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Abstract A rapid method for the quantitative determi-

nation of the hydroxyl value (OHV) of hydroxylated soy-

bean oils by HATR/FTIR spectroscopy is described.

Calibration standards were prepared by the formic acid/

hydrogen peroxide method and OH values were determined

by the official method of AOCS Tx 1a-66, covering an

analytical range of 3.5–125 mg of KOH/g of sample. A

partial least squares (PLS) calibration model for the pre-

diction of the hydroxyl value (OHV) was developed based

on eight different spectral subregions between 3,150 and

990 cm–1 and combinations of them. On average, 36

samples were used for the modeling and 17 were used for

external validation. The resulting calibration was linear

over the analytical range and had a standard deviation of

2.334. Validation of the method was carried out by com-

paring the OHV of a series of hydroxylated soybean oils

predicted by the PLS model to the values obtained by the

AOCS standard method. A correlation coefficient of

R2 = 0.9843 and RMSEC and RMSEP values of, respec-

tively, 3.393 and 3.643 were obtained. After the calibration

of the spectrometer, the OHV could be obtained in 2–3 min

per sample, a major improvement over conventional wet

chemical methods. The advantages of these methodologies

are that they do not destroy the sample, have a lower cost,

expedite the analysis and do not produce residues. There-

fore, they may yield excellent results when used to quantify

OHV of soybean polyols obtained by hydroxylation reac-

tion.
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Introduction

The environmental and sustainability aspects of using

oleochemical polyols are of great importance to the poly-

urethane industry, considering the broad range of applica-

tions of these materials. Oleochemical polyols can be used

in the production of VOC-free, two-component polyure-

thane coatings and floorings, adhesives, and thermoplastic

polyurethanes [1–3].

In order to use natural oils as raw materials for poly-

urethane production, multiple hydroxyl functionality is

required. Hydroxyl functionality occurs in some in natura

oils, such as castor oil, or can be introduced in other oils,

such as soybean and linseed oil, by epoxidation of the

double bonds followed by ring opening with alcohols,

amino alcohols or acids [4].

Our research group has been working on the develop-

ment of soybean polyols, which have been prepared by the

‘‘one-step’’ hydroxylation of soybean oil with the formic

acid/hydrogen peroxide system [5]. Depending on the

reaction conditions, two different types of reaction prod-

ucts can be obtained: (a) polyols with high OH function-

ality by complete reaction of oxirane groups and (b) epoxy

polyol ethers or epoxy polyol esters containing OH groups

and remaining epoxy groups by incomplete reaction of the
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oxirane groups. Therefore, by controlling the reaction

conditions, it is possible to obtain soybean polyols with

different levels of hydroxyl functionality, which can be

used to prepare polyurethanes with different properties.

For polyurethane preparation, it is important to know the

final hydroxyl value (OHV) of the soybean polyol. Usually,

the OHV is determined by titration methods such as the

American Oil Chemists’ Society (AOCS) hydroxyl value

determination (AOCS Cd 13–60) used in this work. The

hydroxyl value is expressed in mg of KOH per g of oil.

This method is reliable and reproducible if carried out

under standardized conditions, but it is time-consuming,

labor-intensive, reasonably sensitive, largely dependent on

the skills of the analyst and uses large amounts of sample

and reagents, some of which (pyridine, acetic anhydride)

are hazardous and difficult to dispose of.

Similar problems have also been observed in other

chemical analyses of fats and oils based on titration

methods. Therefore, spectroscopic methods are being

increasingly used to replace wet chemical procedures.

Infrared spectroscopy is one that has found increased use

due to its low cost, shorter analysis time, non-destructive-

ness and small sample quantities, in addition to accuracy

and reliability when associated with chemometric methods

[6–12].

FTIR coupled with horizontal attenuated total reflec-

tance (HATR) simplifies many of the sample handling

problems commonly associated with infrared analysis and

is readily amenable to routine quality control applications

[13]. The HATR procedure is rapid because it requires no

weighing or quantitative dilution of test materials in any

solvent and little or no preparation of the test sample [14].

Interferences usually take place when oil analysis is

done in the mid-infrared spectral region. In such situations

one of the most powerful chemometric approaches avail-

able is the PLS method [15, 16], which is capable of

accounting for interactions, underlying absorptions, over-

lapping bands and other factors that may affect the spectra

as the concentration of all components changes.

In this paper, we describe the development of a practical

and rapid HATR/FTIR method to determine the OHV by

the partial least squares (PLS) technique for multivariate

analysis of FTIR data using synthesized soybean polyols as

a basis for calibration and validation.

Materials and Methods

Chemicals

Refined soybean oil was purchased from CBM Ind Com

Distrib Ltd (Cachoeirinha, RS, Brazil). Formic acid, ethyl

ether were purchased from Synth. Hydrogen peroxide

solution 30%, sodium chloride, sodium carbonate, sodium

hydrogen sulfite, sodium sulfate anhydrous were purchased

from Nuclear. All chemicals are analytical grade and were

used without further purification.

Calibration Standards

Soybean polyols were synthesized following the method

described below and were used as calibration standards.

Depending on the time of reaction, soybean polyols with

different OH functionality were obtained. The acid number

(AN) and the OHV of the soybean polyols were determined

by AOCS standard methods Cd 3a–63 [17] and Cd 13–60

[18], respectively. The 1H-NMR spectra were obtained

using a Varian Inova 300, 300 MHz, using CDCl3 as sol-

vent and TMS as standard.
1H-NMR spectra of the calibration standards showed the

absence of double bonds and the presence of hydroxyl,

epoxy and formate groups. The OHV cover a range of 3.5–

125 mg of KOH/g.

Synthesis of Soybean Polyols

Refined soybean oil (70 g, 0.37 mol of double bonds) was

mixed with 43 ml (1.11 mol) of formic acid. A solution of

H2O2, 32% (50.5 ml, 0.56 mol) was slowly added dropwise

to the mixture at room temperature over 30 min, under

strong mechanical stirring. When the H2O2 addition was

completed, the mixture was heated up to 65 �C, and

strongly stirred for different times depending on the

hydroxylation level to be reached. After the required time,

the product was washed firstly with a sodium bisulfite 10%

w/v solution, followed by a sodium carbonate 10% w/v

solution until neutralization had occurred. Afterwards,

ethyl ether was added and the organic phase was separated

and dried overnight with sodium sulfate. The solvent was

removed in vacuum, with a yield of 90% w/w.

Instrumentation

A Nicolet Magna 550 FTIR spectrophotometer with 4 cm–1

resolution and 16 scans was used for the measurement of

soybean polyols. The duplicate spectra were recorded by

applying the soybean polyol sample on the surface of a

Pike horizontal attenuated total reflectance (HATR) sam-

ple-handling accessory with ZnSe crystal.

Calibration

A partial least squares (PLS) regression analysis for the

HATR/FTIR spectra of the 36 soybean polyol samples was
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carried out using Pirouette software (Infometrix). The PLS

models were developed using HATR/FTIR absorption data

in four different regions (3,150–2,800; 1,490–1,400;

1,400–1,200 and 1,090–990 cm–1). These had been con-

structed with auto-scaled data (mean centered and variance

scaled methods were applied) and/or multiplicative scat-

tering correction (MSC). The samples presenting extreme

OHV values were included in the calibration set.

Cross-validation following the leave-one-out procedure

was performed during the validation step in order to define

the optimum number of factors that should be kept in the

model and to detect any outliers.

Validation

Seventeen soybean polyol spectra were used in duplicate

for the validation of the PLS regression model. The best

model was selected considering the minimal error, that is,

lowest RMSEC (root mean square error of calibration) and

lowest RMSEP (root mean square error of prediction) de-

scribed in Eq. 1,

RMSEC (or RMSEP) ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P

n

i¼l

yi � ŷið Þ
2

n

v

u

u

u

t

ð1Þ

where n is the number of spectra, yi and ŷi are the values

determined by AOCS standard method and those predicted

by HATR/FTIR/PLS, respectively, in the calibration set or

external validation set.

Results and Discussion

Low-molecular-weight liquid epoxy polyol esters or ethers

from vegetable oils can be employed as polyols in poly-

urethane formulation. Usually, hydroxyl groups have been

introduced through a two-step synthesis involving firstly

the epoxidation of the unsaturated sites with formic acid

and hydrogen peroxide, followed by epoxy ring opening

with mono or polyfunctional alcohols, amino alcohols, or

acids. Depending on the reaction conditions, polyols with

high OH functionality (complete reaction) or epoxy polyol

esters with remaining epoxy groups (partial conversion) are

obtained.

In this work, epoxy polyol esters were prepared by

‘‘one-step’’ synthesis using the formic acid/H2O2 system.

The hydroxylation reaction was carried out at constant

temperature, 65 �C, and by increasing the reaction time it

was possible to prepare soy polyols with different OH

functionality, which were used as calibration standards and

for external validation samples [5].

Figure 1 shows the FTIR and 1H-NMR spectra of the

soy polyol with an OH value of 66.3 mg of KOH/g. In the

FTIR spectrum, besides the appearance of a large band at

3,450 cm–1 assigned to the OH stretching band and two

small bands at 875 and 920 cm–1 assigned to the epoxy

groups, the disappearance of the 3,010 cm–1 band corre-

sponding to the C–H stretching band of the C=C–H group

indicates the formation of epoxy polyol esters.

In the 1H-NMR spectrum, the major changes were the

appearance of hydrogen signals assigned to the formate

group (8.15 ppm), to epoxy groups (2.8–3.2 ppm) and to

hydroxyl groups (3.8–4.2 ppm). In the characteristic region

of unsaturated bonds (5.2–5.5 ppm) only the signal corre-

sponding to the hydrogen of the glycerol –CH2(R)–CH(R)–

CH2(R)– group remains, which provides evidence for the

absence of double bonds in the triacylglyceride molecule.

It is important to point out that there is not a homoge-

neous distribution of OH groups in epoxy polyol esters

from vegetable oils. In fact, the OHV determined for each

sample is an average distribution of OH groups present in

the triacylglycerides, which are composed of glycerol tri-

esters of different saturated and unsaturated fatty acids.

This non-homogeneous distribution is responsible for the

Fig. 1 IR and 1H-NMR spectra of the soy polyol with OHV of

66.3 mg of KOH/g
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different properties and characteristics of vegetable polyols

compared with petrochemical ones.

In this work, a total of 53 samples of soybean polyols

were prepared, covering an analytical range of 3.5–125 mg

of KOH/g. For chemometric evaluation, 36 samples were

used for the modeling and 17 for external validation.

Figure 2 shows some HATR-FTIR absorption spectra of

prepared samples. The spectra were quite homogeneous,

and no outliers were identified in the PLS models devel-

oped.

Generally, noise and systematic behavior are undesir-

able features in the spectra. To minimize the noise of the

calibration and validation spectra sets in PLS calibration

models, the spectra were treated using multiplicative

scattering correction (MSC) and compared with the origi-

nal spectra set [19]. All models using MSC presented a

decrease in the RMSECV (root mean square error of cross-

validation) values.

Different calibration models were investigated to find

the optimum model. The quality of these models was

evaluated using the root mean square errors of calibration

(RMSEC) and prediction (RMSEP). The first PLS model

was developed using spectral ranges of 3,600–2,800,

1,800–1,680, 1,490–1,200 and 1,170–990 cm–1, auto-scal-

ing, and MSC. Despite the excellent correlation coefficient

(R2 = 0.9998) obtained by the 16 latent variables, the

minimal RMSEP was 6.511, which is very large by com-

parison with RMSEC = 0.5339, indicating over fitting.

To identify the best region of the spectrum where a good

calibration model can be obtained, the RMSECV was

determined for eight different sub regions using 1–15 latent

variables, as shown in Fig. 3. The lowest RMSECV was

Fig. 2 HATR/FTIR spectra of

soybean polyol samples used

Fig. 3 RMSECV values for the

PLS models using different

regions of the HATR/FTIR

spectrum
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found for the region between 1,400 and 1,200 cm–1, using

7, 8 or 9 latent variables. In the next step, the best region

(1,400–1,200 cm–1) was combined with the other regions

resulting in seven new calibration models. It was verified

that an improvement of the RMSECV value occurred when

more than one region was used. The process was repeated

using 3 and 4 combined regions [20].

Table 1 shows four types of calibration model with

different spectral regions and numbers of latent variables.

The table contains the values for the correlation coefficient

(R2), the RMSEC and RMSEP values, and the number of

latent variables (LV) used. The results show that very good

correlation coefficients were obtained for all models.

We compared RMSEC and RMSEP values to further

evaluate the quality of the models. If they were similar, i.e.,

RMSEC/RMSEP ratio close to 1.0, the model was con-

sidered to have good prediction capability [14]. Consider-

ing the correlation coefficients and the RMSEC/RMSEP

ratio obtained, the model with the best predictive ability

was model 3a, using 8 latent variables and the combined

regions from 1,490 to 1,200 cm–1 and from 1,090 to

990 cm–1. Figure 4 shows the measured versus predicted

plots for the calibration and external validation set, using

eight latent variables (model 3a) in the PLS regression.

In conclusion, we have demonstrated that good cali-

bration models for OHV determination in soybean polyols

can be constructed using spectra obtained by HATR-FTIR

and PLS regression. The best model, based on the corre-

lation coefficient values (R2, RMSEC, and RMSEV), was

constructed with 53 samples (36 for calibration and 17 for

external validation) covering a range of OHV values from

3.5 to 125.0 mg of KOH/g and using the ATR signal cor-

rected by MSC. OHV determination was carried out in 2–

3 min per sample, which is a major improvement over

conventional wet chemical methods.
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