Available online at www.sciencedirect.com

SCIENGE@DIHECT° JOURNAL OF
£l CATALYSIS
ELSEVIER Journal of Catalysis 226 (2004) 343—350

www.elsevier.com/locate/jcat

In situ thermogravimetric study of coke formation during catalytic
cracking of normal hexane and 1-hexene over ultrastable Y zeolite

Shuo Chen, George Mano%*

@ Department of Organic Chemicals, Snopec Brici, No.14 Beisanhuan Donglu, Chao Yang District, Beijing 100013, China
b Department of Chemical Engineering, University College London, Torrington Place, London WC1E 7JE, UK

Received 2 March 2004; revised 27 May 2004; accepted 2 June 2004
Available online 2 July 2004

Abstract

The in situ behaviour of-hexane and 1-hexene over ultrastable Y zeolite was studied quantitatively using thermogravimetric equipment at
low (323-423 K), middle (523-623 K), and high (623—-773 K) temperatures. At low temperatures, adsorption is the absolute dominant cause
of catalyst weight change when eithehexane or 1-hexene come in contact with US-Y, whose amount decreases with temperature. At middle
temperatures, adsorption is also the domircuse of catalyst weight change in the case-bexane, with the adsorbed amount, however,
about one order of magnitude lower than at low temperatures, while for 1-hexene, oligomerisation from the olefinic reactant becomes the
dominant cause of catalyst weight change. At high temperatures, oligomerisation from the olefinic products of catalytic cracking becomes
the dominant cause of catalyst weight change for both cadesxane as well as 1-hexene, while the extent of coke formation increases with
temperature.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction as coke formation. A samplef coked catalyst is obtained
at different times on streaif3—6] and the amount of coke

Catalytic cracking over zeolite-based catalysts is an im- is estimated by weight loss during coke burning, usually
portant reaction in the refining and petrochemical industry, using thermogravimetric analysis equipment (TG8)7].
which suffers from strong coking. Coke is a mixture of When the coked catalyst sample is recovered from a high-
heavy, low boiling point, high molar mass by-products that temperature reactor, it is necessary that the reactor cools
remain on the catalytic surface causing deactivation. Cokedown from reaction temperatures of usually 623-773 K.
as a secondary product of catalytic cracking and the main During this cooling periodthe amount and composition of
cause of catalyst deactivation has received considerable recoke precursors change. Consequently coke data, especially
search attention over the yedfis2]. The composition of  coke amount, gained from a fixed-bed reactor do not repre-
coke is complex as is that of coke precursors, namely inter- sent the in situ value.
mediate components on the cata surface, which undergo The behaviour of coke during the initial time on stream
further reactions to form coke in its final form. Coke pre- (TOS) s of great importance in the study of catalytic crack-
cursors obviously are more volatile at high reaction temper- ing, for the amount of coke increases fast while the catalyst
atures. Hence part of relatively low molecular weight coke activity decreases accordingly during this period. Coke is
precursors is desorbed without blocking the catalytic sur- formed from alkenes producetiiring the cracking reaction
face. through a sequence of reaction steps, like protonation, alky-

Fixed-bed reactors are laboratory reactors widely used in |ation, isomerisation, hydride transfer, deprotonation, and
the research of the main reactidicatalytic crackingaswell  ying closure, that result in the formation of large polyaro-

matic molecule$8]. The fraction of coke precursors in the
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coke precursors are more strongerly affected by reactionseries placed in a heated watetlo containing the reactant
temperature and sample handling procedures. TGA, employ-and then mixed with another route of pure carrier gas. By
ing an electrobalance, allows continuous monitoring of the adjusting the flow rates of thevb streams maintaining the
weight of a sample and hence could be ideally used as a re+otal flow rate of nitrogen at 60 Q)/min, the reactant partial
actor for following coking. pressure in the feed could be varied.

In this work, TGA was used directly as a reactor in the When the catalyst was placed in the basket, nitrogen was
reaction of catalytic crackmnto study in situ coke forma- used as drying gas at a flow rate of 6Gyyin. The reac-
tion. The catalyst sample weight was measured continuouslytor temperature was increased from ambient to 873 K at a
while the rate of weight change was calculated by differen- rate of 10 K/min, in order for the catalyst to be calcined,
tiation over time. The weight increase of the catalyst sample and was maintained at this teevature for 1 h. After that, it
during the experimental run represents not only coke anddecreased to the reaction temperature at a rate of/2@ir
coke precursor components formed on the catalytic struc-where it was maintained for another 30 min.
ture but also adsorbed reaction mixture components. As ad-  After this half-hour, the reaant was introduced into the
sorption of the hydrocarbon reactant is the first process thatreactor. The reaction tempéuae was maintained constant
takes place with the subsequent conversion into volatile re-through the reaction time. In the rest of the paper we will
action products and coke/coke precursors, the shape of theefer to this period as the reaction period. At the end of the
weight curve and the estimated derivative curve is charac-reaction period, pure nitrogen was introduced at constant re-
teristic of the prevailing phenomenon, namely adsorption or action temperature for another 30 min continuously. We will
coking. refer to this period as isothermal desorption.

The in situ behaviour of-hexane and 1-hexene over ul- After this second half-hour, the reaction temperature was
trastable Y (US-Y) zeolite was studied quantitatively in the increased to 873 K at a rate of 10/Kin and remained at
initial as well as later period of time on stream and at low this temperature for a further 30 min. We will refer to this
(323-423 K), middle (523-623 K), and high (623-773 K) period as temperature-programmed desorption (TPD).
temperatures in order to identify different mechanisms of  Finally after the third half-hour, air was flowing into the
coke formation and the multiple role of coke precursors in TGA at 60 mj/min, and 873 K for a further 30 min, in order
catalytic cracking. for the formed coke to be burnt. After that, the TGA system

was cooled down under flowing nitrogen.

2. Experimental
3. Resultsand discussion
2.1. Materials
3.1. Low-temperature effect (323, 373, 423 K)
The acidic US-Y zeolite catalyst was kindly provided by
Grace Gmbh in powder formith an average particle size  3.1.1. n-Hexaneresults
of 1 um, an overall SiAl ratio of 2.5, and a framework The amount and rate of the catalyst weight percentage
Si/Al ratio of 5.7. Its micropore area was 532.4 g and change during the reaction period, isothermal desorption,
its micropore volume 0.26 chyig. The measured BET sur-  and temperature-programmedstrption are presented in
face areawas 59923.5 n?/g. The catalyst was pressedinto  Figs. 1 and 2
pellets, crushed, and sieved, producing particles with sizesin It can be observed that the catalyst weight increases
the range of 1.0-1.7 mm. rapidly initially in the reaction period for about 10 to 13 min
All hydrocarbon reactants-hexane and 1-hexene, were and then levels out. Correspondingly, the rate of weight
supplied by Sigma-Aldrich (99% purity). Nitrogen (99% pu- change shows a sharp and asymmetric peak at about 3 min,

rity) was used as carrier gas. while later it becomes nearly zero. The rate value at the peak
is over 2% at all temperatures, 323, 373, and 423 K. The
2.2. Experimental procedure rapid weight increase stops abruptly at about 10-13 min,

corresponding to 15.8% at 323 K, 9.0% at 373 K, and 4.5%

The experiments were performed at a temperature rangeat 423 K, indicative of adsorption saturation with the level
of 323—-773 K and atmospheric pressure in TGA equipment decreasing with temperaturéhe further weight change is
(Cahn TG131). The catalyst was placed in a basket, hangingabout 0.5% at 323 K, 1.0% at 373 K, and 1.0% at 423 K
in the middle of a quartz reacttube. The inert gas nitrogen  until the end of the reaction period.
or the reactants;-hexane or 1-hexene carried by nitrogen, From the above quantitative data, it can be concluded that
were introduced into the bottom of the quartz tube, flowing adsorption is the absolute dominant phenomenon when
upward and exiting the reactor about 20 cm above the cata-hexane comes into contact with US-Y at low temperatures.
lyst basket. The adsorbed amount rapidly increases with a shape similar

Two streams of carrier gas were used in order to avoid to adsorption breakthrough curves and approaches an equi-
condensation. One route passed through two saturators iribrium value, which decreasestivtemperature. The rate of
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adsorption has a sharp peak initially, and then it levels off at 3.1.2. 1-Hexene results
a value almost zero. The amount and the rate of weight percentage change of
FromFig. 1it is also obvious that large amounts are des- the catalyst sample in the reaction period, isothermal desorp-
orbed during isothermal desorption, with desorbed amountstion, and temperature-programmed desorption are presented
increasing with temperature. fscially at temperatures over  in Figs. 3 and 4Similarly as withrn-hexane, the amount of
373 K, the amount ofi-hexane adsorbed on the catalyst catalyst weight percentageaige increases rapidly in the
reaches the same value of 3%. This behaviour can be ex-beginning of the reaction period for about 10 to 13 min.
plained by the result of temperature-programmed desorp-The rate of catalyst weight peentage change has a sharp
tion. In Fig. 2, it can be seen that temperature-programmed and asymmetric peak at this initial time. In contrast to that
desorption ofn-hexane after reaction and isothermal des- with I’l'hexane, the amount at 323 K continues to increase at
orption at 323 K has two main peaks at 369 and 435 K, later times after the initial rapid increase, while transition at
which correspond to different adsorption sitesnefiexane 423 K becomes more smooth. Accordingly, the rate at 323 K
on US-Y. Temperature-programmed desorption after 373 or IS maintained above zero, at 0.23f#in, during the rest of
423 K just passes the first peak temperature but does nofhe experiment. The rate at 423 K decreases smoothly reach-
reach the second peak temperature. In other words, the adiNd & value of zero above 40 min. _
sorption at temperatures above 373 K is mainly taking place _ | N Peak time for the rate is about 5 min and the amount

on the strong adsorption sites of US-Y and results in the ©f Initial weight change is over 4%. An inflexion in the
same adsorbed amount amount of curve at 323 and 373 K is observed at 10-13 min,

while the amount of weight change is 20% at 323 K, con-

tinuously increasing to 28.0%, and 17.7% at 373 K. The

inflexion in the amount of curve at 423 K is at 40 min,
18, J323K @ 400 and the amount of weight change is 18.2%. The amount of

1. weight change increases to about 12.0% at 323 K, 2.2% at
1 500 T 373 K, and 0.6% at 423 K later on.
TE From the above data, it can be seen that the adsorption is
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amount increases. The rate has an initial sharp and asym-

: . 1050

metric peak, especially at temperatures lower than 373 K, | 040

but other reactions obviouslyka place, contributing to for-
mation of coke and/or coke precursors. We call the reaction
taking place at 323 K “molecular clustering,” a low-degree
oligomerisation reaction, to distinguish it from oligomeri-
sation taking place at 423 K at a clearly higher degree.
Significant coke formation reactions take place in a time
scale comparable to that of adsorption. The low clustering
at 323 K could be explained by the amount which contin- Time (min)
uously and .Steadlly mcrga;es to 32% .from a .Value of 20%’ Fig. 5. Reaction period (45 min) and isothermal desorption-béxane at
corresponding to a fast initial adsorption, while the rate is ggie temperatures (523, 573, 683. Nitrogen flow rate: 60 m{/min.
maintained at 0.25%/min. The oligomerisation at 423 K can partial pressure of-hexane: 12.5 kPa.
also be explained by the distinct inflexion in the curve at
temperatures lower than 373 K, which is in contrast to the presented irFig. 5. Similarly as at low temperatures, the
smooth behaviour at 423 K. amount of catalyst weight increases rapidly initially in the
In contrast to that wit:-hexane, the amount desorbed reaction period for about 5-10 min. Correspondingly, the
during isothermal desorpiiis not noticeable at tempera-  rate of catalyst weight change has a sharp and asymmetric
tures over 373 K. IrFig. 4 the temperature-programmed peak at this time, leveling off later. Different than at low
desorption of 1-hexene from the 323 K sample also has temperatures, the equilibrium value of the adsorbed amount
two main peaks at 394 and 462 K, similarly as with descends at one order of magnitude. The peak time of the
n-hexane, which correspond to different adsorption sites of Weight Change rate is 2 to 3 min, and the amount of Weight
1-hexene on US-Y. The peak temperatures are higher thamercentage change is only 0.2% at the same time. At 10—
the corresponding ones with-hexane due to stronger ad- 13 min there is an inflexion observed in the amount of curve,
sorption of 1-hexene compared tehexane on the same and the amount of weight change is 1.0% at 523 K, 0.9% at
adsorption sites. Comparing the desorption curves from 573 K, and 0.3% at 623 K. The amount of weight change in-
323 and 373 K, there seems to be a striking similarity creases only at a further 0.4% at 523 K, 0.2% at 573 K, and
of the shapes above 373 K, indicating a similar compo- 0.4% at 623 K.
sition of components adsorbed on the catalyst. This sim- |t can be concluded that adsorption is also the domi-
ilarity is obvious in the adsorption curve&ig. 3). The nant phenomenon wherthexane comes into contact with
initial adsorption at 373 K, about 10-13 min, is the same US-Y at middle temperatures, a fact supported by the signif-
as the adsorption at 323 K, but 1-hexene adsorbed aticant fraction of the adsorbed amountthat is desorbed during
373 K continues to react later on as well as during isother- isothermal desorption, as shownFfig. 5. The shape of ad-
mal desorption for a similar product composition as that sorption is the same as at low temperatures, i.e., initial rapid
from 323 K. This is obvious in the considerably lower increase of the adsorbed amoapproaching an equilibrium
weight decrease of the 373 K sample during isothermal value that decreases with temperature, and the rate of ad-
desorption than the 323 K sample. At 373 K the ad- sorption has a sharp peak initially, while it is maintained at
sorbed 1-hexene is converted into coke/coke precursorsalmost zero later. However, the adsorbed amount drops at
rather than being desorbed. The temperature-programmedbout one order of magnitude.
desorption from 423 K has only one peak and a rela- The outstanding decrease of the adsorbed amount can
tively wide shoulder after that. The reason for the differ- be explained by the adsorption sitesmehexane on US-Y.
ent peak shape compared with those at 323 and 373 KThere are two main peaks at 369 and 435 Kg( 2
can be considered to be the product of oligomerisation un-in temperature-programmed desorptionmehexane from
der this temperature. The weight decrease of the 423 K323 K. Hence at reaction temperatures of 523 to 623 K,
sample during temperature-programmed desorption is awhich are above both peak temperatures, the adsorbed
much lower fraction of the weight increase during the re- amounts are very low.
action period compared to the other two samples, indi-
cating that the majority of the adsorbed amount has been3.2.2. 1-Hexeneresults
oligomerised, leading to coke formation, rather than being  The amount and the rate of catalyst weight percentage
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desorbed. change in the reaction period, isothermal desorption, and
temperature-programmed desorption are presenteige 6

3.2. Middle-temperature effect (523, 573, 623 K) and 7 Similarly as at low temperatures, the amount of cat-
alyst weight percentage change during the reaction period

3.2.1. n-Hexaneresults initially increases fast for abodtto 6 min, while the rate of

The amount and the rate of catalyst weight percentageweight change has a sharp and asymmetric peak at this ini-
change in the reaction period and isothermal desorption aretial time. The inflexion becomes smoother and, at later times,



S. Chen, G. Manos/ Journal of Catalysis 226 (2004) 343-350

N
(6]

20 + °
E‘ -
S 51 <
S O =
c =]
S 104 g E
o S

(2
» P
n 5 7]
] ©
= =

O_

-5

Time (min)
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Fig. 7. Temperature-programmed desorption of 1-hexene after reaction at
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difficult to distinguish even at 623 K. Correspondingly the
gradient of the rate decreaseith temperature, while the
rate is maintained above zero, even at 623 K, 0.26%.

It can be seen that adsorption does exist in a significant
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from 523 and 573 K has one peak each at 613 and 626 K,
respectively. Each one corresponds to the third peak shoul-
der at 573 K of temperature-programmed desorption from
323 and 373 KFig. 4), which indicates the same compo-
nent composition of coke. In conclusion, it is shown that
oligomerisation is the dominating reaction in this tempera-
ture range.

3.3. High-temperature effect (673, 723, 773 K)

3.3.1. n-Hexaneresults

The amounts and the rate of catalyst weight percentage
change in the reaction period and isothermal desorption are
presented ifrig. 8. It can be seen that the behaviour of coke
formation is obviously different from that at low and middle
temperatures. First, the amount of coke at 673 K evidently is
nearly one order of magnitude higher than at 623 K. It con-
tinues to increase during the whole reaction period, so that
no breakthrough is observed in its curve, which would be
characteristic if agorption would have been the dominant
phenomenon. Correspondingly, the rate of weight change
decreases gradually from the beginning to the end of the
reaction period. It is difficult to distinguish the sharp and
asymmetric peak separating initial and later times. Secondly,
the curve at 723 K is also different from that at 673 K, in the
fact that the end amount increases with temperature. From
the rate of weight change, it can be seen more clearly that
the curve increases with time, which is also completely dif-
ferent from those at middle and low temperatures. Thirdly,
the above tendencies of amount and rate become more pro-
nounced as temperature increases; at 773 K the amount of
coke increases to 23% at the emitreaction period and the
curve becomes convex during the whole reaction time while

amount also at middle temperatures. The amount of adsorp-; aximum rate value can be observed.
tion increases fast and the rate of catalyst weight percentage £ the above data. the conclusion can be drawn that

change has a sharp and asymmetric peak initially, while the
extent of adsorption decreasesnsiderably with tempera-

ture. Oligomerisation becomes the dominant phenomenon
during the whole reaction period; it even surpasses adsorp-

tion at 623 K at the beginning. The extent of oligomerisation
also decreases with temparsg. This can be seen by the
change of the rate curve later on, while the rate of weight
change at 623 K nearly levels off. Garwood reported the con-
version of G—Cyg alkenes on H-ZSM-5 zeolite in a vapour-
phase process at temperatures of 473-533]KAccording
to his results an alkene undergoes oligomerisation, isomeri-
sation, cracking to a mixture of intermediate olefins that is
independent of the nature of the feedstock, and copolymeri-
sation to give a product spectrum with a wide distribution of
carbon numbers. Pater et al. studied 1-hexene oligomerisa
tion in liquid and vapour phases over USY zeolite catalyst
under conditions of 473 K and 5 MPa, where they measured
high oligomerisation selectivities in a range of 26—6[A%.
Similarly as with the isothermal desorption at low tem-
peratures, the amount of isothermal desorption is not notice-

obviously the extent of coke formation increases with tem-
perature. The curves of the amount and rate at 673 K are
similar to those of 1-hexene at 623 K. This can be ex-
plained by the fact that coke is caused by olefinic products
of n-hexane cracking and the coke formation is dominated

25

— 4 [}
= 20 2
‘;‘ 14
2 15 - ST
< S
©
5 3
O 10 - o=
0
s ]
= 5 s
0

Time (min)

Fig. 8. Reaction period (45 min) and isothermal desorptiom-biexane
at high temperatures (673, 723, 773 K). Nitrogen flow rate: 6Q miin.

able. The temperature-programmed desorption of 1-hexenePartial pressure of-hexane: 12.5 kPa.
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by direct oligomerisation, resulting in the same behaviour as Time (min)

1-hexene at the lower temperature of 623 K. Different than rig. 10, Reaction period (45 min) and isothermal desorption of 1-hexene
at 673 K, an induction period ohe coke formation initially at high temperatures (673, 723, 773 K). Nitrogen flow rate: 6Q,/miin.

and an acceleration period of rate later on are observed atPartial pressure of 1-hexene: 17.5 kPa.

723 and 773 K. This indicates the existence of a different

mechanism of coke formation at temperatures above 723 K. increases with temperature reaching 19.8% at 673 K and

Comparing the initial catalyst weight change rates at the 22.4% at 723 K, compared to 14.6% at 623 K at the end
same peak time of about 3 min at all three temperatures,of reaction. Regarding the rate of change, in contrast to pre-
it can be seen that they are similarly low as those at low vious tendencies of decreasing with TOS throughout the re-
and middle temperatures. Also the values of weight changeaction period after the sharp initial increase, at high temper-
at the same inflexion time of about 10 min are similar to atures above 673 K the rate curve becomes convex, with this
those at low and middle temperatures. This tendency cantendency being more pronounced at higher temperatures.
be seen more clearly froffig. 9, where the catalyst weight The rate of coking at temperatures over 673 K resembles
change is plotted against the temperature for different TOS: the shape of that of-hexane at the even higher temperature
3, 5, and 10 min. At low temperatures, the amount decreasesof 773 K.
with temperature and increases with TOS. The tendency is From these results, it can be concluded that, similar to
maintained at middle temperatures, the differences becom-the change ofi-hexane from 673 K to 723 K, the mech-
ing, however, minute, while the overall values are one order anism of coke formation of 1-hexene alters from 673 to
of magnitude lower than at low temperatures. This tendency 723 K. The extent of directeactant oligomerisation at a
obviously changes at high temperatures, as cracking reac-high-temperature range continues to decrease with tempera-
tions become dominate and coke is formed by secondaryture in a more pronounced form than at a middle-temperature
reactions. Since adsorption is weaker at higher temperaturestange. It decreases significantly so that it cannot remain
however, and hence the amountefiexane adsorbed cannot  the main source of coke formation at the high-temperature
be higher than that at middle temperatures, it can be deducedange. Oligomerisation from the olefinic products of crack-
that the main cause of catatyseight change becomes ad- ing becomes the dominant reaction leading to coke forma-
sorption of products ofi-hexane cracking, which include tion, which is also in competition with the cracking of coke
olefinic products as well as coke precursors and fully grown precursors. Similarly as with-hexane at 773 K, at temper-
coke. This new tendency becomes clear at 673 K to highlight atures above 673 K an initial induction period exists as well
the different mechanism ofacking and coke formation. as an autocatalytic rate acegdtion period later on.

It is usually accepted, based on data from a fixed-bed  While it can be said that coke formation from 1-hexene
reactor, that the amount of coke initially increases rapidly at temperatures above 643 has the same mechanism
reaching an inflexion pointoflowed by a slow increase to  as that fromn-hexane at temperatures above 773 K, then
a maximum value. From the in situ data from TGA, how- n-hexane as paraffin and Exene as olefin have a simi-
ever, it can be seen that there exists an induction and anlar behaviour of coke formatioduring catalytic cracking
autocatalytic acceletian period for the coke formation dur-  at a high-temperature range. However, coke precursors pro-
ing catalytic cracking ofi-hexane on US-Y at temperatures duced by products of cracking have different functions at

above 723 K. high temperatures than those of directly oligomerised inter-
mediates from the olefin reactaat the middle-temperature
3.3.2. 1-Hexeneresults range or oligomerised intermediates from olefinic products

The amount and the rate of catalyst weight percentageof n-hexane cracking at 723 K.
change in the reaction period and isothermal desorption are  From Fig. 11 the tendency can be clearly seen that at
presented irFig. 10 It can be seen that in contrast to those low and middle temperatures, the amount decreases with
at middle temperatures, at high temperatures the amounttemperature while it increases with TOS. The adsorption
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N
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1-Hexene tures. This low concentratiorf ooke precursors on the cata-
lyst surface at the initial period indicates the role of interme-
diates of catalytic cracking, which are continuously created
by the olefinic products of either paraffin or olefin cracking
or directly by an olefinic reactant. They take partin the cycle
of catalytic cracking reaction, like the scission step and alky-
lation step (oligomerisation), at the same time. In the initial
period of reaction, the amount of coke precursorsis very low,
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N
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Mass Change [%]
=
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0 = ' ' ' with the result that their role is restrained compared with
323 423 523 623 723 scission, leading into the induction period of coke formation.
Temperature [K] When the coke precursor amount increases to a certain ex-

tent, the extent of alkylation is strengthened, but this alkyla-
Fig. 11. Amount of catalyst weight chge for 1-hexene vs temperature at  tjon involves coke precursors existing on the catalyst surface.
various TOS. This is differently than with direct oligomerisation, which

results in the autocatalytic period of coke formation. It is
and direct oligomerisation abl and middle temperatures  gifferent with the coke formation with-hexane as reactant
both decrease with temperature. For the oligomerisation, the;¢ temperatures lower than 723 K and 1-hexene at tempera-
amount of coke formed by 1-hexene is maintained at one yres jower than 673 K, which occur mainly by oligomerisa-
order of magnitude higher thanhexane at middle tempera- (o from the olefinic products of cracking or directly from
tures. This tendency obviously changes at high temperaturesefinic reactant. This deternmss the behaviour of coke for-
as the cracking reaction beves the dominant reaction and  ation. The rate of coking gradually decreases all along the
coke is formed mainly by secondary reactions, replacing rgaction, from the beginning to the end, as oligomerisation
those of the direct oligomesion from reactant and olefinic ;¢ only restrained by the diffisn of the olefinic reactant or
products. At temperatures over 673 K, the new tendency is yecrease of olefinic products from cracking.
much stronger. The induction amaditocatalytiacceleration
period present at temperatures over 673 K indicate the same
mechanism of coke formation for both olefin and paraffin at
the high-temperature range.

The same results have been observed by Reyniers et al.

during cracking of isobutane over US{¥1] and Figueiredo 1. Atlow temperatures, 323—-423 K, adsorption is the ab-
et a|_ from propy|ene on a Commercia| FCC_Cata|M§]' Solute dominant cause Of that We|ght Change When either
which was explained by the fact thatscission is favoured ~ n-hexane or 1-hexene comes into contact with US-Y, whose
over oligomerisation at higher temperatures, and coke pre-amount decreases with temperature. For 1-hexene however,

cursors are more volatile in nature and more easily desorbedother causes obviously exist, like “molecular clustering”
from the catalyst than at lower temperatures. at 323 K and oligomerisation at temperatures over 373 K.

In the o|igomeric Crackig mechanism introduced by n-Hexane from 323 K has two main peaks at 369 and 435 K

Williams et al. [13], the oligomeric cracking scheme in- On temperature-programmed desorption at/srih, corre-
cludes alkylation or oligomerisation reactions, in addition to sponding to different adsorption sitesiohexane on US-Y.

the hydride-transfer/scission cycles of bimolecular cracking, These peak temperatures shift to 394 and 462 K for 1-hexene
with the key difference thathe surface carbenium ion in-  due to stronger adsorption of 1-hexene thamexane on the
volved in the cycle may be significantly larger than the feed. Same adsorption sites.

This large surface carbenium ion was explained to be the 2. At middle temperatures, 523-623 K, adsorption is
coke precursors. also the dominant cause of catalyst weight change when

The induction period for the amount and autocatalytic pe- n-hexane contacts US-Y. The adsorbed amount, however, is
riod for the rate can be considered as an indication of the about one order of magnitude lower than at low tempera-
multiple role of coke precursors in diversity and competi- tures, which indicates that only a small proportion of active
tion/coexistence of catalytieactive species on the surface sites, no more than 0.2%, really take part in the catalytic
of zeolite catalysts, both as intermediates of oligomerisation cracking reaction at the beginning. For 1-hexene, oligomeri-
and intermediates of isomeaison and cracking reactions. sation from the olefinic reactbecomes the dominant cause

From the data of the amount of catalyst weight change at of catalyst weight change; it even surpasses the initial ad-
the initial period of bothi-hexane and 1-hexene, it can be sorption at 623 K.
seen that the amount of coke at high temperatures is rela- 3. At high temperatures, 673-773 K, the induction and
tively low, lower even than 0.2% for-hexane and 0.6% for ~ autocatalytic period present at temperatures over 673 K in-
1-hexene at 3 min, which includes also the coke precursors.dicate the same mechanism of coke formation for both olefin
The actual amount of coke is much lower and cannot be com-and paraffin at this high-tempagure range. Oligomerisation
pared with the adsorbed amount at low and middle tempera-from the olefinic products of catalytic cracking becomes the

4. Conclusions
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