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Abstracl—In continuation of our earlier investigation of carbon-supported Fe catalysts, & systematic study of
diamagnetic susceptibility and ESR spectroscopy was carried out an “as-received”. graphitized, and boron-
doped carbon blacks. This characterization showed the Fermi level (£} of the graphitic carbon decreased with
boron doping. These carhon supports were used for dispersing small Fe erystattites, which were further chur-
acterized by appropriale i sifie magnetization measurcments und Missbauer Spectroseopy. Ohservations showed
that all Fe/C catalysts were superparamagnetic yiciding particle diameters in the ranpe of 3.5-5.5 nm. From
the reaction tates obtained for CO hydropenatian over these catalysts, activation energics. prinduct distributions,
and temover frequencies were computed. These results were compared with Fe/ ALG, und FerSi0, cutalysts,
The iron dispersed on horonated carbons showed a sniall increase in twmaover frequency fof CO hydrogenation
as compared with Fe dispersed on undoped carbons, A seven-fold change in the £, tevel of the carbon supports
produced only a twofold change in activity, and censequently a strong interaction between fe iran and carbon
could not be confirmed.

Key Words-—Carbon black, catalyst. magnetic susceptibility, Massbauer spectroscopy. ian.

1. INTRODUCTION sought between catalytic behavior and the State of the
[n a previous publication 1} we reported the characteri- catalysts. The rationale for char-igjng the ctcc_:tlroui&:‘namre
zation of boron-doped and undoped carbon blacks by af the -substrate by boron doping was explained in Part
magnetic susceptibility measurements at selected tem- {of this paperit].
peratures in the range 80-300 K. and by ESR spectros- -
copy at cryogenic temperatutes (~ 100 K} and room tem- 2. EXPERIMENTAL
perature (300 K. Some of the graphitized carbons were
boronated up to 269 ppm at heat treatment temperatures
_ of either 2073 or 2773 K. and they showed ithat’ the
diamagnetic susceptibility decreased significamhy “hen
the boronation was done at the higher temperature of  Tabje § were prepared by an incipient wetness technigue
2773 K. Here it was clearly established that the magnitude . yqing approximately 1-ce/g of ian amount of iron nitrate
of the diamagnetic susceptibility per gram (x) decreased - (figher Scientific). dissolved in distilled and doionized
systematicalty with boron doping. From these results 3p-. -~yqter (6 give the reguired metil loadings(2}, The solution
propriate conduction band parameters were-calculated:: wag sdded Qmp\h}i.{é?;o the dricd and weighed support at
and a decrease in the Fermi level (E;) of the carbons was '+ iroom temperifure using a drapper. with vigorous stirring
found as the boron doping level increased. 4.,.—5‘;;1%,_’,:“ successive additions. The impregnated catalysts
in this paper we present the characterization of Fe. ywonsih {in 3

“wérné thén oven-dried in air-for 16 hr at 393 K. botled
dispersed on various carbons by magnetization measure-  ‘ang stored in 4 desigeator for Titer ise. iron weight dend-
ments, studied as a function of the applied field and ' oF the fre reduced Gatalysts were dotermined by
temperature, which yicided information on the Fe'partiche .

size. Furthesmore, selected Fe/carbons were character-— -

ized by "Fe Mosshauer spectroscopy, which supple- " ¢
mented the resuits obtained from the magnetization meas- "
urements. The kinetic parameters of these catalysts in
CO hydrogenation were measured, and correlations were

A description of] gbqsy‘ari‘gxus carbon blacks supplied by
the Cabot Corporation.” the’ borondtion. progedures, and
analysis ‘0f the boron contemt has been:given previ-
ouslylt]. The carbon-supporied iron catalysts :Hsted in

{ _}f.cxﬁds’cd) and
: 's"‘frqm:phcmtsnmnun;méasurcmcms were

fashion described previousiyl3l. . - . %

The magndtization (¢'/8mu7g) mehsurements were car:
ried out using a sensitive Faraday microbalunce described

1 Address enquiries to this author at 136 Materials Rescarch  BY Muiayid]'.'fo;r_?,gaﬁu'mmcﬁ‘l.‘f were ﬁf.if:ca;.ffi?c‘_ ¢ m oaihc :
sriaining Fe'* fons b8 z'findtion of the

Laboratory, of fo M. A. Vannice, Chem. Eng. Dept. fresh samples €

501

eazeqle Nyclear re+ .

determined by irmeversible CO adsorption . 195K ina . -

“Q




562

L. N. Muuay eraf.

Table [. Propertics of supponied iran catalysts

Catalyst Support B~Level  H3 BET Surface Area
(ppm} (@2 +g-supparcl)

& ,B% FefMC Monarch 700 nil 206
4,83 Fe/GMC GHE nil a2*
5.3% Fe/BGHMCL BGMCL 170 G2
5.2% Fa/BGNCD BGHC2 260 B7s
4,9 FelBGMCA BCHCA 140 -

4,95 Fe/BGMES BGMCS 220 110
4.3% Fe/C-2 Catbolac~2 nil 850
5.0% Fe/CSX sy 203 nil 1400
5.8% E‘e."SLE}2 Cabosil $10, nil 160

105 Fe/al,0y n-al,0, nil 245

Using CO Ifen = 0.5 (cef. 2}

fad)

applied field. H, and the meusurement lemperature, T
The entire balunce was evacuated and the samples were
then reduced in site by Nowing 99.999% H, (Matheson
Co.) ut 673 K for 16 hr by using an appropriate fumace
sutrounding the sample chamber of the balance{2}. The
same ultrapure H, was used for in sine MBssbuuer ex-
periments which are described at the end of this section.
After cooling the sumple to room tempeniure, magnet-
ization measurements were carrled out at various tem-
peratures and at fields up 1w 1) kQe.

Misbauer spectra of e were obtained with a Miss-
bauer drive unit und & transducer operating in a constant
sceeleration mude {Austin Associates), using a 50 mCi
1o source in an Rh matrix {New England-Nuclear Com-
pany), which pave an intrinsic narrow linc for the source.
The 14.4 keV vy-rays were used and detected by & pro-
portional counter containing 90% Ar and 10% methane
{Reuter-Stokes Co.). A He-Ne laser interferometer was
uscd for absolute calibration. The other electronic units
consisted of a multi-channel analyzer (Nuclear Data 100}
with 1024 channels, & preamplifier, high-voltage supply.
and an analog-to-digite} converter (Nuclear Data 570).
The in situ Mossbauer spectra were obtained using a
specially designed cell similar to that described by Del-
guss und coworkers{5]. All results are reported with re-
spect (o un NBS-Fe foil. The gases used, H; (99.999%
pure) and He (99.999% pure) were obtained from the
Matheson Co. These were further purified by passing
through an Qxytrap and a molecular sieve (Alltech As-
socintes), The flow rafes were controlled by mass flow
controllers {Bruoks Division).

The microrcactor flow system used for studying CO
Isydrogenation wis the same as that used by Jung{2]. It
commintedd of o Fiaend bed rei tor kel moa Hssdized sind-
buth in which the temperature could be varied from 30
to 773 K within £0.1 K. A standard pretreatment wes
ased for i set of rerclor runs to compare the behavior of
the varieus catalysts, including fe/ALO, and Fe/Si0,.
The samples were heated in flowing Hy (50 cm/min) at
s constant temperature of 393 K for 30 min before con-

tinuing 10 heat 1o 723 K. The fresh catalyst was held at
723 X for 16 hr 1o ensure complete reduction 1o Fe before
cooling under flowing H, to a selected reaction temper-
ature in the range of 488-548 K. The reactor system was
operated at a total pressure of one wmosphere. The in-
dividual reactant gas flows were monitored by calibrated
mass flowmeters (Model AlI-100, Hastings—Raydist).
which were accurate to £0.1 ce/min. The cittalyst charge
in the reactor was small, usually less than 0.5 g. The
analysis of the exit gas was conducted using a gas chro-
matopraph (Perkin-Elmer, Sigma 3) with subambient
temperature programeming, Chromosorb 102 columas.
Peuk arcas were determined by a Sigma | clectronic inte-
prater {Perkin-Elmer).

In addition to the witrapure H, and He, CO (99.99%%
pure from the Mathesen Co.} was used. The H, was
passed through a Deoxo unit (Engelhard Industries, Inc.),
a SA molecutar sieve trap, and finally through an Oxytrap
¢ Alltech Associates) before being used for catalytic stud-
ies. The CO was passed through a heated SA molecular
sieve trap to remove any water and carbonyls. The He
was passed through a Drietite molecular sieve gus purifier
(Alltech Associates) and an Oxytrap.

Te achieve steady-state operation in the reactor, the
reactant gases were normally passed over the catalyst for
20 min prior to sampling the exit stream for unulysis.
After sampling, the CO flow was stopped, and H, alone
was {lowed for 20 min to help regencrate and maintain
a clean metal surface for the subsequent reaction period.
This bracketing technique has been found to be very
effective in eliminating possible complications aristng
from catalyst deactivation|2].

High space velocities of 1000-3000 hr™' were typi-
cally used to keep CO conversions around 5% or fess.
This provided conversion data from a dif ferential reactor,
thereby minimizing heat and mass transfer effects, elim-
inating any significant cffects due to product inhibition.
and giving initial rates with minimum comptication from
secondary reactions. Rates of both methane formation
and CO conversion to any ard all hydrocarbon products
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were based on accurate CO flow rates, coupled with
carbon mass balances on the product stream, which were
determined directly from ge analysis.

3. RESULTS AND DISCUSSION

3.1 Magnetization measurements

This section is concerned especially with the super-
paramagnetic particles of Fe. et¢. species on carbon.
Hence, we shall succinctly outfine important principles
of superparamagnetismi, which have a direct bearing on
our rescarch. Ferromagnetic metals, such as Fe. Co, Ni.
and ferrimagnetic insulators such as v-Fe,0, and Fe.O,.
show the well-known hysteresis curve. which stems from
their multi-domain structure. In their unmagnetized state,
the unpaired electrons (spins) associated with each atom
(or structural unit} have a net spontancous magnetic **mo-
ment (1,)" or magnetization (o). Between the domains.
a “‘Block wall"" is formed, with spins curled up in a
helical fashion. When an external ficld (H) is applied,
the magnetic maments align "‘paraliel” 1o the applied
field, even at modest valites ~3000 Qe (Oersieds) at room
temperature, which happens to be below the Curie tem-
perature (7). This 7, is a critical temperature abave which
the magnetization {o,) disappears and follows a para-
magnetic behavior, Each domain consists of myriads of
spins. One can imagine small particles within cach do-
main having different volumes (V,, V., . . . V). These
subdomain particles, which consist of scveral thousand
spins, are known as S.P. {superparamagnetic) clusters
and have large magnetic moments of several thousand
B.M. (Bohr Magnetons; one BM = ch/dmmec, where
the symbols have their usual meaning{4, 6, 7}, When
such 5.P. particles are well-dispersed on a substrate (c.p.
5i0,, ALG,, carbon, etc.), there is no magnetic inter-
action between their net moments. Hence, the ideal §.P.
particles behave in the same menner as *‘magnetically
dilute’” paramagnetic ions, such as Fe** (*S;,, ion, with
5 d spins, which show an effecrive B.M. number (i,
of VM5 + 2) = 5.96). Such ions can arient parallel
and antiparaliel to H, according 1o the Boltzmann statis-
tics, independently of each other, and experience thermal
fluctuations. For paramagnetic ions, the susceptibility
{x = o/ H)andthe p. yare good parameters forinterpretation
of magnetic results. However, for the S.P. particles with
agiant B.M. number of -~ 10, the per gram magnetization
{o) is a good parameter. The o increases with increasing
H, and with decreasing temperature (7). Thercfore, it is
customary to measure v at constant H and varying T,
and vice-versa. When the relative magnetization /g,
(where g, is the saturation magnetization) is plotted as a
function of H/T, one obtains an excellent superposition
of data points, and there is no coercive force (H, = 0);
that is, there is no hysteresis. as in the weli-known butk
ferromagnetic or ferrimaguetic materiaisfd, 7). There-
fore, one can apply the classical Langevin function, first
derived from the non-interacting paramagnetic spins, to
the nen-interacting (ideal) 5.P. particles. Thus,

ofa, = Coth (u HIKT) — (kT/u H).

Here, . stards for the (giant} magnetic moment of the

cluster which replaces the ™ for single, isolted par
amagnelic spins. and & is the Boltzmans constant,

In the above equation, all quantities except p, cun be
measured. The p, can be derived for (ideal) S.P. clusters
by a curve-fitting procedure. The gist of obtaining the
average volume ¥ of a S.P. cluster lies in the basic physics
definition of o, which for a 5.P. system can be written
as 7, = /v, There exist the low-ficld (LF) and high
field (HF) approximations]7, 9] of the Langevin function,
from which one can caleulate the v for farge partivics
(which magnetically saturate easily at low values of
HIT) and vy for small particles (which saturatc with
difficuity at high vatues of H/T). From the v and v,
the average volume v of clusters can be estimated by
taking the arithmetic mean. The LF and HF equations
are stated in a later section.

it should be stressed that below a critical {Blocking)
temperature (T,) S.P. particles experience a slow relax-
ation time (1} at which their net moment will align so-
ta-speak “paraliel’ to H. and thus appear to behave oy
if they had an apparent “bulk-like" ferromagaetic he-
havior. This situation will result in a hysteresis curve or
an “apparent” ferromagnetic behavior, Conversely. shove
the Ty, the hysteresis will disappear and the particles will
show a unigue curve with no hystcresis.

In Missbauer spectroscopy essentially nuciear transi
tions arc observed between the ground anrd the excited
states of natural isotopes. such as “Fe. Thesc transitions
arc caused by y-rays coming.from a moving "Co source,
which supcrimposes a Doppler velocity on the 14.4 eV
cnergy and produces artificially a range of cnergies. Be-
cause nucleur transitions are observed, the blacking fem-
perature T, observed in Massbauer spectroscopy is guite
different from the T, found from magnetization results,
in the following sections we discuss magnetization meis-
urements. obtained for the Fe catalysts.

We have retained the classical Gaussian system of units,
because these units are still used in most of the magnetics.
carbon, and catalysis titerature. It should suffice to paint
out that a field of | Oc = 79.6 Am~' and a magnetization
tr)ol 1 G = 10" Am ' in S.1. units. Similarly, per pram
or mass susceptibility (x). which is oflen expressed ay
“em'g” or simply as “emu’ /g when multiplicd by 12.56
X 10! yields the S.1. (m'/kg) units|6., 71,

The per gram saturation magnetization (o,. emu/g Fo)
was abtained by plotting the obseeved o vs 1/H to the
fowest cryogenic temperature, and extrapotating the plots
to I/H = O {i.e. at H = =), These values are recorded
in Table 2 in Gaussian units. Typical plots of o vs H for
GMC and boron-doped GMC are shown in Fig. |.

Similar plots were observed for the other samples.
Plots of & vs H/T [lor other samples are shawn in Figs.
26 From these figures it is evident that 2 good super-
position of data points from 88 to 297 K is obtained only
in the case of Fe/CSX, indicating true superparamagnetic
behavior over the entire temperature range for this cat-
alyst only. For the remaining systems. a superposition
of @ vs H1T occurred only above 196 K, Although meas-
uremnents were made up 10 473 K, for the sake of clarity
the values between 297 and 88 K are presented (o show
the superposition; other points above 297 K also followed
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Table 2. Saturation magnetization of iron {¢,) obiained by plotting o,,, vs 1/H at ~80 K

Sample

a, {emu/gFe)

4.B% Fe/HC
4,8% Fe/CGMC
5.2% Fe/HCMCE
5.2% Fe/BGHER
4.9% fe/BGMCYH
4.9% Fe/BCHCS
4.3L Fe/C-2

5.0% Fe/CSX

11%2.9
%1.8
98.2
87.1
85.2
86.6
86.0

104,08

the same trend. Fe/BGMC4, Fe/BGMCS and Fe/C-2
showed exactly similar trends in magnetic behavior to
that of Fe/BGMC?2 und as such are not shown here.
The working definition for a system to be superpara-
magnetic is that a superposition of o vs H/T data points
should occur. It follows that no hysteresis should be
present in the magnetization vs M or H/T plots as the
field is increased or decreased. Both these conditions are
met in the supported tron cutalysts reported here over a
specific range of temperature. However, the observation
that no superposition of data occurred from 196 10 88 K
for all these carbon-supported iron systems, except Fe/
CSX. suggests that these systems have a blocking tem-
persture somewhere between 196 and B8 K. Jung and
voworkersi2} also observed a similur situstion with an

Fe/Curbolac-] catalyst. The importance of the blocking

tfemperature dad its relevance in assessing the region of
superparamagneiism have been discussed in detail by
Cundela and Haines[8} and by Yamamura snd Mulay{9i.

a0 Y T T H T T T
g
75 a
101~ -
65p 1
3
£ 8O- N
‘: 1 BMC
85 2 BGMc2 ]
3 BGMCS
50 4 -BGMG4 -
45 .
' t 1 i 1 3 L

t 2 3 4 5 13 7 B8
H % 10° (Ce} —

Fig. 1. Magnetization (o) us o function of the field (H) at room
temperdure (296K ) showing the eftect of boron doping on GMC

Two important observations can be made from these
magnetization measurements, First, the Fe/CSX system
contains relatively small particles compared to the other
systems. This conclusion has been supported by Miss-
bauer investigations, which are described briefly in a tater
section. Secondly, the Fe/(boromated carbon) systems
always showed a lower magnetization as compared with
the Fe/GMC system (see Fig. 3). This lowering of o did
not shaw any trend that could be attributed to the amount
of boron added to the carbon support. This behavior is
not uncxpected if the boron dispersions were not ho-
mogeneous, or its concentration were too low to affect
the clectromn density in the particles of Fe.

The observed saturation magnetizations (Table 2) were
smaller than that expected for bulk Fe (217 emu/g), be-
cause of their superparamagnetic nature and the possi-
bitity of reoxidation of Fe under experimental conditions.
It is interesting to note that similur values have been
reported for Fe/ AL, under flowing He[10]. A particte
of ferromagnetic material below a critical size consists
of single domains. Such particies obviously are rot con-
fined within domair walls or boundaries and will be in
a state of uniform magnetization over its entire volume.
The direction of collective magnetization of sn assembly
of such particles behave like paramagnetic species, but
with a very large magretic moment {.). Accordingly,

140 Ty e
2o Fa/MC .
g_-iOO- L
3
E
L1
® 8o v 88 K |
o496 K
60f 297K A
1 [ B ST Er | 1 Lod 1ot sl
120 100
{H/T } GalK

Fig. 2. Mugnetization (o) vs H/T for FerM(,
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T

Fe/GMG

297 K “

et tdns
0 100
H/T (0e/K)

Fig. 3. Magnetization (g} vs H/T for Fe/GMC.

the relative magnetization, o/a,, of these superparamag-
netic crystallites is described by the Langevin cquation,
which can be derived from the Brillouin function. based
on quantum mechanics of spins in a magnetic field.

The working equations for computing the average par-
ticle diameter (d) from the magnetization data are de-
scribed in detail by Selwoodt 11}, and are usually denoted
as the Langevin lowfield (LF) and high-ficld (HF) ap-
proximations given by

— I8
dic = I8 {ala ) (HIT)
7l

t

e 6k
diy = pury {1 — ata) "I(HIT),

i,

where k is the Boltzmann constant, 7 is the measurement
temperature, and /, is the spontancous magnetization for
the bulk material. The I, at room temperature for Fe is
1707 Git1].

it was shown in the pravious section that various cat-
alysts in the present study were found to be superpara-
magnetic above 196 K. Hence, using the above approach,
the particle sizes in cach case were estimated over the

M
sok Fe/BGMCI ]
I g0l 4
z
=1 - wd
370
&
L]
60p- v 88 K
o 196 X
s0{- / o 297K -
i [y 1 L Ililj_ 4 2 3 i '3 ‘l"i
i6 190

H/T (Ce/Kl

Fig. 4. Magnetization {o) vs H/T for Fe/BGMCI.

region, where the superparmmagnetistn was clearly evi-
dent. in the case of Fo/CSX, which showed a superpo-
sition of « vs #/T from ¥8 through 297 K, the low-Ticld
and high-ficld particle sizes were found to be 4.2 and
3.6 nm. giving an average of 3.9 nm. For the remaining
systems, the low-field and high-field particle sizes were
~ 6.0 and 5.0 am, giving an average particle size of
about 5.5 nm. The Fe particle sizes on undoped and
boron-doped carbons scemed 1o be approximately the
same.

in the literature, particle sizes have been reported in
different ways. For example. some investigators simply
taok the cube root of the volume (v}, whereas some others
assumed a spherical particle and reported the radius of
the particle calculated from v = (4/3)mr. [n this study
calculations were bascd on the assumption that the su-
perparamagnetic particles are spherical in shape and the
reported values represent thetr average diameters (of). The
particle sizes deduced from the magnetization measure-
ments ranging from 3.9 to 5.5 nm for the Fe/CSX and
other systems were found to be considerably smaller than
those determined by CO chemisorption studies (Table 3}
This variation can be attributed to the situation that in
the magnetic measurements a smail amount of the sample
{~0.01 g) was contained in a refatively large volume (~1
(.} of the Cahn microbalance chamberi4]. Thus, even
after gvacuation of the cotire Faraday balance to ~107°
Pa, the reduced sample may have come in contact with
O, from the residual gas. causing a significant oxidation
of Fe® particles to y-Fe,0, and/ar Fe,0,. This woutd lead
to an underestimation of the size of the Fe® particles. as
discussed by Jung ef al.{2}. In contrast, this siuation did

not exist for the CO chemisorption measurements{2}.

3.2 Mésshauer spectroscopy

Selected supporied iton catalysts were further char-
acterized by in sire Mssbauer spectroscopy. Although
a large number of counts were collected in the MCA. a
fow arc shown in representative spectra for clarity, All
the fresh unreduced samples. except Fe/Si0,. gave a
doublet with AE, between 0.61 to 0.76 and & between
0.22 ta 0.28 mm/sce, which are characteristic of the Fe*'
jon. Typical Massbauer spectra for unreduced sampies
Fe/BGMC2. FerCSX, and Fe/Si0, are showa in Figs.
Har{c). As presented in Fig. 7(c), enreduced Fe/Si0,
showed a six-line pattern superimposed on a central doub-
let. The six-line positions corresponded to a-Fe, 0., whereas
the central doublet corresponded to superparamagnetic
particles consisting of Fe™ species. )

Samples of Fe/MC and Fe/BGMC1, when reduced at
673 K for 16 hr in flowing H, also exhibited a six-linc
pattern typical of ferromagnetic Fe®. On the other hand.
reduced samples of Fer ALO. (Fig. 8a), Fe/BGMC2 (Fig.
8b), and Fe/CSX (Fig. 8¢} showed a central doublet
along with a six-tine pattern characteristic of metalfic Fe®,
The presence of a central doublet corresponding to the
Fe'* jon indicates that the iron on this support is more
difficult 1o reduce. in agreement with previous studies{2}.
In the Fe/CSX and Fe/ AL, systems, both magnetic and
chemisorption studics indicated a smaller o for Fe® com-
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Fig. 5. Magnetization (o} vs H/T for Fe/BGMC2,

puared to the other catalysts. For reduced sumples Fe/
BGMC2 (Fig. 8b) and Fe/CSX (Fig. 8c), which were
found to be superparmmagnetic from magnetization meg-
surements, it was expected that o strong doublet would
be obtained. However, a six-line spectrum was obtained
in cach case. It should be noted that s relaxation time of
T = 100 sec is assumed for static magnetic measure-
mentst L], and it is wel-established that o + in Mossbaver
spectra are entirely differeat, because here one deals with
the transitions between nuclear Zeeman levels as com-
pared 1o the electronic spin orientations with respect to
the applied field (M) in the sutic magnetic measurements,
Hence, it is not surprising that in Méssbaver spectroscopy
the blocking temperature 7, is much higher than 300 K
in the present case. As such. sixline spectra were ob-
served at room temperature. A discussion of these aspects
is given by Boudart and coworkersf12]. In the case of
reduced Fe/Si0., u six-line spectrum was observed; this
clearly resulted from the lurger particle size, as this was
evident even in the fresh unreduced sample (sec Fig. Tc).

Ty T T
20} Fe/CSX /“
T 701 -
g
g sol- i
L]
L]
30r v B8 K
S o 196 X
{ald G 297K e
i dosaal . bkt 3§ 24
(] 00

HT {Qasrt

Fig. 6. Magnetization (o) vs H/T for Fe/CSX.

3.3 Kinetics of CO hydrogenativn

The hydrogenation of CO has been frequently used as
a model reaction to study the properties of group Vi
metals supported an various supports such as ALO,, Si0,,
and MgO{12, 13}, cage stecture aluminosilicates such
as ZSM-5{14, 15] and mordenites with varying ALO/
Si0, ratios] 16, 171, However, relatively litle work hus
been done on the use of semiconducting carbons as sup-
ports. Jung er al.{2] recently reported that small, super-
parumagnetic particles of Fe on Carboluc-1, a porous
high-surface arcs curbon-black, are oxidation sensitive
and show u somewhat decreased reducibility of Fe. These
stuisll particles (~3 nm) also showed a greatly decreased
H,/CO chemisorption ratio at temperatures up 1o 473 K
and a high olefin/puraffin ratio, accompanied by an ex-
cellent activity mainienance, during Fischer-Tropsch
synthesis. In conteast, V3G, a gruphitic carbon, yiclded
relatively large ferromagnetic pasticles which gave hipher
specific activity comparable to other iron catalysts such
as 10% Fe/AlLO,I2].

Recently Yoon er al.[3, 18] swudied the benzene hy-
drogenation reaction over Fe supported on selected Mon-
arch 700 carbon blacks and their graphitized forms, with
ant without boron doping. These catalysts were char-
acterized by magnetic susceptibility and magnetization
techniques] 1. The active catalysts had similar TOF {Tum
Over Frequency) values at 448 X indicating littte effect
aof the support on the specific activity. However, the
highest achievable activities for benzenc hydrogenatien
were obtained with the boron-doped carbon catatysts,
which were 2-5 times more active than the other Fe
catalysts, which included FesALO, and Fe/Si0,. The
research reported in this section presents u systematic
study of the effects of variation in boron doping on graph-
itized Monarch 700 carbon black used as supports for Fe
and of the influence of this doping on the catalytic be-
haviar of carbon-supported iron particles in the CO hy-
drogenation reaction.
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Table 3. Activities and wmover frequencies for supported iron catalysts & =
HyCO = )

100 kPa, T = 548 K,

Catalyst CO Uptake Dispersion®** Crystallite Actlvittes Térnover Freguency
Qimole/gecat)  (Pey/Fey} Stzu (pmote/u g-Fef (s~ bxlumdy
fom) ™ ren ey Yo

5.2% Felue - - - 6.2 64,0 - -

4,8 FufoHC .5 ¢, 0404 12.0 .8 5.0 14,2 484
5.3% FufBGHCY 21.0 &.057 11.0 24,5 A4 ,0 24.7 44 1)
5.2% FefBCHCZ (1)+ 22.0 0.067 16.0 3.6 .o 16,1 B1.%
5,27 FefBGHLZ (2} 22.¢ g.047 16.0 29,3 8.0 144 LFast]
4,97 Fefauuts 21.5 0.05E 13.0 26.1 59.0 29.8 6.2
4,97 FufBUMCS 7.5 0,063 12.¢ 9.8 . ih.4 6H. 6
5.0Z Fe/CSXK 66.0 U134 5.6 2.1 4.7 0.9 AN
3.82 FufSiop 1.5 0.420 8,0n% 16.0 Je.t 44.0 94.7
W Felu-Alzoa ELS.0 0.128 9.9 2.7 4.9 4.y 2.2

* {1) and (2) represent runs which were repeated with good agrevment between the twe.

** Ser text for variation in cryst. size.
Ahh Haned on Cﬂ(ad,fFea = (.5

A Fe/BGMCZ {unraduced)

|

b Fe/esx (usreduceds

Relgtive Tronsmission

C Fa/S10; (unreducad)

1 1 Il L 1. L i 1,

-6 -2 0 2 B
Velocity (mm/s)

Fig. 7. Masshauer spectra for “Fe for unreduced (a) Fe/BGMC2,

b} Fe/CSX and (c) Fe/Si0,.

The high activities of carbon-supported iron catalysgs

07

in the present study seem 1o be rather unusual compared
to the studics of Kikuchi er al.[19] or of Parkash and
Chakrabartty[20], For 1% Fe/graphite. Kikuchi er o/,
reported an activity of only 6.2 wmot CO sec- 'g? Fe at
673 K and 100 kPa. which is much lower compared to

the values obtained in the present study. However, the

ars JAkyDy Lieduced)

ey

b respoticz educed)

Yy

C Fe/esX {induted)

Relative Transmission

6 20 2 8
Velocily {mm/s)

Fig. 8, Méssbauer spectra for “Fe for {a) Fe/ALOL, {b) Fe/

BGMC2 and (¢) Fe/CSX. All reduced a¢ 673K for 16 hr.
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activities of carbon-supported Fe catalysts in this study
are comparable to those reponted by Jung for similar
systems{2]. Storm g7 al.|21] huve discussed the particle
size effect in similar systems.

The turnover frequency (¥} of a metal catalyst defines
the catalytic activity per surface metal site and is the most
characteristic parameter of the catalytic properties of the
metal, The turnover frequencies given in Table 3 for
methane’ formation and total CO conversion (o hydro-

carbons, N¢, and Ny, tespectively, are caleulated based

on CO uptakes at 195 K to determine surfuce iron atoms.
I these calculations, it is assumed that each adsorbed
CO molecule at 195 K corresponds to two surface iron
atoms in agreement with previous work(22, 23],

The following observations are aoteworthy in the pres-
ent study. The reaction rates, and the urnover frequencies
are significantly lower for Fe/CSX as compared with Fe/
MC, Fe/GMC, or Fesboronated carbons, Secondly, bo-
renated samples showed a small, but steady, increase in
specific activity with increasing boronation, that is, with
the cormresponding lowering of the diamagnetic suscep-
tibility of the support.

The lower N values of Fe/CSX are consistent with
previous studies which showed that small iron particles
have much lower tumover fregyencies than lurge iron
particles|2]. Both magnetization and chemisorption stud-
ies indicuated a refatively smaller particle size for Fe/CSX.
Thus, as observed by Jungl2] a reduction in partice size
resulted in a decrease in activity. Similar observations
were made in the case of Fe/MgO which showed tha
N, for 5% Fe/MgO was greater by an order of magnitude
thun that for a similar 0.2% Fe/MgO catalyst which had
4 smaller particle size[12]. In the case of the Fe/ALO,
catalyst used in this swdy, the observed activity was
lower than literature values|13); however, this is not in-
consistent because of the smaller ison purticle size in the
present catalyst {6 min) compared to the carlier sumple
(60 nm).

In the case of the boronated samples, the observed
changes in N, and N, are not large, but show a con-
sistently increasing trend with increase in boron content,
These results are presented in Fig. 9, in which the E; of

i 1 1 f !

0 5C 100 150 200 250

Boron Doping  (ppmi}

Fig. 9. The variation in the Femmi tevel |£,] tleft hund scate

using the convention in ref. 1) and the TOF fur N, amd Ny

(right hund scale { X 10~ 'sec 'Fe, ")), both as a function uf boron
doping.

10 3 T i k
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=X e -
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Fig. 10. Arhenius plots for the conversion of CO 10 HC and
CH, observed for Fe/GMC.
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Fig. 11, Amhentus plots for the conversion of CO to HC and
CH, for Fe/BGMCS.
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Table 4. Activation encrgies for CO hydrogenation over suppurted ieon catabysts

< Catalyse B, (kivmate™h Eco (kdemale™l)
5.2 Fe/He 93.1 1a7.7
4.87 FefeHC 95.6 1144
5.3 Fe/BGHCL 31.0 101.0
5.2 Fe/BGHC2 193.1 119.6
4.9% Fe/BGHC 97.2 115.1 _
5.31 Fe/BCHCS 95.3 101.5
4,37 Feftn2 86.3 9.1
5.0% Fe/C5X 103.0 116.0
5.61 Fe/sto, 96.3 107.3
10X Fe/n-AL,0, 80.0 84.8

the carbon supports, N, and N, are plotted against the
B content. The observed changes in N, and N, lic out-
side the range of experimental error, and these values
double as the B content increases to 260 ppe so that they
are nearer o Mgy, and N, values for Fe/Si0, and for
large AlLOy-supported Fe crystallites]2, 3].

Awmhenius plots were drawn from the reaction rates
measured at different temperatures for CO hydrogenation
aver supported iron catalysts, and apparent activation
energies were computed From such plots for both meth-
anation and total conversion of CO te hydrocarbons, de-
noted by E., and Eg,, respectively, Typical Arthenius
plots are shown in Figs. 10 and 11, The activation ener-
gies were computed using a least-squares fit and the cor-
responding values are shown in Table 4. The data points
are numbered to denote the chronological order of the
kinetic runs, Good agreement is observed for measure-
ments in ascending and descending sequences of kinetic
runs, which indicates that a stable iron surface could be
maintained for each kinetic run by using the bracketing
technique to minimize deactivation processes, The acti-
vation energies for methanation and total CO conversion

are similar over all the carbon-supported iron catalysts
and are in good agreement with values reported earlierf 3}
These results showed no clear-cut trend with changes in
support characteristics. again in agreement with previous
work by lung et al.|2].

Product distributions for the various supported iren
catalysts were found to be consistent in both ascending
and descending sequences of kinetic runs between 488
and 548 K. Thesc distributions of C, te C, hydrocarbons
formed at 528 and 548 K along with the CO conversion
and the ratio of olefins o paraffing (C, — €.} are iven
in Tables 5 and 6. Low molecular weight paraffing are
clearly the predominant products. as expected for large.
unpramoted iron crystallites| 18], The presence of boron
in the carbon has no discemible effect and clearly does
not enhance ofefin formation.

As stated before, Fig. 9 shows the variation in E; of
carbon supports and the TOF for CH, and CO coaversion,
both as a function of the boron doping. k is evident from
this figure that as the E; is lowered by boron dopingi 1],
a small increase is observed in Ne, and Ne,. This allows
the possibility that thefe may be a small support effect

Table 5. Product distribution for various Fe catafysts at 528 K

Catalyst 4 sg ::zw. c1 c&’;raductczl}ist.rt:b;utlun C(]mnle zc)‘,‘ cs__ Oiefl;ﬁa;:ofﬂn
$.2% Fe/HC 1.5% 69 2 7 & ? 6 4 0.43
4. 8% Fe/OHC 1.10 1o 3 14 - 4 5 3 g.18
$.3% Fa/BCHCL 2.20 T - 16 - 1 8 - -
5.2% FefBoHC2 1.76 10 P 5 5 5 4 u.58
4.9% Fe/BCHMCY 1.46 67 3 15 3 5 5 2,5 0.39
4.9% Fe/BGHCS 1.75 64 3 14 4 5 s 3 8,35
4.3% FefC-2 L.87 66 5 14 2 2 S 4 0.4%
5.0% FefCsx* 0.85 74 - 2z - - 3 2 -
5.82 Fe/slop 1.34 68 1 19’ - 1 3 2 0.0k
102 Fe/n-Al,04 2.35 73 - 24 - 14 ? 1 -

* Reaction temperature = 523 X
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Table 6. Product distribution for various Fe catalysts at 548 K

Catalyst z fg ﬁg’“’ --E:---_Egtudun;.;mustél_:ullon imnic éf = 01”“31:{":;0”1“
5.2% FulMC 3.36 &7 z 15 4 4 s 3 0.2
4,81 FefGHC 2.50 b5 1 18 - i 4 2 4,04
5,31 Fu/BGHMCE 3.9 16 3 17 - 3 1 1 O, 16
5.2% FefBCHCZ .7 ol 1 15 2 5 4 2 u.15
& .92 Fuo/BCHCS 2.92 54 2 17 2 5 4 H .18
6.9 FufBCHCS 3.78 63 ] 18 4 6 5 1 .28
4,3% FefC-2 3.69 b4 5 14 7 2 4 2 a,71%
5.0% Fe/CSKH 3.8 st 3 21 - 7 1 1 0.09
5.8% Felsiﬂz 2,14 [1-3 1 19 - 7 3 2 u,b4
1067 Fu/nnAizU]* 5.39 49 - 21 - 5 5 1 -

*fleaction temperatwre = 540 K

in these carbon-supported iron catalysts: however, the
nature of this effect, should it be verified, is not obvious
as there are several possible explanations. These include
a Fe-particle size effect{2, 21 and the possibility that the
Fe particles may be in contact with boron on the surface
of carbon supports.

4. SUMMARY

Suppurted iron catalysts were prepared by impregnat-
ing various undoped and boron-doped carbons with an
aqueous Fe(NO.}, solution. These catalysts were char-
acterized by in yite magnetization measerements as a
function of the field and tempermure. From plots of o
vs HIT, which showed superparzmagnetic behavier, av-
erage purticle sizes of metallic iron were estimated using
the Langevin low-ficld and high-field approximations|9].
These particle sizes raged from 3.8 10 5.5 nm. lron
dispersed on carbons boronuted up to 260 ppm, in gen-
eral, exhibited Jower saturation mugnetization than Fe
dispersions on undoped carbon. However, no obvious
trend was evident in the magnetization values which could
be auributed to cither an inhomuogencous distribution of
the boron atoms in the carbon network o to boron con-
centritions oo low (=260 ppm) to significantly aler the
cleetron density of supported iron porticles,

The supported iron catilysts were further characterized
by Missbauer spectroscopy. The fresh unreduced cata-
lysts gave a central doublet indicative of a superpara-
magaetic a-Fe,0,. Fe/edrbon (CSX), when reduced at
673 K. indicated a significant fraction of superparamag-
netic particles. in agreement with the mugaetic snd chem-
isorption studics. The other systems, when reduced, gave
a six-line spectrum, which is attributed to o blocking
temperature, which was higher than the measerement
temperature,

Although the £, of the carbon supports decreuses sab-
stantially by B doping, only a small inerease in the mm-
over frequency for methane snd for CO conversion oc-
curred. A number of explanations can account fur this
behavior, such s a small support effect either by & direet

interaction between iron und the carbun support or by

modification of active sites at the iron—carbon interface,
modification of iron particle morphology, dircet pro-
motion of B-Fe contact, or an Fe particle size effect. A
choice ameng these cannot be made at this time.

Hydrogenation of CO was performed over these cat-
alysts and from the reaction rates at different tempera-
tures, paramelers such as activation energies, product
distributions and turnover frequencies were obtained. For
Felcarbon (CSX) the catalytic activity was somewhat
lower over the catalysts with the smallest Fe crystallites,
in agreement with previous studies. In general the clec-
tronic properties of carbons had little or no effect on the
catalytic and magnetic properties of Fe.
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