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Abstract

A novel method based on Fourier transform infrared spectroscopy (FTIR) 1s applied to study sorption and sorption kinetics
of p-xylene 1n ZSM-5-type zeolites as a single component and 1n a binary-component system, in the presence of benzene under
condrtions close to those of a catalytic run From the change of intensities of IR bands charactenistic for the adsorbates,
diffusivities of p-xylene 1n the single-component system as well as in the binary-component system are determined at various
temperatures and loadings In comparison with benzene measured as a single component in the same system, the diffusivities
of p-xylene are igher by a factor of 2 to 3 This 1s 1n agreement with the hterature data In the binary system, the presence
of benzene reduces the diffusivities of p-xylene by 30 to 50% Isotherms, 1sosteres and isosteric heats of adsorption are
determined from the measurements The 1sosteric heats of adsorption agree well with the literature data
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Introduction

In many cases, conversion and/or selectivity in
zeolite catalysts are affected by the diffusion of
reactive molecules 1in the pores Diffusion coeffi-
cients and activation energies for diffusion charac-
terize the molecular transport in the zeolte
channels With respect to catalysis, multi-
component diffusion 1s particularly interesting,
since even 1n the most simple cases of catalytic
conversions mside the zeolite pore structure one
sort of molecule has to travel in and another sort,
the product, has to travel out However, studies of
multi-component diffusion are rather scarce
because there was essentially no suitable technique
for such multi-component systems Recently, a
novel technique for studying sorption and sorption
kinetics not only of single-component systems but
also of multi-component systems in porous materi-
als was presented [1-4] This technique employs
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Fourier transform infrared spectroscopy (FTIR) to
determine the sorbed amount of matenal in the
zeolite In the multi-component measurements, the
co- and counter-diffusion of the adsorbate mole-
cules can be investigated Furthermore, the method
provides 1sotherms and 1sosteric heats of the com-
ponents 1n single- and multi-component systems

In the present work this technique 1s applied to
study the sorption and sorption kinetics of p-xylene
m H-ZSM-5 as a single component and in a
bimmary-component system m the presence of ben-
zene for co- and counter-diffusion

Experimental

H-ZSM-5 was used as the adsorbent. The zeolite,
well crystalhzed (8 8 x 52 x 32 um), was commer-
cially produced, and kindly provided by Degussa,
Wolfgang, Germany The overall Si/Al ratio was
335 However, ’Al MAS NMR measurements
indicated a significant amount (1e, ~30%) of
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extra-framework aluminium p-Xylene and benzene
were supplied by Merck, Darmstadt, Germany,
and were of spectroscopic grade and additionally
purified by distillation The experimental set-up
with the FTIR spectrometer, ultrahigh vacuum,
mass flow control system and IR cell has been
reported elsewhere [1-3] In the experiments the
adsorbate was admixed to a contmnuous flow of
hellum passing the zeolite sample In the case of
binary mixtures the partial pressures of the adsor-
bates could be changed independently Sorption
mto or desorption from the adsorbent was moni-
tored through the increase or decrease of the IR
bands typical of the adsorbates The IR spectra
were obtained at intervals as short as 037 s The
exact experimental procedure and the evaluation
of the diffusivities have been described in refs 1-3

Results and discussion

Figure 1 presents a set of p-xylene spectra for
successive states of sorption, which were obtained
during 324 s The increasing intensity of the typical
deformation mode of p-xylene at 1516 cm ™! shows
the uptake of p-xylene in the sample until an
equilibrium state 1s reached From such curves
obtamned 1n sorption and desorption experiments
at various temperatures, the amount of matenal
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sorbed into or desorbed out of the zeolite pores
(proportional to A and 1— A4, where A4 1s the
absorbance of the IR band under investigation) 1s
derived as a function of the square root of time
These sorption kinetics of p-xylene in H-ZSM-5
are 1illustrated in Fig 2 under various conditions
of pressure increments and temperatures The sym-
bols indicate the amount of adsorbed p-xylene,
which was calculated from the mntensities of the
typical IR bands appearing in the spectra during
the uptake measurements The adsorbed amount
of p-xylene decreases with increasing temperature

The application of an approprnate solution of
Fick’s second law to the uptake curves provides
the desired diffusivities D [1-3] The solid line
presents the best fit of the experimental data
according to the theoretical solution The obtained
diffusion coeflicients D were corrected according
to the Darken equation using the adsorption 1so-
therms measured by FTIR (vide infra) [S] The
corrected  diffusivities of p-xylene (Do=
15x107% cm?/s, 395 K) agree with the literature
data of Dy=4x10"°cm?/s obtained by Bulow
et al [6] at 393 K for the same amount adsorbed
(n, =03 mmol/g)

In analogy to the adsorption experiments, the
desorption measurements for the same temper-
atures and pressure jumps are 1illustrated in Fig 3
In all cases where the final pressure 1s not zero,
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Fig 1 Single-component diffusion Set of p-xylene spectra for successive states of adsorption in H-ZSM-5-type zeolite obtatned

during 324 s
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Fig 2 Diffusion of p-xylene in H-ZSM-5 Adsorption curves as a function of the square root of time, D Fickian diffusivity,

D, diffusivity corrected according to the Darken equation
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Fig 3 Diffusion of p-xylene in H-ZSM-5 Desorption curves as a function of the square root of time, D Fickian diffusivity,

D, corrected diffusivity according to the Darken equation

the diffusivities calculated from the desorption
measurements agree with those obtained by the
adsorption measurements The dewviation of the
diffusivities when the partial pressure jump started
with or reached zero can be explained with respect
to the heterogeneity of the internal zeolite surface
Sites with very high adsorption potential affect the
rate of desorption more strongly than that of the
reverse process

Examples of the obtained Fickian diffusivities

and corrected diffusivities (D and D) of p-xylene
in adsorption and desorption measurements at
several temperatures and coverages are given in
Table 1 The diffusivities Dy increase with temper-
ature while the equilibrium coverages n,, decrease
with temperature

p-Xylene shows diffusivites which were by a
factor of 2 to 3 higher than those obtained for
benzene with the novel FTIR method [1-4] (Dy=
15x10"°cm?/s for p-xylene and Dy=



TABLE 1
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Diffusivities of p-xylene as a single component 1n adsorption and desorption measurements®

T Ny Adsorption Desorption
(K) (mmol/g)
D D, D D,
(em?/s) (em?/s) (em?/s) {cm?/s)
Ap 0-115Pa Ap 11550 Pa
375 048 8x10710 8x1071° 5x10711 5x1071
395 033 15x107° 15x10™° 6x10~11 6x10~1
415 021 25x107° 25x107° 1x10710 1x10710
Ap 1155230 Pa 4p 230-115Pa
375 055 25x10°° 50x10710 20x107° 50x1071°
395 040 35%x107° 98x1071° 30x107° 95x1071t°
415 028 40x107*% 13x107° 35x107° 12x107°

D, Fickian diffusivities, Dy, corrected diffusivities, n,,, equilibrium coverage

68 x1071° cm?/s for benzene at 395K) This 1s
similar to results reported in the literature where
diffusivities of Dy=41x10"% cm?/s at 373K for
p-xylene and Dy =(5-9) x107!° cm?/s at 393 K for
benzene have been reported by Ruthven et al [7]
and Forste et al [8] In Table 2 a comparison
between the diffusion coefficients of p-xylene and
benzene obtained at various temperatures with the
novel FTIR method 1s given Differences between
both components up to more than two orders of
magnitude measured with the frequency response
method by Rees and Shen [9] were not obtained
The activation energy for diffusion of p-xylene
n H-ZSM-5 (E,, =30 kJ/mol) 1s 1n good agreement
with the hiterature data, where the same value of
E,=30kJ/mol was obtamned [7] Benzene, the

TABLE 2

Comparnison between diffusivities of p-xylene and benzene in
H-ZSM-5*

T p-Xylene Benzene
K)
ny DO LS DO
(mmol/g)  (cm?*/s) (mmol/g)  (cm?/s)
Ap 0—115Pa
395 033 15x107° 016 68x1071°
415 021 25x107° 011 88x10710
Ap 1155230 Pa
395 040 95x1071° 022 62x10710
415 028 12x107° 015 99 x1071°

2Dy, corrected diffusivities, n,, equilibrium coverage

second component 1n the binary system, showed a
lower activation energy of E,=23kJ/mol for
diffusion 1n ZSM-5-type zeolites [1-4,10] Adsorp-
tion 1sotherms could also be derived from the
uptake measurements (Figs 2 and 3) From the
stationary coverages after various pressure jumps,
adsorption 1sotherms were constructed at three
given adsorption temperatures as shown n Fig 4
The solid lines represent the best fit of the experi-
mental data by a combmation of a Langmuir
isotherm and a Freundlhich isotherm after the
expression

n=neXbxp"/(1+bxp™

where n=coverage, no= maximum coverage, p=
equiibrium partial pressure, m,b=specific con-
stants [5]

From such a set of isotherms as shown 1n Fig 4
the diffusivities could be corrected according to
the Darken equation [5] and the 1sosteric heats of
adsorption, Q,..«, could be evaluated The 1sosteric
heats of adsorption of p-xylene (Q,.; =80 kJ/mol)
were 1 good agreement with the literature data of
Q.50 = 80 kJ/mol reported by Rees and Shen [9]
In comparison with benzene (Q, =64 kJ/mol
[3-4]), the 1sosteric heats of p-xylene are higher

In the binary-component system, co- and
counter-diffusion were investigated In the counter-
diffusion measurements benzene, which was pre-
adsorbed, 1s partially displaced by p-xylene diffus-
g nto the zeolite sample The set of spectra 1n
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equation

Fig 5 demonstrates the decrease of the typical
benzene band at 1478 cm~!' when p-xylene 1s
admitted to the gas stream (increasing intensity of
the band at 1516 cm ! typical of p-xylene) From
such a set of spectra, uptake curves were evaluated
Uptake curves for counter-diffusion of p-xylene
versus benzene (p=115 Pa, constant) at 395 K are
shown 1n Figs 6a and 6b when p-xylene 1s adsorbed
(Ap 0—115Pa) and desorbed (Ap 115-0 Pa)
While p-xylene molecules are sorbed into the zeo-
lite pores benzene molecules are diffusing out

(Fig 6a) The desorption of p-xylene out of the
zeolite pores leads to an increase in the amount of
adsorbed benzene to the same steady state as
before (Fig 6b) The obtained diffusivities D of p-
xylene adsorbed 1n the presence of benzene at 375
and 395 K were by a factor of about 2 lower than
i the case of single-component diffusion (eg,
D,_x=15x10"° cm?/s m single-component and
D,_x=8x10""cm?s 1m binary-component
diffusion at 395 K) At 415K the difference 1n the
diffusivities of p-xylene in single-component and
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Fig 5 Binary-component diffusion (counter-diffusion) Set of spectra for successive replacement of pre-adsorbed benzene (1478 cm ™ 1)

by p-xylene (1516 cm~!) measured during 400 s
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Fig 6 Counter-diffusion of p-xylene versus benzene in H-ZSM-5 Amount adsorbed from a gas muxture in adsorption (a) and
desorption (b) expertments with p-xylene as a function of the square root of time

binary-component diffusion decreases to a factor
of about 1 5 The interaction between both compo-
nents 1n the zeolite pores leads to a slightly higher
diffusion coefficient of benzene in the binary case
than 1 the single-component diffusion Again,
when the partial pressure of p-xylene reached zero
in the binary system, the diffusivities were found
to be lower than 1n the case of p-xylene adsorption
Examples for diffusivities of p-xylene counter-
diffusing versus benzene are given in Table 3 Ben-
zene pre-adsorbed with a partial pressure of p=
460 Pa reduced the diffusivities D of p-xylene subse-
quently adsorbed with Ap 0—115Pa to about
50% of the values measured at a constant partial
pressure of p=115 Pa for benzene When p-xylene
1s desorbed the partial pressure of p=460 Pa for
benzene leads to an increase of the diffusion
coefficient D of p-xylene by about 60% in compari-
son with the diffusivities measured under a con-
stant partial pressure of p=115Pa for benzene
This 1s most likely due to the concentration depen-
dence of the Fickian diffuston coeffictent, D In the
case of counter-diffusion the activation energy of
p-xylene diffusion increased to E, =39 kJ/mol
when benzene 1s pre-adsorbed

In the co-diffusion of p-xylene and benzene both
components were simultaneously admitted to the
gas stream (Ap=0-115 Pa) Benzene first reaches
a maximum but 1s then partially displaced by the

TABLE 3

Diffusivities of p-xylene (p-X) in counter-diffusion with benzene
(B)

T p-Xylene Benzene

(K)
Ny D Ny D
(mmol/g) (cm?/s) (mmol/g) (cm?/s)
Ap,—x 0—115Pa ps 115 Pa (const)

375 042 45x10710 006 40x10-1°

395 029 80x10°1°0 005 80x10-1°

415 020 17x107° 004 17x107°
4p,_x 115-0Pa ps 115 Pa (const)

375 —0 6x1071! 025 4x10~11

395 -0 9x10~1! 018 7x10"1

415 -0 15x107° 011 10x10-1°
4p,—x 0—115Pa pp 460 Pa (const)

375 037 25x1071° 018 20x1071°

395 024 55x1071° 014 50x10™1°

415 016 9x10-1° 011 80x1071°
Ap,-x 115-0Pa pg 460 Pa (const )

375 -0 9x10~ 1 043 8§x10~

395 -0 15x10-1° 028 10x10-1°

415 -0 25x10-1t° 020 20x1071°

more strongly adsorbed p-xylene diffusing into the
zeohte pores (see Fig 7a) The diffusivities of p-
xylene 1n co-diffusion with benzene are higher than
in counter-diffusion experiments, where all active
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Fig 7 Co-diffusion of p-xylene and benzene in H-ZSM-5 Uptake from a gas mixture for two different partial pressures of benzene

as a function of the square root of time

sites are occupied by pre-adsorbed benzene mole-
cules, but lower than m the single-component
system By increasing the partial pressure of the
co-adsorbed benzene (Ap 0—460 Pa) the diffusivi-
ties of p-xylene (Ap 0—115 Pa) decrease by about
30% (Fig 7b) Daffusivities of p-xylene i co-
diffusion with benzene are shown 1n Table 4

The behaviour 1n the system p-xylene—benzene
i co- and counter-diffusion 1s predicted for two
adsorbed components with different interactions
to the zeolite surface by theory and 1s shown in
binary diffusion for benzene and ethylbenzene with
the same experimental set-up [1-4,117 The more

TABLE 4

Drffusivities of p-xylene (p-X) in co-diffusion with benzene (B)

T p-Xylene*
(K)
ng D
(mmol/g) {cm?/s)
Apg 0115 Pa
375 043 7x1071°
395 029 13x10°°
415 020 23x107°
Apg 0—460 Pa
375 036 6x1071°
395 023 85xi0-10
415 016 15%107°

*4p,_x 0—-115Pa

strongly adsorbed component p-xylene replaces the
more weakly adsorbed benzene

Conclusions

The novel FTIR techmique for the uptake and
desorption measurements in zeolites as adsorbents
provides rehable diffusivities for p-xylene not only
1n a single-component system but also 1 a binary-
component system 1n the presence of benzene

Diffusivities 1n the single-component system are
in agreement with the data reported in the Iit-
erature

The experiments can be conducted under condi-
tions close to those of catalytic processes

This technique enables us to study co- and
counter-diffusion 1 porous systems, e g, zeolites,
and to 1nvestigate the effect of coverage and derive
activation energies of diffusion, 1sotherms, 1sosteres
and 1sosteric heats of adsorption

References

I HG Karge and W Niessen, Catal Today, 8 (1991)451-456

2 W Niessen and HG Karge, Stud Surf Scai Catal , 60
(1991) 213-221

3 W Niessen, Ph D Thesis, Technical Umversity Berlin, 1991



W Niessen, H G Karge | Microporous Mater 1 (1993) 1-8

4 W Niessen, HG Karge and L Jozefowicz, in M Suzuki A Zikanova, J Chem Soc Faraday Trans, 86 (1990)

(Ed ), Proc Fourth Int Conf on Fundamentals of Adsorption, 881-885

Kyoto, Japan, May 17-22, 1992, Kodanska, Tokyo, 1n press 9 LVC Rees and D Shen, in R v Ballmoos, JB Higgins
5 DM Ruthven, Principles of Adsorption and Adsorption and MMJ Treacy (Eds), Proc 9th Imt Zeolite Conf,

Processes, Wiley, New York, 1984, p 108, p 125 Montreal, Canada, July 5-10, 1992, Butterworth-Hene-
6 M Bulow, J Caro, B Rohl-Kuhn and B Zibrowius, Stud mann, Stoneham, MA, n press

Surf Sci Catal , 46 (1989) 505-517 10 A Zikanova, M Bulow and H Schlodder, Zeolites, 7 (1987)
7 DM Ruthven, M Eic and E Richard, Zeolites, 11 (1991) 115-118

647-653 I1 DT Timofejew, Adsorptionskinetik, VEB Verlag fur Grund-

8 C Forste, ] Karger, H Pfeifer, L Riekert, M Bulow and stoffindustrie, Leipzig, 1967, p 291



