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Long-time diffusion experiments of n-hexane, 2-methylpentane and 2,3-dimethylbutane in silicalite
according to the zero-length column method showed a significant decrease of the diffusion coeffi-
cients for longer times. A new and simple model of “uncoupled dual diffusion™ is proposed to
fit the experimental data. The calculated fast-diffusion coefficients as well as the calculated mean
activation energies of diffusion of n-hexane and 2-methylpentane were almost equal and in
reasonable agreement with literature data. A decrease of the adsorption partial pressure from
5:5 to 0-6 Torr did not have any influence on the fast-diffusion coefficient of n-hexane, which
implies that the decrease of the diffusion coefficient in this range is not simply due to a non-linear
isotherm. The proposed dual diffusion model may represent effects such as the presence of multiple
energy states available for adsorbed molecules in the zeolite lattice, and/or diffusion anisotropy
due to differences in the channel configurations in the three crystallografic directions.

Understanding intracrystalline diffusivities is important for the interpretation of
reaction and adsorption selectivities. It has been shown repeatedly! ~? that differences
of several orders occur in reported diffusivities, depending to a large extent on defini-
tions and usage of different formalisms. Terms, like ‘‘effective™, ‘‘steady-state”,
“‘non-steady-state”, “intrinsic””, and ‘‘uptake”-diffusivities are all based on an
assumed or implied mechanism.

Diffusivities are commonly corrected to intrinsic diffusivities for the concentration
dependency due to the non-linearity of the isotherm applying Darken’s equation.
As a result both the intrinsic diffusivity and the activation energy for diffusion may
differ significantly from the measured values*. Moreover, the intrinsic diffusivities
may still be dependent on experimental concentrations (cf. methods sorbate uptake®,
pulsed-field gradient NMR (ref.?), (PFG-NMR), single step frequency response®).

* Presented as a poster at the International Symposium *“ Zeolite Chemistry and Catalysts”,

Prague, September 8— 13, 1991,
*x Present address: Lonza LDT Visp, 3930 Visp, Switzerland.

Collect. Czech. Chem, Commun. (Vol. 57) (1992)



Diffusivities of C6 Paraffins 699

Non-steady-state methods (like zero-length column and sorbate uptake methods)
are all based on a formalism of linear isothermic behaviour. Systems which are
measured outside of the linear part of their isotherm, will not satisfactory fit over
the total time (= concentration) range.

In their recent work, Nowak et al.® presented a molecular diffusion study on
three-dimensional migration of short hydrocarbons in ZSM-5. The average of the
computed steady-state diffusivities for methane and ethane (D,,, = (D, + D, + D,/
/3) were in satisfactory agreement with the results of PFG-NMR measurements.

For methane as adsorbate in the MFI structure, a diffusion anisotropy (D, #
# D, # D,) was simulated by a random walk model’. A molecular dynamics simula-
tion of the butane diffusivity showed a similar diffusion anisotropy®. A direct deter-
mination® of diffusion anisotropy of methane has become possible in PFG-NMR
experiments with oriented H-ZSM-5 crystallites: The mean diffusivity in the direction
of the two channel systems (straight and sinusoidal) was found to be about 5 times
larger than the diffusivity in the third direction (Fig. 1).

If we assume, that at any one time, the total diffusion can be described as a super-
position of different diffusion pathways, this would result in a time dependence of
non-steady state diffusivities, even if the isotherms are linear: At the beginning of an
experiment, one measures the fast diffusing pathway and the contribution of slow
diffusion is nearly negligible. Upon depletion of the fast desorption pathway the
situation may arise that the desorption rate is controlled by the slow desorbing path.
A system characterized by a direction dependent mobility of the adsorbate, may
accordingly show time-dependent non-steady-state diffusivity, even if the isotherm
is linear.

In this paper we report long time desorption measurements (ZLC) using a new
model to describe the behaviour of n-hexane, 2-methylpentane and 2,3-dimethyl-
butane in silicalite. The results obtained by the zero-length-column (ZLC) technique,
which prevents mass and heat transfer limitations, will be compared with published
data.

FiG. 1

Qutline of channel network of ZSM-5 type
zeolites over two adjacent unit cells. The
straight and zig-zag channels are oriented
along the y and x directions, respectively
(1A= 01nm)
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THEORETICAL

In order to illustrate the concentration dependency of non-steady-state diffusivities,
a zeolitic diffusion model, which was proposed by Hayne'? and extended by Garcia
and Weisz® will be briefly discussed.

Postulating a mobile phase, contributing to the stochastic movement, and a strongly
adsorbed, immobilized phase, which is in equilibrium with the mobile one, the two
Fick equations are written as:

flux = —D ?62 (1)
§*C,, 6C,
b ox? = _5t— . (2)

The symbols and indexes denote: D, diffusion coefficient; C, concentration in gaseous
phase; index 1, total amount of adsorbate; index m, mobile amount of adsorbate.
Flux has units mol/m?s.

In summary, the assumption is made, that only the mobile phase (C,,) contributes
to the process of diffusion. To describe the equilibrium between the mobile and im-
mobilized phase, a linear isothermic relationship was proposed for both phases:

C, = HC, (3)
C., = MC. (4)

Combining Eqs (3) and (4) with Egs (1) and (2) results in:

fux = —pm 2 = _p °C (5)
5x ox
2 0 ] 20
DMfs_C:&:Dnséi. (6)
H o6x? ot dx?

D is intrinsic diffusivity, index ss means steady-state, index ns non-steady-state.
Non-steady-state measurements (uptake rate, ZLC, chromatografic method) are
evaluated using Eq. (6) and yield the non-steady-state diffusivity D,,, which is
a function of M and H (Eq. (8)). On the other hand, steady-state determinations
(catalytic reaction, quasi steady-state: differential uptake rate) are dealing with
Eq. (5), resulting in steady-state diffusivities D, which are a function of M only

(Eq. (7)).

D,=MD (7)
M

D, =—D 8

= ®
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The important result is a non-equality of measured steady-state and non-steady-
-state diffusivities by a factor of the size of the Henry coefficient H. For measurements
at low partial pressures (p < 1 kPa) the latter has usually a value between 100 and
10 000.

D, = D, H (9)
Published PFG-NMR (steady-state) diffusivities are often several orders of magni-
tude higher than those measured by ZLC or gravimetric uptake rate (e.g. propane
in silicalite at 334 K: PFG-NMR (ref.'?): 3.107° cm?[s; square wave®: 2:5.
. 107% cm?[s; ZCL (ref.'): 1-2. 1077 cm?/s).
By using a Arrhenius formalism in Eq. (9), Eq. (10) is obtained:

D, exp ( - %) = Dg, exp (— IEQI;') H” exp ( - ———-AR;’S> (10)

and therefore

D, = D;,H®, (11)
Ess = Ens + AH:ds ' (]2)

In good agreement with literature data, activation energies E,, of steady state
measurements are predicted to be smaller (the standard adsorption enthalpy AHZ,,
is negative) than the non-steady-state activation energies E, (e.g. propane at 334 K
in silicalite: PFG-NMR (ref.!?): 7-5 kJ/mol; square wave®: 6:7 kJ/mol; ZLC (ref.!):
12:5kJ/mol). As shown by Voogd and van Bekkum® for temperatures around
75°C, the isotherms of n-hexane and 3-methylpentane in silicalite are linear for
p/p° < 2.10"% By using a Langmuir or a Vollmer isothermic behaviour (Fig. 2),
the equation of Darken:

din P
D app = D (1 3)
dinC
10 4‘ T ;
Ocpp/g i
/
FiG. 2 ' 1 P
3 3 . . /o/
Effect of the relative saturation of the zeolite . 1
(%) on the calculated D,,p/D. ® Langmuir ] !
0 10 20 30 40 o 50

isotherm, © Vollmer isotherm
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702 Shavit, Voogd, Kouwenhoven:

becomes!?:

D
D, = m . (14)

For the Langmuir isotherm: n = 1, Vollmer isotherm: n = 2, D means intrinsic
diffusivity and D,,, is apparent diffusivity.

Systems, which are not behaving linear in their isotherms, will provoke a time
dependency of fitted non-steady-state diffusivities (ZLC, sorbate uptake), which are
always based on linear isotherm relationships. If no time dependency of the fitted
(and mean) non-steady-state diffusivity can be found, there is no measurable devia-
tion from the linear isotherm behaviour, and therefore no reason for any non-linearity
correction.

Zero Length Column Method

As already described elsewhere!*~ !¢, it is assumed that at the applied high carrier
gas flow rate the concentration of adsorbate at the crystal surface during desorption
is nearly zero and that heat transfer from the zeolite to the gas phase is fast. The
desorption is accordingly fully controlled by intracrystalline diffusion. In this case,
the solution for spherical crystals is:

.9 = 2L - E’ﬂf_ﬂ_f%z)

c =1 B + L(L — 1)' (15)

B is given by the positive roots of:

BicotgB; + L—1=0 (16)
with L equal to:
_ @wR* VR
3(1 -e)HDZ 3V,HD'

(17)

The symbols denote: C, sorbate concentration in the gas phase at time t; C°,
concentration before desorption (¢ = 0); D, non-steady-state diffusivity; ¢, time; R,
characteristic diffusion length; ¢, voidage of zeolite bed; v, interstitial gas velocity;
H, Henry coefficient (assumed linear isotherm); Z, depth of zeolite bed; V', gas flow
velocity; V,, crystal volume.

It was calculated, that for 0:0001 < D/R?* < 0-1and1 < L< 1000and ¢ < 105,
the use of 15 terms (B;) for the simulation of In (C/C°), produces less than 0-5%
error.
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Eq. (15), which describes the measurable concentration in the gas phase as a func-
tion of time, diffusivity and L-value, stands for a mono diffusion model of linear
isothermic behaviour. Any non linearity of the isotherm or parallel diffusion (due
to direction dependent mobility) should be discovered as a significant, systematic
deviation of the fitted curve for longer times. For the case that this time dependent
deviation of the ideal diffusion behaviour occurs, we propose a model of two un-
coupled diffusion pathways. If the desorption of adsorbate via a fast-diffusion path
is assumed to have minor influence on the desorption of a slow-diffusion path and
vice versa, then the solution is a simple summation of both desorptions:

@© _ 2. 2 «© _ 2. 2
Cto! Cf +° Cs — 2LfZ exp( ﬁf,fot/R ) + ZLsZ exp( Bs.xDst/R )

i=1 sz,i + Lf(Lf b 1) =1 ﬂsz,i -+ Ls(Ls - 1) '

(18)

Q
Q

Indexes: tot, measured total signal; f, from fast desorbing path; s, from slow desorbing
path. For longer times, the solution becomes:

_R? 2 _p2 2
o &2 or, e"zp( BeaDit[R?) oL, exzp( B Dit[R?)
C C Bii + LdLe — 1) B, + L(L, - 1)

(19)

According to Eq. (19) a plot of In (C,,,/C°) versus t will show two linear regions
connected by a transitional region. The first short-time linear region is mainly
controlled by the first term (D) of the equation, while the second one is negligible.
For very long times (¢ > 0), the second term (D,) will be dominant while the first
one is negligible and Eq. (19) becomes:

2
In Cuor _ In 2L, - B"’D’t. (20)
c° Bii + L(L,— 1) R?

Thus, a model of two uncoupled diffusion coefficients will show two characteristic
linear regions differing in slope, both being directly proportional to the corresponding
diffusion coefficients.

Using (15) and the fitted values D and L, the Henry coefficients H are calculated:

'p2
H="R_| (21)
3v,LD
Vv, = m (22)
[

The apparent density o, = 1-15 glem® of silicalite is calculated from the framework
density'” of 179 tetrahedra (SiO,) per 1000 A3,
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EXPERIMENTAL

Zero Length Column Apparatus

The zero-lenth column (also described in ref.!® and ref.!%), consisted of a Swagelock stainless
steel tube connector containing 1--3 mg of zeolite pressed between small quartz wool plugs.
The applied flow rate of 11:5 ml/min (gas space velocity > 1 900 min~?!) was high enough to
result in a negligible film resistance. The sample was activated in situ by heating 2 h at 700 K.
All data were corrected for any extracrystalline effects due to the equipment used, measured
using an empty reactor, The measured signal is defined by:

n(E)=m (1L 23
\o )T\ r=) @

where I is signal at time ¢, I® signal at t = 2 500 s (zero line); t & <0), 1° signal at ¢ = 0.
Corrected relative signal is
C C C,
Inf= ) =1In|{—=—=2), 24
( (o ce cC° 24

where C_, . is corrected signal, C,, correction.

The standard deviation of In (C,,,,/C°) was found in repeated measurements to be less than
10% for all times between 15 and 400 s. Fits of C,,,/C° versus ¢ (Eq. (16)) result in values of Dy,
L, D, and L,. Errors in the diffusivities and the values of L were estimated to be 20 and 307,

respectively,

Silicalite

Silicalite was prepared according to the method of Kessler and Buth!® by mixing 26 g silica sol
(Ludox AS40, Dupont) with 12 g tetrapropylammonium bromide (TPABr, Fluka, >99-5%)
and 6-5 g ammonium fluoride (Fluka >99-5%) in 17 ml of demineralized water. The starting
mixture with molar ratios of (NH,),0:8i0,:19 H,0:2HF:0:26 TPABr was heated in
a polypropylene bottle at 100°C for 6 days (no stirring). After filtration, the product was washed
with demineralized water, dried at 100°C and calcined at 550°C for 1 h, The sample was charac-
terized by XRD (Rigaku, CuKa), ammonia-TPD, FTIR, SEM and BET (Mikromeritics Asap
2000).

RESULTS AND DISCUSSION

Properties of the silicalite used in our experiments are collected in Table I. It appears,
that the material is highly crystalline and consist of 17 x 17 x 48 pum crystals
twinned at an angle of 90°. Ammonia temperature programmed desorption (NH;-
-TPD) showed that the material did not contain strong acid sites.

As shown in Fig. 3 the In (C/C°) vs time curve consists of a transitional part and
two linear parts. The latter differ in slope and consequently in diffusion coefficient,
the measured diffusion coefficients becoming significantly smaller after a measuring
time of 50—100s. Values of In(C/C°)vs time calculated according the current

Collect. Czech. Chem, Commun. (Vol. 57) (1992)
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“monodiffusion” model (Egs (15)—(17)), may be calculated considering either the
initial slope of the In (C/C°) vs time curve or its final slope. In both cases the cal-
culated and measured In (C/C") vs time curves will only fit for the period considered
in the calculation of D.

Alternatively a concentration dependent diffusion coefficient, based on a non-linear
isotherm, might be applied for the calculation of the In (C/C®) vs time curve. We

TABLE 1

Properties ot the used silicalite Z882

Method Property
XRD/FTIR Structure: MFI
BET (N,) V miero = 0:136 cm3/g

SEM

Crystal size distribution
NH,-TPD

Area: 347 m?/g

Size: 17 X 17 X 43 uym
90° twinning

used R: 85 um

narrow

no Bronsted acid sites

10”

crc®

!

| |

FiG. 3

The diffusion of 2-methylpentane at 160°C:
Comparison of experimental curve with
that calculated using the dual diffusion
model. © Measured signal, «--:-- Cy/C°,

_____ CS/C°,

-+ 1
200 300 :
ot ts 504

(C; + Cy)/C°

FiG. 4

Effect of the adsorption partial pressure of
the adsorbate on the diffusivity of n-hexane
at 140°C. @ Pressure 5'5 Torr, Dy = 29 ¢ —
9 cmz/s; O pressure 06 Torr, Dy = 28¢ —
9 cm?/s

Collect. Czech. Chem. Commun. (Vol. 57) (1992)



706 Shavit, Voogd, Kouwenhoven :

found, that lowering the partial pressure during n-hexane adsorption at 140°C
from 55 to 0-6 Torr (1 Torr = 133 Pa) had no effect on the value of the initial
diffusivity (Fig. 4), which implies, that the initial diffusivity in this range is not
concentration dependent.

A calculation of the In (C/C°) vs time curve using two independent coefficients
D; and D,, describing both the two linear and the transition parts of In (C/C°) vs
time curve, results in a close fit of measured and calculated curves (Fig. 3).

A comparison of the ‘“‘fast-diffusion” coefficients D; found here for n-hexane,
2-methylpentane and 2,3-dimethylbutane with D values reported in the literature is
presented in Fig. 5. At higher temperatures, a reasonable agreement with published
data is found for n-hexane. The data for 2-methylpentane extrapolate to the reported
point at 343 K. For 2,3-dimethylbutane D, values found here are about 10 times
higher than earlier data, which were obtained by the gravimetric uptake rate method.

10°7 T
.
D -]
. |
lo»l I ,_.,,,!,..._. 4 - v. !
’ o % I ®
I [] E .
! ©
0-° ;E, -vjva- i ~"‘
s ! ° ! o
: |
I a R
oote] L — ,
| ] ‘ -
i i L] ' ! o
10! v - } 100 r |
0.0020 0.0025 1T 0.0030 0.0022 0.0023 0.0024 (Vs 0.0026
FiG. 5

Arrhenius plot of the diffusion coefficients
(em? s™1) of the fast desorbing path (Dj) of
O n-hexane, W 2-methylpentane and © 2,3-
-dimethylbutane in silicate with literature
data: O n-hexane diffusivity on silicalite
measured by ZLC (ref.!*); @ n-hexane
diffusivity on silicalite containing 90° inter-
growths (ZLC (ref.!*)); o n-hexane diffusi-

vity on silicalite measured by Single Step
FR (ref.5); A 3-methylpentane diffusivity
on ZSM-5 measured by the Thiele method??;
® 2,3-dimethylbutane diffusivity on silicalite
measured by gravimetric uptake?!

F1G. 6

Arrhenius plot of the calculated overall
Henry coefficients H,,, = H;+ H: e n-
-hexane; O 2-methylpentane; A 2,3-dimethyl-
butane
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TaBLE 11

Calculated diffusion coefficients D¢ and D, as a function of adsorbate and temperature based
on ZLC measurements

9 9
Adsorbate T,°C D¢ .210 L D;. 210 L
cm?/s cm”/s

n-hexane 120 17 10'5 0-22 220
2-methylpentane 120 1-5 9-0 021 680
2,3-dimethylbutane 059 120 015 183
n-hexane 140 2:8 52 0:48 105
2-methylpentane 140 3-8 715 0-41 470
2,3-dimethylbutane 0-70 160 015 239
n-hexane 160 67 3-8 0-49 820
2-methylpentane 160 11 33 0-51 600
2,3-dimethylbutane 0-86 120 016 315
n-hexane 180 40 0-53 — 1100
2-methylpentane 180 25 26 0:76 250
2,3-dimethylbutane -4 — 0-2 318

% No fast diffusion path was observable,

TABLE 11

Activation energies of measured non-steady-state diffusivities Dy and D, and calculated steady-
-state diffusivities D, = D, + AHgg

Activation energy n-Hexane 2-Methyl-  2,3-Dimethyl

pentane butane

E;, kI/mol 74+ 8 M+8 131+ 8
E,, kJ/mol 2945 3045 T+5
E, = (E;+ E)[2 5145 S1+5 10+ 5
— AHZy,, kI/mol 3343 33+ 3 27+ 3
E,,, kJ/mol 18+ 6 18+ 6 —17+6
Lit. data: E,,, kJ/mol ref.5: 17

Lit. data: E,, kJ/mol  ref.!%:14—48°  ref.2%:48  ref.2!:42°

ref.1%: 25°

4 Caleulated for 112 < T < 200°C, points of b in Fig. 4; ® only two measurements, points of a
in Fig. 4; ¢ only two measurements.
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Overall Henry coefficients (H,,) were calculated according to Egs (23) and (24).
Using the data from Table II, a plot of the values is presented in Fig. 6. The resulting
values of —AH, for each of the adsorbates, which are presented in Table III, are
found to be around 30 kJ/mol. Recently Pal et al.!? reported a value of 37-8 kJ/mol
for AHYy, of n-hexane on ZSM-5, which is close to our value 33-4 kJ/mol measured
on the much less polar silicalite.

The calculated activation energies for non-steady-state fast and slow diffusion E;
and E; are collected in Table III. E; values for n-hexane and 2-methylpentane found
here are some 509 higher than the values of E,, based on mono diffusion models,
published earlier. The mean activation energies E,, are however in good agreement
with earlier values.

The steady-state activation energy, E,,, for n-hexane calculated from the standard
enthalpy of adsorption AH,, following Eq. (12) is in agreement with the values
of E,, measured in single-step frequency response experiments.

The proposed dual diffusion model may represent effects such as the presence of
multiple energy states available for adsorbed molecules in the zeolite lattice or diffusion
anisotropy due to differences in the channel configurations in the three crystallo-
grafic directions or a combination of these effects.
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