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ABSTRACT

The aim of this study was the application of indéGspectroscopy and chemometrics to predict
slip melting point (SMP), melting points at diffetenelted fat percentages (MP85, MP9O,
MP95), and consistency of structured lipids to patevfast and reliable methods for their
characterization. Tallow was chemically or enzyewlty interesterified with corn, canola, and
safflower oils separately, at different ratios. Feutransform mid-infrared (FT-IR) and near-
infrared (FT-NIR) spectra of melted and solid saesphere collected. Partial-least-square
regression models constructed after different spgoe-treatments and variable selection were
satisfactory. The best models were obtained willd sample FT-NIR spectra: in cross-
validation, determination coefficients and root meguare errors were, respectively, 0.85 and
1.7 °C for SMP, 0.85 and 2.8 °C for MP90, and @&fAd 14 MPa for consistency. Infrared
spectroscopy can be considered a promising tad¢termine physical properties of

interesterified fats.

Keywords:calorimetry; chemometrics; consistency; infrarpdciroscopy; slip melting point.
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1. Introduction

Beef tallow is considered as a low-value fat sihé& not suitable for direct human consumption
due to its high melting point, wide plastic ranged low levels of polyunsaturated fatty acids
(Kowalska,Zbikowska, & Kowalski, 2004). Therefore, physicabperties of tallow need to be
modified to enhance its value and potential usesdiftations can be achieved by either
chemical or enzymatic interesterification (Engelmanal., 2018). Chemical interesterification
provides new physical properties to the modifi@idls by the random incorporation or the
restructuring of acyl residues of triacylglycerfIAG). On the contrary, enzymatic
interesterification leads to the attachment of Bppefatty acids to specific positions of TAG
structure to produce new products (Martin, Regl&&efiorans, 2010). One of the goals of
interesterification processes is to modify fat ¢stesicy, which is an important quality aspect,
usually defined as spreadability and hardness (2efGVereecken, Smith, Bhaggan, &
Dewettinck, 2012).

Tallow is hard at ambient temperature, thus itsinseveral food products is limited. High
melting and slip melting points (about 40-60 °Gy ather handicaps that prevent the direct use of
tallow in foods. Thus, for use in edible produtédlow should be modified to obtain fats with
desirable properties (Bhattacharyya, Bhattachagyae, 2000).

Infrared (IR) spectroscopy is a promising technitpreéhe analyses of fats and oils, with the
advantages of being fast, non-destructive, and-gaage; moreover, minimum or no sample
preparation is required before analysis. In therddic literature, there are many examples of IR
spectroscopy applications to determine fat angroiperties (Cascant et al., 2018; Gertz &
Behmer, 2014; Hocevar, Soares, Oliveira, Korn, &®&iea, 2012; Ozdemir et al., 2018). For
instance, in a study about the direct characteozatf lard (i.e., without performing sample

pretreatment steps like melting or homogenizatipnineans of Fourier-transform near-infrared
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(FT-NIR) spectroscopy, the results of the multigsggimodel calibration showed that the
selection of the most relevant wavelengths enahkeaccurate prediction of iodine number and
fatty acid profile (Foca et al., 2016). The suili&pif IR spectroscopy in monitoring lipase-
catalyzed interesterification of bulky fats wasoademonstrated (Chang, Lai, Zhang,
Sendergaard, & Xu, 2005). Mid-IR spectroscopy imbmation with chemometric techniques
such as partial least square regression was stgiessnployed for the determination of the
composition of waste frying oils consisting of segh oil, palm oil, and hydrogenated vegetable
fat (Hocevar et al., 2012). In another study, thssibility of monitoring hydrogenation process
of soybean oil by a compact near-IR spectrometértia@ suitable data elaboration was
demonstrated (Pereira et al., 2018).

However, to the best of our knowledge, no studeégsurding the prediction of physical
parameters of interesterified products using IRRBpscopy have been published. The hypothesis
of this research is that IR spectroscopy, coupdethemometrics, is able to characterize physical
properties of structured fats obtained by intergstation. Actually, interesterification reactions
modify fat physical features by TAG rearrangem@&iie exchange of acyl groups among TAG
leads to changes in molecular vibrations that eaddiected by IR spectroscopy. The aim of this
study was, therefore, to investigate the capahlity T-NIR and Fourier-transform mid-infrared
(FT-IR) spectroscopy to predict some physical pridge (consistency, slip melting point, and
melting point) of structured lipids produced by ctieal and enzymatic interesterification of

tallow with different ratios of canola, corn, oifflawer oils.

2. Materials and methods

2.1. Production of interesterified lipids
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The tallow used for interesterification reactiorsswobtained from two different breeds
(Montafon and Holstein) of 2-years old calves immagaly after slaughter. Canola, corn, and
safflower oils were obtained from local market. {Gmked and oil type were not considered as
experimental variables. Sodium methoxide was pexvidy a local oil processing plant. Lipase
solution fromThermomyces lanuginosu&s purchased from Sigma—Aldrich (St. Louis, MO).
Sixty different structured lipids were manufactubsdchemical and enzymatic interesterification
following published procedures (BiyWirkowska, Gorska, Ostrowska-leizg, & Brys, 2014;
Kowalska et al., 2014). All structured lipids wegnepared at three different tallow/oil blend
ratios (6:4, 7:3, and 8:2 w/w). Chemically inteezied lipids were produced by adding the
catalyst at different concentrations (0.75, 0.87% g/100 g). For the manufacturing of
enzymatically interesterified lipids, the reactwas achieved by adding 10 g/100 g enzyme.

After production, all structured fats were storéd2® °C until analyses.

2.2. Determination of slip melting and melting gein

Slip melting point (SMP) of structured fats, noneiresterified blends, and tallow was determined
according to AOCS method Cc 3-25 (AOCS, 1989). Saswere heated to 6C in a

thermostatic chamber for complete melting of thestals. Capillary tubes filled with melted
samples were chilled at 4 °C overnight before b@mgersed in a beaker of distilled water at
ambient temperature. The water was heated at afrat@ K/min and the temperature at which
the column of fat rose in the tube was recordeSMPB. This measurement was carried out at
least twice for each sample.

Melting point of structured lipids, non-interestenl blend, and tallow was measured by

differential scanning calorimetry (DSC) using a @&lorimeter (TA Instruments, Crawley, UK).
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Samples (9-10 mg) were placed in hermetically skalleminum pans. DSC analysis was carried
out from 20 to -40 °C and from -40 to 80 °C at arstate of 10 K/min compared to an empty pan
(Rodriguez, Castro, Salinas, Lopez, & Miranda, 20D4ata analysis was performed with the
dedicated software IFESTOS which was assembledimg ©f the Authors for handling raw
calorimetric data according to the suggestionsarbBe, Del Vecchio, Fessas, Giancola, and
Graziano (1993). Briefly, the output signal in m\Mta was divided by the product of sample
mass and heating rate to be converted into appspestfic heat and it was scaled with respect to
the baseline to obtain the excess (with respeittetanelted state) specific heat trace?€p
[J/(K-g)]. Thanks to this treatment, the area b#ntdee recorded peaks directly corresponds to
the relevant transition enthalpdt.verar Accordingly, the degree of the overall meltinggess

as a function of temperatur@(T) (ranging from O to 1), was obtained by thedualing equation:

ITTO cpe¥ear

a(T) = [Eq. 1].

AHoperall

I.e., the ratio of the partial area at a given terafure to the overall area of the DSC peaks was

used to obtain the percentage of the melted materihe sample at each temperature.

2.3. Consistency measurements

Structured lipids and tallow samples (5 g) wereiptt 10 mL glass beakers and heated t6@G0
in a thermostatic chamber for complete melting.rTlkey were conditioned for 24 h in another
thermostatic chamber at 26. Consistency of samples was determined by pditetrzsts
carried out using a 4%crylic cone fitted to a TA.XT Plus texture analyfStable Micro
Systems, Surrey, UK). A penetration depth of 4 mithw 20 mm/s speed was applied, and
consistency was calculated as “yield value” acewydo the following equatio(Silva et al.,

2009):
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C= [Eq. 2]

1.

a*]
o

where C is the yield value (MPa), K is a constappehding on the cone angle (4700
adimensional), W is the compression force (N), pmglthe penetration depth (m). Measurements

were performed in triplicate.

2.4. FT-NIR spectroscopy analyses

FT-NIR spectra were acquired with a MPA spectrom@euker Optics, Milan, Italy) on both
melted and solid structured lipids as well as dilowg and non-interesterified blends. After
melting in a temperature-controlled chamber at@@or 2 h, the samples (50 mL) were
transferred in a water bath at 8D and FT-NIR spectra were acquired in transfle@anode (1
mm pathlength) by a fiber optieflection probe (1.5 m length) inserted directiythe lipid. A
spectral range of 12500-3600/cm was used, with 8ésolution, and 32 scans for both
background and samples. For measurements on sofiglas, melted lipids were poured in
disposable glass vials (8 mm pathlength) and inewbavernight at 25 °C in a temperature-
controlled chamber. FT-NIR spectra were then ct#g@n transmission mode by using the same
analytical conditions applied for the melted saraphl spectra were acquired in duplicate and
the instrument control was performed by OPUS saftvwfa. 6.5 Bruker Optics, Ettlingen,

Germany).

2.5. FT-IR spectroscopy analyses
FT-IR spectra were acquired with a Vertex 70 spactater (Bruker Optics, Milan, Italy)
controlled by OPUS software (v. 6.5 Bruker OptiEtlingen, Germany) on both melted and

solid structured lipids as well as on tallow, amh+interesterified blends. Spectra were collected
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over the range of 4000-700/cm, at 4f@wolution, by using a single reflection ZnSe ATé ¢
(MIRacle™, PIKE Technologies, Inc., Madison, WI) and 32 sctor both samples and
background. Measurements were replicated twiceampkes prepared as already reported for
FT-NIR analyses. Melted samples were poured o\Tfe cell by means of a pipette, while

solid fats were spread on the ATR crystal by mediresspatula.

2.6. Data analysis
FT-IR and FT-NIR data are complex so, to extraefulsnformation, multivariate analysis
techniques were applied by means of The Unscranbdaftware (v. 10.4.1, CAMO Process
A/S, Oslo, Norway). Four data matrices with 71 sk®ncluding tallow (2), interesterified
lipids (60), and non-interesterified blends (9) &veonstructed with FT-NIR and FT-IR spectra of
both melted and solid samples. The following waveber ranges were selected in order to keep
the most informative and less noisy segments o$pleetra:

- FT-NIR: 9002-4497/cm

- FT-IR: 3051-2599 and 2052-597/cm.
For all matrices, the replicated spectra were @estgrior to the application of various pre-
processing techniques including smoothing (movieyage, segment size: 7), standard normal
variate (SNV), multiplicative scatter correction §@), first (d1) and second (d2) derivatives
(Savitzky-Golay, 11 smoothing points). The paréalst square regression (PLS) analysis was
applied to each pre-treated data matrices in dadpredict the physical properties of
interesterified lipids. Due to the limited numbéisamples, models were validated only by an
internal cross-validation procedure, consideringridomly created cancellation groups. The best
models were selected based on the following figofeserit: determination coefficient ¢R root

mean square error of calibration (RMSEC) and cxadistation (RMSECV), number of latent
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175  variables (LVs). Variable selection was carried lopthe Martens uncertainty test implemented
176  in The Unscrambler X.

177 A Pearson correlation matrix for SMP and meltinghpoat the different percentages of melted
178  fat was calculated (Statgraphics Centurion 18 g&ghics Technologies Inc., The Plains, VA,
179  USA).

180

181 3. Resultsand discussion

182  3.1. Physical properties of structured lipids

183  SMP of structured lipids ranged from 31.8 to 4C1a% reported in Table 1. Interesterification
184  reactions, as expected, caused a decline in SMEwitured lipids in comparison to the tallow
185 and the non-interesterified blends, due to the gbeain TAG composition caused by the

186  reactions (Oliveira et al., 2017).

187  The detailed picture of the melting behavior ofistured lipids was obtained by DSC, which
188  provides useful information about the crystal tharstability of interesterified fats. As an

189 example, in Fig. 1 the DSC melting profile of a wheally interesterified sample of a canola-
190 tallow blend is shown. A complex endothermic traaa be observed, with at least three main
191  endothermic peaks with shoulders, across a widpdesture range, corresponding to the melting
192  of different TAG crystalsActually, in the present work tallow was interested with different

193  vegetables oils, therefore different TAGs were tean the structured lipid throughout the

194 reaction. The overall inspection of the DSC measerds suggests that the low temperature
195 melting peak (Peak 1) is associated with TAGs gfetable oils, i.e. can be attributed to the

196  presence of a high content of mono- and poly-umatd fatty acids. Peak 2 represents middle-
197 melting TAG species, naturally present in non-ieséerified blends and/or formed during

198 interesterification. Peak 3 represents the hightingebpecies associated with saturated TAGs

9
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deriving from tallow. In this complex scenario,. ilemixture of crystals with different thermal
stability, it is difficult to define a sample sp&cimelting point to find a correlation with the
SMP. For this reason, the integral form of the D&Ces was taken into account (Fig. 1), i.e. the
overall degree of the advance of melting processfasaction of temperature((T)), and melting
points as a function of given percentages of madtgstals (85, 90, and 95%) were calculated
(MP85, MP90, and MP95; Table 1). In all cases,liEsady observed for SMP, interesterification
reactions caused a decrease in the melting pdistsuztured lipids compared to tallow and the
non-interesterified blends. These changes in ngefioints are in accordance with previous
studies (Li et al., 2018; Morselli Ribeiro, Ming)\#stre, Grimaldi, & Gongalves, 2017;
Wirkowska-Wojdyla, Bry, Gorska, & Ostrowska-Liga, 2016). As regards the melting
percentage that better correlates melting poirtt &P, highly significant (p < 0.001) Pearson
correlations were found between SMP and all therdehed melting points. However, the
correlation between SMP and MP95 (r = 0.892; Fjgv&s considered the best one, since the
lower bias was obtained (8.7 ¥%630.0 and 18.9 °C for MP85 and MP90, respectivétyany
case, it has to be noticed that the DSC temperatame rate was higher than that of the SMP
method and this difference may generate, in sorsesgdurther uncertainty.

Consistency of the samples was calculated as dwalue” (MPa) and the obtained ranges are
listed in Table 1. As expected, the consistendgldw was quite higher than both interesterified
lipids and non-interesterified blends. Therefoansistency of blends increased with the
increasing amount of tallow. Interesterified lipteésided to show lower consistency values
compared to their corresponding blends beforedhetions, probably due to higher amounts of

tri-unsaturated TAGs produced by interesterifiqatim addition, differences in polymorphic
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structure and aggregation behavior, which leadtévation in the structure of tallow crystal

network, can change the consistency (Silva e2@09).

3.2. IR spectral profiles of structured lipids

The reduced (without non-informative wavenumberaeg) FT-NIR and FT-IR spectra of
melted and solid interesterified lipids and noreresterified blends are shown in Fig. 3. In FT-
NIR spectra, absorption bands between 6055 and/&34&ppeared to be highly significant. This
region is mainly related to the first overtone eHGtretching in fatty acid molecules (Blanco et
al., 2004). Despite the high values of absorbabsemed in both melted and solid samples,
signal saturation was not reached, while it appearéhe discarded spectral region (i.e. 4497-
3600/cm). The absorption peak in the 5345-4562&gion is ascribable to the combination band
of O-H and C=0 stretching of ester groups (RCOQRE region 7397-6661/cm corresponds to
the first overtone of the O-H bond of mono- andytigrides that might be produced as
intermediates and by-products during interestetiifon reactions (Blanco, Beneyto, Castillo, &
Porcel, 2004; Chang et al., 2005). FT-NIR spectisobd samples showed higher absorbance
values and baseline trend in comparison to meletptes, probably due to scattering effects
caused by the fat crystals (Chang et al., 2005)aide longer pathlength used (8 nagil mm).
For all FT-IR spectra, more attention was paichtfingerprint region (1500-800/cm). This
region includes C-O-C vibration in esters, C-H bhagand stretching vibrations, and the second
overtone of C=0 and -OH in fatty acid structure &8¢ et al., 2005; Moh, Tang, Man, & Lai,
1999). Melted and solid sample spectra were monéasithan in the case of FT-NIR region,
because scattering effects are less important #lRFEgion (Doyle, 1995). Moreover, the very

little amount of sample used for FT-IR spectraexibn and the absence of a temperature
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control, made melted samples partially solidifyidgmeasurements, thus decreasing differences

with respect to previously crystallized samples.

3.3. Prediction of physical parameters from infrduspectra with partial least square analysis
The capability of predicting melting properties aimhsistency of interesterified fats from IR
spectra was investigated by constructing PLS moddisegression models were developed
using both FT-NIR and FT-IR spectra of solid andtetesamples individually. The detailed PLS
results are shown in Tables 2 and 3 in terms ofbmuraf LVs, coefficients of determination in
calibration (Rcal) and cross-validation {Bv), RMSEC and RMSECYV. For each response
variable, the best models (reported in bold in €ald and 3) were chosen based on lower
number of LVs, higher & and lower errors. In general, the regression sodere characterized
by a low number of LVs (from 4 to 10) and limitedas compared to the values of the response.
Better results were usually obtained using FT-NéRaf solid samples. Even if during FT-IR
analyses of melted samples a partial solidificationld occur due to the lack of temperature
control, models calculated with spectral data oltegesamples were similar to or even better
than those based on data of solid samples. Acfuadlplready commented, scattering effects are
less important in FT-IR, making composition of sé@spmore important than their state for
physical properties prediction.

The best PLS model for SMP was obtained with theNIF spectra of solid samples after first
derivative transformation. The limited errors ahd high determination coefficients prove that it
is possible to predict SMP of structured lipidsnbgans of FT-NIR spectroscopy.

All the models constructed for the prediction oflting points based on FT-NIR spectra were
satisfactory. On the contrary, FT-IR models calmdausing solid sample data showed low&y; R

(0.58-0.67) and higher RMSECYV (3.6-5.1 °C), thumeaot satisfactory. The lower
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performances of these models can be due to thdiwg@tgd amount of sample used for spectra
acquisition, possibly not representing the reaictire of crystallized lipids. Actually, the best
models for melting point prediction were calculatesihg FT-NIR spectra of solid samples
acquired in transmission mode. In this case, adriglmount of sample compared to FT-IR
analysis was used, being thus more representdtie avhole fat.

Similarly, only FT-NIR spectra collected on sol@hsples provided good prediction models for
consistency. In particular, the model based on M8&treated data provided high determination
coefficients (0.94 and 0.86 in calibration and srealidation, respectively) with RMSEC and
RMSECYV of 11.9 and 18.3 MPa, respectively.

The best models were also re-calculated usingthelyvavenumbers selected by the Martens
uncertainty test, in order to obtain simpler andenobust models (Table 4). This procedure did
not allow choosing a very limited number of varedylbut, in any case, a significant reduction
was obtained. Indeed, the number of FT-NIR selectedbles was 1169 and 1168 respectively
for melted and solid sampleqa total of 4505 wavenumbers), while 496 and 48&ltes were
chosen from FT-IR spectra of melted and solid sas)pkspectivelwga total of 1907
wavenumbers). The construction of PLS models ugiagelected variables provided a general
slight improvement in prediction ability of the medd, lowering the number of LVs, reducing
RMSECYV and increasingR. The best improvement was obtained for consistenegfiction.

The best performances of FT-NIR spectroscopy appliesolid samples were confirmed.

There is limited information in the literature redimg the estimation of lipid physical properties
by using IR spectroscopy. However, the resultdisfiesearch are in agreement with a study
about the monitoring of lipase-catalyzed intergitation of vegetable fats (Chang et al., 2005).

The authors demonstrated that FT-NIR analysis efrteresterified products in solid form
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exhibited higher correlations with conventional hoets with respect to FT-NIR spectroscopy

applied to liquid samples or FT-IR spectroscoppath solid and melted fats.

4. Conclusions

In this study, the application of FT-NIR and FT4Rectroscopy for the prediction of SMP, MP,
and consistency of various interesterified lipidssvinvestigated. The use of PLS regression
analysis coupled with different spectral data peatiments provided satisfactory models for the
predictions of the physical properties, thus caniirg the formulated hypothesis. The work
represents a proof of concept that IR spectroscapybe used for structured fat characterization,
thus providing producers with rapid and non-desivadechniques as good alternatives to the
traditional analytical methods.

Future developments should be focused on the ¢alieof a higher number of FT-NIR spectra

of liquid samples at different interesterificatistages, in order to improve the developed models

and propose in-line applications for industrialgassing.
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Legendsto Figures
Fig. 1. Differential Scanning Calorimetry melting profidé a chemically interesterified sample

of canola-tallow blend.

Fig. 2. Correlation between slip melting point (SMP) andtmg point at 95% melted fat
(MP95) of structured lipids produced by chemicaépeymatic interesterification of tallow with

different vegetable oils.

Fig. 3. Reduced spectra of structured lipids producedn@yrical or enzymatic interesterification

of tallow with different vegetable oils: a) FT-NBpectra of melted samples; b) FT-NIR spectra

of solid samples; c) FT-IR spectra of melted sasiad¢ FT-IR spectra of solid samples.
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Table 1. Minimum-maximum ranges and standard deviation salues of physical properties for
structured lipids (60 samples) produced by chenmdcahnzymatic interesterification of tallow with
different vegetable oils. Data for tallow (2 sang)land non-interesterified blends (9 samples) are

also reported.

Structured lipids Tallow Non-interesterified blends
Response (min-max value) (min-max value) (min-max value)
SMP (°C) 31.8-47.1 47.0-50.4 43.2-47.1
MP85 (°C) 18.2-50.0 46.6-52.1 38.9-50.0
MP9O0 (°C) 28.7-50.8 48.0-52.8 40.1-50.8
MP95 (°C) 30.2-51.9 49.6-53.7 40.7-51.9

Consistency (MPa) 1.5-293.4 69.9-603 9.0-67.6




Table 2.

Statistical parameters of developed PLS modelthioprediction of melting and consistency propsrtiestructured lipids by FT-NIR data

acquired both on melted and solid samples. Therbedtls are reported in bold.

Melted samples

Solid samples

Response Pretreatment LVs RMSEC 2,R RMSECV R, Pretreatment LVs RMSEC 2R, RMSECV R,
SMP (°C) SNV 10 1.6 0.86 2.3 0.72 SNV 1.6 0.86 .02 0.80
MSC 10 1.6 0.86 2.4 0.72 MSC 7 1.7 0.85 2.1 0.78
dl 6 2.0 0.79 2.6 0.68 d1 5 1.3 0.91 1.6 0.88
dz2 10 1.4 0.90 2.1 0.78 d2 3 1.9 0.82 2.0 0.80
MP85 (°C) SNV 9 3.8 0.78 4.9 0.63 SNV 9 2.5 0.90 34 0.83
MSC 9 3.8 0.77 4.9 0.65 MSC 8 2.3 0.86 3.7 0.79
di 6 4.3 0.71 5.4 0.55 d1i 6 2.7 0.88 3.4 0.83
dz2 10 2.6 0.89 3.7 0.76 d2 6 2.8 0.88 3.8 0.80
MP90 (°C) SNV 10 2.8 0.84 4.2 0.64 SNV 8 2.4 0.89 3.3 0.81
MSC 10 2.8 0.84 3.9 0.69 MSC 10 2.1 0.91 3.0 0.83
di 6 3.6 0.74 4.6 0.59 d1 6 2.4 0.89 2.8 0.84
dz2 9 25 0.87 34 0.78 d2 4 2.8 0.84 3.5 0.78
MP95 (°C) SNV 10 2.4 0.85 3.4 0.73 SNV 10 20 0.90 2.7 0.84
MSC 9 2.8 0.8 3.6 0.68 MSC 8 2.4 0.85 3.0 0.79
di 10 2.4 0.85 3.2 0.74 di 6 2.3 0.86 2.9 0.78
dz2 10 2.5 0.84 3.4 0.71 d2 7 2.2 0.88 2.9 0.79
Consistency SNV 10 17.2 0.87 40.7 0.25 SNV No significant models
(MPa) MSC 7 17.2 0.87 38.9 0.35 MSC 7 11.9 0.94 18.3 0.86
di 4 14.3 0.81 24.6 0.41 di 10 10.4 0.95 25.6 0.68
dz2 4 16.3 0.88 36.3 0.44 d2 1 325 0.53 36.9 0.40

SMP, slip melting point; MP85, melting point at 85#&lted crystals; MP90, melting point at 90% meltegstals; MP95, melting point at 95%
melted crystals; SNV, Standard Normal Variate; MSRltiplicative Scatter Correction; d1, first destwe; d2, second derivative; LVs, latent
variables; RMSEC, root mean square error of caiitmaR’.., determination coefficient of calibration; RMSEQWpt mean square error of

cross-validation; R,, determination coefficient of cross-validation.



Table 3. Statistical parameters of developed PLS modelthprediction of melting and consistency propsrtiéstructured lipids by FT-IR data

acquired both on melted and solid samples. Therbedtls are reported in bold.

Melted samples

Solid samples

Response Pretreatment Vs RMSEC R., RMSECV R Pretreatment LVs RMSEC 2R RMSECV R,
SMP (°C) SNV 8 1.7 0.85 2.5 0.70 SNV 5 2.7 0.63 33. 047
MSC 7 1.8 0.83 2.6 0.66 MSC 5 2.7 0.61 3.3 0.50
di 6 1.7 0.84 2.3 0.73 d1 7 1.8 0.83 2.5 0.68
d2 5 1.8 0.83 2.2 075 d2 9 1.4 0.90 2.4 0.70
MP85 (°C) SNV 9 3.1 0.85 5.0 0.59 SNV 5 5.3 0.55 6.2 0.41
MSC 7 3.6 0.80 4.8 0.65 MSC 5 5.4 0.54 6.3 0.35
di 6 34 0.82 4.6 068 di 10 3.0 0.85 5.1 0.58
d2 5 3.7 0.78 45 0.70 d2 5 4.4 0.70 5.2 0.56
MP90 (°C) SNV 9 2.6 0.86 4.3 0.65 SNV 5 4.4 0.61 5.2 0.45
MSC 7 3.0 0.82 4.0 0.69 MSC 5 4.4 0.60 5.1 0.49
di 6 29 0.83 39 070 di 9 2.7 0.85 4.6 0.60
d2 4 3.3 0.78 3.9 0.71 d2 5 3.7 0.72 4.5 0.60
MP95 (°C) SNV 8 2.3 0.86 34 071 SNV 5 3.7 0.65 4.5 0.51
MSC 7 2.4 0.85 3.3 0.71 MSC 5 3.7 0.65 4.5 0.49
di 3 3.1 0.75 3.4 0.71 d1 10 2.1 0.88 36 0.67
d2 4 2.9 0.79 3.4 0.72 d2 4 3.5 0.68 3.9 0.63
Consistency SNV 3 41.9 0.22 45.3 0.12 SNV 2 44.5 0.14 48.3 0.03
(MPa) MSC 3 420 0.22 45.9 0.08 MSC 4 416 0.25 47.5 0.07
di 3 40.2  0.28 44.6 0.15 d1 1 442  0.15 48.6 0.05
d2 2 40.3 0.28 44.1 0.17 d2 1 450 0.18 48.1 0.01

SMP, slip melting point; MP85, melting point at 85&&lted crystals; MP90, melting point at 90% meltegstals; MP95, melting point at 95%

melted crystals; SNV, Standard Normal Variate; MSRltiplicative Scatter Correction; d1, first deatwe; d2, second derivative; LVs, latent

variables; RMSEC, root mean square error of caiitmaR.,, determination coefficient of calibration; RMSEQWpt mean square error of cross-

validation; R, determination coefficient of cross-validation.



Table 4. Statistical parameters of PLS models constructéld sdalected FT-NIR and FT-IR variables for the predn of melting and
consistency properties of structured lipids.

Response Spectroscopy Samples Pretreatmievis RMSEC R.., RMSECV R,
SMP (°C) FT-NIR melted dz2 8 1.5 0.88 2.03 0.79
FT-NIR solid dl 5 1.3 0.91 1.68 0.85
FT-IR melted d2 4 1.9 0.81 2.09 0.78
FT-IR solid dz 8 1.4 0.9C 1.8t 0.8:
MP85 (°C FT-NIR melted d2 9 2.9 0.87 3.87 0.78
FT-NIR solid SNV 8 2.6 0.89 3.19 0.84
FT-IR melted di 4 3.8 0.77 4.19 0.72
FT-IR solid di 1C 3.1 0.8t 3.8(C 0.7¢
MP9O (°C FT-NIR melted d2 6 2.7 0.85 3.51 0.76
FT-NIR solid di 4 2.5 0.87 2.82 0.85
FT-IR melted di 3 3.8 0.71 4.08 0.67
FT-IR solid di 5 3.7 0.72 4.1¢€ 0.6¢€
MP95 (°C FT-NIR melted dl 8 2.5 0.84 3.07 0.76
FT-NIR solid SNV 7 2.4 0.86 2.83 0.80
FT-IR melted SNV 7 2.3 0.86 2.78 0.81
FT-IR solid di 4 3.€ 0.6¢€ 3.8(C 0.6:
Consistency (MP:  FT-NIR melted dl 10 14.9 0.90 23.63 0.75
FT-NIR solid MSC 9 11.7 0.9¢ 13.97 0.91

SMP, slip melting point; MP85, melting point at 85#&lted crystals; MP90, melting point at 90% meltegstals; MP95, melting
point at 95% melted crystals; SNV, Standard Norvfaiate; MSC, Multiplicative Scatter Correction;,ditst derivative; d2, second
derivative; LVs, latent variables; RMSEC, root meapuiare error of calibration?R, determination coefficient of calibration;

RMSECV, root mean square error of cross-validati®fg;, determination coefficient of cross-validation.
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Highlights

* Chemica and enzymatical interesterification of tallow with three vegetable
oils.

* Determination of slip melting point, melting points and consistency of
structured fats.

» Collection of FT-IR and FT-NIR spectra on melted and solid samples.

» Good potentia of IR spectroscopy in the prediction of fat physical properties.



