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Abstract

ZSM-22 (TON-type) zeolite has a pore size close to that of alkanes and exhibits pronounced molecular sieve effects with alkanes.
n-Alkanes physisorb through the pore mouths into the micropores while the iso-alkanes physisorb at the pore mouths only. Physisorp-
tion inside the micropores results in additional entropy and enthalpy loss compared to physisorption at the pore mouths. Multiple modes of
physisorption exist at the pore mouths: each of the “straight ends” of the iso-alkane can protrude into the micropore. A two-step physisorp-
tion model distinguishing between physisorption at the pore mouths and subsequent transfer from pore mouths into the micropores has beel
developed. The standard physisorption enthalpy and entropy for each of the physisorption modes of iso-alkaasaad are computed
following an additivity principle. The Henry coefficient for each alkane is the sum of contributions calculated for the individual physisorption
modes. The standard physisorption enthalpy and entropy for each alkane are calculated from the distribution of physisorption modes using
ideal mixing rules.

0 2003 Elsevier Inc. All rights reserved.

Keywords: Hydrocracking; Hydroisomerisation; ZSM-22 zeolite; Molecular sieve; Shape selectivity; Alkanes; Pore mouth catalysis; Physisorption

1. Introduction size [4-19]. Henry coefficients are high for normal alkanes,
while for iso-alkanes the Henry coefficients are significantly
Molecular sieve-type zeolites are widely employed in lower [4—6]. The saturation capacity faralkanes is 3 or-
many petroleum and petrochemical processes as they exders of magnitude higher than that for iso-alkanes. From
hibit shape selectivity. ZSM-22 (TON-type), belonging to the systematic observation of lower adsorption enthalpy and
the group of 10-membered ring zeolites, is commercially ap- entropy of iso-alkanes compared fealkanes, it was con-
plied for skeletal isomerisation of alkanes [1,2]. Due to its cluded that, under reaction conditions, iso-alkanes do not
narrow channel structure @4 x 0.55 nm) [3] and resultant  access the micropores in contrasitalkanes [4—6].
strong overlapping force fields exerted by the zeolite walls,  Ocakoglu et al. [18] compared the physisorption prop-
ZSM-22 shows strong and peculiar physisorption character-erties of iso-alkanes on ZSM-22 samples with open pores
istics. Changes in physisorption behaviour of reaction prod- and with blocked pores, respectively. They observed com-
ucts compared to feed molecules have been used to explaitharable standard physisorption enthalpies and entropies for
shape-selective effects observed in processes such as hydrgsp-alkanes on both forms, suggesting that iso-alkanes do
cracking and hydroisomerisation. Two different theories are not penetrate and adsorb into “open” pores of ZSM-22.
found in the literature concerning this matter. Significant differences between the physisorption properties
The first theory considers steric hindrance for physisorp- of normal- and iso-alkanes were observed in open ZSM-
tion of iso-alkanes inside the micropores due to their bulky 22 pronounced changes in physisorption properties for
alkanes as compared to iso-alkanes were also found by
~* Corresponding author. Pieterse et al. [2] and lead to the conclusion that branched
E-mail address: guy.marin@rug.ac.be (G.B. Marin). molecules can physisorb at the pore mouths of ZSM-22 only.
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These authors also postulated the existence of strong Bron- The present paper aims at a model to describe the single-
sted acid sites at the pore mouth and the occurrence of subseeomponent physisorption phenomenon on ZSM-22 along
guent acid-catalysed reactions at the pore mouth rather tharwith a methodology to calculate physisorption properties for
on the external surface or inside the micropores of the zeoliten-alkanes and iso-alkanes for each of their individual pore
crystallite. In the pore mouth mechanism, branched mole- mouth physisorption modes. The methodology is analogous
cules physisorb in such a way that one of its “straight ends” to additivity methodologies for thermodynamic properties
protrudes into the pore mouth. Straight ends of an alkane aredetermination. Based on the estimates obtained for the ad-
the unbranched terminal ends of the main alkyl chain and of ditivity parameters, the physisorption properties are calcu-
the alkyl substituents of the latter. The carbon atom on which lated and compared with experimental data [4—6,18]. The
the straight end is attached is outside the pore. For longerphysisorption properties and the model to describe the multi-
molecules, which can span more than one pore mouth, key-ple physisorption modes of pure components can be directly
lock configurations also exist, involving two or more pore used in any of the above-mentioned methods to describe
mouths [12,15,16]. physisorption of the multicomponent reaction mixture.

The second theory proposed by Maesen et al. [20,21] and
Schenk et al. [22] favours product shape selectivity, based
on differences in product diffusivities, along with transition 2. Proceduresand data
state shape selectivity. Branched molecules are assumed to
enter the micropore, and due to differences in diffusivities 2.1. Sorbent
among the different product molecules, shape selectivity oc- ]
curs. This theory was based on configurational bias Monte ~Data obtained before on two types of ZSM-22, an “open”
Carlo (CBMC) calculations for estimating intermolecular &nd & “closed” form, have been used in the present work.
interactions and physisorption propertiesmeélkanes and The synthesis of the open form has been descnbgd in dgtaﬂ
iso-alkanes inside the micropores of ZSM-22. It follows by Ernst et al. [29], while the closed form was obtained with

from the calculations that branched alkanes can enter thel® same procedure, however, without removal of the 1,6-
pores if properly oriented. The above theory seems to be diaminohexane template from the micropores. The silicon—

in contradiction with classical bifunctional mechanism [23], &uminum ratio of ZSM-22 is 30 and the crystals have a
which requires a very short time scale for diffusion of re- needle-like shape with a length varying from 1 to 2 um. The

actants from acid sites to metal sites, while inside ZSM-22 form of ZSM-22 synthesised following the normal recipe,
micropores large diffusion resistances exist due to a single--&-» With removal of the template and, hence, with free acces-
file diffusion mechanism [24]. Also, there are significant SIPIe POres, is referred to as open ZSM-22. The concentra-

deviations between calculated physisorption properties us-tions of pore mouths and Brénsted acid sites for the sorbent

ing the CBMC technique and experimentally measured val- are listed in Table 1. An as-synthesised ZSM-22 zeolite sam-
ues [20]. ple with the template left inside the micropores is referred to

§ as closed ZSM-22. Details about the latter can be found in

In the pore mouth mechanism, different orientations o
Ocakoglu et al. [18].

the iso-alkane molecules can exist, depending upon the
straight end that has entered the pore mouth cavity. Due
to varying force fields inside and outside the pore mouth
C‘?“’.'ty' gach of thege ongntaﬂons, t'ermed as modg S 8 The physisorption isotherm for alkang‘based on Hen-
hibits different physisorption properties. Each mode is char- ry's law is expressed as;

acterised by the carbon atoms inside and outside of the pore '
mouth cavity. Chemisorption and subsequent acid-catalysedC; = H; p;, (2.2)

reactions occur at the pore mouth. As physisorption pre- where C; is the physisorbed alkane concentration. The

cedes protonating chemisorption, each individual physisorp- Henry coefficientd; is obtained from the expression
tion mode determines the subsequent reactions and reaction

intermediates. To model the corresponding reaction kinetics, H; = (&)eASShyS,-/Re—AH;hyS,-/(RT)’ 2.2)
the distribution of physisorbed alkanes among their possible 2p°

physisorption modes as well as the changes in physisorption

properties during the course of reaction have to be accountedraple 1

for quantitatively. A typical reaction mixture for hydrocar- Range of experimental conditions on ZSM-22 along with their critical char-
bon conversion such as alkane hydroconversion is a multi- acteristics [4-6,18]

2.2. Physisorption properties

component system involving alkanes and iso-alkanes in the ZSM-22
reaction mixture. The pure component physisorption prop- Sorptive C5-C9 (normal, mono-, di- and tri-branched)
erties and Langmuir isotherms are used to describe the phy-Temperature (K) 473-623

sisorption of the multicomponent reaction mixture either by Ctpm (10-°molkg™) 033
classical Langmuir-based approaches or through ideal andTozi' ?rons)te(’i;id_sl't)es 0.54
real adsorption solution theories (IAST, RAST) [25-28]. ~tmp 9
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whereCy; is the total concentration of physisorption sites Table 2
for alkanei andp® is the standard state pressure. The above Estimates with their 95% confidence intervals for the parameters of
expression is based on a standard state at which half of theEqS' (2.3) and (2.4) describing standard physisorption enthalpy and entropy

fi it ied b h fi fi lent for n-alkanes on open ZSM-22 [4-6] obtained through regression of Henry
active siies are occupled because of conngurational €ntropy.,eficient relationship with standard physisorption enthalpy and entropy,

reasons [4-6,31]. The standard physisorption enthalpies and;iz. Eq. (2.2) along with Egs. (2.3) and (2.4) with the experimental Henry
entropies are experimentally obtained from van't Hoff's coefficient on open ZSM-22

plots. Parameter Open ZSM-22
o (kImol1) 12.84(+0.15)
2.3. Physisorption data B (kImor1) —2.3(£0.8)
y (Imor1k—1 17.01(+0.29)
s Imorik—1 28.84(+0.19)

Denayer et al. [4-6,19], using a chromatographic meth-
od [30], have determined the low-coverage adsorption prop-
erties for normal and branched C5-C9 alkanes on openfor each alkane class [4—6,19]

ZSM-22. The fact that adsorption of the studied alkanes was .

completely reversible and that no secondary peaks occurred” A Hphysi = «CNi + B, (2.3)
during the measurements indicated that only physisorption—ASghys,» =yCN; +3, (2.4)
occurred, and no chemical bounding or reaction took place

[4,5,18]. Henry coefficients and standard physisorption en-
thalpies and entropies were reported. Ocakoglu et al. [18] rameters. The carbon number dependence of the corre-

have confirmed the findings O.f Denayer et al. [4-6,19]. sponding Henry coefficients follows from the substitution
For n-alkanes, the strong increase of the standard phy- Egs. (2.3) and (2.4) into Eq. (2.2). Values for the open
sisorption enthalpy loss with carbon number is accompa- ZSM-22 parameters, 8, y, ands have been estimated
nied by a high loss of rotational and translational freedom by Denayer et al. [4],an’d 6cakoglu et al. [18] through re-
as the molecules are fully physisorbed inside the pores'gression of standard physisorption enthalpy and entropy ob-

For isol-alkane.s., the physisorption enthalpieS vary with the (5104 through van't Hoff’s plots generated from experimen-
branching position and degree of branching. The standard| getermination of Henry coefficients at different temper-

physisorption enthalpy and entropy and, hence, Henry coef-a¢res for each alkane class [4-6,18]. In the present work,
ficients depend on the number of carbon atoms physisorbedyeny coefficients have been considered as responses for pa-
inside the pores. Fig. 1 shows the values for the standard,ameter estimation. Consistent with this, the parameters
physisorption enthalpy on open and closed ZSM-22 as ag ,, ands have been re-estimated considering Henry co-
function of carbon number for various classes of alkanes. gfficients as responses. Estimation of parameterg, y,
A distinct linear relationship of the standard physisorption 5nds corresponding to the-alkanes on open ZSM-22 viz.,
enthalpy and entropy with the carbon number is observed tapje 2, are obtained from regression with Eq. (2.2) together
with Egs. (2.3) and (2.4) of the experimentally determined
125 Henry coefficients of C5—-C#8-alkanes over the temperature
range of 473-623 K [4-6,18] and extrapolated Henry co-
o efficients for 623—673 K using van't Hoff’s relationship as
105 responses. The range of experimental conditions are given
o in Table 1. Ocakoglu et al. [18] have also determined the
¥ physisorption properties fat-alkanes and iso-alkanes on
closed ZSM-22, viz., Fig. 1. Unlike open ZSM-22, closed
ZSM-22, which has the template left inside the micropores,
presents effectively only pore mouths and no micropores.
For iso-alkanes it has been observed that physisorption en-
g thalpies and entropies on closed ZSM-22 are comparable
within 3-5 kdmot?! and 4-8 JmoaitK~1, respectively, to
X those obtained on open ZSM-22. Feralkanes, the phy-
5 5 7 8 9 10 sisorption enthalpies and entropies are significantly less neg-
Carbon number ative [18]. The corresponding values are close to those ob-
tained for iso-alkanes on closed ZSM-22 as can be seen
Fig. 1. Experimental standard physisorption enthalpy of C5-C9 alkanes f.qm Fig. 1. Physisorption ofi-alkanes inside the micro-

and iso-alkanes on open [4-6] and closed [18] ZSM-2) (z-alkanes . . .
in closed ZSM-22; [(J) n-alkanes in open ZSM-22; (X) 2Me-branched pores on open ZSM-22 is thermodynamically different from

alkanes in closed ZSM-22) 2Me-branched alkanes in open ZSM-22; phy.si'sorption on closed ZSM-22, as it is aCCQmpaniEd by
(®) 3Me-branched alkanes in closed ZSM-22) 3Me-branched alkanes ~ additional loss of entropy and enthalpy [18], which are prac-

in open ZSM-22. tically carbon number-independent.

where CN represents the carbon number of the physisorbed
alkane andx, 8, y, ands are alkane class-dependent pa-

[o]

85

480 >

-AH 16 (kJ mol™)

65

45
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The standard physisorption enthalpy of monobranched 2.4. Parameter estimation
alkanes on open ZSM-22 was observed to become less nega-
tive as the monobranching position moves toward the centre  Estimation of the parameters is performed by minimisa-
of the main alkyl chain of the alkane [5,18]. For exam- tion of the weighted sum of squares of the residuals between
ple, standard physisorption enthalpy of 2-methylheptane is the experimental and calculated Henry coefficients.
—87.3 kJmol! while that of 4-methylheptane is77.4 kJ nob
mol~1. Moreover, the enthalpy loss upon p.hy3|sorpt|0n ofa SSQ= Z w, (Hj . erxp)27 2.7)
branched alkane for which the longest straight end: fras- =) /
bon atoms is higher than that of aralkane withi carbon

atoms upon physisorption at the pore mouth: HPis the experimental Henry coefficient corresponding to

the jth observation, which pertains to an alkane at a given
R . R experimental temperature. Extrapolation based on van't
—AHphygomecn > ~AHpnysnce) > ~AHpnysncs) (2:5) Hoff's relation is carried out for obtaining{fXp for temper-
. . . atures not covered by the experiments. As mentioned above,
In its most stable physisorption mode, 2-methylheptane haSalkanes having only a pore mouth configuration are consid-

five carbon atoms protruding inside the pore mouth. AS- ooy tor narameter estimation. The total number of obser-
suming that carbon atoms outside the pore mouth exhibit vations “nob” for parameter estimation for C5-C9 alkanes

no enthalpy loss, a standard pore mouth physisorption en-m 4 nts to 50 fon-alkanes, 70 for monobranched alkanes,

thalpy for 2-methylheptane close to the standard micro- 44 g0 for multibranched alkanes. The weighting facter
pore physisorption enthalpy farpentane is expected. How- ;g expressed as follows:

ever, the standard pore mouth physisorption enthalpy for ox
2-methylheptane is more negative than the standard micro- (H; P-1
pore physisorption enthalpy for-pentane and even than /= W
for n-hexane. Similar observations are made for other iso- / /
alkanes. Reparameterisation [32—34] has been performed. The objec-
The above observations indicate that standard physisorp-tive function is minimised by applying the standard nonlin-
tion enthalpy loss for iso-alkanes at pore mouths exists not€ar least-square estimation technique, c.q., Gauss—-Newton
only for carbon atoms protruding inside the pore mouths, algorithm [35,36]. The parameter estimation has also been
but also for the carbon atoms outside the pore mouth. De-carried out through a Bayesian technique for parameter es-
nayer [6] and Martens et al. [9] have already postulated that, timation [37] and leads to quaS|—|dent'|caI results. The soft-
in the case of branched alkanes, apart from the interactionsVare package used for the purpose is Greg Pak solvers of
of carbon atoms inside the pore mouths, the carbon atomsthena visual work bench [38]. During regression, the sta-
outside also interact to a relatively lower extent with the tistical significance of the regression is expressed by means

external surface. Analogous observations can be made fmf’f tze F-test, comlparmg :jhehsum %f S(Iquares ]?f the calcu—h
standard entropy. The following trend of the Henry coeffi- .ate_‘ | FESponse values an the residual sum of squares. The
cients results: individual significance of the parameters on the 95% proba-

bility level is tested using Studentsvalue.

(2.8)

H((2MeC? > H(nC6) > H(nC5). (2.6)

3. Langmuir description of physisorption of alkanes
All the iso-alkane molecules in the database, viz. Table 1, on ZSM-22
exhibit only a pore mouth configuration except 2-meth-
ylheptane, 2-methyloctane, and 3-methyloctane, which have  The Langmuir isotherm for physisorption of a pure com-
additionally key-lock physisorption modes. These are the ponenti is based on the following site balance
only molecules having a “straight end,” which is long sat
enough to traverse the bridge between two neighboring poreC;~ = Ce + Ci 3.1)
mouths and enter the second pore mouth with the tail of their 3¢ js expressed as
long straight end while another, short straight end is in the
first pore mouth. The requirement for the key-lock mecha- ~ _ KLiC¥pi (3.2)
nism is that the length of the straight end has to be greater '~ 1+ K ;p;’ '
than the width of the bridge separating the pore mouths. Thiswherecsatis the saturation concentration of componieih
bridge width corresponds to at least three methylene groupsyye sorlient. For low partial pressures of comporiene.,
of the straight end [12,15,16]. Because the description of KLipi <1, Eq. (3.2) is reduced to Eq. (2.1), valid in the

pore mouth physisorptionis the aim in the present paper, theHenry regime. Hence, the following relationship is obtained:
alkanes exhibiting additional key-lock physisorption behav-

iour are not considered in the regression. H;=K_;C?® (3.3)
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The Langmuir physisorption equilibrium coefficient for an
alkane on a zeolite can be determined from the correspond-

ing Henry coefficient and saturation concentration by apply-

ing Eq. (3.3). A Langmuir isotherm corresponds to mono- Bulk of fluid phase
layer formation. On ZSM-22, due to the molecular dimen-
sions of micropores, multilayer formation does not occur
inside the micropores. At the pore mouths multilayer forma-
tion is theoretically possible. However, it is expected that the
forces involved in the multilayer formation are much weaker
than the interactions of the sorbate with the pore mouth, pre-  Pore mouth &
venting multilayer formation also at the pore mouth. There- '
fore, a Langmuir expression can be applied to describe the
physisorption on ZSM-22 at low coverage [4—6] when phy-
sisorption is found to occur preferentially on the Bronsted
acid sites [6,18,39], which are at pore mouths and inside the
micropores for ZSM-22. It has been observed that at higher
alkane partial pressures physisorption also occurs at the ex-
ternal crystal surfaces [6,9,19]. Under such conditions, the
physisorption phenomenon can be described by a dual phy-
sisorption site model [6,9,19] with one type of physisorption
site corresponding to the pore and pore mouth and another
corresponding to the external surface. At lower alkane partial Fig. 2. Schematic representation of physisorptionzedlkanes and iso-
pressures, the effects of external surface physisorption carflkanes on open ZSM-22.

be neglected, as the physisorption equilibrium coefficients
for micropores and pore mouths are significantly higher than

: . et e ann-alkane can enter the micropore connected to that pore
the physisorption equilibrium coefficient for the external sur- o th. Due to the narrow micropore channels, the trans-
face [6,9,19]. S port inside the micropore occurs via single-file diffusion.
On ZSM-22 a distinction has to be made between the |, ginge-file diffusion, the transfer into the micropore takes
pore mouths and the micropores. Iso-alkanes, due to the'rplace via a series of activated site jumps [24]. The rate of

bulkiness, are sterically hindered to physisorb inside the mi- yis transfer is proportional to the concentration of alkane at
cropores and, hence, physisorb only at the pore mouths.pore mouthC;.pm and the probability of finding an empty
n-Alkanes physisorb at the pore mouth an'd' Subsequer‘tlyneighbouring micropore sitpe mp While the rate of trans-
can enter the corresponding micropore. Additional enthalpy fer from the micropore to the ’pore mouth is proportional to
and entropy loss occurs wheralkanes are transferred from the alkane concentration in the micropor€s,mp, and the

pore mouths to micropores. As a result, a two-step phy- probability of the pore mouth being empfy pm. Consider-

.S'SF’tht'g” mpdel IS devil.?pEd fo:r—lalk?nes r?hy,s'so"t'?'”gd ing the transfer between pore mouth and micropore as being
|ns!be tﬁ mlzroporest,'w '?.a sml?( e-s eptpthy5|sorp lon tk?- guasi-equilibrated, the alkane concentrations in the micro-
scribes the physisorption of iso-alkanes at the pore mouths, ¢ can he expressed as follows:

viz. Fig. 2.
ﬁe,mp
3.1. n-Alkanes Cj.mp= Kpm-mpCj pm=——
Pe,pm
] | . e
n Alkangs first physisorb at the pore mouths and further = K pmKpm_mppj Cepmam—>. (3.5)
enter the micropore: Depm
K;jpm Assuming uniform site strength, viz. unbiased physisorption,
Pj+ Sepm = Pjpm, probabilities for finding the empty sites can be expressed as
Kpgmp c
Pipm+Semp = Pjmp. Pepm= Ce’pm, (3.6)
For a purez-alkane “j” the equilibrium concentration at the tpm
. . R C y
pore mouth is given by Pemp= Ce mp 3.7)
t,mp
C]’pm = Kj’pmce’pmpj' (3'4) ) . .
) N , Substituting the above Egs. (3.6) and (3.7) into Eq. (3.5),
A separate index is used because exclusivelyalkanes
are considered, whereas the inder the previous section Ct.pm
covers both normal and iso-alkanes. From the pore mouth€i.mp = Kj.pm Kpm—mpct mp PjCemp. (3-8)
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A site balance for the micropore physisorption sites leads to not the true standard physisorption entropy for pore mouth—
micropore transfer as it also contains the fa€iggm/ Ct,mp.

Ctmp = Cjmp+ Cemp. (3.9) viz. EqQ. (3.16). Accounting for this factor, viz., Table 1, the

whereCt mp is the total number of physisorption sites in the  true standard physisorption entropysy,_r,, is calculated

micropores and correspondswat because the number of as—27.8 JmoltK~1.

pore mouths is negligibly small. After solving Eq. (3.9) for

Cemp and substituting in Eq. (3.8), the Langmuir expres- 3.2. |so-alkanes

sion for physisorption ofi-alkane; inside the micropores

of ZSM-22 is written as The physisorption of pure iso-alkané™on ZSM-22
Kj’meng:]Fimpcjsatpj only occurs at the pore mouths:
Cj,mpz 1+K Kapp - (310) K o
J-pmBpm_mpPj Pt + Sepm = Pr.pm.
where ’ ’
c This leads to the following Langmuir expression for iso-
Kgrl?]gmp = Kpm- tpm (3.11) alkane physisorption at the pore mouth:

mp Cemp
Kk,met,mek

Comparing the above expression with Eq. (3.2), it can be Ck.pm= 1+ K : (3.17)
seen that the Langmuir equilibrium coefficient for physi- k.pmPk
sorption ofn-alkanes can be expressed as Comparing the above expression with Eqg. (3.2), it can be
seen that the Langmuir coefficient for iso-alkanek ,
KL j=K;pmK '’ (3.12) : : -
2 J;pmM3 pm—mp- corresponds t& pm While the saturation concentration for

KL.; can be obtained from the experimentally measured an iso-alkanek, C3*, corresponds t&t pm. Ki.pm is 0b-
Henry coefficient and the saturation concentration on open tained from the ratio of the experimentally measured Henry
ZSM-22 using Eq. (3.3). Physisorption experiments on coefficient and the saturation concentration, viz. Eq. (3.3).
closed ZSM-22 allows calculation of the pore mouth phy- The above discussion holds for both open and closed ZSM-
sisorption, coefficienk ; pm, because the subsequent trans- 22 because on both forms iso-alkanes physisorb at the pore
fer into the micropores after physisorption at the pore mouth mouths only.

is absent. The equilibrium coefficient for transfer between

the pore mouth and the micropor&pm_mp, can then be

obtained via Egs. (3.11) and (3.12). From the temperature4. Modes of physisorption for alkaneson ZSM-22
dependence oK\ ; and K; pm the standard physisorption

enthalpy and entropy on open ZSM-ZQij’mp a”dASQ,mp An iso-alkane at the pore mouth can physisorb in different
and on closed ZSM-2240H¢ ,, andASS . can be deter- orientations, leading to multiple physisorption modes, viz.
mi”ed-AH§,mp andAsS . “follow the carbon number de- Fig. 3. Inside the micropores strong force fields exist and,
pendency relationships faralkanes described by Egs. (2.3) hence, interactions with the crystal lattice occur for carbon
and (2.4), respectively. Based on Egs. (3.11) and (3.12), theatoms inside the micropore. Faralkanes, all of the car-
following relationship between the standard physisorption bon atoms are subject to such interactions. For iso-alkanes,

enthalpies on open and closed ZSM-22 can be written these interactions are limited to the portion of the molecule
. . 3 protruding inside the pore mouth and are directly propor-

AHjmp=AH ym+ AHpm mps (3.13)  tionalto the number of carbon atoms protruding into the pore
a 5 X ) ;

AHpr?lep = AHym mp (3.14) mouth. However, apart from the interactions experienced by

o . ) ) . ) carbon atoms protruding inside the pore mouth, the carbon
A similar relationship holds for the physisorption entropies:

Pore mouth

AS? mp = AS? pm + ASBm_mp, (315) Pore mouth
’ ’ c LY, LY,

app _ o t,pm
pm-mp = A pm-mp + In< t mp>' B18) D,

As a result, the standard enthalpy and entropy loss upon
transfer from the pore mouth to the micropore can be cal-
culated from the difference between the standard physisorp-
tion enthalpies and entropies on open and closed ZSM-
22 using Egs. (3.13) to (3.16). The standard physisorption

enthalpy AHy ., o, corresponds to the observed value of _ _ _ _ N
p p Fig. 3. Schematic representation of the three possible physisorption modes

—19.6 kJ mé)rl [18]. The observed standard physisorption  of 4-methyloctane at a ZSM-22 pore mouth indicated by parallel rectangular
entropy ASpn? o, of —89.33 JmortK 1 [18] is actually ~ blocks.

Pore mouth
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atoms outside the pore mouth also experience energetic inExtending Egs. (4.1)—(4.4) to any alkane haviNgpore
teractions with the crystal lattice, albeit to a lesser extent.  mouth physisorption modes leads to
Each physisorption mode is characterised by the num-
ber of carbon atoms inside and outside the pore mouth. The
number of pore mouth physisorption modes corresponds to
the number of straight ends in the molecule. In each of the
pore mouth physisorption modes one of the straight ends Multiplying both sides of Eq. (4.5) with the saturation con-
of the molecule protrudes into the pore mouth, while the centrationC$2, which corresponds to the concentration of
remaining portion of the molecule is outside. The relative POre mouthsCipm and using the relationship between the
distribution of all existing modes depends on the energetic Henry coefficient and Langmuir physisorption equilibrium
interactions in these modes. coefficient, viz. Eqg. (3.3), the Henry coefficient for iso-
Fig. 3 is an illustration of the different pore mouth phy- alkane can be expressed in terms of “Henry coefficients” for
sisorption modes for 4-methyloctane (4MeC8). This iso- individual modes of physisorption at pore mouths as
alkane has three straight ends and, hence, in a pore mouth N
configuration there are t.hre'e physisprption modes with any Hy pm = Z Hy,, pm. (4.6)
one of the straight ends inside the micropore and others out- el
side the micropore. The Henry coefficients for iso-alkanes Hence, when multiple physisorption modes exist, the ob-

discussed in the previous section correspond to a CompOSiteservable Henrv coefficient for physisorption is & “Compos-
value over all possible physisorption modes. kealkanes y phy P P

the observed physisorption behavior can be related to a sin—'t?’. which qualsthe sum of the Henry coefficients of _th_e n-
gle physisorption mode, i.e., with all carbon atoms inside dividual phyS|sorpt|on.modes. Thg latter Henry.coeff.|C|ents
the micropore. Hence, for-alkanes the Henry coefficient can be calculated using correlations for physisorption en-

< bt by B (22) ko it 5. (.3) and (2. us- U40Y S Entony gven 1 e net sectn, e shove

ing the standard physisorption enthalpy and entropy insidet be extend EI 0 Kev-| pk yh i pr tion mod Wh? hi

the micropore. In the calculation of the Henry coefficients 0 be extendable to key-lock physisorption modes, which 1s,
: : . . however, beyond the scope of the present paper.

for the iso-alkanes each of the possible physisorption modes For iso-alkanes. experimental values of the composite

has to be accounted for. The composite Henry coefficient for » EXp P

4-methyloctane consists of the Henry coefficients of its three ;Tgﬁ fcr g;ﬁ'cclfsrg.églr pr? r:.g?)?utt.gnpgysfrqr:]pé';g g?g g;\anozbz
individual physisorption modes, viz. Fig. 3: ' Ical physisorpti xper :

For n-alkanes the same can be obtained from such experi-

N
m=1

Ko ,pm ments on closed ZSM-22. It will be evident from the subse-
Py + Sepm = Pi,.pm quent discussions that a major advantage of distinguishing
(for straight endn inside the pore mouth cavity). between different physisorption modes is the possibility to

Considering the following site balance at pore mouths, ~€Ome to & uniform set of parameters to describe the phy-
sisorption properties of all alkane classes, instead of differ-

3 ent parameter sets required now for each alkane class, e.g.,
Ctpm=Cepm+ Y Ck, pm (4.1) 2-methylalkanes, 3-methylalkanes, etc. [4-6,18].
m=1
and 4.1. Sandard physisorption enthalpy
Che.pm = Kk, pmPk Ce,pm, (4.2) The standard physisorption enthalpy for a given physi-

where Cy,, pm is the concentration of the physisorption SOrption mode of an iso-alkarteat a pore mouth of ZSM-
modem and Ky, pm is the equilibrium constant for phy- 22,AH; . consists of several contributions. As explained
sisorption in moden. The Langmuir expression for individ-  in Section 2.3, enthalpy losses occur via the carbon atoms
ual physisorption mode (Eq. (2.2)) can be written as follows: inside and outside the pore mouth:

1+ =1 Kiy.pmpr The enthalpy loss of the carbon atoms inside the pore mouth
The total concentration of physisorbed alkarteat pore  cavity is calculated using Eq. (2.3) with the number of car-
mouths is expressed as bon atoms inside the pore mouth, GiyPinstead of the total
number of carbon atoms of the physisorbing iso-alkane. This
3 3 Kk,,,pmCt,pmPk allows use of the values for the parameterand 8 ob-
Cr.pm= Z Clyy.pom = Z 1+ Z3 Ke. ompi tained from physisorption experimentsoialkanes on open
m:13 m=1 m=1 " fm. P ZSM-22[4,6,18], viz. Table 2, to calculateH &, forany
(X =1Kk,.pm) Ctpmpi 4.2) alkane at the pore mouths after accounting for the enthalpy

1+ (anzl Kk, pm) Pk ' loss upon transfer of-alkanes from the pore mouth to the
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micropore, AHpm mp Viz. Eq. (3.13). This leads to the fol- ~ The analogy further extends to the carbon atoms outside.
lowing expression for the iso-alkane physisorption enthalpy A linear relationship between the entropy loss due to the car-

in modem: bon atoms outside and the number of carbon atoms outside
. . the pore mouth is proposed and is expressed as follows for a
—AHcyp,, =®CNPy, + — AHpy mp (4.8) given physisorption mode:

The enthalpy loss corresponding to interactions of carbon
atoms outside the pore mouth cavity is considered to consist
of two terms: y? corresponds to the average entropy loss per carbon atom
R o o due to carbon atoms outside the pore mouth&raccounts
—AHgyng,, = CNO, + B°. (4.9)  forthe differences in interactions with crystal lattice between

In the above equationy® corresponds to the average en- Mono- and multibranched alkanet§,,, for monobranched
thalpy loss per carbon atom due to carbon atoms outside.alkanes, andg,, for multibranched alkanes.

Next to this linear contribution, the second teghaccounts

for structural differences in the alkyl chains interacting with

the external crystal surface and in particular allows account- 5. Parameter estimation

ing for the degree of branching of the alkyl chains. Indeed,

these interactions vary with degree of branching. The inter- 5.1. Model equations

actions of monobranched alkanes with the external crystal

lattice are stronger than multibranched alkanes. Also, inthe  EQ. (2.2) enables the calculation of the Henry coeffi-
case of multibranched alkanes with tertiary carbon atoms cients from the standard physisorption enthalpy and entropy
different tertiary carbon atoms are at the pore mouth in dif- [4-6] and is applicable for individual physisorption modes.
ferent physisorption modes, while monobranched alkanesEQ. (4.6) allows calculation of the observable composite
have the same tertiary carbon atom interacting with the pore Henry coefficient as the sum of the Henry coefficients of the
mouth in all its physisorption modes. This also contributes to individual physisorption modes. This is expressed in terms
the differences in energetic interactions. The differences in of standard physisorption enthalpies and entropies of indi-
energetic interactions of monobranched and multibranchedvidual physisorption modes as follows,

ASgno,, = ¥°CNOy, +8°. (4.12)

alkanes are accounted for by considering separate parame- Crom ASS IR —AHE or
ters: 82, which accounts for interactions of monobranched Hk,pm=< z’po ) " mpm/ R g A, pm/ (RT) (5 1
alkanes, angp,, which accounts for interactions of multi- 4 m
branched alkanes. where AH} . is obtained from Egs. (4.7) to (4.9) and

_ _ AS;m’pm from Egs. (4.10) to (4.12). The contributions to the
4.2. Standard physisorption entropy standard physisorption enthalpy and entropy loss via the car-

bon atoms protruding inside the pore mouth are calculated
The standard physisorption entropy for every individual ysing thew, g, y, ands values reported in Table 2. The con-

physisorption modeASy .., can be expressed in similar  triputions to the standard physisorption enthalpy and entropy
terms as the standard physisorption enthalpy. For a given|oss via the carbon atoms outside the pore mouths given by
physisorption mode of iso-alkareat a pore mouth of ZSM-  Egs. (4.9) and (4.12), respectively, are determined via re-
22, ASy | ome CoONsists of a contributionASg\p , due to  gression of experimental data. The experimental data set,
carbon atoms inside the pore mouth cavity, and a contribu- viz. Table 1, contains physisorption properties of normal and
tion, ASgy o, » due to interactions of carbon atoms outside: branched alkanes with 5-9 carbon numbers. As explained

in Section 2.3, alkanes having only pore mouth physisorp-
ASy,.pm=ASenp, T ASeno,, - (4.10) tion modes have been considered for regression. A com-

Analogous to the loss in physisorption enthalpy discussed Posite Henry coefficient for pore mouth physisorption has
above, the loss in physisorption entropy due to carbon atomsalSo been calculated for the iso-alkanes, exhibiting key-lock

inside the pore mouth Sgp s calculated using Eq. (2.4) physisorption modes, i.e., 2MeC7, 2MeC8, and 3MeC8.
with the values for the para{"meteysandfs obtained from Comparison of these values with the observed Henry coeffi-

physisorption experiments om-alkanes on open ZSM-22 cients allows estimation of the relative importance between

[4,6,18], viz. Table 2, after accounting for the entropy dif- POre mouth and key-lock physisorption modes.
ference between the pore mouth and micropore physisorp- )

tion, i.e., ASp mp, Viz. Eq. (3.15). This leads to the fol- 5.2. Regressionresuilts

lowing expression for the entropy loss due to the carbon

atoms inside the pore mouth for the iso-alkane physisorbed Based on the discussions in the preceding sections, six
in modem: parameters are to be estimated; S5, B3 ¥°, dho @and

8py from the regression of the experimental data. The pa-
—AS%NPkm =yCNPR, +6 — ASBm_mp. (4.11) rameter estimates along with their individual approximate
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Table 3 Table 4

Estimates with their 95% confidence intervals for the parameters of Henry coefficients(H) (molkgrl Pa1) for alkanes on open ZSM-22 at
Eqgs. (4.9) and (4.12) obtained through regression of the model based on573 K: a comparison between estimates obtained from the model during
multiple physisorption modes (Eq. (5.1) along with Egs. (4.7) to (4.12)) regression using Eg. (5.1) along with Egs. (4.7) to (4.12) and experimental

and experimental data sets for open ZSM-22 [4,5,18], viz. Table 1 data set of open ZSM-22 [4,5,18]), viz. Table 1
Parameter Estimated value (95% confidence limits) Alkanes Experimental Model based on Based on CBMC
«© (kImol 1) 6.89 (+1.44) [4.5] multiple physi- (20]
/0 moF1K-1) 8.97(+2.17) sorption modes
BS0 (kImol1) 30.14 (+2.34) nC5 1.32 1.33 0.65
ﬂr?]l (kJ mol‘l) 9.02(4+2.91) nCe6 2.59 2.54 1.43
59, Amor 1K1 —27.80(+1.30) 2MeC5 0.54 0.52 0.23
3MeC5 0.44 0.50 0.18
Parameter values for Egs. (4.8) and (4.11) from Table 2. 22DMC4 0.13 0.15 BOx 10-2
23DMC4 0.23 0.14 22x 1073
95%. confidgnce intervals are reported in .Table 3. These'zll(\:/llc6 i‘iz 1'.882 %'.Sei
confidence intervals correspond tovalues in the range  3yecs 0.87 0.82 0.34
10! to 10%. As expected, the enthalpy and entropy loss per 23pmcs 0.42 0.21 0.02
carbon atom due to interactions outside the pore mouth,33DMC5 n.a& 0.22 598 x 10~10
«® and y°, are lower than the enthalpy and entropy loss "C8 8.82 9.33 n.a.
per carbon atom inside the pore mouth. The constant stan-gngf 21'05‘; 11'4374 r;z
dard physisorption enthalpy and entropy loss are higher for 4p;oc7 145 130 na
monobranched alkanes than for multibranched alkanes, i.e.2spmce 0.63 0.28 n.a.
Boho > By andé, > 8o, which is considered to be the re-  224TMC5 0.30 0.36 na.
sult from a more favourable interaction of monobranched €9 19.0 17.8 n.a.
alkanes with the zeolite lattice than multibranched alkanes. 2M¢C8 3.80 2.50 n.a.
3MeC& 3.50 2.22 n.a.

The difference betweefy,, and 8, is 211 kJ mol* and > " s Tor Eas (4.8) and (4.10) from Table 2 and Eos. (4.9
that betweesg,, and 5%, is 252 JmorLK—L, which IS bonog panng (1 o7 (441 lom Teble 2 and €6z, (49
close to the typically observed experimental differences. For 2 Not included in parameter estimation as they also contain key-lock
example, 3-methylpentane in its most favourable physisorp- modes of physisorption.
tion mode has two carbon atoms protruding inside the pore ° n-a.: notavailable.
mouth cavity. The enthalpy loss for this mode is observedto 5
be 617 kJmot™. For 2,2-dimethylbutane, which also has
same number of carbon atoms protruding inside the pore -
mouth cavity in its most favourable physisorption mode, the 4 5 | .
enthalpy loss is observed as.3&JmotL. A difference
in the interactions of 23 kJmot exists between these two
molecules, even though they have the same number of car{‘f
bon atoms inside the pore mouth and outside. Similarly, the £
difference in entropy loss is observed as 31 Jth&l—1.
The F value for the significance of the regression amounts = 05 ] o
to 4500, indicating a high global significance of regres- ' o
sion. Binary correlation between the estimates is very low.
The highest absolute value of the binary correlation coeffi-
cient was observed betwegf}, — 53, and amounts to 0.29.
Table 4 shows a comparison of calculated Henry coefficients
with experimental data at 573 K. Henry coefficients cal-
culated by CBMC [20] are also shown. They are found to Fig. 4. Henry coefficientsmol kg~ Pa1) for normal and monobranched
underpredict the experimental data. Fig. 4 shows the parity C5-C9 alkanes at temperatures 473-673 K. A compa_rison between experi-
diagram of the Henry coefficients at various temperatures el data on open ZSM-22 [4-6] and model regression based on multiple
physisorption modes using Eq. (5.1). Line, experimental; symbols, calcu-
for all the normal and monobranched alkanes. The calcu- lated. The open symbols correspond to the molecules having also key-lock
lated composite pore mouth Henry coefficients for 2MeC8, physisorption modes. Parameter values for Egs. (4.8) and (4.11) are from
3MeC8, and 2MeC7 are approximately 20% lower than the Table 2 and for Egs. (4.9) and (4.12) from Table 3.
experimentally obtained Henry coefficients. This indicates
that about 20% of 2MeC8, 3MeC8, and 2MeC7 physisorb for multibranched alkanes having quaternary carbon atoms
in a key-lock mode. For multibranched alkanes only, the  are closely estimated with a systematic small overpredic-
value obtained during regression is 650. Henry coefficients tion within 5%. The Henry coefficients for multibranched

- Model

)

10*m
-

0.0 T T T
0.0 0.5 1.0 1.5 2.0
H (10“mol kg Pa'') - Experimental
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120
Table 5
Molar equilibrium fractions for the physisorption modes of 3-methyl-
heptane calculated from molar concentrations obtained using Egs. (4.3) 3 .
and (4.4) along with Egs. (4.7) to (4.12) 2 904
Physisorption CNpP Xl _AHZ,,,,pm _ASZm,pm % .
modem (kImol1) JImor-1k-1 5 =

1 4 0.50 87.2 103 £ 60 4

2 2 0.29 75.3 83 I

3 1 0.21 69.4 I ' y
Parameter values for Egs. (4.8) and (4.12) from Table 2 and Egs. (4.9) n
and (4.12) from Table 3. 30 T T

30 60 90 120

. . . -AH%s (kJ mol™) - Experimental
alkanes with tertiary carbon atoms are underestimated by

30-40%. This indicates that multibranched alkanes with ter- Fig. 5. Composite standard physisorption enthalkymol1) of C5-C9
tiary carbon atoms interact more strongly with the external alkanes. A comparison between experimental data on open ZSM-22 [4-6]

crystal lattice than multibranched alkanes with quarternary values obtained using an ideal mixing rule (Eq. (5.2) along with Egs. (4.3),
carbon atoms (4.4), and (4.7) to (4.9)) considering standard physisorption enthalpy for in-

. . . dividual physisorption modes. Line, experimental; symbols, calculated. Pa-
The composite standard physisorption epthalpy and €N-rameter values for Egs. (4.8) and (4.11) are from Table 2 and for Egs. (4.9)
tropy have been calculated from the enthalpies and entropiesand (4.12) from Table 3.

for the individual physisorption modes using the following

mixing rule: 120 Yool
N @ Experimental Data

AHR o= xt, AH o (52) o~ 100

m=1 E

N N 2 g0
AS} om= Y _ Xk, ASY om— R Y xp,, Inxy,. (5.3) B

m=1 m=1 035
where xi,, is the equilibrium mole fraction of individual b 60
mode m within the mixture of possible pore mouth ph-
ysisorption modes for iso-alkanke It is calculated from 40
the molar concentration of each of these modes obtained nC8  2MeC7  3MeC7  4MeC7  25DMCE 224TMCS5

from Eq. (4.3).AH,jm pm is the standard physisorption en- Alkanes

thalpy for each individual mode calculated using Eqs. (4.7)

to (4.9) andAS; is the standard physisorption en- Fig. 6. Composite standard physisorption enthakymol~1) of C8 alka-

tropy for each iné"ii/idual mode calculated from Egs. (4'10) nes. A comparison b_etween experlmental_data on open ZSM-22 [4-6] and
A h calculated values using Eq. (5.2) along with Egs. (4.3), (4.4), and (4.7) to

to (4'12)' The calculated molar equ”'b”um fI’aCtIO!’]S an_d (4.9). Parameter values for Egs. (4.8) and (4.11) are from Table 2 and for

the enthalpy and entropy losses for the three physisorptionggs. (4.9) and (4.12) from Table 3.

modes of 3-methylheptane, viz. Table 5, lead to a composite

standard physisorption enthalpy-e80 kJmo *andacom-  jsomers. The model describes the variations in physisorp-
posite standard physisorption entropy-e84 Jmof *K™, {jon enthalpies of the normal and iso-alkane©ctane has
which is close to the experimentally observed values of the highest enthalpy loss as all the eight carbon atoms are
—84 kamof* and—84 Jmol ' K1 [5,6,18]. Fromthe mo-  inside the micropore. 2-Methylheptane has the next high-
lar distribution it is clear that the most favoured physisorp- est enthalpy loss as in its most favoured physisorption mode
tion state is the one which has maximum carbon atoms pro-five carbon atoms are protruding into the pore mouth cavity.
truding inside the pore mouth cavity. For 3-methylheptane Thjs is followed by 3-methyl- and 4-methylheptanes. The
it corresponds to the physisorption mode with four carbon muitibranched alkanes have the lowest enthalpy loss as their

atoms protruding inside the pore mouth cavity, which has an interactions with the poremouth and external crystal lattice
equilibrium mole fraction of 0.5. This is the physisorption gre weaker.

mode with the maximum enthalpy and entropy loss. The cal-

culated composite pore mouth physisorption enthalpies for

all alkanes correspond well with the experimentally obtained 6. Effect of physisorption on the kinetics

values [4—6,18], viz. Fig. 5. The same quality of correspon- of hydrocar bon conver sion on ZSM-22

dance has been observed between the calculated and the

experimentally determined entropies. Fig. 6 shows the es- On wide pore zeolites such as USY, normal and iso-
timated physisorption enthalpy faroctane and some of its  alkanes can enter the micropores completely. As a result,
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MY ethylnon-4-ene or from 4-ethylnon-3-ene, viz. Fig. 7. The
concentration of a carbenium ion corresponding to an alkane
_a,a"y physisorbed in a preferred mode will be relatively high and,
hence, the acid-catalysed reactions in which such a carbe-
nium ion is consumed proceed at higher rates than the re-
l actions involving nonpreferentially formed carbenium ions.
This is evident from the product distribution efoctane

hydroconversion on ZSM-22 where 2-methylheptane is the
nmrs8hE most abundant product followed by 3-methylheptane and 4-
methylheptanes [9]. Product distribution in the same lines,
m e.g., 2-methylalkane- 3-methylalkane> 4-methylalkane,
are observed for other alkanes [7,15].
Fig. 7. Schematic representation of chemisorption of 4-ethylnon-4-ene and  The above discussion can be extended to other acid-
4-ethylnon-3-ene on a ZSM-22 pore mouth. catalysed reactions, e.g., catalytic cracking. Even if the
(de)-protonation reactions are not quasi-equilibrated, the
there is only one physisorption mode for all alkanes on USY. preceding physisorption step can be assumed to be quasi-
For a given carbon number, the standard physisorption en-equilibrated. This leads to the distribution of the components
thalpies and entropies and, hence, the physisorption equi-involved over the different physisorption modes which can
librium coefficients are comparable faralkanes and iso-  be calculated using the methodology developed in this work.
alkanes [4-6]. Subsequent alkene chemisorption on the acidWithin the group of carbenium ions belonging to a particular
sites inside the micropores occurs without restriction and, Physisorption mode, the hydride shift reactions, which are
hence, all reactions of the full reaction network occur [40]. much faster than alkyl shift, PCP branching, and cracking
As a result, the product distribution on USY is mainly gov- reactions, are expected to lead to a quasi-equilibration [41].
erned by the full reaction network kinetics and physisorption Hence, higher concentrations of the carbenium ions belong-
effects are uniform for all molecules with the same car- ing to the most favoured physisorption mode are still ex-
bon number. For-octane hydroconversion on Pt-H-USY pected under these conditions.
3-methylheptane is the most abundantly formed isomer fol- ~ Apart from the steric effects on the carbenium ions con-
lowed by 2-methylheptane and 4-methylheptane [40]. centrations the reaction rates can also be affected by changes
In contrast to USY, on ZSM-22, physisorption effects are in physisorption during the course of reactions. For example,
nonuniform for molecules with the same carbon number, during the PCP isomerisation from a normal to an iso-alkane
which significantly affects the acid-catalysed reactions sub- the reacting carbenium ion slightly moves outward from the
sequent to physisorption. The pore mouth physisorption on pore mouth as shown in Scheme 1. These physisorption
ZSM-22 leads to different physisorption modes with a dif- changes are again characterised by changes in the number
ferent standard physisorption enthalpy, entropy, and, hence 0f carbon atoms inside and outside the pore mouths. They
Henry coefficient. As a result, the physisorbed alkanes areresult in changes in interactions between the reacting car-
not equally distributed over the different modes. As de- benium ion and the zeolite lattice during the course of an
scribed in Section 5.2, the distribution over the different €lementary reaction and, hence, in changes in physisorption
physisorption modes is such that the physisorption mode €nthalpy and entropy.
with the highest number of carbon atoms inside the pore  Compared to USY, the shape-selective effects on ZSM-
mouth occurs in abundance. For examp|e, among the OC-22 affect the rates of the elementary acid-catalysed reac-
tane isomers the 2-methylheptane having the longest straightions and the resulting product distribution. The effects of
end in one of its modes has the highest concentration. Hy-Physisorption on the kinetics can be quantified using the
droconversion reactions of alkanes proceed via alkene andmethodology discussed in the previous sections.
carbenium ion intermediates. (De)-hydrogenation and (de)-
protonation reactions in this case are fast compared to skele-
tal isomerisation and cracking and are generally considered?. Conclusions
to be quasi-equilibrated [40]. In pore mouth catalysis on
ZSM-22, a carbenium ion is always formed at the pore = The physisorption of iso-alkanes on ZSM-22 result in
mouth and, hence, the physisorption mode determines whichtheir multiple pore mouth physisorption modes. Each of
carbenium ion can be formed; e.qg., different physisorption these modes is characterised by the number of carbon atoms
modes are required for carbenium ion formation from 4- of the molecule inside the pore mouth cavity and outside.

+

£ ) 722 2 ) s
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Scheme 1.
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The enthalpy and entropy changes for carbon atoms out-
side the pore mouth are due to their energetic interactions
with the crystal surface. These interactions vary for mono-
branched and multibranched alkanes. A two-step physisorp-
tion model distinguishing between physisorption at the pore

C.S Laxmi Narasimhan et al. / Journal of Catalysis 218 (2003) 135-147

S Physisorption sites

AS Entropy changeékJ molrt K—1)
T Temperature (K)
w Weights for parameter estimation

mouths and subsequent transfer from the pore mouth to theA.2. Greek symbols

micropore describes the physisorption phenomenon.

The observable Henry coefficient for pore mouth phy-
sisorption of alkanes is the sum of the Henry coefficients
of the individual physisorption modes. An additivity ap-
proach using the properties afalkane physisorption on
ZSM-22 adequately describes the physisorption properties
of all given modes of iso- and normal alkanes. As each
physisorption mode plays a distinct role in subsequent acid-
catalysed reactions on ZSM-22, the calculation methodol-
ogy of physisorption properties of individual physisorption
modes will allow the description of kinetics on ZSM-22 in a
fundamental way.
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o Physisorption enthalpy loss per carbon atom
(kdmol1)

B Constant physisorption enthalpy logs) mol )

y Physisorption entropy loss per carbon atom

JImoltk-1)

8 Constant physisorption entropy logkmol* K1)

A.3. Superscript

app Apparant

c Composite

exp Experimental

m Physisorption mode

o Standard state

0 Parameters for carbon atoms outside the micropore
phys  Physisorption

sat Saturation

ernment, Diensten van de Eerste Minister-Federale diensten
voor wetenschappelijke, technishe en culturele aangelegenA.4. Subscript

heden.

Appendix A. Nomenclature

A.1. Roman symbols

CN Carbon number

CNP  Carbon atoms inside the pore

CNO Carbon atoms outside the pore

csat  Saturation concentratiamol kgo.h)

Ci Concentration of physisorbed alkanémol kg.})

Ci Total concentration of physisorption sites
(mol kg

Ce Concentration of empty physisorption sites
(mol kg

H Henry's coefficientmol kg;alt Pal

AH  Enthalpy changékd mol?)

KL Langmuir physisorption equilibrium coefficient
(Pah)

Kipm Physisorption coefficient at pore mouth for alkane
(Pah)

Kpm-mp Equilibrium coefficient for pore mouth—micropore
transfer

P Alkane species

Di Partial pressure of alkarigPa)

p° Standard state pressure (Pa)

De Probability of finding an empty site for physisorp-

tion
Rate of physisorptiotmols™?)

e Empty physisorption sites

i Index for alkanes

iso Iso-alkanes

J Index for experimental set

J Index forn-alkane

k Index for iso-alkane

L Composite Langmuir physisorption equilibrium
m Index for physisorption modes
mi Multibranched alkanes

mo Monobranched alkanes

mp Micropore

np n-Alkanes

phys  Physisorption

pm Pore mouth

pm-mp Pore mouth—micropore
t Total physisorption sites
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