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The purpose of this investigation was to modify the procedure 

of Bills,   Khatri and Day for use in the development of a suitable 

method for determining the quantitative distribution of the free fatty 

acids (FFA) in normal,   heated,   and rancid milk and milk fractions 

The method consists of extracting the FFA from lyophilized 

milk,   separating the FFA from neutral fat,   converting the FFA to 

methyl esters,   and analyzing the methyl esters by gas-liquid chroma- 

tography (GLC).    The salts of FFA present in lyophilized milk or milk 

fractions were released by lowering the pH of the sample with H SO., 

and subsequently extracted with ethyl ether.    The extracted FFA were 

simultaneously isolated from the extract and methylated by using the 

one-step procedure of Bills,   Khatri and Day.    A specially designed 

concentration flask was employed with a reflux system to concentrate 

the methyl esters.    The esters were then separated by GLC.    Quan- 

titative calculations were made from the GLC peak areas using in- 

ternal standards. 



The major esterified fatty acids of milk are n-saturated,   even- 

numbered 4:0-18:0 and unsaturated 18:1 and 18:2 acids.    The distri- 

bution of major FFA in whole milks was found to be essentially the 

same as that of the esterified fatty acids of milk fat. 

Heat treatments of milk,  whether pasturization or extended 

o 
holding at 100   C,   effect a progressive reduction in total FFA.    De- 

creases in long chain fatty acids are also characteristic of extended 

heating. 

Milks determined to be rancid by acid degree value and organo- 

leptic analysis showed high levels of FFA,   1. 5-3. 6% of the fat content 

of the sample.    The increases in 6:0-12:0 resulting from lipase hy- 

drolysis approximate the amounts shown by Al-Shabibi and co-authors 

to produce rancid flavor when added to good quality milk. 

Milk triglycerides,  fat globule membrane,   skim milk,   and but- 

termilk show characteristic FFA patterns which appear to be related 

to the solubility properties of the individual acids.    Seventy-one per- 

cent of the total FFA in a given portion of 40% cream was found in the 

triglyceride fraction,   26% in the crudie fat globule membrane prepara- 

tion and 3% in the skim milk fraction. 

The total concentrations of FFA were found to be:    1% of the fat 

in whole milk or 0. 04% of the fluid milk weight; 0. 16% of the total 

weight of 40% cream; 0. 28% of centrifuged triglycerides;  1. 7% of the 

fat globule membrane; and 0. 008% of the fluid weight of skim milk. 
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STUDIES OF THE MAJOR FREE FATTY ACIDS IN MILK 

INTRODUCTION 

The fatty acids of milk exist primarily in the glyceride fraction. 

They have been extensively studied both qualitatively and quantitatively 

and the most recent information indicates that there are over 60 dif- 

ferent fatty acids in the glycerides of milk.    Milk glycerides from the 

bovine are unique in that they contain a relatively large quantity of 

short chain acids.     These acids exhibit potent flavor properties when 

they exist unesterified in milk.    Unesterified fatty acids are termed 

free fatty acids (FFA) even though at the normal pH of milk they exist 

primarily in the salt form. 

At normal concentration levels,   the FFA are believed to con- 

tribute to the normal flavor of milk.    If excessive amounts of FFA 

should occur,   the milk exhibits a flavor defect termed rancidity.    In 

most cases,   this flavor results from hydrolysis of the glycerides; 

hence,   the term hydrolytic rancidity.     The major cause of rancidity 

is the activation of lipases that are native constituents in milk.     Many 

factors are known to induce various degrees of rancidity but as yet,   no 

one has quantitated the FFA of milk to determine the relative signifi- 

cance of individual acids and combinations of individual acids in the 

resulting flavors.     Therefore,   information is not available on the 



concentrations of individual acids in normal milk or in milks exhibiting 

various degrees of rancidity.    It also is possible that in various con- 

centrated milks,   some of the undefined flavor changes could be par- 

tially associated with the FFA. 

It is obvious from the above discussion that methods are needed 

to quantitate the FFA of fluid milk products.     Many researchers have 

attempted to fulfill this need and many methods have been proposed. 

In general,   these involve extraction of the FFA from milk with an ap- 

propriate solvent followed by titration of the acids in the extract.    The 

resulting data gives no qualitative information and the recovery of 

acids is far from quantitative.    Consequently,   the data have limited 

value in flavor chemistry studies. 

The purpose of the investigations reported herein was to develop 

a suitable method for the qualitative and quantitative analysis of the 

major FFA in milk.     The method was applied to study the FFA in 

normal,   heated,   and rancid milk and fractions therefrom. 



REVIEW OF LITERATURE 

The Importance of Free Fatty Acids (FFA)'in Milk 

The free fatty acid (FFA) content of milk can be correlated with 

the flavor and quality and therefore, with the acceptability of milk and 

milk products (1; 5; 18; 43; 57; 61; 68; 69; 75; 98). 

The production of FFA by deliberate activation of milk Upases 

is characterized by the appearance of bitter,   rancid and other unde- 

sirable flavors (68).    Rancid flavor has been correlated with milk fat 

acidity (106),   short chain FFA content (44; 68; 75),   and total FFA 

(43; 98).     The volatile FFA have been implicated in flavor deteriora- 

tion of butter (21; 69),   milk (35; 68),   and cream (87).    Al-Shabibi et al. 

(1) also reported that the rancid flavor of milk could be produced pri- 

marily by the addition of four FFA.     Milk,   with 6. 25-100 micromoles 

of added 6:0 and 8:0 acids per 100 g of milk,   exhibited cowy or goaty 

flavors which were reported to contribute to overall rancid criticisms. 

The most substantial contribution to rancid flavor was from 10:0 and 

12:0.     Milk containing added amounts of these acids,   or their sodium 

or calcium salts,   was criticized as being rancid,   unclean,   bitter and 

soapy.     This is an unusual finding as it has been previously accepted 

that salts of fatty acids contribute little,   if any,   to milk flavors. 

Hillig (46) has indicated that free water-insoluble fatty acids 



contribute little to the overall butter grade.    Water-insoluble fatty 

acids usually contain ten or more carbons.     These acids are relatively 

non-volatile and would not be expected to produce much odor.    Jensen 

(58) suggested that butter flavors accompanying rancidity might be due 

to monoglycerides produced by partial lipase hydrolysis of triglycer- 

ides rather than to FFA themselves.    However,   the first published 

methods to analyze the major individual FFA (5; 67) of cream and but- 

ter recorded significant levels of all major fatty acids in good quality 

samples and increased levels of these acids in rancid products.   There- 

fore,   the presence of large amounts of FFA or their salts in milk may 

be expected to produce undesirable changes in flavor; rancidity being 

the most characteristic criticism. 

High levels of FFA usually indicate spoilage; the higher quanti- 

ties of free acids and their derivatives are associated with microbial 

decomposition (47; 88), hydrolytic rancidity(l 2;42;58) and other de- 

teriorative processes such as oxidation (18;38). Obviously milk with 

flavor defects indicative of deterioration will be of reduced commer- 

cial value. Consequently, much importance has been ascribed to the 

FFA levels in fresh milk and to the methods proposed for their analy- 

sis. 

Origin and Factors Influencing the FFA in Milk 

All milks contain low levels of FFA.     While it is generally 



believed that the acids contribute to the normal milk flavor,   there are 

no published data to verify this point.    Most of the information is of a 

semi-quantitative nature and there is little known about the quantities 

of individual acids present. 

The quantities of FFA vary between good quality milks and also 

within a single milking (10; 105).     The first milk drawn from the udder 

reportedly has the highest FFA concentration and the amount progres- 

sively decreases during the milking. 

Some milks are susceptable to the spontaneous development of 

rancidity (44).    In these susceptable milks,   the FFA content increases 

almost immediately after the milk is drawn (57;63).    Normal milk is 

relatively stable to rancidity,   provided it is not subjected to some 

treatment that causes activation of the milk lipase system.    Factors 

responsible for "susceptable" milks are not known.    Herrington (42) 

reviewed this subject; and a more recent review has been published 

by Chandan and Shakani (12). 

A number of factors can cause activation of milk lipase from the 

time milk is drawn from the udder until it is processed into the final 

product (9; 13; 14; 16; 23; 42; 44; 58; 76; 99).    Some of these factors 

are:   methods of cooling,   agitation at critical temperatures (63) and 

homogenization of raw milk (30).    All of these treatments tend to affect 

the fat globule membrane and enable the lipase to reach the substrate, 

namely,   the triglycerides. 



Lipolysis affects the FFA composition as well as the total FFA 

content.    Harwalker and Calbert (37) observed that the major compo- 

nent released by milk lipase was the 12:0-18:2 fraction.     They reported 

also that as lipolysis progressed,   the mole percent of 4:0 steadily in- 

creased.    Harper (33) and Jensen (58) have found high levels of 4:0 as 

a result of milk lipase activity. 

Production of acid during prolonged heat treatment of milk .is a 

generally accepted phenomenon (35: 114).    Kern et al.   (66) observed 

that during the heat sterilization of milk,   butyric,  propionic,   acetic 

and pyruvic acids increased,  with butyric showing the least amount of 

increase.    Further work by Morr et al. ,   (81) supported the data that 

97-98% of the total acid produced by heating was due to acetic,   formic, 

lactic and an unknown acid.    Although losses of unsaturated acids 

might be expected during processing and handling,   Boatman and 

Hammond (7),   reported no apparent losses in 18:1 and 18:2 under nor- 

mal processing and handling conditions. 

The quantitative and qualitative composition of the esterified 

fatty acids of milk has been well studied (45; 52; 53; 59; 103).     The 

qualitative composition of the FFA of milk however,   has not been 

thoroughly investigated.    In working with milk fat from fresh cream. 

Bills et al.   (5) and Khatri (67) have shown that the percentage compo- 

sition of FFA is essentially the same as that of the esterified fatty 

acids of milk triglycerides.    Hence,   factors that influence triglyceride 



composition also might be expected to affect the FFA composition of 

milk.     These factors include environmental conditions (26; 63; 91; 92), 

breed of cow (2),   the individual cow (63) and the feed (10; 72; 92). 

The Distribution of FFA in Milk 

The FFA are trace components of normal milk and it is difficult 

to find estimates of the total concentrations or distribution in milk 

fractions.    Although considerable daily variation in the overall com- 

position was noted,   Thomas et al.   (105) was able to show that the FFA 

content of fresh milk varied in the portions of milk drawn with the first 

drawn milk being higher in FFA than later portions.    Perrin and 

Perrin (86) reviewed the quantities of FFA found in milks.     The FFA 

concentration in freshly drawn milk is of the order of 0. 0004 M.   FFA 

concentrations reported as a fraction of the milk fat range from 0. 001 

to 0. 02 M (86; 105).    Harper et al.   (35) recovered FFA from fresh 

herd milks and reported average values of 0. 4 micromoles of 4:0 / 

50 ml of milk,   3. 0 micromoles of 6:0 / 50 ml and 6. 7 micromoles of 

8:0 / 50 ml.     Trammel and Janzen (110) extracted FFA via the method 

of Johnson and Gould (62).     The extract was neutralized to precipitate 

the salts of the acids which were then recovered by filtration,   esteri- 

fied and gas chromatographed as methyl esters.     The values found 

were 0-7 mg of 4:0 / 200 ml and 0-5. 5 mg of 6:0 / 200 ml. . Kern.et al. 

(66) found 5. 3 mg of 4:0 / liter by the column chromatography method 
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of Harper et al.   (36). 

The major FFA of milk are classified into two groups based on 

solubility.    Acids with chain length 4:0-10:0 are volatile and vary in 

water solubility.    These acids could be expected to exhibit a greater 

affinity for the milk serum fraction than the fat phase.    Acids of chain 

length 12:0 and higher are termed lipid soluble and will partition pref- 

erentially into a fat phase.     Two classical analytical methods for the 

determination of fatty acids are based on solubility characteristics. 

The Reichert-Meissl number is the number of ml of 0. 1 N alkali re- 

quired to neutralize the volatile soluble fatty acids distilled from 5 g 

of fat.     The Polenske number is the number of ml of 0. 1 N alkali re- 

quired to neutralize the volatile insoluble fatty acids distilled from 5 

g of fat.    A high Reichert-Meissl number is indicative of 4:0 and con- 

sequently the presence of milk products. 

The unequal,   unknown partitioning of FFA into milk fractions 

based on their solubility is further reflected and affected by the many 

methods used for extracting and recovering the FFA for titration. 

"When milk fat is extracted with solvents,   or churned,   an unknown per- 

centage of water-soluble acids is not recovered.     Herrington (43) 

points out that when FFA are recovered using detergents,   the deter- 

gents seem to increase the solubility of the FFA in the water layer. 

Thus it is known that the FFA are not all contained in the fat fraction, 

but are partitioned throughout the milk.     The increased free fat acid 



degree values shown by Frankel and Tarassuk (22) after acidification 

of milk samples,   indicates that the FFA in milk also occur as salts. 

In discussing the solubility of volatile FFA involved in lipolysis of 

homogenized raw milk,   Gould and Johnson (30) postulate that water 

soluble FFA are strongly retained by the fat during churning and puri- 

fication.     The evidence for this theory was that they were able to re- 

cover a high percentage of volatile FFA by washing purified fat with 

weak alkali solutions.     Thus it was assumed that even the volatile, 

short-chain,   FFA were highly soluble in the churned fat. 

Some question could be raised concerning the concentration of 

FFA associated with the fat globule membrane.    Membrane prepara- 

tions contain a lipid and a protein fraction.     Thompson et al.   (107) 

found that FFA compose 0-6. 3% of the lipid fraction and 0-4. 26% of 

the total membrane material. 

These data indicate that the greatest part of the FFA in whole 

milk will be found associated with the fat,   but a significant part can 

be isolated from the fat globule membrane and the serum portion of 

the milk.    Further,   some methods of analysis may alter the distribu- 

tion pattern of FFA in the milk fractions. 

Extraction of FFA from Milk 

The buffer systems of milk and the content of phosphates,   CO  , 

casein and lactic acid make it impractical to attempt to assay FFA 
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content by direct titration of milk (115).    It is necessary,   therefore, 

to isolate the acids for analytical purposes.    Proposed methods of iso- 

lation usually involve two steps; first,   the recovery of the FFA and 

second,   their measurement.     The procedures are not all equally effi- 

cient due to the wide ranges of solubilities encountered and due to the 

existance of most FFA as salts at normal milk pH. 

The earliest methods described for recovery of FFA were based 

upon churning of the milk or cream and titration of the fat or butteroil 

with standard base (8;29).     These were highly inaccurate and were 

soon replaced by methods designed to more fully recover all the FFA. 

These methods include steam distillation (28; 101) and solvent extrac- 

tion (8; 29).    Gehrke and Lamkin (28) steam-distilled the volatile FFA 

and analyzed the distillate for 2:0-5:0.    Smiley et al.   (101) combined 

extraction and distillation to recover the volatile fatty acids of cheese. 

Gould and Johnson (30) separated the FFA of milk as salts,   acidified 

the salts and steam distilled the resulting solution to recover FFA. 

Steam distillation has advantages for separation of the low molecular 

weight FFA. However, the hydrophobic properties of higher FFA make 

solvent extraction procedures desirable.     Johnson and Gould (62) com- 

pared solvent extraction and churning for obtaining FFA from milk 

and showed that the extraction with ethanol,   ethyl ether and Skelly solve 

F yielded 30% higher acid degree values.     They also found that low 

molecular weight FFA were more completely recovered by extraction 
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and that the final acid degree values were less affected by the presence 

of lactic acid or formalin.     They further improved the recovery and 

extraction of FFA by acidifying the milk to pH 2.   Frankeland Tarassuk 

(22) concluded that none of the existing extraction methods (1955) per- 

mitted quantitative recovery of all FFA.     They recorded 95-100% re- 

covery of high molecular weight FFA and 52-58% of low molecular 

weight acids using a 40% ethyl ether--60% petroleum ether extractant. 

They found this combination of solvents gave the least extraction of 

aqueous non-fatty acid constituents.     They found that greater than 100% 

recovery of high molecular weight fatty acids occurred from acidifica- 

tion of samples.    As they obtained essentially 100% recovery of added 

acids at pH 5,   they felt that increased fat acid degree values obtained 

at lower pH levels were possibly caused by a change in phosphate equi- 

librium.    An equally possible cause would be release of acid salts of 

the long chain acids which are present in the milk but which are not 

extracted in the salt form and therefore would not contribute to the 

initial acid degree values obtained by Frankel and Tarassuk (22). 

Perrin and Perrin (86) reviewed the literature concerning ex- 

traction of FFA and commented on FFA distribution,   extracting sol- 

vents,   and acidification of samples.     They noted that the distribtuion 

of FFA would resemble that found for the fatty acids of milk fat with 

the exception of 4:0.    Possible contributing factors to the variation of 

4:0 include its positioning on the glyceride molecule and the resulting 



12 

apparent specificity of milk lipase activity toward it (6; 12; 24; 33; 54; 

58).    As the distribution and solubility of a fatty acid is governed by 

the lipophilic chain and the hydrophilic carboxyl group,   the choice of 

solvents for FFA extraction must be based on these characteristics 

also.     In discussing the choice of extracting solvents Perrin andPerrin 

(86) stated that any fat solvent would effect quantitative extraction of 

long chain acids but the inclusion of ethyl ether,   with its slightly am- 

phiprotic character,  would greatly enhance the extraction of short 

chain FFA.     Further,   at the normal pH of milk the FFA exist almost 

entirely as their anions so that ionization of the carboxyl groups also 

will have a significant influence on the properties of the molecule.   For 

these reasons,   Perrin and Perrin (86) conclude that acidification of 

the sample is desirable before extraction.    In fluid milk samples at 

pH 3,   about 98% of any fatty acid would be present in unionized form 

and therefore no gain in extractability would be expected by further 

lowering the pH of fluid milk samples.    However,   without acidification, 

low recoveries of FFA would be expected (86). 

Many other solvent systems besides ether have been proposed 

for FFA extraction.    Tucker and Bird (111) used Skellysolve B,   n- 

propanol for milk and Thomas et al.   (106) and Jezeski (61) proposed 

a detergent method using polyphosphates and Trition X.    Milk powders 

have been extracted with methanol-hexane (20) and ethanol-water 

followed by petroleum ether-water (113). 
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Analysis of the Extract Containing the FFA;   The extract con- 

taining the FFA is often directly titrated.     The usual procedure is to 

dilute the fat in a solvent such as Skellysolve F--ethanol (106),  petro- 

leum ether--isopropanol (61) or other combinations (34; 68; 98).     The 

diluted fat is then titrated with dilute base,  usually alcoholic potassium 

hydroxide,   to a given end point either alpha-naphtholphthalein (86) or 

phenolphthalein (61).    The titration results are reported as acid degree 

value; defined as the ml of 1 N alkali (KOH) required to titrate 100 g of 

fat to the phenolphthalein end point.    A slightly modified "free fat 

acidity" value has been proposed by Frankel and Tarassuk (22),   but the 

most widely used method for measuring rancidity has been the acid de- 

gree value.     The acid degree value has been related to flavor scores 

as well as total FFA by many authors (68; 76; 110).    It has been gen- 

erally accepted that a fat acid degree value of less than 2. 0 indicates 

milk with little or no rancidity.    Acid degree values greater than 2 are 

generally found to accompany rancid criticisms.     The direct titration 

of fat as described in these methods has three major faults;   acidic 

non-fatty acid components can produce erroneously high values,   the 

acids do not partition quantitatively into the fat and no data are obtained 

on the concentration of individual acids. 

The Isolation of FFA from the Crude Extract:   Many authors 

have found it desirable or necessary to separate FFA from other com- 

ponents present in the crude extract before analysis.     The separation 
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of fatty acids from fat has been well studied using column chromatog- 

raphy and an excellent review article on column chromatography of 

fatty acids has been published by Schlenk and Gellerman (97).    Silicic 

acid (34; 35; 36; 40; 65; 77; 79; 90),   florisil (11),   celite (89) and Darco 

G-60 (71) have all been used for column packing in conjunction with 

various eluting solvents.     The degree of separation achieved varies 

with the packing and with the solvents used for elution. 

Many of the methods used for separating fatty acid mixtures 

could be useful in separating FFA from other lipids.     These methods 

include crystallization (7),  partition or thin-layer chromatography 

(78),   distillation,   formation of acid salts (28; 32; 77) and ion-exchange 

resins (3; 5; 48).     The ion-exchange procedure is especially valuable 

in that it not only allows for easy separation of FFA from neutral 

lipid,   but the fatty acids can be esterified for GLC without further 

preparation. 

Gas-liquid Chromatography (GLC) of FFA 

Smaller samples of purified fatty acids can be separated directly 

by GLC with superior resolution to previously developed techniques. 

This technique was first reported by James and Martin (55,   p.   679- 

690).    A survey of the literature up to I960 pertaining to GLC is pro- 

vided by Dal Nogare (15).     Strongly polar fatty acids are difficult to 

separate by GLC and most of the early studies were concerned with 
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the development of suitable column packing materials.     James and 

Martin (55) used Silicone oil containing 10% stearic acid as a liquid 

phase.     Emery and Koerner (19) used 20% Tween 80 and Hankinson 

et al. (32) effected separation of volatile fatty acids using Celite 545 

with stearic acid as the liquid phase.    However,   the development of 

the diethylene glycol esters of succinic or adipic acid for use as liquid 

phase proved to be the major factor in the satisfactory separation of 

the higher fatty acids.    Addition of 2% phosphoric acid to 25% diethy- 

lene glycol adipate or succinate further reduces tailing and retention 

time (80).    Other combinations of this type,   including ethylene glycol 

adipate-phosphoric acid and Anakrom ABS (Analabs) packing,   have 

been shown to satisfactorily separate FFA (96). 

Two major types of detector systems are commonly used for gas 

chromatographic analyses; the ionization and thermal conductivity. 

The flame ionization detector has the advantage of being insensitive 

to water in the sample if water extracts of low molecular weight 

acids are to be analyzed (20;51).    An interesting method for purifica- 

tion of acid extracts before analysis with the ionization detector was 

described by Hunter et al.   (50).     Unlike the ionization detector,   the 

katharometer (or thermal conductivity detector) is sensitive to water. 

However,   Gehrke and Lamkin (28) were able to analyze steam volatile 

fatty acids with this detector by drying the samples over a column 

of dried celite and anhydrous calcium sulfate.     Despite its low 
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sensitivity,   the thermal conductivity detector is widely used in the 

analysis of both FFA and their methyl esters.    As methylation of FFA 

is most usually effected in anhydrous solutions,   water may be of less 

significance in the analysis of methyl esters. 

GLC of Methyl Esters of FFA:   By converting the FFA to methyl 

esters^ a better separation of FFA can be obtained.    Methyl esters 

have been fractionated by crystallization,   vacuum distillation (104) 

and GLC.     The GLC analysis of esters is the most sensitive technique 

and is preferable to analysis of FFA because tailing is eliminated, 

less corrosion of the detector is encountered and the column can be 

operated at lower temperatures.    Lower column temperatures,   made 

possible by the high volatility of the esters, reduces bleed of the liquid 

phase and thus prolongs the efficiency of the column.    Herb,   et al. (41) 

published one of the first papers showing that quantitative analyses of 

the methyl esters of fatty acids of food fats were possible.    Patton 

et al.   (83) investigated liquid phases for analysis of the methyl esters 

including DEGS,   DEGA,   another polyester resin-Reoplex 400,   and 

Apiezon-L.    He found that the esters of the major fatty acids were 

best separated by the DEGS column.    Other authors,   (40; 101) have 

reported similar success in quantitative separation of the methyl 

esters of the fatty acids of milk fat.    The analyses were made iso- 

thermally.    As the methyl esters of the major FFA cover a wide range 

of volatilities,   it would be desirable to temperature program the gas 
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chromatograph oven.    Programming allows a more complete separa- 

tion of short chain esters and yet prevents the diffuse peaks which re- 

sult from analyzing long chain esters at low temperatures.    Gander 

et al.   (25) were unable to satisfactorily temperature program GLC 

analyses of methyl esters with a DEGS column,   due to excess bleed of 

DEGS and non-separation of butyrate from the solvent peak.     Separa- 

tions were achieved however,   by using butyl esters and Apiezon as the 

stationary phase.    DeMan (17) has recently described a method where- 

by the methyl esters of milk fatty acids can be separated by program- 

ming a dual column gas chromatograph using purified DEGS as column 

packing. 

Formation of Methyl Esters of Fatty Acids:   Since the methyl 

esters offer distinct advantages for analytical purposes,   it is import- 

ant that suitable methylation procedures be employed for esterification 

of the FFA.    It is essential that the FFA be isolated from neutral 

lipid before esterification,   or fatty acids from the lipid may inter- 

esterify with the reagent (74; 105).     The choice of a methylation meth- 

od depends on ease of use,   efficiency of conversion to the esters and 

reproducability.    A quantitative comparison of methylation by diazo- 

methane,   methanol-boron trifluoride,   methanol-HCl and methanol- 

HC1 on ion-exchange resin was made by Vorbeck et al.   (112).     The 

methods were found to be comparable for high molecular weight fatty 

acids but diazomethane gave better recovery of low molecular weight 
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fatty acids.    An accurate and unique method for formation of methyl 

esters by pyrolysis of tetraethylammonium salts in the chromatograph 

injection port has also been described (93). 

The ion-exchange methanol-HCl method has a distinct advantage 

in that the separation of FFA from lipid and subsequent methylation can 

be a one step procedure.     This technique was shown by Hornstein et al. 

(48) to be effective for meats and was used to analyze FFA in milk 

products by Bills (4),   Bills et al.   (5),   and Khatri (67).     Total fatty 

acids were separated in a similar manner by Benedict (3).     The one 

step ion-exchange procedure as developed by Bills et al.   (5) from that 

of Hornstein et al.   (48) involves dissolving the sample of fat and FFA 

in hexane and stirring the solution with the resin.     Neutral fat is then 

washed from the resin with hexane,   ethanol and methanol followed by 

methylation of the FFA held on the resin,   using methanol-HCl.     The 

methyl esters can then be extracted from the reaction mixture,   con- 

centrated and analyzed by GLC. 

The Quantitative Aspects of GLC of Fatty Acid Methyl Esters; 

Following the quantitative analysis of fatty acid methyl esters by Herb 

et al.   (41),   additional methods were developed to quantitate GLC data. 

Horrocks et al.   (49) calculated a factor to relate the amount of ester 

to peak areas of methyl esters,   analyzed with the thermal conductivity 

detector,   and developed the equation: 

R = 24. 68 + 5. 79N - 0. 075 N2 x 1. 019 
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where   N   is the number of carbons in the fatty acid and 1. 019 is a 

factor to convert the values to a base of 100 for palmitate.     This equa- 

tion compares the relative molar response of the gas chromatograph 

with methyl palmitate as 100.    As it is necessary to relate peak area 

or peak height to the weight of acid being analyzed to derive quantita- 

tive data,   it becomes important to determine the response of the de- 

tector to the individual component.     The thermal conductivity detector, 

which is the detector most widely used in the analysis of fatty acid 

methyl esters,   does not respond linearly to either weight or mole con- 

centration of components (31; 82).     Therefore,   a calibration factor 

should be calculated.     The calculation of a factor from data obtained 

by injecting known amounts of the compounds to be analyzed,   in ap- 

proximately the concentrations that will occur in the samples,   is 

common (15,   p.   259; 27; 28; 48; 101; 112).    Dal Nogare (15,   p.   256) 

has discussed the method of internal standards.     This method involves 

adding a known compound,   not native to the sample being analyzed,   and 

relating the peak area of the internal standard to a standard curve or 

to the weight of the components to be analyzed.     The internal standard 

method allows some leeway in the operating conditions of the gas 

chromatograph but it may result in loss of some accuracy through in- 

accuracies in the measurement of peak areas,   as compared to other 

"absolute" methods of calibration (27; 48; 109).     Tinoco et al.   (109) 

compared two "absolute" methods of analyzing fatty acid mixtures 
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using heptadecanoic acid as an internal standard versus independent 

oxygen analysis and found the two methods to be consistent. 

The use of internal standards involves measurement of peak 

areas.     Peak area has been measured by weighing the paper under the 

peak,   planimeter measurements,   disc integrators and triangulation of 

the peaks (85).     The triangulation technique is accurate if peaks are 

symmetrical (15; 85). 

Other factors which could interfere with the accurate calculation 

of peak areas are those which affect the separation of the component 

acids from each other.    These include minor components in the sample 

which are not separated from major peaks,   operating conditions of the 

gas chromatograph and contaminants in the sample.     The potential of 

contamination is great in a sensitive analytical technique such as gas 

chromatography.    Contamination of samples by stopcock grease,   body 

lipids of the investigator,   laboratory cleaning compounds,   solvents 

and filter paper have all been documented (7 3; 85). 
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EXPERIMENTAL 

Collection and Preparation of Milk Samples for Analysis 

Lyophilization of Samples:   Initially a method of sample prepara- 

tion was sought which would facilitate easy handling of the samples 

during extraction of FFA and which would prevent enzymatic changes 

during the period of extraction.    Kern et al.   (66) had found preparation 

by lyophilization to be satisfactory in preparing samples for fatty acid 

analysis.     This procedure was evaluated and perfected for the initial 

preparation of the samples for this work.     The lyophilized sample 

enabled a greater volume of sample to be extracted,   permitted the 

use of soxhlet rather than liquid-liquid extraction,   and allowed tempo- 

rary holding of samples without fear of deterioration or lipolysis. 

Raw milk samples from a mixed herd were obtained from the 

college creamery.     The milk samples were warmed to approximately 

21 *C and well mixed prior to sampling.    Care was taken to keep 

foaming and excessive agitation at a minimum.    Samples of the tem- 

pered milk were taken for Babcock fat,  pH,   and acid degree values. 

About 150 mis of milk was measured into a tared glass tray 9 1/4 

inches x 12 3/16 inches x 1  3/4 inches.    Initially,   attempts were 

made to dry large batches of milk and use aliquots for individual 

studies.     However,   quicker drying times,   shorter handling periods 
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and greater accuracy were made possible by using small samples and 

preparing the entire sample for analysis.     The tray of fluid milk was 

weighed,   covered with a film of "Saran" and blast frozen at -290C. 

The solidly frozen samples were lyophilized at less than 0. 6 mm pres- 

sure and less than 31 "C plate temperature for approximately nine 

hours.    Higher temperatures in the freeze-dryer were found to be un- 

suitable because they caused oiling off of the fat with subsequent dif- 

ficulties in maintaining the original conaposition for analysis of ali- 

quots.     It was found that leaving the "Saran" wrap loosely covering the 

sample helped to prevent contamination of the samples and did not 

interfere with the effectiveness of the lyophilization.    Following 

lyophilization,   the sample was reweighed if it was to be divided into 

aliquots and either immediately prepared for extraction or tightly 

wrapped and stored at less than 4*0 until extraction could be accom- 

plished.     Storage of samples was kept to a minimum time period to 

prevent any possible moisture uptake or lipolysis of the moist milk 

powder. 

Determination of Acid Degree Value:   The acid degree value was 

determined by the procedure of Thomas et al.   (106) as modified by 

Jezeski (61). 

Preparation of Heat Treated Samples:   Those samples with nor- 

mal heat treatments were prepared in the college dairy plant.    Pas- 

turization treatment was 72. 780C (1630F) for 17 seconds and 
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homogenization was effected at 58-60*0 and 1600 pounds pressure. 

Samples which received extended heat treatments were tempered to 

70C,   measured equally into identical erlenmeyer flasks,   and placed 

in a boiling water bath (98-100° C) for the desired length of time.   Each 

flask was tightly covered with aluminum foil and agitated constantly 

until a temperature of 98° C was reached and then every one-half hour. 

Following the heat treatment,   the samples were placed in an ice water 

bath and cooled to 21° C after which they were prepared for lyopholiza- 

tion.     The samples required 12 minutes to reach 98° C and approxi- 

mately nine minutes to cool to 210C.     The sample heated for four 

hours was noticeably browned and all samples heated one hour or 

longer exhibited formation of a surface film.    Unsatisfactory results 

were obtained and insufficient FFA were extracted for analysis unless 

the sample size was doubled or quadrupled (to 300-600 ml) for the 

strongly heated samples. 

Preparation of Samples for Fatty Acid Distribution Studies; 

Samples of 40% cream,  ski'mmilk,   and whole milk for this study were 

prepared from one lot of mixed herd milk.     Equal volumes of each 

sample 'were laboratory pasturized under identical conditions at 62. 8* 

C for 28 minutes.     Following pasturization the samples were imme- 

diately cooled to 21 "C and the milk sample treated as usual. 

Skim milk was centrifuged at 15, 000 RPM for 20 minutes in a 

Servall superspeed centrifuge.     The fat plug was removed and the 
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remainder of the sample analyzed in the same manner as whole milk 

samples. 

The cooled cream was divided into two portions.    Cream portion 

numbered 1 was churned in a small electric churn and the buttermilk 

separated from the butter.    The buttermilk was filtered to remove 

traces of remaining fat,   and twice the usual amount for milk was lyo- 

philized (300 ml).     This doubling of the normal volunme was necessary 

to obtain approximately the same quantity of FFA per sample and to 

maintain the same level of solids for extraction.     The butter was melt- 

ed and centrifuged at 15, 000 RPM for 20 minutes in a Servall super- 

speed centrifuge.    Butteroil from the centrifuging was dissolved in 

hexane and analyzed according to the procedure of Bills et al.   (5). 

Cream portion numbered 2 was washed and churned as described 

by Herald and Brunner (39).     The churned: fat and serum were sepa- 

rated by skimming and working the fat.     The serum was also filtered 

to remove fat.     The butter was melted and centrifuged as described 

for portion numbered 1.     The butteroil layer was separated from the 

sedimented layers of non-fat solids and serum.     The sedimented plug 

contained a yellow outer layer that was assumed to be triglyceride 

contamination.     The sedimented material and serum were added to the 

filtered serum and lyophilized.     This sample was termed "crude" 

membrane preparation. 
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Preparation of the Lyophilized Samples for Extraction:   The dry 

milk sample was completely removed from the glass tray by scraping, 

scouring with silicic acid,   and rinsing with 50-100 ml of anhydrous 

ethyl ether.     The ethyl ether rinsings were reserved to be used during 

extraction.    The total dry material of the sample and the silicic acid 

scourings were ground with enough additional silicic acid to give a dry, 

free-flowing powder.    Approximately 10 mg of heptadecanoic and 2 mg 

of heptanoic acids in hexane were added and thoroughly dispersed,   and 

the sample was acidified with 1 ml of 5. 5 N   HSO        for every 

12 g of fluid milk.    By basing the amount of H_SO . on the initial fluid 

weight,   variations in H_SO ./milk solids ratio was not affected by 

slight differences in the moisture content of dried milk. 

Extraction of Lyophilized Samples:   The acidified samples were 

quickly packed into filter paper soxhlet extraction thimbles and the 

thimbles were loosely plugged with glass wool.     They were then placed 

into a soxhlet extractor (200 ml.   extracting volume) which was con- 

nected to a g" erlenmeyer receiver and a Friedrick's type condenser. 

The ether rinsings were combined with anhydrous reagent grade 

ethyl ether to make 300 ml volume and this was used to extract ap- 

proximately 20-25 gm of dried solids.    One lot of ethyl ether was 

found to be unacceptable due to high levels of peroxides which com- 

pletely destroyed the 18:1 and 18:2 acids in the samples.    It was found 

however that five gallon cans of anhydrous,   reagent grade ethyl ether 
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(Baker and Adamson) could be purchased which did not affect the un- 

saturated acids and therefore it was not deemed necessary to treat 

the ether for removal of peroxides. 

A series of extractions was made on aliquots of a sample for 

five,   six,   seven and eight hours at 46° C to determine the time neces- 

sary for maximum recovery of the FFA.    Constant temperature was 

maintained for the extraction period by placing the receiving flasks in 

a constant temperature bath.    Constant amounts of each FFA except 

4:0 were obtained after seven and eight hours extraction.    Subsequent 

analyses with known amounts of added 4:0 showed close to 100% re- 

covery after 12 hours of extraction.    Although one cannot be positive 

that all of the naturally occurring FFA is being extracted at an equal 

rate with that of the experimentally added FFA,   it is reasonable to 

expect that 97-100% recovery of the added acid is indicative of com- 

plete extraction of the FFA.    Consequently the 12 hour period was 

used for all samples reported in this work. 

Following the extraction period,   the total soxhlet assembly was 

removed from the water bath and allowed to cool to room temperature. 

The ether extract was then treated with anhydrous sodium sulfate to 

remove any water that had been extracted from the samples, stoppered, 

and stored  at   4* C ' until the acids were to be methylated. 

Determination of Amount of H2SO 4 Needed to Release FFA from 
1,.      ' 

Their. Salts:   It was discovered early in the course of preliminary 
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work for this thesis that the FFA could not be recovered in sufficient 

quantities for calculation of individual quantities of acids unless the sam- 

ple was acidified.   A series of experiments was carried out to ascertain 

the optimum level of H_SO. required to give maximum release of FFA 

without causing hydrolysis of the triglycerides.    One set of experiments 

was conducted in which the yield of FFA as affected by H SO   was de- 

termined.    The increasing recovery of FFA with increasing levels of 

H SO    is shown in Figure 1.   A second set of experiments was carried 

out in which trimyristin was added to the sample to show the effect of 

H SO   on ester hydrolysis.   If ester hydrolysis occurred,   one would 

expect the levels of free 14:0 to be noticeably higher in the sample with 

excess trimyristin than in the corresponding control.    In the tests,   a 

measured amount of excess trimyristin was added to pasturized fluid 

milk and the milk was then homogenized in a Waring, blendor.  A control .sample 

of the same milk also was  blended for an equal length of time to eliminate 

any possible variation in individual FFA levels in the two samples due 

to the blending.    When a treatment level of H^SO A to milk was reached e 2      4 

wherein the percent difference of 14:0 for the duplicates was greater 

than the percent difference of the other n- saturated major acids,   it was 

recorded as the minimum level of H-,50   which would produce hydroly- 

sis.    A slightly lower level of H SO   was then selected to give optimum 

release of FFA without causing hydrolysis.    This level was 12 gm of 

fluid milk per ml of 5. 5 N H  SO  ,  Table 4.    Further discussion and 
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supporting Tables for these two experinaents can be found in the Re- 

sults and Discussion section. 

Separation of the FFA from Neutral Fat and Methylation on the Ion- 

Exchange Resin 

The method of Bills et al.   (5) using Amberlite IRA-400 was 

modified slightly and used to separate the FFA from neutral fat and 

to prepare the methyl esters of the FFA.     The method was modified 

by adding internal standards to the milk before extraction.    Since the 

FFA were already in solution in the ether extract,   they were added to 

the resin in ether rather than in hexane.     The preparation,   regenera- 

tion and use of the resin with the above modifications was exactly as 

described by Bills et al.   (5).    Initial losses of 50% of known amounts 

of 4:0 were traced to failure to tightly cover the containers during 

the ion-exchange process.    For accurate and complete recovery of 

methyl butyrate it is essential that the container by tightly covered 

with foil or other material at all times except when changing solvents. 

Extraction of Esters with Ethyl Chloride and Concentration of the 

Extract 

The method used for extraction of the esters from the reaction 

mixture was with ethyl chloride at 4° C as described by Bills et al. (5). 

It was found that some samples contained quantities of non-fatty acid 
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ester material which would carry through the complete analysis and 

precipitate out of the sample as the esters were prepared for injection 

into the gas chromatograph.    When large amounts of precipitate were 

present,   it became necessary to dissolve the esters in ether which had 

been treated to remove peroxides and then attempt to inject the ether 

solution of esters.     This  is    undesirable because excessive quantities 

of ether will strip the liquid phase from the GLC column.    Further- 

more,   ether does not dissolve the precipitate and release esters in- 

cluded in the crystals,   but only dissolves off esters which are adr 

sorbed on the crystal surface.     Therefore,   after determining that the 

precipitate was non-fatty acid ester in nature,   attempts were made to 

remove it from the sample.     The material was found to be water 

soluble and it was possible to remove the major portion by washing 

the final ethyl chloride extract an additional three times.    Duplicate 

samples were checked with two and five washings to determine if 

water soluble methyl butyrate was lost due to partitioning into the 

water washes.    No loss was detected.     The ethyl chloride extract was 

dried and concentrated to about 10 ml using the apparatus described 

by Bills et al.   (5). 

When a 50 ml pear shaped flask was used for concentration and 

the final amount of ethyl chloride was allowed to evaporate from the sam- 

ple at the gas chromatograph,   it became clear that methyl butyrate 

was being lost both during evaporation of the ethyl chloride and during 
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the time needed to prepare each subsequent injection.     It was felt that 

if a flask could be designed for use in the concentration apparatus and 

could also be equipped with a septum,   the residual ethyl chloride from 

the concentration procedure could be allowed to vaporize in the sealed 

flask and then be vented through the septum.     In addition to providing 

for venting the ethyl chloride through the septum with a hollow needle, 

the flask was designed to be sampled through the septum with a ten 

microliter syringe.    In this manner the partial pressure of methyl 

butyrate could be kept low compared to the high pressure contributed 

by ethyl chloride; thus,   the butyrate should be retained in the sample. 

Figure 2 shows the flask which was used for this purpose.     The major 

drawback of this flask was difficulty of cleaning.    A proposed improved 

flask is shown in Figure 3 which would still allow for evaporation of 

ethyl chloride and for sampling without opening.     The improved model 

could be made with greater capacity and would be easier to clean. 

After the esters had been concentrated to about 10 ml in the 50 ml 

flask they were quantitatively transferred to the flask shown in Figure 

2 and concentrated to approximately 0. 1 ml.     The flask was then re- 

moved from the concentration apparatus,   stoppered and prepared for 

injection as described above.     The esters were kept cold between in- 

jections and brought to room temperature only long enough to sample. 

They were held at -20CC between the low and high temperature GLC 

analytical runs. 
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Figure 2.    Concentration flask for ethyl chloride extract. 
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Figure 3.    Proposed concentration flask for ethyl chloride extract. 
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Analysis of Methyl Esters of FFA 

The Preparation of Internal Standards and Calculation of Factors 

to Relate GLC Peak Area to Weight of FFA;   As previously noted,   the 

response of a gas chromatograph detector can be calibrated for weights 

of acids by the use of internal standards.    In this study heptanoic acid 

and heptadecanoic acid,   both of which occur in trace quantities in 

milk,   were the internal standards.     The two acids were weighed and 

dissolved in high purity hexane to give about 2 mg of heptanoic and 

10 mg of heptadecanoic acid in 10 ml of hexane.    These internal stand- 

ards were used in all samples as described under the extraction pro- 

cedure. 

Factors were calculated for recorder response for each FFA 

using the factor of 1. 000 for each of the internal standards.    Samples 

of known acids were prepared by weighing out approximately the same 

ratio of acids (5-10 mg) as were found to occur in a sample of whole 

milk.     The weighed acids were dissolved in high purity mineral oil, 

the oil was dissolved in hexane and the usual ester formation and GLC 

procedures followed.     The factor for each acid was calculated as 

follows: 

Factor for acid = 

Wt.   of acid added x area of methyl heptadecanoate 
 peak  
Peak area of acid added x wt. Of 17:0 added 
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The factors vary from those found by Bills et al.   (5),   especially 

for the long chain acids,   which were based on a different lot of hepta- 

decanoic acid than that used by Bills et al.   (5).     The factors calculated 

for each acid were based on four or more duplicate determinations 

and are listed in Table 1.    Since the acids were all found to be 95-99% 

pure,   they all were assumed to have the same purity for calculation 

purposes. 

Table 1.    Factors for relating internal standards to the weight of acids. 

Fatty Acid Average Factor Average Deviation 

4:0 1.1400 +0.106 
6:0 1.0243 0.043 
7:0 1.0000a   
8:0 1.0179 0.069 

10:0 0.9050 0.038 
12:0 0.8430 0.038 
14:0 0.9680 0.047 
16:0 1.0290 0.060 
17:0 1.0000a   
18:0 1.0840 0.071 
18:1 1.1117 0.045 
18:2 1.2780 0.142 

Assigned 

Gas Chromatography of Methyl Esters and Calculation of Compo- 

sition:   The Aerograph Model A-100 with a thermal conductivity detec- 

tor was used.    A one-fourth inch O. D.   aluminum column,   six feet in 

length,   packed with 20% LAC-3R-728 (Diethylene glycol succinate) on 



35 

80-100 mesh Celite 545 (acid and alkali treated) was used.     The chro- 

matograph was operated at maximum sensitivity with 75 ml/minute 

helium as carrier gas.     Two temperatures were used for analysis. 

Esters with carbon chain lengths of 4:0-8:0 were analyzed at 94° C 

using methyl heptanoate as the internal standard.     The 10:0-18:2 es- 

ters were analyzed at 196° C using methyl heptadecanoate as the in- 

ternal standard.    Known mixutres of the methyl esters of the n- 

saturated acids from 4:0 to 18:0 were periodically injected to give 

known retention times.     The above described parameters were found 

to cleanly separate all of the major acids in this study and many 

minor compounds which were not identified.    Minor acids,   which may 

not be separated from the major peaks under the operating conditions 

used,   have been shown to be present in milk (60),   but their contribu- 

tion to the total area of a peak would be minor.     Typical chromato- 

grams are reproduced in Figure 4. 

Calculation of each peak area was by triangulation.    An equation 

similar to that used for calculation of factors for internal standards 

was used to calculate the weight of each acid. 

Factor for acid x area of acid peak x weight of 17:0 
added 

Wt.   of acid = , . _ n  
area of 17:0 peak 

The determination of 8:0 was occasionally difficult due to dif- 

fuseness of the small peak.    Similar problems were encountered with 

18:2 due to its long retention time.     Duplicate injections of a sample 
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varied + 0-10% of the weight of the FFA depending on the properties 

of the individual acid. 

u 
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Figure 4.    Typical chromatograms of the methyl esters of the major 
FFA of milk. 
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RESULTS AND DISCUSSION 

Influence of Sample Preparation on Recovery of FFA 

Lyophilization:   A method for analyzing FFA in dairy products 

and the values obtained by the method are only as accurate as the sol- 

vent systems are effective for isolation of the acids.    Clearly,   if the 

sample can be made relatively anhydrous without altering the FFA 

content,   the effectiveness of the solvents could be enhanced.     The 

availability of a small freeze-drying chamber led to the evaluation of 

lyophilization of the milk samples as a technique for improving the 

efficiency of extraction solvents.    Certain techniques were found ne- 

cessary or desirable in the preparation of lyophilized samples.    Rela- 

tively large samples,  up to 800 mis,   could be dried satisfactorily in 

the freeze-drying chamber.    However,   a drying period of close to 24 

hours was required for large samples.     Therefore,   the sample size 

was arbitrarily limited to approximately 150 mis of fluid milk and 300 

mis of strongly heated milks or buttermilk samples.     The lyophiliza- 

tion technique was found to be acceptable if the chamber pressure was 

lowered to less than 0. 6 mm and the plate temperature held at amaxi- 

mum of 29. 50C.     Under these conditions about nine hours was required 

to dry the 150 ml sample. 

The possibility of lipolysis or loss of the more volatile acids 
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during lyophilization was evaluated by analyzing a laboratory pas- 

turized sample which had been homogenized with internal standards 

before freezing.    A duplicate sample which had the internal standards 

added in the usual manner,   just before extraction was analyzed for 

comparative purposes.     Table 2 gives the mg of FFA found per kg of 

fluid milk and the percent variation between the two samples.     The 

variation is no larger than for duplicates run in the usual manner;   it 

was concluded,   therefore,   that no losses of FFA occurred during the 

lyophilization process. 

Table 2.   Influence of lyophilization on the FFA content of whole milk samples. 

Internal standards       Internal standards 
added before     , < 

a, b 
Fatty acid lyophilizat 

4:0 16.652 
6:0 6.584 
8;:0 4.397 

10:0 10.281 
12:0 14. 001 
14:0 23.434 
16:0 63. 767 
18:0 29. 759 
18:1 73. 479 
18:2 9.600 

id after 
hilization ' 

a 
Average 

Percent 
variation 

16. 507 16. 579 + 0.43 
8.234 7.409 11.13 
5.462 4.929 10.79 

12.298 11.289 8.93 
14.161 14. 081 0.56 
26.282 24. 858 5.70 
75. 778 69. 757 8.97 
37.832 33. 796 11.94 
87.796 80. 637 8.88 
14.576 12. 088 20.58 

avalues expressed as mg FFA/kg of fluid milk 

milk contained 4% fat 
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The moisture level of the dried milk samples was not routinely 

calculated after initial values showed that the samples were about 11% 

moisture and that at this level they could be extracted satisfactorily. 

Internal Standards:   The use of internal standards to quantitate 

data has been discussed by Bills (4,  p.   25-26).    In addition to the basic 

advantages of internal standards,   their use enabled simplification of 

many of the techniques used in this work.     Following addition of the 

standards it became   possible to use aliquots of the total ester sam- 

ples at any subsequent point; therefore,   quantitative transfers were 

unnecessary.     The option of not making quantitative transfers is de- 

sirable when transferring the dried ether extract from sodium sulfate 

to the resin or the ethyl chloride extract from holding flasks to con- 

centration apparatus. 

Acidification:   The acidification of the samples has been briefly 

discussed in the experimental section.     The findings of this research 

are of major importance in that significantly larger amounts of H SO 

are required for the lyophilized samples than has been shown to be 

necessary in previous work.    Johnson and Gould (62) showed that in- 

creased fat acid degree values resulted from acidification of samples 

with H  SO    to pH 2.    Their conclusion that greater acid degree values 

were resulting from greater recovery of FFA was disputed by Frankel 

and Tassaruk (22) who felt that the increase was due to non-fatty acid 

components.    However Kern et al.   (66) found acidification to pH 2 
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essential,   and Perrin and Perrin (86) in discussing the theory of re- 

lease of fatty acid salts presented conclusive evidence that acidification 

to pH 2 is necessary for the accurate recovery of FFA. 

The preliminary work on this thesis was performed using a 

quantity of acid which would produce a pH of 2 in the rehydrated sam- 

ple.    It was demonstrated that in regular samples extracted by the 

experimental method,   but with acidification omitted,   insufficient FFA 

were recovered to calculate individual concentrations.     This is taken 

as further substantiating evidence for the existance of the majority of 

the FFA in milk as salts.     The ability of the salt forms of FFA to con- 

tribute to milk flavor was reported by Al-Shabibi et al.   (1) and the 

existance of the acids in the salt form is supported by Perrin and 

Perrin (86).     Figure 1  shows that as the pH is lowered below 2,   which 

was the highest pH used for the figure,   additional FFA are released. 

At these low pH levels,   hydrolysis of triglycerides could account for 

the increased levels of FFA which were recovered.    Results of the 

trimyristin experiment shown in Tables 3 and 4 indicate that at the 

acid concentration employed in this work,   no hydrolysis occurs.     The 

values obtained for FFA from six levels of acidification are presented 

in Table 3.   The pairs of samples for each acid levelwere also compared 

after analysis by calculating the percent difference between the satu- 

rated acids from 10:0 to 18:0.     If the percent difference between 14:0 

was larger than the percent difference between the other saturated 



Table 3.    The effect of increasing levels of H^SO. on glyceride hydrolysis of duplicate whole milk samples. 

Sample 1 2a 3b 4a 

gm milk/ml of 5.5N 
H2S04 

14.35 13.7 11.35 10.5 9.35 8.25 

Average mg FFA/kg milk 

Fatty acid 

4:0 - 16.00 19.73 22.71 — 18.02 25. 82—25.93 27.61 
6:0 - 9.02— 8.60 9.62—  8.66 11.50—11.26 11.90— n. 69 11.32—11.31 
8:0 - 7.38—10.37 10.57— 6.83 9.76— 6.86 8.82— 9.18 7.98— 6.98 

10:0 18.27-15.61 20.66—16.84 19.08—22.10 19.42—18.54 21.11—20.43 22.05—22.78 
12:0 18.09-14.77 19.07—17.61 18.83—21.55 21.27—18.07 21. 35—21'. TO 22.13—24.36 
14:0 26.33-26.31 35.61—33.00 41.01—31.69 36.95—34.03 42.65—39.55 49.66—39.65 
16:0 64.52-61.23 77.68- -75. 59 82.04—72.13 92.52—86.94 91.29—90.94 91.89—96.30 
18:0 35.92-32.55 42.51—45.44 40.27—37.77 50.47—48.05 56. 04—50. 16 47.71—47.31 
18:1 72.67-75.91 109.3—113.3 97.46—84.86 155.7—127.0 140.4-130.9 107.1—112.5 
18:2 15.42-13.96 16.09—22.41 17.74— 8.53 20.24—19.07 19.78—17.92 18.22—15.29 

Hydrolysis? no no yes no yes yes 

same milk, different acid levels 

same milk, different acid levels 

trimyristin added to sample 
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acids,   it was accepted that hydrolysis was occurring.     Table 4 shows 

that hydrolysis occurs at acid concentrations greater than one ml 

H SO    per 10. 5 gm milk and may occur at one ml H  SO   per 11. 4 gm 

milk.     Based on these findings,   a level of one ml of 5. 5 N H  SO    per 

12 gm fluid milk was selected as giving maximum release of acids 

without hydrolysis of the triglycerides.     This corresponds to a pH of 

less than 1. 3.     The reasons for the excess of H SO . required in this 

work over the amount theoretically required according to Perrin and 

Perrin (86) is not clear.    Possibly the low levels of moisture present 

in the samples do not allow full activity of the acid,   i. e.   more acid is 

required to wet the sample and release the acid salts due to the large 

surface area involved and the lack of water as a wetting agent.    In this 

case there is 11% moisture in the powder compared to 80% in fluid 

milk. 

Table 4.    Percent differences in quantities of FFA found in duplicate samples,  one containing  an 
excess of trimyristin. 

Sample Amount of 5.5N Fatty Acid 
pair HpSO^ added Hydrolysis 10:0 12:0 14:0 -16:0 18:0 

1 1 ml/14.0g milk no 7.9 1.8 0 2.6 4.9 
2 1 ml/13.7 g milk no 10.2 4.0 3.8 1.4 3.3 
3 1 ml/11. 4 g milk yes 7.3 6.7 12.8 6.4 3.2 
4 1 ml/10. 5 g milk no 2.3 8.1 4.1 3.1 2.5 
5 1 ml/ 9. 3 g milk yes 1.7 0.6 3.8 0.2 5.5 
6 1 ml/  8. 3 g milk yes 1.7 4.8 9.8 2.3 0.4 
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Extraction of FFA:     Ether was chosen as an extracting solvent 

because of its known effectiveness in the extraction of free acids with 

widely varying solubility properties (22; 35; 62).    Perrin and Perrin 

(86) have pointed out the value of diethyl ether for obtaining almost 

complete recovery of both long chain and short chain acids.    Gehrke 

and Goerlitz (27).note that the distribution ratio of 4:0 in an ether- 

water mixture at 25* C is four and therefore the ether should give 97. 6% 

recovery of 4:0.    Experimental results,  previously noted,   showed 97- 

100% recovery of added 4:0 using ethyl ether and a 12 hour extraction 

period.    Reagent grade anhydrous ether (Baker and Adamson) was thus 

accepted as an effective and adequate extractant for this experimental 

method. 

Quantitative Analysis of FFA in Raw and Processed Milks 

Table 5 lists the quantities of FFA found in raw milks from a 

mixed herd and in raw standardized milks.     There is less correlation 

shown between total mg of FFA/kg of good quality milk and fat acid 

degree values than will be shown later for good versus rancid samples. 

With one exception,   concentrations of FFA found for samples in 

Table 5 are higher for the high fat samples.     This indicates a higher 

proportion of FFA in the lipid phase than in the serum.     Because of 

this fact,   the concentration of total FFA will vary considerably with 

the fat content of the milk.    Due to the wide variation in the partition 



Table 5.    Quantities of FFA found in raw milk. 

Sample R 
la 

aw milk not standardized 
2a              3a                 4a la 

Raw milk standardized 
2»               3a                  4a 5a Harpeib Trammel15 

Acid 

4:0 18.16 19.98 28.20 16.00 23.98 15.20 21.05 30.04 30.28 . 156-2.964 0-35 

6:0 7.47 11.55 11.73 8.81 9.73 7.49 7.84 14.10 13.46 5. 34-10.67 0-27.5 

8:0 4.00 6.55 8.66 9.69 5.73 5.49 6.02 5.75 8.26 - 0 

10:0 39.76 17.31 19.48 18.75 14.84 24.13 16.44 21.37 23.22 - 0 

12:0 37.69 19.64 21. 34 18.34 15.89 21.99 15.68 20.26 22.65 - 0 

14:0 43.55 35.49 37.34 34.30 27.62 36.71 27.67 41.64 36.37 - 0 

16:0 92.09 97.22 89.78 66.63 69.90 72.12 64.08 98.02 81.86 - - 

18:0 32.67 58.30 44.68 43.97 29.90 28.23 30.16 41.43 35.82 .- - 

18:1 85.53 130.61 123.31 111.27 82.01 81.12 72.48 123. 62 105. 21 - - 

18:2 12.99 22.97 18.71 19.25 9.38 11.21 11.88 18.87 14.08 - - 

Total 373.90 419.61 403.21 347.02 288.98 303.69 273. 30 415.02 371.21 

Acid Degree 1.55 1.15 1.41 1.37 1.11 1.51 1.56 1.55 1.62 

% fat 4.0 4.1 4.0 4.1 3.7 3.6 3.4 3.7 3.4 

^g FFA/kg milk 

converted to mg FFA/kg milk 
*■ 

^ 
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coefficients of individual acids in the serum and fat phases it is not 

possible to standardize the FFA to a milk with a constant fat concen- 

tration.    For this reason,   the FFA and the respective fat content of 

the sample have been reported as found,   rather than on the basis of a 

standard fat content.    Samples standardized with raw skim milk show 

an increase in the short chain FFA.     These findings are expected in 

view of the solubility of the short chain FFA in the   serum phase of 

milk. 

Perrin and Perrin (86) have reported that the FFA concentration 

in freshly drawn milk is of the order of 0. 0004 M.     Total FFA as a 

fraction of the milk fat were found to be 0. 001-0. 02 M.    If the total 

mg of FFA/liter of milk found in this work is converted to mole con- 

centration based on 16:0 (molecular weight 256),   the average moles 

for raw,   raw-standardized,  pasturized and pasturized-homogenized 

milks are comparable.     These values are: 

Average moles 

raw milk 0. 00150 
raw standardized milk 0. 00125 
pasturized milk 0.00120 
pasturized-homogenized milk 0. 00122 

The total weights of FFA for the samples of Table 6 also can be 

expressed as a percentage of the fat in the sample.     These values are: 
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Raw standai •dized Pasturized Pasturized 
Raw milk milk milk homogenized milk 

0. 94 0.78 0. 79 0. 86 
1. 02 0. 84 0.91 0. 88 
1. 01 0.80 0. 75 1. 02 
0. 87 1. 12 

1. 09 

These percentages are considerably higher than the "trace" 

amounts normally published for FFA in milks.    However,   reference 

to Perrin and Perrin (86),   see above,   corroborates the approximate 

levels.    Further reference to values found by Harper et al.   (35) and 

Trammel and Janzen (110),   Table 5,   also indicates that the quantities 

of FFA found in this work are supported by the earlier papers on vola- 

tile FFA.    No comparison of values for individual higher FFA is pos- 

sible since they were not analyzed individually by previous workers. . 

A comparison of the percent composition of FFA in whole milk 

and the percent fatty acid composition of cow's milk fat.as determined 

by Jack and Henderson (52) and Herb et al.   (40),   Table 6,   indicates 

that the FFA percentages observed for raw milk follow the normal 

percentages found for milk fat with the following exceptions;4:0,,l0:0,.12:0, 

and 18:1 increase and 14:0 and 16:0 decrease. 

However,   comparison of the percent composition of FFA for 

pasturized and pasturized-homogenized milks with the data of Jack 

and Henderson (52) and Herb et al.   (40),   Table 6,   leads to slightly 

different conclusions than with the raw milk samples.    Higher per- 

centages of 4:0,   10:0,   12:0 and 18:2 are found in pasturized milk than 



Table 6.    The effect of processing treatments on the FFA composition of milk. 

Raw milk,  not Raw milk standardized6 Pasturized and? 
standard ized with skim milk 

Average   Average 

Pasturized 

Average   Average 

Homogenized 

Average   Average 

Milk Fata' c 

Fatty Average Average 
Acid percent deviation percent deviation percent deviation percent deviation percent 

4:0 5.3 +0.44 7.3 +0.94 7.2 +0.95 6.5 +0.37 3.5 

6:0 2.6 0.30 3.2 0.36 2.8 0.10 2.4 0.20 1.4 

8:0 1.9 0.55 1.9 0.26 1.9 0.33 1.4 0.27 1.7 

10:0 6.2 2.43 6.1 0.82 4.9 0.48 4.7 0.77 2.7 

12:0 6.4 2.40 5.2 0.66 5.3 0.28 5.3 0.63 4.5 

14:0 9.8 0.9S 10.3 0.70 9.1 0.55 8.6 0.77 14.7 

16:0 22.3 1.58 23.4 0.52 22.5 2.15 23.5 0.67 30.0 

18:0 11.6 1.70 10.0 0.48 11.0 0.68 12.3 1.50 10.4 

18:1 29.2 3.13 27.9 1.08 28.9 1.53 30.5 1.03 18.7 

18:2 4.8 0.73 3.9 0.40 6.1 1.63 4.7 0.63 __-.— 

J>.c Milk Fat' 

percent 

2.79 

2.34 

1.06 

3.04 

2.87 

8.94 

23.8 

13.2 

29.6 

2.11 

aData of Jack.  E. L. 
bData of Herb. _et al. 
cFatty acids expressed as percent by weight of total fatty acids 

"Average of 4 samples 
eAverage of 5 samples 

* Average of 4 samples 

SAverage of 3 samples 
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in milk fat.     The percent composition of FFA for pasturized milk 

closely resembles that found for raw not-standardized milk with three 

important exceptions.     The percentage contribution of 4:0 is increased 

and the contribution of 10:0 and 12:0 decreases.     This could be an im- 

portant factor in the loss of raw or cowy flavor during heating if the 

10:0 and 12:0 produce cowy and raw flavors as previously reported (1). 

The increase of 4:0 could alter the odor of the pasturized milk but it 

has been reported not to be strongly associated with cowy and raw 

flavors (1).    It may contribute a characteristic flavor which could be 

covered by the flavor of other compounds produced as a result of the 

heat treatment.     The lower values for free 4:0 found by some previous 

authors can be ascribed to the lack of acidification before extraction, 

the volatility of 4:0 and variations in the experimental procedures. 

Trammel and Janzen (110) found levels approaching those observed in 

this work,   Harper et al.   (35) did not.     Trammel and Janzen (110) ana- 

lyzed FFA as methyl esters while Harper et al (35) analyzed the free 

acids which may account for the variations.    In addition to slight vari- 

ations in the composition of FFA,   it appears that pasturized samples 

have slightly lower total FFA than do the raw samples,   Table 14. 

In summary,   4:0 is the most volatile and least easily extracted 

of the FFA.    Consequently,   it would be expected that the largest dif- 

ferences between data in this thesis and the literature would be found 

for 4:0.     The largest variation among the percent contribution of 
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individual FFA in pasturized and raw whole milk samples was found 

for 4:0,   10:0 and 12:0 which are known to affect the flavor of milk. 

The Distribution of FFA in Milk Fractions 

In view of the relatively large amount of FFA observed in milk, 

it was of interest to elucidate their distribution among the various 

milk fractions.     The milk fractions of primary concern at this point 

were the serum,   triglycerides and the fat globule membrane.     To de- 

termine the distribution,   a single sample of pasturized whole milk 

was used.     The FFA were analyzed in the whole milk sample and in 

fractions prepared as follows.     The milk was separated to give skim 

(serum fraction,   0. 02% fat) and 40% cream.     The cream was divided 

into two aliquots; one was churned to give buttermilk and triglycerides. 

The second aliquot was used to prepare washed cream to yield fat 

globule membrane and triglyceride fractions. 

Results of the analyses are presented in Tables 7,   8,   9,   and 10. 

Table 7 compares whole and skim milk.    As might be expected,   the 

total FFA were lower in the skim milk (72-80% lower) than in whole 

milk.     In addition,   FFA 4:0-14:0 were in higher proportions in the 

skim.     Table 8 shows the distribution of the FFA among the trigly- 

ceride,   the fat globule membrane and the serum fraction.    In order to 

make comparisons,   it was necessary to extrapolate the FFA data to 

one kg of 40% cream.     This may introduce certain anomalous 
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Table 7.   A comparison of the percent composition of the FFA in whole and skim milks. 

Sample 1 SampL e 2 Sample 3 
Pasturized Pasturized 

Fatty Acid raw control raw skim raw control raw skim control skim 

4:0 5.5 4.0 4.8 11.9 7.0 11.9 
6:0 2.7 4.0 2.7 5.1 2.9 4.2 
8:0 1.8 4.1 1.6 6.0 2.2 2.4 

10:0 4.1 10.2 4.1 11.2 4.8 10.7 
12:0 4.7 10.1 4.7 10.7 5.3 13.4 
14:0 8.9 12.1 8.5 8.4 9.3 12.0 
16:0 25.4 19.4 23.2 17.3 22.3 20.0 
18:0 12.6 7.8 13.9 11.1 11.1 7.2 
18:1 29.4 20.8 31.1 18.2 30.6 18.4 
18:2 4.9 6.3 5.5 trace 4.6 trace 

Total FFAa 419.6 73.8 403.2 106.0 299.0 82.4 

amg/kg of milk 

relationships for milk.     The cream contains a relatively large amount 

of fat which acts as a carrier for most of the FFA.    Hence,   of the total 

FFA in cream,   a large percentage will be initially associated with the 

triglycerides.    Nevertheless,   the data in Table 8 appear to be in good 

agreement with the literature except for 6:0 in the  control cream.    As 

expected,   the long chain acids,   12:0--18:2,   are largely partitioned into 

the fat fraction.    In contrast to the marked preference of an individual 

FFA to partition either into the lipid or serum fraction,   the fat globule 

membrane contains approximately equal quantities of all the major 

acids.     Further,   the major portion of the FFA not associated with the 

triglyceride fraction is found in the fat globule membrane preparation. 

Considering the ratio of fat globule membrane to triglyceride,   it is 
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apparent that the crude fat globule membrane preparation studied con- 

tains a significant level of FFA.    Whole nnilk was shown to contain 1% 

FFA based on the weight of fat or 0. 04% FFA based on fluid weight. 

Cream contains 0. 16% FFA,   centrifuged triglyceride contains 0. 28% 

FFA and the fat globule membrane contained 1. 7% FFA.     Similar 

levels of 0-4. 3% FFA in fat globule membrane has been reported by 

Thompson et al.   (107). 

Table 8.   The percent distribution of individual FFA in fractionated cream. 

Normal Creama Washed Creamb 

milk fat buttermilk milk fat crude membrane normal serum 
Acid 400. gm 600 gm 400 gm • 23. S gm solids 576. 5 gm 

4:0 60.7 39.3 66.7 26.9 6.4 

6:0 21.1 78.9 39.3 30.0 30.6 

8:0 57.4 42.6 36.6 31.8 31.6 

10:0 69.9 30.1 48.6 31.2 20.0 

12:0 74.9 25.1 73.6 16.0 10.4 

14:0 74.8 25.2 73.6 21.6 4.7 

16:0 75.5 24.5 70.1 27,7 2.3 

18:0 70.8 29.2 65.8 32.6 1.6 

18:1 78.0 22.0 74.0 24.3 1.7 

18:2 69.4 30.6 73.2 24.2 2.7 

Total mg FFA        1180.1 403.8 1109.7 410.3 48.4 

Percent contribution 
of fraction to total 
FFA in cream 74.5 25.5 70.8 26.2 3.1 

1 kg of cream 
bl kg of normal cream, washed according to the procedure of Herald and Brunner (39) 
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The total FFA and the FFA composition within each fraction are 

of interest as well as the FFA distribution.     The weights of FFA found 

in the triglyceride fraction from the normal and washed creams are 

comparable to weights found by Bills et al.   (5),   Table 9.    Slight varia- 

tions in the weights of 6:0,   8:0 and 18:2 can be ascribed to daily and 

seasonal variations. 

Table 9.    A comparison of the weights of FFA in the fat from creams 

Fatty Normal Washed Cream Cream 
acid creama creama #la'b #2 a» b 

4,:0 48. 2 49. 5 43. 4 74. 0 
6:0 4.4 7.2 13.6 30.6 
8:0 10.9 7.2 12.8 22.2 

10:0 54.4 32.7 40.4 58.8 
12:0 88.3 85.1 68.8 106.8 
14:0 223.3 223.8 164.6 249.4 

Normal 
creama 

48. 2 
4. 4 

10. 9 
54. 4 
88. 3 

223. 3 
77 6. 7 
394. 8 

1152. 0 
197. 5 

16:0 776.7 712.5 583.4 628.4 
18:0 394.8 379.9 265.2 345.0 
18:1 1152.0 1071.3 851.4 1072.1 
18:2 197. 5 204. 9 85. 4 111. 2 

Total 2950.4 2774.2 2129.0 2698.5 

a 

49. 5 43. 4 
7. 2 13.6 
7. 2 12. 8 

32. 7 40. 4 
85. 1 68. 8 

223. 8 164. 6 
712. 5 583. 4 
379.9 265. 2 

1071. 3 851.4 
204.9 85.4 

2774. 2 2129. 0 

mg FFA/kg cream 

Data of Bills et al.   (5) 

Table 10 compares the internal FFA ratios of cream fractions. 

Skim milk contains predominantly 10:0-16:0 and shows high levels of 

4:0-8:0 when compared with the other fractions.     The buttermilk frac- 

tion most closely resembles the triglyceride fraction although the 
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percentages of 4:0-10:0,   18:0 and 18:2 are increased in the buttermilk. 

The composition of crude fat globule membrane appears to be inter- 

mediate between triglyceride fraction and buttermilk.     The percentage 

composition of the FFA found in the crude fat globule membrane frac- 

tion strongly favors 16:0,   18:0 and 18:1 as do the buttermilk and tri- 

glyceride fractions.    Recent work on the composition of the lipid com- 

ponent of the fat globule membrane by Thompson et al.   (108) has indi- 

cated the presence of a unique high-melting glyceride fraction.     The 

high-melting glyceride was partially characterized as containing large 

quantities of 14:0--18:3f  which are also the major FFA found in the fat 

globule membrane in this work.     High concentrations of FFA in the 

membrane raise the question of their function in this system.     Based 

on the present concept of the structure of the fat globule membrane 

(56) it could be postulated that the FFA may be acting as emulsifiers 

with the polar end of the acid being associated with an aqueous phase 

or protein portion of the membrane "sandwich" and the non-polar chain 

associated with the lipid core of the globule.     The existance of most 

FFA as salts further tends to increase their water solubility and would 

produce a physical partitioning of individual FFA into a system simi- 

lar to that found in the fat globule membrane preparations.    It is 

equally possible that,   if the fat globule membrane is simply composed 

of cell wall debris,   the FFA may be collected or adsorbed on this 

agglomeration,   again due to their solubility properties. 
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Table 10.     The percent composition of the FFA in cream fractions 

Fatty Pastu: rized Triglyceride Fat Globule 
Acid Skim milk Averaged Membrane Buttermilk 

4:0 4. 0 1.7 1.9 3. 1 
6:0 4. 0 0. 25 0. 5 1. 6 
8:0 4. 1 0. 35 0. 6 0. 8 

10:0 10. 2 1. 5 2. 0 2. 3 
12:0 10. 1 3. 1 1.8 2.9 
14:0 12. 1 7. 9 6.4 7. 4 
16:0 19. 4 26. 0 27. 4 24. 9 
18:0 7. 8      ' 13. 6 18. 3 16. 1 
18:1 2. 1 38.8 34. 3 32. 2 
18:2 6. _3 7. 1 6. 6 8. 6 

Total rr Lg      48. 4 1144. 9 410. 3 403. 8 
FFA/kg 40% 
cream 

Values averaged for centrifuged triglycerides from normal and 
washed cream. 

To summarize,   a significant percentage of crude fat globule 

membrane material is FFA.     The role of the FFA in the membrane 

may be largely based on the physical chemistry of solubilities of the 

FFA,   and their orientation at the lipid serum interface.     The distri- 

bution of FFA in all the milk fractions studied can be summarized as 

follows:   26% of the total FFA in cream may be found in the crude fat 

globule membrane preparation,   71% in the centrifuged triglyceride 

and 3 % in the skim portion.     This distribution is supported by analysis 

of regularly churned cream which shows 75% FFA in  the triglyceride 
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and 25% in the buttermilk.     Total FFA compose approximately 0. 10- 

0. 16% of the cream.    Unique FFA conaposition patterns were found 

for all fractions. 

The FFA Content of Fresh and Rancid Milks 

The increase in FFA content as milk products become rancid 

has been well documented.    However,   only recently have quantitative 

values for the individual acids in fresh and rancid dairy products be- 

come available (5; 35; 67; 110).     The results of the analysis of fresh 

and rancid milks for this work are presented in Table 11.     The data 

are based on a series of three milk samples analyzed fresh and after 

lipolysis; one sample was analyzed both at threshold rancidity and 

again when slightly rancid,  the other two samples were analyzed when 

moderately and definitely rancid.    Flavor scores were obtained by 

independent judgments of 7-10 trained judges.    Each judge was given 

a warm-up sample of good flavored,   commercially produced milk and 

then asked to score the experimental samples using the ADSA pro- 

posed score card for concentrated milk for beverage purposes.    In the 

work for this thesis,   rancidity was first detected at an acid degree 

value of 2. 7 as compared to the range 1. 6-2. 0 given by Thomas et al. 

(106) for slight rancidity.    Higher acid degree values (above 2. 7) 

were accompanied by stronger criticisms of rancidity in this and 

published work.     The data from Table 11 were plotted (fat acid degree 



Table 11.    The effect of induced rancidity on the FFA.  acid degree values.  pH and flavor scores for milks 
Milk #la i Milk #2a Milk#3a Trammel & Janzen Harper et al.8 

average range for 
Fatty very si. slight mod. extreme for. good 

milka'1 
average   rancid 
deviation samples ' 

good 
Acid good rancid rancid good rancid good rancid good rancid4' e average :       rancida 

4:0 21.1 27.5 30.2 30.0 62.0 30.3 85.4 27.1 +4.0 27.5— 85.0 0-35 13.8-^ 51.3 0.7 7-19.2 
6:0 7.8 16.1 16.0 14.1 35.2 13.5 48.7 11.8 2.7 16.0— 48.7 8-28 16.5— 68.8 7.0 13.2-18.6 
8:0 6.0 8.4 9.5 5.7 21.3 8.3 " 27.9 6.7 1.1 8.3— 27.9 0 26.3— 63.8 19.3 20. 8-36. 1 

10:0 16.4 27.7 37.2 21.4 40.9 23.2 78.7 20.3 2.6 27.6— 78.6 0 22.5—  86.3 - - 
12:0 15.7 26.7 31.9 20.3 40.9 22.7 63.4 19.6 2.6 26.7— 63.3 0 25.0— 78.8 - - 
14:0 27.7 48.0 54.0 41.6 98.4 36.4 135.2 35.2 5.0 48.0—135.2 0 51.3—165.0 - - 
16:0 64.1 118.4 119.2 98.0 268.1 81.9 395.7 81.3 11.5 118.0—395.7 - - - - 
18:0 30.2 66.5 58.4 41.4 140.3 35.8 171.8 35.8 5.6 58.4—171.8 - - - - 
18:1 72.5 141.4 137.1 123.6 278.0 105.2 357.3 105.1 16.2 137.0—357.3 - - - - 
18:2 11.9 16.0 18.6 18.9 42.6 14.1 42.0 15.0 2.6 16.0— 42.0 - - - - 

Total 273.3    496.5       512.0      415.0 1027.5     371.2    1405.9 

%Fat:       3.4 3.3 3.3 3.7        3.6 3.4 3.3 

pH 6.7 
Acid degree 
value       1.56 

FlavorC   8.1 

6.68       

2. 74        2. 83 

7.S(off)   6.0 

Range   6-10       5-10 5-7 
flavor scores 

6.72 6.54        6.72        6.49 

1.55 7.51        1.62 24.9       1.4-1.6 

7.6 7-62        7.4 3.9 

5-9.5 4-6 4-9 2-6 

2.74— 24.9      .57-71   3.33— 5.01 

^g FFA/kg milk 

"averaged of 3 samples 
cflavor scores based on 1-10 scale.  lft=no criticism 

"range given for threshold rancidity to extremely rancid 
erange given for varying degrees of rancidity 

T"rammel and Janzen (110) 

8 Harper et al. (35) 
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versus total FFA) and are depicted in Figure 5.    It will be noted that 

a positive correlation exists between these parimeters. A similar cor- 

relation has been reported by Kolar and Mickle (68) and Trammel and 

Janzen (110). 

Robertson and Harper (94) calculated the total, percentage com- 

position of fatty acids released from milk fat by lipase.     The values 

reported are roughly equivalent to those found in this thesis for major 

acids. 

Robertson and Harper This Thesis 

  5. 5--   6. 1 
5. 4 2. 0--   3. 4 
2. 6 1. 7--   2. 0 
4. 1 4. 0--   7. 3 
3. 9 4. 0-- 6. 2 

10.9 9. 6--10. 6 
31.3 23. 3--38. 1 
3.5 11. 4--13. 7 

18.1 25. 4--28. 5 
15. 1 

The millimoles of FFA in a normal milk and in the same sample 

at different stages of rancidity are presented in Table 12.     The con- 

centration of 4:0 is abnormally high in the normal milk compared to 

the values reported in the literature.     The concentration of 4:0 in 

milk fat is fairly constant at 1 0 mole percent (34).     It would appear, 

therefore,   that a portion of the 4:0 peak in the gas chromatogram is 

due to some other compound or that it occurs free in a higher propor- 

tion of the FFA than in the corresponding triglyceride fraction.     The 

Fatty Acid 

4:0 
6:0 
8:0 

10:0 
12:0 
14:0 
16:0 
18:0 
18:1 
unidentified 



58 

i> 
u 
on 
9) 

24 

20 

10 

■ ■ i i1 i i i  

200     400      600     800    1000   1200    1400 

Total mg FFA/kg milk 

Figure 5.     The relationship of fat acid degree to total FFA 



Table 12.    Changes in FFA millimole distribution observed during lipolysis 

Control 

Fattv Acid millimolesa 

4:0 .239 
6:0 .068 
8:0 .042 

10:0 .095 
12:0 .078 
14:0 .121 
16:0 .250 
18:0 .106 
18:1 .257 
18:2 .042 

Threshold Rancid Slight Rancid 
% composi- 

% composition mole 96 tion of FFA 
ompositio m     millimolesa mole% composition of FFA increase millimolesa composition i   increase 

18.4 .312 13.8 7.6 .343 . 14.4 9.6 
5.2 .139 6.1 7.3 .138 5.8 6.2 
3.2 .058 2.6 1.7 .066 2.8 2.2 
7.3 .160 7.1 6.7 .216 9.1 11.1 
6.0 .133 5.9 5.7 .159 6.7 7.5 
9.3 .210 9.3 9.2 "     . 237 10.0 10.6 

19.3 .462 20.4 21.9 .465 19.5 19.9 
8.2 .234 10.3 13.3 .205 8.9 9.2 

19.8 .500 22.1 25.1 .486 20.4 22.9 
3.2 .057 2.5 1.6 .066 2.8 2.4 

Total 1.298 100% 2.265 100% 100% 2.381 100% 100% 

amillimoles FFA/kg milk 

"reported as % of total millimole increase 
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problem of getting accurate measurements of the 4:0 peak was dis- 

cussed previously (5).    In view of this discrepancy,   it is not feasible 

to draw conclusions relative to preferential hydrolysis of the trigly- 

cerides.     Preferential hydrolysis of 4:0 and 12:0-18:2 have been re- 

ported (6; 33; 37; 58) and as shown in Table 12 there is some evidence 

that the latter group of    acids is preferentially hydrolyzed. 

Al-Shabibi et al.   (1) determined the levels of added FFA 6:0- 

12:0 required to give a perceptible rancid flavor in milk.     Their data 

are compared in Table 13 with the FFA quantities measured in a milk 

of different levels of rancidity analyzed in this work.     It is noteworthy 

that when the values for normal milk are added to the values obtained 

by Al-Shabibi et al.   (1),   the totals for each acid closely approach the 

concentration measured in the slightly rancid sample.     The agreement 

in these data from two different laboratories,   which were obtained in 

one case by subjective and in the other by objective methods,   adds 

support to the validity of the FFA measurements reported in this work. 

Table 13.     A comparison of the concentrations of added 6:0-12:0 FFA 
reported to produce rancid flavors with FFA determined 
in a slightly rancid milk. 

Fatty Acid 6:0a 8:0a 10:0a 12:0a 

1.    Acid added by 
Al-Shabibi et al.(l) 7. 25- -116 9,0- -144 <  6. 9 <12. 0 

2.    Control 7. 8 6. 0 16.4 15. 7 
3.     1 plus 2 15. 0 15. 0 23. 3 27. 7 
4.    Exp.   levels de- 16. 1 8. 4 27. 7 26. 7 

termined for si. 
rancid sample 

Values reported as mg FFA/kg milk 
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The FFA Composition of Commerical and Radically Heat-treated Milks 

Significant changes occur in the volatile organic acids and the in- 

organic salts of milk when it is subject to extended heat treatments 

(66; 81; 95).    Although many workers have attempted to chemically 

characterize the changes in heated milk (64; 85),   no data have been 

reported for the changes in the major FFA.    Therefore,   commercial 

heat processing and drastic heating conditions (lOO'C for up to four 

hours) were evaluated for a number of samples.    As shown in Table 

14,  normal pasturization treatments effect a decrease in the total 

FFA in milk. 

Table 14.   A comparison of the FFA composition in raw and commercially processed milks. 

Sample 1 Sample 2 Sampl e 3 

Fatty Raw Pasturized- Raw Pasturized Raw Pasturized 
Acid Milka Homoeenized3 Milka Milka Milka Milka 

4:0 30.3 24.3 21.1 16.9 30.0 28.0 
6:0 13. S 8.5 7.8 7.0 14.1 9.2 
8:0 28.3 5.9 6.0 6.1 5.7 4.6 

10:0 23.2 21.1 16.4 13.8 21.4 16.7 
12:0 22.6 22.6 15.7 14.9 20.3 15.5 
14:0 36.4 34.6 27.7 20.4 41.6 30.9 
16:0 81.9 87.5 64.1 51.4 98.0 68.8 
18:0 35.8 35.7 30.2 27.1 41.4 30.7 
18:1 105.2 103.7 72.5 75.8 123.6 79.9 
18:2 14.1 13.2 11.9 19.7 18.9 23.6 

Total 391.3 357.1 273.4 253.1 415.0 307.9 

amg FFA/kg milk 



62 

Treatments in excess of normal pasturization cause a further 

drop in total FFA.    These data are presented in Table 15.    In general, 

there is a gradual decrease in pH as the heat treatment of milk pro- 

gresses (35; 66; 81) and this also was the case in these studies.    Other 

workers have reported acid production as the result of heating (114). 

Most of the acids appear to be the products of the Maillard reaction 

and not lipid hydrolysis.    Increases of formic,   acetic (35),   pyruvic (66), 

and lactic (81) acids were reported to be higher than increases of 4:0 

or higher fatty acids.    The observed decrease in FFA concentration 

reported in Tables 14 and 15 suggest some type of reaction of the car- 

boxyl groups to give a product that is not released by the pH adjust- 

ment during analysis.    It is of interest that the major  decrease is 

confined to 16:0-18:2.    Further work appears desirable to determine 

the fate of the acids under these conditions. 



Table 15.    The effect of various heat treatments on the FFA content of Milk. 

PH 

control 

6.67 

Sample 1 

8 minutes one-half hour      one houra 

6.64 6.S8 

control 

6.68 

Sample 2 

one hour 

6.62 

four hours 

6.28 

Fatty Acid 

4:0 24.0 17.1 13.8 18.2 
6:0 9.7 8.0 8.5 7.4 
8:0 5.7 5.3 5.3 5.2 

10:0 14.8 12.9 15.7 12.5 
12:0 15.9 13.6 16.1 16.5 
14:0 27.6 23.8 25.2 20.7 
16:0 69.9 61.5 61.4 48.4 
18:0 29.9 27.0 26.6 20.6 
18:1 29.9 74,5 76.4 55,4 

18:2 9.4 9.0 9.4 6.7 

Total 

Acid degree 
value 

289.0 

0.86 

252.7 285.6 

0.94 

211.6b 

1.21 

18.2 23.6 19.4 
7.5 7.8 7.7 
4.0 4.1 3.6 

39.8 47.7 18.4 
37.7 55.6 43.8 
43.6 19.6 23.5 
92.1 92.0 54.1 
32.7 19.8 32.4 
85.5 56.1 50.6 
13.0 — 8.1 

373.9 

1.55 

322.5C 

1.17 

250. 7d 

1.28 

mg FFA/kg milk 

shows a 27% loss in total FFA 
c13. 7% loss in total FFA 

^3. 0% loss in total FFA 
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SUMMARY AND CONCLUSIONS 

A method has been developed for recovering the FFA in whole 

milk and various subfractions.     The method involves lyophilization of 

a measured sample followed by acidification and extraction with ethyl 

ether.     The ether extract is dried and the FFA separated from neutral 

fat and methylated in a one step procedure using a strongly basic ion- 

exchange resin.     The methyl esters are extracted from the reaction 

mixture into ethyl chloride,   concentrated and separated by gas chro- 

matography.    Quantitative analysis of individual FFA from GLC data 

is based on the use of two internal standards not normally found in 

significant quantities in milk fat,  heptanoic and heptadecanoic acids. 

Samples of raw,  pasturized,   strongly heated milks and milk 

fractions were analyzed for content of total and individual FFA.     The 

FFA distributions among skim milk,   fat globule membrane and butter- 

oil were determined.     The following conclusions were drawn from the 

findings of the investigation: 

1. Fluid milk samples can be lyophilized for analysis without 

any significant change in the level or composition of FFA. 

2. Acidification of lyophilized samples is necessary to release 

FFA from their salts; higher quantities of H  SO    are neces- 

sary to prepare dried samples than fluid milk.     The opti- 

mum acidification level for lyophilized milk is 1 ml 5. 5 N 
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H SO   per 12 gm fluid milk used to prepare the dried 

product. 

3. The ion-exchange procedure of Bills et al.   (5) is satisfac- 

tory for analysis of extracts of milk and milk fractions. 

Tightly covering the reaction flask during separation and 

methylation prevents losses of 4:0. 

4. The distribution of FFA in whole milk is essentially the 

same as that of the esterified fatty acids of milk fat with 

some variation in 4:0,   10:0 and 12:0. 

5. . Characteristic distribution patterns of FFA are exhibited 

by all cream fractions with only the triglyceride fraction 

closely resembling the distribution of esterified fatty acids. 

6. The distribution of FFA among the various fractions re- 

flects the solubility characteristics of the various acids. 

7. The fat globule membrane contains high levels of FFA; 

mainly 16:0,   18:0 and 18:1. 

8. The acid degree value of rancid milk is correlated with 

total FFA concentrations. 

9. The individual concentrations of 6:0,   8:0,   10:0 and 12:0 

determined in a slightly rancid sample in this work agree 

with quantities determined by subjective methods for a 

perceptable rancid flavor in milk.(l). 
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10. Total FFA concentrations are decreased by both pasturiza- 

tion and extended heat treatments. 

11. As heating is prolonged,   the ratio of long chain acids de- 

creases. 
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