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FOREWORD

Thisbook ontheanalyticalchemistry ofthesterolsparticularly dealswithchromatographic separation and identification methods of sterols and with the application of
sterol analysis to the examination of fats. The matters discussed are for the greater
part founded on the author's own investigations and most of it ispublished now for
thefirsttime.Amongst others,thisholdsfor thethin-layerchromatography ofsterols.
His description of this analytical technique should be welcome to the several kinds
of chemists who have to do with sterols in their respective fields, such as organic
chemistry, fat chemistry, food chemistry and physiological chemistry.
Alsofor thefirsttimeadetailedandcompletesurveyoftheanalysisoffatsby means
of sterols is provided by this work. At the Government Dairy Station (Rijkszuivelstation)inLeidenthissystemofanalysishasbeenbuiltup duringwelloverfiftyyears
of research and development. The publication of this book givesan occasion to pay
attention now to theseactivities of the Government Dairy Station.
According to the Code of Principles concerning Milk and Milk Products, drawn up
undertheauspicesoftheFoodandAgricultureOrganizationandoftheWorld Health
Organization of the United Nations, and accepted bythe governments of fifty-seven
countries, the term "milk" shall mean exclusively the normal mammary secretion
obtained from one or more milkings without either addition thereto or extraction
therefrom. The provisions of the Code are equally applicable in the same sense to
milk products therein considered and they evidence the importance attached now
throughout the world to the genuineness of milk and dairy products, implying that
ofthemilk fat inalltheseproducts. Bythis,no smallburden islaid onthe shoulders
of the analytical chemist to whom it falls to give a judgment in this respect. Apart
from the well-known difficulties offat analysis,it may be worth-wile to recall that a
lack of evidence of adulteration does not necessarily mean a proof of genuineness,
just as failing to prove the genuineness does not necessarily imply the admixture of
foreign components.Inthissituation hemaybecharged byinterested partiesofquite
different attitude; such for instance as Dame Justice who,averse as sheisfrom sentencinganinnocent,isnoteagertodealouttheblameofadulterator;ortheCustomer
who,disliking the unfamiliar, readily suspects an adulteration if he comes across a
product whoseproperties deviate from those knownto him.
Dealing as we are with a product underlying biological variations, too suspicious
customers can only be appeased by a system of official inspection in which the raw
material,themilkinthepresent case,isanalyzedperiodicallyanditsdata, suchasthe
refractive indexofthemilkfat, areregisteredandcompared withthoseofthe finished
products the date of production ofwhichisknown also.In thiswaythe composition
of exported dairy products is guaranteed by the Netherlands Government since the

beginningofthiscentury.Itwastheriseofthemargarinetradethatleadtothisdrastic
action,aspart ofwhichthe Government Dairy Station started itswork in1903.
Before the first world war an adulteration occurred now and then and had to be
proved in court.Figures are whimsical wittnesses for the prosecution, easily evoking
as they do discussions on propability,and even statisticians may enter the court as
witnessesfor the defence.Sterolcrystals however—originatingfromvegetablefats—
put on the Table of Justiceascorpusdelictum,provedconvincingat that time. Such
eventshaveinitiated theexploration ofthefieldofsterolchemistryhalfacentury ago
bytheGovernment Dairy Station,inwhichinvestigation ithasbeenactivesincethen
and to whichTulleken, Den Herder, Roos, Riemersma and the author of this book
havecontributed. Theanalyticalapplication of the sterolsprovedofmuchwider utility
in analytical chemistrythan the detectionof the adulteration of butterfat.Of recent
practical importance in food control is its adoption by Roos for the detection of
refined inedible lard in pure lard and for the analysis of egg products, and that by
Riemersma andbyCopiusPeereboom for thedetection ofanimalfatsinoilsand fats,
thevegetableoriginofwhichmustbewarranted,f.i.for dietarypurposes.DenHerder
haslaidthebasisofthesystem.Hesimplified themethod ofprecipitationofthesterol
digitonides in avoiding preliminary extraction of the unsaponifiable fraction. He
studied the crystal forms of sterols and their conduct in polarized light;the melting
curves of mixtures of different sterol acetates; the proportion of free and bound
sterols in various fats. He introduced the technique of increasing the proportion of
sterols originating from vegetable fats in mixtures with butterfat, by a preceding
separation of the bound sterols. He developed the sterol content, either total or free
or bound, to a very characteristic value for the identification of fats and for their
quantitative analysis in mixtures. In those days, when quantitative analysis of fats
wasfor the greater part ona rather rough basisofestimation, hisresultsin detecting
evenvery smalladmixtures to butterfat were striking and worked so effectively that,
even under intensive control, no adulteration of butter with foreign fats has been
revealedsince 1914.
There is a comprehensive literature on the analytical chemistry of sterols, but the
analysis of fats by means of sterols is rather poorly dealt with. Now that the author
has presented us a report of his own investigations as well as a description of the
methods applied and the results obtained previously, he has provided the analytical
chemistwithareliableguidefor theapplication ofthisanalyticaltechniquewhichhas
received too little attention up till now. Enlarging the scope of the investigations he
hasalso givena line ofapproach to the structural analysis of several unknown sterol
types.For thisreason not onlychemistsengaged inanalytical work willtake note of
this book with advantage.
J. G. VAN GlNKEL

Director of the Government Dairy Station
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1 CLASSICAL ANALYTICAL METHODS FOR
NATURAL STEROLS, APPLIED TO FAT ANALYSIS

1.1

F A T ANALYSIS BASED UPON CHARACTERISTIC VALUES

As a consequence of the very complex composition of natural fats the analytical
chemistry of lipoidsforms a distinctfieldwith specialproblems.Besides multifarious
types oftriglyceridesasquantitatively most important fraction, a minor part consists
of an enormous variety of other lipoid substances: monoglycerides, diglycerides,
phosphatides,tocopherols,sterols,sterolesters,hydrocarbons,carotenoidsand traces
of several other compounds. The triglycerides forming the main fraction of the fat
consistofaglycerolmoleculeesterified withthreefatty acids.Thetriglyceride fraction
largely varies in composition, numerous combinations of the fatty acid constituents
in their molecules being conceivable. Evidently, the great number of possible triglycerides still further enhances the complexity of this type of analysis.
One of the purposes of fat chemistry is the determination of all these individual
typesoflipoidsinafat, but inthepastappropiateanalyticaltechniqueswerelacking.
At the end of the nineteenth century a complete analysis of a natural fat thus was
by no means possible. Nevertheless, fat analysis had to differentiate between the
various types of oilsand fats and to determine the proportion of the constituents of
commercially available fat mixtures. To that end physical data were introduced as
characteristic numbers e.g. refractive number and density. For practical reasons a
chemical approach wasusually made by saponification of all glycerides into glycerol
and fatty acids, leaving a minor fraction withstanding this procedure viz. the unsaponifiablefraction. Thesaponification thus bringsabout afirstexperimental simplification oftheproblem ofanalysingsuchcomplex mixtures.Fat chemistry, therefore,
was perforce principally engaged with the fatty acid composition of the fat mixture.
Inthisproceduretheactualstructure ofthetriglycerideswasneglected. Subsequently,
chemical characteristics derived from the fatty acid composition of the fat mixture
were introduced as empiric values. These values, further on denoted as "fatty acid
values" were widely applied in practice as characteristics for the identification of the
varioustypesoffat. Thesameprocedurecould beapplied tounravelthe composition
of commercial fat mixtures.
The features of either the triglycerides as such or alternatively those of the unsaponifiable fraction couldbeappliedaswellforthepurpose,butbecauseofanalytical
imperfections theywereinthepast only sparingly usedinpractice.Considering these
three essentially different analytical techniques, we can divide the methods of fat
analysis into three main groups, based upon the properties of:
1

1. thefatty acids, viz.fat analysis through the fatty acid composition.
2. the triglyceridefraction as such, viz. fat analysis through the triglyceride composition or "glyceride (fat) analysis".
3. theunsaponifiablefraction,viz.fatanalysisthroughguidesubstancesinthis fraction
or "guide (fat) analysis".
1.1.1 Fatty acid values and special applications
In the past the fatty acid composition of a fat sample could be typified only approximatively by the procedures of the above group 1. All fatty acid values are in
fact roughindicationsoftheactualfatty acidcomposition.Theyhadtobeintroduced
since reliable and preferably also quantitative techniques for thedetermination ofall
fatty acids separately were lacking at the time. A variety of fatty acid features was
applied for the characterization of the fatty acid composition. They can be divided
into three sub-groups (KAUFMANN 1958).
The first group essentially usesthe chain length of thefatty acidsasa characteristic
e.g.thesaponification value,determiningthemeanmolecularweightofthetotal fatty
acid fraction. The REICHERT-MEISSL-WOLLNY (R.M.W.) value is a measure for the
group of lowerfatty acids, whichare both volatileand water soluble.Other instances
are the POLENSKE value, A and Bvalues etc. The unsaturated nature of some fatty
acids forms the basis of the second sub-group e.g. iodine value, hydrogen value,
thiocyanogen value etc.With the data of the third group of fatty acid values special
oxygencontainingfunctional groupsareevaluated e.g.hydroxyl,acetyl,and carbonyl
values. KAUFMANN (1958) has denoted these groups as acidimétrie, enometric, and
oxidimetric fatty acid values (German "Fettsäurekennzahlen").
A more simple situation is met when a type of fat contains a specificfatty acid.
Experimental data concerning the percentage of that special fatty acid then can be
applied asa characteristic. Instances are a.o. the specific occurrence of erucicacid in
rapeseed oil, of isovaleric acid in dolphin fat, and of butyric acid in butter fat. Of
oldanapproximation ofthebutyricacidcontent ofbutterfat isgivenbythe R.M.W.
value.Ithasbeenapplied inmanycountriesasanempiricfatty acidvalueinchecking
the purity of butter. More exact evaluations of the actual butyric acid content were
devised afterwards, leading to an accurate quantitative determination by means of
chromatographic methods. In an ideal situation the percentages of all fatty acids of
a fat like butter fat may be determined quantitatively e.g. by paperchromatography
orgas-liquid chromatography. Thesedata then could beapplied to thecontrol of the
genuineness of that special type of fat. Especially by applying gas-liquid chromatography, the complete fatty acid composition of a fat like butter fat can be evaluated
at present in a relatively simple and rapid way.
However, the exact knowledge of the complete fatty acid composition does not
necessarily solve all problems encountered when analysing complex fat mixtures. In
fact we always have to reckon with the naturalvariability infatty acid composition

shown byseveralsamplesofthesametypeoffat. Natural circumstances likeclimate,
season, soil composition, and especially breed and feeding in the case of animal fats
exertgreatinfluence uponthefattyacidcomposition.Becauseofthisnaturalvariability
the detection of small amounts of one type of fat in another often will meet with
difficulties. This is illustrated clearly by the varying composition of butter fat. The
R.M.W. value of Dutch butter changes during the year within the extreme limits of
18and 36, with a mean value of about 25-26 in September-October and 29-30 in
April-May (VAN RUN 1899, SWAVING 1939), these differences being mainly due to
the lactation period and feeding of the cattle.
Inthe RUKSZUIVELSTATION (GOVERNMENT DAIRY STATION) at Leiden this variation
in R.M.W. value was studied by TULLEKEN AND VAN SILLEVOLDT(cf. HOTON 1909).
They could establish a statistical correlation between R.M.W. value and refractive
number of Dutch butter fat, originally based on the analysis of 91,077, later on
followed by the investigation of 745,194butter samples.
Because of the great range in R.M.W. value, adulteration of butter by foreign fats
(especially by those having high R.M.W. values) cannot be detected unambiguously
in this way. Therefore, the guarantee of the genuineness of Dutch butter is givenby
a special procedure of control of the manufacturing process. For individual lots of
cream in the butter factories R.M.W. values and refractive numbers are determined.
Thecorrespondingvaluesofthemanufactured butter shouldagree.Aspecial number
of the National Quality Mark isconferred upon every consignment. In this way the
serialnumbersofthismarkarelinkedupwiththechemicaldata ofthebutter sample,
thus guaranteeing its genuineness. However, upon the mere examination of a butter
sample of unknown origin the chemical proof of an adulteration with moderate
amounts e.g. 20% of vegetable oil cannot be furnished by the R.M.W. value. The
samerestricted applicability indetectingbutter adulterationsisinherent toother fatty
acid values.This restriction isparticularly valid when the fatty acid value for butter
fat exhibits a great natural variability and the same characteristic for the foreign fat
israther near one of the limitsof this variability.
On the other hand an example of a fatty acid value low for butter fat and high for
some vegetable fats, is given by the POLENSKEvalue,by which the volatile but water
insolublefatty acidscanbedetermined.Thisvalueamounts to 16-17for coconut fat;
9.0-10.5 for palmkernel oil; 1.5-3.5for butter fat; and less than 1.0 for most other
oils and fats. Consequently, the POLENSKE value is applicable in detecting gross
adulterations of butter with coconut and palmkernel fat. Reviewing the above statements, we must conclude that the natural variability in the butter fat composition
m
ay hamper a reliable detection of foreign fats by means of fatty acid values.
1.1.2 Glyceride (fat) analysis
Someattempts have been reported to imitate high priced and valued fats like butter
fat by mixing foreign fats or special fractionated parts thereof; by transesterification

of low priced fats with coconut fat, tributyrin etc.; or by complete synthesis from
glycerol and fatty acid fractions (TÄUFEL 1929, 1958).The so-called "Bohella" fat has
the same fatty acid values as genuine butter (GUEX 1957).Consequently, adulteration
of butter with Bolzella fat cannot be detected at all by means of any fatty acid value.
However, we should always keep in mind that fatty acid values serve as a rough
substitute for the actual features of the triglyceride fraction. In this case the possible
deviating characteristics of the Bolzella triglycerides should be inspected by the
methods of glyceride (fat) analysis. Indeed the amount of ether-insoluble glycerides
has yielded a significant difference between genuine butter fat and Bolzella fat
(HANSSEN 1960). The use of the BÖMER value in detecting admixture of beef tallow
to lard is another well-known instance of the applications of this glyceride analysis.
The experimental difficulties encountered in determining the various triglyceride
types,however, have limited theapplications of glycerideanalysis inthe past. Furthermore, intramolecular and intermolecular exchanges are known to occur during analytical operations;therefore, some caution is required in the interpretation of experimental results.Modern methodssuch as lipase hydrolysis (V. D. WAL 1960); reversedphase paperchromatography (KAUFMANN 1959, 1961a); reversed-phase thin-layer
chromatography (KAUFMANN 1960, 1961b, 1962); thin-layer chromatography with
additional procedures e.g. ozonisation-reduction techniques (PRIVETT1961);molecular
distillation; and gas-liquid chromatography (HUEBNER 1961) now enable a simple
and rapid analysis of the various triglycerides. In the future a more extensive application of "glyceride values" in fat analysis is to be expected.
1.1.3 Guide (fat) analysis
Because of the present-day limits of the glyceride analysis and the fundamental limitations of the application of many fatty acid values, nowadays much attention is
paid to the third main group of fat analysis, based on characteristics of constituents
of the small unsaponifiable fraction. Such a component may be used to advantage
as a kind of natural marker, guide substance, or guide, characteristic of certain oils
and fats, thus enabling the analysis of commercial fat mixtures. We have denoted
this third type of fat analysis as "guide substance analysis" or abbreviated as "guide
(fat) analysis"(German "Leitsubstanzanalyse"). Theapplication ofthis guide analysis
is based essentially upon the fact that the proportion and types of the minor constituents in a special type of fat were generally found to be constant.
Wepropose also to introduce a subdivision, based on the types of minor constituents
of this group such as sterols, tocopherols etc. present in the unsaponifiable fraction,
which are applied as natural markers in practice. The largest and most significant
group, viz. the sterol group is the subject of this investigation. However, we shall
first mention someapplications of other minor components to problems offat analysis
reported in the literature.
Several classical colour reactions actually belong to this type of guide analysis e.g.

the identification ofsesame oilbythered colour produced witha furfural-hydrochloric
acid reagent,according to BATJDOUINand VILLAVECCHIA.Aminor phenolic component
of the unsaponifiable fraction, namely sesamolin causes this specific colour reaction.
A group of substances of the unsaponifiable fraction, important for their physiological activity (vitamin E), are the tocopherols comprising several isomers a.o. a-,
ß-, y-, ó-tocopherol (a-tocopherol = 5,7,8-trimethyltocol; ß = 5,8-dimethyl; y =
7,8-dimethyl; ô = 8-monomethyl; f = 5,7-dimethyltocol; e = 5,8-dimethyltocotrienol ; rj = 7-monomethyltocol).
Severalauthors e.g .ANGLIN etal.(1955), MAHON etal. (1954,1955) WINDHAM(1957),
and NAZIR et al. (1959) have attempted the detection of vegetable oils in butter by
means of the total content of these tocopherols. Whereas the edible vegetable oils
contain amounts of tocopherol between 1000 and 16000 ,ug/g (LANGE 1950, BLAIZOT
1956, HERRAIZ 1949, VITAGLIANO 1958, BIEFER 1956),the tocopherol content of butter
fat is extremely low, viz. about 10-50 /«g/g. According to KJRUISHEER (1955) the
tocopherol content of Dutch butter fat varies from 10-40 figjg.
Inan extensive study dealingwiththe tocopherol content ofAmerican butter ANGLIN
et al.(1955)concluded that for summer butter fat 99%of the samples have tocopherol
contents less than 52 jug/g, 99% of the winter butter fat samples presenting values
even below 30 /<g/g. Usually, adulteration of butter with 10% of vegetable oil will
result in a significant increase in the tocopherol content (ANGLIN 1955, NAZIR 1959).
Samples of butter fat containing 50-70 figfg of tocopherol are to be considered as
"suspicious";contents above 70^g/g positively indicating adulteration with vegetable
fat. The Canadian Food and Drug Regulations (1954) dictate for pure butter a
tocopherol content not exceeding 50jUg/g.
The isomer a-tocopherol is the only form occurring in animal fats (BROWN 1952),
the vegetable oils containing mostly also considerable amounts of the other isomers.
Therefore, detection of the other isomers inbutter might furnish even more conclusive
evidence of adulteration with vegetable oils than does the total-tocopherol content
(SHIPE 1954). The method of ANGLIN et al. has restricted application since small
amounts of some vegetable fats e.g. olive oil and coconut fat containing tocopherol
contents of only 10-100^g/g (HERRAIZ 1949, BLAIZOT 1956) cannot be detected with
certainty. No more can this total-tocopherol method reveal the presence of small
amounts of animal fat in mixtures with vegetable oils. Furthermore, tocopherol
mixtures are widely used as antioxidants nowadays. Too high a percentage of tocopherols, therefore, indicates the addition of foreign matter, but not necessarily of a
foreign fat.
By paperchromatography the tocopherol group can be separated into the various
isomers: a.o. a-, ß-, y-tocopherol. While cottonseed oil and peanut oil have nearly
equal amounts of a-, and y-tocopherols, olive oil and sunflower oil predominantly
contain the a-isomer. In sesame oil and linseed oil only the y-isomer was found,
whereas the presence of soybean oil in mixtures with other oils can be evidenced by

its specific, large amount of ^-tocopherol (BIEFER 1956). An evaluation of the percentages of these isomers can thus be applied to the analysis of mixtures of oils and
fats.
The presence of several higher hydrocarbons has been demonstrated in the unsaponifiable fraction, of which the most abundant one:squalene (C30H50) is found in
olive oil in quantities of 1000-4900 /igjg with a mean value of about 3000 fig/g.
Other vegetable oilsmostly contain much smaller percentages of squalene,viz. 40-360
jug/g (HADORN 1950). The presence of olive oil in other edible oils is detected by a
significant increase in the squalene content (PHILIPPE 1944, HADORN 1949, 1950).
However, the so-called rectified B olive oil, i.e. "synthetic olive oil" prepared by reesterifying extracted olive oils or distilled fatty acids,isconspicuous by extremely low
squalene value (WITTKA 1960).
Other minor components e.g. compounds containing phosphorus, coloured carotenoids, anthocyanins are also applicable as natural markers. KUZDZAL et al. (1960)
have described an identification of ordinary cheese substance inthe more special types
ofcheesemanufactured from goat'smilk.Inthelatteronlysmallquantitiesofcarotene:
about 0.5figlg fat are found, whereas the cow's milk contains about 6.5fig carotene/g
fat.Consequently,themostlikelytype ofadulteration canbedetected bya quantitative
spectrophotometric determination of the carotene content.
The formerly troublesome analysis'of the constituents of the unsaponifiable fraction
is facilitated by modern chromatographic methods. By column chromatography on
silicic acid these constituents are separated, showing elution curves that are characteristic of the oil. The curves"of olive oil and other oils e.g. teaseed oil are entirely
different so that adulteration of virgin olive oil with e.g. teaseed oil is detectable
(JACINI 1960, CAPELLA 1960). By the more simple method of thin-layer chromatography the unsaponifiable fraction'can be fractionated into several components. The
spots on a chromatoplate constitute a definite pattern, often characteristic of the type
of fat (Copius PEEREBOOM 1961). M C G U G A N (1959) describes the pattern of the unsaponifiable fraction'of butter fat, obtained after separation in a mixture of hexaneethyl acetate (95 :'5). Samples of butter fat adulterated with 10% of vegetable or
marine animal oilsare characterized by spots appearing in areas where butter samples
show none, or by an increased intensity of spots normally shown by butter fat.
Among the minorconstituents'of the unsaponifiable fraction the sterols are quantitatively as well as qualitatively the most significant group. This group will be the
subject of this investigation.

1.2

T H E P R I N C I P A L N A T U R A L L Y O C C U R R I N G STEROLS

The most significant substance of the group of sterols i.e. cholesterol has been known
since the eighteenth century as the chief constituent of human gall stones. Cholesterol

is the principal sterol of the higher animals; it is abundant in nerve tissue, fat, and
skin. Usually it is accompanied by traces of other sterols, which in a few instances
have been identified as dihydrocholesterol and 7-dehydrocholesterol.
Cholesterol (C27H46O)contains a C27carbon skeleton and a hydroxyl group. The
cholesterol molecule (fig. 1)contains 8asymmetric carbon atoms,resulting ina great
number of possible stereoisomers. In cholesterol and related sterols the secondary
hydroxyl group at C3projects to the front of the molecule. The two angular methyl
groups at C10and C13,the Cs hydrogen atom, and the C17side chain all lie at the
same side of the ring system as the C3hydroxyl group. By convention constituents
projecting tothefront ofthemoleculearedescribedas/?-oriented (FIESER 1959).They

Fio. 1. Cholesterol(C27H48O) (/15-cholestene-3/S-ol)melt, p.: 148°C, melt p. acetate: 115°C

arejoined to the system ofthe four ringsA, B,C,and D by solid lines. Constituents
projecting totherearorundersideofthemoleculee.g.theC9andC14hydrogenatoms
are a-oriented, beingrepresented bybroken lines.After hydrogénation ofthe double
bond at Csf«) two stereoisomers are formed with different conformation at C5. In
dihydrocholesterol(fig.2)thejuncture between the ringsAand Bistransasintransdecalin. Sterols belonging to this group are designated as 5a. The ringsA, B,and C
ofthedihydrocholesterolmoleculeareofthemorestablechairconformation; thering
junctures B/C and C/D also being trans. Dihydrocholesterol has been detected in
small percentages in animal fats. In the C5epimer viz.coprostanol the ringjuncture
A/B is cis as in cis-decalin (5 ß compound). Coprostanol has been found in nature
e.g. in human faeces.

coprostanol(C27H48O)
5^(-cholestane-3£-ol)
(A/B: cis)
melt. p.: 101°C
melt. p. acetate: 90°C

CH,

dihydrocholesterol
(C27H48O)

(5a-cholestane-3/?-oI)
(A/B: trans)
melt, p.: 142°C
melt.p.acetate:110°C

Animal fats contain predominantly cholesterol with small percentages of dihydroand dehydrocholesterol. In vegetable oils and fats the presence of several closely
related sterolshasbeendemonstrated; theseareknownasphytosterols (HESSE1878).
They are structurally related to dihydrocholesterol, but vary in the degree of unsaturation and the length of the C17side chain. ANDERSON et al.(1926) separated a
crudecorn oilphytosterol mixtureintothreefractions called:a-,ß-,and y-sitosterol.
The most important of these sitosterols viz. ß-sitosterol, is found widely distributed
in plants and is present in all vegetable oils and fats. The structure of the molecule
differs from that ofcholesterolbyanethylgroupattached to C24.Byintroducing this
group,a newasymmetric C-atom isformed; obviously two configurations (viz.24-a
and 24-b) are conceivable (fig. 3). The structure of ^-sitosterol, having the b-configurationhas been established as:24-b-ethyl cholesterol (J5-stigmastene-3/3-ol).

Fio. 3.
ß-sitosterol(C29H50O)
24-b-ethyl cholesterol
(.d5-stigmastene-3/3-ol)
melt.p.:137°C
melt. p. acetate: 126-127°C

clionasterol(y-sitosterol (?)) (C29H50O)
24-a-ethyl cholesterol
(A5-stigmastene-3 ß-o\)
melt, p.: 139°C
melt. p. acetate: 137°C

A sterol named clionasterol was isolated from the sponge: Cliona celataand has
been shown to be the C24epimer of /9-sitosterol viz. 24-a-ethyl cholesterol (fig. 3).
y-Sitosterolis oneoftheprincipalsterolsofsoybeanoil(BONSTEDT1928)andaminor
component of the sterol mixtures from many other oilsand fats (ICHIBA 1935).Asis
stated most often in the literature, the structure of y-sitosterol isidentical withclionasterol and hence its structure should be 24-a-ethyl cholesterol (BERGMANN 1947,
ELSEVIER'S ENCYCLOPAEDIA 1952).
Another phytosterol belonging to the 24-a series:campesterol(C28H48O)has been
isolated from rapeseed oil (FERNHOLZ 1941),itisalsopresent in many other oils.The
structure has been proved to be 24-a-methyl cholesterol (zl5-ergostene-3/5-ol). By
hydrogénationofthesemono-unsaturated sterolsthesaturated stands areformed e.g.
/3-sitostanol,y-sitostanol (C29H52O),structurally related to the 5a-oriented dihydrocholesterol.These stanols are minor components of the sitosterol mixtures of several
oils (BONSTEDT 1928,ICHIBA1935).
8

Important di-unsaturated phytosterols arestigmasterolandbrassicasterol, ofwhich
theformer wasfirstisolated from Calabar bean phytosterols asthe sparingly soluble
acetate tetrabromide (WINDAUS 1906b) and is present in many vegetable oils, especiallysoybeanoil.Thestructure differs from that of /5-sitosterolbyasecond double
bond at C22 having the trans configuration. Brassicasterol has been isolated from
rapeseed oilby WINDAUS(1909b)viaitsinsoluble acetate tetrabromide. Like stigmasterol,brassicasterol belongstothe24-bseries,possessinga methylgroupattached to
C24instead of the ethyl group in the stigmasterol molecule (fig.4).
C,H
2"S

«o-X/X/
stigmasterol(C29H48O)
A5,22-stigmastadiene-3/?-ol)
melt, p.: 170°C
melt. p. acetate: 144°C

brassicasterol(CastUeO)
{A5,22-ergostadiene-3ß-o\)
melt, p.: 148°C
melt. p. acetate: 158°C

zymosterol (C27H44O)
{A8(9),24-cholestadiene-3/3-ol)
melt, p.: 110°C
melt. p. acetate: 107°C
FIG. 4.

A third di-unsaturated sterol: zymosterol,quantitatively the second sterol of yeast
fat, hasa carbon skeleton resemblingthat ofdihydrocholesterol, but withtwo double
bonds at Cg<9) and C24(25> (Zl8(9),24-cholestadiene-3/3-ol). It has not been found in
the common edible oils and fats.
Besides ß-, andy-sitosterofcrudesitosterolpreparationscontainalsoasmallfraction,

better solubleinethanol whichhasbeendenoted as"a-sitosterols". Further «crystallization of this fraction has yielded more homogeneous preparations: cti-, ct2-, and
ct3-sitosterols,of which the ai- and a3-sitosterolscontain two non-conjugated double
bonds and are isomers of the formula:C29H48O,whereas ct2-sitosterolis believed to
be a homologue: C30H50O (WALLIS 1936, BERNSTEIN 1939). The structures of these
a-sitosterolsarenotestablishedfirmly,butnowadaysaresupposedtoberelatedtothe
triterpenoid alcohol: lanosterol,havingtwomethylgroupsattached at C4 (ELSEVIER'S
ENCYCLOPAEDIA 1952) (fig. 5). However, a recent investigation by MAZUR (1958)
suggested the possibility that ai-sitosterol is identical with citrostadienol, isolated
from grape fruit peel oil. The latter substance has been shown to be 4a-methyl-24ethylidene-J7-cholestene-3/?-ol.

lanosterol(C30H50O)(4,4,14a-trimethyl
J8(9),24-cholestadiene-3/S-ol)
melt, p.: 140°C
melt. p. acetate: 141°C
FIG. 5.

In addition to these di-unsaturated, non-conjugated phytosterols, several sterols
havingat leasttwoconjugated doublebondsarefound innature.Themost important
sterol ofthis group:ergosterol, the provitamin of vitamin D2,wasfirstisolated from
ergot of rye by TANRET (1890); it has been shown to be present in several fungi,
yeasts, the yolk of hen eggs etc. In addition to the double bond at C22in the side
chain, the Bringof the skeleton contains a system of twoconjugated double bonds,
which causesa specific ultraviolet absorption spectrum withpronounced maxima at:
261, 272, 282, and 294 nm. (fig. 6). The same conjugated system is found in the
provitamin of vitamin D3: 7-dehydrocholesterol that occurs in small percentages in
sterol mixtures of animal origin. In some marine invertebrates a.o. the Gastropoda
Buccinum undatum considerable quantities, up to 27%, of provitamin D-like substances, supposedly 7-dehydrocholesterol, have been found in the sterol mixtures
(BOCK 1938).
Under the influence of U.V. radiation ergosterol and 7-dehydrocholesterol can be
transformed into several substances, of which thevitamins D2and D3 are the prominent ones.In this reaction the Bring of the skeleton is opened, forming a system of
threeconjugated doublebondsandamethylenegroup(fig.6).Becauseofthisstructure
10

thevitaminsD2andD3donotbelongtothegroupofthesterols,but theyarementioned
because of their structural relationship. These vitamins possess great antirachitic
activity. The tuna and halibut liver oilse.g. contain large amounts of vitaminD3.

ergosterol ( C J S F ^ O )

(J5,7,22-ergostatriene-3£-ol)
melt, p.: 165°C
melt. p. acetate: 181°C

vitaminDt (C28H44O)
melt, p.: 116°C
melt. p. acetate: 88°C

7-dehydrocholesterol(C27H44O)
0d5,7-cholestadiene-3/?-ol)
melt, p.: 150°C
melt. p. acetate: 130°C

vitaminD3(Cj?H440)
melt, p.: 82°C

F'G. 6. Conjugated sterols

Several sterols and steroids can be isolated by means of their sparingly soluble
molecular compounds with digitonin, a glycosidic saponin. The presence of a free
3/5-OH group and a Cio-methyl group in the ß configuration in the sterol molecule
>srequired for the formation of the molecular compound i.e. the sterol digitonide.
"hen e.g. theconfiguration at Cioisinverted (lumisterol)or with 3a-OH sterols no
11

precipitation occurs. In peculiar contrast with the specificity of digitonin in the
group of sterols, is the unspecific behaviour as to a variety of substances like
n-amylalcohol, geraniol, a-naphtol, p-bromophenol etc., also precipitatable by
digitonin (FIESER 1959).Of course in fat analysis no difficulty whatsoever need be
feared from this situation.
In the course of this investigation of the sterols present in the common edible
oils andfats, only those which can be precipitated by digitonin solution have been
studied.

1.3

STEROL VALUES IN FAT ANALYSIS

Roughly half of the unsaponifiable fraction of oils and fats consists of substances
belonging to the group ofsterolsprecipitatable with digitonin. In quantitativeaswell
as in qualitative respect the sterol group is one of the most important classes of
constituents of the unsaponifiable fraction.
Whereas cholesterol is a natural marker characteristic for fats of animal origin,
vegetable oils contain a diversity of phytosterols such as /^-sitosterol, stigmasterol,
y-sitosterol, and brassicasterol. This differentiation in sterol composition has found
application in fat analysis, especially in the detection of small amounts ofanimal fat
in vegetable fat and vice versa.
Generally, mixtures of oilsand fats can beanalysed by a thorough investigation of
thecompositionofthesterolmixtureisolatedwithdigitonin.Physicochemical properties of these sterols form the basis of a special type of guide analysis. They result in
a numberofcharacteristicvalues,theso-called"sterolvalues"(German "Sterinkennzahlen"). Wedistinguish:
I. Sterol content of the fat, denoted as:a;
II. Melting point of the sterol acetates, denoted as:m;
III. Composition ofthesterol mixtures,e.g.percentage ofcholesterol,denoted as:c.
Inoilsandfats thesterolsarepresentinthefree stateaswellasesterified withseveral
fatty acids,viz.thesterolesters.Thefractions oftheseso-calledfree sterolsand bound
sterols were isolated and investigated separately. The above-mentioned three sterol
valuesweredetermined notonlyforthetotal-sterolfraction, butalsoforboth fractions
of the free and bound sterols separately.
Further on weshall call the complex of sterol values the "sterol (fat) analysis"and
wepropose the following notation for the sterol values of these three fractions:
1. Sterol values of the total-sterol fraction are denoted as: ao,mo,Co etc.
2. Sterol values of the free-sterol fraction are denoted as:a',m', c'etc.
3. Sterol values of the bound-sterol fraction are denoted as:a", m", c" etc.
Table 1presents a survey of this system of sterolvalues.
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TABLE 1 Notations of the sterol values applied to fat analysis

I
II

Total-sterol
values

Free-sterol
values

Bound-sterol
values

content

Û0

a'

a"

melting point of the acetates

mo

m'

m"

Co

c'
b'
s'
etc.

c"
b"
s"
etc.

III composition of the sterol
mixture viz. cholesterol percentage
^-sitosterol percentage
stigmasterol percentage
etc.

bo
so
etc.

Onaccount of this system ofcharacteristic values sterolanalysis now hasbecome an
important tool in fat analysis and has gained a place among the other methods.
Although in the past some of these sterol values were applied successfully to special
problems offat analysis,no general system of sterol (fat) analysis hasbeen described
in the literature. The various applications of this system of sterol analysis will be
illustrated in the following sections of this investigation.

1.4 APPLICATION OF THE STEROL CONTENT TO FAT ANALYSIS (sterol value a)
1.4.1 Gravimetric methods
The isolation of sterols from natural sources is facilitated by WINDAUS' discovery
(1909a) of the sparingly soluble compound given by cholesterol and the glycosidic
saponin: digitonin C56H92O29,from Digitalispurpurea. The sterol digitonide formed
by this reaction has recently been proved to be a real molecular compound (BEHER
1957).
C56H92O29 + C27H46O
digitonin
cholesterol

y C56H92O29 •C27H46O
cholesterol digitonide

Applying thisreaction KLOSTERMANN(1913, 1914a, 1914b)hasdeviseda quantitative
method for the determination of the sterol content of oils and fats. In the case of a
determination of the totalsterol content the method starts with saponification of the
sample. Byadding an excess of hydrochloric acid the fatty acidsare separated. This
isfollowed byextraction withan ether-petroleum ether mixture,washingthis extract
with water. A 1 %ethanolic digitonin solution isadded;the precipitate of the sterol
digitonides is collected by filtration and the sterol content is calculated from the
amount ofdried precipitate.Thisprocedure hasbeenimproved by manyauthors a.o.
SPRINKMEYER etal.(1914) and KÜHN etal.(1914, 1915).
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The method is far superior to the older procedure of BÖMER (1898), who isolated
the unsaponifiable fraction of a fat by successive extractions of the soap solution
with ether. Thesterols arepurified byrepeated crystallizations of the unsaponifiable
fraction. According to MARCUSSON et al. (1914) and BERG et al. (1914c) the sterols
can beisolated from theunsaponifiable fraction byapplying digitonin precipitation.
Theoretically, noreliable sterol contents canbeobtained inthis way, since even after
eight extractions some cholesterol still remains in the soap solution (KLOSTERMANN
1914b). Surprisingly, this troublesome method isapparently preferred inseveral even
recent publications (SCHRAMME 1939, HADORN 1954b, WOLFF 1953). TULLEKEN (cited
by SCHOORL 1909, CODEX ALIM. NED. 1914) devised a simplification of the procedure

by replacing thenumerous extractions by perforation.
A significant improvement of the gravimetric procedures for the determination of
the sterol content of oils and fats hasbeen introduced by D E N HERDER (1950, 1954,
1955). Adding thedigitonin directly to the soap solution, the sterol digitonides precipitate quickly. Theprecipitate is filtered and contaminating soaps are removed by
washing withwater.Thisso-called "precipitation inthesoap" method ofDEN HERDER,
has been recognized and standardized internationally (I.U.P.A.C. 1954). Later
identical results were published by CANNON (1955, 1956, 1957, 1958).
The total-sterol contents of oilsandfats, mentioned inthis investigation, have been
determined bythis method (cf. also N E D . NORM 1961).
Experimental procedure:
Weigh about 15goffatina conical flask of 300 ml. Add 10.5 mlofa 40% potassium hydroxide
solution and20mlof 96% ethanol. Connect anaircooled condensor totheflask,heat ona water
bath (while shaking) until the mixture hasbecome clear. Continue boiling during \ h. Then add
60mlofwater, 180mlof 96% ethanol and30mlofa 1% solution ofdigitonin (R. BRUNSCHWIG)
inethanol 96%atatemperature ofabout 40°C.Allowtocool andkeepatroom temperature during
16 hrs.Collect theprecipitate by filtering through a filter paper in a Büchner funnel. Wash with
water until free ofsoap, then once with 96% ethanol andonce with ether. Transfer theprecipitate,
dried at 30-40°C, into a tared weighing bottle.
Total sterol content: aa= ƒ x

b
%

10.a

wherein:
a = weight offating
b = weight ofdigitonide inmg

The sterol content iscalculated from theweight ofthe digitonide bymultiplying with
a factor f:thequotient of the molecular weights of the sterol andthedigitonide.
In the case of cholesterol, ƒ amounts t o : 1 6 1 6 Q 1 = 0.2393. The factor: 0.241,
mentioned in many papers and handbooks of fat chemistry, is based on theold incorrect formula of digitonin C55H94O28. When thefat sample consists of pure vege414 72
tablefata factor: ƒ =
.
= 0.2510, based upon themean molecular weight of
a /5-sitosterol-stigmasterol mixture (1 : 1), applies (cf. BAUER 1943). In routine
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analysis of fat mixtures good resultsare obtained with meanvaluesof0.245oreven
of0.25(DEN HERDER 1953), aswasalready shownby WINDAUS(1910).Accordingto
a practicalinterpretation ofthe NEDERLANDSE NORMNEN 1046(1961)the following
quantities of fat are recommended:
30goffats with a sterolcontent ofabout 0.05%e.g. palmoil.
15gfor sterol contents of0.05-0.20%e.g.coconut fat, palmkernel oil,lard,tallow
etc.
10gfor sterol contents of 0.20-0.50% e.g. butter, White greaseand severalliquid
oils.
5gfor sterolcontents exceeding0.50%e.g. maizeoil.
Thequantities of solventsand reagentsare proportionally reduced on the basisof
the above procedure for 15g of fat. Obviously, the quantity of digitonin solution,
however, always is 30 ml. The purity and precipitating properties of the digitonin
will have to be examined periodically (SCHOENHEIMER 1933).The necessity of a correction: 0.02% for the solubility of the sterol digitonides in the soap solution as
advocated by DEN HERDER(1955)is questioned (Roos1961b).
The sterols of oilsand fats occur partly in the free state,partly esterified with fatty
acids. A portion of the sterols is associated with carbohydrates forming glycosides
denoted as sterolins or phytosterolins, which have been detected in many vegetable
oils,e.g.in soybean oilinpercentagesofabout 0.005-0.03.Thecommercialsoybean
lecithinsareextremelyrich inthesephytosterolins: 1.1-2.8%and containalsoabout
0.50% of free and 0.65% of esterified sterols (JANTZEN 1934, THORNTON 1940).The
free-sterol fraction hasbeenisolated for thefirsttimeby MARCUSSON etal. (1913),by
precipitationofthefree sterolswithanethanolicdigitoninsolution.After somehours
an excess of ether is added and the precipitate is filtered. This rapid and efficient
procedure has been altered by several authors e.g. FRITZSCHE(1913), SPRINKMEYER
et al.(1914), ÖLIG (1914),the latter proposing the addition of warm chloroform or
benzene before the filtration of the precipitate; by HAWLEY (1933) and finally by
DEN HERDER(1955),whorecommendstheadditionofenoughofachloroform-ethanol
mixture to retain the fat in homogeneous solution.
In this investigation the content of free sterols is determined according to DEN
HERDER:
Weigh 50 g of fat in a 500-ml conical flask. Add 135 ml of a 1 %ethanolic digitonin solution and
67ml of chloroform. Then add such a quantity of a chloroform-ethanol (1 :2) mixture that the fat
dissolves at 25-40°C, the solution remaining homogeneous. Swirl occasionally or mix by a mechanic
mixer and allow the mixture to stand during 16hrs at such a temperature that the solution remains
clear. Collect the precipitate by filtering through a paper filter in a Büchner funnel and wash out
successively with 50 ml of chloroform-ethanol (1 : 1) and 50 ml of ether. If the precipitate is not
free from fat, extract the filter and precipitate during 20min in an extraction vessel with ether. The
Precipitate, dried at 30-40°C, is transferred quantitatively into a tared bottle.
Free sterol content: a' = ƒ x — - %
10.a
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wherein:
a = weight of fat in g
b —weight of digitonide in mg
ƒ = 0.25 in routine analysis of fat mixtures.
When analysing very hard fats, the solution is stirred at a temperature of about 40°C.The filtration
hasto becarried out with a Büchner funnel, warmed with water of about 50°C.Theabove procedure
is suitable for fats having a free-sterol content of about 0.06-0.15%. In the case of much higher
free-sterol contents the quantity of the fat sample can be reduced to about 25 g. When analysing
fats with low free-sterol contents e.g. palm oil an amount of fat of 100g has to be saponified.

Recently a method has been described by which the precipitation of the digitonides
is accelerated by the addition of an aluminium chloride solution (BROWN 1954,
VAHOUNY 1960a). Furthermore, some promising procedures were reported, by which
thefree sterolsare separated from thebound sterolsbycolumnchromatography before
their quantitative determination (TRAPPE 1942, KRUCKENBERG 1948, WYCOFF 1957).
A similar micro device based on a paperchromatographic separation of cholesterol
and cholesterol esters on silicic acid coated paper is described by QuAiFEera/.(1959).
KLOSTERMANN et ah (1914a, 1914b) discovered that 80-90% of the cholesterol of
animal fats and especially of butter fat occurs in the free state. The phytosterols of
vegetable oils, however, are present in the free and the esterified state in nearly equal
amounts. These authors have determined the total-sterol and free-sterol contents of
several vegetable and animal fats and have calculated the percentages of bound
sterols by difference.
The bound-sterol contents givenin this investigation were determined experimentally
according to the following procedure.
The combined filtrate and washings,obtained after filtering the free-sterol digitonides
are freed from volatile solvents by heating on a water bath. The bound sterols present
in the remaining fat are determined quantitatively after saponification according to
the above "precipitation in the soap" procedure.
1.4.2 Other procedures
Several other methods have been proposed for a reliable quantitative determination of cholesterol, as will be discussed now. Sterols form precipitates with several
other agents e.g. lithium chloride (ZWIKKER 1917), calcium or manganese chlorides
(HACKMANN 1950), perchloric acid (LANGE 1949), and also with other saponins e.g.
nagitine (DELSAL 1943) and the more specific tomatine (KABARA 1961), but these
methods have not found much application in practice. DREKTER et ah (1936) have
devised a method for the precipitation of cholesterol from blood serum by a pyridinesulfur trioxide reagent. The sample is dissolved in benzene and a pyridine-acetic
anhydride mixture is added. The cholesterol is then converted by pyridine-sulfur
trioxide to its pyridinium sulfate, which precipitates after addition of petroleum
ether. By this method, however, a lower content of free cholesterol is obtained as
compared with the digitonin procedure.
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The following methods have been proposed, but these are seldom used in actual
practice: 1. atitrimetricmethod based onthedigitoninprecipitation (THUESEN 1943);
2.anephelometric methodfor cholesterol digitonide suspensions (POLLAK 1952);3.a
peculiar method based on theinhibition bycholesterol ofthe erythrocyte haemolysis
producedbydigitonin(SCHMIDT-THOMÉ1942);and4.atitrimetricmethod,determining
theamount of chromic acid required for'the oxidation of cholesterol (STAUB 1947,
WAGHORNE 1952). Especially in theclinicalliteratureseveralcolourreactionssuitable
for the determination1of the cholesterolcontent ofbloodserumaredescribed.These
methodsaremostlybased onthe LIEBERMANN-BURCHARD reaction, givenbyanacetic
anhydride-sulfuric acid reagent. Theabsorptionofthe blue-green coloured reaction
mixture is determined colorimetrically.Inmanyclinicallaboratoriestheexperimental
procedure,describedbySCHOENHEIMERetal.(1934)and SPERRYetal. (1950)isapplied.
Unfortunately, the absorption depends not only upon the sterol content but also
upon the structure of the sterol molecule. When the sample contains exclusively
cholesterol, the SCHOENHEIMER-SPERRY method gives accurate results. By a modification of this method the cholesterol content of pure animal fats and derived food
products thus can be determined correctly (RIFFART 1934, Roos 1958).The presence
of considerable amounts of other sterols like <d7-stenols, 7-dehydrocholesterol or
24-dehydrocholesterol(desmosterol),however,necessitatesspecial,more complicated
measurements (MOORE 1952,IDLER 1953,AVIGAN 1960). Therateofthe LIEBERMANNBURCHARD reaction with J7-sterols or poly-unsaturated sterols is much higher than
with normal J5-mono-unsaturated sterols like cholesterol. The former sterols are
denoted as fast-acting, the latter as slow-acting sterols. There is also a difference in
colour intensity between the sterols of the slow-acting group. For the phytosterols
from vegetable oilsextinction coefficients of 50-80%ofthat of cholesterol havebeen
observed (IDLER 1953, COOK 1961)(seefig.31). Because of these differences an application ofthe LIEBERMANN-BURCHARD reactiontotheanalysisofmixturesofanimal
and vegetable fat encounters many difficulties.
Other colour reactions,mentioned inthe literature,e.g.with TSCHUGAEFF'S reagent:
acetyl chloride and zinc chloride in acetic acid, or with iron(HI)chloride-sulfuric
acid mightpresent similarproblems.Becauseofthisdiversityofextinction coefficient,
thetime-honoured gravimetricmethod,bywhichtheisolatedsteroldigitonideremains
available for a subsequent preparation of the sterol acetates and sterols, is to be
preferred infatanalysis.Inrecentpaperstwooriginalmethodsareproposed.WEBSTER
e
*al. (1959)and VAHOUNYetal. (1960a, 1960b)describeacolorimetric determination
of the digitonin part of the digitonide molecule by anthron reagent. By MICHAELS
(1958)ananalogous method usingan orcinol-iron(III)chloride reagent is mentioned.
In these procedures the sterol part of the digitonide molecule remains intact and
available for further processing.
The spectrophotometric determination of cholesterol at 200-220 nm, proposed by
WEIGENSBERG etal.(1959) appears also very promising.
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1.4.3 Applications
Mean values of the percentages of the total-, free-, and bound-sterol fractions in
several oils and fats, gathered from the literature (KAUFMANN 1941a, LANGE 1950,
VITAGLIANO 1958, DEN HERDER 1955) andfrom numerous ownexperiments,aregiven
in table 2.
The total-sterol content i.e. the sterol value ao, has already been applied to many
problems offat analysis.Obviously,adulteration offats witha low sterolcontent by
a fat of highsterolcontent producesa significant increase inthesterolcontent ofthe
mixture. Samples of palm oil e.g. contain only 0.03-0.05 % of phytosterol. When a
sterolcontentexceeding0.06% isfound, mostlikelythesampleofpalmoilisadmixed
with another oil or fat. In the same way adulteration of a first quality, pure lard
(ao = 0.08%) with refined inedible animal fat, e.g. the so-called White grease (ao =
0.2-0.4%) is detectable. Consequently, "lard", presenting a sterol content exceeding
0.2%, isadulterated. Theoretically, it isalso possible that parts ofinferior quality of
the animal tissues like brains and intestines were melted out during the manufacture
of the fat (Roos 1956). However, this procedure has also to be considered as an
adulteration of the fat. According to MEYER (1961)a differentiation between pressed
and extracted cocoa butter can be based on the percentage of sitosterols. Whereas
pressed cocoa butter contains about 0.27-0.42% of sitosterols, the sitosterol content
of cocoa extraction fat, as measured with the LIEBERMANN-BURCHARD reaction, is
much higher viz. 1.0-2.0%(cf. chapter 7,5).
Another example of the usefulness of the total-sterol content infat analysisisgiven
by the analysis of the "synthetic butter fat" Bolzella,of which all fatty acid values
were equal to those of pure butter fat. However, a differentiation of this fat from
butter fat isenabled bya determination of the sterol content, which showed a much
lowervalue(a0 = 0.08 %) thanbutterfat witha0= 0.3 % (HANSSEN1960,Roos1958).
Byprolonged heating or in processing a fat, e.g. refining, hydrogénation,the sterol
content may change. Some examples are given of a small decrease in sterol content
during the refining processes e.g. of rapeseed oil (KAUFMANN 1950), hog greases
(Roos 1956, 1958),and olive oil (VITAGLIANO 1958)(seetable 3).
TABLE 3 Changes in sterol content of fats during the refining processes, according to KAUFMANN
« al. (1950), Roos (1958), and VITAGLIANO et al. (1958) respectively.

crude oil
neutralized
bleached
deodorized

Rapeseed oil

Hog grease

%

%

Olive oil
"rettificato B"
%

0.60
0.58
0.27
0.15

0.37
0.30
0.29
0.30

0.46
0.39
0.36
0.36*

19

Duringthehydrogénationprocessthesterolcontentdecreasesgradually. MARCUSSON
et al.(1914)followed this decrease during the hydrogénation of a whale oil sample:
0.13-0.10-0.07-0.07-0.05 and 0.02%.Part ofthecholesterol maybehydrogenated to
the dextro-rotatory isomers coprostanol and dihydrocholesterol, which causes a decrease in the originally higher levo-rotation of the sterol mixture. In another part of
the cholesterol the structure of the 3/?-hydroxyl group is changed; therefore this
fraction isno more precipitable with digitonin.
Duringtheheatingofoilsandfats e.g.infryingchipsaconsiderabledecreaseinsterol
content results (LARSEN 1943). The sterols are changed to oxidized or polymerized
steroids like cholestadienes etc., which do not precipitate with digitonin. In the
LIEBERMANN-BURCHARD reaction these steroids may produce strong colours. After
excessive heating the sterol content of the fat may diminish to low values or even to
zero. Furthermore, the structure of the remaining sterols sometimes can be altered
considerably (see chapter 4).

1.5

MELTING POINT OF THE STEROL ACETATES AS A CHARACTERISTIC
VALUE (sterol value m)

1.5.1 Procedures
In 1901BOMER(1901b, 1902)discovered that thepresence ofsmallamounts ofphytosterolacetatesfrom vegetable oilresulted ina significant increaseinthe meltingpoint
ofpurecholesterolacetateprepared from butterfat. Later on thiswell-knownphytosterol acetate test ("Phytosterinacetatprobe") was introduced in several countries in
checks on the purity of butter samples, having suspiciously low R.M.W. values viz:
18-25.
The melting point diagram (fig. 8) demonstrates the increase in melting point of
cholesterol acetate (melt.p.: 114.3°-115.2°C) upon addition of even small amounts
ofthehighermeltingphytosterolacetates(melt.p.:about 118°-135°C).Crystallization
from 96% ethanol enriches the phytosterol acetate content in the sterol acetate
mixture. Consequently, still higher melting points are obtained after this procedure.
If after several crystallizations a melting point exceeding 116—117°Cis obtained, the
presence of phytosterol acetates and, therefore, of vegetable oil in the butter sample
hasbeenproved. Amounts of2%ofcottonseed oilincodliveroiland 1 %ofsesameoil
in butter could be detected after three respectivelyfivecrystallizations(BÖMER1901b,
1902). When analysing a mixture of butterwith2\% ofmargarine(a0= 0.1%),DEN
HERDER(1950)attainedasterolacetatemeltingpointof117°Cafter ten crystallizations.
Theoretically, this phytosterol acetate test only proves the presence of a foreign
sterol viz. phytosterol in the butter fat. Strictly speaking, the presence of the major
constituents of the vegetable fat viz. the triglycerides is not demonstrated. This restriction has to be considered in all methods of guideanalysis.
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The sterol acetate melting point, being animportant characteristic value, has found
application inseveral other problems offatanalysis. The sterol digitonides isolated
via themethod of"precipitation inthe soap" are converted into theacetates by the
acetylation procedure of WINDAUS (1909a), altered byseveral authors e.g. KLOSTERMANN (1913), O O G (1914), KÜHN etal. (1914, 1915), STEUART (1923), HADORN et al.
(1954a), and D E NHERDER (1955).Inthis investigation the method described bythe
last mentioned author has been used throughout.
Dissolve 100 mgofsterol digitonide in 1mlof acetic anhydride andheat during 15-20 min ina
glycerol bath at 145°C.Cool toabout 80°Cand add4ml of 96%ethanol. Heat to boiling and filter
the warm solution. Carefully bring theliquid to gentle boiling andadddropwise somuch water
(about 0.5-1.5 ml) that the sterol acetate isonthe verge toprecipitate but atthe boiling point still
remainsinsolution. Cool during 2hrsatroom temperature and then during | hrin icewater. Filter
the precipitate ina micro Büchner funnel (fig. 7)andwash with 1mlof80% ethanol. Purify this
crude sterol acetate by two crystallizations from 1ml ofhot 96%ethanol. Wait till the solution has
reached room temperature and then cool during \ hrinice water. Dry the precipitate during 1 hr
at about 30°Cand then during 10min at100°C.Determine theend-melting point of this precipitate
carefully.

FIG. 7. Glass micro Büchner funnel for sterol acetate
Precipitates, used atthe RIJKSZUTVELSTATION, mentioned
by OLIG (1914), and SPRINKMEYER et al. (1914) and
described in detail by DEN HERDER (1955), (cf. CANNON

1958).

Some authors prefer a simple crystallization of the sterol acetate from the acetic
anhydride solution (HADORN 1954a).Intable4 themelting points ofthe phytosterol
acetates from a variety ofoils andfats arecompared. It should benoted, however,
that thevarious authors have notused thesame procedure in preparing the sterol
acetates. Table 2 presents mean values of the melting points of the acetates of the
total-,free-,and bound-sterolfractions, calculated from ourownexperimentaldata.The
meltingpointsarenotaffected considerably bythequalityofthefat sample,as indicated
by the percentage of free fatty acids and the peroxide number (VITAGLIANO 1961).
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In the literature of about 1913-1915 some controversy existed as to the appropriateness of the isolation procedures of KLOSTERMANN (total-sterol fraction) and
MARCUSSON (free-sterol fraction) in BÖMER'S phytosterol acetate test. KLOSTERMANN
et al. (1914)established, however, that thecholesterol ofanimal fats existsfor 80-90%
in the free state, the quantity of free phytosterols in vegetable fats only amounting
to about 50% of the total. Because of this difference between animal and vegetable
fat the application of the free sterol fraction to the phytosterol acetate test had to be
regarded as an incorrect procedure. The method of KLOSTERMANN therefore was
preferred many years as an official method suitable for the isolation of sterol mixtures
intended for the phytosterol acetate test.
From the above data it will be obvious that a still better method of determining
small amounts of vegetable oil in butter would be to perform this test with the
bound-sterol fraction. The principle of this procedure was given by DEN HERDER
(1955).
1.5.2 Melting point diagrams
In contrast to cholesterol acetate, having a constant melting point, the phytosterol
acetates exhibit a great variety of melting points viz.from about 118°C(for olive oil)
to about 163°C (for pumpkin oil) (table 2). Because of this diversity the shape of the
melting point diagrams cholesterol acetate-phytosterol acetates depends upon the
type of the phytosterols (fig. 8, 9, 10, 16). JAEGER (1907), constructing for the first
time a complete melting point diagram with phytosterol acetates from Calabar fat,
discovered a maximum at about 70% of phytosterol acetate (fig. 8A).The phytosterol
acetates prepared from other vegetable oils present analogous curves, differing in
curvature at high percentages of phytosterol acetate. Generally, there exists a more
or lesspronounced maximum between 60-80% ofphytosterol acetates.A quantitative
evaluation of the percentage of vegetable oil in butter fat, therefore, is only justified
at low percentages of phytosterol acetate and preferably if the type of the vegetable
oil and the curvature of the corresponding melting point diagram are completely
known. Even when these difficult conditions are fulfilled, incorrect values for the
Percentage of vegetable oil are calculated because of the following phenomenon.
The melting point diagram A of fig. 9 was acquired by carefully preparing mixtures
of recrystallized cholesterol acetate and soybean oil phytosterol acetate preparations.
When, however, the sterol digitonides isolated from butter fat and soybean oil are
mixed in thesame ratios,slightlyhighermelting points arefound for the corresponding
acetates, thus producing curve B of fig. 9* (cf. Roos 1961b).
A correct quantitative evaluation of the percentage of a vegetable fat in butter, therefore, also requires known standard curves prepared by mixing the digitonides, and
a reliable, standardized crystallization procedure (Roos 1961b).
Some vegetable oils contain phytosterol mixtures presenting aberrant melting point
Bagrams. The phytosterol acetates from olive oil and sunflower oil have low melting
23
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FIG. 8. Melting point diagram of cholesterol
acetate with phytosterol acetates from Calabar
fat (A) according to JAEGER (1907) and from
cottonseed oil (B)*.
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FIG. 9. Melting point diagrams of cholesterol
acetate with soybean oil phytosterol acetates,
obtained by mixing the acetates (A)and the
digitonides (B)*.
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FIG. 10. Melting point diagrams of cholesterol acetate with phytosterol acetates from olive oil(A)
and sunflower oil (B)*.
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'fc. 11. Shape of crystals of cholesterol (A), phytosterols (B), and mixtures of cholesterol with at
least 7"„ of phytosterol (C, turn over) at a linear magnification of 450 times (DEN HERDER 1955).

points viz. 117.6°-119.7°C (VITAGLIANO 1957a) and 118.5°-119.5°C (ALLAN 1927,
KOFLER 1935) respectively. In contrast to the flat curves shown by most phytosterol
acetates, the curves of olive oil and sunflower oil phytosterol acetates exhibit a steep
slope at high percentages (fig. 10).
The minimum value at 90% of sunflower oil phytosterol acetates described by KOFLER
et al. (1935) could be confirmed neither by DEN HERDER nor in our own experiments.
On account of this nearly linear decrease at the right side of the diagram, small
percentages of cholesterol acetate can be estimated in mixtures with this type of
phytosterol acetates (table 5,A).Small amounts ofvegetable oilsyielding high melting
sterol acetates can be detected as well (table 5, B). Admixture of e.g. 5% of soybean
oil or 5% of lard to olive oil results in an increase in melting point of 1.9° and 2.8°C
respectively. In some special cases mixtures of two vegetable oils can be analysed by
determining their sterol acetate melting points e.g. mixtures of olive oil-soybean oil
(VITAGLIANO 1957a) and sunflower oil-maize oil (DENHERDER 1954).
TABLE 5 Increase in the sterol acetate melting points of samples of olive oil adulterated with lard (A)
or soybean oil (B)
Melting points of
the sterol acetates
in°C
A

(COPIUS PEEREBOOM en R o o s 1960)

Olive oil, sample 1
Olive oil 1 + 5 % lard
Olive oil 1 + 10% lard
B

120.0
122.8
124.0

(VITAGLIANO 1957a)

Olive oil, sample 2
Olive oil 2 + 5 % soybean oil
Olive oil 2 + 10% soybean oil

118.4
120.3
122.1

1.5.3 Reliability of BÖMER'S phytosterol acetate test
The reliability of the original phytosterol acetate test of BÖMER for detecting vegetable
°ils in butter fat was investigated by several authors. Indeed adulterations of butter
w
ith common edible vegetable oils always could be detected by an increase in the
sterol acetate melting point. However, amounts of 10-20% of some special fats i.e.
shea nut fat and Mowrah fat or illipé butter in butter did not result in an increase in
the sterol acetate melting point (SPRINKMEYER 1914, OLIG 1914, BERG 1914a, KAUFMANN 1941b). These special fats could be detected in butter fat by the characteristic
dextrorotation of their sterol-free unsaponifiable fraction of: + 38.7° and + 35.5°
respectively (BERG 1914b, 1914c). The structure of the phytosterols from these fats,
will be discussed in chapter 6.
25

Consequently, in the presence of these phytosterols the original phytosterol acetate
test, will give no reliable results. DEN HERDER (1955) therefore stressed the necessity
of confirming positive resultsof the phytosterol acetate test bysubsequent examination
of the sterols reobtained by saponification of their acetates (fig. 11).
The difference in the microscopic characteristics of cholesterol and phytosterols was
for the first time applied to the analysis of oils and fats by SALKOWSKI (1887). He
ms-ltp.
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FIG. 12. Melting point diagram of cholesterol acetate with the total (A) and free (B) phytosterols
from safflower oil*.

described the shape of animal fat sterols as rhombic plates, while the sterols of
vegetable oil crystallize in needles. This distinction enabled the detection of e.g.
cottonseed oilincod-liver oil. SALKOWSKI even has mentionedaspecialtypeofcrystals,
showing a re-entrant angle. Previously, HESSE (1878) had discovered in Calabar fat
a vegetable sterol, which he designated as phytosterol. SALKOWSKI erroneously believed cholesterol to be present in vegetable seed oils and phytosterols in butter fat.
The difference in melting point between cod-liver sterol (146°C) and vegetable oil
sterols (132M34°C) was applied to the analysis of fat mixtures.
BOMER (1898, 1901a, 1901b) established the fundamental difference between cholesterol occurring in animal products and the phytosterols of vegetable origin. The
different habits of the crystals of these two sterol types were investigated thoroughly.
In mixtures of cholesterol and the phytosterols the crystal structure of the latter
prevails. The presence of peculiar telescope-shaped crystals in mixtures of cholesterol
and phytosterol (e.g. ratio 3 : 1 ) observed by BÖMER has not been applied in practice.
ZETZSCHE (1898) has described in detail another characteristic type of crystals shaped
like a swallow's tail, showing a considerable difference with the normal types of
26

cholesterolandphytosterolcrystals.Probably thespecialhabit ofthesecrystalswould
bethe same as that mentioned before by SALKOWSKI.
Cholesterolcrystalshavetheshapeofaparallelogramwithanobtuseangleof100.5°;
showingobliqueextinction inpolarized light.Phytosterol crystalsappearashexagons
with top-angles of108°or as chisels with top-angles of72°.Inpolarized light they
show straight extinction. The swallow-tail crystals are characterized by straight ex-
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FIG. 13. Melting point diagram ofcholesterol acetate with stigmasterol acetate (A) and ^-sitosterol
acetate (B).

tinctionand an obtuse top-angleof 108°,similar to those ofpurephytosterol (BÖMER
1898, DEN HERDER 1954).These crystals occur only inmixtures of cholesterol with
moderateamounts ofphytosterols (exceeding 7%).Accordingto DEN HERDER(1955)
the presence of swallow-tail crystals is applied asacharacteristic for the presence of
Phytosterols and therefore ofvegetable fat. Because ofthe high percentage of free
sterolsin butter fat, the phytosterol acetate test should not becarried out exclusively
w
ith thetotal-sterol fraction, butpreferably also with thefraction of the bound
sterols. Furthermore, the test should always be concluded by a microscopic examination of the sterols obtained by saponification of the acetates.
°nly ifthemeltingpointof thesterolacetate mixtureexceeds 116°-117°C, andsome
swallow-tail crystals havebeenfound as well, adefiniteproofofadulteration ofbutter
withvegetable oilis established.
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We shall show in chapter 6of this investigation that the high-melting pumpkin oil
phytosterols (from CucurbitaPepo), contain considerable percentages ofsomespecial
phytosterols, having a /17-sterol structure. The melting point diagram of these
pumpkin oil phytosterol acetates withcholesterolacetate does not exhibit the normal
curvature buthasapronounced minimumatabout 77%ofcholesterolacetate.Consequently,amixtureofcholesterolacetatewith25%ofpumpkin oilphytosterolacetates
shows nearly the same melting point as pure cholesterol acetate.
melt.p.
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FIG. 14. Meltingpoint diagram of ^-sitosterolacetatewithstigmasterolacetate.

Asin the case ofadmixture of shea nut or Mowrah fats, admixture of this pumpkin
oil to butter fat cannot be detected by the normal phytosterol acetate test. Furthermore,wehavefound that themeltingpoint diagramsofthetotaland free phytosterol
acetates from safHower oil show a peculiar, flat curve without any maximum value
(fig. 12).The meltingpoints ofbutter fat-safflower oil mixtures therefore onlyexceed
116°C at about 50% of phytosterol acetate, as will be discussed more in detail in
chapter 6.
Thediversityincurvatureofthemeltingpointdiagramsshownbythevariousnatural
phytosterol acetates might becaused bydifferences inthesterolcomposition ofthese
mixtures.Approximatively wecanassume the phytosterol acetate mixtures to consist
only of /?-sitosterol acetate and stigmasterol acetate. A thorough knowledge of the
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binary meltingpoint diagrams ofcholesterolacetate, ^-sitosterolacetate,and stigmasterol acetate,and ofallpossibleternary mixtures isa clueto the shape ofthe curves
exhibited by the natural phytosterol acetates. The melting point diagrams of binary
mixtures of cholesterol acetate and pure preparations of /?-sitosterol acetate (m.p.
123.9°C)and of stigmasterolacetate(m.p.141.3°C)weredetermined*.Anearlylinear
increaseinmeltingpointisshown(fig. 13).Surprisingly,wehavefound anunexpected
minimum valueinthe meltingpoint diagram of /9-sitosterolacetatewith stigmasterol
H1.3

Stigmosttrol acitat«

123.9
/3-Sitoittrol
octtott

115"
Choltsttrol
octtott

FIG. 15. Ternary meltingpoint diagram:cholesterol acetate-y3-sitosterolacetate-stigmasterol acetate*.

acetate at 25%of stigmasterol acetate (fig. 14).This minimum might be one of the
causes of the occurrence of maximum values at about 75%of phytosterol acetate in
the curves of the naturally occurring (ternary) mixtures. The three curves of fig. 13
and 14together constitute a ternary systemofwhichtheframe ispresented infig.15.
Theternary intersection betweencholesterolacetateandtheeutecticcompositionviz.
stigmasterolacetate-^-sitosterol acetate (25 :75) was determined (fig. 15,Aand 16).
Apronounced maximum was obtained at 30% of cholesterol acetate (fig. 16,B).
Theanomalousmeltingpointdiagrams of e.g. olive oil, safflower oil, sunflower oil,
and pumpkin oilphytosterol acetates withcholesterolacetate might becaused bythe
Presence of peculiar types of phytosterols differing from stigmasterol, ß-, and y-sitosterol.
Theimportance ofthe sterol acetate meltingpoint in fat analysis hasbeen shownin
the investigation of the already mentioned "synthetic butter fat" Bolzella. Although
HANSSEN et al. (1960) have investigated samples of Bolzella fat by determining
29
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Fio. 16. Melting point diagrams of cholesterol acetate with sesame oil phytosterol acetates: A (DEN
HERDER 1950)and with a synthetic mixture of stigmasterolacetate-/J-sitosterol acetate(25 :75):B*.
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FIG. 17. Melting point diagrams of cholesterol acetate with the total (A), free (B), and bound ( Q
phytosterol acetates isolated from sunflower oil (DEN HERDER 1955).
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numerous,non-characteristic fatty acidvalues,the meltingpoint ofthesterolacetates
was omitted. However, already in 1956 a simple and irrefutable identification of a
sample of Bolzella fat was accomplished by Roos by means of sterol analysis. The
high sterol acetate melting point of 127°Cand the presence of swallow-tail crystals
provedanadulteration withvegetable fat beyonddoubt.Thus,sterolanalysisenables
a simpleand rapid differentiation between this Bolzella fat and genuine butter fat.
The meltingpoints ofthefree-sterol fractions mostly showhighervaluesthan those
ofthebound-,and total-sterolfractions (seetable2).Thesedifferences mustbetaken
into account, whenapplying this sterol value in fat analysis.Therefore, a knowledge
of the data of the tables 2, 4, and 20 is necessary. Thus, the melting point of the
free-sterol acetatesofsunflower oilis 128.5°C,whereasthoseofthetotal-,and boundsterolfractions are muchlower: 118.6°and 116.TCrespectively (DEN HERDER 1955).
The melting point diagrams with these sunflower oil phytosterol acetates show steep
slopes for the total-, and free-sterol fractions; but a flat curve for the bound sterols
(fig. 17).Whenanalysingbutter fat adulterated withsunflower oil,theisolation ofthe
bound sterols therefore would be unsuitable. In such a case the phytosterol acetate
test should be performed preferably with thefree sterols.

1.6

CHOLESTEROL PERCENTAGE AS A CHARACTERISTIC
OF STEROL MIXTURES (sterol value c)

1.6.1 Detection of vegetable fat in animal fat and viceversa
Quantitativeevaluation ofthecholesterolcontent ofsterolmixtureswouldsolvemany
problems of fat analysis. Although the presence of vegetable oils in butter can be
detected qualitatively by the phytosterol acetate test and subsequent microscopic
examination ofthesterols,aquantitative approach ofthisproblem wasbadly needed.
Nowadays a quantitative determination of the amount of vegetable fats in products
manufactured from skimmed milk powder and vegetable fats e.g. coconut fat, is of
practicalimportance.Partly hydrogenatedvegetablefatsareexported asthe so-called
"vegetable ghee"tocountriesa.o. oftheNear and Middle East.Muchwork hasbeen
done to devise a reliable method of detecting refined inedible fats of animal origin
in this "vegetable ghee" (Roos 1956). In this case admixture of animal fat is undesirable especially because of religious prohibitions. As will be shown in chapter 4
a
nd 7the purity ofa vegetable ghee samplecan betested by sterol analysis.Weeven
could establish a differentiation between admixture respectively of pure lard and of
theabove-mentioned inedibleanimalfats.Thesimilarproblemofanalysingmargarines
labeled "pure vegetable" also had to be solved.
Thepercentagesofconjugated andnon-conjugated tetraenoicfatty acids,determined
byU.V.spectrophotometry might be of useinsomeoftheseproblems. LEMBKEetal.
(1953)devised amethod ofdetectingmargarine fats inbutter based onthe absorption
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at 302 nm. Absorption at this wavelength is due to conjugated tetraenoic systems.
These are present in butter fat in amounts of about 0.0046-0.0072%. In the case of
margarine fats even much lower percentages are found. MORRIS et al. (1952) have
reported a similar method using the absorption at 316 nm. According to these authors
butter fat contains 0.001-0.004% ofconjugated tetraenoic systemsas determined from
these absorptions, whereas margarine fats contain essentially none. Just like many
fatty acid values, however, the natural variability of this absorption hampers the
detection of adulterants. Generally, absorption data and numbers, showing high
values with pure butter fat and low ones with margarine fats, are not suitable for
detecting butter adulterations.
The content of all non-conjugated tetraenoic fatty acids, the so-called arachidonic
acid content, determined after alkali-isomerisation, has been applied to the detection
of animal fats in vegetable oils. Whereas in the latter only negligible amounts of "this
acid" ( < 0.04%) are found, the animal fats have arachidonic acid contents of 0.1 to
about 0.6% (Roos 1958, COPIUS PEEREBOOM EN ROOS 1960). Therefore, samples of
vegetable fat containing more than 0.04% of this "acid" should be suspected of admixture with animal fat. In the presence of hydrogenated animal fats, however, the
method fails.
Hydrogenated fats can be detected in butter fat by the occurrence of high quantities
of the trans-octadecenoic acids, determined according to the TWITCHELL procedure
(GROSSFELD 1938). By using differential infrared spectrophotometry BARTLET et al.
(1961) found that in butter fat the percentages of cis-trans conjugated dienes and
trans non-conjugated dienesare nearly equal.Partly hydrogenated fats are particularly
rich in the trans isomers of oleic acid (detectable at 967 cm- 1 ), thus changing the
above-mentioned ratio. This difference enabled the detection of about 7% of hydrogenated foreign fat in butter. The presence of marine animal oils can be detected by
the TORTELLI-JAFFÉ colour reaction with bromine solution, or by means ofa trichloroacetic acid reagent according to the procedure of BERTRAM (1937). High percentages
of some other animal fats like tallow and butter fat also exhibit positive results in the
latter test. This BERTRAM reaction, however, is not specific for animal fats, there being
animal fats yielding negative results on testing; on the other hand there are some
vegetable fats giving positive results, e.g. soybean oil.
WINDAUS(1906a)devised a method of differentiating cholesterol and the phytosterols
based on the differences in solubilities of their steroldibromides. The sterolsare dissolved in ether and are treated with bromine, giving a precipitate of cholesterol dibromide, while under these circumstances phytosterol dibromides do not precipitate.
This procedure is satisfactory with relatively large quantities of sterol mixtures
containing at least 20% of cholesterol, but fails with smaller values (HOLDE 1906,
WERNER 1911). By microscopic examination of the cholesterol and phytosterol ethers
((C2?H43)20) HOLDE (1906) demonstrated about 30% of cholesterol in mixtures with
phytosterols. WERNER (1911) questioned the value of this method.
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1.6.2 Detection of cholesterol from the melting point diagram
Upon adding 20% of cholesterol acetate to palm oil phytosterol acetates a small
increase in melting point viz. from 128.5° to 130.0°C (points P and B in fig. 18)is
observed. However, a subsequent decrease to about 129.6°C (point C in fig. 18)is
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FIG. 18. Melting point diagram of cholesterol acetate with palm oil phytosterol acetates. Addition
of 10, 20, 30, and 40% of cholesterol acetate extra.

found when another 10% of cholesterol acetate is added to the mixture of melting
point B.Considering thisdifference DEN HERDER(1954)devised a qualitative,and in
special cases even semi-quantitative test for detecting small amounts of cholesterol
acetate.Adding three successive 10%portions ofcholesterol acetate to a phytosterol
acetatemixture,containingalready 10%ofcholesterolacetate(A),themeltingpoints
B. C, and D of fig. 18are obtained. Starting at the phytosterol side of the diagram,
Point Bstilllieson therisingpart;points Cand Dalready lieonthe descending part
°f the melting point diagram.
If the original phytosterol mixture had contained no cholesterol,thepointCwould
De
found still on the increasing section. In that case a decrease in melting point
wouldjust have started after the addition of 20% of cholesterol acetate. From
the further decrease in melting point upon the addition of 10% of cholesterol
acetate extra, we must conclude to the presenceof about 10%of cholesterol acetate
In
-the original phytosterol acetate mixture. Instead of the laborious preparation of
these mixtures,in a more simple procedure only one portion of 20% of cholesterol
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acetateisadded. Whena decreasein meltingpoint due to this addition is observed,
original admixture of cholesterol acetate indicating adulteration with animal fats
will be probable.
The type of the vegetable fat and the curvature of the corresponding melting point
diagramsbeingknown,asemi-quantitativeevaluationofthecholesterolcontentviz.C
can be obtained by the formula:
C = 25%minus the percentage of cholesterol acetate which is required to achieve
the maximum in the melting point diagram (if the normal place of this maximum
would be at about 25% of cholesterol acetate). Because of the lack of information
abouttheamountofanimalfatalreadypresent,thecalculationsofthetotalcholesterol
acetate percentage remain inaccurate. Considering the already mentioned difference
between the melting point diagrams of the sterol acetates and the corresponding
digitonides (fig. 9), it is recommended to mix the phytosterol digitonide from the
vegetable fat with pure cholesterol digitonide in the above ratios prior to the preparation of the sterol acetates (Roos 1961b).
From microscopic examination
Microscopicexamination oftheswallow-tailcrystalsofcholesterolacetatewithabout
7-50% of phytosterol acetates has beenapplied by Roos ANDVAN DIJK (1961a) to a
qualitative identification test. After isolation of the free sterols the sterol acetates are

recrystallizedfrom 96%ethanol.Becauseofthehighersolubilityofcholesterolacetate
ascomparedwiththatofthephytosterolacetates,theformer isenrichedinthemother
liquor, whereas the precipitate willcontain relatively more phytosterol acetate. After
sufficient enrichment of the cholesterol acetate in the mother liquors and upon subsequent saponification, the sterols are examined microscopically. Observation of the
characteristic swallow-tail crystals forms evidence of the presence of cholesterol and
therefore indicatesadmixture ofa fat ofanimal origin. Withthisprocedure wecould
detect about 3%of the refined inedible animal fat White grease in palm oil.
1.6.3 Other procedures
Accordingto LADA(1954)after oxidation ofthephytosterols withchromicacidsmall
amountsofpropionicacidandsomeotheracidsarefound. Underthesecircumstances
purecholesterol would yield nopropionic acid.The value ofthismethod isquestionable.
Obviously, many physicochemical data of cholesterol and the phytosterols do not
have significant differences. The molecular extinctions of cholesterol, stigmasterol,
and /3-sitosterol in U.V. spectrophotometry appeared to be nearly equal, the values
of cmax.for A = 203nm respectively amounting to: 3400, 3800, and 2800 (BLADON
1952).Optical rotation valuesand the curves obtained by optical rotatory dispersion
measurements ofthexanthates ofcholesteroland /3-sitosterol,giveninfig.19,exhibit
no differences* (cf. DIRKX 1961).
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Thevalueofinfrared spectrophotometry for solving this problem is questioned by
BEHERetal. (1957).According to these authors and to GATTORTA etal.(1961)cholesterol and the phytosterols can be differentiated by their X-ray diffraction powder
diagrams,as isalso shown by our own experiments (see fig.20).
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FIG. 19. Rotatory dispersion curvesofcholesterol xanthate(A)and ^-sitosterolxanthate(B).
Reviewing the methods mentioned in this chapter, as applied to the detection of

vegetable oils in butter, the tocopherol method fails with some oils like olive oil and
coconutfat. Ashasbeendemonstrated, even BÖMER'Soriginalphytosterol acetatetest
meetswithdifficulties inadulteration ofbutter fat witha.o.sheanutfat and pumpkin
oil.
Anidentification of foreign animalfats inbutter isnot possible with the procedures
of sterol analysis, but will have to be accomplished by other methods, preferably by
those of glyceride fat analysis (HORWITZ 1954, BHALERAO 1956a, 1956b).
Noprocedure for a quantitative determination ofthepercentages ofcholesterol and
Phytosterols in their mixtures wasavailable at the start of thisinvestigation. Thefew
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methods, which were described for the detection of animal fats in mixtures with
vegetablefats,arenotalwaysreliableandarenotsuitablefor quantitative evaluation.
Knowledge of the percentages of cholesterol and phytosterols, would enable us to
make evaluations about the amounts of animal and vegetable fats present in their

Fio. 20.DensitometriecurvesofX-ray diffraction powder diagrams1 of cholesterol (A),soybean oil
phytosterols(B),andamixturecholesterol-soybeanphytosterols (4 :6) ( Q . Characteristic diffraction
peaks of cholesterol are indicated by arrows*.

mixtures.The semi-quantitative analysis of specialfat mixtures like butter-vegetable
oil, palm oil-lard mixtures,and a check on the purity of vegetable fats then would
become possible. Some examples of the more elaborate calculations based on the
cholesterol content ofsterol mixtures,and on thetotal-sterolcontents of thefats will
be given in chapter 7.
Thestructureofcholesteroland somephytosterolslikecampesteroland stigmasterol
onlydiffers inoneortwomethylgroupsoradoublebondinthesidechain.Therefore,
a separation of these sterols based on different physicochemical properties in dependance ofthenature oftheir sidechains oughtto beattempted. Higher fatty acids,
alsodiffering onlyinthe number ofmethyl groupsand doublebonds,were separated
1

I thank DRS. A. DE VRIES (PHILIPS, Eindhoven) for his help and advice.
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with reversed-phase partition chromatography, making use of their different solubilities and partition coefficients. Analogously to these separations, the various techniques of chromatography might possibly also succeed in fractionating these closely
related sterols.
The aim of this investigation, therefore, was to examine the present possibilities of
chromatographic analysis of sterols in order to achieve reliable procedures for both
reciprocalproblemsviz.thedetection ofvegetableoilsinbutterand ofanimalfats in
vegetablefats. Furthermore, to obtain quantitative data for thepercentages ofcholesterol and phytosterols in these mixtures. The application of these data to several
problems of fat analysis will be discussed. Some chromatographic separations of
steroidsandsterolswereknownfrom theliterature.However,notlongagoR.P.COOK
in his well-known textbook: "Cholesterol" (1958) stated "it is difficult to separate a
mixture of C27,C28,and C29sterols with a double bond in position 5".
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THE CHROMATOGRAPHIC SEPARATION
OF STEROLS

2.1

ADSORPTION CHROMATOGRAPHY

Many substances belonging to the group of the polar steroids can be separated by
adsorption chromatography on columns of aluminium oxide, silicic acid etc. (NEHER
1958). Results with the lipophilic, apolar sterols, however, were not encouraging.
Generally, it was found that only those sterols which show marked structural differences can be separated by adsorption methods. The type and number of the polar
substituents like hydroxyl and keto groups, further the systems of conjugated
double bonds are of importance. The normal J5-mono-unsaturated sterols
such as cholesterol, ^-sitosterol, and the group of conjugated sterols e.g. ergosterol and 7-dehydrocholesterol are readily separated on aluminium oxide columns
(BOCK 1938, WINTERSTEIN 1933, WINDAUS 1936, BOER 1936). Because of the difficult detection of mono-unsaturated sterols in these procedures, some authors
have studied the chromatographic behaviour of specially selected coloured sterol
esters.
A separation ofsomesterolestersofp-nitrobenzoicacidwasdescribed by BROCKMANN
et ah (1947); of esters of azobenzene carboxylic acid by LADENBURG et ah (1938) and
by IDLER et ah (1952); and of 131 I labeled /»-iodobenzoic acid esters by STOKES et ah
(1955, 1957). Sterols differing in the degree of unsaturation or in the position of a
nuclear double bond (e.g. J7-cholestenol and /15-cholestenol) were found to be
separable by these methods. Also sterols showing steric differences in the shape of
their molecules e.g. in the conformation at the junctures of the rings A and B and
the configuration of the hydroxyl group are most readily separated by adsorption
methods.
Examples are the separations of the closely related sterols: cholesterol (3/Î-OH) epi-cholesterol (3a-OH) by GALINOVSKY et ah (1948); of dihydrocholesterol (3/?-OH,
A/B: trans) - epi-dihydrocholesterol (3a-OH, A/B: trans) by GALINOVSKY et ah
(1948); of coprostanol (3/3-OH, A/B: cis) - epi-coprostanol (3a-OH, A/B: cis)
by LEDERER et ah (1946); of coprostanol - dihydrocholesterol by VON CHRISTIANI
et ah (1944) and of cholesterol-lanosterol a.o. by DANIEL et ah (1945). No separations were reported in the group of the J5-mono-unsaturated sterols, differing
only in the length of the side chain and the presence of a double bond. These
small structural differences usually do not affect the adsorption affinity of the
sterol for the adsorbent. Consequently a separation in this group of sterols is not
possible.
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2.2

PAPERCHROMATOGRAPHY

Differences in adsorption affinity are also employed in a special type of paperchromatography, in which the paper is coated with an adsorbent like silicic acid or
aluminium oxide.Severalclassesoflipoidsubstancesareanalysed inthisway(ROUSER
1961).QUAIFEetal.(1959)described the separation ofcholesterol and the cholesterol
esters on zinc carbonate coated paper. In blood serum the percentages of free and
esterified cholesterol can be determined quantitatively. Similar separations on paper
coated with silicic acid, upon elution with ether-light petroleum mixtures,were performed by CORMIER et al. (1957). On papers coated with aluminium oxide, SHULL
etal. (1952)separated severalsterolse.g.cholesterol,ergosterol,and vitamin D3using
mixtures of hexaneand ether. Although the RF valuesofpurecholesterol and ^-sitosterol are slightly different, no separation of these sterols has been reported (table6
no. 1).Applying these methods to the analysis of cholesterol and the related phytosterols no separation in this group could beaccomplished (RIEMERSMA 1957).
Instead of coating the paper with an adsorbent, KRITCHEVSKY et al. (1952) impregnatedit with the waterrepelling agent: Quilon (a commercial stearato chromic(Hl)complex. With alcohol-water mixtures e.g. ethanol-water (80 :20) (see table 6
no. 2) or methanol (see table 6 no. 3) conjugated sterols such as ergosterol and 7dehydrocholesterol were separated from cholesterol and the phytosterols. No separation wasobtained between the sterols ofthelatter group. DAVISetal. (1952),using
similar mobile phases viz. methanol-water (95 :5) and methanol-water-ethylene
glycol monomethylether (62 : 19 : 19), did only succeed in separating the vitamins
D 2and D 3from theother sterols.Thedifferences in RF valuesbetweentheJ5-sterols
and theconjugated sterolslikeergosterol evenappeared toberelatively small(table6
no
- 4, 5). Applying these Quilon systems to the analysis of phytosterol mixtures,
VITAGLIANO (1957a, 1957b) could distinguish the phytosterols of olive oil with RF
valuesof0.33-0.41from those ofthe othervegetable oilswith RF valuesof 0.41-0.58
ar
»d from pure cholesterol (RF = 0.56). In some cases this paperchromatographic
analysisthusenabled thedetection ofanadulteration ofoliveoilwithother vegetable
oils or with animal fat (table 6no. 6). Kisset al.(1956) described the separation of
somesteroidsand sterolsa.o.cholesterol,ergosterol,and cholesterolacetateonpaper
impregnated withthealuminium soapsofpalmiticand stearicacid,applying mixtures
°f alcohols, water, and carbon tetrachloride as mobile phases (table 6no.7).
"Thepolar properties of the paper maybe modified bychanging the structure of the
cellulose molecules e.g. by introducing acetyl groups. Papers having a high degreeof
acetylation enabled RITTER et al. (1958) to analyse several steroids. Mixtures of
benzene, methanol, and water have beenapplied as mobile phases. No separation of
cholesterol and the phytosterols could beaccomplished in our own experiments with
commercial acetylated papers (a.o. Schleicher and Schuilno.2043b "vollacetyliert").
Prom the preceding instances it has to be concluded, that the structural differences
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between cholesterol and the phytosterols are too small to enable separation by these
methods,just asinthecase ofadsorption column chromatography. Better resultsare
likely to be obtained with pure liquid-liquid partition paperchromatography, where
the migration rates are determined by the partition coefficients for two immiscible
phases:the stationary and the mobilephase.In the "oldest" type of paperchromatography thestationaryphaseisconstituted bya thinwaterlayerattached tothe paper,
themobilephaseconsistingofmixturesofe.g.polar alcohols,acids,andwater.When
the solubilities of substances in the mobile phase are very high, as compared with
thoseinthestationaryphase,polarorganicliquidshavetobeintroduced asstationary
phase e.g. formamide, propylene glycol etc. When separating substances of a very
low polarity, stationary phases of apolar nature have to be chosen e.g. paraffin oil,
siliconeoil,highpetroleum fractions etc.Intheanalysisoflipoid substancesthisthird
type of paperchromatographic technique, known as reversed-phase paperchromatography, has become of great importance bythe work ofmany authors a.o. by KAUFMANNe s . and MANGOLD C.S.

Only a few authors have studied the paperchromatography of sterols using the
normal systems, in which the stationary phase is constituted by a cellulose-water
complex. MCMAHON etal.(1950)succeeded in separatingcholesteroland 7-dehydrocholesterolinsuchasystem (RF values:0.0and0.9)bymeansofa phenol-methanolwater (13.5 :30 :56.5) mixture (see table 6 no. 8). LATA et al (1952) separated
cholesterol and the cholesterol esters in n-butanol saturated with water, whereas
KAISER et al. (1956) mentioned a separation of the lipoids: vitamin A alcohol and
vitamin A acetate in an analogous system viz.isopropanol-water (1 : 1)(see table 6
no. 15).
To achieve better separations of steroids and sterols, the water-cellulose complex
had to be substituted by apolar organic liquids likeformamide, dimethylformamide,
propylene glycol, phenyl cellosolve etc. As mobile phase a great variety of apolar
solvents:hexane,benzene,chloroform etc.hasfound application.Withtheseso-called
ZAFFARONI systems various types of polar steroids and a.o. cholestenediols (SMITH
1954)are analysed. Separations ofapolar sterols by these systemswerereported in a
few cases (NEHER 1958). NEHER et al.(1952) described the separation of ergosterol,
stigmasterol, and cholesterol in the system:phenyl cellosolve (ethylene glycol monophenylether)/heptane byamultipledescendingtechniqueconsistingofseveralelutions
with interjacent periods of drying. Using the same system LINKS (1955)succeeded in
separating ergosterol and 7-dehydrocholesterol at the low temperature of —8°C.
However, RIDDEL et al (1955), also applying this phenyl cellosolve system, could
observe no difference between the RF values of these three sterols (table 6 no. 10).
Our own experiments with this system as well as with similar systems a.o. dimethylformamide/hexane-chloroform-methanol mixturesalsoproduceddiscouragingresults.
Analogously to the successful separation of the higher fatty acids on papers impregnated withpetroleum fractions, paraffin or silicone oils (KAUFMANN 1954),these
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reversed-phase systems have been applied to the analysis of sterols. Although the
naturally occurring fatty acids with even numbers of carbon atoms are readily separated, the analysis of the entire sequence of both the even and the odd numbers could
only be accomplished with great effort. Expectantly, the analysis of the closely related
J5-sterols would meet with more difficulties than does the separation of naturally
occurring fatty acids.
KODICEK AND ASHBY (1954)have studied the separation of ten sterols onsuch paraffin
impregnated papers, developing i *se with mixtures of ethylene glycol monoethylether-n-propanol-methanol-water (35 : 10 : 30 : 25); n-propanol-methanol-water
(15 :82 :3); and methanol-water (95 : 5) (see table 6 no. 11, 12, 13). On account of
the Rp values for pure sterol preparations, the first system would theoretically enable
a separation of cholesterol-/?-sitosterol. Analogous results using these systems were
reported by SWELL (1956). MARTIN et al. (1955) and MARTIN (1957) have separated
various steroids and sterols a.o. cholesterol acetate, coprostanol, dihydrocholesterol,
cholesterol, and 7-ketocholesterol in the system: petroleum (bp 180-220°C)/n-propanol-water(60 :40),whereas KUCERA et al. (1957) have reported different RF values
for cholesterol and ^-sitosterol (0.54 and 0.65) in the system petroleum/n-propanolwater (88 :12). However, when analysing natural sterol mixtures no reliable separations could be realized in such systems* (RIEMERSMA 1957, GRACIAN 1959).
In the laboratory of the RUKSZUIVELSTATION (GOVERNMENT DAIRY STATION) at
Leiden thesystem:paraffin/methanol-water (95 :5)was studied by RIEMERSMA(1957).
He obtained sufficient difference between the RF values of cholesterol and the phytosterols even when analysing the sterols isolated from mixtures ofanimal and vegetable
fat. The method was applied in practice to the identification of small amounts of
animal fats in vegetable fat. Within the group of phytosterols, however, no separation
was achieved. Later on GRACIAN et al. (1959) reported a difference between the RF
values of cholesterol and /?-sitosterol using papers impregnated successively with
silicone oil and paraffin oil. The mobile phases consisted of mixtures of ethanolisopropanol (90 : 10 or 80 :20) and ethanol-isopropanol-cyclohexane (60 :30 : 10)
(table 6 no. 16). Mixtures of both sterols, however, show elongated spots with intermediate Rp values.
In the reversed-phase chromatographic analysis of substances differing in minor
details e.g. number of methyl groups, in some cases good results are achieved by
masking the reactive, polar groups of the molecule. The effect of an increase in chain
length by one apolar methyl group then might produce a relatively more pronounced
effect on the polarity of the molecule. The polarity of reactive groups viz. double
bond and hydroxyl group ischanged e.g.bypreparingthehalogenaddition compounds
0r
the acetates. GRACIAN et al. (1959) separated the bromine addition compounds of
cholesterol and ^-sitosterol on papers impregnated with silicone oil and paraffin oil.
After elution with aceticacid-water (85 : 15)the cholesterol dibromide remains at the
starting point and isthus separated from the moving /S-sitosteroldibromide. However,
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this method fails in the presence of stigmasterol, since the sparingly soluble stigmasterol tetrabromide also remains at the starting point. Separations of the "doubly
masked" sterol acetate dibromides in the systems: parafïin/acetic acid-water (80 :20)
or ethanol-water (95 :5) were studied by RIEMERSMA et al. (1958). Although no
separation of cholesterol acetate dibromide and /?-sitosterol acetate dibromide could
be achieved, this method enabled the identification of the di-unsaturated stigmasterol
in mono-unsaturated C28 and C29-phytosterol mixtures. After bromination of the
sterol acetate mixture by WINDAUS' procedure, the solution is directly spotted on the
chromatogram. The insoluble stigmasterol acetate tetrabromide remains at the
starting point, while the other sterol acetate dibromides move a small distance. In
this procedure no detection of the sterols by phosphomolybdic acid is possible. The
antimony(III)chloride reagent as applied by RIEMERSMA (1958) could advantageously
be substituted by a 50% ethanolic cadmium chloride solution. In U.V. radiation of
365 nm the sterol acetate dibromides become visible as fluorescent spots*.
In the literature separations of the esters of cholesterol with several fatty acids viz.
the C1-C18 sequence on paraffin impregnated papers are mentioned e.g. by ZIMMERMANN et al. (1956) and MICHALEC et al. (1960), using the systems: paraffin/acetic
acid-chloroform-paraffin oil (65 :25 : 10 or 80 : 15 : 5) and paraffin/acetic acid.
Between the acetates of cholesterol and /3-sitosterol no reliable separations could be
achieved in these aswellas in many other systems e.g. paraffin or silicone oil/alcohols,
acetic acid, water mixtures; formamide, dimethylformamide or phenyl cellosolve/with
mixtures of hexane, benzene, chloroform* etc. The comparatively best results were
obtained with the system: paraffin/ethanol-water (95 : 5), yielding RF values of 0.51
and 0.46 for cholesterol acetate and /3-sitosterol acetate*.
In the study of TUNMANN (1956) dealing with the composition of the sterol mixture
from Potentilla anserina, the acetates from ß-, and y-sitosterol, ergosterol, and the
constituents of the Potentilla sterol mixture were clearly separated in the system:
paraffin/ethanol or acetic acid. However, no experimental details of the procedure
were given.
The very best results known at the start of this investigation had been obtained by
SULSER AND HÖGL (1957), in separating cholesterol and the phytosterols. By a special
technique of horizontal semi-circular chromatographyusingthesystem: paraffin/acetic
acid-water (84 : 16) natural sterol mixtures containing cholesterol, stigmasterol, and
/3-sitosterol were separated into three distinct semi-circular bands (table 6 no. 18). By
this procedure cholesterol is differentiated with certainty from the phytosterols, thus
enabling the detection ofsmall amounts ofanimal fat invegetable oils.The phytosterol
mixtures of a few vegetable oils were investigated by these authors.
Reviewing all paperchromatographic systems, the system of SULSER AND HÖGL was
chosen as the starting point of this investigation. With the semi-circular technique
("Halbkreisverfahren"), described by these authors, generally the maximum degree
of separation of closely related substances can be accomplished. However, the method
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appeared to beless suitable for routine work, permitting only theanalysis of one or
two sterol mixtures with onepiece of paper. Furthermore, the solvent front proceeds
only slowly and after an accommodation during 16hrs the elution required at least
70-80 hrs. Since a considerable reduction of this period was desirable, the normal
ascending technique was attempted. Just as experienced by the above-mentioned
investigators, with this procedure no separation between cholesterol and the phytosterolscould beachieved. By MATTHIAS(1954)a method wasdesignedcombiningthe
advantages of circular technique and ascending method, respectively high degree of
separation and rapid development. Small wedge-shaped paper strips (in German
denoted as: Keilstreifen) are mounted in a frame by means of two glass rods. Small
semi-circular bands are formed on the paper strip; thus enabling a clear separation
of complex mixtures.
Wehave attempted to apply the technique of MATTHIASto the separation of sterols
but have devised a slightly modified form ofthe paper. Hexagonal holesare madein
a sheet of paper (about 20 x 50cm), leaving bridges of 1cm width (fig. 21). With
this technique wewere able to obtain even better separations than with SULSER AND
HÖGL'S method. Furthermore, the time of run was decreased to about 48 hrs. This
technique enabled the simultaneous analysisbypaperchromatography of many sterol
mixtures.
The degree of impregnation with paraffin oil appeared to exert great influence. On
account oftheexperiencesby KAUFMANNetal. (1954),whoinvestigated thebehaviour
ofhigherfatty acidsinsimilarsystems,adegreeofimpregnation ofabout 0.15-0.16g
Paraffin oil/g of paper was applied. After their isolation from the fat mixture, the
sterolsare dissolved inchloroform (0.1 %solution).Aquantity ofabout 20fi\isthen
spotted on the 1 cm wide bridges between the hexagonal holes of the chromatogram
(seefig.21).Bythisarrangement the mobile phase isnow forced toflowthrough the
spot,directlyelutingthesterolsfrom it.Inthenormalascendingtechniquethesolvent
front often surrounds the spot during thefirstmoments ofelution.This phenomenon
's caused by impurities at the starting point. The migration rates of the substances
can thereby beaffected considerably.
% the MATTHIAS' technique, however, this anomalous behaviour is avoided. After
elutionthedriedchromatogram issprayed withphosphomolybdicacid reagent.When
analysing a cholesterol-phytosterol (2 :8)mixture three clearly separated blue-green
coloured bands are produced (fig.21).
Under these experimental circumstances the RF values of the three bands are respectively 0.25;0.30; and 0.34.Thefirstband contains /S-sitosterol,the second band
thepair:campesterol-stigmasteroland thethird band isproduced bycholesterolOast
column no.22,table 6).The degreeofseparation of thesebands depends upon many
experimental conditions, which will be discussed more in detail in chapter 3. Using
tne
high degree of impregnation of about 0.15 g paraffin oil/g paper, the Rp values
appear to be very reproducible. Considering the Rp values of a great number of
43

sterols some relationships between structure and migration rate were established, as
will be shown in the next chapter.

FIG. 21. MATTHIASpaperchromatogram with three
separated sterol bands. System: paraffin/acetic
acid-water (84 :16). Dimensions in mm.

Further experimentsestablished that thedegreeofseparation ofthethreebandsstill
couldbeincreasedbydecreasingtheamount ofparaffin oil.Thebestseparationshave
beenachieved usinga degreeofimpregnation of0.09-0.10gparaffin oil/gpaper.The
reproducibility ofthisdegreeofimpregnationand oftheresulting RF values,however,
appeared to be reduced as compared with that using 0.15 paraffin oil/g paper. The
low degree of impregnation was applied further on in routine analysis of sterol
mixtures. The application of this chromatographic analysis of sterols to several
problems in fat analysis, especially in the detection of vegetable fat in animal fats,
and viceversa, willbe discussed more in detail in chapter 4.
During our investigation two other studies dealing with the paperchromatography
of sterols have been published. Experiencing difficulties with the paraffin/acetic acid
systems,DEZorn etal (1959)havedevisedaseparationofcholesteroland^-sitosterol
in the analogous system: petroleum (bp 220-240°C)/pyridine-water (85 : 15).In addition to the separation of cholesterol and /9-sitosterol, a separation of the several
types of phytosterols into two or three spots has likewise been obtained. Some sterol
mixtures e.g. from the unsaponifiable fraction of rapeseed oil were separated into
three spots.The acetates ofcholesterol, ^-sitosterol,and ergosterol were fractionated
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FIG. 22. Paperchromatographic analysis of sterols.
spot 2. mixture of palm oil with 10°o of lard.
spot3. soybean oil phytosterols.
spot4. unsaponifiable fraction of a palm oil-lard (7 :3) mixture.

in the system: petroleum (bp 220-240°C)/aceticacid-water (98 :2) with a time of run
of 63hrs. The stenones prepared from the corresponding sterols by the OPPENHEIMER
procedure were separated in the same system.
A variety of even-numbered C2-C22 saturated and Cis unsaturated fatty acid esters
of /3-sitosterol, y-sitosterol, stigmasterol, ergosterol, stigmastanol, and y-sitostanol
were separated by KUKSIS AND BEVERIDGE (1960a) in the systems: paraffin/methanolchloroform-water-acetic acid (45.5 :45.5 :4.5 :4.5); propionic acid-water (90 : 10);
and acetic acid-chloroform-water (75 :20 : 5).The high RF values of all free sterols
were not conducive to enable a good separation to be made. A nearly linear relationship between RF value and molecular weight (or number of carbon atoms) of these
esters was established. The introduction of a double bond in the sterol side chain or
in the fatty acid chain resulted in the same increase in RF value as shortening the
latter by two methylene units. Later on KUKSIS AND BEVERIDGE (1960b) reported a
fractionation of the sterols from a corn oil sterol ester hydrolysate in the system
paraffin/propionic acid-water (88 : 12).The separation in this system appeared to be
similar to those in the above-mentioned paraffin/acetic acid-water systems. The corn
oil sterols were fractionated into three clearly discernable bands, thus producing
chromatograms analogous to those presented in figs. 21 and 22.
The application ofgas-liquid chromatography at high temperatures to the analysis
°f steroids and sterols has been reported for the first time in 1960 by BEERTHUIS
(1960a, 1960b). Using very sensitive detection methods viz. argon detectors and
flame ionisation detectors, separated peaks of cholesterol esters, cholesterol, sitosterols, and of pairs e.g. cholesterol-dihydrocholesterol can be obtained (BEERTHUIS
1960b, EISNER 1962, FRANCO 1962). It is therefore to be expected that the introduction of gas-liquid chromatography in steroid and sterol analysis will yield
good results.

2.3

EXPERIMENTAL PROCEDURES

2.3.1 Preparation of the sterol mixture
SU

LSER AND HÖGL (1957) analysed the total unsaponifiable fraction of fat mixtures by

Päperchromatography without any previous purification. Other constituents of the
u
nsaponifiable fraction such as hydrocarbons, tocopherols etc.,however, are coloured
as
well by the phosphomolybdic acid reagent. When large quantities are spotted on
tne
paper e.g. to detect small amounts of phytosterols in cholesterol, bands caused by
hese substances may hamper the analysis (see fig. 22, spot 4). Therefore, a previous
Purification procedure of the sterols present inthe unsaponifiable fraction is necessary.
. n e sterols are isolated as their digitonides according to the method of "precipitation
ln tne
soap" mentioned in chapter 1.The subsequent preparation of the sterols from
heir digitonides can proceed according to three alternative methods.
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A. The digitonides are converted into the sterol acetates according to the procedure
mentioned inchapter 1.The sterolacetates are saponified into the sterolsasfollows:
2-10 mg of sterol acetate is dissolved in 1 ml of 96% ethanol and saponified by
addition of two drops of 40% potassium hydroxide. The saponification is continued
tilltheacetatesarecompletely dissolved asevidencedbytheclearnessofthe solution.
Add 10 ml of water and extract this solution twice with 10 ml of ether. Wash the
combined etherealextractsfour timeswithwater,dry overanhydrous sodium sulfate,
and filter. After evaporating the ether, the residue is dissolved in chloroform p.a.
(0.1 %solution) and spotted on the paperchromatogram.
B. Since the old WINDAUS' procedure of splitting the digitonides in boiling xylene
hassomedisadvantagese.g.discolourationofthesterols,SCHOENHEIMER(1933)devised
the so-called pyridine splitting procedure:
About 15mgofdigitonide isdissolvedin 1 mlofdrypyridine.After a reaction time
of 16hrsatroomtemperaturethedigitonideissplittedandthedigitoninisprecipitated
by adding 50ml of ether. After centrifugal separation the digitonin is washed with
another 50ml portion of ether. After a second centrifuging the ethereal extracts are
combined, washed with a saturated sodium bicarbonate solution and dried. After
evaporating theether,theresidueisdissolved inchloroform. Thisprocedure hasbeen
modified by BERGMANN (1940). The pyridine solution of the digitonides is heated
during 1hr at 70-100°Cand evaporated to dryness in vacuo. The residue is ground
and the sterols are extracted with ether.
With the method of SCHOENHEIMER good resultscan beobtained. Wehave modified
this procedure by replacing the solvent pyridine, which has some disadvantages, by
dimethylformamide.
C. An amount of 50 mg of sterol digitonide is triturated with 500 mg of sodium
acetate according to a procedure of LIFSCHÜTZ (1935). The digitonide is gradually
dissolved by heating the mixture during ^ hr in 5ml of 96%ethanol. After addition
of25mlofether thedigitonin and the saltare precipitated. Theprecipitateis filtered
and washed withether.The sterolisrecovered byevaporating thesolution. Asample
ofcoconut fat and a mixture ofsoybean oilwith20%ofa refined inedibleanimal fat
(White grease)wereanalysed according to thesethree procedures.The data obtained
bypaperchromatographicanalysisoftheresultingsterolmixturesaregivenintable7.
The sterol mixtures isolated according to the procedures B and C appeared to be
somewhat lesspure than those prepared via the sterol acetates.
In theroutine procedure ofsterolanalysisthesameportion ofsterolacetates supplies
material for the determination of the melting point and for the preparation of the
sterols according to procedure A. When evaporating the ethereal solution care must
be taken to avoid excessive heating. The 0.1% solution of sterols in chloroform is
autoxidized easily a.o. to hydroxy compounds. Therefore, the sterol solution has to
be spotted on the chromatogram at once.Applying procedure A on 15gof fat with
a sterol content of 0.2% the yield of purified sterols will be about 15mg. With the
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methods B and Cnearly quantitative yieldscanbeobtained. Thedifference in paperchromatographic analysis of the totalunsaponifiable fraction and thepurifiedsterol
mixtureisshown infig.22.
TABLE 7 Separation of the sterols from rapeseed oil, coconut fat and from a soybean oil-White
grease mixture. Isolation according to thesterol acetate method (A),or to thedimethylformamide (B)
or sodium acetate (C) splitting procedures.

Rapeseed oil
phytosterols

A

B

C

%

%

/o

Coconut fat
phytosterols

A

B

C

7.

%

%

Soybean oilWhite grease
(8 :2) mixture

A

B

C

%

7.

%

band 1

49 51 56

band 1

47 41 54

band 1

51 50 45

band 2

33 32 27

band 2

11 23 14

band 2

30 29 33

band 3

42 36 32

band 3

19 21 22

band 3

18 17 17

2.3.2 Procedure of paperchromatography
The reversed-phase paperchromatography of sterols in the system paraffin/acetic
acid-water (84 : 16)isexecuted as follows:
Three hexagonal holes with sides of 29mm and 20 mm are made in a Schleicher
and Schuil no. 2043bmgl paper (preferably the "washed" quality) of 20x 59.5cm,
accordingto theprocedure of MATTHIAS.Betweentwohexagonsa"bridge"of 10 mm
widthisformed. Atboth sidesofthepaper onlyhalfahexagoniscut out(seefig.21).
The distance from the centre of the bridge to the bottom of the paper is 68 mm. A
pencil lineisdrawnat 5mmfrom thebottom ofthepaper.Thedirection ofthepaper
fibres should beparalleltothedirectioninwhichthemobilephasemoves. Beforehand
a quantity of 300 ml of an acetic acid (Analar. B.D.H.)-water (84 :16)mixture has
beenshaken vigorously with 30mlofparaffinum liquidum medicinaleina separatory
funnel. After a contact period of 65hrs at a temperature of 23°Cthe two layers are
completely clear and are separated. The amount of paraffin in the acetic acid layer
was found to be approximately 0.02%, whereas the acetic acid percentage in the
paraffin layeramounts toabout 1.9. Theparaffin layerisdissolved inpetroleum ether
(bp 60-80°C); a 7% solution thereof serving for the impregnation procedure. The
acid layer is used as mobile phase. The best paperchromatographic separations are
obtained when using freshly prepared stationary and mobile phases.
The paper is taken at both ends and is dipped with a to and fro movement three
timesin the 7% paraffin oil solution in thewaya photographicfilmistreated in dish
development. The movement is started at the bottom of the paper marked by the
Pencilline. Care must be taken that during the immersion the solvent front remains
parallel to the origin line. After the impregnation procedure the chromatogram is
driedduring 10minintheair,byhangingitonaplasticlineupsidedown.Thedegree
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ofimpregnation measured from theweightofthepaperbeforeandafter impregnation
amounts toabout 0.09-0.10gparaffin oil/gofpaper. Ininvestigations oftherelationshipbetweenstructureandRFvaluesthehigherdegreeofimpregnation viz. 0.15-0.16
g/g paper was applied. The RFvalues obtained by the latter procedure appeared to
be reproducible to 0.02 units.
At the centre of the bridges (fig. 21)20figof the sterol mixture,preferably 0.02 ml
of a 0.1% solution in chloroform p.a., is spotted by a micro pipette. After an accommodation during 16 hrsinachromatographic vessel,thechromatogram isdipped
intothemobilephaseviz.aceticacid-water (84 :16)tothepencilline.Thechromatogram isthen developed during 48hrsby theascending technique at a temperature of
21-25°C. The length of run should be: 25-30 cm. After the development procedure
the chromatogram isdried during 2-3 hrs in theair. Upon heating during 1-2 hrsin
an ovenat 80°Csomeconjugated sterols likeergosterol becomevisibleas fluorescent
spots under U.V.radiation (365nm).Thechromatogram isthen sprayed witha 10%
ethanolic solution of phosphomolybdic acid (MERCK) and heated during 1-4min at
80°C.Blue-greenbandsaredeveloped onarapidlydarkeninglightgreen background.
Care must be taken that the spots are coloured to a maximum intensity, but that the
background is not darkened too much by excessive heating. After some hours especially when exposed to sunlight the spots merge into the background, the whole
paper then showing a dark blue colour.
The RF valuesarecalculated for thecentreofthebands.Largequantities( > 100fig)
ofsaturated sterolslikecoprostanolanddihydrocholesterol arevisibleasyellowspots.
Withthesesubstancesablue-greencolour isonlyattained upon further sprayingwith
a mixture of ether-sulfuric acid (2:1) and subsequent heating during 5-10 min at
80°C. However, the paper isbadly damaged by this treatment. Near the front of the
mobile phase some bands appear caused by oxidation products e.g. hydroxy sterols.
Thesesubstancesmightbeformed duringthesaponification, acetylation orchromatography of the samples.
Small quantities of accompanying sterols, which normally would not be detected,
are visualized by spotting higher amounts of the sterol mixtures (up to 150^g) on
the paper. Stillhigher quantities viz.200-600fig,can beapplied on Whatmann no.3
paper. More specific colour reactions that can be used for the structural analysis of
some unknown sterols, will be discussed in chapter 3.

2.4

QUANTITATIVE EVALUATION

OF THE PAPERCHROMATOGRAPHIC ANALYSIS

A quantitative determination of the percentages of sterols belonging to the first,
second, and third bands can becarried out in several waysa.o. by planimetrieevaluation of the spot areas and by densitometry of the paperchromatogram.
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2.4.1 Quantitative evaluation by planimetry
Directlyafter the staining procedure theblue-green bands are outlined with a pencil.
Thespotareasaredeterminedbyfollowing theoutlineofthebandswithaplanimeter.
Each determination is repeated twice. The areas are recalculated to percentages of
their total. A series of synthetic mixtures of cholesterol and refined soybean phytosterols was analysed in this way; each mixture was determined in sixfold by one
person.The percentage areas for the various bands are given in table 8.
TABLE 8 Quantitativeevaluation ofsomecholesterol-soybean phytosterol mixtures.Spotted amount
of the sterol mixture: 30 fig.
Percentageareaofthethreebands
band1

band2

band3

band1

chol.-phyto.(9 :1)

—
—
—
—
—
—

12
10
8
13
16
10

88
90
92
87
84
90

7
8
9
7
11
11

61
56
62
60
59
58

23
26
23
22
25
29

33
33
29
37
37
35

band1

chol.-phyto.(8:2)
—
79
—
82
—
80
—
77
—
75
—
77

32
37
30
28
26
29

38
41
37
32
34
42

chol.-phyto.(5:5)
14
48
10
49
15
48
18
50
20
46
17
41

42
37
42
40
35
38

48
49
51
46
48
48

chol.-phyto.(2:8)
28
24
28
23
25
24
32
22
29
23
27
25

51
54
51
48
48
58

chol.-phyto.(3 :7)

44
41
48
41
38
36

band3

21
18
20
23
25
23

chol.-phyto.(6 :4)

32
36
29
33
30
31

band2

band2

band3

choi.-phyto.(7 :3)

2
2
5
5
6
8

66
61
65
67
68
63

chol.-phyto.(4 :6)

18
20
16
18
21
22

40
43
42
42
44
40

chol.-phyto.(1 :9)

34
35
34
38
37
31

15
11
15
14
15
11

chol.--phyto.(0: 10)

65
62
68
55
64
54

35
38
32
45
36
46

—

—__
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The percentage areas of thefirstand second band are added, thus giving the experimental percentage of phytosterols. From these data the "experimental proportion"
ofcholesterol-phytosterol wasderived.The data indicate an unequivocal correlation
betweenthisproportionandtheactualcompositionof theanalysed cholesterol-phytosterolmixture.Therefore,asatisfactory quantitativedeterminationcould be obtained.
The deviations from linearity of this relationship were tested bystatisticaltreatment.
Theactualphytosterolcontent(/xz),themeanexperimentally determined phytosterol
content (x), based on six determinations, the values of I X-/J,X I, and the value of
STUDENT'S / of these means are given in table 9. Applying STUDENT'S/-test five of
these /-values*falloutsidethecritical limitsatthe 5%levelofsignificance. Therefore,
the corresponding jc values can be considered as not belonging to the original fix
population.
TABLE 9 Statistical interpretation of the paperchromatographic analyses
Mixture of
% phytosterol

%cholesterol

X

var.

X-flx

10
20
30
40
50
60
70
80
90

90
80
70
60
50
40
30
20
10

11.5
21.7
35.0
40.7
53.0
58.2
66.0
76.5
86.5

7.9
6.27
6.8
4.67
10.4
2.57
9.2
1.1
3.9

+ 1.5
+ 1.7
+5.0*
+0.7
+3.0*
—1.83
-4.0*
—3.5*
—3.5*

/
+ 1.517
+ 1.685
+5.056*
+0.674
+3.033*
—1.854
—4.044*
—3.539*
—3.539*

At low phytosterol percentages too highdata ofx are found, whereas at highphytosterol percentages too low data were evaluated. Nevertheless, by using a calibration
line relating the "experimental proportion" cholesterol-phytosterol to the actual
composition of the sterol mixture, reasonable quantitative evaluations can be made.
In this procedure the standard deviation within the groups, as calculated from the
experimental data, amounted to 2.42%.
Insomechromatographic analyses,described intheliterature,theareaofround and
ovoid spotshasbeenfound to increase with thelogarithm oftheactual spot content.
The above-mentioned correlation clearly indicates that this relation does not hold in
our experiments.
2.4.2 Densitometrie evaluation
Chromatogramssprayedwiththecolourreagentphosphomolybdicacidarenotstable.
After sometime,especially upon exposureto light,thebackground assumesthesame
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colour as the sterol spots. Such chromatograms are unsuitable for densitometric
measurements. Upon testing a variety of other colour reagents, wefound the chromatograms visualized withphosphotungstic acid tobesatisfactorily stable.Thedried
chromatogram issprayed witha 15%ethanolic solution ofphosphotungstic acid and
keptat 60°Cduring2-6 min. Quantities ofabout 20/xg of sterols suchas cholesterol
produce distinct red bands.The intensity of thecolour of the bands islessthan with
the phosphomolybdic acid reagent, but remains stable during \ hr.
Thechromatograms werescannedaccordingtothe"transmittanceprocedure"using
a registering densitometer of DR. B. LANGE.

FIG. 23. Quantitative evaluation of a chromatogram with a D R . LANGE densitometer. Areas determined by i h x b. Colour reagent:phosphotungstic acid.

After testingthevarious experimental conditions good results wereobtained withslit
width 10 mm, green filter, sensitivity 4.0 (2.5). Because of the inconstancy of the
optical recording instrument ("Nachlaufschreiber" of DR. B. LANGE) the densitometriccurveshowed agreatnoise,whichhampersanaccurateevaluation oftheareas
ofthepeaksbyplanimetry.Therefore, theareas weredetermined approximatively by
multiplication of half the peak height with the base,a procedure in use in gas-liquid
chromatography.Scanningthebandsoftwochromatograms(actual proportion cholesterol-phytosterol 5 :5)the following percentages were found: bandI :31.6 (31.0);
band! : 12.1 (12.0);6 W 3 :56.3(57.0).Threechromatogramsofa7 :3 mixture gave
the experimental data: 77.0%-23.0%; 76.7%-23.3%;and74.1%-25.9%(cf.fig.23).
Applying this procedure, the accuracy of the results appeared to be slightly inferior
tothat obtained withplanimetry. Somedrawbacks ofthescanningtechnique are a.o.
homogeneity ofthepaper, uncertainty ofthe stoichiometry ofthecolour reactions,
deviationsfrom BEER'Slawathighopticaldensitiesandnon-linearityofthecalibration
curves (BUSH 1961). In routine analysis of sterol mixtures therefore the planimetrie
Procedure was preferred.
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3 A S T U D Y OF T H E S Y S T E M :
P A R A F F I N / A C E T I C A C I D - W A T E R (84 : 16)

3.1

PRINCIPLES OF PAPERCHROMATOGRAPHY

3.1.1 Fundamental equations
Before investigatingtherelationshipbetween structureand migration ratesofa group
ofsterols,wehavetogivefirstashortsurveyofsometheoreticalaspects.Therelationship between partition coefficient and RFvalue in liquid-liquid partition chromatography was elucidated by MARTIN AND SYNGE (1941). If paperchromatography may
be considered as a process of ideal liquid-liquid partition chromatography, the
concentration variation of a solute in a chromatographic column will closely follow
the normal frequency distribution. For a given solute the position of the maximum
concentration isindicated by the formula:
[1]

RF=

AL + a.Aa
or
a = AJA3(l/RF-l)

[2]

where:
a = partition coefficient of the solute.
AL = cross sectional area occupied by the mobile phase.
As = cross sectional area occupied by the stationary phase.
Thisequationgovernsthecorrelationbetweenpartitioncoefficient andmigrationrate
ofa substance. In an ideal solution of the solute Athe following equations apply:

A =A° +RT\nN*A

[3]

L

A =A? +RT\nN

A

where:
pA and fiA are the chemical potentials ofA in the stationary and mobile phases respectively.
fisA° and ftf are chemical potentials in some defined standard state.
NA and NA are the molar concentrations of A in the phases S and L.
When supposing equilibrium between the phases S and L, the chemical potentials
pA and iiLA willbeequal. Hence:
A - A
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=PA0-/*A

+ RT InN'A-RT\nN^

=0

[4]

Accordingto MARTIN (1948)thefree energyA HA, required to transport 1 Molofthe
solute A from phase S to phase L isgiven by:
AHA= nA° — pA°

= RT

i n N$IN'A

[5]

Since NA/NA = aaccording to NERNST'S distribution law:
AfiA—RT In a
With equation 2:
AHA = 2.303RT log^ / / k (\jRF —1)

[7]

The distribution of A between the two phases is governed by the value of this A /*AIn a series of homologous compounds weshould not compare the RFvalues,but the
data of the A HAfunctions given by this equation.
BATE-SMITH etal.(1950)therefore introduced the RM function, defined as:
J?w= log(!/*,— !)

[8]

AfiA = k.RM —k.P

[9]

Hence equation 7gives:
where k = 2.303 RT
P = paper constant ( = logAJAL) (cf. HAIS1958).
Byafirstapproximation the A HAcan beconsidered as the sum ofthe free energies
of the various parts x, y, z etc.,constituting the molecule.
AHA= X. AflAx+y. A[lAy +

AflAO

[10]

Accordingly,foragivenpairofphasestheintroduction ofanewgroupinthemolecule
changes the RM value by an amount depending on the nature of the group, but not
on the rest of the molecule. From equations 9and 10:
RM = xjk.A HAz + y\k. A HAV + . . . . A /lAolk +P

[11]

Introducing the so-called group constants:
Go = A (XAoIk; GX = A fiAxlk ; Gv= AHAyjk etc.,
weobtain the equation:
RM= x.Gx+y.Gv

+ ....GoJ^P

[12]

Z
Usually, the constant concerning the basic skeleton of the molecule viz. Goand the
Paper constant P arecombined into the fundamental constant Z (MACEK 1955). If
w
e mayassume that there isnointeractionbetweenthevariouspartsofthemolecule,
the RM values should be additive. In a series of homologues the RM value for any
member then will be a linear function of its number in the series. Because of the
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difficultiesencounteredinestimatingallgroupconstantsGx,Gy,and Go,manyauthors
have restricted their investigations tothe calculation ofARM values due tovarious
substituentse.g. AR™aand AR^1 values.
The validity ofthis concept and especially ofequation 1and itsunderlying suppositions weretested experimentally a.o. by CONSDENetal.(1944).From theexperimental RF value ofglycine and the partition coefficient ofglycine known from the
literature, the AL/AS fora given chromatogram was determined. Using this AL/AS
value and the experimental RFvaluesofother amino acids on the samechromatogram, they were able to calculate thecorresponding partition coefficients. These
valueswerecompared with those known from theliterature (table 10).Testingsome
groupsofsugarsand biologicallyimportantacids MULVANYetal. (1951)andBENSON
et al (1950) confirmed the validity ofthe theory of MARTIN C.S. (table 10).As a
consequenceofthe RM conceptthediagrams of RM valueversusnumber ofdientical
substituentsshouldpresentstraightlines.Thislinearrelationshipwastestedinvarious
series of homologues a.o. peptidesby PARDEE(1951),phenolic hydroxyl compounds
by BATE-SMITHetal.(1950),and steroidsby BUSH(1960,1961).
TABLE 10 Comparison between Rpvalues and partition coefficients
MULVANY«al. (1951)

CONSDEN el al. (1944)

System: n-butanol saturated with water
AJAs = 3.25
aexp.
glycine
alanine
valine
norvaline
leucine
norleucine

70.4
35.9
12.2
8.7
4.5
3.5

acalc.
70.4
42.3
13.8
9.5
5.5
3.2

a exp.
xylose
arabinose
mannose
glucose
galactose

17.1
21.5
21.6
30.5
36.2

BENSON et al.(1950)

System: n-butanol-propionic acid-water (46 :23 : 31).

alanine
fumaric acid
succinic acid
glycolic acid
malic acid
isocitric acid
glyceric acid
tartaric acid
glucose
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a exp.

Rp exp.

3.65
0.50
1.02
2.06
2.40
2.75
2.95
3.20
5.75

0.33
0.72
0.65
0.51
0.45
0.41
0.38
0.32
0.20

Rpcal
ref.
0.78
0.64
0.47
0.43
0.40
0.38
0.36
0.24

RP

exp.

0.12
0.10
0.10
0.07
0.06

acalc.
16.0
20.6
20.6
ref.
36.0

VAN DUIN (1961)hasdemonstrated that the true retentionvolumesofdinitrophenyl-

hydrazones of several series of carbonyl compounds on columns of Celite or silica
gel also obey to the above additivity rule. The principles of paperchromatography
werestudied subsequentlya.o.by REICHL(1956)and SCHAUERetai.(1955,1958).In
somepaperchromatographic systems the values of the various group constantswere
given.Table 11presents the group constants of parts of the amino acid molecules,
determinedinthesystem:phenolsaturatedwithwaterand0.1 %cuprononWhatman
no. 1 paper (SCHAUER 1955,HAIS1958).
TABLE 11 Groupconstants inthesystem: phenolsaturated withwaterandcupron0.1%for different
parts of the amino acid molecules. Comparison of experimental and calculated RPvalues
C atom
branching
benzene ring
prim. OH group
sec. OH group
phenolic OH group
—COOH
a—NHa
imidazole

—s—

—S—S—
paper constant
(on Whatman 1)

—0.27
+0.07
—1.01
+0.36
+0.38
+0.91
+ 1.07
+0.20
—0.25
+0.02
+0.04
-0.57

aspartic acid
alanine
serine
lysine
cystine
methionine
tyrosine
histidine

Rp exp.
0.17
0.59
0.36
0.48
0.29
0.81
0.62
0.69

The paper constant wasderived from theequation:

RP calc.
0.17
0.56
0.36
0.48
0.29
0.81
0.62
0.70

CHs,

2RM (methionine)—RM(cystine) = logAs]Ah ( = P) + 4log A/J, IRT
P = 2 x (—0.63)—0.39—4 x (-0.27) = —0.57.
From these group constants "theoretical" RM and RF values of some aminoacids
ere calculated. The agreement between these RF values and the experimental ones
appeared to beexcellent.
However, there may be some interaction betweenadjacent parts of themolecule.
MACEK et al.(1955) have demonstrated that theplaceof a hydroxyl group in some
alkaloids influences the RM value. To account for this effect he introduced position
factorsAx, A„ etc.
RM = AX. X.GX + Ay.y. Gy+ .... Z
[13]
w

FRANC et a!.(1956) have found that in some cases this location effect may also be

accountedfor byintroducingacorrectionfactor, based ontheknowndipolemoment

r*w.

/

V/w; ofthe substance viz. + 2.3log
\

I+0.1? \
.
1 —0.1TT /
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This entire theory concerning RMvalues etc.wastested mainly insystems with water
or polar liquids like formamide as stationary phase. Theoretically, it should also hold
in reversed-phase systems, but not many investigations on such systems are reported
(cf. HAIS 1958, KAUFMANN 1958b, D E Z o r n 1959).
3.1.2 Applications of the RM concept
Instead of restricting the RMconcept to one solvent system, the same procedure can
be applied tothedifference ofthe RM values ofone compound intwosolvent systems.
BUSH (1960) has denoted these values as ARMS values, as contrasted with the ARMÇ
and ^d/?Mrvalues.Theformer dealswiththesubstitution ofa hydrogen bythegroup g,
the latter (ARMr) with the interchange of two groups or of two steric configurations
of the same group. Determining the RM values for a number of related substances
with known structure, the various group constants and thefundamental constant can
be derived. In special cases only the ARMQ values are calculated. The RM value of a
related compound, of which the number of substituents is not yet precisely known,
then can give additional indication as to the correct structure of that substance. The
most complete evidence is obtained when a set of suitable solvent systems each with
known group constants etc.is available.
The ARM$ values then will already give a good impression of the structure of unknown compounds, especially when supplemented with ARMT values obtained after
simple microchemical reactions e.g. acetylation, bromination (BUSH 1961). In this
respect solvent systems resulting inlarge ARMS values for some groups (or preferably
for one group only) and small values for the other groups would be very suitable.
Unfortunately, at present not many systems which satisfy these requirements, are
available. If the group constants and position factors in a given system are derived
for compounds of known structure, "theoretical" RF values can be calculated for
related substances. In a still further simplified concept the "theoretical" RF values
are calculated on the basis of average ARM values. The latter are obtained from a
graph representing RM versus number of identical groups e.g. methylene units.
Comparing the respective sets of group constants Gx, Gy e t c . \ G x , G y etc.for some
solvent systems with those of a reference system (viz. G^, G°y etc.), MACEK (cf. HAIS
1958) has introduced so-called AG values.
{AG\ = GXX— GX; AG\ = GX— GXetc.). These AG values depend on the physicochemical properties ofthe respective systems and hence are suitable for identification
purposes.
An elaborate example of an application of the RM concept to structural analysis of
steroids was given by KABASAKALIAN et al (1960). They have determined the ARMg
valuesof several substituents ina group of steroids,applying some ZAFFARONI systems
(e.g. propylene glycol/toluene). S ARM g values were calculated for a number of
steroid molecules. The ARM value of the basic group viz.the pregnane nucleus was
obtained inthe 2 ARMg versus RM graph astheintercept. Knowing theseARMvalues,
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"theoretical" RF values of some steroids in a number of ZAFFARONI systems were
calculated. The agreement between these calculated and the experimental RF values
was reasonable. Small remaining differences are readily explained by interaction between the various groups and also by the influence of spacial configurations.
3.1.3 The occurrence of critical pairs
A problem in structural analysis by means of paperchromatography is the occurrence
ofsubstances havingthe same RF values.Dealing with thechromatography of steroids
BUSH (1960) has mentioned some general rules to avoid the interference of such
"steroid mimics" in structural analysis. Usually, the mimic substance will differ in
at least two groups from the studied compound, both groups exerting equal but
opposite influences on the RM value (e.g. two keto groups instead of one hydroxyl
group). Selecting a suitable set of solvent systems and applying chemical-modification
steps (i.e. ARMT effects), the risk of confusing the steroid with its mimics usually can
be minimized.
Still greater difficulties are encountered in the analysis of the higher fatty acids in
reversed-phase systems.With systemslike undecane (bp 190-220°C)/acetic acid-water
(95 :5) or acetic acid-acetonitrile (25 :75) and paraffin/acetic acid-water (90 : 10),
KAUFMANN et al. (1954, 1958a) and others e.g. SPITERI (1954) have separated the
series of saturated fatty acids. The unsaturated fatty acids were also fractionated, but
the introduction of a double bond appeared to exert an influence on the RF value
quite similar as a shortening of the chain length with two methylene units. Hence in
natural mixtures several fatty acids were found with the same RF values, constituting
the so-called "critical pairs" (e.g.palmitic acid-oleic acid; myristicacid-linoleicacid).
To characterize these critical pairs KAUFMANN et al. (1960) have introduced a paperchromatographicvalue ("Papierchromatographische Wertzahl: pcW"), defined as the
difference between the number of carbon atoms (n) and twice the number of double
bonds (m) of the molecule. Hence pcW = n — 2m. Palmitic acid and oleic acid both
have the pcW number 16, which is thus indicative of this critical pair of fatty acids.
Generally, a separation and subsequent quantitative determination of both members
°f a critical pair has to involve a chemical-modification step, e.g. separation before
a
nd after hydrogénation of the fatty acid mixture or oxidation of the unsaturated
fatty acids. It is to be regretted that the terms: mimic compounds, members of a
c
ntical pair, and critical partners are hardly descriptive for the general conception
they actually represent. A terminology like "equidistant" or "equiproportional"
compounds is to be considered more appropiate.
The additivity of RM values should have been applied universally to problems of
structural analysis, as has been done with analogous physicochemical constants such
as
Molecular refraction, optical rotation etc. However, the RM concept has not yet
°cen actualized in practice to a great extent, a.o. as a consequence of the inconstancy
°» ARM values in some "normal" paperchromatographic systems with water as
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stationary phase. BUSH (I960, 1961) has given a thorough study of the significance
of RM and ARM values in different solvent systems, applying these to problems of
structural analysis and especially to the identification of "critical pair" steroids.

3.2

EXPERIMENTAL CONDITIONS IN THE SYSTEM:
PARAFFIN/ACETIC ACID-WATER (84 :16)

3.2.1 Influence of external circumstances
The standardized chromatographic procedure, described in paragraph 2.3.2,isbased
upon theresults of manyexperiments testinga variety ofexternal conditions.Several
factors influence the migration rateand the separation of thecommon sterols.In the
literature not much attention has been paid to the fact that mutualsaturation ofboth
phasesis essentialfor obtaining reproducible Rp values. It is absolutely necessary to
attain equilibrium between both phases under the experimental conditions. This is
promoted byproperchoiceandstandardization oftherelativeamountsofbothphases
andtheirtimeofcontact,whichgovernsthemutualsaturation aswellasthethorough
demixing.
TABLE 12 Variation of experimental conditions. Mobile phase: acetic acid-water (84 :16).

No

8 paraffin
oil/g paper

Distance
of solvent
front in cm

A (time of demixing 65 hrs)
1
0.05
2
0.08
3
0.09
4
0.11
5
0.13
6
0.17
(time of demixing 48 hrs)
7
8

0.10
0.16

B (time of demixing 65 hrs)
1
0.09
2
0.09
3
0.09
4
0.09
5
0.095
6
0.10
7
0.10
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RP values of

Time of
run in hrs

Temperature
in°C

cholesterol

stigmasterol

/^-sitosterol

37.5
35.2
35.0
36.0
32.5
33.5

0.53
0.49
0.42
0.36
0.34
0.26

0.48
0.44
0.39
0.33
0.30
0.24

0.48
0.39
0.35
0.29
0.28
0.20

48
48
48
48
48
48

23
23
23
23
23
23

26.6
25.6

0.56
0.39

0.51
0.36

0.44
0.29

48
48

23
23

12.1
23.8
28.4
33.5
31.0
31.9
33.8

0.52
0.45
0.42
0.45
0.33
0.36
0.42

0.46
0.41
0.38
0.41
0.30
0.32
0.39

0.42
0.36
0.33
0.36
0.25
0.27
0.34

8
24
32
48
48
48
48

23
23
23
23
14
18
23

Comparing chromatograms obtained with contact periods of both phases of 48 hrs
and 65 hrs respectively, in the former case a shortening in the length of run and
consequently an increase in RFvalue was observed (table 12,A no. 7, 3).With the
longer period viz. 65hrs better separations of cholesterol and the phytosterols were
obtained. Still longer periods did not result in any significant improvement in the
separation of these sterols. The contact period therefore was standardized to 65hrs.
The quantities of paraffin oil dissolved in the acetic acid layer and of acetic acid in
the paraffin layer then amount to 0.04 and 1.9% respectively. The data obtained
with varying degrees of impregnation (table 12,A no. 1-6) imply that the best separationofcholesteroland themajor phytosterolswasaccomplishedat an impregnation
of 0.09-0.10gparaffin oil/gof paper. An accommodation of thepaper with vapours
of the mobile phase during 16hrs gave better reproducible results than after shorter
periods of e.g. 8hrs.
Atlongertimesofdevelopment ofachromatogram (e.g.from 8to48hrs)thelength
of run isincreased proportionally and the RFvalues are decreased slightly. The best
possible separation of the major sterols is obtained after a time of development of
48hrs(table 12,Bno. 1-4).With stilllongerperiods thesterolbandsbecome diffuse,
thus hampering a clear separation. The migration speed of the solvent front is also
increased at higher temperatures. A rise in temperature from 14°to 25°C gives rise
to a small increase in RF value (table 12,Bno. 5-7). A time of run of 48hrs and a
constant temperature of 23°C were selected as the best and most practicable conditions.
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Flo. 24. Influence of water content of the mobile phase on the Rp and RM values of ergosterol (1),
cholesterol (2), and /S-sitosterol (3).

*he water content of the mobilephaseconsiderably affects the RF values.The graph
of RF valueversuswatercontentpresentsarapidlydecreasingcurve.Apredominantly
"near relation is found between the corresponding RM values and the water content
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(fig. 24). According to SOCZEWINSKI et al.(1962) in ideal partition chromatography
a linear relation between RM value and composition of the mobile phase is found,
when investigating systems that consist of a two-component solvent practically immiscible with the third component (an organic liquid). The studied system on the
whole fulfils this requirement.
Cholesterol and the two major phytosterols are most clearly separated at a water
content of themobilephase ofabout 16%.Thedistancebetween thetwo phytosterol
bands then amounts toabout 0.6 cm. Usingdifferent water contents e.g. of 23% and
9%, thisdistance isreduced respectively to about 0.1and 0.3cm. On thebasis of the
above data the following conditions were selected: time of demixing 65hrs; time of
accommodation 16hrs;timeofdevelopment48hrs;degreeofimpregnation0.09-0.10g
paraffin oil/g; temperature 23°C (seealso experimental procedure, paragraph 2.3.2).
Withtheseconditionsthehighest"degreeof separation" (German: Trennschärfe) of
sterols suchascholesterol, stigmasterol, and /3-sitosterolhas beenaccomplished. The
eminent suitability of the studied system can be illustrated by comparing the separation of these sterols with that ofthe higher fatty acids on the same chromatogram.
Thebands ofthethreesterolsareall situated inbetween those ofpalmiticand stearic
acid, which differ in only two methylene units. The distance between the bands of
cholesterol and /9-sitosterolamounts to about 2.5cm.
3.2.2 Features of the partition process
The degree of approximation ofthe idealpartition process in our systemwas studied
moreindetail.Inonlya fewinstancesthebehaviour ofboth phasesin reversed-phase
paperchromatography hasbeeninvestigated. KAUFMANNetal. (1958b)havedescribed
the characteristics of the system: undecane (0.31 g/g)/acetic acid-water (85 :15),
which has been applied to the fractionation of the higher fatty acids. They found
thatfarther from thestartingpointtheamountsofboththestationaryandthemobile
phase decrease gradually. DE Zorn et al. (1959) have studied in the same way the
system petroleum (0.06 g/g)/acetic acid-water (90 :10and 98 :2). With the mobile
phase acetic acid-water (90 :10)they likewise observed a decrease in the amount of
petroleum in the several zones of the chromatogram, but significantly smaller than
in the system studied by KAUFMANN et al. However, using the mobile phase acetic
acid-water (98 :2) a slight increase in the petroleum content for the various zones
was reported. In both cases they found a decrease in the AjJAs values on the zones
of the chromatogram respectively from 5.27 to 3.3and from 25.4 to 8.8.
In oursystem(0.10gparaffin oil/g)thepartition process wasstudied bydetermining
the amounts of paraffin oil and of mobile phase present in six subsequent zones of
the chromatogram, each representing 5cm of the distance (table 13).The amount of
paraffin oil increases slightly along thechromatogram (with about 10%).
Ontheotherhandtheamountof mobile phase (determined asaceticacid) present in
the zonescloser to the solvent front is significantly lower. Asa result of both effects
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TABLE 13 Amounts ofstationary and mobile phase inthesubsequent zones of fourchromatograms

Zone
cm
0-5
5-10
10-15
15-20
20-25
25-30
front

Amount of paraffin/
100cm2 in mg
I

II

III

91.0
83.6
94.2
97.0
98.2
98.2

77.2
86.0
89.2
92.2
91.6
97.6

111.0
107.4
110.8
115.6
110.8
117.2

Amount of 84% acetic
acid/100 cm2 in mg
IV

I

II

III

IV

93.4 1373 1370 1351 1376
103.0 1255 1323 1277 1321
109.6 1181 1205 1075 1000
113.6 988 963 833 713
113.4 705 624 322 260
119.0 315 283 132 131

AL JAs value

I

II

III

IV

Mean
values

15.1
15.0
12.5
10.2
7.0
3.2

17.7
15.4
13.5
10.4
6.8
2.9

12.2
11.9
9.7
7.2
2.9
1.1

14.7
12.8
9.1
6.3
2.3
1.1

14.6
13.3
10.0
8.5
4.6
2.0

the AilAs values for the various zones decrease linearly from about 14.6 (start) to
2.0(front) (seethedata oftable 13).Theslightincreaseinamount ofstationary phase
along the chromatogram isin contradiction with the results obtained by KAUFMANN
and partly also with those of DE Zorn.
Consequently, in our system no constant valuefor the AL/AS factor onachromatogramapplies.However,westilltriedtoascertainthevalidityoftheformula a= AL/AS
(\/RF —1)by applying an average of the AL/AS values,belongingto those zones of
thechromatogram to whichthesterolbandshaveascended.Thepartition coefficients
of two sterols have been determined experimentally.
After the standardized demixing period of 65 hrs both liquid phases of an acetic
acid-water-paraffin oil(volumeratio:336 :64 :30)mixtureareseparated.Anamount
of about 10mg of sterol is dissolved in 10ml of the paraffin layer. This solution is
shakenvigorously with 10mlof the aceticacid layer.After 65hrsthe twophasesare
se
ParatedagainandtheirsterolcontentsaredeterminedbytheLIEBERMANN-BURCHARD
colour reaction.
Fr
om total amounts of 20.0 and 20.1 mg of /2-sitosterol partitioned between both
Phases,quantities of 19.7and 19.4mgwere found in the paraffin layer and 0.99 and
1-0 mgin the acetic acid layer respectively. From these data partition coefficients of
19
-9and 19.4are derived. Similarly, 20.0 mg of cholesterol was partitioned, yielding
quantities of 18.6 mgand 1.32 mg in the paraffin and acetic acid layer respectively,
^ s indicated a partition coefficient for a cholesterol(exp.) = 14.1. Supposing the
mean RF values of /9-sitosterol and cholesterol in this system to be 0.31 and 0.43
respectively, the sterol bands would be situated on the third zone (10-15cm) of the
ehromatogram. The average AL\AS value of the first three zones amounts to 12.6.
Substituting the above data into MARTIN'S formula a = AL/As (I/RF — 1) the
ollowing "theoretical" partition coefficients were derived.
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a ^sitosterol = 12.6 (1/0.31 — 1) = 28.0
a cholesterol = 12.6 (1/0.43 — 1) = 16.7.

The reasonable agreement between these roughly evaluated "theoretical" and the
experimentally estimated partition coefficients is indicative of the applicability of
MARTIN'S formula in reversed-phase chromatography. This also givessome indication
as to the near-ideal nature of the partition process in the studied system.

3.3

C O R R E L A T I O N S B E T W E E N S T R U C T U R E A N D RM V A L U E S

3.3.1 RF and RM values of a group of sterols
In order to study the relationships between structure and migration rates, the RF
values of a number of sterols, provitamins, and tetracyclic triterpenoids were determined in the studied system. The procedure described in chapter 2, with a degree
of impregnation of 0.15-0.16 g paraffin/g paper, was adhered to. Although this procedure was closely standardized, deviations in the external conditions, especially in
the degree of impregnation might produce small variations in the Rp value. These
disturbing effects were partly eliminated by spotting a reference compound viz. cholesterol on every chromatogram. The relative Rs values of the sterols etc.are expressed
as the fraction of the distance travelled by this standard steroid (table 14,column 1).
Each value is based on at least four independent determinations. The mean RF value
of cholesterol 0.34 was derived from numerous experiments. In an earlier communication (COPIUS PEEREBOOM 1961) we have determined the RF values of the various
sterols by taking the arithmetic average. When a chromatogram showed an RF value
of cholesterol deviating from this mean value, the RF values of the other sterols were
corrected by multiplication with the factor:
mean RF chol.
exp. RF chol.
Although this procedure is applied often in paperchromatographic studies, it is
theoretically incorrect. It is based upon the supposition that bycalculating Rs values
a sufficient correction is obtained for varying experimental conditions. This is not
substantiated for mathematical treatment of RM and ARM valuesinstudies concerning
the correlation between RM values and sterol structure.
We therefore have followed the advice given by BUSH (1961) and have corrected our
experimental RF values by way of their RM values. In this procedure the RF values
of the reference viz. cholesterol and of the other compound are converted directly
into their RM values. The RM of the compound is then corrected by multiplication
with the factor:
mean RM chol.
exp. RM chol.
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The mean of these corrected RM values is given in table 14, column 2.T h e corresponding RF a n d Rs values then a r ederived bycalculation. However, wefound only
minor differences between these corrected Rs values (column 4)a n dthe experimental
ones (column 1).T h e RF values are based o nthe distances t othe centre ofthe bluegreen coloured b a n d s .
Pure preparations
The studied c o m p o u n d s were pure preparations having chemical characteristics o n
the whole corresponding with those reported intheliterature. Generous gifts of pure
compounds were made byseveral scientists a n dcompanies viz. sterol n o . 13(table 14)
from P R O F . D .H .R. BARTON F . R . C . (London), n o7from D R .A .KUKSIS (Canada),
no 11from P R O F . W . K L U N E (British Medical Research steroid collection), theno's 10,
14, 16from N . V .P H I L I P S - D U P H A R (Weesp), t h en o ' s4, 19-27, 36from ORGANISCH
CHEMISCH LABORATORIUM DER RIJKSUNIVERSITEIT a t Leiden, n o 10 from the N . V .
K O N I N K L I J K E NEDERLANDSCHE G I S T - EN SPIRITUSFABRIEK (Delft), t h e n o ' s 2 8 - 3 1 from
E>R. M . J. D . VAND A M( N . V . K O N .SAJET- EN VUFSCHACHTFABRIEK, Veenendaal), t h e

n o ' s 2 , 18, 39, 43 from t h e UNILEVER RESEARCH LABORATORIUM (Vlaardingen), a n d
the n o ' s 35, 41 from t h e LABORATORIUM VOOR A N O R G A N I S C H E EN FYSISCHE CHEMIE

DER RIJKSUNIVERSITEIT a t Leiden. The no's 3 3 , 3 4 , 3 7 , 3 8 were purchased from A L D R I C H
CHEMICAL C o . ,A 3-cholesterol acetate ( n o 3) from CALIFORNIA CORPORATION FOR
BIOCHEMICAL RESEARCH, a n d n o 6 from L I G H T A N D C O .

The brassicasterol (7-dihydroergosterol) preparation wasof high purity (melt. p .
149°C, a D (CHci 3 ) = —60°). Itsisomer 5-dihydroergosterol h a s been prepared synthetically. Besides these dihydroergosterol isomers, t h ecoconut fat phytosterols b e longing t othethird band a r ealso listed inthetable. T h estructure ofthese third-band
Phytosterols is supposed t obeisomeric with that ofbrassicasterol, aswill be discussed
m
chapter 4. T h esample ofp a r k e d wasisolated from shea n u t fat.
Besides the major b a n d s , coloured with phosphomolybdic acid, the lumisterol,epilumisterol, a n d7-dehydrocholesterol samples show bands with RF = 0.60-0.63, which
cannot becoloured with this reagent, butcanbevisualized as fluorescent b a n d s under
U.V. radiation of 365 nm. T h esample of A 4,6,8(14)-cholestatriene exhibits t w o
fluorescent bands, a small one with RF = 0.21and themajor spot with RF = 0.60.
Both bands produce n ocolour u p o n treatment with phosphomolybdic acid. With this
re
a g e n t a blue b a n d with RF = 0.12 a n da strong spot atthestarting point are shown.
Comparing these RF values with those of e.g. cholestane a n dlumisterol, t h e main
band {Rp —0.60) should be attributed tentatively t o cholestatriene. Most of t h e
substances were visualized byspraying with a nethanolic phosphomolybdic acids o ution. With this reagent cholestane-3-one, " J 3 - c h o l e s t e n o l " , coprostanol, dihydroolesterol a n d t n e * r acetates yield yellow bands o nthe c h r o m a t o g r a m (at a m o u n t s
of a b o u t 100/ig). U p o n spraying with a nacidified 2,4-dinitrophenylhydrazine solution
e
a m p l e s ofcholestane-3-one a n d *\d3-cholestenol" b o t h showed a yellow b a n d a t
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Rs value of 0.57. With the same reagent a chromatogram of A5-cholestene-3-one
revealed two bands at high Rs values, the major at Rs = 2.76 and the minor one
at Rs = 2.26.
Ofeverycompoundasufficient quantitywasspottedtoensurethatafterthecolouring
a small but clearly visible band appeared on the chromatogram. In the case of the
normal J5-sterols such as cholesterol, stigmasterol etc. amounts of 5-15 fig were
spotted.
3.3.2 Critical pairs of sterols
According to the additivity rule of MARTIN the relationship between RM values and
the number of carbon atoms in a homologous series generally should be linear. This
relationship has been established in many cases e.g. in the separation of cholesterol
esters in reversed-phase systems (a.o. ZIMMERMANN 1956) and the fractionation of
estersofergosterolandvariousphytosterolsinaparaffin/propionicacid-water(90:10)
systembyKUKSISetal. (1960a).Thelatterauthorshaveobservedthattheintroduction
of a double bond in the sterol side chain or in the fatty acid chain (but not in the
nucleus) decreases the RF value to the same extent as a reduction in chain length by
twomethylene units. Thus the RF for stigmasterol butyrate will be equal to that
of ^-sitosterol acetate. They estimated that the effect of the introduction of one
nucleardouble bond is equal in RF value to shortening the fatty acid chain by
only one methylene unit. Analogous to the behaviour of the higher fatty acids
in systems such as undecane/acetic acid-water (95 :5), the sterol esters thus are
arranged in critical pairs. The compounds belonging to such a critical pair have
nearly the same RF values and cannot be separated by any normal reversed-phase
system.
When separating sterols in the studied system a comparable situation is found. A
nearly linear relationship is observed when the RM values of A5 mono-, and diunsaturated sterols are plotted against the difference of the number ofcarbon atoms
(n)and that of the double bonds (m) (fig. 26). In this investigation this difference is
denoted further on by the symbol Nc (viz. Ne = n-m). Its meaning is completely
analogoustothat ofthe"papierchromatographischeWertzahl"(pcW = n-2m),introduced by KAUFMANN et al. (1960) in their study concerning the separation of the
higherfatty acids.Becauseofthisnearly linearrelation thesterolsfor thegreater part
follow theadditivityruleof MARTIN (COPIUSPEEREBOOM 1961).TheNevaluesofother
sterols a.o. those with conjugated systems are found experimentally by substituting
their RM values in thisgraphanddeterminingthenearest Ncvalues.The introduction
of a double bond in the molecule produces an increase in polarity (increase in RF
value and decrease in RM value), which is approximately equal to that caused by
shortening the length of the carbon chain by one methylene unit. Therefore, 7-dehydrocholesterol(2FC27),ergosterol(2FC28F)2,zymosterol(FC27F),anddesmosterol
(FC27F) have nearly equal RM values. On the basis of the above definitions these
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FIG. 25. Paperchromatography of sterols in paraffin/acetic acid-water (84 :16).
spot I. 20/ig of vitamin D2.
spot2. 40 //g of lumisterol.
spot 3. 50 fig ofa mixture of cholesterol acetate, dihydrolanosterol, /^-sitosterol,
stigmasterol. cholesterol, and ergosterol.
spot4. 250/ig of technical wool-fat alcohols.

sterols all have the same Ncvalue viz.25and thus belong to a "critical pair".
TABLE 15 "Critical pairs"ofsterols,classified bytheir Nc values;Nc = n—m (n is the number of
carbon atoms and m the number of double bonds in the molecule).

ft.

m=0

m= 1

25

m= 2

m= 3

No. band

zymosterol, ergosterol,
FC27F;
2FC a 8 F
7-dehydrocholesterol,
2FCs7

26

cholesterol,
FC27

Rp values RM values
0.4O-0.47

0.05-0.18

brassicasterol,
FC28F;
22-dihydroergosterol,
2FC,8

3

0.33-0.37

0.23-0.31

ai-sitosterol,
FC2 9 F;
stigmasterol,
FC2»F;
7-dehydro^-sitosterol,
2FC29

2

0.25-0.33

0.31-0.49

1

0.20-0.24

0.50-0.60

0.14-0.17

0.70-0.80

27

campedihydrocholesterol,, sterol,
FC28;
C27
J7-ergostenol,
FC 2 8

28

dihydro- ^-sitosterol, a2-sitosterol,
campeFC2»
FC30F;
sterol, CÏ8
lanosterol,
FCsoF

29

dihydro- dihydrositosterol, lanosterol,
Ct»
FCso

30

tetrahydrolanosterol,
C30;

tetrahydro
aj-sitosterol,

Cao

8 Tu

'

The abbreviated formula 2FCisF means a sterol structure with 28 C atoms. The 2F before and
the F after Cas corresponds to the number of double bonds in the sterol nucleus and in the side
c
hain respectively.
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Othercriticalpairsare constituted by cholesterol (FC27), brassicasterol (FC28F), 22dihydroergosterol(2FC2s)—withNe= 26—andbycampesterol(FC28),stigmasterol
(FC29F)witha Ncof27.Dihydrocholesterol (C27)isatthemarginofthelattercritical
pair.Intable 15sterolswithequalNcvaluesarearrangedhorizontally,thusindicating
the various "critical pairs".
Sterols belonging to the same band still may exhibit some difference in theirRM
values. However, this difference is too small to permit a separation under normal
conditions. Besides the separation of cholesterol and the two major phytosterols the
studied systemalsoenabled separation ofthetetracyclictriterpenoid alcohols present
in wool fat viz. lanosterol (FC30F) and 24-dihydrolanosterol (FC30),as is shown in
fig. 25.Itis,however,impossibletoseparatetheothertriterpenoid alcoholsagnosterol
(2FC30F) and 24-dihydroagnosterol(2FC30)both havinga system of two conjugated
doublebondsviz./17(8),9(11).Furthermore aseparation ofvitaminD2(3FC2gF)and
dihydrovitamin D2(3FC2s)appeared tobeimpossible.Bothsubstanceshaveasystem
ofthreeconjugated doublebonds,whiletheformer hasanadditional, non-conjugated
double bond in the side chain.The presence of such conjugated systems might be of
great influence. These conjugation effects, therefore, were studied more in detail.
3.3.3 Calculation of ARM values
Theincorporation ofanethylenic linkage can beaccomplished inseveralparts of the
molecule.Wecandistinguishtheintroduction ofadoublebondeitherinthesidechain
or in the nucleus of the molecule. In the former case the double bond will be nonconjugated, whereas in the latter case the double bond may form part ofa system of
two or even three conjugated double bonds. In table 16severalinstances ofall three
alternatives and of the resulting ARM„ values are given. Since generally the introduction of another double bond causes a decrease in RM value (RM2 < RMI), the
resulting ARMI value mostlyisnegative. (RM2— RMI = ARM~C —In A/x^~c /RT).
TheARM values ofgroupA oftable 16vary between —0.05and —0.24with a mean
value of—0.15. If the double bond forms part of a system of two conjugated
double bonds, the mean of the ARM values in this group viz. B is slightly smaller
viz. about —0.08. As compared with the ARM value of group A viz. —0.15,
in this case a correction term of +0.07 due to conjugation effects |has to be taken
into account. An exceptionally high positive value is found for theconversion lanosterol -*•agnosterol.
ByU.V.irradiation of 7-dehydrocholesteroland ergosterol the B-ringofthenucleus
opens and a system of three conjugated double bonds in the resulting vitamins D3
and D2 is produced. The ARM value for this conversion amounts to +0.06. It was
found that in a critical pair, sterols with conjugated double bonds generally have
higher RM valuesthan those havingonlynon-conjugated double bonds.Thusthe RM
valuesof7-dehydrocholesterol (2FC27)anddihydroagnosterol (2FC30)arehigherthan
those of zymosterol (FC27F) and lanosterol (FC30F)respectively.
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A#£n)- - + oog

IàR%n>-- +0.1!

FC30^ _
—0.08 "

2FC30

In this case a value of AR%n!-of +0.10 is obtained, which should be correlated
with the correction term of +0.07 due to conjugation effects.
The introduction of a methyl group or the lengthening of the side chain with one
methylene unit gives rise to an increase in RM value. From the data of table 17a
TABLE 16 Effect of the introduction of another double bond on the RMvalue

A The double bond, introduced into the molecule, is not a part of a
conjugated system

c =c +c =c

•c =c ^ c = c
ARM,

cholesterol (FC27) -*zymosterol (FC27F)
campesterol (FCÎS) -*brassicasterol (FCssF)
^-sitosterol (FC29) -»• stigmasterol (FC29F)
dihydrocholesterol (Cj?) -»• cholesterol (FC27)
dihydrolanosterol (FC30) -»• lanosterol (FC30F)
22-dihydroergosterol (2FCss) -*ergosterol (2FC>8F)
^7-ergostenol (FCjg) -*• 5-dihydroergosterol (FC28F)
mean value

—0.24
—0.09
—0.13
—0.20
—0.19
—0.14
—0.05
—0.15

B The second double bond becomes part of a system of two conjugated
double bonds

c=c+c=c

>-c=c—c = c
ARM

cholesterol (FCs7> -*7-dehydrocholesterol (2FC2?)
dihydrolanosterol (FCso) -*dihydroagnosterol (2FCso)
lanosterol (FC30F) -*agnosterol (2FCsoF)
brassicasterol (FC28F) -»• ergosterol (2FC2sF)
campesterol (FC28) -*• 22-dihydroergosterol (2FC2s)
mean value

',

—0.16
—0.08
+0.12
—0.15
—0.10
—0.08

C The double bond forms part of a system of threeconjugated double bonds

c = c + c = c — c = c — * c =c—c =c—c = c
ARM,

ergosterol (2FC28F) -+vitamin D2(3FC2sF)
+0.03
7-dehydrocholesterol (2FC27) -*vitamin Ds (3FC27)
+0.06
22-dihydroergosterol (2FC2B) -*dihydrovitaminD2(3FC2«) +0.10
mean value
+0.06
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mean value of this AR™2 of +0.15 has been found. These AR™2 values agree
almost completely with those found when separating the higher fatty acids.The RF
(and RM) values of stearic, palmitic, myristic,and lauric acid, as determined in the
samesystem,respectivelyare0.21(0.58);0.33(0.31);0.50(0.00);and0.66(—0.29).The
AR™* value amounts to about 0.29, nearly equal to twice the AR™*value in
the sterolseries.Comparingtheseparation ofthesterolswiththat of the higher fatty
acids on the same chromatogram, the bands of a series of three sterols viz. ^-sitosterol,stigmasterol,and cholesterolallaresituatedinbetween those of palmitic acid
and stearicacid.
TABLE 17 Effect of the introduction of a methyl or methylene group
ABCH2

ARM

campesterol (FCjg) •+ ^-sitosterol (FC29)
+0.14
cholesterol (FC27) -»• campesterol (FCss)
+0.07
zymosterol (FC27F) -*brassicasterol (FC28F)
+0.22
brassicasterol (FCjsF) -*• stigmasterol (FC29F)
+0.11
5-dihydroergosterol(FC2sF.Al) -+a-spinasterol(FC29F,AT) +0.10
^-sitosterol (FC29) -+dihydrolanosterol (FC30)
+0.26
7-dehydrocholesterol(2FC2?) -»-22-dihydroergosterol(2FC28) +0.13
vitamin D3(3FC27) -*• dihydrovitamin D2 (3FCÎ8)
+0.17
mean value
+0.15

The equality of the AR%'C and AR™2 values (viz. —0.15 and +0.15) actually
causes the occurrence of thevarious criticalpairs.
There is no appreciable influence of the position of a double bond in the B-ring of
the nucleus,as isindicated bytable 18. The ARMS~*^7'* values show a considerable
variation with a mean value ofapproximately —0.02.
TABLE 18 Influence of the position of a double bond in the nucleus

1. cholesterol (A5) -*J7-cholestenol
2. brassicasterol (A5,22) -*5-dihydroergosterol 0d7,22)
3. campesterol (.45) -*• /17-ergostenol
4. stigmasterol (.45,22) -+a-spinasterol (.47,22)
5. desmosterol (J5,24) -+zymosterol (J8(9), 24)
6. cholesterol (A5) -*J3-cho!estenol
7. dihydrocholesterol -*J3<holestenol

ARM
—0.035
+0.01
—0.04
+0.004
—0.04»
+0.33
+0.13

However,whentheASdoublebondisshifted totheC3-position,ahighpositive ARM
valueviz. +0.33 is obtained (table 18,no 6). This highvalue is caused a.o. by the
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positiveARM valuefortheintroduction of a double bond in the unstableJ3-position
viz.<d/îC.c(zl3)= +0.13(table18, no 7).Obviously, in J3-cholestenol the degree of
H H

polarity of the HO—c=c—system does not agree with that based on the sum of
both groups separately. We thus were able to confirm that inthe mobile phase the
<43-cholestenol molecules are isomerized to their tautomeric keto isomers viz.
cholestane-3-one, thus exhibiting nearly the same RF value. This statement was
confirmed by the yellow colour of the z!3-cholestenol band upon spraying with2,4dinitrophenylhydrazine.
The "/d3-cholestenol" was freshly prepared by saponification of J3-cholestenol
acetate. Intheacetatethe occurrenceof suchisomerizationisnotpossible. Therefore,
the Rp values ofJ5-cholesterol acetate and /13-cholestenolacetate in reversed-phase
thin-layer chromatography are almost equal (cf. chapter 5). The AR^f* value
calculated from the RM values ofcholestane and cholestane-3-one viz. +0.22,therefore, corresponds with the sum of the values of AR™, and ARM~Ci/i3) (respectively
+0.06 and +0.13).
cholestane-3-one
'^3-cholestenol"

AR)j>n'
- +10.22

- + 0.13

dihydrocholesterol

ARJi +Ai
- + 0.33

AR OH

M '

+ 0.06

cholestane

ARCM~C
- — 0.20

cholesterol (-â5)

The ARa*me value, derived from the RM values of various sterols and their
acetates, amounts to approximately +0.55. The AR$-°H value is calculated from
the RM values of cholestane and dihydrocholesterol viz. +0.06. Unlike the effect in
normal systems, usually exhibiting high J J?0/1 values (KABASAKAUAN 1960), the
substitution of a Cs equatorial hydrogen atom by a hydroxyl group in this system
apparently exerts only a small influence on the RMvalue. The place where an alkyl
group occurs in the molecule exerts no great influence on the RM value. Therefore,
the RM values of related tetracyclic triterpenoid alcohols: lanosterol (FC3oF), dihydrolanosterol (FC30), and parkeol (J9(ll),24(25)-lanostadienol, FC30F), all of
which have two angular methyl groups at C4, for the greater part agree with the
graph offig.26.
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3.4

APPLICATIONS OF THE CORRELATION BETWEEN STRUCTURE
AND RM VALUES

3.4.1 Rules concerning the correlation and ARM values
From the above data the following rules concerning the relationship between sterol
structure and resulting RM value in the studied system can be formulated. They are
validin the case of sterols and related compounds, whichfor the greater part have a
stereochemical structure related to that of dihydrocholesterol (equatorial hydroxyl
group,ringjuncture A/Btrans).
1. The introduction of one double bond in the sterol molecule produces quite the
same decrease in RMvalue (of 0.15units) as a shortening of the carbon chain with
one methylene group.
2. Whentheethyleniclinkageformspartofasystemoftwoconjugated doublebonds,
a correction term of +0.07 units has to be applied.
3. The introduction of another double bond, which then forms part of a system of
threeconjugated doublebonds,againincreasestheRM value(withabout +0.06units).
4. The place of non-conjugated double bonds and of alkyl groups in the molecule
generally exerts no great influence on the RMvalue.
5. Upon altering the steric configuration ofthehydroxylgroupatcarbonatom 3,the
RM valuesaregreatly affected.
In the above parts several ARM values were derived:
AR™* = +0.15
ARM-C = —0.15
ARC-C-C-C

^Rc-c-c=c-c=c
ARMs^Al
AR$-°H
ARtf"
ARM

_ 2x —0.15 + correction termof +0.07 = —0.23
_ 3 X—0.15 + correction termof +0.28 = —0.17

= —0.02
= +0.06
= +0.22
= +0.55

The linear relationship between RMvalues and Nc numbers is shown infig.26.The
following numerical form of this relation has been calculated by the least squares
method: RM = 0.153(Nc— 24)—0.05.
By means of the above ARM values the R'M values of certain sterols and closely
relatedcompoundscanbecalculated.Inthesecalculationstheintercept RMO = —0.05
can be used as an initial value (at Ne = 24).The calculated R'M value of a sterol is
then found as follows:
RM sterol = RM0 + n AR^* + m ARM"C + correction terms for conjugation
and position effects.
72

The R'M values of a number of sterols were calculated and listed in column 5of
table 14.One of the best examples of sucha calculation is:
R'M dihydrovitamin D 2) 3FC28 = —0.05 + 4 x 0 . 1 5 —3 x 0 . 1 5 + 0.28 = 0.38
(experimental corrected value = 0.354).
On the whole the agreement between these calculated R'M values and the experimental ones (listed in column 2)appeared to be satisfactory.

FIG. 26. RM values of some sterols plotted against their Nc values (JV« = number of carbon atoms
minus number of double bonds).

3.4.2 Identification ofunknown sterols
% applying the above rules, governing the effect of various groups in the sterol
molecule upon RM values, important data concerning the structure of as yet unidentified sterols may be obtained. Studying the paperchromatography of steroids
KABASAKALIAN et al.(1960) and BUSH (1961) have derived ARM values for several
substituents in the pregnane nucleus. For a number of steroids of known structure
they have derived calculated RF values based on these ARM data. Good agreement
between calculated and experimental values was observed. BUSH (1961) has given a
thorough study of the application of such ARM values to problems of structural
analysis in the steroid group. Analogously, in the system: paraffin/acetic acid-water
(g4 :16) we may gain some indication as to the structure of unknown phytosterols
bv
using calculated ARM values. On the basis of these data, we will suggest in
chapter 4 a hypothetical structure of the "third-band phytosterols" isolated from
coconut fat.
Obviously, the reversed-phase systems described by other authors are suitable for
this purpose as well.The RF-NC graphs of the systems no. 12, 18,and 19of table 6
showalso nearly linear correlations (fig.27).
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3.4.2.1 Colour reactions
A tentative identification of unknown sterols may be facilitated byvarious colour
reactions.Inaddition totheverysensitivesprayreagentphosphomolybdicacid,more
specific colour reagents suitable for the detection of sterols were reported in the
literature a.o. antimony(HI)chloride, antimony(V)chloride, phosphotungstic acid,
silicotungstic acid, zinc(II)chloride with benzoyl chloride etc.An extensive review of
Rf Valu«
0.70 r
0,60 0.50 0,40 0,30 0.20 0.10 0.00 -

_1_ _ 1 _
25 26 27

_!_28_L_29

30

_1_
31
N c numb«r

FIG. 27. RF versus Ne graph in the reversed-phase systems, described by KODICEK (1954), SULSER
(1957), and DE ZOTTI (1959) (cf. table 6).

various colour reactions used in the paperchromatography of steroids is given by
NEHER (1958).
Wehave found several other reactions also suitable in identifying unknown sterols
a.o. trichloroacetic acid, calcium chloride, bismuth(III)chloride, sodium periodatepermanganate, urea, and dimethyl-p-phenylenediamine-m-toluylene diamine. Table
19 givesasurveyof the coloursproduced byninesterolsandrelatedcompounds upon
spraying the chromatogram with these colour reagents.
These more specific colour reactions can furnish some indication as to the structure
of as yet unidentified naturally occurring sterols. In special cases a differentiation
between the sterols belonging to the same critical pair may bebased on such colour
reactions. The colours produced by ergosterol and 7-dehydrocholesterol in some
reactions (a.o. IV, V, X) differ from those of zymosterol (FC27F) and related compounds.Thisdifferentiation wasapplied to the structural analysis ofthe phytosterols
ofpumpkin oil,which show a distinct fourth bandwithRs = 1.15onthe chromatogram.Thisbandbelongstothe ergosterol critical pair, but did not produce any of the
colour reactions indicative of ergosterol and7-dehydrocholesterol.Therefore,anonconjugated FC27Fstructurewassuggestedtentatively,aswillbediscussedinchapter6.
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3.4.2.2 Structure ofy-sitosterol
Asanotherexampleoftheapplicationoftheabovecorrelationbetweensterolstructure
and RM values,thestructureofy-sitosterolwasmadeamatterofcriticalconsideration.
Onthebasisoftheserulesitappearedlikelythat stericdifferences inthe configuration
of the alkyl group at C24would have noinfluence on the RMvalue. Sterols such as
/5-sitosterol, brassicasterol, and ergosterol have the 24-b configuration. On account
of molecular rotation data and other characteristics the stereoisomeric 24-a configuration is attributed to campesterol and y-sitosterol. The RM value of campesterol
probablyfitsinto the linear correlation given by the other 24-bsterols. Sincewehad
no sufficiently pure preparation of campesterol available, this statement is only
tentative. It is based on the RM value of the second band of purified soybean oil
sterols of which the stigmasterol fraction has been removed previously. In view of
theseexperimentsandthegeneralopinionthat separations ofsuchstereoisomerswith
reversed-phase partition chromatography can scarcely be attained ifat all, it is most
likely that the configuration at C24hasno influence on the RMvalue.The RFvalues
of24-b-ethylcholesterol(/3-sitosterol)and24-a-ethylcholesterol,whichisthegenerally
accepted structure for y-sitosterol, therefore, should beequal.The y-sitosterol preparation we received from DR. A. KUKSIS, still contained an impurity (^-sitosterol).
Upon paperchromatographic analysis this preparation shows a predominant band
with RF = 0.32 (70%asevaluated byplanimetry).Asecond minor band with RF =
0.24wasattributed to thecontaminating /S-sitosterol. RECOURT (1962)has confirmed
this estimation later on by gaschromatographic analysis of the same sample. The
gaschromatogram revealed a major peak of 70%with a retention time considerably
shorter than that ofthe accompanying /3-sitosterol peak.
Thebandwithan RF valueof0.32thushastobeattributed toy-sitosterol,indicating
a
-Neof 27. In the case of normal J5-phytosterols this Ne value would evidence a
structure with28carbon atoms.This isinpeculiar contrast to the generally accepted
C29H50Oformula and wouldsuggestadsüisO formulafor y-sitosterol. Infact inthe
literature there hasalwaysremained somedoubt asto thecorrect structure ofy-sitosterol.
OPPENAUER (1935) degraded y-sitosterol to dehydro-epiandrosteron. Thus y-sitosterol should have the same carbon skeleton as /3-sitosterol. DIRSCHERL et al.(1943)
found that oxidation of /?-,and y-sitosterol yielded d-, and l-6-methyl-5-ethyl heptanone-2 respectively. As the structure of /3-sitosterol is 24-b-ethyl cholesterol, y-sitosterol would be its stereoisomer 24-a-ethyl cholesterol. Most of the recent surveys in
this field indeed represent the formula of y-sitosterol as C29H50O. However, the
statements of DIRSCHERL are not conclusive and the deviating physical constants of
the available y-sitosterol preparations giveriseto some doubt.
SANDQVIST et al.(1931) already considered a formula lying between C27H46Oand
^•29H50O.On the basis of the differing molecular rotations of ß-and y-sitosterol viz.
^149 and —178 respectively, BERGMANN et al. (1947) concluded, "that y-sitosterol
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is not a C24-epimer of 22,23-dihydrostigmasterol or more likely that the samples
which have sofar been described containa more levo-rotatory component suchas
for example 22,23-dehydro-y-sitosterol". BERGMANN (1953) further stated: "As yet
however y-sitosterol hasnotyetbeen degradedtoanacid suchasA5-3hydroxynorcholenic acid which would prove beyond doubt that theconfigurations ofall other
carbonatomsarethesameasthoseof/S-sitosterol.Thepossibility, however unlikely
it maybe,hastherefore not completely been excluded that y-sitosterol maydiffer
from /3-sitosterolinthe configuration ofyetanother carbon atom suchasC20."
BERGMANN etal.(1947)demonstrated clionasterol, occurringincertain sponges,to
bea C24-epimer of/3-sitosterol.Aconsiderable lack ofagreement remainedbetween
theconstantsofy-sitosterol(melt.p. 143-148°C;a D= —41°to—45°)andofclionasterol (melt.p. 139°C;a D = —37°).Recently, KUKSISetal.(1960c) have confirmed
the existence of significant differences inthephysical constants of y-sitosteroland
clionasterol. RIEMERSMAetal. (1958), of the RIJKSZUIVELSTATION, already assumed
that the soybean phytosterol band with RF = 0.29also contains the y-sitosterol
fraction; later onthis tentative statement was definitely proven byourexperiments
(Copius PEEREBOOM 1961). Consequently, the y-sitosterol molecule would have a
carbon skeleton of28instead of29atoms. KUKSISetal.(1960a) have reported that
the RF values of y-sitosterol andseveral y-sitosterol esters in three reversed-phase
systemsarealwaysslightlyhigherthanthoseof/3-sitosteroland its esters.Therefore,

TABLE 19 (continued)

The colour reactions arecarried outonspots of 100/<gof sterol on Whatman no. 3 paper. The
degreeofimpregnation ofthe paper amounts toabout 0.12 g/gofpaper. The dried chromatogram
can
bedealt with inoneofthe following ways:
• Viewingthechromatogram under U.V. radiation of 365 nm.
"• Spraying with thefollowing reagents, noting thecolours produced in daylight and U.V. radian (365 nm).

tlQ

!• Asolution ofantimony(IIDchloride (50% inethanol). Heat 5-10min at 70°C.
J1- Asolution ofantimony(V)chloride (20%in chloroform).
*"• Asolution ofbismuth(III)chloride (33%inethanol). Heat some seconds at 60°C.
Iv
- Asolution ofcalcium chloride (50%in ethanol-water (1 : 1)).Heat 10-15 min at 80-90°C.
fluorescent spotsunder U.V.radiation of365 nm.
V. Moisten thechromatogram with trichloroacetic acid, deliquesced with a few drops of water.
VI. Asolution ofphosphotungstic acid (15%inethanol). Heat some min at 60°C.
^ j j - Asolution ofsilicotungstic acid (25%inethanol). Heat some min at 60°C.
1!I
- A mixture of dimethyl-p-phenylene diamine and m-toluylene diamine (1 :1) (1% of the
m
'«ure inwater).
IX
- MILLON'S reagent (one part of mercury dissolved in two parts of concentrated nitric acid).
* " 2 -4 min at4O-50°C;spray again andheat.
x
- Asolution of urea inwater (50%). Heat 10min at 80°C. Fluorescent spots under U.V. radian t 365nm and254 nm.
**• A solution of sodium periodate ( 1 % in water). Spray after 15 minwith a 1%solutionof
Potassium permanganate.
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theyagreed withthehypothesis of RIEMERSMA.Consideringtheabovestatements and
especially in view of the rules between structure and RMvalues,wewould suggesta
C28structure for y-sitosterol to be the most probable.
3.4.3 Influence of different steric configurations
Compounds which,whenactivated properly, are converted into the various forms of
vitaminsD,aredenotedasprovitaminsD.Duringtheactivation thereoccursachange
involving the rupture of the B-ring of the nucleus between carbon atoms 9and 10,
the C10methyl group being converted into a methylene group. Ergosterol and 7-dehydrocholesterolaretheprincipalprovitaminsDoccurringinnature.Uponactivation
with U.V. radiation they yield vitamin D2and D3respectively. Someprimary irradiationproducts,thelumisterols,stillretainthesterolnucleus,althoughwitha different
stereoisomeric configuration. Other irradiation products such as the tachysterols already have lost the typical sterol ring structure. Under special experimental circumstances vitamin D2can be converted into two other substances viz. pyrocalciferol
and isopyrocalciferol, bothbeingstereoisomers ofergosterol.Thesteric configuration
ofergosteroland oftheseC9,C10 stereoisomers viz.lumisterol,isopyrocalciferol, and
pyrocalciferol, are described in the literature as 10/?, 9a; 10a, 9/?; 10/3, 9/9; and
10a, 9a.

ergosterol

lumisterol

isopyrocalciferol pyrocalciferol

Configuration of the molecule: 3/3-OH;juncture A/B trans;
and 10/3, 9a
10a, 9/3
10(3,9/3
10a, 9a
RF(RM) values

0.43(0.11)

0.37(0.23)

0.43(0.12)

0.33(0.31)

The RF and RM values of these four stereoisomers in the studied reversed-phase
system are:0.43(0.11); 0.37(0.23); 0.43(0.12); and 0.33(0.31) respectively.These data
show that the RF values of provitamins possessing a /3-configuration at carbon atom
10arehigherthanthoseofthecorrespondingstereoisomerswithaC10 a-configuration.
The separation ofprovitamins with different stericconfigurations at carbon atom 10
i.e. ergosterol (10/?, 9a) and lumisterol (10a, 9/3) or isopyrocalciferol (10/3, 9/3)and
pyrocalciferol (10a, 9a) can beaccomplished. However, wewere not able to achieve
a separation of provitamins D with the same C10 configuration.
In the studied system the series of increasing RFvalues (decreasing RMvalues) and
consequently of increasing polarity of these four stereoisomers is:
10a, 9a < 10a,9/3< 10/3,9/3 < 10/3,9a
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The ARMT valuesconnected withthe difference in the stericconfiguration at the Cio
methyl group (10a and 10/?)are respectively:
9a, 10a ->9a, 10/3
9/3, 10a ->9/3, 10/3

ARMr = —0.20
ARMr = -O.U

Epi-lumisterol, having an axial hydroxyl group viz. 3a-OH, has an RF value (0.43)
higherthanthat oflumisterol,thusenablinga separation ofbothcompounds.Consequently
3/3-OH (10a, 9/3) -+ 3a-OH (10a, 9/3) ARMr = —0.10
Ifthestericconfiguration at carbonatom Csandat thejuncture A/Bisdifferent from
that of the dihydrocholesterol series, the RF value deviates considerably. The RM
valueofdihydrocholesterol (equatorial hydroxyl group: 3/3-OH,juncture A/B trans
viz. 3/3-OH, 5a) is much lower than that of coprostanol (axial hydroxyl group:
3/3-OH,A/B cisviz. 3/3-OH,5/3).
In reversed-phase chromatography a lower RM value corresponds with a higher
polarity of the solute. Obviously, coprostanol, having a hydroxyl group in axial
position,whichgenerallyisthermodynamically lessstablethaninequatorial position,
hasa lowerpolarity than dihydrocholesterol. Consideringthe STUARTmodelsofsuch
chair shaped cyclohexane rings, the six equatorial hydrogen atoms project from the
equatorofthemolecule.Thesixaxialhydrogenatoms,however,arearranged together
in two groups of three on the upper sideand three at the underside of the molecule.
The axial atoms or their polar substituents have less opportunity of contacting with
the solvent molecules. The influence of a polar substituent with axial configuration,
therefore, should besmallerthan withequatorial substituents (HAJS 1958).According
to BUSH (1961)an equatorial hydroxyl group thus has a larger ARMÇ value than an
axial hydroxyl group.
The difference in polarity of coprostanol and dihydrocholesterol, as shown in this
system, isindicated by:
3/3-OH,5/3 < 30-OH, 5a
and the corresponding ARMr value by:
3/3-OH,5/3->3/3-OH,5a
hydroxyl group:

axial

ARMr = —0.68

equatorial

This corresponds with the data reported in the literature concerning the polarity of
related C19 and C21 steroids in some normal chromatographic systems.
In general it has been found (NEHER 1958):
3a-OH, 5a < 3/3-OH, 5/3< 3a-OH, 5/3 < 3/3-OH, 5a
axial
equatorial
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This polarity sequence indicates that the polarity is dependent mainly on the axial
or equatorial position of the hydroxyl group at C3and only subordinately on the
conformations at the ringjuncture A/B.In normal systemsthe C19and C21 steroids,
having an axial hydroxyl group, thus exhibit a lower polarity than those with an
equatorial configuration. This difference usually enables a paperchroniatographic
separation to be made.
Epi-cholesterol (axial hydroxyl]group: 3ct-OH,AS) likewise has a lower polarity
(and hence lower RF value) than its stereoisomer cholesterol (equatorial hydroxyl
group: 3/5-OH,AS), the corresponding ARMT value amounting to:
3a-OH, AS •*3/S-OH,AS
axial

ARMr = —0.13

equatorial

Intheabovepartsofthischapterseveralaspectsoftherelationshipsbetweenstructure
and migration rate and of their application in practice has been reviewed.
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A P P L I C A T I O N S OF THE C H R O M A T O G R A P H I C
STEROL S E P A R A T I O N TO T H E ANALYSIS
O F FAT M I X T U R E S

4.1

ANALYSIS OF MIXTURES OF ANIMAL AND VEGETABLE FATS

Theseparation ofsterolsbypaperchromatographyhasdevelopedintoapowerful tool
in the analysis of mixtures of vegetable and animal fats. Occasionally, this method
also givessome indication as to the composition of mixtures of vegetable fats.
4.1.1 Analysis of animal fats
The identification of vegetable oils in an animal fat like butter fat is carried out by
thephytosterol acetate test, especiallyaccording to the modification of DEN HERDER.
As this test was designed as a qualitative identification procedure, an extension to
semi-quantitative evaluations met with difficulties. The paperchromatographic sterol
analysis, however, enables a reliable quantitative determination of the amount of
phytosterols and hence of the percentage of vegetable fat in butter. Nowadays the
interest in such a procedure is aroused again a.o. due to the necessity of analysing
artificial milk products like skimmed milk containing vegetable fat. Another application involves the quantitative evaluation of the percentage of vegetable products
admixed to pure dried whole eggs (Roos 1961). Using the normal paperchromatographic procedure, as described in chapter 2, small amounts of phytosterols can be
determined in cholesterol and viceversa.
Thesmallestpercentage ofcholesteroland ofthephytosterols whichcanbedetected
dependsontheamountofspottedsterolmixtureandonthesensitivityofthecolouring
reagent.Bystainingwithphosphomolybdicacidamountsaslowas0.5-1.0figofsterol
still can be visualized. The sensitivity of the normal procedure thus enables the detectionofabout 8-10% ofphytosterol orcholesterolinmutualmixtures.Thesmallest
detectable percentage ofvegetablefat depends inthefirst placeonthissensitivity and
secondlyontherespectivesterolcontentsoftheanimalandvegetablefats.Inmixtures
of butter fat and soybean oil, both having total-sterol contents of about 0.3%, an
adulteration ofbutter with 12%ofsoybean oilcaneasilybedetected (fig.28,spot4).
Vegetable oils with high total-sterol contents like rapeseed oil (ao= 0.55) can be
detected in even smaller amounts. A considerable increase in sensitivity isgained by
performing the chromatographic analysis with the fraction of the free sterols instead
of the total-sterol fraction. Most of the common animal fats contain sterol mixtures
with about 90% of free sterols, the quantity of cholesterol esters in butter fat thus
amountingtoabout0.03%.Invegetableoilsthefreeandbound sterolsaredistributed
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moreequally.Ina mixtureofvegetableandanimalfats thepercentageof phytosterols
in the sterol mixture isincreased byIsolatingthe bound sterols.As thepercentage of
bound sterols in coconut fat is of the same order as that of butter fat (0.03%), the
identification of 12%ofcoconut fat inbutter fat ispossiblein that way.Rapeseed oil
witha hightotal-sterolcontent and a high ratio ofbound to free sterolswasdetected
in amounts as low as 1-2%. In a more extensive calculation the following sterol
balance is obtained:
amount of bound sterols in butter fat:
0.03%
amount of bound sterols in rapeseed oil: 0.32%
In a mixture of both fats
2%of rapeseed oilcontributes:
98%of butter fat contributes:
Total-sterol content:

0.0064%phytosterol
0.0294%cholesterol
0.0358%

Thepercentageofphytosterolinthismixtureamountsto64/358 x 100= 18%,which
iseasily detectable bypaperchromatographic analysis. For practical reasons wehave
toconsider especially theadulteration ofbutter with margarine fats. Although the fat
composition of commercial margarines varies considerably, we mostly found totalsterol contents of0.10-0.25%,for a third to a half in the bound position. In spiteof
the presence of someanimal fat in a sample of margarine, wewere able to detect an
amount of 8.5%ofthat margarine (ao= 0.1%)inbutter fat byanalysing the boundsterol fraction (fig.28,spot 3).When spotting higher amounts on thechromatogram
viz. 50-100 pg of sterols, the smallest amount of phytosterol detectable in mixtures
with cholesterol was decreased to about 1.5%. The presence of 6% of coconut fat in
butter thus wasdetected byanalysis ofthetotal-sterol fraction, whereas only2.5%of
the same fat wasfound by analysing the bound sterols (fig. 29,spot2).
4.1.2 Analysis of vegetable fats
Apart from this sterol analysis, no reliable quantitative method for the detection of
small amounts of animal fat in mixtures with vegetable fats was reported in the
literature. Although the so-called BERTRAM colour reaction with trichloroacetic acid
wasbelieved to be indicative for the presence ofall types of animal fats, lard givesa
negative result, whereas on the other hand a positive colour reaction is obtained
with soybean oil. Some other tests werealready mentioned inchapter 1 part 6.Some
indicationastothepresenceofanimalfat couldbeobtainedbyclassicalsterolanalysis
viz. by the sterol content and the melting point of the acetates. The limitations of
these methods were already discussed in chapter 1.
Areliableprocedure for thedetection ofsmallamounts ofanimal fats and especially
of lard was badly needed for analysing the so-called vegetable ghee exported from
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FIG. 28. Detection of animal and vegetable fats in mutual mixtures.
spot I. cholesterol from lard.
spot2. free sterols of margarine with 8% of lard.
spot3. bound sterols of butter with 8.5% of margarine.
spot4. total-sterol fraction of butter with 12°,, of soybean oil.
spot5. soybean oil phytosterols.

FIG. 29. Detection of animal and vegetable fats.
spot I. free sterols of cottonseed oil with 2°„ of White grease.
spot 2. bound sterols of butter with 4° 0 of coconut fat.
spot 3. free sterols of palm oil with 5 ° 0 of lard.
spot4. free sterols of palm oil with 2.5° 0 of White grease.
spot5. butter cholesterol.

Western Europe a.o.to theNear and Middle East. Because of religiousprohibitions,
admixtures of thesevegetable fats with the body fats ofcowsand pigsand especially
with refined inedible animal fats e.g. White grease, are undesirable. For the greater
part this problem could be grappled byapaperchromatographic detection of cholesterol inthe sterol mixture.Bythe above procedureapercentage of 8-10% ofcholesterolisdetectable on thechromatogram. Thisenables the detection ofan admixture
e.g. of about 10%of lard (a0 = 0.08%) in palm oil (a0 = 0.03%) (fig. 22, spot 2).
The sterols from this fatmixture consist for 1/10 X0.08 = 0.008% of cholesterol
and for 9/10 X 0.03 = 0.027% of phytosterols. The percentage of cholesterol in the
mixture thus amounts to 8/35 X 100= 23%,which can easily be detected.
Obviously, the smallest detectable amount ofanimal fatdepends on the limitof
sensitivity ofthepaperchromatographic method and on therespective sterol contents
of the animal and vegetable fats. Because ofthe high free-sterol content ofmost
animal fats, the sensitivity ofthe method isincreased by analysing the free-sterol
fraction. When the free sterols of palm oil-lard mixtures are analysed, quantities of
5% oflard and ofevenof 2.5% of therefined inedible fat Whitegreasegivea clearly
discernible cholesterol band (fig. 29,spots 3,4)
The composition of margarines alleged to be of pure vegetable origin was tested by
this procedure. Paperchromatographic analysis ofthe free sterols could detectan
admixture of 8% of lard to the vegetable margarine fat (phytosterol content 0.1 %),
as isshown infig.28, spot 2. By spotting higher amounts of sterols i.e. 50-100fig
smaller amounts of animal fatwill be detectable. Amounts of 4% of refined White
grease incottonseed oil (ao = 0.37%) were detected by the total-sterol procedure,
whereas the presence ofonly 1 %ofthis fatcan be established by analysis ofthe
free-sterol fraction. Inasterolbalance this 1 %ofWhite grease willcontribute about
0.003% offree cholesterol.The 99%ofcottonseed oilcontainsabout 0.158%of free
phytosterols. Byspotting 50fig of this sterol mixtureacholesterol band of 3/161 X
50fig = 0.9figmay be expected, which exceeds the limit of sensitivity of the colour
reaction.

4.2 COMPOSITION OFTHE STEROL MIXTURE

The knowledge of the composition of sterol mixtures can be applied to many other
problemsoffatanalysisthanthosedescribedabove.Therefore,athorough knowledge
of all sterolvaluesof the commonvegetableandanimal oilsappeared tobenecessary
(cf. table2,chapter 1). Wehaveanalysedagreatnumber ofoilsandfats3, determining
8
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the following data of the total-sterol fraction and of the fractions offree and bound
sterols viz. sterol content, melting point of the acetates, composition of the sterol
mixtureasevaluated bypaperchromatography,andthearachidonicacidcontent.The
data are compiled in table20.
These data give an insight into the sterol values and their natural variability. The
analysisofsterolmixturesthencangivesomecluetomanyproblemsoffat chemistry.
In the past, a reliable analysis of naturally occurring phytosterol mixtures was only
possible by laborious purification procedures, for the greater part of a qualitative
character. Onlya few quantitative methods,using special analytical techniques,have
beenpublisheda.o.thedetermination ofstigmasterolincrudesoybeanoilphytosterols
by an isotope dilution technique (DONIA 1957) and by infrared spectrophotometry
(JOHNSON 1957). The paperchromatographic sterol analysis enabled us to confirm
many of the semi-quantitative data concerning phytosterol compositions that have
been reported.
BONSTEDT(1928)and others (see ELSEVIER'S ENCYCLOPAEDIA 1952)have established
the presence of about 25% of stigmasterol and 4% of campesterol in soybean oil
sterols. The bulk of this sterol mixture, however, is made up of ß-, and y-sitosterol.
Ourpaperchromatographicanalysisrevealsnearlyequalamountsoffirst-band(mainly
/^-sitosterol) and second-band phytosterols (campesterol, y-sitosterol, and stigmasterol).A separate chromatographic determination of the stigmasterol content could
be accomplished by reversed-phase thin-layer chromatography of the sterol acetate
bromides, as will be discussed in chapter 5. The percentage of stigmasterol on the
chromatoplate wasroughlyevaluatedat 30.Thepercentageofy-sitosterolandcampesterol then is approximately 20. The sterol balance of soybean oil thus amounts to
approximately 50%of /9-sitosterol,30%of stigmasterol,and 20%ofy-sitosteroland
campesterol. The absence of considerable amounts of stigmasterol in cottonseed oil
and tall oil, as reported by WALLIS et al. (1937) and by HASSELSTROM (1949) respectively, was confirmed in our chromatographic procedure by the lack of any
detectable second band.
Ingeneralsterolvaluesarenotaffected bythedegreeofrancidity ofthefat. Samples
crude and refined soybean oil, oxidized during 8 hrs at 100°C in a SWIFT test tube,
have similar amounts of first-, and second-band phytosterols as the untreated oil.
VITAGLIANO (1961)found that the melting points of the sterol acetates isolated from
vegetable seed oilsand animal fats remained constant during oxidation of these fats.
As an exception the phytosterols of olive oil were proved to be more sensitive to
oxidation. High meltingpoints ofthesterolacetateswereobserved whentheperoxide
number of the olive oil exceeds 25. On the other hand excessive heatingof afat at
high temperatures can have a great influence on the sterol composition. MARCUSSON
et al.(1913)have already observed that after heating a vegetable oil at high temperatures a significant decrease in the free-sterol content and a discolouration of the
free-sterol digitonides are found.
84

Wehavestudied thisphenomenon to someextent, restricting ourexperimentstothe
heating of soybean oil. Samples of refined soybeanoil,containing50%offirst-,and
50% of second-band phytosterols, were heated at a temperature of 220°C. After a
heating period of 10-16 hrs paperchromatographic analysis revealed a distinct third
band. On prolonged heating this band disappeared again. During this treatment the
sterol content of the oil decreased from 0.38% to 0.21%. Simultaneously, the levorotation of the sterol mixture is diminished from —33°to —21°. After heating the
soybean oilat a still higher temperature,viz.285°Cduring 10hrs,a sterolcontent as
low as 0.01%was observed.
Upon perusal of the data of table20several peculiar detailsare noticed. Thecholesterolofanimalfats ordinarilyispresentfor 70-90% inthefree state.Thepercentages
of free sterols incommon vegetable oils,however, vary to a great extent. Whereas in
soybeanoilthefree sterolsdominate (viz.65% ofthesterolmixture),thephytosterols
ofe.g.maizeoilareesterified for the greater part, leavingonlya smallamount inthe
free state (viz. 35%). Usually, the acetate melting point of the total-sterol fraction is
intermediate to the melting points of the free-, and bound-sterol fractions. The last
mentioned fraction mostlyshowsthelowest data. Thereported sterolacetate melting
points varyfrom 114.6°C(grapeseed oil)to 164.0°C(pumpkin oil).However,for the
common oils usually melting points in the range 125-135°C are found. The special
properties ofsomehigh meltingphytosterol acetates ofe.g.pumpkin oiland shea nut
fat willbe discussed in chapter 6.The phytosterol mixtures ofe.g.safflower oil,sunflower oil,crudeavocado oil,and grapeseed oilhavepeculiarly lowmeltingpoints for
theirsterolacetatesviz.120.7°;119.4°; 119.4°;and 114.6°Crespectively.After hydrogénationthe sterolcontent ofvegetable oilsisdecreased considerably. Becauseofthe
low sensitivity of the phosphomolybdic acid reaction in the case of hydrogenated
sterolslikedihydrocholesterol, thepaperchromatographic detection oftheseso-called
stanols in hardened fats meets with difficulties. However, these stanols can easily be
detectedbyreversed-phasethin-layerchromatography,aswillbediscussedinchapter5.
Regarding their phytosterol composition,the common vegetable oilscanbedivided
into two main groups. In thefirstgroup thephytosterols display exclusivelyfirstand
second bands in paperchromatographic analysis. Those of the second group also
contain some amounts of third-band phytosterols. To the first group belong a.o.
soybean oil, maize oil,unhydrogenated palm oil,cottonseed oil,safflower oil,grapeseedoil,wheatgerm oil,sunflower oil,andcocoabutter.Thesecondgroupcomprises:
rapeseed oil,coconut fat, peanut oil,sesameoil,and lesscommon oilslikecastor oil,
pumpkinoil,almondoil,nigerseed oil,tobaccoseed oil,shea nut fat and occasionally
also olive oil, palmkernel oil, hardened palm oil etc. All of them contain varying
amounts of third-band phytosterols. Because of this difference, the admixture of oils
belonging to the second group with those of thefirstgroup can be detected by sterol
analysis. For example admixtures of highamounts of coconut fat to palm and palmkernel oil; of rapeseed and peanut oil to soybean oil; of shea nut fat to cocoa butter
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are detectableby this method ofanalysis.In somelesscommon non-edible vegetable
oils we have found peculiar sterol mixtures. The sterols of some samples of crude
avocado oil (from the fruits of the tree Persea americana) and of almond oil (oleum
amygdalaeexpressum)havearemarkablecomposition.Onlyfirst-bandandthird-band
phytosterolswerefound,butwewerenotabletodetectanysecond-band phytosterols.
The alcoholic fraction of commercial wool-wax samples contains cholesterol, lanosterol,and dihydrolanosterol inquantitiesofabout 20%, 10%, and 10%respectively.
Cholesterol and these triterpenoids can be separated and determined quantitatively
using the investigated paperchromatographic system (see fig. 25). The major compounds of the wool waxviz. several types of acids and alcohols are not coloured by
phosphomolybdicacid and do not hinder the analysis.Generally,the method canbe
used for screening the composition of unknown phytosterol mixtures.

4.3

PROBABLE STRUCTURE OF THE THIRD-BAND PHYTOSTEROLS

In several vegetable oils we have found considerable amounts of third-band phytosterols, presenting the same RF value as cholesterol. The correlation between the
structure of a sterol molecule and the RF value in reversed-phase paperchromatography, derived inchapter 3,might give some indication concerning the structure of
these third-band phytosterols. On the basis of this correlation sterol structures such
asFC28F,2FC28,2FC29Fetc.withA5orAl doublebonds,allbelongingtothesame
critical pair, should be considered as possible.
Especially the phytosterols of rapeseed oil, known to be rich in brassicasterol, appeared to contain high quantities of third-band phytosterols viz. 10-25%.According
to the above-mentioned correlation, the RFvalue of brassicasterol should be similar
to that ofcholesterol, asboth belongto the samecriticalpair. Apure preparation of
brassicasterol (melt.p. 149°C, ao, CHCL3 = —60°) indeed showed an RF value
equal to that of cholesterol4. The phytosterols of the second group of vegetable oils
(e.g.rapeseedoil,peanutoil,sesameoil, coconutfat)all containconsiderablequantities
of third-band phytosterols. Concerning these peculiar phytosterols only scarce referencesoccurintheliterature.Onthebasisofthefollowingargumentswesupposethem
tohavestructuresisomericto thatof methyl-cholestadienol (FC28F)e.g. brassicasterol
(cf. CopiusPEEREBOOMEN ROOS1960a).
Byapplyinga parafiin/propionic acid-water system, KUKSIS ANDBEVERIDGE(1960b)
havealsoobserved thepresenceofsome"third-band phytosterols"inpurified hydrolysates of corn oil phytosterol esters. They supposed the structures to be similar to
those of the a-sitosterols. According to a statement of BARTON(1945),the structure
of the a-sitosterols is mostly described as similar to those of the group of tetracyclic
4
We gratefully acknowledge the generous help of PROF. D. H. R. BARTON F.R.S. fl-ondon), for
putting a pure preparation of brassicasterol at our disposal.
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triterpenoid alcohols: C29H48O or C30H50O. The triterpenoid alcohol lanosterol
(C30H50O, FC30F), which largely fits in with the above relationships, shows anRF
value (viz. 0.22) lower than that of the second-band phytosterols. On the contrary
thethird-band phytosterols,detected inthesereversed-phase systems,haveRFvalues
higher than that of the second band. MAZUR (1958) has proposed another structure
for ai-sitosterol viz. 4a-methyl-24-ethylideneZl7-cholestene-3/?-ol (FC30F). This
structure as well as the triterpenoid structure for ai-sitosterol would have a slightly
lowerpolarityascompared withthat ofstigmasterol.Thisdifference, however,would
not result in a higher RF value in these paperchromatographic systems, as stated by
KUKSISANDBEVERIDGE.Itisratherlikelythat suchsterolswouldhavealow RF value,
similar to those of ^-sitosterol and lanosterol. Therefore, it is improbable that the
third-band phytosterols ofcommon oilssuchascoconut fat arecomposed exclusively
ofsterols ofthesespecialtypes.Furthermore,thesespecialsteroltypesmostlyexhibit
a pronounced dextro-rotation,ascontrasted withthenormallevo-rotationofcoconut
phytosterols.
In view of the paperchromatographic data wealso have to consider the possibility
that the third-band phytosterols (or major parts thereof) might be constituted of
poly-unsaturated, conjugated sterols with structures such as 2FC28,2FC29F andRF
valuessimilartothat ofcholesterol.Concerningthepresenceinproducts ofvegetable
origin of such conjugated sterols, often denoted as provitamins D, many instances
have been reported. Considering this possibility, wehave investigated the properties
of phytosterol mixtures isolated from vegetable oils with high percentages of thirdband phytosterols.Becauseofthepossibleinfluence oftherefining process,thesterols
of both the crude and the corresponding refined oils were studied.
Wehavefound indeed that the phytosterol digitonides of crude coconut, palm, and
palmkernel oilhavecharacteristic U.V.spectra,closelyresemblingthoseofergosterol
and 7-dehydrocholesterol with maxima at 261,272,282,and 294 nm (fig. 30). Like
the greater part of the common edible oils,peanut oil showed the normal spectrum
of A5 non-conjugated sterols with very low peaks at these wavelengths. The preparation of small amounts of sterols from the digitonides is troublesome. It is also
somewhat risky in view of the possibility of changes in the composition during the
process. Therefore, we have attempted to measure the U.V. spectra of the sterol
digitonidesassuch,whichisbynomeanseasybecauseoftheirinsolubilityin common
solvents. Finally we found that a mixture of dimethylformamide-methanol (1 :9)
was a good solvent for U.V. spectrophotometry of sterol digitonides. To obtain a
clear solution an amount of e.g. 60 mg of sterol digitonide is dispersed in 1ml of
dimethylformamide and heated in a water bath. Then 9 ml of warm methanol is
addedandifnecessarythesolutioniswarmedonawaterbath. Spectrophotometrically
puregrades (MERCK) ofbothsolventswereused.Nodifferences werenoticed between
the shapes ofthe spectra ofdigitonidesand thecorresponding sterolse.g. cholesterol
and ergosterol.
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With this simple and rapid procedure we have investigated the properties of the
phytosterolmixturesisolated from some vegetable oils. Comparing the E\"^ values
ofthedigitonidesofcrudecoconut,palm,andpalmkerneloilatthemaximumof282
nmwiththat ofergosterol,wededuced the presenceofrespectively3.28-0.78-1.24%
ofconjugated sterolsin these three sterol mixtures (table21).
Thus the statements of HUNTER et al. (1942) and MELLIER (1951) concerning the
occurrence of about 1.3%of conjugated sterols in crude palm oil were confirmed.
The spectra of the sterol digitonides from crude palm and palmkernel oil closely
resemblethoseofcoconutfat.After refiningthecoconutfat,thespectrumofthesterol
digitonidesretainsthefour-band shape.However,thedigitonidesoftherefined palmkernel oil exhibit a spectrum analogous to that of normal phytosterol mixtures e.g.
from peanut oil. These normal phytosterol digitonides all show the sitosterol curve
devoid of significant maximaat the abovewavelengths.
TABLE 21 Composition of the phytosterol mixtures of some crude and refined oils

Sterols

crude coconut fat
refined coconut fat
crude palm oil
crude palmkernel oil
refined palmkernel oil
crude peanut oil
refined peanut oil
cholesterol
ergosterol
7-dehydrocholesterol

Sterol
content,
gravimetric

Percentage of the
phytosterols of the

£)°/rof

first second third
band band band

sterol
digitonides
at 282 nm

%

%

%

%

0.09
0.09

46
41

22
11

32
48

0.11
0.09
0.29
0.29

56
54
62
55

35
22
24
31

9
24
14
14

1 cm

Percentage
conjugated
sterols in
the sterol
mixtures

Absorbance
in the
LlEBERMANNBURCHARD

reaction
after 30min

%
0.220
0.100
0.052
0.083
0.045
0.016
0.016
6.7
7.0

3.28
1.49
0.78
1.24
0.67
0.24
0.24

0.05
0.14
0.09
0.11
0.09
0.11
0.23
ca. 0.30*
ca. 0.30*

• both fast-actingsterols.

The •£'i10Cm)2g2nm values and hence the amounts of conjugated sterols in the sterol
mixtures of refined coconut fat and palmkernel oil are decreased to about 50%as
compared withthose ofthecrude oils.Thepercentageofthethird-band phytosterols
of these oils,however,isincreasedconsiderablyafter the refiningprocess.
Another striking difference between the phytosterols of crude and refined oils is
shown in the LIEBERMANN-BURCHARD colour reaction, using an acetic anhydridesulfuric acid 9 :1 reagent. The reaction rates of the sterol mixtures of nearly all
vegetable oilsare rather slow (viz. slow-acting sterols)as contrasted with fast-acting

sterols such as ergosterol, 7-dehydrocholesterol, and z!7-sterols (fig. 31). The absorbance versus reaction time graph of a sterol mixture in this colour reaction is
characteristic of the sterol composition.
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FIG. 30. U.V. absorption spectra of the sterol digitonides of crude coconut fat (A), crude (B), and
refined (C) palmkernel oil, dissolved in dimethylformamide-methanol (1 :9) and measured with an
Unicam S.P. 700 spectrophotometer.

Thecurvesof/^-sitosterol,stigmasterol,and thesterolmixturesofmanyvegetableoils
all lie below that of cholesterol. The optimum extinction coefficient shown by e.g.
stigmasterolamounts toabout 50%ofthat ofcholesterol.Surprisingly,theextinction
coefficients ofthe sterols oftherefined oilswere significantly higher than those ofthe
corresponding crude oils (fig. 31). We mayassume that this difference willbe due to
the presence of specialphytosterol typesinthe refined oils.It hasbeen reported (a.o.
COOK 1961) that di-unsaturated, non-conjugated phytosterols such as brassicasterol
and fucosterol have higher reaction rates than A5mono-unsaturated sterols.
Consequently,itislikelythattheincreaseinabsorbanceintheLIEBERMANN-BURCHARD
reaction and theincrease ofthe percentages ofthird-band phytosterols are correlated
phenomena, probably caused by dehydrogenation of the sterols during the refining
process.Inviewoftheobserved reaction ratesofthecrudeand refined vegetableoils,
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the presence of a considerable amount of fast-acting sterols like conjugated or A7sterols is not probable. The amounts of conjugated sterols in the sterol mixtures of
coconut fat etc.,asgivenintable21,aretoo smallto account for the highpercentage
of third-band phytosterols.Furthermore, theamount of the latter sterols is increased
after therefiningprocess,whileontheotherhandthepercentageofconjugated sterols
isdecreased. Themajor fraction ofthethird-band phytosterols,therefore, should have
anon-conjugatedstructure.SincespecialstructureslikeAl nuclearbondsareexcluded,
a di-unsaturated C28-phytosterol skeleton with a AS nuclear double bond is the
most probable.
x
Reviewing theabove arguments, we suppose thethird-bandphytosterols ofcoconutfat
andprobably of other vegetableoilstoconsist ofdi-unsaturated, non-conjugatedsterols
of the methyl-cholesterol type(FC28F). Further indications as to the validity of this
hypothesis based on reversed-phase thin-layer chromatography of sterolacetates and
ofbrominated sterolacetates willbegiven in chapter 5.However,a definite proof of
this tentative statement by methods ofpreparative organic chemistry is beyond the
scope of this investigation.
Theseparation ofphytosterol mixturesbygas-liquid chromatography iscomparable
with that obtained by the studied paperchromatographic system. Besides the peaks
of /^-sitosteroland stigmasterola smallthird peakat a shorter retention time(comparablewithhigher RF value)isobtained (BEERTHUIS1960b, EISNER 1962, FRANCO1962).
On the basis of the above arguments, it is highly improbable that this third peak
should be attributed to y-sitosterol (with the formula C29H48O (?)) or a-sitosterol
(with the formula C30H50O),as has been stated by EISNER etal.(1962) and FRANCO
et al.(1962) respectively. On the contrary we may suggest that the structure of this
aberrant phytosterol type is identical with that of the above-mentioned third-band
phytosterols.

4.4

DETECTION OF CHOLESTEROL IN MIXTURES WITH THIRD-BAND
PHYTOSTEROLS

4.4.1 With the normal paperchromatographic procedure
The presence of considerable amounts of third-band phytosterols in common oils
such as rapeseed, peanut oil, and coconut fat reduces the reliability of the paperchromatographicdetectionofanimalfatinmixtureswithvegetableoils.Incalculations
of the amount ofanimal fat based upon the respective sterol contents and the cholesterol percentage in the sterol mixture, the latter percentage could not always be
approximated correctlyonthebasisoftheexperimentalamount ofthird-band sterols.
The significance of these calculations will be discussed more in detail in chapter 7.
In paperchromatographic analysis of cholesterol, the following phenomena have to
be considered, requiring some additional procedures.
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Re. A: Vegetable oils of group I viz.devoid of third-band phytosterols
If the type of vegetable fat is known or has been identified by other methods of fat
analysis and ifthe data oftable 20indicate that normally no third-band phytosterols
are found, a third band on thechromatogram provesthe presence ofcholesterol and
henceofanimalfat. In thiscasetheamount ofthird-band sterolsinthemixturegives
the percentage of cholesterol.

FIG. 31. Absorbance versus time graph in the LIEBERMANN-BURCHARD reaction of A: cholesterol;
B: stigmasterol; C: crude and D : refined coconut sterols; E: ergosterol.

Re. B:Vegetable oils of group II viz.containing third-band phytosterols
If according to table 20, the vegetable fat contains a quantity of third-band phytosterols, the following statements willhold:
1. The amount of third-band phytosterols in the sterol mixtures of common edible
oils,belongingto thisgroup,usually doesnotexceed 25%. Theanalysis of numerous
samplesofcommercial purevegetable margarine fats established that thesefats show
anaverage content of 10-15% of third-band phytosterols.The highest amounts were
encountered in some samples of refined coconut fat. Sterol mixtures that comprise
30 % of third-band sterolsor more, therefore, probablycontaincholesterolfrom admixtureofanimalfat.
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Thisstatement hastobeconfirmed bysubsequent microscopicdetectionofswallowtail crystalsin preparations ofpurified third-band sterols,aswillbediscussed below.
An evaluation of the percentage of cholesterol can be obtained by diminishing the
experimental percentage ofthird-band sterolswiththe normally occurringamount of
third-band phytosterols, as given in table 20. A more detailed example of such a
calculation will bediscussed in chapter 7.
2. As a rule the percentages of third-band phytosterols in phytosterol mixtures are
not considerably higher than those of thesecond-band phytosterols. Exceptionswere
onlyfound intheaberrant phytosterol mixtures ofalmond oiland crudeavocado oil.
In addition to statement 1,the ratio of third-band to second-band phytosterols need
beconsidered aswell. When theamountofthird-bandsterolsgreatlyexceeds thatofthe
second-bandphytosterols,thepresence ofcholesterol willbehighlyprobable.
3. The amount of /S-sitosterol(viz.the quantity of thefirst-bandsterols) of a great
number of common edible oils is higher than that of the second-band phytosterols.
As a roughly estimated average value the ratio 3 :2 may be assumed. Analysing
syntheticmixturesofrefined soybeanphytosterolswithcholesterolinincreasingratios,
the distinct form of the second band fades away inthe normal procedure at a cholesterol percentage ofabout 45.Therefore, a chromatogram withstrongfirstand third
bands but with a scarcely visible second band, furnishes a convincing proof of the
presence of cholesterol and hence of animal fat in the fat mixture. A discussion of
other analytical differences between cholesterol and the third-band phytosterols will
be given in chapter 5.
4.4.2 Further examination of questionable samples
A further proof of the presence of cholesterol in sterols isolated from vegetable fat
samplesthat aresuspected ofbeingmixedwithanimalfat canbeobtained as follows.
Toobtainarelativelylargeportion ofthird-band sterolsthesterolmixtureis fractionated on a great number ofchromatograms. The third bands ofthese chromatograms
arecut outand eluted withether.The paraffin inthe extract isremoved by thin-layer
chromatography. The purified residue isexamined microscopically asto the presence
ofcholesterol crystals or of swallow-tail crystals.The observation ofcrystals of these
typesthenevidencesthepresenceofcholesterolinthesterolmixture.Inthiswaysmall
amounts of animal fat e.g. 3% of inedible animal "White grease" are detectable in
palm oil.
Details of the experimental procedure:
Amounts of 100 ng of the questionable sterol mixture are spotted on the six starting points of a
chromatogram.Threechromatograms, containinga totalamount of 1800figofsterols,are developed
under the normal experimental conditions. The place of the third bands isdetermined by cutting off
half a chromatogram at each side of the paper and spraying these with phosphomolybdic acid. The
zone of the third bands iscut out and extracted with ether. The ethereal solution isevaporated down
to 1 ml and then spotted on achromatoplate (coated with silicicacid G, MERCK). Thechromatoplate
is developed twice with an iso-octane-ethyl acetate (85 : 15) mixture. By this procedure the con-
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taminating paraffin oil is completely removed. In order to detect the sterol spots without spraying
with a destructive colouring reagent, the silicic acid layer is provided with 0.01% of a water soluble
fluorescent indicator e.g. Ultraphor W. T. Hochkonz. (B.A.S.F.) (cf. COPIUS PEEREBOOM 1960b). In
U.V. radiation of 365 nm sterols are then visible as fluorescent spots. The sterol band is scraped off
and extracted with ether. After evaporating the solvent carefully, the sterols are dissolved in ethanol
(80%). After placing a small volume of this ethanolic solution on a microscope slide, the preparation
is inspected for the presence of cholesterol crystals or of the specific swallow-tail crystals at a linear
magnification of 80-200 times.
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5 THIN-LAYER
CHROMATOGRAPHY OF STEROLS

5.1

INTRODUCTION

The introduction of paperchromatography has given a practical way of performing
liquid-liquid partition chromatography on a horizontal plane. Its experimental simplicity clearly contrasts with the more laborious technique of column partition chromatography. Column adsorption chromatography of old is of great value in analytical
chemistry. However, in order to decrease the time of analysis a two-dimensional
equivalent of this procedure was required. Such a technique is given by the method
of thin-layer chromatography (abbreviated as T.L.C.). IZMAILOV AND SCHRAIBER
(1938) were the first to describe such a technique, separating alkaloids on layers of
aluminium oxide. The review of this paper in CHEMICAL ABSTRACTS states:"A dropchromatographic method is proposed which permits observing the distribution of the
substance in different zones in a drop of the substance placed on a flat layer of an
adsorbent (CaO, MgO, AI2 O3etc.) 2 mm thick on an object glass
The ultrachromatogram is developed with several drops of the solvent." WILLIAMS (1947) has
applied a layer of adsorbent sticking between two glass plates with a small hole in
the upper one to enable the introduction of sample and solvent. The admixture of a
binding agent to the adsorbent was introduced by MEINHARD et ah (1949).
This technique was applied successfully to the analysis of terpenes, essential oils etc.
by KIRCHNER et al. (1951) and by REITSEMA (1954). They have employed respectively
"chromatostrips" and "chromatoplates", coated with an adsorbent layer containing
starch or plaster of Paris as binding agent. Remarkably, at first this technique has
not beenapplied to other materials than essential oilsand pharmaceuticals. Thin-layer
chromatography (German: Dünnschichtchromatographie) has only gained general
recognition through the work of STAHL. He established a considerable improvement
inthe experimental part ofthe technique, designingasuitableequipmentand standardizingtheadsorbent, whichlater on weremanufactured commercially.The standardized
technique was adopted by nearly all investigators working in this field. T.L.C. was
then applied to the analysis of several groups of substances, especially lipophilic
compounds such as glycerides, tocopherols etc. The chromatoplates can be eluted
with a variety of solvents and solvent mixtures, mainly of apolar nature.
In the group of the glycerides a fractionation into the various sub-groups viz. mono-,
di-, and triglycerides has been accomplished. Hitherto however the separation of the
various types of triglycerides could not have been achieved with the normal procedure
of T.L.C. Therefore, the technique of reversed-phase thin-layer chromatography (ab94

breviated rev-phaseT.L.C.)wasintroducedespeciallybyKAUFMANNC.S.and MANGOLD
(1961). It has been applied to the separation of several closely related compounds
belonging to the groups of the fatty acids, fatty alcohols, cholesterol esters, diglycerides, and triglycerides. In extensive studies KAUFMANN c.s. have described the procedure of impregnating layers of silicic acid, diatomaceous earth etc. with stationary
phases such as undecane, silicone oil, and paraffin oil. For the greater part principles
and results of this technique are analogous to those ofreversed-phase paperchromatography. Its advantages are a.o. a tenfold reduction in the time of analysis; the appearance of smaller, less diffuse spots,enabling better separations; and the possibility
of using more agressive colouring reagents.
The analogy between the reversed-phase techniques of paperchromatography and
T.L.C. appears strikingly from the fact that in T.L.C. the behaviour of the various
triglycerides can readily be expressed by their "pcW numbers" (papierchromatographische Wertzahl according to KAUFMANN). These are defined as the number of
carbon atoms minus twice the number of double bonds. Using chromatoplates with
a petroleum impregnated "kieselgur G" layer, developed in an acetone-acetonitrile
(80 :20) solvent, KAUFMANN AND MAKUS (1961) have accomplished the fractionation
of saturated triglycerides, differing by a factor two in their "pcW numbers". In
partition techniques the introduction of a double bond in the fatty acid molecule
has the same influence on thepolarity and migration rate ofa compound asa shortening of the carbon chain with two methylene groups. This phenomenon gives rise to
the occurrence of critical pairs. The same relationship is found in rev-phase T.L.C.
Therefore, two triglycerides one with a palmityl group and the other with an oleyl
group usually appear to have nearly the same RF values. However, some triglycerides,
although forming critical pairs and hence inseparable in paperchromatography, have
proved to be separable in rev-phase T.L.C. in consequence of their different degree
of unsaturation. As an example KAUFMANN AND DAS (1962b) by using a multiple
development technique have succeeded in separating a mixture of the "critical" triglycerides: trioleine, palmitodioleine, dipalmito-oleine, and tripalmitine. Applying
this technique to the analysis of natural oils and fats, they have accomplished a
fractionation of the triglycerides into a number of spots. Obviously, in such complex
mixtures each spot may contain more than one triglyceride.
Another method of separating the members of a critical pair consists in performing
microchemical reactionswhich attack the doublebonds of the molecule. Bybromination and hydrogénation procedures, executed in situ on the chromatoplate, triglycerides with the same pcW numbers but with a different number of double bonds
have been separated (KAUFMANN 1962a).
In the preceding chapters various applications of reversed-phase paperchromatography of sterols to theanalysis of fat mixtures havebeen described extensively. However, a more general application of this sterol analysis to the routine procedures of
biochemistry and fat chemistry is hampered by the time-consuming character of
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paperchromatographic techniques. Therefore, wehave applied the more rapid techniques of normal and rev-phase T.L.C. in combination with the above bromination
procedure to the analysis of sterols and their acetates.

5.2

NORMAL THIN-LAYER CHROMATOGRAPHY OF STEROLS

Although T.L.C. of steroids has been investigated by many authors, only a few data
concerning the separation of sterols, related provitamins, and triterpenoid alcohols
were available at the start of this investigation in 1961. JANECKE et al. (1960) have
accomplished the separation of cholesterol and vitamin D3on silica gel chromatoplateswiththesolventmixturehexane-ethylacetate(90 :10),butnootherseparations
inthegroupofsterolswerereported bythem. TSCHESCHEetal. (1960)havedescribed
the behaviour of several polar steroids and of cholesterol and /^-sitosterol on silica
gel chromatoplates, applying e.g. di-isopropylether and benzene as mobile phases.
Cholesterol and /5-sitosteroland their acetatesappeared to have the same RFvalues.
Migration rates of several triterpenoids and triterpenic carboxylic acids in solvents
such as benzene, di-isopropylether, mono-chlorobenzene-acetic acid (90 : 10) were
studied (TSCHESCHE 1961). In benzene lanosterol and /3-amyrin have quite different
RF values. Nowadays a variety of adsorbents suitable for T.L.C. is commercially
available. Wehave investigated the migration rates of a group of sterols and related
compounds on chromatoplates prepared with some of these adsorbents.
Chromatoplates were prepared with 15gof silica gel G, MERCK (containing about
13%ofplasterofParis)and30mlofwaterandweredriedduring20-30minat 120°C.
The layers are approximately 0.4 mm thick. Because of our good experiences with
the MATTHIASprocedure, wehaveemployed this technique alsoin T.L.C. Placingan
appropiatetemplet onthechromatoplate, hexagonalholesare madeinthesilicalayer
by scrubbing with a hard brush. By this equivalent of the MATTHIAS technique a
chromatoplate accomodated with four "chromatostrips" was obtained. An amount
of 3-5 [ig of sterols isspotted on the 8mm wide "bridges". Several solvent mixtures
were tested as mobile phases.
Good results were achieved with the mixtures hexane-ethyl acetate (80 :20) and
mono-chlorobenzene-acetic acid (90 :10) (cf. table 22, column 1and 2). Time of
developmentisapproximately 3 hrs.InthegroupofASmono-unsaturated sterolslike
cholesterol and /5-sitosterol no separation could be accomplished. With the former
mixture conjugated sterols suchasergosterol and 7-dehydrocholesterolare subject to
strong adsorption by the silica gel and are thus retarded slightly as compared with
cholesterol. In this way a synthetic mixture of cholesterol-ergosterol (1 :1) is separated. Cholesterol and vitamin D2, however, have nearly the same Rs values. The
migration rates ofthe triterpenoid alcohols:lanosterol, dihydrolanosterol, and agnosterol are considerably higher than those of cholesterol (Rs lanosterol = 1.36). A
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mixture ofcholesterol-epi-cholesterolcanbeseparated easily. Inthe solvent mixture
mono-chlorobenzene-aceticacid(90 : 10)(table22,column2)the RF valuesofcholesterol and ergosterol areabout equal. The migration rate of vitamin D2,however, is
as highas that of the triterpenoid alcohols, thus enablinga separation of cholesterol
andvitaminD2.Themixturecyclohexane-ethylacetate(80 :20)(seecolumn3)allows
nearly the samefractionation to be made.
Wewereable to demonstrate that excellent separations inthe group of sterolswere
alsoachievable on layersprepared from the standardized kieselgur G (MERCK). The
chromatoplates are prepared from 15gof this kieselgur G and 30ml of water using
a dryingperiod of25minat 120°C.Becauseofthesmallcapacity ofthesethinkieselgurlayersamountsofonly0.4-0.8/igofsterolsarespotted.Usingthesolvent mixture
cyclohexane-ethyl acetate (99.5 :0.5) a synthetic mixture of ergosterol-cholesterolvitamin D2is separated into three distinct bands with Rs valuesof respectively 0.89,
1.00, and 1.11 (cf. table 22,column 4and COPIUS PEEREBOOM 1962).The pairscholesterol-lanosterol and cholesterol-epi-cholesterol are also separable.
The processing of chromatoplates coated with aluminium oxide encounters more
difficulties than that of silica gel or kieselgur plates. We have tried samples of aluminium oxide G from MERCK, aluminium oxide G, and aluminium oxide with
"Leuchtpigment" from FLUKA etc. Chromatoplates of reasonable quality were prepared from aluminium oxide FLUKA (15gwith41mlofwater,heated during 30min
at 120°C). In the solvent mixture hexane-ethyl acetate (80 :20) the RF values of
cholesterol and epi-cholesterol show a considerable difference. Even better results
wereaccomplished withthealkaline type ofaluminium oxide,containing no binding
agent, whichismanufactured by WOELM(table 22,column 6).Anamount of 30gof
thisaluminium oxideismixedwith35mlofwater.Thechromatoplateisdried during
16hrs at room temperature and then heated during 30minat 130°C.The Rs values
of the tested sterol samples in the solvent mixture iso-octane-ethyl acetate (80 : 20)
weremainly similar to those ofcolumn 5.Theisomerspyrocalciferol and isopyrocalciferolwereseparatedinallsystems,thegreatestdifference inRs valuesbeingobserved
with layers of aluminium oxide. With aluminium oxide a greater difference in migrationratesofcholesterolandtriterpenoid alcoholslikelanosterolisfound thanwith
layers of the other adsorbents.
InmostsystemstheRs valuesofcholesterolandJ7-cholestenolshowsomedifference.
Thebestseparationofbothsterolswasobtained onkieselgurGplateswiththesolvent
mixture:cyclohexane-ethylacetate (99.9 :0.1).
Reviewingtheseresultswehavetoconcludethat sterols,either differing intheshape
of their carbon skeleton or in the types of conjugated systems, can be separated by
T.L.C. However, no fractionation in the group of A5 mono-unsaturated and ^J5,22
di-unsaturated sterols could be accomplished.
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5.3

R E V E R S E D - P H A S E T H I N - L A Y E R C H R O M A T O G R A P H Y OF STEROLS
AND STEROL ACETATES

Using the above-mentioned elaborate techniques of KAUFMANN C.S., we have studied
the rev-phase T.L.C. of a group of sterols and related compounds, and of their
respective acetates. Chromatoplates are impregnated with a stationary phase, preferably with undecane (bp 190-220°C)5, by dipping them into a 10-15% solution of this
hydrocarbon in petroleum ether. The solvent is evaporated in the air. Because of the
slow but marked volatilization of the stationary phase in the case of undecane, the
degree of impregnation decreases proportionally to the drying period. Therefore, the
prescribed period ofdryingshouldbestrictlyadhered to. After impregnation hexagonal
holes are made in the layer with a brush, as has been described above. After drying
thechromatoplate during40-80min,thesolution of sterolsor sterolacetates is spotted
on the "bridges" and finally the chromatogram is developed with the mobile phase.
Preliminary experiments stressed the importance of complete mutual saturation of
the mobile and stationary phase. The temperature in the chromatographic vessel
during development should be fairly constant, preferably 22-24°C. A complete saturation ofthevesselwithvapours ofthe mobile phase isnecessary.Thisis accomplished
by lining the inside of the jar with filter paper. If these conditions have not been
fulfilled, the correct state of equilibrium cannot be attained. Several causes of nonequilibrium are conceivably involved a.o. lowering of the temperature resulting in
more restricted miscibility and solution of the main component of the mobile phase
in the stationary phase to redress a possible unsaturation.
In the procedure for separating various saturated or unsaturated triglycerides
KAUFMANN AND MAKUS (1961) prescribed a "partial saturation" of the mobile phase
with the stationary phase by mixing the saturated mobile phase with amounts of e.g.
20% of unsaturated mobile phase. However, when analysing sterols or their acetates
we found complete saturation of the mobile phase essential. Developing undecane
impregnated layers with a mobile phase such asacetone-acetonitrile (70 :30), towhich
an amount of 30% of unsaturated mobile phase was added, a secondary front Une 6
cm above the starting points appeared. This distance was decreased to 4 respectively
2 cm, when decreasing amounts viz. 20 and 10% of the unsaturated mobile phase
were added. Under saturation conditions the secondary front Une disappeared completely. On account of the experiences of KAUFMANN et al. (1961, 1962a, 1962b) and
of our own experiments wehave selected kieselgur G (MERCK) as the most appropiate
inert adsorbent. A variety of stationary phases such asundecane, tetradecane, paraffin
oil, silicone oil, decalin etc. and of mobile phases suchas acetone,acetonitrile, acetic
acid, mono-chloroacetic acid, propionic acid, water mixtures, were tested as to the
separation of sterols and their acetates.
8

Available from J. HALTERMANN, Hamburg, Germany.
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5.3.1 Separation of sterol acetates
The best results in separating a group of sterol acetates were accomplished with
undecane as stationary and the solvent mixture acetic acid-water (92 :8) (system A)
respectively aceticacid-acetonitrile(25 :75)(systemB)asmobilephases. In the former
system (A) the chromatoplate after having been coated with a 0.2 mm thick kieselgur
G layer is dipped during 10 seconds in a 10% solution of undecane in petroleum
ether (bp 40-60 c C) (cf. COPIUS PEEREBOOM 1962). After a drying period of 60 min,
at the end of which an amount of 4-6 fig of sterol acetates is spotted, the chromatoplate is developed in a chromatographic vessel of 19 X 7 X 30 cm with the acetic
acid-water (92 :8) mixture. The degree of impregnation is determined by collecting
the kieselgur G - undecane layer from the chromatoplate and extracting the undecane
with petroleum ether. From the difference in weight before and after extraction the
degree of impregnation is calculated. After a drying period of 60 min on an average
an amount of 0.30 g of undecane is left on the chromatoplate (viz. 0.09 g undecane/g
kieselgur). The development lasts about 5hrs.The chromatoplate is then dried during
2-3 hrs intheair.The undecane isevaporated nearlycompletely bysubsequent heating
during 45 min at 100CC in a drying oven having forced convection by means of a
fan. After cooling the chromatoplate is sprayed with a 20% ethanolic solution of
phosphomolybdic acid and heated during 5-10 min at 90-100°C. The sterol acetates
then are visualized as blue-green bands.
The mobile phase in system B viz. acetic acid-acetonitrile (25 :75) considerably
reduces the time of development. Because of the low RF values obtained with this
solvent mixture, a smaller degree of impregnation had to be applied. The drying
period therefore was increased to 80 min. An amount of only 0.19 g of undecane then
remains on the chromatoplate (viz. 0.04 g/g kieselgur). After this drying period the
chromatoplate is developed during 1^-2hrs with theaceticacid-acetonitrile (25 :75)
mixture.
Observing the above precautions distinct chromatograms were obtained, which show
small semi-circular bands ofapproximately 2-4 mm width.Undernon-ideal conditions
the bands at the sides of the chromatoplate sometimes may be deformed. To obtain
straight solvent fronts the adsorbent should be always scraped off the edges of the
chromatoplate before chromatography.
Although the entire experimental procedure and especially the drying period was
standardized closely, the reproducibility of the degree of impregnation isless than can
be achieved in reversed-phase paperchromatography. Consequently, there is a greater
variation in RF values.The relative Rs values (s = cholesterol) inthe systemsAand B
appeared to be fairly reproducible and are given in table 23. Analogous results were
obtained in systems like tetradecane (bp 240-250°C)/acetic acid-water (70 :30) and
undecane/acetic acid-mono-chloroacetic acid-water (65 :28 :7). On account of the
Rs values of the acetates of /S-sitosterol,stigmasterol,and cholesterolwewould expect
a separation of the sterols present in mixtures of vegetable and animal fats. Actually,
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FIG. 32. Separation of sterol acetates by reversed-phase T.L.C. Adsorbent: kieselgur G (MERCK).
System B: undecane/acetic acid-acetonitrile (25 :75); time of run: 1J h.
spot I. 20 /ig of a mixture containing the acetates of cholesterol, stigmasterol, and /»'-sitosterol.
spot 2. 80 /ig of a mixture of acetates of cholesterol-dihydrocholesterol (8 :2).
spot 3. 20 //g of the sterol acetates of hardened peanut oil.
spot 4. 80 //g of sterol acetates of hardened whale oil.

Fiu. 34. Separation of sterol acetates using
bromination on thechromatoplate. Adsorbent :
kieselgur G; system: undecane acetic acidacetonitrile (25 : 75) — 0.5° o bromine; time
of run: 2 hrs; detection: heating; 50° 0 antimonydlDchloride.
spot 1. 30 /ig of coconut phytosterol acetates.
spot 2. cholesterol acetate.
spot 3. stigmasterol acetate.
spot 4. ,»'-sitosterol acetate (impure preparation).

TABLE 23 Rs values of some sterol acetates in reversed-phase T.L.C.
Systems: (A) undecane/acetic acid-water (92 :8), degree of impregnation: 0.09 g/g; (B) undecane/
acetic acid-acetonitrile (25 :75), degree of impregnation:0.04 g/g kieselgur.

Compound

cholesterol acetate
^-sitosterol acetate
stigmasterol acetate
brassicasterol acetate
dihydrocholesterol acetate
ergosterol acetate
7-dehydrocholesterol acetate
zl7-cholestenol acetate
3-dehydrocholesterol acetate
(/43,5-choIestadiene-3/?-ol acetate)
J3-cholestenol acetate
lanosterol acetate
agnosterol acetate
epi-cholesterol acetate

Abbr.
formula

Rs values
in system A

Rs values
in system B

FC 27
FC 29

= 1.0
0.83
0.91
1.00
0.89
1.19
1.16

= 1.0
0.80
0.91
1.06
0.84
1.35
1.28
0.99

FC29F

FC 28 F
C27

2FC 28 F
2FC 27
FC 27
2FC 27
FC 27
FC30F
2FC30F

FC 27

—
—
—
0.97
0.86
1.16

1.22
1.00
1.00
0.86
1.19

amounts of 10/igofthesterolacetatesoriginated from suchfat mixtures,are fractionated into three distinct small bands.The separations are for the greater part comparable to those obtained by reversed-phase paperchromatography (fig. 32,spot 1).
The RF value of brassicasterol acetate is slightly higher than that of cholesterol
acetate. Unfortunately, this difference is too small to enable a clear separation between both sterols to be made. All the applications of sterol analysis, which were
discussed in the preceding chapters, can be also accomplished with rev-phase T.L.C.
of the sterol acetates. Because of the considerable time reduction by this procedure,
rev-phase T.L.C. is preferable in routine work of sterol analysis. Adventitiously, in
this routine sterol analysis we usually have to prepare the sterol acetates. After two
additional crystallizations these acetates are used for a melting point determination
(phytosterolacetatetest).Partoftheportionofcrudenon-recrystallizedsterolacetates
isused directly for chromatographic analysis. Because oftheveryrapid development
with the acetic acid-acetonitrile (25 :75) solvent, wepreferthis system (viz. B) in
routine sterolanalysis.
Although on the wholethe data of table 23correspondwiththe Rs values obtained
inthepaperchromatographicsystem studied - seetable 14, chapter 3 - somepeculiar
differences are evident. The Rs value of the acetate of the triterpenoidalcohol lanosterol in rev-phase T.L.C. is nearly equal to that of cholesterol acetate, whereas the
Rs value of this compound in paperchromatography only amounts to 0.68. The
migration rate of agnosterol acetate in rev-phase T.L.C. is likewise higher than that
in reversed-phase paperchromatography. Another striking difference isshown by the
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migration rate of epi-cholesterol acetate. The Rs values of this compound in the
systems A and Bare higher than that of cholesterol acetate. On the other hand the
Rs value in reversed-phase paperchromatography amounts to only 0.79. Since no
keto-enol tautomerism can occur in zl3-cholestenol acetate, the Rs value of this
compound isequal to that ofcholesterol acetate as contrasted with the behaviour of
the "free /d3-cholestenol"in paperchromatography.
Especially theundecane/aceticacid-acetonitrile(25 :75)systemenablesaclearseparationof the acetatesof cholesterol and dihydrocholesterol. The advantage over the
normal paperchromatographic technique consists in the detection procedure with
phosphomolybdic acid, which for dihydrocholesterol is far more sensitive on chromatoplates (circa 5(ig)than on paper strips (circa 100/ig). Byspotting 50-80fig of
sterol acetates we were able to detect even small amounts of dihydrocholesterol
acetate (down to 5%) in an excess of cholesterol acetate (fig. 32,spot 2).
5.3.2 Separation of sterols
Usingthe same techniques wehaveattempted to separate the free sterols in stead of
their acetates. Analysing the sterols in system A viz. undecane/acetic acid-water
(92 :8)toohigh RF valueswereobtained,resultinginabad separation ofcholesterolsoybean phytosterols. By increasing the degree of impregnation to about 0.13 g
undecane/g ofkieselgurand byraisingthewatercontent ofthemobile phaseto 10%,
the RF value of cholesterol was decreased sufficiently. The drying period was again
fixed at 60min.Amounts of2-5 figofsterols are spotted on thechromatoplate. The
Rs values of some sterols in this system C viz. undecane/acetic acid-water (90 :10)
are given in table 24.In addition to these acetic acid-water systems we have tested
some acetic acid-acetonitrile solvent mixtures. Using the more rapid system B viz.
undecane/acetic acid-acetonitrile (25 :75) the migrationratesof cholesterol, ^-sitosteroletc.appeared tobeveryhigh.Wetherefore havemodified thissystembyadding
10% ofwaterto the aceticacid part ofthe mobilephase. Furthermore, thedegreeof
impregnation was increased considerably by using a 12% solution of undecane in
petroleum ether, to which an extra amount of 3% of tetradecane had been added
(undecane-tetradecane-petroleum ether = 1 2 : 3 : 85).Finallytheamount ofstationaryphaseremaining onthechromatoplate wasincreased bya reduction ofthedrying
period to only 30min. The degree of impregnation then amounts to about 0.25 g/g
of kieselgur. After having changed the experimental conditions in this way, theRF
value of cholesterol was decreased to 0.45, while simultaneously a much sharper
fractionation of cholesterol and the soybean oil phytosterols was accomplished. The
time of development required with this mobile phase was only about 2hrs.
The Rs values ofa great number of sterols,provitamins,and related compounds in
this system D viz. undecane-tetradecane (80 :20)/acetic acid-water-acetonitrile
(22.5 :2.5 :75)aregiven intable 24.On the wholethesequenceofthese Rs valuesis
similar to that in the reversed-phase paperchromatographic system. Sterol mixtures
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TABLE 24 Rs values of some sterols and related compounds in reversed-phase T.L.C.
Systems:(C) undecane/acetic acid-water (90 :10), degree of impregnation:0.13g/g; (D) undecanetetradecane (80 :20)/acetic acid-water-acetonitrile (22.5 :2.5 :75), degree of impregnation: 0.25 g/g
of kieselgur.

Compound
cholesterol
^-sitosterol
stigmasterol
brassicasterol
dihydrocholesterol
coprostanol
ergosterol
7-dehydrocholesterol
<d7-cholestenol
desmosterol
3-dehydrocholesterol
(J3,5-cholestadiene-3/S-ol)
"zl3-cholestenol"
a-spinasterol
cholestanone-3
epi-cholesterol
lanosterol
24-dihydrolanosterol
agnosterol
24-dihydroagnosterol
zymosterol
vitamin Da
vitamin D3
dihydrovitamin Da
pyrocalciferol
isopyrocalciferol
lumisterol
epi-lumisterol
22-dihydroergosterol
5-dihydroergosterol
J4,6,8(14)-cholestatriene
choiestane
7-hydroxycholesterol

Abbr.
formula

Rs values
in system C

FC27
FCa»
FC29F
FCasF
Ca7
Ca7
2FCasF
2FC27
FC27
FCa7F

= 1.0
0.86
0.93
1.02
0.90

—
1.16
1.12

—
—

2FCS7
FC27
FC29F

—
—
—
—

FC27
FC30F
FC30
2FCsoF
2FC30
FC27F
3FC28F
3FC27
3FC28
2FCa8F
2FC28F
2FC2sF
2FCasF
2FC !8
FC28F

0.90
0.84
0.70
0.76
0.75

—
—
—
—
—
—
—
—
—
—
—
—

Rs values
in system D*
3 1.0
0.81
0.91
1.05
0.86
0.33
1.24
1.20
1.02
1.24
0.99
0.63
0.95
0.61
0.80
0.80
0.57
0.68
0.67
1.25
1.22
1.18
1.01
1.07
1.28
1.17
1.25
1.11
1.09
1.28
0.85
2.03

• Rp value of cholesterol approx.0,45.

e.g. cholesterol-desmosterol; cholesterol-7-dehydrocholesterol;cholesterol-dihydrocholesterol are clearly separated, quite similar to their behaviour inpaperchromatography and in rev-phase T.L.C.system B.The Rs values oflanosterolandepi-cholesterolinsystem Dareconsiderablylowerthan that ofcholesterol,ascontrastedwith
the Rs valuesoftheiracetates inthe systemAand B.Usingtheterminology of BUSH
(1960),discussedinparagraph3.1.2,for thesecompoundsthe ARMT valuescausedby
the conversion sterol to sterol acetate are quite different from that of the normal
sterol types. A remarkable difference is also shown by 3-dehydrocholesterol, which
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in system D hasan Rs value of0.99,whereasin system Band in the paperchromatographic system studied the Rs values approach that of 7-dehydrocholesterol.
Thepolycyclicalcoholsofacommercialmixtureofwool-fat alcoholsare fractionated
into a cholesterol, a lanosterol, and a dihydrolanosterol band, quite similar to their
behaviour in reversed-phase paperchromatography (seefig.33).

FIG. 33. Separation of sterols by reversed-phase T.L.C.
System (D): undecane-tetradecane (80 :20)/ acetic acidwater-acetonitrile (22.5 :2.5 :75).
spot 1. 20 /jg of a cholesterol, stigmasterol, ^-sitosterol
mixture.
spot 2. 5fig of 3-dehydrocholesterol.
spot 3. 150fig of commercial wool-fat alcohols.
spot 4. 10/jg ofa lanosterol-dihydrolanosterol mixture.
5.4

SOME APPLICATIONS

RM values are calculated approximative^ from Rs values of the sterols, using an
average RF value of cholesterol that has been determined in numerous experiments.
Whenplottingthese uncorrected RMvalues of the sterols in system D versus the Nc
values,the following correlation isfound:
RM = 0.086(Nc — 24)—0.21
According to the system of chapter 3,some ARM values havebeen calculated.
AR™> = +0.09
ARcM=c= —0.13
AR*rc-»< 2=C—o=c—c= = +0.04
ARAs-+i&*.

H

AR$^
AR^nt
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=_$m

= —0.01
= +0.21

TABLE 25 Colour reactions of some sterols in reversed-phase T.L.C.
Bismuth(III)
chloride

p-Anisaldehyde

Thymol

Urea

Antimony(III)
chloride

Salicylaldehyde

Chlorosulfonic acid

Acetic
anhydride

Resorcinol

Compound

33% in 96%
ethanol
Heat: 10-15
min at 90°C

1 g in 100 ml
acetic acid + 2 ml
sulfuric acid
Heat: 10min at90"C

20% in 96%
ethanol
Heat: 10min
at 80°C. Then IN
sulfuric acid
Heat: 10 min at 90°C

$0% in water
Fluorescent
bands under
U.V. radiation
of 365 nm

Saturated solution
in chloroform
Heat: 10 min at 90°C
Then 1N sulfuricacid
Heat: 10min at 90'C

Spray with
the pure liquid
Heat: 5min at 80°C
Then 1Nsulfuricacid
Heat: 10min at 90°C

30% in acetic acid
Heat: 10-15 min
at90'C

30% in 50%
sulfuric acid
Heat: 10min at 90°C

20% in 96%ethanol
Heal: Smin at 80°C
Then 1N sulfuric acid
Heat 10 min at 90 C

cholesterol acetate

strong violet

strong bluepurple

strong violet

neg.

strong violet

strong violet

strong blue

strong violet

strong violet

faint blue

stigmasterol acetate

strong violet

strong bluepurple

strong violet

neg.

strong violet

strong violet

strong violet

strong violet

strong violet

faint blue

^-sitosterol acetate

strong violet

strong bluepurple

strong violet

neg.

strong violet

strong violet

strong purple

strong violet

strong violet

faint blue

third-band phytosterol acetates
of coconut fat

grey-blue

strong bluepurple

faint purpleblue

neg.

strong purple

purple

purple-blue

purple-blue

faint blue

dihydrocholesterol acetate

neg.

neg.

white

neg.

white

white

white

white

white

neg.

ergosterol acetate

grey

grey-green

grey-brown

pos.

grey-blue

grey-blue

grey-blue

grey-brown

grey-green

faint green

7-dehydrocholesterol acetate

grey

grey-green

grey-brown

pos.

grey-blue

grey-blue

grey-blue

grey-brown

grey-green

purple

lanosterol acetate

yellow-brown

blue-purple

orange-brown

neg.

faint orangebrown

orange-brown

blue-purple

orange-brown

orange-purple

brown

J7-cholestenol

yellow-brown

violet

blue

neg.

grey-brown

purple

blue

grey

purple-blue

white

J7-ergostenol acetate

yellow-brown

violet

yellow-green

neg.

grey-brown

yellow-green

blue

yellow-green

yellow-brown

brown

5-dihydroergosterol acetate

yellow-brown

violet

grey-green

neg.

faint orangebrown

orange-brown

blue-purple

grey-brown

purple-brown

purple-brown

vitamin Da

yellow-brown

purple-brown

weakly pos.

grey

grey-brown

grey

grey

grey-brown

orange-brown

0-Naphtol

0.2%in4N
sulfuric acid
Heat: 10min at 90°C

In system D mixtures of cholesterol and soybean phytosterols are fractionated into
three bandsjust like in reversed-phase paperchromatography. However, because of
the somewhat clearer separations obtained in system B, and since in routine sterol
analysis the acetates are always available, weprefer to use systemB.
When analysing the sterol acetate mixtures of hardened whale oil and fish oils in
this system (B),in addition to the cholesterol acetate band, two other distinct bands
are shown inthe samesection of the chromatoplate (fig. 32,spot 4).The band under
that of cholesterol acetate with an Rs value of 0.85 should be attributed to dihydrocholesterol acetate. The sterols isolated from other animal fats such as lard, tallow,
butterfatetc.showonlyoneband ontheplateviz.thatofcholesterolacetate.Similarly,
phytosterolacetatemixturesisolatedfrom hardened vegetablefats,analysedin system
B, show a small band under that of ^-sitosterol acetate. Most probably this band
(Rs = 0.75) should be attributed to the presence of hydrogenated sterol acetates viz.
ß-, and y-sitostanolacetate (seefig.32,spot 3).
The detection of sterols on a chromatoplate can be accomplished with numerous
colour reactionsand wehavetestedagreatvariety ofthem.Someofthesearesuitable
as non-specific reagents, all sterols then giving the same shade of colour a.o. protoporphyrin, silicotungstic acid, phosphotungstic acid, and the most sensitive one viz.
phosphomolybdicacid.Whensprayingwithsomespecialreagents,sterolswith different structures such as AS and Al sterols exhibit a great variety of hues. A set of
colour reactions as comprehensive as possible, thus may be of use in structural
analysis of unknown sterols or related compounds. Reagents that produce slightly
differing colourswiththeseveralsteroltypesarea.o.cadmiumchloride,zincchloride,
P-dimethylaminobenzaldehyde-sulfuric acid,trichloroaceticacid,phenol-ammonium
molybdate-perchloric acid, furfural-sulfuric acid. The most appropriate colour reactions, however, are listed in table 25 viz. bismuth(III)chloride, p-anisaldehyde,
thymol,urea, antimony(IH)chloride, salicylaldehyde, /S-naphtol,chlorosulfonic acid,
acetic anhydride, and resorcinol. Some of these colour reactions have not been described before, but were found to be very suitable for determining the structure of
unknown sterols (seechapter 6).
With rev-phase T.L.C. of sterol acetates small amounts of animal fat in vegetable
oils can be detected. However, the colour reagent phosphomolybdic acid has the
disadvantage of visualizing even traces of third-band phytosterols, which are not
Perceptable in paperchromatography. Therefore, in routine sterol analysis preferably
another colour reaction viz. that with bismuth(Iir)chloride is applied (see table 25).
This reaction yields a strong violet colour with cholesterol acetate and only a faint
"lue-grey one with third band-phytosterolacetates from e.g. coconut fat. The colour
reaction is carried out by spraying the plate with a 33% solution of bismuth(III)
chloride in 96% ethanol. The plate is then heated during 10-15 min at 90°C till the
bands are revealed by a faint orange-brown colour. Afterwards the colour of the
cholesterolacetatebandisintensified and changesinabout 10-20mintoaviolethue.
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Atfirstthe colour of the brassicasterol acetate band isquite similar to that ofcholesterolacetate,but whilethelatter attains a violet colour, the former isnot intensified
and obtains a faint blue-grey hue.
When looking for admixture of animal fat to vegetable fats a violet coloured third
band of the sterol acetate mixture by indicating cholesterol acetate definitely proves
the presence of animal fat. The detection of animal fat admixture also holds in the
presence of vegetable oils containing large percentages of third-band phytosterols
suchascoconutfat, rapeseedoiletc.Thisprocedureofrev-phaseT.L.C.(viz.systemB
and detection with bismuth(III)chloride)therefore issuperior to the paperchromatographic analysis, described in the preceding chapters.

5.5

SEPARATION OF STEROL ACETATE BROMIDES

5.5.1 Bromine containing systems
KAUFMANNetal. (1962b) have separated several critical pairs of fatty acids and of

triglycerides by way of their bromo derivatives. Byadding 0.5% of bromine to the
mobile phase thebrominationiscarried out onthechromatoplateduring thedevelopment process.Wehaveapplied thiselegant procedure to theseparation ofthecritical
pair cholesterol-"FC28F"-sterol.When spotting30^g of coconut sterol acetatesona
chromatoplate impregnated with undecane (0.043 g/g) and eluting the plate with an
acetic acid-acetonitrile (25:75) mixture containing 0.5% of bromine,the mixture of
sterol acetates is separated into four distinct bands (fig. 34, spot 1).The first band
with Rs = 0.84 is produced by /5-sitosterol acetate (dibromide), the second band
withRs —0.95possiblybysomeC28-phytosterolacetates(dibromides).Unfortunately,
under these conditions stigmasterol acetate has the same RF value as cholesterol
acetate. Together they constitute another critical pair, forming the third band with
Rs = 1.0. The fourth band with the highest Rsvalue viz. 1.44 has to be attributed
most probably to the di-unsaturated "FC28F"-sterol acetate (fig. 34). Phytosterol
mixtures, containing 20-30% of third-band phytosterols according to the paperchromatographic analysis, all show thisfourth "FC28F"-sterol band in the bromine
system.Furthermore,after separationinsystemBseveralbandsofcoconut third-band
phytosterol acetates were scraped off the chromatoplate, extracted and then spotted
on another plate, which was developed in the bromine system. The appearance of a
major band with Rs— 1.44 ("fourth band") and only a minor with Rs — 1.00 on
that chromatoplate evidences the identity of the sterols of this "fourth" band with
thethird-band phytosterolsproducedinsystemBandinpaperchromatography.When
comparingthebehaviour ofthethird-band phytosterolsand ofstigmasterolinsystem
Bwith that in the bromine system, the migration rates of these sterols in the latter
systemappear highlyincreased. On the other hand the migration rates of the monounsaturated sterols in both systems are almost equal. These phenomena suggest an
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analogyintheunsaturation ofthird-band phytosterolsand stigmasterol.Thisstrongly
affirmed the hypothetical di-unsaturated methyl-cholestadienol (FC28F) structure
of the third-band phytosterols of coconut fat, as suggested in chapter 4.
The bromination of a sterol acetate on the chromatoplate during the development
process is carried out quantitatively. This statement is based on the following conclusive experiments. In the bromine system pure preparations of the various sterol
acetates never produce more than one band on the chromatoplate. When analysing
purepreparations ofcholesterol acetate-and soybean phytosterol acetate dibromides
inthebromine system and sprayingwithantimony(III)chloride, similarbands appear
as those given by cholesterol- and soybean phytosterol acetate. Another affirmation
ofthenature ofthebands showninthebrominesystemisgivenbyaspecific reaction
with cadmium chloride, which definitely established that thebluebands produced by
antimony(III)chlorideinfact arecausedbythesterolacetatedibromides.Thecadmium
chloride reaction is quite specific for sterol bromides. It is carried out by spraying a
spot of cholesterol acetate dibromide with a 50% solution of cadmium chloride
(2\ H 2 0) in 50% ethanol, heating at 90°C during 15min and viewing the resulting
brightfluorescenceunder U.V. radiation (365nm). Cholesterol acetate as such does
not produce this colour reaction. Amounts of 200figof the acetates and the acetate
dibromidesbothofsoybeanphytosterolandofcholesterolwerespottedonachromatoplate.After developmentinthebrominesystemand sprayingwiththeabovecadmium
chloride reagent, pairwise identicalfluorescentbands were produced. These experiments demonstrate that in the mobile phase containing bromine the sterol acetates
during development are brominated quantitatively yielding exclusively their dibromo
compounds.
Inthenormalreversed-phase systemsofpaperchromatographyandT.L.C.thepairs:
cholesterol (FC27>-brassicasterol (FC28F), and C28-phytosterols (FC2g)-stigmasterol
(FC29F)haveequalRFvalues.Inthebrominesystem,however,brassicasterol acetate
exhibits quite a higher migration rate than cholesterol acetate, thus enabling the
separation of this critical pair of sterols. Similarly, the RF value of stigmasterol
acetate ishigher than that of C28-phytosterol acetates but unfortunately nearly equal
tothat ofcholesterol acetate (fig. 34).Therefore, a newcriticalpair of theacetates of
cholesterol and stigmasterol is constituted. Mixtures of cholesterol acetate and the
soybean sterol acetates were analysed with this procedure, yielding three bands with
a heavythird band. However, in this waythe presence of cholesterol acetate in such
mixtures cannot be detected unambiguously. In this system the sterol mixtures of
vegetable oils comprising more than 20% of third-band phytosterols (as determined
with paperchromatography, seechapter 4), which are suspected of containing cholesterol, can be investigated more in detail.
OnlyA5 mono-unsaturated andAS,sidechaindi-unsaturated, non-conjugated sterol
acetates can be analysed in this system. The acetates of all Zl7-sterols, both monou
nsaturated as well as conjugated, like J7-cholestenol, a-spinasterol, 5-dihydroergo107

sterol, ergosterol, 7-dehydrocholesterol are apparently decomposed and do not
produce any detectable band. The same phenomenon holds for aberrant compounds
such as J3-cholestenol, zymosterol, lanosterol, agnosterol etc., all having double
bonds in the nucleus in other positions than A5. This difference between A5 and
A7(8), A8(9) etc. sterols can be applied in determining the structure of unknown
sterols.
Severalothersolventmixturesweretestedasmobilephasesinsuchbrominesystems,
but the acetic acid-acetonitrile(25 :75) mixture enabled the best separations to be
made.
5.5.2 Experimental procedure
Glass plates of 14 x 24 cm were coated with a MERCK'S Kieselgur G-water (1 :2) mixture. After
heatingduringi hrat 120°Ctheresulting0.2mmlayerwas impregnated withundecane(bp190-220°C;
ofJ. HALTERMANN, Hamburg).Thechromatoplateisdippedcarefully intoa 10 % solution of undecane
in petroleum ether (bp40-60°Q ina shallow tray.Care must betaken that thelayer isnot damaged.
After impregnation the plate is held 1min upside down and is then stored during 80 min at room
temperature to allowtheevaporation of thesolvent. An amount ofapproximately 0.19gof undecane
isleft on the plate (viz.0.04g/g ofkieselgur).During thisdryingperiod hexagonal holesare removed
from the layer with a brush, using an appropriate templet.The sterol acetate solution (30-40mm3
of a 0.1%ethereal solution) isspotted at the centre of the 8mm wide "bridges". The undecane and
the mobile phase have to be mutually saturated by shaking vigorously and leaving overnight. The
chromatoplate is developed with the acetic acid-acetonitrile (25:75) mixture,to which 0.5% of
bromine hasbeen added within thechromatographic vesseljust before the development. This mobile
phase,containing bromine,has to be freshly prepared each time. The chromatographic vessel of
19 x 30 x 7 cm is supplied with filter paper at the sides to ensure complete saturation and is kept
at a constant temperature of 20°C. When the solvent front has travelled 20 cm (inabout 1} hr) the
development is discontinued and the plate is dried during 2 hrs in the air. Upon heating at 90°C in
about 10min most often blue coloured bands will appear. The band of brassicasterol acetate, however, iscoloured only very faintly. The warm plate isthen sprayed with 8N sulfuric acid andfinally
with a 50% solution of antimony(III)chloride (in acetic acid). The colour of the bands is now intensified, especially that of brassicasterol acetate which attains a violet shade.The bands of the other
sterol acetates are coloured bright blue.The colours are not stable but fade away after some hours.

5.5.3 Semi-quantitative evaluations
Generally, it is troublesome to adapt T.L.C. for quantitative determinations. In a
rapid andsimplebut onlysemi-quantitative procedure thebluecoloured bandsof the
sterol acetate dibromides are outlined witha sharp needle.The areas are determined
byplacingthechromatoplateupsidedownonalightscreenandredrawingtheoutlines
on transparent paper. The bands on this paper are cut out and weighed. Byrecalculatingtheseweightstopercentagesoftheirtotaltherespectivepercentagesofthesterol
acetate bromides onthe chromatoplate are evaluated approximatively. However, the
linear relationship between spot area and amount of sterol is only valid in case of
small quantities (about 2-10 fig). With higher quantities the surface areas do not
increase proportionally. Evidently, with the above procedure only semi-quantitative
data can be obtained.
In this waythe quantities of thebands 1,2, 3,and 4ofa sample of refined coconut
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fat were estimated as 26%, 13%, 31%, and 30%, whereas the corresponding band
areas ofpeanut oilsterolacetateswerecalculated as 38%,21%,21%,and 20%.The
percentageareasofthethreebandsofsoybeanoilphytosterolacetatesinthebromine
system werefirst band 39;second band 29,and third band 32.
Provisionally, wemay assume the various bands in rev-phase T.L.C. and in paperchromatography to be produced by the following sterols.

T.L.C, bromine system
band
4
3
2
1

sterol
FCîsF-sterols
cholesterol/stigmasterol
Cas-phytosterols
/^-sitosterol

Rev-phase paperchromatography
percentage

band

sterol

percentage

p
q
r
s

3
2
1

cholesterol/FCasF-sterols
stigmasterol/C28-phytosterols
^-sitosterol

a
b
c

Thepercentage ofstigmasterol maybecalculated as(b—r)%andthat ofcholesterol
as (a — p)% or (q — b -f- r)%. When analysing mixtures of e.g. coconut sterol
acetatewith 10-50%ofcholesterolacetate inthebromine systemas wellasin paperchromatography, we were able to evaluate the percentage of cholesterol acetate in
these mixtures. In this way reasonably accurate results were obtained. However, in
some cases the percentages of the first band of phytosterol mixtures in the bromine
system appeared to be slightly lower than those obtained in paperchromatography
(s < c).The same effect was observed with the respective "FC28F-sterol" bands
(p < a for several pure vegetable oils). This discrepancy troubles the calculations
and might indicate that some other unknown sterols are still present in these sterol
mixtures.
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6 BEHAVIOUR OF SOME ABERRANT
PHYTOSTEROL TYPES IN CONNECTION WITH
THEIR POSSIBLE STRUCTURE

6.1

FAILURES OF THE ORIGINAL PHYTOSTEROL ACETATE
T E S T

O F

B Ö M E R

In the original phytosterol acetate test of BÖMER an end-melting point exceeding
116-117°C, after two recrystallizations, proves the presence of vegetable fat. This
effect iscausedbythe steep rise of the melting point diagram of cholesterol acetatephytosterol acetate at low percentages of phytosterol acetate. However, we have
found deviating diagrams obtained with some special vegetable fats, as was already
mentioned in chapter 1. The diagram of the phytosterol acetates prepared from
saffloweroil shows an uniformly sloping curve (cf. fig. 12). Admixture of small to
moderate amounts of safflower oil to butter, therefore, does not give rise to a sterol
acetate melting point exceeding 116°C, even after four additional crystallizations
(table 26).A melting point in excess of 116°Cis only observed at a quantity of 50%
of safflower oil (after six additional crystallizations).
In contrast to the failure of BOMER'S phytosterol acetate test in these cases, the
microscopic examination of sterols according to DEN HERDER did provide reliable
results. In mixtures of cholesterol with 7-50% of phytosterols some swallow-tail
crystalswereobserved,eveninthesterolmixturesfrom butterfat withsmallamounts
of safflower oil. Besides by this microscopic procedure, the presence of phytosterols
obviously can be detected by chromatographic analysis.
6.1.1 Special behaviour of pumpkin phytosterols
Admixture of small amounts of pumpkin oil (Kürbiskernöl from Austria) also does
not producea sufficient riseinthesterolacetate meltingpoint. Only whenan amount
of 40% of pumpkin oil was added and after four additional crystallizations wewere
able to detect the vegetable oil by the high sterol acetate melting point of 121.6°C
(table 26). On the other hand microscopic observation of the sterols of butter fatpumpkin oil mixtures ( 9 : 1 , 8 : 2 etc.) always did reveal some swallow-tail crystals.
The melting point of the pumpkin oil phytosterol acetates is very high viz. about
164°Cand increases gradually upon recrystallization from ethanol to about 170°C.
A second peculiarity is revealed by paperchromatographic analysis in the studied
system (degree of impregnation 0.10 g/g). The paperchromatogram of the pumpkin
oil sterol mixture showsa series of four distinct bands with Rs values of 0.85;0.95;
1.05; and 1.15. The Rvalue of the fourth band is indicative for a sterol structure
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TABLE 26 Behaviour of some special vegetable oils in the phytosterol acetate test
Melt.p. in °C after successive recrystallizations

Mixtures of
butter fat with

0

1

2

3

4

A 20%ofsaffloweroil
50% of saffloweroil
80% of safflower oil

113.2
114.6
119.3

114.9
115.4
119.4

114.7
115.0
119.8

115.2
115.9
120.2

115.7
115.9
120.4

B 10% of pumpkin oil
20%of pumpkin oil
30% of pumpkin oil
40% of pumpkin oil

105.2
102.0
99.0
99.0

107.2
103.5
105.2
106.5

107.4
104.5
110.2
110.0

107.1
104.6
110.2
114.0

107.4
104.7
110.4
121.6

122.2

C 10% of shea nut fat
20% of shea nut fat
40% of shea nut fat
55%of shea nut fat

110.9
108.4
103.3
110.3

112.2
110.2
105.6
111.2

122.6
111.4
106.8
113.2

113.4
112.1
109.0
116.6

113.2
113.0
110.5
121.1

113.5
113.6
110.7
126.4

FIG. 35. Meltingpointdiagramof cholesterol acetäte with pumpkin oil phytosterol acetates.
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TABLE 27 Sterol values offivesamples of pumpkin oil
Total sterols

o

&
'5
g
'Si
c
E

Ftfc

percentages of the phytosl :erols in the
chromatographic am ilysis*
band

band

band

band

1

2

3

4

sterol
content
in %

percentages *
melt,p.**
sterol
acetates
in°C

band

band

band

1

2

3

«2
i

25

19

19

37

0.40

155.6

30

20

25

n
m

33

27

20

20

0.30

162.9

29

23

23

29

29

22

20

0.37

162.5

38

25

19

0.22

163.4

33

27

20

0.39

164.8

23

28

25

IV

27

27

27

19

V

27

33

16

24

• Determined byplanimetry
** Determined after two recrystallizations

belonging to the FC27F—2FC28F critical pair. The occurrence of such a sterol in
an edible vegetable oil in relatively high contents up to 0.09% has not yet been
reported.
Therefore, thesterolvaluesofseveralbrandsofpumpkin oil,commercially available
in Austria, were investigated (table 27). The sterol composition of all these samples
varies to some extent; their melting points are between 155.6°and 164.8°C and the
quantities of fourth-band phytosterols between 19% and 37%.The exceptional behaviourinthephytosterolacetatetestuponadmixture ofpumpkin oilwaselucidated
by determining its melting point diagram with cholesterol acetate. Whereas in a
normal diagram a steep increase isshown at low percentages of phytosterol acetate,
wefound this special diagram displaying a distinct decrease in melting point in that
region; at 22.5% of phytosterol acetate a pronounced minimumoccurs (fig. 35). At
higher percentages the melting point rises continuously. This melting point diagram
illustratesthedifficulties encountered indetectingadmixture ofpumpkin oilto butter
by means of BÖMER'Sphytosterol acetate test. Because of the peculiar nature of this
diagram, of the high acetate melting point, and of the chromatographic pattern as
well, we suppose the structure of pumpkin oil sterols to be different from those of
the normal phytosterols.
6.1.2 Phytosterols of shea nut fat and Mowrah fat
BERGetal. (1914a, 1914b)and OLIG (1914)did not succeed indetermining admixture
of shea nut fat and Mowrah fat to butter by the phytosterol acetate test. Both shea
nut fat (or karitéfat from Butyrospermum ParkiiKotschy) and Mowrah fat (or illipé
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'rSterols

Bound sterols

; h

* ePhytosterols
band

sterol
content
in%

4

percentages of the phytosterols

melt. p.
sterol
acetates
in °C

band

band

band

band

1

2

3

4

sterol
content
in%

melt. p.
sterol
acetates
in°C

25

0.26

159.4

30

25

15

30

0.14

161.4

25

0.21

168.0

33

20

27

20

0.09

157.4

18

0.23

164.4

29

24

24

23

0.14

157.0

20

0.14

158.4

28

28

22

22

0.08

160.8

24

0.25

162.5

29

22

25

24

0.14

158.0

>-—___

butter from Madhuca longifolia Macb.)have high sterol acetate melting points viz.
169°and 173-175°Crespectively. Admixture of small to moderate amounts of these
fats tobutterdoesnot,however,giverisetoavalueofthesterolacetatemeltingpoint
exceeding 116°C.In view of the accordance of these data with those ofpumpkin oil,
wesuggestedthatthesterolsfrom thesefats shouldalsohavestructuresdifferent from
the normal Zl5-phytosterols.The behaviour upon admixture of 10,20,40,and 55%
of sheanut fat to butter fat inthephytosterol acetate test wasinvestigated.Just asin
the case of pumpkin oil a sterol acetate melting point in excess of 116°C was only
observed at considerable amounts ofshea nut fat viz.of 55%(and after atleastthree
crystallizations). The phytosterols of shea nut fat were isolated according to the
procedure of BERG(1914b),bywhichthepart oftheunsaponifiable fraction insoluble
inethanolwasremovedbeforeprecipitatingthesterolsbydigitonin.Themeltingpoint
of the acetates of this sterol fraction was 146.5°C. Other characteristics are: totalsten^content0.11%,according to BERG'S procedure; with aD,cHci36= +20°; total
unsaponifiable fraction 4.4% with OD = +38°; sterol-free unsaponifiable fraction
4.2% with OD = +36°. In the melting point diagram of these phytosterol acetates
with cholesterol acetate a decrease nearly equal to that of pumpkin oilwas observed
at low percentages of phytosterol acetate. A pronounced minimum value was found
at an amount of 30%of phytosterol acetate (fig. 36,curveA).
Bythe sameprocedure thephytosterols of Mowrah fat wereinvestigated.The sterol
acetate meltingpoint is 157°C;thetotal-sterolcontent only0.04%; total unsaponifi* All optical rotations are determined in chloroform solution.
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able fraction: 1.31 %; and the sterol-free unsaponifiable fraction: 1.26%.The shape
of the diagram of these Mowrah fat phytosterol acetates with cholesterol acetate
closelyresemblesthoseofpumpkin oiland sheanutfat and hasa minimumat32.5%
ofphytosterol acetates(fig.36,curveB).Inpaperchromatographicanalysis (0.15g/g)
the shea nut fat sterols were separated into two bands having Rs values of 0.79 and
0.91.Theratio oftheareas ofthesebands was64:36.Thechromatogram of Mowrah
fatphytosterolsshowedtwo bands with Rs valuesof respectively 0.77 and 0.90. The
percentages of thesephytosterol types were 55and45.
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Sh*a nut lot
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FIG. 36. Melting point diagram of cholesterol acetate with the phytosterol
acetates prepared from shea nut fat (A)
and Mowrah fat (B).

Furthermore, these phytosterol mixtures were analysed in all four systems of revphase T.L.C., describedin chapter5. In system B (undecane/acetic acid-acetonitrile
(25 :75)) the shea nut phytosterol acetates are fractionated into two bands with Rs
values of 0.85 (60% of the total mixture) and 0.94 (40%).The Mowrah phytosterol
acetatesarefractionated into threebands withRs valuesandpercentagesof0.85(30);
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0.96 (60); 1.05 (10) (see table 28). Both phytosterol acetate mixtures thus contain a
compound with an Rs value of about 0.95.
TABLE 28 Separation of high-melting phytosterol acetate mixtures in rev-phase T.L.C.

I Rev-phase
T.L.C, system B
band 1
band 2
band 3
band 4

Shea nut fat

Mowrah fat

Rs

%

Rs

%

0.85
0.94

60
40

0.85
0.96
1.05

30
60
10

0.86

100

0.90
1.00
1.08

60
<10
30

Cucumber
seed oil

Pumpkin seed oil
(sample no V)

Rs

%

Rs

7.

0.92
1.03
1.23

20
20
60

0.84
0.94
1.04
1.22

10
25
25
40

—

—

—

—

II T.L.C.
bromine system
band 1
band 2
band 3

Whenanalysed inthebrominesystem,thesheanut sterolacetates onlyshowa single
blue band with an Rs value of 0.86.However, there is no band of Rs value 0.94. In
thebrominesystemonlyA5mono-,and /J5,22-di-unsaturatedsterolsproduce distinct
blue bands. Sterols having a nuclear double bond in another position e.g. 7(8),8(9),
or 9(11) are readily decomposed by bromine and their oxidation products ascend
with the solvent front. The special component of shea nut sterols (parkeol) has been
identified with ^9(11), 24(25)-lanostadienol. TheRs value of the isomeric lanosterol
acetate (A8(9),24(25))in this system is0.97. Therefore, it appeared most likely that
the "second band" of shea nut phytosterol acetates with Rs = 0.94 should be attributed to this parkeol. This statement was confirmed by applying various colour
reactions.With someofthereagents mentioned intable25viz. antimony(III)chloride
andbismuth(III)chloride thefirstandsecondbandofthesheanutsterolacetatesshow
different colours. Whereas thefirstband from these acetates has the sameviolet hue
as that of /^-sitosteroland cholesterol acetate,the second band hasan orange-brown
shade,quitesimilartothatoflanosterolacetate.BecauseoftheA9(1l),24unsaturation
thesecond-bandphytosterols ofthesheanutsterolmixturearenot revealed byablue
band in the bromine system at an Rs value of 1.00. The only band shown in this
systemisapparently due to J5-sterols, belonging to thefirst-bandcriticalpair, most
probably /S-sitosterol.The presence of a quantity of about 60%of these normal A5phytosterols insheanut sterolsisinaccordancewiththepaperchromatographicdata.
In the bromine system the Mowrah fat phytosterol acetates are fractionated into
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three bands with Rs values of 0.90 (60% of the total mixture), 1.00 (10%), and 1.08
(30%). As compared with the percentages found in system Bthe content of the sterols
belonging to the band with Rs = 0.96 is decreased from 60% to only 10% in the
bromine system. Upon spraying with bismuth(III)chloride or antimony(III)chloride
this band produces the same orange-brown shade as is shown by the second band of
shea nut sterol acetates and by lanosterol acetate. Therefore, it may be assumed that
this band also contains a triterpenoid alcohol, hitherto not described in the literature
and probably related to the parkeol found in shea nut phytosterols.
Shea nut fat and Mowrah fat thus both contain a relatively large fraction of special
tetracyclictriterpenoid alcohols havinga nuclear double bond intheC-ring. Evidently,
the presence of such triterpenoid "pseudosterols" in the sterol mixtures of these fats
corresponds with a decrease in their melting point diagram, as is illustrated in the
diagrams of shea nut and Mowrah phytosterol acetates with cholesterol acetate
(fig. 36).
6.1.3 J7-sterol mixtures
The peculiar high melting point of the phytosterols from pumpkin seed {Cucurbita
Pepo) viz. 159°C was observed already in 1910 by POWER et al. (1910a). Later on
LENDLE (1938) has investigated this sterol mixture more thoroughly. Several other
high-melting sterol mixtures, possibly of a comparable nature, were reported in the
literature a.o.:
Cucurbitaceae
CucurbitaPepo, melt.p.phytosterol 162-163UC;molecularweight (RAST)408.4;C82.77
H 11.69; C 2 8 H 4 60 .i H 2 0 ; acetate melt.p.: 174-175°C (LENDLE 1938).
Cucurbita citrullus L., melt.p. 163-164°C; C 79.92 H 11.88; C26H44O. H 2 0 ; acetate
melt.p. 170-173°C;C20H43O.C2H3O(FORTI 1890)andphytosterol melt.p. 163-164°C;
C 82.6 H 11.3;C20H34O (?) (POWER 1910b).
Citrullus colocynthus, melt.p. 158-160°C; a D = +8.1°; acetate melt.p. 167-170°C
(POWER 1910c); and phytosterol melt.p. 164-165°C; aD = —2°; C 83.6 H 12.0;
acetate melt.p. 184°C; C 81.7 H 11.2; molecular weight 428, identified with a-spinasterol (HAMILTON 1952).
Momordica cochinchinensis, two sterols (A) Bessisterol; melt.p. 175°C; ctD23 =
—13.5°; acetate melt.p. 185°C; ao = —14.8°, identified with a-spinasterol (KuWADA 1940a)and (B)melt.p. 163.5-167.5°C; aD = +4.04°; C 28 H 4 60 .i H 2 0 ; acetate
melt.p. 174.5-176.5°C, isomer of 5-dihydroergosterol(?) (KUWADA 1940b).
Bryonia dioica(roots) melt.p. 137°C;aD = + 0 ° ; C27H46O;acetate melt.p. 155-157°C
(POWER 1911).
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Ecballium elaterium (fruits) melt.p. 148°C; OD = +3.2°; C27H46O; acetate melt.p.
155-157°C (POWER 1909).
and also from e.g.:
Theasinensis melt.p. 167-168°C;acetate melt.p. 181°C; molecular weight (RAST) 408;
5-dihydroergosterol (?) (TSUJIMURA 1932).
The melting points of normal Zl5-phytosterol mixtures, free from conjugated sterols,
generally are higher than those of the corresponding acetates. However, the above
phytosterol mixtures including those of pumpkin seed oil and cucumber seed oil have
meltingpoints significantly lowerthan those of their acetates.According to BERGMANN
(1953) such data are characteristic of Zl7-sterols. This statement is affirmed by the
small values of the optical rotation of ± 0 ° . Such small rotations are specific for
mono-unsaturated J7-sterols, the slightly more pronounced levo-rotations indicating
an additional J22(23) double bond (BERGMANN 1952). BERGMANN (1953) stated that
the presence of such z!7-sterol types is quite typical for the fats of the Cucurbitaceae
and of the Sapotaceae (including Madhuca and Butyrospermum species). We found
some conclusive evidences for the first part of this statement. However, in the group
of the Sapotaceae aberrant sterol types are found, some of these sterol mixtures
containing triterpenoid "pseudosterol" types.
Besides the pumpkin oil sterols we have investigated still another high melting
phytosterol mixture from the Cucurbitaceae group viz. the oil from cucumber seeds
(Cucumis sativus). The phytosterol mixture of this oilhasthe following characteristics:
sterol content 0.54%; melting point of the acetates: 170.1°C; a D = +5.9°; melting
point of the sterols 148.6°C; a D = +14.2°. Paperchromatographic analysis showed
three bands with Rs values and percentages of 0.94 (48); 1.12 (24); and 1.24 (28).
Obviously, the third band belongs to the FC27F-2FC28F critical pair. In rev-phase
T.L.C. (system B)three bands with Rs values and percentages of 0.92 (20); 1.03 (20);
and 1.23(60) are shown. In the bromine system no bands are detected, thus excluding
a /15-sterol structure for any component of this mixture (table 28).The melting points
and optical rotations also point to a Zl7-sterol structure, the triterpenoid alcohols
related to lanosterol having much higher dextrorotation. Analogous data are found
when analysing pumpkin oil sterols in such thin-layer chromatographic systems. The
pumpkin sterols are supposed to have Zl7-sterol structures, as will be discussed more
in detail in the next part.
We thus can assert that the occurrence both of triterpenoid alcohols and of certain
^7-sterol types in edible oils and fats gives rise to quite abnormal melting point
diagrams (fig. 35, 36). These diagrams are all typified by a distinct minimum value,
as is shown by the phytosterol acetates prepared from shea nut fat, Mowrah fat, and
Pumpkin oil.Thisbehaviour contrasts withthe curvature shown by normal Zl5-phytosterol acetates.
Consequently, thefats that contain such aberrant phytosterols cannot be detected in
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butterby means of theoriginalphytosterolacetatetest.The failure of detecting shea
nutfat and Mowrahfat inbutter withthisprocedure,therefore, isnotcaused bytheir
low sterol contents,as was suggested at the time by BERG etal.(1914a).
Theabovestatementswereillustratedbydetermination ofthemeltingpointdiagrams
lanosterol acetate-cholesterol acetate and J7-ergostenol acetate-cholesterol acetate.
In the lanosterol acetate-cholesterol acetate diagram a strong decrease in melting
point isfound at lowpercentages oflanosterolacetate.Averypronounced minimum
with meltingpoint of 86°Cisobserved at 44%oflanosterol acetate. Quite similar to
the curvature of the pumpkin sterol diagram, the J7-ergostenol acetate-cholesterol
acetate melting point diagram exhibits a minimum at about 20% of/17-ergostenol
acetate (fig.37).
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Fio.37.Meltingpointdiagramsofcholesterolacetatewith lanosterol acetate (A)
andJ7-ergostenolacetate(B).

Onthebasis oftheabove phenomena, wehaveto conclude that a negative result in
the phytosterol acetate test does not necessarily give a reliable indication as to the
absence of vegetable fat in butter. The test should be completed by microscopic
examination of the sterol mixture, according to the procedure of DEN HERDER, or
preferably by a chromatographic analysis of the sterol mixture.

6.2

STRUCTURE OF THE PUMPKIN OIL PHYTOSTEROLS

Asanexampleoftheapplication ofchromatographic methodsaswellasseveralother
analytical techniques, the structure of pumpkin oil sterols was investigated more
thoroughly. A complete structural analysis by all methods of organic chemistry including degradation procedures isbeyond the scope of this investigation.
6.2.1 Characteristics of pumpkin oil
Crudepumpkinoilwaspreparedfrompumpkinseedsinordertoexcludethepossibility
of admixture of other vegetable oils. An amount of 10kg of peeled pumpkin seed7
was extracted with petroleum ether (bp 40-60°Q. The dark brown coloured crude
pumpkinoil(yieldabout28%)wasinvestigated,determiningthecommonfatchemical
characteristics viz. refractive number 59.7; iodine value 122.5;density 0.9208; percentageoffree fatty acids0.46;peroxidenumber 32.6;R.M.W.value0.90;POLENSKE
value 0.28; critical temperature of dissolution (aniline) 13.5; saponification value
194.6;percentage ofthe unsaponifiable fraction 1.83-1.84%,aD ofthisfraction —9°
and —10°; sterol-free unsaponifiable fraction 1.44%,ao of this fraction —7.5° and
—8.5°.
FITELSON test on crude oil (with acetic anhydride): strong green colour. Colour
reactions of TORTELLI-JAFFÉ positive, WELMANS weakly positive, BERTRAM weakly
positive (on a refined sample).
Sterol values: total-sterol content 0.39-0.40%; sterol acetate melting point 167.6°,
after 5crystallizations 170.5°C.
Molecular weight (RAST) of the pumpkin oil sterol mixture 386 and of the corresponding acetates 422(theoretical values for a C27H44Oformula: 384and 426).
6.2.2 Paperchromatography
Inthestudiedsystemparaffin oil(0.10g/g)/aceticacid-water(84 :16)pumpkinphytosterolsare fractionated into four distinct bands,belonging to the critical pairs of the
first,second, third, and fourth band. Further on the sterols producing these bands
are denoted as cucurbitasterol 1, 2, 3, and 4. The Rs and RM values of these four
7

The pumpkin seeds were obtained from ölwerke PELZMANN, Leibnitz Österreich by courtesy of
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bands are respectively 0.85 (0.31); 0.95 (0.23); 1.05 (0.16); and 1.15 (0.09). The
quantities of the four cucurbitasterols were evaluated as cucurbitasterol 1:27%;
cucurbitasterol 2:26%; cucurbitasterol 3: 25%; cucurbitasterol 4: 22%, assuming
that eachband isproduced by only onesterol.Cucurbitasterol 4with an Rs valueof
1.15 obviously belongs to the critical pair 2FC28F-2FC27-FC27F. However, the
colour reactions mentioned in table 19 did not produce the colours indicative for
conjugated sterol types. Excluding thus the conjugated 2FC27, 2FC28F and higher
unsaturated structures, cucurbitasterol 4 may havea di-unsaturated, non-conjugated
FC27F structure or less probably a C2?-sterol skeleton with two non-conjugated,
nuclear double bonds.
6.2.3 U.V. spectrophotometry
The pumpkin sterol acetate sample was recrystallized twice from iso-octane. The
acetates were saponified and the U.V. spectrum of the sterol fraction, dissolved in
chloroform, was measured with an Unicam SP 700 spectrophotometer. Only three
small peaks at272,282,and294nmoccurinthespectrum.TheE\°l™ valueat 282nm
of 0.98 indicates the presence of a small amount viz. about 0.35% of a conjugated
provitamin D compound. If a considerable part of the sterol mixture would consist
of7-dehydrocholesterol(2FC27)orrelated sterols,muchhigherextinction coefficients
would be expected.
Therefore, neither the fourth band (cucurbitasterol 4) nor the other ones should
be attributed to sterols having a system of 5,7 conjugated double bonds.
6.2.4 T.L.C. bromine system
Whenanalysedin the T.L.C. system undecane/acetic acid-acetonitrile (25 :75) with
0.5% bromine the pumpkin oil sterol acetates apparently are decomposed and no
bandsappearon the chromatoplate. This experiment proves unambiguously that the
pumpkin sterol mixture does not contain any sterol of the non-conjugated J5-type.
On account of this elegant procedure the conjugated 2FC27 and 2FC28F structures
for cucurbitasterol 4thusare definitely excluded.Thisspecial method ofanalysiscan
be applied successfully in practice to detect admixture of common vegetable oils,
containing ^15-sterols,to pure pumpkin oil.
6.2.5 Colour reactions
Pumpkin phytosterols givea positive reaction in the TORTELLI-JAFFÉcolour reaction.
This reaction isgenerally considered to be specific for sterols containing a ditertiary
double bond in the nucleus or that are easily isomerized to such substances e.g.
ergosterol, J7-ergostenol, 5-dihydroergosteroletc.
In the ROSENHEIM reaction (1mg of sterol in 1ml of 90% trichloroacetic acid) the
pumpkin sterols show a distinct blue colour, whereas ^-sitosterol and cholesterol
produce onlyveryfaint violet topink hues.Under the samecircumstances^17-sterols
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such as 5-dihydroergosteroland conjugated sterols like ergosterol show deepblue to
blue-black colours.
In a colour reaction with anisaldehyde (KATZ 1960)pumpkin sterols as well as A7sterols,7-dehydrocholesterol,zymosteroletc.developpurpletobrown-purple shades.
The reaction was carried out by dissolving 1mg of sterol in 1ml of a mixture of
anisaldehyde-acetic acid-sulfuric acid (1 : 100 :2) and heating during 25sec over a
microflame.
With thereagent p-nitrobenzene diazonium chloride,indicative ofconjugated sterol
structures (FIESER 1930),pumpkin oil sterols only show a faint yellow colour.
The phytosterol mixtures of most common vegetable oils are slow-acting in the
LIEBERMANN-BURCHARD colour reaction, similar to the behaviour of cholesterol,
stigmasterol etc. However, the pumpkin sterols definitely belong to the fast-acting
group of sterols. The maximum extinction coefficient of this sterol mixture is nearly
as high as that of ergosterol (fig. 31and 38).
E
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FIG. 38. Absorbances in the LIEBERMANNBURCHARD reaction shown bycholesterol (A),
ergosterol (B), and by the sterolmixtures from
soybean oil ( Q and pumpkin oil (D).

Thepresence ofconjugated sterols suchasergosterol could beexcluded onthebasis
of the U.V. spectrum and several colour reactions. In the group of the other sterol
types only the Zl7-unsaturated sterols give rise to such high extinction coefficients.
TheJ8(14)andJ14(15) types have absorbances intermediate between those of the
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slow-actingand ofthefast-acting groups respectively (IDLER 1953b, TOYAMA 1956).
In view of the above statements, we must conclude that the major parts of the
cucurbitasterols have structures with an ethyleniclinkage in the 7(8) position.
Thehighextinctioncoefficients inthe LIEBERMANN-BURCHARDreactioncanbeapplied
inpractice to the detection ofsmall amounts ofpumpkin oilinthe common typesof
vegetable oils.
6.2.6 Melting point and optical rotation
The melting points of normal non-conjugated A5-sterols are generally higher than
those oftheiracetates,whereasthereverseischaracteristicofthegroupof<d7-sterols.
Themeltingpoints ofthepumpkin sterolsand theiracetatesviz. 159.0°and 170.5°C,
therefore, also indicate a zJ7-sterol structure. The specific optical rotation of the
pumpkin sterolmixtureis +5.0°,oftheacetates +1.0°.Themolecular rotations thus
are respectively +19.3 and +4.2. According to BERGMANN(1953) specific rotations
of 0to —25°suggest a 7(8)double bond, the more negative rotations in that region
indicating an additional Zl22(23)doublebond.In BARTON'S(1945)system ofadditive
molecular rotations ofparts of the sterol molecule a small difference Ai between the
molecularrotations of the sterol acetates and the sterols of about -6 isindicativeof
a A7(8)ethyleniclinkage.Onthe other hand tetracyclictriterpenoid "pseudosterols"
have quite different Ai values viz.exceeding +15. The rotations of pumpkin sterols
closelyresemblethoseofothercompoundsbelongingtotheAl-stevolgroup(table29),
theexperimentalvalueofA\ of—15.1 beinginreasonableaccordance with BARTON'S
data.

TABLE 29 Comparison of pumpkin sterol and some other J7-sterols
Sterol acetate

Sterol
melt.p.

OD

melt.p.

OD

J7-cholestenol

125°C

+5.7°

118°C

+ 1.5°

/47-ergostenol (fungisterol)

146

±0

160

—5

A7,22-ergostadiene-3/?-ol
(5-dihydroergosterol)

176

—20

180

—20

episterol (?)

151

—5

161

—3.5

<d7-stigmastenol

146

+9

157

+8

167-169

—3

177-185

—5

/3-spinasterol (A7,25(26)?)

149

+6

154

+5

pumpkin oil sterols

159

+2

170.5

±0

/17,22-stigmastadiene-3/?-ol
(a-spinasterol)
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6.2.7 Infrared and N.M.R. spectra8
Theinfrared spectra of the pumpkin sterolmixture,theiracetatesand ofsomerelated
J7-sterols were measured with an Unicam SP 100infrared spectrophotometer. The
spectrum ofpumpkin sterolsappeared topossessaband pattern nearly identicalwith
thatof/17-ergostenoland 5-dihydroergosterol.It showsabsorption bandsat 725, 776,
794, 828, 843, 868,885,936,969, 1015,1040(1048),1099,1130,1156,1171,1195,1215,
1250, 1303, 1320, 1342, 1372(1380), 1445, 1643, and 1663cm"1(fig.39).
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FIG. 39. Infrared spectra of pumpkin sterols (A) and 5-dihydroergosterol (B).

8
I thank the scientists of the ORGANISCH CHEMISCH LABORATORIUM, Rijksuniversiteit at Leiden,
Director PROF. D R . E. C. KOOYMAN, for their manifold help and advice.

123

Accordingto IDLERetal.(1953a) J7-sterols such as J7-cholestenol, <47-ergostenol,
and a-spinasterol show a common "Zl7-pattern" ofbands at 729,797,830,847,937,
966, 976, 1020, 1053,and 1101c m 4 , which is in accordance with our data. A very
closeresemblancewasshownbymanydetailsofthespectrum ofpumpkin sterolsand
that of 5-dihydroergosterol. The strong 969peak may indicate that some cucurbitasterolshavean additional J22(23) unsaturation. These data confirm the hypothetical
J7-sterol structure for allcucurbitasterols. A24-b-configuration has to be attributed
to the four C28and C29-cucurbitasterols, since the spectrum of J7,22-24a-stigmastadiene-3/9-ol(chondrillasterol)isquitedifferent from that ofits24-b-epimer a-spinasterolandother 24-b-sterols like 5-dihydroergosterol (cf. DOBRINER 1953).The most
probable type of structure for the various cucurbitasterols, therefore, appeared to be
that of 5-dihydroergosterol, its homologues or structural isomers.
However, some differences between the spectra of pumpkin sterols and other Alsterolsarenoticed. Thespectrum ofthepumpkin sterolsexhibitsa verydistinct band
at 885cm-1and 1643cm -1and a minorband at 776cm -1 , whichform nopart ofthe
normal J7-pattern. The 885 cm -1 and 1643 c m 4 absorptions are characteristic of
sterols and steroids with a terminal ethylenic linkage, as has been demonstrated by
SoNDHEiMERet al. (1957). Some special sterols having a terminal unsaturation are
found in nature. The absorptions at 885 c m 4 and 1637 c m 4 shown by the sterol
mixture isolated from chick embryo tissues were proved to be due to the presenceof
25-dehydrocholesterol(/15,25(26)-cholestadiene-3/?-ol)inthis mixture (STOKES 1956).
Another possible situation for a terminal unsaturation in the skeleton of C28and
C29-sterols isat theC24-28 linkage.Actually,thesterol mixturesisolated from certain
molluscs and from queensofApismellificaL. showinfrared spectrawithquite similar
absorptions at 885c m 4 and 1637cm 4 , due to the presence of 24-methylenecholesterol(viz.z!5,24(28)-ergostadiene-3/9-ol)inthesemixtures (IDLER 1955,1957,BARBIER
1959).
Analogously,the885cm -1and 1645c m 4 absorptions givenbypumpkinsterolshave
to beattributed to a terminal linkage,J25(26) or possibly zl24(28),in at least one or
possibly two of the components of the cucurbitasterol mixture.
Thisevidencewasconfirmed bythenuclear magnetic resonance (N.M.R.) spectrum.
Common zl7-sterolslike J7-cholestenoland J7-ergostenol showapeak at 5.2p.p.m.
(with trimethylsilane as zero), due to the C7 proton (fig. 40,A). The Ce and C22.23
protons ofstigmasterolrespectivelygiverisetopeaksat 5.35andadoubletat5.1-5.05
p.p.m. A solution of pumpkin sterols in deuterated chloroform shows a peak at 5.2
p.p.m.(C?proton)witha shoulder at 5.1p.p.m.(^22,23protons),indicating that part
of the J7-cucurbitasterols has an additional J22(23) unsaturation. However, at 4.7
p.p.m. another marked peak is found (fig. 40,B). This evidences the presence of a
component havingaseconddoublebond inaspecialposition.Itscontent inthesterol
mixture wasestimated to beapproximately 40%,which isin reasonable accordance
with the content of fourth-band sterols, determined with rev-phase T.L.C. The 4.7
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p.p.m. peak indicates a terminal unsaturation, analogous to the correspondingpeak
in the N.M.R. spectrum of e.g. methylene cyclobutane and methylene cyclohexane
(BHACCA1962).

FIG. 40. Nuclear magnetic resonance (N.M.R.) spectra of <d7-ergostenol (A) and pumpkin seed
phytosterols(B).

The presence of a terminalethyleniclinkagewasstillfurtherconfirmedbytheforming
of formaldehyde upon oxidimetric degradation. Pumpkin oil sterol acetates were
oxidisedwithperiodicacid and potassiumpermanganateaccordingto theprocedure
of BRICKER etal.(1949).Theformaldehyde wasseparated from the reactionmixture
by distillation. Its amount was determined by means of the colour reaction with
chromotropicacid, the yield amounting to about 6%of the theoreticalvalue9.
Onthebasisoftheabove data itislikelythat inaddition to theZl7-structurefor all
* Under identical circumstances limonene yielded formaldehyde in 30% of the theoretical amount.
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cucurbitasterolsandaz!22(23)unsaturationfor someofthem,atleastonebutpossibly
two of the other cucurbitasterols may have the second double bond in a terminal
position, viz.the J 25(26)or possibly the J 24(28)position.
6.2.8 Thin-layer chromatography
Pumpkin oil sterols and their acetates were analysed with rev-phase T.L.C. in the
systems C, D and A, Brespectively. Byspotting pure preparations of 5-dihydroergosterol and J7-ergostenol on the same chromatoplate an accurate comparison of the
respective RF values was obtained (table 30).In system Bviz. undecane/acetic acidacetonitrile(25: 75)thepumpkinsterolacetates are fractionated into four bands, the
respectiveamounts ofthebands 1-4beingapproximately 11,31,25,and33%(fig.41).
When thepumpkin sterol acetates are recrystallized repeatedly from e.g.ethanol, the
relative intensities of thesefour bands do not changeappreciably. Ascompared with
the percentages of thefour bands determined with paperchromatography viz.27, 26,
25, and 22%,it appears that part of the first-band sterols found in paperchromatography isshifted to the fourth band in rev-phase T.L.C.
TABLE 30 Comparison between characteristics of the four cucurbitasterols and some related Alsterols in rev-phase T.L.C. (system B)

Acetates of

Abbr.
formula

A
at

Rs
value

Antimony Trichloro1
acetic Sahcyl-' Resor(III)
aldeh de
cinol*
acid
y
chloride*

/^-sitosterol

FC29

0.80

violet

grey

violet

faint blue

cucurbitasterol 4

FCÜTF? 7,25(26)?

1.22

purplebrown

blue

purplebrown

orangebrown

cucurbitasterol 3

FC 28 F? 7,25(26)?

1.05

orangebrown

greybrown

orangebrown

purplebrown

cucurbitasterol 2

FC29F? 7,22?

0.94

orangebrown

greybrown

orangebrown

purplebrown

cucurbitasterol 1

FC 2 »?

7

0.84

5-dihydroergosterol

FC 28 F

7,22

1.06

orangebrown

greybrown

orangebrown

purplebrown

/17-ergostenol

FC28

7

0.97

greybrown

yellowbrown

yellowgreen

yellowbrown

a-spinasterol (second band
from Asterinasterols)

FC29F

7,22

0.95

faint
orangebrown

greybrown

orangebrown

22-dihydroergosterol

2FC28

5,7

zymosterol

FC27F

8(9),24(25)I

orangebrown

greybrown

orangebrown

5

* The proceduresfor the colour reactions are mentioned in table25.
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FIG. 41. Reversed-phase T.L.C, of cucurbitasterol acetates in the system: undecane/acetic acidacetonitrile (25 : 75).
spot I and4. 5-dihydroergosterol.
spot2.
pumpkin oil sterol mixture.
spot3.
sterol mixture from Asterina Pectinifera.

TheRs values of the cucurbitasterols and of some /17-sterolsin system Bare listed
intable 30. Onaccount oftheresultsofpaperchromatography andofrev-phaseT.L.C.
we may assume the presence of at least four cucurbitasterols in the pumpkin sterol
mixture.TheRpvaluesinthestudiedsystemsindicatethat thesefour cucurbitasterols
constitute a series of probably homologous J7-sterols, differing in length and unsaturation of the sidechain.Onthebasisof the relationships between sterol structure
and migration rate and of the above-mentioned characteristics we might tentatively
assumethemostprobablestructuresforcucurbitasterol 1,2,3,and 4toberespectively
FC29;FC29F;FC28F;and FC27F.In the system Bthe migration rates of cucurbitasterol 3and of 5-dihydroergosterol(FC28F)are quite similar (fig. 41).This similarity
wasalsofound whenapplyingthethreeothersystemsviz.A,C,and D.Furthermore,
several chromatoplates developed in the system B were systematically sprayed with
twenty colour reagents, some of which are givenin table 25.With these reagents the
various sterol types generally show diverse colours. Notwithstanding the variety of
shades observed, those of the bands of cucurbitasterol 3and of 5-dihydroergosterol
matched exactly (table30).
On the other hand further related sterols like ^7-cholestenol, J7-ergostenol, lanosterol etc.show quite different shades.
Onthe basisoftheabovestatementswe thereforesuggestthe hypothesisthatcucurbitasterol 3may be identified with 5-dihydroergosterol or possiblywithoneofits isomers
having a terminal unsaturation viz. ^7,25(26)-, or Zl7,24(28)-ergostadiene-3/?-ol.
In view of the observed RF values in the four studied systems,the above-mentioned
colourreactions,and othercharacteristics,cucurbitasterol2maytentativelybeidentified witha-spinasterol(FC29F),whereasthereissomeevidencesuggestingtheidentity
ofcucurbitasterol 1with J7-stigmastenol(FC29).
Themigration ratesand colour reactionsofcucurbitasterol 1and 2closelyresemble
those of the first two bands shown by a sterol mixture from Asterina Pectinifera10
(fig. 41). TOYAMAet al.(1955, 1956)have identified the components of this mixture
with J7-cholestenol, a J7.22-C28 sterol, a-spinasterol, and Zl7-stigmastenol. Upon
chromatographic analysis in system B the first two sterols together form the third
band, a-spinasterol forms thesecond,andzl7-stigmastenolthefirstband (fig.41). The
resemblanceinchromatographicbehaviourbetweenthebands 1and2ofthismixture
withthoseofthepumpkinoilsterolmixtureconfirms theabovehypothesisconcerning
the possible structure of cucurbitasterol 1and 2.
With some specific spray reagents a.o. antimony(IH)chloride and trichloroacetic
acid-acetic acid (90 :10)(in the latter reaction: 15min heating at 80°Q cucurbitasterol4showsa colour shadediffering from that of the other cucurbitasterols.Therefore,itappearsprobable that thesecond doublebond ofcucurbitasterol 4(steroltype
0
Thesample of AsterinaPectiniferasterols wasa most generous gift of PROF. Y. TOYAMA (Nagoya)
Japan.
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J7-FC27F) isnot at the normal 22(23)position. The infrared absorptions at 885and
1643cm -1 and the 4.7 p.p.m. peak in the N.M.R. spectrum most likely indicate the
presence of a quantity of about 40% of a special sterol havingan additional 25(26)
ethyleniclinkage.Itappearsprobable that thesephenomena mightbecorrelated with
thespecialbehaviour ofcucurbitasterol4(about 33%ofthetotalmixture)inrev-phase
T.L.C.Inviewofthiscircumstantial evidence,wesuggestthat cucurbitasterol4might
be/17,25(26)-cholestadiene-3ß-ol.
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CALCULATIONS ON THE BASIS OF
STEROL VALUES

7.1

IDENTIFICATION OF THE TYPE OF ADMIXED ANIMAL FAT

Ina mixture ofonetypeofvegetable fat withonesingletypeofanimalfat, the sterol
values of the mixture are useful in evaluating the respective amounts of the components. Because of the variability of the composition of a fat and the influence of
refining processes,the sterolvalues ofthat fat mayvary to someextent. This natural
variability impliesthat theresults of suchcalculations are only ofa semi-quantitative
nature. Furthermore, thepresent imperfection inthedetermination ofthe cholesterol
percentagealsohampersthereliabilityofsuchestimations.Thedifficulties encountered
in determining the cholesterol percentage, especially when considerable amounts of
third-band phytosterols are present, have been discussed in chapter 4. It may be
assumed that in the future still more reliable procedures for determining the cholesterolpercentagewillbeavailablee.g.gas-liquid chromatography.Thiswould further
enhance the significance of themathematical treatment nowgoingto bediscussed. In
some cases these calculations can already furnish someevidence concerning the type
of animal fat that is admixed in only small amounts to a vegetable fat. In these
calculationswhichareessentiallybased onabalanceofthecholesterolandphytosterol
content of fat mixtures the following symbols are used:
*o= cholesterol content of the animal fat.
yo = phytosterol content of the vegetable fat.
a
o = total-sterol content of the fat mixture.
c
o = cholesterol content of the sterol mixture.
100—co= phytosterol content of the sterol mixture.
P = content of animal fat in the fat mixture.
100—p —content of vegetable fat in the fat mixture.
In addition to the sterol values the results of more classical methods of fat analysis
have to be applied as well. When analysing mixtures of vegetable and animal fat
usually the following characteristics are determined: R.M.W. and POLENSKE value
(presence of coconut and palmkernel fat), arachidonic acid content, and the colour
reactions of TORTELLI-JAFFÉ (specific for whale oil), BERTRAM (positive in the caseof
s
°ybeanoiland animal fats, exceptlard),and WELMANS(strongpositivefor whaleoil
and less pronounced for all vegetable oils).
The amount of cholesterol present in the fat mixture is evaluated in two different
waysviz. from/>. x0 and co .a0respectively. Thus:
p.xo =flo.co
[1]
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The total quantity of sterols of the fat mixture is derived according to the equation:
p.xo + (lOO—p).yo=

100. ao

[2]

Of allthefactors involved in this calculation the sterol values aoand coare determined
experimentally. In special cases the type of the vegetable fat is known by a true
declaration or it is identified by other methods of fat analysis e.g. by specific colour
reactions. The tables 2and 20 then provide an approximate yo value. In a mixture of
a single vegetable fat of known nature with an amount of animal fat (p), the latter is
evaluated using the values of ao, co,and yo. From equations [1]and [2] we have:
(100—p)yo = (100— c0)ao

[3]

and hence
-«')-*0
yo
From the percentage of animal fat (p), derived from equation [4], the cholesterol
content of that type of animal fat can be estimated according to:
^IQO-*

ao Co

(from equation [1])
[5]
P
The cholesterol content of the admixed animal fat (xo)can give some indication as to
the origin of that fat.
Ifan JCOvalueexceeding0.20%isfound and inaddition thecolour reactions on whale
oil (viz.that of TORTELLI-JAFFÉ, BERTRAM, and WELMANS) are negative, we can decide
upon the presence of (refined) inedible animal fat (Roos 1956).The sterol contents of
first quality pure animal fats such as lard and beef tallow are only 0.08-0.10%. The
limit of 0.20% has been established by carefully taking into account the several influences on the sterol contents exerted by the origin of the fat, the refining processes
etc. In fact fats with xo values exceeding 0.15% already have to be considered as
questionable. The limit of 0.20% therefore has a substantial safety-margin (Roos
1961).
Because of the large variety in sterol contents of (hardened) whale and fish oils
drawing up a correct sterol balance is made more complicated by the presence of
these fats. In the presence of marine animal fats, therefore, no evaluation of the
amounts of other animal fats can be made. In practice the differentiation between
animal fats of pure nature and refined inedible animal fats suchas greases (a.o. White
grease, Hog grease) and tallows e.g. Fancy tallow is of prime importance. This
differentiation iseven possible in the presence of an excess of vegetable fat. At present
no other method of fat analysis can boast of comparable results.
Sometimes it is troublesome to identify all components of a vegetable fat mixture
properly. However, in a special case the type of admixed animal fat may be known
e.g. by declaration. Provided that no other animal fats are present, the percentage of
thisanimal fat then can be estimated according to equation [1] viz. p = co.ao/xo. In
Xo
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=

-

1 0 0

[4]

this case a further investigation of the composition of the vegetable fat fraction is not
necessary.
Admixture of a non-hydrogenated animal fat can be confirmed by the high value of
the arachidonic acid content. This tetraenoic fatty acid with isolated double bonds
occurs in relatively high percentages in fats of animal origin, whereas vegetable fats
contain only very small amounts, not exceeding 0.04%. If besides a considerable
amount of cholesterol no significant increase in arachidonic acid content is found,
we may conclude to the presence of hydrogenated animal fats. The great difference in
sterol content of (hydrogenated) Menhaden fish oil (ao = 0.4-2.0%) and (hydrogenated) whale oil (ao = 0.05-0.2%) should enable analogous calculations yielding
indications as to the type of marine animal oil present in a mixture with vegetable
fat. Some typical instances of these calculations in problems of fat analysis will be
discussed in detail.

7.2

A N A L Y S I S OF A C O T T O N S E E D O I L SAMPLE

A sample of partly hydrogenated cottonseed oil gave the following characteristics:
iodine value 48, no colour reactions of BERTRAM and BAUDOUIN, and polybromide
value negative. The colour reaction of WELMANS showed a weakly positive result
indicative of vegetable oils. Colour reaction of HALPHEN (for cottonseed oil) positive.
Total-sterol content ao = 0.20% and sterol acetate melting point 124.7°C. After the
addition of respectively 5% and 25% of cholesterol acetate melting points of 126.2°
and 125.2°C were found. In the microscopic test of ROOS-VAN DIJK (chapter 1.6.2)
some swallow-tail crystals were observed. These data point to the occurrence of
cholesterol in this sterol mixture. No indications were obtained as to the presence of
other vegetable fats and of marine animal fats. The amount of the third-band sterols
was determined by planimetrie evaluation of a chromatogram viz. 15%. According
totable 20 cottonseed oil generally does not contain a detectable amount of thirdband phytosterols. The third band therefore should be attributed exclusively to the
presence of cholesterol: CQ = 15%. Table 2 indicates an average phytosterol content
of cottonseed oil samples of about yo = 0.30%. In a tentative calculation we may
suppose the animal fat to be constituted of pure lard or beef fat with xo = 0.08%.
In that case we can draw up the following sterol balance:
p.0.08 , (100—p)0.30
iöö~ +
Ü&

A
=

„.

.
u.
'resulting m p =

.-„.
/°

45

The amount of 45% of lard or beef fat should contribute: 0.036% of cholesterol
The fraction of 55% of cottonseed oil should contain:

0.165% of phytosterol

+
Total-sterol content: 0.201%
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and cholesterol percentage 36/201 . 100 = 18. This percentage agrees satisfactorily
with the experimentally determined amount of third-band sterols (co = 15%). This
agreement confirmed the validity of the originalassumption that the cholesterol would
originate from pure lard or beef fat. On the other hand, if the presence of cholesterol
should be attributed to an admixture of refined inedible animal fat e.g. White grease
with xo = 0.3-0.5% another sterol balance should hold:
l-Q-40 ( 1 0 0 - / 0 0.30_
100 ^
100

n

,n

yielding no positive value of p. This possibility .therefore, has to be excluded. The
percentage of the admixed animal fat and its cholesterol content thus can be
derived by equations [4]and [5].
(100—15)0.20
,
15.0.20
— ^
= 4 3 % and x0 = ——= 0.07%
0.30
43
According to table 2 a calculated cholesterol content of 0.07%points to the presence
of pure lard or beef fat.
P= 1 0 0 - i

7.3

A N A L Y S I S OF A P A L M OIL SAMPLE

The analysis of a sample of refined hardened palm oil gave the following data: refractive number 47.9; iodine value 52; sterol content 0.08%; sterol acetate melting
point 129.1°C; R.M.W. and POLENSKE values 1.2 and 0.8 (negative for coconut and
palmkernel fat); colour reactions of TORTELLI-JAFFÉ, BERTRAM, HALPHEN, and
BAUDOUIN negative; reaction of WELMANS weakly positive (indicating vegetable fat);
chromatographic sterol analysis 50% of third-band sterols;arachidonic acid content
0.03%.
Upon adding 20% of cholesterol acetate to the sterol mixture the melting point was
decreased to 126°C. According to fig. 18 this indicates the presence of about 40% of
cholesterol acetate inthe mixture ofpalm oilphytosterol acetates.Bychromatographic
separation a third-band sterol content of 50% was estimated i.e. of the magnitude of
the first-band phytosterols. According to the statements of chapter 4 (cf. 4.4.1. B.2
and 3), the occurrence of strong first and third bands together with only a small
percentage of second-band phytosterols evidences the presence of cholesterol. Since
hardened palm oil samples usually do not contain appreciable amounts of third-band
phytosterols, wemayassume a cholesterol content in the sterol mixture ofabout 45%.
The arachidonic acid content of0.03%also arouses suspicion as to the pure vegetable
nature of the fat. The presence of any marine animal oil is precluded because of the
negative colour reactions of TORTELLI-JAFFÉ and BERTRAM.We were not able to detect
the presence of any other type of vegetable fat. Because of the absence of marine
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animal oils, the content of animal fat can be calculated according to equation [4],
equation [5]giving some indication as to the nature of that fat. According to table 2
the phytosterol content of palm oil (yo) is approximately 0.04-0.05%. Hence:

P= 1 0 0 — ^

(100— 4 5 ) . 0.08
^
= 12% and x0 =

45.0.08
^
= 0.3%

The content of admixed animal fat thus is about 12% and the cholesterol content
of that fat about 0.3%. The latter percentage proves that the animal fat is not a pure,
edible body fat but consists of a (refined) inedible animal fat. We can now draw up
the following sterol balance:
78% of palm oil with y0 = 0.05 contributes:

0.039% of phytosterol

12% of inedible animal fat with xo = 0.30% contributes: 0.036% of cholesterol
Total-sterol content: 0.075%
and amount of cholesterol in the sterol mixture 36/75 . 100 = 48%.This corresponds
with the experimental sterol values.

7.4

A N A L Y S I S OF A S E C O N D P A L M O I L SAMPLE

A third instance concerning the composition of a margarine fat, announced as 100%
palm oil, was given originally by DEN HERDER. The way of reasoning is amplified by
chromatographic data. Fat chemical characteristics: refractive number 47.2; iodine
value 45; R.M.W. and POLENSKE values 3.2 and 2.1,indicating the presence of 13%
of coconut fat; colour reactions of TORTELLI-JAFFÉ, BERTRAM, and WELMANS positive;
total-sterol content 0.11%; sterol acetate melting point 130.3°C.
The total-sterol content is too high for pure palm oil (see chapter 1).Evaluating the
colour intensity in the BERTRAM reaction in a semi-quantitative way, the presence of
10-25% of whale oil is indicated. We now have to consider whether the high sterol
content can be explained by the above-mentioned amounts of coconut fat and whale
oil. The sterol acetate mixture was mixed with 25% and 50% of cholesterol acetate,
resulting in the melting points 128.0° and 122.0°C. The melting point diagram of
fig. 18indicates the presence ofabout 25%of cholesterol acetate in the palm oil sterol
mixture. Since the nature of the animal fat was identified as whale oil, with an approximate cholesterol content of about 0.20%, the amount of that fat is circa p =
CO.OO/ATO~ 14%.This percentage agrees with the above-mentioned rough estimate on
the basis of the BERTRAM colour reaction. The presence of whale oil precludes the
detection of other types of animal fat e.g. lard.
The phytosterol content of palm oil usually amounts at most to 0.05%. A mixture
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of73% ofpalm oiland 13%ofcoconutfat, therefore, would contribute only0.036 +
0.013 = 0.049% ofphytosterol. In addition to theamount of 14/100.0.2 = 0.028%
of cholesterol some part of the phytosterol fraction still remained to be accounted
for. This part had to originate in a third type of vegetable fat with a relatively high
phytosterol content.
Bypaperchromatographic analysis ofthe sterol mixture a quantity of 33% of thirdband sterols was established. According to the data of table 20 these amounts of
coconut fat and palm oilcancontribute onlyabout 3%and 5%ofthird-band phytosterols respectively. Consequently, chromatographic analysis indicates a cholesterol
percentage ofabout 25.The remaining quantity of phytosterols must becaused by a
third, possibly hardened vegetable fat. Thisfat should havea rather high phytosterol
content, should not contain a considerable amount of third-band phytosterols and
should havea sterolacetate meltingpoint ofabout 129.0-130.5°C.Thesedata might
point to a vegetable oil like soybean oil11. Substituting the data p = 14,aa= 0.11,
andco= 25intheequation (100—p)yo —(100—Co).aa,avalueofya—75.0.11/86
= 0.096%results.Sincethepalmoil-coconutfat (73 :13) mixture only accounts for
about0.05%ofphytosterols,wemustassumeadmixtureofavegetableoillikesoybean
oil. An amount of 15% of soybean oil might contribute the 0.03-0.05% of phytosterol, which stillhad to beaccounted for. Apossible11sterol balance is:
58%of palm oil with aa = 0.05%
13% of coconut fat with a0= 0.10%
14%ofwhale oil with a0= 0.20%
15% of soybean oilwith a0 = 0.30%
Total-sterolcontent:

0.029% of phytosterol
0.013% of phytosterol
0.028% of cholesterol
0.045% of phytosterol
0.115%

and cholesterol percentage:28/115.100 = 24

7.5 DETECTIONOFCOCOAEXTRACTIONFATINPURECOCOA BUTTER

The last example deals with a possible application of the methods of sterol analysis
tothedetection ofcocoaextraction fat inpurepressed cocoabutter. Usually,suchan
admixture isdetectedbythehighamountoftheunsaponifiabefraction (FINCKE 1962).
Elaborate procedures for the detection of foreign fats in cocoa butter a.o. by colour
reactions, by quantitative fractionation of the fatty acids, and by analysis of some
specific glyceride fractions, are described in the literature (cf. KAUFMANN 1958a,
1962c).
11

In these calculations the types of fats employed in the manufacturing of the margarine should be
taken into account.
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Table 31 shows the respective contents of the total unsaponifiable fraction and of
the sterol fraction, isolated from cocoa fats and from some other fats that may be
usedasadulterants. Furthermore,theoptical rotation values ofthesterolsand ofthe
sterol-free unsaponifiable fraction are listed.
TABLE 31 Typical guide values of cocoa butter and some other fats
Contents in %of

Optical rotation of
sterol-free
unsaponifiable
fraction

unsaponifiable
fraction

sterol
fraction

cocoa butter

0.4-0.9

0.3-0.6

cocoa extraction fat

1.2-2.8

1.2-2.7

—35°

±0°

Tenkawang fat (from Shorea
stenoptera)

0.5-0.7

0.25-0.32

—35°

—1.1°

3-7

0.09-0.14

+20°

+38°

1.1-2.3

0.03-0.05

+33/+35 0

0.2-O.4

0.09-0.11

±0°

0.10-0.16

0.08-O.10

±0°

Shea nut fat (fromButyrospermum
parkii Kotschy)
Mowrah fat (from Madhuca
longifoliaMacb.)
coconut fat
tallow

sterols

±0°

Recently, MEYER (1961) has stressed the possibility of applying the difference in
phytosterol content of pure cocoa butters and cocoa extraction fats. In the investigation of the characteristics of pure pressed and extracted cocoa butters, we have
determined the following sterol values of these fats viz. sterol acetate melting point,
percentages of first-, and second-band phytosterols, and total-phytosterol content.
The latter was determined by the LIEBERMANN-BURCHARDcolour reaction, using an
aceticanhydride-sulfuric acid (9:1) reagent. We have determined a calibration line
givingtheabsorbance ofthereaction mixture independance oftheamount of/9-sitosterol.From the calibration line the corresponding phytosterol contents of both fats
werederived.Thesedata correspond withthosereportedintheliterature (KAUFMANN
1958a, MEYER 1961). Another, more reliable value for the phytosterol content was
determined by the "precipitation in the soap" procedure of DEN HERDER using digitonin solution.
No significant differences were found in the sterol acetate melting points and chromatographic sterol patterns of pressed and extracted cocoa fats. When analysing
pressedcocoabuttersboth phytosteroldeterminations agreewithinreasonablelimits.
In the case of cocoa extractionfat, however, the colorimetric estimation gives con135

TABLE 32 Detection of cocoa extraction fat in pure cocoa butter

cocoa butter 1
cocoa butter 2
crude cocoa extraction fat 1
crude cocoa extraction fat 2
crude cocoa extraction fat 3
refined extraction fat
Shea nut fat
Tenkawang fat

Melting point
of sterol
acetates
in°C

first
band

second
band

third
band

129.8
130.0
128.2
127.8
127.8
127.2
146.5
126.0

56
56
61
54
62
60
64
73

44
44
39
46
38
40
36
27

0
0
0
0
0
0
0
0

Percentages of phytosterols of

siderably higher data than the more reliable gravimetric procedure (table 32). This
difference indicates that, as compared with the pure cocoa butter, the extraction fat
contains a higher quantity of components fast-acting in the LIEBERMANN-BURCHARD
reaction. Sincethe sterol-free unsaponifiable fraction of theextraction fat showed an
U.V. spectrum totally devoid of special absorption peaks in the 260-290nm region,
the fast-acting properties must beattributed exclusively to the sterol fraction. Consequently, we have determined the amount of poly-unsaturated sterols by measuring
theU.V.spectraofthesteroldigitonides,whichprocedurewasintroducedinchapter4.
The sterol digitonides are dissolved in the solvent mixture dimethylformamidemethanol (1 :9)and the U.V. spectrum of this solution was determined.
The spectrum of the digitonides from extraction fat shows a four-band system
characteristic of provitamins D with maxima at 261,272,282,and 294 nm. On the
otherhandthesteroldigitonidesofpressedcocoabutterhavequiteanormalspectrum,
withonlysmallabsorbancesatthesewave-lengths.TheE^ values of the digitonides
from extraction fats measured at 282 nm are about 3-4 times higher than those of
the pressed fats (table 32).The variation in background absorption is eliminated by
measuring the D282 values of both fats. This D282 value isdefined as:
Ü282 = E282

i(E276 + E288) .

Whereas the pure cocoa butters have D282values of about 0.003-0.006, the four'
extraction fats havemuchhigher valuesviz.about 0.01-O.02.Astillgreater difference
can be obtained upon calculating the extinction values (D^f) to be attributed to the
absorbance ofthetotalamount ofdigitonidesfrom 10goffat. These D^f values are
calculated by:
D
282= 4 0 x s t e r °l content x D 28 2.
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Phytosterol
content
T "» %by
LlEBERMANNBURCHARD

reaction
0.29
0.30
0.73
1.05
0.73
0.61

—
..

Phytosterol
content
in %by
digitonin
precipitation
0.26
0.28
0.60
0.64
0.59
0.49
0.08
0.30

U.V. spectrophotometry values
p !•/«
^ lcm

p l°/oo
^ lcm

p l%o
lcm

11

at 276 nm

at 282nm

at 288 nm

0.0163
0.0218
0.0605
0.0766
0.0600
0.0795
0.0243
0.0480

0.0167
0.0228
0.0666
0.0850
0.0651
0.0880
0.0237
0.0478

0.0108
0.0167
0.0458
0.0566
0.0436
0.06015
0.0194
0.0380

£>282

0.0032
0.0036
0.0135
0.0184
0.0133
0.0181
0.0018
0.0048

#282

0.033
0.040
0.32
0.47
0.31
0.34
0.019
0.025

The Djgf values of the two pressed cocoa butters are 0.03 and 0.04, whereas those
oftheextraction fats showtheconsiderably highervalues of0.3-0.4(other extraction
fats varyingbetween the extreme limits of about 0.2-0.5). The experimental data are
listed in table 32.
Bythisprocedureareliabledifferentiation canbeachievedbetweenpurecocoa butter
andextraction fats, thelatter crudeaswellasrefined. Although thesteroldigitonides
from Tenkawang fat (or Borneo tallow from Shorea stenoptera) and shea nut fat (or
karité fat from Butyrospermum parkii Kotschy) have relatively high absorbances at
282nm, their Djgf values are still lower than those of pure cocoa butter. These fats
and also other common vegetable fats, therefore, do not interfere in this procedure.
The presence of shea nut fat isrevealed by its special characteristics a.o. by the high
dextro-rotation of the sterol fraction and of the sterol-free unsaponifiable fraction
(table 31).
This procedure clearly illustrates the various possibilities of applying sterol values
to fat chemistry. The above calculations give the first practical application of a
Principle which requires and deserves further investigation in view of the natural
variability of the various types of pressed cocoa butters and extraction fats.
In the above instances some applications of sterol analysis have been presented. In
theanalysis ofcomplexfat mixtures oneshouldalsohaverecourseto other methods.
Insomespecialcasesevenonesimplecarefully selectedcharacteristicvaluecan furnish
sufficiënt information. Sterol analysis has gained a place among our analytical procedures, which enable the chemist to accept the challenge offered by the complex
nature offat mixturesand theintricacies ofinterpretation caused bythelarge natural
variability in composition.
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SUMMARY
The occurrence ofcharacteristic compounds (guidesubstances) inthe unsaponifiable
fraction of oils and fats can be applied to the analysis of fat mixtures. This type of
fat analysis, denoted as guide (fat) analysis, makes use ofcharacteristicvalues,based
upon the properties of the sterols,tocopherols, and other minor components (sterol
values,tocopherol values etc.).
Thus, of old adulteration of butter with vegetable oil has been detected bya risein
the sterol acetate melting point (i.e.the so-called phytosterol acetate test of BÖMER).
However,intheanalysis ofmixtures ofanimaland vegetablefats,a chromatographic
separation of cholesterol and the major phytosterols is desirable.
In chapter1 the application in actual practice of sterol values known from the
literatureandfrom unpublished resultsof DEN HERDERarediscussed.Inthe following
chapters the author's own investigations as to the chromatographic separation of
sterols, especially of cholesterol and the phytosterols are described.
In chapter2someexperimentalchromatographic separationsare reviewed critically.
A complete separation of cholesterol and the major phytosterols stigmasterol and
^-sitosterolhasbeenobtained inthepaperchromatographicsystem: paraffin oil/acetic
acid-water (84 :16).The quantities of the sterols wereevaluated quantitatively.
The fundamental principles of paperchromatography are discussed in chapter3.
Studying some physicochemical properties of the above-mentioned system, strong
evidence was obtained as to the near-ideal nature of the partition process in this
system. ARM values for the introduction of several groups in the sterol molecule
werecalculated.The relation between structure and RM valuesfor a great number of
sterolsis given by: RM = 0.153(Nc—24)—0.05 (where Nc = number of carbon
atoms minusnumber ofdoublebonds).Thisrelationship mayfacilitate the structural
analysis of as yet not identified sterols. As an example of such an application the
structure of y-sitosterol, according to the literature 24-a-ethyl cholesterol, is questioned.
Chapter 4 describes some problems of fat chemistry, which were solved by paperchromatography of the sterol mixtures. The sterol mixtures of several oils and fats
w
ere analysed thoroughly and their sterol values are compiled in table20. Several
ediblevegetable oilscontain a type ofphytosterol, showingan RF valuequite similar
to that of cholesterol. It was suggested that these phytosterols are either identical
withbrassicasterol orare isomers ofthissubstance.Theoccurrence ofthese so-called
third-band phytosterols hampers the reliable detection of cholesterol. Some general
rules are given, according to which we still may conclude to the presence of cholesterol.
The total duration of the analysis is considerably decreased by the application of
reversed-phase thin-layer chromatography, which is described in chapter 5. In the
systems(A)undecane/aceticacid-water (92 :8)and (B)undecane/acetic acid-acetoni139

trile (25 :75) the sterol acetates were separated, the systems ( Q undecane/acetic
acid-water (90 :10) and (D) undecane-tetradecane (80 :20)/acetic acid-wateracetonitrile (22.5 :2.5 :75)being suitable for the separation of the free sterols.
The separation of sterols in these systemsisanalogous to that in the studied paperchromatographic system. When 0.5% of bromine is added to the mobile phase of
system B,di-unsaturated sterolsmovefaster thanthe mono-unsaturated ones.Consequently, in this system cholesterol and the di-unsaturated third-band phytosterols
were separated. Various sterol types can be differentiated by applying specific spray
reagents. In the presence of third-band phytosterols cholesterol can be detected a.o.
by means of the colour reaction with bismuth(III)chloride.
Theaberrant behaviour ofsomespecialvegetable fats inthe phytosterol acetate test
of BOMERisdiscussedinchapter6. For mostofthecommonvegetableoilsthemelting
point diagram cholesterol acetate-phytosterol acetates has a maximum value. However, the phytosterol acetates of shea nut fat, Mowrah fat, cucumber seed oil, and
pumpkin seedoilgiverisetoaberrant meltingpoint diagrams withmarked minimum
values.Therefore,inthiscasetheoriginalphytosterolacetatetestcannotgiveareliable
indication as to the presence of these vegetable fats.
The phytosterols of pumpkin seed oil ("Kürbiskernöl") are fractionated chromatographicallyintofour componentsviz.thecucurbitasterols 1,2,3 and4. Circumstantial
evidence is given concerning the peculiar z!7-sterol structures of these cucurbitasterols.
In chapter7 some examples are given of the application of sterol values to the
analysis of fat mixtures. In special cases it is possible to calculate the amount of
animal fat admixed to a vegetable fat. This procedure even enables a differentiation
between an admixture of pure animal body fat and of the group of inedible animal
fats such as White grease.
The percentage of provitamins D in the sterol mixtures is a further sterol value
applicable to problems of fat analysis. An admixture of cocoa extraction fat to pure
pressed cocoa butter can be detected by means of this provitamin D percentage.
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SAMENVATTING
Vandeaanwezigheidvanenkelegroepenvanverbindingenzoalssterolen, tocoferolen
enkoolwaterstoffen indeonverzeepbare restvan oliënenvetten kan gebruik worden
gemaakt bij de analyse van olie- en vetmengsels bijvoorbeeld voedingsvetten. In het
bijzonder zal in dit proefschrift worden behandeld de analyse van vetmengsels met
behulp van grootheden, behorend bij de uit het vet geïsoleerde sterolfractie. Deze
grootheden zal ik verder aanduiden als „sterolgetallen".
Toevoeging van plantaardig vet aan dierlijk vet of omgekeerd kan o.a. worden
aangetoond op grond van verschillen in de sterolgetallen van cholesterol en van de
phytosterolmengsels.
Zowordt reedssindslangeentoevoegingvanplantaardig vetaan boter aangetoond
door een verhoging van het smeltpunt van het sterolacetaat, veroorzaakt door de
aanwezigheid van phytosterolacetaat naast cholesterolacetaat (de z.g. phytosterolacetaatproef volgens BOMER).
Bij de analyse van mengsels van dierlijke en plantaardige vetten is het nog beter
cholesterol en de belangrijkste phytosterolen te scheiden d.m.v. chromatografie.
Inhoofdstuk1wordenenkelepraktischetoepassingenvansterolgetallen:sterolgehalte
en smeltpunt van het sterolacetaat behandeld, die bekend waren uit deliteratuur en
uit interne rapporten van DEN HERDER (RIJKSZUIVELSTATION).
In de volgende gedeelten van dit proefschrift worden eigen onderzoekingen beschreven betreffende de chromatografische analyse van sterolen en de toepassingen
hiervan bij deanalyse van mengsels van voedingsvetten.
Na een kritische beschouwingvan descheidingder sterolen m.b.v.papierchromatografie behandelt hoofdstuk 2 de werkwijze waarmee een volledige scheiding van
cholesterolenenkelephytosterolen wordtverkregeninhetstelsel: vloeibare paraffine/
azijnzuur-water (84 : 16).Degehalten van deverschillende aldusgescheiden sterolen
werden kwantitatief bepaald.
De theoretische grondslagen van de papierchromatografie worden uiteengezet in
hoofdstuk3.Naderebestuderingvanenkeleeigenschappenvanhet paraffine/azijnzuurWater stelsel maakt aannemelijk, dat het chromatografische proces in dit stelsel als
een voorbeeld van vrijwel ideale vloeistof-vloeistof verdelingschromatografie mag
worden beschouwd. De RM waarden van verscheidene groepen voorkomend in het
sterolmolecuul werden berekend. Het verband tussen struktuur en RMwaarde blijkt
voor een grote groep sterolen te worden benaderd door de betrekking:
&M = 0,153(Nc—24)—0,05(waarin Neisaantal C-atomenvan het molecuulverminderdmethetaantaldubbelebindingen).Vandezerelatiekanmengebruik maken
»ij onderzoekingen over destruktuur van nog niet geïdentificeerde sterolen.Zo moet
bijvoorbeeld de aan y-sitosterol toegeschreven struktuur 24-a-ethylcholesterol in
twijfel worden getrokken.
Enkele toepassingen van deze papierchromatografische sterolanalyse op problemen
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van de vetchemie worden besproken in hoofdstuk4. Uit de sterolgetallen van verscheidene soorten eetbare oliën en vetten, bijeengebracht in tabel 20, bleek dat in
vele oliën phytosterolen voorkomen met RF waarden gelijk aan die van cholesterol.
Het is gebleken dat deze derde-bandphytosterolen hetzij identiek zijn met brassicasterol of een hiermede isomere struktuur bezitten. De aanwezigheid van deze phytosterolen belemmert het aantonen van cholesterol in vetmengsels. Er werden echter
enkeleregels opgesteld die het mogelijk maken invelegevallen toch deaanwezigheid
van cholesterol vast te stellen.
Het bleekdat bij toepassingvandunnelaagchromatografie met omgekeerde fasen de
analysetijd aanzienlijk wordt bekort. Deze techniek wordt besproken in hoofdstuk 5.
Voordeanalysevansterolacetatenblekendesystemen(A) undecaan/azijnzuur-water
(92 :8)en(B)undecaan/azijnzuur-acetonitril(25 :75),daarentegenvoorde scheiding
van de sterolen zelf de systemen (C) undecaan/azijnzuur-water (90 :10) en (D)
undecaan-tetradecaan (80 :20)/azijnzuur-water-acetonitril (22,5 :2,5 :75) het best
tevoldoen.Descheidingenzijn nagenoeg identiek metdieinhet onderzochte papierchromatografische systeem. Door toevoeging van 0,5%broom aan de mobiele fase
vansysteemB verkrijgen sterolen met tweedubbele bindingen eengrotere Rs waarde
dan enkelvoudig onverzadigde sterolen. In dit „broomsysteem" worden cholesterol
endederde-bandphytosterolen geheelgescheiden.Deverschillendesteroltypenkunnen
worden onderscheiden metbehulpvanspecifieke kleurreagentia. Zokan bijvoorbeeld
cholesterolacetaat, ook bij aanwezigheid van derde-bandphytosterolen, worden aangetoond o.a. met bismuth(III)chloride.
Inhoofdstuk6wordthetafwijkende gedragindephytosterolacetaatproef vanenkele
bijzondereplantaardigevettenbesproken.Dephytosterolenuitdemeesteplantaardige
vetten geven een smeltpuntsdiagram cholesterolacetaat-phytosterolacetaat met een
maximum. Diagrammen van phytosterolacetaten verkregen uit sheaboter, Mowrahvet, komkommerzaadolie en kalebaszaadoüe vertonen echter duidelijke minima. De
phytosterolacetaatproef geeft dan geen uitsluitsel omtrent de aanwezigheid van deze
plantaardige vetten.
De sterolen van kalebaszaadoüe ("Kürbiskernöl") werden chromatografisch gescheiden in vier componenten te weten de cucurbitasterolen 1,2, 3en 4. Voor deze
cucurbitasterolen, alle met een <47(8)dubbele binding, werden hypothetische struktuurformules opgesteld.
In hoofdstuk7worden enkele voorbeelden besproken van de toepassing van sterolgetallenbijdeanalysevanvetmengsels.Bijtoevoegingvandierlijk vetaan plantaardig
vet kan men niet alleen dehoeveelheid van dit dierlijke vet ten naaste bij berekenen,
maarsomskanmentevensaangevenofditvetbehoorttotdezuivere slachthuisvetten
of tot de groep der technische dierlijke vetten zoals bijvoorbeeld White grease.
Het percentage aan provitaminen D in de sterolmengsels van bepaalde vetten kan
eveneens als een sterolgetal worden beschouwd. Vermenging van zuivere geperste
cacaoboter met zg.cacaoextractievet kan hiermede worden aangetoond.
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TABLE 6 Data concerning the paperchromatographicseparation of somesterols,vitamins, and provitamins D
Rp values in the paperchromatographic systems

sterol

cholesterol
cholesterol acetate
^-sitosterol
phytosterols from vegetable oils
y-sitosterol
stigmasterol
7-dehydrocholesterol
dihydrocholesterol
coprostanol
ergosterol
zymosterol
fucosterol
vitamin D3
vitamin Da
lumisterol
suprasterol II
tachysterol (?)
vitamin A alcohol
vitamin A acetate
a-tocopherol

SHUIX

KRITCHEVSKY

DAVIS

VlTAGUANO

NEHER

RIDDEL

KODICEK

SWELL

KAISER

GRACIAN

TUNMANN

SULSER

DEZOTTI

KUKSIS

1952

1952

1957a, 19576

Kiss
1956

MCMAHON

1952

1950

1952

1955

1954

1956

1956

1959

1956

1957

1959

1960ft

9»

10

15

16

17».«

18

19

20"

= 1.0

s 1.0

0.42

0.35

1

2

3

4

5

6

7

8

0.77

0.52

0.56

0.49

0.73

0.56

0.34
0.13

0.0

0.80

0.54

0.65

0.43

0.65

0.47-0.58
0.33-0.41«

0.80

0.53
0.94
0.56

0.52
0.88
0.63

0.48

0.67

0.95

0.84

0.43

0.68

0.76
0.80

0.91
0.91

0.60

1.0

0.57
0.9

0.52

0.0

0.48

1.0
0.7
1.1
1.3
0.6

11

12

13

14

0.29

0.49

0.50

0.33

0.74

0.00

0.51

0.42

0.00
0.00

0.64

0.39

0.57

0.56

0.00
0.41

0.56
0.61

0.00
0.48

0.46
0.44
0.27
0.36
0.37
0.93-0.98

0.68
0.66
0.59
0.52
0.61

0.68
0.69
0.52
0.57
0.58

0.15

0.58

0.33
0.62'
0.50

0.00
0.43

0.34
0.42«

0.26
0.32
0.33"-»-0.40 0.68/
0.50

0.38

0.89

0.89

0.42

uwn experiments
22»

21'

0.43
0.34
0.10
0.11
0.31
0.24
0.33/0.38/0.43« 0.25/0.30/0.34«
0.29
0.29
0.37
0.30
0.51
0.43
0.33
0.25
0.09
0.07
0.56
0.43
0.60
0.47

0.39»

The solvent mixtures used for the paperchromatographic fractionation of sterols, mentioned in this table, are the following:
1. Aluminium oxide/hexane-ether (3 :1)
2. Quilon/ethanol-water (80 :20)
3. Quilon/methanol
4. Quilon/methanol-water-ethylene glycol monomethylether (62 :19 :19)
5. Quilon/methanol-water (95 :5)
6. Quilon/ethanol-water (80 :20)
7. Aluminium stearate-palmitate/methanol-carbon tetrachloride-water (72 :20 :8)
8. Water/phenol-methanol-water (13.5 :30 :56.5)
9. 10. Phenyl cellosolve/heptane
11. Paraffin/ethylene glycol monomethylether-n-propanol-methanol-water (35 : 10 :30 :25)
12. Paraffin/n-propanol-methanol-water (15 :82 :3)
13. Paraffin/methanol-water (95 :5)
14. Paraffin/ethylene glycol monomethylether-n-propanol-methanol-water (35 :10 :30 :25)
15. Water/isopropanol-water (1 :1)
16. Silicone and paraffin oil/ethanol-isopropanol-cyclohexane (60 :30 :10)
17. Paraffin/acetic acid or ethanol
18. Paraffin/acetic acid-water (84 :16) (circular technique)
19. Petroleum (bp 220-240°Q/pyridine-water (85 :15)

0.22
0.50
0.49

0.40
0.42
0.37

~0.9
~0.5

20. Paraffin/propionic acid-water (88 :12)
Our own experiments in:
21. Paraffin/acetic acid-water (84 : 16),degree of impregnation: 0.09-0.10g/g paper
22. Paraffin/acetic acid-water (84 :16), degree of impregnation:0.15-0.16g/g paper

Determined for olive oil phytosterols
Measured roughly from the chromatograms published by these authors
Determined for coconut fat phytosterols
Analysed as sterol acetates
Unknown phytosterol acetate from Potentilla anserina
Third-band phytosterol from corn oil sterol ester hydrolysate, denoted as "a-sitosterol"
The Rp values of no. 21and 22are corrected via their Rs values

0.16

0.12

TABLE 20 Sterol values and percentage of unsaturated fatty acids of some samples of common vegetable and animal oils and fats
Total-sterol fraction
percentage of the
phytosterols of

Fats

Free-sterol fraction

sterol
content

band
1

band
2

band
3

soybean oil,refined 1
soybean oil,refined 2
soybean oil, crude
soybean oil, refined
soybean oil, bleached
soybean oil, refined
soybean oil, hardened 1
soybean oil, hardened 2
soybean oil, hardened 3
soybean oil, hardened 4
soybean oil, hardened 5
soybean oil, hardened 6

50
59
50
50
55

50
41
50
50
45

0
0
0
0
0

60
66
50
60
50
57

40
34
50
40
50
40

rapeseed oil, refined
rapeseed oil, refined
rapeseed oil, bleached
rapeseed oil, crude
rapeseed oil, hardened
peanut oil, crude
peanut oil, refined
peanut oil, refined
peanut oil, hardened 1
peanut oil, hardened 2
peanut oil, hardened 3

60
38
70
47
50
70
60
47
63
70
76

maize oil,refined 1
maize oil, refined 2
maize oil, refined 3
maize oil, bleached
maize oil, crude
palm oil (Congo, crude)
palm oil (Sumatra, crude)
palm oil, refined
palm oil, refined
palm oil, refined
palm oil, refined
palm oil, refined
palm oil, hardened
palm oil, hardened
palm oil, hardened
palmkernel oil, refined
palmkernel oil, refined

melting
point of
the sterol
acetates
in °C

percentage of the
phytosterols of

Bound-sterol fraction

sterol
content

melting
point of
the sterol
acetates
in °C

band
1

band
2

percentage of the
phytosterols of

Percentage ofunsaturate! dfatty acids

sterol
content
in%

melting
point of
the sterol
acetates
in°C

band
1

band
2

band
3

48
45

52
55

0
0

0.21
0.22

131.8
131.9

86
100

14
0

0
0

0.13
0.12

121.4
121.4

43
50

57
50

0
0

0.25
0.29
0.27

132.0
132.8
132.0

100

0

0

0.10
0.10

122.5
118.4

band
3

linoleic
acid

Hnolenic
acid

arachidonic
acid

12.1
19.0
33.0
24.4
14.8
19.1
10.2

2.3
4.3
6.2
6.1
3.1
3.6
2.4

0.03
0.03
0.06
0.10
0.000
0.000
0.01

2.3
9.9
15.4

7.3
8.1
9.8

0.000
0.000
0.16

17.3
9.2
14.0

0.06
0.15

0.000
0.000
0.002

VEGETABLE FATS

0.34
0.34
0.41
0.37
0.39
0.37

128.6
128.8
129.2
130.4
131.8
130.4

0
0
0
0
0
3

0.30
0.30
0.33
0.32
0.17

130.2
130.7
129.8
130.4
126.3

60

31

9

0.10

130.8

75

25

0

0.06

118.8

30
37
20
28
40
20
20
28
31
17
15

10
25
10
25
10
10
20
25
6
13
9

0.62
0.63
0.68
0.56
0.20
0.22
0.28
0.18
0.05
0.06

133.8
135.2
137.0

42
63
50

33
25
25

25
12
25

0.26
0.26
0.29

138.0
137.8
137.3

40
60
60

40
30
40

20
10
0

0.36
0.36
0.39

135.6
135.3
133.9

123.4
128.4
128.6
127.8
124.8
127.8

69
70
45

17
15
45

14
15
10

0.15
0.13
0.17

86
89

14
11

0
0

0.01
0.03

127.3
127.4
131.2
120.2
122.1
128.6

67
83
86
50
82
82

17
12
14
33
18
18

16
5
0
17
0
0

0.05
0.09
0.11
0.15
0.04
0.02

126.4
130.6
129.4
129.1

67
80
80
60
60

33
20
20
34
40

0
0
0
6
0

0.89
0.82
0.81
0.92

128.8
128.8
129.2
129.6

62
67
60
57

38
33
40
43

0
0
0
0

0.28
0.24
0.20
0.30

128.0
129.7
128.2
129.4

50
80
67
60

38
20
33
40

12
0
0
0

0.61
0.57
0.61
0.63

128.8
129.6
130.2
130.4

24.6
27.4
13.0
29.5
51.7

0.51
0.43
0.31
0.43
0.49

0.000
0.002
0.000
0.000
0.04

62
63
50
60
60
67
56
55
56
55
50
66

31
37
50
36
33
33
37
33
36
41
50
28

7
0
0
4
7
0
7
12
8
4
0
6

0.06
0.06
0.07
0.05
0.03
0.06
0.04
0.04
0.07
0.06
0.05
0.11

128.6
127.8
128.0
129.9
129.2
129.6
128.0
129.5
130.8
128.8
125.4
126.0

72
74

23
26

5
0

0.05
0.05

131.5
131.2

70
70

21
30

9
0

0.01
0.01

125.8
128.4

10.7
9.7

0.22
0.20

0.015
0.01
0.01

olive oil, Spanish 1
olive oil, Spanish 2
olive oil, Spanish 3
olive oil, algerian
olive oil, french
olive oil, israelitish
cottonseed oil
cottonseed oil, hardened 1
cottonseed oil, hardened 2
safHower oil, crude
safflower oil, refined
safflower oil, crude
coconut fat
coconut fat, strongly refined
coffee oil

100

0

0

0.13

118.2

100
85
90
100
100
100
100
66
70
70
45
51
65

0
0
0
0
0
0
0
34
30
30
29
16
35

0
15
10
0
0
0
0
0
0
0
26
33
0

0.10
0.09
0.12
0.37
0.26
0.26
0.35
0.27
0.31
0.09
0.07
0.82

wheatgerm oil
grapeseed oil (old sample)
tabaccoseed oil (old sample)
almond oil, refined 1
almond oil, refined 2
avocado oil, crude
avocado oil, refined
castor oil, crude
castor oil, refined
castor oil, crude

75
60
50
54
89
85
100

25
40
30
0
0
0
0

0
0
20
46
11
15
0

38

37

25

1.8
0.39
0.70
0.15
0.16
0.42
0.34
0.21
0.20
0.27

tall oil, crude
sunflower oil
sesame oil
cocoa butter 1
cocoa butter 2

100
70
50
50
56

0
30
37
50
44

0
0
13
0
0

0
0
0
0
0
0
8
0
0
0

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0.01
45

33

22

0.03

130.1

50

50

0

0.03

126.4

119.6
121.4

100
100
55

0
0
0

0
0
45

0.00
0.06
0.05
0.07

121.2
122.6
122.4

117.4
124.8
122.2
124.8
123.0
120.7
120.8
128.8
127.2
130.5

100
100
86
92
63
66
62
50
48
34

0
0
14
8
25
26
30
30
29
66

0
0
0
0
12
8
8
20
23
0

0.05
0.25
0.21
0.24
0.22
0.21
0.06
0.04
0.38

120.4
124.6
124.6
« 123.9
121.8
116.8
121.0
129.4
126.4
132.9

50

100
100
100

100
82
91
54
64
73
46
52
64

30

0
0
0

0
18
9
36
22
19
23
27
36

20

0
0
0

0
0
0
10
14
8
31
21
0

0.01

0.12
0.05
0.04
0.07
0.12
0.05
0.11
0.05
0.09
0.03
0.02
0.45

126.8
120.0
125.2
118.6
122.4
126.2
123.4
129.6

114.6
126.4
123.4
119.4
121.3
130.6
130.0
130.6

83
87
83

0
0
0

17
13
17

0.12
0.10
0.17

123.8
122.3
123.4

86
89
87

0
0
0

14
11
13

0.03
0.33
0.18

122.0
115.2
114.8

50

25

25

0.15

129.1

50

33

17

0.05

126.2

4.1
0.44
0.51
0.24
0.26

122.0
119.4
128.1
130.2
129.8

89
66
60
50

11
34
30
50

0
0
10
0

0.08
0.19
0.22
0.17
0.21

122.2
127.4
128.0
130.4
128.4

85
100
50
67

15
0
30
33

0
0
20
0

1.82(7)
0.25
0.29
0.07

123.4
120.8
129.8
128.0

100
100
100
100
100
100
92
92*
81*
100

0.09
0.08
0.08
0.11
0.23
0.21
0.20
0.58
0.56
0.42

115.0
114.0
115.0
115.0
114.5
114.5
116.0
114.7
115.3
114.1

0
0
0
0
0
0
4
0
0
0

0
0
0
0
0
0
0
0
0
0

100
100
100
100
100
100
96
89*
80*
100

0.08
0.06
0.06
0.10
0.22
0.19
0.14
0.52
0.47
0.33

115.3
114.2
114.7
113.9
115.0
114.7
116.0
115.1
115.1
114.8

0
0
0
0
0
7
0
0
0

0
0
0
0
0
0
0
0
0

100
100
100
100
100
93
79*
83*
100

0.02
0.02
0.02
0.02
0.02
0.06
0.06
0.08
0.08

114.4
115.4
114.6
114.7
115.2
114.6
115.3
114.7

100
100
100
100
100

0.30
0.31
0.26
0.27
0.25

115.2
115.3
115.1
116.8
116.2

0
0
0
0
0

0
0
0
0
0

100
100
100
100
100

0.19
0.22
0.23
0.17
0.21

115.2
114.6
115.0
116.0
115.8

0
0
0
0
0

0
0
0
0
0

100
100
100
100
100

0.11
0.09
0.03
0.07
0.04

113.9
113.0
113.8
116.5
114.4

INEDIBLE ANIMAL FATS

white grease I
white grease 2
whitegrease 3
grease
fancy tallow 1
• With fourth bands of about 8-21%.

0.48

0.000

7.6
10.5
6.7
25.4

0.48
0.48
0.61
0.20

0.001
0.000
0.000
0.01

34.0
50.4
1.6

0.05
0.20
0.70

0.000
0.000
0.000

50.0

0.22

0.03

58.5
21.0

0.46
0.20

0.05
0.000

122.0
116.4
119.2

EDIBLE ANIMAL BODY FATS

lardl
lard 2
beef fat 1
beef fat 2
whale oil (crude)
whale oil (neutralized, bleached)
whale oil (refined, hardened)
fishoil (neutralized, bleached)
fishoil (refined)
fishoil(refined, hardened)

7.6

