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Abstract In this work, the use of 1H-NMR spectroscopy

and a statistical approach to the analysis of biodiesel con-

centrations in blends with conventional diesel is described.

For this, we performed 1H-NMR analyses using distinct

mixtures of biodiesel from soybean and castor oil in min-

eral diesel, in concentrations ranging from 0.5 to 30%, and

then we applied partial least squares regression (PLS) and

principal components regression (PCR) to such data. So,

six models were designed and they were evaluated through

statistical parameters and through the analysis of four

samples prepared in the laboratory. Briefly, a PLS model,

obtained through the selection of aromatic, aliphatic and

methoxy spectral regions, was quite suitable for the pre-

diction of biodiesel concentrations greater than 2.0%.

Deviations of real and predicted values were found to B2

commercial blends, indicating that this model can only be

applied to blends exceeding a 2.0% level of biodiesel in

petroleum diesel. In conclusion, the 1H-NMR-PLS method

is fairly useful for the quality control of biodiesel–diesel

blends, whose commercialisation has increased in the last

few years.
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Introduction

Biodiesel, which is an alternative fuel basically composed

of fatty acid mono-alkyl esters, is the major substitute for

petroleum-derived diesel since their physical properties are

very similar, allowing the use of pure or blended biodiesel

without any modification to the diesel engine and in the

existing fuel distribution and storage infrastructure [1, 2].

Recently, blends of biodiesel with mineral diesel became

commercially available all over the world. In the United

States, the use of a blend of 20% (v/v) of biodiesel in

diesel, called B20, is common [3]. ASTM D 975, the

mineral diesel standard in the United States, allows for up

to B5 while ASTM D 7467, the biodiesel–diesel blend

standard, allows from B6 to B20. Europe, which is the

world’s largest producer of biodiesel, employs B2 blends

(2% of biodiesel in diesel) in their engines and intends to

increase this amount to 5.75% in 2010, and to 20% in 2020

[4]. EN 590, the European diesel standard, allows for up to

B5. In Brazil, the commercialisation of B2 became man-

datory from January 2008 [5], however, the use of B3 was

established by the National Council of Energy Policy

(CNPE) through its resolution No. 2 on 14 March 2008.

Some analytical methods have been developed to

determine the amount of biodiesel in biodiesel–diesel

blends. In general, these analyses include the use of

spectroscopic methods, mainly infrared spectroscopy [6].

Nuclear Magnetic Resonance (NMR) is a versatile spec-

troscopic method that has become one of the most powerful

techniques for the elucidation of the structure of chemical

M. R. Monteiro (&) � A. R. P. Ambrozin

Centro de Caracterização e Desenvolvimento de Materiais,

Departamento de Engenharia de Materiais, Universidade Federal

de São Carlos, São Carlos 13560-971, Brazil

e-mail: monteiro@ccdm.ufscar.br

L. M. Lião

Instituto de Quı́mica, Universidade Federal de Goiás,

Campus Samambaia, Goiânia 74001-970, Brazil
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compounds. Although 1H NMR is frequently used for

monitoring biodiesel synthesis and quality [6], few reports

describe the use of NMR for biodiesel blend level deter-

mination [3, 7, 8]. In the first works [7, 8], the integrals of

the peaks at 3.5–3.7 ppm (methoxy group of biodiesel),

0.5–3.0 ppm (methyl and methylene hydrogens from bio-

diesel and diesel), and 5.3–5.4 ppm (olefin hydrogens of

biodiesel) were used to quantify biodiesel in biodiesel–

diesel blends. Recently, Monteiro et al. [8] showed that

NMR can be used to quantify different types of biodiesel in

any diesel. For this, some relationships of integrals related

to peaks at 3.30–0.42, 3.65–3.55, and 8.80–6.50 ppm were

employed. The results indicated that the quantification of

biodiesel in diesel by 1H NMR is not affected by either

biodiesel or diesel types and thus this technique is espe-

cially valuable for such determinations. Therefore, these

two-first works showed that the quantification of biodiesel

from soybean in biodiesel–diesel blends was possible and

the latter demonstrated that NMR is a valuable technique

that allows quantification of any biodiesel type in bio-

diesel–diesel blends.

In the present work, we proposed, for the first time, the

use of 1H-NMR spectroscopy and multivariate calibration

in the analysis of fatty acid methyl esters (FAME) in

blends with conventional diesel. The use of NMR for this

purpose first involves the development of calibration

models to relate the spectra of biodiesel blends with the

analytical data. So, chemometric tools such as partial

least squares regression (PLS) and principal components

regression (PCR) were used to build calibration models.

In fact, as a huge amount of NMR data is produced,

chemometric analysis is frequently needed to extract the

desired information. Chemometrics, which is the appli-

cation of mathematical, statistical and logical–mathe-

matical methods to chemical issues, is capable of treating

large quantities of information [9]. Chemometric methods

have been applied to several spectroscopy data in order

to predict biodiesel content in mineral diesel [6].

Recently, NMR and chemometrics was used to determine

adulteration of biodiesel–diesel blends with vegetable oils

[10].

Therefore, in the present work, we describe the use of
1H-NMR spectroscopy in combination with a statistical

approach for the determination of biodiesel concentration

in conventional diesel. We performed 1H-NMR analyses

using distinct mixtures of biodiesel from soybean and

castor oil in mineral diesel and then applied PCR and

PLS modeling methods to the 1H-NMR data. The models

were evaluated according to statistical parameters as well

as through the analysis of four samples prepared in the

laboratory. The predictive ability of the best model

obtained was also investigated in four B2 commercial

samples.

Experimental Procedures

Biodiesel from castor and soybean oils were prepared on a

laboratory scale according to procedures described by

Oliveira et al. [11] and Conceição et al. [12], respectively.

Two commercial diesel samples were acquired from dif-

ferent gas stations in the São Paulo state and Distrito

Federal (Brazil). B2 commercial samples were randomly

obtained from different gas stations in the São Paulo state.

Both biodiesel and diesel samples had been previously

analysed by 1H NMR to verify their purity, but they were

not used in the construction of the models. Biodiesel

samples were considered as 100% pure since no significant

contaminants (glycerides, glycerol, methanol, among others)

were observed. The 1H-NMR analyses of diesel samples

allowed us to certify that biodiesel was not present in them.

In addition, the sulphur content, distillation profile, flash

point, and specific mass of these samples were evaluated

according to ASTM D 4294, ASTM D 86, NBR 14598, and

NBR 14065 standards, respectively. Both diesel samples

from the São Paulo and Distrito Federal met specifications

established by the Brazilian National Agency of Petroleum,

Natural Gas and Biofuels (ANP) in resolution No. 15 from

19 July 2006.

Biodiesel blends were prepared by mixing each bio-

diesel (from castor and soybean oils) with the diesel from

Distrito Federal to define the following blend levels: 0.5,

1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 7.0, 8.0,

9.0, 10.0, 15.0, 20.0, 25.0, and 30.0% (v/v). Therefore, 40

samples were prepared for the construction of the calibra-

tion models.

An additional series of B2, B5, B10, and B20 samples in

diesel from São Paulo were prepared in the laboratory

following the same procedure previously described. Such

samples were used for external validation.

All 1H-NMR experiments were carried out at room

temperature on a Bruker DRX 400—9.4 Tesla spectrome-

ter, using a 5-mm inverse-detection probehead with a

z-gradient. The spectra were obtained at 400.21 MHz for
1H, using CDCl3 as solvent, and TMS as the internal

standard. For each analysis, 300 lL of the pure or blended

sample were dissolved in the same volume of solvent.

Thirty-two pulses were employed to the acquisition of the

spectra, with an acquisition time of 7 s, a spectral width of

4596 Hz, and a relaxation delay of 7 s. The T1 relaxation

time (1.5 s) was also obtained using the inversion recovery

pulse sequence.

Spectra were processed with 32 k data points and

using an exponential weighing factor corresponding to a

line broadening of 0.3 Hz. The phase and baseline were

automatically corrected.

All statistic calculations were carried out using the

Pirouette� software (v. 3.11, InfoMetrix, Woodinville,
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Washington, USA). NMR spectra were transformed into

ASCII files and the resulting data matrices were imported

into the Origin software (v. 5.0, Microcal, USA) and, thus

to the Pirouette�. All dataset were employed for the cali-

bration. Initially, an exploratory analysis of the calibration

set was carried out, employing principal component anal-

ysis (PCA). This allowed the optimisation of pre-process-

ing and transformation parameters, which would be applied

to the development of PLS and PCR calibration models.

The best parameters for both were obtained using auto-

scaling, normalisation and first order derivative (every 25

data points). Cross-validation was also used to evaluate the

models.

Results and Discussion

Forty biodiesel–diesel blends and one pure diesel were

analysed by 1H NMR. Two types of biodiesel (from castor

and soybean oil) and diesel from Distrito Federal were used

for preparing such mixtures. The obtained spectral data

were employed for the construction of six calibration

models (Table 1) in order to predict FAME concentration

in biodiesel–diesel samples. In this investigation, we

intended to evaluate the influence of the spectral region and

the calibration model type on such quantification. The final

goal was to develop a reliable and versatile statistical NMR

method, which could quantify any biodiesel in a mixture

with conventional diesel. So, the proposed PCR and PLS

models were classified according to spectral regions

(Table 1). Noise and non-informative ranges of the spectra

were excluded. The selected spectral regions (Fig. 1),

3.30–0.42 (R1), 3.65–3.55 (R2), and 8.80–6.50 ppm (R3),

are related to aliphatic, methoxy and aromatic hydrogens,

respectively. The singlet near 3.6 ppm (from the methyl

ester moiety) is characteristic of a biodiesel spectrum and

could be used to distinguish biodiesel from diesel [3]. It is

worth mentioning that the correct choice of spectral region

in PLS and PCR design is a very important issue, since it

will determine both the precision and accuracy of the

analytical method [13].

Some statistical parameters were obtained for each

model (Table 1), namely: principal components (PCs);

variance percent (Var%); standard error of validation

048

0

2x108

4x108

R2

R1

R3

ppm

Fig. 1 Overloaded spectra of biodiesel–diesel blends with the

selected regions used for the construction of the models

Table 1 Some statistics related to classification models

Model Multivariate

calibration method

Spectral regiona PCsb Var%c SEVd PRESS Vale r Valf SECg PRESS Calh r Cali SEC/SEVj

1 PLS R3 and R2 4 87.57 0.83 28.32 0.9946 0.53 10.27 0.9980 0.64

2 PCR R3 and R2 5 90.97 0.90 33.52 0.9936 0.81 22.77 0.9956 0.90

3 PLS R1 and R2 3 81.75 0.54 11.84 0.9977 0.41 6.19 0.9988 0.76

4 PCR R1 and R2 3 83.44 0.60 14.75 0.9972 0.54 10.69 0.9980 0.90

5 PLS R1, R2, and R3 4 81.33 0.50 10.21 0.9981 0.30 3.32 0.9994 0.60

6 PCR R1, R2, and R3 4 83.95 0.71 20.93 0.9960 0.63 14.51 0.9972 0.89

a R1 = 3.30–0.42 ppm, R2 = 3.65–3.55 ppm, R3 = 8.80–6.50 ppm
b PCs principal components
c Var% variance percent
d SEV standard error of validation
e PRESS Val predicted residual error sum of squares of validation
f r Val coefficient of correlation between the real concentration and the predicted concentration during the validation
g SEC standard error of calibration
h PRESS Cal predicted residual error sum of squares of calibration
i r Cal coefficient of correlation between the real concentration and the predicted concentration during the calibration
j Similarity criterion
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(SEV); predicted residual error sum of squares of valida-

tion (PRESS Val); coefficient of correlation between the

real concentration and the predicted concentration during

the validation (r Val); standard error of calibration (SEC);

predicted residual error sum of squares of calibration

(PRESS Cal); coefficient of correlation between the real

concentration and the predicted concentration during the

calibration (r Cal); and, the similarity criterion obtained

from the SEC/SEV relationship. The number of PCs for

each model was chosen through the lowest obtained

PRESS values.

The six calibration models were compared in terms of

such parameters. The coefficient of correlation values

(r Cal and r Val) near 0.99 showed that there is good agree-

ment between the real and predicted concentrations. In

general, these values must be greater than 0.9. Moreover,

the SEC/SEV relationships indicated that all models were

well adjusted, since the values lay within the 0.5–1 range.

Table 1 also showed that model 5, which employs R1, R2

and R3 regions, was the best one. Using four principal

components, this model captured 81.33% of the overall

variance and it showed the lowest values for SEC, SEV,

PRESS Cal, and PRESS Val. The coefficient of correlation

values showed high correlation between real and predicted

concentrations. In fact, Table 2 shows that predicted (by

model 5) and real concentrations of the forty biodiesel–

diesel blends were quite similar.

Furthermore, the results from Table 1 pointed out that

PLS models were better than all PCR ones. This was evi-

denced by the lowest values of the statistical parameters of

all PLS models, when the comparison is performed

between two equivalent models, such as 1 and 2, 3 and 4,

and so on. In fact, PLS regression is currently used for the

analysis of mixtures.

Moreover, these parameters indicated that the utilisation

of R1 and R2 or all regions (R1, R2, and R3) provided more

suitable models than the ones obtained from R2 and R3

regions. Therefore, such regions provide important infor-

mation concerning the biodiesel content and can be used

for the calibration.

Besides cross-validation, the predictive abilities of the

models were evaluated through external validation, using

four biodiesel–diesel blends prepared in the laboratory.

This allowed assessment of the performance of each model

in the prediction of biodiesel concentration (Table 3). The

samples had 2% (LS1, laboratory sample 1), 5% (LS2,

laboratory sample 2), 10% (LS3, laboratory sample 3), and

Table 2 Predicted concentration by model 5 of biodiesel–diesel

blends

Real

concentration

Predicted concentration

of biodiesel from soybean

oil–diesel blends

Predicted concentration

of biodiesel from castor

oil–diesel blends

0.5 1.3 0.6

1 0.4 1.3

1.5 1.1 1.3

2 2.4 2.2

2.5 2.4 2.7

3 2.9 3.3

3.5 3.5 3.0

4 4.1 4.1

4.5 4.7 5.0

5 4.6 4.9

5.5 5.2 6.0

6 5.3 6.0

7 7.1 6.4

8 8.2 7.9

9 9.3 9.1

10 10.4 9.7

15 14.5 14.2

20 21.1 19.1

25 24.1 26.2

30 29.3 30.4

Results expressed as volume%

Table 3 External validation of models through the analysis of samples prepared in laboratory

Sample Real concentration Predicted concentration by

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6

LS1a 2 2.6 2.3 2.5 2.4 2.4 2.2

LS2b 5 4.1 3.7 5.4 4.8 5.0 4.0

LS3c 10 9.4 10.4 10.5 10.5 9.8 10.7

LS4d 20 20.2 20.5 20.6 20.5 20.0 20.2

Results expressed as volume %
a LS1 laboratory sample 1
b LS2 laboratory sample 2
c LS3 laboratory sample 3
d LS4 laboratory sample 4
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20% (LS4, laboratory sample 4) of biodiesel (v/v) in diesel

from São Paulo state. As we expected, model 5 predicted

the amount of biodiesel with the lower relative error when

compared to the others. This model allowed the prediction

of biodiesel concentration with relative errors of 19.0, 0.4,

1.6, and 0.05% for samples LS1, LS2, LS3, and LS4,

respectively. This indicated that such model is only suit-

able for the quantification of samples that have biodiesel

concentration greater than 2.0%. Moreover, the higher the

concentration, the lower the prediction error. The same

results were observed in the analysis of four B2 commer-

cial samples. The predicted concentrations by model 5

were 1.5, 1.8, 2.1, and 2.4%, corresponding to relative

errors from 5 to 25%.
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