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the meal and pigment glands for possible industrial  
or other uses (1, 2, 3, 4).  

This discussion has been based on the present stage 
of development of the fractionation process and the 
present possible utilization of the products. Pilot- 
plant work under  way indicates improvements in the 
process, such as a higher recovery of the meal as 
purified fine meal. The development of additional 
and more profitable uses for  the products would in- 
crease their  value and provide a broader  and more 
stable market  for  cottonseed. Such d e v e l o p m e n t s  
would make fractionation, already technologically in- 
teresting, a field economically advantageous. 

Summary 
A prel iminary cost s tudy was made of a combina- 

tion screw-press extraction-fractionation plant. The 
economic advantage of the combination plant  over 
the screw-press operation as shown here is small in 
comparison with the large additional investment re- 
quired for  the combination plant. The present value 
of the combination process lies in the production of 
two new products, a purified high-protein meal and 
a concentrated pigment gland fraction, and in the 
possibility of producing a high-grade oil as the re- 
moval of the whole pigment gland prevents the pig- 
ment material from coming in contact with the oil. 
Pilot-plant work under  way indicates improvements 
in the process such as a higher recovery of the meal 
as purified meal. The development of additional and 

more profitable uses for  the products would increase 
their  value and provide a broader  and more stable 
market for  cottonseed. 
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Countercurrent 
Plant Pigments 1 

Distribution Studies on Fat Soluble 

CATHERINE R. LANCASTER, EARL B. LANCASTER, and HERBERT J. DUTTON, Northern 
Regional Research Laboratory, Peoria ,  I l l inois  2 

p ARTITION of immiscible solvents, the procedure 
used by  Willst~itter in his classical work on the 
separation of plant pigments (8), has been al- 

most entirely replaced within the past two decades by  
chromatographic adsorption methods (6).  With  the 
development of systematic extraction procedures such 
as are made possible by  the countercurrent  distribu- 
tion apparatus  of Craig (2), the merits of solvent 
part i t ion procedures again need to be re-examined. 
In the present paper the eountercurrent  distribution 
of a model system composed of chlorophyll-a, chloro- 
phyll-b, and carotene is described. Separations ob- 
tained experimentally are discussed in relation to 
those predicted by the theory of Mart in and Synge 
(4) and to their equations as modified herein. A 
simple nomograph has been constructed. 

Materials and Methods 
Chlorophyll-a and ehlorophyll-b were isolated from 

frozen spinach by  c h r o m a t o g r a p h i c  adsorption on 
powdered sugar as described by Zseheile and Comar 
(9). Each pigment was fur ther  purified by  two suc- 

1 Presented at  the fall meeting of American Oil Chemists' Society, 
November 2, 1949, in  Chicago, Ill. 

2 One of the laboratories of the B u r e a u  of Agr icul tura l  and  Indus-  
tr ial  Chemistry, Agr icu l tura l  Research Administrat ion,  U. S. Depart-  
mont of Agricul ture .  Repor t  of a study made under tho Research and 
Market ing  Act of 1946.  

cessive adsorptions on powdered sugar columns. The 
effectiveness of the separation was then established 
by chromatographic and spectrophotometric methods. 
Carotene used in this work consisted of a mixture of 
alpha and beta (Eastman Kodak Co. 2702) and of 
crystalline a-carotene and crystalline fl-earotene (Gen- 
eral Biochemieals inc., No. 15849 and 16447). 3 

Countercurrent  distributions were carried out in 
the 25-tube Craig analytical apparatus,  using equal 
volumes of aqueous ethanol and hexane (90% ethanol 
and hexane, mutual ly sa turated) .  On completion of 
the countercurrent  distribution operation, both lay- 
ers of each tube (8 ml. hexane and 8 ml. aqueous 
ethanol) were withdrawn into 25, 50-ml. volumetric 
flasks and diluted to volume with absolute ethanol. 
This dilution procedure resulted in a single phase 
solution for subsequent spectrophotometric determi- 
nations of chlorophyll-a, chlorophyll:b, and carotene. 
I t  was necessary to determine therefore the absorption 
coefficients of the pigments in that  solvent mixture. 
The resulting equations for determining the concen- 
trations of chlorophyll-a, chlorophyll-b, and carotene 
are similar in form to those of Comar and Zscheile 
(1): 

The mention of these products  does not imply tha t  ~hey are  endorsed 
or recommended by the Depar tment  of Agricul ture  over others of similar 
nature not mentioned. 
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o o 
Chlorophyll-a (mg,/L) = 12.72 D 66so A . 3.907 D 647s A 

o o 
Chlorophyll-b (mg,/L) = 26.87 D 647s n . 7.18 6~S0 ^ 

o o o 
Carotene (m~./L) ~ 3.50 D 45oo A - 0,900 ~) 66s0 h . 1,75 D ~475 x 

The amounts of chlorophyll-a, chlorophyll-b, and caro- 
tene in any given tube of the apparatus were deter- 
mined by substituting the experimentally determined 
optical densities (D) at the appropriate wave lengths 
in the above equations. 

Results 
The countereurrent distribution pattern for a mix- 

ture consisting of 14.8 rag. chlorophyll-a, 12.4 rag. 
chlorophyll-b, and 1.04 rag. carotene is shown in Fig- 
ure 1. The concentration in rag. per  li ter of each 
chlorophyll p igment  contained in each tube is plot ted 
against  the tube number.  The concentrations of caro- 
tene have been mult ipl ied by  10. Also included are 
the theoretical curves calculated f rom the par t i t ion 
coefficients as described by  W i l l i a m s o n  and C r a i g  
(7). Par t i t ion  coefficients used for  this purpose were 
themselves averages calculated f rom the experimental  
points near  the peak of each curve and are:  K~h~ ~ 
1.061,  K ~ I  b ~ 0.592, and K . . . .  ten~. ---- 4.093. 

First ,  it will be observed that  excellent agreement  
is obtained between theoretically calculated and ex- 
per imenta l ly  observed distr ibution curves. Second, it 
will be noted tha t  pure  chlorophyll-a and pure  chlo- 
phyll-b can be isolated only f rom opposite sides of 
their  respective curves and that  a mixture  exists in 
the middle. In  contrast, carotene is well separated. 
For  reasons to be discussed later, it is desirable to 
measure the degree of separation by  dividing frac- 
tionations at  the point of "cross  o v e r "  of the curves. 
The overlap of the ehlorophyll-b curve upon the chlo- 
rophylI-a curve, or, more specifically, the ratio of 
area under  the tail of the " a "  curve f rom the point  
of intersection to the total  area of the " b "  curve may  
be used as a convenient measure of impuri ty .  The 
overlap in this ease is 23.7%. 

Pigment  fract ionations obtained by  countercurrent  
distr ibution will quite na tura l ly  be considered in re- 
lation to those obtainable by  chromatographic  adsorp- 
tion on sugar. Fo r  comparat ive purposes a mixture  of 
pure  chlorophyll-a and pure  chlorophyll-b was ad- 
sorbed on a column of powdered sugar  and developed 
with 25% diethyl ether in petroleum ether. Af te r  
passage through 260 ram. of the column, the chloro- 
phyll-a band  contained less than  1% of chlorophyll-b 
as impuri ty .  

The separation of a- and fl-carote~e was a t t empted  
by  using the same solvents, Craig appara tus ,  and pro- 
cedure described above. No fract ionat ion of a- and 
d-carotene could be detected by  speetrophotometric 
methods. This pa i r  of compounds however is also 
separated quite satisfactori ly by  chromatographic  ad- 
sorption methods. These results are reported because 
they serve to define the limitations of the technique. 

Discussion 
I t  is apparen t  that  a p p l i c a t i o n  of more plates 

should improve the fract ionat ion of the chlorophyll  
pigments.  Since a 53-plate model of d i s t r i b u t i o n  
equipment  is available (3), a calculation of distribu- 
tion curves for  53 plates was made employing the 
par t i t ion coefficients given above. I t  can be Seen by  
comparing the curves of Figures  1 and  2 that  the 
degree of separation would in fact  be great ly  im- 
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FIG. 1. Countercurrent distribution of chlorophyll-a, chloro- 
phyll-b, and carotene in the 25-tube'Oraig distr ibution apparatus.  
Solid lines represent experimental data ;  broken lines show the 
calculated theoretical distribution. 

proved  since the area of overlap of ehlorophyll-a in 
the chlorophyll-b curve has been reduced f rom 23.7% 
to 14.7% in this instance. 

These results point  to the need for a more general 
t rea tment  of the problem o f  degree of separation in 
terms of par t i t ion  coefficients and number  of plates. 
Such an algebraic description was, in fact,  developed 
by  Mart in  and Synge for  par t i t ion chromatography  
in 1941 (4).  Based on similar considerations, Mayer  
and Tompkins (5) have recently given an analysis of 
degree of separat ion for  ion exchange columns which 
again is applicable only in the case of large numbers  
of plates and of transfers.  There remains a need for 
analysis where relatively small numbers  of plates and 
t ransfers  are involved as in the Craig counter-current  

n~ 8 Chlorophyll b 

~ . 6  B o r 0 p h y l l  o 

E:: / 

I0 14 18 22 26 ~0 34 :58 42 46 50 54 
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~G. 2. Theoretical distribution of chlorophyll-a, chlorophyll- 
b, and carotene for a 54-tube Craig countereurrent distribution. 
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distribution apparatus.  Such a method is proposed in 
the following paragraphs.  

The degree of separation of equal amounts of two 
compounds is defined as the amount of one compound 
expressed as impur i ty  in a mixture of the two when 
measured at the point of crossover of their distribu- 
tion curves (4). As shown in Figure  2, the percent- 
age impur i ty  of chlorophyll-a in chlorophyll-b is the 
ratio of the area, ABC, to the total area under  the 
chlorophyll-b curve. 

Martin and Synge derived an equation to de- 
scribe separation of a b inary system by part i t ion 
chromatography. Where equal volumes of immiscible 
solvents are used, their  equation may be writ ten in 
general form as follows : 

r - 4 V ~  § ~ 
( I )  1 + ~ 4 R 

i + ~  r + V~ ' t  + t__ 2 
4 

where 
a = partition coefficient of substance A, accord- 

ing to Martin and Synge, 

gm. A in non-mobile (hypo) phase 
i . e . ,  

gnl. A in mobile (hyper) phase. 

When equal volumes of solvent are used, a 
1 

-~- K--~' Ka being the partition coefficient in 

the terminology of Craig (7). 

fl ~ partition coefficiellt of substance B, accord- 
1 

ing to Martin and Synge. fl - -  
I~b" 

r --- serial number of the plate at the point of in- 
tersection. 

t = abscissa of the normal curve of error, from 
which degree of separation can be found. 
(The degree of separation in this case is the 
area under the normal curve from t to 
as given in tables of areas of the normal 
curve of error). 

1 
i - -  1 + K a K b l + a  +ha 

R :  the ratio, 1 +~ l I + K  b K~ 
I+.~ h 

5 0 . 0  
40.0 

2 0 s  
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RATIO,R= I+~ 

F I ~ .  3. T h e  r e l a t i o n s h i p  o f  d e g r e e  o f  s e p a r a t i o n  ( p e r  c e n t  
i m p u r i t y )  t o  " R "  f o r  24- ,  28- ,  a n d  5 3 - p l a t e  c o u n t e r c u r r e n t  
d i s t r i b u t i o n s .  

t 2 
Since - -  is small under  practical conditions, it has 

4 
been dropped from the equation. The equation can 
then be solved for  t to give : 

K b - K a 
( I I )  t ~ ~ B - I = V ~  

B + I K a + K b + 2K a K b 

For  small numbers of t ransfers  such as generally 
employed in the Craig apparatus,  the use of the plate 
number  of the point of intersection, "r," in the above 
formula leads to results which are not consistent with 
theoretical results as computed by the use of binomial 
expansions. A closer approximation to binomial ex- 
pansion results can be obtained by using "n," the 
number  of transfers,  instead of "r"  in equation II.  
A g r e e m e n t  between separations calculated by this 
more or less empirical relation and those calculated 
from the binomial expansion is shown in the table. 

C O M P A R I S O N  O F  P E R C E N T A G E  O V E R L A P S  F O R  24 T R A N S F E R S  
AS C O M P U T E D  P R O M  B I N O M I A L  E X P A N S I O N S  AND F R4i)M 

R - - 1  EQUATION III, t = ] 

Overlap-- -% 
R Ka Kb 

1.07 
1.12 
1.20 
1.26 
1.27 
1.31 
1.35 
1.50 
1.58 
1.73 
1.82 
2.00 
2.06 
2.14 
2.25 
3.00 
3.33 
3.75 
4.00 

3.0 
2.0 
1.0 
0.6 
0.9 
0.4 
0.8 
0.5 
0.9 
0.7 
0.7 
0.5 
0.25 
0.5 
0.5 
0.25 
0.25 
0.25 
0.25 

4.0 
3.0 
1.5 
0.9 
1.5 
0.6 
1.5 
1.0 
3.0 
2.5 
3.0 
2.0 
0.7 
2.5 
3.0 
1.5 
2.0 
3.0 
4.0 

B inomia l  Eq. No. I I I  

61.6 43.6 
31.3 38.6 
29.5 92.8 
29.3 28.4 
25.3 28.1 
37.5 25.5 
21.3 28.3 
21.2 16.4 

8.2 13.4 
6.2 9.3 
5.3 7.6 
4.7 5.2 

13.4 4.5 
2.5 3.8 
1.4 3.0 
1.6 0.71 
0.72 0.41 
0.11 0.23 
0.00 0.16 

P igmen t s  

11.384 0.5918 I 1.0608 23.7 21.5 
31.561 1.0608 I 4 .0930 15.1 14.2 
32.161 0.5918 4.0930 5.5 3.6 

I Chlorophyll-a in  chlorophyll-b. 
2Carotene in chlorophyn-a. 
s Carotene in  chlorophyll-b. 

Practical  conditions of countercurrent  extraction 
place limits on the magnitude of the part i t ion coeffi- 
cients Ka and Kb. On the basis of experience, these 
limits can be set as Kb < 4  and K a >  0.25, Kb always 
being the larger of the two. Practical  1~ values thus 
range from > 1  to < 4  and include most cases where 
the Craig technique would be used. 

Within these limits, then, equation ( I I )  may be 
rewrit ten 

(III) t = ~ B- I = ~ g b -  Ka 

tt + 1 K a + K b + 2K a K b 

where t, R, Ka, and Kb are defined as above and n 
is the total number of transfers (ordinari ly one less 
than the total number of tubes) .  

This equation may also be written in the follow- 
ing forms : 

4 Since p repa ra t ion  of this  paper,  a m a n u s c r i p t  by Pe te r  L. Nichols 
has  been sent  us  in  which he has  independent ly  der ived the equa t ion :  
n = t 2 S f rom somewhat  d i f ferent  considerat ions.  However  his  va lue  

[ R + 1 1 2  for  S differs f rom our  L R - -  1 3 above. 
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and 

1 + K a ](b (v) R ~ + t _ 
- t 1 + g b g a 

Equations ( I l l )  and (IV) will be found the most 
important in practice. Equation ( I I I )  gives the de- 
gree of separation when a given number of plates is 
applied to a given pair of substances. The problem 
of how many plates need be applied to attain a 
desired degree of separation is one of frequent oc- 
currence. Since countercurrent apparatus is availa- 
ble, providing 24, 28, and 53 plates (3), calculations 
of degree of separation have been made by means of 
equation (III)  corresponding to these numbers of 
plates. A useful plot of this calculation is shown in 
Figure 3 where the ratio 1% is plotted against per- 
centage of impurity. The percentage of impurity was 
determined from the calculated " t "  by reading the 
corresponding areas from tables of the normal curve 
of error. 

The applicability of this graph to the separation 
of plant pigments can be illustrated by the broken 
lines of Figure 3. The line labeled " a "  refers to 
the separation of chlorophyll-a and chlorophyll-b (]% 
= 1.384); " b "  to chlorophyll-a and carotene (1% = 
1.561); and line " c "  to chlorophyll-b and carotene 
(R ~ 2.161). Thus it is predicted that in the 24- 
plate apparatus, chlorophyll-b will contain 21.5% of 
chlorophyll-a as impurity; that chlorophyll-a will 
have 14.2% carotene as impurity; and that chloro- 
phyll-b will contain 3.6% carotene as impurity. (The 
corresponding ratios of overlap as calculated from 
the binomial expansion are 23.7%, 15.1%, and 5.5%, 
respectively). Use of the 53-plate apparatus should 
reduce the amount of chlorophyll-a in chlorophyll-b 
to 12.1%, the carotene in chlorophyll-a should now 
be 5.6%, and the carotene content of chlorophyll-b 
should be reduced to 0.38%. (The corresponding 
ratios of overlap as calculated from the binomial ex- 
pansion are 14.7%, 11.5%, and 0.0%, respectively.) 
The number of plates needed to achieve a given de- 
gree of separation for a given pair of compounds can 
be calculated from equation (IV). Similar data to 
that in Figure 4 was presented graphically by Martin 
and Synge, calculated from their equation. Reading 
from Figure 4, it is apparent that 37 plates would 
be required to reduce the ch!orophyll-a impurity in 

3.0 ~% I I [ I I I  I 1 I I I J ] I  

\ 
2. V "I \ _+_+ 

1 . 5 ~ ~ -  t=l 

f ] I [ I I •  [ ~ ~  
20 40 I00 400 lOOO 

PLATES, n 

FIG. 4. Graph similar to that  given by Martin and Synge 
showing the number of theoretical plates necessary to achieve 
a specified degree of separation, as calculated from equation 
(iv). 

Plates,n 
5_5 

2_c 

% Impurity 
.01- 

.02- 

.05- 
.I 0- 
.20- 
.50- 

1.00- 
2.C0- 

5.00" 

I0.0 
15.0 

l:a 20.0 .25 
30.0 

.30" 40,0 
/50.0 / 

.40" / 

.50"~ 
.60- 
.80" 
LO" 
1.5:2.0 

4.0- 

Kb 

4.0- 
3.0" 
2.0; 
j.t 

/ 
/ 

/ ~ / / / /  / /  1.00- 
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FIG. 5. Nomograph relating plates, n, per cent impurity, 1~, 
K, ,  Kb as defined hi the equations. 

chlorophyll-b to 15.9%, 150 plates to reduce it to 
2.27%, and 340 plates to reduce it to 0.13%. 

While the following comparison between chromato- 
graphic adsorption and countercurrent distribution 
is admittedly unwarranted, it is interesting to con- 
sider the equivalent height of a theoretical plate on 
an adsorption column calculated by using the above 
theory. Chlorophyll-a containing less than 1% of 
chlorophy!l-b was obtained from a chromatographic 
separation on a 260-mm. column described earlier. 
According to Figure 4, at least 340 solvent partition 
plates would be required to give this degree of sep- 
aration. The height of each plate would therefore 

26O 
have been ~ or 0.76 ram. While such a compari- 

son cannot be defended rigorously, it does place ad- 
sorption analysis and countercurrent distribution in 
their proper perspective as applied to chlorophyll 
separations. 

A nomograph, giving the relationship between par- 
tition coefficients, number of transfers, and degree of 
separation has been constructed. The nomograph or 
alignment chart may be used to find any one of the 
4 variables in the equations if the other three are 
known. For example, suppose one wishes to achieve 
a separation in which 5% of substance A is present 
as impurity in substance B, where K, = 0.5, and Kb 

2.0. To find the number of plates required for 
this separation : 

a) Draw a line AB between the values of Ka 
0.5 and Kb = 2.0 on Figure 5 (Kb is chosen larger 
than K,).  



3 9 0  T E E  J O U R N A L  OF T H E  A M E R I C A N  0 I L  C H E M I S T S '  S O C I E T Y ,  O C T O B E R ,  1 9 5 0  

b) From the point R on the diagonal line, draw 
another line CR through the 5% point on the im- 
purity scale, extending it to cross the n axis. The 
value of the n-scale at this point estimates the num- 
ber of plates needed for the desired 5% impurity 
separation. 

The reverse of the above process may be used to 
determine the percentage of impurity of A in B, 
using a given number of plates, that is, the second 
line can be drawn from R to the number of plates 
used and the percentage of impurity read from the 
percentage scale. The error of the homographic solu- 
tion is usually less than the approximations intro- 
duced in the derivation of the equations and the use 
of the homograph should greatly facilitate the ap- 
plication of the equations. 
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Summary 
Chlorophyll-a, chlorophyll-b, and carotene have 

been used to study the operation of countercurrent 
distribution apparatus. An incomplete separation of 
the chlorophylls was obtained by the use of the 25- 

tube Craig apparatus, but nearly complete separation 
of the chlorophyll and carotene pigments resulted. 
Degree of separation can be estimated by the modi- 
fication of the equation of Martin and Synge which 
follows : 

t = ~ '~ • - 1 _ ~ Kb " Ka 

B + 1 E a + K b + 2K a K b 

Comparisons were made between the degree of 
separation predicted by these formulae and that 
calculated by the use of the binomial expansion. The 
utility of such predictions is illustrated by the prob- 
lem of separating plant pigments. A nomographic 
solution of these equations is presented to facilitate 
their application. 
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Determination of Total Gossypol Pigments in 
Cottonseed Materials 
WALTER A. PONS JR., CARROLL L. HOFFPAUIR, and ROBERT T. O'CONNOR, 
Southern Regional Research Laboratory# New Orleans, Louisiana 

~-[~HERE has been a recognized need for a reliable 
routine method for the determination of total 
gossypol pigments in cottonseed materials. Such 

a method must be fairly rapid and precise. Several 
methods have been suggested (4, 5). They are gravi- 
metric methods, requiring hot aniline extractions, 
time-consuming precipitations, and individual atten- 
tion. A method is proposed which involves an acid 
hydrolysis of the " b o u n d "  gossypol pigments in 
aqueous methyl ethyl ketone, and the colorimetric 
determination of the gossypol pigments by the meth- 
od described recently (3) for free gossypol pigments. 

The term "total gossypol pigments," as used in 
this paper, designates gossypol and closely related 
pigments, which after hydrolysis and reaction with 
p-anisidine give reaction products identical spectro- 

photometrically with that of pure gossypol. In this 
connection it must be pointed out that gossypol pig- 
ments such as gossyfulvin are convertible with ease 
to gossypol (1) and the gossypurpurin reacts with 
p-anisidine to give a product spectrophotometrically 
identical with that obtained from pure gossypol and 
the same reagent (3). 

Reagents 
a) Aqueous acetone: 700 ml. A.C.S.-grade acetone 

plus 300 ml. of distilled water. 
b) Methyl ethyl ketone--water  azeotrope: Mix 

1106 ml. of reagent grade methyl ethyl ketone with 
�9 One of the laboratories of the Bureau  of Agricultural  and Indus t r ia l  

Chemistry, Agricul tural  Research Administration, U. S. Depar tment  of 
Agriculture.  

110 ml. of water and distill through a column such 
as a Vigreaux column. The azeotrope boils at 73.5~ 
and contains 11.0% water by weight (2). Store in a 
brown bottle. 

c) Oxalic acid solution: Dissolve 12.60 g. of A. C. S. 
grade oxalic acid dihydrate (H2C2Q.2H20) in the 
methyl ethyl ketone azeotrope and make up to 1 liter 
with the azeotrope. This solution is 0.1 molar in ox- 
alic acid. 

d) Barium acetate solution: Dissolve 136.73 g. of 
A.C.S.-grade barium acetate hydrate [Ba(C2H30~) 2. 
H20 ] in distilled water and dilute to 1 liter with 
water. This solution is 0.5 molar in barium acetate. 

e) Isopropanol: Reagent-grade diluted to 80% by 
volume with distilled water. 

f) Glacial acetic acid : A.C.S. reagent-grade. 

TABLE I 

Influence of Time of Hydrolysis on Total Gossypol P igments  Found 

Total Gossypol 1 

Time of Heat ing  
at 75~ 

Ho~r9 
2 .................................... 
3 .................................... 
4 .................................... 
5 .................................... 
6 .................................... 
7 .................................... 
8 ................................... 

16 .................................... 

Raw Cooker 
Meats Meats 

1.24 5 
1.24 1.44 
1.22 1.46 
1.24 1.50 
1.24 1.51 
1.23 1.50 
1.23 1.51 
1.23 1.51 

Hydraulic- S~rew- 
Pressed Pressed 

Meal Meal 

% % 
1.31-1.41 0.53 

1.48 0.55 
1.54 0.58 
1.55 0.60 
1.56 0.60 
1.56 0.61 
1.56 0.60 
1.55 0.60 

1Air-dry basis. 


