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1.1. BACKGROUND 

One of the keys to achieving the goal of developing a fast analytical 

methodology is the establishment of analytical procedures in which the step 

related to the pre-treatment of the samples for isolating the analyte of interest 

before its identification or quantification could be minimized or even eliminated. 

The development of this kind of methodology is not only an issue of economic 

interest, but also of environmental and social interest. Environmental regulation, 

societal concerns and growing environmental awareness throughout the world 

have triggered the search for new products and processes that are compatible 

with the environment. The development of fast analytical methodologies 

accomplishes both the economic and environmental goals simultaneously 

through the minimization of the amount of reactants and waste, and the use of 

techniques that allow real-time monitoring and control, as reflected in principles 

1, 5 and 11 of Green Chemistry [1].     

As natural resources are being used up in the world, the use of raw 

materials and feedstocks that are renewable rather than depleting, e.g. 

vegetable oils, is one of the current challenges for the society, so it is of great 

significance and there is a patent need to develop fast, simple and low-cost 

methods for the analysis of these new products.  

 One interesting field of application for these methods is the evaluation 

of the possibilities that modified vegetable oils offer as precursors of pre-

polymers. The chemical modification of vegetable oils, which is performed using 

the reactivity of the functional groups in their structure, enables the synthesis of 

designed monomers in such a way as to target polymeric materials [2,3]. The 

growing interest in the use of these substances is justified by the environmental 
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advantages compared with the use of polymers prepared from petroleum-based 

monomers.  

Another remarkable field of application is the quality control of 

biodiesel, which is mostly obtained from vegetable oils by a process called 

transesterification [4,5]. To meet rising energy demands and to compensate for 

diminishing petroleum reserves, biodiesel used as neat diesel or in blends with 

petroleum-based diesel fuels is one of the alternative technologies.  

The analytical methods developed in this thesis are characterized by the 

employment of molecular spectroscopic techniques such as infrared and UV-

visible spectroscopy. The latter has been used integrating a diode array UV-

visible detector into a flow-system, or more precisely into a sequential injection 

analysis (SIA) system.  

These analytical techniques are robust and are commonly used in 

analytical laboratories for qualitative and quantitative analysis. The popularity of 

these techniques stems from their easy use and the speed of the analysis. 

However, their lack of selectivity makes it very difficult to gather complete 

analytical signals for every analyte of interest in multicomponent samples. In this 

thesis, this problem has been solved using methods based on the mathematical 

resolution of multivariate signals, which allow a rapid resolution and 

quantification of each chemical species in complex samples.  
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1.2. OBJECTIVES OF THE THESIS 

The main objective of this thesis is to develop rapid analytical 

methodologies based on molecular spectrophotometric techniques and 

multivariate data analysis addressed to the quantitative monitoring of curing 

processes and to the control and characterization of products derived from 

vegetable oils. This main objective has given rise to other specific objectives:  

a) To develop analytical methodologies, based on infrared 

spectroscopy and second-order data treatment, for the quantitative 

study of the specific model polymer reactions of interest to obtain 

vegetable oil-based thermosetting polymers. Two kinds of reactions 

have been considered: 

1) The reaction between a derivative epoxidized oleic oil and 

aniline as a hardener. This reaction is taken as a model of 

the curing process in the manufacture of epoxy resins 

from triglycerides and diamines.  

2) The reaction between a modified fatty acid ester with ,-

unsaturated ketone groups (enone-containing methyl 

oleate) and aniline as a hardener. This reaction is taken as 

an aza-Michael model of the curing process in the 

preparation of thermosets from triglycerides and 

diamines.  

b) To develop analytical methods, based on sequential injection 

analysis (SIA) and second-order data treatment, to determine the 
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specific parameters of interest for the characterization of biodiesel. 

More specifically, two methods have been developed: 

1) A method to determine the total acidity in biodiesel. This 

method has also been applied to total acidity 

determination in vegetable oils. 

2) A method to determine sulphates in biodiesel. This 

method has also been applied to sulphate determination 

in natural and residual waters.   
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1.3. STRUCTURE OF THE THESIS 

This thesis is based on papers published in international journals. These 

papers have been edited to give a uniform format. The contents have been 

structured in five chapters.   

Chapter 1. Introduction. This chapter presents and defines the specific 

aims of the thesis detailing the application fields of the developed 

methodologies. The specific area of interest of the work carried out is 

highlighted.  

Chapter 2. Multivariate data analysis methods. This chapter introduces 

the theoretical background of multidimensional spectroscopy and contains a 

brief description of the chemometric tools used in the treatment of the signal 

(multivariate curve resolution – alternating least squares method).   

Chapter 3 and 4 contain the bulk of the work carried out for this thesis. 

Each of these chapters contains an introduction explaining the analytical 

problems we are going to look at and how they led to scientific papers. These 

papers describe the methods used, the results, the discussion and the 

conclusions.  

Chapter 3. Analytical methods based on infrared spectroscopy and 

second-order data treatment for the quantitative monitoring of model polymer 

reactions from vegetable oils. This chapter deals with the experimentation and 

the analytical methodology used for studying quantitatively in-situ the specific 

model polymer reactions to obtain vegetable oil-based thermosetting polymers. 

Section 3.1 details the problem areas under study, offering the proper 

bibliographic review, and introduces the fundamentals of the developed 

UNIVERSITAT ROVIRA I VIRGILI 
FAST ANALYTICAL METHODOLOGIES BASED ON MOLECULAR SPECTROPHOTOMETRIC TECHNIQUES 
AND MULTIVARIATE DATA ANALYSIS 
Vanessa del Rio Sánchez 
ISBN:978-84-693-9439-7/ DL:T.64-2011  



        Chapter 1 
 

28 

methodologies. Likewise, the experimental work carried out is described. Section 

3.2 is addressed to the results obtained from these experiments and it is 

articulated in three published works introduced by a brief description of the 

main goal and the specific content. The first paper reports a spectroscopic and a 

quantitative chemometric study of the competitiveness between the oxirane 

functional group and the ester functional group present in the epoxidized methyl 

oleate (EMO) when this compound reacts with aniline as a hardener. The second 

paper analyses quantitatively and mechanistically the effect of the temperature 

on the model cure acid-catalysed reaction between the epoxidized methyl oleate 

(EMO) and aniline. The last paper describes the study of an aza-Michael model 

reaction between a modified fatty acid ester with ,-unsaturated ketone 

groups (enone-containing methyl oleate (eno-MO)) and aniline.  

Chapter 4. Analytical methods based on sequential injection analysis 

and second-order data treatment for determining parameters of interest in the 

characterization of biodiesel. This chapter comprises two papers. Section 4.1 

contains an introduction detailing considerations of a general and practical 

nature to develop the specific analytical methodologies under study. The study is 

carried out with data obtained from sequential injection analysis (SIA) with a 

diode-array spectrophotometric detector. The data matrices obtained are 

treated with multivariate curve resolution – alternating least squares (MCR-ALS) 

method and the concentration of the analyte of interest is determined without 

the need of selective data. Experimental design methodologies are employed to 

optimize and select the best conditions of the system. In section 4.2, a fast 

analytical methodology based on sequential injection analysis with a diode array 

UV-visible detector and second-order data treatment is developed for the 

determination of total acidity in plant oils and biodiesel. In section 4.3, a new 

spectrophotometric sequential injection analysis (SIA-DAD) method linked to 
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multivariate curve resolution – alternating least squares (MCR-ALS) to determine 

sulphates in aqueous (natural and residual waters) and organic (biodiesel) 

samples is developed.  

Chapter 5. General conclusions. This chapter contains the general 

conclusions of the thesis. 

The Appendix contains the list of papers and meeting presentations 

given by the author during the period of development of this thesis.  
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2.1. INTRODUCTION 

 Multivariate analysis, which is an important branch of chemometrics, 

comprises a set of techniques dedicated to the analysis of data sets 

characterized by multiple variables.  

In this thesis, two groups of multivariate techniques have been applied: 

 Multidimensional spectroscopic analysis, which has been applied 

to near infrared (NIR) data obtained from the monitoring of 

model curing polymer reactions. 

 

 Multivariate curve resolution methods, which have been applied 

to near infrared (NIR) and infrared (IR) data obtained from the 

monitoring of model curing polymer reactions and to UV-visible 

data obtained from a sequential injection analysis (SIA) system.    
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2.2. MULTIDIMENSIONAL SPECTROSCOPIC ANALYSIS 

An intriguing idea was put forward in the field of NMR spectroscopy 

almost three decades ago that, by spreading spectral peaks over the second 

dimension, one can simplify the visualization of complex spectra consisting of 

many overlapped peaks. Following this conceptual breakthrough, an impressive 

amount of progress has been made in the branch of science now known as two-

dimensional (2D) spectroscopy.  

 Since its development, perturbation-based generalized two-dimensional 

(2D) correlation spectroscopy has evolved to become a powerful, versatile and 

broadly application technique for the detailed analysis of various spectroscopic 

data [1], which gained considerable popularity among scientists in many 

different areas of research activities [2-6].  

 

Generalized two-dimensional correlation spectroscopy  

 Two-dimensional correlation spectroscopy (2D-COS) was first developed 

in the late 1980s and in the early 1990s by Isao Noda in a series of papers in 

which he described the basic principles of this technique and its application to 

polymer systems using infrared spectroscopy [1,7-9].  

 The basic scheme used in 2D IR spectroscopy consists of applying an 

external perturbation, such as a change in concentration, temperature, pH, 

pressure, etc., and analysing the dynamic response of the system in the form of 

spectroscopic signals. Typical spectroscopic responses to external stimuli are 

observed in the form of changes in peak positions and intensities.  
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 In a typical 2D experiment, a series of perturbation-induced dynamic 

spectra are collected in a sequential order during the process. Such a set of 

dynamic spectra is then transformed mathematically by cross-correlation 

analysis into a set of 2D correlation maps in which several peaks appear. The 

positions and signs of those peaks can be related to the effect of the applied 

perturbation.  

 The dynamic spectrum ),(~ ty   of a system induced by the application of 

an external perturbation is formally defined as 

    

                             for Tmin ≤ t ≤  Tmax (2.1) 

                otherwise 

where Tmin and Tmax define the finite observation interval and )(y is the 

reference spectrum of the system, which is commonly the averaged spectrum 

given by 

   


max

min

,
1
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T

T
dtty

TT
ty    (2.2) 

 In some applications, however, it is possible to select a different type of 

reference spectrum by choosing a spectrum observed at some fixed reference 

point. The selection of the reference spectrum depends on the specific type of 

2D correlation analysis to be applied.  

The fundamental concept governing 2D correlation spectroscopy is a 

quantitative comparison of the spectral intensity variations along the external 

perturbation (t) observed at two different spectral variables, 1 and 2, over 
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some finite interval between Tmin and Tmax. The 2D correlation spectrum can be 

expressed as 

  ),(~),(~, '

2121 tyty     (2.3) 

where the symbol  denotes the cross-correlation function. The intensity of 

2D correlation spectrum  21,  represents the quantitative measure of a 

comparative similarity or dissimilarity of spectral intensities variations ),(~ ty   

measured at two different spectral variable, 1 and 2, during a fixed interval. 

 In order to simplify the mathematical procedure,  21,  can be 

expressed as a complex number function 

     212121 ,,,     (2.4) 

comprising two orthogonal (real and imaginary) components, known 

respectively as the synchronous (1,2) and asynchronous (1,2) 2D 

correlation intensities. The synchronous 2D correlation intensity represents the 

similarity or coincidental trends between two separate intensity variations at 

different spectral variables. The asynchronous 2D correlation intensity, on the 

other hand, may be regarded as a measure of out-of phase character of the 

spectral intensity variations.  

 The synchronous spectrum is symmetric and consists of autopeaks 

located along the main diagonal and cross-peaks appearing at off-diagonal 

positions. The autopeaks identify the signals that undergo changes during the 

experiment and they are always positive. The cross-peaks, on the other hand, 

are positive if the two signals change in the same direction (they both increase 
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or decrease) and are negative otherwise. The intensity of the peaks can be 

considered as a measure of the susceptibility of the relative signals to the 

external stimulus. 

 The asynchronous correlation spectrum is antisymmetric and it contains 

no autopeaks but only cross-peaks at off-diagonal positions, which develops only 

if the intensities of two spectral features change out of phase with each other. 

The sign of asynchronous peaks provides useful information about the 

sequential order of the intensity variations between 1 and 2. According to the 

Noda and Ozaki publications [10], when (1,2) > 0, if (1,2) > 0, the intensity 

changes at 1 occurs predominantly before that at 2. On the other hand, if 

(1,2) < 0, the change at 1 occurs predominantly after 2. However, this sign 

rule is reversed if (1,2) < 0.     
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2.3. MULTIVARIATE RESOLUTION METHODS 

 Multivariate resolution methods make up a set of mathematical tools 

whose goal is the recovery of chemical and/or physical information from the 

experimental data.  

 There are different groups of multivariate resolution methods. Firstly, 

the soft-modeling approaches, which are meant to describe processes without 

using explicitly the underlying chemical model linked to them [11]. Among these 

different approaches, this thesis is focussed on the multivariate curve resolution 

- alternating least squares (MCR-ALS) method, which will be studied in depth 

later. Secondly, the hard-modeling approaches, which fit the results to an 

initially postulated physicochemical law [12]. Finally, an approach that mixes the 

qualities of hard-modeling and soft-modeling methods, which is called hard-soft 

modeling [13].  

 

Multivariate curve resolution - alternating least squares (MCR-ALS) 

The main goal of multivariate curve resolution – alternating least squares 

(MCR-ALS) [14] is the decomposition of the initial data matrix into the product of 

two matrices that contain the pure concentration and response profiles of all the 

active species presents in the system (Figure 2.1), assuming that the 

experimental data follow a bilinear model of analogous structure to the 

generalized law of Lambert-Beer: 
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Figure 2.1. Decomposition of matrix D by multivariate curve resolution - 

alternating least squares (MCR-ALS). 

 

In matrix notation, the model can be written as 

D = CST + E  (2.5) 

where D is the original data matrix, C and ST are the matrices containing the 

concentration and response profiles, respectively, and E is the matrix of residuals 

not explained by the model and ideally it should be close to the experimental 

error. The dimensions of the four matrices are D (m x n), C (m x c), ST (c x n) and E 

(m x n), where m and n are the number of rows and the number of columns of 

the original data matrix, respectively, and c is the number of chemical 

components in the mixture or process. In spectroscopic measurements, the rows 

of D are the individual spectra measured for the different analysed samples and 

the columns are the absorbance values measured at each spectral wavelength.  

To carry out the resolution process, the decomposition of the D matrix 

by MCR-ALS is performed in accordance to the following scheme: 
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Figure 2.2. Scheme of the resolution process of the MCR-ALS method. 
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From a data matrix, firstly, it is necessary to determine how many 

principal components or sources of variation are present in the system, i.e. the 

chemical rank. In a second step, initial estimations of either the concentration 

profiles or the spectra profiles are created from the number of significant 

components previously found. Finally, from the initial estimation, alternating 

least squares (ALS) is applied to obtain a matrix of concentration and a matrix of 

spectra profiles in order to quantify (quantification analysis) or identify 

(qualitative analysis) the species. Although resolution does not require previous 

knowledge about the chemical system under study, additional knowledge, when 

existing, can be used to improve the results obtained and to tailor the sought 

pure profiles according to certain known features.    

MCR-ALS is one of the curve resolution methodologies that have been 

proved to have high applicability in the study and resolution of second-order and 

three-way data matrices [15-17]. 

 

Evaluation and determination of the number of components 

One of the main points in a curve resolution analysis is the 

determination of the number of components that make up the system. There 

are many exploratory procedures to determine the number of components [18]. 

Two of the most employed are Principal Component Analysis (PCA) and Evolving 

Factor Analysis (EFA). 

a) Principal Component Analysis (PCA) 

PCA is one of the most basic and widely used chemometric tool devoted 

to find the number and direction of the relevant sources of variation in a bilinear 
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data set [19]. PCA retain the main information contained in the original variables 

in a smaller number of variables, called principal components (PCs), which 

describe the most important variations in the data. These PCs are linear 

combinations of the original variables, they are orthogonal (i.e. uncorrelated to 

each other) and hierarchical (i.e. the first PC retains the maximum information of 

the data, the second PC retains the maximum information that is not included in 

the first one, and so on).  

This method decomposes the experimental data matrix D into the 

product of two matrices, which describes the original data in a more condensed 

way: 

D = UVT + E  (2.6) 

where U is the score matrix that contains information about the samples and VT 

is the loading matrix that provides information about the importance of the 

variables. The residuals are collected in the E matrix.    

Principal component analysis can be performed using various algorithms. 

One of the most important is singular value decomposition (SVD) [20]. The 

easiest form to determine the number of components by a SVD analysis is the 

graphic representation of the singular values versus the number of components 

(Figure 2.3). The factors that have associate low singular values only gather 

information about the noise associated with the experimental measures.  
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Figure 2.3. Singular value decomposition of a data matrix. The arrow  

indicates the number of significant principal components. 

 

b) Evolving Factor Analysis (EFA) 

EFA [21,22] aims to determine how many species there are at any time 

during an evolving system. The process starts applying singular value 

decomposition to a sub-matrix that contains only the first two rows of the initial 

data matrix D and then adding the third spectra of the data matrix to the initial 

sub-matrix to calculate the rank. This process is repeated until singular value 

decomposition is applied to the whole matrices. It is performed in both 

directions: from top to bottom of the data set (forward EFA) and from bottom to 

top (backward EFA). The representation of eigenvalues logarithm versus row 

number is useful to investigate the emergence and the decay of the process 

contributions (see Figure 2.4). 
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 Figure 2.4. Steps in EFA method for a data matrix. The green line 

indicates the threshold selected.  

 

Selecting a suitable threshold value, which delimits the noise level of the 

data, from the combination of the forward EFA and backward EFA analysis it is 

possible to estimate the number of components which contribute to the 

variability of the experimental data. In addition, EFA can be used as a tool for the 

exploratory analysis of the data matrix to looking for selectivity regions or 

localized rank information.  

Nowadays, a modification of the EFA algorithm to be used with three-

way data sets obtained from rank deficient systems, has been appeared [23,24]. 

The modified EFA algorithm is performed on a full rank augmented data set 

formed by column-wise appending a full rank matrix (Dfr) and the rank deficient 

matrix (Drd). The EFA algorithm works according to the following steps: 
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1. Forward EFA on the augmented matrix [Dfr,Drd].  

2. Backward EFA on the augmented matrix [Drd,Dfr]. 

3. Combined EFA plot taking into account the contributions present 

exclusively in Drd.  

 

Applying this new tool and the appropriate augmentation strategy, local 

rank information of the contributions present in the rank-deficient matrix can be 

obtained. Fig. 2.5 shows graphically the procedure followed and the plots 

obtained when this algorithm is applied to a full rank augmented data set 

[Dfr,Drd]. The forward and backward EFA are performed as in the classical 

algorithm, however the information in the plots is fundamentally different from 

the classical EFA analysis of Drd. Looking at the forward and backward EFA plots, 

the evolution of five significant contributions can be detected emerging from the 

noise level. A vertical line divides the plots in two sections, separating the 

information related to the rank-deficiency matrix Drd (three significant 

contributions) and the full-rank matrix Dfr (two significant contributions). 
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Figure 2.5. Graphical information of the modified EFA for full rank 

augmented data sets. (Red lines indicate the contributions exclusively 

present in the rank-deficient matrix Drd). 
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The scheme of this new approach is based on the following strategy: 

first, rotational ambiguity is broken by matrix augmentation. Then, EFA is applied 

to the unfolded full rank augmented data set eventually providing information 

about contributions that are otherwise hidden. 

 

Search of the initial estimations  

Once the most appropriate number of factors that can be related to the 

chemical species presents in the system is determined, initial estimations of the 

concentration and/or the spectra profiles of these species are created. Good 

initial estimations help the alternating least squares (ALS) algorithm to achieve 

quickly the convergence towards the real solution.  

In some cases, these estimations can be calculated from the previous 

known concentration or spectra profiles. Even so, initial estimates of the spectral 

and concentration profiles of the species present in a system are available from 

techniques based on evolving factor analysis (as EFA) [25-27] or from techniques 

based on the detection of purest variables (as Simple-to-use- Interactive Self-

Modelling Mixture (SIMPLISMA)) [28-31].  

SIMPLISMA is based on the search of pure variables. This information is 

obtained from the evaluation of the relative standard deviation of the column n, 

defined from equation (2.7) 




n

n

n
x

s
p   (2.7) 
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where sn is the standard deviation of the column n, nx  is the average of the 

column n and  is a correction factor that is added in order to prevent columns 

with a low average value (generally associated with noise) from being the purest 

variables. A large relative standard deviation (pn) indicates a high purity of the 

column.  

SIMPLISMA resolves sequentially the components. In a first step, the 

process involves finding the column with the highest value of relative standard 

deviation and then normalising this column. The process continues to select the 

successive columns on which it imposes the additional condition that they must 

have the least correlation with the previous ones.  

 

Optimization process by Alternating Least Squares (ALS)  

The third step in the multivariate curve resolution process is to optimize 

the initial estimations in order to obtain a result with chemical significance that 

corresponds satisfactorily to the experimental behaviour observed.  

Equation (2.5) can be solved iteratively using an Alternating Least 

Squares (ALS) algorithm [32,33], which calculates concentration C and pure 

spectra ST optimally fitting the experimental data matrix D. When an initial 

estimation of the concentration matrix C is available, the least squares solution 

for the spectra is estimated from: 

ST = C+D*  (2.8) 
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If, on the contrary, an initial estimation of the spectra matrix is known, 

the least squares solution for the concentration profiles can be calculated from 

the expression: 

C = D*(ST)+  (2.9) 

where C+ is the pseudoinverse of matrix C, (ST)+ is the pseudoinverse matrix of ST 

obtained from the initial estimation and D* is the data matrix reconstructed 

from the number of significant principal components selected in the principal 

component analysis.  

Both steps can be implemented in an alternating least squares cycle so 

that in each iteration new matrices of C and ST are then obtained. Convergence is 

achieved when in two consecutive iterative cycles, relative differences in 

standard deviations of the residuals between experimental and ALS calculated 

data values are lower than a previously selected value, usually chosen as 0.1%.   

The final result of the iterative process can be improved using additional 

information based on physical and chemical knowledge of the system under 

study. The introduction of this information is carried out through the 

implementation of constraints [34,35].  

A constraint can be defined as any chemical or mathematical property 

that is systematically satisfied by the whole system or by some parts of their 

pure contributions [36,37]. The constraints that can be applied for each iterative 

cycle are: 

 Non-negativity. The concentrations of the chemical species 

and/or the values of the spectra must be positive or zero. 
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 Unimodality. This constraint imposes the existence of only one 

maximum in each response profile, which is common in the 

concentration profiles but not in the spectra profiles.       

 

 Closure. It is applied in systems for which the quantity of matter 

is constant, i.e. when the sum of the concentrations of all the 

species involved in the reaction or the sum of some of them is 

forced to be constant at each stage of the reaction.   

 

 Selectivity. It is used when zones are known to be totally 

selective for one of the species. It is the same as restricting the 

concentrations or signals of the other components to zero.  

 

Evaluation of the process quality 

There are different parameters from which it is possible to obtain 

information about the goodness of the model fit by MCR-ALS. One of them is the 

lack of fit (lof) of the model, expressed in equation 2.10: 

 


 


2

2*

ij

ijij

d

dd
lof   (2.10) 

where dij are each of the elements of the experimental matrix D and d*
ij are each 

of the elements of the reproduced data matrix D, obtained by the MCR-ALS 

decomposition. Therefore, depending on the matrix used, either lofexp or lofpca is 

obtained.  
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Another parameter to evaluate the quality of the model is the 

percentage of explained variance, which is given by  






i j

ij

i j

ij

d

d

R
2

2*

2   (2.11) 

When pure analyte is available, another way to check whether the model 

is well fit is to determine the correlation between the spectra obtained in the 

resolution process and the spectra of the pure species, calculated by (2.12) 

*

*

cos
ii

i

T

i

ss

ss
r


    (2.12) 

where is the angle defined by the vectors associated to the spectrum 

recovered by MCR-ALS ( *

is ) and the real spectrum (si), for a particular species 

studied i.   

 

Simultaneous analysis of data from multiple experiments 

 One of the main characteristics of the MCR-ALS method is the possibility 

of analyse data from different experiments simultaneously [32,33,38,39]. In this 

case, an augmented data matrix is created arranging the individual data matrices 

of each experiment. Several types of augmented data matrices can be obtained: 

a column-wise augmented data matrix (a), a row-wise augmented data matrix 

(b), or a column- and row-wise augmented data matrix (c) (see Figure 2.6). 
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This strategy is very useful to overcome intrinsic rotational ambiguities 

[40] and rank deficiency problems [41], i.e. when the number of significant 

principal components is lower than the number of chemical species of the 

system.   
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Figure 2.6. Arrangement of matrices and information obtained from MCR-ALS. (a) 

Column-wise augmented matrices, (b) row-wise augmented matrices and (c) row- and 

column-wise augmented matrices. 
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From an algorithmic and mathematical point of view, the complexity of 

the MCR-ALS resolution process does not change significantly. In the resolution 

of augmented matrices, augmented concentration and/or spectra profiles are 

generated, on which similar restrictions as the applied in the MCR-ALS analysis of 

a single matrix can be applied. In addition, there are two more constraints that 

only can be applied working with augmented matrices: 

 Constraint related to the correspondence of species. This 

constraint fixes the species presents or absents in each sub-

augmented matrix.     

 

 Trilinearity (three-way structure). This condition imposes a 

unique response profile of one analyte in the various matrices 

used.   

These constraints and the above described can be applied to all the sub-

augmented matrices or only to some of them, i.e. only those in which the 

application of these constraints has sense.  
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3.1. INTRODUCTION 

This chapter includes, in three papers, the experimental part and the 

methodology for developing analytical methods based on infrared spectroscopy 

and second-order data treatment to study quantitatively in-situ the specific 

model polymer reactions of interest to obtain vegetable oil-based thermosetting 

polymers.  

Among the polymerization processes, the curing of epoxy resins has 

been the most studied system [1-3]. The increasing interest in advanced 

composite materials based on epoxy resins matrices could be explained, in part, 

by the high performance of such thermosets. As important industrial materials, 

epoxy resins exhibit the attractive characteristics of heat and chemical 

resistance, excellent electrical insulating and mechanical properties and good 

adhesion to many substrates. 

Nowadays, the depletion of the earth’s limited petroleum reserves has 

heightened interest in using renewable resources as replacement materials for 

epoxy resins. The chemical transformation of triglycerides affords a wide variety 

of monomers for the synthesis of linear, hyperbranched or cross-linked 

structures. The modification of triglycerides is performed using the reactivity of 

the functional groups in their structure. Epoxidation is one of the most important 

functionalization reactions of the carbon - carbon double bond, which can be 

achieved by environmentally friendly procedures [4,5], and the opening of the 

epoxide ring is a versatile reaction that leads to numerous products [6,7].  

The preparation of biobased epoxy resins from epoxidized vegetable oils 

has been the subject of many studies [8-10]. Nevertheless, epoxidized fatty oils, 

which contain oxirane groups that are hindered at both carbons, react sluggishly 
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with nucleophilic curing agents. On the other hand, the Michael addition 

reaction has received significant attention as a versatile tool in the synthesis of 

novel polymeric networks [11], which offer promise as high performance 

coatings, adhesives and laminates, and it is being used for the synthesis of 

biobased thermosets [12].  

In this thesis, two chemical systems in which the pre-polymer used 

comes from vegetable oils have been studied: 

•  The model reaction between the epoxidized methyl oleate (EMO) and 

aniline. This system can be considered as a representative way to 

synthesize robust networks with good adhesive characteristics similar 

to those of conventional thermosets based on diglycidylether of 

Bisphenol A.  

• The model reaction between a modified fatty ester with ,-

unsaturated ketone groups (enone-containing methyl oleate (eno-

MO)) and aniline. This system, which represents a variation of the 

common Michael reaction, permits the synthesis of sophisticated 

macromolecular structures with potential use in many applications 

such as drug delivery systems, high performance composites and 

coatings.    

It is known that the final properties of the polymer are linked to the 

conditions of the curing process and the reaction pathway is affected by such 

characteristics of the experimental conditions, as the nature of the reactants and 

their concentration, the presence of catalysts and the temperature, among 

others. This dependence explains the numerous studies carried out to 

understand the mechanism better and to quantify the kinetics of these cure 
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reactions using several techniques such as differential scanning calorimetry 

(DSC) [13,14], thermogravimetric analysis (TGA) [15], fluorescence [16,17], 

Raman spectroscopy [18,19], nuclear magnetic resonance (RMN) [20], high-

resolution liquid chromatography (HPLC) [21], Fourier transform infrared 

spectroscopy (FTIR) [22,23]and near infrared spectroscopy (NIR) [24-26].   

Near Infrared (NIR) spectroscopy, as a consequence of the low molar 

absorptivities of the compounds, is a valuable tool for the in-situ monitoring of 

reactions. The most frequent bands in the NIR region are related to chemical 

bonds of hydrogen atoms, such as C-H, N-H, O-H and S-H. In general, the bands 

of the groups C=O, C-C, C-F or C-Cl, are weaker or do not appear in the NIR 

region. Moreover, in the NIR spectrum, the absorption bands are typically very 

broad and not so well defined due to the overlapping of overtones and 

combination bands, so spectral assignments to specific vibrational modes are not 

always possible and it is difficult to monitor each species involved n the process.  

In the infrared (IR) spectral region, the spectral bands are related to 

fundamental vibrations and are relatively narrow and molecule specific, which 

allows more information for structural elucidation and compound identification 

to be extracted. Over the past decade, Fourier transform infrared (FTIR) 

spectroscopy has evolved rapidly and has become one of the techniques of 

choice to be used in both research and industry as a simple and reliable 

technique for measurement, quality control and dynamic measurements [27-29]. 

In this doctoral thesis, NIR and FTIR have been applied to monitor the 

reactions. The model curing reaction between the epoxidized methyl oleate 

(EMO) and aniline has been monitored in both regions, while the reaction 

between the modified fatty ester with ,-unsaturated ketone groups (enone-
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containing methyl oleate (eno-MO)) and aniline has only been monitored in the 

NIR spectral region. Experimental details can be found in the particular works.  

Usually, the information obtained from an FTIR or an NIR spectrum is 

analysed univariately, relating the changes in a characteristic band to the global 

advance reaction degree. However, this kind of analysis does not provide 

information about the number of steps involved in the process or about the 

concentration of each of the chemical species and their corresponding spectra.  

One of the possibilities in order to obtain more information about the 

studied system is to use the curve resolution methods [30], which allow a 

multivariate analysis of the spectra data to be carried out. Since the 

implementation of these methods in multiple runs in an industrial process, few 

references to the application of quantitative resolution of reactions by NIR and 

FTIR spectrophotometric measurement have been found. Garrido et. al. [31-37] 

have worked extensively on the quantitative monitoring of epoxy resins by NIR 

and multivariate curve resolution – alternating least squares (MCR-ALS) method. 

The authors studied the epoxy-amine model curing reactions of 

phenylglycidylether (PGE) and silicon-based epoxy monomers with aniline, and 

established kinetic models with their corresponding kinetic constants for these 

reactions. Spegazzini et.al. [38-42] used FTIR and NIR spectroscopy combined 

with multidimensional correlation spectroscopic analysis and multivariate curve 

resolution – alternating least squares (MCR-ALS) method for the quantitative 

resolution of model cationic curing reactions of epoxy resins, e.g. the reactions 

of phenylglycidylether (PGE) and diglycidylether of Bisphenol A (DGEBA) with 

lactones. Blanco et. al. [43,44] have applied multivariate curve resolution 

methods to chemical process control of esterification reactions monitored by 

UNIVERSITAT ROVIRA I VIRGILI 
FAST ANALYTICAL METHODOLOGIES BASED ON MOLECULAR SPECTROPHOTOMETRIC TECHNIQUES 
AND MULTIVARIATE DATA ANALYSIS 
Vanessa del Rio Sánchez 
ISBN:978-84-693-9439-7/ DL:T.64-2011  



                                                                                                                                    Introduction 
 

63 

near infrared (NIR) spectroscopy, with a view to establishing the effect of 

experimental variables on the reaction kinetics.  

In this thesis, multivariate analysis methods were used to extract the 

desired information of the NIR and IR spectra. The model polymerization 

reactions studied use pre-polymers from vegetable oils synthesized by the 

Polymer Research Group of the Analytical and Organic Chemistry Department of 

the Universitat Rovira i Virgili. They are relatively new and constitute complex 

systems where several parallel and competitive reactions might take place. 

Because the final properties of the products in the polymerization reactions are 

related to the pathway through which the reaction takes place, the developed 

analytical methodologies were employed to detect the number of steps involved 

in the reaction, to identify the functional groups implicated in each step and to 

determine the concentration of each chemical species throughout the global 

reaction. Each one of these aspects gives useful information to evaluate the 

possibilities offered by vegetable oils as precursors of pre-polymers.  

In general, factor analysis techniques, such as principal component 

analysis (PCA) and evolving factor analysis (EFA), have been used to determine 

the principal steps involved in the studied reactions. Classical spectroscopy and 

two-dimensional correlation spectroscopy (2D-COS) have been applied to 

identify the functional groups implicated in each step and to determine the 

sequential order of the reactions. Finally, multivariate curve resolution - 

alternating least squares (MCR-ALS) have been used to do the quantitative 

resolution of the concentration profiles of each chemical species. 
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Likewise, with regard to the reaction between the epoxidized methyl 

oleate (EMO) and aniline, the effect of the temperature on the kinetics of the 

reactions involved in the model curing system was evaluated. 

 

Experimental part 

 As mentioned previously, the systems studied in this thesis are reactions 

between pre-polymers from vegetable oils and amines. These reactions are 

model reactions that do not evolve into solid products, so the study of the 

chemical species involved throughout the reaction time can be done without 

considering the physical changes that take place during the polymerization 

process.   

 The pre-polymers used were synthesised by the Polymer Research Group 

of the Universitat Rovira i Virgili and are not commercially available. The 

catalysts and the aniline employed, which was distilled before its utilization, 

were supplied by Aldrich. All the compounds are liquid at room temperature. 

The experimental procedure involved weighing the necessary amounts of the 

reagents to obtain the desired molar ratio and mixing them until a homogenous 

mixture was obtained.  

 The near infrared (NIR) measurements were acquired using an 

InfraAlyzer 500 Bran-Luebbe spectrophotometer. The experimental procedure 

involves injecting 1 mL of the reacting mixture into the liquid cell of the 

spectrophotometer, which was previously thermostated at the desired 

temperature by a thermostatic bath PolyScience, USA (Figure 3.1). The 

pathlength of the liquid cell was adjusted to accommodate the sample being 
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analysed. The adjustment, which enables pathlengths of 0.1 to 0.5 mm, was 

made by rotating a dial on the liquid cell to the desired pathlength setting.   

 

 

Figure 3.1. NIR measurements. 

 

 The Fourier transform infrared (FTIR) measurements, which were only 

done for the EMO/aniline system, were acquired using a FTIR 680 Plus Jasco 

spectrophotometer equipped with a 3000 SeriesTM High Stability Temperature 

Controller and a RS232 control to take the measurements. The reacting mixture 

was placed on a small diamond crystal on the spectrophotometer attenuated 

total reflection (ATR) cell (Figure 3.2).  

 

 

Figure 3.2. FTIR-ATR measurements. 
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 The resonance magnetic nuclear (RMN) technique was employed to 

confirm the results found for the eno-MO/aniline system. 1H and 13C NMR 

spectra at the beginning and 1H and 13C NMR spectra of the mixture extracted 

from the NIR at the end of the experiment were recorded using a Varian Germini 

400 spectrometer with deuterated chloroform (CDCl3) as a solvent. A relaxation 

time delay of 10 seconds was used for obtaining a quantitative integration of the 

signals. This technique was also used to determine the purity of the synthesised 

pre-polymers.  
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3.2. RESULTS 

3.2.1. A derivative epoxidized oleic oil, the epoxidized methyl oleate from high 

oleic sunflower oil, as pre-polymer in the curing of epoxy resins 

The acid-catalysed reaction between a derivative epoxidized oleic oil 

(EMO) and aniline has been analysed in two works, using boron trifluoride 

etherate (BF3·OEt2) as a catalyst. One of them has been published in Journal of 

Near Infrared Spectroscopy and the other has been submitted for publication. 

The EMO/aniline system studied is taken as a model of the curing process in the 

manufacture of epoxy resins from triglycerides and diamines. 

Both works report a spectroscopic and a quantitative chemometric study 

of the competitiveness between the oxirane functional group and the ester 

functional group present in the derivative epoxidized oleic oil (EMO) when this 

compound reacts with aniline as a hardener. The presence of the ester group is 

associated with final products of poor quality [45,46]. Therefore, to analyse the 

competitiveness between the ring-opening reaction and the amidation reaction, 

which take place as a consequence of the nucleophilic attack of the aniline on 

the oxirane and on the ester functional groups of the epoxidized methyl oleate, 

respectively, it is of interest to evaluate the optimal experimental conditions of 

this system.  

Two different experiments were performed. Initially, the EMO:aniline 

stoichiometric ratio was set at 1:1 and the reaction was monitored in the NIR 

region at 95 ºC. It was observed that the system was extremely reactive and high 

conversion values were obtained from the beginning of the reaction. The NIR 

spectroscopic analysis of the results showed that the main important changes in 

the spectra were located in the wavelength regions where the primary and 
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secondary amines absorb and no specific bands of the epoxy vibrations were 

detected. The characterization by NIR of each species involved throughout the 

reaction was difficult due to the similarity between the characteristic functional 

groups of each compound, so the evaluation of the competitiveness between 

the oxirane ring and the ester group was complicated.  

 However, combining the conventional and two-dimensional 

spectroscopic analysis of the NIR data with the chemometric analysis, it was 

possible to detect the sequential order of both competitive reactions. 

Furthermore, a quantitative approximation of each species involved in the 

system was obtained.  

The second study was performed using an EMO:aniline stoichiometric 

ratio of 2:1, the one habitually employed in the curing processes, and the 

reaction was monitored in the infrared region to avoid the drawbacks found in 

the previous study. To analyse the effect of the temperature on the model curing 

system quantitatively and mechanistically, taking into account the high 

conversion values obtained from the beginning of the reaction at 95 ºC, the 

considered experimental temperatures for this study were set at 60 ºC and 30 

ºC.  

 The spectroscopic analysis of the FTIR data obtained permitted the 

detection of specific bands of the species involved throughout the reaction and 

the characterization of each compound was easier. Moreover, by means of 

chemometric techniques, the curing kinetics and the reaction mechanism was 

evaluated and it was possible to obtain the quantitative resolution of each 

species that takes part in the system. This information permitted the analysis of 

the effect of the temperature on the reaction. 
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Spectroscopic and quantitative chemometric analysis of the epoxidized 

oil/amine system 

Vanessa del Río, Nicolás Spegazzini, M. Pilar Callao, M. Soledad Larrechi 

 

Chemometrics, Qualimetrics and Nanosensors Research Group 

Analytical Chemistry and Organic Chemistry Department, Rovira i Virgili 

University 

Marcel·lí Domingo s/n, Campus Sescelades, 43007 Tarragona, Spain 

 

Abstract 

The competitiveness between the oxirane functional group and the ester 

functional group present in a derivative epoxidized oil was studied by monitoring 

a model system which involved epoxidized oleic oil and aniline (1:1). The 

reaction was carried out under isothermal conditions at 95ºC and monitored in 

situ by near-infrared spectroscopy (NIR). This system is taken as a model of the 

curing process in the manufacture of epoxy resins from triglycerides and 

diamines.   

Conventional spectroscopic analysis and generalized 2D NIR correlation 

spectroscopy analysis have led to the conclusion that, even though the 

formation of secondary amines by ring-opening of the oxirane group as a 

consequence of the nucleophilic attack of the aniline is prior, the formation of 

amides as a consequence of the ester group reactivity is a competitive reaction. 

The presence of the two aforementioned reactions is also in accordance with the 

significant number of factors found when the spectra data matrix was analyzed 
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by evolving factor analysis (EFA). By applying multivariate curve resolution-

alternating least squares (MCR-ALS) to the NIR spectra obtained during the 

reaction, it has been possible to obtain the concentration and the spectra 

profiles of each chemical species involved in the reaction. The performance of 

the model was assessed by two parameters: ALS lack of fit (lof = 1.67 %) and 

explained variance (R2 = 99.68 %). The recovered spectra of the generated 

products have the characteristic bands associated with the two postulated 

reactions.  

Key words: Near-infrared spectroscopy, Two-dimensional correlation 

spectroscopy, Evolving factor analysis, Multivariate curve resolution-alternating 

least squares, Epoxidized vegetable oil  

 

1. Introduction 

In recent years, the demand for green raw materials has been increasing 

because of the escalating price of petrochemicals and the high rate of depletion 

of natural mineral resources. Natural oils have therefore attracted renewed 

attention as alternatives to conventional petrochemicals for the manufacture of 

organic chemical and polymeric materials [1-6]. They can also be functionalized 

by epoxidation with organic peracids or H2O2, and epoxidized vegetable oils 

show excellent promise as inexpensive, renewable materials for industrial 

applications [7].  

It is referenced in the literature [8,9] that the mechanical properties of 

the final products obtained from the curing processes between epoxidized 

vegetable oils and amines as hardeners, are of poor quality (low molecular 

weight and insufficient strength).This fact is attributable to the presence of the 
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ester group, which is characteristic of the initial fatty acid and can react with the 

amine group to form amides, competing with the ring-opening reaction of the 

oxirane ring. However, no research work is recorded where the competitiveness 

between these two reactions has been analyzed.  

The present work focuses on the analysis of the reaction between an 

epoxidized derivative oleic oil, epoxidized methyl oleate (EMO), and aniline at 95 

ºC. The system is taken as a model of the curing process in the manufacture of 

epoxy resins from triglycerides and diamines. Most amine-cured epoxy resins are 

prepared under stoichiometric conditions or with a slight epoxy excess, which 

results in optimum properties. Thus, the experiment was done using an 

equimolar ratio (1:1).  

To the best of our knowledge, this study reports the first attempt to 

offer a spectroscopic and a quantitative analysis of the reactions involved in the 

system and it represents a new work within one of the objectives of our research 

group, aimed at the quantitative resolution of polymer reactions using 

spectroscopic analysis and chemometric methods [10-13].  

Near-infrared (NIR) spectroscopy, which has been shown to be a very 

useful technique for the in-situ monitoring of these kinds of processes [14-16], 

was used to monitor the reaction. Spectroscopic analysis of the spectral changes 

observed during the reactions was done using conventional spectroscopic 

analysis and generalized two-dimensional correlation analysis [17-21] (2D-CoS).   

By and large, the spectral changes that take place during a reaction are 

analyzed in a univariate mode. This analysis provides information about the total 

degree of conversion, but does not explain how many steps are involved in the 

overall process, what their sequential order over time reaction is, how the 

UNIVERSITAT ROVIRA I VIRGILI 
FAST ANALYTICAL METHODOLOGIES BASED ON MOLECULAR SPECTROPHOTOMETRIC TECHNIQUES 
AND MULTIVARIATE DATA ANALYSIS 
Vanessa del Rio Sánchez 
ISBN:978-84-693-9439-7/ DL:T.64-2011  



        Chapter 3 
 

74 

concentration of the species evolves over time (concentration profiles) or what 

the spectra profile of each compound is. In this work, the sequential order of the 

two studied reactions, the ring-opening reaction and the amidation reaction, 

was established by 2D correlation spectroscopy analysis and confirmed by the 

number of significant factors found by evolving factor analysis (EFA) [22]. These 

methods have led to the determination of when the amidation reaction can be 

considered noteworthy along the reaction time. 

Rank deficiency was detected when the chemical rank of the spectra 

data matrix was analysed by singular value decomposition (SVD) [23]. This 

problem was solved by using the augmented matrices strategy [24] and the 

concentration and the spectra profiles of the chemical species over the reaction 

time were obtained using multivariate curve resolution – alternating least 

squares (MCR-ALS) method [25,26]. The quality of the results was evaluated by 

studying the residuals and such parameters as lack of fit and percentage of 

explained variance. 

 

2. EXPERIMENTAL 

2.1. Materials 

The epoxidized derivative oleic oil, epoxidized methyl oleate (EMO), was 

synthesized and provided by the Polymer Research Group of our department [6]. 

Its purity was 97.89%, which was verified by elemental data analysis and 1H and 

13C NMR spectra. Aniline reagent (Aldrich) and borontrifluoride etherate 

(BF3·OEt2) (Aldrich) were used as received.  
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2.2. Reaction conditions and procedure 

The reaction between the epoxidized derivative oleic oil (EMO, (A)) and 

aniline (B) in the presence of BF3·OEt2 as a catalyst is depicted in Scheme 1. 

When EMO reacts with the curing agent aniline, the epoxide ring is opened and 

forms a new chemical chain with amine molecules (secondary amine, product C) 

[3,6]. 

O

H3CO

O

NH2

7 7

O

H3CO 7

OH

7

HN

+
BF3OEt2

(A) (B) (C)

 

Scheme 1. Ring-opening reaction between EMO and aniline at 95 ºC. (A) EMO, (B) 

aniline, (C) secondary amine. 

 

The experimental procedure involves mixing stoichiometric amounts of 

EMO and aniline and 2% of catalyser at room temperature to obtain the desired 

molar ratio and, immediately afterwards, injecting 1 mL of this mixture into the 

liquid cell of the NIR spectrophotometer, which is kept under the controlled 

temperature of 95 ºC by recycling hot water-glycerine.  

 

2.3. Data acquisition and data pretreatment 

NIR transflectance spectra were acquired through the reaction every 4 

nm at the 1100 - 2500 nm region using an Infra Analyzer 500 Bran-Luebbe 

spectrophotometer. This instrument has a closed liquid cell, whose pathlength 

was set to 0.3 mm, that allows the in-situ monitoring of the reaction.  The 

software was programmed to acquire data at intervals of 5 minutes for a period 
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of 12 hours. After this time, no changes were observed in the spectra and a total 

of 144 spectra were obtained.  

All the original spectra were corrected with an off-set correction to 

eliminate any vertical shift in the spectra during the course of the experiment 

caused by using a NIR spectrophotometer with only one light beam [27]. This 

pre-treatment involves subtracting from the values of reflectance, recorded at 

each wavelength, the lowest value of reflectance (the value at 1600 nm) for each 

individual spectrum.  

Additionally, the wavelength range of interest was selected and those 

with no variations during the study period were ignored, because these provide 

no information about the reaction under study. The resulting, selected 

wavelengths ranged from 1350 to 2000 nm.  

The recorded spectra were exported and converted into MATLAB 

binary files [28]. Pretreated experimental reaction data were arranged in a 

matrix M (144 x 163), whose rows were the number of recorded spectra and 

whose columns were the wavelengths.  

Under the same conditions, the NIR spectra of the pure reactants 

(epoxidized oleic oil and aniline) were also recorded.   
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2.4. Data analysis 

2.4.1. Spectroscopic analysis 

Firstly, a conventional spectroscopic analysis of the evolution of the 

characteristic bands related to the functional groups involved in the reaction was 

carried out in order to obtain a global vision of the reaction process. From this 

analysis, the presence of two reactions was postulated.  

Secondly, a two-dimensional correlation spectroscopic analysis using “2D 

shige” of Shigeaki Morita (Kwansei-Gakuin University) [29] was performed to 

obtain information about the sequential order of the two postulated reactions. 

This technique gives two different correlation spectra/maps: synchronous and 

asynchronous maps, which provide complementary information about the 

spectral bands. In these maps, white regions indicate positive correlation 

intensities, while grey regions indicate negative correlation intensities. In the 

synchronous spectrum correlation, the cross peaks (1,2)  indicate the 

correlation between spectroscopic variables (wavelength). Under the same 

perturbation, the increase or decrease is simultaneous. More information can be 

obtained from the corresponding asynchronous correlation spectrum  (1,2), 

where the cross peaks appear only if the intensities of two dynamic bands 

change asynchronously, i.e. when two spectral intensities vary out of phase with 

each other. The sign of an asynchronous correlation peak provides information 

about the sequential order of intensity variations between band 1 and 2. 

According to the Noda and Ozaki [20] publications, when (1,2) > 0, if  

(1,2) is positive, change at 1 occurs predominantly earlier than at 2 and if  

(1,2) is negative, change at 1 occurs predominantly later than at 2. However, 

the sign rule is reversed if (1,2) is negative [18]. 

UNIVERSITAT ROVIRA I VIRGILI 
FAST ANALYTICAL METHODOLOGIES BASED ON MOLECULAR SPECTROPHOTOMETRIC TECHNIQUES 
AND MULTIVARIATE DATA ANALYSIS 
Vanessa del Rio Sánchez 
ISBN:978-84-693-9439-7/ DL:T.64-2011  



        Chapter 3 
 

78 

2.4.2. Evolving factor analysis 

Evolving Factor Analysis (EFA) [22] is a valuable technique to detect 

when a chemical change happens throughout a reaction. The idea on which EFA 

is based is to follow the change or the evolution of the rank of the total matrix 

with progressing elution by rank analysis of the submatrices. The appearance of 

each new component at the threshold is intrinsically associated with a different 

chemical situation in the system. In this work, the second singular value of the 

reagents matrix data was considered as the threshold value associated with the 

instrumental noise and the experimental error.  

In this study, singular value decomposition (SVD) [23] was firstly applied 

to a sub-matrix that contains only the first two spectra and then adding the third 

spectrum of the data matrix to the initial sub-matrix to calculate the rank. This 

process was repeated until singular value decomposition was applied to the 

whole matrix M (144 x 163) and performed in the two directions (forward and 

backward). 

 

2.4.3. Multivariate curve resolution-alternating least squares (MCR-ALS) 

Multivariate resolution of the concentration (C) and spectra (ST) profiles 

of the chemical species involved in the two reactions was carried out by MCR-

ALS, which is an iterative method intended to minimize the residual matrix E 

[25,26] in the model equation 

D = CST + E  (1) 
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where D is the data matrix obtained experimentally, C is the matrix that 

describes the changes in the concentration of the species in the system, ST is the 

matrix that contains the response profiles of these species and E is the residual 

matrix with the data variance unexplained by CST.  

This process involves the following steps: 

1) Determination of the number of factors that contribute to the 

chemical information contained in the experimental spectra data matrix 

(chemical rank). Rank analysis was performed by singular value decomposition 

(SVD) [23]. In order to overcome the rank deficiency of matrix M found, a 

column-wise augmented matrix [24] D was built appending the NIR spectra 

recorded for the epoxidized oil and aniline to the experimental data matrix M. 

2) Construction of the initial estimate, either of the spectra in ST or of the 

concentration profiles associated with these spectra. In this study, the initial 

estimate of ST consisted of the experimentally recorded pure spectra of the 

reactants, i.e., epoxidized oil (EMO) and aniline, and the spectra of secondary 

amine and amide found when the ALS algorithm optimized the initial EFA 

estimate.  

3) Optimization by alternating least squares (ALS). The ALS algorithm was 

iterated by applying a series of constraints [30,31] in order to obtain a sound 

solution to the chemical problem and to restrict the number of possible 

solutions. These constraints were: a) non-negativity to the values of the spectra 

and concentration profiles of each component; b) the system must be closed 

with respect to the total analytic concentration (closure); c) selectivity in the 

concentration profile of the amide compound.   
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3. Results and discussion 

To clearly evidence the evolution of the spectra recorded during the 

reaction, three spectra were isolated and represented in Figure 1. As can be 

seen, all spectra are also inserted in the figure and the characteristic bands of 

the functional groups involved in the reaction are marked: the primary amine 

combination band32 (bending and stretching vibration) located at 1976 nm and 

corresponding to the aniline reagent; the combined absorption band 

(combination of symmetric and asymmetric stretching vibrations) of primary and 

secondary amines [32] located at 1500 nm, related to the aniline reagent and to 

the product (C) of the reaction; and the characteristic bands of the O-H 

functional group [33,34], located at 1412 (O-H first overtone) and 1900 nm (O-H 

stretching and deformation vibrations), respectively. The wavelength region 

between 1650 nm and 1750 nm is related to the C-H combination bands 

characteristics of the aromatic ring of the aniline reagent and to the C-H 

stretching bands characteristics of the carbonated chain of the oil reagent. These 

functional groups are present in all the products formed during the reaction and 

the variations observed in this region can be attributed to the different chemical 

environment of the vibrations in each product.  
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Figure 1. NIR spectra of EMO/aniline 1:1 obtained every 5 min at 95 ºC. The arrows 

indicate the evolution over time of the spectral bands (see the text). (solid line) spectrum 

Nº 1, (dashed line) spectrum Nº 47, (dotted line) spectrum Nº 144. 

 

A detailed and independent analysis of the evolution of the bands leads 

to the following observations: a) no specific bands of the epoxy vibrations, b) 

absorption values at 1412 and 1900 nm from the first spectrum not observed in 

the reagents spectra and c) a change in the intensity evolution at 1500 and 1976 

nm. To further investigate these observations, the first spectrum, the spectrum 

where the changes in the evolution of the bands at 1500 nm and 1976 nm were 

observed (spectrum 47, approximately 4 hours of reaction) and the last 

spectrum of the reaction, were isolated (Fig. 1).  

It was found in the literature [34,35] that epoxy vibrations of terminal 

oxirane rings are located around 1645 nm and the absorption bands are weak, of 

low intensity and they can be overlapped with the absorption bands 

corresponding to the –CH and –CH2 stretching vibrations of the carbonated 
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chain. In this study, the oxirane ring is located in an internal position and no 

references about its corresponding absorption bands in the NIR region were 

found. Due to the position of this group in the oil, its absorption bands would be 

weaker and of lower intensity than the absorption bands of a terminal epoxy 

group. Therefore, it would not be strange not to find a characteristic band of this 

epoxy group in the NIR spectra acquired. The second observation indicates that 

the ring-opening reaction (scheme 1) is very fast and, as a consequence, the 

product contribution (secondary amine (C), which contains O-H functional 

groups) in the first spectra is significant. The behaviour of the primary amine 

group at 1500 and 1976 nm is more difficult to explain if the only chemical 

species involved in the reaction are the species shown in Scheme 1.  

Near infrared spectroscopy is based on molecular overtone and 

combination vibrations and the NIR spectra are characterised by broad bands 

with small intensities. Therefore, in the pertinent literature it is common to find 

wavelength intervals assigned to the vibrations of the functional groups. 

Specifically, the interval between 2100 – 1900 [36-38] nm and the region around 

1500 [36,37,39] nm, associated with combination bands of N-H amide groups, 

and the interval between 1900 – 1930 [38] nm, related to the second overtone 

of the amide C=O stretching vibration are described. In the EMO/aniline system 

under study, amide groups could be formed if amidation reactions between the 

aniline and the ester group present in the epoxidized oleic oil take place, 

according to the two possibilities depicted in Scheme 2: a) where the amidation 

reaction is simultaneous with the ring-opening reaction and b) where there is a 

sequential order of the two reactions. In both cases, if this reaction takes place, 

it is possible to imagine that, at some time during the reaction, when the 

quantity of primary amine is low, an increase in the absorption values of the N-H 

characteristic bands, at 1500 and 1976 nm, would be observed. Bearing this 
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possibility in mind, a detailed inspection of the intensity values evolution at 1900 

nm, which is referenced as amide C=O and O-H vibrations, was done. It was 

possible to detect that the increment of the absorbance values at 1900 nm from 

the spectrum 47 to the last spectrum is higher than the increment of the 

absorbance values between these two spectra at 1412 nm, which is only 

characteristic of the hydroxyl group formed in the ring-opening reaction. If the 

absorption band at 1900 nm was only related to the ring-opening reaction, its 

intensity increment would be always constant and of the same magnitude as the 

observed one at 1412 nm. This fact is not observed and, therefore, it can be 

assumed that amide C=O stretching vibrations are contributing to the absorption 

values at 1900 nm, which implies that an amidation reaction is taking place. 

Nevertheless, it seems as if this amidation reaction was only revealing from the 

spectrum 47, when variations due to the ring-opening reaction do not practically 

exist. The sequentiality of both reactions was confirmed by 2D correlation 

spectroscopy.  
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Scheme 2. Amidation competitive reaction in the EMO/aniline system under study.  

a) Situation where the amidation reaction is done simultaneously with the ring-opening 

reaction; b) Situation where there is a sequential order of the two reactions. (A) EMO,  

(B) aniline, (C) secondary amine, (D) amide. 

 

The wavelength-wavelength correlation spectra are shown as contour 

plots in Figure 2. As expected, in the synchronous correlation map (Fig. 2a), 

autocorrelation peaks of different intensities appear at (1412, 1412) nm, (1500, 

1500) nm, (1900, 1900) nm and (1976, 1976) nm. The intensity of the correlation 

peaks is related to the absorption coefficients of the compounds in the NIR 

region. The intensity correlation peak related to the absorption band at 1976 nm 

is the highest. Positive synchronous correlation cross peaks are also detected at 

(1500, 1412) nm and (1976, 1412) nm, which are characteristic bands of the N-H 
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bonds and of the hydroxyl group present in the product of the ring-opening 

reaction (Scheme 1), respectively. Because in the synchronous maps negative 

correlation cross peaks between the characteristic bands from the reagents and 

products are expected, this positive correlation can be attributed to the fact that 

the amidation reaction is taking place (Scheme 2), so the amide compound (D) is 

being generated throughout the reaction, as we stated for the one-dimensional 

spectral analysis. 

In the asynchronous map (Fig. 2b), correlation cross peaks between two 

dynamic bands develop only if the intensity changes are sequential. In Figure 2b, 

positive correlation peaks can be observed between the same bands mentioned 

in the synchronous spectra, at (1500, 1412) nm and (1976, 1412) nm. According 

to the Noda rules (Table 1), it is possible to indicate that the intensity variations 

at 1500 and 1976 nm are prior to the changes at 1412 nm. Obviously, intensity 

changes at the 1500 and 1976 nm bands associated with the reagent aniline 

must be occur before the intensity changes at 1412 nm band, which is associated 

with the secondary amine (C) and amide product (D).  

More interesting information about the sequentiality can be extracted 

analysing the correlation peaks assigned to the characteristic bands of the two 

products generated. In the synchronous correlation map (Fig. 2a), a positive 

correlation cross peak at (1900, 1412) nm appears, which indicates that the two 

intensity variations occur simultaneously in the same direction, in agreement 

with the observed increase (Figure 1). In the asynchronous map (Fig. 2b), a 

positive correlation peak between these absorption bands is detected. The 

appearance of this asynchronous peak points out that the intensity variations of 

these bands are not simultaneous, in agreement with the sequentiality of both 

reactions above discussed. However, in this case, the application of the Noda 
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rules to establish the sequential order of the two reactions is not 

straightforward. A positive asynchronous peak between (1900, 1412) nm is 

obtained because the intensity changes at 1900 nm are globally higher than the 

intensity changes at 1412 throughout the reaction (from spectrum 47 to 

spectrum 144). Hence, the straight combination of the sign of the synchronous 

and asynchronous peak indicates that the intensity changes at 1900 nm occurs 

predominantly before the intensity changes at 1412 nm, which means that the 

starting time of the intensity changes at 1900 is prior to that at 1412 nm. In our 

experimental conditions, important intensity absorption values are observed 

from the first spectrum at 1412 nm. We therefore postulated that the sequential 

order of both reactions, the ring-opening reaction and the amidation reaction, is 

the indicated in b of Scheme 2.  

 

 

Figure 2. Synchronous (a) and asynchronous (b) spectra 2D NIR correlation map. 

Positive cross peaks in white contour, negative cross peaks in grey contour. 
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Table 1. Synchronous, asynchronous 2D correlation intensities and order of intensity 

variations between bands for the experimental spectra data matrix M. 

Number   Order 

1 (1500, 1412) > 0 (1500, 1412) > 0 1500 before 1412 nm 
2 (1900, 1412) > 0 (1900, 1412) > 0 1900 before 1412 nm 
3 (1976, 1412) > 0 (1976, 1412) > 0 1976 before 1412 nm 

 

The sequentiality of the reactions is supported by evolving factor analysis 

(EFA) applied to the experimental spectra data matrix. In this study, the second 

singular value calculated with the matrix data of the EMO and aniline reagents 

was considered as the threshold value associated with the noise (log eigenvalues 

= -2.4). The forward EFA plot (Figure 3) suggests that, at the end of the reaction, 

at least three singular values should be necessary to describe the reaction. This is 

in agreement with Amrheim [40], who reports that the number of significant 

factors corresponds to the number of independent reactions plus one. 

Therefore, the reactions are coming about as depicted in Scheme 2b. It is also 

possible to observe that until 4 hours of reaction (spectrum 47) only two factors, 

which are associated with only one reaction, can be distinguished from the 

noise. Considering the above discussion, this reaction is the ring-opening 

reaction, because it is more favoured than the amidation reaction. Furthermore, 

the reaction time when the third factor begins to be significant matches up with 

the spectrum number shown in Figure 1 (spectrum 47), when the intensity 

values of the absorption bands at 1500 and 1976 nm change their evolution.  
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Figure 3. Forward EFA plot of the experimental spectra data matrix D. 

 

At this point of the discussion it is possible to summarize that: a) four 

chemical species are involved in the studied reaction between the epoxidized 

oleic oil with aniline; b) in the NIR region, the spectra of the two products 

generated in the reactions and the aniline reagent have very similar 

characteristic NIR absorption bands; c) no specific bands of the epoxidized oleic 

oil were detected; and d) the contribution of the secondary amine product (C) 

generated by the ring-opening reaction is noteworthy from the beginning. 

According to these statements, these conditions are not the most favourable to 

carry out the quantitative resolution of the concentration and spectra profiles of 

the chemical species involved in the reaction, but in order to probe the 

potentiality of the multivariate curve resolution method - alternating least 

squares (MCR-ALS), this method was applied to the experimental data matrix.   

To overcome the rank deficiency problem found in the experimental 

spectra data matrix M, a column-wise augmented matrix D (146 x 163) was built 
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appending to the experimental data matrix M the NIR spectra recorded for the 

epoxidized oil and aniline. Thus, the rank deficiency was broken and an attempt 

could be made to resolve the system satisfactorily. 

Initial estimates of the pure spectra to be used in the optimization 

process were obtained in three stages. First, the evolving factor analysis 

algorithm was applied to the corresponding matrix to search for concentration 

estimates of the various reaction components. Second, the ALS algorithm 

optimized the EFA initial estimates and led to a set of spectra and concentration 

profiles for each reaction component. Finally, initial spectral estimates were 

obtained for the secondary amine and the amide products as described above. 

For the epoxidized oleic oil and aniline, however, the previously recorded 

spectra of the pure compounds were used.    

In the optimization process, in which ALS is applied to the new D matrix, 

two constraints were imposed in order to improve the resolution and to limit the 

number of possible solutions: non-negativity for the concentration profiles to be 

resolved in matrix C and the spectra profiles in matrix ST, and closure for the 

concentration profiles. Likewise, a local rank constraint of selectivity zones was 

imposed from the starting point to 4 hours (spectrum 47) into the reaction so 

that the concentration of the amide product was zero. This constraint is an 

approximation of reality because very probably the amide product is generated 

once the secondary amine exists on the reaction medium. Rather, it is an 

approximation, which, if imposed according with the EFA results, can be 

considered to be appropriate. What is more, in the optimization process, the 

correspondence between the pure spectra of the individual matrices that 

constitute the augmented matrix D has been established. 

UNIVERSITAT ROVIRA I VIRGILI 
FAST ANALYTICAL METHODOLOGIES BASED ON MOLECULAR SPECTROPHOTOMETRIC TECHNIQUES 
AND MULTIVARIATE DATA ANALYSIS 
Vanessa del Rio Sánchez 
ISBN:978-84-693-9439-7/ DL:T.64-2011  



        Chapter 3 
 

90 

The MCR-ALS optimization of the augmented NIR data matrix gave rise 

to two matrices: a matrix C (146 x 4) that contained the concentration profiles 

for the four compounds involved in the reaction (Figure 4) and a matrix ST (4 x 

163) which consisted of the spectra recovered for each of the four species 

(Figure 5). The quality of the fitting was evaluated by means of two parameters: 

the lack of fit (1.67%) and the percentage of explained variance (99.68 %), which 

in quantitative terms means that it explains practically all the variability of the 

experimental data as a product of both matrices. 

Figure 4 shows the concentration evolution of the chemical species, 

recovered in % w/w. As rotational ambiguity exists, the depicted MCR-ALS 

solution is one of a number of possible solutions. However, in overall terms, this 

is a good reflection of the one expected. The recovered concentration profile 

associated with the secondary amine product (dashed line) shows an elevated 

value at the starting point of the reaction (the conversion is almost 60%) and 

begins to diminish when the recovered concentration profile of the amide 

product (dash-dot line) is noteworthy. On the other hand, at the beginning of the 

reaction, the epoxidized oil and aniline concentrations (solid and dotted line, 

respectively) are equal and diminish thorough the reaction time.  
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Figure 4. Concentration profiles of the species recovered by MCR-ALS. (solid line) EMO, 

(dotted line) aniline, (dashed line) secondary amine, (dash-dotted line) amide. 

 

Figure 5 shows the recovered spectra profiles for the species that are 

involved in the chemical reaction. It should be pointed out the information 

obtained from the recovered spectra related to the secondary amine and amide 

products. As expected, the NIR spectra assigned to the secondary amine product, 

which is generated in the ring-opening reaction, has the characteristic 

absorption bands of the secondary amine functional group (1500 nm) and of the 

O-H functional group (1412 and 1900 nm). On the other hand, the NIR spectra 

assigned to the amide product, which is generated in the amidation reaction, has 

the characteristic absorption bands of the secondary amine functional group 

(1500 nm), of the O-H functional group (1412 and 1900 nm) and of the amide 

group (1500, 1900 and 1976 nm). The goodness of the spectra profiles of the 

reagents was determined, in quantitative terms, using the similarity coefficient 
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(r) between the recovered spectra and the experimental spectra. The r values 

calculated were: 0.9998 for the epoxidized oleic oil and 0.9938 for the aniline, 

indicating that the recovered profiles have a high degree of concordance with 

the originals.          
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Figure 5. Superposition of the spectra of the species recovered by MCR-ALS and the pure 

spectra of the reactants EMO and aniline. For the MCR-ALS spectra profiles: (black solid 

line) EMO, (red dotted line) aniline, (blue dash-dotted line) secondary amine, (green 

dashed line) amide. For the pure reactants: (black + line) EMO, (red x line) aniline. 

 

4. Conclusions 

 The present contribution has demonstrated the usefulness of NIR 

instrumentation combined with spectroscopic and chemometric analysis for the 

study of polymer reactions where different and competitive processes can occur.  
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Conventional spectroscopic analysis and generalized 2D NIR correlation 

spectroscopic analysis of the intensity changes observed during the ring-opening 

reaction between an epoxidized oleic oil with aniline, have shown that a 

competitive amidation reaction is also taking place. From the analysis, it has 

been concluded that there is a sequential order between the reactions, being 

favored the nucleophilic attack of the aniline to the epoxy group versus the 

attack to the ester group, both present in the epoxidized oleic oil. 

Evolving factor analysis applied to the experimental spectra data matrix 

has confirmed the existence of both reactions and has allowed the detection of 

the reaction time when the amidation reaction can be considered noteworthy.  

The overall results of applying MCR-ALS to the augmented data matrix 

give a first solution to the evolution of the concentration profiles of the 

compounds that participate in the reaction studied. Also, the recovered spectra 

for the four species are in good agreement with the expected spectra.  

The main final product of the reaction between the epoxidized oleic oil 

with aniline is the secondary amine. Nevertheless, the amide product is also 

present and it can affect the end-properties of the products obtained when 

epoxidized vegetables oils are cured with amines.  
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Quantitative analysis of the influence of the temperature on a model 

curing reaction of epoxy resins from vegetable oils using FTIR 

spectroscopy and MCR-ALS 

Vanessa del Río, M. Pilar Callao, M. Soledad Larrechi 

 
Chemometrics, Qualimetrics and Nanosensors Research Group 

Analytical Chemistry and Organic Chemistry Department, Rovira i Virgili 

University 

Marcel·lí Domingo s/n, 43007 Tarragona, Spain 

 

Abstract 

Quantitative analysis of the temperature effect on the model cure acid-

catalysed reaction between the epoxidized methyl oleate (EMO), obtained from 

high oleic sunflower oil, and aniline is reported. The study was carried out 

analysing the kinetic profiles of the chemical species involved in the reactions, 

which were found applying multivariate curve resolution – alternating least 

squares to the Fourier transform infrared spectra data obtained from the 

reaction monitoring at two different temperatures (60ºC and 30ºC).  

The reactions involved in this system are the amine addition to the 

oxirane ring of the epoxidized methyl oleate and the amidation reaction 

between the ester group of the oil and the amine group. The results have 

revealed that the formation of the amide compound competes significantly at 

high temperatures with the first amine addition reaction and plays an important 

role in the reaction mechanism. 
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At both experimental temperatures, two mechanisms were postulated: 

non- autocatalytic and autocatalytic. The different behaviour was discussed 

considering not only the influence of the temperature on the amidation reaction 

kinetic, but also the presence of the homopolymerization of the EMO reagent. 

The homopolymerization conversion degrees (1.88 % and 0.17 % at 60 ºC and 30 

ºC, respectively) have shown that this reaction can be considered quantitatively 

neglected versus the extension of the amine-amide reactions. However, its 

contribution in the non-autocatalytic mechanism observed at 60ºC is relevant. 

The present study contributes to better evaluation of the possibilities 

that vegetable oils offer as precursors of pre-polymers. 

Key words: Infrared spectroscopy; Temperature influence; Reaction mechanism; 

Multivariate curve resolution – alternating least squares; Epoxidized vegetable 

oil.  

 

1. Introduction 

The development of environmentally compatible polymers is one of the 

current challenges in polymer chemistry. In this sense, epoxy resins from 

vegetable oils are extremely promising as environmentally friendly polymers for 

industrial applications because they share many of the characteristics of 

conventional petro-chemical based epoxy resins [1]. The curing process of the 

epoxy resins affects the chemical structure of the network and hence, its 

mechanical properties. This dependence explains the numerous studies carried 

out to better understand the mechanism and to quantify the kinetics of cure 

reactions [2-9]. 
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It is generally admitted that, when epoxide monomers are cured with 

aromatic amines, the two main reactions that take place are related to the 

addition of the amine to the oxirane ring, in which the involved functional groups 

are:  

primary amine + epoxide              secondary amine + hydroxyl  (1) 

secondary amine + epoxide              tertiary amine + hydroxyl (2) 

According to the type of the epoxide/amine system and to the 

experimental conditions, etherification reaction (3) can be done [4]. With an 

excess of epoxide, at high temperature and in the presence of Lewis bases, 

inorganic bases or Lewis acids catalysts, homopolymerization of epoxides (4) also 

takes place [3]. These two parallel reactions promote the presence of ether 

groups.  

hydroxyl + epoxide              ether + hydroxyl  (3) 

epoxide              ether  (4) 

If the epoxide monomers (or pre-polymers) contain an ester functional 

group, as occurs in the epoxidized oils, it is possible to consider that an amide is 

also formed (5) as a consequence of the reaction between the amine and the 

ester group.   

primary amine + epoxide              secondary amine + amide + hydroxyl (5) 

The existence of the homopolymerization and etherification reactions is 

related to such characteristics of the experimental conditions, as the 

temperature, the concentration of the reagents and the presence of catalysts. 

However, the amidation reaction is only related to the ester-containing 
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monomer used and the presence of this kind of reaction result in cured products 

of poor quality [10,11]. Thus, to optimize the process, knowledge of the effect of 

the temperature on the kinetics of the reactions involved in these kinds of 

systems is required, which is the main purpose of this work.  

In the present study, a model reaction between an epoxidized methyl 

oleate (EMO), obtained from high oleic sunflower oil, and aniline using 

borontrifluoride etherate (BF3·OEt2) as catalyst, has been monitored at two 

temperatures. 

Infrared spectroscopy is by far the most utilized characterization method 

to monitoring in situ a reaction [12-16] and, in this work, FTIR-ATR was selected. 

The experimental considered molar ratio EMO:aniline (2:1) reproduces the 

habitually employed in the curing processes. To analyze the temperature effect 

the experiment was carried out at 60 ºC and at 30 ºC. These values were 

selected considering that, in a previous work [17] in which the temperature was 

95 ºC, conversion values higher than 50 % were observed from the beginning of 

the reaction, which does not allow the accurate analysis of the system. In 

addition, the homopolymerization of the EMO reagent at the two experimental 

temperatures was also monitored in order to evaluate the extension of this 

reaction.  

Spectra and concentration profiles of the chemical species involved in 

the two experiments were obtained applying multivariate curve resolution - 

alternating least squares (MCR-ALS) to the FTIR data recorded during the 

reaction. Analysis of the reaction rate versus epoxy conversion throughout the 

reaction time was employed to identify the nature of the reaction mechanism 

involved at the two experimental temperatures. 
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This report aims at characterizing quantitatively and mechanistically by 

FTIR-ATR the effect of the temperature on the polymerization reaction between 

the epoxidized methyl oleate (EMO) and aniline, which can be considered as a 

model of the curing reactions using epoxy derivatives obtained from vegetable 

oils. These reactions are relatively new systems and, to the best of our 

knowledge, no studies of these characteristics are referenced in the literature. 

Therefore, the present study of epoxy resins contributes to better evaluation of 

the possibilities that  vegetable oils offer as precursors of pre-polymers. 

 

2. Experimental 

2.1. Materials 

The epoxidized methyl oleate (EMO) was synthesized and provided by 

the Polymer Research Group of our department [18]. Its purity was 97.89%, 

which was verified by elemental data analysis and 1H and 13C NMR spectra. 

Aniline reagent (Aldrich) and borontrifluoride etherate (BF3·OEt2) (Aldrich) were 

used as received.  

 

2.2. Reaction conditions and procedure 

The reaction was performed at two different temperatures: 60 ºC and 30 

ºC. The reaction samples were prepared by directly mixing the necessary 

amounts of EMO and aniline and 2% of catalyst (BF3·OEt2) at room temperature 

to obtain the desired molar ratio of 2:1. The mixture was placed immediately on 

a small diamond crystal in the spectrophotometer ATR cell (FTIR 680 Plus JASCO), 

which was equipped with a 3000 SeriesTM High Stability Temperature Controller 
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and a RS232 Control to take the measurements, and it was continuously purged 

with N2 during the FTIR analysis. The FTIR spectra of the reacting mixture were 

obtained in-situ at equal time intervals during the isothermal cure. 

In the same conditions, at 60 ºC and 30 ºC, the homopolymerization of 

the EMO reagent was monitored. The FTIR spectra of the pure reactant aniline 

was also recorded during 8 hours in order to evaluate the noise.  

 

2.3. Data acquisition and data pretreatment 

 The data correspond to the FTIR spectra recorded throughout the 

reaction every 0.964 cm-1, between 4000 and 600 cm-1 in a FTIR 680 Plus JASCO 

spectrophotometer. 

For each experiment, data at intervals of 5 minutes were acquired until 

the end of the reaction. The reaction was considered to be completed until no 

changes over time were observed in the spectra. In this way, the spectra were 

recorded for 250 min for the experiment at 60 ºC and for 480 min for the 

experiment at 30 ºC. Therefore, 50 and 96 spectra were recorded, respectively. 

Also, 50 and 96 FTIR spectra were recorded during the homopolymerization of 

the EMO reagent and 96 FTIR spectra were acquired for the pure reactant 

aniline.  

All spectra were exported and converted into MATLAB binary files to 

carry out their mathematical treatment [19].  

The experimental data of each experiment were arranged in matrices 

whose rows were the recorded spectra and whose columns were the absorbance 
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values at different wavenumbers: Thus, the matrices obtained were: M1 (50 x 

3528) for the experiment at 60 ºC, M2 (96 x 3528) for the experiment at 30 ºC 

and M3 (50 x 3528) and M4 (96 x 3528) for the homopolymerization reaction at 

60 ºC and 30 ºC, respectively, and M5 (96 x 3528) for the pure reactant aniline. 

 

3. Results and discussion 

First, FTIR absorption spectra were analyzed and their characteristic 

absorption bands were assigned. Then, the concentration and spectral profiles of 

the chemical species involved in the reactions were solved and the conversion of 

the epoxide reagent was evaluated. Finally, the quantitative analysis as well as 

the conversion of the epoxide in the homopolymerization of the EMO reagent 

was discussed and the mechanism of the studied system was investigated.  

For better exposition of the results, the first and the last spectra 

recorded throughout the reaction between EMO and aniline at 60 ºC are 

displayed in the graphs (Figure 1(a,b)). The two wavenumber regions of 

particular interest in the FTIR spectra are: 1800-1100 cm-1 and 4000-2600 cm-1. 

In order, these will be referred to as regions A and B, and are shown in Fig. 1a 

and Fig. 1b, respectively. The absorption bands characteristics of the functional 

groups that participate in the EMO/aniline system are summarized in Table 1 

[20].  

In region A, Figure 1a, it is possible to observe that, throughout the 

reaction time, the intensity of the characteristics absorption bands of the N-H 

bending vibrations at 1624 cm-1 characteristic of the aniline reagent and of the C-

O- vibrations of the oxirane ring at 1276 cm-1 characteristic of the EMO reagent, 

decreases. On the other hand, an increase in the intensities of the absorptions 
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bands associated with some of the functional groups present in the products 

generated by the reactions described in equations (1)-(5) can be observed: 

between 1600 – 1500 cm-1  the absorption bands of the N-H bending vibrations 

of the secondary amine, between 1700 – 1650 cm-1 the absorption bands of the 

C=O stretching vibrations of the amide and at 1364 cm-1 and 1310 cm-1 the 

absorption bands of the C-N vibrations of the tertiary amine.  

In region B, Figure 1b, as the reaction progresses, it is possible to observe 

a decrease in the intensity of the two bands at 3460 and 3370 cm-1, which are 

associated with the N-H streching vibrations of the aniline reagent, and an 

increase in the intensity of the bands between 3650 cm-1 and 3500 cm-1, which 

are related to the O-H streching vibrations of the hydroxil group present in all 

the products generated.  

 

Table 1. Assignment of the absorption bands in the FTIR-ATR spectra (see Figure 1). 

Origin Wavenumber (cm
-1

) Assignment 

C-O 1276 Epoxy and oxirane ring 

C-N 1310 Aromatic tertiary amine, CN stretching 

C-N 1364 Aromatic tertiary amine, CN stretching 

N-H 1500 – 1600 Secondary amine, NH bending 

N-H 1624 Primary amine, NH bending 

C=O 1650 – 1700 Amide, CO stretching 

C=O 1740 Ester, CO stretching 

CH2- 2800 – 3050 Methylene, CH stretching 

N-H 3370 Primary amine, NH stretching 

N-H 3460 Primary amine, NH stretching 

O-H 3500 -3650 Hydroxy group, OH stretching 
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Figure 1. First and last FTIR-ATR of EMO/aniline system 2:1 recorded at Tª = 60 ºC. (a) 

region between 1800 – 1100 cm
-1

 (A); (b) region between 4000 - 2600 cm
-1

 (B). 
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Similar spectral changes were observed when the analysis of the spectra 

recorded at 30 ºC was carried out, although it should be said that, at this 

experimental temperature, the intensities of the absorption bands between 

1700 cm-1 ad 1650 cm-1 associated with the amide compound were significantly 

lower. 

The spectroscopic analysis reflects that, at the two experimental 

temperatures, the main amine addition reactions to the oxirane ring (Eq. 1 and 

2) and the amidation reaction (Eq. 5) have taken place.  

Before carrying out the quantitative resolution of the concentration and 

spectral profiles of the chemical species involved in the reactions, the number of 

independent contributions to the variation present in the individual matrices M1 

and M2 was evaluated analysing the chemical rank of both matrices by singular 

value decomposition (SVD) [21]. In this work, the threshold value (0.095) was 

obtained from the singular value decomposition of the spectra data matrix of the 

aniline reagent (M5). The value of the second singular value of this matrix is 

related to the instrumental noise and the experimental error. The results (Table 

2) show that only five singular values are significant in both matrices, which 

according to Amhrein [22] means that four independently reactions can be 

present.  
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Table 2. Rank analysis of matrices M and D. 

Number of factor M1 D1 M2 D2 

1 29.0408 29.3428 37.6861 37.9182 

2 1.954 5.4823 2.9207 5.8910 

3 0.5727 1.9385 2.0849 2.8395 

4 0.2867 0.7053 0.3270 1.9131 

5 0.2129 0.2779 0.2461 0.5935 

6 0.0845 0.2263 0.0930 0.2912 

7 0.0374 0.0579 0.0492 0.0706 

8 0.0295 0.0339 0.0424 0.0473 

 

Considering the results obtained in the previous work [17], where the 

sequential order of the primary amine addition to the oxirane ring and of the 

amidation reaction was established by two-dimensional spectroscopy correlation 

and chemometric techniques, it can be postulated that, in the experimental 

conditions, these four reactions correspond to those indicated in Scheme 1. 

Formally, in these reactions, seven chemical species are involved but, taking into 

account the experimental temperatures and that the system was monitored 

without interrupting the N2 purge of the FTIR-ATR spectrometer, it can be 

assumed that the methanol formed is displaced from the cell. Therefore, the 

number of chemical species that can be expected throughout the reaction is six. 

In any case, regarding the significant values (Table 2) it is evidenced that rank 

deficiency exists in both matrices.  

To overcome this problem and to obtain the evolution of the 

concentration profiles along the reaction time of the six chemical species, the 

multivariate curve resolution – alternating least squares method was applied to 

the column-wise augmented data matrices D1 and D2, which were constructed 
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with the data corresponding to the M1 and M2 experimental data matrices, 

respectively, and the pure spectra of the EMO and aniline reagents. In these 

augmented matrices the number of significant singular values was six, as is 

exposed in Table 2. The variance associated with the solutions found by MCR-

ALS for the augmented matrices D1 and D2 was 99.92 % and 99.94 %, 

respectively.  
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Scheme 1. Reaction between EMO and aniline using BF3·OEt2 as catalyst: (1) primary 

amine addition to the oxirane ring; (2) amidation reaction; (3) secondary amine addition 

to the oxirane ring; (4) amidation reaction. (EMO) epoxidized derivative oleic oil; (PA) 

aniline; (SA) secondary amine; (AD1) amide; (TA) tertiary amine; (AD2) tertiary amine. 
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 As example, Figure 2 shows the spectra for each of the six species 

recovered by MCR-ALS from the D1 matrix and to obtain a better visualization, a 

restricted spectral zone where the characteristic spectral bands of each 

compound appear is amplified. The first and the second recovered spectra (A 

and B) contain the characteristic bands of the epoxy group at 1276 cm-1 and of 

the primary amine group at 3460, 3372 and 1624 cm-1, respectively. For these 

spectra, their similarity with the pure spectra recorded for EMO and aniline 

reagents was evaluated throughout the correlation coefficient, founding r values 

of 0.9939 and 0.9998, respectively. Thus, the first and the second spectra were 

assigned to the EMO and aniline reagents, respectively.  

The other four recovered spectra are very similar, as expected 

considering the chemical structure of the compounds. In all of them there are no 

signals from either the primary amine or from the oxirane group in any of the 

representative zones and, on the other hand, it is possible to detect the bands 

associated with the OH functional group (3650 - 3500 cm-1). The two recovered 

spectra C and D were assigned to the secondary amine (SA) and to the amide 

compound (AD1) formed in reactions (1) and (2) of Scheme 1, respectively. These 

two spectra show the characteristic spectral bands of the secondary amine 

functional group between 1600 and 1500 cm-1 and the only difference between 

them is observed in the wavelength range characteristic of an amide compound 

between 1700 and 1650 cm-1, where absorbance values appear in spectra D. 

Finally, the last two recovered spectra (E and F) can be related to the tertiary 

amine compounds (TA and AD2) formed in reactions (3) and (4) of Scheme 1, 

respectively. These two spectra show the characteristic bands of tertiary amines, 

located at 1364 and 1310 cm-1. The difference between them falls on the 

spectral zones related to the secondary amine functional group (1600-1500 cm-1) 
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and to the amide functional group (1700-1650 cm-1), in where absorbance values 

can be only distinguished in spectrum F, as expected.  
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Figure 2. Spectral profiles of the species recovered by MCR-ALS: (A) EMO; (B) aniline; (C) 

secondary amine (SA); (D) amide (AD1); (E) tertiary amine (TA); (F) tertiary amine (AD2). 
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The concentration profiles obtained by MCR-ALS for the EMO/aniline system at 

the two experimental temperatures (60 ºC and 30 ºC) are shown in Figure 3(a,b). 

The concentration profiles recovered by the ALS algorithm were expressed in 

mass units, so the corresponding values in moles were obtained by dividing each 

concentration profile by the corresponding molecular weight, assuming that 

each species and their molecular weight are known. It is known that the 

solutions obtained by MCR-ALS are not unique and around each profile exist 

band boundaries which contain the possible solutions that fit the experimental 

data equally well [23]. Therefore, the concentration profiles shown are only one 

of the possible solutions. However, in overall terms, these solutions seem a good 

reflection of the expected behaviour and they were considered useful to 

compare the effect of the temperature on the amine addition/amidation 

reactions involved in the process.  
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Fig 3. Concentration profiles of the species recovered by MCR-ALS: (a) Tª = 60 ºC; (b) Tª = 

30 ºC. (●) EMO; (■) aniline; (*) secondary amine (SA); (▲) amide (AD1); (    ) tertiary 

amine (TA); (     ) tertiary amine (AD2). 
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In Figure 3 it is observed that in both experiments, from the beginning of 

the reaction, the concentration value of the secondary amine compound (SA) 

formed in the first amine addition to the oxirane ring is noteworthy and higher at 

60 ºC than at 30 ºC, as can be expected in agreement with the Arrhenius 

equation.  

The effect of the temperature on the behaviour of the amide 

concentration profile (AD1) generated in the amidation reaction is worthy of 

note. In the experiment at 60 ºC (Figure 3a), a significant change in its 

concentration is observed from the beginning and it achieves a maximum value 

at 50 minutes. However, at this time in the experiment at 30 ºC (Figure 3b), the 

change in AD1 concentration value is lower and, at no time along the reaction 

does it achieves the maximum observed at 60ºC. In addition, comparing the 

evolution of these AD1 profiles with the evolution of the concentration profiles 

of the other chemical species in both experiments, it can be considered that at 

60 ºC the kinetics of the amidation reaction ((2) in scheme 1) competes with the 

kinetics of the primary amine addition reaction ((1) in scheme 1), while at 30 ºC 

the kinetics of the amidation reaction is relatively similar to the kinetics of the 

second amine addition reaction ((3) in scheme 1).  

From these results, it can be supposed that the pathway of the process is 

not the same at the two experimental temperatures. In order to provide a basis 

for understanding this consideration, the epoxy conversion (= 1 - 
 
  0t

t

EMO

EMO
) 

throughout the reaction time was calculated using the concentration values 

([EMO]t) of the EMO recovered concentration profiles shown in Figure 3(a,b) and 

it was plotted versus the reaction rate (d[EMO]/dt) in Figure 4(a,b). The plot 

corresponding to the values obtained at 30 ºC (Figure 4b) shows the 
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characteristic behaviour of the autocatalytic reactions [24]: the reaction rate 

increases initially as the reaction advances, passes through a maximum, and 

progressively slows down tending to zero. The initial increase in the reaction rate 

is associated with the formation of hydroxyl groups, which acts as catalyst of the 

reaction. The maximum rate is observed at conversion between 40 - 50 %, as 

expected for autocatalytic reactions. However, at 60 ºC the maximum rate 

appears at conversion extremely low (< 0.1) and decreases along the reaction 

time, which led to the conclusion that in this case the mechanism is non- 

autocatalytic. 
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Fig 4. Reaction rate versus conversion (): (a) 60 º C; (b) 30 ºC. 

 

Two possibilities can explain the different behaviour of the system at the 

two experimental temperatures. Firstly, as the authors commented above, the 

methanol formed in the amidation reaction can be evaporated at 60 ºC faster 
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than at 30 ºC, so the amidation reaction takes place more easily and it is favored 

at higher temperatures. 

Secondly, as was indicated in the introduction, although the main 

reactions involved in the cure process are the amine additions to the oxirane 

ring, when the reaction takes place in presence of a Lewis acid as catalyst, 

homopolymerization reaction is also reported [3]. To evaluate this possibility, 

the epoxide conversion was calculated from the spectra recorded during 

homopolymerization of the EMO reagent, whose data was arranged in matrices 

M3 and M4. At the reaction time of 50 minutes and 100 minutes, where the 

concentration of the amide compound (AD1) was maximum for the two 

temperatures (Figure 3), 60 ºC and 30 ºC respectively, the conversion values 

obtained were 1.88 % at 60 ºC and 0.17 % at 30 ºC, in agreement with the 

consideration that this reaction is less favoured than the amine addition 

reaction. However, although quantitatively this reaction can be considered 

neglected in the working experimental conditions, it may play an important role 

in the behaviour of the amide reaction and therefore, in the pathway of the 

process. 

In the homopolymerization of EMO, the cationic ring opening of the 

epoxide could follow the activate chain end (ACE) mechanism [25], as indicated 

in Scheme 2. The ACE mechanism involves nucleophilic attack of the heteroatom 

of the monomer to the growing chain end, which is a cationic species. As a 

result, polyether with pendant ester groups is formed. The presence of these 

ester groups could explain the high and fast increase in the concentration profile 

of the amide compound shown in Figure 3a.  
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Scheme 2. Homopolymerization of epoxide by activate chain end (ACE) mechanism.  

R1 = -(CH2)7-COOEt, R2 = -(CH2)7-CH3. 

 

These expounded likelihoods are not mutually exclusive and, in any case, 

from all these considerations, it is reasonable to assume that the formation of 

the amide compound plays an important role in the mechanism of the reaction.  

 

4. Conclusions 

The importance of the effect of the temperature on a model curing 

reaction of epoxy resins from vegetable oils was successfully demonstrated by 

the combination of infrared spectroscopy and multivariate curve resolution – 

alternating least squares. The corresponding concentration and spectral profiles 

of the species involved in the EMO/aniline system monitored were successfully 

drawn and the first ones were a valuable guide for analysing the mechanism of 

the process.  

 Two different mechanisms depending on the temperature for the 

EMO/aniline system were postulated: at low temperatures the mechanism was 

autocatalytic and at high temperatures was non-autocatalytic.  
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It has been evidenced that higher temperatures favour the amidation 

reaction in the model system studied. As epoxidized vegetable oils contain ester 

groups, when they are cured with amine hardeners, the amidation reaction will 

take place in some extent, what could lead to products of poor quality.   

 

Acknowledgments. The authors gratefully acknowledge the collaboration in the 

preparation of this paper of Virginia Cádiz from the Polymer Research Group of 

the Universitat Rovira i Virgili. Likewise, we would like to thank the Spanish 

Ministry of Science and Innovation (Project CTQ2007-61474/BQU) for economic 

support and the Universitat Rovira i Virgili, for providing Vanessa del Río with a 

doctoral fellowship.  

 

5. References 

[1] J.D. Earls, J.E. White, L.C. López, Z. Lysenko, M.L. Dettloff and M.J. Null, 

Polymer 48 (2007) 712. 

[2] J. Mijovic, S. Andjelic, C.W. Yee, F. Belluci and L. Nicolais, Macromolec. 28 

(1995) 2797. 

[3] L. Xu, J.H. Fu and J.R. Schlup, Ind. Eng. Chem. Res. 35 (1996) 963. 

[4] L. Xu and J.R. Schlup, J. Appl. Polym. Sci. 67 (1998) 895.   

[5] J.C. Ronda, A. Serra and V. Cádiz, Macromolec. Chem. Phys. 200 (1999) 221. 

[6] L. Matejka, Macromolec. 33 (2000) 3611.  

[7] S. Swier and B.V. Mele, Termochim. Acta 41 (2000) 149. 

[8] S. Swier, G.V. Assche and B.V. Mele, J. Appl. Polym. Sci. 91 (2004) 2814. 

[9] M. Garrido, M.S. Larrechi and F.X. Rius, Appl. Spectrosc. 60 (2006) 174. 

[10] N. Boquillon and C. Fringant, Polymer 41 (2000) 8603. 

UNIVERSITAT ROVIRA I VIRGILI 
FAST ANALYTICAL METHODOLOGIES BASED ON MOLECULAR SPECTROPHOTOMETRIC TECHNIQUES 
AND MULTIVARIATE DATA ANALYSIS 
Vanessa del Rio Sánchez 
ISBN:978-84-693-9439-7/ DL:T.64-2011  



                                                                                                                                        Submitted 
  

119 

[11] F.T. Wallenberger and N. Weston, Natural Fibers, Plastics and Composites, 

Kluwer Academic Publisher, USA, 2004. 

[12] J. Mijovic, S. Andjelic and J.M. Kenny, Polym. Adv. Technol. 7 (1995) 1. 

[13] J.R. Schoonover, R. Marx and W.R. Nichols, Vibr. Spectrosc. 35 (2004) 239. 

[14] B. Czarnik-Matusewicz and S. Pilorz, Vibr. Spectrosc. 40 (2006) 235. 

[15] M. Garrido, M.S. Larrechi and F.X.Rius, J. Chemom. 21 (2007) 263.  

[16] N. Spegazzini, I. Ruisánchez, M.S. Larrechi, V. Cádiz and J. Canadell, Analyst 

133 (2008) 1028.  

[17] V. del Río, N. Spegazzini, M.P. Callao and M.S. Larrechi, J. Near Infrared 

Spectrosc. doi: 10.1255/jnirs.880. 

[18] L. Montero de Espinosa, J.C. Ronda, M. Galià and V. Cádiz, J. Polym. Sci.: Part 

A: Polym. Chem. 46 (2008) 6843. 

[19] The Mathworks, MATLAB Version 6.5, Natick, MA, (2004)   

[20] J. Coates, Interpretation of Infrared Specta, A Practical Approach in 

Encyclopedia of Analytical Chemistry. R.A. Meyers (Ed.), John Wiley & Sons Ltd, 

Chicester, 2000.  

[21] D.L. Massart, B. Vandeginste, L. Buydens, S. de Jong, P. Lewi and J. Smeyers-

Verbeke, Handbook of Chemometrics and Qualimetrics, Part A, Elsevier, 

Amsterdan, 1997. 

[22] M. Amrhein, B. Srinivasan, D. Bonvin and M.M. Schumacher, Chemom. Intell. 

Lab. Syst. 33 (1996) 17. 

[23] R. Tauler, A. Smilde and B.R. Kowalski, J. Chemom. 9 (1995) 31. 

[24] M. Ghaemy, M. Barghamadi and H. Behmadi, J. Appl. Polym. Sci. 94 (2004) 

1049. 

[25] S. Penczek, P. Kubisa and K. Matyjaszewski, Adv. Polym. Sci. 37 (1980) 1. 

UNIVERSITAT ROVIRA I VIRGILI 
FAST ANALYTICAL METHODOLOGIES BASED ON MOLECULAR SPECTROPHOTOMETRIC TECHNIQUES 
AND MULTIVARIATE DATA ANALYSIS 
Vanessa del Rio Sánchez 
ISBN:978-84-693-9439-7/ DL:T.64-2011  



        Chapter 3 
 

120 

3.2.2. A new enone-containing triglyceride derivative, the enone-containing 

methyl oleate from high oleic sunflower oil, as pre-polymer in the curing aza-

Michael reaction    

This work, which have been published in Analytica Chimica Acta, 

analyses the reaction between a modified fatty acid ester with ,-unsaturated 

ketone groups (enone-containing methyl oleate (eno-MO)) and aniline. This 

reaction is taken as an aza-Michael model of the curing process in the 

preparation of thermosets from triglycerides and diamines.  

The aza–Michael reaction, a variation in which an amine acts as the 

nucleophile, has been used in the synthesis of improved bismaleimide networks 

[47] and it has recently been applied to the synthesis of crosslinked polymers 

derived from vegetable oils [12]. The acid-catalysed aza-Michael reaction can be 

affected by a retro-Mannich-type fragmentation [48] and the cleavage of the 

aza-Michael addition product would mean the breakage of the forming network 

and a deterioration of the mechanical properties. Therefore, to determine the 

optimal experimental conditions of the system, it is important to evaluate the 

extension of the fragmentation and to study the evolution of each chemical 

species involved in the reaction of interest.  

In this study, the model aza-Michael reaction was monitored by NIR 

spectroscopy at 95 ºC, using an eno-MO:aniline stoichiometric ratio of 1:1. The 

reaction comprises several steps. First, the aza-Michael adduct is formed by the 

addition of the primary amine to the double bond of the eno-MO reagent. Then, 

the retro-Mannich-type fragmentation takes place, which leads to the formation 

of two products whose main functional groups are similar to the functional 

groups of the reagents. More details of the reaction can be found in the paper.  
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Local rank factor analysis of the NIR data showed that, although the 

retro-Mannich side reaction took place from the beginning, it has no relevance 

compared to the aza-Michael addition. This was confirmed by 1H NMR. 

Moreover, in the experimental conditions, the evolution of the concentration of 

the chemical species involved throughout the aza-Michael reaction was obtained 

by means of multivariate curve resolution - alternating least squares.
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Abstract 

The aza-Michael reaction, a variation of the Michael reaction in which an 

amine acts as the nucleophile, permits the synthesis of sophisticated 

macromolecular structures with potential use in many applications such as drug 

delivery systems, high performance composites and coatings. The aza-Michael 

product can be affected by a retro-Mannich-type fragmentation. A way of 

determining the reactions that are taking place and evaluate the quantitative 

evolution of the chemical species involved in the reactions is presented. The aza-

Michael reaction between a modified fatty acid ester with ,-unsaturated 

ketone groups (enone containing methyl oleate (eno-MO)) and aniline (1:1) was 

studied isothermally at 95 ºC and monitored in-situ by near-infrared 
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spectroscopy (NIR).  

The number of reactions involved in the system was determined 

analyzing the rank matrix of NIR spectra data recorded during the reaction. 

Singular value decomposition (SVD) and evolving factor analysis (EFA) adapted to 

analyze full rank augmented data matrices have been used. In the experimental 

conditions, we found that the resulting aza-Michael adduct undergoes a retro-

Mannich-type fragmentation, but the final products of this reaction were 

present in negligible amounts. This was confirmed by recording the 1H NMR 

spectra of the final product. Applying multivariate curve resolution – alternating 

least squares (MCR-ALS) to the NIR spectra data obtained during the reaction, it 

has been possible to obtain the concentration values of the species involved in 

the aza-Michael reaction. The performance of the model was evaluated by two 

parameters: ALS lack of fit (lof = 1.31%) and explained variance (R2 = 99.92%). 

Also, the recovered spectra were compared with the experimentally recorded 

spectra for the reagents (aniline and eno-MO) and the correlation coefficients (r) 

were 0.9997 for the aniline and 0.9578 for the eno-MO.   

Keywords: Near-infrared spectroscopy; Evolving factor analysis; Multivariate 

curve resolution; Alternating least squares; Aza-Michael reaction; Ester fatty 

acid. 

 

1. Introduction 

The challenge to progressively replace fossil feedstocks by materials 

arising from plant-derived renewable sources implies not only the development 

of new original reactions and catalysts but also the application of 

environmentally friendly well established reactions to the production of new 
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tailor made compounds capable to produce competitive performance materials 

[1]. The Michael addition reaction permits the synthesis of sophisticated 

macromolecular structures with potential use in many applications such as drug 

delivery systems, high performance composites and coatings. The aza-Michael 

reaction, a variation in which an amine acts as the nucleophile, is a key 

transformation which enables the preparation of these compounds [2,3]. The 

end-user properties of the product depend not only on the extent of the 

reaction but also on the possible presence of secondary reactions. Thus, the 

study of the evolution of the chemical species involved in the reaction is of 

interest. 

Plant oils can be polymerized directly through autoxidation or peroxide 

formation and subsequent radical polymerization. However, the 

functionalization of the alkyl chains towards the introduction of polymerizable 

groups gives rise to a variety of monomers that can be used in the preparation of 

crosslinked materials [4,5]. The crosslinking reactions are difficult to follow 

because once the system has reached the gelation point, few characterization 

techniques can be used. For this reason, a previous step to the synthesis of new 

plant oil derivatives is the study of the crosslinking reaction on monofunctional 

model compounds.  

Near-infrared spectroscopy (NIR) in combination with multivariate 

analysis methods has demonstrated to be a useful technique in many analytical 

applications due to the combination of an instrumental technique that allows to 

obtain easily the analytical signal with a powerful chemometric technique able to 

achieve the necessary spectral resolution [6-8]. Soft-modelling methods, in 

particular multivariate curve resolution - alternating least squares method (MCR-

ALS), have a great potentiality when they are applied to spectroscopic data 
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obtained from monitoring a chemical reaction, because they allow to obtain the 

concentration profiles and the corresponding pure spectra of each species 

involved in the reaction [9-11]. 

This work is focused on the on-line study of different reactions which can 

take place between a modified fatty acid ester with -unsatured ketone 

groups (enone containing methyl oleate (eno-MO)) and aniline at 95 ºC. These 

reactions are taken as an aza-Michael model of the curing process in the 

preparation of thermosets from triglycerides and diamines. 

The possibility of studying the reaction considered in the present work 

using theses methodologies represents a challenge because the efficiency of the 

studied aza-Michael reaction can be affected by a retro-Mannich-type 

fragmentation [12]. One of the products generated by this fragmentation is the 

reagent aniline. The other new products generated have similar functional 

groups and, therefore, similar spectral behavior. As the cleavage of the aza-

Michael addition product would mean a loss in the crosslinking density of the 

final thermosetting material, knowing the moment in which the fragmentation 

takes place and its extent is of great interest.  

The purpose of the present study is to demonstrate the potential of the 

combination of a local rank analysis technique to analyze full rank augmented 

data matrices, with multivariate curve resolution methods to calculate the 

concentration and spectra profiles of each compound involved in the aza-

Michael reaction.  

Rank information, i.e. the determination of the total number of 

components and their evolution, is crucial in the resolution of dynamic 

multicomponent systems [13,14]. The chemical rank is the number of controlling 
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factors responsible for the data in absence of noise and it can be estimated 

neglecting the non-significant singular values and their corresponding singular 

vectors calculated by singular value decomposition (SVD) [15]. 

Evolving factor analysis [16] adapted to analyze full rank augmented data 

matrices has been used to detect the evolution of the singular values as the 

measurement is carried out and to obtain information about the number of the 

reactions that are taking place. The rank-deficiency problem detected has been 

solved by a matrix augmentation process [14]. In this study, a column-wise data 

matrix has been constructed appending at the data matrix recorded during the 

studied reaction, the two sets of data obtained when the pure reactants has 

been monitored independently in the same conditions. 

Considering as representative of the variability of experimental error the 

value of the second singular value calculated by SVD in the data matrix obtained 

when the spectra of the reagents in the experimental conditions was monitored, 

we have found that as consequence of the reaction that is taking place, five 

singular values were significant. Analyzing the reaction time where they appear 

and their values, we have postulated that, in the experimental conditions, the 

most important reaction is the aza-Michael reaction, which is taking place 

quickly, but from the beginning the retro-Mannich-type fragmentation was also 

detected. However, regarding the values of the singular values and the EFA plot, 

it has been considered insignificant. This approximation has been confirmed by 

NMR analysis.  

The quantitative resolution of the data of the aza-Michael reaction was 

performed by MCR-ALS and in the optimization process only non-negativity 

constraint was applied [17]. The lack of fit (lof) of the model, the explained 
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variance and the correlation coefficients between the recovered spectra and the 

spectra of the pure species (r) were used to assess the quality of the results.  

 

2. Experimental 

2.1. Reaction conditions and procedure  

Scheme 1 shows the reaction that takes place between eno-MO (A) and 

aniline (B) (reaction a). The primary amine reacts with eno-MO to form a 

secondary amine through an aza-Michael addition reaction. The condensation of 

the resulting aza-Michael adduct (C) with aniline (B) gives the intermediate C’ 

which undergoes a retro-Mannich reaction to form a mixture of products (D and 

E) (reaction b). 
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Scheme 1. Reaction between eno-MO and aniline at 95 ºC: (a) aza-Michael reaction, (b) 

retro-Mannich-type fragmentation. (A) eno-MO, (B) aniline, (C) resulting aza-Michael 

adduct, (C’) retro-Mannich intermediate, (D) and (E) retro-Mannich-type fragmentation 

products. 
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The temperature for the isothermal reaction was 95 ºC. Initial molar 

ratio between eno-MO and aniline was 1:1 (eno-MO:aniline). The experimental 

procedure involved mixing of the necessary amounts of aniline and eno-MO at 

room temperature to obtain the desired molar ratio and immediate injecting 1 

mL of this mixture into the liquid cell of the NIR spectrophotometer. 

The eno-MO was synthesized as previously reported [18]. 

 

2.2. Data acquisition and data pre-treatment of NIR spectra 

The data obtained correspond to the NIR spectra recorded every 4 nm 

between 1352 and 2256 nm in an Infra Analyzer 500 Bran-Luebbe 

spectrophotometer. The instrument is designed to measure the reflectance of 

the samples when the radiation is reflected over a stainless steal disk. For each 

experiment, data at intervals of 5 min were acquired.  

The band at 1976 nm [19], which is characteristic of the primary amine 

group, was chosen as a reference. Thus, the reaction was considered to be 

completed when absorbance changes at this band were not observed. In this 

way, we consider that the reaction ended after 12.5 h. At this time, 150 spectra 

were obtained. Therefore, we obtained a matrix M (150 x 227), whose rows 

were the number of recorded spectra and whose columns were the 

wavelengths. In the same conditions, the NIR spectra of the pure reactants were 

also recorded during 1 h (A (12 x 227) and B (12 x 227)) in order to evaluate the 

noise and to perform the local rank analysis using modified evolving factor 

analysis.  

The spectra recorded in the InfraAnalyzer 500 were exported and 

converted into MATLAB binary files [20]. 
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All the original spectra were corrected to eliminate the vertical shift 

caused by using a NIR spectrophotometer with only one light beam [21]. 

 

2.3. Chemometrics analysis  

2.3.1. Rank analysis   

The rank of the M matrix has been calculated by singular value 

decomposition (SVD) [15]. In this study, we are considering the second singular 

value of the data matrix of the reagent aniline (B matrix) as threshold value 

associated to the noise. To overcome the rank deficiency detected on M matrix, 

an augmented matrix D was constructed appending the full rank matrices A and 

B (Fig. 1). The rank of the new data set calculated by SVD and the number of 

significant values detected are the same of possible absorbing species in M.   

The modified EFA algorithm [16] was applied to this augmented matrix 

D. The EFA algorithm works according to the following steps: 

1. Forward EFA on the augmented matrix [A;B;M]. 

2. Backward EFA on the augmented matrix [M;B;A]. 

3. Combined EFA plot taking into account the contribution present 

exclusively in M. 

The aim of this algorithm is to extract the information about the 

contributions present in M and their evolution along the reaction time.   
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Figure 1. Data matrix. (M) Rank-deficient data matrix containing the spectra recorded 

during the reaction. (D) Augmented matrix in the direction of columns which contains 

additional chemical information supplied to the system. 

 

2.3.2. Multivariate curve resolution-alternating least squares (MCR-ALS)  

  The aim of MCR-ALS [22] method is the bilinear decomposition of the 

experimental data set D in order to obtain matrices C and ST, which have a 

real chemical significance, according to Eq. (1): 

D = CST + E                           (1) 

where the dimensions of the matrices are: D (n x m), C (n x c), ST (c x m), E (n 
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x m); and c is the number of components considered (chemical species 

contributing to the signal), n is the number of spectra and m is the number of 

wavelengths in data matrix D. C is the matrix that describes the changes in 

the concentration of the species in the system under study. ST is the matrix 

that contains the response profile of these species (spectra profiles) and E is 

the residual matrix with the data variance unexplained by the prodcut CST.  

  First, the number of compounds present in D that have chemical 

information is estimated from the chemical rank associated with the data 

matrix D. This determination is performed according to expose above in 

section 2.3.1.  

  In the optimization process, in which ALS is applied to the matrix D, 

constraint of non-negativity for the concentrations (C) and spectral (ST) 

profiles was imposed [17].  

  The percentage of explained variance by the product of CST, the lack 

of fit and the coefficient of similarity between the recovered spectra and the 

spectra of the pure species were used as parameters to evaluate the 

goodness of the model.  

  The software used in this work has been written by Chemometrics 

Group of Barcelona University and has been downloaded from the Web page 

[23].  
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2.4. NMR spectra 

  1H NMR spectra at the beginning and 1H NMR spectra of the mixture 

extracted from the NIR at the end of the experiment (12.5 hours) was 

recorded using a Varian Gemini 400 spectrometer with CDCl3 as the solvent. 

A relaxation time delay of 10 seconds was used for obtaining a 

quantitative integration of the signals.  

 

3. Results and discussion 

Fig. 2 shows the NIR spectra obtained by monitoring the experiment with 

eno-MO/aniline molar ratio 1:1 at 95 ºC, after an off-set correction. The bands of 

interest, including primary and secondary amine and carbonyl group are 

identified in the spectra and their assignments are listed in Table 1. The 

assignments of the bands generally agree with those reported in the literature 

[19,24,25]. 

 

Table 1. Assignment of the absorption bands in the NIR spectra (see Fig. 2). 

 Wavelength (nm) Assignment 

1 1500 NH and NH2 group 

2 1676 CH aromatic 

3 1900 C=O group 

4 1976 NH2 group 

5 2020 NH and C=O group 

6 2040 C=O group 

7 2084 C=O group 

8 2160 CH aromatic 

9 2180 C=O group 

10 2256 CH 
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Figure 2. NIR transflectance spectra of eno-MO/aniline 1:1 obtained every 5 min at 95 

ºC, after the application of the off-set correction. The arrows indicate the evolution over 

time of the spectral bands (see the text). 

 

The principal changes correspond to the following vibrations. The band 

at 1976 nm associated with primary amine group present in the reagent aniline 

(B), decreases constantly during the reaction time. However, it is possible to 

observe that through the reaction the disappearance of this band changes the 

velocity in the temps unit. At the end of the recorded spectra this band is 

present and this fact indicates that the reaction is very low or that the other 

reactions postulated in scheme 1 are taking place.        
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The same happens with the absorption bands at 2020, 2084 and 2180 

nm, characteristic of stretching vibrations of the C=O group present in the initial 

reagent A and in the resulting aza-Michael adduct C. The intensity of these bands 

decreases throughout the reaction, indicating that they are mainly characteristic 

of the C=O group present in reagent A. Also, during the reaction time, an 

increase in the absorption at 2040 nm is observed. This band is also 

characteristic of C=O groups and, as consequence of its increase, it can be 

assigned to product C.  

The main bands typically observed in the NIR region correspond to 

overtones and combination bonds containing hydrogen and other light atoms 

(namely C-H, N-H O-H and S-H) [26,27]. For this reason, in the experimental data 

it is not easy to find characteristic bands of the different compounds that have 

been postulated in the scheme 1. 

Table 2 shows the values of the first six singular values calculated by 

means of SVD procedure of data matrix M. The number of chemical components 

was estimated by inspecting of the size of the singular values. It is assumed that 

the singular values associated to the chemical components are much larger than 

other possible contributions such as instrumental drift or experimental error. 

Even though some test to evaluate the number of significant factors exist [28], in 

this study we are considering the second singular value calculated with the data 

matrix of the reagents aniline (B) as threshold value associated to the noise 

(0.066). Therefore, the number of significant factors in individual matrix M is 3. 

However, the value associated to the last singular value is near to the limit 

established. 
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Table 2. Rank analysis of matrices M and D. 

Number of  

factor 

Singular values of  

the M matrix 

Singular values of 

the D matrix 

1 5.3234 6.9916 

2 0.3538 3.5431 

3 0.0852 0.3776 

4 0.0348 0.1931 

5 0.0157 0.0925 

6 0.0089 0.0548 

7 0.0063 0.0322 

 

If the only reaction that was taking place was the postulated aza-Michael 

reaction in scheme 1, in which the number of species that intervene in the 

process and absorb in the spectral zone is 3, the number of significant values it 

will be 2, in agreement with Amhrein et al. [29]. The existence of three 

significant values indicates that the evolution of the reagents along the reaction 

is not the same. This fact can be interpreted by the presence of the other 

chemical reactions postulated in scheme 1. Then, matrix M would be present 

rank deficiency.   

A strategy to detect the rank deficiency implicit in individual matrix M is 

to add chemical knowledge available to the experimental data [14]. In this study, 

to overcome the possible rank deficiency, a column-wise data matrix was 

constructed with the two sets of data corresponding to the two reagents (D = 

[A;B;M]). The singular values associated to the SVD for the augmented matrices 

are shown in Table 2. When we calculated the singular values for the augmented 

matrix, there was a considerable increase in the fifth singular value, whose 

magnitude was similar to the third singular value of the individual data matrix. 

This fact indicates that there is added information (variability) not contained in 
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the matrix M and, therefore, the original matrix presents rank deficiency.        

In the new augmented matrix D the number of singular values is 5. Thus, 

the rank deficiency is broken because the rank of the new matrix matched the 

number of absorbing species that intervene in the reactions postulated in 

scheme 1.   

A step further into the search for the right number of variability sources 

in the spectral data is to apply modified EFA [16] to augmented full rank matrix. 

The performance of the modified EFA algorithm will be shown on the full rank 

augmented data set formed by column-wise appending A, B and M (matrix D). 

The new data set has now rank 5, the number of absorbing species. 

As in the classical EFA algorithm, the analysis is performed forward and 

backward, plotting eigenvalues as a function of the number of rows included in 

the submatrix grown inside the augmented data set [30]. Forward EFA applied to 

the full rank matrix provides the results presented in Fig. 3, where the evolution 

of five significant contributions can be detected emerging from the noise level 

(log eigenvalue = -2.4). A vertical line divides the plot in two sections to separate 

the information from samples windows related to rank-deficiency matrix M and 

full-rank matrices A and B, on the left and right side of the forward and 

backward plot, respectively.     
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Figure 3. EFA plots of full rank M matrix; forward EFA (left) and backward EFA (right); the 

lines marked “q” and “” indicated reagent contributions and the lines “” denote 

additional contributions emerging in D. 

 

As was to be expected, two components are present from the beginning 

to the row 24, related to the pure reagents present in full-rank matrices A and B, 

respectively. The corresponding emerging lines are marked “q” and “”, 

respectively. The major interest of the modified EFA appears once the vertical 

line has been crossed. At row 25, rows of rank-deficiency M start to form part of 

the submatrices analyzed. At the noise level considered, the right part of the plot 

shows now the five real contributions in M. From these contributions, two are 

common to the full-rank matrices and three new ones (marked “”) are only 

present in M. At the first spectrum of M, a new factor emerges significantly. The 

second and third are detected later and the values reached by these factors are 

smaller than the values of the previous factors. This is in agreement with the 

hypothesis raised of that in the experimental conditions, besides the aza-Michael 

reaction, the retro-Mannich reaction can be taking place. 
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This was confirmed by NMR. Fig. 4 shows the 1H NMR spectra of a 

mixture of eno-MO and aniline at 0 min and at 12.5 h. The signals assignments 

are shown together with the molecular formulas. At the beginning of the 

reaction (spectra a) eno-MO and aniline have still not significantly reacted. After 

12.5 h (spectra b), A and B signals have almost totally disappeared. As was 

predicted, the retro-Mannich-type fragmentation takes place as it can be 

observed by the presence of a singlet at 2.13 ppm. This signal belongs to the 

three protons of the methyl group of methyl ketone E. The presence of D (see 

scheme 1) could be followed by the appearance of the aldehyde proton around 

10 ppm, but this kind of signals are broad and in this case is too weak as it 

belongs to one proton. However, D must be present since E is observed. In 

spectra b, by-product E signal has not significantly increase, confirming that the 

retro-Mannich side reaction has not relevance compared to the aza-Michael 

addition.   
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Figure 4. 
1
H NMR spectra and signal assignments of the reacting mixture at different 

reaction times: (a) 0 min and (b) 12.5 h. 

 

MCR-ALS was applied to the augmented data matrix D. As the value 

associated to the last singular values considered representatives of the evolution 

of the compound associated to retro-Mannich reaction are near the limit 

established and according to the results found by 1H NMR, that show that the 

products D and E are present in insignificant amounts, only the aza-Michael 

reaction has been considered. Therefore, only three factors were considered in 

the optimization process by MCR-ALS. 
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The MCR-ALS optimization of the augmented NIR data matrix gave two 

matrices: a matrix C that contains the concentration profiles for the three 

compounds involved in the aza-Michael reaction and a matrix ST which consists 

of the spectra recovered for each of the three species. The product of both 

matrices accounts for 99.92 % of the variance associated with the augmented 

experimental data matrix D and the lack of fit is 1.31 %, which in quantitative 

terms means that it explains practically all the variability of the experimental 

data. 

Fig. 5 shows the recovered spectra profiles by MCR-ALS for the chemical 

species involved in the aza-Michael reaction and the pure spectra of the 

reactants eno-MO and aniline. Their goodness was evaluated quantitatively by 

calculating the similarity coefficients between the recovered spectra and the 

pure spectra recorded for the reactants (eno-MO and aniline), respectively. The 

values were 0.9578 for the eno-MO and 0.9997 for the aniline, indicating that 

the recovered profiles have a high degree of concordance with the original ones. 

In the recovered spectra associated to product C it is possible to observe that the 

typical primary amine signal at 1976 nm does not appear and a signal at 1500 nm 

appear but less intense than the signal attributed to aniline. Also, a band not 

observed in the other spectra at 2040 nm associated with stretching vibration of 

the functional group C=O can be observed. All these characteristics make it 

possible to assign this profile as characteristic of the resulting aza-Michael 

adduct (C) because it presents a secondary amine group and the C=O group that 

it presents is different from the C=O group present in eno-MO (A) because it is 

not conjugated.  
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Figure 5. Superposition of the spectra of the species recovered by MCR-ALS that 

intervene in the chemical reaction and the pure spectra of the reactants eno-MO and 

aniline. For the MCR-ALS spectra profiles: (–) eno-MO, (···) aniline and (---) resulting aza-

Michael adduct. For the pure reactants: (*) eno-MO and (■) aniline. 

 

Fig. 6 shows the evolution of the concentrations in moles of the chemical 

species involved in the aza-Michael reaction. As consequence to the approach 

considered during the resolution by MCR-ALS in the optimization process, the 

closure constraint has not been applied. It is necessary to say that this solution is 

one of the possible solutions that can be obtained by MCR-ALS, but we have 

considered that this results are in agreement with the results found by 1H NMR. 

At the beginning of the reaction, the eno-MO and aniline concentrations (solid 

and dotted line for eno-MO and aniline, respectively) are equal, and the 

concentration of the product C (dashed line) is zero. At the end of the reaction, 

the concentration of reagents is zero and the concentration value for adduct C 
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represents almost 72% of the initial concentration of the reagents. These results 

are in agreement with the spectra 4b, in which the characteristic signals of 

aniline can not be detected.   

 

m
o

le
s

reaction time (min)

0  250 500 750
0

0.2

0.4

0.6

0.8

1

1.2
x 10-3

 

Figure 6. Concentration profiles of the species recovered by MCR-ALS that intervene in 

the chemical reaction: (solid line) eno-MO; (dotted line) aniline; (dashed line) resulting 

aza-Michael adduct. 

 

4. Conclusions  

The properties of products obtained in the polymerization reactions are 

condition by the reaction mechanism. To determine the optimal experimental 

conditions is necessary to know the concentration of the species involved in the 

process. It has been demonstrated that near-infrared spectroscopy (NIR) with 

multivariate curve resolution methods, such as MCR-ALS, is a useful tool to 
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obtain this information.  

An aza-Michael reaction between a modified fatty acid ester with ,-

unsaturated ketone groups (enone containing methyl oleate (eno-MO)) and 

aniline at 95 ºC has been monitored by NIR. The efficiency of the studied 

reaction can be affected by a retro-Mannich-type fragmentation, which has been 

detected from the beginning of the aza-Michael reaction applying local rank 

exploratory analysis to the NIR spectra.  

By inspection of the values it has been possible to consider that the 

extension of the retro-Mannich reaction in the experimental conditions is not 

significant. This conclusion has been validated by 1H NMR analysis of the final 

product, as its spectrum shows the complete disappearance of the signals 

corresponding to free aniline. 

Assuming a value of lack of fit of 1.31% during the resolution of the NIR 

spectra using MCR-ALS, a quantitative study of this reaction allow to conclude 

that, at the end of the reaction, the majority product is the resulting aza-Michael 

adduct.  
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4.1. INTRODUCTION 

 This chapter consists of two papers with one main objective: to develop 

fast analytical methods based on sequential injection analysis (SIA) with UV-

visible detection and multivariate curve resolution – alternating least squares 

(MCR-ALS) for determining parameters of interest in biodiesel. More specifically, 

the developed methods permit the determination of acidity and sulphate 

content.  

 The determination of fuel quality is an issue of great importance to the 

successful commercialization of biodiesel. The purity and quality of fuel is 

significantly influenced by numerous factors and low quality of the end product 

can lead to severe operational problems when using biodiesel, including engine 

deposits, filter clogging or fuel deterioration. Therefore, standards such as those 

in Europe (EN 14214; EN 14213 when using biodiesel for heating oil purposes) 

and the United States (ASTM D6751) regulate the specifications that the pure 

biodiesel must meet before being used as a pure fuel or being blended with 

petroleum-based diesel [1,2]. Under these standards, restrictions are placed on 

the individual parameters.  

 One of these parameters is the free fatty acid (FFA) content, which 

depends on the original feedstock and the oil refining steps, because high acid 

values can cause corrosion and engine deposits. Furthermore, this parameter 

has also to be determined in the vegetable oils used in the production of 

biodiesel, because the higher the acidity of the oil, the smaller the reaction yield. 

FFAs react with basic catalyst forming soaps, which lower the catalytic activity, 

reduce the reaction yield and emulsify the final product impeding glycerol 
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separation. Thus, the acid number of fats and oils has to be below a desired 

value (ranging from less than 0.5% to less than 3%) [3-6].  

 When the vegetable oils have a high FFA content, acid-catalysed 

transesterification is suitable [7,8]. Therefore, if sulphuric acid is used as a 

catalyst, sulphates can be found in the final biodiesel. Excessive sulphates can 

cause engine deposits and high abrasive wear levels, so the determination of this 

parameter is also important to achieve a high-quality end product.  

 The developed method for sulphate determination in biodiesel can also 

be applied to sulphate determination in aqueous samples, so it was applied to 

the determination of sulphate in natural and residual waters. The importance of 

sulphate determination from the standpoint of pollution monitoring is reflected 

in the maximum legally admissible concentration of 250 mg L-1 in natural waters 

[9]. 

 In this thesis, a diode-array spectrophotometer has been used as a 

detector in a sequential injection analysis (SIA) system. Absorption UV-visible 

spectroscopy has been used for the analysis of the composition of a sample and 

for monitoring and controlling processes for over 60 years. This is a very flexible 

technique that is used in nearly every laboratory and a high number of methods 

have been developed for determining an elevated number of analytes in diverse 

application fields [10,11]. Robustness and simplicity are the key parameters for 

the further broadening of applications and the increase of the number of 

parameters that can be measured using this technique.  

Since its introduction in the nineties [12], sequential injection analysis 

(SIA) has proved to be a powerful and a versatile instrumental tool, especially for 

the automation of analytical processes in a great variety of application fields, and 
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it has spawned extensive solutions to real world problems [13-16]. In SIA, the 

sample and reagent zones are sequentially aspirated into a channel using a 

selection valve to subsequently reverse the flow and transport the stacked zones 

into the detector. During the course of these operations, the zone undergoes 

some mutual dispersion and the analyte interacts with the reagents, evolving 

into another species.  

It has been pointed out that the penetration zone (related to dispersion) 

is the key parameter to design a SIA system and some authors have published 

several articles describing the most important parameters to be optimized [17-

20]. Depending on the experimental conditions, the contact between the 

reagent and the analyte before passing through the detector can be total or 

partial. If the reagent interacts totally, the analyte will be converted into the 

reaction product and in the detector only one signal is observed. Nevertheless, if 

the interaction is partial, as the solution passes through the detector, a diffusive 

mixture of reagent, analyte and product will be observed [21]. Depending on the 

kind of interaction and the detector coupled to the system, data of different 

dimensions can be obtained, as shown in Figure 4.1.  
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Figure 4.1. Different types of data that can be obtained by a SIA and different types of 

detector. A: analyte; B: reagent. 

 

 If a data matrix has been obtained, it is possible to resolve the various 

species present in a multicomponent sample with multivariate curve resolution – 

alternating least squares (MCR-ALS) [22,23].  

 Second-order calibration can reconstruct the response of the analyte in 

the presence of unknown and uncalibrated interfering species. The pure analyte 

is often used as a standard, while the interferences are not taken into account in 

the calibration stage, which is a clear advantage over first-order or multivariate 

calibration.  

 To establish a calibration model, a set of calibration standards of known 

concentrations is used in the linear range. Afterwards, the ALS algorithm is 

applied to obtain the areas of the concentration profiles of each species of the 
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system. Then, the area of the species of interest obtained in the resolution 

process is the signal employed to establish the following univariate linear 

relation: 

Ai = b1 ci + b0  (4.1) 

where Ai is the area obtained from the resolution process for each calibration 

standard and ci is the corresponding concentration value. The value of the 

concentration of the analyte in the sample is obtained from its corresponding Ai 

value and the calibration parameters.  
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Sequential injection titration method using second-order signals. 

Determination of acidity in plant oils and biodiesel samples 

Vanessa del Río, M. Soledad Larrechi, M. Pilar Callao 

 

Chemometrics, Qualimetrics and Nanosensors Research Group  

Analytical Chemistry and Organic Chemistry Department, Rovira i Virgili 

University 

Marcel·li Domingo s/n, Campus Sescelades, 43007 Tarragona, Spain 

 

Abstract 

 A new concept of flow titration is proposed and demonstrated for the 

determination of total acidity in plant oils and biodiesel. We use sequential 

injection analysis (SIA) with a diode array spectrophotometric detector linked to 

chemometric tools such as multivariate curve resolution – alternating least 

squares (MCR-ALS). This system is based on the evolution of the two species of 

an acid-base indicator, alizarine, when it comes into contact with a sample that 

contains free fatty acids. The gradual pH change in the reactor coil due to 

diffusion and reaction phenomenona allows the sequentially appearance of both 

species of the indicator in the detector coil, recording a data matrix for each 

sample. 

 The SIA-MCR-ALS method helps to reduce the amounts of sample, the 

reagents and the time consumed. Each determination consumes 0.413 ml of 

sample, 0.250 ml of indicator and 3 ml of carrier (ethanol) and generates 3.333 

ml of waste. The frequency of the analysis is high (12 samples h-1 including all 
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steps, i.e., cleaning, preparing and analysing). The utilized reagents are of 

common use in the laboratory and it is not necessary to use the reagents of 

perfect known concentration. 

The method was applied to determine of acidity in plant oil and biodiesel 

samples. Results obtained by the proposed method compare well with those 

obtained by the official European Community method that is time consuming 

and uses large amounts of organic solvents.  

Keywords: Sequential injection analysis; Acidity value; Multivariate curve 

resolution; Oil samples; Biodiesel samples.   

 

1. Introduction 

Free fatty acid (FFA) content is one of the most frequently determined 

quality indices in food quality control [1,2]. It also needs to be determined in 

biodiesel since it is one of the main factors that affects the transesterification 

process and if the lipid contains more than 0.5 % FFA, soaps can be formed and 

the efficiency of the catalyst can be compromised [3]. 

Official methods for determining FFA content are based on non-aqueous 

titrimetry [4]. The procedure is time-consuming and involves high volumes of 

organic reagents and manual operations which are subject to personal error. To 

overcome these drawbacks an automated procedure is highly desirable. 

Flow injection (FI) analytical methods, developed in 1975 by Ruzicka and 

Hansen [5], and sequential injection analysis developed later by Ruzicka [6], have 

proven to be extremely versatile for the precise and rapid automated analysis of 
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samples for a vast number of analytes of interest, both species or chemical 

parameters [7-11]. These systems are highly versatile because they can be 

adapted to most analytical instruments [12] and enable data of different 

dimensions to be obtained, that allows the use of various data treatments to get 

the required information [13].  

Various flow and sequential injection titration procedures have been 

developed since the late 1970s. Wójtowicz [14] indexes a series of pioneering 

works in this area in a paper on novel approaches to analysis by flow injection 

gradient titration. Most total acidity determination is carried out in oil samples 

[15,16], but it is also of interest in such other matrices and as fruit juices [17-19], 

vinegar [20-22], soft drinks [22] and metallurgical solutions [23]. Flow-titrations 

have also been developed to determine such other analytical indexes as the 

antioxidant potential in wines [24] or basic index in lubricants [25] or 

concentrated hydrochloric acid [26].  

The aim of this study is to develop a new concept of titration using 

sequential injection analysis (SIA) with a diode array UV-visible detector to 

obtain second order data that permits to resolve the components of a sample 

when unknown interferents are present.  

The method is based on introducing sequentially into the system a 

solution of an acid-base indicator, whose basic and acidic species have different 

spectra in the UV-vis range, and the solution sample. If the absorbance is 

recorded in a range of wavelengths at different times, a data matrix is obtained 

when the sample-indicator reaches the detector. The number of rows of this 

matrix corresponds to the number of spectra and the number of columns 

corresponds to the number of wavelengths [13]. When the data matrix has been 
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obtained, multivariate curve resolution – alternating least squares (MCR-ALS) 

can be used to resolve the species present in a sample to obtain the spectra and 

the concentration profiles [27,28]. These profiles will correspond to the acidic 

and basic species of the indicator and to any other species contained in the 

sample that gives response in the UV-visible zone.  

When a sample with free fatty acid is injected into the system, the 

concentration of the acidic species of indicator increases and the basic species 

decreases, so it is possible to establish a calibration relating the above 

mentioned indicator concentration profiles (areas) to the acidity.  

Although nowadays there are numerous applications of second-order 

data to quantitative analysis [29-32] and among them there are those which use 

SIA to generate second order data [33-35], we have found no references in 

which this sort of data was used to do an indirect determination of a quality 

index, as acidity, with a wide application area.  

This method has all the advantages of flow systems: high frequency of 

analysis, automatization, low consumption of reagents and samples, and low 

production of waste. Moreover, it does not need a reagent of known 

concentration and the reagents are easy to obtain in any laboratory. It also has 

the “second-order advantage” *36+, that permits to quantify the components of 

a sample when unknown interferents are present, which is a characteristic of 

high interest in the analysis of complex samples.  

The novelty of this work with regard to other methodologies that uses 

second-order data is that the employed signal is indirectly related with the 

analyte of interest, what increases the application possibilities of these 

techniques. 
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2. Experimental 

2.1. Procedure 

2.1.1. SIA method 

The carrier, sample and indicator solution are sequentially aspirated 

towards the syringe and then pushed towards the detector through the reactor 

coil. During this operation, the zone undergoes some mutual dispersion. Due to 

the sample contains free fatty acids, a pH gradient is created between the pH of 

the acid solution and the basic pH of the indicator. When the solution reaches 

the detector, the first species of the indicator detected is the basic species and 

then the acidic species. In one zone both species are present, as well to other 

UV-vis sensitive species. This process is schematized in the enlargement of the 

holding and reaction coils in Fig. 1. As response we obtain a data matrix whose 

columns are the SIA peaks at a specific wavelengths and whose rows are spectra 

recorded at a specific time (Fig. 2a and 2b).  
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Figure 1. Sequential injection analyzer and analytical process in the coils. 

 

2.1.2. Data treatment 

  The aim of the MCR-ALS method [37] is the bilinear decomposition of 

experimental data set D in order to obtain matrices C and ST, which have real 

chemical significance, according to Eq. (1): 

D = CST + E                           (1) 

where the dimensions of the matrices are: D (n x m), C (n x c), ST (c x m), E (n x 

m); n is the number of spectra o times in which the signal has been obtained, m 

is the number of wavelengths in which the signal has been obtained and c is the 

number of components considered (chemical species contributing to the signal). 

C is the matrix that describes the concentration profiles of the species in the 

system and can be used to obtain the areas of each species, which are directly 
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related to the concentration. ST is the matrix that contains the response profiles 

of these species (spectra profiles) and E is the matrix of the residuals.  

The first step in MCR-ALS is to analyse the rank of the data matrix to 

determine how many species are present in the sample; the second step is to 

make an initial estimation of the concentration profiles or of the pure spectra. 

The final step is to perform alternating least squares optimization to calculate 

new matrices C and ST from initial estimates of C or ST. In this optimization 

process, we imposed the constraint of non-negativity for the concentrations (C) 

and spectral (ST) profiles and the constraint of unimodality for the concentration 

profiles (C) [38]. The resolution can be improved by treatment with what are 

known as augmented matrices [27], appending the spectra of the pure acid and 

basic species of the indicator.     

The right side of Fig. 2 shows the concentration matrix C and the spectra 

matrix ST profiles obtained by MCR-ALS. As an example, in Fig. 2c and d it is 

shown the results obtained from the resolution of an oleic acid standard matrix. 

If the analysed sample wa complex and there were more absorbent species, the 

number of components would be superior to two, but it would continue having 

the same information with regard to the indicator signals (the called second-

order advantage).    
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Figure 2. (a and b) Data matrix resulting from the analytical process applied to an oleic 

acid standard, (c) matrix of concentration profiles (C) and (d) spectra profiles (S
T
). (---) 

acid species of the indicator and (—) basic species of the indicator. 

 

To evaluate the quality of model fit we considered the percentage of 

variance explained by the product CST, which is given by 
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Another parameter that we used to determine the quality of the 

resolution process is the lack of fit, which is expressed as 
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where dij are each of the elements of the experimental matrix D and d*
ij are each 

of the elements of the reproduced data matrix D, obtained by the MCR-ALS 

decomposition.  

The correlation coefficient of the spectra obtained in the resolution step 

(X) and the pure spectra (Y), calculated from (4), for the two species of the 

indicator was also used to assess the quality of the MCR-ALS results. 
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      (4) 

where ss is the sum of squared values of a set of n points.    

 

2.1.3. Calibration model 

To establish a calibration model we prepared a series of standard 

calibrations whose concentrations of free acid are known. The areas of the acidic 

and basic species of the indicator, obtained in the resolution process (Fig. 2c), 
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are the analytical signal that we use to establish a univariate calibration versus 

the concentration of free acid.  

The samples were analysed by the same procedure and the 

concentration of acid in the samples was obtained from its corresponding 

response value (areas of the species of the indicator) and the calibration 

parameters. 

Subsequently, the acidity value is obtained from expression (5) 

P

V
cAcidity    (5) 

where c is the concentration of free acid obtained by the proposed method, P is 

the weight of the oil and V is the volume to which the sample has been diluted 

before the analysis by SIA-MCR-ALS. 

 

2.1.4. Official method 

The Official European Community method [4] involves the following 

steps: (a) weighing 2.5-20 g of oil (according to expected acidity); (b) 

solubilization in 50-150 ml of an 1:1 ethanol-diethylether solvent and (c) titration 

with a 0.1000 M ethanolic KOH solution using phenolphthalein indicator. 

 The acidity, expressed as the percentage of oleic acid, is calculated 

according to the following expression 

oil

KOH

P

MNV
Acidity

10
    (6) 
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where V is the volume in ml of KOH solution, M is the molecular weight of oleic 

acid (282 g mol-1), N is the normalized concentration of KOH solution (mol l-1) and 

P is the weight in g of the sample.  

 

2.2. Reagents and samples 

In all analyses, we used analytical grade chemicals. Oleic acid was 

purchased from SIGMA-ALDRICH, sodium hydroxide from PROLABO and Alizarine 

from PANREAC. The carrier stream was absolute ethanol provided by Scharlab 

S.L. The oil and biodiesel samples were obtained from Bionet [39].  

 Oleic acid standards and samples were prepared by weighing the 

required amount of oleic acid (or sample) and dissolving in absolute ethanol. 

Indicator solutions were prepared by weighing the appropriate amount of 

alizarine and dissolving in NaOH solution.  

The samples and reagent volumes used for the SIA analysis are detailed 

in Table 1. 
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Table 1. Protocol and selected operating conditions in the SIA system. 

SIA method 

Steps Parameter Volume (ml) 

Preparation cycle   

1 Sample aspiration from reservoir to waste 0.33 

2 Indicator aspiration from reservoir to waste 0.33 

3 Carrier aspiration from reservoir to syringe 4.670 

Analytical cycle   

4 Sample aspiration from reservoir to syringe 0.083 

5 Indicator aspiration from reservoir to syringe 0.250 

6 Expulsion to detector 2.333 

7 Carrier aspiration from reservoir to syringe 2.000 

Cleaning cycle   

8 Carrier aspiration from reservoir to detector valve 1.000 

   

Flow rate in step 6: 0.5 ml min
-1

 

Flow rate in the rest of steps: 5 ml min
-1

 

 

2.3. Instrumental and software 

 The sequential injection analyzer (see Fig. 1) comprised a Cavro XL 3000 

syringe pump (5 ml) equipped with a six-port multiposition automatic selection 

valve (Eurosas EPS 1306 BPB) and a HP8452A diode-array spectrophotometer 

with a Hellma 178.711QS flow-through cell. All tubes connecting the various 

components of the flow system were made of Omnifit PTFE with and i.d. of 0.8 

mm. The lengths of the holding and reaction coils were 2.0 and 0.7 m, 

respectively. The syringe pump, the automatic valve and the data acquisition 

provided by the spectrophotometer were controlled by a personal computer via 

an RS-232 interface, a PCL-711S PC Lab-Card and an HP-IB IEEE488 interface for 

communications.  
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The spectra were recorded between 280 and 750 nm in 2 nm steps. As 

each sample passed through the detector, 80 measurements were taken (one 

every 0.7 s). The data were acquired and monitored by the spectrophotometer 

using the HP89531A software. The instrumentation was controlled by 

customised software.  

All calculations for multivariate curve resolution with alternating least 

squares (MCR-ALS) were performed with MATLAB 6.5 [40]. The software used in 

this study was written by the Chemometrics Group of Barcelona University and 

can been downloaded from the Web page [41]. 

 

3. Results and discussion 

 To do the calibrate it could have been used as standard any fatty acid 

since the parameter of interest is an index (acidity) that measures the non 

specific content in acids presents in the sample. Among different possibilities, 

the oleic acid was chosen because it is the acid to which one refers in the official 

method to determine the acidity.  

Like in case of the acid, the choice of the alizarine as indicator is not an 

indispensable requirement to carry out the proposed method. Due to the acid-

basic properties of alizarine (pKa is 5.7), it is a suitable indicator to the analysis 

because it does not need a too acid medium in order to evolves from its basic 

species, as is injected into the system, to the acidic species. Moreover, its 

spectral characteristics (the acid solution is yellow and the basic solution is 

violet) make alizarine a suitable indicator. Other indicators can fulfil the exposed 

conditions.  
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To establish an initial analytical sequence, we choose the working 

conditions (flow rate and volume of carrier, indicator and sample) in accordance 

with operational restrictions (length of tubes, volume of syringe, etc.). In this 

stage the essential requirements are that both species of indicator are present 

and the acid area increases when the acid concentration in the sample is higher. 

The conditions selected for the SIA method and the analysis protocol are 

summarized in Table 1. The steps 2 and 3 of preparation cycle are performed at 

the beginning of a series of measures and after the first analysis only step 1 is 

repeated to clean the sample tube and to fill it with the following one.  

In the application of MCR-ALS it has been proven that the resolution 

does not suffer significant changes if the data was resolved with two or three 

components, due to the poor sensitive signal of the oleic acid in the UV-visible 

zone. The iterative method of optimization was applied working with augmented 

matrices, adding to the response matrix D, the vectors related to the spectra of 

the two species of the indicator and of the oleic acid. The product of the C matrix 

and ST matrix accounts for 98.5042% of the variance associated with the 

experimental data and the lack of fit is 1.58%, which in quantitative terms means 

that it explains practically all the variability of the experimental data. The 

goodness of the spectra profiles recovered by MCR-ALS for the chemical species 

was evaluated quantitatively by calculating the similarity coefficients between 

the recovered spectra and the pure spectra recorded for both species (acid and 

basic species), respectively. The values were 0.9851 for the acid species and 

0.9909 for the basic species, which indicates that the recovered profiles have a 

high degree of concordance with the original profiles.         
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In the second step, we optimised the analytical sequence in order to 

work in the conditions that provide the best parameters (work range, slope and 

correlation coefficient) of the calibration graph. Two experimental factors were 

selected as the main variables involved in the response of the SIA-MCR-ALS 

method: (a) concentration of indicator and (b) concentration of NaOH solution. 

The concentration of indicator is important because the higher concentration, 

the greater global response. But it is also necessary to control that it stays within 

the linearity range, so the response of the matrix obtained can be decompose 

according to the minimum squares criteria. When the indicator solution, which 

contains NaOH, comes into contact with the sample, which contains free acids, a 

gradual pH change takes place in the reactor coil due to the diffusion 

phenomenon and to the neutralization. Thus, both phenomena will be more or 

less marked depending on the level of NaOH concentration in the indicator, so it 

has an influence on the concentration profiles of the two species of indicator.  

We evaluated the influence of these factors with a full factorial design 22, 

which has the experimental domain showed in the first two columns of Table 2. 

The levels of indicator concentration have been selected in order to obtain 

absorbance values between 0.2 and 1. The levels of NaOH concentration have 

been selected for the purpose of obtaining both indicator species at the 

expected free acidity. In each experiment, 12 oleic acid standards solutions were 

analysed in triplicate in the range between 0.0 and 128 mg l-1. The average of the 

areas found for every experiment is shown in the last columns in table 2. In all 

cases, and even when the standard of 0 mg l-1 was aspirated, both species of the 

indicator were present. This is due to the acid character of the ethanol used as a 

carrier, which provides enough acidity for there to be a small amount of the 

acidic species. When the high level of indicator concentration is considered, 

higher areas are obtained in the total concentration profiles. When the high level 
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of NaOH concentration is considered, the area of the basic species is larger than 

the area of the acidic species. There is an interaction between the two factors: 

the response does not depend exclusively on the indicator concentration, but it 

is also affected by the relation between the acid and basic area. This might be 

because the two species have different spectral sensitivities.   

 

Table 2. Experimental conditions of the 2
2
 factorial design and average response. 

Experiment 

number 

[alizarina] ·10
-4

 

(mol l
-1

) 

[NaOH] ·10
-4

 

(mol l
-1

) 
Acid area Basic area 

1 2.7 2.5 18.4795 22.5421 

2 4.0 2.5 182.7724 35.3814 

3 2.7 7.5 15.4252 71.7880 

4 4.0 7.5 40.5479 126.6145 

 

For the results obtained, which present different sensitivity to the acidic 

and the basic signal, 4 calibration graphs were constructed for each experiment. 

The response was considered to be the area of the acidic species, the area of the 

basic species and the relative area (area of the acidic or basic species relative to 

the total area of indicator). These last two calibrations have been built to verify if 

some randomness of the data is corrected and better precisions are obtained.  

Applying the ANOVA test to each calibration graph, we observed that in 

the overall calibration line there is a loss of linearity in the most concentrated 

standards. Table 3 shows some parameters of the calibration curves obtained 

from the acidic and the basic species, which passed the ANOVA test for a 0.05% 

level of significance and the corresponding degrees of freedom. The results 

obtained for the calibrations curves using relative areas are not shown because 

the precision of the regression line does not improve, which indicates that the 
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variability in the total area of the indicator is negligible in comparison to other 

sources of variability in the measures.   

 

Table 3. Some calibration parameters evaluated in the different experimental conditions. 

Parameters Acid calibrate Basic calibrate 

Experiment 1   

Working range (mg l
-1

) 0 – 20.5 0 – 5.13 

Slope 8.44 -16.13 

Intercept 9.24 33.53 

Correlation coefficient 0.9684 0.7675 

Experiment 2   

Working range (mg l
-1

) 0 – 12.8 0 – 25.6 

Slope 13.16 -10.36 

Intercept 170.97 47.18 

Correlation coefficient 0.9424 0.9741 

Experiment 3   

Working range (mg l
-1

) 0 – 25.6 0 – 25.6 

Slope 10.84 -13.75 

Intercept 1.55 89.08 

Correlation coefficient 0.9924 0.9842 

Experiment 4   

Working range (mg l
-1

) 0 – 10.2 0 – 12.8 

Slope 22.57 -31.87 

Intercept 13.03 164.32 

Correlation coefficient 0.9347 0.9876 

 

The table shows that there are any experience that jointly provides the 

best work range, the best slope and the best correlation coefficient. Considering 

the benefit of each parameter, we selected experiment 3 because it has the 

highest work range. This enables samples of different acidities to be used 

without doing previous dilutions. We used the absolute response of the acidic 
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species because its correlation coefficient was best, which led to lower 

uncertainty in the results. Figures of merit for the calibration model selected are 

shown in Table 4. The limit of detection (LOD) was calculated by taking into 

account the uncertainty of the regression line [42] with 95% confidence. RRMSC 

is the relative root mean square error of the calibration values and it was 

calculated to evaluate the accuracy of the curve calibration.   

 

Table 4. Figures of merit for the selected calibration. 

Working range (mg l
-1

) 0 – 26.0 

Slope 10.8359 

Intercept 1.5488 

R 0.9924 

n 30 

lod (mg l
-1

) 1.49 

RRMSC 0.3488 

Standard error 1.2756 

Standard deviation of the slope 0.4754 

Standard deviation of the intercept 0.5600 

ANOVA test 

F calculated 2.16 

F tabulated (0.05, 8, 20) 4.00 

 

Five oil samples and four biodiesel samples were analysed in triplicate 

under the selected conditions (0.083 ml sample volume aspiration, 0.5 ml min-1 

flow rate, 2.7 x 10-4 mol l-1 indicator concentration and 7.5 x 10-4 mol l-1 NaOH 

concentration). After the acid area had been obtained for every sample, the 

concentration was calculated in mg l-1 by interpolation in the calibration curve. 

Subsequently, the acidity was determined by expression 5. In Table 5 it is 

possible to observe the analysed samples, the experimental conditions for each 
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sample, the results obtained from SIA-MCR-ALS in mg l-1 and acidity values and 

the acidity values obtained from the official method.   

 

Table 5. Acidity values in oil and biodiesel samples obtained by the Official method and 

the SIA-MCR-ALS method.  

Samples Weight (g) 
 Acidity value (s) 

SIA method (mg  l
-1

) SIA method Official method 

Refined sunflower oil 0.4150 1.577 0.095 (0.012) 0.080 (0.007) 

Refined soybean oil 0.3752 1.681 0.112 (0.012) 0.0827 (0.0009) 

Crude soybean oil 0.1773 4.589 0.647 (0.014) 0.697 (0.001) 

Refined palm oil 0.2230 2.542 0.285 (0.009) 0.270 (0.004) 

Refined waste oil 0.1081 5.06 1.17 (0.02) 1.19 (0.03) 

Sunflower biodiesel 0.3680 1.62 0.11 (0.01) 0.11 (0.01) 

Soybean biodiesel 0.6330 1.519 0.06 (0.01) 0.06 (0.05) 

Palm biodiesel 0.2990 1.722 0.144 (0.031) 0.158 (0.006) 

Waste biodiesel 0.3730 1.64 0.11 (0.02) 0.12 (0.2) 

    (*) The Volume of each sample was 25 ml. 

 

The accuracy of the SIA-MCR-ALS method was validated by comparing its 

results with those obtained by the official titration method. We constructed a 

regression graph where the Y axis represented the results from the SIA method 

and the X axis represented the results from the official titration method. The 

regression parameters were 0.9591 for the slope and 0.0096 for the intercept. 

Using the elliptic joint confidence region (EJCR) test [42], statistical comparison 

was carried out. The critical value of the Snedecor-Fisher statistic at a 95% 

confidence level was 4. The F-value of 2.48 (20 and 8 freedom degrees) was 

obtained. This indicates that the point (1, 0) lies within the EJCR. Therefore, the 

ellipse includes the theoretically expected value of (1, 0), and the method is 

reliable.    
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4. Conclusions 

A new concept of flow titration was proposed and demonstrated for the 

determination of total acidity in plant oils and biodiesel samples. The advantages 

of using this method are that automatization is easy and the amounts of sample, 

reagents and waste are reduced. It is also less time-consuming and it is not 

necessary to use reagents of known concentration.  

The use of second-order chemometric techniques make it possible to 

obtain the concentration profiles without having to do any sample treatment, 

except dilution process, even if other absorbent species are present in the 

sample.   

The acidity results for various oil and biodiesel samples are statistically 

comparable to those obtained by the official method. 

It should be possible to adapt the proposed system to study other acids 

or other substances involving reactions that produce or consume acids or bases 

and other types of samples.  
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Determination of sulphate in water and biodiesel samples by a sequential 

injection analysis-multivariate curve resolution method 

Vanessa del Río, M. Soledad Larrechi, M. Pilar Callao 

 

Chemometrics, Qualimetrics and Nanosensors Research Group 

Analytical Chemistry and Organic Chemistry Department, Rovira i Virgili 

University 

Marcel·li Domingo s/n, Campus Sescelades, 43007 Tarragona, Spain. 

 

Abstract 

 A spectrophotometric sequential injection analysis (SIA-DAD) method 

linked to multivariate curve resolution – alternating least squares (MCR-ALS) has 

been developed for sulphate determination. This method involves the reaction, 

inside the tubes of the SIA system, of sulphate with barium-dimethylsulfonazo 

(III) complex, Ba-DMSA (III), displacing Ba2+ from the complex and forming DMSA 

(III). When the reaction products reach the detector a data matrix is obtained, 

which allows a second-order calibration to be developed. The experimental 

conditions (concentration and sample and reagent volumes) to obtain the 

highest sensitivity have been chosen applying a 24-1 fractional factorial design.    

The proposed sequential flow procedure permits up to 15 mg SO4
2- L-1 to 

be determined with a limit of detection of 1.42 mg L-1 and it is able to monitor 

sulphate in samples at a frequency of 15 samples per hour. 
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The method was applied to determine sulphate in natural and residual 

waters and in biodiesel. The reliability of the method was established for water 

samples by parallel determination using a standard turbidimetric method for 

sulphate in natural and residual water samples with results within statistical 

variation. For biodiesel samples, the method was validated comparing the 

concentration of some spiked samples with the expected concentration using a 

test-t. 

Keywords: Sulphate determination; Sequential injection analysis; Multivariate 

curve resolution; Water analysis; Biodiesel analysis.      

 

1. Introduction 

Sulphate concentration is a parameter of high analytical interest in an 

extensive variety of application fields. Sulphate is the predominant sulphur 

species available to plants, so its determination in soil solutions and plants is of 

relevance [1]. Sulphuric acid is widely used in numerous industries, as in 

biodiesel production from the esterification of vegetable oils by an acid catalysis 

[2]. Thus, sulphates can be found in the biodiesel obtained, which affects the 

quality of the final product. The extensive industrial use of sulphates causes 

them to be widely distributed in the environment and, therefore, it is necessary 

to determine their presence in order to monitor water quality.        

In this work, a sequential injection analysis system with diode array 

detection was developed for the determination of sulphates in natural and 

residual waters and biodiesel. 
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 In water analysis, the turbidimetrically official method is a well known 

procedure for the determination of sulphates [3]. In biodiesel samples, the 

standard method determines sulphated ashes from petroleum products [4] and 

is based on burning the sample until a carbonaceous residue is obtained. In 

bioethanol samples, which have a low level limit of sulphate specified (< 4 mg Kg-

1) [5], ion chromatography [6] and potentiometry [7] are the standard methods 

used for sulphate determination. These procedures are time-consuming. Hence, 

the development of a rapid methodology for determining sulphates is of great 

interest.  

Several alternatives have been reported for the determination of 

sulphate ion; for example, ion-selective electrode [8-10], ion chromatography 

[11-14] and capillary electrophoresis [15-17]. However, these processes are slow 

and require large volumes of reagents. In an attempt to overcome these 

drawbacks, some researchers have developed spectrophotometric turbidimetric 

flow-injection procedures for the determination of sulphates in environmental 

samples. The spectrophotometric methods include the colorimetric reaction 

with Fe3+ to form the cationic complex [Fe(SO4)]
+ [18-20], with barium-

dimethylsulfonazo (III) [1,21,22] or with barium-chloroanilate [23]. The 

turbidimetric methods use the precipitation reaction of barium [24-26] or lead 

[27,28] ion with sulphate in the sample to form barium sulphate or lead sulphate 

suspension.  

The developed method is based on the reaction between barium-

dimethylsulfonazo (III) (Ba-DMSA (III)) and sulphate ions, as referenced in 

previous works [1,21,22]. The proposed methodology consists of generating a 

system that evolves gradually in the reactor coil from Ba-DMSA (III) to DMSA (III), 

which have different spectra in the UV-vis range. Recording the absorbances in a 
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range of wavelengths at different times allows a data matrix for each sample to 

be obtained, which, when treated by means of the MCR-ALS algorithm, leads to 

the spectral and concentration profiles of both species of the reagents. Both 

concentration profiles are related to the sulphate concentration: the more 

sulphate concentration, the higher DMSA (III) area and the lower Ba-DMSA (III) 

area. 

 The methodology presented is experimentally simple and, furthermore, 

as all flow systems, it has the following advantages: high frequency of analysis, 

low consumption of reagents and samples and low waste generation. Obtaining 

and treating second-order data provides information about the presence of 

interferents in the sample and the analyte of interest can be quantified even 

when these are present.  

Nowadays, although the use of second-order data treatment is not 

generalized, it is gaining widespread acceptance and it has been used in a 

number of real and complex systems to solve various analytical problems [29-

31]. If the applications of second-order data treatment are restricted to flow 

systems, methods have been described for the determination of a wide range of 

analytes in an extensive variety of matrices: acidity in plant oils and biodiesel 

samples [32], chromium [33] and dyes [34] in tanning waste waters, amoxicillin 

and clavulanic acid in pharmaceuticals [35], phenolic compounds in disinfection 

products [36], dyes [37] and antimicrobials [38] in juices, sulfonamides in milk 

[39], hydroquinone in cosmetics [40] and mixtures of amino acids [41] and 

nucleic acid components in complex mixtures [42], among others.  
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To the best of our knowledge, no studies have yet been reported to 

determine sulphate by SIA and MCR-ALS, which is an adequate methodology for 

aqueous and organic samples.  

 

2. Experimental 

2.1. Reagents and samples 

 All the reagents used were of an analytical reagent grade from SIGMA-

ALDRICH. Water purified with a Milli-Q water system from MILLIPORE, USA, was 

used throughout the experiments. 

 A standard sulphate stock solution (1000 mg L-1), obtained by dissolution 

of previously dried K2SO4, was used to prepare working standards. 

 A solution of 8.7 x 10-5 mol L-1 Ba-DMSA (III) reagent was prepared by 

dissolving the corresponding weight of Na-DMSA (III) in a solution of 3.48 x 10-4 

mol L-1 BaCl2, 5 x 10-4 mol L-1 KNO3 and 1% in acetic acid. The chromogenic 

reagent was stored in amber flask.   

The carrier stream was Ultrapure Milli-Q water. 

Thirteen samples of water (seven of natural water and six of residual 

water) from different sources were provided by EMATSA [EMATSA, Empresa 

Municipal Mixta de Aguas de Tarragona S.A., Tarragona, Spain]. To carry out the 

SIA analysis, the water samples were prepared by dilution of the appropriate 

aliquots. Residual water samples were first filtered through an Ahlstrom Filter 

Paper Circle PK100.    
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Four biodiesel samples (palm biodiesel, sunflower biodiesel, soybean 

biodiesel and waste biodiesel) were provided by BIONET [Bionet Europa S.L., 

Reus, Tarragona, Spain]. To carry out the SIA analysis, the samples were first 

filtered through an Ahlstrom Filter Paper Circle PK100 and then prepared by 

weighing the required amount of biodiesel and dissolving in ethanol:water 

(25:75). 

 

2.2. SIA manifold and measurement conditions 

A schematic diagram of the flow manifold is depicted in Fig. 1. The 

sequential injection analyser comprised a Cavro XL 3000 stepper motor driven 

syringe pump of 5 mL equipped with a six-port multi-position automatic 

selection valve (Eurosas EPS 1306 BPB) and a Hewlett-Packard 8452A 

spectrophotometer with a Hellma 178.713-QS flow-through cell, which has a 

pathlength of 10 mm and its inner volume is 8 l. All tubes to connect the 

various components of the flow system were made of Omnifit PTFE with 0.8 mm 

(i.d.). The lengths of the holding and reaction coils were 2.0 and 7.0 m, 

respectively. The syringe pump, the automatic valve and the data acquisition 

provided by the spectrophotometer were controlled by a personal computer 

(PC) via an RS-232 interface, a PCL-711S PC- Lab-Card and an HP-IB IEEE488 

interface for communications, respectively.  

 Spectra were recorded between 250 and 725 nm in 2 nm steps. As each 

sample passed through the detector, 80 measurements were taken (one every 

0.7 s).  
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Carrier

Holding coil

Reaction coil

Sample

Reagent

PC

l Waste

Detector

Pump

SP
V

 

Figure 1. Schematic diagram of the sequential injection analyser. SP: syringe pump; HC: 

holding coil; V: selection valve; RC: reaction coil; l: spectrophotometer; PC: personal 

computer; C: carrier; R: reagent; S: sample; W: waste. 

 

2.3. Turbidimetric analyzer 

 A Seal Analytical (AQ2+) turbidimeter was used. This instrument was 

operated according to the manufacturer’s instructions: Sulphate in drinking and 

surface waters and domestic and industrial wastes (UKAS-515-A rev.1 method), 

based on HMSO method [3].   

 

2.4. Procedure 

2.4.1. SIA method basis 

The proposed method involves the reaction of sulphate ions with a 

barium-dimethylsulfonazo (III) complex, Ba-DMSA (III), displacing Ba2+ from the 

complex and forming DMSA (III), as is shown in Figure 2. The proposed method 
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involves the formation of the slightly soluble barium sulphate, but turbidity was 

not observed in any case. It should be pointed out that, although in some 

experiences the BaSO4 ionic product would lightly overcome the BaSO4 solubility 

product, a dilution process takes place in the coils due to the interdiffusion 

between the species.   

 

(a)

(b)

Carrier
Sample
(SO4

2-)
Reagent

(BaDMSA (III))

Holding coil

Flow to the syringe Flow to the detector

Reaction coil

Carrier Sample
(SO4

2-)

Reagent

(BaDMSA
(III))

(DMSA 

(III))

O
N

SO3
-

N

-O3S

NN

H3C CH3

OH OH

N

SO3
-

N

-O3S

NN

H3C HO3S CH3SO3H

BaSO4SO4
2-

Ba-DMSA (III) DMSA (III)

SO3
- -O3S

OH

HBa2+

 

Figure 2. (a) Reaction between sulphate ions with barium-dymethylsulfonazo 

(III) complex; (b) Schematic diagram of the process for mixing sample, reagent and 

carrier in the channel of the SIA system. 

 

The sequence of the analysis was as follows: (1) carrier aspiration to 

holding coil (4750 l); (2) sample aspiration to holding coil (83 l); (3) reagent 

aspiration to holding coil (166 l); (4) flush out to reactor coil and detector; and 

(5) recording of the spectrum. The flow rate was 1 mL min-1 for all steps. 
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Samples, with no previous treatment except dilution when it was necessary, 

were aspirated into the system and injected in triplicate.  

At the bottom of Figure 2 the process that takes place in step 4 is 

schematized, in which the reagent mixed with the sample via an interdiffusion 

process. When the solution reached the detector, the first species detected was 

the chromogenic reagent Ba-DMSA (III), followed by a mixture of Ba-DMSA (III) 

and DMSA (III) species and finally DMSA (III). By measuring the absorbance at 

different times and different wavelengths, a data matrix D (n x m) was obtained, 

where n represents the times and m the wavelengths at which the signal is 

recorded. 

 

2.4.2. Data treatment 

The aim of second-order data treatment such as MCR-ALS [43] is to 

decompose the raw matrix D (n x m) into the product of two matrices according 

to Eq. (1) 

D = CST + E  (1) 

where matrix C (n x c) has column vectors corresponding to the profiles 

of concentration of the c pure components that are presented in matrix D. The 

row vectors of matrix ST (c x m) correspond to the spectra of the c pure 

components, and E (n x m) is the matrix of the residuals.  

Specifically, MCR-ALS is an iterative method that, at each cycle, 

calculates new matrices C and ST. During these iterative calculations, a series of 

constraints with the purpose of giving solutions with physical meaning and of 
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limiting their possible number are applied [44,45]. Iterations continue until an 

optimal solution is obtained that fulfils the constraints postulated and the 

established convergence criteria. Constraints applied in this work were non-

negativity for the concentration (C) and spectra profiles (ST) and unimodality for 

the concentration profiles (C). We also used the augmented matrices strategy 

[46] to improve the resolution, appending the spectra of the pure Ba-DMSA (III) 

and DMSA (III) species of the reagent.  

At the end of the optimization process, the performance of the model 

was evaluated from the following parameters [43]: the lack of fit (lof) of the 

model, the percentage of explained variance by the product CST and the 

correlation coefficient of the spectra obtained in the resolution step and the 

pure spectra of the two species of the reagent: Ba-DMSA (III) and DMSA (III).  

To establish a calibration model, the Ba-DMSA (III) area of the 

concentration profiles obtained in the resolution process was used as an 

analytical signal versus the concentration of sulphate ion in each standard, 

following the model: 

Ai = b1 ci + b0   (2) 

where Ai is the area and ci is the concentration for each i standard. The 

regression lines obtained were validated using the ANOVA test [47]. In the 

prediction step, we use the expression 2 and the experimental area obtained 

from the considered sample. 

The samples were analysed by the same procedure and the value of the 

concentration of SO4
2- in each sample was obtained from its corresponding 
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response value (area of the Ba-DMSA (III) species) and the calibration 

parameters.   

 

2.4.3. Reference analysis 

 In order to assess the quality of the results obtained in water analysis by 

the proposed method, they were compared with those obtained by a method 

based on the standard method produced by the Standing Committee of Analysis 

[2]. In this method, sulphate is determined turbidimetrically by precipitation 

with BaCl2 (under controlled acidic and stirring conditions) to form BaSO4 crystals 

of uniform size. Turbidity was measured at 505 nm and the SO4
2- concentration 

was determined by comparison with a standard curve (0 – 40 mg SO4
2- L-1).  

 In biodiesel analysis, the validation of the results was carried out from 

the obtained sulphate recovery in the samples, which had been spiked with 

different quantities of sulphate. 

 

2.5. Software 

 HP89531A software was used to record and store the spectra. 

Customised software was used to control the SIA. 

 All calculations relating to MCR-ALS were performed with laboratory-

written software under MATLAB 6.5 [48]. This software is available from the 

authors [49]. 
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3. Results and discussion 

 A first study to determine the optimum experimental conditions in order 

to obtain the best regression line, which relates the area of one of the species to 

the sulphate concentration, was carried out. In this step, we considered the 

following factors: the concentration of DMSA (III), the concentration of KNO3, the 

volume of the sample and the volume of the reagent. The flow rate was set at 1 

mL min-1 and the relationship between the concentrations of DMSA (III) and Ba2+ 

was maintained constant. To determine the effects of the above parameters, we 

developed a fractional factorial design of 24-1 experiments. The considered 

response was the slope of the regression between the concentration profiles and 

the sulphate concentration. The experimental domain was chosen bearing in 

mind the values established in the previous references on which the detection 

system is based [1,21,22]. The experiments were conducted with standards of 

SO4
2-, which were analysed in triplicate in the range between 0 and 15 mg L-1. In 

the first columns of Table 1 the conditions of the experiments are described. 
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Table 1. Experimental domain of the fractional factorial design applied. 

Experiment 

number 

Factor Response 

[DMSA]
a
 [KNO3]

b
 Vs

c
 Vr

d
 Slope 

1 43.5 0 83 166 -3.71 

2 87 0 83 83 -4.25 

3 43.5 0.5 83 83 -1.99 

4 87 0.5 83 166 -7.50 

5 43.5 0 166 166 -3.64 

6 87 0 166 83 -4.32 

7 43.5 0.5 166 83 -1.58 

8 87 0.5 166 166 -8.11 

a
 DMSA (III) concentration in mol L

-1 

b
 KNO3 concentration in mmol L

-1 

c 
Sample volume in L 

d
 Reagent volume in L 

 

Data matrices were analysed using MCR-ALS. For all concentrations of 

SO4
2-, both species of the reagent were observed and, as expected, as the 

sulphate concentration increased, the Ba-DMSA (III) area decreased and the 

DMSA (III) area increased. The quality of the MCR-ALS resolution was assessed 

by the lack of fit and the explained variance, ranging from 0.503 to 2.341 and 

from 99.75% to 99.93%, respectively. The goodness of the spectra profiles was 

determined, in quantitative terms, using the correlation coefficient (r) between 

the recovered spectra and the experimental spectra. The r values calculated 

were superior to 0.9900 for both species in all the experiments, indicating that 

the recovered profiles have a high degree of concordance with the originals. 

Figure 3 shows the results obtained from the resolution process of a data 

matrix corresponding to a standard of 10 mg L-1 SO4
2- analysed in the conditions 
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of experience 4. In Fig. 3a it is possible to observe that approximately during the 

first 20 seconds no signal appeared; in the following 14 seconds only the Ba-

DMSA (III) signal was present; after 32-80 seconds both signals (Ba-DMSA (III) 

and DMSA (III)) coexisted and finally, only the DMSA (III) signal was detected.  
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Figure 3. Concentration profiles (a) and spectra profiles (b) after applying MCR-ALS. 

Continue line corresponds to Ba-DMSA (III) complex and dotted line corresponds to 

DMSA (III). In 3a, a.u. means arbitrary units. 

 

For each experience, 2 calibration graphs were constructed, considering 

as a response the Ba-DMSA (III) or the DMSA (III) area, with comparable results. 

So the Ba-DMSA (III) area was considered as a response. The results can be seen 

in the last column of Table 1. Each regression line passed the ANOVA test for a 

95% of confidence and the corresponding degrees of freedom.  

In Table 2, the significance of the estimated effects in the slope 

(evaluated in absolute value) was demonstrated. We considered that three- and 

four- factor interactions were neither likely nor important. We concluded that 
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the sample volume effect was not noteworthy, both considering it as principal 

effect and its interactions with the other factors. On the other hand, the 

response was affected by the reagent concentration and the reagent volume 

and, in low measure, by the KNO3 concentration. These factors affected the 

response in the same way, i.e. the results were better for the high level of the 

factors.  

 

Table 2. The effect of factors on the response. A: DMSA (III) concentration; B: KNO3 

concentration; C: sample volume; D: reagent volume; AB, AC; AD, BC, BD, CD: interaction 

between factors.  

Factor Effect Value  

A + BD 3.32 

B + AD 0.82 

C 0.048 

D + AB 2.71 

BC 0.05 

AC 0.29 

CD 0.22 

 

The statistical data and figures of merit of the regression line 

corresponding to experience 4, which was the one chosen to analyse the 

samples, are shown in Table 3. The detection limit was estimated according to 

the uncertainty of the calibration model with 95% of confidence [47].  
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Table 3. Figures of merit for the calibration curve. 

Working range (mg L
-1

) 0 – 15 

Slope -7.5 

Intercept 194.7 

R 0.9902 

n 24 

lod (mg L
-1

)
a
 1.42 

RRMSC
b
 0.32 

Standard error 5.51 

Standard deviation of the slope 0.2 

Standard deviation of the intercept 1.9 

ANOVA test 

F calculated 2.49 

F tabulated (0.05, 6, 16) 3.41 

a 
Detection limit 

b 
Relative root mean squared error 

 

Study of the effect of the presence of potential interfering chemical 

species for sulphate determination by SIA procedure were performed for Ca2+, 

Mg2+ and CO3
2-. The results obtained when different amounts of the considered 

interference were added to three different standards of SO4
2- are shown in Table 

4. The sulphate concentrations found which are statistically different from the 

real concentration of sulphate are marked in bold letter. Non-significant 

interference levels were obtained for Ca2+, even though the Ca2+ content was 

between 3-20 times the SO4
2- content. Magnesium ion interfered when the 

sulphate concentration was lowest and the magnesium concentration was 

between 10-20 times more, and carbonate ion interfered when its concentration 

was 10 times the sulphate concentration.  
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Table 4. Effect of some interfering species on the flow determination of sulphate for 

sulphate solutions of 5, 10 and 15 mg L
-1

 containing interferents at 25, 50, 75 or 100 mg 

L
-1

. 

Sulphate 

added 

(mg L
-1

) 

Sulphate found (mg L
-1

) 

 Ca
2+

 added (mg L
-1

) Mg
2+

 added (mg L
-1

) CO3
2-

 added (mg L
-1

) 

 50 75 100 25 50 100 25 50 100 

5.07 5.18 5.21  4.99  5.02  3.16 3.58  5.52  7.74  7.67  

10.12 10.80  10.99   10.37  10.20  10.02  10.50  10.47  9.98 12.17  

15.10 14.93  15.21  15.09  15.52  15.01  15.04  15.35   15.01  14.96  

 

The presence of carbonate and magnesium causes higher and lower 

sulphate concentrations than the real sulphate concentration, respectively. 

Focusing on the scheme depicted in Figure 2, both interferences can be 

explained due to the affinity of the carbonate to the barium, which competes 

with the sulphate, displacing the reaction equilibrium to the right, or due to the 

competition of the magnesium with the barium in the formation of the complex 

or in its union with the sulphate.   

In any case, it should be noted that the concentrations of evaluated 

potential interferences were higher than those expected in natural water 

samples and these interferences should only be considered in those waste 

waters that, because of their origin, make one suspect that there may be a high 

content of magnesium and/or carbonate. It is not expected that these 

interferences would be present in biodiesel samples. 
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 The feasibility of the proposed method was ascertained by analysing a 

set of water and biodiesel samples. 

Water samples were already analysed by the official method, which is 

employed for routine analysis at EMATSA, and the results are presented in Table 

5. The average values and the standard deviation in the analysis are of three 

replicates from thirteen different samples of sulphate. The sulphate 

concentrations of these samples were out of the linear working range of the 

sequential injection analysis methodology. Therefore, sample dilution was 

needed.  

The accuracy of the flow methodology was assessed through the elliptic 

joint confidence region (EJCR) test [47]. The critical value of the Snedecor-Fisher 

statistic at a 95% confidence level was 3.98 and F-value was 3.37. This indicates 

that the point (1,0) lies within the EJCR, so the ellipse includes the theoretically 

expected value of (1,0). Therefore, it can be concluded that there is no 

statistically significant difference between the two methods for the 

determination of sulphate in water samples at the 95% confidence level and the 

method is reliable.  
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Table 5. Results obtained by SIA procedure and reference method for sulphate 

determination in natural and residual water samples. 

Samples 
Kind of 

sample 
Source 

Dilution 

factor 

Sulphate  

(mg L
-1

) 

Sulphate in sample  

(mg L
-1

) 

SIA 

method 

SIA 

method 

Official 

method 

1 
Residual 

water 

Wastewater 

pipeline 

(urban and 

industrial 

waters) 

250 5.43 1357 1360 

2 Clean water Golf well 12.5 9.02 112.0 111 

3 Clean water Well water 12.5 8.26 103.2 104 

4 
Residual 

water 

Paper industry 

spill 
62.5 8.75 547 552 

5 Clean water Golf well 12.5 8.68 108.6 108 

6 
Residual 

water 

Naval industry 

spill 
25 7.19 180 182 

7 Clean water Golf well 25 4.59 115 115 

8 Clean water Unknown 12.5 7.93 99.2 98 

9 
Residual 

water 
Unknown 50 5.56 277 278 

10 
Residual 

water 
Unknown 50 8.03 402 404 

11 
Residual 

water 
Unknown 50 9.16 458 456 

12 Clean water Golf well 25 5.23 130 132 

13 Clean water Unknown 25 4.96 124 125 
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The validation of the proposed methodology for the biodiesel samples 

was carried out analyzing the real samples and the samples generated by the 

addition of known sulphate concentration (2 and 4 mg L-1) and evaluating the 

recovery. The recovery results are shown in Table 6. A test-t [47] of comparison 

between the ideal 100% value and the experimentally found value was applied 

and no significant differences between both values were found.  

 

Table 6. Results obtained by SIA procedure for sulphate determination in biodiesel. 

Sample 
Sulphate concentration (s) (mg L

-1
) 

Recovery (%) 
Added Found 

Soybean biodiesel 0.00 6.55 (0.06) — 

 
2.00 8.52 (0.09) 98.5 

4.00 11.43 (0.15) 122 

Sunflower biodiesel 0.00 6.73 (0.35) — 

 2.00 8.44 (0.49) 85.5 

 4.00 11.64 (0.33) 123.5 

Palm biodiesel 0.00 6.51 (0.26) — 

 2.00 8.52 (0.36) 100.5 

 4.00 11.24 (0.09) 118.25 

Waste biodiesel 0.00 6.63 (0.65) — 

 2.00 8.88 (0.23) 112.5 

 4.00 10.96 (0.16) 108.25 

 

4. Conclusions 

A sequential injection system was developed for the determination of 

sulphates by using spectrophotometric detection and multivariate curve 

resolution-alternating least squares. The results for natural and residual water 

UNIVERSITAT ROVIRA I VIRGILI 
FAST ANALYTICAL METHODOLOGIES BASED ON MOLECULAR SPECTROPHOTOMETRIC TECHNIQUES 
AND MULTIVARIATE DATA ANALYSIS 
Vanessa del Rio Sánchez 
ISBN:978-84-693-9439-7/ DL:T.64-2011  



                                                                                Analytica Chimica Acta, 676 (2010) 28-33 

 

209 

samples are comparable to those obtained by the reference method. For spiked 

biodiesel samples we have obtained recovery statistically comparable to 100%. 

The proposed flow methodology can be applied in aqueous and organic 

samples and allows in-line preparation of the samples, with the corresponding 

increase in sampling rate and simplicity analysis. The use of second-order 

chemometric techniques avoids the need for sample pre-treatment and 

separation of interferents, which provides suitable conditions to determine 

sulphate in complex samples. 

 In conclusion, the proposed method can be applied to water and 

biodiesel analysis as an inexpensive and rapid technique that yields results with 

good precision and accuracy. Alternatively, the reagent consumption and waste 

generation is minimal, only 0.166 ml and 3.16 ml per sample, respectively, which 

meets the requirement of the modern tendency towards Clean Chemistry.   
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 This chapter summarizes the general conclusions of the work presented 

in this thesis. Specific conclusions have been drawn at the end of each paper.   

 The obtained results have demonstrated that molecular 

spectrophotometric techniques, as infrared and UV-visible spectroscopy, 

combined with second-order data analysis methods are very valuable tools to 

develop fast analytical methodologies.  

 More specifically, the combination of infrared spectroscopy with 

chemometric analysis of the data has allowed to: 

 Detect the number of steps involved in the model reactions 

studied.  

 

 Identify the sequential order of the reactions that take part in 

the systems.  

 

 Evaluate quantitatively the concentration of each of the 

chemical species involved throughout the reactions.  

 

 Postulate different kinds of mechanism depending on the 

working temperature. 

For the particular application field of this thesis, the above mentioned 

states constitute powerful information to evaluate the possibilities that 

vegetable oils offer as precursors of pre-polymers.  
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Likewise, with regard to the combination of sequential injection analysis 

with UV-visible detection and second-order data treatment, it can also be 

concluded that:  

 Traditional determinations based on UV-visible spectroscopy can 

be adapted to automated systems, which will increase the 

frequency of the analysis and minimize the amount of sample, 

reagent and waste, in accordance with the requirements of 

Green Chemistry.  

    

 The use of second-order chemometric methods is an appropriate 

solution to minimize the interference problems present in real 

samples. 

 

 Methods have been developed that enable up to aqueous and 

organic samples to be determined, what has considerable 

potential in conventional analysis.  
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