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Abstract. The effect of chain length and branching of paraffins (from C6 to C 12) 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 catalyst in 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; Hrfzik 
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 J~inchen and Stach 
(J~inchen 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). Karger 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 K~ger (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. 

T h e o r e t i c a l  A s p e c t s  

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 of over the column is 
given by (Chiang et al., 1984): 
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Perturbation Chromatography. Consider a column 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: 
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i ----- 1: the injected component, with Pl = p • xl 
i = 2: the adsorbing component of  the carrier gas, with 

P2 = p " x2 
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: 

Oxi Oxi 
v f P -~z  + (eext + ernacr)P-'~- + (1 -- eext -- emaer) 

x \Ot]-----O i =  1 . - . 3  (4) 

These three equations are coupled through the conti- 
nuity condition: 

xl + x2 + x3 = 1 (5) 

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

qi = ~ i ( P l ,  p2)PcrysRT (6) 

which for a multicomponent Langmuir adsorption 
isotherm yields: 

K~pxi 
~o; = (7) 

1 + Lipxt  + Lzpx2 

After combining Eqs. (4), (6) and (7) and applying 
the chain rule: 
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one finds: 
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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/zi of  these 
mass transfer zones is given by (see Appendix): 

/ Z l =  o ~ [ ( e e x t + e m a c r ) + ( l - e e x t - e m a c r )  

x 1 +L2px2 (12) 

/Z2----- V~[(eext+emacr)+(1--eext--emacr) 

\ ( I  + L2px2)2/J (13) 

/z2 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 Kexp, defined as: 

r'l 
Kexp = (14) 

I + L2px2 

for/£1 and 

K~ (15) 
Kexp -- (1 + L2px2) 2 

for/z2,  versus the partial pressure of  the carder 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. 

Experimental 

Four different zeolite samples were kindly provided by 
Prof. Johan Martens of  the COK, KULeuven:  zeolite 
NaY (from Zeocat) with a Si/A1 ratio of  2.7, the same 
zeolite exchanged with 0.1 N NI-I4CI, another fraction 
of this NaY zeolite exchanged with an aqueous solution 
of Pt(NH3)4CI2 so as to contain 0.5 wt% Platinum, and 
finally a dealuminated USY zeolite with a Si/AI ratio 
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Table 1. Column and adsorbent properties. 

NaY HY Pt/NaY USY 

Column length (m) 0.255 0.265 0.262 0.36 

Adsorbent mass (kg) 4.88 x 10 -4 5.11 x 10 -4 5.47 x 10 -4 6.7 x 10 -4 

Bulk density (kg/m 3) 518 522 565 503 

Dubinin surface area (m2/g) 923 1004 918 882 

Micropore volume (co/g) .328 .35 .326 .31 

Crystal diameter (m) 9 x 10 -7 9 x 10 -7 9 x 10 -7 3.4 x 10 -7 

Si/AI ratio 2.7 2.7 2.7 41 

of 4 I. These zeolites were pelletized in a press by ap- 
plying a pressure of about 200 bar. The pellet fraction 
from 250 to 400/zm 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/zm for the zeolites with Si/AI = 2.7 and 
1.7/zm for zeolite NaY with Si/AI = 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 

Mass flow controller 

Hydrogen 

Pre$$tlilg 
transducer 

Heated 
Hydrocarbon 
~ o i r  

Injection valve 

Heated 
tubing 

Figure 1. Experimental setup for the perturbation chromatography 
measurements. 

0.1/zl) 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  o f  normal  and branched paraffins on 

zeolite NaY (Si/AI 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 
zeolit¢ 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 

atoms) and ngt 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. Exper!mental and. modelling work deliv- 
ered by Santilli and Zones (1990) showed that methyl 
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/~. 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 

Table 2. Henry  constants  o f  l inear and branched chains at 300°C.  

K '  (mol/kg/Pa) 

Sorbate  NaY H Y  Pt/Y USY 

2-methylbutane  8.2 x 10 - 6  7.8 x 10 - 6  

n -hexane  1.9 x 10 -5  1.7 x 10 -5  

2-methylpentane  2.0 x 10 -5  1.7 x 10 - 5  

3-methylpentane 2.0 x 10 -5  1.7 x 10 -5  

2 ,3-dimethylbutane 2.0 x 10 -5  1.8 x 10 -5  

2 ,2-dimethylbutane 2.1 x 10 -5  1.8 x 10 - 5  

n-heptane  4.4 x 10 -5  3.6 x I0 -s 

2,3-dimethylpentane 5.1 x 10 -5  4.0 x 10 - 5  

n-oc tane  1.0 x 10 -4  7.9 x 10 -5  

2-methylheptane  1.0 x 10 -4  7.9 x 10 -5  

2 ,5-dimethylhexane 1.1 x 10 - 4  8.3 x 10 -5  

2,2,4- t r imethylpentane 1.3 x 10 - 4  9.1 x 10 -5  

n -nonane  2.3 x 10 -4  1.7 x 10 - 4  

n -decane  5.3 x 10 - 4  3.9 x 10 - 4  

n -undeeane  1.2 x 10 -3  8.4 x 10 -4  

n -dodeeane  2.7 x 10 - 3  1.9 x 10 - 3  

1.0 x 10 -5  

2.3 x 10 -5  

2.4 x 10 -5  

2.4 x 10 -5  

2.4 x 10 -5  

2.4 x 10 -5  

5.4 x I0 -s 

6.1 x 10 -5  

1.2 x lO -4  

1.2 x lO -4  

1.3  x 10 -4  

1.5 x 10 - 4  

2.7 x 10 - 4  

5.4 x 10 -4  

l a x  

2.4 x 

2.6 x 

2.7 x 

2.7 x 

2.5 x 
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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/A12.7), Pt/NaY, HY and USY (Si/A141), 
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: 

! 0 K I - " ~  = Koe ,r (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/A1 2.7, the adsorption heat 
increases with circa 6-7 kJ/mol per extra -CH2- 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 
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Figure 4. van 't Hoff plot for linear paraffins on zeolite NaY 
(SEAl 2.7). 
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Figure 5. Limiting heats of adsorption and pre-cxponential 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): 

--AHo = 6.25CN -I- 7.91 (17) 

- ln(K~) ---- 0.47CN -t- 17.6 (18) 

Introducing these two expressions into the van 't 
Hoff equation results in a general correlation for the 
Henry constants: 

6.25CN+7.t/I 
K' = e x p ( - 0 . 4 7 C N -  17.6)e RT (19) 

Danner and Hufton (1993) deduced a correlation 
of the same form for the adsorption of light normal 



Adsorp t ion  o f  Normal  and Branched  Paraffins 257 

Table 3. Heats of adsorption at low coverage and pre-exponential factors sorbate. , 

-AHo (kJ/mol) K~) (moVkg/Pa) 

Sorbate NaY HY Pt/Y USY NaY HY Pt/Y USY 

2-methylbutane 39.2 36.0 38.2 29.4 2.1 x 10 -9 

n-hexane 45.5 44.2 51.1 38.5 1.3 x 10 - 9  

2-methylpentane 45.3 44.2 50.0 39.2 1.4 x 10 - 9  

3-methylpentane 44.5 43.5 48.1 37.7 1.7 x 10 -9 

2,3-dimethylbutane 44.1 43.5 49.7 36.8 i.9 x 10 - 9  

2,2-dimethylbutane 43.2 4 3 . 5  46.8 36.6 2.2 x 10 - 9  

n-heptane 51.9 50.1 54.6 42.7 7.8 x 10 -m 

2,3-dimethylpentane 50.6 4 9 . 7  56.7 42.2 1.2 x 10 - 9  

n-octane 57.5 56.0 59.9 49.9 5.5 x 10 -(° 

2-methylheptane 57.2 5 5 . 7  57.4 48.0 6.0 x 10 -111 

2,5-dimethylhexane 57.1 56.0 60.4 47.8 6.3 x 10 -1° 

2,2,4-trimethylpentane 56.8 5 4 . 5  6 6 . 4  47.6 8.4 x 10 -(° 

n-nonane 63.4 6 2 . 0  67.6 54.0 3.3 x 10 -111 

n'-decane 70.8 68.3 - -  58.7 1.9 x I0 -1° 

n-undecane 77.4 75.6 - -  64.2 1.1 x 10 -16 

n-dodecane 81.7 81.6 - -  69.6 7.9 x 10 TM 

3.4 x 10 -9 3.4 x IO -9 2.7 x 10 -9 

1.4 x 1o -9 5.3 x 1o - t°  8.8 x 10 - t °  

1.3 x 10 - 9  6.3 x 10 -H) 7.8 x 10 - l°  

1.6 x 10 - 9  9.6 x 10 -I° 1.2 x 10 - 9  

1.6 x 10 - 9  7.0 x I0 - t°  1.4 x 10 -9 

1.6 x 10 -9 1.3 x 10 -9 1.7 x 10 -9 

8.7 x I0 -m 5.6 x 10 -I° 6.6 x 10 - t°  

1.0 x 10 -9 4.1 x I0 -1° 6.2 x 10 -1° 

5.5 x 10 - t°  4.0 x 10 -1° 2.7 x I0 -1° 

4.6 x I0 -1° 6.5 x 10 -1° 4.2 x 10 - t°  

5.8x 10 -m 4.0 x'10 -1° 3.3x 10 -H) 

8.6 x 10 -I° 1.2 x 10 -1° 6.0 x 10 -H) 

3.4 x 10 -]° 1.7 x 10 - t°  2.0 x 10 -") 

2.0 × 10 -1° 2.9 x 10 -1° 1.4 x 10 -1° 

9.7 x 10 TM - -  8.9 x 10 -I1 

6.1 x 10 -11 - -  5.7 x 10 T M  

alkanes on silicalite. They found an increase in adsorp-  

tion heat  o f  9 - 1 0  kJ/mol per  carbon atom. Atkinson 

and Cur thoys  (1981) measured  a l inear increase in ad- 

sorption heat  for p ropane  to pentane  on NaY. Kiselev 

and Shcherbakova  (1967) found a linear increase o f  the 

adsorption heat  o f  normal  paraffins on microporous  sil- 

ica gel up to C25. The adsorpt ion heat  o f  aromatics  on 

NaY is not  dependen t  on the molecular  shape,  but in- 

creases again linearly with the carbon number  (Ruthven 

et al., 1993). 

Janchen  and Stach (1985) measured  a zero adsorp-  

tion enthalpy o f  81.6 kJ/mol  for the adsorpt ion of  n-  

decane on NaY with S i /AI  ---- 2.4 and 74.0 on NaY with 

Si /AI ---- 5. The present  measuremen t s  yield a value 

of 70.8 kJ /mol  for  a Si/AI ratio o f  2.7 and 57 for 

a Si/A1 o f  41 (Fig. 6). Dealuminat ion  thus results  in 

a decrease  in adsorpt ion interaction energy, due to 

a reduct ion in polar izat ion energy. Fur thermore ,  the 

increase o f  adsorpt ion heat  with carbon number  is 

lower (,~5 kJ/mol)  for the dea luminated  fo rm o f  ze- 

olite Y. 

The heat  o f  adsorpt ion on NaY is 1-2  kJ/mol h igher  

than on HY, as found by Atk inson  and Cur thoys  (1981 ). 

Platinum d ispersed  in the zeol i te  pore  system,  even in 

a small  fraction,  leads to an increase o f  the adsorpt ion 
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Figure 6. Limiting heats of adsorption of paraffins on zeolites NaY, 
HY, Pt/NaY and USY. 

heat, but has only a small  inf luence on the variation o f  

- A H o  with the carbon number.  

Diffusion Properties. Time constants  for  diffusion 

were  calculated f rom the second  m o m e n t  o f  the chro-  

matographic  response  curves.  Peak  b roaden ing  due to 

axial d ispers ion accounts  for  less then 5% o f  the overall  

peak broadening,  whi ls t  the injector  and de tec tor  sec-  

ond order  m o m e n t  are less then 0.02 s 2 and can be ne- 

glected for  these measurements .  A p p a ren t  dif fusional  
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Table 4. Transport properties in NaY at 300°C. 

K,~ K i Drool Ka* D Dmacr 
(mol/kg/Pa) (m2/s) (m2/s) (m2/s) 

2-methylbutane 92.51 8.19 x 10 -6  5.75 x 10 -5 1.11 x 10 - I °  3.86 x 10 -6  

n-hexane 218.30 1.93 x 10 -5 5.07 x 10 -5 1.16 x 10 - I °  3.78 x 10 -6  

2-methylpentane 223.34 1.98 x 10 -5 5.10 x 10 -4 1.35 x 10 - I °  4.39 x 10 -6  

3-methylpentane 230.04 2.04 × 10 -5 5.20 × 10 -5 9.85 × 10 TM 3.21 x 10 -6 

2,3-dimethylbutane 225.01 1.99 x 10 -5 5.24 x 10 -5 1.52 x 10 -1~ 4.96 x 10 -6 

2,2-dimethylbutane 234.12 2.07 x 10 -5 5.26 x 10 -5 1.22 x 10 -1° 3.98 x 10 -6 

n-heptane 493.74 4.37 x 10 -5 4.70 x 10 -5 1.47 x 10 - l °  4.76 x 10 -6 

2,3-dimethylpentane 579.88 5.14 x 10 -5 4.85 x 10 -5 1.33 x 10 - I °  4.31 x 10 -6 

n-octane 1132.80 1.00 x 10 -4 4.36 x 10 -5 1.48 x 10 - I °  4.79 x 10 -6  

2-methylheptane 1161.89 1.03 x 10 -4 4.39 x 10 -5 1.06 x 10 -H~ 3.43 x 10 -6  

2,5-dimethylhexane 1290.84 1.14 x 10 -4 4.45 x 10 -5 2.09 x 10 -1° 6.75 x 10 -6  

2,2,4-trimethylpentane 1462.20 1.30 x 10 -4 4.56 x 10 -5 1.33 x 10 -1° 4.31 x 10 -6 

n-nonane 2607.45 2.31 x 10 -4 4.10 x 10 -5 1.97 x 10 -1° 6.36 x 10 -6 

n-decane 6045.68 5.35 x 10 -4 3.83 x 10 -5 7.56 x 10 T M  2.44 x 10 -6 

n-undecane 13557.02 1.20 x 10 -3 3.63 x 10 -5 1.47 x 10 -H~ 4.76 x 10 -6  

n-dodecane 30260.22 2.68 × 10 -3 3.43 x 10 -5 1.91 x 10 -ll~ 6.17 × 10 -6  

activation energies, defined as: 

D = Doe ( - e ° / r r )  (20) 

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 /zm 
diameter, packed in pellets of 250--400/zm 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/zm (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 

molecular diffusion coefficient as: 

Dmacr - -  Dm°lEpel (21) 
/7 

With typical values of 0.3 for epel and 3 for the tortu- 
osity (Ruthven and K~'ger, 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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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 
c u r v e s .  

Pure and Multicomponent Adsorption Isotherms. 
Low pressure equilibrium isotherms of n-octane, n- 
decane and n-dodecane on zeolite NaY with a Si/AI 
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 - ~  

n-octlme 

n-noP, alw 
n-decarm 

1 O0 200 300 400  500 600 700  800  

t (sl 

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 (Si/Al 2.7); T ---- 325°C; Pool = 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 



2 6 0  Denayer and Baron 

O.OIX~ 

0.0008 

0.0007 

I 
0,0006 

~ 0.0004 

0.0003 

0.0001 

(a) 

0.01 0.10~ 0.03 0.04 0.0G 

P n - d e c l i n e  ( b a r )  

1.8 

1.4 

1.2 

t- 0.8 

0.4 

0.2 

~(b) 

o.o~ o.o~ o.o3 0.04 0.o~ 0.e~ o.o7 

P n-deeamm (bar) 

A 

O g 

J 

0.001 

0,0G09 

0.0008 

0,0007 

0,0006 

0.0:)O5 

0.0004 

0.0003 

0.0002 

0.0001 

(c) 

0.02 0.04 0.06 0.08 0.1 

Pt (ba r )  

l= 

1 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

o.1 

o 

(03 

i i i i i 

0.02 0.04 0.06 0.08 0.1 0.12 0.14 

P, (barl 

0.10 

Figure 9. Equilibrium isotherms of n-paraffins on NAY (Si/AI 2.7). Experimental and fitted adsorption constants (a) and isotherms (b) of 
n-decane; experimental adsorption constants (c) and isotherms (d) at 325°C (pcol= 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 
(Harwell Subroutine Library, 1973). Experimental and 
fitted i so therms  o f  n-octane ,  n -decane  and n - d o d e c a n e  
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: 

K! 
ns = - -  (22) 

L 

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

Sorbate K' (mol/kg/bar) L (1/bar) K'/L (mol/kg)* n~ 

n-octane 4.57 2.7 1.69 2.01 

n-decane 19.8 9.8 2.02 1.69 

n -dodecane 90.9 41.5 2.19 1.44 

*Adsorption capacity estimated from the experimental isotherm. 
*Adsorption capacity estimated from the liquid density and the mi- 
cropore volume. 
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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 ns is independent of the 
temperature. Results of perturbation experiments in 
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Table 6. Langmuir constants 
of n-decane on NaY. 

T (°C) L (l/bat) 

275 38.9 

300 23.3 

325 9.8 

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 10. (a) Binary adsorption constants (experimental and 
fitted) of n-hexane, n-heptane, n-octane and n-nonane with n- 
decane/hydrogen as carder at 275°C. (b) Temperature depen- 
dance of n-heptane adsorption with. n-deeaneJhydrogan as carder 
(P¢ol = 1.16) bar. 
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Figure 11. Binary adsorption constants of n-paraffins at 325°C on 
zeolite NaY. (a) carrier: n-decant/hydrogan (Pool ---- 1.17 bar) Co) 
carrier: n-dodecaneJhydrogen (/'col ---- 1.2) bat. 
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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: 

K e x p ' i  (23) 
O l i ' J -  Kexp,j 

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. 

Conclus ion 

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

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, Pt/NaY 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- 
ria requires 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 wi 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 ~. of the 
coefficient matrix: 

1 

vf  

r K~ (I +L 2 px2)Pcr~ RT q 
A + B L (I+Llpxl+L2px2)2 1 -- ~.Of 

B(-K~x2Ltppa~r~RT) 
(l+Llpxl+L2px2) 2 

0 

B(-KIx! L2pp~wsRT) 
(l+Llpxl+L2px2) 2 

[ K~O+L, px,)p~Rr ] 
A + B L O+Z'Px:+Z2P x2)2 J - ~.vf 

0 

0 0 ~.vf 

A + Bemicr - 

= o (A1) 
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with: 

A = e~xt + emacr and B = 1 - (eext + emacr) (A2) 

The above matrix has three roots, corresponding to 
the three eigenvalues of  the matrix. The first eigenvalue 
)~1 is given by: 

(eext -'1"- emaer) -{'- (1 -- eext - -  Emacr)Emier 
~.j = (A3) 

of 
The propagation velocity of the first physically pos- 

sible shock to occur is thus given by: 

of 
Wl = (A4) 

(eext + Emaer) + (1 - '~ext -- ,~macr)emicr 

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

--~I[((A+B(K"(I+L2px2)pRT"~'~ ,]] 

x((A+B(.K2(1WLz--p2xI)pRT))-~.vf) 
B2(p RT)2 KI Kj L I L2XlX2p 21 

-- ~ j = 0 (AS) 

with: 

Put: 

Z = 1 + LipXl + L2px2 (A6) 

A+ B(KI(I+L2px2)pRT)  
Z2 = a (A7) 

m -t- B (  K~(1 +" Lipxl)pRT~ 
Z2 ,] = 3 (A8) 

B2(p RT)2 KI K~LI L 2xlx2P 2 
Z4 = y (A9) 

So Eq. (A5) can be written as: 

L2v} - (or + ~)Xvf + (t~3 - ),) = 0 (A10) 

Since xl is the mole fraction of the injected compo- 
nent in the external gas phase and in the macropores, i t  
is assumed that xl is negligible small. From this, the y 
term can be cancelled in Eq. (A10) and the following 
roots are found: 

~2Uf = 2 = ot 

KI(1 + L2px2)RRT 
= a + B (i '~T~'~I~)2) ( A l l )  

+ - , / - ( d  - 

~.3Vf = 2 = 3 

8(  K;,(I_ + 
= A + \ ( 1  + Llpxl + L2px2)2,] 

Since xl is small (injected component), 
Eqs. (A12) and (A13) can be reduced to: 

(A12) 

these 

I (A+B ( K,pRT "~'~ 
~-2 = v- 7 (1 + L2px2)/J (A13) 

1 ( A + B  ( K;pRT .'~'~ 
~-3 = 0-7 (1 -'1"- L2px2)2/]] (A14) 

corresponding with two distinct wave propagation ve- 
locities w2 and w3: 

I1) 2 - -  
of 

11) 3 - -  

+ ' micr] (ecxt+e .. . .  ) + ( l - e ~ , - e  . . . .  )LO+Lwx2~ 

(A15) 
vf r r~,Rr _ 1 

(a16)  

The retention times of the perturbations are given by 
~ i  = L/wi: 

/L 1 = 

/.J. 2 = 

L [(eext + emacr) + (1 e=, - emacr) 
Of L 

( K, PcrysRT)] (A17) 
× emicr + 1 + L 2 p x 2  

O~ [(eext "{'- Emacr) -'1- (1 -- Eext -- ~macr) 

/ K~PcrysRT "~1 
x tEmicr (1 "a t- Z2px2)2)J (A18) 

Nomenc la ture  

Dn~cr 

Dmacl- 

Drool 

Micropore diffusion 
coefficient 
Macropore diffusion 
coefficient 
Molecular diffusion 
coefficient 

m2/s  

m2/s  

m2/s  
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Dax Axial dispersion coefficient m2/s 
h Mass transfer coefficient s -1 
Kexp Experimental adsorption 

value mol/(kg.Pa) 
K[ Henry constant of 

component i mol/(kg.Pa) 
Kd Dimensionless adsorption 

constant 
L Column length m 
Li Langmuir constant of 

component i Pa -~ 
n i Amount adsorbed in the 

solid mol/kg 
ns Maximal adsorption 

capacity mol/kg 
p Total pressure Pa 
Pool Mean total column pressure Pa 
Pi Partial pressure of 

component i Pa 
Pin Column inlet pressure Pa 
Pout Column outlet pressure Pa 
qi Amount of component i 

in the micropores Pa 
rc Mean crystal radius m 
Rp Mean pellet radius m 
R Ideal gas constant J/(mol.K) 
t Time s 
T Temperature K 
Of Superficial velocity in 

adsorbent column m/s 
rout Velocity at the outlet of 

the column m/s 
1/) i Wave propagation velocity m/s 
xi Molar fraction of 

component i 
z Axial position 

Greek letters 

oti.j Separation factor 
AH0 Heat of adsorption kJ/mol 
e~,t Bed voidage, external porosity - -  
em=r Macropore porosity 
,~micr Micropore porosity 
ep Pellet porosity 
tp Adsorption isotherm form 
/z Peak retention time s 
Pc Crystal density kg/m 3 
cr 2 Variance of the peak s 2 

Tortuosity factor 
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