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Abstract 

BACKGROUND: The study of almond fat stability is essential from a quality control perspective 

meanly because, in most of the cases, almonds are sold skinned and thermally treated. In this 

work an alternative method to Rancimat test based on Attenuated Total Reflectance-Fourier 

Transform Infrared Spectrometry (ATR-FTIR) was adapted for checking the induced degradation 

at 75 ºC of seven almond oil cultivars, three of top California producing varieties, and, four 

traditional cultivars harvested in Spain. 

RESULTS: The thermal oil degradation evolution was followed by measuring the changes in the 

absorbance of the selected FTIR spectra bands (3470, 3006, 1730, 1630, 988 and 970 cm-1). A 

first-order kinetic behaviour was observed, after an induction time in all bands.  

CONCLUSIONS: Kinetic coefficients and induction times were easily obtained as the 

absorbance values (from difference spectra) fitted to pseudo-first-order kinetics after the 

induction time. Principal Component analysis was applied to the kinetic parameters to visualised 

which variables could be useful to classify the almond cultivars based on their resistance to 

thermal oxidation processes. It was found that selecting only the induction times corresponding 

to the bands 3470, 3006, 1630 and 970 cm-1 a separate classification of the Californian cultivars 

from the Spanish ones was possible. Finally, a linear discriminant analysis was assayed using 

only the four induction times previously selected. Validated classification and correct in 100 % 

of the cases was obtained for all the samples based on their Spanish or Californian origin. 
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INTRODUCTION 

Almond is the most widely produced tree nut in the world.1 USA, Australia, and Spain 

led the world production in 2018/19 accounted for roughly 90 % of the overall almond 

production. Furthermore, nutritional properties of almonds are related to the chemical 

composition of kernels. In this sense, antioxidants and fatty acids are the compound 

families on which scientific attention has been mainly focused.2 In this context, the 

influence of the cultivar, i.e., genotype, harvesting conditions, and maturity stage of the 

fruit, on the chemical composition of the kernel has been evaluated, with particular 

emphasis on the fatty acid profile and tocopherol content.3–6 

The fatty acid profile of almonds is mostly unsaturated with oleic acid and linoleic acid 

accounting for 600-700 g kg-1  and 150-250 g kg-1, respectively.2,7 The unsaturated nature 

of this oil makes almonds very interesting from a nutritional point of view but also quite 

susceptible to degradation. Fat degradation is a very complicated chemical process that 

strongly depends on the fat composition and external conditions including temperature, 

time, oxygen concentration, light, radicals, peroxides, and metals, which catalyse the 

degradation reactions. 8,9 Additionally, other minor components present in the kernel may 

influence on the oxidation process as well, for example, fat-soluble antioxidants such as 

tocopherols, carotenoids or polyphenols..10,11  

The study of almond fat stability is critical because, due to its seasonal character, almonds 

are usually stored during several months before their consumption. Moreover, a thermal 

treatment, such as roasting, frying or baking is usually applied to almonds and to products 

containing almonds, boosting oxidation processes. The characterisation of the oxidation 
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process of almonds during storage has been extensively treated in literature.12,13 Some 

studies have addressed the oxidation of kernels after being processed and packed.14–16 

Others have centered in the evaluation of the best storage conditions and to study the shelf 

life of the almonds.17 Finally, the oxidation of the isolated oil fraction has also been 

evaluated.18 As for other food fats, oxidation induces changes in almond chemical 

composition. Briefly, hydroperoxides are formed from unsaturated fatty acids, and then 

the hydroperoxides continue the decomposition process producing different volatile 

compounds.19–22 Also, the appearance of glycation end-products due to the Maillard 

reaction is enhanced.23 Moreover, cis-trans isomerisation of unsaturated fatty acids and 

other compounds is accelerated in thermally treated oils.18 All these changes in 

composition have already been monitored using different instrumental analytical 

techniques such as gas chromatography (GC) with flame ionization detector (FID) or 

mass spectrometry (MS), and even liquid chromatography (LC) with different detectors. 

Nevertheless, in food quality control, the current trend is to use those techniques that 

provide fast results with the lowest running costs and the lowest environmental impact. 

In this way, FTIR spectrometry appears to be an ideal technique that fulfils those 

characteristics.  

FTIR has successfully been previously employed to study the fat composition24–26 and 

oxidation status of fats and vegetable oils.27–32 Under thermal stress, absorbance changes 

of specific regions of oils spectra are well documented and assigned to oil compositional 

changes. 33-34 The data obtained can be interpreted with chemometric techniques to extract 

useful conclusions.  
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This study aims to develop a simple and alternative procedure for the study of almond 

cultivars resistant to oxidation based in kinetic parameters (i.e. induction times and 

kinetics coefficients) using FTIR discrete measurements after an induced thermal 

degradation process. To achieve this purpose, a selection of seven cultivars was made, 

three from the leading world producer, i.e. the USA (US), and four typical almond 

cultivars from Spain (SP). The study was divided into several parts, firstly, the selection 

of the best spectral FTIR bands for the study and the validation of the kinetic mechanism 

involved in the process of almond oil oxidation. Secondly, the determination of the 

induction times and the kinetic coefficients, for all the samples studied, using an 

experimental layout with the least number of days. Finally, the application of 

chemometric techniques to check if it is possible to find differences among almond oil 

cultivars based on the kinetic degradation variables. 

 

MATERIALS AND METHODS  

Samples 

Seventy-six almond samples were collected from seven representative cultivars. The 

cultivars selected were: three of the top five of California producing varieties, i.e. Carmel 

(CA), Non Pareil (NP) and Butte (BU) and, four traditional cultivars harvested in Spain, 

Desmayo-Largueta (DL), Garrigues (GA), Guara (GU)) and Marcona (MR). In the study, 

ten samples for each cultivar were collected from different locations except for MR, for 

which sixteen different samples were included. Most samples of Spanish cultivars were 

obtained from agronomical standard almond trees cultivated in experimental fields of the 
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Research Center CEBAS (Centro de Edafología y Biología Aplicada del Segura, Murcia-

Spain) and SIA (Unidad de Fruticultura del Servicio de Investigaciones Agrarias, 

Zaragoza-Spain). The remaining samples of the Spanish cultivars were obtained from a 

Spanish trader. The American samples were purchased from two different almond 

importers from California.  

 

Sample preparation 

Spanish almonds were purchased with shell; meanwhile, the Californian ones were 

acquired unshelled. After purchasing all samples were stored, unshelled, in vacuum 

plastic bags in the fridge at 7 ºC until processed. All samples were blanched introducing 

then in boiling water for one minute. The tegument came off quickly after the process and 

the almonds were left to dry on a desiccant paper for 1 h at room temperature. Afterwards, 

the unskinned almonds were ground in a domestic electric grinder (Moulinex, Barcelona, 

Spain) and the fraction which passed through a 1,5 mm light sieve was retained. Samples 

were then dried at 60°C, stored in a desiccator, and finally submitted to fat extraction. A 

commercial fat Soxhlet extractor (Selecta, Barcelona, Spain) was used for the extraction 

of almond oils. Approximatively, 4 grams of ground and sieved almond was extracted 

with 40 mL of analytical grade petroleum ether (Panreac, Barcelona, Spain) during 90 

minutes following the procedure previously published.18 Obtained oils were kept in the 

dark bottles inside the refrigerator at 5 ºC until the moment they were used.  

Sample degradation 
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Three grams of each almond oil sample were placed in glass vials of 2.5 cm diameter and 

3 cm high for each experimental day. The almond oils degradation was carried out leaving 

the oils at 75 ºC in an oven. A first experiment using only samples of the cultivar MR was 

performed to choose the best spectral bands for the study and to verify the kinetic 

oxidation process. For that purpose, an aliquot of the treated oil was taken every two days 

for the measurement of the FTIR spectrum until the sample became so viscous that taking 

the oil from the vial was very difficult (i.e. 36 days for the oil that lasted longer). These 

experiments provided approximate references about the relative thermal stability of the 

oil to set the experimental timeframe for the following experiments, that is, the time 

needed to approach the induction time.  

In the second part of the experiment, once the timeframe was determined, the same 

thermal process was applied for all the samples included in the study. In this case, the 

spectra were recorded every five days based on the information obtained in the first part. 

Hence, a total of 380 vials were prepared, one vial per sample to be used every five days 

during a month. Samples of all cultivars were included in this part of the study. 

 

Spectra acquisition 

TheThe FTIR Spectrometer, Vector 22 (Bruker, Ettlingen, Germany) was equipped with 

a ZnSe attenuated total reflection device (Gateway ATR kit is a six-reflection horizontal 

ATR sampling accessory with a Through Top Plate from Specac). FTIR was interfaced 

with a computer operating under OPUS NT software (version 3.1). Spectra from 1 gram 

of oil sample were recorded from 4000 to 650 cm-1 co-adding 128 scans at a 4 cm-1 
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resolution and a gain of 2.0. The ATR sampling accessory was cleaned with a soft paper 

tissue moistened with acetone every time a sample was changed. A background spectrum 

was recorded after every sample acquisition to check the performance of the cleaning 

procedure. 

 

Data acquisition and processing 

Rutherford baseline correction was carried out from 64 baseline points excluding carbon 

dioxide region (OPUS version 3.1). The absorbance data referred to band height was 

measured with the software peak peaking command, by tracing a baseline between two 

adjacent minima to reduce errors due to overlapping bands. The absorbance of the 

selected bands was measured from the difference spectra, obtained by subtracting the 

spectrum of fresh oil from each sample to the spectrum of the same oil at each thermal 

treatment day using the OPUS software (Version 3.1).  

 

Kinetic Parameter calculation 

At moderate temperatures, due to the high oxygen concentration dissolved in the oil, the 

lipid oxidation could be assumed to be independent of the oxygen pressure, and the 

oxidation rate will follow pseudo-first-order kinetics.31,35,36 Therefore, the value of the 

pseudo-first-order coefficient (k) and the induction time (tind) for each reaction can be 

obtained from the slope of the adjusted line and the origin coordinate, respectively after 

plotting the 𝑙𝑙𝑙𝑙[𝐴𝐴] (absorbance of each product band) vs 𝑡𝑡 (for t > tind) (see the equation 
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in Table 1). In a previous publication, a more detailed discussion on this topic is shown. 

31 

Statistical Analysis 

The data reported are averages of triplicate spectra. Experimental data were processed 

with the help of the software package IBM SPSS statistics (version 19, SPSS Inc., 

Chicago, IL, USA). One-way analysis of variance (ANOVA) was applied to determine 

the capability of kinetic parameters to differentiate among sets of almond oil samples. 

Principal Component Analysis (PCA) was applied to obtain an unsupervised 

classification of the samples using the “prcomp” function of the R software37. After the 

selection of the best variables for the classification, a supervised pattern recognition 

method such as linear discriminant analysis (LDA) was used, to this end the “lda” 

function from the [MASS package] of R was employed. Besides, cross-validation was 

applied to estimate how accurate the predictive classification was. In this application 

“leave one out" was the cross-validation approach selected using the [Caret package] of 

R. 37 

 

RESULTS AND DISCUSSION 

Optimization of the methodology 

Initial experiments were carried out using MR samples to establish the best time frame 

for the kinetic study, MR was selected as is one of the most extended and high 

organoleptic quality of the Spanish cultivars. The degradation process of this oil was 

monitored using the FTIR spectra obtained every two days for 36 days.  
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The difference spectra of the oil treated at different oxidation days are shown in Fig. 1. 

In the figure, the wavenumbers identify the regions in which the more apparent 

modifications appear along with the study. Assignation of most of these spectrum features 

to chemical modification of oil components was carried out before in literature. 18,26,32 

Hence, in this work, some bands have been found especially suitable for monitoring the 

oxidation process (i.e., 3470, 1730, and 1630 cm-1), and others for tracking the 

isomerisation process (i.e. 3006, 988, and 970 cm-1). In contrast, other spectral regions, 

which show changes in the absorbance values (Fig. 1 left), were not included in this work 

because their assignment to a chemical process was not clear or due to the high 

uncertainty of the measurement. Moreover, two strong bands assigned to CH bond 

stretching of methyl and methylene groups at around 2922 cm-1 and 2853 cm-1, changed 

on heating. These strong bands, after the induction time, shifted with time towards higher 

wavenumbers (2924 cm-1 and 2854 cm-1, respectively), and they become broader in the 

evolution of absorbance spectra.  

Thus, the evolution with time of the selected FTIR bands was employed to characterise 

the kinetics of reactions happening during thermal treatment of the almond oils. The 

changes on the band signals can be related to modifications in the chemical composition 

through the kinetic equations for the disappearance of one or more reactants (A) and the 

appearance of one or more reaction products (P). Table 1 summarises the equations for 

zero and first-order kinetics. Only if the signal of the reactants or products is proportional 

to the concentrations (being kA and kP the proportionality coefficients), these equations 

can be rewritten in terms of signals instead of concentrations of compounds. 
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Overall, all used bands showed a similar pattern after plotting [A] vs time (t). Initially, in 

the treatment, there was a period of time where no significant changes in the band 

absorbance were found i.e., the induction time (tind). Afterwards, a stage of rather sharp 

changes was observed. These variations in the absorbance were fitted to pseudo-first-

order kinetics. As shown in Table 1, first-order kinetics reactions are the unique ones that 

are independent of the relationship between concentration and signal, so there is no need 

for calibration to determine the kinetic parameters, such as the kinetic coefficient 

(independent of the concentration). 

Consequently, the kinetic parameters (i.e., k and tind) could be obtained by plotting ln[A] 

vs t (time). For t > tind a straight line is obtained if the reaction fits a pseudo-first-order 

kinetic. From the slope of this straight line, the k values can be derived. Moreover, from 

its intercept and the signal of the characteristic band, the induction time can also be 

obtained. Results of these calculations are shown in Table 2 for cultivar MR. 

The pseudo-first-order kinetics was confirmed for both the cis-double bond degradation 

(3006 cm-1) and the trans-double bonds formation (970 cm-1) as was previously observed 

in olive oils,31 so the kinetics for cis-trans isomerisation was also confirmed. Moreover, 

the same pseudo-first-order was observed for the bands at 3470, 1730 and 1630 cm-1 

(Table 2). These five bands were selected for the cultivar comparison study. Regarding 

the 988 cm-1 signals, this band disappeared overlapped by the trans double bond band (at 

970 cm-1) along the degradation process (Fig. 1, right). This band was assigned to 

conjugated linoleic acid (CLA). Low activation energy can explain the high speed of 

isomerization of linoleic acid.38 
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It is well-known that the radical mechanism of lipid oxidation has two propagation steps. 

In the first step, a radical of the fatty acid is formed by radical hydrogen abstraction. 

Therefore, isomerisation could take place- This phenomenon could explain the faster 

isomerization of linoleic acid as in lipid oxidation,39 the allylic reaction intermediate is 

more stable and therefore, the reactivity is higher. Additionally, the trans-isomerisation 

of double bonds of unsaturated fatty acids was influenced by antioxidants in edible oils. 

40  

Hence the confirmation of the kinetics of the reactions quoted previously implies that the 

corresponding k and tind values could be obtained by using a set of 3-5 points (minimum 

needed to perform a linear regression analysis) after the induction period has been 

overcome. This result showed that spectra acquisition every five days would be enough 

to obtain the kinetic coefficient. This conclusion was used to establish the timeframe setup 

of the following experiments.  

 

Comparison of kinetic thermal degradation parameters for seven almond cultivars 

Once the oxidation kinetic was verified, and to simplify the experiments, a procedure with 

considerably reduced sampling days was designed. The ATR-FTIR spectra were 

measured on specific days along the heat treatment process. The obtained kinetic 

parameters for each band of the almond oils are summarised in Fig. 2. Data include the 

mean as well as maximum and minimum values obtained for each set of oils from each 

almond cultivar. 
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As shown in Fig. 2a, the kinetic coefficient values for the different bands vary from 0.010 

day-1 (band at 1630 cm-1 for NP cultivar with mean value 0.0149 day-1) to 0.41 day-1 (band 

at 988 cm-1 for BU cultivar with mean value 0.322 day-1). It should be noted that the 

highest mean values for the kinetic coefficients are those of the band at 988 cm-1 

associated with the conjugated trans-trans double bond. The mean values of the 

coefficients for this band are markedly higher than the average coefficient values from 

other bands. Almond oils from the BU cultivar showed the highest mean value of kinetic 

coefficients for all bands reported, except for the band at 1730 cm-1 for which the DL 

cultivar exceeded average kinetic coefficient value. Higher kinetic coefficient values 

imply faster reaction rates after the induction time. Under the thermal treatment employed 

in this work, the degradation rates for BU oils were higher than for the rest of cultivars.  

The higher proportion in linoleic acid described in bibliography for Californian cultivars 

has also an influence on it. 41,42 Meanwhile, the induction times mean values (Fig. 2b) 

range from 3.1 days (band at 1630 cm-1 for NP cultivar with mean value 3.9 days) to 17.4 

days (band 3006 cm-1 for DL cultivar with mean value 16.4 days). Shorter mean induction 

times were observed for BU, CA, and NP cultivars compared to the other cultivars but 

for the 1730 cm-1 band. This overall trend shows that the selected Spanish almonds have 

a higher resistance to degradation during the first steps of degradation. The shortest 

average values of the induction time were observed for most of the BU cultivar bands. As 

a result of that, DL can be considered the cultivar with the highest resistance to thermally 

induced deterioration during the initial period. This result reflects differences in the kernel 

composition such as the higher content of linoleic acid and lower in oleic acid19,41,43 
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or/and lower antioxidant content44 in the less resistant to oxidation cultivars. The 

relationship between oleic acid and linoleic acid is higher than three for cultivars MR, 

GA, GU and DL and lower than 3 for NP, CA and BU.41,45 The higher proportion in 

linoleic acid found in Californian cultivars explains partly the differences in the induction 

time found even though that the antioxidant power has also a significant influence on it. 

 

Chemometric approach for the classification of almond cultivars  

An Analysis of Variance (ANOVA) was applied to explore the capability of kinetic 

parameters to differentiate almond oils based on their resistant to degradation. The 

statistical F-value and its significance for each kinetic parameter were calculated for the 

studied almond cultivars oils. The results showed that all kinetic parameters establish 

statistically significant differences with p <0.001 among cultivars. A Tukey test for 

multiple pairwise comparisons (confidence level 95 %) was applied to determine the 

mean values which could be used to differentiate the oxidation behaviour of different 

cultivar oils. The results of the Tukey test are shown in Table 3. As can be seen, 

differentiation among all cultivars was not possible using a single measured kinetic 

parameter. The capability of mean values of these parameters to differentiate 

monovarietal oils was calculated based on the relative percentage of statistically 

significant differences found. This percentage was obtained as the ratio of the established 

differences to all the possible differences (i.e., 21 differences).  

Firstly, the differentiation established by the kinetic coefficients were, in decreasing 

order: k3006 (90%) > k3470 (86%) > k1630 = k988 (67%) > k1730 (62%) > k970 (29%). These 
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results showed that the band at 3006 cm-1 provided the highest capability to differentiate 

cultivars, while the kinetic coefficient for the band at 970 cm-1 showed less statistically 

significant differences. 

On the other hand, the differentiation percentages established using only the induction 

times were, also in decreasing order: tind band at 3006 cm-1 (91%) > tind band at 3470 cm-

1 = tind band at 988 cm-1 = tind band at 970 cm-1 (85%) = tind band at 1630 cm-1 (86%) > 

tind band at 1730 cm-1 (71%). The induction time for the band at 3006 cm-1 provided the 

largest number of differences between the oils; meanwhile, the induction time for the 

band at 1730 cm-1 showed fewer statistically significant differences. 

It is noteworthy that the set of induction time values showed higher differentiation 

capabilities than the kinetic coefficients set because a higher number of differences 

between oils were observed. Thus, the induction time values of the bands 3470, 3006, 

1630, 988 and 970 cm-1 allowed the differentiation among the almond cultivars harvested 

in both countries. Being 988 and 970 cm-1 bands highly correlated, so using only one will 

be enough. 

This study showed how kinetic parameters obtained by FTIR could be useful for the 

characterisation of almond cultivars, although none of them, taken individually or 

grouped by the band, can be used to differentiate among all the cultivars studied.  

A PCA was applied to the 12 kinetic variables trying to found out a classification of the 

almond cultivars but reducing the dimensionality of the original variables.   

Firstly, the correlation matrix and the associated significance level were calculated to 

evaluate the adequacy of the data set for PCA application, and the correlation coefficients 
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are shown as a correlogram (Fig. 3). In the correlogram, the positive correlations are 

shown in blue and the negative ones in red. High correlations were found over more than 

50% of the possible combinations with a significance p <0.05. The data adequacy was 

verified by the application of Kaiser-Meyer-Olkin (KMO) and Bartlett's test of sphericity, 

which provided value for Chi-Square of 993.342 (p<0.001).  

After performing the PCA, and according to Guttman-Kaiser criterion, the total variance 

of the data retained by the two first principal components was 70 %. The communality 

values for the original variables ranged between 0.934 (tind3006) and 0.735 (k970). These 

high communality values indicated that all variables were sufficiently contained in the 

model. The proposed model fitted well because more than 50% of the calculated residual 

correlations showed absolute values lower than 0.025. 

Fig. 4 shows the loadings obtained for each of the original variables (a) and the loading 

obtained for each sample (b) in the reduced space formed by the two retained principal 

components. From these plots, different conclusions could be drawn. Firstly, the PC1 

showed high loading values for all the induction times; all these loadings were positive. 

The loadings of induction times found in PC2 were lower compared to PC1, but it is 

noteworthy that in all cases were positive and with an essential contribution to the total 

variance. 

Concerning the kinetic coefficients, all loadings showed negative values on PC1 with 

absolute values lower than the loading values of the induction times, except for the band 

at 988 cm-1. This result could be attributed to the higher value of this coefficient when 

compared to the coefficients of the others (see Fig. 2a). Only the loadings of the kinetic 
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coefficients corresponding to the bands k3470, k988 and k1730 have a significant contribution 

to the total variance (Fig. 4a).  

Fig. 4 b shows the scores values of the samples in the reduced space formed by the two 

first principal components retained. At first, the most remarkable result is that the four 

Spanish cultivars could be classified separately from the Californian ones because all 

Spanish samples show positive values on PC1 meanwhile, the three Californian cultivars 

showed negative values. Scores with negative values on PC1 are associated with shorter 

induction times; meanwhile, high positive values on PC1 denote long induction times. In 

general, the biplot shows that the behaviour of BU samples is markedly different from 

the rest of cultivars considered because their loadings were positive on PC1 and negative 

on PC2. Almond samples from NP and CA cultivars are displayed close to each other, 

with negative loading for both PCs. In general, the Spanish samples were differentiated 

from Californian cultivars even using only the PC1. On the contrary, the four Spanish 

cultivars appear entirely mixed. These results show that kinetic parameters can be useful 

variables to classified and select almonds that have different behaviour under thermal 

oxidation stress.  

After the ANOVA and PCA analysis, it seemed that the induction time values of the bands 

at 3470, 3006, 1630 and 970 cm-1 could be used to establish a classification of the almond 

cultivars based on their origin. Consequently, a supervised pattern recognition method 

such as linear discriminant analysis (LDA) was used to verify if a separated classification 

of the SP and US almond oil cultivars was possible using the quoted variables. As only 

two sets of samples were fixed, only one discriminant function was obtained. This 
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discriminant function allowed a great separation of the SP samples from the US ones, as 

it is shown in the stacked histogram of the values of the discriminant function on the 

training set for the samples from different groups (Fig. 5). It can be seen from the 

histogram that the SP cultivars appear completely separated from the values for the US. 

The classification was validated by randomly splitting the data into two sets of samples. 

One set was used to train the model, and it was constituted by 75 % of the data, i.e. 56 

samples. Meanwhile the rest of the samples (25 %), were used to test the model and 

predict the outcome of non-included observations in the model. Thus, the prediction error 

was calculated as the mean squared difference between the observed and the predicted 

outcome values. The model assayed showed 0 % of prediction error since the confusion 

matrix obtained showed correct prediction classification for all the SP and US from the 

test set. 46  

 

CONCLUSION 

Therefore, the relevance of the kinetic parameters for almond oil characterisation was 

demonstrated. As a conclusion using only four induction times, it is possible to deduce 

which are the most resistant cultivars to thermal stress oxidation, and this is related to the 

shelf life of the almonds. In this study, the classification conducted to obtain a validated 

classification of the SP cultivars separated to the US cultivars. The reduction in variables 

is essential because not only the experiments are greatly simplified but also the data 

treatment.  
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One of the most important findings that are established in this work is that it is possible 

to determine the kinetic parameters with a simplified procedure with a few FTIR 

measurements of the fresh oil and oil samples during the degradation when spectral 

changes are observed that fit the line model. Therefore, this strategy reduces the handling 

and measuring time in the laboratory compared to other techniques.  
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Figure Captions 

Figure 1. FTIR-difference spectra corresponding to MR oil cultivar at different days of 

the heating treatment (left); FTIR-difference spectra in the region 1070-850 cm-1 for MR 

cultivar oil at different days of the thermal treatment (bands associated to trans and CLA 

CH bending vibrations). The bands at 988, 970 and 947 cm-1 are associated with trans-

trans CLA, trans fatty acids, and trans-cis or cis-trans CLA, respectively 

Figure 2. Summary of the kinetic parameters of the FTIR bands of different almond oils, 

a) kinetic coefficients (k, day-1), b) induction time (tind, days). Error bars show the 

maximum and minimum values obtained in each case. 

Figure 3. Correlogram of the kinetic parameters of different almond oils. Size of circles 

is related to the Pearson coefficient. Crosses highlight non-significant correlations 

(P<0.05). Red means negative, and blue positive, correlation. 

Figure 4. Variable loadings plot of the kinetic parameters on PC1 and PC2 (a) Sample 

loadings plot on PC1 and PC2 (b). 

Figure 5. Stacked Histogram of Discriminant Function values for the training set of 

samples. 
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Figure 1. FTIR-difference spectra corresponding to MR oil cultivar at different days of the heating treatment (left); FTIR-difference spectra in 

the region 1070-850 cm-1 for MR cultivar oil at different days of the thermal treatment (bands associated to trans and CLA CH bending 

vibrations). The bands at 988, 970 and 947 cm-1 are associated with trans-trans CLA, trans fatty acids, and trans-cis or cis-trans CLA, 

respectively
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Figure 2. Kinetic parameters obtained for the signal of the FTIR bands corresponding to the 

seven almond oils, a) kinetic coefficients (k, day-1), b) induction times (tind, days). Error bars 

show the maximum and minimum values obtained in each case.
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Figure 3. Correlogram among the kinetic parameters. Size of circles is related to the Pearson 

coefficient. Crosses highlight non-significant correlations (P<0.05). Red means negative and 

blue positive correlation.
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a)

b)

Figure 4. Variable loadings plot of the kinetic parameters on PC1 and PC2(a), and sample 

loading plot on PC1 and PC2 (b).
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Figure 5. Stacked Histogram of Discriminant Function values for the training set of samples.
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1

Table 1. Summary of kinetics equations for different reaction rate orders.

Zero order First order

Rate law 𝑟 = ―
1
𝑎 

𝑑[𝐴]
𝑑𝑡 = [𝐴]0 𝑟 = ―

1
𝑎 

𝑑[𝐴]
𝑑𝑡 = 𝑘[𝐴]

Integrated rate law [𝐴] = [𝐴]0 ― 𝑘 (𝑡 ― 𝑡0) [𝐴] = [𝐴]0 𝑒 ―𝑘 (𝑡 ― 𝑡0)

Linear plot to determine 𝑘  vs [𝐴] 𝑡  vs 𝑙𝑛[𝐴] 𝑡

Integrated rate equation 

(signal function)
𝑆𝐴 = 𝑆𝐴0 ― 𝑘/𝑘𝐴 (𝑡 ― 𝑡0) 𝑙𝑛𝑆𝐴 = 𝑙𝑛𝑆𝐴0 ― 𝑘 (𝑡 ― 𝑡0)

Integrated rate law for 

products
[𝑃] = 𝑘 (𝑡 ― 𝑡0) [𝑃] = [𝑃]∞(1 ―  𝑒 ―𝑘 (𝑡 ― 𝑡0))

Linear equation [𝑃] = 𝑘 /(𝑡 ― 𝑡0) 𝑙𝑛
[𝑃]∞ ― [𝑃]

[𝑃]∞
= 𝑘 (𝑡 ― 𝑡0)

Linear plot to determine 𝑘  vs [𝑃] 𝑡  vs 𝑙𝑛
[𝑃]∞ ― [𝑃]

[𝑃]∞
𝑡

Integrated rate equation 

(signal function)
𝑆𝑃 =

𝑘 
𝑘𝑃

(𝑡 ― 𝑡0) 𝑙𝑛
𝑆𝑃∞ ― 𝑆𝑃

𝑆𝑃∞
= 𝑘 (𝑡 ― 𝑡0)

k=rate coefficient

kA, kP proportionality coefficient that relates concentration of reactant or product to signal.
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2

Table 2. Summary of the kinetic parameters obtained from the variation with time of the 

absorbance of the selected spectral features. Cultivar: MR.

Band

(cm-1)

range

(day)

k ± t(n-2)sk

(day-1)
ln S(R)0 ± t(n-2) s (ln S(R)0) r n

tind ±st ind

(day)

3470 [2-22] 0.049±0.006 0.055±0.09 -0.997 9 1.1±0.7

3006 [4-25] 0.126 ± 0.005 -2.34 ±0.07 -0.999 11 3.3 ±0.3

1730 [2-27] 0.043±0.002 0.077±0.03 -0.997 13 1.8±0.4

1630 [6-34] 0.073±0.003 0.38±0.06 -0.999 11 5.1±0.3

988 [2-6] 0.51a 1.3a -0.964 3 2.4±1.4

970 [8-18] 0.137 ± 0.004 0.45 ± 0.07 -0.999 7 3.3 ± 0.2

a. The errors associated with these parameters are not provided because the regression 

was performed with data from just three measurements. 
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3

13

14 Table 3. Summary of Tukey test for pairwise multiple comparisons at a 95% confidence level for the mean values. Within each column, means with 

15 different letters are significantly different (P < 0.05).

Cultivar K3006 tind3006 K3470 tind3470 K1730 tind1730 K1630 tind1630 K988 tind988 K970 tind970

BU e b e a d a d b c a c a

CA ab b d b d c a ab bc b a b

DL bc e d e d d ab d bc e ab e

GA cd d a c a b c c a d bc d

GU d d d c bc c b e a d ac d

MR ab c c d b c a d a d ab d

NP ab a b ab cd c a a b c a c

16

17
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