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Abstract

Monomolecular cracking of alkaneswas investigated over zeolites of different structure types and after different treatments. Large de
ations in apparent rates of reaction and apparent kinetic parameters were detected for zeolites of different structure types; smal
were observed within a structure type. The Si/Al ratio and different crystal sizes had no effect on turnover frequency; however, ste
of mordenite and ZSM-5 enhances the rate of reaction by a factor of 2–5 due to the formation of Lewis acid sites with enhance
adsorption, although the number of Brønsted sites decreased. The apparent activation energies and preexponential factors sho
compensation relation in a Constable plot. Using the Langmuir–Hinshelwood kinetics formalism, the apparent kinetic paramete
enthalpy and entropy of adsorption and surface reaction terms. If the enthalpy and entropy of adsorption are linearly related, which is exp
mentally observed for unsteamed and steamed mordenite, then the apparent compensation effect implies that the observed differences in
are dominated by differences in adsorption of the reactant in the pores of the zeolites, rather than by differences in acid strengt
with smaller pores show enhanced adsorption, and consequently the rate of reaction increases in the order H-Y< H-MOR < H-ZSM-5.
 2004 Elsevier Inc. All rights reserved.

Keywords:Monomolecular cracking; Zeolite acidity; ZSM-5; Y; Mordenite; Hexane cracking; Compensation effect; Constable plot
in-
c
ro-
ro-
of
re-

that
an

tud-
ber

opic
ng,

hown
the
ze-

,3]
-

ly

hat
the

2,3,
tical
ngth

um
,21].
acid
igher
1. Introduction

Zeolites are widely utilized as solid acid catalysts in
dustrial petrochemical processes, for example, fluid catalyti
cracking (FCC), hydrocracking, paraffin isomerization, a
matic alkylation, xylene isomerization, and toluene disp
portionation [1]. The structure of zeolites is composed
silicon and aluminum oxide tetrahedra. Charge balance
quires one cation per aluminum. It is generally accepted
in acidic zeolites, the active site is a proton localized on
oxygen ion coordinated to aluminum; therefore, many s
ies have been devoted to the determination of the num
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nature, and strength of acid sites. Several studies have s
that the catalytic activity increases in direct proportion to
number of strong Brønsted acid sites. For example, in Y
olite, the catalytic activity for the cracking of hexane [2
and isobutane [4] increases linearly with increasing frame
work aluminum up to 32 Al/unit cell. Similarly, in ZSM-5,
the catalytic activity for hexane cracking increases linear
with increasing structural aluminum [5,6].

In addition to the number of acid sites, it is thought t
the strength of the Brønsted acid sites is affected by
acid site density, i.e., the Si/Al ratio [7], the T–O–T bond
angle [8,9], the presence of nonframework aluminum [
8,10–18], or charge-balancing cations [18,19]. Theore
and experimental evidence suggests that the acid stre
per aluminum is a maximum when the framework alumin
ions have no second nearest neighbor aluminum [20
Similarly, as the T–O–T bond angle decreases, the
strength increases; thus smaller pore zeolites display h

http://www.elsevier.com/locate/jcat
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cracking activity per Brønsted site. For example, for ma
acid-catalyzed reactions theactivity increases in the orde
MFI > MOR > Y. High-temperature steaming of zeolit
leads to the loss of structural aluminum and a decreas
the number of acid sites, but an increase in the catalytic
tivity. The higher activity of the remaining catalytic sites
generally suggested to be due to the presence of enha
acid strength. For example, enhanced conversion for he
cracking occurs for mildly steamed H-ZSM-5, mordenite
and Y zeolite. Steaming also leads to the formation of non
framework aluminum (NF Al) and Lewis acid sites. High
active sites are thought to form when a nonframework
minum ion bonds to a framework aluminum–oxygen bo
The Lewis acid center is proposed to withdraw electron d
sity enhancing the Brønsted acid strength [19,22]. Base
Cs poisoning studies [11], it was concluded that about 4%
the total aluminum present in ZSM-5 has enhanced acti
While ion exchange results in a loss of one Brønsted site
alkali ion, the loss in catalytic activity is greater than the lo
in the number of sites. This observation has led to the c
clusion that the acid strength of all acid sites, even those
have no second nearest neighbors, is not equal and tha
catalytic activity is due to a small number of Brønsted s
with enhanced activity [2].

Paraffin cracking is a model reaction often used to ch
acterize the strength of Brønsted sites in zeolites. Depen
on the reaction conditions and conversion, there are two
action pathways for paraffin cracking. The initial reacti
occurs by a monomolecular attack by the Brønsted
site on C–H or C–C bonds. This attack results in an (
sorbed) pentacoordinate carbonium ion, which decomp
to a smaller paraffin (or H2) and an adsorbed carbenium io
forming an alkoxy species [23]. Under conditions of lo
alkane partial pressure, low conversion, and high temp
ture, i.e., low surface coverage, the alkoxy species des
yielding an olefin product. At higher conversions and surf
coverage, the adsorbed species undergo bimolecular rea
with a second paraffin reactant abstracting a hydride
These adsorbed species undergo isomerization,β-scission,
and alkylation of alkenes.

Under conditions where monomolecular alkane cra
ing dominates, physical adsorption of alkane reactants con
tributes to the apparent kinetics and obeys Temkin’s r
tion [24,25]. A Langmuir–Hinshelwood model adequat
describes the kinetics of monomolecular cracking. In
model, the kinetically significant elementary steps can be
scribed by Eqs. (1) and (2) for hexane cracking:

(1)C6H14(gas) ⇔ C6H14(ads)

C6H14(ads) + H+ –−OZ⇒ [C6H15
+ –−OZ]±

(2)⇒ cracked products.

Hexane is first physicallyadsorbed into the zeolite
[Eq. (1)]. This step is rapid and the adsorbed hexane i
equilibrium with the gas phase. The adsorbed hexane
reacts with a Brønsted site [Eq. (2)] to form a transition st
d

e

n

[C6H15
+ –−OZ]±, dissociation of which forms the cracke

products. The apparent reaction rate,Rapp, conforms to the
following expression,

(3)Rapp= kintKadsPA

(1+ KadsPA)
,

wherekint is the intrinsic rate constant,Kads is the equilib-
rium adsorption constant, andPA is the partial pressure o
alkane. Under monomolecular cracking conditions the
face coverage of alkane is low, i.e.,KadsPA � 1, thus Eq. (3)
reduces to

(4)Rapp= kintK
′
adsPA = kappPA,

whereK ′
ads is Henry’s constant. The rate expression, the

fore, is first order in hexane partial pressure, and the appa
rate constant is the product of the intrinsic rate cons
and the adsorption equilibrium constant. The tempera
dependence of the apparent rate constant gives the appa
ent activation energy(Eapp), which is equal to the intrinsic
activation energy(Eint) plus the heat of alkane adsorptio
(�Hads) [26].

(5)Eapp= Eint + �Hads.

Several studies have successfully interpreted the di
ences in apparent rates as being due to the differenc
heats of adsorption and surface coverage of alkane. Fo
ample, in MFI the cracking rate onn-alkanes increases an
the apparent activation energy decreases as the mole
weight increases [25,27]. It was suggested that for largen-
alkanes the increased heat of adsorption leads to a h
surface coverage and an increased rate. After correctin
the adsorption enthalpy, and therefore the increased su
coverage, the intrinsic rate constant for alln-alkanes was
identical. Similarly, the difference in apparent reaction r
for n-alkane cracking [28] and paraffin isomerization [29
by different zeolites was suggested to be due primarily
the enthalpies of adsorption, rather than due to change
the intrinsic acid strength of the zeolites. Likewise, the
hanced activity for alkane cracking over zeolite morden
was explained in terms of increased sorption of the reac
in the pores of the steamed zeolite [30].

In this study, the apparent monomolecularn-hexane
cracking rate has been determined for a series of H-ZSM
5, H-MOR, and H-USY zeolites modified by changing t
Si/Al ratio, mild steam dealumination, or different levels
Na exchange. The changes in theapparent rate constants a
consistent with those in the literature. Additionally, the a
parent activation energy has been determined and de
the vastly different reaction rates all fall on a single comp
sation plot with the natural log of the preexponential fac
The finding of a compensation plot suggests a correlation
tween the enthalpy and the entropy of adsorption. The lin
compensation relation implies that the intrinsic acid stren
in all catalysts is very similar. This interpretation impli
that the differences in apparent rate ofn-hexane conversio
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and apparent activation energy are primarily due to dif
ences in the sorption properties, which are affected by
size, Si/Al ratio, NF Al, and alkali ions, especially at low
surface coverage.

2. Experimental

2.1. Zeolite samples and modifications

H-ZSM-5 (CBVx20) samples were obtained from Z
olyst with x being the nominal SiO2/Al2O3 ratio. The alu-
minum elemental analysis was determined by ICP an
given in Table 1. CBV5020 was partially dealuminated
steaming for 3 h at 811 K with a H2O partial pressure o
(y) Torr (St-H-ZSM-5(y)). The two large-crystal H-ZSM
5 (large crystal) samples with different amounts of a
minum were synthesized in our laboratories and have w
formed crystals of ca. 10 µm compared to 0.1–0.5 µm for
CBVx20 series. The H-MOR (CBV-30) was a commerc
sample with 2.6 wt% aluminum obtained from Zeolyst.
H-MOR was steamed at 673 K for 3 h at a H2O partial pres-
sure of 40 kPa [30]. A mordenite free of Lewis acid sites a
nonframework Al, denoted as MOR (No LS), was obtain
by repeated ion exchange (with 1 M NH4NO3) of NaMOR
(LZM-5 obtained from UOP) and calcination. (NH4)2SiF6
chemically dealuminated Y (CDHY) was obtained fro
UOP (LZY-210). The catalyst was ion-exchanged with 1
NH4NO3 at 353 K to remove the residual Na. To preserve

Table 1
Zeolite samples, elemental analysis, and number of acid sites

Sample Al Framework Na/AlFb H+c,d

(%) Si/AlFa (mmol/g)

CDHY 6.2 6.7 0.01 2.2
H-USY-1 12.9 6.1 0.02 2.3
H-USY (no Na) (12.9) 6.1 0.00 2.3
(H, Na)-USY (0.05) (12.9) 6.1 0.05 2.2
(H, Na)-USY (0.12) (12.9) 6.1 0.12 2.1
(H, Na)-USY (0.20) (12.9) 6.1 0.20 1.9

H-MOR 2.6 18 0.04 0.67
St-H-MOR 2.6 21 0.04 0.60

H-ZSM-5 (3020) 2.3 18 0.01 0.85
H-ZSM-5 (5020) 1.7 28 0.02 0.56
H-ZSM-5 (8020) 1.1 47 0.01 0.41
H-ZSM-5 (15020) 0.5 94 0.01 0.19
H-ZSM-5 (lg.xtal) 0.5 107 0.01 0.19
H-ZSM-5 (lg.xtal) 1.0 56 0.01 0.37
St-H-ZSM-5 (25) 1.7 32 0.02 0.50
St-H-ZSM-5 (75) 1.7 32 0.02 0.40
St-H-ZSM-5 (150) 1.7 45 0.02 0.30
St-H-ZSM-5 (250) 1.7 53 0.02 0.21

a Determined by a combination of wet chemical analysis and the frac
of Td aluminum by27Al MAS NMR.

b Sodium determined by wet chemical analysis.
c The number of Brønsted acid sites was determined by NH3 TPD.
d The number of Brønsted acid sites was assumed to be equivale

number of acid sites by NH3 TPD minus the sodium content.
structure of this zeolite, it was converted to the H-form in s
in dry N2, immediately prior toeach experiment. H-USY
was obtained as NH4-USY (UOP, LZY-84). The amount o
Na was adjusted by ion exchange with 1 M NH4NO3 (H-
USY-2) or limited amounts of NaNO3 (H, Na)-USY (x%
Na). The USY samples were precalcined, ex situ, at 723

The number of Brønsted sites was determined by tem
rature-programmed desorption (TPD) of NH4

+-exchanged
zeolites and dried at 375 K. In the TPD of NH4

+ zeolites,
there is no low-temperaturepeak characteristic with NH3
TPD. NH4

+ ions do not exchange with Lewis acid sites. F
MFI and MOR, the number of acid sites was determined
the amount of NH3 desorbed from an NH4+-exchanged ze
olite and is given in Table 1. For Y zeolite, the zeolites w
saturated with a flow of 4% NH3 in He. The catalyst wa
washed with water and dried at 375 K. The method g
identical results as the NH4+ with MFI and did not alter the
alkali level in Y. The total number of acid sites in Y zeol
was determined by a combination of TDP and ICP chem
cal analysis, the number of acid sites from TPD minus
number moles of Na, and is given in Table 1.

2.2. n-Hexane cracking

Monomolecular cracking ofn-hexane was conducted
a small fixed-bed, plug-flow reactor at atmospheric p
sure [28]. Trace olefins were removed from then-hexane
passing the feed through concentrated sulfuric acid follo
by low-temperature adsorption on H-USY. Then-hexane
also contained 1600 ppm 2- and 3-methylpentane and
ppm methylcyclopentane. Approximately 10–50 mg of z
lite was pretreated by heating to 833 K for 1 h in a flow
dry N2. The ramp rate was 10 K/min for the USY and ZSM-
5, 7.5 K/min for MOR samples, and 2 K/min for CDHY
(chemically dealuminated). Using a slower ramping rate fo
the USY, ZSM-5, and MOR samples did not have a not
able effect on the conversion of the catalysts. The mois
content of each zeolite was determined by TGA prior
the experiment. After cooling to the reaction temperat
a stream of hexane in N2 between 0.085 and 0.11 kPa w
introduced. The hydrocarbon products were analyzed by
line gas chromatography, while H2 was not detected. Th
selectivity was determined by extrapolation to 0%n-hexane
conversion. Activity tests conducted for up to 6 h showed
no deactivation. The conversion was varied by changing th
WHSV and maintained below about 25%. The apparen
tivation energy was determined at temperatures between
and 815 K.

2.3. n-Alkane adsorption in H-MOR

The gravimetric and calorimetric alkane adsorption me
surements were performed in a modified SETARAM T
DSC 111 instrument. MOR (No LS), H-MOR, and St-
MOR were dried under vacuum at 673 K for 1 h and coo
to 323 K. Subsequently, the alkanes (C3–C6) were dosed
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Table 2
n-Hexane cracking selectivity extrapolated to 0% conversion and comparison with literature values

Sample Producta (mol%)

CH4 C2H6 C2H4 C3H8 C3H6 i-C4H10 n-C4H10 C4H8
b i-C5H12

CDHY 8 14 7 13 40 0 3 14 1
H-USY 8 14 5 13 38 0 4 16 3
H-USY (0.00) 6 10 9 8 51 0 3 11 2
(H, Na)-USY (0.05) 6 10 8 8 48 0 3 12 3
(H, Na)-USY (0.12) 7 10 8 8 46 0 4 13 4
(H, Na)-USY (0.20) 6 10 8 8 48 0 3 13 5
H-MOR 6 15 4 12 38 0 2 19 4
St-H-MOR 7 11 8 8 36 0 2 14 1
H-ZSM-5 (5020) 5 16 6 14 36 0 2 20 1
St-H-ZSM-5 (25) 6 16 3 14 38 0 2 17 1
Average 7 14 7 12 38 – 3 17 2
Literature

H-ZSM-5c 4 17 7 18 34 – 4 17 –
Deal HYc 3 9 4 24 43 – 4 9 –
H-βc – 4 3 38 47 – 3 4 –
H-ZSM-5d 5 16 8 13 36 – 4 17 2

a Hydrogen was not detected.
b All butene isomers.
c S. Kotrel, M.P. Rosynek, J.H. Lunsford, J. Phys. Chem. B 103 (1999) 818.
d T.F. Narbeshuber, A. Brait, K. Seshan, J.A. Lercher, J. Catal. 172 (1997) 127.
heat
ed.

ally
he
ng-
d to

ted
ri-
ical
re-

th-
ra-

pen
ra-
the
e

r, in
ple

ary
ane

cant

e
s.
ro-
ucts

. For
uld
en-
ene
e
-
the
lar
ex-

and

from
ary

ger
ack-
the
unt-
uct

f ex-
to be
than
the

s-
the
and equilibrated with the surface. When no changes in
flow and uptake were observed, equilibrium was assum
The adsorption isotherms were determined gravimetric
together with the differential enthalpies of adsorption. T
equilibrium adsorption constants calculated from the La
muir equation and the measured enthalpies were use
calculate the entropy of adsorption.

3. Results

Then-hexane cracking selectivities at 773 K extrapola
to 0% conversion are given in Table 2. Within the expe
mental uncertainties, the product distributions are ident
for all zeolites and are consistent with those previously
ported for monomolecular cracking ofn-hexane, which are
also given in Table 2 [25,31]. For the monomolecular pa
way, the primary product of protolysis gives unity molar
tio of methane versus pentene, C2 versus C4 (either ethylene
plus butane or ethane and butene), propane versus pro
and hydrogen versus hexene. The high olefin to paraffin
tio, the low selectivity to iso-pentane and iso-butane, and
absence of detectable C7+ products are consistent with th
absence of the bimolecular cracking pathway. Howeve
general the molar ratios are also not consistent with a sim
monomolecular cracking pathway where only the prim
products are formed. For example, the propene to prop
ratio is greater than one, and although there are signifi
amounts of methane, there is no pentene.

The absences of pentene (and hexene) indicate that thes
larger olefins rapidly undergo secondary cracking reaction
Thus, cracking of these primary olefin products would p
duce two smaller olefin products. For pentene, the prod
e,

would be ethene and propene in equal molar amounts
7 mol% methane, the equivalent amount of pentene wo
give 7 mol% of ethene and propene. Since this is nearly id
tical to the ethene selectivity, this suggests that little eth
forms as a primary cracking product, i.e., the reaction to giv
ethene plusn-butane. The lown-butane selectivity is consis
tent with this conclusion. Therefore, a large fraction of
C2 plus C4 products is butene plus ethane in equal mo
amounts. Secondary cracking of hexene might also be
pected to give two sets of products, 2 mol of propene,
ethene plus butene. However, since the butene/ethane ratio
is close to one and the moles of ethene is that expected
secondary cracking of pentene, it is likely that second
cracking of hexene predominantly forms propene.

The propene selectivity is about 38% and is much lar
than that of propane (12%) and expected as a primary cr
ing product. It is too large even after accounting for
amount formed by secondary cracking of pentene. Acco
ing for the amount of propylene formed as a primary prod
and a secondary product from pentene, the amount o
cess propene is 19%, i.e., 38–12–7. This is presumed
formed by secondary cracking of hexene. Thus, greater
95% of the reaction products can be accounted for by
following monomolecular cracking forn-hexane:

(a)n-C6H14 → H2 + n-C6H12 → H2 + 2C3H6,

(b)n-C6H14 → CH4 + n-C5H10 → CH4 + C2H4 + C3H6,

(c)n-C6H14 → C2H6 + n-C4H8,

(d)n-C6H14 → C3H8 + C3H6.

Although several additional reactions (e) and (f) are po
sible, these do not appear to contribute significantly to
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Table 3
Kinetic parameters, apparent rate constant at 773 K,apparent activation en
ergy, and preexponential factor for monomolecular cracking ofn-hexane

Sample kapp
a Aapp

b Eapp
c

CDHY 690 6.8× 1015 186
H-USY-1 990 2.5× 1015 178
H-MOR 1500 3.1× 1014 157
St-H-MOR 7400 8.9× 1014 153
H-ZSM-5 (3020) 2900 6.2× 1011 108
H-ZSM-5 (5020) 3000 5.0× 1012 124
H-ZSM-5 (8020) 2700 2.1× 1011 106
H-ZSM-5 (15020) 2200 5.3× 1010 100
H-ZSM-5 (lg.xtal) 1600 7.3× 1011 122
H-ZSM-5 (lg.xtal) 2600 2.6× 1011 107
St-H-ZSM-5 (25) 6100 9.2× 1012 124
St-H-ZSM-5 (75) 4800 1.2× 1012 114
St-H-ZSM-5 (150) 1200 7.3× 1012 122
St-H-ZSM-5 (250) 2600 2.2× 1012 128

a Apparent rate constant at 773 K with units [µmol mol Brøns
sites−1 s−1 kPa−1] based on the number of catalytic sites in USY de
mined from Fig. 1.

b Preexponential factor with units of [molecules Brønsted site−1 s−1

kPa−1].
c Estimated error is±9 kJ/mol.

reaction products:

(e)n-C6H14 → H2 + n-C6H12 → H2 + C2H4 + C4H8,

(f)n-C6H14 → C2H4 + n-C4H10.

If reactions (a)–(d) are assumed to be the only react
that contribute to the products, the selectivity is well
produced assuming that the relative rates are approximate
3:2:2:4, respectively. This analysis of the cracking reaction
is in good agreement with those previously made for
monomolecular cracking pathway forn-hexane [25,28,31].

3.1. Kinetic parameters

Under the reaction conditions employed in this study,
product selectivity did not change with time on stream,
conversion was independent ofthe sequence of experimen
and the catalysts did not deactivate. The apparent kineti
parameters (apparent rate constant at 773 K, apparent activa
tion energy and preexponential factor) are given in Table

Ion exchange of Brønsted sites by Na+ ions in Y zeolite
leads to a decrease in conversion. Consistent with prev
studies of alkali poisoning, the activity declines at a fas
rate than can be accounted for by the loss of acid sites [2
For example, a loss of 12% of the acid sites (Na/AlF = 0.12)
leads to of 45% loss in activity, i.e.,kapp decreases from
300 to 170 µmol mol Brønsted sites−1 s−1 kPa−1. In Fig. 1,
there is a linear decrease in the apparent rate constant
increasing alkali. Extrapolation to zero conversion, i.e.,
apparent rate constant of zero, indicates that about two-t
of the acid sites do not contribute to conversion, imply
that only one-third of the acid sites are exposed to the r
tants [33,34]. Based on Fig. 1, the rate constant for Y ze
.

Fig. 1. The effect of the addition of alkali on the apparent rate constan
n-hexane conversion over USY zeolite.

Fig. 2. Arrhenius plot for monomolecularn-hexane cracking over H-USY
(!) and CDHY ("), steamed (1) and unsteamed (2) H-ZSM-5, and
steamed (P) and unsteamed (Q) H-MOR.

was determined assuming the number of catalytic acid
was one-third the total number of Brønsted sites.

In the absence of steaming, the apparent rate cons
increase in the order of structure types Y< MOR < MFI
in agreement with previous studies [28,31]. The appa
rate constant of FAU (CDHY) was approximately two tim
lower than that of H-MOR, which in turn was approximate
two times lower than MFI. Within a given structure type,
example, MFI, the apparent rate constants were very sim
with different Si/Al ratios and crystal sizes. The latter res
indicates that the rate of monomolecularn-hexane cracking
is not influenced by diffusional limitations. Mild steam de
lumination at low H2O pressure leads to a fivefold increa
in the apparent rate constant in MOR and a twofold incre
in MFI. With increasing severity of steaming, the appar
rate constant decreases in MFI, indicating that there i
optimum in the activity with steaming. These results are c
sistent with previous studies on mild steam dealuminatio
MFI and MOR zeolites [10–17,22,30].

The apparent activation energies and preexponentia
tors were determined from slope and intercepts of the Ar
nius plots (Fig. 2), respectively, and are given in Table 3.
preexponential values for Y zeolite were calculated base
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Fig. 3. Compensation plot for monomolecular cracking ofn-hexane over
differently treated zeolites; (2) H-ZSM-5; (Q) H-mordenite; and (") Y
zeolite.

Fig. 4. Coverage dependency of the heat of adsorption of propane on
lites: (Q) H-Mor, (2) H-Mor-St, and (") MOR No LS.

the number of catalytic Brønsted sites. Like the apparent
constants, the largest deviations occur between zeolites
different structures and within a given structure the diff
ences are smaller. The apparent activation energies dec
in the order Y> MOR > MFI. Using the apparent kineti
parameters, a Constable plot, i.e., a plot of the apparen
tivation energy versus the natural log of the preexpone
factor, shows a linear compensation in Fig. 3. The values fo
all zeolites and modifications within experimental error f
on a single line.

3.2. Sorption of alkanes in H-MOR

The enthalpy of adsorption with increasing surface co
age was determined for propane,n-butane,n-pentane, andn-
hexane on the MOR catalysts and previously published [
The surface was considered saturated when there was a
decrease in the heat of adsorption with subsequent dos
hydrocarbon. A typical heat of adsorption plot is shown
Fig. 4. This figure shows the heat of adsorption as func
of coverage of propane on samples H-MOR, H-MOR-
and MOR (No LS). The sample free of Lewis acid si
shows a constant heat of adsorption for all coverages, in
-

e

-

rp
f

Fig. 5. Correlation between the enthalpies and entropies of alkane sorptio
in H-mordenite: (Q) NF Al and Lewis acid free H-Mor; (") H-Mor; (2)
St-H-Mor.

trast to samples H-MOR and H-MOR-St that show enhan
heats of adsorption at coverages lower than 0.1 mmol/g. H-
MOR-St clearly shows a higher heat of adsorption at
coverages compared to H-Mor. At coverages higher t
0.1 mmol/g, H-MOR and H-MOR-St show identical hea
of adsorption as the sample free of Lewis acid sites. W
increasing amounts of NF Al theinitial heat of adsorption in
creased by 5–15 kJ/mol. The number of these more strong
adsorbing sites is about 5–10% of the saturation adsorp
capacity. The sites that show enhanced heats of adsor
are ascribed to Lewis acid sites formed during the dealu
nation procedures [30].

The heat of adsorption increases as the molecular we
of the alkane increases [30]. For mordenite, the enthalpy in
creases by about 10 kJ/mol per –CH2– group due to the
increased interaction of alkane with the pore wall. Adso
tion isotherms at 323 K were obtained for each alkane
fit to the Langmuir equation for calculation of the adso
tion equilibrium constant. From the equilibrium constant a
the integral enthalpy of adsorption, the entropy of adsorp
was calculated. The integral enthalpy term was determ
by averaging the heats of adsorption at saturation coverag
Fig. 5 shows that there is a linear correlation between th
entropy and the integral enthalpy of adsorption. The das
lines represent the different alkanes. The solid lines repre
sent the different MOR catalysts (H-MOR, St-H-MOR, a
an MOR No LS). Although the integral heat of adsorption
creases with the molecular weight with about 10 kJ/mol per
–CH2– group for each zeolite, for a given hydrocarbon, i
not identical for each zeolite. There are variations due to
different treatments resulting from contributions to the
thalpy of adsorption on Lewis acid sites in the zeolite po
at low coverage [30] (Fig. 4). Although there is only a sm
change in the number of strongly adsorbing sites, this le
to a significant effect on the entropy of adsorption; i.e.,
higher the heat of adsorption the greater the loss in entr
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4. Discussion

4.1. Sorption of alkanes in zeolites

The interaction of an alkane with a zeolite is domina
by two factors. The first is the van der Waals interacti
which accounts for the pore-wall alkane interaction. T
second is the dipole-induced hydrogen bonding with
Brønsted acid site [35–40]. The second term constitut
constant value, which is around 10 kJ/mol. The first term
dominates the interaction and is larger for longer alka
each adjoined –CH2– group contributes a nearly consta
amount of heat (Fig. 5).

The pore size strongly affects the enthalpy of adsorp
and is higher for smaller pore zeolites. This is known
the confinement effect [36,38]. For example, the entha
of n-hexane adsorption in H-ZSM-5 is about 86 kJ/mol,
but decreases to 69 and 50 kJ/mol in MOR and H-Y, re-
spectively [28]. In addition to pore size, the enthalpy of
sorption is altered by the presence of ions in the pores
example, NF Al. In Fig. 4, it can be seen that at low surf
coverage the initial heat of adsorption for propane is gre
than that at saturation coverage. The enthalpies of adsorp
tion on these initial alkane adsorption sites are 5–15 kJ/mol
higher than the interaction with the pore walls and Brøns
acid sites. This is also reflected in the higher integral hea
adsorption forn-butane,n-pentane, andn-hexane in Fig. 5.

4.2. Effect of adsorption on the apparent reaction rate a
activation energy

As outlined in Eqs. (1)–(5), a Langmuir–Hinshelwo
model adequately describes the kinetics of monomolec
alkane cracking in zeolites. The reaction is first order in re
tant and the apparent rate constant,kapp, is the product of the
adsorption equilibrium constant,Kads, and the intrinsic rate
constant,kint [Eq. (4)]. Thus, in order to determine the effe
of acid strength on the cracking rate of zeolites, for exam
it is also necessary to account for the differences in sur
coverage due to differences in thermodynamics of ads
tion. Since both the intrinsic rate constant and the adsorp
equilibrium constant have the same temperature depend
the apparent activation energy has two contributions,Eint
and�Hads [Eq. (5)]. Recently, several studies have rec
nized the significance of adsorption on the apparent crackin
rates and apparent activation energies in zeolites [25,2
30,41] (Table 4).

The apparent rate ofn-alkane cracking over H-ZSM-5 in
creases as the length of the alkane increases [25,27,4
addition, the apparent activation energy decreases wit
creasing carbon number. After correction for the heat
alkane adsorption, the intrinsic activation energy was ne
identical for each reactant. The differences in the appare
rates of reaction are entirely determined by difference
surface coverage as a consequence ofKads, which is larger
y,

,

n

Table 4
Summary of apparent and intrinsic kinetic parameters of monomolecul
cracking of alkanes over zeolites

Relative Eapp Etrue
activity (kJ/mol) (kJ/mol)

Compensation plot of data presenteda [27]

Butane – 142 205
Hexane – 126 205
Octane – 92 197
Nonane – 84 197
Decane – 67 193

Compensation plot constructed in this paperb [25]

Propane 1 155 198
Butane 6.5 135 197
Pentane 34 120 194
Hexane 114 105 197

Refs. [43,44]c

Propane 1 165 191
Butane 8d 140 175
Pentane 70 135 183

Compensation plot constructed in this paper,
including additional datae [28]

H-ZSM-5 14 149 235
H-MOR 6.5 157 226
H-Y 1 186 236

Ref. [41]f

Constant intrinsic activity of 167 kJ/mol

a H-ZSM-5, 1 bar total pressure, low pP alkane.
b H-ZSM-5, 1 bar total pressure, 0.1< pP alkane< 10 kPa.
c H-FAU, 1 bar total pressure, 0.1 < pP alkane< 10 kPa.
d Secondary reactions are observed, see text for details.
e n-Hexane, 1 bar total pressure, 87< pP alkane< 380 Pa.
f H-ZSM-5, propane to eicosane.

for the higher molecular weight alkanes. The authors c
cluded that a higher cracking rate does not imply that
longer paraffins are more reactive, i.e., have a largerkint, but
that they have a largerKads.

Very similar conclusions were drawn for hydro-isome
zation of alkanes of different chain lengths. As the length
the alkane increases, the reactivity (conversion) of the p
fin increases and the differences in activity are governed b
their physisorption properties [29,42]. Likewise, the hyd
isomerization activity ofn-hexane over acid-extracted a
steamed MOR may be accounted for by changes in the s
tion enthalpies [30]. These studies conclude that the hi
isomerization rates are due to the increased concentration
reactants within the pores, rather than due to differences
the reactivity of the paraffins or the strength of the acid si

As observed for H-ZSM-5, the apparent activation en
gies(Eapp) for propane, butane, and pentane cracking o
zeolite FAU decrease with increasing carbon number
ble 4) [43,44]. After correction for the heats of adsorpti
not only are the intrinsic activation energies for propa
and pentane nearly identical, but also they are very sim
lar to those in H-ZSM-5, implying that the acid strength
Brønsted sites is similar. The intrinsic activation energy
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n-butane was lower, which was ascribed to a significant c
tribution from bimolecular reactions to the conversion [44

Table 4 also contains results for the monomolecu
cracking ofn-hexane on H-ZSM-5, H-MOR, and H-Y. Un
der equivalent reaction conditions, the reaction rate incre
as the pore size decreases, i.e., H-ZSM-5> MOR > Y. In
addition, the apparent activation energy decreased in
same order; the zeolite with the highest activity had
lowest apparent activation energy. After correction for
enthalpies of adsorption [Eq. (5)], the intrinsic activation
energies of the zeolites with different structure were si
lar and lead the authors to conclude that despite the diffe
cracking conversions, the intrinsic acid strength in the dif
ent zeolites was very similar [28]. In this study, zeolites
the same structure were assumed to have the same en
of adsorption, taken from values reported in the literatu
which is an oversimplification (vide infra).

Similar to previous studies, mild steam dealumination
mordenite leads to increased conversion for monomol
lar n-butane cracking up to a maximum of 2.7 times p
Brønsted acid site [2,3,11,18,30].Steam dealumination le
to an increase in the low coverage enthalpy of sorption
about 5–15 kJ/mol, depending on the degree of dealumin
tion, which was correlated with the increased activity. T
amount of NF Al also correlated with the number of Lew
acid sites. It was proposed that MOR with NF Al, i.e., Lew
acid sites formed by mild steaming, has a higher enth
of adsorption. These sites are important since under r
tion conditions the surface coverage of alkane is low, an
few more energetic adsorption sites significantly increase
fractional coverage. The enhanced conversion due to st
ing was proposed to be due to the higher surface covera
reactants, rather than due to the formation of a highly re
tive Brønsted site.

All the above studies indicate that the differences in c
version of alkanes by monomolecular cracking on zeolite
are dominated by changes inKads and that changes inkint
are smaller and much less important. The sorption pree
librium controls the concentration of alkanes in the pore
the zeolite [Eq. (1)] and, therefore, the extent of convers
[Eq. (4)]. Although the structure, Si/Al ratio, NF Al, alkali
ions, etc., lead to changes in conversion, an increased
version does not necessarily mean that the strength o
Bronsted site has increased. Finally, a small change in
number of more energetic adsorption sites, especially if t
are located next to a Brønsted acid site, can significantly
the alkane surface coverage and lead to a significant ch
in conversion.

4.3. Compensation correlation for monomolecular alkan
cracking on ZSM-5

As discussed above, several studies have establishe
the intrinsic cracking activation energy ofn-alkanes of dif-
ferent molecular weight is nearly identical and that the dif
ference in apparent rate is dominated by the differenc
t

y

-

-
f

-

e

t

Fig. 6. Compensation (Constable) plot for monomolecular cracking of
ear alkanes of various lengths over zeolite H-ZSM-5 (data taken from [

the surface coverage of alkane. The different tempera
dependence of surface coverage also leads to a decre
the apparent activation energy with increasing carbon n
ber [25,27]. Using the reported apparent activation ene
and preexponential factors [25], a Constable or compe
tion plot was constructed and is shown in Fig. 6. The
ear correlation coefficient ofR = 0.996 indicates that a
the apparent activation energy decreases the natural lo
the apparent preexponential factor also decreases. As
cated by Bond [45], a true compensation relation display
an isokinetic point, i.e., extrapolation of the Arrhenius pl
intersect at a common temperature. From the reported r
tion temperatures, rates of reaction, and the apparent kinet
parameters, the Arrhenius plots were reproduced, Fig
and the extrapolated isokinetic point is shown in Fig.
n-Alkane cracking in H-ZSM-5 displays a true compen
tion relation.

While there is no general agreement as to the interpre
tation of the compensation effect, we make the follow
interpretation of the temperature dependence of the ap
ent rate constant:

(6)kapp= Aappe(−Eapp/RT ).

From Eq. (4),

(7)kapp= Kadskint.

The temperature dependencies ofKadsandkint are

(8)Kads= e(−�Gads/RT ) = e(−�Hads/RT )e(�Sads/R),

(9)kint = Ainte(−Eint/RT ).

Combining Eqs. (6), (8), and (9) leads to the followi
relations:

Eapp= Eint + �Hads,

(10)lnAapp= lnAint + �Sads
.

R
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Fig. 7. (a) Arrhenius plots of monomolecular cracking of linear alka
over zeolite H-ZSM-5 (data taken from Ref. [25]). (b) Extrapolation of
Arrhenius plots indicating an isokinetic temperature.

The compensation plot, therefore, is a correlation
tween the entropy of adsorption plus the natural log of
intrinsic preexponential factor versus the enthalpy of ads
tion plus the intrinsic activation energy. Since forn-alkane
monomolecular cracking in H-ZSM-5, the intrinsic terms
constant (Table 4, Fig. 7), the compensation correlation
have the same interdependence as the entropy and en
of adsorption, which has been shown to be linear [40].

4.4. Implication of a compensation relation for different
zeolites

For monomolecularn-hexane cracking with different ze
olites and treatments, there is also a linear compensation
(Fig. 3). However, for these different zeolites there is no
plicit reason that the intrinsic kinetic parameters should
identical. In fact, most studies conclude that the intrinsic aci
strength, and thus the intrinsic rate constant, of differen
olites is significantly different.

The adsorption equilibrium constant is determined
marily by the van der Waals attraction between the paraffi
with the zeolite walls, while the intrinsic rate constant
dependent on the chemical interaction between the al
and the Brønsted acid site. Thus, the equilibrium adsorp
constant and the intrinsic kinetic rate constant correspon
very different fundamental processes involving the alka
y

t

and one would not expect to observe a linear Constable
if both properties vary quite differently for different zeolite
The apparent compensation effect implies some correla
between the intrinsic kinetic parameters and the entropy
enthalpy of adsorption, as suggested by Eqs. (5) and
The two extreme cases correspond to the situation tha
trinsic kinetic parameters are identical and the entropy
enthalpy are linearly correlated, or the entropy and enth
of adsorption are identical and the intrinsic rate constant
preexponential are linearly correlated. For paraffin cra
ing on zeolites, several studies have shown that the latt
not true. Therefore, a linear compensation plot may sug
that the intrinsic activation energy and preexponential
tors in these zeolites are identical, or at least very sim
Small changes in the acid strength and intrinsic rate con
would cause deviation from a perfectly linear Constable p
The linear compensation plot for these unrelated zeolites
treatments implies that the intrinsic acid strength of Brøn
sites is very similar, despite the large differences in appa
conversion (per acid site) under reaction conditions. Th
retical calculations have suggested that the intrinsic ac
tion energy for monomolecular cracking is fairly indepe
dent of hydrocarbon [46,47].

If the zeolites in Fig. 3 do have similar intrinsic rate co
stants and activation energies, then the apparent differe
activities are due to changes in the enthalpies of ads
tion. Furthermore, each treatment, for example, leads to
small but significant change in the enthalpy of adsorpt
The implication is that each ZSM-5 sample, for example, ha
a different enthalpy of adsorption, especially at low surf
coverage. One possible cause may be the presence of
amounts of Lewis acid sites in some of the samples. S
small changes have been observed on steam-dealumi
MOR where NF Al for Lewis acid sites have a higher hea
adsorption than in the zeolite without these species (Figs.
and 5).

The apparent linear Constable plot implies not only t
the intrinsic kinetic parameters are identical, but that th
is also a linear correlation between the entropy and enthalp
of adsorption for all zeolites including those with differe
structures. While a linear correlation between the entrop
and the enthalpy of adsorption was shown for MOR (Fig.
it remains to be demonstrated for all the zeolite structu
and treatments. However, as long as the enthalpy of ad
tion is dominated by physical adsorption, it seems rea
able that an increase in enthalpy will result in a proportio
loss of entropy, i.e., from gas phase to adsorbed phase.

5. Conclusion

Monomolecularn-hexane cracking over zeolites of d
ferent structure types shows large differences in conver
and apparent activity per acid site. The conversion incre
in the order H-ZSM-5> MOR > Y. Smaller variations in
conversion were observed for samples of the same stru
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that were modified by the Si/Al ratio, steam dealumination
or addition of alkali. Mild steam dealumination initially in
creased the cracking conversion in H-ZSM-5, but decrease
with further dealumination. Similar increases in conversio
were obtained for steam dealumination in MOR. Addition
alkali reduced the number of Brønsted sites in Y; howe
the cracking rate decreased faster than the loss in the nu
of acid sites.

Despite the vastly different properties, treatments,
apparent activities of the zeolites, a linear compensa
relation is found for monomolecular cracking in a Co
stable plot. The compensation plot is interpreted by s
gesting that the apparent activation energy is equal to
enthalpy of adsorption plus the intrinsic activation ene
and that the natural log of the apparent preexponential
tor is equal to the entropy of adsorption plus the natu
log of the intrinsic preexponential factor. The linear co
pensation plot can be interpreted to indicate very sim
intrinsic kinetic parameters in each zeolite and that the
ferences in apparent activity are determined primarily by
alkane surface coverage. Small differences in the low c
erage enthalpy of adsorption with increasing amounts
NF Al, which correlate with an increase in the number
Lewis acid sites and an increase in activity, are obse
in steam-dealuminated MOR. Alinear Constable relatio
also suggests that there is a linear dependence betwee
enthalpy and the entropy of adsorption for all zeolites
treatments. This linear relation between the entropy and
enthalpy of adsorption is observed for steam-dealuminate
MOR.
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