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Abstract

Porous metallic cobalt spheres have been prepared as high temperature capable media for employment in
gradient magnetically assisted fluidization and filtration technologies. Cobalt impregnated alginate beads are first
formed by extrusion of an aqueous suspension of Co30, into a Co(II) chloride solution. The organic polymer is
thermally decomposed yielding cobalt oxide spheres, followed by reduction to the metallic state, and
densification. Cobalt beads have been produced with porosities ranging between 10 and 50%, depending upon
sintering conditions. The product media have been characterized by scanning electron microscopy (SEM),
nitrogen adsorption porosimetry, and vibrating sample magnetometry.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Fluidized bed contacting is a very effective method for conducting gas—solid and liquid—solid reactions,
particularly those which are limited by mass transfer rates [1,2]. In fluidization, a dynamic balance is
produced between drag, buoyancy, and gravitational forces. Maximum gas or liquid flow rates within
fluidized bed reactors are limited by the fluid properties and also by the size and density distributions of
the granular fluidization media. For a given gas—solid or liquid—solid system, higher rates of mass transfer
can be achieved using magnetically stabilized fluidized bed (MSFB) methods which were pioneered by
Rosensweig et al. [3-8]. In MSFB technology, magnetically susceptible solids are fluidized within a
uniform magnetic field oriented parallel to the flow. Here, the magnetic forces between the particles
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Fig. 1. Forces acting upon a ferromagnetic particle in zero gravity, (a) under a magnetic field gradient and (b) without an
applied magnetic field. Fy—drag force, F,,—magnetic force.

augment the apparent size of the fluidization particles and thereby allow higher fluid flow rates under
equivalent fluidization conditions. In recent years, fluidization phenomena [9-15], mass transfer rates
[16,17], and fluid dynamics [18-20] of MSFB processes have been extensively studied.

Our research interest is in the application of magnetic forces acting upon sufficiently susceptible
media to achieve both fluidization and filtration [21] in microgravity and hypogravity environments to
facilitate solid waste gasification processes supporting NASA’s long-term regenerative life support
requirements for future extended duration manned space mission scenarios such as a Lunar base, Mars
transit, and Mars base [22]. In the absence of a gravitational restoring force, conventional fluidization is
not possible. However, using modified MSFB based methods in which magnetic field gradients are
employed to produce additional force, liquid—solid fluidization can be achieved, as shown in Fig. 1.
Using gradient magnetically assisted fluidized bed (GMAFB) methods this has been demonstrated in
microgravity during two series of flight experiments aboard NASA’s KC-135 aircraft [23].

In traditional MSFB systems, ferromagnetic particles are magnetized within a uniform magnetic field
as in (1)

M=y, H (1)

where the vectors M and H represent magnetization and magnetic field intensity, respectively, and
¥m 18 the magnetic susceptibility of the medium. The resulting magnetic flux density (B) is given
by,

B = y(H +M) = po(H + ynH) = nH (2)

where [ is the magnetic permeability of free space and u = uy(1 + y,,). The pole strength, p, of a
magnetized ferromagnetic particle is related to the flux density by
K p-
B=—= 3
42t ©)
where i is a unit vector in the direction of the flux density. In the uniform magnetic field, forces are

produced between the particles as in (4).

_ K pip2s
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In (3) ris the distance from the pole at which B is measured, while in (4) r is the distance separating the
two poles. In the gradient magnetically assisted fluidized bed (GMAFB) additional forces are produced
through the application of a non-uniform magnetic field.

F=V(M-B) (5)

Using these additional forces, granular ferromagnetic media can be either fluidized or consolidated into
a packed bed in the absence of gravity.

Gasification reactors necessarily require high temperature operating conditions, typically between
400 and 700 °C [24-26]. Because magnetic susceptibility is a strong function of temperature, it is
important to utilize ferromagnetic media with a suitably high Curie temperature (7;). This requirement
eliminates nickel (7, = 358 °C) and the ceramic ferrites from contention. While the suitability of iron
(T, = 770 °C) is marginal, the high temperature capability of cobalt (7, = 1120 °C) renders it clearly
superior to most other candidate materials.

In the current research, cobalt oxide impregnated cobalt alginate spheres were first prepared via an
alginate gelation methodology [27-30]. The organic polymer was then thermally decomposed in an
inert environment, resulting in cobalt oxide beads which were reduced to the metallic state under
hydrogen. Densification of the spheres was achieved through further heat treatment. The relationships
between sintering temperature, surface area, porosity, pore size distribution, and magnetic properties of
the resulting materials were characterized by optical microscopy, SEM, nitrogen adsorption
porosimetry, and vibrating sample magnetometry. The results of a preliminary investigation into the
production of both metallic cobalt beads, and cobalt impregnated barium titanate beads have been
reported previously [31].

2. Experimental

Spherical cobalt beads were prepared utilizing a four step process, including: (a) production of cobalt
oxide impregnated polymeric spheres by alginate gelation, (b) oxidative and pyrolytic decomposition of
the organic polymer, yielding cobalt oxide spheres, (c) reduction of cobalt to the zero-valent state, and
(d) sintering of the metallic cobalt. An aqueous slurry was prepared containing 1.1% medium viscosity
sodium alginate, 0.14% citric acid, 0.04% tannic acid, 2.45% ammonium hydroxide, and 13.75% cobalt
oxide (Co30,). The slurry was well mixed so that Co3;Oy4 particles did not settle significantly during the
gelation step. Droplets of the slurry were extruded through a 1 mm i.d. orifice, and allowed to fall into
an aqueous 11.9% cobalt(Il) chloride solution, where polymerization occurred via divalent cation
promoted cross-linking reactions. The cobalt oxide impregnated cobalt alginate beads were aged in the
CoCl, solution for 12 h, then thoroughly rinsed with deionized water and dried. This produced
spherically symmetrical beads varying between 2 and 3 mm in diameter.

To decompose the alginate binder, the beads were heated under ambient air to 550 °C at a rate of
2 °C/min, and held at this temperature for 4 h in a tube furnace. The binder-free cobalt oxide beads
were then reduced to cobalt metal using a 5% mixture of H, in N, at 550 °C. Following the complete
reduction of cobalt oxide to cobalt metal, sintering runs to endpoint temperatures of 700, 800, 900, and
1000 °C were carried out to determine the thermal requirements for densification. In each case, the
beads were heated from 550 °C to the final temperature under 5% hydrogen in nitrogen at 10 °C min~ .
The beads were held at the final temperature for 4 h, and then cooled to ambient temperature.
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Grain sizes and porosities of the cobalt spheres were estimated by optical microscopy of polished
cross-sections, using a linear point counting methodology. BET surface areas and pore size distributions
were determined by nitrogen adsorption porosimetry. High resolution images of polished cross-sections
and surfaces were acquired using a JEOL model JSM6300 XV scanning electron microscope. Magnetic
properties of the material were characterized using a Lake Shore Model 7307 vibrating sample
magnetometer.

3. Results and discussion

The time required for completion of the reduction step is strongly dependent on the gas flow rate. The
cobalt beads are then densified in a sintering step. Sintering temperatures between 700 and 1000 °C were
investigated. Most typically, sintering was accomplished in 240 min at a lower reducing gas flow rate to
minimize temperature gradients within the tube furnace. The combined process produces highly porous
and mechanically strong cobalt media. Numerous technical hurdles were overcome in the development
of this process. To produce more than a few grams of cobalt beads at a time, improvements in the control
of the alginate slurry rheology, strength of dried gelled beads, removal of alginate binder during thermal
processing, and thermal process scale-up were required. The alginate-cobalt oxide formula was varied
until stable and physically strong beads of ~1 mm diameter resulted. The reduction of cobalt oxide to
cobalt metal required significant modification of the reaction conditions from those of the initial small
scale experiments. With larger batches (i.e. 50-100 g), the reduction of cobalt oxide was limited by the
availability of hydrogen in the reducing gas, since the maximum safe hydrogen content of the nitrogen
process gas is 5%. For large batches, hydrogen became rapidly depleted by reduction reactions during
the ramp up to sintering temperature, so that sintering temperatures were reached before complete
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Fig. 2. Sintering temperature versus porosity of cobalt beads.
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reduction of the cobalt oxide was achieved. This situation resulted in inconsistent sintering and
densification within each batch. At this point, an attempt to substitute cobalt metal for cobalt oxide was
made since cobalt metal does not require a reduction step. This proved unsuccessful due to the reaction
of cobalt with water to produce cobalt oxide and a mixture of hydrogen and oxygen. Consequently, the
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Fig. 3. Pore size distribution for cobalt beads sintered at 700 °C (top) and 900 °C (bottom).
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original cobalt oxide reduction process was altered by providing longer reaction times and higher
hydrogen/nitrogen gas flows at 550 °C to completely reduce cobalt oxide prior to the sintering step.
Following the complete reduction of cobalt oxide to cobalt metal, sintering runs to endpoint
temperatures of 700, 800, 900, and 1000 °C were carried out to determine the thermal requirements for
densification. In each case, the beads were heated from 550 °C to the final temperature under 5%
hydrogen in nitrogen at 10 °C min~'. The beads were held at the final temperature for 4 h, and then

Fig. 4. Surface (top) and cross-section (bottom) SEM images of cobalt bead sintered at 700 °C.
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cooled to ambient temperature at the maximum furnace cooling rate. Densities and porosities of the
resulting cobalt beads were estimated utilizing a linear point count methodology. Bulk densities were
49.6, 58.4, 68.8, and 87.0% of theoretical for samples processed at 700, 800, 900, and 1000 °C,
corresponding to porosities of 50.4, 41.6, 31.2, and 13.0%, respectively. The relationship between
sintering temperature and bead porosity is shown in Fig. 2. Brunauer—-Emmett-Teller (BET) surface
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Fig. 5. Surface (top) and cross-section (bottom) SEM images of cobalt bead sintered at 800 °C.
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areas and pore size distributions for samples sintered at 700 and 900 °C were characterized by nitrogen
adsorption porosimetry. The resulting pore size distributions are shown in Fig. 3. A comparison of the
results for cobalt spheres prepared at the two temperatures indicates that the relative distributions of
pore diameters are similar but the absolute magnitudes are much greater for beads sintered at the lower
temperature. This is in agreement with the observed general decrease in porosity with increasing
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Fig. 6. Surface (top) and cross-section (bottom) SEM images of cobalt bead sintered at 900 °C.
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sintering temperature. BET surface areas were 1.24 and 0.639 m%/g, for cobalt beads densified at 700
and 900 °C, respectively.

Scanning electron photomicrographs taken at 2500 x magnification for both the cobalt bead surfaces
and polished cross-sections of samples fired at these temperatures are shown in Figs. 4-7, respectively.
At the lowest sintering temperature, the reduction of the sub-micron cobalt oxide powder resulted in a

Fig. 7. Surface (top) and cross-section (bottom) SEM images of cobalt bead sintered at 1000 °C.
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Table 1
Summary of magnetic properties of beads sintered at temperatures between 700 and 1000 °C
T (°C) M; M, H,

A/m emu/cm’ A/m emu/cm’ A/m Oe
700 6.4 x 10° 6.4 x 10° 446 x 10° 4.46 5.47 x 10° 68.7
800 82 x 10° 8.2 x 102 3.81 x 10° 3.81 455 x 10° 57.2
900 7.1 x 10° 7.1 x 10? 2.29 x 10° 2.29 445 x 10° 55.9
1000 1.26 x 10° 1.26 x 10° 1.55 x 10° 0.155 5.2 x 107 6.53

loosely connected metal compact with an average grain size of ~0.5 um. The higher thermal treatment
temperature of 800 °C increased the grain sizes to ~1 pm. Both of these samples were mechanically
weak, and therefore, unsuitable for use in a gasification reactor. At 900 °C, the grain size increased to
between 1.5 and 2 pm. Beads produced at this temperature were mechanically robust and relatively
dense (6.12 g/cm?). The grain size in the beads processed at 1000 °C increased to between 2 and 3 pum.

The magnetic properties of these beads were studied using a vibrating sample magnetometer. Test
results are summarized in Table 1. Room temperature magnetization—demagnetization curves for beads
sintered at 700, 800, 900, and 1000 °C are shown in Figs. 8—11, respectively. All cobalt beads exhibited
strong magnetic susceptibility and very little hysteresis, indicating low remnant magnetization (M,).
Coercive field strengths ranged between 6.53 and 68.7 Oe. The saturation volumetric magnetization
(M) increased from 647 emu/cm? at the sintering temperature of 700 °C to 1261 emu/cm® at 1000 °C,
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Fig. 8. Magnetization—demagnetization curves for cobalt beads sintered at 700 °C.
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Fig. 11. Magnetization—demagnetization curves for cobalt beads sintered at 1000 °C.

correlating with increased densification. The beads prepared at 900 °C were anomalous in this respect,
showing somewhat lower saturation magnetization than would be expected based upon the metallic
cobalt content of the beads. However, these beads still showed very strong magnetic susceptibility.
Magnetization—demagnetization experiments using the beads prepared at 900 °C were repeated,
yielding equivalent results. Given the volumetric saturation magnetization of 1422 emu/cm?® for pure
cobalt metal with no porosity at 20 °C, it is evident that the ferromagnetic properties of the porous
cobalt beads produced in this study generally correlate with the bulk densities of the materials and their
cobalt contents on a volumetric basis.

Based upon these results, a sintering temperature of 900 °C was selected for the production of media
in quantities to support both laboratory and flight experiments. Media prepared under these conditions
exhibit good mechanical strength and sufficient porosity. In subsequent runs, after 4 h at 900 °C, a
reproducible density of 5.61 g/cm® was achieved, with bead diameters varying between 1 and 1.2 mm.
These beads were mechanically strong and retained interconnected porosity. This combination provides
the physical robustness necessary for employment in a fluidized bed reactor at elevated temperature
with the surface area and porosity characteristics required for catalytic activity.
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