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Abstract

Monomolecular cracking of alkanegas investigated over zeolites of different struettypes and after different treatments. Large devi-
ations in apparent rates of reaction and apparent kinetic parameters were detected for zeolites of different structure types; smaller chang
were observed within a structure type. The¢/iratio and different crystal sizes had no effect on turnover frequency; however, steaming
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 enhanced heat of
adsorption, although the number of Brgnsted sites decreased. The apparent activation energies and preexponential factors showed a lin
compensation relation in a Constable plot. Using the Langmuir—Hinshelwood kinetics formalism, the apparent kinetic parameters include
enthalpy and entropy of adsorption and surface reaction terms. If thalpy and entropy of adsorption are linearly related, which is experi-
mentally observed for unsteamed and steamed mordenite, then theragoanpensation effect implies that the observed differences in rate
are dominated by differences in adsorption of the reactant in the pores of the zeolites, rather than by differences in acid strength. Zeolite:
with smaller pores show enhanced adsorption, and cuesgly the rate of reaction increases in the order H-M-MOR < H-ZSM-5.
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1. Introduction nature, and strength of acid sites. Several studies have shown
that the catalytic activity increases in direct proportion to the
Zeolites are widely utilized as solid acid catalysts in in- number of strong Brgnsted acid sites. For example, in Y ze-
dustrial petrochemical processéor example, fluid catalytic  olite, the catalytic activity for the cracking of hexane [2,3]
cracking (FCC), hydrocracking, paraffin isomerization, aro- and isobutane [4] increasesdarly with increasing frame-
matic alkylation, xylene isomerization, and toluene dispro- work aluminum up to 32 Alunit cell. Similarly, in ZSM-5,
portionation [1]. The structure of zeolites is composed of the catalytic activity for hexamcracking increases linearly
silicon and aluminum oxide tetrahedra. Charge balance re-yth increasing structural aluminum [5,6].
quires one cation per aluminum. Itis generally accepted that |, aqdition to the number of acid sites, it is thought that

in acidic zeolites, the active site is a proton localized on an o strength of the Bransted acid sites is affected by the
oxygen ion coordinated to aluminum; therefore, many stud- ;g site density, i.e., the Al ratio [7], the T-O—T bond

ies have been devoted to the determination of the number,angle [8,9], the presence of nonframework aluminum [2,3,

8,10-18], or charge-balancing cations [18,19]. Theoretical
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cracking activity per Brgnsted site. For example, for many [CsH1s5t ——0Z]*, dissociation of which forms the cracked
acid-catalyzed reactions tleetivity increases in the order products. The apparent reaction rakgpp conforms to the
MFI > MOR > Y. High-temperature steaming of zeolites following expression,
leads to the loss of structural aluminum and a decrease in
; ; ; ; ; kintKadsPa

the number of acid sites, but an increase in the catalytic ac- Rapp= —————, (3)
tivity. The higher activity of the remaining catalytic sites is (1+ KadsPn)
generally suggested to be due to the presence of enhancedherekiy; is the intrinsic rate constank ,qsis the equilib-
acid strength. For example, enhanced conversion for hexangium adsorption constant, ang is the partial pressure of
cracking occurs for mildly stamed H-ZSM-5, mordenite, alkane. Under monomolecular cracking conditions the sur-
and Y zeolite. Steaming alsedds to the formation of non-  face coverage of alkane is low, i.&agsPa < 1, thus Eq. (3)
framework aluminum (NF Al) and Lewis acid sites. Highly reduces to
active sites are thought to form when a nonframework alu-
minum ion bonds to a framework aluminum—oxygen bond. Rapp= kintK aqsPA = kappPA. 4)
The Lewis acid center is proposed to withdraw electron den-
sity enhancing the Brgnsted acid strength [19,22]. Based on
Cs poisoning studies [11], it was concluded that about 4% of
the total aluminum present in ZSM-5 has enhanced activity.
While ion exchange results in a loss of one Brgnsted site per
alkah ion, the loss in cataly_t|c activity is greater than the loss ent activation energyEapg), which is equal to the intrinsic
in the number of sites. This observation has led to the con- _ . . :

. : S activation energy(Eint) plus the heat of alkane adsorption
clusion that the acid strength of all acid sites, even those that A Hago [26]
have no second nearest neighbors, is not equal and that thé ad ’
catalytic activity is due to a small number of Brgnsted sites Eapp= Eint + A Hags (5)
with enhanced activity [2].

Paraffin cracking is a model reaction often used to char- ~ Several studies have successfully interpreted the differ-
acterize the strength of Brgnsted sites in zeolites. Dependingences in apparent rates as being due to the differences in
on the reaction conditions and conversion, there are two re-heats of adsorption and surface coverage of alkane. For ex-
action pathways for paraffin cracking. The initial reaction ample, in MFI the cracking rate orralkanes increases and
occurs by a monomolecular attack by the Bransted acid the apparent activation energy decreases as the molecular
site on C—H or C-C bonds. This attack results in an (ad- weight increases [25,27]. It was suggested that for lazger
sorbed) pentacoordinate carbonium ion, which decomposesilkanes the increased heat of adsorption leads to a higher
to a smaller paraffin (or pj and an adsorbed carbeniumion, surface coverage and an increased rate. After correcting for
forming an alkoxy species [23]. Under conditions of low the adsorption enthalpy, and therefore the increased surface
alkane partial pressure, low conversion, and high tempera-coverage, the intrinsic rate constant for afalkanes was
ture, i.e., low surface coverage, the alkoxy species desorbgdentical. Similarly, the difference in apparent reaction rate
yielding an olefin product. At higher conversions and surface for n-alkane cracking [28] andgpaffin isomerization [29]
coverage, the adsorbed species undergo bimolecular reactioRy different zeolites was suggested to be due primarily to
with a second paraffin reactant abstracting a hydride ion. the enthalpies of adsorption, rather than due to changes in
These adsorbed species undergo isomerizafiesgission, the intrinsic acid strength of the zeolites. Likewise, the en-
and alkylation of alkenes. hanced activity for alkane cracking over zeolite mordenite

Under conditions where monomolecular alkane crack- was explained in terms of increased sorption of the reactant
ing dominates, physical adsaion of alkane reactants con-  in the pores of the steamed zeolite [30].
tributes to the apparent kinetics and obeys Temkin's rela- In this study, the apparent monomoleculathexane
tion [24,25]. A Langmuir-Hinshelwood model adequately cracking rate has been deténed for a series of H-ZSM-
describes the kinetics of monomolecular cracking. In this 5, H-MOR, and H-USY zeolites modified by changing the
model, the kinetically significant elementary steps can be de- Si/Al ratio, mild steam dealumination, or different levels of

whereK/ . is Henry’s constant. The rate expression, there-
fore, is first order in hexane partial pressure, and the apparent
rate constant is the product of the intrinsic rate constant
and the adsorption equilibrium constant. The temperature

dependence of the apparenter@onstant gives the appar-

scribed by Egs. (1) and (2) for hexane cracking: Na exchange. The changes in #gparent rate constants are
consistent with those in the literature. Additionally, the ap-
CeH14(gas « CgHia(ads 1) parent activation energy has been determined and despite
CeH1a(ad9 + H ——0Z = [CgH15t ——0Z]F the vastly different reaction rates all fall on a single compen-
sation plot with the natural log of the preexponential factor.
= cracked products (2)

The finding of a compensation plot suggests a correlation be-
Hexane is first physicallyadsorbed ito the zeolite tween the enthalpy and the entropy of adsorption. The linear
[Eqg. (1)]. This step is rapid and the adsorbed hexane is in compensation relation implies that the intrinsic acid strength
equilibrium with the gas phase. The adsorbed hexane thenin all catalysts is very similar. This interpretation implies
reacts with a Brgnsted site [Eq. (2)] to form a transition state, that the differences in apparent ratenehexane conversion
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and apparent activation energy are primarily due to differ-
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structure of this zeolite, it was converted to the H-formin situ

ences in the sorption properties, which are affected by porein dry N, immediately prior toeach experiment. H-USY

size, SyAl 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 Ze-
olyst with x being the nominal SigYAl,O3 ratio. The alu-

was obtained as NHUSY (UOP, LZY-84). The amount of
Na was adjusted by ion exchange with 1 M M3 (H-
USY-2) or limited amounts of NaN©(H, Na)-USY (%
Na). The USY samples were precalcined, ex situ, at 723 K.
The number of Brgnsted sites was determined by tempe-
rature-programmed desorption (TPD) of NHexchanged
zeolites and dried at 375 K. In the TPD of i¥H zeolites,
there is no low-temperatungeak characteristic with N4
TPD. NH;™ ions do not exchange with Lewis acid sites. For
MFI and MOR, the number of acid sites was determined by

minum elemental analysis was determined by ICP and is the amount of NH desorbed from an Nkt -exchanged ze-

given in Table 1. CBV5020 was partially dealuminated by
steaming for 3 h at 811 K with a #D partial pressure of
(y) Torr (St-H-ZSM-5(y)). The two large-crystal H-ZSM-
5 (large crystal) samples with different amounts of alu-

minum were synthesized in our laboratories and have well-

olite and is given in Table 1. For Y zeolite, the zeolites were
saturated with a flow of 4% Nglin He. The catalyst was
washed with water and dried at 375 K. The method gave
identical results as the Ng#t with MFI and did not alter the
alkali level in Y. The total number of acid sites in Y zeolite

formed crystals of ca. 10 um compared to 0.1-0.5 um for the was determined by a comtzition of TDP and ICP chemi-

CBVx20 series. The H-MOR (CBV-30) was a commercial
sample with 2.6 wt% aluminum obtained from Zeolyst. St-
H-MOR was steamed at 673 K for 3 h at a®lpartial pres-
sure of 40 kPa [30]. A mordenite free of Lewis acid sites and
nonframework Al, denoted as MOR (No LS), was obtained
by repeated ion exchange (with 1 M YNO3) of NaMOR
(LZM-5 obtained from UOP) and calcination. (MHSiFs
chemically dealuminated Y (CDHY) was obtained from
UOP (LZY-210). The catalyst was ion-exchanged with 1 M
NH4NO3 at 353 K to remove the residual Na. To preserve the

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

Sample Al Framework N&IFP — Htcd
(%) Si/AIF2 (mmol/g)

CDHY 6.2 6.7 0.01 22

H-USY-1 129 6.1 0.02 23

H-USY (no Na) (12.9) 6.1 0.00 23

(H, Na)-USY (0.05) (129) 6.1 0.05 22

(H, Na)-USY (0.12) (12.9) 6.1 0.12 21

(H, Na)-USY (0.20) (129) 6.1 0.20 19

H-MOR 26 18 0.04 067
St-H-MOR 26 21 0.04 060
H-ZSM-5 (3020) 23 18 0.01 5
H-ZSM-5 (5020) 17 28 0.02 66
H-ZSM-5 (8020) 11 47 0.01 o1
H-ZSM-5 (15020) ® 94 0.01 019
H-ZSM-5 (Ig.xtal) 05 107 0.01 ao
H-ZSM-5 (Ig.xtal) 10 56 0.01 87
St-H-ZSM-5 (25) 17 32 0.02 (0510)
St-H-ZSM-5 (75) 17 32 0.02 040
St-H-ZSM-5 (150) 17 45 0.02 30
St-H-ZSM-5 (250) 7 53 0.02 @1

@ Determined by a combination of wet chemical analysis and the fraction
of Td aluminum by?’Al MAS NMR.

b Sodium determined by wet chemical analysis.

¢ The number of Brgnsted acid sites was determined by WPD.

cal analysis, the number of acid sites from TPD minus the
number moles of Na, and is given in Table 1.

2.2. n-Hexane cracking

Monomolecular cracking of-hexane was conducted in
a small fixed-bed, plug-flow reactor at atmospheric pres-
sure [28]. Trace olefins were removed from thdiexane
passing the feed through concentrated sulfuric acid followed
by low-temperature adsorption on H-USY. Thehexane
also contained 1600 ppm 2- and 3-methylpentane and 3300
ppm methylcyclopentane. Approximately 10-50 mg of zeo-
lite was pretreated by heating to 833 K for 1 h in a flow of
dry N2. The ramp rate was 10 Mnin for the USY and ZSM-
5, 7.5 K/min for MOR samples, and 2 inin for CDHY
(chemically dealuminated). rgy a slower ramping rate for
the USY, ZSM-5, and MOR samples did not have a notice-
able effect on the conversion of the catalysts. The moisture
content of each zeolite was determined by TGA prior to
the experiment. After cooling to the reaction temperature,
a stream of hexane in\between 0.085 and 0.11 kPa was
introduced. The hydrocarbon products were analyzed by on-
line gas chromatography, whileoHvas not detected. The
selectivity was determined by extrapolation to @%hexane
conversion. Activity tests conducted for up & h showed
no deactivation. The conversiavas varied by changing the
WHSYV and maintained below about 25%. The apparent ac-
tivation energy was determined at temperatures between 750
and 815 K.

2.3. n-Alkane adsorption in H-MOR
The gravimetric and calorietric alkane adsorption mea-

surements were performed in a modified SETARAM TG-
DSC 111 instrument. MOR (No LS), H-MOR, and St-H-

d The number of Brgnsted acid sites was assumed to be equivalent to MOR were dried under vacuum at 673 K for 1 h and cooled

number of acid sites by NEHTPD minus the sodium content.

to 323 K. Subsequently, the alkaness{Cs) were dosed
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Table 2
n-Hexane cracking selectivity extrapolated to 0% conversion and comparison with literature values
Sample Produét(mol%)
CHgy CyHg CoHy C3Hg C3Hg i-C4H10 n-C4H1g C4H8b i-CsHqo
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-5¢ 4 17 7 18 34 - 4 17 -
Deal HY® 3 9 4 24 43 - 4 9 -
H-p¢ - 4 3 38 47 - 3 4 -
H-zSMm-54 5 16 8 13 36 - 4 17 2

@ 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.

and equilibrated with the surface. When no changes in heatwould be ethene and propene in equal molar amounts. For
flow and uptake were observed, equilibrium was assumed.7 mol% methane, the equivalent amount of pentene would
The adsorption isotherms were determined gravimetrically give 7 mol% of ethene and propene. Since this is nearly iden-
together with the differential enthalpies of adsorption. The tical to the ethene selectivity, this suggests that little ethene
equilibrium adsorption constants calculated from the Lang- forms as a primary cracking pduct, i.e., the reaction to give
muir equation and the measured enthalpies were used tcethene plug-butane. The low-butane selectivity is consis-
calculate the entropy of adsorption. tent with this conclusion. Therefore, a large fraction of the
C, plus G products is butene plus ethane in equal molar
amounts. Secondary cracking of hexene might also be ex-
3. Results pected to give two sets of products, 2 mol of propene, and
ethene plus butene. However, since the butetiene ratio
Then-hexane cracking selectivities at 773 K extrapolated is close to one and the moles of ethene is that expected from
to 0% conversion are given in Table 2. Within the experi- secondary cracking of pentene, it is likely that secondary
mental uncertainties, the product distributions are identical cracking of hexene predominantly forms propene.
for all zeolites and are consistent with those previously re-  The propene selectivity is about 38% and is much larger
ported for monomolecular cracking efhexane, which are  than that of propane (12%) and expected as a primary crack-
also given in Table 2 [25,31]. For the monomolecular path- ing product. It is too large even after accounting for the
way, the primary product of protolysis gives unity molar ra- amount formed by secondary cracking of pentene. Account-
tio of methane versus pentene, @&rsus G (either ethylene  ing for the amount of propylene formed as a primary product
plus butane or ethane and butene), propane versus propen@nd a secondary product from pentene, the amount of ex-
and hydrogen versus hexene. The high olefin to paraffin ra-cess propene is 19%, i.e., 38—12-7. This is presumed to be
tio, the low selectivity to iso-pentane and iso-butane, and the formed by secondary cracking of hexene. Thus, greater than
absence of detectable;C products are consistent with the 95% of the reaction products can be accounted for by the
absence of the bimolecular cracking pathway. However, in following monomolecular cracking for-hexane:
general the molar ratios are also not consistent with a simple

monomolecular cracking pathway where only the primary n-CeHi14 — H2 4+ n-CgHi12 — Ho 4 2C3Hes, (@)
prqdqcts are formed. For example, the propene to' Propane, 1. . CH, + n-CsHio — CHa + CoHa + CaHe. (b)
ratio is greater than one, and although there are significant

amounts of methane, there is no pentene. n-CeH14 — CoHg + n-Cs4Hg, ()

The absences of pentene (arekéne) indicate that these
larger olefins rapidly undemsecondary cracking reactions.
Thus, cracking of these primary olefin products would pro-  Although several additionaéactions (e) and (f) are pos-
duce two smaller olefin products. For pentene, the productssible, these do not appear to contribute significantly to the

n-CgHy14 — C3Hg + C3Hg. (d)
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+ 400
Table 3 %
Kinetic parameters, apparerate constant at 773 lpparent activation en- E
ergy, and preexponential factor for monomolecular cracking-béxane 3 300
©
Sample kappa Aappb Eappc 2
5 S 20
CDHY 690 68 x 101 186 © 3
H-USY-1 990 25 x 1015 178 S
H-MOR 1500 31 x 1014 157 g 100
St-H-MOR 7400 8 x 1014 153 g /
H-ZSM-5 (3020) 2900 ® x 1011 108 g8
H-ZSM-5 (5020) 3000 B x 102 124 0.6 0.65 07 0.75 0.8 0.85 0.9 0.95 1
H-ZSM-5 (8020) 2700 2 x 10t 106 Fraction H+ (1-Na/Al)
H-ZSM-5 (15020) 2200 B x 100 100
H-ZSM-5 (Ig.xtal) 1600 Bx 10t 122 Fig. 1. The effect of the addition of alkali on the apparent rate constant for
H-ZSM-5 (lg.xtal) 2600 % x 1011 107 n-hexane conversion over USY zeolite.
St-H-ZSM-5 (25) 6100 2 x 1012 124
St-H-ZSM-5 (75) 4800 D x 10'2 114 13.0 : - : . .
St-H-ZSM-5 (150) 1200 B x 10'2 122
St-H-ZSM-5 (250) 2600 2 x 1012 128 1201 & .
a Apparent rate constant at 773 K with units [umolmol Brensted 110l B i
sites 1 s~1 kPa 1] based on the number of catalytic sites in USY deter- .
mined from Fig. 1. -
b : I 1 £210.0 1
Preexponential factor with units of [molecules Brgnsteddits P
—1 ~
kPar 7] . c 90t .
Estimated error is9 kJ/mol. —
80 r E
reaction products:
70 r E
n-CgHi4 — Hz +n-CgH12 — Hz + CoHa + CaHs, (e) 60 , , , , .
n-CeH14 — CoHa + n-CsH1o. (f) 122 124 126 128 130 132 134
1000/T [K']

If reactions (a)—(d) are assumed to be the only reactions
that contribute to the products, the selectivity is well re- Fig. 2. Arrhenius plot for monomolecularhexane cracking over H-USY
produced assuming that theatVe rates are approximately (O) and CDHY @), steamed [{)) and unsteamedl) H-ZSM-5, and
3:2:2:4, respectively. This afysis of the cracking reactions ~stéamed4) and unsteameda) H-MOR.
is in good agreement with those previously made for the
monomolecular cracking pathway ferhexane [25,28,31]. was determined assuming the number of catalytic acid sites
was one-third the total number of Brgnsted sites.

In the absence of steaming, the apparent rate constants
increase in the order of structure types<YMOR < MFI
in agreement with previous studies [28,31]. The apparent
rate constant of FAU (CDHY) was approximately two times
lower than that of H-MOR, which in turn was approximately
two times lower than MFI. Within a given structure type, for
example, MFI, the apparent rate constants were very similar
tion energy and preexponential factor) are given in Table 3. with different Sy Al ratios and crystal sizes. The latter result

lon exchange of Bransted sites by Nmns in Y zeolite indicates that the rate of monomolecutahexane cracking
leads to a decrease in conversion. Consistent with previousis not influenced by diffusional limitations. Mild steam dea-
studies of alkali poisoning, the activity declines at a faster lumination at low BO pressure leads to a fivefold increase
rate than can be accounted for by the loss of acid sites [2,32].in the apparent rate constant in MOR and a twofold increase

3.1. Kinetic parameters

Under the reaction conditions employed in this study, the
product selectivity did not change with time on stream, the
conversion was independenttbE sequence of experiments,
and the catalysts did not demeite. The apparent kinetic
parameters (apparent rate ctamg at 773 K, apparent activa-

For example, a loss of 12% of the acid sites (Ng = 0.12)
leads to of 45% loss in activity, i.ekapp decreases from
300 to 170 pmol mol Bransted sitelss~1 kPaL. In Fig. 1,

in MFI. With increasing severity of steaming, the apparent
rate constant decreases in MFI, indicating that there is an
optimum in the activity with steaming. These results are con-

there is a linear decrease in the apparent rate constant wittsistent with previous studies on mild steam dealumination of
increasing alkali. Extrapolation to zero conversion, i.e., an MFI and MOR zeolites [10-17,22,30].

apparent rate constant of zero, indicates that about two-thirds  The apparent activation energies and preexponential fac-
of the acid sites do not contribute to conversion, implying tors were determined from slope and intercepts of the Arrhe-
that only one-third of the acid sites are exposed to the reac-nius plots (Fig. 2), respectively, and are given in Table 3. The
tants [33,34]. Based on Fig. 1, the rate constant for Y zeolite preexponential values for Y zeolite were calculated based on
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zeolite. Heat of Adsorption (kJ/mol)
— 55 Fig. 5. Correlation between the enthialp and entropies of alkane sorption
g = H-Mor-St in H-mordenite: &) NF Al and Lewis acid free H-Mor; @) H-Mor; (H)
- * H-Mor St-H-Mor.
2 *H-Mor NolS
C
% trast to samples H-MOR and H-MOR-St that show enhanced
5’, heats of adsorption at coverages lower than 0.1 rmigidi-
5 . MOR-St clearly shows a higher heat of adsorption at low
3 cot . . coverages compared to H-Mor. At coverages higher than
T °. % . . 0.1 mmo)g, H-MOR and H-MOR-St show identical heats
of adsorption as the sample free of Lewis acid sites. With
increasing amounts of NF Al theitial heat of adsorptionin-
35 _— creased by 5-15 Kihol. The number of these more strongly
0.00 0.05 0.10 0.15 020 025 0.30 0.35 0.40 045 adsorbing sites is about 5-10% of the saturation adsorption
Coverage (mmol/ g) capacity. The sites that show enhanced heats of adsorption

Fig. 4. Coverage dependency of the heat of adsorption of propane on zeo-a‘re ascribed to Lewis acid sites formed dunng the dealumi-

lites: (A) H-Mor, () H-Mor-St, and ®) MOR No LS. nation procedures [30]'- _ .
The heat of adsorption increases as the molecular weight
the number of catalytic Bransted sites. Like the apparent ratef the alkane increases [30JoFmordenite, the enthalpy in-
constants, the largest deviations occur between zeolites withcréases by about 10 kdol per ~Ch— group due to the
different structures and within a given structure the differ- increased interaction of alkane with the pore wall. Adsorp-
ences are smaller. The apparent activation energies decreaston isotherms at 323 K were obtained for each alkane and
in the order Y> MOR > MFI. Using the apparent kinetic fit to the Langmuir equation for calculation of the adsorp-
parameters, a Constable plot, i.e., a plot of the apparent action equilibrium constant. From the equilibrium constant and
tivation energy versus the natural log of the preexponential the integral enthalpy of adsorption, the entropy of adsorption
factor, shows a linear compettiem in Fig. 3. The values for ~ Was calculated. The integral enthalpy term was determined
all zeolites and modifications within experimental error fall by averaging the heats of adption at saturation coverage.

on a single line. Fig. 5 shows that there is a &ar correlation between the
entropy and the integral enthalpy of adsorption. The dashed
3.2. Sorption of alkanes in H-MOR lines represent the differentkanes. The solid lines repre-

sent the different MOR catalysts (H-MOR, St-H-MOR, and
The enthalpy of adsorption with increasing surface cover- an MOR No LS). Although the integral heat of adsorptionin-
age was determined for propanehutanen-pentane, and- creases with the molecular weight with about 1@rkdl per
hexane on the MOR catalysts and previously published [30]. -CHz— group for each zeolite, for a given hydrocarbon, it is
The surface was considered saturated when there was a shamot identical for each zeolite. There are variations due to the
decrease in the heat of adsorption with subsequent doses oflifferent treatments resulting from contributions to the en-
hydrocarbon. A typical heat of adsorption plot is shown in thalpy of adsorption on Lewis acid sites in the zeolite pores
Fig. 4. This figure shows the heat of adsorption as function at low coverage [30] (Fig. 4). Although there is only a small
of coverage of propane on samples H-MOR, H-MOR-St, change in the number of strongly adsorbing sites, this leads
and MOR (No LS). The sample free of Lewis acid sites to a significant effect on the entropy of adsorption; i.e., the
shows a constant heat of adsorption for all coverages, in con-higher the heat of adsorption the greater the loss in entropy.
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4. Discussion Table 4
Summary of apparent and intrinsicnietic parameters of monomolecular

cracking of alkanes over zeolites

4.1. Sorption of alkanes in zeolites

Relative Eapp Etrue
. . . . . activity (kJ/mol) (kJ/mol)
The interaction of an alkane with a zeolite is dominated Compensation plot of data preseridar]
by two factors. The first is the van der Waals interaction, P P P
. . . Butane - 142 205
which accounts for the pore-wall alkane interaction. The |\ e B 126 205
second is the dipole-induced hydrogen bonding with the octane - 92 197
Brgnsted acid site [35-40]. The second term constitutes a Nonane - 84 197
constant value, which is around 10/kdol. The first term Decane - 67 193
dominates the interaction and is larger for longer alkanes; Compensation plot constructed in this pap25]
each adjoined —C§+ group contributes a nearly constant  Propane 1 155 198
amount of heat (Fig. 5). Butane 65 135 197
The pore size strongly affects the enthalpy of adsorption Pentane 34 120 194
. . . o Hexane 114 105 197
and is higher for smaller pore zeolites. This is known as
. Refs. [43,44%
the confinement effect [36,38]. For example, the enthalpy
-h dsorption in H-ZSM-5 is about 86/kbl Propane : 165 191
of n-hexane adsorp _ , Butane g 140 175
but decreases to 69 and 50/kibl in MOR and H-Y, re- Pentane 70 135 183
spectively [28]. In addition to pore size, the enthalpy of ad- Compensation plot constructed in this paper
sorption is altered by the presence of ions in the pores, for including additional dat8 [28]
example, NF Al. In Fig. 4, it can be seen that at low surface H-zsm-5 14 149 235
coverage the initial heat of adsorption for propane is greater H-MOR 6.5 157 226
than that at saturation coveragéhe enthalpies of adsorp-  H-Y 1 186 236
tion on these initial alkane adsorption sites are 5-1/%rial Ref. [41f

higher than the interaction with the pore walls and Brgnsted

Constant intrinsic activity of 167 Kinol

acid sites. This is also reflected in the higher integral heats of
adsorption fom-butanep-pentane, and-hexane in Fig. 5.

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

& H-ZSM-5, 1 bar total pressure, low pP alkane.

b H-zSM-5, 1 bar total pressure,D< pP alkane< 10 kPa.
€ H-FAU, 1 bar total pressure,D< pP alkane< 10 kPa.

d Secondary reactions are observed, see text for details.
€ n-Hexane, 1 bar total pressure, 8P alkane< 380 Pa.

f H-zSM-5, propane to eicosane.

As outlined in Egs. (1)—(5), a Langmuir-Hinshelwood
model adequately describes the kinetics of monomolecularfor the higher molecular weight alkanes. The authors con-
alkane cracking in zeolites. The reaction is first order in reac- cluded that a higher cracking rate does not imply that the
tant and the apparent rate constaggp, is the productof the  longer paraffins are more reactive, i.e., have a latggrbut
adsorption equilibrium constank,ags and the intrinsic rate  that they have a largetags
constantkint [EQ. (4)]. Thus, in order to determine the effect Very similar conclusions were drawn for hydro-isomeri-
of acid strength on the cracking rate of zeolites, for example, zation of alkanes of different chain lengths. As the length of
it is also necessary to account for the differences in surfacethe alkane increases, the reactivity (conversion) of the paraf-
coverage due to differences in thermodynamics of adsorp-fin increases and the differees in activity are governed by
tion. Since both the intrinsic rate constant and the adsorptiontheir physisorption properties [29,42]. Likewise, the hydro-
equilibrium constant have the same temperature dependencyisomerization activity of:-hexane over acid-extracted and
the apparent activation energy has two contributiofyg; steamed MOR may be accounted for by changes in the sorp-
and A Hags [EQ. (5)]. Recently, several studies have recog- tion enthalpies [30]. These studies conclude that the higher
nized the significance of adsdign on the apparent cracking isomerization rates are due teetincreased concentration of
rates and apparent activation energies in zeolites [25,27,28feactants within the pores, her than due to differences in
30,41] (Table 4). the reactivity of the paraffins or the strength of the acid sites.

The apparent rate afalkane cracking over H-ZSM-5 in- As observed for H-ZSM-5, the apparent activation ener-
creases as the length of the alkane increases [25,27,41]. Irgies (Eapp for propane, butane, and pentane cracking over
addition, the apparent activation energy decreases with in-zeolite FAU decrease with increasing carbon number (Ta-
creasing carbon number. After correction for the heats of ble 4) [43,44]. After correction for the heats of adsorption,
alkane adsorption, the intrinsic activation energy was nearly not only are the intrinsic activation energies for propane
identical for each reactant. €hdifferences in the apparent and pentane nearly identicdlut also they are very simi-
rates of reaction are entirely determined by differences in lar to those in H-ZSM-5, implying that the acid strength of
surface coverage as a consequenc& gfs which is larger Brensted sites is similar. The intrinsic activation energy for
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. . I 12 —— . . . .
n-butane was lower, which was ascribed to a significant con- ' ' ' ' '

tribution from bimolecular reactions to the conversion [44].
Table 4 also contains results for the monomolecular
cracking ofn-hexane on H-ZSM-5, H-MOR, and H-Y. Un-
der equivalentreaction conditions, the reaction rate increases—, 8r
as the pore size decreases, i.e., H-ZSM-BIOR > V. In <
addition, the apparent activation energy decreased in the= 6 §
same order; the zeolite with the highest activity had the
lowest apparent activation energy. After correction for the 41+ .
enthalpies of adsorption [Eg5)], the intrinsic activation
energies of the zeolites with different structure were simi- 2L i
lar and lead the authors to conclude that despite the different I
cracking conversions, the intrinsic acid strength in the differ- 0 T T S T T
ent zeolites was very similar [28]. In this study, zeolites of 100 110 120 130 140 150 160
the same structure were assumed to have the same enthalpy E,,, (kJ/mol)
of adsorption, taken from values reported in the literature,
which is an oversimplification (vide infra). Fig. 6. Compensgtion (Constable) plot for monomolecular cracking of lin-
Similar to previous studies, mild steam dealumination of ear alkanes of various lengths over zeolite H-ZSM-5 (data taken from [25]).
mordenite leads to increased conversion for monomolecu-
lar n-butane cracking up to a maximum of 2.7 times per the surface coverage of alkane. The different temperature
Brgnsted acid site [2,3,11,18,30]. Steam dealumination leadsdependence of surface coverage also leads to a decrease in
to an increase in the low coverage enthalpy of sorption by the apparent activation energy with increasing carbon num-
about 5-15 kdmol, depending on the degree of dealumina- ber [25,27]. Using the reported apparent activation energy
tion, which was correlated with the increased activity. The and preexponential factors [25], a Constable or compensa-
amount of NF Al also correlated with the number of Lewis tion plot was constructed and is shown in Fig. 6. The lin-
acid sites. It was proposed that MOR with NF Al, i.e., Lewis ear correlation coefficient ok = 0.996 indicates that as
acid sites formed by mild steaming, has a higher enthalpy the apparent activation energy decreases the natural log of
of adsorption. These sites are important since under reacthe apparent preexponential factor also decreases. As indi-
tion conditions the surface coverage of alkane is low, and a cated by Bond [45], a true corapsation relation displays
few more energetic adsorption sites significantly increase thean isokinetic point, i.e., extrapolation of the Arrhenius plots
fractional coverage. The enhanced conversion due to steamintersect at a common temperature. From the reported reac-
ing was proposed to be due to the higher surface coverage otion temperatures, rates of réan, and the apparent kinetic
reactants, rather than due to the formation of a highly reac- parameters, the Arrhenius plots were reproduced, Fig. 7a,
tive Brgnsted site. and the extrapolated isokinetic point is shown in Fig. 7b.
All the above studies indicate that the differences in con- n-Alkane cracking in H-ZSM-5 displays a true compensa-
version of alkanes by monomesiular cracking on zeolites  tion relation.
are dominated by changes kugs and that changes ikint While there is no general aggment as to the interpre-
are smaller and much less important. The sorption preequi-tation of the compensation effect, we make the following
librium controls the concentration of alkanes in the pores of interpretation of the temperature dependence of the appar-
the zeolite [Eq. (1)] and, therefore, the extent of conversion ent rate constant:
[Eq. (4)]. Although the structure, BAl ratio, NF Al, alkali
ions, etc., lead to changes in conversion, an increased conkapp= Aappe(_
version doe;s not ljecessarily mean that the strength of the Fom Eq. (4),
Bronsted site has increased. Finally, a small change in the
number of more energetic adsorption sites, especially if they kapp= Kaddint. (7)
are located next to a Brgnsted acid site, can significantly alter
the alkane surface coverage and lead to a significant change

in conversion. Kads— € ~AGadd RT) _ o(~AHads/ RT) g(ASaad/ R) ®)

10

Eapp/RT)' (6)

The temperature dependenciesk@fisandkint are

. . . . —Eint/RT
4.3. Compensation correlation for monomolecular alkane  kint = Ainte! /K1), 9)

cracking on ZSM-5 Combining Egs. (6), (8), and (9) leads to the following

. , : relations:
As discussed above, several studies have established that
the intrinsic cracking activation energy efalkanes of dif- Eapp= Eint + AHads
ferent molecular weight is ndgridentical and that the dif- ASads

ference in apparent rate is dominated by the difference inIn Aapp=In Aint + R (10)
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Fig. 7. (a) Arrhenius plots of monomolecular cracking of linear alkanes
over zeolite H-ZSM-5 (data taken from Ref. [25]). (b) Extrapolation of the
Arrhenius plots indicating an isokinetic temperature.

The compensation plot, therefore, is a correlation be-

J.A. van Bokhoven et al. / Journal of Catalysis 224 (2004) 50-59

and one would not expect to observe a linear Constable plot
if both properties vary quite differently for different zeolites.
The apparent compensation effect implies some correlation
between the intrinsic kinetic parameters and the entropy and
enthalpy of adsorption, as suggested by Eqgs. (5) and (10).
The two extreme cases correspond to the situation that in-
trinsic kinetic parameters are identical and the entropy and
enthalpy are linearly correlated, or the entropy and enthalpy
of adsorption are identical and the intrinsic rate constant and
preexponential are linearly correlated. For paraffin crack-
ing on zeolites, several studies have shown that the latter is
not true. Therefore, a linear compensation plot may suggest
that the intrinsic activation energy and preexponential fac-
tors in these zeolites are identical, or at least very similar.
Small changes in the acid strength and intrinsic rate constant
would cause deviation from a perfectly linear Constable plot.
The linear compensation plot for these unrelated zeolites and
treatments implies that the intrinsic acid strength of Brgnsted
sites is very similar, despite the large differences in apparent
conversion (per acid site) under reaction conditions. Theo-
retical calculations have suggested that the intrinsic activa-
tion energy for monomolecular cracking is fairly indepen-
dent of hydrocarbon [46,47].

If the zeolites in Fig. 3 do have similar intrinsic rate con-
stants and activation energiethen the apparent different
activities are due to changes in the enthalpies of adsorp-
tion. Furthermore, each treatmnte for example, leads to a
small but significant change in the enthalpy of adsorption.
The implication is that each 285 sample, for example, has
a different enthalpy of adsorption, especially at low surface
coverage. One possible cause may be the presence of small

tween the entropy of adsorption plus the natural log of the amounts of Lewis acid sites in some of the samples. Such
intrinsic preexponential factor versus the enthalpy of adsorp- small changes have been observed on steam-dealuminated

tion plus the intrinsic activation energy. Since foialkane
monomolecular cracking in H-ZSM-5, the intrinsic terms are

MOR where NF Al for Lewis acid sites have a higher heat of
adsorption than in the zeoliteithout these species (Figs. 4

constant (Table 4, Fig. 7), the compensation correlation will and 5).
have the same interdependence as the entropy and enthalpy The apparent linear Constable plot implies not only that

of adsorption, which has been shown to be linear [40].

4.4. Implication of a compensation relation for different
zeolites

For monomoleculat-hexane cracking with different ze-

the intrinsic kinetic parameters are identical, but that there
is also a linear correlation beden the entropy and enthalpy
of adsorption for all zeolites including those with different
structures. While a linear celation between the entropy
and the enthalpy of adsorption was shown for MOR (Fig. 5),
it remains to be demonstrated for all the zeolite structures

olites and treatments, there is also a linear compensation plotand treatments. However, as long as the enthalpy of adsorp-

(Fig. 3). However, for these different zeolites there is no im-

tion is dominated by physical adsorption, it seems reason-

plicit reason that the intrinsic kinetic parameters should be able that an increase in enthalpy will result in a proportional

identical. In fact, most studie®nclude that the intrinsic acid

strength, and thus the intrinsic rate constant, of different ze-

olites is significantly different.

loss of entropy, i.e., from gas phase to adsorbed phase.

The adsorption equilibrium constant is determined pri- 5. Conclusion

marily by the van der Waals attttion between the paraffin
with the zeolite walls, while the intrinsic rate constant is

Monomoleculam-hexane cracking over zeolites of dif-

dependent on the chemical interaction between the alkaneferent structure types shows large differences in conversion
and the Brgnsted acid site. Thus, the equilibrium adsorption and apparent activity per acid site. The conversion increased
constant and the intrinsic kinetic rate constant correspond toin the order H-ZSM-5> MOR > Y. Smaller variations in

very different fundamental processes involving the alkane, conversion were observed for samples of the same structure
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