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1. Introduction

The hydrocarbon etdegan at the end of the 19th century,
as a result of the discovery of oil fields in the United States
and together with the development of internal combustion
engines. The refinery industry started to grow in the 1920s
of the 20th century, following the increased demand for
antiknocking power of gasoline for cars as well as for
aviation. During the World War I, oil-refining technology
and capacity were boosted worldwide to support the war
effort. After the war, the petrochemical industry developed
very rapidly, one of the main driving forces being the
necessity to lower the production costs of monomers sup-
plying the plastics and rubber industries. At the end of the
20th century environmental issues became dominant, and the
need for less polluting fuels and materials, as well as for
safer processes, caused further improvements of products and
technologies.

At the beginning of the 21st century the hydrocarbon era
may appear to be at its end, because the oil resources are
expected to drain quite rapidly. This expectation, however,
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pushes for more efficient and clean processes for a bettertype acid in the presence of water (even in traces), actually

use of the fossil resources. Moreover, liquid hydrocarbons enhancing the acidity of water:

can now be produced quite efficiently from natural gas as

well as from coal and even from biomasses, via syngas, with A +HO+B=[HO—A] + HB™

processes such as the Fischer Tropsch, MTG, and MTO

technologies. Biorefineries, where large-scale conversion of  The acid strengths in diluted water solutions may be

biomasses to intermediates, with chemical and biotechno-gescribed by the dissociation equilibritim

logical processes, will be performed, are designed to promote

the growth of an industrial organic chemistry based on HA + HO=H.O0t + A~

renewables. Clearly, the organic chemistry of biofuels and 2 3

renewables is strictly related to the hydrocarbon chemistry

based on fossil resourches, developed in the 20th century.
The development of more efficient, safer, and more . .

environmentally friendly chemical technologies is conse- Where the molar concentration of the species is used as an

quently a major need for humanity. A large part of the approximation of their activity, the activity of water being

industrial organic and hydrocarbon chemistry is based on @PProximated to 1. o ,

catalysis. The nature of the catalyst used determines part of 1he acid strength in water solution is determined by the

the features of the process and influences its efficiency, dissociation of the acid, which is actually promoted by the

safety, and environmental friendliness. In this review, a Solvation of protons by water mol+ecules, generally believed

particular subject in this field is considered. We will focus @ form the hydroxonium ion kD™. However, the energy

on the characteristics of the acid catalysts largely used in ©f Proton hydration by liquid water, 1091 kJ/mol, is so high

the industrial hydrocarbon chemistry. We will not enter the &S 0 Suggest that the real state of solvated proton in water

subject of reaction mechanisms, already discussed in many'S [H(H20)d] ” rather than O™ % Interestingly, the formation

studies and reviewed recen@Dur contribution is intended ~ ©f Such a complex (or of even more hydrated species) is

to underscore the link of chemical knowledge of the catalyst POSSiPle only when the amount of available water is

with the engineering of the process and its environmental sufficient, that is, only for sufficiently diluted acid solution
impact. with an acid concentration not higher thas B0 mol/L8

The solvation of the anion Aby water also has a relevant
. effect in the stabilization of the anion and in determining,
2. Concepts and Measures of Acidity as a consequence, the scale of the acid strengths. The acid
S. A. Arrhenius? Nobel prize winner for chemistry in 1903  strength for oxoacids has been correlated to the number of
and an early pioneer in physical chemistry, defined an acid oxygen atoms, where the negative charge of the anion
as any hydrogen-containing species able to release protongesulting by dissociation may be delocalized. For this reason,
and a base as any species able to release hydroxide ions. Jhe anions S@~ and CIQ~ are the (very weak) conjugated
M. Brensted and, simultaneously and independently but less bases of very strong acids, sulfuric and perchloric acids,
precisely, T. M. Lowry in 1923 modified the definition of ~ whereas Sg~ and CIQ~ are the conjugated bases of less
bases: a base is any species capable of combining withstrong acids, sulfurous and chloric acids. Actually, the four
protons. In this view acie¢tbase interactions consist in the oxygen atoms of S@&~ and CIQ~ anions also allow more
equilibrium exchange of a proton from an acid HA to a base extensive H-bonding solvation by water molecules than
B (which may be the solvent, e.g., water) generating the SO;*~ and CIQ™ anions.

Ka=[H:0'IA JHA]  pK,=—logK,

conjugated base of HA, A plus the conjugated acid of B, In any case, it is evident that the acidity of acids in water
HB* (e.g., the hydroxonium ion $D*): solutions is buffered by the basicity of water itself. Bases
that are definitely weaker than water are not protonated in
HA+B=A" +HB" water solutions. To protonate very weak bases very highly

concentrated or anhydrous acids are required.
In the same year, 1923, G. N. LeWjsroposed a different The extent of dissociation of pure anhydrous acids is by

approach. In his view, an acid is any species that, becausdar lower than for the corresponding water solutions, just
of the presence of an incomplete electronic grouping, can because the ability of the acid molecule to solvate the proton
accept an electron pair, thus forming a dative or coordination is far lower than that of water. TH, values of sulfuric and
bond. Conversely, a base is any species possessing &ydrofluoric acids in water are 10> and~1073, respectively,
nonbonding electron pair, which can be donated to form a but they decrease te10~* and~1071°, respectively, in the
dative or coordination bond. The Lewis-type aclhse absence of water (100% acidsbviously, an intermediate

interaction can be consequently denoted as follows: case occurs when the concentration of the acid in water
solution is very high, not allowing the stoichiometric
B: + A=%"B—A% formation of the highly solvated proton species [HQY] .

The acid strength of anhydrous or highly concentrated
This definition is completely independent from water as the acids is mostly described in terms of the so-called Hammett
reaction medium and is more general than the previous onesacidity function, proposed by L. P. Hammett in the 1930s
According to the above definitions, Lewis basic species are
also Brgnsted bases. Instead, Lewis-type acids (such as Ho = pKgy. + log [BY/[BH ]
coordinatively unsaturated cations) do not correspond to
Brgnsted-type acids (typically species with acidic hydroxy where B is a basic indicator anKpy+ is the K, of its
groups): the Bragnsted-type acid HA is the result of the conjugated acid. The obtained value b is almost
interaction of the Lewis-type acid species With the base independent of the indicator base B. THgvalues for fully
A~. However, a Lewis-type acid converts into a Brgnsted- anhydrous HSO, and HF are near-12 and—15, respec-
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tively, the strongest liquid acid known being the gbISO;F The ability of hydrocarbons (which do not have n-orbitals)
solution, called “magic acid”, characterized Hy = —23/— to interact with protic acids has been recognized long ago
26.5 and the 1:1 complex HF/Sbhwith Hy = —28. Both and is evident from very simple experiments. In Figure 1
are combinations of a Brgnsted acid with a Lewis acid.
Acidity strength scales for very strongly acidic liquids may
also be derived from spectroscopic measurements, such as
the3C NMR A¢ scale proposed by Feagu and Ghencitf
(whereAJ is the difference between the chemical shifts of
the oo and§ carbons of mesityl oxide upon O-protonation)
and the IRAvNH scale proposed by Stoyanov etafwhere
AvNH is the shift of vNH of protonated trioctylammine,
measuring the very weak basicity of the anion).

The term “superacidity”, first used in 1927 by Con&nt
to describe very strong acids, has been reclaimed by Gillespie
in the 1960s to indicate acids stronger than 10096®}.13
This field has been mostly investigated by Olah, the Nobel
prize in chemistry in 1994, and his co-workéfs'® A list

3744 — 3670

Absorbance

B 3744 —> 3605
3603 —> 3200 a

of liquid superacids is reported in Table 1. 4000 3800 3600 3400 3200 3000 2800
Wavenumbers(cm-1)

Table 1. Some Relevant Liquid Superacids and Their Hammett Figure 1. FT-IR spectra of H-MFI zeolite (Si/Al atomic ratio 45

Constants (from References 1416) ac%vated at 723 Kp(a) and put in contact \(Nith methylcyclohexazne
HF/Sbks Ho=—28 (A) at room temperature (b), put in contact with toluene vapor (B)
SbR/HSOF “magic acid” Ho= —23/-26.5 at room temperature (b), and after outgassing at room temperature
HF (fully anhydrous) Ho=—15 (c).
HSOF Ho=—15 . : ; ;
H,S,0; Ho= —15 the infrared spectra of a solid acid, H-MFI zeolite, are
HCI/AICI 5 Ho = —15/-14 reported after outgassing at 48C (spectra a) and after
HF/BF; Ho= —15/-14 contact with methylcyclohexane (A) and toluene (B). The
(H:é)sl%s':f_i wific acid” :oz :12’1_14 OH stretching band due to the “zeolitic” hydroxy groups is
100% HSO: ng 119 _obse_rved at 3603 cm on the pure sample (sp_ectra a), but

it shifts down to 3470 cmt (Av ~ 135 cnm?) in contact

with methylcyclohexane (spectrum A,b) and down to near

Regd %lad co-workers recently developed carborane SU-3500 cnrt (Av ~ 400 cnm) with toluene (spectra B,b and
peraudé "#(HCByH1X,, where X may be Cl, Br, or ), c). Instead, the OH stretching band due to the silanol groups
which are .SOI'd materials able to protonate exte_nswely is observed at 3744 cmin the pure sample (spectra a), but
weakly basic molecules such as olefins, aromatics, and;; ¢hitts down to 3670 crmt (Av ~ 75 cnT?) in contact wit’h
fullerenes without the addition of Lewis acids. The applica- methylcyclohexane (spectrum A,b) and down to near 3605
tion of the above cited®C NMR A¢d and IRAvNH scales, cmt (Av ~ 100 cnt?) with toluene (spectra B,b and c)
in S, solution, shows that carborane acids are even strongerrye gironger shifts observed with toluene with respect to
th?n 1ggg|tlgnal g;gg_stlpzram%st,hsuch as Hts(f) hard ang Methylcyclohexane point to the stronger basicity of toluene,

f? i ' degrs Illrlszu'C?\ de c_gncccajpf_o dar an I whereas the stronger vibrational shifts undergone by the
Soft acid an as_e_s( ): hard acids ( elined as small-; o )itic OH groups with respect to silanols point to the
sized, highly positively charged, and not easily polarizable oo acidity of the zeolitic OH groups. The enthalpies
electron acceptors) prefer to associate with hard bases (i..ps5qciated with the interactions between hydrocarbons and
substances that holc_i t_he|r electrons.Ugh.tI'y as a Consequenceiqs can be evaluated calorimetrically, and the heat of inter-
of large electronegativities, low polarizabilities, and difficulty  _ tion trend agrees with the perturbat7ion evidenced by IR
of oxidation of their donor atoms), whereas soft acids prefer At higher temperature or in the presence of very strong.
t? a;)slsomatel with 'stc;‘ft baimlt\jnngdthego?tynamm_a![l_y MOr€ 4cidity these interactions can produce a true proton transfer,
stable complexes, these ra and Sortsoft associalions -y, g, hydrocarbons acting as Brgnsted bases. In Table 2 the
also occur more rapidly. According to this theory, the proton 0 atfinity scale of some hydrocarbons is repoffethe
is a hard acid, whereas metal cations may have dlfferentPA data follow again the trend-orbital containing com-
hardnesses. . . pounds (olefins and aromatics)isoalkanes> n-alkanes>

The acidic and basic properties may also be evaluatedme,[hane
g:p?(r)ltr(?r? ar_]ttiilrgy o?rtheeStEgzﬁ-eud att)()e/d;hzgig/.in-r?hee er:g arl)%;_sgf Table 2. Proton Affinities (kJ/mol) of Hydrocarbons and of

P I conjug . 9 .~~~ Ammonia for Comparison (from NIST Database, Reference 22)
leads to an acidity/basicity scale based on “proton affinity

(PA): ammonia 846.0 n-bases
isobutylene 802.1 m-bases
PA = —AHprotonaﬁon toluene 784.0
| Lovweene s
3. Hydrocarbons as Basic Molecules iAol 720.4
Typical basic species have electron pairs in nonbonding ethylene 680.5
(n-) orbitals. These “doublets” can be used to produce a isobutane 677.8 o-bases
dative bond with species having empty orbitals, such as propane 625.7
protons or coordinatively unsaturated cations. They are ﬁ]tgz]”:ne gig-%

consequently denoted n-bases.




Acid Catalysts in Hydrocarbon Chemistry Chemical Reviews, 2007, Vol. 107, No. 11 5369

Olefins can react with protic acids and can produce the olefins and even less for acetylenes and aromatics having
so-called trivalent “classical” carbocations (carbenium ions) the same carbon atom number, due to their smaller hydrogen
as intermediates of electrophilic addition reactions. The content. Consequently, the hydrocarbon formation reactions
history of carbocations, which are intermediates also in are characterized (except for acetylene) by a decrease in
nucleophilic substitution reactions ($\and in elimination entropy ASom < 0): the higher the hydrogen content in
reactions (B, begins at the end of the 19th centtfrand the hydrocarbon molecule, the stronger is the decrease of
involves very distinguished organic chemists such as Meer- Som. Thus, AGim versusT curves have a positive slope
wein, Ingold, Whitmore, and many others. The reactivity of but, due to the differenAS.m values for different hydro-
olefins, through theirz-type orbitals, toward protons is carbon groups, the slope is higher for alkanes, lower for
evidence of the so-called-basicity of these compounds, olefins, and even lower for aromatics. Only for acetylene
probably first proposed by M. J. Dew#tThe result of this itself is there no diminution of gaseous moles, and the slope
interaction, with the intermediacy of protonateebonded of the AGsm versusT curve is weakly negative. This is
transition state, is the formation of carbenium idhshen shown in the so-called Francis diagrémnreported in
the z-type orbitals disappear and one of the carbon atoms Figure 2.
rehybridizes from spto sp, the hydrogen becoming co-

valently bonded to the carbon atom viacabond. The 120 oo
carpenium ions are more stable anq more e_asily formed on  ool—x] CH: > f-“f.“:i
tertiary carbon atoms, whereas their formation on primary — / ~ 1 nCeHy,
carbon atoms is very difficult. This is associated with the G /NSO " CoHg

f

electron-donating properties of alkyl groups that allow the 60
cationic charge to be delocalized, thus stabilizing the cation. yymel
Olah and co-worket$ isolated several carbenium ions as 40
stable species by using very weak nucleophiles as balancing
anions.

The m-basicity of aromatic hydrocarbons was also ob- 0
served long agé? and the existence of quite stable protonated
forms of benzenes and the methyl substituent effects on them  -20
were determineé Protonation of aromatic rings generates
arenium ions for which the cationic charge is delocalized
on the ring and in particular in the ortho and para position -60
with respect to the position where the attack of the electro-
phile (the proton in this case) occurred.

More recently, Olah and Schloshé&t@nd Hogeveen et
al? for the first time observed the protonation of alkanes .
by superacids, thus suggesting that alkanes may behave as Pu€ to the negativeASem, the hydrocarbons (except
o-bases. The basicity scale forbonds of hydrocarbons is acetylene) are less stable with increasing temperature, with

200 400 600 800 1000 °C

Figure 2. Dependence of the free energy of formation per C atom
(AGs/N) versusT for some hydrocarbons (ref 31).

reported to be tert-EH > C—C > sec-G-H > prim-C—H respect to the elements, that is, hydrogen and carbon. Coking
> CH,, although this depends also on the protonating agent &Y be considered as _the reverse reaction of the formation
and the steric hindrance of the hydrocarb&hén fact, of hydrocarbons and is consequently thermodynamically

protonation at the €C bond may be significantly affected ~ favored aff > 200°C for all hydrocarbons except methane.
by steric hindrancé? Protonation of alkanes generates the Petroleum coke, or "petcoke”, is formed by thermal coking
so-called “nonclassical” pentacoordinated carbonium ions, ©f heavy hydrocarbons in a refinery process. Carbon-
which contain five-coordinated (or higher) carbon atoms. aC€ous materials, also denoted “coke”, form on the surface

According to the HSAB*2° theory olefinic and aromatic ﬁf daudlcb cata[%/ﬁFs ijlpon h|gh-temp(|atrayure tcloniaé:t Wt'.th
hydrocarbons are softer bases than alkanes. ydrocarbons. This phenomenon results in catalyst deactiva-

The carbocations, which may be stabilized by solvation, tlg?borl:/l(c):f)tnv?a?!idonaglr?a-ci%tf?&éznecde d pkrjociﬁzezcgairezﬁroc;f
are more or less stable species and may act as intermediat%atal st coking and the need for fre u)ént catalyst regenera-
species or as transition states in the conversion of hydro—tion y 9 q y 9
carbong:* In this case the acid is regenerated after the : . .
completion of the reaction and acts consequently as a catalystA C|5: or tcgr:t?;nTe (:jeuasotg' tLheat dli?f’eg;?] ngfer()an(;tfsgl)li)aensegf the
Many of the hydrocarbon conversion industrial processes are” )™ orm '

acid catalyzed, and the formation of carbocations is one of 2::22222’ aﬁgd d:rzoorﬂﬁgci,lizgﬁgﬁd{ggaigﬁgt?csoglsaékzgizmtg
the steps in the reaction mechanism. y y

favored above a relatively low temperature (3@DO0 °C).
Also, the cracking of high paraffins and olefins to light

4. Thermodynamic Instability of Hydrocarbons in hydrocarbons is favored in this temperature range. These
a Reducing Environment: Coking and Pollution reactions tend to decrease selectivities in acid catalysis on
of Acid Catalysts solid acids, performed at relatively high temperatures. Coking

and cracking are competitive reactions. In general, the
activation energy of catalyst coking is lower than that of
) cracking. For this reason, the amount of coke formed may
nC (solid)+ (n + 1)H, (gas)= CHa., (92S) have a maximum at an intermediate temperature, decreasing
when cracking becomes predominant.
is associated with a significant decrease of the number of These problems are definitely less important in liquid acids
moles of gaseous compounds. This diminution is lower for mainly because they are used at lower temperatures, when

The formation reaction of alkanes
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Table 3. Characteristics of Some Industrial Hydrocarbon Conversion

Busca

Processes Involving Sulfuric Acid Catalysts

H,SO

process protonated species concn (%) T(°C) P (MPa) reactor type
ethylene glycol synthesis ethylene oxide 1 50 0.1 tank reactor
phenol and acetone synthesis cumene hydroperoxide few —635 0.2-0.3 backmixed reactor
isobutylene hydration isobutylene 50 50 o5 wash towers
propylene indirect hydration propylene 60 785 0.6-1 wash towers
isobutylene oligomerization isobutylene 665 20-25
benzene alkylation to cumene propylene <90 35-40 1.15 stirred tank
ethylene indirect hydration ethylene 088 65-85 1-35 wash towers
isobutane/butylene alkylation isobutylene -%98 20-40 0.3-0.5 horizontal stirred tank contactor

or cascade reactor

benzene alkylation to LABs linear higher olefins -988 10-30 stirred tank

Table 4. Characteristics of Processes for the Production of Cumene by Alkylation of Benzene with Propene

time of development company catalyst phase P (bar) T(°C)
AICIJ/EtCI liquid/liquid 3-7 40
H2S0Os < 90% liquid/liquid 115 3540
1940s UOP solid phosphoric acid vapor/solid —-B5 200-250
Hils HF liquid/liquid 7 50-70
1986-1988 Monsanto AIGIELCI single liquid phase 10 110
1980s Unocal Y-zeolite gas/solid
1992 UOP Q-Max H-BEA liquid/solid
1992 Dow-Kellogg 3-DDM dealuminated H-MOR liquid/solid 170
1994 Mobil-Raytheon MCM-22 (H-MWW) liquid/solid 186220
CDTech zeolite catalytic distillation
1996 Enichem-Polimeri Europa H-BEA liquid/solid 280 150—-200

coking, dehydrogenation, dehydrocyclization, and cracking
are less or not favored and also much slower. On the other

solutions of S@in H,SO,. By reaction of S@Qwith H,SO,
disulfuric acid HS,0y is formed, which corresponds to 44.9

hand, at low temperature (and high pressures) the oligomer-wt % oleum and is a superacid, wity of —15.

ization and polymerization (which is the reverse of cracking)
as well as addition reactions are favored. The performance
of liquid acid catalysts with reactive hydrocarbons (such as
olefins and dienes) may be strongly influenced by these
reactions. Oligomeric species may form and cause loss of
reactants and pollution of the acid catalyst. Moreover
addition reactions may also cause the formation of acid
soluble oils (ASOs), that is, functionalized organic com-
pounds mixing in the acid phase and diluting and polluting
it.

5. Liquid-Phase Bransted Acid Catalysts in
Industry

A very large number of liquids and solutions have been
tested as acid catalysts for hydrocarbon conversion in
academic research. Clearly, only a few of them have found
a real industrial application, due to their superior properties

S

Industrial processes for hydrocarbon conversion may
employ highly concentrated 230, solutions ¢40 wt %)
up to azeotropic or pure 430,. Oleums are mostly used
for sulfonations. Concentrated sulfuric acid, with composi-
tions generally close to the azeotrope or a little less{90
99%), is a stable solution with high densitd ¢ 1.8
depending on the concentration and temperature) and low
volatility (vapor pressure= 10°'—10"2 mbar, mostly due
to water vapor).

Typical reaction condition for processes employing H
SO, as the catalyst are summarized in Table 3. Although
for some reactions the processes based on sulfuric acid have
been substituted by better performing and more environ-
mentally friendly processes based on other catalysts (see,
for example, Table 4, for cumene synthesis by benzene
alkylation with propene), several processes based on sulfuric
acid are still used worldwide. In Figure 3 the schematics of

as well as for economic reasons. Liquid acid catalysts may reactors used for }$Qj-catalyzed reactions are reported. For
offer some advantages with respect solid acids, such as highsobutane/butylene alkylatidh(i.e., the reaction between

activity and selectivity at low temperature, low investment
costs, and better flexibility. Eventual drawbacks are related
to difficult and expensive product/catalyst separation and loss

of the catalyst, as well as safety and environmental concerns.

5.1. Sulfuric Acid

Sulfuric acid is a strong diprotic acid in diluted water
solutions Ka; ~ 1, Kex= 1.2 x 1072). The Hammet acidity
function of concentrated sulfuric acid water solutions in-
creases from near3.5 for 50% HSO, (7 M) to —7.5 for
80% H,SO? up toHy = —11.9 for 100% HSQ,. H,SOy is
an intermediate compound in the $€H,0 system. This
system presents a maximum azeotrope boiling at83@ith
a composition of 98.3 wt % $$0,—1.7% HO. Pure H-
SO, is a dense liquidd = 1.8356) reported to boil at 279.6
°C. SQG is soluble in HSO, producing “oleum”, the

isobutylene and isobutane, which produces “alkylate”, a very
good gasoline fraction mainly composed of isooctane)
horizontal contactors (several in the plant) with indirect
internal refrigeration by heat exchange with the effluent and
an internal impeller are used in the STRATCO procéss.
The EXXON-Mobil process instead uses cascade reactors
with autorefrigeration by evaporation of reactafttBoth are
variants of continuous stirred tank reactors (CSTR). CD¥ech
alternatively proposes for the same reaction reactive distil-
lation towers. Distillation towers are also used, for example,
for esterifications such as the methyl acetate synthesis from
methanol and acetic acfdWashing towers are used for the
reaction of C3-C4 olefins with~50% sulfuric acid in the
processes of indirect hydration to give alcohols and ethers.
The intermediate alkylsulfates are hydrolyzed in a second
reactor.
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Figure 3. Schematics of some industrial reactors fafSiy-catalyzed processes: A, EXXON-Mobil autorefrigeration cascade alkylation
reactor (ref 35); B, STRATCO horizontal contactor for alkylation (ref 34); C, reactive distillation tower for esterification (ref 37).

The hydrocarborsulfuric acid system is biphasic: for tantalum, and aluminum alloys for reactors and distillation
isobutane/butylene alkylation an excess of sulfuric acid is towers, as well as the potentially unsafe disposal of the spent
used to produce an acid continuous emulsion with the acid.
hydrocarbon dispersed in the acid. After reaction, sulfuric
acid is highly impure and diluted by water. Acid-soluble oils 5.2. Hydrofluoric Acid
(ASOs) are formed as byproducts, and the acid also dries
the hydrocarbon feed, so diluting itself. An additional
problem typical of sulfuric acid is its capability to oxidize
paraffins, forming water, SQand alkenes, with an important
contribution to its own degradation. Sulfones, sulfonic acids,
and alcohols may also be produced. In the processes o
ethylene indirect hydration 98% sulfuric acid is used as the
reactant, and 4555% sulfuric acid is recovered after

Hydrofluoric acid is a weak acid in water solutio.f, =
(2—7) x 1074. Its acidity increases as a function of its
concentration because of the increased stabilization of the
F~ anion when its surroundings become more idfithe
'HF—water system presents a maximum azeotrope at 38.26%
volume of HF. The solution has a maximum density around
70% HF @ ~ 1.27 at 0°C). At increasing HF concentration,
. P : density decreases and vapor pressure increases. Pure anhy-
hydrolysis. Also esterification produces water that dilutes drous hydrofluoric acid HF, characterized by a density of

the ac@. ) ~0.97, condensates at 1 atm at 189G forming H-bonded
A main drawback of the use of concentrated sulfuric acid «polymeric” chains (HF). The extent of H-bonding at the
is related to the difficulty in its regeneration, purification, |iquid—vapor equilibrium at 1 atm is limited ta = 3.75,
and concentration. For this reason, spent acid may becorresponding to a molecular mass of 74.9. As a pure liquid
disposed of and stored in spent acid tanks: its consumptionit js a superacid, wittH, = —15 when fully anhydrous and
can be as high as 7000 kg of acid/ton of alkylates inthe ;= —11 in the presence of traces of water.
case of isobutane/butylene alkylatiBrReconcentration of The acidity of HF is further enhanced by its combination
sulfuric acid is very demanding due to the very high boiling with Lewis acids such as SBFThe system HF/Shfis
points of the acid and azeotrope. Sulfuric acid regeneration considered to be the strongest known, allowkigvalues
processes by decomposition to S@nd reoxidation and g Jow as-28. In this system the formation of solvategFi
hydration find commercial applicatihfor H,SOs;-based ions [HF*(HF),] and of solvated anions such as,Bl
alkylation processes, but they are also very demanding inand ShF,s~ tends to increase the acidity.
terms of energy. The schematic of the Topsge regeneration For decades HF has largely been used in the refinery
plant proposed for alkylation in a refinery is shown in Fig-  inqustry as the catalyst of the isobutane/butylene alkylation
ure 4. proces® and in the petrochemical industry for benzene
Additional difficulties are associated with the corrosive alkylation processes such as the synthesis of linear alkyl-
behavior of sulfuric acid, which imposes the use of lead, benzenes (LAB$} and of cumene (Table 4). For the
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Figure 4. Schematics of the Topsge sulfuric acid regeneration plant (ref 39).

synthesis of LABSs, the liquid feed contains about 79% HF.  The main drawback in its use is related to safety concerns,
The reaction temperature is very low;-00 °C, at ambient  due to its toxicity coupled with its volatility, with the possible
pressure with a large excess of benzene 1@ mol of formation of toxic aerosol clouds. A strategy to limit this
benzene/olefin}? For isobutane/butylene alkylation with the  drawback consists of the use of a vapor suppression additive.
ConocoPhillips process, the reaction temperature i§@5 HF makes less volatile complexes with n-donor bases, such
molar isobutane/alkene ratios are about-18, and acid as the pyridinium poly(hydrogen fluoride) reagent, also called
concentrations are 882 wt %44 After reaction, occurring ~ Olah’s reagent, first described in 19%3it has been found

in a riser (Figure 5), the HF phase is separated from the that several aminepoly(hydrogen fluoride) complexes are
effective catalysts and are associated with lowered HF vapor
pressuré’ In the UOP Alkad procedsit is claimed that the
use of a vapor suppression additive can effectively mitigate
as much as 90% of the risk of an HF release. In Figure 6

Alkad Process Recovery Section

HF to Isostripper
{Internal Regeneration)

3

HF to
Rx Section
Additive
Stripper ic, orY
Recycled Regeneration
HF from > “olumn
Rx Section
i-C,
Polymer to
i-C, Neutralization

Light Acid Soluble
Oils and CBVI
HF - Additive to Rx Section il e

Figure 6. Schematics of the HF and additive recovery section of
the UOP HF-alkylation technology (from ref 47).

the plant for HF recovery in the UOP Alkad process is
shown. However, also in this case the loss of the acid is
relevant. Organic fluorides are formed and may contaminate
hydrocarbon products and byproducts. Similarly, Conoco-
Phillips together with Mobil developed an HF modified
technology named ReVape. According to Feller and Lerch-
er2%in the latter case the additive is most likely based on
sulfones.

5.3. Friedel —Crafts Type Catalysts: HCI/AICI 3 and
Figure 5. Schematics of the Conoco-Phillips HF alkylation reactor  Acidic lonic Liquid Catalysts

(ref 44).

Aluminum trichloride, AICk, was proposed as a catalyst
hydrocarbon phase in a settler, cooled by heat exchange withfor aromatic alkylation and acylation reactions by C. Friedel
water, and recycled to the reactor. However, acid-soluble and J. M. Crafts at the end of the 19th century. It melts at
oils are formed and dilute the catalyst. A strong advantage 193 °C, producing a typical molecular liquid mostly com-
of HF with respect to KEBO, is its easy separation and posed by the dimer ACls, although higher polymers may
purification by distillation, due to its very high volatility.  also exist®® It also produces several low-temperature eutectics
Accordingly, the acid loss is very small. with other metal chlorides and gives rise to liquid complexes



Acid Catalysts in Hydrocarbon Chemistry Chemical Reviews, 2007, Vol. 107, No. 11 5373

with hydrocarbon® and ionic liquids with organohalide complex phase is separated from the reaction products and
precursors? In the solutions, ionic species such as AICI recycled to the reactor, but cannot be regenerated. The
Al.Cl;~, or AlsClyg~ are formed. AlC} is considered to be a  product must be washed with caustic to hydrolyze and
very typical Lewis acid, according to the coordinative separate catalyst residuals. These procedures result in relevant
unsaturation of Al in the formal AlGImonomeric molecule,  catalyst consumption (3% of the ethylbenzene product
which is saturated in the polymeric anions by a very weak in benzene ethylatidf). An improved process was com-
nucleophile, the Clanion. When activated with proton donor mercialized by Monsanto in the 1970s: a slight increase in
species, such as water or HCI, or its precursors such as alkylreaction pressure (up to 10 bar) and temperature (G50
halides, alkyl amine salts, imidazolium halides, pyridinium and a careful drying of the reactants allow the use of less
halides, or phosphonium halides, AlGlives rise to the  catalyst and improve the process in terms of energy and acid
formation of ionic liquids with very strong Bragnsted super- consumptions. Also, the transalkylation step may be per-
acidity, the strength of which have been evaluated to be formed in a different reactor. With the same catalyst, cumene
similar to that of dry HF o ~ —15). These are very active  and higher LABs for the detergents industry may be produced
as aromatic alkylation catalysts®? The strong Brgnsted through benzene alkylation by propene (1°I0; Table 4)
acidity of this system, which allows olefin protonation, can and by linear higher olefins (5560 °C). Several other
be cooperatively enhanced by the Lewis acidity of AJCI reactions are catalyzed by similar systems such as the
able to interact with and activate aromatic rik§sThe Gattermann-Koch carbonylation of toluene, producing
electrophilic character of the carbenium ion is enhanced by tolualdehyde (Mitsubishi process) using either HRF{/BFan
complexation of the halide to a Lewis acid such agC4, aluminum halide alkyl pyridinium halide ionic liquid cata-
allowing it to leave as a less nucleophilic anion such as lyst>¢ The system HF/BFis also used in the Mitsubishi
Al.Cl;. process for the separation ofxylene from C8 aromatic
Systems based on Alghnd HCI have been used since mixture? The acid forms the complex preferentially with
the 1940s in the industry for liquid phase aromatic alkylations the more basien-xylene isomer. The complex is separated
such as ethylbenzene synthesis from ethylene and bebfzene,from the other C8 mixture and decomposed thermally, and
several plants being still in operation. In the original process, the acid is recycled.
the reaction temperature is 130 and the pressure-2 bar The main problems with these processes are represented
in the presence of excess benzene and cocatalysts such asy the requirement of reactors made in anticorrosion materi-
other metal chlorides and in the presence of small amountsals (ceramics, enamels. glasses), corrosion of piping, non-
of ethyl chloride as the source of HCI. That catalyst also regenerability of the catalysts, and problems in disposal of
catalyzes transalkylation that may be performed in the samethe spent catalyst. Classical Frie¢€rafts catalysts present
reactor by recycling of polyalkylated benzenes. Bubble tile- problems in their separation from the produ@tperformed
clad column reactors are used (see Figuf® Where the by hydrolysis with the production of corrosive wastes.
The complexes produced by the reaction of alkyl halides
Off gas (e.g., ethyl chloride) with AIG, and those obtained by an
amine and HF belong to the family of acidic ionic liquids,
which are currently the object of much investigation as liquid
Benzene acidic catalyst$? lonic liquids are low-melting-point salts
AICI, catalytic complex A (T < 100 °C) constituted by monovalent organic cations
3 and inorganic anions such as CCuCk—, ZnCk~, SnCk~,
BF,~, Al.Cl;, PR, Asks, Sbk~, and F(HF)~. When the
cation is a protonated base, they are carriers of hydrogen
> halides (HCI, HF) and may act as Brgnsted acid catalysts.
These materials are certainly interesting as alternatives to
liquid acids because of their lower volatilities and fewer
> corrosion problems, as well as the very large variety of
applications and conditions they offer. However, they do not
radically resolve the drawbacks of liquid acids. They appear
to be very interesting catalysts for fine chemicals, where the
small dimension of the plants can limit the safety and
environmental drawbacks of these compounds. Less interest-
ing seems to be their future application in the refinery and

petrochemical industry.
g

5.4. Diffusion of Organics in Liquid Acid Media

Liquid effluent The reciprocal solubility of hydrocarbons and polar
solvents such as liquid acids is generally low. The system is
consequently normally biphasic. The reaction occurs either
in the acid phase, where active protons are, or at the phase

Figure 7. Schematics of a bubble column for benzene alkylation interface. Isobutane/butylene alkylation is performed on a

ion the presence of HCI/AlGlcatalyst (from refs 54 and 55). sulfuric acid continuous phase in which the hydrocarbon

phase is dispersed with vigorous stirring. The larger the
reaction mixture is formed by two liquid phases. The catalytic interfacial area, the faster the reactf8rConsequently, the

complex formed by aromatics complexed by HCI/AJ@& a rate of protonation reaction of hydrocarbons by Brgnsted
separate phase from the hydrocarbon solution. The catalyticacids, which is rate determinirt§,depends on the acid

Ethylene v v v
(ethyl chloride)

v
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Table 5. Summary of Industrial Solid Acid Catalysts

acid group/
catalytic active typical T
formula/example species reaction (ex) phase range {C) deactivation reactivation
alumina (silicated) AIO3 Al SixOz1x2  AIOH or olefin skeletal isomerizatiogas/solid ~ >400 coking burning
Al—OH—AI  alcohol dehydration
(SIOH) AT
silicalite-1 SiQ SiOH Beckmann rearrangment ofas/solid 300 coking burning
cyclohexanone-oxime tar formation
chlorided alumina AJO34Clox CI,AIOH paraffin isomerization gas/solid  120-200 chlorine loss difficult washing
AlSF aliphatic alkylation liquid/solid coking
coking/poisoning
acid-treated NaJAl 2 xMgxSis- SiOH cracking gas/solid 200-550 coking burning
montmorillonite 019(OH)2]*nH20 Al (liquid/solid) structural damage
clays
silica—alumina/ HySi1—xAlxO2—x2+2y SiOH cracking gas/solid  200-550 coking burning
aluminated silica dehydrochlorination liquid/solid 200
alkylation
H-zeolites HSi1—xAlxO2 Si—OH—Al  aromatics alkylation gas/solid  200-550 coking burning
paraffin and olefin liquid/solid 150-250 structural collapsénydrogenation
isomerization poisoning burning
cracking
aromatics alkylation
SAPO H-ySii—x—yPyAlIO2  Si—OH—Al  methanol to olefins gas/solid 46@150 coking burning
sulfated zirconia HSQu-ZrO, SOH paraffin isomerization gas/solid 17030 coking difficult
tungstated zirconia WEZrO, WOH paraffin isomerization gas/solid 26@70 coking burning
solid phosphoric acid ~ §POY/SIO; (kiselghur) POH olefin oligomerization gas/solid 156-300 leaching difficult
[H(H20), " and hydration coking
aromatics alkylation
heteropolyacid Gél3-xPWi2040 W—-OH-W  ethyl acetate synthesis gas/solid 140-250 difficult
[H(H20)] " liquid/solid 60
niobic acid NBOs-nH,0O NbOH ethylene hydration gas/solid 200 coking burning
[H(H20),]"  fructose dehydration water/solid 100
sulfonated polystyrene —SOsH ether synthesis liquid/solid 40-100 poisoning washing
polydivinylbenzene [H(H20),]"  olefin oligomerization
resins [H(ROH)]™
strength of the acid, measured as itheHammet functiorf? the solid-water solution interfac®. Most of the techniques

on the concentration of the hydrocarbon in the acid phase,performed at the gassolid interface involve the use of
and on the extent of stirring. In the case of isobutane/butylenemolecular probes (see Table 6) and allow the determination
alkylation reaction, the solubility of the olefin in the acid is of the amount of adsorbed probe molecules (such as
higher (2-4 times) than the solubility of isobutafe.  gravimetry and volumetry), the differential and integral heat
Additionally, olefin oligomerization competes with alkyla-  evolved during adsorption (adsorption microcalorim@&)ry
tion. Thus, a large excess of isobutane is needed to obtainand the amount of molecules that are desorbed at increasing
alkylation, and the kinetics is limited by mass transfer. temperature, so allowing the calculation of the desorption
The higher solubility of isobutane in HF (2.7 wt % at 27  energies (temperature-programmed desorffiofhese tech-
°C in 100% HF) and its lower viscosity allow higher niques allow a characterization of the strength and amount
isobutane consumption rates to be obtained in alkylation with of adsorbed species per unit of surface area and/or weight
HF than with HSQ,. Therefore, HF can be operated at higher and, consequently, allow the measure of the number of the
temperatures, resulting in higher reaction rates. adsorption sites of different quality. However, to have a more

% at 0°C. Aromatic alkylation in the presence of AlGllso techniques are necessary.

occurs in biphasic systems, where the hydrocarbdic! ;
complex does not mix with the hydrocarbon pheis&Here,
however, the hydrocarbons are supposed to form the
continuous phase where the catalytic complex is dispébsed.
Data on the diffusivity of hydrocarbons in ionic liquids are
becoming available now, showing larger solubilities of

Among these characterization methods, IR spectroscopic
technique®7°7find today wide application due to moderate
cost of the FT-IR instruments and the well-established
principles of the technique. The analysis of the IR spectrum
of pressed disks of the pure catalyst powder (by using the

olefins and aromatics than of alkarfés3 transmission/absorption technique) or of the powder deposed
as such (using the diffuse reflectance technique, DRIFTS)
6. Solid Acid Catalysts allows the detection of the vibrational modes of the surface

hydroxy groups (OH stretchings in the region of 38@&500
In Table 5 a summary of the families of solid acid catalysts cm™) and, in some cases, also of metakygen surface
that find industrial application is reported. Some data are bonds. The spectra of adsorbed molecules can also be
also reported concerning the practical conditions of their investigated, showing, for example, protonation of quite

application, which will be discussed later. strong bases (such as pyiridine or ammonia) over Brgnsted
o ] acidic OH groups or the formation of H-bondings with
6.1. Surface Acidity of Solids weaker bases (such as nitriles and carbon monoxide) and

o . the perturbation of the spectrum of the probes over Lewis

6.1.1. Characterization Techniques acid sites. The use of probes characterized by different steric
Several techniques allow the study of the surface acidity hindrance can also give information on the location of active

and basicity of solids at the gasolid interfac&® or at sites in or out of micropores. Coupled with valumetry, IR
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Table 6. Molecular Probes Applied for Surface Acidity Characterization

base basic strength

family example formula Ka PA mostly applied techniques
cyclic amines piperidine &E110NH 11.1 933 IR®™N NMR, calorimetry, TPD
alkylamines n-butylamine n-Elg-NH, 10.9 916 calorimetry, TPOD?N NMR, IR
ammonia NH 9.2 857 calorimetry, TPDN NMR, IR
phosphines trimethylphosphine (kP 8.65 957 3P NMR, IR
phosphine oxides trimethylphosphine oxide “R=0 907 3P NMR
heterocyclic amines pyridine s8sN 5.2 928 IR,*>N NMR, calorimetry, TPD
ketones acetone (GhHC=0 -7.2 824 BC NMR, IR
nitriles acetonitrile CHCN —-10.4 783 IRN NMR
hydrocarbons benzene ols 750 IR

ethylene HC=CH; 680 IR

carbon monoxide CcO 598 IR, calorimetry
nitrogen N 477 IR
argon Ar 369 TPD

Table 7. Evaluation of the Lewis Acid Strength of the Surface Cationic Sites on Catalytic Materials by IR Spectroscopy of Adsorbed
Probe Molecules. Position (crm') of the Sensitive IR Bands of the Basic Probes (Lewis Acid Strength Roughly Decreases from Top to
Bottom, See References 66, 70, and 71)

adsorbate/IR mode

CO pivalonitrile pyridine ring ammonia adsorbing
catalyst vCO vCN stretch (8a) Osym NH3 site type
AlF3 2309, 2305 1627 WAl
zeolites (external surface) 2230 2300 1625 masked wWAIST
silica-alumina 2235 2296 1625 masked AR
y-Al203 2235 2296 1625 1295 WAl
2210-2190 1615 1265 WAl
2170 1595 1220 viAIST
alumina-pillared montmorillonite 2290 1625 masked wAIST
acid-treated montmorillonite 2295 1625 masked wWAIST
SiOx-TiO, 2226 w 2308 w 1610 masked kg
2208 2285
WOj3, unsupported = 2290 1613 1275, 1222 WO
ZrO; 2195 1606 1210, 1160 2t
2170
sulfated zirconia 2160 1606 1210, 1150 “Zr
TiO, anatase 2208 2285 1610 1225 vTi4t
2182 2260 1185 wiTi4r
liquids 2143 2236 1583 1054

techniques allow a quite complete quantitative/qualitative shift Ay of the IR OH stretching band when a H-bonding
analysis of the adsorption phenomena. interaction occurs with a reference basic probe molecule. In
In this review we will base part of the discussion on results heterogeneous systems (in particular for zedlit€ the
arising from IR experiments. In Tables 7 and 8 data on the proton affinity of strong Brgnsted sites can be calculated by
Lewis and Brgnsted acidity, respectively, of solid materials, theory or evaluated from that of the silanol groups of silica,
as deduced by IR experiments, are summarizd. Whentaken as a standard, from the equation
possible, we will also cite data on the Brgnsted acid sites
arising from MAS NMR technique%:"*The'H MAS NMR PAgansted= PAsion — A100(AVg gnstedAVsion)
technique, in fact, performed on the solid catalyst after
activation and upon adsorption, allows the detection of the the ratio AvgsnsiedAVsion being independent from the base
signals due to the magnetic resonance of the protons of thechosen and where Ry = 1390 kJ/mol andA = 442 kJ/
surface hydroxy groups, the position of which is indicative mol.
of their environment. The perturbation of protonic centers  Alternatively, deprotonation enthalpies can be evaluated
upon adsorption of probes may also be investigef&i and from probe adsorption calorimetric data or from temperature-
2TAl MAS NMR techniques are also very relevant in the programmed desorption measurements. The strengths of
characterization of zeolites and different silicoaluminates, surface Lewis acid sites can be also evaluated, in principle,
whereas advanced MAS NMR techniques allow the analysis by the heats of probe adsorption or desorption. In all cases,
of interactions between Si, Al, and protoftsC, !B, °N, however, probe adsorption on solids can result in multiple
19, 31p, and>V NMR techniques also allow the study of interactions: for example, van der Waals interactions can
the spectra of molecular probes upon adsorption and of solidbe superimposed to true aeilase interactions, which can
acids based on borates, nitrides, fluorides, phosphates, andlso be multiple and give finally rise to some kind of
vanadates. solvation effects, in particular in the zeolite cavitiés®
The measure of the strength of acid sites at the gas/solidThus, the pure acidity/basicity data are difficult to extract
interface is not an easy mattérln the case of the surface from experimental results.
hydroxy groups, which are potential Brgnsted acid sites, Titration method$?83that is, the study of the interaction
deprotonation enthalpies can be estimated according to theof indicator dyes with the solids from solutions, have been
Bellamy—Hallam—Williams relatiorf® from the wavenumber  proposed as a technique for both qualitative and quantitative
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Table 8. Evaluation of the Brgnsted Acid Strengths of Surface Hydroxy Groups on Catalytic Materials by Different IR Techniques
(Brgnsted Acid Strengths Roughly Decrease from Top to Bottom, See References 66, 70, and 71)

AvOH (cnr?h) behavior polymerization of protonation of
CcOo acetonitrile  with CHs CgHs i-C4Hs CyHe acetonitrile pyridine NHs piperidine
vOH PA= PA= n-CiHs PA= PA= PA= PA= PA= PA= PA= n-butyll PA=
catalyst (cm™) 594 783 PA~750 680 752 802 783 783 912 846 amine 933
H-zeolites 3656-3500 ~300-340 ABC polym+ yes yes yes yes yes yes yes yes yes
isom
SOs2-/oxide 3650-3630 ~140 ABC polym yes  yes yes yes no yes yes yes yes
WOs/oxide broad ABC polym tr yes yes yes no yes yes yes yes
SiO-Al,03 ~3745 ~§86 150 ABC polym no yes yes yes no yes yes yes yes
HsPOW/SiO, ~3660 ~180-200 ABC polym no no yes yes no yes yes yes yes
Nb20s-H,0 3740-3705 ~500 no yes yes
AlF3 37303655 ~150 >500 yes yes no tr yes yes yes
SiOx-TiO2 ~3740 ~70-150 ~450 polym tr no no tr no no yes yes yes
Al,03-B;03 3800-3650 ~70-150  480-420 butoxide no no yes no no yes* yes yes
330-280 traces
silicatedy-Al,0O3 ~3740 ~70-150 480-420 AvOH no no no no no yes* yes yes
330-280 200-300
y-Al203 3800-3650 ~70-100  45G-400 AvOH no no no yes no no yes* yes yes
330-280 200-300
TiOz-anatase 37503650 ~110-150 <300 no no no no no no tr tr yes
am- SiQ ~3745 ~70—-150 400 AvOH no no no no no no no no no
150-200

a ABC, strong hydrogen bonding with formation of the ABC vibrational contéur, traces.
* Possible ammonia disproportionation to BHNH,*.

characterization of solid surfaces and allow some comparisonin the latter case, they mostly work at quite a high temp-
with liquid acids. If a basic indicator B is used, the proton erature, in a regimen where coking and cracking are thermo-
acidity of the surface is expressed by the Hammett acidity dynamically favored and fast. This causes the main drawback
function, as done for liquid acids. The amine titration method, of their use in that the field of hydrocarbon acid-catalyzed
described by Tanabe et &t.consists of titrating a solid acid  conversions consists in deactivation, mostly by coking. To
suspended in benzene with n-butylamine using an indicator.recover catalyst activity, regeneration procedures might be
This technique has many limitations for the deduction of required.
gas-solid phenomena, the surface Hammett acidity function  Solid catalysts generally consist of high surface area/small
having also doubtful physical meaning in this c&e. particle size powders. Most solid acid catalysis is performed
Nevertheless, this technique is widely applied in the fields in fixed bed reactors. If packed in fixed bed reactors, powders
of colloids and soil sciencé$,and many data are available tend to form high-density layers opposing the reactants’ flow,
also for solid catalysts. causing large pressure drops. Also, fine particles tend to be
P - transported out of the reactor by the effluent flow. For these
g/%ei ;tr%%gtlgeglmglﬂg’cgngc glggﬁgnon of Surface Acid reasons, solid qatalysps are shaped in pellets by extrusion
procedures$® which resist the reactant pressure and leave a

In heterogeneous catalysis, the catalytic activity (reaction sufficient void fraction to limit pressure drops. In Figure 8
rate) depends on the amount of active sites (e.g., of acid
sites having the appropriate strength) present on the catalys
as a whole. This means that the “density” of active sites
(amount of sites per gram of the solid or per unit of surface
area) is an important parameter. On solids, the amount and
strength of acid or basic sites are quite independent param-
eters, so both of them must be analyzed independently for a
complete characterization. Additionally, several different
families of acid sites may occur in the same solid surface,
so their “distribution” (density of sites of any site family)
must be characterized.

Additionally, both acidic and basic sites can be present in
different positions (but frequently near each other) on the
same solid surface and can work synergistically. This
provides evidence for the significant complexity of acid
base characterization of solids.

6.1.3. Practical Aspects on the Use of Solid Acid
Catalysts

Solid catalysts have a great advantage over liquid catalystsSOme usual shapes of commercial catalyst extrudates are
They are in fact generally almost fully recovered from shown. Extrudates are actually formed by mixtures of the
reaction products without any operation (fixed beds) or with real catalyst with additives such as binders and, possibly,
quite easy procedures (fluid and/or moving beds). They are stabilizers and activators. These materials may have a
frequently, but not always, quite easy and safe to dipose of.relevant role in the catalytic phenomena and, in particular,
They can be applied to liquid-phase or to gas-phase reactionsin the diffusion of reactants and products in the bed. In Figure

sphere cylinder single-channel cylinder

multi-channel cylinder multi-channel cube
Figure 8. Shapes of commercial catalyst extrudates.
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Catalysts for moving or fluid bed reactors should resist
the attrition due to the catalyst movement. To this purpose,
particular agglomeration and extrusion procedures must be
applied to form mechanically resistant microspheres

6.1.4. Deactivation and Reactivation of Solid Acid
Catalysts

As already said, deactivation by coking is a very common
phenomenon in heterogeneous catalysis by solids. Coking,
associated with the thermodynamic instability of hydrocar-
bons at high temperature with respect to the elements, gives
rise to the formation of carbonaceous deposits that kill the
acid sites and cover the catalyst surface. Reactivation is
mostly obtained by burning, with air or pure oxygen, the
coke particles. Obviously, regeneration by burning is exo-
thermic and causes temperature peaks at the catalyst surface.
catalyst particles The catalyst must be consequently stabilized to stand this
treatment, in particular, if repeated frequently, without
relevant damage, sintering, and surface area loss. Other
regeneration procedures are performed sometimes, such as

White  interparticle meso-porosity hydrogenation, if noble metal particles are present and
Figure 9. Schematics of the morphology of a real catalyst. catalyze this reactivation reaction.
Coking occurs with variable rate, depending on several
9 the morphology of a alumina-bound zeolite catalyst is factors. In general, coking is faster the higher the temperature
schematized. Interparticle mesoporosity is formed between(at least until a maximum when cracking becomes predomi-
catalyst and binder particles and sums to catalyst and bindemant), the higher the hydrocarbon pressure, the higher the
intraparticle micro- or mesoporosity. content of very reactive hydrocarbons in the feed (1,3-dienes

In fixed bed tubular reactors, the catalyst extrudates are > branched olefins- olefins > aromatics> paraffins, even
loaded above supporting grids and/or supporting inert at the impurity level), and the stronger is the catalyst acidity
ceramic materials in the form of balls. On top of the bed, and the more microporous is the catalyst. According to these
layers of differently shaped catalysts, providing larger void conditions, deep deactivation by coking may occur in years,
sizes, and of inert materials may be deposed, to optimize months, weeks, days, or minutes.
fluidodynamics and to fix the bed. On top of the reactor,  Other reversible deactivation processes may occur in some
flow distributors allow limited preferential flow ways. A cases, in particular due to adsorption of poisons (such as
scheme of a single fixed bed axial downflow reactor is shown sulfur or amine bases). Also, these poisons may be burned
in Figure 10. When reactions are significantly exothermic, off with air or oxygen, or, alternatively, may be desorbed
by proper treatments.

Different reactivation procedures are possible, depending
on the rate of catalyst deactivati&hThe schematics of the
plants, depending on the different regeneration procedures,
are reported in Figure 11. When deactivation occurs in years,

binder particles

flow distributor UL U DU L reactivation might not be necessary at all. The catalyst might
inert material bed(s) be substituted after its cycle life. However, also depending
different size catalyst on the cost of the catalyst, procedures of reactivation in situ,
extrudates layers during a normal switch-off of the plant for maintenace, can

and /or guard beds be performed. Alternatively, during maintenance times, the

catalyst may be removed, reactivated elsewhere, and reloaded
in the reactor.
catalyst extrudate bed When deactivation occurs in months or weeks, swing-type
regeneration may be performed. An additional reactor may
be used (two instead of one or five instead of four), and the
reactor beds may be regenerated alternatively, allowing a
continuous operation of the plant. This is applied, for
. example, in the cyclic catalytic re-forming procé&&as well
support grid as in several gas-phase acid-catalyzed processes. When
deactivation is very fast, moving bed reactors with intermit-
out tent or continuous addition of active catalyst and withdrawal
of deactivated catalyst may be applied. This is applied in
Figure 10. Possible arrangement for a fixed bed catalytic reactor. the moving bed continuous regeneration catalytic re-forming
processes as well as in hydrocracking in slurry ebullated beds.
several catalyst beds may be separated by quenching or hedn the case of endothermic reaction occurring with fast
exchange devices, to subtract the reaction heat. In the caseoking, the burning of coke may supply the heat of reaction.
of endothermic reactions, the effluents between each bed areThis converts an endothermic process into an autothermic
directed through furnaces to recover heat. one or even into an exothermic one. The fluid bed catalyst

support media bed
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Figure 11. Schematics of catalytic reactors with different regeneration procedures: A, a single semiregenerative reactor; B, two swing
reactors; C, moving bed reactor with intermittent or continuous catalyst addition/withdrawal; D, fluid bed ractor/regeneration system.

Table 9. Proposed Summary of the Acid-Base Properties of Binary Metal Oxides (References 66, 69, and 70)

oxidation cation size M—-0 acidity acidity basicity,
element state (radius, A) bond nature type strength nucleophilicity examples
semi-metal >+5 very small €0.2) covalent molecular Brgnsted medium-strong none 205 B50;)
+4 small <0.4) covalent network Bregnsted medium-weak none pIs 11:]@)
metal high small to medium largely covalent Brgnsted medium to strong none WOMO0O;, CrO;,
+5to+7 (0.3-0.7) network— layered— Lewis TagOs, Nb,Os, V205
polymeric
medium  small ionic network Lewis strong weak y-Al03, f-G&0s
+3to+4 (0.35-0.5)
medium Lewis medium medium-weak TiOFe0s, Cr03
(0.5-0.6)
large Lewis medium-weak medium-strong 1@, SNQ, ZrO,,
(0.7-1.2) CeQ, ThO; (Bi0s, S0s)
low large to very large Lewis medium to very strongto very MgO, CaO, SrO, BaO,
+1to+2 (0.7-1.5) weak strong Co0, NiO, Cu0, ZnO, (C#D)

may recycle from the reactor (frequently a raiser tube) to (e.g., BO10) or by macromolecular chains (e.g., Gj@r by

the regeneration vessel where coke burning occurs, heatindayers (e.g., ¥YOs and MoQ). In Table 9 is reported a
strongly the catalyst itself, and in this way it may provide summary of the typical features of the surface chemistry, as
the heat of reaction. This system has been developed for fluida result of the structural features, of pure oxide sdid8.

catalytic cracking processé¢FCC) and has also been used | the case of ionic or covalent network materials, the
in the paraffin dehydrogenation SNAMPROGETTI proc®ss. g rface is a defect situation where oxide species and metal
. , or nonmetal centers remain exposed and coordinatively
6.2. Oxide Solids unsaturated at the surface. These sites should be associated
" - ; with very high free energy and, consequently, should be very
g)f/je Acidty and Basicity on the ldeal Surface of a Solid unstable. To stabilize the surface, reconstruction phenomena
as well as reaction with molecules from the environment
As discussed elsewhet@’%typical metal oxides (such as  (e.g., water and C£)occur. This would limit the number of
titania, zirconia, and alumina) are essentially ionic network coordinatively unsaturated centers and cause the formation
structures. Semimetal oxides, such as silicas and germaniapf new surface species such as hydroxy groups and surface
are constituted by essentially covalent network structures. carbonates. However, unsaturated centers at the surface can
The nonmetal oxides and the oxides of transition metals in remain or be generated by desorption of adsorbed water (and
very high oxidation states may be molecular in nature (i.e., CO;) under heating. As a consequence of these phenomena,
non-framework), formed either by relatively small molecules the surface of solid oxides can be constituted by surface oxide
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species, acting as basic sites, and coordinatively unsaturated
cations (mostly on ionic surfaces) or surface hydroxy groups 1640, 1628
(on both covalent and ionic surfaces), acting as Lewis and
Brgnsted acid sites, respectively. This actually may also occur
with oxides formed by macromoles, linear or layered, at least
on some surface planes.

6.2.2. Pure Oxides

6.2.2.1. Amorphous and Mesoporous Silicas and Sili-
ceous Zeolites.Silica forms many different crystalline
structures. All of the structures that are stable at ambients
pressure present a tetrahedrally coordinated silicon atom, an
the structure is associated with a covalent netvi&@n the
other hand, silica is also the best known glass-forming
material® that is, it has very stable amorphous states, which
also consist of a tetrahedral covalent network structure,
although disordered. . . ; , , : :

Structurally, amorphous silica is quite a covalent oxide 1750 1700 1650 = 1600 = 1850 ' 1500 1450 1400
materialé¢7 its surface behavior is dominated by the avenumbers (cm) N
chemistry of the terminal silanol groups, characterized by a 5'%1% 12““'32 :E‘;qcitrrlg ‘gn%yﬂi/'lr(‘)eRafs;@?dsg{i‘ dﬁmggpm;’;azg'iﬁz’

i 1 “AI2V3, - ' . ’

?Eigﬁ:gg)sgr?g%;/;ou :gﬁwggigggﬁcztniiﬁtiig{z at room temperature; broken lines, outgassing at °I00

1544

bance

ponents possibly associated with two different families of
3726 725 silanol groups, the stretching of adsorbed CO being observed

7\ 3602 at 2155 cm* (Av ~ 17 cnt with respect to liquid-like CO).

Amorphous silica, which has dozens of industrial applica-
tions as an adsorbent and a filler, does not seem to have
application as a catalyst in hydrocarbon chemistry, but is
very largely used as a support for catalysts and as a binder.
Recently, mesoporous silicas have been prepared. Their basic
chemistry is the same as for microporous silicas.

-

Defective
silicalite-1

Absorbance

Silicalite -1

&Tgprgg/;SA Silicalite-1 is a fully siliceous zeolite, with the MFI
0,0 2 structure. Its crystalline framework, constituted by silicon
3800 3600 3400 3200 3000 3800 3600 3400 3200 3000 oxide tetrahedra, has an essentially covalent and hydrophobic
Wavenumbers (cm-1) character. When well crystalline, hydrophilic silanols, having

Figure 12. IR spectra of the surface hydroxy groups of silica, acidity comparable to that of sili¢4®are present essentially
silicalite-1, defective silicalite-1y-alumina, and silica-alumina gt the external surface (Figure 12). However, when silicalite-1
(outgassing at 456C). is prepared in a “defective” form, nests of H-bonded silanol

ppm?! generally multiple due to the coexistence of isolated €XiSt, giving rise to a quite complex IR spectrum in the OH
or geminal silanols. These groups, although being weakly §tretch|ng region (Figure 12): they are at least in part quated
Bransted acidi€2 are able to establish quite strong but easily N the channef§ and make the structure more hydrophilic.
reversible hydrogen bondings with polar molecules, which Thls r_natena] has interesting appllcatlon as an acid catalyst
are the key phenomena occurring in adsorptidasorption in an industrially important reaction, the vapor-phase Beck-
cycles. Near-lying silanol groups also H-bond with each Mann rearrangment of cycloggexanon_e oxime-eaprolactam
other, giving rise to chain-bonded hydroxyls. Recently, With the Sumitomo proces8:*occurring near 300C. The
silsesquioxane compounds have been prepared as models ictive sites for this reaction, which is also catalyzed by
surface silica site® The relative amount of isolated and amorphous silica but less efficiently, are thought to be
H-bonded silanols depends on porogitgvidence has also ~ €xtérnal and/or internal silanol nests. _
been found for the reactivity of surface siloxane bridges at . Several other fully siliceous zeolites have been synthesized
high temperaturé The silanols make the surface of highly N recent times, such as ITQ-1, thg siliceous form of zepllte
hydroxylated silicas strongly hydrophilic, and wet surfaces MWW (MCM-22),1%1TQ-29, the siliceous analog of zeolite
are even more active in adsorption. It is well-known that A (LTA),*** and fully siliceous FER and BEA zeolites.
hydrogen bondings occur also between the silica’s silanol However, published data on their acid sites are still very few.
groups and unpolar molecules such as hydrocarbons, allow-Fully S|I|ce_ous zeolite BEA can be prepargd in defective and
ing silicas to be also used for adsorption of these compounds nondefective forms and is also active in the Beckmann
Howewer, the Brensted acidity of the silica’s terminal rearrangment? Nondefective fully siliceous BEA presents
silanol is generally found to be weak, no protonation the strong band of silanol groups at 3740 ¢with a tail to
occurring of basic molecules as, for example, pyridine. This lower frequencies, whereas the defective form also shows
is shown in Figure 13, where the strong bands at 1596 andIR bands at 3735 and 3690 cfn

1446 cnt! are the 8a and 19b ring stretching modes of py  6.2.2.2. Aluminas. 6.2.2.2.1. Structure-Related and
molecules weakly perturbed by H-bonding with silanols, no Morphology-Related Surface Properties of Aluminas.
traces of pyridinium ions being found. Similarly also the Aluminum oxide is a polymorphic materi&®%* The
reactivity toward hydrocarbons is weak, if found at all. In thermodynamically stable phasedsAl ;O3 (corundum), in
parallel, low-temperature CO adsoptiérshifts down the which all Al ions are equivalent in octahedral coordination
silanol band of onlyAv ~ 75 and~ 155 cnt?, two com- in a hcp oxide array. Corundum powders are applied in
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catalysis as supports, for example, of silver catalysts for cell constituted by three spinel unit blocks with tetragonal

ethylene oxidation to ethylene oxid®,just because they
have low Lewis acidity and low catalytic activity (so not

deformation, likely with a partial ordering of Al ions into
octahedral sites. It is formed continuously in the range of

producing undesired side reactions) while being mechanically 800—900 K. 6-Al O3 is formed above 900 K with simulta-

and thermally very strong.

neous decrease of the surface area to near Zif)anless.

All other alumina polymorphs are metastable, and most Its monoclinic structure, which is the same as that-ofillia,
of them have a structure which can be related to that of can be derived from that of a spinel, with deformation and

spinel, that is, cubic MgAD,. y-Al,Os, which is the most

some ordering of the defects, with half tetrahedral and half

used form of alumina, is mostly obtained by decomposition octahedral Al iond!® Within the sequence/-Al.O; —

of the boehmite oxyhydroxidg-AIOOH (giving medium
surface area lamellar powders100 n¥/g) or of a poorly

0-Al,03 — 6-Al,03 — a-Al 03 the lamellar morphology of
boehmite is mostly retained but with progressive sintering

crystallized hydrous oxyhydroxide called “pseudoboehmite” Of the lamellae and disappearance of the slit-shaped pores.

at 600-800 K, giving high surface area materiats§00 n#/

1-Al,0; is also considered to be a spinel-derived structure

g). The materials obtained with these precipitation methods but is obtained by decomposing bayerite Al(QHMost

are highly microporousy-Al,0O; powders with low porosity
may be obtained by flame hydrolysis of AlCbut they show
chlorine surface impuritie¥¢ Recently, high surface area
mesoporous-Al,0; (200-400 nt/g) has been prepared by
hydrolysis of an Al compound in the presence of ionic
surfactantg?’

y-Al,05 is one of the most used materials in any field of

authors conclude thaj-Al,O; corresponds to a defective
spinel such ag-Al,O; but with a different distribution of
vacancies, namely, with more tetrahedrally coordinated
(35%) and less octahedrally coordinated Al iéHg14115120,121
This results in stronger acidity of-Al,O3 with respect to
y-Al,0s. Calcination gives rise to the sequeng@\l,0;—
6-Al 203 — o-Al 203.

technologies. However, the details of its structure are stilla  Other metastable forms of alumina, denotedIO;,
matter of controversy. It has a cubic structure described by x-Al20s, and«-Al,051%%1%] also exist and can be obtained

Lippens and de Bo&# to be a defective spinel, although it

from the hydroxides gibbsite and tohdite, but they seem to

can be tetragonally distorted. The stoichiometry of the have less interest in catalysis. Amorphous alumifas?

“normal” spinel MgALO, having Al ions virtually in

possibly impure from organic reagents, have also been

octahedral coordination and Mg ions in tetrahedral coordina- investigated. They tend to convert intg-Al,O; upon

tion, the presence of all trivalent cations)irAl ,O5 implies

hydrothermal treatment. Amorphous alumina appears to be

the presence of vacancies in usually occupied tetrahedral orquite inactive as a acid catalyst, and Al ions there appear to

octahedral coordination sité8l NMR spectra show that

tetrahedral Al is near 25% of all Al ions but also shows a

small fraction of Al ions that are in coordination fivé®, or
highly distorted tetrahedral. Soléflproposed that the cation

be essentially in octahedral coordination.

6.2.2.2.2. Active Sites of AluminasThe catalytic activity
of transitional aluminasy, -, d-, 6-Al,05) is undoubtedly
mostly related to the Lewis acidi§# of a small number of

charge can be balanced, more than by vacancies, by hydroxyow coordination surface aluminum ions, as well as to the

ions at the surface. In facg;-Al O3 is always hydroxylated,

high ionicity of the surface AtO bond’® The alumina’s

dehydroxylation occurring only at a temperature at which Lewis sites have been well characterized by adsorption of
conversion to other alumina forms is obtained. XRD studies probes such as pyridine, carbon monoxide, and several other

using the Rietveld method, perfomed by Zhou and Sniider,
suggested that At cations can be in positions different from
those of spinels, that is, in trigonal coordination. The
possibility of a structure of-Al 03, as a “hydrogen-spinel”
has been proposed on the basis of IR spectrostépy.
Calculations based on the composition k&4 have been

bases followed by IR?> ammonia and amines followed by
calorimetry?6127 and triphenylphosphine followed b¥P
NMR.*28They are the strongest among binary metal oxides.
Volumetric, TPD, and calorimetric experiments allowed also
the determination of the amount of such very strong Lewis
sites present on transitional alumina surfaces, which, how-

performed, but this structure has been found to be very ever, depend on the dehydroxylation degree (depending on
unstable’3 DFT calculations have been performed recently, the activation temperature) and on the peculiar phase and

but did not allow the problem to be completely solved.
Sohlberg et at**!5arrived at a structure very similar to that
proposed by Zhou and Snydét,based on spinel but with

preparation.

The density of the very strong adsorption sites responsible
for ammonia adsorption heat f200 kJ/mol is reported to

occupation of extra-spinel sites. On the contrary, Digne and be near 0.1 site/nf#26.127 Taking into account the bulk

Sautet'® and Krokidis et all” proposed a structure based

density ofy-Al,Os, it is easy to calculate that at most 1 site

on ccp oxide lattice but different from that of a spinel, with  of every 56-100 acts as a strong Lewis site gralumina
25% of Al ions in tetrahedral interstices and no structural outgassed at 466650 °C, the large majority being still

vacancies. According to these authors, this structure, althoughhydroxylated or not highly exposed at the surface.

unstable with respect to corundum, is more stable than the

spinel-based structures.

It seems that, although the different alumina “spinel-type”
phases react a little differently to outgassing, the density of

Calcination at increasing temperatures gives rise to thethe strongest Lewis acid sites tends to decrease a little

sequenCQ/-AI 203 — O-Al 203 — 6-Al 203 — a-Al 203.118
According to?’Al MAS NMR the ratio between tetrahedrally

byincreasing the historical calcination temperature of the
alumina (i.e., upon the sequenge— 6 — 6, which is also

coordinated and octahedrally coordinated aluminum ions a sequence of decreasing surface area). As a result of this,

increases upon the sequenee— o- — 6-Al,0s. Tetrahedric
Al is near 25% iny-Al 03, 30—37% ind-Al,03, and 50%
(in principle) in 6-Al ;0.

According to Lippens and de Bd&tand Wilson et all!®

the number of strongest acid sites per gram significantly
decreases in this sequence, although catalyst stability in-
creases.

Although it is clear that surface Lewis acid sites on

0-Al,0s is a tetragonal spinel superstructure having a unit alumina are due to coordinatively unsaturated"Abns, it
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is not fully clear what the coordination of such surface ions to AIOH groups with Al in an octahedral-like environment,
is. Most authors agree that at least three different types ofvery likely terminal, too. In contrast to data reported by other
Lewis acid sites (weak, medium, strong) exist on transitional authors® our result&>"*°114indicate that the OH’s absorbing
aluminas'?® arising in some way from the two or three at 3790, 3770, and 3748720 cm! are all active in
coordinations of the ions in the bulk spinel-type structure, adsorption and present medium-weak acidity [no protonation
that is, octahedral and tetrahedral (normal spinel positions) of pyridine (Figure 13), protonation of n-butylamine and
and trigonal. Pyridine adsorption produces three componentspiperidine]. The hydroxy groups absorbing below 3700tm
for the 8a ring vibrations at 1624, 1618, and 1597 tm supposed to be more acidi®®, appear instead to be quite
(Figure 13), attributed® to three diffent Lewis bonded inactivé’and could be weakly H-bonded or located in small
species. According to Sohlberg et'&ltrigonal Al ions in pores. A complete investigation on the accessibility of these
the bulk relax into quasi-octahedral coordination at the sites has still not been performed, to our knowledge. We
surface ofy-Al,0s, whereas they relax into quasi-tetrahedral consequently agree with Lambert and €fithat a definitive
ions at the surface of-Al,Os, and this would justify the  picture is still lacking.

higher acidity ofy-Al,Os. This is, however, in contrast to Although most authors attribute essentially Lewis acid
the fact that the difference between the surface acidities of properties to transitional aluminas, several studies show that
the two polymorphs is quantitative more than qualitative. some of their multiple surface hydroxy groups also have
Liu and Truitt?® emphasized the close proximity of Lewis medium-strong Brensted acidit§® Actually, among the pure
acid sites with surface OH groups, whereas Lundie &t%l. ionic oxides, aluminas are some of the strongest Bragnsted
identified four different Lewis acid sites arising from acids. The activity of pure-Al,Os; as a good catalyst of
coordinatively unsaturated octahedral (the weakest) andskeletal n-butylene isomerization to isobutylene has been
tetrahedral sites (the three strongest), three of which areattributed to its medium-strong Bransted acidity, sufficient
considered to be associated with three different types ofto protonate n-butylenes at high temperature, producing

hydroxy groups. carbenium ions, but too low to cause much cracking and
Actually, the true particular sites of aluminas for most coking 49
catalytic reactions are very likely aniemation couples, The effect of surface impurities on the acidity of the

which have very high activity and work synergistically. The surface as well as on the corresponding spectroscopic data
basic counterpart may be oxide anions or hydroxyl species.has been frequently neglected. Sodium content on alumina
Alcohol adsorption experimerifd132allow the characteriza- ~ strongly depends on the preparation method. Aluminas
tion of such sites where dissociative adsorption occurs. derived from aluminum metal via alkoxide have Na content
Mechanistic studies suggest that such catianion couples (<40 ppm as NgO) generally about 10 times lower than

are likely those active in alcohol dehydratib,in alkyl that derived from bauxite via the Bayer process. Sodium
chloride dehydrochlorinatiot?*3> and in double bond impurities decrease the number of active sites but also
isomerization of olefin$®.:37 over y-Al,Os. possibly decrease their strength, according to induction

effects!®® so finally decreasing the alumina activity in acid-

catalyzed reactions. Sodium cations are so big that they are

unable to enter the cavities of ccp oxide ions of spinel-type
; structures. For this reason, even when their total concentra-

exposed planes of spinel-type alumiAsThis model has tion is sma]l, they concentrate at the surface and have a
been later modified by Busca et'dh142These studies have ~'€lévant poisoning effect. o _

been reviewed by Morterra and Magnaée&More recently, ~ Actually, the activity trend, that is, in n-butylene isomer-
additional investigations have been published by Tsyganenko|zatlonf36 correlates_, well with the total integrated intensity
and Mardilovich*3and on the basis of theoretical calculations Of the vOH stretching band of the surface hydroxy groups
by Fripiat et a“4 and Digne and Sautété14 who also and, m_versely, with the S(_)dlum content derived by che_mlcal
attempted to model the interaction of probe molecules. @nalysis. This content is always very low, but differs
Lambert and CHé® reviewed again these models and significantly among the samples. It seems likely that sodium
evidenced that the problem is still not solved. At least five €Xchanges the protons of the surface hydroxy groups. It has
components are usually present in the IR spectrum of the been concluded that the amount of reS|_duaI sodium, although
hydroxy groups of aluminas (Figure 12), that is, at ca. 3790, alvv_ays I.ow, Is determlnant.for deqrea_smg the numbe_r of the
3770, 3746-3720, 3706-3690, and 3580 cr, although f‘iCtIVQ sites for n-butylene isomerization prAl O3, which

in many cases the observed peaks are multiple. Data arisingS Pelieved to be a proton-catalyzed reacfidt?

from our laboratory, based on the comparison between the Transition aluminas, mostly denotgéAl ,Os, but actually
surface hydroxy group spectra of other spinel-type com- being frequently a mixture gf-Al;Os, 6-Al,03, andd-Al,0;,
pounds (e.g., magnesium, zinc, nickel, and cobalt aluminate,or of #-Al;0s and 6-Al;O;, have wide application as the
ferrite, and chromite, angt-Fe;03) compared with corre-  catalyst for the Claus process, the production of sulfur from
sponding corundum-type oxidest-@l;0s o-FeOs and H2S and SQin the refineries.

a-Cr,03)*2 and, more recently, on the comparison with the  Aluminas are used as commercial catalysts of the alky-
hydroxy group spectra ai-Ga,03 and 3-GaOs*'strongly lations of phenol with alcohols, such as the synthesis of
support the assignment of both components near 3790 and-cresol and 2,6-xylenol using methanol at 3GmMO0 °C #?
3770 cn! to terminal AIOH groups with Al in a tetrahedral- ~ Aluminas are very active in the dehydration of alcohols to
like environment. The splitting, not present in stoichiometric olefins and to ethets! and have been used in the 1960s for
spinels, of these bands is actually in relation to the presenceproducing ethylene from the dehydration of bioethaidl.

of vacancies with respect to the full stoichiometry of the They are applied to produce dimethyl ether from methanol
spinel structure MAIO, in transitional aluminas, ADs. The at 250-280 °C and 0.04-0.05 MPa, as a first step in the
band located in the range of 3748720 cn* should belong ~ methanol to olefin (MTO) process®

Many studies have been devoted to the multiplicity of the
surface hydroxy groups of aluminas. After the work of Péri
and that of Tsyganenko and Filimon&¥,Knozinger and
Ratnasamy reported a very popular model of the differen
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Aluminas may be used for the dehydrofluorination of alkyl value of x is generally quite low, the protonic structures
fluorides, which are byproducts of the HF-catalyzed isobu- becoming unstable when Al content is relatively high,
tane/butylene alkylation process. Fluoroalkanes react at 170 although this depends from the particular zeolite structure.
220 °C, being converted to olefins. HF is adsorbed on the The totally siliceous materialg & 0) not always can actually
alumina to form aluminum fluoride, regeneration being be sinthesized. At least 133 zeolite-type structures exist that
needed every 6 montA%’ are denoted by a three capital letter code by the Commission

However, the main uses of aluminas in hydrocarbon of the International Zeolite Association (IZA). A detailed
conversions are as an adsorbent, as a support, as a catalygescription of the structure of each zeolite type and their
binder, and as an additive (e.g., in FCC catalysis). They arecode can be found in the IZA websi®as well as in the
also the precursor for fluorided and chlorided aluminas, book by Baerlocher et &f! edited by IZA and Elsevier. The
which may be produced in situ upon halogenation, as well sSchematics of the zeolite structures reported here have been
as for silicated aluminas (see below), borated aluminas, andtaken from the IZA website.
other “modified aluminas” produced ex situ by chemical  Protonic zeolites find industrial applications as acid

treatments. catalysts in several hydrocarbon conversion reactitigg 162

) ) . . The excellent activity of these materials is due to two main
6.2.3. "Mixed Oxides” of Silicon and Aluminum: properties: a strong Brensted acidity of bridging-8DH)—
H-Zeolites and Silica-aluminas Al sites generated by the presence of aluminum inside the

Several “mixed oxides” of silicon and aluminum have Silicate framework and shape selectivity effects due to the
relevant roles in catalysi€* Three polymorphic forms of molecular sieving properties associated with the WeII-_defln(_ad
AlLSiOs (kyanite, andalusite, and sillimanite) and mullite (the crystal pore sizes, where at least a part of the catalytic active
composition of which ranges between 3B4:2Si0, and  Sites are located.
2A1,05Si0;) are Al-rich crystalline aluminum silicat&s The main factor allowing molecular sieving and, conse-
generally obtained at high temperature as sintered ceramicquently, shape selectivity is generally considered to be
materials. Silicon is always tetrahedral, whereas the Al ion exclusively a steric effect; that is, only molecules having a
is octahedral in kyanite, half-octahedral and half-tetrahedral critical kinetic diameter lower than the channel diameter are
in sillimanite, and half-octahedral and half-pentacoordinated allowed to enter the pores (reactant shape selectivity) and
in andalusite. In mullite Al is basically octahedral, but a to react on an active site or, in case, to exit them and be
variable amount of it occupies also tetrahedral sites. A spinel-recovered as a product of the reaction (product shape

type phase with the composition 68;-Si0O,, where Si selectivity). Alternatively, transition state shape selectivity
substitutes for Al in tetrahedral coordination, has also been effects limit the formation of bulky transition state intermedi-
reported as a metastable fotpf. ates inside the pores that may be formed and avoid the

The substitution of aluminum for silicon in a silica formation of some reaction products. The molecular sieve

covalent network leads to a charge unbalance, which mustéffect is actually a dynamic phenomenon that depends on
be compensated by “extra-framework” cations, mostly the temperature. In fact, mglecules that have moderately
alkaline. This occurs in the cases of the so-called “stuffed larger diameter than the cavities may manage to access them,
silicas™: these alkali aluminosilicate materials have structures In particular, at high temperature. However, a cutoff size
strictly related to the crystalline forms of silica, but with €Xists. For example, the access at the supercages of Y-
cations in the interstices to counterbalance the presence of€olites, limited by 7.4 A rings, can occur with molecules
Al ions substituting for Si. This is the case, for example, of having up to 10.2 A diameter. In Table 10 some character-
eucriptite (LIAISIO,, a stuffed3-quartz) or nepheline (NaAl- istics of protonic zeolites use(_JI in the industry as aC|(_1I
SiOy, a stuffed tridymite). cate;l_ysts, including data on the diffusion of molecyles in their
A similar mechanism also occurs in the amorphous Cavilies, as measured at room temperature using IR spec-

networks of glasse¥,as well as in the case of zeolites. They '0SCOPY of molecular probes, are summarized.

are natural framework silicoaluminates in which charge- Real zeolite catalysts are frequently pretreated in various
balancing cations (usually alkali or alkali earth) are located Ways such as steaming, and are not “perfect” structures:
in relatively large cavities formed by the [SiAlO.]* extra-framework species (EF) are frequently present and can
negatively charged framework. These cavities are connectec®lS0 have arole either as active sites or as material hindering
by channels that give rise to a variety of microporous the molecular diffusion into the cavities. Additionally,
structures which can be penetrated only by sufficiently small different preparation methods of the same zeolite can give
molecules, so giving rise to the “molecular sieving” effétt  fise to quite different properties, due to several additional
as well as the “shape selectivity” effect in cataly§iis®  effects such as different particle si¥ésind morphologie&:*

The cations are exchangeable, so zeolites may also act aédlifferent active site densities, or different distribution of
cationic exchangers. The exchange can be performed withframework aluminum and, consequently, of protons from
ammonium ions, which can be later decomposed into gaseoustrface to bulk® In most cases the roles of shape selectivity
ammonia and a proton. This allows the production of protonic @nd of pretreatments such as dealumination are still imper-
zeolites, which are very strong solid Brensted acids. Protonic fectly known or under debate.

zeolites are mostly synthesized directly, by using templating  Other important properties of zeolites are their sufficient
agentst>® In this case the protons may be residual from the thermal stability, their quite easy reactivation when coked,

combustion or decompostion of the templating agents. mostly by burning the coke, and finally their safe disposal
6.2.3.1. Protonic Zeolites: Acidity and Shape Selectiv- ~ When non-regenerable.
ity. Protonic zeolites are formally crystalline-SAl mixed 6.2.3.1.1. Acidity of Protonic Zeolites: Brgnsted Sites

oxides or solid solutions of alumina in cristalline microporous in a Cavity. It is unanimously recognized that the bridging
silica networks, in which the protons are necessary for hydroxy groups At-(OH)—Si, which are located in the walls
stoichiometry. Their general formula is&l;—AlO,. The of the zeolitic cavities, constitute the strong acidic sites of
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Table 10. Summary of the Characteristics of Protonic Zeolites and the Diffusion of Hydrocarbons in Their Cavities (E, Easy; D,
Difficult) As Measured by IR Spectroscopy at Room Temperature

Code |Channels - cages Channel sizes [IR vOH (em™) [[HNMR [ A\ )\/\ )</\ l
3u (ppm) Q @
8 ring channel [010] 3.5Ax48A 3598 E D D D D
FER - 4,4
10 ring channel [001] 42Ax54A |3591 E E D D D
10-ring channel [100] 51Ax5.5A |~3610 channel E E E D D
MFI . .
(sinusoidal) ~3620 4,1-4.3
10-ring channel [010] (straight) |5.3 Ax5.6 A |intersect. E E E D D
12 ring channels [001] 56 Ax56A [3609 ~ E E E D D
BEA - 3.8-5.6
12 ring channels [100] 6.6Ax6.7A [3628,3608, E E E E D
3590
8-ring compressed channels 26Ax57A D D D D D
MoR [[001] 3588 side- 4.0-4.2
8-ring side pockets [010] 34 Ax48A |pocket 4.6 D D D D
3609 intersect.
12-ring main channels [001] 6.5A%x7.0A |3605 main E E E E D
chann.
Hexagonal prisms accessed ca2.7Ax2.7 |3501 D D D D D
through 6-ring channels 4.7-4.8
FAU |Sodalite cages accessed through |ca2.7 A x2.7 3553 D D D D D
6-ring channels
Supercages accessed through 74Ax74A 3625 3.7-4.4 E E E E E
12-ring main channels [111]

protonic zeolites. The proton balances the charge defect duebeing generally lower the smaller the cavity. The OH

to the Al for Si substitution in the framework. It has been stretching band position and width can be influenced by weak
recently underscored that the bridging OH groups are H-bondings through the cavitié® which provides evidence
detected only in the interior of the zeolitic cavities, the of their poor availability for steric hindrance and makes them
corresponding spectroscopic features being absent in anyunreactive toward weak basic molecules. In the case of
non-zeolitic material based on silica and alunifrend also zeolites with more than one type of quite different cavities,
on the external surfaces of different zeolites (see below). splitting of the band of the bridging hydroxy groups can be
Thus, the existence of the bridging hydroxy groups-Al  observed. Some authors suggested that a correlation exists
(OH)—Si should imply the existence of the cavity. In other between OH stretching frequency and the S{H)—Al bond
words, the cavities are possibly involved in the generation anglel6’

and/or st_abi_lization of the bridging OH Sites. The strong Brgnsted acid strength of the zeolites bridging
The bridging hydroxy groups of zeolites are well charac- 4 groups is confirmed by adsorption of basic probes

terized by the presence, in the IR spectrum, of quite definite followed by di ; ;

> X y different techniques. Quite strong bases such
and strong bands in the region between 3650 and 3500 cm 55" hvridine are easily protonated, as shown in the upper
(Figure 14), which are present together with a band of weakly spectra of Figure 13 where the bands of pyridinium ions

(1640, 1628, 1544, 1492 crh are fully predominant after
pyridine adsorption on H-MOR. Weak bases such as nitriles
and CO hydrogen bond with these OH groups with a strong
shift down of thevOH mode. In Figure 15 the spectra of
two H-MFI samples upon low temperature adsorption of CO
are reported. The band at 3622615 cnt?, due to bridging
OH groups, shifts down to near 3300 chwith a Av ~
310-330 cn1?, as evidence of the strong acidity of these
groups. In parallel, the CO triple bond stretching shifts up
from 2138 cm* for the liquid-like species te-2175 cnrl.

For the same zeolite structure, the intensity®H strongly
depends on the Al content (see Figure 14 for H-MOR and
Figure 16 for H-FER), its position being also slightly affected
by composition.

Interestingly, careful analysis of the IR spectra of zeolites
sometimes provides evidence of very broad absorptions
together with the sharp ones due to free surface OH groups.
This is found in Figure 17 for a H-MFI and a H-MOR
sample. Broad bands centered near 3400 and 3300, cm
respectively, are evident. It is possible that these bands are
associated with H-bonded OH groups in Al-rich portions of
the structure. It seems that these groups are almost not
reactive, because their absorption is not perturbed by the
adsorption of bases. This is likely due to their inaccessibility.

3629 3532

REY (Si/Al 5.4, RE;0; 12.2 %)
3626 3562

HY (Si/Al 30)

Absorbance

H-BEA (Si/Al 50)

3605

H-MOR (Si/Al 20)
&
605
3598

3800 3600 3400 3200
Wavenumbers (cm-1)

Figure 14. IR spectra of the surface hydroxy groups of different
zeolites (after outgassing at 48Q).

H-MOR (Si/Al = 45)
H-MFI (Si/AI 23)
H-FER (Si/Al 27,5)

acidic terminal silanol groups at 3743748 cm'. The
position of the IR band due to bridging OH groups is
somehow dependent on the size of the zeolite caviti@s]
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3800 3600 3400 3200 3000
cm-1

3747 1,00

3780
3800 3600 3400 3200 _ 3000 21
Wavenumbers (cm-1) 2200 00

Figure 15. IR spectra of two H-MFI zeolites after outgassing at
450°C and cooling to 130 K (a), subsequent contact with CO gas
at 130 K (b) and outgassing at 130 K (c), and upon warming until
250 K (d).

1,6

3746 3595
Si/Al = 27,5

Absorbance

0,0

2000 1500

2 «
3500 3000 Wavenurr?ggrs (cm-1) H.Z8MS
Figure 16. IR spectra of two H-FER zeolites after outgassing at

450 °C; spectra recorded at 130 K.
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Figure 18. 'H MAS NMR spectra of dehydrated zeolites H-ZSM-5
(Si/Al a.r. 26, a), La,Na-Y (Si/Al a.r. 2,7, b), and H-Y (Si/Al a.r.
2,7, c) before (1) and after (2) loading with one molecule of

H-MOR Si/Al =10 1870 1638 acetonitrile per acidic bridging OH group. (Reprinted with permis-

[#]

Absorbance )

3745
sion from ref 172. Copyright 2007 Elsevier.)

zeolites H-ZSM-5, La,Na-Y, and H-Y, published by Huang
2079 et al.}"?are reproduced (spectra denoted 1). The spectra are
4000 3500 3000 2500 2000 1500 dominated by the signals at 3:¢.2 ppm due to bridging
Wavenumbers (cm-1) OH groups located in the supercages of zeolites H-Y and
Figure 17. IR spectra of H-MFI and H-MOR zeolites after La,Na-Y and in the 10-ring channels of zeolite H-ZSM-5.
outgassing at 456C. Low-field signals indicate the presence of nonaccessible
bridging OH groups (4.8 ppm) and LaOH groups (6.3 ppm)
Broad bands of this type may be found mostly in the case in the small cages of zeolite H-Y and La,Na-Y, respectively.
of Al-rich zeolites, such as Al-rich H-FER (see also Figure ~ Weak signals at 1:82.2 ppm are caused by nonacidic SiOH
16) and H-CHA with Si/Al atomic ratio of 25° groups. Upon adsorption of GON and formation of
The bridging OH groups of zeolites is also characterized hydrogen bondings between Brgnsted acid sites and probe
by evident'H MAS NMR narrow peaks in the region of molecules (spectra denoted 2), a strong low-field shift of
3.8-5.2 ppmt’®17twhich are perturbed by adsorption of theH MAS NMR signals of accessible bridging OH groups
probes. In Figure 18 th#1 MAS NMR spectra of dehydrated  occurs.
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Simperler et al*/®who reviewed briefly the experimental  high-temperature protonation of acetonitrile, obtained a trend
data on*H MAS NMR spectra of protonic zeolites, empha- that correlates better with n-hexane cracking, that is, H-MOR
sized some significant disagreement between the position of> H-FER > H-MFI > H-FAU. Lonyi et al.}®® measured
the peaks observed by different authors for the same zeolite the following acidity scale: H-MF~ HMOR ~ H-BEA >
This is possibly associated with the high sensitivity of the H-USY > HY using N, as the probe, in good agreement
modern instruments, relatively still under improvement. with n-hexane conversion. Theoretical calculations bynBra
According to these authors, the trend among these studies iglle and Sauef® in contrast, indicate that deprotonation
for increased chemical shift to correspond to an increase inenergy is higher for highly siliceous H-FAU than for H-MOR
the intrinsic acid strength (proton affinity); that is, protons and H-MFI, thus supporting a higher acidity of H-FAU and
are more deshielded in zeolites perceived to be acidic, sucha lowest one for H-MFI. More recently, Simperler et &.
as MFI, and in small cages, whereas the shift can be muchcalculated the following intrinsic acidity scale: H-MF
lower in FAU (e.g., H-Y) zeolites in which the protons in H-MOR > H-MTW > H-FER > H-FAU. However, the
the more open supercages are reckoned to be less acidic. same authors calculated a different scale for the strength of

Parallel 1H NMR and IR studies show that the IR hydrogen bond with acetonitrile: H-MFF H-FAU >
extinction coefficient of the zeolite’s bridging OH groups is  H-MOR > H-MTW > H-FER, which indicates that the
far higher than that for silanol groups, and this allowed interaction is negatively affected (weakened) by steric
Kazansky et al’to propose the use of the intensity of the hindrance in the case of smaller pore zeolites. In the very

IR band to determine the surface acid strength. recent work on neopentane hydrogen/deuterium exchange
Most dat ting that. when the Al content i Walspurger et al®” found the reactivity scale H-MOR
ost data agree, suggesting that, when the Al Content ISy y,ey >y BEA > H-FAU and concluded that it is strongly

gﬁg’lflystlr?(m tgg :;':j%ug; Z‘; gﬁggﬁ&%flgoﬁﬂ'tﬁ influenced (favored) by the smaller size of the pores. In both
y y aep ' 9 cases a relevant role of confinement effects has been

the theory. The ratio between catalytically active sites and suggested. A similar conclusion was obtained by Xu e€8l.,

Al ions ranges apparently from 80 to 100%76for highly who, on the basis of kinetic measurements, concluded that
siliceous extra-framework-species-free zeoltt€4’Corma the active sites of MFI, BEA, MOR, and FAU protonic

77 2= e
g}E g‘ilf'feréﬁgggt;geiat?;g_(;2%_%%‘;5@323:LyeO(E)_ﬁ)_g);c)m_'l?hiss'tes zeolites have very similar strengths, with a relevant role of
molecule has been considered to be “selective” for Br;zmstedIOCaI geometric factors. o .
sites, due to its impossible interaction with Lewis sites for _ 6.2.3.1.2. External versus Internal Sites in the Zeolite
steric hindrance. According to these authors, however, theCatalys_ls: Selectivation” of Zeolites.Catalytic active sites
interpretation of the data is not strightforward, for several @lso exist on the external surface and at the pore mouth of
reasons such as the presence of different cavities and theeolite crystals. These sites are considered to be responsible
big size of the probe itself. Surprisingly, Corma et al. found for unwanted nonselective catalysis'®>®as in the case

a complete accessibility of the sites of H-BEA zeolite to Of alkyl aromatic conversions over H-MFI. On the other
DTBP. This contrasts with the data of Trombetta etdl., hand, H-zeolites also catalyze reactions of molecules that
channels of H-BEA, the access of which to DTBP seems the external surface of zeolites is certainly active in acid
very unlikely. Facagu et all”® reported an accessibility of catalysis. Additionally, the bulk versus surface Si/Al com-

90% of the protons of H-BEA to DTBP, much higher than Position of a zeolite could be different, and different
the 36% for H-MOR and 31% for H-USY. preparation procedures can allow modification of this

. - ) . ratio 164165
Different opinions seem still to exist on whether the

position of the OH stretching band and of th& NMR peak The external surfaces of H-FER}'91H-MFI,**!1%?and

can actually be correlated with the Bransted acidity of the H-MOR*have been studied by IR spectroscopy of adsorbed
site. The effect of the zeolite structure on their acidity has hindered nitriles. The results on H-FER are confirmed using
been investigated by several authors with different tech- Pyridine2*%! lutidine, and aromatic hydrocarbo#. Ter-
niques. Zecchina and co-workers have investigated themMinal silanols and Lewis acid sites exist at the external
hydrogen bonding of different basic probes with different Surface of H-FER, H-MFI, and H-MOR. Interestingly, the
zeolites and other Brensted acids such as HF and H-acidity of the external silanol OH groups of zeolites can be
Nafion 8189181 They found protonic zeolites to be weaker €nhanced with respect to those of silica. The very strong
acids than H-Nafion and stronger acids than HF. On the otherPridging Bransted acid sites, instead, do not apparently exist
hand, it seems that differentiation of the acid strength of at the external surface, being totally confined at the internal
protonic zeolites, such as H-MFI, H-MOR, and H-BEA, is surface. Qtero Arean et #° obta_lned similar results on
difficult, although all of them seem to be slightly more acidic H-MFI using adamantanecarbonitrile as the probeH
than H-FAU. A quite similar trend has been reported by NMR spectra of different protonic zeolites show peaks in
Auroux182 who summarized the microcalorimetric data the 1.3-2.2 ppm range attributed to external nonacidic
concerning ammonia adsorption: according to these data thesilanols (see Figure 18j°+7

trend for the cited zeolites is H-MOR\Hagsnpz > 160 kJ/ Interesting data have been obtained by the investigation
mol) = H-ZSM5 > H-FER > H-BEA = H-FAU (AHagsnhs of the acidity of ITQ-2, a layered material produced by
~ 130 kJ/mol), although the secondary “solvation” effects exfoliation of MCM-22 (H-MWW) zeolite!®¢ 1% They

in the cavities could be even more determinant in this showed that upon exfoliation the band due to bridging OH
measure. Also, ammonia TPD data reported by Niwa and groups decreases strongly in intensity, whereas the band due
co-workers gave a similar trend: H-MOR H-MFI > to terminal silanols strongly increases. This indicates that
H-BEA > H-FAU.'® Thibault-Starzyk et alt8 instead, bridging sites cannot resist when the cavity disappears and
deduced from the low-temperature CO adsorption the trendthey become exposed at the surface. The bridges probably
H-MOR > H-FAU > H-MFI > H-FER, whereas, using the  open to give terminal silanols. Some authors, however, report
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the existence on the surface of sites with intermediate acidity Hydrothermal treatment producing EF species has been
between silanols and bridging OH groups they consider to reported to affect positively the isobutylene selectivity upon
be not directly detectable in IR spectra. Possibly they are n-butylene conversion over H-FER and the activity of
indistinguishable spectroscopically from terminal silanols, H-MOR for light alkane conversioff> Some authors believe
as suggested by Trombetta ef@l?0-192 that EF is released at the external surface of zedleEhe

As cited above, the adsorption of hindered nitriles reveals Us€ of hindered nitriles, however, showed that the EF material
the presence of Lewis sites at the external surface of H-FER,Produced by thermal treatment in H-MOR is in the interior
H-MFI, and H-MORZ190-193 gfter previous outgassing at of the side pocket%o? Similarly, in a sample of H-MFI EF
673-773 K. Recently, van Bokhoven et al. showed that, in material was.found_ to be chated in the interior of the
these conditions, tricoordinated Al species can be detectedchannels? Tricoordinated Al ions, as detected by XANES
by in situ XANES at the A-K-edge on H-MOR and  ©n heat-treated H-MOR and H-BEA] could be precursors
H-BEA.1% These authors propose these species is at framefor EF formation.
work position, but they could not determine if these sites  6.2.3.1.4. Adsorption and Protonation of Molecules in
are internal or external. According to Trombetta €4 192 the Zeolite Cavities and the Confinement EffectStrongly
the external surface of protonic zeolites is similar to that of basic probe molecules can be easily protonated in the cavities
silica alumina. This is reasonable because at the externalof the zeolites (Figure 13 for pyridine on H-MOR). Ammonia
surface of zeolites the “rigidity” of the crystalline structure is strongly adsorbed in the form of ammonium ions at low
is relaxed and the cavity effects, obviously, do not exist. ~coverages, whereas it gives rise to the “dimericGHN

A largely used strategy to avoid unwanted unselective cation, formed by hydrogen bonding between an ammonia
reactivity at the external surface is to limit it by producing molecule and the ammonium cation, at higher coverages,
large well-crystallized zeolite crystaléd The “selectiva- 0N H-ZSM-5%29921The ammonium ions may be stabilized
tion"162.2000f the zeolite behavior may also by obtained by by H-bonding interactions with oxygen atoms in the cavity.
inertization of the external surface through silanization with  In the case of the adsorption of water, instead, the first
alkoxysilanes, which can destroy the external Lewis $ie’s? H,O molecule is likely only H-bonded on the Brgnsted sites
precoking of the external surface and/or most of the active of protonic zeolite$*! It is still not fully clear whether neutral
sites, poisoning of the external acid sites by hindered basesor ionic dimeric and polymeric water species are formed at
(such as 2,6-diert-butylpyridine)?° dealumination causing  higher coveragé¥’ or whether both species coexist.

changes in the pore structure, etc. According to theoretical studiés? highly reactive hydro-
6.2.3.1.3. Extra-framework Material in Protonic Zeo- carbons, such as olefins, are protonated by the Brgnsted sites
lites. Zeolite catalysts are actually applied frequently after of the zeolites, with the formation of carbenium ions as
treatments tending to increase their stability and also, in sometransition states and alkoxide species as stable intermediates.
cases, to further enhance surface acidity and shape selectivitfExperimental studies confirm this: it has been shown, in
effects. These treatments, such as steam dealumination, cafact, that olefins produce, at low temperature (2280 K),
cause the decrease of the framework Al content and theH-bonded specié¥* on bridging OH groups. Protonation of
release from the framework of aluminum-containing species isobutylene is observed at slightly higher temperatures, giving
that contribute to stabilizing the framework, but can also rise to detectablrt-butoxy groupg*which are also formed
contain additional catalytically active acid sites. These by adsorption followed by skeletal isomerization of n-
particles can also narrow the size of the zeolite channels orbutylenes at 0°C. These species later initiate cationic
their mouths, so improving the shape selectivity effects. polymerization to give polyisobutylene. In the copresence
Extra-framework material (EF) is composed by very small of aromatics, a concerted mechanism is foreseen by theory,
particles mostly containing Al cations complexed by OH with rapid alkylation of the aromati€® Experimentd®216
groups but sometimes also involving silicate species, likely as well as theoretical dafshow that besides the interactions
interacting with the framework walls, located in the cavities of the functional groups of the reactive molecules with the
or on the external surface. It can arise from the preparation zeolite Brgnsted sites, the van der Waals interactions of other
or the activation procedure or by addition of components unreactive groups of atoms with the zeolite cavity walls may
by impregnation or ion exchange. The presence of EF givesbe very relevant and stabilize the intermediates. These
rise to the presence of strong additional bands in the IR OH interactions may vary significantly as a function of the type
stretching spectrum. In general, IR bands above 3753,cm of the zeolite and the dimension and shape of the cavities as
and in the region of 37303650 cmt in protonic zeolites,  well as the Al and proton content and the presence of EF.
are attributed to OH groups on EF materials. In Figure 15 Also, they depend on the size and shape of the molecule.
the experiments of low-temperature CO adsorption on two These “confinement effects” give the cavities of the single-
H-MFI zeolites are compared. Sample A contains traces of zeolite structures unique solvation and reactivity environ-
EF material, whereas sample B contains much more. Thements and play a relevant role in the catalysis by zeolites.
bands at 3780 and 3670 ci much more evident in the  They also explain the discrepancies among the acid strengths
case of sample B, are in fact due to EF. The band at 3670measured using different probes and different techniques.

cm* shifts down to 3470 cmt upon CO adsorption. The 6.2.3.1.5. Some Particular Protonic Zeolites Applied in
shift Av ~ 200 cnrt is lower than that of bridging OH  |ndustry. Ferrierite (H-FER).The framework of the FER
groups Qv > 300 cnr?) but still indicates quite strong  zeolite (Figure 19) gives rise to two kinds of intersecting
Brensted acidity for the OH groups of EF. channels, one of which is formed by 10-membered silicate
Similarly, the detection of octahedral Al ions3fAl NMR rings along the [001] direction, with diameters 425.4 A,

techniques is evidence of EF. Several authors also attributethe other being formed by 8-membered rings along the [010]
Lewis acidity of zeolites to extra-framework species, neglect- with diameters 3.5« 4.8 A. It is consequently denoted a
ing the evidence of their presence also at the external surfaceanedium pore zeolite. It frequently has quite high Al content
of the framework. (Si/Al ratio = 8) but may be also prepared in a very highly
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the tert-butyl group appear to be unallowed to enter both
channels, at least at room temperature. This suggests that
the isomerization reaction should not involve as stable
intermediates compounds with thert-butyl group. On the
other hand, due to the small size of the pores of H-FER, it
seems still difficult to understand how coke and reactants
can coexist in the same cavity. It is possible that coking
mostly occurs at the external surface and in the larger chan-
nels, along the [001] direction, whereas the more selective
reaction should occur on the smaller channels along [010].
ZSM5 (H-MFI).The structure of MFI zeolite (Figure 20)
contains two types of intersecting channels, both formed by

Figure 19. FER (ferrierite) zeolite structure. (Reprinted with
permission from ref 160.)

siliceous form. It presents an unsplit OH stretching band near
3595 cmt, with slight shifts depending on the Al content
and recording temperature (Figures 14 and 16).

The adsorption of hindered nitriles allowed independent
investigation of the OH groups located in the two channels
of H-FER. In fact, the monobranched probe isobutyronitrile Figure 20. MFI zeolite structure. (Reprinted with permission from
enters only the larger channels of H-FER, where the OH ref 160.)
groups vibrate at 3591 crh leaving free the OH groups of
the smaller channels, which absorb at 3598 £#in good 10-membered silicate rings, characterizing this material as
agreement with the neutron scattering data of Martucci et a medium-pore zeolite. One channel type is straight and has
al2” The 'H NMR peak for bridging OH groups of H-FER  a nearly circular opening (5.8 5.6 A) along [010], whereas
has been observed unsplit at 4.4 fifh. the other one is sinusoidal and has an elliptical opening (5.1

H-FER zeolite was the focus of much interest in the 1990s x 5.5 A), along [100]. The Si/Al ratio may vary from infinity
for its high catalytic activity and selectivity for the n-butylene (silicalite-1) to near 10. The bridging hydroxy groups show
skeletal isomerization to isobutyle®®,a potentially very a single band that shifts from 3595 to 3620 ¢rhy varying
relevant process in view of gasoline reformulatiéhA the Si/Al ratio and measurement temperature (see Figures
commercial process, IsomPlus (Lyonde@DTech) is avail- 1, 14, 15, and 17). Although the channels of H-MFI and
able and worked industrially at least for some yeatghe framework oxygen positions are very similar each other, and
reaction occurs near 350C near ambient pressure. The never is the’OH band found to be split, the benzene-driven
selectivity to isobutylene grows with time on stream when access of pivalonitrif&® suggests that the OH groups in the
coking also proceeds and n-butylene conversion decreaseshannel intersection absorb at a slightly higher frequency
progressively. Quite frequent catalyst regeneration is con- (3610-3620 cm?) than those located in the channels 3610
sequently needed, using swing reactéfs. 3590 cmt. 'H NMR studies (Figure 18) allowed peaks,

Still, controversy exists on the reaction mechanism (mono- usually in the range from 4.1 to 4.3 ppm, to be assigned to
molecular versus bimolecular, with cracking of an octene the acidic protons of H-MF72226.227|nterestingly, some
cation) and on a possible role of carbonaceous materials asstudies found the peak split into t#822° or even four
“active site” in the reactiof?*2222230ne of the features of  components with the more intense peak at 3.8 pifrithe
the catalyst allowing high selectivity to isobutylene is the inelastic neutron scattering study of Jobic et*alshowed
impossible (or very highly hindered) diffusion of aromatics that the deformation mode-OH is split for H-MFI,
in the small pores of ferrierite. Aromatics are among the main suggesting that at least two very different OH groups actually
products over other larger pore zeolites such as H-Z&M5. exist.

It is evident that a product shape selectivity effect occurs. The channels of the MFI structure allow the diffusion of
Theoretical dat&* also suggested that a transition state shape benzene and monosubstituted benzenes as well gs of
selectivity effect may occur, just limiting the possibility of xylene. The diffusion of ortho and meta disubstituted
formation of C8 adducts that can crack unselectively, giving benzenes is far more difficui®? This allows shape selectivity
rise to G + Cs hydrocarbons. This may be even more in favor of mono- or para-disubstituted benzenes. An example
effective in the case of partially coked materials, so allowing of this behavior is the application of “selectivated H-ZSM5”
improved shape selectivity. in the selective toluene disproportionation (STDP) pro-

On the other hand, it has been shown that monobranchedcess't22% allowing the highly selective production of
compounds may diffuse much better in the larger channelsbenzene ang-xylene from toluene. With a zeolite treated
of FER structure than in the smaller ones, where access ofwith silicon-containing compounds at the external surface
branched compounds is strongly hindered. Compounds with(to limit reaction out of the channels), the pore mouths of
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which may also be narrowed by silication or precoking,
working in the vapor phase at 42@80 °C, 20-40 bar,
WHSV 3-5 h! small toluene conversion per pass, the
selectivityp-xylenes/total xylenes may 80%, with cycle
lengths of more than 1 ye&t: H-MFI catalysts find a number

of other applications in the field of gas-phase aromatics
chemistry. They are the catalysts of the Mobil-Badger process
of benzene alkylation by ethylene for the ethylbenzene
synthesis, performed in the vapor phase at-3@&0°C 232233
Interestingly, H-MFI is not a good catalyst of the benzene
alkylation by propene for the cumene synthesis, producing
an eccess of n-propylbenzene. This has been attributed to
the too high temperature needed to overcome the aromatics
diffusion constraints in the 10-membered chanA&$hese
constraints limit activity of H-MFI in liquid phase aromatics
alkylations.

The channel size of MFI also does not allow the easy
diffusion, if at all, of molecules containing thiert-butyl
group??® This is probably the reason for the almost total
inactivity of H-MFI in isobutane/butylene alkylatiof the Figure 21. BEA (beta) zeolite structure. (Reprinted with permission
products and intermediate species of which contairigtte from ref 160.)
butyl group. For the same reason H-ZSM5-based catalysts
with SiO/Al;Os ratios of at least 20, containing ca. 40 Wt preparations allow this ratio range to be expanded down to
% of a binder (MO; or Si0,), have been developed to obtain 5242 or up to infinity 102243
olefin oligomers with relatively high linerarity and low The H-BEA structure is relatively fragile, and calcination
branchln_g that can b_e applleql for use as diesel blendl‘r)g fuelsgy steaming above 40T causes progressive dealumination
[conversion of olefins to diesel (COD) from Lurgi-8u  jth deposition of extra-framework aluminum (EF-AI) inside
Chemié. the channeld*245 Crystallographic faults are frequently

A product shape selectivity effect is also at the basis of observed in BEA zeolite, and a structural model was
the development of H-MFI catalysts for the Mobil methanol proposed by Jansen et?4tto explain local defects creation
to gasoline (MTG) and the Mobil olefin to gasoline/distillate by distorted layers connection. IR spectroscopy experimental
(MOGD) processe¥t23"developed in the 1980s. The main data supporting the presence of these local defects have been
products of both processes are hydrocarbon mixtures usefulreported in the literaturé’” Actually, the structure of BEA
as gasoline components. In the case of the MOGD processjs reported to be an intergrowth of two or three polymorph
well-defined iso-olefinic products are obtained. Selectivation types.
of a H-MFI-based catalyst by poisoning the external surface In the case of H-BEA the band of bridging OH groups is
with 2,6-ditert-butylpyridine allows the production, even a little split in at least two components@H ~ 3608 cnt!
from propene oligomerization, of nearly lineagCproducts, and~ 3620-3612 cn1).176178K otrel et alt”® observed that
with a small amount of methyl branchir} only the intensity of the low-frequency component correlates

A reactant shape selectivity effect allows the use of H-MFI With the catalytic activity in n-hexane cracking for Na-
(usually containing also an hydrogenating metal) for the Poisoned H-BEAs. A more detailed analy8fsarising from
selective cracking of linear paraffins in the catalytic dewaxing €xperiments of adsorption of the hindeted-butyl-contain-
of lube oils [such as the Mobil selective dewaxing process iNg probe pivalonitrile (PN) suggests that the OHs located
(MSDW)]. Linear paraffins enter and diffuse easily in the at the smaller channels (unaccesible to PN) are quite
MFI cavities, whereas the entrance of branched isomers ishomogeneous (sharp band at 3609 &mwhereas those in

hindered. Thus, conversion of linear compounds is favored the larger channels (accessible to PN) are likely much more
with respect to those of branched isomfs. abundant and are definitely heterogeneous (three components

at 3628, 3608, and 3590 cr). Also,'H NMR studies reveal
a significant heterogeneity of the bridging OH groups of
H-BEA with four 04 components at 3.28, 3.84, 4.42, and
5.21 ppmE0
The size of the larger channels of H-BEA allows quite
_ ) _easily the diffusion of aromatics as well as of molecules
H-MFI .zeol|te can also be applied as a heterogeneous aC'dcontaining thetert-butyl group. The size of the cavity may
catalyst in the water phas&. A process for cyclohexene  erhaps be reduced by dealumination, producing EF material.
hydration to cyclohexyl alcohol in water using highly This is considered to be beneficial, for example, for the
siliceous H'ZSM'O5 zeolite from Asahi Kasei operates suc- gglective acylation of 2-methoxynaphthalene over H-BEA.
cessfully at~120°C 24 An IR study on H-BEA"8suggests that at least two different
Beta Zeolite (H-BEA)The framework of BEA zeolite  types of extra-framework structures exist in unleached
(Figure 21) gives rise to two different channel types, both H-BEA zeolite. One of them is characterized by the presence
formed by 12-membered rings but with definitely different of H-bonded OH groups responsible for a broad absorption
diameters, one (0.5% 0.55 nm) in the medium pore range, in the 3706-3200 cm?® region and for strong Lewis acid
the other (0.76x 0.64 nm) in the large pore range. The Si/ sites. These features decrease by calcination, disappear by
Al ratio is typically in the 16-30 range, although particular  acid leaching, and are related to structures that are internal

An important recent application of H-ZSM-5 is as a
component of fluid catalytic cracking catalysts based on
REUSY zeolites. H-ZSM-5 cracks selectively the @lefins,
resulting in a reduced gasoline olefinicity and increased
gaseous olefins productiGe’
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to the zeolite pores. They are identified as Al hydroxo-ions T W ANV,
interacting with the internal wall of the zeolite cavities These l‘:‘;l';-:!i;i"‘l—‘."
species, presumably highly dispersed into the channels, 31—‘--..?’;"-'7‘3;‘-__( “-
probably do not hinder so much the channels. With heating B [/ I‘:'.J'iﬁ;’l’lr.‘..
they likely dehydrate, coalescing into bigger particles (those "‘} = ’/“»;- '-:!,‘ "
associated with the OH stretching band at 37859rthat AT |
give rise to the improved shape selectivity effect observed
in the acylation of 2-methoxynaphthale#{&IR data provide
also evidence for the presence of defects in the relatively
perfect BEA sample obtained by double acid leaching. In . :
fact, this sample shows a small fraction of terminal silanols ".’l' Sy @
that are inaccessible both to pyridine and to pivalonitrile. ..‘I_IJ. ’.I'._l!!‘.i|’. 1|
However, the frequency of these residual sites is 3744 cm  \_ 'O,".;-i"ef.‘?— ..f’/
that is, nearly intermediate between that of the sites ll.|ll !.‘.i!!,f!] P
5 ‘.‘:""ﬁ‘,-- <3

.4‘, -
gL

-

considered to be external (3747 chhand those considered v
to be internal (3736 cm). This suggests that some big holes
exist, which are, however, in contact with the external
atmosphere by very small channels.

H-BEA zeolite finds industrial application in the Polimeri indicated that two acid sites should be located on the 12-
Europa-EN#%° and in the UOP Q-MaX® processes for the  membered ring in the supercages and a third one should be
liquid-phase synthesis of cumene by alkylation of benzene in the 10-membered ring sinusoidal channels.
with propene (see Table 4). In both cases H-BEA-based Four hydroxyl bands were detected in the IR spectrum of
catalysts catalyze selectively both the alkylation reaction, in pyre MCM-22 samples. The large band centered at 3626
multi-fixed-bed catalytic reactors, with a large excess of cm-1was resolved into two single components at 3628 and
benzene, and also the transalkylation reaction, by which 3618 cnr, which were assigned to Si(OH)AI groups located
benzene reacts with polyisobutylbenzene to produce ad-in supercages and in sinusoidal channels. The shoulder at
ditional cumene in a separate fixed bed reactor. The ENI 3585 cntt was attributed to Si(OH)AI groups positioned in
catalyst, denoted PBE-1, is composed of a mixture of very 4 hexagonal prism between two superc&§es The fourth
small and uniform beta-zeolite particles with a binder, component (3670 cm) was ascribed to the AIOH groups
showing both zeolite microporosity and extrazeolite meso- jinked to extra-framework Al species. The exfoliation of
porosity. Experimental results reported by the ENI gf6tp  MCM-22 zeolite to produce the so-called ITQ-2 zeolite
show that H-BEA, working with 3.8 MPa total pressure, at results in the strong decrease or the disappearance of the
150°C and WHSV 15 h™*, gives rise to better selectivity  pand of bridging OH groups, suggesting that at the external
to cumene than other medium- or large-pore zeolites suchsyrface and in the hemisupercage pockets only terminal
as MOR, ERB-1 (H-MWW), USY, and MTW, with lower  sjlanols exist, although relevant acidity is retaif&d.’
coproduction of propylene oligomers and n-propylbenzene.  ;qpis proprietary MCM-22 zeolite is the catalyst of the

A computational study* shows that cumene diffusion is  Epyjax Jiquid-phase ethylbenzene process, performed at

much better on large- than on medium-pore zeolites (Where 164_220°C. |n the EBMax process, benzene is fed to the
the isopropyl group causes some hindering), whereas theyqiom of the liquid-filled multibed reactor. Ethylene is co-

diffu§ion of Qiisopropylbenzenes is'more hindered in. bet'a fed with benzene and also between the catalyst beds to
zeolite than in other large-pore zeolites, showing thatin this ¢,ench the reaction heat. Typical benzene to ethylene feed
case product shape selectivity occurs. The catalyst can beratios are in the range of-3. MCM-22 is also the
fully regenerated by coke burning, needed evergyears,  .,mnonent of the catalyst of the liquid-phase Mobil-

and should last for at least three cycles with proper &re. Raytheon process for cumene synth&%is33 This catalyst
According to the patent literature its seems that also the competes with those based on H-BEA (ENI and UOP) and
Lummus/UOP EBOne liquid-phase ethylbenzene synthesis_\ior (Dow) (see Table 4). According to Corma e,
process works with a H-BEA-based catalft. MCM-22 may perform slightly better than H-BEA at higher
MCM-22 (H-MWW)MCM-22, isotypic with the so-called  temperatures (228C), whereas H-BEA may perform better
ERB-1 zeolite, possesses a unique crystal structure (Figureat lower temperatures (18C). In both cases, however, the
22), denoted MWW, containing two independent non- Si/Al ratio as well as the morphological properties of the
intersecting pore systerd® One of the channel systems zeolite and of the binder must be finely tuned to optimize
contains two-dimensional sinusoidal 10-membered silicate the performance¥?
ring channel§ (diameters 4.1 x 5.1 A), whereas the other _ The MCM-22 zeolite catalyst is more monoalkylate-
system consists of large supercages (12-membered) withsglective than most large-pore zeolites and is very stable.
dimensions of 7.1x 7.1 x 18.1 A. The supercages stack Cycle lengths in excess of 3 years have been achi&ged.
one above another through double-prismatic six-memberedthe excellent selectivity to monoalkylated products is
rings and are accessed by slightly distorted elliptical 10- gttributed to the confinement effect within the 12-membered

Figure 22. MWW (MCM-22) zeolite structure. (Reprinted with
permission from ref 160.)

membered connecting channels (406.5 A). In general,  ring pore system where the reaction occurs and the easy
the synthesmed MCM-22 zeolites crystallized as very thin desorption of alkylbenzenes from the pockétdviechanistic
plates with large external surface aféaon which 12- gy dies suggest that the reaction should occur in the hemi-
membered hemisupercage pockets (7.0.1 x 7.1 A)are  gypercages exposed at the surface. If this theory is true,
exposed. MCM-22 should be a zeolite working mostly at the external

In a recent DFT study® the most favorable sites for surface, where, however, the zeolite structure is in some way
framework Al substitutions have been calculated, which retained. It is unlikely that the active sites are, in this case,
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the bridging OH groups, seemingly not existing as such at
the open surfac®>1°7 However, spectroscopic data suggest
that benzene could enter the supercages and react there wit
olefins?5” This point should be the subject of further
investigation. The particularly high stability of MCM-22 is
attributed to the unique feature of the existence of a buried
T (Si or Al) atom not accessible to a channel wall.
Mordenite (H-MOR)The orthorhombic mordenite struc-
ture (Figure 23) is characterized by nearly straight channels

Figure 23. MOR (mordenite) zeolite structure. (Reprinted with
permission from ref 160.)

running along the [001] crystallographic direction, which are
accessible through 12-membered silieaxygen rings 6.5

x 7.0 A wide. Additionally, 8-ring “side pockets” exist in
the [010] direction, the opening of which is 3:4 4.8 A.
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Figure 24. IR spectra of a H-MOR zeolite (Si/Al a.r. 10) after
outgassing at 45¢C (a) and after contact at room temperature with
propionitrile vapor (b), isobutyronitrile vapor (c), and pivalonitrile
vapor (d).

likely located inside the side pockets. Others interact with
linear and monobranched nitrile (isobutyronitrile), but not
with doubly branched pivalonitrile, and with aromatic nitriles,
too: they, absorbing at 3609 ch are likely at the
intersection between side pockets and main channels. The
small dimension of the main channel of mordenite and the
rigidity of the pivalonitrile®” and benzonitrilé” molecules

do not allow the rotation and the bending of the probes,
which, consequently, cannot probe such an interseétion.

A third family interacts with all nitriles investigated except
2,2-diphenylpropionitrilé?® They absorb at 3605 crhand

are thought to stand near the center of the main channels.
2,2-Diphenylpropionitrile is so large a molecule that it cannot
enter even the main channels of mordenite. Consequently,
this molecule probes the external surface only of H-MOR,
where no bridging OH groups are found; however, terminal
silanols are mostly located there, together with Lewis sites.

The side pockets connect the main channels to a distortedThree families of bridging OH groups have also been found,

8-ring “compressed” channel also running parallel to the
[001] direction, but having an elliptical small opening, 5.7
x 2.6 A wide.

IR spectra show, for typical H-MOR with a Si/Al ratio of
10, a strong slightly asymmetric band centered at 3605 cm

later, by Marie et at%®

According to the structural data of Albeff the access
to some of the oxygen sites (in particular O4 and O8, i.e.,
pointing toward the chain of four-membered rings) should
be fully hindered to probe molecules. This observation of

(Figures 14 and 17). Several recent studies have been devotedlberti means that, if these positions are occupied by free

to the characterization and to localization of the “framework”
protonic sites in H-MOR by IR spectroscof:260-264

OH groups, the corresponding IR band should not be
perturbed by probes. Nevertheless, IR studies show that

Several authors reported that the OH groups in the so-calledacetonitrile, propionitrile, and CO interact with all free OH

side pockets and smaller channels are associated with a ban
located at distinctly lower frequencies (near 3580 §nwith
respect to those located in the main channels. Distinct
Brgnsted sites in H-MOR have also been identified through
NMR techique£®5:266

Studies on the adsorption of hindered nitrif8g07.264.267
allowed three families of bridging OH groups to be distin-
guished in H-MOR. As shown in Figure 24, propionitrile
(Figure 24b) (as acetonitrile) shifts the entire OH band found
at 3605 cm?! in the activated sample (Figure 24a). Isobu-
tyronitrile (i.e., 2-methylpropionitrile) leaves unperturbed a
weak band at 3588 cm. Pivalonitrile (i.e., 2,2-dimethyl-
propionitrile) interacts with a few OH groups and leaves a
strong band at 3609 cmi 2,2-Diphenylpropionitrile (not
shown here) does not pertd?h at all the bridging OH
groups. In parallel, the ABC type broad absorptions associ-
ated with strong H-bonding of the nitriles with the bridging
OH groups grow. Thus, the hydroxy groups responsible for
the band at 3588 cm are available to interact with linear
nitriles, but not to branched and aromatic ones: they are

droups of H-MOR. This allowed Bevilacqua et?&l:?64to
conclude that such positions could not carry hydroxy groups.
An alternative possibility we now propose is that OH groups
located in these positions are H-bonded, being responsible
for the broad OH stretching modes with the maximum near
3300 cn1tin Figure 17.

A study with dealuminated H-MOR (Si/Al ar 45) showed
that the band of residual OH groups observed at 3604'cm
is fully perturbed by pivalonitrile and that thermal dealumi-
nation produces EF species with OH groups inaccessible also
to isobutyronitrile?5* This suggests that dealumination mostly
occurs in the side pockets and in the compressed channels,
leaving the most exposed OH groups of the main channels
free for catalysis. However, extensive dealumination may
make the side pockets accessible to large probes such as
alkylpyridines?7®

The adsorption of different probes shows that monosub-
stituted aromatic compounds and compounds havintgtite
butyl group diffuse in the main channels, but are not allowed
to enter the side pockets. Even the access of n-hexane in the
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side pockets is hindere® The entrance of ortho disubsti- dealuminated mazzite sample, whereas according to Guisnet
tuted benzenes may be hindered also in the main chafffels. et al?’® up to five components can be distinguished in
Pyridine is protonated in the main chaniélgFigure 13). differently dealuminated samples. Shigeishi et®afound
Small amounts of quite strong Lewis sites are mostly if not two peaks at 3626 and 3606 chassigned to structural
entirely located at the external surfadée.These data  hydroxy groups. According to these authors the peak at 3626
definitely suggest that acid catalysis occurs predominantly cm™* would shift down to 3247 cnit, upon low-temperature
in the main channels, although the location of Na ions and CO adsorption, with a shift of 379 crh which would
EF material in the side pockets may stabilize the structure indicate an exceptionally strong acidity of these OH groups.
and influence in some way the catalytic phenomenon. Zeolite omega is apparently the basic structure of modern
Dealuminated mordenite is the basic structure of com- zeolitic C4-C6 paraffin skeletal isomerization catalysts cited
mercial catalysts for C4C6 paraffin skeletal isomeriza- under development by 8 Chemie as HYSOPAR catalysts,
tion,2"1"273 based on alumina-bound Pt-H-MOR with $IO  reported to be characterized by their outstanding tolerance
Al,O; ~ 15-17. Dealumination to a framework/extra- of feedstock poisons such as sulfur (even more than 100 ppm)
framework Al ratio of~3 improves the catalytic activit/* and water with very high catalyst livé&273The catalyst is
The catalyst works near 25T, so at a definitely higher  alumina-bound Pt-H-MAZ with Si/Ak 16, working at 250
tempertature than those based on chlorided alumina, when°C with WHSV 1.5 h'' and a H/hydrocarbon ratio of 4. Pt
the thermodynamics is less favorable, but is more stable andand hydrogen have the effect of reducing coking and
more environmentally friendly. This catalyst may be applied, hydrodesulfurizing S-containing compounds. It may be
for example, with the IPSORB process of IFPThis agrees  applied in the so-called CKS ISOM process licensed by
with the quite easy diffusion of branched molecules in the Kellogg, Brown and Root. This catalyst is reported to be
main channels. more effective than Pt-H-MOR commercial catalysts and
As said, also monosubstituted benzene diffuses easily inmore stable than the catalysts based on chlorided aluminas
the main channels of H-MOR, whereas ortho disubstituted and sulfated zirconi&?272
benzenes are hindered from diffus#fhln agreement with Faujasite (H-FAU: H-Y, H-USY, RE-Y)he faujasite
this, H-MOR also catalyzes selective conversions of aromat- structure (Figure 26) is formed by wide supercages (13 A
ics. Dealuminated H-MOR is the catalyst of the Dow-Kellogg
cumene synthesis process (Tablg)4 Noble metal contain-
ing H-MOR is also applied for the disproportionation of
toluene to benzene- an equilibrium mixture of xylenes,
generally at 26140 bar and 3886500 °C, with excess
hydrogen (H/hydrocarbon +6) and WHSV 1-6 h 123!
Zeolite Omega (H-MAZ)Zeolite omega, a large-pore
zeolite with a silica-alumina ratio in the range of410, is =
the synthetic isotype of the mineral mazzifgtopological
code MAZ). In its unit cell (Figure 25), 36 tetrahedral atoms

A

L

Figure 26. FAU (faujasite) zeolite structure. (Reprinted with
permission from ref 160.)

diameter) accessed through 12-membered silicate rings with
7.4 A diameter, much smaller sodalite cages accessed through
Figure 25. MAZ (mazzite, omega) zeolite structure. (Reprinted 6-membered silicate rings, and hexagonal prisms connecting
with permission from ref 160.) the sodalite cages. All of the catalytic chemistry of faujasites
is supposed to occur in the supercages. The aluminum content
bridged by oxygen atoms form gmelinite-type cages and 12- in faujasite is generally very high, the theoretical Si/Al ratio
membered cylindrical channels along the [001] direction with being as low as 1. Faujasites with Si/Al ratio near 1 are
7.4 A diameters. In addition to its large-pore system, usually denoted X-zeolites. Faujasites with Si/Al ratio higher
secondary mesoporous structure could be created by mildthan 2 are usually denoted Y-zeolites and are more stable in
dealuminatior?/” which may facilitate the transport of the protonic form, denoted H-FAU or H-Y. The multiplicity
reactant and reduce the deposition of coke. The IR spectraof the hydroxy groups can be very clearly observed, two
show a complex band due to bridging OH stretching well-defined although weak bands appearing for bridging OH
modes: according to McQueen ef&ltwo components are  groups (Figure 14). The high-frequency HF band (3626
observed at 3615 and 3600 chin the case of a partially cm™) has been assigned to bridging OH groups located in
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the supercage and accessible to most molecules, whereas th@&RE-Y or RE-USY), such as La-H-Y zeolites. The IR spectra
low-frequency LF band (3562 cr) has been assigned to of REY sample¥32952%7 (Figure 14) show two main bands
OH groups located near the middle of the six bond rings centered at 3629 and 3532 chwith shoulders at 3610 and
connecting the sodalite cagé€$282being possibly weakly 3550 cn. Additional bands are found weakly split at 3690,
H-bonded through the cavit§? The LF OH groups can 3676 cm! and at 3744 cmt, the last very weak. In
H-bond with molecules located in the supercages, but areparticular, the weak band at 3744 chis assigned to silanol
possibly unable, for steric reasons, to protonate them. In agroups likely mainly located at the external surface of the
recent study, Romero Sarria et al. observed, by the use ofzeolite, whereas the split band at 3690 and 3676cis
trimethylamine as a probe, a third component that is not usually assigned to extra-framework material. The couple
perturbed at all by the probe, at 3501 ¢imassigned to OH  of bands at 3629 and 3532 cin(with shoulders at 3610
groups in the hexagonal prisr#%:?34 The *H MAS NMR and 3550 cmt) are typical of bridging St OH—AI Brgnsted
spectrum (Figure 18) shows a peak at 3.9 ppm that is acidic sites of FAU zeolites, although the lower frequency
perturbed by deuteroacetonitrile and is assigned to thecomponent, being very sensitive to the nature of the rare
hydroxy groups in the supercages. Another peak at 4.8 ppmearth cation, certainly involves an interaction with such
is not accessible to the probe and is consequently assigned&ations. The HF band split at 3629 and 3610 &aioes not
to hydroxy groups in the sodalite cages. undergo substantial hindering, being strongly perturbed by
H-Y (H-FAU) zeolites for their practical application at basic probed?® and is consequently due to bridging OH
high temperature in reaction or regeneration must be groups exposed in the supercage of the faujasite structure.
stabilized by steam dealumination, generally performed at On the contrary, the LF band split at 3532 and 3550is
T > 773 on the NIY precursor. The resulting materials likely due to OH groups located in the sodalite cage, in
are hydrothermally more stable (the so-called ultrastable Y agreement with previous assignments, so being able to
zeolite, USY). Their structure and acidic properties are interact only weakly with the probe molecules located in the
greatly influenced by the dealumination process, which supercage.
generates extra-framework alumina possessing Lewis acidity Fcc is an authothermic process whereby the strongly
and inducing enhanced Brgnsted acidity within the material. engothermic catalytic cracking step is coupled with the
Cairon et ak®>have demonstrated that this extra-framework strongly exothermic coke-burning catalyst regeneration step.
material possesses a non-negligible Brensted acidity of itSThe catalyst continuously moves from the riser where the
own. Although still not fully understood and a point of much  ¢racking reaction occurs at540°C, 2 bar, residence time
debat(_a in the literature, the generation of thls_extra-framewo_rk ~3—10s, to the regenerator, where the burning of coke gives
material has been shown to greatly modify the catalytic \jse 1o a gas rich in CO (so still useful for further heat

properties of the zeolite. The spectra of USY samples may generation by burning) and the temperature is enhanced again
contain, besides the OH stretchings of H-Y, three less intense;y 730°c 2 par. residence time 15 min2% The catalyst

bands at 3673, 3603, and 3525 ¢niThese last three bands must be very stable to high-temperature hydrothermal

were attributed to hydroxyl groups present on extra- ;.ooiment to resist such a cyclic process.

framework material (EF), high-frequency OH groups inter- )
acting with this extra-framework material (JFand LF Besides RE-Y and RE-USY, the most used FCC catalyst

groups involved in similar interaction (L)% Niwa et al28” today, several other components are pre$ént? such as
attributed to a new OH absorbing at 3595 ¢rthe enhanced &N alumina or _:S|_I|ca—alum|na matrix or binder, kaolin, and
acidity of USY treated with ethylendiamminetetracetic acid. H-ZSM>5-containing additives to improve performances and
According to Navarro et af88 steam-treated Y zeolites with quality of the products. To obtain a deeper crackln_g_ of sulfur
EF aluminum removed by any known method have accessCompounds upon the FCC process, further additives (e.g.,
to the CO probe molecule and also to LF OH groups. After ZnNAl20,) may be used.

these treatments HF OH groups with exceptionally strong USY is also a typical component or support of hydro-
acidity (AvOH with CO 443 cm?) should be formeds® cracking catalysts, to provide acidity. The catalyst contains

According t0?’Al 3Q NMR and?*Si MAS NMR studies, a sulfur-resistant hydrogenation phase, such as/Wsulfide.
van Bokhoven et & concluded that the extra-framework The reaction is performed at 36@50 °C under 56-200
octahedral EF Al species causes a perturbation on framework@tm of hydrogen. A heavy low-value feed is transformed
tetrahedral Al ions. In agreement with this, DFT studies into lighter fractions. Hydrodesulfurization, hydrodenitro-
suggest that EF Al species would tend to coordinate to genation, hydrodearomatization, and hydrodealkylations oc-
oxygen atoms near the framework Al atoff$In this way, cur. The wide dimension of the channels of faujasite allow
an enhancement of the Brgnsted acidty of the regular quite heavy molecules to be cracked. Deactivation by coking
framework sites discussed above can be obtained. Howeveroccurs, but USY-based catalysts are less easily coked than
it seems that EF species possess their own Brgnsted aciditythose based on silica-alumiff&.
having been identified as silica-alumina debris where part  USY containing Pt is probably the catalyst of the Al-
of Alis in a flexible octahedral environmefft:2°2According kyClean process proposed by Akzo Nobel/ABB Lum&¥
to Menezes et & MQMAS NMR and IR experiments  for solid-catalyzed isobutane/butylene alkylation. The catalyst
show that tetrahedral Al species are also formed by steamingworks at 46-90 °C3% and is rejuvenated in the liquid phase
in USY and give rise to Lewis acidity, which however, is by hydrogen-isobutane mixture and regenerated at 260
not completely removed by leaching. Very recently, Xu et by hydrogen in the gas phase. Multiple reactors are used to
al. showed that the struture of zeolite Y may collapse and ajlow for continuous alkylate production/catalyst rejuvenation
be restructured, but this may give rise to quite different cycles. Regeneration is performed intermittently. Also, the
materials’** catalyst proposed by Lurgi and &Chemie (Lurgi Eurofuel),
The main component of fluid catalytic cracking (FCC) where reaction occurs at 5400°C, is likely based on acid
catalysts today is rare-earth (RE) containing FAU zeolites faujasite®® Alternative regeneration procedures of USY-based
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catalysts are under study, such as supercritical isobutane 07 2156

regeneration at 60C and 111 ba#% s7a8 2170 2138
6.2.3.1.6. New Developments in the Synthesis of Zeolite- ,, 2230 5199 amorphous SA

like Materials. The synthesis of new zeolites and of zeolite-

like materials is still the object of intensive investigation. 3749 H

. . . aluminated
Among the most interesting recent results, we can cite the . silica
synthesis of several zeolites with framework element sub- & 3667 O e 1202050
stitution such as silicogermanate and silico-alumino-ger- § \

manate zeolites, some of which have very large pores suchg
as IM-12, with 14- and 12-membered rinfand ITQ-33,

with 18- and 10- membered ring® Particularly interesting
appears also to be the development of zeolite-derived de-
lamination materials, such as ITG%and ITQ-63°derived

from MWW and FER zeolites, respectively. In particular,
ITQ-2 has been reported to have an extremely large surfaced8 &
area (840 rfig) with respect to typical zeolites (4600

5 X ; e
me/g) and to carry very high denS|_ty of ;urface aC|dlgs7|teS’ Figure 27. IR spectra of commercial silica-alumina from STREM
although mainly E!S.SOC'atEd to _termlnal silanol grotips: (13% ALO3) and of aluminated silica (6.5% #D; impregnated
It has very promising properties as a support for hydroc- yia Al nitrate on silica geP# activated by outgassing at 50C
racking and hydrogenation cataly3ts. and cooled to 130 K (solid lines) and in contact with CO gas (10
6.2.3.2. Microporous and Mesoporous Silica-aluminas 10" at 130 K (point lines). (Inset) IR adsorbed CO in contact
(SAs). The structural details of the oxides resulting from With CO gas (10 Tor) at 130 K and after outgassing at 110 K.
coprecipitation or co-gelling of Si and Al compounds are
still largely unclear. Commercial materials are available with
any composition starting from pure aluminas to pure silicas.
The silica-rich materials are generally fully amorphous and
are called “silica-aluminas”. They behave as strongly acidic
materials and have been used for some decades-(198D)

as catalysts for catalytic cracking processes and still find additional component near 3580 ch(Av ~ 170 cnd).

relevant industrial applicatioft? ) To these features aCO band at 2156 cm corresponds.
After the work of Kresge et &f* at Mobil, and the  These features are also observed on silica and show that part

possibly even previous work of researchers of Toyéta, of the surface is composed by pure $#dd is very weakly

mesoporous silicas and SAs containing large pores with sizesacidic. However, an additionaDH component is found near

from a few to many nanometers, have been developed.3415 cnt?, that, if it is due to the perturbation of part of
Different materials, denoted with the abbreviations MCM- free silanol groups absorbing at’3747 le, Corresponds

41, FSM-16, HMS, SBA, MSU, KIT-1, MSA, and ERS-8, to Ay ~ 330 cnt®. This is evidence of a Bransted acidity

with different mostly mesoporous pore structure, may be similar to or even stronger than that of the bridging OH
obtained by different preparation procedures. Although groups of most zeolites. To this correspondsz0 band at
sometimes considered like very large pore zeolites, these2170 cnr, actually similar to that found for zeolites (see
materials are essentially amorphous SAs with nonstructural Figure 15). FurtherCO bands at 2230 and 2190 chare
although sometimes ordered mesopores. The surface chemassociated with CO interacting with very strong Lewis acidic
istry of these materials appears to be closely similar to that p|3+ jons%
of amorphous microporous SA¥AI MAS NMR studies Some papers emphasized the additional presence of very
prOVIded evidence for tetrahedral coordination of Al in SAS, small bands near 3600 crin the Spectra of mesoporous
although variable amounts of octahedral Al species as well SAs321-323 sypposed to be due to bridging zeolite-type sites
as pentacoordlnate_d or distorted tetrahedral AI are a|SO(See in the inset in Figure 12 a strongly expanded spectrum).
presen'>*°According to Omegna et &t**two kinds of  Also, theoretical works at least up to the end of 1990s,
octahedrally coordinated Al species actually exist in SAs. modeled the active site for zeolites and SA in the same way,
Part of it in fact changes its coordination when the adsorption g5 A-(OH)—Si bridging hydroxy groups. Accordingly,
of bases such as ammonia occurs, converting into tetrahedralsome authors stated that the active site for SA and protonic
This is possibly associated with surface aluminum species zeolites is the same (i.e., it is constituted by the bridging
that, upon the effect of a base, generate a Brensted aCidiq"]ydroxy groups bonded to a silicon and an aluminum
site by bridging of a silanol over Al cation. atom)324

The IR spectra of SAs always present a very sharp band New results have been reported in very recent papers.
near 3747 cmt (Figures 12 and 27) certainly due to terminal Gora-Marek et al. reproposed the existence of bridging OH
silanols, spectroscopically very similar to those of pure silicas groups on mesoporous S&:326In contrast, Crpeau et at?’
and of any silica-containing material. A tail toward lower did not find any other species except terminal silanols on
frequencies is likely due (as on pure silica too) to H-bonded their strongly Brgnsted acidic SA samples. The same result
and geminal silanols. Several papers reported the completehas been reported by Luan and Fornier for SBA¥E5.
absence of bands assignable to bridging OH grigg%:317 Garrone et a?® showed that small amounts of water
despite the remarkable Brgnsted acidity of SAs detected, foradsorbed on mesoporous silica-alumina produce a weak band
example, by protonation of ammonia, pyridine (Figure 13), at 3611 cm* together with another at 3697 ci(symmetric
and amines and also by the strong H-bonding with ni- and asymmetric OH stretchings) and that adsorbed water
triles??31831%nd CC* and by calorimetric measuremeft$,  adsorbs CO, showing significant protonic acidity. This,

“ee.., 3580

3415 amorphous SA

CTTTTI

T

aluminated
_,'____.__.__"3440 silica

3800 3700 3600 3500 3400 3300
Wavenumbers (cm-1)

as well as deduced by its catalytic activity. In Figure 27,
upper spectra, the IR spectra of a commercial SA sample
(13% ALO;) after activation and upon low-temperature
adsorption of CO are reported. The adsorption of CO causes
the shift of the maximum of the OH stretching band of silanol
groups down to 3667 cm (Av ~ 80 cnT?l) but with an
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however, reflects the acidity of water as such, which is bons?>23¢Also, SAs are used as supports of sulfide catalysts
enhanced by coordination on the Lewis sites of any acidic for hydrotreating®33"and of catalysts for ring opening of
oxide, including pure alumina and titanf&’* On the other polycyclic compounds, useful for the improvement of the
hand, water vapor is reported to act as a poison for silica- technical and environmental quality of diesel fu&fs.

alumina acid catalysts. Bevilacqua etateinvestigated the Several recent studies have appeared concerning the
surface hydroxy groups and the surface acidity of silica, ossiple industrial application of mesoporous SAs and the
silicalite, mesoporous and microporous SAs, silicated alu- comparison with microporous SA and zeolite as catalysts
minas, aluminated silicas, and some zeolites by IR spectros-o several reactions of industrial interest such as alkylation
copy. CO, pyridine, and lutidine have been usgd as molecularyt aromaticd® and propene oligomerizatiéf The catalytic
basic p:cob'es. TheIQata fsmljlggest Ithat the bndgllng_ hyr(?roxyactivity of mesoporous SAs appears to be frequently higher
group © ?'_O'I'!_A 'Sha u %’ stab edstrucaure only 'B t 3 than that of microporous SAs, but lower than that of zeolites.
cavities of zeolites, Vl\i ere tl eygro_ Ll’jlceht (festrong I?n IS Al recent contribution underscored the inverse relationship
5630-3500 cnt \I/ve colrlr%at% with t 3% g‘:lrglewor bA of the pore sizes of mesoporous SAs and catalytic activity
content. Extremely small bands near 3610"¢may be iy hhexane conversion showing the role of confinement
found on some SA samples only (mostly prepared in organic ge s in the acid catalyst! SAs may also act as binders

media) and on aluminated silicas after activation by outgas- ;
. : in catalysts such as those for the modern FCC process.
sing, thus being not due to adsorbed water. These bands y P

certainly correspond to very few OH groups, and impurities Recently, the buildup of strong Brgnsted acid centers in
(such as bicarbonates) might contribute to their formation. the walls of mesoporous SAs has been attempted to enhance

It has been suggested that, in disordered mesoporous otheir catalytic acti\_/ity and hydrothe_rmal s_tability while taking
microporous amorphous materials, zeolite-like pores may advantage of their unusual porosity. This can be made with

accidentally form and host zeolite-like bridging hydroxy the incorporation of “zeolite seeds” in the framewéfk.
groups. Alternatively, mesostructured SAs have been prepared by

Our conclusior® in agreement with Creeau et al¥?’ is surfactant-mediated hydrolysis of zeolites, with retention of
that acidity-enhanced terminal silanols represent the pre_ﬂve—nng subunits and, consequently, Bransted acid ceffters.

dominant Brgnsted acid sites in nonzeolitic materials based 6.2.3.3. Alumina-Rich Silica-aluminas and Silicated

on combinations of silica and alumina. Bridging sites, if they Aluminas. Several commercial aluminas actually contain
actually exist, and adsorbed water are not the componentssmall amounts of silica mainly for stabilization against the
mainly responsible for the Bransted acidity of SA. Brgnsted phase transformation to corundum. Alumina-rich silica-
acidity is, in fact, evident also for samples in whose spectrum aluminas produced by coprecipitation methods have been the

the band near 3610 crhis not present at all, in full absence  object of some interest and of a few investigations. According
of water. to Trombetta et al** and Daniell et af*® they have the

IH MAS NMR studie8?733¢-333 gnd 27A1 MAS NMR structure ofy-alumina, silica being mostly located at the
technique®1292334 agree with the IR data showing that surface. Similar materials have been investigated more

structurally different sites are active on SAs, with respect to "€cently by the Topsge group and found to be very active

zeolites. Proton NMR spectra of activated SAs in fact usually for the dimethyl ether (DME) synthesis from methanol at
show a single peak at 1-7..8 ppm assigned to terminal 300 °C and atmospheric pressufé.The presence of silica

silanols, with a broader component located at variable Would_ increase acidity_and resiste_nce to coking. Similar
positions between 2.5 and 3.8 ppm, attributed te-®H or materials, denoted “activated alumina”, are possibly those
to more acididic OH groups. In contrast, the typical bridging used in the condensation step of the Topsge technology for

OH of zeolites resonates sharply above 3.8 ppm (see abovdarge-scale production of DME, for the coproduction of
and Figure 18). methanol, and DME from syng&$.

The lack of substantial formation of the bridging OH sites  The so-called “silicated aluminas”, obtained by a “reac-
by reacting silica surfaces with Al ions or alumina surfaces tive” deposition of silica precursors [such as tetraethoxysilane
with silicate ions, and also on mixed oxides such as SA, (TEOS)] onto the surface gf-alumina, are a relevant class
provides evidence for a substantial instability of the-Si ~ of materials reported as excellent catalysts for the skeletal
OH—AI bridge, which is likely stabilized by the rigidity of ~ isomerization of butylenes to isobutylene at 4@50
the zeolite framework and/or by some interaction of the °C.?#3%73%°Pt-containing silicated aluminas have also been
proton with the opposite wall of the cavity. On the other patented for this reactioif® A similar catalyst composed of
hand, it must also be mentioned that, on the surface of SA,silica and alumina is reported to be used in the AREG®
very strong Lewis acid sites can be dete®d@igure 27).  butyl alcohol dehydration process to produce pure isobu-
They are certainly due to highly uncoordinated Al ions and tylene: the reaction occurs in the vapor phase a-26M
correspond to the strongest Lewis sites of transitional alumina°C at about 14 bar, with a conversion of 98%.
or perhaps are even stronger, due to the induction effect of The addition of silicate species to alumina (at the surface
the covalent silica matrix. This makes SA also a very strong or in the bulk) gives rise to terminal silanols but does not
catalyst for Lewis acid-catalyzed reactions. Al ions near produce bands in the region of bridging OH groups, nor is
terminal silanols can cause a revelant strengthening of therelevant Brgnsted acidity observed. This is explained by
acidity of terminal silanols. Different mechanisms for this supposing that the silicate species tend to maximize the
behavior have been reported in the literature and arejnteraction with the bulk of alumina by orienting three
discussed in ref 66. oxygen atoms toward the bulk, whereas the fourth necessarily

Amorphous microporous SA, used in the past for fixed stands up, with respect the surface. To limit the free energy,
and moving bed catalytic cracking starting from the 1988s,  the fourth oxygen standing up bonds with a proton. It seems
still finds a number of applications as acid catalysts, for obvious that it cannot bend to bridge surface aluminum
example, the dehydrochlorination of halided hydrocar- cations. The resulting Brgnsted acidity is consequently that
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of isolated silanols, weak, although enhanced by the vicinity chabazite, and are the active sites for acid-catalyzed reactions.
of Al ions %2 The other peaks at 3675, 3743, and 3748 trwith very
6.2.3.4. Aluminated SilicasThe addition of small amounts  low intensity, are assigned tofH, Si—OH, and A-OH
of aluminum oxide species at the surface of preformed silica groups, respectively, which are generated by the defect sites
gives rise to those species we called aluminated sifiths.  of SAPO-34 surfacé>?3%
Figure 27 the spectra of an aluminated silica sample, as such SAPO-34 is an excellent catalyst for the conversion of
and upon low-temperature CO adsorption, are compared withmethanol to ethylene and propylene in the so-called methanol
the corresponding spectra recorded for a commercial amor-to olefin (MTO) process. The structure of SAPO-34 along
phous silica-alumina. These materials appear to be verywith the small sizes of certain organic molecules is key to
similar to each other, with strong Lewis acidity, due to the MTO process, developed by UOP and Norsk Hy®fé>
surface uncoordinated Al ions, and Brgnsted acidity The small pore size of SAPO-34 restricts the diffusion of
associated with acidity-enhanced silanol grotfgbo these heavy and or branched hydrocarbons, and this leads to high
materials belong, likely, the catalysts for the MTBE cracking selectivity to the desired small linear olefins.

Snamprogetti process (described as “based on sifi§a” Under reaction conditions, at 486650°C, the deactivation
performed in the gas phase at #I50°C, for the production by coke of SAPO-34 (containing 10% Si) is very fast,
of high-purity isobutylene. although activity is completely recovered after subsequent

combustion of coke with air. The catalyst has demonstrated
6.2.4. SAPO-34 the degree of attrition resistance and stability required to
Silicoaluminophosphate (SAPO) molecular sieves are handle multiple regenerations and fluidized bed conditions
topologically similar to small- or medium-pore zeolites, in over the long term. The better performances of SAPO-34
which phosphorus, aluminum, and silicon atoms occupy the with respect to H-chabazite as the catalyst have been related
tetrahedral positions. These materials appear to be characterto the tunable density of acidity that allows the coking rate
ized by a high thermal stability. SAPO-34 is isomorphous to be limited®® The catalytic performance of SAPO-34 is
to chabazite (CHA), the structure of which is shown in Figure improved if the surfaces of the crystals are doped with silica
28. The chabazite topology might be described as layers ofby heating with polydimethylsiloxane or an alkyl silic&té.

6.2.5. Acid Catalysts from Clays

Clays may be applied in the field of adsorption and
catalysis, as cheap and readily available materials. Their
catalytic activity, however, is generally weak, and activation
procedures (e.g., acid treating and delamination) are needed
to increase surface area and acidity. Kaolin is a usual
component of FCC catalysts (280%) and reacts with Ni
and V compound®:® so preserving the active component,
zeolite REUSY, from contamination. Although it is generally
supposed to act as a mesoporous matrix in which reactant
and product molecules diffuse to reach the active zeolite
particles, it has been shown that kaolin, despite its poor
acidity, participates in the reaction, catalyzing the cracking
of the largest molecules that do not enter the zeolite
cavities3®

6.2.5.1. Acid-Treated ClaysAmong the earliest cracking
catalysts applied in the Houdry fixed bed catalytic cracking

double 6-membered rings that are interconnected by unitsProcess were acid-activated bentonite clays, these being
of 4-membered rings. The double 6-membered-ring layers replaced in the 1940s by synthetic silica-alumiffaand in
stack in an ABC sequence. This leads to a framework with the 1960s by large-pore Y-zeolites.
a regular array of barrel-shaped cages with 9.4 A diameter, Smectite clays (Figure 29) are sheet silic&eswhich a
interconnected by 8-membered-ring windows (2.8.8 A). layer of octahedrally coordinated cations is sandwiched
The chabazite structure contains only one unique tetrahedralbetween two tetrahedral phyllosilicate layers (2:1 layer type).
site but four different oxygen atoms in the asymmetric unit, To complete the coordination of the cations, hydroxy groups
giving four possible acid site configurations, depending on are also present in the layers, the theoretical formula for each
to which of the oxygen atoms the proton is attach&d>? layer being A}SisO10(OH).. Among these clays, mont-
After activation, SAPO-34 gives five IR peaks in the range morillonites and saponites are the most widely present in
of 3000—-4000 cnt! representing five types of hydroxyl nature. In the case of montmorillonites (bentonites) Mg
groups. Two peaks at 3628628 and 35983605 cn1! can substitutes for Al in the octahedral layers, and hydrated alkali
be attributed to two types of Si(OH)AI groups. The bridging or alkali-earth cations in the interlayer space compensate for
group absorbing at-3600 cnt! is assumed to be localized the charge defect. In saponites, additional Al for Si substitu-
in the hexagonal prism, forming an H-bond with adjacent tion occurs in the tetrahedral sheets.
oxygen atoms of the framework, whereas the isolated The acidity of such clays is relatively low and their surface
bridging OH groups pointing toward the center of the areais also relatively low. In Figure 30 (upper spectra), the
elliptical cage would give rise to a vibration frequency at IR spectra of Ca-montmorillonite (Detercal P1) are reported.
~3625 cnl. The lower frequency OH groups are considered The strong OH stretching band centered at 3645'dmdue
to be a little less acidic than the high-frequency ones. Both to bulk hydroxy groups, whereas the weak one at 3742'cm
have acid strength comparable to those of zeolites, includingis due to terminal silanols. The adsorption of pivalonitrile

Figure 28. CHA (chabasite) zeolite structure. (Reprinted with
permission from ref 160.)
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can be purchased from a variety of commercial sources.
Different grades of acid-activated montmorillonites are
tailored to different applications. The process by which
natural calcium bentonites are acid-activated involves treat-
ment of the uncalcined clay with mineral acids of variable
concentration and for different durationai00°C. Such a
treatment leads to leaching of aluminum, magnesium, and
iron cations from the octahedral layer, to partial removal of
aluminum ions from the tetrahedral layer that relocate in the
interlayer space, and to the reduction of cation exchange
capacity. During acid activation, swelling also occurs at the
edges of clay platelets, which open up and separate while
still remaining tightly stacked at the center. The surface area
increases notably, and pore diameters increase and assume
a three-dimensional form.

The acidity of H-montmorillonite (0.65 mequiv/g) is
evaluated to correspond to highly negative Hammett func-
tions,—8.2 < Hy < —5.6, that become even more negative
by further acid treatmer$t.

IR spectroscop¥f® allows characterization of the surface
Brognsted acidity as due to terminal silanols, located at the
external surface of the “tetrahedral” layers. In Figure 30
(lower spectra) the spectra of the K20 acid-treated mont-
morillonite from Sid Chemié®! are reported after vacuum
activation and after adsorption of pivalonitrile. Acid treatment
_ ) _ ) results in a strong growth of the band of the surface silanol
Figure 29. Schematics of the structure of smectites. White balls groups at 3742 cni, which are still weakly Bransted acidic
e Blome, eck s re Yrowy GoLpS, &1 AU, mych more abundant, and in the appearance of strong

and medium Lewis acid sites (pivalonitrile CN stretching
05 bands at 2300 and 2275 cf) at least in part due to Al
’ 2235 ions in low coordination. On the other hand, acid-activated
clays may be not stable in their acid form, undergoing
o 2257 autotransformation that results in a very sensitive dependence

2200 2300 2200 of the acidity on the water content of the clay. The
g, 3345 interconversion that may occur among Brgnsted and Lewis

. sites makes difficult the interpretation of the experimental

e

28! 3645

data36?
1,1 Montmorillonite Clays and acid-treated clays are today largely used in the
3,0 0,3 2235 1‘ petrochemical industry mostly as adsorbants for purification
8 2300 2274 and decoloration of 0il®* However, they are still also
§ 3627 .20 i proposed as catalysts for several acid-catalyzed reatfiéts
5 i _‘\ 2340 2280 2220 Py such as cracking of heavy fractiofid, etherifications,
2 J AL esterifications, alkylation. They have also been considered

for industrial applications in the fields of hydroprocessing
and hydroisomerizatidf® and mild hydrocracking§®and as
a support for other acid catalysts.

Recently, a new clay-derived material, called LRS-1, a
de-laminated phyllosilicate, has been developed; its Bransted

_ _ _ acidity appears to be definitely higher, with zeolitic-type
Figure 30. IR spectra of Detercal P1, a natural calcium-rich bridging hydroxy groufé

bentonite (montmorillonite 97%) of North African origin (Nador, . _—
Morocco), used as received from Industria Chimica Carlo Laviosa 6.2.5.2. Pillared Clays (PILC) and Acidic Porous Clay

S.p.A. (Livorno, Italy) and of K20 acid-treated montmorillonite from  Heterostructures (PCH). Exchanging the charge-compen-
Sid Chemie after ougassing at 480 (solid lines), after adsorption  sating cations of a smectite clay with an oligomeric polyoxo-
of pivalonitrile (dotted lines), and subsequent outgassing at room metal cation (such as the [AD4(OH)24(H20)1] " Keggin-
temperature (broken lines). (Inset) CN stretching bands of adsorbedtype ion) results in a two-dimensional porous material known
pivalonitrile. as pillared clay®°37°Upon heating, the cationic pillars form
shows that terminal silanols are exposed at the surface andXide clusters that permanently open the clay layers, creating
that their acidity is mostly similar to that found on pure silica an interlayer space of molecular dimensions and a well-
(Av ~ 300 cnt! upon pivalonitrile adsorption) but with some ~ defined pore system (schematized in Figure 31).
more acidic site 4v ~ 400 cn?). The experiment do not The pillaring process may generate Brgnsted and Lewis
detect any Lewis site. acid centers in the interlayer region of the clay, depending
Both acidity and surface area can be significantly enhancedupon the starting clay and the pillaring agent. If the pillaring
by acid treatment, as done since very early times. Acid- process is repeated on a pillared clay, the cation exchange
treated montmorillonites are today commercial products and capacity (CEC) of which was previously restored, both

1,2

3800 3600 3400 3200 3000 2800
Wavenumbers (cm-1)
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Figure 31. Schematics of the morphology of pillared clays.

thermal stability and the number of acid sites were found to
increase. The intercalation of the aluminum Keggin ion
between the layers, and the following pillaring process, is

quite different in the tetrahedrally substituted saponite and

in the octahedrally substituted montmorillonfté In mont-
morillonites the proton released during calcination can
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acidic tetrahedral Al" cations, whereas pillars in pillared
saponite are more similar to corundum-type alumina, with
less acidic octahedral Al cations.

Efforts have been made to obtain by clay pillaring large-
pore materials stable to regeneration treatments to perform
cracking of very large molecules-8 A).37 In any case,
materials based on pillared clays are applied in some catalytic
cracking processé¥-37*and as molecular sieves. They may
also be useful as medium-acidity supports of noble metal
catalysts for diesél® and gas of®® hydrotreating. Also, the
catalytic activity of pillared clays in acid catalysf, in
particular of ethylene glycol synthesis from ethylene oxide
hydration and formation of ethylene glycol eth@fsand
propene oxide from n-propandl, appears to be of industrial
interest. Further development of PILCs as industrial catalysts
has been limited up to now due to inhomogeneous porosity
and difficulties in the control of the preparation and of the
final porosity3’® An interesting recent development in this
field consists in the preparation of acid porous clay hetero-
structures (PCH) by the surfactant-directed assembly of
mesostructured silicd® and silica-alumina$° in the two-
dimensional galleries of 2:1 layered silicates. These materials
are reported to have strong acidity, stability to 7&) and
a particularly porous structure.

migrate into the octahedral sheets’ vacant sites, but this doess 2 6. Pure and Mixed or Supported Transition Metal
not occur in saponites, where they remain located in the Oxjdes: Titania, Zirconia, Tungsta, and Their

interlayer spacing. Moreover, pillars in pillared saponite are
presumably strongly anchored to the layer by covalent Al
O—Al, whereas in pillared montmorillonites there is no
evidence of this pillar/layer anchoring. By analyzing the
pillaring proces¥? by molecular modeling, it was proposed

Combinations

The oxides of tetravalent transition metals, such as
zirconias and titanias, are definitely ionic network solids.
The ionicity of their metal-oxygen bond, associated with

that a more homogeneous distribution of the pillars must be the medium size of the catioffscorresponds to the formation

achieved in pillared tetrahedrally Al/Si-substituted smectites.

of Lewis acid-base surface character, whereas the Brgnsted

The IR spectra of saponite and of alumina pillared saponite acidity of their surface hydroxy groups is definitely weak.
are compared in Figure 32. Pillaring increases the intensity The Lewis acidity of these catalysts is medium-strong, lower

4,0 2276
3674 2.0 2235
pillared
saponite
@ 2235
Q
c
©
a
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b, 06
3740 \._ 2400 2350 2300 2250 2200 2150
1,6
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Figure 32. IR spectra of natural saponite C27 from Tolsa (Spain)

(solid line) and of alumina-pillared saporité(broken line) after
ougassing at 400C. (Inset) CN stretching bands of pivalonitrile

adsorbed on the sample in contact with the vapor (upper) and

outgassed at room temperature (lower).

ratio between the bands of free surface silanols (3740 cm
and internal OH groups (3674 ci). Additionally, new OH
bands are observed in the region of 373800 cm'?, likely
due to AIOH groups of the pillars. Pivalonitrile adsorption
reveals the increase of octahedrally coordinated Atting

than that of alumina.

Zirconia is a polymorphic material. It presents three
structures that are thermodynamically stable in three different
temperature ranges. Monoclinic zirconia (baddeleyite) is the
room temperature form, tetragonal zirconia is stable above
1200 K, and cubic zirconia is stable above 2400 K.
Tetragonal and cubic zirconia, however, may exist as
metastable forms at room temperature, mostly if stabilized
by dopants such as yttrium. Frequently, zirconia powders as
prepared are mixed tetragonal and monocli#icSeveral
characterization studies have been performed on pure zir-
conias and showed they are typical ionic materials, charac-
terized by medium Lewis acidity, significant surface basicity,
and very low Brgnsted acidity, if possessing any at all. CO
adsorption experimerit&-*82provide evidence for two slightly
different types of Lewis acidic Zt ions on both monoclinic
and tetragonal zirconia. On the other hand, the qualities of
the sites are very similar in the two phases, but a little
stronger sites exist on the tetragonal phase. Slightly different
concentrations of Lewis sites can be found on the two solids,
depending on outgassing temperature ,@@sorption stud-
ies®? reveal significant basicity.

Pure zirconia or zirconia doped with alkali or alkali-earth
cations is applied industrially for some alcohol dehydration
and dehydrogenation reactions in the fine chemicals fiéld.
Zirconia finds many actual or potential applications as a

as medium-strong Lewis acid sites. In fact, IR spectroscopy catalyst support.

studie$’ show that pillars in pillared montmorillonite are
structurally similar to spinel-type alumina, with strongly

Titania is also a polymorphic material: the most usual
phases are anatase and rutile, the latter being always
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thermodynamically stable. Also, titanias are highly ionic
oxides with medium-high Lewis acidity, significant basicity,

and weak Brgnsted acidity, if possessing any at all. Char-
acterization data show that on anatase stronger Lewis acid?.?
sites are usually detectable than on rutife®®* Anatase is
usually prepared by precipitation and is largely used in the
catalysis field, for example, as the support for vanadia-based
selective oxidation cataly$tas well as for vanadiatungsta

and vanadiamolybdena catalysts for the selective catalytic
reduction of NQ.28 Titania may also be used as a support
of sulfided hydrodesulfurization catalysts. As a catalyst,
titania finds relevant application in the Claus process as an
alternative to alumina, in particular for the first higher
temperature bed where hydrolysis of COS and, @8o
occurs®®’ Titania—anatase is also the basic component of 1€
most photocatalysts. 4000

Titania and zirconia may be combined with sifiand . . -
alurina;#s:% as well as each othef to give ineresting 194 23 IR spect o106 W2 0y (8 ) fer achaton
and useful high-surface area and high-stability materials. gytgassing at room temperature (b) and at $80(c). (Inset)
These materials retain high Lewis acidity associated with Subtraction spectra showing the bands of adsorbed ammonia and
the ABT, Ti*t, and Zf* cations, as well as medium-weak ammonium ions.

Brgnsted acidity, associated with silanols and other hydroxy
groups. Titania-aluminas are important materials as catalyst these phenomena, however, could alternatively be due to the
supports, for example, for hydrodesulfurization catal§f&t%:2 heterogeneity of monomeric wolframates. Splittings of the

Tungsten oxide (Wg) has many crystal structures, most W=O modes as well as new characteristie @W—W modes,

of which, however, are distorted forms of the Re@pe expected for oligomeric species, are in fact not observed
cubic structure. These structures, in which hexavalent €ither in IR or in Raman spectfé. At high coverages (more
tungsten is in more or less distorted octahedral sixfold than the monolayer) as for WOZrO, paraffin isomerization
coordination, have a highly covalent character, associatedcatalysts, W@ particles are well evident in Raman spec-
with the very high charge and very low size of the#w  troscopy analysi&X’ Residual surface OH groups of such
cation’® This material has very strong acidity of both the materials do not present WeII-deflneq sharp bands but quite
Lewis and Bransted typé&! Pure WQ and silica-supported ~ Proad features (Figure 33), suggesting that the OH groups
WOs have had industrial application as acid catalysts, for are in fact involved in H-bondings.

example, for commercial direct hydration of ethylene to A particular feature of tungsta-based catalysts concerns
ethanol in the gas phas®. the possible reduction of tungsten oxide to lower oxidation

Much interest has been devoted recently to tungstatedStates, which make them active catalysts als_o fo.r selective
oxide$%397as catalysts. Tungstated titanias are investigated 0Xidation% The presence of tungstate species influences
mainly in relation to their use as active components of Very much the redox properties of vanadidania SCR
vanadia catalysts for the selective catalytic reduction of NO Ccatalystst’® UV—vis studies by Gutierrez-Alejandre et
by ammonia a reaction in which catalyst acidity plays a aI.“O?"’411 contributed to underscore the possible role of the
relevant role. Tungstated zirconia is mostly investigated in Semiconducting nature of zirconia and titania in these
relation to its activity in the paraffin skeletal isomerization Ccatalytic materials. In fact, in the same conditions, insulating
reaction?-4% Anatase and tetragonal zirconia give rise to SUpport materials such as glum_mas seem to give rise to less
better catalysts than rutile and monoclinic zirconia. The active tungstated catalysts in acid catalysis, despite their even
presence of wolframate species on both titania and zirconiaStronger, or equivalerit? acidity. Monoclinic zirconia, in
causes an increase of the Lewis acid strength, an almost fullvhose bulk Zr ions have coordination seven and half-oxygen
disappearance of the surface anions acting as basic sites, an@ns have coordination three (in contrast to both cubic and
the appearance of a very strong Bransted acidity® The tetragonal ZrQ@in wh|ch_coord|nat!on_|_s eight at Zr and four
tungstate iorf§54% on ionic oxides in dry conditions are &t 0xygen), has an optical gap significantly lower than that
tetracoordinated with one short %40 bond (mono-oxo  ©f tetragonal zwpomé?l which gives better catalysts. In
structure), responsible for a strong IR and Raman band neaarallel, also rutile has an optical gap significantly lower
1010 cn1! (Figure 33) at near or less than the monolayer than that of anatase (which gives more active catalysts).
coverage. This is the case of WOTIO, supports for vanadia T he hypothesis of the generation, upon reduction in hydro-
SCR catalysts, which usually contairl0% WQ; w/iw and gen, of stronger Brgnsted acid sites has been propdsed. _
have~70 n¥/g. In the presence of water the situation changes The semiconductivity of the support may influence this
greatly. According to the Lewis acidity of wolframyl species, Phenomenon.
it is believed that they can react with water and be converted The strong Brgnsted acidity of tungstated oxides (see
in a hydrated forr#?® or be polymerized?®” Polymeric forms Figure 33, where ammonia is shown to be protonated to give
of tungstate species are supposed to form at higher coverbands at 1670 and 1448 cin typical of NH;* ions) is
ages®’47as an intermediate step before the formation of essentially related to the high acidity of tungstic acid species,
separate We@particles. The evidence of the real existence whereas the redox properties of tungstic acid species, which
of polymeric tungstated species, to which high catalytic may be influenced by the semiconducting/insulating and
activity is attributed’®® is the shift upward of the WO dipersing/nondispersing behavior of the support, may favor
stretching mode and of the UV absorption edyeBoth of the generation of protonic centers by reduction and/or may
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be related to nonacid catalytic steps, such as partial paraffin Recent studies showed convincing evidence of the exist-
oxidative dehydrogenation to olefins, which is likely a step ence of an n-butane oxidative dehydrogenation step, probably
in paraffin skeletal isomerization. Pt and Mn promoted induced by the reduction of sulfate species, during the
WO;—ZrO, catalysts are very active, for example, in the induction period with the formation of water molecules and
isomerization of n-hexane at 22@50°C#% The so-called  butylene*433Protonation of butylene gives rise to the sec-
EMICT (ExxonMobil Isomerization Catalyst Technology) butyl cation that leads to a chain mechanism. This chain may
catalyst, based on promoted W&XrO,, is reported to be  involve direct isomerization of the butyl cation and hydride
very effective in C5-C6 paraffin skeletal isomerization at transfer from n-butane (monomolecular mechanism) or
175-200°C even in the presence of 20 ppm of water and dimerization, isomerization, cracking, and hydrogen transfer
to be fully regenerabl&’ In this case the redox properties (bimolecular mechanism). According to the experimental
of the catalyst might also be involved in the oxydehydro- evidence that the presence of any olefins increases the butane
genation of alkane to alkenes that later are protonated andisomerization reaction rate, it has been proposed that the
promote a chain skeletal isomerization reaction, as for skeletal isomerization reaction could more likely occur on
sulfated zirconia (see below). Reduced tungsten oxides arean “olefin modified site” (i.e., a carbenium ion) than on the
also mentioned as good catalysts for olefin methatHé%is. protonic site, giving rise to a bimolecular pathway having
o the characteristics of a monomolecular dfre.
6.2.7. Sulfated Zirconia o . .
, ) ) , Thus, the protonic acidity of these materials, arising from

Sulfation of metal oxides introduces quite strong Brensted e hresence of sulfuric acid species, is certainly strong. The
acidity and, in general, enhances the catalytic activity in acid- yresence of small amounts of water is likely required to retain
catalyzed reactions. For example, sulfation of alumina gy tace hydroxylation. However, in parallel with what has
gnh.ances its catalytic activity in n-butylene skeletal isomer- yoan discussed for tungstated oxides, the semiconducting
ization:*? » nature of zirconia (and titania to a lower extent) coupled

Zirconia (tetragonal more than monoclinic), when sulfated, \yith the reducibility of sulfate species may play an important
becomes very active for some hydrocarbon conversion e in the behavior of the catalyst, in nonacidic steps. The

reactions such as n-butane skeletal |somer|;é%R)¢q5|m|Ia82 other sulfated oxide that has been reported recently to be
behavior has also been found for sulfated zwce*rhn!:amal superacidic, as deduced by Ar TPB#%and even more
and,lglthough less pronounced, for sulfated titafaiaa- active than sulfated zirconia in paraffin isomerization, is
tase’ sulfated tin oxide, that is, another semiconducting material.

Spectroscopic studies showed that the sulfate*fms
ionic oxides in dry conditions at low coverage are tetraco-

ordinated with one short=80 bond (mono-oxo structure). in industrial application for C4_C§ paraffin isomerizat.ion
At higher coverage, disulfate species are assumed to exProCesses and are commercialized, for example, by Su

: : .. Chemie (HYSOPAR-SA catalysts) constituted by Pt-
ist,#22423a|though a real proof of this probably does not exist. .

’ : o ; romoted sulfated zirconf?273They work at temperatures
However, sulfate species are strongly sensitive to hydration. p oy X ;
Lewis acidity and basicity of zirconia disappear in part by (ﬁo_dﬂ(? Cll) mterme((j:hate lpetweer: those _Of .tlhe conp]petlngf
sulfation, but the residual Lewis sites are a little stronger. chlorice agmmg an Izeo Ite .C?t‘? yslts, simitar t;? t osfe 0
However, Brgnsted acidity is also formed. IR spectra show WO, —ZrO;-based catalysts, with final comparable perfor-
a band in the range of 3648630 cnT.,42423 which is mances, moderate limits in the allowed feed purity, and

shifted by 139 cm! upon low-temperature CO adsorptits, possible regeneration.
S0 measuring a medium-weak Brgnsted acid strength. In : :
contrast, the Brgnsted acid strength of sulfated oxides 6.3. Solid Acids
measured by IR through the surface “olefin oligomerization™ ¢ 3 1 gyifonic Acid Resins
method is superior to that of silica-alumina and comparable
to that of protonic zeolite®* The measurement of the lon exchange resins were introduced in the 1960s and find
Hammett constaft gives values more negative than those today wide application as catalysts in the hydrocarbon
of pure sulfuric acid, thus allowing the definition of these industry#35-43” The most used materials are macroreticular
materials as “superacidic”’. CharacteristitMAS and broad sulfonated polystyrene-based ion-exchange resins with 20%
line NMR signalé?® with chemical shifts larger than those divinylbenzene, such as the materials of the Amberlyst family
of zeolite protons have been found. Microcalorimetric produced by Rohm and Ha&$. The acidity of these
ammonia chemisorption studfésand ammonia TPD experi- materials, having surface area near 58gnis associated
mentd?’” suggested that dry sulfated zirconia surfaces have with the strong acidity of the aryl-sulfonic acid groups-Ar
Bragnsted acidity not stronger than that of protonic zeolites. SO;H. These are actually the active sites in nonpolar
Water is reported to be needed for high catalytic actiéfty ~ conditions, but at high water or alcohol contents in the
and, according to Katada et &2 should generate “supera- medium, the less active solvated protons act as the &€ids.
cidic” Brgnsted centers. In contrast, water is cited as a poisonThese materials are prepared as “gel” resins in the form of
during commercial application in paraffin isomerizatid#?’2 uniform beads, and as “macroporous” materials. Due to
The very high catalytic activity of sulfated zirconia, in restricted diffusion, the acid sites in the gels are accessible
particular for C4-C6 paraffin isomerization, appears when only when the beads are swollen. Macroporous resins are
a certain number of requirements are satisfied: in particular, prepared with permanent porosity; thus, more acid sites are
it must be prepared by an amorphous sulfated precursoraccessible also in nonswelling solvents, although diffusion
calcined aff = 550°C in order to have a tetragonal sulfated of the reactant in the polymer matrix is also determirféht.
phase and be properly activat&fThe catalytic activity of The number of acid sites in sulfonated polystyrene is
these materials may be enhanced by promoters such as Mmelatively high, 4.7 equiv/kg for Amberlyst-15 and 5.4 equiv/
and Fe ions, which, however, do not increase the catalystkg for the hypersulfonated resin Amberlyst-36. However, the
acidity. acid strength is considered to be relatively low, the Hammett

Sulfated zirconia-based catalysts have already been used
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acidity function being evaluated &k = —2.2. Another limit their availability also is very small. Consequently, the activity
of these materials consists in the limited stability temperature of this material either in nonswelling solvents or in the gas
range,<150-180°C. Materials with comparable activities phase is very low. This limited very much actual application
(e.g., Dowex from Dow Chemicals, Indion from lon Ex- in catalysis.
change ltd., India) can be found in the market. A new perspective was born with the development of
The application of these materials is limited to relatively Nafion resin/silica nanocomposites, which may function in
nondemanding acid-catalyzed reactions in the liquid phase.nonswelling solvents. This material has been successfully
They are in fact the catalysts for branched olefin etherifi- tested in several reactions such as isobutane/butylene al-
cation processes such as MTBE,ETBE, and TAME kylation*>* Attempts to develop industrial processes have
syntheses. In the SNAMPROGETTI process, MTBE syn- been reported, for example, for the liquid-phase oligomer-

thesis is performed in the ||qu|d phase atd8D°C and =15 izati_0n of tetrahydrOfUran and for the Oligomerization of
atm G, cut pressure, with a water-cooled multitubular reactor Olefins2 )
and an adiabatic finishing reactor in sertésCDTech The used Nafion-based catalysts can be regenerated by

proposes catalytic distillation reactors using cylindrical bales Washing with nitric acid. However, a relevant limit of Nafion-
containing the ion-exchange resin in the packing of the based materials is related to unsafe disposal and to the
tower#4 The MTBE process may be modified to obtain toxicity of their thermal degradation products in the case of
MTBE/isobutylene dimer coproductidff The same catalysts ~ heating above 286C.*°

and modified MTBE processes are applied today for isobu- P . -

tylene di- and trimerizatioff®® The reaction conditions are 6.3.2. “Solid Phosphoric Acid

similar, but the inactive alcohéért-butanol (TBA) is added The so-called “solid phosphoric acid” catalyst (SPA) was
instead of methanol. TBA does not react with isobutylene, developed by UOP in the 193¢%:%54 It is produced by
but its presence strongly increases dimer selectivity, althoughmixing phosphoric acid 85% with Kieselguhr (a natural form
decreasing isobutylene conversion. Working with a real C4 of highly pure silica) followed by extrusion and calcination.
cut also linear butylenes react with isobutylene to a small The heat treatment causes the partial polymerization of
extent?® Similar resins are also amply used in phenol orthophosphoric acid #0, to pyrophosphoric acid 4.0,
alkylation processe®.In this case the reaction temperature and higher polymers such as triphosphoric aci®#y,, as

is in the range of 100130°C. Oligomerization of propene  well as the formation of silicon phosphates such a®©Si
and isoamylene can also be performed. (POy)e, hexagonal SifD;, Si(HPQ)»H,0, and SiHRO;0.4%®

Sulfonated polystyrene polydivinylbenzene resins are However, the real constitution of the acid phase strictly
deactivated by basic impurities in the feed such as nitriles depends on water content in the catalyst, which is also greatly
(typically present in the £cut after FCCY47 as well as by mfluenceq by the amount of water vapor in the feed during
cations such as Naand Fé".#4® Washing procedures can the reactiorf> . _
be applied to the catalysts to rejuvenate them. By using According to a recent NMR study, the acidity of this
water-cooled multitubular reactors, the hot spot due to the catalyst is associated with a liquid or glassy solution of
exothermic reaction is, when the bed is fresh, at the entrancePhosphoric acid oligomers supported on the silicon phosphate
of the tubes, but it tends to move toward the exit by Phases® The IR spectrum of the SPA catalyst (Figure 34)
increasing time on stream due to partial deactivation of the
bed. This allows the progressive catalyst deactivation to be J
followed. When the hot spot is at the exit of the bed, the 20
catalyst must be substitutétt.In the use of sulfonated resins
for olefin oligomerization catalyst, fouling by higher oligo-
mers may occur.

Nafion is a strongly acidic resin produced by DuP#®fit,
a copolymer of tetrafluoroethylene and perfluoro-3,6-dioxa- 3668
4-methyl-7-octenesulfonyl fluoride, converted to the proton 3743 @ \A\\",M\
(H™) form. Nafion is definitely more acidic than polystyrene- . B
based sulfonic resins. This material, largely used in electro- ¢
chemical processes as membrane for chlor-alkali cells and 4000 3500 3000 2500 2000 1500 1000 500
as electrolyte for proton exchange membrane fuel cells Wavenumbers (cm-1)
(PEMFC), may also act as a very strong Brgnsted acid solid Figure 34. IR spectra of solid phosphoric acid in a KBr pressed
catalyst. It carries the strongly acidic termireaCRCRSO;H disk in _the air (a) and in a self-supporting pressed disk after
group, which is, however, converted into solvated protons °utgassing at 308C (b) and 400°C (c); (d) subtraction spectrum
in the presence of watét® This material is both chemically after plvalo? |tr|Ieoad$|c;rpt_|on over PSA outgel;\ssedﬁat 00e) R
stable (as expected due to the fluorocarbon nature of the;?i%tgi@_o an 8% silica-supported¥@ catalyst after oLtgassing
backbone) and thermally stable up to 280, at which

temperature the sulfonic acid groups begin to decompose. Itshows the typical features of strong hydrogen bonds (A,B
is commercialized in the form of membranes, beads, and proad features) between POH groups and water molecules.
dispersions in water and aliphatic alcohol solutions. Pressed disks of the pure powder do not transmit the IR

It is generally accepted that perfluorinated resin sulfonic radiation at all. After outgassing, partial water desorption
acids are very strong acids with values of the Hammett occurs, and the sample transmits the IR radiation, still
acidity function Hy = —11 to —13) which allow the showing features due to water molecules. No clear evidence
application of the term “superacid”. However, the surface is found for protonated water species. The adsorption of a
area of this material is very low, the density of the protonic nitrile as a probe reveals also the existence, on the outgassed
sites in the pure polymer is very small (0.9 equiv/kg), and sample, of free POH groups absorbing at 3658 iwhich
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are perturbed upon adsorption and form a negative band instrong acidic characteHy = —5.6)65467with many potential
the subtraction spectrum (Figure 34d). These free POH applications in catalysi€®46° displaying both Lewis and
groups appear to be the most available to adsorbates. TheBragnsted acidity®*’°Proton NMR data indicate that Bran-
position of the band is similar to that observed on low sted acidity of niobic acid is very high, possibly comparable
coverage supportedsAO, on silica (Figure 34e), as well as  with that of protonic zeolite$* The IR spectrufi? of niobic

on phosphoric acid supported on other oxféfeand on metal acid, after outgassing at 10Q, shows a strong band at 1612
phosphates and pyrophosphaf@s?® and their Brgnsted cm™%, asymmetric with a tail toward higher frequencies and
acidity, as measured by the hydrogen bonding and by thea component at 1440 crh(Figure 35). At higher frequen-
olefin oligomerization method via IR, is significant, but
definitely lower than that of silica-alumina and zeolites
(Table 8). Interestingly, no bands of free silanol groups are
observed in the case of SPA, whereas they are evident for
silica-supported phosphoric acid. Also, the skeletal spectrum

of SPA shows that silica, as such, does not exist in the SPA
bulk. No Lewis acidity is found. The Hammett acidity
function of SPA has been evaluated to be in the range from
—5t0 —72%

SPA is the catalyst for gas-phase propene and isobutyleneg 2,0
oligomerization industrial procesgé%*! producing poly- §
merate gasoline, and it is still used for cumene synthesis from g
propene and benzene (see Table 4). According to Cavani et®
al#%% the hydration state of the catalyst affects in opposite
ways the activities in olefin oligomerization and cumene
synthesis and also affects strongly the catalyst lifetime. 44
However, excessive water in the feed leads to loss of 4000 3500 3000 2500 2000 1500 1000
mechanical properties of the catalyst and its destruction, Wavenumbers (cm-1)
mostly due to the hydrolysis of silicon phosphates. Acid Figure 35. IR spectrum of niobic acid supplied by CBMM
leaching and coking are additional causes of deactivation. (Companhia Brasileira de Metalurgia e Mineracao) after outgassing

Reaction temperature for industrial propene and isobu- &t 100°C (a) and 200°C (b); broken line, subtraction & b.
tylene oligomerization to trimers and tetramers (UOP, IFP

processe®)) is 150—250°C at 18-80 atm, with relatively cies, a brload absorption is fqund in the region of 3600
high space velocities to limit coking. A total of 25300 2500 cn1?, due to OH stretchings of H-bonded water and

ppm of water in the feed is recommended, and catalyst life hydroxy groups. These absorptions decrease significantly by

may be more than 1 ye4® Multiple fixed bed or multitu- outgassing at 208C. After this treatment, a qu_ite sharp peak
bular reactors are used. at 3708 cm?, with a shoulder near 3735 c is observed,

assigned to free NbOH surface groups. A broad absorption
centered near 3300 crhresists this treatment, whereas the
bands at 1612 and 1440 cfare now very weak. The
difference spectrum also shows that the desorption of water
causes the appearance of a sharp feature at 998, cm
associated with NisO double-bond stretchings. The spec-
trum we observe of adsorbed water (desorbed mostly in the

and pyrophosphate phases present. A new Commerciallowzoo °C range) contains features (in particular, the

i i 1
catalyst was formulated that requires no binders and showedomponent at 144.0 cm) that, according to Zecc_hma et aj
a 30% increase in catalyst lifetin{ should be fingerprints of protonated water species P .

For aas-phase UOP cumene svnthesis ical reactionln contrast, the more recent work of Stoyanov efaallows
gas-p . y typ the doublet at 1612 and 1440 cinto be attributed to a
temperatures are 26@60 °C, at pressures of 3%5 bar,

; ) . splitting of the deformation mode of HD]*, due to its
with a large excess of benzene (5:1 to 10:1 25’522225526 ©jowered symmetry. In any case, the Brgnsted acidity of niobic
propene) to limit multiple alkylation (Table 4j!23 acid is confirmed. Nbs-OH and Nb=O groups become
Typical reactors are multiple fixed bed with quenching to present at the surface after water desorption. Adsorption of
control the exothermic reaction temperature. A total of-200 nitriles indicates that NBOH groups are less acidic than
150 ppm of water is recommended, and the catalyst life may o ; :
be more than 1 yedp® The catalyst cannot be regenerat&d. the bridging hydroxy groups of zeolité.Nb cations,

Solid phosphoric acid is also used for the direct hydration observed after heating at 40C, also show strong Lewis
of ethylene to ethanol in the liquid phase at 20 °C acidity. Niobic acid is reported to crystallize as niobium oxide

. K, losi Il of i h i ies.
and 606-80 atnf®® and to produce other alcohols by acid- at 853 K, so losing all of its water and hydroxide species

ivzed hvdrati £ olefi he phosphori id i The products of the combination of niobium oxide and
catalyzed hydration of olefins. The phosphoric acid IS ,,,ephoric acid are niobium phosphate&“and phosphoric
continually lost from the carrier, and water must be supplied

X _ ; ~~ acid-treated niobic acitf® both reported to be materials
with the feed. The use of different carriers results N oientially useful in acid catalysis. FT-IR spectra of the
diminution of the catalytic activity. niobium phosphate samples also show the sharp band of the

i ; . P—OH groups near 3668 cmy, as well as a weak band at
6.3.3. Niobic Acid and Niobium Phosphate 3700 cn?! assigned to NBOH groups. The spectra of

Hydrated niobium oxides (niobic acids) calcined at moder- adsorbed water are similar, indicating the formation of

ate temperatures of 16@00 °C are reported to show a [H(HO),|* species. The hydrogen bonding of acetonitrile

SPA can also be used to produce diesel-range olefin
oligomers*®2The selectivity to such products has been shown
to have a peak when the concentration of pyrophosphoric
acid H4P,0- in the catalyst becomes relatively high and space
velocities are low#® Recently, the preparation of the catalyst
has been modified to improve the crushing strength, which
is controlled by the relative amounts of the silicon ortho-
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with the surface hydroxy groups of the niobium phosphate agreement with this, it has been found thaPM/,040 and
samples is significantly stronger than that niobic #€fd, Cs oH; 1 PWi,O4 are very active for the isomerization of
suggesting that POH groups are stronger Brgnsted acids tham-butane to isobutane at 473 K, but their catalytic activity
NbOH groups. decreased when small amounts of water were adfdthe
Both niobic acid and niobium phosphate find application Cs" forms of heteropolyacids are generally not soluble in
as insoluble solid catalysts in water pt#48and are applied ~ water but can work as heterogeneous catalysts in liquid water
in the industry for some fine chemical acid-catalyzed or in liquid water/organic biphasic syster#f8:52
processe$®such as the fructose dehydration reactitt’” Dehydrated HPW;,04 shows a well-evidentH MAS
Acid—base titrations realized in different polar liquids NMR peak at 9 ppm, assigned to protons bonded to surface
showed a better performance of niobium phosphate thanbridging oxygens of the anioff The IR spectrum shows a
niobic acid could be related to the higher effective acidity broad band centered at 3100 Tinassigned to two families
of its surfaceé’”! As reported by TanaB® niobic acid and ~ of H-bonded OH group¥’“%8although, based on the more
niobium phosphate are patented as alternatives to solidrecent work of Stoyanov et &3 both the NMR peak and
phosphoric acid for ethylene hydration to ethyl alcohol in the IR band could correspond tos®i*. All protons are

the gas phase at 20C. reported to be able to protonate pyridine up to formingHy
' cations*®|n the hydrated form, the formation of a “pseudo-
6.3.4. Heteropolyacids liquid phase” occurs, with the formation ofs8,", corre-

sponding to the disappearance of the NMR peak. Water
molecules as well as acidic protons are nearly uniformly
distributed in the solid® The location of protons, according
o Uchida et al?8 is schematized in Figure 36.

The most common and thermally stable primary structure
of heteropolyacids (HPA$®47°is that of the Keggin unit
that consists of a central atom (usually P, Si, or Ge) in a
tetrahedral arrangement of oxygen atoms, surrounded by 1
oxygen octahedra containing mostly tungsten or molybde-
num. There are four types of oxygen atoms found in the
Keggin unit: the central oxygen atoms, two types of bridging
oxygen atoms, and terminal oxygen atoms. The secondary ¥
structure takes the form of the Bravais lattices, with the
Keggin units located at the lattice positions. Heteropolyacids
possess waters of crystallization that bind the Keggin units
together in the secondary structure by forming water bridges.
Tertiary structures can be observed when heavy alkali salts
are formed.

The acidity of the heteropolyacids is purely Brgnsted in
nature. Because the Keggin unit possesses a net negative
charge, charge-compensating protons or cations must be®
present for electroneutrality. The acid form of heteropoly-
acids is generally soluble in water and acts as a liquid acid
and as a homogeneous acid catalyst in water solutions, as
well as in liquid biphasic systent&2481Evaluation of acid
strength in solution has shown that HPAs composed of
tungsten are more acidic than those composed of molybde-
num, and the effect of the central atom is not as great as
that of the addenda atoms. Nevertheless, phosphorus-based polyanion (PW12040 P
HPAs are slightly more acidic than silicon-based HPAs. This . i
gives the general order of acidity assPWi-0s > Ha- (thﬁ‘gﬁ ?r%'mp:gﬂn;@')r_] the acid #PW1.0:0 depending on hydration
SiW15040 and HPW;5040 > H4PMO_|_2O40.482A similar trend
is found in gas-phase catalytic experimefits. Solid HPAs are active as heterogeneous catalysts for

The surface area of solid HPA is generally very low (few several gas-phase and liquid-phase hydrocarbon conversion
m?/g), and this makes protons accessible to the reactants veryeaction&4%and have been the subject of several theoretical
few. The salts of HPAs with large cations such as,@§", investigationg® However, their use in the industry for gas-
Rb*, and NH*, when obtained by precipitation from aqueous phase reactions seems to be still very limited, if at all,
solution of the parent acid4RWi,04, are micro/mesoporous  possibly due to their rapid deactivatiéf.The commercial
materials with much larger surface areas, up to 26@m  application of Cs-modified phosphotungstic and silicotungstic
Thus, in the case of partial cation exchange, such as foracids for the gas-phase esterification of ethylene to ethyl
CsHs-xPW12040, the number of protons accessible to non- acetate has been reportéd.
polar reactant molecules is very much enhanced, and in They have been used also industrially for the hydration
parallel also the catalytic activity is enhanced. of olefins to alcohols, such as the syntheses of isopropyl

According to several studies sPW;,040, 0ne of the most  alcohol from propene and aért-butyl alcohol from isobu-
stable and strongest acids in the Keggin series, has acid sitesylene*° and for the synthesis of poly(tetramethylene ether)-
stronger than those of H-ZSM5 zeolite and even has glycol from tetrahydrofuraf®?
superacidic centers as shown by adsorption calorimetry Other heteropolyacid structures exist besides Keggin-type
experiment$® It has also been shown that its acid strength phases. In particular, the so-called WalBawson structures,
depends strongly on the presence of crystallization water: with the HP,W15062-nH,O stoichiometry, also give rise to
Ho varies from—5.6 for HsPW;,040°10 H,O to —8.2 for Hs- strong acid catalyst¥24%3 The structure, known as the
PW120406 HO to —12.8 for HsPWi2040(1—2)H0. In isomer, possesses two identical “half-units” of the central
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atom surrounded by nine octahedral units ¢Qd; linked trichloroethylen@® and CC},%°* decompose on alumina at
through oxygen atoms. The isomeficstructure originates ~ 150-400 °C, producing HCI that is adsorbed on alumina.
when a half-unit rotates/3 around theX—X-axis. Similarly For paraffin isomerizatio&22"3the feed to these units

to many heteropoly anions, the WeliPawson structure can  myst be free of water and other oxygen sources to avoid
be chemically manipulated to generate “holes” by removing catalyst deactivation and potential corrosion problems.
up to six WQ units (from XM to X;Ma,). Wells—Dawson Catalysts are non-regenerable, their lifetimes being usually
phosphotungstic acid df,W1s0s, shows high acidity and i the range of 23 years. However, they work at very low
performs as an effective catalyst in different reacﬁ&zrm_Jch temperature (1568200 °C), and this allows more favorable
as MTBE synthesis and isobutane/butylene alkylation and gqyilibrium condtions, so their performances are betten than
may catalyze reactions in the liquid phase and in the gas,yjth MOR and MAZ zeolite-based catalysts or sulfated and
phase. tungstated zirconia.

6.3.5. Friedel~Crafts Type Solids In the catalytic re-forming proces¥;***which works at
much higher temperature~600 °C) with depentanized
As already cited, the classical Fried&rafts chemistry ~ naphtha, the chlorided alumina support acts as the catalyst
implies liquid-phase catalysis mostly performed with metal of skeletal isomerization of linear paraffins as well as of
chloride catalysts activated by proton donor species. Due toalkylcyclopentanes. Also in this case chlorine compounds
the severe drawbacks of these catalytic systems, the substituare fed to allow a constant chlorine content in the catalyst.
tion of these systems with solid catalysts is under develop-  cporiged alumina is probably the basic component of the
ment>’ In the field of refinery, catalysts based on solid ¢aiayst of the solid-catalyzed UOP alkylene process for
halided aluminas have been used for decades. isobutane/butylene alkylation to isooctsif&The catalyst
6.3.5.1. Chlorided Alumina.Chloride ion at the surface  should contain metals for the hydrogenation function and
of alumina, produced by adsorption of HCI or by surface possibly alkali metal ions to moderate catalyst acidity,
decomposition of alkyl chlorides, or residual chloride ion preventing excessive cracking and coking. After reaction
from incomplete decomposition of Algdrom the preparation  occurring in a riser, the catalyst is disengaged and moves to
method, or finally chloride ion from the deposition of AICI  the reactivation zone, where hydrogen is fed with isobutane,
further enhances the acidity of alumina. As shown in Figure for hydrogenation and washing. Part of the catalyst is
37, the IR spectrum of the surface hydroxy groups is transported to a separate reactivation vessel where also
regeneration occuf8? The reaction temperature is 4@0
3575 1,1 °C, and the isobutane to olefin ratio in the reactor+sl8.

3680,{’\_ Chiorided v ALO. Drawbacks common to these processes concern the dif-

\ K ficult regenerability of the catalyst, the deliquescent behavior
of aluminum chloride with the consequent leaching, corro-
sion, and disposal problems.

6.3.5.2. Aluminum Fluoride, Fluorided Alumina, and

Solids Containing Boron Trifluoride. Fluorination of
alumina with HF causes the progressive formation of;AlF
polymorphso-AlF 3 more than3-AlF;.5% Fluorided aluminas

can also be prepared by impregnation of JRHollowed by
thermal decomposition. Aluminum fluoride and fluorided
aluminas are perhaps the strongest Lewis acidic solids, as
deduced by the adsorption of basic probea(of pyridine

Figure 37. IR spectra of a commerciat-Al,O; sample from 1 : e .
Condea (surface area174 n¥/g) as such (solid line) and chlorided at 1627 cmr’, vCN of pivalonitrile at 2309 cm’; Table 7).

505
by treatment with ethyl chloride at 308C (dotted line), both In parallel, both present also strong Bransted acifty®

outgassed at 350C. (Inset) Adsorbed pyridine after outgassing at AlFs catalysts show surface OH groups that are able to
room temperature (upper) and 100 (lower). protonate pyridine and strong Lewis acid sit&<zluorination

of alumina causes the progressive disappearance of the OH

modified, with the disappearance of the higher frequency groups absorbing at 3790 and 3770 ¢énwith the progres-
aluminas OH group¥8.13549449Ch|orided aluminas are very sive growth of bands at 3730 and 3655 ¢#f? According
acidic materials, with &, value evaluated to be around to Corma et af®® the total number of Lewis acid sites
—14%% and high catalytic activity in demanding reactions, decreases when the fluorine content increases, whereas the
such as isobutane/butylene alkylat®§hThe adsorption of ~ number of sites with strong acidity exhibits a maximum for
pyridine (Figure 37) shows that, in the same conditions, more samples with 24% of fluorine content. Also, the number
acidic AR* cations are fromed on chlorided alumina (band of Brensted acid sites presents a maximum for the same
at 1625 cm?) than on the pareny-Al,O; and that few  fluorine content, despite the fact that only a small fraction
Brensted sites (absorption denoted by asterisks) able toof the sites created by fluorination exhibits strong acidity.
protonate pyridine are also formed by chlorination. Aluminum fluoride and fluorided aluminas can be used

Chlorided aluminas have been used for decades as theat higher temperatures than chlorided aluminas andAAICI
catalytically active support for Pt-based catalysts for naphtha They are largely used industrially in the field of the chemistry
re-forming®84%%as well as the catalyst for C4 and C5 paraffin of fluorocarbons and fluorocholorocarbésand have been
skeletal isomerizatio®’2273 The chlorided alumina based proposed for several acid-catalyzed hydrocarbon conversions
catalysts require the continuous addition of small amounts (such as benzene alkylation, where a very high selectivity
of acidic chlorides to maintain high catalyst activities. In to monoalkylated products has been claiff§dand as
effect, chlorided hydrocarbons, such as alkyl chloritfe43* support for hydrodesulfurization cataly$ts.

Absorbance

3800 3400 3000 1700 1600 1500
Wavenumbers (cm-1)
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BF; is also a very strong Lewis acidic compound, giving  There are, however, less successful examples. Attempts
rise to Brgnsted superacidic behavior with proton-donor to develop new solid-catalyzed processes for the production
species. Attempts to produce stable very acidic solids basedof alkylate gasoline have not been very successful, so far.
on BF; have been reported in the literature. Impregnation of In fact, new solid catalytic materials such as those based on
BF; onto alumina gives rise to solid acids, for which chlorided alumina and supported triflic acid are probably not
interesting activity in the isobutane/butylene alkylation has that valid in terms of environmental friendliness. In any case,
been found?® Similar materials have been apparently used the practical application of solid catalysts for isobutane/
in industrial ethylbenzene synthesis catalysis (Alkar UOP butylene alkylation, even in the case of the zeolite-based
processf>>*However, leaching of Bfand its reactivity with ones, is still at the initial stage now, and a conclusive
water to produce volatile compounds are relevant drawbacks.evaluation of the performances is still premature. In the case

6.3.5.3. Supported Liquid-Phase CatalystsAttempts to of paraffin isomerization, the development of metal oxides
produce acid solids based on liquid superacids are also in(such as W@-2rO,) and of zeolite-based catalysts allowed
progress. The activity of triflic acid in isobutane/butylene a clear improvement of the environmental friendliness of the

alkylation has been studied by Olah and co-worREr$riflic process. However, these new catalysts are less active than
acid supported on silica is used in the Haldor Topsge FBA the previous ones based on chlorided alumina.
process of isobutane/butylenes alkylat?f>1The reaction The third trend consists in developing new acid-catalyzed

occurs at 273293 K in a fixed bed reactor. The catalyst, processes able to produce new useful organic chemicals or
however, may be withdrown without stopping the production better products or to transform different raw materials. This
and transported in a regeneration unit. Traces of acid areis the case, for example, of the several efforts aimed toward
leached into the product, which must be purifieddHANMR the production of reformulated and less polluting fuels. The
study showed that the peak position of the triflic acid proton recent devolpment of new processes such as olefin oilgo-
at 12 ppm is substantially unchanged in the case of the silica-merization to diesel fuels, hydrodearomatization and ring
supported catalyst until a water-to-acid molar ratio of 1, opening of gasoils to improve the quality of diesel fuels,
whereas it shifts to 10 ppm at higher water content, possibly and hydrodesulfurization and octane gain of FCC gasolines,
according to the formation of the TF2H,0O complex. The has been obtained with the devlopment of new catalysts and

IR OH stretching band is reported to be at 3397 &3 fine-tuning of their activity and properties, including acidity.
This is certainly a field that may change in the near future
7. Conclusions its goals, with the more extensive use of biomasses, and

perhaps also with the return to coal, as the raw materials for

The data summarized in this review provide sufficient fyels and chemicals.
evidence of three main trends in the research and develop- As always, the efforts of developing new catalysts goes
ment on acid CataIySiS in the chemical indUStry. The first together with the deve|0pment of new processes and new
trend consists, as usual in industrial practice, in producing reactor solutions. This is the case, for example, of the
better performing catalytic materials, in order to obtain more develoment of different cyclic reaction/catalyst regeneration
efficient industrial chemical processes. With this in mind, systems, that is, those used for catalytic cracking and catalytic
the exploitation of liquid superacidity performing acid- re-forming, and more recently catalytic dehydrogenation of
catalyzed processes at low temperature and, if possibleparaffins and isobutane/butylenes alkylation. This is also the
improving selectivity, is an evident target. This could also case of the development of processes based on the shift of
allow a more extensive use of poorly reactive paraffins for the alkylation and transalkylation steps in the case of benzene
chemical processes, in substitution of the more reactive, buta|kylations and, similarly, the more extensive use of catalytic
more expensive, olefins. From this perspective, the devolp- distillation reactors, as well as of complex reactors in which
ment of acidic ionic liquids seems to be quite promising. different catalytic beds perform different reactions (such as
However, not all newly investigated and apparently promis- jsomerization and hydrogenation).
ing materials also show promise in terms of safety and  Acid catalysis has been a crucial discipline in the industrial
environmental friendliness. organic chemistry of oil refining and petrochemistry, giving

A second tend is certainly related to the efforts in g unique contribution to the development of greener chemical
improving the safety and environmental friendliness of processes. Its role will be also relevant in the consolidation
industrial processes. This is quite evident considering the of a new industrial organic chemistry based on renewables.
progressive evolution of the indusrtial catalysts from the very
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