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SUMMARY

The investigation of cobalt metal -support interactions and their effects
upon adsorption and activity/selectivity properties of cobalt is described.
The ohjectives of this research are to (i} determine the effects of cobalt-
support interactions on dispersion, oxidation state and adsorption properties
of cobalt; {ii} correlate the activity/ selectivity properties for hydrocarbon
synthesis on  cobalt with dispersion, oxidation state and behavior of
adsorption of €0 and H, and (iii) measure directly the extent of interaction
of various supports wi tron and cobalt using Moessbauer Spectroscopy. The
proposed work Teatures a comprehensive, gquantitative experimental
investigation of Co on Al,0,, Sil,, Ti0,, g0, and carbon sSupports with
careful characterization of "the physical™ and chemical, bulk and surface
properties of each catalysts with BET, H2 and CO chemisorption XRD, TEM, ESCA,
TPR, and TPR megsurements.

During the first year of investigation Hy and CO adsorption uptakes and
activity/selectivity dats were obtaimed for €0 supported on alumina, silica,
nagnesia, titania end carbon. The results provide evidence that supports and
preparatior methods can significantly influence adsorption and activity/
selectivity properties, For example, Co/Ti0, is significantly more active and
more selective far C . hydrocarbons than ColA]EO and Co/SiOz; Co/carbon
produces significantly higher fractions of 802 ann3 CZ-C3 hydrocarbons than
cobalt on A1203, 3102 or TiOz.
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1. INTRODUCTION

Cobalt and dron catalysts find wide application in the oil, gas and
chemical industries, particularly in catalytic hrrrogenation and hydrotreating
reactions, They are expected to find even broader application in future
enerqgy technologies such as production of synthetic fuels from coal and
glectric power from fuel cells.

Most commercial metal catalysts consist of a metal or metal oxide phase
dispersed throughout a nigh surface arsa ceramic carrier or “support". The
purpase of the support is basically twe-fold: {i} to facilitate the
preparation of a well-disrersed, high surface area catalytic phase and (i) to
stabilize the active phase acainst loss of surface area. Metal -support
interactions are primarily responsible for this stabilizatien, the degree of
which varies with the support metal system.

The affects of the suppert on activity and selectivity of the active
catalytic phase have been assumed until recently %o be of secondary
importance. However, there is recant evidence that strong metal ~support
intgractions can dramaticaily infiuenge the activity/selectivity
characteristics of noble and base metals ia a number of reactions. They can
likewise influence the manner in which reactant molecules adsorb on the
metal. Particularly in base metal catalysts the mstal-support intaera¢tion can
determine the degree o which oxides can be reduced to the metallic state and
the distribution of metal and wetal oxide sites at the surface. Thus metal=
support interactions can greatly influence the surface chemistry of a
catalyst.

Twis report discribes an investigatinn of the interaction of cobalt {3and
o lessar extent fron) metal(s} with a number oF different supports, the

strengtih of which is expected to vary overs & wide rangs., The objectives ars2



ts investigate the effects of metal-support interactions on adsorption and
electronic properties, dispersion, oxidation state, and catalytic activity/

selectivity behavior of cobalt for hydrogemation reactions.

T11. OBJECTIVES AND APPROACH

A. Objectives

This work involves a comprehensive, quantitative investigation of the
effects of metal-support interactions on the surface, electronic and catalytic
properties of cobalt {and to a lesser extent irgn}, the objectives of which
are:

1. Determine tne effects of cobalt-support interactions o5 dispersion,
oxidation state, and adsorption properties (i.e. adsorption stoichiometries
and hinding states fer L0 and H;_,} of cobalt over a range of cobalt loacding.

2. Correlate the activity/selectivity properties of hydrocarben
synthesis on cobalt with dispersion, oxidation state, behavior for adsorption
of CO and Hy and its strength of interaction with various supporis.

3. Measure directly the extent of electronic interaction of iron, with
various supports using Moessbauver Spectroscopy and correlate the degree of
interaction with adsorption and activity/selectivity properties of the metal.

Cobalt has Dbeen chosen as the primary metal ¥or study because of its
importance in  hydrotreating  and coal-conversion reactions and Decause
pelatively lititle Js -Xnown ragarding -its Anteraction with various supports.
The materials to be used as supports iaclude carbon, 5i0p, A1203, T‘ioz, and
My(. These particular supporis are emphasized because [i) their extent of
intoraction with metals is beliaved to span a wide range Trom weak to very

strong and (1) -all have commercial significance.



B. Research Plan

in order to accomplish the above listed objectives the proposad work has
teen divided into four areas of study {four tasks) to be completed over a
period of three years.

1. Determine the oxidation state and dispersion of cobalt as a function
of support and metal Toeading.

2. Determine binding energies, binding states and adserption
stoichiometries for (0 and Hy on cobalt as a fumction of support and metal
toading.

3, Measure specific activities and selectivities for nydrogenation of CO
over cgbalt on different supports.

3, Measura the effects of support on the electronic and chemical
praperties of dron {and cobalt to a limited extent) wsing Moessbauer
Spectroscopy.

The experimental approach for each of tiese tasks ig described below:

Tagk 1: Study of the Oxidation_State and Dispersion of Supperted Cobalt

fatalysts, GCatalysts containing 3 and 10 wt.? cobalt on high purity $i05.

A]203, Tioz, Mg0, and <arbon supports (and in addition 1 and 15% Co on Al,D,
and 10% Fa on Tilp, Mg and carbon supports} will be srepared by simple
impregnation of or pH-controlled depositien on the support with aquecus
salutions of cobalt or iron nitrate, drying at 373 K and reduction in flowing
hydrogen at 673 K.

For cobalt catalysts the extent of reduction of cobalt to the metal, the
average oxidation state, and syrface oxidaticn states will be determined Dy
psygen chemisoration of the raduced cataivst at 8673 ¥, by temperature
programmed reduction {or in selectad casas by T34}, 2nd vy selectag ESCA

measurements of reduced catalysts.
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Dispersion {fraction of metal exposed) of the cobalt and iron catalysts
will be measured using hydrogen adsorption at 298 K and, in the case of 10%
CofSily, CofTil,, Co/Mgl and  Co/C, using X-ray 1ine broadening and
transmission eiectron microscopy.

Task 2: Study of Binding Energies and Stoichiometries for CO and Hp oOn

Supported Cobalt Catalystis. For the cobalt catalysts prepared in Task 1

above, [0 adsorption uptakes will be measured at 298 K according to procedures
previousty developed in this laboratory. From comparison of the metal
dispersions and hydrogen uptakes determined in Task 1 the H[CDS stoichiometry
{s denotes surface atom) will be determined. Comparison of CO and H uptakas
will enabls CO/COS stoichiomerries to be determined as a function of support
and of metal loeding for each of the supports {especially Co/Al,03} providing
infermation on the distribution of different Xinds of €0 adsorption occurring
{e.g. muitiple, linear, and bridged}.

Binding energies and binding states of C0 and Hy will Dbe determined for
each catalyst by means of temperature-programed-desorption (TPDY.  Attempts
will be made to correlate the binding emergies for the different catzlysis
with extents of reduction determined from Task 1 and with mathanasion activity
and selectivity data from Task 3. An experimental apparatus for gbtaining T°D
data will be constructed as part of this task.

Task 3: Measurement of Specific Activities and Selectivities for CG

Hydrogenstien  on  Supported Cobalt Catalysis. Specific rates of (0

hydrogenation for the 3% cobalt catalysts {amd 211 of the Cc!ﬁ1203 catalysts)
described under Task 1 and the iron catalysts described under Task 4 will be
determined using & single pass, differential reacter. Cataiysts will be
tasted in powger form at 1 atm, Hp/CC = 2 3nd low conversions $3-5%) ia the

temperature range of £50-550 ¥ in crder to obtain intringic rates of reaction



and product selectivit®as din the absence of heat and mass transport
inflyences. Gas samples wili be analyzed chromatorgraphicaliy for CO, CH,,
€0, and hydrocarbons. Specific activities in the form of turnover numbers
will be based upon hydrogen adsorption uptakes of the fresh catalyst.

The results in the form of turnover numbers, product distributions and
activation energies for hydrocarbon synthesis will be correlated with binding

energies of the reactants, metal dispersions, and metal-support interactien

gata from other tasks.

Task 4: Moessbauer Spectroscopy Study of Supported Cobalt and Iron

Latalysts. Iron supported on Sils, A1203. Til,, Mg0, and C as well as
selected cobalt catalysts (C€o/Sil,, Co/Tidy} will be examined 5y Moessbaver
Spectroscopy. Sampies of 10-15% Fe/hTzc: T FefSiﬂz have been prepared and
characterized as part of a companion study sponsored by D0E Fossil Energy.
Simce Moesshauer spectroscopy is most easily applied to the study of iron
compounds we propose to investigate in situ reduced iron catalysts first to
determine if changes in electronic struycutre af the metal crystellites due to
metal-support interactions can be ohserved using the technique. if these
experiments yield promising results we will prepare (o310, and CofTiOz
catalysts using racioactive 6057 for experimentation in source experiments
Erom the Moessbauer measurements in this study we expect to obtain
electron densities at the nucleus, guadrupole gplittings and magaetic fialds
of iron phases on various supperts from which we will be able tu deterwine
effects of support on the reducibility of iron to the metal and on electronic
and magnatic structures of metal clusters. We expect to obtain similar
information for the cobalt catalysts, 2lthougnh the preparaticr of the

T
LR

radipactive catzlysts and the Mpessbauer axperiments will ne morz iT¥icu



Moessbzuer data in the proposed study will be obtained using a new Austin
Science Associates spectrometer which was recently purchased through an NSF

equipment grant.

I11. ACCOMPLISHMENTS, DISCUSSION AND FUTURE WORK

8, preparation and Measurement of Dispersion and Extent of BReduction of

Sypported Cobalt,

1. Catalyst oreparation. It is well known that the method of cataiyst

preparation can affect dispersion, adsorption and activity/selectivity
sroperties {1,2}. The catalysts in this study were prepared by one of thres
methods i.e. impregnation, pHe-controlled dzposition, and evapprative
2eppsition. Impregnation invclved the addition of an agueous metal salt to @
dry powdered support to the point of incipient wetness. fach sample was dried
in a force-circulating-air oven at 100°C and then the impregnation was
repeated until the desired amount of metal was loaded on the support. Ila this
study, cobalt nitrate was added to deionized-distilled water and impregnated
on the supports three to four times.

4 controlled pH denosition (1,2) was the second merhod employad €2
deposit cobait on various supports. lirea was 2dded to an agueous suspension
of support in cobalt nitrete at 95°C, The solution was well mixed while
haating on 2 hot plaze. The sipw decomposition of urea in water deposits
cobalt hydrexide on the support. The extent of reaction was determined by
complexometric titrations using Wurexide as an indicator, The deposition took
about 20 hrs for the silica and alumina supperts end 5C hrs Jor tizania.

Evaporative deposition, the thirg method of catalyst arepgration, wis

A

used ~for ~depusiting cab3alt on the  carbon -SLDPECLs {3). four . To.one mHature



of bearene and ethanol with support and cobalt nitrate was mixed continuousty
under a vacuum to dryness.

the following supperts were used; silica (Cab-0-Si1 Grade M-S from Cabot
Corp.), alumina (Dispal M Sample & 8032 H from Conoco Chemicals}, titania
[Oxide P25 from Degussa Inc.), Magnesia (Mg 700 from Dart Catalyst Division),
2nd Carbon {Tvpe UY from Barnedy and Cheney}.

Table 1 1lists the catalyst codes, compositions, and preparation
technigues., Three methods of controlled pH deposition ware employed. Method
1 differed from Method 2 in that the initial pH of the second was adjusted to
2.5 and 60% more urea was added. Method 3 was not & ured deposition. In the
case of megnesia, cebalt aitrate and water were mixed in a flask follawed by
the addition of HMgl. Upen addition of magnesia support the pink cobalt
solution immediately turmed blus. Urea was not added and the solution was
mixed for nalf an nour. An EBTA complexometric gitration showed that 90% of
swe cobzlt had deposited on the support. A titration the following morning
indicated 100 de#esitisn af cobalt onto the suppert,

Catatyst loadings of 3% and 10% were chosen because of their wide range
af metal support interactions, The 3% cobalt was expected to show the
teonger metal support effects,

syryre plans inciude preparation of 3 and 109 cobalt catalysts supported
an high purity Saran and Spheran carbons.

2. Catalyst reduction. From a previous study {4), it was shown that (i)

carefully controlled decomposition of supported metal nitrates {at low heating
rates) in pure hydrogen resuited in maximem mewal dispersion, (i1} calcination
in air at hich temperature prior to reduyction results in lewer reducibility
ang metal surface arza, and {iii) a slow heating rate during racuction of

aetal afirates prevents exathermic temperature excursions which can sinter the



Catalysts Prepared and Methods

of Catalyst Preparation

Code®  Cobalt Loading %  Preparation Color of Reduced Catalyst
Co-5.104 3 impregnation black
Co-5-105 10 impregnation black
Co-5-106 3 pH cantrolied depositionb violet
Co-$-107 3 pH controlled depositien® violet-blue
Co-A-119 i impregnation viglet-blue
Co-A-111 3 impregnation violet-blue
Co-A.112 19 impregnation black
Co-A-113 15 impregnation
Co-A-114 3 pH controlied depositianb grey
Co-A-115 3 pH centrolled deposition® violet-blue
Co-T-100 3 impregnation black
Co-T-1iG1 10 impregnation black
€o0-T-102 3 oH controlled deposition® dark grey
Co~M-100 3 impregration violet-pink
Co-M-101 10 imnpregnation hiack
Co-M-102 3 pH controlled deposftiond
Co-C-100 3 evaporative deposition black
Lo.C.101 10 evaporative deposition bBlack

& 4 pefers to alumina, S silica, T titania, M magnesia,

b Hethod 1
C Method 2

4 Method 3

and C carbon,



netal. In view of these previous results, the prepared catalysts were not
calcined bafore reduction and a slow heating ramp (less than S°C/min) was
maintained {see Fig. 1). The heating schedule also included holding the
temperature constant for 15-20 min. at 100 and 200°C, the temperatures at
which water s evaporated and the nitratas decomdose slowly, A1l catalysts
excent cobalt on alumina were reduced at 200°C Tor 16 hours. The alumina
supported catalysts were reduced at 375°C for 20 hours to avoid cobalt
gluminate formation.

The catalysts were placed in 2 flow-through reactor cell (sze Fig. 2} and
reduced in flowing nydrogen gas (99.99%, Whitmore) at a GHSV of 2,000 1.
The hydrogen wes purified by passing through an Engelhard palladium Deoxo
catalytic purifier and 2 molacular sieve trap in @ dry ice-acetone bath,
Reduction temperatures were wmaintained using & +ybe Turnace coupled 0 A
temperature controllier/programmer,

Following reduction in the Pyrex cali, it was possidble o cdserve the
colar of each catalyst. The catalysts with lower weight percentages of ¢ahalt

were more difficult to reduce as evidenced by their lignter coolers after

redu-tion [see Table 1). The more raduced cataiysis were black, as in the

case of all 10% cobalt supported catalysts. Resuits Tor  TofTizanig and
fufsiliea supports show that an impregrated catalyst is =asier 10 redyze than
a precipitated one. Thesa preliminary results suggest that precipitated
catalysts or those with Tower metal Tloadings iavolve strong =mztal support
saveractions which prevent compliets recuction of cobalt To the aétaﬂt statz.

puture plans For catalsst reduction include redugction oF I cobeit o
a1,05, ¥g0, Ti%p av 830°C i flowing Hp Yor 812 hours. These catalyst wer2
difficult to reduce 3t 200°C and s1avated =emperaturas shou's arhanes Tneir

reduction to the metalic state.



10

R

400

o
o
o

S T, SO

<3
¥
oF

F,, DR RBRG

e ey

]
28}

L
"

2

2 fain}

Tion

£ Tor raducs

ure scheds]

=

|ERDEr

Figure 1.



10/30 Temle joint

/.. 10/30 meie joint

-;zl,;;;,: $ mm O-ring joint

l‘ ‘lu //

i

| e

H il A L Iy 13

[tie 4 +1. oreheater coii
: N y 2 mm Capiilary tubing
i

! I+ - -

: [?, S cnermocouple guide
' it 2 mm Lapillary tubing
: i iy

H !
= f;[l

/ “if!

' “E[

! i

; 1

E Jid

!

!

i

i

|

I —

\_ Fritred disk

Figure.2. _iaboraory Fyrex Ieaclor.

11



12

3. Lhemisorction measurements, (0 and Hy adsorption uptakes pravide a

mzans of measuring metal surface areas and cbserving effects of meta!-support
intgrzctions on reactant adserption properties. Titration with 05 2t 480°C is
& means of determining the extent of reduction of cobalt to the metal. The
chemisorptive uptakes of hydrogen, carbon oonoxide, and oxygen were mezsured
using & eolumetric glass system evacuated by mechanical and o1l diffusion
pwaps, isolsted by a liguid mitrogen trap. The reacter cell containing e
redyced  catalyst sample was evacuated o 5 o« 10"S Torr at the desired
temperatuce and a measured volume of gas was aliowed to adsord oo the catalyst
surtace.  The amount of adsorbed as was measured after 23 nin by means of a
calibrated gas Surel Connected o 3 manometer backed with a metricaily
calibrated mirrgr,

Foligwiag geaguziion 2t 40Q°C the oobale Surfacs AFS3% 4Brs MESSursy
#5ing hygroger chemisorption 2t room LeWRROALETE. T¥Rical rom Leaperalure
isatherms for ., [sea Fig. 3) were determined by plotting micromeies of 4,
adeorbed vs. pressure,  The uplake Jug T4 chemisorption was then Jetenined oy
extrapotaniayg the strgight-line portion of the isotherm to zero prassure.
Carbon monoxide chemisorption measurements were performed in 2 similar
mannet ., The total gss uptake was measurad at room temperature following
evacuation o0 § x 18‘5 Torr at 400°C. The physically adsorbed carbon monoxide
way measured afrer evacuation ar room temperature to 5 ox 1{3“5 Torr. The
difference between the total uptake and the physical wuptake was the
chenisoried O0 (see Fig. 4}. The axtent of reduction was measured Dy oxygen
titration at 300°C following evacuation to 5 x 1972 Torr 2t 300°C. A Typica®
pxygen titratioe isotherm is showt in Figure 5.

&A1Y the oresared catalysts, excest the T and 13% cobalt on 3tuming sers

cheracterized by hydrogen and carbon monoxide chemisorprions {see Tabia 27,
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02 titration uptakes were measured for < catalysts samples. The repro-
ducibitity of €0 adsorptions was generaily satisfactory (:10%) but a few of
the H2 adsgrptions were repeated with zn error greater than 103. Reversible
adsorption of HZ on carbon, Siﬂa and k1203 supported cobalt was significant
{sez Table 2}. The reversible adsorptien of nydrogen on Co-C-101 was the
lfargest [(up to 48% of total H2 uptake), while that Tor Co-A-114 {29%) and
Co-%-105 {19%, see Fig. &) was considerable.

In order to detemine accurately the amount of carbon monoxide chemisorbed
on the metal it is necessary to correct for the carbon monoxide chemisorbed on
gach supsort  {5). Tne chemisorptions 4n Table 2 are a combination of
chemisgrption on the metal and suppoert. The amount of chemisorption on the
support should be determined by repesting the same procedure used for the
catalysts. Blank supports were prepared by impregnratiaon or evaporative
deposition without any cobalt in solution. The same drying and reduction
procedurs was followed, Table 3 lists the chemisorption uptakes of hydrogen
and carbon monoxide on each support. The hydrogen uptakes are small ({less
than 3 moles/g) for all supperts. The carbon monoxide uptakes on titania and
cardon are large, but mostly due to large physical easorption. Titania had
the largest chemisorption of 4.4 wmoles/g, while the others were less than 2
wnoies/g.

The metal uptaxes, calculated by subtracting out the support adsorptions
from the adsorption data of Taple 2, are presented in Table &4 along with some
literature values {6-8) for comparison., The M yptake of 11.2 umoles/jg for 3%
Co/5i0, {f0-5.108) compared quite Favorably with the velue of 13.2 .moles/g
reported by Bartholomew (8) for 3% Co/5i0p. The CO uptake for 3% (/539 (Co-
5-1G4) of 40.5 wmoles/g was closar 0 the ~alue of 23.3 reportad by

g3rthplomew {8) than the value af 12 .moles/g reported by Vennice {5},
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TABLE 4. Corrected Chemissrption Uptakes on
Metallic Cobalt (Micromoles)

Catalyst Wt Co Hy co CO/HR D (ref)
Co-5-104 3 11,2 40,5 1.81
Co-5-105 i0 37.6 73.2 0.97
Co-$-106 2 10.8 34,3 1.59
Co-5-107 ] 8.5 5.1 0.39
To-A-111 3 31 9.9 1.60
€o-A-112 10 14,0 29.¢ 1.07
Co-A-114 3 4.5 2.2 0,24
Co-A-115 3 7.9 28,4 2.43
Co-T-100 3 3.4 5.8 0.85%
£-T-101 10 9.2 19.1 1.04
“0-T-102 3 3.5 15.7 2.2¢
Co-M-100 3 0 2.9
{p-M-101 19 0.4 0.3 0.38
{0-M-102 3 1.7 20.2 5.94
Co-C-100 3 12.3 27.2 1.02
Co-L-101 10 92.2 149 0.81
Co/3in, 4 26 12¢ 0.231 (6}
Co/Al 40y z 1 16 g.o0 (7)
Co-S-§a1 3 13.2 22.8 5.92 (9)
Co-$-102 15 0.9 31.9 0.%20 (8)

Ca/Th0,/81 50 23 {15)

ratio of chemisorbed CO 1o hydrogen atoms adsorbed

hased on total H2 uptakes

used catalyst

20



71

From the data in Table 4 it is clear that the method of preparation
significantly influenced adsorption of €0 on alumima~, titania-, and magnesia-
supported cobalt, whereas hydrogen uptakes on the 3¢ cobalt catalysis were
nmearly the same for different preparations involving the same support. The
differences in CO adsorption due to preparation are evidently complex and thus
far ro trends are evident,

Table 4 shows that the type of support also affected the H, and CO
adsarption properties of cobalt., Indeed the H2 chemisorption of cobalt on
varfous supports increased in the following order: Co/Mod ¢ Co/Ti0y <
CofAl,05 < Co/510, < CofC.  The hydrogen uptake of magnesia supported cobalt
was nearly zerc for both 3 and 102 loadings. This is consistent with
Boudart's (9) observation that fron supported on magnesia does not adsorb
o At the other extreme 10% cobalt supported on carbon adsorbed 92.7 wnoles
of Rg per gram of catalyst. The chemisorption of CO0 on different supported
cobelted catalysts followed the same order as H,. The vajues range from 0.3
wnoles/g for Co/MgO to 149 wmoles/g for Co/C {102 Co loadings).

Chemisorption measurements in  the rnear future will include the
redetermination of some apparently spurious data, the analysis of the 1 and
18% cobalt on alumina catalysts, and the analysis of cobalt on Saran and
Spheron carbons {yet to be preparad). For some of the cobalt catalysts the
adsorptions were small (less than 10 unales ). Since the chemisorption
apparatus has an inherent error of +1 u mole, more accurate data will be
obtained using larger samples.

4, Extent of reduction. The extent of reduction was determined from the

oxygen titratioms at 400°C according to the method of Bartholomew and Farrauto

{4). 1t was assumed that the reaction of cobalt with oxygen is as follows:
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3Co + 202 - 60304.
and that the supports do not adsordb oxygen., The extent of reduction to
metallic cobalt was 55% for both 3 & 10% Co/Si0p. 24% for the impregnated 10%
CafAl 203, and 39.5% for the 3% pH-deposited Cofﬁ\1203_ Tha wvalues found 1in
Viterature (15-17) range frem 24.4 toc 100% reduction for alumina supported
cobalt catalysts, although the catalyst with 100% reduction was reduced at
BON°E, while the catalysts in this study were reduted at 350-400°C.

During the next few weeks we plan to obtain oxygen titration data for the
remaining catalysts to determine the extent of reduction to cobalt metal as a
function of support and metal loading and for the supports to determine 1f any
suppors corrections are necessary.

5, Digpersion. The calculations for dispersion were based on the
assumptions that [i) cobalt metal is preseat as spherical particles and (11)
the unreduced cobalt is present in a separete dispersed layer in intimate
contact with the support (%). Thus, in calculating metal dispersion (or the
Zrgetion of meval atoms exposed), ithe metal loading was multiplied by the
fraction of cobalt reduced to the metallic state., The site density of
?.Gixlﬂ‘g nmgfar.cm used in these calculations was based on the arithmetic
average of the three lowest index planes of cobalt (hcp). Accordingly the
percentage dispersion was calculated from total H, adsorption  uptiakes

according to the equation

X

Wf

where ¥ = total Hz uptake in micromoles per gram of catalyst, ¥ = weight

% 0= 1,179

gercentage of <¢abalt, and f = fraction of cobait reduced te the metal
deternined from 0, titration. Average crystailite diameters {in )} were
caleuleted from =D assuming sphertcal metal crystailites of uniform diameter

d.  Thus
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d = 93.5/(%3}.

Dispersions and average crystallite diameters are listed in Table 5. The
digpersions are disappointingly low but nevertheiess gomparable with cobalt
dispersions reported by other workers (7, 8, 15-17}. The dispersiom of 8% for
Co-5-1N5 is the same that Hossain found by x-ray diffraction. The dispersion
of 3% for Co-A-114 i5 a little lower than the literature values of 7% [Hossain
by XRD} or 8% (Vannice By CO chemisgoration). The crystallite diameter for Co-
5.1 f11.86 nsm) i5 in good comparison with Bartholomews data [11.3 am) and
Hossain's data {1i.2 rm) determined by magnetic studies. However the average
crystallite diametar for La-A. 114 {20.4 nm] ig Iarger tnan  tha literature
vaiges {11.8 to 16.2) mm}.

Since we are desirocus of obtaining higher cobalt dissersions, aur
preparation wark during the coming year will focus on 3 areas ~ilh sigii¥icant
potential for obtaining improvements: (i) reductipn of the cialysts preperad
by tha conventicmal fechniques over 3 range of temperatures, with and withoul
calcination, to determing the optimum congition Tor reximum Qisparsion, {71)
preparation of catalysis on dehydroxylated alumina supports, since Srenner
{10y nas shewn that & greater extent of reduction To 72 ~elal @53 higher
dispersions are possible by this technique and {11} preparaticn of cataiysts
on dehydroxylated suppor:ts usisg cobelt carbeayls, since this has been
demonstrated as a route o highly cispersed metals [10). Fuiure work will
also include preparing samples for transmission eleciron microscopy. he To4
vatues of crystallite diametsr will ba used to determine the %/00 {surface)
stocichiometry, From Drevious experience {11) we expect thatl o1’y tne catalyst

with higher metal leadings [e.g. 109 (o) are suitable Yor TEM,
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3. 5tudy of Binding Energfes and Stoichiometries for CO0 and M, on Supported

Cobalt Catalysts,

1, Stoichicometries of CO and H, Adsorption on Supported Cobalt Catalysts

The chemisorptions were performed as described in Jask 1 and the data are
sresented in Table 4. Hydrogen adsorbs dissociatively (18) on coball and
presumably with a stoichiometry of one hydrogen atom to one cobalt atom (18}
while the adsorption of carbon monoxide is more complex. The latter can
adsory lisgarly {one moleculz per metal site), Torm a bridged complax {one
motacule honded Eo two sites), ar form 2 sudcardoayl (tao or three molacules
per  site) (20}, Assuming that thydrogen adsorbs with a 1:1  [CO/H)
stoichiometry, the [O/M ratios in Table 4 should correspond to the number of
C0 molecules acdsorbed ser cobalt surface atom., This number apparently varies
from U.26 to 5.95 {see Table 2) for cobait on different supports.

The C0/4 retios for the 10% CofSil,, Co/ Al 04, €af7102 3nd T Lo/ wmre
very c¢lose 1o ome indicating a linear cardon monoxide adsorprtion. The lower
casd ratios of 0.81 and 5.8% for 10% Cofcarhon and 3% Cof?iﬁz {impregnazion)
suggests thet 2 combination of linear and bSridged species was edsarded. go/H
ratios of greater than 1 wers Odiained far % impregneted cobalt on silica ang
alumina suggesting a combination of linear anrd subcarbonyl L0 species. C0 end
Ho uptakes for 3 and 109 CofMqd prepared by lmpregnatien were pnexpectadiy 1ow
a0ssihly as & resuly of suppression of the (0 and 7, acdsorotions on cebalt due
to a strong cobalt-magnesia interaction or due to low extents of reduction Lo

cobals mezal. The pf danasited codalt o aazaesiz showed 3 wary Targe L0/3

ratio pessikly due 10 suppression of hydrogen agsarpsion s 2 -esuir of 2

strorg metal supoort inleraciion.

“he 5% cenosited cetalysis showe? fENRrd iy 2 widar wasiasdian Gn IT0M

~z-ips than those arepfares Dy other telhniises.
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catalysts prepared by method 1 has a CO/H ratio greater than one for cobalt on
silica and Tess than one for cobalt on alumina while catalysts prepared by pH
depesition method 2 showsd the apposite trend,

2. Studies of %inding Energies: A System for Thermal QDesarption Mass

Spectroscopy

As outltined in Task 2 of the work statement for this contract, a Mass

Spectrometer Temperature-Programmed-Descrption (TPD) System was designed and
installed to facilitate the determination of binding energies, binding states,
and grders of desorption., An equipment schematic of the ogverzll system, which
was gssembiad in the Yast six wonths, is shown in Figure 7. Baecause of the
complexity of the overall system its descriprion will be divided into three
component systems: {13 Thae Flow Systes, fi11) The Sempling and Detection
System, and (§i11) The Data Gathering and Processing System,

Flow System. The flow system ({see Figure 8) was designed 0 purify,
regutate, and monitor all of the gases handled in the 7PD studies, Hycrogen
ges s provides to alleow all cetalyst samples te bde raduced in Situ,
Provision is presently made for ome adsorbate (Y, *n Ny, a (D adsorbete line
will alse be added in the next few months,

Recent oxperience with 2 thermal conductivity ceil TP sysiem in this
lahoratory {211 indicates that the small catalyst samples fiynically on the
cecer of tems of miliigrams) wused in TPD studies are very suscentibiz o
contaminagtion by impurities in the gases. Tue Lo the eleavater lesperatures
used in TPD runs, catalysts samoles are esoesially wulneradble to surface
oridation and Tor this reason 2ach ges is cleened in 2 Uwo 5tac2 process
comprised of a2 Jepxvgenation trap I{specific for 2ach gas} and 2 molacular
geive Lrap,

For tag szrrier zng redustion gases TTow is monitorec 3y —2ans OF
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calibrated rotameters and regulatad through needle valves, Monitoring of the
adsorbate gas is accomplished with a bubble flow meter as the adsorbate gas is
introduced into the carrier stream via a sampiing valve (see Figure 9), and
only small flows (10-50 cm3fmin) are maintained, The actuyal amount of
adsorbate introduced is determi:ed through PYT relationships given the volume
of the sample loop and wae nuomber of such volumes introduced during an
experiment.

The adsorpticn/desorption chamber for the system is a quartz reactor fube
fitted with a sintered quartz frit to support the cataliyst. Since catalyst
bed temperatures must be carefully monitored during deserption runs, the flow
system in the vicinity of the desorption chamber has been designed to allow a
chromel-alumel thermocouple to be Jnserted directly into the catalyst
sample, The quartz desorption chamber is surrounded by a écncentric quaryz
tube which has been wound with nichrome wire, and, as such, serves as a high
ramperatyre, fast response furnace providing the energy for desorption. The
temperature attained by the furnace is controlled by a linear temperature
programmar (designed and constructed at 8YU) capable of delivering temperature
ramps in the range from 1°K/minute to 100°K/minute.

Sampling and Detection »ystem. Detection of the desorbed species is

accomplished with a UTI 1080 C Mass Spectrometer equipped with a quadropole
mass filter {range capability from 1 to 300 AMU) and a Faraday cup backed by a
sixteen stage electron multiplier. Gases from the fiow system, at a pressure
slightly above atmospheric, are passed through a two-stage sampling system to
reduce The pressure to about 10"5 to 10°% Torr vefore introduction to the mass
fitter {see Figure 10). Reactant gases pass by an orifice and are vented;
simyltanepusly a small portion of gas is drawn by vacuum thrgugh he orifice

into the first stage of the atmospheric sampler. The vacuws { 05.35 Torr} 30
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the first stage sampling chambar is obtained with a two-stage, direct-drive,
9 liter/minute Directorr mechanical pump, pressure is monitored with a
Hastings DV-8§ thermocoupie vacuum quage aad controller, and the pump oil
vapors gre prevented from contaminating the sampling chamber by a Varian
{ectite foreline (bakeable) trap. Only a small portion of gas from the first
stage of the sampler is admitted into the hich vacuum chamber {second stage)
which houses the mass filter and electron muitipiier. The high vacuum system
for the mass spectrometer probe was originally designed and installed with a
CVC Biffusion pump and liquid nitrogen trap combination which turned out to be
unsatisfactory for two reasons:

1. The diffusion pump, while capable of pulling 2 good vacuum, was simply
unable to maintain a sufficient vacuum under flow conditions to allow
exserimentation to eoccur in the pressure range {2-6 x 10”5 Torr)
recommended by other investigators and factory specificaticns.,

2. Operating costs, in terms of liguid nitrogen requirements, were
unreasonably high.

Because of the relatively large volume requirements on the vacuum system
which result from the dynamic sampling characteristics, sorption, fon, and
sunlimetion pumps were also wunsatisfactory for the appiication presented
here, For these reasons the primary high vacuum punp selected was a 3alzers
040 turbo-moYecular pump., This pump has the capacity (40 Tliters/second)
necessary to remove gases from the probe chamber while still maintaining
gperating pressurses in the range wneeded for careful experimentation. In
addition, the eleven stage operation of the pump selected maintains the
partial pressure of oil on the high vacuum side of the pump in the rangs of
30“1& Tore thus zliminating the need for a lfaquid nitrogen trap. Pressure in

the high vacuum chamber s monitored by an integral ionization (Bayard-Alpert)
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gauge and in the region between the turbomolecular and mechanical pumps by a
Hastings DV-3 thermocouple vacuum quage. A shut-off valve is located between
the turbomolecular pump and the high vacuum chamber to facilitate routine
maintenance without exposing the chember to unnacessary contamination.

Data Gathering and Prpcessing System. The data gathering and processing

system is comprised of the following electronic hardware and software (see
Fig. 7):

1. A 4TI H00C Mass Analvzer which contains all of the electronic
hardware that actually drives the mass filter, monitors the pressure, and
scans  the mass spectrum 88 directed by the operator. A1l internal and
external alectronic parameters can be adjusted on this unit.

Z. UTI Programmable Peak Selector ({PPS) which is a micreprocesser and

data storage instrument, When properly programmed, the PPS can "instruct" the

3355 analyzer to scan selected mass peaks (up to nine separate peaks

simultanecusly), record information about peak intensity, and store alil of
this dara over time. The data can be output in real time mode or from memocy
in epither analog or digital form to any of a variety of other instrumznts
foscillescopes, strip chart recorders, x-y plotters, computers, etc.).

2. A Hewlett Packard Model 120 AR Oscilloscope for monitoring real time
outout.

4, A Hewlett Packard Model 7132 (2 pen} Strip Chart Recorder which
receives a real time signal from either the Mass Analyzer or the PPS {or @

delayed signal from the PPS) and graphically plots that signal against time.

Current Direction of Wark on TPY 3vstem., The entire desorpiion - mass

spectroscopy system as described is presently installed and fully operatiocnzl.
dork 9s currently peing done to calibrate, adjust, fine tune, and troudle

shaot all perts of the systenm spo that the systzn i1l respond as needed 0
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carry out the TPD studies outlined in Tas. 2 of this project. Some of the
problems currently under investigation are:

l. Baseline stacalization has groven difficult because of the small
background signals being tracked. 7This problem is being attacked on
tws fronts: (i) Proper stabalizetion of background nressure through
pumaing system adjusiments, and (1) Dynamic electronic filtering of
high frequency noise signals.

2. Optimization of sampling pressures and flows to obtain higher signal-
to-ngise raties for the hydregen geak ¢high is cdrcently esae of the

moct difficult to snalyaze by the mace spoetracespy ¢seknigue.

Direction of Future Work, HNow that the TPD system is installed work will

proceed in the following arsas:

1. Hydrogen desorntion from cobaltesilica catalysis (see Table 1) will
be the first area of investigatien because studies on these catalysts have
alresdy besn done in our labaratory and can therefore provide a basis for
comparison of the mass spectrometry system with the TC.Chromatograph system.

2. Deher catalysts, as outlined in Table 1, will be investigated for HZ
and €0 desorption. MHydrogen desorption is of initial interest because in our
previous study of nickel on ¢ifferent supports {22) the hydrogen desorption

peaks were wall-defined and clearly affected by the support.

€. Heasurement of Specific Activities and Selectivities for L0 Hydrogenation

on Supported Cobalt Catalysis.

1. “Turnover numbers.,  me most meanindful way to compare catalytic

activities for different catalysis is to base Ihem on meral surface areas

daterninad froo Ha chnemisorption, A turngver number ragrasents the nusber 57
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specific molecules that react per active metal site per second. The carbon
monoxide turnover number was used to compare the catalytic activity of various
cobalt supported catalysts.

A singie-pass differential reactor {see Fig. 2) was used to test the
powdered catalyst samples over a range of temperatures., The reactor system is
shown in Figure 11,  High purity hydrogen (99.99%) and carbon monoxide
(99.99%) tanks were connected to the system through high-pressure tno-~stage
reguiators. To insure reliable and reproducible reactor data the gases were
further purified in deoxo and molecular sieve traps. Automated mass flow
controllers were used to adjust the Hy and CO flow rates., ©Oefore any gases
waere  dirgcted into the reactor, the system was evacuated to purga any
contaminants Lhat way have bDeen in the lines, A tubular furnace supplied heat
to the reactor cell and its temperature was requlated by a laboratory
controlier. The product gases were passed through heated lines to a
cheromatogranh sanpliing valve for on-line analvsis, A Hewlett-packard HPS83dA
gas chromatograph equiped with fixed gas and hydrocarbon capiilary columns
{see Fig, 12-11) was used to analyze gas samples.

During the first few minutes of (0 hydrogenation most of the cobalt
catalysts showed a sharp drog in initial activity; steady state values could
be chtained after one hour of operation. saccordingly the carbon monoxide
turncver numbers in Table 6 were obtained from chromatographic analysis of the
fixed gas products after approximately one hour of reaction in the temperature
range of 175-225°C (see Fig. 13). Hest and mass transfer resistances ware
minimired by maintaining low conversions of 5 ro 10%, Some literature values
are listed at the zad of Tadle 5., The turnover number for 3% cobalt on silica
of 8.8x1077 at 200°C is in good agresment with the value of 5.6x1073 at 150°C

reported By Sartnoiemew -2t al. {22} and somewhat nigher than the value of
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3.6x10"3 at 200°C reported by Vannice (5) but still in fair agreement.
However, the turnover numbers for 3% cobalt on aluminz were much nigher than
those reported by Vannice (7).

The observed order of activity of supported 3% cobalt catalysts was as
foltlows:

Co/Ti0y > CofA1203 > €o/5i0, > Co/C > Co/Mgl.

It is interesting that the cobalt cetalysts show the same trend in activity
accerding to support as in a study of 2% nickel on similar supports (2,13}.

The data in Table & show that metal ioadings significantly affected
activity. For exampie, the impregrnated catalysts of 3% Joading were more
active than the corresponding catalysts of 10% loading for silica and titania
while the opposite was true for magnesia and alumina, This is also zonsistent
with the data for sypported M of 3artholomew et al, {2,13). The fact that
cobalt/titanta shows t 2 highest activity at a I% cobalt loading and that this
drops off dramatically at & 17% Toading syggests that the titania cobalt
metal-support interaction is optimal for Fischer-Tropsch synthesis at 3% and
at higher loadings the cobalt canaot iateract intimately enough with the
support. However, if the metal~-support interaction is too strong, as in the
case of 3% Co/Mg0, the catalyst is apparently auite inactive. Alihough the
0% Co/Mg0 {Co-M-101) had a large turnovar number at 225°C, this was based on
a very smail surface arsa 4gnd thus the overall activity ocer gram of catalyst
25 -very -smal

The date in Table & also show that the nmethod of preparation
sigqnificantiy affects the activity for (0 hydrogenation: diadeed, 211 of the

zatatysts preperad by pH-deposition except Ca-8-115 werz less active than

nelr impragnated countarparis.

Eatd

Artivation energies  for the rate of cardon monoxida  coaversion were
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calculated from an Arrhenius plot of In Neg versus 1/T and are listed in Table
& along with some Titerature values. The activation energies from Vannice's
studies are three to Tour times larger than these from this study in the case
of CEIIS‘iOZ and Co/Al 0, while Eact for Co/Carbon is in the same range as
previously reported valtues {6,7). We are suspicious that our low values, esp.
20 and 33 kJ/mole for Co-S-104 and Co-A-111, may reflect the effects of more
severg deactivation at the higher temperatures. Accordingly we intend to
repeat the runs for these two catalysts with the addition of a hydrogen
regeneration between each measurement s$o a5 to ensure that the rates are
measured under comparable conditions at each temperature. This procedure will
also be used ia all subsequent measurements.

2. Hydrocarbon Analysis. Fischer-Tropsch Synthesis on cobalt and iron

catalysts typically yields a wide rangs 0f hydrocarbons consisting of
paraffins, olefins, and alcohsels aleng with water and carbon dioxide as by-
produycts, The selectivities {wt.%) tn nydrocarbens, Hp0, and COZ are listed
in Table 7. The data indicate that increased loading causes a decrease in the
hydracarbon fraction accompanied Dy an increase in the water fraction. The pH
deposited catalysts had smalter hydrocarbon fractions and larger HZO fractions
than their impregnated counterparts. The CGZ fraction fTor cobalt on all
sSUpports except carbon was small {less than 10%), However, 3% cobalt on
carbon produced 53.3% C0; 2 behavior most unusual for cobalt (more typical of
irgn)!  The 3% Co/8i0, and Cajalaﬂ3 catalysts prepared by impregnation had
aearly fdentical hydrocarbon, water, and carbon dioxide yields.

The hydrocarbon product gasas HEra analyzed by czpitiary
chromatography. The analysis time was short and the graphs wera well defined
[see Fiq. 13}, The selectiyity data in Table 3 wore obtained using 3 tws T2

one ratio of nydrogen and carbon moneoxide at temperaturss from 223-378°C,



TASLE 7

Hydrocarbon, water, and Carbon Dioxide Selectivities®»?

Catalyst wt.% Co HC Ho0 CDz
Co-5-104 3 87.1 2.6 10.2
Co-5-105 10 £1.6 33.4 0
Co~5~107 3 12,8 18.3 9.1
Co-A-111 3 86,8 3.2 10.0
Co~-A-112 [0 §%.0 36.1 8.9
Co-A-114 z 60.0 40.0 ;
Co-A-115 3 65,2 4.8 0
ComT-100 2 63.4 36.5 0
Co-T-101 10 80.6 49.4 ]
Lo-T-102 3 51.6 8.1 0.3
Lo-C-100 3 33.6 i1.1 55.3

3. Ueight percent to product gas stream

h. At 8% xPa, Ho/CO = 2
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Figures 15 end 15 show the hydrocarbon product distribution (wt.%} as a
function of carbon number for all 2 and 1% impregnated cobalt cata’ysts.

There are significant differences in hydrocarbon product distribution as
a funciion of support. For example, the Cc/ﬁoz catalysts ({impregnated)
produces more (o, hydrocarbons than Co/AT 505 or Co/510,. However, the most
significant support effect was observed with cobalt on carbon. The 3% Co/C
produced unusually high Ca and C3 fractions compared to the other cobalp
catelysts. It is interesting that the 3% impregnated Co,fSi02 and Ca/A1233
catalysts nad nearly identical hydrocarbon yields (Table 7 shows same resylt),
yet the Zo/3l,de was more than twite as active.

The effect of preparation technique on selactivity is evident from the
data in Tadle 3. The ¥% cobalt on silica prepared by pH depesition produced
8% methane opposed to the impregnated catalyst that produced 49% methane.
However, the increased methane production could also be explained in part, at
least, by the elevated temperature of 325°C needed to activate the catalyst.
The opposite effect is observed for cobalt on alumina ang titania. The pH
deposited Cosal 203 and (:ﬁzt/‘TiO2 produced mych smaller fractions of methane than
the impregnaeted catalysts. This is consistent with the results of Bartholomew
et al. (2} for nickel on 510z, Aly0;3, Ti0s prepared by impregnation and od
daposition.

In previous work with M on different supports, Bartholomew, et al.
(2,13} observed & correlation between C2+/CH4 oroduction ratio and CO/H
adsorption ratio. Table 9 lists the corresponding ratics for supported cobalt
cataiysts from ihis study., At this point it is hard to see any correlation
betwaesn the C(0/H chemisorptions ratio and the Cg.;.."'{-“a ratio for supported
Co., It would seew that if more carbon =onoxide wers chemisgrbed, then more

carbon would be oresent on the activae metal surfaca Jor chaia langthening.
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Correlation of Selectivity with CO/H Adsorption Ratio

TABLE 9

48

Catalyst CO/H? Chemisorbed CpulCHg® Cq /CH,E
Co-5-106 1.51 .06 0.3
C0-5-103 n.97 2.47  0.58
€0-5-107 0.30 .02 0.0057
Co-A-111 1.60 .42 0.84
€o-R-117 1.07 2.09  0.54
Co-A-114 0.2¢ 7.47 2,32
Co-A-115 2.43 272 0.1
€5 T-100 0.85 2.27  0.63
Co-T-101 1.04 5.45  1.31
Co.T-102 2,24 .47 2.15
Co-r-100 1.02 2.75  1.02

a. Molacules of (0 adsorbed per atom of X adserbed (Total)

b. Mass of Oy, hydrocarbons produced per mass of methane

¢. Mole fraction basis
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Therefore a higher £0/4 adsarption ratio would yield higher selectivities for

higher molecular weight hydrocarbons. This was true for cobalt on titania,

but the revarse was true for s$ilica and alumina supported cobalt,

1.

e

3.

a.

IV,  CONCLUSIONS
Alumina-and silica.supported cobalt cataiysts preparad by conventional
impregrnation and deposition techniques have dispersions in the range of
5-10%  Percents reduction to the metal are in the range of 40-60% for
catalysts reduced at 350-400°C. Unconventional preparation methods such
&5 the wuse of carbanyls with potential for preparing more highly
dispersed, highly reduced catalysts shoutd be investigated,
Adsorption stoichiometries of Ho and €O on cobalt are significantly
inTluenced by support and preparation history, Adscrpotion of bridged CO
species 15 apparently favored in some systems (e.g. Co;A1303 preparad by
controlled pH geposition) linear or subcarbonyl €O speciec in other
systems. Suppression of H2 adsorption is apparent in several Clofsupport
systems, especially Co/MgC,
Specific activities for cobalt in €O hydrogenation are significantly
influenced by support, metal loading and preparation method. For the 3%
toading catalysts and the same preparation method the order of decreasing
“specific activicy is”CﬂfTiﬁz,”Cs[A?éU3,“Cd[SfOe,”Cd}C,'CofMgO.
Product distrituticons for (o catalysts in €0 hydrogenation are also
signficantly affected by support, metal loading and preparation method.
For example, Co/Ti0s produces more (g« hydrocarbons than either Cof%1203
or CoiSiog; Co/fcarbon produces unusually high CZ, C3 and COZ fractions
compared to the other cobe’it catslystis. Hence the fo/carbon system shows

oromise for production of chemicals Teedstocoks.

LY
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APPENDTY L. Schedule for Testing of {atalysts

Reduce sample according to program

0-10 min 50°C
10-20 min 20-90°C
4060 win 100°C
46050 1ageC
L0-60 180°C
60-70 z00°C
8090 240°C
90100 280°C
190-110 320°C
1108-120 360°C
1a0-130 400°C

stop B 37% for A1 03 for 20 hours
stoc B 200 for otBers Tor 16 hours

tvacuate B 200°C decreasing to 375°C to 10"5,torr
for Al,04 B 375°C decreasing to 350°C to 1077 torr
ChemisorDd H2 for 35 min, & 25°C

Cvacuate @ 75°C to 521077 torr

chemisord Hyy for A5 min, B 75°C ;
fvacuate @ 200°C decrsastng to 373°C to 3x10°° torr
Chemisarn CO for 25 min 8 25°C

tvacuaze B 23°C to 3x107% rorr

Chemisord C3 for 25 min, 8 25°C

RpacTor runs

-

a. oretreat v H, ® 300°C for I onour

D at reactor Temp. introduce H, 8 LD in 271 ratio

c. measure {0 comver. .3, € Hgend U0, H,0 Production at
223°C

d. meesuyre entire product distribution 2 223°(

200,

ot

w3
()]
-

2agsivate gcatalysty Till with "y end crack to air
R@move TEM sampie

Qeduce Tor § hours at reduction Tems,

fvaculate o 51073 a2t reduction tamp

0, chemisord at redyctign tamn

Sgve sampla
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