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Abstract

The cracking reactions of C6 paraffinstfexane, 2-methylpentane, 3-methylpentane, 2,2-dimethylbutane and 2,3-dimethylbutane) over
a fluidized catalytic cracking (FCC) catalyst at temperatures between 573 and 923 K have been studied in a temporal analysis of products
(TAP) reactor. A mathematical model taking into account the extra- and intra-crystalline transport phenomena was used to describe the
experimental data and allowed to determine the diffusion, sorption and intrinsic kinetic parameters for the hydrocarbons studied. These
parameters are compared with published values obtained by independent methods. The sorption parameters increase with increasing
branching in agreement with literature data while no variation of the diffusivity was observed. The activation energies for the overall
disappearance of the C6 paraffins, containing contributions of dehydrogenation and C—C bond cleavage, vary only slightly with the degree
of branching. The product distribution, however, varies greatly with the various isomers.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction It has been established that the catalytic cracking of a
paraffin proceeds via two mechanisms occurring in a con-
In a fluidized catalytic cracking (FCC) unit, heavy certed mannej2—8]. It is believed that the initiation step in
petroleum fractions are cracked to lower molecular weight the cracking of paraffins on solid acids is a monomolecular
products in the presence of an acid catalyst. The unit con-step that involves the attack of a proton from a strong Bron-
sists of two vessels: the riser-reactor, where almost all the sted acid site on either a C—C or a C-H bond. This yields a
endothermic reactions and coke deposition on the catalystpentacoordinated carbonium ion that evolves by protolysis
occur, and the regenerator, where air is used to burn cokeleading to either a shorter paraffin and the complementary
The regeneration process provides, in addition to reacti- adsorbed carbenium ion, or toHivhile leaving behind a
vating the catalyst, the heat required to vaporize the liquid carbenium ion of the original reactant. The resulting carbe-
petroleum fraction entering the system and the enthalpy nium ion adsorbed on the surface can either desorb as an
necessary to allow the endothermic cracking reactions. olefin, undergo rearrangements into isomers, crack through
Both thermal and catalytic cracking reactions take place in B-scission (a second cracking mechanism), or be saturated
the riser and the reactor vessel. Thermal cracking reactionsthrough a hydride transfer step from a reactant molecule.
proceed via a radical chain of moderate length to produce, In the case of isobutane, the difference between the initi-
after a succession of cracking/recracking events, a productation and propagation were unambiguously established by
rich in C1 and C2 hydrocarbons anebolefins[1]. The pro- Corma et al[9] and a reaction scheme for the cracking of
duction of light gas is not commercially interesting, how- this molecule was reported. It was shown thatahd CH
ever. On the contrary, the main objective of FCC units is the could only be produced by the initiation steps and that all
production of hydrocarbons in the gasoline region (C5-12, the paraffins were only produced by propagation reactions.
20-221°C boiling range), while other commercially impor-  Working at temperatures between 673 and 773 K, they deter-
tant products are LPG (a blend of C3 and C4 hydrocarbons) mined that at lower cracking temperatures, 673-723K, the
and light cycle oil (C13-20). controlling step is the bimolecular chain hydride transfer.
However, at higher temperatures, 723—773 K the controlling
step is the protolytic cracking. In FCC units, the temperature
* Corresponding author. Tel:33-472-44-5366; fax:+33-472-44-5309, 1S between 773 and 823 K and protolytic cracking reactions
E-mail address: mirodato@catalyse.univ-lyoni.fr (C. Mirodatos). would, therefore, be dominant. Similar results were found
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for hexane molecules by Bassir and Wojciechow§k§] The X-ray diffractograms were measured with a step
and for methylhexane by Bamwenda et[al]. scan of 0.25min~! using Cu Kx-radiation (0.15418 nm)

In FCC operations, light gases have usually been supposedat 40 kV/30 mA. Silicon powder was added as an inter-
to result from thermal cracking. Most studies in literature nal standard (0.059g for 1.5¢g of catalyst) and the samples
do not take into account thermal cracking when determining were prepared as self-supporting wafers. The catalyst has
the cracking kinetics in micro activity test (MAT) reactors an unit cell size of 24.31A calculated according to the
because the reaction temperature is not supposed to allowvASTM-method D3942-41 and was constituted in an im-
these reactions in a meaningful extent. Temporal analysisportant fraction of amorphous material, indicating a partial
of products (TAP) experiments offer several advantages to destruction of the zeolite.
the study of catalytic cracking over zeolites or FCC cata- The XRF measurements were carried out using a
lysts. They allow the determination of catalytic cracking ki- Philips PW 1480 spectrometer with Crokradiation and
netics free from thermal cracking due to the low pressures 50 mV/50 mA. The measured lines were AkKSi Ko, Ti
applied. The amount of product pulsed is small compared to Ka, Fe Ka, Ni Ka, V Ka, P Ka, La Ka, Ce Ka, Pr LB and
the amount of catalyst and, therefore, the coking of the cata-Nd LB. For the measurements, the samples were prepared
lyst remains negligible during the experiments. At low pres- by melting the catalyst sample with tetraboric acid into a
sures, bimolecular reactions are suppressed and, thus, theearl. A Si/Al weight ratio of 1.51 was determined.
monomolecular protolytic cracking route can more easily be  The BET surface area was measured with a Micromeritics
investigated, even at high conversions, as was demonstratedASAP 2400 by ad/desorption of Nat the liquid nitrogen
for the cracking of methylcyclohexah#&2]. Moreover, TAP boiling temperature. The pore volume was determined by
experiments give access to the diffusion inside the microp- mercury porosimetry with a Micromeritics AutoPore 9420.
ores, sorption and intrinsic kinetic parametgir3—15] Prior to the measurements the samples were degassed at

In this work, the cracking of C6 paraffins over industrial 573K for 12 h.

FCC catalysts has been studied in a TAP reactor to inves-
tigate the effect of branching on the sorption, diffusion and 2.2, TAP experiments
reaction.
The TAP-2 reactor system was used to perform transient

) response experiments under vacuum and at temperatures
2. Experimental ranging from 573 to 923 Kn-Hexane, 2-methylpentane,
3-methylpentane, 2,2-dimethylbutane and 2,3-dimethyl-
butane were obtained from Aldrich (99.9% purity) and used
without further purification. Neon was used as an internal
standard for calibration and as a reference for diffusion.
The reactant hydrocarbons together with neon were intro-
duced in the microreactor (25.4mm in length and 4 mm in
diameter) in a volume ratio of 1:1. The reactor is evacuated
continuously and the response of these pulses as a function
of time was recorded by a quadrupole mass spectrometer
located directly underneath the reactor exit. For details
of this technique, the reader is referred to Gleaves et al.

2.1. Catalyst

In this study, an industrial FCC catalyst was used. Its
main characteristics are presentedTiable 1 It consists
of Y-zeolite, a silica—alumina matrix and a binder. It was
pretreated prior to evaluation by an ex situ hydrothermal
treatment at 1043 K for 15h using 100% steam. For the
physicochemical characterization, XRD (unit-cell size, rel-
ative cristallinity), XRF (aluminum, silicon and rare earth
and metal content), Nad/desorption and Hg intrusioSdgt
and pore volume) measurements were done.

[16].
A catalyst loading of 100 mg with a particle size of ap-
Tablel proximately 0.1 mm was placed in the center of two layers
Characterization of the FCC catalyst used of 0.2-0.3mm size quartz particles. A microreactor filled
XRF Overall SI/Al (wt/wt) 151 with guartz only was employed to determine the Knudsen
Ee‘(ﬁfgth (wi.%) 010'2:23 diffusion coefficients. The transient responses of the C6 iso-
Fe (Wt.%) 0.366 mers were monitored by a quadrupole mass spectrometer
Ti (Wt.%) 0.859 following the signal of a single atomic mass unit (amu) per
P (wt.%) 0.047 pulse as a function of time. The C6 isomers were monitored
Ni (wt.%) 0.0 on the amu 86, 71 and 57. The amu’s of 58, 44, 30, 16
V (wt.%) 0.0 and 2 were also monitored as they correspond to the possi-
XRD Unit cell size (A) 24.31 ble main products of the monomolecular cracking (butane,
Physical analysis Sser (Mg Y) 138 propane, ethane, methane and hydrogen) and the C6 iso-
Skeletal density (gcr?) 2.63 mers give negligible contributions to these fragmerts%o).
Volume Hg (cnfg™) 0.75 During the experiments, the pulses were repeated several
Particle density (g cn) 0.86 times and the absence of deactivation could, therefore, be
Pore volume (crhg™1) 0.78

verified.
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2.3. Modeling where Nz et is the number of acid sites (mol'rﬁ) and
k: the rate coefficient for the irreversible cracking reaction
The zeolite particles are modeled as squared slabs with(m®mol=%s™1).
a characteristic length, located in the macropores of the The initial and boundary conditions for TAP experiments
silica—alumina matrix. These particles are considered to beare reported ifi16]. The additional boundary conditions for
symmetrical. Reversible sorption takes place at the exteriorthis model isEq. (1) The model has already been described
of zeolite particles and is described by an equation analogousin referencg15] and similar models to describe diffusion in

to Henry's law: microporous materials have been employed by Keipert and
, Bearng[13] and Nijhuis et al[14].
Cazlz=1/2 = H Ca (1) Parameter estimation was performed by fitting the entire

simulated response curve to the experimental one in the time
domain. For each curve, the sum of the squared deviations
the reactant concentration (mof) andz the zeolite co-  qyer 400 data points was used as the objective function which
ordinate (m). Only the adsorbed molecules diffuse into the \yas minimized using an algorithm based on Marquardt's

micropores. During TAP experiments, the concentration in method[18]. Diffusion and sorption parameters were deter-

the reactor remains very low and, therefore, the diffusion in yjned simultaneously by matching the simulated response
the zeolite pores is assumed to be independent of the con¢yryes of the hydrocarbons to the experimentally obtained

centration and is, therefore, described by Fick’s law. Inside gnes at low temperatures between 523 and 673 K where no
the pores, first-order irreversible reaction takes place on thereaction takes place. The kinetic parameters were estimated
acid sites. from the response curves at temperatures from 773 to 923K,

The reactor is divided into three zones: two inert zones of fixing the diffusion and sorption parameters at the values
quartz beads between which the catalyst is placed. The dif-getermined at low temperatures.

In the catalyst zone, the flux into the catalyst particles is the Arrhenius and Van't Hoff equations was used. A full
included in the model. Actually, the zeolite particles are lo- gtatistical analysis, which included the calculation of the

cated within a macroporous matrix. However, the diffusion 9504 confidence intervals on the estimated parameters, was
into the macropores is relatively fast and can, therefore, be performed after regression.

lumped into the Knudsen diffusion coefficient according to
the following equatiorj17]:

D 3. Results and discussion
K

= )
1+ (ep(1 = en))/e0 Preliminary experiments were carried out by pulsing the

where Dy is the Knudsen diffusivity in the bed @s2), hexane isomers over quartz at temperatures up to 1098 K.

Dk p the Knudsen diffusivity in the pores of the particle 11€S€ experiments showed no conversion of any of the
(m?sY) ep the particle porosity @m_s) and ey, the bed reactants indicating that thermal cracking reactions can be
' S

excluded under TAP conditions.
Fig. 1shows the experimental response curves when puls-
ing 2,2-dimethylbutane at temperatures between 573 and

whereH’ is the analogous Henry coefficient §mg3), Ca

Dk p

porosity (mg m;3). This leads to the following continuity
equation for the catalyst zone:

aCa 82Ca 923K over the industrial FCC catalyst. Up to 723K, no re-
g = Dkpsm — (1 —eb)azJaz 3) action was observed and the change in pulse shape with
increasing temperature is due to the change in diffusion
wheret is the time (s),x the reactor coordinate (mg; and sorption parameter§i(. 1a). At higher temperatures
the zeolite surface area per volume?@m3) and Ja , (Fig. 1b), part of the 2,2-dimethylbutane cracks irreversibly,
(molm~2s71) is the molar flux into the zeolite as given by |eading to more narrow pulse responses. Similar transient
Eq. (3) responses as a function of temperature were observed for all
52C hexane isomers. .
JA.z = Dy eff TZZ (4) The mass spectrometry analysis only allows a rather crude

guantification of butane, propane, ethane, methane and hy-
drogen during these experiments. No significant amounts
of ethane and butane were observed. Product yields were
calculated as the ratio between the amount of the product
formed and the amount of C6 isomer pulsédg. 2a—c
show the yield of propane, methane and hydrogen for all the
hexane isomers at temperatures between 773 and 923 K. No
9Ca 2 3°Ca.z analysis was made of the olefin production or the formation
ar Dz’eﬁv — (1= &2)NzkiCa 2 ) of heavier fractions. From the data presentedrig. 2, a

whereD, ¢ is the effective Knudsen diffusivity (fs™2) in
the zeolite. The continuity equation for the diffusion inside
the micropores is analogous fq. (3) with an effective
diffusion coefficient and it contains a term accounting for
irreversible cracking.

&z
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Fig. 1. Experimental and model response curves for 2,2-methylbutane pulses at temperatures (a) from 573 to 723K and (b) from 773 to 923 K.

carbon mass balance was calculated, assuming that alcan not be explained by a direct protolytic cracking of
light hydrocarbons and hydrogen originated from protolytic 2,2-dimethylbutane. The transient responses showed the for-
cracking of the hexane isomer and that no consecutive reac-mation of propane after the appearance of methane and can,
tions took place. At 923 K, this resulted in a 10% excess car- thus, be the result of secondary reactions. This also explains
bon balance for 2,2-dimethylbutane and 2,3-dimethylbutane, the excess in the carbon balance for 2,2-dimethylbutane as
a closed carbon balance for 2-methylpentane, and a 10-15%secondary reaction products should not be included in this
carbon deficit in the case of 3-methylpentane aftxane balance.
(the latter being calculated at 873 K). 3-Methylpentane and 2-methylpentane can form tertiary
The considerable formation of light hydrocarbons and hy- carbenium ions by splitting off hydrogen from the carbo-
drogen results from the protolytic cracking of the hexane nium ion or form a secondary carbenium ion by cleavage of
isomers, as no thermal cracking was observed during thethe C—C bond to give methane, ethane or propane. Again,
preliminary experiments. The reaction conditions of the TAP the formation of the tertiary carbenium ion is preferred, as
reactor, i.e. low pressures and a high catalyst to reactant ra-shown by the preponderant hydrogen production.
tio, favor the protolytic cracking route, as was demonstrated For n-hexane, there is no preferential formation of a
for the cracking of methylcyclohexar#2]. specific carbonium ion and, hence, no particular product
From Fig. 2 it is clear that the product distribution formation is favored. The deficit in the carbon balance also
strongly depends on the hexane isomer. 2,3-Dimethylbutaneindicates that secondary reactions occur, for example the
is the most reactive isomer yielding mainly propane and hy- production of olefins that are not included in our analysis.
drogen. This can be explained by considering the formation Bassir and Wojciechowsk{10] found that the rup-
of the carbonium ions. Protonating the central C—C bond of ture of the propyl group was the most important pro-
2,3-dimethylbutane results in a carbonium ion that easily tolytic reaction followed by the butyl group for all the C6
forms propane. Alternatively, a protonation on the second molecules except for 2,2-dimethylbutane. They also found
or third carbon atom of 2,3-dimethylbutane also leads to that n-hexane showed the greatest tendency to protolysis
a stable carbonium ion. Splitting off hydrogen results in whereas 2,3-dimethylbutane was resistant to all forms of
the formation of a tertiary carbenium ion, while splitting protolysis, as compared to conversion by chain processes.
of a methane molecule yields a secondary carbenium ion.From our results under TAP reaction conditions, it has
As tertiary carbenium ions are more stable than secondarybeen clearly established that hydrogen and methane are the
ions, the production of hydrogen from 2,3-dimethylbutane main products (except fon-C6 where the production of
is more important. hydrogen, methane and propane are comparable) and that
2,2-Dimethylbutane mainly yields methane and to a the hydrocarbons crack more easily with increasing degree
lesser extent propane, but no hydrogen. The formation of of branching. A direct comparison of the results obtained
a carbonium ion on the second carbon atom will lead to a in both works is difficult due to the very different oper-
tertiary carbenium ion and methane or ethane, but can notating conditions. As Bassir and Wojciechowski worked at
result in the formation of hydrogen. Only traces of ethane temperatures<773K, it is possible that their results were
were observed for 2,2-dimethylbutane. Propane, however,influenced by the presence of mechanisms other than simple
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Fig. 2. Evolution with the temperature of the yield to (a) propane, (b) methane, (c) hydrogen and (d) the feed conversion reblexade( C6,
2-methylpentane: 2m5, 3-methylpentane: 3m5, 2,2-methylbutane: 22m4, 2,3-methylbutane: 23m4).

protolysis. On the other hand, their approach assumes initialzero. It was, therefore, fixed at a low value of 10 kJ ol

selectivities, while our results were obtained at conversion taken as an average of the smaller activation energy values

levels up to 40% in the TAP reactor, as showrFig. 2d. (seeTable 3. The other parameter estimates together with
The diffusion, sorption and kinetic parameters of linear their 95% confidence interval are presentedatle 2 The

and branched C6 molecules were modeled from the tran-adsorption entropy reported ifable 2is calculated from

sient responses of the hexane isomé&iig. 1a shows the  the Langmuir adsorption equilibrium coefficient with 1 bar

experimental and model responses for 2,2-dimethylbutaneas reference. At low pressures, the following relation ex-

at temperatures between 573 and 723 K. The model de-ists between the analogous Henry coefficigtit, and the

scribes the data adequately for all isomers. The KnudsenLangmuir adsorption equilibrium coefficier, (Pa1):

diffusivities for the extraparticle transport were determined H' = RTKdsat )

from independent experiments. Hence, the model applied in

this temperature range has only four adjustable parameterswhere gsa: (mol mc‘a3t) is the hexane saturation adsorption

the diffusivity in the micropores, the Henry coefficient for concentration.

reversible sorption on the zeolite particles, the activation The kinetic parameters were obtained from the transient

energy for the diffusivity and the adsorption enthalpy. The responses at temperatures between 773 and 923 K. In this

data did not permit an estimation of the activation energy case, all diffusion and sorption parameters were fixed at the

for the micropore diffusion significantly different from values estimated from experiments at lower temperatures.
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Table 2
Adsorption, diffusion and kinetic parameters for linear and branched C6 isomers
AS AHags K (823K) D° (m?s1) (S D (823K) k°P(s1) Eaq k (823K)
(@mortK-1)  (kImol?) (bar?) (kdmorl) (m2sh (kdmol1) (s
n-Hexane —784+ 2 —42.6+ 0.5 0.044 1.6£ 051019 10 3.7x 101 1 x10° 1860+ 1 1.6x 10°
2-Methylpentane ~ —75 4+ 2 —43.9+ 0.5 0.074 2.2+ 0.7 1010 10 51x 1011 1 x 10’ 1889+1 1.0x 10°
3-Methylpentane  —75 =+ 2 —442+ 0.5 0.077 2.4+ 0.8 101 10 56x 1011 1 x 10’ 1838+ 1 22x 10°
2,2-Dimethylbutane —63 + 2 —37.5+ 05 0.123 2.5+ 0.8 1010 10 58x 10711 1 x 10’ 180.0+1 3.8x 10°°
2,3-Dimethylbutane —65 =+ 2 —40.2+ 0.5 0.143 6.1+ 0.7 1011 10 14x 1071 1 x 107 1793+ 1 4.2x 10°°

aCalculated assuming the C6 saturation concentration to be 200mdol m
b Fixed.

Only two adjustable parameters were taken into account: values found in this work are slightly lower than the range
the pre-exponential factor lumped with the active site con- of values reported ifTable 4

centration and the activation energy for the first order irre-  The variation of the adsorption entropy is more pro-
versible cracking reaction. These two parameters appearechounced and similar to that of the adsorption enthalpy.
to be strongly correlatedo(= 0.995) and, therefore, the  The adsorption entropy decreases with increasing degree of
pre-exponential factor was fixed at”1€* for all hexane iso- branching of the isomer. Again an analogy can be found in
mers studied. This value corresponds to the pre-exponentialthe entropy of condensation, reportedTable 3 The more
factor calculated by Dumesic et 4l9] for the protolytic branched molecules retain more degrees of freedom upon
cracking of isobutane over Y-zeolites. The model was also adsorption (or condensation) comparedntbexane. The

run with values for the pre-exponential factor set dt a6d absolute value of the adsorption entropies obtained from
108 s~ and adjusting the activation energy. This resulted in this study are lower than the values reported in the literature
a less adequate fit. The activation energies, thus, estimatedbetween—80 and—160Jmot1K~1) for the adsorption

are reported ifmable 2 A typical example of the model fit  of n-alkanes on MFI and FAU type zeolitd22]. This

is given inFig. 1b for 2,2-dimethylbutane. could be due to an underestimation of the hexane saturation
concentration of 200 mol .
3.1. Sorption parameters Overall, the adsorption coefficient, calculated from the ad-
sorption enthalpy and the adsorption entropy, increases with
Similar adsorption enthalpies were determinedrférex- increasing degree of branching, as showable 2for a

ane and the two methylpentanes. In contrast, significan- temperature of 823 K. This illustrates that the variation of
tly lower adsorption enthalpies were found for the two the adsorption entropy with the degree of branching deter-
dimethylbutanes. The presence of two methyl groups re- mines the variation of the adsorption coefficient.

duces the interaction with the surface. A similar trend

is observed for the condensation enthalpy of the hexane32. Diffusivity

isomers as presented ifable 3 The enthalpy of conden-

sation decreases with increasing branching Qf the hexa_me The micropore diffusivity does not vary significantly with
molecule. The absolute yalues of the adsorption enthalpiesne degree of branching of the hexane molecule. A decrease
correspond very well with the values calculated accord- of the diffusion coefficient with increasing degree of branch-
ing to an approach proposed by Sowerby et[20] and ing of C6 molecules has been reported by Cavalcante and
reported inTable 3 Table 4lists the experimentally de- Ruthven[23] and by Boulicaut et a[24] in silicalite and by
termined adsorption enthalpy of various C6 isomers over gchumacher et al25] for 2-methylpentane angthexane in
different zeolites reported by several authors. The absolutep g zeolites. The Y-zeolite is characterized by a more open
structure than the MFI types giving fewer constraints to the
diffusion of branched C6 molecules. The values determined

Table 3 in this work fall in the rather large range of those found by
Variation of the entropy and enthalpy for condensation and adsorption of other authors as listed ifable 5

C6 isomers AHieo adsorption enthalpies calculated by Sowerby et al.

[20] approach, entropy and enthalpy of condensafitit])

3.3. Kinetic parameters

ASond AHcond AHtheo

(Imortk-1) (kdmol1) (kImol1)
n-Hexane _92 316 _46.1 The activation energy reported Trable 2corresponds to
2-Methylpentane - —30.0 —44.9 the disappearance of the C6 molecule and so it includes
3-Methylpentane —90 —30.4 —44.5 both protolytic dehydrogenation and C—C bond cleavage.
2,2-Dimethyloutane  —86 —29.2 —423 The activation energy varies little for the different hexanes
2,3-Dimethylbutane — —27.8 —43.7

studied, although rather different product distributions have
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Table 4
Comparison of experimental data for the adsorption of C6 isomers

AHags (kI mot1) Method T Sorbent Reference
n-Hexane —66 Gravimetry/calorimetry 363 ALPO-11/ [21]

—65 Gravimetry/calorimetry 363 ZSM-5 [21]

—53 Gravimetry/calorimetry 323 H-EMT [22]

—47 Gravimetry/calorimetry 323 FAU [22]

—43 TAP 573-773 USHY This work
2-Methylpentane —66 Gravimetry/calorimetry 363 ALPO-11 [21]

—44 TAP 573-773 USHY This work
3-Methylpentane -57 Gravimetry/calorimetry 363 ALPO-11 [21]

—62 Gravimetry/calorimetry 363 ZSM-5 [21]

—44 TAP 573-773 USHY This work
2,2-Methylbutane —38 TAP 573-773 USHY This work
2,3-Methylbutane —-40 TAP 573-773 USHY This work

been observed depending on the hydrocarbon involved. Inmethane production from 2,2-dimethylbutane. Hence, the
order to get more insight on the importance of the protolytic activation energy reported ifable 2for 2,2-dimethylbutane
dehydrogenation and the C—C bond cleavage, the formationcorresponds to the breaking of the C—C bond in the carbo-
of the main products was modeled for the cracking of the nium ion transition state yielding methane and an adsorbed
two dimethylbutanes. tertiary carbenium ion intermediate.

The transient responses for the production of methane In the case of 2,3-dimethylbutane, both the hydrogen and
from 2,2-dimethylbutane could be described adequately with the propane production have been modeled. The results are
the same pre-exponential factor and the same activation enshown inFig. 4a and b. Up to temperatures of 873K, the
ergy as for the disappearance reaction of 2,2-dimethylbutane hydrogen production can be described satisfactorily by the
An adsorption enthalpy of 10 kJ mdl for the methane ad- model. The effect of reaction temperature on the hydro-
sorption was assumed and the methane micropore diffusiv-gen production is slightly overestimated by the model, how-
ity was found to have no influence on the overall Fity. 3 ever. The activation energy for the formation of hydrogen
shows the experimental and model response curves for theamounted to 150 kJmo}, a value significant lower than

Table 5
Comparison of experimental data for the diffusivity of C6 isomers

D (T = 413K) (cnfs 1) Egit (kJmol1) Method T (K) Sorbent Reference
n-Hexane 1-1.5¢ 1078 17+ 4 STFR 325-444 MFI [26]

4.0x 1078 19 ZLC 334 MFI [27]

2.7 x 1076 8 PFG-NMR 298-473 MFI [28]

8.0 x 10°© 5 QENS 373-453 MFI [29]

1.8-5x 10°8 7-16 Micro FTIR 398-473 MFI [30]

40x 105 22+ 21 FR 273-473 MFI [31]

7.0x 1078 19+ 3 TEX-PEP 373-473 MFI [25]

1.9 x 1078 25 Gravimetry 363-433 Silicalite [32]

2.8x 1078 36 Cromatography 363-433 Silicalite [32]

8.7 x 1078 10 TAP 573-773 HUSY This work
2-Methylpentane 1.0¢ 1078 29+ 3 TEX-PEP 373-473 MFI [25]

5.0x 10°° 35 Gravimetry 297-338 MFI [33]

1.5x 1078 46 Gravimetry 373-473 MFI [23]

1.2 x 1078 24 TAP 475-598 MFI [13]

1.7 x 1078 46 Gravimetry 363-433 Silicalite [32]

58 x 10°° 27 Cromatography 363-433 Silicalite [32]

1.2 x 1077 10 TAP 573-773 HUSY This work
3-Methylpentane 4.6¢ 107° 46 Gravimetry 363-433 Silicalite [32]

2.2 x 1079 28 Cromatography 363-433 Silicalite [32]

1.3 x 10~/ 16 TAP 573-773 HUSY This work
2,2-Methylbutane 1.4 1077 10 TAP 573-773 HUSY This work

2,3-Methylbutane 3.3 1078 10 TAP 573-773 HUSY This work
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Table 6
Apparent activation energy oFhexane and 2-methylpentane at protolytic
cracking conditions
Eapp T (K) Zeolite Reference
(kI mol1)
—_ n-Hexane 105 HZSM-5 [35]
2 125 HZSM-5 [36]
s 149 753-813 HZSM-5  [37]
2 30-90 MFI with  [38]
B various Al
% contents
£ 142 USHY [39]
2 177 753-813  USHY [37]
141 773-873  USHY [40]
143 573-923 This work
2-Methylpentane 157 673-773 HY [5]
205 673-773  USHY [10]
151 673-773  USHY [41]
145 573-923  USHY This work
0.0 0.2 0.4 0.6 0.8 1.0
time (s)

at high temperatures for 2,3-dimethylbutane. The model is
not able to properly describe the propane production from
2,3-dimethylbutane at all temperatures applied. The transient
response for propane seems to have two distinct time con-
stants, an initial sharp peak followed by a long slow process
(tailing). This response seems to indicate a slow desorption

Fig. 3. Experimental and model response curves for methane produced
during 2,2-methylbutane cracking from 773 to 923 K.

the activation energy of 180 kJ mdi for the disappearance
reaction of 2,3-dimethylbutane. This fits in well with the
work of Lercher et al[34] who propose two different tran- ~ Process of the propane as rate limiting step.

sition states for C—C bond breaking and dehydrogenation ~The apparent activation energy usually reportgp, can

with experimentally observed activation energies of 200 and be separated out into its constituent elements, namely, the
160 kJI mot?, respectively, for the conversion ofbutane  intrinsic activation energ¥app, and the adsorption enthalpy,
over HZSM5. At 923K, the total amount of hydrogen is AHads
underestir_nated by the _model and the tailing observed on Eact= Eapp— AHags )
the experimental curve is not accounted for by the model.

This indicates that a part of the hydrogen produced at higher Apparent activation energies determined in this study are
temperatures stems from secondary protolytic cracking re-in the range of 140—-150 kJ mdl, well within the range of
actions, which explains the excess in the carbon balancevalues given in literature and listed irable 6

3 B
< )
3 3
hel Eel
S 2
© ©
E £
2 2
0.0 0.2 0.4 0.6 0.8 1.0
(a) time (s) (b) time (s)

Fig. 4. Experimental and model response curves for (a) hydrogen and (b) propane produced during 2,3-methylbutane cracking from 773 to 923 K.
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