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Abstract

Adsorption constants and heats of adsorption of different types of hydrocarbons on zeolitic catalysts have been obtained under cracking
reaction conditions, by means of kinetic techniques. The heat of adsorption of a naphthene is very close to the alkane with the same number of
carbon—carbon bonds, which in turn is defined by the van der Waals interactions between the hydrocarbon and the zeolite walls. The presence
of the double bond in the olefin increases the heat of adsorption of the corresponding alke#@ kymol. Comparison of decalin and
tetralin shows the contribution of the aromatic ring to the heat of adsorption. Differences in heat of adsorption not only explain differences
in cracking conversion, but can also predict variations in catalyst decay when industrial feeds of different compositions are used.
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1. Introduction different adsorption heats. Following these ideas, one could
expect that the heat of adsorption of a long-chain olefin will
It is well known that adsorption of reactants on the cata- have two components: one derived from the van der Waals
lyst surface is the first chemical step in a catalytic reaction. intéraction of the saturated part of the chain with the catalyst
Adsorption is responsible for the preactivation of reactants, Surface, and another, more localized, that may involve some
which results in a decrease of the activation energy of the €lectron transfer between the double bond and a Brgnsted
process. It has been said, however, that in the case of catSité Of the catalyst. If this is so, a higher heat of adsorption
alytic cracking of alkanes with zeolites, the adsorption of for Olefins than for paraffins would be expected. Likewise,
the reactant corresponds to a van der Waals interaction beydrocarbon molecules containing aromatic groups should
tween the alkane and the catalyst surface, and consequent k:so havif'adsorptllc;n parameters different from those of ei-
the heat of adsorption is directly proportional to the number e,z\lllaar:a lnshprhohe INS. ) ; fund |
of carbons in the chaifil—4]. Then the apparent activation All this, which has its own interest from & fundamenta
energy decreases when the number of carbon atoms in thdoint of view, for the rationalization of the adsorption in-
reactant increases, but the true activation energy remains un_teractlons between solid catalyst and gaseous reactants, can
changed5-8] Bab,itz et al. found that when they cracked also have important implications for the reaction of com-
n-hexane over different zeolites (Y, mordenite, and ZSM-5) plex r_nixture; of mqlecules, since it oceurs during catalytic
the apparent differences in activation energies are due to thecracklng OT industrial feeds. Indegd, in this case the feed
or the partially cracked feed contains alkanes, alkenes, cy-
cloalkanes, and aromatics. Thus, if one wishes to discuss
* Corresponding author. Fax: +34 96 3877809. feed reactivity, product selectivity, reaction kinetics, and cat-
E-mail address: acorma@itq.upv.e@A. Corma). alyst decay, one should consider not only the differences in
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the intrinsic cracking rate of the group of molecules men- Table 1

tioned above, but also the differences in adsorption. Catalyst properties

For instance, in the case of catalytic cracking, because of Method Fresh Equilibrated
the lack of data, most authors make use of kinetic models ik density (gcc) UOP-254 ® 0.905
that do not include adsorption parameters. However, adsorp-Specific area (#y/g) ASTM-D-3663 412 277
tion and desorption parameters can play an important role Zeolite specific area (ffg) ~ ASTM-D-3663 272 170
in some casefd]. Pruski et al. and Gianetto et al. have de- Eg‘reercgl'usnﬁgc(i;g?rea (o) 2?”'8‘2222 133198 1%7218
termlped adsorption cogfflments for gasoil and its I.umped Unit cell size (A) ASTM 3942/80 2419 2425
reaction products, showing the relevance of adsorption phe-ayerage particule size (um) ~ ASTM-D-4464 70 70
nomena for catalytic crackinfl0,11] The same observa- Ssilica/alumina - 6 60
tions were made by Zhao and Wojciechowski when they Rare earths oxides (wt%) IMP-QA-803 1 1

cracked 2-methylpentan&2]; they also showed the impact

of the heat of adsorption of reactants and products on cata- . . ] )
lyst decay. Bokhoven et al. used the Langmuir—Hinselwood CUt Up to eight continuous experiments. Details of the appa-

formalism to show the dominant role of reactant sorption un- atus and methodology have been described previ¢Lsly

der conditions in which catalyst deactivation is considered E&ch experiment consisted of a four-step cycle: stabiliza-
negligible[13]. tion, reaction, stripping, and regeneration. During the 30 min

Although it is true that it is possible to carry out in situ Of the stabilization step, nitrogen is injected at a rate of
adsorption measurements by means of techniques such as ir?0 €&Min through the reactor, allowing temperatures to sta-
frared spectroscopy, nuclear magnetic resonance, or Ca|ori_plllze at the preset reaction t_emperature value. Before reac-
metric methods, among others, it is also true that such mea-tion. feed is pumped for 15 s into a purge collector to prevent
surements are usually performed under conditions far from 21y 9as bubbles from entering the reactor. Then the feed
those under which the catalytic reactions occur. is injected through the fixed-bed reactor and the reaction

Kinetic studies using pure compounds, on the other hand, Products are recovered in a cooled sampler. Liquid prod-
can be used to determine adsorption parameters under reacdCts aré condensed in the sampler, and gases flow into an
tion conditions. Kinetic equations may also provide valuable atmospheric burette, where they are accumulated for further

information on product adsorption and its effect on catalyst analysis. After the reaction step, 10¢/o@n of stripping ni-
deactivation. trogen is fed through the catalytic bed for 15 min. Nitrogen

In the present work, we report results for cracking SWEePS liquid and gaseous hydrocarbons from the catalytic

of some pure hydrocarbons (an alkane, an alkene, a Cy_'bed, and products are recovered in the cooled sampler and

cloalkane, and an aromatic) over a commercial FCC cata-" the gas burette. To regenerate the deactivated catalyst, the
lyst containing USY zeolite. The corresponding kinetic and COKe produced by the reaction and deposited on the catalyst

adsorption parameters of reactants and products were deterSUrface is burned off. Air is fed at a rate of 10¢/mun, and
mined. the flue gas from the reactor is sent into a catalytic furnace

packed with copper oxides, where carbon monoxide is con-
verted into carbon dioxide. After regeneration the catalyst is
ready to start a new cycle.

Thus, 3.0 g of equilibrated catalyst was loaded into the
catalytic bed, and, after each set of experiments, the catalyst

2. Experimental

21. Materials was discharged and characterized for a specific surface area
o ) ) and zeolite unit cell size. A bed of 3 cm of silicon carbide
1-Octene (Fluka; 99%jcistrans decalin (Aldrich;  \yas placed above the catalyst bed as a preheater to ensure
>97%), and tetralin (Aldrich;>99%) were used as feed-  feed vaporization. A blank test was run for each hydrocar-
stocks without any further treatment. bon to measure thermal cracking, which resulted in less than
A commercial low rare earth USY FCC catalyst (whose 1 g wto at 773 K.
properties are listed iffable ) was used to carry out the Conversion versus time on stream curves was built up in

experimental wo_rl_<. Before the catalytic experiments, fresh e range of 5-120 s while the feed flow and catalyst mass
catalyst was equilibrated by a steam treatment at 1089 K for yyere kept constant. By doing this it was possible to observe
4 h with a mixture of 90 wt% steam and 10 wi% air. With  tne catalyst decay. To obtain data at different contact times,
this treatment the unit cell size of the zeolite in the catalyst experiments were performed at different feed flows, 3.0, 4.0

was stabilized to 2.425 nm. and 5.0 gmin, respectively, over a catalyst mass of 3.0 g.
_ Likewise, we monitored thermal effects by performing the
2.2. Experimental procedure experiments at two reaction temperatures, 673 and 773 K.

Catalyst stripping was done at reaction temperature with
Experiments were performed in an automated computer-a flow of nitrogen at 100 nilmin, and catalyst regeneration
controlled micro activity test unit (MAT), which can carry was carried out at 813 K.
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2.3. Product analysis initial inert concentrations is the volumetric expansion
coefficient,K s is the reactant adsorption constakit, is
Gaseous products were analyzed with a Varian CX Chro- the inert adsorption constant, apd K p;n; is the term

matograph, equipped with a molecular sieve column, with accounting for product adsorption and stoichiometry.
argon as the carrier gas and a thermal conductivity detector

to analyze H and Nb. A plot alumina column with helium For catalyst deactivation, a second-order decay law based
as the carrier gas and a flame ionization detector were usedn time-on-stream theory was considef&@]:

to analyze the hydrocarbons. _

Liquid products were separated in a micro capillary col- ®=@1+Gm, )
umn and analyzed by gas chromatography (Varian 3800).whereG is the catalyst decay rate ands time on stream.
Conversion, which we followed by measuring the amount of ~ These equations account for all reactions (cracking, iso-
reactant in products, was defined as the difference of reac-merization, cyclization, etc.) through which the pure reac-
tant fed minus reactant content in products, which was equaltants are transformed into products and describe the evo-
to the sum of the gases, liquid products, and coke. lution of instantaneous conversion as a function of space

Coke was indirectly determined by measurement of the velocity, time on stream, and dilution ratio.

CO, from the regeneration flue gas with an infrared analyzer. ~ Because of catalyst decay, instantaneous conversion de-
creases as time on stream increases; thus the reported exper-

2.4. Kinetics imental conversion is the average of the cumulative instanta-
neous conversions during the experiment.

Itis accepted that cracking catalyst deactivation occurs at ~ We obtained kinetic and adsorption parameters by fitting
such rapid rates that, for the rates of cracking to be properly €xperimental conversion data to the above equations; we did
quantified, the kinetics of conversion must be considered this by comparing experimental and calculated conversions.
simultaneously with deactivation kinetifk5]. Thus, the ki- ~ T0 do this, we obtained the calculated conversion by aver-
netic equation that governs the experimental reactor has beer@ging the instantaneous conversion from tifme 0 to time
derived by combining the mass balance of an ideal plug flow # = Tt, according to the expression

reactor, the reaction rate law, and the catalyst decay law: T
- 1
D¢ X=— [ Xdy, (5)
— = P, 1 T
81— Z rA’ ( ) f 5

whereX is the instantaneous conversion of the reactaf,  \here X is the average conversion, which corresponds to
the feed space timey, is the reaction rate for each reaction, products accumulated from time zero to tiffie(final time

and¢ is the catalyst decay function. . on stream) X is the instantaneous conversion from E@.
To evaluate reaction rates, the following models were and (3) and; is the time on stream.
considered: To obtain the best fit of the experimental data, we

_ _ optimized the values of the parameters by solving the
(a) the simple first-order pseudo-homogeneous rate law,ahove equations, coupled with the Buzzi optimization al-

which depends only on reactant concentration: gorithm[17].
X (1—X)

— =) KriCpy————=® 2

T 2 _Kn Ao 11 ex) @)

3. Resultsand discussion
and

(b) an equation based on the Langmuir-Hinselwood adsorp-  1-Octene is mainly cracked into shorters{s) olefins;
tion model, which includes the adsorption effects of re- however, it is also transformed into other products by iso-

actants and products: merization, hydrogen transfer, cyclization and oligomeriza-
9X 1—X) tion reactions. Products are also transformed by these reac-
— = <Z Kr; KACA0—> tions; for example, &-Cs olefins are transformed intozE
9t (A+eX) Cs paraffins by hydrogen transfer.
/<1_|_ KaCay (1-X) At 673 K (Table 9 selectivity for cracking products was
1+eX) more than 30%, and hydrogen transfer was the second most
A+e) important reaction, as indicated by the selectiviy26%)
+ ZKPi”iCAoXm for Cg paraffins. Cyclization was also relevant; the selec-
Cio tivity for Cg naphthenes was higher than 10%. Oligomer-
+K; M)tp 3) ization (dimerization) also occurred to a significant extent;
more than 10 wt% of 1-octane was transformed into heavier

whereKr; is the reaction rate constant for each reaction, hydrocarbons. At 773 KTable 3 1-octene is almost com-
Ca, is the initial concentration of reactant,;o is the pletely transformed, selectivity for cracking products was



260 A. Corma, F.J. Ortega / Journal of Catalysis 233 (2005) 257—265

Table 2 Table 3
Products selectivity at 673 K Products selectivity at 773 K
n-Hexadecane 1-Octene Decalin Tetralin n-Hexadecane 1-Octene Decalin Tetralin

TOS (s) 10 30 10 30 10 30 10 30 TOS (s) 10 30 10 30 10 30 10 30
C1+Cy 0.16 011 026 008 018 013 175 246 Ci1+C 0.78 039 067 052 070 031 163 121
Propane 55 106 021 005 086 041 099 068 Propane 06 222 053 044 212 104 432 277
Propylene 82 352 554 282 094 071 119 102 Propylene 1m0 798 1300 1213 393 185 432 277
Butanes 163 716 472 079 413 296 297 256 Butanes 163 1086 685 529 1452 739 967 624
Butenes 86 646 1157 641 082 049 089 Q75 Butenes 2¥4 2058 2515 2407 291 152 296 209
Cs paraffins 1464 1170 376 067 134 123 178 171 Cs paraffins 1188 915 506 371 681 346 377 249
Cs olefins 617 602 677 450 041 018 030 034 Cs olefins 831 861 1163 1171 097 058 051 038
Cs naphthenes .00 000 000 000 000 007 000 000 Cs naphthenes .00 000 000 000 004 026 000 000
Cg paraffins 527 679 249 057 148 126 228 169 Cg paraffins 530 580 203 167 446 282 349 148
Cg olefins 586 653 042 210 142 110 228 181 Cg olefins 630 608 142 233 431 202 373 144
Cg naphthenes 07 023 001 011 154 181 026 065 Cg naphthenes .03 019 008 011 346 568 115 132
Benzene M6 003 002 003 001 002 438 697 Benzene ®m0 003 001 002 019 017 895 1257
Cy paraffins 237 601 296 637 018 016 011 023 C7 paraffins 118 414 108 122 048 062 025 030
C7 olefins 048 156 094 178 004 004 006 018 C7 olefins 029 111 072 108 004 004 013 015
C7 naphthenes 65 117 157 121 134 134 069 092 C7 naphthenes .26 069 105 122 410 494 076 100
Toluene 063 025 102 327 021 015 252 331 Toluene 022 027 044 059 158 114 421 659
Cg paraffins 379 507 2505 2845 010 008 026 018 Cg paraffins 169 385 1287 1550 038 045 017 022
Cg olefins 023 063 000 000 050 037 005 012 Cg olefins 009 017 Q71 092 003 005 002 003
Cg naphthenes .02 156 1084 2320 081 074 030 007 Cg naphthenes a3 080 194 256 955 1285 017 026
Cg aromatics B8 088 195 107 110 123 277 325 Cg aromatics n2 100 310 311 211 160 263 415
Cg paraffins 337 334 158 355 074 062 017 045 Cg paraffins 131 172 058 076 150 153 026 045
Cg olefins 027 034 017 023 002 020 009 008 Cy olefins 011 018 003 004 038 051 003 003
Cg naphthenes .01 135 148 345 577 491 014 012 Cg naphthenes .86 060 038 059 392 738 021 033
Cg aromatics 132 075 188 099 972 459 234 275 Cg aromatics ®2 063 238 230 346 443 256 330
Cyp paraffins 152 156 083 045 1020 1110 202 166 Cy 9 paraffins 080 079 030 015 614 835 186 225
Cyp olefins 002 002 001 003 002 001 000 008 Cyp olefins 001 008 001 001 007 013 003 018
Cyo naphthenes .70 127 025 020 730 1030 148 118 Cypnaphthenes .Q0 010 005 005 020 032 072 091
C10 aromatics B8 173 283 148 3159 3949 960 1050 C10 aromatics o3 182 254 239 1048 1551 7.25 1884
Cy1 paraffins 069 062 009 002 047 046 030 060 Cy1 paraffins 011 037 003 003 049 051 013 014
Cy1 olefins 002 003 002 002 002 002 015 000 Cy1 olefins Q00 001 Q00 000 000 001 000 000
C11 naphthenes .03 004 001 002 060 085 023 027 C11 naphthenes .01 000 000 000 000 000 075 114
C,1 aromatics 13 156 065 045 291 365 661 386 C,1 aromatics @1 020 043 043 248 394 812 1379
Cio4 paraffins 1243 1454 401 299 001 002 006 454 C124 paraffins 230 556 270 243 002 010 160 186
C14 olefins 050 024 022 017 001 002 007 178 C14 olefins 003 004 013 013 001 009 039 021
Ci124 naphthenes .01 009 003 002 002 002 000 000 C124 naphthenes .00 001 001 001 002 002 0O0 000
Ci1p4 aromatics 180 260 070 032 280 320 568 1448 Cip4 aromatics QL4 230 035 032 330 166 786 288
Coke 538 308 447 310 1032 638 4542 2901 Coke 378 161 166 132 475 656 1538 626

higher than 65%, hydrogen transfer was lower than 15%, and  Tetralin is also transformed by the opening of the naph-
selectivity for cyclization and oligomerization was less than thenic ring, which leads to the formation of-&C,4 alkenyl
10%. aromatics, which in turn are converted by hydrogen transfer
It has been reportefl.8] that decalin is transformed by into alkyl aromatics, naphthalene and other aromatics, and
the opening of the naphthenic rings, yielding an olefin- coke. At 673 K the selectivity for hydrogen transfer prod-
substituted naphthene, which reacts by hydrogen transferucts was higher than 80%, and that for cracking products
to produce aromatics and a paraffin-substituted naphthenewas less than 15%. At 773 K cracking selectivity increased
Cracking of the side chain of the substituted naphthene pro-and hydrogen transfer selectivity decreased but still was the
duces propylene and butylenes that are also transformeddominant reaction.
into the corresponding paraffins by hydrogen transfer. At  Experimental conversion plots at different times on
673 K (Table 2 more than 30% of decalin is transformed stream and reaction temperatures are showkigs. 1a and
into aromatic hydrocarbons by hydrogen transfer; crack- 1b. In all cases conversion decreases progressively as time
ing of the substituted naphthenes occurs at a lower ex-on stream increases, because of catalyst decay.
tent, as indicated by the low selectivity for propane and  When conversions are compared under the same reaction
butanes. At 773 K cracking increases considerably, but conditions, it may be observed that 1-octene yields the high-
hydrogen transfer reactions still occufaple 3. Hydro- est values, followed by decalin and tetralin. For instance, at
gen transfer has been shown to depend on acid site dena reaction temperature of 673 K and a time on stream of 5 s,
sity regardless of whether the catalyst contains rare earthl-octene conversion was 94 wt%, and decalin and tetralin
cationg[19]. conversions were 50 and 16 wt%, respectively. 1-Octene also
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Fig. 3. Core selectivity.

decrease in a corresponding proportion, indicating that other

shows the lowest conversion drop when the time on stream isfactors besides coke formation may influence catalyst decay.
increased or the reaction temperature is decreased. Thus th¥loreover, as illustrated ifrig. 3, coke selectivity is higher
reactivity order is as follows: 1-octenedecalin> tetralin. at lower temperatures and depends on the chemical nature

The high reactivity of 1-octene may be explained by the of the reactant; tetralin shows the highest coke selectivity,
presence of the double bond, which can be easily protonatedollowed by decalin and 1-octene. At 673 K and 5 s, coke se-
by the Brgnsted sites of the catalyst. The low reactivity of lectivity is about 55%, and it is importantly reduced to 29%
tetralin is explained by the stabilizing effect of the resonating at 773 K. Likewise, in all cases coke selectivity decreased
structure of the aromatic part of this molecule and the fact very fast as time on stream increased.
that only five single carbon—carbon bonds of the naphthenic  All of these observations can be explained by differences
ring are able to react. in adsorption, as will be shown below.

It is widely accepted that coke is responsible for catalyst
decay; however, our results indicate that catalyst decay does3.1. Kinetic parameters
not correlate well with coke deposited on the catalyst. For
instance, even though 1-octene yields the highest coke for- When experimental data were fitted to a pseudo-homo-
mation at 673 K FFig. 2), the conversion drop observed is geneous model (Eq2)), good fittings were obtained, re-
the lowest Figs. 1a and 1p In contrast, tetralin gives the gardless of the reactanfigs. 4-6. The kinetic rate con-
highest conversion drop but does not form the most coke onstants obtained with the pseudo-homogeneous model are
the catalyst. Furthermore, in all cases coke builds up very listed in Table 4 they are consistent with the ranking
fast on the catalyst surface during the first instants of the re- of reactivity described above, 1-octenen-hexadecane-
action; about 70% of the total coke built up during 60 s is decalin> tetralin. The kinetics ofi-hexadecane was re-
formed within the first 5 s. However, conversion does not ported in a previous papg20].
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Fig. 4. (a) 1-Octene kinetics at 673 K. (b) 1-Octene kinetics at 773 K. Fig. 5. (a) Decalin kinetics at 673 K. (b) Decalin kinetics at 773 K.

Catalyst decay constants show an inverse order in whichtrinsic activation energy. Thus even though the apparent ac-
the highest and lowest values corresponded to tetralin andtivation energies for tetralin, decalin, anehexadecane are
1-octene, respectively. When reaction temperature was in-similar, the true activation energies show significant differ-
creased, the decay constants decreased, indicating that thegnces, which are in line with the experimental reactivities
could include other parameters besides the kinetic decayobserved, thatis, the lowest activation energy and the highest
constant. Moreover, when the activation energies are con-reactivity correspond to 1-octene, and the highest activation
sidered, it can be seen that the lowest value correspondsenergy observed is that for tetralin, which demonstrates the
to tetralin, whose reactivity is the lowest; likewise, activa- lowest reactivity. The high activation energies obtained for
tion energies obtained for 1-octene amdhexadecane are tetralin (357 kJmol), n-hexadecane (349 khol), and de-
equivalent, even though 1-octene is much more reactive thancalin (319 kJmol) may be an indication that they are mainly
n-hexadecane. These inconsistencies call into question theransformed by a protolytic cracking mechanism, whereas
validity of the pseudo-homogeneous kinetic model. 1-octene will follow aB-scission type cracking with a lower

When the Langmuir—Hinselwood model, which takes into true activation energy (256 kol).
account the adsorption effects of reactants and products, is Regarding the adsorption constants of reactants, tetralin
considered (Eq(3)), the fitting is very good Kigs. 4—§. shows the highest values, followed hyhexadecane, de-

In this case the sum of the squares of residuals is smallercalin, and 1-octene; adsorption constants decrease with in-
than when the pseudo-homogeneous model is used; what igreasing reaction temperature, as should be the case for
not surprising is that the number of parameters is larger in exothermic processes.

Eq. (3) than in Eq.(2). The kinetic parameters are listed in Adsorption heats were derived from the calculated ad-
Table 5 sorption constants using the Van't Hoff equation. The high-

Haag et al.[5] have shown that activation energy for est value was obtained for tetralin (153/kibl), followed
cracking is the sum of the heat of adsorption plus the in- by 1-octene (115 kidmol), n-hexadecane (137 khol),
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Fig. 6. (a) Tetralin kinetics at 673 K. (b) Tetralin kinetics at 773 K.

and decalin (113 kdnol). These values compare well with

those calculated by group contributid@l] for tetralin
(147 k¥mol), 1-octene (109 kdnol), and decalin (115 kJ

Table 4
Kinetic parameters according to the pseudohomogeneous model

2 Kr Kd 3 (residuals®  Activation
sh (s energy
Temp. (K) 673 773 673 773 673 773 (KIymol)

160 -
150
140 4
130 4
120 4
110 4
100
90 4
80 4
70 q
60
50 4
40 -
30

a
n

—&—"n-Paraffins, Kiselev"
a1 "Experimental, n-C 16"
® - "Groups, l-octene”
—¥—"E xperimental, 1-octene”
—e—"Groups, decalin"
—o—"Experimental, decalin"

Heat of adsorption, kJ/mol

—8—"Groups, tetralin"

B8—Experimental, tetralin

01 2 3 4 56 6 7 8 9 1011 1213 14 15 16 17 18 19 20
Carbons number

Fig. 7. Heats of adsorption.

mol) and with the data reported by KiselgM for n-hexa-
decane (146 kdnol). This order appears to be consistent
with the interactions expected according to the chemical
nature of these compounds and the surface of the cata-
lyst. Kiselev et al., who used a Y zeolite, and Bokhoven
et al.[13], who used a mordenite, reported that the heat of
adsorption ofi-alkanes over zeolites increases linearly with
the chain length of the hydrocarbon, indicating that the heat
of adsorption is due to the van der Waals interactions of
the hydrocarbon with the surface of the zeolite. The value
we obtained for-hexadecane is in line with this, as can be
seen inFig. 7. For decalin, a value close to that reported for
n-decane could be expected, since both molecules are satu-
rated hydrocarbons with the same number of carbon atoms.
However, we have obtained kinetically a higher value for de-
calin than forn-decane; the heat of adsorption of decalin is
similar to that ofz-dodecane, which has the same number of
carbon—carbon bonds. The heat of adsorption of 1-octene is
clearly higher than that of-octane; the obvious reason for
this is the presence of the double bond of 1-octene, which
strongly interacts with the Brgnsted sites of the catalyst, giv-
ing the corresponding alkoxide. Tetralin shows the highest
adsorption heat, 60 Kénhol higher than the:-paraffin with

n-Hexadecane 4 82 047 0065 Q0018 00023 241 the same number of carbon atoms and 40mdal higher
Decalin 502 1306 0076 Q069 Q0003 00048 414 than decalin. The reason for this should be related to the
Tetralin 372 572 163 0327 00001 00003 186 three conjugated double bonds in the aromatic ring. Adsorp-
1-Octene 385 6013 00091 00049 00020 Q0030 249 : . . .
tion not only influences the relative rate of the reaction, as
Table 5
Kinetic parameters according to the Langmuir-Hinselwood model
> Kr Ka > Kpin; Kd Y (residuals? Adsorption Apparent  True
(sh (I/mol) (I/mol) sh heat activation  activation
Temp. (K) 673 773 673 773 673 773 673 773 673 773 (k/mol)  energy energy
(kJ/mol) (kJ/mol)
n-Hexadecane .8 1147 231 0096 51 16 200 2100 Q0009 Q0006 —1376 2117 3493
Decalin 369 431 148 0109 136 190 0081 Q144 Q0002 00008 —1129 2060 3189
Tetralin Q577 6484 715 0208 40 170 610 Q690 Q0001 00002 —1531 2043 3574
1-Octene 118 3118 036 0025 1293 0928 Q010 Q005 Q0004 00017 —1150 1419 2569
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discussed above, but may also have an important impact orrable 6

catalyst deactivation. Effect of adsorbed hydrocarbons on catalyst activity
Base Catalyst
3.2. Adsorption and catalyst decay Stripped Unstripped
and coked and coked
The importance of adsorption on catalyst decay can be Coke on catalyst (wt%) 0 2 21
inferred from the fact that, as occurs with adsorption con- Conversion (wt%) on 856 183

stants, catalyst decay constants also decrease with increasinéiEIdS (wt%b) ” e .
reaction temperature, as can be seefables 4 and 5Ad- ry gas -

. . Propane 3 29 0.7
sorption of reactants and products can play an important rolep g jene o 71 23
in catalyst decay, as when the strong adsorption of basic ni-Butanes 2 26 09
trogenated hydrocarbons on the Brgnsted sites of the zeoliteButylenes 0 5.2 15
reduces its activity. Gasoline 48 458 35

An examination of the reaction products of each of the gg(s::lg ol 125'32 ﬂ‘i 8?3
reactants testedli@bles 2 and Bindicates that 1-octene is  cgye 68 06 1

the reactant that produces the lowest yields of aromatics and . N
heavier hydrocarbons, whereas tetralin produces de highesfPerating conditions

. . . Catalyst weight (g) 3
yields. Since we hqve_ seen that tet_ralm, because_ of the presg..ciion temperature (K) 783
ence of the aromatic ring, has the highest adsorption constantrime on stream (s) 30
and heat of adsorption among the reactants studied, it can beatalyst to oil ratio 4
expepted tha}t reaction products formed from tetralin, such Feed properties
as di-aromatic naphthalene, methyl naphthalene, and heaviegpecific gravity o1
aromatics, should strongly compete for adsorption, reduc- Inicial boiling point (K) 623
ing the active sites available for cracking and consequently Final bailing point (K) 813

reducing the reaction rate. At 773 K adsorption constants S&bon Conradson (wt%) 0

are lower, and, in consequence, coke yield and catalyst de-

activation by Competitive adsorption are also lower. Similar preserves an activity that is up to 93% of the base. In con-
observations have been reported by Fori§@2} and Nevi-  trast, when experiments were carried out with the omission
cato[23]. of the stripping step, leaving the adsorbed hydrocarbons on
Decalin also produces tetralin, di-aromatics, and heavier the catalyst, the remaining catalytic activity was only about
aromatics, but to a lower extent than tetralin; therefore the 2094 of the base, showing the important role of the adsorbed
catalyst decay constants are lower. In the case of 1-octengyroducts (not removed by stripping) on catalyst dejf@aly-
the catalyst decay constants are very low, and, even thoughp7]. It should be pointed out that for these experiments we
it yields at least the same amount of coke as tetralin or de- ysed a vacuum gasoil to ensure that the catalyst surface was
calin, its deactivation rate is much lower. This is explained completely covered by coke.
by the fact that 1-octene does not produce large amounts of  On the other hand, for the cracking of gasoil the picture
di-aromatics or heavy aromatics, whose adsorption on theis more complex, not only for the large number of chemi-
catalyst surface contributes to catalyst deactivation, as oc-cal species involved in the process, but also because of the
curred during cracking of tetralin or decalin. lack of knowledge of its adsorption effects. However, the
Thus catalyst deactivation is explained not only by coke knowledge acquired from cracking pure components may
deposited on catalyst and pore plugging; reactants and prod-provide some useful guidance. According to the results re-
ucts adsorption may also play an important role, which is ported here, it can be inferred that aromatic gasoils will ren-
especially important for the cracking of heavy feeds. To test der lower conversions than naphthenic and paraffinic gasoils,
this hypothesis, we have carried out some experiments inbecause of the lower reaction rate constants and the higher
which the activity of the catalyst was measured in three adsorption constants, which in turn will promote a faster cat-
different scenarios under constant operating conditions andalyst deactivation.
according to the procedure described in the Experimental Gasoil cracking may be improved by operation at higher
section. In one scenario we used the fresh catalyst in order totemperature, not only because of the endothermicity of the
have a basis for comparison. In another, we used the cokedeaction, but also because of the lower adsorption constant
catalyst, which was obtained after the reaction and stripping of undesirable hydrocarbons, such as aromatic compounds,
steps. Finally, in the third scenario we used the coked and un-which are refractory to cracking, or basic hydrocarbons,
stripped catalyst obtained after the reaction step. The corre-which may occupy the catalyst acid sites. The lower adsorp-
sponding results are listed Table 6 in which it can be seen  tion rate also will promote a better catalyst stripping and a
that if adsorbed hydrocarbons on spent catalyst are properlylower coke yield. This may promote a higher flexibility in
stripped by N and the catalyst is exposed to a new reaction the operation of the unit. The limit, of course, will be set by
without elimination of the coke deposited on its surface, it the thermal cracking and the metallurgy of the FCC unit.
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4. Conclusions [4] J.A. Bokhoven, M. Tromp, D.C. Koningsberger, J.T. Miller, J.A.Z.
Pieterse, J.A. Lercher, B.A. Williams, H.H. Kung, J. Catal. 202 (2001)
It is possible to obtain adsorption constants under crack- - \}\/2?)_144;5 P M. Dessat RM. Laco. Chemistry of Microsorods Ma
ing reaction conditions from kinetics with Langmuir—Hin- terials, St?l‘d. Surf. Sci. éatal., vo?. éO, Elsevigr, Amstelgiam, 1991,
selwood models. p. 255.
The heat of adsorption for paraffins and naphthenes corre- [6] N. Arsenova-Hartel, H. Bludau, R. Schumacher, W.O. Haag, H.G. Kar-
sponds to the physical heat due to van der Waals interactions  ge, E. Brunner, U. Wild, J. Catal. 191 (2000) 326.
between the hydrocarbon and the zeolite walls, in agreement [7] ":IA ?fse;;\(/i\égHé)BlludaU, W.O. Haag, H.G. Karge, Micropor. Mesopor.
with previous adsorption worKl,13]. Naphthene (decalin ater. ' .
heat %f adsorption Eorrespon[%ls a]pprof()imately g[o that <))f a [8] F- Eder, J.A. Lercher, Zeolites 18 (1997) 75. .
: ; [9] J.E. Rekoske, R.J. Madon, L.M. Aparicio, J.A. Dumesic, Stud. Surf.
paraffin with the same number of carbon—carbon bonds, and ~ * s¢j. catal. 75 (1993) 1563, part B.
the presence of the double bond in an olefin increases the{10] J. Pruski, A. Pekediz, H. de Lasa, Chem. Eng. Sci. 51 (1996) 1799.
heat of adsorption by40 kJ/(mol mol) compared with the [11] A. Gianetto, H.I. Farag, A.P. Blasetti, H. de Lasa, Ind. Eng. Chem.
corresponding paraffin. A similar difference in adsorption Res. 33 (1994) 3053. _
constant was observed for a comparison of heats of adsorp 2 Y- Zhao, B-W. Wojciechowski, J. Catal. 142 (1993) 496.
] ) . o [13] J.A. van Bokhoven, B.A. Williams, W. Ji, D.C. Koningsberger, H.H.
tion of decalin and tetralin, which is due to the presence of Kung, J.T. Miller, J. Catal. 224 (2004) 50—59.
an aromatic ring. These differences in heat of adsorption are[14] A. Corma, J. Martinez-Triguero, C. Martinez, J. Catal. 197 (2001) 151.
not only responsible for differences in the apparent activa- [15] M. Grzesik, J. Skrzypek, B.W. Wojciechowski, Chem. Eng. Sci. 48

tion energies, but also have an important impact on catalyst  (1993) 3273.

deactivation. [16] M.R. Viner, B.W. Wojciechowski, Can. J. Chem. Eng. 60 (1982) 127.
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