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Abstract 
To determine optimum operating conditions, 

an extensive study was made of the variables af- 
feeting quantitative recovery and resolution of 
model triglyceride mixtures. Parameters investi- 
gated ine]uded: flash heater temperature, carrier 
gas flow rate, type of carrier gas, column length, 
glass and metal columns, temperature program 
rate, linearity of detector response, physical de- 
sign of gas chromatograph, and molecular species 
of triglyceride. 

Results indicate that with optimmn operating 
conditions, triglyceride molecular weights through 
trieruein can be quantitatively analyzed. Accu- 
rate calibration is essential, since quantitative re- 
sponse factors vary somewhat with operating 
conditions, triglyceride carbon number, and the 
chromatograph used. Cocoa butter and rat adi- 
pose tissue triglycerides have been quantitatively 
analyzed by this technique. 

Introduction 

G AS-LIQUID CHROMATOGRAPHY (GLC) has estab- 
lished itself over the past decade as an indispens- 

able tool for fats and oils research. Its widespread 

1 Presented at the AOCS meeting in ttouston, Texas, 1965. 

adoption for fat ty acid analysis has been due to its 
high resolving power, speed of analysis, automated 
quantitative chart readout, and extreme sensitivity. 
Quantitative analysis of the triglyceride composition 
of natural fats has always been a tedious and lengthy 
process. The discovery by Fryer et M. (1), Huebner 
(2,3), Kuksis and McCarthy (4), Martin et al. (5), 
and Pelick et al. (6) that triglycerides could be sepa- 
rated according to molecular weight using GLC prom- 
ised to bring the advantages of GLC to the field of 
triglyceride analysis. 

The majority of natural fats contain mostly C16 
and Cls fatty acids; hence their triglycerides fall in 
the molecular weight range of tripalmitin through 
tristearin. The application of triglyeeride GLC to 
natural fats containing only such high molecular 
weight triglyeerides has been slow in realization. Al- 
though Kuksis and McCarthy (4,7) reported quanti- 
tative results through tristearin, their subsequent 
quantitative work has been limited to butter and coco- 
nut oils in which the majority of triglycerides have 
molecular weights below tripalmitin (7-10). In a 
recent paper, Kuksis (11) has claimed that complete 
"thermal stripping" of newly packed SE-30 columns 
is essential for quantitative recoveries of tripalmitin 
and tristearin. Youngs and Subbaram (12) have re- 
ported appreciable losses with the GLC of tristearin, 
and have turned to GLC analysis of the lower molec- 
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FIG. 1. Typical eallbratlon ehromatogram for a mixture of 
trioetanoin, trideeanoin, trilaurin, trimyristin, tripalmitin, and 
tristearin run under optimum operating conditions. Operating 
conditions: chromatograph B; 24 in. glass column programmed 
at 3C/rain. ; other conditions as listed under Optimum Operating 
Conditions in Experimental section. 

ular weight permanganate /per iodate  oxidation prod- 
nets of natural  fats containing mostly unsaturated 
triglycerides. Recently, Jurr iens  and Kroesen (13) 
have published quanti tat ive analyses for  cocoa butter,  
pahn oil and lard;  but  they also found significant 
component loss in the t r ipahni t in  through tr is tearin 
molecular weight range. Accurate calibration of these 
losses was necessary for their quantitat ive GLC 
analysis of natural  fat  triglycerides. 

In our early work on GLC of triglyeerides, we also 
encountered high losses and poor resolution with mole- 
cules having molecular weights above tr imyrist in.  In 
an effort to obtain accurate quanti tat ion and resolu- 
tion with high molecular weight triglycerides, we 
undertook a detailed study of the various operating 
parameters. This paper  describes our investigation of 
the effects of flash heater temperature,  carrier gas flow 
rate, type of carrier gas, glass vs. metal colmnns, col- 
umn length, temperature  program rate, l inearity of 
detector response, and type of gas chromatograph on 
the quanti tat ion and resolution of high molecular 
weight triglycerides. Several applications to the quan- 
titative analysis of natural  fats will also be considered. 

Procedures  
Materials 

Ninety-nine-plus percent pure monoacid triglye- 
erides were purchased commercially (Applied Science 
Laboratories, State College, Pa., and Hormel Institute,  
Austin, Minn.) and used without fur ther  purification. 
GLC of the individual triglyeerides revealed traces of 
diglycerides and /o r  mixed-acid triglyeerides in the 
trielaidin, tr iarachidin,  tribehenin, and trierucin. The 
pur i ty  of these triglyecridcs was estimated from their 
chromatograms, and appropriate  pur i ty  corrections 
were applied when they were used as calibration 
standards. 

Cocoa but ter  was purchased commercially (Hershey 
Chocolate Corp., Hershey, Pa.) and analyzed as re- 
ceived. Rat adipose tissue triglycerides were obtained 
from a male albino rat  maintained for 55 days af ter  
weaning on a s tandard fat-free diet supplemented 
with 15 mg of ethyl arachidonate per day (14). Total 
lipids were extracted from the epididymal fat  pads 
using 2:1 CI-IC1,/CHaOH, and the triglycerides were 
isolated by preparat ive thin-layer chromatography on 
silieie acid. 

A mixture of C~, C4~, C~7, and C4s triglycerides 
was synthesized from a 1.00/1.26 molar mixture of 
pentadecanoic and pahnitic acids ( 9 9 + ~  pure, Lachat 
Chemicals, Inc., Chicago, Ill.) by the method of 
Bourne, et al. (15) using trifluoroacetic anhydride. 
The final product  was not recrystallized, since the 
presence of monotrifluoroaceto-triglycerides did not 
interfere with GLC analysis of C~-C~s triglycerides. 

Methods 

Operating Conditions. GLC of triglycerides was 
carried out on two instruments:  (A) an Aerograph 
Hy-F i  A-600-B gas chromatograph equipped with a 
hydrogen flame detector and suitable for  manual  tern- 
perature programing;  and (B) an F&M 400 gas chro- 
matograph equipped with a hydrogen flame detector 
and an automatic temperature  programer.  Instru- 
ment A was modified by adding a constant mass flow 
controller for  the carrier gas and a 250C auxil iary 
oven for preheating air, hydrogen and carrier gas. 
The latter prevented any possible sample condensation 
by cold gases coming in contact with the sample. In- 
s trmnent B was modified by installing an automatic 
temperature control on the detector block heater. 

GLC of triglyeerides on dimethylsiloxane polymers 
such as SE-30 (General Electric Co., Waterford,  
N.Y.) and J X R  (Applied Science Laboratories, State 
College, Pa.) separated the molecules by molecular 
weight only. Each peak is usually referred to by its 
carbon number (the number of carbon atoms in the 
fa t ty  acid moiety of the tr iglyeeride).  Thus, tripal- 
mitin, myristo-palmito-olein, and arachido-dimyristin 
would all appear  in the same peak of carbon number 
48. The exact columns and operating conditions used 
in various experiments are described in the figures 
and tables listing the results of each separate experi- 
ment. Optimum operating conditions are listed in the 
Experimental  section and a typical  calibration run 
using these conditions is shown in Figure  1. SE-30 
coatings were applied to the solid support  using the 
solvent evaporation technique (24). The 3.0% J X R  
on 100/120 mesh Gas Chrom Q was purchased already 
coated (Applied Science Laboratories, State College, 
Pa.) .  All columns were conditioned for 2 hr at 350C 
with 150 ml /min  gas flow prior  to use. The first 2-6 
runs on a newly conditioned colmnn were discarded 
as nonquantitative. Peaks were identified by com- 
parison with the elution times and temperatures of 
known compounds. 

Normal samples were injected in CS2, CI'IC13, or 
xylene solution using 1, 10, and 50 ~l microsyringes 
(Hamilton Co., Whitt ier,  Calif.). Solid triglycerides 
were injected using a Hamilton SS-60 solid sampler. 

Problems were encountered in making a leak-free 
glass-to-metal seal at the ends of a glass column at 
temperatures as high as 350C. Silicone rubber O-rings 
(F & M Scientific Corp., Avondale, Pa.) were used 
for this purpose, but  they turned brittle and cracked 
af ter  1-2 days of use. The used O-rings stuck tightly 
to the glass and metal surfaces, making it difficult to 
remove the column to replace the leaking O-rings 
without breaking the fragile glass eolunm. No satis- 
factory solution to this problem has yet  been found. 

Since chromatograph B was equipped with 0.25 in. 
tubing fittings, 0.125 in. O.D. stainless steel columns 
were modified for the use of 0.25 in. fittings by weld- 
ing 0.25 in. O.D., 0.125 in. I.D. sleeves on each end. 
This conversion eliminated the use of reducing unions, 
minimized the amount of connective tubing before 
and af ter  the column, and maintained on-column 
injection. 

During our early work with tr iglyeeride GLC, we 
often obtained a group of extraneous minor peaks re- 
sembling a homologous series of compounds between 
200 and 260C. These peaks interfered with proper  
sample quantitation, especially at high signal ampli- 
fication. They appeared even when no sample was 
injected and were largest immediately af ter  the in- 
stallation of a new septum. The extraneous peaks 
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were finally shown to originate in the septmn. SoL 
vent extraetion of septums did not diminish the effect. 
The problem was finally eliminated by heating the 
septums overnight in a 250C oven pr ior  to use. 

Ouantitation. A model mixture  containing approxi-  
mately  equal weights of trioctanoin, trideeanoin, tri-  
laurin, t r imyris t in ,  t r ipahnit in ,  and t r is tear in  was 
used to evaluate the influence of various parameters  
on tr iglyeeride GEC. A typical  chromatogram is 
shown in F igure  1. Peak areas were measured by the 
s tandard  t r iangulat ion method (16). Quanti ta t ive 
weight response factors (fw) and molar  response fae- 
tots (fro) for individual  tr iglycerides were ealeulated 
by the internal  normalization method (17,19) : 

Weight  % Mole % 
fw -- fm -- 

Area % Area  % 

A value of 1.00 was assigned to fw and fm for t r i laurin,  
so tha t  the correction factors f rom all experiments 
would be comparable. Comparison of f ,  values under  
different operat ing conditions gave an indication of 
sample recovery. The correction factors were also di- 
rectly usable for the quant i ta t ive analysis of unknown 
tr iglyeeride mixtures. I f  the area of each peak was 
mult ipl ied by its respective fw or fm correction factor,  
then the relative weight or molar  amounts represented 
by each peak were obtained. 

Resolution. The resolution of tr iglyeeride peaks by 
GLC was measured in terms of a value AC, defined 
as the min imum carbon number  difference between 
two triglyeerides which could be separated with base- 
line resolution in the C~,_, to C4s region of the ehroma- 
togram. This value AC gave a clear, easily understood 
picture of the separat ing capabilities of a given col- 
umn under  specific operat ing conditions. AC values 
were considered more useful for tr iglyeeride GLC 
than the usual expressions for peak resolution (25) 
because: (a) tr iglyeeride GLC peaks deviate widely 
f rom the pure  Gaussian form (see below) upon which 
s tandard  formulas  are based; and (b) it is of more 
practical  interest  to define peak resolution in terms of 
"basel ine resolut ion"  ra ther  than  " b a n d  intercept  
resolut ion"  (25). 

The value of AC was calculated f rom t r imyr is t in  
and t r ipalmit in  peaks of approximate ly  equal height 
using the measurements  shown in F igure  2. The 
formula  for AC was derived as follows: 

WB42 ~- WB48 
1.6 (wl,4e + wh4s) WB42/48 - -  2 

At At 
M-- 

wB4_-/~s 1.6 (wh42 + wt~s) 

6 9.6 (Wh42 + Wh4S) 
AC--  - -  

M At 

where 
wB42/4s = average baseline width of tr iglyceride 

peaks in the C~2 to C4s region of the ehro- 
matogram.  

wB42 = baseline peak width for t r imyr is t in  peak. 
WB~s = baseline peak width for t r ipahni t in  peak. 
wh42 = peak width at half  peak height for tri- 

myrist in.  
wh4s --= peak width at half  peak height for tri-  

palmitin.  
M = max imum number  of peaks which could 

be separated with baseline resolution in 
the C~2 to C4s region of the ehromatogram. 

At ----distance between the apexes of the tri-  

TRIMYRISTIN TRI PALMITIN 

t Al-  ~1 I 

t~m. 2. Diagram of peak dimensions used to calculate peak 
resolution (AC). wh = peak width at  half  peak height, wB = 
baseline peak width. 

myris t in  and t r ipa lmi t in  peaks. 
AC = min imum carbon number  difference be- 

tween two triglycerides which eould be 
separated with baseline resolution in the 
C~2 to C~8 region of the ehromatogram. 

To determine the number  of peaks which could be 
resolved in the distance At, tile average baseline peak 
width wm~/~s in this region was calculated by averag- 
ing the baseline peak widths for t r imyr is t in  and tri- 
palmitin.  Since the peak width at half  peak height 
was more reproducible and could be measured more 
accurately than  baseline peak width, wm2/4s was ex- 
pressed in terms of wh42 and Whas. Examinat ion  of 
over 50 different ehromatograms run  under  widely 
vary ing  conditions showed that  this relationship was 
approximate ly  wm2/~s ~ 1.6 (w~2 + w~s) .  This devi- 
ated substantial ly f rom the relationship one would 
have predicted if ideal Gaussian-shaped peaks were 
obtained (18) ; but  it represented the actual  relation- 
ship found with tr iglyeeride peaks under  typical  ex- 
per imental  conditions. Once the average baseline peak 
width was known, the max imum nmnber  of peaks M 
which could be separated in distance At was obtained 
by dividing At by  1.6(Wh42 + Wh4S). Since there was 
a difference of six carbon nmnbers between t r imyr is t in  
and t r ipalmit in,  it followed that  the min imum carbon 
nmnber  difference between two triglyeerides whieh 
could be separated with baseline resolution was 6/M. 
This value, AC, was then expressed in terms of wh~2, 
Whys, and At so that  it could be calculated directly 
f rom these distances on the ehromatogram. 

The value of AC was a more useful guide than  the 
number  of theoretical plates in determining whether 
a specific GLC column would yield a desired tr iglyc- 
eride separat ion under  a given set of operat ing condi- 
tions. I f  we desired to separate tr iglyeerides of carbon 
numbers  42, 44, 46, and 48, then a column with a AC 
value of 2.0 was needed. I f  tr iglyeerides of carbon 
numbers  42, 43, 44, and 45 were to be separated,  then 
a column with a AC value of 1.0 was needed. By com- 
par ing  AC values under  different operat ing condi- 
tions, opt immn conditions for  best resolution were 
determined. 

For  the present  paper,  all AC values were calcu- 
lated for the C~ to C~s region of the chromatogram. 
In  actual practice, AC values for  the C~s to C54 region 
were of greater  interest  for the GLC of na tura l  fats  
containing common C16 and C~s f a t ty  acids. I t  was 
not possible in the eurrent  study, however, to obtain 
accurate Wh54 and WBS~ lneasurelnents 012 ehromato- 
grams where adverse experimental  eonditions caused 
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FIG. 3. Effect of flash heater temperature and type of in- 
jection on the quantitation of tripalmitin. Operating condi- 
tions: chromatograph A; 24~ in. stainless steel column contain- 
ing 2.7% SE-30 on 60/80 mesh acid washed Chromosorb W; 
150 ml/min. N_~ carrier gas; oven temperature programmed at 
2.5C/rain.; other conditions as listed under Optimum Operating 
Conditions in Experimental section. 

large losses of tristearin. Therefore, a ±C in the C42- 
C48 region was adopted as the uniform measurement 
of resolution. 

Peaks for pure monoacid triglycerides were always 
slightly better resolved than the equivalent peaks for 
natural  fat  triglyeerides. This peak broadening was 
undoubtedly due to the multiplicity of compounds 
eluting in each carbon number peak with natural  fats. 

E x p e r i m e n t a l  

In  our early work on GLC of triglyeerides, we en- 
countered high losses and poor resolution with mole- 
cules having carbon nmnbers above 42. In  an effort 
to overcome these problems, we made a detailed study 
of the influence of various operating parameters on 
triglyeeride quantitation and resolution as measured 
by f~ and AC values. 

Flash Heater Temperature 

The effect of varying the flash heater temperature 
from 200 to 385C on the f,~. value for t r ipahnit in was 
determined (Fig. 3). When the sample was injected 
in CS2 solution, the fw for tr ipahnit in was constant 
(ca. 1.]0) from 285 to 385C, but increased rapidly at 
flash heater temperatures below 285C. Injecting the 
triglyceride sample in solid form gave higher fw values 
than solution injection at all flash heater tempera- 

T A B L E  I 

Effect  of C a r r i e r  Gas  l~low :ga te  on fw Va lue s  fo r  T r i p a h n i t i n  
and  T r i s t e a r i n  in  Glass a n d  Steel  Columnsa  

fw 

C a r r i e r  gas  T r i p a l m i t i n  T r i s t e a r i a  
flow r a t e  
( m I / m i n )  Glass  Steel Glass  Steel  

column column column cOlulnn 

50 1.00 1.01 1.14 1.12 
100 0 .98  0 .96  1 .08 1 .08 
150 0 .97  0 .95  1 .01 1.02 
200  0 .98  0 .99  1 .07  1 .06  

a O p e r a t i n g  cond i t ions :  24  in.  column p r o g r a m m e d  a t  3 . 0 C / r a i n .  : o ther  
condi t ions  as l i s ted  u n d e r  O p t i m u m  O p e r a t i n g  Condi t ions  in  Expe r i -  
men ta l  section.  
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FIG. 4. Effect of carrier gas flow rate on the quantitation 
of tristearin. Operating conditions for chromatograph A: 24 
in. stainless steel column containing 2.7% SE-30 on 60/80 mesh 
acid washed Chromosorb W; N2 carrier gas; oven temperature 
programmed at 2.5C/rain; other conditions listed under Opti- 
mum Operating Conditions in Experimental section. Operating 
conditions for chromatograph B: 24 in. stainless steel column 
programmed at 3.0C/rain; N_- carrier gas; other conditions as 
listed under Optimmn Operating Conditions in Experimental 
section. 

tures, indicating substantial losses with solid sample 
injection. 

Carrier Gas Flow Rate 

To determine the effect of carrier gas flow rate on 
the quantitation of high molecular weight triglye- 
erides, the fw values for tristearin were determined at 
50, 100, 150, and 200 ml/min nitrogen flow on two 
different gas chromatographs (Fig. 4). On chromato- 
graph A, the fw for tristearin decreased sharply with 
increasing carrier gas flow. On chromatograph B, the 
fw for tristearin was approximately constant at all 
four flow rates tested. ~ h e n  glass and steel columns 
were compared on chromatograph B, both showed 
equivalent fw values that were almost independent of 
carrier gas flow rate (Table I) .  

Comparison of ±C values for the different carrier 
gas flow rates showed that  peak resolution improved 
when the carrier flow rate decreased (Fig. 5). This 
improvement was most pronounced on a steel column 
with a nitrogen carrier and rather small on a glass 
column with a helium carrier. 

Type of Carrier Gas 

The influence of the type of carrier gas on the quan- 
titation of tr ipahnit in and tristearin was determined 
using nitrogen and helium on two different chromato- 
graphs (Fig. 6). With chromatograph A, f~ values 
with nitrogen carrier gas were considerably lower than 
those using helium. With  chromatograph B, helium 
and nitrogen both gave equivalent fw values for tri- 
pahnitin and tristearin. 

Comparison of AC values for helium and nitrogen 
carrier gases (Fig. 5) showed that  helium gave sig- 
nificantly better peak resolution than nitrogen at all 
flow rates tested. 
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FIG. 5. Effect of carrier gas flow rate on peak resolution in 
glass and metal columns. Operating conditions: chromatograph 
B;  24 in. column programmed at  3.0C/rain; other conditions as 
listed under Optimum Operating Conditions in Experimental 
section. 

Glass vs. Steel Columns 

To determine if glass and stainless steel columns 
were equivalent for the GLC of high molecular weight 
triglycerides, they were compared on chromatograph 
B using both helium and nitrogen carr ier  gases at  
several flow rates (Table I ) .  The fw values for tri- 
pahni t in  and tr is tearin were almost identical on both 
glass and steel columns. Comparison of the respective 
AC values, however, revealed that  glass columns gave 
superior peak resolution under  identical operat ing 
conditions (Fig. 5). 

Column L e n g t h  

The effect of column length on the quant i ta t ion and 
resolution of high molecular weight trig]ycerides was 
studied on chromatograph A using 6, 18, and 60 in. 
long columns (Fig. 7). The fw values for t r ipahni t in  
and t r is tear in  were both close to 1.00 on a short 6 in. 
column. Some loss was encountered on the 18 in. col- 
umn, and large losses occurred on the 60 in. column. 
Tris tear in  losses were always greater  than  tr ipalmit in.  
As expected, ±C values decreased significantly as the 
columns became longer. 

Similar  results were also obtained using chroma- 
tograph  B with helimn as the carr ier  gas. 

Temperature Program Rate  

The effect of t empera ture  p rogram rate  on the quan- 
t i tat ion and resolution of high molecular weight tri-  
glyeerides was investigated on chromatograph B. 
With  a 24= in. steel column under  opt imum operat ing 
conditions (see below), the f~ values for t r is tear in 
were 1.02 at  1.0C/min, 1.03 at 2.0C/rain, and 1.01 a t  

9-  

3 . 0  

2 . 0  

I - 0  

CHROMATOGRAPH A 

H e  

N 

CHROMATOGRAPH 8 

4 8  5 4  48  54  

C A R B O N  NUMBER 

]e~m. 6. Effect of type of carrier gas on the quauti tat ion of 
tr ipalmitin and tristearin. Operating conditions for chromato- 
graph A: 24 in. stainless steel column containing 2.7% SE-30 
on 60/80 mesh acid washed Chromosorb W;  oven temperature 
programmed 2.3C/rain.; other conditions as listed under Opti- 
mum Operating Conditions in Experimental  section. Operating 
conditions for chromatograph B: 24 in. stainless steel column 
programmed at  3.0C/rain; other conditions listed under Opti- 
mum Operating Conditions in Experimental  section. 

4.0C/rain. Vary ing  the p rogram rate had no effect 
on the quant i ta t ive recovery of tristearin. 

Comparison of the AC values at different p rogram 
rates on glass and steel columns revealed tha t  slower 
p rogram rates gave significantly better  peak resolu- 
tions with steel columns (Fig. 8). With  glass columns, 
however, peak resolution was independent  of p rogram 
rate over the range of conditions studied. 

Linea r i t y  of Detector  Response 

The l ineari ty of the hydrogen flame detector re- 
sponse for t r i laur in  and t r is tear in  was evaluated using 
a s tandard  calibration mixture  (Fig. 1) containing 
18.0 wt % t r i laur in  and 17.9 wt % tristearin. The 
result ing plot of peak area vs. amount  of t r i laur in  in- 
jected (Fig. 9, top) was linear f rom 0-45 /,g of tri-  
glyceride. Even when the 0 -5 / , g  region was expanded 
to a larger  scale, the plot was linear and passed 
through the origin. A similar plot of peak area vs. 
amount  of t r is tear in  injected (Fig. 9, bot tom) was 
equally linear in the 0-20 / ,g  range, but showed a dif- 
ferent  slope in the 23-45 /,g range. Since under  nor- 
mal  operat ing conditions a full  scale t r is tear in  peak 
represented only 10-20 /,g of triglyeeride, this non- 
l inear i ty  could only occur on overloaded columns and 
represented no problems in normal  analyses. 

Opt imum Opera t ing  Condit ions 

Opt immn conditions for the GLC of tr iglyeerides 
were chosen based on the experimental  results reported 
above. For  best results, a gas chromatograph designed 
for steroid analysis and equipped with a hydrogen 
flame detector and tempera ture  p rogramming  was 
used. Triglyceride peaks of even carbon number  were 
easily resolved using a 24 in. long, 2.5-3.0 ram. I.D. 
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FIG. 7. Effect of column length on peak resolution and quan- 

titation. Operating conditions: Chromatograph A; 6, 18, and 
60 in. stainless steel columns programmed at  1.7C/min; 125 
ml/min.  N.- carrier gas ;  other conditions as listed under Opti- 
mum Operating Conditions in Experimental  section. 

glass or stainless steel column packed with 3.0% J X R  
on 100/120 mesh Gas Chrom Q. The column was pro- 
grammed f rom 170 to 325C at 2-4C/ra in  with 100 
ml /min  helium carr ier  gas flow. The flash heater was 
maintained at 320-350C and the detector base at 300- 
340C. Under  these conditions, 10 20 ~g of tr iglyceride 
produced a full scale peak on a 1 mv recorder. The 
reasons for choosing these opt inmm conditions are out- 
lined in the Discussion section. 

Applications 

The separation of a model mixture  of monoaeid sat- 
ura ted triglycerides under  opt imum operat ing condi- 
tions (Fig. 1) showed excellent resolution in the C4e 
to C~4 region (±C = 1.6). The fw and fm calibration 
factors for 16 different monoaeid triglycerides were 
determined using opt inmm conditions (Table I I ) .  

Cocoa but ter  and ra t  adipose tissue fat,  two na tura l  
fats  containing only high molecular weight triglyc- 
erides, were analyzed by GLC. The resul tant  ehroma- 
togranls showed excellent peak resolution allowing 
accurate quant i ta t ion (Fig. 10 and Table I I I ) .  Cal- 
culation of the average fa t ty  acid chain length f rom 
both the tr iglyeeride and f a t ty  acid compositions (Ta- 
ble I I I )  using the method of Kuksis et al. (10) showed 
close agreement  between the two types of analyse~. 

A mixture  of C4a, C46, C47, and C4s triglycerides was 
separated with good resolution on a 60 in. colmnn 

TABLE II 

T y p i c a l  C a l i b r a t i o n  F a c t o r s  f o r  lVionoacid  T r i g l y c e r i d e s  
U s i n g  O p t i m u m  O p e r a t i n g  C o n d i t i o n s  a 

T r i g l y e e r i d e  C a r b o n  D o u b l e  fw fm 
n u m b e r  b o n d s  

T r i o c t a n o i n  2 4  0 1 . 1 2  1 . 5 2  
T r i d e c a n o i n  3 0  I) 1 . 0 4  1 . 2 0  
T r i l a u r i n  3 6  0 1 . 0 0  1 . 0 0  
T r i m y r i s t i n  4 2  0 0 . 9 6  0 . 8 5  
T r i p a l m i t i n  4 8  0 0 . 9 8  0 . 7 8  
T r i p a l m i t o l e i n  4 8  3 1 . 0 1  0 . 8 1  
T r i m a r g a r i n  51  0 1 . 0 5  0 . 7 9  
T r i s t e a r i n  5 4  0 1 . 0 9  0 . 7 8  
T r i o l e i n  5 4  3 1 . 0 3  0 . 7 4  
T r i e l a i d i n  5 4  3 1 . 0 6  0 . 7 6  
T r i l i n o l e i n  5 4  6 1 . 1 0  0 . 8 0  
T r i l i n o l e n i n  5 ~ 9 1 . 1 2  0 . 8 2  
T r i a r a c h i d i n  60  0 1 . 2 1  0 . 7 9  
T r i - 1 1 - e i c o s e n o i n  60  3 1 . 1 0  0 . 7 3  
T r i b e h e n i n  6 6  0 1 . 4 3  0 . 8 6  
T r i e r u c i n  6 6  3 1 . 3 4  0 . 8 1  

a C h r o m a t o g r a p h  B w i t h  s t a i n l e s s  s tee l  c o l u m n  p r o g r a m e d  a t  3C/ 
m i n .  O t h e r  c o n d i t i o n s  a s  l i s t e d  u n d e r  O p t i m u m  O p e r a t i n g  C o n d i t i o n s  
i n  E x p e r i m e n t a l  s e c t i o n .  
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FIG. 8. Effect of program rate on peak resolution. Operating 

conditions: chromatograph B; 24 in. glass column; N~ carrier 
gas;  other conditions as listed under Optimum Operating Con- 
ditions in Experimental  section. 

(Fig. 11). However, this high resolution on a long 
column was gained only at the expense of significant 
component loss (Fig. 7). 

Discussion 
Optimum Operating Conditions 

Opt imum operating" conditions for accurate quanti- 
tat ion and resolution of high molecular weight triglye- 
erides were selected based oll the experimental  data  
described above. These conditions are given in the 
Exper imenta l  section above and were chosen as out- 
lined below. 

I t  is evident f rom Figures  4 and 6 that  the fw values 
for high molecular weight tr iglyeerides were not al- 
ways the same on different gas chromatographs,  even 
under  equivalent operat ing conditions. Therefore, 
choice of the proper  ins t rument  is impor tan t  for best 
results. Chronlatograph B consistently gave lower fw 
values than chromatograph A, and the calibration fac- 
tors on ins t rument  B were not sensitive to changes in 
the type and flow rate of the carr ier  gas (Fig. 4 and 
6). Chromatograph B was specifically designed for  
the high tempera ture  GLC of C~8-C3.~ steroids, and 
included such design features as on-column injection, 
an absolute minimum of connective tubing between 
the column and detector, and minimal " d e a d  spaces"  
in the injection por t  to minimize component loss, 
thermal  decomposition, and peak tailing. Since both 
steroids and triglycerides are high molecular weight 
compounds, it appears  likely that  those chromatograph 
design parameters  which favor  steroid GLC would 
also be desirable for tr iglyceride GLC. For  this reason, 
a gas chromatograph designed for steroid analysis is 
recommended for trig]ycerides, even though thorough 
comparat ive studies of the various design features 
have not been carried out. 
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s t e a r i n .  O p e r a t i n g  c o n d i t i o n s :  c h r o m a t o g r a p h  ]3;  24  in .  s t a i n -  
less  s t ee l  c o l u m n  p r o g r a m m e d  a t  3 . 0 C / r a i n ;  N2 c a r r i e r  g a s ;  
o t h e r  c o n d i t i o n s  as  l i s t e d  u n d e r  O p t i m u m  O p e r a t i n g  C o n d i t i o n s  
in  E x p e r i m e n t a l  s ec t i on .  

A hydrogen flame detector was used for triglyceride 
GLC because it  is more sensitive to carbon compounds 
than a thermal conductivity detector and less sensitive 
to silicone bleed than an argon ionization detector. 

Columns packed with 3.0% J X R  or SE-30 on 100/ 
120 mesh Gas Chrom Q were quite effective for tri- 
glyeeride work. Undoubtedly other similar supports 
could prove equally effective. In our experience, un- 
silanized and silanized supports gave equivalent cali- 
bration factors under  equivalent operating conditions. 
A 24 in. long by 2.5-3.0 mm I.D. column of glass or 
stainless steel proved successful for separating natural  
fa t  triglyeerides having carbon numbers 48, 50, 52, 
and 54 (Fig. 10). Shorter columns gave insufficient 
resolution while longer columns resulted in greater 
component loss for high molecular weights (Fig. 7). 
Kuksis (11) has reported similar large losses with 72 
in. columns. 

Glass columns were best for maximum resolution 
(Fig. 5), but  their  frequent  breakage when changing 
O-ring seals (see Methods) made steel columns more 
practical for  routine use. Apparen t ly  stainless steel 
exhibits a marked adsorption effect with triglycerides 
but  glass does not. This adsorption effect decreases 
peak resolution, but  appears to be reversible since fw 
values for tr istearin are the same on both glass and 
steel columns (Table I I ) .  

Helium carrier gas gave significantly better  peak 
resolution than nitrogen (Fig. 5) with equivalent cali- 
bration factors on chromatograph B (Fig. 6). A 
s tandard carrier flow rate of 100 ml /min  of helium 

5 2  
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260  270  2 8 0  290  
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:FIG. 10. C h r o m a t o g r a m  o f  r a t  a d i p o s e  t i s s u e  t r i g l y c e r i d e s .  
O p e r a t i n g  c o n d i t i o n s :  24 in .  g l a s s  c o l u m n  p r o g r a m m e d  a t  4 . 0 C /  
r a i n ;  N2 c a r r i e r  g a s ;  o t h e r  c o n d i t i o n s  a s  l i s t e d  u n d e r  O p t i m u m  
O p e r a t i n g  C o n d i t i o n s  i n  E x p e r i m e n t a l  s ec t i on .  

was selected as low enough for best peak resolution 
and high enough for good peak height with minimum 
sample size. The reason for superior peak resolution 
with helium is not completely understood. Bar r  and 
Sawyer (20) have reported that  helium also gave bet- 
ter peak resolution than nitrogen in the GLC of 3- 
pentanone. 

A flash heater temperature  between 320 and 350C 
assured efficient vaporization of triglycerides injected 
in solvent solution (Fig. 3) without subjecting the 
sample to higher temperatures than necessary. Col- 
umn temperature  was programmed from 170 to 325C 
for the s tandard calibration mixture, but  the start ing 
temperature  could be increased to 200C when no tri- 
gl.ycerides below C86 were present. A slow program- 
mmg rate (2C/min)  was used with steel columns for 
best resolution (Fig. 8), while glass columns could be 
programed at 4C/nlin without loss of resolution. Tri- 
stearin usually eluted between 290 and 310C, the exact 
temperature  depending on the age of the column and 
the specific operating conditions. The detector base 
block was always maintained at 300 to 340C to mini- 
mize any effect of large temperature  variations on de- 
tector sensitivity. 

To obtain maximum peak resolution, electrometer 
at tenuation was turned up as far  as practical (until  
baseline noise or baseline rise at higher temperatures 
became objectionable), and sample size was kept as 
small as possible. With  chromatograph B at optimum 

T A B L E  III 

Triglyceride and  Fa t ty  Acid Compositions of Cocoa Bu t t e r  
and  R a t  Adipose Tissue Fa t  

Rat  adipose Triglycerides Cocoa But te r  t issue fat  

mole % mole % 
46 - -  1,8 
48 - -  12.3 
50 16.0 34.3 
52 45.6 37.6 
54 37.4 14.0 
56 1.0 - -  

Fa t ty  acids 

12 :0  - -  0.1 
14:0  0.2 2.7 
14:1  0.4 
16 :0  28.7 31.9 
16:1  t r  18.3 
18 :0  35.0 1.8 
18 :1  32.0 44.5 
18:2  3.3 0.3 
20 :0  0.8 - -  

Average fa t ty  acid chain ]ength 

From tr iglyceride data  17.49 17.00 
From. fa t ty  acid data  17.43 16.86 
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FIG. 11. Chronlatogram of a mixture of C4~, C~,~, C.m and C~s 

triglyeerides. Operating conditions: chromatograph A;  60 in. 
stainless steel column progrmnmed at  1.7C/min; 125 ml/min.  
Ne carrier gas ;  other conditions as listed under Optimum Oper- 
at ing Conditions in Experimental section. 

operat ing conditions, about 10-20 fg  of tr iglyceride 
was required to produce a full  scale peak on a 1 Inv 
recorder. Detector response was shown to be direct ly 
proport ional  to sample size in this range (Fig. 9). 

We have not found it necessary to pe r fo rm a lengthy 
" t h e r m a l  s t r i p p i n g "  of new columns in order to ob- 
tain accurate quant i ta t ive results as Kuksis (11) has 
reported. Af te r  2 hr of conditioning at 350C and an 
initial 2-6 tr ial  analyses, new columns gave typical  
low calibration factors for t r ipahni t in  and tristearin.  
In  one instance, however, a very t ight ly  packed new 
column loaded by the suction technique did show high 
initial fw values for tr istearin,  and they decreased sig- 
nificantly with fur ther  conditioning. This may  indi- 
cate that  longer conditioning is required for more 
t ight ly  packed eolmnns to avoid loss of high molecular 
weight triglyeerides. 

Calibrat ion Fac tors  

Theoretically, the flanle detector calibration factors 
for tr iglycerides should be approximate ly  equivalent 
to the calibration factors for the corresponding" methyl  
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Fro. 12. Variation of calibration factors with carbon num- 

ber for saturated, monoaeid triglyeerides. Operating conditions: 
chromatograph B with stainless steel column programmed at 
3.0C/rain. Other conditions as listed under Optimum Operating 
Conditions in Experimental section. 

esters. A tr iglyceride molecule can be thought  of as 
three methyl  ester molecules bound together. Fo r  ex- 
ample, one molecule of t r is tear in has the same atomic 
composition and the same number  of C-C,  C-H ,  and 
C-O bonds as one molecule of methyl  stearate plus 
two molecules of methyl  oleate ; therefore, they should 
both have approximate ly  equivalent detector responses. 

For  a hydrogen flame detector, the plot  of f~ vs. 
carbon number  for long chain f a t ty  acid methyl  esters 
approximates  a horizontal line (21,22) wMch has a 
slight negative slope (23). This negative slope is at- 
t r ibuted to the deereasing weight percent  of oxygen 
as the carbon number  increases (23). A plot of G 
vs. carbon number  for the tr iglycerides of long chain 
fa t ty  acids should theoretically have the same shape, 
assuming that  all of the injected sample reaches the 
flame detector. On the other hand, as the molecular 
weight of compounds in a homologous series increases, 
volati l i ty decreases. At  some point the molecules be- 
come so large and so nonvolatile that  they may  enter 
the GLC column as a mist ra ther  than a vapor,  and 
thus be unable to par t ic ipate  in the gas-liquid par-  
t i t ioning effect necessary for GLC. One would expect 
this problem with high molecular weight triglycerides. 

Tile fw calibration factors for  sa tura ted  monoaeid 
triglyeerides chromatographed under  opt imum con- 
ditions have been plotted vs. carbon number  in F igure  
12. I t  is evident that  the fw plot approximates  a hori- 
zontal line with a slight negative slope only f rom C~4 
through C~2. Above C42, the plot has a positive slope 
which apparen t ly  increases with increasing carbon 
number.  We conclude tha t  there are no losses of in- 
jected triglycerides up through C42, since the actual 
plot resembles the theoretical in this region. Above 
C4e, the positive slope indicates that  some sample loss 
does occur; and the higher the molecular weight the 
greater  the loss. The l inear detector response obtained 
for 0-20 f g  of t r is tear in  in F igure  9, even at sample 
sizes below 2 fig, indicates tha t  this loss is constant 
and is approximate ly  proport ional  to the amount  of 
sample injected. Thus, the loss can be accurately com- 
pensated for  with calibration factors, as Ju r r i ens  and 
Kroesen (13) have reported. 

Comparison of the f,,. values for sa tura ted  and un- 
sa turated triglycerides of equal carbon number  (Ta- 
ble I I )  indicates that  unsa tura ted  triglycerides can 
also be quant i ta t ively analyzed by GLC. We have not 
encountered the severe degradation of unsa tura ted  
molecules reported by Jur r iens  and Kroesen (13). 
However, not all tr iglyeerides of the same carbon num- 
ber have the same f,, value. Tr ipalmit in  and t r ipal-  
mitolein have approximate ly  equal calibration factors. 
So do tristearin,  trielaidin, trilinolein, and trilino- 
lenin; but  triolein may  have a slightly lower fw value. 
Tri-11-eieosenoin has a lower calibration value than  
t r iaraehidin;  and tr ieruein shows a lower loss than  
tribehenin. This may  indicate a tendency for unsat-  
ura ted triglycerides of carbon numbers 60 and 66 to 
show lower losses than their  corresponding saturated 
compounds. 

McCarthy,  Kuksis, and Beveridge (4,7) have re- 
ported that  peak area was proport ional  to component 
weight for tr i laurin,  t r imyris t in ,  t r ipalmit in,  and tri- 
stearin using a hydrogen flame detector. Their  aver- 
age G values were (our calculat ion):  Ca6= 1.00; 
C4_~ = 1.14; C4s = 1.10 ; C5~ = 1.14. These calibration 
factors are in the same range as those reported in Ta- 
ble II .  However, the use of actual fw calibration fac- 
tors, ra ther  than  approximat ing  weight % equal to 
area %, should yield more accurate analytical  results. 
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In actual practice, tr iglyceride compositions are 
usually determined in mole percent values. A plot of 
fm VS. carbon number is made for the saturated mono- 
acid triglycerides and the appropriate curve is drawn 
(Fig. 12). The fm values for mixed-acid triglyeerides 
(i.e. C4o, Cho, C52, etc.) are read from the graph. All 
saturated triglycerides of the same carbon number are 
assumed to have the same fm value. Where the fm 
values for saturated and unsaturated triglycerides of 
the same carbon number are different, an average fm 
value is assigned to each peak based on its estimated 
fa t ty  acid composition. 

The above considerations emphasize that  accurate 
calibrat.ion is essential for quantitative GLC of tri- 
glycer.ides. Since calibration factors vary  substan- 
tially with the operating conditions and the chroma- 
tograph used, the fm and fw values given in Table I I  
do not necessarily apply to other laboratories. Even 
with the same instrument,  column, and operating con- 
ditions, we have found that calibration factors vary 
slightly over a period of weeks. 
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Determination of Hydroxy-Acid 

and Lactones in Butter I 

Triglycerides 

G. JURRIENS t and J. M. OELE,  Unilever Research Laboratory, Mercatorweg, Vlaardingen, The Netherlands 

Abstract  

The free anti esterified ( " b o u n d " )  hydroxy 
acids f rom but ter fa t  were isolated by column- and 
thin-layer chroBlatography on silica. The 4- and 
5-hydroxy acids forming the ~/- and ~-lactones 
were separated from the other hydroxy  acids by 
TLC on silica. The concentrations of a nmnber 
of free and bound laetones in but ter fa t  were 
determined by means of a radio-gas chromato- 
graph using the isotope dilution method. In  ad- 
dition the total concentration of the free and 
bound hydroxy acids which cannot be lactonized, 
was determined. 

Introduct ion  

Lactones are important  flavor components in vari- 
ous natural  products. Boldingh and Taylor  (1) 
established the presence in but ter  of various 8-1aetones 
and also, though in smaller amounts, of 7-1actones. 
By means of the isotope dilution technique they de- 
termined the amounts of ~-oetalactone, 8-decalactonc, 
8-dodecalactone and &tetradecalaetone. The concen- 
trations of these laetoues in but ter  strongly depend on 
the time of year and range from about 1 to 40 ppm. 
Their  amounts are increased if but ter  is heated at 
140C, which these authors explained by postulating 
that but ter fa t  contains esterified 4- and 5-hydroxy 
acids (bound lactones) in the form of monohydroxy- 
aeyl triglycerides. 

In a short communication (2) the observations 

1 Presented at AOCS meeting in Houston, Texas, 1965. 
Died September 4, 1965. 

which would substantiate the presence of these com- 
pounds in butterfat ,  are described. 

In this paper  the quanti tat ive determination of the 
absolute amounts of " f r e e "  lactones as well as those 
of the " b o u n d "  lactones will be described. To check 
the correctness of the method of analysis, the total 
amounts of lactones have also been determined. For  
these determinations the isotope dilution technique 
(3) has been used. 

Exper imenta l  Procedure  for  the Iso lat ion of  
Lactones  f rom Butterfat  

Materials and Methods 
The solvents diethyl ether, light petroleum (bp 

40-60C), iso-octane (ex Shell) and chloroform (ex 
Merck analytical grade) were all freshly distilled; 
benzene (ex Merck) was analytical grade and used 
as such. 

The but ter fa t  in a commercial packet of Dutch 
butter  (250 g) was extracted by addition of 250 ml 
light petroleum and separation of the water  and 
petroleum layers by centrifugation. The petroleum 
layer was filtered to remove undissolved conlponents 
and evaporated a£ low temperature  and reduced 
pressure. 

Silica columns (length 30 cm, diameter 2 cm) were 
used, made from 30 g silicic acid (ex Mallinckrodt, 
containing 6% physically bound water)  and 15 g 
Hyflo (dried overnight at 120C). Thin-layer plates 
with a thickness of 0.25 mm were p repared  by mixing 
60 g silicagel G (ex Maeherey and Nagel) with 120 
ml water and spreading the s lur ry  on glass plates of 


