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W" begin with three observations:
. Methods for separating chemicals, materials, and objects

are a crit ical part of chemical technology'
. Magnetic interactions can achieve separations that are

impossible or impractical to achieve l ' ,) '  other

techniques.
.  Magnet ic separat ions are inf  reqtrent ly used in

chemistry.
How is it that chemistry, which has cheerfully exploited

separations based on almost every type of physical

interaction, has managed to neglect magnetic interactions

almost entirel.v? This question has tu'o answers: First,

magnetic separatiotts i lre applicable to a smaller set of

chemical problems than the more comlnon methocls. In

general, magnetic separations are restricted t0 separations
of particlut fto- (or i1) suspension, and are 'ot applica6le

to separations of moleatles from (in) solution. They are not

particularly useful in svstems containing only organic

ipecies. Second, chemists are too unfamiliar with magnetic

separation to recognize promising areas of application.
In this article we direct ottrselves to the problem of

unfamiliarity. We summarize the physical principles

underlying the tu'o major techniques for separations based

on magnetic interactiotls, outl ine representative problems

in which these techniques have been sttccessftrlly used, and

suggest t.vpes of problems to u'hic'h thev might be applied

in t[e fui,rr". After reacling this article, vou should be able

to jldge whether magnetic separations might contribute to

the solution of separation problems vou face.
I-ike other seltarations, magnetic separations reqttire

partit ioning the rnaterials of interest betu'een different
iegions of space (Table I ). Separation mal'be [ased on rates

of equil ibria and may involve one or manv stages. Regions

may be in the same or different phases. Magnetic separations

are lsually effective onlv for particles (i.e., collections of

molectrles) b""r,rt" the strengt| of the interaction of

nragnetic fields rvith single molecules is orclinarily much less

than thermal energies in sol t t t iot t  (RT -  0.6 koal  mol-r) '

Macromolecules rnav prove tl l l  exception in special

c i rcumstances (2).
Since feu, chemists have an intuit ive ttttclerstanding of

magnetic slscepti| i l i tv (X), let 1s give a brief , nonrigororts

explanation of a ferv terms (3. 4), Molectrles and materials

may be clivirlecl into trvo grotrps: those rvith unpaired

electrons alcl those rvhose electrons are spin-paired.

Members of the first group are attractecl to regiols of high

magnetic f iel<l (1 ltosit ive). Nlembers of the seconcl group

are repelle,cl from high fielt l regiorts (1 negative) (Figrrre l) '

An electron fias a magnetic nr6ment. We interpret this

observation in terms of a model in rvhich the electron

Table 1. Separat ions are based on

different regions of sPace
partit ioning between
( A , B )  (  t )

Dis t i l l a t i on
Sub l rma t i on
Molecu lar  S ieve
Chroma tog raphy
Dia lys is
Elect rophores is
F i l t ra t ion
Sc reen ing

Magnet ic

Molecu les
Molecu les
Mo lecu les
Mo lecu les
Mo lecu les
Molecu les
Par t ic les
Par t ic les

Par t ic les

L iqu id
So l i d
Ins ide the s ieve
Stat ionary  Phase
Ins ide  membrane

or  par t ic les  E lect r ic  f ie ld  *
On the f i l te r  (Prec iP i ta te)
On the screen (Par t ic les ,

d iameter  )  screen)
H igh  magne t i c  f i e l d

Vapor
Vapor
Vapor  or  l iqu id  outs ide the s ieve
Mov ing  phase
Ou ts ide  membrane
Elect r ic  f ie ld  -

Past  the f i l te r  ( f i l t ra te)
Past  the screen (Par t ic les ,

d iameter  (  screen)
Low magnet ic  f ie id
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Figure 1. Materials with unpaired electron spins are
attracted to regions ol high magnetic f ield; those with only
paired spins are repelled from high-field regions. Magnetic
susceptibil i ty is determined by measuring the apparent
change in mass of the sample (compared to a standard)
when the magnetic f ield is applied

possesses a spin that causes it to behave as a magnetic, t l i lxrlt ' .' fht 'magnetization 
(NI) of a rnaterial (that is, al rlacrost.opir.

collection of molecules) in an appliecl magrrertic f it ' lcl rII.
Oersteds IOe]) is given, to a first approximation, bv l.-clrratiorr
l .  in u 'h ich X. is the volume magnet ic susr,ept ib i l i tv
(eniu/Oe . cm'l) of the rnaterial (see box insert).

M  :  X . H  ( l )

The magnetization (emu/crn'r) is a measrlre of the alignment
of the indiviclual unpairccl electrons of the material u'herr
the rnaterial is placecl irr an appliecl f iekl (ancl f, is a
measure of the susceptibil i t l '  of thc electrons to srrch
al ignment) .

N{aterials are classif ied into four groups uccortl ing to tht'
strength of their interaction rvith applied rnagrrt 't ic f it ' lds
lF igure  2) .

Ferromagnets (e.g., metall ic iron, nickel, and cobalt), In
these materials each atorn has several unpairecl elt 'ctronic.
spins. As a result of a qtrirk of c' lectronic anrl utornic,
strttcture, the spins on acljacent atoms interact stronglv an<l
align themselves in a parallel fashion in a magnetic f iel(I. .{s
a consequence of  the paral le l  a l ignment of  the incl iv i t l r ra l
moments, the materials have large magnetizations ancl hence
verv high rnagnetic susceptibil i t ies.

Ferrimagnets (e.g,, rnagnetite f FeO-Fe2O3l, OrO,;). \{arrv
of the atoms in these rnaterials have stronglv interacting
unpaired spins. In magnetite, there are two subgroups ,i l
orientecl spins ancl the net magnetization of each of these
subgrotrps partially cancels. These materials are sti l l
attracted verv strongl.v by magnetic f ielcls.

Paramagnets (e.g. ,  NiSO+, many other t ransi t ion metal
complexes, NO, 02, organic free radicals). The electronic
spins of each molecule interact rveaklv or not at all u'ith the
spins of other molecules. The materialbehaves as a collection
of inclependent spins and thus possesses a low magnetic
susceptibility and magnetic mornent, Paramagnetic particles
are attracted to a magnetic f ielcl much ffrore weaklv than
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Figure 2. Schematic representalion of the ordering of
electron spins in dif lerent types of materials. Magnetic
force (dynes) exerted on and apparent change in mass
(grams, see Figure 1) of  one-gram samples of  var ious
mater ia ls wi th H = 18 kOe and dH/dX = 1.7 kOe/cm

Glossary
The nomenclature and units of magnetism often

perplex the novitiate (4). A unit pole is one that exerts a
force of one dyne on another unit pole at a distance of one
centimeter. A magnetic f ield, H, of unit strength exerts a
force of one dyne on a unit pole and by definition has the
intensity of one oersted (Oe). Magnetizatlon, ftll, although
fundamentally the same, is commonly measured in
emu/cm3, which is magnet ic dipole/uni t  volume. The
magnetic field, B, inside an object in an applied magnetic
field is the sum of the magnetization, M, and the applied
field, H, and is measured in gauss (G).

B = H * 4 a - f i 1

Different definitions of susceptibility are often used in
tables. The volume susceptibility is given by the following
equation in units of emu/Oe.cm3:

1 u  =  M / H

Other susceptibil i t ies are defined:
Xm = Xu/ p = mass suscept ib i l i ty  {emu/g.Oe),
p = density
XR : Xm.A = atomic susceptibil i ty {emu/g atom.Oe}, A
= atomic weight
Xr,,r = X-.M = molecular susceptibility {emu/mol.Oe}, M
= molecular weight

ferro- or fc ' r r imagnet ic part ic les,  brr t  st i l l  s t rongl l 'enough
to be trsecl in nragnetic seprrrations.

Diamagnets (r ' .g. .  SiO:,  Na( l l .  graphi te,  a l t rmina, most
organic conllx)lln(ls). 

-fhese 
nierterials have lro unpairecl spins

and are u'eaklv repelle'-l bv magnetic f ielrls.
The Jrotential energv of interaction of materials u-ith an

appl ied magnet ic f ie ld is given bv Equat ion 2:

E : _ \ / M . [ I = _ \ ' x " H . H  ( 2 )
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u,here V is the volume of the material. If u,e simplif l '
Iiquation 2 by assuming that the material is free to align rvith
the fielcl, and that the magnetization is uniform. \\ 'e olrtain
the at t ract ive magnet ic force act ing on the nrater ia l
(E<lration 3), where Xu0 is the magnetic'srrst't 'ptibil i tr of the
srrspencling medium.

p  :  - (dE ldx)  =  (X , ,  -  X ,  o ) \ ' I I (dH/dx)  (3 )
'Ihrrs. 

the net force acting on the material depends on the
clifference in enerqv rr'hen the materialreplaces the meclium
in the high nragnt ' t ic  f ie ld region. Magnit t rdes of  the
magnet ic at t rac ' t i r  t '  forct '  erert t ' t l  on var iorrs ntater ia ls are
presented in F igrrre 2.

Accorcling to Ecltration ,3, the crit ical parameters in
magnetic separations are tlie magnetic susceptibilities of the
materials to be separatecl, the magnetic field strength in the
regions where partitioning occurs, the rate of change of the
strength of the magnetic f ielcl betrveen these regions, ancl
the volume of the particlt 's. The magnetic f ield gradient
(dH/dx), a measure of horv rapidlv the magnetic f ield
changes with position, is important in magnetic separations.
In a homogeneous magnetic f ield (dH/dx = 0), a
magnetically anisotropic material may align in the field, but
wil l experience no magnetic attractive force to effect
separation.

The magnet ic  f  le lc l  g rar l ien t .  dH/dx ,  becomes
increasingly important as the volume, V, of  the part ic les to
be separated decreases. High magnetic f ield grarlients are
required to generate strong forces on small particles, anrl
thtrs to produce rapicl separations. The absolute strength of
the magnetic f ield, H, is also important, especially for
paramagnetic materials, since the strength influences the
magnetization of the materials. Nonetheless, the main trick
in magnetic separations is to find practical methocls for
generating high magnetic f ield gradients.

Two types of magnetic separation techniques have been
proposed. The first one is magnetic f i l tration (also called
magnetic collection). Particles suspended in a medium are
attracted to regions of high magnetic f ield associated with
a magnetic collector ((X, - Xu0) is positive in Equation 3).
The relative strength of attraction depends on the magnetic
susceptibility and size of the particles. The second technique
is magnetic f lotation. Particles suspended in a para- or
ferrimagnetic medium float above regions of high magnetic
field ((Xu - X,0) is negative in Equation 3). The apparent
density of the particles depends, again, on susceptibilitv and
size. We discuss each of these techniques in turn.

Magnet ic f i l t rat ion
Three recent developments give magnetic separations a

fresh technical interest:
. New, simple methods of generating very high magnetic

field gradients have been developed.
.  Ef  f  ic ient  magnet structures and supercon( luct ing

rnagnets capable of generating very high fields have
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Figure 3. Schematic design of a simple magnetic filter. A
diamagnetic l iquid containing a suspended ferro-, ferri-, or
paramagnetic particulate solid is passed through a tube
containing magnetic steel wool positioned between the
poles of a magnet. The suspended solid is trapped on the
steel wool

become commerciallr, '  available. These structures are
relat ively inexpensive.

.  Technical  improvenrents have taken place in magnet ic
matr ix design.
Horv is a high-gradient rnagnet ic f i l ter  constructedi  In

the sirnplest clesign, rnagnetic stainless steel rvool is packed
into a tube, and this tube is placed between the poles of a
magnet (Figure 3). The resulting clevice is an effective
magnetic f i l ter. If one passes an aqueous susperrsion of f ine
magnetite particles through the tube. the magnt't ite wil l be
captured ancl retained bv the steel rvool attrl the rvater rvil l
pass through unhinclerecl. In practice, of course, the clesigrr
of a magnetic f i l ter ma1- be more compler. In place of the
irregularly packecl wool there may be regular arravs of steel
pins or rocls. The axis of the magnet may lie along the tube
rather than perpenclicular to it. There mav be provisiorts for
moving the f i l ter  bed ( the steel  wool)otr t  of  the high f ie ld
region, or for ttrrning off or reversing the magnetic f ielcl to
release the material trapped on the fi l ter. Nonetheless, all
filters rely on the same concept. When the external magnetic
field is on, particles rvith high magnetic susceptibil i t ies wil l
be collected from a flowing l iquid or gas on the
ferromasnetic f i laments. When the field is turned off. thev
wi l l  be released.

How does the f i l ter  u 'ork (5)? Consider one strancl  of  the
steel wool in the magnetic f ield lFigure ,l). The magnetic
field around the fi lament may be consiclerecl as the sum of
trvo components. The first component (Figure .1a) is the
external magnetic fielcl. The fielcl is representecl b_v the lines
connecting the faces of the magnet. The more closelv spaced
the l ines,  the higher the f ie ld The erternal  nragnet ic f ie lc l
interacts stronql l '  wi th the electrons in the ( ferromagnet ic)
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A. Stset filament
in the erternal
magnetic field

B. Magnetic field
generated by the
st€elfllament

C. Sum of A and B

High-gradient region

Figure 4. The origin of the high magnetic field gradient
around a steel f i lament is the superposition of the external
field and the field induced in the steel by the external f ield.
High gradients can be generated either by thin fi laments, or
by small features (ridges, surface irregularit ies) on larger
f i laments

steel ancl causes their magnetic mornents t<l line up along thcr
f ie lc l  axis.  Essent ia l lv ,  the sect ion of  the f i lanrent we are
consiclering becomes a small magnet (Figrrrc -l l t) ancl
generates its ow'r'r local magnetic f ield. Arl<lit ion of the
external magnetic f ielcl ancl this local nragnetic f ielcl
producecl br the fi lament gives thc total rnagnetic f iekl
arouncl the fi lament (Figure -1c').

' fhe 
i rnportant featrrre of  th is analvsis is that  i t  in<l icates

that the total magnetic f ielcl is nonunifornr c.lose to the
fi larnent-it is more intense at the sicles anrl less intcnse at
the top and bottom than the f ie lc l  far  f rorn the f i larnt 'nt .  l r r
<;ther r.vords, there is a magnetic f ielcl graclient arorrn<l t lrt '
f i lament. Qualitativel.v, it is clear that the size'of the resiorr
crintaining the graclient is of the sanle rnagnitutle as the
fi lament that gernerates it. The cliarneter of the rnatrix
filaments is thus determined bv the cliameter of the particles
to be collected, A small u' ire can generate a high graclient.
In fact, the magnetic f ielcl grarl ient arounrl a l0 prm w-ire
mav be locallv 1000 Oe/pm. This high local f ielcl graclient
is responsible for the action of the magnetic f i l ter. Particles
with high magnetic susceptibilities are attracted stronglv b."-
and trappe,cl in regions of high fielcl and fiekl gra<lient.

The particles to be collected experience two major forces
in competit ion with the magnetic force. The hvclrotlvnamic
drag, F,7, ancl the gravitation, Fn, on a particle can be
approximatecl as shou'n in Ecluations -1 and 5. In these
equations, d is the cliameter of ttre particle, 4 is the fluicl
viscosity, and a is the velocitv of the fluid relative to the
particle.

Fd = 3rr1du

F" = ntg

' l 'hc  
e f l ic ' i t 'ncv o f  par t ic l t '  c 'apt r r r t '  i s  t l r r rs  r t ' la tec l  to  the

rat io ,  R (Ec luat ion 6 ;  the n t rgr r t ' t i c '  1 'orc t ' .  I " , , , .  is  f rorn
Ei luat ion 3) .

R  = ;  F r , , ;  
( 6 )

F,1 - l  F,,

. ' \  l (X ) -g r r r  he rna t i t e  pa r t i c l t '  ( 1 ,  " y  l 0  I  t ' r l r r r  O r '  -  cm ' l )
t ' r 1 r t ' r i t ' r t r ' ( ' s  l l  magne t i c  f o r c ' t ' o l  g r t ' a t t , r  t l r u r r  I  t l r  ne  c . l ose
to  u  100 -p r r r r  f i l an ren t  i n  a r r  app l i e t l  l i , . l t l  , , 1  l t )  kOe .  I \ .
cont rast .  i1  t l r t ' f l t r ic l  ve loc ' i t r  is  |0  c , rn i 's  t l r t ' r l rac  Ior r , t ' i s  onh '
-  | o  i  r l r  r r t ' .  

' f  
l r e  g r a r  i t a t i o r r r r l  f o r c e  i s  :  I o  ' t l r  n t , ,  l r r  t l r i s

t ' r a r r t l r l t '  I t  N  100  an r l  t he  hema t i t e  l x r r t i t  l t .  u i l l  l l e
t ' l l i t ' i t ' r r t l r  t r appe r l  b r  t he  f i l an ren t  ( 6 ) .

\ lagr r t ' t i t '  l i l t ra t ion has c 'harac ' t t ' r is t ic .s  r l r r i te  r l i l l t ' r t ' r r t  f  rorn
thos t '  o l  t t t os t  o t l t t ' r  s t ' l t a r r t t i o t t  t t ' t ' l r r r i r ; r r t ' s  t - l ' a l r l t '  l  r  I t  l r as
t h e  o l r r  i o r r s  l i r r r i t r r t i o r r  t l r a t  i t  i s  o r r l r  i r l r l r l i r , u l l l t '  t o  t h e
se l t a ra t i on  o l  pu r t r r ' 1 . ' s  u r r t l  t l r t ' r r  o r r l v  o f  n i a t t ' r i a l s  l r a r i r r g
rl i f  ferenct 's i  n rni.r t{nt ' t  ic sr rsc't ' l r t  ibi l i t ies. ( l iven t l r is l  i  rrr i tert ion,
hou 'e 'ver .  i t  has a  number  o f  potent ia l l l  r rsef  t r l
cl iamc'terist ic 's. Wtrerr appl ic 'able. i t  is an eff icient rnethod
for  separat ing so l i r ls .  I io r  l r igh l r .  magnet ic  srna l l  l ta r t ic les ,
i t  is  the most  ra l l i t l  f i l t ra t ior r  rnethor l  knou,n,  I t  can be t rsed
rvith f ine or soft part ic ' les that u.orr lr l  c.krg tht ' l 'ac,e of orcl inarv
f i l te rs  ant l  * ' i th  c l rop le ts  o f  l i r lu ic ls  r l isp t ' rser l  in  a  l iqu ic l
rne'rlirrnr that u'oulcl pass thr<ltrgh orclinarv filters altogc'tl'rer.
I l t .c 'arrst '  tht '  f i l ter is often 95% voicl volrrme, the presstrre
r l ro l l  ac ' ross i t  t 'an be s tna l l .

Magnet ic  f lo ta t ion
A secorr r l  t t ' r 'hn i r l r r t '  r rs i r r {  lnagnet ic ,  in ter t rc t ions to

separate  rnat t ' r ia ls  is  l taser l  on t l r t '  r . r r r ious fac t  that  a
paramagnet ic 'or  f t ' r r in ragnt ' t ic ,  l i r l r r i r l  in  a  s t rong magnet ic

Table 2. Characlerislics of high gradient
magnetic filters

Adtantages

. Collect particles based on magnetic susceptibif it ies;
allow selective separations of solids

. High fi l tration rates
o Appl icable to smal l  (< 1 pm) and soft  part ic les,  and

to l iquid droplets
I Low pressure drop across the litter
Llmitations

Limited to magnetically responsive systems (ferro-,
ferrir, or paramagnetic particles in a diamagnetic liquid,
or diamagnetfc particfes paramagnetic l iquid)
Useful  only wi th part ic les;  not  appl icable to
molecules
Magnet struclure expensive
Technical personnel may be required
Filter size l imited by magnet size
Low fi lter capacity

a

a
a
a( 1 )

( 5 )
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Figure 5. A diamagnetic solid may be levitated in a less
dense paramagnetic l iquid in an external magnetic f ield

fielcl appears to have a verv high clensitr'. It w,ill "fkrat" clense
sol ids (7).  ( lonsir ler  the'erper iment sketchecl  in Figure 5:  A
dense diamagnetic solicl particle is strspenclecl in a l ighter
paramagnetic l iquirl, In the absence of an rrppliecl magnetic
f ie ld,  the part ic le u ' i l l  s imph's ink under the inf luence of
gravity. In the presence of an external f ield, it wil l sink onlv
to some point above the region of high field and remaiir
suspended there. Why? As the diamagnetic particle moves
into the high field region, it displaces an eclual volume of the
paramagnet ic l iquid f  rom this region. Since the
pararnagnet ic l iquid is stronglv at t ractecl  to the hich l ie lc l
region and the <l iamagnet ic,  parr t ic . le s l ight l r  r t 'pel lecl .  th is
clisplacement is resisterl ancl the clou'ns artl nrotion of the
particle stoppecl. 

' lhrrs 
the paranragnetic l iquid in a high

f ie ld gradient seems to have a high "densi tv" ;  d iamagnet ic
solids u,ith high ciensities rvil l  f loat on it. tJsing a relativelv
simple apparatus anrl a concentratecl solution of aqrrcorrs
Mn(II), it is easr.'to achieve arpparent clensities in the a(lll(.ous
flotation medium of 5-10 g,/ml-. N,luch higher valu€'s art '
attainable using special apparatus or ferrimagrretic, l iqrricls
(ferrimagnetic l ir luicls, or ferrif luids, are stable magrretite
colloids in water or hydrocarbons) (B).

In magnetic f lotation (also callecl magnetic levitation) the
apparent density of the paramagnetic f lotation l icluid can
be varied rvidelv u,ithout chnnging its chemical composition
simplv bv changing the strength of the erternal magnetic
field, Moreover, apparent high densities can be obtainecl
using inexpensive components. Magnetic f lotation is thus
applicable to the separation of solids or l iquids trv clensitv
and has been usecl for this prlrpose in ore separations on a
laboratorv scale (9).

Appl icat ions
Magnetic separations have been usecl in the laboratorl' ancl

in industry (10).Let us out l ine some of these appl icat ions
in the following section.

Kaolin clay. The first large-scale industrial application
of high gradient magnetic separation (HGMS) was the
removal  of  colored impuri t ies f rom kaol in c lav ( l l ,  12).
Beneficiated kaolin clal ' is a white alrrmino-sil icate mineral
used by the paper inchrsirl,to enhance brightness. The minecl
clay is often discolorecl by -1-Um particles of rveaklv
magnetic impurit ies (anatase, ruti le, mica, iron pvrite. )
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Figure 6. Diagram of a cyclic magnetic filter (courtesy of
Sala  Magnet ics ,  Inc . )

f {GMS was f i rst  r rst .c l  for  the rernoval  of  these i rnpur i t ies
bv the J.  IU. Hrr l re ' r  ( .o.  in 196!) .  T 'he'separat ion procedure
trsecl  is  termed c ' rc l ic  s inct ' i t  operates in t r l ternate feeding
and flushing -,,, i t.r. ..\ r 'rrtau av cliagrtinr is shown in Figure
6. The matrix is tr pe' -lS0 stainless steel w'ool (13). Fluicl florv
is parallel to the magne.tic f ield. 

' l 'his 
c.onfigtrration is the

most economical to scale up since the poles can be kept close
tog€'1he1. The electromagnet is composecl of a coil of copl)er
u irt '  srrrrounded bv an iron return frame to prevent loss of
rnagnetic flux. Since the impurities are small and onlv feeblv
mtrgnetic, a magnetic f ielcl of l5-20 kOe is required ancl
flow rates are lorr' (atxrut 0.2 cm/s). After the fi l ter is loadecl
u,ith imptrrit ies. the pou'er to the magnet is turned off ancl
the filter is flrrsht'rl rvith high pressure water. The dtrtv cycle,
defined as the ratio of the feeding time to the total of
feecling, f lrrshing, ancl valve positioning time, is about 0.6.
High gradient magnetic separators of this type rvith fi l ter
cliameters up to 2 m are commerciallv available and have
capacities up to 20 tons/h. The contribtrtion of the magnetic
separation step to the final cost of the kaolin clav is small.
The use of HGMS hais allowed the mining of clay deposits
previouslv discarcled as insufficiently pure for use. IIGMS
is now an establishecl technologv of great economic value
in the kaolin inclustrv.

Stack gases. The stack gases from several industrial
processes, primarih' in the iron, steel, and ferroallov
industries, contain large quantities of magnetic particulatei.
Pilot plant r.vork has clemonstratecl that these magnetic
pollutants are cfficientl l '  removecl b.v clry, high graclient
magnetic separation of the stack gases from basic oxygen
furnaces ancl sintering plants in the steel industrv. Capital
costs and po$'er requirements are competitive rvith current
methods usecl to control these pollutants (14).



Fly ash from power plants burning bituminous coal
contains about 22% alumina and rSvo iron oxides. Electric
uti l i t ies in the U.S. currently produce over 50 mill ion tons
of fly ash per year. About 15% of this ash is used in structural
applications while the remainder constitutes a serious
disposal problem. Magnetic filtration is effective in isolating
about 15% by weight of the fly ash as a magnetic fraction.
This fraction can replace commercial magnetite in certain
applications, as, for example, in heavy-medium materials
used for coal beneficiation. Roy et al. have estimated that
resale of the magnetic fraction might allow American
utilities to recover a significant fraction of the cost of stack
gas cleaning, and to decrease the volume of unwanted
material (-15).

Water purification. The ability to remove small amounts
of highly magnetic impurit ies rapidly from large volumes
of water makes high gradlent magnetic separation a possible
solution for several water purification problems. Nearly 50
electromagnetic filters have been installed in thermal power
and steam generation svstems to remove ferromagnetic
impurit ies arising from corrosion of pipes and machinerv
(16). Precipitated iron from coal mine drainage has been
removed by HGMS (17). The technique hai also been
applied to the purif ication of various types of u'aste,from
steel mil ls (lB, l9). and is more effective ancl econrmical
than other fi l tration methods in certain circumstanct's. F' 'r
example, a cvclic high gradient magnetic f i l ter has beerr in
full scale operation at Kawasaki steel corporation in Japan
since 1977. The fi l ter removes fi 'e particles suspended in
condenser-cooling scrubber water discharged from a
vacuum degassing process. The 3 koe magnetic f i l ter has
a diameter of 2.1 m and operates with a flow velocity of 7.5
cmf s, Using this filter, the concentration of suspended sorids
is reduced from 100 mg/L to less than 20 mgl-L at the florv
rate of 900 m3lh (20).

Dissolved or suspended diamagnetic impurit ies can
sometimes be removed from wastewater by first seeding
with colloidal magnetite and a flocculating electrolyte sucii
as AI(III) (21). This indirect HGMS effectivelu i"^ou",
suspended solids (including microorganisms) from municipal
sewage. The technique has also been applied to eutrophic
natural water from which gg% of algae and most
orthophosphates were successfully remove d- (22). Dissolved
orthophosphates are removed most efficiently by adding
clay prior to the addition of magnetite and Al(IiI), ilecentli
advances have been made in the removal of hvdroc".boni
(including polychlorinated biphenyls) and *""[lu magnetic
solids from an aqueous phase (2S).

Beneficiation. Most iron ores are composed of magnetite
and hematite, and are ferri- or paramagnetic (24). HGMS
is being used as a beneficiation method to separate magnetite
and hematite from unwanted diamagnetic sil icates and
alumina and phosphorous-containing materials (25)
Although initial capitalcosts may be greater for HGMS than

I
t

Figure 7. Diagram of a continuous separator (courlesy of
Sala Magnetics, Inc). The leed enters at the input station 1
and the magnetic material is trapped in the matrix
compartments. The matrix ring rotates and nonmagnetic
material is washed from lhe matrix. The ring continues to
rotate and the magnetic material is washed from the malrix
as it leaves the magnet station. Conlinuous separators wilh
multiple magnet stations are commercially available

for other beneficiation methods, lower processing costs and
reduced water treatment problems make the magnetic
method compet i t ive over the long term (26) Ore
beneficiation is particularly important in the U.S. because
the higher grade ores (over 50% iron) have been depleted.
unoxidized taconite containing only 25% iron is the largest
domestic source (25).

Beneficiation of iron ore requires a continuous separator
since the ore slurry contains a high percentage of magnetic
materials and large quantit ies of ore must be processed. A
continuous high gradient magnetic separator (Figure 7)
comprises a rotating ring that contains the ferromagnetic
matrix. The feed enters the ring at the magnet station, an
iron-bound solenoid modified in shape to allow passage of
the matrix ring, The nonmagnetic particles are collected
below the magnet station while the magnetic particles are
flushed from the matrix to the right of the magnet.
Continuous separators with matrix widths of up to 150 cm,
multiple magnet stations, magnetic f ields from B-15 kOe,
and capacities up to 300 tons/h are commercially
avai lable.

Desulfurization of coal. With renewed interest in coal
as a uti l i ty fuel and increased concern about air quality,
methods to desulfurize coal prior to combustion are being
studied, Although 3u50% of the sulfur in Interior Basin and
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Appalachian coals is organic,  most of  the remaining srr l f t r r
<rccurs in the form of pvrite (FeS) \27) 

'f l ie 
u'eaklr, '

paramagnetic pvrite grains (2B), once liberatecl from the
bulk bv rrincling the coal, can be removed bv IIGNIS. If most
of  the pl ' r i te is rernover l ,  the srr l fur  c ' , ' ,nt , ' r r t  of  t l re c,oal  mav
be srr f f ic ' ient l r  lou' to l r r ,pass cost lv gas sc 'nrbbing.

To in ' rpror,e the ef f ic iencv of  rcmoval  of  pr  r i te srr l fur ,  i t
has lreen srrggt'stt 'cl that this pr rite be conv'ertetl t<r
l ' t ' r r inragnet ic '  pvrrhot i te (29,30),  F 'e;S5, l tv re:rct ion wi th
saseous F e(( ,O);  at  2f i )  ' ( l  (31 ) .  This pretreatment mav be
omittecl if the coal is fecl to the separator in a clrv air stream.
fhe aclvtrntage of perfornting theseparation in air is that the
fluicl drag forces acting on the particles are greath, reciucecl.
I lv  dropping the coal  through the matr i r  at  a kxv veloc' i t r .
t h e  p v r i t e  a n t l  a  s i c n i f i c a n t  p o r t i o n  o 1 ' t h t . o t l r t ' r
paramagnetic intlturit ies are captured. Particles ol' l t 'ss than
l0-pm diameter mav have to be removed prior to HGN{S
if the moisture content of the coal is too high. As rvith the
FIGMS treatment of iron ore, f ine coal is cleaned of pvrite
ancl ash rrsing a continuorrs separator.

Magnetic supports in chernistry. lnert nraterials are often
used to st tpport  c 'atalr  sts.  Several  rnagnt ' t icrr l l r  r t 's l r , r r rs ivt '
heterogeneous catalr sts have bet'n preparecl. rrst'<l as
catalvsts,  and recoverecl  b1' f IGl t lS ( ,3r , ,3,J)  (e g.  reclrrc 'ecl
palladium chloride on a catalvst strpport of rnagnetite
deposited on carbon).

The preparation and use of magneticalh' responsive
supports for  immobi l ized enzvmes and bioaf f  in i tv
adiorbents have been revierved (34). Enz\,rncs irnnrobilizeil
or) magnetic strpports (35-39) are easilv retaint'r l irr f lrrit l izetl
bed reactors ancl recovere'cl frorn batch rt 'ac,tors lrr taking
aclvantage of their rnagnetic properties. Sirrri lar res,,lts have
been clemonstratecl for u.holt ' 1'east cells immobilizecl on
magnet ic supports ({0) that  have been usecl  for  a lc 'ohol
fermentat ion.  ( .ovrr l t 'nt  at tachment of  af f in i tv l igant ls to
magnet ic sul t l tor ts \ -11.  12) restr l ts in the prel tarat ion of
rnagnetic affinit i rnatrices trseful for isolating sltecif ic,
enzvn'Ies clirec't lr l 'ronr l icltrors containing strspended solids.
l\{agnetic srrltports labeled with antibodies, lectirrs, or
antigens har,e bet'n usecl to separate cells basecl on their
clifferences in surface receptors (43, 1.1,45). An erample of
this tvpe of cell separation is the specific separation of
neuroblastoma cells containing gangliosicle Clml in their
me'rnbranes, using cholerogen-rnocl i f  iecl  magnet ic
rnicrospheres.  (45).

(lonsiderable attention has been paicl to the use of
nragnetic strpports in enzvme-immunoassa\' (46) ancl
raclioirnmunnurr"t ' pr,rcedures G7-50). Use of magnetic
supports allou.s facile magnetic stirring of the preJrarations,
eliminating the neecl for vertical rotation of tulres dtrring
incubation. These materials permit ftrcile separation of
antiboclv-bound ancl free fractions, eliminating the neecl for
multiple centrifugations and rvashes. Trvo approachers have
been used. In one, the free antige'n is nonspecificallv
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adsorlrd on charcoal or ion-exchange resin incorporated into
magnetic srr l lports. The seconcl approach ttses antiborl ies or

specif ic binrl inc proteins covalentlv incorporatecl into
magnetical lv responsive prtrt icles. N{agnt' t ic imntunoassitv
procedures have beert t l t 'scrr ibetl  for cl igorin. thvroxinr ' .
tr i ioclothvronine rr l l take'.  vi tani in B11, anrl  httmitn plac'ental
lactogen.

Polr, 'mer part icles containing magnt' t i tc have alsc, beerr

used as f i l ter aicls (51). These part ic ' les ag{krmeratt ' ,  fornring
tor tuous channels  in  a  f i l te r  bec l l  ther  o f fer  l i t t le  res is tance
to t lre f  lou' of u'ater but t ' f  f  ect ir  t ' lv renlo\ '( '  suspertr lecl
rnat ter .  

' fhe 
f i l t t ' r  a id  is  eas i lv  f l r r ic l izec l  an<l  rec 'overed bv

st ' r l i rn t ' l r ta t ion ar r r l  magnet ic  mt ' thor ls .

Can magnet ic  separat ion be appl ied in  chemist ry?
ln princ' iple, rnagnetic teclrniques mav be appliecl in anv

instance in u'hich one is concerne(l u' i th rnanipulat ing
(separat ing,  conta in ing.  rn i r i r rg)  tu 'o  or  n)or ( '  br r lk  phases,

at least one of u'hich is f t ' rro-. ferr i- .  or l)r lramalgnetic. N' lost
appl icat ions to  c la te  havt ' inv 'o lvec l  separat ions o f  mat t . r ia ls
that are naturalh rnaqnt' t ic '  ( lni ler scale. orcs. I)aramagnetic
i  rn  pur i t ies) .  lv ' lo re  a l rp l  ica t ions arva i t  thost '  u ' ] ro  ure rv i l l i  ng
to clesign some part of tht'ir svstc'm to meet the rt'rlrrirentents
of  nragnet ic  se l lara t ior r  tec 'hno logr ' .  The fo lkr r , r , ing l is t
includes icleas that har,e been clerr ionstratecl (al lr i t

sometimes onh'on a laboratorv scale), or that seeln obvious
areas for clemonstrat ion:
. removal of usecl catal l  st-derived impurit ies f rom

protl trcts. \ lanr catalvst svstems are stronglv
paramagnetic; some (Ranev Ni, Fischer-Tropsclr
catah 's ts)  are  fer ro-  or  fer r imagnet ic

. clesign of catal l 'st supports to f  aci l i tate separation;
magnetica||r '  re'sponsi l 'e '  catah'sts coulcl either be r-netal-
or enzvrnc'-baserl

.  operat ion o f  rnagrr t ' t i c  f l r r i r l i z t ' r l  be<l  or  rnagnet ica l l r
s tab i l izec l  reactors  ( i17,  39.  , i2 )

o separation of aclsorbents (carbon, aff ini tv resins for
biochemical separations)

. separation of isotopes. The chemical fate of a racl ical pair
ge'nt 'ratecl in a nragnctic f i t 'k l  can ck pencl on the nuclt 'ar
sp in  o f  th t 'a toms ber i r i r rg  the lone e lect ron.  Th is  e f fec t
is enhanced rvhen the ru.action occurs rvithin a micel le
(53)

. magnetic orie'ntation of crvstals. This technique has been
usecl to facil i tate tlre eramination of solid-state dynamics
bv NMR (54 ) antl to examine magnetic anisotropies
( . ) J  I

o poh'rnerization in a rnagnetic f ielcl .  In a magnetic f ield,
polvmerization rnar, '  pr<xluce oriented polymers (56)

. separation of red bltxxlcells from solution (57). Red blood
cells infected bl' rnalarial parasites contain oxidized heme
products trncl are rnore paramagnetic than trninfectecl
cel ls. N' lagnetic separtrt ion has been used to concentrate
in fectec l  ce l ls  (58)



. manipulation of magnetically responsive microspheres
in v ivo (58, 59)

.  thermomagnet ic surgery:  Hysteresis heat ing of
ferromagnetic particles within tumors causes necrosis of
the cancer cells (60)

o separation of materials with different affinit ies for
paramagnet ic ions (61)

. separation of nickel hydroxide electrodes from zinc
electrodes. Recovery of nickel from used batteries u'i l l
reduce the cost of zinclnickel hvdroxide batteries (62).

Acknowledgments

We thtrnk Dave Kel land and Glen Dobbv of  t l te Fr i tnc is I l i t ter  Nat ional
\{agnet Lalxrratory for helpf ul t l iscrrssions,'Jarnes Dorrlin o{ Sala N{agnt'trcs,
Inc., for permission to ttse their clrarvings of the c'l 'c' l ic ancl carottscl
separators, and NIH for support of this work ((irant Gl\'{ 2'15'10). l l L II
and D. W. R. held NIH t ra inet 'ships (1980),  1 ' r l2 (1. \  091 l2( lT) .

References
( l  )  Karger,  I l .  1, . ;  Slyc ler ,  L.  R. ;  I Iorvath.  (1.  " . ' \1 I r r t rpt l r rgt i6 l  t9

St'paration Science"; John Wiley' & Sons: Nt'u York. l!)(i I : pp :1 {.
(2)  Simonsen. W. J. ;Gi l l ,  S.  J.  Reu. Sci .  lnsfr .  197'1,  15.  I  l : , - )
(B) I ' r r rcel l ,  E.  M. "Electr ic i tv  and Magne' t isnr .  I l t ' rk l t ' r  I 'hvsics

(brrrst ' -Volurne 2";  N' lcGrar.v-Hi l l :  Nerv York,  l9( i5r  1rp r l52-399
Ohapter l0 is  an erc ' t - l lent  f i rs t  cotrrse in " \ lagnt ' t i t '  F ie lds in
Nlatter. "

(,1) (lrrl l i tr, l l. f). "lrrtrxltrction to Magnetic N{att-rials": .\t lt l isorr-\\ 'esler:
Rt 'ading,  l \ tass. ,  1972; pp I -23.

(5)  (a)Olr i ieuf fer ,  I .  A. IEEE Trans.  Magn. l97i l , t r Iug-9. ; i03;  (b)Kolnt .
H ;  Ober te t r f f e r ,  J .  A . ;  Ke l l and .  D .  l i . .Sc i . . ' \ n r .  1975 ,2 ,13 .  16 r  ( c )
Fr iedlander,  F J ,  

' Iakavastr ,  
N{. ;  Nakano. l - .  l I "F ' t :  Trons.  t r Iagn

1979, NIae-L, i .  1526.
( f i )  l -an ' r ' t ' r .  J .  E. ; l lopst t rk,  l ) .  Nl ,  I f rncr .  St ' i .  Errg, .  197' l , t t .  151.
(7)  Zinrrnels , \ .  IEEE Trans.  I I tgr t .  1977, Mag-13,  959.
(8)  Khalafal la,  S.  E.  CHENI 'L 'E(. 'H 1975,510.
(9)  Artdreas,  U.  "Magnetohvdrodvnamic ancl  l \ lagnt ' tohvdrostat ic' 

\{ethodi of l\, l ineraT Sepaiation"'; John Wilt 'r ' & Sorrs: Nc* \ 'ork.
I  976.

(10) t , i r r ,  \ ' .  A. ,  Ed.  " ln<lustr ia l  Appl icat ions of  Ntagne' t ic '  Separat ion"r
I t i I iE:  Neu, York.  1979.

( l  l )  Oder,  11.  R.  Pulp Pap. Can. 197.1,  ; ,5,  T366.
(12) Oder,  I t .  l l .  IEI IE T' rans.  Nlagn.  1976, Mag'12.128.
( lB)  I l ice,  (1.  l1 ;Abercrombie,  W. F in ref .  I0,  l '1 .
( I -1)  ( ] txx i ins,  (1.  t l :  Signt , ln,  T.  \ \ '  ; \ lorr t t ' i th ,  L,  K. ;Drelr rnt ' l , l ) .  (1. lEl . l l

'l'rans. 
NI a gn. 1978, !v'I ag- 1.1. .10i .

(15 )  Rov ,  N .  K . ;N{u r t } ra ,  N { .  J . ; l Ju rne t .  G .  i r r  r c f  10 .  r } f
(16 )  I l e i tman .  H .  G .  i n  re f .  10 ,  115 .
(17) W: i tson,  J l I .  P. ;  Atk inson,  G; Pot ts,  I \  IEEE Trans. , l Icgn.  1980,

N Iae -16 ,190 .
Yano, J. - i . ;  I r iguchi .  I .  in  ref .  10,  13-1.
Oberteuffer. j. A. ; Wechsler. I. ; N{arston, P. (1. ; \{t 'Nallarr, NI. I. I E I:L
T rans .  N Iagn .  1975 ,  Mae- l l .  1591 .
Tak ino ,  K . ;  Tanaka ,  T  ;  S t ' h i t ' h i r i , ' f ,  i r r  re f .  10 ,  137 .
de Latorrr ,  C, .  IEEE Trans.  Magn. l97l l ,  Mag-9,  31' l ;  det ,atotr r .  (1. ;

Ko fm,  t t .  l L  J .  An .Wate r  Wks . l ssoc .  1976 ,68 ,325 ;Anc le rso t t .  \ .

J . ;Ro f to ,  R .  A . ;E ld r idge ,  I1 .  J . ;  Ko la r i k .  I - .  O ;Srv in ton ,  I l .  , { .  \ I ' a t c r
f i r ,s .  1980. 14.967 .

(22) Mi tchel l ,  R. ;  Al len,  D.  in ref .  10,  1.12.
(23) I 'e t rakis,  L.  ;  Ahner,  P.  h- .  IEEE' f rons.  M agn. 1978. L l  ag '  l '1 ,  191.
(2-1)  Obterteuf fer ,  J .  A. ;Arv i r lson,  IJ .  R.  in ref .  10,  I7.
(25) Hopstock,  D NI.  in ref .  10,55
(26) Ar, ' ' idson,  l l ,  I i . ;  Skol<I ,  l \ .  Eng.  Nl in.  J.  1978, 179( '1) ,11.
(27) lv{evers, R. A. "(loalDesulfurization";N{arcelDekkcr Int'.: Nt'u York

lg77;  Di jkhuis,  J.  I . ;  Kerdi ik ,  C.  w.  IEEE Trans.  Magn. 1981. Mag
t 7 . 1 5 0 3 .

(2t i )  ] ' r indade, S.  (1. ;  Kohn, I l .  I l .  IEEE Trans,  I lagn.  197l \ ,  t r lag-9.
3 r 0

(29) l\{axrvell, t i.; Kelland. D. R. IEI:F: Trans. Ilagrt. l97t}. Mag-14,
182.

(30) Maxwel l ,  E.r  Kel land,  D.  R ;Jacobs,  I .  S. :  Levinson,  L.  NI .  " l \ ' Iagnet ic

Separation ancl Thernto-Magneto-(lhernical Properties of (loal

I - i i r r refact ion \ ' { ineral  Part iculates";  ( leneral  Electr ic ' lech.  Info.
St ' r les.  I leport  No.  fJ(XiRDI62,  19S0.

( r l l )  K i n t l i g ,  J .  K .  i n  r e f .  1 0 , 9 9
r32) l i i l l .  (  l .  L. ;  Lamotte,  r \ . ;  Al thof f ,  W.;  Brt rn ie,  J.  C. ;  Whi tesides,  G. N4.

J .  Cu ta l .  1976 ,43 ,53 .
(38) \ \ ' l r i tes i< les,  G. lv ' ! . ;  Hi l l ,  C.  [ - . r  Rnrnie.  J.  O. Ind.  Eng. Chent.  Process

l)e.s Deuelop. 1976, 15, 226
( j l - l )  I {a l l ing,  P.  J ;  Dunni l l ,  P.  En;gnre [ ' l icrob.  Technol .  1980, 2,  2.
r r l5)  I io l r i r rs<rn.  I ' ,  J , :  Dunni l l ,  P. ;  t , i l lv .  M. D.  Biotechnol .  Bioeng. l97i l ,

/,5. fi03
(3t i )  r 'arr  Lt 'enrprr t ten,  Fl . ;  Hor isberger,  M. Biotechnol .  Rioeng. 1974, i ,6,

385.
(37) Gel f ,  ( l  :  IJ t ,ur l ranl ,  J .  Biochim. Biophgs.  Acta 1971, '3 '3.1,  167.
(38 )  A r la l s te insson .  O . ; [ -a rno t te ,  A  ;Ba ldour , l i .  F ;  ( ]o l ton ,  (1 .  K . ;Po l l ak ,

A. ;  \ \ 'h i tes ides,  G. N{.  J,  Nlo l .  Catal .  1979,6,  199;  ( lo l ton,  (1.  K. ;
Nemet,  N{.  I . ;  Yang, R.  1 '  K.  AlChESrJmp. Ser.  No. 172 1978,74,
rJ.

(39 )  Po l l ak ,  A . ;  I l l umen fek l .  t L rWax ,  N ' I . ;Baughn ,  I t .  L ;  Wh i tes ides ,  (1 .
\ f  .  / . . . \ r r r .  O l rn t  ^Soc  l9 f l 0 ,  102 ,6321 .

( J 0 )  l . a r s s o r r .  I '  O  r \ l o s l u c l t .  K .  B i o l r ' t ' l r r r o l  .  L t t t ,  1 9 7 9 .  1 . 5 0 1 .
t1 l l  \ f os l r r r t ' l r  K  :  \ r r r l t ' r sson .  I .  \ n l r r r r '  197 i .  27 ( ) . l 5 ! ) :  ( l r i f f i n ,  T ;

\ l r r s l r r r c ' l r  K . .  \ l os l rach .  I l  . l pp1  l J i t x ' h tn t .  B io taL 'h ,  1981 ,  6 ,  21J3 .
r { 2 )  I ) r r r r r r i l l .  I ' .  t . i l l \ .  \ 1  I )  B k t t t c h r t o l  B i o t ' r t g  1 9 7 - 1 , 1 6 . 9 f J 7 .
i -1 ; l )  \ f o l t l r n  l l  s : \ t ' r r .  S  l ' .  S . :  l l t ' r n l i r t t t t t t .  . ' \  \ a l t r r c  1977 ,268 , .13 i .
( -1- l )  ,^ \ntorr int ' ,  J  ( . . r  ' l ' t ' r t r rak.  

T. ;  Rot l r igot ,  l \ { . ;  Avrameas, S.
I ntrrrunochernist rg 1978, 15, .1.13.

(-15) Kr<rrr ick,  P.  I - . :  Oampbel l ,  (1.  t , . ;  Joseph, K.  Science 1978.2(n,
107.1

(-16) ( l r resclon,  J.  L, ;  Avrameas, S.  lnurunocheni ls t rg 1977,1 '1,113.
(-17) Dau' t 's ,  (  l  :  ( larr lner.  J .  Cl in.  Chin. , lc tc 1978, 86,  353.
( -18 )  I t hak iss ios .  l ) .  S . ;  K r rb ia tou  i cz .  D .  O  C l in .  Chcn t .  1977 ,23 ,20 i2 .
(19 )  N l t ' .  I . r l i o r r t ' s t . ( l  ( . : ( l r t ' t ' nu ' r xx l . [ { . : ( i a r r l t t t ' r . J .S . : Ja l ' .  I i ; l l o } r r t s .

J  l l . ;  [ . on r l r r r .  J  ( ]1 in  Ch in t . . { c l c .  1976 .  ( i 9 .387 .
(50) I Iers l r .  L S. :  \averbarrrn.  S.  Cl in.  Chint .  Acta 1975,63,  69.
( ,51 )  I l o t to .  l J  . ' \ : ( . r r r ss .  K  \ \ ' .  \ ' . r h l t l r i t l ge ,  I l ,  J  tS rv in ton ,  E . . ' \ , ;We iss ,

D. E.  Chenr.  Errg [ ' rog.  1975, -17.
(52) Rosensu'eig, Il lt.. lnd. Eng. Chem. Fundam, 1979, ,l8, 2ti0.
(53) Trrr r<r ,  N.  J. ;  Kraeut lcr .  l l .  , \ t 'c .  Chem. Rcs.  1980, , l ,3,  ;16!) .
(51) Olr l f ie ld,  E. ;  Rothgt ' l ' .  T \1.  J.  Am. Chent.  Soc.  l9fJ0,  102.3635.
( ,5,5)  Sakrrra i ,  L;Kau'atnt t ra.  \ ' . r lkegarni ,  A. ;hvavanagi ,  S.  Proc. l lnt l . , \ t -ad.

.S t ' i  { ' ^5 . . \ .  t 980 .  19 .  ;232
(5 ( i )  - f ' o r l r t .  

J  :  I : r t ' r ss i t r t ' t .  J . - \1 . ; I l u t l r r - ( i l e rgeon ,  ( i .  l l a t t r re  1981 ,289 ,
9 1 .

(57 )  Meh i l l e .  l ) .  I ' a t r l .  F . ;  I i oa th ,  S . l , l a tu re  1975 ,255 ,706 ;Orven ,  (1 .  S .
B iophys .  / .  197E,  22 . l i L

(58 )  Pau l .  I " . ;  iUe l r i l l e .  D . ;  I l oa th .  S . ,Warh t r r s t .  I )  (1 . ;Os isonva .  J  O .  S .
Internag.  Conf Digesfs.  1981, l1 l ' t

(59) Widt ler .  K J. ;  Senr l .  A.  Fl , :  I lannev,  D.  I ' .  Atb.  I 'harnrut l t l .
Chenuttlrcroptt 1979. 16. 213.

(60 )  I l an t l ,  R  \ \ ' . ;Sno* ,  H .  D ;E l l i o t t ,  D .  ( l . rS r r r t l e r ,  N I . . l pP / .  B iochen t .
Biotech.  1981. f t .  265.

(61 )  F l vans ,  ( l  I I . r  Te rv .  W.  P .  Sc ience  1981 ,213 ,  f i 53
(62 )  S rnc le r .  I ) .  l ) . r ' f i ua r i .  l \ .  L , ,  Chen t .  Eng .  Nc r l s  1981 ,  Nr . ro .2 ,3 r l .

Bernard L. Ilirschbein is a memlrcr of the research departrnent at Polaroitl

in oambridge, Mass. He receiverl a B.s. frorn wa-v-ne state Llniversitl '  artd

a Ph.D. f rom M LT. (u ' i th G. N' I .  Whi tesides).

Duncan W. Brown rec'eivetl an A.ll. frorn I'rinct-ttln antl a l 'h.I). frorn
(laltec'h (u it lr R. (i. l l t 'rgrnan). Aftt 'r a vear as an ,\c'atlernic Associatt' u ith

I I l j \ l i n S a n J o s t ' . ( . a l i l  . l r c  j o i r r t ' < l  t l r e G  N {  W h i t c s i < l e s g r o t t p a t N ' l . l T . a s
lu l )ostr l . t ' tor , r l  l ' ' , ' l l , , t t

George NI. Whitesides is Haslam ancl Dervel' prrofessor of chentistrv at
NI. l ' f .  (Dept.  of  ( lhemistry,  Rm. l8-298,  Cambridge,  N{ass.  02139) I le
rec 'e ived an A. l l .  f rom l larvarc l  Col lege and a I 'h.D.  f rom Oal tech (wi th

J D. Roberts). His prt-sent research interests l ie in cataly'sis. organometallic
chemistn'. applietl enzvmologv, and sttrface science.

( 1 8 )
( l e )

(  tO)
( 2 1 )

CHEMTECH MARCH 1982 179


	144(1).PDF
	144(2).PDF
	144(3).PDF
	144(4).PDF
	144(5).PDF
	144(6).PDF
	144(7).PDF
	144(8).PDF

