q") (7)

Mass balance: 0(w) = Aw)e?® (9)
d /PV _ . .
—(=—=+Vq) =0 (3) whereA andg are respectively the amplitude and phase
dt\ RT lag. In the real domain that function splits up into 2
where Vs is the sample volume ang the adsorbate functions:
mean concentration.
Heat balance: bin = A COS ¢ (10)
Bout = A Sin ¢ (11)
dT Dh dg
ARGt L S PNTYL. | |
dt Re dt respectively called in-phase and out-of-phase func-

tions.

Comparing this function to experimental data allows
one to identify the heat and mass transfer kinetic pa-
rametersh, D, andks (Bourdin et al., 1996b).

For a bidispersed sample with a surface barrier and
diffusion at macroporous and nanoporous levels, the
equations are more complex but yield an explicit char-
acteristic function as in the case of monodispersed par-

whereC; is the overall volumetric heat capacity of the
sample,R; is the crystal radiusAH is the specific
mass sorption enthalpy ahds the overall heat transfer
coefficient from the sample to the surroundings. The
different values of the shape parameter of the adsorbent
particless are respectively 0, 1 or 2 for slabs, cylinders
or spheres. The temperature is assumed to be uniform
owing to the smallness of the crystals.

Diffusion equation: ticles.

q ' For any periodic volume variation, the volume can
3q D¢ 9 aq be considered as a sum of harmonic functions. As the
i (5) amplitude of the volume change is small enough to en-
at rg arg \ © are SN : ; :

sure the system linearity, the previous analysis remains

whereDy is the diffusion coefficient. valid. _
Boundary conditions, taking into account a finite  The frequency response method is extremely effec-
the amplitude and phase of the characteristic function,
gl _ —Dca—q —ks@lrer—q)  (6) 6, are independent of time, the experimental result is
arelr—o arelr—gr, o given by averaging a number of data increasing with the
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measurement duration. Thus, the experimental errorse The thermometer is the sample itself. Thus, there

decrease statistically 51/ (wheret is the experiment is neither difference in amplitude nor any delay be-
duration). Moreover, the phase lag, is a fraction of tween the sample temperature and the measured tem-
the period and thus, in fact, a time. Thus its measure- perature (except calibration errors).

ment is perfectly suited for kinetics experiments. e No perturbation of the temperature change of the

sample occurs, e.g., due to parasitic heat capacity
of a temperature gauge or heat flux coming through
electrical wires.

e The measurement of temperature is still reliable even
for a very small amount of adsorbent crystals when
pressure measurements are infeasible.

e Theinfrared detection is extremely fast and only lim-

ited by the associated electronics. The minimum

overall time constant of the infrared detection sys-
temis 1 ms.

The sensitivity is excellent. The mean error ob-

served on the temperature amplitude for few seconds

recording time is generally less than 0.2 mK.

The measured temperature is the surface temperature

of the adsorbing particles and not their mean temper-

ature. In the case of bidispersed particles, this gives
additional information allowing, in many cases, to
discriminate macroporous from microporous mass
transfer (see below).

Experimental Set Up

The apparatus built at LIMSI for adsorption kinetics
measurements is schematically presented on Fig. 1.
The adsorbent sample (1) is situated in a chamber
closed by bellows (2). A stepper motor (3) and a cam
move the bellows at a constant adjustable frequency.
A position gauge (4) gives the bellows position and
thus the chamber volume. The pressure is measured.
with a high accuracy, high speed Baratfopressure
gauge (5). This gauge is placed quite close to the sam-
ple, in order to avoid any phase lag. The temperature R
variations are measured with an infrared detector (6)
whose response is proportional to the difference be-
tween the sample temperature and the temperature of
a reference black-body (7).

The relative amplitude of the volume change is less
than 2%. This ensures that the system is linear. The
profile of the cam actuated by the stepper motor is de- Characteristic Function Properties
signed to give the sum of six harmonics of the fun-

d_ar?ental fre_quency, \_N'th thedsamg amplitude. Thdus_ The characteristic functiofi(w), is independent of the
SIX | requenclles_,rﬁoverlng one decade, are ;neas?;? SI'sample mass, so the sample may be a very thin layer of
multaneously. The measurements are performed from crystals. The problems due to intergranular diffusion

10* H.Z or less, to 28 Hz. resistance (“bed effect”) are eliminated.
The_ infrared temperature measurement presents the Firstofall, let us describe the typical features of these
following advantages: functions in the frequent case of a sample of monodis-
persed particles (for instance zeolite crystals of uniform

® @ dimension). Each resistance to heat and mass transfer
! 3 is related to a characteristic time. These characteris-

tic times, for heat exchange between the sample and

its surroundings, for mass diffusion, and for surface

exchange may be expressed as follows:

(1+y)CsRe
=7 12
" TG+ Dh (12
RS
D = 13
°7 @+ 1) +3)Dc 13
Re
Tg= ———— 14
5= 0TIk (14)
with
Figure 1 Experimental Apparatus. (1): Sample. (2): Bellows. (3): HIK
Stepper motor and cam. (4): Position gauge. (5): Pressure gauge. y = |AH[KT

(6): Infrared detector. (7): Reference black body. Cs
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Figure 2 Comparison of the phase lag observed with 2 systems:
(0)(): Silicalite-butane at 40 Pa and 300 K, experiment and model,
respectively; ()(---): NaX-butane at 95 Pa and 300 K, experiment kg re 3 Characteristic function obtained with 4A pellets—water
and model, respectively. In the first case, surface barrier resistance is gystem. f): in-phase function;): out-of-phase function. Four
dominant and the phase lag tends towards'2 at high frequency. different domain are clearly visible, separated by the zeros of the
In the second case, Fickian diffusion is dominant and the phase lag o.of.phase function. A dominant heat transfer resistance gives a
tends towards-r/4. In all cases at low frequency the heat transfer ,itive out-of-phase function. A dominant mass transfer resistance
is the limiting effect and the phase lag tends towards' 2. gives a negative out-of-phase function.

Frequency (Hz)

Typical curves of phase lag;, are shown in Fig. 2.  amplitude is close to zero. When the frequency in-
At very low frequency the heat transfer to the wall creases the thermal response increases and tends to-
is important. The system is quasi-isothermal and the wards a limit corresponding to the adiabatic behaviour.
phase lag is positive and closetp2. When frequency  The out-of-phase function reaches its maximum at an
increases the heat transfer to the wall becomes negligi-angular frequency close tg4,. For higher frequencies

ble. The system is quasi-adiabatic. The mass and heatthe thermal response decreases due to the macroporous
balances (Egs. (3) and (4)) show that the temperature,mass transfer resistances which reduce the adsorbed
the concentration and the pressure responses are proamount during a cycle.

portional. Thus the phase lag is close to zero. When The depths of penetratiob; andL v, of the thermal
frequency increases again, the effect of mass transferand mass waves respectively, are:

resistance appears giving a negative phase lag. The

phase lag tends towardst /4 in case of pure Fickian Lo — \/g (15)
diffusion and towards- /2 in case of pure surface bar- TV
rier resistance. Thus it is easy to know the dominant 2D
mass transfer resistance. Ly =,/ —> (16)

In the case of bidispersed adsorbent particles (pel- @

lets formed by agglomeration of adsorbent micropar- wherex is the thermal diffusivity of the pellet anD,
ticules) three new resistances appear: macroporousis the macroporous diffusion coefficierity is always
diffusion resistance, surface barrier at the pellet sur- larger thanLy. At low frequenciesLt > Ly > R,.
face and resistance to heat conduction inside the par-The effective heat capacity and the effective adsorb-
ticle, i.e., in which temperature is not uniform. These ing capacity are independent of the frequency. In that
resistances induce new characteristic times;, tsp “low frequency” domain the response depends only on
andr; respectively. The mathematical expressions of the external heat exchange, When the frequency
the different characteristic times are given in Bourdin increasesl\, becomes smaller thaRp, and the ad-
et al (1996a). sorbing capacity decreases, leading to a decrease of
Figure 3 shows a typical characteristic function ob- the temperature response. In that frequency domain
tained with pellets. At low frequency, the characteris- the temperature response depends onlyDgn With
tic time of heat exchange between the sample and itsa further increase of the frequendy; also becomes
surroundings is small compared to the volume mod- smaller thanR, and the ratio of the effective adsorb-
ulation period. Consequently, the thermal response ing capacity and the effective heat capacity remains



approximately constant. Thus the temperature response
is only slightly dependent on the frequency. This fre-
quency domain allows one to identify the thermal con-
ductivity, A, of the pellet. In the “high frequency”
domain, the response depends mainly on the crystals
at the surface of the pellet, and the final decrease of the
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transfer resistance. Thus, the measurement of the sur
face temperature by the infrared detector permits us to
determine in a single experiment the mass transfer re-
sistances at both nanoporous and macroporous levels

Effect of the Non-Isothermal Compression
of the Gas

At low frequency the heat transferred to the gas by the
bellows compression/decompression is completely re-
leased to the walls during a period. Thus, the gas may
be considered isothermal. But when the frequency in-
creases, the gas can nolonger be considered isotherm
The major consequence is that some heat is transferre
from the gas to the sample during a period, leading to a

temperature response even for a non-adsorbing sample

The frequency beyond which this spurious temperature
response becomes not negligible depends on the pres
sure and the thermodynamic properties of the gas.

It can be shown that the maximum amplitude of the
temperature response due to this effect is roughly pro-
portional to the produd® x (y —1) wherey is the ratio
Cp/Cy of the gas. Therefore, this effect is smaller at
low pressure, and smaller for complex molecules hav-
ing high isochorous heat capacitiég. Figure 4 shows
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Figure 4 Characteristic function amplitude obtained at different

pressures of C®on NaX crystals and carborandum particles res-
pectively. &), (x): 1 kPa. ©), (0): 4 kPa. @A), (0): 10 kPa.
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Figure 5. Characteristic functions at 9 kPa @6f 4A (adsorbent)

and 3A (non-adsorbent) pellets respectivelyy, (+): in-phase func-
tions. (), (0): out-of-phase functions. The shoulder appearing on
the 4A response at about 1 Hz is entirely due to the gas heating
effect.

the responses obtained at various pressures with carbon
ioxide on NaX crystals and carborundum particles. In

(fact experiments show that the gas heating effect is al-

ways negligible at pressures less than 1 kPa.

" If non adsorbent particles of the same geometry and
thermal properties as the particles under study are avail-
able, it is possible to perform a blank experiment.
Figure 5 shows the responses obtained with carbon
dioxide at 9 kPa on 4A pellets (adsorbent) and simi-
lar 3A pellets (non-adsorbent). One can see that the
response of 4A pellets at high frequency is entirely due
to the gas heating effect.

This phenomenon has been fully modeled for a
spherical sample and a spherical chamber. Unfortu-
nately, this simple model does not give consistent re-
sults. It has not been possible to obtain with the same
geometrical parameters a nice fit for both pressure and
temperature. This failure is probably a consequence of
the complex geometry of the actual chamber which is
not taken into account by the model.

Examples of Results
Silicalite I-Propane

Experiments have been performed with silicalite I large
crystals (120< 120x 350 um?®) provided by O. Talu
from Cleveland State University. The crystals were
carefully activated under vacuur® (< 103 Pa) up to
670 K. Reproducible kinetics have been obtained only
after several activation cycles, the first measurements



140  Grenier, Malka-Edery and Bourdin

Table 1 Experimental conditions and identified diffusivities for
Silicalite I-Propane system.

in—-phase

= Po To q Dc dInag/ Do
& No. (Pa) (K) (molicav) (10°m?s1) 3InP (109m?s})
e
g | 18 276 0.4 1.8 0.93 1.7
} ™
Z° 1 I 100 301 0.4 6.1 0.81 4.9
~ 004 = M 995 334 0.6 13 0.71 9.2
© -0.2 D¢: Transport diffusivity;Dg: Corrected diffusivity.

_0‘4_

06 e B . S least 4 times slower than in they plane. Moreover

.01

0 the concentration gradient is smaller in this direction

©.1 ‘ 1
Frequency (Hz) because the crystal dimension is larger (350). The

Figure 6 Experimental characteristic functions of Silicalite
I-Propane for a loading of about 0.5 molecule per cavity (dots) and
the corresponding calculated functions (lines). (+)——): 276 K.

diffusivities obtained are mainly averaged over the
zigzag channel direction, andstraight channel direc-
tion, and can be compared to the diffusiviby, as

(), (-=): 301 K. @), (-): 334 K. quoted by Talu et al. (1998). Thus, the model used to

fit the experimental data assumes a cylindrical geome-
gave much slower kinetics than the last ones. Figure 6 try with a radius of 6Qum.
shows the results obtained for a loading close to 0.5 As in these experimental conditions Darken’s cor-
molecule per cavity at 3 temperatures, and Table 1 givesrection is small, the identified transport diffusivities
the experimental conditions and the results obtained by are close to the self diffusivities. Figure 7 compares
curve fitting. All experimental functions are well fitted the results of the present work with the results obtained
by a pure diffusion model and no surface barrier has with various methods at low adsorbate concentration.
been observed. Diffusion in thedirection has been  These results are interpolated at the same temperature
neglected because the diffusivity in this direction is at (~300 K) from the data compiled by Talu et al. (1998)
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MD: Molecular Dynamics (Talu et al., 1998); NMR: Nuclear Magnetic Resonance (Caro et al., 1985); TFR: Thermal Frequency Response (this
work).
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Figure 8 Arrhenius plot of the corrected diffusivities of Silicalite functions of the NaX-Carbon dioxide system at 95 Pa and 302 K

I-Propane. ©): this work. The best linear regression gives an acti- _): anhvdrous sambl — _ ). 2.4% hvdrated sample
vation energy of 20 kJ/mole )Y NMR data (Caro et al., 1985) at (), (=)- anhy plect, ¢ ): 2.4%hy pe-

the same loading (0.5 mol/cav).
NMR methods has been observed on the activation

excep for the NMR whose results come from Caro €nergies of the NaX-water system (Bourdin et al.,

et al. (1985). One can observe very large inconsisten- 1996¢) and also for the silicalite I-GGystem (Shen

cies between the different techniques. The TFR re- and Rees, 1994).

sults agree well with the microscopic methods and the

molecular dynamic simulation proving the absence of NaX-Carbon Dioxide

experimental artefact. In many macroscopic methods,

unduly neglected extraneous transfer resistances suchThe kinetics of the NaX-C@system has been studied.

as thermal effect or bed effect could strongly affect the The experiments have been performed onibedge

results. NaX crystallites, synthesized by H. Kessler (“Labora-
Figure 8 shows the Arrhenius plot of the self diffu-  toire des Magtiaux Minéraux”-ENSC Mulhouse). The

sivities obtained by the TFR method and some results crystals were activated in the same way as previously

obtained by NMR at 0.5 molecule per cavity (Caro described.

et al., 1985). The activation energy given by the TFR  Figure 9 shows the results obtained at 95 Pa and

method (2@t 10 kJ/mol) is much higher than the value 302 K and Table 2 gives the experimental conditions

given by Heink et al. (1992) (10 kJ/mol) and Eic and and the results of the curve fitting for 3 loadings. The

Ruthven (1989) (13 kJ/mol). It may be observed that experiment with the anhydrous sample can be well fit-

such a discrepancy between Frequency Response anded with a pure diffusion model and no surface barrier

Table 2 Experimental conditions and identified diffusivities for NaX-£€ystem.

Po To q Dc Do
No. State (Pa) (K) (molcav) (1019m2s1) aingdinP (10°0m?s™Y)
la Anhydrous 96 302 0.9 3.4 0.77 2.6
lh Hydrated 94 <> 0.5 2.7 0.48 1.3
lla Anhydrous 410 «>» 2.0 13 0.48 6.1
Ith Hydrated 400 «>» 12 6.0 0.40 24
llla Anhydrous 950 «>» 3.7 43 0.24 10.5¢15)
Ilh Hydrated 950 «>» 2.3 23 0.26 6.1

aNMR result at a loading comprised between 3 and 4 molecules per cadtgékét al., 1993).
D¢: Transport diffusivity;Dg: Corrected diffusivity.
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is observed. One can see that for this system, as wellNaX crytals induces a slight slowing of the adsorption
as for the silicalite-propane system, the results agreekinetics of carbon dioxide.

well with NMR.

In order to study the influence of water on the ki-
netics, the anhydrous sample was hydrated to a water
loading of 2.4% by weight. At this loading, the equi- Ap
librium vapor pressure is less than 0.1 Pa. After the a_
water loading, the experiment was performed in the ¢
same conditions as those used with the anhydrous samp
ple. A large diminution of the thermal amplitude and Do
a shift of the curves towards the low frequencies can
be observed on Fig. 9. One can see that a single com-g
ponent model cannot account for the high frequency K+
part of the spectrum. In spite of the very low water Ke
partial pressure, a correct interpretation of these ob- p. P,
servations might involve partial water desorption ac-
companying carbon dioxide adsorption. Nevertheless,
the curve fitting allows us to determine an approximate R
diffusivity given in Table 2. One can see that 2.4%
water induces a slowing of the kinetics by a factor of re
about 2. T, Te
Y,

Vs
v

Conclusion

The thermal frequency response method using IR de- Y
tection to measure the temperature of the sample ZH
appears to be a powerful method to determine adsorp-
tion kinetics parameters in adsorbents and especially in ¢
mono or bidispersed samples of zeolite. Unlike conven- o
tional sorption rate measurements, this method is not D
limited to isothermal or quasi-isothermal conditions. Th
This method permits clear separation between the sur-
face transfer processes and the diffusion processes, ands
in many cases separation between the resistances at the
macro and nano scales of an agglomerated adsorbent®”
The influence of each resistance on the experimental

Nomenclature

Pressure amplitude Pa
Temperature amplitude K
Sample heat capacity JIK!
Transport diffusivity ms—1
Self-diffusivity mf st
Heat transfer coefficient WmK-1
Isotherm derivative:dq/9P)t kg m3Pal
Isobar derivative: q/0T)p kgm3K-1
Surface barrier coefficient m$
Pressure, its mean value Pa
Adsorbed amount its mean kgth
value

Gas constant JkgK™!
Crystal radius m
Current crystal radius m
Temperature, its mean value K
Chamber volume !
Sample volume h
Relative volume amplitude

Heat capacity ratio Cp/Cy
Non-isothermality coefficient |AH|Kt/Cs
Sorption Enthalpy J kgt

Phase lag

Geometrical factor (0, 1 or 2)
Diffusion characteristic time s
Heat transfer characteristic S
time

Surface barrier characteristic S
time

Angular frequency st

signal appears in a specific frequency window corre- Acknowledgment

sponding to its characteristic time. Moreover, the very
low overall measurable time constantl ms) allows
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us to determine fast kinetic parameters, and permits to oratoire des Madfiaux Miréraux-Ecole Nationale
compare the results with the results given by micro- Suggrieure de Chimie-Mulhouse” for providing large

scopic methods.

NaX zeolite crystals, and to professor O. Talu,

The method is limited by the heating of the sample Cleveland State University, for providing large sili-
due to the non isothermal compression of the gas. This calite crystals.

effect is always negligible for pressures smaller than
1 kPa.

Experiments performed on silicalite-propane and
NaX-Carbon dioxide show excellent agreement with
the microscopic methods, especially with NMR. More-
over it has been shown that a small amount of water in
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