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Cylindrical internal reflectance infrared spectroscopy (CIR-FTIR) was used for the 
determination of the transport properties of hydrocarbons in zeolite L at high tempera- 
tures and pressures. This was the first time that the intracrystalline difisivity of hydro- 
carbons in microporous media could be determined under supercritical conditions by 
using a dynamic technique. The study investigated the self-difiion of n-heptane, the 
counterdifision of n-hexane and 1-hexene, and the codifSusion of n-heptane and p -  
xylene in zeolite L under subcritical and supercritical conditions. The d i f i i o n  time 
constants obtained for the single and binary systems showed that the diffusion within 
the pore was reduced significantly under supercritical conditions (i.e., liquidlike behau- 
iod as the hydrocarbon density within the pore was increased. 

Introduction 
The transport of organic and inorganic compounds in zeo- 

lites is a particularly interesting and complex phenomenon in 
terms of fundamental physical chemistIy and in applications 
of zeolites, for example, separation processes or catalysis. 
Therefore, research in this area has grown tremendously in 
the past three decades to understand physicochemical behav- 
ior of liquids and gases in zeolites. 

The activity and/or selectivity of zeolite catalysts in hydro- 
carbon catalysis depends on both the intrinsic activity of the 
active sites of the zeolite and the diffusion of reactants and 
products within the pores of the zeolite. Therefore, a good 
mechanistic understanding of these processes and develop- 
ment of new chemical processes are strongly dependent on 
the evaluation of the catalytic and transport properties of re- 
actants and products at autogeneous reaction conditions. 

For a long period of time, the key parameters of zeolitic 
diffusion (i.e., diffusion coefficients and activation energies 
of diffusion) were exclusively derived from static sorption and 
desorption kinetic measurements. Here, the preferred tool 
used was the microbalance that measured the gain or loss of 
weight with time due to the uptake or desorption of sorbate 
molecules (Riekert, 1970, 1971; Barrer, 1978; Ruthven, 1984). 
Other physical properties used rather than the weight change 
were the change of either volume or pressure, with one of 
them being constant. In the late 1960s and early 1970s an 
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essentially different technique was introduced to study the 
diffusion of molecules in zeolites by means of nuclear mag- 
netic resonance (NMR) spectroscopy (Resing, 1968; Karger 
and Caro, 1977). From these studies, it was shown that self- 
diffusion coefficients under equilibrium conditions could be 
evaluated from measurements of relaxation time. NMR spec- 
troscopic studies for the determination of transport proper- 
ties in zeolites were particularly successful with the applica- 
tion of “pulsed field gradient” (Karger et al., 1980; Karger 
and Pfeifer, 1987) and “fast tracer desorption” (Karger, 1982) 
techniques. 

Besides the static methods, the use of dynamic techniques 
for the evaluation of transport properties of gases and liquids 
in porous media was quite successful (e.g., Ma et al., 1988; 
Lin and Ma, 1989a). The authors have used a chromato- 
graphic technique (i.e., high pressure liquid chromatography) 
to study diffusion properties both for gases and liquids in sin- 
gle and bidispersed porous catalysts. They concluded that 
nonlinear adsorption isotherms and intraparticle diffusivities 
in porous adsorbents can be determined simultaneously from 
the impulse chromatographic response peaks at different car- 
rier flow rates and injection sample concentrations. The 
isotherms measured by the chromatographic technique were 
found to be in good agreement with the isotherms obtained 
by the static (batch) methods. These authors also reported a 
complete mathematical model for the evaluation of diffusion 
and adsorption coefficients in porous adsorbents (Lin and Ma, 
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1989b, 1990). The experimental results obtained for a variety 
of systems (i.e., alcohols in silicalite, polar and nonpolar liq- 
uids in aluminas) were also found to be in good agreement 
with the proposed mathematical model, proving the potential 
of the technique. 

Eic and Ruthven (1988) introduced the “zero-length col- 
umn method” that used a highly sensitive flame ionization 
detector (FID) to monitor the desorption of sorbate molecules 
previously equilibrated with the sorbate under controlled 
conditions. The technique was limited to only hydrocarbon 
sorbates because of the detector, and was proven especially 
useful for the study of strongly adsorbed species such as aro- 
matic and polyaromatic hydrocarbons. 

The dynamic chromatographic studies were followed by the 
development of dynamic spectroscopic methods for studying 
diffusion in zeolites. Karge and Niessen (1991) developed a 
novel infrared method that monitored the change (i.e., up- 
take or desorption) in the integrated intensity of an infrared 
band typical of the sorbate molecule by a fast-scanning R - I R  
spectrometer. With this technique they have studied the 
self-diffusion (Karge and Niessen, 1991), counter- (Karge and 
Niessen, 1991; Niessen and Karge, 1993), and codiffusion 
(Niessen and Karge, 1993) of aromatic hydrocarbons (i.e., 
benzene, ethylbenzene, p-xylene) in pentad zeolites. The 
only limitations of the IR technique for the study of the 
counter- and codiffusion of hydrocarbons in zeolites was that 
the IR bands of the two components should be well sepa- 
rated in the spectra. 

The behavior of supercritical fluids (SCF‘s) has attracted a 
great deal of interest in recent years, and research in this 
area has led to a number of practical applications that are 
reviewed elsewhere (e.g., Kiran and Brennecke, 1993; Savage 
et al., 1995). In heterogeneous catalysis, the supercritical re- 
action media have been employed to regenerate porous cata- 
lysts by the in situ extraction of coke compounds (e.g., 
Tiltscher et al., 1981,1984; Tiltscher and Hoffman, 1987; Saim 
and Subramaniam, 1990, 1991; Manos and Hoffman, 1991; 
Yokota and Fujimoto, 1991; Baptist-Nguyen and Subrama- 
niam, 1992; Subramaniam and McCoy, 1994; Ginosar and 
Subramaniam, 1995; Lang et al., 1995). The cited advantages 
of supercritical processing over conventional gas-phase pro- 
cessing included enhanced activity maintenance, higher reac- 
tion rates, and desirable product selectivity. The main reason 
for such improvements was a result of the enhancements of 
the physicochemical properties of the fluid (Squires et al., 
1983; Tiltscher and Hoffman, 1987) in the critical state (i.e., 
liquid-like density, hence high solvation power) that could re- 
sult in the in situ extraction of low volatile components deac- 
tivating the catalyst ke. ,  coke), together with the faster diffu- 
sion of the reaction products in the porous network (gaslike 
diffusivities). 

The enhanced activities and desired product selectivities 
during hydrocarbon conversion processes under supercritical 
conditions are directly related to the interactions of reactants 
and products with the active sites of the catalysts, which may 
be influenced by the sorption and diffusion properties of these 
molecules within the micropores. However, the analysis of 
transport behavior of supercritical hydrocarbons in zeolites is 
experimentally difficult because of the severe operating con- 
ditions (high temperatures and pressures). 

Previous transport studies for supercritical fluids are mainly 
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concerned with the evaluation of binary diffusion coeffi- 
cients. These coefficients are used in the correlation and pre- 
diction of mass-transfer coefficients for the design of separa- 
tion processes. The publications in this area can be summa- 
rized as follows: Dahmen et al. (1990) measured the diffusion 
coefficients of organic compounds such as 2-propanone and 
3-pentanone, in supercritical carbon dioxide; Jacob Sun and 
Chen (1985) studied the tracer diffusion of aromatic hydro- 
carbons such as benzene and toluene, in supercritical n- 
hexane. Both of these studies concluded that the diffusion 
coefficients in supercritical solvents are higher than in liq- 
uids, suggesting faster mass-transfer rates in the supercritical 
regime. 

The only early work related to the current study was Lai 
and Tan (1993), who obtained effective diffusivities of toluene 
in activated carbon (AC) in the presence of supercritical car- 
bon dioxide by using a sorption-rate technique in a spinning- 
basket reactor. The temperatures that they investigated were 
35, 45, 55°C at pressures up to 163 bar (toluene is liquid at 
these conditions). The authors concluded that the effective 
diffusivities obtained at supercritical conditions were ob- 
served to be strongly dependent on CO, density, but weakly 
dependent on temperature and the amount of toluene ad- 
sorbed. The effective diffusivities generally decreased with 
increasing density at constant temperatures. 

In view of the very limited data on intracrystalline diffu- 
sion coefficients of hydrocarbons at supercritical conditions 
inside porous catalysts, the objective of this study was to un- 
derstand the effects of supercritical media on the transport 
behavior of hydrocarbons within porous catalysts by using a 
dynamic infrared technique (CIR-FTIR), which was devel- 
oped earlier in our laboratories for the in-sifu analysis of ho- 
mogeneous catalytic reactions (Moser et al., 1985; Moser, 
1992), as well as monitoring the progress (i.e., active site con- 
centrations) of hydrocarbon conversion processes (i.e., cat- 
alytic cracking) at high temperatures and pressures (Dardas 
et al., 1996a). Using this technique, detailed mechanisms of 
hydrocarbon catalytic cracking and catalyst stabilization to- 
ward rapid deactivation under supercritical fluid conditions 
were elucidated for the first time (Suer et al., 1996a, b; Dar- 
das et al., 1996b). 

Experimental Studies 
Catalyst and chemicals 

The zeolite employed to study the intracrystalline diffusion 
of hydrocarbons was zeolite L supplied by UOP. The reason 
for using this zeolite was due to its unique wide channels 
(Barrer and Villiger, 1969), and unique catalytic properties in 
hydrocarbon aromatization processes (Derouane and Van- 
derveken, 1988). Preliminary experiments by examination of 
the Bronsted N O H  acidic sites and the color of the catalyst 
indicated that this catalyst showed almost no coke formation 
with a low degree of catalytic conversion ( = 1%) under the 
supercritical conditions of the hydrocarbons studied. This was 
of particular importance since coke formation will affect the 
transport properties within the pores (i.e., oligomerization of 
reactant hydrocarbons on active sites). The zeolite was in the 
H-L form, with no extra framework of Al and with a silica to 
alumina ratio of around 7. It had a surface area 420 m2/g and 
pore volume 0.18 cc/g, with a particle-size distribution rang- 
ing from 0.2 to 1.2 p m  (average 0.6 pm). 
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This study investigated (1) the self-diffusion of n-heptane, 
(2) the counter diffusion of n-hexane and 1-hexene, and (3) 
the codiffusion of n-heptane and p-xylene in zeolite L under 
subcritical and supercritical conditions. The hydrocarbons 
were purchased from Aldrich with 99 + % purity. The experi- 
ments were conducted using a ZnSe crystal (reflecting ele- 
ment) that was purchased from Spectral Systems. 

Methods and procedures 
The experimental procedure and instrumentation required 

for the in-situ infrared analysis of a heterogeneous system at 
high temperatures and pressures by CIR-FTIR spectroscopy 
has been previously described in detail (Dardas et al., 1996a). 
The diffusion experiments were carried out in a specially de- 
signed cylindrical internal reflection (CIR) microreactor, 
mounted directly on the optical bench of a midrange FT-IR 
spectrometer (Nicolet 5 1OP). The feed hydrocarbons were in- 
troduced using a precision metering, high-pressure, low- 
volume liquid pump. The experimental setup was built from 
0.16-cm stainless-steel high-pressure lines, and included a 
downstream back-pressure regulator to adjust the system 
pressure, mass flowmeters, and pressure gauges. The flow 
system was designed to operate at temperatures up to 500°C 
and pressures up to 68 bar. 

A ZnSe crystal of 0.64 cm in diameter and 8.26 cm long 
with conical ends polished at 45" to the axis was embedded in 
the reactor, and the catalyst was packed tightly in the annular 
space. The details of the reactor, crystal element, and basic 
principles involved in the CIR-IR technique were previously 
described (Dardas et al., 1996a). 

A midrange infrared spectrometer (Nicolet 510P), continu- 
ously purged with nitrogen and equipped with a Mercury 
Cadmium Telluride-B detector was used to acquire all IR 
spectra. Unless otherwise specified, the IR spectra were col- 
lected at a spectral resolution of 4 cm-' by coadding six scans 
to obtain the desired signal-to-noise ratio. This gave an ac- 
quisition time of 9 s for each spectrum. The changes in the 
integrated absorbance of the IR band typical of the sorbate 
molecule were monitored as a function of time until equilib- 
rium (constant integrated intensity of the sorbate) was 
achieved. The supplied Nicolet software was used for spec- 
tral manipulation (ratioed to background, base line and spec- 
tral subtraction, and smoothing) and integration. 

Evaluation of d i m w n  co@cients 
The data of sorption kinetics obtained from the change in 

absorbance of typical hydrocarbon sorbates were evaluated 
through a solution of Fick's second law (Eq. 1) provided by 
Crank (1956) for diffusion into spheres with variable surface 
concentration: 

with the initial and boundary conditions; 

c=co r=O t = O  (2) 
dC/dr=O r = O  t > O  (3) 
C = a 4 ( t )  r = a  t > 0 .  (4) 

The solution of Eq. 1 with the initial and boundary condi- 
tions given in Eqs. 2 to 4 is 

C = - -  2 0  c (-1) n exp ( -- D::n2)nmin 
=a n = l  

where C, D, t, r, and a denote the concentration, diffusion 
coefficient, time, radial coordinate, and radius of the crystal- 
lite, respectively. The time lag occurs because of the partial 
pressure of the sorbate under study is not instantaneously 
established at the location of the sample due to the finite 
flow rate. The time lag is best described by Eq. 6: 

where C, and p stand for the surface concentration and a 
time constant, respectively. With a constant diffusion coeffi- 
cient, D (not dependent on concentration), the normalized 
sorption curve is given by the following equation: 

where M, ( - A t ,  i.e., absorbance) is the amount of sorbate 
taken up at time t, whereas Ma ( -Am)  is the amount of 
sorbate taken up at steady state. The experimental data were 
fitted to the function in Eq. 7 using a computer program. The 
best fit was calculated through an optimization process, yield- 
ing the parameters D and p. 

The p values for most of the systems studied were found 
to range between 0.05 and 0.06 s-I, depending on the experi- 
mental pressure (i.e., the lower the pressure, the higher the 
p) .  The p values indicated that around 16 to 20 s (l/p) were 
required for the system to establish a finite surface concen- 
tration of the sorbate. 

It should be also noted that the single-component diffusion 
Eq. 7 was used to calculate the diffusion coefficients during 
the counterdiffusion of n-hexane and 1-hexene and the codif- 
fusion of n-heptane and p-xylene, in zeolite L under subcriti- 
cal and supercritical conditions. 

Results and Discussion 
Heptane self-di@kion in zeolite L under sub - supercritical 
conditions 

Figures 1 and 2 show the change of the integrated ab- 
sorbance of the stretching frequencies of n-heptane 
(3,100-2,700 cm-') during successive sorption (Figure 1) and 
desorption (Figure 2) experiments performed at 350°C and 
variable pressures of 13.8, 27.6, 41.4 and 55.2 bar. The criti- 
cal conditions of n-heptane are 267°C and 27.4 bar. The ex- 
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Figure 1. Integrated absorbance vs. time-on-stream 
during successive sorption of n-heptane from 
13.8 bar to 55.2 bar, A P = 20.7 bar. 

Figure 3. Self-diffusion of n-heptane in zeolite L at 
350°C; symbols represent the experimental 
data, and solid lines represent the best fit. 

periments were conducted by establishing equilibrium (con- 
stant heptane integrated absorbance) at an initial system 
pressure of Po followed by reducing (desorption) or increas- 
ing the pressure (sorption) at constant pressure intervals. It 
should be noted that at each final pressure (P,) attained be- 
tween intermediate sorption or desorption steps, equilibrium 
was established, as can be clearly seen from Figures 1 and 2.  

The integrated absorbances at each time and pressure were 
evaluated by integrating the spectral region that corre- 
sponded to the stretching frequencies of n-heptane 
(3,100-2,700 cm-'). In order to compensate for the small 
change in the refractive index due to a phase change in the 
system, the stretching modes of the hydrocarbons were ra- 
tioed to the zeolite framework vibrations (1,300-900 cm- ') 
at each pressure. The obtained ratio was used as an internal 
standard to correct the changes in the penetration depth as a 
result of a phase change. The amount of sorbate taken at 
time t (absorbance, A , )  was ratioed to the steady-state value 
(A,) and the uptake curves shown in Figure 3 were obtained. 

Figure 3 shows the uptake of n-heptane obtained during 
sorption measurements (increasing pressure) vs. square root 
of time. The symbols represent the experimental data, 
whereas the solid lines represent the best fit to Eq. 7 ob- 
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Figure 2. Integrated absorbance vs. time-on-stream 
during successive desorption of n-heptane 
from 55.2 bar to 13.8 bar, A P = 13.8 bar. 
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tained by the computer program yielding il and p. The dif- 
fusion coefficients were computed by assuming an average 
crystallite radius of 0.3 pm. However, because of the uncer- 
tainty of the crystallite radius, the diffusion coefficients were 
expressed in terms of diffusion time constants (D/a2) .  Fur- 
thermore, the particles showed a significant distribution in 
size (0.2 p m  < 2a < 1.2 pm). 

From the best fits shown in Figure 3, a diffusion time con- 
stant of 2 . 2 ~ 1 0 - *  s-' was obtained at subcritical to super- 
critical transition region (P/Pc = 0.5 to 1.3), whereas 4.6 times 
lower diffusion time constant (4.8 X s-'1 was obtained 
in the far supercritical regime (P/Pc = 1.3 to 2.0). The IR re- 
vealed that the density of n-heptane within the pores of zeo- 
lite L at the lowest pressure studied (13.6 atm, P/Pc=0.5) 
was actually 10 times higher than the density of SCF at the 
same temperature evaluated by the equations of state. On 
the other hand, the density was almost 25-30 times higher 
than the corresponding SCF density (equations of state) at 
the highest pressure studied (55.2 bar, P/Pc = 2.0). The re- 
sults also showed that the density of the fluid at supercritical 
conditions of 55.2 bar was actually 5.2 and 3.1 times higher 
than at subcritical conditions of 13.8 bar and supercritical 
conditions of 34.5 bar, respectively. Therefore, the reason for 
the decrease in the diffusion time constant from the 
subcritical-supercritical transition region to the far supercrit- 
ical region could be attributed to the formation of a much 
denser phase under far supercritical conditions, which signifi- 
cantly reduced self-diffusion within the pores. This is consis- 
tent with the literature, which showed an exponential decay 
of the diffusion coefficient with respect to density ( h i  and 
Tan, 1993). However, even at the lowest pressure of 13.8 bar, 
there is still a high-density fluid within the pores (10 times 
higher than the SCF density computed from the equations of 
state). Therefore, the calculated diffusion time constant of 
0.022 s-' should be much higher at lower densities, such as 
at 1 bar (gas phase). 

Counterdi@sion of 1-hexene us. n-hexane in zeolite L un- 
der subcritical and supercritical conditions 

In most of the cracking reactions that were performed in 
the supercritical regime, we have consistently shown signifi- 
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cant increases in catalytic activities and paraffin-to-olefin ra- 
tios at supercritical conditions relative to subcritical condi- 
tions (Suer et al., 1996a, b; Dardas et al., 1996b). Therefore, 
our objective here was to understand the adsorption and dif- 
fusion characteristics of paraffins and especially olefins (i.e., 
route to coke formation) under subcritical and supercritical 
conditions. 

The experiments were conducted by establishing equilib- 
rium of n-hexane constant integrated absorbance) at a cer- 
tain system pressure followed by the introduction of 1-hexene 
to the system by keeping the flow rate and total system pres- 
sure constant. Such a procedure provided a concentration 
gradient of 1-hexene within the micropores of zeolite L while 
all other variables were kept constant. This procedure was 
repeated for three different pressures in the subcritical and 
supercritical regimes. It should be noted that at each pres- 
sure, the system was reequilibrated with n-hexane before in- 
troducing 1 -hexene. The critical temperature and pressure for 
n-hexane and 1-hexene are 235"C, 30.1 bar, and 231"C, 31.7 
bar, respectively. 

Figure 4 shows a set of infrared spectra acquired during 
successive states of uptake of 1-hexene by zeolite L at 300°C 
and 55.2 bar. The region presented corresponds to the 
stretching vibration modes of the feed hydrocarbon. As soon 
as 1-hexene was introduced to the system, the intensity of the 
3,080 cm-' band, which is characteristic of 1-hexene (C = C 
stretching mode), started to grow as a function of time, and 
the steady state was reached at 900 s. 

The integrated absorbances for n-hexane and 1-hexene 
shown in Figure 5 at each time and pressure were calculated 
as follows: from a pure 1-hexene run at 300"C, a characteris- 
tic 1-hexene peak was located at 908 cm-' in the fingerprint 
region. Using the area ratio of the stretching vibration region 
(3,100-2,700 cm-') to the 908 cm-' peak for pure 1-hexene 
at 300"C, an internal standard was evaluated. This internal 
standard was used to evaluate the area of the 3,100-2,700 
cm-' region that corresponded to 1-hexene from the succes- 
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Figure 4. Set of IR spectra for successive states of 

sorption of 1-hexene at 300°C. 
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Figure 5. 1-Hexene absorbance vs. time-on-stream at 
300°C and pressures of 22.1, 42.7 and 55.2 
bar. 

sive integration of the 908 cm-' peak during the counter dif- 
fusion experiments. The evaluated area was successively sub- 
tracted from the total stretching area (3,100-2,700 cm-') and 
the n-hexane integrated absorbance between 3,100 and 2,700 
cm-' was calculated. The amount of sorbate taken at time t 
(absorbance, A,) was ratioed to the steady-state value ( A  a ) 
at each pressure, and the uptake curves for 1-hexene shown 
in Figure 6 were obtained. 

The best fits obtained from Figure 6 showed that a diffu- 
sion time constant of 4.0x10-3 s-l was obtained for the 
counterdiffusion of 1-hexene vs. hexane in zeolite L at 22.1 
bar and 300°C. The diffusion time constant decreased 1.7 and 
5.6 times when the system pressure increased from 22.1 bar 
to 42.7 and 55.2 bar, respectively. The IR showed that the 
reduced density ( P ( ~ ,  p)/p(Liq,250c)) of n-hexane before the in- 
troduction of I-hexene (reequilibration points) at each pres- 
sure decreased from 0.80 to 0.45 and to 0.32 as the pressure 
was decreased from 55.2 to 42.7 and to 22.1 bar, respectively. 
These results showed that the increase in the density of n- 
hexane significantly reduced the diffusion of the counterdif- 
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Figure 6. Counterdiffusion of 1-hexene vs. hexane in 
zeolite L at 300°C and pressures of 22.1, 42.7 
and 55.2 bar. 
Symbols represent the experimental data, and solid lines 
represent the best fit. 
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Figure 7. Absorbance vs. time-on-stream during the 
counterdiffusion of 1-hexene vs. n-hexane in 
zeolite L at 300°C and 55.2 bar. 
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fusing sorbate (1-hexene) as the pressure of the system was 
increased at constant intervals, or the diffusion of the coun- 
terdiffusing sorbate (1-hexene) increased as the system pres- 
sure was decreased. 

The decrease of the partial pressure of n-hexane with 1- 
hexene introduction will result in the desorption of n-hexane 
from the acid sites. This will further be followed by the sorp- 
tion of 1-hexene to these acid sites due to its increasing par- 
tial pressure. Figure 7 shows that when the olefin was intro- 
duced to the system under supercritical hexane conditions of 
300°C and 55.2 bar, it displaced all the paraffin in 350-400 s. 
On the other hand, when the paraffin was introduced back 
into the system, it displaced all the olefin in 250-300 s. This 
was surprising since one would expect a relatively stronger 
adsorption of the olefin. The results also showed that uptake 
of the paraffin was faster than its desorption, and a faster 
paraffin uptake resulted in a faster desorption of the olefin. 
Thus, a faster establishment of the steady state was observed 
for both the paraffin and the olefin when the paraffin was 
introduced back into the system. 

On the other hand, as shown in Figure 8, when the olefin 
was introduced to the system under subcritical n-hexane con- 
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Figure 8. Absorbance vs. time-on-stream during the 
counter diffusion of 1-hexene vs. n-hexane in 
zeolite L at 300°C and 22.1 bar. 

ditions of 22.1 bar, a much faster displacement of the paraf- 
fin with the olefin was observed ( < 200 s). This clearly showed 
a faster diffusion of both components under subcritical con- 
ditions due to the lower densities of the sorbates. 

It should be noted that the extinction coefficient of a C-H 
moiety varies depending on the environment of C attached to 
H (i.e., alkane-C-H, alkene-C-H, aromatic-C-H). Thus, 
the integrated intensities of 1-hexene shown in Figures 5, 7, 
and 8 are corrected for the changes in the extinction coeffi- 
cient of the C-H moiety due to the presence of a double 
bond. As a result, the absorbances for n-hexane and I-hexene 
represent true concentrations. 

The diffusion time constant of n-hexane (D/a’ = 8.4 X 
s-l) was 1.2 times higher than 1-hexene (D/a’ = 7.1 x 
s-l) under supercritical conditions of 300°C and 55.2 bar. 
However, under subcritical conditions of 300°C and 22.1 bar, 
the diffusion time constant of n-hexane (D/a’ = 3.1 X 
s-’)  was 1.3 times lower than 1-hexene (D/a’ = 4 . 0 ~  
s-l). Note that under subcritical conditions of 22.1 bar, the 
counterdiffusion of 1-hexene in zeolite L was 5.6 times faster 
when compared with supercritical conditions of 55.2 bar. 
Similarly, under subcritical conditions of 22.1 bar, the coun- 
terdiffusion of n-hexane in zeolite L was 3.7 times faster when 
compared with supercritical conditions of 55.2 bar. 

The literature contains various studies that measured the 
intracrystalline diffusivities of gas and liquid-phase n-paraf- 
fins at room temperature (e.g., Wu et al., 1983; Karger and 
Pfeifer, 1987; Beschmann et al., 1990; Choudhary et al., 1992; 
Ruthven and Stapleton, 1993). Wu et al. (1983) reported a 
diffusion coefficient of 7.5 X lo-’’ cm’/s for n-hexane in sili- 
calite at 30°C under subatmospheric conditions (gas phase). 
On the other hand, our study showed self-diffusion coeffi- 
cients of 2~ lo-” and 4.3X10-” cm’/s for n-heptane in 
zeolite L at 350°C in subcritical supercritical transition 
regimes (P/Pc = 0.5 to 1.3) and in the far supercritical regime 
( P/Pc = 1.3 to 2.0) respectively, when an average crystallite 
radius of 0.3 p m  was considered. On the other hand, coun- 
terdiffusion studies showed counterdiffusion coefficients of 
7.6X and 2 . 8 ~  cm’/s for n-hexane vs. I-hexene 
in zeolite L at 300°C under supercritical conditions of 55.2 
bar ( P/Pc = 1.831, and subcritical conditions of 22.1 bar ( P/Pc 
= 0.74), respectively. Although a legitimate comparison of our 
data with Wu et al.3 (1983) results is not possible due to the 
differences in sorbents and measurement conditions, the or- 
der of magnitudes of the diffusion coefficients obtained for 
n-heptane and n-hexane in zeolite L at high temperatures of 
300-350°C under dense reaction media were similar to that 
obtained for gas-phase n-hexane under the low temperature 
of 30”C, obtained by Wu et al. (1983). However, since the 
diffusion coefficient increases exponentially with increasing 
temperature, the diffusion coefficient of 7.5 X lo-’’ cm’/s for 
n-hexane in HZSMJ at 30”C, given by Wu et al. (1983), 
should be significantly higher at temperatures of 300-350°C. 
This can be better visualized from NMR relaxation studies 
conducted by Karger and Pfeifer (1987). They obtained a 
gas-phase diffusion coefficient of around 8 X cm’/s dur- 
ing n-heptane self-diffusion in about 4 p m  NaX crystals at 
around 200°C. This value is almost five orders of magnitude 
higher than the diffusion coefficient obtained from our ex- 
periments for the self-diffusion of n-heptane in zeolite L at 
350°C under dense reaction media. Such a significant differ- 
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ence predicted liquidlike behavior of the hydrocarbons within 
the pores of zeolite L, since the diffusion coefficients ob- 
tained under such high temperatures and high pressures are 
more liquidlike than gaslike. This observation is in complete 
agreement with the liquidlike densities observed within the 
micropores of microporous zeolites by the in-sifu CIR-FTIR 
technique under high-temperature, high-pressure conditions 
(Suer, 1996a, b; Dardas et al., 1996b). 

Codi@ion of an equimolur heptane/p-xylem? mixture in 
zeolite L under subcriticul and supercritical conditwns 

Codiffusion is particularly interesting in hydrocarbon sepa- 
ration processes where a mixture of a hydrocarbon feed is 
separated into pure components by the use of a suitable sor- 
bent. Therefore, it is important to explore the adsorption and 
diffusion properties of hydrocarbon mixtures under subcriti- 
cal and supercritical conditions. 

The system analyzed was the codiffusion of heptane and 
p-xylene in zeolite L at 350°C and pressures ranging from 
13.8 to 55.2 bar at constant pressure intervals. The experi- 
ments were conducted by feeding a 1:l mixture of n-heptane 
and p-xylene to the system at a total system pressure of 55.2 
bar. After the equilibrium was reached (constant integrated 
absorbance), the system pressure was reduced to 13.8 bar at 
constant intervals of 13.8 bar. From Kay's rule (Reid et al., 
1987), the average critical conditions of the mixture were cal- 
culated at 305°C and 31.2 bar. 

Figure 9 shows the change of the integrated absorbance of 
the stretching modes (3,100-2,700 cm- ') of n-heptane and 
p-xylene during successive desorption of the hydrocarbon 
mixture at 350°C and variable pressures of 55.2, 41.4, 27.6 
and 13.8 bar. The integrated absorbances at each time and 
pressure were evaluated as follows: from a pure p-xylene run 
at 350"C, a strong peak at 790 cm-' was located (Figure 10, 
top graph, top spectra) in the fingerprint region (1,000-700 
cm- I), whereas p-xylene showed characteristic peaks in the 
stretching-vibration region between 3,100 and 2,700 cm- ' 
(Figure 10, bottom graph, top spectra). The ratio of the 790 
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Figure 9. Absorbance vs. time-on-stream during suc- 
cessive desorption of an equal mixture of 
n-heptane and p-xylene from 55.2 to 13.8 bar, 
AP = 13.8 bar at 350°C. 
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Figure 10. First and second graph bottom spectra, IR 
spectra during the codiffusion of heptane/ 
p-xylene mixture (1:l) at 350°C, P = 
55.2-41.4 bar; First and second graph top 
spectra, IR spectra of pure p-xylene at 350°C 
and 41.4 bar. 

cm-' peak area to the total area of peaks in the 3,100-2,700 
cm-' region for pure p-xylene was always at this tempera- 
ture, independent of pressure changes. After evaluating this 
ratio, the total area of the stretching vibration region 
(3,100-2,700 cm- ') during the codiffusion of the n-heptane 
and p-xylene (1:l) mixture was evaluated at each pressure as 
a function of time. This area corresponded to the total area 
of the C-H stretching modes of both n-heptane and p-xylene 
(Figure 10, bottom graph, bottom spectra). Also, the 790 cm-' 
band (p-xylene) was evaluated at each pressure as a function 
of time during the co-diffusion of the n-heptane and p-xylene 
mixture (Figure 10, top graph, bottom spectra). Using the 
790/3,100-2,700 cm-' bands ratio, the area of p-xylene 
stretching modes (3,100-2,700 cm-') was calculated at each 
pressure and time, and successively subtracted from the total 
area (3,100-2,700 cm-') for the evaluation of the area of the 
n-heptane stretching modes. The amount of sorbate taken at 
time t (absorbance, A,) was ratioed to the steady-state value 
(A a ) at each pressure, and the uptake curves for n-heptane 
during the codiffusion of an equal mixture of n-heptane and 
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Figure 11. nMeptane uptake during the codiffusion of 
an equal mixture of n-heptane and p-xylene 
at 7 = 350°C and variable pressures of 55.2, 
41.4, 27.6, and 13.8 bar. 
Symbols represent the experimental data, and solid lines 
represent the best fit. 

p-xylene under subcritical and supercritical conditions are 
shown in Figure 11. 

It should be also noted that the integrated intensities of 
p-xylene shown in Figure 9 are corrected for the changes in 
the extinction coefficient of the C-H moiety due to the pres- 
ence of the aromatic ring. Thus, the absorbances for n- 
heptane and p-xylene represent true concentrations. This in- 
dicated that even when a 1:l heptane/p-xylene mixture was 
fed to the system initially, the corrected integrated intensities 
shown in Figure 9 revealed a higher concentration of n- 
heptane within the pores of zeolite L under supercritical con- 
ditions due to the steric constraints for the bulky p-xylene 
molecule. 

The best fits obtained from Figure 11 showed a diffusion 
time constant of 6.7X s-l for n-heptane during the co- 
diffusion of an equal mixture of p-xylene and n-heptane well 
in the supercritical regime (P = 55.2 to 41.4 bar), whereas a 
2.7 and 4.6 times higher diffusion time constants were ob- 
tained in the subcritical-supercritical transition region (P = 

41.4 to 27.6 bar) and well in the subcritical regime (P = 27.6 
to 13.8 bar), respectively. The diffusion time constants ob- 
tained for n-heptane during the codiffusion experiments were 
almost one order of magnitude lower than the values ob- 
tained for n-heptane during the self-diffusion experiments, as 
expected. However, the most interesting aspect of the data 
was the instantaneous adsorption of p-xylene under near- 
critical (41.4 to 27.6 bar) and subcritical conditions (27.6 to 
13.8 bar), shown in Figure 9. The infrared analysis showed 
almost a constant integrated absorbance of p-xylene under 
these .conditions, indicating no desorption of p-xylene with 
reducing pressure. However, in the far supercritical regime 
(55.2 to 41.4 bar), the strong adsorption of p-xylene was not 
observed. The infrared results showed that the observed inte- 
grated absorbance for p-xylene was about 50% of its initial 
absorbance after the pressure was reduced from 55.2 to 41.4 
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Figure 12. Codiffusion of an equal mixture of n-heptane 
and p-xylene under supercritical conditions 
of T =  350°C and pressures from 55.2 to 41.4 
bar. 
Symbols represent the experimental data and solid lines 
represent the best fit. 

The unusual transport behavior of p-xylene relative to n- 
heptane observed under far supercritical conditions (faster 
diffusion, Figure 12) is believed to also be a result of the 
abrupt increase of the density of the hydrocarbons (i.e., hep- 
tane) within the pores under supercritical conditions, which 
resulted in a competitive adsorption by the continuous ex- 
traction of the adsorbed species Ke., p-xylene) by the dense, 
SCF (i.e., n-heptane). This might be crucial for hydrocarbon 
conversion processes rather than the separation processes, 
where a high rate of diffusion of the bulky product relative to 
a linear product could be obtained under a dense, supercriti- 
cal reaction medium. On the other hand, under subcritical 
conditions, where the hydrocarbon density was much lower, a 
strong adsorption of p-xylene was observed. 

On the other hand, literature studies that measured the 
intracrystalline diffusion coefficients for p-xylene in HZSM-5 
and silicalite at 25°C under subatmospheric conditions are 
listed in Table 1. From the reported crystallite radii, the dif- 
fusion time constants for p-xylene in HZSM-5 and silicalite 
are evaluated and also presented in Table 1. 

Table 1 showed that the gas-phase diffusion time constants 
obtained for p-xylene in HZSM-5 ranged between lo-'  to 

s-'. Again, even a direct comparison of our data with 
those in studies in the literature is not possible due to the 
differences in sorbents, and measurement conditions, the or- 

Table 1. Diffusion of P-Xylene in HZSMJ and Silicalite at 

Sorbent r( pm) D(cm*/s) D/r*(s - ' )  Reference 
HZSM-5 1.5 3 . 0 ~  lo-' ' 1.3 X Beschmann et al. (1987) 
HZSMJ 1.8 6 . 0 ~  lo-" 1.9X Prim and Riekert (1986) 
HZSM-5 
HZSM-5* 
Silicalite 1 1 . 0 ~  lo-'' 1.OX Wu et al. (1983) 

20-25°C 

0.3 3.0 x lo-'' 3.0 X lo-* Nayak and Riekert (1985) 
3 * *  8.5 x lo-" 9.4X lo-' Niessen and Karge (1993) 

bar (Figure 9). The diffusion time constants evaluated under Silicalite 27.5 4 . 0 ~  5.3 x lo- '  Ruthven et al. (1991) 
these conditions showed that the diffusion of p-xylene (1.3 X 

'The diffusion coefficient has been measured at 125°C. '- ')was 1*9 times faster than n-heptane (5'3 "The crystallite radius was estimated from the reported dimensions (8x5 
(Figure 12). X 3 = 4/3aR3). 
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Table 2. Summary of Diffusion Time Constants 

Method Hydrocarbon TP-3 PJbar) Pf(bar) A P  D/a2 x 103(s-’) 

Self-diffusion n-Heptane 350 34.5 55.2 20.7 4.80 
Codiffusion n-Heptane 350 55.2 41.4 13.8 0.67 
Equilmolar n- p-Xylene 350 55.2 41.4 13.8 1.30 
heptane-p-xylene n-Heptane 350 41.4 27.6 13.8 1.80 
mixture n-Heptane 350 27.6 13.8 13.8 3.20 
Counter diffusion 1-Hexene 300 22.1 4.00 
1-Hexene vs. n-Hexane 300 22.1 3.10 
n-hexane 1 -Hexene 300 42.7 2.40 

1-Hexene 300 55.2 0.71 
n-Hexane 300 55.2 0.84 

Self-diffusion n-Heptane 350 13.8 34.5 20.7 22.0 

der of magnitude of the diffusion time constant obtained for 
p-xylene (1.3 x s- l )  in zeolite L at 350°C and 55.2 bar, 
were similar to that obtained for gas-phase p-xylene under 
the low temperature of 25°C (Table 1). However, when the 
effect of temperature on the diffusion coefficient is consid- 
ered again, the diffusion time constant reported for gas-phase 
p-xylene at 25°C in Table 1 should be significantly higher at 
temperatures of 300-350°C. For instance, Ruthven et al. 
(1991) reported a gas-phase diffusion coefficient of 3 x lo-’ 
cm2/s for p-xylene in silicalite at 200°C. Using the reported 
crystallite radius (Table l), a diffusion time constant around 
40 s-I was obtained. This number was almost two orders of 
magnitude higher than the number they measured for vapor- 
phase p-xylene at 25°C under subatmospheric conditions (Ta- 
ble 1) and almost five orders of magnitude higher than the 
value obtained in this study for p-xylene under supercritical 
conditions ( P  = 55.2 to 41.4 bar). Therefore, once again, the 
diffusion coefficients obtained for p-xylene in zeolite L under 
dense reaction media clearly showed a liquidlike behavior of 
the aromatic hydrocarbon (p-xylene) within the pores of the 
zeolite. 

Conclusions 
The CIR-FTIR technique was successfully applied to de- 

termine the transport properties of supercritical hydrocar- 
bons within porous catalysts. To our knowledge, this was the 
first time that the intracrystalline diffusion coefficients of hy- 
drocarbons could be measured under supercritical condi- 
tions. Furthermore, these results are important to industrial 
processes employing porous catalysts at high temperatures, 
since the CIR-FTIR technique affords a direct measurement 
of the transport properties of reactants and products under 
dynamic conditions, typical of industrial applications. 

The results (summarized in Table 2) obtained during the 
self-diffusion of n-heptane, counter-diffusion of 1-hexene vs. 
n-hexane, and codiffusion of an n-heptane/p-xylene mixture 
in zeolite L under subcritical and supercritical cinditions of 
the hydrocarbons studied showed that the diffusion within 
the pore was significantly reduced under supercritical condi- 
tions (i.e., liquidlike behavior) as the hydrocarbon density 
within the pore increased. 
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