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FORTY YEARS OF ZEOLITE RESEARCH

.George T. Kerr"

ABSTRACT

A chronological review is presented covarin? zeolite synthesis and
catalysis research and development centering on those zeolites which have

ﬁl%ge a gignificant role in the commercial development -of zeolitic
rocerbon conversion cetalysts. Emphasis is placed on zeolites X, Y and
25M-5 whose catalytic applications were pioneered by Mobil Research and
‘Deveiopment Corp. _

1. INTRODUCTION

The term zeolite was coined by Baran A. F. Cronsted who, in 1756,
discovered the first mineral zeolite, later named stilbite. "Zeolite" is
derived from the Greek words “zeo” (boiling) and "lithos” (stone); Cronsted
abserved that stilbite bubbled snd appeared to bail when heated with a
flame. Today about thirty seven mineral zeolites are recognized.

Zeolites are crystaliine three-dimensional framewark aluminosilicates
or siliccaluminates. The crgstailagj'sphic unit cell best represents the
structural formula of & zeolite: : :

M, /ol(A10, ), (S10,), 1wH,0

where M is a cation of valence n, w is the number of water molecules
contained within the framework and the ratio y/x has velues of one to
nearly infinity. Indicative of the progress made in the synthesis of

zeolites during the past fifteen years, Breck (1) gave 1 to S as the known
" range of the y/x values in zeolites as of 1972. The brackets enclose the
number of (Si + Al) atoms (x+y) contained by the tetraccordinate
framework. Upon heating zeslites, the intracrystalline water enveloped by
the framework is expelled and gives rise to the bubbling and apparent
~ boiling observed in 1756 by Cronsted.

#Retired Research Scientist from the Central Research Division of Mobil
Research and Development Corp., Princeton, NJ., presently President of
Petro-Catalytic Consultants, Inc. '
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2. EARLY SYNTHESIS AND CATALYSIS RE

Although attempts to sunthesize zeolites were conducted during the
last century, the first extensive, systematic studies on synthesis were
carried out by R. M. Barrer (2) and his students ot Aberdeen in the 19408
ond eorly 1950s and since 1955 at the Imperial College of Science and
‘Technology in London. Working at temperatures significantly above 100°,
Barrer and his students prepared s number of sgnth’etic analogues of
minera] zeolites as well as several truly synthetic zeolites having no
naturally-occurring counterparts. in 1948, encouraged by Barrer's work,
R. M. Milton and co-workers at the Linde Division of Union Cerbide
Corporation initiated & synthesis program with the primory aim of
preparing zeolites which might separate the components of air using the
molecular-sized channels in zeolites as adsorbents and the differences in
molecular or atomic dismeters of the various constituents of air. In 1954
Union Carbide offered commercial samples of two new synthetic zeolites:
zeolite A (3), having no nstural counterpart, and zeolite X (4). In 1956
Union Carbide published the structures of these zeolites both of which can
be visualized as variations in the arrangement of sodalite cages {figurel).
Zeolite A wds found to have an effective channel diameter of 4 to 5&
(figure 2) while zeolite X, a synthetic faujasite (a very rars mineral), has
a channel diameter of 9 to 10 & (figure 3). As will be seen, synthetic
faujasites have played a very significant role as catalysts in the cracking
of gas oil.

Mobil obtained samples of Molecular Sieves 4A, 5A, 10X and 13X {(Na
zeolite A, Ca zeclite A, Ca zeolite X and Na zeolite X, respectively) from
the Linde Division of Union Carbide in 1954, The initial studies at Mobil by
J. J. Dickert and G. C. Johnson were directed to verifying the efficiencies
for separating various hydrocarbons from one another as reported in the
commercial iiterature of Union Carbide. By 1955 studies by V. J. Frilette,
R. Golden, R. Maatman, E. B. Mower and P. B. Weisz were underway in
~ attempting to use these materisls as catalyts in hydrocarbon conversion
reactions, principally in cracking and isomerization {5). In October 1955
R. W. Schiessler, professer of chemistry at the Pennsylvanis State
~ University and a Mobil ‘consultant for a number of years, become Manager
of Mobil's Research Division. in 1956 G. T. Kerr, who earned & PhD. in
organic chemistry under Schiessler's guidance at Penn Stote, joined Mobil
at Schiessier's invitation to initiste a program on the synthesis of new
ze0lites, Schiessler also formalized programs in continuing investigations
into the possible use of zeolites as hydrocarbon conversion catalyts. C. J.
Plank and E. J. Rosinski became part of these programs.
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In 1957 Kerr commenced studies on the kinetics of crystal growth of
zeolite A (6). These studies, the first published on the kinetics of zeolite
crystal growth together with & kinetic model, showed that the rate of
crystol growth increases with en increase in the alkalinity of the aqueous
phase and that the nucleation time decreases as the ratio of aqueous phase
to amorphous gel is increesed. Moreover, it wes discovered that crystal
growth is auto-catalytic in the sense that already formed crystals serve
as nucleation sites for further crystal growth; that is, seedingloccurs. The
results of these studies led to the concept of using strongiy alkaline
quaternary ammonium hydroxide solutions in addition to, or in place of, the

alkali metal hydroxides traditionally used in zeolite syntheses (see
below).

investigations on the use of zeolites as hydrocarbon conversion
catelysts continued. Frilette end Weisz studied shepe-selective catalysis
using zeolite A where only hydrocarbon moiecules small enough to enter
the intrecrystalline channels could undergo reaction (7). Plank and
Rosinski cenducted studies on gas oil cracking using various cationic
forms of zeolite X. They worked principally with the calcium hydrogen
zeolite obtained by the thermal decomposition of the ammonium fon in the
calcium ammonium form. They chose xeclite X because of its large channel
diameter which could admit the relatively large hydrocarbon molecules
comprising gas oil. '

3. RARE EARTH ZEOL(TE X FOR GAS OfL CRACKING

Late in 1959 J. Bourget and D. Hart of Mobil began the investigation of
cation forms of zeolite X as gas oil cracking catalyts using cations other
than calcium hydrogen. The role Bourget and Hart played in the
development of the first commercial zeolite ges oil cracking catalyst hes
not been disclosed until now. Rosinski, a chemical engineer, suggested to
Hart that he consult Kerr on what cation forms of zeolite X might be
promising as catalysts. Kerr accordingly. pointed out to Hart that the
amorphous cracking catalyst used at that time was an aluminum
aluminosilicate and thus the logical form of zeolite X should be the
aluminum form. However, Rosinski and Kerr had already attempted to
exchange the sodium from the as-synthesized zeolite with aluminum
cation. This attempt was unsuccessful because of the strong alkalinity of
aqueous slurries of the zeolite which caused the precipitation of aluminum
hydroxide gel from aluminum salt solutions. This gel plugged the zeolite
channels. '
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Kerr recalled that the Union Carbide patent on zeolite X included an
example in which the exchange of Ce** for Na' was described. Since ce
and AP* carry the same charge, it seemed reasonable that the cerium form
of zeolite X might be catalytically active. Hart then ordered cerium
chioride from a chemical supply house and carried out the expected exch-
onge. The resulting zeolite was extremely active, too active to be useful in
a commercial application. Chemical analysis revealed that the cations in
the zeolite were mixed rare sarth eiements and subsequently the chemical
‘supply house admitted they had made a mistake in sending Hart a mixture
of rare earth chlorides rather than cerium chloride. This is the first time
the rare earth story has been publicty disclosed. '

Hart end Hourget did not pursue studies on the rere earth zeolite;
howsver, Plank and Rosinski took up the challenge and eventually they

found that controlled stesming yfelded & catalyst which showed
~ commercial promise (B). tn 1962 Mobil first used Durabead 5, containing
rare earth zeolite X, as a commercial gas oil cracking catalyst. Protonic
sites are generated by the hydrolyis of the rare earth ion:

RE®*+ H,0 —> RE(OHP* + H'.

Completely anhydrous rare earth zeolite fausasites are catalytically
jnactive. This catalyst yielded about 508 more gasoline than the
conventional amorphous silica/alumina catalyst. Several years later
zeolite ¥, patented end manufactured by Union Carbide (8), replaced zeolite
X. Zeolite Y is more silicon-rich and thus more thermally and
"hydrothermally stable than zeolite X. it was found that Fluid Catalytic
Cracking (FCC) is more effective than Thermofor Catalytic Cracking (TCC)
using zeolite catelysts and thus fluid cracking is used almost universally
at present. Todey, twenty five years later, zeolite ¥ in some form or
- other, as described below, still constitutes the active component in gas
oit cracking catalysts. o

4, SYNTHESES USING QUATERNARY AMMONIUM IONS

Meanwhile, zeolite synthesis research continued at Mobil. In 1961 Kerr
and Kokotailo announced the synthesis of zeolite ZK-4 in which chemical
and x-ray diffraction. analyses showed it to be a silicon-rich form of
zeolite A (10). Essentially simultaneously, Barrer and his student, P. J.
Denny, announced the synthesis of & zeolite which x-ray diffraction '
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‘analysis showed to be o zeclite A structure, probebly siticon-rich (10).

These snnouncements opened up & new -approach in zeolite sgnthesisz‘ the
use of large, bulky cations. Both zeolites ZK-4 and N~A were prepared from
reaction mixtures containing tetramethylammonium (TMA) fon, [(CHy),N'].

Kerr used both TMA and sodium ions in the synthesis reaction mixture
which gave quantitative yields of the zeolite based in the quantity of
aluminum used (12). Barrer and Denny used only TMA which resulted in very
small yields. Barrer and Denny correctly proposed, as subsequent research
confirmed, that the presence of large 2zeolitic cations restricts the
gquantity of cations which can be present in the zeolite cages or channels:
This in turn necessarily restricts the aluminum content, resuiting in
increased silicon/aluminum ratios in the framework. '

In 1963 Kerr announced the synthesis of the first new zeolite structure
using, for the first time in zeolite synthesis, a doubly charged quaternary
ammonium ion:1,4-dimethyl-1,4-diazoniabicycicol2.2.2]octane (figure 4)
and Na* (13). This quaternary was used in the form of solutions of the
hydroxide end the bis-(trihydrogen silicate) dihydrate, the first known
example of a crystalline dibasic quaternary ammonium disilicate (14). The

zeolite was named ZK-5 (figure 5) and has sorptive properties essentially
identical with those of Ca zeolite A. Both zeolites have a great
rhombicuboctahedron tocated in the centers of the the cubic unit cells.

5. ZEOLITE BETA- THE FIRST SILICON_-E; ICH ZEOLITE

~ In 1967 R. L. Wadlinger, 6. T. Kerr ond E. J. Rosinski obtained & patent on
zeolite beta synthesized using tetraethylammonium and sodium ons (15).
This zeolite marked a breakthrough in zeolite science: it was found to have
Si/Al atom ratios as high as 50. Until that time the most silicon-rich
zeolite known was mordenite with Si/Al = 5.0 to 5.5. As a result of its
relatively high silicon content and concomitantly low aluminum and cation
contents (16), beta was the first zeolite to dispiay a significant degree of
hydrophobicity. The structure of zeolite beta has not been published.

6. ULTRA INUM- '

- At the Molecular Sieve Conference, London, April 1967 {now known as
the First International Conference on Zeolites) C. Y. McDaniel and P. K.

Maher of W. R. Grace described a material they called ultrastable foujasite:

prepared by the thermal decomposition of ammonium zeolite ¥ (17). They
found this material te be unususily thermelly and hydrothermally stable

—
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compared with the hydrogen (decationated) form of the zeolite expected
from the thermal decomposition of the ammenium form (16,19,20,21):

NH, zeolite Y —> H zeolite Y + NH;

McDanie! and Msher did not determine the detailed chemical composition of
the ultrastable zeolite nor did they determine nor discuss the critical
conditions for its preparation; they simply described the procedure they
used in obtaining this material. They reported that the cation exchange
capacity of the ultrastabls faujasite was lower than expscted based on the
aluminum content. '

(n 1967 G. T. Kerr showed that the bed geometry of the ammonium
zeolite ¥ during thermal decomposition et 500° determines the nature of
the product (22). Shallow-bed caicination yields the expected hydrogen
(decationsted) form of the zeolite with the full cation exchange capacity

while deep-bed calcination yields the ultrastable form with a diminished '

jon exchange capacity. Kerr also showed that a significant portion, about
25%, of the aluminum could be cation exchanged from the ultrastable
zeolite. Kerr proposed that hydrolysis of tetracoordinate aluminum in the
hydrogen 2eclite occurs in the presence of water whereby the aluminum
becomes hexaccordinate. This change in the coordination of the aluminum
explains the loss in ion axchange capacity reported by Mc Daniei and Maher.
Some form of the ultrastable zeolite Y is used aimost universally today in
Fluid Catalytic Cracking (FCC). ’ :

The first chemical dealumination of & zeolite, with retention of a

significant portion of the crystallinity, was reported by Barrer and Makki .

who treated clinoptilolite with various strengths of hydrochioric acid
(23). Zeolite ¥ (Si/A1=1,5-3.0), being less silicon-rich than clinoptilolite
(Si/A1=35), is prone to catastrophic attack by strong acids such as
hydrochloric. Zeolite ¥ was first chemically dealuminated (sbout 30%)

with retention of most of the crystallinity, by a special technique using '

athylenediaminetetraacetic acid as described by Kerr (24). Beyer and
Belanykaya reported the replacement of aluminum by silicon upon treating
zeolite ¥ with silicon tetrachloride at elevated temperatures whereby
aluminum trichloride was expelled from the zeolite by volatilization (25).

Beaumont and Barthomuef were among the first workers to study the
cstalytic properties of dealuminated zsolites {26). This work will
probably be described in detail by Dr. Barthomuef st this Seminar.
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Kerr, Miale and Mikovsky found that steaming ammonium zeolite Y with
carefully controlled water vapor pressures followed by treatment with
ammonium chldoride or ammonium EDTA solutions yietded cracking
catalysts with activities several thousand times that of amorphous
silica/alumina* (27). Today essentially all commercial gas oil cracking
catalyts contain some form of the ultrastable zeclite Y. Kerr wrote a
review on the subject of ultrastable and chemicatly dealuminated zeolite ¥
(28). A more recent and complete review was published by Scherzer (29);
it includes a summary of state-of-the-art the instrumental techniques,
such as 27Si and 27Al MASNMR, which verified the chemistry of ultrastable
zeolite ¥ and aluminum-deficient zeolites os determined earlier by
Jaborious, traditional wet-chemical methods.

7. ZEOLITE ZSM-5, THE FIRST ULTRAHIGH SILICON ZEOLITE

A logical extension of the work of Kerr (12) and Wadlinger, Kerr and
Rosinski {15), who used the guaternary ammonium jons tetramethyt- and

tetraethylammonium te prepare zeolites ZK-4 and beta, was the use of

tetra-n-propylammenium ion. Kerr initiated this work in 1961 (30) but it
was not brought to fruition until a few years later by R. J. Argauer and G.
R. Landolt who first synthesized zeclite ZSM-5 (31), figure 6. This
material has been synthesized with Si/A1 atom ratics ranging from about
10/1 to essentially infinity (32).

As shown by Chen (16), os. the Bilicon/eluminum ratio increases in a
given zeolite, the zeolite becomes increasingly hydrophobic but retains its
organophilicity. Those zeolites with Si/Al ratios of several hundred end
higher are almost completely hydrophobic. Essentially pure silica zeolites,

such as some samples of ZSM-5, are unique compositions of SiQ, in the
gense that the intracrystalline channel “"surfaces”, available to many-

foreign or "guest” molecules, consist of only Si-0-Si bends. The surfaces
of all other forms of SiQ, (e.g., silica gel and quertz) consist of Si-OH

terminal groups which render these surfaces hydrophilic.

8. SUPER-AND ULTRASUPER ACIDIC H ZSM-9

with Si/Al atom ratios varying from about 10/1 to infinity, ZSM-5
offered the opportunity to determine the effect of aluminum and
concomitant proton content on acidity. In 1980 D. H. Olson, R. M. Lago and
¥. 0. Haag reported that the acidity per aluminum site was constant for
samples with Si/Al ratios of sbout twenty to infinity {33). The samples.
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were prepared by very careful caicination of NH,* forms. Alpha values of

the samples were determined in which aipha is defined as the n-hexane
cracking activity relative to that of an equal volume of amorphous
silica/alumina, the catalyst employed for gas oil tracking before the
advent of zeolitic catalysts (34). O1son et. al. found that the activity per
aluminum site is about S7 times greater (slpha = 57/1.00 wt.B Al0;)

than that of silica/alumine. The reasons for this very much higher activity
are not clear but may be related to the fact that all aluminums in the
zeolite are tetrahedrally coordinated to siticon through oxygen and that all
aluminums are located on intracrystalline channel surfaces.

In 1986 R. M. Lago, W. 0. Haag, R. J. Mikovsky, D. H. Olson, S. D. Heliring,
K. D. Schmitt and G. T. KetT reported on the effect of steaming on the
acidity of the hydrogen form of ZSM-5 (35). They found that severe
stesming reduces the acid activity while mild. steaming effects
significant increases in activity. This is similar 1o the observetions of
Kerr, Miale and Mikovsky on steaming of zeolite ¥. Lago gt.al. found that
mild steaming. generated new catalytic sites with specific activities 45
{0 75 times greater than those in the normal H Z5M-5. This acidity is about
3000 times greater per framework sluminum than thal of silica/alumina.
To explain these observations Lago and co-wokers proposed that aluminum
tetrahedra are distributed in two ways in some of the ZSM-5 framework
four-rings; some aluminums are isolated and others occur in pairs
occupying diagonal sites in the four-ring. In the normal H-zeolite all
aluminums have the same acid strength. Upon steaming, one of the paired
aluminums is  partially ‘hydrolyzed, changing the chemistry- of that
aluminum which in turn affects the chemistry of the surviving four-ring
aluminum and increases the acid strength of the associated proton.
Prolonged or severe steaming completely hydrolyzes aluminum. from the
framework resulting in @ decrease in both the acid strength and
concentration of protons. This mechanism may also apply to ultrastable
and dealuminated H zeolite Y. Based on early work of Beaumont and
Barthomuef (268), Kerr suggested that steaming and/or dealumination of
H zeolite ¥ simply effects an increase in the distance betyeen suryiving
acid sites with a concomitant increase the strength of these sites (28).
This may be an over-simplification.

i now seems rother clear that the origin and the nature of catalytic
acidity in hydrogen zeolites are reasonably well-understood. it is now
puzzling why the amorphous silica/alumine cotalyst has such tow acidity,

W
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particuiarly since it contains ‘
: at teast an order of magnitud
2y : . e
::m::um thd{l‘ the 31!|con-r?ch zeclites. The amorphous notugre of sil?lz‘:’e
a complicetes determinotion of its structural and acid chemistry

9, MINUM-FREE TETRA-n-PROPY
AMMONIUM Z5M-5 VIS-A=~
CONVENT JONAL QUATERNARY AMMONIUM SILICATES A=l

Several quaternary ammonium sili
’ ! um silicates have been synthesi
f;;;;tc;:;lztzdt r;m:u:;?gl tetramethylammonium (36), tetragthglumﬁgniznmd
' -n-butytammonium (37b). The first tw i
ratios of 1/1 while for the lstter th i0 i e e ot
e ratio is 7/1. These compounds i
3221 s‘ltouttg ore c!eorlg molecular crystals with relatively 1051 melsti]:gucl:‘
pitation points. It seems odd thet e tetra-n-propylammonium (TPA)

silicats with similar properties
research efforts in this a?'eo. has never been reported despite the Targe

suhst:ntc gr:j‘?g; Ltanm;ieirhso :::tte glurginum-free TPA ZSM-5 is the only

. ' zed as TPA silicate. Samples i
;v;?’:e?:i r:;;&:ol:‘een prepgred whtch_contain less than 0.01% Alpbut g;n::::
crstalting. si S per unit cell or Si/N=24, suggesting they are polymeric
oo mposed 1o u;ates. Upon calcination at 500° the TPA ions are
oot a ool sﬁ!]l?u‘l whqt appears‘tg be the Z6M-3 crystal structure in the
conclusionb (sge 3;1(: :(;:Id. There ig considerable evidence to support this
conclusion (30, 39, 40, 41, 42, 4’13).. These materials are catalyticall

. are all other forms of silicic acid, for example, silica gelsJ

However, activity can be ind i
chioride vepor ( 43)' uced by eppropriate treatment with aluminum

10, OCESS| '
HYDROCARBON PROCESSING WITH H ZSM-5 (Si/Al = 35)

~ The acidity and shape selectivi | |
k dity ivity of H Z5M-5 are the k i
catalytic processing of hydrocarbons. Two of these processes i?l%zl:rf; :::

use of the zeolite for cracking and removal of relatively high molecular

:::llgtti jetlroighft chain and slightly branched chain paraffins which ore
e e S[._l ;;;Derrad to os'wmf. The processes are known in the petroleum
e D?wuxing (:!mfzrygmtlhmstiuote Dewaxing (45) and MLDW for Mobil

. nd both utilize fixed-bed reactors. MDD ’
g::?rt\::c:taitl; gehggrosulf uﬁzotiun conditions and can be integrotedo?:t?gisd ?;
with distillate dehydrosulfurization units. The catalytic

cracking processes rem
| ove more w
solvent extraction, ex and are very much cheaper than
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The Mobil methanol to gasoline (MTG) process (47) successfully went on
stream in late 1985 in New Zealand which has ample supplies of naturel
gas which can be converted to synthesis gas which in turn is converted to
methanol. Methanol is first dehydrated to dimethyl ether using alumina.
The ether is dehydrated within the H Z2SM-5 crystals to yield a mixture of
hydrocarbons; the zeolite channels control the shape of the effiuent hydro-
carbons yielding sutfur- and nitrogen-free high octane gasoline.

An excellent exampie of aromatics processing is the disproportionation
of toluene to benzene and p-xylene (48). Within the zeolite crystals the
expected thermodynamic equilibrium mixture of xylenes is probably
produced but the rate of diffusion of the p-isomer, about 1000 times
greater than that of either the o- or p-isomers, yields this isomer in high
purity. p-Xylene is the source of terephthelic acid, an importent
intermediate in the manufacture of poly-terephthalate esters. :

11._POROUS CRYSTALLINE ALUMINUM PHOPHATES AND DERIVATIVES

Crystalline aluminum phosphates (AIPQ,) have been known for many

years; they are analogues of crystalline silica and are therefore quite
dense and non-porous. In 1982 workers at the Linde Division of Union
Carbide Corp. announced the synthesis of porous aluminum phosphates,
some of which are iso-structural with some zeolites (49). These materials
are synthesized in the presence of guaternary ammonium ions or amines.
As with silica, aluminum phosphates are non-acidic and hence are
catalytically inactive.

More recently, the Linde workers have fearned how {o incorporate
additional elements, such as silicon, into the aluminum phosphate
structures which impart anionic charges to the framework thus inducing
cation exchange capacities. Such materials in the hydrogen or protonic
form show promise os a new class of zeolite~like acid catalysts. A recent
comprehensive review of the synthesis and properties these substances
has been published (50).
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49 SEMINARIO BRASILEIRO DE CATALISE

IMPREGNATION AND DRYING OF SUPPORTED CATALYSTS

*
. Christian Marcilly

ACT . .
?E?lRpaper gives a succinct analysis: of two important elementarﬂ
steps. in the preparation of supported cqtalxsts : 1mpregnat1on 22
drying. First, impregnation without or with 1pteract1on between the
dissoived precursor and the carrierare described. The only mode of
interaction considered here is ion exchange. {electrostatic bond).
Then some simple and ~extreme cases of drying of catalysts
impregnated without interaction are discussed.

1. INTRODUCTION

Most industrial catalysts used in oil refining,
petrochemistry and for various applications such as exhaust gas.
conversion, CO + H, chemistry or fine chemicals, are supported
catalysts composed of metal, metal oxides or sulfides deposjted on a
carrier. :

When preparing such catalysts, the objective in most cases
is to use the metal compound with maximum efficiency or, in ather
words, to -reach the maximum specific area, that is to say the
maximum dispersion of this active phase. This is the first important

characteristic of the catalyst, especially in the case ofvcatalysts _

containing noble metals. v
“ A second important characteristic  is -the kind of
macroscopic distribution of the meta11ﬁ¢'compound on the carrier
vsurféce. As far as bifunctional catalysts are concerned, the carrier
is also an active phase. The best catalyst is the one with the

_ greatest intimacy between both functions. Therefore the metal.

~ compound nust be well dispersed and homogeneously distributed

‘throughout the carrier.
For monofunctional catalysts, where the carrier has no
catalytic role, good dispersion of the active supported phase is

*Institut Francais du Pétrole, Rueil-Malmaison, FRANCE,
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still a goal that is aimed at, but a homogeneous distribution is not
necessary any longer. This is the case, for instance, when the
transformation of reactants is diffusion limited as in exhaust gas
conversion or. some selective hydrogenations

The preparation of supported 6atalysts comprises at least
the following three main steps :
. impregnation of the carrier
. drying
. heat treatment which is usually an air calcination.

Depending on the kind of catalyst or the kind of

. preparation method, the two main characteristics of dispersion and

distribution will be actually or potentially reached after the first
two steps. During heat treatment, the manufacturer will try to
maintain both characteristics or to develop their potentiality.

~ We will briefly examine how to obtain the above mentioned
characteristics during impregnation and drying.

1. CARRIER IMPREGNATION

The introduction of a metallic precursor in the porosity of

a carrier can‘essentially belong to two types of impregnation (1, 2,
3, 4) : ;

- without any interaction between the precursor and the carrier

- with interaction between the precursor and the carrier.

1.1} Impregnation without interaction

In almost all cases, impregnation is carried out in the
1iquid phase. When the porosity is initially free of solvent (water)
or solution, the driving forces that make the precursor move are
capillary forces (1, 3, 4, 5; 6). When the porosity is initially
full of solvent, the driving force is the concentration gradient

" (diffusional impregnation (1, 3, 4, 5, 6)).

1.1.1) Capillary impregnation.

Two main techniques are used to place ine_ precursor in
contact with the dried carrier : (i) a batch impregnation where the
carrier 1is wetted by a sprayed precursor solution and (ii) a
continuous 1impregnation where the carrier is soaked in a large
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L;excess of precursor solution (l 2, 3, 4, 7). In both cases, the
-+ vol ume 'y of solution retained is related to the porous vo1ume Vp and’
to the weight P of carrier by v (liters) = P (kg).Vp (cm g 1y, Its
_¢oncentration C {in mole.1” ) of precursor depends on the meta]
weight x (in wt %) to be deposed on the carrier :

. 10° A = atomic mass of the metal
A.n Vp n = number of meta) atoms in a precursor molecule.

Such a capillary impregnation is characterized by the
following thrée phenomena :

a) Exothermicity (3, 4)

‘ Replacing the solid-gas interface by a solid-liquid
interféce in .the porosity leads to a decrease in the free enthalpy
of the system, i.e. to a release of heat. This usually has no

,,cnnséduéncé‘gxcépt in the following two cases : (i) the precursor
has a. retrogﬁédé so]ub11ity and the precursor concentration is close
‘to saturation, (11) the impregnation solution contains an unstable
“mixture of some metal precursors. In these two cases, precipitation

" of the precursor can occur within the carrier. The best technique of
impregnation would then be the continuous one {excess of solution)
-which ensures better cooling. Using the batch method may still be
possibTe pfoVided that a preliminary deactivation of the carrier is

carried out -under water vapor above 100°C (building of a Tiquid filmj

on the surface).

b) High pressures in the microporosity (3, 4, 8)

“In the course of impregnation, part of the air initially

present is jammed together as bubbles and compressed, According to
the Young-Laplace's Taw AP = 22( the pressure inside an air bubble
can reach values of several MPa (several dozen bars). For instance,
within a pore diameter of 50 nm, assuming Aﬂu? x 107 -2 N.m -1 :
AP = 14.107%/25x107% = 5.6 MPa (56 bars).

Under such pressures, air progressively dissolves and
diffuses toward the external surface of the carrier particle where
it escapes. But during that transient period, high pressure can he

018.

responsible for particle breaking especially with a carrier with a
high microporous volume and a monomodal pore distribution.

c} Rate of capillary impregnation (9)

Poiseuille's law for viscous flow and the Yeung-Laplace's
law can be combined to determine the theoretical time required to
fill up a pore w;th a radius r and a length L :

ML » |
Y.r : ©
M = dynamic viscosity of the solution (Pa.s)
= distance between the exterior and the center of the grain, if we
ignore pore tortuosity for a rough estimate.

The smaller the pore, the Tlonger the .impregnation. For
instance, dilute aqueous solution :

N 1072 pa.s , Y=7x 1072 Nop! .
Assuming L = 10 3 , it should take about 10 min. to fill up a pore
with a radius of 10 nm,

In practice, 1impregnation time is much Tlonger for many
reasons :

Tortuosity of pores has to be taken into account : Lz must be
replaced by |3 L?
The solvent may d1ffuse faster than the precursor ;- the time for
the precursor to distribute réven]y by diffusion w1th1n the
porosity is then much longer than the previously calculated time,
. The third reason is probably the most important.. The elihination
of air occlusions can take several dozen minutes or even several
. hours to be completed (8). A paper by Veselov et al (10) clearly
- shows that equation (:) is followed only for a limited time and
that the actual total impregnation time is governed by air
dissolution and diffusion.

1.1.2) Diffusional impregnation.

In a first step, the carrier is filled up with the solvent.
When contacting it in a second step, with the solution of the metal

precursor, the two previous phenomena that occur during capillary
impregnation (i.e, exothermicity and high pressures in the
microporosity)) do not take place. The migration of the precursor is
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quite long. A simpie calculation of the time t required to reach a
complete and homogeneous precursor- distribution {relaxation time},
can be made in the particular and simple case where the
concentration C of the precursor remains constant outside. the
carrier particles (5, 6, 11, 12) : )

2 @

t= R
D £

R = radius of the carrier pért1c1e, D = diffusion coefficient of
precursor molecules in the Tiquid phase,
ﬁ= tortuosity coefficient, € = porous fraction of the carrier.
For solid beads with R = 1mm, 3= 2and €= 0.5 if
~ 10'5 cmzxs'x, the relaxation time given by equation@ is
= 4x10°%.
The existence of slight interaction between the precursor,
and the carrier stows down the-impregnation process. An interaction
term P must be introduced in Equation (:) (5,6, 11, 12) :

p- BBy

p €

D
t

1.2} Impregnation with interaction.

In many cases, the metal precursor interacts strongly with
the carrier and becomes fixed on the surface by either electrostatic
or chemical bonding. From a practical point of view, such an
impregnation will be carried out in an excess of solution containifg
the exact quantity of precursor to be deposited.

Most examples of impregnation in the literature are in the:

jon-~exchange category (electrostatic bond formation) to which we
will restrict ourselves here. But a growing number of laboratory
studies concern the controlled grafting of a precursor on the
surface with the formation of chemical bonds (13, 14, 15, 16).

Mineral carriers are actual or potential ion exchangers.
Zeolites and many aluminosilicates are actual cation exchangers.
Their framework is negatively charged. The number of negative charge
that are cation exchange sites and the strength of these sites are
governed by the kind of structure and the silica-to-alumina ratio,
and do not change when the solution characteristics (pH, concen-
trations) are modified. On the other hand, many simpie oxides such

—
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as alumina, zirconium oxide, titanium oxide and silica, some of
which are amphotefic solids , are potential ioen exchangers ; they
may exhibit more or less positive or negative charges according to
the pH of the aqueous solution. The question that arises is : how do
these oxides hecome ion exchangers ? |

1.2.1} Simple mineral oxides as ion exchangers.

Under normal conditions, the surface of such solids is
covered by hydroxyl groups, OH, whose number depends on synthesis,
drying and calcination conditions. When socaked in an aqueous
solution, two possible ionizations of OH groups can occur. Such a
property can be roughly represented by the following edui]ibrium,
where Z is the solid without its superficial covering of OH groups :

7-0" + H'——"Z-0H——7" + O~ ‘ 3

This shows that adding an acid to the solution makes the
reaction shift towards the right and so causes an increase in Al
(anionic sites) concentration»and, conversely, a base addition leads
to an increase in Z0  {cationic sites) concentration. At a given
pH = pHi, the isoelectric point 1is reached where the number. 6f
negative charges on the surface is equal to the number of pbsitivé
charges. If pH>pHi, the mineral oxide is a cation exchanger. If
pH<pHi, the mineral oxides is an anion exchanger.

7 )

Table 1 (17) gives the values of pHi for various oxides.
These vglues are often approximate due to the great sensibility to
impurities.

Figure la (8) gives the variation of the zeta potential of

silica and alumina versus the pH of the solution (the zeta

potential, measured by electrophoresis, is related to the sign and
the number of superficial charges). This shows that the number of
negative superficial charges increases with the pH. As shown in
Figure 1b (9), this is quite well correlated for both solids with
the increase in pH of the ion exchange capacity for Pt(NH3)42+
cations. With some solids, things are more complicated due to the
fact that the ion exchange capacity increases -when the pH is
changed, not only by ionization of superficial OH groups but also by
increasing the number of these OH groups in the pH region where the
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solubility of a given oxide increase sharply. For instance, alumina
is notoriously soluble in an acid medium below pH3 and in alkaline
above pH 10-11 ; silica is moderately soluble above pH 9-10. Both
phenoména (OH group formation and dissolution of the solids) are the

. consequence of the scission of M ~=w0 = M bonds (M = Al or Si) by

hydrolysis.

1.2.2) Deposit of a metal M on a carrier by cation exchange.

Cation exchange is usually an equilibrated reaction between
cations AT and M™ in the solid Z and in the solution S, which can
be written as follows : N

n AJ“Z " M"+s _—n A+S +'M"+Z ()

For ddeal solutions and ddeal solid exchangers, the

equilibrium constant K is expressed in terms of cation concen-

trations : o '
‘- (CAS) X Gy | | 3)
o) X g | o
Two extreme cases of the introduction of a metal cation in
a carrier.will be considered here to illustrate the thermodynamic
aspect of cation exchange. The second one will alsc illustrate an
) impoftant kinetic aspect. ’ ’ ’

‘a) A metal with a Jow affinity for_a_carrier_has_to be deposited in

The N12+ has a rather low affinity for mordenite structure.
The Nizt--f-—>2Na+ exchange has been extensively studied by Barrer
and Townsend (18) who found a maximum exchange Tevel slightly above
50 %. Provided that numerous successive operations with intermediate
drying ‘are carried out, it is however possible to. introduce a
significant qﬁantity of nickel metal in the zeolite structure (about
4 wt %) in spite of the low affinity of nickel. )

Introducing Nizf in the hydrogen form of a mordenite, which

has been dealuminized by steaming andv slight acid leaching

(Si/A1a212), 1is a much more difficult task for at least three
reasons : :

. Dealuminization of mordenite results in a decrease in
tetracoordinated Al, which are cationic sites of the framework,

. A small fraction of residual sites is not exchangeable because
they are still occupied by cationic extraframework debris (19)
‘that have riot been entirely removed by acid leaching,

. Replacement of protons by N12+ ex nickel nitrate.is carried out in
an acidic medium.'Thg excess of protons that are thus present in
solution makes the following equilibrium shift to the left.

Sty ¢ P 2 s k2 P ’ ®
N As a matter of fact, one single exchange operation in an

0.5 M nickel nitrate solution produced a zeolite with only 0.5 wt%

Ni {20).

v The only way to increase the Ni constant of mordenite is to
make numerous successive exchange operations or, much more simply,
to shift equilibrium (:) to the right by introducing anions that
trap protons in a non-ionic compound. Such anions are, for instance,
0H™ or acetate CH3C00f, which combine with protons to give very'
weakly dissociated water or acetic acid molecules. Using nickel
acetate instead of nickel nitrate, under the same experimental
conditions, it is thus possible in a single operation to introduce.
2.43 wt % Ni (20). '

Bifunctional catalysts for hydroisomerization or
hydrocracking can be prepared by ion  exchanging NH4~USY
(ultrastable Y) with a cationic complex of platinum.. Figure 2 {21,
22) shows that the affinity of the Pt(NHBJ%Z platinum tetrammine -
comp1ex for NH4Y is high and that about 73 % of the cationic sites

‘are exchangeable by this large cation. This corresponds to a deposit

of about 15 wt % Pt on the zeolite. For obvious economic reasons,
the manufacturer will not place more than 1 wt % Pt on the zeolite,
which is much less than the saturation level, and he will strive to
fix on the carrier almost all of the metal complex present in the

~solution. Thus, when extrudates of the carrier (zeolite + alumina or

zeo]ite2+ amorphous silica-alumina) are sunk in the solution, all
+ . .

PL{NH4)% dons are quickly and totally fixed on the first accessible
fon exchange sites, i.e. on the outer part of the extrudates. So, in
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the catalyst obtained, platinum can bebeffective1y dispersed, but is
poorly distributed across an extrudate and from an extrudate to the
other as well,

According to the following exchange reaction,

Pravgyg + 2wt 5 lpemp) %, + 2wt @
if all metal cations are fixed on external zeolite cristallites of
the carrier, the Pt(NH3)%r concentration in the solution, which is
the driving force for the complex ion to migrate toward the core of
the extrudate, is nearly nil. Therefore, the time required to reach
a homogeneous distribution is very long, more than several weaks.

A simple way of accelerating the diffusion of the metal
precursor is to use the competitive ion exchange method (21, 22, 23,
24), Simultaneously with Pt(NH3)22 cations, NH4+ cations are added

“in sufficient quantity to the solution. As a result, reaction (:)
shifts to the left, leading to an increase in {Pt(NHa)%:] s
concentration, therefore to an increase in the diffusion rate of
these ions toward zeolite particles located in the inner part of
lextrudates. The quantity of NH4+ added to the solution-ion can be
calculated so that less than one percent of the total platinum
remains in the solution at the end of the operation. The catalyst
obtained has good platinum dispersion and macroscopic distribution.

2, DRYING.
Drying 1is a single Aoperation that has more or less
importance according to the kind of impregnation. If the metal

precursor interacts strongly with the carrier, neither washing nor

drying will sensibly modify its macroscopic distribution and its
‘dispersion within the carrier. Both operations will at most change
the coordination sphere of the metal (25, 26, 27, 28). If the metal
precursor is not or only weakly adsorbed on the carrier, washing
“must be avoided and drying, which is necessary, may be responsible

for significant changes 1in the macroscopic distribution of the -

. precursor. Moreover, drying gives rise to very different results
depending on the operating conditions.

We will focus here on this Tlatter case of drying (no
interaction ,between _carrier and precursor). We will successively

analyze the drying of a simple porous system with two pbre-size

categories and the drying of a more complex porous system.
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2.1) Drying of a simple‘porous system.

2.1.1) Elimination of the solvent.

Let .us consider two connected cy]indriéa1 pores, 1 and 2,
with radius r1 r2, which open on the outer surface of a carrier
particle. After impregnation, the porosity is full of solution and
the air-liquid meniscus at the outlet of the pores is approximately
a plane surface. As soon as drying starts, evaporation takes place
on these plane surfaces and as a consequence, the meniscus becomes
hollowed out (Fig. 3). Due to Laplace's law, the pressure within the
liquid drops. If drying is slow enough, when the meniscus ~ radius r
is équa] to the Targest pdre radius rl, the maximum pressure
decrease for pore 2 is reached and the meniscus starts to recede
toward the particle centre {Fig. 3). :

Laplace's Taw has two important consequences :

i) For very small pores, as far as the meniscus concept is still
meaningful, the pressure drop AP is high enough to make the
pressure P' of the liquid negative. For instance, if r1 = 25 nm
and Y~ 6.1072 Nom™! 2 Pt o= pr- 2Y /¢l = - 47 bar (-4.7 WPa).
Everything occurs as if the meniscus would pull the Tliquid

. outside the pore. The liquid'g cohesion is not necessarily broken
because cohesion forces between molecules can be high (case of
water)., The liquid cohesion will break as soon .as the tensile
strength of the solvent is reached. If high enough, such negative
preséures can give rise to some damage of carriers with poor

~mechanical strength.

ii) At a given time, as evaporation progresses, both menisci must

" have the same curvature radius so that a pressure equilibrium
exists within the liquid in the pore system. This results in that
the solution will be removed first from the largest pore 1.
Therefore, if evaporation takes place at the outer meniscus of
the smallest pore 2, this latter will be continuously supplied
with solution by pore 1 (Fig. 3).

If drying is very fast, it is limited by thermal diffusion.

A catalyst particule has an external hot layer .that is free of

solution and an internal wet zone at the beginning of which both

menisci are receding toward the particule center.
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2.1.2) .Deposit of the precursor (5, 6, 33‘)

-The  characteristics _of this - depos1t (macroscopw,

' d1str1but1on and dispersion) on the carrier surface will greatly
depend on the characteristics of the.solution and, above ail, on the
rate of drying. Two extreme cases of dryiﬁg can be considered.

...........................

of the capﬂary flow rate and the vapor d1ffus1on rate
(5, 6) &>, ~

The evaporation process can be followed by the evolution of

-parameter-U which. is the moisture degree of ‘the carrier, i.e. the
. fraction of *the pore volume occupied by the solution (5).

~ Precipitation of the precursor starts.as soon as the saturation

" concentration CS is reached. Saturatmn corresponds to a value U of
parameter U ; S is defined by U = Co/CS, where C "is-the 1n1t1a1
concentration of the 1mpregnation sotution. In order to know where
the precurser deposit takes place, U must be compared to ULP and
Ugp, which are the fraction of total pore volume- given by,
respectively, the largest’ pore 1 and the smallest one 2
(ULP+USP=1) : '
If USP< US’ precipitation starts when the largest pore- is part1a11y
empty. : : .
I USP>US’ prec1p1tat1on occurs only in the smallest pore.’

In both cases, since evaporation at the mouth of pore 2 is
important there is a risk of blocking the smallest pore inlet by a
precursor deposit (Fig. 3b).

b} Very fast drying is characterized by 0<< 1 (5, 6).

If diffusion of the precursor toward the evaporation zone
is much slower than evaporation of the solvent, the precursor starts
at once to be precipitated and is progressively deposited at the
tevel of both menisci (1 and 2), the position of which uniformly
recedes toward the particle center. Such conditions are favorable

for obtaining a precipitate with fairly good macroscopic homogene1ty
and high dispersion.

o 2.2) ‘Analysis.of ‘the drying of a'complex porcus system (5, 6; 33).

-This process is usually very complex due to the 1arge

> number- of parameters involved (charactemstms of the solution, the

. 'porous system and -the operating conditions). A great diversity of-
" situations can' thus be encountered and, as a rough estimate, it can
. be said ‘there.are almost as many particular situations as dry1ng
Tcalses. So, we will focus on only a few cases, including the two

extreme ones : slow and very fast drymg

2.2.1) Slow drying (X.>> 1). v :

The evolution of parameter U versus the sectional radius of
the carrier particle is given for a schematic case of slow drying in
Figure 4. According to Neimark et al (5), three main steps can be

“distingui shed :

. First step : ]>U>U]
Evaporation proceeds from the outer. surface of the particle. Al

menisci are hollowed out but do not recede in the inner poresity

yet. This usually corresponds to the evaporation of a very small
fraction of the total impregnation solution.
- Second step : U;> U>U

“The menisci of largest pores recede toward the part1c1e center.'

The poros1ty is separated into three zones : g

(i) a system of connected dry pores, (ii) a coherent liquid domain
of the same order of magnitude as the dry pore system, (iii) a
group of small isolated domains or clusters that are blocked by

dry pores. A significant redistribution of solution toward the A

external porosity can be observed.

. Third step : U >U>0

" After the er1t1ca1 moisture U is reached, the coherent liquid
domain is crushed into sma]]er isolated liquid domains composed
“mainly of micropores. Below Ucr’ extensive Tiquid redistributions
within the porosity cannot take place any longer. Drying ends with

the elimination of solvent from the ultram1cr0poros1ty and the

f1lm.
The macroscomc distribution of the precursor within the
part1cule volume depends essentially on precursor solubility (which

" is characterized by Us = Co/CS) and on the critical moisture value

Uope
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,If US=’Ucr
We can consider that all external macropores are empty.
Evaporation of the solvent and precipitation of the precursor
essentially occur at’ the outer mouth of the micropores 1f the

~partfal pressure of the solvent vapor in thq"dry1ng gas is very
low (low P/Ps). The solution moves through the coherent liquid
domain from {internal macropores to external micropores. Thus,
extensive redistribution of the precursor toward the external

porosity can take place during the second step of drying (5, 29,
30, 31, 32, 34, 35, 36). Such a situation can lead to a blocking
of the mouths of external micropores {Fig. 3b).
DIf U§< Uep

.Prec1p1tat1on occurs only in the isolated tiquid doma1ns, giving a
fairly homogeneous macroscopic distribution of the precursor
deposit throughout the carrier particle.

In both cases (U >'or<lJ ), poor deposit dispersion may be

obtained due to the s]owness of precipitation, which can favor

'crystal growth compared to nucleation.

2.2.2) Very fast drying (X << 1) (5).

Very fast drying leads to the format1on of an evaporation
front which gradually moves from the outer part to the inner part of
the particle (Fig. 5). This front separates an outer dry and an
inner liquid zone. In most cases, precursor diffusion is slow and
can be neglected, so that precipitation starts at the very beginning
of drying. The solid.is uniformTy distributed throughout the carrier

particle. Furthermore, good dispersion: can be expected due to fast -

solvent evaporation which favors high local supersaturation, i.e.

‘nucleation, But a significant portion of the deposit occurs in the

mdcroporoSity; i.e. on a-small fraction of the total surface area of
the carrier.

-2.2.3) Intermediate drying.

Figure 6 shows an example of a situation between slow and
very fast drying.

This category of drying is probably the most important and,
at the same time, the most difficult to describe because it covers a
wide diversity of rather different situations.
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CONCLUSION :

The analysis of the two elementary steps of impregnation

and drying shows they have considerable influence on the

characteristics of the precursor depos1t, i.e. on the performances
of the final catalyst. :

Although the importance of bpth steps has been identified
for a Tong time, their control, especially for drying, still depends
a lot on empirical know-how. But theoretical understanding of these
steps is slowly being built up. ‘

Improving theoretical knowledge in the field of catalyst
preparation is essential because progress in industrial catalysts
will come not only from finalizing new catalytic formulations but
also from improving preparation techniques for known catalysts,
which could thus leads to the readjusting of existing catalytic
formulations toward more economical or efficient catalysts.
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TABLE 1

ISOELECTRIC POINTS OF VARIOUS OXIDES

OXIDES. | ISOELECTRIC POINTS
- | v
$b,05 I <0,4
Hydrated N03 | < 0,5
Hydrated SiO2 P 1,0 - 2,0
[
U308 | ~d
MnQ,, i 3,9 - 4,5
‘ ' SnO2 | ~5,5
TTOZVKRutile, Anatase) I ~ 6
uo, i 5,7 - 6,7
 y Fey04 [ 6,5 - 6,9
Hydrated Zro2 | ~ 6,7
Hydrated Ce0, | ~ 6,75
Hydrated Cr203 | 6,5 - 7’5.
x,Y Al,0q | 7,0 - 9,0
| .
Hydrated véoé | ~ 8,9
O('Fezo3 ) | 8,4 - 9,0
Zn0 | 8,7 - 9,7
Hydrated La20 [ ~ 10,4
MgO0 | 12,1 - 12,7
I

-
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Fig. 1 : Variation of the zeta potential of $i0, and Al,0, and the
amount of Pt(NHa)%; jons fixed on these oxides with the pH
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" Fig. 2 : Isothermal curve of the NH4+-~.Pt(NH3)%r ion exchange in

the Y zeolite (S = solution, Z = zeolite).
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Fig. 3 : a) slow drying of a simple porous system
h) possible precursor deposit.
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Fig. 4 : Very slow drying of a éomplex porous system.
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Evaporation. front

Fig. 5 :'Very fast drying of a complex porous system.
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Fig. 6 : Intermediate drying of a complex pdrous system,
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NUEVO CATALIZADOR PARA EL CRAQUEO DE CARGAS CON ALTO CONTENIDO DE VANADIO.

Nelson P. Martinez, Juan Lujano, Edito Reyes y José Veldsques
INTEVEP, S.A. Catélisis Aplicada

RESUMEN

En este trabajo se presenta una revisidn sobre el comportamiento del vanadio
on los catalizadores de FCC, asi como de los mecanismos de interaccidn de la
zeolita eon este metal. En base a resultados obtenidos con catalizadores con-
teniendo zeolitas intercambiadas con elementos de tierras y con zeolitas ul-
traestabilizadas se plantea un nuevo mecanismo de interaccidn del vanadio con
la zeolita. Se presentan también resultados de pruebas cataliticas con un ca-
talizador de FOC desarrollado en INTEVEP, S.A. el cual posee un aditivo con
excelentes propledades para pasivar vanadlo. Dicho catallzador, alin a niveles
de 10.000 ppm de venadio presenta altos niveles de conversidn y selectividad a
gasgolina demostrando su gran capacidad para retener vanadio evitando su efecto
destructivo en la zeolita.

INIRODUGCION

El aumento en la demanda de productos livianos, tales como gasclina y destila~
dos medios, junto con el valor agregado de estos productos ¥ la congervacidn

estratéglca de crudos livianos ha creado un gran interés en el craqueo catali-

tico de crudos pesados y residuales, como proceso para satisfacer tales reque-
rimientos a corto y mediano plazo. Estas cargas contienen un &lto nivel de
contaminantes metdlicos, los cuales requleren ser procesados con catalizadores
tolerantes a metales.

En el craqueo catalitico de crudos y fgasbleos, los metsles contaminantes pro-
venlentes de la carga se depositan continuamente on el catalizador. De estos
los mAs comunes son el vanadio, niquel, hierro y cobre. Los dos primeros se

. hayan comunmente en forma de complejos porfirlnlcOl o asfalténicos (1,2). ILa

presencia de estos metales cambia la distribucidn de productos, originando un
incremento en la producclon de coque e hldrogeno a expensas del rendimiento en
gasolina y productos valiosos (3). Asociados a estos, se presentan otros pro-

blemas tales como sobrecarga en los compresores de gas, forzamiento de los so--

pledores de aire, aumento de la tempgratura del regenerador e incremento de
las tasas de reposicidn del catalizador para mantener nlveles de actividad
aceptables.

Aunque el niquel tiene un efecto mAs pronunciado sobre la selectividad que el
vanadio (4), este Gltimo tiene un mayor impacto sobre la vida del catallzador
y su actividad. Con altos contenidos de vanadio en el catalizador de equili-
brio ocurre una répida destruccidn de la estructura zeolitica, la cual se hace
més severa a niveles mayorea de 5000 ppm.

En este trabajo se analiza el comportamiénto del vanadio sobre catalizadores

de craqueo catalitico, asi como las posibles formas de mitigar el efecto des-
tructivo de este metal en el componente zeolitico de los catalizadores. De
igual manera se propone un mecanismo de interaccidn vanadio-catalizador y se
presentan resultados obtenidos con -un catalizador, el cual {iene incorporado
un aditivo que permite reducir sustancialmente el efecto del vanadio en los
catalizadores de craqueo catalitico.
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RESULTADOS Y DISCUSION

Comportamiepto del vanadio eﬂ catalizadores de FOC

Como hemos dicho anteriormente vanadio y niquel se hayan presentes en las car-
gas en formas de complejos organometfilicos del tipo porfirinas. Para el V y el
Niguel en atmbsfera reductora (CHy a .500°C)- estas porfirinas son relativa-
mente estables y se descomponen completamente luego .de 0.5 hr a 500°C (5),
siendo la porfirina de vanadio ligeramente menos estable que el correspondien-
te compuesto de Ni. Dado el poco tiempo que pasa el catalizador en el compar-
timiento reactor/despojador es de esperar que la descomposicibén de estos com~
puestos se continfie en la etapa de regeneracidn. En atmdsfera oxidante las
porfirinas de vanadio y niquel se descomponen a 360 - 450°C y 435- 470°C res-
pectivamente. EL sodio residual en el catalizador y el proveniente de la car-
ga puede interdotuar <con los oxides de vanadio, particularmente con el
V505 para former bronces del tipo NayVpo05 (com O  x 0.44) por encima
de los 600°C (6). Estudios de XPS y SIMS’iT)’han ermitido demostrar que el
vanadio podria estar presente como  V'4 § V*g ‘en la superficie del
catalizadoriluego de ser sometido a reaccidn. Despubs de la regeneracidn el
vanadio esta presente como V'2. Los andlisis por SIMS de oatalizadores
de FCC en equilibrio muestran un enriquecimiento superficial luego de la rege-
neracidn con Vanadio a diferencia de lo que ocurre con el niquel. Esto se de=
be provablemente a la alta volatilidad, polaridad y actividad superficial.dél
complejo de vanadio en el cual la geometria es de pirémide de base cuadrada
mientras que para el niquel es planar. (8,9). Por estas mismas técnicas, se
demusstra que el “vanadio, se deposita aleatoriamente sobre. la superficie del
catalizador y luego ¢ durante la regeneracidn el vanadio migra desde la super-
ficie externa del catalizador hacia la geolita. Bl mismo estudio seflala que
la distribucidn del niquel en el catalizador no se ve muy afectada por los
cambios de condiciones ambientales en el proceso de FCC. )

MECANISMOS

Un estudic por ATD y DRX en mezclas REY/VyOz, con VoOy entre 15-y 75%
de Vp05 (5), muestra que ocurre reaccidn eéntre la =zeolita y el V205
antes de que este Qltimo se transforme en liquido y aparezca una nueva fase
identificada como vanadato de tierra rara: REVOy4.

En este proceso el Nay0, si esta presente  actla como un acelerador de la
~ reaccidn. i

Un posible mecanismo de la destruccidn de la zeolita por la formacidn del va-
nadato parte del hecho que la formacidn del vanadato requiere mis oxigeno por
elemento '%? tierra rara que el VpOs puede suministrar, por lo tanto debe
tomarse oxigeno de la estructura zeolitica segiin: '

27 (‘0)1,5 RE + V05 "= 2 REVO; + Fase amorfa.
Admitiendo la pregencia de Vp05 en el catalizador, ocurrira lo siguiente:
- Inicialmente V se deposita en la parte externa de la particula durante la
etapa de craqueo (Bstado de oxidacidn + 5). '

- Durante la regeneracibn V es convertido a VoOr migrando por todo el cata
" lizador (Pf V205 = 69000) N 2 5 4 P '8

.040,

- Vanadio migra hacia la zeolita. Allf posiblemente ataca los elementos RE
" de la zeolita Y formando un compuesto del tipo REVO, de bajo punta de
fusibn (540 - 640°C) destruyendo la cristalinidad de la zeolita

- Al pasar de nuevo el catglizador a la etapa de craqueo, el VoOg remanente

se reduce rApidamente a Vo0 y/o V503 los que son- facilmente reo-
xidables & V05 . S

Se ha de hacer notar que dicho mecanismo es aparéntemente independiente de la
existencia o no de una atmdsfera de vapor.

Otro mecanismo de interaccidn del vanadio con las zeolitas ha sido propuesto
por Wormsbecher y colaboradores (10). Se concluye que solo en presencia de va-
por el V0 reaccionard con la zeoclita en la medida en- gque el VoOg
reaccione con el vapor de agua para producir &cido vanddico del #ipo
VO(OH)%, similar en estructura al HzPO4. Este &cido VO(OH)x es una
especie voldtil a saltas temperatura y por interaceidn con la zeollita, esta
Gltima ea destruida por ataque acidico. . . .

Una consecuencia de admitir la existencia de VpOs es que al estar fundido
puede también comportarse como un ligquido mbvil que fluye a través de la su-
perficie del catalizador obstruyendo los poros ¢ introduciendose en la zeolita
neutralizando los sitios &cidos. Ademds este pentdxido de vanadio fundide
pueds, a altas concentraciones, en catalizadores con baja area, cubrir las mi-
croesferas del catalizador y coalescer las particulas, lo- eual afecta su flui-
dizacidn. ’

Recientemente Elvin (11), trabajando en la regeneracidn de catalizadores de
FCC mediante la extraccidn selectiva de vanadio, ha propuesto que es posible
inerementar la actividad del catalizador. Lo cual sugiere que pueden existir
2 tipos de desactivacidn por vanadio: (1) desactivacidn permanente ocasionada
por la interaccidn del V205 ¥ (2) desactivacidn temporal causada por blo-
guec del compuesto de vanadio, a los s#tios-écidos de la zZeolita. - En egse tra-
bajo se critican los métodos de laboratorio para determinar la tolerancia al
vanadio a altas btemperaturas y altas presiones de vapor y oxigeno asi como
largos tiempos de tratamiento por no simular lo que realmente ocurre en una
unidad de FCC. : ’

De todo lo expuesto anteriormente se deduce que la desactivacidn de la =zeolita

por el catalizador es originada por la presencia de VpOg, sin embargo en
un caso la especie movil es el Vols ¥ en el otro es un' Acido del tipo va-
nédico y la desactivacidn que se produce es permanente e irreversible. Por
otra parte, se propons tambi&n una desactivaci®n temporal por blogueo fisico a
la entrada de los cavidades y/o acceso a los sitios &cidos.

A fin de profundizar en la determinacidn del efecto del vanadio. Este fue inm-
pregnado a diferentes tenores sobre un catalirzador de FCC que contiene un 20%
de zeolita en une matriz de caolin nmAs silica. Las muestras fueron calcinadas

~en una atmbésfera de aire seco a una temperatura de 680°C y luego fueron reali-

zadas medidas de acidez, Area superflcial y cristalinidad, loes resultados son
mostrados en la Tabla 1+ Dichos resultados de acidez indican que a partir de
2.500 ppm de vanadio en el catalizador comienza a observarse una disminucidn
de 1la acldez. Por otre lado, entre 2.500 y 10.000 ppm de vanadio se observa
un ligero decrecimiento en ¢l Area y en la cristalinidad de la muestra: Estos
resultados indican por una parte que el dxido de vanadio es capaz de neutrali
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gar sitios Acidos de 1a gzeolite Bin que se afecte significativamente la cris-
talinidad de la misma. Por otra parte es necesario la presencia de vapor pare
que -pueda ser observado el efecto sobre la cristalinidad como lo indica la
muestra tratada con vapor a 700°C por 5 horas.

Anflisis por XPS

Se realizaron estudios por XPS de la interaccidén de las tierras raras sobre la
zeolita REY (80% de intercambio con La, 20% de intercambio NH;/ impregnada
con 1.5% de vanadio Yy calecinado en aire a 600°C. Se compara el espectro del
venadio de esta muestra con el obtenido para el V205 y mezelas de Va0
con LaV0; (80%) calcinado & 600°C por | hr. Para la comparacidn se toma eg
pico 2 p 3/2 del vanadio, la razdn obedece al solapamiento de una lines satd-
lite del oxigeno 1S con el pico 2 p 1/2 del +vanadio. Para el V205 este pi-
¢o se muestra simbtrico ¥y no admite deaconposieidn jindicando 1la presencia de
una sola especie de vanadio. Para la mezcla mechnica V205 y LaV0; el pi-
co del vanadio 2 p 3/2 presentd una distorsidn en la zona dé baja energia ci-
nética. Une comparacién con el espectro del Vo205 se muestra en 1la Figura
10 )

X g
u\c‘ + ¥2£5

INTFENSIDAD CPS

519.0 s18.0 57,0 516G 515.0 s,
B, ENERGY oV

Figura 1 Espectros XPS del Y205 ¥ de la meszcls 7205/LaV04 luego de la
caelcinacidn '

h
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En la Fig. 2 se presenta una comparacidn del pico 2 p 3!2 del vanadio para la
muestra antes mencionada al descomponer este pico asimétrico se evi’d‘e'ncia la
aparicidn de una nueva especie de vanadio distinta del Vp0g5.  Anélisis c}e
difraccidén de rayos X para esta muestrs demostrdo la prgsancia de LaV04., Fi-
nalmente para la maestra de gzeolita intercambiada el anflisis del pico 2 p 3/2
del vanadio revela nuevamente la presencia de estas mismos especies de vana-
dic. = Esto revela una interaccidén del V,0y con el componente de tierra ra-
ra promovida solamente por efecto térmico y por contacto del Vp05 con la
‘superficie de la zeolita. ’ ) - )

ZEOLITJ ¥ # 1.50 \

. u'\ve‘ * V0

JINTENSIDAD CPS

519,0 518.0 517.0 516.0 53%.0 514.0

B. ENERGY oV

Fsgura 2 Conposicién de espectros XPS mostrando formacidn dé LaVO,

~
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De acuerdo a los resultados antes mencionados, cresmos que para que exista una
destruccidn del componente zeolitico, se requiere que el pentdxido de vanadio
‘migre hacia la gzeolita y que es nfis factible la formacién de una especie aci-
dica formada sobre la superficie, gracias a la interaccidn del pentbxido de
-vanedio con la geolita a través de los grupos hidrdxidos superficiales y ai-
tios &cidos Lewis de la misma. En la figura 3 se preseanta la estructura lami-
.nar del pentSxido de.vanadio y un bloque unitario de dicha estructura mostran-
do ‘el carécter bésico y fcidico de los diferentes Atomos de oxigeno., Es a
travée de los &tomos de mayor caricter bisico que ocurre interaccidn con los
sitios Acidos de la zeolita para efectuar neutraliszacidn ¥y consecuente des-
truceidn de la zeolita en presencie de vapor por &cido vanidico.-

(4 ®, [
N l‘.-/ \Ar= @si/
ZNIN /N

SITIO LEWIS

Figura 3 Estructura octaddrica lemirar del Véogvj posible interaccién oon
sitios Acidoe de la geolita.

—

~

Soluciones al efecto destructivo del vanadio

Una solucidn iniciml consistid en utilizar altos porcentajes de alfimina amorfa

.en el cataligador (12) con trampa de vanadio. Sin embargo la alfimina introdu-
ce alta &rea superficial ocasionando mayor diepersidn de los metales (Ni,: Fe,
Cu, V) con el consecuente cambio de selectividad.

Gulf ha patentado el wso de Sn (13) para inhibir efecto del vanadio en la zeo-
lita. Mie recientemente se ha reportado el uso de aditivos incorporados en la
matriz y/o modificando las condiciones del proceso. Algunos aditivos para in-
movilizar vanadic han sido reportados en patentes (14). El contenido puede
variar entre 1 = 20% y i es aBadido durante el proceso debe mantenerse una
relacidon atdmica de 0,5 - 1,0 de aditivo a vanadio.

Otro ejemplo es el sugerido por Total Petroleum con el proceso R2R (15) para
el procesamiento de cargas pesadas © regeneraciln en 2 etapas. Con la idea de
inmovilizar el vanadio mediante interaccidn acido-base, se han publicado méto-
dos como la utilizacidn de NHz puro -6 diluido con nitrdgeno (16). En esta
misme orientacidn se han utiligado oxidos bésicos de metales alcalino-terreos
(17). Recientomente se ha publicado la utilizaci®u de un aditive de ealcio,
incorporado a la matriz de un catalizador de FCC, como pasivante de vanadio
(18). También ha sido reportado el uso de Mgl y Tap03 dada la afinidad de
estos por el Vp05 acidico (19).

De todos estos el mejor aditivo a usar serla aguel que tuviese una mayor velo-
cidad de reamccidn hacia el vanadio gque la de este Gltimo por la zeolita. A
tal fin, hemos desarrollado un aditivo gque permita resdlver este problema.
Para comprobar la efectividad de este se prepararon dos series de impregnacio-
nes de vanadio: La primera sobre mezclas meclnicas de zeolita comercial LZY-52
de Union Carbide, en forma sddica con 177% del agente pasivante y como blanco
se utiliz6 la zeolita LZY-52, impregnadft & los mismos tenores de .vanadio.

El vanadio fue impregnado por el método de humedad incipiente a partir de so-
luciones de naftenato de vanadio disuelto en ciclohexanc. El componente orgé-
nico se elimind por calcinacidn en aire a 500°C. lLas muestras fueron desacti-
vadas luego de la impregnacidn & las siguientes condiciones: T = 760°C, PHo0
200 mmHg. Experiencias anteriores mostraron gue estas condiciones disminuyen
la cristalinided d¢ la zeolita pura a 52% :

La cristalinidad de cada muestra fue medida por'adsorcién‘de oxigeno a tempe~
ratura de-195°C. El montaje usado para la desactivacidn se presenta en la fiw
gura 4. : )

En la figura 5 se presenta la variacidn de la cristalinidad de las muesiras
con el contenido de vanadio. En esta se observa que las muesiras conteniendo
el agente pasivante retienen del 79 al 67% de cristalinidad con respecto a la
muestra libre de vanadio. HEstos Valores son mucho mayores en comparacién a
las muestras que no poseen el pasivador y con contenido de vanadio similar. En
el caso particular mostrado en la Figure 5 con wn 10% en peso, la pasivacidn
es efectiva hasta unos 3.700 ppm.

Catalizador de FCC con agente pasivaedor incornoradd

En base =2 los resultados reportados anteriorments se procedid a evaluar la
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RUNE )
efectividad del pasivador de vanadio a8l incorporarlo durante préparacifn de un
catalizador de craquec catalitico. A tal efecto se preparararon los cataliza-
dores A y B que tan solo difieren en el contenido de trampa metilica: El ca-
talizador B contiene 10% en peso del agente pasivante e igual contenido de
zeolita que el catalizador A. El resto de la composicidn estuvo formada por
——eTao - Caolin y Silicae-Alimine, ambos catalizadores fueron secadoe en un secador por
atomizacidn Niro-Atomizer y luego calcinado en un horno de lecho fluidizado.
Los catalizadores 4 y B fueron impregnados con vanadio a 3.000, 8.000 y 10.000
pro de vanadio, luego fueron secados a 120°C por 16 h y calcinados a 680°C por
3 hra. Posteriormente los catalizadores fueron desactivadoe hidrotérmicamente
i a 760°C, 5 hrs. 100% vepor y evaluados en una Unidad MAT.

TeabouETRO e l 4

NiTROSENO

\\\\\\\Ir
i

FVENTE DE YAMOR

La tabla 2 presenta los resultados de las pruebas de actividad MAT y el &rea
-superficial de las muesiras. Ad y Bd representan las muestras A y B desacti-
vadas hidrotérmicamente sin ser impregnadas con vanadio. A 3Vd representa la
wenwo muestra A impregnada con 3.000 ppm de vanadio y luego sometida a las condicio-
: nes de desactivacidn. Por filtimo le muestra Ad 3Vd, significa la muestra A

desactivada, impregnada con 3000 ppm de vanadio y desactivada nuevamente.

NN

Los catalizadores A y B desactivados no muestran diferencia sustancial en ac-
tividad y firea superficial. Al ser impregnados con 3000 ¥ 8000 ppm de vanadio
z z el catalizador A presenta un caida dréstica de Area superficial y del valor de
Figura 4 Montaje de desactivacitn hidrotérmica actividad MAT de acuerdo a las pruebas 3 y 4. La prueba 6 muestra el efecto
de la doble desactivacidn, antes y después de la impregnacidn, indicando la
alta estabilidad del catalizador B respecto al vanadio. Estcs resultados de-
muestran la gran capacidad del pasivedor en la matriz del catalizador B.

» ) 4 fin de comparar con catalizadores comercialeés, una muestra similar al cata-
:L:haz o lizador B fue preparado en una planta piloto, siguiendo 1las operaciones de
LYeEs W% p. pasivador sintesis, secado por atomizacidén, intercambio idnico y calcinacidn. Esta

muestra se denominard de aqui en adelanfe INT-FCC-1. Se seleccionaron dos ca-
talizador comerciales, uno de actividadrparecida a la del INT-FCC-1 y otro de
mayor actividad. :

Los catalizadores frescos fueron desactivados por tratamiento con vapor a
760°C, durente 5 h a 100% vapor. Posteriormente, fueron impregnados con 4.000
¥y 10.000 ppm de vanadio. 1Las pruebas de actividad fueron realizadas en una
unidad de lecho fluidizado fijo, en la que se pueden realizar ciclos de reac-
cidn regeneracidn y obtener suficiente volumen de productos para realizar los
balances de masa correspondiente. Cada catalizador fue sometido a 12 ciclos
de operacidn .a las condiciones siguientes:

CRISTALINIDAD (%)

T.reac: *F = 970
T.reg: °F = 1250
v c/o = 4
[ 0 E000  BROC 4000 M0e 4000 Tk BOOC WHSV , h’1 - %

CONTENIDD DE ¥ {ppm)}

La carga utilizada fue un gasdleo con las sigulentes propiedades:

Gravedad API 25.2; CCR 0,043% p; Saturados 57,3%; Aromiticos & 40.1; S % 1,18;

Xi ppm O,1; V, ppm 0,4,

F VYariacid .talinidad 1 tenic i
lgura 5 Variacin de crirta nided con el contenico de vamsdio En la tabla 3 se muestran los rendimientos obtenidos para los 3 catalizadores

evaluadoss Los resultados indican claramente que el catelizador INT-FCC-1,
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evaluados. Los resultados indican claramente que el catalizador INT-FCC=-1,
incialmente similar en actividad al catalizador C es mis tolerante al vanadio
luego de la 1mpregnacion & 4000 y 10000 ppm de vanadio.

A 4.000 pppm el INT-FCC-1 mantiene la misma conversidn y selectividad a gaso-
lina mientras que para el catalizador C hay un decrecim1ento en ambos renglo~
nes.

Para 10.000 ppm de Vanadlo. la actividad y la selectividad a gasolina decaen a
muy bajos niveles para el catalizador C, con elevada produccidn de gas seco,
indicando destruccidn de la zeolita y pérdida de selectividad, mientras que el
INT-FCC | presenta niveles superiores en ambos cABOS.

Por otra lado, el catalizador D muy activo 1nicialmente, al sumentar los nive-
les de vanadio, el decrecimiento es mAs pronunciado que para el -catalizador
INT-FCC~1, mostrando este {ltimo una mayor conversidn y un mayor - volumen de
gesolina e los niveles mis altos de vanadio en el catalizador de egquilibrio.

Los resultados mostrados anteriormente indican que el catalizador INT-FCC-1,
posee una mayor tolerancia al vanadio, al ser comparado a catalizadores comer-

ciales y mantiene altos niveles de conversidn sin detrimiento de la selectivi-
dad a gasolina y de la ocarga potencial a alqullaclon.

TABLA 1 EFECTO DEL VANADIO SOBRE LA ACIDEZ Y CRISTALINIDAD

Vanadio %

Acides rel.(1) Ares Superficial rel. . Cristalinidad (2)

0 { 100% , ~ 100% -
0,10 0,60 97 ‘ 96

0,25 0,55 96 o 94

0,50 0,10 86 82

1,00 0,03 , M 67

1,00% —— : .15 0,60

(1) Acidez medida por quimisorcidn irreversible de NHz & 450°C

(2) Cristalinidad medida por capacidad de adsorcidn de oxigenoc a la
temperatura de nitrdgeno liquide

* Tratada con vapor a T00°C, 5 hrs.

—

TABLA 2 PASIVACION DEL VANADIO ER UN CATALIZADOR DE CRAQUEO CATALITICO

Prueba - Catalirador Conversidn, ¥ Vol. Area, m2/g
1 Ad(1) 64 120
2 Bd(2) 65 118
3 A-3Vd 52,5 64

A-8Vd 27,5 45,
4 B-3Vd 63,8 114
B-10Vd 62,9 108
5 Ad-3V 51,8 49
Bd~3V . 64,5 15
6 Ba-3Vd 62,3 107
Bd-10Va 59,8 29
T Ad~3Vd 48,5 59
Ad-8Vd 22,3 M

(1) Matriz + zeolita
(2) Aditivo + matriz + zeolita

TABLA 5 PRUEBAS TE TOLERANCIA A VANADIO GMHHJZUKB’INTBFCUQ1 VS. CATALIZADORES COMERCIALES

048,

INT-FOC-1 ¢ D

Venadio, pm - 4000 10,000 - 4000 10.000 - 4000  10.000
" Conversisn, % vol 653 62,4 58,6 67,1 582 425 T3 60,8 539

Rendimdentos

Cz-r % P 2)3 271 2)4 2’3 394 502 2!5 318 ) 6’3

G5~ 40 F g, S0l 50,6 51,2 BT B2 46,3 B 62 M8 HS

w0, %val 8,6 2td 21,0 14,5 16,2 12,8 134 19,2 16,3

- 650°F v v

w0, % vol 16,1 16,5 D4 18,4 5,6 4,7 123 2,0 308

650°F* | :

Cargn alquil, vol/vol 21,0 16,8 17,2 19,0 18,5 14,4 19,3 11,5 15,8

104/05 + G4 -
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CARBON DEPOSITS ON METAL CATALYSTS - MECHANISMS OF FORMATION AND
GASIFICATION :

J.L. FIGUEIREDO, J.J.M. ORFAO
Centro de Engenharia Quimica (INIC), Faculdade de Engenharia

ABSTRACT

Carbon deposits obtained on iron and nickel surfaces by propene de-
composition under various conditions are described and studied by tem-

“perature programmed gasification and isothermal thermogravimetry.

These deposits contain different components formed by different me-
chanisms, and show different reactivities towards gasification which
are discussed in terms of their structural features. ’

INTRODUCTION .
Carbon formaﬁion on metal surfaces and catalysts is a problem found
in most hydrocarbon conversion processes. The carbonaceous deposits com-

monly referred to as "coke" may be quite complex mixtures, containing a

variety of carbons of different structures and origins,. such as (1,2):

- Tars and pyfo1ytic carboné, formed at high temperatures by free-radi-
cal chain reactions in the gas'phqse;

- Catalytic carbons, formed at lowep temperatures by heterogeneous re-
actions on aétive metals. Metal c&ta]ysed carbons may pﬁesent a varie-
ty of morphologies, 1nc10ding po]ymeriC'f11mé, p]ate]et'graphite and
filamentous carbon. - ‘ .

The various cdmponents of "coke" deposits exhibit widely different
reactivities, which are main1y determined. by their structures and ulti- .
mate1y by their mechanisms of formation (3,4). Thérefore, they may be
diStinguished'by temperature programmed gasificatidn.»

Nickel and iron deserve speciaT attention because they are most ac-
tive for the fohmation of filamentous carbon and are wide]y‘used in ca-
talyst formu1ations and in building matefia1s for ﬁrocess equipment.,

In the present communication, carbonaéeous'debosfts obtained on iron
and nickel by propene decomposition'under various conditions are exami-
ned by e1ectran'microscopy techniques, ahd their reactivities studied
by temperature programmed gasification and 1sotherma1 thermogravimetry.
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EXPERIMENTAL

Carbon deposition and subsequent gasification was studied in a C.I.
Electronics Mk2B microbalance and associated flow reactor, operating
either isothermally or under a temperature programme. Polycrystalline
metal foils of high purity (»99.5%), 0.1-0.2 mm thickness and about
4 cm? of geometric area (both faces) were suspended from the balance
into the reactor. Carbon deposits were obtained under the following
conditions: v : ’

A) Catalytic carbons: deposition from 13% C3Hg + 13% Hy + 74% N, (by
volume) at 8333 K for Fe, and 765:5 K for Ni;
B) Pyrolytic carbons: deposition from 20% CgHg + 80% N, (by volume) at

112315 K. S

Gasification was carried out with Hz, COy or Hy + €Oy pure »of dilu-

ted with 50% N,. The.total flow rate through the reactor was 0.16 mmol/s.

The coked surfaces were examined in a JEOL JSM-35C scanning electron
microscope (SEM) and microanalysis performed with the associated JEOL
JSM-35 and TRACOR TN-2000 systems for wavelength and energy dispersive
X-ray analysis. 4 .

Some observations were also performed in a Controlled Atmosphere
Electron Microscope (CAEM). Details of the technique can be found else-
where (5). The samples used in these experiments were Ni grids of 3 mm
diameter, vacuum coated with a thin layer of nickel. They were
annealed in hydrogen at 800 K for 1 hour and carbon filaments grown from
2 Torr (1 Torr = 133.3 N/m?) acetylene. Gasification of the filaments
was carried out in 1 Torr hydrogen (6).

RESULTS

When carbon deposits obtained on nickel and iron under the set of
conditions A are examined by SEM, bundles of cylindrical filaments are
observed, as shown in Figure 1. Closer examination reveals that a metal
particle is carried on top of each filament. Large deposits of this type
could be obtained without significant catalyst deactivatioh {>20 mg/cm2
for Ni). On the other hand, carbon deposits obtained on Fe, Ni or Cu un-
der the set of conditions §_exﬁib1t a distinct globular appearance, as
shown in Figure 2. Such pyrolytic deposits are formed over the surface
of the specimen as well as on the reactor walls.

052,

Figure 2 - Pyrolytic carbon on metal surface (scale bar = 10 um).
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Typical rates of carbon deposition under each set of conditions are’

summarized in Table 1.

TABLE 1 - Typical rates of carbon deposition.on metals at the
temperatures shown (ug.s™l.cm™2) |

Deposit Rate at T (K)
Catalytic/Ni 1.65 (768 K)
Catalytic/Fe _ -0.26 (833 K)

Pyrolytic/Fe or Ni 0.40 (1123 K)

Temperature programmed gasification with hydrogen of the catalytic
carbon deposits on nickel and iron reveals two peaks, as shown in Figure
3. This is indicative of two components of different reactivity. When

the gasification is carried out with carbon dioxide, only the first peak

is observed, because the metals are oxydised and the thermograms show a
net increase in weight at temperatures higher than 927 K (Ni) or 1042 K
(Fe).

The pyrolytic carbons could not be gasified with hydrogen at the
ma x imum temperature possible with the experimental set-up (1300 K). With
carbon. dioxide, gasification started at about 1210 K, and the rate was
still increasing at the end of the temperature programme.

The temperature programmed gas1f1catmon~resu1ts a @ summarized in
Table 2. )

TABLE 2 - Peak’ temperatures obtained in the gasification of car-
bon deposits. w1th heat1ng rate of 0.1 K/s.

Deposit CO2 ' H2
Catalytic/Ni : 875 K 906 K; 1206 v
Catalytic/Fe 1031 K 1045 K;>1263 K
Pyrolytic >1270 X - -

F1gure 4 is a micrograph showing a carbon deposit on 1ron, partially
gasified with hydrogen at 912 K. It shows that the. metal particies,

originally located on top of the filaments, have moved down Teaving an
upper zone of greater transparency.
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Figure 3 - Temperature programmed gasification of catalytic carbon

deposits on nickel and iron. Heating rate = 0.1 K/s ;
initial amount of carbon = 5 mg; gas composition: 50% H2
+ 50% N, {by volume).
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The gasification of filamentous carbon on nickel was studied in the
CAEM. With hydrogen, the most interesting feature was that the metal
particles were seen to move down within the skin of the filament, while
the inner core was gasified. Figure 5‘shows a filament partially gasi-
fied by hydrogen at 950'- 1000 K. Probably much higher temperatures
would be required to gasify the skin of the filament. Further CAEM re-
sults are presented elsewhere (6). ' :

Kinetic data for the gasification of carbon deposits with carbon
dioxide were obtained by isothermal thermogravimetry. The reactivities
of the different deposits are compared in Figure 6. ’

DISCUSSION

"Coke" deposits are mixtures of materials with different structures
and origins, and their reactivity towards gasification is mainly depen-
dent on the presence or absence of catalysts. ‘

Pyrolytic carbons are formed at high temperatures from intermediates
produced in the gas phase by homogeneous reactions. It has been proposed
“that such intermediates are macromolecules of polycyclic aromatic hydro-
carbons produced by free radical chain reactions; these may interact

with the surface or condense into droplets in the gas phase, which will

subsequently deposit on the surface forming coke (1, 7-9).

Catalytic carbons are produced at much Tower temperatures by hetero-
geneous surface reactions, the nature of the surface determining the
type of carbon formed. Cavbon deposition on nickel and iron is known to
involve a process of carbon diffusion through the metal, as a result of
which metal crystalites are detached from the original surface and pro-
mote the ‘growth of carbon filaments (10,11). The proposed mechanism in-
volves the following steps: a) Adsorption of the hydrocarbon, producing
chemisorbed carbon atoms on the surface; b) dissolution in and diffusion
through the metal to active growth areas (such as grain. boundaries or
metal-support interfaces) where carbon precipitates out, growing behind

metal particles which are therefore carried on top of the filaments (2).

This mechanism exp]éins why large amounts of carbon can be deposited
at constant rate of deposition, without deactivating the catalyst,since
the metal surface exposed to the gas phase is not’blocked. Alternative-
1y, surface carbon may be formed, thus encapsulating the metal and pre- -
venting further growth. The possibility of the surface remaining free
from encapsulating carbon depends on its ability to hydrogenate the in-
termediates along the reaction path on the surface, thus preventing the
formation of C-C bonds.

NRA

Figure 4 - Filamentous carbon on iron, partially gasified with H
(Scale bar = 1 um).

2-

" Figure 5 f Carbon filament on nickel, partially gasified with Hps

"as observed in the CAEM. (Scale bar = 200 nm).
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Filamentous carbon formation on nickel was observed in situ by Baker
et al.(10) using CAEM. The filaments consisted of a graphitic skin sur-
rounding a less ordered core, and carried a metal particie at the grow-
ing end. More recent investigations have shown that, in addition to
these particles, there is metal finely dispersed along the sides of the
filaments {6}.

The deposits obtained on nickel and iron under conditions A consist
105 kd/mol primarily of filamentous carbon (Cf. Figures 1 and 4}, and their high
' réactivity is expected since these metaISFare active gasification cata-
lysts. During gasification the deposit will behave as a supported cata- -
lyst, carbon being simultaneously the support and a solid reactant,while
the metal particles associated with the filaments are the active phase.

The proposed mechanism for gasification of filamentous carbon deposits
involves the same steps as for carbon deposition, but in reverse order
- {12,13). The reversibility of'gas{fication and growth of filamentous
105 kd/mol ' carbon has been recently confirmed by CAEM (6).

Temperature programmed gasification with hydrogen showed that there
are two compdnenﬁs of different reactivity in the catalytic carbon depo-
sits on iron and nickel (Cf; Table 2 and Figure 3). The.peak temperatu-
‘ves may be compared with those reported by McCarty et al.(14), but it
should be borne in mind that these depend on a number of experimental
factors, such as heating rate, partial pressure of the reactant gas,
initial amount of carbon and starfinb tehperafure (15).

Possible exp1anat1ons for the less reactive component might include
encapsulating carbon on the surface of the metal, and laminar graph1te
resulting from the precipitation of dissolved carbon in the metal (14).

These hypotheses seem hardly compatible with the large amounts of this. -
component present in the iron deposit (Cf. Figure 3). However,inspection

0k

194 kd/mo?

RATE OF GASIFICATION (mg/min)
1

o1k 354 kJ/mol

7 8 9 10 11 12 13 14 ' . of Figures 4 and 5 suggests as an alternative explanation that the less
reactive form of carbon in these deposits is the skin of the filaments, -
which cannot be easily gasified by hydrogen at the lower temperatures.
The carbon deposits obtained under conditions B are of the “droplet”
type (Cf. Figure 2) attesting to their pyrolytic nature. Therefore they
do not contain metal particles which might catalyse the gasification,
F1gure 6 - Arrhen1us plot for the rates of carbon gas1fwcat1on with i » and their reactivity is Jow. The high activation energy determined (Cf.
2~ Catalytic carbon depos1ts on Ni (0) and Fe (@) and ' Figure 6) is consistent with an uncatalysed gasification.
pyrolytic carbon deposits (A). Activation energies are : It should be pointed out that the experimental conditions for this
shown for each line. ’ . study were selected in such a way that mostly one type of carbon formed
{either catalytic or pyrolytic). In an industrial environment, it may

whr

058, - ' 059.




, Mas b mon

be expected that “coke" deposits will contain many different components.
The reactivity of such deposits will depend on the relative amounts of
each component. ’
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COMPOSICION EN LA SUPERFICIE DE CATALIZADORES Pt-Ru SOPORTADOS
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RESUMEN:

En catalizadores Pt-Ru soportados en silice, allmina y magne-
sia, se presenta un estudio por calorimetria diferencial de barri
do de los patrones de reducciédn de los precursores RuCl,:« 3 H,0
y H,PtCl_.+ 6 H, 0. Los termogramas muestran que el sopor%e tiene
una fuer%e inf%uencia en elpatrén de reduccidén de las sales im-
pregnantes., La diferencia en las temperaturas de reduccidén de
los metales para un soporte dado es correlacionada con la compo-
sicidén en la superficie de los clusters bimetdlicos. La selec-
tividad en la hidrogenélisis de n-pentano muestra un alto rendi-
miento en productos de isomerizacién y ciclizacidén para clusters
enriquecidos en Pt y unaausgencia total de estos productos para
particulas bimetélicas enriquecidas en Ru. Se propone un modelo
de nucleacidn en el cual el precurser reducido a baja temperatu-
ra es cubierto por precursor reducido a mas alta. temperatura.

ABSTRACT: .
Differential Scanning Calorimetry was applied to study the
support effect on the final surface composition of Pt-Ru catalysts.

_ The DSC Thermograms show a reduction behavior of the precursors
RuCl,. 3 H20 and H_PtCl 6 H, 0 Hependending of either Algos'

§i0, and MgO supports. gelectlvity patterns of n-pentane
hydrogenolysis on bimetallic clusters were employed to determine
the relative concentration of each metal at the surface. A model
based in thecharacteristic temperature of reduction of the precur
sors was proposed to explain the diferences in selectivity found
on the various catalysts

INTRODUCCION:

En catalizadores bimetdlicos es muy frecuente observar que la-
composicidén en la superficie es diferente a la composicién nomi-
nal en la masa. La formacién de las particulas bimetdlicas es
controlada por factores termudindmicos donde el metal de menor
calor de sublimacién segrega a la superficie (1,2). Este compor-
tamiento tambien es observado en sistemas inmisibles en los
cuales la termodindmica de aleaciones dificilmente puede ser a-
plicada (3-5)., Una complicacidén adicional al entendimiento de la

formacidén de clusters es que el soporte influye notablemente
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en la estabilizacién de los precursores ¥ Qonsecuentemente en
su composicidén en la superficie. Este fendémeno ha sido reporf
tado en especial para el sistema Pt-Ru soportado en siliqe y
alimina, sncontrandose enriguecimiento en Pt para el primer so-
Aporte y una composicidn homogénea para el segundo (6).

En el presente trabajc es estudiado el mecanismo de formacidn
de clusters bimetélicoé b el efecto del soporte en catalizadores
Pt-Ru soportades en 8102, A1203 y MgQ, para esto se aplich la‘
calorimetria difefencial de barrido y la reacclén de hidrogend-
‘1isis de n- Pentano . La primera nos da informacién sobre el patrén
de reduccién de los precursores, y.ia segunda sobre la concentra
cién de Pt y Ru en la superficievde las particulas bimetalicas

mediante el estudio del patrén de selectividad.

) PARTE EXPERIMENTAL: )

Catalizaéores. Los catalizédores fueron preparados por el me-
todo de imprggnacién, utilizando sales de Rq013° 3 H2O N H2Pt.Cl6
{INC) en solucién acuosa. Los soportes. usados en este estudio
fueron Al_.0_. (Rhone Poulenc GFS5C-54 de 190 m2/g de area ‘especi-

2°3 o i ;
fica), 810, (AK20 chimle F-2, de 400 m2/g de 4rea especifica) y

MgO, el cuzl se prepard de dos maneras: I) A‘partir_de la calci-
nacién del MgCO3 a 450°C durante 12 horas, de 178 ﬁzlg de édrea
especifica. IIJ A partir de la calcinacién del Mg(OH), de 160
mz/g de 4rea especifica. Todos los soportes fueron calcinados
en flujo de aire a 450°C antes de la impregnacién., El contehidb
metédlico se fijé en 2% y 4% para los catalizadores monometéiicou
y bimetdlicos respectivamente, Todas las muestras fueron secadas
a 120°C durante 24 horas y la feducciénbse llevé a cabo a 400°C
en flujo de hidrégeno de 3.6 1/h durante 3 horas.

Caracterizacién. La dispersién del metal fue determinada por
el método gréﬁimétricd usando quimisorcidn devmonéxido de carbo-
no y tomando una relacidén estequiométrica de ¢0/metal igual a
uno para Pt y Ru (7,8).

El tamafio de particula fue verificado por microscopfa elec—
trénica (TEM), y se observa en general -un buen acuefdo entre mi-

croscopia eleotréniba y quimisorcién (Tabla I).
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Tabla I. Caracterizacién de los Catalizadores Pt-Ru Soportados,

CATALIZADOR  CONTENIDO %Ru-%Pt DISPERSION TAMARO DE o
- . METALICO (%) ’ (%) . PARTICULA(A)
Ru/810, .2 2 - 20 ag*  42**
Pt-Ru/sio, T4 2 2 . 33 ’ 30 34
P£3s102 2 ' - 2 10 100 106

‘Ru/A1203 ' 2 2 - 41 24 - -

" Pt~Ru/Al,0, 4 ' 2 2 11 100 -
Pt/A1203 2 - 2 45 22 (.
Ru/Mgo (I) 2 2 - - - 63
Pt-Ru/Mg0d (I) 4 2 2 12 83 70
Pt/Mg0 (I) 2 . - 2 20 47 42
Pt-Ru/Mg0 (II) 4 2 2 20 50 -

~*Quimisorcidn; ** TEM

Técnica de DSC. Los termogfamas de reduccidén de los cataliza-
dores Bse obtuvierpn en una celda de DSC Dupont 990, Las muestras
fueron traﬁadas con nitrdgeno a 150°C antes de d;terminar las ‘
temperaturas caracteristicas de reduccién. La velocidad de calen-
tamiento se fijé en 10°C/min con un flujo de hidrégeno de 10 cc/s
El rango de calentamiento fue enire 26°C y 400°C. Todos los ter-
mogramas se obtuvieron bajo estadg condiciones. ‘

Modelos de Actividad. El reactivo utilizado fue n-pentanoe J.T.
Baker Photréx de alta‘pureza. Las determinaciones de actividad
se llevaron a cabo en Un‘reactorvdiferencigl. Una muestra del ca-
talizador se reactivd en flujo de hidfﬁgeno a 406PC; despues de’
llevaga a la temperatura de reéccién, se hizo pagar una mezcla de
Pidrégeno satufada con la presién de vapor del n-pentano a 0°C,
los productos fueron analizados por cromatografia de gases. Para
evitar la degactivacién de los catalizadores se utilizd la téc—

nica de pulsos. La temperatura de reaccidén fue de 350°C,

RESULTADOS:
Termogramas DSC. Las temperaturas caracteristicas de reduccién’

de los catalizadores de Ru, Pt y FPt-Ru soportados en silice,

-g@limina y magnesia son reportadas en la Tabla II.
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Tabla II. Temperaturas Caractériéticas de Reduccidn en °C

SOPQRTE : 5102 A1203 A.L203 {(nc) . Mg0 (I} MgO(II)
RuCl g . 160 185 130 130 190
H,PtClg 130 170 160 160 . 155

Los termogramas indican gue la cemperatura a la cual el méxi-
mo -de calor es liberado es funcmon del soporte. En el caso de Ru
se observa que el pfecursorﬁRuCla. 3 H 0 sigue el 31guiente or-"
den: Mg0 (1I)} A1203> 5102> Mgo (1), mlentras que para el H2Pt016
el orden es A1203> MgO (1), A1,_,0_. (nc)> Mg0 (II)> SiOz. El

273
A1.0. (nc) corresponde & una muestra que no fue calcinada antes

deglg impregnacién. Los resultados mas interesantes»resultan de
la comparacidn. de la‘reduccién'de los precursores en el mismo 50~
porte. En 85i0,, Al 0, ¥ Mgo (II), el RuCl, se reduce a una mayor
temperatura que el H PtClG, un comportamlento contrario, sin em-
bargo, €s obserVado cuando los soportes- son MgO (1) ¥y A1203 (nc).
En lo concerniente a los catallzadores bimetdlicos se observa un
desplazamiento a menores temperaturas caracteristicas de reduc-
cién (9). E1 especfro es ancho y en é1 se sobreponen las respuesg
tas para ¢l Pt y para el Ru indicandonos una nucleacidn coﬁducén—
te a la formacién declusters bimetalicos. ‘
Hidrogenacién de n-pentano. Las actividades especificas sé

encuentran reportadas en la tabla ITI, en la cual se puede obser—
var que la act1v1dad por sitio para los catallzadores de Ru
presenta una fuerte 1nfluencla del soporte (Ru/8102 = 482,

Ru/Mgo = 79), en Pt por el contrario se observa una constancia
en la actividad por Sltlo e independiente del oporteL En la ac-—
tividad de los catallzadores bimetdlicos se encuentran érdenes

de magnitud cercanas a las de Ru cuando el soporte es 8102,

Al2 3 ¥ MgO(II) v cercanas a Pt cuandc el soporte es ligd (I).

Estas varlaciones dificilmente pueden ser atribuidas a un efecto

de dispersién, puesto que esto es notable para particulas cer-
canas a 15, A y en nuestro caso nos encontramos 1eJon de este
valor. Por lo tanto estas variaciones puednn ser atribu1das a

un efecto del sSoporte.
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Tabla III. Actividad en la conversién de n—peﬂténo a 350°C

% METAL SOPORTE TOF . SELECTIVIDAD
Ru Pt : s-1 x 10 (C1-Cgq) iCs  cCs
2 0 510, 482 100
2 2 247 89 a4 7
0.5 3.5 - 55 16 29’
o 2 73 33 17 50
2 0 ALO, 155 . 97 3 )
200 89 6
) 43 66 6 28
2 o (1) Mg0 79 100 - -
2 2 (1) 51 39 40 21
2 2 (11) ‘ 158. 93 5 2
0 2 (1) _ 57 14 29 57

Los valores de selectividad estén reportados en la Tabla III,
en esta tabla se puede observar que el Ru presenta una alta se-

lectividad a productos de hidrogendlisis, en contraste la isome-

rizaéién y ciclizacién son los productos mas impurtantes en Pt.

Para los catalizadores bimetadlifos los valores de selectividad
son semejantes a los de Ru para SiGz, 1203‘y g0 (II)-y simila-
res al Pt para 5i0,, (0.5-3.5) y MgO (I) El catalizador prepara-
do con alto contenldo en Pt fue hecho para probar el efecto de
las concentraciones relativas en la compusicién superficial,

este serd un tema de un trabsjo prdéximo a publicarse (10).

DISCUSION:

Las temperaturas caracuerlstlcas de reducclcn presentadas en

la TablalIl muestran claramente que la reduccxon del precursor

es drasticamente modificada por el soporte. Estudios por TPR en
Ru (11) y Pt (12) muestiran el mismo fendémeno; por otro lado se
ha encontrado que la composicidn en la superfidie de cataliza-.

dores Pt-Ru depende de la naturaleza del soporte (13); en sili-

~ ce se observa un enriquecimiento en Pt, y en alimina se reportan

" superficies homogéneés. Este efecto no ha de ser del todo ajeno

al orden de reduccidén que presentan los precursores en un mis-

_mo soporte.(lA).‘Ertl et al (15) en el sistema no miscible
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Ru-Cu muestra un enriquecimiento’ en Cu para este sistema, el cu
al puede ser interpretado como un fenémeno de recubrimiento por
cobre de una superficie de Ru. En los catalizadores bimetélicos
Pt-Ru por presentar tambien una amplia zona de inmisibilidad,

se puede suponer un modelo similar al devErtl. donde el precur-
gor reducido a mas baja temperatura sufre un depésito en la su-
perficie del precursor reducido a una mayor témperatura. Bajo

esta hipdtesis lﬁs resultados dé la Tabla II indicarfan que en .

Sio Al,0, y Mg0 (II) tenemos clusters bimetdlicos con un enri

21
quecimiento de Ru, y por el contrario en A1203 {nc), Mgo (I)

nos encontramos en presencia de una superficie enriquecida en
Pt. Esta hipdtesis se ve comprobada por los resultados de la
Tabla III, en la cual se observa una alta selectividad a cicli-
zacidén e isomerigzacidén. Para los soportes en los cuales el pre-

cursor H2Ptcl es reducido a una temperatura mas alta que su

[¢]
3’
productos de hidrogendlisis es observada en los otros soportes

homéiogo RucCl ‘por el contrario una selectividad importante a

en estudio.

Tabla IV. Enriquecimiento en la Superficie scbre Catalizadores
Pt-Ru Soportados.

$1i0  Al.0

SOPORTE 2 ‘ 2% MgO (I) Mgo (IT)
DSC . Ru Ru Pt - Ru

SELECTIVIDAD Ru Ru Pt ) Ru

Los resultados comparativos de la Tabla IV muestran que el

estudio de termogramas de catalizadores bimetédlicos permite

preveer el comportamiento de los mismos-en sus propiedades ca-
taliticas y detectar por medio de este método los efectos del
soporte en la composicién final de clusters bimetdlicos de

Platino-Rutenio.
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ABSTRACT

Electrophoretic properties of WO3/7—A1203 catalysts
prepared by adsofption eéuilibrium method at pH between 1 to
10, show the formation of a tungsten-monolayer structure if
pH lower than six are used and a multilayer structure if pH

higher than six are employed.

INTRODUCTION

Molybdehum and tungsten suppofted on Y-A1203 are known

as catalysts of reactions relationed with the petroleum
| chemistry: hidrodesulfurization, hydrodenitrogenation,

hydrodeoxigenétion and others (1). Although there are a great
number of studies about Moo3/y—AléO3 system, the WO3/y-A1293
system has certainly been lest studied, Thué; the formation of
nmultilayers or a‘monolayer in the Moo3/Y-—A1203 samples cbtained
from different. preparation methods, has been widely studied
(2,3) but this point is not enought clgar yet in ﬁhe woa/'y-Al203

system.

J
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The influence of the adsorption pH on the properties of
samples prepared by the equilibrium‘adsorption method is very
strong in systems as M003/Y—Aléo3 and W03/Y-A1205 because, as
ié known (4-6), molybdenumband ﬁungsten can be present‘as
mqnoﬁeric 6: polymeric form (6) if basic or acid scolutions are
respectivély used, and also because the amphoteric propérties

of the alumina.

On the other hand, the characterization of oxided or
sulfided catalytic system, using their electrophoretic migration
properties, have been recently proposed (7). The method,is based

in that the zero point-of charge (ZPC} of samples in which a

‘phase is partially covered by other phase, as in heterogeneous

catalyst in which a supporﬁ is partially covered by a supported

phase, has a value that if is between the isoelectric point
(IEP) of the support and the supported pbase. Both the ZPC
and the IEP are used according &itQ Park's definitions (8).

Fr@m these basic ideas, equation 1 was developed (7): the

‘électrophofetic method has been employed'ih’the characterization

of several oxided cataiytic systems: Co(Ni)/y-AiZO3 (9[,
V,0,/y-A1,0, (10) and polymers-supported redox catalysts (11)
beside MoO,/y~Al,0, catalysts (7,5).

In this work. electrophoretic propérties were used in

the study and preparation of”WO3/YFA1203 samples obtained by

the equilibrium adsorption procedure, dsingudifferent initial

adsorption pH between 1 and 10.
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EXPERIMENTAL
Sémples were prépa;ed using 200 ml of 0.5-1‘0-3 M of

tungsten solution (ammonium tungstaﬁe, prkin—Williamé),-fixing
the initial pH with nitric acid or amonia, thén 2 gr of Y-Al,0,4
(stfem Spprp- 100 mz/g) were édded. These experimental conditions
were selected in order to obtainié static équilibrium as was
proposed by Ianobello and co-workers (12,13) for the adsorption‘
equilibrium method in MoO3/Y—A1203 system.. The samples were
shaked and the pH of the solutions.were measurédgachv24vhours_,
‘until constant values were reached, after ~ 140 hours. Then,the
samples were filtered, washed and finally calecined at 550°C for -
4,5 hours. The determination of the adsorbed tungsten. was

carried out by atomic absorption of the calcined samples.

For the pértial tungsten extfaction of-the sémples, the
procedure describéd for the Moo3/Y~A1203 sysﬁem by‘N. Giordano
(14) was employed: 100 mg .of Wo3/7~51203 samples were inmersed
in 100 ml of dilute amonia solution (3 wt %) for 48 hours with,
shaking. The determination of the extfacted tungéteﬁ was carried

out by atomic absorption of the solutions.

Zeta potential (ZB) measurements were carried aut in a-

Zeta-meter ZM-77, using 200 mg. of 2 umlhydnafed sample- particles

dispersed in 200 ml of 10°M KCl solutions as reported before
(7). The pH values were adjusted with either 107° M HCl or KOH
solutions. @eta potential were calculated from electrophoretic

migrations fate using the Smoluchowski equation.
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RESULTS AND DISCUSSION

The evolution of: the pH of the solutions upon the time
shows in figufe 1, that after 120 hours a constant‘pﬂ is reached.
Both, the increase (oxr decrease) of tﬁe pH when a initial PH
lower (or higher) than seven is respectively used, could be
attributed at a partial disolution of the alumina:is known (15)
that aluminium hydroxides or oxihydroxidés, are solubles when
extreme pH are used. Thué, at basic or acid pH alumina disolves
to produce a satured solution in which equilibrium 1 and 2 (15)

L+ 3H

- - -
3 O+ 2 OH -—. 2 Al(OH)4 . . (1)

A120 2

- +3
3 + 3 HZO <= 2 Al

Al,0 + 6 OH (2)
are respectively attained. Consequently, at basic initial pH,
OH  concentration must decreasefin order to reach equilibrium

1 therefére,pﬂ decreases, while at acid or neutral initial pH,

equilibrium 2 is reached therefore pH increases.

On the othgr hand, potentiometric titration'curve»bf the
alumina used in this work is similarito those previously feported
for y-Alzoj {16). In this titration curves the solubilization of
aluminium is imporﬁant‘at.pH lower than four and higher than ten:
this reaction consumes part of added acid and base changiné the
equilibrium pH to higher and lower values respectivélf. On the
basic side of this curve, the solubilization probably occurs
after the formation of polyhydroxj complexes on:thé surface of

the support.
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A diagram of distribution of species as a function of pH
is showiin figure 2. The calculations of the concentration of
the chemical specmes in equilibrium in solution (W04, HWO )
were obtained using the computer program Geochem (17} Polymeric
tungsten species (5) were not ‘included in the calculations
because the equilibrium constant between these species are not
known, therefore computer program can not be used. The conclusrons
that we can obtain from figure 2 does not chance, however by

this omission.

The distribution of surface sites on y-AlZO3 (surface
speciation) were obtained from potentiometric titration curves
data at differené ionic strength of indifferent electrolyte
through the Capacitance Constant Model {16). The concentration
are expressed invmol.lit-l and represent those used in adsorption

experiments.

The adsorption curve (figure 3a) can be explained by the
acid-basic properties of species in.solution and of alumina. It
is possible to conclude that the adsorption is governed by the'
surface species; it is correspond ba51cally to the interaction
between the negative specres in solution (WO or polymeric form)
and the positive surface sites on Y~A1203 (AlOH2 Y. Thus, in
-the adsorption of WO4 on Y-—Alzo3 other mechanisms than coulombic
ones are not probably 1nvolves. The adsorption curves of fresh
and extracted samples must be similar, as is show in figure 3- a,
because both tungsten weakly and strongly bcnded to the alumina
correspond tolinteractions‘between tungeten anions and positives

sites on A1203.
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The adsorption equilibrium constant (16) X .= {A1OH,-WO,}/
{A10H2+}|WOZ| calculated from the initial concentration of
tungsten (0.5-10"3m) and the adsorbed tungsten (Table I) show,
in figure 3-b, thet tnere is an increase of the equilibrium
oonstant if pH lower than seven are used. Equilibrium constant
of samples Ad-l and Ad-2 were not calculated because all the
tungsten of these solutions was adsorbed, therefore equilibrium

was not reached.. .

The dependence of the apparent surface coverage upon the

equilibrium pH of fresh and extracted W'O3/Y—1-'a1203 catalysts shows

in figure 4,are inagreement with the evolution of metal ldacding
shown in figure 3-a:4the ASC decreases with the increase of the
equilibrium adsorption pH as it cccurswith the adsorbed tungsten
leading. The'specific surface area of tungsten has rhe same
behaviour that the ASC, because the surface BET area does not

depend on the metalhmxﬁng (tabI?rI).

The evolution of the decrease percentage of the ASC and
tungstenload#@m (table I), by the partial extrection of tungsren,
upon the adsorption eguilibrium pH‘shows in figure 5, than at
pH-lower than six, both the decrease of the.ASC and metal lomﬁng‘
are about 35%, while at pH higher than six the decrease of
tungerenlomﬁng is ciear1§ higher than the decrease of rhe ASC.
This behaviour suggeetsthet at pHAlower than six tungeten is
present as monoleyer’while at pﬁ higher than six tungsten:ferms
multilayers: as is shownin scheme‘l if,tungstenvmonolayer is
partially extracted (a). then tne ASC decrease must be similar

than the metal loading decrease, while if uungsten nmultilayer
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Figure 2
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(a) Dependence of the adsorbed tungsten upon
the equilibrium pH in fresh (@) and
extracted (O) WO3/Y—A1203 samples prepared
by adsorption equilibrium method.

v(b) Dependence of the adsorption equilibrium

constant upon the equilibrium pH.
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49 SEMINARIO BRASILEIRO DE CATALISE

CATALISADORES PARA A SINTESE DE FISCHER—TROPSCHA

. Martin Schmal 1
. Axel Renhardt 2
. Luismar Marques Porto °

RESUMO

A seletividade para hidrocarbonetos de maior peso molecular {Cq1-Cq7) @&
estudada com catalisadores de ferro fundido virgem e desativado sob dife-
rentes condigdes de reagdo. Com o aumento de temperatura crescem as n-pa
rafinas e decrescem as a-~olefinas e oxigenadas nas faixas de C5—C10 e C11
-Cq7. Um aumento da pressdo favorece os mais leves. O catalisador de
ferro fundido desativado foi bem menos ativo e mais seletivo para os hi -
drocarbonetos pesados. Ha efeitos de volume de poros e tamanho de parti-
culas ou sitios aglomerados que deslocam a distribuigdoc dos produtos para
faixas de hidrocarbonetos mais. pesados.

ABSTRACT

The selectivity for higher hydrocarbons {Cq1~Cq7) has been studied in the
Fischer-Tropsch synteses for fused iron and used fused iron catalyst
for different reaction conditions. Increasing the temperature the n-
parafines are increased but a-~olefines and oxigenated were diminished in
the Cg5-Cqgp and C41-Cq7 ranges. Pres‘?re increase favours light hydro-
carbons, The useé fused iron catalyst is less active but more selective
to heavier hydrocarbons. There are effects of pore-volume and particle
sizes of aglomerated sites which deslocate the product distribution to
heavier hydrocarbons. .

1. INTRODUGAQ

A hidrogenagio do mondxido de carbono & feita com catalisadores meta
licos do grupo VIII suportados ou méssicos . Industrialmente o ferxo tem
sido usado sob diversas formas, porém outros metais como © cobalto, niguell
e ruténio foram estudados visgando a cbtenglo de hidrocarbonetos na faixa
da gasolina e diesel. Os produtos da sintese de Fischer~Tropsch sfo mis-
turas complexas constituidas por n-parafinas, c-~olefinas e oxigenados que
servem como matéria-prima para a indGstria quimica.

Ing., Programa de Engenharia Quimica, COPPE/ EQ/UFRJ

! pr.
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" 3. Reagdes de 9as-agua "shift"

L‘produziram hidrocarbonetos de maior peso molecular e semelhantes aos obti

S/

0s produtos obtidos pela hidrocondensagio do mondxido de carbono cor
respondem a uma série de compostos orgdnicos adsorvidos ou livres e inor-

gdnicos, ou seja:

Produtos organicos: livres, adsorvidos {alcanocs aloenos,oxlgenados,etc)

v H
R S CA R CA R G
Produtos nxmgaﬁsos- cmietos,caﬂxmo;cnz,ékﬂ&w, H,0
Em geral, sdo reacBes sequenciais, paralelas e de adicfo conhecidas

na literatura (1):

1. Reag¢des de hidrogenagdo e desidrogenacgfo:

H/C0

alcenos = alcanos, aldeidos, cetonas, alcoois,. etc

2. Isamerizacgéo, hidrocraqueamento e desproporcionamento

0s produtos inbrgéﬁicos formam-~ge sobre o catalisador e alguns sdo
indesejaveis.
uma ordenagio preferencial de mecanismo. Ha evidentemente um crescimento
da cadeia carbdnica através da formagdo de ligag¢des. C~C e eliminacdo do

oxigénio com ruptura do C-O.

As variaveis de reac¢do e principalmente a natureza do catalisadoxr
permitem redirecidnér a reacgdo e distribuir os produtos'para’hidrocarbo_
netos mais leves ou pesados ou oxigenados. Isto ja fol previstq por
Schulz-Flory através de um ésquema de propagagdo e termindgdo da reagdo,

ou seja, do grau de probabilidade de crescimento o da cadeia carbdnlca.

o ’ o . O
CO+H - C1 > C2 > C3 -+ C4 e
| 1=0 | 1= |1=0 | 1-a

Ci Gy C3 Gy

onde (1-0) =~ probabilidade de terminagic da cadeia.

Originalmente Fischer et al (2,3) utilizaram Ni, Co e Fe e posterior
mente Ru como metais de base. 0s catalisadores de Ni/ThOszieselgur pro-
duziam preferencialmente hidrocarbonetos saturados, porém tinham um tempo
de vida Gtil pegueno. Os catalisadores de Co/ThOZ/Kieselgur apresentaram
grande atividade, produzindo hidrocarbonetos pesados parafinicos e olefi-

nicos. Os catalisadores de ferro, embora menos ativos que os de cobalto,

|ta seletividade para os hidrocarbonetos de alto peso molecular..

Quer-se preferencialmente produtos orgdnicos, porém ndo ha

- - — ™

dos com o cobalto. Ja o ruténio, além de ser muito ativo, apresentou al-

vannice
(4,5) estudou os catalisadores suportados em §i0, e Aﬁ203, variando as

concentragdes dos metals, conforme a Tabela 1, determinando a atividade

(“turn over") e a seletividade de hidrocarbonetos parafinicos e olefini -
cos. Observou que o\cobalto e o ruténio eram os mais ativos e junto com
o ferro os mais seletivos para os hidrocarbonetos de peso molecular mais
elevado. Os metails de Ni, Rh, Pd, Pt e Ir ‘foram especificos para hidro-
carbonetos leves, pricipalmente 0 metano, mas dependem da temperatura. Se
gundo Beeck (6), a diminuigdo da atividade do metal esti associada 3 redu
¢do do carater 48 do metal. Consequentemente, a diminuigdo da taxa de hi-
drogenacdo dos intermedidrios olefinicos na sintese de Fischef-Tropsch au
mentaria a probabilidade de tais espécies dessorverem como produtos olefi
nicos. - Assim, Fe e Co sfo os metais mais indicados para produ;ir olefi -

nas, sendo Ru e Ir mals moderados e os demais pouco adequados.

Tabela 1 - Distribuigdo de produtos paxa catalisadores formados por metais do VIIT gru-
po da tabela perlodica suportados em Si0p e Aly03  (5)
Hy/C0 = 3/1 = 103 Kpa

NCHgx10% (s=7) 1o, CONV. DB

CATALISADOR SELETIVIDADE BM MOL (%)

Cco (&) '
* = = -
a 275% , ¢ ¢ ¢ ¢ ¢ ¢ ¢ c

5% Ru/SiO2 68 (270} 219 7,1 7%,1‘ o 8, 1,8 3,3 0,3 6,9 7,0

5% Ru/Al,0; 147 (181) 210 61,9 1,0 58 7,7 4,8 11,6 |
5% Fe/Si0, 34 (160) 247 3,7 60,2 3,7 11,4 13,1 7,9 3,8
15%Fe/Al,0, - (57) 240 64,8 - 17,4 9,7 3,9 1,9
4% Co/Sioy 200 (870) 203 3,8 67,1 0,7 7,1 56 2,5 2,3 5,4 9,2
2% Co/ALO; - (200 240 81,3 1,9 4,3 58 1,9 1,0
16,78N1/810, 32 (55) 220 3,3 92 trag 3 trag 3 1 0

5% Ni/ALO, - (32) 242 % - 58 2,5 tragos -

084,

*  baseado nos_valores de quimissorcéo de H, em amostra fresca
{ ) baseado nos valores de quimissorcéo de CO em amostra usada

Os suportes mais utilizados para a sintese de Fischer-Tropsch sdo
Al,03, Kieselgur e'carvﬁo ativo ou suas combinagSes. 0 dxido de magnésio
e os Oxldos do grupo IV e VB tém sido estudados objetivando determinar a
influéneia de suas propriedades sobre o desempenho catalitico e as possi-

veis'interagées entre o metal e o suporte., Mokambo, Blanchard e Vanhove

\17,8Y verificaram o efeito da Eordsidade sobre a seletividade de uma Sé- J/
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r~ . ™

i a iais. T
rie de catalisadores de Co/A1203 com diferentes areas superficiais., A Ta
bela 2 mostra as suas propriedades com os resultados.

Tabela 2 - Influéncia da area supexficial do suporte nas propriedades cataliticas do
CO/A1203. '
T=200°C; P=101,3 KPa; H2/OO~2/1, W/F-50 g Co/mol CO/m  (7)

3

SCs -9 SCs 59 . scs 250 SCS 350

SUPORTES DE A1203

pidmetro médio dos poros (nm) 300 30 7,5 6,5

Area superficial (m?/g) 8 90 275 325»

Co (%) , 1,88 2,0 2,0 2,0

Atividade (1073 mol CO/h-gCo) 1,7 1,6 1,6 1,6

Seletividade (%) <C1 4-Czo> <C1 2—c1 8’ <CG-C1 2 <C 4-Cg>
' 59,8 64,3 65,5 66,8

0s catalisadores & base de ferro ndo suportados sdo preparadog por
precipitacdo, sinterizagdo e por fusao da magnetita e em geral gdo promo-
vidos por metias alcalinos e modificados com outros Oxidos, tais como
MnO, TlOz, Vy0g. O catalisador utilizado industrialmente € o de ferro
fundido, semelhante ao usado para a sintese de amdnia. Este contém FeO
| (30-37%), Fe,04 (65%), Fe (1%}, A1203(2 -3%) e & promovido com K,0, Cal e
510, (9). ’

veh (10,11) e satterfield et al (12) modificaram o catalisador de
ferro expondo-o a um fluxo de amdnia apds a redugdo, obtendo ferro nitre-
tado visando maior seletividade para &lcoois superiores.

A seletividade para hidrocarbonetos de maior peso molecular ndo esta
bem esclarecida se & devido ao volume de poros grandes, tamanho de parti-
culas maiores ou forma de carbetos de ferro ou ferro nitretado do catali
sador. ’

O catalisador de ferro fundido apds uso na gsintese de amdnia é aqui
testado para a sintese de FlschermTropsch, juntamente com o ferro fundido
virgem para verificar as condicoes de reacdo sobre a seletlvidade de hi -
drocarbonetos na faixa de C11~C17, principalmente na faixa do diesel.

r | ™)
2. PARTE EXPERIMENTAL

Como catalisador nio suportado usamos o ferro fundido virgem (FFV)
(magnetita) e o ferro fundldo desativado (FFD), com composigdo conhecida
de 92,6% Fe30,, 2,7% A1203' 2 ,6% CoO, 0,51% K, 0 e tragos. A sintese de
Fischer-Tropsch foi .felta num reator integral pressurizado, contendo
250 g de catalisador com diametrc de particulas médio de 1,8 mm. Devido
d alta exotermicidade, misturou-se o catalisador com uma silica inerte na
proporcio miassica de 1:1. O catalisador foi reduzido com Hy a 400 Cea
uma taxa de 3°C/min durante 8 horas. A seguir 1ntroduz1u~se H, e CO, va-
riando as suas proporgdes na alimentacfo,a pressac e temperatura, para u-
ma vazdo total de 6,3 Nl/m®. Os produtos gasosos e liquidos foram anali
sados separadamente por cromatografia gasosa, empregando-se as colunas em
pacotadas PM e Poropaq, N e capilar OV 101 (50 m)} (13).

Para estudar o efeito do tempo e temperatura de redugfo sobre a su-
perficie especifica e o grau de reducdo utilizaram-se respectivamente o
BET e a adsorgido do H, por volumetria, para uma taxa programada de 8°¢/
min e temperatura programada até 400°c.

3. RESULTADOS E DISCUSSZSO

3.1 - Catalisadores de Ferro Fundido Virgem (FFV)

Utilizamos in101almente um catalisador de ferro fundido (agnetita)
para verificar a 1nf1uen01a das varidveis sobre a seletividade em hidro-
carbonetos de maior peso molecular, A Tabela 3 mostra as variaveis usa-
das e os resultados obtidos para as conversdes e seletivyidades totais em
fungdo da presséo, temperatura e razdo H,/C0, para uma vazdo de 6,3 N1/m,

086.
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Tabela 3 -~ Condig¢des de reagdo e resultados com catalisador de FFV A

tos oxigenados é mostrada na

(;;fluéncia da temperatura scbre a seletividade relativa dos hidrocarbone-

figura 1.

RESULTADOS OBTIDOS

OONDIQUES DE REACAO

P (atm) 20 20 10 30 20 20
) 240 280 240 240 200 200
(1) 212 197 106 319 230 230
¢ (8)~fator de contragio 44 50 32 49 2 2
H2/CO - alimentagao 3,1 3,1 1,7 1,5 2,3 - 0,9
H2/C0 - consumo 1,8 2,0 1,2 1,5 1,2 0,8
Kooy (8 55,9 70,8 43,4 54,9 15,3 2,9
%o &) 83,3 97,0 53,9 53,7 22,9 3,1
Xotic 72,8 91,9 36,2 44,0 16,2 1,8
55, ¥ 8,7 8,4 9,7 3,6 5,5 6,9
sOoz (%) | 13,1 5,3 32,8 18,0 29,4 42,8
cz-c (%) 7,9 6,3 7,2 4,8 9,0 10,4
(%) ~ 70,2 - 79,9 50,2 73,5 56,0 39,7

A conversdo aumenta sensivelmente com o aumento da temperatura e com
o aumento da razéo HZ/CO. As seletividades para metano e C,-C, pouco va-
riam, porém ha aumento da formag@o de hidrocarbonetos de cadeia maior que
Cg , consequentemente a seletividade para co, decresce.

0 aumento da pressdo ndo influe sobre a conversdc total mas as sele-
tividades para metano, C2-C4 e CO2 dlmlnuem, favorecendo assim a formagdo
dos hidrocarbonetos mais pesados SC +. 0s resultados encontrados para as
pressdes médias mostram que a razéo,devconsu@o‘Hz/CO cai e ha, consequen-
|temente, maior consumo de H, devido a reagdeés secundirias. A elevada ra-
280 de alimentacgdo acelera a reacdo primdria e inibe a formagdo de co, e
o aumento do consumo de CO pode causar uma inversdo na direcdo do desloca

mento CO/COZ, ou seja, o Co,y formado pode ser novamente consumido.

A infludncia das varidveis sobre a distribuigdo dos produtos lliqui -
dos orgdnicos foi bastante discutida na literatura (16).

as olefinas e os dlcoois sdo favorecidos para baixas conversdes, altas ve
locidades espacials e baixas razdes ﬁz/co, o que estd de acordo com a pre-
issa de que os produtos primirios dependem do tempo de residéncia e da
apacidade hidrogenante do catalisador. A influénecia da pressdo sobre a
seletividade de dlcoois e olefinas mostra uma téndéncia de que os alcoois

Pelas conclusdes,

0 favorecidos com altas. pressdes e as olefinas com baixas pressdes. A )

088.

A distribuicdo dos produtos foi agrupada em n-parafinas, a-olefinas
e oxigenados nas duas fragbes de CS—C10 e C11 17 do produto ligquido orga
nico, emlfungao da temperatura e para uma pressdo de 20 atm.

P= 20 oim,

N- PARAFINAS
4 e o - OLEFINAS

N- PARAFINAS Cg_10
ﬂ oL - QLEFINAS Cyy_17
T'~® OXIGENADOS Cyy_;7

~ N0 o -OLEFINAS Cp._10

o — ——

200 T oho T T T 2d0 ol

FIGURA 1 - Distribuigdo das n- parafinas, ot-olefinas e oxigenados das
fracdes Cs.pe Cyi-y7.

Observa-se um aumento de n-parafinas e diminuigdo de u—oleflnas e o~
xigenados com o aumento de temperatura. O teor de n-parafinas & maior na
fragao C1j—C17, enqguanto que o teor de olefinas & maior na fracéio C5—C10.
Dentro da fracgdo liquida, 75% correspondem a&s parafinas e olefinas cujo
teor supera o de n-parafinas. Com o aumento da temperatura cresce o teoxr
de a-oclefinas, porém a 280°C houve uma inversdo, provavelmente devido a
alta conversdo e o excesso de H, no gas de alimentagSO. Nag figuras 2-5
sdo mostradas as seletividades dos hidrocarbonetos parafinicos, das o-ole

finas e dos oxigenados em fung¢do da cadeia carbdnica para as diferentes
condigdes de pressdo e temperatura.

0 efeito da pressfdo & mais acentuado gquando se passa de 20 para 30

atm, favorecendo as n-parafinis e a-olefinas mails leves. Ja temperaturas
mais baixas favorecem a fragao de hidrocarbonetos na faixa de C, 15+ Bs
condigbes mais favoraveis para a seletividade na faixa desejada de hidro-

N | Y
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FIGURA 2 - DISTRIBUICAO DE N-PARAFINAS EM PESO POR
NUMERO DE ATOMOS DE CARBONO NA FASE
LIQUIDA ORGANICA A TEMPERATURA DE 240°C
E PRESSAO DE 10,20 E 30 ATM. ’

5 7 9 N 1B 15 1

NUMERO DE ATOMOS DE CARBONO
FIGURA 3 - DISTRIBUIGAO DE o(-OLEFINAS EM PESO POR
NUMERO DE ATOMOS DE CARBONO NA FASE

LIQUIDA ORGANICA A TEMPERATURA DE 240°C
E PRESSAO DE 10,20 E 30 ATM.
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FIGURA 4 - DISTRIBUIGAO DE N-PARAFINAS EM PESO POR
NUMERO DE ATOMOS DE CARBONO NA FASE
LIQUIDA ORGANICA A PRESSAO DE 20 ATM E
TEMPERATURA DE 200, 240 E 280°C.

I A S A A N
NUMERO DE ATOMOS DE CARBONO
FIGURA 5 - DISTRIBUIGAO DE o -OLEFINAS EM PESO POR
NUMERO DE ATOMOS DE CARBONO NA FASE
LIQUIDA ORGANICA A PRESSAO DE 20 ATM E
TEMPERATURA DE 200, 240 E 280°C.
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carbonetos Qe C”—C.17 foram: P = 20 atm e T = 240°C.

Dictor e Bell (14), e separadamente Satterfield e Huff (15) ,mos~
traram que a distribuicfio dos produtos de Cq=C44 apresenta uma probabili
dade de crescimento distiata para duas faixas, sendo maior para a faixa
08—C14 do que de C1—C7. Este resultado é também observado, dependendo das
condi¢des de reaclo. Segundo Schulz {16,17) , o aumento de temperatura, a
reducdo da pressdo e a elevacdo da razdo de alimentagdo possibilitam uma
maior probabilidade da reagdo de terminacdo da cadeia molecular, provocan
do assim uma redugdo no peso molecular médio e consequentemente no compri
mento médio da cadeia molecular dos produtos. O mecanismo mais provavel
do crescimento da cadeia carbdnica & o proposto por Dictor e Bell, segun-
do o esquema:

. >CHy $H2=CH—R >CHy
—CHy-R >  =CH,~CH,-R >
Ho,, .
CH4—CH,-R mS-CHz—CHz-g

0 -
]
RCH,=CH, CHO

0 crescimento da cadeia ocorre por adicdo de grupos CH, aos grupos
alquil adsorvidos. Esta cadeia alquilada- pode receber um &tomo de hidro—
génio superficial e interromper, terminando como parafina ou ceder um B-
hidrogénio e formar olefinas lineares. A probabilidade de crescimento de
oxigenados €& semelhante e segundd O esguema acima o crescimento da cadeia
se da por‘rotas distintas e simples, enquanto‘que‘a terminagdo dessas ca-
 deias & distinta para cada produto.

3.2 -~ Catalisadores de Perro Fundido Desativado

Experiéncias realizadas pelo Bureau of Mines e recentemente por Yeh
(33) mostraram que os catalisadores de ferro fundido nitretados podem ser
seletivos para alcoois superiores na . sintese de Fischer-Tropsch., Segundo
Yeh (10), ha uma forma complexa nitretada de Fez,18 C1_yNy que foi obti
da por exposicdo do catalisador reduzido com amdnia a 495°C.

0 catalisador de ferro fundido desativado da sintese de aménia da Ni.
trofértil foi utilizado para o estudo da sintese de Fischer-Tropsch, base
ado no fato de que sob constante exposigldo 3 amdénia contenha formas de ni
tretos especificas, embora haja possibilidade de ocokréncia de sinteriza-~
¢do e envenenamento. Este catalisador sob forma de particulas grandes foi

-

092,

~ ™)

moido na faixa granulométrica de 1,8 mm e utilizado no reator integral.
Resultados comparativos da conversdo, composigdo e seletividade com o ca-
talisador virgem (FFV} sdo apresentados na tabela 4.

Tabela 4 - Conversdo, seletividade e distribuicfo de produtos para o
FFD/FFV

T P v, H2/ (6] dp € XCO+H2 XCO .‘SCH4 SCOZ SC+

(6C) atm le?gcat m 2
min
FFV 250 20 8 1,02 30 - 46 77 7,8 43 48
FFD 250 30 . 6,3 2,6 1,8 12 18 25 8,8 54 - 37
C5-10 €11-17 Cs17
v FFD FFV FFD FFV FFD
n-parafinas 1,3 3,7 13,2 15,9 7,4 13,3
o~olefinas 12,3 6,2 9,5 . 14,8 - 2,0 4,5
B—olefinas 1,7 8,7 1,9 3,0 0,5 1,0
oxigenados 14,2 1,7 4,2 7,6 0,3 0,6
SUB~TOTAL 39,5 22,3 28,8 41,3 10,2 19,4

A atividade do catalisador FFD cal acentuadamente em relagdo ao cata
lisador FFV para uma mesma temperatura de reagdo. A pressfo, embora in -
flua, tende a acentuar a diferenca, cgnforme tébela 3. Esgta queda de ati
vidade esta ligada diretamente 3 drea superficial do catalisador. Este
fato pode ser comprovado pelas medidas de drea superficial para diferen -
tes temperaturas e tempos de redugdo com o catalisador virgem,conforme ta
bela 5. Nesta tabela foram ainda colocados os valores obtidos por Dictor
e Bell (14). O comportamento & semelhante, indicando que a area de conta
to aumenta com o aumento do tempo e da temperatura de redugio.

Tabela 5 - Area superficial em fungdo do tempo e temperatura de redugio

tq® T B /g r Sl BET (°/g) W, wol/g
4 300 1,7 0 0,56 0,34
12 400 8,0 33 3,6 5,1

16 450 14,0 90 7,3 1

20 450 19,0 147 9,7 16

36 450 49

Dictor e Bell (14) T=300°C P = atm

4 450 60 (*) dados de Dictor e Bell (14)

N | - v,
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Conclui-se gue ha um aumento do volume de poros e consequentemente
pelo aumento do consumo de H, um crescimento dos sitios ativos. Os volu-
mes de H, adsorvido, apos redugao a 400°C e 45 horas no catalisador virgem

(FFV) e desativado (FFD), foram respectivamente:3,5umols/grama(Sg 3,5m2/4
2,5 umols/grama (Sg 2,1m“/qg).

Houve decréscimo do numero de sitios ativos, indicando que o catali-
sador desativado tenha formado sitios maiores e aglomerados, como conse -

guéncia da passivacdo.

Sitios - Sitios
e I 2
T00 00

FFV FFV ativado FFD apds reativagio
FIGURA 6 - Esquemna de redugto dos cotdlisadores de ferro fundido.

A distribuicio dos produtos liguidos em fungdo do niimero de atomos
de carbono para os catalisadores de ferro fundido virgem e desativado sédo
mostrados nas figuras 7-10. Para o catalisador FFV, a distribuicio - dos
rhidrocarbonetos lineares + oxigenados & mais seletiva na faixa de CB_C10’
deslocando-se porém para a faixa dos mais pesados C,,-C;y com o catalisa-
dor FFD. O mesmo comportamento & observado para as n-parafinas, a-olefi-
nas e compostos oxigenados, mostréndo claramente‘que o catalisador FFD é

mais seletivo para os compostos de maior peso molecular.

0 tamanho das particulas e a dispersdo s8@o, portanto, fatores deter-

| tes efeitos foram observados por Vanhove (8) e por Nahon (19) com catali-
sadores de ferro sobre alumina e por Macedo, Schmal e Dalmon (20) com os
catalisadores de Fe e Co sobre Nb205. Nesfes, apos redugso a 40000, de -
terminou-se o grau de redugdo e o tamanhc de particula por medida magnéti
ca, Os resultados da tabelé 6 indicam que 60% das particulas eram consti

tuidas por tamanhos grandes (>15 nm).

Tabela 6 ~ % redugdo e % em peso de particulas metalicas maiores do que D=150m

| minantes na distribuigdo de produtos liquidos de maior peso molecular. Es |

A

T=250°C

© FFD- Ferro Fundido Desctivado
O FFV- Ferro Fundido Virgem

gov,

25

NUMERO DE ATOMOS DE CARBONO

20
FIGURA 7 - Influéncia da alic tempsratura na distribuicdo de produtcs orgGnicos

I
1§

CATALISADOR $ REDUCAO %> D, ATIVIDADE (mols cb/g cat h}
4,543 Fe/Nb,0g 82 65 8,8 x 107
12,388 Co/NbO5 98 .62 -
5,04 Co/Nb,0g 9 55 10,7 x 1072
N— - » —
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A

T=250°C

X FFD - Ferro Fundido Desativado

O FFV - Ferro Fundido )ﬁrgem

K
}_
20
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i
0
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2,0+
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1,0+

0,54

NUMERO DE

DE COMPOSTOS

A

FIGURA 10 - INFLUEN

-

dade ("turnover"). Com tamanhos de particulas de 10 nm, a atividade
("turnover") dos catalisadores de Fe, Co, Ni e Ru sobre y-zlx].zo3 naoc va -
riou sensivelmente; ja com tamanhos de cristais da ordem de 4 nm a sua a
tividade ("turnover") variou para os diferentes metais.

A distribui¢do de hidrocarbonetos em funcio do niimero de Atomos de
carbono para os catalisadores de cobalto suportado em szos, constitui~
dos principalmente de tamanhos de particulas grandes, & mostrado na fi-

gura 11 , evidenciando a preferéncia para os hidrocarbonetog na fai-
xa de CH-C17 (20) .

Makambo et al (7) mostram ainda que com difmetros de poros grandes,
a seletividade desloca-se para os hidrocarbonetos de maior peso molecu -
lar, utilizando  cobalto sobre suportes aluminas de diferen-
tes volumes de poros. Estes resultados sdo semelhantes aos obtidos com
o catalisador de ferro fundldo desativado, evidenciando bem o esquema
proposto na flgura 6, onde os efeitos combinados de poros a particulas
grandes nestes catalisadores sejam fatores determinantes para a seleti-
vidade de compostos de maior peso molecular.,

4. CONCLUSOES

a-olefinas. O teor de n-parafinas € maior na fragdo C11—C17, enquanto
que o teor de olefinas & maior na fracgio Cg~Cig+ O efeito da pressdo &
mais sénsivel na faixa de 20-30 atm, favorecendo as n-parafinas e a-ole-
finas nas fracdes mais leves.

0 catalisador de ferro fundido desativado foi mais seletivo para os
hidrocarbonetos de maior peso molecular +C15, embora sua atividade seja
bem inferior ao do ferro fundido virgem, Houve um aumento de n—parafl-
nas, a-olefinas e oxigenados na failxa C”-C 7 e >C,].7. ‘Particulas gran-‘
des formadas por sltios aglomerados e’'volume de poros grandes que se for

dos hidrocarbonetos para a faixa dos mais pesados.
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Vannice (4) mostrou que o tamanho de particulas influi sobre a ativi

Com o aumento da temperatura crescem asg n-parafinas e diminuem  as|

mam durante a ativagao e reagéo influem no deslocamento da seleta.v;dade .

vy
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! = B 15 20n° de dtomos de cc?r%ono Cn

FlGURA 11 ~ Curva de distribuigdo de seletividade, obtida com o uso
do catalisador de 50% Co/thos.(zo)
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CATALIZADORES PARA HIDROGENACION SELECTIVA.
INFLUENCIA DEL SOPORTE EN LA TIORRESISTENCIA

. Nora Susana Figoli1

. Pablo Cé&sar L'Argentiere2

RESUMEN

En este trabajo se estudia la influencia de la acidez del soporte
en la actividad, selectividad y tiorresistencia de catalizadores
de Pd/Al203 usados en la hidrogernacidn selectiva de estireno a
etilbencenc. Los resultados muestran gue la adicidn de sodio al
soporte causa una caida en la resistencia al azufre y un aumento
en la conversidn y la selectividad a etilbenceno proporcional a la
cantidad de &dlcali agregado. El estado electrdnico del Pd fue se-
guido por espectroscopia fotoelectrdnica de rayos X (XPS) y el ta-
mailo medio de particula de metal del catalizador fue determihado
por Microscopia Electrdnica de Transmisidén. El1 andlisis de nuestras
por XPS demostrd que existe una relacidn entre 1a acidez del so-
porte y el estado electrdnico del Pd.

ABSTRACT

The influence of the support acidity on the activity, selectivity
and thioresistance of Pd/Al,03 catalysts used for the selective
hydrogenation of styrene to ethylbenzene has been studied. It was
found that the addition of sodium to the- -support causes a decrease
in sulfur resistance and an increase in the conversion and the
selectivity to ethylbenzene, proportional to the amount of alkali
added. The Pd electronic state was followed by X-ray photoelectron
spectroscopy, and the average metal particle size of the catalysts
was determined by Transmission Electronic Microscopy. The XPS
analysis of samples demonstrated that there is a relation between
the support acidity and Pd electronic state.

1. INTRODUCTION

El tema de hidrogenacidn selectiva de hidrocarburos cobrd ma-
yor interés a partir de la 2da. Guerra Mundial, pero su importan-—
cia aumentd en los afios 60 con el incremento del craqueo de naf-
tas para obtener olefinas. Estos procesgos térmicos no selectivos
producen un amplio rango de productos no saturados, cuya hidroge-
nacidn selectiva es importante para remover impurezas, por ejem—
plo la hidrogenacidn selectiva de acetileno en corrientes ricas
en etileno.

lDoctora en Quimica. Investigador Principal CONICET. Director Pro-
yectos de Investigacidn en el Instituto de Investigaciones en Ca-
tdlisis y Petroguimica -INCAPE~, Santiago del Estero 2654 - San-
ta Fe (3000), Argentina

2 . . . .
Ingeniero Quimico. Investigador Asistente CONICET-INCAPE
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La hidrbgenacién selectiva es también importante en el apro-
vechamiento de subproductos de distintos procesos, como es el caso
de las naftas de pirflisis, Estas naftas pueden entonces ser apro-
vechadas como combustibles o para la obtencidn de aromiticos. En
el primer caso deben ser eliminadas las diolefinas y en el segﬁndo
diolefinas y olefinas, pero en ambos la hidrogenacidn debe ser se-
lectiva, sin afectar los nficleos aromiticos {1).

La primera generacidn de catalizadores de hidrogenacibn selec~-
tiva fueron sulfuros, por ejemplo sulfuro de nfquel (2). Otra ge-
neracién de catalizadores son los de Pd. El Pd (3) ha mostrado ser
entre los metales de transicidn, el mds activo y selectivo para la
hidrogenacidn de acetilénicos y de diolefinas., Sin embargo, el Pd
ofrece el inconveniente de ser f&cilmente envenenado por compues-
tos sulfurados (4, 5).

Las filtimas generaciones de catalizadores de hidrogenacién

selectiva utilizan Pd asociado con otro metal (6-9}.

En este trabajo se describe la preparacibn de un catalizador
de Pd soportade en alfimina y la influencia de la acidez del sopor-
te en la actividad y selectividad catalitica y en la tiorresisten-
cia. Se utlllza como reaccidn "test" la hldrogena01on selectiva de

estireno a etilbenceno,

Esta reaccibn tiene interés!Ya que debido a la presencia de
dos sistemas insaturados, el estireno puede ser hidrogenado a etil-

benceno o etilciclohexano, en reacciones sucesivas:

Estireno —t— Etilbenceno —2— Etilciclohexano
3
Polimeros

El etilbenceno puede transformarse en polimeros por la reac-
cidn 3, .que requiere sitios Acidos. Por esta razbn la seleccidn
del soporte es importante.

2, PARTE EXPERIMENTAL

2.a. Preparacidén de los catalizadores .

Soporte. Los soportes méds usados para catalizadores de hidr6¥
genacidén son alGmina (10), silice o carbdn (11). En este trabajo
se utilizd alfmina INVAP, en cilindros de 2-4 mm de longitud y 1-2
mm de di&metro, que fue calcinada durante 7 h a 900°C, La acidez
de la alfimina calcinada fue modificada por la adicidn de solucio-

)
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nes de NaOH de distinta concentracibn. Luego de un contacto de
24 h, la alGmina fue lavada con agua y calcinada a 600°C durante
7 h. Luego de este procedimiento se determiné el contenido de Na
por absorcidn atémica, la acidez por desorcidn de. amoniaco a tempe-
ratura programada (12) en el rango.300-550°C y la superfibieveépe-
cffica de cada uno de los soportes resultantes en un equipo Micro-
meritics Accusorb 2100 E.

Las caracteristicas de los soportes se pre;entan en la Tabla
1. Como puede observarse, el agregado de Na no afecta la superfi-
cie especifica de la alfimina, pero provee materiales de distinta
acidez. '

Tabla 1. Caracteristicas de los soportes

Soporte Na, % Acidez, meq NH, g~ 8g, m2 g=1
1 © 0,03 0,070 - g ' 76
2 1,45 ‘ 0,019 75
3 1,76 0,009 75
2 .

2,00 0,005 .- 75

Imgfegnaciﬁn. Los catalizadores de Pd/A1203 fueron preparados
por impregnacién de los soportes 1-4 con una relacdién volumen de
poro/volumen de solucibn 1/1 y a temperatura ambiente, durante 2 h.
Se utilizaron soluciones &cidas de PdCl, (Merck) de distintas con-
centraciones, de acuerdo a la concentracidén de Pd que se deseaba
obtener sobre el catalizador..El s6lido fue. luego filtrado, lavado
en el filtro con agua destilada, secado y finalmente calcinado a
495°C durante 2 h en una corriente de aire de 2 1 minfl. Las con-
diciones de preparacidn. (pH y concentracidn de la solucidn impreg-
nante, temperatura de calcinacibn y reduccidn, etc.) son importan-
tes para definir el tipo de catalizador que se desea obtener, ya
que de acuerdo a esas condiciones pueden vapiar caracteristicas
importantes, tales como dispersi&n netdlica y distribucidn de Pd
en la particula (13-16).

Microscopia electrdnica de transmisidén (TEM). Los catalizado-

res fueron examinados en un microscopio electrénico de alta reso-
lucidn Jeol JMS-100 CS II para'deferminarbel tamafio de cristai del
Pd. Las muestras fueron dispersadas ultragsdnicamente en agua bides-
tilada y las suspensiones colocadas en grillas de cobre contenien-
do films de Formvar.

Las determinaciones se realizaron a 100 KV con apertura de
condensador de 20 um. Los diagramas se observaron en una pantalla
fluorescente y se registraron fotogr&ficamente usando peliculas

~

/
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800 ISO y una exposicién de 15 s. Las especies presentan una alta
estabilidad a la radiacibén. El pretratahiento-de las grillas a

150°C en vacfio antes de introducir las muestras, reduce en gran
medida el nivel de contaminacifn de las muestras, como fue encontra-
do por otros autores (17) .

Quimisorcidn de CO e H.,. Se determind la capacidad del metal
de quimisorcidn de CO e H2 siguiendo la técnica descripta en (18) .

Espectroscopia fotoelectrbnica de rayos X (ESCA). El estado

electrdnico del paladio fue observado en un equipo Shimadzu ESCA
750 Electron Spectrometer y los resultados computarizados en un
Shimadzu ESCAPAC 760 Data System.

La linea C 1ls fue tomada como estandar interno a 285,0 eV y
gsirvid para corregir las posibles desviaciones debidas a cargas de
las muestras. La posicién del méximo del pico Pd 34 5/2-y su ancho
medio (FWHM) fueron usados para seguir el estado electrénico del
pd, como ha sido hecho por cotros autores (19, 20).

Espectroscopia de IR. Se usd un espectrofotfmetro Perkin Elmer

58 B equipado con accesorios para procesamiento de datos, siendo

el nivel de resolucibn 2,3 em™L

. Los espectros se obtuvieron di-
luyendo las muestras en KBr. Se analizaron muestras utilizadas en

corridas alimentadas con y sin thofeno.

Determinacidn de actividad y selectividad catalitica. Se efec-

tuaron en un reactor tanque operado en forma contihua a 80°c, 22
kg em™? de presién de H,, 0,02 g cat. h ml~!l de tiempo de contacto
y 700 rpm de velocidad de agitacibn. La modificacidn de la veloci-
dad de agitacibn entre 500 y 2400 rpm mostrd que no hay limitacio-
nes difusionales externas para la velocidéd de agitacidn elegida.
Las particulas de catalizador, dilufdas con vidrio de igual tamafio.
ge colocan dentro de una cesta de acero inoxidable. Los cataliza-
dores ‘se reducen "in situ" a 120°C y 5Akg en? de presién de hi-
drégenc durante 10 h previo a cada cqrrida.

Se alimentd el reactor con una solucibn conteniendo 5% de es-
tireno en tolueno. En los estudios de tiorresistencia se utilizd
también como alimentacidn la misma solucifn a la que se le agfega—
ron 100 ppm de tiofeno.
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El andlisis de reactivos y productos se realizd cromatogr§fi-
camente utilizando detector de ionizacidn y una columna de DC 200.
pado que la reaccidn principal puede estar acompafada por reaccio-
nes indeseadas de polimerizacidn que son dificiles de seguir cro-
matogrédficamente, la selectividad se determiné mediante la adicidn

de un estandar interno.

3. RESULTADOS Y DISCUSION

Utilizando los soportes cuyas propiedades fueron presentadas
en la Tabla 1, se prepararon catalizadores con distinto contenido
de Pd, variando la concentracién de la solucidn de impregnacidn.
En todos los casos el Pd se concentrd en la parte externa de las
particulas, dando una configuracidn comfinmente denominada "egg-
shell". Las hidrogenaciones son reacciones de alta velociﬂad,‘por
lo que conviene gque el metal esté en la parte externa de la parti-
cula. De acuerdo a Ohkawa et al. (21), el Pd++ y el H+ difunden eh
los poros del soporte. Cuando el contenido de Na del soporte es al-
to, aumenta el ph en los poroé y se favorece la deposicidn de Pa
en la parte externa de las particulas. Los soportes usados para
nuestros catalizadores tienen un contenido alto de Na. Se determi-
nd el tamafio medio de cristal del PA por microscopia electrénica
de alta resolucidn. Los valores fueron confirmados por quimisor-
¢ién de CO e H,, con buena coincidencia entré las distintas técni-
cas usadas. '

Influencia de la carga met&lica

Se prepararon catalizadores con contenidos de Pd entre 0,05uy
0,3%. Se observd un incremento de actividad con el contenido de Pd.
El difmetro de particula de metal se mantuvo constante para el ran-
go de contenidos de Pd estudiados.

La selectividad hacia la formacidn de etilbenceno fue cons-
tante e igual a 99,9% para todos los catalizadores. No se observd
la formacidn de etilciclohexano.

Efecto de la acidez del soporte en la actividad catalitica y tio-

rresistencia

Para este estudio se utilizaron catalizadores conteniendo
0,3% Pd sobre los soportes de distinta acidez presentados en la
Tabla 1. Estos cuatro catalizadores tuvieron como propiedad comén
la carga metdlica, el tamafio medio de cristal de Pd, que fue de

~

y
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2,5 nm (medido por microscopfa electrénica de alta resolucibn y
verificado por quimisorcibdn de CO e Hy.

Se realizaron corridas con alimentacidn libre de tiofeno, en
las condiciones mencionadas anteriormente. Una vez alcanzado el
estado estacionario se midif la actividad catalitica vy la selecti-

vidad a etilbenceno, con los resultados presentados en la Tabla 2.

Tabla 2. Relacidn entre soporte y actividad catalitica y selectivi-
dad a etilbenceno, de catalizadores 0,3% Pd/A1203

Catalizador Soporte

Np = k/D %Pd Selectividad a

(s~1) etilbenceno, %
A 1 0,30 63,0
B 2 0,35 80,2
c 3 0,40 88,5
D 4 0,50 99.9

El catalizador que tiene el soporte de mayor acidez es el que
presenta la menor actividad catalitica especifica y la menor selec-
tividad. La disminucidn de selectividad se debe al incremento de la
polimerizacidn; no hay formacidn de etilciclohexano.

En otras experiencias se determind la actividad y selectividad
de ‘los soportes 1-4. En todos los casos no hubo transformacidn de
estireno a etilbenceno y la polimerizacién fue la misma gue para
los catalizadores de Pd,preparadgg con -esos soportes. Estos resul-
tados muestranfque el soporte es el responsable de la polimeriza-

cidn, gue aumenta con su acidez.

Cuando la alimentacidn libre de tiofeno se sustituye, una vez
alcanzado el estado estacionarioc, por‘ﬁna alimentacidn conteniendo
100 ppm de tiofeno, se producé una disminucidn en la actividad ca-
talitica, como es de esperar debido a la accidn envenenante del
azufre sobre los metales de transicifn. El tiofeno se puede adsor-
ber sobre el P4 formando complejeos, como ha sido encontrado por

otros autores (22).

Dadas las condiciones suaves de 6perapién, el tiofeno no se
descdmpone y en ningfin momento se ha detectado la presencia deHZS
en el efluente del reactor. El anflisis por espectroscopia IR de
catalizadores corridos con alimentacidn que contiene tiofeno mues-
tra bandas a 2940, 2885 y 1460 cm_l. Seglin Blyholder (23), estas
bandas corresponden a tiofeno adsorbido scbre Pd.
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La Figura 1 presenta la relacibn entre la cafda de actividad
producida por la introduccidn de una alimentacidn conteniendo 100
ppm de tiofeno y la acidez del soporte. Se observa una mayor tio-
rresistencia correspondiente a una mayor acidez del soporte.

El tamafic medio ' de las particulas de Pd™e los catalizadores
preparadgs con los soportes 1-4, determinados por TEM de alta re-

10
<
- O
z
<
0 |

0 0.035
ACIDITY (meq.NH, g ')

Figura 1. Relacidn entre cafda de actividad por presencia de tio-

0.070

feno (tiorresistencia) y acidez del soporte

solucibn y quimisorcidn. de CO e Hy, es la misma, como se observa

en la Tabla 3, lo mismo que la superficie especifica, .demostrando

que la introduccidn del Na al soporte no modifica sus propiedades

fisicas y que el Na no afecta el tamafio de la particula de metal
de los catalizadores.

Tabla 3. Tamaflo medio de cristal de Pd de catalizadores PA{(0,3%)/

A1203 preparados con soportes de distinta acidez

—%\

Catalizador d (nm)
A 2,6
B 2,5
C 2,5
D 2,5
108.

Del andlisis por ESCA de los catalizadores A-D, reducidos y
antes de ser usados en reaccibn se observd para el catalizador A
(Tabla 4) el miximo del pico Pd 3d 5/2 a 338,5 eV y el del pico
Pd 34 3/2 a 343,5 ev. Estos valores corresponden a Pdcli-,»como lo
demostraron Bozon-Verduraz et al. (20). Los catalizadores prepara-
dos con PACl, como précursor y reducidos a 120°C tienen el Pd for-

mando el complejo antes citado. El ancho medio para el pico PA 34
5/2 es 3,2 eV.

Tabla 4. Andlisis por ESCA de los catalizadores

A Méximo de pico - FWHM
Catalizador Pd 3d 5/2 (eV) Ty
A ) 338,5 3,2

B 337,9 3,2

¢ 337,5 3,2

D 337,0 3,2

Para los otros catalizadores, el andlisis por ESCA .muestra, -
como se ve en la-Tabla 4, que los picos de Pd 3d 5/2 estdn corri-
dos hacia menores energias de‘ehlace cuando disminyye la acidez
del soporte. Este corrimiento muestra la modificacidn del estado
electrénico del Pd debido 'a la modificacién de la acidez del sopor-
te por intrxoduccidn de Na y'sugieré una interaccifn entre el Pd y
el soporte. f ' ' '

En la Figura 1 se mostrd que la adicidn de Na al soporte y/o
la consiguiente disminucidén de acidez, provoca una disminucién de
la tidrresistencia de los catalizadores de Pd/A1203. Este compor-
tamiento puede ser causado por la interaccidn de &tomos de Pd con
sitios dcidos de la alfimina o con el sodio de la misma por un me-
canismo dador-aceptor: migracidn de electroneg libres del Pd avSiQ
tios de baja densidad electr6nica de la alGmina. De esta manera
los 4tomos del Pd se tornan deficientes en electrones y esta defi-
ciencia en electrones evita que estos &tomos de Pd interactien con
los dtomos de S que son electrofilicos.

Los resultados de ESCA muestran una relacidén entre la acidez
del soporfe y el estado electrdnico del Pd; cuando la acidez del
soporte es mids alta los &tomos de Pd estén mis deficientes en elec-
trones. Otros autores (24, 25) también han atribufdo a una interac-
¢idén metal-soporte la modificacién-del estado electrdnico del me~
tal.

—~
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ILa transferencia de electrones del metal al soporte sblo ocu-
rre para partfculas de metal pequeiias (<3 nm) (26) cercanas a los
centros &cidos del soporte (27) Se sabe que el grado de interac-
cibén entre el métal y el soporte estd directamente relacionado con
la forma y tamafio de las particulas'met&licas (28-31). Los catali- =
zadores A-D, dado su taméﬁo de particula de metal, justifican la

existencia de interaccidn metal-soporte.

El estado electrdnico del Pd en catdlizadores preparados a
partir de PACl;, puede modificarse también variando la temperatu-
ra de reduccidn. Cuando la reduccidn se efectla a 120°C el Pd es-

t4 fundamentalmente como Pdclzf, con el méximo del pico P4 34 5/2
a 338,5 eV. Cuando la reduccidn se efectfia a aproximadamente 300°C
el méximo del pico Pd 3d 5/2 esté corrido hacia menores energlas
de enlace. Estos ﬁltlmos catalizadores -son mis activos Y menos tio-
rresistentes (32). La modificacidn del estado electrdnico 'del Pa
por la variacidn de la temperatura de reduccidn o la existencia de

interaccién metal-soporte, afecta la tiorresistencia.

La mayor acidez del sopérte favorece la interaccién_metal—so-
porte, disminuyendo la interaccidn S-metal y produiendo cataliza-
dores més tiorresistentes. Sin embargo, y como se desprende de la
Tabla 2 la mayor acidez del soporte favorece la reaccidn paralela
de pdlimerizacién, que a la vez gque disminuye la selectividad ca-
talftica afecta la estabilidad'del catalizador. El catalizador &p-~
timo serd aquel en que puedan conjugarse ambos factores o bien en
el que la modificacidn del'eétado electrénico del Pd se logre a

través de la presencia de otro metal o de un promotor.
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INTRODUCAO

Nos Ultimos anos. tem crescido no Brasil o interesse de universitd-
rios, pesquisadores ¢ industriais pelo estudo e aplicagao de catali-
sadores heterogéneos. Todavia, as interagoes entre esses profisgio-
nais ainda sdo pougo freqiientes, com prejuizo para todos os envolvi-
dos. Em parte, uma maior cooperagdo e consequente progresso poderé
ser alcangada na medida em que desenvolvermos e produzirmos os cata-
lisadores adequados ao perfil de consumo nacional. Esse artigo épre—
senta o contexto em que estd sendo criada a primeira  fdbrica de cata-
. lisadores de craqueamento do Brasil - A Fabrica Carioca de Catalisa-
*onres S/A. Analisa-se, em particular, a forma como a produgdo deverd
\1pteragiy. com a Pesquisa e Desenvolvimento de modo a adequar o cata-
jlisador as necessidades do mercado nacional.

¢

PROGRAMA DE CRAQUEAMENTO DE CARGAS PESADAS

A crise do petrdleo de 1973, intensificada pelo inicio da guerra
Iran-Iraque em 1979, alterou profundamente o perfil da demanda de
combustiveis no mercado brasileiro. O excesso de Gleo combustivel e
de gaso}ina aumentaram em decorréncia do uso de fontes alternativas
dg energia, do etanol notadamente. Por outro lado havia falta de des-
tilados médio {querosene e oleo diesel). Tornou-se, assim, importante

desenvolyer um processo de refino capaz de converter residuo.-em pro-
dutos mals leves. : '

Essa motivagdo levou o Departamento Industrial da Petrobrds a langar,

em 1981, o PROCRAP, ou Programa de Craqueamento de Cargas pesadas.
Por esse programa, as refinarias da Petrobras deveriam, ao maximizar

o‘processamento de residuos, operar seletivamente para produzir o ma-

ximo de diesel em alguns casos, ou © maximo de GLP em outros.

o] processo de craqueQmento de residuo tende a aumentar a formagao de
cogque, gas combustivel e a contaminagao do catalisador por metais
(como V, Na, Ni, etc.). A desativagao mais acentuada do catalisador

- levou a um agmento da reposigdo deste, acarretando uma drastica ele-
vagao do§ niveis de consumo. Anteriormente a 1981, ou seja, antes da
implantagao do PROCRAP, a demanda desses catalisadores situava-se em
8.000 t/ano, saltando para 15.000 t durante o ano de 1983.

1. Fdbrica Car%océ de Catalisadores S/A, Diretor Téecnico .
2. ngr%ca Car%oca de Catalisadores S/A, Gerente de Tecnologia
3. Fabrica Carioca de Catalisadores S/A, Assessor de Tecnologia
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CRIACAO DA "JOINT-VENTURE": A FABRICA CARIOCA DE CATALISADORES S/A -~

Fssa elevagdao de consumo viabilizou a instalagdo no pais de: um ‘fadbrir
ca de catalisadores de FCC. Além da economia de divisas e da possi~
vel geracao de recursos pela exportagao, outros beneficios adicionais
seriam a valorizagadc de matérias priqas nacionais, assim como a ime-

diata absorgac e futura geragao no pals de processos com alto contei-
do tecnologico.

Com vistas a nacionalizar a produgao deste estratégico insumo, a Pe-
trobrds instituiu no final de 1982 um Grupo de Trabalho com o objeti-
vo de desenvolver contatos com os principais fabricantes de catalisa-
dores. O grupo criado deveria selecionar a proposta que melhor aten-
desse ao objetivo de fabricar catalisadores de FCC no Brasil, .sob a
forma de associagdo de empresas brasileiras com uma estrangeira de-
tentora de tecnologia. :

A grande variedade de tipos de catalisadores utiligados pela Petro-
pras durante o PROCRAP permitiu um acumulo de experiencia indispensa-
vel na escolha do sécio estrangeiro. Alguns critérios adotados foram

o potencial de pesquisa, a diversificagao dos produtos e o nivel de
transferéncia de tecnologia. - S

As conclusdes do Grupo de Trabalho deram elementos para gque -a Petro-
brés se associasse a Bkzo Chemie, pertencente a grupo holandes de s6-
lida posicdo no setor da indistria quimica, e cujas fdbricas, localir
zadas em Amsterdam e em Houston tém capacidades de 30.000 e 40.000
t/ano, respectivamente. Seu processo permite ampla diversificagdo de
produtos em uma Unica fabrica. A Akzo Chemie possui igualmente estru-
tura para pesquisa e desenvolvimento, o que -.suporta sua . crescente
participagao no mercado mundial. Esta assgciagao também seria provei-
tosa para a Akzo Chemie pelo acesso aos dados gerados nas unidades

industriais de UFCC da Petrobrds. ?

As conversagoes da Petrobras com a Akzo Chemie conduziram a ‘um em-
preendimento com configuragdo tripartite em que participam, juntamen-
te com a empresa estrangeira, cedente da tecnologiac a -Petroguisa e
um grupo privado nacional, a Oxiteno Nordeste S/A Industgia e Comér-
cio. Esta empresa opera hnho setor petroquimico e também desgenvolve
projetos de pesquisas na area de catalise, podendo agregar conheci-
mentos tecnoldgicos a "joint-venture". A FCC S/A esta sendo implanta-
da no Distrito Industrial de Santa Cruz,; no Rio de Janeiro, com pre-
visio de entrada em operagao no segundo semestre de 1988. 0. dimensio-
namento é para a produgao de 25,000 t/ano de catalisador de . craquea-

‘

mento, havendo a possibilidade de se exportar parte dessa produgao. .

0S COMPONENTES DE UM CATAILISADOR DE CRAQUEAMENTO A SER PRODUZIDO PELA
FCC _S/A ) ) . . .

Componente Ativo . .

Os catalisadores industriais contém zeolito ¥, que e um aluminq—sili#
cato cristalino formado por unidades sodalita ligadas - por aneis de
6 atomos num arranjo tetrgédrico e com estrutura porosa definida. O
didmetro desses poros, 7,44, é definido por anéis de doze menbros .
Esta estrutura aberta, com cerca de 50% de volume poroso, e accessi-

vel a uma grande variedade de moléculas presentes no petrdleo (1).

_/
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Em principio, o zeolito ¥ é preparado num cristalizador a partir de
geis de silica~- alumlna em temperaturas variando de 60 a 250°2C, o pH
do conjunto sendo bdsico (2). Os cristais produzidos possuem compo-
sigdo global:

Na (AlO ) (Si02)192 pdHo o)

ohde p varia de 74 a 48 {relagao 510, /A1,0, entre 3,2 e 6,0) e g va-
ria de 270 a 250 (2).

Uma pequena quantidade de sementes de nucleagao sdo introduzidas de
modo a reduzir o tempo de cristalizacdo (3,4).

A existéncia dos cdtions trocdveis Nat é a chave para a obtengdo de
zeolltos com acidez adequada a catalisadores de craqueamento. Os
ions Na+t podem ser trocados por outros cdtions mono, di e trivalen-
tes. . Dentre estes catlons,’o proton & um que nao é introduzido dire-
tamente, wuma vez gque a estrutura do zeolito é sensivel a solugoes
de baixo pH. :

Nessas solugbes de baixo pH, a rede cristalina sofreria um empobreci-

mento em Al pela extragdo progressiva deste, e a estrutura colapsa-
ria, deixando um material amorfo (5). Por esta razao, a troca do so-
dlo por protons é executada 1nd1retamente. Num prlmelro passo, 0s
ions Na* sdc trocados pelos ions NHY que se decompdem em temperatu-
ras superiores a 300¢2C, gerando a forma acida do zeolito, HY (1).

A acidez também pode ser criada pela troca do Na*t por catlons metdli-
cos plurivalentes, como as terras raras RE *. Estes, aldm de confe-
rirem atividade ao zeolito, aumentam sua establlldade hidrotérmica. O
catalisador assim produzido é conhecido como REY (6).

0 zeolito & raramente utilizado diretamente na forma HY, em virtude
da baixa estabilidade hidrotérmica. Uma modificagao importante, co-
nhecida por estabilizagdo ou desaluminizagaoc, consiste em uma calci-
nagao em atmosfera de vapor, entre 450 e 8502C, durante algumas deze~

nas de minutos a algumas horas (5). Nesse processo, parte do alumlnlo_

deixa a rede cristalina e é substituido por silicio provenlente de
pequenas zonas onde, localwente, a estrutura foi destruida. O alumi-
nio assim deslocado ndo é retlrado do cristal, permanecendo no espago
1ntracrlsta11no sob a forma de cations ou de espécies de hidroxialu-
minios, mals ou menos polimerizados, neutras ou pouco carregadas (1).

Em oonsequen01a do enriquecimento em Si da estrutura cristalina (a

relagdo Si0:/Al1.0; aumenta na rede crlstallna) esta modlflcaqao au-

menta a estabilidade hidrotérmica e a resisténcia ao ataque acido (5,

6). Os zeolitos correspondentes sao dltos ultraestdveis, e notados

usy (7).

A FCC S/A produzird tanto zeolitos do tlpo REY, com teores varidveis
de terras raras, de modo a otimizar a estabilidade hidrotérmica e a
atividade do zeolito, quanto os do tipo USY, contendo ou nao terras
raras.

Nog Ultimos anos, um outro componente ativo vem sendo associado aos
zeolitos ¥, como promotor de octanagem. Trata-se de zeolitos do ti-
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po pentasil. Zeolitos deste tipo estdc sendo pesquisados pelo Cenpes
para uma eventual incorporagao ao catalisador (8).

Matriz Ativa .

0 zeolito é o componente ativo mas, em virtude do difmetro dos poros
ser limitado a 7,4A, muitas moléculas sdo 1ncapazes de penetrar no
espago intracristalino para interagir com os sitios dcidos do zeoli-
to. As aluminas de por051dade controlada executam a importante fungao
de pré-craquear as moléculas mais pesadas da carga, tornando p0581ve1
o acesso desses produtos ao espago intracristalino, e o conseqguiente
cragqueamento (9). Por essa propriedade os catalisadores contendo alu-
minas especiais como matriz ativa s3do adequados ao cragueamento’ de
residuos.

o] Cenpes/Petrobras esta aperfelgoando essas alumlnas, visando redu21r
a formagaoc de coque e hldrogenlo, aumentar a conversao de fundo e a
resisténcia ao atrito. Estes tipos de alumina poderdo vir a ser pro-
duzidas pela FCC S/A.

Matriz Inerte

Argilas 1nertes, como o caulim, sao utlllzadas como matriz que, ape-
sar de nao apresentar atividade catalitica, conferem propriedades Fi-
sicas importantes ao catalisador final. Para que essa interagdo seja
Stima, os diferentes componentes devem ter granulometria adequada e
maxima dispersao.,

Matriz Sintética
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Hidrossois de silica agem como ligante dos diferentes componentes do
catalisador de modo a formar partlculas de formato e granulometria
desejados para uma boa fluidizagio, além de minimizar as perdas de
catalisador por baixa resisténcia ao atrito.

Ingredientes Funclonals 7 :
Algumas substancias podem ser adicionadas em peguenas quantldades ao
catalisador para executarem fungoes particulares, geralmente associa-
das ao tipo de carga processada. Por exemplo, quando cargas. pesadas
sao craqueadas encontramos o problema de compostos organometallcos-
contendo metais pesados como Ni, V e Fe que tendem a depositar rapl-
damente na superficie do catalisador. Globalmente, esses depdsitos
conduzem a um aumento significativo na quantidade de coque formado e
no rendimento de gases leves, ao mesmo tempo gue diminui o rendimento
de gasolina (10). Esse problema pode ser minorado <com a . adigdo de
compostos a base de antimdénio, bismuto, fosforo e estanho. Tais adi- .
tivos sdo acrescentados na carga (11). Outra solugdo consiste no uso
de ingredientes funcionais na composigao do catalisador como certos
argllomlnerals (sepiolita e atapulglta) (2, 12). Alguns ingredientes
mais competitivos integram certas séries de catalisadores a serem fa-
bricados pela FCC S/A, a exemplo do tipo KMR.

A EVOLUCAO DA TECNOLOGIA AKZO DE PREPARO DE CATALISADORES DE CRAQUEA-—
MENTO

A tradigao da Akzo Chemie na ‘producgdo de catalisadores de craqueamen-
to data de 1953. Naquela época os melhores catalisadores de FCC eram
silica-aluminas amorfas, do tipo alta e baixa alumina.

Z
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Em 1975 iniciou-se a fabricagdc de zeolitos, sendo constantemente

aperfeigoada e diversificada desde entdo. Progressos notdveis foram 2eazqizzg:gtigtgegngenho dos catalisadores selecionados obedecera a
o desenvolvimento em 1982 dos catalisadores de alta densidade MZ-7 e gur gia:

MZ-11. Como pode ser observada no grafico-1, a série MZ-11 aumentou -
consideravelmente o volume de vendas, em virtude do seu excelente de- - escala - de laboratério, através do teste de m1croat1v1dade~(MAT),
sempenho: elevado:indice de octana, melhor diesel e maior conversdo que permite fazer uma primeira avallagao de vdrias formulagdes de
de fundos ! catalisadores, tanto dos de equ111br10 quanto dos V1rgens. A medi-

da de atividade é a conversao, e .o perfil dos. varios produtos tam-
bém pode ser uma 1nformagao val1osa para uma- comparagao de varios

TONELADAS . catalisadores. A nivel de laboratorlo pode-se também avaliar a es-
30.00 . ) tab111dade hidrotérmica, a  resisténcia ao atrito, granulometria,
ﬁ "“n"' drea especifica, volume dos poros, dentre outros.
25,0004 f - escala piloto, cujos resultados perm1tem uma corre lagaoc mais segura
f . com as unidades industriais. A utlllzagao da wunidade piloto de
. ‘ f Grdfico 1 - Quantida- cragueamento permite uma previsdao de rendimentos, o estudo de efei-
20.000, 4 de d dif c ti- tos de contamlnagao de catalisador, perda de seletividade e ativi-
'mwfﬁﬁ. & pos gz ;ai;igszgor;s dade, e uma avallagao de cargas g catalisador. Esse teste um uni-
15.000 TR O s de FCC produzidos pe- dade piloto é executado pelos pesquisadores do Cenpes/Petrobras.
o iingoAggotéigﬁmle ao - escala industrial - consolidacdo dos dados para andlise. A utili-
10.000.} . kop ’ zagao das refinarias para teste de catalisadores segue determinados
\\ / critérios em fungao da sua capacidade, complexidade e 1nf1uenc1a no
A Joe KNG mercado.
5,000 \ ’.-:,u Ki.C ‘
i ﬁ’y KMR-900 Os resultados da avaliagdo dos catalisadores produzidos pela FCC S/A
o0y
LY permltlrao melhorias no processo e alimentarao o grupo de pesquisa e
%s 70 75 g0 85 7 . desenvolvimento ligado a fdbrica, o Cenpes notadamente.

ANCS .

0 graflco 1 também apresenta os tipos recentes de catal1sadores, for-
mulados para atender necessidades especificas do mercado. Por exem-
plo, a série KMR-90 é altamente recomendada para craqueamento de car-
gas pesadas, em virtude da presenga de 1ngred1entes funcionails partl-
cularmente adequados a elevar a resisténcia ao envenenamento metall—
co. Outro exemplo de destaque foi o desenvolvimento em 1985 da serle
KCB, baseada em zeolitos ultraestabilizados, que apresentam notavel
estabilidade hidrotérmica e elevam a octanagem da gasolina.

PESQUISA E DESENVOLVIMENTOVDE CATALISADORES DE FCC

Considerando a grande velocidade ge aparecimento no mercado de novos
e melhores catallsadores, e levando em conta que o perfil de consumo
de combustiveis no pais pode ser diferente do resto do mundo, é con-
siderado da mais alta 1mportan01a para a competitividade da FCC S/A a
interagao eficaz com a pesquisa e o desenvolvimento.

INTERACAQ DA FCC S/A COM QO CENTRO DE PESQUISA E DESENVOLVIMENTO 1EO-
POIDO A. MIGUEZ DE MELLO (CENPES/PETROBRAS)

Em conclusao, a tecnologia da Akzo Chemle estd em continuo aprimora—
mento, ndo apenas para reduzir custos, como também para adaptar o de-
sempenho de seus catallsadores 4s necessidades dinamicas do mercado.
Essa flexibilidade serd importante no caso brasileiro, onde o perfil
- de consumo de combustiveis tem sido diferente do resto do mundo. Por
exemplo, hoje as grandes nece851dades das refinarias sdao: . elevado
indice de octana (MON), médximo rendimento de GLP e diesel.

Considerando o estreito relacionamento da FCC S/A com a Petrobras, e
o8 excepcionais recursos e tradigdo do Cenpes, foram estabelecidos
acordos envolvendo o CENPES, a BAkzo Chemie e a FCC S/A. Tais acordos
prevéem, huma prlmelra etapa, a transferéncia de tecnologia da AKZO
para o Cenpes nha drea de desenv01v1mento de novos catalisadores _para
FCC. Numa segunda etapa, preve se um nivel de intensa cooperagao de
todas as partes envolvidas no processo.

INTERACAO DA FCC S/A COM A PETROBRAS NA AVALTIAGCAO DE CATALISADORES

A prlmelra etapa do acordo esta praticamente concluida, e a segunda
ja estda em andamento. Alguns exemplos de assuntos de pesqu1sa e de-
senvolv1mento abordados atualmente pelo Cenpes sao:

A FCC S/A, através de seu Servigo Técnico, e a Petrobrds, através do
seu Departamento Industrial, selecionardo cuidadosamente os catallsa-
dores a serem produz1dos em fungZo do tipo de UFCC na qual ele ira
operar, o tipo de carga a ser processada e a necessidade de derivados

. s~ : A - Preparacgao de zeolito do tipo pentasil
de petroleo da regiao a que essa unidade atende. b b po P

0 zeolito de tlpo penta511 tem recebido atengdo especial por
parte dos principais fabricantes de catalisadores de FPCC, em vir-
tude da capacidade deste zeolito de elevar a octanagem da gasoli-~
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na. No caso brasileiro, outra vantagem desse zeolito reside em
sua atividade direcionada ao sobrecraqueamento, elevando o rendi-
.mento em GLP (8). ‘

Os poros médios ( =~ 5,5 A) desse zeolito e a estrutura de tubos
cruzados dos seus poros implicam numa seletividade especial, a
seletividade de forma. Por outro lado, por causa da elevada
relagdo 8i0,/Al,0,(>20), este zeolito possui centros acidos ex-
tremamente fortes ‘e alta estabilidade a tratamento hidrotérmi-
co{13). Essas propriedades combinadas implicam na capacidade de
promover o aumento da octanagem da gasolina e o rendimento de
GLP.

"0 Cenpes decidiu explorar esse material, comegando por examinar

rotas alternativas de sintese. Espera-se desse estudo naoc somen-
te gerar conhecimentos sobre o preparo desse zedlito, mas também
dominar rotas que normalmente utilizam agentes direcionadores de
estrutura, -tais como a sintese de , SAPO, MAPO, etc.

Desaluminizagdo dcida de zeolito Y ultraestdveis em reatores con-
tinuos

O Cenpes estuda a obtengdo de zeolitos Y desaluminizados para fu-

fura incorporagao em catalisadores de FCC. O uso de zeolitos ul-

traestaveis como matéria-prima visa a possibilidade de emprego de

pH mais baixo. Pretende-se determinar parametros que influenciam
o grau de desaluminizagdo de zeolito.

Aluminas para catalisadores de craqueamento

0 Cenpes procura desenvolver uma alumina especial para catalisa-
dor de craqueamento de modo a aumentar a resisténcia ao niquel, a
‘capacidade ligante e a resisténcia ao atrito. Objetiva-se igual-
mente aumentar a convers3o de fundos, diminuir a formagao de co-
que e hidrogénio.

Desenvolvimento de métodos de caracterizacdo de zeolito Y

Duas questOes interligadas 830 frequentemente levantadas sobre o

desempenho do zeolito nos catalisadores de FCC:

- estabilidade do zeolito

- distribuigdo -dos vérios tipos de alumina no espago intra-cris-
talino de zeolitos-Y ultraestabilizado, e seu papel no craquea-
mento. .

As diferencas entre catalisadores de varios fabricantes podem ser
interpretadas visualizando processos de migragio e redistribui-
g3o de alumina a partir do zeolito, processos estes que podem ser
controlados em varias .etapas de produgao do catalisador:
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- gr?paro {(maior relagao Si0,/Al,0, implica em maior estabilida-
e

- pés-tratamento (tratamento hidrotérmico ou quimico)

A obtengdo de um zeolito final otimo requer um balango muito de-
licado entre as condigdes empregadas em cada etapa acima citada.
O Cenpes estuda o desenvolvimento de métodos sensiveis de carac-
terizagdo, com a finalidade de acompanhar amostras tipicas obti-
das apces o preparo bem como apos cada etapa do processamento.

E - Instalagdo de uma unidade piloto de fabricagdo de catalisadores
de FCC, com o intuito de desenvolver e otimizar os processos, ba-
seados nos resultados gerados pelos programas de pesquisa e de-
senvolvimento, fazendo-se a escalada necessaria.

Os temas abordados acima sdo apenas exemplos de estudos desenvol-

p ¥ . P 7y < .
vidos atualmente. Na verdade, varios outros topicos estao mere-
cendo atengdo por parte dos pesqguisadores do Cenpes.

CONCLUSAO

A associac3o da Petrobrds, Petroquisa, Oxiteno e Akzo Chemie possibi«
litou a criagdo da primeira fébrica de catalisadores de craqueamento
no Brasil, a transferéncia de uma tecnologia de ponta e a capacitagao
parg aperfeigoamento desta tecnologia por equipes de pesquisadores
nacionais. - . . .

Desta forma, a FCC S/A, sendo uma empresa nacional, que se alimentara
de tecnologia de ponta para servir ao setor estratégico da Indistria
de Refino de Petrdleo, considera:fundamental a existéncia no pais de
nacleos capazes de alimentar a dehanda tecnoldgica neste iwmportante
ramo da catdlise heterogénea.
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