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ABSTRACT

The effect of the addition of manganese oxide to iron

'catalyst for Fischer-Tropsch reaction was studied by Mdssbauer

specﬁroscopy, X-ray diffraction, temperature programmed reduction
and kinetic measurements. Catalysts before reduction are composed
of binary oxide solid solutions such as Fe,_,Mn,05 and Mn,_,Fe,O4
phases; Reduétion of the catalysts proceeds via the formation of
Fey_,Mn,0,, Mn3__yFey04 mixed spinel and Fe;_,Mn,O mixed oxide to
a-iron and MnO. Addition of manganese strongly stabilizes the
intermediate oxidation state of catalysts thus prevents complete
reduction. After the use for 'CO hydrogenation, catalysts are
oxidized as well as carburized and complex phases results. Both
oxidation 'and carburization are important in determining the
catalytic behavior. Oxidation seems .to be 'cau'sed by water gas
shift reaction. Different pretreatment procedure can produce
different phases therefore results in different selecfivity
patterﬁ. It is believed that Mn;_ Fe,04 mixed spinel and Fe;_
;Mn,0 mixed oxide éré the most powerful phases for olefin
production. The highest attainaktle '2—4 lpw carbon olefin

selectivity obtained is 41% on a 86% conversion level. Higher

manganese content or lower reduction temperature may change the

carbide formed to more unstable E’-Fe, o,C from X-FegC,. Carbide
formation 1is greatly connected with manganese content ‘and

activation procedure used. It is speculated that more unstable

carbide is necessary to produce more olefin.

CO hydrogenation, Fischer-
Tropsch synthesis. ‘
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INTRODUCTION

The research of iroh - manganese bimetallic catalysts on
Fischer-Tropsch synthesis was initiated by the study of heat of
adso'rption of hydrogeﬁ and carbon monoxide on transition me-
tals'(l). From these experimental evidence, it was speculated.
that if it could add some manganese , the more efféctive
co activator , in iron, more effective olefin producn_'.ng
catalysts might be made. Accordingly, Bussemeier et al. (A2)
developed a high olefin producing Fe/Mn catalyst. Kobel (3)
reported in 1979 a Fe/Mn=1/9 catalyst c;n which 2-4 low carbon
olefin selectivity can be as high és 90% at a 70% conversion
level. Bearns (4,5) studied the coprecipitated iron-manganese
catalysts and found that there exists ’mixed lattice binary oxides
'such' as Fe,_,Mn,05 or an_y}'eyo3 phasés’ 'in the catalysts after
subjected to‘high temperature calcination. In the subsequent
reduction step, the Mn-rich phase is reduced via the formation of
Mn,FeO, spinel and wustite FeO to the metallic iron and
manganese (II) oxide. The v;usfite phase is also enriched in
manganese . and another solid solution Fe;_,Mn,0 is formed. The
results of the activity test showed that activity vs. time
paﬁtern depends greatly on the reduction temperature and the
manganese content. Small amount of manganese has the effect of
increasing the 2-4 low carbon olefin selectivity. Butt (6) showéd
from the study of .Mossbauer spectroscopy the high Fe content

catalysts (60%-80%) possesses two phases of binary oxide solid




solutions whiie low Fe content catalyst after high temperature
:‘caléination has only one single phase of an_yFeY03-binary oxide.
During the reduction step, iron and manganese are always in a
solid solution state, but there is no .alloy in the final fully
reduced or carburized catalysts. FPhase composition of the used
catalysts are highly dependent on reduction temperature. The low
.Atemperature reduced catalysts are mainly composed of MnFe,04
while the high temperature reduced ones possess large amount of

Hagg X-FegC, carbides.

Mossoth (7,8) fouq@ the chemisorption of carbon monoxide aﬁd
hydrogen on iron-manganese catalysts decreases drastically with
increasing manganese content. Bearns (9) ha; also done a
comprehensive study of chemisorption on manganese containing
catalysts and found that the temperatu;e at which chemisorption
of carbon monoxide, hydrogen, and ethylene occurs is very
different if the catalyst is‘teduced at different temperatures.

Barrault and .ﬁenard (10,11) prepared the iron-manganese
catalysts by occlusion and impregnation of various iron salts on
manganese oxide, and found that thé catalyst Fe/Mn=1 has the
highest olefin production ability. They also observed the drastic

low amount of hydroéen chemisorption.

Iron-manganese bimetél catalyst can form very complex phases
ahd its phase composition highly AEpends upon the calcination and
the reduction femperature. Different activation procedure may
result in totally different ~selectivity pattern. Several
researchers employed the different pretreatment procedures to

activate the catalyst, substantially different crystalline phase
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compositions were obtained.and téially different catalytic
behaviors may result. Van. Dijk (12) reported that he did not
observe £he pfomoter effect of manéanese. Up to now, there is
still no éoﬁclusivelexplanation about the ‘effect of addition of
‘manganese..éut it is speculated.thatithg effect of manganese is
not a simple surface electronic effect 1like pbtassium, the

crystalline structure of the catalyst has to play,some important

role in it.

In this article, we have done a systematic study on a series of
different compositions of iron-manganése coprecipitated
éatalysts. Méssbauer.speétroscopy and X-ray diffraction were used
to investigate the bulk crystalline structure. Catalyst tests
Qere done using a integral high pressure fixed bed reactor, and
along with TPR data, a model was proposed‘ to correlate the

catalytic properties and the catalyst structures.

EXPERIMENTAL:

'(a) catalyst preparation :

Five catalysts with molar ratios. of " iron to ﬁanganese; 1/0,
°/1, 1/%, 1/9, 0)1 respectively were prepared by coprecipitation
method. The.proper amounts of Fe(NO3).qH,O énd Mn (NO3) .4H,0 (
Merk GR grade) were taken in;o a kettle (Fig. 1 ) and deionized
water was added to make a total 6.4 M solution. The 11% ammonia
solution was prepared by diluting concentrated aqueous ammonia (
vMerku33% extra pure) with deionized water, the amount of ammpnia

w1s about 25% in excess to precipitate the metal salts. The



) kettle'was heated in a constant temperature ‘.water bath to 90°C,
and the amonia solution was injected into the kettle by a
mili pump ( 2 ml/min ).  After all the ammonia solution was
injected to the kettle, the suspension was allowed to age for
2 hours, then it was hot .filtered, washed with 2 1liters of
boiling deionizéd water,and dried in vacuum at 120°C for 24
hours. The aried cake was grounded and a sieve fraction of the 80

= 100 mesh was taken for all experiments.

(b) Characterization: XRD, TPR and Mdssbauer spectroscopy :

X-ray diffraction patterns.were obtainéd by a Toshiba
diffractometer using Fe-Ko radiation. Modssbauer - spectra were
obtained by using a constant acceleration spectrometer with a Co
in Pd source. Isomer shifts were reported relative to Fe foil at
room temperature, while hyperfine field was calibrated against
the 331 kOe field of A-iron. The spéctrum obtained was fitted .
into Lorentzian line shapes by a 1least square Newton-Gassiun -
program. The equipment for Méssbauer measurement, multichannel
analyzer, driver, and transducer are shown in Fig. 2.
Temperature programmed reduc’tion profiles were obtained with a U
‘shaped quartz reactor with 10% vhydrogen in argon mixed gas (Fig.
3). Temperature of 'the reactor was programmed by a Eurtherm type
211 temperature programmer. Concentration of the effluent gas was -
monitored as function of temperature by’ thermal conductivity

detector in a Shimadzu 3BT gas chromatograph.

(C) Activity test :



\Activity test were carried out iﬁ a SS-316 stainless steel
fixed bed reactor with 3 stage teﬁperature control. The reaEtor
" is shown in Fig. 4 and the'Schematic diagram & the appa;atus is
shown in Fig. 5. Temperature in the catalyst bed is monitored'by
,é CA Ehermocouple inside the .catalyst bed which can be
controlled within *1°C. Carbon monoxide ( Union carbide CP 99% )
as éurified by passing through molecular sieve 5A at 250°C to
remove carbonyls. Hydrogen was purified by passing thfough a
colunn of ﬁarshaw 0104 Nickel to remove oxygen and then thrqugh a
bed of molecular sieve 3A to adsorb moisture. The gas product was
on line sampled through a heated six pért samp}ing valve,
separated by a poropack Q column ( 4m, 70°C-210°C ),‘and analyzéd
by two détector in series, one is thefmal conductivity detector
Shimadzu GC 8A @CD ) to detect CO and CO,, and the other is flame
ionization detector ( Shimadzu GC 8A FID ) to detect hydrocarbons
up to Cq. The liquid product was analyzed by a SE-30 column’( 2m,
RT-250°C ). About 3 g of fresh catalyst was loaded and was insitu
high ( 500°C ) or low ( 330°C ) tempe;atufe reduced or pretreated
in a 70 cc/min flowing h&drogen or carbon monoxide. The reaction
conditions chosen were 146 péig, 320 *C, and GHSV of
approximately 500 cc/g.hr to contfol. the conversion af about
90%. So selectivities can be compared at about -the same
secoﬁdary reaction-level. Selectivities and conversions weré
;ecorded as a function of time on stream.lThe used or reduced‘
catalysts were coated with collodion ( Merk 4% ) in dry nitrogen

to prevent oxidation in XRD and .Mbssbauer spectroscopy

measurements.



RESULTS and DISCUSSIONS :

(2a) Phase composition of freshly prepa.red and calcined catalysts:

Figs. 6 and 7 show the Mossbauer spectrum of catalysts
before and after calcination. The corresponding computer‘fitted
Mossbauer parameters are summarized in Table 1. Some typical XRD
patterns are shown in Figs. 8 and 9. As can see from Fig. 8, the
' X-ray ﬁoﬁder diffraction spectroscopy of 120 °*C vacuum dried
catalysts have only small and broad peaks, showing samples were
poor crystalline. For pure iron and f‘e/Mn=9/1, the pattern is -
Fe,04 , while for Fe/Mn=1/1, 1/9 and pure manganese, only peaks
of J-Mn,05 are obser‘ve_d..

The Mossbauer spectra of the uncalc;.ned catalysts shown in
Fig. 6 is Dbasically composed of two parts, one is a central
doublet which is proved to be ¥ -FeOOH and the other 'is a broad
sextet which can be ic;entified as.oL-FeOOH. For the sample was
only 120 °C vacuum dried for 24 hrs, there i‘s still relatively
large amount of water retained. From the study of TGA and DTA,
Bearns ( 4 ) have found that copreceipatated catalysts can only
be completely dehydrated abm}e 250°C, and -)f—MnZO:, is formed
within 200°C and 280°C. As can be seen in Fig. 6, the sextet is
verf broad and doés not match with usual 3:2:1 peak area
ratio. Especially for Fe/Mn=1/1, and 1/9, the internal magnetic
field of iron oxide is colla;;sed or nearly be collépsed due tol
water retained in the lattice of the oxide or due to imperfect
crystallization. Bearns ( 4 ) also made an IR test on the

copreceipatated sample and reported that no OH stretching




Y

.absorbance was observed. Thus, although the _Méssbéuer
spectroscopy of the 120°C vacuum driedcsample is vefy similar
to S -FeOOH and Y -FeOOH, a stoichiometric perchydroxide was by
no means formed. It ié almost certain that the 120°C vacuum dfied
sample is just hydrated, not wéll CrYstallized oxides, which may

have a Mossbauer spectroscopy very similar to perohydroxides.

Nevertheless, if we take the indexed hexagonal Miller index of
the XRD spectrum of Fe/Mn=9/1 catalyst just described and using
the d-spacings calculated from 2 value, *he hexagonal‘unit cell
dimension of the observed X-Fe,05 can be obtained by least square
fittings. The obtained values of A=4.89 and C=13.44 A are
reatively smaller than those appeared of A.S.T.M standard. (
A=5.03 A; C=13.75 A ) indicafing some of the foréign ions must
have incorporated into the hematite lattice. Since hematite is
the only phase observed, all manganese added must have .dissolved
into hematite, and a mixed latfice Binary oxide Féz-xnnxos has
.been formed. Similarly, the XRD peaké of the ¢ -Mn,0; phase of
Fe/Mn=1/1, and 1/9 can be fitted into a- tetragonal lattice, the
unit cell dimension obtained are A=5;82 A and C=9.49 A fo. 1/1,
and A=5.76 A aﬁd C=9.45 A for 1/9, respectively, ail relatively
highef than the A.5.T.M standard values; A=5.73 A and C=9.33 A;
for pure J-Mn,05. Thﬁs, since 3’—Mn263 is the only phase
detected by XRD, all iron ion must havé dissolvgd into the
manganese oxide lattice, and another solid solution an_yFéyo3
is therefo?e formed. Bearns (4) has made similar analysis. From
the XRD pattern ( Fig.8 ), we can see that for Fe/Mn=1/9, the

péaks of J-Mn,0, are clearly spaced and almost all the peaks of



manganese oxide can be detected. This sample 1is Dbetter
érystallized. But for 1/1, the peaks are rather small and broad
and the full spectrum. can not be detected. This is probably due
to the large amount of iron.ions present in the 1/1 sample, they
£ill in the ¥-Mn,04 laﬁtice to make some crystal planes missing

and no sharp peak are detected in the XRD pattern.

After vacuum drying, the catalysts were calcined at 500°C in
argon for 12 hours. The Mdssbauer spectra of the calcined
catalysts are shown in Fig. 7. Some representative XRD patterns
are shown in Fig. 9. It can be seen that after calcination, the
X-ray diffraction peaks became sharp and big, showing the
catalysts are well crystalline. For pure iron, the XRD pattern is
typical of *-Fe,0, and its Mossbauer spectra shows a clear
sixtet and a broad central doublet. The sext;et has a magnetic
field of 512 koe which can be easily identified as ™K -Fe,0;5. The
doublet has an isomer shift value characteristic of the high spin
Fe*3 jon and can be ascribea to very fine crystals of
superparémagnetié hematite. For Fe/Mn=%9/1 after 500 °C
calcination, The XRD pattern still shows that' hematite is the
only detectable -‘phase, and no peaks of manganese oxide are
observed. 1Its Méssbauer épectra haé only a clear sixtet of
hyperfine interaction , which is very similar to ‘0(— Fe,04 ’
except that its magnetic field is only 502 koe, considerably
smaller than the standard 515 koe value of hematite. This means
i:hat manganese ions have incorporated into‘ the hematite lattice
and a solid solution Fe,_,Mn, 04 is formed. Furthermore, if we

calculate the unit cell dimensions of the hematite phase using -
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‘the XRD data, the A and € values obtained ( A=4.97 A; C=13.69 A )
are all relatively iewer tﬁah the A.S}T.M. stanaerd ( A=5.035 A;
" C=13.75 A ). Since heﬁatite is the only phase observed by both
XRD and Méssbauer spectroscopy,|ail manganese must have dissolved
into ircn oxide. The phase of this catalyst after calcination is

Fe, g Mng 505, a'eingle phaee solid solutionh

For Fe/Mn=1/1 calcined at SOOAC, both ™ -Fe,05 and Mn,0,
peaks appear in XRD pattern. But'the-mangahese phase has turned
from tetragonal J¥-Mn,0, _ to cubic .Mn203: In accordance with
'Beatn's observation (4), pure manganese oxide is orthorhombic up
to 300 K, but slight addition of iron makes it cublc down to 0
. K(13). The Mossbauer spectroscopy of the 1/1 catalyst calcined at
500" °C is composed of a clear sixtet and two unresolved doublets.
'The'sixtet is the hematite'pﬁase‘as described above for 9/1, and

from its smaller Hf value and smaller hexagonal unit cell
dimensions ( sﬁmmarized in table 1 f obtainedufrem XRD .data, it
.is believed that some manganese have dissolved in it., The two
unresolved doublets are identified as iron ions dissolved in the
cubic manganese(III) oxide phase. The solld solutlon an-y y

has the bixbyte structure (14) with Neel temperature of about
50-70 K (13). At room temperatere, its spins are not ordered
'thus no magnetic splitting - is observed in the Méssbauer
spectrun. Frcm the phase diagram of the (Fe,Mn),0 system (15) as
shown in Fig.l10, it can has 'a single phase homcgeneous solid
solution up to y=0.6. Iron can occupy two kinds of nonequivalent
sites in the bixbyte stguctﬁre;‘one is the less symmetric 24 (d)

site, which 1is attributed to the doublet with larger quedrupole-



splitting, the other is the more symmetric 8(a) site and
corresponds to the smaller .quadrupole splitting doublet. The
previous study of the Méssbz-;\uer spectroscopy of bixbyte (13,16~
18), showed that IS(a), IS(d), and QS(d) are almost independent
of composition, among which or;ly QS(a) varies with iron content,
" probably due to different number of manganese ions in the second
coordination sphere. Grant ( 13 ) has observed that QS(a)
in.creases from 0.526 mm/sec to 1.036 mm/sec as Yy changes frém
0.06 to 0.33. He has also found the site population is

distributed according to the Boltzman distribution :

Y (1 +y - 4x )

exp (-4 /kT) =
3+y (3 - 4x)

where x is the iron concentration in the formula (Mnl-xFex)2°3'
Yy = Ad/Aa is the area _ratio of the two doublets in the Mdssbauer
spectrun, 4 is the enthalpy difference between two sites and T
is the absolute temperature. According to Grant’s data, A= 0.08
eV. From our fitted result of the spectroscopy, y = Ad/Aa = 1.71
and using an equilibrium temperature of 773 °K, x may be
calculated to be 0.457. The XRD pattern of the manganese oxide
phase can be fitted into a cubic lattice, the unit cell dimension
obtained is | A=9.485 A, wﬁich is very close to
stoichiometric (FeMn)O, unit cell distance (13). Thus the
amount of iron that has dissolved int§ manganese oxide is very
large, while the amount of manganese’ dissblv_ed in the hematite 'is
relative small. From the analysis shown above and the relative
amount of iron in two phases measured by Mossbauer spectroscbpy,

a simple mass balance for iron can roughly give the composition
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of the two phases as ’ (Fe0.533Mn0.467)203 and
(Mng_ 543F€0,457)203-

The XRD éattern of the calcined Fé/Mn=1/9 catélyst shows only
_ cubic manganese(iII) oxide peaks, no other crystalline phases are
observed. Its Mossbauer spectra has only two central doublets,
which are the trivalent iron in two nonequivalent sites of the
bixbyte étructure as described above. B&th X-ray and Mossbauer
evidence indicate that iron has all dissolved into the manganese
oxide to form a'single bhase solid solution (Mng gFeg 1)503. From

the phase diagram of Fe,Mn - O system ( Fig. 10 ), composition of |
iron at mole‘fraction of 0.1 is indeed in the single phase region
up to 870°C. Butt (6) thought'thét calcination at 500°C may not
be enough to equilibrate the system, thus he calcined a 20% iron
content catalyst at 1100'C’ and truly a single phase
(Mngy _gFeq . 5) 204 solid solution was obtained. For our catalyst,
iron concentration is only 10%, the temperature of '500°C - should
be pretty enough to’attain equilibrium. The spectrum has a (a) to
(d) site area ratio of approximately 1. Using Grant'’s site
distribution equation taking A =0.079 eV, x value is calculated
to be 0.09 . Cubic unit cell dimension fitted from XRD data is
9.14 A, consistent very well with the published data for x =
0.097. Thus for Fe/Mn=1/§ calcined at 500°C, a.single phase solid
solution (Fey ;Mng g),03 is the only phase exiéfing in the

catalyst.
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(k) PHASE COMPOSITION OF HIGH AND LOW TEMPERATURE REDUCED

CATALYSTS :

Some preliminary reaction tests showed that uncalcined
catalysts had better 2-4 carbon oléfin selectivity. Therefor the
uncalcined catalystsnwere reduced at high (500°C) and iow (330°C)
temperature by hydrogen for 12 hours and their XRD and Mdssbauer
spectroscopy were undertaken to sée how the phase changes occur

during reduction.

The Mossbauer and some repfesentative XRD spectfa for the
catalysts reduced at 500°C are shown in Fig. 11 and 12. The
| fitted parameters and XRD identification as well as the unit cell
dgmensions calculated are sumﬁarized in Table 2; For pure iron,
high temperature reduction induces a Mdssbauer spectrum of a
clear sixtet of <A -iron. The absénce 6f other observable phases
shows that the catalyst is completely reduced. But for Fe/Mn¥9/1,
there are still two small doublets beside the sixtet of K -iron.
These two doublets are attributed to the sbinel Mn3;yFey04
manganosite and tﬁe wustite - Mn(II)O solid solution Fe,_,Mn,0
réspectively. The amount of (X-iron‘is only‘about 89 % of total
iron content. This indicates that after only 10% of manganese
addition, the whole catalyst can not be completely reduced even

at 500° C by hydrogen.

The phase existed can be seen more clearly in the XRD pattern
in Fig.12. The XRD results of high temperature reduced Fe/Mn=9/1
catalyst has small peaks of Mn,0, and Mnd, but Méssbauer spectra
indicates that there exist‘diva1ent iron and non magnetically

12
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ordered trivalent iron. Wustite (Fe0) is not stable at” room
temperature, and it can not be_seen in XRD pattern. Thus iron(II)
must have incorporated with Mn(II) to form a solid solution of
Fe,.,Mn,0, and the trivalent non magnetic iron is dissolved in
the Mn,0, to form a manganosite spiﬁellsolid solution, This can
be seen from Table 2 that the unit cell distances calcﬁlgted all
differ from that of the value of A.S.T.M. standard and i$
consistent with previous studies ( 4,6, 19-32 ) and this will be

more clearly ' stated in next paragraphs.

For Fe/Mn=1/1 and 1/9, the 500°C reduced catalysts have
Méssbaﬁer spectrum almost identical with that of 9/1, except that
the central doublets of the manganosite spinel and wustite phase
are incfeased to a gréater extent. Consecquently the MnO and Mn,0,4

peaks in the XRD pattern are also increased.

For catalysts reduced at 330°C, the ﬁéssbauer spectra and the
XRD pattern are shown in Fig. 13 and 14, respectivgly. For pure
iron, the spectrum is mainly'composed of K- iron, but there
exiét two small sixtéts of the Fe;0, magnetite phase. Magnetite
has the spinel str&cture thch is a face center cupic close
packing of oxygen ions. There are two kinds of interstices that
metal ions can occupy. One is octahedrally coordinated by oxygen
and is' called thé octéhedral-site, the other is tetrahedrally
coordinaéed and is the tetrahedral sité. The two sixtets
corresponds to Fet3 in tetrahedral Sife and one Fe*2 and one Fe3
in octahedral site, respectively. For there is a fast electron

. exchange between Fe'3 and Fet? ions in octahedral sites above the

Verway transition temperature { about 110 K) (33), one cannot

i3



" distinguish the oxidation state 6f the two ions in octahedral
sites from the spectra. Its fitted isomer shift is in between
the high spin Fe'? and Fe'™3 value. From the figure, we can see
that degree of reduction is considerably high for pure iron, but
on addition of 10% of manganese, as in the Fe/Mn=9/1 6ase, a
drastic chanée occurs in the Mbossbauer spectrum. The spectrum for
330 °*C H2 reduéed Fe/Mn=9/1 catalyst is maihly composed of the
two central doublets, with small sixtets of & -iron and
magnetite in the shoulder of doublets peaks. The central doublets

is identified as the Mn, O, spinel ( the doublet with smaller

-yFey
isomer shift ) and the Fe,.,Mn,0 ( the doublet with larger isomer
shift ) as stated above. The magnetite phase has hyperfine fields
of 486 and 447.8 koe, considerably smaller than standard Hf value
505 and 453 koe for pure magnetite. This is characteristic' of
mixed lattice spinel Fe;_yMn,0,. Some manganese iqns must have
dissolved in the magnetite to make the internal magnetic field
decreased. Analysis of the XRD pattern gives the same clue ( See
Table 2 ). It is worthy of notice that ﬁhe linewidth of the b
site iron ( 1.17 mm/sec ) is considerably larger than the natural
width, or the width of pure magnetite. The magnetite phases .
formed must have a wide disﬁribution of composition, Butt ( 6 )
has estimated the x value to be in the range of 0 -~ 1. As for the
fully feducgd X-iron phase , its magnetic field is 332.4 koe,
matches the 331 koe standard valué for metallic iron within
experimental error. No alloy has ever been formed. Addition of
manganese stabilizes the intermediate product such as manganosite
spinel and wustite in reduction sequende but in the final stage

14



of the reduction, phase'separétion would still occur to form X -

iron.

When the manganese concenfration is further increased, such as
Fe/Mn—l/l and 1/9, the catalysts' can only be reduced to the man-
gan051te splnel and the wustite solid solution by hydrogen at 330
*C, as can be seen from tbe two unre§olved doublets in their
Mossbauer spectra. Differences bétween tw6 catalysts is‘gnly the
relative amount of the two phase formed. Further evidence came
from thé X-ray diffraction data. The XRD sbectrum'of 330°C hydro-
gen reduced Fe/Mn=1/9 catalyst are shown in Fig;~14, in which we
,cah only obéerve fhe peaks of Mn304 and MnO. Because of the
manganosite. spinel Mn3_y yO4 and FeO-MnO solld solution have[
essentially the same crystal structqre,with Mn304' and MnO, the
two'phases obsefved by Méssbauer_spectroscopy are exactly the
two phases dgtected' by XRD pattern;'Beafns (4) . identified the
formatiop of 'MnFe,04 énd found. that the wustite phase had
_incorpofate manganese ion; by measuring the unit cell distances.
Butt ( 6') found on Mdssbauer spectrum the formation of Mn,_
04 manganosite spinel as a Fe+3 doublet..y value varies from

Y Sy
1 to 3. The wusitite divalent iron was also observed by Butt.

The two doublets of the Fe0O-MnO and the manganosite spinel can
be further analyzed to.show,substructurés. Fig.15 shows Mdssbauer
spectra ‘of the 330°C hydrogen reduced 1/1 and 1/9 catalysts takeﬁ
‘on an exban&ed velocity scale. The Figure shows that the Feo-ﬁno
solid solution pﬁase can be further fitted into 2 doublets with
different isomer shift values. There-is still no éonciusive

interpretation for the Mdssbauer spectra of the wusitite phase
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~from the collected‘ literature (31-33). But according to Elicas
(34), there is no stoichiometric FeO compoﬁnd‘ without cation
deficiencies. There must be some ferric iron ion existing in the
tetrahedral site of the face center cubic oxygen lattice, and a
fast electron exchange between divalent and trivalent ions.
happens to make the isomer sﬁift deviate from its high spin
Fet? Galue. One- doublet corresponds to ferric and ferrous iron
in octahedral sites involving electron exchange while the other
doublet is the ferric iron in tetrahedral sites having electron
exchange with neighboring ferrous iron. For catalyst 1/9, two
doublets has almost the same isomer shiftland the value of isomer
shift are exactly characteristic of divalent iron, thus the iron
iop in this sample are about éll in divalent state. Pfeviqus
study about (Fe,Mg)O.has pointed out that a stoichiomeﬁric
compound can be made (30), and a single doublet can describe the
spect:um. For our sample, a single doublet can also give 5
satisfactofy fit. Furfhermore, XRD evidence showed .that it is a
manganesé(II) oxide pattern; it is iron that dissolved into
manganese (II) oxide, and the sample forméd is rather like MnO but
not Fel_xo..Z\ stoichiometric compound Mn,;_,Fe,O may have been
formed. All iron and manganese ions might be all in octahedral
sites and the whole crystal is simple cubic rock salt structure
with no éation deficiencies. But for catalyst Fe/Mn=1/1, ( Fig.
15 ) the two doublets has different isomer shifts, one is
characteristic of‘FefII), and the other is in between fhe

+3

trivalentland the divalent oxidation state. Some Fe must exist

in this phase and the compound is rather wusitite like although
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we cannot find its x valuz. The fitted Mdssbauer parameters were

listed in Tablwe 3.

For the mancanosite Mna_y ey0y phase, the spectrum taken on a -
exparded velocity scale ( Fig.15 ) can a1£; be fitted into two
doublets with different quadrupole splittings. According to
Bornaz and Singn (5, 29), manganese(III) is a Jahn - Teller ion,
its’ d orbital is severely tetragonal distorted, and may cause a
strong electric field gradient .in the lattice. The doubiet with
larger quadrupole splitting is then attributed to the iroen ion
that its second coordination sphere has some manganese in it, and
the doublet with smaller quadrupole splitting should correspond
to the iron ion that is totally surrounded by iron. For sample
1/9, the larger gquadrupole splitting doublet is rather small
while in the 1/1 case it has a large fraction of the larger
quadrupole splitting doublet. Thus iron in the manganosite spinel
may not be randomly distributed according to total iron content,

but they may choose its favorest sites according to the symmetry

of the lattice. The exact picfure needs further inside study.

(c) TBHPERATURE. PROGRAMMED REDUCTION STUDY s,

Besides the studies of X-ray.diffraction and the .Méssbauer
spectroscopy a set of temperature programmed reduction
experiments were undertaken. Five different kind of catalysts
prepared were tested in a TPR cell after different pretreatments,
such as without calcination , calcined in an inert gas f( argon ),
and .calcined in air at 500°C for 12 hours. The TPR spectra
obtained are shown in Fig. 16 to 18. Fcr:pure iron , the spectrum
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hés:a small peak at abdut 300°C and a huge peak at 550°C , the
small peak corresponds to the reduction of Fe,04 to Fe,;0,, and
£he big peak at higher temperature is ascribed to the reduction
of‘magnetite to metallic iron (35). For pure manganese oxide,
there 1is only a single peak at about 400°C, which is due to

‘the reduction of cubic Mn,045 to manganese (II) oxide. The
vreduction of manganese can take place before iron can be totally
reduced. For binary oxides, as can be seen from the Figure, the
peak due to reduc;ion of Fe(III) to Fe(II) gradually disappears
while the peak due to reduction of manganese increase it; size as
the manganese content is increased. In the middle part of the
spectrum for the binary oxide catalysts, the peaks became flatten
and broadened. This megns the formation of mixed lattice oxiie of
variable compositions. Reduction take place via changes of the x,
Y, and z, valués and a clear, definite stoichiometric chemical

reaction equation of reduction cannot.be written.

Fér the uncalcined catalysts, the TPR patterns have a lot of
trisidual peaks‘ because they undergo dehydration and crystal
phase changes along with reduction. For catalysts calcined in
air, there is another peak before the reduction of manganese
(III) to manganese (II), which may Be‘the reduction of Mn (IV) to
Mn (III), tetravalent manganese may be produced du:ing the

calcination in an oxidizing atmosphere.

A

‘Summarizing the results of Mossbauer spectra, XRD, and TPR, it
can be concluded that the addition of manganese prohibits the
reduction of the catalysts. Iron cannot be combletely reduced on

addition only 10% of manganese even by hydrogen at 500°C. The

-
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peaks of the TPR of manganese containing catalysts become broad
and its temperaﬁqre shifts towards central part of the spectrum.
The wusitite phase detected by Mdssbauer and XRD is not stable at
room temperafure, but stabilizéd by iﬁcdrporation of some
manganese in it (5) . Addition of manganese as a matter of fact
stabilizes the intermediaté phases of reduction and thus
prohibits the total reduction of the catalysts. This can be seen
even more clearly when examined the catalysts after synthesis for
which  oxidation has occurred. The whole reduction scheme.may be

speculated as to proceed via the following steps :

Fe,_,Mn, 0, —= Fe,_,/Mn,,0, —> Fej_y,sMny,,0 —— Fe + MnO

an_yFey03 ——— Hn3_y,Fey,04 —— Mnl_yr rFey; IO -3 Fe + MnNO

x and y values éhange continuously during reduction, thus the
final composition is draétically complicated.ané severely depends
on reduction temperature. This is also the reason why that
various investigators used different pfetreatment conditions and
different results was obtained. Different reducing temperature or
different buik composition can lead to totaily different phase

structure. Thus different catalytic behavior is observed.

(D) PHASE COMPOSITION OF CATALYSTS AFTER REACTION :

Because pure manganese was proved to process no actiyitf, the
other four different catalysts were subjected to a Fisher Tropsch
synthesis after they were reduced in situ at high (500 C) and low

(330 C) temperatures respectively. The reaction ccnditions chosen
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ére 320°C, CO/H,=1, 150 psig and GHSV of approximately 500. After
about 50-150 hours activity test, the catalysts were taken out in
an inert gas (N,) atmosphere and coatc;‘cil‘ with collodion (4) in
ordery to prevent oxidation in air. The ﬁéssbauer ‘spectra
obtained are shown in Fig. 19 and 21 with parameters summarized
in Table 4. Some XRD patterns are presented Figs. 20 and 22. Fig.
19 shows the Mossbauer spectra of fhe used catalysts reduced at
500 *C. For pure iron, it is mairly composed of 3 sixtet of X-
FegC, carbide. But in the rear of the spectra, it can be clearly
seen that there exists 2 sixtets of magnetite, amounts about up
to 16% of the total spectra area. Referring to the last section
- we know that pure iron is totally reduced to &-iron after 500 °C
hydrééen reduction. Thus some oxidation must have occurred along
with carburization. It prObaﬁly is due to the carbon dioxide and
‘water formed in synthesis that make gas phase oxidative. In a
90% conversion level, the effluent gas from the reactor can
contain a carbon dioxidé concentration as high as 50% for 1/1
CO/H2 feed. Carbon dioxide is maiﬁly produced via water shift
reaction, and water gas shift reaction is proceed via a oxidation
reduction cycle mechanism (36), thus there must be some oxidized
phases to be in equilibrium with Ehe surroqnding gas. This is in
contrast with differential reactor studies which all gas phase
remains reductive throughbut the whole bed. Satterfield (37)
studied a fused iron catalyst using slurry reactor and found
-that the catalyst_;ontained certain amount of magnetite after
- synthesis. Rymond et al (38) also reported that Fe,0, along with
carbides can be observed by XRD using a pure. iron 'catalyst

20



obtained by thermal decomposition of nitrate salt.

For Fe/Mn=9/1, the used catalyst al~> contains abou# 16% of
magnetite after synthesis, the rest of the phases is mairiy X-
carbide. But in the central part of the spectrum, there has to be
added 2 douBlets to full fiil the fit. These doublets are the
wusitife-manganese(II) oxide and the manganeéite spinel as found
in the 500 ' °C hydrogen . reduced catalyst. Their speeero area
amounts.up to 11% of the-totai iron.content But it is only 5% in
the freshly reduced btate, Thus oxidation of the catalyst must be
through these two phases as descrlbed 1n the reduction scheme,
but only now it 1is a reverse path. For thls catalyst is only
reacted for 20 hrs, there _is still certain amount of XX -iron
exists after synthesis. The oxidation reduction'trend can be seen
even more clearly in-the 330°C reduced'catalyst, which will be
-described in detail in later pa:agraphe. For fe/Mn=1/l, the wused
catalyst showe.a eompletely different Mossbauer spectrum as can
be seen in Fig. 19. The phases present in the Figure are mainly
iron manganosite spine; and the wusitite mangahese (II) oxide’
solid solution, there is still a 1little amount of Fe;0, solid
solution and carbide phase exists. But‘it only amounts to about
' 3% Of the total spectroscopic area. As can be speculated from the
present results, the oxidation of the catalyst is more clearly
seen in the Fe/Mn=1/1 catalyst, for there is a larger amount of
manganese, the lower oxidation stafe'intermediate phase of
reduction - oxidation trend, the manganosite spinel and wusitite
phase is stabilized. thus the phases'present in the usedvcataiyst

is the less gxidized phase as observed ir TPR results compared to
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pure iron and 9/1 catalyst. More surprisingly, the carbide in
this catalyst is turned from X~-FegC, to ELFez;zc, for the améunt
of carbide is very small, iﬁ is probably on the surface. This is
in‘connection with the catalytic behavior of this catalyst, and

will be-discussed later.

For Fe/Mn=1/9, the used catalyst can find no magnetite in it,
but instead the catalyst is mainly composed of wusitite solid
solution and the manganosite spinel, as can be seen from Fig.19.
Proved on further addition of manganese, the less oxidized phases
is even more stabilized. For this catalyst is reduced:at 550 °C
instead of 500 “C‘, considerablé amount of KA-Fe is formed in
reduction step, thus there is a large amount of X - Fe, 4C
carbide present in the catalyst. On looking upon the whole
oxidaéion carburization trend during synthesis, aadition of
mar;:;anese to iron catalyst has the effect of stabilizing the.
oxidized phase via formation of mixed oxide solid solution, which
will affect the catalytic behavior of the catalyst. This will be
discussed in detail in the results of activity test part. Tne XRD
pattern also shows the formation of X?Féscz carbide, magnetite,
Mn,0,, and FeO-MnO solid solution for the used catalysts reduced
at high temperaturé as discussed above, but there is no carbides
observed by XRD for high manganese catalysts such as 1/1 and 1/9.
Carbides are usually not well crystallized as oxides, and most of

the evidences existed come from Mossbauer spectroscopy.{39-45).

For the low temperature (330°C,H2) reduced catalysts, the
Mossbauer spectra of the samples after 150 psig 320°C CO/H,

Fisher Tropsch- synthesis are shown in Fig. 21.. There are three
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éataiyéts tes;ed; pufe iron, Fe/Mn=9/1, and Fe/Mn=1/9. For pure
iron, the phases existed after synthesis are still 'X-Fesc2
carbide and ﬁagnetite, but the amount bf magnetite is increased
from 16% to 46% as comparing the high and low temperature
reduction cases. Pure iron catalyst has already about 14% of
magnetite after 330 °C hydrogen reducti§n'as described 1in last
section. Oxidation during synthesis must proceed to further
extent thus.the-magnetite phase grows to a greater aﬁount. But
for there is no ménganese in the sample, the wusitite phase is
not stable‘ in the présent condition u'sed. Therefor it has no
divalent oxidg observed in this catalyst. Because the catalet is

over 80% reduced before synthesis, the carbide is easily formed.

For catalyst Fe/Man/I, the Mossbauer spectra of Qsed sample
shows a completely different characteristic with the freshly
reduced one. Sample reduced at 330°C in hydrogen is composed of
over 65% of wusitite and manganosite spinel, plus some alpha iron
and magnetite. After synthesis, it is turned to 30% of X-Fe5C2
carbide, 60% of magnetite, and about 10% of the wusitite and
manganosite spinel. It has been oxidized to higher oxidatiﬁn
state. For this catalyst, there is only 10% of manganese present
in the sample, the amount of manganese is not large cnough to
stabilize the 1lower oxidation state of the catalyst in the
present reducing and synthesis’bondition used. Iron and manganese
in the wusitite and manganosite spinel phases must have separatéd
during reaction in freshly .reduced Fe/Mﬁ=9/1 catalyst. For Fé/Mn=
1/9, as’can be seen from Fig.21 the used catalyst is relativély

unchanged as compared to the reduced oné. Large amount of
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manganese has stabilized the intermediate phases 1in oxidation
| reduction scheme and the catalyst can remain in the wusitite and
_mahganosite stage even in a oxidative environment. But on compa-
ring the relative amount of the two phases before and after
synthesis, it still can be found that higher oxidation state
phase, ﬁhe manganos-ite, is increased to a greater extent .Some
oxidation still occurs._ Besides these two phases, there vis some
carbide in this catalyst after synthesis. From one sextet and
.unique internal field, it is identified as El— Fe, ,C. Therefor
lowering down the reduction temperature and increasing manganese
content may change the carbide formed from X-Féscz to £~ carbide.
E}carbide is less stable than X-FegC, carbide no matter in highér
temperature or in higher hydrogen partial pressure.( 39 )
According to Delgass (40) and J.B Butt (41), 6’* Fe, 5,C carbide
can be formed by a sma:_Ller particle size iron catalyst supported
on silica. We are not certain whether this -carbide formation is
totally a particle size effect due to lower iron content or is
some chenical effect caused by manganese. But the addition of
larger amount ~of manganese can certainly affect the form of
'carbide formed. And this'has a drastic effect on the catalytic

test results as will be discussed in detail in the next section.

Unlike G—Fe3cvor X-Fezcsc, 6,-Fé2_zc cannot be exactly sure
as an stoichiometric carbide, and so far there is. still no exact
crystallogfaphic determination of the structure of ;chese carbides
(39). Because the particle size of this carbide formed in
synthesis is very small, and very difficult to detect by XRD, the

XRD pattern of the 330°C reduced Fe/Mn=1/9 catalyst had only
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peaks of MnO and Mn3;0,, No £1Fe2.2c carbide is observed.

(E) CO EYDROGENATION WITH HIGH AND LOW TEMPERATURE HYDROGEN
REDUCED CATALYSTS :

After reduced in hydrogen at high (SOO:C) and low (330
*C) temperature in situ respectively, a activity test is. done on
four kinds of catalysts prepared. The reaction conditions were as .
_previously described. Results recorded as a function of t;me on

stream are, presented in Figs. 22 and 23.

For 500°C reduced catalysts, pure iron and Fe/Mn=9/1 reach
their maximum conversion 1e§e1 after about 5 hrs on stream, as
can be seen in Fig.22, and gradually decrease afterwards. While
for Fe/Mn=1/1 and Fe/Mn=1/9, the activity increases with time,
and Xkept on increasing even after 80 hrs reaction, showing a
completely different trend. For 1low temperature reducéd
catalysts, however, all catalysts seem to be able to maintain a
staple activity after 10 hrs on stream. Bearns ( 5 ) has also
observed tﬁe activity vs. time pattern even on a longer testing
time. As for selectivity, as shown in Fig.23, the high
temperature reduced Fe/Mn=1/1 catalyst has the highest 2-4 low
carbon olefin yield, which is about 38% of total hydrocarbon
pfoduced. It also has the highest'CS# heavy product selectivity,
which is about 40% of the total hydrocarbon. Thus the 1/1
catalyst has the most pronouncing promoter effect on addition of
maqgaﬁese' after high temperature reduction. For the low
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temperature reduced catalysts, the selectivi{:y pattern deviates
to less extent as compared to high tem.perature'reduced ones. But
it still can be‘ seen from Fig.23 that the high manganese
containing catalyst, Fe/Mn=1/9, has the highest 2-4 low carbon
olefin.and c5+ high molecular weightrhydrocarbon producing
ability. Another fact worth of notice is 1low temperature
reduction seems to be able to lower down methanex'selectivity.
High temperature red'ucéd catalysts has maximum methane
selectivity of about 30%, which is created by pure iron after 80
hrs on stream. while for low temperature reduced ones, it is orily
about 20%, still made by pure iron..Paraffin also has the same
i:rend, high temperature reduced.catalyst.:s has a max. 2-4 carbon
paraffin of about 55% :;.\nd decreasing to a steady value of 35%,
still higher than low temperature reduced ones. Addition of
manganese orx lowei'ing down redu.ction temperature seems to be able
to lower down the. ability of hydrogenation. This can be.
correlated with‘ oxidation state of catalysts and will be
discussed in detail in discussion sectién. Comparing with the
phase identification result.:'described in the last section, we can
see both catalyst Fe/Mn=1/1 reduced at high temperature and
Fe/Mn=1/9 reduced at low temperature have thé most significant
promotion plienotpena. They have a common characteristic that their
crystalline phasés after synthesis are all composed of wusitite -
manganese(II) oxide solid solution and the iron manganosite
spinel. Boeyeris (42) in a newest report has claimed that the
wusitite and manganosite spinel is the phases that is responsible
for high olefin production. This is further proved here. As for

carbide formation, there is no diréct evidence that the more
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.unstable ' ¢- Fe, ,C carhide has the effect on selectivity: But
€’~ Fey 5C carbige can be formed in a small particie size alpha-
i.ron precusors {( 40,41 ). Basset (43) has created very - small
iron particles on alumina..oxide support by decomposition of iron
carbonyls and observed by Mossbauer spectroscopy as a ‘.s.uper-
paramagnetitic singlet of alpha iron. Particle size isv sm.a'ller'
than 3nm. Indeec‘l', very _high'2-3 carbon olefin'selectiv.ity is
resulted although iron particles sinter ver;’ fast during reaction
and it is only a differential reactor data. Thus it is
specu;ated that £ -~ Fe, ,C carbide can affect ‘the form of
surface active carbon formed and therefore’ affects the
selectivity. This. wili be discussed . in detail in di,scussion
section~where a model will be proposed to sum' up all evrdence

collected.

Another interesting phenomena north of n.otice is the 2-4
carbon paraffin select1v1ty vs. time pattern. For all the r"taly—
‘tic testing run, there all existed a common trend that the 2-4
carbon paraffins yield decreases with increasing time on ‘stream.
Methane bas a stable select1v1ty i'hrough out the whole run,
except for pure iron whlch is :mcreasec{l gradually as act1v1ty
dropped. The 2-4 carbon olefin and heavy products increase with
tJ.me on stream. Thls of course the phase changes occur has impor-
tant responsibility for it, and the hydrogen remalnlng on the
surface'after in situ 'reduction has some pronouncing effect. As
can be seen from the figure - the methane selectivity is always

very high in the first 1-2 hours, but it turns to a normal

selectivity value very fast after about 2 hrs on stream. This

{
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Nindicates that hydrogen left on surface after reduction has no
effect on long term time dependency. Summing up the above
mentioned evidences, carbon monoxide seens t§ have some effect of
carburizing'the more hydrogenation active phases like pure iron
thus poisoning the hydrogenation site to enhance the olefin
production. As}can be observed in figure that paraffin decreases
while olefin increased with time on stream.‘Kolbel ( 3 ) in
his published patent also used a carbbn monoxide pretreating
procedure from which very high olefin producing ability was ob-
tained..Therefor the effect of CO pretreatment on the poison of
hydrogenating site must be ascertained. In order to get more
inside into the picture, a series of carbon monoxide prectreating
. effect experiment were also done. The results are presented in

the last section.

(F) ACTIVITY AND PHASE QOHPOSITION OF CARBON MONOXIDE PRETREATED
CATALYSTS |

| Carbon monoxide pretreatment experiments were done
following Kolbel ( 3 ). The catalysts tested were pretreated with
carbon monoxide and hydrogen successively at the same pre selec-
ted temperature.for 12 hours, and then. the temperature of the
reactor was adjustéd to reaqtion temperature iﬁ flowing hydrogen.
Pre mixed CO/H2=1/i syngas was fed in, and the activity and
selecﬁivify data were monitored byfan on line GC as a functionvof
-time on stream. After CO_hydrogénation, Mossbauer spectroscopy
and X-ray diffraction of the used catalysts were undertaken to

see the phase changes. The results are shown.in Figs. 24 - 27.
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Mossbauer parameters and XRD identification are summarized in

Table 5 .

There are all two bretreatment temperatufes tested, 330 °C
and 270 °C. For 330°C pretfeated case, pure iron has a severe'
" carbon deposition during Cd pretreatment. Because the pressure
drop across the catalyet bed exceeds ﬁo.psi no ectivity test can
be done. Tﬁe other three catalysts are tested. As for 270 °C
pretreated case; only the two . catalysts showing higﬁer olefin
producing ebility after hydrogen activation, ( Fe/Mn=1/1; and
Fe/Mn=1/9) are tested. Reaction condition is chosen the same as
used in the hydrogen reduction case, 320 °C, 150 psig, and GHSV.
of approximately 500. - A maximum carbon monoxide'eonversion over

95% can be reached.

Foxr both 270 and 330 °C CO/ﬁz pretreated catalysts, activity
vs. time pattern are shown:in-Fig. 24, As can be seen from the
Figure, conversion can reach a steady state value after ebout 5 -
10 hours on stream,. and in contrast to the high temperature
reduction case, their activity ere almost unchanged after steady
state is reached. This is very similar to the low temperature
| hydrogen reduced catalysts. Thus an exide matrix indeed has the
effect of keeping a stable activity. This effect has also been

observed by Bearns ( 5 ).

As for selectivity shown in Fig.25 ,cataiyst Fe/Mn=1/1
shows maximum 2-4. low carbon olefin and high molecular weight
product selectivity in the 330°C pretreated case. But the 2-4

carbon olefin selectivity decreases with time for both catalysts_
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Fe/Mn=1/1 and the Fe/Mn=1/9 pretreated in 330 °*C. While their 2-
4 carbon paraffin yield increases with time, which' is the direct
contrary compared to hydfogen reduced catalysts. Therefore some
changes must have happened during CO pretreatment. For two
catalysts pretreated at 270 °C and rgaéted at 320 °C, Fe/Mn=1/9
processed higher olefin producing ability, up to 43% of the total
hydrocarbon in a about 80% conversion level, this is the highest
olefin selectivity we héve ever obtained in the whole project.
Exactly coincide with Kolbel’s results. Thus carbon monoxide
pretreatment iﬁdeed has'it's unique effect. other informations
can be obtained from the 'activity data is 'the methane
selectivity, here, 1like in theihydrogen.activated case, lower:
temperature pretreated éatalysts, (270 ’C).can have lower methane
yield. Paraffin dropped in the-beginning of the test, but when
the hydrogen adSorbed in the insitu activation had been expelled
‘from the catalysts surface, it élightly increasés.

The Mossbauer spectrum of the uséd catalyéts are shown in
Figs. 26 and 27. The 330°C pretreated catalyst Fe/Mn=9/1, + .ich
is only reacted’for's hours on stream shows two sextet of almost‘
pure maghetite and one'doublets which can be attributed to.
wusitite phase.‘ No carbides are detected. Oxidation seems to
occur before carburization. For this catalyst is only reacted fof
5 hours, the picture seems not so clear. For catalyst Fe/Mn=1/1
reacted for over 100 hours, a complicated spectroscopy is
resuited. Two sextet of magnetite, three sextets of X - Feséz
carbide, and twé doublets of the manganosite spinel and wusitite
can give a exact fit. Comparing with hydrogen reduced case, high
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temﬁerature H, reduced catalyst Fe/Mn=1/1 is composed mainly of
iron manganosite spinel and wusitite phase with some Ec- Fe, >C.
carbidé after reaction. Their olefin selectivity increases with
time on stream and can reach a steady state value. But after CO-
pretreatment it is oxidized to further extent afier feaction and
the olefin yield also drops. Therefore for catalyst Fe/Mn=1/1
higher reduction temperature has to be used to make the catalyst
exist in the desired oxidation state; the wusitite - MnO solid
solution and manganosite spinel éhase to produce more oclefin. The
carbide_formed may have something to do with CO pfetreatment, and
this will be aiscussed latér. However, 1/1 still produces more
olefin after 330°C CO/H2 pretreatment. For catalyst Fe/Mn=1/9
pretreated at 330°C, Mossbauer spectroscopy is almost about the
same with the 330°C hydrogen reduced one. Catalyst is mainly
composed of manganosite spinel and the wusitite after reaction
for its huge amount of maﬁganese present in thé sample. But
olefin selectivity is still about the same with low temperature
H, reduced one. Maximum.olefin'production occurs in 270°C
pretreated case. Looking upon the two used samples pretreated at
2?0 *C, Fe/Mn=1/9 is still composed of wusitite and the
‘manganosite spinel and €-Fe, ,C carbide, only now the amount of
carbides is larger. As. for catalyst fe/Mn=l/l, the used sample
shows another different kind of spectroscopy, it is composed of
some large amount of magnetite, wustite and manganosite spiﬁelh,
‘and most surprisingly, the carbide phase has turned from X-FegCy,
to more nnstable é-fez_zc. Lower temperature reduction not only
| make catalyst to oxidize to higher oxidation state, it also

changes the garbide formed. To produce more olefin the catalyst
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must se prbperly oxidized to suitable phases as we;l as to be
properly carburized. Oxidation and carburization both play a
important role in determining the selectivity. The catalysts
Fe/Mn=1/9 pretreated at 270 and 330°C have about the same bulk
phases composition, but the olefin yield is almost doubled in the
low temperature pretreated catalyst. Summarizing above mentioned
evidences, although a little bit diverse, one may still conclude
that the higher olefin producing phases, the wustite and the iron
maﬁganosite spinel, grow as the content of manganese in the
sample increaées or as activatioﬁ temperature decreases.
Moreover, as comparing ca;aiyst Fe/Mn=1/1 pretreated at two
different temperatures, one may find as the temperature of thg
pretreatment, not  the reaction temperature, is increased, the
carbide formed will turn from less stable €LFe2.2C carbide to a
more’ stable X-FegC2 carbide. A complete trend for the - factors
that influenced the phases forméd.éan be summarized in the

following scheme :

Reduction or pretreatment temperature increases =------
------ manganese content increases

—————— high oxidation state oxide phases increases

With CO pretfeatment --------- '
More stable carbide XLFe5C2 increases -------- :

--------- olefin or heavy hydrocarbon product increases

Although the maximum yield for each catalyst may be

different, but one still can obtain its max. yield by adjusting
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pretreatment condition used, and the effect seems to be much
larger than other klnds of catalysts. Pretreatments indeed play a
very important role 1n determlnlng the catalytlc behavior of the

iron manganese catalysts.

'DISéUSSION :

Following the results presented in the last sectlo.n',_ it has
been shown that iron manganese 'catalysts ¢an have various kinds
of phases composition of different pretreatment condition are
used. Ddring CO hydrogenation, oxidation and carburization occur
simultaneously, but gas phase composition depends on conversion
level studied. Van Dijk ( 12 ) used hJ.gh temperature reduction
and a high H,/CO '10/1) feed ratlo to study the CO hydrogenation
within' a differential reactor. ‘Their Mossbauer spectrums. are
exactly the same as our Fe}Mn=1/1 sample 'calcined and reduced at
Sdo *C. They interpreted the data as superparamagnetic ‘iron
oxide and did . not consider the formation of binary oxides. It
has been found by taany researchers (37,38 ) that precipitated or
fused ‘iron catalysts after co. hydrogenation has a Fe;04 basis
besides carbides. Wel speculated ?that oxidation'should be much
correlated with the water gas shift reaction taken place in the
reactor. In our tests, the effluent gas out of the reaqtor is
about’ 'half of carbon dioxide and half of'hydrocarbo.ns, and’ no
water is detected. All oxygens leave as carbon dioxide. Thus a
high degree of water‘ gas shift react'ion must. take place " if water
is talcen as the primary product, otherwise the 50% hydrogen input

would not be enough to produce a 90% conversion hydrocarbons. One
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' of the catalysts used industrially for water gas shift reaction
is iron based Fé304, and recently it has been indicated by vVarma
(( 44 ) tha_t mahganese based c;atalysté may process considerable
water gas s'hiftj activity. ‘Newsome ( »3'6 ) haé reviewed the water
gas shift reaction and pointed out that one of the mechaﬁism
proposed by Temkih ( 45 ) is the oxidation reduction cycle of tﬁe
catalyst surface.. Thus if water gas shift reacticﬁ can proceed to
some extent in the reactor, the caﬁ_alyst must be somehow oxidized
in order to be "in.equilibrium .with th? gas phase. This is very
possible the reason why oxidation takes place. Satterfield ( 46 )
has studied the effect of water vapor in syn gas feed and found
the oxidation of the catalyst increased whilé carburization
decreased along with an increased extent of water gas shift
reaction. ’
The conventional promoters used for Fisher—Tropsch synthesis
is‘alkali metal oxide. Recently it has been reported that some
irreducible met?l oxide'supports, such as titania, alumina, and
magnesia, can have a strong interaction with the metal loaded
(47,48), which is tlie well known SMSI effect. Some evidences have
shown that titaﬁium has been reducel to a lower oxidation state
( 49-51 ). vIronj and manganese can form variousx kinds' of binary
oxide and spinel solid solutions. It has been reported that their
hydrogén and caszcm monoxide adsorptions are very 1low. Mossotch
( 7,8’ ) studied the Fe-Mn catalysts with IR spectroscopy and
found that there is a broad absorption band ‘aréund 1500 cm.
Ichikawa reported that CO on Rh - Mn catalyst has a IR band of
1530 cm ( 53 ). These kinds of CO adsorption can -remarkably
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gnhance the dissociation of carbon monoxide and CO insertion.
Both reaction is iﬁportant in olefin and héavy products
formatiop. Further more, it is Qell known that hydrogen
adsorption takes at least a dual metal site to proceed the disso-
ciative adsorption.‘ ﬁut in iron manganese bimetallic catalysts,
the final form of the catalyst i§~composéd of the Qusitite and
the manganosite spinel is presumed to be the olefin producing
phases; Irbn atoms must be somehow separatéd in these phases as
compared to metallic iron; Thus hydrogen adsorption is naturally
supﬁresséd. But this is not the case for carbon monoxide, for CO
can be adsorbed with carbon attached to irdn and oxygen attached
to neighboring manganese (52). In this special titled form of
adsorption (Fig.28), carbon and oxygen atoms ar; both aétivated
therefore CO dissqciation becones e#trémely easy. .The wusitite
and the manganosite spinel can produce more olefin and .high
moiecular‘weight hydrocarbons. In a newest report ( 38 ), Boeyens
has proposed that wusitite and the manganosite spinel is indeed
“the phases that has the most significant promoter effect. Here,
we have further confirmed this aiscoverf, and give a
comprehen31ve explanatlon on how mangaﬁese can stabilize these
two phases during the activation and reaction periods.

Van Der Kraan ( 55 ) has stated that there are three models to
account.for the mechanism of CO hydrogenation: the carbide model,
the competition modél and the slow $Ctivation:model. Slow
activatioq model can be eliminated for it cannot explain most of
the experimental phenomena. But there ié still some doubts about
the carbide and the competition model. The activity increases

a.most linearly with the extent of carburization, but alloys and
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d nitrides of iron,;which have an arrays of iron atoms that cannot
be carburized, shéw an immediate activity upon contacting with
the synthesis gaé. The surface active carbon, the dominating
éctiée center jxx‘competition.model, is still not étfuéturally
well characterized. It is often termed as " carbidic carEon " to
infer thét it is a surface carbide, or somet imes just a " surface
active éarbon ". In our experiments, we found that the carbide
strhéture formed is highly dependént on manganese amount and the
reduction temperéture. Higher manganese catalysts reduced in
lower temperatures can lead to.a.more unstable ¢ - Fez.éc while
ip lower manganesé content or higher temperature reduced
catalyst, more stable X-FegC, waé formed. In a reéent experiment
we have conducted the CO hydrogénat'ion ‘on copper iron spinel
catalyst . The résults showed that if higher hydrogen partial
pressure, CO/H2=1/3, were used, an even more stable carbide, 6 -
Fe;C cemmantite w=»s formed. The stability of carbides decrease§
in the manner: 8- FesC > X - Fe, C > ¢- Fez.éc > Fe,C > Fe,C
(x<2) (39 ). Higher temperature or higher hydrogen partial
pressure will shift the carbide to more a stable form, for only
more stable carbides can exist in a more severe condition. The
iron atoms at catalysts surface, they are in direct contact with
the hydrogen in gas phase, the carbides at the surface must be in
some relatively uhétable form. -As a matter of fact, the sc called
surface active carbon may just be the surfﬁce~ﬁnstable carbides.
As we can see froﬁ the above stability sequence, more stable
carbide has a higher Fe to C ratio, but imagine a fresh ®X- iron

just begin to be carburized, the carbides initially formed must



be the most unstable, or the most active. It will underéo some
phase changes until finally some relatively stable carbide, -Fe
¢ , was formed. Surface active carbon is in fact a surface
unstable carbide. Hydrogznation of surface carbides'proceeds via
the phase change cyclef In regards to the bulk phases, for it can
not be in contact with the gas phase hydrogen, it must go through
some phase change at the present temperature to a more stable
carbide. Upon the.phase_change, the excess carﬁﬁn must combine
with eaéh other and forms.én inert graphitic carbon, which will
block the acti&e site or the pore structure of the catalyst, and
leads to the lowering of the activity of the catalyst. If we can
take the picture this way, the carbide model and the competition
mode; can be combined together and the time dependency of
activity can be satisfactorily explained. But it has to be stated
clear that the activity versus time pattern is dependent on the
conversion level, for a differential reactor, gas :-phase
composition in reactor isfalmoéf unchanged from the inlet to the
outlet, and the hydrogen partial pressure remains high throughout
the reactor. Thus bh‘ase changes of c;arr;ides is fast and
activities can reach a relatively high level and then falls. But
for an integral, low hydrogen feed reactor, hydrogen is consumed
in the middle part of the reactor, and c~rburization happers
along with oxidation. They both'play'an important role in
determine the catalytic behavior in iron =~ manganese catalysts
case. | :
From the above discu;sion, one importan. speculation can be
drawn. That is, iron catalysts has to be carburized first before

carbon deposition. This has been indicated by many authors. who
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have studied the time dependent behavior of iron catalysts
(56 - 59). We‘also,have observed fhis experimental-phenoﬁena.
For pure iron or high temperature hydrogen reduced Fe/Mn=9/1
catalysts, thefcarbufization took place, and the activity
increased *ith time on stream and then decreased. Buﬁ for high
manganese catalysts reduced ét 1ow'températureh the matrix of the
bulk 'catalyst structure is the oxide strucﬁure. Therg is no
~metallic iron fér carbon to diffuse iﬁ and therefore no carbides
had ever beenlfdrmed. There mﬁst be some surface carbide which is
responsible for the aétivify, but the amount is too small
compared to the Eulk phase. Carbon monoxide pretreatment may have
played an important role. in the surface composition construction.
For a catalyst to maintain a stable activity at a high convérsion
‘level by using a 1low CO/H, 1inlet ratio, carburization
hydrogenation cycle as well as oxidation reducfion cycle for the
water gas shift reaction has to be bi-functionally facilitated.
Oxides along with carbides must be both on surface. As the
manganese in'i?on catalysts can stabilize the intermediate
oxidation stateiof iron, the oxidation reduction is naturally
full filled. AstO is adsorbed via the formation of M - C - O -
M’ bond on surféce, the dissociation of carbon ‘monoxide can be
enhanced and sufface carbide enriched. With suppressing hydrocgen
adsorption ability, the olefin producing is therefore increased.
There must exist an optimum pretreatment procedure.to produce the
desired olefin producing phases. From the experimental evidences
up to now, these phases are the wusitite ~ Mn(II)O solid solution
and the manganosite spinel. co pretreatment must be in connection
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with constructing . the proper surface carbide'structure, or" to
p01son the hydrogenatlng s;te formed by several iron atom
clusters. The hlgh manganese catalysts, Fe/Mn=1/1 and ?e/Mn=i/9,
have a different time dependent actlvitjiﬁehavior upon high
temperature hydrogen reduction. The activity increased very
slowly with time on stream. The'freshly‘reduced metallic iron is
not very active, but when the wusitite and the mangenosite spinel
is formed after carburization, the activity increases .

The iron manganese catalyst can exist on various kinds of
crystalline phases upon activation, and thus the different
catalytic behavior are observed.‘But inspite'or the determination
of the bulk structure. The surface construction stiil is the
dominate part to determine the catalytickbehavior[ especially, in
CO - pretreatment part. Accerdingly, some surface sensitive

instrument has to be used insitu to see a more clear picture, in

order to understand all the hypothesis proposed.
. * v

SUGGESTIONS' ON FUﬁTHER STUDIES :

Iron catalysts used in Fisher Tropsch is most complicated in
the VIII group transition metal catalysts} for it can form
various kinds of-co:i:pduhds- with carbon. It has been well
1nvest1gated in the last decade, during energy crises‘duration.
But consulting the ex1sted 11terature data, previous studies'
mostly concentrated on supported catalysts,'and almost are
differential reactor data. But industrially used iron catalysts,
no matter it is used for fisher Tropsch 'synthesis or other

- reaction, seldom supported iron catalysts were used for its cheap
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‘price. For Fisﬂer Tropsch xéaction, it:was even proposed that
supported iron did not give a'good result. ( 60 ) In our labt.,
Mossbauer technique has been well established but it is still
difficult to probe toc small a ioading or a very small particle
size of iron particles. For it mostly give a superparamagnetic
doublet that'ﬁakes identification very difficult. Most of all,
most of the industrially used unsupported iron catalysts that its
structure or bulk phases is worth of investigation. Take the
Fisher Tropsch synthesis as an example, there is still .very
little experimental data which is high conversion, indusirially
compatible and Qéll'investigated by modern techniques up to now.
One more liﬁitation'about the éupported catalysts is our X-ray
diffractién usually can not detect too small a particle of iron,
 that makes idenﬁification of structures soly depends on Mossbauer
spectroscopy, ﬁhus being short of independent evidences.
Therefore, as a personal suggestion, we should do some study
about the unéupported iron, collecting data in a ﬁigh conversion
leve} using high pressure reactor, which will be the unexplored
part of Fisher Tropsch reaction and also fit in requirements of °

our equipments.

K

We have built up the ability of énalyzing a complex Mossbauer
spectroscopy and learned a‘lot of structure knowledge about the
spinel or binary\oxides. Iron can form various kinds of binary
oxides or spinel with transition metals or other elements, a lot
of them is catalytically active for various reactions. With our
present knowledge or technique, it is not difficult to study
these reactions; therefore another directibn of research seems
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_worth of explore.

For iron - manganese system, in Fisher Tropsch reaction, -
water gas shift reaction plays a very important folg as can be
seen in the report. Adsorption experiment of hydrogen and carbon
monoxide can give a direct picture about the SMSI and its rela-
‘tion with ﬁromoter effect. Therefore next step to do I personally
proposing is to study adsorption, add watef in syngas“feed and
independently study water gas shift reaction, which can be done
kinetically. Profeésor I. K. Wang has used steam to regenerate
their iron catalysts and a very high olefin production resulted.
This caﬁ also be investigated simultaneously but with sensitive
. structure probe experimeqtal device like Mdssbauer~spectroscopy.
For iron - manganese catalygts can have a lot of intermediate
oxidation state it must be reacti&e to some surface oxidation -
reduction mechanism reactions, 1like partial oxidation ér
~oxidative dehydrogenation, this' is another . future direction of

research.
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Fitted MBssbhauer parameters and summarized XRD results

Table 1 : :
S of freshly prepared and calcined catalysts
pre-~ K . - '
_ treat- Phase IS. Q5. HE. Area?  XRD Pattern and
- Cat. ment Identified (m/s) (m/s) (koe) Frac. ~ Unit cell Dim.
pure 120°C 0-FeOOH 0.39 0.27 335.3 32.2%  hematite
" iron vaccum Y-FeOOH 0.34 0.72 *k 67.8%.  a=5.03 A (5. 035)b
-dried " c=13.79A (13.75)
' Fe/Mn 120°C y-FeOOH .0.36 0.66 ™ 1007  hematite
=9/1 vaccum - -a=4,8%9 A (5.035)
dried . . c=13.444 (13.75)
Fe/Mn 120°C a-FeOOH 0.34 0.04 393.7 75.1% Y- M0
=1/1 vaccum y-FeOOH 0.36  0.72 © % 24,97  a=5.82 A (5.73)
dried . c=9,49 A (9.33)
Fe/Mn 120°C a'-FeOOH 0.31 0.27 395.9 63.8% . y- Mn,0,
=1/9 vaccum y-FeOOH 0.33 0.85 %% 36,22  a=5.76 A (5.73)
dried . c=9,45 A (9.33)
pure 120°C ek Wk bk kb B Y- Moy
Ma  vaccum a=5.74 A (5.73)
dried . c=9.37 A (9.33)
pure 500°C a-FezO3 0.36 0.23 512.5 70.67. - hematite
-iron cal- Fe 0.33 0.26 ek 29 47 a=5.04 A (5.03)
cined - - . ' c=13.77A (13.79)
Fe/th S00°C a-(Fey_,M):0, o
=9/1 cal- 0.37 0.23 505.6 1007 hematlte :
© cined a=4.97 A (5.03)
: c=13.69A (13.79)
- Fe/Mn 500°C a-(Fe,_xM'\B),O, o hematite
=1/1 cal- 37 0,20 +502.1 60.5% c=13.75A (13.79)
cined o a=5,03 A (5.03)
B-(Mn, _ ),04 . : cubic Mn,0,
Bayelil D38 110 ek 2507 &, 4154 (8.41)
24(d)site O, 37 0.72 ¥k 14,67
- Fe/Mn 500°C B-(Mny _yFey),0s
=1/9 cal- ‘8(a)sicé 0.39° 1.17 ** 51.3%  cubic MuzO: |
cined 24(d)site 0.37 0.66  ** 48,72 a=9,42 A (9.41)
pure 500°C ¥k *hk k| dkk cubic Mnz0s
Mn cal- a=9.41 A (9.41)
cined ' .

"a: It is iron content if it is assumed recoiless fractions are the same
b: A.S.T.M standard value for urut cell dist:ance
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Table 2 :

Fitted Mossbauer parameter and summarized XRD results

of high and low temperature reduced catalysts

———— . G e 2 A - S S T P P P S G s S M e T G D S (e S G e T b ath W s Sl U W W T T S W G G D P G Gy o M D Sy o R S e e B

Pre-
treat Phase

IS.

.

Hf FalM € Area ®

Cat. ment Identified (mm/s)(mm/s) (koe)(mm/s) frac.

e WS WP TR D T e O i G A Gt e U D G M s S G Gm AR o g G R AR e B

a: It
b:AST
c: F.W.H,

pure S500°C g-iron .0065 .0063
iron H2
redn.
Fe/Mn 500°C o-iron .00S58 .0026
=9/1 Hz Mn3.yFe,0s 0.36 0.84
redn. '
Fey.,Mn,0 1.07 0.69
Fe/l-h 500°C -iron 0045 ,0025
redn.
Feq-:Mn;0 0.93 0.54
Fe/th 500°C a-iron .0034 .0014
=1/9 Hz Mn3.,Fe,04 0.27 0.67
redn,
Fe1-2Mnz0 0.90 0.22
pure 330°C g-iron .0058 .0046
iron Hp Fe30a(a) 0.28 0.20
redn. Fe30s(b) 0.66 0.02
Fe/Mn 330°C o-iron.  ,0044 0.04
=9/1 H, Fes._ an O,,(a) 0.25 0.05
redn (b) 0.50 0.04
Moy _ y1’-‘e 0, 0.36 .004
Fe1 zb’hzo -1.05 0.59
Fe/Mn 330°C Mn;_ Fe O, 0.18 0.50
=1/1 I,
rédn. Fei_,Mn,0 1.12 0.62
Fe/tn 330°C Mny_ Fe 0, 0.33 0.62
=1/9 H,
Fet-2Mnz0 1.08 0.57

the width of the outest line.

-
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341.8 0.37 100%

339.1 0.31 88.%7
e 0,59 6.3
wx 033 4.8%
325.0 0.39 80.8%
wock (.87 9.0%
we 0,53 10.2
327.9 0.36 75.5%
wE 0.42  6.0%
s 0,37 18.5%
337.9 '0.33 -85.7%
500.8 0.24 3.7%
. 468.6 0.47 10.6%
1330.4 0.56 16.2%
486.4 0.42 5.8%
C447.9 1.17 13.3%
ek .58 25.6%
wwe .50 41.7%
W 0,62 51.87
s 0,54 48.27
s 0.56 S7.0%
W 0.56 43.0%

XRD Pattemn
Unit cell
dimensions

a-iron

a-iron

Mn30s -

a=8.78A (8.7) b
MnO

a=4.36A (4.445)

a-iron

Mn30s

a=8.64A (8.7)
MnO

a=4.41A (4.445)

a-iron
Mn30s

MO
~a=b.42A (4.445)

a-iron
megnatite
a-iron
megnatite

Mn30,
MO

Mn.0O
a=B.64A (8.7)
MO -
a=b.36A(4. 645)
M0
a=B.68A (8.7)

MnO
a=4,43A(4.445)

- S A G S . D G G S e i D Ve e D U G S D D W P T ST P S G TV T SR T VI G S S Sy Y S T e W S e S

s relative iron conc. if recoiless fractions are the same
M. standard value of unit cell dimension.

M represents width of peaks at half height, for sextet, it is



1/9 catalysts reduced at

Table 3 : Mosgbaure parameters of 1/1,
. 7" 330" ¢ in hydrogen for 12 hrs taken at an expanded
veloc1ty scale
1S. @S. Fwf Ared”
Catalyst Phase identified (mm/s) (mm/s) (mm/s) Fraction
Fe/Mn=1/1 Fe,_,Mn,0 (I) 0.804 1.066 0.576 22.627%
Fe,_,Mn,0 (II) 0.997 0.940 0.599 33.25
Mn, Fe O (I) 0.378 0.593 0.264 8.317
J-y y &
M'13_YFey04 (II1) 0.356 0.952 0.599 35.82%
Fe/M=1/9  Fe,_,Mn,0 .(I) 1,028 0.598 0.541  30.56%
Fe,_,Mn,0 (I1) 1.160 0.614 0.521 °24.71%
Mn, Fe O, (I) 0.320 0.550 0.540 33.42%
Mn3.,Fe, 0y (II) 0.328 1.018 0.431 11.30%

a: It's relative iron conc. if recoiless fractions are the same
c: F.W.H.M represents width of peaks at half height, for sextet, it is
the width of the outest line.
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Table 4 : bﬁésbauer parameters of high and low temperature
reduced, used catalysts

. o - - T - 0 - T S8 W W W - —— D . - ——— " v - -

Pre- . : . . XRD Pattern

treat- Phase IS. Qs. HE FWHM. Area Unit cell
Cat. ment Identified (mm/s) (mm/s) (koe) (mm/s) frac. dimensions
pure 500°C Fe304(a) 0.310 0.46 500.8 0.43 5.77 magnetite
iron "2‘ Fe3 04 (b). 0.677 0.09 467.4 0.48 10.727

redn. y-FesC(I) 0.275 0.00 221.2 0.43 33.47 X-carbide
320°C X -FesCo(II) 0.203 0.00 189.4 0.48 30.3% -
rexn, X-FesCp (I1I) 0.217 0.00 109.9 0.44 17.8%
Fe+3 0.195 1.07 *== 0.25 2.6%
Fe/Mn S00C Fes-xMmxOs(a) 0.323 0.05 497.5 0.33 3.77 magnetite
=9/1 Hy Fey_,Mn 0,(b) 0.669 0.15 462.1 0.74 7.67%
redn. @-iron 0.007 .017 337.7 0.32 21.0% ¢-iron
320C X-FegC,(I) 0.242 0.00 215.5 0.44 27.5], x-carbide
rexn. x -FesC2 (II) 0.155 0.00 193.7 0.45 21.37%
Cx- esgzcm) 0.286 0.00 110.9 0.25 5.8%
Mo, "Fe O, 0.451 0,99 == 0,77 7.5%.
Fe, ‘M0  1.101 0.9 % 0.5 5.5
Fe/Mh 500C Fey_,Mn,Qy(a) 0.290 0.04 483.4 0.34 3.47 magnetite
=1/1 MW, Fe,_,Mn0,(b) 0.534 0.18 446.8 0.94 10.0%
redn. €-Fey ,C  0.235 0.11 180.9 0.57 9.5%
320C Mro-yFey @y 0.174  0.48 . *=% 0,58 27.47 MmO,
rexn. a=8.72A(8.7)b
Fer -, Fe, 0 1.082 0.61 *¥  0,51 49.77% MnO

a=4,41A(4.445)

Fe/Mn 550°C xFesG (1) 0.251 0,10 212.3 0.38 21.8% X -carbide
=1/9 H, xFes G (II) 0.170 0.08 186.9 0.45 21.8%
redn. x-Fe G (II1) 0.298 - 0.01 107.5 0.44 10.97%
320C Fe-zMn, O 1.066 0,27 %= 0,41 16.77 MnO
rexn. ~ ‘ a=4.38A(4.4645)
bhs_yFeyOa 0.374 0.89 = 0,52 28.7%. MmO,

pure 330°C FezQ (a) 0.273 0.32 488.9 0.42 17.87 magnetite
iron W,  Fe304(b) 0.656 0.026 458.9 0.44 27.5%

(=]
&
3%

redn. X-FegC,(I) 0.280 0.00 215.1 0.4] 21.6% x -carbide
320°C X-FesC2(II) 0.216 0.00 188.2 ¢.44 19.8% :
rexn. X-FegC,(III) 0.156 0.00 116.3 0.40 11.1%
Fer3 0.157 1.02 *== 0,27 2,2%
Fe/th 330C Fe3-xMn,04(a) 0.270. 0.03 484.7 0,37 20.57 magnetite
=9/1 H, Fes_,Mn,0y(b) 0.664 0.05 455.3 0.62 39.7
rédn. X-FesCp(I)  0.250 0.11 214.3 0.45 12,67 X -carbide
320°C X-FesC,(II) 0.228° 0.08 184.2 0.47 12.7%
rexn, X-FesG, (III) 0.213 0.00 103.6 0.39 6.3%
Fe,_;Mn,0  0.879 0.87 *at 0,45 2.5 MO
Mny_yFe,0, 0.342 0.75 “** 0,45 6.1% Mn 0,

to be continued
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Fe/Mn 330C Mn3-yFeyOs 0.361 0.77 *+= 0
=1/9 H, Fe1-zMn20 1.112 0.73 = 0,54
redn, .
320C
rexn,

— - = v o - - o Y > Gy S o Y ) A D D R (e S S S G

a: It's relative iron conc. if recoiless fractions are the same

b: A.S.T.M. standard value of unit cell dimension,

c: F.W.HM represents width of peaks at half height, for sextet, it 1is
the width of the outest line,
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Table 5 : Mdssbauer parameters of 1/1, 1/9 catalysts reduced at
330 °C in hydrogen for 12 hrs taken at an expanded
velocity scale :

Is. QS. FWHM. Area
Catalyst Phase identified (mm/s) (mm/s) (mm/s) Fraction
Fe/Mn=1/1 Fe;_,Mn,0 (I) 0.804 1.066 0.576 32:62%

Fey_zMn,0 (II) 0.997 0.940 0.599 33.25%

‘Mny_,Fe,0, (I) 0.373' 0.593 0.264 8.31%
Mnj_yFey,04 (II) 0.356 0.952 0.599  35.823

Fe/Mn=1/9 Fe;_,Mn,0 - iI) 1.058 0.598 0.541 30.56%
. Fey.,Mn,0 (Ii) 1.160 0.614 0.521  24.71%

‘Mn3_,Fe,0, (I) 0.320 0.550 0.540 33.42%

Mny_yFe 0, (II)  0.328 1.018 0.431 11.30%
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"Table 6 : Mdssbaure parameters of 330 °C and 270 ‘C carbonoxide
pretreated catalysts after synthesis

e e G S e A - P oy e Y " T S e e e S (o o S W U e T W S W S e S’ O

Pre . XRD Pattern
treat Phase - IS. Qs. Bf FWHM Area Unit cell
Cat. ment Identified (mm/s) (mn/s) (koe) (mm/s) frac. dimensions
Fe/Mn 330C Fe3-xMnx04/(t) 0. . . 1.01 41.3%. magnetite
=8/1 CO Fe3-xMnx04(o) 0.637 0.052 454.9 0.75 54.3%
' H2 Fel-zMnz0 1 0.41 4. 4% MnO

320C
rexn
Fe/Mn 330C Fa3d-xMnxO4(t) 0.297 0.000 481.6 0.54 10.7% magnetite
=171 CO Fe3-xMnx04(o) 0.528 0.128 445.8 0.91 16.8%
"H2 X-Fe2.5C(I) 0.174 0.000 208.1 0.43 21.0% [ -Fe2.5C . -
320C X~Fe2.5C(II) -0.241 0.000 171.5 0.43 22.5%
rexn X-Fe2.5C(II11)-0.179 0.000 111.9 0.12 1.4%
Mn3-yFeyO4 0.305 0.844 *xx 0.78 18.5% HMn304
Fel-zFez04 1.008 0.578 *xx 0.64 9.0v MnO
Fo/Mn 330C &'-Fe2.2C 0.203 0.119 172.0 0.36 11.1%
=1/8 CO Fal-zMnz0 1.084 0.527 *xx 0.47 22.4% MnO
H2 Mn3-yFey04 0.367 0.872 %x*x* 0.63 66.5% Mn304
320C - . ,
rexn , -
Fe/Mn 270C - Fe3-xMnx04(t) 0.285 0.021 485.7 0.43 22.3% magnetite
=1/1 CO  Fe3d-xMnx04(o) 0.560 0.069 453.2 0.91 46.9%
B2 -Fe2.2C 0.231 0.100 171.0 0.56 15.4% A
320C Fel-zMnz0, 1.477 1.130 *¥x 0..50 4.9% - MnO
rexn Mn3-yFeyO4 0.202 0.6848 *x*xx 0.67 10.5% Mn304
Fe/Mn 270C €&'-Fe2.2C 0.101 0.0060 177.1 0.62 9.5% ’
=179 CO Fel-zMnz0 1.112 0.734 *xxx 0.54 14.5%° MnO
Mn3-yFey04 0.361 0.734 **x "0.59 76.0%° HMn304
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RELATIVE TRAN

VELOCITY (mm/sec)

Fig_. 11 Mdssbauer spectra of Fe-tin catalysts reduced
- jn hydrogen at 500°C, from top toO bottom, pure
jiron, Fe/Mn=9/1, Fe/Mn=1/1, Fe/Mn=1/9
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Fig. 13  Mossbauer spectra of Fe-Mn catalysts red
' _ hydrogen at 330°C, from top to bottom, pu
- iron, Fe/Mn=9/1, Fe/Mn=1/1, Fe/Mn=1/9.
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Fipure 15: MUsshauver spectra of Fe/Mn=1/1, Fe/Mn=1/9 catalysts

taken on an expended velocity scale, top: Fe/Mnﬁl/l.
bottom: Fe/Mn=1/9.
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_Fig. 16 TPR of uncalcined catalysts
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Fe/Mn=9/1

Fe/Mn=1/1

Fe/Mn=1/9

l | ] | 1]
C 100 200 200 400 s0a°o00 oo 800 T/°C

Fig. 17 TPR of catalysts
(calcined at 502 °'C in Ar for 5 hr)
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Fig. 18 TPR of catalysts
(calcined at 502 C in air for 5 hr)
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Fig. 19 tigssbauer spectra of 500°C hydrogen reduced
Fe-Mn';atalysts after CO hydrogenation, from -

top to bottom, pure irom, Fe/Mn=9/1, Fe/Mn=1/1,
Fe/Mn=1/9.
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