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PREFACE

The relatively recent technique of High Gradient Magnetic
Separation (HGMS) is proving more and more to be a powerful, rapid,
efficient and economical method for removing suspended matter from
water effluents of large volume with a minimum requirement for
process power and space.

HGMS utilizes "state of art" technology and its applications
now include:

* Mineral Processing

¢ Effluent and Waste-Water Treatment
* Chemical Processing

* Biochemical Processing

* Pharmaceutical Processing

Organic waste waters all around the world have been shown to
be potent sources of water pollution of immense dimensions. Various
organic waste waters that have been the subject of compiicated
environmental investigations come from the manufacture of industrial
products we use every day. Some examples are distillery and brewery
effluents, textile effluents, pulp and. paper-effluent, tannery
effluents, pharmaceutical effluents.

Pistillery waste water, for example, is highly charged with
organic matter and its treatment before dumping has recently been
subject of intense investigations.

Although no hard evidence has been presented to prove that
‘mostos" from rum distilleries is harmful to human health or to the
ecosystems where they are discharged, environmental authorities
have -decided that the associated discoloring of shorelines and
nearby waters and the.nauseating odor of mostos make effective
treatment mandatory in the shortest possible time.

Considerable work has been done on composition and treatment
0f distillery effluents. From the published results, however, it
is apparent that none of the suggested treatment techniques has
been found to resolve the problem satisfactorily.

On the basis that recent HGMS experiments at a brewery in
England have produced excellent results, we believe that HGMS will
prove to be a viable technique to solve mostos problems in Puerto
Rico. '



The purpose of this proposal is to obtain funding for a
program to investigate the applicability of HGMS to the specific
mostos types produced in Puerto Rico.

The proposed effort would be carried jointly out by CEER/
UPR and the Department of Pure and Applied Physics of the Univer-
sity of Salford, near Manchester, England, a leader in the field
of HGMS research and development. It includes a four month ex-
perimental program at Salford to obtain preliminary data for an
HGMS Pilot Plant to treat mostos and the purchase, installation
and operation of an experimental magnet at CEER/UPR for investiga-
ting local samples.

The cost of the program is estimated at $90,000 over a
period of 12 months beginning June 1, 1978, and ending May 37,
1979. . Progress reports will be issued at least every four months
and a final report will be issued not later than June 15, 1979.

The project would constitute a valuable addition to CEER's
environmental program and an excellent vehicle for the training
of environmental specialists and other scientific and technical
personnel.

1.0 Principles of HGMS

A high gradient, high field magnetic separator (HGMS) con-
sists of a ferromagnetic wire wool matrix, of strand radius a,
which is magnetized to the saturation field MS by a uniform appiied
magnetic field H. - Particles of radius R and magnetic volume
susceptibility x can be extracted from a fluid, of viscosity g,
which carries the particles into the separator with a velocity V_.
It has been found that a quantity V_, called the magnetic velo-
city, is of great importance in the"determination of the performan-
ce of these separators. Vm is given by

- M
Vm= 2 (xﬂz_a..iil?o) (1)

These separators have found application in the kaolin in-
dustry in the United States, in England and in Czechoslovakia. The
separators have a matrix bed depth of about 20 in. with a channel
diameter of 84 in. The applied magnetic field is produced by pas-
sing a DC current through water cooled copper coils, weighing .
about 50-60 tons, which are wound solenoidally around the matrix
channel. The power required to maintain the field is between 400-
600.kW. The magnetic return circuit is in the form of an ‘iron 0X
weighing approximately 200 tons. Although the impure kaolin parti-
cles to be extracted are only weakly magnetic and of colloidal _
size, it is sti1l possible to pass about 1000 gall/min through the
separator and obtain adequate beneficiation.



Although_not yet in commercial practice, it has been found
that organic material, coliform bacteria, viruses, suspended solids
and other colored matter can be scavenged onto freshly precipitated
Fe(OH), or Fe,0,. This is an electric charge effect that will be
descriged in %o#e detail in section 2. The scavenged material can
be removed by extracting the Fe(OH), or Fe,0, particles with a
magnetic separator. This can be doﬁe at h?gﬁ velocity because of
the favorable magnetic properties of the seed material. This method
is cumbersome to apply in practice and suffers from the disadvan-

tage that Fe3t ions are added to the system in solution.

However, a large British chemical company has developed a
scavenging material that can be used over a wide range of pH and
which simply requires the addition of these particles with an in
line mixer. It is this method that we propose to use in the treat-
ment of mostos.

In section 2 we present an outline of the .theory so that the
main experimental data required for the pilot plant configuration
and parameters will be apparent. In section 3, we outline the ex-
perimental program.

2.0 The Theory of Magnetic Separation

The equations of motion of a diamagnetic or paramagnetic
particle moving with a viscous fluid in the neighborhood of a
magnetized wire have been derived and solved. Thus, it is possible
to show that only certain wire configurations are effective in _
capturing particles. Generally speaking, the velocity of the fluid
can be at any angle to the axis of the wire; however, the magnetic
field component perpendicular to the axis of the wire is the only
component of field which is effective in the capturing process. In
this section we will focus our attention on the case in which the
magnetic field and the flow will be parallel to each other with
both being perpendicular to the axis of the wire. (Reference 1).

From the equations of motion, it is clear the particle tra-
jectories depend almost entirely on V_/V_, that is on the ratio of
the magnetic velocity V, defined by rnEqﬁation (1), to the velocity
Vo of the fluid relative to the matrix. Consequently, the capture
cross-section area/unit length of wire is 2Rca, where R, is termed
the capture radius which depends largely on a function of Vm/VO.
A reasonable approximation for R, when Vp/Vo~2 is )

R, = 05 (V. /V.) + ky/V_ IV, )



Here T is the residence time given by €.L/¥y and A is a constant
of such a value that when n, the number of canister volumes passed,
is n = 0, then Equation (3) and Equation (4) are identical.

At this point the criteria for effluent levels that are to
be used must be specified. Suppose that the final particie level
concentration exited from the separator is Ry then n', must be
determined, such that n' satisfies

'S’ RILoTVn' = R, (5)
When n' has been determined, the total process rate P can be deter-
mined by

P=V_A n :
° {n"+ o) : LY

Here D is the dead time of the separator, that is the total time
the separator is off during the cyclical cleaning process. (Refer-

ence 4)

Seeding and Scavenging Process

In a stable colloid, the particles have surface charges which
have the effect of keeping the particles apart or dispersed. Elec-
trical potential barriers are normally greater than - 15 kgTg
where kg is the Boltzmann constant and T, is the temperature in
deagrees Kelvin. If particles are introduced which have an opposite
surface charge there can be a strong attractive force bétween the
oppositely charged particles so that if the potential difference
is < 15 kgT, coagulation occcurs. It is found that at normal pH,
bacteria, cg1?s, proteins, viruses and cell debris have a negative
surface charge and can be scavenged by the addition of a material
with positive surface charge. As noted in Section 1 a Targe chem-
ical company in England has developed a seed material which has a
strong positive surface charge over a wide range of pH values.
These are treated particles of Fe30g and are consequently strongly
magnetic so they can be effectively removed by the separator. The
important element is the volume of seed necessary to scavenge the
organic material most effectively.

The proposed experimental program is based on an evaluation
of the above scavenging method. The effectiveness of the seed
and of organic removal will be tested using the theory 1aid out in
this section. '

3.0  Experimental Program

Microscopic Examination of Coagulation -~ .

Using phase contrast microscopy an attempt will be made to
exemine the interaction between the seed and the mostos. This can



be done by the preparation of siides which are frozen in such a

way that seed material can be placed adjacent to the mostos on a
microscope slide. The slide is then warmed so that the resulting
interaction can be observed when thawing occurs. This part of

the program will attempt to look at mostos-seed kinetics and more
particularly seed to mostos concentration ratios and also the

seed to organic ratio in the coagulate so that Vm can be determined.
Video recordings will be made if possible. Time spare for this

part of the program is 6 man weeks.

Magnetic Separation Study

For this study it is proposed that only one matrix be used
to save time. This matrix will be an ordered knitted mesh of 50
microns diameter of ferromagnetic stainless steel occupying about
5% of space. The saturation magnetization is around 1.7T.

It is also proposed that two magnetic fields, namely 1T and
27, be used. : :

Based on the solids content of the mostos, various ratios of
mostos solids volume to seed volume will be used ranging from 5 tp
1 and 1 to 1, respectively.

For each of the above combinations it will be necessary to
do experiments at various values of Vy/Vo. In practice this will
mean holding Hy and seed dose rate constant and running at various
values of V.

In each case, starting with a clean separator, the output
will be monitored in order to determine the effluent concentration
versus the number of canister volumes passed. This will allow n'
the required number of canister volumes for a various effluent
criterion R, to be determined. Also, by running the separator
until it is completely ineffective, the value of NT can be deter-
mired. The estimated time for this part of the program is 16 man
weeks.

The assembly of the results and the plotting of graphs will
take approximately 2 man weeks.

The total time for the'experimenta1 program at the University
of Salford will be 36 man weeks to be accomplished during July -
October, 1978.



MILESTONE CHART FOR MAGNETIC SEPARATION STUDIES
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BUDGET REQUIREMENTS FOR MAGNETIC SEPAﬁATION PROGRAM

Direct Salaries plus Overhead | '$ 42,000
Includes ;

Principal Investigator (50%), 1 year

Technician (50%), 1 year

Consultants

University of Salford $ 14,000
_Rose Magnetic Separation Consultant 3 5,000
$ 19,000

Travel
4 man trips $ 4,000

San duan - Salford

Subsistence | ' $ 2,000
'$500/man trip

$ 6,000
Equipment
Test Magnet plus Associated $ 23,000
Equipment
Subtotal Estimated Cost $ 90,000
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The Use of Parumagnelic Malrices for
Mugnelic Separations™

By P. W. Riley and J. H. P. Watson
Lglish Cliys 1 ovaring Pochin & Co, ., S5 Ausiell, Ceanveall

Introduction

There are various industriad processes which reguire the removal
of micron sived ferro magnelic particles from suspensions, Fypical
examples are. the removal of particutate contaminition from steel
mill waste waters’, ferrites formed during the removal of heavy
metal sons from water® and ferromagnetic enzyme supports from
rcaction liquors®. All of these systems can be ireated by con-
sennonal High Gradient Magnelic Separitors® using ferronaignetic
collectors. Howeser, the cleaning of the colleclors can prove
difficull due 1 the magnetism of both collector and contaminant,
icading to 4 loss in efficiency and uftimately o blocking of the
collector,

HOM Sepiiators have recently received considerable attention
from the mincral processing industries where the problems have
heen 10 CORCTRiERIe PARIMAZNSHC OTes” OF [0 remaove pisimagnetic
mincrals® " * Cleaning the collectors in these applications s
selativelr easy duc to the very small magnetic forees that remain
actween cotles tor and concentrate once the field is reduced 10 zero.

This paper Jeseribes a method in which the principle of ferro-
magneiic collector paramagneric particles is reversed and uses a
saramagnetic collector for ferromagnetic particles to benefit from
.he weak intcraction forces at zero fields to clean the collecior
zthejently  The separation performance of this configuration will
abviously nol be as good as the ferromagnetic coliector/ferro-
nagnetic partiie case. but the loas in cllicieney could be tolerated
with the enhunced cleaning characteristics. In order to test the
separation performance in practice a suitable system was required.
Al present a vertain amount of interest is being shown in the use of
ferromagnetic enzy me supports'. These supports need 1o befine in
arder to mamntain catalyiic activity and mwst be completely
separable fron: the reaction liyuors. Work carried out at University
Coliege, Lond.on, by Munre und Dunnill® used nickel powder for

the supports «nd this uppeared 1o be an ideal system to test the

paramagnetic matrix concept.

Experimental - . - .

The most li- ely supporl concentrations® of nickel are within the
range [-10% , v volume and the reaction Ruid viscosities could be
#s high as 1 ~ 10 'Kg m.ec. For this study the lower con-
centration {17 ) was used and the viscosity was modelled by using
d light minera oil tShell Tallus 27) which has u viscosity of 0.93 =
10 ’Kg.m.sec at 21 C. Two samples of nickel powder (Inter-
national Nick-.1 Company) were used  Type 255, which consisted
of c¢hainy of :quisized spheres, had a particle size of 2.2-3 pm
equivaient Sie kes Diameter (F.5.D ) and a packed bed density of
6 . T0° Kg-n® Type 123 comisted of irregular agpregates of
spheres, a pa-ticle size range of %7 un E.SD. and a packed bed
density of 2.5 10%Kg m? : .

The expern wnial arrangement s shown in Fig. 1. ‘The canister
sas 0.06% m 1ong and had o volume of 0.0654 litres. The pucking
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Table 1. Matrix Dimensions

Weight  Tnangular Hols

Ref. No. Strand width  Gauge kg/m? size x 10%m Voidage %
922A - 3.6x10-'m 26 0.73 0.064 x 0.034 7.9
BO1A 6.9 x10-1m 24 1.08 6113 x 0.060 72.7
F01A 58x10-'m 24 0.98 0.237 x 0.066 785

consisted of discs, 0.035 m in diameter. cut from sheets of 2luminium
expanded metal (Expamet Industrial Products Ltd.). Details of
the meshes and their packing void volumes are shown in Table 1.

- Flow distribution plates were placed at the ends of the canister to

give a uniform flow profile through the cell. The magnet was
water cooled with 0.178 m pole pieces and 2 0.09 m pole gap. The
poles had 0.013 m diameter holes at their axes. The peak fiekd was
0.8 Tesla and the holes caused a minimal perturbation in the
homogeneity of the overall lield. Measurements were made at
0.7 Tesla by passing 2 know n volume (0.3 or 0.5 litres) of suspension
at a known volunwiric flow rate through the canister in the paraliel
mode, that is the ficld and flow directions weire paraliel and the
matrix dises were stacked perpendicular to this. At the end of each
experiment 0.2 livres of clean oil were passed through the cell with
the ficld on to remove the suspension from the feed lines and o
ensure that the interstitinl Auid in the canister was clean. This was
collected with the processed oil. Finally, the field was switched ofl
angd 0.3 litres of clean oil were passed through the canister at a flow
rate of 0.011 litres see 1o displace the collected nickel powder.

120 180 e
-1
{FLOW RATF) St C/UTRE
Fia. &. Tvoa 123 reaults conformine to scustion 1.



Both the nickel-rich oil and the processed oil were then filtered on to
weighed filter papers, washed tRoroughly with trichioroethylene,
dried and weighed. The results were then expressed as % carry-over
of feed versus volumetric llow rate, where % carry-over is defined
as the weight of nickel (in Y litres of processed oil) % 100 divided
by the weight of nickel in Y litres of feed. The nickel that was
carried over and the nickel concentrated within the colleclors were
strongly flocculated and fillered without any show through.

Results and discussion .

Figs. 2 and 3 show the results obtained for the two sizes of nickel
powder and the three aluminium mesh sizes at various volumetric
flow rates when equal volumes of suspension are processed. Fig. 2
shows that “{ carry-over was found to vary linearly with flow rate
once a minimum fiow rate had becn exceeded. The minimum Row
rate can be seen to depend upon the hole size of the aluminium
meshes. The finer the mesh the closer the nickel particies can
approach a collection surface. and therefore, the greater the
probability of capture. Also the finer the hole size for a given
overall collector void volume the greater the collection surface
available for capture. Other factors not investigaled in this work
will of course affect the minimum flow rate for carry-over. The
main one being the length of the canister, for a given background'
magnetic field, as this will influence the size to which the Aocs can
grow before passing close enough 1o a collection surface for
capture, as the minimum distance of approach for caplure will be
a function of agglomerate size. Increasing the length of the canister
will also increase the‘probability of the floes approaching close to a
collection surface as well as increasing the amount of collection
surface availuble for capture.

Fig. 3 shows the results for the finer nickel sample. Again the &),
carry-over varies lincarly with flow rate. Comparison of Figs. 2
and 3 tllustrutes the importance of the packing characieristics of
the particle on the scparation behaviour of the system. Although
there is 2 small difference in particle size between the two nickel
samples the packing characteristics. as shown by their packed bed
densitics, are markedly different due to the shapes of the ageregutes
that make up the sumples. Therefore, for any given colleclion
volume the coarser sample can pack 1o a higher density than the
finer sample. and because the slight difference in the particle sizes
does not lead to a large difference in the volume available lor
coflection the coarser particles are collected more efficiently under
any given sct of separation conditions.

Watson’® has shown that the number of particles in a magnetic
filter and the number escaping, for 8 monodisperse system, is de-
termined by u guasi-lincar second order partial differential equation
which must be solved numerically. However. this equation can be
simplified when the length of the filter L L, where Ly~ 3za’
. 4R GF, where a is the matrix wire radius, R, is the capture radius

.of the wire'!, and G is a local function which describes the fall-off
of Re with local capuured volume. and [ is the fractional volume of
the filter occupied by the matrix. For systems with strong interac-
tions betwecn particles and matrix G=-1 until the number
of particles/unit volumc trapped reaches Ny, where Nt is
the number . of particles,unit volume that the filter can
hold when it is full, and then G 0. This means that
the filter will 1ill up as a step function from the front. This will not
strictly be truc at the start of a scparation where there is a sirong
particle/particle inter-action, as in this case, because the front will
not fill up first due 1o the flocculuiing behaviour of the nickel
within the filter. However, after a certain time the front will fill
and then the rest of the Hller will 1ill as a step function'™. Once
these conditions are reached the effective length of the filter Logr -
L -RoVot/N7 where Ry is the number of particles/unit volume
entering the filter, V, is the Nuid velocity and t is the time. 1f Logr

is used in equation 1 of reference 10 it can be shown that:

Noy .. Yo r Ro
Iog(R\o LoHo(n NT)[—l,,-r (1)
where No is the number of particles leaving the filter, n is the
number of canister volumes processed, H, the background field,
and + the time taken for a particle to traverse the filter. Therefore,
from run to run at fixed n or for the same run log (No/Rg)nH, - =
constant. As log (No/Ryp) is equivalent to log (% carry-over) and
is equivalent 1o the reciprocal of the volumetric flow rate for any
fixed system. Graphs of log (% carry over) versus 1/(flow rate)
should be lincar. Figs. 4 and 5 show that log ( % carry-over} varies
lincarly with reciprocal of the flow rate in agreement with equation
Ii' Sl_imilar behaviour has been observed by Oder and Price!* with
aolin.

Conclusions

These results demonstrate the viability of using paramagnetic
muatrices for the filtrulion and separation of ferromagneltic particles.
The difierence in results for the two nickel powders emphasizes the
faet that packing properties on the wire, which will be related 1o
the bulk densitics of the powders, plays a major part in the overall
efliciency of any magnetic separation technigue.
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Fig. 5. Type 255 results conforming to equation 1.
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Reprinmed from the Procaeélings of the Sixth International Cryogenic Engineering Conference

F4 Magnetic separation at high

magnetic fields

J. H. P. Watson

The benefirs that come from the use of superconductors in
high intensity magnetic separators are first, the ability to
proeess at high velocitios without a decrease in efficiency
which incregses the production rate for a given sysiem.
Second, the open solenoid allows the full matrix 1 be
changed rapidly without switching off the field, which

also leads 1o a higher production rate. Third, the use of
high ficlds to magnetically flocaulare the particles can aid
the extraction process,

Introduction

Within the last fcw years high-intensity magnetic separators
have been developed that allow weakly paramagnelic col-
loidal particles to be extracted from  fluid moving through
the separator. These systems were develuped by the kaolin
industry [1. 2}, in co-operation with the Francis Bitter
National Magnetic Laboratory. ol Massachusetts Institute
of Technology [3]. As yet the kaolin industry has the only
commercial application of this technology but other large-
scale applications are being considered in mineralsand
-chemicals processing industev and in water and waste treat-
ment [4, 5).

High-intensity separators. in practice, consist of a ferro-
magnetic wire wool matrix magnetised by uniform magne-
tic field. The matrix is usually held in a canister into which
the slurry is fed. The arrangement is shown schematically
in Fig.1. The paramagneuc particles are attracted 1o and
held on the matrix. As morc particles are captured the
ability of the matrix to exiruct particles is reduced. At

any point the filter can be cleaned by first removing the
magnetic ficld and then 1Tushing the matrix with water.

The magnetic field used in the commercial process has
been about 2 T. The purpuose of this paper is Lo examine
the advantages that arc obtained when the field is increased
to 5 or 6 T. Thisis somewhat arbitrary, but in this range
of field cheap superconducting magnets of fairly large
value can be reliably constructed. Also thisis as high in
{ield as experimental work has been done.

Theory of particle capture

A theory ol capture of paramagnetic particles has been
developed |6, 7, 8] based on the interaction between &
paramagnetic particle carried by a fluid past a ferromagnetic
wire magnetized to saturation by a uniform applied field

as shown In Fig.2.

The author is with the Rescarch & Development Department, FCLP
& Co. Ltd, John Keay House, St Austet], Cornwall, England.
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Fig.2. A paramagnetic particle carried by a fluid approaches
@ cyvlindrical ferromagnetic wire perpendicular to the wire
axis. Faraway from the wire the flow is parallel to the
X-axis
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It can be shown that the equations of motion can be writ-
ten in the form

irg .
== (V[ V. My 210H)) . (n
r, o
where 1, =r/e where a is the radius of the ferromagnetic
" wire of saturation magnetization M, Vp, is the ‘magnetic

velocity "
S (2)

X is the magnetic susceptibility of the particles of radius R.
Hy is the applicd magnetic field and 7 is the viscosity of the
fluid. Vy is the velucity of the fluid far away from the wire.
Vo 1s parallel w the applied {ield along the direction 8 =0,
which is supposed perpendicular (o the axis o) the wire.

From cquation (1) at is clear that the particle orbits only
depend on Vo, / Vi, Mol 2o Hy and the initial position of
the particle. The initial velocity is supposed equal 1o that
of the Nuid. When the applied field is greater than 2 T

and when Fp, /¥y 15 reasonably farge. then the cupture
cross-scction of the wire depends principally upon V,,/Vg
and only weakly on M/ 2uyHy. This imeans the caplure
cross-section of a clean separator depends largely on V,,,/ ¥,
rather than ¥, or V, separately. The performance of a
clean separator at 2 T, therefore, will be the same as g
separator operating at 6 T if the flow velocity ¥y is increas-
ed by a lactor of 3

As the captured magnetic material builds up, the ilow
around the wire and consequently the capture eross-section
will chunge. As the shape the captured material takes up

is not known. the approach has been to guess a shape and
calculate the capture cross-section. This has been done for
cylindrical surtaces coaxial with the axis of the wire by
Laborsky and Drummeond |8], who find that the capture
cross-section dose decreases as the volume of the captured
material builds-up  They {ind the capture cross-section
remains proportional to V,,/ Vg even in the presence of cap-
tured material so that the volume of captured material is
proportional to Vy, /¥y, Surfaces ol ellipsoidal eross-section
shown i1 Fig.3 have been used by the author [9], who has
eriticise | the work ol Laborsky and D.rummpnd because of

Fig.3. rtarticle orbits in the presence of captured material,

the capture condition they use and because they do not
consider the stability of the captured particles. The author
finds that the interception probability does not depend on
the volume of the captured material, but the stability of
the intercepted particles does depend on the volume ol

the caplured material. I is shown that &t the limit of
stability ‘

Vel VaFir, .0, C.A)=0

where Cy is the major axis of the ellipse and ) is the coef-
ficient of friction between the particle and the surface.
Although the predictions arrived at in the two cases are
different in detail |8, 9] both suggest that the limiting
volume of material captured is proportional to Vil Va.
This is in agreement with work done in clay systems [10}
where V,, Vg was varied over a factor of 20 and {he varia-
tion in /iy and ¥ being a factor of 10. It was found that
the limiting volume of captured material depended linearly
on ¥, /Vy with a correlation coefficient of 0.95 (30
measurements) [11]. Again this means that if the velocity
of the fluid is increased proportionately with the magnetic
velocity Vi, the performance of the separator remains the
sume which has been shown by experiment up to 5.T [10].
As the production rate is proportional to the velocity of
the fluid through the filter, the production rate for a given
system can be increased by a factor of three when the ficid
isincreased from 2 Tto 6 T.

Magnetic floceulation

Another advantage that high field separation can have is
magnetic llocculation which can considerably aid the separa-
tion process. To accomplish effective magnetic separation of
a colloidal system, in practice, it is necessary for the colloid
to be defloceulated. That is, the attractive London forees
between the particles must be overcome by the formation of
an clectrical dipolar layer in the fluid around cach particle
whicly produces a net short range repulsion between them.

A theory of colloid stability has been prescnted by Degjaguin
and Landau [12] and by Verwey and Overbeck [13].
Methods of deflocculating many mineral systems have been
reviewed by Vincent {14].

In a well dispersed colloid the potential barrier due to the
dipolar layer is 215k T where kg is the Boltzinann constant.
However, as this potential drops more rapidly with distance
than the attractive London potential, it is often possible to
develop weak attractive force between particles at a finite
scparation, often at a distance of 50—100 nm. If this poten-
tial well is deeper than ~15kg 7, the colioid wili slowly foc-
culate into this ‘secondary minimum’. However, in addition
to the above lorces, the magnetic interparticle forces must
be considercd. If the particles are two equal dipoles of
sirength

X4nR3B,
3pp ’
the interaction energy Vs, when they are separated by a
distance d, is approximately Vs= 4x27r2R585/(2R )3,
If' d can be neglected in comlr;arison to 2R, and if the field

Bq is Bod(2k g Ty [n2X2R3)112, then the paramagnetic par-
ticles in the colloid will begin to flocculate. The effect of



this is to increase the effective value of V,,,/Vy and therchy
increase the capture cross-section of the flocculating com-
ponent. The colloid disperses as svon as the magnetic field
is removed.

For kaolin particles with X ~ 2 x 10—4 of equivalent Stokes
radius 1 g, the field required for floceulation is 0.7 T
however, this produces weak (Tocs that can easily be broken
by the shear forces in the separator. Much muore stable
flocs, with a much shorter time required for them to form,
can be produced at high field which as pointed out abaove,
can lead to an increase in the caplure cross-section.

Calculation of the production rate
It can be shown that in the case ol a clean separator [6],

the number of particles/unil volume Ny coming from N;
is given by

-4I'R..
NofN; cxp( o - I.) (3)

Inu

where V; » the number of pariicles/unit volume going into
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the filter, #is the volume of the matrix wirefunit volume
ol matrix and £ is the length of the filter.

When R depends on position in the filter, because of the
dependence of R, on the volume of material held by the
filter, then Equation (3) no longer applies and the solution
is ubtained by solving a quasi-linear second order partial
differential eqnation which must be done numerically [15].
It however, R, is Targe, and il R.aV,,/ Vg, then the solu-
tion is approximately of the same form and can be written
[16]

log (Mo /N = Ky {n — No/NPHgr (4

where /fyy is the applied field and 7= L/ ¥} is the residence
time of the Muid in the filter and 7 is the volume of Muid
processed in units of the canister volume containing the
matrix. Experimental work with American clays [17], and
other materials [18], are consistent with this expression.

Int practice. when n reaches some particular value, say Mg,
the degree ol separation reaches an unacceptable value,
Fram Fyuation (4), n will remain the same il Hyr is con-
stant: that is. for a given separator, il ¥,/ ¥ remains con-
stanit which is the condition discussed previously. After
this paint Tuts heen reached. in normal practice, the remaig-
ing {luid 1s displaced from the matrix in the field Fy with
water at velocity ¥ The canister is then removed from
the fiekd and the captured material is washed out. For

the case of u conventional iron bound solenoid, the field
must be reduced 1o zero, washed out and then the field
should be restored to the value Hy before processing can
be resumed. In practice this takes about 200 seconds.

For an open superconducting solenoid the canister can be
cusily removed from the field and at the same time a clean
canister can be inserted by a magnetically balanced. recipro-
cating process. This allows the magnetic processing o be
re-started within 10 seconds as the canister can be washed
without holding up processing. This reciprocation cun be
caontinued indefinitely.

The production rate £ can be written for a separator of
length L of area A

P= V[)A . N[]!(NU +1 4+ .D/T] . (5)

where & is the number of canisters of fluid processed and
D is the (ime taken to switch the field on and off and to
flush the canister. In the case of the superconducting sys-
tem described above, D is simply the time taken to inter-
change the canisters. The ratio in production rate can be
evaluated for a superconducting system operating at 5 T and
a convenlional system operating at 2 T. By way of illustra-
tion in Fig.4, the ratio of production rates ol superconduc-
tive and conventional separators is shown for various values
of Ny 7is laken tobe F6 see fur 2T, 7and Vy are aftered
by a lxctor of 2.5 for a superconducting separator at 5 T.
The dead tines £ are taken as 10 sce for the superconduct-
ing separator and 200 sec for the first case and 100 sce for
the second cuse for the conventional separator. As shown in
Fig.4, the preduction rate of the superconducting separator
is many times greater than the conventional separator. The
advantage is particulirly great when the system is worked on
a small number of canister volumes.
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Conclusion

Magnetic separators using superconducting magnets have
several distinet advantages over conventional magnetic
scparators, These advantages mainly come from the in-
creascd processing velocity the high magnetic lield will
allow, iogether with the fact that the use of open solenoids
allow vupid cleaning of the separator which is particularly
important when the separatos must be cleaned frequently.
Both of these factors lead to a higher production rate with
a given system,
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THE BENEFICIATION OF CLAY USING A SUPEHCONDUCT ING MAGNETIU SEPAHATOR

J.H.P, Watson and D. Hocking®

ABSTRACT

T s paper describas the reduction of the con—
central on of iron and potassium from a slurry of
Englisl Clay wsing a high intensity superconducting
magnetl : separator. It was found that for magnatic
fields sreater than about ' , the performance of the
filter lspended on H,/V, uhere H, is the applied fisld
and V, ta the entrance velocity to the filter in agres-
mont with theory. Yor fields less than 2T there is a
slightly enhanced performance which is again in sgree—
ment with theory. Although in thia region the theory
may not be valid because particle size and shape
effects become important.

I INTRGDUCTION

Tine main purpose of magnetically processing
Englieh clays is to reduce ths iron concentration and
8lso th: potassium concentration of the clay. This
processing incresses the commercial value of the clay,
Soms of these considerations have been ocutlined by
Clark’'. The iron in the kaolinite is in substitution-
al sitej usually occupied by alumimium and is in the
ferric itate. The mica present contains iron, both in
the ferrous and ferric state which substitutes for
alumini m, and potassium which replaces sodium. The
potassi m is extracted only through its association
with irm. In the absence of the iron, kaclimite ia
diamegn:tic but the irom ia present in sufficient
quantit: to give a paramagnetic volume susceptibility
1074 (M4S),

: Aserican claye, from Georgia, have also boen
benafic ated by magnetic processingz. In this case
colour .odies are removed which consist of iron
stained titaniferous and micaceous minerals.

Tae filter used in this work was of the high-
intensi-.y type, which employs a ferromagnetic stain-
less-st-:el wool as a matrix,

I. has been shown ﬂieomtica.].‘ly" that tha per-
formance of a filter of tha high-intensity type
depends on the ratio of the magnetic velocity Vg, to
the ent ance velocity V, of the slurry to ths filter,
The mag etic velocity is given by

2
2 XM HR
"-ﬁa( ;:) | (1)

Tne ratio V conaists of three parts, The
first p rt is the matrix parameter, H,/a. where M, is
the sat.ration magnetization of the ferromagnetic
matrix <ith strand digmeter a, ‘The second part is a
particl.: parameter where % is the susceptibility
and H 1 the radius of the particle. If the particle
propert es and the matrix properties are given than
V/Vo 3 directly proportional to A= H NV, where 7
ig the 1scosaty of the slurry and H. is the applied
magneti-- field. A is a.parameter.which can be directly
control ed. In Ref, 4 it was concluded theoretically
that th filter performance should depend only on
Vo/Vo i "s/a‘oHo is small. When poH, = 5T then
MJ&IOH.. 2.2, vhich is small enough to neglact.

L]
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JI AFPARATUS AND EXPERIMENTAL MEIHOD

The clay feed system ia shown achematically in
Fig. 1. T

" rusw

—&-—nom
’ =

COOLING
WASTL

MAGNIT SYSTIM

FHID

Fig. 1. Clay Feed System.

The canister conteined about 5% by volume of
ferromagnetic stninless steel wool with an average
atrand diameter 70 um. The saturation magnetization of
the matrix was 1.71T., The canister was situated in the
region of maximum field parallel to the axis of the
superconducting solenoid. The details of the cxﬁostat
are shoun in Fig. 2 and are discussed elsewhsre,

The experiments consist of pumping clay upward
through the canister at a constant speed in a given
magnetie field. The clay was defloceulated with aodium
silicate and its pH was adjusted to 8.5 by the addition
of sodium hydroxide. The slurry was collected in
volumes equal to the canister volume over a period of
time. The canister volume was 462 cm3 and was occupied
by matrix at 5¢ loading. The canister volumes that
came through the filter were anelysed for minaral
content, particle size, iron and potassium comtent mnd
the amount of clay recovered. '

As the filter extracts material its ability to
extract further material falls, When the matrix was
almost full the clay flow was replaced with water flow—
ing at the same spead. When tha clay feed had been
completely displaced by water, the magnatic field was
turned off and the magnetics were flushad from the
canister in the opposite direotion to the fesd
direction. The magnetics were analysed similarly to
the clay passing through ths filter,

In commercial practice the superconducting magmet
will bes operated with a double-canister system, In
this system, the matrix is countained in two completely
separate canisters, While one canister is filtexing
the other is being cleaned outside the magnetic field.
Experiments with double-canister systems have now been
successfully carried out.
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III+ RESULTS AND DISCUSSION

The extraction process can be monitored by study-
ing tne material that comes through the filter as a
function of time and by studying the magnetics which
are bald in the filter. As the product and magnetics
depend upon the composition of the feed material and
ths ratio of the magnetic velocity to the input velo-
city Vn/Vo, these quantities will be dealt with first.

The composition and properties of the clay feed
are shown in Table 1,
TASLE 1
FAOPEETIZS OF CLAY FEED

£ 24 € +2 Kaolin 72 + 10%
£ 10.a 53 s+ 2 Mica 23 + 208
Brightness 76.2 3+ .5 Quartz 2% 1
% Fe 03 w2+ .03 Feldspar 2+ 1
b4 xzﬁ 2.7+ (B

In the sbsence of a complete knowledge of the
munber of particles lying in snall intervals of Vi it
is not pozsible to completely follow the extraction
precess, Howsver, as discussed above, an extraction
parameter A (= H/onvo) can bs intreduced, whers v is
the viscos:ty, For a given clay and a given matrix
configuration the use of A allows conclusions to be
drawn. The filtering perameters are shown in Table 2,
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.Fig. 3.

TABIE 2
FILTERING PARAMETERS

-5 Magnetic Velocity Clay/min Clay density
A x10 Field (Ki) (om/min) (gram) {gw/cn?)
1.07 26.7 127.8 214.8 ai/A
1.05 35.6 173.4 291.5 184
1.04 11.7 57.9 92,2 - 184
1.03 50.0 247.7 416,/ 184
0.%0 43.6 247.7 416.4 184
0,66 43.6 337.2 566.7 . 184

In order tb examine the results it is convenient
to introduce a quantity called the extractienm effici-
ency. The extraction efficiency of Fop04 is defined
as the difference of Fe;_|03 in the preduct, expressed
as a parcentage of the Fe30q in the feed, A similar
quantity can be defined for K50, 1t is also conven-
ient when examining the performance to average
together the materisl coming through the filter so an
averaged extraction efficiency can be obtained for amy
volume that has passed through the filter,

In Fig., 3 the averaged extraction efficiency for
}‘3203 is plotted versus the no, of canister volumes
passed.

m’ . JdHie
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Averaged Feg0, extraction efficiency plotted
versus ths number of cgniater volumes of cley process-—
ed with the extraction factor A as a parameter,

Each point on this graph represents the extrac—
tion efficiency for tho material passing through tha
filter up. to that point. As shown in Fig. 3 there ia
no significant difference for the extraction parame
A of 1.07X 105, 1,05 X 10°, 1.03 X 105 and .9 X 1
cn(r)gr 14 camisters volumes but the value for A = 0,66 X
107 is always significantly lower, In these results
the applied field H and V_ vary by a fgctor of 2,
However, for the value of £ = 1.04 X 10° the extrac—
tion efficiency is significantly higher by about, 1
standard deviation, then for the others after about 8
canister volumes. In this case the applied field was
1.17T. It is also interssting to leok at the ratio
which is the ratio of ths rate of capture of the .2 um
fraction compared with the rate of capture of the

10 #m fraction over the first few canister volumes,
This is plotted in Fig. 4; it appears that over the



firt Cew canisters that as whon the rilver is fairly
cle u, than for A = 1,04 X 10% in which thn appliod

fie 4 0 VITT B ia_avout 207 higher than for the other
valucs of A near 107, After about 4 canister volumus
the values of B ure sot aignificantly differont.
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pur icles 1o the extraction rate of 10 wm particles,
Olet wed .cuinst canister volumes of clay processed for
the arTaed fie'd 11,7 kG and for 26,7 ki,

Trne averasgad extraction efficiency of K50 is
sho.n in Fi, ., 5,
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Pig. 5. Averaged K;O extraction efficiency plottied
ver. -s tne rmumber of canister volwins of clay pro-
ceshen with the extracticn factor A as a parameter.

Lnce more it appears that the extraction effici-
ency increased with A as dons that for Pe203 shown in
Fieg. 3.

The properties and composition of the nagnatics
aft- r 74 camister volumes of clsy have been fed are
sncwn in Taple 3. The particle distributions ere very
#it. ar. The oytatanding difference is 1n the ¢ Fez0D
in 11e megnetics. 7Tne concentration of FezCy falld

and not on ”o or Vo separately,

with increasing oxtraction puramete.. Thia perlects
the properties of the cloy diatribucion Lhat. the iron
concentration fulle as tho purticle »ifu Jscrewsas,
The higher extraction fuctor Allows particles with a
amallor radius te be extracted whics Jowuera the nverags-
iren concentration of the magneticsn. The volume of
magnatics cuptured is sren to incrense with oxtruction
factor, except for ths cuse of A = 1,03 X 105 uhere it
is about 10f lower than mipght be sxjwmeted if tho volumn:
of magnetica varied asz A, This may be a high velocivy
clffect, for exmmple, comparo A = 1.04 X 1V und A =
1.03 X 105, the clay veloecity differs by a foctor of /
but there is n difforence of about 10 in the volums ol
wipnetics, 16 the difference is duv to the ubsolute
velocity Vg of the ¢lay then this «tfacl in lena than n
second aider aflect, This is confimed Ly more uxton-
sive work on ather clays. The tolrr] nmount of FesO
uxiracted is in general pgon)rt.itan:.! Lo A ercupl for
the crae of 4 = 1.04 X 10°? whare i1 is wbout 1,5¢
hipgher than the & = 1.07 X 107 valie. The A = 1.04 X
107 has a larger (raction of small particles and 8 5

Y Ko in the magnetics aimilar to the A = 1.07 X 1
cusa, Apoin this indicates that t1he A = 1.04 X 0¥ ir
extracting more small particles thnn miglt be expecte
from the recults for A « 1.05 ¥ 167 and A = 1,03 X 107,

TABLE 3
PROPERTIES OF YHE MAGNETYCS APTEK 14 CANISTER VCLUMES

n B
sk 8
fg =
N - o
R % 2%
x € & o 3 4o Ee
- e T A b g =°->° étg
1.7 4B 2.9 L.5  63.2 A0 2.38 .08
1,05 53 3.1 4.7 61.5 38,5 2,15 .95
1N 500 3.1 4.5 60.6 39.4 0 2.25 1
.73 50 3.2 A8 606 39,4 1.9/ .88
0.90 4B 3,2, 4,8 60,6 39.5 207 .91
0.66 51 3.8 5. 582 41a 1.51 .81

Fron these results it appears that the performan
ce of a magnatic Tilter depends ou the value of Hy/nV,
The exception to this
appears when a small value of mamnetic field namely
1,377 i5 used. Under these circumstances the extrac-
tion efficiency of Fep0y is about 1 standard deviation
higher than the other cases with A within a few percent
of 105 after about 10 canister volumes, This resulte
in a total iron exiraction 1.5% higher than the trial
with A = 1,05 X 10¢, This behaviour is that predioted
by the theory in Ref. 4.

CONCTLISIONS

It is found thit at mAagetic fields greaier than
about 2T the axtraction of iron from a clay slurry
depends only uncn Hoﬂr and the volume fed and not on
H, or V, separately. Phis is in sgreement with the
theoretical conclusicns,* However, below 2T there is
an overall increased extraction of iron and also there
iz an enhanced rate of capture of swall particles relo~
tive to larger particles in the e¢lean filter. This is
in agreement with theory, when the effect of a large
value of M/2u H, are included.
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Seeding Principles of
High Gradient
Magnetic Separation

Christopher de Latour

A paper contributed to and selected by the JOURNAL, authored by
ahrlslophar_ da Latour of Bitter Nati. Magnet Lab., Cambridga,
ass.

~ This article, the second of a three-part serles, examines

the precipitation of Al (1), Fe(lll), Cu(ll) and thelr co-
precipitates, after the addition of magnetite seed. The use
of a2 coagulant catlon produces a coagulum containing
enough magnetite to permit complele removatl in the
HGMS device at very high filiration rates.

The discussion that follows and the data presented are based on
a previse laboratory batch test program® that explored precipita-
tion and coagulation as they affect HGMS. Therefore, Charles
River water was abandoned in favor of artificial samples of
distilled water with known additives. The field and flow parame-
ters a» well as the chemical concentrations used are not necessarily
the optimum parameters for commercial application of HGMS,

August 1976

Precipitation on a Magnetite Seed

Precipitate adsorption onto Fe,0, was achieved experimentally
by exceeding the solubility limit of the ion in question in the
presence of the dispersed magnetite. Immediately upon addition
of the ionic species 1o the solution, ionic hydrolysis products are
formed which have a zero, positive or negative charge, depending
primarily on the ion concentration, the pH, and the presence of
other complexing ions. These three factors emerge early in the
precipitation process and will ultimately affect the formation
kinetics and the nature of the precipitate.-

The instantaneous hydrolysis species are short-lived, because
the solution i5 oversaturated with respect to some insoluble
precipitate. The hydrolysis species must change coordination
groups through condensation reactions while evolving toward a
stoichiometric precipitate; the rate of this process is dependent on
the charge of the hydrolysis species. For example, hydrolyzed ions
of the form Fe(OH)* (soluble) must obtain hydroxide .groups
whereas the species Fe(OH), (soluble) requires no further
condensation to become a hydrated ferric hydroxide precipi-
tate.

Ulimately, colloidal hydroxo polymers emerge which are
kinetic intermediates in the precipitation. It is at this stage that the
evolving precipitates can begin adsorption onto the solids present
in the solution. These colloidal materials themselves have no
surface charge at some unique pH value, called the zero point of
charge {ZPC). Above (below) this ZPC, the colloidal species have
2 ncgative (positive) surface charge. The transition, from the
colloidal polymers to the visible precipitate depends strongly on
the surface charge and thercfore the solution pH. For values near
the ZPC formation is rapid, but at other pH values surface charge
repulsions retard the precipitation process.

During this evolution, the magnetite sced surface acts as an
adsorption site for the precipitate, which will be removed with the
sced in the magnetic separator. Figures [, 2 and 3 show the
removal by the magnetite seed of ferric hydroxide (ZPC = 7010
7.2),* aluminum hydroxide (ZPC = 6.0 to 8.0)* and cupric oxide
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Flg. 6 Orthophosphate Removal vs pH for Two Coagulant Cations
Agitation for 5 min, tlow rate of 23 cm/s, and field of 10 kGauss.
inilial orthophosphegte comtent 1.86 mg/l PO,

(ZPC = 5.5.)* In cach case, the most efficient precipitate removal
occurs in a pH interval around the ZPC, .

Note in Fig.-1 the strong dependence on the Fe(IlI) content.
For 5.4 mg/l, the instantaneous hydrolysis species that dominate
between 2 pH of 4 and 6 are of the form Fe(OH),>", n = 4, 5 and
6; OH ions must be removed from the Fe(lIl) coordination
positions, which retards rapid precipitation. Near a pH of 4,
however, Fe(OH), (soluble) is the dominant hydrolysis species
which lavers rapid formation and permits better removal, as in
Fig. 1. The precipitation kinetics improve as the content of the
Fe(lll) ion increases; if more precipitation time is allowed, the
Fe(lII) removal of Fig. 1 at low cation contents will approach that
of 21.6 mg/l. Aluminum cation precipitation shows less sensitivity
io content and time.

These data are optimum, since the magnelite was present when
the precipitation was initiated. If the seed is added while the
precipitation is in progress, the aging precipitate may be less
adsorpiive. In the extreme, a fully formed and aged (dehydrated)
precipitate will require the intervention of another chemical
coagulant for attachment to the magnetite.

Co-Precipitations

The straightforward precipitation of the hydroxide or oxide of
an ion is further complicated by the presence of complexing ions,
which, in sufficient quantities, will force the domination of a new
co-precipitation species. This makes possible the removal of
dissolved species like orthophosphate or organic humic acids.?

Humie acid substances were extracted from leaf mulch to be
added as a stock complexing ion.! In Fig. 4, the precipitation of
5.4 mg/1 Fe(Il1} on the magnetite seed is altered with an increase
in the humic content. The close correlation between Fe(IIT) and
color removal of Fig. 4 implies that the ferric humate precipitate
increasingly dominates over ferric hydroxide.

A second important co-precipitation is given in Fig. 5 when the
orthophosphate ion is present a3 a complexihg species. As the
PO, *" content increases, the ferric phosphate species dominates. If
the purification objective is to remaove the orthophosphate species,
a carcful selection of the coagulant chemical used will match the
precipitation span to the natural pH of the water sample. In Fig.6,
the PO,-? precipitation is achieved in two different pH intervals
using Fe(IIl) and A I(ITI).

The above precipitations occurred during a 4-5 min agitation
time. Without the use of the magnetile seed, such precipitations
could require up to an order of magnitude more time to yield
filierable solids. The magnetite sced is very clearly an excellent
collector of aqueous precipitate products.

Sollds Removal

The removal of suspended solids by HGMS relies on successful
bonding of all the particles of the solution, including the magne-
tite seed material, The resultant coagulum contains sufficient
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' Magnetite and aigal celis were agltaled 5 min in sea water befors

HGMS at 5 cm/s and 10 kGauss. A second treatment reduced the
Chlorella content to lass then 0.7 par cent.
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Flg. 10 Fioc Cluster
This pholomicrograph shows a floc cluster formed by sesding sea
water containing MNC and Chlorella celis with magnetite.

magnetile to allow rapid removal in the separator. A strong and
effecuve hond between the magnetite and the nonmagnetic solids
15 crucial

Particles in aqueous solution are sensitive to surface charge
inleractions; flocculation into larger agpregales is achieved by a
manipulation of the particle charge environment. Two methods of
destabilization are discussed here:

L. The addition of a coagulant will cause a rapid formation of
msoluble precipitate.species that alter surface charge interactions
and help to enmesh solids. )

2. Double layer compression, because of an increase in the
ionic content of the solution, will cause the particles in solution to
agglomerate.

Solids Removal Using Coegulants. In conventional water treat-
ment, the success of any coagulation depends pnmarily on the
coagulant dose, the solution pH and the mixing time before
separation.® Coagulants used today in the practice of water
treatment include alum, sodium aluminate, ferric and ferrous
sulfate, uand a large variety of organic polyelectrolyte additives.
Organic polycations are added 10 aid coagulation, whereas the
anionic and nonionic species improve flocculation of the neutral-
12ed solids into- larger aggregates. Such orgamic additives are
generally unnecessary in HGMS unless there is a very high initial
solids content or tight floes are required to withstand very high
flow rates { > 30cm/s).

To demonstrate surface charge interactions, certain micron-
sized test solids were agitated for 4 min with the magnetite seed in
a solution devoid of coagulant. Subsequent magnetic separation
indicate- the extent of the association attributed solely io surface
charge interactions. The ZPC values of the materials are: A1,0,
91-9.2 pH, TiO, 6.7 pH, Si0, 2.5 PH; and kaolin clay, 4.6 pH.*
The ZPC for magnetite is approximately 6.5 pH.*

These reporied values are consistent with the trends of Fig. 7.
Consider for example the interaction of SiQ. and magnetite,
Magnetic surface charge alters from positive to negative at the
ZPC of 6.5, at which point the association with silica (negative
surface charge above a pH of 2.5) should begin 1o decey. The
same 15 observed for the kaolin-magnetite system. As another
exampli. A1,0, solids are positive until approximately 9.1 pH,
and so repulsion is expected until the Fe,O, goes negative near jts
ZPC, as observed,

When # coagulant is added to the solution, the resultant species
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coat the particulates and alter their surface charge characierisiics.
Al 1est solids should therefore behave similarly in the presence of
a coagulant. Figure 8 shows the sume experiments of Fig. 7 except
for the use of 5.4 mg/l Fe(111) and 5.0 mg/1 AI(I}). The Z)C of
imporlance is now that of the coagulant precipilate which was
discussed earlier. Fe(I11) and A 1(111) removal maiches exactly the
simultaneous solids separation in Fig. 8. so it is clearly the
producis of the coagulant cation that lead to enmeshment of the
magnetite and the nonmagnetie solids,

Double Layer Compresston. Coagulants are not always neces-
sary for aggregation. A dispersion of colioidal or near-colluidal
parlicles is assured if electrostatic repulsion dominates the inter-
action. A sufficient increase in the clectrolyte content of the
solution, however, will cause a severe compression of the stabiliz-
ing electric double layer around each particle; flocculation will
result.’® This mechanism is not usually important in the practice
of water purification, but it is important in vnderstandinp the
behavior of particulates in some natural surroundings, as for
example in estuarine waters."” Double layer compression explains
a series of experiments using HGMS for the scparation of aigal
cells from salt water. :

When magnetite is dispersed in an ocean-water sample, the
high salt content removes electrostatic stabilizing factors, 5o
aggregates rapidly form, associating the Fe,O, with all the
nonmagnetics present, as in Fig. 9. Concentrated stock samples of
crescent-shaped Nitschia Reversa cells {(MNC) and spherical
Chlorella algae were used®, and experiments with the less dense
MNC exhibited betier removal in the first treatment. Figure 10 s
a photamicrograph showing a floc cluster that results when
magnelite is used to separate a shury of the two different celis.
Flow rate during HGMS for this algal cell-removal data was 5
cm/s (75 gpm/sq i), making HGMS a very efficient means for
harvesting salt-water algal cells. .
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Introduction .
The purpose of this paper is to examine the capture and retentio
of parmmagnetic particles, of radius R and susceptibility x, from a
Nuid, ot viscosity n, flowing past a eylindrical ferromagnetic wire,
of radius 1, with a saturation magnetization M,, The axis of the
wire is assumed 1o he perpendicular to the flow and also perpen-
dicular vo the applied field H,, which is sufticiently large 1o salurate
the ferromugnetic wire. The velocity of the fuid fur awiy from the
wire hasa magnitude V,. Theconfigurationina plane perpendicular
10 the axis of the wire 15 shown in Fig. 1. In previous work! the
capture cross-sector 2R .4 of the bare wire has been calculated. It
was found that R, depended on the parameters V., Vg and M,/
M, where Vi, i the ‘magnetiv »elocity* given by

2 M. H
Vi 5(131’—5‘;5 118
Experimentally i1 is found that once a magnetic separator has
captured an amount of mateiial of the order of the volume of the
wire malrix, then the effeciiveness of the separator begins 1o fall®
TFhe purpose of this work is Lo investigale the reason for this fall
The ~hape that captured material adopis under the action of drag,
surface und magnetic Torces has not becn discovered, so it remains
then, v try various shapes and examine the behaviour of the
capiure ¢ross-section as the volume of the caplured material is
increased. In this work an clliptical shape is adopted as shown in
Fig. 1. The ellipse is only present on the leading side of the wire
when M 2ueHa - 1. The cllipse always passes through the point
(rfa 1. «), « is the angle a1 which the normal force becomes
repulsise. The volume of the ellipse is increased by increasing the
major axis C,. Inthis work M/2B,, < 0.2, sothatx  50.77. Shapes
diffierent from this, based on the cylindrical surfaces in Fig. 2, have
been Liied by Luborsky and Drummond? who conclude (hat the
vapture cross-scction decreased as the volume of capiured material
increased.

Initial calculations, using elliptical surfaces, showed that for
small amounts of captured material, the canlure cross-seciion was
unchanged*. However, a preliminary aticmpt to investigate the
stability of the caplured particle showed that the cffective cross-
section of particles with small values of V /Vo was very [ow so that
the ncl cross-section was greatly reduced®,

More complete calculations of the capture cross-section are

presenied in this paper over a wide range of volumes of captured
materiil. A probabalistic mode! has also been devcloped that

LW T -

E————————
———

Fig. 1. Typical limiting orbits, in the presence of captured matarial.
The capture cross-saction/unit length of wire is 2aR;.

Yo

Fig. 2. Form of captured materisl used by Lubofcky.' & Drummond (2).

allows a1 probability of retention to be calculuted. The inclusion of
these Factors in the caleulation of the net cross-section is vilal to the
understanding of the magnetic separation of a stable colloid which
has a short range inter-particle repulsion due to elecirical double-
layers. If the particles do not form a slabfe colloid, either due to
double-layer inleractions or perhaps to magnetic flocculation® then
in order for a particle to be captured, it is simply necessary for the
particle to collide with the already captured material. This is a
much less stringent condition than that for the caplure of a stable
coltoid,

Theory and discussion

The capture radius, R, is shown in Fig. | and the cffective
captluring arca,unit length of wire that the wire presents 10 the
particle stream, 2R .a, is called the caplure crass-section.

The components of magnetic force on the particle are assumed
to act at the centre of the particle and are given by F, in the radial
dircetivon and Fg in the direction 0, as discussed previously (*=?).

Fo  —omplR)V o (M 201 oty + cos20/ra’) (2}

Fii  —(0anRIV ,5in20/r 2 (3)

where r,  rfa. Examination of Equalion (2) shows that for angles

# a the radial foree on the particle is repulsive. It is, therelore,

assumed that the stable surface of the caprured magnetic material
passes through the cylinder at this angle « where

e tan H{ 4 (ML 20,000 —M 2B, D (4)

V.pa

The particle Reynolds number R ( -:0.1 and lor values

of Ry, of that order the dran force or the particle is given by Fp
6=yRY where V is the relinive velocily between the fluid and the
parhicle p is the Auid density. .
The flow of the Auid was calculated in the inviscid approximation
using a method due to Hess and Smith®, Bodies are not required to
be slender and perturbation velocitivs arc not required to be small.
The method is pumerically exact in the sense that any degree of
accuracy muy be obtained. The body is split inlo elements and at
the centre of cach a source is introduced. The strengths of the
sources are determined by the condition that the normal compo-
nent of velocity is zero. Using the symmetry of the body the num-
ber of clements can be doubled and was about 200. Under these
conditions, the capture radius R for a circular cylinder, calculated
by the Hess and Smith method, was within 1% of the value deter-
mincd wsing the analylical expression for values of V nfVe> 0.5,
Far 0.5 V,u/'Vo-0.2 the difference was about 5% The equations

of motion become
Vol =V u{Ms/2noHor a5 —cos20) fr,? (5

adr,’dt
adidt Vor—V msin20/r,? (6)

The functions f ftr,,0,Cy,0) and g -g(r,,0,C,,x) are determined
by the method of Hess and Smith., Equations (5) and (6) were
inlegrated numerically using a method described previously!. The
capture radius R was delermined by starting the particies far away
from the capturing centre and at values of r,cosl that were in-
creased progressively until a limiting value R (= rzcos0c) was found
for which capture was obisined. Capture resulted if the path of the
particle cut the surface beiween * o, Typical limiting orbits are
shown in Fig. |. With these assumptions R, was determined as a
function of V 'V, for elliptical surfaces with various values of the
major axis C;. [t was assumed that the captured particles did not
alter the magnectic forces, that is the particles have the same suscep-
tibility as the Muid. The results are presented in Fig. 3. If the
particles were able to stick to the captured material, this value of
R .isappropriate. ! the particles can stick to the wire independently
of the magnetic forces then R . would be slightly increased above the
values given in Fig. 3, but this case will not be examined here.

We must now consider the stability of particles on the surface.
The forces acting on the particle are fluid drag Fp, entirely parallel
to the surface, norma! and tangential components of magnetic
force, (F ), and (F n);, and dissipative forces due to collisions with

" the surface are assumed to be friction-like, parallel to the surface

and proportional to (F ;). The work done/unit length of surface
by the frictional force to be MF m},. Then if the surface is rough on
a'scale 2R, the energy dissipated per collision must be 2R MF m),.
Assuming that (he binding energy of a particle in the surface is
~0.6R(F m);, then if the surface is to remain stable under particke
collisions, assuming that the padlicle interacts with individual
particles of the caplured material, then & < 0.3. A value of 3=0.3
is used in the numerical evaluation shown later.

As discussed above, it is expected that stable pockets will be
separaied by a distance approximately equal to 2R where R is the
radius of the particles comprising the caplured material and
collisions with the surface might be expected to occur at distances

. separated by approximately-2R. We can assume that the surface



sel s ol the particle ¥V, s given by (01 4, + Fry — sl
A pedF gl b iz gR)),  (For the sign convention used  here
Fry  4F bt (1400, can be gresser or dess Hhan zero), in whit
follews we aswome that o paiticle collides with the sueface in some
clen ent b Normadly Vo -0 5o that the particle moves, unless il is
cipiared, over the surlace into element i-1, then e -2 antil clement
Lisoreached. I the particle moves beyond this clemend it is not
vcaprared. The villues V- O normally oceur in the elements near |,
than s near the Jimit of stability. In cstimating the probabifity of
capinre cerliin gencral limits can be established. The first is 1he
linyw on the value of A, which was discussed above, The second is
tha i (F \u )y, - Fpy the particle will move against the ftuid and be
redoced (o zero velocity at some point, so that cipiure should be
almost certain, Thirdly, assuming V.- 0,3 | V| is large the
pralubility of capture should be reduced. in particularif Vo - (F ),/
(6= R) the chanee of a particle Talling inte a pocket will be small,
On 1his basis o probability of capture P, was assigned/coliision
usineg linear interpolation between the limits discussed above, This
intv1 polation scheme is shown in Fig, 4, The conditions for P O
and Tor P 1 are both of the form (V w/Va)F(r, 0.0, n) 0 wheire
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Fig. 4. TheJcapture probability/collision Pc versus {{(Fn): + Fp)f
(6rqR)).

F i a difTerent function at the two limits. However, the solution
fora given Cyand A depends only on V /¥, so that il suggests that
the limiting volume determined by the condition that P, - 0 should
depend on V /V,. The probabilily of striking a particular clement
i for a particle that strikes the surface is approximately S;/St wherce
5; i~ the length of the ith element and St is the total length of the
ellipsoidal surface, The probability of the particle being captured
in the ith glement if there are n; collisions in the ith element is
pi {1 -{1—Pni) where P, is the probability of capture/collision.
The probability that the particle is not captured in the ith clement
but s captured in the nextelement i-1, is simply (1-pj)pi-1. Therefore
the probability that captute takes place in i or i-1 is Pisi=y, - Pi+
(1-pilpi-y. The probability of a particle originating in the ith
- element being captured in the (i-2)th element is (1-pj—}pi-y. The
probability of the parlicle originating in the ith element and being
captured in the jth, (i-1)th or the (i-2)th element is piyi y=pii-, +
{I-nid1-pj_;)p;.;. Following this procedure the probability of the
particle originating in the ith element and being captured somewhere
between the ith and the 15t element, where the captured material

joins the cylinder can be found and is p;, ;= Pi.=+pl=-l'=_l_27r(l-m)-
N 1=
Thercfore, the total capture cross-section P into any element is

Ra o

o ZRed Pi,afi -

P .- 5 2 Tnafi - (7).
i=1

where N s the total number’of clements. Culeulations were mmde
using the value of % 0.3, and arc shown as a function of the
normilized volume of caplued material in Fig. 5.
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- 18 Fig. 6. Tha captura

radius P/2a warzus
C, mnd the normal-
izad volume of

b e 2 capturad material,
[ —— " 13
r ——  a
s —_— Asshownin Fip.
y 5 the effective
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volumes ol captur-
cd material, as the
malerial builds up
on the wire the
capture Cross-suv-
tion P increascs,
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will improve uas
the filter captures more material. This kind of behaviour has been
observed in monodisperse systems®, The improvement in Lhe
caplure cross-section of the particle with smuall valucs of V ,,/V, is
due to the decrease in surlace velocity and 1o the increase of surfuce
ared as the major axis of the ellipsoid grows. |t is important 10
realise that these calculatinns start with an ellipse of a given Volume.
deternsined by O, and capture cross-scciions are calculated for
part'cles on o the given ellipse. The consequence is hat the growth
mechanism ol the ellipse is not cunsidered 2nd although particles
have signilicant capture cross-sections for a given ellipse, he
paositions of caplure may be such as to greatly distort the growith
from uniform elliptical surfaces. To illustrate this point contours
are drawn in Fig. 6 of the boundary where capture lalls 10 zero lor
particular values, of V[V, <], The area which includes the
symimetry axis is the area In which the capture is non-zero. From
Fig, 6 it is apparent that an ellipsc with C, 1.5 cannot be grown
uniformily with V,,/V, -1 but can ilmost be with V o/Ve 2 and
certainly can with V 5,/Vg=5, VufV,=16 can grow an ellipse of
length €, 2 but the deposition becomes nop-uniform at C;- 1.
Although not shown in Fig. 6 the contour for ¥V, /Va 10 includes

C, 4.

In actual practice the first layer that attached to the wire might
stick due to surface double-layer forces which may be attractive,
In this case for particles with small values of V .V, capture of the
first layer may be strong, fulling as the second layer is deposited.

Fiom Fig. 3 it is clear that using clliptical surfaces there is
virtually no dependence on the capture radius if the condition fur
capiure is simply that the particle should collide with the captured
materizd, Using this kind of capture condition and the surfaces
shown in Fig. 2, Luborsky and Drummond® have found :an
appreciable dependence of B.c on the captured volume. They found

Fig. 6. Contoura of limiting probability of capture onto the four

ellipsoids, for various values of Vn/V. R
that Re~ (V. m/2Valafa,)? where a, - a42R , and n is the number
of layers of particles. Comparing the volumc of t..e captured
material to that of a cylinder of unit length with radius of 2. Then
n 48 then the volume of captured material is approximately equal
a* and then R, is reduced by a facior of 0,178, whereas for the
ellipsoidal casc the change is only a few percent. Some of the
difference in result may be due to the fact that in the flow potential
beyond the value r :a + 2R |, was not investigated and it is possible
that for the larger valucs of V ,,,/Vo capture behind the eylindrical
surface is possible. Luborsky and Drummond ¢’d not investigate
the stability of the captured particles so that it 15 nor possible o
estimate if shapes of the kind used are 1o be expected to occur.
Another shape shown in Fig. 2 was also tried in which layers



subseyuent 1o the first were restricted to the width 2u. This led to
similay resubts as the first case but Re (V m/Vallata 432 This shape
s much closer 1o the overall shape used in this work. However. the
capture condition that the particles simply collide with the leading
cylindrical surface is not sufficient to rule out capture vnlo the
material behind the eylindricid surface. Luborsky and Drummond?
used the expressions to caleulate the performance of a filter separa-
ting mixtures of Cul and ALO, from the experimental results of
Oberientler® Taking the first shape discussed, the theory fitted the
experimental resulis il one assumed a certain smount of mechanical
enlrapment of Al,Q,. However, another explanation is that (he
collowdal suspension wes not fully deflocculated. This would
ensure entrapment and also would make the build-up eaptured
malvrial much more likely to assume (he shape used by Lubarsky
and Drummond. The analysis presepted here applics where the
colloid is stable.

The range of validity of the type of modet has been discussed
presiously (' %) and the same arguments apply to this work,
However. the most serious other criticism of this work is the use
of am inviscid {luid in the region close to the surface of the captured
malterial, As the Reynolds number is of the order of 10 the boun-
dary layer 1s ~0.3a. The actual drag on the particle is therelore
overcstimated.  However, qualitatively, the dependence of the
cffective cross-section on volume of cuplured material should be
the same as found here, as the drag on the particle will decreise with
€, and the surface area and, therefore, the number of caplure sites
will increase with C',. This means that the results obtained here
should be qualitmively correct rather than quantnatively correct.

Conclusions
The caleulated capture cross-section for Large values of Va/Ve

does not show a marked decrease with increased volume of captuid
material of efliplical shape. Thereis a high probability of capune
over the whole surface for V ,/Ve 10 even when the volume of 1he
captured material is of the order of the volume of the wire.

The total caplure cross-section P for values of V 10/ Vg - 1 increases
rapidly with the volume of captured malcrial until it reached 2R, u.
An ¥V 1/Vq decreases the region over which particles can be captured
reduces in size and moves toward the edge of the captured matei tal
and the wire. This leads 10 o distortion of the growth of elliptical
surface. The results indicate that if a filler is working in the ranpe
of small V ,/V,, then the capture cross-seclion should increase as the
capture proceeds. This work, it is supgesied, applies 10 stable
colloids where the short range forees are repulsive and this leads 1o
u weik dependence of the capture cross-section with large volumes
uf ¢aptured cross-section with large volumes of captured material.
If the caplured material is considered as a granular solid, an
examin:ition of slip instabilities along vavious planes indicates that
the ellipsoids become more stable as C, increases®. This sugpgests
that che liaits of growth must come through distortions from the
clipsoidal shape which ineicases the particle drag in the region
where collectinn of particles occurs.
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Applications of and Improvements in
| High Gradient Magnetic Separation

By J. H. P. Watson
University of Salford, Dept. of Pure & Applied Physics, Salford, England

Applications of HGMS are steadily increasing and now
include mineral pracessing, effluent and waste-wataer
treatment, and chemical, biochemical and pharmaceutical

. processing. Thesa applications are reviewed, the theory
of magnetic saparators is outlined, and cost reductions
and processing improveamants are suggested,

Anwendungen und Varbesserungen auf dem Gobiat der niugnatischon
Abschaidung bel starkem Gefiits .

Es werden immer mehr Anwendungsformen auf dicsem Gebil entwickefr,
die jetzt von der Verasbeitung von Mineralien iter die Auibercitung von
Abwassern  bis zur chomischen, biochemischan uny pharnsazeutischen
Verarheilung teichen. Disea Anwendungsgebiste werden m dei Latrelfenden
Arben besprochen, wobei die Thaorie magnetischer Aussche, ler dargeloqt
wird und Kostenersparnisse und Verfahransverbessurungen ang:megt werden

Applications st améliorations en séparation magnétique & forta punte

Les applicetions da s séparation magndlique & lone pente—~HGME -
augmenient progressivement o das maintenani comprennesnt le eitement dus
minew.ns, le raement des efflusns ot des caux de décharge, ics procad =
chimitues, biochimiques a1 pharmacoutiques. Ces applications scnt revues, 1a
théore: dos saparsleurs magnétiques est mentionde ¢n grandes lignes des
rédurnions de lrais ainsi que des améliorations de traitement sont suggdrées.

Introduction

Magnetic separation has been in use for many years
in the mineral processing industry for the removal or
sepuration of minerals. [n order to produce this sepil-
tion both magnetic field and field gradicnt are nceessary.
The magnetic field has commonly been produced hy
electromagnets usiag iron in the magnetic cirenit so that
the lield was limited 10 about 2T. Field gradients were
usually produced by shaping or by use of seoondary
poles. The materizl was efither held on to the secondary
pole or deflected mechanically to achieve separation.
These machines are useful when the particle si.« is large
and the materials are strongly magnetic. [t is not
possible to scparate colloidal systems with these
separafors. '

Within the last few years high intensity magnetic
separators (HIMS) or high gradient magnetic separators
(HGMS) have been developed that allow weakly para-
magnetic colloidal particles to be extracted from a fluid
moving through the scparator (!). These systcms were

LA

Fig.1 A typical emall HGMS aystem made by Inlernatiﬁnnl Researc|

developed by the kaolin industry in the United States(2.3)
in co-operation with the Francis Bitter National Magnet
Laberatory(?).

High gradient magnetic separators, in praciice, consist
of feiromagnetic wire wool matrix occupying 5-10% of
spacc magnetized by a uniform magnetic field so that
magnetic field gradients as high as | kilogauss/micron
can be achieved. The matrix is usually held in a canister
into which the slurry is fed. As particles are captured
the ubility of the matrix to extract particles is reduced.
AL any point the filter can be cleaned by first removing
the magneiic ficld and then flushing the matrix with
water which easily removes the captured material
leaviig a clean matrix. When the magnetic field is
restored the magnetic separation can begin again, Fig 1
shows a small high gradient magnetic separator built by
lnternational Research and Development Co. Ltd. of
Newcastie-upon-Tyne and Fig. 2 shows the internal
arrangement and the external plumbing for a typicul
1GMS system of the type in use in the kaolin inqustry.

As yet the kaolin indusiry has the only commerciul
application of this technology which uses electro-magnets
at 2T, However, because of its ability to rapidly orocess
collotdal systems, in comparison to other technologies,
a wide range of applications in mineral processing, in
waler and waste treatment, chemical and bjochemical
engineering and in pollution control have been suggested
and have been the subject of various experimental studies.

These are various ways the high gradient magnetic
separators can be used.

I. When there exists & difference in magnetic suscepti-

bility between two paramagnetic minerals they can be

diflerentially separated even though they are of
colloidal size,

2. When the particles to be collected are diamagnetic

they cun be separated by scavenging or coagulating

them with a paramagnetic material which can then be
removed with the separator.

Fig. 2. A cut-away view of a convantional
HGMS aystem togethar with the lsyout of
the exterior plumbing. Supplied by courtesy
of Sala Magnetics etc. (P. G. Maraton, J. J.
Nolen and L. M. Lontsi, U.S. Patent No.
3,627.678). :

h and Davalopment Co.
Ltd., Fossway, Neawcastle-upon-Tyne. [1.D. Applaton and P, Dobbing, Filtration & Soparation
MayrJune (1977)).



3. When a dissolved specics can be precipitated on to

# magnelic carrier or is magnetic itsell it can be

rcmoved by the separator.

The purpose of this paper is first to give a bricf review
. of some of the applications of high gradient magnetic
separation, sccondly, to outline the theory of magnetic
separators.and third, to show how by using the theory
significant improvements of the tecchnology have been
suggested. -

Applications of HGMS

In the mincral processing industry, as previously
mentioned, kaolin is treated using high gradient magnetic
separators removing micron sized particles  which
contuain iron. These particles lower the brightness of the
kaolin and thereby make it less suitable for paper filling
and paper coating(®). This technology can also be used
for the improvement of the fired brightness of ceramic
clay~(*). Several large separators, with the ferromagnetic
matrix contained in baskels approximately 2m in diz-
meler, are in commercial use in the United States and in
Cornwall, England. These separators operate with a
field of 2T (20 kilogauss) applied paralle] to the slurry
flow In American clays the mineral removed is iron-
stained TiO; particles of approximately | micron radius.
English clays are different from American clays: the
main materials extracted are kaolin particles or micace-
ous particles containing Fe atoms replacing sonie of the
Al atoms in substitution which render the particles
paramagnetic(*-3).

Research has been carried out by Kelland{®) at the
Francis Bitter National Magnet Laboratory into the
concentration and recovery of semi-taconite, a fine
particle iron ore, found in Minnesota. Molybd :num has
also been economically recovered from  the tailings
remaining from the normul extraction process(’).

An appreciable amount of research has gonc into the
removal of lignite and ash from solvent-refined coal.
Work has also been done on crushed coal in the dry
state. It is also possible to remove the organic sulphur.
However, little has been done on the chemistry of the
* process mainly because there is a much greater propor-
tion of lignile in North and South American coals. A
conlerence was held on the de-sulphurisation of coal
using high gradient wmagnetic separation at Auburn
University, Georgia. U.S.A. in March 1976. The
proceedings(”) were published in September 1976.

Another possibility is that in the production of
magnesia from sea water some reduction of the Fe
concentration can be made using HGMS. A more
gencral look at the possibility of the beneficiation of
industrial minerals by this separation method is being
studied by the Department of Geology, Indiana
University(®).

Appreciable scope also exists for the applicatior of
HGMS in the steel making process. One tonne of steel
may require as much as 150,000 litres of water, which is
contaminated in the process by dust, much of which is
magnetic. Large amounts of water are used in coke
production, iron making. hot forming and cold finishing
which are similarly contaminated. Currently the method
used to remove fine particulates is sedimentation in
larpe clarifiers. The large volumes of water used and the
low trcatments rate makes. necessary very large water
treaiment facilities which require large investment in
plant and space. The use of HGMS is attractive here
because of the potentially high processing rates which
can he expected from the magnetic method as is shown
by the work of Oberteufler et al(?).

Another kind of application is one where a magnetic
seed is used. Often, this seed would be collojdal Fez0,
which is extremely cheap. The first major application is

in the treatment of scwage either in the present form us
currently exists with the. activated sludpe tanks or with
other newer methods that are being considered. 1n the
activitted sludge tank, bacteria digest the nutrient and
form lurge flocs which grow in size to a stage where they
settle. The introduction of Fea0; sced into the activated
sludge tank causes the bacteria to flocculate with the
seed. The floc then grows on the seed and the process of
scparation can be enormously speeded as smaller flocs
can be handled and rapidly filtered. This produces an
cnormous reduction in settling tank space. Finally, m
the later so-called polishing stages in sewage treatment.
bacteria and suspended solids can be scavenged from the
waler using Fea0; sced material. Water from the Charles
river in Boston has becn treated in this way. On the first
pass sewape samples have been brought to present
Charles river standards as far as coliforn) bacteria, turbi-
dity, colour and suspended solids are concerned. On &
subsequent pass the water is adequate for drinking as
judged by the four conditions: coliform, colour, turbidity
and suspended solids(*0.41).

1t has also been found that if a reasonable amount of
suspended solids are present the addition A1+ jons 1o
the solution will remove orthophosphate ions from
solution and bind them into the coagulant for removal
in the separator('®). If not enough suspended solids are
present, the separation is aided by the addition of a little
bentonite clay. Orthophosphate ions from domestic usc
have been a major source of river pollution. L

Water efluent containing TiO, particles is a major
pollutant in the American Great Lakes and tn the
Mediterrancan. However, in certain pH ranges it is
possible to produce - coagulation between TiO; and
magnetite 1n the presence of AT3 ' and this may lead 1o
the removal of this problem with HGMS('2), The rapid
removal of asbestos(*?) and viral materials from drinking
water(') have also been reported. Much of the work on
waste water treatment has becn reviewed by Oder and
Horst('*). )

A process that removes heavy metal impurities from
waste walcers is a by-product of a process to make ferrite
from solution by precipitation. This has been carried
out by the Nippon Electric Company and in the process,
Cu, Ni, Sn, Pb, Cr, Fe and Hg were reduced from the
level of gms/lt down to 0.1 mg/it. " While much of the
precipitation can be removed with a coaventional
separator, there remains about 200 mg/lt of ferrite that
must be removed by HGMS('$).

Another process that has been investigated at Univer-
sity College, London, is the use of magnetic particles as
supports in immobilised enzyme reactors('?). It is possi-
ble, using the large surface areas available on small
particles, o produce fast reactions without using porous
media. The advantage of solid particles is that the
separation from the liquor is clean and the active
surface is not fouled. The use of small particles necessi-
tates the use of HGMS. This technique appears to have
very wide possibilities, especially in biochemical engineer
ing and in the pharmaceutical industry.

HGMS technology has been used experimentally for
the separation of red cells from whole blood('®) and the
recovery of respirable asbestos fibres from dust has been
described by Timbrell'%) as part of 2 method to estimate
the quantity of asbestos present(!?). :

In summary it appears that high intensity magnetic
separation will become an important technology in the .
next decade, penetrating into mineral processing.
efffuent and waste water treatment and into chemical,
biochemical and pharmaceutical processing.

Theory .
A theory of capture of paramagnetic particles has



been developed(021.28.2) based on  the interaction
between o psramagnetic particle carried by a fluid past
a ferromagnetic wire magnetized by a uniform applicd
magnetic field Ho. In this analysis it was assumed that
the wires composing the matrix were perpendicular to
the applied field: those portions of the matrix parallel to
the ficld create no field gradient. 1t was {ound that il a
quantity Vr, called the magnetic velocity, was introduced
then the equations of motion simplified and fram this it
was shown the particle capture cross sectionfunit length
of matrix wirc largely depended on the ratio Vm/Veo
where Vo is the background velocity of the fluid, Vm
the magnetic velocity is given by

v 2 (x R*M,Ho) (n
m 5 ya

Here y is the volume susceptibility, the particles of
radius R. M, is the saturation magnetization of the
ferromagnetic wire matrix with strand radivs a, 1 is the
viscosity of the fluid and Ho is the applied magnetic
field (S1 units). This mcans that the performance of a
given separator, that is the fraction 1-f of particles
escaping, depends only on VnfV,. provided that
Ms/2Ba .4 where Bo—=poHo and po=4r>10 “h/m.

If M«f28B,> .4 then the capture cross scction for a
given value ol Vo/Vo increases with increasing values of
M;/2Ba(? ). Over much of the range of practical
interest the particle capture cross section is direclly
proporttonal 1o Vo/Ve. This leads to a wide range of
separalor behaviour given by (%)

ln(l—f)- K](]—Kzﬁ)HoT '(2)

where K, and K; are constants, n is volume of fluid
passing through the separator measured in units of the
free volume of the matrix canister and T is the residenice
time of the fluid given by L/Ve, where L is the length of
the sepurator.

in practice after a certain number of canister volumes
have passcd. say no, then!—f will become unaceeptibly
large. It is then necessary to stop the separation. Il the
slurry being processed is valuable then it is necessary to
displace the remaining canister volume of slurry {rom
the canister, this is also done at a velocity Vo at the full
apptied field Ho with say ny canister volumes of fluid.
The field is then switched off and the captured magnetics
removed by flushing. The field is then restored to iis full
value Ho and the slurry processing continued.

The production rate P. where the material coming
through the separator is the product, is given by

P: VoA(!—I) Wno/(ﬂoﬁ-nl-!—D/T) W)

where A is the cross scciion area of the separator, W is
the mass of particulate matter in the feed sturry and D
is the sum of the times taken to switch the field off und
on and to flush out the matrix. The quantity no/(no !
n : D/T) is the fraction of time that material is being
processed: this is often called the duty cycle.

Improving productivity, lowering costs

It is now appropriatc to consider features that arc
desirable in a separator in order to give a low cost/
processed unit. -

1. High duty cycle

2. High production rate with high benefication.

3. ﬁAL:::iquate time to clean the matrix in a low magnetic

eld.

4. Low power requirements.

5. Low capital cost.

6. Simple maintenance and operation.

Many of these conditions are interlinked so that in
order to understand the process it is worth examining

the conventional HGMS that typically operates in the.

clay industry using a magnetic field of 2T. For a particu-
lar matrix material and for a particular material to be
processed and if the system operates at 2T, then the

'magnetic velocity is fixed by Equation( 1) once the weight
W per unit volume of material is specified, as this can
afTect the slurry viscosity . Then if the product is
specified by a particular value of |- then Vo can be
chosen using Equalions (2) and (3) lo maximise the
production rate P. -

The main disadvantage with commercial HGMS
systems, as they presently exist, are the large power of
400-600 kW required to maintain the magnetic field at
approximaltely 20 kG, the large amount of iron required
for the return circuit in order to avoid flux loss from the
systeni; this leads 10 a high capita] cost and the matrix
must be cleaned at the end of each cycle, which can often
lead to a very low duty cycle or an inadequate time for
matrix cleaning.

As outlined above, the extraction of material by a
separalor depends largely on V,/Vy and the amount of
malcriol fed to the separator.  As shown above, the
produclion rate of such & machine is roughly propor-
tionul to Vo, but the extraction of material is roughly
proportional to |/V,. This means that in order to get
some specified level of extraction, Va/Vo must be set at
somec value, say a. In order to increuse the production
rate. Vo must be increased and if this is to be done with-
nut lowering the extraction, Vo, must be increased so
that Vip==aVo. One way this can be done is to use the
high magnetic field that supzreconducting magnetics can
provide to increase Vi, Another way that this can be
done is 10 allow the ferromagnetic matrix to move sub-
stantially with the fluid. The fluid moves slowly down-
ward past the wire with o sinall relative velocity Vp but
has a high lorward speed Vridentical to that of the wire.
Under these conditions the extraction is determined by
VYm/Vp. but the production raie is roughly proportion
10 Vr which can be made large. The wire must stay in
the field {for a time T necessary for verlical draining
through the matrix at the velocity Vp, in order to
retain the captured material; consequently as the forward
velocity is VI, the total length of the system must be at
least L-~V(T. Once out of the field, the wires can easily
bec washed. Vp can be made fairly small so that in
order to make V,,/Vp=a only a small value of V=
aVp is needed and this can be considerably smaller than
Ve =aVr. The requirememt of a larger value of V,, can
therefore be relaxed so that a low value of applied field
Bo—=uoHe can be used. In practice this field can be as
low as | kilogauss. ’

These two methods arc discussed in the next two
sections and both have distinct advantages over the
present HGMS system operating near 20 kG.

High field superconducting separator(®)

Certain metals, known as superconductors, when
cooled down reach a temperature below which they have
no electrical resistance. The resistance can be restored
il an electric current larger than a certain value is passed
through a wire of the material. The resistance can also
be restored by placing the material in a magnetic field
greater than a critical value. This opens up the possi-
bility of generating a magnetic field in a solenoid of the
material up to the critical field without Joule, heating
that normally accompanies the passage of electrical
current through a resistive material. Many alloys show
very high values o} critical field and it is with these that
many very large superconducting solenoids have béen
constructed and operated(¥). '

An experimental superconducting separator is shown
in Fig. 3 and schematically in Fig 4. This superconduc-
ting separator was designed and built by Magnetic
Corporation of America. The canister cor.laining the
wire wool was situated in the magnetic field of 5T (50
kG) produced by a solenoid wound from Nb-Ti wire
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Fig. 3 Superconducting magnatic sepy
‘rator built by Magnotic Corporation of
America. The magnetic fiold has a
maxipwm valve of ST or 50 kG, and the
systanm has a cleer bore of 6 in. and a
matrix length of 20 in. (Z. J. J. Stekly,
IEEE Trans. Magns.. MAG-11, 1594, 1976).

whicli is superconducting when held at 4.2 K the boiling
temperature of liguid helium at | atmosphere pressure.
As shown in Fig. 4 the superconducting coil is suspended
inside the helium conlainer. The helium boils off duc 1o
various heat leaks into the system and part of this cas
can s used to cool the electrical leads which have a
resistance. In a commercial system liquid helium would
be supplied continuously by an external helium liquifier
which rcliguefies the gas leaving the cryostut. The
inncr helium container which houses the superconduc-
ting coil is surrounded by a shield cooled by liguid
nitropen at 77K although in a commercial mackine this
shicld may also be cooled by helium gas escaping [rom
the cryostat. .

Eaperimental work with a superconducting separator
has conlirmed that the performance of & given separator
depends only on Vi /Vo(*5.25).  This means- that the
production rate can be increased due to the fact that Vo
can be increased in proportion to the field.

There is another important way in which the use of a
supcreonducting solenoid with open ends can be used
to increase the production rate and that is by using a
double canister system. One canister is in the feld
processing material and when the appropriate number
of canisters no have been passed then the canister is
pulled from the field and is replaced by a clean one. The
canisler can now be cleaned out of the field and as much

time as the feed and rinse time can be taken. In practice -

the conventional HGMS system has a dead time D of
between 100-200 sec whercas the canister replacement.
can casily be accomplished within 10 sec. These two
factors lead 1o appreciable differences in the production
rate P of « superconducting machine relative 1o the,
rate P. of a conventional machine of the same matrix
canister dimension.

In order 1o illustrate these factors the relative produc-
tion rate P./P. versus no is shown in Fig. 5. These
curves are calculated for a dead time of [0 sec for the
superconducting system and of 100 and 200 sec for the
conventional system. The residence time T is taken to
be 16 sec Tor the conventional system at 2T (20 kG).
The number of rinse canisters is ny=—1. As shown in
Fig. 5 the relative production is greater than 3 cven
when n,, -30.

Another important factor is the electrical power
ratios; the superconducting system will need only the
power required (o compress the helium gas, lor example
a BOC TurBOCool! liguefier will produce 18 litres of

1B Fig. 5. Aatlo of the processing rates for a
6T suparconducting weparator Psend a 27
conventional ssparstor Pc versus the
number of caniater volume no of feed in a
cycia. The time for 1 canister volume at
2T is-16 sec. Tha dead timas for the super-
conducting case i3 10 sec and the con-

15 ventional cass 200 sec (scoli line) and
100 sac (broken lins). Tha separators
i have canisters of equail slze.

Fig. 4. Schomatic of the superconducting
separator ahown in Fig. 3.
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liquid helium for 80 kW and this amount is quite ade-
quate for a system the sume order of size as a large
conventional HGMS such as operates in the clay
industry. The conventional magnet requires between
400-600 kW so that the power consumption also gives
the superconducting system considerable advantages.

Low magnetic field HGMS(*)

As indicated above, if the relative velocity besween
the matrix and the slurry Vp becomes small, then the
fraction of particles extracted can be large even in a
weak magnetic ficld, however the production rate is
propartional (o the absolute velocity Y with which the
slurry and the matrix move through the magnetic separa-
tor. A theorctical analysis of this system has been
presented by Watson(*!). In this work as a series of
canisters containing matrix and slurry passed through a
magnelic field the slurry drained from the canister. It
wus shown that the separator performance depended on
the quantity Tp/Tw where Tp is the time taken to
drain the carister and Tm is a characteristic ‘magnetic
time® and is given by

Tm==3naf4FV,, 4)
where F is the lraction of the canister volume occupied
by the matrix wires.
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Fig. 6. Moving matrix low magnetic fisld
asparator—The canisters which ars much
shorter than tha magnet length move into the
field full of slurry. Draining takes place in
magnetic field. The magnetics ars ramovad
once the canister laaves the flald.

The overall configuration of this separator is shown
in Fig. 6. ln operation the canislers, moving with con-
stant velocity, are first filled with slurry and water is
added on top prior to the canister entering the magnetic
field. Draining commences as the canister enters the_
field, The draining rate and the velocity Vr are adjusted
so that a particular product beneficiation can be reached
in the time taken 10 completely drain the canister of the
slurry and the water, which must be done in the magnetic
field. When the canister leaves the magnetic field the
material formerly held magnetically can easily be washed
out.
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Fip. 8 Magnetic configu-
ration of & rwo channol

MATRIX machine. If tvo channals
ars used then twico tha

magnetic volums can be
produced with considerably
leas than twica tha farrite
matarlal. Considerabie eco-
nomies csn slso by made
) R . with a two channel olactro-
Fig. 7. Canister cross-section which is magnat construction.
perpendicular to the direction of motion.

The canister contains & nintrix of farro-

magnetlic stainless stea! wool occupying

about 5%. Tha rassrvoir contains water

for displacement of the non-magnatically

hetd slurry. The conistor is drained

through the valves at the bottom

The production rate of the system is given by P
P=W(|-F)wh Vg (5)
where W is the weight of clavjunit volume. I-F is the
fraction cscaping, wh is the cross-sectional srea of the
canister sliown in Fig. 7 and Vg is the forward velocity.,
Vg is chosen for a given mugnet length L, a draininz
time Tp, which determines the product beneficiaiion,

and a ratio of slurry to water volume 8, so thai
Ve=8L/Tp(6:- 1} (6)

The design leads to continuous operation as the
canister can be returned to the start leaving ample
washing time. The duty cycle is 8/(1+8) that is the
fraction of the t:me spent in the mugnet in which product
is being processed. This is at least 0.5 and may be as
high or even higher than 0.75: this is a point for more
detailed study of each particular case. '

The power requirements are low as the magn-tic field
is low and the task miay be accomnlished using ferrite
magnets.  Another important improventent js the use
of two channels. as shown in Fig, 8, this lcad: to. for
example in the case of ferrite, two channels requiring a
maximum of only 50 % more {crrite and may be consider-
ably fess than 509, This technique will also lead to a
small economy in the case of electromagnets. As we
have scen the production rate can be high because of the
large area over which slow draining takes place and the
‘beneficiation is high because the relative velocity between
the slurry and the matrix is small. The production rate
can be increased in this system by either making the
system longer or by making the system higier.

Capital and operating costs

Although the production rate of the system must be
worked out for each particular case it is interesting to
look at the capital cost and the operating power cost for
the mugnet shown in Fig. 9. Suppose we take h =0.45m
and w=0.185m. The iron return circuit is 3 cin thick
and the system 15 10 metres long and operates at a
magnetic field of 0.2T. Electromagnets usually have an
installed- cost of £1,500-£2.000 tonne which gives an
‘upper estimate of £20,000 for the magnet system(),
Operating this maching at 0.2T with the coils at 300
Ampfem? require 38 kW which allows for end correc-
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shown is & parmsnent ferrite magnet with an
iran circuit. The canister movss betwoen the
' l ferrite polos. A similar alectromagnet can
alao be used.

, Fig. 8. Magnet configuration—The magnet

tion®.  The moving bucket chain costs have not been
estinuted, but presumably would not cost more than
the magnet. This means the capital cost is roughly an
order of magnitude lower than a conventional HGMS
system together with an order of magnitude lower
power consumption. If permanent magnets can be used
the power consumption will of course be zero.

This low maugnetic field system therefore has the
several advantages outlined above but also if permanent
magnets can be used it is a “low technology machine™
using only moving buckets, which are very well estab-
lished in the mineral processing industry. This system
also has the advantage that cost per unit of processed
malterial stays low even for small tonnages, which con-
trasts strongly with the superconducting machine which
requires a low temverature environment which makes a
low tonnage machine relatively more expensive.
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A recent advance in the generation of strong magnetic fields opens

the way toremoving very weakly magnetic particles from mixtures.

_One novel apphication of the new process 18- purifying wastewater

by Henry Kolm, Joln O%erteuffer and David Kelland

major activity of modern industry
A is separating mixtures of fine par-
ticles; the desired particles are

kept and the unwanted ones are dis-
carded. Many different techniques of
separation, including fltration, flotation,
precipitation and magnetic separation,
have proved economically practical. A
recent advance in the technique of mag-
netic separation may prove to be revo-
lutionary. It opens the way to dealing
economically with a broad range of sep-
aration problems that have appeared
unsolvable, involving fine particles that
are only weakly magnetic and even some

.. particles thatare not magnetic at all, The

new technique is known as high-gradient
magnehic separation. - :
Reference to the periodic table of the
elements indicates how far the high-
gradient technique has advanced the art
of magpetic separation. Until now mag-
netic separation has been confined to
manipulating mixtures that contnined
one or more of three strongly magnetic
elements: iron, nickel and cobalt. The
high-gradient technique is potentially
applicable to any one of a far greater
number of mixtures: at 4 minimum those
that include one or more of 568 weakly
magnetic elements, Among other new
possibilities s access to mors than half
of the world’s iron resources, which con-
sist of 2 weakly magnetic oxide of ircn.
Perhaps of even greater immediate sig-
nificance is the possibility, after the ap-
propriate “seeding” with magnetic par-
ticles, of manipulating substances that
are entirely nonmagnetic, such as vari-
ous pollutants in water. In brief, high-

gradient magnetic separation promises .

sdvances not only in the mineral and
chemical industries but also in_environ-:
mental protection and water purification.

The earth is full with mixtures of fine-
ly divided matter. On a geological scale
the margins of continents are constantly

being alarged by the fine : olids that riv-
ers ¢z y to the sea. On a lesser scale a
large fi-ction of the miner.] industry is
conceraed wity the separ.tion of finely
divide matter; indeed, ths vast bulk of
the earth’s mineral resonree : remains un-
exploit. 1 becavse the mal: Hals are too

finely divided to be separated economi-
cally. The chemical industry also utilizes
many processes in which mixtures of
Snely divided solids must be purified by
removing umwanted components from
powders or slurries. _

When the particles involved in these

COMPARTHMENTS OF STEEL WOOL are shown at the point where they enter the mugnet '
of the Mark ITI carousel seporater, also designed by Marston and bis sssociates. Surround-
ing ring ore high-performance copper coils of magnet, which are hollow for water cooling,
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HIGH-GRADIENT SEPARATOR at Sxla Magnetice, }=e., in Crme-
bridge, Mass, has 2 six-foot ring divided into compat: a:nts filled
with steel wool. The ring is rotated through the megr 3t structurp -
st the 1op, whers a fincly ground slorry of Sron ore s introduced.
The magnetic particles stick to the magnetized steel wool and the
nonmagnetic particles are flushed out, After the ring has cmerged

fror the magnet stractare; it passes throngh the structurs at the
right, where the megnetic particles ars flushed ont an/® formed Into
pelle 5 that serve as a blast-furmece feed. This machins is the Mark
IT er cousel separater, designed by Peter Marston and his sssociates.
Tt cots handle op 10 five tons of fesdstock per bour, In this photo-
grap”: the ring of separator is blurred because it 12 in operaton.



STATIONARY MAGNETS
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; ) Jl] i \ _—REVOLVING DRUM

CONVENTIONAL SEPARATION of magnetic and noomagnetic particles in a mixiaze is
exemplified by the drum separstor, 2 device that can be applied only to strongly magnetic
materiale. A stetionary half cylinder of magnets is fixed inside a revolving metal drum, As
the mixture strikes the drum, the meagnelic particles (“Maogs™) adhere and the nonmegnelic
particles (“Tails”) fall off. In this schematic drawing size of particles iz greatly exaggerated,
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HIGH.GRADIENT SEPARATION fs epplicable 16 mixtares containing weakly magnetic
particles, Shown here 1s the first practicsl separator of this kind: George Jones’s szlient.
pole-plate aeparator, designed exrly in the 1960%s. The ridges on ench plate in the stack of
plates within the air gap act effectively to trap fino particler of weakly magnetic materiale
in a mixture. Jones machine is used to divide low-grade iron ores into hematite and waste,

' settle when they are suspended in 5

-gation the particles yield to gravity and

- beyond which no further magnetization

processes are very small {with a diametey
of & tenth of a micrometer or less), they
fall within the domain of the colloids, AE
colloid is a state of matter quile distiney'
from the solid, liquid and gascous states,
Particles of colloidal dimensions will nog

liquid. The electrostatic surface charge
on each individual particle keeps the
particles from coalescing into larger ag-
gregates. At the same time the therma}
energy of each small particle more thay,
counterbalances the particle’s gravita.
tional potential energy, or tendency to
settle.

The reverse of the colloidal state i
the mechanism that builds river deltas
and makes continental margins grow,
Contact with the ions in seawater neu-
tralizes the surface chargs of the sus-
pended particles, promoting the process
of aggregation. Once enlarged by aggre-

sink, In dealing with matter consisting of
particles of a size lying within or near
the boundaries of the colloidal domain,
high-gradient magnetic separation has
advantages over other separation tech.
niques.

The physical phenomena governing

magnetic separation fzll under two
headings. How do various substances be.
have when they are exposed to a magnet-
ic field? How are the maguetic forces ex-
erted? On the first beading, consider &y
graph that plots the response of various
classes of substances to increasingly
strong magnetization. Such a greph dis-
plays three different kinds of magpetic
behavior [see top Hustration on oppo-
sits page]. Strongly magnetic materials,
members of the ferromagnetic group, are
easily magnetized by a relatively weak
magpetic field, and so the slope of their
magnetization curve is steep at the be-
ginning. (That is why a bar magnet,
which does not have a very strong mag-
netic field, can attract ferromagnetic
materials.) As the strength of the mag-
netic field increases, all the individual
domains—regions with paired north and
south magnetic poles—in a ferromagnelic
material become aligned; magnetization
“saturates” the material, Thereafter the
slope of the curve remains relatively flat
regardless of any further increase in the
strength of the magnetic §éld, The satu-
ration level, that is, the field strength

takes place, depends on the iron content,
of the material. For example, pure iron is
saturated at a maynetization of some 220!
electromagnetic units per cubic c-t:mti-1
meter in an applied field of several hun-

dred gauss, .
ay |
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Vi- WLy megnetic materials, members
of U parzmagnotic group, are far less

suseeplilile to an applied magnetic field

than lerromagnetic materials, At Jow
field strengths their magnetization curve
on the graph remains well below the
ferromagnetic curve ond its slope s
much shallower. A paramngnetic ma-
terial, however, rarely becomes satu-
rated, and so its degree of magnetiza-
tion continues to Increase as the applicd
ficld gets stronger. This means that even
though a bar magnet will not attract a
paraniagnetic materinl, such materisls
may hecome more highly megmetized
in a sufficiently strong field than dilute
ferromagnetic materials,

A third type of behaviorin a magnelic
field s displayed by materials that be-
come magnetized in a direction opposite
to that of the applied feld, These are
diamagnetic materials, and their curve
on the graph is shallow and negative.
For the purposes of this discussion dia-
magnetism is & small efect with no prac-
tical iiportance.

On the second heading—how magnetic
forces are exerted on materials in an
applied field—it is useful to think of each
magnutized particle as acting tempo-
rarily as if it were itself a small bar mag-
net, with a north pale at one end and s
south pole at the other. In magnetically
“hard” materials the parallel alignment
of the dipoles is in fact not temporary
but permanent, and 2 magnet made of
such 2 material is ecalled a permanent
magnet. The alignment in magnetically
“soft” materials is impermanent; it is
induced only while & magnetic feld is
applicd, and it becomes random when
the field is absent.

When a uniform magnetic field is ap-
plied to a magnetized particle, the forces
acting on the two pales of the particle
will bo equal and opposite. The forces
therefore cance) each other, and the re-
sulting net force is zero, Only if the ap-
plied field differs in intensity at the two
extremities of the particle will 2 net mag-
netic force nct on the particle. This is to
say that the applied field must have a
gradicnt, a spatia}l variation that is ap-
precizble in terms of the dimensions of
the magnetized particle. Anyone who
has tried to remove iron flings from a
horseshoe magnet is familiar with this
effect. The lines of force extending from
the poles of the magnet diverge in such
a way that the density of the magnetic
flux (the intensity of che feld) increases
with nearness to either pole and the
maximum spatial variation in the flux is
at the sharp edges of the pole. It is the
higher gradient of the magnetic ficld at
the sharp edges that makes the iron
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APPLIED MAGNETIC FIELD (ARBITRARY UNITS} ——2»

THREE RESPONSES are evident when the magnetization of a materizl is plotied as »
function of the spplied magnetic field. Ferromagnetic materials (a) show an Immedine
steep curve; soms respond more etrongly than others (colored area) but all eventually
“soturaie,” es the finttening corves show. Parsmagnetic materizls (3} show a much shallow-
er response, but they rarely saturate; in a strong fisld their magnelization can exceed that
of & weakly ferromagnetic material. Diarmagnetic materiala (¢} are of no indumrial jm-
portance. On exposure to a field such a material shows a glight but opposite magnetization.
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MAGNETIC-FIELD GRADIENT iz needed if an appreciable force is to be exerted on &
fine particle. Flux lines (color) around the blunt pole of & magnet (a) are essentislly uni-
form with respect to the particle below the pele; the magnatie forces acting on the two poles
of the particle (enlarged ar right), being equal and opponite, cancel oit: Flux lines around
the sharp pole (b} are divergent with respect to the particle; the resulting high gradient
exerls a strong foree on the particle {enlarged at right). Stacked iron balls (&) represent one
extreme in maaking a high-gradient matrix. They conduct the fux well {color), but their:
field is almost uniform. Steel wool (d) represents the other extreme, As the pinched flux
lines show, gradients are high, bat steel wool, being mostly va'd, iy very hard to magnetise,
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Elinps preferentially collect there. T
short. the net force exerted on & mag-
nctized particle by a magnetic feld is
propurtional to thres quantitics: the in-
tensity of the magnetization the field has
induced in the particle, the volume of
the particle and the gradient of the ficld,
that is, the difference between the in-

tensity of the field at one end of the par-

ticle and the intensity at the other,

With these basic facts in mind many

experimenters have attempted to
apply improved techniques of maguetic
separation to two kinds of mixture that
are particularly hard to deal with, These
are mixtures containing particles that are
strongly magnetic but very small and
mixtures containing weakly magnetic
particles of any size, The improved
separators were generally built around a
scaled-up version of a horseshoe mag-
net: an iron yoke, or frame, provided a
strong magnetic flux across the air gap
between the two poles of a permanent
magnet, The passage of an electric cur-
rent through a pair of copper coils sur-
rounding the yoke further ‘ncreased the
strength of the magnet. The mixture that
was to be separated into its magnetic
and nonmagnetic components was fed
through a filter placed in the air gap.
The principle was simple: the flter
would complete the magnetic circuit
and, being strongly magnetized itself,
would selectively entrap any magnetic
particles in the mixture while letting
the nonmagnetic particles flow through.
The practical problem the experimenters
faced was that the two functions the
filter structure was supposed to serve are
incompatible,

On the one hand, a flter structure
must be a good conductor of magnetic
flux; this is necessery not only to closs
the gap in the magnetic circuit but also
to keep the fux lines from straying out
of the gap. On the other hand, in order
to provide both an adequate surface area
for the entrapment of magnetic particles
and a high-gradient local magnetic field,
the conducting filter material must pre-
sent a combination of many sharp edges
and abundant void spaces. .

In an atterpt to overcome these in-
compatibilities experimenters made flter
matrixes out of stacked iron balls, iron
mesh, steel wool and even carpet tacks.
The stacked balls represent one extreme:
they furnish a good flux path but a low
fleld gradient. Steel wool represents the
opposite extreme: when it is magnetized
to saturation, it has & large number of
points with high fleld gradients and it
has emple surface erea, but it is very dif-
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ficult 10 magnetize 10 satusations The
reason steel wool resists magnetization
is that however tlighlly it is compressed
it reniains a spongy malerial that js 80

pereent emply space. It is only slightly -

magnetized when inserted inte the air
gap of a conventiona) magnetic circuit.
If the experimenter tums to alternative
ways of applying a more powerful mag-
netic ficld Lo steel wool, he encounters a
second difficulty that arises from the ge-
ometry of the stuff, The steel ingot from
which steel wool is made would be rela-
tively easy to magnetize because its long
axis can be made parallel to the direction
of the applied field, but in the steel wool
the long axes of a large number of the
filaments are inevitably perpendicular to
the direction of the applied field. The
applicd field required to magnetize the
randomly oriented mass of filaments is
more than 10 times stronger than the
field that will saturate the ingot from
which the flaments were made.

Two experimenters have attempted to
solve the flter-matrix dilemma. As early
as the 1840's the inventor Samuel Frantz
recognized both the advantages of stecl
wool and similar matrixes and the dif-
ficulty of magnetizing them in the air
gap of a conventional magnetic circuit.
Frantz began by eliminatirig the mag-
net’s iren yoke and inserting a canister,
filled with the matrix of his choice, in the
hole through the center of the coil pre-
viously occupied by one leg of the yoke.
The coil now operated as an electro-
magnet of the solenoid type.

Now, if a solenoid is to generate a
reasonably uniferm field, it must be
longer than it is wide, Unfortunately for
Frantz, this is an unfavorahle shape for
separation purposes. If the matrix is to
work cfficiently, it must be shorter than
it is wide.

Frantz also found that the strength of
his magnetic field was imited almost en-
tirely to what the solenoid itself could

“provide. Adding iron poles to the ends

of the coil did not strengthen the field
appreciably, nor did surrounding it with
an iron sleeve. The Frantz Ferrofilter,
incorporating a relatively coarse ratrix,
is an effective separator of some swongly
magnetic particles. It could not, how-
ever, economically achieve the field in-
tensities needed to magnetically saturate
steel wool or to magnetize weakly mag-
netic materials, When it was equipped
with n steel-wool matrix, it was suitable
only for laboratory-scale work.

In the early 1960°s George Jones, a
British engineer, worked out a com-
promise between the two extremes
of stacked balls and steel wool. Jones

mreserved the yoke-and-electromaymet

sucture and completed the magnetic
circuit by placing & different kind of
matrix in the sir gap of the magnet. His
matrix consisted of & stack of steel plates,
fiat on one faco but with many parallel
sharp ridges on the other. The plates
were held out of contact with one an-
other by means of nonmagnetic spacers
2t each corner. The use of spacers that
differed slightly in thickness enabled
Jones to make fine edjustments in the
width of the air gaps between adjacent
Plates.

When the stacked plates are mag-
netized, the field gradients in the vicinity
of the sharp ridges are high because the
flux lines passing through each ridge
diverge widely toward the flat back of
the adjacent plate, By adjusting the air
gap between the plates, Jones was able
to balance the degree of gradient against
the degree of Aux conduction to achieve
optimum conditions for each mixture he
undertook to separate.

The Jones separator leaves something
to be desired. For example, a dispropor-

LANTHANUM SERIES

ACTINIUM SERIES

PERIODIC TABLE of the clements is
marked to indicate which elemeunts sre {er-
romagnetic {gray) and which have para.
magnetic properties (sh~des of color), Only
three elements are ferromagnetic: jron, co-
balt and nickel. Compounds thet include
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tionately lurge volume of steel is needed
to magnetize & relatively small matrix.
Furthermore, the geometry of the ridged

plates is such that they can present field

gradients enly about 1 percent es high as
saturated steel wool does. The Jones
machines were nonetheless the first
high-gradient separators to achieve com-
mercial success. They are effective sepa-
rators of paramagnetic materials as long
as the particles in the mixture are not
too small.

In the nid-1960s we became involved

in these matters when our laboratory,
the Francis Bitter National Magnet Lab-
oratory at the Massachusetts Institute of
Technology, was asked to assist in solv-
ing a practical problem in magnetic
separation. Teday the available supply
of kaolin, the white clay used as a coat-
ing for paper, usually contains certain

‘micrometer-size impurities, The princi-

pal impurity, titanium dioxide, is ac-
companied by particles of iron oxide
that tend to discolor the finished prod-
uct. As it happens, kaolin is very weakly

g

. amagnetic. The impuritics are more
strongly paramagnetic, although they
are only a ten-thousandth as magnetic
as iron, Thus it was possible to separate
themn from the kaolin magnetically, al-
though st that time no device existed
that could do so on an industrial scale,

Some years earlier we had investi-
gated very intense magnetic fields and
had become sware of the very high
gradients that could be attained with
magnetically saturated steel wool and
similar matrixes. Approaching the kaolin
problem with this background, we soon
found that saturated stee]l wool would
almost totally remove the impurity par-
ticles. There remained the practical
problem of building & magnet that could
saturate a large volume of steel wool.
The magnet also had to meet two other
specifications: its cost of construction
had to be acceplably low and so did its
consumpton of power,

All three specifications were met by
Peter Marston and his associates, a
group in Cambridge, Mass., specializing
in the design and construction of com-

plex magnets for both scientific and in-
dus,  purposes. {The Marston group
is now associated with a Swedish manu-
facturer of mineral-processing equip-
ment, Sala,) Like Frantz, Marston based
his design on a solenoid surrounding an
empty space where a matrix could be
placed. Unlike Frantz's solenoid, how-
ever, Marston's incorporated en iron pole
structure and was wider than it was long.
The solenoid coil was also surrounded
by an iron shell that facilitated the return
of flux, '
The practical impact of Marston’s in-
novation has been considerable: his mag-
nets can generate uniform Selds of up to
20,000 gavss in large empty spaces. The
throughput rate of some of the high-
gradient separators incorporating his
magnets is 80 tons of kaolin clay per
hour. Moreover, compared with conven-
Honal separators, Marston’s iron-bound
solenoids require only a tenth of the
capital investment and consume only a
tenth of the power.
Kaolin purification is an example of

separatory processes where a small up-
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one or more of the three clements may be strongly or weakly fer-
romagnelic or may only be paramagnetic. Fifty-five elements have
paramagnetic properties, Of theso, 32 (dark color) form com-
pounds that are paramagnetic. Another 16 elements (lighter color)
are paramagnetie in pure form, but the compounds that incorporate
them are diamagnetic. The remaining seven elements (lightest

color) become paramagnetic when one or more are present in a
compound, slthough two of them, nitrogen (N) and copper (Cu),
are slightly dismagnetic in pure form. Of the 46 remaining ele-
ments, all but 16 have diamagnetic properties. Since the paramag-
netic compeounds greatly cutnumber the ferromagnetic compounds,
high-gradient magnetic seporation has many potential applications.
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wanted magnetic frachon is removeu
feom the mixture fed into the separator.
Other cxamples of such processes are the
purification of certain pigments and glass
sands. There are numerous potental
applications of high-gradient separation
where the small magnetic fraction is the
desired one. A case in point is the ma-
terial discarded in the extraction of
molybdenum end tungsten by nonmag-
netic methods such as the removal of
sulfides from the ores by flotation, The
tailings that are discarded after flota-
tion still contain appreciable amounts of
these metals in the form of oxides that
are paramagnetic, It is estmated that
megnetic methods could extract from the
tailings an average of about a cup of
molybdenum or tungsten oxide per bar-
rel of material processed,

a MIXED PRODUCT

PURIFIED PRODUCT

There is, of course, & substantial cco-
nomic difference between magnetic puri-
fication and magoetic recovery. With
kuolin the investment in extraction yiclds
barrels of the final product in the same
length of time §t takes to get a few cups
of molybdenum or tungsten oxide. Many
applications of oxide extraction so far
Jack the economic incentive that ac-
companies shortages and will have to
await the time when today’s tailings
have become tomorrow's ores,

The most important long-term appli-
cation of high-gradient separation to
minerals may prove to be the beneficia-
tion of low-grade iron ores, an area
where conventional magnelic separa-
tion is already playing a leading role.
The reason is that reserves of low-grade
taconite ore include far more of the
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BATCH SEPARATION ntilizes a canister filled with 2 magnetic matrix and surrounded by
a solenoid electromagnet enclosed in iron. A slurry of the materials to be separated fows
throngh the sirongly magnetized high.gradient mntrix, where the paramagnetic particles in
the slurry are retalned (a). At intervaly the feed is halted and the eleciromagnet is turned
off so that the particles can bo flushed out (b). Such a system can process 50 tony per hour
and is equally suited to removing smsll amounts of magnetic Impuritics from materials such
#s keolin clay, glass sande and pigments or 1o collecting small amounts of such metals as
molybd:oum ard tungsten from low-grade ores or materialy discarded by older processes,
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"pracess for this purpo

akly magnetic iron minernl hematite
than of the strongly magnetic mincral
magnetite. For example, in the Mesabi
Range of Minnesota, the nation’s chief
source of iron, the ores with an iron
content of 85 percent or better (the only
ores that can go directly into the blast
furnace) were exhausted more than a
decade ago. The place of the high-grade
ores was then taken by taconite ores con-
taining iron in the form of finely dissemi-
nated magnetite. The ores are pulverized
and subjected to conventional magnet-
ic separation. The concentrate is then
formed into hard pcllets, making it suit-
able for feeding into the blast furnace.
The iron cuntent of much of the Mesabi
taconite and of most of the world's low-
grade ores, however, is in the form of
hematite rather than magpetite. High-
grad.ient magnetic separation ought to
do for hematitic ores what convention-
al magneYic separation and pelletization
have done for magnpetite. The new
process may even do so economically be-
fore the world's supply of magnetite is
exhausted; its feasibility has been dem-
onstrated in pilot-plant tests supported
by the division of the NationalScience
Foundation concerned with research ap-

_plied to national needs (RANN).

Another potential application of high-
gradient separation is in the desulfuri-
zation of coal. Much of the sulfur in coal
is in the form of the miners] pyrite, Pure
pyrite is very weakly magnetic, but it
usually contains a certain amount of
pyrthotite, a rather more magnetic sul-
fide of iron, We have found that when
pulverized coal {the form in which coal
is fed to most steam-turbine electrie-
power plants) is passed through a high-
gradient apparatus, the pyritic sulfur
in the mixture can be economically re-
moved. Emanuel Maxwell of our labora-
tory and his colleague Sergio C. Trindade
conducted these studies. Application of
the technique to the removal of sulfur
from liqueBed coal products is now un-
der investigation. Achicving a practical.
se will require a
mich higher degree of technical so-
phistication than was needed for the
purification of kaolin.

A key potental application of high-
gradient separation lies in the purifica-
tion of water, Water js best purified by
percolation through the ground oy evapo-
ration into the sir, but the demands of
modern communities have long since
outstripped the capacity of these natural
cycles. The primary criteria for urban
water supplies have zen that the in-
coming water be reasonably sterile and
the outgoing water be something less
than poisonous. The principal means of ~
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achicving sterility has becn chlorination,
a process with & potentia) for toxic end
carcinogenic by-products that is only
now being recognized.

In fact, 10 form of water purification
currently in use is acceptabls in the
long run. Most effluent treatments do
little to diminish the cutrophic degra-
dation of rivers and lakes into which
the nutrient-laden wastewaters gre dis-
charged. Neither do most treatments pre-
vent tho cumulative loading of ground-
water and other reservoirs with nu-
trients, particulate matter and heavy
metals. A curent example is the con-
tamination of the water supply of Du-
luth end surrounding Lake Superior
communities by the discharge of as-
bestos fibers into the lake. No conven-
tional filtration methods will remove
these carcinogenic particles. :
Since high-gradient separation is an
efficient means of collecting fine par-
ticles, it can be applied to water purifi-
cation in a variety of ways. For example,
the partienlate contaminants that are
present in steel-mill process water and
wastewater are paramagnetic. Other con-
laminants can be made to associate
themselves with magnetic particles
seeded in the water; such gssociations
can be brought about by surface adsorp-
ton, mechanical entrapment, coagula-
tion or coprecipitation. For example, it
has long been known that coliform bae-
teria, ooe of the commonest contami-

nanks, tend to adhere to the surface of *

fine particles of Iron oxide. Soon after
Marston developed his ironbound sole-
noid he seeded water samples from the
Charles River Besin in Boston with small
amounts of iron oxide and subjected the
samples to high-gradient separation at
the remarkable rate of 150 gallons per
minute per square foot of the magnetic
matrix’s surface. The Charles River
drains parts of Suffolk, Norfolk and Mid-
dlesex counties, receiving a broad spéc-
trum of effuents in the process, but.it
does not discharge directly into the sea.
It is kept at an artificially high level by a
dam pear its mouth, and so it is virtually
stagoant and has been heavily polluted
with coliform bacteria and other con-
taminants for years. Marston found that
a single high-velocity pass through the
separator purified water from the river
almost to the standards of drinking wa-
fer. The treatment not only removed
most of the coliform bacteria but also
reduced the turbidity and the color of

!

the water and lowered the number of -

ruspended solid particles.
Christopher DeLatour, a graduate stu-
flent working in our labora tory, followed
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CONTINUOUS SEPARATION utilizes 2 rotating ring divided inlo compartments filled
with magnelic matrix. Such & system i3 embodjed in the separators shown in the photo-
grephs on pages 46 and 47. As each compartment enters an elongated solenoid (right) a
slurry is fed into it through slots in the magnel. While the compertment s still within the
magoel it is washed (center) 1o rid the matrix of nonmegnetic particles that might be ad-
hering to it As compartments leave magnoct (Ieft) a second wash removes magoetic particles,

up Marston’s test with a series of sep-
eration experiments conducted in collab-
oration with the Metropolitan District
Commission of Boston, the agency re-
sponsible for sewage and water treat-
ment. DeLatour found that the process
was almost as effective in purifying eflu-
ent from Boston’s Deer Island sewage
plant-as it was in purifying river water.
His results were sufficiently encouraging
for the commission to order a full.scale
engincering feasibility study to deter-
mine whether or not a high-gradient sep-
arator mounted on a barge could eco-
vomically reftore the waters of the
Cherles River Basin to recreational stan-
dards of purity. The conclusion of the
study was affirmative. Swimming in-the
Charles may one day be 2 pleasure in-
stead of a risky venture by an occasional
rash teenager.

The removal of dissolved nutrients in
Wwastewater, notahly phosphate and ni-
trate, is mandatory if the lakes and
streamns that receive waste discharge are
to escape eutrophicaticn. In convention-
al water recycling the process that re-

moves nutrients, referred to as tertary
treatment, requires fillration and chemi-
cal treatment that are elaborate and cost-

ly. It is therefore of particular interest

that in preliminary tests DeLatour has
beer able to reduce the phosphate con-
tent of Charles River water and Deer .
Island effluent significantly by seeding
the samples with bentonite clay, mag-
netite and aluminum sulfate, With these
additives acting as coagulating agents,
the nonmagnetic phosphate was trapped
as the water passed through the high-
gradient separator.

Probab]y the most dangerous contami-

nants of water are viruses. Their abili-
ty to pess through the finest filters is
definitive, so that they not_only are
not removed by conventional water-re-
cyeling methods but also are not de-
tected. The possibility of infection by,
say, the hepatitis virus prevents the utili-
zation of waste nutrients for growing
food. It is therefore encouraging that
Ralph Mijtchell of Harvard University
and Theodore G. Metcalf of the Uni--
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WATER I8 PURIFIED in this Taborstory high-grodient systers at Sala Ma gnetics, The high.
gradient magnetic separator ftself is the small cylinder at the upper left Inbeled SALA-
HCMS. At the bottom is & tank 6]ed with dirty river water, Weler drawn from it passes
through a series of veszels, some of which are vizible on tho middle ehelf, In them the pH

is adjusted, slam is added as & congnlent and finally a polyelecirolyte and finely divided -

iron oxide arc added, Most impurities ndhere to the particles of iron oxide and are removed
in the magoetic separator. The ontput of.the process is the clear water In the vessel 1o the
right of the separator. Overall the aystem removes coliform bacleria, virases, suspended
solids sud somea dissolved purdents. It substantially redrces turbidity, color and odor. In one
paas the coliform bacterin count §s reduced from 16,000 per 100 milliliters to less than five.
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versity of New Hampshire have {ound
that certain viruzes can be scavenped by
iron oxide and other magnotic sceding
materials and reinoved from water by the
high-gradient scporation process. Pre-.
liminary tests on o laboratory scale also,
show that asbestos particles of the kind!
and size eptering Lake Superior as an’
industrial efluent can be removed from
water by high-gradient separation, The_
development of & practical large-scale,
system for this purpose, however, would -
call for a substanta) engineering effort.
Could the magnetic-separation meth-
od be applied to water recycling on a
nationwide scal: ? Preliminary estimates!
indicate that its costs are competitive
with convenbona! treatment systems and
its space requircments (an important.
consideration in many urban areas) are
substantially smaller. For very large sys-.
tems, designed to treat billions of gallons,
per day, the energy requirement would
be a serious limiting factor, Here super-
conducting magnets are likely to be used. |
In superconduchng‘magnets the tem-,
perature of the coil is reduced to & few,
degrees above absolute zcro; the coil’
becomes superconducting and current,
flows through it without resisjance (and .
heating). One of the world’s largest su-*
perconducting magnets, the ironbound :
solenoid used in a bubble chamber at:
the Argonne National Laboratory, gen-:

- erates a 20,000-gauss field at an energy

cost no greater than that of i]luminaﬁngi
the room where the magnet is housed. To
generate an equivalent field with zn or-
dipary copper solenoid would require
about 12 megawatts, which is roughly
the amount of power that is consumed
by & small city.

The Argonne superconducting magnet

was built at a cost of about $3 mil-
lion. If a magnet of similar size, generat- !
ing a less intense feld, were equipped
with a steel-wool matrix, it could purify |
more than 100 million gallons of water !
per day at an extremely modest cost in
energy. (For purposes of comparison, the
five boroughs of New York City produce i
about 1.4 billion gallons of raw effluent
per day.) For the present, economic fac-
tors and the level of the industrial com-
mitment to magnetic separation favor
the continued use of ordinary copper-
coil agnets for any high-gradiest sys-
tem. High-gradient separation may, how-
ever, become the first major practical
application of superconductivity. Such «
development would make it possible to
close the water cycle, to decontaminate
Iakes and rivers and te exploit many of
the earth’s currently unrecoverable min.
erals,
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B 71w Removal of ivron frem spent metal surface
trentmest snlutions. Waneke, Kyozo Japan. Hokai 75,121,193
(O toet” U25FY, 22 Sep 1075, Appl. 74 27,215, )] Mar 1974;
2 pp. Froions ir spent rulns. contg. Hsl'(u [7664-38-2), Cr0;
[1333-82 o) und Ha50: [7663-13-9) for Fe surface treniment. is
treated b lectrolvsis ;i erystalized as FeS0«q the ervet. FoSO
[7320-7x = remundd fiom the goln. which is recyelad. Thus, &
dild. spent ol conty HaPOu, HsSO:, and CrOs used for
J& Creete ol |5R457-65-9] =urface treatment was concd., the
coned. s0'1 was placed 10 the cathode chamber which was sepd.
frome the unode hy an 1on-permeable, acid resistent membranc;
gnd BY% H:504 was added 10 the anode chamber, The
elevtralve « wug performnd at s cothude current of 8 A/dm? and
eathode . 4AS300 ml. The treoted ceathode soln. was allowed
to siend a1 0-20° for 72 hr, Filtration of the soln. vielded 12.9 g
of erude rysioly centg 1.6 ¢ FelSOs. The filtrate was recycled.

54 793~ 1p Production of ren-exchange adsorbents from
widle lbjuid pluse sludge.  Saraki, Neami; ‘Tejo, Yutaks
t8hivne,  und (o, Lid.}  Japan., Kokat 73,172,466 (Cl
bUnLi)) 35 Sep 1975, Appl. 74 29,316, 13 Mar 1974; 9 Pp-
Material- hsving & high adsorbancy and jon—exchange capacity
sre produced from siodge formed during refining uF lig. glass,
Na:AlaO4 und optionally NaSiQa  Thus, H:0 10 and 10N
NaOH 1t'm} were added to 60 g of sludge (sulids 32.8%, Si0»
14.4R g) --om a liy, glaxs-refining process. The mixt. was hented
ar 41 end o this was added 31 ml of n soln. contz, 59 ¢
NeAlQ:  [1239R<12-8] (ALOs 20, Niu=Qz 19%) with siirring,
The mint was heated at 28° for 17 hr and at 100° far 4 hr. The
mixl. wax filtered; the filter cake wes washed until the pH of the
filtrale was 10-1) and dried. The product (1.05)N1:0-AL0x=
(32350 .XHO  [1344-00-9] had an NHet-exchange capaceily
of 377 R mequiv /100 2. When the product was aneuveied by
heing he.aed at 400° for 2 br, its NH¢*-exchange cupacily was
35 m et J100 .

84: 7381y Treuatment of colored waste waters. Kauamala,
Tadanao. Tsuchiya. Hiroya (Jec Enterprise Co., Lid) Jzpan.

‘}\o}cal ¥5,124,879 (CL B0O1D, Cn2C), 01 Oct 1975, Appl. M
{.‘ii.EJEuﬂ'. 20 Mar 1974; 3 pp. Waste walers conip. colored
imatendlz- from 1extile dyeing planis are treated with o soln.
enniy. giactomannan andlor) gluconogalactomannan and >1 of
CaClz, F- (la, FeCls, AR(SO.)a, TeS04, or FealS04d: 1o ppt. the
olored material with the polysaccheride compn. Thus, Lo 1600 L
of waste water (colored materials 000 ppm) wan added to 43 kg
{ plue -ontg. Al(S0.)y  [10043-01-3] 11.2, galuctorinnnan
{11078-3u-1) 28%, in water. The mixt. was stirred and Dltered

84: 793525 Maugnelic treatment of waste waters contninin

bheavy metals. Kondo, Goro Jopan. Kokni 75,127,450 (CL
Co20), 97 Oct 1975, Appl. 74 32,832, 23 Mar 1974; 3 Pp.
A heavy melal-contg. waste water is mixed with s powd.
mugnetic comnpd,; the suspension iz stirred, the pH adjusted to
cneviral-zeidie, and, if necessary, s high-mel-wt. fluccudent is
added 1o ppt. mewsls with the magnetic compd.; the ppt. is
removed by mapnetic {resiment. Thus, a waste water conlg. 100
ppm Cré~ was adjusted Lo pl§ 4-5 and magnetic FeO [1345-25-1]
powaer 300 mesh) (0 und a high-mal-wt. floceulont 10 .ppm
twere adrded. The miat was adjusted to pH 8.5 with NaOH. ’I?he
mixt. wes trested by a weparsier equipped with o magnetic drum
which clected the magnetic flie. The floc wes added to 6N
H2504 8« the mixt. was stirred in an alternating magnetie field

(1000 G w solubalize (1O and Lo demagnetize FeO powder
p—_

which w -~ recovered and recycled.

~b4: 7953t Purification of wausle wuters fram the leather
l‘ndustr,. Pleshakov, V D.; Chernyshev, V. N. {(rdzhonikidze,
8., Polyi-chnie Instituie, Novocherkask) U.S.S.R. 87,024 (Cl.
C02¢), 03 Oci 1975, Appl. 1,845856G, 09 Nov 1972, From
Otherxtiva, Jzobret.,, Prom. Qbroztsy, Tovarnye Znoki 1975
S92(37), «R. Waste waters from the lesther industry are purifie
by slkaliweiior by line with sepn. of the resulting ppt. by
pressure flutetion.  To remove proteing, Cr, and suspended
substans « the waste water war ncidified initially 1o pH 4-5, the
;e;e_x}l’lbm- ppi- wes sepd, and hen the waler was aikalized 1o pH
B4 7'9:!‘4!.- Treatment of wastes conteining mixture of
plastice and ehonite  Saito, Kozo; [zumi, Sumiv  (Mitaui
Mining i.ad Smelting Co., Ltd.) Japan. Kokai 75,126,077 (Cl.
Coyl, B‘.:‘J'( . BORI), 03 Uct 1975, Appl, 74 33,303, 25 Mar 1974;
3 pp. Waste mixts. of polvelyrene plustics snd ebunite nre
recoven : from waste water by flotation. Thus, 300 g of ARS
[9003-56 9] resing 50 and ehonite 50 wi.% was placed in a tank
conty. bt ] HaQ.  After introducing bubbles intn the water
for ¥ mi-.. 148.5 g ARS resins witl 99.’:“% purity were flonted and
sepel. frien (810 g honite with prrity of 48.4%.

B 70545y Recovery of alkali in waste liguors front ma=
nufecivring af paper pulps.  Nacasawa, Takeo; Mlorita,
Munietni o (Non Kani Paruku Keakyushe) Jepan. Kokai
?5).1:5.‘.3553 1‘6‘1..13210. 06 Oct J975H, Appl. 74 ANy, 27 Moar

PR o Tmma .
N Brtaer ferem mpyor anin mannl ore trapind

obtain volorless waler, \\
g
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smell consisting of mostly NaCl aod Ne:CUy, addn. of water to
make nn nr. soln. of the smelt; addn. of CuQ to the soln. to
convert NasCOs to NeOH asnd filtration 1o remove by-product
CaCOg; conen, of the {ilirste 1o ppt. NaCl, centrifugation, and
filtration 1¢ recover iNaCli comen. of the filtrate to ppt. the
remeining NaCl and Na:CQOs and filtralion 10 recover NaOH
soln, Ana NaCl and Ne-COis.  The alkali salts or soln. thus
recovered are recycled in the pulp menufg. prucesses. Thus, 1 kg
smelt contg. NaCl 270 and NasC0Os 730 g, obtained from
combustion of wood pulping waste is dissolved in an ag. soln.
contg. NaCl 450 and Na:CQOs 117 g and the final vol. was
adjusted to contain 1.25 g Na+/100 ml Hz0. To the shove mixi.
was gdded an amt. equal to the equiv. amt. of CaO (with rerpect
1w the equiv. amt. of Nar(.()3} and the mixt. was reacted at 85-7°
for 1 hr and fillered o remnve the remaining Ca0 and CaCOs
formed. The filtrale was concd. st 60° under reduced pressure
to form a slurry cuntg. 6% NuCL The slurry was centrifuged
and filtered to obtain 240 g NaCl, The filtrate was further
¢oncd. a1 110° to obtain & ppt. contg. NaCl 450 and Na:C0s3 117

and a filtrate conlg. 50% NaOH; the recovered ppt. is recycled
n the next treatment of smelt and the NeOH xoln. is recycled in
the pulp manufg. process.

84: 79386w Regencration of active C after waste water
ireatment. Okamolo, Hiroshige; Watanabe, Shire; Higashino,
Fusamitsu (Asshi Chemical Industry Co., L1d.) Japan. Kokai
75,126,695 (Cl. CO1L, BOID, C02C), 09 Oct 1975, Appl. 74
34,€08, 29 Mar 1374; 3 pp. After waste water treatinent aclive
C [7440-44-0] is regenerated by Jst mixing with 10-60 wt. %
{with resp. to active C) of Ni oxides and then reacting with
NaClO soln. This treatment is rapid and effective regeucretion
of active C without high heat, Thus, alter treaiment of a waste
water contg, 5000 ppm Na alkylbenzene sulfonate (I) [98-11-3)
the active C was mixed with 35 wt.% of Ni20s [1314-06-3] ar
NiOz {12035-56-8] and treated with NaQCl [7681-52-9] (2%)
soln. for 15 min. The adsorption eapucity and methylene hioe
decolorizing efficiency of the regencrated active C was similar to
fresh active C, compured with a redn. Lo <1 and ~13%, resp.,
for regencention without trestment of Ni oxides.

A4: T9387x. Treatment of waste waters containing suspended
solids. Shintani, Takeshi; Shimizu, Akihtko (Tovo Soda Mig.
Co., 11d.) Japan. Kokai 75,128,689 (Cl. B01D, C02BC), 09
Oct 1975, Appl. 74 34650, 29 Mar 1974; 6 pp. Suspended
solids i1 waste waters are flocculated with chloroprene latex and
{or) chloroprene copolymer latex contg. 21 kind of cationic
surfaclants, These latexes rapidly flocculate the suspended
solids and form large flocs, which can be easily removed by
filtration. Thus, 500 m! waste water discharged from aJ)qu
plant way (reated with 0.5 nil of a chlorojfrene latex prepd. by
E’olﬁmg. chloroprene 100, water 85, n-dodecylmercapian 0.10,

aH80s 0.02 and ihe acetate salt of polyvxyethylenated
N-{tallow nlkyl} propylene diamine 4.5 parig- st 40°, The
transparency {detd. at 550 mg) of the resulting supernatant §
min after the trestment was 88% snd the sedunentalion rote
and final vol. of the flocs were 3.0 em/min and 13.0 m}, resp. In
contrast, the transparency was 20.5% and the flov sedimentation
rate and vol, were <1 em/mip and 2.8 ml, resp., in the absence
of chloroprene latax,

84: 79368y Treuiment of waste waters from a dye-processing
plant. Tansks, Kiichi (Nittan Co., Ltd) Japsn. Kokai
75,132,757 {Cl, C02C), 21 Oct 1975, Appl. 74 39,501, 09 Apr
1974; 3 pp. Waste walers obtained during dye processing are
trealed with nitrohumic acids and then the pH is sdjusted 10 2-7
to flocculate the pollutants. Optionally, a mixt. of nitrohumic
scid with either multivalent meta! salts, org. bases, or hoth is
vsed inflead of nitrohumic acid. This method effectively
removes pollutants such as dyes, pestes, surfactants, fibrous
wastes, and other dye-processing chems. Thus, 1 1 turbid.
reddish brown waste water (pH 7.9, transparency 2 em, and BOD
230, COD 175, and suspended solids 55 ppm) conig. surfactants,
dirperse dyes, end reactive dyes war rolated st 50 rpm and
mixed 1st with hifrobumic acid in ammonina roln. and then with
ag. ZnCly [7646-85-7] soln. The final concn. of nitrohumic acid
and ZnCly in the mixt. was 101 and #0 ppm, resp. When the pH
of the .aixt. was adiusted 10 5.8, floer furmed rapidly.  After
sepg. the floes by filtration. a fltrate with pH 5.8, transparency |
25 rm. and BOD 25, COD 27, and suspended solids 7 ppm was
ohtained.

_B4: 79489z Removal of heavy meials from wusle water,
Sann, Masskatsu;  Sugunoe, Izurg;  Okuda, Taneaki  (Nippon
Electric Co., Ltd.) Japan. Kokai 75.123,654 (ClL Co2(), 23
Oct 1975, Appl. 74 41,351, 10 Apr 1474: 2 pp. A wasty-water
enntg. heavy metals is adjusted to pH <2 and 10 tais ix added >4
times ag much of a mixt. contg. Fett and Fe?* (1:1-2) a5 the tornl
heavy metals contained nnd >3 equiv. »lhali per totul scids in
the” waste waler Lo form ferrite ervstals; the heavy metals are
adsorhed onto or captured in the taltice of the ferrite crystols
ond ppid. with the ervetals, Thus, FeClr [7758-94-3] 6.11 and
Fel'l« I7703-08--01 0,20 mulef). were added to 1 L cl]f: waste whter
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Introduction

lligh gradient magnetic separators consist of a ferro-
magnetic wool matrix situated in a uniform background
magnetic field. Magnetic particles can be extracted
onto the matrix from a fluid carrying them through
the matrix. These magnetic separators have found
commercial application in the clay industry 1,
Usually, these separators are in the form of iron-
bound sclencids2., 7The Fluid passes through the pole
cap and into a canister containing the matrix. The
fluid passes tiirough the carister in a direction
parallel to the applied magnetic field. 1In this
type of separator, the power consumption is reduced
by reducing L, the length of the solenoid. An
increase in A, the cross—sectional area of the
solenoid, does not affect the power consumption

as strongly as an increase in the lenpgth and has

the advantage that the volume of material processed
in proportional to A, Consequently, iron—bound
soleroids, used for magnetic separation have the
solenoidal diameter greater than the length. The
production rate P of such.a system is given by

P = pVoEAlL/ (Lig*il+ D/T) (1)

where p is the mass of solids/unit volume of slurry,
1 - £ is the fraction of the solids entering the
separator retained on the matrix, V, is the velocity
of fluid entering the matriz. The matrix occupies a
volume 1 - e, of the space in the canister, as the
fluid velocity through the matrix is Vy/e, and for

a canister lencth L, the residerce time of the fluid
in the canistar, T, i5 T = €oL/V,. The free volume
in the canister e,LA, called the canister volume, is
a convenient unit in which to express the volume of
slurry entering the separator; in equation (1), 1is

the number canister volunes, processed before cleaning the

matrix Lecomes necessary. ) it the nuaber of
canister volumes of vater, if any, used to displace
the slurry from the canister, at the same velocity
Vo, prior to switchingz off the :agnetic field. D is
the dead time, that is the time taken to suitch off
the magnetic field, clean the matrix and restore the

field to the value at. waich the process can be re-
started.

If T>>D, the production rate P becomes P = HOI(N1+N°),
that is P is largely indcpendent of T. 1In these
circumstances, p, My, Y, and £ being governed by

the details of the process, P can Le increased by
increasing &, provided D/T>>4 +i1y.  As suggested
above, this consideration has led to the design of
iron-bound solcroids, with the diamcter greater

than the lengtli. On the other hand, if D/T>>Mg+My

P = N,LA/D, then the production rate can be increased
by increasing L or A. :



Mow consider the case of superconducting magnetic
separators opcrating at 57. The performance of
separator at 5T will be the same as a scparator
operating at lower ficld if the velocity V, and
the applied ficld lHg are increased in the same
ratiod., This increased velocity reduces the
residence time T appreciably and the point where
D/T becomes large can only be off-set by a
reduction of L. It is proposed that this he done
by alternately using two separate canister systems
in conjunction with a superconducting solenoid?,
so that onc is in the marnet processing slurry
while the second canister system is, being cleaned, -
out of the field., D becomes approximately

equal to the time taken to shift the canistershl

In order to increase the production rate of the
superconducting separator the length can be
increased until an optimum processing cost/
processed volume is reached, There is an optimum
because the cost roughly scales with the length

but the production rate finally becomes independent
of length when Ng+111>>D/T. The production can also
pe increased by increasiu~ the cross—sectional area,

unfortunarely this is a much more costly approach than
a1 increased lenth,

There is then a need to have feed systems for a
superconducting solenoids where the production rate
increases with the length.

In this paper a radial feed system with this property
will be examined. As shown in Pig.2, the slurry is
fed down a perforated tube centered along the axis of
the solenoid. The slurry flows radially outwards,
through the holes in the tube, and inio the region
containing the matrix. After passing through the
matrix radially, the slurry returns, flowing parallel

to the solencidal axis, in an outer cylindrical
annulus,

In the next section the differential equations describing
the behaviour of particles in a radial system will be
examined and various approximate solutionswill be
considered. In the final section, the axial feed and

the radial feed systems will be compared.



I1 Theorz

The development of the theory of separator performanceé will
closely parallel that for the axial feed system discussed
previocusly 2,

In Fig.3 a sector of the cross-section through a radial
canigter system ig shown. The slurry is fed in the matrix
at radius ry and leaves at radius rp. N(r,t) is defined

as the number of particles per unit volume of the separator
that are present ag captured particles at radius r at time t.
R{(r,t) is the number of particles per unit volume of the
slurry. The number of suspended particles per unit volume

of the separator is e D(r,t) where ¢ is the porosity of the
separator.

£ = gy - BNv ' (2)

€, 15 the porosity of the clean bed and if the particles

bave volume v and a packing factor B, the volume occupied
by N particles is BMv. For high gradient separators the

porosity is so high that BNv can be neglected.

If entrance velocity at radius r., 1s V4 and at radius r
the superficial velocity V{(r) is given by,

V{r) = eovlrl/r (3)

By considering the particle and fluid balance, at radius r,
at time t in an element of thickness dr, it can be shownm,
if diffusion is neglected, (%)

B aN(r.r)/3c + €4 IR(r,t)/ /3t + €4 V(r) 3R(r,t)/d3r = 0O

This equation has been derived previously by Ives and Horner .
If 1 is kept constant, an element of the suspension can be
followed through the separator. On changing variables
equation {3} beccmes,

B (3N(r.T)/3f)r * €, V(r) (3R(z,1)/3r), =0 (5)

The rate of capture of particles is also equal to the
product of the total capture cross-section ﬁresented

to the slurry per unit volume of matrix and the flux

of particles. 1In deriving this equation in the axial
case, it is assumed that 2/3 of the matrix wire is in
the 'longitudinal' configuratior ; that is, field and
flow parallel and perpendicular to the axis of the wire.

This means the asingle value of R., the capture radius
can be used.

The radial feed system is more complex, as 1/3 of the
matrix is in the 'transverse' configuration’. Both of
these configurations can be represented by a capture
radius, which behave physically in the same way, so
the cross—gections can be added. Watson has shown
the capture radius for the longitudinal and the
transverse configurations are almost identical?.
The axial cross—scction is somewhat lower than the
transverse configuration8. In this work, the capture
radius R; is taken to be the average of the capture



radili from the two configurations. The kinetic equation can
be written as

B (3N(r,t)/3t1), = 4Beq (l-g,)R.R(r,T) V(r)/3na (6)

Rc can be written, for the case of high energetic field,
appropriate to the use of superconductors, as

Re = CV G/V(r) o))

where C is a constant, V_ = 2xR2M Ho/9na appropriate to
particles of radius R an susceptibility X, wires of radius
4 and saturation magnetization Mg, with a slurry viscosity n
and an applied magnetic field Ho. G is a parameter with
values ranging between O and 1 because of the dependence

of G on the volumf of captured material per unit volume

of the separator ©. That is, when N(r,t) = N,., G = 0 and
when N(r,t) = 0, G = 1. If V.  ig written, V_ = OH_/n,

then from equation (5), (6) agd (7) we get, = e

(BR(I,T)/ar)T = =~ 4g(l-ey )0 (Hoan(r)) GR(r,t)/37a (8)

For the clean separator G = 1, so equation (8) can be
integrated and gives, between ry and Ty

in (R(ry,1)/Ry) = = (4B(1-€,)0/37a) X (ry-r7) (9)

where R, is the slurry concentration at the entrance to the
separator and where

. :
£ = ¢ frl (Ho/nV(x)) dr))/(ry-rq) (10)

- Equation (9) has exactly the same mathematical form as in the
- axial case3, except that 1/V(r) has been averaged between r] and

rz and ro~ry replaces the length of the separator L.

Introducing the residence time T and using equations (3)
and (10)

e (o, -y, (1)

——

A = HT (rz-rlJ, equation (9) becomes

18 (R(r2,1)/Rg) = = (48 0/3na) (1-eo)E,T (12)

This type of rélationshiphaa been observed in the case of
axial separators 10.

In the strong-coupling limit, it is assumed that
(450/3ﬁa)(1*50)HoT >>1 which often arises when Vo >>V,.

The captured material can be regarded as having a sharp
interface. On the front side of the interface it is
assumed that the filter hag captured the maximum number
of particles Npr and on the exit side of the interface no
particles have been captured. This model has been

discussed previously S in connection with the conventional
feed system. ' '

24 R M.
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In calculating the position the interface it is assumed that
=

AY, so that No(r) = N (r/rl)Y. The number of particles
entering the separator iIn time is 2mr)ViRst. Assuming that

the position the interface is at r, at filter time t then number
particles which have entered and been captured is

o
2 11V) Ro(t - (r "= 1y 9e L) /204V))

The number of captured particles can also be written

T
N I ° Yl . (ZﬂnllrlY)(roY+2— r17+2)lv+2)
— I
'l.'lY

If the number of particles in suspension is neglected in

comparison with the number captured that is if Ry<<HNq
then at cime v

R(Le) (xo/rp) ~ = My/ry, 1+ (142) (V) Ro/Myry) )k (13)

This equation must be solved simultaneously with equation (12)
but with T replaced by Tq

Tg = Eq (r22 - roz)/rlvl {14)

1f (Y+2)(V1/r1)(R°/N1)t <<l equation (13) can be approximated
by :

rp = T3 + V) (Ry/Np)t . . (15)
With equations (12) and (14) this gives
1n (R(rz,r)/R.) - - (QB(I—EO)D/3na)HOT(1—EO n ROINI) {16)

Here n is the number of canister volumes slurry which have
left the canister. Thig equ%fion is identical in form to
the conventional feed system ™ »

ITI  Comparison between the conventional and the radial system,

If (v#2) (V1/ry) (Rg/Ny)t <<l the approximation which leads to

equation (15) can not be made and equation (13) and (14) must

be solved simultaneously. However sit can be argued that for an
axial system and a radial system, which have equal performance
when the separator is clean, then the separator having the
largest particle storage capacity will perform better as the
Séparator starts to ¢ollect material, If the separator parameters
are the same then the conventional and the radial systems will
have equal performance provided that H,T is the same in both
cases. This condition can be written

- - u- 2__ 2 - -
A HL/Vn H,(ry“-r, )lzrlvln = A(ryo1y) (17)
If the slurry flow rates are considered for the conventional
Bystem Fc and for the radieal system Fr‘ it c¢an be shown that

Fe/F = & (ry-ry) /AL + r1Vo/LV, - (18)



If the quality of equation (17) is satisfied, then Fc)Fr>1.

That is, if the initial performance is the same, the £low
‘rate to the conventional system is higher, although the
difference is small if LV1 >> 1V, .

The relative holding capacity of the two systems can be’
determinec if it assumed the No « A(r)Y . 1If the total
capacities for the conventiona? and radial systems are

Nc and N, respectively, then

(19)

N/Np = (ry/L)Y (v#2) (s2+1) (2-1)Y (A1) Y/2"* 1 (s7* %1y (& ry) Y
where S = rzlrl. Experimentallyll it has been shown that
v = 1/2 and for the two systems to have the same initial
performance equation (17) must be satisfied., Also, when
the two systems are to have equal capacity them R /Np = 1.

Under these conditions ,equation (19) gives the results shown
in Table I.

Table I Parameters at equal capacity

ro/ry L/ry
2 2.70
3 2.94
4 . ' 3.53
5 4.20

From Table I, if r,/r; = 2, N1> N if L/ry> 2.7. If the L/xq
ratio is increased, the storage capacity of the radial canlster
becomes relatively better for the condition where the initial
performances are identical. However, the flow rate through

the conventional system is higher, but the difference decreases
as L/rl becomes larger.

In the case of English clays the conditions are different

those described above and very much more favourable for the
radial system.

It has been found that if the brightness gain is considered
at equal numbers of canister volume then the gain depends on

the vglue of A. The condition for equal performance is simply
that

A = X _ (20)
Putfing this condition into equation (19) gives
Ne/Np = (5/472) (s2+1) /55T /¢s3/2-1) (21)

with N./Ng = 1 then § = 5.74 which mean if ro/r; >5.74
NR>Nc and independent of the length. Also when K = A then
¢v1 so equation {18) shows F /FR = rzlL. This means the

radial canister has a much greater throughput than the
conventional canister if L >>Ch.



Fig. Captions

Fig.l Conventional Feed system Holl v,

Fig.2  Radial Feed system r,2 = rj? + r,?. Field is
applied parallel to the axis.

Fig.3 Section through radial canister. Matrix is
between r; and ry.
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1. INTRODUCTION

A high gradient, low field magnetic separator has been described
and analysed previously lj, This machine consisted of a series of
contaipners, holding a ferromagnetic wire wool matrix, which moved
through a low magnetic field and from which a slurry was slowly
drained. The containers were filled before they entered the field.
In this process,paramagnetic particles can be captured from the
slurry and held on the ferromagnetic matrix, the relative velocity,
between the slurry and the matrix beiﬁg low. The particles are
released when the containers leave the field. It was shown that
the fraction of particles extracted depended on the ratio of the

canister draining time TD to the 'characteristic magnetic time Tm'.

.Tm = BﬂaleCVm (1)

‘where a is the radius of the ferromagnetic matrix wire of magnetization

M. F 1s the fraction of space oceupied by the matrix wire and Vm

the 'magnetic velt:n::i.ty":'!'l given by:-
v 2 xR2-MHb (2)
m §- .
na

"X is the susceptibility of the paramagnetic particles of radius R,
Hb-is the applied magnetic field. It was also assumed in the analysis
that R the capture radius 2 depends linearly on Vm/V so that:-

R, = CVm/V o (3?
V is the velobity the fluid would have far away from a single wire

and, for the case of the canister described here, it is the actusl

‘velocity of the slurry surface as draining proceeds, : ~ .

Cis a parameter which depends on k = M/ZuDHB. In practice for
fields greater than 2T, C is practically indeperndant of applied
field, but below 1T, the increase in Ro‘with M/Zua-H.o increases the -

efficiency of separators-él



SUMMARY

4 high—intensity magnetic separator, which employs a ferromagnetic
wire matrix in a low magnetic field, has been described and analysed,
previously. 1In this paper, the improvement in performance with the

reduction in magnetic field is shown to be limited to the field HL

where k (= M/?pHL) becomes equal to unity, M being the magnetization

of the matrix strands. However, it is shown that it is possible to

obtain further improvements in performance,at magnetic fields lower than
this limit,by the use of an hysteretic matrix. This involves first
~magnetizing the matrix in a high field before reducing the field to a low
operating value, which may even be zero. The captured material is removed

after the matrix is demagnetized.



However, the largest value of k that can normally be obtained with

the soft ferromagnetic staiﬁless steel is k = 1,due to the large
demagnetizing factor of wires of.circulaf or almost circular cross-
section magnetized perpendicular to their axis. This factor limits
the maximum efficiency of the moving matrix separator to approximately
the field at which the matrix becomes saturated. It is tﬁe pﬁrpose

of this paper to investigate, in more detail, the behaviour of Ro at low
magnetic field and to suggest, that the use of materials with high
coercive force cap move the maximum efficiency of the moving matrix
separator to very much lower applied fields.

The next section discusses the behaviour of the particle-wire
interaction at fields much less than the field required to saturate
the matrix. The introduction wire with a‘high coercive.force is
-conaidered and tﬁen aﬁ attempt to evaluate the performance of likely
materials is made. In the final section, the structure of machines

which use this technique is comsidered.



2.THEORY

_ A theory of capture of paramagnetic particles has been developed
L2, 4',5’ 6 based on the interaction between a paramagnetic particle

"carried by a fluid past a ferromagnetic wirce magnetized by a uniform
applied magnetic field Hd' By studying the equations of motion,the
particle trajectories striking the wire can be found, which allows the

capture cross—section ZRca/unit length of the wire to be determined.

The capture radius R was found to depend on k and on V. /V..

Cowan bt al.¥ have “Found Fhet , provided Vi Vol m&o
R, can be written, . .
R, = (1/2) W /v, +k m) )

As shown in Equation (4), when V:m/Vo <1 and Vu'z/Vd decreases in
value, the term kfﬁ;7i:'becomes the dominant ‘term, especially when k
is large. For example, when zm/V; = .1 and k = 1, the second term is
a factor of 3 greater than the first. In the magnetic processing of
clay, the values of 2mjvg Are usually much less than .1 In the fgllowing
- simple analysis therefore, equation (4) is approximated by:~

R, = (k/2) IV (5)
m (o]

When a cylinder,of circular crods-aection,is magnetized by an
applied field Eo’then the actual internal field Hi is appreciably
'diffe;ent ;ronnthe applied field Ho,due to the prCsence of a large
deﬂmggnetiziqg field; so that

'H-‘i =B - M2, (6)
‘where M is the magnetization of the cylinder. If the wire has a
permaeability py » >1,then the magnetization M is given by

M= yuHo (1 + x/2) ¢ 2uH @)

-~

where x = u - 1 , At low fleld H,, the magnetization is therefore determined

b} the reciprocal of the de-magnetizing factor,hnd k has the value k = 1,

If the material is hysteretic,with & coercive field H,, the

magnetization on the de-magnetizing part of the cycle, M is

.M =0at H = H_, so that at low apolied fiald«m



). 4 J 2"6 (Bo + H;:) (8)
and

k=1+ Htlﬂb {(9)
Alsc,the magnetic velocity Vm can be written

2

Ya Ty xm? (10)

and
. 3/2 /2
R, = Ak BV, (1)
- whare

A= (1/9) szuoln&)llz -'conltant
An exanination of equation (11) reveals & way in which the operation
of the low field system can be done, The quantity Volﬂoz is a measure, for a .
given value of lc', of the volume of material processed per unit power
cost. This is because the volume of material processed/sec is
proportional to V, and the powar coat is proportional to Hoz. From

squation (11) we have,
Rczvo - Aks

1f B, is reduced, but Vélﬂoz is kept constant, then, in the absence

12

of hysteresis, k and consequently Rc,alowly increase with

dacreasing fitld,uuéil k Teaches the maximem value of k = 1. Beyond

this point,there is no increase in lc produced by lowering _

value of H, at constant power/unit volume of processed material.

This puint is determined by tﬁa details of the -l‘nctiz;tion curve

and by the size of de-magnetizing factor and is less than, but

sppraximately egqual to, H.flﬁo_uhcrc H' is the saturation magnetization.
In contrast if the de-magnatization branch of the curve is -

considered, then k increases with decrcati#; H,, 23 shown by Equation

(9). If tha power/processed unjt volume is held constant, while H; '

is dacreased, then Be increases as k3lz and consequently, at constant

power/processed unit volume, the performance of the separator can be



appreciably increased as E, is reduced.

For example, if B, =~ H. ,

and if we compare the magnetization branch with the de-magnetization

branch ,then the values of k are 1 and 2 respectively,

From Equation

(12),we see that Rcz is increased by a factor of 8 on the de-magnetization

branch relative to the magnetization branch.

It seems likely therefore

that the field Ho can be reduced so that permanent magnets can be used

to supply Ho,and perbaps Hb can even be reduced to zero,

It is interesting to consider the properties desired in & matrix

for operation in a separator.

As we have seen, the most important

" requirement is a large coercivity Ho. The second most magnetic

important property is a large permeability near the operating field

Ho, this ensures that the magnetization has the maximm value allowed

by the de-magnetizing factor.

The third factor is mechanical one, the material must be ductile

80 that the matrix can be formed into wires or sheets. A list

containing suitable alloys is given in Table 1.

Table. 1 - Alloys suitable for low field separation’

Name Composition * | Coercivity: Prep. | Beat Mech.
Treat. [Preps.
Vicalloy 2 52Co 14V 510 )Cold )
JRoll, D,B600 !)
Cunife 1 Jdraw, 11070,B700)Ductile
(Magnetoflex) 20Ni60Cu 590 Jmachin )
: - Jpunch )
Cunico 1 21Ki29Co50Cu 700 ) )

* Fe to 1002.

If the separator is operated at O.ZQPnd if hysteresis is used,

then for Vicalloy 2, Cunife 1 and Cunico l,the values of k are 1.25,

1.3 and 1.35, respectively. If the processing is done without using

hysteresis then k = 1§ if hysteresis is used, then from Equation (12),

if R.° and q.-are held constant,then the processing velocity can be

increased by & factor of k3. These factors are 2, 2.2 and 2.5 for the

three alloys, respeétively. This leads directly to a change in the

,q-.' -



. ) . . . . 3
power cost per unit volume which varies inversely with k™ namely,

0.5, 0.45 and 0.4, respectively.



e

3. Magnetic Separators

In order to take advantage of the low power cost/unit volume
processed, it is neceasary to use a hysteretic matrix material. In
the moving matrix system 1, the following procedure may be adopted.
The canister, which is one of a large number, containing an hysteretic
matrix is filled with slurry. The container is moved into a high magnetic
field region and slow draining of the slurry commenced. The container
then moves between the poles of & low field magnet in which most of
the draining is dome, The low magnetic field may in some cases be
reduced to zero., When draining is completed, the canister passes
into 2 section where the matrix is de-magpetized by an alternating
magnetic field of decreasing magnitude, The retained particles can
then be washed from the matrix. This machine consists of a chain of
containers, consequently the operation is continuous.

It should be pointed out that an hysteretic matrix can be used
with any magnegic separator; however, in many cases, the gain in
processing velocity or performance, resulting from the increase in

k, may be so small that it does not warraht the extra complicationm.



