
ABSTRACT: Biodiesel is a promising alternative diesel fuel ob-
tained from vegetable oils, animal fats, or waste oils by transes-
terifying the oil or fat with an alcohol such as methanol. In an
extension of previous work, fiber-optic near infrared spec-
troscopy was used to quantitatively monitor the transesterifica-
tion reaction (6-L scale) of a vegetable oil (soybean oil) to
methyl soyate. The results were correlated with 1H nuclear mag-
netic resonance spectroscopy. The method described here can
be applied to the transesterification of other vegetable oils. 
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The transesterification of a vegetable oil or animal fat with 
a monohydric alcohol such as methanol in the presence of 
a catalyst (usually a base such as NaOH or KOH) affords 
the corresponding monoalkyl esters [see Scheme 1, in which
the protons (methyl ester protons in combination either with
α-CH2 or glyceridic protons) used for monitoring the reac-
tion by 1H nuclear magnetic resonance (NMR) spectroscopy
are highlighted and also indicated by the letters A (α-CH2
protons), G (glyceridic), and M (methyl ester)]. These esters,
especially the methyl esters, have significant potential as al-
ternative diesel fuel (biodiesel) both in neat form and blended 
with conventional diesel fuel (1,2). Regulated fleets as well
as mining and marine markets are targets for biodiesel com-
mercialization in the United States (3). However, successfully
commercializing biodiesel in the future depends on a variety
of parameters. One of these parameters is fuel quality as de-
fined in a provisional American Society for Testing and Ma-
terials (ASTM) biodiesel standard (4) and existing standards
in some European countries. The amount of contaminants
(such as glycerol; mono-, di-, and triglycerides; and alcohol)
present in the fuel after posttransesterification purification is
a major factor in determining fuel quality. The possible con-
taminants are limited in biodiesel standards and the rationales
for various specifications in fuel standards have been dis-

cussed (4,5). The analysis of contaminants in biodiesel fuel is
a major issue influencing commercial success because conta-
minants can lead to severe operational problems such as en-
gine deposits. 

Most analytical procedures for determining biodiesel fuel
quality utilize gas chromatography (GC) (6–16). Presepara-
tion of biodiesel and its contaminants by high-performance
liquid chromatography (HPLC) prior to GC also has been re-
ported (16). Other analytical methods applied to biodiesel in-
clude viscosity (17) and HPLC with density detection (18) or
pulsed amperometric detection for determining glycerol (19).
1H NMR spectroscopy was used for determining the yield of
the transesterification reaction of rapeseed oil with methanol
(20). 

Analyses of fatty materials by near infrared (NIR) spec-
troscopy have become widespread in recent years (21–23).
Biodiesel was determined in lubricating oil by fiber-optic
Fourier transform infrared spectroscopy (24). Recently, we
reported (25) that NIR spectroscopy utilizing a fiber-optic
probe presents a possibility for rapid, easy-to-handle, and
cost-effective monitoring of the transesterification reaction
and of biodiesel fuel quality. Although the analysis of trace
contaminants at the levels specified in biodiesel standards is
not possible by NIR, this problem can be largely circum-
vented by an inductive method in which monitoring of the
transesterification reaction at various stages shows that the
reaction is progressing as desired. The NIR method, which
utilizes a convenient fiber-optic probe, is considerably easier
and faster to use than GC, making it more suitable for a pro-
duction situation. This usefulness was demonstrated by a
model system in which specified amounts of biodiesel con-
taminants were deliberately added to methyl soyate
(biodiesel) (25). It was shown that two different regions in the
NIR spectra of methyl esters and triglycerides (vegetable oil)
at 6005 and 4425–4430 cm−1 can be used to quantitate the
amount of residual vegetable oil feedstock in the methyl es-
ters (biodiesel). 

In the present paper, the previous work on fiber-optic NIR
spectroscopy is extended beyond the previously discussed
model system (25) to monitoring of a transesterification reac-
tion (6 L scale) in progress. We used the formation of methyl
soyate from soybean oil as an example, although the results
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presented here hold for the transesterification of other veg-
etable oils. As a means for correlating and cross-checking re-
sults with another analytical method, 1H NMR spectroscopy
was selected. Two combinations of signals were used in 1H
NMR, one of which was reported previously by other authors
(20), but both involve the methyl ester protons of the bio-
diesel product. 

EXPERIMENTAL PROCEDURES

Refined soybean oil was obtained from Archer Daniels Mid-
land Co. (Decatur, IL) through Pasquel Institutional Foods
(Peoria, IL). Methanol was purchased from Fisher Scientific
(Fair Lawn, NJ), and potassium hydroxide was acquired from
J.T. Baker Chemical Co. (Phillipsburg, NJ). 

Reactions were conducted in a three-necked, 12-L glass
reactor (Ace Glass Inc., Vineland, NJ) equipped with a stirrer
(Glas-Col, Terre Haute, IN; obtained through Ace Glass Inc.),
reflux condenser, and a stopcock attached at the bottom for
sample removal. For the reaction, 6 L soybean oil, 1470 mL
methanol [mole ratio approximately 6:1; stoichiometry ac-
cording to Freedman et al. (34)], and 18.13 g potassium hy-
droxide (1% KOH) were used at a temperature of 45°C. Sam-
ples (approximately 100 mL) were removed at 5-min inter-
vals by dripping into water or water acidified with HCl. The
samples were analyzed after separation of the glycerol phase. 

NIR spectra were obtained on a PerkinElmer (Norwalk,
CT) Spectrum 2000 spectrometer equipped with a Galileo
(Sturbridge, MA) transmission-type fiber-optic probe as de-
scribed in a previous publication (25). Quantitation methods
were developed on a personal computer (Spectrum 2000 and
Quant+ software; PerkinElmer), also as described previously
(25). 1H NMR spectra were obtained on a Bruker ARX-400
spectrometer (Bruker, Rheinstetten, Germany) operating at
400 MHz (solvent: CDCl3). GC analyses were performed on
a Hewlett-Packard (Palo Alto, CA) 6890 gas chromatograph
according to published procedure (7) with the exception that
a split injector was used. 

For quantitation in wt% (the limits on most contaminants
in biodiesel are expressed in wt%) by NIR, methods devel-
oped previously (25) were used. Densities were 0.87104 for
methyl esters and 0.9092 for soybean oil (25). 

RESULTS AND DISCUSSION 

NIR applications similar to the present one have been re-
ported, for example, for determining the transesterification
endpoint of a methyl ester with polyethylene glycol (26), in-
process analysis of multifunctional esters (27), and monitor-
ing OH absorption bands during esterification (28). In the
present work, a vegetable oil, soybean oil, was transesterified
on a 6-L scale with methanol and potassium hydroxide to
methyl soyate. Reaction progress was monitored by remov-
ing a portion of the reaction mixture at predetermined inter-
vals and analyzing by NIR and NMR. 

While the NIR spectra of numerous fatty compounds have
been known for a while (29–32) [the first report dates more
than 40 yr ago (29)], the NIR spectra of feedstock (soybean
oil) and biodiesel fuel (methyl soyate) with the peak differ-
ences enabling quantitation were depicted more recently (25).

Since the quantitation method by NIR was discussed in a
previous publication (25), no further discussion will be pre-
sented here. In any case, the present work shows that the
model system using defined amounts of “contaminants” in
biodiesel is applicable to an actual transesterification reaction.

In previous 1H NMR-based monitoring of transesterifica-
tion of rapeseed oil (20), the yield of methyl esters was deter-
mined by the integration values of the protons of the methyl
ester moiety (at approximately 3.7 ppm) and the α-carbonyl
methylene groups (about 2.3 ppm) found in all fatty com-
pounds. In the present work, both the previous methyl ester
protons with α-CH2 protons approach (20) and another NMR
signal-based approach, namely, the glyceryl protons of the
feedstock and the methyl ester protons of the product, were
selected (see Fig. 1 for the 1H NMR spectrum of a progress-
ing transesterification reaction). Note that the glyceryl and the
methyl ester are readily distinguishable in NIR (25). No in-
ternal standard or calibration of the NMR part of the work is
required either with the equations from previous literature
(20) or with those developed here for the second NMR ap-
proach. Figure 2 is a plot of conversions determined by NIR
and both NMR approaches for a transesterification reaction
of soybean oil with methanol carried out at 45°C for 1 h. 

NMR was chosen for correlation with NIR in the present
work for several reasons. First, to the best of our knowledge
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the glyceryl and methyl ester protons of the feedstock and the
methyl esters have not been used previously in monitoring the
transesterification reaction and only one previous report (20)
exists for monitoring the transesterification reaction by NMR.
None of the NMR signals of the selected moieties overlap and
glycerol does not interfere as it nearly completely separates
from the methyl ester phase before analysis. Second, NMR
may be an alternative to other methods when contracting
analyses, besides GC, to an analytical laboratory. The gener-
ally higher cost of NMR equipment may become less of an ob-
stacle. Third, the GC method (7) currently recommended in
the provisional ASTM biodiesel standard is not without prob-
lems in our experience. These problems resulted from the col-
umn being heated beyond its recommended temperature limit
(370 instead of 350°C; no mention of a high-temperature col-
umn being used) and, in connection with this, ballistic heating
from 230 to 370°C in 3.2 min (nearly 44°C/min as calculated
from the given run time). Thus, baseline drifts occurred that
interfered with quantitation (especially considering the low
contamination levels specified in biodiesel standards), and re-
peated use at the high temperature eventually causes stronger
column bleed. While other GC methods exist, they do not offer
any further advantages for simultaneous quantitation of feed-
stock, methyl esters, and glycerol. Modifying the parameters
of the aforementioned GC method (7) to circumvent the prob-
lems was not carried out in the present work.

The conversion CME (in %) of vegetable oil (soybean oil)
to biodiesel (methyl soyate) can be calculated from the inte-
gration values of the glyceridic and methyl ester protons in
1H NMR by Equation 1:

[1]

IME is the integration value of the methyl ester peak and ITAG
is the integration value of the glyceridic peaks in the triacyl-
glycerides (TAG) of the vegetable oil. The factors 5 and 9 re-
sult from the fact that the glyceryl moiety of a triglyceride has
five protons and the three methyl ester moieties resulting from
one triglyceride molecule have nine protons (see Scheme 1).
Figure 1 depicts the 1H NMR spectrum of a transesterifica-
tion reaction in progress. Note that mono- and diacylglyc-
erides, which are formed as intermediates in the transesterifi-
cation reaction, exhibit signals of their glyceridic protons in

CME = 100 ×
5 × IME

5 × IME + 9 × ITAG
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CME = 100 ×
5 × IME

5 × IME + 9 × ITAG

FIG. 1. 1H nuclear magnetic resonance (NMR) spectrum of a progressing transesterification reaction (spectrum recorded after 5 min reaction time
at 45°C). The letters A, G, and M denote the α-CH2, glyceridic, and methyl ester protons, respectively (see also Scheme 1). 

FIG. 2. Plot of turnover of soybean oil to methyl soyate in a transesteri-
fication determined by near infrared spectroscopy (●● ) and two NMR
approaches 1H NMR spectroscopy (α-CH2 and methyl ester protons)
(● ) and 1H NMR spectroscopy (glyceridic and methyl ester protons) (▲▲)
as described in the text. See Figure 1 for abbreviation.



the same region as glyceridic protons of the triacylglycerides
in the feedstock. 

Accordingly, the unconverted amount (in %) of vegetable
oil, CTAG (defined by acyl groups), is given by Equation 2:

[2]

The conversion as determined by 1H NMR is related to the
determination in wt% of residual triacylglyceride (vegetable
oil) in vegetable oil methyl ester (biodiesel) by Equation 3:

[3]

MWTAG and MWME are the molecular weights of the veg-
etable oil and the corresponding methyl esters, respectively,
and dTAG and dME are the densities. Note that 3MWME =
MWTAG − 4.032 because of the difference in the number of
protons as described above for Equation 1. As previously de-
termined (25), the densities (at ambient temperature) of soy-
bean oil and methyl soyate are 0.9092 and 0.87104, respec-
tively. Slight variations in the fatty acid composition of the
feedstock and the methyl esters can influence the determina-
tions. Therefore, it is unreasonable to calculate several deci-
mal places for MW. Note also that other experimental factors,
such as accuracy of NMR integration, play a role. For the
fatty acid composition of soybean oil, values given in the lit-
erature (33) were taken into account. That composition results
in MWTAG = 875. Thus 3MWME = 879. Taking these values
into account, Equation 3 can be simplified (with rounding of
all values, including density) to

[4]

Equation 4 can be modified for other biodiesel feedstocks,
such as canola (rapeseed) oil, to take differing fatty acid com-
positions into account, although the differences are only
minor. The differences will be greater for feedstocks with
variations of the fatty acid chain length, for example, the
short-chain tropical oils. The calculation of turnover of tria-
cylglycerides to methyl esters in wt% is necessary because
most contaminants in biodiesel standards are limited in wt%. 

The previous NMR approach based on the methoxy pro-
tons of the methyl ester product and the α-CH2 protons uti-
lizes Equation 5 (20) (modified to suit the present terminol-
ogy):

[5]

The validity of the present approach correlating the spectra of
samples drawn from a 6-L scale reaction was demonstrated
by carrying out transesterification reactions and analyzing
them by NIR and 1H NMR. Amounts of reactants were based
on previous studies (34; see Experimental Procedures sec-
tion), although other variations of the transesterification reac-

tion exist (35,36) and the original kinetics (37) have been
questioned (35,38). Obviously, the kind of reaction monitor-
ing presented here will be possible, with appropriate minor
modifications, for all variations of the transesterification re-
action. A comparison of the three approaches shows that the
yields are determined within a few percent by each of the ap-
proaches (Fig. 2). The approaches thus mutually confirm each
other. However, trace contaminants at the low levels required
by biodiesel standards, as discussed earlier for NIR, could not
be fully analyzed by NMR either. On the other hand, the spec-
troscopic monitoring presented here could detect if the reac-
tion takes an undesired course because the peaks of product
methyl esters would either not increase or not increase to the
expected intensity. 

In conclusion, the present work has extended the previ-
ously reported (25) model system using fiber-optic NIR spec-
troscopy for transesterification reaction monitoring and
biodiesel fuel quality assessment to samples obtained from
an actual reaction. 1H NMR is also suitable for reaction mon-
itoring and yield determination using the signals of the glyc-
eridic and methyl ester protons besides the previously re-
ported combination of methyl ester and α-CH2 protons (20).
The NMR and NIR results can be correlated through simple
equations and the validity of the methods mutually confirmed.
NIR should remain the most attractive method because of
ease, rapidity, and cost of analysis. 
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