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Discriminant analysis of four vegetable oil types (cotton- 
seed, peanut, soybean and canola) was performed by near- 
infrared reflectance spectroscopy. The objective of this 
study was to provide an alternate method to differentiate 
vegetable oil types and to classify unknown oil samples. 
Second derivative spectra of the vegetable oils were sub- 
jected to discriminate analysis with Mahalanobis distances 
principles. A four-wavelength (1704, 1802, 1816 and 2110 
nm} equation was derived, which produced a sum of inverse 
squared distance of 0.0548. Although all four groups were 
successfully separated with a chi square of 18.9, the soy- 
bean oil group is more dispersed in space than the other 
three groups. Iodine values of the soybean oil samples sug- 
gest that this group may have a wide range of hydrogena- 
tion states. Discriminant analysis can be successfully used 
to differentiate vegetable oil types and possibly could also 
be used to differentiate degree of hydrogenation and ox- 
idative states of oils. 

KEY WORDS: ~ a n t  analysis, NIR, nea~infrared spectroscopy, 
vegetable oil. 

Near-infrared reflectance (NIR) is used worldwide for the 
rapid quantitative determination of moistur~ lipid, protein, 
carbohydrates and fiber in cereals, grains, feeds, meats and 
dairy products (1). However, it has rarely been used for quan- 
titative or qualitative oil analysis. Using lipid components 
and hydrogenated oils, Holman et al. (2) measured absor- 
bance at 2150 mn and related this to the iodine value of 
fat. Wetzel (3) investigated the relationship between oil struc- 
ture, i.e, solid-fat index, degree of unsaturation and carbon 
number in triglycerides with NIR responses. He correlated 
carbon number to three major response bands at 1680, 2139 
and 2208 nm and established a relationship between lipid 
structure and NIR spectroscopy. Sato et as (4} developed 
a foundation for the rapid determination of fatty acid com- 
position in fats and oils by NIR spectroscopy. This was suc- 
cessfuUy accomplished with pure-triglyceride spectra to 
reconstruct spectra of several fats and oils and then com- 
paring the calculated spectra to the original spectra 

If the NIR spectra of substances are measured with suf- 
ficient accuracy, then any wavelength where absorbance dif- 
ferences exist can serve to classify them 15). The key to 
achieving qualitative analysis by NIR spectroscopy is the 
application of the multivariate algorithms, a process often 
referred to as supervised learning (6). The supervised train- 
ing method used in NIR spectroscopy is discriminant 
analysis (7). Discriminant analysis and NIR are being used 
in the pharmaceutical industry to verify materials packed 
in appropriate vials and containers (8). A qualitative method, 
such as discriminant analysi~ would be a useful tool in quali- 
ty control at an oil refinery or end-user production facility. 
This study was conducted to further develop a qualitative 
method of analysis to classify oils. 
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The current methods used to classify an oil involve sepa~ 
ating and identifying fatty acids or triglycerides by either 
gas chromatography or high-pressure liquid chromatog- 
raphy. Both methods are costly, time-consuming and poten- 
tially hazardous. The iodine value test, which estimates de ~ 
gree of unsaturation, can result in a probable oil classifica- 
tion but is less accurate than chromatographic procedures. 

The objective of this study was to determine if NIR could 
be used to discriminate vegetable oils and to classify un- 
known vegetable oil samples. If successful, this technique 
could provide a rapid low-cost nondestructive qualitative 
identification method for the food industry. 

EXPERIMENTAL PROCEDURES 

Oil samples. Four varieties of vegetable oil commonly used 
in the food industry were used in the discriminant analysis 
equation: cottonseed, peanut, soybean and canola. 
Samples were randomly selected lots of virgin oil from 
various oil suppliers: Plains Cooperative Oil Mill {Lub- 
bock, TX); Riceland Foods {Stuttgart, AR); Oilseeds In- 
ternational (Fresno, CA); C & T Refinery {Charlotte, NC}; 
Archer Daniels Midland (Decatur, IL); and Cargill 
(Gainesville, GA). Three additional oil types, corn, sun- 
flower and olive, were purchased from a local retail market 
for equation validation purposes. Corn oil was produced 
by Wesson, Inc IFuUerton, CA) sunflower oil by Schnuck's 
Markets (Bridgeton, MO) and olive oil by Pompeian (Balti- 
more, MD). All samples were stored in the dark at 25~ 
and analyzed by NIR spectroscopy within 30 d. 

Chemical procedures. Iodine values were determined on 
each oil within 90 d by the American Oil Chemists' 
Society Official Method Cd 1-25 {9). Fat ty acid composi- 
tion was determined on all soybean oil samples by the gas 
chromatographic methods 969.33 and 963.22 approved by 
AOAC I10). Fatty acid analyses were performed by per- 
sonnel at the University of Missouri Agricultural Experi- 
ment Station Chemical Laboratory {Columbia, MO). 

N I R  measurements. Forty-six oil samples were analyzed 
in triplicate by NIR. Log (1/reflectance) spectra were 
recorded at 4-nm intervals from 1100 to 2500 nm with an 
InfraAlyzer 500 {Bran + Luebbe, Buffalo Grove, IL) NIR 
analyzer. A stainless-steel cup with a 1-mm deep chamber, 
suitable for viscous fluids (PN 189-B419-01; Bran + 
Luebbe}, and a quartz cover glass was used for sample 
presentation. All spectra were recorded at 25 ~ C. An IBM 
PC equipped with IDAS software {Bran + Luebbe) was 
used to collect, store and manipulate data. Second-deriva- 
tive transformation of all spectra was performed by us- 
ing the following criteria: 4 nm between output points, 
4 nm in moving average, 12 nm per derivative segment 
and 12 nm between derivative segments. Second-deriva- 
tive manipulation creates a baseline at zero and resolves 
many overlapping peaks not easily seen in the original 
spectra. Derivative transformation created a new wave- 
length search range of 1116 to 2474 nm. The data file was 
randomly separated into two files: (i) A data file for the 
discriminant analysis equation consisting of nine 
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cottonseed, eight peanut,  eight soybean and five canola 
oil smnples and (ii) a validation data file consisting of three 
cottonseed, four peanut, four soybean and two canola oil 
samples. A third file was created with the sunflower, corn 
and olive oil samples. The discriminant data  file was sub- 
jected to a wavelength search by means of the IDAS 
discriminant analysis program. Three-, four- and five- 
wavelength searches were tried. 

Mahalanobis distances. The multidimensional distance 
measures were computed with the matr ix  Equation 1 (11): 

D 2 = (X/j - Xj)/M(XI/ - ~.) [1] 

where Dij is the Mahalanobis distance from the ith sam- 
ple to the location of the j t h  material in the multidimen- 
sional space, Xij is the vector of absorbance data  from 
the unknown sample. M is the inverse pooled covariance 
matr ix  from all the materials in the training set, and Xj 
is the location in multidimensional space of the j t h  ma- 
terial. The unit  distances measured are called Mahalano- 
bis distances (11). 

Sum of inverse squared distances (SISD). This statistic 
was calculated with Equat ion  2 (11): 

~" ( 1 )2 [2] 

where Dij is the Mahalanobis distance between all pairs 
of group i and j. 

Normalized distances. Mahalanobis distances are nor- 
malized by the root mean squared (RMS) group size 
(Equation 3): 

RMSj-- [ZDi2/(nj- 1)] I/2 [31 

where RMS, is the size of the data  from the j t h  material, 
Dij is as de{ined in Equat ion 2, and nj is the number of 
training samples of the j t h  material  (11). 

Wavelength selection. The optimum set of wavelengths 
was selected by computing the distances Dij between all 
pairs of groups i and j, then forming the SISD. The groups 
that  were closest together contributed most heavily to this 
sum. This method selected those wavelengths tha t  re- 
sulted in the smallest sum for separation of the closest 
groups (5). 

RESULTS AND DISCUSSION 

Oil spectra. Most differences in NIR spectra pat terns  of 
oils are evident from 1600 to 1800 nm and from 2100 to 
2200 nm (4). For this reason, only the region between 1580 
and 2220 nm will be presented in the spectral figures. 
Figure 1, which presents a representative spectrum from 
each oil sample group, reveals visible differences around 
2110 nm. Goddu (12) reported tha t  the region near 2100 
nm could be used for determinat ion of terminal satura- 
tion. The region around 1700 nm shows absorbance due 
to the first overtone of the C-H stretching vibration (13), 
bu t  little difference was observed for these spectra. Be- 
cause the discriminate equation was derived from second- 
derivative spectra, the remaining discussion will address 
the transformed spectra. The specific regions around 1704, 
1802, 1816 and 2110 nm, the wavelengths suggested by 
the discriminant analysis search, are shown in Figures 
2-4. Figure 2 presents the port ion of spectra from 1680 
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FIG.1. Log (I/R) spectra of all four vegetable oil types. Abbrevia- 
tion: R = reflectance. 

to 1728 nm for all oil types and shows the difference in 
absorbance at  wavelength 1704 nm, the first wavelength 
chosen in the discriminant equation. I t  is obvious that  
peanut  and soybean oil have different absorbances than 
cottonseed and canola. This may be related to oleic acid 
content, a const i tuent  tha t  is much higher in peanut  oil 
as compared to cottonseed oil {14}. 

Figure 3 presents the portion of spectra from 1788 to 
1844 nm and includes the next  two wavelengths in the 
equation, 1802 and 1816 nm. Canola oil seems to be sep- 
arated from the other oils at both wavelengths, and canola 
is the most  unsatura ted  of these four oils {14}. Findings 
of Sato et al. (4) report  tha t  the region near 1800 nm con- 
tains information about the degree of saturat ion of fa t ty  
acid moieties. Canola oils also have higher erucic and 
linolenic acids than other oils (14). 

Figure 4 presents the spectral region from 2100 to 2128 
nm and includes the fourth wavelength, 2110 nm, used 
in the equation. At  this wavelength, soybean oil and cot- 
tonseed oil have different absorbances than peanut  and 
canola oil. Total percentage of polyunsaturat ion can be 
slightly higher in soybean and cottonseed due to higher 
linoleic acid content  (14). 

Discriminant analysis equation. The equation that  gave 
the best separation of the four oil groups was a wavelength 
selection of 1704, 1802, 1816 and 2110 nm, as determined 
by the SISD. By summing the inverse of the squared 
distances, the groups that  are close together are given 
more weight than the groups that  are far apart. Thus, the 
SISD stat ist ic reflects mainly the contribution of the 
closest groups. The farther apar t  the groups are. the 
smaller the SISD will be {15}. 

The Mahalanobis distances between groups are as fol- 
lows: 17.13 {from cottonseed to peanut); 17.49 {from cot- 
tonseed to soybean); 31.13 {from cottonseed to canola); 
4.97 {from peanut  to soybean); 17.87 (from peanut  to 
canola); and 17.08 {from soybean to canola). Three wave- 
lengths, 1704, 1802 and 2110 nm, produced an SISD of 
0.0670. The four-wavelength equation added 1816 nm with 
a resulting SISD of 0.0548. A five-wavelength search 
added 2292 nm and produced an SISD of 0.0525. Adding 
one more wavelength only decreased the SISD by 0.0023. 
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FIG. 2. Wavelength region from 1680 to 1728 nm for second-derivative spectra of four 
vegetable oils. 
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FIG. 3. Wavelength region from 1788 to 1844 nm for second-derivative spectra of four 
vegetable oils. See Figure 1 for abbreviation. 

This sugges ted  t h a t  four wavelengths were sufficient to 
discriminate among  oil groups. The Mahalanobis  dis- 
tances revealed adequate  separat ion between all groups 
except the  peanut  and soybean oil groups. Upon fur ther  
inspection of sample locations on a Log-Log plot  (Fig. 5), 
i t  was evident tha t  one soybean oil sample  ($8), had ab- 
sorbed in the region of the peanut  oil group. This explains 
the low Mahalanobis  distance of 4.97 between the two 
groups. Group pairs t ha t  are closer than  six t imes the 
Mahalanobis  distance may  likely overlap and can lead to 
misclassification of unknown members  of either group 
(15). I f  this  sample were deleted, the Mahalanobis  dis- 
tances between the peanut  and soybean groups would in- 
crease above 6.00, and the SISD would decrease to 0.0150. 
However, this sample was retained in the data  file to repre- 
sent the random selection of oils intended in this study. 
The total  inverse squared distance for each wavelength 
represents  the weight or influence of each wavelength to 
the equat ion for purposes  of wavelength deletion. All 
wavelengths were a lmost  equally weighted. Wavelength 
2110 nm contributed the most  with a total inverse squared 

distance of 0.0943, and 1816 nm contributed the least with 
a total  inverse squared distance of 0.0630. Delet ing wave- 
length 1816 nm from the equation increased the SISD in- 
s tead of decreasing it, which indicated tha t  this wave- 
length was cont r ibut ing  significantly to the equation. 

The RMS distances for each oil group are 1.87 (cot- 
tonseed oil}; 1.36 {peanut oil}; 2.86 {soybean oil}; and 1.24 
(canola oil}. The RMS indicates the size of the group. 
Figure 5 also shows tha t  the soybean oil group is more 
dispersed in space than  the other three groups. The chi 
square (X 2) value was calculated as 18.9. The critical 
value of X 2 for 3 df at  a confidence level of 0.995 is 12.84. 
So, the differences between the RMS group sizes did not  
result  f rom random variation. 

The discr iminant  analysis equat ion was verified by a 
validation set  containing the same oil types  bu t  not ac- 
tual  samples  used in the equat ion set. A second valida- 
t ion set was also used, which contained oil types  tha t  are 
different than  those used in the equat ion set  {"other" oil 
types}. 

First validation. The first validation was tested with the 
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FIG. 5. Second-derivative spectral data points of all oil samples plot- 
ted at wavelengths 2110 nm v s .  1800 nm. Note that one soybean oil 
sample (in triplicate} is located in the peanut oil grouping. See Figure 
1 for abbreviation. 

four-wavelength equa t ion .  Table 1 l is ts  the  results .  A n y  
sample  wi th  a Maha lanob is  d is tance  of three t imes or less 
was classified in  the  corresponding group. If Maha lanobis  
d is tances  were grea ter  t h a n  3.0, the  sample  was classified 
as a member  of the  group hav ing  the  lowest Maha lanob i s  
distance.  Two samples  ($3 and  $6) were more t h a n  three 
t imes  the Ma ha l a nob i s  d is tance  from any reference group 
b u t  were correct ly  classified as soybean  oil because  they 
were closest to the  soybean  oil reference group. Validat ion 
was considered successful  except  t h a t  two samples  were 
misclassified. Sample  $5 was classified as canola  oil, even 
t h o u g h  i t  was soybean  oil. Sample  P4 was classified as 
soybean  oil when  i t  was ac tua l ly  p e a n u t  oil. The P4 sam- 
ple, however, appeared  close to the  p e a n u t  group wi th  a 
Maha lanob i s  d i s tance  of 5.86. Soybean  oils were involved 
in b o t h  incor rec t ly  classified samples,  s u p p o r t i n g  the 
earl ier  obse rva t ion  t h a t  the  soybean  oil reference group 
was dispersed a nd  wi th in  six t imes  the  Ma ha l a nob i s  dis- 
t ance  from the  p e a n u t  oil reference group. All  the  cot- 
tonseed  and  cano la  oils were classif ied correctly. 

Maha lanob i s  d is tances  a s sume  t h a t  the region of space 
occupied by  one mate r i a l  has the  same size~ shape  and  

TABLE1 

Mahalanobis Distances and Classifications for Validation Samples 

Sample Actual oil Mahalanobis distances a 
number type C P S CL 

Classified 
a s :  

C4 Cottonseed 1.49 16.54 17.07 31.08 Cottonseed 
$3 Soybean 14.58 15.16 13.99 19.76 Soybean b 
$5 Soybean 32.06 18.39 17.74 1 .51  Canola c 
CL3 Canola 29.77 16.68 15.91 2.00 Canola 
$6 Soybean 24.45 12.99 12.14 25.24 Soybean b 
P4 Peanut 18.75 5.86 2.60 17.96 Soybean c 
P6 Peanut 17.82 2.99 5.07 17.37 Peanut 
C8 Cottonseed 0.59 16.99 17.39 31.14 Cottonseed 
P8 Peanut 18.43 1.65 4.89 17.27 Peanut 
C10 Cottonseed 1.00 17.99 18.35 31.82 Cottonseed 
$7 Soybean 19.08 5.45 2.04 16.72 Soybean 
CL6 Canola 30.58 17.40 16.53 1 .61  Canola 
P10 Peanut 16.10 1.56 5.21 18.43 Peanut 

aMean values of triplicate near-infrared reflectance readings. Abbreviations: C = cot- 
tonseed oil group; P = peanut oil group; S -- soybean oil group; CL -- canola oil group. 
bMore than three times Mahalanobis distance, but correctly classified. 
cClassified incorrectly. 
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TABLE 2 

Normalized Distances and Classification for Validation Samples 

Sample Actual oil Normalized distances a Classified 
number type C P S CL as: 
C4 Cottonseed 0.79 12.16 5.96 24.99 Cottonseed 
$3 Soybean 7.79 11.14 4.88 15.89 Soybean b 
$5 Soybean 17.14 13.52 6.19 1.21 Canola c 
CL3 Canola 15.91 12.26 5.56 1.61 Canola 
$6 Soybean 13.24 10.45 4.66 20.29 Soybean b 
P4 Peanut 10.02 4.31 0.92 14.44 Soybean c 
P6 Peanut 9.53 1.00 1.77 13.97 Peanut d 
C8 Cottonseed 0.31 12.49 6.07 25.04 Cottonseed 
P8 Peanut 9.85 1.21 1.71 13.97 Peanut d 
C10 Cottonseed 0.53 13.22 6.41 25.59 Cottonseed 
$7 Soybean 10.20 4.00 0.71 13.44 Soybean 
CL6 Canola 16.34 12.79 5.77 1.29 Canola 
P10 Peanut 8.61 1.15 1.82 14.82 Peanut d 

aMean values of triplicate near-infrared reflectance readings. Abbreviations: See Table 1. 
bMore than three times normalized distance but correctly classified. 
CClassified incorrectly. 
dLess than three times normalized distance from two reference groups but classified 
correctly. 

orientat ion as tha t  occupied by every other mater ial  (16). 
As previously discussed, the group of da ta  points  repre- 
sent ing soybean oil was larger than  the space occupied 
by the other three oil groups. The inverse pooled covari- 
ance mat r ix  adequately  described the shape and orienta- 
t ion of each group, but  not  the size (16). If  some groups 
were more dispersed than  others, then the use of nor- 
malized distances could minimize the three classification 
errors: False failure to classify, incorrect classification and 
falsely classifying a sample when the classification should 
have been ambiguous  (even if the sample  was correctly 
classified) and thus results in a more accurate analytical  
technique (16}. 

Table 2 presents  the same validat ion set as normalized 
distances. Overall, the normalized distances are shorter  
(lower) than Mahalanobis distances. The same samples ($3 
and $6) were more than  three t imes the normalized dis- 
tances but  were classified correctly. Samples  $5 and P4 
were misclassified. In  addition, three samples (P6, P8 and 
P10) were within three t imes the normalized distances of 
two reference groups (peanut and soybean), bu t  were cor- 
rectly classified as peanut  oil. Again, all cot tonseed and 
canola oil were classified correctly. 

Iodine values. Iodine values were obtained for all oil 
samples. Cottonseed oil had an iodine value range of 
102.6-119.3, which compared to the reference typical  cot- 
tonseed frying oil range of 103-113 (17}, representing the 
entire range sufficiently. Peanut  oil had an iodine value 
range of 93.9-103.9, which compared to the  reference 
typical  peanut  f rying oil range of 84-102 (17), represent- 
ing the middle to upper  range. Canola oil ranged from 
108.6-120.8. The calculated mean reference iodine value 
for canola oil is 120.0 (18). These canola oils represented 
the lower to middle range of typical  canola oils. Soybean 
oil ranged from 97.0-136.7, the widest  iodine value range 
of all four oils; it had a s tandard deviation of 12.0, the 
highest  of all oil groups. 

The wide range of iodine values would suggest  large 
variat ion in degree of saturat ion or hydrogenation within 
this group. This could account for the wider dispersion 

of da ta  points  in the soybean group as compared to the 
other three groups and may  account  for the soybean oil 
group overlapping with the peanut  oil group. This would 
also support  the validation set results, which showed some 
peanut  and soybean oil samples involved in misclassifica- 
tions. Two reference iodine value ranges were found for soy- 
bean oil, one for soybean oil of 125-138 and another  for 
processed soybean oil of 86-103 (17). Swern (14) reports  
an iodine value range for soybean oil of 120-141. I t  seems 
tha t  the soybean oil group used in this s tudy  could 
possibly contain more than  one populat ion of soybean oil 
according to the degree of hydrogenation.  

The sunflower, corn and olive oils were representat ive 
of typical vegetable otis. Calculated reference mean values 
were as follows: sunflower -- 136.0, corn -- 128.0 and olive 
= 82.0 (18). 

Fatty acid profiles of soybean oil samples. Fa t ty  acid 
profiles were performed on all soybean oil samples because 
one sample ($5) was misclassified as being closest to the 
canola oil group based on bo th  the Mahalanobis  and nor- 
malized distances. The samples had undergone autooxida- 
tion during the storage period before the profiles were per- 
formed. This was evident by the broader  peaks  and lower 
than  expected methyl  ester results as compared  to 
reference standards.  Even though the actual  values of the 
methyl  ester  composit ions were affected by the autoox- 
idation, all soybean oil samples  had similar values for 
C16:0, C18:0, C18:1, C18:2 and C20:1, except one. Not  sur- 
prisingly, sample  $5 had different values, especially for 
C18:0 and C20:1. The methyl  ester weight percent for 
C18:0 was 0.32 for this sample, whereas all others ranged 
from 1.34 to 2.98. The C20:1 was 3.46 for sample $5, while 
all others were less than  0.26. Typical soybean oil is 
reported to have a C18:0 range of 4.0 to 4.6 and a negligi- 
ble C20:1 content  (19). Canola oils have a C18:0 range of 
1.2 to 1.8 (19) and a C20:1 range of 0.8 to 2.3 (19,20). Given 
the N I R  identification of $5 as canola oil and the f a t ty  
acid profile tha t  suggests  a composi t ion more similar to 
canola than  to soybean oil, one may  conclude tha t  the oil 
used for val idat ion was actually a canola oil. However, 
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given t h a t  no o ther  in format ion  is available to ident i fy  
the  sample  and t h a t  the  suppliers were credible, the  alter- 
na t ive  conclusion was  t h a t  the  $5 sample  was a soybean  
oil t h a t  reflects an ext reme f rom the  populat ion.  I f  so, the  
N I R  technique does identify unusual  samples and can pro- 
vide an o p p o r t u n i t y  to  fur ther  ana lyze  samples  pr ior  to  
acceptance  in food process ing  applicat ions.  

Second validation. The three otis, sunflower, corn  and  
olive, t h a t  were no t  used  as reference groups  in the  dis- 
c r iminan t  equa t ion  were subjec ted  to  validation.  The  
resul t ing  Maha lanobis  d is tances  were all above 3.0 as ex- 
pected.  However, when  we used the  normal ized  distance,  
corn  oil was misclassif ied as soybean  oil wi th  a d is tance  
of 2.74. The sunflower oil wi th  a normal ized  dis tance  of 
3.20 was  also close to  the  soybean  oil group. This  could 
also be due to  the  larger  soybean  oil g roup  dispersion. 

I t  has  been shown t h a t  d i sc r iminant  analysis  can be 
used  to  separa te  the  spec t ra  of these  four vegetable  oils, 
and  the  equa t ion  can be used to classify unknown  oil 
samples  accurately. I t  also has  been shown t h a t  discrimi- 
n a n t  analysis  m a y  be able to  separa te  different degrees 
of hydrogenat ion ,  as in the  case of soybean  oils. 

Because  of the  differences seen in us ing  normal ized  
d is tances  ra ther  t h a n  Maha lanob i s  d is tances  in classify- 
ing  these  vegetable  oil samples,  more  s tudies  are needed 
to  de termine  the  m o s t  accura te  s ta t i s t ic  for the  types  of 
samples  being addressed.  

Disc r iminan t  analysis  as an N I R  qual i ta t ive  me thod  
could have a viable place in the  oil ref inery and end-user  
p roduc t ion  facilities. 
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