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CONTRACTUAL ORIGIN OF THE INVENTION

The U.S. Government has rights in this invention pursuant to the employer-
employee relationship of the Government to some of the inventors as U.S.
Department of Energy employees at the Pittsburgh Energy Technology Center, and
pursuant to 42 U.S.C. 5908 in respect to the inventor-employees of the Bayer
Corporation.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a method for producing the catalyst and,
more particularly, to iron-oxide based catalysts and a method for producing iron-

oxide based catalysts for use in cracking, isomerization and transalkylation processes
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by reacting tron oxides doped with a fattice compatible metal with halogen
compounds.
2. Background ot the Invention

Many industrial processes involve acid-catalyzed reactions. such as cracking,
hydrocracking, depolymerization, isomerization. alkylation. transalkylation, etc. The
catalysts used in these processes are solids (e.g. zeolites. silica- alumina). liquids (ex.
phosphoric acid. methane sulfonic acid. triflouromethane sulfonic acid, sludges of
aluminum chloride, etc.) or gases (e.g. hydrofluoric acid).

Some metal chlorides or mixtures of metal chlorides have been used as acid
catalysts. These metal chlorides include AlCl;, ZnCl,, FeCl, or mixtures of metal
chlorides such as AICI;-CuCl, (in which CuCl, acts as a promoter).

Several shortcomings exist with the use ot these inorganic halides in
industrial settings, including: 1. their inherent highly corrosive characteristics, 2. the
need to control rigorously the water content of the sludge containing the catalyst, §3
the difficulty to disperse the catalyst in the reaction mixture, resulting in the need to
use large amounts of catalyst and, 4. the environmental hazards associated with the
recovery and/or disposal of the used catalyst.

For example, the typical acid catalysts of zinc chloride and ferric chloride
contain 52 weight percent and 65.5 weight percent of chlorine, respectively.

A need exists to develop methods to synthesize new acid catalysts that do not

have the shortcomings of typical metal chloride catalysts. The process should




Ui

10

15

minimize the use ot halogen material. Finally. the resulting product should provide
tor its casy reclamation trom reaction mixtures and. be stable.
SUMMARY OF THE INVENTION

[t is an object of the present invention to provide a metal-based acid catalyst
and a method for producing a metal-based acid catalyst that overcomes many of the
disadvantages of the prior art.

[t is another object of the present invention to provide a method for activating
a metal-based catalyst precursor, prior to actual use. A feature of the invention is the
production of a catalyst having active sites on the surtace or shell of the catalyst. An
advantage of the method is the elimination of the large amounts of halide, and
concomitant materials handling problems associated therewith, that is necessary in
typical procedures to maintain catalytic activity.

Yet anothergobject of the present invention is to provide a method for
activating metal-lattice substrates with lattice compatible metals and organic
chlorides. A feature of the invention is the incorporation of chloride ions onto the
substrates. An advantage of the invention is the elimination of corrosive problems
associated with metal chlorides that are typically used in industrially situated, acid-
catalvzed reactions.

Briefly, these and other objects and advantages ot the present invention are
provided via a method for producing acid catalysts comprising synthesizing an iron

oxide doped with metal ions lattice-compatible with Fe’" or/and Fe*”,
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catalyst fabricated via the method taught hereim wherein a magnetite contains 0.3

wetght percent of Zn. the chlorine content ot the catalyst was 8.9 pereent. with a

surface area of 18 m~/g. This compares to the 52 weight percent ot chlorine and 63.3
weight percent of chlorine noted previously for the typical acid catalysts zinc
chloride and terric chloride. respectively.

fron oxides with spinel structure may be used in the preparation of the
catalyst. including. but not limited to. iron oxides such as gamma-Fe,0,, Fe;0,, or
berthollide iron oxides of composition (FeQ), (Fe,O ;). where 0<x<l. Where Fe**
and Fe’" lattice positions are present, as in magnetite structures. several substitution
metal ions having similar ionic radius with iron may be utilized. For example, Zn*",
Cu?".Mg". Ni*", Co* can be used to replace Fe’" in lattice positions. Similarly,
AP, 172 [Ti**+Fe*"], Ga’", Cr’", and V" may be used to replace Fe*~ in lattice
positions during prgparation. Upon heating, we found that these substitute ions
diffuse to the surface of the particle and partially displace the original Fe’~ and Fe*
ions at the surface of the iron-oxide particle. This surface diffusion results in a larger
concentration of the addgd metal ions on the surface than in the bulk. Subsequent
reaction of the iron ions and the substituted metal ions with halogen creates a surface
having catalytic properties.

Heating of particles of magnetite doped with Zn*>~ and AP~ in the presence of
an organic halide causes, the dopants to diffuse to the surface of the particle and at
least partially replace Fe?" and/or Fe*" respectively, resulting in an increased
concentration of the Zn and/or the Al on the surface. The resulting material proves

-6-
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of the invention is shown. for example in Example 4.

tions used as hydrotreating catalysts.

have crystal structures accommodating Fe’* and Fe’".

lo be an active and stable acid catalyst which maintains its catalvtic activity after

storage m air for weeks, even in humid conditions. The long shelt lite of the catalyst

Heating ot doped iron oxides, prior or concomitant with surface activation
with a sulfur or sulfur containing compounds, can be used for the formation of active

systems other than active acid catalysts, including Fe-S-Ni and Fe-S-Co combina-

Several precursors containing magnetite with and without small amounts of
Zn"" and/or Al’" were prepared. Catalyst precursors used in the following examples

10 are disclosed in Table 1, infra. Generally, the magnetites used as catalyst precursors

Table 1 Catalyst Precursors

# Magnetite

Surface Area

m?/g

Elemental Analysis, wt%

Fe

Zn

Al

1. Isometric

393

66.9

0

0

15 2. Needles, Zn

37

0.5

0

Isometric, Zn

(VS ]

43.6

67.0

0.40

0

4. Isometric, Al

37.9

67.1

0.4

n

. Isometric, Al, Zn

50.6

66.4

0.45

0.48

*Magnetite supplied by Bayer, U.S.A., Pittsburgh, PA.
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As mentioned supra. while the examples provided belosw demonstrate
chlorine-containing catalysts. other halogen containing compounds. those containing
bromine and 1odine for example. may be used.

Catalyst Preparation With Oxveen Present--Method A

[n a first method, one part by weight of doped iron oxide (containing small
amounts of other metals or metals substituted in the lattice) was heated in a closed
container with 0.05-0.5 percent by weight organic halide for a given duration of time
at a given temperature. Usually. the duration of heating is 0.5 to 5 hours and the
temperature is selected trom a range ot between approximately 225°C and 410°C.
After this heating step, the container is opened and its contents dried in vacuum at
temperatures of 100-300°C for one hour. A more preterable iron oxide-to-organic
chloride weight ratio range is 1:0.05 to 1:0.1.

Suitable organic halides for catalyst activation included organic halides such
as methylene halides, carbon tetrahalide, trihalomethanes, where the halogen may be
chlorine, bromine or iodine. Generally, any derivative of lower fraction alkyls is
suitable (i.e., methane, ethane, propane or butane) as long as the compounds, upon
thermal decomposition, do not liberate carbon which could otherwise reduce the
surface area of the iron-based particle during catalyst activation.

Catalvst Preparation With Oxygen Absent--Method B

In a second method, doped iron oxide is heated under inert gas (for example,
nitrogen, argon or helium) at 225°C to 410°C for 0.25 to 5 hours. The resulting

material has an increased concentration of lattice compatible metals (other than iron)

-8-
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on the surtace and is then activated as described above iy method A\ 1o torm the acid
catalyst.

To avoid sintering of particles (which reduces surface area). the heating ot the
oxide-substituted metal-halogen mixture is preterably at a relatively slow rate. To
maintain high surface areas, i.e.. small particle sizes, low heating rates of between
[°C/minute and 3°C/minute are used, and relatively low final temperatures (225-
230°C) are utilized.

High surface areas may be maintained by passivation ot the oxide particle
surface with phosphoric acid. This is illustrated in Examples 9 and 11 below
whereby nonpassivated magnetite lost 61 percent of its surface area upon activation
(in Example 9). In contrast, the same magnetite, first passivated (in Example 11).
lost only 25 percent of its initial surface area.

Low heating rates to reach the final temperatures, noted supra, facilitate both
the dopant diffusion outwardly toward the surface of the particle. and the formation
of the catalytic surface.

Catalyst production may be carried out at pressures on the order of 1-5
atmospheres, concomitant with the pressure created when the organic halide decom-
poses.

The activity of the resulting catalysts, as measured by degree ot conversion,
was determined by a micro-test, as described in Farcasiu, et al. Energy & Fuels 1994,
8, 920-924, and incorporated herein by reference. The test compound utilized was 4-

(1-naphthylmethyl)bibenzyl, which is compound I, illustrated infra. The hydrogen

9.
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donor utilized was 9.10 dihydrophenanthrene.  The catalyst was present in 10-40

percent by weight of the test compound. The main catalytic reaction. under test

conditions is the selective cracking of bond a (see formula compound 1)

) Op-toben D)

@)
ag

——— - -

Compound I

To assess the catalytic activity ot the invented CLASS OF catalysts, the
catalyst was combined with Compound I to form a reaction mixture. In all
examples, infra, the magnetite used as the precursor is identified with the numbers
given in Table 1, supra.

Example [

187 mg of needle-Zn magnetite (#2 in table 1) and 18 mg methylene chloride
were heated for 30 minutes at 390°C in a closed glass tube. The product was dried in
vacuum at room temperature for one hour to remove any trace of methylene chloride.
The catalyst was stored in a glass vial, at room temperature.

Example 2
25 mg of Compound I and approximately 100 mg of 9,10 dihydrophenan-

threne were heated for 1 hour at 390°C. No reaction was observed.
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Lxample 3
23 mg ot Compound 1. approximately 100 mg ot 9. 10 dihvdrophenanthrene
and 2.5 mg fresh catalyst as prepared pursuant to Example {. were heated for one
hour at 390°C. The conversion ot Compound [ {see reference above) was 20.7
percent (average of two micro-tests) in the presence of 10 weight catalyst: the
selectivity for the cracking of bond “a™ was more than 90 percent.
Example 4
The stability ot the catalysts prepared under Method A was tested after
storage at room temperature in a closed container. The conversion of I as a function

of time since preparation is given in Table 2. infra.

Table 2 Conversion of Compound I versus days after preparation

Days after Preparataion

0 13 23 37 41
Conversion *I,% 20.7 21.9 25.8 25.0 25.1

*10 % weight catalyst (based on Compound I)
Example 5
To check the water-stability of a catalyst, prepared using Method A, the
catalyst was first stored in air for 41 days. Results of that air storage are illustrated in
Table 2. Another catalyst, stored in air for 41 days was tested after a 30 minute
exposure to a water-vapor-saturated atmosphere at room temperature. And, a third
catalyst, again initially stored in air for 41 days, was tested after overnight exposure

to a water-vapor-saturated atmosphere at room temperature. The conversions of

-11-




compound [ for cach of the three above scenarios was 231 percent. 22.35 percent and
8 pereent. respectively, whereby the catalyst was 10 percent by weight. based on
Compound I.

Exumple 6

wn

The Zn. Al magnetite (#5. Table 1) was activated with methylene chloride at

225°C. The weight ratio methylene chloride to magnetite was 1:8. Catalysts B, C

and D were obtained. The X-ray Photoelectron Spectroscopy (XPS) method of
analysis was used to determine the surface composition of these catalysts as
compared with the initial bulk composition. The results are given in Table 3. The

10 conversion of Compound [ is given for 40 percent weight of the catalyst, based on

Compound .

Table 3 Surface Composition of CH,Cl,-activated Catalysts

Catalyst Atomic Ratio on the Surface Conversion [

¢

Magnetite #5 Fe Zn Al C1 %

15 Catalyst 100 0.63 1.6 0 0

B 100 11.2 8.9 10.1 57
C 100 8.8 10.1 10.1 19
D 100 1.1 4.7 3.9 12

Example =

20 Methylene chloride activated magnetite #1 (5 hours at 225°C, in the presence
of oxygen, method A) was tested for catalytic activity. The conversion of Compound

I in the presence of 40 weight percent of the activated material was O percent.

-12-
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Lxample N
Magnetite #3 and phosphoric acid surtace-passivated magnetite #3 were

activated with methylene chloride at 2235°C for 5 hours. The catalysts gave

conversions of 18.8 percent and 34.6 percent respectively (concentration of catalyst

was 40 percent based on the weight of Compound [ present).

Exumple 9

[n a sealed glass tube, 100 mg magnetite #5 and 24 mg methylene chloride
were heated at 1.7°C/min to 225°C and then maintained at 225° for three hours. The
fresh catalyst gave a conversion of 39.4 percent when using in 40 percent
concentration (based on Compound I). Surface area of the catalyst is 18.5 m%/g.
Exumple 10)

In a sealed glass tube, 100 mg magnetite #2 and 24 mg methylene chloride
were heated at 1.7°C/min to 225°C and then maintained at 225° for three hours. "l:he
fresh catalyst gave a conversion of 74.5 percent when used in 40 weight percent
concentration based on the amount of Compound [ present. The catalytic activity of
the two-day old catalyst was 69.5 percent. Surface area of the catalyst was 31 m*/g.
Example 11

Catalytic activities and surface areas of a methylene chloride activated
magnetite #35 (catalyst E in table 4) and of a corresponding magnetite which was first

phosphoric acid passivated #5 (catalyst F) were measured and compared. The results

are illustrated in Table 4, infra:
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Table 4 Activity and Surface Area for Activated v. Non-activated Magnetite

Substrate

Surtace Area (S.A))

Conversion * of |

m*/g %o
Magnetite #5 30.6 0
Catalyst E 26.6 18.8
Catalyst F 37.9 46.2

*40 weight % of catalyst based on Compound I present

Example [2

A methylene chloride activated magnetite #2 (of table 1) was tested for

catalytic activity at 10 weight percent catalyst concentration (based on Compound I

present). one hour reaction time and at various temperatures. The results are

depicted in Table 3, infra:

Table 5 Conversion rates using 10 weight percent catalyst

 —

: oC %
390 14.3
400 32.2
410 504

While the invention has been described with reference to details of the

illustrated embodiment, these details are not intended to limit the scope of the

invention as defined in the appended claims.

-14-




ABSTRACT OF THE DISCLOSURE
A method for preparing an acid catalyst having a long shelf-life is
provided comprising d;)ping crystalline iron oxides with lattice-compatible metals
and heating the now-doped oxide with halogen compounds at elevated temperatures.
The invention also provides for a catalyst comprising an iron oxide particle
having a predetermined lattice structure, one or more metal dopants for said iron

oxide, said dopants having an ionic radius compatible with said lattice structure:; and

a halogen bound with the iron and the metal dopants on the surface of the particle.
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