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SYNGAS CONVERSION AND CHEMISORPTION STUDIES ON METAL-ZEOLITE CATALYSTS

V. Udaya S. Rao, Robert J. Gormley, Abolghasem Shamsi,
Richard R. Schehl, and Richard T. Obermyer

U. S. Department of Energy
Pittsburgh Energy Technology Center
P. 0. Box 10940
Pittsburgh, PA 15236

Cobalt-ZSM-5 and cobalt-theria-ZSM-5 catalysts have been examined for
synthesis gas conversion at 280°C. In the cobalt-ZSM-5 catalysts prepared by
the impregnation of ZSM-5 with cobalt nitrate solution, it was shown by
chemisorption and magnetization studies that the amount of cobalt that could not

be reduced to metallic form in flowing H, at 350°C amounted to nearly 2 wt% of -

the catalyst, and evidently was ion-exchinged. Cobalt-ZSM-5 catalysts prepared
via the physical admixture of precipitated cobalt oxide with ZSM-5 were also
examined, In synthesis gas conversion and in ethylene: conversion, the
physically admixed catalysts showed a higher fractional yield of aromatics ‘in
the liquid hydrocarbon product than the solution-impregated catalyvsts.
Ce 'sts prepared by the impregnaztion of ZSM-5 with CSHSCO(COJ and containing
3 ... cobalt showsd higher metal dispersion, higher H, + CO conversion, and
about 10 times higher yield of gasoline range hydrocgrbons (g/hr) than the
catalysts with similar metal loading prepared by the other two methods.
Addition of thoria as a promoter to cobalt-Z3M-5 caused a considerable increase
in synthesis gas conversion and seélectivity to ~gasoline-range hydrocarbons.
Some Co-Th(,-ISM-5 catalysts provided, during the first 24-hour period of the
test, nearlf 65 wtX selectivity to gasoline-range product that contained 26 vol%
aromatics (alklbenzenes). Addition of thoria resulted in the decrease of the
cobalt crystdllite size from about 40 nm to 10 nm, and caused an increase in
CO/H adsorbed. The conversien of synthesis gas in a single stage metal-zeolite

catalysi has been compared over that in a dual stage set-up with separated

Fischer-Tropsch and zeolite catalysts.

* .
Department of Physics, Pennsyivania State University, McKeesport, PA 15132.
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The narrative account of the presentation “Syngas Conversion and
Chemisorption Studies on Metal-Zeolite Catalysts" by V. Udaya S. Rao can be
found in the manuscripts that haveé been included in addition to a copy of the

slides. The manuscripts are:

(1) ™Zeolite-Supported Cobalt Catalysts for the Conversion of Synthesis Gas to

Hydrocarbon Products” by A. Shamsi, et al.

(2) "Promotion and Characterization of Zeolitic Catalysts Used in thefSynthesis

y

of Hydrocarbons from Syngas" by V. U. S. Rao, et al. 7

N
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Micrcreactor Resuits

H,/CO=1, P=21.atm, T = 280°C, WHSV = 0.77

(0-24 hour pel;iod)

3.0% Co/lZSM-5 2.7% ColZSM-5 2.8% ColZSM-5

coo bl
pran e fe e

(organometallic  (metal nitrate (physical
impregnation) impregnation) mixture)
‘Co crystallite size (nm) 5 8
CO Conversion (%) 52.9 21.0 248
"H, Conversion (%), ' 85.2 34.3 , 46.0
| Product o
. Composition (wt.%)
{ co, 11.7 8.1 10.4
H,O 52.5 56.6 53.7
f cHq 35.9 .33 - .- 359
[ Composition of CHn (wt%) . .
CH, 235 . 335 . 32.5
I G:Hs 0.0 4 00 0.0
C,Hs 2.7 . 5.2 T 84
[ C;Hg 0.0 : 0.0 . 0.0
= CyHg 40 - 7.7 125
[ C,Hg 1.2 0.9 ' 00
= C4Hqq 6.5 . 18.8 23.0 "
B [ Cs.. 62.1 33.9 28.6
l. Liquid Product
1 Composition (vol%) _ ‘
g Aromatics 13.0 — —
{ Olefins . 445 — -—
o [ Saturates 425 —_ —_
~, BSY4237
i ,,_,___ S
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Microreactor Reéults T
H,luO 1, P=21atm, T= 280°C WHSV 077 T
(0-24 hour penod) S -

9.0% Co/ZSM-5 'e.o% ColZSM-5 9.2% ColZSM-5

(organometallic (metal nitrate ‘(physical
impregnation) impregnation) mixture) | _i
Co crystallite size (nm) - 10 12 : 43
CO Conversion (%) ‘ 535 56.5 475 —I
H, Conversion (%) 865 - 85.9 780 . ]
Product I
" Composition (wt.%) K ]
ro, . | 10.1 18.6 | 8.5
0 53.7 481 . 53.8 1
CHp, . 363 356.2 : 37.7
Composition of CHn (wt%) : : ' : ]
CH, 17.7 - 245 26.5 : ]
" C,H, 0.0 0.0 0.0
C,Hg : 20 2.7 o 18 1
C,Hg | 1.2 0.85 0.0
C,;Hg 1.8 | 27 6.1 ]
'C4Hg 1.0 0.7 06 .
C;H4o 20 5.4 138 . ]
Css : 74.3 ' 63.1 51.4... .+
Liquid Product ]
Composition (vol%) : L. R
Aromatics 13.5 22.0 - 8058 ]
Olefins : 63.5 31.0 .65, L4
Saturates : 23.0 47.0 . 430 . ]
]"i

1258 R




!

Chemisorption of H, on Co-ZSM-5
Prepared by Aqueous Nitrate impregnation

Metal | H, Uptake -
Loading % Reduction  Wit% Co at 100°C _‘
(Wt%) = in H, at 350°C Unreduced (umolg?) d(nm) |

9.0 78 20 35.4 124
59 64 2.1 22.5 10.5

{

[

{

i

|

|

i

| IPY 10 2.5 2.5 7.0
I .
1

|

|

i

|

-
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Catalytic tesis ¢n
Co-ThO,-HZSM-5 with H,/CO =1,

' P=21 bar, T=280°C, WHSV = 0.66

Co in catalysft (wit%)
ThO, in catalyst (wt%)

CO conversion %
H, conversion %

Compositioﬁ of Hydro-
carbon Product (wt%
CH, . '
C,oH, :

C,Hg

CsHg

C;Hg

. C4Hag.

CsHio

CS+A

Liquid Product

. Composition (vol%)
Aromatics

Olefins

Saturates

(0-24 hour péripd)

9.2
0.0

47.5-
78.0

26.5

0.0
16

0.0
6.1
0.6

138

514

505
6.5
430

8.8
0.4

67.1

8811

19.4

0.0
2.6
0.0

3.9

0.9
6.0

672

18.5
48.0

335

85 8.9
08° 15
71.1 74.0
89.0 916 _
1617 T 16.4
01 0.1
2.0 17
0.2 0.3
. 34 29.
08 0.7
6.1 5.4
714 725
215 20.0
305 445
380 355
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Single stage versus two-stage synthesis.

F-T catalyst: Precipitat_ed cobalt-thoria
- HJCO=1,P=21 bar, T=280°C, WHSV =_0.66

Catalysts:
1st stage:

2nd stage:

CO conversion %
H, conversion %

Composition of Hydro-
carbon Product (wt%)

CH,
C,C,
Cs +

% gasoline in Cg.,

Liquid Product
Composition (vol%)
Aromatics
- Olefins:

Saturates

F-T

" +silica

none

65.9
78.0

19.5
13.5
'67.0

57
3.5

36.5
60.0

12512 - -
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FT
+ silica

HZSM-5

65.7
79.9

18.9
23.6
_57.5:

97

70
705

-

rwnd Pl ]

FT
+ HZSM-5 ]
; :
ng,né }
74.0 1
91.6
16.4 A=
112 1
724 E
98 1
20.0
. 445

355
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ZEQLITE-SUPPORTED COBALT CATALISTS FOR THE CONVERSION

OF SYNTHESIS GAS TO HYDROCARBON PRODUCTS

A. Shamsi, V.U.S. Rao, R.J. Gormley, R.T. Obermyer,®*

R.R. Schehl, and J.M. Stencel

U.S. Department of Energy
Pittsburgh Energy Technology Center
?.0. Bex 10949

Pittsturgh, PA 15236

*Pennsylvania State Flniversity
Department of Physics

McKeesport, PA 15132
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Abstract -

Three differently prepared cobalt/ZSM-5 catalysts were .mvestigated
with respect to physical and chemical properties and to activity and
Selectivity for conversion of synthesis gas. The catalyst preparatioas con-
sisted of the following: (1) direct decomposition of CsHsCo(CO)z on ZSM-5,
(2) impregoation of ZSM~5 with an aqueous solution of cobalt nitrate, and
{3) physical admixture of precipitated cobalt oxide with ZSM-5. The concen-
tration of cobalt varied from 1.5 wtf to 9 wtf. At about 3 wt% cobalt
loading, the first catalvst showed bigher dispersion, higher (Hz + CO)
conversion, and about 10 times higher yield of 5a.sol:.'.ne-ra.nge hydreocarbens
(g/hr) than the catalyst prepared by the other two methods. Some H?_ and CO
chemisorption studies and magnetization measurements were condueted to
measure the average particle diameter. The CO/H adsorption ratio is lower
for the catalyst prepared from Cs5HB5Co(CO)2 than for the catalyst from the
metal nitrate solution. This ratio increases with increasing metal disper-
sion. At low metal loading, the orga.nometallic—inpregnated catalyst has' a
higher degree of reduction and hydrogen uptake compared to the solution-
impregnated catalyst. Infrared studies of chemisorbed pyridine on these
samples indicate that ifon exchangs of Co2+ for acidice protons oceurs in
organametallic-impregmated and aqueous-solution-impregmated catalysts;
however, the extent of ion exchange is greater for catalysts prepared by the
Iatter technique. No ion exchange is found in physically admixed catalysts.
In addition, the infrared data suggest that the organometallic preparation
car cause blockage of the ZSM-5 charmels unless appropriate activation
procedures are followed. ‘

12-15




1. Introduction

The medium-pore zeolite 2ZSM-5 can catalytically convert methanol or
other oxygenates to hydrocarbons containing aromatics (Chang and Silvestri,
1977). It has been proposed that the acid function of ZSM-5 is responsible
for the catalytic synthesis of aromatics (Derouane and Vedrine, 1980). The
ZSM-5 has uniform pores of about 5.5-2 diameter governed by a 10-m_em.l_:e:"ed
oxygen ring opening that results in a sharp cutoff in the aromatic product
distribution at Cyg (Chang and Silvestri, 1977).

Olefins can be oligomerized by ZSM-5 to heavier olefins, followed by
i.someéim._tion, cyclization, and aromatization (Dejaive et al., 1980) to form

a gasoline-range product. The liquid product corntains branched pamffiné, .

hranched olefins, naphthenes, and aromatics, which are constituents of high
ctane gasoline.

Since products of synthesis gas conversion by the Fischer-Iropsch reac-
"tion contain olefins and oxygemates, there is considerable interest in
combining a Fischer-Tropsch metal, such as Fe, Co, or Ru, with Z3M-5 to form
a bifunctional catalyst. These catalysts exhibit improved selectivity for a

gasoline-range product, and synthesis gas can be converted to gasoline<range

hydrocarbons. in cne step (Chang et al., 1979; Caesar et al.,- 1979; Rac and
Gormley, 1980). -

The activity, stability and product selectivity of supported catalysts
can be .significantly affected by the properties of the éupport and the
method of preparation. For example, catalysts prepared from the transition
metal carbonyls or organometallics showed a higher degree of dispersion of
metal on the support than the catalysts prepared from the aqueous solution
of the high-valent salt (Brenner, 1975; Thomas et al., 1982). It was of
interest to examine if the former methods could be employed to prepare

zZeolite-supported catalysts.

Oar investigetion was undertaken in an attempt to increase the metal

Aspersion on cobalt/ZSM-5 catalysts using organometallics as the sowrce of

12-16
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cobalt and to compare with the conventional methods of catalyst prepax;a‘éion.
Catalysts were prepared in three different ways: (1) decomposition cf
dicarbonyleyclopentadienyleobalt: on 2ZSM-5, (2) impregnation of ZSM-S5 with
cobalt nitrate solution, and (3) physical admixture of precipitated cobalt
oxide with ZSM-5. The catalysts were tested in a microreactor for the con-
version of synthesis gas (HZ/CO = 1) at 2809C, 21 atm, and WHSV = 0.77.
Metal dispersion was measm'ed using chemisorption and mgnetiat:.on studies.
The possible relationship between the degree of dispersion and the catalytie
activity was .examined. Infrared sSpectroscopy was used to investigate the
influence of the preparation method on the relative number of Bronsted and
Lewis acid sites. ’

12-17
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2. Experimental

(a) Catalyst Preparation:

The 2ZSM-5 with Si02/A1203 =30 was prepared using the procedure
deséribed in the patent literature (Argaver and Landolt, 1972). The prepar-
ation ylelds ZSM-5 crystallites of approximately 1u. The zeolite was cal-
cined in air at 5389C to decompose the TPA* and ammonium-exchanged using
NEyCl solution. The ammonium form of ZSM-5 was then calcined in air at
5380C to obtain the acid form of ZSM-5.

The drganometal]ic-impregnated catalysts were prepared by de¢omposing
CsH5C0(C0)2 oz ZSM-5 in an evacuated sealed glass bulb. The cobalt, contedt
of the catalyst was determined by atomic absorpticn (A4) techmiques.

Solution-impregnated catalysts were prepa.red by adding a cobalt nitrate
solution to ZSM-5 until incipient wetness was reached. 'l'he mixture was
evacuated after the solution was added, and the fimal’ product was dried with
stirring at 100°C.

For the physically admixed preparation, cobalt oxide was initially made
as a precipitate by addinz a 10 wt% sodium carbomata solutiomn at 70°C to a
second soluticn, also at 709C, comtalming 10wt cobalt nitrate uatil a pH
of 7 was reached. The precipitate was filtered, washed with water
thoroughly to reduce the content of sodium to less than 0.1 wt$, and dried
at 1109C. The dried zeolite and metal oxide were each sieved to -200 mesh
and thoroughly mixed.

(b) Chemisorption Measurement:

Hydrogen and carbon monoxide adsorption measurements were carried out

to measure the metal dispersion. Adscrption measurements were performed

using a conventiomal glass volumetric adsorption apparatus. Cne gram of
eacs ~atalyst was used in the measurements. The sample was heated to 200°C
(2°C/min) under flowing He (650 mL/min) and kept at that temperature for

1218
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1 hr. Tke sample chamber was then evacuated to 2 x 10~5 torr before cooling
to 50°C. At this temperature, hydrogen was introdused (60 mL/min) and the
temperature was raised to 350°C (2°C/min). The sample was reduced at this
temperature for 18 hr. Reduced samples were evacuated to 2 x 10-5 torr at
3%09C and cooled to the adsorption temperature.

Hydrogen adsorpticn was performed and adsorption isotherms were obtain-
ed at 1000C. The Ep uptake value at the zero pressure intercept corresponds
to saturation coverage of adsorbed B2 on the metal at that temperature.
Total Hp uptake was used to calculate the metal dispersion and crystallite

size. /

y

Pollcwing the Hp adsorption measurement, the catalyst chamber was
evacuated and the sample was reduced under flowing Hp (60 nL/m:Ln) for 1 br
at 3509C. The sample was evacuated to 2 x 10~5 torr at 3409C and cooled to
25°C for CO adsorption measuremerts. Two :Lsothems:ﬂw_ere obtained assuming
that the initial isotherm represents the sum of CO strongly adsorbed on tﬁe

metal and weakly bourid to the support. Evacumation of the sample at 259C to

2 x 10-% torr for 0.5 hr pricr to measurement of the second isotherm removes
weakly adscrbed CO. The difference Detween the two 1sotherms at the zero
Fressure is taken to represent the irreversible adsorption of CO on the
cobalt surface. B )

The magnetic measurements were performed on a reduced sample (350°C and
flowing Ey for 16 br) using a vibrating sample magnetometer in an applied
field up to 15 kOe. The saturation magnetization was measured by plotting ¢

versus 1/H and extrapolating to zero (infinite fields), assuming that small .7’

magnetic particles have the same saturation magnetization as bulk material
(Selwood, 1975). The degree of reduction was obtained by comparing the
values obtained with the known saturation magnetization of bulk cobalt.

(¢) Infrared Studies:

Samples for infrared spectral measurement were Prepared by pressing
approximately 20 to 30 mg of the catalyst into thin wafers using a Z-inch

12-19
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die. The wafers were mounted on a quartz sample holder and installed into a
quartz pyrex vacuum system, similar to that described by Rhee et al. (1983).
The IR data were obtained on reduced and calcined samples. The wafer was
reduced with flowing Hp at 3509C for 2 hr. After evacnation, pyridine was
adsorbed at 1500C. The same _procedure was followed after 02 caleination a'-tl
4500C. Spectra were recorded using a Peridn-Elmer Model 180 infrared
spectrophotometer. The frequencies reported herein are accurate to within
*2 cor-1, while the precision of intensity ratios is approximatelv +15%.

(d) Synthesis Gas Conversion:
. /

Catalyst samples of 1.35 g were placed in a i-cm-i.d., down-flow
reactor tube. The catalyst was heated in flowing Hp (70 mi/min) at 21 bar
to 200°C at the rate of 2°C/min and held at tiat temperature for Thr.
Subsequently, the temperaiure of the catalyst was raised to 350°C (20C/min)
and held for 16 hr. The temperature was lowered to 2500C and the pressure
to 7 bar. Synthesis gas with the Hp/CO = 1 ratio was introduced and the
Pressure was slowly raised to 21 bar. The temperature was raised to 280°C
and a synthesis gas flow of 0.77 g/g cat. hr. was maintained.

Two traps, maintained at 0°C and 175°C, respectively, were drained
Periodically at 24-hr, U48-hr, or T72-br intervals. Product gas samples were
analyzed for CO, Hp, COp, and C1-C7 hydrocarbons. The liquid draimed from
the trap at 0°C was first weighed and then Thysically separated into agueous
and hydrocarbon fractions. The hydrocarbon product was analyzed by ASTM-D-
2887 GC-simulated distillation. It was also separated into ‘dromatics, ole-
fins, and saturates by ASTM-D-1319 colum chromatography with fluorescends
indicator adsorption (FIA). The amount of product collected in the trap it
175°C was negligible. ' ' a

-"12-20
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3. Results and Disenssion

(a) Catalyst Characterization:

The present investigations on cobalt/ZSM-5 catalysts prepared by three
different methods (mentioned befbre) had the following aims: (a) investi-
gate the effects of preparation and metal loading on the adsorption
stoichicmetries of Ep and CO on cobalt, (b) measure the -:Eversible and
irreversible Hy and CO uptake, (c) determine the extent of reduction to the
metallic state using magnetic measurements, and (d) calculate the average
crystallite diameters of cobalt using the rgsults from magnetic measurenents
and Hp and CO chemisorption. N

’
i
!
4

The hydrogen adsorption isctherms for the 9.0 wtf cobalt catalyst pre-
pared by decomposition of C5H5C0(CO)2 are shown in Figure 1. The isotherms
are taken at 100°C and 200°C. Despite their slope, the total hydrogen
uptakes at -zero pressure. for 100°9C and 200°C .are approximately- the same
(isotherms A). The second set of isotherms (isotherms B) are taken follow-
ing the first set by pumping the sample to 1 x 10~% for 0.5 hr. There is
considerably higher reversible Ej uptake at 2009C than at 100°C. | The
results indicate that the Ep adsorption on cobalt is partly reversible and
that the reversible part is affected by the adsorpticn temperatire.
Furthermore, experiments showed nearly zero hydrogen uptake on ZSM=5 itself
at 100°C. In view of the absence of Hp uptakes on the support, the average
crystallite diameters are calculated based on total hydrogen uptakes. The
resgl'ts obtained are in fair agreement with the ones calculated from

irreversible CO uptakes on samples where complications from subecarbeonyl.

formation with cobalt do nct exist.

The ccbalt dispersion and average crystallite diameters were calculated
in 2 manner similar to Bartholomew and Pammel (1980). The fraction of metal
atoms axposed (or dispersed), D = Cog/Cotr, where Cog is the number of
surface atoms, and Ccy is the total number of cobalt atoms in the metallic
state, was determined assuming the adsorption stoichiometry of H/Coq = 1 for
Ho chemisorption. In the case of CO chemisorption, bridge-bonded and

1221
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linear-surface sSpecies can occur. The degree of dispersion (D) was calcu-
lated for adsorption stoichiometries CO/Cog = 1 and 0.5, respectively, for
the two cases mentioned above.

The degree of reduction obtained from magnetization measurements was
used to calculate Cot. ZI-ray diffraction studies on the reduced catalyst
have shown the presence of hep cobalt erystallites. Assuming the latter to
consist of spherical particles of uniform diameter d, one can show that
d(mm) = 73.8/%D (Reuel and Bartholomew, 1983). The cobalt crystallite sizes
calculated in the above manner are shown in Table 1.

The following trends are visible from the results:

»

1. The CO and Hp uptakes increase with increasing cobalt loadings.

2. Total Hp uptakes increase approximately linearly with loading in
the range 2 wtZ to 9 wt% cobalt on ZSM-5 impregnated with

C5Hs5Co(C0) 5.

3. The COijrp./E adsorption ratiac decreases with increasing eobalt
loading. :

4.  Catalysts prepared from metal nitrate solution with cobalt lcading
in the range of 2.7 wt% to 5.0-wt% bave a large CO4wn /B ratio.
This is especially evident for the sample wi‘th__ 2.5 wt% cobalt.

5. The degree of reduction decreases with :I:na-easing cobalt disper-' "

sion.

The increase in COj,pn /H with increasing cobalt dispersion results from
a2 combination of an increase in the CO/Cog adsorption stoichoimetry and a
decrease in the Ep uptake. The decrease in degree of reductia:. ard” Hp
uptake with increasing metal dispersion may result from metal-support inter=
action as seen by Chin and Hercules (1982) in 'Co/Al203 catalyst. -The-
unreduced cobalt probably is 'in the form of a spinel ard is not availabla-
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for Ep adsorption. Anmsorge and Forster (1981), in a study of 6 wt% Co/SiOa,

assigned the infrared band at 1900 em~1 to bridged CO, and bands in the

region 2050-2100 cm~1 4o linear CO species. It is highly probable that the
distribution of subearbonyl, linear, and bridged CO surface species contri-
bute to the variation in the CO adsorption stoichicmetry. The very high CO
uptake relative to Hp uptake in the case of the 2.7 wt% cobalt (aqueocus
solution-impregnated) sample apparently results from formation of surface
subecarbonyls species on highly dispersed cobalt. Such observations have
been made earlier Cfor supported-nickel (Rochester and Terrell, 1977;
Bartholomew et al., 1980) and rhodium (Yates and Muzrrell, 1979) .catalysts.
The calculation of ceobalt crystallite size based on CO chemisorption in the
case of 2.7 wt% Co-ZSM-5 (aqueous solution-impregnated) sample i3 therefore
not meaningful. Subcarbonyl formation on CO chemisorption appears to ;.lso
exist, albeit to a much lower extent, in the case of £.0 :wtﬁ Co=ZSM-5
(aquecus-solution-impregnated) sample.

With the exception of the samples mentiorned in the pi-,_’t;_'irious -paragraph,
the cobalt crystallite diameter calculated from Hp cheni.éomtion is in
reasonably Bood a,greement with that calculated from CO chem._.orption
provided 0.5 < C0/Cog < 1.0. One can hypothaize that in catalysts with
relativey high dispersion of cobalt (d ~5 mm), linearly bonded CG species
are predominant, whereas in the case of catalysts where d > 9 mm bridge-
bonded CO species are favored. In the physically admixed catalyst,’ the
cobalt crystallite size (~40'mm) is much larger than in the others and both
linearly bonded and bridge—bonded CO0 species appea.r to occur. *

The total hydrf:gen uptaks‘ versus cobalt eonde::‘.:rations for th.gr<, it
catalysts prepared by the aqueous solution of cobalt pitrate and organo~—
metallic impregnations are plotted in Figure 2. ~The result indicates that
the total hydrogen upta.ke is nearly linear H’.Lth inereasing metal loading in

‘the range of 2 wt% to 9 wt% cobalt for the ca.tz_'l.ysf prepared using the

organcmetallic, whereas, the Hp uptake is suppressed in the case of 2.7 wt%
cobalt lcading .for the catalyst impregnated with metal nitrate.  This
appears to have resulted from a partial ion exchange of the acidic proton
sites.by Co+ in the nitrate-impregnated catalyst. The Co2* cations in the




zeolite can not be reduced to the metal in flowing Hy at 350°C. Since the
metallic form of cobalt and not Co2* is responsible for chemisorption, the
uptake of hydroger is correspondingly dimirished in catalysts containing a
fraction of the cobalt in ion-exchanged form. -

Ion exchange was investigated by infrared monitoring of chemisorbed
pyridine on the Co/ZSM-5 catalysts. In the case c¢f aquecus solution impreg-
nation, earlier infrared studies had shown tha:t: approximately 1.4 wt%.of the
Co/ZSM-5 catalysts was in the form of an lom-exchanged Co2+ species (Stencel
et al., 1983). The ZSM-5 used in those investigations had SiOz/A1203 = 22.
Such a Co2+ concentration in ZSM~5 meant that the Lewis acid sites
associated with the Co2+ constituted nearly one fourth of the total aé:idity .
in the ZSM-5. In the present investigation, the infrared analysis of
chemisorbed pyridine is not as straightforward for the organometallic-
impregnated samples as for catalysts using the other impregnation methods.
This statement is based on the infrared spectra of the organometallic-
impregnated sample after pyridine chemisorption, as shown in Figure 3.
These sapectra depict the 1200 cm=! to 2000 em~! region, which contains a.
number of bands useful for interpretive procedures. First, the three bands
between 1300 em~! and 1600 em=1, labeled L, B+L, and B, are associated.with
vibrational modes of chemisorbed pyridine .and provide information on Lewis
acid sites (L) and Brinsted acid sites (B). Second, the intense band
centered pear 1640 cm~! is a superposition. of bands due to chemisorbed
pyridine and to OH groups. Third, the band at 1850 cm~? is an overtone-
cambination band of the alumino-silicate framework of the ZSM-5. The inte-
grated ‘intensity of this 1860 cm~?! band (within the diagonal lines) is
approximately identical in the reduced or calcined catalyst, Figmre 3a é.nd
Figure 3b, respectively. This suggests that altnough the sample is Temoved
from the infrared spectrameter to perform reduction or calecination treat-
meats, the same amownt cf ZSM-5 is sanpléd before and after such treatments.
Bence, assuming that the strength of the acid sites fias not been altered
sSeverely during Hp reduction or Op calcination, the decreased Bromsted. and
Lewls band intensity in Figure 3a as compared to Figure 3b- suggests-that the
pyridine monitors fewer acid sites in the Hp-reduced catalyst than in the
O2-calcired catalyst. Such a decrease may be the result of a hydrocarbon/ -
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carbonacecus residue left on the eatalyst during organometallie impregna-
tion, indicated by the band at 1415 em~1 in the Ho-reduced sample, which
hinders pyridine diffusion into the channels of 2ZSM-5. A4 4500C 02> calcina-
"tion evidently causes a "burn-off" of such a residue, allowing access of
/ pyridine into the ZSM-5.

A B509C Oz calcination of Co/ZSM-5 will also cause a redistribution of
the Bronsted and Lewis acidity in the ZSM-5 by dehydroxwlation and creation
of Lewis acid sites. Hence, the threefold increase in Lewis acidity in
Figure 3b as compared to Figure 3a, versus only .a 25% increase in Bronsted
acidity, may be caused by a number of factors. These factors, besides the
availability of the chanmels of the ZSM-5 to pyridine diffusion and creakion
of Lewis acidity by dehydroxylation, include the ion ™ exchange of Col+ for
B*. To calculate the amount of ion exchange, the formalism developed
previously (Stencel et al., 1983) can be utilized employing the fact that
ZSM-5 with S10p/81203 = 32 has an intensity ratio of Bronsted-to-Lewis peaks
of approximately 2.0 after calcination at 450°C (Table 2). This caleulation
and the assumption of two pyridine adsorbe& per Co2+ give the number of. Col*
ions per unit cell of ZSM-5 of 0.53. This number constitutes about one
tenth of the total number of acid sites in the 2ZSM-5. Thus, although ion
exchange has occurred in the organometallic-impregmated ZSM-5, the extent of
ion exchange is considerably less than in the solution-impregnated ZSM4-5. L.

(b) Catalytic Conversion of Synthesis Gas:

The (CO + Hp) conversion is plotted versus concentration of cobalt in

the catalyst (Figure 4) for each method of preparation. In the :case of .

solution-impregnated catalysts, the conversion increases rather rapidly with
cobalt concentration in the range of about 3% to 6% cobalt and scmewhat
slowly in the range of about 6% to 9% cobalt. It is almost comstant for
organametallic-impregnated catalysts in the range of 3% to 9% cobalt. The
conversion is nearly linear with cobalt concentration for the physically
admixed catalysts in the range of 1.6% to 9.2% cobalt.

™




The effects of preparation method on catalyst .activity and selectivity
are shown in Tables 3 and 4 for catalysts with approximately 9 wt% and 3 wt3
cobalt, respectively. At the metal loading of about 9% cobalt, there is

only a slight difference between the conversioms exhibited by the metal~ -

nitrate-impregnated and organometallic-impregnated .catalysts. Both bave
higher CO and Hp coanversions tha::z the physically admixed catzlyst. The Cs*
fraction of the hydrocarbon product for the catalyst prepared using ‘the
organometallic is higher than the catalysts prepared by other methods. The
physically admixed catalysts provide a much higher fraction of arcmatics in
the liquid hydrocarbon product, and higher C3 and Cyj Saturates than the
solution- and oarganometallic-impregnated catalysts. In 3211 c:-:ses, nearly
90% of the liquid hydrocarbon product was in the gasoline—bo:.ling x-a.nge, as
determined by simulated distillation.

A more pronounced difference between the three prepara..‘.:ions:a.n be seen
in Table 4 when the cobalt concentration is about 3 wtf. The
or@.nometallic-impreghated catalyst has considerably higher CO and Hp con-
version, as well as much higher selectivity for the Cs* fraction. The
fraction of aromatics in the liquid hydrocarbon product is low for the
catalyst prepared by organcmetallic~impregnaticn, and this amount decreases
with time on stream. The amount of liquid hydrocarbon product from the
other two catalysts was not sufficient to perform an FIA analysis Ifo;'
aromatics. However, the amount of C3Eg and. CyHyg in the product bears a
correlation to the rz-ac.tion of a.roua.tics in the liquid hydroczrbon product-
As explained by Dejaive et al. (1980), the oligow-ization of clefins is
tollowed by aromatization that occurs through cycliation and hydrogen
transfer reactions. The hydrogen transfer reactions lead s:.m:ltaneously. to
the formation of saturated hydrecarbons -(from olefins) and aromaties. .The

amounts of CyH1i9 in the gas phase for the physically admived, metal-
nitrate-impregnated, and organometallic-impregnated catalysts are 23.0 wts,

18.8 wt%, and 6.5 wtf, respectively, which indicates that the rracticn of
arcmaties in the liquid hydrocarbon product should also decrease in the same
order for the three catalyst preparations:

g




The (Hz + CO) conversion and selectivity versus time on stream for the
catalyst with 3% cobalt (calcined and uncalecined) prepared from C5H5C0(CO) 2
decomposition are shown in Figure 5. For the firsc 0-24 hr period, the
sample that was caleined at 4509C for 1 kr has lower conversion that the
incalcined one, possibly the result of lower metal dispersion in the
calcined samples. The Cq fraction is lower and the Cg*+ fraction higher- in
the product from the caleined sample than for the uncalcined sample. The
fraction of aromatics in the liquid hydrocarb:on product from the calcined
catalyst is nearly twice that from the uncalcined catalyst. The amount of
COz in the product is also lower for the calcined catalyst than for the
uncalcined one. The différe.nce in conversion and selectivity of COp remsains
nearly unchanged with time on stream, whereas the selectivity of Cq and[ Cg*
is almost the same after 5 days for the two catalysts. L

The physically admixed and organcmetallic-impregmated catalysts (9 wt%)
were examined to provide information on some aspects of éatalyst deactiva-
tion during 16 days of the test (Figure 6). There is a decline in (Hp + C0)
conversion with time on stream, ‘and this is /more mnoticeable for the
physically admixed catalyst. Deactivation may be caused by the carbonaceous
surface layer that forms from the dissociation of CO on the cobalt surface
and grows with time on stream. This inactive overlayer (graphitic in
nature) reduces the sites available for CO d:.ssoc;atzon, and therefore, the
‘conversion declines. ° There is a significs 1€ly higher conversion a.nd
selectivity to the Cs* fraction for the crganometallic-impregnated catalyst
in comparison to the physically admixed catalyst, and this difference stays
nearly constant during the test. * This may be due to the higher cobalt
dispersion in the catalyst prepared by the organometallic impregnation than
in the physically admixed catalyst. .

The fraction of aromaties in the liquid product decreases, and the
fraction of olefins increases, with time on stream for all the catalysts.
It is lmown that the acid sites in H-ZSM-5 are responsible for the formation
of aromatics by the dehydrocyclization of Cg* olefins. Deactivation of
these acid sites with time on sStream results in a decrease in the arometic
fraq.tion and an ircrease in the olefin fraction of the lijuid hydrocarbon
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product. The results show that there is a good correlation between a
decrease in the fraction of aromatics and an inerease in the C§/C3 ratio.
One may conclude that the conversion of the C3 .olefin,. a primary FT produdt,
is a major indicator of the cyclization and aromatization activity. The
rate of deactivation of the zeclite function can possibly be reduced by
using ZSM-5 samples of smaller crystallite size (<0.1 p) than those used in
the present study. "-_~._
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Conclusions

In the preparation of Co-ZSM-5 catalysts, the use of an organometallic
as a cobalt precursor at a low metal loading (3 wt%) resulted in increased
metal dispersion and (Hp + CO) conversion, in comparison to catalysts
prepared by nitrate impregrnation or physical admixture. The amount of
Zasoline-range product formed in a 24-hr period was zbouc 10 times higher
than that produced by metal nitrate or physically admized catalysts.
Magretization measurements show that the degree of reduction decreases with
increasing metal dispersion, and at low metal loading, the organometallic-
impregnated samples exhibit a higher degree of reduction to the netallio
state than samples with the same metal loading prepared from cobalt pitrate
solution. Chemisorption results indicate that the CO/H ratio increases with
increasing cobalt dispersion. This ratio is higher for samples prepared
from cobalt nitrate solution than for the samples prepared by organcmetallic
imf:regnation or the physical admixture method. This has probably resulted
_ from a compinat:ion of decreases in the Hp uptake and increases 'in the CO/Cog
‘ratio. The low Hp uptake is an indication, especially at low metal loading,
of a closer interaction of cobalt with the ZSM-5. The higher CO/H values
foer the 3 wtf to 5 wt$ catalyst prepared from metal nitrate solution
compa.red to those prepared by organometallic impregnation or the physical
admixture method might be the result of changes in surface structure, with
increasing dispersion causing the formation of.surface subcarbonyl species.

The infrared spectra of pyridine chemisorbed on reduced 3 wtd
cobalt/ZSM-5 catalyst prepared by organometallic impregnation indicate thzs
the intemnsity ratio of Bronsted<to-Lewis peaks is nearly the same as is
observed from ZSM-5, and the intemsities of both peaks increase upon
oxidation. The increase in intensity is possibly due to removal of carbona-
ceous species either on the surface or adsorbed on the acid sites, allcwing

tke penetration of pyridine into the pore structure of ZSM-5. The oxidative

removal of the carbonaceous species upon calcimation also explains the
increase in the fraction of aromaties in liquid hydrocarbon products from
synthesis gas conversion over the catalysts.
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TASLE 3

N [ ' Microreactor Results on Coaversion and
Product Distribution from Co/ZSM-5 Catalysts.

Ha/CO = 1, P = 21 atm, T = 280°C, WBSV = 0.77
o (0~-24 hour period)
{ 9.0% Co/ZSM-5 9.0% Co/ZSM-5 9.2% Co/ZSM-5
: (organometallic (metal nitrate (physical
. impregnation) impregnation) mixture)
[ Cobalt crystallite size (nm) 10 12 . 43
- [ . /
CO Conversion (%) 53.5 56.5 47.5 ,
[ Hy Conversion (%) : 86.5 85.9 - 78.0
s :l Product Composition (wtf)
=
cop” 10.1 18.6 - 8.5
[ Hx0 : . 53.7 46.1 " 53.8
- l CHp 36.3 35.2 37.7

Cmpoaiﬂm of CH, (wt¥)

A CHy . 17.7 24.5 26.5
: I CoHy 0.0 ' 0.0 0.0
. CoHg 2.0 2.7 1.6
c3gg . ' 1.2 0.8 : 0.0
N [ C3Hg 1.8 2.7 6.1
Sh CyHg 1.0 0.7 0.5
{ CyHig 2.0 5.4 13.8
e Cs. . - 74.3 63.1 51.4
[ ) _

Liquid Product Composition (70l%)

Aromatiecs 13.5 . 22.0 ' 50.5

0léfins 63.5 3.0 . 6.5

. Saturate_s ‘ ] 23.0 ) 57.0 3.0
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TABLE 4 T
Microreactor Results on Conversion and ]
Product Distribution from Co/ZSM-5 Catalysts.® :
Hp/C0 = 1, P = 21 atm, T = 280°C, WHSY = 0.77 'l
(0~24 hour period)
3.0% Co/ZSM-5 2.7% Co/ZSM-5 2.8% Co/ZSM-5 .Ii
(organometallic (metal nitrate {physical
impregnation) impregnation) mixture) ]
Cobalt crystallite size (nm) 5 8 — )
CO Conversion (%) £2.9 21.0 24.8 ]
Ep Conversion (%) ' 85.2 34.3 ) 46.0 ' ]
Product Composition (wtf)
coz 1.7 8.1 : ©10.% :l
Hy0 52.5 . 56.6 © 53.7
CHp 35.9 35.3 35.9 ]
Composition of CH, (wt%®) ]
CHy 23.5 . 33.5 32.5
Coy 0.0 0.0 0:0 - . ]
C28g 2.7 _ 5.2 3.4
C3Hg 0.0 . 0.0 0.0 ]
C3EHs 3.0 7.7 12.5
CyHg 1.2 0.9 0.0 l
CyH10 6.5 18.8 23.0 ’
C5. 62.1 33.9 28.6 l
Liquid Product Composition (vol¥)
Aromatics 13.0 ( 7.5)%= — — ]
Olefins 4.5 (59.5) —_ —_
satmtﬁa 32-5 (3300) —— - -"- - - l

®Calcined at U509C for 1 hown. - .
**The values in parentheses refer to the test on a catalyst that has not been
calcined. o
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Figure Captions
Figure 1.
Hydrogen adsorption isotherms (0 and 0) at 1009C and (A and A) at 200°C
on 9.0% Co ZSM-5 catalysts prepared by impregnation with Cs5H5Co(CO)2-
The isotherms A represent the total uptake, and the isotherms B the

reversible uptake.

Figure 2.
Total Hp uptake versus metal loadings for catalysts prepared, by organo-

»

metallic and cobalt nitrate solution impregnation.

Figure 3.
Infrared spectra of chemisorbed pyridine on 3.0% Co/ZSM-5; organo-

metallic impregnation.

Figure 4.
Catalyti‘é activity versus the weight percent cobalt for the series of

Co/ZSM~5 catalysts.

.Figure 5.

Catalytic activity and selectivity versus time on stream for the 3.0%
Ca/ZSM-5 catalysts prepared by impregnation with CgH5C0(CO)p, (—) as »

prepared, (——) calcined at 450°C for 1 hr.

Figure 6.
Catalytic activity and selectivity versus time on stream for (a) 9.0%
Co/ZSM-5 preparsd by organometallic-impregnation and (b) 9.2% Co/ZSM-5

- physically adrixed catalysts.
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. Summary

Bitunctional metal-zeolite catalysts cobalt-ZSM-5 and cobalt-thoria-ZSM-5
were examined for the conversion of synthesis gas (H2/C0 = 1) at 280°C, 21 atm,
and WHSV = 0.77 g/g cat. hr. The thoria in amounts as Tow as 0.4 wt% added to a
cobalt-ZSM-5 with 9.0 wt% cobalt caused a considerable increase in synthesis gas
conversion and selectivity to gasoline-range hydrocarbons. Some Co-Th02-25M-5
catalysts provided nearly 65 wti selectivity to gasoline-range product that
contained 26 vol% aromatics (alkylbenzenes). The selectivity to gaQOTTne-qange
product exceeded the Timit (48 wt%) set by Schulz-Flory kinetics. ﬁtﬁémisorption

and magnetization studies were performed to determine metal particle size.

Addition of tharia resulted in the decrease of the cobalt particle diameter from

about 40 nm to 10 nm and caused an increase in CO/H adsorbed._ The action of .

thoria as a promoter is possibly related to the presence of basic sites on its

surface.
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Introduction

The catalytic conversion of synthesis gas (CO + Hp) over group VIII metals
leads to the formation of hydrocarbons and oxygenates by the Fischer-Tropsch (F-
.T) synthesis reaction (__J The formation of these products appears to_take
place by the addition of a single carbon infermediate to a growing chain. If
the chain growth probability 1is dindependent of chain Iengtﬁ, t':he product
distribution is governed by the Schulz-Flory (S-F) palymerization kinetics (1);
the maximum selectivity that could then be obtained for the gaso'h‘net fraction
(C5-C11) is 48 percent by weight of the total hydrocarbons formed. It is well
known that olefinic and oxygenated products from F-T synthesis can be converted
over the medium-pore acidic zeolite H-ZSM-5 to gasaline-range hydrocarbons
containing aromatics. In this mahner, the F-T products can be upgraded to _ﬁe]d
high octane components. The method offers a possibfi‘lit_y to cir-:cumvent S-F
kinetics and obtain a gasoline-range product in excess of 48 percent of the

total hydrocarbon product.

Metal-zeolite catalysts made by combining an F-T component with ZSM-5 have

been examined in the conversion of synthesis gas (g-g). Such catalysts can

1
i
|
i
g
I
B
I
'
i
1
1
I
i:

provide a 1liquid hydrocarbon product of the high octane gasoline type directly

o

from synthesis gas. The continuing efforts at this Center have been toward
understanding the influence of the method of catalyst preparation on the

conversion and selectivity.

A recent investigation examined cobalt-ZSM-5 catalysts that were prepared

by two different methods: (a) impregnation of ZISM-5 with cobalt nitrate
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solution and (b) physical admixture of precipitated cobalt with ZSM-5 U The
selectivity to aromatics was higher with the catalysts prepared by the physical
admixture method. The solution impregnation method resuited in some cobalt in
ion-exchanged f.orm {as C02+) —~ nearly 1.7 wtZ of the catalyst. The 1ion-
exchange resulted in a decrease in the number of Brgnsted acid sites and an
*iﬁcrease in the number of Lewis acid sites. The additional Lewis acid sites
were not catalytically active. It was inferred that the decrease in the number

of Brgnsted acid sites in the cata]ysts prepared by the solution 1mPregnat1on

.method resulted in a lower selectw-nty to aromatics. ’

The present investigation is concerned with attempts to- in¢crease the liquid
hydrocarbon yield in synthesis gas conversion over cobalt-ZSM-5 catalysts.
Early work had shown that the addition of thoria as a pmmoter to cobalt-
kieselguhr result ted in an increased yield of Cs+ hydrocarbons U It was of
interest to examine the promotional effect of thoria on cobalt-ZSM-5 catalysts.
In this paper, the results of experiments on synthesis gas conversion over

cobalt-ZSM-5 and cobalt-thoria-ZSM-5 are reported. The physical admixture

_ method of preparing the catalyst was used, since this method had little effect

on the Bronsted acid sites of the zeolite. The CO and Hy chemisorption studies

were condugted to examine the possible influence of thoria on the metal surface .’

area. The degree of reduction of the cobalt in the catalysts after hydrogen

treatment was determined by magnetization studies.

-

Experimental

Preparation of Catalysts. The ZSM-5, with Si02/A1203 v 30, was synthesized using

the procedure given in the patent literature by Argauer and Landolt (&) with
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minor modifications. The zeolite was calcined in air at 538°C to decompose the
TPA+ cation. It was converted to the ammonium form by three successive
exchanges using NH4C1 solution. It was then calcined in air at 538°C to obtain
the H-form.

The F-T component (cobalt or coba]tikhoria) was initially made as a
precipitate by adding a 10 wt% sodium carbonate solution at 70°C to a second
solution also at 70°C containing 10 wt¥% cobalt nitrate and %he required amount
of thorium nitrate until a pH of 7 was reached. The precipitate was fi]tered;
washed with water thoroughly to ensure a content of less than 0.1 wt% Na, and
dried at 110°C. The dry metal oxide and the dry zeolite were each sieved to -

200 mesh, then thoroughly mixed and formed into 3-mm-diameter pellets.

‘ Syngas Conversion Tests. A 1.35-g catalyst sample was dintroduced into a

vertical, down-flow reactor tube of l-cm inner diameter. The bed height of the
cafa1yst was 2.5 cm. The catalyst wés heated in flowing nitrogen at 21 bar to
450°C and kept at that temperature for 16 hours. The temperature was lowered to
190°C, and hydrogen at 21 bar and a flow rate of 70 mL/min was introduced. The
temperature of the catalyst was raiéed to 350°C at ihe rate of 2°C/min, and the
catalyst was kept at that temperature for 16 hours. The temperature was lowered
to 250°C; and the pressure, to 7 bar. Syngas with the composition Hz/tb'= 1 was '
introduced and the preséure was slowly raised tb 21 bar. The temperature was

raised to 280°C, and a flow of 0.77 g/g cat. hr was maintained.

The products of the reaction were mainly CO2, H20, .and hydrocarbons. A hot

trap at 17S°C, following the reactor, collected wax and haavy oil. A cold trap.
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at 09C, following the hot trap, collected water, gasoline-range products, and
light o0il. The remaining product that was not in the condensed phase and the
_uncpnvertgd feed gas moved past the back pressure regulator. Samples of the
exiting gés were collected periodically and analyzed for H2, 20, C02, and C1-C7
hydrocarbons using a gas chromatograph. The liquid product collected in the
cold trap was séparated physically into aqueous and hydrocarbon fractions. It
is assumed that the 1liquid hydrocarbon product consists of Cs+. Material
recovery, as shown by the mass balance procedure, was usually better than 96%.
The amount of product collected in the hot trap, if any, was very small in
comparison to that coﬂ;:cted in the cold trap. The hydrocarbon product from the
']at'ter was analyzed by ASTM-D-2887 GC simulated disti'lllat.ion.. It was also
separated into aromatics, olefins, and saturates by ASTM-D-1319 column
chromatography with fluorescence indicator adsorption (FIA). The results of
such ﬁeparation are included in Tables I and II. _The combined aromatic and
paraffin fractions were analyzed by ASTM-D-2789 mass spectrometry to find the
percentage of cycloparaffins, and the distribution of the a]ky'[benzeqes by

carbon number up. to Cj2.

Chemisorption Measurements. Hydrogen and carbon _mopoxide adsorption measurements
were perfc;med using a conventional 'g'lass-' vo]un;e;'ic adsorption apparatus. - The"
sample was reduced at 350°C for 16 hours. The H2 adsorption measurements were
conducted at 100°C. Adsorption isotherms such as those shown in Figure 1 were

obtained.

The CO adsorption measurements were performed at 25°C. The first

adsorption isotherm that was taken (;Figure 2) represented the total CO uptake.




The sample chamber was pumped out to 10~3 torr for 0.5 hr. The second isotherm
was taken (Figure 2), and it represented the reversible part of the CO uptake.
The difference between the uptakes 1in the two qisotherms reﬁ}esenting the
irreversible uptake was considered to be the CO chemisorbed on the metallic

cobalt, in accordance with previous investigations (9).

Samples for magnetic -analysis were nlaced in 4-mm-o.d. glass .ubes and
reduced in.flowing Hp at 350°C for 16 hours. The tubes were then sealled under
vacuum. The magnetic measurements were performed using a vibrating sampae
magnetometer. in applied fields up_to 15 kOe. The magnetization values obtained
were compared‘with the known magnetization of bu]k-cobaft, and the degree of

reduction was obtained.
Results and Discussion

Catalytic Conversion of Synthesis Gas. The experiments were conducted to-provide

information on the influence of _cobalt and thoria concentrations on the
conversion and selectivity of the catalysts. Initially, experiments were
performed with catalysts containing cobalt in the range 2.8 io 10.7 wtZ. = Thoria
was added to some catalysts, the ratio of thoria to cobalt being about 0.16.
The changes in conversion and Cs+ selactivity with cobalt loading ;ré shown in

Figure 3.

-

The CO + Hp conversion and Cs+ yield are much higher, and the methane yield

is lower, for Co~ThO2-ZSM-5 catalysts than for Co-ZSM-5 catalysts. The

conversion and Cs+ yield increase markedly with cobalt content for Co-ZSM-5

Mo
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catalysts, whereas they are relatively insensitive to cobalt concentration for

Co~-Th02-ZSM-5 catalysts.

In 2nother set of experiments, the influence of promoter concentration on
the conversion and selectivity of the catalysts was examined. The cobalt
concentration was maintained nearly constant at 9.0 wt%, and the concentration
of thoria was changed from 0.0, to-1.5 wtZ. Chemisorption of CO0 and H2 Wwas
performed on the same catalysts in an effort to relate catalytic activity to
possible changes in metal bartic’le size upon promoter addition. ’iThe res‘u'lts of

the catalytic activity tests for the first 24-hour period are shawn in Table.l.

The olefinic product is very small with Co-ZSM-5 catalysts, indicating very

efficient secondary conversion to aromatics over the H-ZSM-5 component. . In all

case%, nearly 90% 61" the liquid hydrocarbon product was in ‘the gasoline boiling

range as determined by simulated distillation.

It is remarkable that even a small amount of promoter, as low -as 0.4 wt¥
ThO02, causes significant increase .in conversion, shift activity, and Cs+
selectivity. There is decrease in methane formation and in the fraction of
aromatics in the liquid hydrocarbon product. Increase in ThOp concentrati'gp

beyond 0.8 wt% does not result in further significant changes in conversion or

sé]ectivity.
To understand the role of thoria as a promoter, it is important to examine

the selectivities of catalysts that show comparable CO and H2 conversions. In

Table I, the conversion and product distribution from a catalyst containing
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10.3 wt% cobalt and no thoria is compared with those from a catalyst containing

2.9 wt% cobalt and 0.5 wt¥ thoria. At comparable CO and H2 conversions, it is

seen that the catalyst containing thoria provides lower methane yield, higher

Cs+ fraction and a lower fraction of aromatics than the catalyst that does not

contain thoria.

The Co-Th02-ZSM-5 catalysts provided nearly 65 wt% of the hydrocarbon
product in the gasoline boiling range during the initial 24—hou;~ period, thus
exceeding the amount predicted (48%) by Schulz-Flory pojyme}ization
kinetics (1). The NMR studies showed a high degree ;f branching of the olefin
and saturate fractions in the quuid"ﬁroduct obtained from such catalysts. In
combination with the aromatic fracfion, which 1is near1y. 20 vol%, the Tiquid

_ hydrocarbon product is of the high octane gasoline type.

X-ray photoelectron spectroscopy studies on a hydrogen-treated Co-Th02-ZSM-
5 sample showed that cobalt was present predominantly in the metallic form, but
thorium remained in the Thf+ state, i.e., possibly as ThOz (10). There.i; a
strong indication, as will be discussed Taier, that the promoter action arises

from an interaction between metallic. cobalt particles and thoria.’

e

Chemisorgtioﬁfof CO and Hp Chemisorption studies were performed on three of the

catalysts that were shown in Table I. The results of chemisorption measurements

are shown in Table III. The degree of reduction in flowing Hz at 350°C after 16

hours was obtained from magnetization studies. )

T 12-52
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The hydrogen uptake was measured at 100°C, since recent work has shown the:
rnaximum:adsorption on unsupported cobalt octurred at this temperature {11}. The
hydrogen adsorption isotherms for the two catalysts containing, respectively,

0.0 and 1.5 wt% Th02 are indicated in Figure 1.

The values of hydrogen uptake were extrapolated to zero hydrogen pressure
from the high pressure linear portion of the isotherr;l as outlined for nickel
catalysts by other workers [g, 1_2). The extrapolated values are réported in
Table III. The considerable increase in hydrogen uptake upon promoter dddition

is noteworthy.

Tne CO adsorption isotherms on Co-ZSM-5 containing 9.2 wt% cobalt and on
Co-ThOz-ZSM-S containing 8.9 wtX cobalt and 1.5 wtX thoria are shown in Figure
2. The addition of thoria to the cobalt-ZSM-5 catalyst has resulted in a
sizab]é increase in the irreversible uptake df C0. The irreversible CO uptake

extrapolated to zero CO pressure is given in Table III.

The metal ch‘spersioné D = Cos/Cot, where Cog 'is‘vv'the numberj of surface
cobalt atoms and Cot is the total number'of cobalt atoms, were calculated
assuming adsorption stoichiometries of H/Cos = 1.0 for Hz chemisorption, féﬁ’d
C0/Cog = 0.5 for CO chem*isorpt-ion. These stoichiometries are obeyed
approximately by unsupported c_oba-'lt according to r:ecent work CE) Averaga
crystallite djameters were calculated from %D assuming spherical hcp metal

crystallites of uniform diameter d. Then d (in nm) = 73.81/%D.
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The average diameters calculated m the above manner are shown in
Table III. It is possible that CO is chemisorbed partly ir Tinear form (CO/Cos
= 1.0) and partly in bridge-bonded form (CO/Cog = 0.5). The relative amounts of
the two forms 2appear to be dependent on the thoria concentration. An
ei(aminat'ic_m of CO/H values in 'l;ab'le III, suggests that CO is predominantly 1in

the bridge-bonded form in the absence of thoria. The addition of thoria

increases the CO/H value which is nearly unity in the catalyst with 1.5 wt%

thoria, suggesting the linear form of chemisorbed CO. /

The addition of thoria to Co-ZSM-5 resulted in 2 considerable reduction in

cobalt particle diaméter, i.e., increase in cobalt surface area (see Table III).

Thoria has been regar.ded as a structural promoter (7), resisting the si,nﬁering
. of the c:;bq_]t Particles du’ri'ng reduction. .The present studies ‘tend to .support
this possibility as one of ihe influences of thoria. The increas.e 5n surface
area may be responsible for the enhanced conversion of CO and H2 upoﬁ the

T
=<

addition of thoria to the catalyst (Table I and Figure 3). - .

Effect of Promoter on Selectivity. In addition to the increase in éonver‘gi'b\n

upon ThOz incorporation in Co-ZSM-5, there are interesting effects on

selectivity {Table I). The methane yield is reduced and the _y'ie'id of Cgi is -

increased. The effect is reminiscent of the influence of potassium promotion on

the selectivity of iron Fischer-Tropsch catalysts (14).

The CO adsorption results in a net withdrawal of e'lectr"ons, from the metal,
whereas hydrogen adsorption tends to donate alectrons to the metal. Since ThOp

possesses basic surface sites (15), it can be expected to donate electrons to
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the metal. The presence of thoria would enhance the adsorpt'ion‘:of' €0, while
weakening that of H2. The increase in CO/H adsorbed when thoria is added to the
catalyst (Table III) supports the conjecture. This leads to decreased
hydrogenation of sur*face species. Chain termination and desorption are
facilitated by hydrogenation. The influence of thoria is to encourage chain
growth and yield products with higher molecular weight. The product is mo;-e

olefinic cwing to the raduction in hydrogenation ability.

Concluding Remarks !

‘The experiments show the ma_rked influenice of thoria in increasing' the convers*idn
and 1liquid hydrocarbon selectivity of cobalt-ZSM-5 catalysts in synthesis gas
réﬁ'ction. Chemisorption and magnetization measurements have _been. useful .in
showing that one of the effects of thoria addition has been to increase the
dispersion of metallic cobalt. The dincrease in CO/H adsorbed with thoria
addition may be connected with the se]ectivii_y shift to heavier products. The
aromatic concentration in the liquid product is. sufficiently high (« 20 vo'l?i) in

‘the initial 24-hour period to provide high octane gasoline.

Using cobalt-thoria-ZSM-5 catal ysts for synthesis gas conversion, it is

P
el

__“pt‘)’ss-ib‘le_ to obtain nearly 65 wtX of the hydrocarbon product in the gaso'l'ine’;"
boiling range. -The' selectivity to gasoline exceeds the .1imit of 48 wtX set by
Schuiz-Flory kinetics. Some of the primary F-T produ;:ts, such as C2-Cq4 olefins
and oxygenates, are converted to gasoline-range components, inciuding aromatics,
by the catalytic- action and shape-selective function of ZISM-5. The heavier
hydrocarbons (Cji+) that are formed in the F-T reactions are cracked by ZSM-5 to

provide additional gasoline-range product.
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TABLE I. Influence of Promoter (Th02) Addition on the Activity
. and Selectivity of Co-ZSM-5 Catalysts.

S$10,/A1,03 in H-ZSM-5 ~ 39

Test Conditions: /co w1, P =21 bar, T = 280°C
Rate = 0.77 g/g cat. hr.

i . Seeme

wpme s

Co in Catalyst (wt%) 9.2 8.8 8.5 8.9
ThO2 in Catalyst (wt%) 0.0 0.4 0.8 1.5
C0 Conversion (%) 47.5 67.1 71.1 74.0
H2 Conversion (%) 78.0 88.1 89.0 91.6
CO+Hp Conversion (%) ' 63.2 77.9 80.3 83.1
Product Composition (wt¥%)

C02 8.5  27.0 26.5 ! 27.5
H20 53.8 39.8 40.3 37.9
'CHn _ 37,7 27.0 26.4 . ' 34.4
Composition of CHp_(wt%)

CHg 26.5 18.4 16.1 16.4
CoHa 0.0 0.0 0.1 0.1
C2He © 1.6 . 2.6 2.0 0.1
C3Hg 0.0 0.0 652 0.3
C3Hg 6.1 3.9 3.4 2.9
CaHg 0.6 0.9 0.8 0.7
CaHig 13.8 6.0 6.1 5.4
Cg+ ‘ 51.4 67.2 - 71.4 72.5
Liguid Preduct Composition (vol%)

Aromatics 50.5 18.5 21.5 20.0
Olefins 6.5 48.0 39.5 44.5
Saturates _43.0 33.5 39.0 35.5
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TABLE II. The Product Distribution From Two Co-ZSM-5 Catalysts,
One Promoted With Thoria and the Other With no Thoria,
at Comparable CO and Hy Conversions-

Test Conditions: H,/CO w1, P =21 bar, T = 280°C
F%ed Rate =.G5.66 g/g cat. hr.

Co in Catalyst (wt%) ' 1
Th02 in Catalyst (wt%)
CO Conversion (%) 5

Ho Conversion (%) 80.
CO+H2 Conversion (%) 66.

Product Composition (wt%)

[
(S
L ]

€0 15.7
Hp0 - 52.4
Chp, 31.9

Composition of CHn (wt%) ) , l .
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Captions for Figures

Figure 1. Hydrogen adsorption isotherms for Co-ZSM-5 containing 9.2 wt% Co, and

Co-Th02-ZSM-5 containing 8.9 wt% Co + 1.5 wt¥ ThO2-

Figure 2. CO adsorption isotherms for Co-ZSM-5 containing 9.2 wt% Co, and Co-
Th02-ZSM-5 containing 9.2 wt% Co and 8.9 wt% Co + 1.5 wtZ Thoz-

I
Figure 3. Variation of conversion and Cs+ selectivity with cobalt content for

the Co-ZSM-5 and Co-Th02-ZSM-5 catalysts.
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