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Fischer—Tropsch Catalyst

P. Duttal B. C. Dunnf E. M. Eyring} N. Shah? G. P. Huffmarf A. Manivannan| and
M. S. Seehra*

Department of Physics, West Virginia Wersity, Morgantown, West Virginia 26506,
Department of Chemistry, Usersity of Utah, Salt Lake City, Utah 84112, and
College of Engineering, Unersity of Kentucky, Lexington, Kentucky 40506

Receied May 16, 2005. Résed Manuscript Receed July 12, 2005

The 10% Col/aerogel catalyst used in FisehiBropsch (FT) synthesis recently by Dunn et al. (Dunn,
B. C.; Cole, P.; Covington, D.; Webster, M. C.; Pugmire, R. J.; Ernst, R. D.; Eyring, E. M.; Shah, N;
Huffman, G. P.Appl. Catal., A2005 278 233) is investigated using the complimentary techniques of
X-ray diffraction (XRD), transmission electron microscopy (TEM), and detailed magnetic measurements.
TEM studies show that the catalyst contains Co nanoneedles with diadreetérnm, whereas the XRD
studies show the presence of CoO and cobalt silicate hydroxidésSigos)(OH),, in addition to Co.
Analysis of the temperature and magnetic field variation of the magnetization from 5 to 350 K shows
that the measured magnetic properties are primarily due to the Co nanoneedles oriented randomly, with
concentratiore8%. The presence of the unreduced CoO and the Co silicate explains why the FT activity
of this catalyst is about equal to that of the 6% Co/aerogel catalyst. Some interesting magnetic properties
of the Co nanoneedles are also presented.

Introduction 344 1 - FCC Co [JCPDS No. 15-0806]
’ 2-Co0  [48-1719]
In a recent paperDunn et al. have reported the use of |\, 3 - Cobalt silicate hydroxide
Co catalysts supported on silica aerogel (2, 6, and 10 wt % N %2 (21-0871]
loading) for FischetrTropsch (FT) activity in a laboratory- 21 7
scale packed-bed reactor. The percentages of CO conversion a2 N\ 323
were found to be 5.3, 19.8, and 22.3% for the 2, 6, and 10% e
Co loading, respectively. One of the interesting features of 10% Cofaerogel
the characteristics of these catalysts was that the morphology
of the 10%Co loaded particles was distinctly different than
the other catalysts. Whereas the particles of the 2 and 6%
loadings were nearly spherical with diameters of about 50 o sl
and 70 nm, respectively, the 10% Co loading produced ST |0 &
needlelike structures. Also, in temperature-programmed e 2% Cofaerogel (used) -
reduction (TPR), the 10% loading produced an additional
peak near 680C, which was speculated to be due to-€o [
silicates, although the exact nature of the silicate was not
determined. The fact that there is no significant increase in e M 2% Colaerogel (fresh)
CO conversion in going from 6 to 10% Co loading also R
suggests a complex nature of the 10% Co/aerogel catalyst. R S N S e o ""”QD
In this work, we have carried out detailed investigations 2 (degrees)

of the 1_O%CO/aerOge| Cat_alySt using X-ray diffraction (XRD), Figure 1. Room-temperature XRD patterns of the 10% Co/aerogel and
transmission electron microscopy (TEM), and temperature 29 Co/aerogel samples. The identified phases are noted. The broad peak
and magnetic fieldH) dependence of the magnetizatidn)( near B ~ 22° is due to silica aerogel.

and magnetic susceptibilify (= M/H). These investigations
reveal that in addition to the presence of Co needles of
diameterd ~ 1 nm, Co is also present as CoO and a complex

cobalt silicate hydroxide with the formula g8i>0s)2(OH),.

The magnetization is dominated by large values from the
Co needles. These experimental results and their discussion
are presented in the following section.
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Figure 2. TEM micrographs of the 10% Co/aerogel sample with different magnifications.

1. The precursor used for Co loading was CogN®H,0, The TEM micrographs for the 10% Co/aerogel sample are
which under processing conditions changes tg@;0The shown in Figure 2. The presence of needlelike features with
sample is reduced in Hhas at 500°C for 4 h! The XRD diameter~1 nm is quite evident, which we will show consist

pattern of the as-received sample is shown in Figure 1, usingprimarily of elemental Co. The presence of CoO and the
the Cu K, radiation ¢ = 0.15418 nm). The expected peak cobalt silicate noted previously cannot be identified in the
positions for FCC Co, CoO, and €&i,05),(OH), are also TEM pictures.

noted in Figure 1. The broad peak ne&r=2 22° is due to Magnetic Characterization. To further characterize the
the SiQ aerogel support. It is evident that for the 10% different phases, detaileM versusH and M versusT
loading, Co has reacted with the support forming the silicate, measurements were carried out using a commercial Super-
whereas the presence of CoO is likely due to partially conducting Quantum Interference Device (SQUID) magne-
reduced CgO, since the reduction step may follow the tometer. The data presented here are corrected for the
sequence GO, — CoO— Co? As we shall see later, partial  diamagnetic contribution of the sample holder, as described
oxidation of Co to CoO after exposure to air can be ruled in ref 3. For ZFC (zero-field cooling), the sample is cooled
out from magnetic measurements. For the purpose ofin zero magnetic field to the lowest temperature, a measuring
comparison, we have also shown the XRD patterns of 2% field (200 Oe) is then applied, and the data are taken with
Co (fresh and used) samples in Figure 1 where there is noincreasing temperature after stabilizing at each point. After
evidence of the presence of a silicate. reaching the highest temperature (350 K), the data are then

(2) Ernst, B.; Libs, S.; Chaumette, P.; KiennemannAfpl. Catal., A (3) Seehra, M. S.; Babu, V. S.; Manivannan, A. J.; Lynn,Rtlys. Re.
1999 186, 145. B. 2000 61, 3513.
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Figure 3. Temperature dependence of the magnetic susceptililftyr
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the ZFC and FC cases. The inset shows an expanded version of the datdigure 4. Hysteresis loops measuretiK under ZFC and FC at 20 kOe.

for higher temperatures. The lines joining the data points are for visual aid.

taken with decreasing temperature, referred to here as the

FC (field cooled) case.

The temperature variation of the magnetic susceptibility
x (= M/H)) for the 10% Co/aerogel sample in the ZFC and
FC modes is shown in Figure 3. In the inset of Figure 3, the

data are shown on an expanded scale for the higher
temperatures. The peak near 308 K can be associated with

paramagnetic to antiferromagnetic ordering of Cd@ow-

ing that there is some evidence for the presence of CoO from
XRD also (Figure 1). At lower temperatures, the ZFC data
peak near:20 K, below which there is a bifurcation of the
ZFC and FC data. This bifurcation can be associated with
nanoparticle magnetisA®,in this case Co needles with~

1 nm as shown in Figure 2Thus, from the data in Figure

3, the presence of nanosize Co and CoO is indicated.

To determine whether Co and CoO represent a composite
system, we measured the hysteresis loop of the sample at 5

K under two conditions: (i) ZFC and (ii) FC in 20 kOe.
Since Co is a ferromagnet (F) and CoO an antiferromagnet
(AF), the hysteresis loop would have shifted to the negative
side if Co/CoO were a composite system because of the well-
known exchange-bias phenomenon at a F/AF interféte.

the data shown in Figure 4, no significant shift of the loop

is observed, suggesting that Co and CoO are separate entities

in the sample. This is an important result of this work.

The shape and parameters of the loop (coercitity
remanencdl,, and the high-field magnetizatidvls) change
considerably with sample temperature. In Figure 5, we show

The inset shows the expanded version for lower fields. The lines joining
the data points are for visual aid.
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Figure 5. Hysteresis loops shown at selected temperatures of 5, 25, 50,

hysteresis loops at selected temperatures of 5, 25, 50, ancnd 350 K. Note different ordinate scales for different temperatures.

350 K. Similar data were taken at other temperatures, and
temperature variations of the loop parameters #g. M,

(4) Seehra, M. S.; Silinsky, FSolid State Commuri978 31, 183.

(5) See the review by Berkowitz, A. E.; Takano,XMagn. Magn. Mater.
1999 200, 552 and references therein.

(6) Murray, C. B.; Sun, S.; Doyle, H.; Betley, MRS Bull.2001, 26,
985.

(7) Meiklejohn, W. H.; Bean, C. FRhys. Re. 1956 102 1413 and ibid
J. Appl. Phys1962 33, 1398.

(8) See the review by Nogues, J.; Schuller, .JKXMagn. Magn. Mater.
1999 192, 203.

(H=0), Ms (H = 20 kOe), andVl,/Ms are shown in Figure
6. Note thatM,, M//Ms, andH. show minimum values near
T, = 20 K. ForT > T,, Ms decreases rapidly, whereas the
remanenceM, maintains a small nearly temperature-
independent value up to 350 K.

What is the interpretation of the temperature dependence
of the loop parameters (Figure 6) in terms of the cobalt
content of this sample? It is suggested that most of the
observations are due to Co nanoneedles oriented randomly
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3 : - properties are explained by randomly oriented Co nanon-
10% Colaerogel eedles, with the magnetization aligned parallel to the axis
| of the needles. The large magnitude of the coercikity=
] 3000 Oe &5 K is due to thdarge shape anisotropy of very
s o thin needles since it is known that for Co nanowirek,
. increases as the diameter decreddésvhy H, and M,/Ms
S ] again increase after approaching near zero valugs=af,
\ as expected for a superparamaghétmay be due to
5 ) nanoneedles with much smaller aspect ratios that may have
\ ] a higherT,. Support for this comes from a recent paper on
CugoCoy granular alloys where Nunes et'dhave reported
a similar broad hump iH. aboveT,. This was explained
N\ ] on the basis of a size distribution of the nanopatrticles (leading
AN to a size distribution of the blocking temperatures) and
\‘\.\,R. ] interparticle interaction. The nanoneedles with highigr
- values and clustering of the nanoneedles observed here
~__ (Figure 2) leading to interparticle interaction may then be
5704 O\ 1 responsible for the observed hump k (Figure 6). The
= ool magnetic properties of the cobalt silicate hydroxide;-Co
\O\O/O/O“’ (Si05)2(OH), observed in the XRD patterns (Figure 1) in
0 %0 . our sample are also largely unknown. Finally, it is noted
T (K) that besides the reviews of refs 6 and 9, which include
Figure 6. Temperature dependence of the hysteresis loop parameters viz.extensive discussions of the magnetic properties of Co
coercivity He, remananceM;, high field magnetizatioMs, and ratioM,/ nanopatrticles, there have been several recent reports on the
Ms. Lines through the points are for visual aid. synthesis and properties of Co nanoparticles of various shapes

with respect to the applied field H. For the Co nanoneedles, and sizes*~*" The results discussed here have taken into
the Shape anisotropy iS the dominant source Of anisotropyaccount any I’elevant information fr0m these sources.

that makes the magnetic moments align parallel to the axis Conclusion

of the needle&!° The measureds value for our sample at

5 K is ~14 emu/g. For pure Co, the reportéts is ~1446
emu/cnd. Using densityo = 8.9 g/cn® for Co, Ms for Co is
162.5 emu/g. Therefore, the calculated percentage of Co in
the 10% Co/aerogel sample is 14/1625 8.6%. This
magnitude is close to the nominal 10% Co concentration. e e .
Thus, the measured magnetization can be explained by thenetometry) for determining the characteristics of the different

presence of Co nanoneedles, the magnetization of CoO, and)hases of Co in this system is an important contribution .Of
the cobaltsilicate being negligible comparatively. this work. The presence of the unreduced cobalt explains

The squareness of the loop definedNyMs for a single why the FT activity of this 10% Co/aerogel catalyst is about
S 0
domain ellipsoidal particle can vary from 1 fbrparallel to gqual tp that of t.he 6% (?o/aerogel sample. Some very
the easy axis to zero fdf perpendicular to the easy axis, interesting magnetic properties of the Co nanoneedles present

yielding an average magnitudesD.5 for randomly oriented in this sample are also reported.

particles with respect tdd.2 The magnitude ofM,/Ms Acknowledgment. This work was supported in part by the
observed in Figure 6 isc0.5 at 5 K approaching near zero U.S. Department of Energy through the Consortium for Fossil
atT,~ 20 K. ForT > T,,, M/Ms again increases, approaching Fuel Science (Contract DE-FC26-02NT41594).

the magnitude of~0.3 at 300 K. Since forT < T, CM051033M

magnetization is blocked from thermal fluctuatidristhe

system behaves as an ordered system, and all the measurgd3) Nunes, W. C.; Folly, W. S. D.; Sinnecker, J. P.; Novak, MPAys.
Rev. B 2004 70, 014419.
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The experimental results presented here on the nominal
10% Colaerogel FT catalyst have shown the presence of not
only Co nanoneedles but also the presence of unreduced CoO
and a cobalt silicate hydroxide €&i,0s)2(OH),. This use
of three complimentary techniques (XRD, TEM, and mag-
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