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Temperature-programmed desorption, heat of adsorption, adsorption isothertfC &fldR measurements

are used to study the sorption properties of linear alkanes in ferrierite. Some remarkable chain length effects
are found in these properties. While propanehutane, andh-pentane fill the ferrierite pore structure
completely,n-hexane andh-heptane can only access a part of the pore structure. It is shoMCHYMR
thatn-hexane adsorbs only in the 10-ring channels of ferrierite and not in the ferrierite 8-ring cages. Adsorption
of n-pentane in this cage is possible but only at relatively high pressures. At low pressures, only the 10-ring
channels are filled byrpentane. This remarkable sorption behavior is caused by the much lower heat of
adsorption ofn-pentane in the ferrierite 8-ring cage compared to the 10-ring channels and results in a two-
stage desorption profile. In contrastrigpentane, propane amdbutane adsorb easily into the complete pore
structure, which is reflected in the normal single-stage desorption profile. :3THEMR measurements show
furthermore that propane is preferentially adsorbed in the ferrierite 8-ring cage, while no clear preference is
found for n-butane.

Introduction n-hexane andn-heptane molecules. This results at higher

. . . . loadings in a so-called commensurate freezing of these mol-
The adsorption properties of reactants, intermediates, and 9 9

; . ecules in the zigzag channéfs.
products in zeolites are some of the parameters that greatly i . .
influence the performance of a zeolite catalyst. Many investiga- Ot only the adsorption properties but also the diffusion seem

tions have therefore been devoted to this subject. Especiallyto be affected by the fit between the pore structure of the zeolite
the adsorption of hydrocarbons has attracted much attentionand the adsorbed molecules. It has for example been reported
since most of the applications of zeolite catalysts are in the that an immobilization term has to be considered to obtain a
petrochemical industry. The influence of the pore size and correct description of the-hexane diffusion in ZSM-8112
chemical composition of the zeolite on the heat of adsorption  In this work, we will study the adsorption of linear alkanes
on one hand and the heat of adsorption as function of the chainin ferrierite (FER), which has a pore structure consisting of
length of the adsorbed molecule on the other hand has beenntersecting channels and cages. We will focus on the possible
widely studiect=® Although the adsorption properties are in  existence of chain length effects in this system that will affect
most cases simply proportional to the number of carbon atoms, both the adsorption and diffusion properties. Ferrierite is an
the pore structure of the zeolite can cause important deviationsexcellent catalyst for the isomerizationmbutene to isobutene,
from these linearities. Especially a pore structure of intersecting which is used for the production of methtért-butyl ether
channels or cages can cause such deviations. The existence qfMTBE).13 Although the ferrierite-catalyzed isomerization of
these chain length effects has received relatively little attention n-putene is widely studied, many aspects are still not fully
in the literature. understood. The pathway along which the isomerization
In fact, the adsorption of-alkanes in ZSM-5 is the only  proceeds and the role of coke formation are two important
example where deviations from linearity in the adsorption aspects that are still subject to debiteA thorough knowledge
properties have been studied in detail. In this systellexane  of the adsorption properties of hydrocarbons in ferrierite is
andn-heptane display a step in their adsorption isotherms and necessary to solve these questions and is, therefore, also of great
have a two-stage desorption profile. Longer and shorter jmportance from a catalytic point of view.
n-alkanes have the normal type | isotherm and desorb in a single
stage from ZSM-5-8 Further, it was found that the pores of
ZSM-5 are optimally filled byn-hexane and-heptan€° All
these phenomena can be related to the fit of the length of a
segment of the zigzag channel of ZSM-5 with the length of the

To study the (ad)sorption properties of linear alkanes, we will
use temperature-programmed desorption (TPD) and adsorption
experiments. The results of these experiments are compared
to results from recently published adsorption isotherm measure-
ments!®> Moreover,13C NMR spectroscopy is used to study
* Eindhoven University of Technology the location of the molec'ules in the pore structure of ferrierite.

* University of Amsterdam. ' Results from molecular simulations are presented and compared
8 University of Twente. to our experimental results in a subsequent publicadfion.
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TABLE 1: Saturation Loadings and Occupied Pore
Volumes of Linear Alkanes in H-FER at 293 K (Pressure of
Propane andn-Butane, 20 kPa; Pressure of the Longer
Alkanes, p/po = 0.2)

max. loading max. loading  micropore volume

lg/g] [mmol/g] [ml/g]
propane 0.072 1.6 0.15
n-butane 0.094 1.6 0.16
n-pentane 0.11 15 0.17
n-hexane 0.069 0.80 0.10
n-heptane 0.069 0.69 0.10

to the system and equilibration was checked by observing the
changes in both the heat flow and the weight. More details
about the method and setup can be found elsewlefEhe
isotherm ofn-pentane in ferrierite was measured at 298 K at
pressures from 18 to 1.3 kPa. The heat of adsorption was

- measured simultaneously with the adsorption isotherm up to a
Figure 1. Two-dimensional pore structure of ferrierite viewed down pressure of 1.3 kPa. Due to the limited range of pressure
[001] showing the 10-ring channels. In this figure, the ferrierite 8-ring  measurement, only the differential heat of adsorption was
cages interconnecting the 10-ring channels along [010] are viewed from measured at higher pressures.
above. 13C CP MAS NMR Measurement. A vacuum system
Experimental Section consisting of a calibrated volume connected to a Baratron
pressure transducer and a turbo molecular pump was used for

wral f d b d thetically. The f K preparation of the samples f6C NMR measurements. A glass
nf urta orm a;_n tga': e_m?j S i}’n (;ICB. y: te f?:]‘ev_vo_ft tube with a small capsule containing the sample<{36 mg)
structure was first determined by Vaughan on a natural ferrierite \ ¢ onnected to the vacuum system. The sample was

with a Si/Al ratio of 5.5, containing sodium and magnesium as dehydrated by evacuatiop € 10-4 kPa) and heating it to the

;:ha_rgr_e br?lang:ing catioﬁ%d gh?( synthesis Ogmfr;e hall-silica required dehydration temperature (773 K for ferrierite, 723 K
errierite has been reported by Kuperman receritijhe two- for NaZSM-22) and holding it at that temperature for at least 1

dlmen3|onal pore str.ucture qf ferrierite is displayed in Elgure h. Next, a certain amount of sorbate was transferred into the
L .It con5|§ts of straight 10-ring channels p.arallell tozﬂmqs calibrated volume and brought into contact with the dehydrated
Wh'.Ch are mterconnec_:ted by cages with 8-ring \_N|ndows in the sample. After adsorption, the sample was cooled in liquid

y-direction. The 10-ring channels have pore diameters of 5.4 nitrogen and the capsule was melted off. The closed glass

g 4'2 A'. dThe dia;mr(]eter of thi cag?; is about ?58\’\’;""; the capsules with zeolite and adsorbedlkane were placed in a 7
-fing windows of the cages have diameters of 4.8.5 A. mm MAS rotor and used in the NMR measurements.

_ Materials. Ferrierite (sample code CLA 27302) was pro- The 13C cross-polarized (CP) magic angle spinning (MAS)
\(/'Il'(:lzdI\tl)gthheerlizsg)Re'?ﬁ:rggn?nﬁe LZZhgoslci)/% f;?igt%;’grgitgrx:gnNMR measurements were performed on a Bruker MSL 400 at
obtained in the arﬁmonium foF;m Ammonia was removed by 9-4 T at room temperature. A MAS spinning. rate of 2500 Hz
calcination in a helium flow at 723 K. The NaZSM-22 sample was used. Th_e_ contact time for cross polarization was 1 ms,
(code JP 1505) was provided by Ex.xon Chemical Europe Inc while the repetition delay was 5 s. Different numbers of scans
(Machelen, Belgium) and has a Si/Al ratio of 35. The sample. were accumulated depending on the amount of sample and on

’ ) the loading of hydrocarbon on the sample. Adamantane was

was calcined in air for 48 h at a temperature of 773 K. : .
. o . 0 used as an external reference to transfer chemical shifts to the
Propane 2.5 (purity 99.5%) antbutane (purity 99.95%) d-scale. The free induction decays (FID) were weighted with

_Ivyﬁrellobfrglnetljkfrom Hoel§ Loois (chlggam, The kl)\le.the(rjlaflnds). a line broadening of 30 Hz prior to Fourier transformation; the
€ liquidn-aikanes (purity at. east b) were obtained from resulting spectra were simulated using the WINFIT program
Janssen Chimica (Geel, Belgium). of Bruker

Temperature-Programmed Desorption. A Seteram TG- '
DSC 111 operated under a helium flow of about 3.0 L/h was
used in these experiments. First, the sample was dehydrate
by heating it to 723 K and holding it at that temperature for 10~ Temperature-Programmed Desorption. The loadings of
min. Adsorption was performed at room temperature by adding the differentn-alkanes at 293 K are displayed in Table 1. The
a helium flow saturated with the sorbate or, in the case of occupied pore volume is given to enable a comparison between
propane anda-butane, a flow of pure sorbate to the pure helium the different sorbates. The pore volume has been calculated
flow of 3.0 L/h. Since the sorbate flow amounted to 0.8 L/h, by using the density of the liquid-alkane at 293 K relative to
adsorption was performed at a relative pressure of at most 0.2water at 277 K. There is a large difference between the pore
(or in the case of propane amebutane, a pressure of 20 kPa). volumes occupied by the shartalkanes and by-hexane and
After saturation was reached, the sorbate flow was switched n-heptane. Relatively low pore volumes occupied by longer
off and the temperature program was started. A heating raten-alkanes (compared to the shortealkanes) were also found
of 10 K/min was used up to a temperature of 723 K. in ZSM-5 and ascribed to a less efficient filling of the pofés.

Adsorption Isotherm and Heat of Adsorption Measure- However, the differences found here are much larger and can
ment. A modified Seteram TG-DSC 111, which enables the therefore not be explained by differences in pore filling
measurement of adsorption isotherms, was used in theseefficiencies. Such large differences suggest that less than the
experiments. The sample was dehydrated by evacugtion (  complete pore structure of ferrierite is available for long
107 kPa) at 673 K for 1 h. Pentane was discontinuously dosed molecules such as-hexane ana-heptane.

Structure of Ferrierite. The zeolite ferrierite occurs in a

d?esults and Discussion
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0.12 TABLE 2: Temperatures at the Differential Mass Loss
o1 Which Is Maximal

K] T1[K] T2 [K]

propane 328
n-butane 356
n-pentane 302 357
n-hexane 382
n-heptane 401

0.08

0.06

a[g/g]

0.04

0.02

T 7 | TABLE 3: Loadings of Linear Alkanes at a Pressure of 1.3
%% 320 370 420 470 kPa at 333 K and at 298 K As Reported by Eder et al®

T=333K T=298K

propane 0.8 1.3
n-butane 1.1 15
n-pentane 0.6 1.1
n-hexane 0.6 0.7

temperature as the second desorption peak-jpéntane, and

the difference in temperature between the propane desorption
peak and the second-pentane peak is about equal to the
difference between this secongbentane peak and timhexane
desorption peak.

Their relatively high desorption temperatures indicate that
propane anch-butane are, in contrast to the longer molecules,
at all loadings adsorbed in the entire ferrierite pore structure.
The fast initial desorption of-pentane shows that complete
pore filling of ferrierite with n-pentane leads to highly con-

, | strained positions of the adsorbeepentane molecules. In
270 315 360 405 450 495 contrast ton-pentane, propane andbutane have easy access
TIK] to the complete pore structure.

Figure 3. Differential mass loss (+t/dT) of alkanes during TPD from Comparison with Adsorption Isotherms at 333 K. Ad-
H-FER. sorption isotherms ofn-alkanes ranging from propane to

Figure 2 shows the results of the TPD experiments as the "-hexane were published recently by Eder éfalhe measure-
residual amount of adsorbedalkane as a function of temper-  Ments were performed at 333 K, at pressures up to 1.3 kPa on
ature. The two longestalkanesn-hexane and-heptane, show an a_C|d|c ferrierite sample with a Si/Al ratio of 30. The_ Ioadlngs_
the usual desorption behavior: desorption in a single stage withOPtained at the maximum pressure of 1.3 kPa are displayed in
the highest desorption temperature for the longest molecule. ForTable 3. Inthis table, also the loadings reported at a temperature
bothn-butane andi-pentane, the desorption starts at the higher ©f 298 K and a pressure of 1.3 kPa are given.
loading. However, the desorption ofpentane is much faster The results in Table 3 show that the loadings obtained for
than the desorption ofi-butane. The desorption profile of —n-hexane are distinctly lower than the loadings obtained for the
n-pentane is at high temperatures (low loadings) parallel to the shorter molecules. In contrast to propane aroutane, the
desorption profiles ofi-hexane andi-heptane, molecules that n-pentane loading is higher than thenexane loading only at
can only access a part of the ferrierite pore structure. This 298 K and not at 333 K. The latter shows timpentane can
indicates that, at low loadings, alsepentane adsorbs not in fill the complete ferrierite pore structure only at relatively high
the complete pore structure. As a result of the fast initial Pressures (or relatively low temperatures), while propane and
desorption ofn-pentane, the residual amount of adsorbed n-butane fill the complete pore structure easily. Such a behavior
n-butane exceeds already at low temperatures the residualS also shown in the isotherms measured by Eder et al. at 333
amount of adsorbexd-pentane. Only at very high temperatures K15 and is in full agreement with the TPD results. It is important
does then-butane loading fall again below the loading with to note that then-butane isotherm measured crosses the
n-pentane, which indicates that at low loadimgsutane is also ~ n-pentane isotherm already at a low loading (about 0.2 mmol/
adsorbed in all the ferrierite pores. g). This is in agreement with the result of the TPD measure-

The differential mass loss (raldT) curves derived from the ments which indicate that the residual amount of adsorbed
desorption measurements of propane-oexane are given in  n-butane becomes lower than the amount of adsonkgehtane
Figure 3. The desorption curve nfheptane (not displayed) is  only at high temperatures.
similar to the curve of-hexane. The curves are separated from  Adsorption Isotherm and Heat of Adsorption of n-Pentane
each other for the sake of clearness. The special desorptionat 298 K. The n-pentane adsorption isotherm was measured
behavior ofn-pentane becomes even clearer in this figure. at 298 K on the same ferrierite sample as used in the TPD
While propanen-butane, andi-hexane desorb in a single stage, experiments. Itis displayed in Figure 4. The loading of about
n-pentane desorbs in two stages from the sample. The fastl.1 mmol/g at a pressure of 1.3 kPa is in good agreement with
desorption ofn-pentane results in a first desorption peak at a the result reported by Eder et al. (see Table 3). Although
very low temperature, which occurs even before the desorption n-pentane desorbs in two stages from this sample, no kinks or
peak of propane. The temperatures at which the desorption ofsteps can be seen in the isotherm. On the basis of the TPD
the differentn-alkanes is maximal are shown in Table 2. The experiment we would expect such a step or kink at a loading
desorption peaks af-butane and propane are at relatively high of about 0.7 mmol/g, which is the loading between the two
temperatures, the-butane desorption peak is almost at the same n-pentane desorption peaks. The adsorption isotherm is appar-

mass loss [g/K]

C3
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1.2 TABLE 4: 13C NMR Chemical Shifts of n-Hexane in H-FER
and NaZSM-22 at Different Loadings
09 zeolite loading [mmol/g] 6(CHs) O6(CHz)  O(CHyp)
=) H-FER 0.8 14.0 23.9 33.3
3 . H-FER 0.3 13.4 24.3 33.7
£ 06F et NazZSM-22 0.7 13.7 235 32.7
~ . NazZSM-22 0.4 13.3 23.8 33.3
© .
0.3 . ) '
. ment has a larger dielectric constédht? For molecules located
ot in zeolites the chemical shift value increases when the molecules
O L] e . g -
00001 _ 0.001 0.01 01 10 are located in smaller cavities or narrower channels. This was
o [kPal] demonstrated by Hayashi and co-workers, who showed that the

Figure 4. Adsorption isotherm ofi-pentane in H-FER at 298 K.

carbon chemical shift of tetramethylammonium (TMA) adsorbed
or occluded in different zeolite cages decreases when the size
of the cage increaség. The results of Hayashi et al. are in

80 R .. perfect agreement with earlier work of Jarman and co-workers,
o R who were able to make a distinction in zeolite ZK-4 between
60 *T TMA occluded in the sodalite cage and TMA in thecage by
= means of3C NMR.24 It was shown in all three examples that
_E) 40 - the chemical composition of the zeolite has only a negligible
X . influence on the carbon chemical shift.
c . Apart from medium effects}*C NMR chemical shifts of
20 - n-alkanes adsorbed in zeolites are also influenced by the
» conformational equilibrium of the-alkane. Increasing contri-
ol . s . s butions of gauche conformers lead to lower chemical shift values
0 0.4 0.8 1.2 1.6 (shielding) in analogy with the situation in, for example,

polymers?® The difference in chemical shift between a trans
and a gauche bond is at most 5 ppm and depends on the position
of the carbon atom in the cha?h. As a consequence, in our
study propane is the only molecule where only the environment
ently less sensitive to the microscopic adsorption behavior thanof the adsorbed molecule influences the chemical shift.
TPD experiments are. This is comparable to the situation of We have used NaZSM-22 as a “reference” zeolite to enable
n-hexane in ZSM-5, where the adsorption isotherm has only a a distinction between molecules adsorbed in the 10-ring channels
small kink while there is a pronounced two-stage desorption from molecules adsorbed in the ferrierite cages. The pore
profile.”8 structure of NaZSM-22 (structural code TON) consists only of
The corresponding isosteric heat of adsorptiom-pentane 10-ring channels with a diameter of 4:4 5.5 A. Since the
is displayed in Figure 5. Itis clear that there is a large decrease10-ring channels of ZSM-22 and ferrierite possess similar
of the heat of adsorption when loadings higher than 0.8 mmaol/g dimensions, it is to be expected that the influence of the
are reached. This loading is in reasonable agreement with theadsorption environment on the chemical shift of thalkanes
loading of 0.7 mmol/g, where we expected a step or kink in adsorbed in the 10-ring channel is similar for these two zeolites.
the adsorption isotherm. The decrease in the heat of adsorptionConfigurational-bias Monte Carlo (CB-MC) simulations have
seems to be the cause of the two-stage desorption profile ofpredicted that the conformations ofalkanes adsorbed in
n-pentane. The first desorption peak at high loading and low zeolites are determined by the size of the cage or the diameter
temperature is the result of the low heat of adsorption of of the channel where the molecule is loca#&dThe conforma-
n-pentane at high loadings. It should be noted that there is notions of molecules adsorbed in the two different, but similar,
such decrease in the heat of adsorption mbutane for 10-ring channels are thus assumed to be comparable. Therefore,
comparable loadings at 333 K, which agrees with the single- we expect the chemical shifts of the molecules adsorbed in the
step desorption ofi-butanet® 10-ring channel of NaZSM-22 or in the 10-ring channel of
13C CP MAS NMR Spectroscopy. For a full understanding H-FER to be about equal. Our choice of ZSM-22 as a reference
of the results obtained from TPD and adsorption measurementsfor the 10-ring channels of ferrierite is supported by results of
it is necessary to know the location of the alkane molecules in Forbes and Rees on diethanolamine (DEA) as template in the
the ferrierite pores. A direct method to study the siting of synthesis of ZSM-22, ferrierite, and ZSMZ5.They found that
hydrocarbons in zeolites i$3C NMR because the carbon the 13C NMR chemical shifts of the protonated DEA in as-
chemical shift is dependent on the medium or environment synthesized samples of ZSM-22 and FER are about equal, which
where the molecule is located. Boxhoorn et al. showed the supported their assumption that DEA is located only in the 10-
influence of the zeolite environment by measuring the carbon ring channel of ferrierite.
chemical shift of the template tetrapropylammonium (TPA) Samples with different loadings ofalkanes were measured
occluded in ZSM-5220 They found a splitting of the methyl  to study the siting as a function of loading. Figuresdisplay
carbon atom signal and ascribed this to the difference betweenthe 3C NMR spectra ofn-hexane,n-pentanen-butane, and
propyl groups pointing into the straight channels and propyl propane adsorbed in NaZSM-22 and in H-FER. The corre-
groups pointing into the zigzag channels. The effect of the sponding chemical shift values are given in Tables74
medium on the chemical shift is dependent on the type of atom; Three signals corresponding to the three different carbon
it is generally stronger for methyl carbon atoms than for atoms are found in the spectrarehexane adsorbed in H-FER
methylene carbon atom%. Medium effects lead to higher as displayed in Figure 6. All three signals correspond well with
chemical shift values (deshielding) as the medium or environ- the signals measured farhexane in NaZSM-22. This resem-

a (mmolg)

Figure 5. Isosteric heat of adsorption of-pentane in H-FER at
298 K.
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TABLE 5: 3C NMR Chemical Shifts of n-Pentane in
H-FER and NazSM-22 at Different Loadings. The Results
for H-FER Are Differentiated to n-Pentane Adsorbed in the
10-Ring Channel and in the 8-Ring Cage

0.8 FER|
loading __ 9(CHs) 0(CHy) O(CHy)
zeolite  [mmol/g] channelcage channelcage channel cage
H-FER 1.5 142 159 239 222 344 321 WLE

H-FER 1.2 140 158 237 220 346 326

H-FER 0.8 138 158 238 219 348 321

H-FER 04 137 23.8 34.8 07 ToN
NazSM-22 03 136 24.2 35.6

NazZSM-22 0.2 13.5 23.8 355

TABLE 6: 13C NMR Chemical Shifts of n-Butane in H-FER
and NaZSM-22 at Different Loadings. The Results for
H-FER Are Differentiated to n-Butane Adsorbed in the y y

L
(53]

10-Ring Channel and in the 8-Ring Cage 4035 30 5 [ppr:]o 15108
O0(CHy) . B .
) ] _ Figure 6. 3C NMR spectra ofn-hexane in H-FER and NaZSM-22
zeolite loading [mmol/g]  6(CHs) channel cage (TON) at different loadings, indicated in units of mmol/g in the spectra.
H-FER 1.6 13.9 25.8 245

H-FER 11 138 259 246
H-FER 05 135 259 244
H-FER 0.2 135 259 243 -
NazZSM-22 0.8 141 255 :

and NaZSM-22 at Different Loadings. The Results for
H-FER Are Differentiated to Propane Adsorbed in the
10-Ring Channel and in the 8-Ring Cage

loading  O(CHs) + 0(CHz)  O(CHs) + O(CH2)

NaZSM-22 05 139 257 h/\/\/—/k_f
TABLE 7: 23C NMR Chemical Shifts of Propane in H-FER AA//\:i

zeolite [mmol/g] channel cage 0.4 FER
H-FER 1.8 16.1 17.0
H-FER 1.1 15.8 17.0
H-FER 0.6 15.8 17.0 23T
H-FER 0.3 15.9 17.1 A/M’/\A“}LJ

loading . 0.2 TON
zeolite [mmol/g] 0(CHs) channel 0(CHy) cage : . L L L L

40 3 30 25 20 15 10 5

NazZSM-22 0.5 15.2 16.2 3 [ppm]
NazZSM-22 0.2 15.2 16.3

Figure 7. 13C NMR spectra ofh-pentane in H-FER and NaZSM-22
blance indicates clearly thathexane adsorbs only in the 10- (TON) at different loadings, indicated in units of mmol/g in the spectra.
ring channels of ferrierite. This is also reasonable in view of
the limited volume of the ferrierite cage. The volume of this 10-ring channels, the methylene signals corresponding to the
cage is limited because its largest window consists of a narrow 8-ring cage are shielded. This opposite order shows that there
ring of eight oxygen atoms with a diameter comparable to the are two opposing effects on the carbon chemical shift when we
kinetic diameter of am-alkane molecule. Longer molecules, Ccomparen-pentane in the ferrierite 8-ring cage witfpentane
with a larger molecular volume, like-hexane, can therefore in the 10-ring channels. These two effects are the adsorption
not adsorb in these cages. It agrees also with the finding thatenvironment and the conformation of thealkane molecule.
the loading ofh-hexane in ZSM-22 is not lower than the loading Computer simulations predicted thatlkanes adsorbed in the
of shorter alkane moleculé8. The good agreement between ferrierite 8-ring cage are highly coiled (many gauche conforma-
the signals found for H-FER and NaZSM-22 shows furthermore tions), while they are highly stretched in the 10-ring channels
that our assumption that NaZSM-22 can be used as a referencémany trans conformationdj. Coiling of n-pentane will lead
zeolite is correct. to shielding of all threé3C NMR signals ofn-pentané!25An

Figure 7 displays the spectramfpentane adsorbed in H-FER increase of the medium effect will, however, cause deshielding,
and in NaZSM-22. Three signals, which agree well with the particularly for the methyl signaf:22 We interpret our*C
signals found fom-pentane in NaZSM-22, are found in the NMR results as follows: the-pentane molecules are signifi-
spectrum of 0.4 mmol/g af-pentane in H-FER, showing that ~cantly more coiled in the 8-ring cages than in the 10-ring
adsorption ofn-pentane is initially limited to the 10-ring  channels, as evidenced by the shielding of both methylene
channels of H-FER. An additional set of three signals appearssignals. For the methyl groups, this effect is more than
at higher loadings. These additional signals increase with compensated for by the strongly increased medium effects,
increasing loading oh-pentane and differ by at least 2 ppm leading to a net deshielding (in the cages with respect to the
from the signals found fon-pentane adsorbed in NazSM-22. channels). This means thatpentane molecules adsorbed in
Obviously, adsorption af-pentane in the 8-ring cages of H-FER  the 8-ring cages are in a tighter environment timapentane
takes place only at higher loadings. molecules adsorbed in the 10-ring channel.

While the methyl signal oh-pentane located in the 8-ring Adsorption ofn-butane in H-FER leads at all the loadings
cage is deshielded from the methyl signalngpentane in the measured here to three signals in the NMR spectrum: one signal
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appears only as a small shoulder at the lowest loading, it is
about equal to the other signal when the pores of H-FER are
16 FER filled completely. Because of this pronounced variation with
loading, we do not ascribe the two signals to the two different
11 FER carbon atoms but to the two different adsorption sites. Figure
9 shows therefore that propane is at all loadings distributed over
05 FER two different adsorption sites, but also that propane has a strong

preference for one of these two sites. The propane signal in
02 FER H-FER with the lowest chemical shift falls between the two

(methyl and methylene) signals of propane in NaZSM-22 and
MM—/\MJLV is thus ascribed to propane in the 10-ring channel of H-FER.
A The signal occurring at the highest chemical shift value is

consequently assigned to propane located in the 8-ring cage.
oo Its position is indeed very different (by respectively 1.8 and

e 0.8 ppm) from the positions of the methyl and methylene signals
40 35 30 25 20 15 10 5 . .. . . .
% [ppm] of propane in NaZSM-22. This interpretation implies that

_ _ propane has a strong preference for adsorption in the 8-ring
Figure 8. **C NMR spectra ofn-butane in H-FER and NaZSM-22  cage. The deshielding of the signals of propane adsorbed in
(TON) at different loadings, indicated in units of mmol/g in the the 8-ring cages agrees with our earlier conclusion that the
spectra. ) ; . . .

molecules are in a tighter environment in the 8-ring cages than

in the 10-ring channels. It should finally be noted that the
occurrence of two different sets of NMR signals indicates that
8 FER the exchange of molecules between the 10-ring channels and
the 8-ring cages is very slow. This confirms the existence of a
Al large barrier (about 100 kJ/mol) for diffusion of linear butene
VPR molecules through the 8-ring window as calculated by Jousse
and co-workerg?
MMJ\WW Conclusions
0SFER The results obtained from temperature-programmed desorp-
tion, adsorption isotherms, and heat of adsorption measurements
0.5 TON are in good agreement with each other and with the earlier
published adsorption isotherms. It is shown8¢ CP MAS
Wwv/\m NMR that only short alkanes up to-pentane can access the
. full two-dimensional pore structure of ferrierite. Longer alkanes

40 3'5 “3LO 2'5 2'0 1'5 1'0 5 adsorb only in the 10-ring channels and can therefore only access
8 [ppm] a one-dimensional pore structure. This difference in acces-
. L _— ) sibility of the pore structure will most probably have a large
'(:'II%JIIS 2& dgi%e'r\(le'\r/IItR | c? ggi%tézyoifngirg;aegei:]n u|_r|1i't:sE§f amngqc')\:%zisthﬁez gffect .on.the diffus.ion of mole(.:ulles. with different chain lengths
spectra. in ferr|_er|te. In th_|s contex_t, |_t is |nter§stlng to note that the
formation of coke in the ferrierite pores is necessary to suppress
for the methyl group and two signals for the methylene group the production of long chain molecules in the ferrierite-catalyzed
(see Figure 8). The methylene signal that occurs at the highestn-butene isomerization process.The results presented here
chemical shift value and the methyl signal agree very well with imply that the diffusion of long chain molecules out of the
the signals found fon-butane in NaZSM-22. The two signals ferrierite pores will be much more hindered by the formation
for the methylene group show that there is a distribution of of coke than the diffusion of the short chain molecules since
n-butane over the 10-ring channels and 8-ring cages at all these longer molecules can exploit only a one-dimensional pore
loadings. Since we are dealing with two opposing effects on Structure.
the carbon chemical shift (see above), it is very well possible ~ Temperature-programmed desorption measurements have
that the methyl signal, where the medium effect is largest, in shown that propane and-butane have easy access to the
fact consists of two overlapping signals. This would mean that complete pore structure, while thepentane molecules are
the deshielding (medium effect) upon comparing 8-ring cages highly constrained at complete pore filling. This constrained
with 10-ring channels is smaller for the methyl groups of position results in a two-stage desorption, with the firgentane
n-butane than for the methyl groupsrepentane. Thisis logical ~ desorption peak occurring at a very low temperature. The
since the shortan-butane molecules will have more free space desorption at low temperature is the result of a low heat of
left and are, thus, in a less tight environment thanrtipentane adsorption at highen-pentane loadings. This stands in contrast
molecules in the ferrierite 8-ring cage. to the two-stage desorption @fhexane and-heptane from
Figure 9 shows the spectra of propane in H-FER and in ZSM-5, which is caused by a difference in adsorption entro-
NaZSM-22. The two signals found in the latter zeolite in a pies/ %
ratio of about 1:2 (at all loadings) are assigned to the methylene It is concluded for'3C NMR that long alkanes such as
and methyl carbon atoms, respectively, in analogy with the gas n-hexane adsorb only in the 10-ring channels of ferrierite. They
phase?® All spectra of propane adsorbed in H-FER show two are excluded from the ferrierite 8-ring cage due the limited
signals; the contribution of the signal at the lowest chemical volume of the cage. The adsorptionrepentane initially takes
shiftincreases clearly with increasing loading. While this signal place only in the 10-ring channel; adsorption into the ferrierite
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8-ring cage occurs only at higher loadings. This result, (7) van Well, W. J. M.; Wolthuizen, J. P.; Smit, B.; van Hooff, J. H.

combined with the decrease of the heat of adsorption at higherC- ‘(’g)” \Zi”b%gilRWA’g”ﬁWW%Ttﬁm;e'gt' JE‘;; ,Esngi?gg ,33535;'03“ .
loadings, means that the heat of adsorption-pentane in the C.: van Santen, R. AStud. Surf. Sci. Catall997, 105, 2347. ’

ferrierite 8-ring cage is distinctly lower than in the 10-ring (9) Sun, M. S.: Talu, O.; Shan, D. B. Phys. Chenll996 100, 17276.
channels. (10) Smit, B.; Maesen, T. L. MNature 1995 374, 42.

The two shortest alkanes measured, propanerainatane, 98(1112)3?':’7"°kev A.; Bllow, M.; Kocirik, M.; Struve, PJ. Phys. Cherrl.994

are at all loadings distributed over the channels and 8-ring cages.” (1) song, L.; Rees, L. V. Cl. Chem. Soc., Faraday Trank997, 93,
While propane adsorbs preferentially in the ferrierite 8-ring cage, 649.
no clear preference is found farbutane. It can be concluded w (|1_|3)J ME?L\QIZE:J ; g- g ges t{l%ngé&% Pé:cffg:fgﬁg&céifnzzt;';i, B.; Stork,
from the NMR measurement.s tha.t the m0|e.CUIeS adsorbed in (14) K/Iériaudeéu, .P.;'Tuan, V A, i_e, N H.; Szabo,\é.CataI'.1997,
the ferrierite 8-ring cage are in a tighter environment than the 169 397.
molecules adsorbed in the 10-ring channel of ferrierite. (15) Eder, F.; Lercher, J. Al. Phys. Chem. B997, 101, 1273.

In part 2, we will show that there is good agreement between '(16)_van Well, W. J. M.; Cottin, X.; van Hooff, J. H. C.; van Santen, R.
the experimental results presented here and the results o "(f?)“t\'/gdéhg:,y; igi?;' gi’lgtaa”lg;'fggén’ 983,
molecular simulations of the adsorption of linear alkanes in  (18) Kuperman, A.; Nadimi, S.; Oliver, S.; Ozin, G. A.; Gascé. M.
ferrierite’® Moreover, we will use the experimental results to  Olken, M. M. Nature 1993 365, 239.

set the limits to the parameters used in the simulations that (19) Boxhoorn, G.; van Santen, R. A.; van Erp, W. A.; Hays, G. R.;
Huis, R.; Clague, DJ. Chem. Soc., Chem. Commu882 264.

desqube the interaction between tiralkane molecules and the (20) Boxhoom, G.: van Santen, R. A.. van Erp, W. A.: Hays, G. R.:
zeolite framework. Alma, N. C. M.; Huis, R.; Clague, A. D. HProceedings of the 6th
International Zeolite Conferen¢d.984, p 694. ‘
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