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Abstract

Adsorption constants and heats of adsorption of different types of hydrocarbons on zeolitic catalysts have been obtained unde
reaction conditions, by means of kinetic techniques. The heat of adsorption of a naphthene is very close to the alkane with the same
carbon–carbon bonds, which in turn is defined by the van der Waals interactions between the hydrocarbon and the zeolite walls. Th
of the double bond in the olefin increases the heat of adsorption of the corresponding alkane by∼40 kJ/mol. Comparison of decalin an
tetralin shows the contribution of the aromatic ring to the heat of adsorption. Differences in heat of adsorption not only explain di
in cracking conversion, but can also predict variations in catalyst decay when industrial feeds of different compositions are used.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

It is well known that adsorption of reactants on the ca
lyst surface is the first chemical step in a catalytic react
Adsorption is responsible for the preactivation of reacta
which results in a decrease of the activation energy of
process. It has been said, however, that in the case of
alytic cracking of alkanes with zeolites, the adsorption
the reactant corresponds to a van der Waals interaction
tween the alkane and the catalyst surface, and consequ
the heat of adsorption is directly proportional to the num
of carbons in the chain[1–4]. Then the apparent activatio
energy decreases when the number of carbon atoms i
reactant increases, but the true activation energy remain
changed[5–8]. Babitz et al. found that when they crack
n-hexane over different zeolites (Y, mordenite, and ZSM
the apparent differences in activation energies are due t
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different adsorption heats. Following these ideas, one c
expect that the heat of adsorption of a long-chain olefin
have two components: one derived from the van der W
interaction of the saturated part of the chain with the cata
surface, and another, more localized, that may involve s
electron transfer between the double bond and a Brøn
site of the catalyst. If this is so, a higher heat of adsorp
for olefins than for paraffins would be expected. Likewi
hydrocarbon molecules containing aromatic groups sh
also have adsorption parameters different from those o
ther paraffins or olefins.

All this, which has its own interest from a fundamen
point of view, for the rationalization of the adsorption i
teractions between solid catalyst and gaseous reactants
also have important implications for the reaction of co
plex mixtures of molecules, since it occurs during cataly
cracking of industrial feeds. Indeed, in this case the f
or the partially cracked feed contains alkanes, alkenes

cloalkanes, and aromatics. Thus, if one wishes to discuss
feed reactivity, product selectivity, reaction kinetics, and cat-
alyst decay, one should consider not only the differences in
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the intrinsic cracking rate of the group of molecules m
tioned above, but also the differences in adsorption.

For instance, in the case of catalytic cracking, becaus
the lack of data, most authors make use of kinetic mo
that do not include adsorption parameters. However, ads
tion and desorption parameters can play an important
in some cases[9]. Pruski et al. and Gianetto et al. have d
termined adsorption coefficients for gasoil and its lump
reaction products, showing the relevance of adsorption
nomena for catalytic cracking[10,11]. The same observa
tions were made by Zhao and Wojciechowski when t
cracked 2-methylpentane[12]; they also showed the impa
of the heat of adsorption of reactants and products on c
lyst decay. Bokhoven et al. used the Langmuir–Hinselw
formalism to show the dominant role of reactant sorption
der conditions in which catalyst deactivation is conside
negligible[13].

Although it is true that it is possible to carry out in si
adsorption measurements by means of techniques such
frared spectroscopy, nuclear magnetic resonance, or ca
metric methods, among others, it is also true that such m
surements are usually performed under conditions far f
those under which the catalytic reactions occur.

Kinetic studies using pure compounds, on the other h
can be used to determine adsorption parameters under
tion conditions. Kinetic equations may also provide valua
information on product adsorption and its effect on cata
deactivation.

In the present work, we report results for cracki
of some pure hydrocarbons (an alkane, an alkene, a
cloalkane, and an aromatic) over a commercial FCC c
lyst containing USY zeolite. The corresponding kinetic a
adsorption parameters of reactants and products were d
mined.

2. Experimental

2.1. Materials

1-Octene (Fluka; 99%),cis–trans decalin (Aldrich;
>97%), and tetralin (Aldrich;>99%) were used as feed
stocks without any further treatment.

A commercial low rare earth USY FCC catalyst (who
properties are listed inTable 1) was used to carry out th
experimental work. Before the catalytic experiments, fr
catalyst was equilibrated by a steam treatment at 1089 K
4 h with a mixture of 90 wt% steam and 10 wt% air. W
this treatment the unit cell size of the zeolite in the cata
was stabilized to 2.425 nm.

2.2. Experimental procedure
Experiments were performed in an automated computer-
controlled micro activity test unit (MAT), which can carry
atalysis 233 (2005) 257–265
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Table 1
Catalyst properties

Method Fresh Equilibrated

Bulk density (g/cc) UOP-254 0.9 0.905
Specific area (m2/g) ASTM-D-3663 412 277
Zeolite specific area (m2/g) ASTM-D-3663 272 170
External specific area (m2/g) ASTM-D-3663 139 107
Pore volume (cc/g) ASTM-D-4222 0.198 0.218
Unit cell size (Å) ASTM 3942/80 24.49 24.25
Average particule size (µm) ASTM-D-4464 70 70
Silica/alumina – 6 60
Rare earths oxides (wt%) IMP-QA-803 1 1

out up to eight continuous experiments. Details of the ap
ratus and methodology have been described previously[14].
Each experiment consisted of a four-step cycle: stabil
tion, reaction, stripping, and regeneration. During the 30
of the stabilization step, nitrogen is injected at a rate
50 cc/min through the reactor, allowing temperatures to s
bilize at the preset reaction temperature value. Before r
tion, feed is pumped for 15 s into a purge collector to prev
any gas bubbles from entering the reactor. Then the
is injected through the fixed-bed reactor and the reac
products are recovered in a cooled sampler. Liquid p
ucts are condensed in the sampler, and gases flow in
atmospheric burette, where they are accumulated for fu
analysis. After the reaction step, 100 cc/min of stripping ni-
trogen is fed through the catalytic bed for 15 min. Nitrog
sweeps liquid and gaseous hydrocarbons from the cata
bed, and products are recovered in the cooled sample
in the gas burette. To regenerate the deactivated catalys
coke produced by the reaction and deposited on the cat
surface is burned off. Air is fed at a rate of 100 cc/min, and
the flue gas from the reactor is sent into a catalytic furn
packed with copper oxides, where carbon monoxide is c
verted into carbon dioxide. After regeneration the catalys
ready to start a new cycle.

Thus, 3.0 g of equilibrated catalyst was loaded into
catalytic bed, and, after each set of experiments, the cat
was discharged and characterized for a specific surface
and zeolite unit cell size. A bed of 3 cm of silicon carbi
was placed above the catalyst bed as a preheater to e
feed vaporization. A blank test was run for each hydroc
bon to measure thermal cracking, which resulted in less
1.0 wt% at 773 K.

Conversion versus time on stream curves was built u
the range of 5–120 s while the feed flow and catalyst m
were kept constant. By doing this it was possible to obse
the catalyst decay. To obtain data at different contact tim
experiments were performed at different feed flows, 3.0,
and 5.0 g/min, respectively, over a catalyst mass of 3.0
Likewise, we monitored thermal effects by performing t
experiments at two reaction temperatures, 673 and 773
Catalyst stripping was done at reaction temperature with
a flow of nitrogen at 100 ml/min, and catalyst regeneration
was carried out at 813 K.
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2.3. Product analysis

Gaseous products were analyzed with a Varian CX C
matograph, equipped with a molecular sieve column, w
argon as the carrier gas and a thermal conductivity dete
to analyze H2 and N2. A plot alumina column with helium
as the carrier gas and a flame ionization detector were
to analyze the hydrocarbons.

Liquid products were separated in a micro capillary c
umn and analyzed by gas chromatography (Varian 38
Conversion, which we followed by measuring the amoun
reactant in products, was defined as the difference of r
tant fed minus reactant content in products, which was e
to the sum of the gases, liquid products, and coke.

Coke was indirectly determined by measurement of
CO2 from the regeneration flue gas with an infrared analy

2.4. Kinetics

It is accepted that cracking catalyst deactivation occu
such rapid rates that, for the rates of cracking to be prop
quantified, the kinetics of conversion must be conside
simultaneously with deactivation kinetics[15]. Thus, the ki-
netic equation that governs the experimental reactor has
derived by combining the mass balance of an ideal plug fl
reactor, the reaction rate law, and the catalyst decay law

(1)
∂X

∂τ
=

∑
rAi

Φ,

whereX is the instantaneous conversion of the reactant,τ is
the feed space time,rAi

is the reaction rate for each reactio
andΦ is the catalyst decay function.

To evaluate reaction rates, the following models w
considered:

(a) the simple first-order pseudo-homogeneous rate
which depends only on reactant concentration:

(2)
∂X

∂τ
=

∑
KriCA0

(1− X)

(1+ εX)
Φ

and
(b) an equation based on the Langmuir–Hinselwood ads

tion model, which includes the adsorption effects of
actants and products:

∂X

∂τ
=

(∑
KriKACA0

(1− X)

(1+ εX)

)
/(

1+ KACA0

(1− X)

(1+ εX)

+
∑

KpiniCA0X
(1+ ε)

(1+ εX)

(3)+ Kj

Cj0

(1+ εX)

)
Φ,
whereKri is the reaction rate constant for each reaction,
CA0 is the initial concentration of reactant,Cj0 is the
atalysis 233 (2005) 257–265 259

n

initial inert concentration,ε is the volumetric expansio
coefficient,KA is the reactant adsorption constant,Kj is
the inert adsorption constant, and

∑
Kpini is the term

accounting for product adsorption and stoichiometry

For catalyst deactivation, a second-order decay law b
on time-on-stream theory was considered[16]:

(4)Φ = (1+ Gtf)
−1,

whereG is the catalyst decay rate andtf is time on stream.
These equations account for all reactions (cracking,

merization, cyclization, etc.) through which the pure re
tants are transformed into products and describe the
lution of instantaneous conversion as a function of sp
velocity, time on stream, and dilution ratio.

Because of catalyst decay, instantaneous conversion
creases as time on stream increases; thus the reported
imental conversion is the average of the cumulative insta
neous conversions during the experiment.

We obtained kinetic and adsorption parameters by fit
experimental conversion data to the above equations; w
this by comparing experimental and calculated conversi
To do this, we obtained the calculated conversion by a
aging the instantaneous conversion from timetf = 0 to time
tf = Tf , according to the expression

(5)X = 1

Tf

Tf∫
0

X dtf,

whereX is the average conversion, which corresponds
products accumulated from time zero to timeTf (final time
on stream),X is the instantaneous conversion from Eqs.(2)
and (3), andtf is the time on stream.

To obtain the best fit of the experimental data,
optimized the values of the parameters by solving
above equations, coupled with the Buzzi optimization
gorithm[17].

3. Results and discussion

1-Octene is mainly cracked into shorter (C3–C5) olefins;
however, it is also transformed into other products by i
merization, hydrogen transfer, cyclization and oligomeri
tion reactions. Products are also transformed by these
tions; for example, C3–C5 olefins are transformed into C3–
C5 paraffins by hydrogen transfer.

At 673 K (Table 2) selectivity for cracking products wa
more than 30%, and hydrogen transfer was the second
important reaction, as indicated by the selectivity (>25%)
for C8 paraffins. Cyclization was also relevant; the sel
tivity for C8 naphthenes was higher than 10%. Oligom
ization (dimerization) also occurred to a significant exte

more than 10 wt% of 1-octane was transformed into heavier
hydrocarbons. At 773 K (Table 3) 1-octene is almost com-
pletely transformed, selectivity for cracking products was
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Table 2
Products selectivity at 673 K

n-Hexadecane 1-Octene Decalin Tetralin

TOS (s) 10 30 10 30 10 30 10 30

C1 + C2 0.16 0.11 0.26 0.08 0.18 0.13 1.75 2.46
Propane 1.55 1.06 0.21 0.05 0.86 0.41 0.99 0.68
Propylene 4.82 3.52 5.54 2.82 0.94 0.71 1.19 1.02
Butanes 10.53 7.16 4.72 0.79 4.13 2.96 2.97 2.56
Butenes 8.26 6.46 11.57 6.41 0.82 0.49 0.89 0.75
C5 paraffins 14.54 11.70 3.76 0.67 1.34 1.23 1.78 1.71
C5 olefins 6.17 6.02 6.77 4.50 0.41 0.18 0.30 0.34
C5 naphthenes 0.00 0.00 0.00 0.00 0.00 0.07 0.00 0.00
C6 paraffins 5.27 6.79 2.49 0.57 1.48 1.26 2.28 1.69
C6 olefins 5.86 6.53 0.42 2.10 1.42 1.10 2.28 1.81
C6 naphthenes 0.07 0.23 0.01 0.11 1.54 1.81 0.26 0.65
Benzene 0.06 0.03 0.02 0.03 0.01 0.02 4.38 6.97
C7 paraffins 2.37 6.01 2.96 6.37 0.18 0.16 0.11 0.23
C7 olefins 0.48 1.56 0.94 1.78 0.04 0.04 0.06 0.18
C7 naphthenes 0.55 1.17 1.57 1.21 1.34 1.34 0.69 0.92
Toluene 0.63 0.25 1.02 3.27 0.21 0.15 2.52 3.31
C8 paraffins 3.79 5.07 25.05 28.45 0.10 0.08 0.26 0.18
C8 olefins 0.23 0.63 0.00 0.00 0.50 0.37 0.05 0.12
C8 naphthenes 1.02 1.56 10.84 23.20 0.81 0.74 0.30 0.07
C8 aromatics 0.88 0.88 1.95 1.07 1.10 1.23 2.77 3.25
C9 paraffins 3.37 3.34 1.58 3.55 0.74 0.62 0.17 0.45
C9 olefins 0.27 0.34 0.17 0.23 0.02 0.20 0.09 0.08
C9 naphthenes 1.01 1.35 1.48 3.45 5.77 4.91 0.14 0.12
C9 aromatics 1.32 0.75 1.88 0.99 9.72 4.59 2.34 2.75
C10 paraffins 1.52 1.56 0.83 0.45 10.20 11.10 2.02 1.66
C10 olefins 0.02 0.02 0.01 0.03 0.02 0.01 0.00 0.08
C10 naphthenes 1.70 1.27 0.25 0.20 7.30 10.30 1.48 1.18
C10 aromatics 0.88 1.73 2.83 1.48 31.59 39.49 9.60 10.50
C11 paraffins 0.69 0.62 0.09 0.02 0.47 0.46 0.30 0.60
C11 olefins 0.02 0.03 0.02 0.02 0.02 0.02 0.15 0.00
C11 naphthenes 0.03 0.04 0.01 0.02 0.60 0.85 0.23 0.27
C11 aromatics 1.43 1.56 0.65 0.45 2.91 3.65 6.61 3.86
C12+ paraffins 12.43 14.54 4.01 2.99 0.01 0.02 0.06 4.54
C12+ olefins 0.50 0.24 0.22 0.17 0.01 0.02 0.07 1.78
C12+ naphthenes 0.01 0.09 0.03 0.02 0.02 0.02 0.00 0.00
C12+ aromatics 1.80 2.60 0.70 0.32 2.80 3.20 5.68 14.48
Coke 5.38 3.08 4.47 3.10 10.32 6.38 45.42 29.01

higher than 65%, hydrogen transfer was lower than 15%,
selectivity for cyclization and oligomerization was less th
10%.

It has been reported[18] that decalin is transformed b
the opening of the naphthenic rings, yielding an ole
substituted naphthene, which reacts by hydrogen tran
to produce aromatics and a paraffin-substituted naphth
Cracking of the side chain of the substituted naphthene
duces propylene and butylenes that are also transfor
into the corresponding paraffins by hydrogen transfer.
673 K (Table 2) more than 30% of decalin is transform
into aromatic hydrocarbons by hydrogen transfer; cra
ing of the substituted naphthenes occurs at a lower
tent, as indicated by the low selectivity for propane a
butanes. At 773 K cracking increases considerably,
hydrogen transfer reactions still occur (Table 3). Hydro-

gen transfer has been shown to depend on acid site den
sity regardless of whether the catalyst contains rare earth
cations[19].
atalysis 233 (2005) 257–265
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Table 3
Products selectivity at 773 K

n-Hexadecane 1-Octene Decalin Tetralin

TOS (s) 10 30 10 30 10 30 10 30

C1 + C2 0.78 0.39 0.67 0.52 0.70 0.31 1.63 1.21
Propane 2.96 2.22 0.53 0.44 2.12 1.04 4.32 2.77
Propylene 10.00 7.98 13.00 12.13 3.93 1.85 4.32 2.77
Butanes 14.53 10.86 6.85 5.29 14.52 7.39 9.67 6.24
Butenes 23.74 20.58 25.15 24.07 2.91 1.52 2.96 2.09
C5 paraffins 11.88 9.15 5.06 3.71 6.81 3.46 3.77 2.49
C5 olefins 8.31 8.61 11.63 11.71 0.97 0.58 0.51 0.38
C5 naphthenes 0.00 0.00 0.00 0.00 0.04 0.26 0.00 0.00
C6 paraffins 5.30 5.80 2.03 1.67 4.46 2.82 3.49 1.48
C6 olefins 6.30 6.08 1.42 2.33 4.31 2.02 3.73 1.44
C6 naphthenes 0.03 0.19 0.08 0.11 3.46 5.68 1.15 1.32
Benzene 0.00 0.03 0.01 0.02 0.19 0.17 8.95 12.57
C7 paraffins 1.18 4.14 1.08 1.22 0.48 0.62 0.25 0.30
C7 olefins 0.29 1.11 0.72 1.08 0.04 0.04 0.13 0.15
C7 naphthenes 0.26 0.69 1.05 1.22 4.10 4.94 0.76 1.00
Toluene 0.22 0.27 0.44 0.59 1.58 1.14 4.21 6.59
C8 paraffins 1.69 3.85 12.87 15.50 0.38 0.45 0.17 0.22
C8 olefins 0.09 0.17 0.71 0.92 0.03 0.05 0.02 0.03
C8 naphthenes 0.43 0.80 1.94 2.56 9.55 12.85 0.17 0.26
C8 aromatics 1.12 1.00 3.10 3.11 2.11 1.60 2.63 4.15
C9 paraffins 1.31 1.72 0.58 0.76 1.50 1.53 0.26 0.45
C9 olefins 0.11 0.18 0.03 0.04 0.38 0.51 0.03 0.03
C9 naphthenes 0.36 0.60 0.38 0.59 3.92 7.38 0.21 0.33
C9 aromatics 0.62 0.63 2.38 2.30 3.46 4.43 2.56 3.30
C10 paraffins 0.80 0.79 0.30 0.15 6.14 8.35 1.86 2.25
C10 olefins 0.01 0.08 0.01 0.01 0.07 0.13 0.03 0.18
C10 naphthenes 0.10 0.10 0.05 0.05 0.20 0.32 0.72 0.91
C10 aromatics 0.73 1.82 2.54 2.39 10.48 15.51 7.25 18.84
C11 paraffins 0.11 0.37 0.03 0.03 0.49 0.51 0.13 0.14
C11 olefins 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00
C11 naphthenes 0.01 0.00 0.00 0.00 0.00 0.00 0.75 1.14
C11 aromatics 0.21 0.20 0.43 0.43 2.48 3.94 8.12 13.79
C12+ paraffins 2.30 5.56 2.70 2.43 0.02 0.10 1.60 1.86
C12+ olefins 0.03 0.04 0.13 0.13 0.01 0.09 0.39 0.21
C12+ naphthenes 0.00 0.01 0.01 0.01 0.02 0.02 0.00 0.00
C12+ aromatics 0.14 2.30 0.35 0.32 3.30 1.66 7.86 2.88
Coke 3.78 1.61 1.66 1.32 4.75 6.56 15.38 6.26

Tetralin is also transformed by the opening of the na
thenic ring, which leads to the formation of C2–C4 alkenyl
aromatics, which in turn are converted by hydrogen tran
into alkyl aromatics, naphthalene and other aromatics,
coke. At 673 K the selectivity for hydrogen transfer pro
ucts was higher than 80%, and that for cracking prod
was less than 15%. At 773 K cracking selectivity increa
and hydrogen transfer selectivity decreased but still was
dominant reaction.

Experimental conversion plots at different times
stream and reaction temperatures are shown inFigs. 1a and
1b. In all cases conversion decreases progressively as
on stream increases, because of catalyst decay.

When conversions are compared under the same rea
conditions, it may be observed that 1-octene yields the h
est values, followed by decalin and tetralin. For instance

-a reaction temperature of 673 K and a time on stream of 5 s,
1-octene conversion was 94 wt%, and decalin and tetralin
conversions were 50 and 16 wt%, respectively. 1-Octene also
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(a)

(b)

Fig. 1. (a) Experimental conversion feed flow= 3 g/min. (b) Experimental
conversion feed flow= 4 g/min.

shows the lowest conversion drop when the time on strea
increased or the reaction temperature is decreased. Thu
reactivity order is as follows: 1-octene> decalin> tetralin.

The high reactivity of 1-octene may be explained by
presence of the double bond, which can be easily proton
by the Brønsted sites of the catalyst. The low reactivity
tetralin is explained by the stabilizing effect of the resonat
structure of the aromatic part of this molecule and the
that only five single carbon–carbon bonds of the naphth
ring are able to react.

It is widely accepted that coke is responsible for cata
decay; however, our results indicate that catalyst decay
not correlate well with coke deposited on the catalyst.
instance, even though 1-octene yields the highest coke
mation at 673 K (Fig. 2), the conversion drop observed
the lowest (Figs. 1a and 1b). In contrast, tetralin gives th
highest conversion drop but does not form the most cok
the catalyst. Furthermore, in all cases coke builds up v

fast on the catalyst surface during the first instants of the re-
action; about 70% of the total coke built up during 60 s is
formed within the first 5 s. However, conversion does not
atalysis 233 (2005) 257–265 261

e

Fig. 2. Coke on spent catalyst.

Fig. 3. Core selectivity.

decrease in a corresponding proportion, indicating that o
factors besides coke formation may influence catalyst de
Moreover, as illustrated inFig. 3, coke selectivity is highe
at lower temperatures and depends on the chemical n
of the reactant; tetralin shows the highest coke selecti
followed by decalin and 1-octene. At 673 K and 5 s, coke
lectivity is about 55%, and it is importantly reduced to 29
at 773 K. Likewise, in all cases coke selectivity decrea
very fast as time on stream increased.

All of these observations can be explained by differen
in adsorption, as will be shown below.

3.1. Kinetic parameters

When experimental data were fitted to a pseudo-ho
geneous model (Eq.(2)), good fittings were obtained, re
gardless of the reactant (Figs. 4–6). The kinetic rate con
stants obtained with the pseudo-homogeneous mode
listed in Table 4; they are consistent with the rankin

of reactivity described above, 1-octene> n-hexadecane>
decalin> tetralin. The kinetics ofn-hexadecane was re-
ported in a previous paper[20].
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(a)

(b)

Fig. 4. (a) 1-Octene kinetics at 673 K. (b) 1-Octene kinetics at 773 K

Catalyst decay constants show an inverse order in w
the highest and lowest values corresponded to tetralin
1-octene, respectively. When reaction temperature wa
creased, the decay constants decreased, indicating tha
could include other parameters besides the kinetic de
constant. Moreover, when the activation energies are
sidered, it can be seen that the lowest value corresp
to tetralin, whose reactivity is the lowest; likewise, activ
tion energies obtained for 1-octene andn-hexadecane ar
equivalent, even though 1-octene is much more reactive
n-hexadecane. These inconsistencies call into question
validity of the pseudo-homogeneous kinetic model.

When the Langmuir–Hinselwood model, which takes i
account the adsorption effects of reactants and produc
considered (Eq.(3)), the fitting is very good (Figs. 4–6).
In this case the sum of the squares of residuals is sm
than when the pseudo-homogeneous model is used; wh
not surprising is that the number of parameters is large
Eq. (3) than in Eq.(2). The kinetic parameters are listed

Table 5.

Haag et al.[5] have shown that activation energy for
cracking is the sum of the heat of adsorption plus the in-
atalysis 233 (2005) 257–265
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(b)

Fig. 5. (a) Decalin kinetics at 673 K. (b) Decalin kinetics at 773 K.

trinsic activation energy. Thus even though the apparen
tivation energies for tetralin, decalin, andn-hexadecane ar
similar, the true activation energies show significant diff
ences, which are in line with the experimental reactivi
observed, that is, the lowest activation energy and the hig
reactivity correspond to 1-octene, and the highest activa
energy observed is that for tetralin, which demonstrates
lowest reactivity. The high activation energies obtained
tetralin (357 kJ/mol), n-hexadecane (349 kJ/mol), and de-
calin (319 kJ/mol) may be an indication that they are main
transformed by a protolytic cracking mechanism, wher
1-octene will follow aβ-scission type cracking with a lowe
true activation energy (256 kJ/mol).

Regarding the adsorption constants of reactants, tet
shows the highest values, followed byn-hexadecane, de
calin, and 1-octene; adsorption constants decrease wit
creasing reaction temperature, as should be the cas
exothermic processes.

Adsorption heats were derived from the calculated

sorption constants using the Van’t Hoff equation. The high-
est value was obtained for tetralin (153 kJ/mol), followed
by 1-octene (115 kJ/mol), n-hexadecane (137 kJ/mol),
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(a)

(b)

Fig. 6. (a) Tetralin kinetics at 673 K. (b) Tetralin kinetics at 773 K.

and decalin (113 kJ/mol). These values compare well wi
those calculated by group contribution[21] for tetralin
(147 kJ/mol), 1-octene (109 kJ/mol), and decalin (115 kJ/

Table 4
Kinetic parameters according to the pseudohomogeneous model∑

Kr

(s−1)
Kd

(s−1)

∑
(residuals)2 Activation

energy
(kJ/mol)Temp. (K) 673 773 673 773 673 773

n-Hexadecane 4.7 8.2 0.47 0.065 0.0018 0.0023 24.1
Decalin 5.02 13.06 0.076 0.069 0.0003 0.0048 41.4
Tetralin 0.577 64.84 7.15 0.208 40 170 1.6
1-Octene 117.3 3118 0.36 0.025 12.93 0.928 0.0
atalysis 233 (2005) 257–265 263

Fig. 7. Heats of adsorption.

mol) and with the data reported by Kiselev[1] for n-hexa-
decane (146 kJ/mol). This order appears to be consiste
with the interactions expected according to the chem
nature of these compounds and the surface of the c
lyst. Kiselev et al., who used a Y zeolite, and Bokhov
et al. [13], who used a mordenite, reported that the hea
adsorption ofn-alkanes over zeolites increases linearly w
the chain length of the hydrocarbon, indicating that the h
of adsorption is due to the van der Waals interactions
the hydrocarbon with the surface of the zeolite. The va
we obtained forn-hexadecane is in line with this, as can
seen inFig. 7. For decalin, a value close to that reported
n-decane could be expected, since both molecules are
rated hydrocarbons with the same number of carbon ato
However, we have obtained kinetically a higher value for
calin than forn-decane; the heat of adsorption of decalin
similar to that ofn-dodecane, which has the same numbe
carbon–carbon bonds. The heat of adsorption of 1-octe
clearly higher than that ofn-octane; the obvious reason f
this is the presence of the double bond of 1-octene, w
strongly interacts with the Brønsted sites of the catalyst,
ing the corresponding alkoxide. Tetralin shows the high
adsorption heat, 60 kJ/mol higher than then-paraffin with
the same number of carbon atoms and 40 kJ/mol higher

than decalin. The reason for this should be related to the

orp-
, as
Tetralin 3.72 5.72 1.63 0.327 0.0001 0.0003 18.6
1-Octene 33.85 60.13 0.0091 0.0049 0.0020 0.0030 24.9

three conjugated double bonds in the aromatic ring. Ads
tion not only influences the relative rate of the reaction

Table 5
Kinetic parameters according to the Langmuir–Hinselwood model∑

Kr

(s−1)
KA
(l/mol)

∑
Kpini

(l/mol)
Kd

(s−1)

∑
(residuals)2 Adsorption

heat
(kJ/mol)

Apparent
activation
energy
(kJ/mol)

True
activation
energy
(kJ/mol)

Temp. (K) 673 773 673 773 673 773 673 773 673 773

n-Hexadecane 8.6 1147 2.31 0.096 51 16 2.200 2.100 0.0009 0.0006 −137.6 211.7 349.3
Decalin 3.69 431 1.48 0.109 13.6 190 0.081 0.144 0.0002 0.0008 −112.9 206.0 318.9
10 0.690 0.0001 0.0002 −153.1 204.3 357.4
10 0.005 0.0004 0.0017 −115.0 141.9 256.9
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discussed above, but may also have an important impa
catalyst deactivation.

3.2. Adsorption and catalyst decay

The importance of adsorption on catalyst decay can
inferred from the fact that, as occurs with adsorption c
stants, catalyst decay constants also decrease with incre
reaction temperature, as can be seen inTables 4 and 5. Ad-
sorption of reactants and products can play an important
in catalyst decay, as when the strong adsorption of basi
trogenated hydrocarbons on the Brønsted sites of the ze
reduces its activity.

An examination of the reaction products of each of
reactants tested (Tables 2 and 3) indicates that 1-octene
the reactant that produces the lowest yields of aromatics
heavier hydrocarbons, whereas tetralin produces de hig
yields. Since we have seen that tetralin, because of the
ence of the aromatic ring, has the highest adsorption con
and heat of adsorption among the reactants studied, it ca
expected that reaction products formed from tetralin, s
as di-aromatic naphthalene, methyl naphthalene, and he
aromatics, should strongly compete for adsorption, red
ing the active sites available for cracking and conseque
reducing the reaction rate. At 773 K adsorption consta
are lower, and, in consequence, coke yield and catalys
activation by competitive adsorption are also lower. Sim
observations have been reported by Forissier[22] and Nevi-
cato[23].

Decalin also produces tetralin, di-aromatics, and hea
aromatics, but to a lower extent than tetralin; therefore
catalyst decay constants are lower. In the case of 1-oc
the catalyst decay constants are very low, and, even th
it yields at least the same amount of coke as tetralin or
calin, its deactivation rate is much lower. This is explain
by the fact that 1-octene does not produce large amoun
di-aromatics or heavy aromatics, whose adsorption on
catalyst surface contributes to catalyst deactivation, as
curred during cracking of tetralin or decalin.

Thus catalyst deactivation is explained not only by co
deposited on catalyst and pore plugging; reactants and p
ucts adsorption may also play an important role, which
especially important for the cracking of heavy feeds. To
this hypothesis, we have carried out some experimen
which the activity of the catalyst was measured in th
different scenarios under constant operating conditions
according to the procedure described in the Experime
section. In one scenario we used the fresh catalyst in ord
have a basis for comparison. In another, we used the c
catalyst, which was obtained after the reaction and strip
steps. Finally, in the third scenario we used the coked and
stripped catalyst obtained after the reaction step. The c
sponding results are listed inTable 6, in which it can be seen

that if adsorbed hydrocarbons on spent catalyst are properly
stripped by N2 and the catalyst is exposed to a new reaction
without elimination of the coke deposited on its surface, it
atalysis 233 (2005) 257–265
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Table 6
Effect of adsorbed hydrocarbons on catalyst activity

Base Catalyst

Stripped
and coked

Unstripped
and coked

Coke on catalyst (wt%) 0 1.9 2.1
Conversion (wt%) 91.4 85.6 18.3
Yields (wt%)
Dry gas 2.1 3.4 1.8
Propane 3.4 2.9 0.7
Propylene 7.9 7.1 2.3
Butanes 3.2 2.6 0.9
Butylenes 5.9 5.2 1.5
Gasoline 49.8 45.8 3.5
Cyclic oil 12.3 17.9 6.5
Resid 8.6 14.4 81.7
Coke 6.8 0.6 1

Operating conditions
Catalyst weight (g) 3
Reaction temperature (K) 783
Time on stream (s) 30
Catalyst to oil ratio 4

Feed properties
Specific gravity 0.91
Inicial boiling point (K) 623
Final boiling point (K) 813
Carbon Conradson (wt%) 0.4

preserves an activity that is up to 93% of the base. In c
trast, when experiments were carried out with the omis
of the stripping step, leaving the adsorbed hydrocarbon
the catalyst, the remaining catalytic activity was only ab
20% of the base, showing the important role of the adso
products (not removed by stripping) on catalyst decay[24–
27]. It should be pointed out that for these experiments
used a vacuum gasoil to ensure that the catalyst surface
completely covered by coke.

On the other hand, for the cracking of gasoil the pict
is more complex, not only for the large number of che
cal species involved in the process, but also because o
lack of knowledge of its adsorption effects. However,
knowledge acquired from cracking pure components m
provide some useful guidance. According to the results
ported here, it can be inferred that aromatic gasoils will r
der lower conversions than naphthenic and paraffinic gas
because of the lower reaction rate constants and the h
adsorption constants, which in turn will promote a faster
alyst deactivation.

Gasoil cracking may be improved by operation at hig
temperature, not only because of the endothermicity of
reaction, but also because of the lower adsorption con
of undesirable hydrocarbons, such as aromatic compou
which are refractory to cracking, or basic hydrocarbo
which may occupy the catalyst acid sites. The lower ads
tion rate also will promote a better catalyst stripping an

lower coke yield. This may promote a higher flexibility in
the operation of the unit. The limit, of course, will be set by
the thermal cracking and the metallurgy of the FCC unit.
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4. Conclusions

It is possible to obtain adsorption constants under cra
ing reaction conditions from kinetics with Langmuir–Hi
selwood models.

The heat of adsorption for paraffins and naphthenes co
sponds to the physical heat due to van der Waals interac
between the hydrocarbon and the zeolite walls, in agreem
with previous adsorption work[1,13]. Naphthene (decalin
heat of adsorption corresponds approximately to that
paraffin with the same number of carbon–carbon bonds,
the presence of the double bond in an olefin increases
heat of adsorption by∼40 kJ/(mol mol) compared with the
corresponding paraffin. A similar difference in adsorpt
constant was observed for a comparison of heats of ads
tion of decalin and tetralin, which is due to the presence
an aromatic ring. These differences in heat of adsorption
not only responsible for differences in the apparent act
tion energies, but also have an important impact on cata
deactivation.
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