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Abstract. The effect of chain length and branching of paraffins (from C6 to C12) on adsorption and diffusion in
zeolites NaY, Pt/NaY, HY and USY has been investigated using the chromatographic method at 275-400°C. The
Henry constants of the paraffins increase exponentially with the chain length (with a factor two per extra carbon
group), the heats of adsorption increase with circa 7 kJ/mol per extra carbon group. Multicomponent sorption
experiments reveal that longer chains are adsorbed preferentially over shorter chains, even at higher loadings. The
multicomponent adsorption can be reasonably well described by an extended Langmuir adsorption isotherm, in
which the stronger adsorption of the longer chains is reflected by their higher Henry constants. The molecular
shape and zeolite type within this FAU group has only a small influence on the adsorption properties. Mass transfer
in the pellets as used in catalytic conditions seems to be limited by macropore diffusion, rather than by micropore
diffusion, which cannot be measured with the chromatographic method. Increasing the Si/Al-ratio of the zeolite

reduces the adsorption capacity, but does not influence the relative adsorption properties.
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Introduction

Zeolite Y is undeniably a versatile catalystin the field of
catalytic cracking, hydrocracking and is used in a wide
range of industrial processes. Due to its large pore size,
this zeolite allows the reforming by isomerization of
linear paraffins with a low octane number to branched,
high octane isoparaffins (Bolton, 1976). Furthermore,
the ultrastable form of this zeolite, USY, has the addi-
tional benefit of a reduced coke make, a long lifetime
and a high hydrothermostability in comparison with
other microporous catalysts (Ward, 1993). Despite the
fact that most of the industrial hydrocarbon processes
with Y zeolites are carried out with long chain hy-
drocarbons, only fragmentary information is available
concerning the adsorption and diffusion of paraffins
with carbon numbers above six in faujasites. Most
of the papers deal with the diffusion and adsorption

of C3-C7 paraffins and their isomers, cycloparaffins
(Thamm et al., 1983; Harlfinger et al., 1983; Hrizik
et al., 1990; Atkinson and Curthoys, 1981), and finally
aromatics (Hulme et al., 1991; Ruthven and Goddard,
1986; Eic et al., 1988; Moore et al., 1972; Satterfield
et al., 1972; Ruthven and Goddard, 1986). Techniques
like calorimetry, liquid and gas-solid chromatography
and gravimetry are commonly used. The adsorption of
normal paraffins from methane to n-decane on Na-X,
Na-Y and Us-Ex was studied by Jénchen and Stach
(Janchen and Stach, 1985; Stach et al., 1986) using the
isosteric method. The effect of molecular weight on
the heat of adsorption for long chain normal paraffins
(C4—C20 range) at 300-400°C in 5A en 13X was dis-
cussed by Burgess et al. (1964). Kirger et al. (1980)
measured the self-diffusion of n-paraffins in zeolite
NaX by means of the NMR pulsed field gradient tech-
nique, Eic and Ruthven (1988) determined diffusivities
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in NaX with the Zero Length Column method. A very
complete overview of available data of diffusion of
hydrocarbons in zeolites can be found in the book of
Ruthven and Kiirger (1992).

Not much attention has however been paid to the ad-
sorption and diffusion of isomers of heptane and octane
and the higher carbon numbers paraffins. Moreover,
most of the experiments were conducted at tempera-
tures which are not relevant for catalytic conditions and
deal with the adsorption or diffusion of single compo-
nents. As all catalytic processes involve simultane-
ous adsorption and diffusion of product and reactant
molecules, a knowledge of multicomponent rather than
single component diffusion and adsorption properties
is essential. Moore and Katzer (1972) and Satterfield
and Cheng (1972) studied the counterdiffusion of liquid
aromatic and naphthenic hydrocarbons in zeolite Y, but
no data are available on the multicomponent adsorption
and diffusion of paraffins in this adsorbent.

In processes like hydrocracking and hydroisomer-
ization (Coonradt and Garwood, 1964; Martens et al.,
1986), hydrocarbons are converted over a bifunctional
catalyst. This is usually an acidic zeolite loaded with a
well dispersed noble metal like Platinum or Palladium.
In the present study, the effect of Platinum on the ad-
sorption parameters of zeolite Y was determined and
a comparison was made between the sodium and the
acidic form of zeolite Y as well as between two sam-
ples with a different Si/Al-ratio. Adsorption constants
and transport properties of paraffinic hydrocarbons and
isomers with carbon numbers from 5 to 12 were de-
termined using gas-solid chromatography at tempera-
tures ranging from 275 to 400°C. Finally, competitive
adsorption between paraffins was measured with per-
turbation chromatography.

Theoretical Aspects

Adsorption properties like equilibrium data and diffu-
sivities are often measured with the chromatographic
technique (Ruthven, 1984). Single component Henry
constants and diffusion coefficients can be obtained by
injecting a small pulse of this component in an inert
carrier flowing through the bed of zeolite pellets and
measuring the retention time and the peak broadening.
This technique is often referred to as the pulse chro-
matographic method. In the perturbation chromatogra-
phy technique used in this paper, the initial steady state
in the column equilibrated with a given carrier mixture
is perturbed by injecting a small amount of an adsorbing

component at the inlet of the chromatographic
column.

The equations used to extract the adsorption and dif-
fusion parameters from the response of the system to a
perturbation are given below.

Tracer Chromatography. An adsorbing component
is injected in an inert carrier. The retention time of the
injected component correlates to the adsorption param-
eters, whereas the peak broadening is caused by mass
transfer resistances.

Assuming

— isothermal behavior

— constant velocity plug flow with axial dispersion

— flow pattern in external gas phase is described by
Darcy’s law (Coulson et al., 1991)

— the external film resistance is negligible

— adsorption occurs only in the micropores

— adsorption equilibrium is described by Henry’s law

— mass transfer is described by a linear driving force
(lumping micropore and macropore resistances).

the following expressions for the retention time and the
peak broadening are obtained:
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The average superficial velocity v over the column is
given by (Chiang et al., 1984):
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Perturbation Chromatography. Consider acolumn in
which the carrier contains both an inert and an adsorb-
ing component. This system, initially in equilibrium, is
perturbed by a pulse of a second adsorbing component.
Thus, we have a system with three components:



i = 1: the injected component, with p; = p - x)

i = 2: theadsorbing component of the carrier gas, with
p2=p-x

i = 3: the non adsorbing component of the carrier gas,
with p3 = p - x3.

Plug flow without axial dispersion and mass transfer
limitations is assumed. The mass balances are written
as:
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These three equations are coupled through the conti-
nuity condition:

X1 +x3+x3=1 (5)

The equilibrium adsorbed phase concentration g; de-
pends on the local concentration of all adsorbable com-
ponents:

gi = @i(P1, P2)PerysRT (6)

which for a multicomponent Langmuir adsorption
isotherm yields:
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After combining Egs. (4), (6) and (7) and applying
the chain rule:
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In this isothermal 3 component system, the response
to a perturbation involves two mass transfer zones
which propagate through the column with characteris-
tic velocities determined by the multicomponent equi-
librium isotherm. The mean retention time u; of these
mass transfer zones is given by (see Appendix):
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W, also corresponds to the retention time of the re-
sponse to a perturbation of the binary carrier with one of
the components of that carrier. This expression allows
the determination of the single component adsorption
isotherm. By measuring at different partial pressures
of the adsorbing component in the carrier gas, the com-
plete isotherm can be obtained. The Henry and Lang-
muir adsorption constants are calculated from fitting of
the experimental adsorption constants Kyp, defined as:
KI
Keyp = —+— 14

exp 1+ LZPX2 (14)

for py and
K;

(1+ Lapxs)?

for p,, versus the partial pressure of the carrier gas
adsorbing component. By injecting different types of
molecules is the same carrier, differences in competi-
tion between the injected molecules and the carrier can
be monitored. '

Kexp = (15)

Experimental

Four different zeolite samples were kindly provided by
Prof. Johan Martens of the COK, KULeuven: zeolite
NaY (from Zeocat) with a Si/Al ratio of 2.7, the same
zeolite exchanged with 0.1 N NH,Cl, another fraction
of this NaY zeolite exchanged with an aqueous solution
of Pt(NH3)4Cl; so as to contain 0.5 wt% Platinum, and
finally a dealuminated USY zeolite with a Si/Al ratio
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Table 1. Column and adsorbent properties.

NaY HY PYNaY usy
Column length (m) 0.255 0.265 0.262 0.36
Adsorbent mass (kg) 488x107* S5.11x107* 547x10~% 6.7x10*
Bulk density (kg/m?) 518 522 565 503
Dubinin surface area (m2/g) 923 1004 918 882
Micropore volume (cc/g) 328 35 326 31
Crystal diameter (m) 9x 1077 9 x 1077 9x 1077 34x 1077
Si/Al ratio 2.7 2.7 2.7 41

of 41. These zeolites were pelletized in a press by ap-
plying a pressure of about 200 bar. The pellet fraction
from 250 to 400 pm was used to fill 1/8 in. diame-
ter stainless steel columns with lengths of 0.25-0.4 m.
The Platinum loaded zeolite was activated by rising
the temperature to 400°C (at 6°C/min) with an oxygen
flow. After a purge with nitrogen, a flow of hydrogen
was passed over the catalyst for 1 h at 400°C to reduce
the Platinum ions. The ammonium exchanged zeolite
was activated by rising the temperature to 400°C at
6°C/min with a nitrogen flow and holding for 1 hour at
this temperature.

The average crystal radius was determined by SEM
and was 0.45 pm for the zeolites with Si/Al = 2.7 and
1.7 um for zeolite NaY with Si/Al = 41. The micro-
pore volume was determined by nitrogen adsorption
(using a Fisons’ Sorptomatic, 1990). Crystal densities
were calculated theoretically, based on an ideal crystal
structure. Column and adsorbent properties are given
in Table 1. Before measurement, the temperature was
raised at a rate of 5°C/min to 350°C and maintained at
this temperature overnight.

The setup for the perturbation chromatography mea-
surements is represented schematically in Fig. 1.

A mass flow controller (0—100 ml/min) regulates the
flow rate of the hydrogen carrier gas. The pressure at
the inlet of the column is monitored through a 10 bar
pressure transducer. Before entering the chromato-
graphic column, the hydrogen flow is passed through
a reservoir filled with liquid hydrocarbon. The partial
pressure of the hydrocarbon in the carrier flow can be
adjusted by altering the temperature of the reservoir.
The hydrogen/hydrocarbon equilibrium was calculated
with the Redlich-Kwong-Soave model with Boston-
Mathias modification. All hydrocarbons used were of
spectrophotometric grade and purchased from ACROS.

The column with adsorbent is placed in a Varian
3300 GC-oven. Hydrocarbons are injected (typically
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Figure I. Experimental setup for the perturbation chromatography
measurements.

0.1 wl) at the inlet of the column. The outlet of the col-
umn is at atmospheric pressure. After passing the col-
umn, the gas stream enters the detector, either a TCD
(as a non specific detector), or a Balzer quadrupole
mass spectrometer (QMG 112A), allowing individual
components to be monitored and reaction products to
be determined. For the measurements in the Henry
domain, the hydrocarbon reservoir was removed from
the setup. After subtraction of the baseline from the
response curve, first and second moments were calcu-
lated by integration. The dead time of the system was
determined at different flowrates and subtracted from
the experimental retention time. Pressure drop over the
column varied between one and two bar, gas flow rates
between 1 and 6 Nml/s were used.

Results and Discussion
Henry Constants and Heats of Adsorption. Pulses of

the different adsorbates were injected at the inlet of the
column in an inert hydrogen flow. System linearity was
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Figure 2. Henry constants of normal and branched paraffins on
zeolite NaY (Si/Al 2.7) at 350°C.

confirmed by varying the injection volume. The Henry
constants K’ (calculated from the first moment of the
response peak) of the linear and branched paraffins on
zeolitg NaY at 350°C are shown in Fig. 2.

An exponential increase of K’ with the carbon num-
ber is observed. A similar exponential increase was
also found by Hufton and Danner (1993) for adsorption
of methane to n-butane on silicalite. The Henry con-
stants of the isomers are somewhat higher than those
of the linear chains (Table 2), but generally speaking it
can be stated that the Henry adsorption constants are
dependent on the molecular weight (number of carbon
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atoms) and not the molecular shape. This low effect of
chain branching on the adsorption parameters is to be
expected in a three dimensional pore system with large
supercages. Experimental and modelling work deliv-
ered by Santilli and Zones (1990) showed that methy]
and dimethyl branched isomers of n-hexane experience
greater attractive interactions with the wall of the zeo-
lite than the linear chain in zeolites with pores between
7 and 7.4 A. This inverse shape selectivity is probably
caused by a better steric fit of the branched hydrocar-
bons is the pore system. More hydrogen atoms have
van der Waals interactions with the oxygen atoms of
the framework, resulting in a stronger attraction. This
is especially true for SSZ-24 and molecular sieves of
the AIPO4-5 family. However, Santilli (1986) didn’t
notice inverse shape selectivity for faujasites using the
pore probe technique, but rather a preferential adsorp-
tion of the linear chains, whereas the present measure-
ments indicate a stronger adsorption of the isomers.
Moreover, it was shown that the Henry constants of
the C8-paraffins increase with the degree of branching.
A main difference between the pore probe technique
and the chromatographic method, which could account
for the observed disagreement, is that the pore probe
technique is conducted with a mixed feed, whilst the
present method invokes only one pure component at
low loading. Further, Santilli’s experiments concerned

Tuble 2. Henry constants of linear and branched chains at 300°C.

K' (mol/kg/Pa)

Sorbate NaY HY P/Y UsSy
2-methylbutane 8.2 x 1076 78 x 1076 1.0 x 103 1.1x 1076
n-hexane 1.9 x 1073 1.7 x 1073 23x107% 24x10°6
2-methylpentane 2.0x 1075 1.7 x 1073 24 %1075 26x 1076
3-methylpentane 2.0x 1073 1.7 x 1073 24 x 1073 2.7x107%
2,3-dimethylbutane 2.0 x 10-5 1.8 x107% 24 x 103 2.7% 1076
2,2-dimethylbutane 2.1 %1073 1.8 x 1073 24 x 1073 25% 1078
n-heptane 44 x 1073 3.6x1073 54x1073 46x 1076
2,3-dimethylpentane 5.1%x10-5 40x10"3 6.1 x10~3 6.2 x 1076
n-octane 1.0 x 10~4 79 x 1073 12 x10~* 83 %1076
2-methylheptane 1.0 x 10~ 79 x 1073 12x 1074 8.6 x 1076
2,5-dimethylhexane 1.1x 104 8.3 x 1075 1.3 x 1074 1.1x 1073
2,2,4-trimethylpentane 13x 10~ 9.1 x 1073 1.5 % 10~ 9.5x 10-6
n-nonane 23x 1074 1.7 x 1074 2.7 x 1074 15%x 1073
n-decane 53x 1074 39x 1074 54 %104 29 %1075
n-undecane 12x 1073 8.4 x10~* — 5.7x10°35

27x 1073 1.9x 1073 — 1L1x 1074

n-dodecane
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Figure 3. Henry constants of n-paraffins and isomers on NaY, HY,
Pt/NaY and USY at 300°C.

only hexane isomers, where it is clear now that the
difference in adsorption properties between linear and
branched chains becomes more important with rising
chain length.

On comparing the data (Fig. 3) for four different zeo-
lites NaY (Si/Al12.7), PtNaY, HY and USY (Si/Al41),
one notices the same exponential trend for all the fau-
Jasite zeolites under investigation.

Due to a higher degree of dealumination, zeolite
USY has a lower adsorption capacity than the other
adsorbents. This effect becomes slightly more pro-
nounced with rising chain length. Both a creation of
mesopores and a loss of crystallinity as cation effects
might be responsible for the reduction in adsorption
capacity, but the loss of porosity due to mesopore for-
mation remains rather low in this zeolite (Table 1).

The adsorption heats were calculated using the
Henry constants in the temperature range from 275 to
400°C by linear regression (Fig. 4) of the van ‘t Hoff
equation:

—AHy

K'=Kje (16)

The van ‘t Hoff plots are linear over the whole
temperature range. Resulting low coverage adsorption
heats are shown in Fig. 5. A linear correspondence
between carbon number and adsorption heat is found.
For the faujasites with Si/Al 2.7, the adsorption heat
increases with circa 6-7 kJ/mol per extra -CH,- group
for the linear chains. Within the experimental error, the
isomers of hexane, heptane and octane have approx-
imately the same adsorption heat as the unbranched
chains (Table 3).

Experimental inaccuracy makes it rather difficult
to observe differences in the heats of adsorption of

n-undecane|
n-decane
n-nonane
n-octane
n-heptane

n-hexane

.
e

0

11673 K 1/598 K 1548 K
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Figure 4. van 't Hoff plot for linear paraffins on zeolite NaY
(SVA12.7).
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Figure 5. Limiting heats of adsorption and pre-exponential factors
for zeolite NaY.

normal and branched chains. On Pt/NaY, the measure-
ments of the retention times were disturbed by con-
version (alkane hydrogenolysis, dehydrogenation) of
the alkanes on the Platinum, which probably explains
the larger discrepancy between the adsorption heats of
the branched and the unbranched chains on this zeolite.

The following expressions were extracted for zeolite
NaY (Fig. 5):

—AHy =6.25CN +7.91 amn
—In(Ky) = 0.47CN + 17.6 (18)

Introducing these two expressions into the van ‘t
Hoff equation results in a general correlation for the
Henry constants:

6.25CN+17.9]

K' = exp(—0.47CN — 17.6)¢"*%" (19)

Danner and Hufton (1993) deduced a correlation
of the same form for the adsorption of light normal
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Table 3. Heats of adsorption at low coverage and pre-exponential factors sorbate. .

— A Hy (kJ/mol) K}, (mol/kg/Pa)

Sorbate NaY HY PvY USY NaY HY PYY usy
2-methylbutane 392 360 382 294 21x107%  34x107%  34x10™° 27x107Y
n-hexane 455 442 511 385 13x107° 14x10™® 53x10°10 gg8x10-1
2-methylpentane 453 442 500 392 14x107°  13x107?  63x107% 78x10-10
3-methylpentane 445 435 481 377 L7x10-%  1.6x107% 96x10°1 12x10~*
2,3-dimethylbutane 441 435 497 368 1.9x107° 16x107? 70x10°19  14x10°Y
2,2-dimethylbutane 432 435 468 366 22x107°  16x107? 13x107Y 1.7 x 107?
n-heptane 519 501 546 427 78x 1071 87x107" 56x10710 6.6x10-10
2,3-dimethylpentane 50.6 497 567 422 12x107°  10x107%  41x10°1 62x10-10
n-octane 575 560 599 499 55x107%  55x10°"  40x10°1" 27x10-W
2-methylheptane 572 557 574 480 60x1071"  46x107 65x107'" 42x10-1
2,5-dimethylhexane 571 560 604 478 63x10710  58x1071" 40510710 3310~
2,2,4-trimethylpentane 568 545 664 476 84x10°10 86x1071" 12x107" 60x10-1"
n-nonane 634 620 676 540 33x1071 34x10°0  17x107'"  20x10°10
n-decane 708 683 — 587 19x107%  20x1071% 29x10-1" 14x10-1
n-undecane 774 756 — 642 11x10719  97x10°! — 89x 107!
n-dodecane 8l.7 Bl6 —  69.6 79%x 107" 6.1 x 10! — 5.7 x 1071

alkanes on silicalite. They found an increase in adsorp- o PUNaY

tion heat of 9—10 kJ/mol per carbon atom. Atkinson * PUNaY (SUAl=2.7) fid

and Curthoys (1981) measured a linear increase in ad- R :@72’3‘;3},’,

sorption heat for propane to pentane on NaY. Kiselev 2 0 Na¥ (SUAI= 2.7) usy

and Shcherbakova (1967) found a linear increase of the 265

adsorption heat of normal paraffins on microporous sil- £

ica gel up to C25. The adsorption heat of aromatics on 9%

NaY is not dependent on the molecular shape, but in- i

creases again linearly with the carbon number (Ruthven

et al., 1993).

Jénchen and Stach (1985) measured a zero adsorp-
tion enthalpy of 81.6 kJ/mol for the adsorption of n-
decane on NaY with Si/Al = 2.4 and 74.0 on NaY with
Si/Al=35. The present measurements yield a value
of 70.8 kJ/mol for a Si/Al ratio of 2.7 and 57 for
a Si/Al of 41 (Fig. 6). Dealumination thus results in
a decrease in adsorption interaction energy, due to
a reduction in polarization energy. Furthermore, the
increase of adsorption heat with carbon number is
lower (=5 kJ/mol) for the dealuminated form of ze-
olite Y.

The heat of adsorption on NaY is 1-2 kJ/mol higher
than on HY, as found by Atkinson and Curthoys (1981).
Platinum dispersed in the zeolite pore system, even in
a small fraction, leads to an increase of the adsorption

as

7 8 9 10 1 12 13
Carbon number

Figure 6. Limiting heats of adsorption of paraffins on zeolites NaY,
HY, Pt/NaY and USY.

heat, but has only a small influence on the variation of
— A Hy with the carbon number.

Diffusion Properties. Time constants for diffusion
were calculated from the second moment of the chro-
matographic response curves. Peak broadening due to
axial dispersion accounts for less then 5% of the overall
peak broadening, whilst the injector and detector sec-
ond order moment are less then 0.02 s? and can be ne-
glected for these measurements. Apparent diffusional
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Tuble 4. Transport properties in NaY at 300°C.

Kl’l K’ Dot Ky*D Draer
(mol/kg/Pa) (m?/s) (m?/s) (m?/s)
2-methylbutane 9251 819x10°% 575x107% LIIx10"' 386x10°°
n-hexane 21830 193x107° 507x1075 116x10°" 378 x 1076
2-methylpentane 22334  198x 1075 510%107* 135x10°'% 439x10-6
3-methylpentane 230.04 204x1075 520x1075 985x10"'"  321x10°®
2,3-dimethyibutane 22501 199x 1073 524x107% 152x10"'® 496 x 10~¢
2,2-dimethylbutane 23412 207x107%  526x10°%  122x1071" 398x10°6
n-heptane 49374 437x 1075 470x1075 147x10°"° 476 x10~°
2,3-dimethylpentane 57988 5.14x107° 485x107° 1.33x107" 431 x (076
n-octane 1132.80 1.00x107% 436x 10~ 1.48x10"" 479 x 107°
2-methylheptane 1161.89 1.03x10™% 439x107° 1.06x107" 343 x107°
2,5-dimethylhexane 1290.84 1.14x 107% 445x1075 2.09x10""  6.75x 10~°
2,2 4-trimethylpentane 146220 130x107* 456 x10~5  1.33x 107"  4.31x107¢
n-nonane 260745 231x107% 410x107% 197x10°1%  6.36x10°
n-decane 6045.68 5.35x107* 3.83x1075 756x10"'' 244x107%
n-undecane 13557.02 1.20x 1073 363x107° 147x10°" 476 x 10~%
n-dodecane 3026022 2.68x 1073 343x107° 191x107'" 6.17x 107
activation energies, defined as: molecular diffusion coefficient as:
D = Doe =Ev/RD) (20) Dimacr = 2‘“‘;‘—8"“ @1)

increase linearly with the chain length and are of the
same magnitude as the heats of adsorption. Moreover,
the product of the Henry adsorption coefficients and
the apparent diffusion coefficient is a constant for all
paraffins and all zeolites under study. This points at
macropore diffusion control, which means that trans-
port of paraffins in the zeolite pellets is not limited
by micropore diffusion. This is not unexpected for
strongly adsorbing substances in crystals of 0.9 um
diameter, packed in pellets of 250400 pm diameter.
Hsu et al. (1981) measured diffusivities of n-butane
and n-hexane in NaY over the range from 105°C to
240°C with the chromatographic technique and con-
cluded that the intracrystalline diffusion was too rapid
to be detected. This seems also to be true for the present
measurements.

Macropore diffusion coefficients were calculated
following Eq. (5), assuming a mean pellet diameter of
325 pum (Table 4). The calculated effective macropore
diffusion coefficients are about a factor 10 lower then
the molecular diffusion coefficients. When macrop-
ore diffusion occurs by molecular diffusion, the effec-
tive macropore diffusion coefficient correlates to the

With typical values of 0.3 for &g and 3 for the tortu-
osity (Ruthven and Kirger, 1992), the effective macro-
pore diffusivity equals the molecular diffusivity divided
by 10. This agreement between the measurements and
macropore diffusion model provides evidence that the
slowest step in mass transfer in this system (which is
similar to that used in many catalytic experiments) is
governed by hindered molecular diffusion in the macro-
pores of the pellets.

A model including axial dispersion, mass transfer
through the pellets and adsorption in the micropores
was solved numerically in order to verify the validity of
the model and the parameter extraction by the method
of moments. A linear driving force for diffusion in the
pellets was assumed. The time domain partial differen-
tial equations were transformed into ordinary differen-
tial equations by orthogonal collocation. The method
of backward difference formulas was used for the time
integration.

In Fig. 7, a comparison is made between the
experimental chromatograms and the calculated re-
sponse. The transport and adsorption parameters which
were found by the method of moments were used in
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Figure 7. Experimental and theoretical response curves for NaY (Si/Al 2.7) at 350°C.

these simulations. Satisfying agreement between the
calculated and experimental curves is found, which
means that the method of moments provides reliable
results, and that the linear driving force model is a

good approximation for interpretation of the response
curves.

Pure and Multicomponent Adsorption Isotherms.
Low pressure equilibrium isotherms of n-octane, n-
decane and n-dodecane on zeolite NaY with a Si/Al
ratio 2.7 were measured using perturbation chromatog-
raphy. In a first set of experiments, a hydrogen flow
saturated with one of the n-paraffins in equilibrium with
the adsorbent, was perturbed by injecting a pulse of this
paraffin at the inlet of the column. The response to this
perturbation involves one mass transfer zone, of which
the mean retention time correlates to the local slope of
the equilibrium isotherm. Figure 8 shows the response
to a perturbation of a mixed n-octane/hydrogen flow
by different n-paraffins. A non specific TCD detector
was used to record this chromatographic response.

n-hexane

0 100 200 300 400 500 600 700 80O
t(s)

Figure 8. Chromatographic response to a perturbation of a mixed
n-octane/hydrogen feed (mol fraction n-octane in feed: 0.014; ad-
sorbent: NaY (SiVA12.7); T = 325°C; peo; = 1.17 bar).

When n-octane is injected, only one peak is ob-
served, whereas two peaks are observed if a component
different from the one in the carrier is injected. One of
these two peaks corresponds to the single peak obtained
after injecting n-octane. Furthermore, the retention
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Figure 9. Equilibrium isotherms of n-paraffins on NAY (Si/Al 2.7). Experimental and fitted adsorption constants (a) and isotherms (b} of
n-decane; experimental adsorption constants (c) and isotherms (d) at 325°C (pc, = 1.18 bar).

time of a hydrogen perturbation equals that of n-octane,
as predicted by theory.

Experiments were conducted with rising mole frac-
tions of hydrocarbon in the feed. An upper limit to
the concentration of hydrocarbons is set by detector
limitations. At too high paraffin/hydrogen ratios, the
mass transfer zone cannot be measured due to a high
background signal. As a consequence, only partial
equilibrium isotherms can be obtained. Increasing the
injection volume to increase the detection limit violates
the assumption that the mole fraction of the injected
component is negligible. Maximum mole fractions of
circa 0.1 were used, corresponding to a partial pressure
of 0.1 bar.

The experimental adsorption constants were fitted
to the model using a quasi-Newton fitting algorithm
(Harweli Subroutine Library, 1973). Experimental and
fitted isotherms of n-octane, n-decane and n-dodecane
at 325°C, as well as n-decane isotherms at a range of
temperatures are shown in Fig. 9. From this figure, it
is clear that the longer chains adsorb better than the

shorter chains, as shown before. In the covered pres-
sure range, a factor 4 in adsorption capacity between
n-octane and n-decane or n-decane and n-dodecane at
a constant pressure is observed. Table 5 gives the fit-
ted Henry and Langmuir adsorption parameters. The
maximum adsorption capacities were calculated from
the experimental isotherms at 325°C using:

KI
s = = 22
s = F (22)

Table 5. Henry and Langmuir constants of n-paraffins on NaY at
325°C.

Sorbate K’ (moV/kg/bar) L (l/bar) K’'/L (molkg)* nI

n-octane 4.57 2.7 1.69 2.01
n-decane 19.8 9.8 2.02 1.69
n-dodecane 90.9 415 2.19 1.44

* Adsorption capacity estimated from the experimental isotherm.
1 Adsorption capacity estimated from the liquid density and the mi-
cropore volume.



Table 5 also gives the adsorption capacities esti-
mated from the micropore volume and the liquid den-
sities of the paraffins at room temperature, which
decrease from 2 mol/kg for n-octane to 1.44 mol/kg
for n-dodecane. However, the experimental capaci-
ties (Eq. (22)) increase from 1.7 for n-octane to 2.2
for n-dodecane. This is not unexpected as only the
lower partial pressure range is accessible by the per-
turbation method and Langmuir behaviour is assumed
over the full range. Measurements with other tech-
niques at higher coverage will probably require another
isotherm equation. Nevertheless, the experimental val-
ues for the capacities are acceptable. Temperature
dependence of the n-decane Langmuir adsorption con-
stants is depicted in Table 6. The Langmuir adsorp-
tion heat of n-decane amounts 81.7 kJ/mol, the heat
of adsorption at low coverage equals 70.8 kJ/mol.
Taking experimental errors into account, one might
conclude that the capacity n, is independent of the
temperature. Results of perturbation experiments in
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Figure 10. (a) Binary adsorption constants (experimental and
fitted) of n-hexane, n-heptane, n-octane and n-nonane with n-
decane/hydrogen as carrier at 275°C. (b) Temperature depen-
dence of n-heptane adsorption with n-decane/hydrogen as carrier
(Peo1 = 1.16) bar.
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Table 6. Langmuir constants

of n-decane on NaY.

T (°C) . L (1/bar)
275 389
300 233
325 98

350 4.7

which an hydrogen/n-decane carrier was perturbed
with a pulse of a second normal paraffin are shown in
Fig. 10.

Even at higher loadings, competition between higher
and lower molecular weight .n-paraffins is observed.
From this type of measurements, multicomponent
Langmuir constants of the adsorbing carrier com-
ponent can be determined. Experimental isotherms
with n-decane, n-dodecane (Fig. 11) and n-octane
in hydrogen as carrier at 325°C were used to calcu-
late the Langmuir constants. These multicomponent
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Figure 11. Binary adsorption constants of n-paraffins at 325°C on
zeolite NaY. (a) carrier: n-decane/hydrogen (pe1 = 1.17 bar) (b)
carrier: n-dodecane/hydrogen (p¢, = 1.2) bar.
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Figure 12. Separation factors of n-paraffins on NaY at 325°C.

Langmuir constants are approximately the same as
the pure isotherm Langmuir constants (Table 5), and
show the same increase with chain length as the Henry
constants.

Separation factors, defined as:

(23)

are plotted in Fig. 12 as a function of total pressure,
which is also the partial pressure of the adsorbing car-
rier gas. The Langmuir model suggests a constant sepa-
ration factor over the whole pressure range. It is noted
that the separation factor tends to decrease at higher
loadings, implying that the multicomponent adsorption
behaviour deviates from the multicomponent Langmuir
equation. Nevertheless, this deviation remains rather
limited, so that the extended Langmuir isotherm might
still be used to describe the competitive adsorption be-
tween n-paraffins on zeolite Y, at least for use in kinetic
models for certain multicomponent reactions with hy-
drocarbons, such as for example hydrocracking or cat-
alytic cracking.

Conclusion

Chromatographic measurements revealed strong dif-
ferences in adsorption properties of linear paraffins, as

K'l(l+L2px2)pcmRT _
A+B [ (+Ly pxy+L2 pxa) ] Avy
1

— B(—K}x2Ly pperys RT)
vy (L1 pxi+Lz pxs)?
0

a function of chain length, on zeolite Y. Henry and
Langmuir constants increase with a factor two per ex-
tra carbon group. The influence of chain branching on
adsorption and macropore diffusion remains limited.
The adsorption properties show the same tendencies
for zeolites NaY, HY, PNaY and USY. Perturbation
chromatography allowed the study of competitive ad-
sorption between paraffins of different chain length. A
strong competition between longer and shorter paraf-
fins is observed, which can be adequately described
by a multicomponent Langmuir adsorption isotherm.
More accurate description of multicomponent equilib-
riarequires measurements in the high coverage area and
this is not possible with the present technique. Methods
such as gravimetry and isotope tracer chromatography
will be used in the near future to study the competitive
adsorption at high coverage.

The knowledge of the multicomponent adsorption
equilibrium of paraffins on the zeolite catalysts is use-
ful in getting a better understanding of selectivity ef-
fects in multicomponent reactions. For example, the
selective hydroconversion of the longer paraffin of
a mixed paraffin feed, as mentioned by Dauns and
Weitkamp (1986), can easily be understood in terms
of competitive adsorption. Since longer paraffins are
more strongly adsorbed, their internal concentration in
the pores of the zeolite catalyst is higher than that of
the shorter chains. As a consequence, longer paraffins
are converted to a higher extent than the (less strongly
adsorbed) shorter chains, explaining the selective con-
version of the longer hydrocarbon chains. Kinetic in-
vestigations and modelling are under way in order to
test this hypothesis.

Appendix

The characteristic shock velocities w; of the mass trans-
fer zones propagating through the column are found
by casting the differential Eqs. (9), (10) and (11} into
matrix form, and calculating the eigenvalues A of the
coefficient matrix:

B(—K{x1L3ppay; RT) 0
Q(+Ly pxi+La px2)
K.

5(+L1 px))perys RT
A + B [ (I1+L pxy4+Lapxa) ] - A.Uf

0 =0 (A1)

0 A+ B‘Emic, - ).Uf



with:
A=¢texi+Emaer and B =1—(€exi + Emacr) (A2)

The above matrix has three roots, corresponding to
the three eigenvalues of the matrix. The first eigenvalue
X, is given by:

_ (&ext + Emacr) + (1 — Eext — Emacr)Emicr
vy

The propagation velocity of the first physically pos-
sible shock to occur is thus given by:

A (A3)

w, = =i (A4)
(Eext + Emacr) + (1 — Eext — Emacr)Emicr

This corresponds with the flow of the carrier. The
two other eigenvalues are found by solving the equa-
tion:

1 Ki(1 + Lapx2)pRT
(v s (HEREE)) <o)
g ((A + B(Ké(l + Lzlfx,)pRT)) B Avf)

2(oRTY*K'K,L\L 2
_ B (pRTYK Ky L1 Laxi xap ]:O (AS5)
74
with:
Z=1+Lipx;+ Lapx; (A6)
Put:
K(1+L RT
A+B( 1A+ Lypxa)p )=oz (A7)
72
K(+L RT
A+B( 21+ Z]fxl)P >=ﬂ (A8)
B*(pRT)*K|K,L,L 2
(p ) |Z42 1Lax1x2p =y (A9)
So Eq. (AS) can be written as:
At —(a+ B+ (@B—y)=0  (Al0)

Since x is the mole fraction of the injected compo-

nent in the external gas phase and in the macropores, it

is assumed that x; is negligible small. From this, the y
term can be cancelled in Eq. (A10) and the following
roots are found:

a+B+(-B)?
2

. B( K{(1+ Lopx2)pRT
(14 Ly px; + Lapx;)?

szf= =

) (Al1)
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A3v = ﬁ

K}(1 + Ly px,)oRT )
(14 Lipx; + Lapx,y)?

f=a4ﬂ—\/(a—ﬂ)2
2

=A+B( (A12)

Since x; is small (injected component), these
Eqgs. (A12) and (A13) can be reduced to:

1 K!pRT
M=—(A+B|——"— Al3
2 vf( ((1+szx2>)) (A13)
K5oRT

1
A= —A+B| ————
? vf( * ((1+L2px2)2)) (Alh)

corresponding with two distinct wave propagation ve-
locities w5 and ws:

v
W2 = ! K porys RT
(5cxl + emacr) + (1 — Eext — Emacr) [(Tl_% + 8micr]
(A15)
vy
w3 = K porgs RT
(ecxl + Bmacr) + (1 — Eext — Emacr) [(T_ﬁymf + 8micr]
(A16)

The retention times of the perturbations are given by
wi = L/w;:

LT
n = E (8ext + Emacr) + (1 — Eext — Emacr)
K{pcrysRT
i _— Al7
X (smxcr + T+ Lapxz ( )
LT
12 = —| (Eext + Emacr) + (1 — Eext — Emacr)
vrl
KépcrysRT )
jor ————————— Al8
8 (E"““(l + Lopxr)? (A19)
Nomenclature

Dpicr  Micropore diffusion

coefficient m?/s
Dpaer  Macropore diffusion
coefficient m?/s

Dnot Molecular diffusion
coefficient m?/s
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D,x  Axial dispersion coefficient
h Mass transfer coefficient
Kexp  Experimental adsorption
value
K!  Henry constant of
component {
Kq Dimensionless adsorption
constant
L Column length
L; Langmuir constant of
component {
n; Amount adsorbed in the
solid
ng Maximal adsorption
capacity
P Total pressure
Peol  Mean total column pressure
Di Partial pressure of
component i
Pin Column inlet pressure
Powt  Column outlet pressure
qgi Amount of component
in the micropores
re Mean crystal radius
R, Mean pellet radius
R Ideal gas constant
t Time
T Temperature
vy Superficial velocity in
adsorbent column
Vout  Velocity at the outlet of
the column
w; Wave propagation velocity
X; Molar fraction of
component i
z Axial position
Greek letters
@;;  Separation factor
AH, Heatof adsorption
Eext Bed voidage, external porosity
Emacr Macropore porosity
Emicr  Micropore porosity
£p Pellet porosity
@ Adsorption isotherm form
uw Peak retention time
Pe Crystal density
a? Variance of the peak
T Tortuosity factor

m2/s
o

mol/(kg.Pa)

mol/(kg.Pa)

Pa~!
mol/kg

mol/kg
Pa
Pa

Pa
Pa
Pa

Pa

m

m
J/(mol.K)
s
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