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Abstract

The Henry’s equilibrium constant and enthalpy ofn-hexane adsorption at low coverage have been determined at 423 K for zeol
different structural types that have been subjected to different treatments. The Henry’s constant and enthalpy of adsorption in
the pore size decreased as MFI> MOR > BEA > FAU. Brønsted acid sites and non-framework Al produced through steaming gave s
increases, and changes due to alkali or lanthanide ions had little effect. From the enthalpy of adsorption and the Henry’s equilibrium
the entropy of adsorption was calculated. Despite the large differences in structure and composition of the zeolites, there is a linear c
or compensation relation, between the entropy and enthalpy of adsorption for all of the zeolites. Combined with previous work in w
same zeolites exhibited a linear kinetic compensation, or Constable relation, for the monomolecular cracking ofn-hexane, these resul
support the proposal that the intrinsic acid strengths of active Brønsted acid sites in zeolites of different structures or silica-to-alums
with Lewis acid sites from nonframework Al are similar.
 2005 Published by Elsevier Inc.
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MFI; Y zeolite; Mordenite; Beta zeolite; Intrinsic zeolite activity
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1. Introduction

Zeolites are widely used as solid acid catalysts in ind
trial petrochemical processes, such as fluid catalytic cr
ing, hydro-cracking, paraffin isomerization, aromatic al
lation, xylene isomerization, and toluene disproportiona
[1]. The structure of zeolites is composed of silicon and
minum oxide tetrahedra and charge-balancing cations.
generally accepted that in acidic zeolites, the active sit
a proton localized on an oxygen ion, bridging aluminum
silicon. Several studies have shown that the cracking a
ity increases in direct proportion to the number of Brøns
acid sites[2–4]. In addition, it has been observed that
many acid-catalyzed reactions, the conversion varies si
* Corresponding author.
E-mail address: millejt1@bp.com(J.T. Miller).

0021-9517/$ – see front matter 2005 Published by Elsevier Inc.
doi:10.1016/j.jcat.2005.04.017
icantly for zeolites with differing structures or postsynthe
modifications. From such observations grew the hypoth
that the strength of Brønsted acid sites significantly incre
with the Si/Al ratio [5–7]; a decrease in the T–O–T bon
angle[8,9]; the presence of Lewis acid, nonframework a
minum [2,10–18], or charge-balancing polyvalent catio
[19–21]. For example, although high-temperature steam
of zeolites leads to the loss of structural aluminum and a
crease in the number of Brønsted acid sites, nonframew
Al generates Lewis acid sites and increases catalytic a
ity. One proposal suggests that Lewis acid sites withd
electron density from the Brønsted sites, leading to cata
sites with enhanced acid strength[18,22,23]. If Brønsted
sites with enhanced acid strength were present, the intr

kinetic parameters, that is, the rate constant and activation
energy, would be significantly different from those of non-
modified Brønsted acid sites.

http://www.elsevier.com/locate/jcat
mailto:millejt1@bp.com
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Paraffin cracking is a model reaction that is often use
characterize the strength of Brønsted acid sites in zeo
Depending upon the reaction conditions, there are two r
tion pathways for paraffin cracking, monomolecular and
molecular[24–26]. Under conditions where monomolecul
alkane cracking dominates, studies have shown that al
adsorption contributes to the apparent kinetics[27–29]. Sev-
eral studies have successfully interpreted the difference
apparent rates as being due mainly to the differences in h
of adsorption and the alkane surface coverage[27–34]. For
example, in H-MFI, the cracking rate increased and the
parent activation energy decreased with increased leng
the alkane[27,29]. It was suggested that for largern-alkanes
the increased heat of adsorption leads to a higher su
coverage and, thus, an increased cracking rate. After
recting for the adsorption enthalpy, the intrinsic activat
energies for alln-alkanes were shown to be identical. Simi
observations have been made for hydro-isomerization
Pt zeolites[35,36].

For cracking ofn-alkanes on H-MFI, there was also a li
ear correlation between the apparent activation energy
the logarithm of the apparent pre-exponential factor[28,
34]. This is also referred to as a kinetic compensation ef
or a Constable relation. A Constable relation was also
served for monomolecular cracking ofn-hexane for zeolites
of different structures and postsynthesis treatments[28]. The
implication of the later study was that the intrinsic kinetic p
rameters of the different zeolites are very similar, contrar
the earlier proposal for zeolites with enhanced acid stren
The linear Constable correlation also implies there is a
ear compensation relation between the entropy and enth
of adsorption.

In this study, the Henry’s equilibrium constant and e
thalpy ofn-hexane adsorption at low surface coverage h
been determined for zeolites of different structures and p
synthesis treatments. In addition, the entropy of adsorp
has been calculated and is shown to be linearly pro

tional to the enthalpy of adsorption. These results support the

H,Cs-MFI Cs0.7H1.3Al2Si94O192 0.55 0.3
H-MFI H2Al2Si94O192 0.56 0.3

a The volume of ions was subtracted from the total unit cell volume.
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to changes in the adsorption properties and that the intr
acid strengths of the active Brønsted sites are similar.

2. Experimental

Zeolite samples used for this study are listed inTable 1.
Na-Y (LZY-54 from UOP), H-USY (LZY-84 from UOP)
H-BEA (from Engelhard), H-MOR (LZM-8 from Union
Carbide), Na-MOR (LZM-5 from Union Carbide), and H
MFI (CBV-8020 from Zeolyst) were commercial sampl
and were calcined in flowing air for 5 h at 725 K. Si
calite was synthesized in our laboratory as follows: in 51
H2O, 16.3 g NaOH, 32.5 g tetrapropylammonium bromi
452 g Nalco 2327 silica sol (40% in H2O), and 10.6 g H2SO4
were mixed to give a pH of 12.3. The slurry was placed
a Teflon-lined autoclave and stirred at 250 rpm at 440 K
24 h. The yield of silicalite was 99%. The crystallinity w
95% (determined by XRD) with single crystals (no app
ent amorphous material) of 8× 7 × 5 µm size, determine
by SEM. Na-Y was partially La3+ ion-exchanged by the ad
dition of 11.7 g La(NO3)3·6H2O to 75 g NaY (LZY-54) in
300 ml H2O. The slurry was heated and stirred at 350
for 2 h, filtered, washed twice in 200 ml H2O, dried, and
calcined at 575 K for 3 h. The La-Y zeolite was sub
quently exchanged with 75 g NH4NO3 in 300 ml H2O at
350 K for 1 h, filtered, washed twice in 200 ml H2O, dried,
and calcined at 725 K for 3 h. H-MFI was partially Cs+
ion-exchanged by the addition of 1.08 g CsNO3 to 20 g of H-
MFI (CBV 8020) in 100 ml H2O. The slurry was heated an
stirred at 350 K for 1 h, filtered, washed twice with 200
cold H2O, dried at 375 K, and calcined at 575 K for 5 h. E
emental analysis was determined by ICP, and the N2 BET
micropore volume and surface area were determined
a Micromeritics ASAP 2400 at liquid-nitrogen temperatu
The results are given inTable 1.

A schematic of the adsorption and microcalorimeter
paratus is shown inFig. 1a. All tubing used for the apparatu

was stainless steel. A calorimeter block, two exchangeable

in an
K.
proposal that the differences in monomolecularn-paraffin
cracking conversion with different zeolites are due primarily

pressure transducers, and a dosing loop were enclosed
insulated convection oven, which was maintained at 423

Table 1
Zeolite micropore volumes and chemical compositions

Sample Unit cell composition XRD/ICP unit cell N2 BET micro-
pore volume
(cc/g)

Composition
(wt%)Volume

(cc/g)
Void volumea

(cc/g)

H-USY H26Al26Si166O384 0.79 0.62 0.26 Al= 11.1; Na= 0.1
H,La-Y H25Na11La6Al54Si138O384 0.72 0.55 0.26 Al= 11.3; La= 6.5; Na= 2.1
Na-Y Na54Al54Si138O384 0.71 0.53 0.32 Na= 10.1; Al= 11.5
H-BEA H4Al4Si60O128 0.67 0.47 0.17 Al= 2.8
Na-MOR Na6Al6Si42O96 0.67 0.48 0.14 Na= 4.9; Al = 5.7
H-MOR H3Al3Si45O96 0.69 0.49 0.18 Al= 3.3
Silicalite Si96O192 0.55 0.35 0.10 Al< 0.01
5 0.12 Cs= 1.7; Al = 1.0
6 0.10 Al= 1.0
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Fig. 1. (a) Schematic diagram of the microcalorimetry apparatus. (b
n-hexane on H-MFI at 423 K.

The pressure transducers (MKS Instruments model 61
used were in the range of 0–10 and 0–10,000 Torr for
calorimetry and isotherm measurements, respectively. B
were bakeable up to 673 K and were calibrated at 423
with a reading error of±0.1%. The charge and dose valv
used to separate the dosing loop from the feed lines
the calorimeter cells, respectively, were manually opera
Hoke (4235N6Y) and Swagelok (SS-4UG-V51) stainle
steel valves. The calorimeter was constructed in-house
consisted of two identical stainless-steel chambers encl
in an aluminum block, attached to the system via flanges
ted with copper gaskets. One chamber served as a refe

cell and the other as the catalyst sample cell. Heat flux trans-
ducers surrounded the two calorimeter cells and produced a
voltage signal proportional to heat flow. The integral of the
erimental calorimetry data of heat evolved during four sequential ads of

e

voltage difference between sample and reference durin
adsorbate dose was then proportional to the heat of ad
tion. A Welch Duo Seal rough vacuum pump and a liq
nitrogen trap were used to establish vacuum conditions
the whole system with baseline pressures on the orde
10−2 Torr.

Volumes for the dosing loop and sample cells were
culated based on helium expansion into a known volu
chamber and a blind flange in place of the calorimeter.
volumes were obtained from averaging over at least five
ferent doses of helium, yielding an error of less than 2%

We calibrated the calorimetry unit by inserting a min

ture cartridge heater into the calorimeter sample chamber,
which was filled to the normal loading level withα-alumina
particles. A previously calibrated power meter monitored the
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total electrical (heat) energy supplied to the calorimetry c
Calibration consisted of applying known amounts of pow
over a specific period of time and then determining the h
response peak areas by integrating from the baseline in
calorimeter heat trace. Ample time was allowed betw
heat inputs for the re-establishment of the baseline. The
sultant calibration plot was exactly linear and encompas
the entire range of operation for adsorption experiments
suring that all experimental measurements lay within
linear regime of the detector.

The adsorbate used for this study wasn-hexane (99.8%
purity) from Sigma-Aldrich. A separate, larger samp
chamber within the oven was used for high cover
isotherms. Before an adsorption experiment, 10 g calc
catalyst was evacuated at less than 10−2 Torr at 423 K for
15 h. The void volume of the sample chamber was
termined by helium expansion. Subsequently, the hel
gas was evacuated before the start ofn-hexane adsorption
n-Hexane was delivered to the system via a dosing loop
an Isco 500D syringe pump or as vapor from a liquid b
(Fig. 1a). Before delivery as a vapor, then-hexane was puri
fied by three freeze–pump–thaw cycles to remove disso
gasses.

Similar procedures were used for the calorimetry exp
ments, except that the calorimeter block and its two sam
chambers were attached to the adsorption system con
ing ca. 500 mg of sample. During the calorimetry expe
ment, the dosing and adsorption pressures, as well a
heat evolved, were determined. When the system rea
thermal equilibrium, as indicated by the return to therm
baseline, the next dose was administered. With dose siz
5 µmol, the heat released was between 0.2 and 3.5 J. A
ical calorimetry data plot is shown inFig. 1b. The signal-
to-noise ratio was about 60, and the error for the hea
adsorption was 2%, based on the repeatability with silica

3. Results

The micropore volumes of the zeolites were determi
by saturation of N2 adsorption at liquid-nitrogen temper
ture. The pore volume decreases in the order Na-Y>H-USY,
H,La-Y >H-MOR, H-BEA>Na-MOR> silicalite, H-MFI,
H,Cs-MFI. Generally, the pore volume decreases with
creasing pore size. Steaming to produce H-USY result
dealumination, partial loss of crystallinity, and smaller p
volume. The amount of framework Al was determined fro
the XRD unit cell volume[37]. Dealuminated H-MOR, how
ever, increases the available pore volume compared
Na-MOR, and incorporation of Al into silicalite or ion ex
change of H+ by Cs+ in MFI has little effect on the pore
volume.

Fig. 2shows the characteristic Type I isotherm forn-hex-

ane at 423 K for H-MFI. In the low coverage, or Henry’s law
region (up to about 100 Torr), the coverage increases linearly
with pressure. At pressures higher than about 2500 Torr,
f Catalysis 233 (2005) 100–108 103

-

f
-

Fig. 2.n-Hexane adsorption isotherm for H-MFI at 423 K.

Fig. 3. Low coverage isotherms forn-hexane in various zeolites at 423 K
H-MOR (Q), Silicalite ("), H,Cs-MFI (!), H-BEA (F), Na-Y (1), and
H,La-Y (2).

the pores are saturated with hexane molecules. For
study, adsorption capacity and enthalpy were determ
in the Henry’s regime, since then-hexane surface cove
age is very low at the temperatures and pressures typic
monomolecular cracking.Fig. 3shows typical low coverag
adsorption isotherms (up to about 0.2 Torr) for several
olites. For the sake of clarity, only six samples are sho
The amount adsorbed at low pressure decreases in th
der H-MOR> silicalite, H-MFI, H,Cs-MFI> H-BEA >

Na-MOR> Na-Y > H,La-Y > H-USY. This order is almos
opposite that determined for saturation coverage; that is
smaller the pore size, the higher the coverage. H-MOR
the exception to this general trend, since the dealumina
gives an increase in adsorption capacity at low and satura
coverage.

The dimensionless adsorption constant,Kads, was calcu-
lated from the experimental adsorption constant,Kexp, using
Eq. (1), whereR is the gas constant,T is the temperature
andV adsis the adsorbent pore volume:

(1)Kads= KexpRT/Vads.
A linear fit of each adsorption isotherm inFig. 3 was used
for calculation of the Henry’s constant,Kexp. A more ac-
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Table 2
Henry’s constants forn-hexane adsorption at 423 K

Sample Experimental
Kexp
(mmol/g/Torr)

Dimensionless
Kads
(N2 pore volume)

DimensionlessKads
(unit cell void volume
and composition)

H-USY 0.058 5.85× 103 2.45× 103

H,La-Y 0.086 8.75× 103 4.13× 103

Na-Y 0.138 1.14× 104 6.86× 103

H-BEA 0.337 5.23× 104 1.89× 104

Na-MOR 0.297 5.60× 104 1.63× 104

H-MOR 0.560 8.20× 104 3.01× 104

Silicalite 0.377 1.06× 105 2.84× 104

H,Cs-MFI 0.487 1.07× 105 3.67× 104

H-MFI 0.416 1.10× 105 3.04× 104

Fig. 4. Heat of adsorption as a function of coverage forn-hexane in H-USY
( ) and H-MFI (") at 423 K.

curate value ofKads would be based on then-hexane pore
volume, rather than N2 adsorption, since nitrogen may b
adsorbed in regions wheren-hexane cannot[38]. However,
since then-hexane pore volume was not obtained, we a
calculatedKadsby using the XRD unit cell volume from th
International Zeolite Association[39] and then subtractin
the volume of Si+4, Al+3, O−2, and various cations based o
the zeolite composition, determined experimentally by I
Table 1lists the pore volumes from the two methods andTa-
ble 2lists the corresponding equilibrium constants.

Fig. 4 shows the heat of adsorption with increasing c
erage for H-USY (from 0.3 to 4 Torr) and for H-MFI (from
0.3 to 1.1 Torr). The−�Hads of H-MFI is greater than tha
for H-USY. However, both samples displayed an essent
constant heat of adsorption with increasing coverage
this range. The average heat of adsorption calculated fro
least the first five adsorption points are listed inTable 3. The
value of−�Hadsfor silicalite, commonly used as a standa
is on the lower end of the range typically reported in the lit
ature[40]. The trends observed between samples are co
tent with the literature, and−�Hads decreases in the orde
H-MFI > Na-MOR > H-MOR, silicalite > H,Cs-MFI >
H-BEA > H-USY > H,LaY, Na-Y. The trend appears to
be dependent mainly on pore size, with−�Hads decreas-
ing as pore size increases: H-MFI> H-MOR > H-BEA >
f Catalysis 233 (2005) 100–108

t

-

Table 3
Enthalpies and entropies ofn-hexane adsorption at 423 K

Sample −�Hads
(kJ/mol)

−�Sads
(N2 pore volume)
(J/(mol K))

−�Sads
(unit cell void volume
and composition)
(J/(mol K))

H-USY 38.0 17.8 25.1
H,La-Y 33.3 3.3 9.6
Na-Y 33.5 1.5 5.7
H-BEA 47.4 21.8 30.2
Na-MOR 54.7 38.5 48.8
H-MOR 51.6 27.8 36.2
Silicalite 51.4 25.9 36.3
H,Cs-MFI 49.4 20.4 29.4
H-MFI 55.5 34.8 45.4

Fig. 5. Linear correlation between−�Sadscalculated based on the expe
mentally determined N2 micropore volume analysis and XRD unit cell vo
ume with ICP analysis. Na-Y (1), H,La-Y (2), H-USY ( ), H-BEA (F),
H,Cs-MFI (!), Silicalite ( ), H-MFI ("), Na-MOR (P), and H-MOR (Q).

H-USY. Brønsted acid sites also increase−�Hads slightly;
for example,−�Hads for H-MFI is higher than that for sil-
icalite. Likewise,−�Hads for H-USY is higher than that o
H,La-Y, indicating nonframework aluminum also increas
the heat of adsorption.

From the equilibrium constant and the enthalpy of
sorption, the entropy of adsorption was calculated:

(2)�Gads= �Hads− T �Sads= −RT ln(Kads).

The entropies of adsorption based on the N2 micropore vol-
umes and separately from XRD unit cell volumes and I
are given inTable 3. Fig. 5 shows that the−�Sads calcu-
lated by the two methods are consistent with each o
For acidic zeolites, the decrease in−�Sads follows the de-
crease in pore volume, for example, H-MFI> H-MOR >

H-BEA > H-USY. In addition, a comparison of H-MFI wit
silicalite or H,Cs-MFI demonstrates that Brønsted acid s
also lead to a larger entropy loss upon adsorption.

Fig. 6 is a plot of the enthalpy of adsorption versus e

tropy of adsorption and clearly shows a linear compensa-
tion relation between the two variables. As the−�Hads in-
creases, there is a corresponding increase in−�Sads. This
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Fig. 6. Enthalpy versus entropy ofn-hexane adsorption (based on the XR
unit cell volume and ICP elemental analysis) for various zeolites at 42
Values were determined from experimental N2 BET pore volume analysis
Na-Y (1), H,La-Y (2), H-USY ( ), H-BEA (F), H,Cs-MFI (!), Silicalite
( ), H-MFI ("), Na-MOR (P), and H-MOR (Q).

correlation applies to both the N2 adsorption and XRD/ICP
based−�Sads, since the two quantities are also linearly c
related (Fig. 5). Thus, despite the differences in framewo
structure, silica-to-alumina ratio, number of Brønsted a
sites, nonframework (Lewis acid) Al or type of cations
the various zeolites, the entropies and enthalpies of ads
tion follow a single correlation forn-hexane.

4. Discussion

The adsorption compensation relation between−�Sads
and −�Hads in Fig. 6 has significant implications fo
monomolecular cracking by zeolites.

4.1. Monomolecular cracking kinetics

Under conditions where monomolecular alkane crack
dominates (e.g., high temperature, low hydrocarbon p
sure, and low conversion), physical adsorption of the alk
reactant contributes to the apparent kinetics[26,27,29], and a
Langmuir–Hinshelwood model adequately describes the
netics[41]. In this model, the main elementary steps can
described as follows:

C6H14(gas)⇔ C6H14(ads), (3)

C6H14(ads) + H+–−OZ⇒ [C6H15
+–−OZ]±

(4)⇒ cracked products.

Hexane is rapidly adsorbed to equilibrium coverage in
zeolite (Eq. (3)). Adsorbed hexane reacts with a Brø
sted site, H+–−OZ, to form a transition state specie
[C6H15

+–−OZ]±, which dissociates to the cracked produ

(Eq. (4)). Assuming that the kinetic step in Eq.(4) is rate
limiting, the apparent reaction rate,rapp, can be expressed
as follows:
f Catalysis 233 (2005) 100–108 105

-

(5)rapp= kintCads,

wherek int and Cads are the intrinsic rate constant and t
adsorbed phase reactant concentration, respectively. U
typical monomolecular cracking conditions, the surface c
erage of alkane is low, so the denominator of the Langm
Hinshelwood expression approaches unity. Application
Henry’s law gives

(6)rapp= kintKadsCgas,

whereKads is the dimensionless equilibrium constant a
Cgas is the concentration of reactant in the gas phase.
rate expression, therefore, is first-order in the reactant pa
pressure, and by inspection of Eqs.(5) and (6), the apparen
rate constant (kapp) is the product ofk int andKads.

4.2. Compensation relations

The temperature dependence of the apparent and in
sic rate constants is given by the Arrhenius relation, wh
Aapp andAint are the apparent and intrinsic pre-exponen
factors andEapp andE int are the apparent and intrinsic ac
vation energies:

(7)kapp= Aappexp

(
−Eapp

RT

)
,

(8)kint = Aint exp

(
−Eint

RT

)
.

The temperature dependency ofKadsis

Kads= exp

(
−�Gads

RT

)

(9)= exp

(
−�Hads

RT

)
exp

(
�Sads

R

)
.

Usingkapp= kintKads, substituting in Eqs.(7)–(9), and sep-
arating the enthalpic and entropic terms yields the follow
relations:

(10)Eapp= Eint + �Hads,

(11)lnAapp= lnAint + �Sads

R
.

The (kinetic) Constable correlation, therefore, is the lin
dependence between ln(Aapp) andEapp. Both Eapp (Eint +
�Hads) andAapp (ln(Aint) + �Sads/R) have contributions
from adsorption and kinetics. There are three ways that
can observe a linear Constable relation. First, the differe
in apparent activation energy (kinetic contribution) are
termined entirely by the differences in adsorption thermo
namics, where there is a linear adsorption compensatio
lation between−�Hadsand−�Sadswith substantially con-
stantE int and ln(Aint). Second, the adsorption paramet
are identical for the catalysts, and there is a linear corr
tion betweenE int and ln(Aint). The results of this study (e.g

Fig. 6) and others have clearly shown that the adsorption
parameters are not constant for different zeolites; thus this
possibility will no longer be considered. A final possibility is
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that the intrinsic kinetic and adsorption parameters are e
linearly related, resulting in the observed Constable relat
The two remaining possibilities will be distinguished belo

4.3. Linear alkanes on H-MFI

The Brønsted acid sites in MFI are generally conside
to be chemically equivalent because they are isolated f
one another, and, in the absence of diffusion limitatio
the activity per site is constant[4]. For the monomolecu
lar cracking ofn-alkanes of increasing molecular weight
H-MFI, several studies have successfully interpreted the
ferences in apparent rates as being due to the differenc
reactant−�Hads and thus, surface coverage of alkane.
example, the cracking rate increases and the apparent a
tion energy decreases as the molecular weight increas
was suggested that for longern-alkanes, the increased he
of adsorption leads to a higher surface coverage, resu
in an increased apparent reaction rate. On H-MFI, after
recting for the hexane−�Hads, the E int was shown to be
identical for alln-alkanes[27,29,33].

For monomolecularn-alkane cracking, MFI also display
a linear Constable relation[29,42]. Since the same MFI ca
alyst is used,E int and ln(Aint) are unchanged and the line
Constable relation results from a linear (adsorption) co
pensation forn-alkanes. This is an example of the first e
planation for the linear Constable correlation presente
Section4.2above.

4.4. n-Hexane on different zeolites

A few studies have compared monomolecular crack
over different zeolites, including MFI, MOR, FAU, and BE
[28,30,43]. The present study complements this previo
work and shows that evaluation of adsorption is essenti
understanding monomolecular cracking activity. In the p
vious studies, there is disagreement with respect to whe
E int is significantly different for different zeolites[30,43].
This discrepancy is discussed in Section4.4.1, and the rela-
tion between the observed kinetic and adsorption compe
tions is discussed in Section4.4.2.

4.4.1. Comparison of Babitz et al. [30] and Kotrel et al.
[43]

Babitz et al. reported monomolecularn-hexane cracking
activity, product selectivity, and activation energies from 7
to 813 K. At the limit of zero conversion, constant pro
uct selectivities were observed for H-MFI, H-USY, and
MOR. Typicaln-hexane−�Hads values from the literature
were used to obtainE int, via Eq.(10). The main conclusion
was thatE int values for all zeolites were similar within th
accuracy of the data[30]. The uncertainties, however, we
large because of the large variations in the enthalpies o

sorption reported in the literature. Kotrel et al. conducted a
similar study for H-MFI, H-USY, and H-BEA. In addition
to determining selectivities and apparent activation energies,
f Catalysis 233 (2005) 100–108
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Table 4
Comparison of monomolecularn-hexane cracking selectivities and activ
tion energies reported by Babitz et al.[30] and Kotrel et al.[43]

Babitz et al.[30] Kotrel et al.[43]

H-MFI H-USY H-MOR H-MFI Dealumi-
nated Y

H-BEA

Eapp(kJ/mol) 149 177 157 108 114 93

Selectivity (mol%)
Methane 4 6 5 3 3 0
Ethane 13 11 13 16 9 4
Propane 12 10 11 17 22 36
Propene 30 29 33 32 39 45
Butene 17 12 16 9 16 4

they also determined the heats of adsorption. Whereas
and BEA had similar intrinsic activation energies, that
MFI was significantly different. In addition, comparison
k int at 623 K indicated that MFI was the more active per a
site, even after correcting for adsorption[43].

Table 4shows a comparison of activation energies a
product selectivities reported for the two studies. The pr
uct selectivities of Babitz et al. are very similar to tho
reported for n-hexane monomolecular cracking[27,30],
whereas those of Kotrel et al. are lower in methane
higher propane, propene, and butene production, sugge
a significant contribution from bimolecular cracking[24].
In addition, the different selectivities indicate a differe
contribution to the rate from bimolecular cracking for ea
catalyst. Previously, it was shown that with the transition
monomolecular to bimolecular cracking there is a decre
in the activation energy[44], which is consistent with the
lower activation energies for both MFI and USY found
Kotrel.

This interpretation suggests that although the appro
of Kotrel et al. was correct and even preferable to tha
Babitz et al., the product selectivities of Kotrel et al. indic
a significant contribution from bimolecular cracking, whi
leads to an inaccurate determination of the monomolec
cracking rates and intrinsic activation energies.

4.4.2. Adsorption and kinetic compensation
For a larger set of zeolites that included H,Na-US

steamed H-MFI, steamed H-MOR, and a variety of H-M
catalysts, monomolecular cracking ofn-hexane showed
linear Constable correlation, or a kinetic compensation,
tweenEapp and ln(Aapp) [28]. Unlike the Constable corre
lation observed withn-alkanes on MFI, for these differen
zeolites there is no implicit reason that the intrinsic kine
parameters should be identical. In fact, based upon di
ent observed conversions, most studies conclude tha
acid strength, and thus the intrinsic kinetic parameters
different zeolites are significantly different. The predicti
from the Constable relation was that there would be a lin

adsorption compensation for these zeolites, as observed in
Fig. 6 of this study. Apparently, changing the zeolite struc-
ture, or modifying a structure by steam or ion-exchange,
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gives rise to changes in the heats of adsorption and su
coverage.

The linear Constable plot also implies that the a
strengths of the catalytic sites are very similar[28]. The
slope of the Constable plot was ca. 1.1× 10−3 1/K, and
the slope of the compensation plot was 1.3× 10−3 1/K.
Within the accuracy of the measurements, these slope
identical and suggest that the adsorption contribution a
accounts for the majority of the observed kinetic compen
tion. As in the case ofn-alkanes on MFI, there is no nee
to invoke compensation betweenE int and ln(Aint). That is,
E int and ln(Aint) could vary between the zeolites, but on
by a small amount with respect to monomolecular crack
Considering that monomolecular cracking is one of the m
demanding acid-catalyzed reactions, this further implies
the intrinsic acid strengths of different zeolites and zeol
subjected to different treatments must be much more sim
than previously thought.

5. Conclusion

With the use of microcalorimetry, the enthalpy and e
tropy of adsorption were determined for zeolites vary
in framework structure and treatment. It was observed
−�Hads increased as pore size decreased.−�Hads also in-
creased slightly with the presence of Brønsted acid sites
nonframework aluminum. An increase in−�Hadsis indica-
tive of increased surface coverage, resulting in an increa
the number of molecules available for reaction. A comm
linear compensation relation was observed between−�Hads
and−�Sads. Within the accuracy of the measurements,
results suggest that the adsorption contribution alone
counts for the majority of the previously observed (kine
Constable relation for monomolecularn-hexane cracking. In
addition, our results suggest that the intrinsic acid stren
of the active sites for monomolecular cracking are sim
and that the large differences in apparent rate are due
marily to differences in adsorption properties.
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