386 TaE JOURNAL oF THE AMERICAN Oin CuEMISTS’ SocieTy, O¢TOBER, 1950

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 developments
would make fractionation, already technologically in-
teresting, a field economically advantageous.

Summary

A preliminary cost study was made of a combina-
tion serew-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
mn 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 inerease
their value and provide a broader and more stable
market for cottonseed.
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Countercurrent Distribution Studies on Fat Soluble

Plant Pigments’

CATHERINE R. LANCASTER, EARL B. LANCASTER, and HERBERT J. DUTTON, Northern

Regional Research Laboratory, Peoria, lilinois 2

ARTITION of immisecible solvents, the procedure
used by Willstitter 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
partition procedures again need to be re-examined.
In the present paper the countercurrent distribution
of a model system composed of chlorophyll-a, chloro-
phyll-b, and carotene is deseribed. Separations ob-
tained experimentally are discussed in relation to
those predicted by the theory of Martin and Synge
(4) and to their equations as modified herein. A
simple nomograph has been constructed.

Materials and Methods

Chlorophyll-a and chlorophyll-b were isolated from
frozen spinach by chromatographic adsorption on
powdered sugar as described by Zscheile and Comar
(9). Each pigment was further purified by two suc-

1 Presented at the fall meeting of American Oil Chemists’ Society,
November 2, 1949, in Chicago, i1,

20ne of the laboratories of the Bureau of Agricultural and Indus-
trial Chemistry, Agricultural Research Administration, U, 8. Depart-
ment of Agriculture. Report of a study made under the Research and
Marketing 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 (Bastman Kodak Co. 2702) and of
erystalline a-carotene and crystalline B-carotene (Gen-
eral Biochemicals inc., No. 15849 and 16447).2

Countercurrent distributions were carried out in
the 25-tube Cralg analytical apparatus, using equal
volumes of aqueous ethanol and hexane (90% ethanol
and hexane, mutually saturated). On completion of
the countercurrent distribufion operation, both lay-
ers of each tube (8 ml. hexane and 8 ml. aqueous
ethanol) were withdrawn into 25, 50-ml. volumetrie
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.
It 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)

3 The mention of these products does not imply that they are endorsed
or recommended by the Department of Agriculture over others of similar
nature not mentioned.
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o
Chlorophyll-a (mg./L) = 12.72 p 8859 A _ 3 907 1y 6475 A

>0 o0

<o
Chlorophyll-b (mg./L) = 26.87 D 6475 A _ 7 1g 6650 A

Carotene (mg./L) = 3,58 D 4500 A 0.900 p 66590 AL 1.76 p 6475 A
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 countercurrent distribution pattern for a mix-
ture consisting of 14.8 mg. chlorophyll-a, 12.4 mg.
chlorophyll-b, and 1.04 mg. carotene is shown in Fig-
ure 1. The concentration in mg. per liter of each
chlorophyll pigment contained in each tube is plotted
against the tube number. The concentrations of caro-
tene have been multiplied by 10. Also included are
the theoretical curves calculated from the partition
coefficients as described by Williamson and Craig
(7). Partition ecoefficients used for this purpose were
themselves averages caleulated from the experimental
points near the peak of each curve and are: K, =
1.061, Kan , = 0.592, and Kearotene = 4.093.

First, it will be observed that excellent agreement
is obtained between theoretically calculated and ex-
perimentally observed distribution eurves. Second, it
will be noted that pure chlorophyll-a and pure chlo-
phyll-b ean be isolated only from 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 fraec-
tionations at the point of ‘‘cross over’’ of the curves.
The overlap of the chlorophyll-b eurve upon the chlo-
rophyll-a curve, or, more specifically, the ratio of
area under the tail of the ‘‘a’ eurve from the point
of intersection to the total area of the ““b’’ curve may
be used as a convenient measure of impurity. The
overlap in this case is 23.7%.

Pigment fractionations obtained by countercurrent
distribution will quite naturally be considered in re-
lation to those obtainable by chromatographie adsorp-
tion on sugar. For comparative 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. After
passage through 260 mm. of the ecolumn, the chloro-
phyll-a band eontained less than 1% of chlorophyll-b
as impurity.

The separation of a- and B-carotene was attempted
by using the same solvents, Craig apparatus, and pro-
cedure described above. No fractionation of «- and
B-carotene could be detected by spectrophotometric
methods. This pair of compounds however is also
separated quite satisfactorily by ehromatographic ad-
gorption methods. These results are reported because
they serve to define the limitations of the technique.

Discussion

It is apparent that application of more plates
should improve the fractionation of the chlorophyll
pigments. Sinece a 53-plate model of distribution
equipment is available (3), a caleulation of distribu-
tion curves for 53 plates was made employing the
partition coefficients given above. It can be seen by
comparing the curves of Figures 1 and 2 that the
degree of separation would in faet be greatly im-
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Fie. 1. Countercurrent. distribution of ¢hlorophyll-a, ehloro-
phyll-b, and carotene in the 25-tube Craig distribution apparatus.
Solid lines represent experimental data; broken lines show the
caleulated theoretical distribution.

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

These results point to the need for a more general
treatment of the problem of degree of separation in
terms of partition coefficients and number of plates.
Such an algebraic description was, in fact, developed
by Martin and Synge for partition chromatography
in 1941 (4). Based on similar considerations, Mayer
and Tompkins (5) have recently given an analysis of
degree of separation 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
transfers are involved as in the Craig counter-current

CONGENTRATION,(MG/LITER)

L. Gl
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Fia. 2. Theoretical distribution of e¢hlorophyll-a, chlorophyll-
b, and earotene for a 54-tube Craig countercurrent 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 impurity 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 impurity 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-
seribe separation of a binary system by partition
chromatography. Where equal volumes of immiseible
solvents are used, their equation may be written in
general form as follows:

r- Yt + 12
(1) 1re. 4
1+ B rt STt o+ 2

= R
3
where
o = partition coefficient of substance A, accord-
ing to Martin and Synge,

gm. A in non-mobile (hypo) phase

ie.
“gm. A in mobile (hyper) phase.

When equal volumes of solvent are used, a

= N K, being the partition coefficient in
a

the terminology of Craig (7).
B == partition coefficient of substance B, accord-

ing to Martin and Synge. 8 — —KL
b
r == serial number of the plate at the point of in-
tersection.

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

1
1 +3
. . 1+d= Kav_Al'}'Ka.Kb
R = the ratio, 17 1 1+ Ky K,
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) FIG.. 3. The relationship of degree of separation (per cent
jmpurity) to ‘‘R’’ for 24-, 28-, and 53-plate countercurrent
distributions.

t? . - .
Since — is small under practical conditions, it has

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

K - K
(in PR L S . i S
R+ 1 K, + K, + 2K, Ky

For small numbers of transfers 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 ecan be obtained by using ‘“‘n,”’ the
number of transfers, instead of ‘‘r’’ in equation IT.
Agreement between separations caleulated by this
more or less empirical relation and those calculated
from the binomial expansion is shown in the table.

COMPARISON OF PERCENTAGE OVERLAPS FOR 24 TRANSFERS
AS COMPUTED FROM BINOMIAL EXPANSIONS AND FROM

EQUATION III, t = va II:Ti
Overlap—%
R Ka Kb
Binomial Eq. No. IIT
1.07 3.0 4.0 61.6 43.6
1.12 2.0 3.0 31.3 38.6
1.20 1.0 1.5 29.5 32.8
1.26 0.6 0.9 29.3 28.4
1.27 0.9 1.5 25.3 28.1
1.31 0.4 0.6 37.5 25.5
1.35 0.8 1.5 21.3 23.3
1.50 0.5 1.0 21.2 164
1.58 0.9 3.0 8.2 13.4
1.73 0.9 2.5 6.2 9.3
1.82 0.7 3.0 5.3 7.6
2.00 0.5 2.0 4.7 5.2
2.06 0.25 0.7 13.4 4.5
2.14 0.5 2.5 2.5 3.8
2.25 0.5 3.0 1.4 3.0
3.00 0.25 1.5 1.6 0.71
3.33 0.25 2.0 0.72 0.41
3.75 0.25 3.0 0.11 8.23
4.00 0.25 4.0 0.00 .16
Pigments
11.384 0.5918 1.0608 23.7 21.5
21.561 1.0608 4.0930 15.1 14.2
82,161 0.5918 4.0930 5.5 3.6

1Chlorophyll-a in chlorophyll-b.
2(0arotene in chlorophyll-a.
3 Qarotene in chlorophyll-h.

Practical conditions of counterecurrent extraction
place limits on the magnitude of the partition coeffi-
cients K, and K,. On the basis of experience, these
limits can be set as K, <4 and K,> 0.25, K, always
being the larger of the two. Practical R values thus
range from >1 to <4 and include most cases where
the Craig technique would be used.

Within these limits, then, equation (II) may be
rewritten

(11D v= 7 Rl Kp - Ko
R+ 1 K, + Ky + 2K, K,

a

where t, R, K,, and K, are defined as above and n
is the total number of transfers (ordinarily one less
than the total number of tubes).

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

V¥ -2 [Br1]7 2 [Ka t Ky * XK Kyt
R-1 Ky - K,

4 Since preparation of this paper, a manuseript by Peter L. Nichols
has been sent us in which he has independently derived the equation:
n = t? § from somewhalt{ dit’ferexnt considerations. However his value

for S differs from our above.

R—1:



THE JOURNAL oF THE AMERICAN O CHEMIsTS’ Socrery, OcToBER, 1950 389

and

v  Rr-vEre _ 1K K
VE-t  1+K, K

Equations (III) and (IV) will be found the most
important in practice. Equation (IIT) 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. Sinee countereurrent apparatus is availa-
ble, providing 24, 28, and 53 plates (3), calculations
of degree of separation have been made by means of
equation (IIT) corresponding to these numbers of
plates. A useful plot of this calculation is shown in
Figure 3 where the ratio R is plotted against per-
centage of impurity. The percentage of impurity was
determined from the caleulated ‘‘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 (R
= 1.384); ““b’’ to chlorophyll-a and carotene (R =
1.561) ; and line ‘‘e¢”’ to chlorophyll-b and carotene
(B = 2.161). Thus it is predieted 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 121%, the carotene in chlorophyll-a should now
be 5.6%, and the carotene content of chlorophyll-b
should be reduced to 0.38%. (The ecorresponding
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 chlorophyll-a impurity in

3.0
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F1e. 4. Graph similar to that given by Martin and Synge
showing the number of theoretical plates necessary to achieve
a(, sp)eciﬁed degree of separation, as caleulated from equation
Iv).
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Fi16. 5. Nomograph relating plates, n, per ecent impurity, R,
K., K, as defined in 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
chlorophyll-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

have been 52)28 or 0.76 mm. 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 K,
= 2.0. To find the number of plates required for
this separation :

a) Draw a line AB between the values of K, —
0.5 and K, = 2.0 on Figure 5 (K is chosen larger
than K,).
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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 nomographic solu-
tion is usually less than the approximations intro-
duced in the derivation of the equations and the use
of the nomograph 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:

a

v-ve Rol _m Ky - X
R+ 1 K, + K, *+ 2K, K

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 eguations 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 7

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 ‘‘bound’”’ 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
conneetion 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 produet 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 ketome — water azeotrope: Mix
1106 ml. of reagent grade methyl ethyl ketone with

I One of the laboratories of the Bureau of Agricultural and Industrial
Chemistry, Agricultural Research Admmlstratmn U. S. Department of
Agriculture.

110 ml. of water and distill through a column such
as a Vigreaux column. The azeotrope boils at 73.5°C.
and contains 11.09% water by weight (2). Store in a
brown bottle.

¢) Oxalic acid solution: Dissolve 12.60 g. of A.C.S.
grade oxalic acid dihydrate (H,C,0,-2H,0) 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.8.-grade barium acetate hydrate [Ba(C,H,0,),"
H,0] 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 [
Influence of Time of Hydrolysis on Total Gossypol Pigments Found

Total Gossypol?

Time of Heating Hydraulic- -
at 75°C. Raw Cooker firég‘s‘;&“ ng?é:ggd

Meats Meats Meal Meal

%o %o %o %o

1.24 1.35 1.31-1.41 0.53

1.24 1.44 1.48 0.55

1.22 1.46 1.54 0.58

1.24 1.50 1.55 0.60

1.24 1.51 1.56 0.60

1.23 1.50 1.58 0.61

1.23 1,51 1.56 0.60

1.23 1.51 1.55 0.60

1Air-dry basis.



