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ABSTRACT 

In order to ascertain the sources of error in the 
determination of the solid fat content by wide-line 
nuclear magnetic resonance (NMR) an investigation 
has been made of the factors governing the amplitude 
of NMR signals of liquid oils measured with a 
Newport Quantity Analyzer. The varying saturation 
properties of the oils concerned were found to be of 
major importance. The spin-lattice relaxation times 
(T 1) of 16 oils were measured on a pulse spectrom- 
eter at 20, 40 and 60 C, and quantitatively related to 
the saturation phenomenon. The observed deviation 
from the theoretical linearity of the NMR signal with 
the inverse of temperature is explained by the strong 
dependence of T 1 on temperature and viscosity, and 
new relationships are derived for these parameters. 
Since the improvement of the signal to noise ratio of 
the NMR signal, obtained by increasing the RF level 
(H 1 ), increases the saturation as (H 1 )2, a compromise 
must be chosen between these two factors to obtain 
optimal measurement. The results are used to estab- 
lish criteria for selecting two reference oils to be used 
in solid fat content determinations. 

INTRODUCTION 

It has been shown in a previous paper (1) that the 
reliability of solid-content determinations by wide-line 
nuclear magnetic resonance (NMR) depends on the reli- 
ability of the signal of the oil chosen as a reference (100% 
liquid). Various oils and oleins used did not, however, 
follow the expected linear relationship between signal and 
the inverse of the absolute temperature, mainly because 
long relaxation times cause saturation which produces a 
decrease in signal. Therefore these empirically found factors 
were introduced to overcome these deviations. 

It was the objective of further research to take into 

account also the influence of saturation, having regard to 
the relaxation properties of the liquid triglycerides. 

The normal equation for the NMR absorption (2) is: 

2 + ")-2HI2T2T11-I [1] S = C n H o T ' I ? 2 H 1 T 2 [  1 + T 2 (co-  600)2 

in which: 
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FIG. 1. Spin-lattice relaxation times T 1 for sunflowerseed oil 
(15 MHz) at different temperatures. 

T A B L E  I 

Effec t ive  or  Weighted  T1,  Iodine  Value,  Saponi f i ca t ion  Value and  Percen tage  H y d r o g e n  o f  the Samples  

Iod ine  Percentage  Effec t ive  T 1, ms 
value Saponi f i ca t ion  h y d r o g e n  

Oil or  fat  ( IV)  value (SV) (%H) a 20C 40C 60C 

Soybean  oil 134 195 11.37 153 265 489  
M e d i u m  chain  t r igIycer ides  0 2 g I 11 .38  --- 219 401 
Sunf lower  seed oil 132 193 11.41 145 176 4 7 6  
Corn oil 122 193 11.48 117 237 4 0 6  
Coconut  oil 9 256  11.58 --- 199 386 
Hydrogenated s o y b e a n  oil 28  C 101 193 11.62 --- 203 350 
But t e r fa t  38 232 11.64 --- 196 361 
Groundnut  oil 89 191 11.71 107 206 337 
Olive oil 83 193 11.73 109 196 333 
Hydrogenated cot tonseed oil 32 C 76 196 11.75 --- 158 295 
Rapeseed  oil 104 176 11.76 118 205 336 
Lard  olein 73 195 11.78 --- 188 335 
Palm olein 64 199 11.80 --- 176 327 
Palm oil 51 203  11.85 --- 186 299 
Lard  63 195 11.85 --- 178 329 
H y d r o g e n a t e d  r apeseed  oil 32 C 81 175 11.93 --- 152 274 

aCalcula ted  accord ing  to  %H = 14 .265-0 .0065  IV - 0 . 0 1 0 1 7  SV (1).  
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TABLE II 

Viscosity of Various Neutral and Deodorized Oils and Fats in the 
Liquid State Measured at Different Temperatures 

Oil or fat 

Viscosity, a cP Constants b 

20 C 40 C 60 C a b 

Soybean oil 60 
Medium chain triglycerides --- 
Sunflower seed oil 63 
Corn oil 70 
Coconut oil -- 
Hydrogenated soybean oil 28 C --  
Butterfat --- 
Groundnut oil 81 
Olive oil 82 
Hydrogenated cottonseed oil 32 C --- 
Rapeseed oil 93 
Lard olein --- 
Palm olein -- 
Palm oil --- 
Lard --- 
Hydrogenated rapeseed oil 32 C --- 

28 15 -0.073 46.6 
21 11 -0.306 50.1 
29 16 -0.038 44.8 
30 16 -0.142 49.9 
27 14 -0.242 51.0 
33 18 O.14g 51.1 
34 17 -0.151 51.2 
36 19 -0.080 50.5 
35 17 -0.102 50.1 
45 23 -0.166 55.9 
41 21 -0.023 50.1 
36 18 -0.151 51.9 
37 19 -0.145 52.2 
37 19 -0.192 53.8 
36 19 -0.068 48.2 
49 24 -0.140 56.0 

aStandard deviation of replicates 1%. 
bConstants in the equation log r/= a + 106 .b.T -3. 

TABLE III 

Influence of a Thickening Agent and Fat 
Crystals on the "Weighted" T 1 and the Viscosity 
of Sunflower Seed Oil and Margarine Oil at 20 C 

"Weighted" Viscosity, 
Fat TI, ms cP 

Sunflower seed oil 145 66 
Sunflower seed oil + 8% 

cab-o-sil 138 93.000 
Olein from margarine fat 114 70 
Olein from margarine fat + 

20% crystals 115 plastic 

S = absorp t ion  signal as a func t ion  o f w ( V )  
C = cons t an t  
n = n u m b e r  of  H-pro tons  involved 
H o = field s t rength  pe rmanen t  magnet ic  field (gauss) 
T = absolute t empera tu re  (K) 
7 = gyromagnet ic  rat io (2.65 x 104 gauss s -1 ) 
H 1 -- radio f requency  field (gauss) 
60 = angular veloci ty of  p r o t o n  precession (s-1) 
Wo = angular veloci ty of  H 1 (s -1) 
T 1 -- spin-latt ice relaxat ion t ime (s) 
T 2 -- spin-spin re laxat ion t ime (s) 

I f  a wide-line i n s t rumen t  does no t  give the absorp t ion  S, 
bu t  the in tegra ted  curve, i.e., the total  area I, Equa t ion  1 
mus t  be in tegra ted  be tween  60 = 0 and 6o = "  giving: 

I = CnHIT-I [ I  +"/2H12T2TI ]'½ (volt) [2] 

I t  is seen f rom this equa t ion  that  the signal (I) is 
p ropor t iona l  to  T -1 only when  the saturat ion term 
~,2H 12T2T 1 is negligible. It is the purpose  of  this paper  to  
s tudy the factors  af fec t ing  this term. 

EXPERIMENTAL PROCEDURES 

The wide-line NMR measu remen t s  were pe r fo rmed  on 
the Newpor t  Quant i ty  Analyzer  working  at approx imate ly  
2.7 MHz. The absorpt ion  signals were integrated for  22 sec 
and the  results automat ical ly  pr in ted  out.  In all cases the 
average of  five readings was taken.  The apparatus  was 
working wi th  high loss cont ro l  and supp lementa ry  modula-  
tion. The 2 ml glass tubes  conta in ing  a k n o w n  weight  o f  
sample were placed in an a i r - thermosta ted  sample holder  
located  in the  magnet .  The t empera tu re  of  the air could be 
adjusted be tween  0 and 60 C in s teps of  5 C and was 

TABLE IV 

The Influence of Saturation on 
the Signal of Various Fats at 60 C 

Influencea of 
Fat saturation, % 

Olive oil 9.6 
Rapeseed oil 9.9 
Corn oil 11.6 
Lard 9.8 
Butterfat 10.6 
Hydrogenated cottonseed oil 32 C 8.9 
Hydrogenated rapeseed oil 32 C 8.4 
Hydrogenated soybean oil 28 C 10.3 

aThe term 100 - 100(1 + C2A2T1)'VL 

cons tan t  to wi thin  0.2 C. 
To s tudy the RF sa tura t ion ef fec ts  on the NMR signal 

f rom the Newpor t  Quant i ty  Analyzer  it is important to  
take in to  account  an e lect ronic  feedback in the RF 
oscil lator and de tec to r  sys tem which increases the signal 
amplif icat ion when the RF level ( H I )  is decreased.  The 
effect  o f  this is to give an eccentr ic  variat ion of  signal wi th  
RF power  instead of  the l inear increase d e ma nded  by 
Equat ion  2 when  sa tura t ion is u n i m p o r t a n t .  This may be 
overcome by calibrat ion measurements  on a water  sample 
conta in ing  1.7 g MnC12"4 H 2 0  per  l i ter  (in which the 
paramagnet ic  ions lower  the relaxat ion t ime).  A sample 
tube is filled wi th  this solut ion and sealed close to the water  
level to avoid evapora t ion  and condensa t ion  outs ide  the 
measuring range of  the coil. (This sealed tube  can also be 
used for tuning  the in s t rumen t  to achieve identical  re- 
sponses,  thus el iminat ing day- to-day variations.)  Fo r  each 
value of  the RF  an ampl i f ica t ion  cor rec t ion  factor  may 
then  be calculated which  conver ts  the plot  of  signal 
ampl i tude  against RF level in to  an arbitrary straight line 
passing through the origin. 

Initial Tl measu remen t s  were carried out  wi th  a Bruker  
BKR-304 S pulse s p e c t r o m e t e r  (5) at 60, 15 and 4 MHz. 
When it was found  that  be low 15 MHz the change of  T 1 
with f requency could be neglected,  all fu r ther  measure-  
men t s  were made at 15 MHz and direct ly applied to  the 
results obta ined wi th  the Newpor t  i n s t rumen t  working at 
2.7 MHz. 

RESULTS 
Spin-Spin Relaxation Time (T 2) 

In a h o m o g e n e o u s  field (Ho)  T 2 de te rmines  the line 
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FIG. 2. Influence of the temperature (T) on the viscosity of corn 
oil: log n = -0.142 + 49.9.10-6.T "3 cP. 

width of the absorption curve. For liquids T 2 is usually 
approximately equal to T1. In our case, however, the line 
width is strongly influenced by the inhomogeneity of the 
permanent field H o and the presence of wiggles, caused by 
the rapid passages through resonance. Therefore it is better 
to use the symbol T2*, defined as a time derived from the 
line width incorporating all sources of peak broadening. 
The absorption curves for different materials (oils, water, 
glycerol, propanol and the like) showed an almost constant 
peak width at half height at different temperatures. Hence 
the peak width parameter T2* is also considered to be 
almost constant for all the oils measured. 

Spin-Lattice Relaxation Time (T 11 
Little is known from the literature regarding the 

spin-lattice relaxation time for oils and fats. Ferren and 
Morse (4) give a value of 126 ms for unhydrogenated 
soybean oil without details about temperature or fre- 
quency. It appears that the longitudinal magnetization 
decay in liquid trigiycerides is nonexponential.  The decay 
could be fairly described by two relaxation times (T l ' and 
T I ' ) ,  one of them often being three to four times longer 
than the other. The occurrence of a number of relaxation 
mechanisms is probably due to differences in mobility of 
the protons in the molecule. The results for sunflowerseed 
oil at different temperatures are shown in Figure 1. At 60 C 
about 53% of the H-protons had the longer and 47% the 
shorter relaxation time. In Figure la "weighted" line 
is also shown representing the effective T1 to be used 
in Equations 1 and 2. This effective or weighted TI is the 
sum of the relative contributions of each time. For Figure 1 
(at 60C):  T l = 0.53T1' + 0.47T1". The results for a 
number of oils, fats and oleins are shown in Table 1 ranked 
in order of decreasing % H. 

Some conclusions can be drawn from Table I: (a) T 1 
changes considerably with temperature; (b) an increase in 
hydrogen percentage causes, in general, a decrease in T 1 ; (c) 
partly hydrogenated fats follow the same pattern as 
unhydrogenated fats. 

Relationship between T 1 and Viscosity 

The relationship between the viscosity and Tl was 
studied, not  only to find equations for their mutual 
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FIG. 3. The ratio o f  viscosity 07) to absolute temperature (T) 
against the "weighted" 3"1 for different oils and fats at several 
temperatures: log T l = 0.123 - 0.743.1og n/T. 

conversion, but also to obtain an impression of the effect 
on the NMR signal of the strong viscosity increase due to 
fat crystallization. The dynamic viscosity values for the fats 
and oils mentioned in Table I were measured with a 
Couette-type viscosimeter at different shear rates (all 
samples behaved Newtonian). Only those temperatures 
were chosen at which the samples were completely melted. 
The results are given in Table II. Viscosity is often related 
to T -1 but it was found that in the case of triglycerides a 
relationship with T -3 gives far better results (Fig. 2), the 
equation being: 

log r/= a + b T "3 (cV) [3] 

The a and b values found for each sample are also given in 
Table II. 

Bloembergen et al. (6) derived equations for liquids 
consisting of one kind of small spherical moIecules. 
Accordingly the plot of log T1 versus log r/IT should be a 
straight line with a slope of - 1. The values given in Tables I 
and II were plotted in the same way (Fig. 3). By regression 
calculcation a straight line was obtained for all glycerides 
with a mean carbon number above 14. The line is given by 
the equation: 

IogT 1 = a + / 3 1 o g ~ / T  

in which a = 0.123 and/3 = -0.743 [4] 

The slope of this line is different from the value expected 
by Bloembergen. The relationship also seems dependent on 
the chain length because coconut oil and the medium chain 
triglycerides lie significantly outside the 95% confidence 
limits. Equation 4 may be used to calculate T ! from a 
viscosity value with a standard deviation of about 9%. 

In this respect it is important  to note that viscosity is a 
"bulk property," whereas NMR gives information of 
motions on a molecular scale. The presence of small 
amounts of solid materials, e.g., 8% cab-o-sil (very finely 
divided SiO2, particle size (<l/x) in sunflower seed oil or 
20% crystals in margarine oil gives a remarkable increase in 
viscosity but has no measurable influence on the spin-lattice 
relaxation time T 1. Table Ili illustrates these effects. An 
important conclusion is that the T1 of a melted fat does 
not  change during the crystallization process from liquid to 
plastic, whereas the viscosity of the system can vary 
considerably. 

PRACTI CA L APPLi CATION 

Calculation of NMR Signal 
if a known weight of sample is measured the amplifica- 
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t ion correc ted  signal I can be given in volts per  gram, I 1 , 
which enables n in Equat ion  2 to be replaced by the 
percentage by weight  of  hydrogen  in the sample, N (1). It  is 
no t  necessary to k n o w  the absolute value of  the RF field 
and on the Newpor t  ins t rument  a micro  ampere me te r  gives 
a reading A which is l inearly propor t iona l  to H 1 . (The 
l ineari ty be tween  A and H 1 was checked by field measure- 
ments.  For  the 2 ml sample tube the relationship H 1 -- 6.7 
x 10- 5 A [gauss] was found to be constant  be tween  0 and 
60 C.) Consequent ly  it is possible to  write Equat ion  2 in 
the form:  

I 1 = C 1 N T - I A [ I  +C2A2TI] -½ Is] 

in which C 1 and C 2 are constants  depending  upon  the 
ins t rument  and settings used. These values may readily be 
calculated f rom measurements  of  11 and T 1 for  an oil at 
different  temperatures ,  but  cons tan t  RF level ( for  our  
ins t rument  C 1 was found to be 0.360 + 2% and C 2 0.20 x 
10-3). Since the response of  the ins t rument  is sensitive to 
the magnet ic  proper t ies  o f  the sample,  various values of  C 1 
were found for di f ferent  groups of  substances. However ,  for 
tr iglycerides a cons tant  value can be used. 

With measured Tl"S the NMR signal can then be 
calculated for oils of  different  hydrogen  con ten t  at varying 
tempera tures  and R F  levels. These values were compared  
with exper imenta l  measurements  and for 13 oils the 
standard deviat ion was no t  more than 1%. In Table IV the 
absolute value o f  the inf luence o f  saturat ion is seen to be 
about  10% but  the variat ion be tween  different  oils is less 
than 3% and, therefore ,  the use of  a reference oil (olive oil) 
does no t  in t roduce  large errors. 

Determination of Solid Contents 

In the calcula t ion o f  the per cent  solids the "o i l  l ine"  
must  be ex t rapola ted  f rom the measured signal at 60 C 
(comple te ly  mel ted  sample) to  lower  tempera tures  (solid- 
l iquid mixture) .  In a previous paper  (1) empir ical  values 
(Ct) were given in order  to apply correct ions for deviations 
caused by saturation.  The exact  value can now be derived 
f rom Equa t ion  5. 

C t = 333/273+t.(1 + C2A2T1.60)½(I + C2A2TI "t) -½ [6] 

Ct = factor  by which the 60 C signal should be multi-  
plied to  obta in  the l iquid signal at tC. 

TI.60 = TI at 60 C for  mel ted  fat(s) 

Tl.t  = T 1 at tC for l iquid por t ion  of  fat(s) 

Instead of  using such calculat ion signals, however ,  it is more  
practicable to use a reference oil. Fo r  the calculat ion of  
solid fat con t en t  (SFC) the fat signal is then compared  with  
the signal o f  this oil at the same tempera ture  (7). The SFC 
is then given by: 

100~ ignal sample at tC .. signal reference at 60 (.7 
SFC = 100 - I~ignal sample at 60 C ~signal reference at tC .] 

The reference must  have about  the same saturat ion proper-  
ties as the l iquid part  of  the fat. For  most  hydrogena ted  
fats, palm oil, lard, tal low and but ter ,  reference oils with an 
IV of  about  80-90 are suitable (tri-olein, olive oil), i.e., 
errors are lower  than about  2% tel. Fo r  blends with  a high 
linoleic acid conten t ,  sunf lowerseed  oil or  corn  oil are 
be t te r  alternatives. 

I t  is clear that  a l though it is advisable to min imize  the 
difference in saturat ion effects  be tween  the sample and 
reference oil by working at a low RF  level of  the 
ins t rument ,  a compromise  must  be chosen to avoid the 
increased inaccuracy result ing f rom the correspondingly  
lower  signal to noise ratio.  

Addi t ional  in fo rmat ion  on relaxat ion t imes as measured 
by puise-NMR can be found  in (8). 
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