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SEPARATION AND PURIFICATION METHODS, 7(1), 1-29 (1978) 

SEPARATING GRAIN COMPONENTS BY A I R  CLASSIFICATION 

J.R. Vose 
P r a i r i e  Regional Laboratory 

National Research Council o f  Canada 
Saskatoon, Sask., Canada S7N OW9 

I. INTRODUCTION 
The use o f  a i r  as a means o f  e f f e c t i n g  p a r t i c l e  separat ion i s  

one o f  t he  o ldes t  technologies known t o  man. The development o f  
var ious c o n e r c i a l  a i r  c l a s s i f i e r s  has, however, l e d  i n  recent  
years t o  a renewed i n t e r e s t  i n  the  app l i ca t i on  o f  t h i s  technique 
t o  the  f r a c t i o n a t i o n  o f  heterogeneous pa r t i cu la tes  i n t o  sub-groups 
o f  f a i r l y  uni form s i ze  based on p a r t i c l e  dens i ty  and mass. 
app l i ca t i ons  o f  a i r  c l a s s i f i c a t i o n ,  and s t i l l  the  most comnonly 

found, a re  i n  t h e  chemical, dyestuf fs,  ceramics and white c lay  
i ndus t r i es  t o  form products sharply graded i n  the  2 t o  60 micron 
range. 

I t  has been known f o r  many years t h a t  t he  m i l l i n g  process, i n  
i t s  var ious forms, when appl ied t o  cereal  grains produces f l o u r  
conta in ing  a range o f  p a r t i c l e  sizes. Sieve ana lys is  r e a d i l y  dem- 
onstrates t h a t  the  f i n e s t  p a r t i c l e s  o f  t he  f l o u r s  conta in  higher 
p ro te in  l e v e l s  than t h e  coarser f r a c t i o n s  o f  the  f l o u r .  
A i r  c l a s s i f i c a t i o n  appl ied t o  cereal  grains produces p r o t e i n  d i s -  
placement by pe rm i t t i ng  separation o f  the  high p r o t e i n  f i n e  par- 
t i c l e s ,  and t h i s  phenomenon i s  considered by many t o  be t h e  most 
important recent  development i n  m i l l i n g  technology. 
l a r g e l y  because i t  permits the  c rea t i on  o f  a range o f  products f rom 
a normal g r a i n  f l o u r ,  each product d i f f e r i n g  i n  i t s  chemical and 

Ear ly  

This i s  
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2 VOSE 

physical  cha rac te r i s t i cs  from t h e  next, and accordingly s u i t s  a 
v a r i e t y  o f  d i f f e r e n t  appl i c a t  i ons . 
ments o f  t h i s  concept o f  p ro te in  displacement as app l ied  t o  a 
v a r i e t y  o f  cerea l  grains, tubers and g ra in  legumes. 
w i l l  i nc lude a b r i e f  o u t l i n e  o f  the  p r inc ip les  o f  a i r - c l a s s i -  
f i ca t i on ,  the  app l i ca t i ons  and rami f i ca t i ons  o f  the  technique - 
f i r s t  t o  wheat g ra in ,  and then t o  some o f  t he  more recent uses o f  
t h e  technology i n  o ther  vegetable p ro te in  separations. 

It i s  the ob jec t  o f  t h i s  review t o  cover some o f  t he  develop- 

The discussion 

11. THE CLASSIFYING PRINCIPLE 
I n  a c l a s s i f i e r ,  p a r t i c l e s  o f  diameter (d), and dens i ty  (ps) 

a re  exposed t o  t w o  opposing forces. F i r s t ,  t he  cen t r i f uga l  fo rce  
(F) which may be produced by a revo lv ing  r o t o r  and secondly, 
t h e  f l u i d  res is tance o r  f r i c t i o n a l  fo rce  ( R )  whose c e n t r i p e t a l  
d i r e c t i o n  i s  produced by the  a i r  cur ren t .  These re la t i onsh ips  
a r e  shown i n  t h e  fo l l ow ing  equations: 

2. R = 3np dUr 
18pr U r  ( ps-pg )" 3' d th  

where: p= gas v i s c o s i t y  (g/cm/sec) 
u6= per iphera l  v e l o c i t y  (cm/sec) 
ur= c e n t r i p e t a l  d i r e c t i o n a l  v e l o c i t y  o f  gas (cm/sec) 

d = p a r t i c l e  diameter (cm) 
r =  r o t o r  rad ius  (cm) 

ps = dens i t y  o f  p a r t i c l e  (g/cc) 
pg = dens i ty  o f  gas (g/cc) 
dth= theo re t i ca l  l i m i t  o f  p a r t i c l e  diameter (ref.  1)  

It i s  genera l l y  assumed t h a t  the f l u i d  res is tance obeys the p r in -  
c i p l e s  o f  Stokes' Law. The equations presented above are  based on 
the  c l a s s i f i c a t i o n  o f  spher ical  pa r t i c l es ;  f o r  a l t e r n a t i v e  shapes 
t h e  equations would requ i re  incorpora t ion  o f  a co r rec t i on  fac to r .  
These p r i n c i p l e s  a re  shown diagrammatical ly i n  f i g u r e  1. 
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SEPARATING GRAIN COMPONENTS 3 

F = CENTRIFUGAL FORCE. 
R = FRICTIONAL FORCE. 
G = C U T  SIZE PARTICLE 
K CIRCULAR PATH. 

S =SPIRAL FLOW LINE. 
C AIR VELOCITY 
Cu= PERIPHERAL COMPONENT. 
C r  = RADIAL COMPONENT. 

FIGURE 1 

The fo rces  present i n  the s p i r a l  f l o w  o f  an a i r  c l a s s i f i e r  
( a f t e r  reference 2). 

Perhaps the  most comnonly used system i s  t h a t  developed by 
the  A lp ine  Ak t iengese l lschaf t  o f  West Germany, i n  t h e i r  range o f  
Mikroplex S p i r a l  a i r  c l a s s i f i e r s .  I n  these un i ts ,  a i r  f lows i n -  
wards i n  a s p i r a l  path; p a r t i c l e s  entrapped i n  t h i s  a i r  f l o w  are  
subjected t o  t h e  t w o  an tagon is t i c  fo rces  F and R .  Larger, h igher 
dens i t y  p a r t i c l e s  a re  dominated by the  mass-dependent c e n t r i f u g a l  
force,  and the  smaller, less dense p a r t i c l e s  by the  f r i c t i o n a l  
f o r c e  propor t iona l  t o  the  p a r t i c l e  diameter. 

When the  forces F and R are i n  exact equ i l ib r ium,  equations 
(1) and (2)  above may be assumed equal. Th is  p o i n t  i s  termed the 
"cu t  s ize"  f o r  a d e f i n i t e  s i z e  o f  p a r t i c l e s .  I n  order t o  ob ta in  
opt imized sharp separations, the equ i l i b r i um o f  fo rces  should be 
e f f e c t i v e  a t  a l l  po in t s  along the  s p i r a l  f low. Th is  i s  a l s o  
important f o r  t h e  a x i a l l y  adjacent l aye rs  o f  the c l a s s i f y i n g  
chamber where the  wa l l  v o r t i c i t y  may be e l im ina ted  by r o t a t i n g  the  
wa l l s  i n  the  d i r e c t i o n  o f  the a i r  f low.  
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4 VOSE 

vary ing  these f i r s t  two fac to rs ;  the range o f  the  cu t  
termined by  the dimensions o f  t he  c l a s s i f i e r  chamber. 
i l l u s t r a t e s  a cross-sect ion through a Mikroplex Spira 
i f i e r  type  MP. 

The e f f i c i ency  i n  f l o u r  separat ion or  c l a s s i f i c a  

The ac tua l  cu t - s i ze  achieved depends on the  s p i r a l  gradient,  
t he  per iphera l  component (Cu) and the  absolute dimension o f  t he  
c l a s s i f y i n g  chamber. Adjustment o f  t he  c u t  s i z e  can be managed by 

s i ze  i s  de- 
F igure  2 
A i r  Class- 

i o n  r e f e r s  
t o  the  percentage o f  f i n e s  co l l ec ted  as the  desired product when 
c l a s s i f y i n g  a raw mate r ia l  a t  a given cut-point .  
100% e f f i c i e n c y  i s  bel ieved possible,  bu t  i n  p r a c t i c e  e f f i c i e n c y  
may vary from 50-80%. 
f a c t o r s  such as t h e  amount o f  ma te r ia l  a t  o r  below the requ i red  
cu t -po in t  i n  the raw product, ma te r ia l  cohesiveness e tc .  The 
percentage e f f i c i e n c y  can be c o n t r o l l e d  by the  p a r t i c l e  

I n  theory, a 

This e f f i c i e n c y  depends on several 

COARSE FRACTION 

1- KNIFE EDGE 

FINE FRACTION 
O U T L E T 1  INLET FOR MATERIAL 

TO BE CLASSIFIED 

COARSE FRACTION 
DISCHARGE WORM 

AIR GUIDE VANE 

CLASSIFYING 
CHAMBER 

SPIRAL AIR FLOW 

FIGURE 2 

Cross-section through a M i  kroplex Sp i ra l  A i r  C l a s s i f i e r  
type MP ( a f t e r  reference 2). 
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SEPARATING GRAIN COMPONENTS 5 

d i s t r i b u t i o n  of feed mater ia l ,  cu t -po in t  etc. A method fo r  
computing the  separat ion e f f i c iency  i s  based on Newton's 
Eff ic iency expressed as : - 

(b - a )  (a - c )  
E =  x 100% 

a (1 - a )  ( b  - c )  

where: E = e f f i c i e n c y  
a = p ropor t ion  o f  coarse ma te r ia l  i n  feed product 
b = propor t ion  o f  coarse mater ia l  i n  separated t a i l i n g s  
c = p ropor t ion  o f  coarse mater ia l  i n  separated f i n e  pro- 

duct ( c o l l  ected) (from r e f .  1) 
I n  add i t i on  t o  measuring c l a s s i f i c a t i o n  e f f i c i e n c y  as ou t -  

3 l i n e d  above, the  concept o f  p r o t e i n  s h i f t  as def ined by Gracza i s  
o f  value. This i s  expressed mathematical ly as:- 

where: 6 = degree o f  p r o t e i n  s h i f t  (%) 
p = p ro te in  content o f  parent f l o u r  (%) 

px = p ro te in  content o f  i nd i v idua l  f rac t i ons  w i t h  

pz = p ro te in  content o f  i nd i v idua l  f r a c t i o n s  w i t h  lower 
higher p ro te in  l eve l  than the parent (%) 

p ro te in  l e v e l  than the parent (%) 
y = y i e l d  o f  i nd i v idua l  f r a c t i o n s  (%) 
n = number o f  f r a c t i o n s  produced ou t  o f  t he  parent 

stock 
A p o s i t i v e  s h i f t  i n  p r o t e i n  o f  the  parent stock i n t o  var ious 

f r a c t i o n s  can on ly  be accomplished a t  the  expense o f  dep le t ion  o f  

t he  same amount o f  p ro te in  from o ther  f rac t i ons  ( -  6).  

t 6 * - 6 = 6 (degree o f  p ro te in  s h i f t i n g ) .  
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6 VOSE 

The degree o f  p ro te in  s h i f t  may vary from less than 5% f o r  
4 some convent ional ly m i l l e d  hard wheat f l o u r s  t o  42-45% f o r  

p in -mi l led  legume f 1 0 u r s . ~  
found depending on the  p l a n t  v a r i e t y  from which the  
f l o u r  was obtained, and a lso  t h e  seve r i t y  o f  the  m i l l i n g  
process used t o  generate the  f l o u r  p r i o r  t o  a i r  c l a s s i f i c a t i o n .  

Intermediate values f o r  6 are 

111. A I R  CLASSIFICATION OF WHEAT FLOURS 
A i r  c l a s s i f i c a t i o n  i s  a useful  procedure f o r  

producing wheat f l o u r s  w i t h  enhanced proper t ies .  However, although 
app l i ca t i on  o f  t h i s  technology i s  we l l  known t o  the  m i l l i n g  i n -  
dustry, i t s  usage i s  no t  general ly ~ i d e s p r e a d . ~ ’ ~  

Some o f  t he  advantages perceived f o r  t h i s  process are  t h e  
a b i l i t y  t o  produce uni form f l o u r s  from wheats o f  varying chemical 
composition; t he  p o t e n t i a l  f o r  b lending a i r  c l a s s i f i c a t i o n  f l o u r  
streams t o  enhance the  p ro te in  content o f  bread f l ou rs ;  the devel- 
opment o f  increased absorpt ion o f  bread f l o u r  by blending i n  about 
10% o f  a h igh  p ro te in  f rac t i on ;  the  con t ro l  o f  g ranu la r i t y  o f  f l o u r  
f o r  s p e c i a l i t y  app l i ca t ions  i n  bread, cake and cookie f l ou rs ;  the 
saving o f  t ranspor ta t ion  costs f o r  blending wheats and cross- 
shipment o f  f l ou rs ;  the  manufacture o f  low-protein starches f o r  
var ious i n d u s t r i a l  s ta rch  uses and the po ten t i a l  f o r  c o n t r o l l i n g  
t h e  o i l ,  ash, maltose and moisture values i n  the  end-products. The 
l a t t e r  p o i n t  i s  p a r t i c u l a r l y  important as a i r - c l a s s i f  ied  f l o u r s  
conta in  an average o f  3% less  moisture than convent ional ly-mi l  l ed  
products. ’ This weight d i f f e rence  means higher po ten t i a l  y i e l d s  
i n  terms o f  f i n i shed  products plus add i t i ona l  savings i n  t ranspor t  
costs between the  f l o u r  m i l l  and the  bakery. 
has observed t h a t  f o r  each 1% d i f f e rence  i n  moisture o f  the f l o u r ,  
i t  i s  possible t o  add back 1.5 l b s  o f  l i q u i d  t o  100 l b s  o f  
formula wi thout adversely a f f e c t i n g  the  appearance and other 
c harac t e r i  s t  i c s  o f  the  baked product. 

wheat endosperm are  gradua l ly  reduced i n  s i ze  by a ser ies o f  smooth 
r o l l s  i n  order t h a t  the  f l a t t e n e d  bran and germ fragments may pass 

8 

Pratt ’  

I n  f l o u r  m i l l i n g  as convent iona l l y  pract ised, p a r t i c l e s  o f  
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SEPARATING GRAIN COMPONENTS 7 

over a s ieve  through which t h e  f l o u r  can f a l l .  The aperture s i z e  
o f  t h e  f l o u r  s ieve  i s  genera l l y  i n  the  range 100-150 microns, 
although manufacture o f  special  cake f l o u r s  may invo lve  use o f  ex- 
tremely f i n e  s i l k  screens (65 microns). Wheat endosperm c e l l s  a re  
approximately 100-150 microns i n  size; i n  m i l l i n g ,  a l a r g e  propor- 
t i o n  o f  t h e  c e l l s  a re  shattered and pass the  screen as separated 
o r  d is rup ted  fragments t o  form p a r t  o f  the f i n i shed  f l o u r .  

(1)  spher ical  o r  s l i g h t l y  polyhedral granules (1 t o  10 micron 
diameter) and (2)  l e n t i c u l a r  granules (15 t o  over 40 micron 
diameter). Both a re  embedded i n  a p r o t e i n  mat r ix .  
seen t o  d i s i n t e g r a t e  i n  the  m i l l i n g  process i n t o  va r ious l y  shaped 
fragments termed wedge protein." Th is  i s  shown diagrammatical ly 
i n  f i g u r e  3. 

4 

Wheat c e l l s  con ta in  two d i s t i n c t  groups o f  s ta rch  granules 

Th is  m a t r i x  i s  

PRISMATIC ENDOSPERM CELLS POLYHEDRAL CELLS 

"Po 
MICRONS 

DETACHED LARGE 0 0 STARCH GRANULES 

DETACHED .. .* - . .;*a SMALL GRANULES 

qf CLUSTERS 

4 PROTEIN 
FREE WEDGE 

FIGURE 3 
Diagramat i c  presentat ion o f  wheat endosperm c e l l s  and the 

fragments der ived therefram i n  the  m i l l i n g  process ( a f t e r  reference 

4 ) .  
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8 VOSE 

The shape and s i z e  o f  c e l l s  vary i n  d i f f e r e n t  regions o f  the 
g r a i n  endosperm, the  longes t  dimension o f  per iphera l  c e l l s  i s  60 
microns; t h a t  o f  p r i sma t i c  c e l l s  i s  200 microns and o f  centra 
endosperm c e l l s ,  14 microns. 
a re  s t r u c t u r a l l y  weak. Starch granules range i n  s i ze  f rom 1-50 
microns i n  diameter; the  l a r g e r  a re  lens  shaped, the smal ler  
spher ical .  These granules tend t o  be e i t h e r  l a r g e  and l e n t i c u l a r  
(15-40 microns) o r  small and spher ical  (1-10 microns) i n  the  p r i s -  
mat ic  and c e n t r a l  c e l l s .  Those i n  the  per iphera l  c e l l s  a re  gen- 
e r a l l y  intermediate (6-15 microns) i n  s ize.  

endosperm p a r t i c l e s  2-200 microns i n  diameter. Those t h a t  a re  over 
40-50 microns are  genera l l y  whole endosperm c e l l s  o r  par ts  o f  
c e l l s ;  those less  than 40-50 microns are s ta rch  granules, fragments 
of p r o t e i n  matr ix,  c e l l  w a l l  fragments etc.  The percentage o f  
ma te r ia l  present i n  the  f r a c t i o n  l ess  than 40-50 microns i n  diam- 
e t e r  has been termed the "degree o f  reduct ion".12 The degree o f  
reduc t ion  i n  convent iona l l y  m i l l e d  f l o u r s  ranges from about 10-20% 
f o r  hard wheat f l o u r s  t o  about 60% f o r  s o f t  wheat f l o u r s .  The 
proport ions and na ture  o f  p a r t i c l e s  from a s o f t  wheat f l o u r  a re  
shown i n  f i g u r e  4. 
12% by weight o f  p a r t i c l e s  t h a t  a re  0-17 microns i n  diameter, w i t h  
a h i g h  propor t ion  o f  p r o t e i n  t o  starch. 
f r a c t i o n  (17-35 microns) contains more f r e e  s ta rch  and i s  there fore  
r e l a t i v e l y  l o w  i n  p r o t e i n  content. 

wheats a re  n o t  as r e a d i l y  broken open t o  f r e e  s ta rch  and pro te in ,  
as a r e  the  f l o u r  c e l l s  from s o f t  wheat. I n  s o f t  wheat f l o u r ,  about 
20% o f  a h igh  p r o t e i n  f i n e  f r a c t i o n  e x i s t s  versus 15% i n  a hard 
w in te r  wheat f l o u r .  The s o f t  f l o u r  a l so  contalns about 60% o f  a 
f r a c t i o n  l a r g e l y  composed o f  f ree  s ta rch  granules t h a t  i s  low i n  
p r o t e i n  content. This can be compared w i t h  25% o f  a s i m i l a r  f rac -  
t i o n  i n  hard w in te r  wheat f l o u r .  The propor t ion  o f  these f r a c t i o n s  
i n  a given wheat va r ie t y ,  and which are  r e l a t e d  t o  the  degree o f  
kernel  vi treousness, var ies  from one crop year t o  another. 

C e l l  wa l l s  a re  3-7 microns t h i c k  and 

11 

Flour as normal ly m i l l e d  on r o l l e r  m i l l s  cons i s t s  l a r g e l y  o f  

A m i l l e d  s o f t  wheat may the re fo re  conta in  about 

The nex t  intermediate 

Ind i v idua l  s i n g l e  f l o u r  c e l l s  from win ter  and spr ing  hard 

13 
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SEPARATING GRAIN COMPONENTS 9 

FIGURE 4 
The proport ions and nature o f  p a r t i c l e s  m i l l e d  from a s o f t  

Engl ish wheat f l o u r  (9.5% p ro te in )  - a f t e r  reference 4. 

Some o f  t he  problems concerning the v a r i a t i o n  i n  the  charac- 
t e r i s t i c s  o f  a i r  c l a s s i f i e d  f r a c t i o n s  from d i f f e r e n t  wheats have 
been reported by several authors. 

e n t i a l  sedimentation i n  carbon tetrach1oride:benzene mixtures o f  
dens i ty  1.44 a t  Results from such t e s t s  may be used t o  
demonstrate whether o r  no t  f l o u r s  a re  su i tab le  f o r  f r a c t i o n a t i o n  
by a i r  c l a s s i f i c a t i o n .  The higher t h e  quan t i t y  o f  t he  so-cal led 
" f r e e  starch" w i t h  a maximum p r o t e i n  content o f  2%, the  more 
pronounced i s  the  s h i f t  o f  p r o t e i n  l e v e l  i n  the  a i r - c l a s s i f i e d  
f l ou rs .  
f i c a t i o n ,  t h e  " f r e e  s ta rch"  co l l ec ted  by c e n t r i f u g a t i o n  i n  the  
non-aqueous solvent, dens i ty  1.44, should be 25-50% o f  t h e  f l o u r .  
I t  has a l s o  been demonstrated t h a t  t he  small s ta rch  granules are  
more s t rong ly  embedded i n  the  p r o t e i n  than t h e  l a r g e  granules, and 

4,6,13,14 

Wheat f l o u r s  o f  var ied  q u a l i t i e s  have been examined by d i f f e r -  

To achieve a s i g n i f i c a n t  p r o t e i n  s h i f t  ( 6 )  by a i r  c l a s s i -  

6 

can be i so la ted  only a f t e r  add i t i ona l  g r i nd ing  o f  the  f l o u r  i n  an 
impact m i  11. 4,6,8,16,17 
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10 VOSE 

I n  a c lose  examination o f  t h e  nature o f  the  p r o t e i n  o f  wheat 
f l o u r ,  Hess" introduced t h e  terms "wedge" o r  i n t e r s t i t i a l  p ro te in  
fo r  t he  amorphous p r o t e i n  o f  the  endosperm matr ix,  and "adhering" 
p ro te in  f o r  the  p ro te in  t h a t  remains on the  s ta rch  granules a f t e r  
extensive m i l l i n g .  He a l s o  concluded t h a t  the adhering p r o t e i n  had 
3-4 times more bound l i p i d  than t h e  wedge p r o t e i n  and claimed t h a t  
i t  ex is ted  as a f i b r i l l a r  network around the  s ta rch  granules. 
Presumably a v e s t i g i a l  remnant o f  the  ch lo rop las t  (granal ) membrane 
w i t h i n  which the  s ta rch  granule developed.18 This i s  shown diag- 
ramnat ica l l y  i n  f i g u r e  5. 

f i c a t i o n )  t o  adhering p r o t e i n  (no t  removed by a i r  c l a s s i f i c a t i o n )  
has been shown t o  range from 1:0.43 i n  German low p r o t e i n  s o f t  
wheats t o  1 :3 i n  h igh  p r o t e i n  hard wheat va r ie t i es .  

der ived from m i l l e d  g ra in  endosperm i s  supported by t h e  observation 
t h a t  du r ing  g ra in  development the  starch granules are separated 

The r a t i o  o f  wedge p r o t e i n  ( read i l y  pa r t i t i oned  by  a i r  c l a s s i -  

10 

This concept o f  the two forms o f  p ro te in  e x i s t i n g  i n  f l o u r s  

LIPID COAT 
LlPOPROTEl N 

/ WEDGE PROTEIN ; 
I f LIPOPROTEIN ' 

I ! 

STARCH GRANULE 

FIGURE 5 
Diagram o f  cross-sect ion through s ta rch  granules demonstrating 

con f igu ra t i on  o f  wedge-protein and adhering p r o t e i n  ( a f t e r  Hess ). 10 
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SEPARATING GRAIN COMPONENTS 11 

from t h e  storage p r o t e i n  by 1 ipopro te in  membranes which p e r s i s t  i n  

t h e  mature ce1l. l ’  The storage p ro te in  i s  a l so  bel ieved t o  be 
deposited w i t h i n  a l i p o p r o t e i n  membrane i n  the  developing endo- 
sperm. 

immediately surrounding the  s ta rch  granules, and t h i s  area i s  
capable o f  rap id  swe l l i ng  upon hydration. There i s  a l so  lower 
adhesion between the  s ta rch  and p r o t e i n  i n  s o f t  wheats, and there- 
fo re  s o f t  wheats tend t o  release s ta rch  granules more f r e e l y  than 
hard wheats dur ing  m i l l i n g .  
ra the r  than through the  granules w i t h  the r e s u l t  t h a t  there  i s  
l ess  s ta rch  damage i n  m i l l e d  s o f t  wheats than t h a t  i n  m i l l e d  hard 
wheat va r ie t i es .  

The view t h a t  a l i p i d - r i c h  f i b rous  p ro te in  adheres t o  the  
s ta rch  granules has been challenged. 18y22 No evidence o f  e i t h e r  
l i p i d  bodies o r  membranes was found around the  starch granules and 
i t  has been suggested t h a t  Hess’s r e s u l t s  may be an a r t i f a c t .  

A s ing le  und i f f e ren t i a ted  amorphous p ro te in  was found conta in ing  
randomly dispersed inc lus ions  extending up t o  the  surface o f  the  
s ta rch  granule. 

ca t i on  o f  t he  high p r o t e i n  sub-aleurone endosperm c e l l s  o f  wheat 
has a l s o  been studied.23 This layer  l i e s  adjacent t o  the  aleurone 
layer, and d i f f e r s  s i g n i f i c a n t l y  from the  starchy endosperm i n  
terms o f  c e l l  s i z e  and shape, p r o t e i n  content, range o f  s ta rch  
granule s i ze  etc.  I n  some hard w in te r  v a r i e t i e s  the  sub-aleurone 
has been reported t o  conta in  31-54% p ro te in  i n  comparison w i t h  8- 
18% i n  t h e  inner  e n d ~ s p e r m . ~ ~  I n  a s o f t  w in te r  wheat o f  about 8% 
protein,  t he  r a t i o  o f  sub-aleurone t o  inner endosperm i s  c lose  t o  
2: l .  

20 

The water-soluble p ro te ins  are bel ieved confined t o  a p o s i t i o n  

Fractures are  found t o  occur around 

21 

22 

The na ture  o f  t he  e f f e c t s  o f  f i ne -g r ind ing  and a i r  c l a s s i f i -  

25 

It has been observed t h a t  sub-aleurone endosperm c e l l s  o f  h igh  
p ro te in  content tend t o  p e r s i s t  as i n t a c t  c e l l s  i n  r o l l e r - m i l l e d  
and even i n  p in -mi l led  f l ou rs .  They there fore  tend t o  concentrate 
i n  the  coarse f r a c t i o n  (over 35 micron cu t -s ize)  upon a i r  c l a s s i f i -  
cat ion, and hence increase i t s  p ro te in  content.23 It has a l so  been 
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12 VOSE 

demonstrated t h a t  i t  i s  possible t o  separate very high p ro te in  
f r a c t i o n s  from a i r  c l a s s i f i e d  f l o u r s  o f  p a r t i c l e  s i ze  greater than 
35 microns. Fine p a r t i c l e s  ( less  than 35 microns) were f i r s t  re -  
moved from a comnercial 3rd break f l o u r  by a i r  c l a s s i f i c a t i o n .  
The sub-aleurone endosperm c e l l s  were then i so la ted  i n  v i r t u a l l y  
pure i n t a c t  form by zdimentation i n  non-aqueous solvents o f  s u i t -  
ab le  densi ty.  Such c e l l s  were found t o  conta in  40-50% pro te in .  
It was concluded t h a t  t he  process o f  a i r  c l a s s i f i c a t i o n  causes 
p a r t i a l  separation o f  the  sub-aleurone from the  inner endosperm. 
The low p ro te in  intermediate f r a c t i o n  (17-35 microns) i s  there fore  
depleted, and the coarse f r a c t i o n  (over 35 microns) i s  augmented w i t h  
regards t o  sub-aleurone endosperm. 

The e f f e c t s  o f  a i r  c l a s s i f i c a t i o n  o f  the  germ o f  both wheat 
and corn  have a l so  been studied. The de fa t ted  germ has a higher 
concentrat ion of protein,  l i p i d ,  minerals, vi tamins B and E and 
f i b e r  than the  endosperm. The high f i b e r  content o f  t h e  germ 
1 owers the  n u t r i t i o n a l  qua1 i ty o f  t h i s  f rac t ion ,  and attempts 
have been made t o  reduce the  f i b e r  content o f  de fa t ted  germ by 
f i n e  m i l l i n g  and a i r  c l a s s i f i c a t i o n .  26-28 This processing 
produces a 33% y i e l d  o f  a f i n e  f r a c t i o n  containing about 40% 
p r o t e i n  f rom defa t ted  wheat germ and 27-29% p r o t e i n  from 
defat ted corn germ. F iber  contents were reduced from 2.3% and 
5.7% from wheat and corn germ respec t i ve l y  t o  0.5% o r  less.  
As w i t h  wheat endosperm, the mineral content o f  the  de fa t ted  germ 
was l a r g e l y  concentrated i n t o  t h e  f i n e  f rac t i on .  

o f  wheat have been shown t o  be der ived from d i f f e r i n g  anatomical 
areas of the  endosperm. There i s  some evidence t o  suggest t h a t  
t h e  p ro te in  content o f  these f rac t i ons  var ies s i g n i f i c a n t l y  one 
from another i n  cer ta in  chemica 1 charac ter is t i cs .  Concentrations 
o f  glutamic ac id  and p r o l i n e  have been found higher, bu t  those 
o f  aspar t i c  acid, alanine, l y s i n e  and arg in ine  lower i n  the  
p ro te in  of subaleurone endosperm than i n  the  p ro te in  o f  inner 
endosperm der ived from hard red  w in te r  wheat. T h e  same pa t te rn  
was shown between an i n t e r s t i t i a l  p ro te in  concentrate compared 

23 

28 

The var ious f r a c t i o n s  obtained by a i r  c l a s s i f i c a t i o n  
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SEPARATING GRAIN COMPONENTS 13 

w i t h  an adherent p r o t e i n  concentrate. Starch-gel e lec t rophores is  
showed a higher gl iadin-albumen r a t i o  i n  subaleurone than i n  
inner  endosperm, and i n  the  i n t e r s t i t i a l  than i n  the  adherent 
p r o t e i n  ~ o n c e n t r a t e . ~ ~  On the  other hand, s tud ies  o f  t he  
pro te ins  i n  the  f i ne ,  intermediate and coarse f r a c t i o n s  o f  a i r  
c l a s s i f i e d  wheat f l o u r s  by f r a c t i o n a l  ex t rac t i on  w i t h  aqueous so l -  
vents and a l so  ion-exchange chromatography on CM-cellulose o f  the 
g lu ten  p ro te ins  f a i l e d  t o  demonstrate any s i g n i f i c a n t  d i f f e r -  
ences from the parent f l o u r  protein.29 The on ly  cons is ten t  v a r i -  
a t i o n  was t h a t  t he  f i n e s  f r a c t i o n  was s l i g h t l y  enriched i n  g lu ten  
p r o t e i n  (ace t i c  ac id  so lub le ) .  Others have shown t h a t  t he  d i f f e r -  
e n t  f l o u r  f r a c t i o n s  from a i r  c l a s s i f i c a t i o n  d i d  n o t  show any v a r i -  
a t i o n  i n  terms o f  content o f  sulphydryl  and d i su lph ide  groups, 
o r  i n  the  e lec t rophore t i c  c h a r a c t e r i s t i c s  o f  the  glutens from the 
d i f f e r e n t  f r a c t i o n s  . 

The r a t e  o f  g lu ten  s t re t ch ing  (under constant load  w i t h  an 
extensaneter) has been found grea ter  f o r  g lutens washed from the  
a i r  c l a s s i f i e d  35-63 micron f rac t i on ,  and l e a s t  f o r  those f r a c -  

t i o n s  w i t h  p a r t i c l e s  l e s s  than 35 microns i n  size.32 However, i t  
was suggested t h a t  such d i f fe rences  found i n  these experiments may 
may be due r a t h e r  t o  the  ox ida t i on  s t a t e  o f  t he  f r a c t i o n s  than 
t o  the  g lu ten  strength. 

does n o t  r e q u i r e  any major allowance f o r  va r ia t i ons  i n  baking 
behaviour r e s u l t i n g  from uneven d i s t r i b u t i o n  o f  i n d i v i d u a l  
p ro te ins ;  the  ove r r i d ing  cons idera t ion  appears t o  be the  d i f f e r -  
ence i n  gross p r o t e i n  content. 

I n  a d d i t i o n  t o  t h e  p r o t e i n  displacement as evidenced above, 
other components a re  a l s o  s h i f t e d  i n t o  the  f i n e s - f r a c t i o n  by  a i r  

30 

31 

I n  p rac t ice ,  the use o f  a i r  c l a s s i f i e d  f l o u r  f r a c t i o n s  

c l a s s i f i c a t i o n .  
4y33-36 ash, y14’33-34 y37 espec ia l l y  apparent i n  r e s u l t a n t  ma1 tose, 

O f  p a r t i c u l a r  s ign i f i cance  i s  damaged s ta rch  and 

..- 
the  case o f  a i r  c l a s s i f i e d  f i n e s  from hard wheat v a r i e t i e s , j b  d is -  
c o l o r i n g  
n iac in ,  r i b o f l a v i n ,  pyr idox ine  and pantothenic ac id  which a re  a l s o  
p a r t i t i o n e d  i n t o  the  f i n e  f r a c t i o n s  espec ia l l y  from hard wheat 

o i ~ , ~ ~ ~ ~ , ~ ~  and v i tamins  such as thiamine, 
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14 VOSE 

 flour^.^,^^'^^ I n  add i t ion ,  the  enzyme lipoxygenase has been found 
t o  be concentrated i n t o  the  a i r - c l a s s i f i e d  f i n e  f r a c t i o n  i n  some 
but no t  a l l  v a r i e t i e s  o f  wheat.40 Whether t h i s  d i f f e rence  i s  i n -  
deed a c h a r a c t e r i s t i c  o f  t he  d i f f e r e n t  v a r i e t i e s  tested, o r  ra the r  
an environmental e f fec t  on the  d i s t r i b u t i o n  o f  1 ipoxygenase w i t h i n  
t h e  g ra in  endosperm i s  n o t  c lea r  from t h i s  study. 
genases have important r o l e s  i n  the  f i n a l  c o l o r  o f  the  bread, such 
p a r t i t i o n i n g  e f f e c t s  by a i r  c l a s s i f i c a t i o n  can have obvious prac- 
t i c a l  consequences. The content o f  both reducing and non-reducing 
sugars have a l s o  been shown t o  be concentrated i n t o  the  high 
p r o t e i n  f i n e s  o f  hard red  sp r ing  wheat. 

Starch damage can be extremely important t o  the  q u a l i t y  o f  
f l o u r  f o r  baking purposes. The seve r i t y  o f  such damage depends 
l a r g e l y  on the  type o f  wheat and seve r i t y  o f  t he  m i l l i n g  process. 
The e f f e c t s  o f  var ious m i l l i n g  systems on producing s ta rch  damage 
have been studied;21 and var ious types o f  mechanical damage i n -  
curred by starch granules characterized. 
f l o u r  cha rac te r i s t i cs  such as increased water absorpt ion and 
gassing power a re  cor re la ted  w i t h  the  type o f  damage t h a t  may be 
caused by the  abrasive and f l a t t e n i n g  e f f e c t s  o f  f l u t e d ,  f ros ted  
o r  reduct ion r o l l s  used i n  conventional m i l l i n g .  
such as p i n  m i l l s ,  caused chipping o r  s p l i t t i n g  o f  t h e  starch, 
however, such damage was considered u n l i k e l y  t o  e x e r t  any s i g n i f i -  
can t  p o s i t i v e  e f f e c t s  on water absorpt ion o r  gassing powers. This 
i s  o f  relevance as impact m i l l s  a re  p re fe r red  f o r  f i n e  g r ind ing  
convent ional ly-mi l led f l o u r s  p r i o r  t o  f r a c t i o n a t i o n  by a i r  
c l a s s i f i c a t i o n .  16’42 Th is  i s  p a r t i c u l a r l y  important when attempt- 
i n g  t o  increase t h e  degree o f  reduc t ion  o f  hard wheat f l o u r s  due t o  
t h e  p o s s i b i l i t y  o f  developing cha rac te r i s t i cs  ou t l i ned  above, p lus  
t h e  danger o f  fragmented s ta rch  en ter ing  the  a i r  c l a s s i f i e d  f i n e s  
and hence lowering i t s  p ro te in  content.43 Wi l l iams*l  has suggested 
the  p o s s i b i l i t y  o f  us ing  a i r  c l a s s i f i c a t i o n  t o  remove high damaged 
s ta rch  granules and then t o  re incorpora te  them back i n t o  blended 

As l ipoxy-  

41 

It would appear t h a t  
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SEPARATING GRAIN COMPONENTS 15 

f l o u r s  t o  g i ve  them enhanced e f f e c t s  on water absorption. This 
may permit  t he  use o f  higher baking absorpt ion i n  t h e  recen t l y  
developed short- t ime baking procedures. 

The s ta rch  i so la ted  from the  high p r o t e i n  conta in ing  f l o u r  
f r a c t i o n  o f  p in-mi l led,  a i r  c l a s s i f i e d  f l o u r s  from v a r i e t i e s  o f  
hard red  spr ing  wheat show the  highest pas t ing  temperatures, 
h ighest peak he igh t  and low set-back values. This high p r o t e i n  
f r a c t i o n  a l so  contains t h e  highest water-binding capac i ty  values 
and t h e  greatest  p ropor t ion  of small granules, and has t h e  
highest content o f  t o t a l  water-solubles and water-soluble 
p e n t o ~ a n s . ~ ~  The pentosan content has a lso  been found highest 
i n  the  f i n e  f r a c t i o n s  o f  a i r  c l a s s i f i e d  corn and wheat germ 
f 1 0 u t - s . ~ ~  The water solubles have been f u r t h e r  studied,46 and 
shown t o  conta in  cons t i tuents  t h a t  reduced the  mixing t ime o f  
t h e  extracted f l o u r .  

o f  t he  var ious f rac t i ons  der ived from a i r  c l a s s i f i c a t i o n  operat ions 
may exe r t  t h e i r  e f f e c t s  on product cha rac te r i s t i cs  simply as a 

f unc t i on  o f  gross p ro te in  content ra the r  than a r e s u l t  o f  par- 
t i t i o n i n g  pro te ins  o f  d i f f e r e n t  chemical and physical  charac ter is -  
t i c s  i n t o  t h e  d i f f e r e n t  f rac t i ons ,  the  same does n o t  appear t o  be 
t h e  case w i t h  t h e  carbohydrate cons t i tuents  o f  the  var ious a i r  
c l  ass i f  i e d  f 1 ours. 

I n  order t o  opt imize the f r a c t i o n a t i o n  process, attempts have 
been made t o  de r i ve  su i tab le  cond i t i on ing  treatments, and t o  assess 
t h e i r  e f f e c t s  on the e f f i c i e n c y  o f  f i n e  g r ind ing  and a i r  c l a s s i f i -  
cat ion.  Treatments such as tempering, heating, wet and d r y  cycles, 
f reez ing  and thawing etc. on hard red  w in te r  wheats had on ly  minor 
e f f e c t s  on t h e  a i r  c l a s s i f i c a t i o n  response i n  terms o f  y i e l d  and 
p ro te in  content.47 On t h e  other hand, Wickser and Shellenberger48 
m i l l e d  hard red  w in te r  wheat a t  12, 16 and 20% moisture content 
and obtained 66, 72 and 64% f l o u r  y i e l d s  respec t ive ly .  
experiments, the  propor t ion  o f  f l o u r  through a 400 mesh screen 
(38 microns) was 42% a t  12% moisture, 32% a t  16% moisture and 52% 
a t  20% moisture. 

44 

Thus, although i t  may be concluded t h a t  t he  p ro te in  content 

I n  these 
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The e f f e c t s  o f  moisture content on 5 types o f  wheat on the 
endosperm fragmentation and p ro te in  displacement has a lso  been 
studied." The propor t ion  o f  h igh p r o t e i n  f i nes  (0-17 microns) 
increased w i t h  wheat moisture content i n  the f l o u r s  from 3 hard 
red  w in te r  wheats (52%, 57% and 68% y i e l d s  from wheats m i l l e d  a t  
14.7%, 17.9% and 21.3% moisture).  The percentage y i e l d  o f  such 
f i n e s  decreased s l i g h t l y ,  however, w i t h  increasing wheat moisture 
i n  the  f l ou rs  from the  two s o f t  wheats. The propor t ion  o f  low 
p ro te in  intermediate f l o u r  (17-35 microns) a i r  c l a s s i f i e d  f r a c t i o n  
i n  r o l l e r - m i l l e d  f l o u r s  from a l l  5 types o f  wheat increased when 
moisture contents were ra i sed  as ind ica ted  above. Marked d i f f e r -  
ences were found between s o f t  and hard wheats i n  t h e i r  response t o  
moisture content var ia t ions .  Proport ions o f  both f i n e  and i n t e r -  
mediate a i r  c l a s s i f i e d  f r a c t i o n s  i n  the  f l o u r  from hard wheats 
increased ( i n d i c a t i n g  a greater degree o f  endosperm fragmentation) 
when the  wheat was r o l l e r - m i l l e d  a t  successively higher moisture 
contents, and a l s o  when the  f l o u r  was p in -mi l led  a t  successively 
lower moisture contents. 
o f  wheat a t  elevated temperatures a l s o  produces mealiness and 
so f ten ing  o f  t h e  endosperm, bu t  i t  d i d  n o t  appear t o  a f f e c t  the 
response o f  the  f l o u r  t o  p i n - m i l l i n g  and a i r - c l a s s i f i c a t i o n .  

f l o u r s  from s o f t  and hard wheats w i th  and w i thout  p i n - m i l l  impact 
g r i nd ing  are shown i n  Table 1. 

With hard wheat f l o u r  t he  y i e l d  o f  the f i n e  f r a c t i o n  i s  
decreased, and the  r a t i o  between i t s  p r o t e i n  content and t h a t  o f  
t h e  i n i t i a l  f l o u r  i s  reduced t o  about 1 . 5 ;  the  intermediate f rac -  
t i o n  i s  a l s o  decreased i n  y i e l d ,  and i t s  p r o t e i n  content shows a 
lower reduc t ion  than w i t h  the  s o f t  f l ou rs .  

It has a l so  been observed t h a t  breaking 

11 

The va r iab le  r e s u l t s  achieved from a i r  c l a s s i f i c a t i o n  o f  

I V .  PRACTICAL IMPLICATIONS OF PROTEIN DISPLACEMENT 
I N  WHEAT GRAIN BY A I R  CLASSIFICATION 

As expressed e a r l i e r  i n  t h i s  discussion, t h e  advantage o f  
applying a i r  c l a s s i f i c a t i o n  t o  wheat f l o u r s  i s  t h a t  t h i s  technique 
enables the  m i l l e r  t o  "tai lor-make" f l o u r s  t o  a number o f  d i f f e r i n g  
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18 VOSE 

app l i ca t i ons  based on cha rac te r i s t i cs  such as p ro te in  content, 
f l o u r  p a r t i c l e  size, co lo r ,  gassing power, water absorpt ion e tc .  
The process gives f l e x i b i l i t y  enabling the product ion o f  f l o u r s  o f  
cons is ten t  q u a l i t y  from wheats t h a t  may vary considerably i n  
des i rab le  cha rac te r i s t i cs  from one crop year o r  from one geograph- 
i c a l  area t o  another. 

mediate l ow  p ro te in  f r a c t i o n  (17-35 microns) from wheat f l o u r s  
9,13,17,51 ,52 improves the  bread-making value o f  t he  remainder. 

Th is  low p ro te in  intermediate f r a c t i o n  has been found su i ted  f o r  
s p e c i a l i t y  cake app l ica t ions ,  e.g. conventional m i l l i n g  o f  Kansas 
hard w in te r  wheat produces f l o u r  t h a t  has been shown t o  conta in  
about 25% o f  a low p ro te in  f r a c t i o n  w i t h  good cha rac te r i s t i cs  f o r  
cake manufacture. Removal o f  t h i s  25% upgrades the  q u a l i t y  o f  the  
balance f o r  bread production.13 S im i la r l y ,  removing the h igh  
p r o t e i n  f i n e s  p lus  the  over-sized chunks o f  endosperm from a s o f t  
wheat f l o u r  a l so  y i e l d s  a product upgraded f o r  cake-making. 

p a r t i c u l a r l y  advantageous i n  areas of s o f t  wheat production, such 
as England, France, Germany and the  eastern U.S.A. where a i r  c lass- 
i f i c a t i o n  has enabled t h e  processor t o  upgrade the  q u a l i t y  o f  the  
f l o u r  f rac t i ons  f o r  q u a l i t y  bread production. 7,53 I n  many pa r t s  
o f  Europe, fo re ign  s t rong wheats are taxed, thus making i t  
econanical ly impossible t o  u t i l i z e  more than about 30% i n  the  
blending o f  wheat f l o u r s .  A i r  c l a s s i f i c a t i o n  i s  used t o  upgrade 
10% p ro te in  wheat f l o u r s  up t o  12% p r o t e i n  f l ou rs .  The process 
y i e l d s  considerable quan t i t i es  o f  low p ro te in  wheat f l o u r  
(5% p ro te in )  some of which i s  u t i l i z e d  fo r  cake f l o u r  processing, 
t h e  bu lk  being used as a brewing adjunct. 

where i n f e r i o r  q u a l i t y  hard w in te r  wheats were harvested. A i r  
c l a s s i f i c a t i o n  m u l t i - u n i t  i n s t a l l a t i o n s  were seen as a p r a c t i c a l  
means o f  overcoming these inadequacies. The problem has, however, 
been l a r g e l y  resolved i n  redent years by the  i n t roduc t i on  o f  new 
improved s t r a i n s  o f  wheat. 

50 

Numerous studies have ind ica ted  t h a t  removal o f  t he  i n t e r -  

The u t i l i z a t i o n  o f  t h i s  process development has been found 

53,54 

I n  t h e  United States, t he  ea r l y  1960’s witnessed several years 

7 
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SEPARATING GRAIN COMPONENTS 19 

Paradoxical ly, du r ing  t h i s  same period, the s o f t  wheat growing 
areas o f  t he  eastern USA were faced w i t h  an undesirable increase 
i n  the  p ro te in  content o f  t h e i r  s o f t  wheats - probably a r e s u l t  
o f  increased usage o f  chemical f e r t i l i z e r s .  The e f f e c t  o f  t h i s  
development was t o  fo rce  processors t o  purchase low p r o t e i n  wheats, 
o f ten  a t  higher pr ices,  f o r  blending t o  produce low p ro te in  cookie 
and cake f l ou rs .  This phenomenon l e d  t o  several successful 
i n s t a l l a t i o n s  o f  a i r  c l a s s i f i c a t i o n  operations t o  produce cake 
and cookie f l o u r s  (very low p ro te in )  and pre tze l  and cracker f l o u r s  
(medium pro te in ,  coarse f l o u r s ) .  

Due t o  the  cha rac te r i s t i cs  o f  s o f t  wheat f l o u r  there  i s  
genera l l y  no need t o  u t i l i z e  impact g r i nd ing  systems; use 
o f  such r igorous  m i l l i n g  procedures, p a r t i c u l a r l y  bene f i c ia l  when 
processing hard wheat f l o u r s ,  invo lve  extra cos t  fac to rs .  
Grinders and c l a s s i f i e r s  requ i re  about 100 H.P. per l ong  ton  per 
hour capac i ty  f o r  processing hard v i t reous  wheats.55 Comnercial 
c l a s s i f i e r s  operat ing a t  cu t  sizes from 8 t o  60 microns are  
capable o f  feed ra tes  from 1000 t o  6000 kg/hour. These oper- 
a t i n g  costs combined w i t h  c a p i t a l  investment and overheads can 
make the  process o f  a i r  c l a s s i f i c a t i o n  run  high. I t s  app l i ca t i on  
can there fore  o n l y  be warranted where the  value-added po ten t i a l  
more than compensates f o r  these add i t i ona l  processing costs. 

7 

V.  

The degree o f  p ro te in  s h i f t  produced by p a r t i t i o n  i n  an a i r  
stream has been used as an i nd i ca to r  o f  the  degree o f  "softness" 
o f  a wheat f l ou r .3  There s ,  considerable v a r i a t i o n  i n  the  
percentage p r o t e i n  s h i f t  w t h i n  d i f f e r e n t  wheat va r ie t i es ,  f o r  
example, w i t h  6 = 5-8% f o r  convent ional ly m i l l e d  hard Engl ish 
wheats; 16-21% f o r  s o f t  Engl ish  wheat^.^ This v a r i a t i o n  i n  degree 
o f  p ro te in  s h i f t  i s  even greater when other grains, tubers and 
g r a i n  legumes a re  subjected t o  f rac t i ona t ion  by f i n e  m i l l i n g  and 
a i r  c l a s s i f i c a t i o n  as show i n  Table 11. 

APPLICATION OF A I R  CLASSIFICATION TECHNIQUES TO 
CROPS OTHER THAN WHEAT 
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TABLE I1 

from barley, oats, T r i t i c a l e ,  r i c e ,  potato, peas and beans. 
P ro te in  s h i f t s  produced by a i r  c l a s s i f i c a t i o n  o f  f l o u r s  

- F1 our % Pro te in  s h i f t  ( 6  ) 
Barley ( r o l l e r  m i l l e d )  19 
Barley ( p i n  m i l l e d )  28 
Malted bar ley (m i l l ed  & screened) 8 

Malted bar ley ( p i n  m i l l e d )  18 
Oats ( p i n  m i l l e d )  27-32 
T r i  t i c a l e  ( p i n  m i  1 l ed )  28-36 

Rice ( tu rbo-mi l led)  8-1 0 
Potato (p in  m i l l e d )  22-25 
F i e l d  peas ( p i n  m i l l e d )  42 

C a l i f o r n i a  wh i te  beans 22 
Horsebeans ( p i n  m i l l e d )  45 

(turbo-mi 11 ed ) 

Reference 
56 
57 
58 
57 
57 
60 
61 
62 

5 
5 

63 

1. Barley and Malted Barley 
The a i r  c l a s s i f i c a t i o n  o f  bar ley  f l o u r  produces both p ro te in -  

enriched and low-protein starch streams i n  y i e l d s  o f  17.5% (30.0% 

Maximum s tarch  recover ies o f  44% from bar ley  f l o u r  have been ob- 
ta ined by a l k a l i n e  washing o f  the  a i r  c l a s s i f i e d  coarse f rac -  
t i o n ~ . ~ ~  When convent ional ly m i l l e d  bar ley  f l o u r s  a re  subjected 
t o  f r a c t i o n a t i o n  by a i r  c l a s ~ i f i c a t i o n , ~ ~  a lower percentage 
p r o t e i n  s h i f t  i s  obtained than w i t h  impact m i l l e d  f l o u r s  (Table 
11). 
duced approximately 40% y i e l d s  o f  an intermediate p a r t i c l e  s i ze  
f r a c t i o n  w i t h  a p r o t e i n  content o f  7.25%. This f r a c t i o n  was tested 
as a brewing adjunct and found s a t i ~ f a c t o r y ; ~ ~  however, the  feas i -  
b i l i t y  o f  us ing  such f rac t i ons  w i l l  depend on t h e  marke tab i l i t y  
o f  the  protein-enriched f rac t i ons  and a l so  because o f  the f i n e  
nature o f  these f l o u r s  on overcoming the p r a c t i c a l  problems o f  
f i l t e r i n g  ra the r  than t h e  t r a d i t i o n a l  l a u t e r i n g  o f  t h e  mash. The 

pro te in ,  d r y  basis), and 82.5% (9.3% p ro te in )  respec t ive ly .  57 

Ro l le r  m i l l e d  bar ley f l ou r  (65% m i l l i n g  ex t rac t i on )  pro- 
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SEPARATING GRAIN COMPONENTS 21 

concept o f  u t i l i z i n g  these protein-enr iched f r a c t i o n s  o f  bar ley  
i s  being evaluated i n  Europe, as a means t o  decrease dependency 
on c o s t l y  soybean imports f o r  animal feed (F. Holm, Kolning, 

Denmark; p r i v a t e  comnunication). 
Comnercial ma l t  f l o u r s  have been f rac t ionated  by both screen- 

i n g  and a i r  c l a s s i f i c a t i o n ,  bu t  l i t t l e  s i g n i f i c a n t  degree o f  
p ro te in  s h i f t  was achieved.58 However, when ma l t  ba r ley  i s  coarse 
ground and t h e  f i b e r  removed by appropr iate screening operations, 
t h e  f l o u r s  obtained i n  approximate 77% ex t rac t i on  y ie ld ,  can be 
f i n e  m i l l e d  and a i r  c l a s s i f i e d  t o  produce coarse, low pro te in ,  
s ta rch - r i ch  f r a c t i o n s  i n  about 85% y ie ld .57  Successful u t i l i z a t i o n  
o f  such products by t h e  brewing i ndus t r y  would depend on t h e  fac- 
t o r s  as ou t l i ned  above f o r  the bar ley  adjuncts. The p ro te in -  
enriched f r a c t i o n s  from ma l t  may, however, be more acceptable t o  
t h e  food indus t r y  than s i m i l a r  f r a c t i o n s  from barley, due t o  the  
des i rab le  f l a v o r  and c o l o r  cha rac te r i s t i cs  o f  the former f l o u r .  

2. Oats 
Oat groats as we l l  as f i r s t  and second r o l l e r  m i  l ed  oa t  

f l o u r s  can be f i n e  ground and a i r  c l a s s i f i e d  t o  y i e l d  f r a c t i o n s  
ranging i n  p r o t e i n  content from 4-88%.59 The product on o f  
a very h igh  p ro te in  f i n e  f r a c t i o n  containing 83-88% p r o t e i n  
( i n  2-5% y i e l d )  i s  apparent ly unique t o  oats, and has no t  been 
prev ious ly  observed f o r  wheat, rye, corn, sorghum o r  
t r i t i c a l e  f l ou rs .  This f r a c t i o n  accounts f o r  14, 16 and 7% 
respec t ive ly  o f  t he  t o t a l  p r o t e i n  i n  f i r s t  and second f l o u r s  
and groats. The next f r a c t i o n  (25-29% by weight) w i t h  15-39% 
p ro te in  accounted f o r  38-48% o f  the  t o t a l  p ro te in  f o r  t he  
f 1 ours. 

3. T r i t i c a l e  
Th is  g ra in  i s  a man-made hybr id  between wheat (Tr i t i cum)  and 

r y e  (Secale). T r i t i c a l e  f l o u r s  have lower mixing s t rength  and 
l o a f  volumes than from doughs prepared from bread wheat f l ou rs .  
A i r  c l a s s i f i c a t i o n  o f  p in -m i l l ed  f lours  gave a high percentage 
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p r o t e i n  s h i f t  (28-36%)60. Yields obtained o f  the  low protein,  
starch f r a c t i o n s  were found s i m i l a r  t o  s o f t  wheat, but  higher than 
from r y e  o r  hard wheat. More p ro te in  was found i n  the  t r i t i c a l e  
f i n e  f rac t i ons  than i n  those from s o f t  wheat f l ou rs ,  although the  
y i e l d  o f  these f r a c t i o n s  were s i m i l a r  t o  the  s o f t  wheats. 

4. Rice 
Rice p ro te in  has a high n u t r i t i o n a l  value and modern v a r i e t i e s  

conta in  9-11% protein,  mostly concentrated i n t o  the  outer kernel  
layers.  Recovery o f  t h i s  p ro te in  by f i n e  g r ind ing  and a i r  c lass i -  
f i c a t i o n  has been studied. 61 ,62,65,66 I n  general, poor p r o t e i n  
s h i f t s  were experienced, and use o f  f i n e  g r ind ing  techniques 
decreased ra the r  than increased the  degree o f  s h i f t ,  presumably 
due t o  increased s ta rch  damage. 
abrasive m i l l i n g  processes may be more a t t r a c t i v e ,  as i t s  scouring 
a c t i o n  would e f f e c t i v e l y  recover an enhanced p r o t e i n  f r a c t i o n  w i th  
l i t t l e  ex t ra  cos t  over the  usual r i c e  m i l l i n g  operation. 

shown t o  produce enriched p ro te in  contents i n  some o f  the f rac-  
t ions,  bu t  l i k e l y  no t  s i g n i f i c a n t  enough t o  be 
studies i n  our labora tory  demonstrated a 50:50 s p l i t  between the  
coarse and f i n e s  o f  c l a s s i f i e d  p i n  m i l l e d  de fa t ted  r i c e  bran 
w i t h  the  former conta in ing  14% crude f i b e r  and the  f i n e s  about 
2% crude f i b e r  (Vose, unpublished data). 

It has been recomnended t h a t  

61 

A i r  c l a s s i f i c a t i o n  o f  de fa t ted  r i c e  bran o r  p o l i s h  has been 

S im i la r  

5. Sorghum 
A considerable amount o f  g ra in  sorghum i s  d ry -mi l led  i n  the  

USA much going t o  brewers g r i t s  and aluminum ore r e f i n i n g ,  as we l l  
as pe t  food g r i s t ,  paper making, charcoal b r iquets  and o i l  we l l  
d r i l l i n g .  Studies have ind ica ted  t h a t  sorghum f l o u r s  respond l i k e  
wheat f l o u r  t o  a i r  c l a ~ s i f i c a t i o n , ~ ~  w i t h  product ion o f  a 40% 
y i e l d  o f  sorghum f l o u r  w i t h  l e s s  than 5% p r o t e i n  su i ted  t o  many 
i ndu s t r  i a1 a pp 1 i ca t i ons . 68 
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SEPARATING GRAIN COMPONENTS 23 

6. Potatoes 
It has been demonstrated t h a t  potatoes can be processed t o  

produce a f i n e  f l o u r  t h a t  i s  amenable t o  p r o t e i n  displacement by 
a i r  c l a s s i f i ~ a t i o n . ~ ~ ~ ~ ~  Pin-mi l led d r ied  potatoes can be c l a s s i -  
f i e d  t o  y i e l d  13% o f  a 17.3% p r o t e i n  f i n e  f rac t i on ,  and 87% con- 
t a i n i n g  6.3% pro te in .  The p r o t e i n  content o f  t h i s  coarse f r a c t i o n  
can be f u r t h e r  reduced t o  4% by s iev ing  the  p in -mi l led  f l o u r s  over 
125 micron screens p r i o r  t o  a i r  c l a s s i f i c a t i o n  (obtained i n  67.5% 
y i e l d ) .  The balance conta in ing  13.7% p r o t e i n  could be channelled 
i n t o  feed markets.62 Higher y i e l d s  (90%) o f  lower p r o t e i n  (2.5% 
p ro te in )  starch f l o u r s  have been r e p ~ r t e d . ~ ’  However, such f rac -  
t i ona t i ons  necessitated spray d ry ing  o f  t he  cooked potato mash 
which may be economical ly imprac t ica l .  The economies o f  such d r y  
processing techniques would have t o  be r e l a t e d  t o  the  cos ts  o f  
recovery o f  po ta to  s ta rch  by the  t r a d i t i o n a l  wet m i l l i n g  operations 
which have t h e  add i t i ona l  disadvantage o f  r e q u i r i n g  e f f l u e n t  d i s -  
posal f a c i l i t i e s  w i t h  associated h igh  costs. 

7. Grain Legumes 
An i n t e r e s t i n g  recent  development concerning app l i ca t i ons  o f  

f i n e  g r ind ing  and a i r  c l a s s i f i c a t i o n  i s  seen i n  t h e  e f f e c t  o f  these 
techniques on the  p r o t e i n  s h i f t  i n  f l o u r s  der ived from f i e l d  peas 
and horse bean^.^ Due l a r g e l y  t o  the  content o f  f a i r l y  uni form 
la rge  diameter s ta rch  granules (approx. 25-40 microns) compared 
t o  the  mixed populat ions o f  small and medium-sized granules i n  
most cereal  grains, these legume f l o u r s  a re  amenable t o  f r a c t i o n -  
a t i o n  i n t o  high p r o t e i n  (approx. 60%) and low p r o t e i n  (approx. 4- 
5%) f l o u r s  by a i r  c l a s s i f i c a t i o n .  The data i n  f i g u r e  6 ind ica tes  
a schematic f l o w  sheet for  d r y  processing o f  f i e l d  peas and horse- 
beans. 
cessing these legume f l o u r s .  Combining the  two p r o t e i n  f r a c t i o n s  
obtained from two passes through the  p i n  m i l l  and the  a i r  
c l a s s i f i e r  produces a 44% y i e l d  o f  a 57% (d ry  bas is )  f l o u r  from 
f i e l d  pea flour conta in ing  28.8% p ro te in .  A 42% y i e l d  o f  a 61% 

Pro te in  s h i f t s  o f  40-45% are encountered i n  d ry  pro- 
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(d ry  basis)  f l o u r  i s  obtained from horsebeans conta in ing  31.9% 
p r ~ t e i n . ~  Lesser e f f i c i e n c i e s  o f  p ro te in  s h i f t  have been 
reported w i t h  C a l i f o r n i a  small wh i te  beans.63 H u l l  f i b e r  
present i n  these f l o u r s  i s  dense i n  nature and tends t o  be 
concentrated i n t o  the  coarse s ta rch  f rac t i on .  

which can be r e a d i l y  removed i f  necessary by fu r the r  wet process- 
ing. The nature o f  the res idua l  adhering p ro te in  on the  legume 
s ta rch  granules has been d e ~ c r i b e d . ~ '  The s ta rch - r i ch  f r a c t i o n  
from repeatedly m i l l e d  and a i r  c l a s s i f i e d  green f i e l d  pea f l o u r s  
was observed t o  be green i n  co lo r .  The green membrane f r a c t i o n  
was i so la ted  from the  s ta rch  granules and found t o  conta in  50% 
protein,  30% l i p i d  and a high ch lo rophy l l  content. The pro te in -  
r i c h  f r a c t i o n  from a i r - c l a s s i f i c a t i o n  o f  these f l o u r s  was 
o f f -wh i te  i n  co lo r .  Proteins from these starch-bound membranes 
were shown t o  be d i s t i n c t  from the  p ro te in  o f  the  f i n e  
protein-enr iched f l o u r s  by v i r t u e  o f  t h e i r  d i f f e r e n t  amino 
a c i d  analyses, polyacrylamide ge l  e lec t rophore t ic  
pa t te rns  and n i t rogen s o l u b i l i t i e s .  This i s  o f  
i n t e r e s t  as i t  tends t o  support other work i n  which the  

amino ac id  composition o f  adherent p ro te in  was a lso  found 
d i f f e r e n t  t o  t h a t  o f  i n t e s t i t i a l  p ro te in  i n  wheat f lours23.  

This process technology i s  o f  value t o  loca t ions  where 
c l imate  and other agronomic cond i t ions  preclude the  product ion o f  
soybeans. I n  such areas (e.g. temperate loca t ions  o f  Europe and 
t h e  Canadian P ra i r i es ) ,  f i e l d  peas and numerous bean v a r i e t i e s  g ive  
good y ie lds ,  and app l i ca t i on  o f  d ry  m i l l i n g  techniques may provide 
the  means o f  manufacturing protein-enr iched f l o u r s  t o  compete w i t h  
imported soybean products. The starchy f l o u r s  der ived from t h e  
a i r  c l a s s i f i c a t i o n  process i n  a Canadian operat ion have been 
u t i l i z e d  i n  a v a r i e t y  o f  i n d u s t r i a l  app l i ca t i ons  such 
as potash ore re f in ing ,  adhesives f o r  corrugated board production, 
and manufacture of pressure-sensi t i v e  microcapsule coat ings f o r  
carbonless paper . 

The s ta rch  concentrates conta in  about 4-5% pro te in ,  most o f  

71 
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u 
luQu3Em P E H U L L E D  SEED 

FLOUR IOOlbs (25.7% protein) IOOlbs (28 .8K protein) 
SI 75 Ibs "STARCH" (13.3% protein) 691bs (14.5% protein) 
P I  2 5  Ibs "PROTEIN" (63.5% protein) 31 Ibs (60.5% protein) 
SII 56 Ibs "STARCH" (5.6% protein) 521bs ( 4.8% protein) 
P I 1  19 Ibs "PROTEIN" (48.3%protein) 17 Ibs (40.0X protein) 

HORSE BF ANS 
l!wxLxa 

FLOUR IOOlbs (27.9% protein) 
SI 7 2  Ibs ( 15.1 protein) 
P I  28 Ibs (66.1% protein) 
S11 58 Ibs ( 5.2Voprotein) 
P I 1  14 Ibs (51.1 % protein) 

FIGURE 
Schematic f lowsheet f o r  dry 

horsebeans. 

S 

100 Ibs (31.9K protein) 
70 Ibs (16.5X protein) 
30 Ibs (69.Ook, protein) 
52 Ibs ( 4.2% protein) 
18 Ibs (49.6%protein) 

6 
processing o f  f i e l d  peas and 

The techn ica l  f e a s i b i l i t y  o f  t h i s  process has been proven, 
bu t  the  continued success o f  apply ing a i r  c l a s s i f i c a t i o n  pro- 
cedures t o  f r a c t i o n a t i n g  g r a i n  legume f l o u r s  on a comnercial scale 
w i l l  depend on the  a b i l i t y  t o  compete economically w i t h  soybean 
der ived p ro te in - f l ou rs  and a l s o  starches from wheat o r  corn  
process i ng . 

VI. CONCLUSION 
Pro te in  displacement by app l i ca t i on  o f  a i r  c l a s s i f i c a t i o n  

techniques t o  cerea l  g ra in  f l o u r s  produced by e i t h e r  conventional 
m i l l i n g  o r  by f i n e  impact m i l l i n g  procedures have been shown t o  
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produce wheat f l o u r s  with enhanced proper t ies  f o r  a range o f  
app l i ca t ions ,  
p rov ide  extremely f i n e  and reproduc ib le  cu t -po in ts  t o  y i e l d  a range 
o f  p ro te in  s h i f t s  depending on the  physical  nature o f  the  f l o u r  t o  
be processed and the  p l a n t  source from which t h e  f l o u r  was obtained. 
Pro te in  s h i f t s  range from a low value ( less  than 10%) i n  the  
case o f  r i c e  and c e r t a i n  hard wheat f l o u r s  t o  a h igh  l e v e l  
(over 40%) i n  c e r t a i n  g r a i n  legume f l ou rs .  

ca t i on  inc lude c o s t  benef i t s  as there  i s  no need f o r  c o s t l y  d ry ing  
processes and e f f l u e n t  disposal  systems as evidenced i n  wet 
processing plants.  There i s  a l s o  the  advantage o f  increased f l e x -  
i b i l i t y  t o  the  processor i n  t h a t  a v a r i e t y  o f  f l o u r s  su i ted  t o  a 
number o f  d i f f e r e n t  app l i ca t i ons  can be manufactured from a s ing le  
seed source. Such advantages have t o  be weighed against  t h e  
increased c a p i t a l  and operat ing costs i n  the  u t i l i z a t i o n  o f  these 
techniques. 

C l a s s i f i e r s  a re  comnercial ly ava i l ab le  t h a t  can 

The advantages o f  dry processing o f  f l o u r s  by a i r  c l a s s i f i -  
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