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Retention of Iron Oxide Particles by
Stainless Steel and Magnetite Magnetic
Matrix Elements in High-Gradient
Magnetic Separation

Armin D. Ebner and James A. Ritter™

Department of Chemical Engineering, Swearingen Engineering Center,
University of South Carolina, Columbia, South Carolina, USA

ABSTRACT

The retention performances of a novel 80 wt% magnetite-silica composite
HGMS matrix element and a traditional stainless steel wool HGMS
matrix element were compared. Breakthrough and ultimate (strictly mag-
netic) retention experiments were carried out at different feed concen-
trations, flow velocities, and magnetic field intensities with an aqueous
slurry containing iron oxide (Fe,O3) particles. Results from the ultimate
retention experiments were also compared to those obtained from a poten-
tial flow model. Overall, when supported by silica in the form of the
80 wt% magnetite-silica composite, magnetite was about 30 to 40% as
effective as stainless steel in retaining iron oxide, which was quite
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encouraging when considering that the magnetic saturation of magnetite
is about five times smaller than that of stainless steel. Magnetite is also
less expensive than stainless steel wool, even when encased in silica
gel, which makes its use as an HGMS matrix element even more
attractive for certain applications. The ultimate retentions predicted
from the model for both matrix elements were of the same order of
magnitude as the experimental results, an encouraging result: under
predictions no greater than a factor of 7 for the stainless steel cylinder,
and over predictions no greater than a factor of 3 for the magnetite
spheres were obtained. The reasons for these discrepancies centered on
the relatively wide size distributions of the Fe,O; particles and both
the magnetic matrix elements, which were not accounted for by the
models. The potential flow model also could not account for the effects
of laminar layers and separation zones on retention; nor could
it account for the effects of the changing flow patterns caused by
particle build-up on retention. Also, the models could not predict the
dependence of the ultimate retention on the feed concentration observed
experimentally, which suggested the existence of dynamic equilibrium at
the external boundaries of the collection zones where the magnetic force
was weaker.

Key Words: Magnetic forces; High-gradient magnetic separation;
Magnetic elements; Magnetite-silica composite; Iron oxide particles.

INTRODUCTION

The discovery of the significant role that magnetic field gradients play
in enhancing the magnetic force over magnetic particles spawned a new
type of magnetic separation process that exploits this principle to separate
particles of small size and magnetic susceptibility. This new process, which
has been coined high-gradient magnetic separation (HGMS) was first utilized
in the early 1970s by the kaolin clay industry in the cleaning and brightening
of china clay.!' ! Since then HGMS has been utilized in many other appli-
cations, spanning from the removal of Fe and Ni particles from inks and
toners'® to the concentration and purification of radionuclides from nuclear
facility effluents and high-level radioactive waste storage basins.!” ~'?!

The applications for HGMS technology have been extended even further
by the use of magnetite (a highly magnetic form of iron oxide) as a metal ion
adsorbent and flocculated seeding agent in the treatment of contaminated
waters prior to its collection by HGMS."*~2°! An excellent example of this
HGMS technology is the successful implementation of the SIROFLOC
process.!! A few years ago, however, in an altogether different approach,
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Kochen and Navratil®**! and then Ebner et al.’**~2®! demonstrated both
experimentally and theoretically that magnetite could also be used as a station-
ary (fixed) matrix element in HGMS, a role that traditionally has been realized
only by stainless steel. Despite having a magnetic saturation that is normally
five times smaller than that of stainless steel, magnetite has some attributes
that make it an attractive alternative to stainless steel for use as a matrix
element in some HGMS processes.

First, magnetite is much less expensive and it is relatively easy to obtain
in sizes below 1 pwm. In contrast, wires made of stainless steel tend to be
expensive, particularly if the diameter is smaller than 100 pm. The lack of a
preferable orientation for magnetic retention due to the symmetry that is
behind the relatively spherical shape of a magnetite particle is also an attrac-
tive advantage. This sphericity, ideally, causes the retention of magnetic
particles to be the same on all magnetite particles. In contrast, however, no
retention takes place on a stainless steel wire when the axis of the wire is
parallel to the applied magnetic field, which causes approximately one-third
of the wires in stainless steel wool to be magnetically inactive. The differences
in the retention zones between spheres and cylinders relative to the orientation
of the applied magnetic field are depicted in Fig. 1.

The much smaller diameter of magnetite (i.e., 0.2—1.0 wm) compared to
the diameter of commonly used stainless steel wires (>50 wm) is without
doubt the most attractive property that is fostering the use of magnetite as a
matrix element in HGMS. Gradients and distortions of the magnetic field
depend strongly on the curvature of the ferromagnetic matrix element and
therefore increase inversely with the size of the matrix element. The effect
of the smaller size of magnetite (despite its smaller saturation magnetization
with respect to stainless steel) can be illustrated by comparing the magnetic
force exerted over a particle by a spherical magnetite particle to that exerted
by a stainless steel cylinder.””’ Eqs. (1) and (2) depict the magnetic force

exerted on a particle of radius r,, volume V,, and magnetic susceptibility )(p:m]

Fy,= =2V, ( W R H+2< Rs >3M (1)
o ST T "Ry+R)H| 7 3\R+R,) T

Fe.,=—Vy( M, R H+1 Re 2M (2)
c,r — P Xp Xf c (Rc +Rp)3 o 2 Rc +Rp c

at the point of strongest retention by a ferromagnetic sphere of radius r; and
cylinder of radius r.., respectively, and at magnetic saturation. Using the satu-
ration magnetization values of magnetite (M,) and stainless steel (M.) pro-
vided in Table 1, the smallest suspended particle that is removable by a
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a.l) a.2)

b.1) b.2)
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Figure 1. Collection zones (in black) on a ferromagnetic 1) sphere and 2) cylinder
when magnetic and flow fields are a) perpendicular and b) parallel to each other. In
the case of the cylinder, the checks and crosses indicate maximum and no retention
obtained when the axis of the cylinder is perpendicular and parallel to the magnetic
field, respectively.

spherical magnetite particle of 1 wm diameter and a cylindrical stainless steel
wire of 50 wm diameter, for a range of magnetic susceptibilities (xy = 0) under
two different applied magnetic fields (0.3 and 3.0 T) is presented in Fig. 2. The
minimum size of the retained particle for each case was obtained by evaluating

the radius R, for which the relationship:'*¥
10k, T
FM.C or s,r — R (3)
P

is satisfied, where k;, is the Boltzmann constant and T is the absolute tempera-
ture. Eq. (3) indicates that the condition for particle retention is when the
magnetic force on the particle is at least 10 times larger than the Brownian
force exerted upon it.
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Table 1. Values of the parameters utilized in the
theoretical model.

H,
Mr, xa
M2
™,
Xp
Pe

6.37 x 10°Am™!
485 x 10°Am™!
1.65 x 10°Am™!
1.00 x 10 *Kgs 'm™!
3.59 x 1073
7.80gcem
5.18gcm
524gcem
50.00 wm
2.12 pm
4.67 pm
187.50 wm

?Obtained with a Quantum Design MPMS XL
SQUID at 25°C.

bReference[46].

“Obtained from log-normal fits of the experimental
data obtained from an Accusizer Optical Particle
Sizer, Model 770A.

1000 ¢

Retention

100 |

Rp,min (nm)

No Retention

stainless steel, 3 T
....... stainless steel, 0.3 T
——— magnetite, 3 T

- - - - magnetite, 0.3 T

CuO PuO, Cr,05 Mn,O; FeQ
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Xo-xr (x 10°6)

Figure 2. Relationship between smallest particle retainable and the relative magnetic
susceptibility for a 1-pm-diameter spherical magnetite particle and a 50-pm-diameter
stainless steel wire at two different magnetic field intensities of 0.3 and 3.0 T.”*”! The
relative magnetic susceptibility of various paramagnetic metal oxides is also shown.
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The results in Fig. 2 clearly confirm that a 1 wm diameter magnetite sphere
is a more effective HGMS ferromagnetic element than a 50 wm diameter stain-
less steel wire when retaining smaller particles. In fact, within the range of
magnetic susceptibilities for typical paramagnetic oxides (also shown in Fig. 2),
the magnetite sphere outperforms the stainless steel wire even when the
magnetic field intensity is 10 times smaller. Nevertheless, due to its small size,
magnetite cannot be used alone in an HGMS column without first being sup-
ported by a material of much larger size; otherwise, appreciable pressure drops
can occur along the bed. Kochen and coworkers'?**! solved this problem by
coating spherical particles (0.063 to 0.125 mm diameter) with a polyamine
epichlorohydrin resin. Alternatively, Shen et al.”®® showed that it is possible
to make a large composite particle composed of small magnetite particles
(clusters) encased in a silica gel matrix, containing up to 80 wt% magnetite.

The objective of this study is to compare the performance of the 80 wt%
magnetite-silica composite HGMS matrix element with a commercially avail-
able stainless steel wool HGMS matrix element in retaining iron oxide (Fe,O3)
particles. Breakthrough experiments, as well as ultimate retention experiments
(as explained later), were carried out using different feed concentrations, flow
velocities, and magnetic fields. Also, the ultimate retention experimental
results were contrasted against a theoretical model that was developed to
corroborate the experimental findings.

EXPERIMENTAL

The permanent magnet assembly obtained from MagnetSales & Manu-
facturing, Inc. is shown in Fig. 3a and was used to carry out all of the experi-
ments. It consisted of two pieces of NdFeB with dimensions of 2 x 3 x 4cm
and with the 3 x 4 cm sides facing each other. Each piece was soldered to the
jaw of a vise to easily adjust the magnetic field by separating the two pieces of
magnet from each other. Under all magnet separations, the magnetic field was
relatively constant in the gap between the magnetic pieces where the column
was located. Figure 3b depicts the experimental setup utilized to carry out both
the breakthrough and ultimate retention experiments. Suspensions of Fe,O;
(Aldrich, 99%) were prepared in a mechanically stirred 5 gal tank. Using a
peristaltic pump, the Fe,O3 suspension was pumped through a 1-cm-diameter
(ID) glass column (chromatoflex, Kontex) placed within the gap of the perma-
nent magnet assembly. Either 4.0 grams of the 80wt% magnetite-silica
composite or 1.0 g of stainless wool was placed inside the column to serve
as the HGMS matrix element. The size of the magnetite-silica composite
particles corresponded to 35-60 Tyler mesh size (i.e., 7;—,, = 187.5 pm).
The number of particle size distributions of both the Fe,O5 particles in the
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Figure 3. a) Photograph of the 0.8 T NdFeB permanent magnet assembly, and b)
schematic of the experimental breakthrough and ultimate retention flow apparatus.
The two pieces of NdFeB permanent magnet inside the assembly are indicated by

the arrows in a).
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suspensions and the magnetite particles when suspended in an aqueous
solution where obtained with an optical particle sizer, Accusizer Model 770A.
For the breakthrough experiments, the feed concentration of Fe,O3 was
kept constant at 0.5g/L, and the feed velocity was maintained at
1.06cms™'. The magnetic field strength at the location of the matrix was
also held constant during each breakthrough experiment. Different magnetic
field strengths of 0.0, 0.254, 0.4, and 0.8 T were investigated by changing
the gap between the two magnetic pieces. The strength of the magnetic field
was measured using a gauss meter (Model 4048, F. W. Bell). The break-
through of suspended Fe,O; particles was monitored by the continuous collec-
tion of the effluent in 30 mL plastic bottles until about 5 L of solution was fed
into the column. The concentration of the Fe,O3 particles in the collected
samples was determined gravimetrically by first determining the weight of
solution collected in the bottles. This was realized by weighing the bottles
prior to and after filling them up with collected solution. The concentration
of Fe,O; particles was then calculated using the corresponding weight of
collected solution in the sample and by measuring the amount of Fe,O3 solids
contained in it through membrane filtration (Gelman Sciences 0.45-pm
Tuffryn®) and vacuum drying at 80°C overnight. Breakthrough experiments
were carried out in this manner using both types of HGMS matrix elements.
The ultimate retention experiments were carried out at a constant mag-
netic field strength of 0.8 T, Fe,O5; feed concentrations between 0.5 to
3.0g/L, and feed velocities between 1.06 and 3.18cms™'. Again, both
types of matrix elements were used. With the column placed in between the
magnet assembly gap, the matrix was fed until it became saturated. Based
on the results obtained from the breakthrough experiments, about 2h was
deemed sufficient to saturate the matrix elements with retained Fe,O;
particles. Then the feed was replaced with clean water flowing at the same
rate for an additional 2 h while still under the influence of the magnetic field,
flushing the Fe,O; particles from the void spaces in the column and removed
any loosely (physically) retained Fe,O5 particles. Finally, with the clean water
still flowing through the column, the magnet assembly was removed causing
the spontaneous release of the Fe,O3 particles retained only magnetically by
the matrix. This effluent was collected in 2L bottles. The total amount of
magnetically retained solids (termed here as the ultimate retention) was
calculated using the same procedure as in the breakthrough experiments.

THEORETICAL

It must be emphasized at the outset that the estimation of the maximum
solids holdup by magnetic wires or spheres is often complex and seldom
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accurate, due to the highly dynamic nature of the process involved. Basically,
magnetic elements always experience changes of the flow patterns around the
capture zone due to the continuous capture and build-up of new material until
saturation. The main difficulty is that there are no simple analytical models
that accurately predict these ever-changing flow patterns around the magnetic
element. Consequently, most current investigators have been forced to rely on
analytical expressions that describe the flow patterns around spheres and cylin-
ders at the early stages of loading. The two approaches normally used are strictly
limited to the low Reynolds regime, i.e., a laminar flow model (Ngg < 1),129-32
or to potential flow conditions,'** > where it is assumed that laminar layers do
not exist (i.e., high Reynolds numbers) and separation zones are absent (in
reality, these two conditions are never met simultaneously). The latter approach
is adopted here, because it is considered to be more representative of the con-
ditions used in the ultimate retention experiments.

Models describing static force balances between the magnetic force and
the drag force over a suspended particle under potential flow are developed
for the two geometries considered here (i.e., the cylinder and the sphere).
Due to the orientation of the magnetic field associated with the permanent
magnet assembly, both types of matrix elements (i.e., stainless wool and
magnetite-silica composite) are assumed to be under the transverse configur-
ation, i.e., the flow and magnetic fields are assumed to be perpendicular to
each other. Figure 4 shows the approximate collection zones for a cylinder
(Fig. 4a) and a sphere (Fig. 4b) under this situation. The LHS shows 3-D
schematics depicting the collection zones for each case, while the RHS
shows a profile of the collection zones (in gray) for the 2-D cross-sectional
plane depicted in the 3-D schematics. Besides being parallel to the magnetic
field, in the case of the cylinder (Fig. 4a), the 2-D cross sectional plane is also
perpendicular to the cylinder axis. In the case of the sphere (Fig. 4b), however,
the 2-D cross-sectional plane (plane A in Fig. 4b) also contains the center of
the sphere rotated an angle ¢ around the z-axis with respect to the plane
containing the fluid velocity at infinity (plane z-y in Fig. 4b).

In the case of the cylinder, identical profiles of the collection zone are
obtained for any cross-sectional plane that is parallel to the one presented in
Figure 4a. Therefore, the total mass of solids collected per mass of wire only
requires the determination of the gray area depicted in the RHS of Fig. 4a, i.e.,

P 2 [T
qc :ﬁ(l_sp)p_iW—RZJO fot—rizm)de (4)

where r,,; and r;,, are the distances of the external and internal boundaries from
the center of the cylinder in polar coordinates, f. is an efficiency factor that
equals two-thirds and accounts for the fact that about two-thirds of the wires
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¢l

FM,Q cosy = F])J

Figure 4. Schematics depicting the determination of the collection zones in a ferro-
magnetic a) cylinder and b) sphere. Schematics on the RHS indicate the 2-D collection
profiles (zones in gray) for the cross-sectional plane depicted in the 3-D schematics on
the left. In the case of the cylinder, the cross-sectional planes are all parallel to each
other and perpendicular to the axis of the cylinder. In the case of the sphere, the
cross-sectional planes bisect the ferromagnetic sphere, as indicated by plane A in the
schematic on the RHS; the schematic on the RHS also shows that the velocity vector
is located at point P in plane B.
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are effectively oriented for retention, and e, o, is the porosity of the retained
Fe,0Os3. The boundaries of the gray zones in Fig. 4a are defined by the following
relationships:

FM,cA,r = |FD$c| (5)
FM,C,O + FD,C,H =0 (6)

where Fy; . and Fp ¢ are respectively the magnetic and drag forces on the sus-
pended particle, and the subscripts » and 6 stand for the components of these
forces in polar coordinates, and subscript ¢ stands for cylinder. The solution
of the equations for a given angle 6 are, respectively, r.,, and r;,, with their
minimum values being the radius of the wire. It must be noted that the condition
in Eq. (5) has been utilized instead of F; ., = Fp ., due to the fact that under
the potential flow assumption and transverse configuration the solution of the
latter relationship is found only at infinity where the total loading is impossible
to determine. It is also noteworthy that the intersection zone of the regions
defined by the solutions of Eqgs. (5) and (6) does not retain particles. Despite
the fact that within this region the radial component of the force over the particle
is inward (i.e., attractive), particles that reach the upper boundary (as shown in
Fig. 4a) are impeded from going any further inward due to the opposing tangen-
tial component F,, . o of the magnetic force.

The expressions, in dimensionless form, that define the components of the
magnetic force on a spherical particle of magnetic susceptibility x, and radius
r, by a cylindrical ferromagnetic wire of saturation magnetization M, . and
radius 7, when the applied magnetic field is H, are given by:2%-3! =43

Vm c Rc : RC ’
Fyer=——— (—) [— c0s 26 + k. (—) } (7a)
’ Vo \ r r

Vine (ReY’
Freo=—>= (—) sin20 (7b)

Vv, r

where V,, . is the so called magnetic velocity given by

4R? — .
Vie = 2oy Xo Z X0 g2 )
9R, Ul
and k.. is the demagnetizing factor of the cylinder. Because the stainless steel is
ferromagnetically soft, k. is related to the applied magnetic field H
through:[2731:37.381

MYatC
ke = Min( 1, —
m< ZHG) )
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where M, . is the magnetization of the cylinder at saturation. The dimension-
less components of the drag force about the cylinder are given by

2
Fper= |:1 — <RC> :| cos 6 (10a)
r
R\’
Fpeg= —[1 + (—) } sin 6 (10b)
r

In the case of the spherical magnetite-silica composite matrix element, the
profiles of the collection zone determined by the 2-D cross-sectional plane
vary according to the angle ¢ that this plane makes with the z-y plane (as
shown in Fig. 4b.) The total mass of solids collected per mass of magnetite
is thus given by:

pp 1 T /2 3 3 )
g =f(1—¢ )——J J (ro — Tipe) Sin Od Od (11)
Plp R ) go Jomo o !

S

where as before, r,,, and r;,, represent the distances of the external and internal
boundaries from the center of the sphere. Here, the efficiency factor f; accounts
for the fact that magnetic retention takes place only on those magnetite
particles that are exposed at the surface of the composite particles. By
assuming only half of the volume of these magnetite particles is exposed at
the surface of a magnetite-silica composite particle for magnetic retention,
it is relatively easy to prove that:

R

f; - 2R’11—S

(12)

where R,,_ is the radius of the magnetite-silica composite particle and R is
the radius of the magnetite particle (typically comprised of a cluster of
magnetite crystals).

Special geometrical considerations must be accounted for when determin-
ing the boundaries of the collection zone around the spherical magnetite
particle (cluster). First, it must be realized that all the velocities of the fluid
around the sphere are contained in planes that both bisect the sphere and
are parallel to the y-axis (i.e., parallel to the velocity of the flow at infinity
V,). Consequently, for any point in space, the corresponding direction of
the drag force does not necessarily rest in the same plane associated with
the direction of the magnetic force, which is the 2-D cross-sectional plane
A mentioned earlier. For point P shown in Fig. 4b, for example, the plane con-
taining the flow velocity, labeled as B, is inclined at angle ¢ with respect to
the z-y plane around the y-axis. As a result, it is convenient to choose two
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systems of spherical coordinates, namely, one with parameters r, 6, and ¢
that define the planes containing the direction of the magnetic force
simply by the angle ¢ (such as A, for example) and one with parameters
r', 0’, and ¢ that define the planes containing the direction of the drag
force simply by the angle ¢ (such as B, for example). Both systems of
coordinates still have their origin at the center of the magnetite sphere;
and since the planes containing P (namely A and B) bisect the magnetite
sphere, the line of intersection of these planes passes through both point P
and the center of the sphere. Hence, these coordinate systems also share
the same radial directional vector (e, = e,) as Fig. 4b depicts. This in turn
forces the directional vector ey of the second system of coordinates to lie
in the same plane defined by the directional vectors ey and ey of the first
coordinate system.

By defining vy as the angle between e, and ey, the components of the drag
force in the system of coordinates r, 6, ¢ become:

FD,s,r = FD,s,r’ (133)
FD,s,() = FD,S,(?' Ccos 7y (13b)
Fps¢=Fp,gsiny (13¢)

where Fp - and Fp ¢ are given by:

R\’
Fpsp= |:1 — <> i|c0s 0’ (14a)
r
1 (R,\’
Fp.g = _[1 +3 () } sin 0 (14b)
r

Using the following trigonometric relationships that naturally arise from the
existing spatial relationships between the two coordinate systems:

cos 0’ = cos Ocos ¢ (15)
sin 0’ cos ¢’ = sin 6 (16)
sin 0’ sin ¢ = cos Osin ¢ (17)
cos 0’ sin ¢ = sin ycos ¢ — cos ysin Osin ¢ (18)
sin 6’ = sin ysin ¢ + cos ysin 6cos ¢ (19)

cos 0’ cos ¢’ = cos ycos 6 (20)
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the following expressions for the components of the drag force in Egs. (13a),
(13b), and (13c) result:

RN 3
Fpsr= [1 - <—€> :| cos fcos ¢ (21a)
r

1 (R,

Fpso= —|:1 +§ (f) ] sin fcos ¢ (21b)
1 /R,\°

FD,S,¢ = —[1 +§ (7) :| Sin¢ (210)

Based on the same arguments utilized to determine the collection zones
in the cylindrical case, the radial component of the magnetic force is
equated to

FM,s,r = |FD,S| (22)

However, due to the fact that the tangential component of the magnetic force is
inclined at angle vy with respect to the tangential component of the drag force,
the following relationship is used instead:

FM,s,(? Ccos 7+ FD,sAO’ =0 (23)

which after using Eqgs. (15) through (20) is given by:

1 /RN’ |1 — cos? 6cos?
O ST

2\ r cos ¢sin 0

The components of the magnetic force corresponding to the magnetite sphere

of radius R, are given by;[24—27,33,34]

Vs (R\*[1=3c0s20 5—3cos26 (R,\’
= () [t sosmoan (0]
r

v, \r 2 2

Vis (RN ks (R .
Fyso=—-|—| |1+=—]) |sin26 (25b)
V, \r 2\r
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where My, ; is the magnetic saturation of magnetite. The corresponding
relationships for the magnetic velocity V,, ¢ and the demagnetizing factor k;

for a soft ferromagnetic sphere are given by:*”!
2R; -
Vm,x = §R_[’ My %kag (26)
$ Iif
MS(Z s
ky = Min(l, 3H" ) 27

The following methodology was developed to theoretically predict the
ultimate retention of Fe,O5 particles by the cylindrical stainless steel and
spherical magnetite-silica composite matrix elements. For each case, the
properties of the medium, i.e., x; and 7y and those of the Fe,Os particles,
ie., R, Xy pp and g,, were known. In the case of the cylindrical stainless
steel wire, the following additional properties were known: R, My, ., and p,;
and similarly, in the case of the spherical magnetite-silica composite, the
following additional properties were known: Ry, R, s, M, 5, and p,. For the
cylindrical stainless steel wire, r,,, and r;,, were obtained from Egs. (5) and
(6) for varying values of 6 (0 < § < 7) and a given value of the applied mag-
netic field H, by solving Egs. (5) and (6) together with Eqgs. (7) through (10),
which added a total of six additional equations that accounted for the follow-
ing six unknowns: Fys . Farc.0o Vines kes Fp.e,r» and Fp . o. For the spherical
magnetite-silica composite, r,,, and r;,, were obtained from Eqgs. (22) and
(24) for varying values of 0 (0 < 6 < 7/2) and ¢ (0 < ¢ < ) and a given
value of the applied magnetic field H, by solving Egs. (22) and (24) together
with Egs. (21), (25), (26), and (27), which added a total of seven additional
equations that accounted for the following seven unknowns: Fy,, Fass.0.
Vins: kss Fps,rs Fp 5.0 and Fp 4. With 7., and r;,, determined for each case,
Egs. (4) and (11) were used to calculate the total mass of solids collected
per mass of matrix element in the cylindrical wire and the spherical
magnetite-silica composite particles, respectively.

RESULTS AND DISCUSSION

The breakthrough results obtained with each of the matrix elements, i.e.,
with the 80 wt% magnetite-silica composite and the stainless steel wool, are
shown in Fig. 5. Four different magnetic field strengths of 0.0, 0.254, 0.40,
and 0.8 T were investigated, with the superficial velocity fixed at 1.06 cm/s
(which corresponds to a flow rate of 50mL/min) in all runs. Figure 5a
depicts the concentration of the suspended ferric oxide particles in the effluent
during the first hour of breakthrough while feeding 0.5 g/L solution of Fe,03
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Figure 5. Experimental breakthrough curves showing the effect of the magnetic field

intensity (noHo = 0.0, 0.254, 0.400 and 0.800 T) on retention of Fe,O; particles by a)

4.0 g of the 80 wt% magnetite-silica composite, and b) 1.0 g of the stainless steel wool
for a fixed superficial velocity (U,) of 1.06cms ™" and suspended solids feed concen-
tration of 0.5gL ™",

through 4.0 g of the magnetite-silica composite matrix element; similarly,
Fig. 5b depicts the results obtained while feeding 0.5 g/L solution of Fe,05
through 1.0 g of the stainless steel wool matrix element. First and foremost

notice that for both matrix elements, when no magnetic field was applied,

breakthrough occurred immediately; in contrast, when the magnetic field
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was applied both matrix elements exhibited significant delay in breakthrough,
indicating magnetic retention. An interesting feature of the breakthrough pro-
files obtained with the magnetite-silica composite compared to those obtained
with the stainless steel wool was their much smoother appearance. This result
suggested, perhaps, the ability of the magnetite-silica composite to stabilize
the interstitial flow and hence minimize release after capture. However, break-
through for the magnetite-silica composite matrix occurred sooner and the
profiles were broader than those obtained with the stainless steel wool matrix;
nevertheless, the marked magnetic effect exhibited by the magnetite-
silica composite was quite obvious and substantial, which validates the use
of this material as an HGMS matrix element. About 3.2 g of magnetite (i.e.,
80% of 4 g) exhibited a magnetic behavior that was comparable to 1.0 g of
stainless steel wool, which according to Eq. (12) and the data given in
Table 1, was the result of approximately 2% (i.e., f; = 0.0022) of the
magnetite being available at the surface of the composite particles for reten-
tion. Whether this significant result was due to the synergistic effect of the
magnetite-silica composite particles operating as one large particle!***! or
the individual magnetite particles is not known at this time and requires
further verification.

A comparison between the two matrix elements can be quantified by ana-
lyzing the following integral expressions that describe the mass balances
about the breakthrough curves:

V[

qe.BT = ¢ J (1 - C)dt (28a)
me Jo Co
V[

Gonr = - J (1 - i)dz (28b)
ms Jo Co

where g.pr and g, pr are the grams of Fe,O; retained in the column (both
liquid and retained phases) per gram of matrix element, ¢, is the feed concen-
tration, and V is the feed flow rate. The results are presented in Table 2. They
indicate that the performance of magnetite as a matrix element was about 30 to
40% as effective as stainless steel wool. Very similar performance differences
were obtained from 21 ultimate retention experiments, the results of which are
presented in Table 3. Depending on the feed velocity and flow rate, the ulti-
mate retention of Fe,O5; by the magnetite-silica composite matrix element
varied between 0.42 to 0.67 g/g, whereas the range for the stainless steel
matrix element varied between 1.13 and 1.85g/g, about two to three times
greater. Comparing the values in Tables 2 and 3 also shows that the retention
during breakthrough was essentially caused by magnetic retention and not
physical filtration. In general, the ultimate retention was independent of the
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Table 2. Experimental loading of Fe,Oj3 particles
obtained by integrating the breakthrough curves
shown in Fig. 5 according to Eqgs. (28a) and (28b),

respectively, for stainless steel wool

(ge.BT)

and 80wt% magnetite-silica composite (qspT)
matrix elements: U, = 1.06cm/s, C, = 0.5g/L,

m, = 1.0g and my=4.0g.

p“oHo qc,BT qs,BT
(T) (g/9) (g/9)"
0.000 ~0.0 ~0.0
0.254 0.439 0.228
0.400 0.869 0.312
0.800 1.318 0.456

*Values based on pure magnetite, i.e., 3.2 g.

Table 3. Experimental and theoretical (model) ultimate retentions of Fe,O5 particles
(g/2) by stainless steel wool and 80 wt% magnetite-silica composite matrix elements
for a magnetic field strength (u,H,) of 0.8 T, and different feed concentrations (c,)

and superficial velocities (U,).

U, (cm/s)

¢, (g/L) 1.06 2.12 3.18
Stainless steel wool matrix element
0.5 1.35 1.13 —
1.0 1.36 1.23 1.32
2.0 1.65 1.36 1.46
3.0 1.85 1.56 1.47
Model 0.39 0.27 0.22

1.06 1.59 2.12
80 wt% Magnetite-silica composite matrix element
0.5 0.46 0.60 —
1.0 0.49 0.42 0.42
2.0 0.55 — 0.56
3.0 0.60 0.67 0.45
Model* 1.76 1.30 1.05

*Values based on pure magnetite, i.e., 3.2 g.



10: 03 25 January 2011

Downl oaded At:

Retention of Iron Oxide Particles 2881

feed velocity and increased slightly with the feed concentration. These last
trends are treated below in context to the predictions of the ultimate retentions
from the model, which are also shown in Table 3. The parameters utilized in
the model are presented in Table 1.

Because of the inherent difficulty of mathematically describing the flow
behavior around these kinds of HGMS matrix elements, it was somewhat
surprising yet encouraging that the predictions of the ultimate retentions
from the models were of the same order of magnitude as the experimental
results. In the case of the stainless steel cylinder, the model under-predicted
the experimental results by as much as a factor of 7, whereas in the case of
the magnetite spheres, the model over-predicted the experimental results but
only by as much as a factor of 3. Several reasons for these discrepancies are
offered. First, as discussed previously, although mathematically attractive,
the potential flow assumption hardly represents the behavior of the flow
around an actual matrix element due to the fact that it does not account for
laminar layers and separation zones, and more importantly, it assumes that
the flow pattern around the matrix element does not change with the Fe,O3
loading. In the case of the stainless steel wire, for example, the existence of
laminar zones around the wires, that would necessarily allow for more reten-
tion, could explain the under-prediction of the experimental results. A differ-
ent explanation was needed for the magnetite-silica composite, since the
model over-predicted the experimental results. In this case it was surmized
that the model over-predicted the ultimate retention because it utilized a
magnetite particle that had a radius of 2.12 wm, where in reality the effective
particle size was probably much smaller with radii on the order of 250 nm
(see below). A much smaller magnetite particle (cluster) would not have
been able to attract and retain the rather large Fe,O5 particles with radii of
4.67 pm."¥ It was further surmized that this effect must have overwhelmed
the opposite effect associated with the fact that the model for the magnetite-
silica composite did not consider the large laminar layers that surrounded
the magnetite-silica composite particles, which would necessarily have
allowed for more retention than that predicted by the model, just as in the
case of the stainless steel wire matrix.

Another element of uncertainty imparted to the models was the assump-
tion of size uniformity of the ferromagnetic matrix elements and the para-
magnetic Fe,O; and magnetite particles. Figure 6 shows several scanning
electron micrographs (SEM) of the stainless steel matrix element wires to
illustrate this point. In general, the wires exhibited radii distributions
ranging between 10 and 80 wm. The irregularity also extended to the indi-
vidual wires themselves. Observe, for example, that the tip at the bottom
part of the wire in Fig. 6b was about 25 pum thick, whereas the main body
of the wire was several times larger, with thicknesses varying between
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Figure 6. Scanning electron micrographs (SEMs) of the stainless steel wire matrix
element, revealing the variability of the wires used in the HGMS unit.

80 and 130 pm. Due to the model requiring only a single value for ., a wire
radius of 50 wm was assumed. The under-prediction of the model could
be explained, in part, by the stainless steel wire matrix having on average
much smaller wire radii than the 50 wm radii assumed in the model, which
would necessarily give rise to more retention.
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Considerable size variation also existed for both the Fe,O3 and magnetite
particles. Figure 7 shows particle size distributions obtained with the
Accusizer Optical Particle Sizer, Model 770 A and fitted with both bimodal
and monomodal log-normal distributions. The corresponding average radii
obtained from the monomodal log-normal distributions are presented in
Table 1 for both Fe,O3 (4.67 wm) and magnetite (2.12 wm). Observe, for
example, that the Fe,O5 particles had radii of less than a micron up to
values of around 40 pm (Fig. 7a) and with two modes instead of one as
assumed in the model. Very similar results were obtained with the magnetite
particles as shown in Fig. 7b. The magnetite particle radii varied from less
than a micron to around 20 pm, and they also exhibited two modes. In the
case of the magnetite-silica composite matrix, the over-prediction of the
model could be explained, in part, by the marked particle size distribution
of the magnetite particles, especially when considering the fact that these
particles were composed of clusters of magnetite crystals, as observed in
SEMs of the magnetite particles.

SEMs of magnetite particles are shown in Fig. 8. Clearly, the main
curvature of a typical magnetite particle, a key element in HGMS, was that

a.l)
4
f1 = 43.6% f1=86.7%
Wl =3.30 pm u1=3.48 um
61 =174um 61 =249 um
f2 = 56.4% f2=13.3%
u2 = 11.65 um u2=9.73 um
o2 = 6.35um 02 = 2.56 pm
>
(53
=}
o
=
3 a2) 1 =100% b.2) 1 =100 %
ha 4 Rl =9.34 pm pt=4.24 um
o1 =11.17 um 61 =4.97 um
0.1 1 10 100 1000 0.1 1 10 100 1000

2R, (pm) 2R, (um)

Figure 7. Number particle size distributions of the a) Fe,Oj3 particles, and b) Fe;04
particles obtained from an Accusizer Optical Particle Sizer, Model 770A and fitted to
1) bimodal and 2) monomodal log-normal distributions.
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Figure 8. SEM of the pure magnetite particles used to make the 80 wt% magnetite-
silica composite matrix element, revealing the 4.24 um diameter magnetite particles
(from Fig. 7) to be comprised of clusters of smaller particles of about 250 nm in
diameter.

corresponding to a particle of around 250 nm. In other words, the magnetite
particles were composed of large clusters (Fig. 7b) that were further composed
of smaller particles of around 250 nm. This result, perhaps, caused magnetite
to have magnetic properties associated with not only the larger-sized clusters,
but also the far smaller-sized particles within the cluster. Moreover, the high
concentration of magnetite in the magnetite-silica composite (i.e., 80 wt%)
could have imparted a magnetic attraction contribution from the magnetite-
silica composite itself, by behaving as one large magnetic particle but with
a saturation magnetization that was equal to that of magnetite corrected by
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the volume fraction of magnetite in the magnetite-silica composite. As alluded
to earlier, small magnetite particles barely exposed at the surface of the
magnetite-silica composite matrix with radii of about 250 nm would not
have had the ability to attract and retain the large Fe,O5 particles, unless a
Fe,Oj; particle was able to get very close to the surface of such a small mag-
netite particle,**! which was doubtful due to their large size and the irregular
shape of the composite matrix particle.

Finally, it is interesting to note the intriguing concentration dependence of
the ultimate retention observed with the experimental results, something that
the models could not predict. These results, perhaps, indicated the existence of
dynamic equilibrium at the collection zones, particularly at the external
boundaries where the magnetic retention was weaker. When the interactions
were very strong, such as those that occurred it the inner regions of the collec-
tion zones close to the magnetite particle, it was surmised that monolayers
rapidly formed on the magnetite surface essentially independent of the feed
concentration. This behavior is akin to that exhibited in the Henry’s law
region associated with many different kinds of equilibrium phenomena.
Extending this argument to higher concentration (multilayer loading)
regions beyond the Henry’s law region suggested that when the interactions
were relatively much weaker, such as those that occurred at the external
boundaries of the collection zones far from the magnetite particle, it was
surmized that many multilayers formed, not necessarily on the magnetite
surface but on the surfaces of the retained Fe,O5 particles, and that these multi-
layers established a dynamic equilibrium that was dependent on the feed
concentration. Again, this behavior is akin to that exhibited in the higher-
concentration regions beyond the Henry’s law region, which is commonly
observed with many different kinds of equilibrium phenomena.

CONCLUSIONS

The retention performance of an 80 wt% magnetite-silica composite
HGMS matrix element was compared with a stainless steel wool HGMS
matrix element. Breakthrough and ultimate (strictly magnetic) retention
experiments were carried out at different feed concentrations, flow velocities,
and magnetic field intensities with an aqueous slurry containing iron oxide
(Fe,05) particles. Results from the ultimate retention experiments were also
compared to those obtained from a potential flow model. Overall, magnetite,
when adequately supported, proved to be an effective matrix element for use
in HGMS systems. The experimental results indicated that magnetite, when
supported by silica in the form of an 80 wt% magnetite-silica composite,
was about 30 to 40% as effective as stainless steel in retaining iron oxide,
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which was quite encouraging when considering that the magnetic saturation of
magnetite is about five times smaller than that of stainless steel. The break-
through profiles obtained with the 80 wt% magnetite-silica composite were
also much smoother in appearance than those obtained with the stainless
steel wool, possibly indicating that the magnetite-silica composite is a
better flow stabilizer than the stainless steel wool. Considering the fact that
magnetite is less expensive than stainless steel wool, even when encased in
silica gel, makes the use of magnetite as an HGMS matrix element even
more attractive for certain applications.

The ultimate retentions predicted from the potential flow model, being of
the same order of magnitude as the experimental results, were somewhat sur-
prising yet encouraging. In the case of the stainless steel cylinder, the model
under-predicted the experimental results by as much as a factor of 7, whereas
in the case of the magnetite spheres, the model over-predicted the experimen-
tal results but only by as much as a factor of 3. Several reasons for these dis-
crepancies were discussed and centered on the inherent difficulty of
mathematically describing the flow behavior around these kinds of HGMS
matrix elements. For example, the overwhelming complexity of the actual
retention process caused by the relatively wide size distributions of the
Fe,O; particles and both the magnetic matrix elements was not accounted
for by the model. Moreover, the potential flow model could not account for
the effects of laminar layers and separation zones on retention; nor could it
account for the effects of the changing flow patterns caused by particle
build-up on retention. Also, the models could not predict the interesting
dependence of the ultimate retention on the feed concentration, which was
observed experimentally by both matrix elements. This last result suggested
that magnetic retention phenomenon could be exhibiting a kind of dynamic
equilibrium at the external boundaries of the collection zones where the mag-
netic force was weaker. Future work will address these issues.

NOMENCLATURE

Co Feed concentration of paramagnetic particles, gL ™"
Collection efficiency of a ferromagnetic element
Drag force over a paramagnetic particle, N
Magnetic force on a paramagnetic particle, N
Applied magnetic field, Am ™"

Demagnetizing factor of a ferromagnetic element
Boltzmann constant, J K!

Mass of ferromagnetic material in a matrix, g
Magnetization of a ferromagnetic element, Am

~
SRR EE

1
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Mg
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<

Xp
Xr
1)

S ORIPOE

BT
ext
int
sat

Magnetization of a ferromagnetic element at saturation, Am™ '
Mass loading of paramagnetic material per mass of ferromagnetic
element, gg ™'

Distance to the center of a ferromagnetic element, m

Radius of a ferromagnetic element, m

Radius of a paramagnetic particle, m

Radius of a magnetite-silica composite particle, m

Temperature, K

Magnetic velocity, ms™'

Velocity of the flow at infinity, ms
Volume of a paramagnetic particle, m>

Volume of collected paramagnetic particles on one ferromagnetic
element.

Volumetric feed flow rate, cc min

1

1

Greek letters

Volumetric susceptibility of the particles (SI)
Volumetric susceptibility of the medium (SI)
Porosity of the collected paramagnetic particles
Permeability of free space, 47 x 107’ TmA™'
Density of a ferromagnetic element, kgm >

Density of the suspended particles, kgm >

Viscosity of the medium, kgm ™ 's ™!
Angle between the polar angular unitary vectors ey and ey,
Polar angle

Azymuthal angle

Subscripts and Superscripts

Ferromagnetic cylinder

Ferromagnetic sphere

Radial

Breakthrough

External boundary of collection profile

Internal boundary of collection profile

Magnetic saturation

Polar angular

Azimuthal

Spherical coordinates according to plane B in Fig. 4b
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