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INTRODUCTION

In order to achieve optimum yislds of distilate, currant two-stage liquefaction
processes, as avalualed in pilot research faciliies consume as much 4 ta 8 1bs of
catalyst per ton ol moisture-Iree coal fed to the roactors. The cost of catalyst for
these replacement rates ranges from $4 to $6 per bbl of distiliate preduct. I the
cost of disposal of spent catalyst is considered, the cost could be substantially
more. Thus & very importart factor in achieving $30/bbl liquids from coal is the
development of less expensive catalysts or catalysts with better activity, selectivity
and lite.

The goal of this project is to develop catalysts, based on hydrous metal oxide
{HMOQ} ion exchangcrs, that improve the efliciency and economics of converslon of
coal lo distillate products. Continuous reactor tests periormed by AMOGCO 1,2]
have shown that preliminary formulations of ong member of this class of catalysts,
NiMo hydrous ffanium oxide (HTO) calalysts were comparable or supafior 1o 25
othor commercial and novel formulations tested by AMOCO for sacond-stage
upgrading of coal-dorived resid. Thus efforts have focused on optimizing HTO
supported catalysts, and recent research has resulted in formulation of NiMo/HTO
catalysts with lower active mgtal loadings and increased activity. This paper
repotts the status of recent HTC catalyst research, especially the development of
thin-fitm HTO-coated supports.

Althcugh other HMQs, bassd en Zr, Nb or Ta may also provide good cataiyst
supports, HTQ supports werc chosen for initial development because the raw
materials required to form HTOs are more readily available and less expansive
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than those required for other HMOs. A promising melhod to produce inexpensiva
catalysts with properties lailorad to a specific process is the application of HTO
calalysis as thin film coatings on other support structures. Developmant activily
has concentrated on molyhdanum as the major active metal in both the bulk and
thin-film HTO catalysts. The cholce of molybdenusm as the major active componeant
is based an the fact that the most sucecessful liquefaction catalysts currenily in use
{c.g. Sheli 324M and Amacat 1C) contain molybdenum as the major acive metal.
Catalysts developed in this program have been evaluated with laboratory micro-
scale reaciors, and will ultimately be evaluated with bench-scale units, such as the
PETC Genaric Unit, and & large-scale process development unit such as the
Advanced Coal Liquefaction R&D Facility at Wilsonville, Alabama.

CATALYST PREPARATION

Hydrous tilanium oxide catalysts are prepared by a technique thai consists of
synthesls of sodium hydrous titanate lon exchange material followed by ion
exchange of the sodium for active metal ions [3]. The synthesis involves three

steps:

(1) Aeaction of tetraisopropyl titanate with sodium hydroxide in alcohol soluticn
io form a sciuble intermediate;

HaCH
Ti{OGgH7)4 + NaOH » Soluble Intermediate

(2} Hydrolysis of the soluble intermediate in acetone/water mixtures to form the
hydrous metal axide ion exchange material:

Acetona, HaD
Soluble Intermediate » MaTizOsH
{3) len axchange of the sodium for aclive metal ions in agueous solution Lo form
ihe catalyst:
2NaTiz0sH + Nit2 ag —p 2Na* + Ni{TiaOgsH)2

In addition to the capacity to exchange metal ions, contact of the ion-exchangers
with acidic solulions results in exchange of hydrogen ions, which alters the acidity
and catalytic activity ol the material. The matcrials can also funciion as anion
exchangers in acidic solutions, allowing adsorption ol metais that exisl as
agueous oxygenaled anions, molybdates, for example.
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Catalyst preparation by coating inert supports with a thin film of a hydrous metal
oxide ion-exchanger offers the potential of tailoring catalyst activity and selectivity
by appropriate choice of active metal combinations and substrate physical
properties such as strength, surface area, and pore size. Additionally, an
excellent dispersion of active metals may be achieved by this technique.

Preparation of coated-support catalysts involves three steps:

(1) Synthesis of the water or alcohol soluble hydrous titanium oxide as in step (1)
above.

(2) Deposition of an ion exchange coating by contacting the support with an
aqueous or alcoholic solution of the soluble hydrous titanium oxide ion
exchanger.

(3) lon exchange of the cations of the HTO coating for those of a catalytically
active metal in aqueous solution as in step (3) above.

Because active metals are dispersed on HTO catalysts by ion exchange, they are
chemically associated with the HTO support. Therefore activation techniques
must result in release of the active metal components from the HTO support. For
example, activation [4] of Mo-based HTO catalysts is performed in two steps: (1)
calcination in air at 5000C to release the Mo and promoter ions from the HTO
structure, followed by (2) sulfidation at 4250C with a 10% mixture of HpS in Ha.

CATALYST TESTING

Initial tests have been conducted on powdered (-100 mesh) and particulate
catalysts (granular, extrudate, or spherical) using batch microautoclaves for rapid
screening of a large number of preparations to determine their activity for model
reactions such as pyrene hydrogenation and dibenzothiophene desulfurization.
The batch microautoclaves have liquid reactant capacities of 2 cc and a gas-
phase volume of 25 cc. Four reactors can be operated simultaneously. A typical
experiment is carried out as follows. After being charged with the catalyst and
reactant, the reactors are heated to temperature in a fluidized sand bath while
being shaken with a wrist-action motion at 200 cycles/min. Temperatures and
pressures are recorded with a digital data acquisition system during the course of
the experiments. Following the heating period, the reactors are rapidly quenched
to ambient temperature, a gas sampte is taken and the products are removed for
analysis by various techniques, including gas and liquid chromatography and
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elemental composition. For sulfided NiMo catalysts, pyrene hydrogenation tests
are typically carried out at 3002C and 500 psig cold charge hydrogen pressure,
and dibenzothiophene dasulurization at 350¢C and 1200 psig. For the more
active noble metal catalysts such as Pd/HTO, pyrene hydragenation experiments
are typically performed at 1000C and 100 psig.

RESULTS AND DISCUSSION

Bulk-Phasa NiMo/HTD Calalysts

The development of NIMo/HTO catalysts has progressed to the point where the
hydrogenation activity of HTO-supparted materials, as measured by the
hydragenation of pyrene, is significantly higher than that of commercially available
NiMo/AlOa catalysts used for coal iguafaction. NiMo/HTO catalysts exhibiting
pseudao-first-order rate constants for pyrene hydrogenation of 0.19 sec1 g cat!
(1.66 sec! g Mo-1) for the powdersd catalyst (-100 mesh) can be roufinely
preparad. This hydrogenation activity can be comparad 1o that of 0.16 sec! g
cat-1 {1.21 sec1 g Mo-1) for powdered Shell 324M in tests run under kdsantical
conditions.

Further advances in catalytic activity have been made via a combination of HTQ
substrate modification and changes in metal 1oading technigues. Addition of
telraethylorthosillcate in the first step of the synthesis to achieve a Ti/S| ratlo of 0.2
for the ion-exchanger was found to further increase activity. The Nag 5TI/0.2Si
supports were converted to the Hg 5Ti/0.25i form prior to metal loading. Mo was
introduced onto the support via an ion exchange reaction. Following drying at
1002C, Ni was introduced by wetting with & minimum amount of agueous Ni{NOg)a
solution. With this methad, most, but probably not all of the Ni is fixed on the
support via ion exchange. After the Ni loading step, the malerials ware dried at
1000C, pelletized, calcined al 5002C, and sulfided at 4250C prior to testing. The
powdsred form of this catalyst {B.69% Mo, 2.95%Ni) was found to have a pseudo-
first-order rate constant for pyrene hydrogenation of 0.22 sec1 g cat? (2.32 sec-1
g Mo1).  The desulfurization activity as measured by the pseudo-first-order rate
constant for dibenzothiophene desulfurization {0.027 sec-* g cat-1) was also found
to be significantly greater than that for Shell 324M {D.021). It appears that the
increase in activity due to sificon addition Is achleved, in part, by the stabllizing
alfect that 5t has on the surface area of the calcingd and sulfided catalysts.
Catalysts contalning silicon have approximately 60% higher surface aron than
preparations without silicon (150 va 90 m2/g).

Transmission electron microscopy {(TEM) of the sulfided NiMo/HTO and
cammercial NiMo/alumina catalysts has shown that the greater activity of the HTO
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catalysts appears ta rasult from a better dispersion of the Mo sulfide crystaliites.
Whereas the alumina calalysts appear to contain 50 t¢ 70 angstrom-size stacks of
4-6 MoS» layers supported on amorphous alumina (figure 1), the HTO catalysts
contain 50 to 70 angstrom-size crystallitas of only 1-2 MoS, layers supporied on
100 to 150 angstrom diamcter anatase crysiallites (figure 2) joimed during the
calcingtion process.

HTO-Coated Catalyst Supporis
The infarmation obtained from the development of bulk-phase HTQ catalysts was

found to be directly applicable to the preparaiion of thin-film NiMo/HTO catalysts
on pre-formed supports. Application of HTO catalysts as thin films on support
material is a promising approach lo preparing inexpensive catalysts, because
smaller amounts of HTO ion-exchanger matesial and active metals arg required,
and inexpensive supporls may be used. Initially thin-film NiMo/HTO catalysts
supporied on a materiat referred to as controlled pore glass (CPG), available in
-20 mesh granular form, were prepared. Results of experiments performed to
compara the hydrogenation activilies of bulk-phase and thin-flm Pd/HTO-coated
and NiMo/HTO-coated CPG catalysts showad that the thin-dilm calalysis had
comparable or graater activities on a weight of active metal basis.

Recently NIMo/HTO-coated catalysts have baen piepared using a porous silica
support in spherical form, 1.5 mm in diameter. The silica spherical support has a
surface area of 55 m2/g, an average pore diametar of 77 nm, and a total pore
voluma of 1.00 ce/g. The spheras were firs! coaled with a thin film of HTO followed
by exchange of Mo and Ni onto the thin fim to achleve nominal Mo loadings of 1%
and Ni loadings of 0.3%. Following calcination and sulfidation, the catarysts were
tested for their activity for iydrogenation of pyrene to 4,5-dihydropyrene at 300°C,
and desullurization ¢f dibenzothiophene at 3500C. These spharical silica
NiMo/HTO-coated catalysis had weight basis rate constants for pyrene
hydrogenation of 0.032 + .003 sec1g cat-! as compared to 0.041 for Shell 324M
axirudate (0.78 mm diameter by 4 mm long) and 0.038 for Amocat 1C extrudate
{3.59 mm diameter by 6 mm lohg). On a weight of active metal (Mo) basis, the rate
canstants ranged from 2.5 to 3.5 sec1 g Mo-1, a factor of ten greater than that of
0.31 for Shell 324M. For dibenzothiophene desullurization, rate constants at
0.0081 + 0.0003 sec! g cat-! were determinsed for the NiMo/HTO-coated silica
sphetes, compared to 0.0057 for Shell 324M. Thus tha HTO-coated sllica spherg
catalysts exhibited a 40% higher dibenzothlophene desuliurization activity and
contained only ong-tenth as much active metal as Shell 324M.

Tha high activily for these spherical silica HTO-coated catalysts is due, in part, 10
lheir high effectiveness factor {ratio of the rate conslant for the catajyst spheros o
that of the powdered catalyst), which was detesmined to be 0.75 (for



hydrogenation), eompared with the much smaller values of 0.27 and 0.22 for Sheil
A24M and Amocat 1C. This result is undoubtedly dus, in part, to differences in the
effective diffusivity resulting from the more open pore structures of the silica
spheres. A factor contributing to the highar Mo waight basis activity ol the
NiMo/HTO-silica sphere catalysts is the botler disperslon of MoS; achioved by the
HTO ¢oaling process. TEM analysis (figures 3 and 4) has shown that, as with tha
case for the bulk-phase HTO catalysts, the MoSs crystallites for the coated
catalysts consist of 50-70 angstrom-size crystallites of 1-2 layers of MaS5a attached
o smail anatase crystallites. These results demonstrate that the HTO coating
meathod can be used to produce a high activity catalyst with a low active metal
loading and a geometry amenable 1o existing reactor systems.

CONCLUSIONS

Hydrous filaniurn oxides are extremely versatile materials for preparation of coal
liquelaction catalysts. Screening tests of catalyst activity with leads that model
caal liquataction reactions have shawn that bulk HTO catalysts with activities
significantly greater than commaercial NiMofalumina catalysts can be prepared.
Preliminary formulations of bulk-phase NIMo/HTO catalysts have also performed
well in continuous microreactar tests [1] for upgrading coal-derved resid. In
addition, catalysts prepared from HTO-coated supports, containing one-tenth the
active metals of commergial alumina-supporied catalysts, have been found to
axhiklt high hydrogenation and desulfurization activilies. Thus, HTO-coated
support malerlals offer a promising method t¢ produce cost-affective catalysts
wilh mechanical, physical and catslytic properties tallared to specific direct
liquefaction procass applications.
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Flgure 1. Transmission Electron Micragraph of sulfided NiMo/alumina catalyst containing
12.2% Mo and 2.7% Ni, A typical crystallite containing a "stack”™ of 4 MoS,; iayars (dark
lines) is shown within circled area. Many olher "stacks” of 4-6 MoSo layers can be
phserved.
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Figure 2.  Transmission Elgctron Micrograph of sulfided MiMo/HTO catalyst containing 10.2%

Mo and 3.4% Ni. Typical crystallites eontaining ang Me S, fayver {dark ling)

conlerming to the shape of an anatase crystallite 1 shown within circled area. Many
olhier crystallites of one MuSs layer can be observed.

Figure 3. Transmission Elcctron Micrograph of sulfided NiMo/HTO supported on porous sifica.

This catalyst coniains 1.3% Mo and 0.2% Ni. The silica support is seen as the larger
irrequlardy shaped material [cfrcled), approximately 100 nm in size. The smaller

material {10 nm in slee, darker spots) on the sillza are orystalies of anatase with
MoS5; atlached. The cireled area is shown magnifisd by 3 Factor of 3 in Figure 4.
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Figure 4. Transmission Clectron Micrograph of sulfided NiMo/HTC suppaned on poraws silica.
The cirgled area shows a typical crystallite of anatase with a crysiallite containing a
single layer of MoS., (dark line) attached.
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