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Abstract

Recently developed mechanistic and technological concepts concerning the ispibutiame alkylation reaction on liquid and solid acids
are addressed. Differences and similarities between the reactions of alkenes and alkanes with these acids are emphasized. Hydride transfer
shown to be the important step for high catalyst productivity and product quality. High concentrations of strong Brgnsted acid sites and low
concentrations of Lewis acid sites are mandatory for long catalyst life. Deactivation in liquid and solid acids proceeds through the formation
of highly unsaturated compounds, which form strong complexes with the acid sites. Implications of the most important process parameters
on the alkylation performance are discussed.
0 2003 Elsevier Science (USA). All rights reserved.

1. Introduction the total operating costs of alkylation units usingS@y is
attributed to acid consumption [2].

Zeolites were the first solid acids tested as alternatives
to sulfuric and hydrofluoric acid in isobutarakene alky-
lation. The pioneering work was reported by researchers at
Sun Oil [3] and Mobil [4] in late 1960. In addition to ze-

Alkylation of isobutane with @-Cs alkenes is of con-
siderable economic importance for the production of high-
octane gasoline with low residual vapor pressure that is vir-
tually free of aromatic and sulfur-containing compounds. ™ . ) :
The reaction is catalyzed by strong acids, of which only olites, qunsted and Levy|s ac!ds on various supports, het-
sulfuric and hydrofluoric acid are commercially used. The eropolyacids and organic resins, both supported and un-

worldwide alkylation production capacity at the end of 2001 supported, have bee.n gxamined as catqusts for qlkylation.
amounted to 1.8 million barrels per calendar day7é mil- Rapid catalyst deactivation through a buildup of oligomers

lion tons/year). Slightly more than half of the total is pro- blocking the sitegpores is common to all solid acids.. There-

duced with hydrofiuoric acid as catalyst [1]. fore, an egonomlgally competitive process hgs to mcllude.a
Both acids suffer from certain drawbacks. Anhydrous .regenera}tlon sectlpn. So far, no process utilizing a solid agld

hydrofluoric acid is a corrosive and highly toxic liquid with IS operat.|ve onan industrial scale, aI.thoug.h Some companies

a boiling point close to room temperature. Released into offer their developed Processes for I|pen5|ng [5.6]-

the atmosphere, it forms aerosols, which drift downwind .The technology and chemlstry of |soglkane—alkene alky-

at ground level for several kilometers. For that reason, lation have been thoroughly reviewed in the past for both

alkylation plants working with HF have to be equipped liquid and solid aciq catalysts.[7] and for solid acid cat-
with expensive safety measurements to prevent IeakageaIYSts alone [8]. Since that tlme', our knovxllled.ge'about
of HF to the outside. Sulfuric acid also is a corrosive 2cid-catalyzed hydrocarbon reactions both in liquid and
liquid, but not volatile, which makes its handling easier. Its " Solid acids has advanced. With the existing alkyla-
major disadvantage is the high acid deactivation, which may o0 Processes being mature technologies, the number of

amount to 70-100 kg aciton alkylate. About one-third of publications on sulfuric and hydrofluoric acid is consider-
ably smaller than that on solid acids. Nevertheless, trifluo-

romethanesulfonic acid (triflic acid) as an alternative strong
* Corresponding author. liquid acid has received particular attention in mechanistic
E-mail address: johannes.lercher@ch.tum.de (J.A. Lercher). studies. Here, we describe the elements which we believe
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to be important in understanding the mechanism of liquid-  Let us now turn to the activation of the alkane. The direct
and solid-acid-catalyzed alkylation, including our own re- protonation of isobutane, via a pentacoordinated carbonium
cent work [9,10]. ion, is not likely under typical alkylation conditions. This
reaction would lead to a tertiary butyl carbenium ion
and hydrogen, or a secondary propyl carbenium ion and
2. Ontheinteraction of alkanes and alkenes with strong methane [20-22]. With zeolites, this reaction starts to be
acids significant only at temperatures above 20D. At lower
temperatures, hydrocarbon transformations start with the

Chemical bonding of alkenes with strong liquid Brgnsted activation of the most reactive alkeng [23], while alkanes
acids is usually described as occurring viabonding enter the reaction cycles through hydride transfer.
of the olefins to the acid hydroxyl group followed by Theoretically, the direct alkylation of isobutane by carbe-
protonation to yield a free alkyl carbenium ion. The role of nium ions is also feasible. The reaction of isobutane with a
the negative counterion (sulfate or fluoride ion) is largely tert-butylwould lead to 2,2,3,3-tetramethylbutane as the pri-
neglected. While this is permissible for emphasizing the Mary product. With liquid superacids under controlled con-
main catalytic features, it does not reflect the reality in the ditions, this has been reported [24-26], but under typical
ground state. The reaction af-alkenes with sulfuric or  alkylation conditions 2,2,3,3-TMB is not produced. .
hydrofluoric acid leads to mono and dialky! sulfates or alkyl ~ Kazansky etal. showed evidence for the direct alkylation
fluorides. Similarly, triflic acid (CESO;0H) forms alkyl ~ Of isopentane with propene using a two-step alkylation
triflates [11]. These esters are stable at low temperatures an@XPeriment. In this reaction sequence, the alkene first forms
low acid/hydrocarbon ratios. With a large excess of acid, an ester, which in the second step reacts with the isoalkane.

the ester will decompose and form corresponding carbenium!Sopentane was found to directly add to the isopropy! ester
ions: via a non-classical carbonium ion as intermediate. In this

way, a carbonium ion is formed from the carbenium ion and
X + the alkane, which readily decomposes into an alkane and
X HHX = /K/:> SN X the free Bransted acid site [13,14]. The absence of hydride
o B ) transfer was concluded from the near absence of propane
The esters differ in stability. To decompose the isopropyl i, the product mixture. Note that in these experiments great
ester, higher temperatures and higher acid strengths arare was taken to exclude the presence of alkenes in the
needed than for the decomposition of tee-butyl ester. It reaction mixture, as they would be preferentially added to
is claimed that the resulting carbenium ions are stabilized by the carbenium ions. In continuous operation, however, with

solvation through the acid [12-14]. Branched alkenes do not 5 constant feed stream of alkenes entering the reactor, this
form stable esters. Itis thus concluded that isoalkenes easilytype of reaction most likely occurs only infrequently.

protonate and polymerize [15].
Correspondingly, the adsorption of alkenes onto zeolites

leads to the formation of a surface alkoxy group and 3 The importance of the hydride transfer step
not to a free carbenium ion. The alkyl fragment may be

further stabilized by surrounding basic surface oxygenatoms  |iermolecular hydride transfer (2), typically from isobu-
in the vicinity of the acid site. Depending on the base (514 1 an alkylcarbeniumion, transforms the carbenium ions
strength of these oxygens, more' o.r. less covalent su.rfaceInto the corresponding alkanes and leads toténebutyl
alkoxides are formed [16,17]. Ab initio quantum chemical ¢ a4qn which continues the chain sequence in liquid acids
calculations on a cluster representing the zeolitic acid 5 zeolites. Hydride transfer is the crucial step in this reac-
site [16,18] showed that the alkene first forms @omplex  jon sequence, allowing the chain propagation of acid-cataly-

with the acid site. This transforms into the alkoxide via ;e transformations of hydrocarbons and the formation of
a carbenium ion transition state. The transition state hasthe saturated compounds [27]:

a much higher positive charge than the alkoxide and it

forms a cycle with both oxygen atoms and the aluminum

atom. Interestingly, the alkoxy group formed will not bind - ~|—)\—> ~|-/|\.

to the oxygen to which the proton of the Brgnsted acid +
(2)

site was connected. The involvement of more than one

oxygen atom and the mobility of the carbenium ion between  Fig. 1 displays the basic alkylation mechanism as adapted
them are characteristic of hydrocarbon transformations onfrom Schmerling [28,29]. The product distribution is gov-
zeolite acid sites [19]. For the sake of clarity and because erned by the relative rates of three individual steps, i.e.,
all transformations pass through the carbenium ion in the alkene addition, isomerization, and hydride transfer. The an-
activated state, all reaction intermediates will be called tagonistic pair of reactions, i.e., alkene addition and hydride
carbenium ions in the following, irrelevant of their true transfer, determine whether or not the catalyst tends to sin-
nature. gle or multiple alkylation. With all acids, alkene addition is
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Fig. 1. Simplified alkylation cycle including the three key reaction steps of g 20
alkene addition, isomerization, and hydride transfer. E
much more facile than hydride transfer. With sulfuric acid, 10F
n-butene oligomerization is four times faster than hydride
transfer [30]. For zeolites, de Jong et al. reported oligomer-

ization to be two orders of magnitude faster than hydride 25 DML/

transfer [31], while Simpson et al. reported even three orders 224 T™P 223 TMP 234TMP - 233 TMP

of magnitude [32]. When the true paraffin-to-olefin ratio is

low, alkenes will oligomerize before they can be removed via F19: 2: Changes in TMP selectivities with the use of adamantane (5 wt%)
hydride transfer. When solid acids are used, a polymer will as additive in a H-BEA catalyst at 30 min TOS. Taken from Ref. [33].

build up via this route, which finally blocks all acid sites. et al. [19] calculated for the same step an activation energy
For industrial realization high paraffin to olefin ratios can, of 240 kymol. Values of about 100 Kanol have been calcu-
for example, be achieved by employing a continuously oper- |ated for isobutangsobutene hydride transfer by Corma and
ated well-stirred tank reactor at high conversion. co-workers [38]. It is interesting to note that the carbonium
Isomerization and hydride transfer determine to what jons in the transition state are proposed to be energetically
extent primary and equilibrium products are observed. Fasthigh-lying reaction intermediates, which are stabilized when
hydride transfer reduces the lifetime of isooctyl carbenium the charge is delocalized and not accessible to framework
ions. The molecules have less time to isomerize and, oxygen. Note that the theoretical calculations of Corma and
consequently, the observed product spectrum should beco-workers suggest that the carbonium ions decompose di-
closer to the primary products and further away from rectly into alkene and alkane, without the alkene forming an
equilibrium composition. This was indeed observed when alkoxide. From a conceptual point of view it seems plausi-
adamantane, an efficient hydride donor, was admixed to aple that the calculated activation energies reported by Corma
H-BEA catalyst [33]. Using 2-buteniesobutane feed, the  and co-workers [38] are- 100 k¥mol lower than those in
increased hydride transfer activity led to considerably higher the other mentioned references, because covalent bonds need
2,2,3-TMP and lower 2,2,4-TMP selectivities, as shown in not be broken to reach the transition state.
Fig. 2. We would like to emphasize in this respect that kinetic
While hydride transfer in the gas phase proceeds via evaluation of alkane cracking led to lower values of the
a carbonium-ion-like transition state without activation en- energies of activation for hydride transfer than quantum
ergy [34-37], asmall barrier of 13-17 kol hasto be over-  chemical calculations. FarCs/C, ™ hydride transfer, en-
come in the liquid phase [12]. The difference is explained ergies of activation in the ranges 70-125dl [39], 62—
by solvation effects in the liquid phase. The carbeniumions 76 k¥ mol [23], and 47 kJmol [40] have been reported. It
are more efficiently stabilized by solvation than carbonium should be noted, however, that these energies are apparent
ions, because of the unsaturated trivalent carbon atom in carenergies of activation and need to be corrected for the heat
benium ions. In this way, the energy barrier between the two of adsorption of the hydrocarbons, which mainly depends

states increases. on the chain length of the molecules [41] and, in case of ze-
In zeolites, the activation barrier for hydride transfer is oglites, the framework density [42,43].

higher than in the liquid phase. As outlined above, the lower

acid strength and the interaction between the zeolitic oxy-

gen atoms and the hydrocarbon fragments lead to the forma-4. Requirementson strength and concentration of acids

tion of alkoxides rather than carbenium ions. Thus, extra en-

ergy is needed to transform these esters into carbenium and The requirements with respect to the acid strengths and
carbonium-ion-like active complexes. The hydride transfer the concentrations of acid sites are complex. Sulfuric acid
step on zeolitic acid sites has been simulated by severalis a somewhat stronger acid than hydrofluoric acid; i.e.,
groups using quantum chemical methods. Kazansky sug-it has anHp value of —14.1, compared to-12.1 for the
gests the activation energy for isobutateet-butoxide hy- water-free acids. Note that these subtle differences may not
dride transfer to be approximately 200/kdol [16]. Rigby be of marked importance, as the maximum alkylate quality
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employing sulfuric acid is not achieved with the highest range of strength and concentration are present. Therefore,
acidity, but with acid containing 1-1.5% water and 4-5% we have carried out a number of studies to separate the im-
acid-soluble oils [44]. When the concentration of diluents pact of each parameter on the alkylation performance.
exceeds a certain level, however, the acid strength is too low  When leaving all other parameters constant, the lifetime
to produce a high quality alkylate. Sulfuric acid of 60-80% of zeolitic alkylation catalysts depends on the concentration
concentration catalyzes only alkene oligomerization, with of Brgnsted acid sites. This was shown by using a series of
its acid strength being too low to catalyze hydride transfer zeolite H-BEA with varying ratios of Brgnsted acid sites to
and B-scission [14]. A relatively sharp transition between Nat cations. The decrease in the concentration of Brgnsted
oligomerization and alkylation activity has been observed acid sites led to a parallel decrease in the catalyst lifetime for

with sulfuric acid atHp values betweenr-8.0 and—8.5 [45].
Using triflic acid modified with trifluoroacetic acid or
water, Olah et al. [46] found the best alkylation conditions at

an acid strength of aboufy = —10.7. Pure triflic acid with
Ho = —14.1 led mainly to cracked products, while diluted
triflic acid (Hp > —10.7) favored oligomerization [46].
Similarly, the dilution of various liquid acids with carbon

alkylation [33].

In a recent study, a series of rare-earth exchanged fauj-
asites were tested as alkylation catalysts in a continuously
operated stirred tank reactor [10]. The analysis of the time-
on-stream behavior of these catalysts showed that hydride
transfer and cracking activity stopped abruptly, when the
olefin concentration exceeded 0.1 wt%. This is shown in

dioxide has been explored. While very strong acids such asFigs. 3a and 3b. Most saturated compounds (with the ex-

triflic acid produce higher quality alkylate upon dilution with
the weak base C£) slightly weaker acids such as sulfuric
acid performed better without GQ47]. The differentHy
values for the transition from alkylation to oligomerization
with sulfuric and triflic acid suggest that the acid strength
is not the only factor determining the reactivity of the
carbenium ions.

Similar results are obtained for solid acids. The high
cracking activity of very strong solid acids was shown by
Corma et al. [48], who compared sulfated zirconia and

ception of 3,4-DMH) ceased being produced when the con-
version started to drop. This suggests a parallel progress of
the deactivation with respect to all active sites in the reac-
tor as long as they are exposed to identical reaction condi-
tions (a feature, which is unique for CSTR-type reactors).
On the individual site, this means that the rates of hydride
transfer and cracking drop within a very short time interval.
Oligomerization (including dimerization) is then the only
proceeding reaction. This confirms the existence of two dif-
ferent active sites in zeolites during alkylation, i.e., strong

zeolite BEA at reaction temperatures of 0 and FD in
isobutang2-butene alkylation. While BEA catalyzed mainly
dimerization at 0°C, sulfated zirconia exhibited a high
selectivity to trimethylpentanes. At 5C, on the other hand, transfer. The heavy alkylategC products originate from
zeolite BEA produced more TMPs than sulfated zirconia, multiple alkylation on the stronger sites and the incorporated
which under these conditions produced mainly cracked oligomerization products formed at weaker sites as long as
products (65 wt% selectivity). The TMPMH ratio was, hydride transfer and olefin addition on those stronger acid
however, always higher for the sulfated zirconia sample. sites are catalyzed. When the strong sites are deactivated,
These distinctive differences in the product distribution multiple alkylation and the incorporation of the larger olefins
are attributed to the much stronger acid sites in sulfated ceases, while oligomerization still proceeds on the weaker
zirconia as compared to zeolite BEA. The strong acid sites sites. This is reflected in the changing slope of the €urve
in sulfated zirconia preferentially catalyzed alkane cracking, in Fig. 3a (due to unsaturated compounds) and the formation
and allowed hydride transfer at lower temperatures than theof octenes seen in Fig. 3b.
zeolitic acid sites [48]. Catalysts with high concentrations of weak acid sites,
Resembling the behavior of dilute liquid acids, zeolites therefore, have a tendency to produce large amounts of
with weak Brgnsted acid sites catalyze mainly oligomer- octenes and higher oligomers. As long as the Brgnsted
ization reactions. This is shown by a comparison of the acid sites catalyzing hydride transfer are active, the olefins
isostructural zeolites H-SAPO-37 and H-FAU as alkylation formed in this way are included in the alkylation cycle.
catalysts. The H-FAU investigated had a much higher rel- However, this accelerates the formation of heavy alkylate,
ative concentration of strong acid sites than H-SAPO-37. which eventually blocks the active sites. Consequently, the
Therefore, H-SAPO-37 mainly catalyzed dimerization, with lower the concentration of weak acid sites, the longer the
a small amount of 3,4-DMH as the most abundant saturatedcatalyst will be active. This is reflected in the correlation
compound. H-FAU produced mainly TMPs [49]. between the lifetimes with respect to alkylation and the
Fundamentally different from liquid acids, zeolites en- ratio of the number of strong Brgnsted acid sites to the
compass different populations of sites varying substantially total number of Brgnsted acid sites (the total concentration
in nature and strength. In contrast, liquid acids with a cer- of Brgnsted acid sites is measured by pyridine sorption at
tain composition have a well-defined acid strength. Depend- 100 °C; the concentration of strong Brgnsted acid sites is
ing on the type of zeolite, its aluminum content, and the ex- measured by pyridine sorption at 43Q). This correlation
change procedure, Brgnsted and Lewis acid sites with a wideis displayed in Fig. 4a. Additionally, a correlation was found

sites catalyzing alkylation and cracking, which involve hy-
dride transfer and weak acid sites catalyzing oligomeriza-
tion, which allow the oligomers to desorb without hydride
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0.0 - Fig. 4. Acidity—lifetime correlations found with zeolite RE-FAU. (a) Cat-
alytic lifetime as a function of the fraction of strong Brensted centers; (b)
catalytic lifetime of the individual samples as a function of the Brgrysted
(Bronsted+ Lewis) ratio measured at 45.
0.9 7
08 pounds [50]. Flego et al. [51], studying the deactivation of a

La-H-FAU zeolite in isobutangl -butene alkylation, demon-
strated the preferred formation of unsaturated carbenium
ions with increased Lewis acidity. Increasing catalyst acti-
vation temperatures leads to higher Lewis acid site concen-
trations, which increase the formation of mono- and dienylic
carbenium ions. Thus, it is important to have a high concen-

0.7 7

Total amount produced (g/g)
o
wn
1

e tration of strong Bragnsted and a low concentration of Lewis
0.3 1 acid sites.

i When relating the integral yields to the different prod-
0.2 uct groups (integrated over the time of complete butene
0.1 conversion) against the catalyst lifetimes, differences be-

" tween alkylation catalysts are obvious. With increasing cat-

alyst lifetime the yield of heavy alkylate decreases, while
octane and:-butane yields increase (see Fig. 5a). The in-
creasingn-butane yield is attributed to higher rates of hy-
Fig. 3. Alkylation performance of catalyst RE-FAU. (a) Total amount of dride transfer between-butyl carbenium ions and isobu-

the different product groups with time on strea® g-butane,® Cs- tane. The formed isobutyl carbenium ions partly decompose
C7 products,E Cg products, A Coy products); (b) total amounts of 15 isohytene and free acid sites. On average, such a cycle oc-

the individual G products with time on stream—\‘— 2,2,4-TMP, . S . e .
—O— 2,5DMH/2,2,3-TMP—A— 2,4-DMH, ~A— 2.3 4-TMP L} curs 4 to 5 times per acid site during the usable lifetime of

Time on stream (a.u.)

2,3,3-TMP,—~O— 2,3-DMH, ~O— 4-MHp/3,4-DMH, —O— 3,4-DMH the catalysts. This model is further supported by the paral-
—¥— octenes). The dashed line represents the end of the lifetime of the l€l increase of the 2,2,4-trimethylpentane yields, which re-
catalyst. sult from the alkylation of the isobutyl carbenium ions by

isobutene (see Fig. 5b).

between the ratio of the concentrations of strong Brgnsted It should be emphasized here that high 2,2,4-TMP se-
acid sites and Lewis acid sites (B ratio) and the catalyst lectivities are not necessarily a sign of high hydride trans-
lifetimes. With increasing ratios of Brgnsted to Lewis acid fer activity. Zeolite BEA produces 2,2,4-TMP sometimes
sites, the catalyst lifetimes increased. with over 50 wt% selectivity [52-54]. In contrast to the

Similarly, Lewis acid sites are negative for the alkylation high-alumina faujasites, the selectivity tebutane is low
performance. The correlation is directly proportional to with zeolite BEA. In this case, the high selectivity to
the fraction of Brgnsted acid sites among all acid sites 2,2,4-TMP is related to low rates of hydride transfer rela-
(B/(B + L) ratio), which is shown in Fig. 4b. They influence tive to the methyl shift isomerization of the trimethylpen-
the alkylation reaction by adsorbing alkenes and, in this way tanes. This favors high selectivity to the most stable isomer,
increase the alkene concentration near Brgnsted acid sitesi.e., 2,2,4-trimethylpentane. The slower hydride transfer rate
This increases the probability of further alkene addition suggests that the formation of the new carbon-oxygen bond
leading to accelerated deactivation. is more important than the polarity of the C—O bond in

It has also been claimed that the presence of strongthe existing alkoxy group. Additionally, the differences in
Lewis acid sites promotes the formation of unsaturated com-the pore structure could also induce variations in the rate of
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the hydride transfer. Note that high rates of hydride transfer
in zeolites with low SiAl ratios have also been observed for
alkane cracking [27,55,56].

5. Deactivation pathways

All liquid acids produce conjunct polymers as alkylation

A. Feller et al. / Journal of Catalysis 216 (2003) 313-323

rings containing five and six carbon atoms. The individual
compounds have molecular weights in the range of 265—
360 [57]. With triflic acid [58] or sulfuric acid [44] the
polymers are strongly bound to the acid in the form of
the corresponding esters. Hydrofluoric acid should behave
accordingly. With all liquid acids, the composition of the
polymers s largely independent of the feed.

Zeolites and other solid acids deactivate by the buildup
of a polymer, which eventually blocks the pores of the cat-
alyst. Deactivation can be slowed down by choosing appro-
priate reaction conditions and by reactor design, but even-
tually all catalysts have to be regenerated. To characterize
the deposits and the deactivated catalysts, a wide vari-
ety of methods have been employed, ranging fr&i@
NMR [51,59,60] and'H NMR [61] to mass spectrome-
try (also in combination with gas chromatography) [61—-63],
IR-spectroscopy [50,51,53,61], and UV-vis [51,64].

The parallel characterization of deactivated alkylation
catalysts by solid-staté®C NMR, IR, and UV-vis reveals
the low sensitivity of3C NMR and IR to detect unsaturated
compounds, which are readily observed by UV-vis spec-
troscopy [51]. This low sensitivity has led to the frequent
conclusion that the deposits consist mainly of long-chain
branched alkanes. Such conclusions were drawn although
the H/C ratio was as low as 1.8, which in adémole-
cule already represents three carbon—carbon double bonds.
Mass spectrometric analysis of extracted coke [61,62] led
to similar results concerning the degree of unsaturation and
the general structure of the moleculess&C 0 compounds
with 2—4 unsaturationfgycles were found to dominate. Af-
ter hydrogenation, the general formula suggested a napht-
enic structure with one or two five- and six-rings. Note that
these compounds closely resemble the conjunct polymers in
liquid acid-catalyzed alkylation having also the same range
of molecular weights.

In order to explore the role of the reaction temperature
(40-130°C) on the carbon deposits formed, deactivated
rare-earth exchanged FAU based alkylation catalysts were
examined [9]. Using UV-vis, GC-MS, antH NMR spec-
troscopy to characterize the deposits (obtained by a com-
plete digestion of the zeolite in aqueous HF and a subse-
guent extraction with hexane), the highly unsaturated nature
of the deposits was verified. Even with low reaction tem-
peratures, the catalysts produced a small amount of aromat-
ics. The concentration of aromatic molecules in the deposit
steeply increased with the reaction temperature, while the

byproducts, although the amounts produced differ substan-degree of branching (C#CH, ratio) markedly decreased.

tially. These polymers are also named acid-soluble oil (ASO)

The quantitative analysis of theH NMR of the deposits

or red oil, because they are found in the acid phase and exformed at different reaction temperatures is shown in Fig. 6.

hibit a dark red color. They dilute the acid and, thus, lower

The GC-MS measurements also showed that a considerable

the acid strength, so that in a continuous process a slipstreanpart of the low-temperature deposit consists of alkanes and
of used acid has to be withdrawn and replenished by freshalkenes, i.e., of simple alkylation products (the alkoxides on

acid.
The oil is a complex mixture of highly branched hy-

the acid sites lead to alkenes when the zeolite is dissolved).
The adsorbed species, thus, only partly resemble the con-

drocarbons with single and conjugated double bonds andjunct polymers formed in liquid-acid-catalyzed alkylation.



A. Feller et al. / Journal of Catalysis 216 (2003) 313-323

W 40°C
@m75°C
0o100°C
0130°C

Fraction of protons

mem e |
=CH (O)—H

0% - : : ,
CH, CH, CH

=C-CH,

©-cH,

Fig. 6. Fraction of protons in the different functional groups as measured
with IH NMR on the deposits from reactions of RE-FAU at 40, 75, 100,
and 130°C.

Formation of the unsaturated molecules under the rela-
tively mild conditions of alkylation seems puzzling at first.
However, alkenes formed by dimerization or cracking ap-
pear to undergo multiple hydride transfer steps using hy-
drogen at tertiary carbon atoms. Finally, cyclization of the

319
Cycli_z)ation Q = +H+.
(4)

These cycloalkenyl carbenium ions, especially the cy-
clopentenyl cations, are very stable [65,66] and have been
observed as free cations in zeolites [67,68]. Obviously, the
reaction does not stop with the cycloalkenylions, as benzene
rings are also found in the deposits. Presumably, a relatively
high energy barrier has to be overcome to form the benze-
nium ion, as the steep increase in aromatic protons with re-
action temperature (see Fig. 6) suggests.

The chemical reactivity of these deposits depends subtly
upon the reaction conditions. Nitrogen adsorption on deacti-
vated catalysts at 77 K (a temperature at which the adsorbed
molecules are very rigid) shows that the micropore system
of a deactivated catalyst is completely filjddocked. At
373K, however, pyridine enters the pore system and replaces
a significant fraction of the adsorbed hydrocarbons forming
pyridinium ions on nearly 70% of the Brgnsted acid sites.
This is shown in Fig. 7, in which the pyridine adsorption ca-
pacity of fresh and deactivated zeolites RE-FAU and H-BEA
is compared. The replacement of adsorbed hydrocarbons by

multiply unsaturated molecule occurs [see reaction steps (3)pyridine in the deactivated samples is demonstrated by the

and (4)]. Note that each step also produces a saturated mole

negative bands in the C—H bending region. A similar obser-

pule (represented here as isobutane) next to the carbeniurr\%,itiOn was made with zeolites deactivated in theylene

on:

ALl
HT

transformation [69].

The theoretical description for this was given by Song
et al. [70], who studied the 1,3-dimethylcyclopentenyl car-
benium ion (GH11") adsorbed on H-ZSM-5. Coadsorption
of basic molecules led to a deprotonation of the carbenium
ion to form the neutral diene, when the employed base had

RE-FAU
H-BEA
a
=
= a
5]
=
3
<
b
b
1650 1600 1550 1500 1450 1650 1600 1550 1500 1450

Wavenumber (cm')

Wavenumber (cm')

Fig. 7. Difference spectra of adsorbed pyridine on RE-FAU and H-BEA in (a) fresh and (b) deactivated stateGtNOee that hydrocarbon bands at 1650,
1530, 1505, and 1470 cnt were reduced in intensity after pyridine adsorption on the deactivated samples.
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Fig. 8. LDI-TOF mass spectra of deactivated RE-FAU samples used in reactions at 40, 75, &ad 130

a proton affinity higher than the deprotonation enthalpy of tion at 130°C had a broader distribution (between 180 and
the dimethylcyclopentenylion [70]; i.e., only those reactions 430 Da) and showed additional masses with higher hydro-
will be thermodynamically favored that produce more stable gen deficiencies, in line with the higher aromaticity detected
carbenium ions. by NMR, UV-vis, and GC-MS. The mass distribution de-

Hydride transfer from isobutane (the most abundant tected by LDI-TOF MS with all samples is in close agree-
hydride transfer agent) to a substituted cyclopentenyl ion ment with the distribution measured by GC-MS. However,
to yield an isobutyl carbenium ion should therefore be the presence of both aliphatic and aromatic molecules in the
unfavorable. Thus, once a Brgnsted acid site is occupied bydeposits complicated the assignment of individual masses to
a cycloalkenyl ion, it is blocked for the catalytic alkylation certain types of compounds.
cycle, which seems to be the dominating mechanism at high
reaction temperatures. At low reaction temperatures, the
catalysts produce less unsaturated compounds and, hences. The effect of process parameter supon catalyst
appear to deactivate by pore blocking through formation of performance
bulky heavy alkylate.

While the studies discussed allowed to characterize the As with all catalytic reactions, a close interconnection ex-
relative abundance of functional groups in the deactivated ists between the catalytic performances, the catalyst proper-
molecular sieves, the molecular mass of the unsaturatedties, and the operation conditions. Important parameters that
molecules is not accurately detected in that way. For this have been also partly discussed include the reaction temper-
purpose laser desorption ionization time of flight mass ature, feed paraffifolefin ratio, olefin space velocity, olefin
spectrometry (LDI-TOF MS) was applied. The technique is feed composition, and reactor type. Note that while the vari-
excellently suited to vaporize and analyze large molecules ations of these parameters induce similar effects independent

without fragmentation (see, e.qg., [71]). of the chosen catalyst, the sensitivity on a particular parame-
The LDI-TOF mass spectra of the deactivated catalysts ter strongly depends upon the catalyst.
used in reactions at 40, 75, and 13D are shown in Fig. 8. Table 1 summarizes the most important parameters em-

The spectra of the samples used at 40 andC%re very ployed in industrial operations for different acids. The num-
similar and exhibit a molecular weight distribution between bers for the liquid acids are taken from references [72-74],
180 and 340 Da. The main peaks are 14 Da apart, which iswhile the values given for zeolites are averages of several
characteristic of a Chigroup. The detected compounds are patents and own experience. Two points have to be empha-
based on a fH», _ 12 formula, which could be explained by  sized here: (i) Zeolites can be successfully operated at the
a naphthalene molecule with an increasing humber and/orsame severity (with respect to/® and OSV) as the lig-
length of side chains. The deactivated sample from the reac-uid acids, or higher. (ii) The catalyst productivity of zeolites
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Table 1 tane. The results of Clark and Subramaniam [79] and San-
Typical values of important process parameters tana and Akgerman [80] show that a stable conversion can
HF Ho,SOy  Zeolites indeed be maintained with a 10-fold excess of carbon diox-
Reaction temperaturéC) 16-40 4-16 50-100 Ide at 50°C and 155 bar. However, the conversion was
Feed paraffifiolefin ratio (moymol) 11-14 7-10  6-15 very low (< 20 wt%) and the product contained only minor

Olefin space velocity (Kgiefin/kgaciah) ~ 0.1-0.6  0.03-0.2 0.2-1.0  amounts of trimethylpentanes, i.e., dimerization dominated
Exit acid strength (wt%) 8392 8993 over alkylation. Ginosar et al., testing a variety of supercrit-
Acid per reaction volume (vol%) 25-80 40-60 20-30 . | sol ¢ ietv of diff t solid acid to th
Catalyst productivity (k@ikylate/KOacig) 1000-2500  6-18 4-20 Ical so V_en son avarlle y ot difteren SO_ I_ acids C?.me othe
conclusion that working under supercritical conditions gen-

The numbers for the liquid acids are taken from Refs. [72—74]. As zeolites v d ti the alkvlati f 81
are not used industrially so far, the given values represent the authors’ viewsSTally do€s notimprove the alkylation periormance [ ]

on realistic numbers for future industrial operation in a slurry reactor. The crucial parameter that ensures high alkylate quality
and a low acid consumption is the ratio between the rates

is on the same order of magnitude as that of sulfuric acid. of hydride transfer and oligomerization. This ratio should
Comparing the intrinsic activity of zeolites (0.5-3 mmol acid pe as high as possible. With high isobutane concentrations
sites per gram acid) with that of sulfuric acid (20 mmol acid the carbenium ion has a higher probability to react with an
sites per gram acid), Brensted acid sites in zeolites actuallyjsobutane molecule to form the desired product via hydride
outperform protons in sulfuric acid. Nevertheless, as zeolite- transfer rather than to react with another alkene. Two process
based catalysts are expected to be significantly more expenparameters influence the ratio between hydride transfer and
sive than sulfuric acid, the potential impact of operating and repeated olefin addition, i.e., the feed parafilefin (P/O)
regeneration conditions will be discussed in detail. ratio and the olefin space velocity (OSV). Theg@Pratio

Zeolites have to be operated at reaction temperatures siggetermines the concentration of isobutane in the reactor,
nificantly higher than those for the liquid acids. This is due \hich in turn determines the rate of hydride transfer.
to the lower acid strength of zeolites and/or solvation effects A detailed study of the influence of the/® ratio
in sulfuric and hydrofluoric acid resulting in higher activa- and OSV on the performance of zeolite H-BEA in a
tion energies for the individual reaction steps in zeolites. CSTR has been published by de Jong et al. The authors
Efficient micropore diffusion also requires higher tempera- developed a simple kinetic model, which was able to predict
tures. The temperature optimum is therefore between 50 tocatalyst lifetimes as a function of/® and OSV. Catalyst
100 °C. Catalysts produce increasing fractions of cracked Jifetimes increased with increasing/® and decreasing
products with increasing reaction temperature [10,52,53,75],0SV. Additionally, the authors impressively proved the
and the TMPDMH ratio decreases with increasing tem- superiority of CSTR over PFR technology [31]. Taylor
perature. However, a decrease in heavy-end selectivity withand Sherwood [75], employing a USY zeolite in a CSTR,
increasing temperature [53] and an increase [10,52] havegbtained qualitatively similar results. The authors stress
been reported. Intuitively, one would assume that due to thethe detrimental effect of unreacted alkene on lifetime and
order of activation energies (crackinghydride transfer- product quality [75]. Note that in our own studies using
oligomerization; see Ref. [39]), oligomerization would dom- rare-earth-exchanged FAU-based catalysts and a CSTR, the
inate at low temperatures. Heavy compounds may well be catalyst productivity was nearly independent of the OSV.
produced at low temperatures, but due to low diffusivity only At higher OSV the catalyst lifetime was shorter, but in this
a small part leaves the pores and appears in the product.  shorter time the same total amount of alkylate was produced.

These diffusion problems have stimulated research ontheThe P/O had only a moderate influence on the catalytic
application of supercritical conditions to overcome a buildup performance, which is attributed to mixing problems [10].
of heavy molecules in the catalyst pores. It has been argued
that under such conditions, the bulky molecules deactivating
the catalyst should be more efficiently removed from the 7. Conclusions
catalyst pores.

The feed itself can be employed as a supercritical me-  The catalytic chemistry of the alkylation reaction with
dium, but the critical point of isobutane is at 136 and liquid and solid acid catalysts is governed by the same prin-
36.5 bar. As discussed above, alkylation under these con-ciples. Differences in the importance of individual steps
ditions leads to excessive cracking and to highly unsaturatedoriginate from the variety of possible structures and acid-
and aromatic deposits. Indeed, aromatic molecules were alsaty distributions of solid acids. Hydride transfer is the cru-
detected by He and He exploring supported heteropolyacidscial step that determines the product distribution and the
at 137°C as alkylation catalysts [76]. The catalysts stay productivity of the catalyst. Hydride transfer is favored in
active for longer TOS as compared to conventional opera- catalysts with a high concentration of strong Brgnsted acid
tion, but a substantial amount of olefinic products [77,78] sites and a low concentration of Lewis acid sites. For main-
has been observed. taining high product quality and long lifetimes, it is crucial

Carbon dioxide has been used as a diluent to reduce theto operate at very high internal paraffolefin ratios, which
high reaction temperatures needed with supercritical isobu-can be achieved by employing back-mixed reactors. All cat-
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alysts eventually deactivate by a buildup of highly unsatu-

rated polymers, which are strongly bound to the acid sites,

with both liquid and solid acids. With solid acids, however,

the regeneration seems capable of overcoming the apparen[gS] G.S. Nivarthy

high price barriers currently preventing commercial applica-
tion of solid acid catalysts.
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