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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 m ZSM-5-type zeohtes as a smgle component and m a binary-component system, m the presence of benzene under 
condltlons close to those of a catalytic run From the change of mtensltles of IR bands charactenstlc for the adsorbates, 
dlffuslvltles of p-xylene m the single-component system as well as m the binary-component system are determined at various 
temperatures and loadings In comparison with benzene measured as a single component m the same system, the dlffuslvltles 
of p-xylene are higher by a factor of 2 to 3 This is in agreement with the literature data In the binary system, the presence 
of benzene reduces the dlffuslvltles of pxylene by 30 to 50% Isotherms, lsosteres and lsosterlc heats of adsorption are 
determmed from the measurements The lsostenc heats of adsorption agree well with the literature data 
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Introduction 

In many cases, conversion and/or selectlvlty m 
zeohte catalysts are affected by the dlffuslon of 
reactive molecules m the pores Diffusion coeffi- 
cients and actlvatton energies for diffusion charac- 
terize the molecular transport m the zeohte 
channels With respect to catalysis, multl- 
component diffusion 1s particularly interesting, 
since even m the most simple cases of catalytic 
conversions inside the zeohte pore structure one 
sort of molecule has to travel m 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 angle-component systems but 
also of multi-component systems in porous maten- 
als was presented Cl-43 This technique employs 

Fourier transform infrared spectroscopy (FTIR) to 
determine the sorbed amount of matenal m the 
zeohte In the multi-component measurements, the 
co- and counter-dlffuslon of the adsorbate mole- 
cules can be investigated Furthermore, the method 
provides isotherms and lsosterlc heats of the com- 
ponents m single- and multi-component systems 

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

Experimental 

*Correspondmg author 

H-ZSM-5 was used as the adsorbent. The zeohte, 
well crystallized (8 8 x 5 2 x 3 2 pm)5 was commer- 
cially produced, and kindly provided by Degussa, 
Wolfgang, Germany The overall &/Al ratio was 
33 5 However, 27A1 MAS NMR measurements 
indicated a significant amount (1 e , -30%) of 
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extra-framework alummlum p-Xylene and benzene 
were supphed by Merck, Darmstadt, Germany, 
and were of spectroscopic grade and additionally 
purified by dlstlllatlon The experimental set-up 
with the FTIR spectrometer, ultrahlgh vacuum, 
mass flow control system and IR cell has been 
reported elsewhere Cl-33 In the experiments the 
adsorbate was admixed to a contmuous flow of 
hehum passing the zeohte sample In the case of 
binary mixtures the partial pressures of the adsor- 
bates could be changed independently Sorption 
mto or desorptlon from the adsorbent was mom- 
tored through the increase or decrease of the IR 
bands typical of the adsorbates The IR spectra 
were obtained at intervals as short as 0 37 s The 
exact expenmental procedure and the evaluation 
of the dlffuslvltles have been described m refs l-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 15 16 cm- ’ shows 
the uptake of p-xylene m the sample until an 
equlhbrmm state 1s reached From such curves 
obtained m sorption and desorptlon expenments 
at various temperatures, the amount of material 
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sorbed mto or desorbed out of the zeohte pores 
(proportlonal to A and 1 -A, where A IS the 
absorbance of the IR band under mvestlgatlon) 1s 
derived as a function of the square root of time 
These sorption kinetics of p-xylene m H-ZSM-5 
are illustrated m Fig 2 under various condltlons 
of pressure increments and temperatures The sym- 
bols indicate the amount of adsorbed p-xylene, 
whtch was calculated from the mtensltles of the 
typical IR bands appearing m the spectra durmg 
the uptake measurements The adsorbed amount 
of p-xylene decreases with mcreasmg temperature 

The apphcatlon of an appropnate solution of 
Flck’s second law to the uptake curves provides 
the desired dlffuslvltles D [l-3] The solid line 
presents the best fit of the expenmental data 
according to the theoretical solution The obtamed 
dlffuslon coefficients D were corrected according 
to the Darken equation using the adsorption NO- 
therms measured by FTIR (urde tnfra) [5] The 
corrected dlffuslvltles of p-xylene (Do = 
1 5 x10W9 cm’/s, 395 K) agree with the literature 
data of Do=4 x 10e9 cm’/s obtained by Bulow 
et al [6] at 393 K for the same amount adsorbed 
(n, = 0 3 mmol/g) 

In analogy to the adsorption experiments, the 
desorptlon measurements for the same temper- 
atures and pressure Jumps are illustrated m Fig 3 
In all cases where the final pressure 1s not zero, 

WAVENUMBER km’1 

Fig 1 Single-component dlffuslon Set of pxylene spectra for successwe states of adsorption m H-ZSM-5-type zeollte obtamed 
dunng 324 s 
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F:g 2 Drffuslon of p-xylene m H-ZSM-5 Adsorptlon curves as a function of the 
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Fig 3 Wffuslon of p-xylene m H-ZSM-5 Desorption curves as a function of the square root of time, D Flcklan dlffuslvlty, 
D, corrected dlffuswlty accordmg to the Darken equation 

the dlffuslvltles calculated from the desorptlon 
measurements agree with those obtained by the 
adsorption measurements The devlatlon of the 
dlffuslvltles when the partial pressure Jump started 
with or reached zero can be explained with respect 
to the heterogeneity of the internal zeohte surface 
Sites with very high adsorptlon potential affect the 
rate of desorptlon more strongly than that of the 
reverse process 

Examples of the obtained Flcklan dlffuslvltles 

and corrected dlffuslvltles (D and D,,) of p-xylene 
m adsorption and desorptlon measurements at 
several temperatures and coverages are given m 
Table 1 The dlffuslvltles Do increase with temper- 
ature while the eqmhbnum coverages n, decrease 
wrth temperature 

p-Xylene shows dlffuslvltles which were by a 
factor of 2 to 3 higher than those obtained for 
benzene with the novel FTIR method Cl-43 (Do = 
1 5 x lo-’ cm2/s for p-xylene and Do= 
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TABLE 1 

Dlffuslvltles of p-xylene as a single component m adsorption and desorptlon measurementsa 

fK) 
n, Adsorption 

(mmol/g) 

[m2/s) z2/s) 

Ap 0+115Pa 
315 048 8 x10-” 8x10-” 
395 033 1 5x1o-9 1 5x1o-9 
415 021 25~10-~ 25~10-~ 

Ap 115+230 Pa 
375 0 55 25~10-~ 50x10-‘0 
395 040 35x1o-9 98x10-” 
415 028 4ox1o-9 1 3x1o-9 

‘D, Flcklan dlffuslvhes, Do, corrected dlffuslvltles, n,, equhbrmm coverage 

Desorptlon 

~rn’/s) 

Ap 115+0Pa 
5x10-” 
6x10-” 
1 x 1o-1o 

Ap 230+115 Pa 
20x10-9 
3ox1o-9 
35x1o-v 

g2/s) 

5 x10-” 
6x10-” 
1 x10-‘0 

5ox1o-1o 
95x10-‘O 
1 2x1o-9 

6 8 x lo- lo cm’js for benzene at 395 K) This is second component m the binary system, showed a 
slmllar to results reported m the literature where lower actlvatlon energy of EA= 23 kJ/mol for 
dlffuslvltles of Do =4 1 x lo-’ cm’/s at 373 K for diffusion m ZSM-5-type zeohtes [l-4,10] Adsorp- 
p-xylene and Do = (5-9) x lo- lo cm’/s at 393 K for tion isotherms could also be denved from the 
benzene have been reported by Ruthven et al [7] uptake measurements (Figs 2 and 3) From the 
and Forste et al [S] In Table 2 a comparison stationary coverages after various pressure Jumps, 
between the diffusion coefficients of p-xylene and adsorption isotherms were constructed at three 
benzene obtamed at various temperatures with the given adsorption temperatures as shown m Fig 4 
novel FTIR method 1s given Differences between The solid lines represent the best fit of the expen- 
both components up to more than two orders of mental data by a combmatlon of a Langmmr 
magnitude measured with the frequency response isotherm and a Freundhch isotherm after the 
method by Rees and Shen [9] were not obtained expression 

The activation energy for diffusion of p-xylene 
m H-ZSM-5 (EA = 30 kJ/mol) is m good agreement 
with the literature data, where the same value of 
EA=30 kJ/mol was obtained [7] Benzene, the 

n=noxbxp”/(l+bxp”) 

TABLE 2 

Companson between dlffuslvltles of p-xylene and benzene m 
H-ZSM-5” 

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

(TKI 

p-Xylene Benzene 

n, 
$‘/s) 

n, 
(mmolig) (mmolig) $-i2/s) 

Ap O-+llSPa 
395 033 1 5x1o-v 0 16 68xlO-‘O 
415 021 25~10-~ 011 88x10-” 

Ap 115-230 Pa 
395 040 95xlO-‘O 022 62x10-” 
415 028 1 2x1o-9 0 15 99x10-‘0 

aDo, corrected dlffuslvltles, nmr equhbrmm coverage 

From such a set of isotherms as shown m Fig 4 
the dlffuslvltles could be corrected according to 
the Darken equation [S] and the lsostenc heats of 

adsorption, QISOSt, could be evaluated The lsosterlc 
heats of adsorption of p-xylene (Q,,,,t = 80 kJ/mol) 
were m good agreement with the literature data of 
Qls,,, = 80 kJ/mol reported by Rees and Shen [9] 
In comparison with benzene (Q,,,,t = 64 kJ/mol 
[3-4]), the lsosterlc 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 dlffus- 
mg mto the zeohte sample The set of spectra m 
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PARTIAL PRESSURE OF P-XYLENE [Pal 

Fig 4 Isotherms of benzene adsorption on H-ZSM-5 measured by FTIR (0, A, *) Experimental data, (-) 
equation 

Langmmr-Freundhch 

Fig 5 demonstrates the decrease of the typical (Fig 6a) The desorptlon of p-xylene out of the 
benzene band at 1478 cm-’ when p-xylene IS zeohte pores leads to an increase m the amount of 
admitted to the gas stream (mcreasmg intensity of adsorbed benzene to the same steady state as 
the band at 15 16 cm- ’ typical of p-xylene) From before (Fig 6b) The obtained dlffuslvltles D of p- 
such a set of spectra, uptake curves were evaluated xylene adsorbed m the presence of benzene at 375 
Uptake curves for counter-dlffuslon of p-xylene and 395 K were by a factor of about 2 lower than 
versus benzene (p = 115 Pa, constant) at 395 K are m the case of single-component dlffuslon (e g, 
shown m Figs 6a and 6b when p-xylene is adsorbed D,-x= 1 5 x 10m9 cm2/s m angle-component and 
(Ap 04115 Pa) and desorbed (Ap 115+0Pa) D,_,=8 x~O-‘~ cm’/s m binary-component 
While p-xylene molecules are sorbed mto the zeo- diffusion at 395 K) At 415 K the difference m the 
hte pores benzene molecules are dlffusmg out dlffuslvltles of p-xylene m single-component and 
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Fig 5 Bmary-component dlffuslon (counter-dlffuslon) Set of spectra for successwe replacement of pre-adsorbed benzene (1478 cm-‘) 
by p-xylene ( 15 16 cn - ‘) measured dunng 400 s 
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F’g 6 Counter-d’ffuslon of p-xylene uersus benzene m H-ZSM-5 Amount adsorbed from a gas m’xture m adsorpt’on (a) and 
desorpt’on (b) exper’ments with p-xylene as a funct’on of the square root of t’me 

binary-component diffusion decreases to a factor 
of about 1 5 The interaction between both compo- 
nents m the zeohte pores leads to a slightly higher 
dlffuslon coefficient of benzene m the binary case 
than m the angle-component dlffuslon Again, 
when the partial pressure of p-xylene reached zero 
m the binary system, the dlffuslvltles were found 
to be lower than m the case of p-xylene adsorption 
Examples for dlffuslvltles of p-xylene counter- 
diffusing versus benzene are given m Table 3 Ben- 
zene pre-adsorbed with a partial pressure of p= 
460 Pa reduced the dlffuslvltles D of p-xylene subse- 
quently adsorbed with Ap 0+115 Pa 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% m compan- 
son with the dlffuslvltles measured under a con- 
stant partial pressure of p = 115 Pa for benzene 
This 1s most likely due to the concentration depen- 
dence of the Flcklan dlffuslon coefficient, D In the 
case of counter-dlffuaon the actlvatlon energy of 
p-xylene dlffuslon increased to EA = 39 kJ/mol 
when benzene 1s pre-adsorbed 

TABLE 3 

D’ffuslv’tles of p-xylene (p-X) ‘n counter-d’ffus’on w’th benzene 

(B) 

(TK) 

p-Xylene Benzene 

n, n, 
(mmol/g) Emp/s) (mmol/g) Ernl/s) 

dp,_, O-1 15 Pa pe 115 Pa (const ) 
375 042 45x10-‘0 006 40x10-‘0 
395 029 80~10-‘~ 005 80~10-‘~ 
415 020 17x10-9 004 17x10-9 

LIP,_, 115-O Pa pB 115 Pa (const ) 
375 +o 6x10-” 025 4x10-” 
395 +o 9x10-” 0 18 7x10-” 
415 -0 15 x10-‘0 011 1 OxlO-’ 

dp,_, O-115 Pa pB 460 Pa (const ) 
375 037 25~10-‘~ 0 18 20x10-‘0 
395 024 55x10-‘0 0 14 50x10-‘0 
415 0 16 9x10-‘O 011 80~10-‘~ 

LIP,_, 115-O Pa pe 460 Pa (const ) 
375 +o 9x10-” 043 8 x10-” 
395 -+o 15x10-‘0 028 1 OxlO-’ 
415 +o 25~10-‘~ 020 20x10-*0 

In the co-dlffunon of p-xylene and benzene both more strongly adsorbed p-xylene diffusing mto the 
components were simultaneously admitted to the zeohte pores (see Fig 7a) The dlffuslvltles of p- 
gas stream (Ap = O+ 115 Pa) Benzene first reaches xylene m co-dlffunon with benzene are higher than 
a maximum but 1s then partially displaced by the m counter-dlffuslon expenments, where all active 
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Fig 7 Co-dlffuslon of p-xylene and benzene m H-ZSM-5 Uptake from a gas mixture for two different partial pressures of 
as a function of the square root of time 

sites are occupied by pre-adsorbed benzene mole- 
cules, but lower than m the angle-component 
system By increasing the partial pressure of the 
co-adsorbed benzene (Ap 0+460 Pa) the dlffuslvl- 
ties of p-xylene (Ap O+ 115 Pa) decrease by about 
30% (Fig 7b) Dlffuslvltles of p-xylene m co- 
diffusion with benzene are shown m Table 4 

The behavlour m the system p-xylene-benzene 
m co- and counter-diffusion 1s predlcted for two 
adsorbed components with different interactions 
to the zeohte surface by theory and 1s shown m 
bmary diffusion for benzene and ethylbenzene with 
the same experimental set-up [l-4,1 I] The more 

TABLE 4 

Dlffuslvltles of p-xylene (p-X) m co-dlffuslon with benzene (B) 

rK) 

p-Xylenea 

n, 
(mmoVg) 

dp, O-+115 Pa 
375 043 
395 029 
415 020 

dp, O-460 Pa 
375 036 
395 023 
415 0 16 

*dp,_, OhI 15 Pa 

Em’/s) 

7x10-‘0 
13xlo-9 
23~10-~ 

~xIO-‘~ 
85~10-‘~ 
15x10-9 

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

Conclusions 

The novel FTIR technique for the uptake and 
desorptlon measurements m zeohtes as adsorbents 
provides reliable dlffuslvltles for p-xylene not only 
m a single-component system but also m a bmary- 
component system m the presence of benzene 

Dlffuslvltles m the angle-component system are 
m agreement with the data reported m the ht- 
erature 

The experiments can be conducted under condl- 
tlons close to those of catalytic processes 

This technique enables us to study co- and 
counter-diffusion m porous systems, e g , zeohtes, 
and to investigate the effect of coverage and derive 
actlvatlon energies of dlffuslon, isotherms, lsosteres 
and lsosterlc heats of adsorptlon 
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