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SEPARATION SCIENCE AND TECHNOLOGY, 23(12&13), pp. 1563-1572, 1988 

USE OF HIGH-GRADIENT MAGNETIC FIELDS FOR THE SEPARATION OF 
MACROMOLECULES 

T. C. S c o t t  and T. L. Rrumfield 
Chemical Technology Divis ion  
Oak Ridge Nat iona l  Laboratory 

Oak Ridge, Tennessee 37831-6224 
P. 0. BOX X 

ABSTKACT 

High g r a d i e n t  magnetic f i e l d  s e p a r a t i o n  (YGMS) has 
been used t o  s e p a r a t e  s e v e r a l  types of > 1 Inn s i z e d  
f e r r o -  or paramagnetic p a r t i c l e s  from hulk streams. 
The major i ty  of the s t u d i e s  have been c a r r i e d  out 
u s i n g  a s i n g l e  fe r romagnet ic  wire o r  wire inesh t o  
produce t h e  f i e l d  g r a d i e n t s  necessary  €or p a r t i c l e  
capture .  The purpose of t h i s  paper is t o  examine the 
p o s s i b i l i t y  of us ing  HGMS on < 1 Iim e n t i t i e s  f o r  t h e  
purpose of macromolecular s e p a r a t i o n s .  Pre l iminary  
exper imenta l  r e s u l t s  demonstrate t h a t  YGMS techniqiies 
can be used t o  capture  0.1 Iim diam l a t e x  beads from 
a paramagnetic s a l t  s o l u t i o n  pass ing  through d columnar 
bed of ferro-magnet ic  spheres .  

INTKODUCT LON 

High g r a d i e n t  magnetic f i e l d  qepara t ton  processes  (YGMS) have 
been u t i l i z e d  f o r  a number OF a p p l i c a t i o n s  i n  t h e  s e p a r a t l o n  of 
> 1 vin f e r r o -  magnetic and paramagnetic p a r t i c l e s .  Amnnq the  
m a t e r i a l s  separd ted  using t h i s  technique are red blood c e l l s  
( l ) ,  o r e  t a i l i n g s ,  (L), and sewage, ( 3 ) .  The norm1 mode of 
o p c r a t i o n  i n  these  processes  is t o  p lace  A ferromagnt’tic wire  mesh 
i n t o  a uniform imgnet ic  f i e l d ;  thereby,  c r e a t i n g  l a r g e  rnagnrtic 
f i e l d  g r d d i e n t s  near  the s u r f a c e  of the  wires .  The d e s i r e d  
ina te r ia l  i s  separa ted  via  ~p ;n t . t i c - f i e ld -cap t l l r e  from the  hu lk  
stream onto t h e  wire inesh. 

In g e n e r a l ,  t h e  a h i l ’ l t y  of a HGMS system t o  capt i i re  p a r t i c l e s  
depends upon the  magnitude of the  magnetic s u s c e p t i b i l i t y  of t h e  
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1564 SCOTT AND BRUMFIELD 

particles. The magnetic susceptibility is defined as the ratio of 
the magnitude of particle magnetization in a field, to the 
intensity of the imposed magnetic field. For ferromagnetic 
materials the susceptibility is large (on the order of lo3 to lo5) ;  
therefore, imposition of a moderate magnetic field can induce the 
material to create a more intense magnetic field in its vicinity. 
However, this behavior is not without bound. If the intensity of 
the imposed magnetic field is increased past a critical point, 
ferromagnetic materials will reach a state of magnetic saturation 
where all the atomic dipole moments are aligned. Hence, at field 
strengths past the magnetic saturation of the material there is no 
further increase in the contribution to the total magnetic field 
by the ferromagnetic entity. 

Paramagnetic materials have small magnetic susceptibilities 
when compared to ferromagnetic materials. Paramagnetic suscepti- 
bilities are on the order of and are represented by salts and 
transition elements. The qual€tative behavior of paramagnetic 
substances in HGElS processes is the same as ferromagnetic sub- 
stances; however, for an identically sized particle, interactions 
with the imposed magnetic field are much weaker. Diamagnetic 
materials include most organic and inorganic compounds. The 
magnetic susceptibility is small and negative, on the order of 

In a high-gradient field system, ferro- and paramagnetic 
materials are drawn into regions of relatively high field strength 
while diamagnetic materials migrate into low-field-areas. Although 
ferro- and paramagnetic materials are usually considered 
appropriate for HGMS systems, it is possible to contemplate con- 
ditions under which magnetic field interactions with < 1 urn, 
diamagnetic particles could be appreciable. This would involve 
the use of intense magnetic fields (> 1 tesla) and may involve the 
use of magnetically susceptible additives in the carrier solution 
of the particles. 

IMPORTANT CONCEPTS OF LIGMS - 
The basic equations describing the interactions between 

particles and ferromagnetic wires placed in high intensity 
magnetic fields have been examined by a large number oE authors 
( 4 ,  5, 6). One of the most comprehens€ve on the subject was 
written by Watson ( 3 ) .  He investigated capture of paramagnetic 
particles by a ferromagnetic wire placed in a uniform magnetic 
field. In his treatment, Watson assumed potential flow (of fluid) 
in order to calculate trajectory equations for particle notion in 
the vicinity of the wire. Figure 1 contains a schematic diagram 
of a typical set of particle trajectories in a HGMS system. 
Dependant upon the relative magnitude of viscous and magnetic 
forces, a particle may be captured on the wire mesh packing or 
flow by the wire unaf€ected. Subsequent papers have verified and 
extended the results of this treatment. 
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Fig .  1. Typica l  behavior  of  p a r t i c l e s  i n  HGMS s e p a r a t i o n s  schemes. 

Numerous a u t h o r s  have addressed the  concept of us ing  f e r r o -  
inacnetic wi res  (meshes) t o  form a matr ix  f o r  p a r t i c l e  c a p t u r e ;  
however, only a few have i n v e s t i g a t e d  t h e  i n t e r a c t i o n  of diamagnet ic  
p a r t i c l e s  wi th  Eerromagnetic spheres .  F r i e d l a e n d e r ,  et a l .  ( 7 )  
have publ i shed  a l i m i t e d  amount of work i n  t h i s  area; hence, t h e i r  
c o n t r i b u t i o n s  provide a good s t a r t i n g  poin t  €or a n a l y s i s .  They 
der ived  and so lved  par t ic le  t r a j e c t o r y  equat ions  f o r  the  case of 
f l o w  around d s i n g l e  fe r romagnet ic  sphere placed i n  a magnetic 
f i e l d .  It w a s  assumed t h a t  t h e  surrounding f l u i d  was a s o l u t i o n  
c o n t a i n i n g  a paramagnetic s a l t  and e n t r a i n e d  p a r t t c l e s .  
C a l c u l a t i o n s  were c a r r i e d  oiit f o r  cases i n  which t h e  magnetic 
s u s c e p t i b i l i t y  (of the  p a r t i c l e s  i n  t h e  f l u i d )  was nega t ive  and 
one where t h e  magnetic s u s c e p t i b i l i t y  was g r e a t e r  than zero. 
These systems were examined u t i l i z i n g  two models f o r  flow around 
t h e  sphere ,  ( I )  laminar  and (2)  p o t e n t i a l  flows. Experimental  
r e su l t s  t r a c i n g  p a r t i c l e  t r a j e c t o r i e s  and not ing  p a r t i c l e  capture  
i n d i c a t e d  t h a t  t h e  laminar  flow model w a s  i n  better agreement with 
exper imenta l  d a t a  than t h e  p o t e n t i a l  flow model. 
flow model at t i m e s  p r e d i c t e d  p a r t i c l e  c a p t u r e  when experiment and 
t h e  laminar  flow model i n d i c a t e d  no capture .  

The p o t e n t i a l  
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1566 SCOTT AND BRUMFIELD 

Although work has been publ ished on modeling i n t e r a c t i o n s  
w i t h  s i n g l e  fe r romagnet ic  spheres ,  i t  appears  t h a t  none has  been 
c a r r i e d  out which contemplates  t h e  use of packed beds of f e r r o -  
magnetic spheres  f o r  p a r t i c l e  capture .  There is some resemblance 
between t h e  paramagnetic r e s u l t s  and Induced d i e l e c t r i c  e f f e c t s  
found i n  packed bed e l e c t r o d e  systems, (8). There i s ,  however, no 
p a r a l l e l  between diamagnetism and e l e c t r i c  f i e l d  e f f e c t s .  

I n  order t o  examine the  p o t e n t i a l  €or  s e p a r a t i o n  of dia-  
magnetic m a t e r i a l  u t t l i z i n g  HGMS, one can perform d f o r c e  halance 
on a p a r t i c l e  f lowing with a bulk l i q u i d  In  t h e  d i s t o r t e d  magnetic 
f i e l d .  Magnetic f i e l d  g r a d i e n t s  create r e l a t i v e  motton hetween 
p a r t i c l e s  and the  bulk f l u i d .  For uncharged p a r t i c l e s ,  t h e  f o r c e  
halance is given by: 

- - 
where Fm is  t h e  magnetic f o r c e ,  Fd is t h e  viscous f o r c e ,  F i  is t h e  
i n e r t i a l  f o r c e ,  and Fg i s  t h e  g r a v t t a t t o n a l  force. 
t h e  express ion  f o r  t h e  magnetic f o r c e  comes from looking a t  t h e  
change i n  energy by t h e  i n t r o d u c t i o n  of t h e  p a r t i c l e  i n t o  t h e  
f l u i d  (9). The work is p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  between t h e  
permeabi l i ty  of t h e  p a r t i c l e  and t h e  f l u i d .  The f o r c e  is then t h e  
d e r i v a t i v e  of the  work. The magnetic f o r c e  is c a l c u l a t e d  us ing  
t h e  fo l lowing  equat ion:  

Der iva t ion  of 

where Vp is Lhe volume of the  p a r t i c l e ,  uo i s  t h e  permeabi l i ty  of 
f r e e  space ,  Mp is  t h e  m g n e t i z a t i o n  of t h e  p a r t i c l e ,  and H is t h e  
magnetic f i e l d  vec tor .  The p a r t i c l e  magnet tza t ion  is g iven  by t h e  
f o l l o w i n g  equat ion  (10): 

where x i s  t h e  r e l a t i v e  s u s c e p t i b i l i t y  of t h e  s o l u t i o n  and is 
r e p r e s e n t e d  by (Xp - Xf) t h e  d i f f e r e n c e  between p a r t i c l e ,  Xp, and 
s o l u t i o n  X f ,  s u s c e p t i b i l i t i e s .  Given t h a t  t h e  s u s c e p t i b i l i t i e s  of 
t h e  p a r t i c l e  and the  salt  s o l u t i o n  are r e l a t i v e l y  small, t h e  
denominator i n  Eq. 3 is approximately equal  t o  u n i t y ;  t h e r e f o r e ,  
t h e  p a r t i c l e  m g n e t i z a t i o n  can be approximated as 

Mp = XH ( 4 )  

This  r e l a t i o n s h i p  f o r  p a r t i c l e  m g n e t i z a t i o n  makes sense  when con- 
s i d e r i n g  t h a t  the magnetic f i e l d  produced by t h e  diamagnet ic  o r  
paramagnetic p a r t i c l e  is  small compared t o  t h e  background f i e l d  
and t h e  f i e l d  produced by t h e  fe r romagnet ic  spheres .  The magnetic 
f i e l d  v e c t o r ,  Tf, is  obta ined  from s o l v i n g  Laplace ' s  equat ion  
i n s i d e  and o u t s i d e  t h e  fe r romagnet ic  sphere  and adding c o n t r i b u t i o n s  
from the  background f i e l d  and t h e  induced magnetic f i e l d .  
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MAGNETIC FIELDS SEPARATIONS 1567 

The viscous f o r c e ,  Fd, is  imposed on t h e  p a r t i c l e  as a r e s u l t  
of t h e  magnetic-field-induced r e l a t i v e  m t i o n  of t h e  p a r t i c l e  with 
r e s p e c t  t o  flow of t h e  hulk f l u i d .  This  r e l a t i v e  v e l o c i t y  is 
assumed t o  be c h a r a c t e r i z e d  by creeping  flow; t h e r e f o r e ,  Stokes 
l a w  can be used t o  c a l c u l a t e  the  viscous drag. This  leads  t o  t h e  
fo l lowing  r e l a t i o n s h i p  f o r  t h e  viscous force ,  where b is t h e  

r a d i u s  of the  p a r t i c l e ,  rl is  t h e  v i s c o s i t y  of the  bulk f l u l d ,  and 
V is the  r e l a t i v e  v e l o c i t y  of t h e  p a r t i c l e  t o  t h e  bulk f l u i d .  

The f o r c e  term diie t o  g r a v i t a t i o n  is given by: 

where Vp is the  volume of t h e  p a r t i c l e ,  
f i e l d ,  and p p  and pf  are t h e  d e n s i t i e s  of the  p a r t l c l e  and f l u i d ,  
r e s p e c t i v e l y .  Because of the  macroinolecular ( s m a l l )  s i z e  of 
p a r t i c l e s  t o  be considered i n  t h i s  s tudy ,  t h e  f o r c e  due t o  g r a v i t y  
can be neglected.  I n e r t i a l  f o r c e s  should not come i n t o  play i n  
t h i s  a n a l y s i s  because of the  low Reynolds number flow assumed f o r  
t h e  p a r t i c l e .  

is t h e  g r a v i t a t i o n a l  

S u b s t i t u t i n g  the proper  express ions  i n t o  Eq. 1 and s o l v i n g  
f o r  t h e  components of the  v e l o c i t y  v e c t o r  of the  p a r t i c l e  y i e l d s  
t h e  fo l lowing  equat lons  ( 7 ) :  

3 1  AWK (1+3cos28) A(5+3cos28) (7) + dR - = (1- + %)case + - 
dT R4 2 2133 

and 

The c h a r a c t e r i s t i c  parameters  a r e  def ined  below: 
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1568 SCOTT AND BRUMFIELD 

2ppb2V0 
K =  

where R and T are  t h e  d i m e n s i o n a l e s s  r a d i a l  p o s i t i o n  and time, 
r e s p e c t i v e l y ,  and 0 i s  t h e  a n g u l a r  p o s i t i o n .  "A" relates t h e  
s a t t i r a t i o n  m a g n e t i z a t i o n  of t h e  f e r r o m a g n e t i c  m te r i a l  t o  t h e  
hackground f i e l d ,  K is t h e  v i s c o u s  term, and W relates t h e  
background f i e l d  t o  i n e r t i a l  Fo rces ,  a is  t h e  s p h e r e  r a d i u s ,  b is  
t h e  p a r t i c l e  r a d i u s ,  H, is  t h e  hackground magne t i c  f i e l d ,  and Vo 
i s  t h e  Eree stream v e l o c i t y .  

H u l t i p l y i n g  A, W, and K t o g e t h e r  y i e l d s  u s e f u l  i n f o r m a t i o n  
a b o u t  t h e  r a t i o  of t h e  magnitude of t h e  magne t i c  t o  v i s c o u s  f o r c e s :  

2M,HoXb2 
27Vona AWK = 

Examil ia t ion o f  Eq. 14 r e v e a l s  t h a t  the  magne t i c  f o r c e  is pro-  
p o r t i o n a l  t o  t h e  ef f e c t i v e  magne t i c  s r i s c e p t i b i l i t y  of t h e  p a r t i c l e  
and to t h e  square of the p a r t i c l e  r a d i u s .  Hence, i F  one is 
examinin);  the p o s t ; i h i l i t y  of e t f e c t i n g  very sinall,  d i a m a g n e t i c  
p a r ~ i c l r s ,  t hey  must employ a very i n t e n s e  magnet ic  f i e l d  ( H o ) ,  
minimize t h e  bulk f l u i d  v e l o c i t y  (V,) and s i z e  of t h e  f e r r o m a g n e t i c  
p a c h i n g  (a) ,  and enhance t h e  c f  f e c t i v e  magne t i c  s u s c e p t i b i l i t y  of 
t h e  p a r t i c l e  (x)  thr3xir:h t h e  ii'ie nf terro- or pa rdmagne t i c  
ddd i t i V e S  . 

E X P K  ii I IHE W4i, SY S'TKM 

P l a c i n g  R f e r r o m a g n e t i c  s p h e r e  i n  a magne t i c  f i e l d  causes 
l a r g e  g r a d i e n t s  i n  t h e  m g n e t i c  f i e L d  t o  occur n e a r  t h e  s u r f a c e  of 
the s p h e r e .  I f  one imposes t h e  snmc inagnet ic  f i e ld  upon a packed 
bed of f e r r o m a g n e t i c  s p h e r e s ,  i t  causes  l a r g e  magnet ic  f i e l d  
g r , i d i c n t s  t o  occiir  i n  t h e  i . n t e r s t i t i a 1 .  volume of t h e  k d .  I f  a 
h i g h - i n t e n s i t y  m g r i c t i c  f i e l d  is  imposed upon t h e  h e d ,  t h e  com- 
b i n a t i o n  of t h e  ! i i gh - in t ens i  t y  and h igh -g rad ien t  a s p e c t s  of t h e  
rnagiietic fieLil make p o s s i b l e  t h e  i m p o s i t i o n  OF r e l a t i v e  motion 
between srna1.1 p a r t i c l e s  and t h e  hu lk  f l u i d  which are p a s s i n g  
th rough  t h c  bed. T h e  cond i . t i ons  under  which  a s i g n i f i c a n t  r e l a t f v e  
b u l k  f u l i d - p a r t i c l e  motion can he developed is  a f u n c t i o n  of ( I )  
t h e  magnet ic  s u s c e p t i h i 1 , i t y  of t h e  f l u i d  and p a r t i c l e s ,  (2 )  t h e  
s i z e  of t h e  p a r t i c l e s ,  (3 )  t h e  s i z e  and magne t i c  s u s c e p t i h i l i t y  of 
t h e  pack ing ,  and ( 4 )  t h e  i n t e n s i t y  of t h e  magne t i c  f i e l d .  
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FLUID FLOW 

FIELD LINES 

BED OF PACKED 
FERROMAGNETIC 

SPHERES 

F i g .  2. Schematic diagram of  t h e  exper imenta l  packed-bed 
a p p a r a t u s  used i n  i n i t i a l  experiments .  

F igure  2 is  a schematic  diagram of t h e  experimental  packed 
bed column i n  a magnetic f i e l d .  A 6 t e s l a  magnetic f i e l d  is 
imposed on t h e  bed of fe r romagnet ic  s t e e l  spheres  packed in a 
3.0 i n .  long by 0.25 in .  I D .  T e f l o n  column. The fe r romagnet ic  
spheres  (Nuclear Metals Inc.)  a r e  [Fade of 7 7 9  s t e e l  and have an 
average diameter  of 100 pm. The magnetic f i e l d  is generated hy a 
superconduct ing so lenoid  manufactured by Cryomagnetics I n c .  

F igure  3 conta ins  a schematic  diagram of the  exper imenta l  
system. An aqueous s o l u t i o n  of 10 or 20X MnC12 was pumped i n t o  
t h e  packed coLumn which is loca ted  i n  t h e  magnet. A 70 pL sample 
may be i i l j e c t e d  i n t o  t h e  sa l t  s o l u t i o n  and c a r r i e d  i n t o  t h e  
column. A spectrophotometer  (620 nm) connected t o  an i n t e g r a t i n g  
r e c o r d e r  is used t o  determine the  amount of rnaterial e x i t i n g  from 
t h e  column. 

Latex  beads, 0.1 ym i n  diameter ,  were used as model macro- 
molecules. These beads were suspended i n  a 10 o r  20% MnC12 
s o l u t i o n  at  a concent ra t ion  of 0.01 wt%.  A success ion  of e i g h t ,  
70 IIL samples were i n j e c t e d  i n t o  the  colrimli and t h e  c o n c e n t r a t i o n  
t r a c e s  were monitored by the  i n t e g r a t € n g  recorder .  The flow r a t e  
of the  hulk s o l u t i o n  was s e t  a t  e i t h e r  0.1 or 0.5 mL/min which 
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' \  

U 

1- MAGNET 

2- COLUMN OF PACKED SPHERES 

3- PUMP AND SAMPLE INLET 

4- ABSORBANCE CELL 

5- INTEGRATING RECORDER 

Fig .  3 .  Schematic diagram of exper imenta l  HGMS system. 

y i e l d e d  average column res idence  t i m e s  of approximately 
20 and 4 min, r e s p e c t i v e l y .  Concent ra t ion  versus  time peaks were 
cont inuous ly  c o l l e c t e d  and i n t e g r a t e d  i n  o rder  t o  determine 
whether or  not l a t e x  heads were being t rapped i n  the  column. 

Table  I conta ins  the mass balance d a t a  from the  e i g h t  
s u c c e s s i v e  i n j e c t i o n s .  Runs 1 and 2 were c a r r i e d  out with water 
a s  the  carrier s o l u t i o n  i n  o rder  t o  s e t  a reference for  t h e  mass 
balance.  These two runs showed t h a t  each I n j e c t i o n  r e s u l t s  i n  
9.7 u n i t s  of beads being put i n t o  the  column. I n  t h e s e  two runs,  
a l l  of t h e  beads flowed through t h e  column even when the  magnet 
was on because the  water did not provide adequate  background 
magnetic s u s c e p t i b l l i t y  €or  capture .  

Runs 3,  4 ,  and 5 were c a r r i e d  out t o  see i f  bead behavior  
could be a f f e c t e d  by us ing  a 10% MnC12 s o l u t i o n .  
d a t a  i n d i c a t e  t h a t  a s t g n i f i c a n t  € r a c t i o n  of t h e  beads remained i n  
t h e  column even a t  the  high flow r a t e  ( 0 . 5  nL/min) a n d  t h a t  t o t a l  
bead capture  can he accomplished (Run 4 ) .  The behavior  observed 
i n  t h e s e  t h r e e  runs appears  to be inconclr is ive regard ing  e l u c i -  
d a t i o n  of t h e  p a r t i c l e  capture  mchanism. One p o s s i b l e  explana t ion  

The t a b u l a r  
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MAGNETIC FIELDS SEPARATIONS 1571 

Tahle I: Resul t s  €or  HGMS capture  of 0.1 ] im 

d i am l a t e x  he ads . 
Qe cove red Comme 11 t s 

Flow Mate r i a  1 C a r r i e r  Magnetic F i e l d  - Run - 
(mL / m i  11 (head u n i t s )  ( t e s l a )  

0.5 
0.1 
0.5 
0.5 
0.1 
0.5 
0. I 
0.1 

9.70 
9.68 
5.70 
0.00 
2.19 
8.75 

27.91 
9.82 

kt20 
H 2 0  

10% MnC12 
102 M11C12 
10% MnC12 
20X MnClp 
20% MnC12 
2ox MnC12 

T o t a l  i n j e c t i o n s  (8) 77.6 i n  
T o t a l  recovered 73.8 out 95% recovery 

is t h a t  a f t e r  d srnall amount of magnetic f i e l d  capture  occur's 
( run  3) combined e l e c t r o s t a t i c  (agglomerat ion)  and magnetic 
i n t e r a c t i o n s  serve  t o  induce f u r t h e r  p a r t i c l e  capture  ( run  4 )  
u n t i  1 t h e  column becomes f u l l y  loaded and d i s p l a y s  breakthrough 
( run  5). 

Runs 6, 7, and 8 were c a r r i e d  out using the  20% MnCl2 
s o l u t i o n .  The d a t a  f o r  Run 6 seem to  i n d i c a t e  t h a t  t h e  column is 
f u l l y  loaded with beads and subsequent ly  breakthrough occurs .  
The l i q u i d  helium supply f o r  t h e  superconduct ing magnet was 
d e p l e t e d  11 min. i n t o  Run 7. E l u t i o n  of beads proceeded t o  occur  
immediately a f t e r  the  m g n e t  was d e a c t i v a t e d .  Hence, t h e  t r a c e  
f o r  t h i s  run r e p r e s e n t s  unloading of t h e  column by t u r n i n g  off  t h e  
magnetic f i e l d .  I n  run 7, 88% of t h e  beads accumulated i n  t h e  
bed from runs 3-6 are accounted f o r  by i n t e g r a t i o n  of t h e  e f f l u e n t  
stream s i g n a l .  This apparent  d e f i c i e n c y  can be expla ined  by t h e  
n o n l i n e a r i t y  of the  absorbance s i g n a l  a t  t h e  h i g h e r  bead con- 
c e n t r a t i o n  vs absorbance curve begins t o  f l a t t e n  out ;  thereby,  
somewhat underes t imat ing  the  t r u e  concent ra t ion  of beads t h a t  would 
be present .  C o r r e c t i v e  c a l c u l a t i o n s  were not undertaken i n  t h e s e  
pre l iminary  runs. 

Run 8 was performed t o  i n s u r e  t h a t  a l l  of t h e  material was 
washed out of t h e  column and t h a t  us ing  t h e  salt  carrier s o l u t i o n s  
d i d  not induce p a r t i c l e  capture .  

The o v e r a l l  mass balance f o r  t h e  e i g h t  runs was extremely 
good. The I n t e g r a t e d  peaks accounted f o r  95% of t h e  material 
i n j e c t e d  i n t o  t h e  column. This  r e s u l t  r e p r e s e n t s  cont inuous ly  
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1 5 7 2  SCOTT AND BRUMFIELD 

account ing  €or  m a t e r i a l  i n j e c t e d  i n t o  the  column f o r  a time per iod  
> 5.0 h. 

CONCLUSIONS AND RECOMMENDATIONS 

These i n i t i a l  experiments i n d i c a t e  t h a t  HGMS techniques may 
have a p p l i c a t i o n s  i n  t h e  s e p a r a t i o n  of macromolecules. It was 
demonstrdted t h a t  0.1 100 urn dLam diamagnet ic  beads can be 
captured  i n  a high-gradient  magnetic f i e l d  i f  a s u i t a b l e  para- 
magnet ic  background s o l u t i o n  is used. The captured beads can be 
r e l e a s e d  from the  column hy simply t u r n i n g  o f €  the  m g n e t i c  f i e l d .  

Most macromolecules a r e  much s m a l l e r  than the  l a t e x  bends 
used i n  t h e s e  experiments. Typica l  diameters  are < 10 nm; 
t h e r e f o r e ,  i t  is  not c e r t a i n  t h a t  the magnetic f i e l d  g r a d i e n t  
mechanisms descr ibed  i n  t h i s  paper can a f € e c t  t h e  molecules i n  
s o l u t i o n .  However, i n  t h e  case of l a r g e  b i o l o g i c a l l y  der ived  
s p e c i e s  (e.g. proteins) t h e r e  o f t e n  is an e l e c t r i c  charge 
a s s o c i a t e d  with t h e  molecule; hence, i t  is p o s s i b l e  t h a t  t h i s  
e l e c t r i c  charge w i l l  i n t e r a c t  with t h e  magnetic f i e l d  through the 
Lorenz f o r c e  and induce p a r t i c l e  c a p t u r e  even though t h e  molecular 
dimensions a r e  q u i t e  s m a l l .  
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